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Fenton and photo-Fenton processes
for the degradation of atrazine: a kinetic study
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Abstract

BACKGROUND: This study is focused on the kineticmodelling of the Fenton andphoto-Fentondegradation of amodel pollutant
(atrazine) in aqueous solution. The effects of hydrogen peroxide and ferric ion concentrations as well as those of radiation level
on the atrazine degradation processes have been investigated.

RESULTS: The experimental work was performed in a well-stirred tank laboratory reactor irradiated from both sides with
two tubular UV-lamps. The reaction rate expressions were derived from an accepted reaction mechanism, explicitly taking
into account the local volumetric rate of photon absorption inside the photoreactor. The proposed kinetic model was able
to reproduce the combined effects of changing the ferric iron concentrations, hydrogen peroxide to atrazine molar ratios
and radiation level on the pollutant degradation rate. Model predictions were compared with experimental data and good
agreement was obtained. Themaximum root mean square error (RMSE) for all the estimations was<2.5%.

CONCLUSIONS: The results obtained indicate that Fenton and photo-Fenton processes are possible ways to improve the
biodegradability of water containing commercial atrazine.
© 2014 Society of Chemical Industry
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NOTATION
C molar concentration (mol cm−3)
ea local volumetric rate of photon absorption, LVRPA

(einstein cm−3 s−1)
f normalized spectral distribution of the lamp output

power
k kinetic constant (cm3 mol–1 s−1)
L reactor length (cm)
MAE mean absolute error (%)
RMSE root mean square error (%)
R hydrogen peroxide to atrazine molar ratio

(dimensionless)
R reaction rate (mol cm−3 s−1)
qw net radiative flux at the reactor wall (einstein cm−2 s−1).
t time (s).
V volume (cm3)
x spatial coordinate (cm)
Xi coded variable

Greek Letters
� molar absorptivity (cm2 mol−1)
� wavelength (nm)
Φ primary quantum yield (mol einstein−1)

Subscripts
ATZ relative to atrazine.
H2O2 relative to hydrogen peroxide
Fe3+ relative to ferric ion

Fe2+ relative to ferrous ion
i relative to species (i)
R a reactor property
T a tank property
W a reactor wall property
� indicates a dependence on wavelength

Superscripts
0 initial condition
T thermal rate

Special symbol⟨ ⟩ average value

INTRODUCTION
Traditional treatment methods such as biological methods are
ineffective to degrade some recalcitrant organic pollutants, due to
their resistance to biodegradation.1–3 In recent years, advanced
oxidation processes (AOPs), capable of generating highly reac-
tive hydroxyl radicals (•OH), have been investigated by many
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researchers due to their ability to oxidize and mineralize a great
variety of toxic and non-biodegradable compounds.4,5

Among these AOPs, Fenton and photo-Fenton systems are
becoming increasingly attractive in treating industrial efflu-
ents, because iron is a non-expensive, abundant, and non-toxic
substance, and hydrogen peroxide is one of the most versa-
tile, dependable, and environmentally friendly oxidizing agents
available. Therefore, these processes appear as effective alter-
native methods to treat recalcitrant organic pollutants like most
agrochemicals.6,7

Atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-striazine]
has been chosen as a model compound in this study because
it is still one of the most widely used herbicides worldwide. It
is a selective absorbing herbicide which can be used in corn
fields, mainly for controlling broadleaf and grassy weeds on both
agricultural and non-agricultural land.8–10 Atrazine was classified
as a probable human carcinogen by the USEPA.11 Most human
exposure is originated in the consumption of contaminatedwater.
Furthermore, even low concentrations of this herbicide adversely
affect the sexual development of amphibians.12 This common
soil and water pollutant, not readily biodegradable,7,13,14 presents
relatively high persistence in soils (half-life of weeks to months)
and even reaches the groundwater.15

The object of the present work was to study the degradation of
atrazine in aqueous solution using Fenton and photo-Fenton sys-
tems. The main purpose of this investigation was first to develop
and validate a kinetic model with its kinetic parameters to pre-
dict the degradation rates of the involved organic compounds
and then to evaluate the effects of the different operating condi-
tions on the behaviour of a photo-Fenton reactor. Thus, a kinetic
model derived from a well-known reaction sequence was pro-
posed to predict the concentrations of atrazine, hydrogen per-
oxide and ferric ion, in a laboratory scale photochemical reactor
operated in batch mode. The kinetic parameters were estimated
using three ferric iron concentrations and different hydrogen per-
oxide to atrazinemolar ratios (R). Afterwards, predicted and exper-
imental concentrationswere compared and analysed as a function
of time.

EXPERIMENTAL
Photodegradation of atrazine was carried out in an isothermal,
well-stirred batch recycling reactor. Figure 1 shows a schematic
representation of the experimental setup. The flat-plate reactor
made of borosilicate (Pyrex) glass and circular cross-section was
irradiated from both sides with two tubular black light UV-lamps
(TLK40W/09N, Philips) placed at the focal axis of two cylindrical
reflectors of parabolic cross-section. The lamps emit radiation in
the range 315–400 nm, with a peak at 365 nm.
The complete reacting system was operated in a closed recircu-

lating circuit drivenby ahighflow rate centrifugal pumpandwith a
well-stirred borosilicate glass reservoir tank, which was equipped
with a liquid sampling valve, a thermometer and pH control. The
experimental setup had an all-glass heat exchanger connected to
a thermostatic bath, to keep the temperature constant during the
experimental runs.
The experimental procedure started when the previously

prepared atrazine solution (C8H14ClN5, commercial formula-
tion 90%, SYNGENTA) was incorporated to the storage tank
in order to achieve a herbicide concentration of 15 mg L−1. A
ferric sulphate solution (FeSO4.nH2O, Carlo Erba, RPE) and dis-
tilled water were also incorporated so as to reach the desired

Figure 1. Schematic representation of the experimental setup:
1 – photoreactor, 2 – UV lamp, 3 – parabolic reflector, 4 – heat exchanger,
5 – thermostatic bath, 6 – pump, 7 – storage tank, 8 – liquid sampling
and 9 – thermometer.

concentration.Then, concentrated sulphuric acid (95–98%
Pro-analysis, Ciccarelli p.a.) was added to the mixture to adjust
the pH. The pH and temperature were kept constant throughout
the experiments at 2.8–3.0 and 298 K, respectively. This is the
optimum pH when this iron salt is employed.16 Afterwards, the
hydrogen peroxide solution was added (reagent-grade, 30%w/v,
Ciccarelli p.a.) and the reacting mixture was well homogenised by
recirculation. The pump flow rate (83.3 cm3 s−1) provided good
mixing conditions. During this time interval, the reactor glass
window was shaded with a shutter located between each lamp
and reactor window, to avoid radiation from entering. Then, the
first sample was withdrawn and the shutters were immediately
removed to start the photo-Fenton experiments (reaction time
equal to zero). During the experimental runs, aliquots of the
aqueous suspensions were collected at regular times and filtered
through 0.45 nylon filters (Millipore) and, as soon as the sample
was withdrawn, the Fenton reaction was stopped instantaneously
by adding methanol.
A set of experimental runs for Fenton and photo-Fenton reac-

tions was performed, using different values of the hydrogen per-
oxide to atrazine initial molar ratios and three ferric iron concen-
trations. For this purpose, an experimental design method was
adopted and the effect of the following working variables were
investigated: (i) ferric iron concentrations, C0

Fe3+ (mg L−1)= [5–25];
(ii) hydrogen peroxide to atrazine initial molar ratios, R= [35–350];
and (iii) two irradiation levels, Radiation= [0–1] (corresponding to
darkor irradiated solution). Theseworkingvariableswere calledX1,
X2, and X3, respectively. Table 1 presents a summary of the operat-
ing conditions and coded variables for the experimental runs.

Analysis
Atrazine concentration was measured by HPLC (Waters, Model
Code 5CH) using reverse phase liquid chromatography equipped
with aUVdetector and a C-18 column (X-Terra® RP). The eluentwas
a binary mixture of distilled water and acetonitrile in proportion
50:50; the eluent flow rate was 1 mL min−1 and the detection was
performed at 221 nm. Hydrogen peroxide was analysed by means
of amodified iodimetric technique using aUV-VIS CARY 100 BIO, at
350 nm17 and ferrous ions with absorbance measurements of the
Fe2+-phenantroline complex, at 510 nm.18
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Table 1. Experimental plan and matrix

Experimental plan Experimental matrix

C0Fe3+ R Radiation X1 X2 X3

5 35 with −1 −1 1
5 175 with −1 0 1
5 350 with −1 1 1
15 35 with 0 −1 1
15 175 with 0 0 1
15 350 with 0 1 1
25 35 with 1 −1 1
25 175 with 1 0 1
25 350 with 1 1 1
5 35 without −1 −1 0
5 175 without −1 0 0
5 350 without −1 1 0
15 35 without 0 −1 0
15 175 without 0 0 0
15 350 without 0 1 0
25 35 without 1 −1 0
25 175 without 1 0 0
25 350 without 1 1 0

KINETICMODEL
A kinetic model for the degradation of atrazine in water solution
for the Fenton and photo-Fenton processes was developed. The
reaction mechanism used in this paper is based on the reaction
scheme reported in detail elsewhere.16,19–21 The reaction scheme
is illustrated in Table 2.
Previous studies have shown that the degradation of atrazine

by AOPs leads to the formation of one final product, rather than
complete oxidation. This behaviour can be attributed to the strong
stability of this product (cyanuric acid, CNA) toward further oxida-
tion during the attack of hydroxyl radicals in the photodegrada-
tion. 23–27 However, there is some evidence that cyanuric acid has
a lower toxicity than atrazine and is more biodegradable.28 Thus, it
can be removed by biological treatment.29

A kineticmodel was developed that can account for the reaction
rates of atrazine, hydrogen peroxide and ferrous ion. In order to
accomplish this, we have considered the following assumptions:

Table 2. Reaction scheme for the Fenton and photo-Fenton degra-
dation of atrazine

Number Reaction step Constant

0 Fe3+ + H2O→ Fe2+ + •OH+H+ ΦFe2+ ,�

1 Fe3+ + H2O2 → Fe2+ + H+ + HO•
2 k1

2 Fe2+ + H2O2 → Fe3+ + OH− + •OH k2
3 H2O2 + •OH→HO•

2 +H2O k3
4 Fe2+ + •OH→ Fe3++ OH− k4
5 H2O2 +HO•

2 →
•OH+H2O+O2 k5

6 2•OH→H2O2 k6
7 2HO•

2 →H2O2 +O2 k7
8 HO•

2 + •OH→H2O+O2 k8
9 Fe3+ + HO•

2 → Fe2+ + H+ + O2 k9
10 Fe2+ + HO•

2 +H+ → Fe3+ + H2O2 k10
11 ATZ+ •OH→ Products+Cl− +NO3

− k11

(i) the steady-state approximation (SSA)may be applied for highly
reactive intermediates, (such as •OH and HO2

• radicals),
(ii) radical–radical termination reactions are neglected compared

with the propagation reactions,
(iii) the oxygen concentration is always in excess,
(iv) reaction step 5 is neglected.22

With these assumptions, the following reaction rates can be
derived (see Appendix):
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Here, the following kinetic parameters have been defined:

� =
k3CH2O2

k11CATZ

+
k4CFe2+

k11CATZ

+ 1 (3)

and

� =
k10CFe2+

k9CFe3+
+ 1 (4)

where Ri(x,t) (with i=ATZ, H2O2, Fe
+2) are the local reaction rates,

CATZ , CH2O2
, CFe3+ and CFe2+ are the atrazine, hydrogen peroxide,

ferric ion and ferrous ion concentrations, respectively; ki are
the kinetic constants defined in the reaction scheme (Table 2);
Φ is the wavelength-averaged primary quantum yield, and
ea
�
is the spectral local volumetric rate of photon absorption

(LVRPA).
In Equation (1), the first term on the right-hand side symbolizes

the thermal reaction rate (Fenton system) and the second term
on the right-hand side corresponds to the photochemical reaction
rate (photo-Fenton reaction).

REACTORMODEL
Mass balances
The experimental device employed for the Fenton and
photo-Fenton degradation of atrazine was an isothermal,
well-stirred batch recycling reactor. For the kinetic studies, the
mass balances and the initial conditions for the atrazine, hydrogen
peroxide and ferrous iron are given by the followingmathematical
expressions:30

dCi (t)
dt

=
VR
V

⟨Ri (x, t)⟩VR +
(
V − VR

)
V

RTi (t) ,(
i = ATZ,H2O2 and Fe2+

)
(5)
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with the initial conditions

Ci

(
t0
)
= C0

i ,
(
i = ATZ,H2O2 and Fe2+

)
(6)

where Ri and RTi are the photo-Fenton and Fenton reactions,
respectively. Again, note that the first term on the right-hand
side of Equation (5) represents the organic pollutant degrada-
tion produced by both the light-activated and thermal reactions
(photo-Fenton) that take place in the irradiated liquid volume
(VR), and the second term on the right-hand side corresponds
to the contaminant decomposition generated by the thermal or
dark reaction (Fenton) occurring in the non-irradiated volume
(V – VR).
The required reaction rates for the mass balances can be

obtained from the kinetic model given by Equations (1–4).

Volumetric rate of photon absorption
For the numerical evaluation of the mass balances, it is necessary
to introduce the LVRPA averaged over the reactor volume on the
right-hand side of Equation (5). In this case, a flat-plate reactor of
a circular cross-section was irradiated from both sides with two
tubular lamps placed at the focal axis of two parabolic reflectors;
consequently, similar expressions may be used for each emitting
system. Figure 2 shows more details of the system: photoreac-
tor – radiation sources – reflectors.
In a previous work, a radiationmodel was developed to evaluate

the spectral LVRPA averaged over the reactor volume for this
emitting system.27 In agreementwith the representationproposed
by Rossetti et al., a one-dimensional (1-D) radiation field model
was used to calculate the monochromatic LVRPA as a function of
the spatial coordinate (x) and time (t). It was also considered that
the iron complex Fe(OH)2+ was the dominant species at pH= 3.31

Besides, radiation absorption of ferrous ion (Fe2+) and hydrogen
peroxide (H2O2) was negligible for a wavelength �> 300 nm. Thus,
the LVRPA averaged over the reactor volume can be evaluated by:⟨∑

�

ea
�
(x, t)

⟩
VR

=
∑
�

2 qWf�
L

[
1 − exp

(
−�Fe(OH)2+ ,�CFe(OH)2+ (t) L

)]
(7)

where, x is the spatial coordinate, t the reaction time, qW is
the net radiative flux at the reactor wall, f � is the normalized
spectral distribution of the lamp output power provided by the
lamp manufacturer, and �Fe(OH)2+ is the molar absorptivity and
CFe(OH)2+ the molar concentration of the light absorbing species
[Fe(OH)2+].

Table 3. Estimated values of kinetic parameters with confidence
interval (95%)

Parameters Values Confidence interval (95 %) Units

k2 1.530 × 103 ± 0.056 × 103 M−1 s−1

k3 7.777 × 108 ± 0.047 × 108 M−1 s−1

k11 3.281 × 1011 ± 0.015 × 1011 M−1 s−1

Table 4. Root mean square error (RMSE) and mean absolute error
(MAE)

Fenton Photo-Fenton

RMSE MAE RMSE MAE
Weight factor % % % %

ATZ 0. 40 2.17 1.57 2.79 1.68
H2O2 0.60 1.97 1.54 2.23 1.74
ATZ+H2O2 1.00 2.07 1.55 2.53 1.71

RESULTS ANDDISCUSSION
Parameters estimation
A non-linear least-squares regression procedure based on the
Levenberg–Marquardt optimization algorithm was applied to
estimate the kinetic parameters. This procedure was employed
to provide the values of parameters that minimize the sum of
squared differences between predicted concentrations and exper-
imental data of the atrazine and hydrogen peroxide concentra-
tions. To obtain the theoretical concentrations, the systemof three
nonlinear, first-order, ordinary differential equations (Equations (5)
and (6)) was solved numerically using a fourth-order, Runge–Kutta
method.
For the numerical solution, it was necessary to obtain the follow-

ing information:

(i) The values of the kinetic constants were obtained fromWalling
and Goosen 18 and Buxton et al.32

(ii) The potassium ferrioxalate actinometrywas used to evaluate
the radiative flux at the reactor wall. From these experiments,
it was determined that qW is equal to 4.32× 10−9 Einstein cm−2

s−1.
(iii) Themolar absorptivity of the absorbing species [Fe(OH)2+] was

obtained from the specific literature.31

(iv) The wavelength-averaged primary quantum yield (ΦFe2+ ,�) was
taken from Farias et al.33

(a) (b)

Figure 2. Schematic representation of the system: photoreactor – radiation sources – reflectors. 1 – Reactor, 2 – Glasswindows, 3 – Lamps, 4 – Reflectors,
5 – inlet and 6 – outlet: (a) top view and (b) side view.
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(a) (b)

Figure 3. Experimental vs. predicted concentrations. (a) Atrazine ( , ) and (b) hydrogen peroxide ( , ). Fenton ( , ) and photo-Fenton ( , ).

(a) (b)

Figure 4. Experimental vs. predicted relative concentrations. (a) Fenton and (b) photo-Fenton reactions. R= 350, with C0Fe3+ = 5 ppm ( , ), 15 ppm ( ,
) and 25 ppm ( , ). Hydrogen peroxide ( ) and atrazine ( ).

It should also be noted that the ferric ion concentration as a
function of time may be determined from the initial ferric ion
concentration (C0

Fe3+ ) and the actual ferrous ion concentration
(CFe2+ ).
By using the atrazine and hydrogen peroxide experimental con-

centrations versus time data and the nonlinear regression algo-
rithm mentioned above, three parameters were adjusters: k2, k3
and k11. These three kinetic constants were chosen due to the high
sensitivity of the kinetic model to their values. Besides, in order
to further improve the predictions of the pollutant degradation,
a weight factor (F) was determined to compute the objective func-
tion and reach the minimum value of the root mean square error
(RMSE).
Estimated values of the kinetic parameters are presented in

Table 3. It should be noted that the result obtained for k11 is
reasonable, according to the range of values reported in the
literature. 34 It is worth noting that the estimated values for k2 and
k3 did not differ significantly from those reported for Walling and
Goosen.18

A root mean square error (RMSE) and a mean absolute error
(MAE)were used to evaluate the accuracy of themodel. Results are
summarized in Table 4. It has to be stressed that the experimental
data set used in this kinetic model study had a total of 144 points.
Figure 3 showspredictedandexperimental concentrations for all

the Fenton and photo-Fenton runs performed in the kinetic study.

The symbols correspond to the atrazine and hydrogen peroxide
concentrations obtained at different reaction times, for all the
experimental runs performed in this photoreactor.
Model predictions were comparedwith experimental data and a

good agreement was obtained, with a RMSE of 2.07% for the Fen-
ton system and 2.53% for the photo-Fenton system (Table 4). For
all the investigated Fenton and photo-Fenton experimental runs,
and considering atrazine and hydrogen peroxide concentrations,
the RMSE of the estimations was 2.31%.

Atrazine degradation
The effects of C0

Fe3+ and R on the atrazine degradation for the Fen-
ton and photo-Fenton reactions were analysed. The influence of
the initial iron concentration on the relative atrazine and hydro-
genperoxide concentrations, for a constant valueof R, is presented
in Fig. 4. Typical data presented in this figure show that the rela-
tive concentrations of atrazine and hydrogen peroxide were ade-
quately predicted by the kinetic model.
Looking at the atrazine concentrations in the figures, it should be

noted that an increase of the initial iron concentration from 5 to 25
ppm introduces an increase on the pollutant conversion.
The regeneration of ferrous iron from ferric iron is the rate

limiting step in the catalytic iron cycle, if iron is added in small
amounts.35 Previous studies have also found that an increase in
iron concentration always leads to an increased reaction rate.36–39
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(a) (b) (c)

(d) (e) (f)

Figure 5. Experimental and predicted relative concentrations of atrazine and hydrogen peroxide vs. time for C0Fe3+ = 5 ppm. Fenton reaction: (a) R= 35,
(b) R= 175 and (c) R= 350; and photo-Fenton reaction: (d) R= 35, (e) R= 175 and (f ) R= 350. Experimental data: atrazine ( ) and hydrogen peroxide ( ).
Model results: solid lines.

To investigate the effects of the initial hydrogen peroxide
concentration on the atrazine degradation, different hydrogen
peroxide to atrazine initial molar ratios (R) were compared using
constant values of the C0

Fe3+ . The experiments were carried out
changing R from 35 to 350. The atrazine and hydrogen peroxide
relative concentrations by Fenton and photo-Fenton treatment as
a function of time are shown in Fig. 5.
These results show that an increase of the hydrogen perox-

ide to atrazine molar ratio introduces an important atrazine
conversion enhancement. Accordingly, knowing that the reac-
tion rate generating hydroxyl radicals generally increases with
increase of hydrogen peroxide concentration, it was reasonable
to expect that pollutant degradation was strongly dependent
on an increase in hydrogen peroxide concentration.40 However,
it should be taken into account that an extremely high concen-
tration of hydrogen peroxide may generate some unwanted side
reactions that consume valuable hydroxyl radicals in the solution
(Table 3, reaction steps 3 and 5).19

In general, higher iron or hydrogen peroxide concentrations
result in faster decay rate and higher oxidation capacity. However,
it should be noted that the increase of the atrazine degradation
obtained by increasing R is higher than the slight increase of
the pollutant degradation rate obtained by increasing the iron
concentration.
Themost effective C0

Fe3+ and R values for degradation of atrazine
by both Fenton and photo-Fenton treatments were 25mg L−1 and
350, respectively. However, it is interesting to note that the results
obtainedwith R= 350 and C0

Fe3+ = 25 ppm for the Fenton reaction
do not differ significantly from those obtained with R= 175 and
C0

Fe3+ = 15 ppm for the photo–Fenton reaction, as seen in Fig. 6.
Finally, Fig. 7 shows the effects of irradiation on the relative

atrazine and hydrogen peroxide concentrations. Comparing the
Fenton and photo-Fenton herbicide degradation, one can notice

Figure 6. Experimental vs. predicted relative concentrations of atrazine for
R= 175 and C0Fe3+ = 15 ppm ( ), and for R= 350 and C0Fe3+ = 25 ppm ( ).
Fenton ( ) and (b) photo-Fenton ( ).

that for a constant value of R and C0
Fe3+ , the photo–Fenton

conversion is always higher than that obtained with the Fenton
system.
It is known that in the photo-Fenton reaction the UV-Visible

irradiation contributes to the formation of •OH radicals by pho-
tolysis of Fe3+ complex ions, as shown by the first reaction step of
Table 2; thus, the chemical oxidation is accelerated by radiation.
However, under certain experimental conditions of C0

Fe3+ and
ratio C0

H2O2
/C0

ATZ, the herbicide conversion for the photo-Fenton
reaction is not considerably higher than that obtained with
the non-irradiated system. It was demonstrated that both the
photo-Fenton reaction using iron and hydrogen peroxide at low

wileyonlinelibrary.com/jctb © 2014 Society of Chemical Industry J Chem Technol Biotechnol (2014)
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(a) (b)

(c) (d)

Figure 7. Experimental and predicted concentrations of atrazine and hydrogen peroxide vs. time for C0Fe3+ = 25 ppm. (a) Fenton reaction, R= 35; (b)
photo-Fenton reaction, R= 35; (c) Fenton reaction, R= 350; and (d) photo-Fenton reaction, R= 350. Experimental data: atrazine ( ) andhydrogenperoxide
( ). Model results: solid lines.

concentrations and the Fenton reaction with iron and hydro-
gen peroxide at high concentrations are feasible treatments for
water containing a moderately low concentration of atrazine. As
explainedbefore, the degradation of atrazine by the photo-Fenton
reaction leads to the formation of cyanuric acid as final product.
However, it was verified that cyanuric acid has a lower toxicity than
atrazine and is more biodegradable.41,42 Consequently, the partial
mineralization of atrazine employing a photo-Fenton process,
followed by a biological treatment to degrade cyanuric acid, is
a feasible treatment option for the complete mineralization of
atrazine contaminated wastewater.

CONCLUSIONS
A kinetic model to represent the Fenton and photo-Fenton oxida-
tion of atrazine in a well-stirred batch recycling reactor was devel-
oped. First, the kinetic model was proposed and validated with its
kinetic parameters to predict the degradation rates of the involved
organic compounds. Then the effects of the different operating
conditions on the behaviour of a laboratory photo-Fenton reactor
were evaluated.
When predictions of the kinetic model were compared with

experimental data, a good representation of the atrazine and
hydrogen peroxide concentrations as a function of time was
obtained. This comparison was performed for different ferric iron
concentrations, hydrogen peroxide to atrazine initial molar ratios
and radiation levels. The root mean square errors for the Fenton
and photo-Fenton systems were 2.07% and 2.53%, respectively.
Considering both atrazine and hydrogen peroxide concentrations
for Fenton and photo-Fenton experimental runs, the maximum
RMSE of the estimations was 2.31%.

It was demonstrated that both photo-Fenton reaction employ-
ing iron and hydrogen peroxide at low concentrations and Fen-
ton reaction using iron and hydrogen peroxide at high concen-
trations are appropriate treatments for water containing atrazine.
Consequently, Fenton and photo-Fenton processes are promis-
ing pre-treatments capable of enhancing the biodegradability of
water contaminated with biorecalcitrant chemicals (atrazine).
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APPENDIX
Considering the assumptions proposed for the kinetic model, the
reaction rates for the reacting species i, may be represented by the
following expressions:

RATZ (x, t) = −k11CATZ C·OH (A.1)

RH2O2
(x, t) = −k1CH2O2

CFe3+ − k2CH2O2
CFe2+ − k3CH2O2

C·OH

+ k10CFe2+CHO2
· (A.2)

RFe2+ (x, t) = ΦFe2+ ,�

∑
�

ea
�
(x, t) + k1CH2O2

CFe3+ − k2CH2O2
CFe2+

− k4CFe2+C·OH + k9CFe3+CHO2
· −k10CFe2+CHO2

· (A.3)

RFe3+ (x, t) = −RFe2+ (x, t) (A.4)
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ROH· (x, t) = ΦFe2+ ,�

∑
�

ea
�
(x, t) + k2CH2O2

CFe2+ − k3CH2O2
C·OH

− k4 CFe2+C·OH − k11CATZ C·OH (A.5)

RHO·
2
(x, t) = k1CH2O2

CFe3+ + k3CH2O2
C·OH − k9CFe3+CHO·

2

− k10CFe2+CHO·
2

(A.6)

Equations (A.1) to (A.6) are 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 (Equation(A.5) and (A.6)),

ΦFe2+ ,�

∑
�

ea
�
(x, t) + k2CH2O2

CFe2+

=
(
k3CH2O2

+ k4CFe2+ + k11CATZ

)
C·OH (A.7)

k1CH2O2
CFe3+ + k3CH2O2

C·OH =
(
k9CFe3+ + k10CFe2+

)
CHO·

2
(A.8)

Thus,

C·OH =
ΦFe2+ ,�

∑
�

ea
�
(x, t) + k2CH2O2

CFe2+

k11CATZ �
(A.9)

CHO·
2
=

k1CH2O2
CFe3+ + k3CH2O2

C·OH

k9CFe3+�
(A.10)

where,

� =
k3CH2O2

k11CATZ

+
k4CFe2+

k11CATZ

+ 1 and � =
k10CFe2+

k9CFe3+
+ 1 (A.11)

Then, placing Equations (A.9) and (A.10) into Equations (A.1) to
(A.4) and solving the equation system, the following final expres-
sions can be derived for the atrazine, hydrogen peroxide and fer-
rous ion reaction rates, respectively:

RATZ (x, t) = − 1
�

(
k2CH2O2

CFe2+ + ΦFe2+ ,�

∑
�

ea
�
(x, t)

)
(A.12)
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��

)
k2CH2O2

CFe2+

−
(

�′

��
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(A.14)
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