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Abstract
This study is aimed at investigating the influence of different scavenger species of radicals that might possibly be involved 
in the TiO2/UVA photocatalytic degradation of Indigo Carmine dye. The effect caused by the presence of hydroxyl radicals 
(1-butanol and 2-propanol), positive holes (h+) (potassium iodide) and singlet oxygen (azide) was studied. Kinetics and 
optimal degradation conditions were evaluated using a factorial experiment design. The highest pseudo-first-order kinetics 
(k = 5.22 × 10−2 ± 0.002 and t1/2 = 13.25 ± 0.49 min) was achieved at pH 4.0, 6 mg L−1 of Indigo Carmine dye and 12 mg L−1 
of TiO2. Mineralization was not achieved, and direct photolysis was not observed under the studied conditions. Indigo Car-
mine degradation occurs mainly due to oxidation in the positive hole (h+) followed by singlet oxygen action and on a smaller 
scale by hydroxyl radical. The use of the aforementioned radical scavengers made it possible to verify the mechanism and 
kinetics of Indigo Carmine dye through TiO2 heterogeneous photocatalysis.

Keywords  Heterogeneous photocatalysis · Advanced oxidative processes · Factorial experiment design · Wastewater 
treatment

Introduction

The increase in the complexity of wastewater composition, 
along with government impositions regarding the improve-
ment in effluent quality, has promoted the search for new 
methodologies for wastewater treatment (Cerreta et  al. 
2020). In general, waste produced by industrial activities 

contains toxic pollutants that are resistant to conventional 
treatment systems, such as coagulation/flocculation, acti-
vated carbon adsorption, precipitation and biological deg-
radation. It is necessary to develop methods able to break 
down hazardous organic compounds present in wastewaters 
(Zulmajdi et al. 2020). Currently, different methods involv-
ing the elimination or conversion into smaller, less toxic or 
inert molecules are available for minimizing the impact of 
wastewater discharge into water bodies (Kumar et al. 2020). 
Hydroxyl radicals (·OH) display one of the highest oxidation 
potentials, and they are often used in these methods. These 
radicals are non-selective and can promote the degradation 
of several compounds through a fast reaction. Many ways 
to produce hydroxyl radicals have been studied, frequently 
using ozone, hydrogen peroxide, semiconductors (i.e., TiO2) 
or the Fenton reagent (Brillas 2020).

In general, when semiconductors are irradiated, electrons 
(e−) migrate from the valence band to the conduction band, 
leaving a positive hole (h+) in the valence band. Therefore, 
the holes can produce hydroxyl radicals by oxidizing both 
water and hydroxyl groups (Jiménez et al. 2015). On the 
other hand, conduction band electrons easily react with 
molecular oxygen leading to the formation of superoxide 
radical anions (O2

·−) and/or hydroperoxide radicals (HO2
·), 
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which promotes the formation of hydroxyl radicals (Rod-
ríguez-González et al. 2020).

The degradation pathway using Indigo Carmine (IC) dye 
as a model of the persistent organic pollutants group has 
been studied using different photocatalysts. For instance, 
IC dye was degraded by h+ and O2

·− when Ag2SO4/ZnO 
(10%wt) was used as the photocatalyst (Choo et al. 2016), 
and by superoxide radical (O2

·−) when BiOBr-Ag8SnS6, an 
heterostructured nanocomposite (Chowdhury and Shamb-
harkar 2018), zirconium oxide nanocomposite (GO–ZrO2) 
(Das et al. 2019) and nanostructured CdS semiconductors 
(Hernández-Gordillo et al. 2016) were tested as the photo-
catalysts. Nonetheless, when α-Bi2O3/C-dots was tested, ·OH 
radical and electrons (e−) were the primary and main reac-
tive species (Sharma et al. 2019). Finally, ·OH radical was 
also found as the main reactive species when a Mg/ZnO-GO 
composite (Labhane et al. 2018) and a mesoporous Nb2O5 
nanomaterial (Silva et al. 2020) were tested.

Heterogeneous photocatalysis using titanium dioxide 
(TiO2) and UV light is among the most studied advanced 
oxidative processes (AOP) in the recent years, playing an 
important role concerning the latest water treatment technol-
ogies (Rodríguez-González et al. 2020). The non-selectivity 
of the produced hydroxyl radicals is one of the reasons for 
the application of AOP on the treatment of wastewater. This 
non-selectivity was explored on the very early stages of the 
development of AOP (Höfl et al. 1997). There are many 
advantages on the use of TiO2 in water treatment, such as 
easy handling, low cost, high photochemical reactivity and 
stability in a wide pH range (Rodríguez et al. 2014). Even 
though TiO2/UV heterogeneous photocatalysis has been 
largely studied, only one study was found involving reac-
tive species on the IC dye degradation using TiO2 (Bi–Zn 
co-doped TiO2). In this particular case, it was observed a 
decrease on the order of participation of the reactive species 
(h+ > O2

·− > ·OH) (Benalioua et al. 2015).
Different studies have been done in order to understand 

the degradation pathways of various organic compounds in 
order to assist on achieving higher oxidation rates (Jiménez 
et al. 2015; Bosio et al. 2018). Moreover, the effect of scaven-
gers present on the wastewater as a result of its diversity has 
been also reported. Rodríguez et al. (2014) observed that the 
wastewater composition may affect the degradation pathway 
of organic compounds. As aforementioned, the mechanisms 
of IC dye degradation can occur via several pathways (positive 
holes, singlet oxygen action, hydroxyl and superoxide anion 
radicals). However, the mechanism of IC dye degradation is 
not completely clarified when TiO2(P25)/UV photocatalysis 
is applied. Therefore, in order to efficiently increase the reac-
tion rate of this process, it is needed a better understanding 
of the pathway of photoreactive species involved in the IC 
dye degradation. The conditions in which such investigation 
is carried out might interfere on how accurate the results are, 

requiring a prior optimization of these conditions. Therefore, 
it is important to determinate the range in which important 
factors, such as pH, temperature and ionic strength, lead to the 
best possible response. Thus, it would be necessary to perform 
several experimental runs at fixed conditions to evaluate each 
factor, One Factor At a Time (ODAT). However, a good strat-
egy of experimentation can limit the number of experiments 
performed, leading to a noticeable reduction in performance-
related costs, while experiments still achieve a high level 
of confidence under standardized tests. One of the possible 
approaches is to vary the factors together instead of one at a 
time, a factorial experiment (Salehi et al. 2017).

In this context, this study evaluated optimal degradation 
conditions of the Indigo Carmine (IC) dye by heterogeneous 
photocatalytic using TiO2/UV. The IC dye was the chosen 
organic compound due to side effects caused in wildlife if 
dyes are disposed into the environment. Such effects include 
permanent injury to cornea and different disorders, such as 
reproductive, developmental and neuronal (Saggioro et al. 
2015b, a). Moreover, IC degradation has been thoroughly 
evaluated, but little is known about its oxidation pathway 
using TiO2 heterogeneous photocatalysis. That said, this 
study brings for the first time the investigation of IC dye 
degradation pathway at optimum conditions using positive 
hole (h+), hydroxyl radical (·OH) and singlet oxygen (1O2) 
scavengers.

Materials and methods

Materials

The photocatalyst used was the commercial titanium diox-
ide AEROXIDE® TiO2 P25 (Evonik). Sodium hydroxide 
(0.1 M NaOH) and hydrochloric acid (0.1 M HCl) were 
used for pH adjustments. Sodium bicarbonate (NaHCO3) 
was supplied by Isofar, Indigo Carmine dye (85%) and sul-
furic acid (H2SO4) by Sigma-Aldrich Brazil. Nessler reagent 
(potassium tetraiodomercurate (II) alkaline solution), used 
to determine free ammonia, was prepared following Rand 
et al. (1974) using mercury iodide (HgI2) supplied by Sigma-
Aldrich. Iso-propyl alcohol P.A. (2-propanol), normal butyl 
alcohol P.A. (1-butanol) and sodium azide (Na3N) supplied 
by Vetec, tert-butanol supplied by Tedia Brazil and potas-
sium iodide P.A. (KI) supplied by Synth were used on the 
investigation of the photocatalytic degradation mechanism.

Experimental setup

Photoreactors

The optimal conditions were evaluated by batch experiments 
using an open reactor (V = 100 mL) with an illuminated area 
(A1) of 471 cm2, under magnetic stirring. A low-pressure 
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mercury vapor lamp (Our Lux 125 W) was used as the UVA 
radiation source. The pathway investigation and the scav-
enger participation on the IC dye photodegradation were 
carried out in a closed reactor, under magnetic stirring, with 
internal lighting, illuminated area (Ai) of 179 cm2 and vol-
ume (V) of 500 mL. A low-pressure mercury vapor lamp 
(Philips TL 6 W) was used as UVA radiation source. The 
total incident radiant electromagnetic energy (λ = 365 nm) 
on the solution surface was measured using a portable radi-
ometer 9811 Cole-Parmer Instrument Co. The average val-
ues determined were 2.64 mW cm−2 and 7.7 mW cm−2, for 
the open and closed reactor, respectively.

Experimental design and procedure

A 2-level full factorial experimental design with 3 factors 
(k = 3) was made. The matrix of experiments was assem-
bled using the factors: (1) photocatalyst (TiO2) load, (2) pH 
and (3) IC concentration. The levels minimum (− 1) and 
maximum (+ 1) values (Rodrigues and Iemma 2014) of each 
variable are described in Table 1. The runs at intermediate 
level (0) were used for statistical analysis of the experiment 
reproducibility. A total of 12 experiments (Table 2) were 
performed, including a blank test (control) in the absence of 
the photocatalyst. The evaluated variable response was the 
residual IC dye concentration after 2 h of photocatalysis (C) 
divided by the initial concentration (C0), C/C0. No degrada-
tion was observed after 2 h (data not shown).

The variability of the IC dye photodegradation (C/C0) 
was calculated using the center points conditions (0,0,0) 
(Schwaab and Pinto 2007) from the design of experiments 
(DOE) (Tables 1, 2). The experimental mean value found 
for C/C0 was 0.0673 with a variance of 0.00004 and a 
standard deviation of 0.0067. In order to calculate the mean 
value ( �

x
 ) and the standard deviation ( �2

x
 ) of the population 

(Table A1), a 95% confidence interval with 2 degrees of 
freedom (DL = n − 1) was used on the t-Student (Equation 
A1) and Chi-square (Equation A2) tests. The variability of 
the experimental mean value and standard deviation was in 
accordance with in the 95% confidence interval (Table A1). 
That said, the low variation between 3 replicas at the same 
conditions indicates that the experiment is well replicated, 
and same results were found.

A fresh solution of IC was prepared for each experiment, 
in the proper concentration and pH, as described in Tables 1 
and 2. Later, the IC solution was transferred into the reac-
tor in continuous stirring, followed by the addition of TiO2. 
The resulting suspension was kept in the dark for 30 min 
(t = − 30 min), in order to reach adsorption equilibrium. 
Once the adsorption equilibrium is achieved, the observed 
decrease in concentration is associated with the degradation 
process instead (Satyro et al. 2014). The lamp was turned on 
after the dark step (t = 0). During the photocatalysis, samples 
were collected at different times (t = − 30, 0, 15, 30, 45, 60, 
90 and 120 min) for kinetics evaluation. At each sampling 
time, 5 mL of sample was taken using 10-mL syringe and 
filtered (nylon filters, ɸfilter = 13 mm, ɸpore = 0.20 μm, Ana-
lytica) before analysis. Control samples were submitted to 
identical treatment. The experiments were performed twice, 
and mean values are presented.

It has been demonstrated little interference during the 
TiO2/UV photocatalysis of dyes caused by average tempera-
tures for wastewater treatment (Zhang et al. 2001; Zulmajdi 
et al. 2020). That said, all the experiments were conducted 
at room temperature (T = 22 ± 2 °C).

The participation of the reactive species generated during 
photoexcitation of the semiconductor to the IC degradation 
was evaluated to determine the pathways and maximize the 
efficiency of IC degradation. Several scavengers (Table 3) 
were used during the photocatalysis.

The scavenger concentrations must be able to inhibit 
the reactive species generated in the TiO2/UV process, and 
they were based on previously reported values (Jiménez 
et al. 2015; Bosio et al. 2018). Sodium azide (NaN3) was 
employed as oxygen singlet (1O2) scavenger. Aliphatic alco-
hols (ROH) are used as radical hydroxyl scavenger. Iodide 
ions (I−) are electron donors species and were used to inhibit 
the positive hole (h+). Tert-butanol (t-BuOH) was added to 
inhibit hydroxyl radicals and to prevent the iodide oxidation 
to I2/I3

− (Rodríguez et al. 2014). To prevent photocatalytic 

Table 1   Minimum, intermediate and maximum concentrations of the 
input variables

Variable [TiO2] (mg L−1) pH [IC] (mg L−1)

− 1 2 4 6
0 7 7 8
+ 1 12 10 10

Table 2   Factorial experiment 
design matrix

Experiment [TiO2] pH [IC]

Blank – 0 0
1 + 1 + 1 + 1
2 − 1 + 1 + 1
3 + 1 − 1 + 1
4 − 1 − 1 + 1
5 + 1 + 1 − 1
6 − 1 + 1 − 1
7 + 1 − 1 − 1
8 − 1 − 1 − 1
9 0 0 0
10 0 0 0
11 0 0 0
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degradation through different paths at the same time, dif-
ferent scavengers were used at once to inhibit different 
mechanisms to happen. Optimal conditions were used on 
these experiments (Table 3), pH = 4.0, [IC] = 6 mg L−1 and 
[TiO2] = 12 mg L−1.

Analytical determinations

Indigo Carmine (IC) degradation was determined using a 
UV–Vis spectrophotometer (Thermo Scientific, model Mul-
tiskan). The breakage of the chromophore group (decolori-
zation) was monitored at λ = 610 nm and the aromatic rings 
reduction at UV region (200–400 nm).

Total organic carbon (TOC) and total nitrogen (TN) 
were measured using a TOC Shimadzu equipment (TOC-
VCPN and TNM-1e) in order to determinate the mineraliza-
tion level of the dye. The presence of anions, such as NO3

−, 
NO2

− and SO4
2−, was determined by ion chromatography 

using a DIONEX ICS-90 equipment coupled to AS14 column 
and equipped with a conductivity detector, and a solution of 
Na2CO3 (0.002 M) and NaHCO3 (0.01 M) was used as eluent. 
Ammonia ions (NH4

+) present in solution were determined by 
Nessler method, in which 0.1 mL of Nessler reagent (potas-
sium tetraiodomercurate (II) alkaline solution) was added to 
5 mL of sample. This reaction forms Hg2O(NH2)I−, a yellow 
compound that adsorbs at λ = 425 nm; later, its concentration is 
converted to ammonia concentration (APHA 2012). Thermal 
analyses (TG-DTG) of TiO2 samples before and after IC pho-
todegradation were carried out using a STA7300 HITACHI 

Thermal Analyzer from 273 to 1273 K under nitrogen flow 
(80 cm3 min−1).

Results and discussion

Optimum conditions for photocatalytic IC 
degradation

The blank experiment (control) performed in the absence of 
the photocatalyst at [IC] = 8 mg L−1 and pH 7.0 showed no IC 
dye degradation (data not shown) even after 2 h of irradiation 
exposure. This confirmed that IC is not photolyzed by UV 
light.

The kinetic of photocatalytic decolorization for most 
organic compounds is described by the pseudo-first-order 
kinetic model (Bentouami et al. 2010) (Eq. 1).

in which kapp (min−1) is the apparent rate constant.
In this case, the relation between concentration found at 

time t (Ct) and the initial concentration (C0) can be calculated 
by integrating Eq. 1, considering the limit condition Ct = C0 
at t = 0 (Eq. 2).

(1)
−dC

dt
= kappC

(2)ln

(

C0

C
t

)

= kappt

Table 3   Scavengers, 
concentrations and their roles 
in the investigation of IC 
photocatalytic degradation

Scavenger 1 [M] Scavenger 2 [M] Reactive species inhibited

1 KI
0.01
1.3 × 10−4

6.5 × 10−5

– Positive hole (h+)

2 Na3N
0.01
1.3 × 10−4

6.5 × 10−5

– Singlet oxygen (1O2)

3 2-PrOH
0.1
1.3 × 10−4

6.5 × 10−5

– Hydroxyl radical (·OH)

4 t-BuOH
0.1
1.3 × 10−4

6.5 × 10−5

– Hydroxyl radical (·OH)

5 KI
0.01
1.3 × 10−4

6.5 × 10−5

t-BuOH
0.1
1.3 × 10−4

6.5 × 10−5

Positive hole (h+) and hydroxyl radical (·OH)

6 Na3N
1.3 × 10−4

6.5 × 10−5

t-BuOH
1.3 × 10−4

6.5 × 10−5

Singlet oxygen (1O2) and hydroxyl radical (·OH)



167International Journal of Environmental Science and Technology (2021) 18:163–172	

1 3

The kapp of each experiment was then estimated by plot-
ting ln Ct versus reaction time t. At extreme tested pH condi-
tions, pH = 10 and pH = 4 (Fig. 1 and Table 4), the kinetic 
data fit the pseudo-first order. The correlation coefficient val-
ues are higher than 0.984 for different pH values (Table 4).

The photocatalytic degradation at [TiO2] = 2 mg L−1 
had the lowest kinetic rates (Fig. 1b, d), which indicates 
that the pH had a minor effect on IC dye photodegrada-
tion. At [TiO2] = 2 mg L−1 and [IC] = 10 mg L−1, the kinetic 
rates were 0.192 × 10−2 and 0.133 × 10−2 min−1 at pH 10 
and 4, respectively (Fig. 1b). At [TiO2] = 2 mg L−1 and 
[IC] = 6 mg L−1, the kinetic rates were 0.424 × 10−2 and 
0.454 × 10−2 min−1, at pH 10 and 4, respectively (Fig. 1d). 
The kinetic rates in both cases (Fig. 1d) are the lowest. This 
is mainly related to the lower concentration of photocatalyst, 
once the efficiency of degradation is related to the availabil-
ity of active sites on the TiO2 surface and on the ability of 
these sites to be reached by the light (Saggioro et al. 2015a).

Figure 1a, c shows the results at a higher load of TiO2 
(12 mg L−1); as a result, higher kinetic degradation rates 
were achieved (Table 4). However, factors like pH (4 and 
10) and [IC] (6 and 10 mg L−1) demonstrated to also impact 
these rates. A decrease in the availability of oxidation sites 
on the photocatalyst surface might happen when larger 
amounts of the organic compound, IC dye, are adsorbed onto 
this surface, therefore affecting the degradation rate (Ajmal 
et al. 2016). It is possible to observe a trend, even if slightly, 
when varying the pH or the photocatalyst load (Fig. 1a, b), 
while at a higher concentration of IC dye (10 mg L−1), which 
indicates that higher degradation rates are achieved at basic 
conditions (pH = 10).

The constants rates at [TiO2] = 12  mg  L−1 were 
3.52 × 10−2 and 1.85 × 10−2 min−1 and at [TiO2] = 2 mg L−1 
were 0.192 × 10−2 and 0.133 × 10−2 min−1, for basic 
(pH = 10) and acid conditions (pH = 4), respectively. This 
might be explained by the fact that the aromatic group in the 
dye molecule is unstable when in alkali conditions (Figure 
S1), causing loss of the hydrogen bound to the nitrogen, 
which makes it more susceptible to attack (Vautier et al. 
2001; Saggioro et al. 2015a).

Greater degradation rates were found in acidic condi-
tions (pH = 4) at a lower IC dye concentration (6 mg L−1) 
(Fig. 1c). The constant rates at [TiO2] = 12 mg L−1 were 
2.00 × 10−2 and 5.22 × 10−2 min−1, for basic (pH = 10) and 
acid conditions (pH = 4), respectively. In this case, the aro-
matic ring instability by the alkali condition (pH = 10) might 
not be enough to lead to IC degradation. The photocata-
lytic reaction occurs on the surface of photocatalyst, and 
it is dependent on the TiO2 surface charge, meaning that 
the adsorptive properties of TiO2 particles strongly depend 
on the pH of the solution (Ajmal et al. 2014). In this case, 
the repulsion between the sulfonic group present on the IC 
dye molecule and the negatively charged titanium dioxide 

surface (TiO−) at pH = 10 (TiO2pzc = 6.8) could have blocked 
the dye adsorption and, consequently, reducing the photocat-
alytic degradation rates. At pH = 4, the photocatalyst surface 
becomes positively charged, favoring the absorption process, 
and the opposite is then observed, according to Eqs. 3 and 4.

Nitrate and sulfate were monitored during IC degrada-
tion (Fig. 2). The ratio between the nitrate concentrations 
at t = 2 h (C) and at t = 0 (C0), C/C0, was close to 1 for all 
the experiments. That said, there was no increase in nitrate 
concentrations after 2 h of photocatalytic degradation. Con-
versely, sulfate concentrations at t = 4 h were higher than the 
sulfate concentrations at t = 0 h (C/C0 > 1) for all the experi-
ments. This was a predominant effect observed on experi-
ment 7 (C/C0 = 2.3), which had the highest kinetic constant 
rate (5.22 × 10−2 min−1). The structure of the IC dye is char-
acterized by a chromophore group, carbon-to-carbon dou-
ble bonds (–C=C–) that are usually attached to two-electron 
groups donors (NH) and receptors (CO) (maximum peak 
located at 610 nm) (Wahab and Hadi 2017). Besides that, 
IC dye has two sulfonic groups attached to two aromatic 
rings (absorbance peak at 287 nm) (Bentouami et al. 2010). 
The sulfate analysis after the IC dye degradation (Fig. 2) 
indicates that the release of sulfur ions in the solution, which 
probably originates from these sulfonic groups (Vautier et al. 
2001). In addition, the sulfonic groups are responsible for 
the IC dye adsorption on the photocatalyst surface (Vautier 
et al. 2001). Therefore, it should be easier to remove the 
sulfur ions and release them in solution during photocataly-
sis than the nitrogen ions found on the molecule ring. In 
conclusion, there is an indication (Figs. 1c and 3; experi-
ment 7—pH 4.0, [IC] = 6 mg L−1 and [TiO2] = 12 mg L−1) 
that the degradation occurred on carbon-to-carbon double 
bonds, causing the breakage and decolorization, and as well 
as on the sulfonic groups.

Finally, as experiment 7 (pH = 4.0, [IC] = 6 mg L−1 and 
[TiO2] = 12 mg L−1) was the instance with the higher kinetic 
constant rate (5.22 × 10−2 min−1 and t1/2 = 13.25 min) dur-
ing the IC dye photocatalytic degradation, its conditions 
were used for further studies, such as the photodegradation 
mechanisms using different radicals and hole scavengers.

Photocatalytic mechanism of scavenger 
participation

Several reactive species, such as superoxide anion radicals 
(O2

·−), ·OH radicals and photogenerated holes (h+), are able 
to degrade organic compounds (Benalioua et al. 2015; Jimé-
nez et al. 2015). A strategy with different scavengers was 

(3)pH < pzc = TiOH + H+
↔ TiOH+

2

(4)pH > pzc = TiOH + OH−
↔ TiO−

+ H2O
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Fig. 1   pH Influence on IC photodegradation and respective pseudo-first-order rate constants (10−2 min−1)
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employed to investigate the photocatalytic mechanism and 
to evaluate the participation of the main reactive species 
involved in the IC dye degradation (Table 3). The effect of 
the scavengers concentration was also evaluated (Fig. 3). 
Higher scavenger concentrations did not inhibit IC photo-
degradation (Fig. 3a), which might be affected by other fac-
tors such as increasing dye adsorption onto the photocatalyst 
surface caused by high Na+ or K+ concentrations favoring 
photodegradation (Guasch et al. 2010). Nevertheless, experi-
ments carried out at [scavenger] = 1.3 × 10−4 M (Fig. 3b) and 
6.5 × 10−5 M (Fig. 3c) inhibited IC photodegradation. The 
addition of KI (h+ scavenger) decreases IC photodegrada-
tion in 30 min down to 52%, while in the absence of this 
scavenger IC photodegradation achieved 72%. At the same 
time, about 34% of degradation was inhibited in the presence 
of Na3N (singlet oxygen scavenger). On the other hand, no 
effect was observed in the presence of any hydroxyl scav-
enger, such as t-BuOH and 2-PrOH. In their presence, IC 
photodegradation achieved 70 and 77% (t = 30 min), respec-
tively. A minor participation of ·OH on IC photodegradation 
was observed when it was used combinations of scaven-
gers, such as (1) h+ + ·OH scavenger (KI + t-BuOH), and (2) 

Table 4   Kinetics constants 
and half-life time of IC for the 
photocatalytic experiments and 
their correlation coefficients

Experiment kapp (min−1) t1/2 (min) R2

1 3.52 × 10−2 ± 0.029 19.6875 ± 1.48 0.994 ± 0.001
2 0.133 × 10−2 ± 3.5 × 10−5 521.0526 ± 13.89 0.998 ± 0.002
3 1.85 × 10−2 ± 0.0011 37.4594 ± 2.30 0.987 ± 0.005
4 0.192 × 10−2 ± 4.72 × 10−5 360.0937 ± 8.46 0.998 ± 0.001
5 2.00 × 10−2 ± 0.007 34.65 ± 7.13 0.998 ± 0.001
6 0.424 × 10−2 ± 8.73 × 10−5 163.4433 ± 3.24 0.999 ± 0.0005
7 5.23 × 10−2 ± 0.002 13.2504 ± 0.49 0.984 ± 0.003
8 0.454 × 10−2 ± 6.65 × 10−5 152.6431 ± 2.17 0.985 ± 0.004

0.00

1.00

2.00

3.00

1 2 3 4 5 6 7 8 9 10 11

C
/C

0

Experiment

Nitrate
Sulfate

Fig. 2   Nitrate and sulfate concentrations after 2  h of photocatalytic 
degradation. [TiO2] = 12 mg L−1, [IC] = 6 mg L−1 and pH = 4

Fig. 3   Photocatalytic degradation as a function of irradiation time in 
the presence of different scavengers
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singlet oxygen + ·OH scavenger (t-BuOH + Na3N). These 
combinations resulted in lowering the IC photodegradation 
rates down to 47 and 31%, respectively, which are similar 
results than those achieved when h+ or singlet oxygen alone 
was used.

The iodide ion (I−) is oxidized (I2/I3
−) by hydroxyl radi-

cals, ergo its concentration decreases, and so does its capac-
ity as a hole scavenger (Rodríguez et al. 2014). In order to 
prevent that from happening, iodide anion was used also 
in the presence of t-BuOH, which acts as a hydroxyl radi-
cal scavenger (Rodríguez et al. 2014). This result indicates 
that h+ is the major active species responsible for the IC 
photodegradation (Eqs. 5–6) followed by O2

·− (Eqs. 5, 7–10) 
and ·OH (5, 11–14) under moderate and minor contribution, 
respectively:

The findings on this study are in line with what 
was reported when two other catalysts were tested, 
Bi–Zn co-doped TiO2/UV (Benalioua et al. 2015) and by 
Ag2SO4-deposited ZnO (Choo et al. 2016). It was reported 
that h+ is the first responsible for the IC photodegradation. 
Interestingly enough, even if Benalioua et al. (2015) used 
a different catalyst, they also observed the same trend as 
this study did for the heterogenous photodegradation of IC 
dye (h+ > O2

·− > ·OH). The IC sulfonic groups play an impor-
tant role on its absorption onto the photocatalyst surface 
due to their anionic characteristics. IC molecules could then 
be adsorbed onto the TiO2 surface by a positive charge, 
providing the direct reaction with the positive hole (h+) 

(5)TiO2 + hv → h+
VB

+ e−
CB

(6)
TiO2

(

h+
)

+ indigo carmine → TiO2 + transformation products

(7)dye + hv → dye∗

(8)dye∗ + TiO2 → dye+⋅ + TiO2

(

e−
CB

)

(9)TiO2

(

e−
CB

)

+ O2 → TiO2 + O⋅−

2

(10)
O⋅−

2
+ indigo carmine → TiO2 + transformation products

(11)TiO2

(

h+
)

+ H2O → TiO2 + OH⋅

+ H+

(12)TiO2

(

h+
)

+ OH−
→ TiO2 + OH⋅

(13)TiO2

(

e−
CB

)

+ H2O2 → TiO2 + OH−
+ OH⋅

(14)
OH⋅

+ indigo carmine → TiO2 + transformation products

(Benalioua et al. 2015). This would be followed by action 
of the superoxide radical, as the second important active 
radical. Irradiation can photosensitize IC dye molecules to 
an excited single state (dye*), which can potentially inject 
electrons on the TiO2 conduction band (CB). This electron 
can react with oxygen molecules forming superoxide radi-
cal anions, O2

·− (Choo et al. 2016). This degradation path 
is closely linked to the presence of oxygen; hence, intense 
stirring would be required to allow O2 diffusion onto the 
semiconducting surface of the photocatalyst (Hernández-
Gordillo et al. 2016).

Hydroxyl radicals are generated by adsorbed water mol-
ecules on the surface of photocatalyst. If IC molecules or its 
photo-by-products adsorb in the photocatalyst surface, the 
production of hydroxyl radicals will be reduced. Thermal 
analyses (TG-DTG) of TiO2 before and after the photoca-
talysis were performed (Fig. 4). It was observed a total mass 
loss of 3 and 5% at lower temperatures (300–473 K) before 
and after being used in the photocatalysis, respectively. This 
is attributed to the loss of free adsorbed water onto the TiO2 
surface by hydrogen bonding (Gandhi et al. 2011). Further-
more, a second mass loss of approximately 2% in the range 
of 480–594 K was also observed, which could be related to 
compounds that remain adsorbed to the photocatalyst sur-
face during IC photodegradation. This could interfere on the 
hydroxyl radical production and explain the minor participa-
tion of this radical on the IC degradation.

Mineralization assessment

Some indicators on the efficiency of photocatalytic treat-
ments, such as total organic carbon (TOC) and total nitro-
gen (TN), are very useful since they reflect the achieved 
mineralization of the studied compounds. In this study, it 
was found no difference on the TOC and TN before and 
after photodegradation (Figure S2), indicating no or minor 
mineralization under the studied conditions. Therefore, IC 
was only converted to less complex organic molecules and 
an additional step would still be necessary to observe com-
plete mineralization.

Chemical analyses indicate the presence of ammonia 
before the photocatalytic degradation (Figure S3), which 
is probably due to the presence of the IC dye synthesis 
residues since its purity grade is 85%. No increase was 
detected in the ammonia concentrations after the pho-
tocatalysis process in all experiments (Figure S3(b) and 
S3(c)) in the presence of the organic scavengers (t-BuOH 
and 2-PrOH) at lower concentrations. On the other hand, 
interferences were observed on the Nessler assay for the 
samples in which these organic scavengers (alcohols) were 
used at high concentrations (Figure S3a) (Guasch et al. 
2010). No increase was observed in ammonia concentra-
tions after the photocatalytic degradation indicates that 
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the nitrogen in the IC molecule is not released to the solu-
tion. Therefore, no rupture of the ring containing nitrogen 
occurred.

Conclusion

The mechanism and the kinetic of Indigo Carmine pho-
todegradation using TiO2 as the photocatalyst were 
investigated. The highest pseudo-first-order kinetics 
(k = 5.22 × 10−2 and t1/2 = 13.25  min) was achieved at 
pH = 4.0, [IC] = 6 mg L−1 and [TiO2] = 12 mg L−1. Photo-
catalytic degradation occurred via decolorization breaking 
the carbon-to-carbon double bonds and the aromatic rings. 
However, IC is not photolyzed and/or mineralized under 
the studied conditions. Thus, future studies should be car-
ried out in order to achieve mineralization.

The results also suggest that IC degradation occurs, 
mainly, via oxidation of the positive hole (h+) on the pho-
tocatalyst surface, followed by less impacting participa-
tions of superoxide anion and hydroxyl radical. According 
to the TG-DTG profile of TiO2, the minor participation 
of hydroxyl radical can be attributed to compounds that 
remain adsorbed onto the photocatalyst surface during IC 
degradation. This minor participation results in no min-
eralization of the IC dye, since hydroxyl radicals are the 
main reactive species with higher oxidant potential that act 
on the carbon mineralization.
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