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ABSTRACT 

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 

ultrapure 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 
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(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. 
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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 medicines and antibiotics in WW effluents were detected [3], 79 

different MPs were identified in WWTPs of Swedish [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 ecological 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 compounds 

[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 0.1-7.3 ng/L [12]. This compound was also detected for 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, Serbian, Bosnian 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 investment, electrical cost of lamps and reagents 

are the principal disadvantages for full-scale application for photo-Fenton [26, 27]. 

Chemicals 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, 30, 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 52 mg C·L-1 of 

total organic carbon (TOC) followed by CAS presenting 38 mg C·L-1 of TOC. CAS-NE 

and MBR shown similar values of TOC (around 13 mg 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) degradation 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 trisodium salt (EDDS-Na) solution from 

Sigma-Aldrich and ethylendiaminetetracetic 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 subsequently 

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 filtered with conventional laboratory paper to remove the largest 

particles. One WWTP has two parallel secondary treatments which include IFAS and 

MBR. The second one includes CAS and CAS-NE.  

 



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-1 (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 

 

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 maximum 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 1.00 W, with 

350 mA, irradiance angle of 125º and emission wavelenght at 365 nm. The temperature 

of the solution was kept constant at 25 ºC 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 0.18 mM of Fe(II) 

was prepared in water acidified at pH 2.8 ±0.2 with H2SO4. Then, PROP (0.19 mM = 50 



mg/L) was added (this concentration was selected to assure accurate measurements of 

concentrations) and, finally hydrogen peroxide (4.41 mM = 150 mg/L) 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 experiments 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 0.2 M 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 mL min-1 were applied. The column 

used was SEA18 Teknokroma (250 x 4.6 mm i.d; 5μm 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. Biochemical 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 ASTM D1252-06 Standard Test Methods, consisting in the 

sample oxidation with potassium dichromate in excess, in an acid medium, with catalysts 

and at 150ºC for 2h [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 detect 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 60 minutes 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 60 minutes for both, BLB and UV-A LED. Moreover, the kinetic 

constants obtained were very close (0.15 min-1 for BLB and 0.14 min-1 for LEDs, after 

first 30 seconds and assuming first order kinetics). When real matrices were used, the 

differences 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 360º 

and only 125º 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 figure S1 in the supplementary information). 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 systems 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 of hydroxyl radicals [45] due to the presence of organic compounds 

different of target compound. Figure 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 

Figure 1. PROP degradation in different light sources by conventional photo-Fenton process. [PROP]0= 0.19 mM; 

[Fe(II)]0= 0.18 mM; [H2O2]0= 4.41 mM.  



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 by hydroxyl radicals and dissolved organic matter (DOM). These values are in 

the order 108-109 L·molC-1·s-1 [46-51], which can 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 micropollutant 

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 spectroscopic property related to the presence of organic matter, 

particularly 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. However, in conventional photo-Fenton, the 

alkalinity of the solution was neutralized when the matrix was acidified and then mixed. 



Other inorganic ions can act as a scavenger of .OH. The nitrite reacts with the hydroxyl 

radicals, producing nitrite radicals, with a second-order reaction rate of 1.0 .1010 M-1 s-

1[52]. According to Benner and coworkers, the reaction rate of propranolol is 1.0 .1010 M-

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 (Eq. 1 and Eq. 2).  

NO2
- + hv  →  ·NO + O-·                                                                                                                                         (Eq. 1) 

O-· + H+ ↔ ·OH                                                                                                         (Eq. 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 43 . 109 M-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 concentrations 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 interference. The results 

are shown in figure 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 chelated iron is always lower than 100% and 

Figure 2. Percentage of iron chelates formed with two L:Fe(II) molar ratios 

tested. Calculated by absorbance at 258 nm. 



that percentage increases with 1.5:1 molar 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 degradation and the increase in the 

biodegradability. In this way, the results of PROP degradation are showed in figure 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 0.06 min-1 for L-Fe(II) molar ratio of 1:1 and 1.5:1, respectively. For EDTA-

Fe(II), the kinetic constant was 0.01 min-1 for the two L-Fe molar ratios. Thus, EDDS 

runs better than EDTA in PROP degradation. 99.6% for EDDS and 47.3% for EDTA 

Figure 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= 0.19 mM; [Fe(II)]0= 0.18 mM; [H2O2]0= 4.41 mM. 

Radiation source: LEDs.  



after 60 minutes (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. Figure 4 shows that the biodegradability increase is higher for EDDS than 

EDTA. The results agree with the research 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 biodegradable and stable 

at neutral pH [38]. Finally, regarding to hazardousness, 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 bioluminescent 

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. 

 

 

 

 

 

 Figure 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= 0.18 mM; [H2O2]0= 

4.41 mM. 



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 wastewater, around 7.5-8.0 (Table 1), and remained stable 

during the experiment. 

 

 

 

 

 

 

 

Regarding the percentages of PROP eliminated (60 minutes), 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 hour 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. Figure 6 shows the total iron dissolved remaining in solution for each 

wastewater during the experiment.  

Figure 5. PROP degradation in different matrices by photo-Fenton, with 

LEDs, at circumneutral pH. EDDS:Fe(II) (1:1); [PROP]0= 0.19 mM; 

[Fe(II)]0= 0.18 mM; [H2O2]0= 4.41 mM.  



 

 

 

 

 

 

 

As it can be observed in the figure 6, the iron remaining at the end of the treatment was 

lower when wastewaters were used. The values of total iron in solution at 60 minutes 

were between 10-25% 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 affected by 

many parameters. In this sense, in Milli-Q water only target compound, their respective 

intermediates and chelating agent are present in the solution. Nevertheless, wastewater 

matrices are a complex system with different types of organic matter and other dissolved 

species. All this decrease the stability of the complexes making them more vulnerable to 

hydroxyl radicals.  

In the same way that total dissolved iron was analyzed, the concentrations 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.  

Figure 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= 0.19 mM; [Fe(II)]0= 0.18 mM; [H2O2]0= 4.41 mM.  



The PROP removal at conventional photo-Fenton and photo-Fenton catalyzed by EDDS-

Fe(II) is reported in Figure 7 in order to establish comparisons between the two systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 7 it is observed that, for all tested water matrices, there is a common trend, with 

lower TOC and DOC, higher conversion. Therefore, Milli-Q gives the best results and 

Figure 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= 0.19 mM; 

[Fe(II)]0= 0.18 mM; [H2O2]0= 4.41 mM.  



IFAS the worst ones. This happens for both conventional photo-Fenton and photo-Fenton 

at circumneutral pH. 

For a better comparison, different fittings were done and results are shown in Table 2. 

The used data are these ones of the experiments presented in Figure 7. 

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 

 



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 concentration-

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. 

 ln (
𝐶𝑓

𝐶0
) =  𝑘 · 𝑡                                                                                                     (Eq. 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. 

𝑘4 =
𝐶0 −𝐶𝑓

𝑡
                                                                                                               (Eq. 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 Figure 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 intervals 

used. 

From figure 7, it can be seen that, in conventional photo-Fenton and WW matrices, the 

concentration of PROP decreases quickly at the beginning of the experiment, during the 

first 30 seconds, and then decreases very slowly. From there it could be deduced that, in 

the initial 30 seconds, 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 concentration of PROP is lower because Fe2 + 

is chelated. In fact, the k1 values in Table 2, for the same water matrix, are lower for 

circumneutral 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 figure 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 pronounced. In that experiment, which lasted up to 180 

minutes, 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 180 min, the concentration 

of PROP was only reduced by 10% (more information can be found in Figure 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 concentration drops a lot. In fact, 



for conventional photo-Fenton, the value of k1 with Milli-Q was 1.35 min-1, this is the 

highest value for different matrices and approximately 10 times higher than the value for 

circumneutral 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 

present 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 observed, in all 

compounds, IFAS presents higher concentrations than MBR and CAS.  

                              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 

 



IFAS has an approximately 70 times higher concentration of biopolymers than MBR, and 

almost 2 times more of humic substances. Biopolymers and humic substances can chelate 

the iron present in solution. 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 are 

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 approximation 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 Figure 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 increase of BOD after the 

treatment. Moreover, in supplementary material (Table S2) it 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 almost 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 60 minutes 

probably were more simples than in the other matrices increasing the BOD. In addition, 

as it can be seen in figure 6, the iron remaining in solution is 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 

Figure 8. Percentage of BOD increase after treatment of different matrices with a 

ratio of 1:1  L-Fe(II). [PROP]0= 0.19 mM; [Fe(II)]0= 0.18 mM; [H2O2]0= 4.41 mM. 



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 organic matter is lower.  

The increase in biodegradability suggests that the oxidation intermediates are becoming 

simpler structures. In this work the main oxidation 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 significant. However, with WW matrices the differences increase 

mainly due to the presence of different organic matter which absorbs part of radiation and 

also compete 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 

presented 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 experiments 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 degraded 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 chelation of Fe2+. .  
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Biochemical Oxygen Demand: Brief explanation of the process.  

The Biochemical Oxygen Demand was evaluated according to the 5210-standard method. 

This method consists on filling with seeded and nourished sample an airtight bottle of 

specified size (500 mL, appropriated for OxyTop), which is incubated at the specified 

temperature (20 C) for 5 days.  

The measurement was done by OxyTop whose mechanism is based on the pressure 

variation in a closed system. The present microorganisms in the sample consume oxygen 

and generate CO2 because of their metabolic activity. This CO2 is absorbed with NaOH 

and then a pressure drop is produced, which is related to oxygen concentration and BOD. 

The biodegradability was calculated according to equation S1, at the beginning and at the 

end of the experiment. The increase in the biodegradability is estimated by eq. S2, 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. Characteristics 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. 

 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 

 

 

 

 


