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a b s t r a c t
Dyes used in the textile industry have varied and complex structures are designed to resist degradation 
by external agents. Most are water soluble, resistant to chemical agents and not biodegradable, so 
they cannot be easily removed by wastewater treatment plants. Remazol Brilliant Blue R (RBBR) is 
one of the most important colorants in the textile industry, and it is frequently used as a starting 
material in the production of polymer dyes. This work studied the degradation of a textile dye by a 
heterogeneous photocatalysis process, using a titanium dioxide catalyst doped with nitrogen from 
urea, in the presence of visible light irradiation. For the optimization of the process a Box-Benhken 
experimental design was performed. Where, the TiO2 was varied from 0.1 gL–1 (–1) to 1.0 gL–1 (+1), 
and the pH between 2.0 (–1) to 11(+1). With the optimal response it was possible to remove 86.3% of 
the dye (R2 = 0.987 and Q2 = 0.873, p ≤ 0.001). The mineralization grade was determined through TOC 
analysis, which reached 50%, and the toxicity was evaluated with Daphnia magna nematodes, which 
was reduced considerably after photocatalytic treatment.
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1. Introduction

When the colored effluents containing dyes are eliminated 
in aquatic systems, it causes an immediate impact in the 
environmental, due to the color, inhibiting photosynthesis 
and as a consequence producing harmful effects on aquatic 
environment.

These effluents are characterized by having a high chemical 
oxygen demand (COD), high color, solids in suspension and 
the presence of organic chlorinated compounds [1–3]. For 
this reason, the degradation of textile dyes by different meth-
ods has been studied [4–6], one of these is heterogeneous 
photocatalysis, because it is one of the advanced oxidation 
processes efficient in degrading organic matter.

Advanced oxidation processes using TiO2 have been 
extensively studied in the degradation of a wide variety 

of organic compounds. However, the energy band gap the 
TiO2 restricts its application due to its need of high energy 
radiation for the electronic jump to occur, limiting its use 
under visible light [7], and resulting in an increase of the 
investment cost in the application of these processes on a 
major scale. Hence, numerous methods of doping on the 
semiconductor have been studied, and a great variety of 
different semiconductors have been synthesized; with the 
aim of achieving lower energy gap and to be able to work 
with visible light or solar radiation [8–10].

Wen et al. [11] have studied p-n heterostructure in 
order to quicken the separation of electron–hole pairs using 
mixtures of strontium and bismuth via a hydrothermal 
method. The photocatalytic activity of new structure was 
tested in the degradation of different pollutants, includ-
ing the textile dye methyl orange. Dong et al. [8] have also 
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studied the deposition of bismuth on the semiconductor as 
an alternative to the deposition of noble metals, those that 
have been used more widely as dopants [12–16]. Venditti 
et al. [17] used glucose as carbon source to doped titanium 
dioxide to degrade Caffeic acid under photocatalytic pro-
cess activated by visible light, demonstrating that the whole 
process is governed by a synergic mechanism in which 
adsorption and photodegradation are involved. In addition, 
Rhodamine B, used as a model textile dye, degraded in the 
presence of carbon-doped TiO2 through a photocatalytic 
process activated by visible light. In this case, the particles 
of the semiconductor were prepared by the hydrolysis of 
titanium isopropoxide [18]. Ren et al. [19] prepared TiO2 
photocatalyst through the sol gel method and doped by 
using glucose as carbon source, and achieved only a 55% of 
degraded compounds in 300 min of treatment.

Another technique using non-metals for doping is the 
incorporation of nitrogen atoms in the titanium dioxide, 
which promotes good photocatalytic activity; when the 
semiconductor is used under visible light irradiation, due 
to the nitrogen atoms being able to reduce the band gap 
energy of TiO2 [20,21]. Asahi et al. [22] did substitutional 
doping of C, N, F, P, or S for O in the anatase TiO2 crystal, 
which demonstrated that the substitutional doping of N 
was the most effective because its p states contribute to the 
band-gap narrowing by mixing with O 2p states.

Sacco et al. [23] prepared by the sol gel method TiO2-N, 
incorporating nitrogen in the titanium dioxide, using 
ammonia as nitrogen source and the photocatalytic activity 
were tested degrading a textile dye. The dyes are good model 
compounds to prove the efficiency of the new material, due 
to its molecular structure which permits the conditions to be 
determined for a subsequent treatment of the real effluents 
and prevents the discharge of colored contaminants in 
aquatic systems.

The incorporation of nitrogen atoms in the TiO2 generates 
localized states in the space of the band gap, just above the 
valence band. This allows the electrons to be promoted from 
these localized states to the conduction band with visible 
light. The sensitivity of the TiO2 to visible light is due to the 
fact that some oxygen atoms are replaced by nitrogen atoms, 
thus resulting in the overlap of N2p and O2p [24,25].

In this research TiO2 doped with nitrogen from urea 
was used, and its efficient activity was tested on textile dye 
degradation and the process was optimized by multivariate 
analysis.

2. Materials and methods

The TiO2-N was prepared by adding different 
concentrations of urea to the catalyst and subjected to 
temperatures between 400ºC and 600ºC to obtain the catalyst 
with higher photoactivity under visible light. Yeber et al. [26] 
reported the characterization of the doped semiconductor in 
a previous paper.

To verify the efficiency of doping, the textile dye Remazol 
Brilliant Blue R (RBBR), was used as a model compound, and 
the effect of pH on the semiconductor was evaluated using 
a multivariate analysis, with the catalyst dose and the pH as 
the experimental variables. Experimental design through a 
matrix of 12 experiments, with the ranges of the variables 

to study between 0.1 gL–1 (–1) and 1.0 gL–1 (+1) by TiO2-N 
and between 2 (–1) and 11 (+1) by pH. The time remained 
constant for 120 min in each experiment.

2.1. Reaction kinetics

The experiments were conducted in a reaction chamber, 
which is equipped with a magnetic stirrer, aerator and a 
250 W and 230 V-50 Hz lamp. Photocatalytic degradation 
studies were carried out at both pH´s given by the 
experimental design, pH 2.5 and 3.0 and 1.0 gL–1 of TiO2-N 
at time intervals of 30, 60, 90 and 120 min, using 50 mL of 
50-ppm dye solution. All photocatalytic experiments were 
performed under room temperature with agitation, aeration 
and constant irradiation. After each treatment, dye samples 
were filtered using filter of 0.22 µ, and the degradation pro-
cess was followed by UV-visible spectrophotometry.

2.2. Chemical oxygen demand (COD)

The chemical oxygen demand (COD mg O2L–1) was 
determined using the Merck Spectroquant kit with a 
measured range of 25–1,500 mg O2 L–1, Standard Methods 
5220 D and ISO 15705. 

2.3. Total organic carbon (TOC)

The Merck Spectroquant kit from 50–800 mg C L–1was 
used for the determination of TOC. The carbon content 
in the sample was transformed with sulfuric acid and 
peroxodisulfate, to CO2, when carried to reflux for 2 h in 
a thermal reactor (Spectroquant TR620) and Spectroquant® 
NOVA 60. TOC was expressed in mg of C L–1 (Method: 
ISO 84661-1 and DIN38402 A51).

2.4. Nitrogen

The determination of residual nitrogen after 
photocatalysis treatment was carried out by using the Merck 
method Spectroquant kit (ISO 11905-1). 

2.5. Toxicity 

The toxicity before and after photochemical treatment 
was determined using Daphnia magna nematodes. The 
analysis was performed with five dilutions of each sample, 
reconstituted water (water Class 4) was used as a control, and 
potassium dichromate was used as reference toxicant.

Bioassays were performed in duplicate for 24 h. The 
response was evaluated as mortality and expressed as a 
percentage of survival. To obtain the LC50 the Probit method 
was used (USEPA, 1991).

3. Results and discussion

The experimental matrix with the response obtained 
for each treatment, according to the range of the variables 
(coded and uncoded) studied for the degradation of the dye 
RBBR (Fig. 1) is shown in Table 1. The responses obtained 
from the experimental design give a mathematical equation 
(Eq. (1)) plotted in Fig. 2, where one can observe that the 
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first order variable has the most influence in the response, 
whereas when the semiconductor concentration increases 
and pH decreases the dye removal is greater. However, both 
variables reach a maximum as is observed with the bars 
representing the quadratic variables [TiO*TiO] and [pH*pH]. 
The observed response was determined experimentally and 
the mathematical model gave the predicted response. As 
observed, both values are similar so that the experimental 
response is in agreement with the prediction of the model.

Y (%) =  49.6(±1.5) + 15.25(±1.4)X1 – 21.6(±1.4)X2 – 7.1(±2.0)X1
2 

– 3.7(±2.0)X2
2 – 0.6(±1.7)X1 × X2    (p ≤ 0.001) (1)

where Y is the RBBR removed (%), X1 is the  TiO2 (gL–1) and 
X2 is the pH.

The response surface for the RBBR removal is shown 
in Fig. 3, as is observed in the contour plot representa-
tion the red zone indicates the values of the experimental 
variables that allowed the greatest removal, reaching 86.3% 
with 1.0 gL–1 of TiO2– N and pH between 2.0 and 3.0. At the 
same time it is observed that when increasing the pH, the 
removal of the compound decreases, which is also observed 

in the polynomial equation, where the variable pH is neg-
ative. The effect of pH on the photocatalytic degradation is 
an important variable to be studied since an acidic pH the 
TiO2 surface is positively charged, allowing absorption of 

Fig. 2. Influence of each variable in the RBBR removal with 
TiO2-N activated under visible light.

Table 1
Experimental design of RBBR removal and the corresponding response

Experiment Run ordera TiO2-N  
(gL–1)

pH RBBR-removed 

Observed (%) Predicted (%)
N1 6 0.1 (–1) 2.0 (–1) 43.3 57.0
N2 1 0.55 (0) 2.0 (–1) 71.0 74.6

N3 2 1.0 (+1) 2.0 (–1) 86.3 85.1

N4 5 0.1 (–1) 6.5 (0) 32.3 34.3

N5 10 0.55 (0) 6.5 (0) 49.0 48.4

N6 12 1.0 (+1) 6.5 (0) 55.5 55.4

N7 7 0.1 (–1) 11.0 (+1) 11.0 11.3

N8 9 0.55 (0) 11.0 (+1) 23.5 21.9

N9 3 1.0 (+1) 11.0 (+1) 24.0 25.4

N10 4 0.55 (0) 6.5 (0) 48.5 48.4

N11 8 0.55 (0) 6.5 (0) 49.3 48.4

N12 11 0.55 (0) 6.5 (0) 48.8 48.4

aOrder in which the experiments should be performed

Fig. 1. Chemical structure of the textile dye Remazol Brilliant 
Blue R.

Fig. 3. Response surface for RBBR dye degradation.
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the anionic dye, which improves degradation [27]. In the red 
zone, where it is possible to find the major response to dye 
degradation, the experimental design gives a range for the 
pH variable, therefore the kinetic of reaction was realized at 
pH 2.5 value more focused on the midpoint of the red zone, 
where the removal is over 80% and pH 3.0 to observe the 
effect of a higher pH in the photocatalytic treatment. 

According to the ANOVA analysis R2 = 0.987 (observed 
response) and Q2 = 0.873 (predicted response), which 
indicates that the experimental response is correlated with 
the prediction of the model, indicating that there is no 
experimental error (Fig. 4). In the analysis of lack-of-fit and 
pure error, the critical F value is lower than the observed F 
value with a p ≤ 0.001, which indicates that there are no ran-
dom errors. All of the studied variables indicate the same 
results, giving statistical validity to the model. The same 
was observed by Tzikalos et al. [28] in the degradation of the 
reactive dye Red 195 using TiO2 mesoporous nanoparticles 
under optimal conditions, but using twice the concentration 
of non-doped semiconductor.

3.1. Reaction kinetics

To check the optimal experimental variables given 
by the design, the kinetic reaction was performed with 
TiO2-N (1.0 gL–1) at pH 2.5 and 3.0. In accordance with this, 
high dye removal on the response surface was observed, 
at both pH levels (Fig. 5). However, as it is observed in the 
surface response, when pH was lowered greater removal 
occurred, which is in agreement with the kinetics, observing 
that at pH 2.5 the removal is faster and greater. In addition, 
the controls showed that the initial concentration of the 
dye remained constant in the kinetics when the treatment 
was carried out without light on doped semiconductor and 
without light and visible light on undoped semiconductor, 
indicating that the dye degradation is by photocatalysis on 
TiO2-N. It is also observed in the photocatalytic system that 
during 30 min, only the absorption of the dye is produced on 
the semiconductor and later the photocatalysis occurs. The 
effective role of the adsorption on photodegradation process 
was well studied by Venditti et al. [17] where it shows the 
greatest efficiency in the degradation when this process 
occur. Cinelli et al. [18] observed the same process, indi-
cating that the dye is first absorbed on the catalyst surface 

during the dark time, Eq. (2). When the visible light impinges 
on the semiconductor, the dye is adsorbed by the hole (h+) 
generated in the valence band (VB). At the same time, the 
photogenerated hole oxidizes the adsorbed water molecule, 
generating OH radicals, which reacts with the organic 
matter promoting the mineralization process (Eq. (3)). On 
the other hand, the excited electrons (e−) that migrated to 
the conduction band (CB) are trapped by molecular oxygen 
generating superoxide radicals, which also collaborate in 
the mineralization process of the adsorbed organic matter, 
Eq. (4). Singh et al. [29] studied the methylene blue degra-
dation under visible light using ZnO doped with nitrogen, 
removing 90% of dye in 140 min of reaction, demonstrating 
the effectiveness of nitrogen incorporation in the catalyst 
independent of the synthesis pathway.

MO-TiO2 + Visible light (400–500 nm) → MO-TiO2 (h+ + e–) (2)

MO-TiO2 (h+)-H2O → ∙OH + MO → CO2 + H2O (3)

MO-TiO2 (e-) + O2 → O2
-∙ + MO → CO2 + H2O (4)

COD and TOC removal are shown in Fig. 6, indicating 
dye oxidation and mineralization. As is observed in both 

Fig. 4. Observed vs. predicted values from experimental design. 
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systems 60% of COD and 50% of TOC were removed, 
indicating that the photocatalytic system using TiO2 doped 
with nitrogen under visible light is efficient degrading 
textile dyes and mineralizing the remaining organic matter. 
In addition, residual nitrogen was checked to observe 
the stability of doping, through analysis of total nitrogen 
in solution after photochemical treatment. In this pro-
cess, no nitrogen was observed in solution indicating 
that the incorporation of nitrogen in the structure of the 
semiconductor is stable. The same was observed by other 
author [30] in the preparation of N-doped TiO2 with zeolita 
where the research showed excellent catalytic activity and 
good recycling stability of the catalyst.

3.2. Toxicity on Daphnia magna

Toxicity tests with D. magna were used to assess the acute 
toxicity of RBBR, using nematodes (i.e. less than 24 h of life) 
D. magna (Fig. 7). D. magna survival was 40% when kept in the 
samples that were treated with TiO2-N. In the initial sample, 
the percentage of survival did not exceed 10%, which con-
firms that by submitting dye to the action of the TiO2-N in the 
presence of visible light, mineralization occurs, generating 
less toxic compounds. On the contrary, using the degradation 
of azo dyes by Electro-Fenton did not reduce the toxicity after 
treatment due to the formation of more toxic intermediate 
compounds [31]. On the other hand, Cifci (2016) [5] observed 
that the decolorization of two dyes under visible light irra-
diation using Ag-TiO2 as a catalyst does not generate more 
toxic compounds, when the post-treated dyes are assessed 
with toxicity test of D. magna.

4. Conclusions

The textile dye RBBR, presented a positive response to 
the action of the TiO2-N in presence of visible light. Using the 
photocatalityc process at acidic pH for 120 min, 86.3% of the 
dye was removed.

To compare the photocatalytic activity of the TiO2 and 
TiO2-N, it was observed that a higher removal was obtained 
using the titanium dioxide doped with nitrogen, which 
shows that the doping of TiO2 changes its response to visible 
light, allowing the generation of active sites, which are 
responsible for degradation. The results showed that both 
pH 2.5 and 3.0, result in a high response of dye degradation 
and mineralization, showing high efficiency in the action of 
the TiO2-N under visible light.

Acute toxicity testing with D. magna determined that the 
wastewater containing RBBR dye decreases its toxicity after 
treatment performed with TiO2-N, reaching 40% survival of 
nematodes. On the other hand, it shows that the multivariate 
analysis is a good tool to obtain fast and optimal responses in 
the processes of degradation.

This research is an important contribution because it 
demonstrated that doping by a simple and cheap method 
can occur and be efficient in the degradation of contaminants 
such as textile dyes using visible light, which would make the 
process possible to be used at an industrial scale.
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