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ABSTRACT: A theoretical and experimental study of a pilot-plant solar reactor for the photo-Fenton degradation of the
herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) in aqueous solution is presented. Initially, a kinetic model is proposed to
obtain the reaction rates of 2,4-D, the main intermediate (2,4-dichlorophenol), and the hydrogen peroxide. The kinetic
study was performed in a well-stirred tank laboratory reactor. The effects of ferric salt initial concentrations, hydrogen
peroxide to 2,4-D initial concentration ratios, reaction temperatures, and radiation levels are studied. The proposed kinetic
model and the experimental data are used to estimate the kinetic parameters, applying a nonlinear regression procedure. Afterward,
the kinetic model is used to predict the reactant concentrations during the photo-Fenton degradation in a pilot-plant solar reactor
designed to capture the UV/visible/IR solar radiation. The solar reactor was able to reach a complete degradation of the 2,4-D and
2,4-dichlorophenol after 60 min, and a total organic carbon conversion of 98.9% after 210 min.

1. INTRODUCTION
Advanced oxidation processes (AOPs) are based on the
generation of reactive species such as hydroxyl radicals, which
are able to oxidize and mineralize a great variety of toxic and
nonbiodegradable compounds as a result of their high reactivity
and low selectivity. Particularly, the photo-Fenton process is
useful to destroy several pollutants such as biologically
nondegradable compounds that cannot be eliminated by
means of well-known wastewater treatments.1 This reaction
produces highly oxidant species from the combination of iron
salts with hydrogen peroxide under artificial or sunlight UV−
visible radiation.2 It is known that high temperatures can increase
the dark or Fenton reaction rate.3−5 It has been also reported
that the degradation intermediates of aromatic compounds, such
as quinone and hydroquinone intermediates, can enhance the
production of ferrous species through dark reactions.6−9

Several attempts have been made employing sunlight
as a source of energy to investigate the photo-Fenton
remediation of wastewater containing a variety of toxic com-
pounds.10−12 Using this process, the degradation of several
aqueous organic compounds has been recently investigated:
persistent pharmaceuticals,13,14 commercial pesticides,15−17 non-
biodegradable azo dyes,18 and emerging contaminants at low
concentrations,19 among others.
As a result of agriculture activities, large volumes of water

containing high quantities of pesticides are generated by the
cleaning processes of irrigation equipments and empty
containers, producing a negative environmental impact. One
of the pesticides frequently employed in the control of broadleaf
weeds is 2,4-dichlorophenoxyacetic acid (2,4-D); it is one of the
most widely used herbicides that is known to be have a high level
of toxicity. Its relatively high solubility in water facilitates its

migration to natural courses, where it may last for several weeks
due to its long mean lifetime.
The photo-Fenton solar process was successfully applied

to treat water containing a variety of agrochemicals coming
from these agriculture activities.10 Very recently, a new pilot-
plant solar reactor for the photo-Fenton treatment of a
model pollutant (formic acid) in aqueous solution was pre-
sented.20 This hybrid unit was designed and built to capture the
UV/visible and near-infrared solar radiation, yielding higher
degradation rates of the model compound. An experimental
temperature increase up to 25 °C was obtained with this solar
reactor at the end of the irradiated runs (480 min). Also, for a re-
action time of 180 min and a low iron concentration of 3.4 ppm,
the authors found that the combined effect of the photochemical
and thermal solar radiation was able to degrade 98.2% of the
initial pollutant concentration.
The aim of this work is to study the photo-Fenton

degradation of the herbicide 2,4-D in aqueous solution, using the
new pilot-plant solar reactor. First, a kinetic model derived from
a reaction sequence is proposed; this model was employed to
predict the concentrations of the 2,4-D, the main intermediate
2,4-dichlorophenol (DCP), and the hydrogen peroxide in an
isothermal, well-stirred tank laboratory reactor irradiated from
the bottom. Using the kinetic model results and the experimental
data, the corresponding kinetic parameters were estimated
between 20 and 50 °C, for low ferric iron concentrations and
different hydrogen peroxide to 2,4-D initial molar ratios. After-
ward, the kinetic model was employed to predict the reacting
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species concentrations during the photo-Fenton degradation in
the pilot-plant solar reactor, under different experimental
conditions. Finally, predicted and experimental species concen-
trations, reaction temperatures, and UV and total broadband
solar radiation fluxes as a function of time, were compared.

2. KINETIC MODEL

The proposed kinetic model for the Fenton and photo-Fenton
degradation of 2,4-D is based on the reaction sequence reported
by Sun and Pignatello,21,22 Brillas et al.,23 and Pignatello et al.2 The
reaction scheme is illustrated in Table 1.

The degradation rate expressions of 2,4-D, its main intermediate
DCP, and hydrogen peroxide (P) are derived from the following
assumptions: (i) radical−radical termination reactions are neglected
as compared with the propagation reactions; (ii) reaction of
hydroxyl radical with Fe(II) is neglected due to the low ferric ion
concentrations;2 (iii) reaction step 5 is slow compared to others of
HO2

• and can be neglected;2 (iv) reaction of hydroxyl radical with
quinone intermediates (QH2) is neglected as compared with
Fe(III) reactions;9 (v) steady-state approximation (SSA) may be
applied for highly reactive radicals, such as OH• and QH•; (vi) the
ferrous ion and quinone intermediate concentrations are very low;
and (vii) the oxygen concentration is always in excess. With these
assumptions, the following reaction rate expressions can be derived
(Appendix A):
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In eq 1, the following kinetic parameters have been defined:
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Note that eq 1 for the three reacting species can be written by
using the following matrix representation:
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The first term on the right-hand side of eq 1 or 4, which
corresponds to the thermal reaction rate, may be represented
by the matrix expression
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In eq 5, the following kinetic parameter has been defined:
K1 = k1.

3. LABORATORY PHOTOREACTOR
3.1. Reactor Model. Kinetic studies were performed in an

isothermal, well-stirred tank reactor irradiated from the bottom.
The mass balance is given by the following set of first-order,
ordinary differential equations

Γ= + Φ̅ ⟨ ⟩
t

t t e x tC R
d
d

( ) ( ) ( ) ( )V
T

Fe(II)
a

R (6)

with the initial conditions

= =tC C 00 (7)

Note that the required reaction rate expressions to replace in
eq 6 are given by eqs 1−3 and 5.
For the numerical evaluation of the second term on the right-

hand side of eq 6, it is necessary to know the value of the local
volumetric rate of photon absorption (LVRPA) at every point
inside the reactor and then to compute the LVRPA averaged
over the reactor volume. Following the assumptions proposed
by Alfano et al.24 for a similar laboratory photoreactor, a one-
dimensional radiation field model has been used in this work to
calculate the monochromatic LVRPA as a function of the
spatial coordinate x. Thus,

= κ −κλ λ λ λe x q f x( ) exp( )a
w T, (8)

Here qw is the spectral net radiation flux at the reactor wall, fλ is
the normalized spectral distribution of the lamp output power,
κλ is the volumetric absorption coefficient of the reacting
species, and κT,λ is the volumetric absorption coefficient of the
medium.
To solve eq 8, it is considered that Fe(OH)2+ is the ferric

species dominant at pH 325 and that the radiation absorption of

Table 1. Reaction Scheme for 2,4-D Degradation

number reaction step constant

0 Fe(III) + H2O → Fe(II) + OH• + H+ ΦFe(II),λ

1 Fe(III) + H2O2 → Fe(II) + H+ + HO2
• k1

2 Fe(II) + H2O2 → Fe(III) + OH− + HO• k2
3 H2O2 + HO• → HO2

• + H2O k3
4 Fe(II) + HO•→Fe(III) + OH− k4
5 H2O2 + HO2

• → HO• + H2O + O2 k5
6 2HO• → H2O2 k6
7 2HO2

• → H2O2 + O2 k7
8 HO2

• + HO• → H2O + O2 k8
9 Fe(III) + HO2

• → Fe(II) + H+ + O2 k9
10 Fe(II) + HO2

• + H+ → Fe(III) + H2O2 k10
11 2,4-D + HO• → DCP k11
12 DCP + OH• → QH2 k12
13 QH2 + HO• → products k13
14 QH2 + Fe(III) → Fe(II) + QH• + H+ k14
15 QH• + Fe(III) → Q + Fe(II) + H+ k15
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hydrogen peroxide and ferrous ion is negligible for wavelengths
greater than 300 nm. Consequently,

∑κ = α ≅ αλ λ λ+ +C C
i

i iT, , Fe(OH) , Fe(OH)2 2
(9)

Here, the molar absorptivity of the absorbing species [αFe(OH)
2+]

is a function of the wavelength λ.
Since the lamp output power and the optical properties of

the reactants are functions of wavelength, an integration over all
the useful wavelengths must be performed to compute ea(x):
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3.2. Experiments. The employed apparatus was an
isothermal, well-stirred tank photoreactor, irradiated from the
bottom with a low-pressure mercury-vapor fluorescent lamp
(Philips TL 40W/09 N) placed at the focal axis of a parabolic
reflector. More details on this laboratory photoreactor can be
found elsewhere.26

For the experimental design, a D-optimal design method was
adopted, and the following operating variables were considered:
(i) reaction temperatures, T (°C) = [20, 50]; (ii) iron salt
concentrations, CFe

3+0 (ppm) = [1, 5]; (iii) hydrogen peroxide to
2,4-D initial concentration ratios, R = [7, 50]; and (iv) three
irradiation levels, Rad = [0, 0.5, 1]. To avoid the precipitation
of iron compounds during the experimental runs, low iron
concentrations (≤5 ppm) and reaction temperatures (≤50 °C)
were employed in the present work.27,5 These working variables
are coded as X1, X2, X3, and X4, respectively. A quadratic model
with interactions and a minimum number of experimental runs
was adopted. The following grid and restrictions were selected

= − =
⎡
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⎤
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16
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where

= −X [ 1 0 1]4 (12)

Table 2 shows the coded variables and operating conditions
for the experimental runs, for a 2,4-D initial concentration of
0.13 mM and pH 3. The percent conversion of 2,4-D after a re-
action time t = 30 min and of the total organic carbon (TOC)

at t = 120 min are also presented. For experiments at
intermediate irradiation level, a specially constructed neutral
density filter made of UVA transparent thin films was placed
between the emitting system and the bottom of the reactor.28

The experimental procedure began when ferric sulfate (Carlo
Erba, RPE) and 2,4-D (Merck, 99%) solutions were added to
the reactor with distilled water, and concentrated sulfuric acid
was used to adjust pH to 3. A shutter located between the
illuminating system and the reactor bottom helped to obtain
the specified working conditions of temperature and lamp
operation. Then, hydrogen peroxide (Carlo Erba, ACS, 30%P)
solution was added to the reactor and the first sample was
withdrawn (reaction time equal to zero). Finally, the shutter
was removed to start the irradiated experiments.
As soon as the sample was withdrawn, the Fenton reaction

was stopped instantaneously by adding methanol. Then, 2,4-D
and its reaction intermediates were analyzed by HPLC using a
Waters chromatograph equipped with a LC-18 Supelcosil
reversed phase column (Supelco). The eluent was a binary mix-
ture of distilled water (containing 1% v/v acetic acid) and
acetonitrile in proportion 50:50.29 The eluent flow rate was
1 cm3 min−1. Detection was done at 236 and 280 nm. Hydro-
gen peroxide was analyzed with a modified iodimetric tech-
nique and ferrous ions with absorbance measurements of the
Fe(II)−phenantroline complex. In addition, total carbon
measurements were performed by employing a Shimadzu
TOC-5000A analyzer.

3.3. Evaluation of the Kinetic Parameters. An
optimization procedure was employed to provide the values
of parameters that minimize the differences between model
predictions and experimental data of 2,4-D, DCP, and hydro-
gen peroxide concentrations. The theoretical values were
obtained solving the system of ordinary differential equations
presented in section 3.1.
To compute the radiation field inside the photoreactor, the

net radiative flux at the reactor bottom was evaluated by ferrio-
xalate actinometry.30 From these experiments, the following
values were determined: qw = 15.9 neinstein cm−2 s−1 (high
irradiation level) and qw = 5.41 neinstein cm−2 s−1

(intermediate irradiation level). The spectral data for the
molar absorptivity of the absorbing species (αFe(OH)2+) were
obtained from Faust and Hoigne,́25 and the normalized spectral

Table 2. Coded variables, operating conditions and percent conversions of 2,4-D (t = 30 min) and TOC (t = 120 min)

coded variables

N X1 X2 X3 X4 T (°C) CFe(III)
0 (ppm) R Rad X2,4‑D

30 (%) XTOC
120 (%)

1 −1 1 0 −1 20 5 28.5 0 42.3 20.0
2 −1 0 −1 −1 20 3 7 0 22.1 12.0
3 −1 −1 −1 −1 20 1 7 0 3.5 12.8
4 −1 −1 1 −1 20 1 50 0 5.5 5.8
5 −1 −1 0 1 20 1 28.5 1 81.4 88.0
6 −1 1 1 1 20 5 50 1 100 83.7
7 −1 1 −1 1 20 5 7 1 97.5 73.7
8 1 −1 0 −1 50 1 28.5 0 96.7 36.6
9 1 1 −1 −1 50 5 7 0 100 46.2
10 1 1 1 −1 50 5 50 0 100 34.6
11 0 −1 −1 1 35 1 7 1 100 50.5
12 1 1 0 1 50 5 28.5 1 99.2 85.6
13 1 −1 1 1 50 1 50 1 99.6 86.9
14 0 −1 1 0 35 1 50 0.5 79.8 78.2
15 1 −1 −1 0 50 1 7 0.5 100 47.4
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distribution of the lamp output power ( fλ) was provided by the
lamp manufacturer.
According to Schwaab and Pinto,31 to preserve a statistic

meaning of the correlation, a linear regression should not be
applied. Consequently, in this paper the Arrhenius equation
was introduced in the reaction rate expressions, and all the
kinetic parameters were estimated simultaneously by using the
whole set of experimental data. Specifically, a nonlinear,
Newton Gauss−Marquardt optimization algorithm was applied
to estimate the Arrhenius parameters: the frequency (or pre-
exponential) factor and the activation energy.5 On the other
hand, to avoid the high parameter correlation between the pre-
exponential factors and the activation energies, and the com-
putational effort required to minimize the objective function, a
reparameterization of the Arrhenius equation and definition
of a reference temperature (Tref = 308 K) was employed.31,5

Thus, K1 was defined as

= +
−⎜ ⎟

⎡
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The parameters of the reparameterized equation can be
related to the parameters of the conventional Arrhenius
equation by
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where Kref is the kinetic constant at the reference temperature.
Estimated values of the kinetic parameters are shown in

Table 3. The differences between computed results and

experimental data were calculated by means of the root-
mean-square error (RMSE); for 2,4-D, DCP and hydrogen
peroxide concentrations they were 1.16 × 10−2 , 0.78 × 10−2,
and 0.38 mM, respectively.
Figure 1 presents model predictions and experimental data of

the time evolution of 2,4-D, DCP, and hydrogen peroxide
relative concentrations for experiments at 20 °C and for C2,4‑D

0 =
0.13 mM. When Figure 1a for CFe(III) = 5 ppm and R = 28.5 is
compared with Figure 1b for CFe(III) = 1 ppm and R = 50, an
important 2,4-D conversion decrease is observed for the
Fenton reaction; for example, X2,4‑D at t = 30 min was 42.3%
and 5.5%, respectively (see Table 2, runs 1 and 4). Here it
should be stressed the important effect of the ferric ion initial
concentration on the Fenton reaction at low temperatures
(20 °C); also note that the positive effect produced by a higher
ferric ion concentration could not be counterbalanced by the
corresponding increase of the molar ratio R from 28.5 to 50.
On the other side, a significant 2,4-D conversion enhance-

ment is obtained in Figure 1c for the photo-Fenton system
(run 5). A pollutant conversion of 81.4% after 30 min is ob-

served for the lowest ferric salt concentration (CFe(III) = 1 ppm),
an intermediate hydrogen peroxide to pollutant concentration
ratio (R = 28.5), and the lowest temperature (20 °C). In
addition, Figure 1c shows an almost complete degradation of
2,4-D after 60 min.
Predicted and experimental results for Fenton and photo-

Fenton reactions are also represented in Figure 2. It shows a
3-D plot of 2,4-D conversion at t = 30 min as a function of the
reaction temperature and ferric ion concentration, for the

Table 3. Estimated Values of Kinetic Parameters

reparameterized parameters parameters

A1 −0.355 ±0.014 K∞,1 0.707 M−1 s−1

B1 32.67 ±1.000 E1 83.66 kJ mol−1

ln(KIII) −3.324 ±0.046 KIII 0.036
ln(KDCP) 2.073 ±0.461 KDCP 7.951
ln(Φ̅Fe(II)) −1.439 ±0.058 Φ̅Fe(II) 0.237 mol einstein−1

Figure 1. Predicted (lines) and experimental (symbols) relative
concentrations vs time, for C2,4‑D

0 = 0.13 mM and 20 °C: (a) Fenton
reaction, R = 28.5 and CFe(III) = 5 ppm; (b) Fenton reaction, R = 50
and CFe(III) = 1 ppm; and (c) photo-Fenton reaction, R = 28.5 and
CFe(III) = 1 ppm. Keys for experimental concentrations: 2,4-D (◇),
DCP (□) and hydrogen peroxide (Δ); Fenton (◇, □, Δ), photo-
Fenton (◆, ■, ▲).
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lowest (7) and highest (50) values of R. Notice that, for low
and intermediate reaction temperatures, the photo-Fenton
reaction always produces a 2,4-D conversion higher than that
achieved for the Fenton (or dark) reaction. However, as
temperature is increased, the differences between Fenton and
photo-Fenton conversions of 2,4-D are noticeably reduced; for
instance, at T = 50 °C, R = 50, and CFe(III) = 5 ppm, these 2,4-D
conversion differences are insignificant.
For the photo-Fenton reaction, it is noted that for the highest

hydrogen peroxide to pollutant concentration ratio (R = 50)
and lower temperatures and ferric ion concentrations, the 2,4-D
conversion is lower than that obtained with R = 7. In this case,
the hydrogen peroxide acts as a radical trapping agent, thus
competing with the pollutant degradation path and rendering
lower degradation rates2 (Table 1, reaction step 3).
However, when T and CFe(III) are increased for R = 50, the

pollutant conversion is increased up to 100%.

4. PILOT-PLANT SOLAR REACTOR
4.1. Reactor Model. The solar experimental runs were

performed in a pilot-plant solar reactor placed inside a batch
recycling system that has a high-flow-rate centrifugal pump and
a storage tank (Figure 3). Mass and thermal energy balances as
well as its initial conditions are represented by the following
expressions:20

= ⟨ ⟩ +
−

t
V
V

x t
V V

V
tC R R

d
dt

( ) ( , ) ( )V
irr irr T

irr (16)
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= Ω − Γ − + Κ
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T t A q t T T t
d
d

( ) ( ) [ ( )]c T a (18)

= =T T t 00 (19)

In eq 16, the first term on the right-hand side gives the
degradation of the three reacting species (2,4-D, DCP, and P)
produced by the irradiated (or photo-Fenton) reaction while
the second one represents the decomposition of the same
species generated by the nonirradiated (or Fenton) reaction.
The required reaction rate expressions to be replaced in this
equation are given by eqs 1−3 and 5.
The temperature evolution in the solar reactor is predicted

by solving eqs 18 and 19, where T and Ta are the system and

ambient air temperatures, Ac is the reactor window area, and qT
is the total broadband solar radiation flux incident on the
reactor wall.20 To take into account the variation of the solar
zenith angle during the experimental runs, it should be noted
that qT is a function of time. In eq 18, the thermal energy para-
meters are defined by

Ω =
η

Γ =
+

Κ =
C C

Q
C

,
(UA) (UA)

,o

T

Tk R

T

P

T
(20)

Here ηo is the optical efficiency, (UA)R and (UA)Tk are the
reactor and tank effective heat loss coefficients, QP is the
constant heat input from the circulation pump, and CT is the
effective heat capacity of the reactor−tank system.
For the evaluation for the spectral LVRPA, it was assumed

that the window of the reactor was irradiated with direct beam
and diffuse solar radiation and that only radiation absorption in
the reacting medium took place. Thus, the spectral LVRPA
corresponding to the total solar radiation is given by

= +λ λ λe x t e x t e x t( , ) ( , ) ( , )a
B,
a

D,
a

(21)

where the direct beam (B) and diffuse (D) spectral LVRPA
expressions are represented by

= κ Υ μ −κ μλ λ λ λ λe x t t q t t x( , ) ( ) ( ) ( ) exp[ ( ) / ]iB,
a

B, B, T, ref

(22)

= κ Υ κλ λ λ λ λe x t t q t E x t( , ) 2 ( ) ( ) [ , ( )]D,
a

D, D, (23)

Figure 2. Predicted (surfaces) and experimental (symbols) 2,4-D
conversions after 30 min vs reaction temperatures and ferric iron
concentrations, for R = 7 and 50. Keys: Fenton (open symbols),
photo-Fenton (filled symbols), R = 50 (circles), R = 7 (diamonds).

Figure 3. View of the pilot-plant solar photoreactor.
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In eqs 22 and 23, qB,λ and ΥB,λ are the direct beam radiation flux
and transmittance for a given wavelength, qD,λ and ΥD,λ are the
diffuse radiation flux and transmittance for a given wavelength,
κλ the spectral volumetric absorption coefficient of the
absorbing species, κT,λ the total absorption coefficient, and
μref and μi are the cosines of refraction and incident angles. In
addition, in eq 23, E(x,t) is the second-order exponential
integral function.
The spectral direct beam transmittance is computed from:32

Υ μ =
Υ μ Υ μ′
− μ μ′λ

λ λ

λ λ
( )

( ) ( )

1 ( ) ( )i
i i

i i
B,

1, 2,

1, 2, (24)

where Υi,λ and λi , (i = 1, 2) are the direct beam transmittance
and reflectance for each plate:

Υ =
τ μ − ρ − ρ

− τ μ ρ ρ
λ

λ
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2
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In eqs 25−27, ρnm and ρuv are the interface reflectivities and e is
the plate thickness.
Finally, the spectral diffuse transmittance in eq 23 can be

estimated as the spectral direct beam transmittance for a solar
zenith angle equal to33 60°:

Υ = Υ μ = °[ cos(60 )]iD B (28)

4.2. Experiments. The nonconcentrating solar photo-
reactor is able to capture the UV/visible and near-infrared
solar radiation34 (Figure 3). 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 radiation, and makes use of this
absorbed radiation for the pollutants degradation.
At the beginning of the experimental runs, the reactor

window was covered with an opaque plate to avoid the
entrance of solar radiation. Then ferric sulfate and 2,4-D
aqueous solutions were added to the tank, and the pH was
adjusted at 3.0. After that, the hydrogen peroxide solution was
added to the tank and the first sample was withdrawn. Then,
the reactor cover was removed to start the solar reaction.
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 in different positions of the reactor were
monitored with type J thermocouples. Besides, 2,4-D, DCP,
TOC, hydrogen peroxide, and ferrous ions concentrations were
analyzed with the procedure described in section 3.2.
Table 4 summarizes the operating conditions employed for

irradiated and nonirradiated typical experimental runs to
degrade 2,4-D in this photoreactor.
4.3. Predicted and Experimental Results. The model

equations of the solar reactor were solved considering four
computational steps for each value of the zenith angle: (i)
computation of the spectral direct beam and diffuse solar
radiation incident at the reactor window, (ii) evaluation of the
spectral LVRPA (eqs 21−28), (iii) evaluation of the reaction

rate for each of the reactant species (eqs 1 −3 and 5), and (iv)
calculation of the 2,4-D, DCP, and H2O2 concentrations and
reaction temperatures as a function of time (eqs 16−19). For
the numerical solution, the Simple Model for the Atmospheric
Radiative Transfer of Sunshine (SMARTS2) code35 is called in
every loop of the algorithm. In this way, the variations of the
direct beam and diffuse solar radiation fluxes with the solar
zenith angle are taken into account. More details on the
numerical algorithm can be found in Farias et al.20

The SMARTS2 code predictions of the UV/visible and total
solar radiation were obtained in Santa Fe, Argentina (31°39′ S,
60°43′ W, 8 m above sea level), on an inclined north-facing
surface. The following input variables were considered to
characterize the main atmospheric conditions: (i) the turbidity
coefficients β of the Angstrom’s turbidity formula were equal to
0.055 and 0.085; (ii) the wavelength exponents α1 and α2 for
the Angstrom approach were adopted from a reference rural-
aerosol model tabulated for different relative humidities;35 (iii)
a value of 0.815 was adopted for the aerosol single scattering
albedo for the UV/visible wavelength range (280−450 nm),
and a value of 0.95 was adopted for the total wavelength
range;36 and (iv) an aerosol asymmetry factor equal to 0.65 was
assumed for any wavelength.37

Table 5 summarizes the pilot-plant reactor, solar radiation,
optical, and thermal energy parameters used to solve the
reactor model.
Figure 4 depicts a 3-D representation of typical computed

results of LVRPA for a zenith angle equal to 28°, as a function
of the ferric ion concentrations and the position x inside the
solar reactor. As is shown in the figure, the photon absorption
rate presents a marked variation along the x-coordinate for
higher Fe(III) concentrations. For example, for an initial ferric
ion concentration CFe

3+0 = 5.0 ppm, approximately 53% of
the solar radiation is absorbed for a reactor thickness equal
to 30 mm.
Experimental results for irradiated (runs 1−3) and non-

irradiated (run 4) experiments are presented in Table 4.
Conversions of 2,4-D after a reaction time of 30 min and of
TOC after 30 and 210 min are reported. TOC experimental
conversions after 210 min of operation were performed to
ensure not only the degradation of the 2,4-D and DCP but also
the aliphatic intermediates that are not detected by HPLC (see,
for example, the high TOC conversions achieved for runs 2
and 3). Concerning the ability of the reactor to capture the
near-infrared solar radiation, it can be noted that a temperature
increase of 21 °C was observed for an irradiated experiment
after 210 min (run 3), while it was only 7.9 °C under a
nonirradiated condition and the same reaction time (run 4).
Figure 5 shows model predictions and experimental data as a

function of time for the temperature in the storage tank (Figure
5a), the UV broadband solar radiation (Figure 5b), and the
total broadband solar radiation (Figure 5c). Considering the
irradiated and nonirradiated runs, it is noted that a good
representation of the experimental results was achieved with the
solar reactor model; the root-mean-square error (RMSE) of the
temperature and UV and total radiation predictions were 1.4
°C, 3.4 W m−2, and 9.3 W m−2, respectively.
Predicted and experimental 2,4-D, DCP, and H2O2

concentrations are shown in Figure 6. The effect of UV solar
radiation and high temperatures on herbicide degradation can
be observed by comparison of parts a and b of Figure 6 (runs 4
and 1). These experiments were performed by a constant initial
pollutant concentration (C2,4‑D

0 = 0.13 mM) and similar values
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of ferric ion concentrations (CFe
3+0 = 3.0 and 2.8 ppm), hydrogen

peroxide to pollutant initial molar ratios (R = 31.6 and 31.5),
and initial reaction temperatures (T0 = 30 and 28 °C). After
30 min of reaction time, the following pollutant conversions are
observed: X2,4‑D

30 = 39.1% for run 4 and X2,4‑D
30 = 95.1% for run 1.

Thus, an enhancement of 143% in the 2,4-D conversion has
been achieved under irradiated conditions.

The effect of the ferric ion concentration on photo-Fenton
treatment is shown in Figure 6b,c (runs 1 and 2). These

Table 4. Typical Experimental Runs for C2,4‑D
0 = 0.13 mM and experimental conversions of 2,4-D and TOC

no. reaction CFe
3+0 (ppm) CP

0/C2,4‑D
0 initial LSTa T0 (°C) ΔT210 (°C) X2,4‑D

30 (%) XTOC
30 (%) XTOC

210 (%)

1 irradiated 2.8 31.5 12:40 28 15.3 95.1 22.7 91.6
2 irradiated 1.0 30.5 12:50 31 17.9 61.7 10.6 98.9
3 irradiated 1.0 24.6 10:50 33 21.0 59.7 4.6 98.6
4 nonirradiated 3.0 31.6 12:50 30 7.9 39.1 7.6 44.6

aLST, local standard time.

Table 5. Pilot-Plant Solar Reactor and Model Parameters

parameter value unit

Solar Reactor
window area (Ac) 0.24 m2

reactor depth (L) 30.00 mm
plate thickness (e) 3.20 mm
irradiated volume (Virr) 6.10 dm3

total liquid volume (V) 35.00 dm3

Solar Radiation
UV/visible spectral range 280−450 nm
total radiation spectral range 305−2800 nm
tilt angle 30 deg
azimuth angle counted clockwise from north 0 deg

Optical
transmittance of acrylic windows 0.60−0.90a

polycarbonate plate refractive index 1.49
water refractive index 1.33
air refractive index 1.00

Thermal
optical efficiency/effective heat capacity (Ω) (9.10 ± 0.51)-

× 10−5
°CJ−1

heat loss/effective heat capacity (Γ) (5.39 ± 0.21)-
× 10−6

s−1

heat input from the pump/effective heat capacity
(Κ)

(8.28 ± 0.40)-
× 10−4

°Cs−1

aIt is a function of wavelength.16

Figure 5. Model predictions (lines) and experimental data (symbols)
vs time: (a) temperatures in the storage tank, (b) UV broadband solar
radiation, and (c) total broadband solar radiation. Keys for irradiated
experiments: run 1 (,▼), run 2 (,●), and run 3 (, ◀). Key for
the nonirradiated experiment (---,▽).

Figure 4. Typical simulated results of LVRPA for θz = 28°, as a
function of the ferric ion concentrations and the position x inside the
solar reactor.
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experiments were carried out by similar initial temperatures
(T0 = 28 and 31 °C) and hydrogen peroxide to pollutant initial
molar ratios (R = 31.5 and 30.5) and two different ferric ion
concentrations (CFe

3+0 = 2.8 and 1.0 ppm). A more efficient
pollutant degradation at the highest ferric iron concentration
was observed. The 2,4-D conversion after 30 min and at CFe

3+0 =
2.8 ppm was 95.1%, while it was only 61.7% when the lowest
ferric ion concentration was used. A similar effect of the ferric
ion concentration was observed for the TOC conversion for a
reaction time of 30 min. However, for a reaction time equal to
210 min, the TOC conversion is slightly higher for a ferric ion
concentration equal to 1.0 ppm; these results can be explained
by a total depletion of the hydrogen peroxide for run 1 after a
reaction time of 210 min.
Finally, two runs for an equal ferric ion concentration (CFe

3+0

= 1.0 ppm) and rather similar initial local standard times (LST
= 12:50 and 10:50) and hydrogen peroxide to pollutant initial
molar ratios (R = 30.5 and 24.6) are compared in parts c and d
of Figure 6 (runs 2 and 3). For these experiments, it should be
noted that a comparable degradation rate was achieved and that
hydrogen peroxide is not completely consumed. Besides, the

largest mineralization (XTOC
210 = 98.9 and 98.6%) was reached

after 210 min (Table 4).
As shown from the irradiated experimental runs, this solar

pilot-plant photoreactor was able to reach a complete
degradation of the 2,4-D and DCP after 60 min of treatment,
as well as a very high mineralization of the herbicide after
210 min.

5. CONCLUSIONS

A pilot-plant solar reactor model was presented and
experimentally validated to study the photo-Fenton degradation
of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) in
aqueous solution. First, the results of a proposed kinetic model
and the experimental data obtained in a well-stirred tank
laboratory reactor were employed to estimate the main kinetic
parameters. In order to compute the concentrations of the
herbicide 2,4-D, the intermediate compound 2,4-dichlorophe-
nol (DCP), and hydrogen peroxide, as well as the reaction
temperature as a function of time, the mass and thermal energy
balances were solved.
Afterward, the kinetic model was used to study the photo-

Fenton process in a pilot-plant solar reactor, specially

Figure 6. Model predictions (lines) and experimental (symbols) concentrations vs time for C2,4‑D
0 = 0.13 mM. (a) Nonirradiated experiment: CFe

3+0 =
3.0 ppm, R = 31.6, T0 = 30 °C. (b) Irradiated experiment: CFe

3+0 = 2.8 ppm, R = 31.5, T0 = 28 °C. (c) Irradiated experiment: CFe
3+0 = 1.0 ppm, R =

30.5, T0 = 31. (d) Irradiated experiment: CFe
3+0 = 1.0 ppm, R = 24.6, T0 = 33 °C. Keys for photo-Fenton: 2,4-D (◆), DCP (■), hydrogen peroxide

(▲). Keys for Fenton: 2,4-D (◇), DCP (□), hydrogen peroxide (Δ).
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constructed to capture the UV/visible and IR solar radiation.
Predictions of the temperature in the storage tank and of the
UV and total broadband solar radiation fluxes incident on the
reactor window were compared with experimental data, and a
satisfactory agreement was found. The root-mean-square error
of the temperature and UV and total radiation predictions were
1.4 °C, 3.4 W m−2, and 9.3 W m−2, respectively. Besides, due to
the ability of the reactor to capture the infrared solar radiation,
a temperature increase up to 21 °C was reached for irradiated
experiments.
The effect of different operating parameters of the solar

photo-Fenton process, such as solar radiation fluxes, ferric ion
concentrations, and initial local standard times, on the herbicide
degradation was also studied. Comparing the experimental
results after 30 min under dark and irradiated conditions, an
enhancement of 143% in the 2,4-D conversion was achieved.
For experiments with solar radiation and a reaction time of
60 min, the pilot-plant reactor was able to reach an almost
complete degradation of the herbicide 2,4-D and 2,4-
dichlorophenol. In addition, after 210 min of treatment and
similar operating conditions, the total organic carbon (TOC)
conversion was of 98.9%.

■ APPENDIX A
Considering the assumptions i−v proposed in section 2 for the
kinetic model, the reaction rates for the n reacting species
(n = 8) may be written by the following matrix representation:

= · ′x t x tR S K( , ) ( , ) (A.1)

Here R(x,t) is the array of reaction rates for the n reacting
species, S the stoichiometry matrix, and K′(x,t) the array of the
reaction rates of each elementary step determined by the law of
mass action. Equation A.1 may be also represented by
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where

= −+ +R x t R x t( , ) ( , )Fe Fe2 3 (A.3)

Here Ri(x,t) are the reaction rates and Ci the molar
concentrations for i species (i = 2,4-D, DCP, QH2, Fe2+,

Fe3+, P, OH•, QH•), Φ̅Fe(II) is the wavelength averaged primary
quantum yield, and eλ

a(x) is the spectral local volumetric rate of
photon absorption (LVRPA).
Equation A.2 is solved to obtain the mathematical

expressions of Ri(x,t). To do this, the steady state
approximation (SSA) may be applied for highly reactive
radicals and species with very low concentrations,
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From eqs A.4 and A.6, it can be shown that

= =• + • +k C C k C C k C C12 DCP OH 14 QH Fe 15 QH Fe2
3 3

(A.8)

Then, by replacing eq A.8 into eq A.7 and solving the equation
system obtained from eqs A.5 and A.7, the following expression
can be derived
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where

α = + +‐k C k C k C1 3 P 11 2,4 D 12 DCP (A.10)

From eqs A.5, A.9, and A.10,
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Then, from eqs A.2 and A.11 and recalling that K1 = k1, the final
expression for the 2,4-D reaction rate is
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The same procedure may be used to derive the reaction rates
for DCP and P (eq 1 of the main body of the paper).

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie2023228 | Ind. Eng. Chem. Res. 2012, 51, 4181−41914189



■ AUTHOR INFORMATION
Corresponding Author
*Fax: +54 342 4511087. E-mail: alfano@intec.unl.edu.ar.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful to Universidad Nacional del Litoral
(UNL), Consejo Nacional de Investigaciones Cientif́icas y
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Cientif́ica y Tecnoloǵica (ANPCyT). They also thank Tec.
Antonio C. Negro and Eng. Alejandra Barlatey for valuable help
during the experimental work.

■ NOMENCLATURE
A1 reparameterized parameter
Ac window area, m2

B1 reparameterized parameter
C molar concentration, M
CT effective heat capacity of the reactor−tank system,

J °C−1

e plate thickness, m
ea local volumetric rate of photon absorption (LVRPA),

einstein cm−3 s−1

E activation energy, kJ mol−1

f normalized spectral distribution of the lamp output
power

ki kinetic constant, M−1 s−1

Ki kinetic parameter, dimensional or dimensionless
L reactor depth, m
n refractive index, dimensionless
q net radiative flux, einstein cm−2 s−1

QP heat input from the pump, J s−1

R hydrogen peroxide to 2,4-D initial concentration ratio,
dimensionless

Rsubscript reaction rate, M s−1

R′ ideal gas constant, kJ mol−1 K−1

reflectance, dimensionless
T absolute temperature,K
t time, s
UA effective heat loss coefficient, J °C−1 s−1

V volume, m3

x spatial coordinate, m
X conversion, dimensionless
Xi coded variable
Greek Letters
α molar absorptivity, m2 mol−1

δ dimensionless function defined in eq 2
ηo optical efficiency, dimensionless
θz solar zenith angle, deg
κ volumetric absorption coefficient, m−1

K ratio of heat input from the pump to effective heat
capacity, °C s−1

λ wavelength, nm
μ the quantity cos θ, dimensionless
ρ reflectivity, dimensionless
Υ transmittance, dimensionless
Γ ratio of heat loss to effective heat capacity, s−1

Γ(t) function defined in eq 4
Φ primary quantum yield, mol einstein−1

Ω ratio of optical efficiency to effective heat capacity,
°C J−1

Subscripts
a air property
B relative to direct beam radiation
D relative to diffuse radiation
2,4-D relative to 2,4-dichlorofenoxiacetic acid
DCP relative to 2,4-dichlorophenol
Fe2+ relative to ferrous ion
Fe3+ relative to ferric ion
i incident radiation
irr relative to an irradiated property
P relative to hydrogen peroxide
ref refracted radiation
R relative to the reactor
T total
Tk tank property
w wall property
λ indicates a dependence on wavelength
∞ relative to pre-exponential factor
Superscripts
0 initial condition
T thermal rate
Special Symbols
⟨⟩ average value
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