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Abstract
Photo-Fenton processes activated by biodegradable Fe(III)–EDDS complexes have attracted huge attention from the scientific 
community, but the operative mechanism of the photo-activation of  H2O2 in the presence of Fe(III)–EDDS has not been 
fully clarified yet. The application of the Fe(III)–EDDS complex in Fenton and photo-Fenton (mainly under UV-B light) 
processes, using 4-chlorophenol (4-CP) as a model pollutant was explored to give insights into the operative mechanism. 
Furthermore, the potential synergistic contribution of soybean peroxidase (SBP) was investigated, since it has been reported 
that upon irradiation of Fe(III)–EDDS the production of  H2O2 can occur. SBP did not boost the 4-CP degradation, suggesting 
that the possibly produced  H2O2 reacts immediately with the Fe(II) ion with a quick kinetics that does not allow the diffusion 
of  H2O2 into the bulk of the solution (i.e., outside the solvent cage of the complex). So, a concerted mechanism in which 
the photochemically produced  H2O2 and Fe(II) react inside the hydration sphere of the Fe(III)–EDDS complex is proposed.
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1 Introduction

The more and more intensive exploitation of hydric 
resources, due to the increase of global population, urbani-
zation and industrialization, is causing a depletion of both 
their quantity and quality [1]. Moreover, climate change 
is worsening the shortage of water due to the altered pre-
cipitations and the droughts. Beside this, water quality 
has been deteriorating because of the presence of toxic 
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and bio-refractory compounds not efficiently removed by 
the traditional wastewater treatment plants. Among these, 
contaminants of emerging concern (CECs) are increas-
ingly being detected in surface water, groundwater, waste-
water, and drinking water in quantities ranging from ng/L 
to few μg/L, and are raising great concern due to their 
high biopersistence [2–4]. Neither strictly regulated nor 
routinely monitored, CECs are a heterogeneous group of 
substances which comprises newly developed chemicals as 
well as known compounds whose toxicity has been discov-
ered or re-evaluated (e.g., pharmaceuticals, personal care 
products, pesticides, microplastics, and antibiotic resistant 
bacteria and genes).

As CECs can threaten aquatic and terrestrial organisms 
and humans [5, 6], their abatement has become a crucial 
issue in preserving water quality, not only to meet the 
increasing worldwide water demand, but also to implement 
the reuse of reclaimed water, thus contributing to tackle 
water scarcity. Unfortunately, the biological degradation, 
adopted as secondary treatment in most wastewater treat-
ment plants (WWTPs), cannot always ensure the efficient 
complete removal of any organic substrate, rather depend-
ing on its biorecalcitrant feature; in some cases, even CECs 
transformation products with an enhanced eco-toxicity have 
been detected [7].

The Directive 2013/39/EU promotes a preventive action 
toward the emission of CECs in the environment, upgrades 
the watch list of substances that must be monitored as 
potential sources of contamination, and encourages the 
development of innovative water treatment technologies [8] 
by WWTPs. The goal is to attain the complete removal of 
the toxic compounds, or at least their degradation into less 
harmful by-products, thus minimizing the discharge of pol-
lutants into the receiving water body.

When considering innovative wastewater treatments for 
CECs removal, in the last decades increasing attention has 
been devoted to the potentiality of advanced oxidation pro-
cesses (AOP), previously proposed by Glaze et al. as effec-
tive tools for the degradation of organic compounds from 
water [9] through the generation of highly reactive radical 
species. Among these, hydroxyl radical is a very strong oxi-
dant (E0 = 2.8 V vs NHE) and acts unselectively against a 
wide variety of substances [10]. The generation of radical 
species can occur through different pathways, which allows 
to distinguish AOPs in a variety of subcategories [11]; 
among them, Fenton and photo-Fenton processes, based on 
the activation of  H2O2 by means of Fe(II) (and eventually 
light) to generate ·OH radicals and/or other reactive species 
(e.g., ferryl ion), are receiving an increasing interest also for 
CECs removal [12–14].

One of the main drawbacks of (photo) Fenton processes 
is the optimum working pH around ≈ 2.8. In more recent 
times, numerous studies have assessed the ability of Fe(III) 

complexes to widen the range of the operating pH, maintain-
ing low costs, and even fastening the degradative reactions 
[15].

Ethylenediamine-N,N′-disuccinic acid (EDDS) is a struc-
tural isomer of ethylenediaminetetraacetic acid (EDTA), 
highly biodegradable in different environmental compart-
ments [16], and a strong iron chelating agent [17]. Several 
studies have demonstrated its efficiency in the photo-Fenton 
degradation of some CECs including endocrine disruptors 
[18], plastics precursors [19], pathogens [20], and micro-
contaminants [21]: Fe(III) is complexed by EDDS with a 
1:1 ratio and, under UV irradiation, is easily photolyzed and 
generates ·OH radicals in a pH range between 3 and 9. How-
ever, the mechanism of photo-activation of  H2O2 during the 
process has not been fully clarified yet.

On the other hand, chemical processes are not the only 
valuable methods for the removal of emerging contami-
nants; biological processes employing microorganisms and 
enzymes have been studied for the same objective and one 
recent approach for wastewater treatment relies on the cou-
pling of AOPs and biological methods [22].

Soybean peroxidase (SBP: EC 1.11.1.7) is an oxidore-
ductase that can be isolated from soybean (Glycine max, 
L.) seed hulls; it has shown a good ability to degrade com-
pounds like phenols and chlorophenols [23] and synthetic 
dyes [24]. Moreover, the great chemical and thermal stabil-
ity make this enzyme interesting for possible application in 
wastewater treatment on a larger scale.

Calza et al. made the first attempt to couple SBP with 
an AOP (i.e., photocatalysis with  TiO2) and observed an 
enhanced degradation of the target substrates compared to 
the use of SBP and  TiO2 alone [25].

It is noteworthy that soybean, today, represents one of 
the major industrial and food crops grown in every conti-
nent, with a global production of 368.12 million metric tons 
in 2020–2021 [26]: SBP from soybean seed hulls is then 
widely available and relatively cheap and its exploitation in 
wastewater treatment could represent both an economical 
advantage, and a valuable example of waste recovery and 
reuse.

Though a synergy between SBP and Fe(II) salts has been 
tested already [27], as far as we know, the effects of the co-
presence of the enzyme and Fe(III)–EDDS have never been 
investigated before.

Based on the above premises, the present work aims (i) 
to give insights on the Fe(EDDS) working mechanism in 
photo-Fenton reaction, by considering in detail the role of 
pH, concentration of reagents, and presence of  O2, and (ii) 
to investigate the effect of the contemporary presence of 
SBP and Fe(III)–EDDS on the removal of 4-chlorophenol 
(4-CP) from water solution, exploring for the first time the 
possibility of a synergy between the two systems. Further-
more, the photo-reactivity of Fe(III)–EDDS in the presence 
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of SBP may offer additional information on the mechanistic 
functioning of the complex, especially on the availability 
and reactivity of  H2O2, which is hypothesized to be photo-
produced during the photo-Fenton process but has never 
been measured in an effective way.

2  Materials and methods

2.1  Chemicals

Iron (III) chloride hexahydrate  (FeCl3‧6H2O), ferric per-
chlorate (Fe(ClO4)3·9H2O), S,S′-ethylenediamine-N,N′-
disuccinic acid trisodium salt (EDDS, 35% in water), 
hydrogen peroxide  (H2O2), 4-chlorophenol (4-CP), propan-
2-ol (2-prop), acetonitrile, phosphoric acid  (H3PO4), metha-
nol, and potassium iodide (KI) were obtained from Sigma 
Aldrich. Ammonium heptamolybdate ((NH4)6Mo7O24·H2O) 
and potassium hydrogen phthalate  (C8H5KO5) were obtained 
from Merck. Sodium hydroxide (NaOH) was from Alfa 
Aesar. Soybean peroxidase (SBP) was obtained from BioRe-
search Products. All the chemical reagents were used as 
received. Suspensions and standard solutions were prepared 
in Milli-Q® water.

The Fe(III)−EDDS complex solution was prepared by 
mixing appropriate amounts of  FeCl3 and EDDS salt solu-
tion with 1:1 stoichiometry. The complex was freshly pre-
pared before each experiment.

2.2  Irradiation setup and degradation procedure

For the degradation of 4-CP via photo-Fenton process, a 
fluorescent lamp (TL 20 W/01, Philips, Netherlands) with 
a total flux of 7.54 W  m−2 in the 295–400 nm range was 
employed. Experiments were performed in closed Pyrex 
glass cells filled with 5 mL of solution under magnetic stir-
ring and irradiated for different times (0 to 120 min). After 
every sampling, made at fixed intervals of time, 1.0 mL of 
methanol was added to the 5 mL of the suspension to quench 
the Fenton reaction. The initial concentration of 4-CP was 
0.1 mM. All the experiments were carried out at room tem-
perature (293 ± 2 K) and, except for the experiments at vary-
ing pH values, the pH was adjusted at a value of ≈ 5.5 using 
 H3PO4 and NaOH. pH values of the solutions were measured 
using a 913 Metrohm pH meter.

2.3  Analysis

The concentration of 4-chlorophenol remaining in the 
aqueous solution was measured through a YL9300 HPLC 
system equipped with a YL9330 Column Compartment 
and a YL9150 autosampler. The column was a RP C18 
column (LiChroCART®, Merck, 12.5 cm × 0.4 cm; 5 μm 

packing). 4-chlorophenol was analyzed in isocratic mode, 
using a 30:70% v/v acetonitrile: phosphoric acid solution 
(1 ×  10–2 M) as mobile phase. The experiments were per-
formed by UV detection at 220 nm, the flow rate was of 
1 mL  min−1. In these conditions, the retention time of 4-CP 
was 8.8 min.

The decomposition of  H2O2 was monitored using the 
method outlined by Klassen et al. [28], which is accurate to 
 H2O2 concentrations as low as 1 μM. This method employs 
an ammonium molybdate catalyzed reaction between  H2O2 
and  I− to form  I2 (iodine).  I2 then reacts with free  I− ions in 
solution to form the  I3

− ion which can be measured using 
optical absorption at λ = 350 nm. The spectrophotometric 
analyses were performed using a Varian CARY 100 Scan 
double-beam UV–Vis spectrophotometer, using glass 
cuvettes with 1 cm path length.

The repetition of degradation experiments in the same 
conditions gave an overall relative standard deviation (RSD) 
for the concentration of 4-CP and  H2O2 of roughly 10%.

3  Results and discussion

The initial concentrations of 4-CP (0.1 mM), Fe(III)–EDDS 
(0.1 mM), and  H2O2 (0.1–0.2 mM) were chosen in agree-
ment with previous works [29, 30]. The choice of an UV-B 
irradiation, despite the previously investigated UV-A, was 
carried out not only to test different conditions, but also to 
maximize the overlap between the emission spectrum of the 
used lamp and the absorption spectrum of Fe(III)–EDDS 
(Fig. S1 of the SI).

3.1  Degradation kinetics of 4‑CP in photo‑Fenton 
processes

Figure 1 shows the effects of the presence of Fe(III)–EDDS, 
 H2O2 and the role of UV-B irradiation on the concentra-
tion of 4-CP. The direct photolysis of 4-CP under irradiation 
was also evaluated and, as expected from the absence of 
significant absorption at λ > 300 nm, a limited degradation 
of 4-CP was observed (≈ 18% after 120 min of irradiation). 
Furthermore, in the dark the complex Fe(III)–EDDS was 
not able to activate  H2O2 and to promote the removal of the 
substrate, as manifested from the stability of 4-CP in the 
presence of both Fe(III)–EDDS and  H2O2. On the contrary, 
the UV-B irradiation of Fe(III)–EDDS activated the produc-
tion of reactive species (e.g., ·OH and  HO2

·/O2
·−) also in the 

absence of additional oxidants (i.e.,  H2O2), in agreement 
with the reactions (R1–R5 [29, 30]).

(R1)Fe(III) − EDDS + h� → Fe(II) + EDDS
⋅

,
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The addition of  H2O2 increased the degradation of 4-CP 
up to 59% after 120 min, in agreement with the fast reac-
tion between the added  H2O2 and the Fe(II) photochemically 
generated from Fe(III)–EDDS photolysis (R1).

The profiles of 4-CP concentration under irradiation gave 
some additional insights. The UV-B irradiation activated a 
fast initial degradation (tirr < 15 min) and a following step 
in which a slower (at least null) degradation was observed. 
This behavior deserved to be investigated, so experiments at 
different doses of both  H2O2 and Fe(III)–EDDS were carried 
out (vide infra).

3.2  Effect of  H2O2 concentration under irradiated 
Fe(III)–EDDS

Figure 2a shows the degradation of 4-CP under irradiation 
and in the presence of different concentrations of hydrogen 
peroxide (from 0 to 1 mM). Figure 2b summarizes the % 
removal after 120 min as a function of the initial  [H2O2]. 
The same concentration profiles previously commented 
were observed, with most of the degradation taking place in 
the first minutes of the irradiation time (< 10–15 min). The 

(R2)EDDS
⋅ + O2 → EDDS + O

⋅−

2
,

(R3)O
⋅−

2
+ H

+
⇄ HO

⋅

2
,

(R4a)O
⋅−

2
+ HO

⋅

2
+ H

+
→ H2O2 + O2,

(R4b)HO
⋅

2
+ HO

⋅

2
→ H2O2 + O2,

(R5)Fe(II) + H2O2 → Fe(III) +⋅

OH + HO
−
.

addition of an increasing amount of  H2O2 resulted in a rising 
% of 4-CP removal with saturating behavior (see Fig. 2b), 
indicating that  H2O2 could be the limiting reagent for the 
process in the explored conditions. In this light, the effect 
of sequential additions of  H2O2 was studied (see Fig. 2b 
inset) and a profile with 3 sequential drops of the 4-CP was 
observed. Note that during the addition of  H2O2, no further 
Fe(III)–EDDS was added. The effect of  H2O2 addition was 
less effective after the first step, with a decrease of the deg-
radation in absolute value after the following additions. This 
highlighted that (i)  H2O2 played as a limiting reagent for the 
process and (ii) the catalytic properties of Fe(III)–EDDS 
faded as a consequence of the prolonged treatment (in agree-
ment with a limited catalytic role for Fe(III)–EDDS in the 
explored experimental conditions).

Note that under UV-B,  H2O2 can undergo direct pho-
tolysis  (H2O2 + hν → 2 ·OH) as a consequence of its small 
absorption tail at λ > 300 nm. The 4-CP degradation in the 
presence of  H2O2 0.1 mM and in the absence of the iron 
complex was investigated. After 120 min, a 40% removal 
of 4-CP was reached (data not reported). In the same condi-
tions but with the addition of Fe(III)–EDDS 0.1 mM, the 
removal was 55%. In the presence of the iron complex, this 
latter was the major photon absorber as the molar absorption 
coefficient of Fe(III)–EDDS at 313 nm is at least 3 orders 
of magnitude higher than that of  H2O2. As a consequence, 
the role of the direct photolysis of  H2O2 in the presence of 
Fe(III)–EDDS was negligible.

To give insights into the role of  H2O2, the concentra-
tion of 4-CP and  H2O2 was monitored at short irradiation 
time (≤ 5 min) in experiments at the same concentration of 
4-CP (0.1 mM) and increasing amounts of  H2O2 (from 0.1 
to 1 mM). Figure 2c, d show the 4-CP and  H2O2 concentra-
tion profiles, respectively. At the lowest concentration of 
oxidant (0.1 and 0.2 mM)  H2O2 was consumed within 1 min 

Fig. 1  a Degradation of 4-CP in the presence and absence of Fe(III)–EDDS,  H2O2 and irradiation; b % removal of 4-CP after 120 min of irradia-
tion. Conditions: [4-CP]0 = 0.1 mM, [Fe(III)–EDDS] = 0.1 mM,  [H2O2] = 0.2 mM, initial pH = 5.5
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of irradiation, while at the highest concentration (1 mM) a 
residual quantity of  H2O2 was observed even after 5 min of 
irradiation.

From the comparison of the two profiles, it can be mani-
fested that (i) the complete disappearance of  H2O2 did not 
coincide with the stop of the 4-CP degradation, that contin-
ued also in the absence of  H2O2, and (ii) at the maximum 
concentration of  H2O2, 4-CP reached its plateau value in the 
presence of a residual amount of  H2O2 that was not able to 
further promote its degradation. These experimental results 
highlighted the essential role of  H2O2 in activating the first 
and fast step of 4-CP degradation (and that higher is the 
concentration of oxidant, higher is the % 4-CP removal). 
However, the decline of the degradation ability of the system 
might be ascribed also to the faded catalytic properties of the 
Fe(III)–EDDS complex (which was not recycled or was only 
partially recycled after the activation of  H2O2).

3.3  Effect of Fe(III)–EDDS concentration

Figure 3 shows the degradation profiles and the residual 
fraction of 4-CP after 120 min of irradiation in the presence 

of increasing concentrations of Fe(III)–EDDS without and 
with  H2O2 0.1 mM. With the rising concentration of the 
iron complex–both with and without  H2O2–an increase of 
the 4-CP degradation was observed. At higher complex 
concentration, an increase of the photo-formed Fe(II) and 
consequently of ·OH (or alternative reactive species) produc-
tion was observed. In all the cases, the process slowed down 
after the first step of degradation and the 4-CP concentra-
tion reached a plateau. Without  H2O2 (i) the 4-CP residual 
fraction was–at all the explored Fe(III)–EDDS concentra-
tions– ≈ 30% lower than in the presence of  H2O2; (ii) the 
degradation rate of the initial step was significantly lower in 
the absence of hydrogen peroxide than in the presence–being 
 H2O2 not immediately at disposal of the photo-produced 
Fe(II).

The inset of Fig. 3b shows the effect of successive addi-
tion of Fe(III)–EDDS 0.1 mM (every 20 min). Note that the 
second addition was carried out in a solution in which  H2O2 
concentration was null (see Fig. 2d). The addition of the sole 
Fe(III)–EDDS gave effects similar to those observed with 
the additions of  H2O2 alone: a further, but less evident, 4-CP 
degradation after each addition. Lastly, a test with sequential 

Fig. 2  a Photodegradation of 4-CP at different concentrations of 
 H2O2; b % removal of 4-CP after 120 min of irradiation. Inset: 4-CP 
degradation after 3 consecutive additions (every 20  min) of  H2O2 

0.1 mM. Phototransformation of 4-CP c and  H2O2 d at different con-
centrations of  H2O2 (tirr ≤ 5  min). Conditions: [4-CP]0 = 0.1  mM, 
[Fe(III)–EDDS] = 0.1 mM,  [H2O2] = 0–1 mM, initial pH = 5.5
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additions of both  H2O2 0.1 mM and Fe(III)–EDDS 0.1 mM 
was carried out and compared with the profiles measured 
with sequential additions of  H2O2 and Fe(III)–EDDS alone 
(see Fig. S3). The simultaneous addition of both reactants 
gave the best results, suggesting that the real active reagent 
in the UV-B activated photo-Fenton process (with EDDS 
as ligand for  Fe+3) is the couple iron complex +  H2O2, and 
that catalytic cycles able to regenerate a photoactive catalyst 
are scarcely operative. The limited (but not null) effect of 
the third addition of  H2O2 + Fe(III)–EDDS can be explained 
with the progressive accumulation of organic by-products 
(e.g., products of Fe(III)–EDDS UV-B photolysis and 4-CP 
degradation) competing with 4-CP for the same oxidative 
reactive species.

To summarize the results of the experiments of Paragraph 
3.2 and 3.3, we argue that the initial sharp degradation of 
4-CP has to be attributed to radical species as ·OH,  HO2

· or 
 O2

·− resulting from the photolysis of Fe(III)–EDDS, rather 
than to the direct photolysis of  H2O2. These species can be 
formed even in the absence of  H2O2, as previously reported 
in other studies [19, 30]. The main role of Fe(III)–EDDS in 
the process is supported by its higher molar absorption coef-
ficient in the UV-B (λmax = 313 nm). Nevertheless, the  H2O2 
that rapidly reacts with the Fe(II) is crucial in increasing the 
% of 4-CP degradation.

3.4  Reactive species involved in the photo‑Fenton 
process: role of hydroxyl radicals

With the aim to highlight the role of ·OH, the degradation 
of 4-CP in the presence of Fe(III)–EDDS and  H2O2 was 
investigated with increasing concentrations of propan-
2-ol. This compound is an efficient scavenger for ·OH 
(k2-prop, HO· = 1.9 ×  109  M−1  s−1 [31]).

Figure 4 shows the effect of propan-2-ol addition on 
the 4-CP degradation profiles (Fig. 4a) and the % removal 
(tirr = 120 min) as a function of the propan-2-ol concentra-
tion (Fig. 4b). Propan-2-ol had a clear inhibitory effect on 
the maximum % removal reached at the end of the irradia-
tion and on the initial rate of 4-CP transformation in the 
first minutes of irradiation. This is a clear evidence of the 
predominant role of the ·OH radicals in the 4-CP degradation 
under UV-B and in the presence of Fe(III)–EDDS and  H2O2. 
Furthermore, Fig. 4 shows that the reactivity with ·OH can-
not totally explain the substrate removal: with the increase 
of the scavenger concentration, the % removal decreased 
monotonically down to a plateau value equal to ≈ 15%. This 
is in agreement with an operative role of alternative (even if 
minor) reactive species (e.g., ferryl ion) that were not totally 
scavenged by propan-2-ol. In similar experimental condi-
tions but in the presence of chloroform, Huang et al. [29] 
demonstrated an important role of  HO2

·/O2
·– not as reactive 

species involved in the removal of the organic substrate, but 
as reductants for Fe(III)–EDDS responsible for the indirect 
generation of ·OH.

The degradation of 4-CP with Fe(III)–EDDS/H2O2/UV-B 
at different pH values (from 3 to 8) and the role of the dis-
solved oxygen were also investigated. The results (reported 
in paragraphs 2.1 and 2.2 of SI) were in agreement with 
the previous reports about the photo-Fenton process with 
Fe(III)–EDDS [30].

3.5  Effect of SBP addition

The catalytic activity of SBP for the oxidation of phenolic 
compounds with  H2O2 has been documented [32], together 
with its potential application for the removal of organic 
pollutants, both in homogeneous conditions [33] and as 

Fig. 3  a Photodegradation of 4-CP at different concentrations of 
Fe(III)–EDDS; b % removal of 4-CP after 120  min of irradiation. 
Inset: 4-CP degradation after 3 consecutive additions (every 20 min) 

of Fe(III)–EDDS 0.1  mM. Conditions: [4-CP]0 = 0.1  mM, [Fe(III)–
EDDS] = 0.1–0.5 mM,  [H2O2] = 0.1 mM, initial pH = 5.5
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supported catalyst [34]. Furthermore, synergistic effects 
between advanced oxidation processes where  H2O2 is pro-
duced (e.g., heterogeneous photocatalysis under irradiated 
semiconductors) and the presence of SBP have been previ-
ously reported [25]. As mentioned in Paragraph 3.1, from 
the existing literature on Fenton processes it is hypothesized 
that  H2O2 could be photo-produced during the photo-Fenton 
reaction (R1–R4): the radical  EDDS· generated by the pho-
tolysis of Fe(III)–EDDS complex would react with the dis-
solved oxygen and generate  O2

·−, which is able to dispropor-
tionate (R4a–R4b) and to produce further  H2O2 and  O2. The 
 H2O2 can then react with the Fe(II) resulting from the same 
photolysis of Fe(III)–EDDS and start a Fenton reaction that 
would enhance the final total degradation of the substrate. 
In this light, the effect of SBP on the removal of 4-CP in 
the presence of Fe(III)–EDDS (both in dark and under irra-
diation) has been investigated with the aim to understand 
if the  H2O2 possibly produced under the irradiation of the 
Fe(III)–EDDS complex can be efficiently used by SBP to 
boost the transformation rate of 4-CP. Further goal of the 
work was to give insights into the mechanism of transfor-
mation of organic compounds in photo-Fenton processes 
activated by Fe(III)–EDDS.

3.5.1  Activity of SBP in dark

In the dark, 4-CP was efficiently removed through the 
SBP catalyzed reaction with  H2O2; after 120 min of treat-
ment with SBP 0.01 µM and  H2O2 0.1 mM  ([H2O2]/[SBP] 
ratio = 10,000), the remaining concentration of 4-CP in solu-
tion was ≈ 10% of its initial concentration (Fig. 5a). When 
the same experiment was carried out adding Fe(III)–EDDS 
0.1 mM, a significant decrease in the overall removal of 
4-CP was observed. Indeed, after 120 min, only a degrada-
tion efficiency of ≈ 50% was reached. On the other hand, 

changing the concentration of SBP  ([H2O2]/[SBP] ratio from 
100,000 to 1000), both the initial degradation rate and the C/
C0 value at the end of the reaction changed as a function of 
SBP concentration (Fig. 5a). Moreover, at the highest con-
centration of SBP an almost quantitative removal of 4-CP 
was reached in 5 min from the addition of  H2O2, also in the 
presence of the Fe(III)–EDDS complex.

These results did not indicate a cooperative effect between 
SBP and the Fe(III)–EDDS complex in the dark, but rather a 
possible inhibition of SBP by Fe(III)–EDDS, or a competi-
tion between SBP and Fe(III)–EDDS for  H2O2.

3.5.2  Activity of SBP under irradiation

The experiments under UV-B irradiation reported in Fig. 5b 
were carried out to better clarify the results obtained in the 
dark and investigate if the  H2O2 potentially formed under 
irradiation of Fe(III)–EDDS could be effectively used by 
SBP for boosting the 4-CP degradation. For this reason, no 
 H2O2 was initially added to the solution. Furthermore, the 
concentration of  H2O2 was also monitored since the first 
minutes of irradiation through the fluorimetric method 
reported by Lazrus et al. [35]. The measured concentrations 
were always lower than the LOD of the applied analytical 
method (1.2 ×  10–8 M [35]).

Figure 5b shows the 4-CP concentration as a function 
of the treatment time under UV-B in the presence of differ-
ent concentrations of Fe(III)–EDDS and SBP. Comparing 
the degradation profiles in the presence of Fe(III)–EDDS 
0.1 mM alone and in the presence of SBP (0.01 µM), no 
significant difference was manifest and an overall final 
degradation of ≈ 40% was observed. This can be explained 
considering that the Fe(II) generated by the photolysis of 
Fe(III)–EDDS is immediately used by the photo-produced 
 H2O2, giving hydroxyl radicals. In this light, there is a 

Fig. 4  a Photodegradation of 4-CP at increasing concentration of propan-2-ol (0–5 mM). b % removal of 4-CP after 120 min of irradiation. Con-
ditions: [4-CP]0 = 0.1 mM, [Fe(III)–EDDS] = 0.3 mM,  [H2O2] = 0.2 mM, initial pH = 5.5
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competition between Fe(II) and SBP for the photo-produced 
 H2O2 that, on the basis of this experimental evidence, is 
almost totally shifted toward the Fe(II) ion, thus limiting 
the SBP action. When SBP concentration was increased 
(0.1 µM), the overall degradation of 4-CP slightly increased 
from 35 to 40%, whereas a more evident increment in 
the degradation of 4-CP was observed by increasing the 
Fe(III)–EDDS concentration from 0.1 to 0.5 mM at the same 
SBP concentration (0.01 µM), giving a clear indication that 
the role of Fe(III)–EDDS on the overall degradation mecha-
nism was higher–in the tested experimental conditions–than 
that of SBP.

Further experiments with SBP were carried out under 
irradiation with a fixed initial concentration of  H2O2 
(Fig. 5c). In this case, the degradation performed by the 
system Fe(III)–EDDS/SBP/H2O2 under UV-B was higher 
than in the dark (removal equal to 62 and 52%, respec-
tively), but not so high to be explained as the sum of the 
two distinguished contributions (reactivity of SBP in dark 
and photo-reactivity of Fe(III)–EDDS). Furthermore, 
removing the Fe(III)–EDDS a higher 4-CP degradation 
was observed, even if slightly lower than the degradation 

observed in the correspondent dark conditions (removal 
equal to 81 and 92%, respectively). So, the detrimental 
effect of Fe(III)–EDDS on the SBP activity was effective 
under irradiation too and a partial photo-deactivation of 
SBP under UV-B was observed. To limit the photo-deacti-
vation of the SBP, the degradation of 4-CP in the presence 
of Fe(III)–EDDS alone and with Fe(III)–EDDS + SBP was 
also monitored under UV-A irradiation (data not shown). 
As with UV-B, no significant difference was observed: the 
absence of a synergistic effect between Fe(III)–EDDS and 
SBP cannot therefore be attributed to a detrimental effect of 
the UV-B on the structure of the enzyme.

The experimental evidence reported above gives some 
important mechanistic information. Considering that (i) 
the second order kinetic constant for the reaction between 
SBP and  H2O2 is quite high ( kSBP,H2O2

 = 2·107   M−1   s−1 
[36]) compared to the constant between Fe(II) and  H2O2 
( kFe(II),H2O2

 = 76   M−1   s−1 [37]), (ii) SBP is an effective 
catalyst for  H2O2 in the oxidation of diverse organic sub-
strates and (iii) no synergistic effect was observed between 
Fe(III)–EDDS complex and SBP under UV-B irradiation, it 
is possible to conclude that the photolysis of Fe(III)–EDDS 

Fig. 5  a Concentration of 4-CP as a function of the treatment time 
in dark conditions in the presence of Fe(III)–EDDS (0.1 mM, if pre-
sent),  H2O2 (0.1 mM) and SBP (0.001, 0.01 and 0.1 μM); b Concen-
tration of 4-CP as a function of the treatment time under UV-B irra-
diation in the presence of different concentrations of Fe(III)–EDDS 

and SBP, all the experiments were carried out without  H2O2; c Con-
centration of 4-CP as a function of the treatment time under UV-B 
and in the dark with 0.1 mM initial  H2O2 concentration; d % removal 
of 4-CP after 120  min of reaction. Composition of each solution 
reported in the figure’s legend
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is unlikely to release significant amounts of  H2O2 in the 
bulk of the solution. This could be not in contrast with the 
hypothesis that the Fe(II) ion produced from the photolysis 
of Fe(III)–EDDS would react with  H2O2 (photochemically 
produced from the reduction of the dissolved oxygen under 
the photolysis of the iron complex) and generate hydroxyl 
radicals (or other species with similar reactivity, e.g., fer-
ryl ion [38]). However, all these reactive steps (reactions 
R1–R4) are concerted and the photochemically generated 
species (i.e., Fe(II) and  H2O2) react immediately after their 
production, as an example inside the solvent cage. This pre-
vents their diffusion in the bulk of the solution, where they 
could react with SBP. The experimental data suggest that the 
quantity of hydrogen peroxide produced by Fe(III)–EDDS 
irradiation in the bulk of the solution is too low to be effec-
tively used by the peroxidase.

4  Conclusions

The photolysis of the Fe(III)–EDDS complex is an efficient 
tool for the removal of 4-CP under UV-B, especially in the 
presence of  H2O2. Increasing the concentration of both  H2O2 
and Fe(III)–EDDS, we observed an increase of 4-CP deg-
radation due to the increment in the production of hydroxyl 
radicals, the main reactive species in this process (as proved 
by the experiments with propan-2-ol as selective ·OH radical 
scavenger). Despite of the classic Fenton process, the UV-B-
activated Fe(III)–EDDS photo-Fenton is operative even at 
neutral or slightly basic pH. The presence of dissolved oxy-
gen is essential to allow significant 4-CP degradation. From 
the photoreduction of  O2, the superoxide radical anion  (O2

·–) 
is produced and this has a paramount role in the process 
not only to promote the production of  H2O2 (likely blocked 
in the solvent cage and consequently immediately used for 
the production of reactive species before its diffusion in the 
bulk), but also to reduce Fe(III) to Fe(II).

The addition of SBP did not show the desired synergis-
tic effect with the photo-Fenton system based on the UV-B 
irradiation of the Fe(III)–EDDS complex, but gives us some 
clear indication of a concerted mechanism where the pos-
sibly produced  H2O2 reacts immediately with the Fe(II) ion 
with so fast kinetics that the diffusion of hydrogen peroxide 
into the bulk of the solution (i.e., outside of the solvent cage 
of the complex) cannot compete with the reaction inside the 
hydration sphere of the photo-reactive complex.

The experiments with SBP and  H2O2 only show a sig-
nificant effect on 4-CP degradation, both under irradiation 
and in dark, reaching up to the 80%–90% of removal. In 
general, this is consistent with the results of previous studies 
elucidating the efficacy of the two reagents against different 
compounds [34, 39]. Furthermore, a recent study reports a 
degradation of approximatively 40% of pentachlorophenol 

in similar conditions [27], while higher degradations were 
obtained when the enzyme was associated to other materials 
such as  TiO2 or ZnO [40]. These promising results suggest 
that the efficiency of peroxidases and  H2O2 in degrading 
organic compounds may be case specific and encourage fur-
ther investigations on their functioning and effectiveness in 
water treatment.
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