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Abstract
Methylthionine Chloride (MTC), commonly known as methylene blue, is a substance widely used in medical and clinical industry
as indicator, various diseases treatment and diagnostic. When MTC is discarded out of the organism, it becomes a residue
which ends in wastewater treatment plants and it is not treated or removed. In the present work, MTC was treated through
advanced oxidation processes (AOPs) photolysis and heterogeneous photocatalysis, in three pH magnitudes (3.5, 7.2 and 9.5),
and comparing when 1 mMol of H2O2/L of sample was added or not at the beginning of the experiment. MTC degradation
reached 62.9 and 54.1%, for photolysis and photocatalysis, respectively, both in acid pH conditions and adding H2O2 to the
sample. Kinetic constants (K) were calculated, showing acid pH as more effective; likewise, half life time decreases under
these conditions. With Student-t statistic test, K from both processes were compared, resulting acidic and basic pH significantly
different, but not neutral. For both processes and in the best MTC degradation conditions, the values of electric-energy-per order
(EEO) were calculated in kWh/m3/order, 3.75 and 5.03, for photolysis and photocatalysis, respectively.
Keywords: TiO2/SiO2 photocatalyst, recalcitrant compounds degradation, conduction band, electron/hole generation, methylene
blue

Resumen
El cloruro de metiltionina (CMT), comúnmente conocido como azul de metileno, es una sustancia ampliamente usada en la
industria médica y clínica como indicador, para el tratamiento y el diagnóstico de diversas enfermedades. Cuando CMT es
desechado fuera del organismo se convierte en un residuo más, el cual termina en plantas de tratamiento de aguas residuales y no
es tratado ni removido adecuadamente. En el presente trabajo se trató el CMT mediante los procesos de oxidación avanzada
(POAs) fotólisis y fotocatálisis heterogénea, en tres magnitudes de pH (3.5, 7.2 y 9.5) y comparando entre experimentos
realizados con y sin adición de 1 mMol de H2O2/L de muestra, añadido al inicio del experimento. La degradación alcanzó
62.9 y 54.1%, para fotólisis y fotocatálisis, respectivamente, ambas obtenidas en condiciones de pH ácido y agregando H2O2
a la muestra. Se calcularon las constantes cinéticas (K), demostrando mayor efectividad del proceso en pH ácido; asimismo,
el tiempo de vida media disminuye en estas condiciones. Con la prueba estadística t-Student se compararon las K de ambos
procesos, resultando significativamente diferentes en pH ácido y básico, pero no en neutro. Se estimaron, para ambos procesos y
en las mejores condiciones de degradación de CMT, los valores de la energía-eléctrica-por orden (EEO) en kWh/m3/orden, 3.75
y 5.03, para fotólisis y fotocatálisis, respectivamente.
Palabras clave: Fotocatalizador TiO2/SiO2, degradación de compuestos recalcitrantes, banda de conducción, generación
electrón/hueco, azul de metileno.

1 Introduction

Methylthionine Chloride (MTC), commonly known
as methylene blue, is a tricyclic phenothiazine dye

widely used in different industrial sectors (Schirmer
et al., 2011) given its advantages: the conformation
of phenotiazine on ground state impedes molecular
aggregation and formation of excimers, strong
electron donor capacity, fast reversible redox activity
and good stability (Luo et al., 2016; Gan et al., 2020).
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In the medical and clinical industry, it has been
used for decades because it is considered safe and
effective (Pollack et al., 2009; Harrison and Triponez,
2009; Van der Vorst et al., 2013). MTC is managed
as a somewhat versatile substance, and can be used
as an indicator (Pruthi et al., 2011; Lenglet et al.,
2011; Repici et al., 2012; Van der Vorst et al., 2013;
Wiklund et al., 2013) and for diagnosis of various
diseases (Paciullo et al., 2010), or as a treatment
for diseases or clinical situations, for example as an
alternative to treat lymphatic shock, type II congenital
methemoglobinemia, and anaphylaxis, among others
(Scheindlin, 2008; Fisher et al., 2013; Van der Vorst
et al., 2013; Wiklund et al., 2013; Zheng et al.,
2013; Roderique et al., 2014; Talley et al., 2014;
Cooper et al., 2015). The doses administered and/or
recommended vary for different reasons, but age and
weight of the patient are the most influential factors;
likewise, the route of administration will depend both
on the patient’s conditions and on the reason for drug
treatment (Pruthi et al., 2011; Lenglet et al., 2011;
Repici et al., 2012; Cooper et al., 2015).

MTC has different excretion routes; the main one
is through urine in 8-72 hours time period (Lenglet
et al., 2011). MTC is discarded and treated as one
more waste in wastewater treatment plants. It is an
extremely difficult substance to remove mainly due
to its synthetic origin, meaning it is not obtained
naturally or by means of a living plant or organism,
thus providing it with characteristics of stability and
a chemical structure that is difficult to break. This
is the main reason why the need to find viable
alternatives for the removal and/or degradation of this
type of substances arises because they can become
counterproductive in a water body, lead to serious
contamination of an ecosystem and affect all living
organisms that inhabit it (Pavan et al., 2008; Sharma
et al., 2010).

Different physical, chemical, and biological
treatments have been used for the removal and
total or partial degradation of these recalcitrant
contaminants present in water (Angulo-Mercado et
al., 2012). Advanced oxidation processes (AOPs)
are considered the most suitable for treating these
types of substances due to the in situ generation
of their powerful chemical oxidant, the hydroxyl
radical (•OH, 2.8 eV oxidative potential) (Wu and
Chern, 2006; Núñez-Núñez et al., 2018; Gines-
Palestino et al., 2020; Morones-Esquivel et al., 2020;
Núñez-Núñez et al., 2020). One of these processes
is heterogeneous photocatalysis, which mainly uses
TiO2 as a semiconductor and UV radiation as

activation energy, achieving the degradation of
recalcitrant substances when destroying their chemical
bonds, by generating gaps in electron pairs as there
is a reaction between the organic substances and
water (López-Ojeda et al., 2011). In this way, the
complete mineralization of these pollutants can be
achieved thanks to their degradation in a fast and
non-selective manner to non-toxic substances (Bokare
and Choi, 2014; González-Burciaga et al., 2020).
Reactions taking place on the photocatalyst surface
are (Gottschalk et al., 2000; Wang and Xu, 2012):

TiO2 + hv −−−→ e−cb + h+
vb (1)

O2 + e− −−−→ O −
2 (2)

O2 + 2e− −−−→ O 2−
2 (3)

On the conduction band, oxidation reactions take
place and OH• is generated in the presence of water:

H2O + h+ −−−→ OH• + H+ (4)

OH− + h+ −−−→ OH• (5)

OH• could also be generated through reaction
between some intermediate products:

2O −
2 + 2H+ −−−→ H2O2 + O2 (6)

H2O2 + e− −−−→ OH• + OH− (7)

Formed OH• reacts with organic compounds
R (either chemical compounds or microorganisms)
present in the sample generating a Mineralization
reaction:

OH• + R −−−→ CO2 + H2O (8)

Photocatalysis technique has been used for the
degradation of different recalcitrant substances of
this type present in water, obtaining positive results
(Lachheb et al., 2002; Akpan and Hameed, 2009;
Rauf and Ashraf, 2009; Rauf et al., 2010; Kaur and
Singhal, 2014; Muhd et al., 2014). Photocatalytic
waste water treatments use different reactors where
the semiconductor is fixed in a specific place in the
system where it receives the UV radiation, which
can be artificial by means of a lamp or natural solar,
necessary for the reaction to occur (Pantoja-Espinoza
et al., 2015; Abreu-Zamora et al., 2016; Núñez-Núñez
et al., 2018; Cruz, 2019; González-Burciaga et al.,
2020). To monitor the degradation of the pollutant
in aqueous solution, the most widely used reactors
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are those that have TiO2 supported on an immobile
material, as long as the photocatalyst is in a phase of
aggregation different from that of the compound to be
degraded (De Felipe, 2008; Amador-Hernández et al.,
2011).

One of the reactors that has been best adapted
to the needs of degrading organic matter present
in wastewater is the Japanese patent UBE reactor,
which uses a photocatalytic material (TiO2/SiO2) in its
structure and applies UV-C radiation (λ = 254 nm) by
lamp, achieving positive results in short reaction times
(Pantoja-Espinoza et al., 2015; Núñez-Núñez et al.,
2018; Cruz, 2019; González-Burciaga et al., 2020).

The objective of this work was to degrade the
MTC compound by photolysis and heterogeneous
photocatalysis in a UBE pilot reactor, taking into
account the best physical and chemical parameters
to have high percentages of degradation. Likewise,
pH and oxidant addition effects were tested through
the kinetic and statistical analysis, comparing the
degradation efficiency of the MTC when it was
treated at different pH levels and the addition of
hydrogen peroxide (H2O2). An additional objective
was the estimation of the energy consumption of
both processes, through electric-energy-per order
parameter (EEO).

2 Materials and methods

2.1 Reactor system

The TiO2/SiO2 fixed bed reactor used, located at
Salamanca University, Spain, is shown in figure 1.
It is a vertical piston flow reactor (UBE Industries,
Japan), and the system configuration allows working
in batch conditions. The reactor body is made of
stainless steel. It uses UV radiation provided by a
40 W low pressure Philips T5 format mercury lamp
that is inserted into the center of the reactor. The lamp
emits 15 W of ultraviolet radiation with a wavelength
of 254 nm, and it is protected by a quartz tube to
prevent it from coming into direct contact with the
sample. The quartz tube with the lamp occupies the
center of the reactor, so the radiation hits the polished
reactor internal surface and reflects back to the sample
(Pantoja-Espinoza et al., 2015).

Fig. 1. Reactor system used in both photolysis and
photocatalysis processes.

Figure 2. (a) SiO2 fiber mesh supporting the TiO2.
(b) Stainless steel cones where the SiO2 fiber mesh
supporting the TiO2 photocatalyst is hold. (c) Pump,
rotameter and solids filter.

Besides the reactor itself, the system consists of
a 200 L reservoir tank, from where the solution is
recirculated by means of a 1 HP pump to then pass
through a rotameter and a solids filter with a 50 micron
sieve (figure 2c).

The TiO2 catalyst is supported on a SiO2 fiber
mesh (figure 2a) placed in four longitudinally placed
stainless steel cones (figure 2b). The reactor has a
cooling system through which water is recirculated to
avoid heating the sample.

The photolysis and photocatalysis processes were
carried out in the same reactor, the difference between
these processes lies in the use of the photocatalyst
cones, which are introduced into the reactor between
the wall and the UV lamp, and are used in the
processes of photocatalysis, but not in photolysis.
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2.2 Experiment description and experimen-
tal design for the study

The photocatalysis and photolysis processes were
carried out under three pH levels (3.5, 7.2 and 9.5),
to check the effect of pH on the degradation of
the contaminant, and to determine if the electrostatic
attractions between the contaminant and TiO2 play
an important role in the photocatalytic degradation of
the contaminant. The initial pH of the solution was
adjusted to the studied pH by adding NaOH and HNO3
solutions (Panreac, Spain).

Also, to test the effect of the addition of oxidizing
agent, two doses of hydrogen peroxide (30% in
aqueous solution, PanReac, Spain) were tested: 0 and
1 mM of H2O2/L of sample, added to the solution
to be treated with the pH adjusted to the necessary
magnitude.

Each experiment lasted 120 minutes, with a
recirculation flow of 1000 L/h and 50 L sample
volume of aqueous MTC (HYCEL, México) with an
initial concentration of approximately 20 mg/L. After
adjusting the pH and adding 1 mM H2O2/L in the
experiments that required it, the MTC solution began
to circulate in the reactor system and the initial sample
was taken, then the UV lamp was switched on and
experimentation time began to be measured. Samples
were taken at times 5, 10, 15, 20, 30, 45, 60, 75, 90
and 120 min.

Also, a set of experiments in the three pH
magnitudes tested was performed in absence of
radiation in order to discard the H2O2 addition
as the only factor contributing to the contaminant
degradation.

Dye degradation was measured in terms of
absorbance on a Beckman DU520 spectrophotometer
(Beckman Coulter Inc., USA), at a wavelength of
670 nm (Chaparro et al., 2014).

Experimental design for the study considered two
processes: photolysis and photocatalysis; three pH
magnitudes: 3.5, 7.2 and 9.5; and two doses of H2O2:
0 and 1 mMol/L. A factorial design 2*3*2 with one
variable and 10 repeated measures was selected to
perform the research.

2.3 Kinetic analysis

The experimental data kinetic analysis was performed
considering a reaction of order 1 (n = 1). It
is well known that, in the reaction carried out
by heterogeneous photocatalysis, the substrate
consumption rate (S) is represented by equation (9)

(Adamson and Gast, 1997; Kuhn and Försterling,
2000; Malato et al., 2009):

−Vs = −d(s)/d(t) = Kr(OH•ads)(S )ads (9)

where Kr is the reaction constant, OH•ads represents
the OH• radicals adsorbed on the surface of the
photocatalyst and (S )ads is the concentration of the
substrate adsorbed on the surface of the photocatalyst.
The concentration of hydroxyl radicals reaches a
steady state as a function of the intensity of radiation,
the surface of the solid and the composition of the
solution, remaining constant as long as these factors
do not change. That is why, from equation (9), we can
consider the following equation (10):

Kr(OH•ads) = K1 (10)

where K1 represents a reaction constant, a function of
temperature, magnitude of the pH, dissolved oxygen
and concentration and surface of the photocatalyst.

By introducing equation (10) in equation (9), we
obtain equation (11):

−VS = −d(S )/d(t) = K1(S )ads (11)

For this case of heterogeneous reaction, the
following hypothesis is also considered:

Adsorbed species reach the adsorption equilibrium
fulfilling the Langmuir equation, equation (12):

(S )ads = KA · (S )/[1 + KA(S )] (12)

being KA the Adsorption Equilibrium Constant.
Substituting equation (12) in equation (11), the

equation of reaction rate is represented, then, by the
equation (13):

−VS = −d(S )/d(t) = K1(KA · (S )/[1 + KA(S )]) (13)

If in equation (13) we consider that KA · (S ) << 1;
then equation (14) results:

−VS = −d(S )/dt = K1[KA · (S )] (14)

Integrating equation (14) in the established limits:

(S )t = (S 0)e−KAK1t (15)

Consequently, the product of the constants KA K1
would be proportional to another constant (KphC),
according to the following equation (16):

KphC = KA ·K1 (16)
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Substituting equation (16) into equation (15), we
obtain the expression used to calculate KphC , by
equation (17):

(s)t = (s)0e−(KphC )·t (17)

where KphC represents the photocatalytic rate
constant.

Or the equivalent expression for the case of our
work, equation (18):

(X)t = (X)0e−(KphC )·t (18)

The calculation of the half-life time (τ1/2) was
obtained with the next formula (19) (Zhou et
al., 2015), and the photolytic constant (Kph) was
determined by well known formal kinetics (Kuhn and
Försterling, 2000):

τ1/2 =
ln(2)

k
(19)

2.4 Statistical analysis

The kinetic constants of the MTC degradation for
photolysis and photocatalysis under the same pH
were compared by Student-t statistical test, through
equation (20):

t =
(k1 − k2)√
σ2

1
n1

+
σ2

2
n2

(20)

where t represents the Student-t statistics, k1
represents the constant of the photocatalytic reaction,
k2 corresponds to the photolytic constant, σ2

1 and σ2
2

represent the variances and n1 and n2, the number of
observations.

The effects of the factors that intervened in the
experimental design were evaluated by means of an
analysis of covariance (ANCOVA) with α = 0.05,
such analysis was performed with SAS Studio 9.0
(SAS Institute Inc, USA), verifying the Gauss-Markov
assumptions.

2.5 Electric-energy-per order (EEO)
estimation

Since MTC degradation on pilot reactor by photolytic
and heterogeneous photocatalytic reactions is electric-
energy-intensive, and electric energy represents a
major fraction of operating costs, the electric-energy-
per order (EEO) was determined in kWh/m3/order,
according to Bolton et al. (2001), considering

a low concentration of contaminant in water
(20 mg/L), reaction kinetics of the first order and
in situ generation of highly potent chemical oxidant
(OH•), for photolytic (UV/H2O2) and heterogeneous
photocatalytic (UV/TiO2/H2O2) reactions, in a
reaction time of 120 min at room temperature
(25 °C), in different pH magnitudes and with a system
configuration in batch operation.

EE0 values (usual units, kWh/m3/order) can be
calculated for batch operation using equation (21)
(Bolton et al. 2001):

EEO = Pt1000/Vlg(ci/c f ) (21)

where P is the rated power (kW) of the system, V is
the volume (L) of water treated in the time t (h), ci
and c f are the initial and final concentrations of MTC,
respectively.

The electric energy needed to eliminate a specific
amount of substrate is directly proportional to the
electric power (Pel) of the lamp used and inversely
proportional to the treated volume of water and the
observed overall rate constant (k′) of the process.

In first-order-kinetic reactions, lg(ci/c f ) =

0.4343k′t, where t (min) is the reaction time in the
reactor and k′ is the first-order rate constant (min−1),
in the case of batch reactors (Bolton et al. 2001),
equation (21) becomes equation (22):

EEO = 38.4P/Vk′ (22)

where V is batch reactor volume (L).
This concept, “electric energy per order” (EEO)

for use in the first-order kinetic regime of AOPs,
was accepted by the IUPAC as a technical report
(Behnajady and Modirshahla, 2006).

According to Bolton et al. (2001), there are
other factors associated with the cost of water
treatment, apart from energy consumption (chemicals,
operation/maintenance, capital, etc.), that go into a
complete analysis; however, the EEO estimation meets
the objective basis for comparison.

3 Results and discussion

Initial MTC concentration for the experimental design
was set to be close to 20 mg/L. According to
Dean et al. (2016), in MTC concentration close to
2×10−5 M, only monomer is found in the solution, and
at concentration near 7×10−4 M, equilibrium shifts
towards dimmer formation. According to Bergmann
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and O’Konski (1963), monomer dimer equilibrium
is held up to concentrations of around 0.0001 M;
in these experiments, authors observed no indication
of alteration between monomer-dimer equilibrium.
As dimer of MTC has a maximum absorbance at
605 nm (Bergmann and O’Konski, 1963), higher
initial concentration and possible dimer formation
could have caused an absorbance diminution when
absorbance reading took place at 670 nm.

According to Houas et al. (2001), MTC in TiO2
adsorption equilibrium is reached after one hour. As
experiments here described lasted for a two hour
period, only adsorption from contaminant into reactor
material was discarded, besides, if such adsorption
effect had happened at too great extent, experiments in
absence of radiation would have shown, but that was
not the case.

Possible transformation from MTC to
trimethylthionine in basic solutions (Bergmann and
O’Konski, 1963) was also discarded in control
experiments, where no remarkable degradation in
basic pH was observed in absence of radiation.
Trimethylthionine, commonly called Azure B, is also
a redox-active phenothiazine derivative dye (Chen et
al., 2017).

Experiments performed in absence of UV-C
radiation, did not show remarkable contaminant
degradation, not even when H2O2 oxidant was added
at the beginning of the experiment, discarding this way
the effect of oxidant addition as the only important
factor to be considered in this kind of processes.

3.1 UV-C photolysis of MTC

When photolysis experiments were carried out
without H2O2 addition, degradation was measured
to be of 18% under basic pH, and no degradation
was measured under acidic and near neutral pH

experiments. Lack of effect on UV-C photolysis
experiments was to be expected given that MTC does
not absorb 254 nm radiation (Dean et al., 2016). In
1963, Bergmann and O’Konski reported that some
MTC had been adsorbed by the glass container; a
similar effect in these experiments might have caused
the diminution in measured contaminant concentration
under UV-C photolysis under a basic pH.

Houas et al. (2001), reported in their study that
photolysis experiments showed poor results when
experiments were conducted under radiation ≥290 and
340 nm, matching results here reported, performed
under 254 nm radiation wavelength. Zhou et al.
(2015), also reported low MTC degradation by means
of photolysis under visible radiation (13% after 4 h
irradiation time).

When 1 mMol H2O2/L was added to UV-C
photolysis experiments, degradation up to 62.9%
was reached after 120 min, when initial pH of the
sample was 3.5 (figure 3). As MTC molecule does
not break under radiation, as demonstrated by UV-
C only experiments, observed degradation points to a
combined effect of H2O2/UV-C radiation.

Under radiation <300 nm, hydrogen peroxide
generates hydroxyl radicals, and then, hydroxyl
radicals could react with MTC to form decomposition
products (Cubillas et al., 2012), equation (23):

MTC + OH• −−−→ decomposition products (23)

As stated before, experiments where H2O2 was
added but no radiation provided did not show
degradation, so authors believe this to be the
degradation pathway of the reaction.

As can be seen in figure 3, best degradation was
obtained in acidic conditions, reaching 62.9%, 31.5%
degradation in near neutral pH and only 17.3% in basic
conditions.

Figure 3. UV-C MTC degradation when adding 1 mMol H2O2 in three initial pH values.
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Figure 4. MTC heterogeneous photocatalytic degradation when adding 1 mMol H2O2 in three initial pH values.

3.2 MTC degradation by heterogeneus
photocatalysis

Photocatalysis experiments in the absence of H2O2 did
not yield good degradation results: higher degradation
was 4%, reached at 7.2 pH. This shows that,
in heterogeneous photocatalysis, e−/h+ generation,
which takes place when radiation under 380 nm
reaches TiO2 surface (Calzada et al., 2019; Schneider
et al., 2019; Harris et al., 2020), is not the
main mechanism for MTC degradation. A possible
explanation could be the adsorption of dye on the fiber,
saturating the zones where oxidation of MTC in e−/h+

could take place.
Results from heterogeneous photocatalysis with

H2O2 addition are shown in figure 4. As can be
seen, highest degradation was reached under acidic
conditions (54.1%), while under basic conditions
45.6% degradation was observed and 30.7%
degradation was reached under a pH of 7.2 (table 1).

Lakshmi et al. (1995), reported neutral pH to be
better for photocatalysis MTC degradation; whilst our
results yield a different conclusion: near neutral pH
actually gives lower degradation than basic and acidic
conditions (figure 4).

During photocatalysis experiments, electrons
promoted to the conduction band in the photocatalyst
could serve as an additional hydroxyl radical source,
equations (24) and (25):

TiO2 + hv −−−→ e− + h+ (24)

H2O2 + e− −−−→ OH• + OH− (25)

Thus explaining higher reaction rate constants
yielded by photocatalysis under 7.2 and 9.5 initial
pH magnitudes when compared to the ones from
photolysis under the same pH (table 1).

Figure 5. MTC decolorization, relative to the initial
color of the solution, by heterogeneous photocatalysis,
after 60 min of degradation reaction, when adding 1
mMol H2O2 in pH 3.5, in batch operation.

Fig. 5 shows the maximum decolorization
achieved, which was observed during the first 60
min of reaction for both processes, not obtaining an
improvement in decolorization during the second hour
of the reaction.

Authors consider that the improvement of
decolorization is affected with the advance of the
reaction time in both processes, photolysis and
photocatalysis, due to the competition of OH•

radicals with other species for H2O2. Behnajady
and Modirshahla (2006), demonstrated that generated
OH• radicals react efficiently with H2O2, so that the
photooxidative degradation promoter itself contributes
to the OH•-scavening capacity and reduces the
decolorization rate of Acid Orange 7.

Stinzing (2003), showed that photocatalytic
treatment is successful in decolorizing dyes. The
partial oxidation of MTC with remaining organic
by-products can occur. Decolorization occurs much
earlier than the total oxidation, including a TOC-
decrease.
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Table 1. Degradation percentage and Kinetic parameters, considering first order reaction, calculated for photolysis
and photocatalysis experiments after 120 min of experimentation, when 1 mMol H2O2/L was added, under

different pH tested.

Photolysis Photocatalysis

pH Kph Error τ1/2 Degradation Kph Error τ1/2 Degradation
(min−1) (min) % (min−1) (min) %

3.5 0.0082 0.000146 84.5 62.9 0.0061 0.000188 113.6 54.1
7.2 0.0029 0.000171 239 31.5 0.0033 0.000166 210 30.7
9.5 0.0013 0.000367 533.1 17.3 0.0046 0.000157 150.6 45.6

3.3 Kinetic data

Kinetic constants and half lifetime were calculated
for experiments performed with the addition of H2O2
only, as experiments without its addition did not
yield remarkable degradation results. Kinetic data is
presented in table 1.

In 2001, Houas et al., applied homogeneus
photocatalysis to MTC degradation with initial
concentration of 72 µmol L−1 and reported total
degradation in 60 min under radiation ≥290 nm and
of 120 min when using radiation ≥340 nm. Their
report shows rate constants of 0.06 and 0.025 min−1,
respectively. In our case, calculated rate constants
were lower and total degradation was never reached.

As MTC is a cationic molecule (Houas et al., 2001;
Nuñez et al., 2015), better results from photocatalysis
experiments were expected from basic pH, at which
TiO2 is negatively charged (Calzada et al., 2019;
Schneider et al., 2019; Harris et al., 2020), and
electrostatic interactions play a role in photocatalysis
experiments (Núñez-Núñez et al., 2018). Instead,
such electrostatic attraction was detrimental for
degradation: as the electron/hole is not the main
mechanism for degradation, the mesh color saturation
took place faster in basic pH than in acidic conditions,
where TiO2 surface is positively charged. According
to Houas et al. (2001), adsorption of MTC on TiO2
increases as pH increases, so this path took just a small
role in the degradation, explaining again the lower
degradation under basic pH.

As pH increase seems to actually hinder MTC
degradation in both photolytic and photocatalytic
processes, authors consider mesh saturation and
coloration to be responsible. As was stated in the
previous section, and according to cited literature,
H2O2 molecule breaks to form OH• radicals when
it absorbs radiation under 300 nm wavelength,
and authors of this work consider MTC molecule

reaction with such radicals the main pathway for its
degradation. Nevertheless, TiO2 containing mesh, or
lamp containing quartz tube, could stain and interfere
radiation path, making it less available for H2O2
molecule rupture; the higher the pH, the more stained
the material would be, thus explaining shorter half
lifetimes under acidic conditions. As Zhou et al.
(2015) reported in the past, dye molecules may absorb
a portion of the light, making it less available to take
part in other reactions.

3.4 Statistical analysis results

Student-t analysis, which allows comparing photolysis
reaction rate constants from the ones from
photocatalysis experiments performed under the same
initial pH, showed that acidic and basic pH calculated
rates are significantly different one from the other
(p<0.05), but not the one calculated for near neutral
conditions. These results are in agreement with
the degradation percentages reported in table 1, as
very close degradation percentages were reached in
experiments starting at pH of 7.2 (31.5 and 30.7) for
photolysis and photocatalysis, respectively. Authors
consider electrostatic interactions between TiO2 and
MTC to be blamed for this effect: negative or positive
charge on TiO2 surface is stronger as you move away
from the point of zero charge of TiO2 (around 6.5),
but in neutral pH, TiO2 surface charge is weak, so
the presence or absence of photocatalyst does not
make a remarkable difference at pH 7.2. ANCOVA
for the MTC degradation fulfilled the Gauss-Markov
assumptions and showed significant differences
(p<0.05) in the times 5 and 10 minutes with respect
to the process (photolysis and photocatalysis). For the
pH, H2O2, and simple interaction between the factors,
significant differences were found only in time 5.
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Table 2. Electric-energy-per order estimation, calculated (EEO-cal.) and experimental (EEO−exp.) for MTC
degradation on UBE pilot reactor, considering first order reaction, calculated for photolysis and photocatalysis after

120 min of experimentation, using a 40 W power lamp, when 1 mMol H2O2/L was added, under pH 3.5, 50 L
sample volume and room temperature (25 ºC) in batch operation.

Photolysis Photocatalysis

EEO−cal EEO−exp [MTC]0 EEO−cal EEO−exp [MTC]0
(kWh/m3/order) (kWh/m3/order) <100 mg/L (kWh/m3/order) (kWh/m3/order) <100 mg/L

3.75 3.72 20 5.03 4.73 20

3.5 Electric-energy-per order (EEO)
analysis

Table 2 shows the results of the estimation of electric-
energy-per order in kWh/m3/order, EEO calculated
(EEO−calc) and experimental (EEO−exp) for MTC
degradation on pilot reactor by photolysis (UV/H2O2)
and heterogeneous photocatalysis (UV/TiO2/H2O2),
with initial concentration close to 20 mg/L of MTC
in water, first order reaction kinetics, a volume of 50
L and a reaction time of 120 min at 25 °C, under a
magnitude of pH 3.5, where the highest percentages
of MTC degradation were found, in batch operation
(Bolton et al. 2001; Behnajady and Modirshahla,
2006).

EEO magnitudes shown in table 2, calculated
(EEO−cal.) and experimental (EEO−exp), are close to
each other, for each process of experimentation,
photolysis and photocatalysis, showing a lower
magnitude of EEO for photolysis at a constant value
of pH 3.5, which is evident, according to its greater
magnitude in the rate constant (k′). Behnajady and
Modirshahla (2006), evaluated EEO on photooxidative
degradation of 40 mg/L C. I. Acid Orange 7 (AO7) in
a tubular continuous-flow photoreactor, with different
concentrations of H2O2, (100 - 500 mg/L), finding
magnitudes of EEO−calc and EEO−exp similar to those
shown in this work (table 2) for photolysis and
photocatalysis, when they analyzed an addition of
H2O2 close to 400 mg/L, demonstrating that EEO
decreases with the increase in the concentration of
H2O2 from 100 to 300 mg/L and that the result of the
improvement in the decolorization of AO7 is due to an
increase in the concentration of OH•.

The same authors demonstrated that the magnitude
of EEO decreases strongly for the same experiment
of photooxidative degradation of AO7, when the
concentration of H2O2 varies from 300 to 500 mg/L
(Behnajady and Modirshahla, 2006), also showing
that the improvement of decolorization rate is no

longer as high, since the generated OH• radicals
react efficiently with H2O2, so that the photooxidative
degradation promoter itself contributes to the OH•-
scavening capacity and reduces the decolorization rate
of AO7.

The information described above induces us to use
more efficient lamps, with an emission greater than
15 W in the ultraviolet region of 254 nm, as well as
to experiment with H2O2 > 300 mg/L, to increase the
production of OH• radicals, with the marked decrease
in EEO values, as described by other authors (Bolton
et al. 2001; Behnajady and Modirshahla, 2006).

Conclusions

No remarkable degradation was yielded by
experiments where no H2O2 was added, or those
performed in the absence of radiation; thus, authors
consider hydroxyl radical generation, when H2O2
absorbs UV-C radiation, to be of great importance
for MTC degradation by means of photolysis and
photocatalysis.

Photocatalysis showed higher constant rates (and
lower half lifetime), under 7.2 and 9.5 pH, compared
to the ones from photolysis. Nevertheless, highest
degradation percentage after 120 min experiment was
reached on photolysis at 3.5 initial pH (62.9%).

According to Student-test, photolysis and
photocatalysis first order constant rates are
significantly different for 3.5 and 9.5 initial pH; but
not for 7.2, where MTC degradation percentages
and half lifetime for both processes are close. The
magnitudes of calculated (EEO−calc) and experimental
(EEO−exp) electric-energy-per order are close to each
other, for each experimental process, photolysis and
photocatalysis, showing a lower EEO magnitude for
photolysis at a constant pH value of 3.5, given its
greater magnitude in the reaction rate constant (k′).
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Nomenclature

(S )ads Concentration of the substrate adsorbed
on the surface of the photocatalyst

σ2
1 and σ2

2 Variances
ANCOVA Analisis of Covariance
AOPs Advanced Oxidation Processes
AO7 Acid Orange 7
CMT Cloruro de Metiltionina
EEO Electric energy per order
EEO−calc Electric energy per order (calculated)
EEO−exp Electric energy per order (experimental)
IUPAC International Union of Pure and Applied

Chemistry
K Kinetic constants
k1 Constant of the photocatalytic reaction
k2 Photolytic constant
KA Adsorption Equilibrium Constant
Kph Photolytic reaction constant
KphC Photocatalytic reaction constant
Kr Reaction constant
k′ Constant rate reaction
MTC Methylthionine Chloride
n1 and n2 Number of observations
S Substrate consumption rate
τ1/2 Half-life time
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