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Comparison of Fenton and Fenton-like oxidation for the
treatment of cosmetic wastewater
P. Bautista, J. A. Casas, J. A. Zazo, J. J. Rodriguez and A. F. Mohedano

ABSTRACT
The treatment of cosmetic wastewaters by Fenton (Fe2þ/H2O2) and Fenton-like (Fe3þ/H2O2) oxidation
has been studied. From batch and continuous experiments it has been proved that both versions of
the Fenton process lead to quite similar results in terms of chemical oxygen demand (COD) and total
organic carbon reduction although the COD shows a slightly higher rate in the early stages of
reaction. COD reductions of around 55% after 2 h reaction time and 75–80% with 4 h residence time
were reached in batch and continuous experiments, respectively, conducted at pH around 3,
W

ambient temperature (20 C), with 200 mg/L of Fe dose and an initial H2O2/COD weight ratio
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corresponding to the theoretical stoichiometric value. Achieving the locally allowable limit of COD for
industrial wastewater discharge into the municipal sewer system takes no more than 30 min reaction
time under those conditions by both Fenton systems. However, the Fenton-like process, where iron
is fed as Fe3þ, would be preferable for industrial applications since the ferric sludge resulting upon
ﬁnal neutralization of the efﬂuent can be recycled to the process. A second-order kinetic equation
with respect to COD ﬁtted fairly well the experimental results at different temperatures, thus
providing a simple practical tool for design purposes.
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INTRODUCTION
Industrial wastewaters frequently contain toxic and/or recalcitrant pollutants resistant to conventional biological
treatments. The wastewaters from the cosmetic industry present commonly a relatively high organic load, in terms of
chemical oxygen demand (COD), with a low biodegradability, as well as high levels of suspended solids and fats and
oils (Perdigón-Melón et al. ; Puyol et al. ). Research
into new and more efﬁcient technologies capable of breaking
down that type of compound into simpler easily degradable
species is of growing interest. In the last decades, advanced
oxidation processes (AOPs), based on the action of hydroxyl
radicals, have been applied successfully for the removal or
degradation of recalcitrant pollutants. Among these AOPs,
Fenton oxidation has demonstrated a high potential whether
as a treatment itself or as a pre-treatment to improve the
biodegradability by removing or converting recalcitrant
pollutants (Chamarro et al. ; Mantzavinos & Psillakis
). This well-established technology is based on the generation of hydroxyl radicals (HO•) at acidic pH by reaction
of hydrogen peroxide with Fe2þ acting as homogeneous
doi: 10.2166/wst.2014.246
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catalyst, which is regenerated from the reaction of Fe3þ
with H2O2 or intermediate organic radicals (Pignatello
). The hydroxyl radicals, produced upon decomposition
of hydrogen peroxide, are strongly oxidant and able to oxidize a wide variety of organic compounds under ambient
conditions. Furthermore, this method works with relatively
short reaction times (Zazo et al. ) and uses easy-tohandle reagents (Bigda ). Consequently, it has been postulated as one of the most economic alternatives (Esplugas
et al. ; Pérez et al. ) and has been successfully
used with different industrial wastewaters (Papadopoulos
et al. ; Primo et al. ; Lucas et al. ; Pliego
et al. , ).
Fe3þ can also promote the decomposition of H2O2promoting oxidative radicals in the so-called Fenton-like process (Tambosi et al. ; Kiril Mert et al. ). This
oxidation method is based in the catalytic generation of HO•
that results from the chain reaction between ferrous ion
(Fe2þ) and H2O2, initiated by a ferric ion (Fe3þ) catalyst. In
most applications, Fe2þ or Fe3þ can be alternatively used (Ali
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& Sreekrishnan ), although Pera-Titus et al. ()
suggested that if low doses of Fenton’s reagent are used, Fe2þ
may be preferable.
In this work we study the potential application of both
Fenton systems (Fe2þ/H2O2 and Fe3þ/H2O2) for the treatment of real wastewaters from a Spanish cosmetics factory,
pre-treated previously in situ by coagulation–ﬂocculation,
with the aim of reducing the COD below the locally allowable
limit so that the resulting efﬂuent can be discharged into the
municipal sewer system for further treatment. A representative analysis of the wastewater as received in the laboratory
has been presented elsewhere (Bautista et al. ). The
main problem of these wastewaters is that their COD values
are well above the regionally allowable limits (10/1993 Act
passed by the Community of Madrid (Comunidad Autónoma
de Madrid )) not only for ﬁnal disposal but even for discharge into the municipal sewer system (1,750 mg/L). Thus,
the oxidation step is in this case conceived as a pre-treatment
rather than a ﬁnal-discharge solution which would not be a
feasible option for these wastewaters having relatively high
COD values. The evolution of COD and total organic
carbon (TOC) along reaction time has been followed in
batch runs. Experiments in a continuous stirred tank reactor
(CSTR) have been also carried out. A kinetic analysis based
on COD has been performed for the sake of developing a
simple tool useful for design purposes.

METHODS
Cosmetic wastewater
A cosmetic wastewater characterized by initial COD and
TOC values of 2,376 and 691 mg/L, respectively, was used
in the experiments. The 5-day biochemical oxygen demand
(BOD5) to COD ratio was 0.18, indicative of a low biodegradability. The wastewater sample was stored at low
temperature (4 C) and in dark immediately after reception.
W
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FeSO4 · 7H2O or Fe(NO3)3 · 9H2O, respectively, and
2.5 mL of H2O2 aqueous solutions of the corresponding concentrations. Each bottle was left to react for a given time and
then its content was immediately ﬁltered using glass microﬁber ﬁlters (Albet FV-C) with 1.2 μm nominal pore size. The
ﬁltrate was analyzed for TOC, COD, and residual H2O2 concentration. Previous to the COD determination it was
necessary to remove the residual H2O2 from the sample
because of its potential interference in the COD determination. This was done by adding FeSO4 · 7H2O solution up
to a ﬁnal Fe2þ concentration of 2,000 mg/L and 6 N
NaOH. This allows the breaking down of the residual hydrogen peroxide since Fe(OH)3 catalyzes H2O2 decomposition
towards O2 which is not reactive at the temperature used.
Continuous-wise runs were carried out in a 500 mL glass
jacketed CSTR at a 125–500 mL/h feeding ﬂow rate. Thus,
the residence time was tested within a wide range (1–4 h).
All the experiments were performed, at least, in duplicate and the observed standard deviation was always less
than 5% of the reported value.
Analytical methods
TOC was determined using a TOC analyzer (Shimadzu, mod.
TOC VSCH). COD was measured following the APHA standard method with potassium dichromate (APHA ). H2O2
concentration was analyzed by colorimetric titration with a
Shimadzu UV/V is spectrophotometer, model UV-1603, at
410 nm as a complex with Ti4þ (Eisenberg ).
The identiﬁcation of volatile species in the initial and
treated efﬂuents was performed by gas chromatography/ion
trap mass spectrometry (GC-MS) (CP-3800/Saturn 2200,
Varian, equipped with an automatic injector CP-8200/
SPME; solid phase micro-extraction). A 30 m long, 0.25 mm
i.d. capillary column (Factor Four VF-5 ms) was used. The
carrier gas (helium) ﬂow rate in the GC was 1 mL/min. The
SPME was carried out with a ﬁber cartridge (Carbowax/Divinylbenzene yellow-green), using adsorption and desorption
times of 20 and 5 min, respectively. The sample injection
was conducted at 220 C. The temperature programme used
during the GC-MS analyses ramped as follows: 40 C for
15 min and 15 C/min until 250 C. The identiﬁcations were
assessed with the aid of the database library NIST.
W

The operating conditions used in all experiments were:
pHo ¼ 3, iron concentration ¼ 200 mg/L and a H2O2 concentration to COD initial weight ratio corresponding to
the theoretical stoichiometric value (Bautista et al. ).
Batch experiments were carried out in 100 mL stoppered glass bottles placed in a thermostated shaker, with a
stirring velocity equivalent to 200 rpm. Each bottle was
ﬁlled with 45 mL of wastewater. The doses of Fe2þ or Fe3þ
and of H2O2 were adjusted by addition of 2.5 mL of
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RESULTS AND DISCUSSION
Figure 1 shows the TOC and COD conversion values as well
as H2O2 concentration with reaction time in batch-wise
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time of less than 30 min.
Fe2þ þH2 O2 ! Fe3þ þ HO þ HO

(1)

k ¼ 76 L=ðmolsÞ
Fe3þ þ H2 O2 ! Fe2þ þ HO2 þ Hþ

(2)

k ¼ 0:01 L =ðmolsÞ

The percentages of COD and TOC removal can be signiﬁcantly improved by increasing the temperature
(Table 1). Using temperatures above 50 C with an iron
dose of 200 mg/L did not produce any further signiﬁcant
improvement since H2O2 decomposition is almost complete
(around 97%) at 50 C. A determining factor of the economy
of the Fenton and H2O2-based oxidation processes is the
consumption of that reagent. The remaining unconverted
amount cannot be recovered and moreover has to be
removed before discharging the efﬂuent since the ecotoxicity has to be also controlled. Thus, all the H2O2 fed to
the system has to be accounted as reagent consumption.
Table 1 also reports the values of COD removed per unit
H2O2 fed at different temperatures within the 20–50 C
range using the stoichiometric H2O2 dose and 200 mg/L
of Fe2þ or Fe3þ. A somewhat more efﬁcient consumption
of the reagent is accomplished when using Fe3þ at all temperatures tested, the difference being higher with the
increasing temperature. However, the slight increase in
COD and TOC reductions attained by Fenton-like oxidation
is not signiﬁcant, allowing the conclusion that Fe3þ has comparable catalytic properties to that of the traditional Fe2þ
Fenton catalyst. A similar conclusion was reported by
other authors in the Fenton and Fenton-like treatment of
several other types of industrial wastewaters. Thus, Kiril
Mert et al. () reported that the Fenton-like system can
be used as a good pre-treatment solution for olive oil mill
efﬂuents prior to discharge into sewage since it showed a
W

Figure 1

|

Time-evolution of TOC and COD conversions (X) and H2O2 concentration for
Fenton (solid symbols) and Fenton-like (open symbols) processes (CODo ¼
2,138 mg/L, TOCo ¼ 622 mg/L, [H2O2]o ¼ 4,544 mg/L, [Fe2þ]o ¼ [Fe3þ]o ¼
200 mg/L, T ¼ 20 C).
W

experiments. Although similar ﬁnal TOC and COD conversions are achieved with both processes (Fenton and Fentonlike), some differences regarding the oxidation rate can be
observed in the early stages of reaction. The initial oxidation
rate in the Fenton process is higher than that of Fenton-like,
the differences being more pronounced in terms of mineralization (TOC conversion). This is consistent with the higher
rate of radical generation upon H2O2 decomposition by
Fe2þ (Equation (1)) than by Fe3þ (Equation (2)). The corresponding rate constants signiﬁcantly differ in value (76 vs
0.01 L/(mol·s), respectively). Using Fe3þ as catalyst
(Fenton-like process) promotes a slow generation of perhydroxyl radicals (HO2•), whose oxidation potential is quite
lower than that of the hydroxyl radicals (standard values
of 1.70 V and 2.80 V, respectively). The HO2• radicals
react with easily oxidizable organic matter, and the Fe2þ
generated through Equation (2) promotes the decomposition of H2O2 through Equation (1), giving rise to HO•
radicals capable of oxidizing less-reactive species due to
their higher oxidation power. Thus, the differences between
the Fenton and Fenton-like processes regarding the rate and
extent of oxidation disappear after a given reaction time,
lower when looking at COD. COD is reduced by a higher
percentage than TOC indicating that the Fenton process at
the ambient-like temperature tested (20 C) partially oxidizes
the organic matter present in these wastewaters but leads
mainly to by-products refractory to mineralization. Nevertheless, in our case the locally allowable limits for
industrial wastewater discharge into the municipal sewer
system concerning organic pollution are so far established
in terms of COD. In this sense, the current value
(1,750 mg/L) can be achieved in a relatively short reaction

W

W

Table 1

|

Inﬂuence of temperature upon Fenton and Fenton-like oxidation ([H2O2]o ¼
4,544 mg/L, [Fe2þ]o ¼ [Fe3þ]o ¼ 200 mg/L, Reaction time: 2 h)
XCOD

XTOC

W
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Temperature ( C)

Fe2þ

Fe3þ

Fe2þ

Fe3þ

εFe2þ

εFe3þ

20

0.56

0.58

0.28

0.31

0.26

0.27

30

0.60

0.67

0.35

0.44

0.28

0.31

40

0.66

0.73

0.49

0.54

0.31

0.34

50

0.76

0.84

0.62

0.63

0.36

0.40

W

XCOD: conversion of COD; XTOC: conversion of TOC; ε: efﬁciency of H2O2 consumption (COD
removed/H2O2 fed, w/w).
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satisfactory COD, phenol and toxicity removal performance
and was a more economic choice than conventional Fenton.
The evolution of the COD/TOC ratio upon Fenton and
Fenton-like treatments at 20 C is shown in Figure 2. Very
similar proﬁles were observed for both processes not only
in the conditions of Figure 2 but within the temperature
range investigated and with samples of cosmetic wastewaters
with different initial organic load. As can be seen, the COD/
TOC ratio decreases signiﬁcantly upon reaction time, being
after 2 h around 60% of the starting value. The average oxidation state of carbon atoms (AOSC) of the efﬂuent was
calculated by means of Equation (3), which takes into
account the TOC and COD values (Mantzavinos et al. )
W

AOSC ¼ 4  (1:5COD=TOC)

(3)

AOSC is a useful parameter to estimate the oxidation
degree in a complex wastewater. A higher AOSC value indicates a more oxidized state of the organic matter in the
wastewater. A negative value of this parameter (1.1) was
obtained for the starting cosmetic wastewater used in this
work, which indicates a low oxidation state of the organic pollutants initially present. The AOSC increased upon both the
Fenton and Fenton-like treatment up to 0.25 and 0.85 after 1
and 2 h of reaction time, respectively, in the conditions of
Figure 2.
The decrease of the COD/TOC ratio seems to be more
pronounced during the ﬁrst stages of reaction (ﬁrst 10 min
of reaction) for Fenton than for Fenton-like due to the aforementioned higher initial generation of HO• radicals, with a
higher oxidation potential. From 60 min reaction time the
COD/TOC ratio appears relatively similar for Fenton and
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Fenton-like experiments. These low COD/TOC values
suggest an important relative formation of short-chain
organic acids, most probably including dicarboxylic acids.
Nevertheless, the complex composition of these industrial
efﬂuents and, furthermore, the diversity and complexity of
the oxidation by-products, make unpractical a detailed analysis of the species present in the wastewaters and their
evolution throughout the process. Short-chain organic acids
could not be identiﬁed in the starting wastewaters by ionic
chromatography, but an attempt has been made to elucidate
what kind of carboxylic acids are formed upon Fenton oxidation. The COD/TOC ratio can serve as a ﬁrst approach.
Thus, a representative aromatic acid like benzoic acid yields
a theoretical COD/TOC ratio of 2.9, whereas this value
varies for short-chain linear acids like formic (1.3), acetic
(2.7) or propionic (3.1), or even for dicarboxylic acids like
oxalic (0.7), malonic (1.8) or maleic (2.0). A more detailed
analysis was accomplished by GC-MS for the sake of identifying representative species and following their evolution
upon Fenton and Fenton-like treatments. Figure 3 shows a
typical chromatogram of the starting wastewater where the
heterogeneous composition and the complexity of the chemical compounds present are evidenced. Both oxidation
treatments have shown a tremendous potential for the
removal of the organic compounds identiﬁed in Figure 3,
since a complete depletion was achieved during the ﬁrst
5 min of reaction at 20 C. Only benzene, 2,4-diisocyanato1-methyl (peak 14 of Figure 3) was not completely removed
(around 30%).
W

Figure 3

|

A representative GC-MS chromatogram of the starting cosmetic wastewater.
1. Benzenesulfonic acid, 4-hydroxy; 2. Ethyl hexanoate; 3. 1-Hexanol, 2-ethyl;
4. Benzyl alcohol; 5. Ethyl 2-hexenoate; 6. 2-Octanol, 2-methyl-6-methylene-;
7. 1,6-Octadien-3-ol, 3,7-dimethyl; 8. Phenylethyl alcohol; 9. Benzyl acetate;
10. 1,6-Nonadien-3-ol, 3,7-dimethyl; 11. 3-Cyclohexene-1-methanol; 12. Ethanol, 2-phenoxy; 13. 2,6-Octadien-1-ol, 3,7-dimethyl; 14. Benzene, 2,4-

Figure 2

|

Evolution of the COD/TOC ratio vs reaction time in Fenton and Fenton-like

diisocyanato-1-methyl; 15. Methylparaben; 16. Benzene, (3-methylcyclopen-

treatments (CODo ¼ 2,138 mg/L, TOCo ¼ 622 mg/L, [H2O2]o ¼ 4,544 mg/L,

tyl); 17. Ethylparaben; 18. Diethyl phthalate; 19. Propylparaben; 20. Methyl 3-

[Fe2þ]o ¼ [Fe3þ]o ¼ 200 mg/L, T ¼ 20 C).

oxo-2-pentylcyclopentaneacetate; 21. Isobutylparaben; 22. Butylparaben.

W
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Figure 4 shows the results obtained in continuous
experiments (CSTR) at different residence times. As can be
seen, the COD conversion signiﬁcantly increases with residence time within the lower range of this operating
variable tested and then a saturation-like effect is observed
indicating that around 20–25% of the organic matter
measured as COD is refractory to these oxidation processes.
Again it was found that ferric ion shows a comparable or
even better catalytic effect than that of the traditional ferrous ion in Fenton process. As a practical conclusion,
relatively low values of residence time (1 h) are sufﬁcient
to achieve a COD reduction which complies with the local
limit for industrial wastewater discharge into the municipal
sewer system.
As indicated before, one of the disadvantages of the
conventional Fenton process is the production of a large
volume of iron-containing sludge (mostly ferric hydroxide)
which results upon neutralization of the highly acidic efﬂuent exiting the reactor (Benatti et al. ). The cost of
disposal of that waste sludge has prevented a more
extended full-scale application of this oxidation process
in the industrial wastewaters ﬁeld. In this sense, an important advantage of using Fe3þ instead of Fe2þ is that the iron
sludge can be recycled into the process after its re-dissolution in acid solution (i.e. aqueous sulphuric acid), which
would also serve to bring the pH to the required value for
Fenton oxidation. Cao et al. () reported that, compared
with the cost of disposal of iron sludge, the regeneration
and reuses of iron catalyst in the Fenton-like system is a
cost-effective solution.
In this work a cost estimation of the application of Fenton
oxidation to cosmetic wastewaters has been accomplished
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based on a representative scheme of the process shown elsewhere (Bautista et al. ). The estimated unitary costs are
depicted in Table 2. An initial COD value of 3,000 mg/L
has been taken, and reduction up to the local limit to allow
discharge into the municipal sewer system has been targeted.
The operating conditions were ﬁxed at ambient temperature,
200 mg/L Fe2þ and an initial H2O2/COD weight ratio corresponding to the theoretical stoichiometric value. One of the
critical points of the Fenton process is the cost of hydrogen
peroxide, which represents more than 80% of the operations
and maintenance (O&M) cost. Another important cost of the
process is that related to the disposal of the iron sludge
formed upon ﬁnal neutralization of the efﬂuent. Thus, the
use of Fe3þ instead of the traditional Fe2þ could save more
than 15% of the O&M cost in a conservative approach
since the sludge treatment and disposal cost can be signiﬁcantly higher than that considered in Table 2 in many
circumstances (Cañizares et al. ).
The complex and variable composition of these wastewaters makes advisable undertaking the kinetic analysis of
the oxidation processes investigated from an overall
approach based on the evolution of COD, which could
serve for practical design purposes. Since COD includes
compounds of different susceptibility to oxidation, it has
been structured in two blocks: CODA, which corresponds
to easily oxidizable compounds and CODB, that includes
those compounds that are refractory to the treatments investigated. Thus, the following scheme is proposed:

→ COD
k1

CODA

↘ CO
k2

2

B

(4)

þ H2 O

COD ¼ CODA þCODB

Table 2

|

(5)

Cost estimation of Fenton treatment for cosmetic wastewaters
Cost (€/m3)

Investment (I)

1.35

Operation and maintenance (O&M)

Figure 4

|

H2O2

3.68

Catalyst

0.10

Others

0.20

Electricity (1.9 kW h/m3)

0.17

Sludge treatment & disposal (90 €/t)

0.90
5.05

I þ O&M

6.40

COD conversion XCOD obtained at different residence time (tR) for Fenton and
Fenton-like processes (CODo ¼ 2,138 mg/L, TOCo ¼ 622 mg/L, [H2O2]o ¼
4,544 mg/L, [Fe2þ]o ¼ [Fe3þ]o ¼ 200 mg/L, T ¼ 20 C).
W
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Values of the rate constants (L/(mg · min)) obtained for Fenton and Fenton-like
processes
k1 × 105

k2 × 105

k2/k1

r2

20

1.87

2.51

1.34

0.998

30

2.27

3.69

1.63

0.997

40

2.55

4.87

1.91

0.999

50

3.75

8.82

2.35

0.994

20

0.81

1.48

1.83

0.999

30

1.03

2.51

2.44

0.998

40

1.12

3.84

3.43

0.999

50

1.40

6.39

4.56

0.993

W

Temperature ( C)

Fe2þ/H2O2 system

Fe3þ/H2O2 system

From this scheme, the following rate equations can be
written, where second-order kinetics with respect to COD
has been considered:
dCODA
¼ (k1 þ k2 )  COD2A
dt

(6)

dCODB
¼ k1  COD2A
dt

(7)

Table 3 reports the values of the rate constants obtained
at different temperatures by ﬁtting these equations with the
experimental results using MicroMath® Scientist 3.0 software. Integration was done with the following boundary
conditions:
t ¼ 0;CODA ¼ 2, 376 mg=L,

CODB ¼ 0

The correlation coefﬁcients are included. The proposed
model describes fairly well the evolution of COD for the two
oxidation processes investigated at all the temperatures
tested (data not shown). The k2/k1 ratio can be taken as
indicative of the selectivity to mineralization of the organic
matter present in these wastewaters. That ratio is higher for
the Fenton-like process at all the temperatures tested and for
both processes increases with temperature, that effect being
more pronounced in the case of Fenton-like.

CONCLUSIONS
Batch and continuous ﬂow experiments with real cosmetic
wastewaters have demonstrated that ferric ion (Fenton-like
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process) shows comparable or better catalytic effect than
the traditionally used ferrous ion (Fenton process). Using
an Fe2þ or Fe3þ dose of 200 mg/L and an initial H2O2/
COD weight ratio corresponding to the theoretical stoichiometric value, COD reductions higher than 55% can be
achieved at 20 C, allowing compliance with the locally
allowable limit of COD for industrial wastewater discharge
into the municipal sewer system. For industrial applications
the Fenton-like process can be a preferable choice for technical and economic reasons mainly derived from the
possibility of recycling the ferric hydroxide resulting upon
ﬁnal neutralization of the efﬂuent. The kinetics of both processes was well described by a simple model based on two
second-order kinetic equations with respect to COD useful
for practical purposes. The selectivity towards mineralization of the organic matter present in cosmetic
wastewaters increases with temperature, being higher in
the case of Fenton-like process.
W
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