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" A kinetic model for the oxidation of
As (III) by the UV/H2O2 process is
developed.

" The study includes dark and
photoactivated reactions and
estimates three parameters.

" A simplified model neglecting dark
reactions is proposed.

" The kinetic models (complete and
simplified) are in concordance with
the experimental data.
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In a previous study it has been shown that the combination of hydrogen peroxide and UVC radiation is an
effective and feasible process to oxidize arsenic in water. In this work, a kinetic model for the photo-oxi-
dation of As (III) is presented. An initial concentration of 200 lg/L of As (III) was used. The model was
based on mechanistic reaction steps and included the modeling of the local radiation absorption effects.
The evaluation of the radiation field inside the reactor was achieved by solving the radiative transfer
equation for the homogeneous system. Both dark and photochemical arsenic oxidation rates were incor-
porated in the complete kinetic expression. Three parameters were estimated and a simplified model that
only considered photoactivated reactions was developed. The rates obtained from these simplifications
were compared with the rates from the complete model and showed a satisfactory concordance. The
study was carried out in a cylindrical reactor operated in batch recirculation mode and two germicidal
lamps were used (k = 254 nm) as the source of radiation. Experimental runs were performed varying
the hydrogen peroxide concentration and incident radiation. Both models rendered a good representation
of the experimental data.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The occurrence of dissolved arsenic in drinking water is a seri-
ous global problem. Groundwater contaminated by arsenic can
have severe human health implications including various forms
of cancer, cardiovascular and peripheral vascular disease and dia-
betes. Arsenic is released from soil into aquatic environment
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through natural processes (weathering of arsenic containing min-
erals) and anthropogenic activities (release of uncontrolled efflu-
ents from mining and metallurgical industries and use of
organoarsenical pesticides) [1].

The chemical species of arsenic, which can exist in the natural
environment, heavily influence its mobility, adsorption properties
and toxicity [2]. In natural waters, arsenic may occur in both inor-
ganic (As (III) and As (V)) and organic forms (monomethyl arsenic
acid (MMAA) and dimethyl arsenic acid (DMAA)). Arsenite (As (III))
is the most toxic water-soluble species and arsenate (As (V)) is also
relatively toxic. The methylated forms are much less toxic [3].
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Nomenclature

Ci concentration, mol cm�3

C�i initial concentration, mol cm�3

ea
P�k local volumetric rate of photon absorption (LVRPA), Ein-

stein cm�3 s�1

Ek
P;o spectral fluence rate, Einstein cm�2 s�1

Ek
P;o;W spectral fluence rate at the reactor windows, Einstein

cm�2 s�1

ki kinetic parameters, units depend on the reaction step
K27 relation between k2 and k7 (k2/k7)
LR reactor length, cm
MSSA micro-steady-state-approximation
Q flow rate, cm3 s�1

r molar concentration ratio
RD

i reaction rate for dark reaction, mol cm�3 s�1

R�i reaction rate for photoactivated reaction, mol cm�3 s�1

t time, s

VR photoreactor volume, cm3

VT total system volume, cm3

x rectangular cartesian coordinate, cm

Greek letters
ak;P spectral linear naperian absorption coefficient of the

hydrogen peroxide, cm�1

UP primary quantum yield
jP;k molar naperian absorption coefficient, cm2 mol�1

k wavelength, nm

Special symbols
[] concentration
hi averaged value over a defined space
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Groundwater contains only inorganic forms of As (III) and As (V)
[4].

Most technologies used for removing arsenic from water
require the pre-oxidation of As (III) to As (V) to improve the
removal of As (III) because As (V) adsorbs more strongly onto solid
phase adsorbents than As (III) [5,6]. Arsenite can be oxidized with
traditional oxidants (such as ozone, chlorine, permanganate, and
hydrogen peroxide) [6–9] and advanced oxidation processes
(AOPs) such as UV/TiO2, UV/H2O2 [10–15]. These processes seem
to be more efficient and convenient for the oxidation, because they
do not generate toxic or undesirable by-products. The combination
of UV light and H2O2 is an effective and feasible methodology for
the oxidation of arsenic in water [16].

The kinetics of the oxidation of a wide range of organic pollu-
tants employing the UV/H2O2 process has been extensively studied
[17–22]. However, research on the mechanisms of oxidation of
inorganic pollutants (arsenic in particular) and its reaction kinetics
using hydrogen peroxide and UV light is not frequently reported in
the existing bibliography.

Most studies deal with As (III) oxidation under different work-
ing conditions and focus on the factors that influence the reaction
rates [15,23], but little information is provided on kinetic modeling
based on mechanistic steps and including UV absorption effects.
Few studies have reported the oxidation of arsenic by dissolved
oxygen in water [9,24,25] and the efficiency of hydrogen peroxide
as a direct oxidative agent [6,26]. The influence of these dark reac-
tions in the combined UV/H2O2 process is not well known.

In this work, using the experimental data obtained in a previous
research, a complete mathematical model derived from a reaction
scheme of the arsenic oxidation is presented [16]. The model
describes the evolution of As (III) and H2O2 in a photochemical
reactor (laboratory scale) which operates inside a recycling system.
It also considers the study of dark reactions and their effects in the
process. In order to obtain intrinsic kinetic parameters, the model
involves the evaluation of the radiation field and the solution of the
mass balance for the existing species. The parameters obtained by
this way provide a reliable intrinsic reaction kinetic. The aim of this
research is to develop a kinetic model, as it is essential for design,
process optimization and scaling up purposes.

2. Experimental

2.1. Reagents

The chemicals were of reagent grade. Sodium arsenite (P99%,
Sigma–Aldrich p.a.) and hydrogen peroxide (30% w/v, Ciccarelli
p.a) were used as the sources of As (III) and H2O2 respectively. As
(III) and H2O2 solutions were accurately prepared daily to the
required diluted concentrations. Fluka Catalase from bovine liver
(2195 units/mg) was used. Ultra pure water (0.055 lS/cm) was
employed for all dilutions.

2.2. Equipment and operating conditions

The reactor was a Teflon� cylinder closed with two flat, circular
quartz windows inside of a recycling system (Fig. 1). The reactor
length was 5.2 cm and the inner diameter was 5.2 cm (reactor vol-
ume = 110 cm3). Irradiation was produced by two tubular Heraeus
UV germicidal lamps, with one single significant emission wave-
length at 253.7 nm, placed at the focal axis of their respective par-
abolic reflectors. Two optical neutral filters were used to carry out
the experiments at different irradiation rates. They only permitted
the transmission of 18% and 43% of the originally received spectral
fluence rate. Each window allowed the placement of a shutter
(a piece of flat metal) to block the light when necessary. The
reactor was part of a recycling batch system that included: a large
glass tank (2000 cm3) with strong mechanical stirring and
provisions for sampling and pH control and an all glass and Teflon�

centrifugal recirculation pump (QVF ST 16 3 HS). The reactor was
operated at a high recirculation flow rate, thus good mixing in
the reactor was achieved (Q = 50 cm3 s�1). The circuit also included
a refrigerating system to keep a constant temperature (20 �C).

Experiments were performed varying the concentration of
hydrogen peroxide (between 0 and 30 mg/L) and the spectral flu-
ence rate at the reactor windows (Ek

P;o;WÞ (0, 1.4 � 10�9 and
22.4 � 10�9 Einstein cm�2 s�1) at the same pollutant initial con-
centration (200 lg/L of As (III)). The values of dissolved oxygen
was measured and ranged from 8.5 to 8.7 mg/L for all the
experiments.

Table 1 details the operating conditions.
Each run was performed as follows: the germicidal lamps were

turned on, allowing for 30 min for stabilizing their operation while
the shutters were on. Then, the working solution was added to the
reactor and the recirculation was established. When temperature
was constant, the shutters were removed and the reaction started
indicating the time t = 0. The objective was to reach the thermal
and electrical stability of the system before the reaction began.
The sampling (25 mL) was made at regular time intervals. After
every run, the equipment was carefully washed. Due to the type
of the equipment used in this work (a recycle with a tank) the total
reaction time does not represent the time corresponding to the
irradiation time of the reaction volume where the most important



Fig. 1. Experimental setup.

Table 1
Experimental conditions.

Variable and units Value

Arsenic (III) initial concentration (lg/L) 200
Hydrogen peroxide initial concentration (mg/L) 0–30
Spectral fluence rate at the reactor windows:

Ek¼253:7 nm
P;o:W (einstein cm�2 s�1) � 109:

Heraeus 40 W lamp (100%) 22.4
Heraeus 40 W lamp (with filter) (43%) 9.8
Heraeus 40 W lamp (with filter) (18%) 4.1
Dissolved oxygen (mg/L) 8.5–8.7
Reaction time (min) 5, 15, 30
Initial pH 5.6–6.7
Temperature (�C) 20
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reactions occur. Thus, for the actual exposure to radiation, the ratio
given by the photoreactor volume over the total volume (VR/
VT = 0.055) must be taken into account. More details can be found
in [16].
Table 2
Reaction scheme.

No Constants Reactions

(1) UP H2O2 ? 2OH�

(2) k2 H2O2 þ OH� ! HO�2 þ H2O
(3) k3 H2O2 þ HO�2 ! OH� þ H2Oþ O2

(4) k4 2OH�? H2O2

(5) k5 2HO�2 ! H2O2 þ O2

(6) k6 OH� þHO�2 ! H2Oþ O2

(7) k7 H3AsO3 þ OH� ! HAsO��3 þ Hþ þ H2O
(8) k8 H3AsO3 þ HO�2 ! HAsO��3 þHO�2 þ 2Hþ

(9) k9 HAsO��3 þ O2 þH2O! H2AsO�4 þ HO�2
(10) k10 H3AsO3 þ H2O2 ! H2AsO�4 þHþ þH2O
(11) k11 H3AsO3 þ O2 þH2O! H2AsO�4 þ Hþ þ H2O2
2.3. Analysis

The arsenic concentration was measured using a Pekin Elmer
AAnalyst 800 atomic absorption spectrometer (ASS). Each analysis
was repeated three times to obtain the average value and the rel-
ative standard deviation (%RSD). The RSD value of the three repli-
cate samples of each analysis was below 2.5%. Immediately after
sampling, prior to the analysis of arsenic by ASS, a catalase solution
was added to each sample in order to decompose the remaining
hydrogen peroxide and avoid further oxidation.

For the arsenic speciation analyses, the samples were allowed
to pass trough silica based strong anion exchange cartridges
(SAX) with bonded group aminopropyl chloride form (Varian).
The concentration of As (V) was calculated from the difference
between the total arsenic concentration (before passing the
cartridges) and the concentration of As (III) obtained by ASS.

The H2O2 concentration was analyzed by spectrophotometric
method at 350 nm according to [27] and employing a Cary 100
Bio UV–visible instrument (the standard deviation value ranged
from 0.05 to 0.08 for the calibration range studied). pH was con-
trolled by HI 98127 Hanna pH meter (accuracy: ±0.1).

The spectral fluence rate at the reactor windows was experi-
mentally measured by ferrioxalate actinometry according to
[28,29].

Dissolved oxygen was measured by an Orion 830A meter.
3. Kinetic model

3.1. Reaction scheme

In the previous work, a reaction scheme for the oxidation of As
(III) was developed [16]. However, some reactions and participat-
ing species have been slightly modified in order to improve the
reaction mechanism. The reaction steps are summarized in Table 2.
Photoactivated reactions involve reaction (1) and also the reactions
generated from this UV absorption step (reactions (2)–(9)). Reac-
tions (10) and (11) represent reaction steps which occur only in
the dark.

It is widely accepted that the main interactions between hydro-
gen peroxide with UV light and free radicals are well represented
by reactions (1)–(6) and their kinetic constants are well known
[30,31]. Reactions (7) and (8) correspond to the oxidation of As
(III) to the unstable As (IV) by the generated free radicals (OH�

and HO�2). The resulting As (IV) can be oxidized with dissolved oxy-
gen forming As (V) (reaction (9)).

Reactions (10) and (11) correspond to the direct oxidation of As
(III) to As (V) by hydrogen peroxide and the presence of dissolved
O2 respectively. The significance of these reactions is discussed fur-
ther in the corresponding section.

3.2. Kinetic equations

According to the experimental results and references from the
bibliography, some assumptions were made in order to develop
the kinetic model: (i) reactions 3, 4, and 6 will be neglected accord-
ing to [19,32]; (ii) since the main oxidant species is the OH radical
and superoxides have a less significant contribution to the main



Table 3
Reaction rates.

Reactions Reaction rates

Arsenic (III) Hydrogen peroxide

Photoactivated R�AsðIIIÞ ¼
�2Upea

P;k
ðr K27þ1Þ R�P ¼ �

�2Up ea
P;k

ðr K27þ1Þ r K27

Dark RD
ASðIIIÞ ¼ �k10CPCASðIIIÞ

þk11gCAsðIIIÞ

RD
P ¼ �k10CPCASðIIIÞ

þk11gCAsðIIIÞ
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transformation, reaction (8) will be neglected [11]; (iii) k2 was
taken from the existing information [30]; (iv) the value of Up

(0.5) was taken from bibliography [31]; and (v) the micro-steady
state approximation (MSSA) can be applied for highly reactive
intermediates such as OH�, HO�2 and HAsO��3 radicals. The model
also assumes that H2O and O2 are in large excess over the other
reactants; consequently, their concentrations are included in the
constants k9 and k11, which provides two new pseudo kinetic
constants k9g and k11g respectively [33,34].

3.2.1. Dark reaction rates
The reaction steps 10 and 11 of the reaction scheme represent

the arsenic oxidation produced only by hydrogen peroxide and dis-
solved oxygen respectively (dark reactions). The reaction rates for
the reactants can be written as follows:

For As (III)

RD
AsðIIIÞ ¼ �k10CPCAsðIIIÞ � k11gCAsðIIIÞ ð1Þ

For hydrogen peroxide

RD
P ¼ �k10CPCAsðIIIÞ þ k11gCAsðIIIÞ ð2Þ
3.2.2. Photoactivated reaction rates
According to the reaction scheme, the reaction rates for the

reactants in photoactivated reactions can be written as follows:
For As (III)

R�AsðIIIÞ ¼ �k7COH�CAsðIIIÞ ð3Þ

For hydrogen peroxide

R�P ¼ �Upea
P;k � k2CPCOH� þ k5C2

HO�2
ð4Þ

For the case of the unstable intermediates OH�, HO�2 and HAsO��3
resorting to the micro-steady-state-approximation (MSSA):

R�OH� ¼ 2Upea
P;k � k2CPCOH� � k7COH�CAsðIIIÞ ffi 0 ð5Þ

R�HO�2
¼ k2CPCOH� � 2k5C2

HO�2
þ k9gCHAsO��3 ffi 0 ð6Þ

R�HAsO��3
¼ k7COH�CAsðIIIÞ � k9gCHAsO��3 ffi 0 ð7Þ

From Eqs. (5)–(7):

COH� ¼
2Upea

P;k

ðk2CP þ k7CAsðIIIÞÞ
ð8Þ

k3C2
HO�2
¼ 0:5k2CPCOH� þ 0:5k9gCHAsO��3 ð9Þ

k9gCHAsO��3 ¼ k7COH�CAsðIIIÞ ð10Þ

Substituting Eq. (8) into Eq. (3) the reaction rate for As (III) results:

R�AsðIIIÞ ¼
�2Upea

P;k

k2CP
k7CAsðIIIÞ

þ 1
� � ð11Þ

Substituting Eq. (10) into Eq. (9):

k5C2
HO�2
¼ 0:5k2CPCOH� þ 0:5k7COH�CAsðIIIÞ ð12Þ

Introducing Eq. (12) into Eq. (4) and resorting to Eq. (8) the reaction
rate for hydrogen peroxide results:

R�P ¼ �Upea
P;k �

Upea
P;k

k7CAsðIIIÞ
k2CP

þ 1
� �þ Upea

P;k

k2CP
k7CAsðIIIÞ

þ 1
� � ð13Þ

Defining r = CP/CAs (III) as the molar ratio between hydrogen perox-
ide and arsenic and K27 = k2/k7, with some algebra we finally get
the expressions of the reaction rates for the photoactivated
reactions:

R�AsðIIIÞ ¼
�2Up ea

P;k

ðr K27 þ 1Þ ð14Þ

R�P ¼ �
2Upea

P;k

ðr K27 þ 1Þ r K27 ð15Þ

The kinetic constant k7 corresponds to the attack of the hydro-
xyl radical to As (III). k2 corresponds to a photolysis step and its
value was taken from a widely accepted reference [30] and Up

corresponds to the quantum yield and its value was taken from
reference [31]. Since CAs (III), Cp and LVRPA depend on position
and time, the reaction rates for the photoactivated reactions repre-
sent local values that result in a function of position and time. A
radiation balance is needed to calculate the LVRPA by H2O2.

Reaction rates expressions for dark and photoactivated reac-
tions previously obtained were summarized in Table 3.

3.3. Radiation balance

The spectral LVRPA was calculated by solving the radiation bal-
ance in the experimental reactor. Alfano et al. [35–37] found that,
for restricted optical and geometrical parameters, changes in the
radial and angular coordinates did not introduce significant varia-
tions on the radiation field. Therefore, the radiation field in the sys-
tem can be modeled by a one-dimensional representation. This
simplification is useful because it renders simple equations that
can be used for kinetic studies.

According to previous information and considering that only
hydrogen peroxide absorbs radiation, the LVRPA at a given point
in the reactor is given as follows [32]:

ea
P;kðx; tÞ ¼ aP;kðx; tÞEk

P;oðx; tÞ ð16Þ

The spectral fluence rate at any point x inside the reactor is given by
contributions of both lamp and reflectors. Thus,

Ek
P;oðx; tÞ ¼ Ek

P;o;Wfexp½�aP;kðtÞx� þ exp½�aP;kðtÞðLR � xÞ�g ð17Þ

Substituting Eq. (17) into Eq. (16):

ea
P;kðx; tÞ ¼ aP;kEk

P;o;Wfexp½�aP;kðtÞx� þ exp½�aP;kðtÞðLR � xÞ�g ð18Þ

Since none species of As (III) absorbs at 253.7 nm, only H2O2 is
involved in Eqs. (17) and (18). The value of the absorption coeffi-
cient was obtained by the direct application of Beers equations
(aP;k ¼ jP;kCP), being jP;k ¼ 0:389� 105cm2mol�1. In order to com-
pute the averaged value of LVRPA, the average integral was used:

hea
P;kðx; tÞiVR

¼ 1
LR

Z
LR

ea
P;kðx; tÞdx ð19Þ

According to (19), resorting to (18), the final expression used in this
work is:

hea
P;kðx; tÞiVR

¼
2Ek

P;o;W

LR
f1� exp½�aP;kðtÞLR�g ð20Þ
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This averaged value is needed because the LVRPA is an irreducible
function of the spatial coordinates, i.e., there is not uniform distri-
bution of the photons inside the reactor.

3.4. Mass balance

The mass balance of As (III) and H2O2 was solved in order to
simulate the theoretical temporal changes of the pollutant and
hydrogen peroxide.

Some simplifications were made: (i) there is a differential con-
version per pass in the reactor, (ii) the system is perfectly mixed,
(iii) the recirculation rate is very high (this operating condition is
indispensable to ensure assumptions (i) and (ii)), (iv) photoactivat-
ed reactions occur only inside the reactor, and (v) dark reactions
occur in the whole system. As a result, the concentration changes
in the tank are related to the reaction rates as follows:

dCiðtÞ
dt

����
Tank

¼ VR

VT
hR�i ðx; tÞiVR

þ RD
i ðtÞ ð21Þ

With the initial condition that Ciðt ¼ 0Þ ¼ C�i

3.5. Final expressions

The required volume averaged reaction rates for the mass bal-
ance can be obtained from the kinetic Eqs. (14) and (15) according
to:

hR�i ðx; tÞiLR
¼ 1

LR

Z
LR

R�i ðx; tÞdx ð22Þ

Substituting Eq. (20) and taking into account Eq. (21), we obtained a
system of two ordinary differential equations:

dCAsðIIIÞðtÞ
dt

¼ �VR

VT

2Uphea
P;ki

ðrK27 þ 1Þ þ RD
AsðIIIÞ ð23Þ

dCPðtÞ
dt

¼ �VR

VT

2Uphea
P;ki

ðrK27 þ 1Þ rK27 þ RD
P ð24Þ

Introducing Eqs. (1) and (2) into Eqs. (23) and (24), we finally
obtain:

dCAsðIIIÞðtÞ
dt

¼ �VR

VT

2Uphea
P;ki

ðrK27 þ 1Þ � k10CAsðIIIÞCP � k11gCAsðIIIÞ ð25Þ

dCPðtÞ
dt

¼ �VR

VT

2Uphea
P;ki

ðrK27 þ 1Þ rK27 � k10CPCAsðIIIÞ þ k11gCAsðIIIÞ ð26Þ

The reacting system was studied under different operating condi-
tions: (i) in absence of UV radiation and hydrogen peroxide (effect
of dissolved O2), (ii) in absence of UV radiation and addition of
hydrogen peroxide, and (iii) employing the UV/H2O2 irradiated pro-
cess. Different parameters were obtained from these conditions.

4. Results and discussion

4.1. Parameter estimation of dark reactions

4.1.1. In absence of UV radiation and H2O2

The experiment was performed employing an As (III) concentra-
tion of 200 lg/L. The initial pH was 6.5. According to the experi-
mental data, an oxidation yield of 10% was reached after 30 min.
This behavior could be explained by the effect of the dissolved oxy-
gen. The dissolved oxygen was measured during the experience.
The values ranged from 8.5 to 8.7 mg/L. The value of 8 mg/L corre-
sponds to dissolved oxygen in water in equilibrium with air at
room temperature. Kim and Nriagu [9] reported that oxidation of
As (III) with dissolved air in water is possible though the efficiency
of this process is very low. Other authors explained that the reac-
tion may become important only if oxygen saturated water is used
for the process [24,25]. Hence, even if the conversion is not very
important in the oxidation of As (III) it must be part of the reaction
mechanism. A rigorous evaluation and comparison of the most
important reaction could show the possibility of neglecting dark
reactions with no large error. Therefore, the constant k11g should
be evaluated in order to determine the influence of this reaction
in the whole system:

Even if some amount of hydrogen peroxide is formed (see reac-
tion step 11), it would be present at a very low concentration in the
system. Therefore, in this case, the MSSA for the hydrogen peroxide
can be applied and Eq. (25) results:

dCAsðIIIÞðtÞ
dt

¼ �2k11gCAsðIIIÞ ð27Þ

Eq. (27) has an analytical solution. In order to obtain k11g, the equa-
tion can be written as follows:

ln
CAsðIIIÞ

C�AsðIIIÞ
¼ �2k11gt ð28Þ

The following kinetic constant was obtained from the experimental
data and a simple linear regression:

k11g ¼ 2:08� 10�5 	 2:2� 10�6 s�1

The reaction rate constant is very low. Nevertheless, the reaction
occurs and it is important to include this parameter in a complete
model to compare its magnitude with the other rate constants cor-
responding to H2O2 direct oxidation and UV/H2O2 photo oxidation.

Eary and Shramke [38] estimated a half-life of 360 days for the
oxidation reaction of As (III) in groundwater by O2. Kim and Nriagu
[9], estimated half-lives of 4 min, 2–4 days, 4–9 days for the oxida-
tion reaction of As (III) in groundwater under saturated conditions
employing ozone, pure oxygen and air respectively.

In our case, the half-life for As (III) oxidation, according to the
estimated parameter obtained was 9.3 h. The estimated value is
different from the published values. This result could be probably
explained by the different characteristics of the water employed
(pH, presence of dissolved organic compounds, carbonates, phos-
phates, iron, cooper, etc.). In our case, the estimation was made
employing solutions of As (III) in ultrapure water.

4.1.2. In absence of UV radiation and addition of H2O2

The runs were carried out employing an As (III) concentration of
200 lg/L and two different concentrations of H2O2 (3 mg/L, 4 mg/
L). The initial pH for both experiments was 6.5.

According to the experimental data, oxidation yields reached
12% and 14.8% after 15 min, employing 3 and 4 mg/L of hydrogen
peroxide respectively.

Once more, even if the conversions obtained are low in As (III)
oxidation by H2O2, the effect of hydrogen peroxide should not be
neglected as part of the reaction mechanism. It should be taken
into account that if the reaction times were longer, the percentage
of As (III) conversion would increase even more. The reason stated
before for oxygen oxidation applies here. In the end, this reaction
might not be really important. The direct oxidation of As (III) by
direct hydrogen peroxide has been previously reported [6]. This
publication explained that the reaction is strongly influenced by
the existing pH, which gives rise to different dominant species that
are thermodynamically feasible to undergoing oxidation. Thus, the
constant k10, as we said before, is influenced by the pH. Therefore,
it is very important to estimate k10 value under the experimental
conditions employed in this work in order to report the correct
evaluation of the kinetic model that describes the UV/H2O2

process.



Table 5
Estimated parameter for As (III) oxidation (hydroxyl attack) and published values.

Parameter Estimated value Reference values [literature cited]

k7(mol�1 cm3 s�1) 2.42 � 1012

(pH = 5.6–6.7)
1.8 � 1012, pH = 1 [30]
1.0 � 1012, pH = 1–3 [30]
9.0 � 1012, pH = 10.6 [30]
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To determine the parameter k10, Eqs. (25) and (26) result:

dCAsðIIIÞðtÞ
dt

¼ �k10CAsðIIIÞCP � k11gCAsðIIIÞ ð29Þ

dCPðtÞ
dt

¼ �k10CPCAsðIIIÞ þ k11gCAsðIIIÞ ð30Þ

Since there are not photons inside the system (LVRPA = 0), the
terms involving Ua

P;k and hea
P;ki are deleted.

Eqs. (29) and (30) were solved by Runge–Kutta method. The
kinetic constant k10 was obtained using the value of k11g previously
obtained, the experimental data and a non-linear least-squares
(NLLSs) regression procedure based on Levenberg Marquardt opti-
mization algorithm for parameter estimation. This procedure ren-
ders the values of the parameters that minimize the sum of
squared differences between predicted concentrations from the
model and experimental data.

k10 ¼ 1:46� 103 	 9:70� 102 cm3 mol�1 s�1

A comparison between the estimated kinetic parameter k10 and the
published values for this reaction is presented in Table 4. It shows
that the estimated value is a little lower than the published value
measured at pH = 7.5. This result is reasonable according to the
behavior of the rate constant as a function of the pH cited in refer-
ence [6]. It is reported that the rate constant involved in the direct
oxidation of H2O2 to As (III) increases with the pH. Also, the values
in the literature cited were determined from groundwater samples
and, in our case, the values were determined employing solutions of
As (III) in ultrapure water.

4.2. Parameter estimation for the complete process

The operating conditions employed for the parameter estima-
tion for the complete process were:

(a) Concentration of As (III) = 200 lg/L; Concentration of
H2O2 = 0.5 mg/L, 1, 2, 3, 6, 10, 15, 20, 30 mg/L; Spectral flu-
ence rate at the reactor windows = 22.4 � 10�9 Einstein
cm�2 s�1.

(b) Concentration of As (III) = 200 lg/L; Concentration of
H2O2 = 3 mg/L; Spectral fluence rate at the reactor win-
dows = 9.8 � 10�9 Einstein cm�2 s�1, 4.1 � 10�9 Einstein
cm�2 s�1.

The pH ranged from 5.6 to 6.7 for all the experiments.
To determine the kinetic constant K27 for the complete UV/H2O2

process, taking into account the parameters k10 and k11g previously
obtained, Eqs. (25) and (26) were solved by the Runge Kutta meth-
od. One additional kinetic constant with its corresponding 95%
confidence interval was obtained using the kinetic model, the radi-
ation balance, the mass balance and the experimental data resort-
ing to the NLLSs regression procedure:

K27 ¼ 1:11� 10�2 	 3:5� 10�3

Since

k2 ¼ 2:7� 1010 mol�1 cm3 s�1; then k7

¼ 2:42� 1012 mol�1 cm3 s�1
Table 4
Estimated parameters for As (III) oxidation by H2O2 and published values.

Parameter Estimated Value Reference values [literature
cited]

k10(mol�1 cm3 s�1) 1.46 � 103 ± 9.70 � 102 5.5 � 103, pH = 7.5 [6]
(pH = 6.5) 1.53 � 104, pH = 10 [6]
A comparison between the parameter k7 and the published values
for this reaction is presented in Table 5. Apparently the kinetic con-
stants are influenced by the pH because of the different As (III) spe-
cies involved. The same behavior was observed for dark reactions.
The estimated rate constant k7 = 2.42 � 1012 mol�1 cm3 s�1 and
the published values are of the same order of magnitude. The value
is similar but not the same because, as we said before, the kinetic
parameter depends on the experimental conditions that were esti-
mated and evaluated. The value is higher than the reference values
which were estimated in acidic conditions, and lower than the esti-
mated value at pH 10.6. This behavior is reasonable because of the
pH employed in our experiments (the pH ranged from 5.6 to 6.7).

It is important to mention that the aim of this work is to deter-
mine a global constant K27 (k2–k7 relation). The constant k2 was
only used to obtain the value of k7 and to evaluate and compare
k7 magnitude with the existing literature.

As an example, in Fig. 2a–f, model simulations and experimen-
tal results of As (III) and H2O2 concentrations as a function of time
are compared for various hydrogen peroxide initial concentrations
employing an initial As (III) concentration of 200 lg/L and
22.4 � 10�9 Einstein cm�2 s�1 for the LVRPA.

The root mean square error (RMSE) based on the comparison of
experimental results and simulated conversions from the model
for As (III) and hydrogen peroxide was 7.8%.

The rather simple equations derived (the kinetic model) repre-
sent quite well the experimental data for the reactants As (III) and
hydrogen peroxide. In addition to this, the model reproduces the
behavior for different experimental conditions studied. Fig. 2e cor-
responds to an experiment carried out under the best operating
conditions (H2O2 concentration is in the optimum range estab-
lished in the previous work [16]). These conditions were a concen-
tration of As (III) and H2O2 of 200 lg/L and 15 mg/L respectively.
For higher relations, the As (III) conversion begins to decrease be-
cause of the scavenging effects of an excess of hydrogen peroxide
on the OH radicals that are responsible for the oxidation reaction.

4.3. Simplified model

Taking into account that the experiments have shown low
conversions of As (III) without UV light, it is possible to derivate
a simplified model neglecting k10 and k11. Eqs. (25) and (26) can
be then written as:

dCAsðIIIÞðtÞ
dt

¼ �VR

VT

2Uphea
P;ki

ðrK27 þ 1Þ ð31Þ

dCPðtÞ
dt

¼ �VR

VT

2Uphea
P;ki

ðrK27 þ 1Þ rK27 ð32Þ

Employing the same methodology as discussed before, two one new
kinetic parameter with its corresponding 95% confidence interval
was obtained:

K27 ¼ 9:6� 10�3 	 2:9� 10�3

Since k2 = 2.7� 1010 mol�1 cm3 s�1, then k7 = 2.8� 1012 mol�1 cm3 s�1

The root mean square error (RMSE) based on the comparison of
experimental results and simulated conversions from the model
for As (III) and hydrogen peroxide was 7.9%.



Fig. 2. Experimental and simulated concentrations of As (III) and H2O2 vs. time for different H2O2 initial concentrations. Experimental data: (d) As (III), (D) H2O2. Model
simulation results: solid lines As (III), dash lines H2O2. (a) CP = 1 mg/L; (b) CP = 2 mg/L; (c) CP = 3 mg/L; (d) CP = 10 mg/L; (e) CP = 20 mg/L; and (f) CP = 30 mg/L. Initial
concentration of As (III) = 200 lg/L; spectral fluence rate at the reactor windows = 22.4 � 10�9 Einstein cm�2 s�1.
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4.4. Comparison of the results obtained with the complete and the
simplified models

A parity plot is useful to evaluate the model representation. The
results obtained from the model and direct experimental data of As
(III) and H2O2 concentrations for the complete and simplified mod-
els are compared in Figs. 3 and 4.

The distribution of the data around the parity line is a measure
of the goodness of the proposed model. It can be seen that the
model representation for hydrogen peroxide is good for both mod-
els (the R2 values are >0.99). For As (III), the dots are a little more
scattered about the parity line but they are distributed almost
evenly on both sides of the straight line. For this pollutant, the rep-
resentation of the proposed model is reasonable and the best R2 is
obtained for the simplified model.

It can be seen that both models (complete and simplified) rep-
resent the behavior of the involved species (experimental data)
inside the reacting system.
The kinetic parameter k7 obtained from the simplified model
does not show significant differences with those obtained employ-
ing the complete scheme. According to these results, it is clear that
the effects of the dark reactions could be neglected against the
photoactivated reactions over the global reaction rate of the pro-
cess. The constant k7 involved in the attack of the hydroxyl radical
to As (III) is relatively high, which assures the feasibility of the
application of the UV/H2O2 process for the oxidation of As (III).

4.5. Feasibility and efficiency of the process

In order to evaluate its feasibility and efficiency, the process
was compared with other technologies studied in the literature
cited.

There are a lot of literature that presented the half-lives for As
(III) employing 2 mg/L for the oxidant agent at pH 7.0: 16 h
(H2O2) [6], 2 h (NH2Cl) [7], 95 ms (HOCl) [7], 12 ms (O3) [7] and
11 ms (FeO2�

4 ) [39]. Also, Kocar and Inskeep [14] studied the As



Fig. 3. Simulated concentrations of As (III) vs. experimental values. (a) Complete model. (b) Simplified model.

Fig. 4. Simulated concentrations of H2O2 vs. experimental values. (a) Complete model. (b) Simplified model.

M. Lescano et al. / Chemical Engineering Journal 211–212 (2012) 360–368 367
(III) photochemical oxidation in presence of ferrioxalate in natural
water, and obtained a half-life of 7.2 min (at pH 5.0 employing
18 lM of Fe (III) and 17.4 lM of As (III)). They compared this pro-
cess with other technologies, employing values of half-lives for As
(III) taken from this bibliography: O2: 360 days [38]; Fe(III) at pH 5:
9.5 days [40]; H2O2 at pH 7.5: 1.6 days [6]; O3: 4 min [9]; UV/TiO2:
2.4 min [41]; biological processes: 0.6 min [42] and 18 min [43].

It can be seen from this review that it is very difficult to com-
pare processes using experimental values obtained from different
studies. It is because different conditions were employed in each
study (different pH, different composition of the treated water, real
groundwater samples, simulated groundwater samples, samples
prepared with distilled water spiked with As (III), etc.). Neverthe-
less, the comparison could be useful in order to estimate and eval-
uate the relative feasibility and efficiency of a process.

In our study of the UV/H2O2 technology, from the experimental
data or from the model (employing a concentration of H2O2 of
20 mg/L and a spectral fluence rate at the reactor windows of
22.4 � 10�9 Einstein cm�2 s�1), a value of 3.5 s as a half-life for
the As (III) oxidation process was obtained (pH: 6.6). Also, accord-
ing to a previous publication from our group [16], the half-life ob-
tained was 7.8 s for the same operating conditions but employing
real groundwater samples.

According to the values of half-lives for As (III) summarized in
this section, it can be concluded that even if the UV/H2O2 process
is not as a fast as other processes that use oxidant agents (such
as O3;HOCl; and FeO2�

4 ), it is fast in comparison with other oxida-
tion advanced processes (photochemical oxidation in presence of
ferrioxalate, UV/TiO2, etc.) and biological processes.
5. Conclusions

A kinetic model for the oxidation of As (III) employing the UV/
H2O2 process was developed.

The model involves dark and photoactivated reactions. They
were studied separately and afterwards they were included as part
of the whole system. By employing a simplified model, it has been
demonstrated that the photoactivated reactions are the main
responsible for the oxidation of As (III). Dark reactions have no sig-
nificant influence on the overall reaction evolution.

The experimental data agreed with the data of the model pre-
dictions obtained from the proposed mechanism with a RMSE of
7.8% and 7.9% for the complete and simplified model respectively.

The process is relatively fast if it is compared with other oxida-
tion processes studied. Therefore, it is a feasible and promising
technique to be employed as a pre-oxidation treatment for As
(III) contaminated water.

The results obtained in this work provide reliable intrinsic reac-
tion kinetic parameters for reactor design and optimization
purposes.
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