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A B S T R A C T

This paper presents, for first time, a mechanistic model of the solar photo-Fenton process at neutral pH with the
Fe3+-EDDS complex for micropollutant removal, taking into account irradiance and reactor geometry. Due to its
high photon absorptivity, this biodegradable complex allows high percentages of micropollutant removal to be
achieved for short reaction times. Nonetheless, no model of the process with the Fe3+-EDDS has yet been de-
veloped, meaning the proposed mechanism relies on photochemical reactions with the complex previously re-
ported, and hypotheses deduced from experimental observation. The data for acetamiprid (ACTM) removal
(100 μg L−1) in stirred tank reactors with different liquid depths, under controlled conditions of irradiance and
temperature, was used to obtain the model parameters. The model successfully fitted the experimental results
obtained outdoors in a raceway pond reactor (RPR), with a change of scale from 0.85 to 19 L. For the calculation
of the average volumetric rate of photon absorption (VRPA), the effect of the two components of solar UV
radiation (direct and diffuse) as a function of the environmental conditions and the reactor layout was con-
sidered. The results showed an important contribution by diffuse radiation, even at noon under spring conditions
(≈40% of the total VRPA). In addition, the applicability of the model has been demonstrated in water matrices
containing organic matter and HCO3−/CO3

2− ions, usually found in secondary wastewater treatment plant
(WWTP) effluents. This approach allows for the development of control and optimization tools for the photo-
Fenton process at neutral pH in low-cost photoreactors.

1. Introduction

Advanced Oxidation Processes (AOPs) have been proposed as a
tertiary wastewater treatment for micropollutant removal [1,2]. These
pollutants are organic compounds such as pesticides, pharmaceuticals
and hormones which are not completely removed by WWTPs. Although
micropollutants are discharged into natural water bodies at very low
concentrations (ng L−1-μg L−1), they have a bioaccumulative character
and toxic effect on organisms [3,4]. Among AOPs, the photo-Fenton
process is one of the most efficient treatments [5]. It involves the oxi-
dation of organic matter with the hydroxyl radicals generated by a
redox cycle between hydrogen peroxide and ferrous iron under UV–vis
radiation. This process is strongly dependent on parameters such as
reactant concentration, irradiance, temperature, reactor layout and pH
of water [6]. Although the optimum pH to run the process is 2.8, the

treatment at neutral pH has been proposed to reduce operating costs,
albeit with the disadvantage of iron precipitation [7]. As a remedy for
this, polycarboxilic compounds, such as citrate, oxalate, maleate and
ethylennediamine-N,N’-disuccinic acid (EDDS) are currently being in-
vestigated. They form a complex with iron, being maintained in solu-
tion and with fast photochemical reactions taking place under solar UV
radiation [8–10]. Among these chelating agents, EDDS is a biodegrad-
able structural isomer of EDTA, efficient in the pH range 3–9 [11]. In
recent years, the number of publications on photo-Fenton with Fe3+-
EDDS has increased hugely, with degradation rates greater than 80%
for short reaction times being reported [12–17]. In addition, a higher
photon absorption of iron complexed with EDDS, compared to iron
aquo complexes, has been reported [18].

Nowadays, the focus of many industries and researchers is to model
and optimize wastewater treatment processes. To facilitate this, the
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development of instrumentation, control and automation systems of
WWTPs plays a fundamental role. It is essential to use computer tools
based on mathematical models to optimize their design and develop-
ment by means of simulation. Regarding the photo-Fenton process,
several models to estimate the kinetics of micropollutant removal at
acidic pH have been developed [19–22]. At pH close to neutrality, the
modeling of the process has been widely studied using the ferrioxalate
complex [23–26]. However, despite the large number of publications
which highlight the interest of the scientific community in the use of
Fe3+-EDDS, a mechanistic model which includes photon absorption has
not yet been proposed, to the best of the author’s knowledge. Fur-
thermore, most models have been developed in demineralized water
matrices. Due to the effect of organic matter and HCO3

−/CO3
2− ions

(HO• scavengers) on the process, the inclusion of these species in the
modeling could be of interest for a wider application.

The main goal of this work is to develop a mechanistic model of the
solar photo-Fenton process with the Fe3+-EDDS complex at neutral pH
as a function of irradiance and reactor geometry for micropollutant
removal. ACTM is frequently used as a model microcontaminant be-
cause it is a highly recalcitrant pesticide [27] included in a first watch
list of priority hazardous substances [28]. To obtain the model para-
meters, experimental ACTM degradation data from a synthetic sec-
ondary effluent was used. These assays were conducted at lab scale
under controlled conditions of irradiance (10–50W m−2) and tem-
perature (25 °C). The kinetic model was validated outdoors in winter
and spring conditions, with a change of scale from 0.85 L to 19 L in a
RPR. These low-cost reactors have the advantage of being able to vary
the liquid depth to achieve optimum use of photons, according to the
availability of UV radiation and iron concentration. Moreover, they are
more efficient regarding micropollutant removal (mass of micro-
pollutant per surface of photoreactor) than the conventional tubular
photoreactors with compound parabolic collectors (CPCs) [17]. The
effect of photon absorption corresponding to diffuse UV light is in-
cluded in the activated steps of the reaction mechanism. This compo-
nent of solar radiation, not usually considered for photon absorption
calculations, could account for a high percentage of total radiation in
flat photoreactors, especially in winter or under cloudy conditions
[29,30].

2. Experimental

2.1. Chemicals

Sodium hydroxide and sulphuric acid (98%) were purchased from
J.T Baker®. Hydrogen peroxide (33%), ammonium nitrate, ferric sul-
phate (75%), hydrochloric acid (37%), acetic acid and CaSO4 ∙ H2O
were obtained from Panreac. Acetamiprid (C10H11ClN4, 20% w/w) was
purchased from EPIK®. Sodium formate was acquired from Merck
Millipore and HPLC grade Acetonitrile from BDH Prolabo Chemicals.
Peptone and beef extract were obtained from BD Bacto and Biolife,
respectively. Ethylenediamine disuccinic acid (35%), titanium (IV)
oxysulfate, ortho-phenantroline, peptone, sodium lauryle sulfonate,
MgSO4, acacia gum powder, sodium lignin sulfonate, ascorbic acid,
arabic acid, formic acid (98%), (NH4)2SO4, KCl, tetrabutylammonium
bisulfate, methanol and humic salt were purchased from Sigma-Aldrich.

2.2. Experimental set-up

A synthetic secondary effluent with a Dissolved Organic Carbon
(DOC) concentration of around 12mg L−1 and 14mg L−1. Total
Inorganic Carbon (IC) was used as a water matrix, according to [31,32].
Initial and final pH in the 7.0–7.5 range were recorded for each assay.
In all the experiments, the ACTM, H2O2 and Fe3+ concentrations were
100 μgL−1 (representing the total concentration of micropollutant in
secondary effluents) 0.88mM (30mg L−1) and 0.1mM, respectively.
The Fe3+-EDDS complex was prepared with 1:1 stoichiometry [11], as

described in previous work [18].
The data obtained in cylindrical PVC stirred tank reactors, under

controlled conditions to study the effect of VRPA on the kinetics of
micropollutant removal, [18] was used to obtain the model parameters.
The reactors (0.85 L volume, 15 cm diameter) were placed inside a
SunTest CPS+ solar box from Atlas, with an emission range from 250 to
765W m−2. The UVA irradiance range in the reactor surface was set
from 10 to 50W m−2 and the liquid depth was increased from 5 to
15 cm, keeping temperature constant at 25 °C with a cooling coil con-
nected to a thermostatic bath. This temperature was set accordingly for
experimentation because it is the average annual temperature recorded
at the WWTP in Almeria, located in southeastern Spain. To avoid any
incoming radiation through the reactor walls, they were made opaque
(in PVC). Irradiance was measured on the reactor surface with a spec-
troradiometer (Avantes AvaSpec Dual-Cannel Fiber Optic Spectro-
meter), the wavelength range being 327 to 384 nm. This wavelength
range was set because it is the wavelength range of the measurements
given by the radiometer used in outdoor experiments.

For the model validation, experiments were conducted outdoors at
the Solar Energy Research Centre (CIESOL) in Almería, Spain, in a 19-L
PVC-RPR with 5 cm liquid depth and 22 cm channel width. The mixing
time was low (2min) compared to the reaction time (tens of minutes);
hence the hypothesis of perfect mixing could be assumed. Temperature
and pH were monitored online with probes connected to a LabJack
USB/Ethernet data acquisition device. Incident UV radiation (direct and
diffuse), averaged over the wavelength range 327–384 nm, was mea-
sured with a global UV radiometer (Delta Ohm, LPUVA02AV).

2.3. Chemical analysis

The samples collected from the reactor were filtered through 0.20-
μm Millipore filters. After that, the filter was washed with acetonitrile
(10:1, sample: acetonitrile), which stops the reaction and draws out any
trace of contaminant retained [33].

Total dissolved iron was determined by the 1,10-phenanthroline
method (ISO 6332), the limit of quantification (LOQ) being 4.5
10−3 mM. Hydrogen peroxide was quantified according to the spec-
trophotometric method DIN 38 402 H15, the LOQ being 2.9 10−2 mM.

Fe3+-EDDS and ACTM concentrations were determined by liquid
chromatography (HPLC Agilent 1100 Series and HPLC Agilent 1200
Series, respectively). For Fe3+-EDDS, the mobile phases were methanol
and an aqueous solution of sodium formiate (15mM) and tetra-
butylamonium hydrogen sulfate (2mM) at pH 4. The LOQ was 1.8
10−3 mM. For ACTM, the phases were acetonitrile and dilute formic
acid (0.1%, v/v). The LOQ was 5 μg L−1. Methods and equipment
characteristics were previously reported [18,22].

TIC and DOC concentrations were determined in a Shimadzu-V CPH
TOC analyser, the LOQ being 2mg L−1.

2.4. Determination of the average volumetric rate of photon absorption
(VRPA)

2.4.1. Experiments in a solar box
In a photoreactor, in which radiation emission is in parallel planes

(the variation of the radiation can be considered as a function of a
single spatial coordinate), and the scattering effect of the radiation can
be considered negligible, the local volumetric rate of photon absorption
(LVRPA) of an absorbent species can be determined by Eq. (1) [24,34]:

= −LVRPA (t, x) q ·k (t)·exp( k (t)·x)w,λ λ T,λ (1)

where qw,λ is the spectral distribution of incident radiation (lamp
power) at a specific wavelength (W m−2 nm−1), kλ is the volumetric
absorption coefficient of the photon absorbing species (m-1), kT,λ is the
total volumetric absorption coefficient of the medium (m-1) and x is the
spatial coordinate (m). qw,λ was measured in the wavelength range
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327–384 nm with a spectroradiometer (Avantes AvaSpec Dual-Cannel
Fiber Optic Spectrometer), and Planck’s equation was used to convert
data from Wm−2 to μE m−2 s-1.

In perfect mixing systems, in which the concentration of species can
be considered the same for any position in the reactor, the LVRPA can
be averaged across the reactor volume [24,31,35–38]. Therefore, the
average VRPA in the reactor for each of the absorbing species (Fe3+-
EDDS and Fe3+-EDDSox, defined in 2.5) was calculated by integrating
Eq. (1) over the liquid depth, D (m), Eqs. (2) and (3), since the reactor
surface was constant. Due to the reactor layout inside the solar box, the
light rays could be considered as being parallel in the direction per-
pendicular to the reactor surface. The change in Fe3+-EDDS con-
centration over time was also taken into account.

∑=
− − ∙−+

VRPA (t) 1
D

q . k (t). [1 exp( k (t) D)]
k (t)1

λ

w,λ Fe EDDS,λ T,λ

T,λ

3

(2)

∑=
− − ∙−+

VRPA (t) 1
D

q . k (t). [1 exp( k (t) D)]
k (t)2

λ

w,λ Fe EDDSox,λ T,λ

T,λ

3

((3))

The molar absorptivity of Fe3+-EDDS (mM−1 m−1), −+αFe EDDS,λ3

was determined from the UV absorption spectra obtained in synthetic
secondary effluent, as previously reported [18]. As for Fe3+-EDDSox,

−+αFe EDDSox,λ3 was estimated from a photo-Fenton assay, assuming that
once the experiment is started, the optical thickness of the solution at a
given time is the sum of the optical thickness of all absorbent species,
Eq. (4). Therefore, −+αFe EDDSox,λ3 could be isolated from Eq. (4). Finally,
kT,λ could be calculated according to Eq. (5), [24].

=

+
− −

− −

+ +

+ +

α · C α · C

α · C
total dissolved Fe,λ total dissolved Fe Fe EDDS,λ Fe EDDS

Fe EDDSox,λ Fe EDDSox

3 3

3 3 (4)

where αtotal dissolved Fe,λ is the molar absorptivity of the medium, calcu-
lated from the UV absorption spectrum of dilutions of a sample taken
after 5min of the reaction, and measured instantaneously.

= + =

+
− − − −

− −

+ + + +

+ +

k (t) k k α · C (t)

α ·C (t)
T,λ Fe EDDS,λ Fe EDDSox,λ Fe EDDS,λ Fe EDDS

Fe EDDSox,λ Fe EDDSox

3 3 3 3

3 3 ((5))

2.4.2. Outdoor experiments in an RPR
For experiments carried out in the RPR, the solar radiation that

reaches the reactor surface is made up of direct radiation, which
reaches the surface without being absorbed or scattered in the atmo-
sphere, and diffuse radiation, that is, scattered radiation. Regarding
direct radiation, its optical light path length depends on the solar zenith
angle, θs, Fig. 1. The refracted angle inside the reactor, θdirect, was es-
timated using Snell’s law, assuming the refraction index of water matrix
to be 1.33 [31]. Accordingly, for outdoor experiments, the expressions
to calculate the average VRPA, Eqs. (2) and (3), were replaced by Eqs.
(6) and (7):

Here, the value of qwdirect,λ is the product of the direct radiation and
cosθdirect.

∑=
⎡⎣

− − ∙ ⎤⎦−+

VRPA (t)

1
D

q ·k (t)· 1 exp( k (t) )

k (t)

direct1

λ

wdirect,λ Fe EDDS,λ T,λ
D

cosθ

T,λ

3
direct

(6)

∑=
⎡⎣

− − ∙ ⎤⎦−+

VRPA (t)

1
D

q ·k (t)· 1 exp( k (t) )

k (t)

direct2

λ

wdirect,λ Fe EDDSox,λ T,λ
D

cosθ

T,λ

3
direct

(7)

For the experiments in the solar box all the radiation could be
considered direct and perpendicular to the reactor surface. However,
due to the influence of the solar zenith angle on the UV radiation, the
diffuse component was taken into account for outdoor experiments.

According to the Radiative Transfer Equation (RTE) [39], the LVRPA
corresponding to the diffuse radiation can be determined by Eqs. (8)
and (9), taking into account only photons moving towards the bottom
of the reactor and azimuthal symmetry (propagation of rays as a
function of the liquid depth, x, and an angular coordinate, θdiffuse),and
the critical angle, θc, of the angular coordinate as a consequence of the
refraction of light in the reactor [40].

∫∑= −
−

+LVRPA (x, t) 2·q ·k (t)· e ·

sinθ (dθ )

diffuse1
λ

wdiffuse,λ Fe EDDS,λ 0

θ k (t).x
cosθ

diffuse diffuse

3
c T,λ

diffuse

(8)

∫∑= −
−

+LVRPA (x, t) 2·q ·k (t)· e ·

sinθ (dθ )

diffuse2
λ

wdiffuse,λ Fe EDDSox,λ 0

θ k (t).x
cosθ

diffuse diffuse

3
c T,λ

diffuse

(9)

Finally, the reactor volume average LVRPA can be calculated by Eqs.
(10) and (11):

∫

∫

∑

⎜ ⎟

=

⎛
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⎞

⎠

−

−
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D

λ
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0
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3
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∫

∫

∑
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=

⎛

⎝

⎞

⎠

−

−

+VRPA (t) 1
D

· 2·q ·k (t)·
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diffuse2 0

D

λ
w,λ Fe EDDSox,λ

0

θ k (t).x
cosθ diffuse diffuse

3

c T,λ
diffuse

(11)

qwdirect,λ and qwdiffuse,λ were obtained with the solar software SMARTS2.
This simple model estimates the atmospheric radiative transfer of
sunshine from spectral transmittance functions for the main extinction
processes in the atmosphere, such as Rayleigh scattering, ozone and
aerosol extinction [41]. The SMARTS2 code prediction of the spectral
distribution of UV radiation was determined at the latitude for the city
of Almería, Spain (36˚50´17´´N, 2˚27´35´´W, at sea level). The main
atmospheric conditions were characterized by the following input
variables: the Angstrom’s Beta and Schuepp's B coefficients for atmo-
spheric turbidity (0.087 and 0.088, respectively), and the wavelength

Fig. 1. Scheme for direct (a) and diffuse (b) light paths in a channel of the RPR
(θc= 48.75˚).
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exponents α1 and α2 (close to 0.9 and 1.2, respectively), obtained from
the Shettle and Fenn urban aerosol model as a function of wavelength
and humidity. The average values of direct and diffuse irradiance ob-
tained from this model were corroborated by the measurement given by
the global UV radiometer (Delta Ohm, LPUVA02AV).

2.5. Kinetic model

The iron precipitation and the presence of species, such as HCO3
-/

CO3
2-ions, increase the complexity of the reaction system and, conse-

quently, the process modeling at the natural pH of water. In line with
previous work focused on the photochemical study of the Fe3+-EDDS
complex [11–13,18], a kinetic model has been proposed. It justifies the
presence of iron in solution after complex decomposition, in addition to
modeling the kinetics of the micropollutant degradation. The scheme for
the reaction mechanism and rate equations are shown in Fig. 2 and
Table 1, respectively. Once Fe3+-EDDS is photoactivated by UV radiation,
R. (1), a fraction of the absorbed radiation is used in iron reduction, R.
(2), while another fraction is converted into heat (Q), with the complex
returning to its initial state as Fe3+-EDDS, R. (3), [18,22]. The formation
of the Fe2+-EDDS complex has been reported for the Fenton process, as
well as for the activated persulfate process [42,43], and some authors
have pointed out that once the complex is reduced, it is decomposed to
Fe2+ and EDDS•3− [12,14]. Along the same lines, this study proposes that
the photoreduced iron could remain as Fe2+-EDDS, as an intermediate
state, before being decomposed to Fe2+ and EDDS•3-, R. (5). Conse-
quently, Fe2+-EDDS could be oxidized by H2O2 (Fenton) returning to its
initial state as Fe3+-EDDS [42,44]. It is known that Fe2+-polycarboxylate

complexes, such as ferrous-oxalate, react much faster with H2O2 than
Fe2+ aquo complexes [23,45]. Therefore, the presence of Fe2+-EDDS
after the irradiation of Fe3+-EDDS could explain the high H2O2 con-
sumption for the first few minutes of reaction. Fe2+ reacts with H2O2

(classic Fenton, R. (6)) giving rise to HO• and Fe3+, which precipitates as
Fe(OH)3 at neutral pH instantaneously. Fe3+-EDDS is also reduced by
H2O2, R. (7) [42], through a much slower reaction than R. (2).

Fig. 2. Model reactions. Green, orange and blue arrows correspond to Fe3+-EDDS, Fe2+-EDDS and Fe3+-EDDSox paths, respectively (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Rate law equations.

Rate equation Reaction number

=r VRPA1 1 R. (1)

= −+ −r k [[Fe EDDS] ]2 2 3 * R. (2)

= −+ −r k [[Fe EDDS] ]3 3 3 * R. (3)

= −+r k [Fe EDDS] [H O ]4 4 2 2 2 R. (4)

= −+r k [Fe EDDS]5 5 2 R. (5)

= +r k [Fe ] [H O ]6 6 2 2 2 R. (6)

= −+ −r k [[Fe EDDS] ] [H O ]7 7 3 2 2 R. (7)

= −+ −r k [[Fe EDDS] ] [HO ]8 8 3 • R. (8)

=r VRPA9 2 R. (9)

= −+r k [[Fe EDDS ] ]10 10 3 ox * R. (10)

= −+r k [[Fe EDDS ] ]11 11 3 ox * R. (11)

=r k [MO] [HO ]12 12 • R. (12)
=r k [ACTM] [HO ]13 13 • R. (13)
=r k [IC] [HO ]14 14 • R. (14)
=r k [H O ] [HO ]15 15 2 2 • R. (15)

= −r k [H O ] [EDDS ]16 16 2 2 •3 R. (16)
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Since these paths are not cyclic, iron would rapidly precipitate after
being oxidized by H2O2. Nonetheless, experimental data showed a
longer lifespan of iron in solution after complex decomposition, which
could be explained by the presence of oxidized species of the complex
(Fe3+-EDDSox) derived from the oxidation of Fe3+-EDDS with HO• ra-
dicals, R. (8) [18,42]. Moreover, the absorption of the oxidized complex
was checked experimentally and calculated as described in Section
2.4.1. Thus, Fe3+-EDDSox could absorb radiation giving rise to Fe2+

and EDDS•3−. The generated hydroxyl radicals also react with the or-
ganic matter (OM), R. (12), the model pollutant ACTM, R. (13), the
inorganic carbon (IC), R. (14), and the H2O2, R.(15), giving rise to their
respective oxidation products. Finally, EDDS•3− radicals are able to
react with H2O2 giving rise to oxidized matter, R. (16).

3. Results and discussion

3.1. Model parameters estimation

Assuming the hypothesis of perfect mixing and operation in batch
mode, the dynamic model was obtained by imposing mass balances on
each of species of the system, Table 2. Since the mass balance to the
oxidized organic matter was expressed in carbon moles, the reactions
corresponding to the oxidation of the ACTM and EDDS•3−, R. (13) and
R. (16), were multiplied by 10 (the number of carbon atoms in both
ACTM and EDDS) in Eq. (24). The set of differential equations was
solved using the MATLAB function ode23s, and the model parameters
were obtained by the built-in optimization routine: fmincon. The ob-
jective function was defined by Eq. (12), where the errors of each
species are normalized and a weight is assigned to them, wA, wH, wF

and wC. In order to achieve a good fit to reagent consumption and
micropollutant removal, the highest weight was imposed for H2O2

consumption and ACTM degradation errors, while the lowest weight
was assigned to that of the total dissolved iron: wA=1, wH=1,
WF= 0.25 and wC=0.75.

∑ ∑ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟

⎜ ⎟

= ⎡

⎣
⎢

⎛

⎝

− ⎞

⎠
+ ⎛

⎝

− ⎞

⎠
+ ⎛

⎝

− ⎞

⎠

+ ⎛

⎝

− ⎞

⎠

⎤

⎦
⎥

= =
J w ·

A A
A

w ·
H H

H
w ·

F F
F

w ·
C C

C

j 1

m

i 1

n

A
x(i,j) m(i,j)

x(1,j)

2

H
x(i,j) m(i,j)

x(1,j)

2

F
x(i,j) m(i,j)

x(1,j)

2

C
x(i,j) m(i,j)

x(1,j)

2

(12)

In Eq. (12), n is the number of data points in each experiment (n=9),
m is the number of assays used in the search for parameters from the
total of 14 experimental conditions (m=7) and finally, A, H, F and C
are ACTM, H2O2, total dissolved iron and Fe3+-EDDS concentration,
respectively. Subscript x refers to experimental data and m to model
data.

The root mean square error (RMSE) equation was used to calculate
the error percentage between experimental data and model estimations
for each species:

∑ ∑ ⎜ ⎟= ⎛

⎝

− ⎞

⎠= =

RMSE 1
m·n

·
C C

C
·100

j 1

m

i 1

n
i,x(i,j) i,m(i,j)

i,x(1,j)

2

(13)

where Ci,x and Ci,m are the experimental and model estimated con-
centrations of total dissolved iron, H2O2, Fe3+-EDDS and ACTM, re-
spectively.

From the total of 14 kinetic constants, 3 were taken from literature:
k6=4.56mM−1 min−1 (classic Fenton), k14=5.1·105 mM−1 min−1

(HCO3− oxidation by HO•) [46], and k15=1.6·106 mM−1 min−1 (H2O2

oxidation by HO•) [47]. The estimated kinetic constants are shown in
Table 3. Standard deviation for each constant was estimated by resam-
pling the residuals of the best fit and implementing a bootstrap estimate
to be used with the search algorithm of fmincon. The obtained standard
deviations were assumable taking into account that the procedure was
repeated for 500 times to get an estimation of the parameter distribution,
statistical analysis being conducted over these distributions.

According to the determined parameters, most of the energy ab-
sorbed by the Fe3+-EDDS is employed in its reduction, k3> >k2,
while that absorbed by its oxidized form, Fe3+-EDDSox, is released into
the medium as heat, k10> k11. This would appear to be logical, since
the quantum efficiency of the Fe3+-EDDS may well decrease after being
oxidized. Concerning Fe2+-EDDS oxidation by H2O2, R. (4), k4 is three
orders of magnitude higher than k6 (classic Fenton). Although as far as
the authors know the kinetic constant for Fe2+-EDDS oxidation has not
been reported, values as high as 1.86·103mM−1min−1 (coincident with
that determined for Fe2+-EDDS in this work, k4= 1.9·103mM−1min−1)
have been published for Fe2+-oxalate oxidation [23] and mentioned in
previous work with Fe3+-EDDS [12]. Such a fast reaction rate between
H2O2 and Fe2+-EDDS points out the relevance of Fe2+-EDDS being
proposed as an intermediate state for the photo-Fenton process in this
work. R. (7) is much lower than R. (3), in concordance with the slower
Fenton reduction when compared to photo-Fenton [42] and the ob-
servation in previous Fenton assays, in which the concentration of the
species hardly changed [18]. The resulting kinetic constant corre-
sponding to the Fe3+-EDDS oxidation by HO• radicals, k8, is of the order
of magnitude of that corresponding to Fe3+-EDTA oxidation, 3.1·107

mM−1min−1, a value which has been directly imposed on k8 in certain
studies [42]. Regarding the oxidation of organic compounds with the
generated HO•, k13 is higher than k12, which is consistent with the
observation that the parent compound degrades much faster than the
organic matter mineralizes [22].

Table 2
Dynamic model equations.

Mass balance model Equation number

= − + + − −
+ − −

r r r r rd[[Fe3 EDDS] ]
dt 1 2 4 7 8

Eq. (14)

= − −

⎡
⎣
⎢

+ − − ⎤
⎦
⎥

r r r
d [Fe3 EDDS] *

dt 1 2 3

Eq. (15)

= − +
+

r r rd[Fe2 ]
dt 5 6 11

Eq. (16)

= − − +
+ − r r r rd[Fe2 EDDS]

dt 3 4 5 7
Eq. (17)

= − +
+ − r r rd[Fe3 EDDSox]

dt 8 9 10
Eq. (18)

= − −
+ − r r rd[[Fe3 EDDSox]*]

dt 9 10 11
Eq. (19)

= − − − − −r r r r rd[H2O2]
dt 4 6 7 15 16

Eq. (20)

= + − − − − −r r r r r r rd[HO•]
dt 4 6 8 12 13 14 15

Eq. (21)

= −rd[ACTM]
dt 13

Eq. (22)

= −rd[OM]
dt 12

Eq. (23)

= + +r 10 r 10 rd[MX]
dt 12 13 16

Eq. (24)

= −rd[IC]
dt 14

Eq. (25)

= rd[ICX]
dt 14

Eq. (26)

= + −
−

r r rd[EDDS•3 ]
dt 5 11 16

Eq. (27)

Table 3
Model parameters obtained from minimizing the objective function.

Kinetic constant Value Standard deviation Unit

k2 0.25 0.095 min−1

k3 17.14 4.81 min−1

k4 1.9·103 0.23·103 mM−1 min−1

k5 35.69 4.09 min−1

k7 0.40 0.18 mM−1 min−1

k8 5.6·107 0.53·107 mM−1 min−1

k10 10.50 1.92 min−1

k11 3.31 0.55 min−1

k12 6.2·106 0.81·106 mM−1 min−1

k13 6.4·107 0.43·107 mM−1 min−1

k16 1.2·106 0.24·106 mM−1 min−1
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Despite the complexity of the reaction medium (a synthetic sec-
ondary WWTP effluent at neutral pH), the proposed model acceptably
fits the experimental data for all the experimental conditions, both at 5
and 15 cm liquid depth. The RMSE was 5.6%, 6.8%, 5.4% and 7.2% for
total dissolved iron, H2O2, Fe3+-EDDS and ACTM, respectively. Fig. 3
shows the comparison between kinetic data predicted by the model and
experimental results obtained in the solar box for 4 selected conditions,
corresponding to the different seasons of the year. As can be seen, the
model adequately reproduces the presence of iron in solution after
complex decomposition, with an acceptable fit. As for H2O2 consump-
tion, the simulation results show a good fit to the experimental data
over 30min of reaction. Due to the process is photosaturated at 40W
m−2 and 5 cm [18], Fig. 3(d) shows the model predictions when the
liquid depth is increased. In this case, the model also fits the data, with
a slightly slower reaction rate predicted for H2O2, pointing out that the
model could be useful for predicting the treatment capacity by opti-
mizing the liquid depth to take advantage of the photons that reach the
reactor surface, at these mild oxidation conditions. In all the cases, the
model reproduces almost exactly experimental data for ACTM removal
in the first 5 min of the reaction and with good prediction until 10min.
After that, according to the experimental results, the ACTM degradation
is stopped and the model predicts a slight drop in its concentration, the
error in micropollutant removal being around 10% at 30min. This
deviation could be due to that once the complex concentration is low
(due to its degradation), the generation rate of HO• radicals is lower and
ACTM removal is stopped due to competence with organic matter (in
the range of tens of mg L-1) that could easier react with HO• radicals and
other radicals formed during the process. Legislation in Switzerland
demands 80% micropollutant removal in WWTPs, from the entrance to
the exit of the WWTP [48]. Taking into account that this error between
the experimental and simulated data occurs when≥ 80% micro-
pollutant removal has been directly achieved in the photo-Fenton
process (tertiary treatment), this overestimation would not be very
significant when using the model in practical applications.

3.2. Outdoor model performance

The kinetics parameters, obtained from experiments in the solar box
under controlled conditions of irradiance and temperature, were used
to validate the model with experimental data obtained outdoors in an
RPR with 5 cm liquid depth. The assays were conducted at noon during
winter and spring days and the temperature was in the range 20–30 °C.
Within this range, the change in molar absorptivity can be considered
negligible [22], thus it was assumed to be the same as that calculated
for indoor experiments. Due to the fact that the direct beams only reach
the illuminated zones of the reactor, whereas diffuse beams reach all
the zones, the reactions R. (1) and R. (9) were modified accordingly:

= +r V
V

VRPA VRPA1
i

direct1
diffuse1 R. ((17))

= +r V
V

VRPA VRPA9
i

direct2
diffuse2 R. ((18))

where Vi and V denote irradiated and reaction volume, respectively. Vi
was calculated taking into account the dark areas generated by the
reactor walls as a function of the solar zenith angle. In all the experi-
ments V was 19 L.

As can be observed in Fig. 4, outdoor experimental data reproduces
the phenomenon observed in the experiments carried out in the solar
simulator. As a result, both for winter and spring conditions, values close
to 70% and 80% of H2O2 consumption and ACTM degradation, respec-
tively, were achieved. The model resulted in a successful fit to the ex-
perimental data of H2O2 consumption, total dissolved iron profile, Fe3+-
EDDS decomposition and ACTM degradation for winter conditions. The
RMSE values were 1.1%, 5.9%, 1.9% and 4.3%, respectively. As for spring
conditions, Fig. 4(b), the model reproduces H2O2 consumption and the

Fig. 3. Total dissolved iron, H2O2, Fe3+-EDDS and ACTM profiles as a function
of irradiance and liquid depth: 10W m−2 and 5 cm (a), 20W m−2 and 5 cm (b)
50W m−2 and 5 cm (c), 40Wm−2 and 15 cm (d). Lines represent model esti-
mations (short dashes for total dissolved iron, long dashes for H2O2, solid for
Fe3+-EDDS, and dash-dot for ACTM).
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total dissolved iron profile, with a RMSE value of 5.0% and 2.8%, re-
spectively. The experimental data of ACTM is reproduced for the first
5min of the reaction. Subsequently, after 80% ACTM degradation, an
overestimation in its removal rate is observed, as in the experiment at lab
scale, the total RMSE being 9.9%. These results show that the kinetics
model, obtained from lab scale data in cylindrical stirred reactors, could
be applied on a larger scale to perfectly mixed reactors of different geo-
metry, such as RPRs. The model could therefore be useful for optimizing
the treatment capacity in WWTPs as a function of the availability of UV
radiation.

It is worth mentioning the contribution of diffuse irradiance towards
the kinetics of the process, whose value represents more than 50% of the
total irradiance at noon in winter (63% in the experimental condition
shown in Fig. 4(a)). Fig. 5 shows the time-courses of VRPA values pre-
dicted by the model for Fe3+-EDDS and Fe3+-EDDSox for the best

radiation condition (spring). At the beginning of the reaction, the VRPA
values corresponding to direct and diffuse radiation for Fe3+-EDDS were
643 μE m−3 s-1 and 462 μE m−3 s-1, respectively, pointing out the effect
of diffuse radiation on the kinetics of the process, even under clear day
conditions in spring. Furthermore, as mentioned above, the decrease in
the Fe3+-EDDS concentration, observed in all experimental conditions,
has an important effect on photon absorption. In this case, the VRPA is
reduced by more than three times after 5min of the reaction. Nonetheless,
the VRPA due to the Fe3+-EDDSox complex increases in the first few
minutes, being equal to the VRPA due to the parent complex (Fe3+-EDDS)
at 3.5min of reaction. Despite this increase in the VRPA of the oxidized
species, most of the radiation absorbed by them is released as heat, as
mentioned above. These results agree with the low reaction rates ob-
served after 5min of the reaction, highlighting the relevance of the VRPA
corresponding to the Fe3+-EDDS, R. (1), on the kinetics of the process.

Fig. 4. Model validation in an RPR with 5 cm liquid depth in
winter (a) and spring (b) conditions (Winter: average water
temperature: 21.1 °C, θs = 58.24˚, direct irradiance= 5.86W
m−2, diffuse irradiance= 10.09W m−2, Vi = 16.1 L. Spring:
average water temperature: 28.3 °C, θs= 27.13˚, direct
irradiance= 18.69W m−2, diffuse irradiance=13.38W
m−2, Vi = 17.3 L). Lines represent model estimations (short
dashes for total dissolved iron, long dashes for H2O2, solid for
Fe3+-EDDS, and dash-dot for ACTM).
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4. Conclusions

A mechanistic model of the photo-Fenton process in an effluent from
a WWTP at neutral pH with the Fe3+-EDDS complex is proposed for the
first time. This model was developed based on previous kinetic studies
and hypotheses deduced from experimental data. It was able to re-
produce the kinetics of Fe3+-EDDS decomposition, iron precipitation,
H2O2 consumption and microcontaminant removal at short reaction
times in complex water matrices. The importance of diffuse radiation
on the kinetics of the process carried out in flat photoreactors was de-
monstrated, the diffuse VRPA representing values as high as 40% of the
total VRPA at noon in spring. The model was successfully validated
outdoors in an RPR, thus being, of great application for the control and
optimization of the process in scalable and low-cost photocatalytic re-
actors.
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