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� This work reports the degradation kinetics of a mixture of pollutants in water.
� The model is based on a complete reaction mechanism using H2O2/UV radiation.
� The model describes the effect of the local irradiation rate.
� The model is experimentally validated.
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A kinetic model for the simultaneous degradation of dichloroacetic acid (DCAA) and formic acid (FA) has
been developed. The oxidation is produced by the combination of hydrogen peroxide (HP) and UV
(253.7 nm) radiation. A set of four equations, three differentials and one algebraic, represents the time
evolution of the concentration of DCAA, FA, HP and hydrochloric acid (HCl), a measurable by-product.
The model is based on a complete reaction mechanism, which comprises hydrogen peroxide photolysis
and decomposition of dichloroacetic and formic acids. It takes into account the effect of non-uniform dis-
tribution of the local rate of absorbed photons. The mathematical model renders simulation results that
agree with the experimental data. It was also shown that FA decays much faster than DCAA.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Advanced oxidation process (AOP) has been the topic of numer-
ous research works in the last decades [1–3]. These processes
include technologies such as O3/H2O2, O3/UV, H2O2/UV, O3/H2O2/
UV, Fe2+/H2O2, Fe2+/H2O2/UV, TiO2/UV, etc., just to mention some
of the most widely used. AOPs involve the generation and subse-
quent reaction of very reactive, intermediate species, such as the
hydroxyl radical (�OH) that oxidizes many organic and inorganic
compounds due to its high oxidation potential (SOP = 2.8 V).

Even though conventional technologies that transfer the pollu-
tant from one phase to another, such as adsorption or gas stripping,
are still widely accepted in the market, AOPs research has set as a
very important target to make these technologies more attractive
because they can achieve a reasonable yield for removing some
selected contaminants instead of transferring the pollution from
one place to another. AOPs are also efficient processes for removing
non-biodegradable and refractory organic compounds.

The UV/H2O2 process has some qualities with respect to others
AOPs. Hydrogen peroxide (HP) is easier to transport, store and
operate; also it is also highly soluble in water; the equipment
and processing costs are not high; and it has shown efficiency for
degrading several pollutants such as pesticides [4], methyl tert-bu-
tyl ether (MTBE) [5], phenols [6] and dyes [7,8]. Considering these
advantages, this method seems to be an appealing alternative.

Designing a low cost UV/H2O2 process for commercial
applications requires the determination of the effects of important
design and operational variables. With this purpose, a representa-
tive kinetic model should be able to describe the fate of the
pollutants within the photoreactor regardless its shape and its
relative configuration with respect to the irradiation system. In
order to be effective, it requires the precise knowledge of the
degradation pathways and the reaction rates constants corre-
sponding to the interaction of hydroxyl radicals with the involved
pollutants, and also of the photonic absorption rate effects on the
reaction rates [9,10].

Kinetic models have been previously proposed by several
research groups for predicting the decomposition rate of specific
organic compound employing the UV/H2O2 technology in aqueous
phase. The kinetic models for the UV/H2O2 process proposed by
Lay [11] and Glaze et al. [12] considered most of the important
reactions occurring in the reactor and were verified through exper-
imental studies. The model was able to predict the concentration of a
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Nomenclature

C concentration, mole L�1 (M)
ea local volumetric rate of photon absorption, Einstein

cm�3 s�1

G incident radiation, Einstein s�1 cm�2

k kinetic constant, units depend on the reaction step
L length, cm
HP hydrogen peroxide
R reaction rate, mole L�1 s�1

r0 molar concentration ratio
t time, s
V volume, cm3

x rectangular Cartesian coordinate, cm
Q flow rate, L min�1

Greek letters
a molar naperian absorptivity, cm2 mole�1 or parameter

k8/k2

b parameter
j volumetric absorption coefficient, cm�1

k wavelength, nm

Subscripts
DCAA relative to dichloroacetic acid
FA relative to formic acid
FAH relative to formic acid protonated
FAA relative to ionized formic acid
Hom relative to homogeneous phase
i relative to species i
HP relative to hydrogen peroxide
R denotes reactor volume
T denotes total reaction volume
t time, s
w relative to the wall
k relative to monochromatic radiation of wavelength k
MAX relative to maximum

Superscripts
0 relative to an initial condition

Special symbols
hi average value over a defined space

Photoreactor

Refrigeration system

Thermometer

Sampling
valve

Tank

Recirculating Pump

Reactor
windowsLamp

Fig. 1. Experimental setup.
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pollutant (1,2-dibromo-3-chloropropane) as a function of time at
different hydrogen peroxide concentrations. Liao and Gurol [13]
developed a kinetic model for n-chlorobutane which considers the
influence of background organic matter on the reactor performance.
In the model developed by Stefan et al. [14], the kinetic degradation
pathways for the breakdown of acetone were proposed, and the
degradation of acetone and by-products were examined. Crittenden
et al. [15] developed a dynamic kinetic model using the UV/H2O2

process in a completely mixed batch reactor. The model included
the photochemical initiation and other elementary chemical and
photochemical reactions. The model does not assume that the net
formation rate of free radical species is zero, which would mean that
the rate of their formation equals the rate of their consumption (the
pseudo-steady state assumption). The model was tested by predict-
ing the destruction of a probe compound (1,2-dibromo-3-chloropro-
pane) in distilled water with the addition of carbonate and
bicarbonate ions. Song et al. [16] proposed a kinetic model for
predicting the decomposition of alachlor in the presence of natural
organic matter and other free-radical scavengers under different
water quality and operating conditions. In the work developed by
Kusic et al. [17], the goal was to develop a mathematical model for
predicting the degradation of an azo dye model pollutant by three
photooxidation processes: UV=H2O2;UV=S2O2�

8 and UV/O3. The
model predicted the conversion of azo dye and the formation and
subsequent degradation of the main intermediates and the final
inorganic products of the pollutant mineralization.

In the current work, the development of kinetic expressions to
represent the photodegradation rates of a mixture of two
compounds in water employing the UV/H2O2 process is proposed.
The model compounds were dichloroacetic acid (DCAA), a typical
by-product of chlorine disinfection, and formic acid (FA). Both of
them were used at the same level of concentration throughout the
experiments. The kinetic model is based on a complete reaction
scheme developed in a previous work [18] and includes the rigorous
modeling of the effects produced by the spatial distribution of the
existing radiation field on the reaction rate. The evaluation of the
photon absorption rate inside the reactor was achieved by solving
the radiative transfer equation (RTE) for the homogeneous system
because this effect is not uniform and depends on the local
distribution of the spectral radiance, afterwards, must be subjected
to a reactor volume averaging integral.

However, an additional important aim of this work is to verify
to what extent it is possible to use the intrinsic kinetics of the
decomposition of two organic compounds to model the decompo-
sition of the mixture of both, using the mechanism obtained
separately for each one of them.

The idea is to widen the methodology to increasingly complex
systems and to determine the limitations that may appear in real
water applications that would force to resort to new procedures
to solve the difficulties that could have been found.

2. Materials and methods

2.1. Chemicals

The following reactants were used: (a) DCAA (Merck, p.a., >98%)
(b) FA (Merck, 98–100%), (c) H2O2 (Ciccarelli p.a., 30% p/v), (d) KCl
(Merck, p.a., >99%) and (e) catalase from bovine liver (Fluka,
>2000 units mg�1) (1 Unit of the employed reagent corresponds



Table 1
Experimental conditions.

Variable Value

DCAA initial concentration 1.6 � 10�4 to 3.9 � 10�4 (M) (20–50 mg L�1)
FA initial concentration 4.3 � 10�4 to 10.9 � 10�4 (M) (20–50 mg L�1)
HP initial concentration 0–3.2 � 10�2 (M) (0–1100 mg L�1)

Incident radiation
Heraeus UV–C 40 W 23.3 (Einstein cm�2 s�1) � 109

Philips TUV 15 W 10.4 (Einstein cm�2 s�1) � 109

Reaction time 18.000 s (5 h)
Temperature 20 (�C)
Initial pH 3.5

M.L. Mariani et al. / Chemical Engineering Journal 225 (2013) 423–432 425
to the amount of enzyme that decomposes 1 lmol min�1 of H2O2

at pH = 7 and 25 �C). Deionized water was used for all experiments.

2.2. Experimental reactor and operating conditions

The study was carried out in a batch photoreactor operated
inside a closed recycling loop (Fig. 1). The reactor was a cylinder
with two parallel flat windows made of Suprasil quartz. Radiation
was produced with two low-pressure mercury vapor lamps
(k = 253.7 nm). Each window permitted the interposing of one
shutter to block the passage of light when necessary. The photore-
actor’s volume (VR) was 110 cm3 and the total volume (VT) of the
system was 2000 cm3. The reagents and products in the recirculat-
ed water enter the reactor through two inlet ports located at the
reactor wall which allow a tangential, powerful flow to the interior
of the reaction zone. The water exits the reactor through an outlet
port located on the opposite side to that where the inlets are
located. This design allows collisions of the fluid with the reactor
walls and sudden changes of directions in the reactor volume.
The internal diameter of the entry and exit pipes of the reactor is
1 cm. The reacting solution flow rate (3 L min�1) originates a Rey-
nolds number (Re) = 3180 in each of the two supply tubes and a
Re = 6370 in the exit tube. This operation system generates a
strong turbulence in the reactor volume, which ensures an excel-
lent mixing. In the case of the tank, the mixture is additionally
improved by the existence of a magnetic stirring system that oper-
ates with a Teflon rod of 5 cm long at a speed of 1500 rpm. More
considerations concerning mixing in the reactor will be made in
the section corresponding to the analysis of the results. A detailed
description of the photoreactor has been presented elsewhere [19].

The experimental conditions used in this study were the same
as those used in a previous work on the experimental degradation
of the mixture DCAA and FA in water using the UV/H2O2 process
[18]. Hence, experiments were carried out in the following range
of the significant experimental variables: (1) DCAA initial concen-
tration between 1.6 � 10�4 and 3.9 � 10�4 M and FA initial concen-
tration between 4.3 � 10�4 and 10.9 � 10�4 M; (2) H2O2 initial
concentration between 0 and 3.2 � 10�2 M; (3) Incident radiation
rates produced by tubular germicidal lamps with different output
irradiance between 10.4 � 10�9 and 23.3 � 10�9 Einstein cm�2 s�1

(measured with potassium ferrioxalate actinometry [20] and
calculated according to [21]). The initial pH was 3.5 and this value
was obtained from the mixture of DCAA and FA in the working
solution. The pH remained almost constant during the reaction.
The experimental conditions are shown in Table 1.

2.3. Degradation procedure

In each experiment a working solution (2000 cm3) of DCAA, FA
and HP was prepared using deionized water. The photoreactor was
filled with the solution and then recirculation was set. During each
run, samples of 25 ml were taken inside clean vials every 60 min.
Once each run had finished, the photoreactor was carefully washed
three times with tap water and twice with deionized water.

2.4. Analytical methods

DCAA, FA and chloride ion were analyzed by ion chromatograph
with a suppressed conductivity detector (Waters 432) employing
an Ion Pac AS4A-SC (4 � 250 mm) analytical column. The injection
volume was 20 ll. The flow rate of the mobile phase, NaHCO3

(1.7 mM)/Na2CO3 (1.8 mM), was fixed at 1 ml min�1. Duplicate
injections of each sample were made. Prior to the liquid chromato-
graph injection, a fixed volume 350 ll of catalase solution
(170 mg L�1) was added to each sample. HP was analyzed with
spectrophotometric methods at 350 nm according to Allen et al.
[22] employing a Cary 100 Bio (Varian) UV–visible instrument.
Total organic carbon (TOC) was measure with Shimadzu TOC-
5000A analyzer. The precision of the TOC measurements were in
the range of ±1 mg of organic carbon L�1. pH was monitored with
a HI 98127 Hanna pHmeter (accuracy: ±0.1).
3. Modeling aproach

3.1. Mass balance

The mass balance was solved in order to obtain the theoretical
evolution of DCAA, FA and HP. For this purpose, a number of
well-grounded assumptions were made: (i) there is a differential
conversion per pass in the reactor (to be supported with results
analyzed further ahead); (ii) the system is perfectly mixed (same
observation as above); (iii) direct photolysis is neglected, as
shown in a previous work [18]; and (iv) the recirculation flow
rate is high (3 L min�1). These operating conditions greatly sim-
plify the mathematical analysis of the experimental data of the
recycling system [23]. If assumptions (i and ii) are not fulfilled,
the mass balance becomes much more difficult. These assump-
tions can be easily fulfilled if condition (iv) is satisfied and the
reaction rate is relatively slow. Conversely, when the listed
assumptions are satisfied, they permit the rigorous application
of an ordinary differential equation as simple as Eq. (1) below.
Under the previous operating conditions, changes in concentra-
tion in the tank are related to the reaction rates according to
Eq. (1) [24].

dCiðtÞ
dt

����
Tank
¼ VR

VT
RHom;ii

ðx; tÞ
� �

VR
ð1Þ

with the initial condition that Ciðx;0Þh iVR
¼ C0

i :

where Ci is the concentration of DCAA, FA or HP, RHom;i is the homo-
geneous reaction rate corresponding to DCAA, FA and HP. Note that
the reaction rate is preceded by the ratio of the photoreactor
volume (VR) over the total volume (VT). Hence, this ratio results
from the special type of batch reactor (a recycle with a tank) that
is employed in this work.

3.2. Kinetic model

3.2.1. Reaction scheme and kinetic equations
The reaction path for the degradation of DCAA and FA with

H2O2/UV is illustrated in Table 2.
The main interactions between H2O2 with UV radiation and free

radicals are well represented by reactions (1)–(7) and its kinetic
constants are well known [25–28]. Reactions (8)–(11) were taken
from [24,32]. DCAA pKa is 1.26. Thus, at pH 3.5 used in this work
DCAA exist essentially in its deprotonated form (Step 8).



Table 2
Reaction scheme.

No. Steps Reactions Constants (M�1 s�1)

(1) Initiation H2O2 !
UHP 2�OH UHP ¼ 0:5 ðmol Einstein�1Þ

(2) Propagation H2O2 þ �OH!k2 HO�2 þ H2O 2.7 � 107 (i)

(3) H2O2 þ HO�2!
k3 �OHþ H2Oþ O2

3.0 (ii)

(4) Termination 2�OH!k4 H2O2
5.5 � 109 (iii)

(5) 2HO�2!
k5 H2O2 þ O2

8.3 � 105 (iv)

(6) �OHþ HO�2!
k6 H2Oþ O2

6.6 � 109 (v)

(7) �OHþ O��2 !
k7 OH� þ O2

7.0 � 1012 (vi)

Descomposition
(8) DCAA CCl2 HCOO� þ �OH!k8 �CCl2 COO� þ H2O 5.8 � 107 (vii) 9.2 � 107 (viii)

(9) �CCl2COO� þ O2!
k9 �OOCCl2 COO� Rate approach the diffusion-controlled limits

(10) 2�OOCCl2COO� !k10 2COCl2 þ 2CO2 þ O2
–

(11) COCl2 þ H2O!k11 CO2 þ 2HCl 9 s�1 (ix)

(12) FA HCOOHþ �OH!k12 �CO�2 þ Hþ þ H2O 1.3 � 108 (x)

(13) HCOO� þ �OH!k13 �CO�2 þH2 O 3.2 � 109 (xi)

(14) �CO�2 þ O2!
k14 CO2 þ O�2

2.0 � 109 (xii)

(15) HCOOH!K15 HCOO� þ Hþ 1.77 � 10�4 (M)

(i, iii and iv) Taken from [25]; (ii) taken from [26]; (v) taken from [27]; (vi) taken from [28] (vii) taken from: [24]; (viii) taken from:[29]; (ix) taken from [30]; (x) and (xi) taken
from [25]; (xii) taken from [31].
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Since the pKa of FA is 3.75, at the working pH (3.5) the proton-
ated and the ionized form of FA coexist. Step (12) corresponds to
the reaction of the �OH radical with the protonated formic acid
(FAH) and step (13) corresponds to the reaction of the �OH radical
with the ionized form of formic acid (FAA). These steps have been
proposed taking into account the reported reaction steps for the
degradation of FA employing others AOPs like TiO2/UV or H2O2/
vacuum UV photoreactions [33–35]. Step (15) represents the equi-
librium reaction for FA.

The reaction kinetics was formulated in terms of the mass ac-
tion law for all the necessary reaction steps proposed in Table 2.
Zalazar et al. [24] has shown that step 2 is the predominant prop-
agation step and step 5 is the prevailing termination step. These
results are in agreement with previous remarks published by
[13]. Taking into account these reliable approximations, neglecting
reactions (3), (4), and (6), a simplified kinetic scheme can be
developed.

For DCAA:

RDCAA ¼ �k8CDCAAC �OH ð2Þ

For FAH and FAA:

RFAH ¼ �k12CFAH C �OH ð3Þ

RFAA ¼ �k13CFAA C �OH ð4Þ

Therefore the global reaction rate for FA is:

RFA ¼ �k12CFAH C �OH � k13CFAA C �OH ð5Þ

The total concentration of FA in the mixture is calculated according
to:

CFA ¼ CFAH þ CFAA ð6Þ

From the equilibrium reaction constant (step 15):

K15 ¼
CHþCFAA

CFAH

ð7Þ

Therefore taking into account that the pH remains almost constant
it is possible to relate the FAA concentration with FAH concentra-
tions using Eq. (7):
CFAA ¼
K15

CHþ

� �
CFAH ¼ xCFAH ð8Þ

Finally it is possible to write the concentrations of FAH and FAA as a
function of the total formic acid concentration (FA) as follows:

CFAH ¼
1

ð1þxÞ CFA ð9Þ

CFAA ¼
x

ð1þxÞCFA ð10Þ

Finally, Eq. (5) can be written:

RFA ¼ �
k12 þxk13

1þx

� �
CFAC �OH ð11Þ

For HP:

RHP ¼ �UHPea
k � k2CHPC �OH þ k5C2

HO�2
ð12Þ

For unstable species �OH HO�2 and �CO�2 resorting to the
micro-steady-state approximation (MSSA):

R�OH ¼ 2UHPea
k � k2CHPC �OH � k8CDCAAC �OH

� k12 þxk13

1þx

� �
CFAC �OH ffi 0 ð13Þ

RHO�2 ¼ k2CHPC �OH � 2k5C2
HO�2

ð14Þ

R�CO�2 ¼ k13CFAA C �OH � k14C �CO�2 CO2 ffi 0 ð15Þ

RO��2 ¼ k14C �CO�2 CO2 � k7C �OHCO��2 ffi 0 ð16Þ

From Eq. (14):

C2
HO�2
¼ k2CHPC �OH

2k5
ð17Þ

And resorting to Eq. (13):
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C �OH ¼
2UHPea

k

k2CHP þ k8CDCAA þ k12þxk13
1þx

� �
CFA

0
@

1
A ð18Þ

The reactions rates result:

RDCAA ¼ �k8CDCAA
2UHPea

k

k2CHP þ k8CDCAA þ k12þxk13
1þx

� �
CFA

2
4

3
5 ð19Þ

RFA ¼ �
2UHPea

k

k2CHP þ k8CDCAA þ k12þxk13
1þx

� �
CFA

2
4

3
5

� k12 þxk13

1þx

� �
CFA ð20Þ

RHP ¼ �UHPea
k 1þ k2CHP

k2CHP þ k8CDCAA þ k12þxk13
1þx

� �
CFA

2
4

3
5 ð21Þ

In previous equations R represents molar reactions rates for DCAA,
FA and HP respectively.Where CDCAA ¼ CDCAAðtÞ CFA ¼ CFAðtÞ and
CHP ¼ CHPðtÞ are the molar concentrations of DCAA, FA and HP
respectively. UHP is the primary quantum yield and ea

kðx; tÞ is the lo-
cal volumetric rate of photon absorption (LVRPA) by H2O2. If we de-
fine r1 ¼ ðCDCAAÞ=ðCHPÞ and r2 ¼ ðCFAÞ=ðCHPÞ as well as the
parameters a ¼ ðk8Þ=ðk2Þ and b ¼ ðk12 þxk13Þðð1þxÞk2Þ, rearrang-
ing Eqs. (19)–(21) we finally get:

RDCAA ¼ �ar1
2UHPea

k

1þ r1aþ r2b

	 

ð22Þ

RFA ¼ �br2
2UHPea

k

1þ r1aþ r2b

	 

ð23Þ

RHP ¼ �UHPea
k 1þ 1

1þ r1aþ r2b

	 

ð24Þ

In Table 2 the rate constants finally used in the proposed kinetic
model are written in bold face characters (values of k2, k8, k12, k13).
The parameters a and b were calculated from these reaction rate
constants provided from references [24,25,29]. Since there are two
values published for constant k8, in Section 4.2 Model evaluation
for DCAA and FA separately’’ this difference is discussed and an expla-
nation is given for the choice of the value adopted in the kinetic mod-
el. The quantum yield (UHP) was taken from the existing information
[36,37]. The photon absorption effects were calculated by solving the
radiation balance in the experimental reactor as shown below.

3.2.2. The HCl formation
For complete mineralization, each mole of DCAA that is decom-

posed should produce two moles of Cl�. In a previous work [18], it
was shown that this reaction does not have stable intermediates in
aqueous media because COCl2 is instantaneously hydrolyzed. In this
mixture, only DCAA generates chloride ions and the stoichiometric
relationship between them is clear. Therefore, the following alge-
braic equation must be always satisfied:

RHCl ¼ �2RDCAA ð25Þ

Hence, the reaction rate of hydrochloric acid appearance is equal to
twice the value of the reaction rate of DCAA disappearance.

3.3. The radiation balance

The radiation intensity effect was calculated by solving the radi-
ation balance in the experimental reactor. The same configuration
reactor was used in a previous work and the expression employed
to compute the averaged LVRPA in the reactor volume was derived
in [24]:

ea
HPkðx; tÞ

� �
VR
¼ 2GW;k

LR
f1� exp½�jHP;kðtÞLR�g ð26Þ

where GW is the incident radiation at the reactor wall and jk;HP is
the linear naperian absorption coefficient of the reactant absorbing
species.

The incident radiation GW at x = 0 and x = LR was evaluated with
actinometer measurements using potassium ferrioxalate [20] and
the method described by Zalazar et al. [21].

3.4. Final equations

Volume averaging the reaction rates for the stable species
DCAA, FA and HP Eqs. (22)–(24), and, if the cross sectional area
of the reactor is constant, for a one-dimensional model, it is only
necessary to perform the integral over the reactor length LR:

hRiðx; tÞiVR
¼ 1

LR

Z
LR

Riðx;tÞdx ð27Þ

Substituting Eq. (27) in each reaction’s rate Eqs. (22)–(24), consider-
ing that according to the well mixed assumption all species concen-
trations are not a function of position and taking into account Eq.
(1):

dCDCAAðtÞ
dt

¼ � VR

VT

� �
ar1

2UHPhea
HP;ki

1þ r1aþ r2b

	 

ð28Þ

dCFAðtÞ
dt

¼ � VR

VT

� �
br2

2UHPhea
HP;ki

1þ r1aþ r2b

	 

ð29Þ

dCHPðtÞ
dt

¼ VR

VT

� �
�UHPhea

HP;ki 1þ 1
1þ r1aþ r2b

	 
� �
ð30Þ

Eqs. (28)–(30) constitute one system of ordinary differential equa-
tions that was solved by the Runge–Kutta method.

4. Results and discussion

4.1. The intrinsic values of the obtained results

In addition to the precautions taken to use a rigorous modeling
method, the kinetic rate equations obtained will be intrinsic if Eq.
(1) is valid and if the experimental data were obtained under the
chemical kinetic controlling regime.

With the object of establishing if the reactor operates in a differ-
ential manner and under conditions where there are no mass
transport restrictions, one can resort to the one experimental run
where the largest conversion in the shortest reaction time was ob-
tained; i.e., (i) for FA, that is the compound that degrades faster
[18], (ii) operating with the maximum incident radiation and (iii)
working with the optimal ratio previously found [18].

With this information, it is possible to proceed to calculate the
Damkolher number (Da). Since the concentration of HP is not mod-
ified substantially because it is added in large excess and, addition-
ally, this is the only species that absorbs radiation, it is possible to
assume, for this particular experiment and in a first approximation,
that the behavior of the reaction can be represented by a pseudo-
first order kinetic expression. Then, in accordance with Fogler [38]:

Da ¼ k�VR

Q
ð31Þ

This number can be estimated experimentally, regardless of a
precise kinetic representation, through the following approximate
expression:



Table 3
Kinetic rate constants for DCAA and FA.

Parameter Reference value Reference pH

k8 (M�1 s�1) 5.82 � 107 (i) 3.2–3.5
9.20 � 107 (ii) 6.2

k12 (M�1 s�1) 1.30 � 108 (iii) 1
1.30 � 108 (iv) 1

k13 (M�1 s�1) 3.20 � 109 (v) 6

(i) Taken from [24]; (ii) taken from [29]; (iii) and (v) taken from: [25]; (iv) taken
from [39];

Fig. 2. Simulation results employing the rate constants adopted from the literature
and included in the kinetic model, compared with the experimental values obtained
in this work. (iii and v): values taken from Buxton et al. [25], (iv): values taken from
Adams et al. [39].
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Da ¼ VR=Q

C0
i =Ri;MAX

ð32Þ

In the case of FA the maximum reaction rate takes place at the
beginning of the experimental run (t = 0). This gives as a result that
Da = 0.0086. If just to corroborate, one wish to take the case of the
DCAA oxidation, the maximum reaction rate occurs at t = 10,800 s,
which renders a value of Da = 0.0025. Thus, there is no doubt that
even the maximum possible value of the conversion per pass will
be quite small.

Considering the species that gives the greatest Da, (that is, FA) it
is possible to accept the approach mentioned earlier (the pseudo-
first order kinetics). In this case, it is conceivable to evaluate a
pseudo-first order kinetic constant for the same experiment.

Taking all the corresponding experimental data and resorting to
a simple parameter estimation method, after proposing that:

RFA ¼ k�CFA ð33Þ

A value of k⁄ = 0.0073 s�1 is obtained. Using to this expression, a
more exact value of Da = 0.016 is calculated for the conditions of
maximum reaction rate. If it is accepted that the previous equation
is fulfilled for FA in this selected run, then the maximum conversion
per pass is:

X ¼ 1� exp½�k�ðQ=VRÞ� ¼ 0:0159 ð34Þ

This result clearly ratifies that the reactor operates under differen-
tial conversion.

If the conversion per pass is differential and the reactor has a
system of fluid inlet, fluid outlet and mixing as described in Sec-
tion 2.2, there are no possibilities for the existence of mass transfer
control in the obtained kinetics. This situation was to be expected
for the following reasons: (i) the reactor volume is very small, (ii)
the recirculation flow rate is high, (iii) with the used concentra-
tions and applied radiation rates, the reaction rate is slow and
(iv) the design of the internal mixing as well as the special con-
struction of the different parts of the reaction space generates high
turbulence in the bulk of the fluid. Consequently, the resulting ef-
fect of all these factors is that the maximum conversion of the re-
agents per pass, even under the most unfavorable conditions, is
extremely low.

Considering all these circumstances, added to the very small
relationship between VR/VT guarantee the validity of the applica-
tion of Eq. (1) and, even more important, for reactor design pur-
poses, the intrinsic nature of the obtained kinetic rate equations.

4.2. Model evaluation for DCAA and FA separately

Table 3 shows a summary of the kinetic rate constants for FAH,
FAA and DCAA for reaction with �OH obtained from different works.

The �OH radical rate constants for FAH and FAA forms are well
known and have been extensively used in kinetic modeling of
�OH radical induced degradation of FA [33].

In the case of DCAA two kinetic rate constants were evaluated:
(i) k8 = 5.8 � 107 M�1 s�1 reported in Zalazar et al. [24] at the same
pH (3.5) as the current work and the rate constant determined by
Maruthamuthu et al. [29] through a competition kinetics method
against SCN� at pH 6.2, a widely used probe in radiolysis: (ii)
k8 = 9.2 � 107 M�1 s�1.

Both values have the same order of magnitude. However the
difference is important: 37%. This difference could be explained
by the methods used in each case. Although the competition
kinetic is a most appropriate method, the rate constant obtained
in Zalazar et al. [24] is based on a model that provides a complete
mechanism of the DCAA reaction. Therefore it is important to eval-
uate both constants with the proposed model to establish which
one gives the best representation of the experimental data.

The system of ordinary differential equations [Eqs. (28)–(30)]
was solved for each individual compound by taking the concentra-
tion of the other compound equal to zero. The estimations
obtained were compared with the experiments conducted for each
pollutant alone, i.e., a degradation experiment with FA alone and
another with DCAA alone.

The predictions of the model and the experimental values for an
experiment employing FA alone are shown in Fig. 2. The compari-
son shows that the model (solved with the adopted rate constants)
represents the experimental data reasonably well.

For DCAA, the two values of the constants cited above were
evaluated. The simulation results show that the calculated con-
stant (i) represents the experimental data at pH = 3.5 much better
(Fig. 3) than the constant obtained by Maruthamuthu et al. [29].
For this reason, the kinetic constant obtained by Zalazar et al.
[24] was chosen for represent the degradation mixture of DCAA
and FA.

If these values of the rate constants are considered correct, it is
clear that the decomposition rate of FA is one order of magnitude
larger than the one corresponding to DCAA. Thus, it should be
expected that all the FA will be fully decomposed before the DCAA
reaches an equivalent level of degradation.

4.3. Model evaluation for the mixture of DCAA and FA

The full set of experimental data described in Table 1 for each
variable involved in the reaction was used to evaluate the quality
of the mathematical model (represented by the system of ordinary
differential equations derived before Eqs. (28)–(30)). This means
that not only changes in the DCAA, FA and HP concentrations were
studied, but also, variations in the irradiation rate conditions with
lamps of different output power were considered. In accordance
with the discussion of the previous section, the values of a and b



Fig. 3. Complementary experiments to confirm the adoption of the value of
constant k8. Simulation results with the rate constants adopted in this work
compared with the experimental values. (i) Zalazar et al. [24], (ii) Maruthamuthu
et al. [29].
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were set using the data shown in Table 3, which were taken from
the work of Zalazar et al. [24] and Buxton et al. [25].

The comparison between the model corresponding to the
mixture and the experimental data for different irradiation levels
(40 W and 15 W) and for three initial molar ratios defined as
r0 ¼ C0

H2O2
=C0

TOC is presented in Fig. 4. In this definition, CTOC is the
total organic carbon (TOC) concentration corresponding to the
mixture of both species (DCAA and FA).
Fig. 4. Concentration evolution of simulation vs. experimental values as a function of ti
model and (N) CHP experimental, (—) CHP model. (a) C0

HP ¼ 9:7� 10�4 M; (b) C0
HP ¼ 3:4�
In general, the simple model proposed was able to describe
rather satisfactorily the experimental results. In addition, it pre-
dicts quite acceptably the concentration evolution of DCAA, FA,
and HP for the two different irradiation levels used in this study.
The major exception could be the case of FA.

It is seen that DCAA and FA decompositions increase with the
molar ratio. However, these improvements leveled off for
hydrogen peroxide dosages above 1.5 � 10�2 M (510 mg L�1) at
higher molar ratios due to the hydroxyl scavenging effect caused
by the excess of hydrogen peroxide in water solutions. This
optimum value of r0 was experimentally found in a previous
work [18]. For DCAA, employing the 40 W input power lamp,
the range of values of r0 between 2 and 6
ðC0

H2O2
¼ 3:9� 10�3 � 1:2� 10�2M ¼ 132� 408 mg L�1Þ is the

optimum to produce the highest conversions. For FA, the best oper-
ating conditions were found with values of r0 between 2 and 8
ðC0

H2O2
¼ 3:9� 10�3 � 1:6� 10�2 M ¼ 132� 544 mg L�1Þ. A signifi-

cant degradation of DCAA was only obtained with the 40 W
irradiation power and with concentrations of hydrogen peroxide
lower than 3.4 � 10�3 M (115 mg L�1).

Fig. 4b and c provide a very practical outcome for different ini-
tial molar ratios. There is no sense to work over the whole range of
technical feasible HP initial concentrations. On the contrary, the in-
crease of H2O2 concentration more than the minimum necessary
produces two adverse effects: (i) DCAA degradation is poorer and
(ii) the excess of HP becomes very large, which conspires against
the overall economy of the process. An initial concentration of
hydrogen peroxide not larger than 3.4 � 10�3 M (�115 mg L�1) is
enough to decompose the mixture of both reactants.
me for: (j) CDCAA experimental, (. . .) CDCAA model; (d) CFA experimental, (- ---) CFA

10�3 M; (c) C0
HP ¼ 3:2� 10�2 M; (d) C0

HP ¼ 7:2� 10�3 M.



Fig. 5. Simulations vs. experimental values as a function of time for (j) CDCAA experimental (. . .) CDCAA model; (d) CFA experimental, (-- --) CFA model and (N) CHP

experimental, (—) CHP model. (a) C0
DCAA ¼ 1:4� 10�4M; C0

FA ¼ 1:1� 10�3M; C0
HP ¼ 4:2� 10�3 M. (b) C0

DCAA ¼ 3:9� 10�4M; C0
FA ¼ 5:2� 10�4M; C0

HP ¼ 3:8� 10�3 M.

Fig. 6. (a) VRPA and reaction rate of DCAA disappearance values as a function of time (b) VRPA and reaction rate of FA disappearance values as a function of time. (j) Reaction
Rate (d) VRPA.
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In all figures we show the absorbed power (W) (top x-axis) used
to degrade the parent compounds. These values were calculated
according to the LVRPA � VR values and converted into the corre-
sponding W units for monochromatic radiation.

Fig. 5 shows the experimental and predicted values for different
reactant’s initial concentrations.

Note that the DCAA decay rate is lower at the beginning and it
increases afterwards, when the concentration of FA becomes very
low (�1 � 10�4 M = 5 mg L�1). Degradation of FA does not present
this type of behavior.

These results indicate that during the first stages of the reaction,
FA is preferentially degraded. DCAA anion reactivity toward the �OH
radical (strong electrophile) is much lower than that of the FA anion
due to, on one-hand, the electron-withdrawing character of the two
chlorine atom substituents in the –CH(Cl2) moiety, which makes the
H-atom less prone to abstraction by the �OH radical, and on the other
hand, the stereochemistry of the same moiety, which makes the H-
atom less accessible to the �OH radical attack.

This is in agreement with the values of the rate constants re-
ported for FA and DCAA in Table 3.

To validate the different behaviors of DCAA and FA, the reaction
rates of these compounds are represented in Fig. 6. This plot
shows experimental values of the reaction rates of DCAA disap-
pearance (RDCAA) and the values of volume averaged LVRPA
½hLVRPAðx; tÞiVR

¼ VRPAðtÞ� for different reaction times and for a
molar concentration ratio (r0 ¼ C0
H2O2

=C0
TOC) equal to 3.1 (Fig. 6a).

The same results are shown in Fig. 6b for FA. This type of results
cannot be observed if a rigorous radiation model is not incorpo-
rated as a part of the kinetic model.

The variation in the VRPA is the result of the decrease in the HP
concentration, which is the only compound that has significant
radiation absorption at 253.7 nm. FA has a monotonous rate
decrease because its reactivity, with respect to the hydroxyl radi-
cal, is higher. Also the reaction evolution of FA does not seem to
show a strong competition with DCAA during the first stage of
the process. Conversely, Fig. 6a is a clear representation of the
way that this competition for the hydroxyl radicals affects the
DCAA degradation. Reaction rates for DCAA reaches a maximum,
which indicates that at the beginning of the reaction progress
�OH radicals attack FA preferentially; i.e., the compound that de-
grades faster. Only after about 2 h of reaction, DCAA seems to reach
an equivalent efficiency in the capture of hydroxyl radicals. Thus,
DCAA decomposition rate goes to a maximum and afterwards, as
expected in a conventional performance, it decreases because both
hydrogen peroxide and the DCAA concentrations decline.

The quality of the model may also be judged by comparing all
experimental data (under different operating conditions) with
the values obtained from model simulations. This can be seen in
the ‘‘parity plot’’ for DCAA, FA, HP and chloride concentrations
shown in Fig. 7.



Fig. 7. (a) Simulated DCAA concentration vs. experimental values. (b) Simulated FA concentration vs. experimental values. (c) Simulated H2O2 concentration vs. experimental
values. (d) Simulated Cl� concentration vs. experimental values.
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The distribution of the data around the ‘‘parity line’’ is a measure
of the goodness of the model. In the case of DCAA and HP the simu-
lations obtained with the model results agree with the experimental
values. However, the comparison between the experimental and
predicted concentrations of FA showed less agreement in the area
corresponding to medium concentrations but the points are distrib-
uted almost evenly on both sides of the straight line. For the case of
chloride, the points are a little more scattered around the parity line
but also they are distributed almost evenly on both sides of the
straight line. The plots also show the values corresponding to r2 for
the lines depicted in the plots. These values provide an additional
confirmation of the accuracy of the mathematical model.

These figures show that the model for the mixture, which is
simple and uses the mechanistic sequence of the decomposition
of both compounds obtained separately, can be used to predict
the degradation of the mixture, although both compounds have
significant differences in their chemical reactivity.

This work was carried out with a mixture of different chemical
compounds in pure water. In practical applications there are at
least two additional factors that should be taken into account:
(1) Real waters may have a different pH and (2), by the same token,
the presence of organic matter, such as humic acids or some inor-
ganic salts, or more specifically different carbonates and bicarbon-
ates, can produce important changes in the reaction environment.
It must be also considered that the proposed methodology may
have several limitations and some complications that can be
encountered in this type of situations.

Finally, is it can also be important to mention that the UV/H2O2

process is a powerful oxidant technology and, due to its very high
reactivity, any possible remains of organic matter existing in the
water streams should have been decomposed after the process. It
would minimize the possibility of production of undesired
by-products in the distribution system.
5. Conclusions

A simplified, but acceptably accurate, kinetic model has been
developed for the degradation of the mixture of DCAA and FA
employing UV radiation and H2O2. The reactor model includes
the effect of radiation absorption on the reaction rates. Simulations
results of concentrations evolutions of DCAA, FA, H2O2 and HCl
from the model are in reasonable agreement with experimental
data.

By applying this methodology, it is possible to progress from
simple mixtures to more complex compositions. But at the same
time, as systems are becoming more intricate and also incorporate
the effects of other components that are usually present in water
courses, the main challenge will be to prove that, perhaps with
some modifications, this approach will still be able to describe all
the new variables that affect the kinetics of the oxidation
processes.
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