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In the last century, public policy around the globe was mainly
focused on economic growth leaving out of this perspective,
social concerns and the environment detriment that this
merely economic approach was causing. It was until the last
quarter of the 20th century that people started to be aware
of the growing poverty and of the jeopardy of the planet as
a result of human being activities. In consequence, the con-
cept of sustainable development emerged in the United
Nations as a call to all countries to integrate economic
growth with social needs and environmental protection, in
such a way that our activities as earth inhabitants stopped
compromising the quality of life and needs satisfaction of
future generations.

More recently, in 2016, effective 17 sustainable develop-
ment goals established within the United Nations came offi-
cially. The embracement of these goals implies the design
and execution of strategies that pursue poverty elimination
by also addressing social needs and environmental protec-
tion. In this sense, the development of cleaner technologies
and more effective sanitation systems is imperative and this
has motivated the assessment of new technologies, many of
them based on photochemical and electrochemical phenom-
ena. Thus, this special issue aims to present original results

regarding relevant aspects of such processes. For this pur-
pose, ten manuscripts have been included.

Within the framework of photochemical processes, differ-
ent issues were addressed ranging from novel photocatalysis
approaches, photocatalyst synthesis improvements, emerging
contaminant degradation, and photoreactor modeling and
simulation.

Although TiO2 has been the preferred and therefore most
assessed photocatalyst by the scientific community, the man-
uscripts included in this special issue show that there is still
enough room for improvement taking as base such a mate-
rial. Currently, one of the most important challenges regard-
ing this material, that is, shifting its activation wavelength
towards the visible region, is successfully addressed by syn-
thesizing Bi-modified TiO2 films where the bismuth titanates
were found to be responsible of the improvement exhibited
by photoactivity under simulated solar radiation.

By the first time, the synthesis and characterization of
SiO2 monoliths coated with TiO2 was presented. This type
of materials opens a window of photocatalytic process
improvement not only from the point of view of photocataly-
sis but also from the corner of photoreactor design. Because
of the exhibited characteristics, this type of material allows
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to conduct multiphase photoreactions in packed bed reactors
under different flow regimes with the consequent effect on
yield and selectivity. In this matter, the use of photocatalysis
beyond organic compound removal has been also demon-
strated but the oxidations were selectively conducted, achiev-
ing the selective production of formaldehyde from the
photooxidation of methanol.

Regardless of the resulting material, it is observed that the
sol-gel method remains as the preferred one for the photoca-
talyst synthesis and it can be also used as complimentary step
of the hydrothermal method to obtain 1D TiO2. It was shown
that crystalline phase ratio, that is, anatase-rutile, not only
dictates the well-known photoactivity of TiO2 to conduct
oxidation reactions but also the resulting 1D TiO2 shape
(tubes or rods) and the bactericidal effect by using 1D photo-
catalyst. Interestingly, the effect of the morphology, tubes or
rods, of the synthesized 1D TiO2 is strongly correlated to
the anatase-rutile ratio generated in the seeds by adjusting
the pH and type of acid during the first step of the sol-gel
method, hydrolysis.

An important issue within effluent sanitation is emerging
contaminants. The challenge in this regard is not only their
removal but also their detection. At this point, it is worth
noticing that the adjective “emerging” does not mean that
these compounds did not exist but that they were not actually
detected by the available analytical techniques some decades
ago. Thus, little or no attention was given to their detrimental
effects on the environment. As fatal consequence, many com-
pounds were not included in the current environmental leg-
islations around the world so industries and many other
service providers do not yet pay attention on their adequate
disposal. Within this group of emerging contaminants, the
widely used nonsteroidal anti-inflammatory drugs (NSAID)
can be found. This is one of the topics that one of the
included manuscripts focuses on. The results therein not
only demonstrate that ketorolac (an NSAID) can be photo-
chemically degraded but also, by analyzing a hospital effluent
in a developing country and establishing a correlation with
elsewhere published studies regarding toxicity, urge the
update of environmental legislation in developing countries
not only to regulate the pollutant discharge but also mainly
to motivate the update of current treatment plants with the
implementation of cutting-edge technologies, either photo-
chemical or electrochemical. Interestingly enough, it also
shows the feasibility of quantifying ketorolac by working
out an adequate analytical method using standard techniques
rather than sophisticated and expensive ones.

When dealing with chemical reactions activated by any
source of energy, one should not forget the process core,
the reactor. A nonadequate reactor design can lead to the
subutilization of even the most efficient catalyst. An impor-
tant tool on designing a reactor and elucidating the effect of
reaction variables is modeling and simulation. This has been
applied in one of the included manuscripts, not only to estab-
lish a relative simple mathematical model of an annular
photoreactor but also to show the important variables whose
effect should be observed at the time of assessing a photoca-
talyst. The established model managed to represent the radi-
ant field within an annular photoreactor with high accuracy.

It also shows how the radiant field determines the permissible
photocatalyst loading. Therefore, the presented results high-
light the importance of optimizing both, radiant field and
catalyst concentration, when assessing photoactivity or a
photoprocess efficiency.

This special issue also deals with the assessment of elec-
trochemical processes for environmental protection. In this
context, the potential and importance of electrochemical
processes are evidenced by the treatment of effluents of three
different industries, paper, textile, and food. These works
pursue the removal of organic compounds either by electro-
oxidation, electro-generated oxidant species, or by electro-
coagulation. Within these works, a constant search for the
improvement of existent electrochemical processes by apply-
ing innovative strategies such as coupling them with phytor-
emediation, for instance, can be appreciated. Although the
latter did not lead to an improvement on chemical oxygen
demand decrease, it was shown that it makes a significant dif-
ference on the total color and turbidity removal of a textile
industry effluent. In another study, the efficiency of anodic
oxidation conducted with boron diamond-doped electrodes
was contrasted with electro-Fenton and the superiority of
the former was established. Regarding the food industry
effluent (chocolate manufacturing plant), the coupling of an
electrocoagulation process with a filtration unit was con-
cluded to be an alternative of pretreatment for such wastewa-
ter in order to significantly improve water quality.

For long time, both photochemical and electrochemical
processes were highly criticized and their application was
limited due to the required input of energy, to energize either
an array of lamps or electrodes. It is undeniable that this
aspect decreases, in many cases, the sustainability of a pro-
cess. However, a twist of facts has been originated by the
commercialization of solar photovoltaic modules. This topic
is being addressed in one of the manuscripts by showing the
feasibility of conducting an electrocoagulation process by
using solar photovoltaic modules. Such research highlights
the importance of correlating effluent residence time with
current intensity and organic compound removal rate. As
expected, current intensity was dependent on solar radiation
and this fact motivates the further search of materials and
devices capable of harvesting solar energy in a more efficient
way than the existent ones. In this matter, a work that pre-
sents the effect of microcracks in silicon cells on the output
power of the module is also included. Such work is a call to
carefully look for microcracks in photovoltaic modules since
they lead to current leakage.

Finally, it can be concluded that the recent results are
sound and promising, even when important advances have
been achieved by photochemical and electrochemical pro-
cesses in the last decades; nevertheless, there are still chal-
lenges that deserve special attention in order to further
strengthen one of the three pillars of sustainability and envi-
ronmental protection.
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Photocatalytic materials based on silica-titania (SiO2-TiO2) were synthesized by sol-gel and dip-coating method. TEOS and
titanium butoxide were used as precursors of the silica-titania, respectively. A thin film with anatase phase was obtained on the
surface of the support. The effect of variables as dispersion mechanism, immersion time, and number of treatment cycles were
studied. The materials were characterized using X-ray diffraction, scanning electron microscopy, energy dispersion scanning,
and N2 adsorption-desorption. The highest crystallinity of TiO2 on silica, high specific surface area in TiO2-SiO2 materials, and
thin film formation were obtained by using a stirring plate and minimum immersion time. The so synthesized catalyst allowed
the production of formaldehyde from the photocatalyzed methanol oxidation in a packed-bed reactor.

1. Introduction

Among the advanced oxidation processes (AOPs), hetero-
geneous photocatalysis has been widely applied in the deg-
radation of organic compounds, hydrogen production from
water, reduction of heavy metals, and selective oxidation
reactions [1–4]. Selective oxidation of alcohols to aldehydes
by photocatalysis is an attractive route because it can be
carried out under mild conditions (room temperature,
atmospheric pressure, and neutral pH) [5, 6]; particularly,
formaldehyde is a highly important intermediate com-
pound in the chemical industry because of its use in the
synthesis of adhesives, fertilizers, pyridines, drugs, polyols,
and dyes among others [7, 8]. The industrial production
of formaldehyde is performed from the oxidation and
dehydrogenation of methanol with iron molybdate and sil-
ver catalysts, respectively [9, 10].

The most studied semiconductor in the field of heteroge-
neous photocatalysis is titanium dioxide (TiO2) due to its
high oxidative capacity, nontoxicity, low cost, high chemical
and physical stability, corrosion resistance, and chemical
inertness [11, 12]. TiO2 has been widely used in both pow-
ders and thin films [13, 14]. When it is used as suspended
particles, a separation step such as filtration or centrifugation
is required at the end of the process. For this reason, the
immobilization of the particles in an appropriate substrate
has attracted great interest [15].

There are several methods for the preparation of TiO2
thin films, and the physicochemical properties strongly
depend on the selected method [16–19]. Among all the tech-
niques, the dip-coating sol-gel method is the most widely
used because of its good homogeneity, simplicity, low cost,
and low temperature during the process [20]. On the other
hand, the nature and type of substrate should not be left
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aside. Amorphous SiO2 has shown to be an excellent support
due to its mechanical properties, good adsorption capacity,
and high surface area [21, 22].

This work aims to elucidate the effect on morphological,
textural, and structural properties of three important vari-
ables involved in the synthesis of TiO2 coated SiO2 mono-
liths. These variables are the mechanism to disperse Ti
alkoxide species in an appropriate medium allowing the
hydrolysis-condensation processes, dipping time, and num-
ber of coating cycles (dip +drying + calcination). In order to
evaluate the photocatalytic activity of the synthesized cata-
lysts, the photooxidation of methanol was carried out in a
bench-scale continuous-flow packed-bed reactor. This reac-
tion was elected because of its industrial importance and
because it is a consecutive reaction, whose selectivity towards
intermediate compounds may help to prove the application
of TiO2 in selective oxidation processes instead of the organic
compounds mineralization. This process could offer the
advantage being performed at mild temperature and pressure
conditions unlike other existing processes that occur at rela-
tively high temperatures.

2. Experimental

2.1. Preparation of SiO2 Monoliths. Silica dioxide monoliths
were synthesized by sol-gel method. The synthesis of the sil-
ica support was performed using tetraethyl orthosilicate
(TEOS) [Si(OC2H5)4] as alkoxide precursor of the Si sol.

First, the ethanol was added into a beaker and it was
maintained under continuous stirring until the tempera-
ture reached 60°C. At this point, alkoxide was added and
mixed into the beaker for 15min. After this time, a water
and nitric acid solution (1 : 0.0012 molar ratio) was added
and the mixture was kept under stirring and keeping the
temperature constant for one hour. The molar ratio of
water : ethanol : TEOS was of 16 : 4 : 1, respectively.

After that, 2.5ml of the resulting sol were poured into one
container to begin the aging process. This was repeated sev-
eral times to obtain various monoliths. The container lids
were previously drilled to allow solvent diffusion. During this
step, alkoxide groups are removed by acid- or base-catalyzed
hydrolysis reactions, and link networks O-Si-O are formed
in subsequent condensation reactions involving hydroxyl
groups [23, 24]. Depending upon the water : alkoxide molar
ratio R, pH, temperature, and solvent, condensation leads
to different polymeric structures such as linear, entangled
chains, clusters, and colloidal particles [25].

The obtained monoliths were then dried from room tem-
perature to 100°C during 14 hours with a slow heating profile
to eliminate the solvent. The drying was performed in an Iso-
temp Vacuum Oven programmable stove model 282 A. The
drying treatment was slow to lead the formation of open
pores. The drying profile was as follows: 1 h at 40°C, 2.5 h at
50°C, 13 h at 60°C, 2.5 h at 70°C, 3.5 h at 80°C, 2.5 h at 90°C,
and 27 h at 100°C. This procedure was performed in order
to keep the structure, since a fast drying profile could cause
a structure collapse causing cracking of the monolith.

Finally, to provide the monoliths with the appropriate
structural and mechanical properties, they were calcined

from room temperature (25°C) to 550°C for 6 h at a heating
rate of 2.5°C/min using a Jelrus muffle with 2 steps. Amor-
phous silica compounds without a defined crystalline phase
are found at this temperature.

2.2. TiO2 Synthesis. Ethanol, water, titanium butoxide, and
diethanolamine (basic catalyst) were used to obtain Ti sols
via sol-gel method. Titanium butoxide (Ti[O(CH2)3CH3]4)
was dispersed in the ethanol. Immediately, a diethanolamine
and water solution was dropped into the volume. It is neces-
sary to maintain a 1 : 1 alkoxide : water molar ratio. Once the
solution addition was completed, the agitation was main-
tained for two hours. After this time, the solution was aged
for further two hours without any stirring. Diethanolamine
was elected because of its low reactivity during sol-gel pro-
cess, this makes the hydrolysis reactions slow by favoring
the thin film formation [26].

Finally, SiO2 monoliths were immersed into the Ti sol
obtained. In this process, the studied variables were the dis-
persion mechanism (mechanic or ultrasound) and the resi-
dence time into the Ti sol. For the former, a stirring plate
and an ultrasonic cleaner were utilized as agitation media.
Regarding residence time in the Ti sol, this variable was stud-
ied at three levels (half, one, and three hours) for each stirring
medium. The number of cycles (immersion-drying-calcina-
tion) was also studied in order to establish its relationship
with the amount of titania on SiO2.

The monoliths coated with titanium species were dried at
room temperature for 24 h and calcined under an air flow at
550°C for 5 hours.

2.3. Catalysts Characterization. A Bruker Advance 8 diffrac-
tometer was employed to carry out the X-ray diffraction anal-
ysis and determine the presence of anatase in the synthesized
catalysts. The patterns were obtained using CuKα radiation
at 20 kV and 20mA. Data were collected over 2θ range of
5–50° with a step of 0.5°/min.

A JEOL JSM-6510LV electron microscope coupled with
an energy dispersive X-ray spectrometer was employed to
observe the surface morphology of the prepared catalysts
and to perform elemental analysis of the catalysts.

Autosorb-1 Quantachrome sorption equipment was
employed to determine the specific surface area and average
pore diameter of the synthesized samples by using liquid
nitrogen (77K). The pore size distributions and the specific
surface areas of the materials were estimated by Dubinin-
Astakhov (DA) and Brunauer Emmett–Teller (BET) meth-
odologies, respectively.

2.4. Bench-Scale Photocatalytic Reactor. The photooxidation
of methanol was performed using a bench-scale continuous
packed-bed reactor. An eight-watt UV lamp emitting
254 nm waves was placed right in the center of the reactor.
30 monoliths constituted the catalytic bed. Compressed air
was used as carrier gas to help methanol to flow through
the packed-bed reactor. The air flow was constant at 50ml/
min. The methanol liquid was heated at 65°C in order to
vaporize it. The reactor set-up is depicted in Figure 1.
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Identification of formaldehyde by photooxidation of
methanol was carried out according to the following method-
ology: a proper container with a 2,4-dinitrophenylhydrazine
(2,4-dnph) solution was placed instead of the condenser
(see Figure 1), in such a way that the exit stream was directly
bubbled into the solution. This was conducted with all syn-
thesized materials. If there was formaldehyde in such a
stream, then a precipitate was observed. This precipitate was
the 2,4-dinitrophenylhydrazone, which is the product of the
reaction between the 2,4-dnph and the aldehyde as depicted
in Figure 2 [27].

The 2,4-dnph solution was prepared as follows: 2ml of
concentrated sulfuric acid was mixed under stirring with
0.4 gr of 2,4-dnph and 3ml of water until total dissolution

appears. At this point, 10ml of ethanol at 95% are added to
the solution.

The quantitative analysis of formaldehyde after photooxi-
dation of methanol was verified by collecting the condensed
reactionproduct in a container at 4°Cand analyzed in aVarian
GC 3800 using a 52 CP WAX column (30m× 0.320mm).

3. Results and Discussion

SiO2 monoliths with a diameter of 15mm and thickness of
1mm approximately were obtained following the methodol-
ogy described in the previous section. Figure 3 shows such
monoliths. It can be observed that they are totally transpar-
ent. This is expected to allow an excellent light transmittance

Condenser

Reaction product

Packed bed
UV lamp

Reactor

Methanol

Ai
r l

in
e

Figure 1: Bench-scale photocatalytic reactor set-up.
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and an appropriated use in photocatalytic reactions using
UV light.

In total, 8 samples were characterized in order to decide
at what conditions the monoliths for the methanol photoox-
idation should be synthesized. From the 8 monoliths, 7 were
coated with TiO2 while the left one was only SiO2. The
nomenclature used to name the samples is explained in
Table 1.

Figure 4 shows the diffraction patterns with respect to the
agitation mechanism and number of immersion-drying-
calcination cycles. The obtained crystalline phase is mainly
anatase, and this is expected because of the calcination tem-
perature (550°C) [28]. Usually, when the calcination temper-
ature is increased to more than 550°C, the anatase phase is
observed to gradually change into a rutile phase with a larger
particle size that results unfavorable for photocatalytic degra-
dation reactions [29].

The average crystallite size of samples was estimated
using the Scherrer’s equation through the full width at half
maximum of the anatase (101) peak (see Table 2). Based on
these results, it can be observed that the agitation mechanism
has a significant effect on crystallinity since the monoliths
coated in the ultrasound bath exhibit the smallest crystalline
size (Figure 4(d)) than that of prepared with mechanical stir-
ring (Figure 4(c)) to the same number of cycles (3 cycles) and
residence time in the sol (3 hours). The diffraction pattern for
commercial Degussa P-25 is included on the top right corner
of Figure 4 for reference purposes. It can also be observed
that the obtained SiO2 is amorphous (Figure 4(e)). As can
be seen in Table 2, the number of treatment cycles decreases
crystal growth. In addition, the increase in immersion time
for samples with 3 treatment cycles decreased the crystallin-
ity. The sample with the largest crystalline size corresponds

to 3 treatment cycles and half an hour of immersion (sample
3ST12P). It is worth mentioning that more than 3 cycles were
unsuccessfully attempted since monoliths got broken, with
the exception of those with 1 hour immersion time. In this
case, monoliths did not stand the fifth cycle.

Regarding samples 3ST1B and 3ST12B, these were dis-
carded because the ultrasound influenced the structure to
an extent that the SiO2 monolith was broken. This may
be ascribed to the vibrational movements caused by ultra-
sonic, causing the structure to become weaker. This is a
consequence of the immersion under ultrasound presence
during TiO2/SiO2 monoliths preparation as well as the
decrease in crystallinity.

Figure 5 (3ST12P sample) shows the surface morphology
of TiO2 film obtained after 3 cycles of immersion-drying-
calcination treatments. The residence time was half an hour
for each of the immersion processes. The film exhibits a
homogeneous morphology with a lineal growing up with
almost totally flat surface. The EDS analysis shows the Ti
presence. Figure 6 (3ST1P sample) presents the surface of
the TiO2 film obtained after 3 cycles of immersion-heating-
calcination treatments and one hour of residence time for
each immersion process.

Figure 7 (3ST3P sample) illustrates the characteristic
morphology of a TiO2 film after 3 treatment cycles and 3
hours of immersion under mechanical stirring. The compar-
ison of Figures 7 and 5 make it clear that the amount of mate-
rial deposited on the surface increases with immersion time.
This increase is not related to the crystalline growth of ana-
tase on the surface as has been evidenced by XRD analysis.
The clusters presented in Figure 7 can be ascribed to the time
given to the monolith in the sol where hydrolysis and con-
densation reactions are occurring, so the longer the immer-
sion time, the larger the agglomerate.

By comparing Figures 5–7, it can be observed that the
residence time has a significant effect on the morphology of

R

H

C O + NH2NH

O2N

NO2
H+

R

C NNH NO2

O2N

H2O+

H

Figure 2: 2,4-Dinitrophenylhydrazine general reaction with aldehyde functional groups.

Figure 3: SiO2 monoliths obtained by sol-gel technique.

Table 1: Nomenclature of synthesized materials (B by ultrasound
bath and P by stirring plate).

Sample
name

Number of immersion-drying-
calcination cycles

Immersion time
(hours)

3ST12B 3 1/2

3ST12P 3 1/2

3ST1B 3 1

3ST1P 3 1

3ST3B 3 3

3ST3P 3 3

4ST1P 4 1
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the coating. A time higher than half an hour (Figures 6 and 7)
promotes the appearance of microcracks, and therefore the
film loses homogeneity. These microcracks may be ascribed
to a stress effect during the drying-calcination treatment
due to thermal shrinkage and expansion phenomena. The
stress is caused by chemical reactions during the drying and
thermal expansion coefficients difference between the sup-
port (5 x 10−7°C) and TiO2 film (2.1-2.8× 10−6°C) [30]. It
seems that the effect of this phenomenon becomes stronger
when the amount of TiO2 increases due to the drying and cal-
cination process. The crystallinity of the sample shown in
Figure 5 may be related to the absence of cracking since with
the growth of the crystal and densification of the film, the
compressive stresses are reduced.

Figure 8 (4ST1P sample) shows an image of a TiO2 film
after 4 treatment cycles and 1 hour of immersion under
mechanical stirring. The comparison of the EDS analysis of
this with that in Figure 6 confirms that the amount of TiO2
is a direct function of the number of dip coating/heat treat-
ment cycles and that the extent and frequency of the micro-
cracks increase with the number of cycles [31, 32].

The final percentage in weight gained of TiO2 by the SiO2
monoliths is shown in Table 3. It can be observed that the
increase in immersion time (samples 3ST12P and 3ST1P)
favors the amount of TiO2 deposited on the monoliths. On
the other hand, the increase in the number of treatment
cycles (samples 3ST1P and 4ST1P) decreases the final per-
centage of weight gained of TiO2.

Table 4 shows the specific surface area and average pore
diameter of synthesized materials. All samples presented type

I isotherms and average pore sizes of 18Å, which according
to the IUPAC classification corresponds to materials with
microporous texture. It can be seen that the pure SiO2 mono-
lith presented the highest surface area (339m2/g). As the
immersion time of the monoliths increases, the surface area
decreases by about 50% (3ST3P sample). This decrease can
be attributed to the amount of TiO2 on the SiO2 surface.
Although the surface area decreases, the pore size distribu-
tion and the mean diameter are maintained.

It can be said that the synthesis conditions in which bet-
ter crystallinity of the anatase phase is obtained; the highest
specific surface area as well as a better uniformity of the
formed film are with half an hour immersion, 3 cycles and
stirring plate as dispersion mechanism. Therefore, these
conditions were used to synthesize 30 monoliths to pack
the bed reactor in order to perform the photocatalytic oxida-
tion of methanol.

The minimum air flow rate to carry the methanol gas
through the reactor was established as 50ml/min. Two sets
of experiments by triplicate were performed; one set without
catalyst and the other one with the catalyst. In the former
case, no formaldehyde was detected by the employed analysis
method (2,4-dnph), and therefore the production of formal-
dehyde by photolysis was discarded. In the latter set of exper-
iments, formaldehydewas identified. The analytical technique
for the qualitative analysis of formaldehyde with a 2,4-dnph
solution was carried out. The formation of micelles as pre-
cipitates is due to the formation of 2,4-dinitrophenylhydra-
zone indicating the presence of formaldehyde during the
photocatalytic reaction. A precipitate indicating the presence
of the aldehyde was only observed with the material 3ST12P.
This does not mean that the other materials did not have
photoactivity but that this could be so high that total meth-
anol oxidation rather than selective oxidation was attained.
To determine the amount of formaldehyde formed dur-
ing photooxidation of methanol, the first condensed reac-
tion product was evaluated by gas chromatography (GC).
The final concentration of produced formaldehyde corre-
sponds to a value of 457 micromol/L (13.7mg/L). This
result is superior to those obtained with other titania-silica
systems [33].
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Figure 4: XRD patterns of TiO2/SiO2 and pure SiO2 samples.

Table 2: Average crystallite size of the synthesized materials in
Figure 4.

Sample Average crystallite size (nm)

3ST12P 19.4

4ST1P 17.0

3ST3P 16.3

3ST3B 13.5
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Figure 5: SEM image of TiO2 film morphology obtained after 3 treatment cycles using a stirring plate and half an hour of immersion.

BEC 15kV WD12mm SS50 x1,000 10�휇m
0 2 4 6 8 10 12
Full scale 290 cts cursor: 0.000 keV

O
Ti

Ti

Au
Ti

Au Au Au

Figure 6: SEM image after 3 treatment cycles using stirring plate and 1 hour of immersion.
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Figure 7: SEM image after 3 treatment cycles using stirring plate and 3 hours of immersion.
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4. Conclusions

SiO2 monoliths coated with thin films of TiO2 anatase phase
were successfully prepared by using a dip-coating sol-gel
method. The dispersion mechanism, the immersion time,
and the number of dip-coating cycles of the SiO2 monoliths
into the Ti sol were found to affect both the morphology
and crystallinity of the TiO2 deposit. SiO2 monoliths coated
with crackle-free TiO2 films were obtained after three dip-
coating cycles, with a dip time of 30 minutes. It can also be
concluded that mechanical stirring should be preferred over
ultrasound dispersion since the former favors the structural
stability of the monolith and increases the film crystallinity,
while the ultrasound dispersion method leads to monolithic
structure breakage and also increases film crackles. Immer-
sion time diminished both TiO2 film and homogeneity.
Immersion time and number of cycles also affect the surface
area and deposit crystallinity. The surface area of the SiO2-
TiO2 materials was decreased when the immersion time

increased, which is related to the amount of TiO2 on the
SiO2 surface. The highest anatase phase crystallinity and spe-
cific surface area were obtained after 3 dip-coating cycles and
half an hour of immersion under mechanical stirring. Under
these preparation conditions, the attained surface area was
241m2/g and the crystallite size was 19.4 nm. The weight per-
centage gained by SiO2 monoliths was 14.3% (TiO2 film).

A formaldehyde concentration of 13.7mg/L was attained
at mild conditions of pressure and temperature in a continu-
ous flow reactor packed with SiO2 monoliths coated with
TiO2 anatase films prepared with 3 dip-coating cycles and
0.5 hours of immersion time.
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The removal of pollutants from textile wastewater via electrochemical oxidation and a coupled system electrooxidation—Salix
babylonica, using boron-doped diamond electrodes was evaluated. Under optimal conditions of pH 5.23 and 3.5mA·cm−2 of
current density, the electrochemical method yields an effective reduction of chemical oxygen demand by 41.95%, biochemical
oxygen demand by 83.33%, color by 60.83%, and turbidity by 26.53% at 300 minutes of treatment. The raw and treated
wastewater was characterized by infrared spectroscopy to confirm the degradation of pollutants. The wastewater was oxidized at
15-minute intervals for one hour and was placed in contact with willow plants for 15 days. The coupled system yielded a
reduction of the chemical oxygen demand by 14%, color by 85%, and turbidity by 93%. The best efficiency for the coupled
system was achieved at 60 minutes, at which time the plants achieved more biomass and photosynthetic pigments.

1. Introduction

The textile industry is one of the greatest generators of liquid
effluent pollutants due to the high quantities of water used in
the dyeing processes. The chemical composition involves a
wide range of pollutants: inorganic compounds, polymers,
and organic products [1–3]. Treatment of textile dye effluent
is difficult and ineffective with conventional processes
because many synthetic dyes are very stable in light and high
temperature, and they are also nonbiodegradable. Moreover,
partial oxidation or reduction can generate very toxic by-
products [4–6].

Advanced oxidation processes (AOPs) have emerged as
potentially powerful methods that can transform recalcitrant
pollutants into harmless substances. AOPs rely on the

generation of very reactive free radicals and very powerful
oxidants, such as the hydroxyl radical, HO∙ (redox potentia
l = 2 8V) [7, 8]. These radicals react rapidly with most
organic compounds, either by addition to a double bond
or by the abstraction of a hydrogen atom from organic
molecules [9, 10].

The resulting organic radicals, then, react with oxygen to
initiate a series of degradative oxidation reactions that lead
to products, such as CO2 and H2O [1, 11]. Electrochemical
oxidation is carried out by indirect and/or direct anodic reac-
tions in which oxygen is transferred from the solvent (water)
to the product to be oxidized [12]. The main characteristic
of this treatment is that it uses electrical energy as a vector
for environmental decontamination [13]. During direct
anodic oxidation, pollutants are initially adsorbed on the
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surface of the anode, where the anodic electron transfer reac-
tion degrades them [6]. In indirect anodic oxidation, strong
oxidants, such as hypochlorite, chlorine, ozone, or hydrogen
peroxide, are electrochemically generated.

The pollutants are degraded via the oxidation reactions
with these strong oxidants [11]. Boron-doped diamond
(BDD) thin films are electrode materials that possess sev-
eral technologically important characteristics, including
an inert surface with low adsorption properties, an accept-
able conductivity, and remarkable corrosion stability even
in strongly acidic media and extremely high O2 evolution
overvoltage [14, 15].

On the other hand, biotechnology continues to be used to
solve environmental problems [16–18]. Phytoremediation
(PR) is a green technology that uses plant systems for the
remediation and restoration of contaminated sites [19].
PR’s advantages are solar energy dependence and an estheti-
cally pleasant method of treatment [20]. Plants have inbuilt
enzymatic characteristics that are capable of degrading
complex structures, and they can be used for cleaning
contaminated sites [17].

Plants, however, remove pollutants predominantly via
adsorption, accumulation, and subsequent enzyme-mediated
degradation [20]. Therefore, plants are considered organ-
isms with complex metabolic activity when referring to
the assimilation of toxic substances. Plant species that have
different growth forms have been proposed for the treat-
ment of textile effluents, for instance, Glandularia pul-
chella, Phragmites australis, Tagetes patula, Alternanthera
philoxeroides, Eichhornia crassipes, Nasturtium officinale,

Hydrocotyle vulgaris, Petunia grandiflora, and Gaillardia
grandiflora [17, 18, 21–24].

Another alternative is to use species of fast-growing
woody plants with high biomass production and high genetic
variability [25–27]. Trees from the Salicaceae family with the
genera Salix and Populus are suitable candidates for this pur-
pose [28–30]. Willows (Salix spp.) have several characteris-
tics that make them ideal plant species for PR application,
including easy propagation and cultivation, a large amount
of biomass, a deep root system, a high transpiration rate, tol-
erance to hypoxic conditions, and high metal accumulation
capability [30, 31].

Salix babylonica has been used to solve the problems
associated with aquifers contaminated with ethanol-blended
gasoline [32] and studies of the biotransformation and

Cathode (reduction)
V A

Anode (oxidation)

DC power supply

Wastewater level

Shaking grate

Figure 1: A schematic diagram of the electrochemical reactor.

Table 2: Experimental design of the electrooxidation process.

Experiment pH Current density

1 5.23 3.5

2 5.23 7

3 5.23 10

4 7 3.5

5 7 7

6 7 10

7 10 3.5

8 10 7

9 10 10
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metabolic response of cyanide and dieldrin [33, 34]. In
recent years, several authors have described dye removal
by electrochemical (EC) or coupled electrochemical with
other chemical, electrochemical, or biological procedures
(Table 1). However, no studies have been conducted on
the implementation of coupled electrochemical oxidation-
phytoremediation with weeping willow in the remediation
of textile effluents, and because it is an introduced spe-
cies, is noninvasive, and is widely distributed in Mexico,
the aim of this study was to evaluate the removal of
the pollutants of a textile effluent using an electrochemical
oxidation process and to compare their performance with
Salix babylonica.

2. Materials and Methods

2.1. Wastewater Sampling. A textile wastewater sample
was collected from a textile industry whose business is
the dyeing and washing of denim garments in Almoloya
del Río, State of Mexico, Mexico. The wastewater that this
industry discharges does not receive any treatment and is
discharged into the sewage system, so it is necessary to
give it some kind of treatment to improve its quality.
The textile wastewater sample was placed in plastic con-
tainers and transported to the laboratory, where it was
refrigerated at 4°C for analysis and for conducting the
electrochemical oxidation and coupled system electrooxi-
dation–Salix babylonica.

2.2. Electrochemical Reactor. In this study, a batch electro-
chemical reactor was used. The reactor contained five vertical
parallel electrodes of BDD (titanium/BDD) that CONDIAS
DIACHEM manufactured, two as cathodes and three as
anodes. Each electrode was 20.5 cm long and 2.5 cm wide,
resulting in an area of 102.5 cm2 for each electrode and a total
anodic area of 307.5 cm2. A schematic diagram of the electro-
chemical reactor is shown in Figure 1. The tests were carried
out in a 1 L cylindrical reactor. The reactor was operated at
different pH values (5.23, 7, and 10). A current density power
supply provided 1, 2, and 3A and 5–6.75V, corresponding to
a current density of 3.5, 7, and 10mA·cm−2.

The experiment design used included the two factors of
pH and current density. The levels of each of the factors are
listed in Table 2. Different aliquots were taken, and the chem-
ical oxygen demand (COD), biochemical oxygen demand
(BOD5), color, turbidity, and conductivity were analyzed.
The boron-doped diamond electrodes (BDD) were cleaned
for one hour in Na2SO4 (0.03M) after each experiment to
remove adsorbed molecules at the electrode surface, and then
they were rinsed with distilled water.

2.3. Coupled System with Salix babylonica Treatment. For
Salix babylonica treatment, secondary branches of weeping
willows located in five regions near the discharge site were
collected based on some defined phenotypic characteris-
tics: intense green color, wide coverage, height greater
than 8 meters, absence of pests, and straight shaft. Branch
cuttings of 20 cm in length were placed in hydroponics
[28] in 1 L containers with 300mL of distilled water. They

were kept at room temperature (19–22°C) for a normal
photoperiod (12 h light, 12 h dark). Ten willows per region
were placed in jars of 1 L and were then placed in 500mL
of textile wastewater. They remained in contact with
wastewater for 15 days, and water aliquots were taken at
baseline and at intervals of eight days. Likewise, the devel-
opment of plants during those time periods was assessed.

3. Methods of Analysis

3.1. Physicochemical Characterization. The characterization
of textile wastewater was performed. During both electro-
chemical and phytoremediation treatment, COD, BOD5,
color, turbidity, pH, and electrolytic conductivity analyses
were performed as indicated in the standard methods pro-
cedures by the American Public Health Association [38]. In
addition, infrared spectroscopy of the raw and treated water
was performed.

3.2. Biological Parameters. Once roots and leaves were devel-
oped in hydroponics, they were weighed on an analytical bal-
ance (BEL Engineering), and the lengths of the plants and
roots were measured using a vernier. The numbers of roots
and leaves were counted, and the leaf areas and photosyn-
thetic pigments were measured by using the method that
Val et al. [39] and Moisés et al. [40] established. These mea-
surements were performed at the beginning of biological
treatment and every eight days.

Table 3: Physicochemical characterization of textile wastewater.

Parameter Raw wastewater

pH 5.23

Acidity (mg/L CaCO3) 962.8

Alkalinity (mg/L CaCO3) 1000

BOD (mg/L) 1400

BOD/COD 0.7

COD (mg/L) 2022

Color (Pt-Co U) 3000

Chlorides (mg/L Cl−) 843.71

EC (mS/cm) 2.811

Hardness (mg/L CaCO3) 546.2

N-NO2 (mg/L) 0.848

N-NO3 (mg/L) 17.28

N-NH3 (mg/L) 4.72

Phosphorus (mg/L P) 715.1

Sulfates (mg/L SO4
2−) 429.5

Turbidity (NTU) 735

TOC (mg/L) 1396.6

TDS (mg/L) 1367

Ca2+ (mg/L) 36.537

K+ (mg/L) 64.43

Mg2+ (mg/L) 17.346

Na+ (mg/L) 392.79
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4. Results and Discussion

4.1. Wastewater Characterization. Physicochemical cha-
carcterization of textile wastewater is show in Table 3.
The organic parameters indicate for the BOD5 a value of
1400mg/L. According to Mexican regulation, the allowed
limit for discharging wastewater into rivers is 150mg/L.
The COD was 2022mg/L; in this situation, the BOD/COD
ratio (0.7) indicates good biodegradability [9]. The TOC
was 1396.6mg/L, and the color was 3000 Pt-Co U; this
high level of color stemmed from the indigo blue dye in
the textile effluent. Regarding inorganic matter, different
ions contribute to high conductivity (2.811mS/cm). This
parameter could be beneficial to the electrooxidation pro-
cess because it was not necessary to add any support elec-
trolyte. However, the presence of ions as nitrates,
phosphates, and alkalinity could reduce the oxidation
speed of organic compounds; on the other hand, chlorides
(843.71mg/L) could improve the indirect organic
oxidation.

4.2. Electrooxidation Treatment

4.2.1. Current Density Effect. An important operating vari-
able of the electrochemical process is the current density,
which is the input current divided by the surface area of

the electrode [11]. From other variables effective in the elec-
trochemical process is current density as the rate of electro-
chemical reactions is controlled by this parameter. Further,
the performance of electrodes is highly dependent on this
parameter. Three different current densities were applied
(3.5, 7, and 10mA·cm−2) to investigate the effect in the
oxidation process. All experiments were carried out at
pH5.23 (sample pH), and in all cases, a direct effect of
the current densities was observed: If the current increases,
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Figure 2: Behavior of (a) BOD5, (b) color, (c) turbidity, and (d) COD. Applying three current densities: 3.5mA·cm−2 (●), 7mA·cm−2 (▲),
and 10mA·cm−2 (X), at pH 5.23.

Table 4: Removal efficiencies of different parameters in the
electrooxidation process.

Experiment pH
Current
densities

BOD
(%)

Color
(%)

Turbidity
(%)

COD
(%)

1 5.23 3.5 83.33 60.83 26.53 41.95

2 5.23 7 69.95 98.88 98.95 62.01

3 5.23 10 91.81 99.81 99.91 82.39

4 7 3.5 58.34 96.95 98.77 47.73

5 7 7 91.15 99.66 99.77 63.14

6 7 10 91.58 99.82 99.90 94.66

7 10 3.5 58.56 92.45 98.09 82.10

8 10 7 94.73 99.01 99.04 98.11

9 10 10 94.38 97.04 93.87 95.03
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the removal efficiency increases. This could be due to the
increased rate of the generation of oxidants, such as
hydroxyl radicals and chlorine/hypochlorite at higher cur-
rent densities [6]. The results at different densities are
shown in Figure 2. The best removal efficiency was when
10mA·cm−2 was applied. BOD5 was reduced considerably
from 1400mg/L to 114mg/L with 92% of efficiency;
COD was 2022mg/L and was reduced to 356.05mg/L with
82% of removal efficiency; color was reduced from 3000
Pt-Co U to 5.5 Pt-Co U (99.8% removal efficiency); and
initial turbidity was 735 NTU and at the end of the process
was 0.65 NTU, achieving 99.99% of removal efficiency. Effi-
ciency was measured during 300min of treatment time
(Table 4).

The instantaneous current efficiency (ICE) for the anodic
oxidation was calculated from the values of COD using

ICE = FV
CODi − CODt

8IΔt , 1

where F is the Faraday constant (96487C/mol), V is the vol-
ume (L), CODi and CODt are the chemical oxygen demand
(g/L) at initial time and time t, I is the applied current (A),
Δt is the treatment time (s), and 8 is the equivalent mass of
oxygen (g·eq−1). The instantaneous current efficiency (ICE)
decreased during the electrolysis as wastewater was oxidized.
This behavior is shown in Figure 3.

The best ICE percentage was when the lowest current was
applied 1A (3.5mA·cm−2) in the middle stage of electrooxi-
dation (15–45min). This may be attributed to the presence
of a higher concentration of organics near the electrodes.
This indicates that the electrooxidation was under the
current control regime at least in the middle stage of electro-
oxidation. The ICE decreased after 60min of the electrooxi-
dation process. This may be due to the depletion of the
concentration of organics on the electrode surface.

The energy consumption per volume of treated effluent
was estimated and expressed in kWh·m−3. The average cell
voltage during the electrolysis (cell voltage is reasonably

constant with just some minor oscillations, and for this rea-
son, the average cell voltage was calculated) was measured
to calculate the energy consumption by using [15]

Energy consumption = ΔEc × I × t
1000 ×V

, 2

where t is the time of electrolysis (h);ΔEc (V) and I (A) are the
average cell voltage and the electrolysis current, respectively;
and V is the sample volume (m3). According to the results,
5.87 kWh·m−3 is required to oxidize the pollutants in the tex-
tile wastewater. In another study, a real textile effluent was
treated using a BDD anode, applying a current density of
20mA·cm−2. The energy consumption was 20 kWh·m−3 [15].

The specific energy consumption (Ec) in kWh·(kgCOD)−1
removed was determined according to [37]

Ec = UIt/60
COD0 − COD V

, 3

whereU is the mean applied voltage (V), I is the current (A), t
is the treatment time (min), V is the liquid volume (L), and
COD0 and COD are the COD values (gO2 L

−1) at times 0
and t. The results showed that 21.87 kWh·(kgCOD)−1 was
required in the electrooxidation process. In a previous
work, 95 kWh·(kgCOD)−1 was applied for the same COD
removal [37].

4.2.2. pH Effect. The studies were performed at three different
initial pH values (5.23, 7, and 10) to investigate their effects as
depicted in Figure 4. The current density applied in these
experiments was 3.5mA·cm−2. At alkaline pH (10), the best
efficiencies were achieved: COD (85.9%), color (99.6%),
BOD5 (70.3%), and turbidity (99.7%). However, an addition
of NaOH was required to adjust the pH, and this could be a
disadvantage in the oxidation process.

The pH solution was an important factor for wastewater
treatment. In anodic oxidation, many reports exist on the
influence of pH solution, but the results are diverse and even
contradictory due to different organic structures and elec-
trode materials [1]. In an acidic solution, the degradation
process of azo dyes is higher than in a basic solution, as in
acidic solutions, chlorides are reduced to free chlorine, which
is a dominant oxidizing agent [6]. During all experiments,
the initial pH decreased during the treatment time
(2.3–2.75). This could be attributed to the fragmentation of
organic matter into carboxylic acids, carbonic acid, and ions
as by-products of mineralization. Figure 5 shows the behav-
ior of the conductivity during the treatment time; it increased
at the end of the process probably as a result of the mineral-
ization in the electrochemical oxidation process.

4.2.3. Degradation Mechanism. Previous research studies [41,
42] indicated that the oxidation of organics with concomitant
oxygen evolution assumes that both organic oxidation and
oxygen evolution take place on a BDD anode surface via
the intermediation of hydroxyl radicals generated from the
reaction with water shown in

BDD +H2O→ BDD OH• +H+ + e− 4
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Figure 3: Instantaneous current efficiency (ICE) for the anodic
oxidation process: 3.5mA/cm2 (●), 7.0mA/cm2 (▲), and 10mA/
cm2 (X).
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BDD OH• + R→ BDD +mCO2 + nH2O 5

Reaction (4) is in competition with the side reaction of
hydroxyl radical conversion to O2 without any participation
of the anode surface as indicated in

BDD OH• → BDD + 1
2O2 + H+ + e− 6

Textile wastewater was analyzed via infrared spectros-
copy before and after the electrochemical oxidation process,
and the spectra are shown inFigure 6. Theprincipal functional
groups found in the aqueous solution of dye were –NH–
(3305 cm−1), the C–H aromatic bond (2910 and 2845 cm−1),
–NH3

+ (2340 cm−1), aromatic –C=C– (1614 cm−1), sulfoxides
(1101 and 1022 cm−1), and C–CO–C in ketones (611 cm−1).
The spectra of oxidized water showed that the intensity of
corresponding bands to sulfoxides and secondary amines
diminished after treatment, whereas the bands of R–COOH
and O-C=O increased. In accordance with the above, the
proposed dye degradation mechanism is shown in Figure 6.

4.3. Phytoremediation with Salix babylonica

4.3.1. Textile Wastewater. After oxidation treatment, the oxi-
dized water was placed in contact with plants for 8 and 15
days, as shown in Figure 7. Parameters of the COD, color,
and turbidity were minimally reduced. However, at 15 days
of contact time, a visible reduction in color and turbidity
was noted. According to the results, the plants assimilated
better with the pollutants in the raw water than in the
oxidized water due to the structural changes that the
compounds suffered with the electrooxidation treatment.
The coupled system (electrooxidation+phytoremediation)
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yielded a reduction of the COD by 14%, color by 85%, and
turbidity by 93%.

4.3.2. Salix babylonica Biomass. The willow biomass toler-
ance was analyzed by using Minitab 15.1.20 statistic program

analysis of variance (ANOVA) to find significant differences
between treatments. As shown in Figure 8(a), significant dif-
ferences were found in the leaf numbers, leaf areas, and root
numbers among the plants that were in contact with oxidized
water for different amounts of time (P < 0 05; F = 8 20).
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Willow plants in contact with oxidized water for 60 minutes
reached a biomass close to that of the control plants. The
same behavior was observed in the pigment concentration
as shown in Figure 8(b). Willow plants tend to lose leaves
in a stressful environment, but the root system and photo-
synthetic metabolism remain.

With respect to the contact time, willow plants reduced
their photosynthetic metabolism and lost leaves at eight days

of contact time, but after this time, such plants recovered
their photosynthetic metabolism to some extent as shown
in Figure 9. This could be because willow plants became
adapted to the new environmental conditions. The mecha-
nism by which Salix babylonica decreases color and pollutant
concentration is unknown, but an increase in the concentra-
tion of chlorophylls indicates that the plant is photosynthe-
sizing and thus absorbing nutrients from wastewater.
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Furthermore, the adsorption of contaminants in plant roots
has been documented [20]. The results may indicate that
the willow phenotype of the western region is characterized
by very dense foliage and root system, by genetics, or by
environmental influence, but in terms of photosynthetic
metabolism, they are the same as the willows of the other
regions (Figure 10).

5. Conclusions

Textile wastewater composition was favorable for carrying
out electrochemical oxidation due to the high salt content.
All experiments were carried out at the original pH (5.23),
and it was determined that if the current density was
increased, the removal efficiency increased. However, the
current efficiency decreased during this process. For this rea-
son, the lower current density was chosen (3.5mA/cm−2) as
optimal. The infrared spectroscopy of the wastewater before
and after electrooxidation showed a degradation of dye.
The proposed degradation mechanism showed carboxylic
acids and sulfates as degradation products. In the coupled
system, a reduction of the COD was decreased by 14%, color
by 85%, and turbidity by 93%. The biomass and pigment of

willow Salix babylonica demonstrated that this species has
the ability to adapt to adverse conditions very quickly.
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The purpose of this study was to evaluate the efficiency of removal of suspended solids in terms of turbidity, color, and chemical
oxygen demand (COD) when integrating the electrocoagulation process using aluminum sacrificial anodes and the sand
filtration process as a pretreatment of wastewater from the chocolate manufacturing plant in Toluca, México. Wastewater from
the chocolate manufacturing industry used in this study is classified as nontoxic, but is characterized as having a high content of
color (5952± 76 Pt-Co), turbidity (1648± 49 FAU), and COD (3608± 250mg/L). Therefore, enhanced performance could be
achieved by combining pretreatment techniques to increase the efficiencies of the physical, chemical, and biological treatments.
In the integrated process, there was a turbidity reduction of 96.1± 0.2% and an increase in dissolved oxygen from 3.8± 0.05mg/
L (inlet sand filtration) to 6.05± 0.03mg/L (outlet sand filtration) after 120min of treatment. These results indicate good water
quality necessary for all forms of elemental life. Color and COD removals were 98.2± 0.2% and 39.02± 2.2%, respectively,
during the electrocoagulation process (0.2915mA/cm2 current density and 120min of treatment). The proposed integrated
process could be an attractive alternative of pretreatment of real wastewater to increase water quality of conventional treatments.

1. Introduction

Chocolate has a uniquely attractive taste and might even be
beneficial for health. The popularity of this food appears to
be mainly due to its potential to arouse sensory pleasure
and positive emotions. Chocolates are complex multiphase
systems of particulate (sugar, cocoa, and certain milk compo-
nents) and continuous phases (cocoa butter, milk fat, and
emulsifiers) [1]. The industrial chocolate manufacturing pro-
cess consists of the following steps: cocoa collection, cleaning,

fermentation, drying, roasting, grinding, pressing, spraying,
and mixing, during which a large amount of water is used
[2]. The wastewater in the chocolate manufacturing industry
contains no hazardous ingredients, but it has a high content
of color, total solids (TS), biochemical oxygen demand
(BOD), and chemical oxygen demand (COD) [3].

The selection of treatment method is mainly based on
the composition of the wastewater. Various treatment
methods like (a) biological process, namely, anaerobic and
aerobic; (b) physicochemical treatment, namely, adsorption,
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membrane process, reverse osmosis, and coagulation/floc-
culation; and (c) oxidation processes, namely, ozone and
Fenton, have been used for the treatment of industrial
wastewater [4]. The aerobic process involves the use of free
or dissolved oxygen by microorganisms (aerobes) in the
conversion of organic wastes to biomass and CO2. In the
anaerobic process, complex organic wastes are degraded
into methane, CO2, and H2O through three basic steps
(hydrolysis and acidogenesis including acetogenesis and
methanogenesis) in the absence of oxygen [5]. Although
the biological method is widely applied for the treatment
of wastewater, too many disadvantages tend to focus on
other technologies: the need for longer aeration times,
requirement of large land areas, high energy demand,
excess sludge production, and microbial inhibition due
biomass poisoning [6]. The physicochemical treatment
processes are effective for the treatment of industrial waste-
water and are quick and compact but are not generally
employed due to the associated high chemical and opera-
tional costs as well as complex sludge generation [7, 8].
Oxidation processes generate and use mainly hydroxyl rad-
icals to oxidize the organic compounds. HO• has a high
oxidation or standard reduction potential (2.8V) [9]. The
main characteristics of HO• are as follows: it is short-lived,
it is simply produced, it is a powerful oxidant, it has an
electrophilic behavior, it is ubiquitous in nature, it is highly
reactive, and it is practically nonselective. It reacts with a
wide variety of organic compound classes, producing
shorter and simpler organic compounds, or in case of full
mineralization [10]. Nevertheless, some researchers have
reported that these processes were highly not effective for
industrial application [11]. Decolorization through chemi-
cal treatment with ozone, Fenton’s reagent, and H2O2/UV
leads to color reduction due to breaking of the conjugation
and or bonds in chromophoric groups. In addition, the
formation of potentially toxic oxidation intermediates may
occur; therefore, these are not preferred solutions [4].

Due to the complexity of chocolate manufacturing plant
wastewater, in which pollutants may be suspended, emulsi-
fied, or dissolved, electrocoagulation (EC) represents an
interesting alternative for water remediation, providing com-
parable results with even some advanced oxidation processes
in the removal of persistent compounds from pharmaceutical
and food industrial effluents [12, 13]. Among the advantages
of an EC process, the following can be highlighted: nonspeci-
ficity, similar treatment for drinking water and wastewater,
low dosage of chemical reagents, low operating costs, low
sludge production (compared to traditional chemical coagu-
lation), absence of moving parts in the reaction setup, and
low power consumption if solar energy is used [14]. From a
practical point of view, EC must be considered a parallel
mechanism that includes charge neutralization and adsorp-
tion. At the beginning of the process, realized ions destabilize
the system forming metal hydroxide complexes that aggre-
gate suspended particles (flocs) and adsorb dissolved parti-
cles [15, 16]. In addition to the above, at the cathode, gas
formation takes place allowing floc floatation. The electri-
cal corrosion of metal in the sacrificial electrode and the
formation of hydroxyl anion are the essential reactions in

any EC process [17]. The floc formation is a complex pro-
cess; according to the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, aggregates depend on interaction forces
(van der Waals) and double-layer forces [18].

It is well known that iron and aluminum are the pre-
ferred materials to be used as sacrificial anodes. For iron,
anode oxidation could lead to either ferrous or ferric ion
formation; however, low solubility of Fe3+ ions suggests
the release of Fe2+ ions, which are oxidized to ferric ions
due to pH and dissolved oxygen concentration. For alumi-
num, anode oxidation leads to Al3+ ion formation. In both
cases, the subsequent formation of hydroxide compounds
induces the presence of monomeric and polymeric amor-
phous species that trap colloidal particles and promote
the soluble pollutant adsorption [14]. Both metals are fine
as construction materials for sacrificial electrodes, but for
economics, iron has a slight advantage: it is nontoxic,
meaning it can be used for drinking water, and it has a
lower price. Otherwise, there are many studies that report
the effectiveness of aluminum anodes in the EC process
for emerging contaminants [17, 19, 20].

Sand filters are a natural medium that can be used as a fil-
ter for wastewater treatment. It displays two roles: the reten-
tion of solids and biomass fixation that could be developed
on the granular material and the biodegradation of organic,
phosphorus, and nitrogenous pollutants [21–23]. For disin-
fection of wastewater reuse, the turbidity and suspended
solids must be reduced to prevent the hiding of pathogens
and organisms that hide behind these solids. Currently, the
most widely used process to remove residual TSS (total sus-
pended solids) is treated effluent filtration [24, 25]. The main
mechanisms contributing to the removal of suspended solids
in sand filters are cast [22, 26]. This has been identified as the
major operating mechanism for the removal of suspended
solids during filtration of secondary effluent from processes
and biological treatments. Perhaps, other mechanisms, such
as interception, impact, and adhesion, are operational,
although its effects are minor and mostly marked by the
action of casting [27–30].

The purpose of this study is to evaluate the efficiency of
integrated electrocoagulation and sand filtration processes
as a pretreatment of wastewater from the chocolate
manufacturing plants in terms of turbidity, color, and chem-
ical oxygen demand (COD).

2. Materials and Methods

2.1. Sampling. The wastewater samples used in this study
were collected at the effluent of an industrial chocolate
manufacturing plant, preserved, and analyzed according
to the standard methods for conventional characterization
APHA/AWWA/WEF [31]. The electrocoagulation and fil-
tration were monitored for turbidity, color, and COD, as
well as pH variation. A UV-VIS spectrum of the effluent
was done on a PerkinElmer Lambda 25 UV/VIS Spectro-
photometer (USA). Color and turbidity were monitored
at 465 and 860 nm wavelengths, respectively, using a Hach
DR/4000U 110 spectrometer. COD was analyzed by the
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closed reflux colorimetric method (Method 5220 D;
according to APHA) [31].

2.2. Electrocoagulation Process. Electrocoagulation was
carried out in a laboratory-scale batch reactor; two rectangu-
lar commercial aluminum plates (99.3wt% Al) served as
anode and cathode. The anodic and cathodic active surface
area was 343 cm2 immersed in wastewater with 0.1372 1/cm
of the SA/V ratio. A DC power source supplied the system
with 0.1A, corresponding to 0.2915mA/cm2 current density
which was kept for 120min. Electrocoagulation was
performed without additional electrolyte (750 μS/cm
conductivity in wastewater). The electrodes were connected
to a digital DC power supply (GW Instek GPR-1820HD,
0–18V; 0–20A, China). Twenty-five mL of sample was
taken every 30min during the 2 h electrocoagulation process.
The efficiency of EC was evaluated by measuring the turbid-
ity, color, and chemical oxygen demand (COD) [32].

2.3. Filtration Process. Two horizontal conventional down-
flow filters (sand filter A and sand filter B) installed in parallel
were used for the filtration process; the filter media of each
filter included two beds composed of gravel 1/4× 1/8
(24 cm) and gravel 1/8× 1/16 (51 cm), each filter measuring
168 cm in length and 15 cm in diameter. The effective size
for each filter was 0.71mm. In the bottom of each filter,
gravel particles (3/4× 1/2) were placed to support upper
layers. The filtration process was carried out after completing
the electrocoagulation process, as shown in Figure 1. At the
filter outlet, turbidity and dissolved oxygen (DO) were mon-
itored. Filtration experiments were performed without
recirculation.

The removal efficiency was calculated using

Y % = y0 – y
y0

, 1

where Y is the removal efficiency of turbidity/color/COD and
y0 and y correspond to the initial and final values of a deter-
mined parameter, respectively.

3. Results and Discussion

Table 1 presents the initial physicochemical parameters of
wastewater from the chocolate manufacturing process. The
wastewater contained pollutants, which were reflected in
high levels of COD, due to ingredients used in chocolate
manufacturing such as cocoa bean, chocolate liquor obtained
from the broken beans that are ground, cocoa butter obtained
from the broken-down cell walls, sugar, and emulsifiers in
conjunction with the waste from the processes of cleaning,
fermentation, drying, roasting, grinding, pressing, spraying,
and mixing [1, 33]. The color and turbidity values obtained
are harmful to aquatic life, obstructing light penetration in
the water, inhibiting thus the photosynthesis-based biological
processes [31]. The pH was about 7.5, which was basically a
neutral pH environment. Contaminants all achieved maxi-
mum removal in this pH condition [30]. Therefore, the fol-
lowing tests were performed using the raw water without
pH adjustment, in agreement with previous studies, where

the wastewater was used directly for electrocoagulation
experiments [34].

3.1. Electrocoagulation Process Efficiency. After 120min of
treatment, the reductions in turbidity, color, and COD for
the electrocoagulation process were 87.8± 0.6%, 98.2
± 0.2%, and 39.02± 2.2%, respectively (Figure 2). The exper-
iments were repeated three times to verify the reproducibility
of the results; in any experiment, the values of the coefficient
of variation were no higher than 5%, indicating that recol-
lected data have an statistical acceptance criteria. Zhao et al.
carried out EC experiments as a pretreatment applied to
wastewater containing oil, grease, and other inorganic con-
taminants; their results showed a removal of 93.8% in turbid-
ity under the following conditions: 5.56mA/cm2 of current
density and 30min of reaction time [34]. Regarding color
removal, Ricordel and Djelal obtained a removal of 80% after
EC treatment of landfill leachate, although not the same sub-
strate; this had high levels of organic matter, refractory com-
pounds, inorganic contaminants, and color [32]. In addition,
an efficiency greater than 32% was obtained for Farhadi et al.
by comparing electrocoagulation (1.83mA/cm2 of current
density and 30min of time reaction) and an advanced oxida-
tion process during pharmaceutical wastewater treatment
[35]. The removal of turbidity, color, and COD is attributed
to sweep flocculation [34]. In the EC process, coagulating
ions are produced in situ, involving three successive stages:
(i) formation of coagulants by electrolytic oxidation of the
sacrificial electrode of Al; (ii) destabilization of the contami-
nants, particulate suspension, and breaking of emulsions;
and (iii) aggregation of the destabilized phases to form flocs.
Al gets dissolved from the anode, generating corresponding
metal ions that almost immediately hydrolyze to polymeric
aluminum oxyhydroxides [4, 36]. These polymeric oxyhydr-
oxides are excellent coagulating agents. When aluminum
electrodes in the EC process are used as anode and cathode,
the main reactions at the anode are as follows:

Al→Al3+ + 3e− 2

Also, oxygen evolution can compete with aluminum dis-
solution at the anode via

2H2O→O2 g + 4H+ + 4e− 3

At the cathode, hydrogen evolution takes place via the
following reaction, assisting in the floatation of the floccu-
lated particles out of the water:

3H2O + 3e− → 3
2 H2 + 3OH− 4

At high pH values, OH− generated at the cathode during
hydrogen evolution may attack the cathode by the following
reaction [18, 37]:

2Al + 6H2O + 2OH− → 2Al OH 4
− + 3H2 g 5

Al3+ and hydroxyl ions are generated by electrode
reactions as shown in (2), (4), and (5) to form various
monomeric-polymeric species transformed initially into
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Al(OH)3(s) and finally polymerized to Aln(OH)3n ((6) and
(7)) in the solution [32, 37–39]:

Al3+ + 3H2O→Al OH 3 s + 3H+ 6

nAl OH 3 →Aln OH 3n 7

Since the electrocoagulation process is based on removal
of the colloidal/particulate COD fraction of wastewater, the

low efficiency of COD obtained in this process is attributed
to the soluble COD fraction in raw wastewater [40].

3.2. Filtration Process Efficiency. As shown in Figure 3, the
turbidity after the filtration processes was lower than the ini-
tial turbidity, which was 1648± 49 FAU in raw wastewater;
turbidity removals (%) reached were 95.98± 0.1 and 96.10
± 0.2 for filters A and B, respectively. The turbidity removal
was due to the working-in stage (characterized by a rapid
decrease in effluent turbidity) and working stage (the effec-
tive stage of filtration giving satisfactory effluent quality)
[30]. Similar results were obtained by Ramadan, whose
results reached 98.05% removal of total suspended solids
(TSS) using nonconventional sand filters (TiO2 was added

Raw wastewater

Electrocoagulation process

Sand filter A Sand filter B

Figure 1: Flow chart used in this study.

Table 1: Initial and final physicochemical parameters from treated wastewater.

Raw wastewater Treated wastewater
% Removal in the integrated process

Parameter Value Units Parameter Value Units

COD 3608± 250 mg/L COD 2200± 11 mg/L 39.02± 2.2
Color 5952± 76 Pt-Co Color 101± 17 Pt-Co 98.2± 0.26
Turbidity 1648± 49 mg/L Turbidity 64± 5 mg/L 96.1± 0.2
pH 7.4± 0.06 pH 9.11± 0.03
Conductivity 750± 28 μS/cm Conductivity 520± 9 μS/cm

Energy consumption 0.32 kWh/m3
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Figure 2: Contaminant removal efficiency in wastewater treated
after the electrocoagulation process at a current density of
0.2915mA/cm2: turbidity (■), color (□), and COD (●).
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Figure 3: Turbidity removal efficiency in treated wastewater.

4 International Journal of Photoenergy



to the sand filter) in reducing pollutants from wastewater
[41]. Finally, Achak et al. obtained results of 90% turbidity
removal from olive mill wastewater generated by the olive
oil extraction process [42]. After electrocoagulation, sand fil-
tration could remove flocs by attaching them to the sand
grain to improve the removal of turbidity from 87.80% in
the EC process to 99.10% after filtration obtained an increase
by 11.40%; a statistical test was performed, determining that
a statistically significant difference exists between both pro-
cesses (p value = 0 018).

The concentration of dissolved oxygen in the inlet of each
sand filter increased from 3.8± 0.05mg/L to 6.05± 0.01mg/L
after the filtration process during the 120min experiment
(Figure 4). The oxygenation of sand filters is due to the gas-
eous exchange between the atmosphere and the interstices
of sand in the surface of the filter. These results are good
because adequate dissolved oxygen is needed for good water
quality and is necessary for all forms of elemental life.

3.3. UV/VIS Spectra of the Treated Wastewater. The
spectrum for the raw wastewater (Δ) presented a baseline
with one absorbance peak at 290 nm, which was associated
with the contaminants in this matrix (3608± 250mg/L

COD). For 120min of reaction, treated wastewater by an
electrocoagulation-filtration-coupled process (▬) showed
the highest efficiency in removing turbidity, color, and
COD together with a decrease in the baseline and in the
absorbance peaks, as shown in Figure 5. The removal of
contaminants (initial DQO = 3608 ± 250mg/L and final D
QO = 2200 ± 11mg/L) was indicated by the decrease in
the absorption band at 290nm and baseline [43].

4. Conclusions

Removal of contaminants was efficient by integrating electro-
coagulation and filtration processes as a pretreatment of
wastewater from chocolate manufacturing plants, which
was reflected in increased removal percentages of turbidity
and color and an increase in dissolved oxygen after the inte-
grated filtration processes.

UV/VIS spectra intensity decreased between raw and
treated wastewater, indicating the removal of pollutants in
the integrated process.

The EC process removed the colloidal/particulate COD
fraction in raw wastewater; however, the remaining COD
due to the soluble COD fraction was not removed in the
integrated process.
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TiO2 nanotubes were synthesized by alkaline hydrothermal treatment of TiO2 nanoparticles with a controlled proportion of anatase
and rutile. Tailoring of TiO2 phases was achieved by adjusting the pH and type of acid used in the hydrolysis of titanium
isopropoxide (first step in the sol-gel synthesis). The anatase proportion in the precursor nanoparticles was in the 3–100%
range. Tube-like nanostructures were obtained with an anatase percentage of 18 or higher while flake-like shapes were obtained
when rutile was dominant in the seed. After annealing at 400°C for 2 h, a fraction of nanotubes was conserved in all the samples
but, depending on the anatase/rutile ratio in the starting material, spherical and rod-shaped structures were also observed. The
photocatalytic activity of 1D nanostructures was evaluated by measuring the deactivation of E. coli in stirred water in the dark
and under UV-A/B irradiation. Results show that in addition to the bactericidal activity of TiO2 under UV-A illumination,
under dark conditions, the decrease in bacteria viability is ascribed to mechanical stress due to stirring.

1. Introduction

TiO2 nanomaterials are well-studied and commonly used
photocatalysts for the degradation of organics, water split-
ting, and solar cells, among others [1–4]. In the last years,
several approaches were explored to increase the photoef-
ficiency of TiO2, with the modification of the particle
morphology and dimensionality being one of the newest
[5]. One-dimensional (1D) nanostructures such as nano-
tubes, nanorods, nanowires, and nanobelts have attracted
great attention because of their unique properties that
may be beneficial for photocatalysis: (i) enhanced light
absorption due to the high length/diameter ratio, (ii) rapid
and long-distance electron transport capability, (iii) large
specific surface area, and (iv) ion exchange ability [6]. Hydro-
thermal treatment of TiO2 particles in alkaline solutions is

one of the simplest and cheapest techniques to produce
1D-layered titanate structures. The hydrothermal synthesis
of TiO2 nanotubes involves several steps where the structure
of the TiO2 precursor changes completely.

Results obtained in our laboratories show that 1D TiO2
nanostructures display photocatalytic activity for dye degra-
dation [7]. Although its performance as a photocatalyst is
not as good as other industrially produced TiO2, this form
of TiO2 can be easily recuperated from the solution.

Furthermore, since 1985 when Matsunaga et al. [8]
published the first report of the photocatalytic biocide effects
of TiO2 under metal halide lamp irradiation, there has been
increasing interest in photocatalytic disinfection. Use of
TiO2 nanoparticles in suspension is an efficient method for
decontamination due to the large surface area of catalysts
available to perform the reaction. It has, however, some
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drawbacks before its scaling at the industrial level; for
example, the necessity of removing the catalyst from the
solution after decontamination using filtration increases the
cost and time of the cleaning process [9].

In this sense, considering the advantages that our 1D
TiO2 nanostructures are more easily filterable than nanopar-
ticles and can be easily removed from solutions—in addition
to the fact that the efficiency of 1D TiO2 as bactericide under
UV-A irradiation was only briefly explored—in this work, we
assess the photocatalytic activity of 1D TiO2, obtained from
nanoparticles with a controlled proportion of anatase and
rutile made by the sol-gel method, for E. coli ATCC 25922
in water.

2. Materials and Methods

2.1. Materials. Titanium isopropoxide purity 98%, hydro-
chloric acid fuming 37%, nitric acid 65%, and pure sodium
hydroxide pellets were purchased from Merck. All reagents
were used as received.

2.2. Synthesis of TiO2 Nanostructures. TiO2 nanoparticles
(TiO2 NPs) were synthesized by the sol-gel method (SG).
Titanium isopropoxide was added drop by drop to vigorously
stirred HNO3 or HCl solutions at pH0.5, 0.8, and 1.0.
Suspensions were heated at 70°C for 2 h, autocleaved in a
stainless-steel chamber at 220°C for 12 h, washed by centrifu-
gation, and dried at 60°C.

1D TiO2 nanostructures were synthesized by hydrother-
mal treatment of 1 g TiO2 NPs obtained by the sol-gel
method in 40mL of 10M NaOH at 130°C for 24 h. After
hydrothermal treatment, the obtained white powder was vac-
uum filtered, washed with HCl solution for ionic exchange,
and then washed with distilled water until a neutral pH was
reached. Finally, the samples were annealed at 400°C for 2 h
to crystallize the material.

The obtained nanostructures were characterized by X-ray
diffraction (XRD) in a Rigaku diffractometer using Cu Kα
radiation (λ = 1 54056Ãƒâ€¦). The morphology was stud-
ied by field emission scanning electron microscopy (FE-
SEM SUPRA 40, Carl Zeiss) and high-resolution transmis-
sion electron microscopy (HRTEM) using a JEOL JEM-
2010F transmission electron microscope operating at
200 kV. TEM samples were prepared by dispersing a small
amount of the sample in ethanol with the help of an ultra-
sonic bath. Small droplets of the freshly prepared dispersion
were placed onto a copper grid covered with carbon to
improve the conduction of the electrons.

2.3. Assessment of Photocatalytic Activity of TiO2 Nanoparticles
and 1D TiO2 Nanostructures against Escherichia coli in
Water. The photocatalytic activity for water disinfection
was tested using E. coli ATCC 25922. Experiments were
performed in a batch reactor, with illumination from above
using an Ultra-Vitalux 300W lamp (30W/m2) and, under
dark conditions, containing 100mL aqueous solution with
107 CFU/mL bacteria. 1.0mL aliquots were collected after
0, 20, 40, and 60min irradiation. Aliquots were diluted
1 : 10 with sterile water to fit in the range 10–500CFU/mL.

1.0mL samples of the final dilutions were vacuum filtered
through a sterile filter; this results in all bacteria present in
the water being retained on the filter. Finally, the filters were
placed onto a paper pad soaked in “membrane lauryl sul-
phate broth” (Oxoid MM0615), which feeds E. coli bacteria
but inhibits the growth of any other bacteria. The bacterial
concentration was determined by counting after 18 h incu-
bation at 37°C.

TiO2 nanoparticle samples were codified with C or N (for
samples made with HCl and HNO3, resp.) accompanied by
0.5, 0.8, and 1.0, depending on the pH used in the sol-gel
synthesis. In a similar way, 1D TiO2 nanostructures were
codified adding 1D to the nanoparticle code (e.g., N0.5 refers
to TiO2 nanoparticles obtained with HNO3 in pH0.5, and
N0.5-1D refers to a one-dimensional TiO2 nanostructure
obtained for N0.5) resulting in twelve samples.

2.4. Assessment of Stirring in Bacteria Viability. In order
to evaluate the mechanical stirring effect in bacteria via-
bility, E. coli ATCC 25922 were tested in the dark under
stirring (100 rpm) and without stirring at room tempera-
ture (20°C). 1.0mL aliquots were collected after 0, 20, 40,
and 60min stirring.

3. Results and Discussion

3.1. 1D TiO2 Nanostructures Prepared from Seeds Presenting
Tailored TiO2 Crystalline Phases. Figure 1 shows FE-SEM
images of TiO2 nanoparticles obtained by the sol-gel method
(SG-TiO2 NPs) using HNO3 and HCl as catalysts in the acid
hydrolysis reaction of titanium isopropoxide (pH = 0 5, 0.8,
and 1). At pH1, regardless of the acid, the images show
spherical nanoparticles with average diameters of about
15 nm and 13nm, with HNO3 and HCl, respectively. Polyhe-
dral structures (60–100nm) were observed when the pH
decreased to 0.8, and octahedral structures with edges of
about 140nm were obtained with HCl at pH0.5.

XRD patterns (Figures 2(a) and 2(b)) show that the
crystalline structures correspond mainly to anatase when
acidic solutions with pH1 were used with both catalysts.
Both anatase and rutile were observed with acidic solutions
at pH0.8 and 0.5; a small amount of brookite was detected
in most cases. The amount of rutile increased as the pH
decreased, and it was the dominant phase when HCl at
pH0.5 was used. The small peak for brookite disappears in
this case.

The average crystallite size for anatase and rutile (Danatase
and Drutile, resp.), the anatase content, Ap, estimated with the
Spurr-Myers equation [10] from the main diffraction peaks,
and the pH of the acidic solution (HNO3 and HCl) are shown
in Table 1.

Figure 3 shows the morphology, by FE-SEM, of the
1D nanostructures obtained after alkaline hydrothermal
treatment of the sol-gel TiO2 nanoparticles presented in
Figure 1 and Table 1. In the case of SG-TiO2 synthesized with
HNO3, the particles displayed a tube-like shape, with an
average diameter of 11± 1nm in different anatase contents
within 18% to 100%, respectively. On the other hand, using
as precursor SG-TiO2 synthesized with HCl acid, flake-like
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particles were identified together with tube-like structures.
The proportion of flake-shaped particles increased as the
pH decreased.

After the annealing process at 400°C for 2 h, TEM images
(Figure 4) show nanotube structures in all the samples;
depending on the seed material, some spherical and rod-
shaped structures were also present. It can be seen that a
sintering-like process took place during the annealing and
that, as a consequence, bundles of tube-like structures and
cracked structures were produced.

Tube-like structures seemed to be best conserved when
obtained from TiO2 nanoparticles with 56% of anatase, syn-
thesized with HNO3. When seed material with lower anatase
content (~18%) was employed, large and irregular particles
measuring about 80nm were accompanying the nanotube
structures. These might be rutile seed aggregates that could
not react in the hydrothermal treatment because of their
large particle size. In contrast, needle-like shapes and nano-
tubes turning to nanorods were observed when anatase-
rutile TiO2 nanoparticles synthesized with HCl were used
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Figure 2: XRD patterns from sol-gel TiO2 nanoparticles with a range of crystalline phases obtained with (a) HNO3 and (b) HCl at pH= 0.5,
0.8, and 1.0. (A = anatase; R = rutile; B = brookite).

Table 1: Crystallite size, Danatase or Drutile, and anatase proportion,
Ap, of the SG-TiO2 powders prepared at the indicated pH using
HCl or HNO3 acid solutions.

Catalyst pH Danatase (nm) Drutile (nm) Ap

HNO3

0.5 9.4± 0.2 26.8± 0.2 0.18

0.8 7.4± 0.2 29.0± 0.2 0.56

1 9.0± 0.2 — 1

HCl

0.5 — 29.7± 0.2 ~0.03
0.8 9.5± 0.2 25.9± 0.2 0.39

1 9.8± 0.2 — 1

pH = 0.5 pH = 0.8 pH = 1.0

HNO3

HCl

Figure 1: FE-SEM images of TiO2 nanoparticles obtained from the sol-gel method using HNO3 and HCl as catalysts of the titanium
isopropoxide hydrolysis reaction (pH = 0 5, 0.8, and 1.0, from left to right, resp.).
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as seed materials. It must be mentioned that, because of the
lack of homogeneity in the samples, it is difficult to represent
the final TiO2 structure in a single TEM image; the pictures
shown represent the most typical structure in each sample.

The XRD analysis of the samples after hydrothermal
treatment (Figure 5(a)) shows that the crystalline structure
of the seed material changed and displayed peaks around
2θ = 10, 24.5, 28.4, and 48.3°. These peaks represent the
diffraction of sodium titanate with the chemical formula
Na2TinO2n+1 (n = 3, 6, and 9). This is observed for samples
where the anatase content in the seed material was higher
than 55%. In other cases, rutile was also present as shown
by the reflection peaks around 2θ = 27 5, 36.1, 41.5, 54,
and 56°, corresponding to the (110), (101), (111), (211),
and (220) planes in agreement with JCPDS No. 21-1276.
This confirms that part of the rutile seeds could remain
unreacted after the hydrothermal treatment. After the acid

treatment, the features corresponding to titanates almost
disappeared, leaving those of the rutile TiO2 polymorph
(not shown).

After the annealing process (Figure 5(b)), a mix of
anatase and rutile was observed for samples whose seed had
a rutile content larger than 60%. Only peaks corresponding
to anatase TiO2 were observed for samples with anatase
higher than 56% in seed. This suggests that when rutile was
the dominant phase in the seed material, a portion of it
remained unreacted, probably because of the large crystallite
size of rutile (~28 nm), compared with the anatase crystallite
size (~9nm). The conditions of the hydrothermal treatment
seem insufficient to carry out the dissolution-precipitation
process that would be involved in the transformation of
TiO2 to sodium titanate, followed by proton exchange to
produce hydrogen titanate and, finally, crystallization to
anatase after thermal treatment. On the other hand, it can

pH = 0.5 pH = 0.8 pH = 1.0

HNO3

HCl

Figure 3: FE-SEM images of 1D TiO2 nanostructures obtained from SG-TiO2, prepared with HNO3 or HCl at pH = 0 5, 0.8, and 1, after 24 h
of hydrothermal treatment.

pH = 0.5 pH = 0.8 pH = 1.0

HNO3 10
nm

20 nm20 nm

6.5 nm

7.5 nm

20 nm

8.5 nm

HCl

5 nm

6.4 nm9.5 nm
0.85 nm

8.5 nm

5 nm

10 nm

5 nm

Figure 4: TEM images of 1D TiO2 nanostructures obtained from SG-TiO2, prepared with HNO3 or HCl at pH = 0 5, 0.8, and 1.0, after
annealing process (400°C/2 h).
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be noted that the seed material obtained with HCl produced
samples with the best crystallinity, as the X-ray reflections
were well defined, compared to those obtained with HNO3.

3.2. Assessment of the Photocatalytic Activity of TiO2
Nanostructures for Escherichia coli in Water. Bacteria via-
bility under the stirring process was determined by colony
counting after 24 h of incubation. The results showed that
the stirring process affects in 1, 3, and 5% (gradually for

20, 40, and 60 minutes, resp.). The assays without stirring
were not performed because it was not possible to obtain a
homogeneous bacteria distribution.

The effect of stirring in the presence of SG-TiO2
nanoparticles and their corresponding 1D TiO2 nano-
structures against E. coli was evaluated in the dark and under
UV-A/B irradiation. As shown in Figure 6, considering that
the initial E. coli concentration was 1× 107 CFU/mL, the
presence of TiO2 nanoparticles and nanotubes under stirring
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Figure 5: XRD patterns of 1D nanostructures obtained after 24 h of hydrothermal treatment of SG-TiO2 NPs (a) and the products obtained
after the final annealing process at 400°C for 2 h (b). The anatase contents in seeds were (A) ~100% (HNO3, pH = 1), (B) ~100% (HCl, pH = 1),
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Figure 6: E. coli bacteria viability under stirring condition in (a) the dark and (b) under UV-A/B irradiation in the presence of TiO2
nanoparticles and nanotubes.
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conditions in the dark produced a diminution of bacteria
viability of around two orders of magnitude (105CFU/mL).
It is ascribed to mechanical stress produced by the stirring
process.

Also, as is reported in other studies [11], the photolysis is
present in our experiments. It contributes to a decrease in
bacteria viability at three orders of magnitude. The bacteri-
cidal activity of TiO2 nanostructures is similar to the photol-
ysis in consequence; the catalyst plus irradiation can decrease
bacteria viability until five orders of magnitude. However, no
major difference was observed for the bactericidal effect of
nanoparticles and one-dimensional TiO2 nanostructures.
The latter have an important advantage since 1D TiO2 nano-
structures can be easily removed from solutions.

4. Conclusions

In summary, TiO2 anatase 1D nanostructures, with different
shapes such as tube- and rod-like shapes, were synthesized by
hydrothermal treatment of seeds controlling the anatase-
rutile proportion. The synthesized 1D TiO2 nanostructure
was effectively used for photocatalytic abatement of E. coli
in water. Although the 1D TiO2 nanostructures have a simi-
lar photocatalytic activity than the nanoparticles have, the
use of one-dimensional TiO2 nanostructures has an impor-
tant advantage since the 1D TiO2 nanostructure can be easily
removed from solutions and could be reusable avoiding the
necessity of use filtration that increases the cost and time of
the cleaning process.
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The synthesis of Bi-modified TiO2 thin films, with different Bi contents, is reported. The obtained materials were
characterized by energy-dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy
(RS), X-ray diffraction (XRD), photoluminescence (PL), and diffuse reflectance spectroscopy (DRS), in order to obtain
information on their chemical composition, vibrational features, and optical properties, respectively. Compositional
characterization reveals that the bismuth content can be varied in an easy way from 0.5 to 25.4 at. %. Raman results
show that the starting material corresponds to the anatase phase of crystalline TiO2, and Bi addition promotes the
formation of bismuth titanates, Bi2Ti2O7 at Bi contents of 10.4 at. % and the Bi4Ti3O12 at Bi contents of 21.5 and 25.4 at.
%. Optical measurements reveal that the band gap narrows from 3.3 eV to values as low as 2.7 eV. The photocatalytic
activity was tested in the degradation reaction of the Malachite Green carbinol base dye (MG) as a model molecule under
simulated sunlight, where the most relevant result is that photocatalytic formulations containing bismuth showed higher
catalytic activity than pure TiO2. The higher photocatalytic activity of MG degradation of 67% reached by the
photocatalytic formulation of 21.5 at. % of bismuth is attributed to the presence of the crystalline phase perovskite-type
bismuth titanate, Bi4Ti3O12.

1. Introduction

Pollution in wastewaters is one of the most important envi-
ronmental topics nowadays due to the increasing necessity
of human beings of clean water. Some dyes in wastewaters
are considered pollutants and, in most cases, are considered
toxic to humans and other living organisms, even when they
are present in low quantities. Several processes have been
proposed to remove or degrade these pollutants from waste-
waters; particularly, the photocatalysis is currently consid-
ered a promising alternative to remove dyes from water in
an efficient way. Photocatalysis is an advanced oxidation
technology (AOT), based on physicochemical processes that

produce changes in the chemical structure of the organic
compounds including their mineralization. AOT processes
are based on the generation and the use of highly reactive oxi-
dizing species, such as the hydroxyl (OH•), hydroperoxyl
(•OOH), and superoxide radicals (O2

•), which are reactive
sites towards degradation of organic compounds until their
complete mineralization [1]. Among the photocatalytic
materials, titanium dioxide (TiO2) has been the most used
because of its specific properties, such as resistance to
chemical corrosion, nontoxic, and inexpensive, and its high
photoactivity with UV radiation. However, TiO2 has two
important drawbacks; the first one is that it is activated only
by ultraviolet light, due to its relatively high band gap energy
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of 3.2 eV for the anatase crystalline phase. The second one is
the high recombination rate of the photogenerated electron-
hole pairs that reduce its efficiency [2]. Several strategies have
been proposed to improve the photocatalytic activity of TiO2
such as doping it with metals and nonmetals, as well as the
use of mixtures of the two main TiO2 crystalline phases,
anatase and rutile [3, 4]. Coupling of semiconductors has
been also considered as an alternative route to develop high
efficient photocatalytic materials that can compensate the
disadvantages of the individual components inducing syner-
gistic effects such as efficient charge separation, band gap
narrowing, and consequently improvement of their photo-
catalytic performance. Therefore, the development of visible
light-driven coupled photocatalysts is currently of great
interest. Particularly, bismuth oxide (α-Bi2O3) has been
reported as an efficient photocatalyst due to its unique struc-
ture and band gap energy close to 2.8 eV which makes it
active in the visible region of the electromagnetic spectrum
[5, 6]. Several studies have reported that the system formed
by mixtures of TiO2 and Bi2O3 can result in the formation
of different crystalline phases of bismuth titanates (Bi4Ti3O12
and Bi12TiO20) depending on the proportion of TiO2 and
Bi2O3 [7, 8]. It is worth mentioning that the photocatalysts
based on Bi12TiO20 [9] and Bi4Ti3O12 [10] crystals have been
tested in the photodecolorization of methyl orange under UV
irradiation showing high photocatalytic activity, similar in
both cases. The aim of this work is to investigate the degrada-
tion of the Malachite Green dye (MG), carbinol base, under
visible light irradiation, using a simulated sunlight source,
in an attempt to correlate the photocatalytic activity of
titanium oxide modified with different amounts of Bi2O3
with their physicochemical properties in particular; the
band gap energy, the microstructure, and the electron-hole
recombination rate.

2. Experimental

2.1. Bi-Modified TiO2 Thin Films. The precursor solutions
were prepared by the sol-gel technique. Titanium isoprop-
oxide (Ti[OCH(CH3)2]4, Aldrich 97%), nitric acid (HNO3,
Fermont 70%), 2-propanol (CH3CHOHCH3, Fermont
99.8%), bismuth nitrate pentahydrate (Bi(NO3)3∙5H2O, J.T.
Baker) were used as precursors. A sol was prepared under
environmental conditions mixing 10mL of 2-propanol with
1mL of titanium isopropoxide, stirred for 1 h. Bismuth
nitrate pentahydrate was added slowly under stirring to
obtain theoretical amounts of 0, 5, 30, 50, 70, and 80wt. %
of Bi2O3. 1mL of nitric acid was added drop to drop to
induce gelling as a variant of the sol-gel technique reported
before [11]. The sol was sonicated in an ultrasonic bath
during 5min and aged for 12 h to obtain an incipient gelled
solution. Afterwards, the precursor solution was deposited
layer to layer by the spin coating technique onto borosilicate
glass substrates (25mm× 25mm× 1mm) functionalized
with hydrofluoric acid (HF, 10% vol) to obtain homogeneous
thin films. The spin coater was a KW-4A from Chemat
Technology working at 1500 rpm under environmental
conditions. Deposited thin films were thermally treated at
300°C during 1 h to eliminate organic residues, and

subsequently, the temperature was raised to 450°C at a heat-
ing rate of 3°C/min and maintained isothermally for 4 h to
form a crystalline thin film.

2.2. Thin Film Characterization.Determination of the atomic
bismuth content in the films was done by energy-dispersive
X-ray spectroscopy (EDS) using a microprobe attached to a
JEOL JSM 6510LV scanning electron microscope, and EDS
analysis was carried out with an acceleration voltage of
15 kV; surface morphology was observed from micrographs
obtained with the same microscope. The chemical bonding
of the present elements was investigated by X-ray photoelec-
tron spectroscopy (XPS). The wide and narrow XPS spectra
were acquired using a JEOL JPS-9200 spectrometer. The
adventitious carbon peak at 284.8 eV (1s) was used as the
internal standard to compensate for sample charging. Raman
spectroscopy (RS) was used to study the structural features of
the films; spectra were acquired using an HR LabRam 800
spectrometer with an Olympus BX40 confocal microscope.
A Nd:YAG laser beam (532 nm) was focused with a 50x
objective onto the sample surface. A cooled CCD camera
was used to record the spectra, and typically, an average of
50 accumulations of 10 seconds was done to improve the
signal-to-noise ratio. The crystalline phases of the thin films
were identified by the X-ray diffraction technique (XRD)
with a Bruker D8 Advance Diffractometer using the Cu-Kα
radiation line (λ=1.54Å); the diffraction patterns were
recorded in steps of 0.05°. Diffuse reflectance spectroscopy
(DRS) spectra were acquired on a PerkinElmer Lambda 35
spectrophotometer with an integration sphere with a resolu-
tion of ±1nm; from the reflectance spectra, the Kubelka-
Munk function was determined and the band gap energy
was estimated [12, 13]. Photoluminescence spectra were
acquired in a FluoroMax4, HORIBA Jobin Yvon spectrofluo-
rometer, exciting the samples at 492nm.

2.3. Photocatalytic Activity. The photocatalytic activity of the
thin films was tested through the degradation of Malachite
Green carbinol base dye (C23H26N2O, Aldrich) contained
in an aqueous solution (10μmol/L). The reaction was carried
out in a batch system in a borosilicate glass reactor, in which
the thin film was introduced into a 25mL of the MG solution;
afterwards, the reaction system was stirred in dark condition
in order to establish adsorption equilibrium between dye
solution and photocatalyst. Thin films were activated by illu-
mination with light emitted from a solar simulator SF150 of
Sciencetech equipped with an AM1.0D filter which simulates
the solar spectrum of direct light from the sun on the ground
when the sun is at a zenith angle of 0°; the samples were
irradiated with an average intensity of 60mW/cm2 keeping
the distance between the liquid surface and the light source
at 15 cm. The MG photodegradation was followed through
the decrease of its characteristic absorption band peaking at
619 nm in the UV-Vis absorbance spectra. The spectra were
obtained each 15min in the first hour of reaction time, and
afterwards, each 30min during the second and third hours
of reaction from the aliquots of 4mL taken from reaction
system and were returned to the reactor after each spectrum
was taken. Absorbances obtained at each reaction time were
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correlated to dye concentrations through a calibration curve.
A nonlinear least square data treatment was used to deter-
mine the values of the kinetic constant considering a
pseudo-first order kinetic model. Total organic carbon
(TOC) was determined in each solution after reaction as
ppm of carbon, TOC was obtained by the combustion
method, and the mineralization degree was calculated taking
the TOC content in the MG solution, at the initial concentra-
tion of 10μmol/L, 9.2 ppm of TOC as a reference.

3. Results and Discussion

3.1. Elemental Composition. The elemental chemical compo-
sition of the deposited thin films, as a function of the Bi2O3
wt. % used for their preparation, is shown in Figure 1 and
Table 1 (EDS measurements). The results obtained from
the EDS and XPS techniques showed good agreement
following the same tendency. It is clearly observed that the
film without Bi is almost stoichiometric TiO2. When Bi is
incorporated increasing the Bi2O3 load, the Bi content in
the film increases monotonically from 0.5 to 25.4 at. %
whereas the O content remains around 65 at. %. Simulta-
neously, the Ti content decreases from 33 to 12 at. %. It
is worth noting that the elemental composition of the
sample prepared using 70wt. % of Bi2O3 (Bi = 21.5 at. %,
Ti = 15.4 at. %, and O=63.1 at. %) agrees very well with
the composition of the Bi4Ti3O12 titanate (Bi = 21.0 at. %,
Ti = 15.8 at. %, and O=63.2 at. %).

3.2. Raman Spectroscopy. Figure 2 shows the Raman spectra
corresponding to the thin films containing different bismuth
contents, from 0.0 to 25.4 at. %. For Bi contents lower than
4.9 at. %, the spectra consist of four characteristic bands
located at 144, 396, 516, and 637 cm−1 attributed to the
anatase crystalline phase of TiO2 [14]. The inset in Figure 2

reveals that as the Bi content increases, the band at
144 cm−1 shifts to higher frequencies and its intensity dimin-
ishes, and at the same time, its FWHM becomes wider. These
changes are attributed to structural disorder induced by the
incorporation of bismuth into the TiO2 lattice. When the Bi
content reaches 10.4 at. %, low intensity peaks associated to
the anatase crystalline phase remain and new features appear
at 83, 105, 256, 401, and 530 cm−1, these signals that appear
shifted and broader can be assigned to the bismuth titanate
Bi4Ti3O12 [9]. These spectra resemble an amorphous mate-
rial indicating a high degree of structural disorder. At the
highest Bi content, the Raman spectrum is characterized by
signals at 235, 276, 350, 540, 615, and 856 cm−1; the presence
of the Raman modes at 276, 540, and 856 cm−1 suggests the
presence of the perovskite structure [9].

3.3. X-Ray Diffraction. Figure 3 shows the X-ray diffraction
patterns from 20 to 40° of the samples with different Bi
content. From Figure 3(a), the diffraction lines at 2 θ=25.3
and 37.8° characteristic of the TiO2 in its anatase crystalline
phase can be observed (JCPDS 89-4921). Small features
of the anatase crystalline phase are observed as well
(Figure 3(b)), in thin film containing 0.5 at. % of Bi. The
film with bismuth content of 4.9 at. % shows diffraction
lines at 2 θ= 14.9, 28.7, 29.96, 32.3, 34.74, and 38.01°

which are attributed to the bismuth titanate Bi2Ti2O7 (JCPDS
32-0118) (Figure 3(c)). The film containing 10.4 at. % of Bi
exhibits the same diffraction lines as is seen in Figure 3(d).
Further increase in bismuth content up to 21.5 at. % shows
new diffraction lines peaking at 2 θ=22.1, 23.3, 27.2, 29.46,
30.1, and 33.1° (Figure 3(e)), characteristics of the crystalline
phase of bismuth titanate with molecular structure Bi4Ti3O12
(JCPDS 35-0795) as is expected because of its elemental com-
position. From Figure 3(f), it can be observed that crystalline
phase Bi4Ti3O12 remains in the thin film with 25.4 at. % of
bismuth content in good agreement with the Raman results.

3.4. X-Ray Photoelectron Spectroscopy. Shifts in the peak
positions in photoelectron spectra are frequently used to
determine the chemical state of elements if the shifts are large
enough. Sometimes, peaks representing different chemical
states are overlapped and a deconvolution procedure is
required. Figure 4 shows the chemical shifts of the Ti 2p
region in the XPS spectra of the Bi-modified TiO2 thin films.
Spectra were deconvoluted using Gaussian functions in order
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Figure 1: Atomic proportion of the thin films as a function of the
Bi2O3 wt. %.

Table 1: Elemental chemical composition, determined by EDS, of
the thin films as a function of the theoretical Bi2O3 (wt. %).

Chemical composition (at. %)

Bi2O3 (wt. %)
EDS

Ti O Bi

0 33.3 66.7 0

5 32.9 66.6 0.5

30 29.3 65.8 4.9

50 24.7 64.9 10.4

70 15.4 63.1 21.5

80 12.1 62.5 25.4
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to obtain information about the interaction of the Ti atoms
with the Bi and O atoms in the last atomic layer in the thin
films as well as its chemical state (Figure 5). In Figure 5(a),
two doublets can be observed; the first one with peaks located
at 458.2 and 464.0 eV is attributed to the doublet of Ti-O
bonds of the TiO2 in its anatase phase, whereas the peaks at
456.7 and 462.9 eV could be attributed to a second doublet
of Ti-O bonds in Ti2O3 (Figure 5(a)) [15]. The presence of
Ti3+ due to oxygen vacancies has been reported before,
resulting from the transfer of two electrons towards two adja-
cent Ti4+ to form Ti3+ on the surface. The spectrum of the Ti
region in the sample with 10.4 at. % of bismuth (Figure 5(b)

shows peaks attributed to three main doublets: the first one,
located at 456.7 and 462.3 eV, is attributed to the Ti-O bonds
as in Ti2O3; the second one, at 457.9 and 463.9 eV, has a
closed binding energy than the one reported by Wang and
Ma for the compounds similar to bismuth titanates, so this
peaks are attributed to the Ti-Bi-O bonds in the bismuth tita-
nate [16]; finally, the third one, with peaks located at 458.3
and 464.1 eV, could be attributed to the Ti-O bonds in the
anatase phase of TiO2. Spectrum of the thin film with bis-
muth content of 25.4 at. % (Figure 5(c)) shows two doublets:
the first doublet at 456.7 and 462.5 eV attributed to the Ti-O
bonds in the Ti2O3 and the second doublet at 457.9 and
464.7 eV revealing the presence of Ti-Bi-O bonds as in the
bismuth titanates Bi4Ti3O12. Ti 2p1/2 photoemission is over-
lapped in a partial way by the Bi 4d3/2 core level peak [15, 16].

Figure 6 shows the Bi 4f photoelectron spectra of the
thin films displaying a characteristic doublet located at
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158.4 and 163.6 eV. These signals were deconvoluted fit-
ting two doublets: one of them located at 158.5 and
163.9 eV could be correlated to the Bi-Ti-O bonds in the
layer Bi2Ti3O10

2− of the perovskite-type structure Bi4Ti3O12

(Figure 7(a)), and the other doublet with peaks located at
156.8 and 161.9 eV could be assigned to the Bi-O bonds most
probably as in the (Bi2O2)

2+ layer of the perovskite-type
structure. These results suggest that the incorporation and
further increase of Bismuth into the film changes the propor-
tion of Bi-O bonds most probably in the (Bi2O2)

2+ layer,
forming the perovskite structure at 21.5 at. % of Bi
(Figure 7(b)). XPS spectrum of the sample with the highest
bismuth content (25.4 at. %) increases the proportion of
the doublet located at 158.4 and 163.8 eV correlated with
the Bi-Ti-O bonds in the Bi4Ti3O12, and the other doublet
with peaks located at 156.6 and 162.4 eV assigned to the
Bi-O bonds in the (Bi2O2)

2+ layer decreases probably due
to starting of the Bi2O3 formation (Figure 7(c)). The line
shape of the O 1s core level photoemission spectra of
the thin films is shown in Figures 8(a)–8(f), and it is
important to remark that two peaks are clearly observed.
The first peak located at the low binding energy 529.8 eV
can be assigned to the Ti-O bond while the second peak
located at 532.5 eV can be attributed to the oxygen bonded
to bismuth [17, 18]. Jovalekić et al. have reported that
oxygen atom in a stronger Ti-O bond carries a higher
effective negative charge than in a weaker Bi-O bond [17].
This correlation between the effective charge of oxygen
atom and the binding energy of oxygen core electrons
agrees with previous reports [17, 18].
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3.5. Diffuse Reflectance Spectroscopy. Table 2 shows the
optical band gap (Eg) values determined using the Kubelka-
Munk method; this was done by transforming the reflectance
spectra of the samples with different Bi contents to the
Kubelka-Munk function, F(R), and then plotting (F(R) E)1/2

versus E, considering a direct allowed transition band gap.

The Eg values were obtained by a linear fit of the linear
portions of the curve, determining its intersection with the
photon energy axis [12]. The reflectance spectra of the
samples and the (F(R) E)1/2 versus E graphs as well as the
linear fits for estimating the band gap energy are shown in
Figure 9. In these cases, the employed method allows the
determination of the band gap values with good accuracy
[13]. As it is observed in Table 2, the obtained results reveal
that when Bi content increases in the thin films, the band
gap narrows from 3.3 eV to values as low as 2.7 eV
(λ=459nm); these low band gap values make this material
potentially active under light illumination in the visible
region of the electromagnetic spectrum.

166 164 162 160 158 156

156.8

158.5

161.9

In
te

ns
ity

 (a
rb

. u
ni

ts)

Binding energy (eV)

163.9

Bi 4f7/2 

Bi 4f5/2 

(a)

166 164 162 160 158 156 154
Binding energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts) 163.8

161.6

158.5

156.3

Bi 4f

4f 7/2

4f 5/2

(b)

166 164 162 160 158 156
Binding energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts) 163.8

162.4

158.4

156.6

Bi 4f

4f 7/2
4 f5/2

(c)

Figure 7: Gaussian deconvolution of the XPS spectra, Bi 4f7/2 region (a) 0.5, (b) 21.5, and (c) 25.4 at. % of bismuth.

528 530 532 534 536

(f)

(e)

(d)
(c)

(b)In
te

ns
ity

 (a
rb

.u
ni

ts.
)

Binding energy (eV)

529.8

532.5O 1s

(a)

Figure 8: XPS spectra evolution of O 1s region as a function of
bismuth content, (a) 0, (b) 0.5, (c) 4.9, (d) 10.4, (e) 21.5, and
(f) 25.4 at. %.

Table 2: Effect of bismuth content on the band gap energy.

Bismuth content
(at. %)

Band gap energy
(eV)

0 3.3

0.5 3.3

4.9 3.2

10.4 3.1

21.5 2.9

25.4 2.7
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3.6. Photoluminescence Spectra. Figure 10 shows the photolu-
minescence spectra of the TiO2 and the Bi-modified TiO2
thin films. The PL spectrum of the TiO2 is characterized by
an intense band peaking at 547nm. This can be interpreted
as a higher electron hole recombination rate in the TiO2 thin
film as the PL intensity is related directly to the electron-hole
recombination rate [19]. The same band with similar inten-
sity is seen for the photocatalyst with 25.4 at. % of Bi. The
PL intensity of the spectrum corresponding to the photocata-
lyst with 21.5 at. % of Bi is approximately 20% lower than the
PL intensity determined as the area under the curve of the
TiO2 film, indicating that this sample exhibits the lowest
recombination rate.

3.7. Photocatalytic Activity. To determine the photocatalytic
activity, a photodegradation experiment of MG under

simulated solar light was performed. Figure 11 shows the
MG degradation degree as a function of the reaction time
using thin films with different bismuth content. The MG deg-
radation due to the photolysis process was close to 27% after
180 minutes of irradiation, and it was the lowest degradation
degree as is seen in Figure 11. The TiO2 film without bismuth
behaves similarly to the photolysis process reaching a slightly
higher conversion close to 34.7%. The film containing
0.5 at. % of bismuth shows a higher photocatalytic activity,
of approximately 10% greater than the TiO2 catalyst. Further
increase in the Bi content, 4.9 at. %, improves in 34% the
degradation degree. For a Bi content of 10.4 at. %, a decrease
in the photoactivity is observed. The film with a bismuth
content of 21.5 at. % improves significantly the photocatalytic
activity reaching 64.6% of MG degradation after 180min of
irradiation time, 84% higher than the activity of the TiO2
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film. This enhanced photocatalytic activity could be attrib-
uted to the presence of Bi4Ti3O12 as the main crystalline
phase in the photocatalytic formulation as well as to the
lower recombination rate of the electron-hole pairs as
was suggested by the PL results. In fact, the sample with
the highest Bi content diminishes the degradation degree
to values nearly to the obtained using TiO2. In general
terms, thin films containing bismuth exhibit a better pho-
tocatalytic activity than pure TiO2 thin film.

Table 3 shows the values of the kinetic constant, kapp
(min−1), obtained from a fitting of the concentration as a
function of the reaction time assuming a pseudo-first order
expression using a least square data treatment with an
acceptable precision [20]. These values agree with the
photocatalytic degradation degree reached for each thin film.
Additionally, the mineralization degree was followed by the
quantification of the total organic carbon (TOC) through
the reaction time. The degradation degrees determined by
TOC and UV-Vis measurements are quite similar as it can
be seen from Table 4. This indicates that the photodegrada-
tion process follows the route of mineralization of the organic
dye tested. Further studies with reactive trap molecules
indicate that mineralization of MG is mainly through the
electron route, specifically by the O2

• superoxide radicals.

4. Conclusions

Bi-modified TiO2 thin films were prepared by the sol-gel and
spin coating techniques. In this way, films with Bi contents
from 0.5 to 25.4 at. % were obtained. The sol-gel technique
induces the Bi incorporation into the TiO2 lattice with the
consequent formation of bismuth titanate, Bi4Ti3O12, at
higher Bi contents. Additionally, the Bi content in the thin

films has a strong effect on the band gap energy which
decreases from 3.3 eV to values as low as 2.7 eV making these
materials potentially photoactive under solar radiation. This
is due to the higher wavelength required to generate the
electron-hole pairs increasing the absorption spectral win-
dow of these materials. However, this lower band gap energy
can be responsible for a higher recombination rate of the
photogenerated charge carriers. The improved photocatalytic
activity leading to the MG degradation under simulated solar
light can be attributed to the Bi4Ti3O12 phase at a bismuth
content of 21.5 at. %.

Additional Points

Highlights. The perovskite-type structure of bismuth titanate
was obtained. The incorporation of Bi makes photocatalysts
active with solar radiation. Bismuth titanate, Bi4Ti3O12,
enhances the photocatalytic activity.
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Table 3: Kinetic rate constant (kapp) for photocatalytic formulations
as a function of bismuth content, determined using a least square
data treatment [20].

Bismuth content
(at. %)

kapp (min−1)

Uncatalyzed 0.0029± 0.00006
0 0.0038± 0.00009
0.5 0.0038± 0.00009
4.9 0.0048± 0.00007
10.4 0.0038± 0.00008
21.5 0.0063± 0.00009
25.4 0.0036± 0.00006

Table 4: Mineralization degree through TOC and
photodegradation percent of Malachite Green dye through UV-
VIS at 180min of irradiation time, using a solar simulator as
irradiation source.

Bismuth
content
(at. %)

TOC
(ppm)

Mineralization
degree
(TOC)

Degradation
degree

(UV-Vis)

Reference 9.2 0 0

Uncatalyzed 8.4 9.1 28.1

0 5.9 35.8 34.9

0.5 6.3 31.7 38.5

4.9 5.0 45.2 47.4

10.4 5.7 38.2 38.4

21.5 4.1 55.8 64.6

25.4 5.8 37.5 35.6
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The feasibility of using photovoltaic modules to power a continuous 14 L electrochemical reactor applied to remove an azo dye with
an efficiency of 70% is reported. The photovoltaic modules were directly connected, and the system efficiency was observed properly
maintained when currents were applied in the range of 2.5 to 7.9 A. This value depends on solar radiation. Likewise, it was found
that the efficiency depends mainly on the current density and the flow rate prevailing in the reactor.

1. Introduction

The problem of industrial wastewater is a topic that deserves
special attention, particularly for industries that use dyes and
thus generate large volumes of polluted wastewater. Due
to their high molecular weights, complex structures, and
especially high solubility in water, dyes persist once dis-
charged into a natural environment, for example, textile
[1, 2], pharmaceutical [3], cosmetics and food industry
[4], and industrial wastewater [5]. Specifically for the textile
industry, the chemical structure of these compounds is
complex, generally of the type azo [6–8]. This group consists
of colored substances with a complex chemical structure
(many functional groups) and a high molecular weight. Thus,
their removal from industrial effluents is also a subject of
major importance from the environmental point of view.
The removal of dissolved organic matter by coagulation is
widely reported in literature [9], where the primary mecha-
nism consists of two methods [10]. The first is binding the
metal species to anionic sites of the organic molecules,
thereby neutralizing their charge and resulting in reduced
solubility. The second is the absorption of organic substances
on amorphous metal hydroxide precipitates.

Chemical coagulation/flocculation is the most widely
used technique for textile wastewater treatment; they have
some disadvantages, such as needing pH adjustment before
and after treatment, producing large amounts of sludge,
and adding undesirable inorganic chemicals like aluminum,
iron, sulfate, and chloride to the environment [11].

The results for the optimization of the effect of the
coagulation–flocculation showed the rate of dye removal
increased from 11.25% to 13.20 for the methylene blue and
from 27.5% to 29.25 for the indigo carmine when the concen-
tration of coagulant and flocculant were varied from 40 to
120mg·L−1. These results confirm the poor applicability of
this process for the elimination of such dyes. Assadia et al.
[12] show that ferric chloride and alum at optimum concen-
tration were capable of removing dye and COD by 79.63%
and 84.83% and 53% and 55%, respectively.

The electrocoagulation process is deemed an economical
and environmental choice to minimize the drawbacks of
conventional wastewater treatment technologies [13]; it pro-
vides a number of benefits, such as low cost, compatibility,
and safety [14]. In addition, electrocoagulation has been
proven to eliminate complex contaminants in wastewater
that require a combination of physicochemical and biological
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methods [15–17]. Its combination with other processes,
like ozonation [18], has also been demonstrated to be
highly effective for complex matrix wastewater remediation.
The application of electrocoagulation, however, has been
restricted at some extent by the cost that implies electrical
energy usage. Moreover, climate change motivates research
and development of new forms of renewable energy [19, 20]
such as photovoltaic (PV) power [8], whose advantages
include its free use and abundant availability, is a renew-
able resource, decentralized, with long life span and low
maintenance costs, and does not result in contamination.

In this research, a PV system was evaluated in a pilot
electrochemical wastewater reactor using a synthetic waste-
water model containing azo dye, in this case remazol yellow
dye 3GL (RYD), which is mainly used in textile industry
[4, 8, 21]. This was first accomplished with batch tests
and then with continuous tests in a pilot reactor, both of
which are based on previously reported studies [8].

2. Experimental

The experimental setup is shown in Figure 1 and consists
of the following: (1) the sun as a renewable energy source;
(2) photovoltaic modules to convert sunlight into electricity;
(3) an acrylic cylindrical reactor with a 0.15m diameter and
one meter length (14 L of water was treated); (4) direct
connection of the sun to the electrochemical reactor, two
aluminum electrodes formed by 39 circular blades (0.12m
diameter) with total surface area of 0.44m2, separated from
each other by one centimeter. (5) Registration data and
continuous monitoring was performed by a data acquisition
system: current, voltage, and solar radiation. (6) The pH,
conductivity, and temperature were measured with an
electrical conductivity meter.

2.1. Reagents. The working solution was prepared by dissolv-
ing remazol yellow dye (RYD) 3GL (DyStar SA™) in potable
water and was used as wastewater model containing azo dye
(RYD) as pollutant. Table 1 summarizes its characteristics.

The conductivity was set at 366–380μS/cm, and this in
concordance with Can et al. [22], who stated this parameter
to be lower than 500μS/cm. They investigated the conductiv-
ity between 250 and 4000μS/cm using NaCl as the support
electrolyte and noticed that above 500, the remazol red dye
removal efficiency decreases. In our case, due to the size
of the reactor (14 L pilot reactor), it was decided to work
with potable water that already has a conductivity of
302–315μS/cm, so an electrolyte support was not added.
Thus, as reported by Can et al., the decline in the fading
efficiency with increasing conductivity can be attributed
to a change in ionic strength due to the change in conduc-
tivity of the aqueous medium. Ionic strength affects the
kinetics and equilibrium of reactions between charged
species during electrocoagulation.

2.2. Determination of Remazol Yellow Dye (RYD). RYD
concentration was determined by UV-Vis spectropho-
tometry in a Perkin Elmer Lambda 2 spectrophotometer.
The concentration of the molecule was determined by its

absorption at 269.2 nm. The calibration curve was carried
out between 0 and 100mg·L−1 of RYD obtaining the follow-
ing model: A=0.0301(C)–0.0003, where A=absorption and
C=concentration of RYD. The determination coefficient
was r2 = 0.9994. Color determination was conducted in a
Hach DR/3000 spectrophotometer.

2.3. Removal Efficiency of RYD. The removal efficiency of
RYD was calculated as

E % = C1 − C f
C1

∗ 100, 1

where C1 is the initial dye concentration and Cf is the final
dye concentration, both in mg·L−1; this expression was also
used in case of color determination where C1 and Cf are color
intensities in Pt/Co units [23].

2.4. Chemical Oxygen Demand. Chemical oxygen demand
was determined according to standard techniques, APHA/
AWWA/WPCE [24].

The removal efficiency or percentage of COD removal
(%RE) was then calculated as follows [25, 26]:

E % = COD0 − CODf
COD0

∗ 100, 2

1

2
5

4

63

Figure 1: Scheme of the experimental system: 1, solar energy;
2, photovoltaic module; 3, electrochemical reactor; 4, direct
connection of the power supply; 5, parameter control:
current, voltage, and solar radiation; 6, pH, conductivity, and
temperature control.

Table 1: Characterization of the remazol yellow dye.

Parameter Valor

Color index Remazol yellow

Chromophore Azo

Molar mass (g·mol−1) 362.27

Percentage of pure dye 68%

pKa 3.77

Water solubility at 293K (g·L−1) 80

Acute oral toxicity LD50 (mg·kg−1) >2000
pH value (at 10 g·L−1 water) 6.1

Conductivity (mS·cm−1) 302–308
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where COD0 is the initial chemical oxygen demand and
CODf is the final chemical oxygen demand, both in mg·L−1.

2.5. Sampling. The determination of RYD and the removal
efficiency of RYD and COD correspond to the samples
taken in the upper part of the reactor and later filtered with
Whatman paper number 1. The samples were withdrawn
from the reactor every 5min for analysis.

2.6. Applied Current Intensity. The experimental tests were
divided into two stages. First, a series of discontinuous tests
with current intensities of 4, 6, 8, and 10A controlled by a
power supply during 60 minutes (system DC power supply,
Agilent Technologies N5700 series) were carried out and
then with current intensities of 2, 3, 4, and 5. The second
phase was carried out in a continuous flow, during approxi-
mately 6 hours; the current intensity was applied according
to the results obtained in the discontinuous tests.

The objective in this stage was to evaluate the intensity
of the current that is variable, depending on the following
flow rates: 300, 500, 700, and 1000mL·min−1, in order to
check the contact time between the dye and the electrode
to evaluate the percentage of removal of RYD through
photovoltaic live connection.

The electrodes were treated by rinsing them with a 1M
HCl solution and distilled water at the end of each test.

2.7. Photovoltaic Array. The photovoltaic array consisted of
two Siemens Solar photovoltaic (PV) modules Solar 75Wp,
SP-75. The solar module characteristics were verified using
the I-V Checker MP140 Portable PV Device Evaluation
Instrument, for which the PV module was first determined,
and afterwards, with two PV modules connected in parallel
[8], the short circuit current increases with the number of
modules connected in parallel. The experiments were carried
out at the Institute of Electrical Research (latitude 18°52′
40.99″ N, longitude 99°13 ′6.89″ O, inclination 19°, and
south oriented).

Table 2 shows the PV module characterization for one
and two PV modules connected in parallel. If one solar
module is considered, the acquired current is 3.8A and is
sufficient to obtain similar removal results as accomplished
by the power source. In the case of a cloudy day where there
is low solar radiation, the application of two modules would
be required. Parallel-connected solar PV modules would
offer a required minimum current intensity in the reaction
performance with reasonable efficiency. The calibration of
both modules set in parallel array produces a current
intensity of 7.9A.

3. Results and Discussion

3.1. Batch Tests with Artificial Power Source. Table 3 shows
that COD removal is time dependent while applying different
current intensities. At lower current intensity, the removal
efficiency of COD is higher; this variation can be attributed
to an interference during COD determination caused by the
presence of aluminum ions when applying more current.
The electrochemical reaction will produce a higher number

of aluminum ions, and this explains why the removal
efficiency decreases during the treatment time.

It is known that the current intensity applied to the
system determines the amount of released ions and therefore
the amount of the resulting coagulant. Thus, the higher the
amount of dissolved Al3+ ions in a solution, the greater the
rate of Al(OH)3 formation, and consequently a higher COD
removal efficiency is expected to be achieved. In addition,
the increase of current density promotes the generation of
H2 bubbles and decreases its size, which should lead to a
higher removal of pollutants by flotation. However, higher
current values may promote a higher turbulence in the sys-
tem, and consequently, the particles responsible for coagula-
tion do not have enough time to agglomerate themselves and
remove the pollutants [27] as stated by Fajardo et al. (2015).

The ions generated in the electrode are Al(aq)3+ and
OH−; the combination of these ions is expected to form
various monomeric species such as Al(OH)2+, Al(OH)2

+,
Al2(OH)2

4+, and Al(OH)4
− and polymeric species such as

Al6(OH)15
3+, Al7(OH)17

4+, Al8(OH)20
4+, Al13(OH)34

5+,
and Al13(OH)37

2+ [23, 24]. By relating these species with
the report about super-faradaic efficiencies [28, 29], they
are more significant at low current densities, that is,
1.75mA·cm−2. In the case of aluminum, experimental
results are significantly over the expected values for a
100%-efficiency process according to Faraday’s law, (3). This
super-faradaic efficiency is explained in terms of a chemical
dissolution process, which corresponds to the oxidation of
the aluminum sheets with the simultaneous reduction of
water to form hydrogen. It has also been mentioned that
the amount of generated aluminum seems to depend on the
pH, and this has been explained in terms of chemical

Table 2: Characterization of solar PV modules.

Parameter 1 PV module 2 PV module

Solar irradiance (W/m2) 1007.3 1046.5

Ambient temperature (°C) 25 25

Cell temperature (°C) 58.4 57

Short current (A) 4.4 9.0

Open voltage (V) 18.5 18.8

Max power (W) 51.5 107.3

Max power current (A) 3.8 7.9

Max power voltage (V) 13.5 13.6

Fill factor (FF) 0.63 0.63

Table 3: Removal efficiency of COD mg·L−1 by different current
intensities.

Current (A)
Time (min) 4.0 6.0 8.0 10.0

15 52.9 48.0 42.2 37.8

30 70.6 48.0 39.0 76.5

45 77.5 41.2 61.8 64.3

60 43.1 40.2 49.0 57.7
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dissolution of the aluminum electrode. In this case, the pH
was initially between 5.6 and 6.3. However, it was observed
that as current increases, pH rapidly decreases. For example,
at I=4, 6, 8, and 10A, the pH was 4.8, 2.3, 2.2, and 1, respec-
tively. Gu et al. suggest that (4) and (5) for the oxidation of
water will decrease solution pH [30] and this was observed
in this work, so, the super-faradaic efficiencies are greater
for aluminum than those for iron [29].

The pKa of the remazol yellow dye is 3.77. Therefore,
above this pH, the species of ionic form will be found, and
its chromophore groups will be negatively charged. When
the removal efficiency decreases, it is suggested that the
precipitated hydroxide metal may have tended to dissolve
in liquid thus adversely affecting the performance of the
process. This fact may take place as the medium turns
extremely acidic or alkaline as previously reported [31–33].
The cationic metal species are responsible for the destabiliza-
tion of the particles (charge neutralization), leading to the
formation of flocculating particles, which will have the power
to sediment contaminants [33]. In situ generation of coagu-
lants has the advantage of reducing the amount of chemical
reagents introduced into the system; however, this may lead
to a change in pH. In this context, the pH of the batch tests
has been reported acidic and in the continuous tests, the
pH fluctuated between 7.8 and 8.9, so the predominant
reaction will be represented by (3) [29].

2Al + 6H2O→ 2Al + 3H2 + 6OH− 3

According to the diagram of Pourbaix [34], at pH less
than 4, Al3+ ions are expected, and between 4 and 8, there
may be passivation by Al2O3. For this study, however, it
is observed that the pH and therefore the predominant
reactions depend on the flow regime, that is, in batch tests,
an acidic pH is observed and (4) and (5) predominate,
and in tests under continuous flow, the pH is between
neutral and slightly alkaline, and without considering the
effect of passivation, (3) is the predominant one as already
mentioned.

2H2O→O2 + 4H+ + 4e– 4

2OH– →O2 + 2H+ + 4e– 5

Another phenomenon is the production of aluminum, so
in Table 3, there is an increase of COD, although the color
tends to decrease. As it is known, this production is a func-
tion of the applied current. Thus, considering the electrode
area (0.44m2) and applying Faraday’s law (6), the following
values of Al3+ are calculated, 0.32, 0.48, 0.64, and 0.81 g, for
currents of 4, 6, 8, and 10A, accordingly. It is possible
to have an excess of ions and for this reason, the COD
value does not fall [5].

n = MIt
zF

, 6

where n is the metal (g), M molecular mass of electrode, I
current intensity, t operating time, z number of electron
transferred, and F Faraday’s constant (96,500C/mol).

In the case of aluminum, experimental results are sig-
nificantly over the expected values for a 100%-efficiency
process according to Faraday’s law. This super-faradaic
efficiency is explained in terms of a chemical dissolution
process, which corresponds to the oxidation of the alumi-
num sheets with the simultaneous reduction of water to
form hydrogen, according to (3) [29].

3.2. Optimization of the Applied Current with the Power
Source. According to the results of Table 3, the applied
current must be less than 6A; so for these tests, currents to
be evaluated were selected from 2, 3, 4, and 5A. Figure 2
shows the dye removal percentage at these current intensities
where a significant difference does not appear when applying
2, 3, or 4A, as compared to 5A ANOVA and Duncan test
(p > 0 5) [35].
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Figure 2: Removal of RYD at different current intensities: 2 A, 3 A,
4 A, and 5A.
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Figure 3: Color removal at different current intensities: 2 A, 3 A,
4 A, and 5A.
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Figure 3 shows the dye color removal percentage at
the same currents; these current intensities have the same
behavior as in the removal of dye concentration.

In Figures 2 and 3, a similar behavior is observed
regarding the elimination of the dye elaborated with the
UV-Vis spectrophotometer and the elimination of the
color; they have very similar efficiencies. When performing
the ANOVA, it is similar to the dye efficiency tests that
with a current of 2, 3, and 4A, there is no significant dif-
ference in the results and with respect to 5A, if there is a
significant difference (p > 0 5).

3.3. Batch Examinations with PV Modules. Table 1 shows
that one PV module is enough to generate a current of 4A
under good solar radiation conditions, and two solar PV
modules in parallel array are capable to generate 7.9A. This
means that in cloudy weather conditions, the current gener-
ated by two solar PV modules must be in the necessary range
to carry out the RYD removal tests. Then, under this assump-
tion, Figure 4 shows the comparison for RYD removal with
the power source in 3A and 4A and one solar PV module.
During this testing period, the solar PV module had an
average solar radiation of 747W/m2 and a current of 3.1A,
with an average voltage of 2.37V; the pH dropped slightly
from 8 to 6.5 units, while the temperature in the electrocoa-
gulation reactor increased from 18.5 to 20°C. As shown in
Figure 4, there are no differences in the RYD results from
the power source and solar PV modules. Observing that the
removal efficiency is lower for 5A, it is established that the
appropriate conditions for the work of the system with the
solar panel will be sufficient if it reaches between 2 and 4A
of current. This will depend on the solar irradiation of the
moment; since the solar modules are connected directly, the
solar irradiation impacts directly to the electrochemical reac-
tor, generating greater or less quantity of ions to participate
in the electrocoagulation. If there is a sunny and cloudless
day, adequate solar radiation is guaranteed, which is why 1
or 2 photovoltaic panels are used. This is a complement of
Figures 2 and 3 where we observe the similarity in the color
and concentration removals of the RYD, and if we contrast
this with Figure 4 which is already an experimental process,
it is possible to use one or two photovoltaic modules, consid-
ering the use of only one module for the conditions treated in
these experiments.

3.4. Examination in Continuous Flow Rate. Figure 5 shows
how the removal of the dye and color removal (65–70%)
are kept constant in the test from 1.5 hours and onwards with
a flow rate of 300mL·min−1 and the PV current supplied by
either one or two PV modules. Contrasting this graph with
Figure 6, the radiation in either case, with one and two
photovoltaic modules, can be observed. It is worth noting
that there is a significant variation with the use of two photo-
voltaic modules. This can be ascribed to the day being cloudy
and although it worked with the two modules reaching
currents from 3.08 to 7.93 and 0.78 to 3.92 with one module,
a variation is reflected although in an appropriate range for
the minimum current needed for the electrochemical pro-
cess. Thus, the use of two modules allows to attain currents

higher than 3A at all times. According to Figure 4, this value
is sufficient for the process to occur. When only one module
is used, the current will depend on the daytime and the var-
iation may be rather rapid. For example, at 9:00 in the morn-
ing, a 0.78A current was obtained, while 50 minutes later, the
measured current was already 2A. This trend usually prevails
until 15: h. On the other hand, when two solar modules are
used, the minimum attained current is 3.08A, and between
10:00 and 15:30, the current is always higher than 3A. There-
fore, it can be concluded that two modules will always pro-
vide the adequate current regardless of the solar radiation
intensity during daytime.

The tests by different flow rates are shown in Figure 7.
As it can be observed, the differences of the dye removal
efficiencies are not significant for flow rates of 500, 700,

40

50

60

70

80

90

100

0 20 40 60 80

Re
m

az
ol

 re
m

ov
al

 (%
)

Time (min)
4 A
3 A
PV module

Figure 4: Comparison between current intensity controlled with
the power source and one module solar: 4 A, 3A, and PV module.

0
10
20
30
40
50
60
70
80
90

0 45 60 75 90 10
5

12
0

13
5

15
0

16
5

18
0

19
5

21
0

22
5

24
0

25
5

27
0

28
5

30
0

31
5

33
0

34
5

36
0

Re
m

az
ol

 re
m

ov
al

 (%
) a

nd
co

lo
r r

em
ov

al
 (%

)

Time (min)

% RYD 1 PV module
% RDY 2 FV module

% Color 1 PV module
% Color 2 FV module

Figure 5: Remazol removal and color removal under continuous
flow with the application of photovoltaic modules: liquid flow rate:
300mL·min−1; initial concentration of RYD: 100mg·L−1. % RYD
one PV module, % RYD one PV module, color one PV module,
and color two PV module.

5International Journal of Photoenergy



and 1000mL·min−1; however, at 300mL·min−1 flow rate,
the difference is around 20% [36, 37]. This effect was
expected since lower flow rates also imply higher residence
time. It can be concluded that RYD removal efficiency is
favored when the retention time, electric current, and flow
rate are low [38, 39].

Table 4 shows the average, maximum, and minimum
values of solar radiation, current intensity, and voltage for
the accomplished tests by different flow rates comparing each
one of 300mL·min−1 with the remaining other. It is possible
to observe that the current intensity is lower at 300 and
500mL·min−1; however, the removal efficiency is better in
the low flow rate. This proves that current above 5A does
not increase the removal efficiency.

As shown, there is variation in the current intensity
for each test, because it is not possible to compare them,

however, since they are connected live; it depends on the
solar radiation received on the day of the test; it can only
be confirmed that it will be necessary to modify the
water flow rate according to the received radiation so that it
is proportional to what is reported in the literature as suitable
to produce the amount of aluminum to react with the dye;
nevertheless, it should not be forgotten that the phenomenon
of super-faradaic production of the ion that helps the dye
removal is also present. Under continuous flow, there is a
synergy during treatment since after 1 hour of treatment, a
stationary state is reached and a dye removal efficiency of
70% is attained. Worth noticing is that this value is kept
constant until the treatment is complete (Figure 4). It is
considered that it is necessary to establish a chain of bat-
teries that are charged with photovoltaic energy to be able
to carry out the elimination of pollutants continuously
throughout the day, without being contingent to the solar
radiation. That is, to store the energy and use it at the
moment that it is required.

3.5. Energy Consumption. Figure 8 shows the energy con-
sumption to remove 1 g of RYD by means of direct current
and photovoltaic current at a flow rate of 300mL·min−1. It
can be seen that under controlled current supply with a DC
power system, the energy consumption to remove RYD was
constant and linear, 5.38Wh·g−1.

For RYD removal by means of PV current, this was
dependent on solar radiation, reaching a maximum value of
solar radiation around 1:00 p.m. and descended to the lowest
value by the sunset.

Valero et al. [39, 40] demonstrated that the use of photo-
voltaic energy (i) reduces the cost of investment by avoiding
the use of batteries, solar inverters, and power supplies and
(ii) reduces the cost of maintenance, since there is no waste
of batteries to properly dispose.

However, the disadvantage of this process is that in
Mexico, it could only be applied from 9:30 am to 4:00 p.m.,
since it is the time in which there is adequate solar radiation
in a sunny day. Sunny days are not constant through the year
though. In order to overcome this, the use of hybrid energies
combining solar photovoltaic with wind could be considered.
This approach, however, should be evaluated taking into
account that the increase of air is in the evening, so the
working hours of an electrochemical reactor can be increased
[41], considering the proposal of [39].

According to Figure 8, energy consumption to remove
RYD color was dependent on the generated current by
one or two PV modules. However, at the highest energy
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Table 4: Evaluated parameters during different RYD flow rate.

Flow rate
(mL·min−1)

Solar radiation
(W/m2)

Voltage
(V)

Current
intensity (A)

300 741.4 (437.5–954) 3.9 (1.92–4.9) 5.7 (2.53–7.93)

500 624.4 (461–777) 4.3 (3.9–4.9) 5.5 (3.94–6.97)

700 861.7 (688–957) 6.6 (4.5–7.56) 7.4 (3.52–8.41)

1000 857.4 (602–977) 6.2 (3.34–8.23) 7.4 (3.45–8.45)

Average value (minimum–maximum).

6 International Journal of Photoenergy



consumption, RYD color removal shows a decay behavior
due probably to a passivation phenomenon of the alumi-
num electrodes (see Section 3.1) and the consequent ris-
ing of electrical resistance thus causing the energy
consumption increase.

Results reported at industrial scale show a parallel and
series arrangement of the photovoltaic modules in order
to obtain the electric current for the wastewater pollutant
removal. However, the conditions of the photovoltaic
arrangement will depend on the climatic conditions [40].
The setup for the pilot reactor of this work was two-
module photovoltaic in parallel for a cloudy day and one-
module photovoltaic for a sunny day.

Finally, regarding the PV energy costs, it will be possible
to get a PV system at a low cost for the wastewater treatment.
“Production costs for industry-leading Chinese crystalline-
silicon (c-Si) PV module manufacturers – such as Jinko
Solar, Renesola, Trina Solar and Yingli Green Energy –
will fall from 50 cents per watt in the fourth quarter of
2012 to 36 cents per watt by the end of 2017,” according
to a new report from GTM Research. The report, PV
Technology and Cost Outlook, 2013-2017 [42], predicts that
the majority of these cost declines will derive from tech-
nology innovations such as diamond wire sawing for PV
wafers, advanced metallization solutions, and increased
automation in place of manual labor.

4. Conclusions

It is possible to use the photovoltaic modules to conduct
wastewater treatment by electrocoagulation. In this work,
the highest attained removal efficiency of RYD and color
were 70% for both under continuous flow. The achieved
current from one PV module was enough to generate

electrocoagulation and remove RYD and color in a sunny
day or two PV modules in parallel on a cloudy day. In order
to obtain the electrocoagulation reaction, the current inten-
sity should be between 3 and 4A. The recommended opera-
tion flow rate in the system is 300mL·min−1; if the flow rate is
increased, the removal efficiency decreases.

It is important to take into account the costs and the
innovation in photovoltaics, since its implementation for
scaling will depend on these, as well as on being able to install
a complete system for storing solar energy and control the
power to the system, always looking for the better pollutant
removal efficiencies.
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2-(Thiocyanomethylthio)-benzothiazole (TCMTB) is used as fungicide in the paper, tannery, paint, and coatings industries, and its
study is important as it is considered toxic to aquatic life. In this study, a comparison of direct anodic oxidation (AO) using a boron-
doped diamond electrode (BDD) and electro-Fenton (EF) processes for TCMTB degradation in acidic chloride and sulfate media
using a FM01-LC reactor was performed. The results of the electrolysis processes studied in the FM01-LC reactor showed a higher
degradation of TCMTB with the anodic oxidation process than with the electro-Fenton process, reaching 81% degradation for the
former process versus 47% degradation for the latter process. This difference was attributed to the decrease in H2O2 during the EF
process, due to parallel oxidation of chlorides. The degradation rate and current efficiency increased as a function of volumetric flow
rate, indicating that convection promotes anodic oxidation and electro-Fenton processes. The results showed that both AO and EF
processes could be useful strategies for TCMTB toxicity reduction in wastewaters.

1. Introduction

The paper industry has been identified as a major source of
pollutants to aquatic environments due to the large volume
of wastewater generated per ton of paper produced. The efflu-
ents generated during the paper production process cause
damage to the receiving waters as they contain high levels
of total organic carbon (TOC) and exhibit a chemical oxygen
demand (COD) above the permissible limits [1]. Studies on
the treatments of wastewater from the paper industry have
reported a content of at least 300 different compounds,
including certain compounds of biocide nature [2], such as
2-(thiocyanomethylthio)-benzothiazole (TCMTB), which is
often used as a biocide in the wood [3] and tannery industries
[4]. TCMTB is listed as hazardous by the Environmental

Protection Agency of the United States, and it is considered
highly toxic to freshwater fish, freshwater invertebrates,
estuarine/marine fish, and estuarine/marine invertebrates
[5]. Hence, it is important to develop and apply techniques
for the degradation of TCMTB.

Reemtsma et al. [6] achieved an incomplete TCMTB deg-
radation (75%) in an anaerobic and aerobic wastewater treat-
ment pilot plant, yielding mercaptobenzothiazole (MTB),
benzothiazole (BT), and hydroxybenzotriazole (OHBT) as
the degradation products, which however are harmful
compounds that cause dermatitis [7], cell apoptosis [8], and
respiratory tract irritation [9], respectively. De Wever et al.
[10, 11] carried out studies to investigate the biodegradation
of these compounds and established that MTB is a recal-
citrant compound. Recalcitrant compounds or persistent
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organic pollutants (POPs) are characterized by a high stabil-
ity against sunlight irradiation and a high resistance to either
microbial attack (biological processes) or temperature.

Advanced oxidation processes (AOPs) are effective
methods that have been developed for POP treatment. These
methods primarily involve hydrogen peroxide, ozone, UV-
near visible light in the presence of TiO2, the Fenton reagent,
sonolysis, and the sulfate radical-based AOP [12]. Advanced
electrooxidation processes (AEOPs) have been proposed as
alternative methods for the removal of organics; these pro-
cesses employ electrochemical cells in which oxidants are
produced in situ on the electrode surface [13].

In recent years, the development of AEOPs has signifi-
cantly increased, particularly oriented to processes of POP
degradation. AEOPs are based on the generation of strong
oxidizing species, such as the hydroxyl radical (⋅OH), which
can alter the chemical structure of the contaminants [14].
The hydroxyl radical is considered the most important free
radical in chemistry due to its strong oxidizing nature
(E°=2.8V), which is exceeded only by fluorine (E°=3.05V).
The oxidizing power of ⋅OH destroys most organic pollutants
until total mineralization is achieved, that is, conversion to
CO2, water, and inorganic ions.

In this context, one method of generating the hydroxyl
radical is through the Fenton reaction. The Fenton process
mechanism is initiated by the formation of the homogeneous
hydroxyl radical in accordance with the classical Fenton reac-
tion in acidic medium, as follows [14]:

Fe2+ + H2O2 + H+ → Fe3+ + H2O + ⋅OH 1

This technique becomes an attractive choice because only
a small catalytic amount of Fe2+ is required during the entire
process due to the continuous regeneration of the ion from
the Fenton-like reaction [15].

Another interesting aspect of ⋅OH production from H2O2
is that it can be generated by electrochemical reduction from
O2 in aqueous solution under acidic conditions, as follows
[14, 16]:

O2 + 2H+ + 2e− →H2O2 2

Electro-Fenton (EF) technology is based on the continu-
ous electrogeneration of H2O2 on a suitable cathode (gener-
ally, carbon-based), which is fed with either O2 or air [14],
and the addition of an iron catalyst to produce the oxidant
hydroxyl radical at the bulk via the Fenton reaction, accord-
ing to (1).

Another electrochemical process that could generate ⋅OH
radicals is the anodic oxidation of water [17–19]:

H2O + BDD→ ⋅OH BDD +H+ + e− 3

Hydroxyl radical formation is favored on boron-doped
diamond (BDD) thin film anodes; this reaction is based on
the use of high O2 overvoltage anodes favoring heteroge-
neous hydroxyl radical production, BDD(⋅OH). It has been
reported that organic compounds can be destroyed by anodic
oxidation using BDD electrodes, resulting in their complete
mineralization [20].

This study compares TCMTB degradation via the
electro-Fenton (EF) process and the anodic oxidation process
in a filter press reactor FM01-LC. For the EF process, a retic-
ulated vitreous carbon was used as the cathode along with a
dimensionally stable anode (DSA) made of Ti with a cover
of IrO2/Ta2O5; for the AO process, a BDD electrode was used
as anode, and a stainless steel electrode was used as cathode.

2. Materials and Methods

2.1. Reagents and Physicochemical Analysis. All of the chemi-
cals used were of analytical grade, and deionized water
(18MΩ cm) was employed for the preparation of solutions.
The organic compound TCMTB was purchased from Insu-
mos Agrícolas Company (industrial grade, 30% purity). The
pH measurements were obtained using a Thermo Orion pH
meter 420A. The H2O2 concentration was determined using
the Ti(SO4)2 colorimetric method and analyzed by UV-vis
spectrophotometry at λ = 410 nm[21]. The performance of
the process was evaluated following TCMTB UV-vis absor-
bance at λ = 290 nm [3] in a Shimadzu UV/VIS/NIR spec-
trophotometer UV-3600 with a scanning stage step of
250 nm. Total organic carbon (TOC) was measured with a
Shimadzu total organic carbon analyzer 5000A, and chemi-
cal oxygen demand (COD) tests were run according to stan-
dard protocols [22].

2.2. Microelectrolysis

2.2.1. Experimental Devices. A three-electrode system was
used for voltammetric experiments using a 100mLPyrex elec-
trochemical cell. The potential was applied using a Princeton
Applied Research potentiostat-galvanostat VersaSTAT, and
Versa software was used to record the data. For the AO study,
a BDD rotating disc electrode (RDE) with a surface area of
0.03141 cm2 and a DSA (Ti with a cover of IrO2/Ta2O5) with
a surface area of 0.096 cm2 were used as working electrodes.
For the cathodic production of hydrogen peroxide, RDEmade
of vitreous carbon and stainless steel 304 were used, both with
a surface area of 0.196 cm2. The BDD was cleaned using an
anodic polarization treatment (1M HClO4) for 30min at
10mAcm−2 [23].

A graphite rod was used as the counter electrode in both
sets of experiments. Potential measurements were obtained
versus a saturated mercurous sulfate reference electrode
(SSE) with a potential of 0.6415V. All the potential measure-
ments shown in this study were referred to the standard
hydrogen electrode (SHE). To ensure reproducibility, all of
the experiments were performed in triplicate.

2.2.2. Voltammetric Studies. To determine the best current
density and electrode potential domain to be applied to favor
both the electro-Fenton process (cathodic H2O2) and the
anodic oxidation (anodic ⋅OH), a microelectrolysis study
was performed. For this study, two types of solutions were
used: (a) a blank solution (0.02M NaCl and 0.03M Na2SO4)
and (b) a synthetic solution (0.02M NaCl, 0.03M Na2SO4,
and 0.07M TCMTB). The concentration of the blank solu-
tion was fixed to an ionic strength similar to that registered
in wastewater from the paper industry [24]. The TCMTB
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concentration was set to achieve a 570mgL−1 TOC (similar
to the concentration found in paper industry effluents),
which is equivalent for a turbidity of approximately 383NTU
(nephelometric turbidity unit).

Prior to starting the EF experiments, each solution was
aerated for 60min to insure O2 saturation and acidified with
1M H2SO4 to reach a pH of 3.

A series of anodic and cathodic potential pulses were
applied on static electrodes for 30 s from the open-circuit
potential (OCP) to positive potentials for the anodic process
and to negative potentials for the cathodic process. From the
current transients obtained, j-E curves were constructed
using current density data sampled at different times for each
potential applied.

2.3. Macroelectrolysis

2.3.1. Experimental Devices. Macroelectrolysis experiments
were performed in an FM01-LC electrochemical reactor
[25, 26]. Figure 1(a) shows an expanded view, including the
turbulence promoter type D [27]. The flow distributor thick-
ness was 0.6 cm; a stainless steel plate (64 cm2 exposed area)
and reticulated vitreous carbon (RVC) of 16 × 4 cm and
0.4 cm of thickness (10 pores per inch (ppi), porosity of
0.99, and specific surface area of 4.92 cm−1) were used as
cathodes, and BDD and DSA plates (64 cm2) were used as
anodes. The volume of electrolyte to fill the reactor was
28.2 cm3. A mercury/mercurous sulfate reference electrode
Hg/Hg2SO4 was connected to the electrochemical reactor to
measure the electrode potential. More details of the FM01-
LC are described in detail in [25].

An undivided mode configuration with a single electro-
lyte compartment and electrolyte flow circuit for the FM01-
LC cell is shown in Figure 1(b). The electrolyte was contained
in a 2.5 L acrylic reservoir; a Marathon Electric™ 1/3 HP cen-
trifugal coupled pump 335AD-MD was used, and flow rates
were measured by a Cole-Parmer variable area plastic flow
meter F44500. The electrolyte flow circuit was constructed
using 0.5-inch internal diameter PVC tubing and valves as
well as three-way connectors constructed of the same mate-
rial. The experiments were conducted using a Sorensen
high-power DC power supplies. In experiments to evaluate
H2O2 production, the electrochemical reactor was fitted with
a RVC as cathode and a stainless steel electrode as anode. For
the EF process, the reactor was equipped with the RVC as
cathode and DSA as anode; for the AO method, a stainless
steel electrode as cathode and a BDD as anode were used.

2.3.2. Electrochemical Degradation of TCMTB in a FM01-LC
Filter Press-Type Electrochemical Cell. All of the experiments
in the FM01-LC cell were performed at three different volu-
metric flows (Qv): 5.67, 9.46, and 13.24 L min−1. For each
experiment, the final TOC values were measured, and the
integral current efficiency was calculated using [25]

ϕ =
4FV TOC 0 − TOC t

IT
, 4

where F is the Faraday constant with a value of
96,485C mol−1, V is the solution volume (L), I is the current

applied (A), and t is the time of electrolysis (s), which for
these experiments was 180 minutes.

For electro-Fenton experiments, H2O2 generation was
achieved using RVC as the cathode, DSA as the anode,
and a blank solution as the electrolyte applying a constant
current density. This value was determined by varying the
current density until reaching the electrode potential deter-
mined by the microelectrolysis experiments, which was
within −1.15≤E≤−0.95V/SHE. The RVC cathode was sup-
ported on a stainless steel plate (current feeder) using con-
ductive carbon paint glue (SPI supplies™).

Prior to starting the EF experiments, each solution was
aerated for 60min to be saturated with O2 and acidified with
1M H2SO4 to reach a pH of 3. As an initial step, the concen-
tration of H2O2 generated in the blank solution was moni-
tored. For the case of H2O2 production in the synthetic
solution (in presence of TCMTB), it was not possible to mea-
sure its concentration using the colorimetric method because
the organic compound caused interference. To determine
the current density to be applied to the synthetic solution,
the same methodology was used; subsequently, the Fenton
reaction was promoted by the addition of 0.5mM Fe2+,
which is a similar concentration to that reported by other
studies Peralta et al. [15] and Pérez et al. [28], where it was
shown mineralization percentages of around 50%.

For the anodic oxidation tests, a BDD was used as the
anode and a stainless steel plate was used as the cathode,
applying a constant current density that enabled control of
the potential at the anode to obtain (⋅OH)BDD.

3. Results and Discussion

3.1. Microelectrolysis Studies of the Electro-Fenton Process.
Typical sampled current density (j-E) curves constructed
from current density transients (not shown) are illustrated
in Figure 2. The j-E curves were obtained at different con-
stant potential pulses and sampling times from 1 to 30 s,
using a vitreous carbon electrode for both the blank solution
(continuous lines) and the synthetic solution (semi-continu-
ous and dashed lines).

The curves for the blank solution exhibit three electro-
chemical processes: Ia electrochemical generation of H2O2
from −0.95 to −1.15V/SHE, (2); IIa electrochemical genera-
tion of water from −1.35 to −1.5V/SHE, (5); and IIIa water
reduction below −1.65V/SHE, (6).

O2 + 4H+ + 4e− → 2H2O 5

2H2O + 2e− →H2 + 2OH− 6

When the organic compound was added (semi-continu-
ous and dashed lines), a new process Ib is observed at poten-
tials from −0.33 to −0.66V/SHE, which is related to TMCTB
but it does not seem to depend on concentration. Then, a
similar Ia process is observed at the same potential region
observed for the blank solution (−0.95 to −1.15V); however,
TCMTB seems to favor the electrochemical production of
H2O2 given that the current density is enhanced as the
concentration of this organic compound is increased (from
0.035 to 0.07M). At potentials around −1.36V/SHE, the
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observed peak (IIb) corresponds to a two-electron reduction
process by molecule of TCMTB as reported [4].

Likewise, the reduction of water is shifted to more nega-
tive potentials (IIIb), as TCMTB concentration is increased.
It is observed that for the two types of solutions, with and
without TCMTB, the current density for all of the processes

decreases as the sampling time increases, indicating a mass
transport limitation. Moreover, in Figure 2, current density
plateaus appeared for the process Ia, which decreased relative
to the sampling time, indicating that this process (electro-
chemical production of H2O2) is limited by diffusion.

The anodic processes on the DSA electrode in the blank
solution and the synthetic solution were evaluated (Figure 3),
and the obtained curves showed that in both solutions, the
oxidation becomes important at potentials above 1.4V/
SHE. The low currents obtained in the presence of TCMTB,
with respect to blank solution, suggest that in addition to the
oxidation processes, part of the energy is also being used for
the possible oxidation of the compound. Thus, the oxidation
process in the synthetic solution might include the oxidation
of hydrogen peroxide, chloride to produce active chlorine,
TCMTB with anodically electrogenerated species, and the
OER (oxygen evolution reaction); therefore, a careful poten-
tial control during the process becomes important [29, 30].

3.2. Microelectrolysis Studies of Anodic Oxidation on the BDD
Electrode. A voltammetric study of the cathodic reactions on
stainless steel shows only the reduction of the medium from
−1.5V/SHE for both solutions (Figure 4). No sign of TCMTB
reduction was observed. A comparison of the results obtained
for the synthetic solution on vitreous carbon (Figure 2) and
on stainless steel (Figure 4) revealed that the reduction of
water in the first case occurred at more negative potentials.
This result indicates that the use of stainless steel as a cathode
for this system could decrease the cell potential.

Figure 5 shows the curves of current density versus
anodic potential pulse on the BDD in different solutions:
(a) 1M HClO4, (b) blank solution, and (c) synthetic solution.
In addition, Figure 5 shows a Tafel plot for the HClO4 media,
revealing that the current density increases as a function of
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the imposed potential, which shows that detection of the far-
adaic current began above 2.3V, which is consistent with the
response of the BDD because this type of electrode requires
higher overpotentials to oxidize water [25].

The Tafel slope from Figure 5(a) (insert) was evaluated
over a potential range of 2.3≤E≤ 2.75V/SHE, and a value
of 290mVdecade−1 was observed, which was similar to that
reported by Michaud et al. [17], who determined a value of

250mVdecade−1 over a potential range of 2.4≤E≤ 2.9V/
SHE in which the water oxidation was a one-electron process
and the hydroxyl radical formation occurred according to
(3). An analysis of the Tafel slopes over the potential range
of 2.3≤E≤ 2.6V for the curves in Figures 5(b) and 5(c)
(not shown) exhibited similar values in all cases. In addition,
a certain amount of TCMTB adsorption on the BDD surface
could be present in Figure 5(c), as indicated by the decrease
in the current density. However, TCMTB would be oxidized
through (⋅OH)BDD over the interval of 2.3≤E≤ 2.75V/SHE
in addition to the active chlorine produced on the BDD
surface, which will be discussed later.

3.3. Comparison between the Electrochemical Degradation of
TCMTB by Electro-Fenton and by Anodic Oxidation on a
BDD. A 2.4mAcm−2 cathodic current density was applied
to the RVC in the FM01-LC reactor to maintain the electrode
potential over the range of −0.95≤E≤−1.15V/SHE and to
promote the electrochemical generation of H2O2 on the
RVC in the blank solution. As it is shown in Figure 6, the
H2O2 concentration increases linearly with the volumetric
flow rate over the first 30min, and then it decreases for a
short time; this behavior is repeated. This result is attributed
to the instability of the H2O2 molecule, which is accompa-
nied by its exothermic decomposition to oxygen and water,
as follows [31]:

2H2O2 →O2 + 2H2O 7

At room temperature (ca. 23°C), the rate of decomposi-
tion is slow; however, as the temperature increases, the rate
of decomposition also increases [32]; in this study, the batch
mode employed provoked a temperature solution of 60°C,
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because of fluid recirculation. In addition, hydrogen peroxide
could react with the chloride ions in solution [30], resulting
in the formation of chlorine gas and water (8), which would
explain the 8% decrease in the chloride concentration in all
of the experiments using the blank solution.

H2O2 + 2Cl− + 2H+ → 2H2O + Cl2 8

Similar to other studies [33], the results obtained in this
work showed that there is a mass transport limitation during
cathodic H2O2 production, which decreases its concentra-
tion. However, as it has been reported even with the lowest
H2O2 concentration (45mgL−1, Qv = 5.6 L min−1) achieved,
it is possible to get an adequate Fenton reaction perfor-
mance [31].

The current efficiency obtained for the electrochemical
generation of H2O2 in RVC is shown in Table 1, demonstrat-
ing that the current efficiency increases as the volumetric
flow increases. This result is attributed to the decrease in
the resistance to mass transfer because the convection pro-
cess is favored.

For the electro-Fenton studies, a current density of
2.8mAcm−2 was maintained (−0.65≤E≤−0.8V) using the
synthetic solution (0.07M TCMTB, 0.03M Na2SO4, and
0.02M NaCl at pH3) and using 0.5mM Fe2+. The presence
of Fe2+ allows the generation of the homogeneous ⋅OH radi-
cal. According to Figure 7, TCMTB degradation is possible
given that a decrease in absorbance is observed from 2.2 to
1.5 (λ = 290 nm) at Qv = 5.67 L min−1 in 180min.

For the anodic oxidation, the BDD anodic potential was
maintained between 2.3≤E≤ 2.6V (a potential range over
which BDD(⋅OH) is generated) by setting the current density
to 6.8mAcm−2. All of the electrolysis experiments were

performed in an undivided FM01-LC reactor, and the elec-
trode potential was controlled over the range in which the
desirable electrochemical processes are favored. Figure 8
shows that the turbidity (absorbance) decreases with time
in all of the experiments (λ=290 nm). For the electro-
Fenton process, it is observed that by increasing the feed rate,
a higher rate of TCMTB degradation is achieved. As previ-
ously discussed, an increase in the flow rate increases the
H2O2 concentration; thus, the amount of ⋅OH radicals also
increases in the bulk solution, favoring the degradation of
the TCMTB molecules. A similar phenomenon can be
observed in the anodic oxidation process in which an increase
in the flow rate also increases the rate of TCMTB degradation.
This phenomenon is explained in terms of the effect of
increasing the volume flow on the transport of the organic
compound from the bulk solution to the electrode surface
where radicals are physisorbed BDD(⋅OH). A comparison of
the EF and AO processes shows that higher percentages of
degradation are achieved by anodic oxidation (81%) because
the BDD(⋅OH) radical is constantly produced on the BDD
surface. In EF, the production of homogeneous radicals is
limited by the amount of H2O2 available for the process
because H2O2 reacts not only with Fe

2+ but also with chloride
ions, in addition to undergoing its natural decomposition.
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Table 1: Current efficiencies for electrochemical generation of
H2O2 at different volumetric flows (j = 2 4mA cm−2).

Qv (Lmin−1) Current efficiency (%)

5.67 24

9.46 32

13.24 51
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Although the absorbance for the turbidity values
decreases, the TOC values do not decrease at the same rate
(Figure 9), indicating that TCMTB is degraded into simpler
organic compounds, as has been reported by several authors
[10]. It is important to mention that chromatographic
studies might help elucidating the differences between the
decrease in absorbance and TOC; however, these studies
were beyond the scope of this paper. Based on the results
obtained here, it is clear that for the anodic oxidation on
BDD using a flow rate of 13.24 L min−1, it was possible
to achieve up to 57% TCMTB mineralization during the
180 minutes of electrolysis. This achievement was aided
by the constant electrogeneration of BDD(⋅OH) radicals
and the favored transport of TCMTB molecules to the elec-
trode interface.

However, chloride ions affect the percentage of minerali-
zation because they react in a complex mechanism to pro-
duce adsorbed chlorine (although weakly sorbed at the
electrode surface) and dissolved chlorine, which reacts with
water and yields hypochlorous acid, as follows [30]:

2Cl− → Cl2,ads + 2e−

Cl2,ads → Cl2,aq
Cl2,aq + H2O→HClO +H+ + Cl−

9

These reactions could explain why the concentration of
chloride ions decreases significantly in the AO experiments,
as shown in Table 2. The formed hypochlorous acid could
react with hydroxyl radicals to form chlorine dioxide and

chlorate [30], thus diminishing the concentration of hydroxyl
radicals and preventing higher percentages of mineralization.

3⋅OH +HClO→ ClO2 + 2H2O

4⋅OH +HClO→ ClO3
− +H+ + 2H2O

10

According to Polcaro et al. [30], for chloride ion concen-
trations on the BDD anode surface, similar to those in our
study, approximately 40% of the current would be used in
the formation of chlorine, possibly causing the low current
efficiencies observed, which are similar other reports in the
literature [23]. However, the removal of chlorides was higher
when the volumetric flow was increased, resulting in a major
mass transport in the reactor. Moreover, the percentage of
mineralization also increased due to the higher mass trans-
port. For the case of sulfates, the concentration did not
change in this study.

Table 2 shows that the current efficiency and the miner-
alization of TCMTB are favored by the increase of Qv. This
increase of current efficiency due to convection flow agrees
well with the results reported by Panizza et al. [34]. In addi-
tion, the formation of active chlorine species can also aid
the TCMTB degradation. A higher Qv value particularly
favors anodic oxidation; thus, better results are obtained than
those with the electro-Fenton process. However, the con-
sumption of energy for AO is twice that of EF.

4. Conclusions

Macroelectrolysis studies showed that anodic oxidation pro-
duces better percentages of degradation than the electro-
Fenton process. This result was most likely due to the
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decreased H2O2 concentration caused by different reactions
that could occur in the solution in the EF process.

Microelectrolysis studies indicated that the degradation
and partial mineralization of TCMTB by anodic oxidation
were achieved via hydroxyl radicals formed by the oxidation
of water in the BDD electrode under galvanostatic conditions.

Electrolysis in the undivided FM01-LC reactor at different
volumetric flows at a current density of 6.8mAcm−2 revealed
that the oxidation rate and current efficiency increased as a
function ofQv. This result demonstrates that convection flow
favors the influx of TCMTB to the BDD(⋅OH) surface,
increasing its degradation.

The electrochemical transformation of TCMTB by the
electro-Fenton and anodic oxidation processes could be a
useful strategy for toxicity reduction.

Nomenclature

BDD: Boron-doped diamond
COD: Chemical oxygen demand (mol L−1)
DSA: Dimensionless stable anode
F: Faraday constant (96,485C mol−1)
I: Current applied during electrolysis (A)
j: Current density (A cm−2)
Qv: Volumetric flow (Lmin−1)
RVC: Reticulated vitreous carbon
TCMTB: 2-(Thiocyanomethylthio)-benzothiazole
TOC(0): Initial total organic carbon (mol L−1)
TOC(t): Total organic carbon at time t (mol L−1)
t: Time of electrolysis (s)
V: Solution volume (L)
ϕ: Current efficiency (%).
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The presence of microcracks may lead to loss in the module output power and safety hazard of the module. This paper investigated
whether the existed microscopic microcracks in cells will facilitate the PID behavior. Cells with different degrees of microcracks
were fabricated into small modules to undergo the simulated PID test. The I-V performance and EL images of the modules were
characterized before and after the PID test. The obtained results demonstrate that with the increase in the microcracked area or
length, the modules would show a more serious PID behavior. The mechanism of this microcrack length-related degradation
under high negative bias was proposed.

1. Introduction

Microcracks refer to the invisible cracks that cannot be easily
perceived by the naked eye when a wafer is subjected to
mechanical or thermal stress. There are several stages related
to the generation of microcracks [1–8]: (i) the cutting process
of an ingot or crystal bar due to a local uneven force; (ii) the
cell or module fabrication process due to external factors; (iii)
improper module installation; and (iv) the power plant opera-
tion period due to external factors such as wind or ground sub-
sidence. Since the microcracked silicon wafer is not completely
broken apart, microcracks can be detected only through the
electroluminescence (EL) test [9]. The presence of microcracks
may cause part of the cells to be inactive, leading to the loss in
the output power and safety hazard of the module [9].

In a crystalline silicon cell, current is collected from fin-
gers to the busbar and then through the string connector to
the output from the junction box. The generated current of
a cell is proportional to the cell active area. The inactive area
can be judged by whether the current collection from the fin-
ger to the busbar is blocked or not. According to the inactive
area of the cell, the number of microcracked cells, and the

impact on the output power of modules, microcracks can
be divided into three categories: microscopic microcrack,
general microcrack, and serious microcrack. Modules with
seriously microcracked cells generally need to be replaced
in a power station, and those with general microcracks will
not affect the power output in the initial stage and will be
disposed according to their working condition. Microscopic
microcracks generally refer to the microcracks that are single
or partial flakes located not at the busbars and basically do
not cause failure of the area, and the power degradation of
the module with microscopic microcracks should meet the
industry standard (i.e., the first-year power degradation less
than 2.5%). Therefore, it becomes necessary to develop the
means of quantifying the risk of power loss in PVmodules with
cracked solar cells to ensure their output during the lifetime,
and some standards may be discussed and set in the future.

In solar power stations, it is known that modules must be
connected in series and parallel to build arrays to meet the
load requirements. The connection of single modules in
series will produce a high voltage relative to the plane of zero
potential (ground). The efficiency of the modules may prob-
ably degrade due to this high negative bias under heat and
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humidity, which is known as the potential induced degra-
dation, PID [10, 11]. A number of factors [12–21], such as
stacking faults in the silicon wafer, refractive index of the
antireflection coating, resistance of the encapsulant mate-
rial, and design of the power station, have been found and
demonstrated to be related with the PID behavior. However,
it has never been investigated whether the existed micro-
scopic microcracks in cells will facilitate the PID behavior
of modules.

Herein, we fabricated a series of small modules using
solar cells with different microcrack lengths. The small mod-
ules were then kept in a climate chamber with constant tem-
perature and humidity for the PID simulation test. The I-V
curves and EL images of the small modules were measured
before and after the PID test. The obtained results demon-
strate that with the increase in the microcrack length, the
modules would show a more serious PID behavior. Our work
reveals the underlying relationship between the microcrack
length in cells and PID of modules.

2. Materials and Methods

Conventional cells with different microcrack lengths were
selected via EL and divided into 5 groups with 10 cells
each group according to the microcrack length: A (0 cm),
B (0–0.9 cm), C (1–2 cm), D (4–5 cm), and E (9–10 cm).
The length was measured by the maximum length of the
cracked area. Then the cells were fabricated into small mod-
ules using the normal process and kept in a climate chamber
with constant temperature and humidity for the PID simula-
tion test, after which the I-V and EL of the small modules
were measured and analyzed.

3. Results and Discussion

The power loss in crystalline silicon-based photovoltaic
modules due to microcracks was investigated by Köntges
et al. in 2011 [9]. They analyzed the direct impact of micro-
cracks on the module power and the consequences after arti-
ficial aging. The approach of artificial aging they adopt was
200 humidity freeze cycles. The main focus of their research
is on the degradation of power due to crack propagation
after artificial aging.

Herein, to investigate the effect of microcrack length in
silicon cells on the potential induced degradation behavior,
in our work, five groups of cells with different degrees of
microcracks were fabricated into small modules. After per-
forming the PID test in an environmental test chamber
(85°C, 85% RH), the electrical performance was measured
using a Pasan tester. The obtained data are listed in Table 1.

As can be seen from Table 1, after the PID test, degrada-
tion was observed for the open-circuit voltage (Voc), short-
circuit current (Isc), and fill factor (FF). Figure 1 shows the
trend of degradation with microcrack length. It can be clearly
noted that with the increase in the microcrack length, a larger
degradation would occur. The decrease of the parallel resis-
tance (Rsh) is 94.13%, 99.24%, 99.39%, 99.58%, and 99.72%
for groups A to E, respectively. These results demonstrate
that the longer the microcrack length, the faster the Rsh
degrades after the PID test, which increases the probability
of providing the shunt for the current, and the trace current
Irev2 is greatly improved after the PID test.

From Table 1, it can be also seen that after the PID test,
the module efficiency also exhibits a larger degradation with
the increase of the microcrack length. The power degradation
of module group A without a microcrack is 2.61% after the
test, which meets the <5% standard for IEC 62804. Modules

Table 1: Electrical performance of five groups of solar cells before and after the PID test.

Sample PID test Voc (V) Isc (A) FF (%) Eta (%) Rsh (Ω) Irev2 (A) Degradation

A
Before 0.64 9.511 73.5 18.38 187.78 0.081

2.61%
After 0.635 9.425 72.8 17.9 11.03 2.057

B
Before 0.64 9.575 73.67 18.55 57.83 0.171

32.02%
After 0.617 8.675 57.37 12.61 0.44 12.277

C
Before 0.639 9.536 73.58 18.43 57.09 0.4

33.80%
After 0.576 8.268 62.31 12.2 0.35 12.277

D
Before 0.639 9.502 73.56 18.36 78.94 0.117

37.53%
After 0.602 8.505 54.49 11.47 0.33 12.277

E
Before 0.64 9.449 73.79 18.33 75.15 0.396

49.32%
After 0.587 8.28 46.52 9.29 0.21 12.28
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Figure 1: Rsh variations of five sample groups with different
microcrack lengths after the PID test.
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of groups B, C, D, and E degraded by 32.02%, 33.80%,
37.53%, and 49.32%, respectively, showing a serious PID
phenomenon.

It is shown that with increasing microcrack length, posi-
tive charges are easy to gather on the surface of the cell under
long-term high bias and high-temperature and humidity con-
ditions. Under the in-built electric field, a large amount of
negative charges is attracted to the surface. If a microcrack
then exists in the wafer, it can provide a diversion channel
for the surface charges, leading to current leakage, which
decreases the efficiency of the cell. The larger the micro-
cracked area is, the more leakage occurs, and the greater the
efficiency declines.

Figure 2 shows the EL pictures of the cells and small
modules before and after the PID test. By comparing these
EL pictures, we can find that with the increase in the micro-
crack length, the EL of the cells after the PID test gradually
tarnishes, which is consistent with the degradation trend
of modules.

To further verify the obtained results, PIDcon equipment
was used to simulate the anti-PID performance of the five
sample groups. The parallel resistance change of the samples
with test time is shown in Figure 3. It can be seen from the
figure that the parallel resistance of sample group A (i.e.,
without microcrack) first decreased quickly in the initial 12
hours and gradually became steady after that. The Rsh of
the B, C, D, and E sample groups decreased rapidly within
the initial two hours of the test, especially for group E. After
the initial two-hour rapid decrease, it slowly became stable
and constant till the end of this test. These results further
demonstrate that the increasing microcrack length generally
gives a faster decrease rate of parallel resistance after the
PID test, indicating a more serious current leakage. Figure 4
shows the PID degradation of modules with different micro-
crack lengths, and modules are found to degrade less with
decreasing microcrack length.

Based on these results, the mechanism of the effect of the
wafer microcrack defect on PID is proposed and depicted in

Cell
before
PID

Module
before
PID 

Module
after
PID 

A B C D E

Figure 2: EL images of five groups with different microcrack lengths after the PID test.
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Figure 5. The overall crack interface is shown as the dotted
area. Figure 5(a) is a scheme of part of the cell, in which the
microcrack is located in the cell grid area. The microcrack
vertically penetrates through the PN junction. Figure 5(b) is
a schematic diagram of the normal crack-free cell. Under
light irradiation, photon excites the motion of nonequilib-
rium carriers in the silicon wafer, and the minorities (i.e.,
electrons) of the P-type silicon region move to the N-type
silicon region. The holes, the minorities of the N-type sili-
con region, move toward the P-type silicon region and con-
verge through the silver finger to the busbar to generate
current. Figure 5(c) is the scheme of charge flow in a micro-
cracked cell. During the lateral or longitudinal movement of
electrons and holes, the presence of a microcrack will block
the movement of electrons and holes, impeding the transpor-
tation of electrons and hence reducing the output current.
Due to the limited microcrack area, the degradation in
output power is not significant enough to be observed.
Figure 5(d) is the scheme of the PID mechanism in a micro-
cracked cell, when the cell is under high temperature/humid-
ity and negative bias; the sodium ions migrate from the glass
to the silicon nitride film. Therefore, sodium ions gradually
accumulate at the SiNx/Si interface. In the microcrack-free
region, the positive charges of sodium ions will attract a large
amount of electrons to the silicon surface, which reduces the
convergence of electrons to the silver electrodes.

On the other hand, due to the accumulation of negative
charges on the silicon surface, the fixed negative charges
repel the electrons moving from the P-type silicon side
and simultaneously attract the positive charges, thus reduc-
ing the number of electrons and holes. In the microcracked
region, while the movement of electrons and holes are hin-
dered, sodium ions are impeded when arriving at the sili-
con nitride layer and the P- and N-microcracked interface
regions. Therefore, the sodium ions are easy to gather at

the edge of the microcracked region to capture the elec-
trons and become the recombination center for the minor-
ities. When more and more sodium ions accumulate in the
microcracked region, the collection of current is largely
reduced, leading to current leakage.

4. Conclusions

This paper focused on the effect of existing microscopic
microcracks in cells on the potential induced degradation
behavior. Cells with different degrees of microcrack were
fabricated into small modules to undergo a simulated PID
test. The I-V performance and EL images of the modules
were characterized before and after the PID test. The
obtained results indicated that with the increase in the micro-
crack length, the modules would show a more serious PID
behavior. The mechanism of this microcrack length-related
degradation under high negative bias was proposed.
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This work focuses on modeling and simulating the absorption and scattering of radiation in a photocatalytic annular reactor. To
achieve so, a model based on four fluxes (FFM) of radiation in cylindrical coordinates to describe the radiant field is assessed.
This model allows calculating the local volumetric rate energy absorption (LVREA) profiles when the reaction space of the
reactors is not a thin film. The obtained results were compared to radiation experimental data from other authors and with the
results obtained by discrete ordinate method (DOM) carried out with the Heat Transfer Module of Comsol Multiphysics® 4.4.
The FFM showed a good agreement with the results of Monte Carlo method (MC) and the six-flux model (SFM). Through this
model, the LVREA is obtained, which is an important parameter to establish the reaction rate equation. In this study, the
photocatalytic oxidation of benzyl alcohol to benzaldehyde was carried out, and the kinetic equation for this process was
obtained. To perform the simulation, the commercial software COMSOL Multiphysics v. 4.4 was employed.

1. Introduction

In the last decades, photocatalytic processes have been the
subject of different studies such as wastewater treatment
[1–6], air purification in polluted environments with volatile
organic compounds [7–9], and synthesis of fine organic
compounds such as benzaldehyde [10, 11]. According to lit-
erature [1, 3–6, 11–16], the following different variables are
crucial in a photocatalytical process efficiency: (a) catalyst
type and concentration, (b) reagent type and concentration,
(c) geometry and type of reactor, and (d) characteristics of
the radiation inside the photoreactor. Because of the number
of variables and the interaction among them, the modeling of
this type of processes is expected to be rather useful not only
for reactor design but also to achieve a better insight and
understanding of the process.

The mathematical modeling and simulation of a photo-
catalytic reactor imply a great challenge due to the numerous

involved variables; however, the computational analysis of
these variables aids to accomplish such a task. Furthermore,
the computational analysis allows evaluating hydrodynamic
effects and kinetics without employing physical prototypes.
The full modeling of photocatalytic reactors requires to
include several submodels to simulate the physical phenom-
ena occurring inside the reactor. Some of these necessary
submodels are (a) radiation emission and incidence, (b)
radiation absorption and scattering, (c) photoconversion
kinetics, and (d) hydrodynamics [5, 13–15, 17, 18]. These
are the result of mass, energy, and momentum balances, as
well as radiation distribution and optical characterization of
reaction space [6, 16, 19, 20]. These submodels are strongly
interlinked. For example, the kinetics is a function of
radiation absorption, which is in turn a function of catalyst
characteristics and hydrodynamics. The conversion and per-
formance of a photocatalytic reaction are a function of the
local volumetric rate energy absorption (LVREA), which is
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defined as the energy due to photons absorbed per time
and volume inside the photoreactor [21]. To evaluate the
LVREA is necessary to solve the radiation transfer equa-
tion (RTE) [22–25].

dIλ x,Ω
dx

= −βλIλ x,Ω + σλ
2 4π

Iλ x,Ω p Ω→Ω dΩ,

1

where Iλ x,Ω is the spectral radiation intensity, λ represents
the wavelength, βλ is the extinction coefficient, which is the
sum of the absorption coefficient, κλ, and σλ is the scattering
coefficient. The ratio ω = σλ/βλ is the scattering albedo coef-
ficient which is inherent to each photocatalyst since it repre-
sents its photon absorption capacity.Ω is the solid angle, and
p Ω→Ω is the phase function representing the redistribu-
tion of radiation after the scattering event. According to
the first term in the right side of (1), the intensity is
diminished by the effect of mainly two phenomena, scat-
tering and absorption. This decrease is characterized by
the extinction coefficient. There is also an increase in the
intensity due to the scattering from other directions, and
it is represented by the second term in the right-hand side
of (1) [24, 26, 27].

The analytical solution of the RTE is a rather complex
task, unless it is limited to simple reactor geometries with
specific assumptions. Even when using specialized software,
the radiation field simulation is a task that requires a high
computational effort. Comsol Multiphysics v. 4.4 contains
the physics of radiation in participating media (rpm), in the
Heat Transfer Module, which is designed to solve 3D radia-
tion transfer problems, taking into account the phenomena
of emission, dispersion, and absorption of radiation. The
Comsol Multiphysics v. 4.4 Heat Transfer Module employs
the discrete ordinate method (DOM). This method consists
the transformation of the integral-differential RTE into a sys-
tem of algebraic equations to describe the transport of pho-
tons in such way that can be solved following the direction
of propagation, starting from the values provided by the
boundary conditions. However, RTE is solved by discretizing
the solid angle at every discrete position in the 3D domain,
which is computationally very demanding and may result
in unrealistic results when the discretization of the solid angle
is not refined enough.

A viable alternative is to employ numerical computa-
tional methods as the statistical method Monte Carlo (MC),
which is known as highly accurate but requires a great com-
putational effort [21, 28, 29]. Also, it is possible to employ
analytical simplified methods like the two-flux model
(TFM) and the six-flux model (SFM). These models consist
of several algebraic equations developed for flat slab geome-
tries [15–17, 30], which were obtained by solving a system
of differential equations with specific boundary conditions,
for example, the outer wall of the reactor is opaque. SFM is
very accurate for cylindrical geometries [14] in which the
space where the reaction occurs, δ, is much smaller than
the radius of the reactor, RR

δ≪ RR,
RR

RR + δ
∼ 1

2

However, in this investigation, a reactor in which the
lamp is immersed in the reaction medium was used, so (2)
is not satisfied. The geometry used in this work is shown in
Figure 1. This paper aims to evaluate the effectiveness of a
modified model based on four flux of radiation (FFM), whose
equations are based on a cylindrical geometry, to mathemat-
ically represent the radiation field in a stirred annular photo-
reactor. This model is coupled to a reaction rate model
representing the benzyl alcohol oxidation. The FFM evalu-
ates the incident radiation in each point of the reaction space.
This model considers that the incident radiation is the sum of
radiation fluxes traveling from the light source towards this
point and the fluxes due from both axial and radial scattering.
As this model is developed from cylindrical geometries, its
solution is expected to better represent the radiant field inside
an annular photocatalytic reactor than the models developed
from slab plane geometries where the reaction space is only a
thin film.

The main objective of this work was to validate the pro-
posed four-flux model, which is specifically designed for
annular photocatalytic reactors with a relationship, that is,
the reactor is not thin-walled. FFM is tested against the
results with experimental data of the photocatalytic and
selective oxidation of benzyl alcohol towards benzaldehyde.
Moreover, the radiation profiles were compared to those cal-
culated by MC, DOM, and SFM. The FFM and DOM were
carried out with commercial software Comsol Multiphysics
4.4, which is a powerful differential equation solver.

2. Methodology

The main objective of this work was to test a proposed FFM
to efficiently represent the radiant field inside an annular
reactor when the reaction space is not a thin film. In order
to validate the proposed model, the profiles obtained with
FFM were compared to those previously reported in the liter-
ature. Also, the FFM was applied to describe the radiant field
in a batch annular photoreactor employed to experimentally
obtain benzyl alcohol oxidation data. Then, the kinetics of
this reaction was established as function of LVREA.

2.1. Source Data

2.1.1. System 1. The profiles obtained in a thin-film slurry
reactor of inner wall (TFSIW) reported by Li Puma et al.
[5, 14, 17] and obtained by the six flow model were repli-
cated for comparison purposes. In this case, the relation
RR/ RR + δ = 0 76 The characteristics of the system are
summarized in Table 1.

2.1.2. System 2. This photoreactor was previously reported
[28, 29] and was named Photo-CREC Water II and
employs TiO2 (anatase) as a catalyst. In such a reaction
system, the lamp is annulus centered. The relationship
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RR/ RR + δ = 0 62315 The characteristics of the system
are also summarized in Table 1.

2.1.3. System 3. Once the radiation model was validated with
data reported in systems 1 and 2, this model was applied to
simulate the radiation field in system 3 during benzyl alcohol
selective oxidation towards benzaldehyde. Experimental data
of benzyl alcohol oxidation were obtained in an annular
cylindrical photocatalytic reactor. It is worth pointing out
that in this reaction system, the lamp was placed at the
center of the reactor without any additional physical pro-
tection (e.g., quartz sleeve). For this reason, the relation-
ship RR/ RR + δ = 0 5555

The employed catalyst was LiVMoO6, and a detailed
characterization has been previously reported [31]. The
characteristics of the system are shown in Table 1. The
FFM was used to describe the radiant field in this reactor
and to obtain the kinetics of benzyl alcohol oxidation as a
function of LVREA.

2.2. Mathematical Modeling of Radiation Emission. The
emission of radiation from the cylindrical lamp is modeled
using the linear source spherical emission (LSSE). This model
considers that the lamp is a linear source, and each point on
the line emits radiation isotropically and in every direction. It
is assumed that the radiation emitted by each point of the
lamp is constant along the axial length of the lamp [5].
According to the literature, the intensity of the incident
radiation entering the inner wall of the annulus can be
calculated as

IRint ,Z =
S1

4πRint
a tan

2z − LR + Llamp

2Rint
− a tan

2z − LR − Llamp

2Rint
,

3

where

S1 = 2πRlampIw 4

Llamp LR

RR

Rlamp

Rint �훿
Rint �훿

Rint = Rlamp

Figure 1: Schematic representation of the geometry of the assessed annular photocatalytic reactor.

Table 1: Characteristics of systems.

Catalyst Lamp characteristics Reactor characteristics

System 1
Li Puma [14]

TiO2 DP 25
(i) σλ = 1 02 Ccat (1/m)
(ii) κλ = 0 338 Ccat (1/m)

Power: 4W
Wavelength: 300 nm
Radius: 0.00775m
Length: 0.213m

Length: 0.225m
Ext. radius: 0.019m
Int. radius: 0.013m
RR/ RR + δ = 0 76

System 2
Moreira et al. [28, 29]

TiO2 anatase
(i) σλ = 3 1149 Ccat (1/m)
(ii) κλ = 0 3957 Ccat (1/m)

Power: 8W
Wavelength: 250 nm
Radius: 0.0133m
Length: 0.413m

Length: 0.445m
Ext. radius: 0.0444m
Int. radius: 0.01755m
RR/ RR + δ = 0 62315

System 3
LiVMoO6
(i) σλ = 0 24128 Ccat (1/m)
(ii) κλ = 0 03092 Ccat (1/m)

Power: 8W
Wavelength: 254 nm
Radius: 0.005m
Length: 0.23m

Length: 0.25m
Ext. radius: 0.025m
Int. radius: none

RR/ RR + δ = 0 5555

3International Journal of Photoenergy



The experimental emitted radiation was measured by a
UVX radiometer equipped with a sensor of 254nm placed
at the lamp wall and 0.01m from the lamp.

2.3. Mathematical Modeling of Absorption and Scattering
Radiation. To establish the mathematical FFM, the following
assumptions were made: (a) reactor with slurry catalyst, (b)
heterogeneous model, (c) isothermal process, (d) perfect
mixing and therefore the catalyst concentration is homoge-
neous at all reaction space, (e) photons are absorbed only
by catalyst particles, (f) the flux of photons occurs only in
four directions, two radial, and two axial directions, (g) the
emission of photons by the lamp is isocratic, (h) oxygen bub-
bles do not affect the radiation fluxes, and (i) the scattering of
photons by the catalyst is isotropic.

FFM was employed to evaluate the incident radiation on
a given point inside the reaction space. In this model, the
total radiation flux is taken as the sum of the flux of photons
traveling from the light source towards that point and flux of
photons from scattering in both two axial directions and two
both radial directions. In concordance, a photon balance was
performed in a differential volume element shell shaped in
cylindrical coordinates (Figure 2).

The flux of incident radiation gf , the flux entering the
differential element due to backscattering gb , and the fluxes
entering from bottom and upper walls (ga and gc) are the
four fluxes that this model accounts for. The parameters pf,
pb, pa, and pc represent the probabilities of occurring back-
scattering in the corresponding directions. These parameters
were calculated by MC method employing an isotropic
phase function, and their values are pf = 0 405,pb = 0 303,
pa = 0 146, and pc = 0 146 for LiVMoO6 and pf = 0 357,pb
= 0 351,pa = 0 146, and pc = 0 146 for TiO2. The number
and external area of the catalytic particles are np and ap,
respectively, so in order to establish that the FFM is necessary
to perform a balance of incident radiation gf , in the four
considered directions. For example, the following radiation
balance in the radial direction can be written as

Input photons − output photons = absorbed photons
5

So the balance is

gf 2πrΔz r − gf 2πrΔz r+Δr + gbω 2πrΔrΔz npappb
+ gaω 2πrΔrΔz npappa + gcω 2πrΔrΔz

npappc − gf npap ωpa + ωpb + ωpc
2πrΔrΔz

= gf 1 − ω npap 2πrΔrΔz
6

By reordering and applying limΔr→0,

d rgf
dr

=
r

β · Ccat
ω gbpb + gapa + gcpc − gf 1 − ωpf ,

7

where

ωpb + ωpa + ωpc + ωpf + 1 − ω = 1, 8

1
1/npap

=
1

βCcat
9

The term 1/ 1/npap is the extinction characteristic
length. It has been suggested [5] that the extinction charac-
teristic length can be replaced by the inverse of the extinction
volumetric coefficient 1/βCcat Physically, this represents
the mean free path of the photons in the slurry. Doing a
similar balance in the backscattering directions, the following
equations are obtained:

d rgb
dr

=
r

β · Ccat
ω gfpb + gapc = gcpa − gb 1 − ωpf ,

10

d rga
dz

=
r

βCcat
ω gfpc + gbpa + gcpb − ga 1 − ωpf ,

11

d rgc
dz

=
r

β · Ccat
ω gfpa + gapb + gbpc − gc 1 − ωpf

12

Equations (7), (10), (11), and (12) are simultaneously
solved by applying the following boundary conditions.

(1) BC 1: at wall lamp or inner wall:

gf r = Rlamp = Ir,zAlamppf

gb r = Rlamp = gf + ga + gc pb

ga r = Rlamp = gf + gb + gc pa

gc r = Rlamp = gf + ga + gb pc

13a

(2) BC 2: at external reactor wall (opaque wall):

Lamp
gc

Axial
radiation

gb

Backscattering
radiation

ga

Axial
radiation

Differential volume element

gf

Incident
radiation

Figure 2: Directions of the fluxes of photons in the four-flux model.
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gf r = RR = Ir,zpf exp −βδ

gb r = RR = 0

ga r = RR = gf + gb + gc pa

gc r = Rlamp = gf + ga + gb pc

13b

(3) BC 3: at upper and bottom wall:

ga z = LR = gc z = 0 = 0 13c

These boundary conditions are shown in Figure 3.
Furthermore, considering an infinitely long reactor, the
following condition can be established, along the axial axis:

∂ga
∂z

= ∂gc
∂z

= 0 14

The LVREA using the four-flux model can be calculated
by the following expression:

LVREA =
gtotalκλ

V

Rlampδ

4r2
15

2.4. Simulation of Radiant Field. The software COMSOL
Multiphysics version 4.4 and subroutines performed in
Matlab® were employed to solve the FFM and kinetic models,
respectively. To carry out the simulation, the geometric
domain of both, reaction space and lamp, was established.
The model is two-dimensional and symmetric with respect to
the axial axis. A nonuniform mesh was used, with a size of ele-
ment calibrated to plasma, giving major emphasis on the inner
wall of the annulus, using a fine mesh at this boundary and
coarser in the outer wall of the reactor to accurately assess each
border (Figure 4(a)). As a result, color maps are obtained,
which represent the distribution of LVREA within the photo-
catalytic reactor. The red zone represents the highest values,
and the colors are decreasing towards blue which represents
low values of LVREA. The modeling instructions for FFM
can be found in the complementary content (Appendix A).

The results obtained by FFM were compared with
the following.

(A) Discrete ordinate method (DOM) carried out with
the physics of radiation in participating media of
the Heat Transfer Module of Comsol Multiphysics
4.4. To do so, the geometric domain of reaction space
was established as 3D model. Several preliminary
simulations were run using this method. In these tri-
als, the mesh in all domains was refined incremen-
tally until the physical ram limit of the workstation
(8Gb) was reached. Geometry and mesh employed
are shown in Figure 4(b). The modeling instructions
for DOM can be found in the complementary con-
tent (Appendix B).

(B) Six-flux model (SFM) was implemented in program-
ming language Matlab according to the methodology
reported by Li Puma [14, 17].

(C) Monte Carlo Method (MC) was also implemented in
programming language Matlab based on Moreira

et al. [28, 29]. In this case, the number of used pho-
tons was 1× 107. In addition, subroutines were pro-
grammed to generate random numbers.

The codes to solve the applied models, SFM and MC, are
rather lengthy. However, they can be provided upon request.

2.5. Kinetic Model. To determine the radiation effect on
reaction rate, a kinetic expression as function of LVREA
can be obtained.

dCAB
dt

= kr f CAB g LVREA , 16

where f CAB is a function of reagent concentration (benzyl
alcohol) and the dependence of reaction rate with LVREA
is given by g LVREA . To describe f CAB is possible to
employ a power lawmodel. This is accepted when the reagent
absorption on the catalytic surface is negligible and therefore
the LHHW model becomes a pseudo first-order equation.
Although this kind of equation does not include the effect
of reactive intermediaries, it still provides reasonable results
[6, 11]. Several authors have studied the kinetics of photocat-
alytic oxidation of aromatic alcohols to corresponding alde-
hydes, and they claim a first-order kinetics regarding
alcohol concentration [10, 11].

−
dCAB
dt

= KApCAB, 17

where KAp is the apparent kinetic coefficient that includes the
effect of catalyst concentration, temperature, oxidant concen-
tration, and so forth. Furthermore, since there is reaction due
to photolysis only (without catalyst), this can be considered
within the reaction rate expression.

−dCAB
dt Total

=
−dCAB
dt Without catalyst

+
−dCAB
dt With catalyst

,

18

−dCAB
dt Total

= kr1CAB + kr2CAB = kr1 + kr2 CAB = KApCAB,

19

where kr1 is the intrinsic constant of reaction rate without
catalyst and kr2 is the reaction rate constant with catalyst,
which is a function of LVREA. Therefore, KAp can be
expressed as

KAp = kr1 + kr2 = kr3 LVREA m, 20

by linear regression, both the order of LVREA and kr3 were
calculated. Employing the FFM method, the values of aver-
aged LVREA corresponding to each catalyst concentration
were calculated. The contribution due to photolysis is negli-
gible; for this reason, the LVREA due to the reactive species
was not added in the photolysis term. It is worth noticing that
in other cases, when the reactant molecule has a strong
absorption of photons, this contribution must also be taken
into account. This also applies for intermediaries. In the pres-
ent case, however, the reaction kinetics was established with
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very low conversion data and therefore the presence of
intermediaries was considered rather low as to contribute
to LVREA.

3. Results

3.1. Emission Model. Figure 5 shows the emitted radiation
profiles calculated by both, MC and LSSE methods. In addi-
tion, the radiation values experimentally measured by a
UVx radiometer equipped with a detector 254nm were plot-
ted. Figure 5(a) shows the values of the emitted radiation,
I Rlamp,z on the wall of the lamp, and Figure 5(b) shows the

values of I Rlamp+0 01m,z at 0.01m from the wall of the lamp.

It can be seen that both methods are in good agreement with
experimentally obtained data, which justifies the use of both
Monte Carlo method and LSSE model in this research.

3.2. Absorption of Radiation Model. The results of the pro-
posed model ((7), (8), (9), (10), (11), (12), (13a), (13b),
(13c), (14), and (15)) were compared with those obtained
by MC, SFM, and DOM. It was assumed that MC is the
method that best represents the radiant field in the photocat-
alytic reactor. Even though the DOM is robust, it requires a
very refined mesh to give congruent results.

3.2.1. System 1: TFSIW. The first analyzed photocatalytic
reactor was a TFSIW reported by Li Puma et al. [5, 14, 17].
This reactor has a radius ratio RR/ RR + δ = 0 76 Figure 6
shows the radial profiles of LVREA at z = LR/2 for this sys-
tem, calculated by the four methods and parity diagram. It
can be seen that SFM and DOM represent LVREA profiles
better than the FFMwith regard MC, especially when the cat-
alyst concentration is low. However, FFM results can be con-
sidered to be adequate also if a rapid estimation of LVREA is
required. Both the FFM and the SFM have small deviations in
the inner wall when the catalyst loading is large. With the
mesh used for the DOM, the computing time was approx-
imately 40 minutes. Using a finer mesh could increase the
computing time by several hours. The solving time for

FFM was about 2 minutes regardless the elements number
in the mesh.

3.2.2. System 2 (Photo-CREC II). The results obtained by FFM
method are in agreement with the data previously reported
by Moreira et al., which were obtained from MC for Photo-
CREC water II [28, 29]. Figure 7 shows the radial profiles
for the LVREA at different photocatalyst concentrations for
TiO2 anatase and parity diagram obtained by SFM, DOM,
and FFM versus MC. In this case, it is observed that the
results obtained by FFM and DOM are quite congruent
although they tend to deviate slightly from those obtained
by MC. This reactor has a ratio of radius RR/ RR + δ =
0 6231 The mesh used in DOM for this relationship can be
considered as semicoarse and give good results in about 1
hour of computing time.

3.2.3. System 3. This system was theoretically and experimen-
tally studied. Figure 8 shows the comparison of the LVREA
profiles obtained from the three methods for the catalyst
LiVMoO6. It is worth noticing that the catalyst with the high-
est extinction coefficient values β = σ + κ (TiO2 DP 25)
produces higher values of LVREA at the same catalyst
concentration. The values of LVREA obtained by LiV-
MoO6 catalyst are smaller than the values obtained by
TiO2 catalyst; however, the special interest on LiVMoO6
catalyst resides on that it presents catalytic activity even
in the visible spectrum [31].

In Figure 8, it can be observed that near the lamp wall
(dimensionless radius = 0.4), LVREA is maximum and rap-
idly decreases as dimensionless radius increases. This effect
is considered by both, MC and FFM; however, the SFM does
not account for it. This can be attributed to SFM being explic-
itly developed for thin-walled annular reactors and presents
significant deviations when RR/ RR + δ ≪ 1. Also, DOM
presents a great deviation with respect to MC. This is because
the meshing is not fine enough. However, using a more
refined mesh causes the available RAM to be exceeded.

Table 2 shows a comparison of correlation coefficients for
SFM, FFM, and DOM considering that MC is the most

r = 0 r = 0 r = 0

gf (r = Rlamp) = Ir,zpf

gb (r = Rlamp) = (gf + ga + gc) pb

ga (r = Rlamp) = (gf + gb + gc) pa

gc (r = Rlamp) = (gf + ga + gb) pc

gf (r = RR) = (Ir,zpf) exp (−�훽�훿) ga (z = LR) = gc (z = 0) = 0

gb (r = RR) = 0

ga (r = RR) = (gf + gb + gc) pa

gc (r = Rlamp) = (gf + ga + gb) pc

Figure 3: Boundary conditions used in the four-flux model.

6 International Journal of Photoenergy



accurate one. The percentage of the area under the curve of
the radiation profiles obtained by the different methods in
relation to the area under the Monte Carlo method curve is
also shown. It can be seen that the FFM better predicts the
profiles of LVREA when RR/ RR + δ ≪ 1 and the catalyst
loading is relatively low, for example in system 3.

Through Figures 6, 7, and 8, it can be seen that near the
inner wall of the reaction space, LVREA is maximum and
rapidly decreases as dimensionless radius increases. This
can be ascribed to an obstruction effect produced by catalyst
particles. One can also notice that in cases where the photo-
catalyst concentration is relatively high, the particles closer
to the inner radius absorb most of the radiation entering
the reactor. According to the results, it may be seen that
low values of LVREA are obtained at low catalyst concentra-
tions; however, the effectively irradiated zone is greater. At
high catalyst concentrations, high values of LVREA are

achieved near the wall of the lamp; however, the effectively
irradiated zone is drastically diminished in the radial direc-
tion. It is important to note this effect since it is desirable to
obtain high values of LVREA, but at the same time maximize
the irradiated zone. In dark zones, absorption of photons
does not occur, which provokes the effective volume of the
reaction being smaller, that is, the reactor volume is being
subutilized. This effect is shown in Figure 9. A sufficiently
high photocatalyst concentration produces zones with dark
areas towards the external radius. Therefore, there is an opti-
mal catalyst concentration that provides an optimal irradi-
ated reactor space. Photocatalyst concentrations above this
maximum show an essentially negligible effect on LVREA.
This optimal concentration can be seen in Figure 10, and it
is in agreement with those reported [28, 29] for TiO2 catalyst
(system 1 and system 2). For system 3, the optimal concen-
tration is achieved at 1 kg/m3.

Symmetric
axis

Lamp
UV wall

Results

Reaction
space

r = 0

(a)

Results

Reaction
space

(b)

Figure 4: Graphical representation of photocatalytic reactor and geometry employed to solve (a) four-flux model and (b) discrete ordinate
method, in COMSOL Multiphysics.

0.00 0.05 0.10 0.15 0.20 0.25
40

60

80

100

120

140

160

180

I (
W

/m
2 ) 

Z (m)
0.00 0.05 0.10 0.15 0.20 0.25

10

20

30

40

50

60

I (
W

/m
2 ) 

Z (m)

r = rlamp + 0.01 mr = rlamp

IEXP

ILSSE

IMC

IEXP

ILSSE

IMC

Figure 5: Emission model results. Calculated and experimental incident radiation profiles.
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3.3. Kinetic Model. To obtain a kinetic expression for photo-
catalytic oxidation of benzyl alcohol, the integral method
was employed. An adjust by least squares was performed

for different models, including the LHHW model, and it
was found that the better adjustment is at pseudo first
order in respect of concentration of benzyl alcohol. This
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result is in agreement with the results reported by [10, 11],
albeit with other catalysts. Figure 11 shows the comparison
of the results for the adjustment by least squares according
to experimental data of benzyl alcohol oxidation, at

different catalyst loading, employing a pseudo first-order
power model.

Taking into account the data of concentration—time
obtained at each catalyst loading, an adjustment by least
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squares was performed to obtain the dependence of rate
constants with the LVREA (Table 3).

Figure 12 shows the plot of ln KAp − kr1 as a function of
ln(LVREA). The slope of the line represents the order of the
reactionwith respect to theLVREA, and the intercept provides

the ln(kr3). Hence kr1 = 0 0101 h−1, intrinsic reaction constant
without catalyst; kr3 = 0 01887 h−1 W/m3 −0 1464 and m =
0 1467 is the power of LVREA. This fractional exponent of
LVREAwas expected. It has even been reported that the expo-
nent is equal to 0.5 in the presence of TiO2 for system 1 [18]. It
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shouldbenoted that thevalueofm is relatively independenton
the type of substrate. Instead, it should be dependent on the
radiation intensity level over the catalyst. A fractional order

dependence of photocatalytic reaction rate from the LVRPA
is obtained when the rate of electron-hole recombination in
the catalyst particles becomes predominant [18].

Table 2: Comparison of correlation coefficients of different radiation absorption models for studied systems.

System Catalyst CCAT (mg/L)
DOM SFM FFM

R2 %AMC R2 %AMC R2 %AMC

1
RR/ RR + δ = 0 76 TiO2

0.20 0.9530 101.69 0.9611 103.21 0.9458 80.78

0.40 0.9602 120.54 0.9583 110.80 0.9167 84.22

0.60 0.9595 143.91 0.9242 116.33 0.8906 94.20

2
RR/ RR + δ = 0 62315 TiO2 anatase

0.04 0.9943 91.83 0.9945 80.09 0.9868 114.16

0.09 0.9833 88.33 0.9744 73.70 0.9642 110.29

0.14 0.9629 87.47 0.9421 73.52 0.9285 113.02

3
RR/ RR + δ = 0 5555 LiVMoO6

0.20 0.8089 237.11 0.8468 81.79 0.9605 100.88

0.40 0.8004 257.06 0.8518 76.16 0.9553 95.18

0.60 0.7984 258.14 0.8571 70.79 0.9564 95.73

0.2 kg/m3 0.4 kg/m3 0.8 kg/m3 1.0 kg/m3 −3.2917 × 10−15

5

4

3

2

1

0

Figure 9: Effect of catalyst concentration on the reactor radial section where photon absorption occurs (LVREA map) in system 3.
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Figure 10: Simulated results of incident radiation as function catalyst loading.
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Therefore, the kinetic equation that describes the photo-
catalytic oxidation of benzyl alcohol to benzaldehyde is

−
dCAB
dt

= 0 0101 h−1 + 0 01887 h−1
W
m3

−0 1464
LVREA 0 1464 CAB

21

Equation (20) shows that the reaction rate depends on
the LVREA values and the amount of irradiated catalyst.
Figure 13 shows the concordance of the proposed mathemat-
ical model with experimental data of benzyl alcohol oxida-
tion at different catalyst loadings.

In Figure 13, a linear decrease of benzyl alcohol concen-
tration is observed. This is in agreement with that previously

reported [10, 11]. On the other hand, the conversion
increases with the catalyst loading up to a point where a
further increase on catalyst loading does not produce a signif-
icant improvement on conversion, due to LVREA reaches a
maximum at this point, establishing that the optimal catalyst
loading is 1.0 kg/m3 for LiVMoO6.

4. Conclusions

The proposed mathematical model (FFM) describes the
radiant field in a photocatalytic annular reactor. Its
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Figure 11: Test for a pseudo first-order kinetics as a function of concentration.

Table 3: First-order kinetic constants and values of LVREA at
different catalyst loadings.

Ccat (kg/m
3) KAp (h

−1) LVREA (W/m3)

0.00 0.0101 0.00

0.01 0.0587 630.00

0.10 0.0750 5300.00

0.40 0.0856 13600.00

0.70 0.0882 16700.00

1.00 0.0900 18000.00

R2 = 0.9992
y = 0.1456x − 6.961
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Figure 12: Adjustment for dependence of KAp with the LVREA.
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numerical solution corresponds appropriately with experi-
mental and numerical data, and it requires a minor computa-
tional effort than the other models, such as DOM, which is
very robust and accurate but requires a high RAM capacity.
The FFM was specifically designed for cylindrical geometries
with the lamp located at the axial axis of the reactor sub-
merged in reaction medium. The FFM predicts the LVREA
profiles better than the other models when RR/ RR + δ ≪ 1,
and the catalyst loading is low.

The obtained kinetic equation describes the reaction rate
in the photocatalytic reactor for selective oxidation of benzyl
alcohol as function of the LVREA. The FFM allows the eval-
uation of LVREA at different catalyst loadings, power lamp,
or reactor dimensions. Therefore, it allows the calculation
of reaction rates at different experimental setups.

Within the range of studied variables, the reaction rate of
the selective oxidation of benzyl alcohol adequately fits a
first-order kinetics, where the kinetic coefficient is a function
of LVREA, and this depends on catalyst loading, power lamp,
and annulus width.

Appendix

A. Simulation of Radiant Field
Employing the Four-Flux Model (FFM) in
Comsol Multiphysics v. 4.4

(1) Model 2D: from the File menu, choose New. In the
New window, click Model Wizard and select a 2D
axisymmetric model.

(2) Interface for ordinary differential equations, ODE: in
the Select Physics tree, select Mathematics>ODEs

Interface>ODEs in general form (g). Click Add.
The Study is Stationary.

(3) Parameters: go to Global definitions section and
insert Parameters. In the Settings window for
Parameters, locate the Parameters section and
add the necessary parameters, such as reactor
dimensions (reactor length, internal radius, and
external radius), dispersion probabilities (pf, pb,
pa, and pc), characteristics of the lamp (power,
dimensions, and wavelength), catalyst charge,
and optical properties of catalyst (absorption,
kappa_s; dispersion, sigma_s; and extinction coef-
ficients, beta_s), from Table 1.

(4) Global variable: go to Global definitions section and
insert Variables. In the Settings windows for Vari-
able, write the expression for radiation intensity
(Irz), according to (3) and (4).

(5) Geometry: set reactor geometry as rectangular
section that represents the 2D axial section of the
reactor. It can be drawn as a simple rectangle.

(6) Model definitions: in model definitions, insert
section for variables. In the Settings windows for
Variable, insert the LVREA expression. It can be
introduced with (15).

(7) Set of differential equations: in the ODE inter-
faces, select all domains. Go to the ODE general
form window settings and introduce the differen-
tial equations system defined for (7), (10), (11),
and (12).
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Figure 13: Comparison of experimental concentration profiles (dots) with those obtained by the proposed model.
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(8) Incident intensity boundary: in ODE interfaces,
insert a Dirichlet boundary condition. In this setting
section, select the internal boundary (inner radius of
reaction section). Locate boundary condition field
and introduce (13a).

(9) External wall boundary condition: in ODE inter-
faces, insert a Dirichlet boundary condition. In this
setting section, select the external boundary (exter-
nal radius of reaction section). Locate boundary
condition field and introduce (13b).

(10) Upper and bottom wall boundary condition: in
ODE interfaces, insert a Dirichlet boundary condi-
tion. In this setting section, select the upper and
bottom boundary. Locate boundary condition field
and introduce (13c).

(11) Weak form of ODE: in ODE interfaces, insert a
Weak Form for ODE condition. In this setting sec-
tion, select all domains. In Weak expression field,
introduce the following expressions:

WEAK=0; 0; −test(gaz)∗gaz + test(ga); −test(gcz)∗gcz +
test(gc).

(12) Mesh: in the mesh section, introduce a mesh using
the option of free quadratic mesh. You can try dif-
ferent mesh sizes. In free quadratic mesh, add
distribution, select inner wall and locate the input
section, and introduce 500 in number of elements.

(13) Go to the study section and Run model.

B. Simulation of Radiant Field Employing the
Discrete Ordinate Method (DOM) in Comsol
Multiphysics v. 4.4

(1) Model 3D: from the File menu, choose New. In the
New window, click Model Wizard and select a 3D
model.

(2) Radiation in participating media: in the Select Phys-
ics tree, select Heat Transfer>Radiation>Radiation
in Participating Media (rpm). Click Add. The Study
is Stationary.

(3) Parameters: go to Global definitions section and
insert Parameters. In the Settings window for
Parameters, locate the Parameters section and add
the necessary parameters, such as reactor dimen-
sions (reactor length, internal radius, and external
radius), characteristics of the lamp (power, dimen-
sions, and wavelength), catalyst charge, and optical
properties of catalyst (absorption, kappa_s; disper-
sion, sigma_s; and extinction coefficients, beta_s)

(4) Global variable: go to Global definitions section and
insert variables. In the Settings windows for Vari-
able, write the expression for radiation intensity
(Irz), according to (3) and (4).

(5) Geometry: set reactor geometry as annular section.
It can be drawn as a Boolean difference from two
cylinders.

(6) Model definitions: in model definitions, insert
section for variables. In the Setting windows for
Variable, insert the LVREA expression. It can be
introduced as LVREA= rpm.G∗kappa.

(7) Radiation in participating media (rpm): in the phys-
ics for radiation in participating media go to Radia-
tion with participating media window settings and
introduce dispersion and absorption coefficients in
the model input sections.

(8) In radiation in participating media, insert Incident
intensity section. In this setting section, select the
internal boundaries. Locate the incident intensity
field and introduce Irz variable.

(9) Opaque surface: in radiation in participating media,
insert opaque surface. In the setting section, select
external boundaries of contours of the domain. In
wall adjust, select Black Wall.

(10) Mesh: in the mesh section, introduce a mesh using
the option of free tetrahedral mesh. You can try
different mesh sizes. A too fine mesh can cause the
available RAM to be exceeded.

(11) Go to the study section and Run model.

Nomenclature

alamp: Area of lamp (m2)
ap: Catalytic particle area (m2)
CAB: Benzylic acid concentration (mol·dm−3)
Ccat: Catalyst concentration (kg·m−3)
gf : Flux incident radiation (Watts·m−2)
ga: Upwards flux scattering radiation (Watts·m−2)
gb: Flux backscattering radiation (Watts·m−2)
gc: Downwards flux scattering radiation

(Watts·m−2)
Iλ: Spectral radiation intensity (Watts·m−2·sr−1)
KAp: Apparent reaction constant (s−1)
kr1: Intrinsic reaction constant without catalyst (s−1)
kr2: Reaction constant with catalyst (s−1)
kr3: Intrinsic reaction constant with catalyst

(Watts(−m)·m(3m))
L: Length (m)
Llamp: Length of lamp (m)
LReac: Length of the reactor (m)
LVREA: Local volumetric rate of absorption of energy

(Watts·m−3)
m: Reaction order with respect to LVREA
np: Number of catalyst particles (m−3)
pa: Probabilities of scattering toward up
pb: Probabilities of backscattering
pf : Probabilities of forward scattering
p Ω→Ω : Phase function
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r: Radial coordinate (m)
Rint: Inner radius of the annulus (m)
Rlamp: Radius of lamp (m)
RR: Radius of reactor (m)
t: Time (h)
V: Volume (m3)
X: Conversion
z: Coordinate axial (m).

Greek Letters

βλ: Extinction coefficient (m−1)
Δ: Thickness of the annulus (m)
κλ: Absorption coefficient (m−1)
λ: Wavelength
σλ: Scattering coefficient (m−1)
ω: Albedo coefficient
Ω: Solid angle (sr).

Acronyms

DOM: Discrete ordinate method
FFM: Four-flux model
LVREA: Local volumetric rate of energy absorption
LHHW: Langmuir–Hinselwwod–Hougen–Watson kinetic

model
MC: Monte Carlo model
RTE: Radiation transfer equation
SFM: Six-flux model
TFM: Two-flux model
TFSIW: Thin-film slurry reactor of inner wall.
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In this work, two specific, sensitive, and rapid analytical methods were developed. One of them was for the determination of
ketorolac in a hospital wastewater treatment plant where there is no interference with other organic substances; the other
one was for the determination of the degradation kinetics in aqueous medium. Ketorolac was extracted from wastewater
samples through solid-phase extraction (SPE) cartridges, then it was identified and quantified by high-performance liquid
chromatography (HPLC). Ketorolac was detected in concentrations between 0.1376 and 0.2667μg/L. Photolytic degradation
was performed on aqueous solutions of ketorolac tromethamine reference substance, at a concentration of 50 μg/mL.
Samples were in direct contact with ultraviolet light in a dark chamber, equipped with two mercury lamps (254 nm) at a
radiation source of 15W. The results of the photolytic degradation were adjusted to a first-order model, obtaining a half-life
of 4.8 hrs.

1. Introduction

Ketorolac is a drug that has analgesic, anti-inflammatory,
and antipyretic properties and is indicated in the short-
term treatment of mild to moderate pain postoperatively
and in musculoskeletal trauma, in addition to pain caused
by nephritic colic. This drug is contraindicated when the
patient has active gastroduodenal ulcer, gastrointestinal
bleeding, in patients with moderate or severe renal
impairment [1].

The analgesic activity of ketorolac is due to the elimina-
tion of formation of prostaglandins, through the inhibition
of the enzyme prostaglandin system [1]. The chemical struc-
ture of ketorolac is shown in Figure 1.

Ketorolac is metabolized by hydroxylation and conjuga-
tion with glucuronic acid. The renal route is the primary
route of excretion of both the drug and its metabolites, which
is approximately 92% of the dose, about 40% as metabolites

and 60% as ketorolac. Approximately 6% of the dose is
excreted in feces [2].

Data obtained in a study to determine the toxic effects of
ketorolac on Cyprinus carpio, Galar-Martínez and collabora-
tors in 2014, concluded that ketorolac in a concentration
range of 1 to 60mg/L caused oxidative stress and cytotoxic-
ity, specifically in the liver, brain, and blood.

Different authors indicate that the wastewater treatment
plants do not remove the drugs in their entirety, because they
do not have unitary operations that devote their process to
the removal or elimination of drugs, since they depend on
the physicochemical properties of each substance for which,
in some cases, a decrease in the quantity of drugs after treat-
ment barely persists [3–5].

Several studies have determined the presence of ketorolac
in different matrices. For example, Gómez et al. in 2006
determined that the amount of ketorolac in the effluent of a
hospital treatment plant ranged between 0.2 μg/L and

Hindawi
International Journal of Photoenergy
Volume 2017, Article ID 6781310, 9 pages
https://doi.org/10.1155/2017/6781310

https://doi.org/10.1155/2017/6781310


59.5μg/L. Oliveira et al. in 2015 determined ketorolac in
influent and effluent from wastewater treatment plants of
different hospitals, finding it in concentration ranges from
0.03 μg/L to 1.15 μg/L [5, 6].

Because drug concentrations in wastewater are in the
order of μg/L and in some cases ng/L, the use of high-
performance liquid chromatography coupled to a mass spec-
trometry detector is very common, which is significantly
more sensitive than spectrophotometry detectors, but has
the disadvantage that it is more expensive. However, the
methodology presented in this research uses UV spectropho-
tometry detection, and a suitable sensitivity has been demon-
strated by validation that can allow the quantification of
ketorolac in wastewater in a less expensive way and can be
replicated in other laboratories that do not have a mass
spectrometry detector.

The objective of this work is to develop and validate ana-
lytical methodologies by high-resolution liquid chromatogra-
phy for the quantification of ketorolac in wastewater of a
hospital treatment plant and a second methodology that is
capable of separating and quantifying ketorolac in solution
and that can be used for the determination of the kinetics
of photolytic degradation, and thus determine the persistence
of ketorolac in the effluent of a hospital treatment plant.

2. Methodology

2.1. Materials and Instruments. Sigma-Aldrich® ketorolac
tromethamine reference substance was used, formic acid of
the brand Fermont® 88% analytical reagent grade. The
Fermont brand chromatographic grade methanol and the
water used were HPLC grade from the Millipore® Milli-Q
brand purification equipment, and the cartridges used for
solid-phase extraction (SPE) were Sep-Pak®, vac 6 cc (1 g)
C18, corresponding to the Waters® brand.

The high-performance liquid chromatography equip-
ment used for the development and validation of analytical
methods was Waters brand and consisted of a model 1525
pump, a model 717 automatic injector system, and a
model 2487 dual wave spectrophotometric detector. The
software controller of the chromatographic system was
Waters Breeze®.

2.2. Analytical Methodology

2.2.1. Quantification of Ketorolac in Wastewater. The refer-
ence solutions and samples used are of a concentration of
10 μg/mL of ketorolac, using ketorolac tromethamine

reference substance, which is dissolved in chromatographic
grade methanol.

The mobile phase is a mixture of methanol with acidified
water in a ratio of 60% : 40% v/v. The acidified water is pre-
pared by the dilution of 5.6mL of 88% formic acid brought
to 1000mL capacity with Milli-Q water.

Validation of the methodology and analysis of the sam-
ples were carried out under the following chromatographic
conditions: the column used is an Agilent® Zorbax SB C8
brand of 250× 4.6mm with a particle size of 5 μm, flow
velocity of 1.0mL/min, and injection volume of 20 μL at a
wavelength for detection of 318nm.

The samples from the hospital treatment plant were
extracted by SPE; the cartridges were previously conditioned
with 5mL of methanol chromatographic grade and later with
5mL of Milli-Q water. The extraction was carried out to
250mL of residual water, at the end, washing was performed
with 10mL of Milli-Q water. The elution of the sample was
performed with 5mL of methanol chromatographic grade.
This solution was injected into the liquid chromatograph
under the above-described conditions and quantified by
comparing the external standard of 10 μg/mL of ketorolac.

2.2.2. Ketorolac Determination in Aqueous Solution. The
reference solutions and samples used are of a concentration
of 50 μg/mL of ketorolac, using ketorolac tromethamine
reference substance, which is dissolved in Milli-Q water.

The mobile phase is a mixture of methanol with acidified
water in a 50% : 50% v/v ratio. The acidified water is prepared
by the dilution of 5.6mL of 88% formic acid and brought to
1000mL capacity with Milli-Q water.

Validation of the methodology and analysis of the
samples were carried out under the following chromato-
graphic conditions: the column used is an Agilent Zorbax
SB C8 brand of 250× 4.6mm with a particle size of 5 μm;
flow rate of 1.5mL/min; the injection volume of 20 μL at a
wavelength for detection of 323nm.

2.2.3. Validation of the Analytical Method. The analytical
methodologies were validated based on the guide for the val-
idation of analytical methods of the International Conference
on Harmonization (ICH) determining the parameters of
specificity, suitability, system accuracy, system linearity,
method linearity, repeatibility, detection, and quantification
limits [7].

The evaluation of the specificity was carried out by
means of the injection, under the previously described
conditions, from different samples that could interfere
with the ketorolac analytical signal. These injected samples
belong to a target, reference solution, and forced degradations
by stress conditions of the reference solutions (acid, basic, and
photolytic degradation).

A sixfold injection of a ketorolac reference solution
determined the suitability of the system. The calculation of
the chromatographic parameters was performed using the
Breeze liquid chromatograph software.

The determination of linearity of the system was
performed by analyzing 8 levels of ketorolac reference
concentration (by triplicate), corresponding to 10% to 400%

O

O

OH

N

Figure 1: Chemical structure of ketorolac.
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of the working concentration (10 μg/mL for the residual water
quantification and 50 μg/mL for determination of photolytic
degradation). The slope, ordered to the origin, and coefficient
of determination by linear regression were calculated, in
addition to the calculation of confidence interval for the
slope (ICβ1).

The precision parameter was performed at three levels:
system, repeatability, and intermediate accuracy. The evalua-
tion of the precision of the system was carried out by the
injection of 6 reference solutions of ketorolac at work
concentration, coming from the same stock, calculating the
average, standard deviation, and coefficient of variation.

The determination of the repeatability was performed by
independently preparing a sixfold solution of ketorolac at the
working concentration, for its subsequent quantification with
the comparison with an external standard, determining
the percentage of recovery, the average recovery rate of
the six solutions, the standard deviation, and the coefficient
of variation.

Intermediate precision was evaluated by quantifying 3
samples containing the working concentration; the analysis
was carried out by 2 analysts on two different days (n = 12).
The average of recovery, standard deviation, and coefficient
of variation was obtained.

Accuracy was determined by calculating the recovery of
three levels of ketorolac in triplicate (n = 9), quantification
using an external standard, and obtaining the recovery of
each of the samples, the mean recovery, the standard devia-
tion, coefficient of variation, and confidence interval for the
mean (ICμ).

The limits of detection and quantification were deter-
mined by performing a calibration curve at three levels of

concentration. Subsequently, the slope, ordered to the origin,
standard deviation of the regression, and coefficient of deter-
mination were calculated, all by linear regression.

2.2.4. Quantification of Wastewater Samples from the
Treatment Plant. The samples were taken in a timely manner
from a wastewater treatment plant of a hospital located in the
city of Toluca, in the state of Mexico, Mexico. The samples
were refrigerated immediately after being taken for further
processing by SPE using the methodology indicated above.

2.3. Photolytic Degradation Kinetics. The system for the
determination of degradation kinetics consists mainly of
the following components: a quartz cell placed on a
stirring grid that contains the sample and allows the flow
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Figure 3: Chromatogram for the reference solution of ketorolac.
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of radiation, a recirculating water bath keeping the cell at
a constant temperature, and a source of UV radiation
from a mercury lamp at 254nm. These components were
inside a glass tank lined with black polyethylene that pre-
vents reflection of the radiation. Figure 2 shows the
scheme for the photolytic degradation.

For the experimentation, 100mL of a solution of ketorolac
in water with a concentration of 50 μg/mL (2.0× 10−4 mol/L
approx.) was placed inside the reaction cell and initiated the
radiation, keeping the temperature of the cell at 18°C. Samples
of 2mL of the ketorolac solution were taken at different times.
Subsequently, each sample was placed inside vials for analysis

byHPLCunder the conditions described above. Thismethod-
ology was carried out in triplicate for each of the radiations.

3. Results and Discussion

3.1. Analytical Method Validation for the Quantification of
Ketorolac and Its Degradation Products. The specificity of
the analytical methodologies was demonstrated by the
chromatograms obtained from the individual injection of
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Figure 4: Chromatogram for the photolytic degradation of
ketorolac and its degradation products.
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Table 1: Suitability results for the system.

Parameter
Ketorolac in
wastewater

Ketorolac and
degradation products

Retention time (Rt) 8.7min 14.1min

Peak area 973919.0 2888463.2

Theoretical plates (N) 6830.1 11096.6

Capacity factor (K′) 3.9 6.8

Tailing (T) 1.1 1.0

Table 2: Precision results for ketorolac in wastewater.

Precision
Precision of
the system
(n = 6)

Repeatibility
(n = 6)

Interday
precision
(n = 12)

Average 956364.8 99.8 99.8

Standard deviation 7733.2 0.7 1.8

RSD (%) 0.8 0.7 1.8

Statistic T0.95 — 2.571 —

IC(μ)

— 100.6 —

— 99.1 —

Table 3: Precision results for ketorolac and its degradation
products.

Precision
Precision of
the system
(n = 6)

Repeatibility
(n = 6)

Interday
precision
(n = 12)

Average 2911596.8 101.1 100.1

Standard deviation 41727.1 1.0 0.9

RSD (%) 1.4 1.0 0.9

Statistic T0.95 — 2.571 —

IC(μ)

— 102.17 —

— 100.01 —

Table 4: Linearity results for the system.

Parameter Ketorolac in wastewater
Ketorolac and

degradation products

Slope 96078.6 61337.7

Origin −21767.2 −29360.2
Range 2.07–41.5 5.05–107.8

R2 0.9970 0.9986

IC(β0) 93773.5–98383.7 60356.8–62318.6

4 International Journal of Photoenergy



different and possible components of the real sample; due to
the fact that degradation products were not available in pure
way, forced degradations were carried out on a solution of
reference substance of ketorolac. In Figures 3 and 4, the chro-
matograms obtained for the determination of degradation
products can be observed. In the case of the methodology
for the quantification of ketorolac in wastewater, the chro-
matograms are shown in Figures 5 and 6.

During the determination of the suitability of the system,
a sixfold reference solution was injected under the described
conditions, checking the retention time, area under the
curve, theoretical plates, capacity factor, and collection
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Table 5: Accuracy results for ketorolac in wastewater.

Level
%

recovery
Average SD

RSD
(%)

Global
average
(n = 9)

SD
(n = 9)

Global
RSD (%)
(n = 9)

40%

100.7

101.8 0.9 0.9102.1

102.5

100%

98.4

98.9 1.2 1.2 100.0 1.8 1.8100.2

98.0

400%

101.4

99.4 1.7 1.898.3

98.5
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Figure 9: Accuracy for ketorolac in wastewater.

Table 6: Accuracy results for ketorolac in the degradation products.

Level
%

recovery
Average SD

RSD
(%)

Global
average
(n = 9)

SD
(n = 9)

Global
RSD (%)
(n = 9)

40%

101.0

100.4 0.8 0.899.5

100.7

100%

98.5

99.1 1.5 1.5 99.8 1.1 1.1100.8

98.0

400%

99.3

100.0 1.0 1.099.6

101.2
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factor. Table 1 shows the results obtained in the test for the
two methodologies.

The results obtained in the precision parameter for
quantification of ketorolac in residual water are shown
in Table 2.

The results obtained in the precision parameter for quan-
tification of ketorolac and degradation products are shown
in Table 3.

The linearity was evaluated at 8 levels of concentration
and in the twomethodologies with a coefficient of determina-
tion> 0.98. Table 4 shows the results obtained for the linear-
ity of the system.

Figures 7 and 8 show graphs with concentration versus
area under the curve for the linearity of the system.

The accuracy of the method was determined by quantify-
ing added water with an exact amount of ketorolac at three
concentration levels, by triplicate each.

In the case of the determination of ketorolac in residual
water, the levels of 40%, 100%, and 400% were evaluated.
The results are shown in Table 5, and in all samples analyzed,
a recovery between 98.0% and 102.5% is obtained, obtaining
a global average (n = 9) of 100.0%, with a coefficient of
variation of 1.8%.

Graphing the data added quantity versus quantity recov-
ered gives a coefficient of determination of 0.999 and slope
of 0.9931, and the ordinate to the origin passes through
zero (Figure 9).

The accuracy results obtained for ketorolac and degrada-
tion products are shown in Table 6; all recovery results are
between 98.0% and 101.2%, with a global mean (n = 9) of
99.8% and a coefficient of variation of 1.1%. By plotting
the added concentration versus concentration recovered
(Figure 10), a coefficient of determination (R2) of 0.9993
was obtained as well as a slope of 0.9973, and an ordinate
to the origin is near zero.

The limit of detection and quantification for both meth-
odologies was determined by analyzing a standard curve at
low concentration levels.

For the quantification of ketorolac in residual water, the
limit of detection and quantification were 0.00934 μg/mL
and 0.02832 μg/mL, respectively, and R2 was 0.998. The
calibration curve obtained during the determination is
shown in Figure 11.

Figure 12 shows the curve obtained for the limit of detec-
tion and quantification in themethodology for the determina-
tion of ketorolac in the presence of its degradation products,
which obtained a coefficient of determination of 0.99998.
The calculated limit of detection was 0.00283 μg/mL, while
the quantification limit was 0.00859 μg/mL.

3.2. Quantification of Ketorolac in Wastewater from a
Hospital Treatment Plant. The results obtained by high-
resolution liquid chromatography on samples obtained from
the effluent from a hospital wastewater treatment plant
located in the city of Toluca, State of Mexico, Mexico, are
shown in Table 7; each sample was analyzed by triplicate.

3.3. Photolytic Degradation Kinetics. The results obtained by
the high-resolution liquid chromatography analysis on the
samples generated in photolytic degradation with UV radia-
tion are shown in Table 8.

These results, concentration (mol/L) with respect to time
(h), can be observed in Figure 13.

With the data obtained in Table 8, calculations were
made for the determination of the order of reaction accord-
ing to the equations indicated by Fogler. Slope, ordered to
the origin, and coefficient of determination (R2) were deter-
mined in each of the reaction orders. The results are shown
in Table 9.

As seen in Table 9, the order of reaction 1 or first order
has the highest determination coefficient with respect to the
others; doing a study of residuals, it is observed that there is
no marked tendency.

y = 0.9973x + 0.0154
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Figure 14 shows the first-order kinetics, as mentioned
above. This is the model that best fits the data obtained by
both coefficient of determination and study of residuals.
The plot of residuals for the first-order kinetics for UV
photolytic degradation of ketorolac is shown in Figure 15.

The results obtained during the validation process show
that there are two methodologies, one for the quantification
of ketorolac in residual water and another for the quantifica-
tion of ketorolac and the presence of its photolytic degrada-
tion products, which are accurate and precise, with a limit
of detection and quantification low enough to be able to iden-
tify and quantify the samples from hospital wastewater that
was analyzed.

As observed in the chromatograms obtained in the spec-
ificity tests, there is no interference by the matrix or degrada-
tion products in the quantification of ketorolac; this can be
due to two causes: the first is that there is a good separation
between the ketorolac peak and the other components of
the sample due to a good selection of the chromatographic
conditions and the second is the working wavelength in
the detector, since while most organic compounds have
their maximum absorption in the region of the spectrum
of 200nm to about 260nm, the ketorolac under these
working conditions had its maximum at 323 nm and
318nm, respectively.

The quantification of samples obtained from the effluent
from the wastewater treatment plant from a hospital, after
being treated by SPE, is as follows: an average concentration
of 0.2117 μg/L was obtained, with a CV of 22.3%, which can
be considered high and may be due to the type of point
sampling and the treatment that was performed, which
causes a wide variation.

The results of quantification of ketorolac in wastewater
shows that it can be used for this purpose; it is true that liquid
chromatography coupled to mass spectrometry detector
systems are the most used for this type of application because
of their greater sensitivity and more specialized handling;
nevertheless, it represents higher costs. That is why, the
methodology proposed in this research uses a spectropho-
tometry detector which is cheaper and widely used; with the
results obtained, the samples can be considered as an option
in the quantification of traces of ketorolac in residual water.

When the data were obtained during photolytic degrada-
tion with UV radiation, it was determined that this kinetics is
of the first order, so that the data conform to 1 [8], since the
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Table 7: Quantification results for ketorolac samples in wastewater.

Sample
Conc.
(μg/L)

Average SD RSD (%)
Global
average
(n = 9)

Global
RSD

M1_1 0.2109

0.2258 0.016 7.0

0.2117 22.3

M1_2 0.2424

M1_3 0.2242

M2_1 0.2590

0.2559 0.013 5.0M2_2 0.2667

M2_3 0.2419

M3_1 0.1658

0.1534 0.014 9.4M3_2 0.1376

M3_3 0.1568

Table 8: Degradation results for ketorolac with ultraviolet
radiation.

Time (h)
Sample 1 Sample 2 Sample 3
Ketorolac
(mol/L)

Ketorolac
(mol/L)

Ketorolac
(mol/L)

0 0.0001997875 0.0001997875 0.0001932206

0.5 0.0002023158 0.0002009421 0.0001949987

1 0.0002029341 0.0002005465 0.0001943721

3 0.0002083404 0.0001981625 0.0001913357

4 0.0002037832 0.0001924920 0.0001882330

5 0.0002009338 0.0001825738 0.0001775599

6 0.0002066012 0.0001646013 0.0001573098

7 0.0001835656 0.0001230821 0.0001170299

8 0.0001611106 0.0001001495 0.0000955237

9 0.0001383091 0.0000897662 0.0000864861

22 0.0000135506 0.0000051354 0.0000045894

25 0.0000097583 0.0000024875 0.0000023666

47 0.0000007281 0.0000004353 0.0000004399
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correlation coefficient was greater than 0.98, in addition to
the fact that the study of residuals does not indicate that there
is a trend in error:

ln C0
CA

= k t 1

By deducing from the above equation, we can obtain the
average half-life for UV radiation which is 4.8 hours.

t1/2 =
ln C0/C1/2

k
2

4. Conclusions

Two analytical methodologies were obtained for the quan-
tification of ketorolac, the first for its quantification in
residual water and the second for the determination of
its photolytic degradation products. In both cases, it is
guaranteed that the results obtained by these methodolo-
gies are reliable because they comply completely with the
validation parameters studied.

The quantification of ketorolac in residual water of a
wastewater treatment plant of a hospital located in the city
of Toluca, Mexico, was carried out, resulting in an average
concentration of 0.2117 μg/L.

Photolytic degradation kinetics studies for ketorolac
show that it is of the first order with a half-life of 4.8 hours
for degradation with UV radiation.
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Table 9: Determination of the degradation reaction order of ketorolac with ultraviolet radiation.

Order zero First order Second order Third order

R2 0.79859 0.96387 0.79912 0.69190

Slope −5.3194E− 06 0.145164843 36424.29224 70745005450

Origin 0.00018896 −0.41326464 −191771.8568 −4.20727E+ 11

y = 0.1452x − 0.4133
R² = 0.9639
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