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A coupled coagulation and photo-Fenton treatment has been applied to an industrial wastewater coming
from the use of an alkaline cleaning solution. The real wastewater contained anionic and nonionic surfac-
tants, tripolyphosphate, soda ash, metasilicate and oil residuals. After the proposed treatment, the waste-
water fulfilled Argentine regulations for sewage discharge (10 mg/L total phosphorus, 0.7 g/L COD). First,
phosphorous was eliminated by coagulation with FeSO4 and then COD was removed by a photo-Fenton
treatment. The dark Fenton treatment was also effective to remove COD but it did not allow achieving the
discharge regulations, and the application of light was needed. The photo-Fenton treatment showed to be
very effective to treat this particular wastewater in 2 h and with a high efficiency of H2O2 consumption.
The experiments performed at bench scale allowed to propose a scheme for the in situ treatment of the
alkaline cleaning solution wastewater, which could be extended to other similar wastewaters.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Alkaline cleaners present a particular use as metal degreasers
during manufacturing or finishing [1]. This cleaning process has
three basic steps consisting of the application of the cleaner (by
immersion at elevated temperature or spray washing), rinsing
and drying. The cleaning solution has a limited lifetime and its
quality can be monitored by different methods [2]. Once the solu-
tion is spent, it must be treated as a hazardous waste. The contam-
inants present in the effluent depend on the dirty removed (mainly
oil and grease) and on the chemical components of the cleaner.

Generally, the alkaline cleaners are composed of alkaline and sil-
icate builders, anionic and nonionic surfactants, complexing agents
[3] and polyphosphates. Surfactants are the main contributors to
the biochemical oxygen demand (BOD) of the effluent and they
can be toxic to some aquatic organisms; the eventual production
of foam can interfere in water oxygenation. Different phosphorus
species promote the eutrophication of a water body, and the high
pH of the cleaner must also be corrected. The grease and oil coming
from the cleaning process are considered hazardous components.
Conventional treatments including neutralization, coagulation
or chemical treatments have been applied to spent alkaline clean-
ing solutions to break stable oil–water emulsions, and gravity sep-
arators were used to remove the oil; in some cases, biological
treatments were applied at the end of the treatment [4]. However,
these treatments are not suitable to discharge the effluents to
municipal sewage treatment plants because they do not reach
actual regulation values. Incineration has also been applied in
especial facilities, but this alternative is expensive and ecologically
arguable. Another alternative is to recycle the solution by filtration,
but some problems arise from premature membrane fouling or
removal of useful cleaner components [5].

The application of advanced oxidation processes (AOPs) has
been evaluated as a possible solution for industries related to sur-
factants [6]. In particular, the Fenton and photo-Fenton processes
have been extensively studied and applied, due to the relative
low cost and easy operation [7–9]. Briefly, the Fenton reaction is
initiated by mixing aqueous iron with peroxide hydrogen to
generate hydroxyl radicals (HO�) and other reactive oxygen species
(ROS, like HO2

� and O2
��), and radical chain reaction is promoted

[8,10]:

FeðIIÞ þH2O2 ! FeðIIIÞ þ OH� þHO� k1 ¼ 76 M�1 s�1 ð1Þ
FeðIIIÞ þH2O2 ! FeðIIÞ þHþ þHO�2 k2 ¼ 0:01 M�1 s�1 ð2Þ
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Table 1
Main parameters of the wastewater used for the
experiments.

Anionic surfactants (g/L) 7
Total phosphorus (g/L) 0.4
Inorganic carbon (g/L) 5.2
pH >13
COD (g/L) 35
TOC (g/L) 13
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In the absence of organic matter, the termination of the radical
chain reaction is favored and the process is unproductive:

HO� þ FeðIIÞ ! FeðIIIÞ þ OH� ð3Þ
FeðIIIÞ þHO�2 ! FeðIIÞ þHþ þ O2 ð4Þ

Therefore, cycles between Fe(II) and Fe(III) oxidation states take
place and the net reaction is the iron catalyzed disproportionation
of H2O2:

2H2O2 !FeðIIÞ=FeðIIIÞ
O2 þ 2H2O ð5Þ

ROS are potent oxidants for organic matter; for example,
HO� can induce hydrogen abstraction or other reactions (addition
to double bonds, electron transfer, etc.):

RHþHO� ! R� þH2O ð6Þ

By reaction with O2, peroxyl (ROO�) or oxyl radicals (RO�) can be
produced:

R� þ O2 ! ROO� !! RO� !! CO2 þH2Oþ inorganic acids ð7Þ

These intermediates may react further with HO� and O2, with
the overall process leading eventually to mineralization [8]:

R�=ROO�=RO� !! CO2 þH2Oþ inorganic acids ð8Þ

Evolution of CO2 is slower than disappearance of the initial
compound and ordinarily decreases in rate with time as the prod-
ucts become less and less reactive with HO�.

As widely known, the Fenton process is enhanced by light [8],
allowing to reduce BOD and to achieve the complete mineraliza-
tion of the organic components [11]. The enhancement of the Fen-
ton reaction by light is due to the photolysis of Fe(III) hydroxo
complexes (e.g., Eq. (9)) and the ligand-to-metal charge transfer
excitation of Fe(III) chelates (Eq. (10)). Both processes provide an
additional source for Fe(II) that complements the slow reaction (2).

FeðIIIÞðOHÞ2þ þ hm! FeðIIÞ þHO� ð9Þ
FeðIIIÞðLÞn þ hm! FeðIIÞðLÞn�1 þ L�ox ð10Þ

The Fenton process has been successfully applied as a pretreat-
ment for surfactants, the main result being the increase of the
effluent biodegradability [9,12].

In order to reduce the chemical oxygen demand (COD), coagu-
lation processes have been proposed as classical treatments. Both
Fe2+ and Fe3+ ions are common coagulants; hence, the Fenton pro-
cess can have a dual function in the whole treatment processes,
namely oxidation and coagulation. Moreover, iron is a highly abun-
dant and non-toxic element, and H2O2 is easy to handle environ-
mentally. However, H2O2 represents the main cost of a Fenton
treatment, and the amount needed depends on the COD content
of the effluent.

The coupled coagulation-Fenton treatment has been proposed
before as a process for the treatment of industrial wastewaters
containing hazardous chemicals such as pesticides, cosmetics and
inks [13–15]. The present work evaluates the possibility of the
treatment of a different kind of wastewater coming from a real
spent alkaline cleaning solution by using this combined technol-
ogy. The samples were obtained from an industrial metal finishing
process, where the cleaning process was performed by immersion
of the metal in a warm alkaline degreaser. Until now, AOPs were
not extensively studied for this type of effluent, whose matrix
has very particular features considering the high concentration of
surfactants combined with phosphorus and carbonate, which
makes the effluent very difficult to be treated by conventional
methods.
2. Experimental section

2.1. Wastewater description

The spent alkaline cleaning solution was obtained from an indus-
trial metal finishing process. The samples were taken just before the
cleaning solution was going to be replaced by a new one. The wash-
ing pools contained 10 m3 of alkaline cleaning solution that was
changed each month. The original washing solution (12% w/v) was
prepared by the company from Truedene 602 provided by Química
True (Argentina). The preliminary experiments and the final opti-
mized experiment were performed with two different batches of
the effluent provided by the company after the use. The components
of the powder declared by the provider were: sodium hydroxide
(CAS 1310-73-2), soda ash (CAS 497-19-8), sodium metasilicate
(CAS 13517-24-3), anionic surfactants (not specified), nonylphenol
ethoxylate (CAS 9016-45-9) and sodium tripolyphosphate (CAS
7758-29-4). The main parameters of the wastewater were deter-
mined in our laboratory and they are shown in Table 1.
2.2. Chemicals

The analytical reagents ammonium metavanadate, o-phenan-
throline and methylene blue were provided by Mallinckrodt. The
other chemicals were reagent grade and provided by Biopack
(Argentina). Hydrogen peroxide (30% H2O2) was added without
dilution in the amount needed to get the final concentration
informed in each case. Sulfuric acid (95–98% H2SO4) was diluted
1:2 before being used. Iron was added as solid iron(II) sulfate hep-
tahydrate (FeSO4�7H2O). Sodium hydroxide was 4 M. When indi-
cated, drops of a technical silicone anti-foaming agent were
applied.
2.3. Coagulation by acidification and by Fe(II) addition and filtration
procedures

All the experiments were performed in bakers with magnetic
stirring at ambient temperature. For the coagulation tests, 20 mL
samples of the cleaner solution were stirred for 1 h after: (1) addi-
tion of H2SO4 (varying concentrations from 1.5 to 4.4% v/v corre-
sponding to pH 9.6 to 1.8), and (2) Fe(II) (varying concentrations
from 8 to 40 mM). As the system was relatively stable after 1 h
of treatment and the solution was homogenous, the reaction was
allowed to continue for more time (all night) to see a change in
the parameters. Then, the samples were allowed to settle down
overnight in test tubes. The parameters needed to follow the treat-
ment such as pH, total organic carbon (TOC), and inorganic carbon
(IC) were measured in the supernatant.

In all the other experiments, coagulation was directly carried
out adjusting the pH to 8 with H2SO4 and adding 40 mM Fe(II).
The solution was stirred for 30 min.

In all cases, the solutions were filtered using a vacuum system
with a nylon filter (Osmonics), 0.22 lm pore size and 47 mm
diameter.



Fig. 1. pH adjustment of the alkaline cleaning solution with H2SO4. The arrows
indicate the amount of acid that produces each coagulation.
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In the following sections, different experimental conditions are
described for the Fenton and photo-Fenton treatments.

2.4. Fenton treatment with different initial concentrations of H2O2

A sample (100 mL) coming from the coagulation and filtration
stages was acidified to pH 2.8 with H2SO4; it contained 18 mM of
total dissolved Fe (13 mM Fe(II) and 5 mM Fe(III)) remaining from
the coagulation process. The total volume was divided into four
beakers, each one containing 25 mL of sample. H2O2 was added
to each beaker at different initial concentrations ([H2O2]0): 0.4,
0.8, 1.1 and 1.4 M. The system was magnetically stirred for 1 h
and then left overnight in contact with the reagent without stir-
ring. Samples were taken at different times in order to quantify
the different parameters.

2.5. Photo-Fenton treatment

In the photo-Fenton experiments, two different irradiation
setups were used: (a) a 50 mL cylindrical jacketted Pyrex glass
reactor with an external UV lamp (Philips HPA 400S, maximum
emission at 365 nm, 400 W) placed laterally at 10 cm from the
reactor wall, thermostatted at 25 �C; (b) a UV lamp (MP 3U shape
energy saving Blacklight lamp, 15 W) partially immersed in a sim-
ilar reactor of greater size (300 mL capacity), also thermostatted at
the indicated temperature. Temperature was controlled by recircu-
lating water through the jacket using a Polyscience 9106 Circula-
tor. The concentration of the reagents (H2O2 and Fe) varied
according to the experiments and are described in the following
sections.

2.6. Photo-Fenton in tandem with Fenton treatment

The effluent was treated overnight with the Fenton reagent as
described in Section 2.4 ([H2O2]0 = 1.1 M). After that, 0.2 M H2O2

remained in the system. Then, the lamp (setup (a)) was switched
on. H2O2 concentration was followed during time and one supple-
mentary addition of the reagent (0.5 M final concentration) was
made when depletion of the reagent was observed.

2.7. Photo-Fenton treatment under optimized conditions

A 200 mL sample submitted first to the coagulation–filtration
process (Section 2.3), and where 17 mM total iron remained, was
irradiated using setup (b), switching on the lamp after addition
of 1.2 M H2O2. Initial pH was adjusted to 3 with H2SO4. At the
beginning, the system was not thermostatically controlled and it
began to warm up. After 30 min, the temperature reached 68 �C,
and then it was controlled at 45 �C using a thermostat. H2O2 was
totally consumed several times during the process and four addi-
tions of 5 mL of 9.1 M H2O2 (i.e. 0.23 M final concentration in the
reactor) were made.

2.8. Analytical techniques

COD was determined by the close reflux colorimetric method at
600 mm [16]. Anionic surfactants were measured by reaction with
methylene blue at 650 nm using sodium lauryl sulfate as the cali-
bration standard [17]. H2O2 was determined spectrophotometri-
cally with a method using ammonium metavanadate, measuring
the absorbance at 450 nm [18]. Fe2+ determination was carried
out by the o-phenanthroline method at 508 nm, and total iron
was determined by previous reduction to Fe2+ using hydroquinone
[19]. The Fe3+ concentration was obtained by difference. Dissolved
oxygen was determined in percentage of saturation using an oxy-
gen sensor (Hach Sens Ion 156 Multiparameter Meter) equipped
with a Hach DO meter electrode. Phosphate was quantified by
the ascorbic method measuring the absorbance at 820 nm [20]
and total phosphorus was also quantified as phosphate after acid
hydrolysis of the sample [21]. TOC and IC were determined with
a Shimadzu 5000-A TOC analyzer.

3. Results and discussion

3.1. General considerations

As indicated in Section 2.1, the cleaning powder was composed
of alkaline constituents, silicates, anionic and neutral surfactants
and sodium tripolyphosphate. As phosphate forms complexes with
ferrous and ferric ions that inhibit the Fenton reaction [22], they
have to be removed first. The strategy for the treatment involved
three main processes: (I) an acid coagulation step up to pH 8 to
partially eliminate the anionic surfactants; (II) the coagulation
and filtration of phosphate and tripolyphosphate with FeSO4 at
pH 8, which additionally provided enough Fe for the Fenton reac-
tion without further addition; (III) a Fenton or photo-Fenton reac-
tion at pH 3 to eliminate the rest of organic matter (anionic and
neutral surfactants and other minor organic residuals).

3.2. Preliminary experiments

3.2.1. Coagulation of the effluent by acidification. Partial removal of
surfactants

The spent alkaline cleaning solution was a highly caustic solu-
tion with pH above 13. A first addition of 1 mL 5.5 M H2SO4 was
made to bring the solution to pH 9.6, to facilitate the measurement
of the parameters needed to follow the treatment. After this initial
addition, continuous H2SO4 addition was performed up to pH 1,
and this process gave rise to events defining three stages: (1) first
coagulation (white flocs), (2) CO2 evolution and (3) second coagu-
lation (Fig. 1). Additionally, separate experiments were performed
at different pH values in order to quantify the events above
described. Some parameters, described in Table 2, were measured
in the supernatant after overnight sedimentation. In Exp. 1, there
was not visible sedimentation.

Stage 1: At the beginning, addition of the H2SO4 solution caused
a sharp decrease of pH from 13 to 8 without any apparent
change in the solution. The composition of the solution at this



Table 2
Parameters measured after the coagulation tests by H2SO4 addition.

Exp.a Stage Acid% v/v pH TOC (g/L) IC (g/L) Anionic surfactants (mM) Phosphate (mg/L) Total phosphorus (mg/L)

1 1 1.5 9.6 10.2 5.2 7.0 135 400
2 1 2.3 8.0 8.6 3.6 1.8 n.d. 473
3 2 3.1 8.0 7.9 1.3 1.6 n.d. 463
4 3 4.4 1.8 6.0 0.0 1.0 n.d. 407

n.d.: not determined.
a Separated coagulation experiments.
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stage was considered similar to the original effluent, and the
parameters measured after H2SO4 addition up to pH 9.6 were
used for further comparisons (Table 2, Exp. 1). At pH 8, a visible
coagulation started to take place, with formation of a white
sludge. The coagulation tests indicated that, during this Stage
1, mainly anionic surfactants precipitated, as their concentra-
tion dropped from 7.0 to 1.8 mM, with a concomitant TOC
removal from 10.2 to 8.6 g/L. The acid coagulation did not
remove phosphorus, which remained above 400 mg/L (Table 2,
Exp. 2). The fluctuation of the concentration in the different
experiments 1–4 near 400 mg/L was assigned to errors in the
method of determination.
Stage 2: Further addition of acid promoted the formation of an
important amount of gas, with the consequent production of
bubbles and foam. The evolved gas was generated from carbon-
ates initially present in the sample, and consequently, pH was
buffered close to 8 (for carbonic acid, Ka1 = 4.45 � 10�7). The
evolution of CO2 was confirmed by the partial removal of inor-
ganic carbon (IC) during this stage (Table 2, Exp. 3) and the
complete IC elimination after this stage (Table 2, Exp. 4). To
avoid foam formation, drops of a silicone anti-foaming agent
were added in further experiments during this second stage.
Stage 3: After the elimination of carbonates, pH continued to
drop with the acid additions, and a second coagulation (white
flocs) was observed below pH 2, which produced a TOC removal
from 7.9 to 6.0 g/L (Table 2, Exp. 4). This correlated with the
removal of an additional quantity of anionic surfactants from
1.6 to 1.0 mM. The remaining TOC would correspond then to
anionic and neutral surfactants and minor organic components.

3.2.2. Coagulation of the effluent by addition of iron. Removal of
phosphates and polyphosphates

Although the original Truedene 602 contained sodium tripoly-
phosphate, the sample of the initial spent cleaning solution to be
treated contained 400 mg/L total phosphorus and 135 mg/L
phosphate, attributed to the hydrolysis of tripolyphosphate during
the cleaning process (Table 2, Exp. 1). As said, neither H2SO4

addition nor the surfactant coagulation eliminated the content of
phosphorus (Table 2, Exps. 2–4). Therefore, in separate experi-
ments, addition of FeSO4 at different concentrations was tested
to attempt phosphorus removal by coagulation. The addition was
carried out at pH 8, after the first coagulation of surfactants by
H2SO4 addition and before the second stage (see Fig. 1). In this
way, it was not necessary to adjust the pH after the addition of
Fe(II) that otherwise tends to acidify the solution. The buffering
of the solution between pH 7 and 8, due to bicarbonate formation,
gave the optimum pH for phosphate removal by Fe(II), as reported
in the literature [23].

In Table 3 are presented the values of the parameters measured
in the runs with addition of different concentrations of Fe(II). It is
observed that the phosphorus removal increased with the increas-
ing Fe(II) concentrations (Table 3, Exps. 5–7). With 40 mM Fe(II),
the total phosphorus concentration in the supernatant dropped to
10 mg/L, which is the limit for local sewage discharge [24]. More-
over, comparing Exp. 2 of Table 2 (coagulation by acidification
without Fe(II) addition) with Exp. 7 of Table 3 (coagulation by Fe(II)
addition), it can be observed that this operation helped to go further
in the removal of TOC (from 8.6 to 7.2 g/L) and anionic surfactants
(from 1.8 to 1.1 mM). The overall TOC removal by Fe(II) addition
was 30%, i.e., from 10.2 to 7.2 g/L (Table 3, Exps. 1 and 7), indicating
still the presence of organic compounds in the system.

3.2.3. Properties of solids obtained by coagulation
As indicated, after H2SO4 addition at pH near 8 (end of Stage 1,

Fig. 1 and Table 2, Exp. 2), a white sludge appeared. A sedimenta-
tion step was attempted at this point, but the solid produced pre-
sented unsatisfactory settling properties. The sedimentation
process, being of hindered (zone) settling type [25], took more than
one day, rendering a clarified volume less than the half of the total
volume.

In separated experiments, the coagulated particles were
removed by filtration instead of using sedimentation. The solid
obtained after filtration at pH 8 (end of Stage 1, Fig. 1) had a white
gel-like appearance (Fig. 2A). After drying the solid at ambient
temperature, a white powder was obtained, which was stable
and had a relatively small volume, being suitable for storage and
final disposal (Fig. 2B). The amount of this solid waste was 0.65 g
in the 50 mL of solution used in the coagulation process, i.e. 13 g
(dry weight) per liter of wastewater. The mixed coagulation pro-
cess (H2SO4 addition plus Fe(II) addition, Section 2.3), where sur-
factants and phosphorus were eliminated, did not improve the
settling properties, which were very similar to those described
before (Fig. 2C). When the solid obtained after this coagulation
was filtered, a gel-like green solid was obtained (Fig. 2D), trans-
formed to a green powder after drying, indicative of green rusts,
reported to be formed under reducing and weakly acid to weakly
alkaline conditions as intermediate phases in the formation of Fe
oxides [26,27].

3.2.4. Fenton process
As said before, the coagulation–filtration sequence allowed

removal of phosphorus to the limits required by the regulations
[24], together with the partial elimination of TOC and anionic sur-
factants. Further removal of TOC and COD was attempted by test-
ing the Fenton and photo-Fenton processes in order to achieve
local regulations for these parameters and to eliminate other pos-
sible organic components.

The amount of iron remaining after the coagulation was 18 mM
from the initial 40 mM Fe; this concentration was assumed to be
enough for the Fenton reaction, avoiding the addition of an extra
amount of the salt. pH was adjusted to 2.8 and different initial
H2O2 concentrations were tested to find the optimal condition.
The temporal evolution of H2O2 concentration during the Fenton
treatment using different H2O2 concentrations is presented in
Fig. 3. TOC and COD evolution were also measured (Fig. 4).

Fig. 4 clearly shows two stages: (a) a fast reaction before the
first 63 min, yielding high COD and TOC removal; (b) a slower reac-
tion with a lower decrease of the parameters during the following
8 h. In accordance to the velocity of COD and TOC removal, H2O2

consumption was faster in the first stage than in the second stage



Table 3
Parameters measured after the coagulation tests by addition of Fe(II) (Stage 1 of Fig. 1).

Exp.a Acid (% v/v) pH Fe(II) (mM) TOC (g/L) IC (g/L) Anionic surfactants (mM) Phosphate (mg/L) Total phosphorus (mg/L)

1 1.5 9.6 – 10.2 5.2 7.0 135 400
5 2.3 8.0 8 8.5 4.1 1.7 n.d. 457
6 2.3 8.0 14 7.6 3.7 1.7 120 232
7 2.3 8.0 40 7.2 3.8 1.1 4 10

n.d.: not determined.
a Separated coagulation experiments.

Fig. 2. Aspect of solids obtained from the effluent after coagulation and filtration. (A) Solid obtained after filtration of a 50 mL sample after H2SO4 addition up to pH 8 (end of
Stage 1). (B) Solid obtained (0.65 g) after drying solid A at ambient temperature (13 g/L of solid waste). (C) The pH of the sample was adjusted to 8 as in A, and then 40 mM
Fe(SO4) was added and the solution allowed to settle down in a test tube for 3 days. (D) Solid obtained after filtration of the sample treated as in C but without settling.

Fig. 3. Temporal evolution of H2O2 concentration during the Fenton treatment of
the spent cleaning solution with different initial H2O2 concentrations. Conditions:
effluent previously coagulated with 40 mM FeSO4 and filtered, pH 2.8,
[Fetotal] = 18 mM.
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(Fig. 3). With initial H2O2 concentrations equal or higher than
0.8 M, COD and TOC removal were similar: COD dropped in aver-
age from 19 to 7 g/L in the first stage and from 7 to 5.5 g/L in the
second stage, while TOC dropped from 6.4 to 3.2 and then to 2 g/
L (Fig. 4).
Table 4 shows the COD/TOC final ratio and the percentage of
efficiency of H2O2 consumption for the two stages of the Fenton
reaction, using different initial H2O2 concentrations. The efficiency
of H2O2 consumption was calculated as the COD removed/H2O2

consumed ratio. The highest efficiency of H2O2 consumption was
reached in the first stage of the Fenton treatment when using
0.8 M H2O2. In this case, 12 g/L of COD were removed and 21 g/L
(�0.62 M) of H2O2 were consumed (see Figs. 3 and 4): the ratio
(12 g/L/21 g/L = 0.6) was taken as reference (100%) for the rest of
the measurements. This efficiency was very high and similar
(96–100%) in the first stage, independently of the initial H2O2 con-
centration. However, an initial 0.4 M H2O2 concentration was not
enough to produce important COD and TOC removals because
the reagent was totally consumed before finishing the first stage,
and the reaction stopped.

The initial COD/TOC ratio was 3 and it decreased to ca. 2.5 after
1 h, independently of the initial H2O2 concentration. As TOC
assesses the mass of mineralizable total organic carbon present
in the sample, while COD provides a measure of the oxygen-
demanding substances, this diminution of the COD/TOC ratio after
the first stage indicated the partial oxidation of compounds recal-
citrant to final mineralization by the dark Fenton process. On the
other hand, during the second stage, the COD/TOC ratio remained
constant, indicating that no changes on the relative amount of
recalcitrant products were produced.



Fig. 4. COD and TOC temporal evolution during the Fenton treatment of the spent cleaning solution with different initial H2O2 concentrations. Conditions of Fig. 3.

Table 4
COD/TOC final ratio and efficiency of H2O2 consumption during different time intervals of the Fenton experiments and for different initial H2O2 concentrations (conditions of
Figs. 3 and 4).

[H2O2] (M) 0–63 min 63–510 min

(COD/TOC)a H2O2 consumption efficiency (%) (COD/TOC)a H2O2 consumption efficiency (%)

0.4 2.4 96 2.6 b

0.8 2.1 100 2.4 56
1.1 2.2 98 3.0 18
1.4 2.4 97 2.6 39

a Ratio measured at the end of the time period.
b H2O2 is totally consumed before this stage.
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In the second stage, the efficiency dropped significantly. The
difference between both stages can be explained considering that
the speed of organic oxidation depends on the amount of HO� gen-
erated mainly by Eq. (1). In order to sustain the reaction, the prin-
cipal way of Fe(II) reformation is reduction of Fe(III) by H2O2 (Eq.
(2)) but, as said, this reaction is several orders of magnitude slower
than reaction (1) (cf. k1 and k2). On the other hand, 20 g/L (�0.6 M)
H2O2 was consumed in average in the first stage, whereas the ini-
tial total Fe concentration was relatively low (18 mM). Therefore,
several cycles of Fe(II)/Fe(III) redox conversion (Eqs. (1) and (2))
were expected to have happened in order to consume that amount
of H2O2 and to produce enough concentration of ROS for the
removal of COD. The reaction in the second stage was slower,
which is in agreement with the formation of recalcitrant com-
pounds less reactive to the Fenton reagent such as low-molecu-
lar-weight acids (e.g., oxalic acid, etc. [8]), coming from the
oxidation of the surfactants. This is also supported by the decrease
of the COD/TOC ratio from 3 at the beginning to around 2.3 at the
end of the first stage. Besides, the lower concentration of the
organic matter and the lower reactivity of the remaining com-
pounds could lead to a decreased scavenging of HO�. This more
available HO� concentration could enhance the propagation and
termination of the basic Fenton chain reaction, ending in the dis-
proportionation of H2O2 (Eq. (5)), which constitutes a waste of
the oxidant when occurring in excess.

According to the literature, the presence of oxygen can lead to a
greater mineralization of the pollutant [8]. In these experiments,
there was not aeration and the only source of new O2 was the
decomposition of H2O2 mentioned above (Eq. (5)). Before the addi-
tion of H2O2 to start the Fenton reaction, the dissolved O2 concen-
tration was 70%. When the starting H2O2 concentration was
P0.8 M, the measured O2 concentration was always higher than
the supersaturation value (i.e., higher than 100%), and bubbles
were observed. When the initial concentration was 0.4 M, the
Fenton reaction consumed much of the dissolved O2 (final concen-
tration less than 20%) as well as the H2O2, and the COD and TOC
removal was arrested as already shown. This O2 depletion can be
explained by the reaction with organic radicals depicted by Eq.
(7) [8].

3.2.5. Photo-Fenton process
The minimum COD achieved by the Fenton process above

described was 5.5 g/L after 510 min (Figs. 3 and 4), a value still
higher than the value required by the regulations (0.7 g/L [24]).
In an attempt to further decrease COD concentration and to speed
up the process, irradiation with UV light was tested. The irradiation
setup (a) (Section 2.5) was used. The same experiment of Figs. 3
and 4 with 1.1 M H2O2 was continued after 510 min switching on
the lamp at this time. This initial H2O2 concentration was chosen
because, according to Fig. 3, it was the lowest value of reagent that
was not totally consumed in the dark reaction. Figs. 5 and 6 show
the temporal evolution of the H2O2 concentration and COD and
TOC decays during the consecutive Fenton and photo-Fenton
treatment.

At 510 min, H2O2 remaining from the Fenton process was 0.2 M,
which under irradiation was totally depleted in 30 min (Fig. 5).
Fig. 6 shows that COD and TOC decreased from 6 to 3 g/L and from
2 to 0.9 g/L, respectively, in the same time (Fig. 6). The efficiency of
H2O2 consumption (71%) was higher than that observed in the sec-
ond stage of the previous Fenton reaction (18%), but lower than
that of the fast first stage (98%) (cf. Table 4). After the addition of
supplementary 0.5 M H2O2 at 550 min, COD continued to drop up
to 1.3 g/L and TOC up to 0.08 g/L at 600 min. The oxidant was
quickly consumed again but with a lower efficiency (16%).

Further removal of COD and better efficiencies were achieved
by optimizing the photo-Fenton process as follows. A new sample
of the effluent (200 mL) was used, where H2SO4 addition and coag-
ulation–precipitation procedures were applied (Section 2.3). Then,



Fig. 5. Temporal evolution of H2O2 concentration during the consecutive Fenton
and photo-Fenton treatment of the spent cleaning solution. Conditions: effluent
previously coagulated and filtered, pH 2.8, [Fetotal] = 18 mM, [H2O2]0 = 1.1 M.

Fig. 6. COD and TOC during the consecutive Fenton and photo-Fenton. Conditions
of Fig. 5.
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the lamp of setup (b) was switched (Section 2.5) in order to test a
system more similar to those available at industrial scale. Initial
conditions of the photo-Fenton step were pH 3, [Fetotal] = 17 mM
and 1.2 M H2O2 (added). The system was thermostatted at 45 �C.
H2O2 was periodically added as soon as its depletion was noticed.
Fig. 7 shows the results of H2O2 consumption and COD depletion. It
can be seen that COD continuously dropped up to 0.92 g/L, in
120 min. Besides, the photo-Fenton reaction proved to be a very
Fig. 7. H2O2 consumption and COD removal during a photo-Fenton treatment of the
wastewater under optimized conditions. Conditions: effluent previously coagulated
and filtered (Section 2.3), pH 3, [Fetotal] = 17 mM, [H2O2]0 = 1.2 M, T = 45 �C. Extra
additions of H2O2 are indicated by arrows. The efficiency (%) of H2O2 consumption is
informed for each time interval.
powerful treatment for this matrix taking into account that 97%
of the organic carbon content of the sample was mineralized
(TOC removal from 7.6 to 0.21 g/L) in only 2 h.

Fig. 7 shows that the efficiency of H2O2 consumption was very
high at the beginning (89%) and similar to that obtained in the first
stage of the Fenton reaction (Table 4, between 0 and 63 min). The
efficiency decreased after each H2O2 addition and was very low
(6%) at the end because the speed of COD removal decreased with
time whereas the speed of H2O2 consumption was always high due
to the operation of Eq. (5). In this experiment, the COD removed
was 24 g/L and the total H2O2 consumed was 63 g/L during the
whole experiment. Therefore, a 63% of overall efficiency can be
calculated.

In this case, although recalcitrant compounds such as oxalic
acid can be produced, as said before, they can form complexes with
Fe(III) (Fe(III)-L) that can be further degraded under UV-light
according to Eq. (10) [28], providing an additional source for Fe(II)
that complements the slow reaction (2).

During the experiments, the samples were supersaturated with
O2 due to the H2O2 decomposition, similarly to that indicated in
the case of the Fenton reaction.

3.2.6. Effect of temperature and pH on Fenton and photo-Fenton
reactions

Other experiments under similar conditions but without tem-
perature control showed that both Fenton and photo-Fenton reac-
tions promoted a great liberation of heat during the first stage that
rose the system temperature up to 70 �C. The photo-Fenton was
also performed at 25 �C under comparable conditions (15 mM total
Fe, 1 M H2O2). The concentration of Fe used in these experiments
was not exactly the same as in the case of the experiments of Sec-
tion 3.2.5 because it corresponded to the Fe remaining from the
previous coagulation. The amount of added H2O2 was accordingly
diminished in order to maintain a similar Fe/H2O2 ratio.

The whole process was much slower because a COD value of
1.7 g/L was reached in 230 min, whereas at 45 �C the same value
was reached just in 100 min (Fig. 7). On the other hand, a slightly
greater efficiency of H2O2 consumption in order to obtain the same
COD value was observed at 25 �C (82%) compared with the value at
45 �C (70%). Therefore, the working temperature will depend on
the operation conditions and the time available for the wastewater
treatment. For example, the heat generated by the highly exother-
mic reaction could be profited in the scaling up of the system.

In order to test the effect of the working pH range (important
for practical considerations), photo-Fenton experiments at 45 �C
were performed at other two pH values (3.6 and 2.5) in addition
to pH 3 described in Fig. 7. After 75 min of reaction, COD dropped
from 24 g/L to 3.4, 3 and 3.3 g/L for pH 3.6, 3 and 2.5, respectively,
indicating almost no differences and that a rather wide pH range
can be used without inconvenience.

3.3. Overall treatment under optimized conditions

The whole treatment was performed in just one experiment and
described straightforward step by step, based on the results and
optimal conditions obtained before. A fresh 200 mL sample of a
spent alkaline cleaning solution (Section 2.1) was used. The analy-
sis of the sample indicated that it contained 35 g/L COD and
400 mg/L total phosphorus, pH higher than 13. Table 5 shows the
initial and final values of selected parameters.

The steps for the treatment were the following (Fig. 8):

(1) Sulfuric acid was added to obtain pH 8 (2.8 % v/v). This neu-
tralization promoted a visible coagulation with the forma-
tion of a white solid, associated mainly to the coagulation
of anionic surfactants (see Section 3.2.1).



Table 5
Main parameters of the wastewater before and after the proposed treatment.

Before treatment After treatment Local regulation valuesa

COD (g/L) 35 0.28 0.70
TOC (g/L) 13 0.14 n.e.
Total phosphorus (mg/L) 400 0.93 10
pH >13 8.5 7–10
H2O2 (mM) – 0.1 n.e.
Total Fe (mg/L) – 0.56 10

n.e.: not established.
a Ref. [24].

Fig. 8. Overall treatment proposed for the treatment of the alkaline cleaning solution. The numeration corresponds to the description made in Section 3.3. The left and right
scales show evolution of selected parameters during the treatment.
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(2) Fe(II) was added as 1.1% w/v FeSO4�7H2O, and the solution
was stirred for 30 min.

(3) The coagulated solid was filtered and, in the solution, total
phosphorus dropped to 33 mg/L and COD to 27 g/L.

(4) Sulfuric acid (1% v/v) was added again, getting a final pH of
3. Drops of the anti-foaming agent were added after the
appearance of foam generated by the large amount of gas
(CO2) released during the acidification process.

(5) H2O2 was added to reach 1.1 M and the irradiation was
started immediately using the irradiation setup (b). The sys-
tem was thermostatically controlled at 45 �C. H2O2 was sup-
plemented four times (0.23 M final concentration in the
reactor) after each observed depletion. After the third H2O2

addition, foam was abundantly formed and some drops of
the anti-foaming agent had to be added again. This addition
was repeated each time that an intense foam was observed.
After this photo-Fenton treatment, COD drastically dimin-
ished from 24 to 0.56 g/L.

(6) At the end of the photo-Fenton step, neutralization was per-
formed by adding 1% v/v NaOH (4 M) up to pH 8.5. The iron
precipitated immediately, with an excellent settlement after
approximately 2 h (Fig. 8, treated effluent). In this step, iron
was removed and this helped also to further remove phos-
phorus. The obtained concentrations of total phosphorus
(0.93 mg/L), COD (0.28 g/L) and Fe (0.56 mg/L) were in
agreement of local regulations [24] (Table 5). Concerning
H2O2 remaining after the treatment (0.1 mM, Table 5), no
regulations for discharge have been found in the literature.
However, it would be advisable to use a lower amount than
in the present work in the last addition before NaOH precip-
itation. The addition of a quenching agent to destroy H2O2

excess could be another alternative.

4. Conclusions

A real effluent from a metal finishing process, characterized by a
strong dark color and alkaline pH was treated by a very simple pro-
cess of two stages, i.e., a coagulation step followed by a photo-Fen-
ton reaction. This process can be a general treatment suitable to be
applied to liquid wastes coming from the cleaning of metallic parts
employed in industrial processes. The initial coagulation step
removed mainly the phosphorus content (which is an inhibitor of
the following photo-Fenton reaction), decreased the pH and pro-
vided the enough Fe content for the further photo-Fenton reaction.
In this way, total phosphorus dropped from 400 to 0.98 mg/L
(99.8%) at the end of the process, whereas COD dropped from 35
to 0.28 g/L (99.2%) yielding a transparent effluent. These values
were in agreement with the local regulations for sewage discharge
(10 mg/L and 0.7 g/L respectively) [24]. The solid dry residue
obtained after the coagulation (13 g/L) was relatively small com-
pared with the amount of the solid powder used to prepare the
cleaning solution (120 g/L). The treatment presented is simple
and economical. For the particular detergent (12% w/v) here trea-
ted, 2.8% v/v sulfuric acid, 11 g/L FeSO4�7H2O, 63 g/L H2O2 and
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1.6 g/L NaOH were needed. The proposed method allows the possi-
bility of the in situ treatment of the spent alkaline cleaning solution
and presents an alternative to other more expensive methods.
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