
M
F

A
D

a

A
A

K
F
M
K
H

1

i
w
t
p
m
p
A
[
o
a
r
r
c
l
o
i
c

H

H

t

0
d

Catalysis Today 151 (2010) 89–93

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /ca t tod

ineralization lumping kinetic model for abatement of organic pollutants using
enton’s reagent

. Santos ∗, P. Yustos, S. Rodríguez, A. Romero
epartment of Chemical Engineering, Fac. CC. Químicas, Universidad Complutense Madrid, 28040 Madrid, Spain

r t i c l e i n f o

rticle history:
vailable online 12 March 2010

a b s t r a c t

A simplified pseudokinetic model to predict the mineralization evolution of organic pollutants by Fenton’s
reagent (FR) has been developed. The model has been validated by fitting phenol oxidation data by using
eywords:
enton’s reagent
ineralization

inetic model
ydrogen peroxide

FR in a batch way but could be applied to other wastewaters. The proposed model can be applied to
the whole range of hydrogen peroxide dosage, values lower than those theoretically required for total
mineralization or excess. To do this the model takes into account the change in the hydrogen peroxide
concentration. Moreover, the model is able to explain and predict the asymptotic value obtained for
mineralization of the initial TOC due to the complexation of the catalyst (iron cation) with chelating
oxidation intermediates. Finally, the model can optimize the dosage of hydrogen peroxide in order to

ent.
avoid the loss of this reag

. Introduction

Industrial wastewaters have become a problem of increased
mportance in recent decades [1]. Many industries generate

astewater containing organic compounds refractory to conven-
ional biological oxidation [2]. The technology with the greatest
otential to eliminate these pollutants is oxidation being one of the
ost powerful oxidants the hydroxyl radical (advanced oxidation

rocesses, AOPs) [3]. Fenton’s reagent is one of the most employed
OPs to eliminate non-biodegradable pollutants from wastewaters

4–7]. The most accepted mechanism is based on a complex scheme
f radical reactions. [8]. Main reactions are summarized in Eqs. (1)
nd (2). The hydroxyl radicals are generated by oxidation of fer-
ous iron(II) to ferric iron(III), and the catalytic cycle is closed by
eduction of iron(III) to iron(II) by the same hydrogen peroxide. As
an be seen from kinetic constants in Eqs. (1) and (2) the control-
ing step is reaction (2). Despite these two main reactions, many
ther radicalic reactions can occur. Some of them are summarized
n Table 1. The process may be applied to wastewaters, sludges, or
ontaminated soils:

2O2 + Fe2+ → Fe3+ + OH• + OH− (k = 63 L/mol s) (1)
2O2 + Fe3+ → Fe2+ + HO2
• + H+ (k = 0.01 L/mol s) (2)

Despite of its numerous advantages some limitations of this Fen-
on’s reagent must also be taken into account: in order to avoid the
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formation of iron hydroxides, initial pH needs to be acid and iron
sludges are generated in the further neutralization step.

Besides, the reaction rate can be greatly influenced by the pres-
ence of free radical scavengers and/or iron chelants. Among these
chelating agents the oxalic acid must receive a special attention.

This is because the original pollutants are not directly miner-
alized to CO2 but a big number of oxidation intermediates are
produced. Phenol oxidation by using Fenton’s reagent produces
firstly aromatic intermediates (hydroquinone and catechol). Con-
densation products also appear, mainly at low dosages of hydrogen
peroxide. Final organic intermediates are short chain organic acids
such as oxalic acid, being these compounds refractory to the oxi-
dation by the Fenton’s reagent. [16,17].

As the oxalic acid is produced, the complexation of iron cation
with this chelating intermediate decreases the availability of iron,
stopping the radical generation by H2O2 [18,19].

It is observed that the oxidation reaction does not continue or it
occurs at very low rate because of the breakage of the catalytic cycle.
As a consequence, an asymptotic value for mineralization grade is
obtained, even if high dosage of hydrogen peroxide is employed.

As an example, it can be cited the results obtained in a previous
work [20] where phenol, cresols and nitrophenols were oxidized
by the Fenton’s reagent. Several hydrogen peroxide percentages of
amounts required according to stoichiometry for the total mineral-
ization were used. High conversion of phenols (near the unity) was

obtained, even at low concentrations of H2O2. On the contrary, the
TOC percent removal obtained at times high enough to assure the
end of the reaction reached an asymptotic value. This value was
much lower than the unity and could be explained by the chela-
tion of iron cation by organic acids produced. Therefore, if H2O2

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:aursan@quim.ucm.es
dx.doi.org/10.1016/j.cattod.2010.02.022
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Nomenclature

A oxidizable organic matter (mg C L−1)
B refractory organic matter (mg C L−1)
CH2O2 hydrogen peroxide concentration (mg H2O2 L−1)
C(H2O2)0 initial hydrogen peroxide concentration

(mg H2O2 L−1)
k pseudokinetic constant for pollutant oxidation

(L/mg H2O2 s)
�g empirical stoichiometric coefficient for hydrogen

peroxide meaning the amount of H2O2 required to
get the asymptotic mineralization (mg H2O2/mg C)

r reaction rate (mg C L−1 s−1)
SQRTOC residual sum of squares [�(TOCExp − TOCCalc)2]

(mg C L−1)2

t time (s)
TOC organic carbon concentration (mg C L−1)
TOC0 initial organic carbon concentration (mg C L−1)
x fraction of the carbon content of specie A that reacts

to specie B

Table 1
Radicalic reactions proposed in literature to describe the oxidation by Fenton’s
reagent.

Reaction k (L/mol s) Refs.

•OH + H2O2 → HO2
• + HO2 2.7 × 107 [9]

HO2
• → O2

•− + H+ 1.58 × 105 s−1 [10]
O2

•− + H+ → HO2
• 1010 [10]

•OH + Fe2+ → Fe3+ + OH− 3.2 × 108 [11]
HO2

• + Fe2+(+H+) → Fe3+ + H2O2 1.2 × 106 [12]
HO2

• + Fe3+ → Fe2+ + H+ + O2 3.1 × 105 [13]
O2

•− + Fe2+(+2H+) → Fe3+ + H2O2 107 [13]
O2

•− + Fe3+ → Fe2+ + O2 5 × 107 [14]
•OH + •OH → H2O2 4.2 × 109 [15]
HO2

• + HO2
• → H2O2 8.3 × 105 [10]
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r
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concentration of H2O2 was in the range of 250–7500 mg/L, corre-

T
K

•OH + HO2
• → O2 + H2O 1010 [15]

•OH + O2
•− → O2 + OH− 1010 [15]

HO2
• + O2

•−(+H+) → O2 + H2O2 9.7 × 107 [10]

mounts calculated by stoichoimetry for total mineralization are
sed a loss of oxidant could takes place.

Oxidation of organic pollutants by using the Fenton’s
eagent is modeled considering both complex schemes of radical
eactions or simplified approaches. As example, kinetic models for
he oxidation and/or mineralization of phenols by using Fenton’s
eagent proposed in literature are shown in Table 2.

The complex mechanism by which hydroxyl radical is gener-
ted in the Fenton process (Fe2+/H2O2) and Fenton-like process
Fe3+/H2O2) takes place in serial stages, with most agreeing the
utline based on reactions (1) and (2). Almost all of kinetic models

roposed in literature used the evolution of the pollutant concen-
ration as an indicator of the oxidation achieved and first order
quations with respect to the concentration of hydroxyl radical and
he pollutant.

able 2
inetic model proposed in literature to describe the oxidation of phenolic compounds by

Parameter Outline Kine

Pollutant P + H2O2 → Prod. (−R

Radicalic
(−R

(−R

TOC TOC → CO2 (−R
ay 151 (2010) 89–93

The kinetic models based on complex radical reaction schemes
[21–23] generally considered the equations proposed as stoi-
chiometric irreversible elementary reactions where stoichiometric
coefficients of reagents match with partial orders of reaction.
Besides the hydroxyl radical concentration is assumed constant
over time. Resulting model describes the kinetics of pollutant oxi-
dation depending on the concentration of the reactants (organic
pollutant and H2O2) and the catalyst (Fe2+) using a large number of
kinetic constants [21–23]. Besides to these complex kinetic mod-
els, other approaches consider empirical equations for oxidation
and/or mineralization rates. Kinetic parameters in these equations
can be estimated empirically by adjustment of experimental data
[24–27]. Simplified approaches proposed in literature for oxida-
tion or mineralization commonly include the H2O2 concentration
effect in the kinetic constant [17,24–26], because data are obtained
at oxidant dosages higher than the theoretically required by stoi-
chiometry for the total mineralization of the initial pollutants. As
and example, Zazo et al. [17], operating with excess hydrogen per-
oxide proposed an empirical kinetic model of second order with
respect to organic pollutant, where the concentration of hydrogen
peroxide is included in the kinetic constant.

However, it was observed, as cited before [20], that a high
dosage of hydrogen peroxide does not improve the mineralization
achieved because an asymptotic value of the TOC percent removal is
obtained and therefore, an oxidant dosage lower than the theoret-
ically required by stoichiometry should be more convenient from
an industrial point of view. Moreover, these simplified kinetic mod-
els for mineralization rate in Table 2 do not predict the asymptotic
mineralization achieved using this high dosage of oxidant.

The aim of the present work is to develop a pseudokinetic model
to predict the mineralization of organic pollutants by Fenton’s
reagent. The model must be applied to the whole range of H2O2
dosages (below the stoichiometric value or in excess). Validation
of this lumped approach will be done by fitting experimental data
obtained in the oxidation of phenol using the Fenton’s reagent.

2. Experimental

The Fenton’s reactions have been carried out by adding different
amounts of hydrogen peroxide to three aqueous solution of phenol
(PhOH) of 500, 1000 and 1500 mg/L. Taking into account the max-
imum concentration of iron cation permitted for the discharge of
industrial wastewater in the region of Madrid (Spain), 10 mg/L of
Fe2+ was the amount selected to carry out the Fenton Runs (FR). This
avoids having to add a further step for iron elimination. Analytical-
reagent grade or better chemicals as well as Milli-Q water were
used in the experiments. Phenol and hydrogen peroxide were pur-
chased from Riedel - DeHaën. Acid pH initial values of solutions
(3.5) were adjusted with H2SO4. Ferrous sulphate heptahydrate
obtained from Fluka was used as the catalytic Fe(II) species. The
sponding to 10–100% approximately of the stoichiometric dosage
theoretically required for the total mineralization of phenol. Initial
pH was set to 3.5 with sulphuric acid. The pH was left free to vary
during the experimental runs achieving an asymptotic value about

Fenton’s reagent.

tic equation Refs.

P ) = kCn
P

[10,15–17]

p) = k2CP CH2O2 + k3k1CP CH2O2 CFe2+

k5CP + k3CFe2+
[12]

p) = k5k2CP CH2O2 CFe2+

k3CP + k4CH2O2 + k5CFe2+
[13]

TOC ) = kCFeC2
TOC

[10]
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Table 3
Experimental runs in the oxidation of phenol by Fenton’s reagent (pHo = 3.5, T = 50 ◦C,
CFe2+o = 10 mg/L).

C0 (mg phenol/L) %H2O2
a H2O2 (mg/L)

500

10 250
20 500
40 1000

100 2500

1000

10 500
20 1000
40 2000

100 5000

1500

10 750
20 1500
40 3000

100 7500
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a Percentage of the stoichiometric value required for total mineralization, accord-
ng to Eq. (3).

.5. Experimental runs are summarized in Table 3.
The H2O2 reagent was a solution 30% in weight provided by

iedel - DeHaën. The stoichiometric amount of H2O2 theoretically
equired for total mineralization was calculated according to the
ollowing reactions:

6H6O + 14H2O2 → 6CO2 + 17H2O (3)

Reaction has been carried out in a batch way at temperature
alue of 50 ◦C as an increase in the temperature improves the
ollutant oxidation rate but also yields into a higher thermal degra-
ation of the H2O2. About 15% of the initial hydrogen peroxide was
egraded after 2 h in absence of pollutant and using iron cation
10 mg/L). Temperature was controlled along the experiments with
temperature controller. The pH and oxidation–reduction poten-

ial were measured during the runs by means of pH and ORP
lectrodes, respectively, during a period of 6000 s, assuring that the
eaction was finished. Samples drawn were immediately placed in
ce and pH was changed to 8–9 by using NaOH in order to stop
he oxidation reactions. Soluble iron concentrations were analyzed
sing a DR/890 colorimeter with the FerroVer Iron reagent, sup-
lied by HACH. All values were close to 10 mg/L.

Total organic carbon (TOC) values in the liquid phase were
etermined with a Shimadzu TOC-V CSH analyzer by oxidative
ombustion at 680 ◦C with platinum catalyzed, and using an
nfrared detector.

. Kinetic model development

The kinetic model development has been done based on
revious works [28,29] but considering the hydrogen peroxide dis-
ppearance. The following scheme is considered to describe the
ineralization of the organic carbon with hydrogen peroxide to

arbon dioxide and water:

+ �gH2O2
k−→xB + (1 − x)CO2 (4)

OC = A + B (5)

This simplified pathway divides the total organic carbon (TOC)
nto two components, A and B, which correspond to the oxidiz-
ble and refractory organic matter, respectively. The stoichiometric

oefficient x is the fraction of the carbon content of A that reacts to
and therefore is not mineralized. Both A and B are expressed as
g of carbon per liter. �g corresponds to an empirical stoichiomet-

ic coefficient meaning the amount of H2O2 required to achieve the
symptotic mineralization.
ay 151 (2010) 89–93 91

From Eqs. (4) and (5) the following relationships between CA
and TOC and CH2O2 and CA are given, respectively, in Eqs. (6) and
(7).

CA = TOC − x · TOC0

1 − x
(6)

CH2O2 = C(H2O2)0 − �g · (CAo − CA) (7)

The mass balances for A and TOC species can be written as

(−RA) = −dCA

d�
(8)

(−RTOC ) = (1 − x)(−RA) = −dTOC

d�
= dCO2

d�
(9)

(
−RH2O2

)
= �g(−RA) = −dCH2O2

d�
(10)

with the initial conditions:

� = 0 ∴ CAo = TOC0 (11)

where � is a time variable defined specifically for the reactor
employed (time in batch reactors, volume to liquid flow rate ratio
in plug flow reactor).

The TOC profile as a function of � can be obtained by integration
the corresponding mass balance.

TOC = TOC0 −
∫

(1 − x)(−RA)d� (12)

Assuming that the disappearance rate of A in Eq. (4) can be
described by a pseudokinetic model first order for each reactant:

(−RA) = k · CA · CH2O2 (13)

and taking into account the relationship between CA and CH2O2 from
Eq. (7), Eq. (13) can be written as follows:

−dCA

d�
= k · CA · (C(H2O2)0 − �g · (CAo − CA)) (14)

By integration of Eq. (14) with further substitution of CA by
Eq. (6) the following relationship between TOC and time (�) is
obtained:

� = 1

k ·
(

C(H2O2)0 − �g · CAo

)
· ln

[
CAo

[
�g(((TOC − xTOC0)/1 − x) − CAo) + C(H2O2)0

]
((TOC − xTOC0)/1 − x)C(H2O2)0

]
(15)

The kinetic parameter k and the stoichiometric coefficient �g

can be calculated by fitting the experimental TOC vs time data to
Eq. (15). The stoichiometric coefficient x can be determined from
the asymptotic TOC value or calculated as fitting parameter in Eq.
(15).

4. Results and discussion

Total organic carbon profiles obtained for runs in Table 3 are
showed as symbols in Figs. 1–3 (initial phenol concentration 500,
1000 and 1500 mg/L respectively).

As can be seen in Figs. 1–3, the rate of disappearance of TOC
is faster when higher dose of H2O2 is used and the time to reach
the asymptotic value decreases. As can be seen in Figs. 1 and 3,
fixed a initial concentration of phenol, TOC asymptote obtained

using 40% and 100% of H2O2 of the stoichiometric dosage theoreti-
cally required for the total mineralization of phenol is very similar,
reaching an asymptotic TOC percent removal close to 30% in both
cases. So, an increase of hydrogen peroxide from 40% to 100% does
not improve the results. The increase of hydrogen peroxide dosage
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Table 4
Pseudokinetic constant k and stoichiometric coefficients x and�g a calculated by fitting of data obtained in the FR of Phenol (Table 3 using Eq. (15)).

k (L/mgH2O2 s) �g (mg H2O2/mg C) x SQRTOC (mg C/L)2
∑[

TOCEXP − TOCM

TOCEXP

]2

(mg C/L) Percentage of variation explained

2.66 × 10−6 2.3 0.72 6.96 × 104 0.1942 98.94

F
o
v

f
T

c
b
o
c
d
i
b
d

o
t
(
d

F
o
r

ig. 1. Experimental (points) and predicted (lines) TOC values using FR in the PhOH
xidation. H2O2 dosages: (�) 10%; (©) 20%; (�) 40%; (�) 100% of the stoichiometric
alues required. T = 50 ◦C; CFe = 10 mg/L; CPhOHo = 500 mg/L.

rom 40% to 100% only produces a shorter time to get the asymptotic
OC percent removal.

By fitting together all TOC vs time data to Eq. (15) the kinetic
onstant k and the stoichiometric coefficients �g and x have
een calculated. Marquardt algorithm was used to do this. Values
btained are reported in Table 4. Residual sum of squares (SQR) was
alculated for TOC by comparison of experimental data to the pre-
ictions of the corresponding pseudokinetic models. This SQR value

s also shown in Table 4. From statistical parameters in Table 4 it can
e deduced that the proposed model fits properly the experimental
ata obtained.
As can be seen in Table 4, the coefficient for hydrogen per-
xide consumption, �g, is much lower (2.3 mg H2O2/mg C) than
he expected if a total mineralization of phenol would happen
6.6 mg H2O2/mg C according to Eq. (3)). This yields that using a
osage of hydrogen peroxide over this value, 2.3 mg H2O2/mg C,

ig. 2. Experimental (points) and predicted (lines) TOC values using FR in the PhOH
xidation. H2O2 dosages: (�) 10%; (©) 20%; (�) 100% of the stoichiometric values
equired. T = 50 ◦C; CFe = 10 mg/L; CPhOHo = 1000 mg/L.
Fig. 3. Experimental (points) and predicted (lines) TOC values using FR in the PhOH
oxidation. H2O2 dosages: (�) 10%; (©) 20%; (�) 40%; (�) 100% of the stoichiometric
values required. T = 50 ◦C; CFe = 10 mg/L; CPhOHo = 1500 mg/L.

better results would not be obtained in the TOC percent removal
with the corresponding loss of oxidant reagent.

It is also obtained that only about 30% of the initial carbon is
mineralized remaining the rest in solution as oxidation intermedi-
ates.

The simulated values of TOC vs time at different dosages of
hydrogen peroxide (from 10% to 100% of the theoretical) and ini-
tial concentration of phenol of 500, 1000 and 1500 mg/L calculated
by Eq. (15) with parameters in Table 4 are also shown as lines in
Figs. 1–3 respectively. As is shown in Figs. 1–3 predicted values
(lines) are quite close to the experimental data obtained (symbols),
validating the model here developed to predict the TOC evolution.

5. Conclusions

The mineralization achieved in an oxidation process of a
wastewater is one of the critical parameter to define the oxida-
tion treatment effectiveness. Moreover, if Fenton’s reagent is used
to achieve this mineralization the hydrogen peroxide dosage is also
a critical value from an economical point of view.

The simplified pseudokinetic model for mineralization by using
Fenton’s reagent proposed and validated in this work, allows pre-
dicting the mineralization evolution with time for a wide range
of H2O2 dosages (under the stoichiometric value or excess). The
model includes an empirical stoichiometric coefficient, �g that pro-
vides a value of the more convenient dosage of hydrogen peroxide
in order to avoid the loss of this reagent. This value would have a
remarkable impact on the cost of the process. Besides, asymptotic
values obtained for the initial TOC percent removal are satisfactorily
explained by the model.
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