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Abstract: Photo-induced Advanced Oxidation Processes (AOPs) using H2O2 or S2O82− as radical pre-
cursors were assessed for the abatement of six different contaminants of emerging concern (CECs). In 
order to increase the efficiency of these AOPs at a wider pH range, the catechol organic functional 
compound was studied as a potential assistant in photo-driven iron-based processes. Different salinity 
regimes were also studied (in terms of Cl− concentration), namely low salt water (1 g·L−1) or a salt–
water (30 g·L−1) matrix. Results obtained revealed that the presence of catechol could efficiently assist 
the photo-Fenton system and partly promote the photo-induced S2O82− system, which was highly de-
pendent on salinity. Regarding the behavior of individual CECs, the photo-Fenton reaction was able 
to enhance the degradation of all six CECs, meanwhile the S2O82−-based process showed a moderate 
enhancement for acetaminophen, amoxicillin or clofibric acid. Finally, a response-surface methodol-
ogy was employed to determine the effect of pH and catechol concentration on the different photo-
driven processes. Catechol was removed during the degradation process. According to the results ob-
tained, the presence of catechol in organic macromolecules can bring some advantages in water treat-
ment for either freshwater (wastewater) or seawater (maritime or aquaculture industry). 

Keywords: phenolic moieties; photo-Fenton; persulfate; emerging contaminants; Fe-binding ligands; 
iron chelates 
 

1. Introduction 
Fenton-based processes are among the most promising Advanced Oxidation Pro-

cesses (AOPs) for water detoxification and, specifically, for the abatement of Contami-
nants of Emerging Concern (CECs), for which conventional treatment methods are poorly 
effective [1]. These processes are based on the Haber–Weiss reaction, where iron salts cat-
alyze the decomposition of H2O2 into highly oxidizing hydroxyl radicals and/or other re-
active oxygen species [2–5], briefly described by Equations (1) and (2) (Equation (1): k = 
63 M−1·s−1; Equation (2): k = 0.01–0.001 M−1·s−1). It may occur naturally in aquatic ecosys-
tems [6–8] but they can also be applied in engineered water systems [1,9]. Iron ions can 
also activate persulfate salts (Equation (3); k = 12–27 M−1·s−1) to produce sulfate radicals, 
which are also powerful oxidants but with higher selectivity and longer life-time (half-
life: 30–40 µs) in comparison with ●OH (half-life: 10−3 µs) [10]. 

Iron speciation plays a significant role in Fenton chemistry, but iron deactivation also 
occurs at pH above 3, which limits the applicability of these iron-based processes in mildly 
acidic or basic medium [4]. Accordingly, research on strategies to enhance the regenera-
tion of ferrous iron in both Fenton and persulfate-based systems are now receiving in-
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creasing attention. For instance, the use of organic ligands able to form photoactive com-
pounds with Fe(III) has been examined, using different substances for this purpose such 
as oxalate, citrate, EDTA or EDDS [9,11,12]. Since they have to be added to the solution, 
their biodegradability and/or potential toxicity are key factors for their use in water treat-
ment systems. Hence, searching for naturally occurring substances to be used as chemical 
auxiliaries for photo-Fenton processes has received scientific interest. 

Fe2+ + H2O2 → Fe3+ + OH− + ●OH (1)

Fe3+ + H2O2 → Fe2+ + HO2● + H+ (2)

Fe2+ + S2O82− → Fe3+ + 2 SO4●− (3)

The use of iron for living organisms is essential for growth but its low solubility at 
physiological pH also limits its availability [13]. In this sense, most of the Fe available in 
aquatic ecosystems is found complexed by organic Fe-binding ligands [8,14]. These or-
ganic chelates, which are known as the Fe ligand pool, can be released by microorganisms, 
or generated as transformation products of natural organic matter. For instance, an inter-
esting source of iron ligands is siderophore production by microorganisms [14]. They are 
defined as iron chelates produced mainly by bacterial cells, which facilitate uptake of iron 
into the microorganisms. Siderophores are typically classified in the basis of their chemi-
cal nature and functional groups; among them can be found catecholates (also so-called 
phenolates), which are present in several bacterial and cyanobacterial species [13,15,16]. 
These functional groups are considered a major contributor to the stability of metal-sider-
ophore complexes. 

Another interesting source of iron ligands are humic-like substances, which have 
been shown to be efficient for the enhancement of photo-Fenton processes (Table 1) [17–
19]. Interestingly, a recent study suggests that iron chelated by humic substances is the 
major reservoir of Fe-complexed in oceans [20]. Humic substances are complex organic 
macromolecules with some specific functional groups, such as carboxylic, carbonyl or cat-
echol moieties [21,22]. These functional groups have been employed as simplified model 
compounds to simulate the effect of humic-like substances in different processes such as 
sorption [22] or photo-oxidation of As(III) [21]. 

The catechol organic functional compound presents moderate binding capacity with 
Fe (III) (Log K1 = 20.01) [15,23] and high photo-reactivity as a free ligand [24]. This UV 
photo-reactivity of the Fe (III) complex is important since leads to oxidation of the ligand 
and reduction of Fe (III) to Fe (II) generally through Equation (4), thus could introduce Fe 
(II) again into the Fenton cycle. It has been proposed that once catechol is bound to Fe (III), 
the metal is reduced to Fe (II) [25–27], while the ligand is oxidized to a quinone (via sem-
iquinone). Quinone-intermediates can regenerate themselves (mainly by reaction with 
HO2● species, which are abundant in Fenton-based processes) and might result in a cata-
lytic redox cycle [25,26,28]. However, most of studies have been focused on catechol as 
target pollutant, as it is an intermediate of phenol degradation [10,29–31], but very few 
have investigated on the enhancement of Fenton-based process by the catechol Fe-com-
plexes [25,26,28,32]. 

FeIII-L + hυ → Fe2+ + L●+ (4)

In this scenario, the main goal of this study is to investigate catechol as a possible 
assistant in photo-driven iron-based processes for water treatment, namely the photo-Fen-
ton process, i.e., H2O2-based, or persulfate (PDS; S2O82−-based) process. This is interesting 
in two ways: (i) the possibility of using catechol as auxiliary for iron-based AOPs and (ii) 
to be employed as a surrogate to better understand the behavior of complex macromole-
cules such as humic-like substances (HLS) where catechol moieties can act as active sites 
for iron complexation and to drive photo-Fenton-like reactions. 
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Six different contaminants of emerging concern (CECs) were used as target contam-
inants, namely acetamiprid (insecticide), amoxicillin (antibiotic), acetaminophen (analge-
sic), caffeine (stimulating agent), clofibric acid (metabolite of clofibrate, also employed as 
herbicide) and carbamazepine (psychiatric drug). They were selected according to: (i) 
their presence in different effluents from diverse origin, such as aquaculture, urban 
wastewater, shipping, membrane rejection [33–38], (ii) their detection in natural waters 
[38–40] but also (iii) their inclusion on the European monitoring list, i.e., the Watch List of 
Substances (Decision 2018/840/EU), in which amoxicillin and acetamiprid are included. 

In order to address the water matrix, different salinity regimes were studied, namely 
low salt water (LSW) or a salt–water (SW) matrix, so as to represent fresh and saline water 
effluents. To gain further insight into the action mode of both H2O2 and PDS systems, 
scavenging tests were performed with the tested CECs splitting into two groups, in ac-
cordance with their different reactivity with sulfate or hydroxyl radicals. Finally, a re-
sponse surface methodology based on Doehlert design was employed to determine the 
effect of pH and catechol concentration on the different photo-driven processes. Accord-
ingly, the main hypothesis is that catechol can accelerate photo-driven iron-based pro-
cesses in a wide pH and salinity range. Their potential use can entail biomimetics and 
some advantages in water treatment for either fresh water (wastewater) or saline water 
(maritime or aquaculture industry). 

Table 1. Previous studies that make use of Humic-like Substances for the enhancement of Photo-Fenton processes. OMW-
HLS: Olive Mill Waste humic like substances. SBO: Soluble Bio-Organic substances. 

Humic Like 
Substances 

Concentration of 
HLS Tested 

Operational Variables 
pH/H2O2 Target Compounds Improvement Reference 

OMW-HLS 
10 mg L−1 
30 mg L−1 
60 mg L−1 

pH 5 
[H2O2] = 60 mg L−1 

Caffeine 

Removal of 95% of initial 
amount at 10 min with 10 
mg L−1 of HLS vs. 45% re-
moval without these sub-

stances. 

García-Balles-
teros et al., 
2018 [18] 

SBO from ur-
ban wastes 

30 mg L−1 pH 5 
[H2O2] = 60 mg L−1 

Caffeine 

Removal of 100% of ini-
tial amount at 90 min. vs. 

60% removal without 
these substances. 

García-
Negueroles et 
al., 2019 [17] 

10 mg L−1 
pH 5.2 

[H2O2] = 75 mg L−1 

Acetaminophen, 
amoxicillin, caffeine, 
acetamiprid, carbam-
azepine and clofibric 

acid. 

Removal of 100% of ini-
tial amount of 4 pollu-

tants at t30w = 30 min vs. 
80 min (t30w) needed in 
absence of these sub-

stances. 

Gomis et al., 
2014 
[41] 

2. Results and Discussion 
2.1. Effect of Catechol in Photo-Fenton and Persulfate-Based Systems 

A first series of experiments was devoted to assessing the role of catechol in both 
photo-induced processes, i.e., a H2O2-based (Fenton) and a persulfate-based system at pH 
= 5. Time resolved data of the cumulative concentration of the Ʃ CECs were obtained (Fig-
ure 1A). Figure 1A compares photo-Fenton processes without and with catechol, in both 
low and high salinity matrices but also including a control experiment in the absence of 
chlorides, i.e., distilled water (DW). A very strong enhancement of the process can be ob-
served as the concentration of CECs was negligible after 15 min of irradiation when cate-
chol (CAT) was present, while significant amounts remained even after 60 min (ca. 20% 



Catalysts 2021, 11, 372 4 of 15 
 

 

in SW and 10% in LSW) in the absence of CAT. This fact might be attributed to the for-
mation of a complex between iron and CAT that prevents inactivation of the catalytic role 
of iron at mild pH. 

 
Figure 1. Degradation profiles of sum of the total concentration of contaminants of emerging concern (CECs) in Distilled 
Water (DW), low salt water (LSW), and salt–water (SW) matrix matrices under (A) a photo-Fenton system (Fe(III)/H2O2) 
in the presence and absence of catechol (CAT). (B) Fe(III)/persulfate (PDS) system in the presence and absence of catechol 
(CAT). Experimental conditions: ([Fe(III)] = 5 mg·L−1, [H2O2] or [S2O82−] = 146 mg·L−1, [CAT] = 13 mg·L−1 ; pH0 = 5). 

By comparison with previous studies, similar trends have been observed when Hu-
mic-like Substances (HLS) are used as auxiliaries of the photo-Fenton reaction (Table 1). 
For instance, García-Ballesteros et al. 2018 [18] and García-Negueroles et al. 2019 [17] con-
cluded that the degradation of caffeine (in a photo-Fenton system at pH = 5) was increased 
by the addition of different HLS in the range of 10–60 mg·L−1. Moreover, Gomis et al. 2014 
[41], tested soluble bio-based substances (with the presence of phenolic carbon, phenoxy 
and carboxylic functional groups), obtaining an enhancement of the photo-Fenton reac-
tion at pH 5.2. Thus, if catechol (and in general phenolic moieties) can be assumed to be 
among the active sites of these HLS it might be proposed as a simplified model compound 
to simulate the effect of HLS on oxidation processes [21,22]. 

Following the same approach as with the photo-Fenton reaction, the ability of iron to 
activate PDS was assessed under irradiation (Figure 1B). As has been mentioned in the 
Introduction, PDS can be activated by Fe2+ (Equation (3)) but also by irradiation (S2O82− + 
hυ → SO4●−), so these two activation factors are expected sources of radical production 
[42]. Additionally, irradiation can also photo-reduce the ferric iron-complexes into ferrous 
iron (Equation (4)). Thus, the presence of CAT in PDS system is expected to assist the 
formation of Fe2+ through photoreduction of Fe(III)–CAT complexes. The degradation 
profiles of the ƩCECs according to the irradiation time are depicted in Figure 1B, where a 
series of experiments were performed with the presence of CAT at pH = 5 and compared 
with the results obtained in the absence of catechol. In both DW and LSW, a slight im-
provement can be perceived when catechol is present in the solution. For instance, in LSW, 
the Ʃ CECs reaches degradation of 53.4% and 65.3% with and without catechol in solution, 
respectively. In contrast, the PDS-based process was scarcely efficient in SW, either with 
or without CAT in solution. 

High salinity (in terms of Cl− concentration) generally seems to decrease the efficiency 
of both processes, which is especially remarkable in the PDS-based system. In the presence 
of chlorides, Fe (III) can yield to Fe(Cl)2+ and FeCl2+ complexes, which are highly photo-
active and can promote the iron reduction into Fe (II) and chloride radicals (Equations (5) 
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and (6)) [43,44]. This fact might explain the slight improvement of the photo-Fenton pro-
cess in LSW. On the other hand, chlorides also present an scavenging effect with ●OH 
radicals (Equations (7)–(10)) [44,45]. The generation of these chloride radicals (less reactive 
and with higher selectivity) might be the reason for which a slowing down of the photo-
Fenton process is observed as salinity increases, as observed in SW. However, the pres-
ence of catechol in solution, could successfully assist the photo-Fenton process, since sim-
ilar results were obtained in DW, LSW and SW matrices (Figure 1A). 

Fe(Cl)2+ + hυ → Fe2+ + Cl● (5)

FeCl2+ + hυ → FeCl+ + Cl● (6)

●OH + Cl−  ClOH•−  ●OH+ Cl− (7)

ClOH●− + H+ → Cl● + H2O (8)

●OH+ Cl− + O2 → ClOH + O2●− (9)

ClOH•− + Cl− → Cl2●− + OH− (10)

Similarly, sulfate radicals can also interact with chlorides in solution, giving as a re-
sult less reactive radicals such as Cl●, Cl2●− (Equations (11) and (12)). In fact, it is worth 
noticing that Cl− oxidation is more favored by SO4●− than ●OH [46,47]. This might explain 
the poor performance of the system in high salinity matrix for the PDS system (Figure 1B). 
Additionally, it is known that both sulfate and chloride radicals can selectively react with 
specific compounds [46,48–50]. In this regard, some insights by assessing individual CECs 
will be addressing in the next sub-section. 

SO4●− + Cl−  Cl●+ SO42− (11)

Cl● + Cl−→ Cl2●− + H2O (12)

2.2. Some Insights by Assessing Individual Behavior of the Different CECs 
To gain further insight into the action mode of both H2O2 and S2O82− radical precur-

sors, the tested CECs were classified into two groups in accordance to their different re-
activity with sulfate or hydroxyl radicals [48,50–52]. Thus, group I includes those com-
pounds that exhibit higher reactivity with ●OH, rather than SO4●− (i.e., carbamazepine, 
caffeine and acetamiprid), with k●OH ≈ 6 × 109 M−1·s−1; kSO4●− ≈ 1–3 × 109 M−1·s−1. Group II 
includes the compounds that could have more affinity for reaction with SO4●− (i.e., clofi-
bric acid, amoxicillin and acetaminophen), with kSO4●− ≈ 2–7 × 109 M−1·s−1. 

Degradation curves can be divided into both groups: Figure 2-upper (group I) and 
Figure 2-lower (group II). Although similar results and trends are observed among groups 
I and II in the photo-Fenton process, some differences can be found in the PDS system. 
Here, lower degradation rates can be observed for those compounds belonging to group 
I, with similar trends in DW, LSW and SW matrices (Figure 2-upper). Interestingly, these 
results match with recent studies that make use of similar target pollutants [53]. On the 
contrary, degradation rates of group II compounds notably increase in the three aqueous 
solutions (Figure 2-down). 

In general, ●OH has a high oxidation potential (ca. 2.8 V), and that of sulfate radical 
is 2.43 V [54]. This makes SO4●− show higher selectivity towards some substances, giving 
in general fast reactions towards aromatic rings that are activated for electrophilic attack. 
It is the case of acetaminophen, clofibric acid and amoxicillin, with electro-donating 
groups directly attached to the ring. On the other hand, the pyridinic group of acetamiprid 
or the imidazole moiety of caffeine are reluctant to attack electrophilically, this explaining 
the bad performance of the sulfate radical towards these compounds. 

Accordingly, in the case of group II compounds, the addition of CAT can promote 
the efficiency of the PDS-based system in both LSW and SW, which means that the time 
to reach 50% of degradation is reduced by approximately half in the presence of CAT in 
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solution. On the other hand, the selectivity of primary sulfate radicals can limit the process 
to specific contaminants, since no effect has been observed in compounds of group I. In 
consequence, the limited efficiency of PDS system has been obtained (Section 2.1) when 
the sum of whole contaminants is studied. 

 
Figure 2. Degradation profiles of the sum of CECs in a photo-Fenton system (Fe/H2O2) and irradiated Fe/PDS system with 
the presence/absence of catechol (CAT) in DW (A,D) LSW (B,E) and SW (C,F). CECs have been split into Group I (Upper): 
Carbamazepine, Caffeine and Acetamiprid; and Group II (Down): Clofibric acid, Amoxicillin and Acetaminophen. Stand-
ard Deviation of each experimental point is always S.D. < 0.05. Experimental conditions: [Fe(III)] = 5 mg·L−1, [H2O2] or 
[PDS] = 146.16 mg·L−1, [CAT] = 13 mg·L−1, pH0 = 5. 

Scavenging experiments were also performed to consider the involvement of differ-
ent radical species. 2-Propanol (k•OH-2−Prop = 1.9 × 109 M−1·s−1; kSO4●− -2−Prop = 6.9 × 107 M−1·s−1), 
and tert-butanol (t-BuOH) (k•OH-t−BuOH = 6 × 108 M−1·s−1; kSO4●− -t−BuOH = 8.4 × 105 M−1·s−1) were 
used as radical probes, considering that 2-propanol can effectively quench both •OH and 
SO4●−, while t-BuOH selectively reacts with •OH [55,56]. The same approach has been 
performed successfully in previous studies [42]. Accordingly, the results obtained are de-
picted in Figure 3, where the presence of scavengers was assessed in SW matrix at opera-
tional conditions of [Fe(III)] = 5 mg·L−1, [CAT] = 13 mg·L−1, pH0 = 5. 

For compounds of group I, a similar degradation rate was obtained for the PDS sys-
tem in the presence of both scavengers (Figure 3A). However, in the photo-Fenton system, 
a clear inhibition in the presence of 2-propanol is observed (Figure 3B), which suggests a 
major role in degradation for hydroxyl radicals. On the other hand, for compounds of 
group II, slight inhibition is observed in the PDS system, majorly attributed to SO4●−, but 
also to •OH derived from the photolysis of iron–aqua complexes (Figure 3C). In the 
photo-Fenton system, the degradation of CECs is notably inhibited (28%), although at a 
minor rate than group I compounds (56%). 
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Figure 3. Degradation profiles of the sum of CECs in an irradiated Fe/PDS/CAT system (A,C) and 
photo-Fenton system (Fe/H2O2/CAT) (B,D) with the presence of scavengers in SW. CECs have 
been split into Group I (A,B): Carbamazepine, Caffeine and Acetamiprid; and Group II (C,D): Clo-
fibric acid, Amoxicillin and Acetaminophen. Experimental conditions: [Fe(III)] = 5 mg·L−1, 
[H2O2]/[PDS] = 146.16 mg·L−1, [CAT] = 13 mg·L−1, pH0 = 5. 

Those results support that •OH radicals play a major role in CECs degradation of 
both group I and group II compounds. Furthermore, they also suggest that the role of 
SO4●− in CECs degradation is slightly higher for group II, and almost negligible in com-
pounds of group I, supporting the selectivity of these SO4●− towards specific compounds. 
It is also noteworthy that, despite the presence of scavengers, the CECs degradation is 
remarkable, especially for those pollutants of group II. Thus, the involvement of other 
reactive species is expected. Taking into account the high Cl− concentration, probably Cl● 
and Cl2●− radicals are also taking part in the degradation process, due to the rapidly oxi-
dation of Cl− in the presence of SO4●− (kSO4●− -Cl− = 3–6.6 × 108 M−1·s−1) and •OH (k•OH-Cl− = 3–
4.3 × 109 M−1·s−1), especially suitable for the production of Cl2●− [56,57]. Additionally, the 
high reactivity of Cl2●− radicals with compounds of group II, such as acetaminophen (kCl2●− 
= 4.32 × 108 M−1·s−1) in front of compounds of group I, such as carbamazepine (kCl2●− = 0.43 
× 108 M−1·s−1) supports the results obtained [49]. 

2.3. Effect of Operational Factors and Reagents Consumption 
In order to study how pH and [CAT] influences in the different photo-induced sys-

tems (Fenton-based and PDS-based), a two-variable Doehlert matrix design was em-
ployed (see Table 2 for experimental points). The time required for the removal of 50% of 
the CECs (t50%) was estimated from the plot of Ʃ CECs vs. irradiation time. A detailed 
discussion on this parameter can be found elsewhere [19]. 
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Table 2. Experimental points used in the Doehlert matrix and associated response, which is based on the time required to 
degrade the sum of CECs to 50% of its initial concentration (t50%). 

Number of Experiments 
Coded Values Operational Variables t50% (Ʃ CECs), (min) 
X1 

(5 Levels) 
X2 

(3 Levels) 
[CAT] (mg·L−1) pH 

Fe(III)/H2O2 Fe(III)/S2O82− 
LSW SW LSW 

1 0 0 13 5 0.67 0.82 18.99 
2 1.0 0 25 5 2.48 0.85 83.31 
3 0.5 0.817 19 7 40.31 40.49 90.16 
4 −1.0 0.000 1 5 9.66 22.22 34.95 
5 −0.5 −0.817 7 3 0.41 8.01 18.90 
6 0.5 −0.817 19 3 0.39 4.16 88.96 
7 −0.5 0.817 7 7 82.39 76.61 43.69 
8 0.0 0.000 13 5 0.80 0.87 19.86 
9 0.0 0.000 13 5 0.76 0.82 19.08 

2.3.1. Photo-Fenton System 
Based on the results obtained in the different experimental runs, a bidimensional 

quadratic response-surface model was obtained. Good agreement between experimental 
and calculated data was supported by R2 values (R2LSW = 0.92, R2SW = 0.97). Model equations 
can be found in Supplementary Material, Equation (S1). In order to visualize the effect of 
the studied operational variables, bi-dimensional contour plots, together with the interac-
tion effect plot are represented in Figure 4. 3D contour plots are represented in Figure S1. 

For LSW, there is a trend mainly controlled by the pH, in which the t50% increases as 
the pH does, in particular at pH > 5. However, some interaction among pH and [CAT] can 
be found. For instance, a t50% of 35 min can be obtained at [CAT] of 1 mg L−1 and pH ≈ 5.5; 
the same t50% of 35 min is reached at pH 7 when the [CAT] = 25 mg·L−1 (Figure 4A). So, it 
suggests an enhancement of the photo-Fenton process by the addition of catechol. Interest-
ingly, at low pH, a slight detrimental effect of [CAT] is denoted. This can be more easily 
seen in the interaction effect plot (Figure 4C), where contrary effect is observed at pH = 3 
and at pH = 7. In other words, the presence of catechol clearly assists the photo-Fenton re-
action in the range of near-neutral pH, however it might be a hindrance at low pH, where 
the photo-Fenton system is known to be highly efficient by itself, hence CAT can compete 
with the CECs for the reactive species. Thus, it is in agreement with the associated ANOVA 
table (Table S1) and Pareto charts obtained within the analysis, which gives significance (p 
< 0.05) for pH and its quadratic variable, not for [CAT]. It suggests that the effect of pH is so 
pronounced and could mask the effects of the [CAT] for some pH conditions. 

On the other hand, for the SW matrix, significance (p < 0.05) was obtained for pH, 
pH2, [CAT] and the interaction of them both (Equation (S2)), which means that these two 
operational factors significantly influence the t50% values at 95% of the confidence level. 
The effect of salinity (in terms of Cl− concentration) generally seems to decrease the effi-
ciency of the photo-Fenton process at low pH. In fact, the fixed 5 min. line for the t50% is 
stretched in comparison with LSW (Figure 4B). However, similar trends were observed as 
with LSW (Figure 2). In addition, the similar trends observed in both water matrices at 
pH > 5 can be explained according to Equations (5)–(8), where the scavenging effect of 
●OH radicals by chlorides can be overwhelmed at neutral–basic conditions, since HOCl●− 
can revert back to Cl− and ●OH [44,45]. Thus, the presence of catechol in SW matrix could 
help to avoid the negative effect provoked mainly by pH rather than salinity. 
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Figure 4. Surface response obtained for the Ʃ CECs in LSW (Left: A,C) and SW (Right: B,D) in a photo-Fenton system with 
the presence of catechol (CAT) as an assistant (Fe(III)/H2O2/CAT). Contour plots of t50% (A,B) and the interaction effect plot 
(C,D) are plotted by means of CAT concentration and pH. Experimental conditions: [Fe(III)] = 5 mg·L−1, [H2O2] = 146.16 mg·L−1. 

The [CAT] and H2O2 concentrations were also monitored during the experiments. 
Catechol achieved >90% degradation within the first minutes of reaction in all cases. It 
implies a fast degradation of this compound within the process, which is in agreement 
with other studies [26,28], and evidence of the fast photo-oxidation of this ligand [24]. 
However, this is not a drawback, as the efficiency of the process is kept until the complete 
removal of the CECs, as observed in Figure 1A. This might imply that byproducts formed 
from CAT are also good auxiliaries to drive the photo-Fenton reaction at mild pH.  

Regarding H2O2 consumption (Figure S2), some differences between LSW and SW 
can be found at pH 3 and 7, but similar consumption rates were obtained in both matrices 
at pH 5. These differences can be associated to the efficiency of H2O2 utilization by the 
photo-Fenton system and supports the t50% values obtained for the Ʃ CECs degradation. 
It has been reported that CAT–Fe(III) complexes become more stable as the pH increases, 
so it implies a slow H2O2 consumption due to the slow photo-reduction of Fe(III) and slow 
pH decrease during oxidation [26,32,58]. On the other hand, in SW matrices, a worst per-
formance can be also ascertained, especially at pH = 3 that could be due to competitive 
degradation of catechol with CECs. In addition, it might imply low mineralization yields 
in SW despite the faster removal of the different CECs [59]. Further studies are recom-
mended in this regard. 

2.3.2. Photo-Induced Iron Activation of Persulfate 
In order to gain further insight into the effect of the pH and [CAT] as operational 

variables, a quadratic response-surface model was obtained for LSW. Thus, the influence 
of pH and [CAT] variables was investigated using t50% as variable response. A bi-dimen-
sional contour plot, together with the interaction effect plot, are represented in Figure 5. 
The obtained R2LSW was 0.91, the model equation was defined on Supplementary Material, 
Equation (S3). 3D contour plots are represented in Figure S3. 
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Figure 5. Surface response obtained for the Ʃ CECs in LSW in an irradiated Fe/PDS system with the presence of catechol 
(CAT) as assistant. Contour plots of t50% are plotted by means of CAT concentration and pH (A) as the interaction effect 
plot (B). Experimental conditions: [Fe(III)] = 5 mg·L−1, [S2O82−] = 146.16 mg·L−1. 

Plots were different when compared with H2O2, as only the [CAT] variable gains sig-
nificance (p < 0.05). A minimum for t50% was observed at pH between 4 and 5; [CAT] = 
5–10 mg L−1 which means that those were the optimal conditions within the studied re-
gion. This indicates that the mechanism of PDS is clearly different to the Fenton-like pro-
cess, which also support the results obtained in previous sections. Furthermore, t50% val-
ues are systematically higher for Fe/PDS than for Fe/H2O2, indicating the lower efficiency 
of PDS. However, too high concentrations of CAT are detrimental (Figure 5), as this or-
ganic can compete with the pollutants for the reactive species. Even so, an improvement 
has been obtained in LSW with the presence of CAT (pH = 5; [CAT]0 = 13 mg·L−1), able to 
short t50% values at 68%. 

Finally, regarding the degradation of CAT itself, it was very fast in most cases, reach-
ing degradation >90% within the first minutes of reaction, with some exceptions when 
[CAT]0 = 19 mg·L−1 (degradation rates of 80% and 95% in 15 min at pH 7 and pH 3, respec-
tively). PDS was also monitored during the reactions, and a higher consumption in the 
presence of CAT was observed (Figure S4A–C); this might indicate that CAT activates 
iron to catalyze PDS decomposition. On the contrary, experiments conducted in SW re-
sulted in a lower consumption of PDS when compared with LSW, resulting in similar PDS 
consumption rates with the presence or absence of CAT (Figure S4D, SW). This suggests 
that high salinity supposes a major hinderance for the Fe/PDS process, even in the pres-
ence of CAT, in sharp contrast with the Fe/H2O2 system. 

3. Materials and Methods 
3.1. Reagents 

High purity (>98%) Acetamiprid, Acetaminophen, Caffeine, Amoxicillin, Clofibric 
Acid and Carbamazepine were supplied by Sigma-Aldrich (Madrid, Spain). Catechol, was 
used as high purity grade reagent (≥95.0%, Sigma-Aldrich). 

Fenton-based reactions were performed with iron (III) chloride (FeCl3·6H2O), and hy-
drogen peroxide (30% w/w) purchased from PanReac (Barcelona, Spain). Persulfate-based 
process were performed with potassium peroxodisulphate, PDS (K2S2O8), 99.0%-PanReac. 
When necessary, pH adjustments were performed with sodium hydroxide and sulfuric 
acid (PanReac). Water employed in all solutions was of Milli-Q grade. Salinity was modi-
fied by adding NaCl, 99% (Panreac) to Milli-Q water. Scavenging tests, were performed 
with analytical grade 2-propanol and tert-butanol (Sigma-Aldrich). Methanol, formic acid 
and acetonitrile were HPLC grade and purchased from PanReac. 

  



Catalysts 2021, 11, 372 11 of 15 
 

 

3.2. Target Solution and Water Matrices 
The target solution consisted in a mixture of six different CECs, namely acetamiprid, 

amoxicillin, acetaminophen, caffeine, clofibric acid and carbamazepine. The initial con-
centration of each was fixed at 5 mg·L−1, which is slightly above the concentration com-
monly found in ecosystems, but it was chosen to ensure good kinetic data to compare the 
different processes and reactions. 

Two different water matrices were used as aqueous solutions: low salt–water, LSW 
and salt–water, SW, which was prepared by adding 1 g·L−1 or 30 g·L−1 of NaCl respectively, 
to distilled water (Milli-Q grade) so as to represent fresh and saline water effluents. Ad-
ditional tests were also performed in distilled water as control experiments. Initial pH of 
the solutions was 5.35 (S.D. ± 0.12) and 4.93 (S.D. ± 0.34), conductivity was determined as 
1.68 (S.D. ± 0.07) and 30.7 (S.D. ± 0.96) mS·cm−1 for LSW and SW, respectively. The tem-
perature was kept at ca. 30 °C during the whole experimentation. 

3.3. Experimental Set-Up 
All the experiments were performed in 250-mL cylindrical open glass reactors. A so-

lar simulator (Oriel Instruments, Model 81160 equipped with a 300-W xenon lamp, Oriel 
Corp. Stratford, CT, USA) was employed as the irradiation source. Specific glass filters for 
cutting off the transmission of wavelengths λ < 300 nm was used. The UVA irradiance 
(315–400 nm) was 32 W·m−2 [60]. Control experiments showed that direct photolysis of the 
pollutants was negligible under the employed conditions. 

All systems were tested with 5 mg·L−1 of iron, according to previous studies [19,32]. 
Hydrogen peroxide was added at 146.16 mg·L−1, which is the stoichiometric amount to 
mineralize the mixture of CECs. It is considered as a useful procedure commonly em-
ployed (i) to normalize the amount of H2O2 added to the reaction medium, and (ii) to 
ensure that the process is not stopped because of the exhaustion of H2O2 [19]. The same 
mass amount of S2O82− was selected for comparative purposes. Main operational factors, 
such as pH and the initial concentration of catechol ([CAT]0) were varied to assess photo-
driven processes. 

The same experimental procedure was followed for all tested systems: CECs were 
prepared in the different aqueous matrices (LSW and SW). Then, reagents were added 
when required by the experimentation in the following order: (i) catechol, (ii) iron, (iii) 
H2O2 or S2O82−. It is important to note that when required, the pH was adjusted to the 
desired value by dropwise addition of either 0.1 mmol L−1 NaOH or 0.1 mmol L−1 H2SO4 
before H2O2/S2O82− addition. Irradiance was then started, and the experiment was carried 
out for up to two hours. Samples were periodically taken from the solution to determine 
the concentration of CECs, catechol, consumption of oxidant, dissolved iron and pH. 
Those submitted to HPLC analysis were diluted 1:0.4 with methanol to quench the excess 
of oxidant. 

3.4. Analytical Measurements 
The concentration of each CEC was determined by HPLC (Hitachi Chromaster chro-

matograph; VWR) with a Chromaster System Manager (v1.1). A Prevail Hichrom column 
(C18-Select; 250 × 4.6 mm; 5 µm) was employed as the stationary phase. The mobile phase 
consisted of a binary mixture of acetonitrile (A) and a 10 mM aqueous solution of formic 
acid (B). The linear gradient was operated from 10% A to 90% A in 25 min. Re-equilibration 
time was 7 min. A flow rate of 1 mL·min−1 was used. The wavelength used for the quantifi-
cation of the CECs was 225 nm. The same procedure was used for monitoring catechol.  

H2O2 measurements were performed through peroxide tests (colorimetric test strips 
method, 0.5–25 and 1–100 mg/L H2O2 Merckoquant–Merck, Madrid, Spian). In parallel, 
the PDS and H2O2 concentrations were measured in all of the experiments spectrophoto-
metrically (UH5300—Hitachi Spectrophotometer) with a iodometric titration and the 
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metavanadate method, respectively [59,61]. pH and conductivity were determined by the 
VWR pHenomenal MU61002. 

3.5. Data Treatment 
Time resolved data of the cumulative concentration of the Ʃ CECs were obtained and 

degradation curves were represented according to the irradiation exposure time. Through 
these curves, the time required to degrade the CECs mixture to 50% of its initial concen-
tration (t50%) can be obtained as variable response through linear interpolation. 

A response surface methodology based on Doehlert design was employed as a 
chemometric tool. This is a convenient methodology to investigate the effect of opera-
tional variables [62]. In this study, the efficiency of photo-driven processes was explored 
in two salinities, i.e., low saltwater ([Cl−] = 1 g·L−1, LSW) and saltwater ([Cl−] = 30 g·L−1, 
SW), and two oxidants (H2O2, S2O82−). An experimental domain was defined by consider-
ing two different operational factors i.e., pH which was studied at three levels between 3 
and 7 and catechol, concentration of which was varied between 1 and 25 mg·L−1 at 5 levels.  

According to the experimental design, the number of experiments required is given 
by N = k2 + k + C0, where k is the number of analyzed variables (2 in this study) plus two 
replicates of the central level, C0 Experimental conditions of all experiments can be found 
in Table 2. The irradiation time required to degrade the sum of the pollutant’s concentra-
tion to 50% of its initial value (t50%) was used as the response. 

Statistical analysis and response surface model fitting by means of the least squares 
method was obtained with Statgraphics® Centurion 18 (Version 18.1.12-Statpoints Tech-
nologies, Inc., The Plains, Virginia, USA). 

4. Conclusions 
According to the results obtained, catechol was shown to be a worthy assistant for 

the photo-Fenton process, in both LSW and SW, since promising times for degrading dif-
ferent CECs were obtained, i.e., t50% values are reached in less than 60 min with [CAT] > 
7 mg·L−1 in all pH ranges tested. Best operational ranges are estimated around pH 5 and 
[CAT] = 10–15 mg·L−1. The enhancement of the process is clearly stronger in the case of 
highly saline waters, which is the matrix where the performance is worse. On the other 
hand, in the PDS system, the [CAT] have a significant influence on the Ʃ CECs degrada-
tion, rather than the pH, highlighting that [CAT] > 15 mg·L−1 implies adverse effects on 
CECs degradation. The PDS-based system was strongly dependent on salinity conditions 
and nature of CECs. It is important to highlight that catechol compound is efficiently elim-
inated in both systems within the degradation process. 

The good performance of the CAT-based photo-Fenton reaction in SW is of great in-
terest, as it opens the door to a niche application of these processes, namely the treatment 
of seawater effluents, such as fish-farms or ballast waters. Moreover, the use of persulfate-
based processes might be of interest for the group of pollutants that show scarce selectiv-
ity between hydroxyl radical and other less reactive species. 

It is noteworthy indicating that phenolic moieties can be found in humic substances, 
that have been demonstrated to enhance the photo-Fenton reaction at mild pH, although its 
structure is too complex to perform an accurate mechanistic study. If catechol (and in gen-
eral phenolic moieties) can be assumed to be among the active sites of these macromolecules, 
they can be proposed as models to gain further insight into the role of humic substances in 
the photo-oxidation of xenobiotics. Hence, further research to study the role of other aro-
matics moieties (e.g., phenolic acids) might be of interest in the future, but also research on 
the involvement of transient reactive species by means of photophysical measurements. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4344/11/3/372/s1, Equations S1–S3: Response surface models obtained; Figure S1: 3D estimated re-
sponse surface obtained for the Ʃ CECs in LSW and SW in the photo-Fenton system with the pres-
ence of catechol (CAT) as assistant (Fe(III)/H2O2/CAT); Figure S2: H2O2 consumption for the photo-
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Fenton system at different operational conditions in the different studied water matrices; Figure S3: 
3D estimated response surface obtained for the ƩCECs in LSW with the presence of catechol (CAT) 
as assistant (Fe(III)/PDS/CAT); Figure S4: PDS consumption for the irradiated Fe(III)/PDS/CAT sys-
tem at different operational conditions in LSW and SW; Table S1-S3: Analysis of variance (ANOVA). 
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