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a b s t r a c t

The effectiveness of electrochemical, ozone and integrated electrochemical–ozone processes on indus-
trial wastewater was evaluated. Electrochemical under optimal conditions of pH 7 and 40 mA cm−2

of current density reduced the chemical oxygen demand (COD) by 43% and the biochemical oxy-
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gen demand (BOD5) by 42%. Ozone treatment reduced both COD and BOD5 by 60%. Integration of
the two processes at pH 7 and 20 mA cm−2 of current density greatly improved the reduction of
COD (84%), BOD5 (79%), color (95%), turbidity (96%) and total coliforms (99%). Thus, the integrated
electrochemical–ozone process noticeably improves wastewater quality. Finally, the sludge produced
during integrated electrochemical–ozone process was quantified and the morphology was evaluated by

copy
OD
ntegrated

scanning electron micros

. Introduction

Water quality and availability is a challenging problem facing
ocieties all over the world [1]. Conventional biological, physi-
al, and chemical methods of water and wastewater treatment
ave limited success when applied to the treatment of industrial
ffluents since wastewater contains stable refractory organic com-
ounds. These processes also tend to generate large amounts of
ludge, which require treatment before final disposal [2,3].

Recently, attention has focused on advanced oxidation pro-
esses (AOPs) to reduce the refractory organic pollutants in
ffluents [4–8]. AOPs are oxidation processes that generate
ydroxyl radicals in sufficient quantity to affect chemical trans-

ormation of contaminants [9,10]. Particularly, AOPs have been
eported as powerful technologies capable of degrading a wide vari-
ty of refractory compounds and as alternatives for the treatment
f highly stable wastewater [11–13].

Ozone-based AOPs are much more efficient than ozone alone
n the removal of persistent organic compounds in wastewater.
hese processes can completely oxidize recalcitrant compounds
nto biodegradable products [14–18]. The coupling of ozone with

ctivated carbon [19], hydrogen peroxide and UV radiation [20] has
een shown to improve the efficiency by opening the additional
athway of decomposition into hydroxyl radicals.

∗ Corresponding author. Tel.: +52 722 2173890; fax: +52 722 2175109.
E-mail address: cbd0044@yahoo.com (C. Barrera-Díaz).
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(SEM) and energy dispersive X-ray analysis (EDX).
© 2010 Elsevier B.V. All rights reserved.

Certain combinations of AOPs like Fenton and photo-Fenton that
involve the addition of iron into solution have been proposed to
increase the capacity and degree of mineralization of refractory
pollutants [21–23]. Fenton reagent generation, is typically most
efficient in acidic solution, which requires the addition of more
chemicals. Therefore, new ways to utilize iron and ozone together
in mild pH conditions are needed. In this work, we investigated
introducing iron ions during ozonation. In addition, we evaluated
how the pH affects the efficiency of the process, the optimum ozone
and iron doses, and the amount and quality of the sludge.

2. Materials and methods

2.1. Wastewater samples

Samples of wastewater were collected from a treatment plant
located at the end of an industrial park, which receives the dis-
charge of 144 different facilities. The samples were collected in
plastic containers and cooled down to 4 ◦C, then transported to the
laboratory for analysis and treatment. The quality parameters of the
wastewater prior treatment (raw water) were: COD of 410 mg L−1,
color of 520 Pt–Co, turbidity of 55 NTU and pH of 7.5.

2.2. Electrochemical reactor
A batch electrochemical reactor was constructed for the elec-
trochemical step. The reactor cell contains an array of six paralled
monopolar iron electrodes. Each electrode was 5.5 cm by 3.0 cm
with a surface area of 16.5 cm2. All together, the total anodic

dx.doi.org/10.1016/j.cej.2010.08.062
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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Solution reaction

Fe2+
(aq) + 2OH−

(aq) → Fe(OH)2(s) (3)
ig. 1. Reactor representing the experimental set up of integrated
lectrochemical–ozone treatment systems.

urface (Aa) was 99 cm2. While the capacity of the reactor vessel
as 1.5 L, 1.0 L was used in all of the trials. A direct-current power

ource supplied the system with 1–4 A, corresponding to current
ensities of 10–40 mA cm−2, in keeping with previous work [24,25].

.3. Ozone reactor

The ozone experiments were conducted in a 1.0 L glass reac-
or at 18 ◦C. Ozone was supplied by a Pacific Ozone Technology
enerator. The gas was fed into the reactor through a porous
late situated at the reactor bottom. The ozone concentration at
he gas inlet and outlet of the reactor was measured by redi-
ecting the flows to a series of flasks containing 0.1 M potassium
odide [26]. The mean concentration of ozone in the gas phase was
± 0.5 mg L−1 and was measured immediately before each run.
zonation experiments were carried out at pH 3, 5, 7 and 9, and

amples were taken at regular intervals to measure COD, color and
urbidity.

.4. Integrated electrochemical–ozone process

Iron electrodes were installed in the ozone reactor as shown in
ig. 1. Ozone was introduced into the reactor with the iron elec-

rodes at various current intensities. Experiments were carried out
t pH 3, 5, 7 and 9, adjusting the pH (using NaOH or H2SO4) with
amples taken at regular intervals to measure COD, color and tur-
idity.
ineering Journal 165 (2010) 71–77

2.5. Methods of analysis

The initial evaluations of the electrochemical, ozonation and
integrated treatments were determined by analysis of the COD
(mg L−1), color (Pt–Co scale), and turbidity (NTU scale) at differ-
ent pH values over time. However, once the optimal conditions
were found the raw and treated wastewater samples were ana-
lyzed using the Standard Methods for the Examination of Water
and Wastewater Procedures [27].

2.6. Sludge characterization

The sludge generated by the electrochemical treatment and by
the integrated system was analyzed by scanning electron micro-
scope (SEM) and energy dispersive X-ray microanalysis (EDX). The
analysis was performed on a JEOL JSM-6510LV microscope to eval-
uate the features and morphology of the structure. SEM provides
images of submicron features while energy dispersive X-ray anal-
ysis (OXFORD, INCApentaFETX3) offers in situ elemental analysis.

3. Results and discussion

3.1. Electrochemical treatment

3.1.1. Effect of pH
It is well known that the initial pH of the sample can have either

a positive or negative influence on the electrochemical treatment
performance. Hence, after the samples were introduced into the
reactor, the pH was initially adjusted using either NaOH or H2SO4
before the electrical current was applied. In our experiments, we
used pH values of 3, 5, 7 and 9. The COD (mg L−1) as function of
treatment time at different initial pH values is shown in Fig. 2A. The
maximum COD reduction occurs at pH 7 (43%), followed closely by
that at pH 9 (39%) after 20 min reaction time and that at pH 3 and
5 (36–37%) after 30 min reaction time. Based on a statistical analy-
sis (t-test), these differences are considered not significant. On the
contrary, pH does have an impact on COD removal rate and this may
be due to pH role in significantly affecting rates of Eqs. (1) and (3)
[28–30]. The former is favored by pH < 5 [34], while the latter is evi-
dently improved at basic pH. In this case, it is observed that the COD
removal rate is highest at pH 7 and 9. This is evidenced by the time
at which the maximum % removal is achieved (∼20 min). Thus this
time was selected to plot COD % removal as a function of pH (Fig. 2B).
At this point of the reaction, the COD % removal reaches a maximum
for initial pH 7 and 9 and the difference with that achieved in the
acidic region is significant. This fact could be explained based on
electrocoagulation mechanism and predominance zone diagrams
for Fe(II) chemical species in aqueous solution. The electrocoagu-
lation treatment of wastewater using iron electrodes takes place
according to the following (Eqs. (1)–(4)) [31–35].

Anodic reaction:

Fe(s) → Fe2+
(aq) + 2e− (1)

Cathodic reactions:

2H O + 2e− → 2OH− + H (2)
Overall reaction:

Fe(s) + 2H2O(l) → Fe(OH)2(s) + H2(g) (4)
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Fig. 4A, at pH 3–7. It is evident that during the first one (0–5 min), a
faster oxidation takes place (given by COD diminishment rate) than
the one observed in the range of 5–15 and 15–60 min of treatment.
This phenomenon may be ascribed to the complexity of the reacting
solution, which is a mixture of effluents of several industries (phar-
ig. 2. Removal of (A) COD (mg L−1), (B) COD % removal as a function of pH, (C) co
unction of electrochemical treatment time.

According to literature, Eq. (1) is favored at pH < 5.0 because of
he chemical attack of protons [34,36] and hence predominantly

onomeric species like Fe2+ in solution can be expected. Because
f Eq. (2) an increase in pH would be expected and would lead to
he appearance of the insoluble floc in Eq. (3). This insoluble floc
s able to remove contaminants either by surface complexation or
lectrostatic attraction [28]. In consequence, the reaction would
e slower in the acidic region since it has to spend longer time

nto reaching the zone where all plausible complexating species
o-exist (high pH) as shown in Fig. 2C. The flocs concentration is
irectly related to pH and this may explain why turbidity is higher
t pH 9 (Fig. 2D). As illustrated in Fig. 2D, at pH 3, 5 and 7, the
aximum removal of turbidity was similar (∼90%). However, due

o a higher oxidation rate and the no need of electrocoagulation
nfluent pH adjustment, pH 7 is the most advisable to carry out
he electrocoagulation process of such a complex reacting solution.
oincidently, the best pH range of electrocoagulation could also be
eneficial to the ozone process.

.1.2. Influence of applied current density
The COD as a function of treatment time for different applied

urrent densities at pH 7 is shown in Fig. 3. As the applied current
ensity was increased from 10 to 40 mA cm−2, the COD removal
id not rise significantly in the range of 20–40 mA cm−2. This is
scribed to the fact that an increase in current density leads to
n increase in the quantity of oxidized iron generated from the
lectrode (Eq. (1)). As expected, higher current densities produced

arger reductions in COD. However, as the current density was
ncreased, the applied potential also increased. Thus, it is advis-
ble to limit the current density to avoid adverse effects such as
eat generation. This result agrees with the findings reported by
anizza and coworkers [37–39].
t–Co) and (D) turbidity (NTU) from wastewater at different pH (3, 5, 7 and 9) as a

3.2. Ozone

3.2.1. Effect of pH
We investigated the effect of pH (3, 5, 7 and 9) on COD, color and

turbidity removal efficiency in a series of experiments using a con-
centration of 5 mg L−1 of ozone. The COD as a function of treatment
time for different pH values is shown in Fig. 4A. There can be dis-
tinguished three different kinetic stages in the profiles depicted in
Fig. 3. Reduction of COD (mg L−1) as a function of electrochemical treatment time
at current densities of 10, 20, 30, and 40 mA cm−2 at pH 7.
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ig. 4. Reduction of (A) COD (mg L−1), (B) color (Pt–Co) and (C) turbidity (NTU) as a
unction of ozone treatment time at pH 3, 5, 7 and 9.

aceutical, textile, food and chemical). Thus the presence of several
ompounds and therefore functional groups is expected. According
o literature [40,41], the specific rate constants are significantly dif-
erent for organic and for inorganic compounds. Furthermore, it has
een evidenced in such studies that the ozonation rate constant is
function of chain linearity and aromaticity, and that the attack to

he latter by ozone is more likely to occur than the attack to the for-
er. Also, it has been reported [40,41] that compounds containing

nions from binary and ternary salts (i.e., NO3
−, SO4

−, and PO4
−),

mines and melainoidins are unlikely to be mineralized by ozone.
herefore, this type of compounds could be diminishing ozone oxi-
izing efficiency and then leading to only a partial COD removal.
zone is a strong oxidant that oxidizes organic pollutants via two

athways: Eq. (5) direct oxidation with ozone molecules and/or the
eneration of free-radical intermediates (Eqs. (5) and (6)), such as
he •OH radical, which is a powerful, effective, and non-selective
xidizing agent [18]. According to Tomiyasu et al. [54], ozonation
Fig. 5. Effect of COD/CODo, Color/Coloro and Turbidity/Turbidityo removal at pH of
9 as a function of ozone treatment time.

may be initiated via one or both of the following equations:

O3 + OH− → O3
− + OH (5)

O3 + OH− → HO2
− + O2 (6)

thus the initiation of ozone via OH anions (Eqs. (5) and (6)) may
be responsible for the greatest reduction (59%) occurred at pH 9
where a higher initial OH concentration occurs. This percentage
removal is significantly higher than those at pH 3 (41%), pH 5 (38%)
and pH 7 (34%). Thus, it is evident that ozonation performs best
under alkaline conditions, where ozonation initiated via OH anions
is also occurring. The color and turbidity as a function of treatment
time for different pH values are shown in Fig. 4B and C, respec-
tively. Although the reductions in both are great at pH 9, they are
very similar at all pH values. This behavior has been reported and
attributed to the ozone reacting with large organic molecules and
the formation of carboxylic acids [42–45], which reduces the color
and turbidity, but not the COD. The reduction of COD, color, and
turbidity as a function of treatment time at pH 9 is shown in Fig. 5.
It can be observed, that ozonation only partially reduces COD but
almost completely eliminates color and turbidity, which matches
similar results by others [46,47]. This confirms (as above suggested)
that there are compounds in the complex treated effluent that are
recalcitrant to ozone attack and thus their complete mineraliza-
tion is more difficult to achieve. This fact encourages the coupling
of ozonation with other techniques such as electrochemical treat-
ment.

3.3. Integrated electrochemical–ozone process system

3.3.1. Effect of pH
pH is a critical parameter in determining the performance of

the process. In our experiments, we used pH values of 3, 5, 7 and 9
in the integrated electrochemical–ozone process system. The COD
as a function of treatment time for these pH values is shown in
Fig. 6A. The maximum COD reduction occurs at pH 7 (88%), but pH
3 (80%) and pH 9 (83%) are also very effective after 20 min reaction
time. The hydroxide radicals produced by the ozone under alkaline
conditions (Eq. (5)) [18,44] are enhanced by the electrocoagulation
produced iron ions (Eqs. (1) and (2)). When ozone is bubbled into
an electrochemical system, Fe2+ catalyzes ozone decomposition to
generate hydroxyl radicals as follows [48,49]:
Fe2+ + O3 → (FeO)2+ + O2 (7)

FeO2+ + H2O → Fe3+ + HO• + OH− (8)

FeO2+ + Fe2+ + 2H+ → 2Fe3+ + H2O (9)
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3.3.2. Influence of applied current density
The COD as a function of time for current densities of 10, 20,

30 and 40 mA cm−2 at pH 7 is shown in Fig. 8. While 40 mA cm−2

was higher than 10 and 30 like in the electrocoagulation alone,
20 mA cm−2 actually had a slightly higher COD reduction than
ig. 6. Reduction of (A) COD (mg L−1), (B) color (Pt–Co) and (C) turbidity (NTU) as
function of integrated treatment time at pH 3, 5, 7, and 9 with an applied current
ensity of 20 mA cm−2.

The color as a function of time for different pH values is shown
n Fig. 6B, the color removal efficiency clearly increased with the
ncrease of pH from 3 to 9. The maximum decolorization of 97%

as observed at pH 9.0 after only 15 min of treatment. Fe2+/Fe3+

onversion can explain this result: for the iron electrodes at high
H, some of the hydroxide ions may be oxidized at the anode, reduc-

ng the production of iron ions. In addition, Fe(OH)6
3− or Fe(OH)4

−

ons may be present at high pH. These factors lead to reduced color

emoval efficiency at high pH. Fig. 6C, shows turbidity removal as a
unction of pH. After 10 min reaction time, the turbidity removal
ercentage was pH 3 (92%), pH 5 (98%), pH 7 and pH 9 (94%),
espectively.
Fig. 7. Depicts a comparison of the effect of pH on the COD % removal achieved
by the three different treatments (electrochemical, ozonation and integrated
electrochemical–ozonation).

Fig. 7 depicts a comparison of the effect of pH on the COD %
removal achieved by the three different treatment, i.e., electro-
chemical, ozonation and integrated electrochemical–ozone. This
percentage is the one attained after 20 min of each treatment and
applying an electric current of 20 mA cm−2. This time was cho-
sen since corresponds to the equilibrium time for at least one of
the essayed pH for every treatment. It can be observed that the
effect of pH is practically the same in the electrochemical and in
the integrated method. Hence it can be said that, although the inte-
grated process involves the production of oxidant especies via three
routes, electrocoagulation, ozonation and catalytic ozonation, the
electrocoagulation remains as the dominant process and is being
aided by the catalytic ozonation that provides a higher concen-
tration of OH−. This favors Eq. (3) and monomeric species whose
effect has been described earlier in this text. At the same time, a
higher OH− concentration favors also the ozonation process. It is
worth noticing that for the integrated process neutral pH leads also
to highest removal efficiency and since the effluent pH is 7.5 this
increases the integrated process sustainability.
Fig. 8. Reduction of COD (mg L−1) as a function of integrated electrochemical–ozone
treatment time at current densities of 10, 20, 30, and 40 mA cm−2.
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Table 1
The characteristics of wastewater industrial treatment plant, treated effluent by electrochemical, ozone and integrated electrochemical–ozone process at 20 min.

Parameters Wastewater industrial treatment plant Electrochemical Ozone Integrated electrochemical–ozone

COD (mg L−1) 410 (±0.49) 233 (±0.49) 163 (±0.49) 65 (±0.49)
BOD5 (mg L−1) 191 (±0.49) 110 (±0.49) 77 (±0.49) 39 (±0.49)
Color (Pt–Co) 520 (±0.49) 63 (±0.49) 30 (±0.49) 25 (±0.49)
Turbidity (NTU) 55 (±0.49) 5 (±0.47) 6 (±0.49) 2 (±0.47)

7 (±0.48) 9 (±0.48) 7 (±0.48)
>3 (±0.44) >1 (±0.46) >1 (±0.46)
1307 (±0.49) 981 (±0.49) 46 (±0.49)
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pH 7.5 (±0.49)
Fecal coliforms, MPN (mg L−1) 55,000 (±0.44)
Total solids (mg L−1) 4820 (±0.49)

0. The COD reduction at 10 mA cm−2 was 71% and at 30 and
0 mA cm−2 was 69% after 12.5 min of reaction time. Thus, the max-

mum reduction in COD (87%) was achieved at a current density of
0 mA cm−2 at pH 7 after 20 min reaction time. Considering the eco-
omic factor here, a reasonable current density in our experiments
as 20 mA cm−2. The variation of the COD, color and turbidity
ith the integrated electrochemical–ozone process at pH 7 with

0 mA cm−2 is shown in Fig. 9.

.4. Optimum conditions applied to wastewater for
lectrochemical, ozone and integrated electrochemical–ozone
rocess

The physicochemical characteristics of the wastewater from the
ndustrial treatment plant are 410 mg L−1 of COD, 191 mg L−1 of
OD5, 520 Pt–Co of color, 55 NTU of turbidity, pH 7.5, 55,000 mg L−1

PN of fecal coliforms and 4820 mg L−1 of total solids. The
haracteristics of the electrochemical, ozone and integrated
lectrochemical–ozone treated effluent and the overall treatment
fficacy are summarized in Table 1. The electrochemical process
educed COD by 43%, BOD5 by 42%, color by 86%, turbidity by 90%,
ecal coliforms by 98%, and total solids by 72%. The ozone process
educed COD by 60%, BOD5 by 60%, color by 94%, turbidity by 89%,
ecal coliforms by 99%, and total solids by 79%. Because of large
mounts of flocs formed in the integrated electrochemical–ozone
rocess, the final COD, BOD5 and fecal coliform reductions
eached 84%, 79% and 99%, respectively. Thus, the integrated
lectrochemical–ozone process improves the effluent in reducing
olor and turbidity, and especially in enhancing the COD removal.
.5. Sludge formation in the integrated process

In the electrochemical process the pollutants are removed by the
ormation of insoluble species as Eq. (4) indicates. However, in the

ig. 9. COD/CODo, Color/Coloro and Turbidity/Turbidityo as a function of integrated
lectrochemical–ozone treatment time at pH 7 with 20 mA cm−2.
Fig. 10. Scanning electron micrographs (×100 magnification) of the sludge gener-
ated by integrated electrochemical–ozone process.

integrated process iron ions are produced and interact with ozone
as Eqs. (7) and (8) show. Indeed, the amount of sludge generated
in the electrochemical process is 250 g L−1 while in the integrated
process is 50 g L−1. Although organic matter removal also increased
with increasing current density there was not proportionality
between the amount of sludge produced and the organic matter
removal. Therefore, the dominant mechanism of organic matter
removal is likely to be direct oxidation in the present case. The
characteristics of the formed chemical sludge were satisfactory,
particularly, at the current density of 20 mA cm−2 for which the
amount of dry sludge is 50 g L−1. The amount of sludge produced for
the integrated electrochemical–ozone is more compact and smaller
than that obtained using conventional biological or chemical treat-
ments. The amount of sludge produced compares well with other
treatment applications found in the scientific literature [50–53].
SEM provided information about the morphology and composition
of the sludge generated by the integrated electrochemical–ozone
process. In Fig. 10, it can be observed that the generated sludge
appears to be heterogeneous in both, shape and size. By EDX, it
was found that the sludge was mainly constituted by iron, carbon
and oxygen.

4. Conclusions

While ozonation is fast and effective for reducing color and
turbidity, it is not so effective at reducing persistent organic com-
pounds and thus, COD in industrial effluents. The effectiveness
of COD reduction is greatly enhanced (87% vs. 60%) by coupling
ozonation with electrocoagulation. Additionally, the optimum pH

is reduced from 9 to 7, bringing it closer to that of the original
wastewater. While electrocoagulation efficiency usually increases
with increasing current density, the coupled process is more effi-
cient at a relatively low (20 mA cm−2) current density.
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