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Abstract The solar photo-Fenton degradation of the herbi-
cide 2,4-dichlorophenoxyacetic acid (2,4-D) in aqueous solu-
tion at a natural pH (pH=5) using ferrioxalate as iron source
was investigated. The kinetic model proposed and validated in
a previous contribution was used to predict the reactants con-
centrations during the oxidation process in a non-
concentrating pilot-plant solar reactor. The effects of hydrogen
peroxide to 2,4-D initial concentration ratios (R), temperature,
and radiation levels were studied. Furthermore, the spectral
UV/visible and broadband solar radiation fluxes incident on
the reactor window were evaluated by the Simple Model for
the Atmospheric Radiative Transfer of Sunshine (SMARTS2)
code. The complete destruction of 2,4-D and its main inter-
mediate 2,4-dichlorophenol (2,4-DCP) was achieved in all the
experimental runs in only 90 and 120 min of reaction, respec-
tively. In agreement with these results, a reduction of toxicity
in the system (expressed as % of inhibition of Vibrio fischeri)
for longer times to 90 min of reaction was attained. It is im-
portant to emphasize the good agreement between kinetic
model results and experimental data obtained.

Keywords 2,4-D . Ferrioxalate . Neutral pH . Solar
photo-Fenton

Introduction

The Fenton reaction is one of the advanced oxidation
processes (AOPs) which involves the generation of hy-
droxyl radical (OH·), a non-selective oxidizing agent, by
interaction of hydrogen peroxide (HP) with ferrous salts
in acidic medium. This highly reactive species promotes
the oxidation of hazardous organic compounds. Fenton
reaction can be accelerated by irradiation with UV light,
which is known as the photo-Fenton reaction. The UV
radiation improves the efficiency of the process due
principally to the photochemical reduction of Fe(III)
back to Fe(II). This reaction also produces an additional
hydroxyl radical (Pignatello et al. 2006).

In order to avoid iron precipitation, the photo-Fenton
process is carried out in acidic medium, typically at pH
2.8 (Malato et al. 2009). At this value, predominant
Fe(II I ) species present in aqueous solut ion is
Fe(OH)2+, which mainly absorbs radiation in the ultra-
violet spectral region. An approach to avoid acidifica-
tion and ferric iron hydroxide precipitation is to perform
the reaction with complexing agents, especially with or-
ganic compounds (Conte et al. 2014; De Lima Perini
et al. 2013). Furthermore, these complexes usually have
higher molar absorption coefficients in the near-UV and
visible spectra when compared to mono- and di-
hydroxylated complexes of Fe(III) (Malato et al.
2009). Among the many ligands, oxalate has been wide-
ly applied in order to stabilize iron in solution at near-
neutral pH conditions in the treatment of polluted water
(Hislop and Bolton 1999; Schenone et al. 2015; Soares
et al. 2015).

Recently, solar technology has transformed the photo-
Fenton process into a non-expensive and competitive method
for the chemical destruction of organic pollutants. The use of

Responsible editor: Bingcai Pan

* Orlando M. Alfano
alfano@intec.unl.edu.ar

1 Instituto de Desarrollo Tecnológico para la Industria Química
(INTEC), Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET) and Universidad Nacional del Litoral (UNL),
Ruta Nacional N°168, 3000 Santa Fe, Argentina

Environ Sci Pollut Res (2017) 24:6205–6212
DOI 10.1007/s11356-016-6400-3

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-016-6400-3&domain=pdf


solar reactors is an interesting option for the treatment of ef-
fluents, with some benefits such as elimination of costs asso-
ciated with installation and maintenance of UV lamps and
with electrical power consumption (Nascimento et al. 2007).
The specific literature has reported the application of the solar
photo-Fenton process for the remediation of waters containing
toxic and non-biodegradable organic contaminants, e.g., per-
sistent pharmaceutical compounds (Miralles-Cuevas et al.
2015; Radjenovic et al. 2009), pesticides (Conte et al. 2012;
Navarro et al. 2011;), textile effluents (Pérez et al. 2002), non-
biodegradable dyes (Monteagudo et al. 2009), cellulose
bleaching effluents (Lucas et al. 2012), and real effluents from
municipal treatment plants (Klamerth et al. 2010).

Different designs of solar reactors have been pro-
posed in recent years in order to conduct photochemical
processes. Both concentrating (several-suns) and non-
concentrating (one-sun) collectors have been adopted in
the design and construction of solar reactors for an ef-
ficient utilization of the solar radiation at the Earth’s
surface. Their advantages and disadvantages have been
compared and discussed (Alfano et al. 2000; Malato
et al. 2009; Parra et al. 2001). It is known that one-
sun reactors can absorb both direct and diffuse sun ir-
radiation that arrives at ground level, whereas concen-
trating devices are only able to collect the direct radia-
tion (Bockelman et al. 1995; Ollis 1991).

In a previous study, the degradation of herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) was investigated
using the ferrioxalate complex as iron source, for con-
ditions of pH close to neutrality and operating the sys-
tem under simulated solar radiation (Conte et al. 2016).
The effects of the variables: reaction temperature (T)
and HP to 2,4-D initial concentration ratio (R) were also
evaluated. A kinetic model derived from a reaction se-
quence was also proposed, and the associated parame-
ters were estimated applying a non-linear regression
method. In the present work, the mentioned validated
model is used to evaluate temporal variations of 2,4-D,
the main intermediate 2,4-dichlorophenol (2,4-DCP),
and hydrogen peroxide concentrations in a pilot-plant
solar reactor. In this case, it is necessary to solve simul-
taneously the mass and thermal energy balances and
simulate the solar radiation (direct and diffuse) that
reaches the reactor window. This last step is achieved
with the aid of a computational code: the Simple Model
for the Atmospheric Radiative Transfer of Sunshine
(SMARTS2) program (Conte et al. 2012). The predicted
species concentrations as a function of time were com-
pared with the experimental values.

Regarding the contaminant employed in this study, 2,
4-D is the active ingredient in several formulations of
herbicides and it is the second most used herbicide in
Argentina. It is known that the inadequate management

of pesticides can cause contamination of the soil and of
subterranean and surface water sources. In the specific
literature, several AOPs have been proposed to remove
2,4-D from aqueous samples (Alfano et al. 2001; Conte
et al. 2012; Kwan and Chu 2004; Schenone et al.
2015).

Finally, since the degradation of organic pollutants by the
hydroxyl radical can lead to by-products that can be more
toxic than the original contaminant, the Microtox® test was
employed during the photo-Fenton treatment. Therefore, the
bioluminescence of the bacteria Vibrio fischeri was followed
as a function time.

Experimental

Experimental device

The solar experimental runs were performed in a pilot-
plant solar reactor placed inside a batch recycling sys-
tem that has a high-flow-rate centrifugal pump and a
storage tank. This non-concentrating solar photoreactor
is able to capture the UV/visible and near-infrared solar
radiation (Fig. 1). The solution to be treated enters in a
lower channel of the reactor where it is preheated.
Then, the fluid circulates into an upper channel where
it is further heated, absorbs the UV/visible solar radia-
tion, and makes use of this absorbed radiation for the
pollutants degradation. The total volume of the treated
solution was 35 L, while the irradiated reactor volume
(Virr) was 6.1 L. The reactor depth, window area (Aw),
and plate thickness were 30 mm, 0.24 m2, and 3.2 mm,
respectively. More details of the reactor configuration
can be found elsewhere (Conte et al. 2012; Farias
et al. 2010).

Procedure

Each experimental run starts when 2,4-D (Aldrich,
98 %) and ferric oxalate solutions are added to the
storage tank. At the beginning of the experimental runs,
the reactor window was covered with an opaque plate to
avoid the entrance of solar radiation. The iron complex
solution was prepared following the methodology de-
scribed by Murov et al. (1993), using potassium oxalate
monohydrate (Carlo Erba, 99.5 %) and FeCl3·6H2O
(Merck). In all cases, the medium pH is adjusted to 5
with a concentrated solution of sodium hydroxide
(1.0 mol L−1, Cicarelli). Finally, hydroxide peroxide so-
lution is added (Carlo Erba, ACS, 30 %). Immediately,
the first sample is taken and then the reactor cover
removed to start the solar reaction. The progress of
the reaction was monitored for 120 min.

6206 Environ Sci Pollut Res (2017) 24:6205–6212

Author's personal copy



For all tests, the 2,4-D initial concentration was
0.136 mM (30 mg L−1), the initial iron concentration
was 0.054 mM (3 mg L−1), and the initial oxalate ion
concentration was 0.54 mM. Different HP/2,4-D molar
ratios (R) on the photo-Fenton process were investigated.

During the experimental runs, the UV and total
broadband solar radiation fluxes incident on the reactor
window were measured by CUV3 and CM11 Kipp and
Zonen radiometers. Reactor temperatures were moni-
tored with thermocouples type J in different positions
of the reactor. In order to improve the quality/quantity
of the collected data associated with the behavior of the
solar reactor (temperature, UV and total radiation, and
pH), a data acquisition board was built. It allows the
on-line recording of the variables mentioned before, in
time intervals in the order of seconds.

Analytical methods

The samples used to determine 2,4-D and 2,4-DCP
were pretreated with methanol (Sintorgan, grade

HPLC) in order to stop the reaction. HPLC (Waters)
with UV-vis detector was used to monitor 2,4-D and
2,4-DCP concentrations using an LC-18 Supelcosil re-
verse phase column (Supelco) and a mobile phase pre-
pared with a mixture of ultrapure water, acetonitrile,
and anhydrous acetic acid (45:50:5). Sodium sulfite
was used in the pretreatment step of the samples for
total organic carbon (TOC) determination using a
Shimadzu TOC-5000A analyzer. A UV-vis CARY 100
BIO spectrophotometer was used for both HP and total
Fe determinations. In the case of HP, a modified
iodometric technique was applied; the measurement
was done at 350 nm. Samples for iron determination
were pretreated with ascorbic acid, and the analysis
was done by means of the colorimetric method with
1,10-phenanthroline at 510 nm. Toxicity measurements
were carried out throughout the photo-Fenton treatment.
For this purpose, Microtox Model 500 Toxicity
Analyser (Strategic Diagnostic Inc.) was used.
Hydrogen peroxide was removed prior to analysis using
catalase (1500 mg L−1 of >2000 U mg−1 bovine liver,
Fluka), and the sample pH was adjusted between 6 and
8.

Preliminary studies

Neutral pH conditions are usually found in contaminat-
ed wastewater. Therefore, it is important to investigate
the feasibility of applying the photo-Fenton process for
pH conditions close to neutrality.

Since iron solubility strongly decreases with increas-
ing pH, the ferrioxalate complex was studied as an iron
source for the process at pH conditions close to 5
(Conte et al. 2012). This pH is the naturally found
value in an effluent where 2,4-D is dissolved (concen-
trations ranging from 20 to 30 mg L−1). For this pur-
pose, the iron-oxalate system speciation was evaluated
for different molar concentration ratios of oxalate/iron
(Ox/Fe). The adopted molar concentration ratio of
oxalate/iron (Ox/Fe) in this work was 10 (greater than
the stoichiometric ratio Ox/Fe = 3). It was demonstrated
that iron precipitation was avoided using this oxalate/
iron ratio. Moreover, under operating conditions of
pH= 5 and Ox/Fe = 10, a molar fraction close to 90 %
of Fe(III)(C2O4)3

3 − was reached (Conte et al. 2016).
Besides, this complex absorbs radiation in the UV-
visible region more efficiently than the aqueous com-
plexes found in the standard Fenton system (De Souza
et al. 2013).

From the previous comments, a kinetic model derived
from a simplified reaction sequence using ferrioxalate as
iron source and conditions of pH=5 was proposed (see

Fig. 1 Scheme of the solar pilot-plant reactor. (1) Storage tank, (2)
recirculation pump, (3) photoreactor, (4) thermocouples, and (5)
radiometers
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Table 1). Here, the experimental runs were performed in
a lab-scale flat plate reactor irradiated with a solar sim-
ulator (Conte et al. 2016).

The effect of the reaction temperature on the behavior of
the system was evaluated from the Arrhenius equation (reac-
tion N1, Table 1). Accordingly, k1 was defined as

k1 ¼ exp A1 þ B1
T−T re f

T

� �� �
, in which A1 = ln(kref,1) = ln(k∞,1)

−E1/ℜTref and B1=E1/ℜTref. In which kref,1 is the kinetic con-
stant for reaction N1 associated to the reference temperature
(Tref = 298 K), k∞,1 is the specific reaction constant at infinite
temperature, E1 is the activation energy, andℜ is the universal
constant of ideal gases.

Among the constants listed in Table 1, only k3, k5,
ΦFe IIð Þ C2O4ð Þ and ΦC2O4

2− were estimated/optimized simul-

taneously within the minimum and maximum values
found in the specific literature. For this purpose, a
Newton Gauss-Marquardt algorithm was used. The re-
maining parameters were taken from the literature
(Conte et al. 2016).

Therefore, the reaction rates expressions obtained for
2,4-D, 2,4-DCP, HP, and Ox by considering the simpli-
fied scheme shown in Table 1 are presented below.

R2;4‐D x; tð Þ
R2;4‐DCP x; tð Þ
RFe IIð Þ C2O4ð Þ x; tð Þ
RFe IIIð Þ C2O4ð Þ3−3 x; tð Þ
RHP x; tð Þ
RC2O4

2− x; tð Þ

2
6666664

3
7777775
¼

RT
2;4‐D tð Þ

RT
2;4‐DCP tð Þ

RT
Fe IIð Þ C2O4ð Þ tð Þ

RT

Fe IIIð Þ C2O4ð Þ3‐3
tð Þ

RT
HP tð Þ

RT
C2O4

2− tð Þ

2
6666666664

3
7777777775
þ
X
λ

eaλ x; tð Þ

0
0

ΦFe IIð Þ C2O4ð Þ
−ΦFe IIð Þ C2O4ð Þ

0
−ΦC2O4

2‐

2
66666664

3
77777775

ð1Þ

Note that Eq. 1 for the six reacting species can be also
written by using the following matrix representation:

R x; tð Þ ¼ RT tð Þ þΦ
X
λ

eaλ x; tð Þ ð2Þ

The first term on the right-hand side of Eq. 1 or 2, which
corresponds to the thermal reaction rate, may be represented
by the matrix expression:

RT
2;4‐D tð Þ

RT
2;4‐DCP tð Þ

RT
Fe IIð Þ C2O4ð Þ tð Þ

RT
Fe IIIð Þ C2O4ð Þ3−3

tð Þ
RT
HP tð Þ

RT
C2O4

2− tð Þ

2
666666664

3
777777775
¼

−k4C2;4‐DCOH•

k4C2;4‐D−k5C2;4‐DCP

� �
COH•

k1C
Fe IIIð Þ C2O4ð Þ3−3

CHP−k2C
Fe IIð Þ C2O4ð ÞCHP

� �

−k1C
Fe IIIð Þ C2O4ð Þ3−3

CHP þ k2C
Fe IIð Þ C2O4ð ÞCHP

� �

−k3CHPCOH•− k1C
Fe IIIð Þ C2O4ð Þ3−3

CHP þ k2C
Fe IIð Þ C2O4ð ÞCHP

� �

−k6CC2O4
2−COH•

2
6666666666664

3
7777777777775

ð3Þ
where

COH• ¼
k1C

Fe IIIð Þ C2O4ð Þ3−3
CHP þ k2C

Fe IIð Þ C2O4ð ÞCHP

k3CHP þ k4C2;4‐D þ k5C2;4‐DCP þ k6CC2O4
2−

" #
ð4Þ

Balance equations for solar reactor

The mass balances and initial conditions for the pilot-plant
solar reactor are given by the following set of first-order, or-
dinary differential equations (in matrix notation):

d
dt

C tð Þ ¼ RT tð Þ þ Virr

V
Φ

X
λ

eaλ x; tð Þ
* +

Virr

ð5Þ

C ¼ C0 t ¼ 0 ð6Þ

Note that the required reaction rate expressions to be re-
placed in Eq. 5 are given by Eqs. 1, 3, and 4.

It is important to note that for the numerical evalua-
tion of the second term on the right-hand side of Eq. 5,
it is necessary to know the value of the local volumetric
rate of photon absorption (LVRPA) at every point inside

Table 1 Simplified reaction scheme of 2,4-D photo-Fenton degradation and optimized kinetic parameters

Number Reaction step Optimized kinetic parameters Units

0
Fe IIIð Þ C2O4ð Þ3‐3 →hν Fe IIð Þ C2O4ð Þ þ CO2 þ 1:5C2O4

2‐ ΦFe IIð Þ C2O4ð Þ ¼ 1:21
mol E−1

ΦC2O4
2‐ ¼ 1:05

mol E−1

1 Fe(III)(C2O4)3
3−+H2O2→Fe(II)(C2O4) + 2C2O4

2 −+OH•+OH−

A1 ¼ −2:76
B1 ¼ 4:37

(–)

2 Fe(II)(C2O4) +H2O2 + 2C2O4
2 −→Fe(III)(C2O4)3

3−+OH•+OH− k2 = 3.10× 10
4 M−1 s−1

3 H2O2 +OH
•→O2

− •+H+ +H2O k3 = 3.76× 10
7 M−1 s−1

4 2, 4 ‐D+OH•→ 2, 4 ‐DCP k4 = 3.00× 10
9 M−1 s−1

5 2, 4 ‐DCP+OH•→ products k5 = 2.38× 10
10 M−1 s−1

6 C2O4
2−+OH•→ products k6 = 7.70× 10

6 M−1 s−1
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the reactor and then to compute the LVRPA averaged
over the reactor volume. The value of the LVRPA de-
fined for monochromatic radiation can be obtained as-
suming that the reactor window is irradiated by direct
beam (eB,λ

a ) and diffuse (eD,λ
a ) solar radiation. Thus, the

spectral LVRPA for the total solar radiation is given by
the following equations:

eaλ x; tð Þ ¼ eaB;λ x; tð Þ þ eaD;λ x; tð Þ ð7Þ

eaB;λ x; tð Þ ¼ κλ tð ÞqB;λ tð ÞYB;λ μið Þexp −κT ;λ tð Þx=μre f

h i
ð8Þ

eaD;λ x; tð Þ ¼ 2κλ tð ÞqD;λ tð ÞYD;λ μið ÞE κT ;λ tð Þ; x� � ð9Þ

where qB,λ and YB,λ are the spectral direct beam radiation
flux and transmittance, qD,λ and YD,λ are the spectral
diffuse radiation flux and transmittance, κλ is the spec-
tral volumetric absorption coefficient of the absorbing
species, and κT,λ is the total absorption coefficient of
the reacting medium. Besides, μref is the cosine of re-
fraction angle, μi the cosine of incident angle, and
E(t,x) is the second-order exponential integral function
(Siegel and Howell 2002). Further details related to the
calculation of the different terms involved in Eqs. (8)
and (9) can be found elsewhere (Conte et al. 2012).

Moreover, to solve Eqs. 8 and 9, it is considered that
Fe(III)(C2O4)3

3 − is the dominant ferric species at pH
close to 5, and that the radiation absorption of HP and
complex ferrous iron is negligible for wavelengths
greater than 300 nm. Consequently,

κT ;λ tð Þ ¼
X

i

αi;λCi tð Þ≅αFe IIIð Þ C2O4ð Þ3−3 ;λC Fe IIIð Þ C2O4ð Þ3−3 tð Þ ð10Þ

In Eq. 10, the molar absorptivity of the main absorbing
species (αFe IIIð Þ C2O4ð Þ3−3 ) is a function of the wavelength λ.

These coefficients were determined experimentally (Conte
et al. 2014 and 2016).

Since the solar radiation and the optical properties of the
reactants are functions of wavelengths, integration over all the
useful wavelengths must be performed to compute ea(x, t):

ea x; tð Þ ¼
Z λmax

λmin

eaλ x; tð Þdλ≅
X
λ

eaλ x; tð Þ ð11Þ

It is important to emphasize that the solar reactor is
able to capture the UV/visible and near-infrared solar
radiation, yielding important temperature increases dur-
ing an experimental run. This fact can be beneficial
from the reactor performance point of view, due to the
positive effects on the thermal (Fenton) reaction rate.
Consequently, a thermal energy balance must be written
and solved to evaluate these temperature increases.

So the thermal energy balance and the initial condition for a
solar reactor placed inside the loop of a batch recycling system
is given by the following equations:

d
dt

T tð Þ ¼ ΩAcqT tð Þ−Γ T−Ta tð Þ½ � þ K ð12Þ

T ¼ T0 t ¼ 0 ð13Þ
in which Ω= 9.10 × 10− 5 ºC J− 1, Γ= 5.39 × 10− 6 s− 1, and
K=8.28×10− 4 ºC s− 1 are the thermal parameters associated
with the operation of the experimental device (Conte et al.
2012).

Although qT and Ta are usually a function of time, no sig-
nificant temporal variation was experimentally observed dur-
ing the course of the reaction (the run duration is equal to 2 h).
This is associated with the fact that the tests were conducted
during similar summer conditions and were initiated at the
same local standard time.

Results and discussion

Experimental results

Table 2 presents the experimental runs that were performed in
order to evaluate the degradation of 2,4-D in the pilot-plant
solar reactor. Furthermore, the herbicide conversions are
shown at 30 min (X2,4 ‐D

30 ) and 60 min (X2,4 ‐D
60 ), as well as the

reached mineralization levels at 120 min (XTOC
120 ).

As it can be seen, the obtained herbicide conversions are
close to 100 % in just 60 min of reaction in the three experi-
mental runs. On the other hand, the mineralization levels after
120 min present a maximum of only 73.8 % for condition of
R=28.5. At this point, it is considered appropriate to empha-
size that, for the process under study, total mineralization of
the system is not desired since it would imply the complete
destruction of the ferrioxalate complex. This fact would limit
the effectiveness of the process due to the consequent precip-
itation of iron. However, it is intended to destroy the reaction
intermediates generated from degradation of the herbicide,
since they influence the toxicity of the system (mainly 2,4-
DCP).

Table 2 2,4-D conversions at different experimental conditions in the
solar reactor*

Nº R X2,4 ‐D
30 (%) X2,4 ‐D

60 (%) XTOC
120 (%)

1 7 79.7 98.8 55.6

2 28.5 78.6 100 73.8

3 50 57.3 91.5 62.7

*The start time of the experiments was 12.0 LST
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Model and experimental results

Since the mass and energy balances are coupled, a resolution
procedure was performed in four steps: (i) calculation of the
direct and diffuse solar radiation spectrum incident on the
reactor window, (ii) computation of the spectral LVRPA
(Eqs. 7–9), (iii) evaluation of the reaction rate associated to
each reactive species (Eqs. 1, 3, and 4), and (iv) calculation of
the temporal variations of the reactive species concentrations
(Eqs. 5 and 6) and the reaction temperature (Eqs. 12 and 13).

The simulation of the total and UV/Vis solar radiation in-
cident on the reactor was done with the SMARTS2 code. For
this purpose, it was necessary to know or estimate atmospher-
ic parameters present at the time of each of the experimental
runs (Conte et al. 2012). Although direct and diffuse solar
radiations are a function of time (by the variation of the solar
zenith angle), their corresponding values at 60 min of reaction
(LTS 13.0) were considered.

Table 3 presents the obtained increments of temperature
(t=120 min), the UVand total radiation level experimentally
measured (qUV

exp and qTot
exp), and the same parameters estimated

by the SMARTS2 code (qUV
est and qTot

est , t=60 min). In addition,
the incident total radiation flux qTot

inc (direct and diffuse radia-
tion) over the reaction surface between 300 and 500 nm was
presented.

Firstly, it is important to highlight the correct simulation
results achieved for the atmospheric conditions present in each
of the runs. This is demonstrated with the minimum differ-
ences found between the experimental values acquired with
the radiometers and the estimated values of UV and total ra-
diation. Furthermore, the calculated qTot

inc values are in the same
order as those used in the lab-scale reactor which was applied
by Conte et al. (2016).

Figure 2 shows model predictions and experimental data of
the temporal evolutions of 2,4-D, 2,4-DCP, HP, and Ox con-
centrations for the runs shown in Table 3. For 2,4-D, HP, and
Ox, the relative concentrations are defined using the corre-
sponding initial concentration of each species, while for the
2,4-DCP, the initial concentration of 2,4-D was employed. In
addition, the maximum experimental errors associated with
the determinations of 2,4-D (7.28 × 10−4 mM), 2,4-DCP
(8.65 × 10−4 mM), HP (1.97 × 10−1 mM for the range 0–
2.94 mM HP and 2.52 × 10−1 mM for the range 2.94–

8.82 mM HP), and Ox (3.19 × 10−2 mM) were presented
(Miller and Miller 2002).

The root mean-square error (RMSE) was used to evaluate
the differences between the experimental concentrations of the
reactive species and the corresponding values of the proposed
model. For 2,4-D, 2,4-DCP, HP, and Ox concentrations, the
calculated RMSE were 3.61×10−2, 5.91×10−3, 2.16×10−1,
and 2.45×10−2 mM, respectively.

Firstly, it is important to note the strong influence of radi-
ation on the process. For conditions of Fig. 2a (Tables 2 and 3,
N=1) where the concentration of HP employed was the low-
est and qTot

inc maximum (also maximum ΔT120 =14.1 ºC), the
highest X2,4 ‐D

30 (79.7 %) was reached after 30 min. Also, for
these conditions, the total destruction of the herbicide was
attained in just 60 min of reaction (X2,4 ‐ D

60 = 98.8 %).
Whereas for conditions of Fig. 2c (Tables 2 and 3, N=3)
where the qTot

inc was minimum, only X2,4 ‐D
30 =57.3% were ob-

tained. In addition, for R=28.5, the herbicide conversions
levels achieved were significant (X2,4 ‐ D

30 = 78.6 % and
X2,4 ‐D
60 =100%).
On the other hand, it is important to analyze the conversion

levels achieved for TOC after 120 min of reaction. Here, the
concentration of the oxidizing agent employed has an impor-
tant role. For R=50 and R=28.5, the XTOC

120 obtained were
12.75 and 32.75 %, respectively, higher than that achieved
for conditions of R=7 (Table 2). Note that for t=120 min,
HP consumption associated with this test has been close to
95 %. Consequently, the concentration of the oxidizing agent
remaining in the system is too low to achieve a higher level of
mineralization.

The bioassay Microtox® was applied (see Fig. 3) in
order to study the toxicity evolution of the system for
conditions of run N=2 and N=3 (Table 3). At the initial
time, a similar percentage of luminescence inhibition
was observed (45.50 % for run N=2 and 44.25 % for
run N=3). At this point, the toxicity is attributed to the
presence of 2,4-D and ferrioxalate. The maximum level
of inhibition was observed between t = 15 min and
t= 30 min (50 and 75 % of inhibition), which is related
to the appearance of 2,4-DCP in the system. For condi-
tions of R= 28.5, the residual percentage of inhibition at
120 min is 8.05 %, which is in accordance with the
disappearance of 2,4-D at 60 min and destruction of

Table 3 UVand total radiation levels experimentally measured and estimated

Nº R ΔT120 (°C) qUV
exp

(W m−2)
qUV
est

(W m−2)
qTot
exp

(W m−2)
qTot
est

(W m−2)
qTot
inc

(E cm−2 s−1)

1 7 14.1 39.6 38.5 1098.5 1078.8 1.26× 10−7

2 28.5 11.3 35.5 35.2 970.7 987.6 9.92× 10−8

3 50 9.4 30.1 31.4 825.2 834.8 7.72× 10−8
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2,4-DCP at 120 min. In the case of the experiment
carried out using a higher concentration of oxidizing
agent (R = 50), the inhibition percentage begins to

decrease with respect to the initial inhibition at 90 min
(27.71 %), reaching a value of 18.50 % at 120 min.
This residual toxicity could be also attributed to other
compounds present in solution along with 2,4-DCP.
Thus, formation of other intermediates during the herbi-
cide degradation, such as chlorohydroquinones or
chlorobenzoquinones, should receive larger attention.

Conclusions

The solar photo-Fenton degradation of the herbicide 2,4-D at
pH close to natural conditions was evaluated using
ferrioxalate complex as the iron source. Here, a kinetic model
validated in a previous contribution was used to predict the
reactant concentrations during the oxidation process in a pilot-
plant solar reactor.

The influence of the irradiation level, temperature (T), and
hydrogen peroxide to 2,4-D initial concentration ratio (R) on
the photo-Fenton process was also investigated. For a low
concentration of hydrogen peroxide (HP) and maximum inci-
dent radiation (also maximum ΔT120=14.1 ºC), the highest
X2,4 ‐D
30 (79.7 %) was reached after 30 min. However, for these

conditions, the XTOC
120 was only about 55.6 %. Note that for

t=120 min, HP consumption has been close to 95 %. In ad-
dition, for R=28.5, the herbicide conversions levels achieved
were significant (X2,4 ‐D

30 =78.6% and X2,4 ‐D
60 =100%).

It was shown that T and R strongly influence the herbicide
conversion percentage. In the case of the reaction temperature,
better degradation results were obtained when the highest
values of T were reached. Furthermore, the pilot-plant solar
reactor took advantage of the IR portion of solar energy, which
heated the solutions without any additional cost. On the other
hand, an intermediate level of the oxidizing agent concentra-
tion should be chosen; it was found that Rmust be higher than
the stoichiometric value, but an excess of HP could produce a
scavenging effect, reducing the catalytic activity.

C
/C

i

t (min)

(a)

C
/C

i

t (min)

(c)

C
/C

i

t (min)

(b)

Fig. 2 Predicted (solid line) and experimental (symbol) relative
concentrations versus time, for C0

2;4‐D ¼ 0:13mM; C0
C2O2‐

4
¼ 0:54mM

and C0
Fe3þ ¼ 0:054mM. (a) R= 7; Ta= 35 °C. (b) R= 28.5; Ta= 33 °C.

(c) R = 50; Ta = 30 °C. Symbols: 2,4-D (black circle), 2,4-DCP (red
diamond), HP(blue square) and C2O4

2−(green triangle)

Fig. 3 Percentage of luminescence inhibition versus time. Keys:R= 28.5
(black circle) and R= 50 (blue square)
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ForR=28.5, the residual percentage of inhibition at 120min
was only 8.05 %. However, for R=50 (X2,4 ‐D

30 =57.3% and
X2,4 ‐D
60 = 91.5%), the residual percentage of inhibition at

120 min was still higher (18.50 %). This residual toxicity could
also be attributed to other compounds present in solution along
with 2,4-DCP.
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