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Growing concern of various environmental issues leads to
developing various advanced technologies. Water contam-
ination is a common and ubiquitous problem worldwide,
although many water treatment technologies have been used
for water treatment. Thus, one of the notable advanced water
treatment processes is using Advanced Oxidation Processes
(AOPs) for the treatment of wastewater with high degree of
pollutants. AOPs offer various advantages over conventional
water treatment processes and various aspects of AOPs have
been studied and reported in the literature. Two successful
special issues had been published earlier and this is the third
special issue in this journal.

Electrochemical treatment of spent caustic from two
hydrocarbon industries using Ti/BDD electrode was studied
and reported by A.Medel et al. In their article, they discussed
electrochemical degradation of contaminants and analyzed
various water quality parameters. Souz et al., reported inac-
tivation of microorganisms such as E. Coli, total coliforms
and coliphages using peracetic acid (PAA) in the presence
and absence of UV light. They concluded that the combined
PAA/UV process provided superior efficacy compared to
individual process.

Ozonation of indigo carmine using a Fe/Pimenta dioica
L. Merrill catalyst was studied and reported by T. Torres-
Blancas et al.The authors tested a new catalyst for the catalytic
ozonation process and characterized it with suitable analyt-
ical methods. Recommendation is being made for effective
removal of dye pollutants. Another interesting research has
been published by H. A. Kabuk et al. They have used a fuzzy

logic model to determine the biological treatability of textile
wastewater. They have used a membrane bioreactor (MBR)
for biological treatment after the ozonation of the wastewater.
The COD, BOD, and color removal efficiencies in the treat-
ment process was studied. The removal of polyvinyl alcohol
using an innovative paired photoelectrochemical oxidative
system in a divided electrochemical cell was reported by K.-
Y. Huang et al. They reached conclusion from their studies
that the synergistic effect of combination process of MEO
and PEO could be a promising treatment method for PVA
removal from wastewater.
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Green synthesis of metallic particles has become an economic way to improve and protect the environment by decreasing the use
of toxic chemicals and eliminating dyes. The synthesis of metal particles is gaining more importance due to its simplicity, rapid
rate of synthesis of particles, and environmentally friendly. The present work aims to report a novel and environmentally friendly
method for the synthesis of iron particles using deoiled Pimenta dioica L. Merrill husk as support. The indigo carmine removal
efficiency by ozonation and catalyzed ozonation is also presented. Synthesized materials were characterized by N

2
physisorption

and scanning electron microscopy (SEM/EDS). By UV-Vis spectrophotometry the removal efficiency of indigo carmine was found
to be nearly 100% after only 20 minutes of treatment under pH 3 and with a catalyst loading of 1000mgL−1. Analytical techniques
such as determination of the total organic carbon content (TOC) and chemical oxygen demand (COD) showed that iron particles
supported on deoiled Pimenta dioica L. Merrill husk can be efficiently employed to degrade indigo carmine and achieved a partial
mineralization (conversion to CO

2
and H

2
O) of the molecule. From the results can be inferred that the prepared biocomposite

increases the hydroxyl radicals generation.

1. Introduction

Textile industry is the greatest consumer of high quality fresh
water per kg of treated material. Its production processes,
due to their nature, significantly contribute to pollution,
since the wastewater is a source of persistent organic pol-
lutants. This is reflected on high chemical oxygen demand
(COD) values. Textile wastewater also contains chemicals
such as formaldehyde, azo dyes, dioxins, and heavy metals
[1–3]. These contaminants are mostly toxic, carcinogenic,
and persistent. Dyes are mostly complex molecules and are
naturally degraded under high temperature, alkaline condi-
tions, ultraviolet (UV) radiation, and other radical initiators
generating the formation of by-products many times more
toxic to the environment than the original dye [4]. The
generated by-products are known to cause perturbations in

the aquatic life and food. In addition, textile dyes are designed
to be resistant tomicrobial, chemical, thermal, and photolytic
degradation and thus producing recalcitrant compounds [5].
Thus, an effective and economical technique for removing
dyes from textile wastewaters is needed. In this sense, several
conventional methods for treating textile industry effluents
have been studied, such as photodegradation, adsorption,
filtration, coagulation, and biological treatments [6, 7]. How-
ever, due to the stability of the molecules of dyes some of
these methods are not completely effective and/or viable. In
this sense, advanced oxidation processes (AOPs) have been
studied in order to destroy the dye molecules, decolorize
the wastewater, and reduce organic pollution. Among these
advanced oxidation processes (AOPs), ozonation has drawn
attention. Ozonation is an effective, versatile, and environ-
mentally sound technique that has been proven as a good
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method for color removal [8, 9]. It oxidizes organic pollutants
via two pathways: direct oxidation with ozone molecules
and/or the generation of free-radical intermediates, such
as the HO∙ radical, which is a powerful, effective, and
nonselective oxidizing agent [10, 11]. However, the oxidation
rate by ozonation is limited by the chemical and molecular
stability of the pollutant [2, 12–14]. In order to enhance
the ozone oxidation capabilities the addition of metallic
particles as catalysts has been suggested [12]. In this context,
transition metals are preferred since they exhibit properties
that promote free radicals production during the ozonation
process. Colloidal particles, either alloyed or core-shelled,
have attracted significant attention due to new properties that
emerge from the combination of different metals (synergistic
effect) in the nanoscale and to the consequent enhancement
of the physical and chemical properties of the resulting mate-
rial [15, 16]. The application of metallic particles supported
on solid surfaces has been previously reported [17, 18]. It was
found that the substrates containing immobilized particles
have several functions in analytical chemistry. In general
terms, the immobilization of particles or nanoparticles on
a solid substrate shows several advantages for analytical
applications [19]. Regarding advanced oxidation processes,
metal-catalyzed ozonations have particularly drawn attention
for water decontamination and therefore the use of metallic
particles is being extensively investigated [20, 21]. In this
context, the main aim of this study is to test a new bio-
composite material, which consists of stable iron particles
using deoiled Pimenta dioica L. Merrill husk as support. The
evaluation of the removal efficiency using ozonation and
catalyzed ozonation of indigo carmine is presented. Allspice
(Pimenta dioica L. Merrill) belongs to the Myrtaceae family.
Mexico exports around 4500 tons per year and half the pro-
duction is processed in the country. During the oil extraction
processes either through steam distillation, hydrodistillation,
or supercritical extraction the berry oil yield ranges from
3.0 to 4.5%. The residue of the oil extraction processes is at
least 95.5% in weight, reaching annually 1500 tons in Mexico.
Exhausted allspice is a fibrous material that contains 23.1%
cellulose, 8.5% hemicellulose, and 26.8% lignin and is the
essayed biosupport in this work [22].

2. Materials and Methods

2.1. Reagents. The crushed deoiled residue of allspice was
obtained as a product of a hydrodistillation process. This
waste was first washed with an ethanol-water solution (40–
60% v/v), in order to eliminate colored and remaining sub-
stances; later on, it was dried at 70∘C for 24 h. Once the
adsorbent was cooled down, it was sieved through numbers
10, 80, and 170 meshes, obtaining particles sized 2.00, 0.177,
and 0.088mm, respectively. It was then stored in a desiccator.
Sodium hydroxide, sulfuric acid, sodium borohydride, iron
sulfate, and indigo carmine (IC) dye analytical grade were
purchased from Sigma-Aldrich Chemicals. Ozone was gen-
erated in situ from dry air by an ozone generator (Pacific
Ozone Technology), with an average ozone production of
0.005 gdm−3.

1 

3 

2 

4 
5 

76

Figure 1: Schematic of the apparatus for the ozonation reaction. (1)
Upflow glass bubble column reactor. (2) Porous glass (gas diffuser).
(3) Pacific Technology D412 ozone destroyer. (4) Ozone generator.
(5) Dry air inlet. (6) Sample valve. (7) Reaction solution.

2.2. Synthesis of Iron Particles and Iron Supported on Deoiled
Allspice Husk. Using porous materials is an interesting alter-
native to control the stability of zero-valent particles [16]. It
has been previously reported that the employment of porous
materials improves the stability and catalytic properties of
supported metal particles and nanoparticles [6]. In this work
deoiled allspice husk was employed as porousmaterial for the
synthesis and stabilization of metal particles. The synthesis
and support of iron particles on deoiled allspice husk were
as follows: approximately 10 g of deoiled allspice husk (MPS)
was placed in a 500mL Erlenmeyer flask and mixed with
250mL of a 0.01M FeSO

4
solution for 24 h under continuous

stirring at room temperature andN
2
atmosphere.Then 10mL

of 0.1 NaOH solution was added and the resulting slurry
was kept under stirring for further half an hour. After this
time, 60mL of 0.25M NaBH

4
solution was gradually added

in order to obtain the metallic particles via reaction (1) [16].
After vacuum filtration, the solid was washed with reagent
grade acetone and labelled as MPS/Fe. To synthesize the
unsupported iron particles (Fe-NP), 250mL of 0.01M FeSO

4

solution was mixed with 15mol of 0.1 NaOH solution and
60mL of 0.25MNaBH

4
.The resulting slurry was also filtered

under vacuum and the solid was washed with reagent grade
acetone and labelled as Fe-NP:

2Fe2+ + 2H
2
O + BH

4

−
+ 4𝑒
−

󳨀→ 2Fe
(s) + BO2

−
+ 4H+ + 2H

2(g) ↑
(1)

2.3. Ozonation. Thedifferent ozonation treatmentswere con-
ducted in a 1 L upflow bubble column reactor (see Figure 1).
Ozone was fed through a gas diffuser with a pore size of
2 𝜇m.Aheated catalytic ozone destructor (PacificTechnology
d41202) was employed in order to destroy the excess of
ozone in the outlet of the glass bubble column reactor so
there was no ozone being discharged to atmosphere. Samples
were taken at specific time intervals to be analyzed. All
experiments were carried out at room temperature (19∘C ±
2), pH was adjusted at 3.0 with analytical grade sulfuric acid
and sodium hydroxide, and the initial IC concentration was
1000mgL−1. The assessed variables were particle size and
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solid concentration. In order to establish the IC adsorption
capacity of the synthesized materials, every one of them was
placed into an IC solution without feeding ozone. In these
experiments the IC concentration at specific time intervals
was established by UV-Vis spectrophotometry.

2.4. Chemical Analysis. To determine the concentration of
indigo carmine at specific time intervals a spectrophotomet-
ric technique was employed. For such a purpose an UV-
Vis Perkin Elmer Lambda 25 model spectrophotometer was
used. Samples were analyzed in the range of 200 to 900 nm
with a scan rate of 960 nms−1. A maximum absorbance of
610 nm was found and ascribed to the indigo carmine (IC)
dye. The degree of mineralization of indigo carmine was
determined by measuring the total organic carbon with a
TOC-LCPH/CPN Shimadzu total organic carbon analyzer.
The chemical oxygen demand of the samples was determined
by using the American Public Health Association (APHA)
standard procedures [23].

2.5. Characterization

2.5.1. Scanning ElectronMicroscopy (SEM/EDS). Images were
obtained in a JEOL JSM 6510LV instrument at 15 kV with
10mmWD using both secondary and backscattered electron
signals. Samples were coated with a 20 nm thin film of gold
using Denton Vacuum DESK IV sputtering equipment with
a gold target. X-ray energy dispersive spectroscopy analyses
were performed in an Oxford PentaFetx5 that was calibrated
prior to all analyses with a copper standard.

2.5.2. BET Analysis. Surface area and pore characteristics of
deoiled allspice husk original (MPS) and deoiled allspice husk
original with iron particles (MPS/Fe) were determined by
N
2
gas BET analysis (GEMINI 2360 instrument) obtained

from nitrogen adsorption at 77K. The nitrogen adsorption
isothermswere recorded up to a relative pressure to assess the
total pore volume. Porosity was determined using the pore
volume and density.

3. Results and Discussion

3.1. Ozonation

3.1.1. Effect of Adding Unsupported and Supported Iron Parti-
cles on IC Concentration. Theozonation of ICwas performed
in the bubble column reactor with unsupported iron particles
(NP-Fe), original deoiled allspice husk (MPS), and sup-
ported iron particles on deoiled allspice husk (MPS/Fe). All
experiments were conducted with an initial IC concentration
of 1000mgL−1. The initial absorption spectrum shows IC
absorption band with a maximum at 610 nm (see Figure 2).
This band was monitored in the ozonation experiments
conducted with each material (NP-Fe, MPS, and MPS/Fe).
Figure 2 shows that the band at 610 nmdecreases significantly
for MPS/Fe at 20 minutes compared to others, suggesting
greater effectiveness in the degradation of IC.The absorption
band with a maximum at 300 nm is associated with 𝜋 bonds
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Figure 2: Effect of the addition of unsupported and supported iron
particles on UV-Vis spectra of indigo carmine solution after 20
minutes of ozonation.
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Figure 3: Effect of the material and time on IC concentration [{]
supported on deoiled allspice husk (MPS/Fe), [⬦] deoiled allspice
husk (MPS), [∗] iron metal particles (NP-Fe), and [◻] indigo
carmine (IC) only ozone.

and these are decreased by 20% with the application of ozone
(O
3
), ozone/MPS (O

3
/MPS), ozone/iron (O

3
/iron particles

NP-Fe), indicating that the molecule has not been completely
degraded. These 𝜋 bonds are the result of breaking down the
IC molecule by the action of free radicals generated during
the ozonation process.

Figure 3 shows the IC concentration profile as function of
time. It can be observed that the degradation of IC is fastest
when thematerial with the supported iron particles (MPS/Fe)
is employed. MPS/Fe leads to nearly complete degradation
of the dye after only 20min of ozonation. In heterogeneous
catalysis the positive effect of the support textural properties
on the active sites dispersion and availability is well known.
In this context, hydroxo (OH) or oxo (=O) groups in
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Figure 4: Effect of type of added material and time on IC concen-
tration without ozone.

the synthesis stage provide a greater surface area for the
synthesis of metal particles onto the material [22].

The adsorption capacity of the MPS and MPS/Fe mate-
rials was tested in the absence of bubbling ozone. Figure 4
shows the results for the two types of materials. None of the
twomaterials (MPS orMPS/Fe) shows an important capacity
of adsorption during the contact time.

To elucidate the produced compounds reluctant to fur-
ther degradation during each treatment, the UV-Vis spectra
of the reacting solution as function of time were analyzed
(Figure 5). It can be seen from this figure that the spectrum
corresponding to the IC has two absorption bands with
maxima at 610 and 340 nm. The first band is characteristic
of IC and the latter can be ascribed to auxochromes (N, SO

3
)

attached to the benzene ring. One of the main products when
the IC is degraded by ozonation is isatin sulfonic acid, which
exhibits a maximum of absorption of 304 nm radiation. The
presence of this by-product was detected by analysis of a
standard reagent grade in UV-Vis.

When only ozone is applied to the IC solution, it was
observed that the maximum absorbance at 610 nm decreases
and this indicates the characteristic blue color is also decreas-
ing. This may be due to the loss of sulphonate group since
this works as auxochrome and therefore increases color
intensity. From Figure 6, it is evident that the addition of
MPS/Fe to the ozonation process decreases the concentration
of isatin sulfonic acid generated by the degradation of IC in
greater proportion than the other types of solids. It is worth
observing that the support does also have a positive effect on
isatin degradation.This, however, is considerably slower than
whenMPS/Fe is employed.Thus, the use of MPS/Fe not only
enhances the IC degradation but also markedly reduces the
concentration of the main subproduct (isatin sulfonic acid)
generated during the ozonation process.

3.1.2. Effect of Adding Unsupported and Supported Iron Parti-
cles on Total Organic Carbon and Chemical Oxygen Demand.
Table 1 shows that the use of MPS increases the total carbon
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Figure 5: Effect of added material type on the ozonation process on
UV-Vis spectra. Reaction time: 60 minutes.
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Table 1: Effect of solid material on the final total organic carbon
content.

MPS-O3 MPS/Fe-O3 NP-Fe O3

Total organic carbon
(mgL−1) 20min 272 ± 5 48 ± 5 80 ± 5 202 ± 5

Total carbon
(mgL−1) 20min 274 ± 5 50 ± 5 82 ± 5 205 ± 5

Inorganic carbon
(mgL−1) 20min 3 ± 5 1 ± 5 3 ± 5 3 ± 5

Initial total organic carbon = 202 ± 5 mgL−1.

(TOC) during the degradation of IC. This can be ascribed to
the degradation of the deoiled crushed material during the
ozonation process. Nonetheless, the addition of supported
iron particles to the ozonation process substantially enhances
total organic carbon removal. Table 1 shows that the use
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Figure 7: (a) Effect of catalyst type on chemical oxygen demand (COD); (b) proposed indigo carmine degradation mechanism.

of MPS/Fe not only makes IC degradation faster but also
inhibits degradation of the support. According to the analysis
of total organic carbon the addition of MPS/Fe leads to a
76% removal of TOC after only 20 minutes of treatment. At
the same reaction time, ozone alone does not reduce TOC at
all. This can be ascribed to the ozone incapacity to further
degrade the isatin molecule.

Figure 7 confirms that the IC oxidation degree strongly
depends on the type of added material during the ozonation

process and this is given in terms of chemical oxygen demand
(COD).These results are in concordance with TOCmeasure-
ments. The effect of the addition of MPS/Fe on the removal
of indigo carmine by ozonation offers a synergistic action that
increases the rate of degradation of indigo carmine (Figure 7).
The formation of reactive oxidizing species, that is, free
radicals (HO∙) during the ozonation process, concomitantly
generates other radicals and hydrogen peroxide. Hence, the
use of MPS/Fe introduces new reactions, mainly fenton
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type, that positively impact the mineralization and oxidation
degree of the IC solution.

The effect of the addition of MPS/Fe to the ozonation
process generates a production of free radicals not governed
by the reaction (2)–(4). The ozone reacts in solution to
generate the hydroxyl radical (HO∙) and radicals superoxide
(2), which are consumed in the production of hydrogen
peroxide (2)-(3):

O
3
+H
2
O 󳨀→ 2HO∙ +O

2
(2)

O
3
+HO∙ 󳨀→ HO

2

∙
+O
2
←→ O

2

∙
+H+ (3)

2HO
2

∙
󳨀→ O

2
+H
2
O
2

(4)

The synthesized zero-valent particles (Fe0) are expected to be
readily oxidized. However, the IC degradation results suggest
that the support allows the iron particles to exhibit a catalytic
effect on the generation of free radicals (HO∙). This effect
may be related to the interaction of the iron particles with
the support surface [24, 25]. As consequence, this catalytic
capability is rather diminishedwhen the iron particles are not
supported. Actually, because of previous reports [24, 26, 27],
when the ozone is combined withMPS/Fe, the intensification
of HO∙ production was expected. The ferrous specie in the
composite MPS/Fe by means of the following reactions may
produce the ferrous specie involved in reaction

6H+ +O
3
+ FeO 󳨀→ FeO2+ + 3H

2
O (5)

So that FeO2+ reacts with hydrogen peroxide (traces of
oxygen peroxide generated from ozone reactions (2)–(4)) to
generate free radicals.Then the degradation of organicmatter
via free radicals as shown in the following reaction becomes
plausible [12, 28, 29]:

FeO2+ +H
2
O
2
󳨀→ FeO3+ +HO∙ +OH− (6)

Fe3+ species may be going back to Fe2+ by means of the
following reaction [27]:

Fe3+ +H
2
O
2
󳨀→ Fe2+ +HO

2

∙
+H+ (7)

RH +HO∙ 󳨀→ R∙ +H
2
O (8)

Therefore, when adding theMPS/Fe to the ozonation process
this is catalyzed.This catalytic effect of Fe2+ on ozonation has
been previously recognized [9, 12]. Therefore, the synergistic
effect for the generation of free radicals (HO∙, HO

2

∙) via
ozonation reactions (2)–(4) and catalyzed ozonation reac-
tions with supported iron (5)–(7) cannot be neglected.

Under this scheme the degradation of IC towards isatin
and its products has been suggested [18] to occur according
to the mechanism depicted in Figure 7.

3.1.3. Effect of Particle Size. Also the effect of particle size of
the MPS/Fe material was evaluated. Three different particle
sizes were tested 2.00, 0.177, and 0.088mm. The initial
concentration of IC was 1000mgL−1 and the reaction time
was 60min. The results are shown in Figure 8 and suggest
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Figure 8: Effect of particle size of supported iron particles on indigo
carmine concentration profile.
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Figure 9: Effect catalyst loading on indigo carmine concentration
profile.

the presence of liquid-solid and intraparticle mass transport
resistances that are presumably minimized when the particle
size is 0.177mm (80 mesh) as a result of the best and faster
degradation of the dye used over the others conditions tested.
It is worth noticing that the effect of adsorptionwas evaluated
for all tested materials without the presence of ozone. The
results indicated that this phenomenon is negligible for all
materials. The unsupported iron particles (NP-Fe) did not
exhibit good efficiency in contrast to the supported MPS/Fe.

3.1.4. Effect of Catalyst Concentration. In order to study the
effect of this variable three experiments with their corre-
sponding repetitions were conducted. At all experiments
the initial concentration of IC were 1000mgL−1 and the
reaction time was 60min. Figure 9 shows the positive effect
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Figure 10: SEM/EDS images for the synthesized materials.

on IC removal when using a [MPS/Fe] = 1000mgL−1. The
presence of the MPS/Fe enhances the ozonation process,
and its concentration has a strong influence over the dye
degradation.The IC degradation rate increases when mass of
MPS/Fe increases and this is also an indicative of the liquid-
solid mass transfer resistance being negligible. It is worth
pointing out that the removal of IC by adsorption onto the
MPS/Fe particles was found to be negligible. Only 1.8% of IC
was removed by this phenomenon.

3.2. Materials Characterization

3.2.1. SEM/EDS and Elemental Analysis. SEMmicrographs of
MPS and MPS/Fe materials in Figure 10(a) show the parent

supports as amorphous.These remained unchanged after the
deposition of iron. In the elemental analysis it was found
that the material elements of the MPS might be acting as
natural material (peaks of C, O, K, and Ca, which are typical
elements of the natural materials) as shown in Figure 10(b).
As expected, iron was detected on the MPS/Fe sample (see
Figure 10(c)). The SEM/EDS analysis allows identifying iron
particles of approximately 250 nm in size (Figure 10(d)). It is
important to note that the increase in oxygen observed in
the MPS/Fe sample suggests the presence of FeO2+ species
in contrast with the support alone (MPS). The decrease in
weight percent of carbon observed in theMPS/Fe sample (see
Table 2) may be due to the coating of the surface by iron
particles.
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Table 2: Characteristics of catalytic materials.

MPS MPS/Fe
Specific surface area (m2g−1) 2.40 4.58
Cumulative pore volume (cm3

(STP) g−1) 0.55 1.05

Mean pore diameter (nm) 4.45 6.61
Total pore volume (𝑝/𝑝

𝑜
) = 0.990

(cm3g−1) 2.67𝐸 − 03 7.58𝐸 − 3

Carbon 54.61% 17.29%
Oxygen 42.84% 59.65%
Sodium 0.57% 20.76%
Calcium 1.99% 0.58%
Iron 0% 1.72%

3.2.2. N
2
Physisorption. The results in Table 2 show that

MPS/Fe has a greater specific surface area. This increase may
be the consequence of the chemical treatment conducted on
the husk during the catalytic system preparation.

4. Conclusions

Unsupported and supported iron particles were synthesized
via a relatively low cost method. Indigo carmine removal by
ozonation and ozonationwith unsupported and supported Fe
on a biomaterial was studied. MPS/Fe substantially improves
the degradation of indigo carmine and of the generated sub-
products during the ozonation process. Catalyzed ozonation
leads to attain a reaction rate twice faster than ozonation
alone. The use of the MPS/Fe allows the removal of 76% of
TOC after only 20min of ozonation. It was found that the
synthesized materials did not exhibit significant adsorption
properties.
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[2] A. Bes-Piá, J. A. Mendoza-Roca, M. I. Alcaina-Miranda, A.
Iborra-Clar, and M. I. Iborra-Clar, “Reuse of wastewater of
the textile industry after its treatment with a combination
of physico-chemical treatment and membrane technologies,”
Desalination, vol. 149, no. 1–3, pp. 169–174, 2002.

[3] P. C. Vandevivere, R. Bianchi, andW. Verstraete, “Review: treat-
ment and reuse of wastewater from the textile wet-processing

industry: review of emerging technologies,” Journal of Chemical
Technology & Biotechnology, vol. 72, no. 4, pp. 289–302, 1998.

[4] K. Santhy and P. Selvapathy, “Removal of reactive dyes from
wastewater by adsorption on coir pith activated carbon,” Biore-
source Technology, vol. 97, no. 11, pp. 1329–1336, 2006.

[5] A. D. Bokare, R. C. Chikate, C. V. Rode, and K. M. Paknikar,
“Iron-nickel bimetallic nanoparticles for reductive degradation
of azo dye Orange G in aqueous solution,” Applied Catalysis B:
Environmental, vol. 79, no. 3, pp. 270–278, 2008.

[6] F. Pena-Pereira, R. M. B. O. Duarte, and A. C. Duarte, “Immo-
bilization strategies and analytical applications for metallic
and metal-oxide nanomaterials on surfaces,” TrAC—Trends in
Analytical Chemistry, vol. 40, pp. 90–105, 2012.

[7] A. Majcen, L. Marechal, and B. Križanec, “Textile finishing
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Ureña-Nuñez, and T. B. Pavón Silva, “Improving lead sorption
through chemical modification of de-oiled allspice husk by
xanthate,” Fuel, vol. 110, pp. 4–11, 2013.

[23] American Public Health Association American Water Works
Association/Water Environment Federation, Standard Methods
for the Examination of Water andWastewater, American Public
Health Association American Water Works Association/Water
Environment Federation, 20th edition, 1998.

[24] W. P. Kwan and B.M. Voelker, “Influence of electrostatics on the
oxidation rates of organic compounds in heterogeneous fenton
systems,” Environmental Science and Technology, vol. 38, no. 12,
pp. 3425–3431, 2004.
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The individual methods of disinfection peracetic acid (PAA) andUV radiation and combined process PAA/UV in water (synthetic)
and sanitary wastewater were employed to verify the individual and combined action of these advanced oxidative processes on the
effectiveness of inactivation of microorganisms indicators of fecal contamination E. coli, total coliforms (in the case of sanitary
wastewater), and coliphages (such as virus indicators). Under the experimental conditions investigated, doses of 2, 3, and 4mg/L
of PAA and contact time of 10 minutes and 60 and 90 s exposure to UV radiation, the results indicated that the combined method
PAA/UV provided superior efficacy when compared to individual methods of disinfection.

1. Introduction

Waters that do not present good quality represent amenace to
the human health, due to the possibility of contamination of
populations through waterborne diseases. According to the
Trata Brasil Institute, 88% of the deaths caused by diarrhea
worldwide are caused by unsuitable sanitation. In 2011, in
Brazil, 396.048 people were infected with diarrhea, and 35%
of these patients were children under 5 years old [1].

One of the main sources of water contamination is the
release of raw domestic sewage or wastewater that have not
undergone efficient treatment, thus constituting a potential
load of pathogenic organisms excreted by infected individuals
[2, 3].

In such context, the interest in wastewater disinfection
processes has become increasingly higher.

Chlorine is themost widely employed disinfectant to treat
water and wastewater all over the world. This is due to its
largely known technology, low cost, and proved efficiency in

inactivating a great variety of pathogenicmicroorganisms [3–
5].

However, the use of chlorine to disinfect sanitary sewage
requires dechlorination prior to the effluent release in the
receptor body; even at low concentrations, chlorine is toxic
to the water life. Regarding drinking water, there is a concern
about this disinfectant oxidizing some kinds of organic mat-
ter, mainly humic and fulvic acids, and forming trihalometh-
anes, which are highly carcinogenic compounds [5, 6].

Due to this problem, new studies have been developed,
seeking alternative disinfectants to the chlorine, such as ultra-
violet (UV) radiation, peracetic acid (PAA), and advanced
oxidative processes as the PAA/UV proposal analyzed in this
study.

UV radiation is a physical mechanism that transfers elec-
tromagnetic energy to the microorganisms’ genetic material,
through special mercury vapor lamps. When the UV radia-
tion penetrates the cell wall, it destroys the microorganism
ability to reproduce [7].
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UV radiation presents the advantages of being efficient to
inactivate a great variety of microorganisms without provok-
ing residual effects that might be harmful to human being or
water life; it is easy to operate and requires short contact time
for disinfection, which implies smaller units in the water or
wastewater treatment plants [7].

However, small doses might not be efficient in inacti-
vating some viruses, spores, and cysts, and some organisms
might reverse the radiation effect through the photoreacti-
vation or dark repair. Besides that, turbidity and total sus-
pended solids present in the sewagemight reduce the efficacy
of disinfection through radiation. And, regarding drinking
water, the main inconvenience is the absence of disinfectant
residual along the distribution system. UV radiation is more
expensive than chlorination, but the costs become competi-
tive when dechlorination is taken into consideration [4, 6, 7].

Peracetic acid (CH
3
CO
3
H) is a strong oxidant which

presents advantages: the treatment being easy to implement
(without the need of high investment), the large spectrum
of microbial activity even in the presence of heterogeneous
organic matter, absence of residual or toxic and/or mutagenic
by-products, not requiring dechlorination, presenting low
dependency on pH, and short contact time [8].

There are no reports in the literature pointing PAA as
carcinogenic or that it presents toxicity in the reproduction
and human development.

When surveying studies on the use of PAA to disinfect
wastewater, Cavallini et al. [9] observed that the toxicity
results and the formation of by-products were very low when
compared with chlorine, whichmight be ascribed to the PAA
composition and its fast decomposition in the effluent.

The disadvantages of using PAA in wastewater disinfec-
tion are the increase in the effluent organic content, enhanc-
ing microbial regrowth, higher cost when compared to chlo-
ride and lower efficiency against some viruses and parasites
[8, 10], and, in water disinfection, the absence of disinfectant
residual.

In the literature, some advanced oxidative processes
(AOPs) have been proposed (UV/H

2
O
2
, O
3
/H
2
O
2
, O
3
/UV,

and TiO
2
/UV). The AOPs are based on the use of secondary

oxidants, such as free radicals (OH), which can be generated
by the interaction of UV radiation with a chemical disinfec-
tant able to release such radicals. Hydroxyl radicals are highly
reactive oxidant agents which can be used to oxidize organic
and inorganic compounds and other toxic or pollutants or
resistant to biological treatment and as disinfectants [11, 12].

In the PAA/UV sequential process there is PAA photol-
ysis under the action of the UV light. According to Caretti
and Lubello [11] there is an interruption in the bond O–O
of the PAA molecule, with the subsequent formation of the
hydroxyl radical. The presence of PAA hydrogen contributes
not only to the formation of PAA again as soon as it is
consumed, but also to the formation of newhydroxyl radicals.

The use of two or more disinfectants, simultaneously or
sequentially applied, characterizes the disinfection method
named byUSEPA [7] as interactive or combined and presents
the increase in microbial inactivation efficiency in some
groups of microorganisms as an advantage; this includes the

possibility of synergism to occur, minimization of disinfec-
tion by-products formation, and the use of smaller doses of
disinfectant agents.

The sublethal damage to the cell wall of the microor-
ganism provided by a disinfecting agent can improve the
sensitivity of the organism to the action of other disinfectants
and then synergism occurs.

However, despite the promising advantages of the use of
combined processes, they do not present global improvement
of disinfection in all situations. Thus, research in this area,
involving different disinfection methods in combination, as
it is the case of PAA/UV in different groups of indicator
microorganisms, is highly relevant.

This study presents tests with wastewater and synthetic
water disinfection using peracetic acid (PAA), UV radiation
and employing the sequential PAA/UV process to the inac-
tivation of indicator microorganisms: E. coli, total coliforms,
and coliphages.

2. Materials and Methods

2.1. Experimental Conditions. Disinfection experiments,
both inwater and inwastewater, were carried out individually
with PAA, UV radiation and using the sequential PAA/UV
method. The individual assays with PAA and UV radiation
were performed in order to calculate the synergism, once the
method employed takes into account individual disinfection
tests, as will be seen in Section 3.

The water under study, named synthetic water, was
composed of deionized water and specific salts, according
to the Standard Methods for the Examination of Water and
Wastewater [13], and added to the indicator microorganisms
strains: E. coli strain ATCC 11229 (bacteria indicator) and
coliphages (virus indicator) isolated from wastewater, using
the E. coli CIP 55.30 as the host strain.

The wastewater was collected at the output of a municipal
wastewater treatment plant (WTP) consisting of a biologi-
cal secondary treatment: a fluidized bed anaerobic reactor
(FBAR) and an upflow anaerobic sludge blanket (UASB) in
parallel, followed by stabilization pond, and the sewage
samples were collected at the output of this pond.

For the UV radiation disinfection tests, a laboratory
bench reactor measuring 45 cm × 40 cm × 15 cm was
employed, operating in a batch mode, made of stainless steel,
with removable aluminum lid, containing six emerged 15W
mercury vapor lamps.

The UV reactor was filled up with both effluent and
synthetic water up to the point where liquid reached 4 cm,
which made up a total volume of 7,5 liters. In order to
carry out the experiments, the six lamps in the reactor were
turned on for 30 minutes in advance to produce heat and
stabilize. The times of exposure employed were 60 and 90
seconds, which in experimentswithwastewater characterized
doses of 125,16 and 187,74mWs/cm2 for test 1 and 109,89 and
164,84mWs/cm2 for test 2. Regarding the water experiments,
the same times of exposure, 60 and 90 s, characterized doses
of 282,58 and 423,87mWs/cm2, respectively, in test 1 and
217,71 and 326,56mWs/cm2 in test 2.
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Table 1: E. coli, TC, and coliphages inactivation employing, individually, PAA and UV radiation in tests with wastewater.

Peracetic acid UV radiation
𝑁
𝑜

Concentration (mg/L) Exposure (s)
2 3 4 60 90

Test 1
E. coli 1,1 × 104 3,4 × 103 3,7 × 103 1,3 × 102 6 4
TC 2,25 × 105 7 × 104 2,12 × 104 6,2 × 103 5,1 × 103 3,9 × 103

Coliphages 3,15 × 102 1,35 × 102 1,25 × 102 2,4 × 102 5 10

Test 2
E. coli 3 × 104 — <1 — 10 10
TC 3,6 × 105 — 5,2 × 104 — 200 160

Coliphages 1,27 × 103 — 320 — <1 <1
—: not carried out; <1: lower than the detection limit of the method used.

Throughout the exposure time, the liquid was kept under
magnetic agitation, preventing the sedimentation of solids.
After the exposure time was over, samples were collected for
the microbiological examination.

Radiation intensity measurements were carried out with
a radiometer (Vilber Lourmat) with UV radiation detector
sensor at the 254 nm wavelength. To determine the UV
radiation dose, the route described by Daniel [14], as well as
the study carried out by Souza et al. [15], was followed.

PAA disinfection tests were carried out in a batch mode
employing the commercial product PROXITANE 1512 which
is a quaternary mixture in equilibrium containing peracetic
acid (15%), hydrogen peroxide (23%), acetic acid (16%), and
stabilizing vehicle. In the experiments with wastewater, PAA
doses applied were 2, 3, and 4mg/L in test 1 and 3mg/L in test
2; the contact time employed was 10 minutes for all doses.
In experiments with water, in both tests carried out, PAA
doses employed were 2, 3, and 4mg/L and contact time was
10 minutes. To inactivate the residual PAA, after the contact
time specified, sodium thiosulfate (1%) was added at the pro-
portion 0,1mL for each 100mL sample.The residual PAAwas
measured through the spectrophotometric method, using
the chromophore N,N-diethyl-p-phenylenediamine (DPD)
((C
2
H
5
)
2
C
6
H
4
NH
2
, 97% ALDRICH) [9].

In the combined method, the same procedures were
employed as the individual methods, PAA was the primary
disinfectant employed, and, after the contact time, the effluent
was exposed to the previously set UV radiation doses.

2.2. Sample Characterization. The physicochemical charac-
terization of samples was carried out according to the proce-
dures indicated in the Standard Methods for the Examination
of Water and Wastewater [13], and turbidity, total suspended
solids, chemical oxygen demand (COD), and absorbance
254 nm analyses were performed for the wastewater and
turbidity, pH, COD, and absorbance 254 nm, for the water.
Besides that, total coliforms, E. coli, and coliphages were
quantified in the wastewater and E. coli and coliphages in
water.

In order to quantify E. coli and total coliforms (TC) the
membrane filtration technique was employed using the cul-
ture medium Agar Hicrome Selective ECC Base CAT.M1294
(Himedia) which enables the simultaneous determination of
total coliforms and E. coli.

For the quantification of coliphages, the plates test was
carried out according to the CETESB L5.225 Norm [16] and
the culture medium employed was modified Tryptic Soy Agar
(TSA).

3. Results and Discussion

3.1. Tests of Wastewater Disinfection Employing the PAA
and UV Radiation Individual Methods. For the wastewater,
results of the physicochemical analyses of turbidity, SST,
COD, and absorbance 254 nm varied, respectively, from 8,43
to 71,7NTU, 15 to 140mg/L, 53 to 164mg/L, and 0,313 to 0,364
from the first to the second test.

In Table 1 the results of microbial inactivation employing
the PAA and UV individual methods are presented, and for
the inactivation calculation the equation − log(𝑁/𝑁

𝑜
) was

used, where 𝑁
𝑜
corresponds to the microorganisms initial

number (gross sample) and 𝑁 the microorganisms after
disinfection.

In relation to the results in UV tests, good global effi-
ciency inactivation was observed in test 2, reaching 3,48 log
E. coli inactivation values for both doses of UV used, 3,1
log coliphages, also for both UV doses, and 3,35 log total
coliforms for the 164,84mWs/cm2 dose.

In test 1, despite the coliphages inactivation presenting
lower values, its inactivationwas efficient (Table 1).This is due
to the fact that the coliphages concentration in the gross efflu-
ent was not really high. On the other hand, in the same test,
UV radiation was not very efficient to remove total coliforms
(maximum inactivation log 1,76).The biggest difficulty to the
inactivation of total coliforms is also observed in several other
studies in the area specific literature, including Souza et al.
[15].

In test 2, although the effluent turbidity was much higher
than in test 1, the UV disinfection did not have its efficiency
reduced in this case.

In relation to the inactivation of indicator microorgan-
isms E. coli, TC, and coliphages, in both PAA tests and with
all doses applied, inactivation below 2 log was observed for
all microorganisms, except for the E. coli in the second test,
in which 4,48 log was observed. Regarding specifically the
coliphages Souza and Daniel [17] also observed results of low
inactivation of such viral indicators, employing 3 and 4mg/L
PAA concentrations and 20-minute contact time.
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Table 2: E. coli, TC, and coliphages inactivation, employing the PAA/UV sequential method in tests with wastewater.

𝑁
𝑜

Sequential PAA/UV
2 (60) 2 (90) 3 (60) 3 (90) 4 (60) 4 (90)

Test 1
E. coli 1,1 × 104 410 7 5 <1 <1 <1
TC 2,25 × 105 2,24 × 104 2,9 × 103 7,1 × 103 2,35 × 103 3,1 × 102 1,1 × 102

Coliphages 3,15 × 102 10 5 <1 5 5 < 1

Test 2
E. coli 3 × 104 — — <1 <1 — —
TC 3,6 × 105 — — 140 20 — —

Coliphages 1,27 × 103 — — <1 <1 — —
—: tests not carried out.

Gehr et al. [18] who analyzed different disinfection
processes, amongst them PAA, ozone, and UV radiation, to
treat effluents in a municipal WTP which employed physic-
ochemical treatment (ferric coagulation or with aluminum)
to treat domestic and industrial effluents altogether observed
high negative influence of the organic matter on the PAA
disinfection, even making the adoption of PAA in this case
unviable as an alternative disinfectant for the STS under
study. It is important to highlight that in that study all
sewage samples presented high concentrations of dissolved
organic carbon (DOC) (124–240mg/L), SS (16–45mg/L), and
turbidity (16–31NTU).

Regarding PAA tests, samples were collected for the
analyses of COD and residual.

The PAA residual, after 10-minute contact, was low; it var-
ied from <0,1 to 0,92mg/L in test 1 and was 0,34mg/L in test
2, indicating that a considerable part of the PAA applied was
consumed in the wastewater oxidation/disinfection phases.
After disinfection with PAA, the COD increased with the
increase in the concentration of the PAA applied (in test
1, e.g., from 53mg/L in gross sewage to 70mg/L after
application of 4mg/L PAA). This fact was observed in other
studies developed by the authors of this study, with special
attention to the study of Cavallini et al. [19] who analyzed the
disinfection of wastewater with PAA and observed that the
application of different PAA doses to the wastewater with 20-
minute contact time resulted in 15% average increase in the
COD at each 10mg/L PAA applied.

According to Kitis [8] the increase in organic content
in the PAA disinfected sewage samples, associated with the
microbial potential regrowth, is the biggest inconvenience of
the use of this disinfectant. The author ascribes this increase
to the presence of acetic acid, which is a biodegradable
compound, present both in the PAA composition and in its
decomposition product.

However, the authors of this work do not ascribe theCOD
elevation only to the acetic acid, as proposed byKitis [8], once
the PAA is a percarboxylic acid which also contributes to the
organic load of the disinfected effluent.Thus, it is not possible
to relate the COD elevation only to the acetic acid.

3.2. PAA/UV Sequential Disinfection of Wastewater. In
Table 2, results obtainedwith the PAA/UV sequentialmethod
in both tests with wastewater are presented.

For E. coli 4,5 log inactivation was obtained for both
PAA/UV doses employed in experiment 2, in which 100%
inactivation was reached. Also, for the three last combined
doses employed of 3(187,74), 4(125,16), and 4(187,74), despite
the lower inactivation log(4,04), 100% E. coli inactivation
efficiency was also reached.

For total coliforms, inactivation of up to 4,25 log with the
4(187,74) dose was obtained, and, for coliphages, 3,1 log inac-
tivation for both doses applied in experiment 2, and 2,5 log
for doses 3(125,16) and 4(187,74) employed in experiment 1.

In general, disinfection tests with the sequential method
were proved more efficient than the experiments in which
disinfectants were used separately. In most cases, the highest
inactivation log reached using only one disinfectant was
overcome in the sequential method with the use of smaller
doses of each disinfectant. This result demonstrates that the
sequential method can bring economic benefit, once the
doses needed of each disinfectant were smaller in this process
than in the disinfection with only PAA or only UV radiation.

3.3. Synergy Verification. With the inactivation results of the
sequential disinfection tests, it was possible to verify the
occurrence or nonoccurrence of synergy for the method
used. According to Finch et al. [20], synergy is verified from
the premise that the inactivation resulting from the sequential
actionmust be higher than the sumof individual inactivation.
Consider

Synergy = 𝐼
𝑟
− (𝐼
1
+ 𝐼
2
) , 𝐼 = − log( 𝑁

𝑁
𝑜

) , (1)

where 𝐼
𝑟
is sequential process resulting inactivation, 𝐼

1
is

primary disinfectant resulting inactivation, 𝐼
2
is secondary

disinfectant resulting inactivation,𝑁 is organism final num-
ber, and𝑁

𝑜
is organism initial number.

Results of synergy verification for both tests are presented
in Table 3.

According to the results obtained, very little synergy
was observed, occurring only for the E. coli with the dose
3(187,74) and for coliphages with the doses 3(125,16) and
1(187,74), in the first test. And, in test 2, there was synergy
only in the inactivation of total coliforms, with the dose
3(164,84). That is, in most cases, the inactivation provided by
the sequential methodwas lower than the sum of inactivation
in the individual disinfection processes.
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Table 3: Synergy verification.

Doses APA/UV
Test 1 Test 2

2 (125,16) 2 (187,74) 3 (125,16) 3 (187,74) 4 (125,16) 4 (187,74) 3 (109,89) 3 (164,84)
E. coli −2,34 −0,75 −0,39 0,13 −1,15 −1,33 −3,48 −3,48
TC −1,15 −0,38 −1,16 −0,8 −0,34 −0,01 −0,68 0,06
Coliphages −0,66 −0,06 0,3 −0,1 −0,12 0,88 −0,6 −0,6

Table 4: E. coli and coliphages inactivation employing PAA and UV radiation individually in tests with water.

Peracetic acid UV radiation
𝑁
𝑜

Concentration (mg/L) Exposure (s)
2 3 4 60 90

Test 1 E. coli 5 × 102 10 <1 <1 3,7 × 102 <1
Coliphages — — — — — —

Test 2 E. coli 9 × 103 60 40 10 100 <1
Coliphages 2 × 103 235 70 <1 5 <1

𝑁𝑜: microorganisms initial number in gross water; —: test not carried out.

However, although the sequential method almost did not
present synergy, it was proved more efficient in the disin-
fection than the individual methods. The sequential method
provided higher inactivation values obtained amongst the
threemethods analyzed, and these are 4,48 log for E. coli, 4,25
log for total coliforms, and 3,1 log for coliphages.

In the case of wastewater experiments, the low residual
value of PAA in the effluent did not permit the formation
of AOP and its potential effect added to the microbial
inactivation.

Caretti and Lubello [11] proposed an advanced treatment
for wastewater, aiming at complete reuse in agriculture, and
evaluated the efficiency of the PAA and UV disinfectants in
the configuration: PAA/UV and UV/PAA, and, considering
the same doses, observed that the levels of inactivation
reached when the PAA was added before the UV radiation
were higher. The effect of inactivation resulting from the
PAA/UV method overcame the sum of these disinfectants
individual effects, confirming the synergy between these two
treatments. The highest efficiency of the PAA/UV combined
method was ascribed to the formation of free radicals due to
the PAA photolysis, in the presence of UV rays.

Koivunen and Heinonen-Tanski [12], with the PAA/UV
combined method, observed synergic effects against enteric
bacteria, reaching values over 2 log inactivation for E. coli.
However, the coliphages inactivation presented much lower
synergy values.

3.4. Tests of Water Disinfection Employing the Individual
Methods PAA and UV Radiation. Regarding the experiments
with synthetic water, the turbidity was 0,52NTU in the first
test and 0,82 in the second test; the COD varied between 367
and 377mg/L in the first test and 655 and 665mg/L in the
second; the absorbance in 254 nm varied from 0,069 to 0,107
in the first test and 0,136 to 0,158 in the second.

High COD and absorbance values in the synthetic water
were due to the cultures media present in the microorganism

Table 5: PAA residual in mg/L for both tests with water.

PAA applied
concentration (mg/L) 1st test 2nd test

0 0 0
2 0,75 0,2
3 1,66 1,45
4 2,4 2,11

strains added to the water, which also provided higher
turbidity to the water in test 2, and the COD had its valued
doubled, in test 2, proportionally to the elevation of E. coli
concentration and coliphages in water prior to disinfection.

In Table 4, the results of microbial inactivation in the
synthetic water disinfection tests employing the individual
methods PAA and UV radiation are presented.

In test 1 the UV radiation provided 0,13 log E. coli
inactivation after 60 s exposure and total efficacy at 90 s, with
approximately 2,7 log, with significant improvement of this
microorganism inactivation being noted with the increase in
the UV dose.

According to data presented in Table 4, the UV system
was highly efficient in terms of E. coli and coliphages inacti-
vation regarding the 90 s exposure time, in which radiation
doses above 300mW⋅s⋅cm−2 were generated for both tests.

In experiments with PAA in test 1, the concentration of
2mg/L PAA provided 1,7 log E. coli inactivation and for the
concentrations 3 and 4mg/L total inactivation was reached
(2,7 log). Regarding the second test, only the dose 4mg/L
resulted in coliphages maximum inactivation (3,3 log) and
2,95 log for E. coli.

In Table 5, PAA residuals present in samples after disin-
fection for the different doses applied are presented.

PAA was not totally consumed (after 10-minute contact
time) at any of the concentrations applied; a certain pattern
of PAA consumption was even observed: for doses 2, 3,
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Table 6: E. coli and coliphages inactivation with the sequential PAA/UV method with synthetic water.

Concentration (mg/L) Radiation contact time (s) E. coli inactivation
[− log(𝑁/𝑁

𝑜
)]

Coliphages inactivation
[− log(𝑁/𝑁

𝑜
)]

PAA residual (mg/L)

2
0 2,17 0,93

0,160 5 5
90 5 5

3
0 2,35 1,46

0,9460 5 5
90 5 5

4
0 2,95 5

1,5860 5 5
90 5 5

and 4mg/L applied in the first test, the consumption was,
respectively, 1,25; 1,34; and 1,6mg/L PAA, and in the second
test, which presented higher microorganisms density in the
samples prior to disinfection, the PAA residual was lower, and
the consumption was 1,8; 1,55; and 1,89mg/L, respectively, for
the same doses previously employed.The PAA consumption,
in this study, was always below 2mg/L, which seems to mean
that only certain percentage of the PAA applied is really used
to satisfy the demand and disinfect; the remaining PAA is
available in residual form in the water or wastewater, not
presenting antibacterial effect.

After this observation, it is important to highlight that the
use of PAA in full scale, for differentwater orwastewater char-
acteristics, requires the evaluation of its real consumption,
which depends amongst other factors on the characteristics of
the organic matter and the microbial density, so that the best
dosage to be employed is set for each case, aiming to avoid,
mainly, unnecessary costs with the use of chemical product.

3.5. Sequential PAA/UVDisinfection with SyntheticWater. In
Table 6, the microorganisms E. coli and coliphages inactiva-
tion values in the sequential PAA/UV disinfection, as well as
the PAA residual, are presented.

The E. coli and coliphages inactivation results with PAA
treated water (2, 3, and 4mg/L) followed by UV radiation
were considered excellent, once 5 log microorganism reduc-
tion was reached with all combined doses employed, and in
all situations the detection limit of the method employed was
reached, after 60-second UV radiation exposure, suggesting
that it is possible to reduce the UV radiation time.

As PAA residual was detected after the contact period of
10 minutes, the higher inactivation values obtained in this
experiment are ascribed to the occurrence of OH radical
formation provided by the AOP PAA/UV.

4. Conclusion

This study enabled us to conclude that the E. coli, TC,
and coliphages microorganisms inactivation through the
advanced PAA/UV oxidative process is an alternative which
presents high efficacy of microbial inactivation once it
resulted in maximum disinfection values. The absence of

suspended solids in the synthetic water provided, in general,
better microbial inactivation results when compared to the
experiments carried out with wastewater. This is probably
due to the shield effect provided by the suspended particles
which protect the microorganisms from the action of the
disinfectant agents, both chemical, and especially of the UV
radiation.

The possibility of synergy occurrence when employing
AOPs such as the PAA/UV proposal is a very important
tool, which should be better investigated, as it can guarantee
higher global disinfection efficacy even when lower doses of
disinfectant are applied, which might lower the cost of the
process. Although economic viability has not been evaluated
in this study, it is a relevant aspect, mainly in the case ofWTP;
this factor might be the one to rule the disinfection systems
maintenance in such units.
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Hidráulica e Saneamento], Escola de Engenharia de São Carlos,
Universidade de São Paulo, São Carlos, Brazil, 2006.

[11] C. Caretti and C. Lubello, “Wastewater disinfection with PAA
and UV combined treatment: a pilot plant study,” Water
Research, vol. 37, no. 10, pp. 2365–2371, 2003.

[12] J. Koivunen and H. Heinonen-Tanski, “Inactivation of enteric
microorganisms with chemical disinfectants, UV irradiation
and combined chemical/UV treatments,” Water Research, vol.
39, no. 8, pp. 1519–1526, 2005.

[13] APHA/AWWA/WEF, Standard Methods of the Examination of
Water and Wastewater, CD-ROM, APHA (American Public
Health Association),Washington, DC, USA, 20th edition, 1998.

[14] L. A. Daniel, Processos de desinfecção e desinfetantes alternativos
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Synergistic Effects of Multiple Disinfectants, AWWA Research
Foundation and American Water Works Association, Denver,
Colo, USA, 2000.



Research Article
Novel Electrochemical Treatment of Spent Caustic from
the Hydrocarbon Industry Using Ti/BDD

Alejandro Medel,1 Erika Méndez,2 José L. Hernández-López,1 José A. Ramírez,1

Jesús Cárdenas,1 Roberto F. Frausto,1 Luis A. Godínez,1 Erika Bustos,1 and Yunny Meas1

1Centro de Investigación y Desarrollo Tecnológico en Electroquı́mica, S.C., Parque Tecnológico, Querétaro-Sanfandila,
76703 Pedro Escobedo, QRO, Mexico
2Facultad de Ciencias Quı́micas, Laboratorio de Investigación Electroquı́mica, Universidad Autónoma de Puebla,
Ciudad Universitaria, Edificio 105-i., 72570 Puebla, PUE, Mexico

Correspondence should be addressed to Alejandro Medel; alejandromedelreyes@gmail.com
and Yunny Meas; yunnymeas@cideteq.mx

Received 10 October 2014; Accepted 26 November 2014

Academic Editor: Mika Sillanpää
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During the crude oil refining process, NaOH solutions are used to remove H
2
S, H
2
Saq, and sulfur compounds from different

hydrocarbon streams. The residues obtained are called “spent caustics.” These residues can be mixed with those obtained in other
processes, adding to its chemical composition naphthenic acids and phenolic compounds, resulting in one of the most dangerous
industrial residues. In this study, the use of electrochemical technology (ET), using BDDwith Ti as substrate (Ti/BDD), is evaluated
in electrolysis of spent caustic mixtures, obtained through individual samples from different refineries. In this way, the Ti/BDD’s
capability of carrying out the electrochemical destruction of spent caustics in an acidic medium is evaluated having as key process a
chemical pretreatment phase.The potential production of ∙OHs, as the main reactive oxygen species electrogenerated over Ti/BDD
surface, was evaluated in HCl and H

2
SO
4
through fluorescence spectroscopy, demonstrating the reaction medium’s influence on

its production.The results show that the hydrocarbon industry spent caustics can be mineralized to CO
2
and water, driving the use

of ET and of the Ti/BDD to solve a real problem, whose potential and negative impact on the environment and on human health
is and has been the environmental agencies’ main focus.

1. Introduction

The aqueous residues produced by the hydrocarbon industry,
which involve the use of sodium hydroxide (NaOH) to
remove hydrogen sulfide (H

2
S), sulfhydric acid (H

2
Saq), and

sulfur compounds, found in different fractions of crude oil,
are known as spent caustics. The process of producing said
residues begins when an aqueous solution of NaOH is mixed
with a fraction of oil. Although the oil itself can contain
sulfur, the process is commonly carried out after the oil
fraction is distilled, due to its contact with air, allowing the
formation of H

2
S, which is very corrosive and difficult to

remove. If the H
2
S is formed, the NaOH reacts with it to form

sodium sulfide, which is water soluble. The spent caustics are
also obtained from different and specific processes, whereby

they are classified as sulfidic spent caustics (removal of H
2
S

and mercaptans from hydrocarbons), naphthenics (removal
of naphthenic acids from kerosene and diesel), and cresylic
spent caustics (removal of organic acids, phenols, cresols,
and xylenols). In the case of naphthenics and cresylics,
the NaOH reacts with the naphthenic acids, leading to the
formation of sodium naphthenates and phenolates, respec-
tively. Accordingly and depending on the quantity and type
of products processed, a refinery can generate spent caus-
tics with multiple characteristics containing sulfide (S2−, 1–
4wt%), mercaptans (0.1–4wt%), phenols (0–2,000mg L−1),
total organic carbon (TOC, 6,000–20,000mg L−1), chemical
oxygen demand (COD, 20,000–60,000mg L−1), biochemical
oxygen demand (BOD, 5,000–15,000mg L−1), and potentially
toxic elements (PTEs) such as Cu, Ni, Cd, Pb, and Cr, among
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others [1], which require unconventional handling and treat-
ment due to their highly toxic nature and unpleasant odor
(the mercaptans can be detected in ppb). In the specific case
of spent caustics produced from olefins plants, large amounts
of S2− (14,000–21,000mg L−1), pH values of 13.5 to 13.7, and
emulsified hydrocarbons have also been reported [2]. With
regard to the phenolic content, depending on the refining
process, it can reach up to 30,600mg L−1 [3]. The potential
danger of the spent caustics can be understood considering
the fact that, by not having technology for its treatment in
situ, the different types of spent caustics can be combined,
resulting in the production of highly toxic mixtures. On the
other hand, when the spent caustics are not treated immedi-
ately, these are temporarily stored or confined by authorized
companies, with their transport and storage being a latent
threat due to the possibility of spillage, which has already
been recorded in history with a highly negative impact on
human health. A concentration of phenol ranging from 5
to 25mg L−1 is as toxic for aquatic life as it is for humans
[4, 5]. For this reason, the maximum limits allowed of phenol
residues found in industrial discharges vary between 0.5 and
1.0mg L−1 [5]. In the case of potable drinking water, the
European Union (EU), in its 80/778/EC Directive, assigned a
maximum limit allowed of<0.0005mg L−1 for phenol in all of
its forms [4], given that the consumption of water containing
these compounds can induce cancer or death [6]. At the same
time, the elevated danger of this contaminant for aquatic
life has marked phenol and some phenolic compounds as
priority contaminants, in agreement with the criteria of the
Environmental Protection Agency (EPA) of the United States
[4, 5]. In a conventional manner, the treatment of spent
caustics from refineries has been carried out in three steps:
(1) wet air oxidation (WAO), (2) acid neutralization (AN),
and (3) biological oxidation (BO). On occasions, step (2)
can be followed by steam stripping. After AN, stripping
removes residual H

2
S and mercaptans. The liquid effluent

obtained has high BOD and COD concentrations because
the major portion of the organic constituents is unaffected by
the stripping process. Although WAO can treat spent caustic
to lower than 1,000mg L−1 COD in 60min at 475K and 28
bar, the process is very expensive, and due to severe reaction
conditions, safety is a major concern [2]. At the same time,
though the elimination of contaminants in steps (1) and (2)
can lead to the obtainment of wastewater easily treatable
by BO, this depends strictly on the level of conversion and
removal of the contaminants found. For example, if the sulfur
content is high and the concentration of phenols is low, the
BO (use of bacteria from the genus Thiobacillus) is possible.
Contrarily, the process can be deactivated when the concen-
tration of phenol is high. It has been reported that effluents
containing phenol with a concentration of >3000mg L−1
cannot be treated through BO [4]. Taking this problem into
account, different processes have been applied and evaluated
for the treatment of effluents from refineries, leaving aside
the treatment of the spent caustics. It is important to mention
that the physicochemical nature and composition of the spent
caustics is not comparable to wastewater produced as part
of the extraction processes of crude oil (water produced)

or the wastewater produced in other processes. In spent
caustics the content of phenolic compounds can reach a
value of 30,600mg L−1 [3], while in water produced or any
other kind of wastewater this value can oscillate between
20 and 200mg L−1 [7–9]. In the case of wastewaters from
refineries, the chemical coagulation using polyaluminium
chloride [10], chemical precipitation [11], integrated processes
(coagulation-flocculation and flotation) [12], and electroco-
agulation (EC) has been reported to remove the high content
of the organic material found [13]. At the same time and
considering the importance of the phenolic content, as well
as the content of commonly found fats and oils [14], the
EC has also been evaluated, using NaCl, reaching removal
percentages of 91% [15] and 94.5% [16] for synthetic and real
samples, respectively. In other studies, the combination of
electroflotation (EF) and EC and integrated processes (EC-
adsorption-BO) have also been proposed [17, 18]. Although,
in spent caustics, the EC has been tested for the removal of
sulfides and organic material [1], it is important to highlight
that the nature of this process is not destructive, allowing the
transference of the pollutants from one phase to another with
the subsequent disposal problem.On the other hand and con-
sidering the technical difficulties in treating aqueous wastes
containing phenol or phenolic compounds through WAO,
BO or EC, alternative processes of a destructive nature such
as the chemical advanced oxidation processes (AOPs, in the
presence or absence of sunlight or assisted light), like the
use of hydrogen peroxide (H

2
O
2
), ozone (O

3
), photocatalysis,

Fenton process, and the ozonation in alkaline medium, have
been amply tested in the treatment of phenols and phenolic
compounds. However, the majority of these studies have
only been carried out on synthetic samples. In real samples
from refineries, applying these processes, only a few studies
have been reported [19].Considering the importance implied
in the treatment of real samples, in the last years (2000–
2014), different isolated studies have been reported on the
treatment of spent caustics using the Fenton process. In this
sense, samples containing a COD of 20,160mg L−1 and a
total of phenols of 1,800mg L−1 have been successfully treated
obtaining removal efficiencies of 90% for COD and 99% for
total phenols at a pH of 4 [20]. At the same time, when
comparing this process using assisted light (photo-Fenton)
in the treatment of sulfidic spent caustics, a greater efficiency
was reached with a removal of COD and sulfide up to 97%
and 100%, respectively [21]. Applying both processes and
despite the excellent results, in practice, the percentage of
total destruction of the organic content is strictly dependent
on the physicochemical composition of the sample to be
treated. An elevated organic charge consumes a large amount
of H
2
O
2
. Also, because of a high concentration of H

2
S (up

to 20 g L−1), its reaction with ferric ion causes a loss of
iron catalyst activity [2]. At the same time, it is necessary
to emphasize that the chemical AOPs do not possess the
ability to destroy the reaction byproducts. Contrarily, one
of the most efficient processes and with the potential to
carry out the destruction of any contaminant, including phe-
nol and phenolic compounds, is electrochemical oxidation
(EO). Said technology bases its efficiency on the nature of
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the material used as anode [22]. In this sense, two types
of anodic materials are known: (i) active anodes (Au, Ni,
stainless steel (SS), Pt, IrO

2
, Ti/RuO

2
, and analogous com-

binations) and, (ii) inactive anodes (Ti/PbO
2
, Ti/SnO

2
-Sb,

and analogous combinations), which are materials with a low
or high production of ∙OH radicals (∙OHs), respectively. The
∙OHs can destroy any toxic pollutant to CO

2
andwater, due to

its high oxidation potential (2.8 V vs. ENH). For this reason
the use of inactive anodes is preferred. Here, it is important
to mention that Au, Ni, SS, Pt, and analogous combinations
are included, due to their similar active or inactive behavior.
These materials are not included in the original reference.
Although, in the literature, there are numerous studies related
to the EO of phenol in synthetic samples [22–53], only a
few studies have been reported applying this technology in
the treatment of samples from refineries and, as far as we
know, there are no reported studies on the treatment of spent
caustics. It is also important to consider that both types of
aqueous residues represent a highly complex matrix, whose
chemical composition can favor or diminish the process
efficiency. According to this, using a titanium (Ti) electrode,
coated with titanium oxide and ruthenium oxide (RuO

2
),

efficiencies of phenol degradation in 99.7% and 94.5% and
oxidation percentages of COD in 88.9% and 70.1% were
obtained for synthetic and real samples (petroleum refin-
ery wastewater), respectively [54]. In other studies using
Ti/TiO

2
-RuO
2
-IrO
2
for phenol degradation in wastewater

samples from refineries, removal percentages of 74.75% and
48% for COD and TOC, respectively, were obtained, even
when using high quantities of chloride ions [7]. At the
same time, the use of Ti/RuO

2
-TiO
2
-SnO
2
has also been

evaluated in the hydrocarbon industry effluents, obtaining
low percentages of phenol degradation around 20–47% [55].
Ruling out the use of active electrodes and mixtures of
these [56], a very important option is the use of Ti/SnO

2
-

Sb and Ti/PbO
2
, which possess a high production of ∙OHs;

however, the application of these materials continues to be
restricted due to structural problems and to the possible
release of Pb ions [57–59]. As an alternative anodic material,
the boron doped diamond (BDD) has been amply evaluated
and accepted due to its unusual properties such as a high
corrosion resistance, a low adsorption of organic compounds,
generation of oxidizing species (O

3
, H
2
O
2
, and ∙OH) [60],

and an elevated overpotential for the reaction of oxygen
evolution, 𝜂O

2
[61]. The BDD efficiency is based on its high

production of ∙OHs, which are produced through the water
oxidation process (1), leading to the complete mineralization
of pollutants to CO

2
and water (2), with high current

efficiencies [62]. This process is known as electrochemical
incineration [22]:

H
2
O 󳨀→ ∙OH +H+ + e− (1)

R +M (∙OH) 󳨀→ M + 𝑚CO
2
+ 𝑛H
2
O +H+ + e− (2)

It is important to emphasize that different studies on the
oxidation of phenol and phenolic compounds in synthetic
samples, using BDD, have been presented from 2000 to 2014
[63–86], demonstrating the capability of the use of BDD
for the destruction of these pollutants. When comparing

the use of Ti/BDD with Ti/SnO
2
-Sb [87, 88] and PbO

2
[89],

it was found that the BDD electrode is much better for the
destruction of phenol. Although the application of BDD in
real samples has been weakly explored, when comparing the
BDD with the electro-Fenton process for the treatment of
wastewaters from refineries, it has been confirmed that even
though the electro-Fenton process can induce a greater phe-
nol degradation in comparison with the BDD electrode, the
greater efficiency of degradation of the reaction byproducts
(in terms of COD and TOC) occurs with BDD [9, 90]. At
the same time, other important studies applying the BDD for
the treatment of water produced and typical wastewater from
refineries have demonstrated the great efficiency of BDD [91–
93]. Said studies and those previously presented not only
highlight the effectiveness of the use of the electrochemical
technology using BDD but also represent a platform which
impulses the use of the BDD, whose scaling potential must
be examined in order to advance strategically in solving
real problems. According to the above, and based on an
extensive review of specialized literature from 1980 to 2014
(use of national and international databases), the object of
the present study is to demonstrate the technical feasibility
of the use of the Ti/BDD in the electrochemical treatment
of spent caustics mixtures, one of the most toxic residues at
an industrial level, whose potential and negative impact on
the environment and human health is and has been the main
focus of environmental agencies.

2. Experimental Details

2.1. Chemicals. Sulfuric acid (H
2
SO
4
), hydrochloric acid

(HCl), NaOH, and phenol (C
6
H
5
OH) were obtained from

J. T. Baker. K
2
HPO
4
, KH
2
PO
4
, NH
4
OH, potassium ferri-

cyanide (K
3
Fe(CN)

6
), and 4-aminoantipyrine (C

11
H
13
N
3
O)

for analysis of phenol in all of its forms were obtained
from Aldrich. Coumarin was obtained from Aldrich. The
luminescent marine bacteria Vibrio fischeri (Photobacterium
phosphoreum) for toxicity analysis was provided by SDI.

2.2. Instruments. Analysis of phenol in all of its forms was
carried out through visible ultraviolet spectroscopy (UV-
Vis), using a Lambda XLS+ spectrophotometer. COD and
TOCwere evaluated using aHachmodelDR/200 reactor/Uv-
Vis spectrophotometer DR/2010 and Shimadzu Model TOC-
VCSN equipment, respectively. COD was obtained using
HACH products. Toxicity analysis was done using a DeltaTox
kit, provided by SDI. Electrolysis using ultraviolet light
(𝜆 = 254 nm) was done by using a Philips mercury lamp
with 11W. Orion Star A215 equipment was used for pH/
ORP/conductivity measurements. The electrolysis experi-
ments in galvanostaticmodewere performed using Tektronix
PWS4323 equipment. The PTEs analyses were performed
using a Perkin Elmer Optima 3300 DVmodel and an Analyst
200/MHS-15 Perkin Elmer. The first equipment was used for
the inductively coupled plasma (ICP) analysis and the second
for the Hg analyses by hydride generation. The morphology
and element analysis of the different electrodes evaluated
during the selection of the best anodicmaterial were obtained
using a scanning electron microscope (JEOL JMS-6060LV)
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Figure 1: Handling and control of (a) spent caustics mixture, (b) safety equipment, and (c) specialized infrastructure.

equipped with an energy dispersive spectrometer (EDS).
Crystal structure analysis using X-ray diffraction (XRD) was
carried out in a Rigaku Minifles, using Cu K𝛼 radiation, with
a 30 kV operation voltage and 15mA of current, at a velocity
of 2∘/min. Cyclic voltammetry (CV) was carried out with
an Autolab PGSTAT 30. The ∙OHs analysis was performed
by fluorescence spectroscopy using the equipment HORIBA
Jobin MOD Fluorolog 3–22 with double monochromator.

2.3. Characterization of the Spent Caustics

2.3.1. Sample Preparation. A total of 10 samples (20 L each)
of spent caustic were obtained from different refineries and
stored at room temperature. From these samples, a composite
sample was prepared by combining 1 L of each individual
sample. The sample obtained (called mixture) is shown
in Figure 1(a). This process was carried out using safety
equipment (Figure 1(b)) andworking under an exhaust hood,
which was attached to a gas scrubber containing NaOH
(Figure 1(c)).

Before taking each sample, the container was stirred
vigorously and the sample was taken immediately. The mix-
ture obtained was also stirred vigorously and stored under
refrigeration (4∘C) until its analysis.

2.3.2. Physicochemical Analysis. Before carrying out any anal-
ysis, the container of the mixture of spent caustics was stirred
vigorously. The PTEs analysis was done by using inductively
coupled plasma atomic emission spectroscopy (ICP-AES),
with the exception of Hg, which was analyzed by hydride
generation atomic absorption spectroscopy (HGAAS). The
analysis was done prior to digestion of the samples. The
concentration of anions present was done through ion chro-
matography according to the EPA method 300.1 (EPA, 1997).
This analysis was performed using a high resolution liquid
chromatograph Dionex ICS-2500 HPLC/IC fitted with a
Dionex IonPac AS14A column and coupled to a conductivity
detector (ED50A). The mobile phase was Na

2
CO
3
/NaHCO

3

(1mLmin−1). The equipment was calibrated using prepared
solutions from the 7-Anion Standard of Dionex and the
quality of the results was evaluated from the analysis of
the certified standard of Inorganic Ventures IC-FAS-1A.
The determination of volatile and semivolatile organic com-
pounds (CIDETEQ and Intertek laboratories) in qualitative
form was done through gas chromatography mass spectrom-
etry (GC-MS) in accordance with the EPA 5030/EPA 8260C-
2006 and EPA 3510/EPA 8270D-2007 procedures. Other
physicochemical analyses were done under standard proce-
dures. It is important to highlight that, during the entire
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Figure 2: Experimental system for (a) hydroxyl radicals’ analysis by fluorescence spectroscopy, where (a
1
)–(a
4
) are the steps for analysis of

7-hydroxycoumarin, and (b) electrolysis in galvanostatic mode of spent caustics mixture using Ti/BDD: (b
1
) heat exchanger, (b

2
) rectifier,

and (b
3
) electrochemical cell.

process of preparation and analysis of the samples, a strict
security protocol was followed, from the use of a personalized
infrastructure and safety equipment such as gas masks,
nitrile, and neoprene gloves, to that of a special suit.

2.4. Electrochemical Treatment

2.4.1. Selection of the Anode. Morphological, structural, and
electrochemical analysis of the different materials evaluated
(Ti/IrO

2
-Ta
2
O
5
, Ti/SnO

2
-Sb, and Ti/BDD) by SEM-EDS,

XRD, and CV were done over the same area (2.185 cm2).
Ti/IrO

2
-Ta
2
O
5
and Ti/SnO

2
-Sb electrodes were synthesized

by the thermal deposition method using a special formula-
tion. Polycrystalline boron ((B) = 1300 ppm)doped diamond
film (Ti/BDD) of 3𝜇mthickness, provided byAdamant Tech-
nologies, was synthesized by hot filament chemical vapor
deposition (HF-CVD). The electroactivity of each material
was evaluated by CV using a three-electrode cell (60mL

capacity, with a reaction volume of 50mL). Ti/IrO
2
-Ta
2
O
5
,

Ti/SnO
2
-Sb, and Ti/BDD electrodes (2.185 cm2) were used

as anodes, a rod of Ti was used as cathode, and a mercury
sulfate electrode (Hg/Hg

2
SO
4
/K
2
SO
4
(SAT), 𝐸∘ = 0.640V

vs. SHE) was the reference electrode. The temperature was
maintained at 298K and the voltammetric profiles for each
electrode were obtained applying a scan rate of 100mV s−1
using 0.5MH

2
SO
4
as the supporting electrolyte. Before each

analysis, the system was deoxygenated using N
2
gas. In this

analysis the Ti/BDD was previously activated (to eliminate
C-sp2 impurities) developing a special methodology [94].
Ti/IrO

2
-Ta
2
O
5
and Ti/SnO

2
-Sb were activated by cycling

each electrode (50 cycles, 100mV s−1 in 0.5M H
2
SO
4
) to

stabilize the surface and eliminate impurities.

2.4.2. Selection of the Reaction Medium. Three aspects were
taken into account: (i) the pH effect on the chemical state of
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phenol, (ii) the pH effect on the electrochemical response of
the previously selected electrode, and (iii) the pH effect on
the production of ∙OHs. In the first point, analysis by UV-Vis
spectroscopy to different pH values was performed with the
goal of identifying possible chemical changes on the phenol
structure. In this analysis, a synthetic sample was used. The
second point was evaluated by the use of CV analyzing two
types of acids, HCl and H

2
SO
4
(0.5M), under the same

conditions mentioned above. The last point was evaluated
through electrolysis experiments, which were performed
applying an anodic potential pulse (2.3 V vs. Hg/Hg

2
SO
4
,

polarization time of 10min, use of a Pt mesh as counter
electrode, 298K). This last analysis was performed through
the use of fluorescence spectroscopy using coumarin (3 ×
10−5M) as a probe compound to give way to the formation
of the 7-hydroxycoumarin with a wavelength of maximum
excitation and emission of 332 nm and 500 nm, respectively
(𝜆ex = 332 nm, 𝜆em = 500 nm). During electrolysis, samples
of 10 𝜇L were withdrawn every minute and immediately
analyzed. The equipment and the cell used for detection of
the 7-hydroxycoumarin are shown in Figure 2(a).

2.4.3. Electrolysis of the Spent Caustic. The electrochemical
destruction process of the mixture of spent caustics was
done in galvanostatic mode, using the experimental system
shown in Figure 2(b). In this process, a cell with a single
compartment and a capacity of 120mL (reaction volume of
100mL, 8 rpm, 298K and Ti/Pt (3 cm2 as counter electrode))
was used. The area of the anode (prior selection) was 3 cm2.
Electrolysis with UV light (𝜆 = 254 nm) was done under
the same conditions indicated above. In each experiment,
representative samples were taken at different reaction times
(𝑡
𝑟
), and the degradation of aromatic compounds (phenol and

phenolic compounds) and reaction intermediates was done
through TOC and COD analysis.

The removal percentages were calculated according to the
following formula (3), where 𝐶

𝑜
is the initial concentration

(mg L−1) and 𝐶
𝑓
is the final concentration (mg L−1) [90]:

% removal = [
(𝐶
𝑜
− 𝐶
𝑓
)

𝐶
𝑜

] ∗ 100. (3)

The phenol analysis was done using a standard procedure
[95], while the toxicity tests were done using a standard
method using a lyophilized bacteria, Vibrio Fischeri (Photo-
bacterium phosphoreum), of a luminescent nature, where the
reduction of light is proportional to the degree of toxicity.

3. Results

3.1. Characterization of the Spent Caustics

3.1.1. Physicochemical Analysis. Table 1 shows the results
obtained in the physicochemical characterization of the sam-
ple corresponding to themixture of spent caustics (mixture of
10 samples). Comparatively, it shows the analysis of a simple
sample, corresponding to the sample of greater toxicity
(preliminary evaluation of the phenolic content), including

the reported values in the literature for spent caustics as well
as for wastewater from refineries [1, 3, 7, 9, 13, 16–19, 96–98].

The analysis of the mixture showed a phenolic content of
11,041.74mg L−1, while the simple sample showed a content of
7,270.89mg L−1. The difference between both samples clearly
demonstrates the environmental problem that commonly
appears in the hydrocarbon industry. That is to say, residues
of low or high toxicity are mixed with each other, resulting
in a residue of greater toxicity. Here, the phenol concentra-
tion, organic load, and dissolved solids are not comparable
with any other residue, including wastewater from different
refining processes [90]. The phenol concentration in the
samples analyzed suggest that this residue cannot be treated
by BO (a concentration >3,000mg L−1 leads to the complete
deactivation of the microorganisms). This is confirmed by
the result obtained in the toxicity tests (100% toxic) and
through the analysis of the BOD

5
/COD = 0.09 and 0.07

for the simple sample and the sample corresponding to
the mixture, respectively. On the other hand, the elevated
alkalinity (52,266.35mg L−1) and an elevated pH (13–13.5)
reflect the reducing nature of these residues, which should
be considered in the treatment to be chosen. Many of the
contaminants can be fixed at an alkaline pH and be liberated
under oxidizing conditions. The reactivity analysis for sul-
phides and cyanides showed values below the detection limit
(<37.29 and <0.25mg L−1, resp.). Based on the results
obtained in this phase of characterization, the samples evalu-
ated were classified as cresylic spent caustics.

3.1.2. Ion Analysis. The analysis of anions, done through
ion chromatography, in the case of the simple sample,
showed a low content of chlorides (Cl−) and sulfates (SO

4

−2)
with values of 86 and 608mg L−1, respectively, with their
concentration being much higher in the mixture, with values
of 54,900 and 1,882mg L−1, respectively. It is necessary to
mention that in this case the presence of chlorides is very
important. The chlorides, while they can give rise to the
presence of compounds of greater toxicity, can also exert
a synergic effect during an EO process, giving way to the
formation of different oxidizing species [99, 100].

3.1.3. Analysis of Volatile and Semivolatile Organic Com-
pounds. An analysis through GC-MS, corresponding to the
mixture of spent caustics, was carried out to determine the
different phenolic compounds (reflected in the analysis of
phenol in all of its forms, Table 1). Different compounds
were considered, of which 43 were for volatile and 62 for
semivolatile analysis. The results showed only the pres-
ence of 2,4-dimethylphenol, phenol, m-methylphenol, p-
methylphenol, and o-methylphenol, all highly toxic com-
pounds. Figure 3 shows the representative chemical struc-
tures of each compound identified.

At the same time, a PTEs analysis through ICP was
carried out, taking into account that the physicochemical
composition of the mixture of spent caustics includes PTEs
and possible catalyst traces used in the different processes of
hydrocarbon refining. The selection of each PTE was based
on an extensive bibliography review. Table 2 shows the main
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Table 1: Physicochemical analysis of spent caustics.

Parameter Value Value reference
Simple
sample Mixture Spent caustic Typical refinery wastewater

Total phenol (mg L−1) 7,270.89 11,041.74 30,600 [3] 13 [16], 172.50 [18], 3.17 [17], 192.90 [9], 141 [7], 113
[19], 23 [96]

Oil and grease (mg L−1) 239.70 3,399.70 — 85 [97], 1.96 [17], 12.70 [19], 15 [98]
BOD5 (mg L−1) 6,930 7,811 — 323 [97], 40.25 [16], 570 [3]

COD (mgO2 L
−1) 72,065 98,750–

102,842.50 72,450 [1], 320,100 [3] 3,150 [97], 100 [16], 4,450 [18], 2,323 [13], 257 [17],
590 [9], 602 [7], 935 [19], 2,746 [98], 1,220 [96]

BOD5/COD 0.09 0.07 — 0.60 [19]
Sulfides (mg L−1) <37.29 <37.29 34,517 [1], 48,500 [3] 19 [19]
Ammonia (mg L−1) — — — 13.10 [19]
Cyanides (mg L−1) <0.25 <0.25 — —

pH 13.02 13.50 12.97 [1], 13 [3] 8 [16], 8.60 [18], 8.05 [13], 7.60 [17], 9.20 [7], 8.10
[19], 7.59 [98], 10 [96]

TOC (mg L−1) — 20,137.50 53,900 [3] 370 [19], 1,500 [96]
Hydrocarbons (mg L−1) — — — 11.72 [17], 0.02 [19]
Conductivity (mS cm−1) 129.20 208.44 126.70 [1] 6 [18], 13.06 [13], 15.63 [7], 1.73 [7], 0.06 [98]
Alkalinity, CaCO3 (mg L−1) 52,266.35 — 15,500 [3] 3,990 [96]
Total dissolved solid (mg L−1) — 169,680 — 5,000 [18], 7,990 [13], 1,333 [7], 4,380 [98]
Settleable solids
(mg L−1) — 40 — —

Total suspended solids
(mg L−1) — 3,940 — 22.80 [16], 35 [18], 100 [13], 1,000 [96]

Toxicity (%) 100 100 — —
F− (mg L−1) 50 135 — —
Cl− (mg L−1) 86 54,900 37,900 [3] 63 [97], 112 [7], 200,000 [96]
Br− (mg L−1) 12 <0.30 — —
NO
3

− (mg L−1) 11 <0.25 — —
PO
4

3− (mg L−1) 381 <0.30 4,600 [3] —
SO
4

2− (mg L−1) 608 1,882 20,300 [3] 1,054.50 [13], 212 [7], 1,650 [96]
ORP (mV) −334.20 — — —
Turbidity (NTU) — — — 6.10 [16], 37 [17], 37 [19]

PTEs identified in the mixture sample. In this analysis, a
high amount of Na+ and Fe with values of 19,148mg L−1
and 1,323mg L−1, respectively, was identified. The presence
of Na+ confirms the caustic nature of the sample, while the
presence of Fe, though it is not an especially toxic element,
is commonly controlled by the effect of turbidity caused by
the precipitation of oxides and hydroxides. The analysis of Fe
was done taking into account its catalytic activity onH

2
O
2
, to

giveway for the ∙OHthrough the Fenton reaction [90].Due to
this, the presence of Fe could be used to accelerate the min-
eralization process and decrease the residence times during
the EO process.

On the other hand, PTEs like As and Cd remained
under the detection limit (<0.098 and <0.114mg L−1, resp.),
while Cu, Cr, Hg, Ni, and Pb exceeded the maximum limits
allowedunder theMexicanRegulation [101]. It is important to
highlight the elevated toxicity of said elements and, specially,
that of the Hg [102, 103] and Pb, which have the ability to

enter into the food chains and to concentrate in organisms
(magnification process). Considering these analyses, the
elevated toxicity of the spent caustics is confirmed, thus
justifying the need to direct efforts towards their treatment
and/or destruction.

3.2. Electrochemical Treatment

3.2.1. Selection of the Anode. Morphology, elemental com-
position, crystal structure, and electrochemical analysis. The
results corresponding to these analyses are shown in Figure 4.
Themorphology of metal oxide coatings (Ti/IrO

2
-Ta
2
O
5
and

Ti/SnO
2
-Sb) (Figures 4(a) and 4(b), resp.) showed smaller

cracks in comparison with Ti/BDD (Figure 4(c)). The latter
showed a compact structure, demonstrating the quality of the
coating and the adherence of the diamond to the titanium
substrate. In parallel, X-ray dot-mapping was used to analyze
the distribution of coating elements.
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Table 2: Analysis of PTEs in spent caustics mixture.

MLA (mg L−1) in rivers
PTE (mg L−1) Agricultural irrigation (A) Public-urban (B) Protection of aquatic life (C)

p.d p.m p.d p.m p.d p.m
Al 15.46 — — — — — —
As <0.098 0.2 0.4 0.1 0.2 0.1 0.2
Cd <0.114 0.2 0.4 0.1 0.2 0.1 0.2
Co 2.42 — — — — — —
Cu∗ 6.89 4.0 6.0 4.0 6.0 4.0 6.0
Cr∗ 1.95 1.0 1.5 0.5 1.0 0.5 1.0
Fe 1,323 — — — — — —
Mn 7.23 — — — — — —
Ca 148.87 — — — — — —
Mg 34 — — — — — —
Na 19,148 — — — — — —
Hg∗ 0.07 0.01 0.02 0.005 0.01 0.005 0.01
Ni∗ 6.75 2 4 2 4 2 4
Pb∗ 1.23 0.5 1 0.2 0.4 0.2 0.4
Zn 4.68 10 20 10 10 20 10
V 0.24 — — — — — —
MLA = maximum limits allowed; p.d = per day; p.m = per month.
∗Values that exceed the established MLA under Mexican Regulation.
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Figure 3: Chemical structure of the main phenolic compounds identified by GC-MS in the spent caustics mixture: (a) 2,4-dimethylphenol,
(b) phenol, (c) m-methylphenol, (d) p-methylphenol, and (e) o-methylphenol.

This analysis showed a uniform distribution of Ir (a
1
),

Ta (a
2
), Sn (b

1
), B (c

1
), and C (c

2
). However, the Sb, in the

case of Ti/SnO
2
-Sb, was not detected. The absence of Sb was

probably due to the additive ratio in the coating solution. To
verify its presence, an XRD analysis was done demonstrating
the presence of SnO

2,
Sb
2
O
3,
and Sb

2
O
5
. For this specific

reason, pretreatment of this electrode was performed before
the cyclic voltammetric analysis. At the same time, for both
materials (Ti/IrO

2
-Ta
2
O
5
and Ti/SnO

2
-Sb), the wt% of each

element was obtained by EDS. In this analysis, the presence
of additional elements such as O, Ti, and Si was detected.The
results of these analyses (XRD and EDS) have been omitted
due to the formulation used. In the case of Ti/BDD, an
exhaustive characterization was performed in other studies
[94]. The electrochemical characterization of each electrode
by CV is shown in Figure 4(d). It shows a comparative
analysis of Ti/IrO

2
-Ta
2
O
5
(d
1
), Ti/SnO

2
-Sb (d

2
), and Ti/BDD

(d
3
), in 0.5M H

2
SO
4
. This graph shows that Ti/BDD has the

highest potential window in comparison to Ti/IrO
2
-Ta
2
O
5

and Ti/SnO
2
-Sb. An elevated 𝜂O

2
is important taking into

account that the oxidation reaction of the organic compounds
during the EO occurs in parallel to the evolution of O

2
.

Using a material with a high 𝜂O
2
, the oxidation reaction is

favored over the evolution of O
2
, resulting in high current

efficiencies. Based on this, it was decided that Ti/BDD was
the best material to use in the electrochemical treatment of
spent caustic.

3.2.2. Selection of the Reaction Medium. To carry out the
electrochemical destruction of the spent caustics using
Ti/BDD, the selection of the reaction medium was done
taking into account the following approaches: (i) the pHeffect
on the chemical state of phenol, (ii) the pH effect on the
Ti/BDD’s electrochemical response, and (iii) the pH effect
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Figure 5: UV-Vis analysis of the pH effect on the chemical state of phenol, using 30mg L−1 of TOC in (a) 0.05M NaOH/H
2
SO
4
(pH 12–1),

(b) 0.05M NaOH/HCl (pH 12–1), and (c) ORP analysis under the same conditions to 298K.

on ∙OHs production. According to the first approach, in an
extremely alkaline environment (pH 13–13.5, Table 1), the
phenol is chemically transformed into sodium phenolates
[90]. Although the electronic state of phenol in an alkaline
medium has been shown to be favorable for an EO process
using electrodes with a low 𝜂O

2
[28], this does not occur

using BDD,where themost degradation efficiency is obtained
using an acidic medium [90]. Frequently, in literature, differ-
ent types of acids have been reported for the EO of phenol,
such as HClO

4
[63, 104] and HNO

3
[105]; however, for a

possible industrial application, the costs of said acids must be
considered. For this reason and considering that during the
ion analysis a high quantity of chlorides (54,900mg L−1) and
sulfates (1,882mg L−1) was identified as part of the chemical

composition of the spent caustics mixture, HCl and H
2
SO
4

were selected as possible acids to carry out the pH adjustment
(13, 13.5 to 1). Initially, the acidification process was evaluated
using a synthetic sample in order to rule out any chemical
change that occurred on the phenolmolecule during the acid-
ification process and to avoid an overestimation of the sub-
sequent results. In said analysis, a solution of 0.05M NaOH
containing phenol 30mg L−1 (TOC) was adjusted to different
pH values in an interval of 12–1, using 0.5MHCl and H

2
SO
4
.

The changes that occurred during the acidification pro-
cess were evaluated through UV-Vis spectroscopy. Figure 5
shows the different UV-Vis absorption spectrums obtained
during the adjustment of the pH using H

2
SO
4
(Figure 5(a))

andHCl (Figure 5(b)). It is clearly observed that the chemical
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(pH 1). (b) ∙OHs analysis by fluorescence spectroscopy using (b
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) 0.05M NaOH/HCl (pH 1) and (b
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(pH 1). (c) Selection of the current density using synthetic solutions of phenol (30mg L−1 of TOC) in 0.05 NaOH/H
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(pH 1).

conversion of sodium phenolates to phenol (𝜆 = 270 nm) is
obtained with both types of acids at a pH of 9, reaching the
maximum conversion efficiency at a pH of 7.

There were no additional and significant chemical
changes observed. In parallel to this measurement, an anal-
ysis of the redox potential (ORP) was carried out at 298K.
The result of this analysis is shown in Figure 5(c). The values
obtained clearly show that an acidic pH favors highly oxi-
dizing conditions, which is of high importance considering
that, albeit, an acidic environment does not alter the chemical
structure of phenol, the contaminants associated with the
spent caustics can be liberated, whereby, a specialized infras-
tructure and safety equipment are necessary. Using H

2
SO
4
,

a slight increase in the ORP was observed in comparison
with HCl, which is logical considering a greater number of
protons. To evaluate the second approach (effect of the pH on
the electrochemical response of the Ti/BDD), different

voltammograms were obtained through the adjustment of
0.05M NaOH with 0.5 H

2
SO
4
and HCl in a pH range of 12–1

(data not shown). It was observed that when the pH values
descended to acidic, the 𝜂O

2
increased considerably [106].

When comparing the window of potential of H
2
SO
4
with that

of HCl (pH 1) (Figure 6(a)), a difference in overpotential of
0.5 V was obtained. Considering these results and according
to the third approach (pH effect on ∙OHs production), an
analysis of the generation of the ∙OHs was carried out in both
reaction mediums (pH 1). Figure 6(b) shows the influence of
the reaction medium on the production of ∙OHs. It is clearly
observed that the production of ∙OHs is greater in NaOH/
H
2
SO
4
(pH 1).

This result is of great importance considering that,
with the use of a BDD electrode, the formation of any
oxidizing species produced in parallel to the oxidation of
organic compounds is strictly dependent on the formation of



12 International Journal of Photoenergy

0 2 4 6 8 10 12
0.0

0.2

0.4

0.6

0.8

1.0

COD/without light
TOC/without light
COD/with light

TOC/with light
COD/photolysis
TOC/photolysis

(a) (b) (c)

t (h)

C
/
C
o

Figure 7: Evaluation of the use of UV light (𝜆 = 254 nm). Removal of COD and TOC in spent caustic corresponding to the simple sample
using Ti/BDD, applying 0.96A (𝑗 = 0.32A cm−2), under constant stirring, pH 1 (adjustment with H

2
SO
4
) and 𝑡

𝑟
= 12 h. Images of (a) in the

absence of UV light, (b) in the presence of UV light (𝜆 = 254 nm), and (c) photolysis.

the ∙OHs. Based on this result, H
2
SO
4
was selected to carry

out the acidification process.

3.2.3. Electrolysis Using Ti/BDD. Before performing the
degradation experiments, a preliminary analysis using a
synthetic solution with a phenol concentration of 30mg L−1
of TOC was carried out in NaOH/H

2
SO
4
(pH 1) with the

goal of identifying the current to be applied. The currents
evaluated were 0.24, 0.48, 0.72, 0.96, 1.20, and 1.44A, for
a 2-hour period, under constant stirring. Ti/BDD (3 cm2)
was used as anode and Ti/Pt (3 cm2) was used as counter-
electrode. It was observed that the middle point of the
removal was reached at 0.96 A (𝑗 = 0.32A cm−2), as shown in
Figure 6(c). After having identified the current to be applied
and before carrying out electrolysis of the spent caustics
mixture, a preliminary electrolysis was performed using a
simple sample (Table 1). The conditions of electrolysis were
𝑗 = 0.32Acm−2, pH 1 (adjustment with H

2
SO
4
). In this anal-

ysis, the effect of ultraviolet light was considered for the
purpose of favoring the synergic effect on the production
of the ∙OH. It has been reported that, in the presence of
chlorides, the use of ultraviolet light (𝜆 = 254 nm) can lead
to the production of the ∙OH, according to the reaction (4):

HOCl + ℎ] 󳨀→ ∙OH + ∙Cl (4)

Figure 7 shows the degradation profiles (TOC and COD)
obtained in the different analyses done in the presence and
absence of UV light (𝜆 = 254 nm).

The results obtained in electrolysis in the absence of light
were more satisfactory than those obtained in its presence
(𝜆 = 254 nm). The results obtained can be attributed to the
type of sample analyzed. A real sample is not comparable to
a synthetic sample. Here, it is inferred that, due to the high

content of organic material, oxidation processes, different
from those that occurred in the interface or by the action of
the oxidants themselves, are not significant. When analyzing
the effect of UV light (𝜆 = 254 nm), without applying a
current (photolysis), no significant change was observed.

Figure 8 shows the analysis of images obtained during the
different electrolysis carried out.

The initial image (𝑡
𝑟
= 0 h) corresponds to the simple

sample submitted to a special pretreatment before electrolysis
(acidification to pH 1 using H

2
SO
4
). A dark brown color

in the first stages of the phenol electrolysis is related to
the formation of byproducts such as benzoquinone and
hydroquinone, known as an active redox couple in equi-
librium in an aqueous solution [51]. The color degradation
in each experiment was gradual. When comparing each
image (𝑡

𝑟
= 8 h), it is clearly observed that, in electrolysis

carried out in the absence of light (Figure 8(a)), the sample
turned completely crystalline, indicating a high level of
destruction of the organic content. Contrarily, in electrolysis
in the presence of light (𝜆 = 254 nm) (Figure 8(b)) and
in photolysis experiments (Figure 8(c)), the opposite process
was observed. In the presence of light (𝜆 = 254 nm), the
degradation time to obtain a visually crystalline sample was
greater (𝑡

𝑟
= 12 h). Based on these results, the use of UV

light (𝜆 = 254 nm) was discarded. On the other hand and
considering the results obtained, the possible passivation of
Ti/BDD as an important point was also evaluated. In this
analysis, the ∙OHs production was performed in function of
the interfacial potential or current applied. The result (data
not shown) indicates that these species only are generated in
the zone corresponding to the decomposition of themedium,
whereby, if the domains of the potential or current applied
are not the correct ones, the electrode can be completely
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Figure 8: Images of electrolysis of spent caustic corresponding to the simple sample. (a) In the absence of UV light. (b) In the presence of UV
light (𝜆 = 254 nm). (c) Photolysis, using Ti/BDD, applying 0.96A (𝑗 = 0.32Acm−2), under constant stirring, pH 1 (adjustment with H

2
SO
4
)

and 𝑡
𝑟
= 12 h.

Table 3: Electrochemical treatment of spent caustics (mixture) using Ti/BDD.

Sample COD
(mg L−1)

COD removal
(%)

Total removal
efficiency, WT-ET (%)

TOC
(mg L−1)

TOC removal
(%)

Total removal
efficiency, WT-ET (%)

Without treatment (WT) 98,750 0 — 20,137.5 0 0
Chemical treatment (CT)∗ 24,533 75.15 — 15,700 22.03 —
Electrochemical treatment (ET) 2,333 90.40 96.63 2,322 85.21 88.46
∗Acidification to pH 1 using H2SO4.

passivated. The image analysis of this test is shown in
Figure 9. As can be observed (Figure 9(a)), when working
with a current, where the production of the ∙OHs does
not occur, a thick layer of organic compounds is deposited,
causing the deactivation of the electrode.

Contrarily, when the current is applied, inducing a greater
interfacial potential by which ∙OHs are electrogenerated, the
Ti/BDD electrode can be operated successfully (Figure 9(b)).
Finally and according to the previous studies, the electrolysis
of the mixture (100mL) of spent caustics was carried out

(pH 1/H
2
SO
4
, 𝑗 = 0.32A cm−2). The results obtained in this

analysis are shown in Table 3. The results obtained were
similar to those from electrolysis of the simple sample.

The analysis of the image of the sample corresponding
to the mixture of spent caustics before and after the elec-
trochemical treatment with Ti/BDD (𝑡

𝑟
= 15 h) is shown

in Figures 9(c) and 9(d), respectively. Complementary anal-
yses of toxicity and phenol in all of its forms showed that
the sample electrochemically treated is not toxic, present-
ing a low phenol content (<3 ppm), with this value being
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Figure 9: Electrochemical treatment of spent caustics mixture. (a) Applying a current where the ∙OHs are not generated. (b) Applying
a current where the ∙OHs are generated. (c) Electrolyzed sample (without pretreatment). (d) Sample obtained after the electrochemical
treatment with Ti/BDD applying 0.96A (𝑗 = 0.32Acm−2), under constant stirring, pH 1 (adjustment with H

2
SO
4
) and 𝑡

𝑟
= 15 h.

the minimum standard discharge limit for refinery effluents
[107].

4. Conclusions

A greater production of the ∙OH was obtained by using
H
2
SO
4
as a reaction medium. The degradation of spent

caustics in an acidic medium (H
2
SO
4
, pH 1) using Ti/BDD in

simple samples proceeded at 100%,while for themixture, per-
centages of destruction of 90.40% and 85.21% for COD and
TOC, respectively, were obtained. The use of UV light (𝜆 =
254 nm)did not showan improvement of the process. Further
studies are necessary to improve the efficiencies obtained.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors would like to thankMexico’s National Council of
Science andTechnology (CONACyT) for its financial support
of this research. The authors also thank Ms. Alejandra Rojo
(native speaker) for her review of this paper.

References

[1] I. Hariz, A. Halleb, N. Adhoum, and L. Monser, “Treatment of
petroleum refinery sulfidic spent caustic wastes by electroco-
agulation,” Separation and Purification Technology, vol. 107, pp.
150–157, 2013.

[2] S.-H. Sheu and H.-S. Weng, “Treatment of olefin plant spent
caustic by combination of neutralization and fenton reaction,”
Water Research, vol. 35, no. 8, pp. 2017–2021, 2001.

[3] A. Olmos, P. Olguin, C. Fajardo, E. Razo, and O. Monroy,
“Physicochemical characterization of spent caustic from the



International Journal of Photoenergy 15

OXIMER process and sour waters from mexican oil refineries,”
Energy & Fuels, vol. 18, no. 2, pp. 302–304, 2004.

[4] H. Jiang, Y. Fang, Y. Fu, and Q.-X. Guo, “Studies on the
extraction of phenol in wastewater,” Journal of Hazardous
Materials, vol. 101, no. 2, pp. 179–190, 2003.

[5] Y. Han, X. Quan, S. Chen, H. Zhao, C. Cui, and Y. Zhao,
“Electrochemically enhanced adsorption of phenol on activated
carbon fibers in basic aqueous solution,” Journal of Colloid and
Interface Science, vol. 299, no. 2, pp. 766–771, 2006.

[6] A. Nuhoglu and B. Yalcin, “Modelling of phenol removal in a
batch reactor,” Process Biochemistry, vol. 40, no. 3-4, pp. 1233–
1239, 2005.

[7] D. Rajkumar and K. Palanivelu, “Electrochemical treatment of
industrial wastewater,” Journal of Hazardous Materials, vol. 113,
no. 1–3, pp. 123–129, 2004.

[8] H. Polat, M. Molva, and M. Polat, “Capacity and mechanism of
phenol adsorption on lignite,” International Journal of Mineral
Processing, vol. 79, no. 4, pp. 264–273, 2006.

[9] Y. Yavuz, A. S. Koparal, and Ü. B. Öğütveren, “Treatment of
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This study investigated the biological treatability of textile wastewater. For this purpose, a membrane bioreactor (MBR) was utilized
for biological treatment after the ozonation process. Due to the refractory organic contents of textile wastewater that has a low
biodegradability capacity, ozonation was implemented as an advanced oxidation process prior to the MBR system to increase the
biodegradability of the wastewater. Textile wastewater, oxidized by ozonation, was fed to the MBR at different hydraulic retention
times (HRT). During the process, color, chemical oxygen demand (COD), and biochemical oxygen demand (BOD) removal
efficiencies were monitored for 24-hour, 12-hour, 6-hour, and 3-hour retention times. Under these conditions, 94% color, 65%
COD, and 55% BOD removal efficiencies were obtained in theMBR system.The experimental outputs were modeled with multiple
linear regressions (MLR) and fuzzy logic. MLR results suggested that color removal is more related to COD removal relative to
BOD removal. A surface map of this issue was prepared with a fuzzy logic model. Furthermore, fuzzy logic was employed to the
whole modeling of the biological system treatment. Determination coefficients for COD, BOD, and color removal efficiencies were
0.96, 0.97, and 0.92, respectively.

1. Introduction

Due to their highly colored substance ingredient and hardly
treatable characteristic, treatment studies on textile wastewa-
ter remain at the top of densely studied topics. As is known,
textile wastewater has nonbiodegradable characteristics [1–
3]. In general, textile wastewater is treated by chemical
treatment techniques which are expensive and need many
chemical applications [4, 5].

Due to the fact that textile industry effluents have a wide
variety of pollutant parameters, diverse treatment techniques
are required. Frequently used treatment processes, consid-
ered to be conventional chemical treatment methods, are
used to remove COD and color. Alternatively, some of the
oxidants presented in Table 1 are thought to be advanced
oxidation process chemicals and are particularly used to
increase biodegradability of textile wastewater that has high
refractory organics. In particular, hydroxyl radicals occur as
a result of using those kinds of oxidants and decompose the
structure of refractory or resistive organics [6–8].

The ozonation of some industrial wastewaters increases
their biological degradability [9, 10]. Ozone is a very effective
substance, especially in color removal [11–14]. The observed
COD removal efficiency of ozonation is not as high as
color removal efficiencies. In some cases, such as industrial
wastewaters having low BOD/COD rates, ozonation is used
prior to biological treatment. Simple color removal can be
achieved easily at low ozone doses and low operating costs
[15]. In the literature, for different pH values, ozone doses,
and durations, COD and color removal ranges vary between
37 and 60% and between 87 and 99%, respectively [16–21].
In particular, the effective elimination of toxic substances in
textile effluents was observed with ozonation [22, 23].

Natural organic matter can affect the ozone stability in
two ways: it can either directly react with ozone ((1) and (2))
or indirectly affect its stability through scavenging of OH
radicals ((3) and (6)) [24]:
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Table 1: Oxidizing potential for conventional oxidizing agents [40].

Oxidizing agent Electrochemical oxidation potential, volt
Fluorine 3.06
Hydroxyl radical 2.80
Ozone 2.08
Hydrogen peroxide 1.78
Hypochlorite 1.49
Chlorine 1.36
Chlorine dioxide 1.27
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One of the advanced treatment processes applied to domestic
or industrial wastewater is membrane bioreactors (MBR)
to obtain highly purified water or reuse [25, 26]. In recent
years, the use ofMBR systems and their implementation have
increased rapidly. MBR systems are defined as biological and
physical treatment process such as oxidation and separation
of wastewater between biomass and water by membrane
equipment [27]. These biological treatments and separation
systems are applied either in two parts, aeration and sedi-
mentation tanks in conventional activated sludge process, or
in the same tank [28, 29]. In the MBR process, separation
occurs by microfiltration (0.2 𝜇m pore size) or ultrafiltration
membrane (0.01 𝜇m pore size) systems. In the course of the
treatment time period, a biofilm bulk occurs on the surface
of the membranes and occludes the pores of the membranes,
thus leading to higher removal efficiencies, in other words,
acquiring cleaner water [30–32].

The obtained experimental data set was subjected to
artificial intelligence-based modeling. The three influent
values (COD, BOD, and color) were utilized to predict
the same effluent parameter concentrations. Fuzzy logic,
developed by Zadeh, has some advantages overmathematical
models where complicated equations are used [33]. Artificial
intelligence-based tools are a suitable substitute to conven-
tional methods such as curve fitting due to their speed,
robustness, and nonlinear characteristics [34]. Due to its high
precision ability and flexibility in use, fuzzy logic has been
applied in many of the environmental engineering problems
from air pollution to water treatment systems. Research in
[35–37] stated that fuzzy logic is one of the methods to apply
the expert knowledge to form an advanced control on various
treatment processes.

In this study, a two-stage process was developed: an
ozonation process followed by an aerobic membrane biore-
actor (MBR) to provide the standard TurkishWater Pollution
Control Regulations (SKKY) effluent discharge limits in
a lab scale. The biodegradation, COD, and color removal

performances of this combined system were studied using
textile wastewater effluents. At present, the chemical addition
processes alone cannot provide SKKY discharge criteria. In
contrast to these methods, this two-stage process can meet
the SKKY discharge standards. Therefore, this process is
eligible as an alternative treatment process.

The main aim of this study is to display the biological
treatability of the textile wastewater having low biodegrad-
ability and investigate its treatability by an MBR system. To
prepare biological degradable wastewater prior to exposure
to the MBR system, ozonation was applied to the wastewater.
Implementation of the ozonation processes before MBR
provides the advantage of acquiring better removal results.
Without ozonation, textile wastewater cannot be treated
by MBR effectively according to color, BOD, and COD
parameters. The experimental results were also applied to
the fuzzy logic system. With a short preliminary system
demonstration implementation, it is possible tomake effluent
concentration predictions utilizing influent values with the
fuzzy logic model. In addition, the fuzzy logic modeling of
this study has the distinction of being first in MBR after
biodegradation by ozonation.

2. Material and Methods

2.1. Experimental. The samples used in this study were
gathered from the effluents of a wool textile plant. The
characteristics of wastewater are shown in Table 2.

All of the experimental analyses, especially the initial pol-
lution characteristics of the samples, were analyzed at Yildiz
Technical University Environmental Engineering Depart-
ment laboratory in accordance with Standard Methods [38].
The COD and color were determined using a Hach-Lange
DR 5800 brand mark spectrophotometer. The ozonation
experiments were carried out for 3 L samples in a 5-L cylin-
drical glass reactor as a batch system. All experiments were
performed at room temperature (24 ± 0.5∘C). Not all of the
produced ozone gas reacts with the wastewater. Some parts of
the ozone escaped without reacting with the wastewater. Due
to health and environmental concerns, the excess ozone was
absorbed in gas washing bottles filled with 2%w/w potassium
iodide (KI) solution to capture and determine the excess
ozone concentration.The ozone concentration wasmeasured
by the iodometric method proposed by IOA [39]. According
to the ozonation equipment, 32mg ozone/L air was applied
to the wastewater.

Ozone gas was produced by an AZCO VMUS-4 model
ozone generator. The system was fed with dried oxygen and
ozone was produced by the corona discharge generation pro-
cess. This system consumes 100W electrical energy. Ozone
gas was supplied to the bottom of the reactor with an AQUA
pipe diffuser system at 0.4-bar pressure. The main aim of the
diffuser system is to obtain fine ozone gas bubbles to mix
homogenously with water. All of the connection parts from
the generator to the reactor were made of Teflon to resist the
ozone’s corrosive effect.

In an MBR system, a 4.5 cm diameter cylindrical
ceramic ultrafiltration and a 12.5 cm height membrane were
placed into a 12 cm diameter/20 cm height Plexiglas reactor.
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Table 2: Textile wastewater characteristics and discharge limits according to SKKY (wool scouring, finishing, weaving, and equivalents).

Parameter Unit Raw wastewater Effluent of
ozone process

Effluent of
ozone-MBR system SKKY limits

COD mg/L 1600 1140 380 400
Color Pt-Co 590 120 10 260
BOD mg/L 544 785 330 —

Oxygen Ozone
generator Flow meter

Ozone reactor

Wastewater
inlet

2% KI solution

Excess ozone

Ozone reactor

Feed tank

Water input

Pump

Ceramic UF
membrane

Water output

MBR reactor

PumpWater output

Air input

Feed
tank

Figure 1: Schematic representation of the ozone and MBR system.

A Watson-Marlow 520S peristaltic pumpwas used to vacuum
the wastewater. The schematic representation of the study is
given in Figure 1.

3. Results and Discussions

In the first step of the study, the ozonation process was carried
out to increase biodegradability of textile wastewater and
to partially remove color. After the ozonation process, the
BOD/COD value increased from 0.34 to 0.69, and 80% color
removal was obtained. The ozonation process was studied at
an initial pH 6.1 and 1-hour operation time.

The excess O
3
dose that was not used by the wastewater

was determined by absorbing O
3
into a 2% KI solution,

and results were as follows: applied O
3
dose, 640mg; time,

20min; O
3
dose, 64mg/min; absorbed O

3
dose by KI, 45.6 ±

18.5mg; absorbed O
3
dose by sample, 594.4 ± 18.5mg; and

O
3
concentration for 1 L sample, 198.1 ± 6.2mg/L. Thus, the

solubility of O
3
was only 198.1mg/L at the optimal O

3
dose

(32mg/L) for a 3 L sample.
The focus of the study was MBR process and thus

MBR application lasted for 81 days. Flux values during the
experimental study period were examined daily. During an
81-day study period, no serious clogging problem occurred.
During the experimental time period there was no need to
clean the membrane parts. After 81 days, MBR application
was terminated because the discharge standard of the Water

Pollution Control Regulations (SKKY) [41] in Turkey for
textile wastewater was achieved and is given in Table 2.While
the flux value was 17.8 L/m2-h at the beginning of the study,
this parameter was determined as 8.9 L/m2-h at the end of the
81-day time period. Figure 2 shows the flux variation obtained
over time.

In theMBR system, removal efficiencies were investigated
for different hydraulic retention times (HRT). According
to the literature studies on textile wastewater that were
examined, a 24-hour HRT was selected as the beginning
[42, 43]. Then, this HRT value was decreased to 12 h, 6 h,
and 3 h. Once the steady-state condition was reached for each
HRT, the analyses were carried out. During the study, no
sludge was removed from the reactor and therefore the MBR
reactor was operated as endless sludge age.

Considering the whole study, the graphs of COD and
BOD removal efficiencies are presented in Figures 3 and 4,
respectively. When Figure 3 is investigated, three different
curves can be seen.The breaking points indicated in Figure 3
show the changing HRT values. At the beginning of each
breaking point, the COD removal rate decreased because
of decreasing HRT values. Under the steady-state condition,
COD removal efficiency increases over time. Ultimately, the
COD removal efficiency was around 65% when the HRT of
the study considered 3 h as the optimum time.

The organic loading rate (OLR) and, accordingly, the
BOD removal efficiencies of the study are given in Figure 4.



4 International Journal of Photoenergy

0.0
2.0
4.0
6.0
8.0

10.0
12.0
14.0
16.0
18.0
20.0

0 10 20 30 40 50 60 70 80 90
Time (day)

Fl
ux

 (L
/m

2
·h

)

Figure 2: Flux variation obtained over time.

1000

900

800

700

600

500

400

300

200

100

0

CO
D

 (m
g/

L)

0 10 20 30 40 50 60 70 80 90

CO
D

 re
m

ov
al

 (%
)

100

90

80

70

60

50

40

30

20

10

0

Time (day)

HRT: 24 hours HRT: 12 hours
HRT: 6 hours

HRT: 3 hours

Effluent COD (mg/L)
Influent COD (mg/L)
COD removal (%)

Figure 3: COD removal efficiency.

During the MBR system, various OLR values, ranging
between 0.13 and 0.20 kg BOD/m3 day, were worked. OLR
values decreased with decreasing HRT values. BOD removal
rates changed between 55%and92%. BODremoval rateswere
high for high HRT and OLR values. The BOD removal rate
decreased with decreasing HRT and OLR values. At the end
of the study, BOD removal efficiency was around 55%.

3.1. Fuzzy Logic Modeling. Multiple-input and multiple-
output fuzzy logic modeling was applied to the achieved
experimental results. A fuzzy logic system consists of four
essential components, which are fuzzification, fuzzy rule
base, fuzzy inference engine, and defuzzification [44]. The
interpretation of the dynamic behavior of the MBR system
was accomplished by this four-step modeling algorithm. The
fuzzy logic algorithm also provides a transparent relation
between the rule bases and the results.

The discrete membership functions or a combination of
them can be selected according to the nature of the problem
to execute the modeling. Yetilmezsoy chose a combination
of triangular and trapezoidal membership functions to pre-
dict Fenton’s oxidation of anaerobically pretreated poultry
manure wastewater [35]. Turkdogan-Aydinol and Yetilmez-
soy stated that different types of membership functions such
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Figure 4: BOD removal efficiencies according to the different OLR
values.

Table 3: The rules used during fuzzy logic process.

Input variables Output variables
If COD is H and BOD is H
and color is H

Then eCOD is L and eBOD is
L and ecolor is L

If COD is M and BOD is MH
and color is MH

Then eCOD is LM and eBOD
is LM and ecolor is L

If COD is M and BOD is M
and color is MH

Then eCOD is M and eBOD is
M and ecolor is LM

If COD is LM and BOD is M
and color is M

Then eCOD is MH and eBOD
is MH and ecolor is M

If COD is LM and BOD is LM
and color is LM

Then eCOD is MH and eBOD
is MH and ecolor is MH

If COD is L and BOD is LM
and color is LM

Then eCOD is H and eBOD is
MH and ecolor is MH

If COD is L and BOD is LM
and color is L

Then eCOD is H and eBOD is
MH and ecolor is H

If COD is L and BOD is L and
color is L

Then eCOD is H and eBOD is
H and ecolor is H

as triangular, trapezoidal, bell-shaped, or other appropriate
forms can be used for model prediction [45].

In this study, a combination of Gaussian and trapezoidal
type membership functions was utilized to achieve the best
fit withMamdani’smethod byMatlab.Membership functions
for both input and output variables are exhibited in Figure 5.

During the fuzzification of the input data sets, “min-
imum” operator produced better results than the “prod”
operator. Thus, “min” operator was selected as the fuzzy
inference operator. Aggregation was accomplished with the
“maximum” operator. Defuzzification was completed with
“centroid” operator.

Eight rules were formed to start model execution. These
rules are shown in Table 3. Words with the capital letters of L,
M, and H corresponded to low, medium, and high, respec-
tively. The letter “e” was used to indicate effluent pollutant
parameters. Input and output variables are connected to each
other by an “if-then” expression.

As a consequence of the above selections, determina-
tion coefficients of 0.96, 0.97, and 0.92 were achieved for
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Figure 5: Membership functions.

COD, BOD, and color, respectively. Figure 6 shows the
findings and statistical analysis results. COD, BOD, and color
observed/predicted results are listed from top to bottom,
respectively. On the left hand side of the figure, removal
efficiencies are plotted as sample series. In the middle of the
figure, observed values are plotted against predicted values to
determine determination coefficients. On the right hand side
of the figure, box-whisker plots are shown. The horizontal
line inside the box refers to the median value, where the top
and bottom of the box show 75% and 25%, respectively. The
whiskers extending up and down show the maximum and
minimum observed values, respectively.

COD removal rate and BOD removal rate are both effec-
tive on color removal efficiency. Multiple linear regression
(MLR) was performed to determine the relative weight of
COD and BOD removal rates on color removal. Based on
38 pieces of observation data, COD removal is the major
factor inducing color removal (𝑃 < 0.001). However, BOD
removal is not statistically significant (𝑃 > 0.05) in color
removal. MLR predicted the coefficient of determination as
86%. This suggests that color forming compounds are hardly
biodegradable. Thus, it can be inferred that a chemical pre-
liminary treatment is essential before biological treatment.

A surface map of color removal rate according to influent
COD and BOD concentrations was prepared by the fuzzy

logic modeling results. The prepared map is illustrated in
Figure 7.

It can be inferred from Figure 7 that the lower BOD
and COD effluent concentrations, the higher color removal
efficiencies. As one can expect, color removal rate decreased
with the increasing COD and BOD concentrations. The
lowest removal ratewas observedwhen the highest BODcon-
centration and moderate COD concentration were present.

Constitution, strength, and volumetric flow rate of the
raw wastewater fluctuate from time to time [37]. That is why
modelling study becomes mandatory for optimum operation
control. When the opening conditions deviate from the
steady-state conditions, modelling results are going to yield
the output parameters.

4. Conclusion

At the end of the study, the BOD/COD ratio of 0.34 was
increased to 0.69 by ozonation as a pretreatment process of
the wool textile wastewater. The results of the study were
adequate for a 3-hour HRT in an MBR system. Under these
conditions, 94% color, 65% COD, and 55% BOD removal
efficiencies were obtained in the MBR system. COD, BOD,
and color removal performances of the treatment systemwere
modeled by fuzzy logic. The determination coefficient (R2)
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was found to be 0.96, 0.97, and 0.92 for COD, BOD, and
color, respectively. Multiple linear regressions suggested that
the color removal rate ismore dependent on the effluentCOD

value. Results of the estimation model exhibited favorable
performance of the data set for predicting theMBR treatment
system performance.
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This study evaluates the performance of an innovative paired photoelectrochemical oxidative system fabricated in our laboratory
to determine the removal efficiency of polyvinyl alcohol (PVA) in aqueous solutions. An innovative paired photoelectrochemical
oxidative system employed metal redox mediators with high redox potential for anodic oxidation (MEO process) and UV assisted
photoelectrochemical oxidation (PEO process) for cathodic oxidation in a divided electrochemical cell. Several parameters were
investigated to characterize the removal efficiency of PVA, such as the current density, initial Ce(III) concentration, nitric acid
concentration, oxygen flow rate, and UV irradiation intensity. The effects of these parameters on the specific energy consumption
were also investigated.Additionally, the conversion yield ofCe(IV) concentration and the electrogeneration ofH

2
O
2
were calculated

in this study. The optimum current density, initial Ce(III) concentration, nitric acid concentration, oxygen flow rate, and UV
irradiation intensity were found to be 3mA cm−2, 0.01M, 0.3M, 500 cm3min−1, and 1.2mWcm−2, respectively. The synergistic
effect of combination process of MEO and PEO would be as a promising alternative for the removal efficiency of PVA.

1. Introduction

Due to rapid development of industrial, polymers are increas-
ingly used in various industrial products, polyvinyl alcohol
especially. Polyvinyl alcohol (PVA) is widely used as warp
sizes for cotton-synthetic blends in the textile industry
and the molecular structure of [–CH

2
–CH(OH)]n makes it

possess of well water solubility [1]. The global production
of PVA is almost over 650,000 tons/year. It is also used for
polarizing film light in liquid crystal displays (LCDs) [2].
However, discharging of a large quantity of PVA influences
both human health and natural environment [3] and leads
to high chemical oxygen demand (COD) in the industrial
effluents. It is difficult to convert wastewaters containing PVA
to generate harmless end-products like water and carbon
dioxide. Therefore, PVA adversely can affect the ecosystem
and accumulates in the human body through the food chain

[4]. Conventional biological technologies do not provide
an efficacious treatment of wastewaters containing PVA,
because most microorganisms degradation ability for PVA
is extremely specific and restricted [5]. An effective method
for the treatment of wastewaters containing PVA has to be
developed. For the treatment of PVA wastewater, a number
of chemical processes have been investigated, including
adsorption [1, 6, 7], photocatalysis degradation process [8–
11], chemical oxidation [12, 13], electrocoagulation [14], and
electro-Fenton [15]. However, to date, there is little research
on the development of a paired photoelectrochemical oxida-
tive system treatment for the removal of PVA.

In recent years, electrochemical treatment technology has
been applied in various ways to clean the environment such
as anodic oxidation, cathodic reduction, and electro-Fenton
process [16–18]. Advanced oxidation processes (AOPs)
and mediated electrochemical oxidation (MEO) are new
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Figure 1: Schematic diagram of the paired photoelectrochemical oxidative equipment.

technology for the treatment of industrial wastewater con-
taining organic compounds. Both promising technologies
can mineralize the organics into nontoxic carbon dioxide
and water [19, 20]. AOPs are based on generation strong
oxidant of hydroxyl radicals that can nonselectively degrade
organic contaminants rapidly [21]. Among all AOPs meth-
ods, hydrogen peroxide often has been used as a powerful
oxidant to generate OH∙ for oxidizing wastewater of organic
compounds [9, 22–24]. A combination UV irradiation and
H
2
O
2
process can effectively increase the oxidative power

of hydrogen peroxide due to the production of hydroxyl
free radicals, as shown in the reaction H

2
O
2
+ UV →

2OH∙. The UV/H
2
O
2
process also has been proven to be

efficient in degrading organic compounds [25, 26]. There-
fore, the hydroxyl free radicals were produced by photo-
electrochemical oxidation (PEO) process in the cathodic
compartment.

MEO technique presents several advantages: easy opera-
tions, simple equipment, less sludge production, the oxidant
can conveniently be reused, and avoided production of
secondary wastes. In the MEO process, the mediator ion is
a transition metal, such as cobalt, cerium, and silver [27–30].
These mediators can be oxidized from lower oxidation state
to higher oxidation state to mineralize organic complexes.
Among these mediators, cerium (IV) has good oxidizing
property because of its higher redox potential (𝐸0 = 1.62V).
However, in the traditional electrochemical anodic oxidation
system, the cathodic compartment usually only reduces
the water and generate hydrogen gas. Thus, the removal
efficiency of organic substance cannot be effectively increased
to result in energy waste. In order to improve the overall
current efficiency, we will combine the MEO process of
the anodic compartment with PEO reaction to generate
hydroxyl free radicals at the cathodic compartment to form
a paired photoelectrochemical oxidative system. To the best
of our knowledge, very little work has been reported in the
literature to date on PVA removal by an innovative paired
photoelectrochemical oxidative system.

In the present study, parameters such as current den-
sity, initial Ce(III) concentration, nitric acid concentration,
oxygen flow rate, and UV irradiation intensity were investi-
gated in terms of the PVA removal efficiency. A technically
effective process must be economically feasible with regard
to its specific energy consumption (SEC) and practically
applicable to environmental problems. The effects of the
main operational parameters (current density, initial Ce(III)
concentration, nitric acid concentration, oxygen flow rate,
and UV irradiation) on SEC under the optimum conditions
were evaluated. The yield of the Ce(IV) concentration and
the electrogeneration of H

2
O
2
on the different operational

parameters by MEO process of the anodic compartment
and PEO process of the cathodic compartment were also
investigated in this study.

2. Experimental

2.1. Chemicals and Apparatus. Cerium(III) nitrate hexahy-
drate was obtained from Alfa Aesar (USA). Polyvinyl
alcohol (PVA, molecular weight in the range of 13,000 to
23,000 gmol−1) was obtained from Sigma-Aldrich (USA)
with a hydrolysis degree ranging from 98 to 99%. Na

2
SO
4

was purchased fromMerck (Germany), andHNO
3
(65%)was

obtained from Scharlau (Spain). Titanium(IV) sulfate (24%)
was purchased from SHOWA (Japan). Boric acid (99.5%)
was supplied by Merck, and potassium iodide (99.5%) and
iodine (99.5%) were obtained from Union Chemical Work
Ltd. (Taiwan) and Toyobo Co. Ltd. (Japan), respectively. All
chemicals were analytical grade reagents and were prepared
by dilution with deionized water to the desired concentra-
tions. The activated carbon fiber (ACF), PAN-based rigid
composite carbon felt series, was obtained from Taiwan
carbon Technology Co. Ltd. (Taiwan).

Figure 1 is a schematic diagram of the paired photoelec-
trochemical system and the electrode assembly used in this
work.The anodic and cathodic electrolytic cell was 0.5 L glass
reactor equipped with a water jacket and a magnetic stirrer.
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The electrolytic cell consisted of an anode and a cathode
separated by a Nafion 324 membrane. The temperature of
the electrolytic cell was controlled by continuously circulating
water jacket from a refrigerated circulating bath (Model BL-
720, Taiwan). Amagnetic stirrer bar (Suntex SH-301, Taiwan)
was spun at the center of the bottom of the reactor. The
platinum anode (6 cm2) and ACF cathode (20 cm2) were
immersed in the PVA aqueous solution at a depth of 5 cm.
In the following, all experiments were conducted using a
Pt/ACF electrode combination. The oxygen gas from an
oxygen cylinder was dispersed at the bottom of the cathode.
The electric current was supplied by a DC power supply
(PSM-6003, Taichung, Taiwan).AUV lamp (8W,UV-C,𝜆max
= 254 nm, manufactured by Sankyo denski, Japan) was used
as a radiation source and placed above a cathodic reactor.
The UV-light intensity was measured by a Digital Ultraviolet
Radiometer (Rixen Technology, Taiwan).

2.2. Methods and Analysis. The experiments were conducted
in a divided glass vessel. Before each experiment, the elec-
trodes were cleaned with deionized water. During each
test run, two circular containers with 0.4 L of synthetic
wastewater containing polyvinyl alcohol were as the reactor.
Then, the magnetic stirrer was turned on and set at 300 rpm;
this stirrer speed was sufficient for good mixing in the
electrolytic cell. The ACF felt was saturated with 1000mg L−1
PVA solution for 24 h to exclude the adsorption reaction
of PVA on the ACF felt. The direct current power source
was operated with a constant current density of 1, 2, 3, 4,
and 5mA cm−2. A constant Ce(III) concentration (0.001M
to 0.02M) and HNO

3
concentration (0.1M to 0.5M) were

adjusted in the anodic compartment during the experiments.
The cathodic compartment was fed with an oxygen gas flow
rate of 100 to 900 cm3min−1, and the UV light intensity
(0 to 1.2mWcm−2) was controlled by UV lamps during
the experiments. The paired photoelectrochemical system
treatment run lasted 120min in all experiments. Prior to the
electrolysis, the oxygen gas was bubbled for 10min to saturate
the aqueous solution; then, the electric power was turned
on, and the paired photoelectrochemical reactions started
simultaneously. Samples were drawn out from the reactor at
default time intervals and then analyzed.

The H
2
O
2

concentration was determined using the
Ti(SO

4
)
2
titration method and spectrophotometric analysis

at 𝜆 = 410 nm [31]. Ce(IV) concentration was quantitatively
determined using ferrous ammonium sulfate dissolved in
0.005M nitric acid [32]. The amount of Ce(IV) generated
theoretically is dependent on the quantity of applied electric-
ity. According to Faraday’s laws of electrolysis, the theoretical
production of Ce(IV) amount (𝑚

𝑡
) at electrolysis time 𝑡 can

be calculated as follows [33]:

𝑚
𝑡
=
𝑀𝐼𝑡

𝑧𝐹
, (1)

where𝑀 is molecular weight of Ce; 𝐼 is the applied current;
𝑧 is the electrons transferred per Ce(III) ion (𝑧 = 1 in
Ce(III) → Ce(IV) + e−); and 𝐹 is the Faraday’s constant.

Quantitative determination of PVA concentration in
the aqueous solutions was carried out using a HACH
Model DR2800 spectrophotometer (USA) after addition of
boric acid and iodine solutions according to the proce-
dure described by Finley [34]. A calibration curve was
obtained by plotting the absorbance value at 680 nm against
polyvinyl alcohol concentration. The calculation of the PVA
destruction efficiency after the paired photoelectrochemical
treatment was performed using the following formula:

RE (%) =
𝐶
0
𝑉
0
− 𝐶
𝑡
𝑉
𝑡

𝐶
0
𝑉
0

× 100, (2)

where 𝐶
0
is the initial concentration in mg L−1, 𝐶

𝑡
is the

concentration value at time 𝑡 in mg L−1, 𝑉
0
is the initial

volume of the treated wastewater in liters, and 𝑉
𝑡
is the

volume of the treated wastewater at time 𝑡 in liters. All
of the samples were evaluated at least fifth to ensure data
reproducibility, and an additional measurement was carried
out if necessary.

3. Results and Discussion

3.1. Effect of Current Density. Current density is an important
operating factor that strongly controls the reaction rate in the
electrochemical engineering. It determines the electrogener-
ation of Ce(IV) from the initial Ce(III) by the anodic MEO
process and electrogeneration of H

2
O
2
by the cathodic PEO

process in the paired photoelectrochemical oxidative system.
Themechanism of the anodic MEO process and the cathodic
PEO process removal of PVA may be expressed as follows.

For the anodic process:

Ce3+ 󳨀→ Ce4+ + e− (3)

PVA + Ce (IV) 󳨀→ intermediates 󳨀→ CO
2
+H
2
O (4)

For the cathodic process:

H
2
O
2
+ UV 󳨀→ 2OH∙

PVA +OH∙ 󳨀→ intermediates 󳨀→ CO
2
+H
2
O

(5)

The effect of the current density on the PVA removal
efficiency in the anodic and cathodic compartment was
studied at 1, 2, 3, 4, and 5mA cm−2. Figure 2(a) indicated the
effect of different current density on the removal efficiency of
PVA in the anodic and cathodic compartment. As the current
density increased, the PVA removal efficiencies increased.
After 120min of electrolysis, it can be seen from Figure 2(a)
that the removal efficiency of PVA in the anodic compartment
was 51.2%, 62.7%, 77.8%, 79.3%, and 80.4% and cathodic
compartment was 20.8%, 27.7%, 29.4%, 31.6%, and 32.8% for
the current densities of 1, 2, 3, 4, and 5mA cm−2, respectively.
According to (3), the reduced Ce(III) can be electrooxidized
to Ce(IV) in the anodic compartment, as shown in Table 1.
Therefore, the Ce(IV) can be reused as the oxidant for
the continuous removal of PVA and avoided the genera-
tion of secondary waste. In the cathodic compartment, the
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Figure 2: Effect of current density: (a) anodic and cathodic compartment removal efficiency of PVA and (b) SEC of anodic and cathodic
compartment removal of PVA (temperature = 323K, anodic compartment: PVA = 50mg L−1, Ce(III) = 0.01M, HNO

3
= 0.2M; cathodic

compartment: PVA = 50mg L−1, Na
2
SO
4
= 0.05M, pH = 3, oxygen flow rate = 500 cm3min−1, and UV-light intensity = 0.4mWcm−2).

Table 1: Effect of the current density on the Ce(IV) and H2O2
electrogeneration during a paired photoelectrochemical oxidative
system.

Current density
(mA cm−2)

Yield of Ce(IV)
concentration (%)

Concentration of H2O2
generation (mg L−1)

1 5 9
2 8.7 9.6
3 12.3 14.5
4 13.3 16.6
5 16 20.3

electrogenerated H
2
O
2
was catalyzed into hydroxyl radicals

by UV light, which were very powerful oxidizing species.
These hydroxyl radicals can effectively oxidize the PVA. As
shown in Table 1, a significant increase in the H

2
O
2
yield

was observed with increasing current density; thus there
was more generation of hydroxyl radicals to oxidize PVA.
However, no significant improvement in the PVA removal
efficiency was observed while the current density increased
from 3 to 5mA cm−2.

In order to obtain the optimum current density when
concerning the energy efficiency, the specific energy con-
sumption (SEC) [35] for removing 1 Kg PVA at a specified
certain electric current was calculated by the following:

SEC (kWhkg−1) =
∫𝑈 × 𝐼 𝑑𝑡

(𝐶
0
𝑉
0
− 𝐶
𝑡
𝑉
𝑡
) × 3.6

=

𝐼 ∫𝑈𝑑𝑡

(𝐶
0
𝑉
0
− 𝐶
𝑡
𝑉
𝑡
) × 3.6
,

(6)

where 𝑈, 𝐼, 𝑡 were the applied voltage (V), current (A), and
electrolysis time (min), respectively. In addition, 𝐶

0
(mg L−1)

is the initial concentration, 𝐶
𝑡
(mg L−1) is the concentration

value at time 𝑡, 𝑉
0
(L) is the initial volume of the treated

wastewater, and𝑉
𝑡
(L) is the volume of the treated wastewater

at time 𝑡. A reasonable removal efficiency and relatively low
energy consumptionwere determined below. Figure 2(b) also
shows the SEC values of anodic and cathodic compartment
after 120min of electrolysis at different current densities. It
can be obviously seen that increasing current density had a
significant effect on SEC. When the current density varied
from 1 to 5mA cm−2, we observed a dramatic increase in
the SEC value from 1.4 kWhkg−1 to 17.4 kWhkg−1 in the
anodic compartment and 2.4 kWhkg−1 to 37.7 kWhkg−1 in
the cathodic compartment for PVA removal. However, as
the current density was increased from 3 to 5mA cm−2,
the anodic and cathodic PVA removal efficiency increased
slightly, whereas the corresponding electric energy consump-
tion increased by almost 2 times. Consequently, when con-
sidering both the electric energy consumption and the PVA
removal efficiency, 3mA cm−2 offers the best compromise,
providing a reasonable PVA removal efficiency and relatively
low electrical energy consumption.

3.2. Removal of PVA in the Anodic Compartment

3.2.1. Effect of Initial Ce(III) Concentration. In this study, the
effect of initial Ce(III) concentration on the PVA removal
efficiency was studied at 0.001, 0.0025, 0.005, 0.01, and
0.02M, as shown in Figure 3(a). After 120min of electrolysis,
we observed that the PVA removal efficiencies reached 38.6%,
51%, 56%, 77.8%, and 80.1% for initial Ce(III) concentrations
of 0.001, 0.0025, 0.005, 0.01, and 0.02M, respectively. This
phenomenon was probably derived from the increasing of
driving force forCe(III)mass transfer and electrolyte conduc-
tivity while increasing initial Ce(III) concentration. When
the initial Ce(III) concentration was increased, the Ce(IV)
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Figure 3: Effect of initial Ce(III) concentration: (a) removal efficiency and SEC of PVA and (b) Ce(IV) yield with different initial Ce(III)
concentration in the anodic compartment (current density = 3mA cm−2, temperature = 323K, anodic compartment: PVA= 50mg L−1, HNO

3

= 0.2M; cathodic compartment: PVA = 50mg L−1, Na
2
SO
4
= 0.05M, pH = 3, oxygen flow rate = 500 cm3min−1, and UV-light intensity =

0.4mWcm−2).

ion concentration also increased, as shown in Figure 3(b).
However, if the initial Ce(III) concentration was higher
than 0.01M, the PVA removal efficiency did not increase
significantly.

In order to evaluate the effect of initial Ce(III) concentra-
tion on the specific energy consumption and PVA removal
efficiency, a number of experiments were performed after
120min of electrolysis while keeping the current density,
solution temperature, and anodic supporting electrolyte at
3mA cm−2, 323 K, and 0.2M HNO

3
in the anodic compart-

ment; oxygen flow rate, UV light intensity, and cathodic
supporting electrolyte at 500 cm3min−1, 0.4mWcm−2, and
0.05M Na

2
SO
4
in the cathodic compartment. Figure 3(b)

also shows the effect of the initial Ce(III) concentration on
the SEC during the paired photoelectrochemical oxidative
system. As shown in the figure, the SEC decreased from
9.4 kWhkg−1 to 6.8 kWhkg−1 when the initial Ce(IV) con-
centration increased from 0.001 to 0.02M. Although there
was a significant downward trend for the SEC while the
initial Ce(III) concentration increased, the SEC was not
significantly changed by increasing Ce(III) ion concentration
from 0.01 to 0.02M. Consequently, the initial Ce(III) concen-
tration of 0.01M provides the optimum performance for this
system; it provides a reasonable PVA removal efficiency and
a relatively low electrical energy consumption.

3.2.2. Effect of Nitric Acid Concentration. Electrochemical
treatments need salts or acid for supporting the electrolytes
that make the solution more conductive. In comparison
with low solubility of sulfuric acid on the cerium, nitric
acid is often chosen in the past references [20, 29, 36].
Therefore, nitric acid was used as the anodic supporting

electrolyte to increase the solution conductivity and thus
reduce the SEC in the present study. In order to decrease
environmental pollutions, we used a comparatively lower
acid concentration in this study. The effect on the PVA
removal efficiency of varying the nitric acid from 0.1 to
0.5M was studied, as shown in Figure 4(a). It was observed
that the removal efficiency increased as the concentration
of nitric acid was increased in the anodic compartment.
After 120min of electrolysis, 40.8%, 77.8%, 80.1%, 82.2%,
and 83.5% of the original PVA were removed at nitric acid
concentrations of 0.1, 0.2, 0.3, 0.4, and 0.5M, respectively.
Nitric acid is a strong oxidant and in favor of the generation of
Ce(IV). Figure 4(b) also indicated that Ce(IV) yield increased
with increasing nitric acid concentration. As the Ce(IV)
yield increased, the PVA removal efficiency also increased.
However, if the concentration of nitric acid was higher
than 0.3M, the PVA removal efficiency did not increase
significantly.

The concentration of the supporting electrolyte was
adjusted by adding a suitable amount of nitric acid to the
anodic compartment. Figure 4(a) also indicates the effect of
the nitric acid concentration on the PVA removal efficiency
and SEC during the paired photoelectrochemical oxidative
system. Figure 4(a) also indicates that SEC decreased from
13.1 kWh kg−1 to 5.4 kWhkg−1 when the concentration of the
nitric acid increased from 0.1 to 0.5M. It was observed that
the SEC was significantly decreased almost 60%. Although
there was a significant downward trend for the SEC when
the nitric acid concentration increased, the SEC did not
significantly vary by increasing acid concentration from 0.3
to 0.5M. Consequently, 0.3M nitric acid concentration pro-
vided the optimum balance between the removal efficiency at
the specific energy consumption.



6 International Journal of Photoenergy

Anode SEC

A
no

de
 S

EC
 (k

W
h 

kg
−
1
)

A
no

de
 R

E 
(%

)

100

80

60

40

20

0

25

20

15

10

5

0

HNO3 concentration (M)
0.1 0.2 0.3 0.4 0.5

Anode RE

(a)

C
e(

IV
) y

ie
ld

 (%
)

20

15

10

5

0

HNO3 concentration (M)
0.1 0.2 0.3 0.4 0.5

(b)

Figure 4: Effect ofHNO
3
concentration: (a) removal efficiency and SECof PVAand (b)Ce(IV) yieldwith differentHNO

3
concentration in the

anodic compartment (current density = 3mA cm−2, temperature = 323K, anodic compartment: PVA = 50mg L−1, Ce(III) = 0.01M; cathodic
compartment: PVA = 50mg L−1, Na

2
SO
4
= 0.05M, pH = 3, oxygen flow rate = 500 cm3min−1, and UV-light intensity = 0.4mWcm−2).

40

30

20

10

0

40

30

20

10

0

100 300 500 700 900

Ca
th

od
e R

E 
(%

)

Ca
th

od
e S

EC
 (k

W
h 

kg
−
1
)

Cathode RE
Cathode SEC

O2 flow rate (cm3
min

−1)

(a)

100 300 500 700 900

20

15

10

5

0

O2 flow rate (cm3
min

−1)

H
2
O
2

co
nc

en
tr

at
io

n 
(m

g L
−
1
)

(b)

Figure 5: Effect of oxygen flow rate: (a) removal efficiency and SEC of PVA and (b) concentration of H
2
O
2
generation with different oxygen

flow rate in the cathodic compartment (current density = 3mA cm−2, temperature = 323K, anodic compartment: PVA = 50mg L−1, Ce(III)
= 0.01M, HNO

3
= 0.3M; cathodic compartment: PVA = 50mg L−1, Na

2
SO
4
= 0.05M, pH = 3, and UV-light intensity = 0.4mWcm−2).

3.3. Removal of PVA in the Cathodic Compartment

3.3.1. Effect of Oxygen Flow Rate. In this study, the yield of
H
2
O
2
electrogeneration via oxygen reduction at the cathode

significantly affects the PVA removal efficiency of cathodic
compartment. The effect of the oxygen flow rate on the
PVA removal efficiency was studied at 100 to 900 cm3min−1,
as shown in Figure 5(a). For increased oxygen flow rate,
significant increases in the PVA removal efficiency were

observed, suggesting that the increase of the oxygen flow
rate improves PVA removal rate. After 120min of electrolysis,
while the oxygen flow rate increased from 100, 300, 500, 700,
and 900 cm3min−1, the concentration of PVA was removed
significantly, increasing from 19.3, 24.8, 29.1, 30.8, and 31.8%,
respectively. This reason was that when the oxygen flow
rate was increased, the concentration of dissolved oxygen
and mass transfer rate of dissolved oxygen were increased,
thereby accelerating the electrogeneration of H

2
O
2
which
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Figure 6: Effect of UV-light intensity: (a) removal efficiency and SEC of PVA and (b) concentration of H
2
O
2
generation with different UV-

light intensity in the cathodic compartment (current density = 3mA cm−2, temperature = 323K, anodic compartment: PVA = 50mg L−1,
Ce(III) = 0.01M, HNO

3
= 0.3M; cathodic compartment: PVA = 50mg L−1, Na

2
SO
4
= 0.05M, pH = 3, and oxygen flow rate = 500 cm3min−1).

was dissociated into more hydroxyl radicals. Therefore, the
hydroxyl radicals can oxidize PVA to improve removal effi-
ciency. Figure 5(b) demonstrated that the electrogeneration
of H
2
O
2
increased with increasing of the oxygen flow rate.

However, above an oxygen flow rate of 500 cm3min−1, the
oxygen and H

2
O
2
concentration followed a steady trend.The

results illustrated that the saturated solubility of oxygen in
aqueous solutions was nearly accomplished at the oxygen
flow rate of 500 cm3min−1 [37]. To investigate the optimum
oxygen flow rate, the performance of the specific energy
consumption at a certain oxygen flow rate during this system
was evaluated; these results were given in the following
section.

PVA solutions were treated using paired photoelec-
trochemical oxidative system at oxygen flow rates in the
range of 100 to 900 cm3min−1 to determine the optimal
removal efficiency and specific energy consumption. The
effect of the oxygen flow rate on removal efficiency and
specific energy consumption was shown in Figure 5(a).
The specific energy consumption decreased significantly by
approximately 50%, when the oxygen flow rate was increased
from 100 to 900 cm3min−1, whereas the corresponding PVA
removal efficiency in the cathodic compartment increased
from 19.3% to 31.8%. However, when the oxygen flow rate
was increased from 500 to 700 and 900 cm3min−1, the
specific energy consumption decreased slightly from 16.9 to
16 and 15.6 kWhkg−1, respectively, whereas the correspond-
ing PVA removal efficiency in the cathodic compartment
increased from 29.1% to 31.8%, respectively. Consequently,
on consideration of the removal efficiency and specific
energy consumption values for PVA removal in the cathodic
compartment, an oxygen flow rate of 500 cm3min−1 offers
the best performance with reasonable removal efficiency and
relatively low specific energy consumption.

3.3.2. Effect of UV Irradiation Intensity. The UV irradiation
intensity is an important factor that strongly controls the
concentration of hydroxyl radicals generated. In this study,
the effect of the UV light intensity on PVA removal efficiency
and SEC was investigated at 0, 0.4, 0.8, and 1.2mWcm−2,
as shown in Figure 6(a). After 120min of electrolysis, it was
observed that the maximum PVA removal efficiency was
found at 1.2mWcm−2. The PVA removal efficiency reached
19.9%, 29.1%, 33.3%, and 38.5% for UV light intensities of
0, 0.4, 0.8, and 1.2mWcm−2, respectively. It appears that
increasing UV light intensity increases the PVA removal
efficiency. This experimental results explained that higher
UV light intensity can improve the generation of hydroxyl
radicals to remove PVA from the solution [22, 23]. On the
one hand, the rate of photolysis of hydrogen was limited at
lower UV light intensity, resulted in decreased PVA removal
efficiency. Figure 6(b) shows the concentration of hydrogen
peroxide generation at various UV light intensities. As shown
in Figure 6(b), after 120min of electrolysis, 15.8%, 14.5%,
13.6%, and 12.4% of the hydrogen peroxide was generated
for UV light intensities of 0, 0.4, 0.8, and 1.2mWcm−2,
respectively. It is clear that increasing the UV light intensity
can effectively increase the generation of hydroxyl radicals,
result in the hydrogen peroxide decreased. Therefore, at a
higher UV light intensity the amount of hydroxyl radicals
generation in the reaction cell was found well.

Figure 6(a) also shows the effect of UV light inten-
sity on the PVA removal efficiency and specific energy
consumption after 120min of electrolysis by paired photo-
electrochemical oxidative system. The SEC values decreased
from 22 kWhkg−1 to 15.4 kWhkg−1 when the UV light
intensitieswere increased from0 to 1.2mWcm−2, whereas the
correspondingPVAremoval efficiency increased significantly
from 19.9% to 38.5%. Consequently, when considering both
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the SECvalues and the PVA removal efficiency in the cathodic
compartment, a UV light intensity of 1.2mWcm−2 offers the
best overall performance with a reasonable PVA removal
efficiency and relatively low SEC values.

4. Conclusions

Electrooxidation of Ce(III) in nitric acid medium for the
anodic MEO process and electrogeneration of H

2
O
2
in acid

medium for the cathodic PEO process were performed using
the divided electrochemical cell fabricated in our study. The
removal efficiency of PVA tin aqueous solutions via this inno-
vative paired photo-electrochemical oxidative system was
investigated in anodic compartment and cathodic compart-
ment conditions, respectively. Various operating parameters
such as the current density, the initial Ce(III) concentration,
nitric acid concentration, oxygen flow rate, and UV irradia-
tion intensity were investigated in this study. The yield of the
Ce(IV) concentration and H

2
O
2
on the different operational

parameters by MEO process of the anodic compartment
and PEO process of the cathodic compartment were also
calculated. The current density of 3mA cm−2 was regarded
as optimum for a reasonable PVA removal efficiency with a
relatively low specific energy consumption. Considering the
removal efficiency and SEC, an initial Ce(III) concentration
of 0.1M, nitric acid concentration of 0.3M, oxygen flow
rate of 500 cm3min−1, and UV irradiation of 1.2mWcm−2
were found be the optimum values for the present study.
The results indicate that an innovative paired photoelectro-
chemical oxidative system, combining anodic MEO process
and cathodic PEO process, would be regarded as a potential
alternative to remove PVA in aqueous solutions.
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