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Abstract 

Water is an essential resource for life. However, the low water availability and its increasing 

demand has provoked worldwide water stress, which is one of the main problems to be faced 

in the next years. Additionally, the continuous rise in freshwater demand is associated with 

increased generation of wastewater. Thus, in a water scarcity scenario, the reused wastewater 

can play an important role to reduce freshwater demand, for instance, in agriculture with 

around 70% of the total freshwater demand. Nevertheless, the reused wastewater must 

guarantee the safety for public health and environment. In the last decades, there is an 

especial concern on removing micropollutants, since they are potentially harmful substances 

for public health and aquatic ecosystems. Wastewater treatment plants have been identified 

as a main pathway through which micropollutants can enter to the aquatic ecosystems. This 

fact is due to the conventional wastewater treatment plants are not designed to remove 

recalcitrant contaminants at low concentrations.   

Advanced oxidation processes have been proven their efficiency in the degradation of 

several compounds of emerging concern, such micropollutants. Among these techniques, 

photo-Fenton process is one of the most effective. However, the requirement to work at 

acidic conditions to keep the iron in solution is one of the drawbacks of the process. 

Additionally, the need of irradiation rises the treatment operational costs and environmental 

impact since some conventional lamps comprises mercury. These inconveniences make the 

processes unattractive for its full scale-application. 

The investigation derived from this thesis is focused on different solutions trying to solve 

these drawbacks. Firstly, LEDs and solar simulated irradiation were used, carrying out the 

photo-Fenton process more economically and ecofriendly. The employment of organic 

fertilizers, as a chelating agents of iron, is the second foundation on which the investigation 

is based. The final objective is the reuse of wastewater in agriculture, facing the current water 

scarcity scenario. 

The study of the conventional photo-Fenton with UV-A LEDs revealed the suitability of the 

process to remove a recalcitrant compound (Diphenhydramine, DPH) with high conversion 

efficiencies (total DPH removal in 30 min). COD and TOC removals were 70.2 and 54.2% 

for 380-390 nm and 79.9 and 60.5% for 390-400 nm. Additionally, the results suggested that 

synergies on micropollutant, COD and TOC conversion were observed combining two 
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wavelength ranges, because the treatment time was reduced by half (total DPH removal in 

15 min, 95.6 and 70.1% of COD and TOC removal, respectively after 1 hour. However, from 

the results obtained in the comparison between UV-A LEDs in wastewater effluents (52.1% 

of propranolol (PROP) degradation after 1 hour of treatment in MBR matrix) and BLB lamps 

(95.3% of PROP abatement after 1 hour of treatment, also in MBR), as a conventional ones, 

it was evidenced the necessity to optimize the system geometry (photoreactor + lamp) when 

LEDs are used as irradiation source. This fact is essential in the treatment of wastewater 

since the turbidity and organic matter present in these matrices influence on the radiation 

transfer throughout the photoreactor affecting more when LEDs are used, because they are 

punctual sources of irradiation.  

The study in the use of organic fertilizers, as iron chelating agents, revealed that all tested 

agents (DTPA, HEDTA, EDDS and EDTA, except EDDHA) were effective in photo-Fenton 

process at circumneutral pH in MBR, CAS and CAS-NE effluents in removing 

micropollutants. UV-A LEDs and solar simulated light were used to perform the 

experiments. Propranolol, sulfamethoxazole (SMX) and acetamiprid (ACMP) were used as 

a model compounds. For instance, PROP degradations higher than 90% were reached in 

MBR effluent using organic fertilizers and both irradiation sources, UV-A LEDs and solar 

simulated light at the end of the treatment. The results showed that the efficiency in the 

degradation is linked to the stability constant of chelates with iron. Low stability corresponds 

to high reaction rates at initial times but also high iron release. The opposite happens with 

chelating agents with high stability constant with iron. EDDS and EDTA presented low 

stability constant, while DTPA and HEDTA have higher ones (in MBR effluent under solar 

simulated light, using EDTA total removal of PROP and SMX was achieved at 90 and 120 

min, respectively and 67.6% of ACMP was observed at 180 min while using DTPA 89.0, 

67.6 and 31.0% was reached for PROP, SMX and ACMP, respectively at 180 min). 

Nevertheless, the iron in solution at 180 min was 52 and 77% for EDTA and DTPA, 

respectively. The enhancement in removal kinetics and the decrease in iron release was 

achieved combining organic fertilizers with different stability constant 

(50%EDDS+50%EDTA, 50%EDDS+50%DTPA, 50%EDTA+50%DTPA). For instance, in 

MBR matrix, with the mixture 50%EDDS+50%EDTA, total PROP removal was reached 1 

hour before compared to only EDTA, which presented better removal than EDDS (total 

PROP and SMX removal was achieved at 30 min and 90 min, respectively, and 70.0% of 

ACMP was observed at 180 min). In addition, the total iron in solution at the end of the 



Abstract 

 

xvii 

 

treatment was 5.5 times higher with the mixture than EDDS. The organic fertilizers mixtures 

were also tested in two different wastewater effluents to study the effect of the matrix on 

iron release. It was observed that, in wastewater with higher turbidity, alkalinity and organic 

matter, the iron precipitation was higher, decreasing the efficiency of the process overall in 

EDDS, which have the lowest stability constant with iron. Experiments performed with 

EDDS in CAS effluent achieved 46.8, 30.0 and 10.5% at 180 min for PROP, SMX and 

ACMP, respectively. While the performances of the same experiments in MBR matrix were 

better (94.8, 79.9 and 38.5% for PROP, SMX and ACMP, respectively). The experiments 

carried out in CAS matrix using DTPA the differences between two matrices were low (60.5, 

38.0 and 18.3% for PROP, SMX and ACMP, respectively. Differently than MBR, in CAS 

effluent, the complexes of iron more stables such as DTPA, achieved better final 

micropollutant’s degradations than iron chelates low stables like EDDS. The additional tests 

of BOD5 and phytotoxicity analysis confirmed the suitability of final MBR effluent to be 

reused in agriculture.  

Finally, the mechanisms involved in photo-Fenton process, with iron chelates in aquatic 

environment, cannot be generalized, since each iron complex have its stability constant with 

iron and its specific absorbance in solar spectrum. The irradiation experiments without H2O2 

revealed that only EDDS and DTPA were capable to generate ROS. From the photo-Fenton 

experiments without O2, it was determined that this specie is involved in the formation of 

final hydroxyl radicals. Finally, tests with dosing of non-chelated iron revealed that reaction 

with iron chelates are the main via to hydroxyl radical generation.
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Nomenclature  

 

The used abbreviations, acronyms and symbols are gathered below:  

 

ACMP           Acetamiprid 

ACN              Acetonitrile  

AOP            Advanced Oxidation Process 

AOS               Average Oxidation State  

BB                  Building Blocks  

BLB                Black-light Blue lamp 

BOD               Biochemical Oxygen Demand 

BP                   Biopolymers 

CAS  Conventional Activated Sludge  

CAS-NE         Conventional Activated Sludge with nitrogen and phosphorous elimination 

CEC  Contaminant of Emerging Concern 

CFU                Colony-forming-units 

COD  Chemical Oxygen Demand, mg O2 L
-1 

DAD  Diode Array Detector 

DBP                Disinfection-by-product 

DF                   Design flow 

DOC  Dissolved Organic Carbon, mg C L-1 

DPH                Diphenydramine hydrochloride 

DTPA Diethylenetriaminepentaacetic acid 

EC50  Sample dilution causing a 50% of the bioluminescent emission reduction 

after 15 min of contact.   

EDDHA Etylenediamine-N,N’-bis((2-hydroxyphenyl)aceticacid) 

EDDS-Na3 Etylenediamine-N,N’-disuccinic acid trisodium salt 

EDTA             Ethylenediaminetetraacetic acid 

EfOM  Effluent Organic Matter 

EQS  Environmental Quality Standard, µg L-1 
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EU WFD European Union Water Framework Directive (Directive 2000/60/EC) 

GI                   Germination index 

HEDTA          N-(2-Hydroxyethyl)ethylenediaminetriacetic acid 

HO•             Hydroxyl radical 

H2O2             Hydrogen peroxide 

HS                   Humic Substances 

HPLC             High-Performance Liquid Chromatography 

IFAS  Integrated fixed-film activated sludge 

k  Rate constant of reaction, s-1, kJ-1 (pseudo-first order) 

ki,•OH     Rate constant of hydroxyl radical reaction with a compound i, M-1 s-1 

Kow  Octanol-water partition coefficient, dimensionless 

Kstab                 Stability constant of chelating agent with iron, dimensionless 

LC50                Concentration of a substance required to kill 50% of the population  

LED       Light emitting diode 

LMCT             Ligand-metal-charge transfer 

LMWA           Low Molecular Weight Acids 

LMWN           Low Molecular Weight Neutrals and Amphiphilics 

MBR  Membrane Bioreactor 

MP  Micropollutant 

MS  Mass Spectrometry 

NOM              Natural Organic Matter 

NTA               Nitrilotriacetic acid 

OND               Organic Nitrogen Detection 

PE                   Population equivalent 

PHS                Priority Hazardous Substances  

PNEC             Predicted no-effect concentration 

POP                Persistent Organic Pollutant 

PROP             Propranolol hydrochloride 

PS  Priority Substance 

PTFE  Polytetrafluoroethylene 
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PVDF             Polyvinylidene fluoride 

Qacc                  Accumulated energy per volume, kJ L-1 

RG                  Root growth, % 

RQ                  Risk quotient 

SEC-OCD Size-Exclusion Chromatography with Organic Carbon Detection 

SG                   Seed germination, % 

SMX  Sulfamethoxazole 

SW                  Surface water 

tBuOH            tert-butyl alcohol 

TOC  Total Organic Carbon, mg C L-1 

TP  Transformation product 

TSS                 Total Suspended Solids  

US                   Ultrasound 

UV  Ultraviolet  

UV254             Ultraviolet absorbance at 254 nm, m-1 

WW                Wastewater 

WWTP Wastewater Treatment Plant 
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1 Introduction 

1.1 State of the world’s water resources 

1.1.1 Water demand and availability 

Water is an essential resource for the development of life. Water covers 70% of our planet. 

However, the percentage corresponding to fresh water is only 3% and two-thirds of that 

belongs to frozen glaciers or in another way unavailable for our use [1]. It is estimated that 

since 1980s water use has been rising around the world by about 1% per year [2]. The 

combination of population growth, socio-economic development and evolving consumption 

patterns are the principal causes in the surging water demand [3]. The low water availability 

along with increasing water demand has provoked worldwide water stress. 

There are different ways to measure water stress and water scarcity. However, as the world 

freshwater resources are continuously renewed by water cycle, the common indicator of 

water scarcity is per capita renewable water per year in cubic meters (Figure 1). 

 

Figure 1. Total renewable water resources per capita per year (in cubic meters), 2014 [3]. 

An area is experiencing regular water stress when annual water supplies is between 1000 

and 1700 m3 per capita. Populations face chronic water scarcity when water supplies are 

between 500 and 1000 m3 per capita per year. When an indicator is below 500 m3 per capita 

per year the populations are in absolute scarcity [3]. Currently, over 2000 million people live 

in countries experiencing high water stress. By 2030, with the Climate Change scenario, it 
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is estimated that almost half of the world’s population will be living in a high water stress 

areas [4]. Throughout the 2010s, it has been estimated that about 4000 million people face 

water scarcity during at least one month of the year and 1900 million people has experienced 

severe water scarcity [5]. Estimations by 2050 point out that about 4800 and 5700 million 

people will suffer water scarcity at least one month of the year [6]. 

According to the projections presented by United Nations, the world population will keep 

increasing from 7700 million to between 9400 and 10200 million in 2050 [6]. Consequently, 

global water demand is expected to increase in 20 to 30% above the current water demand 

until 2050, mainly linked to the domestic uses, manufacturing and electricity generation. 

(Figure 2).   

 

Figure 2. Predictions by 2050 of global water withdrawals based on data of 2000. The projections are divided 

by sector and for different groups of regions in the world, where OECD is the Organization for Economic Co-

operation and Development; BRIICS corresponds to Brazil, Russia, India, Indonesia, China, South Africa and 

RoW is the rest of world [7]. 

Although a decrease of water demand in agriculture is predicted by 2050, this sector is by 

the far the largest freshwater consumer. Water destined to agriculture is around 70% of the 

total freshwater demand and this percentage accounts for 90% in some developing countries. 

Thus, the agriculture has an important role to play on the path to sustainability.  

As a consequence of the continuous growth in water demand joined to Climate Change -

which directly influence on the water cycle- the water scarcity is the main problem to be 

faced by the World in the 21st century. Figure 3 illustrates the global distribution of physical 
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and economic water scarcity by 2025. Physical water scarcity is caused when there is not 

enough water to supply all demands. While economic water scarcity occurs when there is 

lack of investment in water or absence of human capacity to satisfy the water requirements.  

 

 

 

 

 

 

 

 

 

Figure 3. Projected physical and economic water scarcity by 2025 in the world. Note that grated countries 

indicate countries that will import more than 10% of their cereal consumption in 2025 [8]. 

In front of this critical scenario feasible solutions are required to face the water scarcity. The 

reuse of wastewater (WW) could be a partial solution to reduce the freshwater demand. 

However, as observed in Figure 3, investment in water infrastructures and human capacities 

are also required to decrease the economic water scarcity.  

1.1.2 Wastewater treatment and reuse 

The continuous rise in freshwater demand is associated with increased generation of 

wastewater. Untreated domestic wastewater contains nutrients, organics and pathogens 

while industrial wastewater may incorporate hazardous substances like metals, organic 

compounds and other pollutants. The release of these untreated wastewater to the 

environment poses risk to public health, food security and ecosystem services and functions. 

Globally, it is estimated that 80% of the untreated industrial and municipal wastewater are 

released to the environment causing water pollution [6, 9]. However, high differences are 
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observed between countries. On average, 27% of the total wastewater is not treated in high-

income countries. However, the percentage increases in upper-middle-income countries and 

low-middle-income countries which present value of 66 and 72%, respectively [6, 9]. 

Additionally, the secondary effluents from conventional wastewater treatment plant 

(WWTP) cannot be reused directly since various organics and inorganics pollutants are not 

removed. This fact limits opportunities for secure and productive use and reuse of water 

sources to increase freshwater provisions, particularly in front of water scarcity scenario. 

The reuse of wastewater is an unconventional water resource for several uses, provided that 

it is treated and/or used safely. The potential reuse of wastewaters coming from different 

human activities for a secondary use, such as agriculture, decreases pressures in freshwater 

demand and alleviates water shortages. Figure 4 illustrates the contribution of agriculture 

sector to water stress, which is defined as the ratio between freshwater demand by agriculture 

and total renewable freshwater resources. As the freshwater demand for agriculture is about 

70% of the total (Figure 2), reuse of wastewater for agricultural purposes would play an 

important role to face the water stress.  

 

Figure 4. Contribution of the agriculture sector to the level of water stress referred to 2015, expressed in 

percentage. Percentages equal or below 12.5 not present water stress, medium when it ranges from 12.5 to 25 

percent and high for 25 and 50 percent and very high when the percentage is higher than 50 [9]. 
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In 2019, globally, 7.5 million m3 day-1 of new water reuse capacity were forecast [9]. 

However, this amount only represents less than 1% of the global water use. By, 2030 it is 

prognosticated that this percentage will increase until to 1.66% [10].  

Despite the current efforts and multiple benefits, the potential of water reuse is still highly 

under-explored and under-exploited [11]. Although knowledge and technologies for the 

development of water reuse are emerging together with an increasing number of 

applications, there are different impediments to exploiting their full potential. Financial, 

technological and policy barriers are the mainly obstacles in their development. The cost 

associated to development of new technologies to treat wastewater according to the end users 

need is a critical barrier, since withdrawing freshwater results more economically and 

attractive. Another obstacle is the human perception. In some countries, reusing wastewater 

in different sectors, overall, in agriculture, is still not culturally acceptable. Moreover, the 

uncertainty that this practice may cause more human and environmental risks than benefits 

increase the barrier. Evaluation of water quality, potential environmental and human impacts 

and regulatory issues are required to promote the best practices and implementation. This 

fact is partly due to the lack of information to society and insufficient regulations. Currently, 

the policies for reclaimed water are strongly fragmented and, in many countries, incomplete. 

The necessity of developing an appropriate legislation, regulations and planning framework 

for governments is essential to adopt reused wastewater as a future supply of water.  

1.2 Micropollutants in water resources 

The growing and widespread use of uncountable number of organic chemicals, over the last 

decade, generates a stream of substances, which almost immediately occur in aquatic 

environment, including freshwater resources [12]. Hundreds of thousands of tons of these 

compounds are dispensed and consumed annually worldwide [13, 14]. Many of these 

compounds released into the aquatic environment can cause hazardous effects on human 

health and ecosystems, including carcinogenicity, genotoxicity, endocrine disruption, and 

problems in fetal development [15, 16]. These substances can enter in the water systems 

from different pathways. However, the effluents from WWTPs have been identified as a 

major point source pollution [17, 18]. They are usually present at low concentrations in the 

environment (ng L-1 to µg L-1), reason why they are called micropollutants (MPs) [19]. The 

labelling contaminants of emerging concern (CECs) is also used to describe these 

substances, since they are a group of emerging compounds that are increasingly of concern 
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because of their adverse effects [12]. These include: i) substances that have been recently 

characterized as contaminants regarding their new toxicological data, ii) newly developed 

compounds that have recently entered to the environment and iii) substances that have been 

identified because of the development of novel or more sensitive analytical methods [20]. 

Pharmaceuticals, personal care products, steroid hormones, surfactants, industrial chemicals 

and pesticides are the principal groups [21]. Table 1 summarizes the main sources of major 

categories of micropollutants in aquatic environments [21]. 

Table 1. Principal sources of major categories of micropollutants in environment [21]. 

Group Main subclasses 
Main sources 

Distinct Nonexclusive 

Pharmaceuticals 

Non-steroidal Anti-

inflammatory Drugs 

(NSAIDs), lipid regulator, 

anticonvulsants, antibiotics, 

β-blockers and stimulants 

Domestic wastewater (from 

excretion) 

Hospital effluents 

Run-off from Concentrated 

Animal Feeding Operations 

(CAFOs) and aquaculture 

Sources that 

are not 

exclusive to 

individual 

categories 

include: 

Industrial 

wastewater 

(from product 

manufacturing 

discharges) and 

landfill 

leachate (from 

improper 

disposal of 

used, defective 

or expired 

items) 

Personal care 

products 

Fragrances, disinfectants, UV 

filters and insect repellents 

Domestic wastewater (from 

bathing, shaving, spraying, 

swimming, etc.) 

Steroid hormones Estrogens 

Domestic wastewater (from 

excretion) 

Run-off from CAFOs and 

aquaculture 

Surfactants Non-ionic surfactants 

Domestic wastewater (from 

bathing, laundry, dishwashing, 

etc.) 

Industrial wastewater (from 

industrial cleaning discharges) 

Industrial 

chemicals 

Plasticizers and flame 

retardants 

Domestic wastewater (by 

leaching out of the material) 

Pesticides 
Insecticides, herbicides and 

fungicides 

Domestic wastewater (from 

improper cleaning, run-off from 

gardens, lawns and roadways, 

etc.) 

Agricultural runoff 

 

The presence of micropollutants in the aquatic environment is also associated to their 

physico-chemical properties, which, in general, make them resistant to natural degradation 

processes occurring in the environment [22]. Additionally, conventional WWTPs are not 
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designed to eliminate these compounds. They commonly consist on a primary 

(physicochemical) and secondary (biological) treatments, which are not effective in 

removing MPs due to their trace concentrations and their biological resistance [18]. Figure 

5 illustrates the occurrence of different MPs categories in wastewater influent and effluent 

[12].  

 

Figure 5. Concentrations (ng L-1) of different micropollutants categories in influents and effluents of 15 

WWTPs in Sweden [12].  

The occurrence of MPs in aquatic environments even at trace concentrations poses risk 

human health and environment. Thus, specific treatments to remove micropollutants are 

required in WWTPs, especially when wastewater reuse is implemented. Advanced oxidation 

processes (AOPs), as a tertiary treatment, could be a feasible option in removing MPs. 

However, the first step is the development of legal regulations covering de limits of MPs 

and their metabolites in the field of water quality. Additionally, more investigations on 

removal technologies and toxicity are required. Currently, only a few number of compounds 

are regulated [23], which delays the process of implementing new treatments. 

1.2.1 Diphenhydramine hydrochloride  

Diphenhydramine hydrochloride (DPH) is a first generation of histamine antagonist mainly 

used as anti-allergic activity. It can also be used for nausea, symptoms of the common cold, 

tremor in Parkinson and insomnia. DPH blocks H1 receptors preventing certain effects of 

histamine [24]. The solubility of DPH in water is 100 mg mL-1 and it is moderately 
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hydrophobic (octanol-water partition coefficient, log Kow=3.27). DPH has been detected in 

a multiple aquatic environments and diverse studies have been reported its identification in 

effluents of WWTPs [25-27]. Deo’s study reported the maximum detected concentrations of 

pharmaceuticals in surface water (SW) of the USA, and DPH was found at 1410.6 ng L-1 

[28]. Additionally, in the same study risk quotient (RQ), related to the impact in aquatic 

environment, was also calculated. RQ is the ratio between maximum concentration found in 

SW and predicted no-effect concentration (PNEC). Pharmaceuticals were divided in three 

categories: high risk (RQ ≥ 1.0), medium risk (1.0 > RQ ≥ 0.1) and low risk (RQ < 0.1). For 

DPH, RQ was 0.39, being a medium risk quotient [28]. The acute toxicity was evaluated by 

Berninger and colleagues concluding that Daphnia magna was more sensitive (EC50 = 0.374 

mg L-1) than Pimephales promelas (fish) (LC50 = 2.09 mg L-1) [29].  

1.2.2 Propranolol hydrochloride  

Propranolol hydrochloride (PROP) is a pharmaceutical belonging to beta-blockers group. It 

is mainly used to treat high blood pressure. It can also be used to attenuate physical 

manifestations of anxiety -such as tremors, rapid heartbeat, palpitations among others- and 

to prevent migraine headaches and chest pain. PROP acts blocking the action of beta-

adrenergic receptors inhibiting the beta-adrenergic reactions which affect the heart and blood 

vessels [30]. PROP is soluble in water (79.4 mg mL-1) and it is moderately hydrophobic (log 

Kow=2.58). PROP has been detected in effluents of WWTPs [12, 26]. In surface water was 

detected at 53 ng L-1 [31]. Its calculated RQ was very low (<0.01) [28]. However, it was 

reported that PROP is one of the most toxic antihypertensive drugs for invertebrates. The 

reported value of acute toxicity (48h-EC50) for Daphnia Magna was 7.5 mg L-1 [32]. While 

for Pimephales promelas (fish), it was reported a LC50 value of 1.21 mg L-1 [33].  

1.2.3 Sulfamethoxazole 

Sulfamethoxazole (SMX) is a sulfonamide antibiotic widely used for humans and animals. 

It is mainly used to treat acute urinary tract infections. SMX is also employed against 

gonorrhea, meningitis and serious respiratory tract infections [34]. SMX inhibits bacterial 

enzyme dihydropteroate and consequently the generation of folic acid in bacteria, required 

for the production of nucleic acids [35, 36].  SMX is slight soluble in water (0.5 mg mL-1) 

and hydrophilic (log Kow=0.27). It is the antibiotic most frequently detected in aquatic 

environments and its presence was reported in many effluents of WWTPs worldwide [12, 
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18, 20, 21, 25, 26, 37, 38]. In surface water, it was detected at 1900 ng L-1 [39] and its 

calculated RQ was medium, obtaining a value of 0.30 [28]. The acute toxicity (24h-EC50) is 

25.2 mg L-1 for Daphnia Magna [40] and the value of 48h-LC50 for Oryzias latipes (fish) is 

higher than 750 mg L-1 [41].  

1.2.4 Acetamiprid 

Acetamiprid (ACMP) is a neonicotinoid insecticide currently commercialized [42]. ACMP 

is slight soluble in water (4.3 mg mL-1) and hydrophobic (log Kow=0.8). It acts by contact 

and ingestion, affecting the central nervous system of insects, causing consequently paralysis 

and death. Because of it, ACMP is systematic for the control of insects and affects them 

more than other organisms [42, 43]. However, negative effects have been reported on human 

health due to the chronic exposure to this compound [44-46]. Some studies also reported the 

negative consequences of ACMP on aquatic species [47, 48] and other organisms, like 

honeybees [49, 50]. Although its use has not been restricted, recently ACMP has been 

included as one of the neonicotinoids under vigilance in Europe by the Decision 

2018/840/EU [51]. ACMP has been detected in different water systems worldwide, 

including some in Europe, presenting concentrations up to 380 ng L-1 [52-58].   

1.3 General legal framework of water 

1.3.1 European regulations on micropollutants in water resources 

The concern about the potential risks of MPs for human health and aquatic ecosystems has 

led to European regulatory administration take on efforts for the development of water 

quality polices. Although there are no legal discharge limits for MPs some regulations have 

been published over the last two decades. The first mark in the European water policy was 

implemented in the year 2000 (Directive 2000/60/EC) –labeled European Union Water 

Framework Directive (EU WFD)–. The objective of this directive was to establish a list of 

substances or group of substances to be prioritized due to the potential risks that can cause 

in the aquatic environment [59]. Additionally, European Environmental Quality Standards 

(EQSs) were also defined in this directive, referring to the maximum concentration of 

substance, or group of substances, in aquatic systems.  

A year later, in 2001, it was published the Decision 2455/2001/EC which approved the first 

list of 33 priority substances (PSs) to be supervised at EU level and amending Directive 
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2000/60/EC. This list was based on the volume of production and use, the potential 

environmental risks and occurrence of these substances on environment [60]. This same year 

took place the Stockholm Convention on Persistent Organic Pollutants (POPs), [61] with the 

objective to eliminate or restrict the production and use of some classified substances in 

order to protect the human health and environment from POPs. Diverse substances 

designated as Priority Hazardous Substances (PHSs), and listed in the Decision 

2455/2001/EC, were included in this list. In 2004 the information relating to the Stockholm 

Convention was ratified by the Regulation 2004/850/EC [62].  

The Decision 2455/2001/EC was amended by Directive 2008/105/EC. In this directive the 

EQSs values for 33 PSs and 8 additional contaminants were published [63]. From this 

information, EU countries can supervise these pollutants in aquatic systems and compare the 

data obtained with EQS values to determine the quality of aquatic ecosystems and adopt 

measures, if necessary.  

Five years later, in 2013, it was published the Directive 2013/39/EU [64] amending the 

Directives 2000/60/EC and 2008/105/EC. In this case the PSs were extended to 45 (including 

4 metals: cadmium, lead, mercury and nickel) (Table 2). In this directive EQSs more 

restrictive were established for PSs and it was indicated the necessity to develop new 

technologies for water treatment effective in removing these compounds.  

Table 2. List of the priority substances in the field of water policy according to Directive 2013/39/EU [64]. 

Substances marked with an asterisk (*) indicates that only some substances of the groups are classified as PHS.  

 
Name of the PS CAS number Class 

Identified as 

PHS 

1 Alachlor 15972-60-8 Pesticides  

2 Anthracene 120-12-7 - Yes  

3 Atrazine 1912-24-9 Pesticides  

4 Benzene 71-43-2 Industrial compound  

5 Brominated diphenylethers - Industrial compound Yes (*) 

6 Cadmium and its compounds 7440-43-9 - Yes 

7 Chloroalkanes, C10-13 85535-84-8 Industrial compounds Yes 

8 Chlorfenvinphos 470-90-6 Pesticides  

9 Chlorpyrifos 2921-88-2 Pesticides  

10 1,2-dichloroethane 107-06-2 Industrial compounds  

11 Dichloromethane 75-09-2 Industrial compounds  
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Table 2. (continued) 

 
Name of the PS CAS number Class 

Identified as 

PHS 

12 
Di (2-ethylhexyl) phthalate 

(DEHP) 
117-81-7 Industrial compounds Yes 

13 Diuron 330-54-1 Pesticides  

14 Endosulfan 115-29-7 Pesticides Yes 

15 Fluoanthene 206-44-0 -  

16 Hexachlorobenzene 118-74-1 Pesticides Yes 

17 Hexachlorobutadiene 87-68-3 Pesticides Yes 

18 Hexachlorocyclohexane 608-73-1 Pesticides Yes 

19 Isoproturon 34123-59-6 Pesticides  

20 Lead and its compounds 7439-92-1 -  

21 Mercury and its compounds 7439-97-6 - Yes 

22 Naphtalene 91-20-3 -  

23 Nickel and its compounds 7440-02-0 -  

24 Nonylphenols - Industrial compounds Yes (*) 

25 Octylphenols - Industrial compounds  

26 Pentachlorobenzene 608-93-5 Industrial compounds Yes 

27 Pentachlorophenol 87-86-5 Pesticides  

28 
Polyaromatic hydrocarbons 

(PAH) 
- - Yes 

29 Simazine 122-34-9 Pesticides  

30 Tributyltin compounds - Pesticides Yes (*) 

31 Trichlorobenzenes 12002-48-1 Industrial compounds  

32 Trichloromethane (chloroform) 67-66-3 Industrial compounds  

33 Trifluralin 1582-09-8 Pesticides Yes 

34 Dicofol 115-32-2 Pesticides Yes 

35 
Perfluorooctane sulfonic acid 

and its derivatives (PFOS) 
1763-23-1 Industrial compounds Yes 

36 Quinoxyfen 124495-18-7 Pesticides Yes 

37 
Dioxins and dioxin-like 

compounds 
- - Yes (*) 

38 Aclonifen 74070-46-5 Pesticides  

39 Bifenox 42576-02-3 Pesticides  

40 Cybutryne 28159-98-0 Pesticides  
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Table 2. (continued) 

 
Name of the PS CAS number Class 

Identified as 

PHS 

41 Cypermethrin 52315-07-8 Pesticides  

42 Dichlorvos 62-73-7 Pesticides  

43 
Hexabromocyclododecanes 

(HBCDD) 
- Industrial compound Yes (*) 

44 
Heptachlor and heptachlor 

epoxide  
76-44-8/ 1024-57-3 Pesticides Yes 

45 Terbutryn 886-50-0 Pesticides  

 

Additionally, in the Directive 2013/39/EU was establish a first watch list of substances for 

Union-wide monitoring in the field of water policy. The list was published two years later 

in the Decision 2015/495/EU [65]. This watch list was created with the aim to set monitoring 

programs on compounds of emerging concern to collect some relevant as the basis for future 

prioritization exercises. The watch list was repealed three years later by Decision 

2018/840/EU updating the first watch list from the data accumulated by the monitoring of 

substances in the period between 2015 and 2017 (Table 3) [51].  

Table 3. Watch list of substances for Union-wide to be supervised in the field of water policy, according to 

Decision 2018/840/EU [51]. 

 Name of the substance CAS number Class 

1 17-α-ehinylestradiol (EE2) 57-63-6 

Steroid hormones 2 17-β-estradiol (E2) 50-28-2 

3 Estrone (E1) 53-16-7 

4 Erythromycin 114-07-8 

Pharmaceuticals 

5 Clarithromycin 81103-11-9 

6 Azithromycin 83905-01-5 

7 Amoxicillin 26787-78-0 

8 Ciprofloxacin 85721-33-1 

9 Methiocarb 2032-65-7 

Pesticides 

10 Imidacloprid 105827-78-9/ 138261-41-3 

11 Thiacloprid 111988-49-9 

12 Thiametoxam 153719-23-4 

13 Clothianidin 210880-92-5 

14 Acetamiprid 135410-20-7 

15 Metaflumizone 139967-49-3 
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It is important to mention that 23 substances/group of substances out of 45 from Table 2 and 

7 out of 15 substances from Table 3 are pesticides, representing 50% of the total compounds 

of emerging concern in Europe. This fact is not coincidence given the nature of these 

compounds. In addition, pesticides are a key point for water reuse. 

1.3.2 Reclaimed wastewaters quality policies 

Although efforts have been made to address water scarcity by seeking alternatives such us 

wastewater reuse, the European Union did not publish any regulation or guidelines until the 

mid-2010s. In 2016, the European Commission launched the ‘Guidelines on Integrating 

Water Reuse into Water Planning and Management in the context of WFD’, complementing 

the European Union Water Framework Directive. This document included regulations on 

minimum quality requirements in the field of water reuse for agriculture and aquifer recharge 

[66]. A year later, in 2017, the Joint Research Center (JRC) of the European Commission 

published a report titled ‘Minimum quality requirements for water reuse in agricultural 

irrigation and aquifer recharge’ with the intention of laying the basis of the future EU 

reclaimed policy [67]. Two years after the first mark in the European wastewater reuse 

guidelines, in 2018, the European Union published a Proposal on minimum requirements for 

water reuse in agriculture (Proposal 2018/0169 (COD)) [68]. Finally, 25 May 2020 this 

proposal was amended by regulation (Regulation 2020/741/EU) [69]. This regulation 

establishes four reclaimed water quality classes (A-D) and the permitted uses as well as 

irrigation methods for each class (Table 4). Additionally, for each class it fixes the minimum 

requirements considering microbiological (E.coli, Legionella spp. and Intestinal nematodes) 

and physico-chemical parameters (Biological Oxygen Demand at 5 days (BOD5), Total 

Suspended Solids (TSS) and turbidity) (Table 5). Minimum frequencies for routine 

monitoring of reclaimed water and their validation were also included. 

 

Table 4. Reclaimed water quality classes, permitted agricultural use and irrigation method [69]. 

Reclaimed water quality 

class 
Crop category 

Irrigation 

method 

A 

Food crops, including root crops consumed raw and food 

crops where the edible part is in direct contact with 

reclaimed water 

All 
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Table 4. (continued) 

Reclaimed water  

quality class 
Crop category 

Irrigation 

method 

B  Food crops consumed raw where the edible part is 

produced above ground and is not in direct contact with 

reclaimed water, processed food crops and non-food 

crops including crops to feed milk- or meat-producing 

animals 

All 

C Drip * 

D Industrial, energy, and seeded crops All 

 

 

Table 5. Minimum requirements for different reclaimed water qualities in the field of agricultural irrigation 

[69]. (*) Where there is a risk of aerosolization. (†) For irrigation of pastures or forage. CFU: colony-forming-

units. 

Reclaimed 

water quality 

class 

E.coli  

(CFU 100 mL-1) 

BOD5  

(mg L-1) 

TSS  

(mg L-1) 

Turbidity 

(NTU) 
Other 

A ≤ 10 ≤ 10 ≤ 10 ≤ 5 
Legionella spp.:  

< 1000 CFU L-1 * 

Intestinal nematodes 

(helminth eggs): ≤ 1 

egg L-1 † 

B ≤ 100 
In accordance with 

Directive 91/271/EEC 

(Annex I, Table I) 

- 

C ≤ 1000 - 

D ≤ 10000 - 

 

As a consequence of the lack of European policies in the field of water reuse, some countries 

like Spain launched its own legislation. In 2007 the Spanish Royal Decree 1620/2007, 

establishing the legal regime for the reuse of treated water, was published [70]. This 

legislation fixed different quality criteria for the reuse of water according to their uses (urban, 

agrarian, industrial, recreational and environmental). Within each use different qualities 

were set. Maximum allowable values were regulated for intestinal nematodes, E.coli, TSS, 

turbidity and other criteria depending on the use.  

Nevertheless, although the increasingly efforts carried out by European Union and some of 

their countries in the last decade, the legislation on wastewater reuse has some shortcomings 

with respect to human health and environment protection. The most important gaps are the 

lack of a list of chemicals and CECs and their potential toxicity. The absence of monitoring 

of new disinfection-by-products (DBPs) and potential transformation products (TPs) 

generated during the water treatments. As well as the legislation does not include microbial 
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regrowth, which is necessary in the field of wastewater reuse. Additionally, other aspects 

were also missed, such as the monitoring of the potential antibiotic resistance extent in the 

environment and possible transference to crops, programs to study the potential 

bioaccumulation of pollutants and information programs for farmers to overcome the 

preoccupation about the risks associated to use of reclaimed water.  

1.4 Advanced Oxidation Processes 

The rising concern about the occurrence of micropollutants in water resources, including 

freshwater, and their potential risks for human health and environment has triggered, some 

decades ago, the development of new technologies capable to remove MPs. This 

advancement was also driven due to the knowledge that conventional wastewater treatment 

plants are the main entry pathway of these pollutants into the environment. These substances 

which are hardly removed in conventional WWTPs can be degraded implementing a tertiary 

water treatment technology such as based on advanced oxidation processes. These 

technologies can alleviate the freshwater withdrawals because of the potential wastewater 

reuse, which is key parameter in a water scarcity scenario.   

1.4.1 Fundamentals 

Advanced oxidation processes are a group of oxidative water treatments for toxic effluents 

at industrial level, hospitals and WWTPs. AOPs were developed as an emerging degradation 

technology resulting in a total mineralization (conversion to CO2) of most of the organic 

contaminants [71]. All these processes are based on the generation and subsequent reaction 

of hydroxyl radical (HO•), which is more reactive (and not selective) than other oxidizing 

species used in wastewater or drinking water treatment [72, 73]. However, additionally to 

HO•, other oxidizing species are involved in the degradation and transformation of 

contaminants. This fact depends on the type of oxidant used and the mechanisms of reactions 

[74].  

The oxidation mechanisms of hydroxyl radical can be summarized throughout three 

pathways [75, 76].  

o Hydrogen atom abstraction from organic compound resulting in the formation of 

water and organic radical (R•), which in turn can react with molecular oxygen and 

generate peroxyl radical (ROO•) that undergoes subsequent reactions.  
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𝐻𝑂• + 𝑅 − 𝐻 →  𝐻2𝑂 +  𝑅•                                                                                   (r1) 

𝑅• +  𝑂2 →  𝑅𝑂𝑂•                                                                                                   (r2)                    

 

o Electrophilic addition of HO• to C=C double bond or to an aromatic ring obtaining 

an organic radical as a product. Double bond is eliminated and HO• incorporated into 

the chain.  

𝐻𝑂•+ = → 𝐻𝑂 − 𝐶•                                                                                              (r3) 

𝐻𝑂• +  𝑃ℎ𝑋 → 𝐻𝑂 − 𝑃ℎ𝑋•                                                                                  (r4) 

 

o Electronic transference to HO•. This pathway rarely occurs in the oxidation of 

organic compounds.  

𝐻𝑂• + 𝑅 − 𝑋 →  𝑅𝑋•+ +  𝐻𝑂−                                                                              (r5) 

 

Diverse AOPs classifications can be performed depending on different aspects such as the 

source of the oxidizing species or the method employed for its production. Table 6 displays 

one of these divisions [77]  

 

Table 6. Classification of the most common advanced oxidation processes adapted from [77]. 

Classics 

Dark processes 

O3 in alkaline medium 

O3/H2O2 

H2O2/catalyst 

Fenton (Fe2+/H2O2) 

Electrochemical oxidation 

Photoprocesses 

UV (ultraviolet) photolysis 

Ozonation (O3)/UV 

Hydrogen peroxide (H2O2)/UV 

O3/H2O2/UV 

Photo-Fenton (Fe2+/H2O2/UV) 

Photocatalysis 

Hot 

 Non thermal plasma 

 Wet oxidation 

 Supercritical wet oxidation 

 Electron beam 

 Ultrasounds 
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Table 6. (continued) 

Hot 
 Vacuum UV 

Hydarulic cavitation and sonolyis 

 

1.4.2 AOPs implementation and application 

Generally, the efficiency of different AOPs depends largely upon the physical and chemical 

properties of targeting pollutants and operating costs. The installation cost of AOPs is low 

but have high operating costs because of the continuous requirement of chemicals and/or 

energy [78]. To avoid high costs and make the treatment more efficient, AOPs may be used 

as a pre-treatment combined with a biological process. This strategy is the more suitable 

option when wastewater influent is not biodegradable [79]. The sequencing implementation 

of different AOPs as a tertiary treatment is another way to increase the removal rate of 

micropollutants and reducing the costs. This method is useful treating effluents characterized 

by the mixtures which display different reactivity towards diverse AOPs [79]. Finally, the 

implementation of separation process and subsequent AOP is effective, apart to reducing 

costs, in the elimination of non-target organic matter in the first step so that less amount of 

effluent with higher concentration of pollutants can be treated with AOPs [79].  

Figure 6 displays the possible AOPs implementation in a wastewater and drinking water 

treatment plant [80].  

Figure 6. Possible applications of ozonation and AOPs in wastewater and drinking water treatment plants [80].  
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In the case of WWTP the implementation of AOPs can be performed as a pre-treatment and 

subsequent biological process or AOPs as a tertiary treatment. The first option is less 

economically viable due to influent wastewater usually contains high amount of organic 

matter which can compete for the oxidative species. Switzerland is the most representative 

country in the implementation of advanced technologies where some of its WWTPs have an 

ozonation process [81, 82]. However, in the case of drinking water, as the influent is from 

surface or groundwater, the organic matter load is low. Thus, AOPs can be implemented as 

a peroxidation to remove refractory trace of organic compounds or as a posttreatment. As an 

example, Zurich’s water treatment system (Switzerland) employs natural sand and carbon 

filters before water being treated with ozone to get rid of microorganisms and promote 

oxidization [83]. Similarity, in Lucerne (Switzerland) in 2018 was installed the first water 

treatment plant using PWNT’s CeraMac® system (ceramic membrane filtration process) 

followed by ozonation [84]. In Netherlands, Andijk III water treatment plant also uses 

CeraMac® system but, in that case, it is followed by UV/H2O2 treatment and activated carbon 

filters. The implementation of membranes as a first step reduces considerably the energy 

required to UV [85].  

AOPs can also been used joined with other treatment systems to treat various types of 

industrial wastewater such as pesticides and/or herbicides, pharmaceutical industry, textile 

wastewaters, pulp and paper mill industry wastewaters, landfill leachate and olive or palm 

oil mill. The implementation of adequate AOP and best combination with other process will 

depends on the special characteristic of each effluent [86].  

1.4.3 Water quality impacts 

As mentioned in the previous section, the quality of water is a key parameter to consider 

defining an efficient water treatment strategy. When AOPs are involved in the process, the 

presence of dissolved organic or inorganic compounds can compete for hydroxyl radical, 

due to its non-selective character. The most important parameters influencing on the 

effectiveness of AOPs are detailed below:  

 Alkalinity: bicarbonate (HCO3
-) and carbonate (CO3

2-) ions react with hydroxyl 

radicals to form carbonate radicals according to following reactions [87, 88]. 

  

𝐻𝐶𝑂3
− +  𝐻𝑂• →  𝐶𝑂3

•− +  𝐻2𝑂       k HO•, M = 8.5 x 106 L mol-1 s-1                       (r6) 
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𝐶𝑂3
2− + 𝐻𝑂• →  𝐻𝑂− +  𝐶𝑂3

•−        k HO•, M = 3.9 x 108 L mol-1 s-1                       (r7) 

 

Although the reaction rate constants of two species are lower compared than most of 

micropollutants [88], the second order reaction rate depends on the concentration of 

compound. The concentration of bicarbonate and carbonate in WW influents or 

aquatic environment usually is much higher than recalcitrant compounds, hence 

hydroxyl radicals can be scavenged by these ions. 

 

 Organic matter load: usually quantified as a total organic carbon (TOC) or 

dissolved organic carbon (DOC) and called NOM (natural organic matter), if its 

origin is natural, or EfOM (effluent organic matter), if is coming from WWTP. 

Organic matter can also react with hydroxyl radicals, but there are no concrete values 

for these reactions, because of different types of organic matter is present in water. 

However, some authors have determined the second order reaction rate of dissolved 

organic matter (DOM) with HO• in the range of 108-109 L molC-1 s-1 [89-94]. 

Similarity to bicarbonate and carbonate ions, the concentration of DOM is always 

higher than micropollutants resulting in a hydroxyl radical scavenging by organic 

matter and decreasing the efficiency in MPs removal. Additionally, organic matter 

absorbs in a large UV range. The competition between DOM and oxidant, MP or 

catalyst, for UV light causes a decrease in the hydroxyl radicals’ generation and 

consequently a reduction of AOP efficiency. 

 

 Nitrates and nitrites: these ions overall affect the AOPs which requires UV light. 

Nitrates absorb in the range of 230-240 nm while nitrites present the maximum peak 

between 300-310 nm. Equal than DOM, the competition between these ions and 

species involved in HO• production for UV light causes a decrease of AOP 

performance. Additionally, nitrite ion can react with HO• (reaction r8) [87] 

decreasing the efficiency of AOPs.  

 

𝑁𝑂2
− +  𝐻𝑂• →  𝑁𝑂2

• +  𝐻𝑂−     k HO•, M = 1.0 x 1010  L mol-1 s-1                              (r8) 

 

 Turbidity: this parameter also affects the UV based AOPs. Higher turbidity 

decreases the water transmittance and consequently reduces the light penetration into 
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the system. This fact results in a lower generation of hydroxyl radicals and 

subsequent decreasing in treatment efficiency. 

1.4.4 Fenton and photo-Fenton processes 

Chemistry of the Fenton reactions 

Fenton and related reactions comprise reactions with peroxides (usually H2O2) with iron ions 

to generate active oxygen species capable to oxidize organic or inorganic compounds when 

they are present. In 1894, Henry J. Fenton described the activation of H2O2 by Fe2+ salts to 

oxidize tartaric acid [95]. After this discovery, these reactions had turn of great interest for 

their importance in biological chemistry, synthesis, chemistry of natural waters and 

treatment of dangerous wastes [76]. In 1934, Haber and Weiss proposed that hydroxyl 

radical is the active oxidant formed by Fenton reaction [96]. In the last decades, the relevance 

of HO• reactions in the environment, biological systems and in waste treatment have been 

recognized and more than 1700 rate constants of HO• between organic and inorganic 

substances in aqueous matrix have been reported by Buxton in 1988 [87]. The Fenton and 

related reactions are viewed as a convenient and economical technology to treat chemical 

wastes. H2O2 and iron salts are cheap and their potential residual on the environment is 

considered non harmful [76].  

Iron species naturally can be found as Fe(II) and Fe(III) valences. In solution, these species 

exist in various hydrolyzed species and/or inorganic complexes depending on the pH value 

of the solution. Fe(II) exists predominantly as Fe2+(aq), at pH lower than 3, and as a Fe(OH)2 

at pH between 3 and 7. Fe(III) can be found in different forms as displayed in Figure 7 [97]. 
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Figure 7. Speciation diagram of Fe(III) depending on the pH [97]. 

The Fenton mechanism is based on the decomposition of H2O2 catalyzed by Fe2+ in acidic 

solution (optimal pH = 2.8) near room temperature and in dark conditions. This process 

consists of a complex chain of radical reactions which are gathered in Table 7.  

Table 7. Main reactions involved in the Fenton process. 

Reaction Rate constant of reaction  Ref. Reaction 

Initiation    

𝐹𝑒2+ + 𝐻2𝑂2 →  𝐹𝑒3+ +  𝐻𝑂− + 𝐻𝑂• k=76 M-1 s-1 [98] (r9) 

𝐹𝑒3+ + 𝐻2𝑂2 →  𝐹𝑒2+ +  𝐻𝑂2
• +  𝐻𝑂+ k=0.001-0.01 M-1 s-1 [99] (r10) 

2𝐻2𝑂2 →  2𝐻2O + 𝑂2  [76] (r11) 

Propagation    

𝐻𝑂• + 𝐻2𝑂2 →  𝐻𝑂2
• +  𝐻2𝑂 k= 2.7 x 107 M-1 s-1 [87] (r12) 

𝐻𝑂2
• +  𝐻2𝑂2 →  𝐻𝑂• +  𝐻2𝑂 + 𝑂2 k= 1.1-3.7 M-1 s-1 [94] (r13) 

Termination    

𝐹𝑒2+ + 𝐻𝑂• →  𝐹𝑒3+ +  𝐻𝑂− k= 3.2 x 108 M-1 s-1 [87] (r14) 

𝐹𝑒3+ + 𝐻𝑂2
• →  𝐹𝑒2+ + 𝐻+ + 𝑂2 k= 1.2 x 106 M-1 s-1 [94] (r15) 

𝐹𝑒2+ + 𝐻𝑂2
•  +  𝐻+ →  𝐹𝑒3+ + 𝐻2𝑂2 k= 1.3 x 106 M-1 s-1 [94] (r16) 

𝐻𝑂• + 𝐻𝑂2
• →  𝐻2𝑂 + 𝑂2 k= 6.6 x 109 M-1 s-1 [87] (r17) 

𝐻𝑂• + 𝐻𝑂• →  𝐻2𝑂2 k= 5.2 x 109 M-1 s-1 [87] (r18) 

𝐻𝑂2
• +  𝐻𝑂2

• →  𝐻2𝑂2 + 𝑂2 k= 1.3 x 106 M-1 s-1 [87] (r19) 
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In Fenton process, the hydroxyl radical is predominantly generated via reaction 9 simply by 

combining Fe2+ salt with H2O2. The reduction of Fe3+ to Fe2+ is a limiting step in the 

generation of HO• since the rate constant of reaction 10 is very low. This fact compromises 

the efficiency of the process in the oxidation of organic compounds, because hydroxyl 

radical is the responsible of their oxidation. From reaction 12 it is observed that hydrogen 

peroxide can act as a hydroxyl radical scavenger, also affecting the efficiency in the 

degradation of compounds. Thus, an excess of this reactant is not desirable. Whereas that 

hydroperoxyl radical (HO2
•) (pKa=4.8) [100] and its conjugate base (superoxide radical, O2

•) 

play an important role in the redox cycle of iron in solution (see reaction 15 and 16).  

Photo-Fenton process 

The modification of Fenton process including irradiation (UV or UV/Visible light), namely 

photo-Fenton process, increases the HO• production leading higher yields in the removal of 

organic contaminants. This enhance is achieved by promoting the photoreduction of Fe3+ to 

Fe2+ with wavelengths up to 580 nm. This photoreduction drives to a redox cycle resulting 

in a continuous generation of HO• (see reaction 9 and 20) [100].                                                             

𝐹𝑒𝑂𝐻2+ + ℎ𝑣 →  𝐹𝑒2+ +  𝐻𝑂•                                                                                           (r20) 

From Figure 7 it was observed that at pH 3, which is the optimal condition for the process, 

the predominantly iron specie is FeOH2+. 

Operative parameters of the processes  

Apart from the factors commented in section 1.4.3, related to the water quality and affecting 

the AOPs in general, other operational parameters can influence on the efficiency of Fenton 

and photo-Fenton process. The most important parameters are detailed below:  

 pH value of the solution: this factor is a key parameter since iron ions in aqueous 

solution form hexacoordinate complexes with water and or hydroxyl ligands 

depending on the pH. For pH values lower than 2.3, the predominant ferric iron 

complex is [Fe(H2O)6]
3+ which present low reactivity with H2O2. While for pH 

higher than 3.5, the ferric iron hydroxides formed [Fe(H2O)4 (OH)2]
+ and [Fe(H2O)3 

(OH)3]
 and ferrous hydroxides (Fe(OH)2) have a low solubility in aqueous media and 

they precipitate reducing the efficiency of the processes. When pH is between 2.3 

and 3.5, the iron aqua-complex FeOH2+ is the predominant specie, which has the 
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higher absorption coefficient in UV range and is soluble in aqueous media. Thus, 

optimal pH value for Fenton and photo-Fenton process is 2.8.  

 

 Reagents concentration: the efficiency of the processes increases by the rise of iron 

and hydrogen peroxide concentrations. However, the selection of reagents 

concentrations fundamentally depends on the water quality of influent. For iron, a 

ratio between 1:10 and 1:50 (wt/wt) of iron-organic matter ensure good oxidation 

performances. Another important factor to consider is the intended of water reuse. In 

that cases the legislation fixes a maximum limit of iron emission. For instance, 5 mg 

L-1 is the maximum concentration of iron emission in irrigation permitted by 

international regulations [102, 103]. Regarding H2O2, its selection depends on the 

various factors. The most important is the concentration of iron to avoid the process 

limitation. However, the concentration of hydrogen peroxide can not be in excess 

due to their scavenger effect of HO• (see reaction 12).  

 

 Fe2+ : H2O2 ratio: is a critical parameter to promote the efficiency of the processes. 

Typical ratios range between 1:5 and 1:25 (wt/wt). According to these ratios, a HO• 

production is assured without limiting reactants and avoiding the scavenging of 

hydroxyl radicals.  

 

 Temperature: for endothermic reactions the increase of temperature enhances the 

reaction rate. However, temperatures higher than 40 ºC involves H2O2 decomposition 

reducing the oxidant available for the hydroxyl radical generation. This fact results 

in a decrease in Fenton and photo-Fenton efficiency. For this reason, temperatures 

between 20-40 ºC are desirable for these processes.  

Main drawbacks of the processes  

Fenton and photo-Fenton processes seem useful and economically feasible to treat chemical 

wastes due to the cheapness of H2O2 and iron. However, they present some inconveniences. 

One of them is the requirement of the iron extraction, at the end of the process, which 

produces high volumes of iron wastes. The need of acidic pH (2.8), to maintain the iron in 

solution and achieve higher performances in micropollutants removal, is another of the great 

drawbacks of these processes. This condition is a critical parameter when the aqueous 
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solution to treat has a higher pH, such as in wastewater treatment. The continuous 

acidification/neutralization of water increases the cost of the treatment besides to the 

environmental impact due to the CO2 generation [104, 405]. Additionally, in photo-Fenton 

process the requirement of irradiation increases the operational costs due to the electricity 

consumption and maintenance. The presence of mercury in some lamps used for that 

purposes increases even more the environmental impact [106, 107]. All of these 

inconveniences make the processes unattractive for their full scale-application [108].  

To deal with the problems related to the pH and work at circumneutral pH (between 6.5 and 

7.5), iron complexes as iron source have been used driving to great performances in 

micropollutants degradation and bacterial inactivation. Otherwise, to overcome the problems 

associated to the need of irradiation in photo-Fenton process, the use of solar light may be a 

good option, making the process more economically and environmentally sustainable. 

However, solar irradiation is highly dependent on location and weather. Other option studied 

in the last years is the use of UV light emitting diodes (LEDs) as irradiation source. Contrary 

to conventional lamps, UV-LEDs offer low energy consumption, long lifetime (up to 26,000 

h), no mercury content, no problems associated to overheating and the possibility to select 

specific wavelengths and configurations of the photoreactor according to particular needs 

[109, 110]. Although numerous advantages presented by UV-LEDs and the good 

performances on micropollutant degradation by photo-Fenton with UV-LEDs, nowadays, 

conventional lamps are more economical than LEDs. Thus, improvements in the efficiency 

and power are required to apply LEDs at full-scale. Table 8 displays the efficiency of LEDs 

in photo-Fenton at acidic and circumneutral pH for several micropollutants.   

Table 8. Efficiency of photo-Fenton process at acidic and circumneutral pH using LEDs as a radiation source 

in the removal of some recalcitrant organic compounds and wastewater treatment.  

   Target 

Iron source 

and reagents 

concentrations 

Water 

matrix 

Wavelength 

(nm) 
pH Performance Ref. 

Losartan & 

Hydrochlorothiazide 

(20 mg L-1 each 

one) 

[Fe2+]=10 mg L-1 

[H2O2]= 100  

mg L-1 

Ultrapure 280-800 3.0 

Removal (in 

% DOC) of 

almost 75% 

after 90 min. 

(130 kWh m-3, 

60 min). 

 

[111] 

Chemical Oxygen 

Demand (COD) 

(22932 mg L-1) 

Fe3+=286 mg L-1 

H2O2= 5459  

mg L-1 

Crystallized-

fruit 

effluents 

365 3.0 

74% of COD 

removal after 

360 min  

(85 W m-2) 
[112] 
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Table 8. (continued) 

   Target 

Iron source 

and reagents 

concentrations 

Water matrix 
Wavelength 

(nm) 
pH Performance Ref. 

Acetamiprid  

(200 µg L-1) 

[Fe2+]=5.5 and 

11 mg L-1 

[H2O2]= 50  

mg L-1 

 

Simulated 

secondary 

effluent 

(DOC= 10 mg 

L-1) 

365 

385 

400 

2.8 

Complete 

removal in 10 

min with 365 

nm, 5 cm 

liquid depth 

and 11 mg L-1 

Fe2+  

(10 W m-2) 

 

[113] 

Acetamiprid 

(100 µg L-1) 

[Fe2+]=1, 2 and 

3 mg L-1 

[H2O2]= 2, 4, 6, 

8 and 12 mg L-1 

Ratio H2O2:Fe2+ 

= 2:1 and 4:1 

 

Synthetic 

secondary 

effluent (DOC 

>10 mg L-1) 

256 2.8 

Complete 

removal in 

12.5 min with 

3 mg L-1 Fe2+ 

and 12 mg L-1 

H2O2  

(20 W m-2) 

[114] 

       

Antipyrine 

(50 mg L-1) 

[Fe2+]=5-20  

mg L-1  

[Oxalate]=25-

100 mg L-1  

[H2O2]= 100-

1000 mg L-1 

Ultrapure 365 2.8 

Complete 

removal in 2.5 

min with 20 

mg L-1 Fe2+, 

100 mg L-1 

H2O2 and 100 

mg L-1 of 

oxalate 

(3.32x10-6 

Einstein s-1) 

[115] 

       

Salicylic acid, 

ketoprofen, 

diclofenac, 

paracetamol and 

caffeine 

(10 mg L-1 of 

each one) 

[Fe3+]= 15.0  

mg L-1 

Molar ratio 

(Fe3+:oxalate 

=1:3) 

[H2O2]= 47.6 

mg L-1 

 

Ultrapure 

365 

400 

470 

515 

568 

624 

650 

White 

   6.5 

Complete 

removal in 25 

min of all 

substances 

with 40 LEDs 

of different 

wavelengths 

(68 mW) 

Vsol=200 mL 

[116] 

 

Photo-Fenton at circumneutral pH  

Photo-Fenton at circumneutral pH (between 6.5-7.5) is an interesting alternative to overcome 

one of the biggest inconveniences of the process (work at acidic pH) for its application at 

full-scale. In the last decades, several studies related with the investigation of heterogeneous 

and homogeneous photo-Fenton at near neutral pH were reported. Heterogeneous process is 

performed by catalysts containing iron. Iron can be supported in a large variety of materials 

like neutral organic polymers, ion exchange membranes or resins, inorganic materials (clay, 



Chapter 1 

 

26 

 

zeolites…) or even residual materials containing iron. Homogeneous treatment at 

circumneutral pH is carried out with compounds capable to solubilize the iron in a wide 

range of pH, even at high values of pH. These substances are chelating agents or ligands. As 

the iron is chelated and not free as in acidic pH, this process could imply a reduction of the 

metal ion activity for the generation of reactive oxygen species. However, the possibility to 

work at near neutral pH and reduce the iron sludge makes the process more attractive for its 

application.  

Despite the mechanism of iron chelates in photo-Fenton is not clearly defined, it seems that 

HO• is the predominant specie in the degradation of micropollutants and bacterial 

inactivation [93, 117].  

Like than conventional photo-Fenton, the reactions involved in the process with iron chelates 

are described below [118].  

𝐹𝑒2+ − 𝐿𝑖𝑔𝑎𝑛𝑑 + 𝐻2𝑂2  → 𝐹𝑒3+ − 𝐿𝑖𝑔𝑎𝑛𝑑 + 𝐻𝑂• +  𝑂𝐻−                                        (r21) 

𝐹𝑒3+ − 𝐿𝑖𝑔𝑎𝑛𝑑 +  𝐻2𝑂2 → 𝐹𝑒2+ − 𝐿𝑖𝑔𝑎𝑛𝑑 +  𝐻𝑂2
•/𝑂2

•− +  𝐻+                                   (r22) 

𝐹𝑒3+ − 𝐿𝑖𝑔𝑎𝑛𝑑 + ℎ𝑣 →  [𝐹𝑒3+ − 𝐿𝑖𝑔𝑎𝑛𝑑]∗ →  𝐹𝑒2+ + 𝐿𝑖𝑔𝑎𝑛𝑑•                                (r23) 

The UV radiation also plays an important role in enhancing the HO• generation in some 

chelating agents [76, 119] and the light absorption, which define the quantum yield of the 

photoreduction process, depends on the iron complex. The proposed mechanism lies in the 

photoreduction of Fe3+ to Fe2+ by ligand-metal-charge transfer (LMCT) forming a ligand 

radical (Ligand•), which requires a second electron transfer to reach its stable oxidation state. 

This fact can be performed by the reaction with dissolved oxygen (r24) [117].  

𝐿𝑖𝑔𝑎𝑛𝑑• +  𝑂2 →  𝐿𝑖𝑔𝑎𝑛𝑑′ + 𝑂2
•−                                                                                 (r24) 

The superoxide radical generated in r24 can take part in additional reactions as a precursor 

of HO•. While Ligand• can also reacts with iron (III) complex increasing the Fe(III)/Fe(II) 

cycle.  

Moreover, the stability constant (kstab) of each chelating agent with iron is also a key 

parameter in mechanisms of photo-Fenton at near neutral pH. The stability constant depends 

greatly on the properties of the iron chelates such as geometry, number of coordination 

groups and phenolate groups. Iron complexes presenting octahedral geometry, higher 
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coordination groups and phenolate groups are usually more stables [119]. Higher stability of 

iron complexes results in a lower availability of iron to generate reactive oxygen species, but 

less iron release is observed. However, when the stability constant is lower, the iron is more 

readily, giving higher micropollutant removal performances at initial times. However, this 

fact results in a higher iron precipitation, causing iron sludge and decreasing the efficiency 

of the process. Thus, an equilibrium between stability of iron complex and iron release is 

essential for the efficiency of the process. 

A suitable molar ratio between iron and ligand is also a key parameter in the performance of 

the process, assuring the complete iron chelation. However, chelating agents are organic 

molecules which increase the dissolved organic carbon in the solution and can scavenge 

hydroxyl radicals. Thus, the proper molar ratio is not always the stoichiometric one [119]. 

For these reasons, the selection of appropriate chelating agent and its molar ratio with iron 

are essential for the process efficiency. The biodegradability and toxicity of the iron complex 

is also an important parameter to consider for its selection.  

Several chelating agents were reported in the literature for the photo-Fenton at near neutral 

pH. The use of simple and well-known bases of natural organic acids, like citric, gluconic, 

caffeic, ascorbic, oxalic, and tartaric have been widely studied since their biodegradability 

and natural character.  

On the other hand, the employment of synthetic ligands based on aminopolicarboxylic acids, 

such as NTA (Nitrilotriacetic acid), EDTA (Ethylenediaminetetraacetic acid) and EDDS 

(Etylenediamine-N,N’-disuccinic acid ), has been raised in the last years. Among them, Fe3+-

EDDS has been the most studied due to its biodegradability and higher efficiency on MPs 

abatement.  

In the water scarcity scenario, it also has increased the interest on the synthetic organic iron 

fertilizers based on aminopolicarboxylic acids to operate photo-Fenton at circumneutral pH. 

The use of these compounds in the process is associated to the further reuse of wastewater 

for agriculture, since the iron is an essential micronutrient for plants. EDDHA 

((Ethylenediamine-N,N′-bis(2-hydroxyphenylacetic acid)), HEDTA (2-Hydroxyethyl 

ethylenediamine-N,N′,N′-triacetic acid) and DTPA (Diethylene triamine pentaacetic acid) 

have been investigated on that purpose. All of these fertilizers are approved by the European 
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Commission for their agricultural use [120]. Currently, EDTA and EDDS are also included 

in this regulation.  

Table 9 shows the efficiency of photo-Fenton at near neutral pH using different chelating 

agents in the abatement of micropollutants and bacterial inactivation. 

 

Table 9. Efficiency of photo-Fenton process at circumneutral pH in the removal of some recalcitrant organic 

compounds and bacterial inactivation.  

Target 

Iron source and 

reagents 

concentrations 

Water 

matrix 
Source of light Performance Ref. 

E. coli  

(2.4x104 -8.4x105  

CFU mL-1) 

[Fe3+]= 28 mg L-1 

Molar ratio  

Fe3+: oxalate =1:10 

[H2O2]= 68 mg L-1 

Phosphate 

buffer 

solution 

Black-light Blue 

lamp (BLB) 

300-400 nm 

(7.9x10-6 

Einstein L-1 s-1) 

4 Log-reduction 

in 50 min 
[121] 

      

C.parvum 

(3.1x103 oocysts 

mL-1)  

B.subtilis (3x105 

CFU mL-1) 

[Fe3+]= 28 mg L-1 

Molar ratio  

Fe3+: oxalate =1:10 

[H2O2]= 68 mg L-1 

Phosphate 

buffer 

solution 

BLB lamp  

300-400 nm 

(7.9x10-6 

Einstein L-1 s-1) 

2 Log-reduction 

in 300 min 
[122] 

      

15 MPs  

(5 µg L-1 of each 

one) 

Total bacteria 

(104 CFU mL-1)  

Total coliforms 

(103 CFU mL-1) 

 

[Fe3+]= 5 mg L-1 

Molar ratio  

Fe3+: EDDS =1:2 

[H2O2]= 50 mg L-1 

Municipal 

wastewater 

Solar light  

(30 W m-2) 

87% of the MPs 

removal sum in 

60 min.  

2 and 3 Log-

reduction of total 

bacteria and total 

coliforms, 

respectively in 

120 min.  

[123] 

      

Bisphenol A 

(4.6 mg L-1) 

[Fe3+]= 5.6 mg L-1 

Molar ratio  

Fe3+: EDDS =1:1 

[H2O2]= 3.4 mg L-1 

Ultrapure 

Fluorescent 

lamp  

300-500 nm 

(530 W m-2) 

85% removal in 

10 min 
[124] 

      

Ciprofloxacin 

(1 mg L-1) 

[Fe3+]= 0.36 mg L-1 

Molar ratio  

Fe3+: citrate =1:1 

Fe3+: oxalate =1:3 

[H2O2]= 10.9 mg L-1 

 

Ultrapure 

BLB lamp 

(15 W) 

365-410 nm 

Vsol=280 mL 

50% and 30% 

removal in 10 min 

of Fe-citrate and 

Fe-oxalate, 

respectively 

[125] 

      

Sulfamethoxazole 

(20 mg L-1) 

[Fe3+]= 5 mg L-1 

Molar ratio  

Fe3+: tartrate =1:10 

Fe3+: oxalate =1:20 

Fe3+: NTA= 1:1.5 

Fe3+: EDTA= 1:1.5 

[H2O2]= 10 mg L-1 

Ultrapure 

BLB lamp 

350-40 nm 

(5.05x10-6 

Einstein s-1) 

 

72% removal 

with Fe-EDTA 

and Fe-NTA, 

50% removal 

with Fe-oxalate 

and 10% removal 

with Fe-Tartrate 

in 60 min.  

[126] 
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Table 9. (continued) 

Target 

Iron source and 

reagents 

concentrations 

Water 

matrix 
Source of light Performance Ref. 

Phenol, 

Bisphenol A, 

sulfamethoxazole, 

carbamazepine, 

pyrimethanil 

(100 µg L-1 of 

each one) 

[Fe3+]= 7.7 mg L-1 

Molar ratio  

Fe3+: EDDS =1:2 

[H2O2]= 65 mg L-1 

Municipal 

wastewater 

Solar simulator 

Sunlight 

(30 W m-2) 

80% of the sum 

of five MPs in 1.8 

kJ L-1 

[127] 

      

E. coli 

(106 CFU mL-1) 

[Fe3+: citrate]= 0.6 

mg L-1 relative to the 

Fe content 

[H2O2]= 10 mg L-1 

Natural 

water 

Solar simulator 

300-400 nm 

(20.2 W m-2) 

Total inactivation 

in 30 min. (6 log-

reduction) 

[128] 

      

E. coli 

(106 CFU mL-1) 

[Fe3+]= 5 mg L-1 

Molar ratio  

Fe3+: citrate =1:0.01  

Fe3+: tartrate =1:0.01 

Fe3+: ascorbic acid 

=1:0.1 

Fe3+: caffeic acid 

=1:0.01 

[H2O2]= 25 mg L-1 

Synthetic 

wastewater 

Solar simulator 

290-400 nm 

(600 W m-2) 

Total inactivation 

in 70 min. (6 log-

reduction) for all 

conditions 

[129] 

      

Acetamiprid  

(100 µg L-1) 

[Fe3+]= 5.6 mg L-1 

Molar ratio  

Fe3+: EDDS =1:1 

[H2O2]= 30 mg L-1 

Synthetic 

wastewater 

Solar simulator 

(40 W m-2) 

90% removal in 

30 min.  
[130] 

      

E. coli and E. 

faecalis 

(106 CFU mL-1 

each one) 

[Fe3+]= 5.6 mg L-1 

Molar ratio  

Fe3+: EDDS =1:2 

[H2O2]= 10 mg L-1 

 

Municipal 

wastewater 

Solar light 

(30 W m-2) 

Total inactivation 

in 3.5 kJ L-1 for 

E.coli and 15 kJ 

L-1 for E. faecalis 

(6 log-reduction) 

[131] 

      

Carbamazepine  

(10 mg L-1) 

[Fe3+]= 2.8 mg L-1 

Molar ratio  

Fe3+: NTA= 1:2 

[H2O2]= 34 mg L-1 

Ultrapure 

UVA lamp 

365 nm 

(4.05 mW cm-2) 

Total removal in 

60 min. 
[132] 

      

45 MPs from 

wastewater  

(µg L-1) 

[Fe3+]= 5.6 mg L-1 

Molar ratio  

Fe3+: EDDS= 1:1 

[H2O2]= 50 mg L-1 

 

Municipal 

wastewater 

Solar light 

(30 W m-2) 

> 80% 

degradation of the 

sum of MPs in 15 

min 

[133] 

      

E.coli and 

S.enteritidis 

(106 CFU mL-1) 

[Fe3+: EDDHA]= 2.5 

mg L-1 relative to the 

Fe content 

[H2O2]= 5 mg L-1 

Synthetic 

fresh-cut 

wastewater 

Solar light 

(30 W m-2) 

Total inactivation 

in 30 Wh m-2 for 

E.coli (6 log-

reduction) and 5 

log-reduction for 

S. enteritidis 

[134] 
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Table 9. (continued) 

Target 

Iron source and 

reagents 

concentrations 

Water 

matrix 
Source of light Performance Ref. 

Acetaminophen, 

caffeine, 

trimethoprim, 

sulfamethoxazole, 

carbamazepine 

and diclofenac  

(100 µg L-1 each 

one) 

[Fe3+]= 3 mg L-1 

Molar ratio  

Fe3+: EDDS= 1:2 

[H2O2]= 50 mg L-1 

 

Natural 

water 

Solar simulator 

300-400 nm 

(30 W m-2) 

Total removal in 

10 min of 

acetaminophen, 

diclofenac, 

trimethoprim and 

carbamazepine. 

Total removal of 

sulfamethoxazole 

at 20 min. 90% 

removal of 

caffeine at 30 

min. 

[135] 

      

E.coli and total 

coliforms 

(107 CFU mL-1 

each one) 

[Fe3+]= 5 mg L-1 

Molar ratio  

Fe3+: citrate= 1:1.5 

Fe3+: oxalate= 1:10 

Fe3+: EDTA= 1:1.5 

Fe3+: NTA= 1:1.5 

Fe3+: EDDS= 1:2 

[H2O2]= 90 mg L-1 

Municipal 

wastewater 

UVA lamps  

365 nm 

(4.05x10-5 

Einstein s-1) 

With EDTA and 

oxalate: total 

inactivation of 

E.coli and total 

coliforms at 40 

and 50 min. (7 

log-reduction) 

With NTA: 7 and 

6.5 log-reduction 

in 60 min. of 

E.coli and total 

coliforms, 

respectively.  

With citrate: 6 

and 5.5 log-

reduction at 60 

min. of E.coli and 

total coliforms 

With EDDS: 5.5 

and 4.5 log-

reduction at 60 

min. of E.coli and 

total coliforms, 

respectively. 

[136]  
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2 Justification, objectives and thesis structure 

2.1 Justification and objectives 

The rising concern, in the last decades, on micropollutant occurrence in aquatic ecosystems, 

mainly from effluents of wastewater treatment plants, involves the implementation of 

processes capable to remove this persistent and recalcitrant compounds, such as AOPs. 

Although photo-Fenton process is one of the most efficient AOP, the optimal working 

conditions (acid pH) make the process unattractive to full-scale application. In the last years, 

several works in the literature have investigated the efficiency of photo-Fenton modifications 

linked to irradiation sources and the employment of iron complexes, to work at near neutral 

pH. However, further research on this area is required to improve the process efficiency for 

full-scale application. If the drawbacks presented by the photo-Fenton process are saved, it 

could be applied to the treatment of wastewater to convert it into useful water for reuse. This 

would be a relief given the current situation of water scarcity and the high consumption of 

fresh water for agriculture. In addition, organic fertilizers can be used as Fe chelating agents 

in photo-Fenton, obtaining water for reuse with adequate amounts of fertilizer and iron. 

Summarizing, the main objective of this thesis is focused on the study of possible 

improvements in the photo-Fenton process for its possible implementation at full-scale, 

among other applications, for water reuse. It was considered that improvements could be 

introduced via radiation source or by working at circumneutral pH with chelating agents. 

Thus, the following specific objectives were proposed: 

1. Exploring the efficiency of photo-Fenton using ultraviolet light emitting diodes 

(LEDs) as irradiation source: 

o Studying the influence of LEDs wavelength ranges on MP degradation and 

assessing the potential enhancement when LEDs with two wavelengths 

ranges are combined.  

o Examining the transformation products depending on the initial 

concentrations of reagents and proposing degradation pathways. 

   

2. Study and comparison of different irradiation sources (BLB lamps and LEDS) to 

perform photo-Fenton at acidic pH in four secondary effluents matrices, assessing 

the importance of radiation distribution in the photoreactor. 
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3. Exploring and testing new iron complexes to carry out the photo-Fenton process 

more efficiently in terms of iron release, MPs abatement and bacterial inactivation. 

This includes:  

o Assessing the potential efficiency of an organic fertilizer, as iron complex, in 

photo-Fenton for the abatement of MPs and bacterial inactivation, at near 

neutral pH using tubular photoreactor illuminated by LEDs.  

o Testing the efficiency of different organic fertilizers mixtures and comparing 

the removal of different MPs with the single one in photo-Fenton using 

simulated solar light. 

o Determining the BOD5 (mgO2 L) and E.coli (CFU 100mL) parameters of 

treated effluents and comparing the values with the maximum values allowed 

for European policies for the reuse of wastewater in agriculture.  

o Examining the phytotoxicity of the treated effluents useful for the water reuse 

in irrigation.  

o Study the potential reactivity of organic fertilizers in the aquatic environment 

and the mainly involved reaction mechanisms.   

 

2.2 Thesis structure 

This thesis consists of six chapters: introduction, justification and objectives, materials and 

methods, results and discussion, conclusions and recommendations and other contributions 

by the author. Chapter 4, referred to results, is divided in three sections, due to the specific 

objectives above mentioned were compiled in different publications. Each section includes 

their specific publications presented as a part (Part I-Part VI).  

Section 4.1: Synergies, radiation and kinetics in photo-Fenton process with UV-A LEDs 

(Part I). This section includes the study about the use of LEDs as radiation source to carry 

out the photo-Fenton process. LEDs with two different wavelength ranges were used for 

testing the efficiency in the diphenhydramine hydrochloride removal. Additionally, the 

combination of LEDs with two different wavelength ranges (maintaining the same power 

than experiments performed with one range) enhances the efficiency of micropollutants 

abatement.  

The following publication was derived from the results obtained in this section:  
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N. López-Vinent, A. Cruz-Alcalde, L.E. Romero, M.E. Chávez, P. Marco, J. Giménez, S. 

Esplugas, Synergies, radiation and kinetics in photo-Fenton process with UVA-LEDs, 

Journal of Hazardous Materials 380 (2019) 120882.  

Section 4.2: Comparison of conventional BLB lamps and LEDs in photo-Fenton 

process for micropollutant abatement in real wastewater (Part II).  In this section, it was 

compared the efficiency of BLB lamps and LEDs, emitting at 365 nm, in photo-Fenton 

process with different wastewater matrices. This comparison is necessary to determine the 

potential implementation of an alternative radiation source to reduce costs and 

environmental impacts. The results derived from this section also contributed to understand 

the importance of radiation distribution in the photoreactor.  

The following publication was derived from the results obtained in this section:  

N. López-Vinent, A. Cruz-Alcalde, C. Gutiérrez, P. Marco, J. Giménez, S. Esplugas, 

Micropollutant removal in real WW by photo-Fenton (circumneutral and acid pH) with BLB 

and LED lamps, Chemical Engineering Journal 379 (2020) 122416. 

Section 4.3: Assessment of organic fertilizers as an iron source in photo-Fenton at 

circumneutral pH for wastewater treatment and its potential application in agriculture 

(Part III-VI).  In this section different organic fertilizers were tested to carry out photo-

Fenton process at near neutral pH, employing LEDs and solar simulated light as alternative 

irradiation sources. This section also includes the combination of organic fertilizers to 

investigate the potential enhancement in micropollutants abatement and bacterial 

inactivation and in the reduction of iron release in different wastewaters. Biochemical 

oxygen demand at 5 days and E.coli inactivation were followed and compared with the 

values proposed in the Regulation 2020/741/EU, for the potential water reuse in irrigation. 

Phytotoxicity was also evaluated. Summarizing, the work carried out in this section was 

focused on the investigation of more efficient and eco-friendlier photo-Fenton process to be 

applied at full-scale, including the potential reuse of wastewater in the scarcity scenario. 

Additionally, potential mechanisms were proposed for hydroxyl radical formation by 

photoexcitation of different organic fertilizers, depending on their characteristics. This fact 

can be important from an environmental point of view because it is related to the self-

depuration of the aquatic compartments by oxidation of some persistent organic pollutants. 

The following publications were derived from the results obtained in this section:  
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N. López-Vinent, A. Cruz-Alcalde, J.A. Malvestiti, P. Marco, J. Giménez, S. Esplugas, 

Organic fertilizer as a chelating agent in photo-Fenton at neutral pH with LEDs for 

agricultural wastewater reuse: Micropollutant abatement and bacterial inactivation, 

Chemical Engineering Journal 388 (2020) 124246.  

N. López-Vinent, A. Cruz-Alcalde, J. Giménez, S. Esplugas, C. Sans, Improvement of the 

photo-Fenton process at natural condition of pH using organic fertilizers mixtures: potential 

application to agricultural reuse of wastewater, Applied Catalysis B: Environmental, 290 

(2021) 120066.  

N. López-Vinent, A. Cruz-Alcalde, J. Giménez, S. Esplugas, Mixtures of chelating agents 

to enhance photo-Fenton process at natural pH: influence of wastewater matrix on 

micropollutant removal and bacterial inactivation, Science of the Total Environment, 786 

(2021) 147416. DOI: 10.1016/j.scitotenv.2021.147416 

N. López-Vinent, A. Cruz-Alcalde, C. Lai, J. Giménez, S. Esplugas, C. Sans, Role of 

sunlight and oxygen on the performance of photo-Fenton process at near neutral pH using 

organic fertilizers as an iron chelates, submitted to Journal of Hazardous Materials.  

https://doi.org/10.1016/j.scitotenv.2021.147416
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3 Materials and methods 

3.1 Chemicals  

3.1.1 Model micropollutants 

Relevant chemical information about model micropollutants and their acronyms (ACMP, 

DPH, PROP and SMX) are listed in Table 10. All compounds (analytical grade standards) 

were purchased from Sigma-Aldrich (Germany).  

Table 10. Main information of model micropollutants employed in the research.  

Compound Abbreviation 
Chemical 

formula 

Molecular Weight  

(g mol-1) 

CAS 

Number 

Acetamiprid (ACMP) C10H11ClN4 222.68 135410-20-7 

Diphenhydramine 

hydrochloride 
(DPH) C17H21NO · HCl 291.82 147-24-0 

Propranolol 

hydrochloride 
(PROP) C16H21NO2 · HCl 295.80 318-98-9 

Sulfamethoxazole (SMX) C10H11N3O3S 253.28 723-46-6 

 

3.1.2 Chelating agents 

Data on chelating agents employed in this thesis are detailed in Table 11. Organic fertilizers 

chelated with iron (III) (DTPA-Fe, EDDHA-Fe, EDTA-Fe and HEDTA-Fe) are also listed 

in the same table. All of them were purchased from Sigma-Aldrich and Phygenera 

(Germany), except EDDHA-Fe from Fertiberia (Spain) 

Table 11. Main data of chelating agents and organic fertilizers chelated with iron (III) employed in this thesis. 

Sigma-Aldrich and Phygenera from Germany.  

Compound 
Chemical 

formula 

Molecular 

Weight 

(g mol-1) 

Iron 

chelated 

(%) 

CAS 

Number 

 

Company 

 

DTPA C14H23N3O10 393.35 - 67-43-6 
Sigma-

Aldrich 

DTPA-Fe C14H18N3O10FeNa2 490.20 7.0 19529-38-5 Phygenera 

EDDS-Na3 C10H13N2Na3O8 358.19 - 178949-82-1 
Sigma-

Aldrich 

EDDHA-Fe C18H16N2O6FeNa 435.20 6.0 16455-61-1 Fertiberia 
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Table 11. (continued) 

 

3.1.3 Other chemicals  

Diluent, Microtox® Acute Reagent, Osmotic Adjustment and Reconstitution Solution used 

for bioluminescent Vibrio fischeri assays were purchased from Modern Water (UK). 

Ammonium metavanadate (NH4VO3), catalase from bovine liver (C9H10O3), Chromocult® 

Coliform Agar, hydrogen peroxide solution (30% w/v) and 2-chloro-6-

(trichloromethyl)pyridine were acquired from Sigma-Aldrich (Germany). Acetonitrile 

(ACN) (CH3CN, HPLC grade), ascorbic acid (C6H8O6), iron (II) sulphate heptahydrate 

(FeSO4 · 7H2O), mercuric sulfate (HgSO4), methanol (CH3OH), orthophosphoric acid 

solution (H3PO4, 85% w/w), potassium dichromate solution (K2Cr2O7, 4 mM with 25 g L-1 

of HgSO4), silver sulfate solution (Ag2SO4, 10 g L-1 in H2SO4), sodium bisulphite (NaHSO3), 

sodium hydroxide (NaOH), sulfuric acid (H2SO4), sodium bicarbonate (NaHCO3), 1,10-

phenatroline, ethanol (C2H5OH), ammonium acetate (C2H7NO2), acetic acid glacial 

(C2H4O2), tert-butyl alcohol (tBuOH) were supplied from Panreac (Spain). Reagents to 

prepare solutions for BOD5 were also purchased from Panreac (Spain): calcium chloride 

(CaCl2), magnesium sulphate (MgSO4), ferric chloride (FeCl3), ammonium chloride 

(NH4Cl), potassium hydroxide (KOH), boric acid (H3BO3), zinc sulphate heptahydrate 

(ZnSO4 · 7H2O), manganese sulphate hydrate (MnSO4 · H2O), ammonium molybdate 

(NH4)6Mo7O24 · 4H2O), sodium phosphate hydrate (NaH2PO4 · H2O). Seed lyophilized 

capsules were acquired from Cole-Parmer (USA). Buffered peptone water was obtained 

from Labkem (Spain). Pure nitrogen (≥ 99.999%) was purchased from Abelló Linde (Spain). 

Finally, ultrapure water (resistivity: 18.2 MΩ cm; TOC < 2 ppb) was generated by a Milli-

Q® purification system (Millipore, USA).  

 

Compound 
Chemical 

formula 

Molecular 

Weight 

(g mol-1) 

Iron 

chelated 

(%) 

CAS 

Number 

 

Company 

 

EDTA C10H16N2O8 292.24 - 60-00-4 
Sigma-

Aldrich 

EDTA-Fe 
C10H12N2O8FeNa 

·3H2O 
421.10 13.3 18154-32-0 Phygenera 

HEDTA-Fe C10H18FeN2O7 ·5H2O 424.11 13.0 17084-02-5 Phygenera 
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3.2 Wastewater samples 

The main research presented in this thesis was performed with four different secondary 

effluents from two WWTPs (plant of Gavà-Viladecans and plant of El Prat de Llobregat) 

located in the province of Barcelona (Spain). 

The WWTP of Gavà-Viladecans (384000 population equivalent (PE); 64000 m3 d-1 design 

flow (DF)) has two techniques implemented for the biological treatment, including the 

nitrogen and phosphorous removal in both treatments. One of the lines employs an integrated 

fixed-film activated sludge (IFAS) system. In this technology a hybrid attached/suspended 

growth mode is created due to the addition of solid media to the bioreactor. The other line 

uses a membrane bioreactor (MBR) technology, which is a combination of conventional 

activated sludge (CAS) and separation by ultrafiltration. In the same way, in the WWTP of 

El Prat de Llobregat (2275000 PE; 420000 m3 d-1 DF) two biological treatment systems are 

operated. Both lines use the conventional activated sludge technology. The main difference 

lies in the elimination of nitrogen and phosphorous, which is only implemented in one of the 

lines. CAS (without nitrogen and phosphorous elimination) and CAS-NE (with nitrogen and 

phosphorous elimination) were the initials used in the research presented in this thesis. 

For working with the same conditions in each set of experiments and avoid the degradation 

of the effluents, three sampling campaigns were carried out (see Parts II-IV). Each sampling 

was performed in January 2018, 2019 and 2020. Effluents from CAS, CAS-NE and IFAS 

were filtered with conventional paper to avoid any interference of largest particles in the 

experiments. Then, all effluents were stored at 4ºC. In the experiments of Parts II and III, 

four effluents were used, while in the experiments of Part IV only CAS and MBR were 

employed. The main physicochemical parameters of the effluents for the different campaigns 

are shown in Table 12.  
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Table 12. Main pysicochemical parameters of effluents employed. This includes the samples for the three 

sampling campaigns corresponding to the experiments of Parts II-IV. N/A: below the detection limit. 

 

Part 

II 

Part  

III 

Parts IV and 

V 

IFAS MBR CAS 
CAS-

NE 
IFAS MBR CAS 

CAS-

NE 
MBR CAS 

pH 7.8 7.7 8.0 7.5 7.9 7.8 8.0 7.6 7.8 8.2 

Turbidity 

(NTU) 
18.5 0.5 20.1 2.6 13.9 1.0 8.9 4.0 0.3 5.3 

UV254 

(m-1) 
50.3 17.4 48.9 24.6 48 0.3 29 13 19.1 28.8 

TOC 

(mg C L-1) 
51.1 13.6 37.9 13.3 29.5 5.3 24.1 7.9 7.0 16.6 

DOC 

(mg C L-1) 
21.7 13.3 18.7 13.2 22.2 4.7 20.9 5.1 6.7 10.9 

Alkalinity 

(mg CaCO3 

L-1) 

469 208 449 275 545 312 457 304 233 467 

Cl-1 

(mg L-1) 
543 565 486 464 507 470 519 482 592 406 

SO4
2- 

(mg L-1) 
196 187 175 199 N/A 125 242 236 169 206 

N-NO2
- 

(mg L-1) 
0.2 0.2 0.1 0.3 N/A N/A N/A N/A 0.4 0.4 

N-NO3
- 

(mg L-1) 0.3 8.4 0.3 8.3 N/A 9.9 24.8 31.7 N/A 1.6 

 

3.3 Experimental devices 

3.3.1 UV-A LEDs 

Photoreactor with LEDs on the cover 

The research gathered in Part I was performed in 0.5 L Pyrex photoreactor (inner diameter: 

8 cm; height: 12 cm) equipped with four LEDs positioned symmetrically at the top of the 

photoreactor (Figure 8). The nominal consumption of each LED (Intelligent LED solutions 

from RS Components, Spain) was 1.05 W operating at 350 mA and irradiance angle of 125º. 

Two wavelength ranges were used in this research: 380-390 nm and 390-400 nm. In addition, 
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a combination of two wavelength ranges were also employed. In that case two LEDs of 380-

390 nm and two LEDs of 390-400 nm were used and situated crossed. To determine the 

incoming photons to the solution actinometrical analyses were performed with o-

nitrobenzaldehyde [137, 138, 139]. The values for 380-390, 390-400 and 380-400 nm were 

3.85·10-7, 4.28 ·10-7 and 5.25·10-7 Einstein s-1, respectively. The photoreactor was covered 

with aluminum foil to avoid loss of photons. A good mixing was assured by a magnetic 

stirrer and the temperature was maintained at 25ºC by immersion in a Lauda Alpha 

thermostatic bath. 

 

Figure 8. a) Schematic diagram of photoreactor with LEDs on the cover; b) cover of aluminum foil with four 

LEDs. (1) LEDs; (2) Magnetic stirrer; (3) Immersion thermostatic bath; (4) LEDs positioned symmetrically; 

(5) Aluminum foil cover. 

Photoreactor with LEDs on the center 

Part of the experiments included in Part II were carried out in a 2 L Pyrex-jacketed 

thermostatic photoreactor (inner diameter: 11 cm; height: 23 cm). A hand-made lamp was 

prepared with eight LEDs (Intelligent LED solutions), arranged on aluminum bar forming a 

spiral (to avoid dark zones into the photoreactor) and wrapped in a quartz glass tube (Figure 

9). The lamp was located at the center of the photoreactor, which was also covered with 

aluminum foil. The nominal power, irradiance angle and electric current of LEDs were equal 

than previous photoreactor. However, in that case the emission wavelength range was 365-

370 nm with an incident radiation into the photoreactor of 5.36·10-7 Einstein s-1 (also 

calculated with o-nitrobenzaldehyde actinometry [137, 138, 139]). The temperature of the 
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solution was kept constant at 25ºC with a thermostatic bath (Haake-C40). A magnetic stirrer 

(IKA® RCT basic) was used to provide a good mixing of solution.  

 

 

 

 

 

 

 

 

 

Figure 9. Schematic diagram of photoreactor with LEDs on the center. (1) Sampling point; (2) Thermostatic 

bath-inlet port; (3) Magnetic stirrer; (4) Quartz glass tube; (5) Aluminum bar; (6) LEDs; (7) Thermostatic bath-

outlet port. 

Tubular photoreactor 

The research gathered in Part III was performed in a Duran glass tubular photoreactor (25 

cm length; 2 cm external diameter) illuminated by eight LEDs (Intelligent LED solutions). 

The nominal power, electric current, irradiance angle and wavelength range were the same 

than previous photoreactor (photoreactor with LEDs on the center). The solution to treat was 

continuously recirculated with a peristaltic pump (Ismatec® Ecoline) from a 1 L reservoir 

tank to tubular photoreactor (Figure 10). The tubular photoreactor was enveloped by a 

cylindrical tube (30 cm length; 8 cm diameter) where the LEDs were located at the top and 

it was covered with aluminum foil to avoid the photon loss. The solution in the feeding tank 

was continuously mixed with a magnetic stirrer (IKA® RCT basic) and the temperature was 

kept constant at 25ºC with a thermostatic bath (Haake-C40). Again, the o-nitrobenzaldehyde 

actinometry [137, 138, 139] was carried out and the value of the irradiance was 2.66·10-7 

Einstein s-1. 
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Figure 10. Schematic diagram of tubular photoreactor with LEDs. (1) LEDs; (2) Recirculation to feeding tank; 

(3) Support of the tubular photoreactor; (4) Cylindrical envelope covered with aluminum foil; (5) Duran glass 

tubular photoreactor; (6) Recirculation to photoreactor; (7) Thermostatic bath-inlet port; (8) Peristaltic pump; 

(9) Magnetic stirrer; (10) Thermostatic bath-outlet port; (11) Feeding tank; (12) Sampling point.  

3.3.2 Black-light Blue lamp photoreactor  

Other part of the experiments included in Part II were performed in the same photoreactor 

as in section 3.3.1 (Photoreactor with LEDs on the center). However, in that case, a BLB 

lamp was used (Philips TL 8W, 08 FAM). The lamp was wrapped in a quartz glass tube and 

located at the center of the photoreactor (Figure 11). Equal than other devices, the 

temperature was kept constant at 25ºC with a thermostatic bath (Haake-C40) and mixing 

was provided with a magnetic stirrer (IKA® RCT basic). The photon flux into the 

photoreactor was 6.71·10-7 Einstein s-1 (calculated by o-nitrobenzaldehyde actinometry [137, 

138, 139]).  
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Figure 11. Black-light Blue Lamp photoreactor scheme. (1) Sampling point; (2) Thermostatic bath-inlet port; 

(3) Magnetic stirrer; (4) Quartz glass tube; (5) Black-light Blue Lamp; (6) Thermostatic bath-outlet port.  

3.3.3 Solar light simulator 

The investigation included in Parts IV-VI was performed in a solar simulator (Xenoterm-

1500RF.CCI) equipped with a Xenon lamp (1.5 kW) simulating the solar spectrum. As it 

was equipped with a filter, the emission wavelength range was between 290-400 nm. Equal 

than tubular photoreactor with LEDs, the solution to treat was steadily recirculated with a 

peristaltic pump (Ismatec® Ecoline) from 1 L reservoir tank to tubular photoreactor (25 cm 

length; 2 cm external diameter) placed inside the simulator chamber on the axis of a 

parabolic mirror located at the bottom of solar simulator (Figure 12). A good mixing and 

temperature of 25ºC were maintained in the feeding tank with a magnetic stirrer (IKA® RCT 

basic) and thermostatic bath (Haake-C40), respectively. Like the other photoreactors the 

photon flux was measured, and it was obtained a value of 6.60·10-7 Einstein s-1 (o-

nitrobenzaldehyde actinometry [137, 138, 139].  

 

 

 

 

 



Materials and methods 

 

43 

 

Figure 12. Solar simulator photoreactor scheme. (1) Sampling point; (2) Thermostatic bath-inlet port; (3) 

Feeding tank; (4) Magnetic stirrer; (5) Thermostatic bath-outlet port; (6) Peristaltic pump; (7) Recirculation 

inlet port; (8) Tubular photoreactor; (9) Recirculation outlet port; (10) Xenon lamp; (11) Solar simulator 

chamber; (12) Parabolic mirror. 

3.4 Analyses 

3.4.1 Actinometrical measures 

The incoming photon flow to the solution was quantified through actinometric experiments 

according to the emission wavelength range of the lamps. In all experimental devices it was 

measured by actinometrical method based on o-Nitrobenzaldehyde reaction [137, 138, 139] 

adapting the method proposed by Willet and Hites [140]. This actinometer is considered 

suitable for these tests since absorbs radiation in the range from 290 to 400 nm. This range 

encloses the emission wavelength of different lamps and LEDs employed in the 

experimental devices.  

The value of incident irradiation obtained by actinometric experiments was used to calculate 

the accumulated energy per volume (Qacc, kJ L-1). This parameter was employed in Parts IV-

VI to plot the degradation of micropollutants and bacterial inactivation (where applicable) 

vs. Qacc, which was determined according to Eq. 1 [141].  

𝑄𝑎𝑐𝑐 =  ∑
𝐼·∆𝑡𝑖

𝑉

𝑛
𝑖=1                                                                                                           (Eq. 1) 

I is the irradiation entering the photoreactor (kJ s-1), Δti = ti -ti-1 is the increment of the 

reaction time (s) and V is the reaction volume (L).  
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3.4.2 Acute toxicity: Microtox® bioassay 

The ecotoxicity evolution of the treated water samples was evaluated through Microtox® 

toxicity bioassay. Microtox® M500 analyzer by Modern Water (UK) was used on that 

purpose. This technique is based on the detection of the acute effects caused by diverse 

substances contained in water. Microtox® bioassay employs the marine bioluminescent 

bacteria Vibrio fischeri, which experiences a luminescent reduction in response to the 

presence of toxic compounds. The bacterial bioluminescence reaction is linked to the 

electron transport in cellular respiration and it is indicative of the metabolism state of the 

cell, so that a decrease in bioluminescence indicates decreasing in cellular respiration. To 

perform the analysis the protocol recommended by the manufacturer was rigorously 

followed. The results were expressed as 1/EC50, being EC50 the value of the sample dilution 

that causes 50% of the bioluminescent emission reduction after 15 min of contact. 

3.4.3 Alkalinity 

The alkalinity of wastewater samples was measured employing an automatic titration 

method (pH Burette 24) coupled with a Basic 20 pH meter, both by CRISON (Spain). 

Hydrochloric acid (0.1 M) was used and pH 4.3 as endpoint was fixed in the titration. This 

technique allows to measure the capacity of water for neutralizing acids. In wastewater, the 

alkalinity is mainly associated to the bicarbonate (HCO3
-) and carbonate (CO3

2-) species. 

However, the presence of other buffering species (i.e., ammonia, hydroxide, phosphate and 

sulfate) can also increase the alkalinity.  

3.4.4 Assessment of Effluent Organic Matter fractions 

Dissolved Effluent Organic Matter fractions were quantified by means of Size Exclusion 

Chromatography equipped with Organic Carbon Detection (SEC-OCD). This measurement 

combined with UV and Organic Nitrogen Detection (OND) was used in the identification 

and quantification of organic fractions listed in Table 13 [142, 143]. Samples were filtered 

through 0.45 µm PTFE membranes to obtain dissolved EfOM. Analyses were conducted in 

collaboration with the R&D Department of ACCIONA Agua. This technique provides 

information about chemical nature of water organic species.   
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Table 13. Characteristics of dissolved Effluent Organic Matter fractions [142].  

Dissolved EfOM fraction 
Molecular 

Weight 
Characteristics 

Biopolymers (BP) 
> 50000-

2000000 

 Hydrophilic character and not UV-

absorbing. Linked to amino acids and 

proteins. 

Humic substances (HS) 100-100000 
 Combination of humic and fulvic acids, 

in varying concentrations. 

Building Blocks (BB) 350-500 
 By-products of fluvic acids and 

precursors of LMWA. 

Low Molecular Weight Acids 

(LMWA) 
< 350 

 Final degradation products of organics. 

Also liberated by algae and bacteria. 

Low Molecular Weight Neutrals and 

Amphiphilics (LMWN) 
<350 

 Slightly hydrophobic character, like 

alcohols, aldehydes, ketones and amino 

acids. 

 

3.4.5 Bacterial enumeration 

For the quantification of colony-forming-units present in samples during the oxidation 

experiments the pour plate method was employed. Wild Escherichia coli and Coliform 

bacteria present in the secondary effluents from WWTP were selected as a microbial target. 

1 mL of sample was placed in the center of Petri dish (100 mm x 10 mm). When dilutions 

of the sample were required, buffered peptone water was used to perform serial dilutions (1 

mL of sample in 9 mL of broth). Approximately 15 mL of Chromocult® Coliform Agar was 

then poured into the Petri dish and mixed well with the sample aliquot. Chromocult® 

Coliform Agar allows the simultaneous detection of the two bacteria from the colony 

coloration, where E.coli presents blue-dark-violet colonies and Coliform bacteria gives 

cherry-red colonies. Once the agar was solidified, the plate was inverted and incubated at 

37º for 24 hours. Sterile material was always used, and analyses were performed in a cabinet 

to avoid any contamination. Catalase from bovine liver was added to the samples (200 mg 

L-1, 10 µL in 5 mL of sample) to remove residual H2O2. 

Bacterial regrowth was also evaluated at the end of the treatment. This parameter is 

important in wastewater reuse since water is not poured out immediately after being treated. 

Consequently, if the damage in bacteria is repairable, they can reproduce decreasing the 
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quality of treated water. Regrowth-on-the-plate was used on that purpose. Quantification of 

new CFU was carried out after incubation of 48 and 72 hours at 37 ºC.   

3.4.6 Biochemical Oxygen Demand 

The evaluation of Biochemical Oxygen Demand at five days was carried out according to 

Standard Methods 5210 D by respirometry analysis [144]. This technique provides direct 

quantification of oxygen consumed by microorganisms in a sealed vessel under constant 

stirring and fixed temperature at 20 ºC for 5 days. OxiTop® manometric system was used as 

a diagnostic tool. This relates the oxygen uptake to the change in pressure due to the 

consumption of oxygen keeping constant volume. The value of respirometry analysis is 

always compared with control test performed with ultrapure water. The analysis consists on 

following steps:  

a) Chemical Oxygen Demand evaluation to obtain the volume of BOD sample, b) seed 

(lyophilized capsules 5466-00, Cole-Parmer) aeration for 2 hours, c) sample preparation 

adding the appropriate volume of nutrients and a specific volume of the seed supernatant 

(detailed in the corresponding Standard Methods), d) magnetic stirrer and two pellets of 

NaOH addition, e) bottles closure with OxiTop® and its preparation to read the oxygen value, 

f) incubation at 20 ºC and constant stirring.  

3.4.7 Chemical Oxygen Demand 

The Chemical Oxygen Demand was determined following the Standard Methods 5220D 

procedure [144]. This technique evaluates the equivalent amount of oxygen required to 

oxidize organic species contained in a water sample through strong oxidizing agents. It 

provides an indirect measurement of the organic load content in a water sample. 2.5 mL of 

sample were mixed with 1.5 mL of potassium dichromate solution (4 mM with 25 g L-1 of 

HgSO4) and 3.5 mL of silver sulfate solution (10 g L-1 in H2SO4). The mixture was digested 

at 150 ºC for 2 hours. Mercuric sulfate was added to avoid any interference originated by 

chloride anion. Organic compounds are oxidized and, consequently, Cr6+ is reduced to Cr3+. 

Once the sample is cold, this Cr6+ reduction, which is proportional to the oxidation, was 

evaluated by measuring absorbance at 410 nm (low COD protocol) with an Odyssey DR2500 

UV-Vis spectrophotometer (Hach, USA). 
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3.4.8 Dissolved iron determination 

Ferrous iron (Fe(II)) was evaluated by the complexation with 1,10-phenantroline according 

to standardized procedure (ISO 6332) (International Organization for Standardization 1988). 

4 mL of sample were mixed with 1 mL of phenanthroline solution (1 g L-1) and 1 mL of 

acetic/acetate buffer (62.5 g of ammonium acetate are dissolved in 175 mL of acetic acid 

and flushed until 250 mL with ultrapure water). The complex takes a red color, which was 

measured by a spectrophotometer (Hach Lange DR 6000) at 510 nm. The concentration of 

ferrous iron is proportional to the absorbance and was determined from a calibration curve 

(absorbance - concentration) previously prepared. Total iron (Fetot) concentration was 

evaluated after ferric iron reduction to ferrous form by ascorbic acid. From the difference 

between total and ferrous iron, it was obtained the concentration of ferric iron (Fe(III)). In 

the experiments performed with iron chelates at circumneutral pH, since the iron is already 

chelated, the differentiation between ferrous or ferric forms it is not possible. Thus, only 

total iron can be measured. In that cases, samples were filtered with 0.20 μm PVDF filter to 

ensure a good read of soluble (chelated and not) iron. 

3.4.9 Hydrogen peroxide concentration 

The measurement of hydrogen peroxide content was done by a metavanadate colorimetric 

method [145]. 1.5 mL of sample was mixed with 1.5 mL of ammonium metavanadate 

solution (5.14 g L-1) in acidic medium (19.2 mL H2SO4 L-1). The formation of 

peroxovanadium cation by reaction (reaction 25) presents an orange coloration which was 

measured by spectrophotometer (Hach Lange DR 6000) at 450 nm. The concentration of 

H2O2 was determined from a calibration curve since the proportionality between the 

absorbance and concentration. 

𝑉𝑂3
− + 4𝐻+ +  𝐻2𝑂2 →  𝑉𝑂2

3+ +  3𝐻2𝑂                                                                          (r25) 

3.4.10 Model micropollutants concentrations 

The evolution of micropollutants concentration during the oxidation experiments was 

quantified by High Performance Liquid Chromatography with ultraviolet detection (HPLC-

UV). A 1260 Infinity HPLC by Agilent Technologies (USA) provided with a Diode Array 

Detector (DAD) was employed. Depending on the selected micropollutant and the range of 

concentrations to analyze, the HPLC conditions may vary. The characteristics of different 
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methods used are detailed below. In all cases, a Mediterranea Sea 18 column (250 mm x 4.6 

mm, 5 µm size packaging) by Teknokroma (Spain) was employed. The mobile phases were 

acetonitrile and ultrapure water acidified with orthophosphoric (pH 3) in different volumetric 

proportions depending on the method. All samples were filtered through 0.45 µm PTFE 

membranes before the analysis. Catalase from bovine liver was added to the samples (200 

mg L-1, 10µL in 5 mL of sample) to remove residual H2O2. 

Experiments Part I: for the analysis of DPH, a mixture of 30% ACN and 70% acidified 

ultrapure water were used. Flow rate was set at 1.2 mL min-1, UV absorption was fixed at 

220 nm and 50 µL of injection volume was employed.  

Experiments Parts II and III: for the quantification of PROP, 25% ACN and 75% acidified 

ultrapure water were employed. UV absorption was set at 214 nm and 0.7 mL min-1 was 

fixed as a flow rate. 10 and 100 µL of injection volume were employed in Appendix II and 

III, respectively, since the initial PROP concentration to determine was different.  

Experiments Parts IV and V: for the simultaneous determination of PROP, SMX and 

ACMP, an isocratic method was used with mixture of 20% ACN and 80% acidified ultrapure 

water, 100 µL of injection volume and 1 mL min-1 of flow rate. UV absorbances were set at 

214, 250 and 270 nm for PROP, ACMP and SMX, respectively.  

Experiments Part VI: for the analysis of SMX, mixture of 60% ACN and 40% ultrapure 

water at acid pH was employed, with 1 mL min-1 as a flow rate, 100 µL as injection volume 

and 270 nm of UV absorbance.   

3.4.11 Oxidation intermediates 

HPLC-UV equipped with Mass Spectrometry (MS) was employed in the identification of 

oxidation intermediates. An Electrospray-Ionization-Time-of-Flight (ESI-TOF) MS system 

(Agilent G1969A) coupled in sequence to a 1100 HPLC by Agilent fitted up with a DAD, 

was used for that purpose. Analyses were conducted in Scientific and Technological Centers 

of the Universitat de Barcelona in collaboration with the Molecular Characterization Mass 

Spectrometry Unit.  
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3.4.12 Phytotoxicity 

Phytotoxicity was evaluated by means of seeds of Eruca sativa (arugula) and Lactuca sativa 

(lettuce) according to the procedure by US EPA Protocol [146], and adapting the method 

proposed by Tam and Tiquia [147]. This method evaluates the suitability of the reused water 

or compost for agricultural purposes. It is one of the most important parameters to avoid 

environmental risks associated to water reuse. The evaluation of the germination index (GI), 

which includes measures of relative seed germination (SG, %) and root growth (RG, %), is 

used to determine the phytotoxicity grade. These parameters were calculated according to 

Eq. 2-4.   

 

% 𝑆𝐺 =  
𝑛º 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑛º 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥 100                                                             (Eq. 2) 

 

% 𝑅𝐺 =  
𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

 𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥 100                                                                (Eq. 3) 

 

𝐺𝐼 =  
% 𝑠𝑒𝑒𝑑 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑥 % 𝑟𝑜𝑜𝑡 𝑔𝑟𝑜𝑤𝑡ℎ

100
                                                                          (Eq. 4) 

 

To perform the analysis, 4 mL of sample were added to 100 x 10 mm culture plate, which 

contained 1 filter paper and 10 ecological seeds of the same plant (arugula or lettuce). The 

plates were incubated at 22 ºC, without light, for 5 days. Control test was always carried out 

with distilled water. After this time, the number of seeds germinated in the sample and the 

control were counted to evaluate the percentage of SG. In the same way, the mean root length 

(cm) in both sample and control was measured to determine the percentage of RG.  

To determine the phytotoxicity grade by means of GI, Zucconi and coworkers [148, 149] 

proposed different categories:  

 Inhibition of seed germination and root elongation: <20 GI. 

 Presence of phytotoxicity: 20-50 GI. 

 No significant injury to the plant: >50-60 GI. 

 Disappearance of phytotoxicity: >80-85 GI. 

 Stimulation of the root elongation: >100 GI (better than control, which represent 100 of 

GI).  

 



Chapter 3 

 

50 

 

3.4.13 Total Organic Carbon 

The quantification of Total Organic Carbon content was performed following the Standard 

Methods 5310 B procedure [144] and employing a 5055 TOC-VCSN analyzer equipped with 

an ASI-V autosampler, both by Shimadzu (Japan). Three steps are required for the analysis. 

In the first one, the inorganic carbon is removed by sample acidification (HCl, 2 M), 

followed by air bubbling. Then, at 680 ºC, the catalytic combustion of the sample takes place. 

Finally, the quantification of CO2 occurs. The same process was used for the determination 

of Dissolved Organic Carbon (DOC) with previous sample filtration by 0.45 µm syringe 

filters. 

3.4.14 Turbidity 

The turbidity was quantified according to Standard Methods 2130B procedure [144]. 

Portable turbidimeter Hach 2100P was used on that purpose. This parameter is understood 

as the degree of transparency that water loses due to presence of suspended particles and/or 

colloidal matter. In wastewater treatment, the turbidity is considered a good parameter to 

determine the water quality, the higher the turbidity the lower the quality.  

3.4.15 Ultraviolet absorbance 

The ultraviolet absorbance was evaluated through a spectrophotometer DR6000 UV-Vis by 

Hach (USA). All dissolved organic matter presents an indicative absorbance so that this 

parameter is typically used in the water and wastewater characterization. Especially, 

ultraviolet absorbance at 254 nm (UV254) is characteristic of the level of unsaturated carbon 

bonds of organic compounds (aromaticity). Measurements at 254 nm were always carried 

out for wastewater characterization and wavelength scans in the range of 200-400 nm were 

also performed in experiments of Part VI for Fe-complexes.  
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4 Results and discussion 

In this section, it is presented a summary of the most relevant results obtained in this thesis. 

As explained in section 2.1, results and discussion were divided in three subsections (4.1,4.2 

and 4.3) and six Parts, corresponding to each one of the articles published (or submitted) 

with the results obtained in this thesis. Thus, subsection 1 includes only Part I, dedicated to 

the use of LEDs in photo-Fenton. Subsection 4.2 also includes only Part II devoted to the 

comparison between LEDs and BLBs. Finally, subsection 4.3 includes 6 articles (Parts III - 

VI) dedicated to the study of the application of fertilizers as chelating agents in photo-

Fenton.  

4.1 Synergies, radiation and kinetics in photo-Fenton process with UV-A 

LEDs 

A summary of the experiments displayed in Part I is detailed in Table 14, including the 

operational conditions, performance, as well as the figure within the publication where each 

experiment is located.  

Table 14. Summary of the experiments presented in Part I.  

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

 Influence of reagent’s concentrations  

A1 
[DPH] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

No 
Ultrapure 

water 
2.8 

Total DPH 

removal in 45 

min 

Figure 1A 

        

A2 [DPH] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] =  

25 mg L-1 

No 
Ultrapure 

water 
2.8 

95% of DPH 

removal in 60 

min 

Figure 1A 

        

A3 [DPH]= 

50 mg L-1 

[Fe2+ ] =  

2.5 mg L-1 

[H2O2] = 

150 mg L-1 

No 
Ultrapure 

water 
2.8 

30% of DPH 

removal in 60 

min 

Figure 1A 

        

A4 [DPH]= 

50 mg L-1 

[Fe2+] =  

2.5 mg L-1 

[H2O2] =  

25 mg L-1 

No 
Ultrapure 

water 
2.8 

40% of DPH 

removal in 60 

min 

Figure 1A 
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Table 14. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Two wavelength ranges of LEDs 

A5 [DPH] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

4 LEDs 380-

390 nm on 

the cover 

Ultrapure 

water 
2.8 

Total DPH 

removal in 30 

min 

Figure 1B 

        

A6 [DPH] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] =  

25 mg L-1 

4 LEDs 380-

390 nm on 

the cover 

Ultrapure 

water 
2.8 

97% of DPH 

removal in 60 

min 

Figure 1B 

        

A7 [DPH] = 

50 mg L-1 

[Fe2+] =  

2.5 mg L-1 

[H2O2] = 

150 mg L-1 

4 LEDs 380-

390 nm on 

the cover 

Ultrapure 

water 
2.8 

65% of DPH 

removal in 60 

min 

Figure 1B 

        

A8 [DPH] = 

50 mg L-1 

[Fe2+] =  

2.5 mg L-1 

[H2O2] =  

25 mg L-1 

4 LEDs 380-

390 nm on 

the cover 

Ultrapure 

water 
2.8 

52% of DPH 

removal in 60 

min 

Figure 1B 

        

A9 [DPH] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

4 LEDs 390-

400 nm on 

the cover 

Ultrapure 

water 
2.8 

Total DPH 

removal in 30 

min 

Figure 1C 

        

A10 [DPH] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] =  

25 mg L-1 

4 LEDs 390-

400 nm on 

the cover 

Ultrapure 

water 
2.8 

98% of DPH 

removal in 60 

min 

Figure 1C 

        

A11 [DPH] = 

50 mg L-1 

[Fe2+] =  

2.5 mg L-1 

[H2O2] = 

150 mg L-1 

4 LEDs 390-

400 nm on 

the cover 

Ultrapure 

water 
2.8 

85% of DPH 

removal in 60 

min 

Figure 1C 

        

A12 [DPH] = 

50 mg L-1 

[Fe2+] =  

2.5 mg L-1 

[H2O2] =  

25 mg L-1 

4 LEDs 390-
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4.1.1 Determination of effective concentrations 

The concentration of Fenton reagents and the ratio between iron and hydrogen peroxide are 

the critical parameters for the Fenton and photo-Fenton processes efficiency. Thus, four sets 

of iron and H2O2 concentrations were tested. A concentration of 10 and 2.5 mg L-1 of Fe2+ 

were combined with 150 and 25 mg L-1 of H2O2 and the ratios Fe2+:H2O2 were 1:15; 1:2.5; 

1:60 and 1:10 (wt/wt). Typical ratios range between 1:5 and 1:25, hence two ratios were 

selected within this range and other two out of range. From the results A1-A4, it was 

observed that the best performances, in DPH removal by Fenton, were achieved with 1:15 

and 1:2.5 Fe2+:H2O2 ratios (experiments A1 and A2 respectively). A1 and A2 also 

corresponds to the experiments with higher iron concentration (10 mg L-1) evidencing the 

importance of initial iron concentration. Although the ratio 1:2.5 was out of typical range, it 

was close to that not affecting greatly to the efficiency of the process. The experiments A3 

and A4 were carried out with the lowest iron concentration (2.5 mg L-1) and they achieved 

similar DPH abatement though the hydrogen peroxide was 6 times higher in A3 than A4. In 

that case, the ratios Fe2+:H2O2 were 1:60 and 1:10 for A3 and A4, respectively, evidencing 

again that the ratio is critical for the process efficiency. Probably, in experiment A3 hydroxyl 

radicals scavenging by H2O2 was took place. Comparing the four tests, it was concluded that 

initial iron concentration is more critical than initial hydrogen peroxide concentration.  

Photo-Fenton experiments with LEDs located at the cover of the photoreactor, using 380-

390 nm (A5-A8) and 390-400 nm (A9-A12), achieved higher DPH degradations than 

Fenton, as expected due to the photoreduction of Fe3+ to Fe2+ leading the formation of more 

hydroxyl radicals. Experiments with 10 mg L-1 of iron achieved the best performances like 

in Fenton process. With 10 mg L-1 of Fe2+ and 150 mg L-1 of H2O2, total DPH removal was 

obtained at 30 min, reducing 15 min treatment time compared to Fenton process. The major 

difference was observed using 2.5 mg L-1 of Fe2+ and 150 mg L-1 of H2O2. In photo-Fenton 

process, at equal initial iron concentration, higher initial hydrogen peroxide led to a greater 

DPH degradation. This fact is due to the redox cycle of Fe3+/Fe2+ was accelerated by light, 

implying the presence of more Fe2+ during the reaction which can reacts with H2O2 and 

avoiding the scavenger of hydroxyl radicals.  

4.1.2 Synergistic effects with two wavelengths combination 

The employment of LEDs as irradiation source to perform the photo-Fenton process more 

efficiently needs investigation about its potential application. The efficiency of the use of 
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two near ranges of wavelengths was investigated in the previous section achieving better 

performances than Fenton process. However, the difference between two ranges were low, 

as expected because they were very close. To investigate possible enhancements, the 

combinations of two ranges were carried out maintaining the total nominal power (4.2 W), 

equal than one range was tested. A concentration of 10 mg L-1 of Fe2+ and 150 mg L-1 of 

H2O2 were selected because they presented the best performances. On that purpose, 2 LEDs 

in the range of 380-390 nm and 2 LEDs in the range of 390-400 nm were combined. The 

results of DPH removal indicated synergies in the combination. Thus, using 380-400 nm, 

DPH removal was obtained in 15 min, reducing by half the treatment time than experiments 

without combination and 30 min compared to Fenton process. In the case of photo-Fenton 

experiments, shorter treatment time also means lower cost, which makes the process more 

effective.  

The enhancement observed combining two wavelength ranges was also evaluated for COD 

and TOC removal. Average Oxidation State (AOS) comparing three ranges was also 

evaluated. This indicator takes values between +4 (value for CO2, state of maximum 

oxidation of carbon) and -4 (value for CH4, state of maximum reduction). Table 15 displays 

the results of these parameters for the experiments A5, A9 and A13. 

  

Table 15. Values of AOS, COD and TOC for the experiments A5, A9 and A13. 

Test AOS COD TOC 

A5 (380-390 nm) 2.4 70.2 54.2 

A9 (390-400 nm) 2.7 79.9 60.5 

A13 (380-400 nm) 3.8 95.6 70.1 

 

As can observed in Table 15, the combination of two wavelengths (experiment A13), 

presented higher values for the three parameters, maintaining the same nominal power and 

only increasing the range from 10 nm to 20 nm. Although this is a basic study, it evidences 

the potential enhancement by the combination of selected wavelengths ranges for a specific 

treatment. This fact is characteristic of LEDs since conventional lamps present a fixed 

extended range containing wavelengths useless for the treatment. Further investigations are 

required in this field to promote the replacement of conventional lamps for a sustainable 

alternative.  
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4.1.3 By-product’s determination 

HPLC-MS analyses allowed the identification of oxidation compounds of DPH for two pairs 

of Fe2+ and H2O2 concentrations (10 mg L-1 of Fe2+ and 150 mg L-1 of H2O2 - 2.5 mg L-1 of 

Fe2+ and 25 mg L-1 of H2O2). These tests were selected to bring out the importance of initial 

reagents concentrations not only for the degradation of a selected micropollutant, otherwise 

also to reach the mineralization. This fact is important due to the toxicity of some by-

products may be higher than the initial compound.  

Three oxidation products were found with 2.5 mg L-1 of Fe2+ and 25 mg L-1 of H2O2 (DPH-

272, DPH-288 and DPH-322) while with 10 mg L-1 of Fe2+ and 150 mg L-1 of H2O2 were 

found four intermediates, those described before and DPH-183, which is a secondary 

intermediate probably from DPH-272 (see Figure 4 from publication Part I). This difference 

was related to the DPH initial degradation. In the last case, total removal was achieved in 30 

min, while with 2.5 mg L-1 of Fe2+ only about 50% was degraded in 60 min. This fact allows 

the degradation of the three primary oxidation products and the formation of one secondary 

intermediate, in this case from the primary by-product DPH-272, when 10 mg L-1 of Fe2+ 

were used. However, this fact not occurred with 2.5 mg L-1 of Fe2+, since there was still 

initial DPH in the solution at probably higher concentration than intermediates, hence 

hydroxyl radicals react greatly with initial compound. Figure S3 of additional material of 

Part I presents the proposed pathways and Table S1 displays information about detected 

oxidation intermediates.  
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A B S T R A C T

The photo-Fenton process, with UV-A LED (λ=380–390, 390–400 and 380–400 nm) has demonstrated to be
effective in the abatement of a target micropollutant, such as diphenhydramine hydrochloride (DPH). Different
concentrations of iron (Fe2+) and H2O2 were tested and monitored, and the best results in DPH removal were
obtained for the highest concentrations of both iron (II) and H2O2 (10mg Fe2+/L - 150mg H2O2/L). The evo-
lution of iron and peroxide concentration was also monitored. Kinetic studies showed that dark Fenton process
prevails at the beginning of the experiment, when Fe2+ concentration is higher. However, after these initial
moments, the prevailing process is photo-Fenton and, in addition, wavelength radiation plays an important role.
Concerning the effect of radiation, four LEDs (4.2W total power) were used, emitting radiation in the wave-
length range between 380–390 or 390–400 nm. Similar results were obtained in both cases in DPH removal by
photo-Fenton (30min for total elimination). However, a synergistic effect was observed when two LEDs of
380–390 nm and two LEDs of 390–400 nm were used. Total power was the same (4.2W) in each experimental
condition, but the increase in the wavelength range to 20 nm (380–400 nm) produces an increase in the rate of
DPH removal, achieving its total elimination at 15min. This fact, with the use of a simple radiation model,
reveals the important role that radiation plays in the photo-Fenton process. Finally, the formed intermediates
were determined and some reaction pathways were proposed.

1. Introduction

Micropollutants (MPs), especially pharmaceuticals, have been an
increasing concern due to their biorecalcitrant character. Because of

that property, MPs are not completely eliminated during conventional
wastewater treatments (Verlicchi et al., 2010). Moreover, they poten-
tially affect human health as a consequence of long-term exposure
(Gebhardt and Schroder, 2007). Important amounts of pharmaceuticals
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are used, but there is little concern about the final disposal of these
drugs. In Deo’s study (Deo, 2007), a risk index (RQ) was calculated for
numerous micropollutants, related to the impact on the aquatic eco-
system. According to RQ, pharmaceuticals are classified in three cate-
gories: high risk (RQ≥1.0), medium risk (1.0 > RQ≥0.1) or low risk
(RQ < 0.1). In this work, the pharmaceutical diphenhydramine hy-
drochloride (DPH), with RQ 0.39, has been chosen as a model com-
pound. DPH is an antihistaminic drug that has been detected in surface
waters in concentrations around 1.40 μg/L.

Advanced Oxidation Processes (AOPs) are effective options for the
removal of emerging and recalcitrant contaminants from wastewaters
Comninellis et al., 2008; Kumar and Bansal, 2013; Wankhade et al.,
2013; Primo et al., 2008a, b; Lee and Park, 2013. Among AOPs, the
photo-Fenton process has demonstrated to be effective in the abatement
of MPs. In this process, a catalytic cycle with iron (II and III), hydrogen
peroxide (H2O2) and ultraviolet (UV) light are combined to generate
hydroxyl radicals (HO·) (Pignatello and MacKay, 2006).

Photochemical processes present several disadvantages due to the
cost and electrical consumption of the UV lamps (Carra et al., 2015).
Numerous studies based on AOPs use mercury lamps as a source of UV
light, presenting diverse drawbacks, like high power consumption
(Autin et al., 2013) and a low lifetime and overheating problems (Xiong
and Hu, 2012; Verma and Sillanpää, 2015). In addition, they present
problems associated with its disposal (Tayade et al., 2009; Würtele
et al., 2011) due to the mercury content. In this sense, the Minamata
Convention on Mercury has been approved by 128 countries in an at-
tempt to remove mercury from several products and methods by 2020
(Matafonova and Batoev, 2018).

Due to all these disadvantages, UV light-emitting diodes (UV-LEDs),
as potential substitutes, have been tested in numerous studies with
AOPs (De la Obra et al., 2017; Chevremont et al., 2012). Contrary to
traditional mercury lamps, UV-LEDs offer low energy consumption,
long lifetime, small size, no mercury content, no problems associated
with overheating and the possibility of selecting specific wavelengths
and reaction configurations according to particular needs (Moreira
et al., 2016; Rasoulifard et al., 2015) In spite of the numerous ad-
vantages that LEDs may provide, the use of mercury lamps is still a
cheaper option nowadays as conventional lamps are really efficient in
the conversion of electricity to light. Thus, improvements in the effi-
ciency and power are required to apply LED radiation sources in AOPs.
Hölz and coworkers (Hölz et al., 2017) studied the replacement of
mercury lamps by LEDs in photochemistry applications. A comparison
in terms of consumption and costs was conducted between both ra-
diation sources. The investigation revealed that electricity (kWh/year)
(value of 30 instead of 2600 kW h/year in LEDs and mercury lamps,
respectively), initial cost (€) (12,000 € for LEDs and 1500 € for mercury
lamps) and consumables (€/year) (50 €/year for LEDs instead 2400
€/year for mercury lamps) could be potentially lower in LEDs than in
mercury lamps, provided that the type of LED technology required in
the photochemistry area is upgraded in terms of energy conversion
efficiency.

The aim of this study was to test the efficiency of UV-A LED photo-
Fenton process in DPH degradation. The effect of hydrogen peroxide
(H2O2) and initial iron (Fe2+) concentrations on DPH removal was
studied. LEDs with different wavelength ranges (380–390 nm and
390–400 nm) were used and the synergistic effect was also studied and
explained by using a simple radiation model. Additionally, reaction
pathways were proposed according to detected reaction intermediates.
Although the application of photo-Fenton for MPs abatement is cur-
rently a hot research topic, further research including the use of LEDs is
still needed for process intensification. In this work, the use of two
wavelengths has been evaluated, and potential synergistic effects ex-
plored. The study of synergistic effect is a novel part of this paper be-
cause this is not a common topic when LEDs are used. In addition, the
novelty of this work is based on the kinetic studies, which were divided
in two parts. In our opinion, this double fitting contributes also to the

originality of the paper, because the interaction kinetics-radiation be-
comes clear and is reflected in the fittings made. This type of studies
relating kinetics and radiation, and also linking it with the pre-
dominance of Fenton or photo-Fenton, is not customary and therefore
represents a novelty in this work.

2. Materials and experimental set-ups

2.1. Chemicals and reagents

Diphenhydramine hydrochloride was used as a target compound. A
concentration of 50mg/L was chosen to simulate a scenario of waste-
waters resulting from pharmaceutical industries (Joakim Larrson et al.,
2007) and to assure the monitoring of DPH concentrations in High
Performance Liquid Chromatography (HPLC) and Total Organic Carbon
(TOC). Orthophosphoric acid (Panreac Quimica) and acetonitrile
(Fisher Chemical) were employed in (HPLC) analyses. Hydrogen per-
oxide was acquired from Merck, and ferrous sulfate (FeSO4· 7H2O) from
Panreac. Ascorbic acid for iron analyses was purchased from Panreac.
The initial pH was adjusted with concentrated sulphuric acid (Panreac).
Quenching reagents, such as NaHSO3 and MeOH, were acquired from
Panreac and used to stop the reaction after sample withdrawal.

2.2. Experimental device

The experiments were carried out in a 0.5 L Pyrex photoreactor
(inner diameter 8 cm, height 12 cm, supplementary information - Fig.
S1), with a magnetic stirrer. 4 LEDs (Intelligent LED solutions) were
located at the top of the reactor. The nominal consumption of each LED
is 1.05W, operating at 350mA and with a radiance angle of 125°. The
wavelength ranges of the used LEDS were 380–390 and 390–400 nm.
The nitrobenzaldehyde actinometry was performed to determine the
incoming radiation in the UV-LED reactor (Kuhn et al., 2004; Galbavy
et al., 2010) and the obtained results appear in Fig. 3B. The temperature
is maintained at 25 °C by immersion in a Lauda Alpha thermostatic
bath.

2.3. Experimental procedure

Degradation of DPH by photo-Fenton was evaluated for one hour,
based on previous experiments (López et al., 2017, 2018). The volume
of DPH solution was 0.5 L, that means 9 cm of liquid depth in the
photoreactor and 3 cm from the liquid level to the top of photoreactor
where LEDs are located. Different concentrations of H2O2 (25 and
150mg/L) and Fe2+ (2.5 and 10mg/L) were tested. Four previous
experiments, for each wavelength range, were done to determine the
optimal concentrations of H2O2 and Fe2+ (see Fig. 1). These con-
centrations of peroxide and iron (10mg/L Fe2+ and 150mg/L H2O2)
were selected to carry out the rest of the experiments. The pH was
adjusted to 2.8 ± 0.2 using H2SO4. Then, the FeSO4·7H2O was in-
troduced in the solution and, finally, H2O2 was added, just before
starting the experiment. During one hour samples were taken at dif-
ferent reaction times and analyzed. For Fe2+ quantification, 4mL of
each sample were mixed with 1mL of buffer solution and 1mL of o-
phenantroline (ISO 6322). At the end of the experiment, an excess of
ascorbic acid was added at each vial to determine the total iron con-
centration. The concentration of Fe3+ was calculated by the difference
between the total iron and the Fe2+ concentration. To quantify the
H2O2 amount, 1.5 mL of each sample were mixed with 1.5 mL of me-
tavanadate (Pupo Nogueira et al., 2005), methanol and sodium hy-
drogen sulfite were employed to stop the reaction in samples containing
H2O2. Samples for TOC (15mL), COD (Chemical Oxygen Demand)
(2.5mL) and UV254 (5mL) were analyzed only at the initial time and at
60min in each experiment.
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2.4. Analytical methods

DPH was analyzed by an Infinity 1260 HPLC by Agilent with a
Teknokroma Mediterranea Sea 18 column (250× 4.6mm i.d; 5 μm
particle size). The mobile phases were acetonitrile (30%) and ultrapure
water (70%), adjusted with orthophosphoric acid at pH=3. A flux of
1.2 mL/min was employed, and the UV detector was set at 220 nm. The
TOC was measured in a Shimadzu TOC-V CNS apparatus. COD was
determined following the Standard Methods (Eaton et al., 2005). UV254
was analyzed with a HACH DR6000 UV VIS spectrophotometer. An
electrospray ESI-MS and LC/MSD-TOF from Agilent were employed for
the identification of reaction intermediates.

3. Results and discussions

Preliminary tests were performed to study the interaction Fe2+-light
and H2O2-light, separately. Experiments were carried out with 10mg/L
of Fe2+ and 150mg/L of H2O2. Degradation and mineralization were
not observed at any tested interaction. Degradation of DPH by photo-
lysis was also studied and no degradation was observed during 60min.

3.1. Determination of effective concentrations

Fig. 1 shows the degradation of DPH with different concentrations
of hydrogen peroxide and iron II vs. irradiation time. UV-A LEDs
emitting in the range 380–400 nm, were used. In Fig. 1A the UV-A LEDs

used emit in the range 380–390 nm. However, in Fig. 1B the radiation
selected was 390–400 nm.

In addition, the accumulated energy (Qacc, kJ/L) was estimated for
each experiment according to Eq. (1) (De la Cruz et al., 2013; Doumic
et al., 2013).

=
=

Q I t
V

.
acc

i

n
i

0 (1)

I is the incident radiation flow (kJ/s), Δti is the increment of the
reaction time (s) and V stands for the reaction volume (L).

Thus, the energy accumulated in each experiment was 0.864 kJ/L
(Fig. 1B) and 0.936 kJ/L (Fig. 1C), at 60min.

The comparison of Fig. 1A and B points out that the degradation of
DPH is practically the same during the first 30 s. This fact indicates that
Fenton is the prevailing process, according to Eq. (2). However, after
this initial period (30 s), behavior changes and photo-Fenton becomes
faster than Fenton. Thus, in the best conditions (10mg Fe2+/L and
150mg H2O2/L), DPH is totally removed in 30min with photo-Fenton
and 45min are needed to remove completely DPH by Fenton. If the
results obtained for the lowest concentrations are analyzed (2.5mg
Fe2+/L and 25mg H2O2/L), similar results were obtained. Thus, the
DPH abatement at first 30 s with photo-Fenton was 32.4% (Fig. 1B) and
in the Fenton process was 25.4% (Fig. 1A). Next 30 s of the reaction,
according to Eq. (3), the Fe3+ is reduced to Fe2+ by UV-A LED, pro-
ducing more hydroxyl radicals, responsible for more DPH removal than
in the Fenton process. At 60min DPH degradation was 51.6% and

Fig. 1. DPH degradation by (A) Fenton and (B and C) photo-Fenton process. (B) 380–390 nm. (C) 390–400 nm. [DPH]=50mg/L. (a) 10mg Fe2+/L - 150mg H2O2/
L; (b) 10mg Fe2+/L - 25mg H2O2/L; (c) 2.5 mg Fe2+/L - 150mg H2O2/L; (d) 2.5mg Fe2+/L - 25mg H2O2/L.
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39.4% for photo-Fenton and Fenton, respectively (Pulgarin et al., 1999;
Carra et al., 2014).

+ + ++ +Fe H O Fe HO HO2
2 2

3 · (2)

+ + + ++ + +Fe H O hv Fe HO H3
2

2 · (3)

+ + ++ + +Fe H O Fe HOO H3
2 2

2 · (4)

If the wavelength range influence is considered (Fig. 1B and C), it
can be observed that time for total DPH removal is the same in both
cases (30min) for the best conditions (10mg Fe2+/L and 150mg H2O2/
L). The DPH removal is also similar (97.0%, for 380–390 nm, and
97.9%, for 390–400 nm, at 60min) when 10mg Fe2+/L and 25mg
H2O2/L were used. However, for the rest of Fe2+ and H2O2 con-
centrations tested, the shape of the graphics is close but values are a
little different. Thus, the final degradation of DPH (60min) was similar
in both wavelength ranges tested for 2.5 mg Fe2+/L and 25mg H2O2/L,
being 51.6% and 46.9% for 380–390 nm and 390–400 nm, respectively.
Differences increase for concentrations of 25mg Fe2+/L and 150mg
H2O2/L, being DPH removal, at 60min, 65.1% for 380–390 nm and
84.8% for 390–400 nm. These differences can be explained because
radiation and hydrogen peroxide concentration play more important
role in the second part of the process, after the initial 30 s, where photo-
Fenton (reaction 3) prevails.

If the last values (2.5mg Fe2+/L and 25/150mg H2O2/L) are
compared with Fenton process (Fig. 1A), as commented before, large
differences were observed because in Fenton process, after the initial
30 s, the degradation rate decreases dramatically compared to the

photo-Fenton process (Fig. 1B and C). This fact points out again the
important role-played by the light.

Summarizing, from these results it seems that Fe2+ plays and im-
portant role at the initial moments of the experiment (30 s) and the
reaction 2 prevails, that means Fenton is the predominant process and a
little synergistic effect of photo-Fenton can aid to DPH degradation. On
the contrary, H2O2 concentration and light acquire the predominant
role during the rest of the experiment, meaning that photo-Fenton
prevails (reactions 3 and 4). Moreover, from the shape of graphics
presented in Fig. 1, it seems that the influence of Fe2+ concentration on
the degradation of DPH is higher than the influence of H2O2 con-
centration.

The consumption of hydrogen peroxide confirms all that explained
in the previous paragraphs (see Fig. 2A). As expected, the H2O2 con-
sumption increased with the iron and hydrogen peroxide concentra-
tions. Thus, for the same concentration of iron (II), when the con-
centration of hydrogen peroxide increases, its consumption also
increases, according to Eqs. (2) and (4). It has also to be said that the
same trend was observed in the experiments made in the range
380–390 nm.

Iron evolution was also followed (see Fig. 2B and C). The first ob-
servation was that total iron (Fetot) remained constant during the ex-
periment. For 10mg Fe2+/L and 150mg H2O2/L (molar ratio
H2O2:Fe2+=25), at the first minute, all ferrous iron was almost oxi-
dized to ferric iron. Thus, Fe2+ reacts quickly with the hydrogen per-
oxide to give hydroxyl radicals in large quantity, according to the Eq.
(2) and as explained in Section 3.1. This behavior would explain the fast

Fig. 2. (A) Hydrogen peroxide consumption in photo-Fenton process. (a) 10mgFe2+/L - 150mg H2O2/L; (b) 10mgFe2+/L - 25mg H2O2/L; (c) 2.5mgFe2+/L -
150mg H2O2/L; (d) 2.5mgFe2+/L - 25mg H2O2/L. (B and C) Species of iron vs. irradiation time. (B) 10mg Fe2+/L and 150mg H2O2/L; (C) 10mg Fe2+/L and 25mg
H2O2/L. The lines show an experimental decay fit and are presented only to appreciate better the behavior of the decay.
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decrease in DPH concentration observed during the first 30 s and con-
firms that Fenton prevails at these initial moments of the experiment
(Eq. (2)), as commented before. After that, the Fe3+ was reduced to
Fe2+ step by step in the course of the experiment. The Eq. (3) begins to
take place and the photo-Fenton process begins to act. However, for
10mg Fe2+/L and 25mg H2O2/L (molar ratio H2O2:Fe2+=4), lower
iron regeneration was seen, because the excess of hydrogen peroxide is
lower and the regeneration of Fe2+ from Fe3+ (Eq. (4)) is more diffi-
cult. A proper ratio between iron (II) and hydrogen peroxide con-
centrations is fundamental to maximize the HO· production and thus
the good performance of the oxidation process. The generation of hy-
droxyl radicals is higher when concentration of H2O2 and Fe (II) are
higher, as commented above (Dogruel et al., 2009; Durán et al., 2011).
However, to avoid scavenging effects due to excess amounts of H2O2
(because hydroxyl radical can also react with H2O2), selecting an op-
timal dose of this reagent is important. The needed concentrations of
the reagents (H2O2 and Fe(II)), in turn, depend on the effluent char-
acteristics (Cassano et al., 2011). Rodríguez-Chueca and coworkers
(Rodríguez-Chueca et al., 2016), for instance, studied the effect of
H2O2/Fe2+ ratio on COD removal and the results revealed that a ratio
of approximately 31 (5500mg/L of H2O2 and 180mg/L of Fe3+) gave
the best results (achieving 42.05% of COD removal in 180min). For the
same concentration of iron (III) but less concentration of H2O2
(1100mg/L) (ratio H2O2/Fe3+=6 approx.), the result of COD removal
at the same time was lower (23.35%). These results are in accordance
with this study. When 10mg Fe2+/L and 150mg H2O2/L (which im-
plies the highest H2O2/Fe2+ratio and high concentrations of H2O2 and
Fe (II)) were tested, high removal of DPH was achieved. The optimal
relationship between COD removal and oxidant dosage has also been
studied. An increase in H2O2/COD weight ratio favors an enhancement
in micropollutants degradation (Bolobajev et al., 2014). Bolobajev and
coworkers (Bolobajev et al., 2014), among others, studied this aspect of
the process. The results revealed that a higher ratio, which means more
H2O2 per unit of COD, leds to the best performance in terms of organic
matter degradation. Like the Fe2+/H2O2 ratio, the H2O2/COD optimal
ratio depends on a large extent on the characteristics of the effluent
(Brink et al., 2017). Again, these results are in accordance with the
observations in this study.

3.2. Synergistic effects of two wavelengths combination

Fig. 3A shows the influence of the wavelength range on the DPH
degradation for 10mg Fe2+/L and 150mg H2O2/L. Two wavelengths
were tested (380–390 nm and 390–400 nm) and the combination of
both LEDs (380–400 nm). The nominal power in all experiments was
4.2W.

As it can be observed in Fig. 3A, the use of radiation of 380–390 nm
(0.432 kJ/L) or 390–400 nm (0.468 kJ/L) does not imply a significant

increase regarding total DPH removal, which is achieved at 30min in
both cases. However, there are little differences in the DPH degradation
curve until 20 min and range 390–400 nm presents a faster degradation,
because the accumulated radiation is always a little higher in the range
390–400 nm.

When two wavelengths were combined (15min, Qacc= 0.288 kJ/L,
380–400 nm), the degradation of DPH was 100% in only 15min (the
degradation time is reduced by half), due to the synergistic effect of the
two wavelengths working jointly that increases the efficiency of the
process. This rise of DPH degradation, for 380–390 and 390–400 nm, is
logical according the accumulated energy. As it can be observed in
Fig. 3B, the accumulated energy was higher than this one corre-
sponding to the two wavelengths acting separately at any time.

The increase in efficiency was also reflected in AOS (Eq. (5)), COD
and TOC, and the highest values for these parameters were obtained for
380–400 nm (see Table 1). More explanations about this behavior can
be found at the end of Section 3.3.

3.3. Kinetics, synergies and radiation

The experimental data shown in Fig. 1 were fitted to a pseudo-first
order kinetics, according to Eq. (6).

=C
C

k tln ·DPH

DPHo (5)

Where cDPH0 is the initial DPH concentration (mg/L), cDPH is the final
DPH concentration (mg/L), t is the time (min) and k is an apparent
reaction rate constant (min−1). From the plot of ln (cDPH/cDPH0) vs.
time, the kinetics were obtained for each experimental conditions.
However, looking at Fig. 1, two zones can be clearly seen for all ex-
periments. In the initial moments, up to 30 s, a very fast decrease in the
concentration of DPH can be seen. After 30 s, the decrease is much
smoother. Therefore, the fitting has also been divided into two parts. In
the first 30 s, the initial reaction rate method is used to calculate the
kinetic constant, assuming order 1. From there, the rest of the data to
the end of the experiment were fitted to pseudo-first order kinetics. The
final time was 60min for all cases, except for 10mg Fe2+/L and 150mg
H2O2/L, where final time was 30min due to DPH was totally removed
at this time. The results obtained in the fittings are shown in Table 1. In
addition, the fitting of data from Fig. 1 to pseudo-first order kinetics is
shown in Figure S2 (supplementary information), for reaction times
higher than 30 s.

Average Oxidation State (AOS), COD and TOC were also analyzed.
Table 1 summarizes the obtained results. The calculation of AOS was
performed according to Eq. (5), where TOC and COD are represented in
mol/L of C and O2, respectively. As known, this indicator takes values
between +4 (value for CO2), state of maximum oxidation of carbon,
and -4 (value for CH4), state of maximum reduction (De la Cruz et al.,

Fig. 3. (A) DPH degradation by photo-Fenton and (B) radiation accumulation with different LEDs wavelengths [DPH]0= 50mg/L; [Fe2+]=10mg/L;
[H2O2]=150mg/L; Nominal power=4.2W.
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2013).

=AOS x TOC COD
TOC

4 (6)

AOS started at a value of 1.0 (at initial time) and increased to the
highest values using the highest concentrations of iron II and peroxide.
The same trend was found in COD and TOC. A high degree of miner-
alization (54.2%) and oxidation (79.9%) were observed at 60min, for
the highest concentrations of peroxide and iron II. At this time, DPH has
been completely degraded. This signified a rising oxidation and break of
the DPH leading to more oxidized molecules. However, for 2.5mg
Fe2+/L and 25mg H2O2/L mineralization and oxidation were not ob-
served. These results show again that both the hydrogen peroxide and
iron (II) concentrations play an important role in the photo-Fenton
process.

From the data of Table 1, it is observed that the best results are
obtained for 10mg Fe2+/L and 150mg H2O2/L, for all the wavelength
ranges tested.

Concerning the values of k1, the wavelength of the radiation used
does not have much influence. For instance, k1 value is 0.5 min−1 for
380–390 nm and 390–400 nm, for 2.5 mg Fe2+/L and 150mg H2O2/L.
However, data show that iron and peroxide concentrations have large
influence on the reaction rate. As an example, k1 values are 2.1 min−1,
for 10mg Fe2+/L and 150mg H2O2/L, and 0.3 min−1, for 2.5mg Fe2+/
L and 25mg H2O2/L, in the range 390–400 nm. Results of Table 1 for k1
confirm also that the concentration of Fe2+ has a higher influence than
the concentration of H2O2.

Once the initial moments (30 s) have passed, it can be observed a
similar behavior of the system concerning the influence of Fe2+ and
peroxide concentrations on the reaction rate. Thus, the highest values
of k2 are obtained for the concentrations of 10mg Fe2+/L and 150mg
H2O2/L. This behavior appears as logical because Fe3+ slowly returns
to Fe2+ and, therefore, the generation of hydroxyl radicals through the
Eq. (3) is slower (see Fig. 3B). In addition, it seems that the wavelength
can play a role, because, for the same concentration of iron and per-
oxide, k2 is higher always for the experiments in the range 390–400 nm.

Comparing k1 and k2 values, it can be seen that k2 is one order of
magnitude lower than k1 for all the tested concentrations of Fe2+ and
peroxide and for all the wavelength ranges. This fact can be due to
several factors and, among them, it could be mentioned that, after the
initial instants, intermediates appear which compete with DPH for
hydroxyl radicals. Hence, the degradation of DPH slows down. These
results are in accordance with Eqs. (2), (3) and (4) if the reactions rates
are considered. The reaction rate corresponding to Eq. (2) is 63 M−1

s−1. However, the value for Eq. (4) is lower than Eq. (2) (10−3-10−2

M−1 s−1) (Buxton et al., 1988).
In order to study the synergy of wavelengths, as explained before,

experiments were made using 4 LEDs at the top of the reactor, like
explained just now, but in this case, 2 LEDs with 380–390 nm and 2
LEDs with 390–400 nm were combined. Experiments were done only
for the best conditions (10mg Fe2+/L and 150mg H2O2/L). As has been

done when the two wavelength ranges were studied separately, the
experimental data are fitted for two different periods of time: during the
initial moments (up to 30 s) and from there to the end of the experi-
ment. For the initial time (first 30 s), the value of the kinetic constant
(k1) was 2.1 min−1 (see Table 1). This value is very close to the values
obtained for k1 when LEDs of 380–390 nm or LEDs of 390–400 nm were
used. As commented before, the reaction at this initial moment is very
fast and it is strongly related to the Fe2+ concentration. It can be said
that the generation of hydroxyl radicals is practically due to Fe2+

oxidation (Eq. (2)), meaning that the role of radiation is not so im-
portant (Fenton process). Thus, wavelength has not a large influence.

After the initial 30 s, the kinetic constant (k2) obtained with the
combined LEDs was 0.3min−1 which is practically one order of mag-
nitude lower than k1, as occurs with 380–390 nm and 390–400 nm
studied separately (see Table 1). This k2 value of 0.3min−1 is higher
than k2 values obtained for the LEDs of 380–390 nm or 390–400 nm
(see also Table 1) because, after the first 30 s, the reaction of Fe3+ re-
duction with H2O2 and light (Eq. (3)) is more important and photo-
Fenton process is acting. This means that the role of the radiation is
important after the initial period of 30 s, and explains that wavelength
used has more influence. In addition, the effect of synergy could be
explained from Eq. (7).

=r µ I
(7)

Where r is the reaction rate (mol·cm−3·s-1), φλ is the quantum yield
(mol/Einstein), μλ is the absorbance (cm-1) and Iλ is the photonic flow
(Einstein·cm-2·s-1). According to Eq. (7), the reaction rate in any pho-
tochemical process depends on the absorbance, quantum yield and ra-
diation intensity. These parameters can be considered a little different
in the range of 380–390 nm or in the range 390–400 nm. For this
reason, the results obtained for k2 can change a little in these two
ranges (see Table 1). In the range 380–400 nm, considering that r is the
summation for all the wavelengths range (see Eq. (6)), it seems logical
to expect that reaction rate increases. This is that we have observed
experimentally and can explain that k2 for the range 380–400 nm is
higher than k2 for the range 380–390 nm or for the range 390–400 nm.
In fact, the consideration of k2/Qacc for each range of wavelength
proves the synergy explained above. This calculation was done for
30min (380–390 and 390–400 nm) and 15min (380–400 nm), time at
DPH was total removed. Values of 0.37, 0.49 and 1.04 correspond at
380–390, 390–400 and 380–400 nm. Thus, it is clear that 380–400 nm
presents a value much higher confirming the synergistic effect of wa-
velength according to Eq. (7).

3.4. By-products and degradation pathways

As explained in Section 2, the intermediates of DPH were detected
by LC/MS during the photo-Fenton process. Four intermediates were
identified at the final of each experiment (60min): C17H23NO5,
C17H21NO3, C17H21NO2 and C13H10O (see table S1 in supplementary

Table 1
Values of the kinetic constants for different wavelengths and concentrations of Fe2+ and H2O2. k1 is the kinetic constant obtained during the first 30 s and k2 is the
kinetic constant for the rest of the experiment (fitting to pseudo first order kinetics).

Wavelength
(nm)

[Fe2+]
(mg/L)

[H2O2]
(mg/L)

k1
(min−1)

k2
(min−1)

R2

k2
AOS COD (%) TOC (%)

380-390 10 150 1.9 0.16 0.96 2.4 70.2 54.2
380-390 10 25 1.6 0.05 0.99 1.2 14.4 6.8
380-390 2.5 150 0.5 0.01 0.99 1.0 6.6 2.8
380-390 2.5 25 – 0.005 0.96 N/A 0.0 0.0
390-400 10 150 2.1 0.23 0.95 2.7 79.9 60.5
390-400 10 25 1.3 0.06 0.98 1.3 15.2 6.9
390-400 2.5 150 0.5 0.03 0.93 1.0 6.7 2.9
390-400 2.5 25 0.3 0.008 0.98 N/A 0.0 0.0
380-400 10 150 2.1 0.3 0.99 3.8 95.6 70.1
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material). Fig. 4 presents the evolution of the intermediates during one
hour in different scenarios.

Fig. 4A and B represent intermediates identified in the best and the
worst conditions regarding concentrations of iron (II) and hydrogen
peroxide. The wavelength range used was 390–400 nm, but the same
trend was observed for 380–390 nm and 380–400 nm. When 10mg
Fe2+/L and 150mg H2O2/L were tested, the intermediates began to
degrade at approximately 15min. This time corresponds to the moment
when there is a low concentration of DPH. In addition, DPH-183 was
formed at 60min due to the higher formation of hydroxyl radicals. This
fact allows the degradation almost entirely of the first intermediates
and formation of more oxidized intermediates.

However, when 2.5mg Fe2+/L and 25mg H2O2/L were tested, the
intermediates formed did not degrade because DPH degradation reac-
tion is not so fast (46.9% removal at 60min). This means that the hy-
droxyl radicals are still mainly engaged in attacking the DPH. Thus, at
60min the concentration of formed intermediates was higher than at
the initial time because the intermediates have not yet begun to de-
grade. In addition, the intermediate DPH-183 does not appear because
it comes from the degradation of DPH-272 (see Fig. S3) which has not
started yet after 60min of reaction (see Fig. 4B). It can be concluded
that, as expected, the initial concentration of Fe2+ and H2O2 have a
large influence on DPH degradation and, as a consequence, on the in-
termediates formation and degradation. Thus, the highest concentra-
tions of Fe2+ and H2O2 give the fastest formation and degradation of
intermediates (see Fig. 4A).

Figure S3 (supplementary material) presents a proposed DPH de-
gradation pathway with the intermediates found. DPH-272, DPH-288
and DPH-322 could be formed from primary oxidation of the parent
compound (DPH-256). The generation of DPH-272 appears to be due to
the hydroxylation of the initial compound. DPH-322 might be formed
by the opening of an aromatic ring in DPH-256. In addition, the hy-
droxylation and oxidation of one carbon from the initial compound
could have led to the generation of DPH-288. Finally, DPH-183 could be
produced by consecutive deamination/dihydroxylation reactions taking
place in the DPH-272 structure.

4. Conclusions

UVA-LEDs (380–390 nm and 390–400 nm) are useful for DPH de-
gradation. In addition, the combination of LEDs with 380–390 nm and
390–400 nm wavelength ranges produces synergistic effects on DPH
removal.

The best results in DPH degradation were obtained for the highest
concentrations of iron and peroxide (10mg Fe2+/L and 150mg H2O2/L).

Kinetic studies pointed out that the initial reaction rate (up to 30 s)
is higher than the rate during the rest of the experiment, showing the
influence of Fe2+ concentration. Thus, Fenton process prevails at the
initial moments and photo-Fenton during the rest of the experiment.

Three intermediates (DPH-272, DPH-288 and DPH-322) were

generated from the oxidation of initial compound and DPH-188 was
produced by subsequent reactions from DPH-272.
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Figure S1. The schematic diagram of photoreactor with LEDs on the cover. r = 4cm, radius of the photoreactor; L= 

12cm, photoreactor height; z=3cm, height between aluminum cover and liquid layer; d= 3cm, LED diameter. When 

380-400 nm were tested LEDs were located crossed.  
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Figure S2. Fitting of Fig. 2 data to pseudo-first order kinetics for reaction times higher than 30 s and A) wavelength 

range 380-390 nm, B) wavelength range 380-390 nm and C) wavelength range 380-400 nm (a) 10 mg Fe2+/L - 150 mg 

H2O2/L; (b) 10 mg Fe2+/L - 25 mg H2O2/L; (c) 2.5 mg Fe2+/L - 150 mg H2O2/L; (d) 2.5 mg Fe2+/L - 25 mg H2O2/L. 
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Figure S3. Suggested pathways for DPH degradation in the photo-Fenton experiments. 
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 Table S1. Intermediates detected and DPH as an initial compound in photo-Fenton experiments (Rt, retention time) 

 

m/z 

(Da) 

Rt 

[min] 

Elemental 

composition 

 

Proposed structure 

 

 

322 

(m+1) 

 

1.80 C17H23NO5 

 

 

 DPH-322 

288 

(m+1) 

2.06 C17H21NO3 

 

 

DPH-288 

183 

(m+1) 

2.20 C13H10O 

 

 

DPH-183 

272 

(m+1) 

2.80 C17H21NO2 

 

 

 

DPH-272 
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m/z 

(Da) 

Rt 

[min] 

Elemental 

composition 

 

Proposed structure 

 

256 

(m+1) 

3.20 C17H21NO 

 

DPH (initial 

compound) 
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4.2 Comparison of conventional BLB lamps and LEDs in photo-Fenton 

process for micropollutant abatement in real wastewater 

A summary of the experiments displayed in Part II are detailed in Table 16, including the 

operational conditions, performance, as well as the figure within the publication where each 

experiment is located.  

Table 16. Summary of the experiments presented in Part II. 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

BLB and LEDs comparison at acid pH 

B1 
[PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

Ultrapure 

water 
2.8 

Total PROP 

removal in 60 

min 

Figure 1A 

and 7C 

        

B2 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

MBR 2.8 

52.1% PROP 

removal in 60 

min 

Figure 1A 

and 7A 

        

B3 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

CAS-NE 2.8 

50.6% PROP 

removal in 60 

min 

Figure 1A 

and 7B 

        

B4 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

CAS 2.8 

40.2% PROP 

removal in 60 

min 

Figure 1A 

and 7D 

        

B5 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

IFAS 2.8 

32.9% PROP 

removal in 60 

min 

Figure 1A 

and 7E 

        

B6 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] =  

150 mg L-1 

BLB  
Ultrapure 

water 
2.8 

Total PROP 

removal in 60 

min 

Figure 1B 

        

B7 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

BLB  MBR 2.8 

95.3% PROP 

removal in 60 

min 

Figure 1B 
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Table 16. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

B8 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

[H2O2] = 

150 mg L-1 

BLB  IFAS 2.8 

68.8% PROP 

removal in 60 

min 

Figure 1B 

Selection of chelating agent and molar ratio Ligand:Fe 

B9 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDTA:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

Ultrapure 

water 
Natural 

47.3% PROP 

removal in 60 

min 

Figure 3 

        

B10 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDTA:Fe = 

1.5:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

Ultrapure 

water 
Natural 

47.3% PROP 

removal in 60 

min 

Figure 3 

        

B11 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe = 

1.5:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

Ultrapure 

water 
Natural 

99.6% PROP 

removal in 60 

min 

Figure 3 

        

B12 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

Ultrapure 

water 
Natural 

99.6% PROP 

removal in 60 

min 

Figure 3, 5 

and 7C 

Natural pH using LEDs in WW 

B13 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

MBR Natural 

62.7% PROP 

removal in 60 

min 

Figure 5 and 

7A 
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Table 16. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

B14 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

CAS-NE Natural 

61.0% PROP 

removal in 60 

min 

Figure 5 and 

7B 

        

B15 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

CAS Natural 

47.0% PROP 

removal in 60 

min 

Figure 5 and 

7D 

        

B16 [PROP] = 

50 mg L-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm on 

the center 

IFAS Natural 

14.3% PROP 

removal in 60 

min 

Figure 5 and 

7E 

 

4.2.1 Propranolol removal comparison using conventional lamps and LEDs 

The economic and environmental problems, associated to conventional lamps in photo-

Fenton process, lead to investigate alternative irradiation sources, such as LEDs. As LEDs 

are punctual sources of light, the photoreactor design is a key parameter to consider for a 

good distribution of light, avoiding dark zones. In this sense, photo-Fenton experiments were 

carried out in a photoreactor with BLB lamp (290-400 nm) or UV-A LEDs (365-370 nm), 

both located at the center of the photoreactor (irradiance: 6.7x10-7and 5.4x 10-7 Einstein s-1, 

respectively). The comparison of two irradiation sources was performed by the efficiency in 

PROP removal in acidic conditions with different wastewater effluents and ultrapure water 

(B1-B8). Additionally, the results in PROP removal for different wastewater effluents were 

also compared due to their different physicochemical characteristics. 

 The results revealed the same tendency in PROP degradation by BLB and UV-A LEDs, for 

different wastewater effluents. Ultrapure water achieved the best PROP removals while 

IFAS the worst results. After 1 hour of treatment, 100%, 52.1%, 50.6%, 40.2% and 32.9% 

of PROP removal were achieved in Milli-Q, MBR, CAS-NE, CAS and IFAS, respectively 



Chapter 4 

 

76 

 

using UV-A LEDs (B1-B5). For BLB the results were 100%, 95.3% and 68.8% for Milli-Q, 

MBR and IFAS (B6-B8), respectively, obtaining higher results than UV-A LEDs. However, 

in the case of ultrapure water similar PROP results were achieved. The pseudo-first order 

kinetic constants were 0.15 min-1 and 0.14 min-1, for BLB and UV-A LEDs, respectively. 

This result evidences that, when real matrices were used, the differences between two 

irradiation sources increase. This fact could be related to the radiation distribution inside the 

photoreactor, due to the scattering and absorption of light in the presence of organic matter. 

LEDs are punctual sources of light with an emission angle of 125º, in our case. This fact 

probably conducted to the formation of dark zones in the photoreactor, decreasing the 

efficiency in PROP removal. The emission angle of BLB lamp was 360º consequently, this 

effect was not so noticeable. In addition, the wider wavelength range in BLB can favor the 

removal of different types of organic matter in a complex system such as real matrix.  

The influence of matrix on PROP degradation was investigated in experiments carried out 

with UV-A LEDs, testing 4 different wastewaters and ultrapure water. Real wastewaters 

compared with Milli-Q are complex systems (presence of organic matter and ions, alkalinity, 

turbidity…) which affect to the photo-Fenton efficiency. Regarding the results, IFAS and 

CAS effluents reached the lowest PROP degradations since they presented highest DOC and 

turbidity. Only 32.9% and 40.2% of PROP removal were achieved for IFAS and CAS, 

respectively at the end of the treatment. MBR and CAS-NE, with lower DOC and turbidity 

than IFAS and CAS, showed best performances. After 1 hour of treatment, 52.1% and 50.6% 

of PROP removal were achieved for MBR and CAS-NE, respectively. Comparing IFAS and 

MBR, approximately 20% more of PROP removal at the end of the experiment was reached 

with MBR. Comparing IFAS with ultrapure water, the degradation increases about 70% with 

the last one. This fact evidences the influence of dissolved organic matter on treatment 

efficiency since it also reacts with hydroxyl radicals decreasing the PROP degradation. The 

kinetic constant of DOM with HO• was estimated between 108-109 M C-1 s-1, while PROP 

presents a kinetic of 1·1010 M-1 s-1, which can explain the competition for hydroxyl radicals 

since the concentration of both was similar. Turbidity is other key parameter when 

photochemical treatments are employed due to the light scattering. IFAS and CAS presented 

40 and 10 times higher turbidity than MBR and CAS-NE, respectively, which could affected 

in the generation of HO• and subsequent PROP removal. The influence of ions (Cl- and N-

NO2
-, N-NO3

-) was practically the same for the four wastewaters tested, due to the 

concentration of these compounds was similar in all of them. Nitrite reacts with a second-
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order reaction rate of 1·1010 M-1 s-1, which is very similar than the reaction rate of PROP. 

However, the concentration of nitrites was lower than PROP, probably acted as a scavenger 

in less extent than the other compounds. For its part, nitrates do not react with HO•. Chlorine 

ions probably acted as a scavenger of hydroxyl radicals in these experiments. The second-

order reaction rate with HO• is 4.3·109 M-1 s-1, which is lower than the reaction rate of PROP. 

However, the concentration of Cl- was about 10 times higher than PROP, so the scavenging 

effect would be possible. The alkalinity is another parameter which could affect to process 

efficiency. Nevertheless, as the pH was 2.8 the alkalinity was neutralized.  

4.2.2 Efficiency of EDDS:Fe(II) in different water matrices with LEDs 

Conventional photo-Fenton needs to work at acidic conditions (pH = 2.8), to maintain the 

iron ions in solution, being an important drawback. This condition is a critical parameter 

when the aqueous solution to treat has a higher pH, such as in wastewater treatment. For this 

reason, it was investigated the performance of photo-Fenton at natural pH in four different 

wastewaters effluents and ultrapure water.  

The selection of appropriate ligand and its molar ratio with iron is an important parameter to 

consider in this type of experiments. In this way, two chelating agents (EDTA and EDDS) 

and two molar ratios ligand : Fe(II) (1:1 and 1.5:1) were tested in ultrapure water to decide 

the best one (experiments B9-B12). In the selection it was considered the PROP degradation, 

the BOD5 increase and the toxicity at the end of the treatment. From these results, EDDS 

was selected since the kinetic rate in PROP removal was 7 times higher than EDTA. The 

increase in BOD5 was also higher in EDDS. Molar ratio 1:1 (EDDS:Fe) was also chosen as 

the experiments with two tested ratios achieved the same final PROP removal. Although the 

increase in BOD5 in EDDS:Fe 1.5:1 was little higher than molar ratio 1:1, this last one was 

chosen since implies less amount of chelating agent, decreasing the cost and TOC’s in the 

effluent. Finally, analyzing the toxicity with Vibrio fishery, EDTA was two times more toxic 

than EDDS.  

The experiments using EDDS with molar ratio (ligand:Fe) 1:1 (B13-B16) followed the same 

trend than tests at acid pH. The efficiency in PROP removal decreased when the DOC of 

wastewater matrix increased. The percentages at the end of the treatment (60 min) were: 

99.6, 62.7, 61.0, 47.0 and 14.3% for Milli-Q, MBR, CAS-NE, CAS and IFAS, respectively. 

An important parameter to follow is the dissolved iron, since the complexity of wastewaters 

(different type of compounds including ions) could be involved in the break of iron 
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complexes causing the iron precipitation and subsequent decrease in efficiency of PROP’s 

removal. Additionally, hydroxyl radicals and irradiation could also provoke this breakage. 

This fact is one of the reasons why the degradation of PROP in ultrapure water is the highest, 

since only 30% of iron released at the end of the treatment. While in real effluents the 

precipitation was between 90 and 75%.  

Photo-Fenton experiments at natural pH catalyzed by EDDS-Fe(II) were compared to 

conventional photo-Fenton. During the first 30 seconds, in conventional photo-Fenton fast 

PROP removal was reached while in photo-Fenton catalyzed by EDDS-Fe(II) the kinetic 

rates in all matrices were always lower. For instance, in Milli-Q water kinetic constants were 

1.354 min-1 and 0.129 min-1 (for first 30 seconds of experiment) for conventional and natural 

photo-Fenton, respectively. This fact is related to the availability of iron in solution. As in 

the experiments with EDDS the iron was chelated, the reaction of iron with H2O2 was slower, 

resulting in a lower reaction rate in PROP degradation. 

However, when all the time of experiment is considered, some things can change. At the end 

of the treatment, experiments carried out with Milli-Q water, in acidic conditions of pH, 

reached higher PROP removal than photo-Fenton catalyzed by EDDS-Fe(II). The same took 

place when experiments were performed in IFAS effluent. Curiously, with MBR, CAS-NE 

and CAS wastewaters, the opposite happened. In the case of experiments carried out with 

Milli-Q and EDDS, the PROP degradation in the first 30 seconds was about 50% and then 

it was continuously removed since there was no organic matter competing with PROP for 

HO•. Instead in the treatments performed with MBR, CAS-NE and CAS matrices, the 

degradation of PROP in 30 seconds was about 20-25% due to the presence of DOM. In that 

cases, probably a large part of iron (II) was oxidized to iron (III) and the subsequent 

reduction of iron (III) with irradiation was affected by the presence of organic matter. This 

fact, plus the competition of DOM and PROP for HO•, caused the reduction in the PROP 

removal. Thus, the possibility that photo-Fenton experiments at natural pH could reach 

higher PROP removals was more feasible. Nevertheless, at the end of the experiments, the 

degradation of PROP was similar in both treatments. For instance, in MBR, 62.7 and 52.1% 

of PROP abatements were achieved for natural and acid pH, respectively. As commented 

above, IFAS effluent did not present the same trend than other wastewaters. This fact could 

be related to the higher content of biopolymers and humic substances than other wastewaters. 

These substances could complex stronger the iron than EDDS, decreasing the process 

efficiency. 
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H I G H L I G H T S

• BLB and LED radiation were compared
in propranolol (PROP) removal by
photo-Fenton.

• Chelating agent EDDS gives the best
result in photo-Fenton at circumneu-
tral pH.

• Four WW matrices were tested in
conventional and circumneutral
photo-Fenton.

• PROP degradation increases when
TOC of WW decreases.

• Kinetic studies show that dark Fenton
controls the initial reaction rate.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Photo-Fenton
Wastewater matrix
Circumneutral pH
UV-A LED
Propranolol

A B S T R A C T

In this study, photo-Fenton treatment was performed to remove a target compound (propranolol, PROP) from
wastewaters of secondary effluents coming from WWTP. Two different radiation sources were tested: BLB and
UV-A LEDs, which implies low electrical power and no mercury content. The differences observed in the PROP
removal with both lamps may be due to the different radiation distribution, absorption inside the reactor,
emission angle and wavelength emission, which are key parameters in the radiation field of the photoreactor.
Four wastewaters (IFAS, MBR, CAS and CAS-NE) and ultrapure water were tested to determine the influence of
water matrix. Instead the propranolol degradation using UV-A LEDs was smaller than using BLB lamps, in ul-
trapure water the degradation was very similar. The matrices with more organic matter and turbidity achieved
low propranolol removals due to the competition for hydroxyl radicals and the effect of the light scattering. In
addition, photo-Fenton at neutral pH (to avoid the acidification/basification) was also carried out using two
chelating agents (EDDS and EDTA). Two molar ratios ligand-Fe(II) were tested (1:1 and 1.5:1). EDDS with L:Fe
(II) molar ratio 1:1 was selected based on studies of MP degradation, biodegradability and toxicity. Comparisons
between conventional photo-Fenton and photo-Fenton with EDDS-Fe(II) were performed with UV-A LEDs. For
Milli-Q and IFAS best results were achieved in conventional photo-Fenton (32.9% for IFAS instead of 14.3% in
EDDS-Fe(II)). Contrary, for the MBR, CAS and CAS-NE the best results were shown for EDDS-Fe(II) photo-Fenton.
In IFAS, biopolymers and humic substances were the responsible of the different behavior of IFAS than other
WW. Finally, for conventional photo-Fenton, dark Fenton plays an important role during the first 30 s, then,
photo-Fenton controls the process. For circumneutral photo-Fenton, dark Fenton is not so important during the
initial time. These observations have been corroborated by different kinetic fittings for different reaction times.

https://doi.org/10.1016/j.cej.2019.122416
Received 8 May 2019; Received in revised form 16 July 2019; Accepted 3 August 2019

⁎ Corresponding author.
E-mail address: j.gimenez.fa@ub.edu (J. Giménez).

Chemical Engineering Journal 379 (2020) 122416

Available online 06 August 2019
1385-8947/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2019.122416
https://doi.org/10.1016/j.cej.2019.122416
mailto:j.gimenez.fa@ub.edu
https://doi.org/10.1016/j.cej.2019.122416
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2019.122416&domain=pdf


1. Introduction

Nowadays, there is a concern on the occurrence of micropollutants
(MPs) in effluents of municipal wastewater treatment plants (WWTP)
[1–8]. For instance, in Athens (Greece) an important amount of medi-
cines and antibiotics in WW effluents were detected [3], 79 different
MPs were identified in WWTPs of Sweden [4] and pharmaceuticals in
the surface were found in some places in USA [5]. These compounds
can enter the environment causing untoward human health and eco-
logical effects [6]. The potential for entering in the environment of
these compounds is a consequence of their incomplete removal in
conventional WWTPs [7,8].

Accordingly, with the future law requirements and to protect the
ecosystems and water resources, additional treatments ought to be
carried out [9]. Diverse works to remove MPs are based in Advanced
Oxidation Processes (AOPs). Some authors indicated the efficiency of
these treatments in the elimination of organic and recalcitrant com-
pounds [6,9,19–25]. In this study, propranolol (PROP) was used as
reference compound. This compound is used to treat cardiovascular
diseases and is a non-selective β-blocker and it is the most frequent β-
blocker found in aquatic environment [10]. PROP has been detected in
the environment, for instance in wastewaters [11] or in rivers with a
range of concentrations between 0.1 and 7.3 ng/L [12]. This compound
was also detected by Deo in a surface waters with a concentration of
53 ng/L [5]. The occurrence in wastewaters includes private household,
effluents from hospitals and retirement homes and pharmaceutical
plant wastewater [13]. Propranolol has been detected in a different
aquatic environments and countries, such as Spain, Croatia, France,
Serbia, Bosnia and China [12,14–17]. Concerning ecotoxicology, some
studies indicate that aquatic organisms present high sensitivity to PROP
[18]. Among AOPs, the photo-Fenton treatment has been demonstrated
its efficiency in the elimination of a variety of compounds: pesticides
[19], dyes [20], insecticides [21], pharmaceuticals [22,23], humic
acids [24] and PCBs [25], among others.

Nevertheless, there are some drawbacks related to the conventional
photo-Fenton process. The costs associated with photo-reactor invest-
ment, electrical cost of lamps and reagents are the principal dis-
advantages for full-scale application for photo-Fenton [26,27]. Chemi-
cals to adjust pH (to avoid iron precipitation) and subsequent
neutralization and hydrogen peroxide (H2O2) consumption are the
main costs related to reagents [28,29].

Several ligands for the iron complexation, to work at circumneutral
pH, have been studied to overcome the drawbacks of photo-Fenton at
acidic pH [29–31]. On the other hand, the costs associated to energy
consumption could be decreased using light-emitting diodes (LEDs) as a
source of radiation. In recent years, the studies with the use of LEDs in
AOPs have increased [32,33] because LEDs show many advantages
such as low power consumption, long lifetime (up to 26,000 h), no
overheating and no mercury content [32–41].

Other important item to consider, due to the water scarcity, is the
possibility of water reuse. In this way, more data are needed to know
the behavior of different AOPs, with water matrices coming from
WWTPs. In this way, four matrices of secondary effluents from WWTPs
were used and compared with Milli-Q water: Integrated Fixed-Film
Activated Sludge (IFAS), Membrane Bioreactor (MBR), Conventional
Activated Sludge (CAS) and the same process with nutrient elimination
(CAS-NE) with 70% elimination of nitrogen and phosphorus. IFAS and
CAS showed high amount of organic matter and turbidity (see Table 1).
However, MBR and CAS-NE, presented low values of these parameters.
IFAS was the dirtiest matrix with values approximately of 52mg C·L−1

of total organic carbon (TOC) followed by CAS presenting 38mg C·L−1

of TOC. CAS-NE and MBR shown similar values of TOC (around
13mg C·L−1) but different values of turbidity, which is an important
parameter in this comparison.

Summarizing, this paper is focused on the study of the efficiency of
the photo-Fenton treatment, using two different light sources (Black-

light blue lamps (BLB) and LEDs), in the propranolol (PROP) de-
gradation in four secondary wastewater matrices from two WWTPs. The
effect of iron chelates (EDTA/EDDS) at different molar ratios (Fe(II)-
Ligand) using UV-A LED was tested in the four wastewater matrices.
Biodegradability and efficiency were also evaluated to determine the
capability of the photo-Fenton process at circumneutral pH.

2. Methodology

2.1. Chemicals

Propranolol hydrochloride (PROP) from Sigma-Aldrich was used as
a target compound. S,S′-ethylenediamine-N-N′-disuccinic acid triso-
dium salt (EDDS-Na) solution from Sigma-Aldrich and ethylendiami-
netetracetic acid (EDTA) from Panreac Quimica Inc. were used as a
chelating agents. In photo-Fenton experiments hydrogen peroxide (30%
w/w) from Sigma-Aldrich and ferrous sulfate (FeSO4·7H2O) from
Panreac Quimica were used. Acetonitrile and orthophosphoric acid
(Panreac Quimica) were used as a mobile phase for HPLC. Sodium
hydroxide (NaOH) and sulphuric acid (H2SO4) (both from Panreac
Quimica Inc) were employed for the initial pH adjustments and sub-
sequently neutralization, respectively.

2.2. Secondary effluents samples

Two secondary effluents (after the biological treatment) from two
different Wastewater Treatment Plants (WWTPs) of Catalonia (Spain)
were tested in this study. The characteristics of these wastewaters (WW)
are shown in Table 1. The samples of the secondary effluent, were fil-
tered with conventional laboratory paper to remove the largest parti-
cles. One WWTP has two parallel secondary treatments which include
IFAS and MBR. The second one includes CAS and CAS-NE.

2.3. Photo-Fenton experiments

All experiments were performed in a 2L Pyrex-jacketed thermostatic
photoreactor (inner diameter 11 cm; height 23 cm). A BLB lamp
(Philiphs TL 8W, 08 FAM, wavelength range 290–400 nm with a max-
imum at 365 nm), covered with a quartz glass tube, was located at the
center of the reactor. A hand-made lamp with eight LEDs (Intelligent
LED solutions) arranged on an aluminum bar forming a spiral (to
minimize the dark zones in the photoreactor) was also employed. The
nominal power of each LED was 1.00W, with 350mA, irradiance angle
of 125° and emission wavelenght at 365 nm. The temperature of the
solution was kept constant at 25 °C with a thermostatic bath (Haake C-
40) and the solutions were magnetically stirred into the photoreactor.

To carry out the conventional photo-Fenton experiments, a solution
of 0.18mM of Fe(II) was prepared in water acidified at pH 2.8 ± 0.2
with H2SO4. Then, PROP (0.19mM=50mg/L) was added (this con-
centration was selected to assure accurate measurements of con-
centrations) and, finally, hydrogen peroxide (4.41 mM=150mg/L)

Table 1
Physicochemical parameters of secondary effluent samples.

Parameter IFAS MBR CAS CAS-NE

pH 7.8 7.7 8.0 7.5
Turbidity (NTU) 18.5 0.5 20.1 2.6
UV254 (cm−1) 50.3 17.4 48.9 24.6
TOC (mg C·L−1) 51.1 13.6 37.9 13.3
DOC (mg C·L−1) 21.7 13.3 18.7 13.2
Total alkalinity (mg CaCO3·L−1) 469.4 208.3 449.1 275.0
Cl− (mg·L−1) 543.0 565.2 486.0 464.4
SO4

2− (mg·L−1) 196.8 187.8 175.2 199.5
N-NO2

− (mg·L−1) 0.2 0.2 0.1 0.3
N-NO3

− (mg·L−1) 0.3 8.4 0.3 8.3
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was added just before to run the experiment. These concentrations were
selected because they achieved the best efficiency in PROP removal,
according to previous experiments done in our laboratory. In the ex-
periments at circumneutral pH, iron chelates (EDTA or EDDS) at two
molar ratios (1:1 and 1:1.5) of L-Fe(II) were tested. Then, the pH of the
EDTA solution was adjusted around 8.0 with NaOH 0.2M to allow their
dissolution due to the low solubility of this compound at acid pH. After
the chelates were totally dissolved, Fe(II), H2O2 and PROP were added
to the solution using the same concentrations listed above. Samples
were taken from the photoreactor at fixed times during one hour.

2.4. Analytical methods

HPLC (Infinity Series from Agilent) was used to determine the
concentration of PROP. Acetonitrile and Milli-Q water adjusted at
pH=3 by orthophosphoric acid (25:75) were employed. UV detector at
214 nm and a flow of 0.7 mLmin−1 were applied. The column used was
SEA18 Teknokroma (250× 4.6mm i.d; 5 μm particle size). Hydrogen
peroxide (H2O2) consumption was followed by the metavanadate
spectrophotometric method [42]. Total iron was determined by the o-
phenantroline standardized procedure (ISO 6332) at 510 nm. Bio-
chemical Oxygen Demand (BOD) was evaluated according to the 5210-
standard method (see Supplementary material for more information in
section: Biochemical Oxygen Demand: Brief explanation of the process).
The analysis of COD was done according the ASTMD1252-06 Standard
Test Methods, consisting in the sample oxidation with potassium di-
chromate in excess, in an acid medium, with catalysts and at 150 °C for
2 h [43]. Toxicity assays were performed in Microtox M500 toxicity
analyzer (Modern Water, UK) [43]. Size Exclusion Chromatography
combined with Organic Carbon Detection (SEC-OCD) was used to de-
tect and quantify the different effluent organic matter (EfOM) present
in the WW matrices tested [44] (more information can be found in
Table S1 in supplementary information).

3. Results and discussion

3.1. Light sources comparison and effect of the matrix

The degradation of PROP by conventional photo-Fenton
(pH=2.8 ± 0.2) with BLB and UV-A LED is shown in Fig. 1. Four
wastewater matrices were tested with UV-A LED (MBR, CAS-NE, CAS,
IFAS). The experiments achieving the best and the worst results in
PROP degradation with UV-A LED were also performed with BLB
lamps. In addition, Milli-Q water was also tested to evaluate more

accurately the influence of water matrix.
In the presence of UV-A LED, PROP degradation at 60min was

100%, 52.1%, 50.6%, 40.2% and 32.9% for Milli-Q, MBR, CAS-NE, CAS
and IFAS, respectively. While in the presence of BLB light source, PROP
degradations reached were 100%, 95.3% and 68.8% for Milli-Q, MBR
and IFAS, respectively. Thus, the same trend was followed with the two
radiation sources and PROP removal decreases when TOC of water
matrix increases. The percentage of standard deviation in photo-Fenton
experiments did not exceed 5%. As can be observed in Fig. 1, in the case
of Milli-Q water similar PROP removal was achieved at 60min for both,
BLB and UV-A LED. Moreover, the kinetic constants obtained were very
close (0.15 min−1 for BLB and 0.14min−1 for LEDs, after first 30 s and
assuming first order kinetics). When real matrices were used, the dif-
ferences between BLB and LEDs were higher. This can be related to
radiation distribution and absorption inside the reactor. Thus, the
emission angle for BLB is 360° and only 125° for LEDs, which implies
different distribution of radiation and probably dark zones in the case of
LEDs. This last hypothesis can be strengthened because LEDs are
punctual sources of light (see Fig. S1 in the supplementary informa-
tion). In addition, although BLB presents the maximum peak at 365 nm,
the emission range (290–400 nm) is wider than in LEDs (365–370 nm).
Thus, depending on the absorption of different compounds in the real
matrix their photolysis could be higher when BLB or LEDs are used.
Probably in a complex system, such as a real matrix, the use of a light
source with wider emission range favours the removal of different types
of organic matter.

Real wastewaters compared with ultrapure water are complex sys-
tems due to different physico-chemical parameters (turbidity, high
Total Organic Carbon (TOC), colour, presence of ions, etc.). Thus, WW
matrices do not favor the photolysis and there is a highest competition
for hydroxyl radicals [45] due to the presence of organic compounds
different of target compound. Fig. 1 shows the influence of different
matrices with UV-A LED. Thus, ultrapure water, which achieved the
best results, presents a TOC of 2 μg/L and obviously does not present
ions or turbidity. Consequently, hydroxyl radicals only degrade the
target pollutant and the byproducts of reaction, but no competition was
detected with other compounds of the matrix. Regarding the values of
TOC, these decrease following the order IFAS, CAS, CAS-NE and MBR.
Thus, less competition is provided for the radicals produced and higher
removal of the target compound was achieved when values of TOC
were lower. As obvious, the composition of each WW is different but
several authors have determined the kinetic constants for the reaction
between hydroxyl radicals and dissolved organic matter (DOM). These
values are in the order 108–109 L·molC−1·s−1 [46–51], which can

Fig. 1. PROP degradation in different light sources by conventional photo-Fenton process. [PROP]0= 0.19mM; [Fe(II)]0= 0.18mM; [H2O2]0= 4.41mM.
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explain again the strong competition between organic matter present in
WW and target compound for the hydroxyl radicals. Other important
parameter influencing on PROP removal was turbidity due to light
scattering. In this way, IFAS presents high turbidity and the highest
TOC and, as a consequence, the lowest PROP removal. However, MBR
and CAS-NE presented very close results in PROP degradation,
achieving the highest removals of PROP, regarding wastewaters. In that
case, their values of TOC and turbidity were the lowest. In the same way
as the TOC, the dissolved organic carbon (DOC) influences on micro-
pollutant degradation. The presence of an organic matter in solution
can compete with target compound for hydroxyl radicals reducing the
removal efficiency of the micropollutant. In addition, UV254 is a spec-
troscopic property related to the presence of organic matter, particu-
larly aromatic and unsaturated moieties which can also readily react
with hydroxyl radicals. IFAS, which achieved lower PROP degradation,
also showed the highest values of DOC and UV254 and MBR, which
shown the best PROP removal, the lowest. Finally, the effect of ions
(Cl−, SO4

2−, N-NO2
−) was not significant, because their concentrations

were similar in all treated WW. Nevertheless, when ultrapure water and
wastewater were compared the effect of ions can appear. Alkalinity is
an important indicator of (bi)carbonates concentration in WW. How-
ever, in conventional photo-Fenton, the alkalinity of the solution was
neutralized when the matrix was acidified and then mixed. Other in-
organic ions can act as a scavenger of %OH. The nitrite reacts with the
hydroxyl radicals, producing nitrite radicals, with a second-order re-
action rate of 1.0·1010M−1 s−1 [52]. According to Benner and cow-
orkers, the reaction rate of propranolol is 1.0·1010M−1 s−1 [53]. Thus,
the reaction rate for PROP and nitrite with %OH is practically the same.
However, as the nitrite concentration is lower than PROP the nitrite
probably acts as a scavenger to a lesser extent in these experiments.
Moreover, nitrite can produce hydroxyl radicals by photolysis (Eqs. (1)
and (2)).

+ → +− −NO hv ·NO O2 (1)

+ ↔− +O H ·OH· (2)

Nitrite absorbs radiation in the UV-A range (around 355 nm) [54]
but its concentration in the four WW tested is very low. Thus, the
equilibrium between generation and scavenging of hydroxyl radicals
produces a stationary state in hydroxyl radicals concentration [54].
Regarding nitrates, in accordance with Buxton et al. [52] NO3

− does
not react with hydroxyl radicals. The photolysis of nitrates, giving %OH

radicals, has been studied in various works [55,56,57]. They mostly
absorb in the UV-B (absorption maximum around 305 nm). However,
LEDs used in this work emit in 365–370 nm range. Thus, the photolysis
of nitrate is not possible. Finally, Cl- reacts with hydroxyl radicals with
a second-order reaction rate of 4.3·109M−1 s−1 [52]. As mentioned
above, the reaction rate of propranolol is 1.0·1010 M−1 s−1, being
higher than this one of chloride. Nevertheless, the concentration of
chloride is 10 times higher than propranolol in the tested WW. Thus,
the ion chloride probably acts as a scavenger of hydroxyl radicals. Thus,
when ultrapure water and wastewaters were compared the results
achieved presented significant differences due, in part, to the presence
of ions in WW. However, according to Table 1 data, the ions con-
centrations are very close for the different WW tested. Consequently,
ions concentrations do not imply significant differences in the influence
of the different WW matrices on PROP removal.

3.2. photo-Fenton at circumneutral pH with LEDs

3.2.1. Iron chelates
An important parameter in photo-Fenton process when ligands (L)

are used is the L-Fe molar ratio. A ratio L-Fe higher than stoichiometric,
is required experimentally to ensure a satisfactory chelation process
[28]. Two ligands were tested (EDTA and EDDS) at two molar ratios L-
Fe (1:1 and 1.5:1). The percentage of chelated iron with each condition
was determined at 258 nm [28] with ultrapure water to avoid any in-
terference. The results are shown in Fig. 2.

Regarding Fig. 2, EDTA presents the 100% of chelated iron for both
molar ratios 1:1 and 1.5:1. However, for EDDS the percentage of che-
lated iron is always lower than 100% and that percentage increases
with 1.5:1 M ratio (54.4% and 74.0% for 1:1 and 1.5:1, respectively).

The decision on the best chelating agent and the best molar ratio L-
Fe (II) also depends on the efficiency in the target compound de-
gradation and the increase in the biodegradability. In this way, the
results of PROP degradation are showed in Fig. 3. All the experiments
presented in this section were performed in ultrapure water to avoid
any interference.

For both EDDS and EDTA, the same PROP degradation results were
observed when two ratios were tested (Fig. 3). The pseudo-first order
kinetic constants for EDDS-Fe(II) were 0.07 and 0.06min−1 for L-Fe(II)
molar ratio of 1:1 and 1.5:1, respectively. For EDTA-Fe(II), the kinetic
constant was 0.01min−1 for the two L-Fe molar ratios. Thus, EDDS runs

Fig. 2. Percentage of iron chelates formed with two L:Fe(II) molar ratios tested.
Calculated by absorbance at 258 nm.

Fig. 3. PROP degradation with EDTA and EDDS and two molar ratio L:Fe(II)
(1:1 and 1.5:1) in ultrapure water. [PROP]0= 0.19mM; [Fe(II)]0= 0.18mM;
[H2O2]0= 4.41 mM. Radiation source: LEDs.
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better than EDTA in PROP degradation: 99.6% for EDDS and 47.3% for
EDTA after 60min (molar ratio L-Fe(II) 1:1). The best molar ratio L-Fe
(II) is 1:1, implying that less amount of chelating agent has to be used,
which represents a decrease in effluent’s TOC and in the cost associated
at chelating agent. Moreover, PROP and chelates compete for hydroxyl
radicals and this fact explains the efficiency decrease when L-Fe(II)
ratio increases.

Other properties to take into account to select the best chelate are
biodegradability and toxicity. Fig. 4 shows that the biodegradability
increase is higher for EDDS than EDTA. The results agree with the re-
search works of different authors who investigated the replacement of
EDTA to EDDS [29,31]. Thus, EDDS is a more appropriate chelating
agent than EDTA, because it is environmentally friendly, easily biode-
gradable and stable at neutral pH [38]. Finally, regarding to ha-
zardousness, toxicity (Vibrio fisheri) was assessed for both EDTA and
EDDS (molar ratio L-Fe(II) 1:1). The results were expressed with 1/
EC50, being EC50 the value of sample dilution that kills 50% of biolu-
minescent bacteria population. The values obtained were 0.008 and
0.016 for EDDS and EDTA, respectively, indicating that EDTA is about 2
times more toxic than EDDS.

3.2.2. Efficiency of EDDS-Fe(II) in different water matrices with LEDs
The efficiency of EDDS-Fe(II) complex was compared in the PROP

degradation by photo-Fenton in the different water matrices previously
used (see Fig. 5). The initial pH was the corresponding to each waste-
water, around 7.5–8.0 (Table 1), and remained stable during the ex-
periment.

Regarding the percentages of PROP eliminated (60min), they were
99.6, 62.7, 61.0, 47.0 and 14.3% for Milli-Q, MBR, CAS-NE, CAS and
IFAS, respectively. As commented before, the PROP removal decreases
when the TOC of WW increases. Thus, IFAS, with the highest TOC (see
Table 1), shows the lowest degradation with only a 10% after 1 h of
experiment. This behavior points out the competition of the organic
matter present in WW for the hydroxyl radicals and light.

During the reaction, an important parameter to follow is the total
dissolved iron, because hydroxyl radicals attack PROP and organic
matter of wastewaters but also the EDDS-Fe(II) complex. Fig. 6 shows
the total iron dissolved remaining in solution for each wastewater
during the experiment.

As it can be observed in the Fig. 6, the iron remaining at the end of
the treatment was lower when wastewaters were used. The values of
total iron in solution at 60min were between 10 and 25% of the total
initial iron in solution in different wastewaters. However, when Milli-Q

water was tested around 70% of total initial dissolved iron remained at
the end of the experiment. The stability of the complexes can be af-
fected by many parameters. In this sense, in Milli-Q water only target
compound, their respective intermediates and chelating agent are pre-
sent in the solution. Nevertheless, wastewater matrices are a complex
system with different types of organic matter and other dissolved spe-
cies. All this decreases the stability of the complexes making them more
vulnerable to hydroxyl radicals.

In the same way that total dissolved iron was analyzed, the con-
centrations of H2O2 for different wastewaters were monitored during
the reaction. In Supplementary material can be found a figure (Fig. S2)
with hydrogen peroxide curves for each wastewater in conventional
photo-Fenton and photo-Fenton catalyzed by EDDS-Fe(II) with LEDs.

The PROP removal at conventional photo-Fenton and photo-Fenton
catalyzed by EDDS-Fe(II) is reported in Fig. 7 in order to establish
comparisons between the two systems.

In Fig. 7 it is observed that, for all tested water matrices, there is a
common trend, with lower TOC and DOC, higher conversion. There-
fore, Milli-Q gives the best results and IFAS the worst ones. This hap-
pens for both conventional photo-Fenton and photo-Fenton at cir-
cumneutral pH.

For a better comparison, different fittings were done and results are

Fig. 4. Percentage of BOD increase after treatment of EDTA and EDDS with 1:1
and 1.5:1 L-Fe(II) molar ratios. [PROP]0=0.19 mM; [Fe(II)]0= 0.18mM;
[H2O2]0= 4.41mM.

Fig. 5. PROP degradation in different matrices by photo-Fenton, with LEDs, at
circumneutral pH. EDDS:Fe(II) (1:1); [PROP]0= 0.19mM; [Fe
(II)]0= 0.18mM; [H2O2]0= 4.41mM.

Fig. 6. Total dissolved iron during the reaction of photo-Fenton catalyzed by
EDDS-Fe(II) for each wastewater. EDDS:Fe(II) (1:1); [PROP]0= 0.19mM; [Fe
(II)]0= 0.18mM; [H2O2]0= 4.41mM.
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Fig. 7. Degradation of PROP by conventional photo-Fenton (CPF) and photo-Fenton, with LEDs, catalyzed by EDDS-Fe(II) in different wastewaters. EDDS:Fe(II) (1:1);
[PROP]0= 0.19mM; [Fe(II)]0= 0.18mM; [H2O2]0= 4.41mM.

Table 2
Values of kinetic constants for conventional photo-Fenton and photo-Fenton catalyzed by EDDS (k1, k2, k3 fitting to pseudo first order kinetics, k4 to zero order
kinetic).

Kinetic constants k1 (min−1) k2 (min−1) R2 k2 k3 (min−1) R2 k3 k4 (ppm/min)

MILLI-Q-CPF 1.354 0.135 ± 0.040 0.92 0.136 ± 0.030 0.92 0.022
MBR-CPF 0.621 0.006 ± 0.001 0.96 0.0085 ± 0.006 0.60 0.010
CAS-NE-CPF 0.525 0.007 ± 0.001 0.92 0.0093 ± 0.005 0.68 0.010
CAS-CPF 0.477 0.005 ± 0.001 0.98 0.0065 ± 0.004 0.68 0.008
IFAS-CPF 0.073 0.006 ± 0.002 0.87 0.0064 ± 0.002 0.82 0.006
MILLI-Q EDDS 0.129 0.058 ± 0.002 0.99 0.0220 ± 0.002 0.99 0.021
MBR-EDDS 0.038 0.021 ± 0.004 0.96 0.0219 ± 0.004 0.96 0.014
CAS-NE-EDDS 0.129 0.021 ± 0.005 0.93 0.0220 ± 0.005 0.93 0.014
CAS-EDDS 0.120 0.013 ± 0.003 0.92 0.0135 ± 0.003 0.91 0.010
IFAS-EDDS 0.025 0.003 ± 0.001 0.83 0.0031 ± 0.001 0.84 0.003
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shown in Table 2. The used data are these ones of the experiments
presented in Fig. 7.

The kinetic constant k1 corresponds to the initial reaction rate and
has been calculated for the initial 30 s of the experiment. k2 and k3 were
calculated assuming pseudo-first order kinetics, according to Eq. (3).
For the fitting of k2 only the concentration-time data from 30 s to the
end of the experiment have been used. While, for k3 fitting, the con-
centration-time data from time zero to the end of the experiment have
been considered. In both cases, 45 min has been taken as the final time,
because at this time the 100% of PROP degradation is achieved in Milli-
Q water and conventional photo-Fenton.

⎜ ⎟
⎛
⎝

⎞
⎠

= ∙
C
C

k tln f

0 (3)

On the other hand, k4 indicates an average rate of PROP removal
(would be equivalent to assume zero-order kinetics) and it has been
estimated according to Eq. (4).

=
−

k
C C

t
f

4
0

(4)

where c0 is the initial PROP concentration (ppm), cf is the final PROP
concentration (ppm) and t is the time (min).

It should be noted that the kinetic constants that appear in Table 2
will be used qualitatively trying to explain the shape of the graphs in
Fig. 7. Their absolute values do not matter as much as the comparison
between them. Likewise, all these constants have been indicated to
show the importance of choosing well the type of fitting and the in-
tervals used.

From Fig. 7, it can be seen that, in conventional photo-Fenton and
WW matrices, the concentration of PROP decreases quickly at the be-
ginning of the experiment, during the first 30 s, and then decreases very
slowly. From there it could be deduced that, in the initial 30 s, dark-
Fenton controls the reaction rate. In addition it can be said that k1
decreases when TOC of WW increases. After this period, since the Fe2+

has already passed practically everything to Fe3+, photo-Fenton would
be the controlling mechanism and the reaction rate becomes much
slower. In fact, it is also observed in Table 2 that k1 is much higher than
k2 (in the case of MBR, CAS-NE and CAS is almost 100 times higher). In
the case of IFAS, it is only 10 times higher for different reasons that will
be discussed later.

In circumneutral photo-Fenton, one could say that the behavior is
similar to a certain extent. In this case, the initial drop in the con-
centration of PROP is lower because Fe2+ is chelated. In fact, the k1
values in Table 2, for the same water matrix, are lower for cir-
cumneutral photo-Fenton. However, it is also observed that at the end
of the experiment the curves flatten because the iron has already largely
precipitated (see Fig. 6) and the photo-Fenton slows down a lot.

In any case, the composition of WW is very important because the
experiments done with IFAS present a behavior something different
than the experiments carried out with the other WW as a matrix. In
IFAS it is even more pronounced that dark Fenton, at circumneutral pH,
has less weight. In such a way that it lowers very little and then flattens
out and therefore does not get to cross with the photo-Fenton at normal
pH. In fact, in experiments done with another sample of IFAS, similar
behavior was observed but the initial drop was a little more pro-
nounced. In that experiment, which lasted up to 180min, the great

slowdown after the initial drop was also observed, when there is a
chelating agent. In fact, it was observed that between 30 and 180min,
the concentration of PROP was only reduced by 10% (more information
can be found in Fig. S3 in Supplementary information). The behavior
seems geometrically similar to Milli-Q but it is the opposite. In Milli-Q,
the curves (Fig. 7) corresponding to conventional photo-Fenton and
photo-Fenton at circumneutral pH do not cross each other because in
normal photo-Fenton the dark Fenton is very important and the con-
centration drops a lot. In fact, for conventional photo-Fenton, the value
of k1 with Milli-Q was 1.35min−1, this is the highest value for different
matrices and approximately 10 times higher than the value for cir-
cumneutral pH. The value of k2 was also the highest. Thus, the reaction
rate was very high and the possibility of circumneutral photo-Fenton
process to achieve better kinetics was low.

Concerning to the kinetic constants presented in Table 2, another
observation can be made. k2 obtained at circumneutral pH is higher
than this one at conventional photo-Fenton for MBR, CAS-NE and CAS,
but the contrary occurs with IFAS. Probably, this fact was due to the
presence of different organic matter constituents which were not pre-
sent in MBR sample, even though both came from the same WWTP.
Table 3 presents the EfOM composition corresponding to MBR and IFAS
samples, analysed by SEC-OCD methodology. In Table 3, it can also be
observed EfOM composition corresponding to CAS, which present high
organic content (like IFAS) but gives better performance in both photo-
Fenton at neutral pH and conventional photo-Fenton. As it can be ob-
served, in all compounds, IFAS presents higher concentrations than
MBR and CAS.

IFAS has an approximately 70 times higher concentration of bio-
polymers than MBR, and almost 2 times more of humic substances.
Biopolymers and humic substances can chelate the iron present in so-
lution. Thus, probably the explanation of the different trend in IFAS
than other WW in circumneutral photo-Fenton could be that iron in
solution was also chelated by biopolymers or humic substances. This
fact could make the efficiency of the process decrease. In addition, IFAS
has an approximately 2 times higher concentration of biopolymers than
CAS, and 1.3 times more of humic substances. Compared to MBR, the
highest difference is in biopolymers since the concentration of humic
substances is similar. MBR and CAS showed better results for PROP
removal in photo-Fenton catalyzed by EDDS-Fe(II). However, IFAS
achieved better PROP degradation in conventional photo-Fenton. Thus,
it could be deduced that probably the highest influence on iron chelates
is due to humic substances and in a lesser extent to biopolymers.

Coming back again to the different kinetic constants used, it can be
seen that, when the matrix is WW and for a given matrix, the values of
k2, k3 and k4 are not very different from each other. However, k3 and k4
show a much worse interpretation of what happens since they do not
distinguish the fast initial decrease in PROP concentration due to dark
Fenton. On the other hand, k3 and k4 allow an easy global approx-
imation to determine the process that allows the highest rate in the
global reduction of the PROP concentration.

To conclude this section the results of biodegradability for photo-
Fenton catalyzed by EDDS-Fe(II) are shown in Fig. 8. These results are
presented as a percentage of BOD increase after the photo-Fenton
treatment.

As it can be observed in Fig. 8, all matrices demonstrated an in-
crease of BOD after the treatment. Moreover, in Supplementary mate-
rial (Table S2) they can be found the initial values of BOD, COD and
biodegradability. Milli-Q water shows the best results (near 70%) and
IFAS the worst ones (approximately 30%). CAS, MBR and CAS-NE gave
close results (approximately 50%).

In Milli-Q water the solution is the most biodegradable due to al-
most all the PROP was removed (99.6%). Thus, the intermediates
formed could be oxidized during the photo-Fenton treatment.
Therefore, the structures of remaining intermediates at 60min probably
were more simples than in the other matrices increasing the BOD. In
addition, as it can be seen in Fig. 6, the iron remaining in solution is

Table 3
EfOM compositions for MBR and IFAS wastewater samples.

Compounds [µgC·L−1] MBR IFAS CAS

Biopolymers 51 3392 1611
Humic substances 3319 5217 3916
Building Blocks 1139 1622 1701
Neutrals 1667 3205 3318
Acids 350 789 1140
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higher in Milli-Q than other matrices. Thus, there is more chelating
agent (EDDS) in solution and, as EDDS is considered biodegradable, this
could also increase the biodegradability. Regarding CAS and CAS-NE
the results were very close. On the other hand, MBR showed similar
results than CAS-NE because both present a similar PROP degradation
(62.7% for MBR and 61.0% for CAS-NE). The two wastewaters present
values of TOC very close too. So that, the organic matter to oxidize in
the BOD analysis is probably the same in the two WW. Finally, IFAS
presented a lower percentage of increase of biodegradability, because
only a 14.3% of PROP removal was achieved. In addition, IFAS is an
effluent of secondary treatment and its content on biodegradable or-
ganic matter is lower.

The increase in biodegradability suggests that the oxidation inter-
mediates are becoming simpler structures. In this work the main oxi-
dation intermediates of propranolol were not analyzed. However, some
articles in the literature and previous works in our laboratory detected
the main intermediates of propranolol and its pathways [11,58–62].
Moreover, in Table S3 in supplementary material the structures of main
oxidation intermediates of propranolol detected in our previous works
can be found [61,62].

4. Conclusions

In this study, the degradation of PROP by conventional photo-
Fenton with BLB and UV-A LED radiation was compared. The results
indicated that, using ultrapure water, the differences were not sig-
nificant. However, with WW matrices the differences increase mainly
due to the presence of different organic matter which absorbs part of
radiation and also competes with PROP for hydroxyl radicals. Turbidity
also influences on the radiation transfer through the photoreactor. In
addition, PROP removal decreases when TOC of WW increases. Thus,
ultrapure water achieved the best PROP degradation while IFAS pre-
sented the worst PROP removal.

Two molar ratios L-Fe (1:1 and 1.5:1) and two chelating agents
(EDDS and EDTA) were tested. EDDS as a chelating agent with 1:1 L-Fe
molar ratio gave the best results in PROP degradation, biodegradability
and toxicity.

Concerning the efficiency in PROP degradation, experiments of
photo-Fenton at circumneutral pH showed the same trend than ex-
periments of conventional photo-Fenton for the different matrices.
Comparing photo-Fenton at acid PH and circumneutral pH, IFAS and
ultrapure water achieved higher PROP removals with conventional
photo-Fenton but MBR, CAS and CAS-NE showed the highest PROP
degradations for photo-Fenton catalyzed by EDDS-Fe(II). In the case of

IFAS the presence of biopolymers and more humic substances, which
can chelate with iron, probably affected the PROP degradation and
changing the trend of degradation than other WWs.

Dark Fenton is very important during the initial time (30 s) of the
experiments. For instance, with Milli-Q water, 50% of PROP is de-
graded in 30 s. for the other WW matrices, the trend is similar. After the
initial 30 s, photo-Fenton controls the process and reaction rate slows
down. In the case of photo-Fenton at circumneutral pH, the effect of
dark Fenton during the initial 30 s is not so important due to the che-
lation of Fe2+.
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Biological Oxygen Demand: Brief explanation of the process.  

The biodegradability was evaluated according to the 5210-standard method. This method 

consists on filling with seeded and nourished sample an airtight bottle of specified size, 

which is incubated it at the specified temperature for 5 days.  

The measurement was done by OxyTop whose mechanism is based on variation the 

pressure in a closed system. The microorganisms that are in the sample consume oxygen 

and generate CO2 because of their metabolic activity. This CO2 is absorbed with NaOH 

and then a pressure decrease is produced, which is related to oxygen concentration and 

BOD. 

 

The calculations of biodegradability were performed following equations S1 and S2. 

Equation S1 was calculate at initial and at the end of the experiment. Where “f” is at the 

end of the experiment and “i” is the biodegradability at initial time.  

 

𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐷𝐵𝑂

𝐶𝑂𝐷
                                                                                             (S1) 

% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑏𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑓 −𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑖

𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑓
) 𝑥 100               (S2) 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure S1. Reactor illumination with two radiation sources. A) UV-A LED 8W; B) BLB 8W. 
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Figure S2. Hydrogen peroxide monitoring for different WW in conventional photo-Fenton (CPF) and photo-Fenton 

catalyzed by EDDS-Fe(II) using LEDs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Degradation of PROP by conventional photo-Fenton (CPF) and photo-Fenton catalyzed with EDDS with 

another sample of IFAS. 
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Table S1. Description of dissolved effluent organic matter (EfOM) fractions. 

EfOM fractions Description 

Biopolymers Amino acids and proteins 

Humic substances Humic/fluvic acids and hydrophobic humics 

Building Blocks Intermediates of humic substances 

Low molecular weight neutrals Non-acidic intermediates (alcohols, ketones..) 

Low molecular weight acids Intermediates of organics 

 

 

 

Table S2. Initial values of BOD, COD and biodegradability for different wastewaters and Milli-Q. 

Matrix 
BOD 

(mg O2 ·L-1) 

COD 

(mg O2 ·L-1) 
Biodegradability 

Milli-Q 6.4 105.0 0.061 

MBR 10.6 100.2 0.106 

CAS-NE 16.5 100.0 0.165 

CAS 16.0 125.3 0.128 

IFAS 13.6 127 0.107 
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Table S3. Main oxidation intermediates of propranolol identified by N. de la Cruz [61]. 

Compound  
m/z 

(+) 
Molecular formula Structure 

Propranolol 260 C16H21NO2 

 

PROPI 116 C6H13NO 

 

PROPII 134 C6H15NO2 

 

PROPIII 266 C14H19NO4 

 

PROPIV 292 C16H21NO4 

 

PROPV 308 C16H21NO5 

 

 

[61] N. De la Cruz, Estudio de la eliminación de contaminantes emergentes en aguas mediante 

procesos de oxidación avanzados, Doctoral Thesis, University of Barcelona, 2013.  
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4.3 Assessment of organic fertilizers as an iron source in photo-Fenton at 

circumneutral pH for wastewater treatment and its potential 

application in agriculture 

A summary of the experiments displayed in Part III-VI are detailed in Table 17. It was 

decided to collect all data in a single table due to the experiments of this subsection are 

related to the use of organic fertilizers as an iron source in photo-Fenton.  

Table 17. Summary of the experiments presented in Part III-VI.  

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part III 

DTPA-Fe as an iron source to treat different WW 

C1 

[PROP] = 

0.5 mg L-1 

Total 

coliforms 

= 1.7x102 

CFU mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

DTPA:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm 

tubular 

photoreactor 

MBR Natural 

94% removal at 

120 min. Total 

inactivation of 

Total coliforms 

at 90 min (2-log 

reduction). 

Figure 1, 2, 

4 and 5 

        

C2 

[PROP] = 

0.5 mg L-1 

Total 

coliforms 

= 1.8x102 

CFU mL-1 

 

[Fe2+] =  

10 mg L-1 

Molar ratio 

DTPA:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm 

tubular 

photoreactor 

CAS-NE Natural 

75.4% removal 

at 120 min. 

Total 

inactivation of 

Total coliforms 

at 120 min (2-

log reduction). 

Figure 1 and 

4 

        

C3 

[PROP] = 

0.5 mg L-1 

Total 

coliforms 

= 3.8x102 

CFU mL-1 

E.coli = 

3x101 CFU 

mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

DTPA:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm 

tubular 

photoreactor 

CAS Natural 

62.5% removal 

at 120 min. 2-

log reduction of 

Total coliforms 

and total 

inactivation of 

E.coli at 90 min 

(1.5 log-

reduction) 

Figure 1, 2, 

4 and 5 

        

C4 

[PROP]= 

0.5 mg L-1 

Total 

coliforms 

= 9.8x103 

CFU mL-1 

E.coli = 

9x102 CFU 

mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

DTPA:Fe = 

1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm 

tubular 

photoreactor 

IFAS Natural 

63.2% removal 

at 120 min. 2-

log reduction 

for Total 

coliforms and 

E.coli at 120 

min. 

Figure 1 and 

4 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part III 

EDDS-Fe and EDTA-Fe as an iron source to treat MBR and CAS effluents 

C5 

[PROP] = 

0.5 mg L-1 

Total 

coliforms = 

1.7x102 

CFU mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe 

= 2:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm tubular 

photoreactor 

MBR Natural 

91.3% removal 

at 120 min. 

Total 

inactivation of 

Total coliforms 

at 90 min (2-

log reduction). 

Figure 2 

and 5 

        

C6 

[PROP] = 

0.5 mg L-1 

Total 

coliforms = 

3.8x102 

CFU mL-1 

E.coli = 

3x101 CFU 

mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDDS:Fe 

= 2:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm tubular 

photoreactor 

CAS Natural 

51.9% removal 

at 120 min. 1 

log-reduction 

of Total 

coliforms and 

E.coli at 120 

min. 

Figure 2 

and 5 

        

C7 

[PROP] = 

0.5 mg L-1 

Total 

coliforms = 

1.7x102 

CFU mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDTA:Fe 

= 1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm tubular 

photoreactor 

MBR Natural 

Total removal 

at 120 min. 

Total 

inactivation of 

Total coliforms 

at 90 min (2-

log reduction). 

Figure 2 

and 5 

        

C8 

[PROP] = 

0.5 mg L-1 

Total 

coliforms = 

3.8x102 

CFU mL-1 

E.col i= 

3x101 CFU 

mL-1 

[Fe2+] =  

10 mg L-1 

Molar ratio 

EDTA:Fe 

= 1:1 

[H2O2] = 

150 mg L-1 

8 LEDs 365-

370 nm tubular 

photoreactor 

CAS Natural 

68.7% removal 

at 120 min. 1.5 

log-reduction 

of Total 

coliforms and 

total 

inactivation of 

E.coli at 120 

min (1.5-log 

reduction). 

Figure 2 

and 5 

Part IV 

Five organic fertilizers assessment  

D1 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

89.0%, 67.6% 

and 31.0% for 

PROP, SMX 

and ACMP, 

respectively, at 

180 min. 

Figure 2, 5, 

6 and 9 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part IV 

D2 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

100% for PROP 

and SMX at 90 

and 120 min, 

respectively. 

67.6% for 

ACMP, at 180 

min. 

Figure 2, 4, 

6 and 8 

        

D3 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

HEDTA-

Fe 

(13.0% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

91.1%, 67.8% 

and 31.0% for 

PROP, SMX 

and ACMP, 

respectively, at 

180 min. 

Figure 2 

        

D4 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

EDDHA-

Fe 

(6.0% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

23.3%, 29.3% 

and 15.0% for 

PROP, SMX 

and ACMP, 

respectively, at 

180 min. 

Figure 2 

        

D5 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe 

= 1:1 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

94.8%, 79.9% 

and 38.5% for 

PROP, SMX 

and ACMP, 

respectively, at 

180 min. 

Figure 2, 4, 

5, 8 and 9 

Mixtures of three organic fertilizers at 50%-50% 

D6 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

EDTA 

(50%-

50%) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

100% for PROP 

and SMX at 30 

and 90 min, 

respectively. 

70.0% for 

ACMP, at 180 

min. 

Figure 4 and 

8 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part IV 

D7 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

DTPA 

(50%-50%) 

[H2O2] = 50 

mg L-1 

Simulated 

solar light 
MBR Natural 

95.0%, 77.4% 

and 39.4% for 

PROP, SMX 

and ACMP, 

respectively, 

at 180 min. 

Figure 5 and 

9 

        

D8 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDTA-

DTPA 

(50%-50%) 

[H2O2] = 50 

mg L-1 

Simulated 

solar light 
MBR Natural 

100% for 

PROP and 

SMX at 90 

and 120 min, 

respectively. 

63.7% for 

ACMP at 180 

min. 

Figure 6 

Mixtures of three organic fertilizers at 25%-75% 

D9 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

EDTA 

(25%-75%) 

[H2O2] = 50 

mg L-1 

Simulated 

solar light 
MBR Natural 

100% of 

PROP and 

SMX at 120 

and 180 min, 

respectively. 

51.9% of 

ACMP at 180 

min.  

Figure 8 

        

D10 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

DTPA 

(25%-75%) 

[H2O2] = 50 

mg L-1 

Simulated 

solar light 
MBR Natural 

90.9%, 66.4% 

and 29.3% for 

PROP, SMX 

and ACMP, 

respectively at 

180 min. 

Figure 9 

Part V 

Mixtures of organic fertilizers in CAS effluent 

E1 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

Total 

coliforms = 

103-104 CFU 

mL-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

EDTA 

(50%-50%) 

[H2O2] = 50 

mg L-1 

Simulated 

solar light 
CAS Natural 

85.7%,59.5% 

and 30.6% for 

PROP, SMX 

and ACMP, 

respectively, 

at 180 min. 

2.1 log-

reduction of 

Total 

coliforms at 

180 min. 

Figure 1 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part V 

E2 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

Total 

coliforms = 

103-104 CFU 

mL-1 

[Fe2+] = 5 

mg L-1  

Mix of 

EDDS-

DTPA 

(50%-

50%) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
CAS Natural 

60.4% 34.4% 

and 12.4% for 

PROP, SMX 

and ACMP 

respectively, at 

180 min. 2.1 

log-reduction 

of Total 

coliforms at 

180 min. 

Figure 3 

        

E3 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

Total 

coliforms = 

103-104 CFU 

mL-1 

[Fe2+] = 5 

mg L-1  

Mix of 

EDTA-

DTPA 

(50%-

50%) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
CAS Natural 

86.8% 61.2% 

and 28.3% for 

PROP, SMX 

and ACMP 

respectively, at 

180 min. 1.5 

log-reduction 

of Total 

coliforms at 

180 min. 

Figure 4 

        

E4 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

Total 

coliforms = 

103-104 CFU 

mL-1 

[Fe2+] = 5 

mg L-1  

Molar ratio 

EDDS:Fe 

= 

1:1 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
CAS Natural 

46.8% 30.0% 

and 10.5% for 

PROP, SMX 

and ACMP 

respectively, at 

180 min. 1.8 

log-reduction 

of Total 

coliforms at 

180 min. 

Figure 1, 3 

        

E5 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

Total 

coliforms = 

103-104 CFU 

mL-1 

[Fe2+] = 5 

mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
CAS Natural 

88.8% 72.5% 

and 35.8% for 

PROP, SMX 

and ACMP 

respectively, at 

180 min. 1.3 

log-reduction 

of Total 

coliforms at 

180 min. 

Figure 1 and 

4 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part V 

E6 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

Total 

coliforms = 

103-104 CFU 

mL-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
CAS Natural 

60.5% 38.0% 

and 18.3% for 

PROP, SMX 

and ACMP 

respectively, at 

180 min. 1.5 

log-reduction 

of Total 

coliforms at 

180 min. 

Figure 3 and 

4 

Mixtures of organic fertilizers in MBR effluent 

E7 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

EDTA 

(50%-

50%) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

100% for 

PROP and 

SMX at 30 and 

90 min, 

respectively. 

70.0% for 

ACMP, at 180 

min. 

Figure 1 

        

E8 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDDS-

DTPA 

(50%-

50%) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

95.0%, 77.4% 

and 39.4% for 

PROP, SMX 

and ACMP, 

respectively, at 

180 min. 

Figure 3 

        

E9 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Mix of 

EDTA-

DTPA 

(50%-

50%) 

[H2O2] =50 

mg L-1 

Simulated 

solar light 
MBR Natural 

100% for 

PROP and 

SMX at 90 and 

120 min, 

respectively. 

63.7% for 

ACMP at 180 

min. 

Figure 4 

        

E10 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

89.0%, 67.6% 

and 31.0% for 

PROP, SMX 

 and ACMP, 

respectively,  

at 180 min. 

Figure 3 and 

4 

 

 

 



Results and discussion 

 

103 

 

Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part V 

E11 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe 

= 

1:1 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

94.8%, 79.9% 

and 38.5% for 

PROP, SMX 

and ACMP, 

respectively,  

at 180 min. 

Figure 1, 3 

        

E12 

[PROP] = 

0.25 mg L-1 

[ACMP] = 

0.25 mg L-1 

[SMX] = 

0.25 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 
MBR Natural 

100% for 

PROP and 

SMX at 90 and 

120 min, 

respectively. 

67.6% for 

ACMP, at 180 

min. 

Figure 1 and 

4 

Part VI 

Photo-Fenton using organic fertilizers in ultrapure water 

F1 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 

Ultrapure 

water 
7.5 

91.0% removal 

at 120 min. 
Figure 2 

        

F2 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 

Ultrapure 

water 
7.5 

Total removal 

at 120 min. 
Figure 2 

        

F3 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

HEDTA-

Fe (13% of 

iron) 

[H2O2] = 

50 mg L-1  

Simulated 

solar light 

Ultrapure 

water 
7.5 

90.2% removal 

at 120 min. 
Figure 2 

        

F4 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDDHA-

Fe (6% of 

iron) 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 

Ultrapure 

water 
7.5 

17.8% removal 

at 120 min. 
Figure 2 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part VI 

F5 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

50 mg L-1 

Simulated 

solar light 

Ultrapure 

water 
7.5 

93.3% removal 

at 120 min. 
Figure 2 

Fenton process 

F6 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

[H2O2] = 

50 mg L-1 

No 
Ultrapure 

water 
7.5 

66.9% removal 

at 120 min 
Figure 3 

        

F7 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] = 

50 mg L-1 

No 
Ultrapure 

water 
7.5 

56.8% removal 

at 120 min 
Figure 3 

        

F8 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

HEDTA-Fe 

(13% of 

iron) 

[H2O2] = 

50 mg L-1 

No 
Ultrapure 

water 
7.5 

60.6% removal 

at 120 min 
Figure 3 

        

F9 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

50 mg L-1 

No 
Ultrapure 

water 
7.5 

47.5% removal 

at 120 min 
Figure 3 

Irradiated experiments without H2O2 

F10 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

No H2O2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

30.0% removal 

at 120 min 
Figure 4 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part VI 

F11 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

No H2O2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

6.0% removal at 

120 min 
Figure 4 

        

F12 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

HEDTA-Fe 

(13% of 

iron) 

No H2O2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

6.0% removal at 

120 min 
Figure 4 

        

F13 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDDHA-

Fe (6% of 

iron) 

No H2O2 

Simulated 

solar light 

Ultrapure 

water 
7.5 No degradation Figure 4 

        

F14 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe = 

1:1 

No H2O2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

43.5% removal 

at 120 min 
Figure 4 

Photo-Fenton experiments with tBuOH 

F15 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

[H2O2] = 

50 mg L-1  

[tBuOH] = 

25 mM 

 

Simulated 

solar light 

Ultrapure 

water 
7.5 

5% removal at 

120 min 
Figure 5 

F16 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] = 

50 mg L-1 

[tBuOH] = 

25 mM 

Simulated 

solar light 

Ultrapure 

water 
7.5 

5% removal at 

120 min 
Figure 5 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part VI 

F17 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

HEDTA-Fe 

(13% of 

iron) 

[H2O2] = 

50 mg L-1 

[tBuOH] = 

25 mM 

Simulated 

solar light 

Ultrapure 

water 
7.5 

5% removal at 

120 min 
Figure 5 

        

F18 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2]= 

50 mg L-1 

[tBuOH] = 

25 mM 

Simulated 

solar light 

Ultrapure 

water 
7.5 

9.2% removal at 

120 min 
Figure 5 

Photo-Fenton experiments without chelating agent and dosing Fe2+ 

F19 [SMX] = 

1 mg L-1 

[Fe2+] 

added =  

2.2 mg L-1  

[H2O2] = 

50 mg L-1 

Simulated 

solar light 

Ultrapure 

water 
7.5 

16.6% removal 

at 120 min 
Figure 6 

        

F20 [SMX] = 

1 mg L-1 

[Fe2+] 

added =  

0.4 mg L-1  

[H2O2] = 

50 mg L-1 

Simulated 

solar light 

Ultrapure 

water 
7.5 

13.7% removal 

at 120 min 
Figure 6 

Photo-Fenton experiments without O2 

F21 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(6% of 

iron) 

[H2O2] = 

50 mg L-1 

Bubbling 

N2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

69.2% removal 

at 120 min 
Figure 7 

        

F22 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

EDTA-Fe 

(13.3% of 

iron) 

[H2O2] =5 

0 mg L-1 

Bubbling 

N2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

88.8% removal 

at 120 min 
Figure 7 
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Table 17. (continued) 

Test Target [Reagents] Irradiation  Matrix pH Performance 
Figure in 

publication 

Part VI 

F23 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

HEDTA-Fe 

(13% of 

iron) 

[H2O2] = 

50 mg L-1 

Bubbling 

N2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

64.0% removal 

at 120 min 
Figure 7 

        

F24 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe = 

1:1 

[H2O2] = 

50 mg L-1 

Bubbling 

N2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

79.8% removal 

at 120 min 
Figure 7 

Irradiated experiments without O2 or H2O2 

F25 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

DTPA-Fe 

(7% of 

iron) 

No H2O2 

Bubbling 

N2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

11.0% removal 

at 120 min 
Figure 7 

        

F26 [SMX] = 

1 mg L-1 

[Fe2+] =  

5 mg L-1  

Molar ratio 

EDDS:Fe = 

1:1 

No H2O2 

Bubbling 

N2 

Simulated 

solar light 

Ultrapure 

water 
7.5 

7.8% removal at 

120 min 
Figure 4 

 

4.3.1 Micropollutant abatement and bacterial inactivation using DTPA-Fe  

In a water scarcity scenario, the reused wastewater could be an important source of irrigation, 

considering that freshwater demand for agriculture is about 70% of the total one. In this 

sense, the efficiency of an organic fertilizer DTPA was investigated as a complexing agent 

of iron for photo-Fenton process at circumneutral pH. This iron chelate had not investigated 

in the literature in this field. The results obtained from this work were compared with EDDS 



Chapter 4 

 

108 

 

and EDTA, which are the most investigated chelating agents. These experiments were 

gathered in Part III and they were carried out in a tubular photoreactor with 8 LEDs (365 

nm, irradiance: 2.7·10-7 Einstein s-1). Reagent’s concentrations were 10 mg L-1 and 150 mg 

L-1 of iron and H2O2.  

The results suggested that DTPA was effective on MP abatement and bacterial inactivation 

at natural pH in different secondary effluents. Higher performance was obtained in MBR 

matrix with 94% of PROP’ removal after 2 hours of treatment. Nevertheless, conversions of 

75.4, 63.2 and 62.5% were reached in CAS-NE, IFAS and CAS matrices, respectively (C1-

C4). As explained in section 4.2.1, the presence of turbidity and organic matter in the matrix 

affects negatively in the process efficiency.  

The comparison of DTPA with EDDS and EDTA was carried out in MBR and CAS (C1, 

C3, C5-C8). In that case, the ligand:Fe(II) molar ratios used were 1:1 for EDTA and DTPA 

and 2:1 for EDDS. These ratios were selected to ensure the total chelation of iron. As 

observed in the results, the highest reaction rate was achieved by EDTA in MBR, presenting 

total PROP removal in only 15 min. For the same time, EDDS also showed fast PROP 

removal. However, then the degradation was flattened and not reaching the total conversion 

(94.0% at 2 hours). DTPA had slowest kinetic rate but reached similar PROP degradation 

(91.3%) than EDDS at the end of the treatment. The differences between these chelating 

agents were regarding their stability constant with iron. The stability constants (kstab) of each 

chelating agent with iron are specific for the iron species (kstab DTPA-Fe(III) = 28.60, kstab 

EDTA-Fe(III) = 25.10, kstab EDDS-Fe(III) = 22.0, kstab DTPA-Fe(II) = 16.55, kstab EDTA-

Fe(II) = 14.33). There were not available data about kstab for EDDS-Fe(II). As observed 

DTPA presents the highest constant so the availability of iron to react with H2O2 is lower, 

decreasing the efficiency of the process. Total iron in solution is a key parameter to consider 

in experiments at circumneutral pH. As EDDS presents lowest stability constant with iron, 

the precipitation of this one was almost 100% at the end of the treatment. Additionally, at 30 

minutes, the iron release was about 75%, reason why the efficiency decreased a lot in PROP 

removal. For EDTA, the iron precipitation was about 70% at 2 hours. However, this fact not 

affected to degradation efficiency since total PROP was removed at 15 min. When DTPA 

was used, only 10% of iron precipitated during the experiment. This fact is beneficial for 

wastewater reuse in agriculture since plants can absorbs chelated iron but not iron 

hydroxides. In CAS effluent the differences between three chelating agents were lower. The 
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presence of higher organic matter, turbidity and alkalinity, influenced on PROP removal’s 

efficiency. At the end of the experiment, 68.7, 62.5 and 51.9% of PROP degradation was 

reached by EDTA, DTPA and EDDS. This fact was related to the precipitation of iron, which 

influence was more noticeable due to the decrease in kinetic rates.  

The efficiency of three organic fertilizers was also tested on bacterial inactivation (E. coli 

and total coliforms). Using DTPA as a chelating agent, total reduction of total coliforms was 

achieved in 90 and 120 min in MBR and CAS-NE (2-log reduction), respectively. In CAS 

and IFAS effluents, also 2-log inactivation was reached at 120 min. However, no total 

inactivation was achieved due to the higher number of total coliforms at initial time. E. coli 

was total inactivated at 90 min in CAS effluent, while in IFAS 2-log reduction was reached 

at the end of the treatment, observing 7 CFU mL-1 at 120 min. In both cases good reductions 

were observed since in IFAS the amount of E. coli at initial time was about 1.5 log higher 

than CAS.  

Comparing the efficiency on bacterial inactivation of different chelating agents, similar 

trends were observed in E. coli and total coliforms reduction using EDTA and EDDS. 

However, with DTPA, although the differences were not large, best results were reached at 

the end of the treatment. For instance, total inactivation of total coliforms in MBR were 

achieved at 90 min with DPTA and at 120 min with EDDS and EDTA. The results suggested 

that the stability of ligand with iron is also important in bacterial inactivation. The growth-

on-the-plate was also investigated at the end of the treatment for different chelating agents 

and effluents for 48 and 72 hours. Experiments performed with DTPA showed lowest 

bacterial regrowth while using EDDS highest regrowth was observed. This fact could be 

related to the chemical and biochemical properties of the chelating agent. EDDS is the most 

biodegradable, so the microorganisms could degrade this molecule causing better conditions 

to growth. Comparing effluents, in MBR was observed lower regrowth than CAS with three 

chelating agents.  

Finally, BOD5, phytotoxicity and acute toxicity (Vibrio fishery) were also investigated to 

determine the suitability of treated effluents to be reused in agriculture. For all treatments, 

no phytotoxicity nor toxicity at the end of the treatment were observed. Regarding BOD5, 

EDDS was the chelating agent with highest value at the end of the treatment with about 33 

and 42 mg O2 L
-1 for MBR and CAS. While EDTA and DTPA presented close values and 

always lower than 15 mg O2 L
-1.  
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Comparing the results at the end of the treatments for all conditions with the parameters 

included in Proposal of minimum requirements for agricultural reuse, different levels of 

reuse can be established. For DTPA the final effluents accomplished the requirements of 

category A and B for CAS and MBR, respectively. For EDTA, both effluents were included 

in category C. Thus, for DTPA and EDTA, the effluents satisfied the quality requirements 

for agricultural reuse. However, for EDDS, as the BOD5 was very high, the final effluent 

was not suitable for water reuse in agriculture.  

4.3.2 Potential improvement on photo-Fenton at circumneutral pH  

From the results included in Part III, it was observed that high stability constant of chelating 

agent with iron caused low kinetic constants on MPs removal but presented high iron in 

solution at the end of the treatment. This fact is important in the field of water reuse in 

agriculture. However, chelating agents presenting low stability constant gave highest kinetic 

rates on MPs abatement at initial times but then the efficiency of the process decreased due 

to the high iron precipitation. On that purpose, the efficiency of organic fertilizers mixtures 

was investigated, considering the ability of keeping iron in solution and available for 

catalytic reactions generating HO•. To select the appropriate mixtures of chelating agents, 

two new organic fertilizers (HEDTA and EDDHA) were studied besides to chelating agents 

already investigated. This investigation was carried out using solar simulated irradiation 

(290-400 nm, irradiance: 6.6·10-7 Einstein s-1), looking for a more efficient and eco-friendlier 

photo-Fenton process. The experiments were conducted in two real effluents (MBR and 

CAS) and the target MPs selected were: ACMP, SMX and PROP. In CAS matrix, E. coli 

inactivation was also investigated. The concentration of reagents was 5 mg L-1 and 50 mg L-

1 of iron and H2O2, respectively.  

Concerning the differences in MPs, the efficiency on PROP removal was the best followed 

by SMX, while ACMP presented the lowest degradations (D1-D5). The trend was the same 

in five different chelating agents. This fact was in accordance to the kinetic rates of each 

compound with hydroxyl radicals (kPROP,HO = 1.0·1010 M-1 s-1, kSMX,HO = 5.5·109 M-1 s-1, 

kACMP,HO = 2.1·109 M-1 s-1). At the end of the treatment, more than 90% of PROP removal 

was reached for different chelating agents except EDDHA. While the best abatement of 

ACMP was achieved by EDTA with a final degradation about 70%.  

Concerning chelating agents (D1-D5), EDTA showed the highest kinetic rates for three MPs 

during the treatment. However, at initial times (until 30 min), experiments with EDDS gave 
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the best MPs abatement. After this time, the degradation curves were flattened, not reaching 

the complete removal of MPs. With DTPA and HEDTA, close results were observed during 

the treatment. Finally, with experiments carried out with EDDHA, poor MPs degradations 

were observed.  

In this type of experiments, the precipitation of iron is a key parameter in the process 

efficiency, which is linked to the stability constant of ligand and iron. For instance, EDDHA 

has a highest stability constant and only 10% of iron was released during the experiment. 

However, EDDS presents the lowest stability, and the iron precipitation was about 90% at 

the end of the treatment. This fact was beneficial at initial times since the availability of 

H2O2 and light to interact with iron was greater, increasing the hydroxyl radical’s generation. 

However, no total degradation of MPs was achieved due to the higher iron precipitation. 

Approximately, percentages of 50%, 30% and 20% of iron release were observed for EDTA, 

HEDTA and DTPA, respectively.  

From these results, three organic fertilizers combinations were tested (D6-D8): mixtures 

EDDS+EDTA, EDDS+DTPA and EDTA+DTPA with 50% of each chelating agent. An 

improvement of the photo-Fenton efficiency was observed. The combination of 

EDDS+EDTA reached the best results comparing to the experiments with 100% of EDDS 

or 100% of EDTA. For instance, with the mixture, total removal of PROP was achieved at 

30 min, while with EDTA (which presented the best removal), total degradation was at 90 

min. Additionally, with the EDDS+EDTA, the total iron in solution at the end of the 

treatment was 5.5 times higher than EDDS. Different results were obtained with the mixture 

EDDS+DTPA, and the MPs degradation at the end of the treatment was the same than 

EDDS. However, the iron in solution was higher than experiments with 100% EDDS due to 

the influence of DTPA. Finally, with EDTA+DTPA the degradation curves for three MPs 

were identical to tests with 100% EDTA and the iron remaining in solution at the end of the 

treatment like DTPA. These results are advantageous for water reuse in agriculture since 

good MPs removals were reached and an appropriate amount of iron was kept in solution at 

the end of the treatment. These combinations were also tested in CAS effluent (E1-E6) which 

presents higher turbidity, organic matter and alkalinity than MBR. This comparison was 

carried out to study the role of the matrix in iron precipitation. It was observed that the iron 

release was higher in CAS effluent than in MBR for all experiments. This behavior could be 

related to the highest complexity of the CAS. The different compounds contained in 

wastewaters, such as ions, can be involved in the breakdown of the iron complex since they 
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could build new complexes with the complexing agent if the stability constant is higher than 

the iron. This fact is one of the reasons why MPs removal is lower in CAS than in MBR, 

since the catalytic activity to generate hydroxyl radicals decreased. Moreover, the higher 

organic matter, which could compete with MPs for hydroxyl radicals, was another reason of 

these low efficiencies.  

EDDS was the chelating agent more affected since is the ligand with lower stability with 

iron. For instance, only about 40% of PROP removal was achieved at the end of the treatment 

(180 min) in CAS while in MBR about 90% was reached in 30 min. Using EDTA, which 

presents greater stability with iron, the differences between two effluents were lower. Total 

PROP removal was observed at 90 min, in MBR, and 90% at the end of the experiment with 

CAS. Regarding the mixtures, the same trend was followed than MBR. However, in CAS 

effluent, the combinations comprising EDDS were more effective than MBR, since the 

experiments with only EDDS reached lower MPs degradations and higher iron release. 

Comparing the efficiency on MPs degradation of the mixture (EDDS+EDTA) with 

experiments with only EDTA, it was observed only a small improvement. However, the 

application of the mixture to the crops is a more sustainable measure since EDDS presents a 

biodegradable character and EDTA was more recalcitrant, negatively affecting the soils 

when the plants do not absorb all amount of fertilizer. 

Additionally, other proportions of chelating agents in the mixtures were investigated. 

Combinations with 25% of EDDS and 75% of EDTA or DTPA were also tested in MBR 

effluent (D9 and D10). In two combinations, the efficiency on MPs removal was lower than 

50%-50% mixtures. In the case of 25%EDDS+75%DTPA, the MPs removal and iron release 

were similar to experiments with only DTPA (which implied lower efficiencies than only 

EDDS). However, with the mixture of 25%EDDS+75%EDTA, better performances (MPs 

removal and iron release) were achieved than only EDDS, but lower efficiencies compared 

to tests with only EDTA. Thus, in general, the proportion 50%+50% achieved better yields. 

Finally, the inactivation of E. coli, BOD5 and phytotoxicity were evaluated to determine if 

the final treated effluents could be used for agricultural purposes. Values of E. coli and BOD5 

were compared with the maximum values listed in the Regulation of the European 

Parliament and of the Council on minimum requirements for agricultural wastewater reuse. 

The results suggested that all treated MBR effluents accomplish with the minimum 

requirements for their reuse. Nevertheless, in the case of CAS, high reaction time was 
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required to achieve better performances in E. coli inactivation, since the final CFU mL-1 

exceeded the maximum value proposed in the Regulation.  

4.3.3 Potential reactivity of organic fertilizers in the aquatic environment and the 

mainly involved reaction mechanisms 

The additional potential reactions involved in micropollutants degradation when iron 

chelates are used in photo-Fenton process at circumneutral pH were also investigated. In the 

literature, there is evidence of the reactivity of chelating agents with ultraviolet radiation and 

dissolved oxygen, generating reactive oxygen species (ROS). These reactions and the 

photoredox cycle of iron (III) complexes may be important to the environment, contributing 

to the self-depuration of the aquatic compartments by oxidation of some persistent organic 

pollutants.  

EDDS has been the chelating agent more studied in this field. However, each ligand has a 

certain stability constant with iron and each iron complex presents different quantum yields. 

Thus, the additional mechanisms involved, when EDDS is tested, probably are not the same 

than other chelating agents are employed. The results derived from this investigation were 

included in Part VI. SMX was the target compound spiked in ultrapure water. Solar simulator 

was used to carry out the experiments. 

Firstly, Fenton experiments at circumneutral pH were compared with photo-Fenton tests to 

evaluate the contribution of irradiation in the MPs abatement (F1-F9). From these results, it 

was observed the photoredox cycle like in acidic conditions, since the SMX removal in all 

cases was higher in photo-Fenton than Fenton. However, it seems that the irradiation affects 

differently depending on the iron chelate. Chelating agents with high stability constant with 

iron, such as DTPA and HEDTA, gave reaction rates 2.2 and 2.5 times higher in photo-

Fenton than Fenton process. However, the iron chelates with low stability constant, like 

EDDS and EDTA, presented kinetic rates 11.0 and 8.4 times greater. This fact could be 

related to the stability of the iron complex. In photo-Fenton, higher kinetic rates were 

observed at higher iron precipitation. It seems that the lower stability of iron chelate eases 

its reaction with light, favoring the cycle of iron and leading the generation of more hydroxyl 

radicals. Another parameter to consider is the iron in solution. Thus, in photo-Fenton 

experiments the iron release was always higher than Fenton tests. Again, the highest 

differences were observed in EDDS and EDTA. Iron chelates are organic compounds which 
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could be attacked by light and hydroxyl radicals causing the breakdown of the complex and 

posterior decrease in MPs removal efficiency.  

Research studies related on the use of EDDS revealed that the photoreduction of Fe(III) 

complex, induced by light by the ligand-to-metal charge transfer, produces the excitation of 

the iron complex and its subsequent breakage, leading to a reduction of Fe(III) to Fe(II) and 

EDDS radical (EDDS•). This radical tends to reach its stable oxidation state requiring a 

second electron transfer through reaction with dissolved oxygen, generating superoxide 

radical, which can take part in additional reactions as a precursor of hydroxyl radicals. Since 

the breakage of the iron complexes was different in photo-Fenton experiments, the formation 

of ligand radical and additional mechanisms could be different in other iron chelates. In this 

way, irradiation experiments were carried out without H2O2.  

The results suggested that the experiments carried out with EDDS and DTPA achieved 43.5 

and 30.0% of SMX abatement. While tests performed with HEDTA, EDDHA and EDTA 

obtained only 6.0%. Curiously, when DTPA was used, only 6.0% of iron was precipitated 

while in experiments with EDTA a percentage of 30.7% of iron release was observed. 

Additionally, when HEDTA was employed, 15.8% of iron precipitation was observed but 

no higher SMX degradation than DTPA. These results evidenced the differences between 

iron chelates, so the mechanisms cannot be generalized. The formation of H2O2 during these 

reactions was evaluated and the results obtained with DTPA-Fe suggested the generation of 

small amounts of H2O2, with maximum observed concentrations of 0.7 mg L-1. Thus, in the 

experiments without initial H2O2, its generation could produce HO• by photo-Fenton 

reactions, a fact which agreed with the little hydrogen peroxide consumed during the 

experiments. 

Photo-Fenton experiments were also carried out with tBuOH to understand the role of 

superoxide radical, probably formed in the above reaction mechanisms. The results indicated 

that HO• generated directly by photo-Fenton reactions and by the photoexcitation of Fe-

complexes (EDDS-Fe and DTPA-Fe) was the final specie involved in the degradation of 

SMX.  

Experiments with non-chelated iron were also investigated in an attempt of elucidating the 

possible involvement of free iron in solution in the formation of hydroxyl radicals. As 

observed, when organic fertilizers complexed with iron were used, the greater iron release 

was followed by higher reaction rate in SMX. This fact can lead to confusion in the 
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degradation mechanisms. Thus, two experiments with different iron dosage during the 

reaction were tested. Total Fe(II) addition was 2.2 and 0.4 mg L-1, which corresponded to 

16.6 and 13.7% of SMX removal, respectively. This fact evidenced that, at the studied 

conditions, iron chelates were involved in the photo-Fenton reactions. A small part of the 

SMX degradation could be caused by dissolved iron before precipitating as Fe(III) 

oxyhydroxides. However, it was not the main path through which the generation of HO• took 

place. 

Finally, experiments without O2 (bubbling N2) were also performed in photo-Fenton 

experiments to study its contribution in MPs removal. In all cases, in the presence of O2 

better performances on SMX degradation were reached. This fact confirmed the potential 

reaction of this specie with excited iron chelates or ligand radicals to generate superoxide 

radical and final hydroxyl radical production. Additionally, the superoxide radical generated, 

could react with Fe(III) and accelerate the Fe(III)/Fe(II) cycle, which in photo-Fenton 

process is an additional way to produce hydroxyl radicals
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H I G H L I G H T S

• Organic fertilizer DTPA as new che-
lating agent used in photo-Fenton at
neutral pH.

• Simultaneous propranolol abatement
and bacterial inactivation can be
achieved.

• The influence of four WW matrices
was tested in DTPA - photo Fenton.

• DTPA chelate presents higher stability
than EDTA and EDDS chelates.

• Effluents treated with DTPA:Fe2+ sa-
tisfy the requirements for agricultural
reuse.

G R A P H I C A L A B S T R A C T
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A B S T R A C T

In a water scarcity scenario, the reused wastewater could be an essential source for agricultural irrigation
considering that 60% of fresh water is destined to this area. In this study, an organic fertilizer (Diethylene
triamine pentaacetic acid, DTPA) was used as a new chelating agent of iron for photo-Fenton’s application at
neutral pH using LEDs. Secondary effluents with different characteristics were tested for propranolol removal
and bacterial inactivation. With DTPA, the best results were achieved with MBR matrix: 94.0% of propranolol
removal and total bacterial inactivation after 120 min. IFAS matrix showed the worst results: 63.2% of pro-
pranolol removal and only 2-log reduction for Total Coliforms. The performance of DTPA as chelating agent was
compared with EDTA and EDDS with two matrices. In MBR matrix, propranolol removal with EDTA was 100% in
15 min, while DTPA and EDDS reached similar results at 120 min (94.0 and 91.3%), respectively. The iron
precipitation was evaluated, and DTPA showed high stability with Fe2+ (only 10.4% of iron reduction instead
97.3% for EDDS). In addition, it looks like that the stability of iron chelates plays an important role in bacterial
inactivation. Thus, the experiments with DTPA showed the lowest bacterial growth-on-the-plate after 72 h of the
end of the experiment. Biodegradability and phytotoxicity were also evaluated and the experiments with DTPA
had the lowest toxicity. The results of the experiments performed with DTPA were compared with the values in
Proposal for agricultural water reuse suggesting that treated effluent accomplish the requirements for agriculture.
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1. Introduction

The World Wildlife Fund (WWF) estimates that two-thirds of the
world’s population may face water shortage by 2025 at the current
water consumption rate. Many of the water systems, which maintain
ecosystems flourishing and provide water for human population, have
changed into stressed [1]. All of that have forced to scientific com-
munity to investigate more efficient technologies for wastewater (WW)
treatment and reuse [2]. Reused WW could be an important source of
irrigation in the scarcity water scenario. According to UNESCO (The
United Nations Educational, Scientific and Cultural Organization), the
water consumed by agriculture is between 60 and 70% of fresh water,
and this amount can increase up to 89% by 2025. Nevertheless, the
quality of the reused WW must ensure the maintenance of an adequate
level of public health and environmental protection. The key para-
meters can be found in the Proposal for a Regulation of the European
Parliament and of the Council on minimum requirements for water
reuse. This proposal establishes key parameters concerning pathogens
[3]. However, in view of future WW reuse laws, micropollutants (MPs)
probably will be regulated. So far, in the field of water policy, two
regulations have been released in order to identify priority substances
in water: Directive 2013/39/UE, which establish a list of priority
compounds and environmental quality standards for these substances
and other compounds [4], and Decision (EU) 2018/840, establishing a
watch list of substances for monitoring in the field of water policy [5].

In the last decades, Advanced Oxidation Processes (AOPs) have
proven to be efficient in the removal of large amount of non-biode-
gradable and recalcitrant compounds [6–9], which are not removed in
conventional Wastewater Treatment Plants (WWTPs) [10–13]. In ad-
dition, there are some disadvantages related to conventional methods
used for disinfection of WW, for instance chlorination [14]. The gen-
eration of disinfection by-products (DBPs), like trihalomethanes, is
risky to human health and aquatic ecosystems [15]. Among AOPs, the
photo-Fenton process is one of the most effective for disinfection and
MPs abatement [16–18]. However, the optimal conditions of this pro-
cess (acid pH) can make it unattractive for its application at full scale

[19,20]. In this way, several chelating agents have been tested in order
to operate at neutral pH. Citrate, oxalate, EDTA (Ethylenedinitrilote-
traacetic acid) and EDDS (Ethylenediamine-N, N'-disuccinic acid) are
the most common chelating agents used in photo-Fenton process [21].
However, there are no data, as far as we have been able to investigate,
in the assessment of DTPA (Diethylene triamine pentaacetic acid) as
chelating agent in photo-Fenton process. This compound is used in
different processes, mainly in agriculture and horticulture as an organic
fertilizer. For instance, DTPA is included in the register of fertilizer
products of the Ministry of Agriculture, Fisheries and Food of the
Spanish Government [22]. Thereby, if DTPA was used as chelating
agent, the treated WW could be employed in agriculture without
needing to separate. The costs associated to electrical consumption by
lamps are other disadvantage for the large-scale application of photo-
Fenton process. These costs can be reduced when light emitting diodes
(LEDs) are used in comparison with conventional lamps. No mercury
content, low power consumption, long lifetime and no overheating are
the main advantages in the replacement of conventional lamps by LEDs.

Therefore, the focus of this work is to test the efficiency of DTPA as
a chelating agent in photo-Fenton at neutral pH using LEDs. Four dif-
ferent WW of secondary effluents from two WWTPs (located in
Barcelona, Spain) were used with different characteristics. In addition,
EDTA and EDDS (two of the most used chelating agents) were com-
pared with DTPA in the MPs removal. In this case, propranolol (PROP)
was selected as a target compound. This compound is a type of non-
selective drug called beta-blocker and it is the one with the greatest
presence in the aquatic environments [23]. Their occurrence in rivers or
wastewaters was detected in concentrations ranging from 0.1 to
7.3 ng·L−1 [24,25]. In surface waters was found in concentration of
53 ng·L−1 [26]. In addition, their presence was found in different
countries: Spain, Croatia, France, Serbian, Bosnian and China
[24,27–30]. Bacterial disinfection (E. coli and Total coliforms) was also
evaluated. The changes of biodegradability and toxicity (Vibrio Fishery
and phytotoxicity) of the treated effluents are also important to know if
the treated water satisfy the requirements for agricultural use [3].

Table 1
Properties of propranolol and three chelating agents tested in this study.

Compound Molecular formula Chemical structure Molecular weight (g/mol)

PROP C16H12NO2 ·HCl 295.81

DTPA C14H23N3O10 393.35

EDTA C10H16N2O8 292.24

EDDS C10H16N2O8 292.24
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2. Material and methods

2.1. Chemicals

Propranolol hydrochloride, EDDS-Na solution, DTPA (99%), hy-
drogen peroxide (H2O2) (30% w/v), Chromocult® Coliform Agar and
catalase from bovine liver were obtained from Sigma-Aldrich. Ferrous
sulfate (FeSO4·7H2O), EDTA, acetonitrile and orthophosphoric acid
were purchased from Panreac Quimica. Buffered peptone water was
acquired from Labkem. The following table (Table 1) shows the prop-
erties of target compound and different chelating agents used in this
work.

2.2. Real WW effluents

The experiments were performed with four different WW. The ef-
fluents were acquired from the Gavà and El Prat de Llobregat WWTPs
(province of Barcelona, Spain) after the biological treatment. Table 2
shows the main parameters of these WW.

Each WWTP presents two secondary treatments in parallel. WWTP
of Gavà has Membrane Bioreactor (MBR) and Integrated Fixed-Film
Activated Sludge (IFAS). WWTP of El Prat de Llobregat includes
Conventional Activated Sludge (CAS) and the same treatment with
nutrients elimination (CAS-NE) where the removal of 70% of phos-
phorus and nitrogen takes place.

2.3. Experimental procedure

All experiments were performed with real WW and carried out in a
UV-A LED tubular photoreactor composed with 8 LEDs (wavelength
365 nm; irradiance: 2.66·10−7 Einstein· L−1·s−1). More information
about the installation can be found in the supplementary material in
Fig. S1. Each LED has 1.05 W of nominal power and 125° of irradiance
angle. The 1 L of solution to be treated arrived to photoreactor from a
feeding tank and it was continuously recirculated to the tank, where it
was magnetically stirred. The temperature was maintained constant at
25° (Haake C-40) during all the experiment.

Real WW was taken out of the fridge a few hours before the ex-
periment started for bacterial acclimation. To prepare the solutions, the
respective chelating agent (EDDS, EDTA or DTPA) in each experiment
was added to real WW. When this was dissolved, Fe(II) (0.18 mM) was
put into the solution to form the complex. The molar ratios chelating
agent:Fe(II) were 1:1 for EDTA and DTPA and 2:1 for EDDS, based on
previous experiments. Finally, PROP (1.9 µM) was spiked to the solu-
tion. This concentration was selected to perform the study more rea-
listic comparing with the PROP concentrations detected in the aquatic
ecosystems. At the same time, this concentration allows a good mon-
itoring of PROP. Hydrogen peroxide (4.41 mM) was added just before
to start the experiment. Samples were withdrawn from the photoreactor
at different times for 120 min. To stop the Fenton reaction, 10 μL of
bovine catalase solution (200 mg·L−1) was added to 5 mL of each

sample to decompose H2O2.

2.4. Analytical measurements

Hydrogen peroxide concentration was determined by colorimetric
method based on the use of metavanadate [31] which forms a stable
yellow complex with H2O2 and absorbs at 410 nm. Total iron in solu-
tion was measured at 510 nm by the o-phenatroline procedure (ISO
6332). The concentration of target compound at each time was mon-
itored by HPLC Infinity Series (Agilent) and C-18 column (Tecknok-
roma) (250 × 4.6 mm i.d; 5 μm particle size). According to the ab-
sorbance of PROP the UV detector worked at 214 nm. Acetonitrile and
orthophosphoric water solution (pH = 3) were used as a mobile phase
(25:75, respectively). An injection volume of 100 µL and 0.7 mL·min−1

of flux were fixed. Biochemical Oxygen Demand (BOD) was performed
following the 5210-standard method. Phytotoxicity was determined
according Tam and Tiquia [32] using Lactuca sativa (lettuce) seeds.
More information can be found in Table S1 in supplementary in-
formation. Acute toxicity was performed with Microtox M500 (Vibrio
Fishery). Bacterial inactivation analyses were performed with 1 mL of
each sample, where catalase was added to remove residual H2O2. This
volume was plated on Chromocult® Coliform Agar before prepared in
the laboratory. When a dilution was needed, buffered peptone water
was used. Standard plated counted method was employed after an in-
cubation period of 24 h at 35°. Growth-on-the-plate was determined for
48 and 72 h in the same plates of 120 min incubated at 35°.

3. Results and discussion

3.1. Effect of DTPA on photo-Fenton process

The efficiency of organic fertilizer (DTPA) as chelating agent was
studied in the PROP abatement by neutral photo-Fenton with UV-A
LEDs (Fig. 1). Due to the novelty in the use of DTPA as chelating agent
in photo-Fenton process, some preliminary tests were performed to
determine the optimum molar ratio Ligand:Fe(II) (Supplementary ma-
terial Fig.S2 and Table S2). At the beginning of the experiment, total
iron was chelated using 1:1 L:Fe(II) molar ratio and PROP degradation
was faster. Thus, this L:Fe(II) molar ratio was employed in the rest of
experiments with DTPA. Evaluation was performed in four waste-
waters, which characteristics differ considerably (see Table 2), implying
different behaviors in the MP removal. The photo-Fenton experiments
were carried out at the natural pH of the effluents (between 7.6 and 8.0,
according to Table 2).

Among different WWs, MBR showed higher degradation compared

Table 2
Parameters of the tested effluents before spike target compound. N/A: below
the detection level.

Parameters IFAS MBR CAS CAS-NE

pH 7.9 7.8 8.0 7.6
Turbidity (NTU) 13.9 1.0 8.9 4.0
UV254 (m−1) 48 0.3 29 13
TOC (mg C · L−1) 29.5 5.3 24.1 7.9
DOC (mg C · L−1) 22.2 4.7 20.9 5.1
Total alkalinity (mg CaCO3·L−1) 545 312 457 304
Cl−1 (mg·L−1) 507 470 519 482
SO4

2− (mg·L−1) 152 125 242 236
N-NO2

− (mg·L−1) N/A N/A N/A N/A
N-NO3

− (mg·L−1) N/A 9.9 24.8 31.7

Fig. 1. Propranolol removal by UV-A LEDs circumneutral photo-Fenton process
catalyzed by DTPA:Fe(II) in four different WWs. [PROP]0 = 1.9 μM; [Fe
(II)]0 = 0.18 mM; [H2O2] = 4.41 mM; L:Fe(II) molar ratio = 1:1.
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to other three wastewaters, achieving 94.0% PROP removal after
120 min (0.63 kJ·L−1). However, only 63.2% and 62.5% were removed
in 120 min for IFAS and CAS, respectively, being the worst. PROP
abatement in CAS-NE was 75.4% at the end of the experiment. As
known, real wastewaters are complicated matrix because of the dif-
ferent compounds present. As it can be observed in Table 2, MBR pre-
sents low TOC (Total Organic Carbon) and turbidity. Nevertheless, the
same parameters in IFAS were the highest. The PROP removal is related
to TOC values and decreases when TOC increases. The kinetic constants
of the reaction between hydroxyl radical and DOM depend largely on
the type of organic matter present in the matrix. However, some au-
thors have quantified the kinetic constants between 108 and 109

L·molC−1·s−1 [33–38]. In this way, less organic matter produces less
competition for hydroxyl radicals. The turbidity is also important in
terms of the light scattering. CAS-NE presents approximately 2 times
and 3 times lower turbidity than CAS and IFAS, respectively. In MBR
the turbidity was approximately 9 times lower than in CAS and 14 times
lower than in IFAS.

In order to better explain the results of MP abatement in different
wastewaters two different fittings to a first order kinetics (Table 3) were
performed for the different WW effluents. The kinetic constant k1 re-
presents the fitting in the first 30 s and it is strongly related to the initial
reaction rate. While k2 is the fitting from 30 s until 120 min. A first
order kinetics was assumed according to Eq. (1).

⎜ ⎟
⎛
⎝

⎞
⎠

=
C
C

k tln ·f

0 (1)

As it can observed in Table 3, the values of k1 were practically the
same in the four WWs even presenting different values of TOC and
turbidity. In addition, k1 was higher than k2 in all WWs. This fact evi-
dences that the dark Fenton process controls the reaction rate in first
30 s, as explained in previous works [17]. The differences due to the
matrix were appreciated when k2 was calculated. The values of k2 de-
crease when TOC and turbidity increase (see Table 2). Thus, MBR
presents the highest rate and IFAS the lowest. These facts seem to in-
dicate that photo-Fenton controls the reaction rate after the first 30 s.
This means that light plays an important role which can explain that k2
decreases when turbidity and TOC increase, because light scattering or
light absorption can increase. Thus, as it can be seen in table 2, the
turbidity of MBR is by the far the lowest and these differences were
highlighted in the values of k2.

3.2. Comparison with conventional chelating agents

Several authors have been proved the efficiency of different che-
lating agents in the photo-Fenton process at circumneutral pH: ni-
trilotriacetic acid (NTA) [39–41], oxalic acid (OA) [42–44], citric acid
(Cit) [45–47], ethylenedinitrilotetraacetic acid (EDTA) [39,48,49],
ethylenediamine-N,N'-disuccinic acid (EDDS) [20,21,37,50–52] and
DL-tartaric acid (TA) [39]. A problem related to the use of chelating
agents is linked to the fact that the hydroxyl radicals generated in the
Fenton’s reaction also attack the complex of iron and chelating agent
leaving iron in solution at neutral pH [39], producing the catalytic

activity decrease due to the subsequent iron precipitation and chelating
degradation. DTPA can help to address this problem. Thus, the next step
is to compare the DTPA behavior with two of the most used chelating
agents, such as EDTA and EDDS. The target compound was also PROP,
in two WWs: CAS and MBR, dirty and clean WW, respectively. The L:Fe
(II) molar ratios used were 1:1 for EDTA and DTPA and 2:1 for EDDS.
These values were necessary to ensure the complete iron chelation at
the beginning of the experiment. Figs. 2 and 3 show the obtained re-
sults.

As obvious, when MBR was tested, the three chelating agents pre-
sented better results than CAS, due to the highest TOC and turbidity of
CAS, as explained above (section 3.1). Regarding the efficiency on
PROP removal, the percentages reached in MBR at the end of the ex-
periment (120 min, 0.63 kJ·L−1) were 100%, 94.0% and 91.3% for
EDTA, DTPA and EDDS, respectively. In CAS the removals were 68.7%,
62.5% and 51.9% in the same order.

In MBR matrix, EDTA presented the total PROP removal at 15 min
of treatment (0.08 kJ·L−1). However, for DTPA and EDDS at the same

Table 3
Kinetic constants obtained for photo-Fenton catalyzed by DTPA:Fe(II) in dif-
ferent wastewaters at initial time (0–30 s) and between 30 s and 120 min
(fitting to a first order kinetics). Values of R2 of k1 are not shown due to only
two points were used..

Wastewaters k1
(min−1)

k2
(min−1)

R2

k2

MBR 0.324 0.022 0.97
CAS-NE 0.350 0.009 0.99
CAS 0.375 0.006 0.96
IFAS 0.321 0.004 0.97

Fig. 2. Propranolol removal by UV-A LEDs circumneutral photo-Fenton in CAS
(open symbols) and MBR (closed symbols). [PROP]0 = 1.9 μM; [Fe
(II)]0 = 0.18 mM; [H2O2] = 4.41 mM; EDTA:Fe(II) = 1:1; DTPA:Fe(II) = 1:1;
EDDS:Fe(II) = 2:1.

Fig. 3. Trend of total dissolved iron during the reaction for EDTA, DTPA and
EDDS in MBR matrix. [PROP]0 = 1.9 μM; [Fe(II)]0 = 0.18 mM;
[H2O2] = 4.41 mM; EDTA:Fe(II) = 1:1; DTPA:Fe(II) = 1:1; EDDS:Fe(II) = 2:1.
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time (15 min), the removal percentages were: 49.4% and 75.4%, re-
spectively. EDDS presents a good removal at this time but then slows
down a lot, achieving only 15.9% of degradation between 15 and
120 min. The explanation of this behavior can be related to iron pre-
cipitation. Iron content was monitored during each experiment, as re-
presented in Fig. 3. In the course of the reaction, hydroxyl radicals
attack PROP and the iron complex. This fact implies the breaking of the
complexes and subsequent iron precipitation, due to the neutral pH,
provoking a decrease in the catalytic activity, as commented before.

As observed in Fig. 3, complex destruction started at 5 min of re-
action for EDDS. After this, a gradual reduction of total dissolved iron
was observed, with a reduction of 97.3% at the end of the experiment
(120 min). Nevertheless, at 15 min of the experiment, 37.3% had al-
ready been decreased. This fact is in agreement with the high percen-
tage of PROP removal achieved in 15 min with EDDS in MBR (see
Fig. 2). After this, the degradation slowed down a lot (see also Fig. 2),
due to the precipitation of iron (see Fig. 3), which reduces the catalytic
activity. For EDTA, a great amount of total dissolved iron was pre-
cipitated at the end of the experiment (72.9% of iron reduction).
However, in this case, the precipitated iron at 15 min was only 14.1%
(Fig. 3), which is in agreement with the fact that PROP was totally
removed at 15 min (see Fig. 2), and this minimum reduction of total
dissolved iron did not seem to be so important in the decrease of cat-
alytic activity. Concerning DTPA, it is important to consider that only
10.4% of total dissolved iron precipitated after 120 min of the reaction.
This fact shows the higher stability of the chelate and its resistance
against hydroxyl radicals and radiation when DTPA is used. The sta-
bility constants (kstab) of each chelating agent and iron are specific for
the iron species (kstab DTPA-Fe(III) = 28.60, kstab EDTA-Fe
(III) = 25.10, kstab EDDS-Fe(III) = 22.0, kstab DTPA-Fe(II) = 16.55,
kstab EDTA-Fe(II) = 14.33) [53]. Data were not found about kstab for
EDDs-Fe(II). Nevertheless, always DTPA presents a high stability con-
stant with iron. Thus, in DTPA the degradation was slower than with
EDTA and EDDS, due to the high stability in chelation of iron, but a
gradual PROP reduction was observed achieving even a higher PROP
removal than EDDS at the end of the experiment (see Fig. 2). The sta-
bility of the metal chelates appears to be influenced by their chemical
structure, mainly the number and strength of the Fe-ligand interactions.
According to this, the additional amino group in the chemical structure
of DTPA provides its complex with iron with a coordination number of
7 instead of 6, as is the case of EDTA and EDDS. Therefore, this results
in a higher stability of the DTPA complex. The observed differences in
the stability of EDTA and EDDS complexes are caused by the larger
distance from the amino groups to the carboxylic extremes of the EDDS
molecule compared to EDTA. This causes a weaker interaction between
these groups and iron, leading thus to a lower overall stability of the
resulting complex.

Concerning CAS, the differences between three chelating agents
were not so significant than in MBR. In this case, the effect of iron
precipitation was more pronounced for EDTA. As it can be observed in
Fig. 3, in first 45 min (0.32 kJ·L−1) of the experiment the degradation
curves for EDTA and EDDS were very similar and removals obtained
were 44.9% and 49.3% for EDDS and EDTA, respectively. When EDDS
was used (between 15 and 120 min of the treatment) the degradation
was very low due to the iron precipitation, as observed with MBR
matrix. However, in EDTA system the iron precipitation was lower and
approximately 70% of iron remains in solution at 45 min. After that
time, the PROP removal continued to increase in EDTA system until
60 min (0.47 kJ·L−1). Values of 48.6% and 60.4% of PROP removal
were achieved at 60 min for EDDS and EDTA, respectively, proving that
the iron precipitation is so important for the catalytic activity. How-
ever, at 60 min the iron leaching gradually increased in EDTA until the
end of the experiment, decreasing the PROP removal (between these
times of the reaction, the degradation curve significantly slowed down).
When the organic fertilizer (DTPA) was used, the PROP degradation
came down more slowly than EDTA and EDDS during the experiment.

However, at the end of the treatment, the PROP removals achieved for
different chelating agents were: 68.7%, 62.5% and 51.9% for EDTA,
DTPA and EDDS, respectively. The high biodegradability of EDDS and
low stability constant with iron caused the iron precipitation, gen-
erating low catalytic activity. Moreover, in EDDS the molar ratio L:Fe
(II) was 2:1, but for EDTA and DTPA this ratio was 1:1. This increase in
TOC, due to the presence of more EDDS, can also decrease the catalytic
activity. For EDTA, degradation in CAS was slower than in MBR, be-
cause CAS has high TOC than MBR and, therefore, more influence of
iron leaching was observed. Nevertheless, the high stability of DTPA
with iron was essential to achieve close degradation than EDTA.

Summarizing, as it can be observed in Fig. 2, the reaction rate is
very high at the beginning of the process (first 30 s) and similar for the
two WW and the three chelating agents tested. This fact was due to the
dark Fenton controls the reaction at first 30 s. Details of this behavior
can be found in previous works [17,54].

After this initial period, the reaction rate is strongly determined by
the iron precipitation and therefore for the complex stability. DTPA
forms a more stable chelate with iron, as seen in Fig. 3. This explains a
slower profile in the reaction rate, as shown in Fig. 2. However, EDTA
and EDDS form less stable chelates, especially EDDS (see Fig. 3). Hence,
between 30 s and 15 min, the break of the chelate allows more iron to
be dissolved in the solution for a time and this would explain that the
reaction rate is higher for EDTA and EDDS than for DTPA. However, in
the last part of the experiment, between 15 and 120 min and according
to Fig. 3, for EDDS practically no iron remains in solution and this
implies that the reaction rate is drastically reduced. Thus, the iron in
solution (Fig. 3), or the stability of the chelate, strongly determine the
degradation rate of PROP (Fig. 2). Table S3 in the supplementary ma-
terial shows a pseudo-quantitative explanation of all that. This com-
mented behavior was observed for the two matrices tested (MBR and
CAS) but reaction rates are little lower in CAS due to its high TOC and
turbidity.

From this perspective, to rise the stability of iron chelates is ad-
vantageous to perform photo-Fenton at neutral pH, but the efficiency is
also important [55]. It could be added that with EDTA and EDDS, due
to iron precipitation, some mud is formed, which also interferes with
the action of light and could help to explain, for example, the decrease
of reaction rate for the EDDS.

3.3. Disinfection tests

Along with micropollutants, an efficient wastewater disinfection
processes is important to improve public health, mainly when the reuse
is aimed [56]. Therefore, it is important to find a process capable to
eliminate both pathogens and MPs. The quantification of total coliforms
(TC) in the four WWs revealed the presence of 1.7 × 102, 1.8 × 102,
3.8 × 102 and 9.8 × 103 colony-forming units per 1 mL (CFU·mL−1) at
initial time for MBR, CAS-NE, CAS and IFAS, respectively. Initial con-
centrations of E. coli were 3 × 101 and 9 × 102 (CFU·mL−1) for CAS
and IFAS, respectively. In MBR and CAS-NE, E. coli was not found.
Fig. 4A shows the TC inactivation and Fig. 4B the E. coli inactivation
with photo-Fenton process catalyzed by DTPA:Fe(II). According to Or-
tega-Gómez et al, the recirculation system (pump and flow) had no
effect on cell viability [1]. Blank tests with only iron or hydrogen
peroxide were performed and no inactivation was achieved with these
concentrations.

According to Fig. 4, the circumneutral photo-Fenton using DTPA as
a chelating agent was effective for the disinfection of total coliforms in
different water matrices. MBR and CAS-NE reached the total coliform
disinfection at the end of the treatment. Concerning CAS and IFAS, total
coliforms decreased 2 order of magnitude at 120 min. As it can be seen
in Fig. 4A, the inactivation curves for MBR and CAS-NE were over-
lapped in the first 30 min. In addition, MBR, which is the cleanest
matrix, presented a high reduction, arriving at 1 CFU·mL−1 at 90 min
(0.47 kJ·L−1). However, in CAS-NE fewer reductions were observed in
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the next minutes (presenting 3 CFU·mL−1 at 90 min). CAS and IFAS
presented the worst results in terms of CFU·mL−1. To compare with the
other matrices, at 90 min values of 1.3 x101 and 2.16 × 102 CFU·mL−1

were obtained for CAS and IFAS, respectively. Obviously, IFAS is the
one with the highest decrease in TC in absolute value, which is logical
since it also has the highest initial value in TC. However, when re-
presenting log TC versus time, as shown in Fig. 4A, the disappearance
rate is lower in IFAS. It was tried to make different kinetic fittings to be
able to compare the data mathematically but none of them offered good
correlations. This is also logical considering that TC are living beings
whose behavior has nothing to do with that of inert chemical com-
pounds. However, it is observed that, at the beginning, the dis-
appearance rate is much higher in MBR and CAS-NE than in IFAS. This
could be related to the fact that the higher TOC and turbidity of IFAS
also represents a greater competition for hydroxyl radicals, reducing
efficiency in the elimination of TC in IFAS.

Initial concentrations of E. coli were 3 × 101 and 9 × 102

CFU·mL−1 for CAS and IFAS, respectively. E. coli inactivation (Fig. 4B)
followed similar trend than TC. At 90 min, 0 CFU·mL−1 was reached in
CAS. However, in IFAS 2 orders of magnitude of inactivation were
achieved at the end of the treatment. Nevertheless, 7 CFU·mL−1 were
counted at 120 min. Again, the influence of the water matrix was
present, leading to a significant difference in the inactivation time.

The disinfection activity of DTPA was also compared with EDTA and
EDDs. In this case, CAS and MBR were selected for the chelating agents
comparison (TC: 1.7 × 102 and 3.8 × 102 CFU·mL−1 at initial time for
MBR and CAS, respectively; E. Coli: 3 x101 CFU·mL−1 for CAS). Fig. 5

shows the bacterial inactivation for different chelating agents in CAS
and MBR.

As it can be seen, the photo-Fenton treatment reduced the bacterial
concentration in TC (Fig. 5A) and E. coli (Fig. 5B). MBR matrix achieved
the best results arriving until 0 CFU·mL−1 at the end of the treatment
for the three chelating agents. During the first 30 min of the treatment,
EDDS showed higher reduction than EDTA and DTPA, followed by a
slight reduction of TC the next 60 min (until 90 min of the experiment).
DTPA and EDTA presented similar inactivation curves during the first
45 min. After this, DTPA showed a high inactivation rate, achieving the
total TC inactivation at 90 min. After 60 min of the experiment the
inactivation curves for EDTA and EDDS were very similar. The iron
precipitation plays again an important role in hydroxyl radical forma-
tion, achieving DTPA good results due to the stability of the chelate (see
Fig. 3). When CAS is used as water matrix, things change because the
inactivation efficiency is deeply dependent on the characteristics of the
matrix. At 120 min of the experiment, reductions of 2.3, 1.7 and 1.2
orders were achieved for DTPA, EDTA and EDDS, respectively. How-
ever, during the first hour the inactivation curves for the three chelating
agents were similar. For EDDS slight reduction of TC was observed from
30 min until the end of the experiment. DTPA and EDTA followed the
same trend than in MBR, achieving good results at the end of the ex-
periment. The influence of chelate stability is pointed out again, ac-
cording to Fig. 3. Fig. 5 shows also that, depending on the effluent
properties, the irradiation needed to achieve complete inactivation
differ greatly. For instance, when DTPA was tested in MBR, total TC
inactivation was achieved at 90 min, with an energy consumption of

Fig. 4. TC inactivation in four WWs (A) and E. coli inactivation in IFAS and CAS (B) with photo-Fenton process catalyzed by DTPA:Fe(II). [PROP]0 = 1.9 μM; [Fe
(II)]0 = 0.18 mM; [H2O2] = 4.41 mM; L:Fe(II) molar ratio = 1:1.

Fig. 5. (A) TC inactivation in CAS and MBR for EDTA, EDDS and DTPA and (B) E. coli inactivation in CAS for EDTA, EDDS and DTPA with photo-Fenton process at
circumneutral pH. [PROP]0 = 1.9 μM; [Fe(II)]0 = 0.18 mM; [H2O2] = 4.41 mM; EDTA:Fe(II) = 1:1; DTPA:Fe(II) = 1:1; EDDS:Fe(II) = 2:1.
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0.47 kJ·L−1. However, in CAS, at 120 min of the treatment and an
energy consumption of 0.63 kJ·L−1, the total inactivation had not been
achieved. Turbidity and TOC of wastewater matrices can play an im-
portant role in these different behaviors.

It has been reported that the hydroxyl radicals formed in the photo-
Fenton process can generate reactions affecting DNA, lipids and pro-
teins, producing bacteria mortality [57,58]. In addition, the bacterial
inactivation can be explained by Fe(II) intracellular diffusion, where
hydroxyl radicals can be generated during internal Fenton reactions
[59,60]. However, in photo-Fenton at neutral pH, using chelating
agents, the presence of Fe(II) in solution is almost null, due to the fast
formation of iron oxohydroxides and posterior precipitation. In addi-
tion, the diffusion of chelated iron (Ligand-Fe(II)) not likely to occur
because of the high molecular weight. Concerning the action of iron
oxohydroxides, controversy exists related to bacterial inactivation [61].
The formation of iron oxohydroxides due to the attack of hydroxyl ra-
dicals or the photo-degradation of the complex drives to a dissolution
with high turbidity, which can scatter the light. Similar results were
found by Samira and coworkers [62]. Apart from that, there is less
dissolved iron in solution, which reduces the catalytic activity, gen-
erating less hydroxyl radicals. These facts can explain the differences
between three iron complexes tested in this study. The iron complexes
formed by EDDS and EDTA show the highest precipitation of iron and
the lowest bacterial inactivation at the end of the treatment. However,
with DTPA-Fe(II) complex good results were found due to the less
precipitation of iron.

Regarding E. coli, the efficiency of three chelating agents was the
same than TC: DTPA > EDTA > EDDS. At the end of the experiment,
EDTA and DTPA achieved total E. coli inactivation, being DTPA the best
due to the total inactivation was reached at 90 min of the treatment.

An important parameter to take into account in wastewater reuse is
the bacterial growth-on-the-plate. There are some pathogens, like E.
Coli, that can manifest a “dormancy” mechanism during the treatment
of WWs [63] and could turn into reactive under special conditions [64].
E. Coli and Total coliforms growth-on-the-plate was tested at the end of
the experiment for EDTA, EDDS and DTPA and after 24, 48 and 72 h
from the accomplishment of the treatment. In Fig. 6, the bacterial
growth-on-the-plates values are represented for TC (Fig. 6A) and E. Coli
(Fig. 6B) in CAS and MBR matrices.

The efficiency in bacterial growth-on-the-plates also depends on the
quality of treated effluent. This was clearly seen in Fig. 6A where
bacterial growth-on-the-plates of TC in CAS was higher than in MBR in
all tested conditions. The introduction of DTPA as a chelating agent
seems to be an enhancement for bacterial inactivation, as can be shown
above. When DTPA was used in CAS, total coliforms were increased two
times and three times at 48 and 72 h, respectively. After 72 h a value of
6 CFU·mL−1 was obtained, whilst in MBR after 72 h 2 CFU·mL−1 were
quantified. The differences between the distinct WW matrices were also
clearly observed when EDTA and EDDS were tested. The highest
growth-on-the-plate was observed for EDDS in CAS, achieving
80 CFU·mL−1 after 72 h. Concluding, the growth-on-the-plate increases
in the order: DTPA < EDTA < EDDS and, concerning WW matrix,
CAS presents higher growth-on-the-plate than MBR.

Concerning E. Coli (Fig. 6B), no bacterial growth-on-the-plate was
observed for DTPA. With EDTA, the bacterial growth-on-the-plate was
observed from 24 to 48 h. After this, no bacterial growth-on-the-plate
was found. For EDDS, the bacterial growth-on-the-plate appears before
24 h and remains constant until 72 h. At 72 h after the finalization of
the photo-Fenton treatment the values for different chelating agents
were 0, 2 and 4 CFU·mL−1, for DTPA, EDTA and EDDS, respectively.

The differences observed for the chelating agents lie in the different
chemical and biochemical properties of each ligand. EDDS is more
biodegradable than EDTA or DTPA. Thus, the microorganisms in the
effluent can degrade this molecule causing better conditions for growth-
on-the-plate. As a consequence, the lowest CFU·mL−1 at the end of the
experiment was obtained with DTPA. Thus, it is normal that the

growth-on-the plate was lower.

3.4. Biodegradability and toxicity assessments

Depending on the final purpose of reused water, the requirements
for water quality can be different. As explained above, agriculture
consumption reaches to 60–70% of the total fresh water in the world.
The minimum requirements for agricultural wastewater reuse can be
found in the Proposal for a Regulation of the European Parliament and
of the Council, Annex I [3]. E. coli (CFU·100 mL−1) and BOD5 (mg
O2·L−1) are two important parameters listed in the Regulation. Thus, in
this study biodegradability assays and disinfection (section 3.2) were
performed in different experimental conditions where toxicity assess-
ments (Vibrio Fishery and Phytotoxicity) were carried out.

For phytotoxicity tests, L. sativa (lettuce) seeds, acquired at a
market, were used according to standardized protocols [32,65]. The
values were expressed in percentage of germination index (GI) ac-
cording to equations 2–4 [32]. These tests were performed for three
chelating agents in MBR and CAS (Fig. 7). The control tests were carried
out in deionized water.

=seed germination
germination in the sample
germination in the control

x%
%
%

100
(2)

=root growth
mean root lenght in the sample
mean root lenght in the control

x% 100
(3)

=Germination index
seed germination x root growth% %

100 (4)

Fig. 7A shows that, at initial time, the effluent stimulated a root
elongation only in EDTA with a germination index of 136%. For DTPA
and EDDS the germination index at initial time was 93 and 69%, re-
spectively, being DTPA similar to control test (which corresponds to
100% of germination index). Zucconi and co-workers explained that
germination index above 80–85% indicates the disappearance of phy-
totoxicity and values above 50–60% of GI do not cause significant in-
jury to the plant growth. However, GI lower than 20% indicates the
inhibition of seed germination and root elongation. Values between 20
and 50% of GI indicates presence of phytotoxicity [66,67]. At 30 min of
the treatment, the germination indexes were the lowest in the three
chelating agents (64.9, 51.9 and 11.9% for DTPA, EDTA and EDDS,
respectively) indicating high phytotoxicity in EDDS. At the end of the
treatment (120 min) for MBR the GI values of DTPA revealed stimu-
lation of root elongation (GI = 109.3%). However, for EDTA and EDDS
values of 58.2 and 75.8% of GI were achieved. Although these values
were higher than these ones at 30 min, total disappearance of phyto-
toxicity were not observed. These results are in accordance with other
studies where the toxicity increases in the middle of the treatment and
at the end of the photo-Fenton process the toxicity decreases [68]. The
phytotoxicity increase, achieved at 30 min of the treatment, could be
associated to the formation of by-products more toxic than initial
compound. Then, these by-products could be removed decreasing the
toxicity. In addition, when DTPA was used and more toxic substances
were removed, a favourable effect was observed at the end of the
treatment. Concerning CAS, the same trend than in MBR was observed
for the three chelating agents during the experiment. However, the
changes in the phytotoxicity were less marked in CAS than in MBR for
EDTA and EDDS. When DTPA was used, the values of germination
index were similar to EDTA and EDDS during the first 60 min. Never-
theless, at the end of the experiment with DTPA, root elongation
achieved a value of 291.4% of GI. The fact that the changes in germi-
nation index were higher in CAS than in MBR could be the presence of
compounds that in low concentrations can act as a micronutrient
leading to the stimulation of the root elongation. Real photos of mea-
surements of L.Sativa can be found in supplementary material (Figs. S3
and S4). In addition, values of number of germination seeds and mean
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root length (mm) for each condition tested were also included in sup-
plementary material (Table S4).

Acute toxicity was studied with Microtox bioassay (Vibrio Fishery).
In these experiments, same treatment times than for phytotoxicity were
selected in order to establish comparisons. The two organisms showed
different sensibilities during the experiment. Thus, no response was
observed during the experiment with MBR or CAS for the three che-
lating agents when Vibrio Fishery was tested. In this way, Lactuca sativa
demonstrated that was more sensitive than Vibrio Fishery in the eva-
luation of the effluent ecotoxicity.

Finally, the biodegradability was also evaluated since it is a

parameter included in the Proposal for minimum requirements for
agricultural water reuse. Fig. 8 shows the BOD5 in MBR and CAS for the
three chelating agents.

As it can be observed in Fig. 8, the biodegradability for EDDS was
the highest in two WWs, being 32.8 and 41.8 mg O2·L−1 for MBR and
CAS, respectively. EDTA and DTPA presented close values and always
lower than 15 mg O2 ·L−1. The high biodegradability and the high L:Fe
(II) molar ratio, when EDDS was employed, probably were two factors
that influenced in these values.

The Proposal for agricultural water reuse [3] lists four reclaimed
water qualities classes (A, B, C and D). Category A establishes a level

Fig. 6. Bacterial regrowth after 120 min of treatment for (A) Total Coliforms in CAS, (A’) Total Coliforms in MBR and (B) E. Coli in CAS. [PROP]0 = 1.9 μM; [Fe
(II)]0 = 0.18 mM; [H2O2] = 4.41 mM; EDTA:Fe(II) = 1:1; DTPA:Fe(II) = 1:1; EDDS:Fe(II) = 2:1.

Fig. 7. Percentage of germination index of L. sativa for different chelating agents (A) in MBR and (B) in CAS. [PROP]0 = 1.9 μM; [Fe(II)]0 = 0.18 mM;
[H2O2] = 4.41 mM; EDTA:Fe(II) = 1:1; DTPA:Fe(II) = 1:1; EDDS:Fe(II) = 2:1.
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≤10 mg O2 ·L−1 of BOD5. Categories from B to D establish a level
≤25 mg O2 ·L−1 of BOD5. For E. Coli, the established levels are
≤10 CFU·100 mL−1, ≤ 100 CFU·100 mL−1, ≤1,000 CFU·100 mL−1

and ≤10,000 CFU·100 mL−1 for categories A, B, C and D, respectively
(more information about the categories can be found in Table S5 of
supplementary material). The values of E. Coli selected to discuss the
categories, were at 72 h after the end of the treatment. Therefore, when
DTPA was used in CAS, at the end of the treatment the effluent satisfied
the quality requirements of category A. In MBR matrix with DTPA, the
effluent at the end of the treatment was included in category B. Finally,
when EDTA was employed, the final effluent accomplished the re-
quirements for the category C. In the case of EDDS, although the values
for E. Coli satisfied the requirements for category C, the BOD5 of the
final effluent was higher than the level for water reuse for both was-
tewaters MBR and CAS. Thus, this effluent could not be reused for
agriculture.

4. Conclusions

In this study, an organic fertilizer (DTPA) as a chelating agent of
Fe2+ for neutral photo-Fenton was proven to be effective in simulta-
neous propranolol abatement and bacterial inactivation. MBR effluent
(which is the cleanest matrix) showed higher propranolol degradation
(94% of removal after 120 min) compared to other three wastewaters.
Neutral photo-Fenton using DTPA was also effective for the disinfection
of total coliforms and E. Coli in the different water matrices tested.
Concerning wastewaters, the same trend was followed in bacterial in-
activation than in propranolol removal.

Regarding the comparison of organic fertilizer with conventional
chelating agents (EDTA and EDDS), EDTA showed better results in
propranolol degradation (100% at 15 min) in MBR matrix but EDDS
and DTPA show also good results (> 90% at 120 min). In CAS matrix,
the PROP removal was very similar for DTPA and EDTA. The observed
differences are mainly related to the iron precipitation and the stability
of the formed complex, being the complex DTPA:Fe(II) the more stable.
In bacterial inactivation, DTPA showed the best results compared with
the other chelating agents due to the stability of iron complexes. In
addition, DTPA presented the lowest bacterial growth-on-the-plate for
all conditions due to the internal damages that the complex produces.

The biodegradability for EDDS was the highest in two wastewaters
and EDTA and DTPA presented close values. Regarding phytotoxicity,
this increases in the middle of the treatment and at the end of the photo-
Fenton process the toxicity decreases for three chelating agents,
achieving DTPA the best germination index and the lower

phytotoxicity.
Finally, when DTPA was used, at the end of the treatment, the ef-

fluent satisfied the quality requirements for agricultural reuse.
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Figure S1. Experimental setup 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Percentage of chelated iron for six DTPA-Fe(II) molar ratios tested. 
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Table S1. Conditions for the determination of the phytotoxicity with Lactuca sativa [1] 

Parameters Conditions 

Temperature 22.0 ºC 

Light No 

Test volume 4 mL per plate 

Control Distilled water 

Number of seeds 10 seeds 

Test duration 5 days 

Test vessel 100 x 10 mm culture plate with 1 filter paper 

 

 

 

Table S2. Degradation of propranolol by photo-Fenton at neutral pH with different Ligand-Fe(II) molar ratios. 

[PROP]= 0.19 mM; [H2O2]= 4.41 mM; [Fe(II)]= 0.18 mM. 

DTPA:Fe(II) molar ratio 

PROP removal (%) at 120 

minutes 

0.25:1 27.58 

0.50:1 31.79 

0.75:1 36.40 

1:1 48.11 

1.25:1 25.51 

1.50:1 21.37 

 

In that case, as a preliminary tests, the experiments, shown in Figure S2 and Table S2, were 

performed with 0.19 mM of target compound in order to see better the differences between 

different Ligand:Fe(II) molar ratios.  
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Table S3. Kinetic constants obtained for photo-Fenton at circumneutral pH. Values of R2 of k1 are not shown due to 

only two points were selected (R2= 1). 

WW 

Chelating 

agent 

k1 

(min-1) 

k2 

(min-1) 

R2 

k2 

k3 

(min-1) 

R2 

k3 

 EDTA 0.397 0.252 0.97 - - 

MBR EDDS 0.438 0.085 0.97 0.009 0.84 

 DTPA 0.324 0.038 0.97 0.020 0.97 

 EDTA 0.339 0.020 0.98 0.007 0.94 

CAS EDDS 0.331 0.025 0.96 0.002 0.95 

 DTPA 0.375 0.007 0.82 0.006 0.95 

 

Table S3 shows the different kinetic constants for each chelating agent in MBR and CAS. These 

kinetics constants were performed in order to evidence the importance of the complex stability as 

explained above. The first order kinetic constants were calculated according to equation 1. Three 

kinetics were performed: k1 is the kinetic constant at first 30 seconds of the treatment, k2 is the 

kinetic constant from 30 seconds until 15 minutes (from this time the PROP degradation 

significantly slowed down in EDDS) and k3 is the kinetic constant between 15 and 120 minutes.  

Obviously, the fact of making three different fittings for each experiment comes out of what is a 

classical kinetic fitting. In this case, more than obtaining rigorous kinetic constants, it was 

intended to quantify the different behaviors observed throughout the same experiment. In this 

way, the influence on the MP degradation rate of the light, the type of chelating agent, the 

precipitation of the iron and the type of residual water can be explained in a pseudo-quantitative 

manner. Therefore, it has simply been tried to explain in a pseudo-quantitative way the shape of 

the graphs of figures 2 and 3 of the paper and the relationships among them. 
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Figure S3. Measurement of root growth of L. Sativa to calculate the germination index 
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Figure S4. Evaluation the number of L. Sativa seeds germination 

 

 

 

 

 

 

 

Table S4. Number of seed germination and mean root length (mm) of 10 seeds of L. Sativa 

 

 

 

 

  

  Time (min) Time (min) 

  0 15 30 60 120 0 15 30 60 120 

  Number of seed germination (0/10) Mean root length (mm) 

MBR 

DTPA 10 10 8 9 10 8.9 9.7 7.8 8.9 10.5 

EDTA 10 9 6 8 8 13.1 13.2 8.3 9.2 7.0 

EDDS 7 6 3 6 8 9.5 7.3 3.8 6.2 9.1 

CAS 

DTPA 8 6 9 10 10 9.6 9.9 8.1 10.3 28.0 

EDTA 8 8 7 9 7 7.6 11.0 7.4 11.2 11.0 

EDDS 9 10 8 8 8 4.6 6.3 5.0 7.1 6.5 

Control (mean) 8.5   11.3   
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Table S5. Classes of reclaimed water quality and allowed agricultural use and irrigation method [2] 

Minimum reclaimed 

water quality class 
Crop category 

Irrigation 

method 

A 

Food crops, including root crops consumed raw and 

food crops where the edible part is in direct contact 

with reclaimed water 

All 

B  Food crops consumed raw where the edible part is 

produced above ground and is not in direct contact 

with reclaimed water, processed food crops and non-

food crops including crops to feed milk- or meat-

producing animals 

All 

C Drip * 

D Industrial, energy, and seeded crops All 

 

(*) Drip irrigation (also called trickle irrigation) is a micro-irrigation system capable of delivering 

water drops or tiny streams to the plants and involves dripping water onto the soil or directly 

under its surface at very low rates (2-20 liters/hour) from a system of small diameter plastic pipes 

fitted with outlets called emitters or drippers. 
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Improvement of the photo-Fenton process at natural condition of pH using 
organic fertilizers mixtures: Potential application to agricultural reuse 
of wastewater 
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A B S T R A C T   

Five organic fertilizers (DTPA, EDDHA, HEDTA, EDTA and EDDS) were studied as iron sources for photo-Fenton 
process at natural pH to remove micropollutants (MPs) from wastewater for its reuse in irrigation. The results 
demonstrated that the stability constant of iron chelates is a key parameter for optimal micropollutants removal 
and it is linked to the structure of chelator. Mixtures of organic fertilizers were also tested to overcome excessive 
iron loose and to optimize MPs abatement kinetics. An improvement of photo-Fenton process occurred when 
using chelating mixtures. For instance, with 50 %EDDS + 50 %EDTA total removal of propranolol (PROP) was 
achieved at 30 min while EDTA needed up to 90 min of reaction and with EDDS total degradation was not 
achieved. In addition, the availability of dissolved iron of the mixture at the end of the treatment was 5.5 times 
higher than EDDS, increasing its suitability as reuse water for irrigation.   

1. Introduction 

Water scarcity is a growing environmental problem that the world’s 
population must confront. According to the World Wildlife Fund (WWF) 
and UNESCO (The United Nations Educational, Scientific and Cultural 
Organization), a large part of the aquatic ecosystems has changed into a 
stress situation during the last decades [1]. Under the current water 
consumption pattern, moreover, these organizations have estimated that 
two-thirds of the world population could suffer from water shortages by 
2025 [2]. In front of this critical scenario, the reuse of wastewater (WW) 
is expected to be necessary to ensure the coverage of the water demand 
in a near future. 

The water destined to agriculture is around 70 % of the total fresh-
water demand and this percentage accounts for 90 % in some developing 
countries. Thus, different measures are required to address the acute 
water challenges in agriculture for the next few years [2]. In this sense, 
the WW reuse in agriculture seems a good strategy to reduce the per-
centage of fresh water destined to this sector. However, the quality of 
this reclaimed WW has to accomplish some minimum requirements to 
ensure a safe use of this alternative resource in crop irrigation. These 
requisites are currently established in the Proposal for a Regulation of 
the European Parliament and of the Council on minimum requirements 

for water reuse [3], where Biochemical Oxygen Demand (BOD), 
turbidity and pathogens are defined as the main parameters to be 
controlled. Nevertheless, wastewater can also contain micropollutants 
(MPs), which are not completely regulated yet. However, as the pres-
ence of these substances in water can be harmful for ecosystems and 
human health [4–7], and the inclusion of new quality criteria in water 
reuse regulations concerning this kind of pollution is expected shortly. 

Most MPs are only efficiently degraded by hydroxyl radicals (HO⋅), 
which can be generated by Advanced Oxidation Processes (AOPs). 
Among these techniques, photo-Fenton process has demonstrated its 
efficiency in the removal of several organic compounds and pathogens 
[8–11]. Nevertheless, acidic conditions under which this treatment is 
effective make the process economically unattractive for full-scale 
application [12,13]. To solve this inconvenience and work at natural 
pH, several chelating agents have been studied to keep iron complexed 
and avoid its precipitation at pH above 2.8 (i.e., the optimal working 
conditions for photo-Fenton process). Compounds such as EDTA (Eth-
ylenedinitrilotetraacetic acid) and EDDS (Ethylenediamine-N, N’-dis-
uccinic acid), as well as citric and oxalic acids have been the most 
investigated [14–17]. However, the low stability of the corresponding 
iron complexes eventually provokes the precipitation of iron during the 
treatment, consequently decreasing the removal efficiency of MPs. 
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Recently, studies with other chelating agents such as DTPA (Diethylene 
triamine pentaacetic acid) and EDDHA (Ethylenediamine-N,N′-bis 
(2-hydroxyphenylacetic acid)) have also demonstrated their efficiency 
in abatement of organic micropollutants and bacterial inactivation [18, 
19]. All of these iron chelates are approved by the European Commission 
for their agricultural use [20] as these can be applied in the form of ferric 
chelates to provide the crops with the iron required to produce chloro-
phyll and some enzymatic functions involved in respiration and meta-
bolism. In this sense, an investigation on new organic fertilizers more 
sustainable with the environment studied the EDDS as a fertilizer to 
avoid the chlorosis in plants. The results revealed that EDDS is suitable 
for the correct development of the plants [21] and it is more biode-
gradable in soils than DTPA or EDTA, which are also commonly 
employed in agriculture as organic fertilizers. 

Unlike the most common chelating agents, DTPA and EDDHA iron 
complexes present very high stability. Consequently, degradation rates 
of MPs are slow, although their use can involve advantages such as 
having a higher amount of chelated iron at the end of the treatment [18]. 
To improve the process, an equilibrium between iron availability and 
complexes stability in solution is needed to ensure a sustained produc-
tion of hydroxyl radicals during the entire treatment and, consequently, 
a good treatment efficiency. 

The aim of this work is to test the performance of different iron 
chelates in the treatment of secondary wastewater effluent by photo- 
Fenton, for their subsequent reutilization in agriculture. The selected 
endpoints for assessment of the treatment efficiency were the abatement 
of three representative micropollutants: acetamiprid (ACMP), propran-
olol (PROP) and sulfamethoxazole (SMX). For the first time, as far as we 
have been able to know, five different organic fertilizers (EDTA, EDDS, 
DTPA, EDDHA and HEDTA (2-Hydroxyethyl ethylenediamine-N,N′,N′- 
triacetic acid)) were compared in the same study under similar and 
feasible operational conditions, showing the potential applicability of 
each compound. Moreover, some of the best performing chelates were 
combined and tested in additional photo-Fenton experiment. The aim of 
this part was to explore possible performance increase of the process 
with the use of chelates mixtures, taking advantage of the particular 
properties of each compound concerning the ability of keeping iron 
complexed and available for catalytic reactions conducting to HO⋅ 
generation. Apart from MPs abatement, BOD5 after treatment was 
evaluated to compare the results of treated wastewater with the legis-
lation for agricultural water reuse. 

2. Material and methods 

2.1. Chemicals 

Propranolol hydrochloride (PROP), acetamiprid (ACMP), sulfa-
methoxazole (SMX), EDDS-Na solution and liver bovine catalase from 
bovine liver were acquired from Sigma-Aldrich. Organic fertilizers 
(bought with iron chelated) DTPA-Fe (7% of iron), EDTA-Fe (13.3 % of 
iron) and HEDTA-Fe (13.0 % of iron), used as iron chelates, were pur-
chased from Phygenera, Germany. EDDHA-Fe (6.0 % of iron) was ob-
tained from Fertiberia. Acetonitrile, orthoposphoric acid, ferrous sulfate 
(FeSO4⋅7H2O) hydrogen peroxide (H2O2, 30 % w/v), o-Nitro-
benzaldehyde (98 %) and ethanol (96 %, v/v) were acquired from 
Panreac Quimica. 

2.2. WWTP effluent 

Secondary effluent from a membrane bioreactor (MBR) of a waste-
water treatment plant (WWTP) located in Barcelona, Spain (plant of 
Gavà-Viladecans; 384,000 population equivalent (PE); DF (design flow): 
64,000 m3 d− 1) was chosen to perform the experiments. The MBR is a 
combination of conventional activated sludge (CAS) and external 
membrane post-treatment by ultrafiltration. Table 1 lists the principal 
parameters of the WW. 

2.3. Experimental procedure 

All experiments were carried out in a solar simulator (Xenonterm- 
1500RF.CCI) with a Xenon lamp (1.5 kW) (wavelength range: 290− 400 
nm; irradiance: 6.6⋅10− 7 Einstein⋅L-1 s-1 (13.9 W m-2) obtained by o- 
Nitrobenzaldehyde actinometry. The methodology to prepare the solu-
tions to carry out the actinometry was extracted from De la Cruz et al. 
2013 [22]. The emission spectrum can be found in Fig. S1 of supple-
mentary information. The tubular photoreactor (25 cm length x2 cm 
diameter) was located on the axis of a parabolic mirror made of reflec-
tive aluminum (reflectivity between 0.8 and 0.9), at the bottom of solar 
simulator. The total volume of each experiment was 1 L and the solution 
was continuously recirculated from the feeding tank (magnetically 
stirred) to the tubular photoreactor. The temperature was controlled by 
Haake C-40 bath and keep constant at 25 ◦C. More information about the 
experimental set-up can be found in Fig. 1. 

To prepare the dissolutions with iron chelates, an appropriate 
amount of each organic fertilizer was added to WW. The concentration 
of each one was calculated according to the percentage of iron content 
(information in section 2.1) in order to obtain a concentration of 5 mg 
L− 1 of iron in solution (which is the maximum concentration in irriga-
tion water permitted by international regulations) [23,24]. To perform 
the experiments with two iron chelates an appropriate amount of each 
organic fertilizer, according to the iron content of each one, was added 
to solution also to achieve a total concentration of 5 mg L− 1 of iron. In 
the mixtures with EDDS, which was the only one that was not acquired 
as an iron chelate, a molar ratio of 1:1 (EDDS: Fe(II)) was selected based 
on previous studies [25]. In these cases, the EDDS was firstly added to 
the solution and then the iron, to ensure a good chelation. After this, the 
corresponding organic fertilizer was added to obtain the total iron 
concentration. A concentration of 0.25 mg L− 1 of PROP, ACMP and SMX 
was spiked to the WW (total concentration of 0.75 mg L− 1). Finally, 
hydrogen peroxide (50 mg L− 1) was added just before the reaction 
began. Samples were retired periodically from the tank during 180 min 
and liver bovine catalase was employed to stop the reaction (10 μL of 
liver bovine catalase at a concentration of 200 mg L− 1 to 5 mL of each 
sample). Samples to analyze the total iron content were filtered with 
0.20 μm PVDF filter to ensure a good read of soluble (chelated and not) 
iron. In addition, ascorbic acid was added to the sample to have the total 
soluble iron. 

The degradation of MPs was plotted considering the accumulated 
energy (Qacc, kJ L− 1), which was calculated according to Eq.1 [22,26]. 

Qacc =
∑n

i=1

I⋅Δti

V
(1) 

I is the irradiation entering the photoreactor (kJ s− 1), Δti is the 
increment of the time of reaction (s) and V is the reaction volume (L). 

Table 1 
Physic-chemical parameters of wastewater.  

Parameters MBR 

pH 7.8 
Turbidity (NTU) 0.3 
UV254 (m− 1) 19.1 
TOC (mg C L− 1) 7.0 
DOC (mg C L− 1) 6.7 
Total alkalinity (mg CaCO3 L− 1) 233.2 
HCO3

− (mg HCO3- L-1) 279.8 
Cl− 1 (mg L-1) 591.6 
SO4

2− (mg L-1) 168.8 
N-NO2

− (mg L-1) 0.4 
N-NO3

− (mg L-1) N/A 
PO4

3− (mg L-1) N/A 

N/A: below the detection level. 
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2.4. Analytical measurements 

The concentration of MPs (PROP, ACMP and SMX) was followed by 
High Performance Liquid Chromatography (HPLC Infinity Series, Agi-
lent Technologies), using a C-18 Tecknokroma column (250 × 4.6 mm i. 
d; 5 μm particle size). Acetonitrile (20 %) and water acidified with 
orthophosphoric acid (pH = 3) (80 %) were employed as mobile phases. 
The flowrate was 1 mL min− 1 and the injection volume was set to 100 
μL. Three wavelengths were fixed according to absorbance of each 

compound: 214, 250 and 270 nm for PROP, ACMP and SMX, respec-
tively. Equal than MPs, the concentration of o-Nitrobenzaldehyde was 
measured by HPLC with the column aforementioned. The mobile phases 
were acetonitrile and water (pH = 3) (60:40, respectively), UV detection 
was set to 258 nm and 0.6 mL min− 1 was fixed as a flow rate. The 
monitoring of H2O2 and total iron in solution was performed by color-
imetric method of metavanadate [27] and o-phenantroline procedure 
(ISO 6332), respectively. The BOD5 was carried out using the 5210-stan-
dard method. 

Fig. 1. Experimental setup. (1) Sampling orifice; (2) Thermostatic bath-IN; (3) Feeding tank; (4) Magnetic stirrer; (5) Thermostatic bath-OUT; (6) Peristaltic pump; 
(7) Recirculation IN; (8) Tubular photoreactor; (9) Recirculation OUT; (10) Xenon lamp; (11) Solar simulator chamber; (12) Parabolic mirror. 

Fig. 2. a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with different organic fertilizers as chelating agents in 
photo-Fenton in MBR secondary effluent (pH = 7.8). [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg L− 1. Total treatment time: 
180 min, Qacc = 2.31 kJ L− 1. 
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3. Results and discussion 

3.1. Efficiency of organic fertilizers in photo-Fenton process 

First of all, 3 new organic fertilizers (EDDHA, HEDTA and DTPA) and 
EDDS and 

EDTA, as a conventional fertilizers used in photo-Fenton, were tested 
and compared as iron chelates in the abatement of three MPs (PROP, 
ACMP, SMX) by photo-Fenton at natural pH. These MPs were selected, 
as model compounds, due to their different kinetic constants with hy-
droxyl radicals (kPROP,HO = 1.0⋅1010 M− 1 s-1 [28], kSMX,HO = 5.5⋅109 M-1 

s-1 [29], kACMP,HO = 2.1⋅109 M− 1 s-1 [30]). Many research works are 
mainly focused on the use of one or two chelating agents [31–35]. 
However, to the best of our knowledge, in this study 5 chelating agents 
were tested and compared between them, for a first time. All experi-
ments were carried out in real secondary WW (MBR) using 5 mg L-1 of 
iron and 50 mg L-1 of H2O2. The results are given in Fig. 2a–c (PROP, 
ACMP and SMX respectively). In addition, the photolysis of three MPs in 
MBR matrix was previously evaluated as a control test and the results at 
the end of the treatment (Qacc = 2.31 kJ L-1; 180 min) were 12.4, 5.3 and 
2.4 % of depletion for PROP, SMX and ACMP, respectively. 

Among different micropollutants, PROP achieved the best degrada-
tions with the five chelating agents followed by SMX, while ACMP 
presented the lowest removals in all conditions. This fact is in accor-
dance with the kinetic constant of each micropollutant with hydroxyl 
radicals, being PROP the highest and ACMP the lowest, as commented 
before. 

Regarding the chelating agents, the best removals were achieved for 
EDTA (100 % for PROP and SMX and 67.6 % for ACMP) and the worst 
degradations were presented for EDDHA (23.3, 29.3 and 15 % for PROP, 
SMX and ACMP, respectively) at the end of the treatment (Qacc = 2.31 kJ 
L− 1; 180 min). The removals of the MPs when using DTPA and HEDTA 
were very similar (89 and 91.1 % for PROP, 67.6 and 67.8 % for SMX 
and 31 % for ACMP, respectively). However, a distinct behavior was 
observed for EDDS. As can be seen in Fig. 2a–c, the degradation of three 
MPs was faster until 0.39 kJ L− 1 (30 min). Then, the removal dropped 
significantly, failing to reach the complete degradation. Results for 
EDDS at the end of the treatment (Qacc = 2.31 kJ L− 1, 180 min) were 
94.8, 79.9 and 38.5 % for PROP, SMX and ACMP, respectively, close to 
the removals at 0.39 kJ L− 1 (30 min), 89.9, 69.3 and 31.7 % for PROP, 
SMX and ACMP, respectively. 

Removal kinetics are closely linked to the release and subsequent 
precipitation of iron during the treatments. Fig. 3 shows the evolution of 
total iron in solution along the performed photo-Fenton experiments. As 
it can be observed, faster MPs removal kinetics corresponds to EDDS 
which presented higher iron release and precipitation compared with 
the other chelating agents, already from the beginning of the experi-
ment. On the contrary, EDDHA with the lower iron lost kinetics obtained 
the worse MPs removal. In the particular case of EDDS, after 30 min of 
reaction (0.39 kJ L− 1) and at the highest MPs removal kinetics, the 
available iron was still about 60 % of the initial chelated iron that is 
about 3 mg L− 1. The abrupt efficiency removal drop from that point 
could be related with the generation of insoluble species of iron with by- 
products of the chelate agent and/or the organic matter present in the 
wastewater, degreasing the performance of the photo-Fenton reaction. 
Thus, soluble iron dropped to 25 % (less than 1 ppm of soluble iron) at 
60 min of reaction (0.39 kJ L− 1) and it was almost completely precipi-
tated by the end of the experiment. 

MPs removal and iron availability are related to the stability constant 
(kstab) of the complexes with iron (See Table 2). Among studied chelates, 
EDDS presents one of the lowest constants, which is in accordance with 
high iron precipitation during the experiment. No data were found for 
the stability constant of EDDS-Fe(II). However, it is expected that the 
constant with iron (II) would be lower than stability constant with iron 
(III), as it happens with other chelating agents (see Table 2). On the 
other hand, EDDHA and DTPA, which present high stability constants 

with iron, revealed low kinetic removal rates with the three MPs. 
The stability constant of the chelates with iron is linked to their 

chemical structure, particularly the strength, functional groups, number 
of the chelates interactions and pH [18,39]. Chemical structures of five 
complexes can be seen in Table 3. 

For EDDHA, the phenolate groups with hydroxyl in ortho position 
forming two bonds with iron (III) together with the octahedral geometry 
(coordination number = 6) give to the chelate greater stability [39]. In 
addition, the low MPs degradations could probably be related to the 
brown color of the iron complex, affecting light absorption capacity. In 
the case of DTPA, the complex presents a coordination number of 7 
forming a pentagonal bipyramidal geometry which results in a higher 
stability than octahedral geometry. However, no phenolate groups in the 
structure makes overall DTPA stability lower than EDDHA. These higher 
stabilities protect the iron from oxidants resulting in a lower iron 
leakage and lower MPs kinetic removal rates [39]. 

Different behavior was observed for HEDTA, which presents low 
stability constant, even lower than EDTA, but iron precipitation and MPs 
degradation were also significantly lower. Both chelates present octa-
hedral geometry but EDTA presents 4 carboxylate groups while HEDTA 
only 3 (see Table 3). Most probably EDTA complex undergoes higher 
photodegradation [39], increasing iron leakage and precipitation. In 
addition, the competition of Ca2+ and Zn2+ with Fe3+ for EDTA is 
increased at pH higher than 6.2 (secondary effluent pH = 7.8), which 
would favor the iron precipitation [39]. DTPA also has 4 carboxylate 
groups but the additional coordination number, which implies a higher 
stability than HEDTA, balanced the photodegradation. 

EDDS contains four carboxylate groups and the iron is not so struc-
turally protected by the chelator from oxidants. Consequently, the iron 
can react more easily with H2O2, increasing hydroxyl radical kinetic 
generation, obtaining high MPs removal rates at initial times compared 
with the other complexes with higher stability constants. However, this 
lower iron protection by the chelator causes the rapid precipitation of 
iron, failing to reach the total degradation of MPs. According to obtained 
data presented in Table 2, the kinetic rate (k1) of PROP degradation by 
EDTA was 2.6 times lower than EDDS during the first 30 min of reaction, 
in accordance with the higher stability EDTA with iron. However, this 
high stability constant of EDTA allowed to keep more iron in solution 
after 30 min of the experiment and around 50 % of iron remained in 

Fig. 3. Evolution of total iron in solution as a function of the accumulated 
energy for experiments with different organic fertilizers as a chelating agents in 
photo-Fenton process of MBR secondary effluent. [PROP]0 = [ACMP]0 =

[SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg L− 1. Total treat-
ment time: 180 min, Qacc = 2.31 kJ L− 1. 
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solution at the end of the treatment. Thus, photo-Fenton reactions can go 
further, achieving the total degradation in the case of PROP and SMX. In 
that case, the kinetic rate after 30 min of reaction (k2) of EDTA was 18.6 
times higher than EDDS. The same fact was observed between DTPA, 
HEDTA and EDDS. After 30 min, the kinetic rates (k2) were 4.8 and 4.3 
times higher for HEDTA and DTPA than EDDS. More information about 
the kinetic rates can be found in Fig. S2 of supplementary material. 

3.2. Organic fertilizers mixtures 

The results explained in section 3.1 highlight the necessity to find the 
equilibrium between keeping the iron in solution and achieving high 
abatement rates for MPs. Mixtures of chelating agents with different 
stability with iron could be formulated towards this objective. In this 
section, EDDS, EDTA and DTPA were selected to perform the mixtures, 

according to the results of previous experiments. EDDS was included due 
to the high kinetic rates for MPs degradation at the beginning of the 
reaction and its good properties as a fertilizer in agriculture [21]. EDTA 
obtained total degradation of PROP and SMX and the best removal of 
ACMP. Finally, DTPA was chosen due to its high stability constant with 
iron, assuring the disposal of iron during all the experimentation, and its 
extended employment in agriculture compared with HEDTA. EDDHA 
was discarded due to the low degradations reached for three MPs. The 
mixtures assayed were EDDS-EDTA, EDDS-DTPA and EDTA-DTPA. Each 
combination was performed with 50 % of the total iron content of each 
chelator achieving 5 mg L− 1 of total dissolved iron. For comparison 
purposes, the experiments were carried out in the same MBR secondary 
effluent. 

The Figs. 4, 5 and 6 present the degradation curves of PROP, ACMP 
and SMX, in MBR matrix, using EDDS-EDTA, EDDS-DTPA and EDTA- 

Table 2 
Principal parameters of different chelating agents for their comparison. Total degradation of PROP and iron in solution were the values at the end of the treatment (2.31 
kJ L− 1; 180 min). k1 is the kinetic constant at initial time (0-0.39 kJ L− 1, 30 min) and k2 is the kinetic from 30 min to 90 % of PROP degradation. (1) Total degradation 
not reached 90 %; (2) Total degradation at 0.39 kJ L− 1. Values of Kstab were retrieved from references [36–38].   

Total PROP removal (%) k1 (kJ− 1) R2 (k1) k2 (kJ− 1) R2 (k2) Iron in solution (%) Kstab (Ligand-Fe(III)) Kstab (Ligand-Fe(II)) 

EDTA 100 2.36 0.98 3.91 0.99 52.0 25.10 14.33 
EDDS 94.8 6.21 0.98 0.21 0.83 4.0 22.0 – 
HEDTA 91.1 1.00 0.81 0.90 0.99 64.9 19.80 12.20 
DTPA 89.0 1.09 0.97 1.00 0.99 77.0 28.60 16.55 
EDDHA 23.3 0.35 0.80 (1) (1) 85.5 35.09 – 
EDDS-EDTA 100 6.97 0.99 (2) (2) 78.2 – – 
EDDS-DTPA 74.6 3.54 0.99 1.06 0.98 70.0 – – 
EDTA-DTPA 100 3.14 0.94 2.53 0.96 56.3 – –  

Table 3 
Properties of different iron complexes employed in this study.  

Compound Molecular formula Chemical structure Molecular weight (g/mol) 

HEDTA-Fe C10H18FeN2O7⋅5H2O 424.11 

DTPA-Fe C14H18N3O10FeNa2 490.20 

EDTA-Fe C10H12N2O8FeNa⋅3H2O 421.10 

EDDHA-Fe C18H16N2O6FeNa 435.20 

EDDS-Fe C10H9N2FeNa3O8 409.85  
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DTPA mixtures, respectively. 
The mixture of EDDS and EDTA (Fig. 4) showed the best results 

compared with the same chelates working alone since it maintained (see 
Table 2 for kinetic of PROP and SMX) or even improved (ACMP) the high 
kinetic rate during the first minutes of the reaction. Moreover, the total 
degradation of PROP and SMX was reached in less irradiation time. For 
instance, total removal of PROP was achieved at 0.39 kJ L− 1 (30 min) for 
the mixture EDDS-EDTA but at 1.16 kJ L− 1 (90 min) for EDTA alone. 
This fact can be linked again with the evolution of total iron in solution, 
shown in Fig. 7. The overall iron precipitation for the EDDS-EDTA 
mixture was slower than for EDDS alone. At 0.77 kJ L− 1 (60 min), 50 
% of iron was in solution with the mixture of chelating agents, while in 
EDDS only 25 % was keep in solution. At the end of the treatment, EDDS- 
EDTA mixture had 22 % of the total iron in solution while EDDS only 
4%. These results confirm that the chelates mixture EDDS-EDTA 
significantly improved the kinetics and the overall removals reached 
by the chelates used alone 

Different results were obtained with the mixture EDDS-DTPA, as can 
be observed in Fig. 5. MPs degradation kinetics was placed between the 
ones obtained with EDDS (higher) and DTPA (lower) alone. For 
example, at 0.39 kJ L− 1 (30 min) the mixture obtained 75 % of PROP 
removal, being a significant enhancement compared to DTPA (only 35.5 
% of degradation), and little lower than the degradation obtained with 
EDDS. However, the iron remaining in solution was 86 % for the com-
bination EDDS-DTPA and only 61 % for EDDS alone (see Fig. 7). Thus, 
with the combination of the two chelating agents an equilibrium be-
tween high kinetic rates and a higher iron in solution disposal was 
achieved. In fact, at the end of experiment the level of MP degradation is 
practically the same. 

When a combination of EDTA and DTPA was tested (Fig. 6), the ki-
netic rate for the three MPs studied was very similar to the results with 
only EDTA. This fact is due to the kinetic rates for experiments with only 
one chelating agent (EDTA and DTPA) were more similar between them 
than experiments with only EDDS or DTPA (see Table 2). Thus, in Fig. 6a 
an enhancement of PROP removal was observed (like Fig. 5a) compared 
to experiment with only DTPA. With the combination EDTA-DTPA a 90 
% of PROP degradation was achieved at 0.77 kJ L− 1 (60 min) equal than 
experiments with only EDTA. However, experiments with only DTPA 
reached 90 % of PROP degradation at the end of the experiment (180 
min, see Fig. 1) which implies a difference of 120 min more than the 
combination with EDTA. Although no kinetic rates and overall efficiency 
improvement was obtained, the EDTA-DTPA mixture retained higher 
iron content at the end of the photo-Fenton process, (75 % of the initial 
value) compared with EDTA (about 50 %). This fact represents an 
improvement since more soluble iron will arrive to the plants with the 
water effluent reuse to avoid ferric chlorosis. 

3.3. Mixtures with different chelating agents’ proportions 

In order to optimize the combinations of chelating agents, mixtures 
using 25 % of EDDS and 75 % of EDTA or DTPA were also tested. These 
percentages would bring information about the proper combination of 
chelates to reach high removal rates, minimizing iron precipitation 
during the photo-Fenton treatment. Fig. 8 shows the degradation curves 
of PROP, ACMP and SMX for the combination of 25 % EDDS + 75 % 
EDTA and the evolution of total iron in solution. 

As can see in Fig. 8, when a mixture of 25 % EDDS and 75 % of EDTA 
was performed the degradation curves for each MP are between the 

Fig. 4. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with EDDS, EDTA and a mixture of both (50 % 
EDDS + 50 % EDTA) in photo-Fenton at natural pH in MBR secondary effluent. [PROP]0= [ACMP]0= [SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg 
L− 1. Total treatment time: 180 min, Qacc = 2.31 kJ L− 1. 

N. López-Vinent et al.                                                                                                                                                                                                                          



Applied Catalysis B: Environmental 290 (2021) 120066

7

removal curves of two chelating agents tested alone until 0.77 kJ L− 1 (60 
min). Since this time, the degradation rate was lower than this one with 
EDTA alone but higher than the one obtained with EDDS alone. With the 
mixture 25 % EDDS + 75 % EDTA, a total degradation was achieved at 
1.5 kJ L− 1 (120 min) for PROP and at the end of the experiment for SMX 
(180 min). With 100 % EDDS the complete degradation was not ach-
ieved for any micro-pollutant (see Fig. 8a–c). In the case of ACMP, a 
removal of 51.9 % was reached with the mixture, at the end of the 
experiment, compared to only 38.5 % achieved with EDDS alone. 
Moreover, iron evolution was similar to EDTA (see Fig. 8d), with 40 % 
less of iron precipitation than experiments with 100 % EDDS. These 
results are logical since 75 % of iron is chelated with EDTA which pre-
sent high stability constant. In that case, the tendency is closer to ex-
periments with 100 % EDTA than 100 % EDDS compared with the 
combination of 50 % EDDS + 50 % EDTA, which was the other way 
around. In addition, the shape of the curves is also strongly related to the 
percentage of chelating agents. Thus 50 % EDDS + 50 % EDTA shows a 
degradation curve with a shape very similar to that of the EDDS alone. 
On the contrary, experiments with 25 % EDDS + 75 % EDTA show 
curves with a shape very close to this corresponding to EDTA alone. The 
same occurs with the experiments with 25 % EDDS + 75 % DTPA, where 
the degradation curves are very close to these ones corresponding to 
DTPA alone (see Fig. 9). 

As can be observed in Fig. 9, the degradation lines for the two per-
centages tested for mixtures were between experiments with only EDDS 
and only DTPA. When 50 %-50 % combination was tested the tendency 
was more similar to EDDS. However, with 25 % EDDS + 75 % DTPA the 
trend was comparable to DTPA, as happened with EDDS-EDTA combi-
nation. Since the 50 %-50 % mixture presented this behavior it was 
reflected that EDDS had an important weight in the experiment. 

The MPs removals obtained at the end of the treatment were only a 
little different for the two percentages tested. The results for 25 % EDDS 
+ 75 % DTPA were: 90.9, 66.4 and 29.3 % for PROP, SMX and ACMP, 
respectively. While the removals for 50 % EDDS + 50 % DTPA were: 95, 
77.4 and 39.4 % in the same order. It was observed that more close 
results were achieved for PROP. That fact is related to the highest kinetic 
rate with hydroxyl radicals for this compound. Although at the end of 
the treatment the different mixtures presented similar results, different 
kinetic rates were observed during the experiment. For instance, 74.6 
and 56.2 % were obtained for PROP with 50− 50 and 25–75 at 30 min, 
respectively. That behavior was related to iron in solution and their 
availability. With 50 %-50 % more iron was chelated with EDDS which 
avoid higher kinetic rates at initial time. But, at the same time, the iron 
precipitation was higher than 25− 75. That fact caused the degradation 
of MPs to slow down. Conversely, with 50− 50 mixture the degradation 
was slower but steady. Thus, at the end of the treatment the difference of 
MPs degradation between two percentages of mixtures was lower than 
at first time of the experiment. 

Comparing Figs. 8 and 9, different behavior was observed with the 
mixtures in both cases 50 %-50 % and 25 %–75 %. These differences are 
related to the stability constant of DTPA and EDTA. DTPA presents 
higher stability constant, making the reaction with peroxide more 
difficult. In the case of EDTA, the lower stability constant with iron and 
the medium stability constant of EDTA-Fe permits the faster degradation 
of MPs with the mixture performed with 50 % EDDS + 50 % EDTA. In 
addition, better MPs removals than only EDDS and close results than 
EDTA were achieved with 25 % EDDS + 75 % EDTA combination. 

Moreover, the quantity of iron chelated is an important think to 
consider. If less iron is chelated the precipitation of this one will be 
slower (due to non-chelated iron remain in solution more time before to 

Fig. 5. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with EDDS, DTPA and a mixture of both (50 % 
EDDS + 50 % DTPA) in photo-Fenton at natural pH in MBR secondary effluent. [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg 
L− 1. Total treatment time: 180 min, Qacc = 2.31 kJ L− 1. 
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precipitate), being able to continue generating hydroxyl radicals. This 
fact influences on the mixtures using 50 % EDDS + 50 % EDTA, where 
2.5 mg L− 1 of iron is chelated with EDDS as long as the experiments with 
100 % of EDDS 5 mg L− 1 of iron is chelated. Part of the yield increase is 
due to less iron precipitation with EDDS adding only 2.5 mg L− 1 is 
chelated with EDTA, which maintain the iron chelated to produce more 
hydroxyl radicals. In the case of mixture 25 %–75 % only 1.25 mg L− 1 is 
chelated with EDDS and 3.5 mg L− 1 chelated with EDTA. More iron is 
chelated with a chelating agent which present high stability constant so 
that the kinetic rate is similar to this one. Otherwise, the iron precipi-
tation will be slower but the quantity of iron chelated is also important 
in the photo-Fenton reactions. With only 1.25 mg L− 1 of iron (25 % 
EDDS) is not enough to achieve close kinetic than 5 mg L− 1 (100 % 
EDDS). 

3.4. Biochemical oxygen demand at 5 days tests 

The Proposal for a Regulation of the European Parliament and of the 
Council lists the minimum requirements for agricultural wastewater 
reuse [3] where BOD5 (mgO2 L− 1) is an important parameter to take into 
account. Fig. 10 shows the values of BOD5 after the photo-Fenton 
treatment with the chelates or mixture of chelates in MBR effluents. 
Process catalyzed by EDDS presented highest value of BOD5 at the end of 
the treatment, reaching 19.6 mg O2 L− 1 while the combination of 
EDTA-DTPA achieved the lowest: 3.6 mgO2 L− 1. The BOD5 values of the 
treated effluent with combinations of 50 % EDDS with EDTA or DTPA 
were placed between 13.6 and 9.6 mg O2 L− 1, respectively. This fact 
represents an advantage compared to EDDS since the EU regulation for 
agricultural water reuse establishes four categories (A, B, C and D) 

Fig. 6. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with EDTA, DTPA and a mixture of both (50 % 
EDTA + 50 % DTPA) in photo-Fenton at natural pH in MBR secondary effluent. [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg 
L− 1. Total treatment time: 180 min, Qacc = 2.31 kJ L− 1. 

Fig. 7. Evolution of total iron in solution as a function of the accumulated 
energy for experiments with different mixtures of chelating agents in photo- 
Fenton at natural pH in MBR secondary effluent. [PROP]0 = [ACMP]0 =

[SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg L− 1. Total treat-
ment time: 180 min, Qacc = 2.31 kJ L− 1. 
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depending on the quality of treated water. Category A fixes a value of 
BOD5 ≤ 10 mg O2 L− 1 and categories from B to D a level of BOD5 ≤ 25 
mg O2 L− 1 [3]). Thus, when mixture of EDDS-DTPA was employed the 
treated effluent goes from category B to A (Table S1 and S2 in supple-
mentary information explains different categories and quality re-
quirements). Treated effluents using EDTA, DTPA and a mixture of 
EDTA-DTPA were also classified in category A. 

Finally, Fig. 11 was performed to obtain an overview of how the 
chelating agents and their mixtures respond to important parameters 
like MPs removal, iron stability, BOD5 and chelating agent cost. The 
values of each parameter were normalized in the scale from 0 to 10, 
being the value of 10 the best conditions and 0 the worst. In supple-
mentary material (Table S3) can be found the rules followed to 
normalize the different parameters. 

As can been observed in Fig. 11, the experiments carried out with one 
chelating agent presented some deficiencies. For instance, EDDS show 
high price and low iron stability. EDTA presented medium iron stability. 
While DTPA displays high price and low removal at first 30 min. 
Nevertheless, with the combinations of these chelating agents an 
improvement was seen in all parameters. For example, the mixture 
composed by EDTA-DTPA (50 %-50 %) exhibited good enhancements in 
almost all parameters compared with single EDTA or DTPA. Only in the 
price was the second best under EDTA (price of mixture: 0.004€/ 
experiment and 0.002 €/experiment for EDTA). In addition, the com-
bination of EDTA-EDDS also reached good improvements in all param-
eters compared with EDDS: better removal at first 30 min and price 
(0.008 €/experiment for EDDS and 0.005 €/experiment for the mixture) 
were the enhancements more highlighted. Compared to EDTA, better 
removal at first 30 min was the improvement. 

4. Conclusions 

The organic fertilizers tested in this study were effective in removing 
the three selected micropollutants throughout photo-Fenton at natural 
pH. In the case of DTPA and HEDTA similar results were achieved in the 
MPs removal (about 90 % for PROP, 70 % for SMX and 30 % for ACMP) 
reaching worst results for ACMP because of its poor reactivity with 
hydroxyl radicals. EDDHA achieved the poor results (23.3, 29.3 and 15 
% for PROP, SMX and ACMP, respectively) due to its high stability 
constant with iron which affects its availability for Fenton reaction. 
EDTA and EDDS both presented good removals for PROP and SMX. 
However, only EDTA reached about 70 % of ACMP. Removal kinetics 
and soluble iron availability resulted closely linked to the stability 
constant (kstab) of the chelating agents. EDDS showed low stability 
constant with iron allowing high removal rates at initial times. However, 
the rapid iron precipitation decreased the overall efficiency of the pro-
cess failing to reach total degradation for the three MPs. On the contrary, 
EDDHA with the highest stability constant showed the lower iron release 
and overall MPs removal efficiencies. Nevertheless, for the other 3 
chelating agents studied with high stability constant, the iron precipi-
tation was slower achieving less, but constant, hydroxyl radicals for-
mation so that good MPs removals were observed at the end of the 
treatment. 

For all this, assuring the process effectivity requires an equilibrium 
between to keep iron in solution and to achieve fast kinetic constants for 
MPs abatement. The three mixtures of different chelating agents tested 
(EDDS-EDTA, EDDS-DTPA and EDTA-DTPA, 50 %-50 %) show yields 
improvement. The EDDS-EDTA combination reached higher kinetic 
rates in the MPs abatement and final soluble iron availability, compared 

Fig. 8. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with EDDS, EDTA and a mixture of both (25 % 
EDDS + 75 % EDTA) in photo-Fenton at natural pH in MBR secondary effluent. d) Evolution of total dissolved iron during different treatments. [PROP]0 = [ACMP]0 
= [SMX]0 = 0.25 mg L− 1; [Fe]0 = 5 mg L− 1; [H2O2]0 = 50 mg L− 1. Total treatment time: 180 min, Qacc = 2.31 kJ L− 1. 

N. López-Vinent et al.                                                                                                                                                                                                                          



Applied Catalysis B: Environmental 290 (2021) 120066

10

to the treatment using the chelates separately. 
Tests of Biochemical Oxygen Demand at 5 days at the end of the 

treatment obtained that all effluents could reuse in agriculture according 
to current European legislation (Proposal for water reuse in agriculture 
[3]). 

Finally, an evaluation of the most significant parameters of treated 
wastewater (low BOD5, iron stability, MPs removal first 30 min, final 
MPs abatement and price of chelating agent) revealed that solar photo- 
Fenton using organic fertilizers can be applied in agriculture reuse of 

wastewater, being EDTA-EDDS mixture the most suitable among the 
chelating agents studied. 
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[6] N. López-Vinent, A. Cruz-Alcalde, L.E. Romero, M.E. Chávez, P. Marco, J. Giménez, 
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Commercial fertilizer as effective iron chelate (Fe3+-EDDHA) for wastewater 
disinfection under natural sunlight for reusing in irrigation, Appl. Catal. B: 
Environ. 253 (2019) 286–292. 

[20] European Commission, Regulation (EC) No 2003/2003 of the European Parliament 
and of the Council of 13 October 2003 relating to fertilizers, Off. J. Eur. Commun. 
(2003). 
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Figure S1. Emission spectrum of solar simulator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Fitting of Figure 1a data to pseudo-first order kinetics using different chelating agents in photo-Fenton at 

natural pH in MBR at initial accumulated energy (0-0.39 kJ L-1, 30 min) (close symbols) and from 30 min to 90% of 

PROP degradation (open symbols). [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L-1; [Fe]0 = 5 mg L-1; [H2O2]0 = 50 mg 

L-1. 
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Table S1. Classes of reclaimed water quality and allowed agricultural use and irrigation method [3]. 

Minimum reclaimed 

water quality class 
Crop category 

Irrigation 

method 

A 

Food crops, including root crops consumed raw and 

food crops where the edible part is in direct contact 

with reclaimed water 

All 

B  Food crops consumed raw where the edible part is 

produced above ground and is not in direct contact with 

reclaimed water, processed food crops and non-food 

crops including crops to feed milk- or meat-producing 

animals 

All 

C Drip * 

D Industrial, energy, and seeded crops All 

 

(*) Drip irrigation (also called trickle irrigation) is a micro-irrigation system capable of delivering 

water drops or tiny streams to the plants and involves dripping water onto the soil or directly 

under its surface at very low rates (2-20 liters/hour) from a system of small diameter plastic pipes 

fitted with outlets called emitters or drippers. 

 

 

Table S2. Reclaimed water quality requirements for agricultural irrigation [3]. 

Reclaimed 

water 

quality 

class 

Quality requirements 

E. coli 

(CFU/100 

mL) 

BOD5 

(mg/L) 

TSS 

(mg/L) 

Turbidity 

(NTU) 
Other 

A 

≤ 10 

Or below 

detection 

limit 

≤ 10 

 

≤ 10 

 

≤ 5 

 

Legionella spp.: <1000 CFU/L 

where there is risk of aerosolization 

in greenhouses 

 

Intestinal nematodes (helminth 

eggs): ≤1 egg/L for irrigation of 

pastures or forage 

B 
≤ 100 

 

≤ 25 ≤ 35 

- 

C 
≤ 1000 

 
- 

D ≤ 10000 - 
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Table S3. Normalization in the scale from 0 to 10 of different parameters. Used to elaborate Figure 9.  

 

Parameters 

 
Normalization 

Low BOD5 (1) 

Category A: 10. Category B: 7.5. Category C: 5. 

Category D: 2.5. If WW is not able to reuse in 

agriculture: 0. 

 

Iron stability 

10 for 0% of iron precipitation at the end of the 

treatment. 

 

Removal first 30 minutes 
10: 100% of PROP removal 

 

Final removal 
10: 100% of PROP removal 

 

Price chelating agents (2) 
10: cheaper chelating agent 

 

 

(1) According to Proposal for water reuse in agriculture, which establishes different classes of 

reclaimed water quality [3].  

(2) Prices from Phygenera (Germany) and Sigma-Aldrich. 
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• Mixtures of fertilizers as complexing
agents are effective in photo-Fenton
process.

• Process efficiency improvements are
observed with organic fertilizers mix-
tures.

• More than 70% of micropollutants
abatement is achieved in MBR matrix
with mixtures.

• Higher iron release is observed in CAS
matrix decreasing the process
efficiency.

• Suitability of treated effluents for their
reuse in agriculture is reached.
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Three organic fertilizers (EDTA (Ethylenedinitrilotetraacetic acid), EDDS (Ethylenediamine-N, N′-disuccinic
acid) and DTPA (Diethylene triamine pentaacetic acid)) were tested as Fe-complexes in photo-Fenton process
at natural pH for micropollutants (MPs) abatement and simultaneous E.coli inactivation. Less stable Fe-
complexes show high iron precipitation, stopping MPs degradation. On the contrary, stable Fe-complexes
imply low kinetic rates for MPs removal. To solve these inconveniences, three mixtures of organic fertilizers
were also tested, trying to improve the kinetic rates of micropollutants oxidation and overcome iron precipita-
tion. Three different pollutants (propranolol (PROP), acetamiprid (ACMP) and sulfamethoxazole (SMX)) were
used as the target compounds. As the iron release is, in part, linked to the hardness of water, two water matrices
from two different secondary wastewaters (Membrane Bioreactor (MBR) and Conventional Activated Sludge
(CAS)) were tested. The best performance in micropollutant degradation and E.coli inactivation was achieved
with the combination of EDDS + EDTA, accomplishing a good equilibrium between iron precipitation and rate
of MPs removal. For instance, total removal of propranolol was achieved at 45 min in MBR, while it was only
85.7% in CAS, being an improvement of the process comparing with that obtained using single organic fertilizers.
At the end of the treatment, 2.1 log-inactivation for E.coliwas reached in CAS. The differences observed between
both wastewaters were related to CAS’ higher DOC, turbidity, and hardness. Finally, from the physicochemical
characterization conducted, including Biochemical Oxygen Demand at 5 days and phytotoxicity, it is possible
to highlight the suitability of these treated effluents for its reuse in irrigation, as long as in CAS matrix the final
values of E. coli are within the legal limit.

© 2021 Elsevier B.V. All rights reserved.
.
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1. Introduction

The rapid growth of the population has caused fast global socio-
economic changes, involving important environmental problems, such
as water scarcity (Iglesias et al., 2007). At the current water consump-
tion rate, in 2025 two-thirds of the world population could face water
shortage, according to estimations of the World Wildlife Fund (WWF)
(Ortega-Gómez et al., 2014). In front of this scenario, the development
of suitable water reuse technologies is fundamental to confront water
scarcity. The reuse ofwastewater (WW) seems a good strategy for an ef-
ficient use ofwater, crucial for a sustainable development. In accordance
with UNESCO (The United Nations Educational, Scientific and Cultural
Organization), the agricultural sector represents about 70% of the total
fresh water demand. The use of treated wastewater in this sector
could guarantee agricultural production, mainly in areas with water
deficit, reducing the water footprint. Nevertheless, the reuse of waste-
water must negatively impact the public health. Thus, Regulation of
the European Parliament and of the Council on minimum requirements
for water reuse (European Commission, 2020) establishes the key pa-
rameters to be controlled for the agricultural reuse, such as E. coli. Con-
ventional methods used for wastewater disinfection are based on
chlorinated compounds (Iglesias et al., 2007; Nahim-Granados et al.,
2019; Lima Perini et al., 2018). However, the formation of unhealthy
and toxic substances, like halogenated disinfection by-products
(DBPs), results to be dangerous for aquatic ecosystems and human
health (Meireles et al., 2016). Sometimes it can be hard to simulta-
neously meet the limit for E. coli and residual chlorine (< 1 mg L−1),
making impossible the reuse of wastewater treated in this way for agri-
cultural purposes (Nahim-Granados et al., 2019; ISO-16075-2). Conse-
quently, the evaluation of less conventional technologies has gained
importance in the last decades. Different studies have proven the effi-
ciency of homogeneous AdvancedOxidation Processes (AOPs) on bacte-
rial inactivation (Fiorentino et al., 2019; Malvestiti et al., 2019a;
Malvestiti et al., 2019b) and micropollutants (MPs) abatement
(Rodríguez-Chueca et al., 2018; López et al., 2018; Cruz-Alcalde et al.,
2020). Additionally, studieswith iron-basedmaterials in heterogeneous
AOPs suggested that these can play an important role in a large-scale
wastewater treatment (Luo et al., 2021). Among AOPs, the use of solar
driven processes seems a good strategy, being an ecofriendly option,
which allow important reductions of electric costs. In this sense, solar
photo-Fenton has gained importance among these alternatives due to
its capabilities for water purification (Soriano-Molina et al., 2021;
Ahile et al., 2021; López-Vinent et al., 2019). However, the required
acidic conditions for photo-Fenton constitute the most serious draw-
back for its full-scale application (López-Vinent et al., 2020a). In that
case, some authors proposed different chelating agents to work at
natural pH. EDTA (Ethylenedinitrilotetraacetic acid), EDDS
(Ethylenediamine-N, N′-disuccinic acid), citric acid and oxalic acid are,
among others, the most investigated compounds (Huang et al., 2012;
García-Fernández et al., 2019; Miralles-Cuevas et al., 2014; de Luca
et al., 2014). Recently, organic fertilizers such as DTPA (Diethylene
triamine pentaacetic acid) (López-Vinent et al., 2020b) and EDDHA
(Ethylenediamine-N,N′-bis(2-hydroxyphenylacetic acid)) (Nahim-
Granados et al., 2019) were also studied as the chelating agents to per-
form photo-Fenton process at natural pH.

As observed in previous studies, EDDS displays low stability with
iron, which results in higher kinetic rates of MPs degradation at the
firstminutes of the treatment. Then, the efficiency decreases presenting
a plateau and failing to reach the complete MPs removal (López-Vinent
et al., 2020a, 2020b). However, other chelating agents, like DTPA, which
presents high stability with iron, shows low kinetic rates in MPs abate-
ment. However, in such case, continuous MPs degradation was ob-
served, achieving good removals at the end of the treatment. In a
previous work, the behavior of EDDS, EDTA and DTPA was studied in
different wastewater effluents (López-Vinent et al., 2020b) and was
discussed regarding the evolution of iron during the experiment.
2

These results displayed the necessity to search for chelating agents
whose use could avoid high iron precipitation and lead to fast kinetic
rates in MPs degradation. For this reason, mixtures of EDDS, EDTA and
DTPA were used in this study. These combinations should lead to a
mix of both unstable iron complexes providing high rates for MPs re-
moval and iron-stable complexes allowing the continuous formation
of hydroxyl radical, thus avoiding the efficiency decrease. Furthermore,
these combinations could prevent additional treatments to remove iron
hydroxides, because of a lower iron precipitation compared to that ob-
served in treatments using EDDS only. Moreover, the treatment time
should decrease compared to that in treatments employing more sta-
bles iron chelates. Another advantage is related to the reuse ofwastewa-
ter for agricultural purposes: all three chelating agents are fertilizers
approved by the European Commission (European Commission, 2003).

Different type of wastewaters effluents can be found inWWTPs due
to different treatments and wastewaters used. The physicochemical
parameters of wastewater greatly influence the efficiency of
micropollutants abatement with AOPs (López-Vinent et al., 2020a,
2020b; Maniakova et al., 2021). The turbidity, DOC and alkalinity can
affect the photo-chemical reactions due to light scattering, competition
for hydroxyl radicals due to the organic matter present in the matrix
and hydroxyl radicals scavenging due to the presence of carbonate
and bicarbonate.

Summarizing and according all the commented in the last para-
graphs, the aim of this study is to evaluate the efficiency of organic fer-
tilizers mixtures on micropollutants abatement and E.coli inactivation
by photo-Fenton at natural pH, in two different wastewaters. Three
micropollutants were selected as model compounds: propranolol
hydrochloride (PROP), acetamiprid (ACMP) and sulfamethoxazole
(SMX). The selected matrices correspond to two secondary effluents,
from membrane bioreactor (MBR) and Conventional Activated Sludge
(CAS) treatments with distinct physicochemical characteristics, espe-
cially in organic matter, turbidity, and alkalinity. The performance of
organic fertilizers mixtures will be compared to single compounds
usage, being one of the main goals, along with wastewater comparison
to determine the role ofWWproperties on iron precipitation and subse-
quent slowdown of degradation kinetics. Linked to this, another
endpoint in this work is to identify the organic fertilizers combinations
which are more suitable for each type of wastewater and relate it to
their relative stability with iron. Finally, the feasibility of reusing these
treated effluents for agricultural purposes was assessed through
Biochemical Oxygen Demand (BOD5) analyses. The results of each
condition at the end of the treatment were compared with the
maximum limit in the legislation for its reuse. Additionally, phytotoxicity
was evaluated during the treatment by E.sativa seeds.

2. Material and methods

2.1. Chemicals

Three micropollutants were selected as model compounds: pro-
pranolol hydrochloride (PROP), acetamiprid (ACMP) and sulfamethox-
azole (SMX), all of them acquired from Sigma-Aldrich. EDDS-Na
solution (purchased from Sigma-Aldrich), DTPA-Fe (7% of iron) and
EDTA-Fe (13.3% of iron), both obtained from Phygenera (Germany),
were selected as chelating agents for photo-Fenton experiments. Cata-
lase from bovine liver and Chormocult® Coliform Agar were acquired
from Sigma-Aldrich. Hydrogen peroxide (H2O2, 30% w/v), ferrous sul-
fate (FeSO4•7H2O), orthophosphoric acid and acetonitrile were pur-
chased from Panreac Química.

2.2. Wastewater matrices

Two secondary effluents from two different wastewater treatment
plants (WWTPs) located in Barcelona (Spain) were selected to perform
photo-Fenton experiments. They were collected from the outlet of a
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Membrane Bioreactor and a Conventional Activated Sludge. They pres-
ent markedly different physicochemical characteristics (see Table 1)
mainly related to TOC (total organic carbon) and turbidity, which are
expected to have an impact in photochemical experiments.

2.3. Photo-Fenton at natural pH experiments

A solar simulator (Xenonterm-1500RF, CCI) equipped with a Xenon
lamp (1.5 kW) was used to perform the photo-Fenton experiments. Ir-
radiance was determined by o-nitrobenzaldehyde actinometry (De la
Cruz et al., 2013) obtaining a value of 13.9 W m−2 in the wavelength
range between 290 and 400 nm. A tubular photoreactor was placed in-
side of the simulator (25 cm length x 2 cmdiameter). During the assays,
the solution was continuously recirculated from the feeding tank
(1 L) to the tubular photoreactor. The medium temperature was kept
constant at 25° by means of a Haake C-40 bath. A schematic design
can be found in the supplementary material (Fig. S1).

Total iron in solutionwas 5mg L−1 (corresponding to themaximum
concentration allowed for water irrigation) (Guidelines 600/R-12/618;
Ayers and Westcot, 1985) so that an appropriate amount of EDTA-Fe
or DTPA-Fe was added to corresponding wastewater, previously accli-
mated. The calculations were performed according to the percentage
of iron chelated in each case (see Section 2.1). In the case of EDDS, this
was first dissolved and then the iron (5 mg L−1) added to ensure the
chelation and avoid iron precipitation. A molar ratio (Chelating agent:
Fe) of 1:1 was selected according to our previous study (López-Vinent
et al., 2020b). To prepare the solutionwithmixtures of chelating agents,
the same total iron in solution than that used in experiments with a
single chelating agent was employed (5mg L−1). In that case, 50% of che-
lated iron was added from one chelating agent and 50% from the other.
Three mixtures were tested: EDDS + EDTA, EDDS + DTPA and EDTA +
DTPA. A concentration of 0.25 mg L−1 of each micropollutant (PROP,
ACMP and SMX) was added to the solution. The selection of these MPs
was devised due to different kinetic constant values for reactions with
hydroxyl radical (kPROP,HO = 1.0·1010 M−1 s−1 (Benner et al., 2008)
kSMX,HO = 5.5·109 M−1 s−1 (Huber et al., 2003), kACMP,HO = 2.1·109

M−1 s−1 (Cruz-Alcalde et al., 2017)). Finally, just before the experiment
started, a concentration of 50mg L−1 of H2O2was added. During the ex-
periment, samples were continuously withdrawn, and the reaction was
stopped with catalase (200 mg L−1). To evaluate the total iron in solu-
tion, the samples were filteredwith 0.20 μm syringe filters and ascorbic
acid in excess was added to the sample to reduce iron (III) to iron (II),
which then reacts with o-phenanthroline.

All plots were performed considering the accumulated energy
(Qacc, kJ L−1), calculated according to Eq. (1) (Romero Olarte, 2015).

Qacc ¼ ∑
n

i¼1

I � Δti
V

ð1Þ

where I is the irradiation entering thephotoreactor (kJ s−1),Δti is the in-
crement in the time of reaction (s) and V is the reaction volume (L).
Table 1
Principal parameters of twowastewaters characterization. N/A: below the detection level.

Parameters MBR CAS

pH 7.8 8.2
Turbidity (NTU) 0.3 5.3
UV254 (m−1) 19.1 28.8
TOC (mg C L−1) 7.0 16.6
DOC (mg C L−1) 6.7 10.9
Total alkalinity (mg CaCO3 L−1) 233.2 467.4
Cl−1 (mg L−1) 591.6 406.4
SO4

2− (mg L−1) 168.8 206
N-NO2

− (mg L−1) 0.4 0.4
N-NO3

− (mg L−1) N/A 1.6
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2.4. Analytical techniques

High Performance Liquid Chromatography (Agilent Technologies)
was used to measure the concentrations of all three micropollutants
(PROP, ACMP and SMX). An isocratic method was employed for simul-
taneous MPs detection with a C-18 column (Tecknokroma, 200 ×
4.6 mm i.d; 5 μm particle size). The wavelengths were fixed at 214,
250 and 270 nm for PROP, ACMP and SMX, respectively. The mobile
phases selected were acetonitrile and water acidified with orthophos-
phoric acid (pH = 3) (20:80, respectively). The flux was set to 1 mL
min−1 and an injection volume of 100 μL was used. Hydrogen peroxide
(H2O2) concentrations were followed during the reaction by the
metavanadate colorimetric method (Pupo Nogueira et al., 2005). Total
dissolved iron was also monitored by the o-phenanthroline procedure
(ISO 6332). The BOD5 analyses were performed following the 5210-
standard method (detection limit 1 mg O2 L−1). Seeds of Eruca sativa
(arugula) were employed to determine the phytotoxicity (Tam and
Tiquia, 1994) (further information can be found in the supplementary
material Table S1). To perform the disinfection tests, 1 mL of each sam-
ple was plated on Chromocult® Coliform Agar (E. coli selective agar).
Buffered peptone was used when dilution was needed. The plates
were incubated at 35 °C for 24, 48 and 72 h. The standard plated
count method was used to determine the colony-forming units per
1 mL (CFU mL−1).
3. Results and discussion

3.1. Comparison of chelating agents’mixtures in two different wastewaters

Chelating agents have different efficiencies onMPs removal and bac-
terial inactivation due to their different chemical structure, which im-
plies distinct stability constants with iron. In general terms, a low
stability of iron chelates causes a fast abatement of MPs but, at the
same time, quick iron precipitation causing a decrease in the process ef-
ficiency. Nevertheless, in the case of iron chelates with a higher stability,
the opposite happens resulting in a low but continued rate of MPs re-
moval (López-Vinent et al., 2020b). Thus, an equilibrium between
high degradation rates and low iron precipitation is necessary for the
process to be efficient.

Despite this, the performance on MPs abatement and bacterial inac-
tivation are related to the complexity of the effluent. For these reasons,
it is important to study the process with effluents presenting different
physicochemical parameters to have a global vision of the process
behavior in different systems. To study this influence, the process
performance on two different WWTPs effluents, CAS and MBR, was
compared in this work.

With the aim of comparing the efficiency of two wastewater matri-
ces, the same combinations of chelating agents and concentrations of
reagents were used (5mg L−1 of iron and 50mg L−1 of H2O2). Fig. 1 dis-
plays the degradation curves of PROP (a), ACMP (b) and SMX
(c) catalyzed by the combination of 50% EDDS +50% EDTA in both sec-
ondary effluents (MBR and CAS). In addition, the removals of three MPs
using 100% EDDS and 100% EDTA were also plotted. The pH evolution
was followed during each experiment. Only variations of ±0.2 were ob-
served since real and naturally buffered wastewater effluents were
employed.

As can be observed in Fig. 1, the best removalwas observed for PROP
and the worst for ACMP, in all cases. With MBR effluent, similar to CAS,
the trend of all threeMPs was the same regardless of the employed iron
chelates (see Fig. 1a, 1b and 1c). Themost representative differencewas
observed for ACMP during the first 60 min (0.77 kJ L−1). For instance,
with the EDDS-EDTA mixture, the degradation of ACMP was 60.9% at
60 min, while with EDDS and EDTA the removals were 39.4 and 32.9%,
respectively. This fact is related to the low kinetic rate constant of reac-
tion between hydroxyl radicals and ACMP, so that the MPs removals



Fig. 1. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for photo-Fenton experiments at natural pH, with EDDS, EDTA and a mixture of both
(50% EDDS +50% EDTA), in MBR (opened symbols) and CAS (closed symbols). [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L−1; [Fe]0 = 5 mg L−1; [H2O2]0 = 50 mg L−1.
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were slower and an improvement in degradation with the combination
is more noticeable.

The degradations at the end of the treatment with CAS were lower
than those achieved in MBR, due to the higher complexity of the first
matrix including a higher organic load. Thus, 100% of PROP abatement
(with EDDS + EDTA) was reached in only 45 min (0.58 kJ L−1) in the
MBR matrix, whereas only 85.7% of PROP removal was observed at the
end of the treatment (180 min, 2.31 kJ L−1) in CAS matrix. This con-
firmed the competition for HO· and probably light scattering due to
high organicmatter and turbidity in CAS. This fact was already observed
when EDDS and EDTAwere used alone. Thus, the PROP degradationwas
89.9%with EDDS and 65.8%with EDTA (Fig. 1a), at 0.39 kJ L−1 (30 min)
inMBR. However, only 32.6% and 32.2% of PROPwas removed in CAS for
EDDS and EDTA, respectively. The higher organic load of the CAS efflu-
ent also explains that the difference in the degradation rates of PROP
with EDDS and EDTA is larger in MBR compared to CAS, as oxidation
of the organic load of that matrix can prevail over the degradation of
the model pollutant.

Another key aspect to consider in the behavior of iron chelates as
catalysts is the rate of iron precipitation. Fig. 2 shows the iron evolution
during thephoto-Fenton treatmentwith different organic fertilizers and
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their mixtures in two wastewater effluents (Fig. 2a for MBR and Fig. 2b
for CAS). EDDSquickly releases iron,while EDTA releases itmore slowly.
This fact can explain (see Fig. 1) that EDDS contributed to a higher reac-
tion rate at the initial 30minwhile EDTAparticipated in less iron precip-
itation throughout the reaction. In addition, the precipitation of iron in
CAS was higher than that in MBR, mainly in the case of EDDS which
forms the iron chelate with a lower stability. For instance, when EDDS
was used, at 0.39 kJ L−1 (30 min) the iron precipitated was 81.5% in
CAS and 38.7% in MBR (see Fig. 2). This behavior could be related to
the highest complexity of CAS compared to MBR. The different com-
pounds contained in wastewaters, such as ions, can be involved in the
breakdown of the iron complex since they could perform new com-
plexes with the complexing agent if the stability constant of the new
combination is higher than that with iron. This fact results in a higher
precipitation of iron in CAS than MBR. It constitutes another reason
why the degradation of MPs at the beginning of the reactionwas slower
when EDDS was used in CAS.

Coming again to the combination EDDS+ EDTA, in the case of MBR,
the synergistic effect appears throughout the entire experiment. It
should be noted that at the beginning of the experiment the behavior
of this mixture is very similar to that with EDDS alone. However,



Fig. 2. Iron evolution during the experiment as a function of the accumulated energy for three chelating agents and their mixtures in photo-Fenton at natural pH in a) MBR and b) CAS.
[PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L−1; [Fe]0 = 5 mg L−1; [H2O2]0 = 50 mg L−1.
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given the presence of EDTA as well, the plateau formed when EDDS
alone is used appears much later in the case of EDDS + EDTA. This
shows the good synergy between the release of iron by the EDDS, at
the beginning of the experiment, and the minor but continuous release
of iron throughout the whole experiment by EDTA. Therefore, the de-
crease in PROP concentration does not reach a plateau, as it would hap-
pen using only EDDS, but it continues to go down thanks to EDTA. All of
this is also corroborated by the data in Fig. 2, which shows the evolution
of the concentration of iron in solution throughout the experiment, as
commented before. It can be seen that at the end of the experiment
and thanks to EDTA, there is still a large amount of iron in solution
which causes, as mentioned before, the plateau not to appear, and
therefore PROP degradation continues. The evolution of H2O2 decompo-
sition of different organic fertilizers and their mixtures is displayed in
Fig. S2. In all cases, at the end of the experiment, not all the H2O2 was
consumed. This fact evidences that the plateau observed for EDDS in
MPs abatement was not caused by a lack of oxidant.

In the case of CAS, the EDDS+EDTA synergy is noticeable during the
first half of the experiment and disappears towards the end, where even
the use of EDTA alone offers better results than the EDDS + EDTAmix-
ture. This could be explained because, in the case of CAS, there is a
higher organic load that competes with the MPs for hydroxyl radicals.
Thus, at the beginning, the effect of EDTA to avoid the EDDS plateau is
noticed but, in turn, it causes a higher precipitation rate of the EDTA
iron which explains that at the end of the experiment, the EDDS +
EDTA mixture behaves worse than EDTA alone. As seen in Fig. 2, much
less iron remains in solution at the end of the experiment for the
EDDS + EDTA combination than for EDTA alone. This was also the
case with MBR. However, in that assay the effect of EDDS is much
more powerful and allows the PROP degradation to go a long way.
With this, the supplementary effect of EDTA, even if it is less, already
allowing the synergy to continue until the end of the experiment,
achieving the total degradation of PROP.

In CASmatrix, the degradation of ACMP and SMXwith different che-
lating agents followed the same trend than PROP (46.8% for EDDS, 88.8%
for EDTA and 85.7% for EDDS-EDTA). ACMP achieved 10.4%, 35.8% and
30.6% and SMX presented 30%, 72.5% and 59.5% for EDDS, EDTA and
the combination of both, respectively, at 180 min (2.31 kJ L−1).

In CAS matrix, at the end of the treatment, EDTA and the mixture of
both chelating agents presented similar results for all three MPs.
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However, an enhancement in MPs degradation and dissolved iron was
observed comparing EDDS with the combination of EDDS and EDTA.
For instance, the degradation of PROP at the end of the treatment was
1.8 times higher and the precipitation of iron was 2 times lower with
50% EDDS +50% EDTA than those observed for EDDS. In addition, the
application of the mixture (EDDS + EDTA) to the crops is a more sus-
tainable measure since EDDS presents a biodegradable character and
EDTA was more recalcitrant, negatively affecting the soils when the
plants do not absorb all the amount of applied fertilizer (López-Rayo
et al., 2016). Using the mixture, less EDTA would be poured to the eco-
systems and similar MPs degradation and iron precipitation could be
achieved.

For a better understanding of the effect of combining different che-
lating agent's, two more mixtures of were tested. Fig. 3 shows the deg-
radation curves of three MPs catalyzed by 50% EDDS +50% DTPA, and
Fig. 4 presents the results for 50% EDTA +50% DTPA.

As can be observed in Fig. 3a for CAS effluent, both the experiment
with the combination of EDDS+DTPA and 100% EDDS presented over-
lapped curves until 0.39 kJ L−1 (30 min), while DTPA showed a slow ki-
netic rate. Then, the PROP degradation with EDDS stopped down due to
the high iron precipitation, achieving only 46.8% abatement at the end
of the treatment. Nevertheless, the removal of PROP with the combina-
tion of both chelating agents reached 60.4% of degradation, equal than
the experiment using only DTPA. As commented for the mix EDDS +
EDTA, the higher organic load of CAS competes with the MPs for hy-
droxyl radicals. Being so, at the beginning of the experiment, DTPA
can avoid the EDDS plateau but, in turn, the precipitation rate of iron
coming from DTPA increases, explaining that at the end of the experi-
ment, the EDDS + DTPA mixture behaved similarly to DTPA alone. In
addition, for the mixture EDDS + DTPA the iron remaining in solution
was higher than that observed in the test using EDDS alone, and lower
than in the testwithDTPA alone (see Fig. 2b). Therefore, this can explain
the fact that the degradation of MPs with EDDS+DTPA followed an in-
termediate behavior between EDDS and DTPA separately.

In the case of experiments with the MBR matrix, iron precipitation
was slower reaching good MPs abatement kinetics during the first
30 min (0.39 kJ L−1). This fact implies that the difference in MPs re-
moval between EDDS and DTPA was higher in MBR compared to CAS.
Thus, the effect of iron precipitation ismuchmore important in effluents
with higher DOC and alkalinity, due to faster precipitation as



Fig. 3. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with EDDS, DTPA and a mixture of both (50% EDDS+50% DTPA) in
photo-Fenton at natural pH in MBR (opened symbols) and CAS (closed symbols). [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L−1; [Fe]0 = 5 mg L−1; [H2O2]0 = 50 mg L−1.
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commented before. However, DTPA did not achieve better removals
than EDDS at 90min (1.16 kJ L−1), as happened in CAS effluent. The re-
sults for ACMP and SMXwhen the combination of two chelating agents
was employed were: 12.4 and 34.4% in CAS and 39.4 and 77.4% in MBR,
respectively.

Comparing the two mixtures performed with EDDS (i.e., EDDS +
DTPA (Fig. 3) and EDDS + EDTA (Fig. 1)), it was noted that in the com-
binationwith EDTA better removals were achieved for all threeMPs be-
cause both EDTA and EDDS presented higher degradation rates during
the initial instants. This fact implies that the higher MPs degradation is
produced before the iron precipitation was very pronounced. However,
in the case of the EDDS + DTPA combination, the kinetic rates were
slower, due to the fact that DTPA presents higher stability in its combi-
nationwith iron. For this reason, the iron precipitation exerts a stronger
effect when this mixture of chelates was tested because at 60 min
(0.77 kJ L−1) the iron in solution was about 50% in both effluents. This
fact caused the reduction in the efficiency of the process, consequently
failing to reach total MPs removal. The same fact was observed when
100% of EDDS was tested. At 0.39 kJ L−1, the degradation of all three
MPs was stopped due to the high iron precipitation. In addition, with
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the EDDS-EDTAmixture this factwas also seen in ACMP, since this com-
pound presents slower oxidation kinetics with hydroxyl radical. Thus,
the removal was stopped at 0.77 kJ L−1, when the iron precipitation
was very high, and total degradation was not reached.

Fig. 4 displays the results obtained through the combination of 50%
EDTA +50% DTPA for PROP (Fig. 4a), ACMP (Fig. 4b) and SMX
(Fig. 4c) degradation in MBR and CAS effluents. The EDTA-DTPA che-
lates mixture allowed to reach similar degradation kinetics than EDTA
alone, achieving the same PROP abatement (about 87% in CAS at
180 min and 100% at 90 min in MBR). EDTA+ DTPA mixture improves
the behavior of DTPA since only 60.5% of PROP removal was achieved
with DTPA alone, at 180 min. The same fact happened with ACMP and
SMX. In addition, in experiments using the combination EDTA-DTPA
about 1.2 times less iron precipitated compared to tests with EDTA,
which is better for the agricultural purposes as it avoids iron chlorosis
in plants.

On the other hand, and comparing the mixtures of chelating agents
tested, EDTA + DTPA (see Fig. 4) achieved better results than the com-
bination EDDS + DTPA (see Fig. 3) in both effluents (MBR and CAS) at
the end of the treatment (180 min). Until 0.6 kJ L−1 (45 min) the



Fig. 4. Profile of a) PROP b) ACMP and c) SMX degradation as a function of the accumulated energy for experiments with EDTA, DTPA and a mixture of both (50% EDTA +50% DTPA) in
photo-Fenton at natural pH in MBR (opened symbols) and CAS (closed symbols). [PROP]0 = [ACMP]0 = [SMX]0 = 0.25 mg L−1; [Fe]0 = 5 mg L−1; [H2O2]0 = 50 mg L−1.
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degradations of all three MPs were similar in both effluents and chelat-
ing agent's combinations. Then, the mixture EDTA + DTPA presented
higher removals in all the experiments. The reason is the higher iron
precipitation when EDDS + DTPA was tested (approximately 2.5
times higher than EDTA + DTPA). The different behavior of the three
mixtures of chelating agents can also be explained from this different
rate of iron precipitation, similarly to the EDDS + EDTA mixture. Thus,
EDTA and DTPA release iron in a more sustained way during the exper-
iment, and not abruptly at the beginning and very slowly at the end as
observed for EDDS. This would explain why the EDTA+ DTPA mixture
had better results than the EDDS+DTPAmixture, as DTPA releases iron
very slowly and, at the end of the experiment, it cannot compensate the
lack of iron caused by the fact that EDDS released it so quickly. In the
case of the EDDS + EDTA combination, EDDS also releases iron
very quickly but EDTA is capable to release it to a higher extent than
DTPA. Therefore, ensuring that, at the end of the experiment,
enough iron remains in solution allowing the continuity of theMPs deg-
radation reactions. That is why the EDDS+ EDTAmixture gave the best
results.
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3.2. Bacterial inactivation in Conventional Activated Sludge effluent

E.coli inactivation was also evaluated in CAS. Fig. 5 displays the inac-
tivation curves corresponding to experiments employing the three che-
lating agents (EDDS, EDTA and DTPA) and their corresponding binary
mixtures. The quantification of wild E. coli disclosed concentrations in
the range of 103–104 colony-forming units per mL (CFUmL−1) at initial
time. Experiments with only hydrogen peroxide demonstrated that
under darkness conditions disinfection does not occur. A photolysis
test was also carried out, achieving only 0.2 log-inactivation at
180 min (2.31 kJ L -1).

Regarding the experiments with different chelating agents, EDTA
showed the worst results with inactivation levels of 1.3 log at the end
of the experiment. EDDS presented a 1.8 log inactivation. The two com-
binations of chelating agents including EDDS (EDDS + EDTA and EDDS
+DTPA) achieved the best inactivation: 2.1 log-inactivation. On its part,
DTPA and themixture EDTA+DTPA showed the same inactivation: 1.5
log. Total inactivationwas not reached in any of the studied cases. How-
ever, no regrowth was observed in any case at 48 and 72 h.



Fig. 5. E. coli inactivation in CAS with photo-Fenton process at natural pH catalyzed by
DTPA, EDTA, EDDS and three different combinations of these chelating agents. [Fe]0 =
5 mg L−1; [H2O2]0 = 50 mg L−1.
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Hydroxyl radicals formed in photo-Fenton at natural pH can affect
proteins, lipids and DNA causing mortality in bacteria (Spuhler et al.,
2010; García-Fernández et al., 2012). Moreover, intracellular diffusion
of Fe (II) can generate internal Fenton reactions and also produce the in-
activation of bacteria (Halliwell andGutterridge, 1984; Polo-López et al.,
2013). Nevertheless, in photo-Fenton at natural pH with high concen-
trations of iron (10 mg L−1) the presence of Fe (II) is almost negligible,
as observed in a previous work. In that case, the formation of
oxyhydroxides was very fast and experiments with EDDS, which pre-
sented high iron precipitation, achieved worst inactivation results
(López-Vinent et al., 2020b). However, in the present study combina-
tions of EDDS with two other chelating agents allowed to reach the
best log-inactivation. In this case, however, the initial iron concentration
was lower and the formation of oxyhydroxides consequently slower,
thus favoring the inactivation of bacteria. In addition, the MPs degrada-
tion kinetics and the inactivation rate of bacteria do not have to follow
necessarily the same trend. Thus, if we compare all the chelates and
mixtures of chelates tested, when working with EDDS and its mixtures
the amount of iron in solution at the beginning of experiments is larger
than that for the other mixtures, as has been reasoned in previous sec-
tions. Therefore, although there is competition between inactivation of
bacteria and degradation of MPs, there is enough iron for contributing
to both. However, in the case of EDTA and DTPA, these and their mix-
tures slowly release the iron and therefore there is less iron available
in the reaction medium.
Fig. 6. Biochemical Oxygen Demand at 5 days at the end of the treatment with photo-
Fenton at natural pH, using EDDS, EDTA, DTPA and three mixtures of these organic
fertilizers, in MBR and CAS matrices. [Fe]0 = 5 mg L−1; [H2O2]0 = 50 mg L−1.
3.3. Phytotoxicity and BOD5 assays

Biochemical oxygen Demand at 5 days (mgO2 L−1) is an important
parameter in wastewater reuse for agricultural purposes. The
Regulation of the European Parliament and of the Council (European
Commission, 2020) lists the minimum requirements for agricultural
wastewater reuse, establishing four water classes (A-D, A fixes BOD5 ≤
10mgO2 L−1 and B-D ≤ 25mgO2 L−1).More information about the clas-
ses of reclaimed water quality can be found in Tables S2 and S3. In this
study, BOD5 at the end of the treatment was evaluated for all three or-
ganic fertilizers and their respective mixtures, when applied to MBR
and CAS treatment (Fig. 6). In addition, phytotoxicity was evaluated
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using seeds of E. sativa, with the aim of exploring if the final treated ef-
fluent could be used for agricultural purposes.

As can be observed in Fig. 6, using EDDS yielded the highest BOD5 at
the end of the treatment, for both matrices MBR and CAS. This behavior
was expected because of EDDS was the more biodegradable chelating
agent among those tested. The experiments conducted with mixtures
containing EDDS also exhibited high values of BOD5, especially in the
case of MBR. However, in the case of CAS, experiments with only
EDDS showed significantly high BOD5 values, whereas the rest of chela-
tors and respective mixtures show very similar values.

Finally, all treated MBR effluents were suitable for reuse for agricul-
tural purposes, according to the values listed in the Regulation for agri-
cultural water reuse (European Commission, 2020) (Tables S2 and S3).
Nevertheless, taking into account the values of E.coli at the end of the
treatment in CAS matrix, these effluents were not appropriate for this
use, even though the BOD5 values were within the range for their reuse.

Regarding phytotoxicity, Table 2 displays the germination index (GI)
at different reaction times for MBR and CAS matrices. The equations for
GI estimation can be found in Table S1. The control tests were carried
out in deionized water.

Zucconi et al. (1981a, 1981b) proposed different categories depend-
ing on the percentage of GI to determine the phytotoxicity grade:

• Inhibition of seed germination and root elongation: <20% GI.
• Presence of phytotoxicity: 20–50% GI.
• No significant injury to the plant: >50–60% GI.
• Disappearance of phytotoxicity: >80–85% GI.
• Stimulation of the root elongation: >100% GI (better than control,
which represent 100% of GI)).

As can be observed, at initial time only experiments with EDTA and
DTPA showed a stimulation of the root in MBR. Nevertheless, the other
experiments did not present phytotoxicity at initial time. On the con-
trary, in CAS matrix all treatments displayed values of GI > 100%,
being this indicative of root stimulation. This difference between both
matrices could be related to the higher organic matter content present
in CAS compared to MBR, which can stimulate the growth of seeds. Re-
garding the differences between employed chelators, these could be as-
sociated to their effectiveness as fertilizers, being EDTA and DTPA those
more employed in agriculture. The percentage of GI varied without a
clear trend (between 15 min and 120 min), in all experiments. This
fact was likely due to the presence of by-products (Freitas et al., 2017)
probably more toxic than the initial MPs, as well as to transformation
products from the chelating agents. However, evidences for phytotoxic-
ity, inhibition of seed germination or root elongationwere not observed.



Table 2
Percentage of germination index of E. sativa in MBR and CAS matrix with photo-Fenton
process at natural pH using DTPA, EDTA, EDDS and three different combinations of these
chelating agents. [Fe]0 = 5 mg L−1; [H2O2]0 = 50 mg L−1.

Matrix (%) EDDS EDTA DTPA 50%EDDS
50%EDTA

50%EDDS
50%DTPA

50%EDTA
50%DTPA

MBR 0 min 76 153 117 68 96 86
15 min 82 96 97 80 102 236
30 min 108 71 132 63 119 202
60 min 106 175 51 82 89 207
120 min 79 139 73 67 132 209
180 min 148 223 187 132 199 172

CAS 0 min 136 215 109 148 119 198
15 min 51 93 150 104 112 93
30 min 132 138 114 122 134 73
60 min 126 154 101 104 193 185
120 min 112 111 243 116 151 106
180 min 168 186 122 237 151 139
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Probably, the different changes in the experiments were caused by the
distinct kinetics of MPs removal, implying different by-products forma-
tion and subsequent removal. In CAS, the tendency in all treatments to
show lower values of GI throughout the experiment was minor than
that in MBR. In that case, as the degradations of all three MPs were
slower, the subsequent formation of more toxic by-products could
also be minor causing the observed trend.

To conclude, at the end of the treatment, final treated effluents
displayed values of GI higher than 100% (stimulation of the root) for
both matrices MBR and CAS and for different chelating agents and
their mixtures. This fact means that these effluents would be suitable
for its reuse in agricultural irrigation without causing any damage to
crops, as long as in CAS matrix the final values of E.coli are within the
legal limit.
4. Conclusions

The capability of three Fe-complexes (EDDS, EDTA and DTPA) as
iron sources has been demonstrated in photo-Fenton process for
micropollutants abatement in Membrane Bioreactor and Conventional
Activated Sludge effluents.

Propranolol and sulfamethoxazole have been successfully removed
from MBR with three organic fertilizers achieving degradations higher
than 70% at 180min (2.31 kJ L−1). Acetamiprid presented the lowest re-
movals: 67.6% was the maximum degradation reached by EDTA at
180 min. This fact was related to the low kinetics of reactions between
hydroxyl radical and this compound.

Regarding the differences between the two wastewaters tested, the
MPs removals at the end of the treatment with CAS were always lower
than those observed inMBR, due to the higher complexity of thematrix
and its higher organic load. Additionally, the higher hardness of CAS
promoted the higher precipitation of iron when treating this water, de-
creasing the efficiency of the process. For instance, when EDDS was
employed, 90% of propranolol abatement was achieved at 30 min
(0.39 kJ L−1) with MBR while only 46.9% was reached with CAS at
180 min (2.31 kJ L−1).

Concerning the Fe-complexes, the onewith EDDS allowed the fastest
degradation rate until the first 30 min, and then the reaction stopped
failing to reach the complete degradation of themodel micropollutants.
For its part, the use of EDTA as chelating agent also yielded good kinet-
ics, achieving the total degradation in propranolol and sulfamethoxa-
zole. The lowest reaction rate was observed in experiments with
DTPA. The different stability of organic fertilizers with iron affects deg-
radation kinetics of MPs as well as iron release. To solve these inconve-
niences, threemixtures of organic fertilizers were also tested (50%EDDS
+50%EDTA; 50%EDDS +50%DTPA; 50%EDTA +50%DTPA). In all three
cases, a yield improvement was observed in experiments with both
9

MBR and CAS, compared to the treatment using the chelates separately.
The mixture of EDDS + EDTA gave the best results reducing the treat-
ment time about four and two times in propranolol removal compared
to single EDDS and EDTA, respectively. Additionally, final soluble iron
availability was 30% higher with the corresponding mixture, compared
to the use of single EDDS. E.coli inactivation was also evaluated in CAS
matrix, with EDDS + EDTA and EDDS + DTPA mixtures achieving the
best inactivation at the end of the treatment with 2.1 log-inactivation.

Finally, the results obtained in BOD5 tests and phytotoxicity sug-
gested the suitability of both treated effluents MBR and CAS for its
reuse in irrigation. Additionally, in CAS effluent the inactivation values
of E.coliwere within the legal limits for its application.
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Table S1. Phytotoxicity conditions and equations (Tam and Tiquia, 1994) 

Parameters Conditions 

Temperature 22.0 ºC 

Light No 

Test volume 4 mL per plate 

Control Distilled water 

Number of seeds 10 seeds 

Test duration 5 days 

Test vessel 100 x 10 mm culture plate with 1 filter paper 

Equation 1 (% seed germination) 
% 𝑆𝐺 =  

𝑛º 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑛º 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥 100 

Equation 2 (% root growth) 
% 𝑅𝐺 =  

𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

 𝑚𝑒𝑎𝑛 𝑟𝑜𝑜𝑡 𝑙𝑒𝑛𝑔ℎ𝑡 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥 100 

Equation 3 (Germination index) 
𝐺𝐼 =  

% 𝑠𝑒𝑒𝑑 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑥 % 𝑟𝑜𝑜𝑡 𝑔𝑟𝑜𝑤𝑡ℎ

100
 

 

 

Table S2. Reclaimed water quality requirements for agricultural irrigation (European Commission, 2020). 

Reclaimed 

water 

quality 

class 

Quality requirements 

E. coli 

(CFU/100 

mL) 

BOD5 

(mg/L) 

TSS 

(mg/L) 

Turbidity 

(NTU) 
Other 

A 

≤ 10 

Or below 

detection 

limit 

≤ 10 

 

≤ 10 

 

≤ 5 

 

Legionella spp.: <1000 CFU/L 

where there is risk of aerosolization 

in greenhouses 

 

Intestinal nematodes (helminth 

eggs): ≤1 egg/L for irrigation of 

pastures or forage 

B 
≤ 100 

 

≤ 25 ≤ 35 

- 

C 
≤ 1000 

 
- 

D ≤ 10000 - 

 

 

 

 

 

 

 



Supplementary material for “Mixtures of chelating agents to enhance photo-Fenton process at natural pH: 

Influence of wastewater matrix on micropollutant removal and bacterial inactivation”, Science of the 

Total Environment 786 (2021) 147416 

SI-4 
 

 

Table S3. Classes of reclaimed water quality and allowed agricultural use and irrigation method (European 

Commission, 2020). 

Minimum reclaimed 

water quality class 
Crop category 

Irrigation 

method 

A 

Food crops, including root crops consumed raw and 

food crops where the edible part is in direct contact 

with reclaimed water 

All 

B  Food crops consumed raw where the edible part is 

produced above ground and is not in direct contact 

with reclaimed water, processed food crops and non-

food crops including crops to feed milk- or meat-

producing animals 

All 

C Drip * 

D Industrial, energy, and seeded crops All 

 

(*) Drip irrigation (also called trickle irrigation) is a micro-irrigation system capable of delivering 

water drops or tiny streams to the plants and involves dripping water onto the soil or directly 

under its surface at very low rates (2-20 liters/hour) from a system of small diameter plastic pipes 

fitted with outlets called emitters or drippers. 
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ABSTRACT 

Nowadays reaction mechanisms of photo-Fenton process with chelated iron are not yet 

clearly defined. In this study, five organic fertilizers were used as an iron complexes to 

investigate the role of sunlight and oxygen in photo-Fenton at near neutral pH. UV 

absorbance and stability constant of each selected iron chelate is different, and this work 

demonstrates that these parameters affect the reaction mechanisms in SMX degradation. 

Irradiation experiments without H2O2 revealed that EDDS-Fe and DTPA-Fe achieved 

SMX degradation, but different iron release. These results, together with soluble oxygen 

free experiments, allowed the proposal of complementary reaction mechanisms to the 

classical photo-Fenton one. The proposed mechanisms start through the potential 

photoexcitation of the iron complex and subsequent oxygen-mediated hydroxyl radical 

generation reactions, which are different for EDDS-Fe and DTPA-Fe. Moreover, 

mailto:nuria.lopez@ub.edu
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irradiation experiments using EDTA-Fe and HEDTA-Fe had negligible SMX 

degradation, but iron release were observed, evidencing the differences for iron chelates.  

KEYWORDS 

Photochemistry, Iron complexes, Organic fertilizers, Reactive Oxygen Species, 

Photoexcitation  

1. Introduction 

According to UNESCO, around 70% of the total consumed freshwater (up to 90% in 

some developing countries) is destined to agriculture [1]. In a water scarcity scenario, 

reusing wastewater (WW) for agricultural purposes might be a good strategy to reduce 

the freshwater consumption. Nevertheless, the treated wastewater must accomplish some 

minimum quality requirements to be reused in crop irrigation. These parameters (like 

biochemical oxygen demand (BOD5), E. coli and turbidity) are established in a Proposal 

for a Regulation of the European Parliament and of the Council on minimum requirements 

for water reuse [2].  

In the last decades, Advanced Oxidation Processes (AOPs) have demonstrated their 

efficiency in the removal of contaminants of emerging concern and bacterial inactivation 

[3-6]. Among AOPs, photo-Fenton process is a promising technology to remove 

persistent micropollutants (MPs) [7-11]. The possibility to use solar light as irradiation 

source makes the process more economic, reducing a large part of operating costs. Photo-

Fenton runs better at acidic pH, implying a subsequent neutralization. However, the 

possibility of working at neutral pH exists, making the process more attractive for full-

scale application [12]. Recent studies are focused on the performance of photo-Fenton 

process at neutral pH using organic fertilizers as an iron source to treat wastewater and 

reuse it for agricultural purposes [13-15]. Organic fertilizers are widely used in agriculture 
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as iron chelates, increasing the bioavailability of iron for crops, preventing iron chlorosis, 

and avoiding the plant disease, since iron is an essential micronutrient for plant growth 

[16]. Thus, wastewaters treated by photo-Fenton with organic fertilizers as iron chelates 

could be directly applied in soils without the need of chelates removing. However, these 

organic fertilizers applied to agriculture may not be completely absorbed by the plants 

and therefore may appear in surface or groundwater. So far, their reactivity in the aquatic 

environment has not been deeply studied. In the literature, there is evidence of the iron 

chelates reactivity with UV (ultraviolet) radiation and dissolved oxygen, and how these 

processes could potentially lead to the generation of reactive oxygen species (ROS) [17-

20]. These reactions and the photo-redox cycle of iron (III) complexes may be important 

to the environment, which could contribute to the self-depuration of the aquatic 

compartments by oxidation of some persistent organic pollutants [21,22].  

The mechanisms of photo-Fenton with chelated iron are not yet clearly defined. Both UV 

absorbance and complex stability vary for the different chelating agents, and therefore 

the reactions involving radiation and free iron could be also distinct. In particular, organic 

fertilizers such as DTPA-Fe, HEDTA-Fe and EDDHA-Fe have not yet been studied in 

this regard. Their stability constant with iron is very different compared to EDDS-Fe, 

which is the most investigated iron complex. Despite this, some authors use the 

mechanistic knowledge obtained for the EDDS-Fe chelate in a general way, making it 

extensive to any polycarboxylic acid ligand (L). In the case of photo-Fenton using EDDS-

Fe, there is evidence of additional mechanisms to produce hydroxyl radicals (HO•) apart 

from classical photo-Fenton reactions. According to the literature [23-25], the 

photoexcitation of EDDS-Fe leads to the generation of EDDS radical (EDDS•) expressed 

as L• in reaction r1. According to reaction r1, the complexes chelated with Fe(III) under 

irradiation could generate both Fe(II) and ligand-free radical (L•) by ligand-to-metal 



Manuscript submitted to Journal of Hazardous Materials 

Manuscript page 4 of 34 
 

charge transfer (LMCT). The superoxide radical (O2
•-) could be formed by the reaction 

between dissolved oxygen and L• (see r2). Meanwhile O2
•- and its conjugated acid form 

could generate hydrogen peroxide (H2O2) via r3-7 reactions. Finally, HO• is generated by 

the Fenton reaction with available dissolved iron (i.e., H2O2 with Fe(II) (r9)). However, 

the pH is an important factor to consider given that, at neutral pH, reactions r3, r5, r6 and 

r7 would take place slower than under acidic conditions, influencing the amount of H2O2 

formed and consequently the quantity of HO• available to react. In addition, at pH values 

higher than 4 the concentration of both dissolved iron and photoactive FeOH2+ decreases, 

forming precipitated iron hydroxides and thus affecting reactions r4, r5 and r8.  

𝐹𝑒(𝐼𝐼𝐼) − 𝐿 + ℎ𝑣 →  [𝐹𝑒(𝐼𝐼𝐼) − 𝐿]∗ → 𝐹𝑒(𝐼𝐼) +  𝐿•                                                                                 (r1) 

𝐿• + 𝑂2 →  𝑂2
•− +  𝐿′                                                                                                                                   (r2) 

𝑂2
•− + 𝐻+  ↔  𝐻𝑂2

• ;      pKa= 4.8                                                                                                                 (r3) 

𝐹𝑒(𝐼𝐼) +  𝑂2
•− +  2𝐻2𝑂 → 𝐹𝑒(𝐼𝐼𝐼) + 𝐻2𝑂2 +  2𝑂𝐻−                                                                               (r4) 

𝐹𝑒(𝐼𝐼) + 𝐻𝑂2
• + 𝐻2𝑂 → 𝐹𝑒(𝐼𝐼𝐼) + 𝐻2𝑂2 + 𝑂𝐻−                                                                                  (r5) 

𝑂2
•− + 𝐻𝑂2

• + 𝐻2𝑂 →  𝐻2𝑂2 + 𝑂2 +  𝑂𝐻−                                                                                               (r6) 

𝐻𝑂2
• +  𝐻𝑂2

• →  𝐻2𝑂2 + 𝑂2                                                                                                                        (r7) 

𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2 → 𝐹𝑒(𝐼𝐼𝐼) + 𝐻𝑂• + 𝑂𝐻−                                                                                              (r8) 

The aim of this work is to study the reactivity of some widely used organic fertilizers in 

photo-Fenton process under solar radiation and the main involved reaction mechanisms 

at near neutral pH. The selected commercial iron chelates were EDDS, EDTA, DTPA, 

HEDTA and EDDHA, which are approved by the European Commission for their 

agricultural use [26]. Sulfamethoxazole (SMX) was chosen as a target compound due to 

their occurrence in aquatic systems [27-30]. The organic fertilizers present different iron-

ligand stability constant and different UV absorbance, which has helped to investigate the 
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contribution of these parameters on the reaction mechanisms. This includes mechanisms 

about ROS formation because of the interactions between these agricultural products with 

both sunlight and dissolved oxygen in aquatic systems.  

2. Material and methods  

2.1. Chemicals  

Sulfamethoxazole (SMX), diethylene triamine pentaacetic acid (DTPA), hydrogen 

peroxide (H2O2) (30% w/w), tert-butyl alcohol (tBuOH), catalase from bovine liver and 

EDDS-Na were purchased from Sigma-Aldrich (USA). DTPA-Fe (7% iron), EDTA-Fe 

(13.3% iron) and HEDTA-Fe (13.0% iron) were bought from Phygenera (Germany). 

EDDHA-Fe (6.0% iron) was acquired from Fertiberia (Spain). Acetonitrile, 

ortophosphoric acid, sodium bicarbonate (NaHCO3) and iron sulphate heptahydrate 

(FeSO4 7H2O) were obtained from Panreac Quimica (Spain). Nitrogen gas (N2 > 99.995) 

was supplied by Abelló Linde (Spain). 

2.2. Experimental set-up and procedure 

A Solar simulator (Xenonterm-1500RF.CCI) with a Xenon lamp (1.5 kW) equipped with a 

UV filter, removing the wavelengths under 290 nm, was employed to perform all experiments. 

The apparatus contains a tubular photoreactor (25 cm length x 2 cm diameter) located in 

the axis of a parabolic mirror made of reflective aluminum, at the bottom of simulator. 

An external stirred tank (1 L) was used as a reservoir. During the experiments, the solution 

from the reservoir tank was continuously pumped (peristaltic pump Ecoline VC-280) to 

the tubular photoreactor and recirculated back to the reservoir. O-nitrobenzaldeyde 

actinometry [31] was carried out to evaluate the photonic flowrate entering the 

photoreactor (wavelength range: 290-400 nm), obtaining a value of 6.6·10-7 Einstein s-1 
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(13.9 W m-2). Temperature was kept constant at 25ºC by means of a Haake C-40 cooling 

bath. A scheme of the irradiation setup can be found elsewhere [13]. 

For solutions preparation, 1.64 mM of HCO3
- (representing a relative contribution to HO• 

scavenging less than 3%) was added to ultrapure water to keep pH constant at 7.5±0.2.  

An appropriate amount of each organic fertilizer chelated with iron was added to achieve 

a value of 5 mg L-1 of iron (maximum allowed concentration for irrigation water) [32, 

33], considering the percentage of iron in each organic fertilizer presented in section 2.1. 

As EDDS was not found chelated with iron, a molar ratio of 1:1 (EDDS-Fe(II)) was 

selected [3]. In that especial case, iron (5 mg L-1) was added to the stirred EDDS solution 

to guarantee the chelation. More details about the experimental procedure of chelation 

can found elsewhere [15]. Then SMX, used as a model target compound, was spiked to 

ultrapure water to have a concentration of 1 mg L-1. Finally, hydrogen peroxide 

(concentration of 50 mg L-1) was appended just before turning on the solar simulator. The 

contribution of dissolved oxygen on the process was evaluated by bubbling N2 gas during 

30 minutes before starting the experiment and throughout the whole reaction time. WTW 

Oxi 340i Oximeter was used during the experiment to measure the O2 concentration. A 

concentration of 25 mM of tBuOH (contributing to 95% of HO• scavenging) was used to 

study the role of hydroxyl radical in photo-Fenton experiments with and without H2O2.  

All experiments were performed in duplicate and error bars are shown in the plots.  

For different analyses, samples were withdrawn from the feeding tank throughout the 

entire reaction time and catalase (200 mg L-1) was employed to quench the residual H2O2. 

When iron in solution was determined, the samples were filtered with 0.20 μm PVDF 

filter to analyze only the dissolved iron. Then, excess of ascorbic acid was added to obtain 

total soluble iron.  
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The accumulated energy (Qacc, kJ L-1) was calculated according to Eq.1 [34].  

𝑄𝑎𝑐𝑐 =  ∑
𝐼·∆𝑡𝑖

𝑉

𝑛
𝑖=1                                                                                                                (Eq.1) 

Where I corresponds to the irradiation entering the photoreactor (kJ s-1), Δti is the 

increment of the reaction’ time (s) and V is the volume (L).  

2.3. Analytical methods 

SMX concentrations were determined by High Performance Liquid Chromatography 

(HPLC) with UV detection (1260 Infinity Series from Agilent). Acetonitrile and 

orthophosphoric water solution acidified at pH=3 (60:40 volumetric mixture, 

respectively) were employed as a mobile phase. An isocratic method at 1 mL min-1 and 

100 µL of volume injection was selected. The column used was a Tecknokroma 

Mediterrania C-18 (250 x 4.6 mm i.d, 5μm particle size) and the UV detector was set at 

270 nm. For the determination of hydrogen peroxide, a colorimetric method based on the 

use of metavanadate was employed [35]. A procedure based on o-phenatroline (ISO 6332) 

was employed to measure the total dissolved iron. Absorbance spectra were obtained by 

using a spectrophotometer DR6000 UV-Vis by Hach (USA).  

3. Results and discussion 

The photodegradation of three new iron chelates (DTPA-Fe, HEDTA-Fe and EDDHA-

Fe) was studied over a long period of time to emphasize the importance of the iron 

chelates stability. EDDS-Fe and EDTA-Fe were also investigated for comparison 

purposes.   

The absorption spectra of iron chelates were obtained in ultrapure water and it was used 

to evaluate the possibility of iron complexes undergoing photodegradation (Figure 1). 

The light absorption band, in all these organic fertilizers, overlap to solar simulator 
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emission spectrum (290-600 nm). Therefore, Figure 1 elucidates the capacity of these 

iron complexes to absorb radiation at the UVA and UVB range.   

 

 

 

 

 

 

 

 

Figure 1. UV-Vis absorption spectrum of five iron chelates (EDDS-Fe, EDTA-Fe, DTPA-Fe, HEDTA-Fe and 

EDDHA-Fe) at 5 mg L-1 of iron. 

3.1. Contribution of solar simulated radiation 

3.1.1. Photo-Fenton and dark Fenton experiments 

To elucidate the contribution of simulated solar radiation on SMX abatement when the 

five iron chelates (EDDS-Fe, EDTA-Fe, DTPA-Fe, HEDTA-Fe and EDDHA-Fe) were 

used in photo-Fenton at pH=7.5 ± 0.2, photo-Fenton tests (chelate-Fe + H2O2 + sunlight) 

together with Fenton reaction (chelate-Fe + H2O2) and experiments without H2O2 

(chelate-Fe + sunlight) were performed and the SMX depletion results are shown in 

Figures 2a,3a and 4a respectively. The evolution of total iron corresponding to each 

experiment is displayed in Figures 2b, 3b and 4b. The plots present results for 1.5 kJ L-1, 

corresponding to 2h of experiment. Blank tests were also carried out to clarify the 

potential SMX degradation mechanisms. No removal was observed in the photolysis 

experiment. In addition, H2O2 combined with radiation led a value of 9.7% of SMX 
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abatement, corresponding to H2O2 decomposition by radiation giving place to two 

hydroxyl radical molecules (see reaction r9). However, in photo-Fenton experiments this 

contribution was probably lower due to the strong “inner filter effect” because of the 

absorption of light by Fe-complexes [36].  

𝐻2 𝑂2 + ℎ𝑣 → 2 𝐻𝑂.                                                                                                           (254-299 nm) (r9) 

Figure 2.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 

for photo-Fenton experiments with five different iron chelates at pH = 7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; 

[H2O2]0 = 50 mg L-1.  

From Figure 2a, different behaviour on SMX degradation can be appreciated in photo-

Fenton at near neutral pH, depending on the iron chelate. Total SMX removal was 

achieved at the end of the treatment when using EDTA-Fe (1.5 kJ L-1; 120 min) while in 

the case of EDDHA-Fe only a 17.8% of degradation was observed. Experiments with 

EDDS-Fe showed the highest degradation kinetics until 0.6 kJ L-1 (corresponding to 45 

min) and then it dropped significantly until nearly complete degradation (93.3% at 1.5 kJ 

L-1). DTPA-Fe and HEDTA-Fe mediated treatments resulted in close removal profiles 

throughout entire experiment, obtaining a degradation of 91.0 and 90.2% at 1.5 kJ L-1, 

respectively. As mentioned before, the characteristics of the ligand is important in 

a) b) 
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reactions involving iron chelates. In this sense, the stability constant of each ligand with 

iron is a parameter to consider, but not the only one. Highest stability constant value of 

the studied chelates is 35.1, corresponding to EDDHA-Fe(III) [37]. This value is in 

accordance with the lowest total iron precipitation (3.6% at the end of the experiment) 

displayed in Figure 2b, and also with the lowest SMX degradation (see Fig. 2a). On the 

contrary, EDDS showed the highest precipitation of iron (71.2% at 1.5 kJ L-1), in 

accordance with its stability constant with iron (III) that is 22.0 [38]. The stability 

constants with iron (III) for EDTA, DTPA and HEDTA are 25.1, 28.6 [39] and 19.8 [40], 

respectively, and the iron precipitation at the end of the experiment was 37.4%, 8.1% and 

7.7%, respectively (see Figure 2b). From these results it seems that a high chelate-Fe 

stability constant reduces the SMX degradation. However, a clear trend in this way was 

not observed. For instance, even though HEDTA and DTPA have different stability 

constants of their complexes with iron (III), iron precipitation and SMX removal were 

very similar. This fact could evidence the existence of other structural factors of iron 

chelates that could affect to mechanisms in hydroxyl radical generation apart from the 

classical Fenton and photo-Fenton reactions.  

In the literature related to the Fenton reactions with EDDS-Fe chelates, some authors state 

that reactions between oxidants and EDDS-Fe complexes could be interpreted 

analogously to homogeneous processes taking place with free iron at acidic pH (reaction 

r10 and r11) [41]. Other works propose the contribution of the breakdown of Fe-EDDS 

complex in Fenton reactions, forming EDDS radical (EDDS•) (reaction r12 and r13) [42] 

or EDDS•+ (reaction r14) [43] together with radical species like hydroxyl and superoxide 

radicals. 

𝐹𝑒(𝐼𝐼) − 𝐸𝐷𝐷𝑆 + 𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆 +  𝐻𝑂• +  𝑂𝐻−                                                       [41]  (r10) 
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𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆 +  𝐻2𝑂2 → 𝐹𝑒(𝐼𝐼) − 𝐸𝐷𝐷𝑆 + 𝐻𝑂2
•/𝑂2

•− +  𝐻+                                                 [41]  (r11) 

𝐹𝑒(𝐼𝐼) − 𝐸𝐷𝐷𝑆 + 𝐻2𝑂2  → 𝐹𝑒(𝐼𝐼𝐼) + 𝐸𝐷𝐷𝑆• +  𝐻𝑂• +  𝑂𝐻−                                                      [42]  (r12) 

𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆 + 2 𝐻2𝑂2 → 𝐹𝑒(𝐼𝐼) +  𝐸𝐷𝐷𝑆• +  𝑂2
•− + 2 𝑂𝐻−                                                 [42]  (r13) 

𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆 + 𝐻2𝑂2 → 𝐹𝑒(𝐼𝐼) + 𝐸𝐷𝐷𝑆•+ +  𝐻𝑂2
•/𝑂2

•− +  𝐻+                                             [43]  (r14) 

To determine the possible contribution of iron chelate breakdown on the Fenton 

performance when using the studied fertilizers, experiments (without light) were 

performed (see Figure 3a). The evolution of total iron was also evaluated and displayed 

in Figure 3b.  EDDHA-Fe was not included due to the low degradation in Fenton tests at 

the end of the treatment. 

Figure 3.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 

for Fenton experiments with four different iron chelates. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; [H2O2]0 = 50 mg L-1.  

From the iron precipitation gathered in Fig. 3b, it was deduced that the main reactions in 

Fenton process when using DTPA-Fe, HEDTA-Fe and EDTA-Fe are reaction r10 and 

r11, since the chelate-Fe ligand breakdown and iron release is minimum. In the case of 

EDDS-Fe, the iron precipitation was significantly higher, up to 28.4% after 2 hours of 

treatment. Therefore, these results are in accordance with previous works performed with 

EDDS (reactions r10-13).  

b) a) 
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Comparing Figures 2a and 3a, the role of solar irradiation in the photo-Fenton 

experiments can be appreciated. Pseudo-first order kinetics was also fitted for Fenton and 

photo-Fenton experiments and presented in Table 1. In photo-Fenton experiments with 

EDDS-Fe, high iron release was observed from 30 minutes of reaction. This fact implies 

that the kinetics from this point cannot be considered as pseudo-first order, and EDDS-

Fe kinetics were determined until 30 minutes. The kinetics of EDDS-Fe were not 

compared with the kinetics of other organic fertilizers since in these cases the pseudo-

first order kinetics was evaluated until 120 minutes.  

Table 1. Removal of SMX and total iron in solution in photo-Fenton and Fenton tests at near neutral pH, with different 

organic fertilizers. The presented values are at the end of the treatment (1.5 kJ L-1; 120 min). k is the calculated kinetic 

constant (pseudo-first order) for each ligand-Fe (from 0 to 1.5 kJ L-1, 120 min). *For EDDS, kinetic constants for both 

treatments were calculated considering data obtained from 0 to 0.39 kJ L-1 (30 min), i.e., within the linear range of the 

pseudo first-order plot. 

 

DTPA-Fe, HEDTA-Fe and EDTA-Fe photo-Fenton tests achieved higher degradations 

than Fenton experiments at the end of the treatment (see Table 1). This can be related to 

the existence of a photoredox cycle for iron, which in presence of solar light, reduces iron 

Treatment Iron chelates SMX degradation (%) 
k 

(kJ-1) 

 

R2 

 

Fetot in solution (%) 

photo-Fenton 

EDDS-Fe 93.3 5.32* 0.97* 28.8 

EDTA-Fe 100.0 3.85 0.99 62.6 

DTPA-Fe 91.0 1.56 0.99 91.9 

HEDTA-Fe 90.2 1.52 0.99 92.3 

Fenton 

EDDS-Fe 47.5 0.63* 0.85* 71.6 

EDTA-Fe 56.8 0.35 0.98 95.0 

DTPA-Fe 66.9 0.71 0.99 94.0 

HEDTA-Fe 60.6 0.60 0.99 94.2 
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chelates from Fe(III) to Fe(II), leading the generation of hydroxyl radicals (r15) (Ligand 

applicable to DTPA, HEDTA and EDTA).  

𝐹𝑒(𝐼𝐼𝐼) − 𝐿𝑖𝑔𝑎𝑛𝑑 + ℎ𝑣 +  𝐻2𝑂 → 𝐹𝑒(𝐼𝐼) − 𝐿𝑖𝑔𝑎𝑛𝑑 + 𝐻𝑂• +  𝐻+                              (290-600 nm) (r15) 

However, there were significant differences in the precipitation of iron in all cases (see 

Figures 2b, 3b and Table 1). In the presence of solar light, the breakdown of iron 

complexes may be due to the attack of hydroxyl radical and/or photodegradation, 

depending on the structure of the ligand. The iron precipitation in experiments performed 

with DTPA-Fe and HEDTA-Fe was only 2% higher in photo-Fenton than in Fenton 

process. Thus, in that cases, the contribution of irradiation on the breakage of the iron 

complexes was minimum. This is in accordance with their higher stability. For EDTA, 

iron remained chelated with the chelate during Fenton reaction (5% of iron precipitation) 

but the metal precipitation reached 37.4% at the end of the photo-Fenton treatment, 

indicating the contribution of photodegradation of EDTA-Fe ligand. In the case of EDDS-

Fe, interestingly, this breakage seems to proceed through both pathways (28.4% and 

71.2% of iron precipitation for Fenton and photo-Fenton tests, respectively). In that case, 

the influence of irradiation together with the possible HO• contribution on iron complex 

breakage is more evidenced in photo-Fenton. These results are in accordance with the 

lowest stability constant of EDDS with iron.  

From the results of SMX degradation in Fenton and photo-Fenton experiments shown in 

Table 1, it is also observed that the irradiation affects differently depending on the 

stability of iron chelate with iron. The SMX oxidation rates in DTPA-Fe and HEDTA-Fe 

mediated photo-Fenton were only 2.2 and 2.5 times higher than those in Fenton, 

respectively, in accordance with their higher stability. On the other hand, the degradation 

kinetics were 11 and 8.4 times faster when employing less stable EDTA-Fe and EDDS-

Fe complexes. Nevertheless, a special case is that of EDDS-Fe. At initial times (until 0.39 
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kJ L-1) presented the highest kinetic rate but then reached the lowest degradation at the 

end of the treatment (only 47.5%). This fact could be related to the r10 reaction where the 

Fe(II)-EDDS reacts with H2O2 giving a great amount of hydroxyl radicals due to the low 

stability of that chelating agent with iron.  

Summarizing and according with our results and those from the literature, there are strong 

evidences of photoexcitation of EDDS-Fe and subsequent potential formation of EDDS 

radical (EDDS•), which can be involved in further reactions to generate hydroxyl radicals. 

In that case, the precipitation of iron was very high. However, the precipitation of iron 

for the other organic fertilizers was significantly lower. These data, together with the 

comparison between Fenton and photo-Fenton experiments exposed, point out that the 

generated species and mechanisms participating in the solar photo-Fenton process could 

be different for each chelating agent. 

3.1.2. Irradiation experiments without H2O2 

With this in mind, irradiation experiments without H2O2 were carried out with the 

different iron chelates (see Figures 4a, 4b) to establish the relative photo-susceptibilities 

of the different complexes and its influence on the target MPs degradation mechanisms. 
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Figure 4.  a) SMX abatement and b) evolution of total dissolved iron plotted as a function of the accumulated energy 

for irradiation experiments without H2O2 for five different iron chelates at pH = 7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 

5 mg L-1.  

As it can be observed in Figure 4a, the irradiation tests with EDDS-Fe and DTPA-Fe 

yielded significant SMX removal. At the end of the experiment (1.5 kJ L-1; 120 min), the 

degradation results were 43.5 and 30.0% for EDDS-Fe and DTPA-Fe, respectively. The 

result of EDDS-Fe was not fully unexpected, as the same behavior has been observed in 

previous studies related to photodegradation of this iron complex [17, 22, 24, 41]. In 

Particular, Ciésla and coworkers [22] proposed a photodegradation mechanisms for 

EDDS-Fe that lies in the photoreduction of Fe(III) complex induced by light by the 

ligand-to-metal charge transfer (LMCT) (reaction r16; 290-600 nm). This excitation can 

lead to a reduction of Fe(III) to Fe(II) followed by one-electron oxidation of the ligand 

by the inner-sphere photoinduced electron transfer [22].  

[𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆]− + ℎ𝑣 (𝐿𝑀𝐶𝑇) →  [𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆]∗− →  𝐹𝑒(𝐼𝐼) + 𝐸𝐷𝐷𝑆•3−                      [22]  (r16) 

The radical formed via reaction r16 (EDDS•3-) tends to reach its stable oxidation state 

requiring a second electron transfer through reaction with dissolved oxygen (reaction r17) 

[22].  

a) b) 
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𝐸𝐷𝐷𝑆•3− + 𝑂2 →  𝐸𝐷𝐷𝑆2− +  𝑂2
•−                                                                                                  [22]  (r17) 

The superoxide radical generated in r17 can take part in additional reactions as a precursor 

of hydroxyl radical.  

Additionally, EDDS•3- can react with the Fe(III) complex, enhancing the Fe(III)/Fe(II) 

cycle (reaction r18), as well as with hydroxyl ion (OH-) to generate HO• (reaction r19).  

[𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆]− + 𝐸𝐷𝐷𝑆•3− →  [𝐹𝑒(𝐼𝐼) − 𝐸𝐷𝐷𝑆]2− +  𝐸𝐷𝐷𝑆2−                                         [22]   (r18)  

𝐸𝐷𝐷𝑆•3− + 𝐻𝑂− →  𝐸𝐷𝐷𝑆4− +  𝐻𝑂•                                                                                             [22]   (r19) 

According to our data gathered in Figures 4a and b, the results with EDDS-Fe appear to 

indicate the possibility of generating EDDS•3- due to the photodegradation of Fe-complex 

causing great amount of Fe (II) release during the experiment. This is supported by the 

fact that a large part of the iron precipitates when the complex breaks up. However, a 

small part of this could react with superoxide radical to generate H2O2 (reaction r20) [24]. 

On its part, [Fe(II)-EDDS]2- formed in reaction (r18) can also react with superoxide 

radical to produce H2O2 (reaction r21).  

𝐹𝑒(𝐼𝐼) + 𝑂2
•− +  2𝐻2𝑂 → 𝐹𝑒(𝐼𝐼𝐼) +  𝐻2𝑂2 + 2𝐻𝑂−                                                                   [24]  (r20) 

[𝐹𝑒(𝐼𝐼) − 𝐸𝐷𝐷𝑆]2− +  𝑂2
•− + 2𝐻2𝑂 →  [𝐹𝑒(𝐼𝐼𝐼) − 𝐸𝐷𝐷𝑆]− +  𝐻2𝑂2 + 2𝐻𝑂−                            [42]  (r21) 

As observed in Figures 4a and b, not all Fe-complexes had the same behavior as that 

observed for EDDS-Fe. DTPA-Fe irradiation experiments resulted in 30.0% of SMX 

abatement but only 8.0% iron precipitation and, consequently, the reduction of Fe(III) to 

Fe(II) from the photoexcitation of the complex and subsequent iron complex breakage 

(reaction r22), did not significantly occur. Thus, the main photo-induced reactions 

mechanism for oxidants generation with DTPA-Fe would be different from those of 

EDDS-Fe. The main involved reactions are proposed for first time in this study, and 

presented in r23 and r24.  
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[𝐹𝑒(𝐼𝐼𝐼) − 𝐷𝑇𝑃𝐴]− + ℎ𝑣 (𝐿𝑀𝐶𝑇) →  [𝐹𝑒(𝐼𝐼𝐼) − 𝐷𝑇𝑃𝐴]∗− →  𝐹𝑒(𝐼𝐼) + 𝐷𝑇𝑃𝐴•3−   (290-600 nm) (r22) 

[𝐹𝑒(𝐼𝐼𝐼) − 𝐷𝑇𝑃𝐴]∗− +  𝑂2 →  [𝐹𝑒(𝐼𝐼𝐼) − 𝐷𝑇𝑃𝐴•3−] +  𝑂2
•−                                                               (r23) 

[𝐹𝑒(𝐼𝐼𝐼) − 𝐷𝑇𝑃𝐴•3−] +  𝐻𝑂− →  [𝐹𝑒(𝐼𝐼𝐼) − 𝐷𝑇𝑃𝐴]− +  𝐻𝑂•                                                            (r24) 

For DTPA, the electron transfer to molecular oxygen would proceed through the excited 

Fe(III)-complex ([Fe(III)-DTPA]*-] to generate superoxide radical (reaction r23), which 

would be involved in further reactions to generate hydroxyl radical. However, the 

reduction of [Fe(III)-DTPA]- to [Fe(II)-DTPA]2- is possible by reaction (r15), and 

subsequent formation of H2O2 according to reaction (r21). In addition, H2O2 could also be 

generated by reaction (r20) even though it is unlikely as only 8.0% of iron release was 

observed with this organic fertilizer.  

Further experiments without H2O2 were performed to investigate the possible formation 

of H2O2 by means of irradiation (290-600 nm) of DTPA-Fe solutions (without peroxide 

addition). The results suggested the generation of small amounts of H2O2, with maximum 

observed concentrations of 0.7 mg L-1 after two hours of experiment. Increasing iron 

concentration (chelated with DTPA) to 20 mg L-1, which also implies an increase of the 

ligand concentration, the maximum detected concentration of H2O2 was 5.2 mg L-1. Thus, 

in the experiments without initial H2O2 (Figure 4a), its generation could produce HO• by 

photo-Fenton reactions, a fact which agreed with the little hydrogen peroxide consumed 

during the photo-Fenton experiments (data not shown). Additionally, to ensure that the 

photoactive species were the Fe-complexes, experiments without iron were performed. 

No SMX degradation was observed, confirming the suggested reactions.   

EDTA-Fe and HEDTA-Fe presented a completely different behaviour. In these cases, 

especially for EDTA-Fe, a photoexcitation of iron complex was observed on the basis of 

iron precipitation throughout the experiment (30.7% of iron release for EDTA-Fe at 2 
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hours). This amount is higher than that for DTPA-Fe (only 6.0% at the end of the 

experiment), but the degradation of SMX was almost null in EDTA-Fe (only 6.3%). In 

the case of HEDTA-Fe, these percentages at the end of the experiment were 15.8% and 

6.2% for iron precipitation and SMX removal, respectively. These results suggest that the 

species formed by the photodegradation of EDTA-Fe and HEDTA-Fe would not be 

involved in the same way as the EDDS-Fe and DTPA-Fe, concerning the generation of 

ROS. For this reason, when degradation mechanisms are evaluated, it is important to 

study diverse iron complexes, as their different characteristics can lead to different 

behaviours.  

To understand the role of superoxide radical probably formed in the above reaction 

mechanisms, experiments with tert-butyl alcohol in the photo-Fenton tests were also 

carried out and depicted in Figure 5. EDDHA-Fe was not studied in this regard due to its 

low SMX degradation in photo-Fenton experiments. tBuOH has an elevated reaction rate 

with HO• (6 x 108 M-1 s-1) [44]. Scavengers of superoxide radical, like benzoquinone, 

were not employed in this study because they are not completely selective for O2
•- (in 

general they also react with HO•) [45]. 
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Figure 5. SMX degradation as a function of the accumulated energy for photo-Fenton experiments with tBuOH for 

four different iron chelates at pH=7.5 ± 0.2. [SMX]0 = 1 mg L-1; [Fe]0 = 5 mg L-1; [H2O2] = 50 mg L-1; [tBuOH] = 25 

mM. 

As it can be observed in Figure 5, the same level of SMX degradation was reached for all 

EDTA-Fe, DTPA-Fe and HEDTA-Fe when tBuOH was present in the reaction medium 

(about 5.0% of SMX removal at the end of the treatment). Only EDDS-Fe achieved the 

slightly higher value of 9.2% in 2 hours. As tBuOH was calculated for 95% of scavenging 

effect, the results indicated that HO• generated directly by photo-Fenton reactions and 

mediated by the photoexcitation of Fe-complexes (EDDS-Fe and DTPA-Fe) was the 

specie involved in the degradation of SMX. In the case of EDDS-Fe, although it is the 

main specie in the removal of SMX, the abatement of 9.2% (when tBuOH was added) 

confirmed that other ROS would be implicated in the degradation mechanisms of SMX 

in the presence of dissolved oxygen.  

To complete this section, experiments with non-chelated iron were investigated in an 

attempt of elucidating the possible involvement of free iron in solution in the degradation 
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mechanisms of SMX. This iron is formed from the breakdown of the iron complex and 

before generating Fe(OH)2
+, which is the predominant specie at pH=7.5 [36]. As 

observed, when organic fertilizers complexed with iron were used, the greater iron release 

was followed by higher reaction rate in SMX. This fact can lead to confusion in the 

degradation mechanisms. For this reason, the precipitation curves in photo-Fenton 

experiments catalyzed by EDDS-Fe and DTPA-Fe (Figure 2b) were used to determine 

the potential free iron in solution for both experiments. From Figure 2b, the difference in 

concentration of chelated iron in solution at two different times DTPA-Fe and EDDS-Fe 

(for instance concentration of iron precipitated between 0 and 5 min (0 and 0.1 kJ L-1), 5 

and 15 min (0.1 kJ L-1 and 0.2 kJ L-1 ) …) was used to elaborate a Fe(II) dosing plan during 

the experiments without chelating agent. The selection of these two organic fertilizers 

was thought with the objective to study the iron dose at different concentrations, being 

the highest iron dose with EDDS-Fe and the lowest with DTPA-Fe since EDDS-Fe 

presents the highest iron release and DTPA-Fe the lowest one. The dosage plan is depicted 

in Figures 6a and 6b. Figure 6a corresponds to the iron concentration added at each time 

(min) or energy (kJ L-1). Thus, the iron concentration added at 0 kJ L-1 (0 min) 

corresponds to the concentration of iron which was precipitated in the photo-Fenton 

experiments between 0 and 5 minutes (0 and 0.1 kJ L-1). In the same way, the iron 

concentration added at 0.8 kJ L-1 (60 min) corresponds the iron release between 60 and 

120 minutes (0.8 and 1.5 kJ L-1). The same can be commented for the other intervals 

considered (0.1, 0.2 and 0.4 5 kJ L-1). Figure 6b was referred to accumulated iron added 

during the Fe (II) dosage experiment, not corresponding to the total dissolved iron. As the 

pH was 7.5, part of this added Fe (II) precipitated due to the formation of Fe(OH)2
+. In 

Figure 6b it is observed that a total of 2.2 mg L-1 of Fe (II) was added in one case, 

following the precipitation curve of iron in EDDS-Fe (see Figure 2b where 2.2 mg L-1 of 
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iron were precipitated at 120 minutes). Following the iron precipitation curve of DTPA-

Fe, only 0.4 mg L-1 of Fe (II) were precipitated at the end of the experiment, which 

corresponds with the total iron added in the experiments without chelating agent (Figure 

6b). To perform these experiments a stock solution of Fe (II) at pH=2.8 was prepared. 

From these stock solution different aliquots, at established times, were taken and added 

to the solution to be treated. To compare with photo-Fenton experiments with organic 

fertilizers, the pH of the solution was followed during the entire reaction, remaining 

constant until the end of the experiment (pH = 7.5 ± 0.2).   

 

 

 

 

 

 

 

 

Figure 6. a) Iron dosification b) accumulated iron as a function of the accumulated energy in photo-Fenton experiments 

without chelating agents following the iron precipitation curves of photo-Fenton catalyzed by EDDS-Fe and DPTA-

Fe. pH =7.5 ± 0.2. [SMX]0 = 1 mg L-1; [H2O2] = 50 mg L-1. 

The results of the SMX removal at the end of the experiment (2 hours, 1.5 kJ L-1) were 

16.6 and 13.7% for the total dosage of 2.2 and 0.4 mg L-1, corresponding to the iron 

precipitation curve of EDDS-Fe and DTPA-Fe, respectively. These results represented a 

great reduction of SMX removal compared to photo-Fenton using organic fertilizers 

where 94.7 and 91.0% were reached at 2 hours. This fact evidenced that at studied 

conditions, iron chelates were involved in the photo-Fenton reactions. A small part of the 

a) b) 



Manuscript submitted to Journal of Hazardous Materials 

Manuscript page 22 of 34 
 

SMX degradation could be caused by dissolved iron before precipitating as Fe(III) 

oxyhydroxides. However, it was not the main generation pathway of HO•.  

3.2. Contribution of dissolved oxygen  

To corroborate the role of dissolved oxygen on photo-Fenton reactions catalyzed by Fe-

complexes, photo-Fenton tests were subjected to continuous N2 bubbling. The results are 

depicted in Figures 7a, b, c and d, corresponding to experiments with EDDS-Fe, EDTA-

Fe, DTPA-Fe and HEDTA-Fe, respectively. In the case of EDDS-Fe and DTPA-Fe, 

experiments without H2O2 were also tested under N2 bubbling. The results are also shown 

in Figures 7a and 7c. Table 2 reports the corresponding pseudo-first order reaction rates. 
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Figure 7. Photo-Fenton experiments without dissolved O2 (continuously bubbling N2) for a) EDDS-Fe, b) EDTA-Fe, 

c) DTPA-Fe and d) HEDTA-Fe as a function of the accumulated energy. Opened symbols corresponds to irradiation 

experiments without H2O2 and closed symbols refers to photo-Fenton experiments. pH =7.5 ± 0.2. [SMX]0 = 1 mg L-1; 

[H2O2] = 50 mg L-1. 

 

 

 

 

b) 

c) d) 

a) 



Manuscript submitted to Journal of Hazardous Materials 

Manuscript page 24 of 34 
 

Table 2. Pseudo-first order kinetics and SMX removal for each organic fertilizer in photo-Fenton with and without 

dissolved O2 (from 0 to 1.5 kJ L-1, 120 min). *For EDDS, kinetic constants for two treatments were calculated 

considering data obtained from 0 to 0.39 kJ L-1 (30 min), i.e., until a linear trend is observed in the pseudo first-order 

plot. 

 

As can be seen from the results, dissolved oxygen plays an important role in the SMX 

degradation mechanisms in all cases. The reductions in kinetic constants in anoxic 

conditions, compared to photo-Fenton experiments with dissolved oxygen, were: 3.8, 2.7, 

2.0 and 2.3 times for EDDS-Fe, EDTA-Fe, DTPA-Fe and HEDTA-Fe, respectively. As 

the iron release was the same in the two types of experiments, the results suggested that 

the role of the oxygen was more important at greater iron precipitation (and possible 

subsequent ligand radical formation). This fact evidenced the reactions explained in 

section 3.1.2 where the Fe-complexes together with irradiation (290-600 nm) could lead 

the formation of superoxide radical as a precursor of hydroxyl radicals. This fact can also 

be observed in Figures 7a and 7c, where results of experiments using EDDS-Fe and 

DTPA-Fe without H2O2 nor O2 were represented. Irradiation experiments without H2O2 

achieved 43.5% and 30.0% of SMX removal EDDS-Fe and DTPA-Fe, respectively. In 

Treatment Iron chelates 
SMX degradation 

(%) 

k 

(kJ-1) 

 

R2 

 

photo-Fenton with O2 

EDDS-Fe 93.3 5.32* 0.97* 

EDTA-Fe 100.0 3.85 0.99 

DTPA-Fe 91.0 1.56 0.99 

HEDTA-Fe 90.2 1.52 0.99 

photo-Fenton without O2 

EDDS-Fe 79.8 1.41* 0.86* 

EDTA-Fe 88.8 1.42 0.99 

DTPA-Fe 69.2 0.77 0.99 

HEDTA-Fe 64.0 0.66 0.98 
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the same experiments under anoxic conditions the SMX degradations were reduced to 7.8 

and 11.0% for EDDS-Fe and DTPA-Fe, respectively, evidencing the role of oxygen in 

the removal mechanisms. The low SMX abatement seen in these last experiments could 

be related to the no generation of H2O2 through reactions explained in section 3.1.2.   

Finally, in the case of EDTA-Fe and HEDTA-Fe it was seen that the mechanisms could 

be a little different due to low SMX degradation was observed in the experiments without 

H2O2. Probably in these cases, due to the characteristics of the organic fertilizers, the 

superoxide radical generated can affect more the Fe(III)/Fe(II) cycle which in photo-

Fenton process is an additional way to produce hydroxyl radicals [17, 36].  

4. Conclusions 

This work has demonstrated that radical’s production mechanisms of the photo-Fenton 

process using the five organic fertilizers studied (EDDS-Fe, EDTA-Fe, DTPA-Fe, 

HEDTA-Fe and EDDHA-Fe) present differences, due to different UV absorbance and 

stability constant of chelate with iron. All iron complexes obtained more than 90% of 

SMX removal at 2 hours, except EDDHA-Fe which achieved only 17.8%. The organic 

fertilizers with lower stability with iron achieved the best kinetic rates (EDDS-Fe and 

EDTA-Fe) together with higher iron release at the end of the experiment (about 70% and 

40% for EDDS-Fe and EDTA-Fe, respectively). This fact was evidenced comparing 

Fenton and photo-Fenton experiments, which revealed that radiation plays an important 

role in the photoredox cycle of iron and subsequent hydroxyl radical generation, 

especially for iron complexes less stable.  

The results obtained from irradiation tests without H2O2 evidenced differences in the five 

organic fertilizers tested and, although all of them absorb in the range of 290-400 nm, 

only EDDS-Fe and DTPA-Fe showed significant SMX degradation (43.5% and 30.0%, 

respectively). Since the iron release was very different (70.0 and 8.0% for EDDS-Fe and 
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DTPA-Fe, respectively), the mechanisms in hydroxyl radical formation are potentially 

different. According to the literature, photoexcitation of EDDS-Fe(III) complex gives 

EDDS radical (EDDS•3-), which react with dissolved O2 to form superoxide radical. This 

specie is involved in further reactions to produce hydroxyl radicals. However, since in 

tests using DTPA-Fe the iron precipitation was minimum, the proposed mechanisms 

established that the electron transfer to molecular oxygen would proceed through the 

excited Fe(III)-complex ([Fe(III)-DTPA]*-] to generate the superoxide radical and 

subsequent hydroxyl radicals generation. The scavenging experiments with tBuOH 

determined that hydroxyl radicals were the final specie responsible to SMX removal. 

Additionally, the production of H2O2 was observed during this test and, although its 

concentration was very low, can promote the photo-Fenton reactions and subsequent 

formation of hydroxyl radicals. The experiments performed with EDTA-Fe and HEDTA-

Fe evidenced again that photoexcitation mechanisms are different for iron complexes. In 

that cases, only 6% of SMX degradation was achieved and 30.7 and 15.8% of iron release 

were observed for EDTA-Fe and HEDTA-Fe, respectively. 

The photo-Fenton experiments bubbling N2 revealed the importance of oxygen-mediated 

reactions in the in the generation of radicals at neutral pH with iron complexes, being 

reinforced by the increase in SMX abatement in presence of dissolved oxygen. Finally, 

photo-Fenton tests with non-chelated iron were done to elucidate the possible 

involvement of free iron in solution (formed in the breakdown of the iron complex and 

before it precipitates) in the SMX degradation mechanisms. Experiments showed a low 

SMX removal (16.6% at 2 hours, with higher iron concentration added), demonstrating 

that the photo-Fenton reactions with iron chelates are the main pathway in the process. 
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5 Conclusions and recommendations 

5.1 Conclusions 

Conclusions are divided in three parts, according to the objectives of the research., 

Concerning the efficiency of photo-Fenton using ultraviolet light emitting diodes (LEDs) 

as irradiation source, it could be concluded that:  

o Photo-Fenton with two UV-A LEDs wavelengths (380-390 nm and 390-400 nm) is 

effective for MPs removal in water.  

o The combination of two wavelengths ranges reaches better performances on MPs, 

TOC, and COD removal than the use of a single range.  

o The concentrations of Fenton reagents as well as an appropriate ratio Fe2+: H2O2 are 

key parameters to achieve high kinetic rates and removals.   

o Kinetic studies highlight the importance of Fe2+ concentration during the removal in 

first 30 seconds of reaction.  

 

Regarding the study and comparison of different irradiation sources (BLB lamps and 

LEDs) to perform photo-Fenton at acidic pH in four secondary effluents matrices, it 

could be concluded that:  

o The replacement of conventional lamps by LEDs in photo-Fenton tests is feasible, 

since similar yields were achieved in ultrapure water. However, the tests performed 

in secondary wastewater effluents using LEDs required higher irradiance d to obtain 

reaction rates similar to BLB lamps.  

o LED are punctual sources and the dark zones generated in the photoreactor, greatly 

affect the experiments carry out in secondary wastewater matrices. This is attributed 

to the turbidity and organic matter present in effluents influencing on the radiation 

field throughout the photoreactor.  

o High DOC, turbidity and alkalinity of water matrices affect negatively to the 

efficiency of photo-Fenton process on MPs degradation.  

o Photo-Fenton at circumneutral pH, catalyzed by EDDS-Fe(II), demonstrates its 

effectivity on MPs removal with more than 90% of abatement in ultrapure water.  
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o In wastewater effluents similar performances are obtained in photo-Fenton at acid 

and circumneutral pH, even best degradations are reach at circumneutral pH at the 

end of the treatment, except in IFAS.  

o Comparing the process efficiency at acid and circumneutral pH in ultrapure water, 

the tests at acidic conditions give best yield. This is attributed to the fact that, in the 

first 30 seconds, about 50% of PROP is degraded in acid pH while only 10% in the 

experiments catalyzed by EDDS-Fe(II).  

 

From the study of new iron complexes to carry out the photo-Fenton process more 

efficiently in terms of iron release, MPs abatement and bacterial inactivation, it could 

be concluded that:  

o The use of the new organic fertilizers DTPA and HEDTA, as iron chelating agents, 

are effective in simultaneous MP removal and bacterial inactivation by photo-Fenton 

at natural pH.  

o The stability constant with iron is a key factor in photo-Fenton tests at natural pH. 

Low stability corresponds to high reaction rates at initial times but also high iron 

release. The opposite happens with chelating agents with high stability constant with 

iron.  

o Organic fertilizer EDDHA is not appropriate for photo-Fenton at natural pH, because 

the high stability constant with iron. 

o High iron release diminishes the catalytic activity decreasing the efficiency of the 

process.  

o The combination of organic fertilizers with different stability constant with iron 

enhances the process efficiency. Using 50%EDDS+50%EDTA, total PROP removal 

is achieved 1 hour before comparing to tests with only EDTA.  Additionally, iron in 

solution at the end of the treatment is 5.5 times higher than experiments with only 

EDDS.  

o MBR effluent, which presents low DOC, turbidity, and alkalinity, reaches higher 

performances than CAS. It is also attributed to higher iron release in CAS due to the 

larger amount of ions and organic matter, which can break the iron complex, 

decreasing the process efficiency.  

o Phytotoxicity and BOD5 results suggest that all treated MBR effluents accomplish 

with the minimum requirements for their reuse in irrigation. However, in the case of 
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CAS, high reaction time is needed to reach greater yields in E. coli reduction, since 

the final CFU mL-1 exceeded the maximum value proposed in the Regulation.  

o Concerning the reactivity of iron complexes in aquatic ecosystem, radiation plays an 

important role in the photoredox cycle of iron, especially for iron complexes less 

stable with iron.  

o Irradiation experiments without H2O2 evidenced important differences in the five 

organic fertilizers. Although all of them absorb in the range of 290-400 nm, only 

EDDS-Fe and DTPA-Fe reach significant SMX degradation. 

o Photo-Fenton tests without O2 revealed that this specie contributes on the generation 

of hydroxyl radicals, which are responsible of the final MPs degradation.  

o Photo-Fenton experiments with dosing of non-chelated iron achieve low MP 

removal, showing that iron chelates are the main via to generate hydroxyl radicals.  

 

5.2 Recommendations  

After the results obtained from this investigation and in the current water scarcity scenario, 

some recommendations are provided related to the potential reuse of wastewater treated by 

photo-Fenton process.  

Firstly, it would be recommended further investigation on the use of LEDs as irradiation 

source. The effect of combined UV-LEDs at various wavelengths could be deeply studied 

to investigate more synergies. In addition, the optimization of the photoreactor design is 

essential to replace the conventional lamps by UV-LEDs.  

Concerning the photo-Fenton process at circumneutral pH, the expansion of the study to 

priority compounds, regulated in Directive 2013/39/EU and watch list of Decision 

2018/840/EU, would be highly recommendable due to their concern on environment. 

Additionally, the inactivation studies of various microorganisms could be interesting (i.e. 

Enterococcus spp., Salmonella spp., Pseudomonas spp.). The evaluation of the toxicity of 

the treated effluents using organisms with different sensibilities and different trophic levels 

(Vibrio fishery, Daphnia magna, fishes, phytotoxicity…) could be also required. Further 

studies on stability of iron with chelates in different matrices are essential to determine which 

iron complex could be applied in a specific wastewater to obtain good efficiencies.  
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Experiments of photo-Fenton process at circumneutral pH would be done at pilot plant scale 

to study the effectiveness. Besides, to perform an economic study and life cycle analysis is 

important to know the feasibility of the process.  

Finally, a more accurate determination of all reactive oxygen species, formed when iron 

chelates are used in photo-Fenton, would allow a better understanding of the mechanisms. 

The investigation of more iron chelates is also needed.  
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6 Other contributions by the author 

Besides the journal articles included in this thesis, the author has participated in other studies 

carried out during her predoctoral period. Thus, additional papers were derived from other 

works carried out in our laboratories and from short research stays fulfilled by the author. 

Additionally, she has participated in several contributions in international and national 

congresses derived from her PhD thesis or collaborations.  

6.1 Journal articles from research stays 

Three short research stays were carried out during her PhD. An article was published from 

the investigation performed during the stay in the University of Alberta (Canada), under the 

supervision of Dr. Mohamed Gamal El-Din. The investigation was focused on the treatment 

of Combined Sewer Overflows by coagulation-flocculation and subsequent catalytic 

ozonation. The second research stay was carried out in the University of Porto, under the 

supervision of Dr. Adrián Tavares Da Silva. In this period, it was investigated the activation 

of commercial graphene oxide by persulfate to remove MPs from water. The publication 

derived from this study is under the first revision in Chemical Engineering Journal. Finally, 

from the stay performed in University Polytechnic of Madrid, under the supervision of Dr. 

Stefanos Giannakis, interesting results were obtained, and a journal publication is currently 

in preparation. The study deals on disinfection of different microorganisms (K12 and wild 

E.coli, B. subtilis, R. planticola, S. cerevisiae and Enterococcus) by means of ferrate 

activation by diverse oxidants (persulfate, hydrogen peroxide, peroxymonosulfate) and 

sunlight.  

N. López-Vinent, A. Cruz-Alcalde, S.O. Ganiyu, S. Sable, S.A. Messele, D. Lillico, J. 

Stafford, C. Sans, J. Giménez, S. Esplugas, M. Gamal El-Din, Coagulation-flocculation 

followed by catalytic ozonation processes for enhanced primary treatment during wet 

weather conditions, Journal of Environmental Management, 283 (2021) 111975.  

A. Cruz-Alcalde, N. López-Vinent, R.S. Ribeiro, C. Sans, J. Giménez, A.M.T. Silva, 

Persulfate activation by reduced graphene oxide membranes: practical and mechanistic 

insights concerning organic pollutants abatement, submitted to Chemical Engineering 

Journal (2021) and currently under 1st review.  
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6.2 Other journal articles  

J.A. Malvestiti, A. Cruz-Alcalde, N. López-Vinent, R.F. Dantas, C. Sans, Catalytic 

ozonation by metal ions for municipal wastewater disinfection and simultaneous 

micropollutants removal, Applied Catalysis B: Environmental 259 (2019) 118104.  

O. Porcar-Santos, A. Cruz-Alcalde, N. López-Vinent, D. Zanganas, C. Sans, Photocatalytic 

degradation of sulfamethoxazole using TiO2 in simulated seawater: Evidence for direct 

formation of reactive halogen species and halogenated by-products, Science of the Total 

Environmental 736 (2020) 139605.  

B. Bayarri, A. Cruz-Alcalde, N. López-Vinent, M.M. Micó, C. Sans, Can ozone inactivate 

SARS-CoV-2? A review of mechanisms and performance on viruses, Journal of Hazardous 

Materials 415 (2021) 125658.  

6.3 Congress communications 

A. Cruz-Alcalde, N. López-Vinent, Removal of contaminants of emerging concern by means 

of Advanced Oxidation Processes, in: 2nd IdRA Young Researchers Seminar, Barcelona 

(Spain), May 2017. 

N. López, A. Cruz-Alcalde, L. Romero, M. Chávez, P. Marco, J. Giménez, S. Esplugas, 

Application of UV-A LED Photo-Fenton in a Batch Reactor Evaluating Different 

Wavelengths, in: 10th European Meeting on Solar Chemistry and Photocatalysis: 

Environmental Applications (SPEA10), Almeria (Spain), June 2018. ISBN: 

978-84-17261-27-6. 

N. López, A. Cruz-Alcalde, L. Romero, M. Chávez, P. Marco, J. Giménez, S. Esplugas, 

Photo-Fenton treatment of Histamine 1 with UV-A LED and BLB radiation: energetic 

efficiency comparison, in: 10th European Meeting on Solar Chemistry and Photocatalysis: 

Environmental Applications (SPEA10), Almeria (Spain), June 2018. ISBN: 

978-84-17261-27-6. 

N. López, A. Cruz-Alcalde, L. Romero, M. Chávez, P. Marco, J. Giménez, S. Esplugas, 

Assessment of different reactor configurations for a Diphenhydramine Removal by UV-A 

LED Photo-Fenton Process, in: 10th European Meeting on Solar Chemistry and 
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Photocatalysis: Environmental Applications (SPEA10), Almeria (Spain), June 2018. ISBN: 

978-84-17261-27-6.  

N. López-Vinent, Emerging pollutants abatement by UV-A LED photo-Fenton in a batch 

reactor, in: 3rd IdRA Young Researchers Seminar, Barcelona (Spain), May 2018. 

N. López, C. Gutiérrez, P. Marco, J. Giménez, S. Esplugas, Reducción del propanolol en 

efluentes secundarios usando el proceso foto-Fenton: comparación de UV-A LED y lámpara 

convencional BLB, in: XIII Congreso Español de Tratamiento de Aguas (META 2018), 

León (Spain), June 2018. 

N. López-Vinent, Photo-Fenton at neutral pH using organic fertilizer as a chelating agent for 

wastewater reuse, in: 4th IdRA Young Researchers Seminar, Barcelona (Spain), June 2019. 

S. Esplugas, J. Giménez, C. Sans, P. Marco, A. Cruz-Alcalde, N. López, Eliminación de 
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N. López-Vinent, A. Cruz-Alcalde, J.A. Malvestiti, P. Marco, J. Giménez, S. Esplugas, C. 
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J.A. Malvestiti, A. Cruz-Alcalde, N. López-Vinent, R.F. Dantas, C. Sans, Advanced 

Oxidation Processes based on peracetic acid (PAA) for urban wastewater disinfection and 
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