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a b s t r a c t
Azo dyes are widely used in textile industries throughout the world. Discharging partially treated 
or untreated effluents of such industries can bring about environmental issues in receiving water 
bodies. The present investigation focuses on synthesis, characterization, and degradation application 
of chromium-doped TiO2 nanoparticles. The mild hydrothermal synthesis protocol was applied for 
the preparation of chromium-doped TiO2 nanoparticles. Nanoparticles fabricated were characterized 
using X-ray diffraction, scanning electron microscopy, energy dispersive X-ray analysis, and attenu-
ated total reflection analysis techniques. The characterization results confirmed the successful doping 
of chromium, and textural properties results reveal higher crystallinity, spherical morphology, and 
excellent purity of Cr-doped TiO2 nanoparticles. The photodegradation efficiency of chromium-doped 
TiO2 was investigated for the treatment of hazardous Reactive Black 5 dye from aqueous solution. The 
degradation efficiency was systematically optimized through varying operational parameters includ-
ing dopant mol% ratio (1, 1.5, and 2 mol%), influence of solution pH (4, 7, and 10), nanomaterial 
dosage (0–5 g/L), dye concentration (10–300 mg/L), H2O2 concentration (5–50 mmol/L), and contact 
time (0–120 min) under natural sunlight illumination. The catalytic performance was highly improved 
due to 1 mol% Cr-doping, at pH 4, 20 mmol/L of H2O2, 5.0 g/L of nanomaterial dosage, and 120 min of 
contact time where maximum degradation efficiency was achieved to 96.6% (50 mg/L Reactive Black 
5 dye) under sunlight illumination. 
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1. Introduction

Synthetic dyes, particularly azo dyes, are growing rap-
idly in different dye using industries [1–4]. The world annual 
production of dyes is estimated at more than 80,000 tons 
used mainly in food industries, cosmetics, paper mills, and 

especially in textile industries, which alone absorb more than 
70% of the produced total quantity [5,6]. These crucial organic 
compounds are not only inducing color to the receiving water 
bodies but are also potentially toxic to the human being and 
environment [7]. This creates an aesthetic pollution problem 
and is a major perturbation to aquatic life; reducing autopuri-
fication capacity of receiving systems [8]. C.I. Reactive Black 
5 (RB5; Table 1) is one of the representative diazo dyes found 
in textile wastewaters [9,10]. They are lethal, hazardous, and 
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carcinogenesis contaminants classified as one of the foremost 
pollutants in United State Environmental Protection Agency 
list with a limit of discharge less than 0.5 ppm [11,12]. In most 
cases, these dyes are partially treated and released into the 
environment without proper treatment. Conventional meth-
ods such as chemical precipitation and biological treatment 
cannot effectively remove dyes from effluents; therefore, 
finding an effective technique is necessary to overcome this 
issue [12]. 

Titanium dioxide, a versatile nanomaterial, has a broad 
multi-functionality, no toxicity, inexpensiveness, and excellent 
long-term stability, which makes it to use in different fields 
including pigments in foodstuffs, paint, and cosmetics [13–15]. 
It became of great interest in the last decades for its photocat-
alytic properties [16–18]. However, TiO2 is photoactive only in 
the near ultraviolet (UV) area. Since the UV region of sunlight 
is only 3%–4% of the total spectrum, TiO2 does not utilize solar 
light very efficiently [19]. Hence, making TiO2 nanomaterials 
active in the visible region can enhance its utility as a photo-
catalyst [20]. TiO2 nanomaterials have a wide band gap energy 
and relatively high electron–hole recombination rate, which is 
contrary to the photocatalytic activity [21]. Therefore, doping 
with metal oxides capable of reducing band gap energy attracts 
light response and promotes the separation of holes and elec-
trons [22–24]. For example, because of more concerns to adjust 
the band gap of semiconductors in order to expand their band 
gap energy for extending the absorption threshold of TiO2 
bulky powder, the effects of some transitional metal oxides such 
as W, Mn, Zr, and Cr as dopant have been already investigated 
[1,25–28]. The presence of such metal oxide dopants in the TiO2 
crystalline significantly influence photoreactivity through shift-
ing the band gap of the catalysts into visible light [29]. Moreover, 
synthesis of TiO2 nanomaterials through conventional methods 
results in agglomeration, low stability, and less dispersion in the 
medium used [30,31]. Hence, surface modification of nanoma-
terials using a suitable surfactant or organic ligand or capping 
agent can be a suitable strategy to overcome the aforementioned 
defects [17]. In our recently published works, we reported the 
application of n-butylamine as one of the suitable surface mod-
ifiers in the synthesis of metal-oxide-doped TiO2 nanomateri-
als through mild hydrothermal technique [7]. This method 

provides suitable conditions for synthesis of nanomaterials in 
a closed vessel, i.e., general purpose autoclave. This is an eco-
friendly, cost-effective, perfect nucleation, and simple method, 
which could be used for synthesis of metal-oxide-doped 
nanomaterials [32]. In addition, the hydrothermal method is 
conducted through an aqueous process, enabling satisfactory 
 solubility, uniform dispersion of doping metal ions, and control 
of stoichiometry [33]. 

The objective of this study is to synthesize and charac-
terize surface modified chromium-doped TiO2 nanoparti-
cles under mild synthetic conditions. The Cr-doped TiO2 
nanoparticles have been synthesized by varying the Cr con-
centration. In addition, the applicability of the Cr-doped TiO2 
nanoparticles were assessed for the degradation of RB 5 dye 
under natural sunlight illumination.

2. Materials and methods

2.1. Chemicals

The following chemicals were used as received for the 
nanomaterials preparation: (i) titanium dioxide TiO2 (Merck, 
Germany, gas chromatography (GC) grade with over 99.9% 
purity), used as precursor; (ii) chromium oxide Cr2O3 (Merck, 
GC grade with 99% purity), used as dopant; (iii) HCl (Merck, 
guaranteed reagent grade, 37%), used as mineralizer; (iv) 
n-butylamine (Merck, GC grade, 99%), used as surface modi-
fier; and RB5 (Alvan Sabet Co., Iran). 

2.2. Synthesis of surface modified Cr-doped TiO2 nanomaterials

Cr-doped TiO2 nanomaterials were fabricated under mild 
hydrothermal conditions at p = autogenous, T = 100°C, and 
t = 12 h. In brief synthesis, 1 mol of reagent grade TiO2 was 
taken as starting material source for each synthesis and the 
Cr-doped TiO2 nanoparticles with different Cr mole ratios 
were prepared by adding three different mole percentage 
concentrations of chromium oxide (1, 1.5, and 2 mol%). 
Approximately, 1 M HCl (10 mL) was taken as a solvent for 
the mixing of the synthesis precursors. The detailed hydro-
thermal synthesis procedure for doped TiO2 nanomateri-
als with 0.5 mL of n-butylamine as a surface modifier was 
already reported in our previous work [7]. In the present 
study, we omitted the calcination step.

2.3. Photocatalytic degradation experiments

Photodegradation efficiency of synthesized nanomate-
rials for the degradation of RB5 was evaluated in aqueous 
media. The influence of dye concentrations (10–300 mg/L) 
experimental solutions were prepared by diluting the stock 
solution with distilled water. The reaction suspension was 
optimized through adding different amounts (0.5–5.0 g/L) of 
Cr-doped TiO2 photocatalyst in 100 mL of dye solution. Prior 
to the irradiation, the reaction mixture was kept in darkness 
for 30 min under continuous shaking (ɷ = 100 rpm) to ensure 
balanced adsorption–desorption equilibrium. The mixture 
was then irradiated with the sunlight separately. In order to 
utilize the sunlight more efficiently each set of experiments 
was carried out during 12:30 a.m.–2:00 p.m. (T = 40°C ± 4°C). 
The outdoor experiments were carried out using a 250 mL 
Pyrex glass reservoir placed on a shaker exposed to the 

Table 1
Characteristics of Reactive Black 5 dye

Chemical structure

CAS number 17095-24-8
Synonym Remazol Black B, Begazol Black B
Empirical formula C26H21N5Na4O19S6

Molecular weight 991.82
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sunlight directly. Throughout all experiments, aeration was 
maintained by optimal shaking through automatic shaker 
[34]. All the Pyrex glass reactor containing reaction mixture 
was covered with a very thin cellophane cover to avoid the 
mass loss in reactant. For the sake of comparison, a blank 
experiment was performed at identical experimental condi-
tions. The suspension was sampled at specific time intervals 
(30, 60, 90, and 120 min) to monitor the changes of RB5 con-
centration. Suspension sampled (approximately 4 mL) was 
centrifuged at 4,500 rpm for 30 min to separate out the pho-
tocatalyst. Then, supernatant aqueous mixture was analyzed 
using a double beam UV–Vis spectrophotometer at 597 nm 
(λmax) corresponding to the maximal absorbance of the dye.

3. Results and discussion

3.1. Characterization of Cr-doped TiO2 nanomaterials

The surface modified Cr-doped TiO2 nanomaterials were 
characterized using an 18-kW advanced X-ray diffractome-
ter (Bruker D8-ADVANCE, Ettlingen, Germany) with Cu 
Kα radiation (λ = 1.54056 Å). Fig. 1 shows the X-ray diffrac-
tion (XRD) plots (2θ: 5°–80°) of the fabricated nanomaterials 
(where Figs. 1(a), (b), and (c) represent 1, 1.5, and 2 mol% 
Cr-doped TiO2 nanomaterials, respectively). As it indicates, 
the main peaks are present at 25.36°, 37.86°, 48.13°, 53.97°, 
55.14°, 62.73°, 68.80°, 70,32°, and 75.13° corresponding to 
different planes of TiO2 (JCPDS, number 21-1272) [35]. 
However, the appearance of new peaks at 44.39° and 64.58° 
demonstrates the existence of Cr in the TiO2 structure. The 
detected metal oxide phases in the patterns suggesting that 
metal oxide could be existed as crystal phase with incorpo-
rating to the TiO2 lattice, or its goes to the substitutional sites 
in the TiO2 lattice [36]. Moreover, the intensities of the peaks 
were almost the same, indicating that doping did not change 
their crystallites [37]. In contrary, Ola and Maroto-Valer [38] 
did not observe chromium peaks in its metal or oxide phase 
even at the highest loading ratio of 2 mol% within the XRD 
detection limits. The Scherrer’s equation was used for calcu-
lating the average crystalline size of each sample (in the range 
of 60–85 nm) [39]. The results revealed that the incorporation 
of dopant ions decreased the crystalline size due to the pre-
vention of agglomeration of nanomaterials, which could be 
attributed to the effect of the surface modifier. 

The surface morphology of nanomaterials is another 
important factor in photodegradation of pollutants. 
Figs. 2(a)–(c) show the scanning electron microscopy (SEM) 
images of 1, 1.5, and 2 mol% Cr-doped TiO2 nanomaterials. 
Nanoparticles do not have homogenous morphology; the 
dominant morphology was observed spherical, followed 

Fig. 1. Powder XRD patterns of: (a) reagent grade TiO2; (b) 1% 
Cr-doped TiO2 nanomaterials; and (c) 2% Cr-doped TiO2 nano-
materials.

Fig. 2. SEM images of Cr-doped TiO2 nanomaterials: (a), (b), and 
(c) represent 1, 1.5, and 2 mol% of Cr, respectively.
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by rectangular crystals. Jonidi-Jafari et al. [29] reported that 
photodegradation of organic dyes using nanosized TiO2 is 
depended on the morphology of the fabricated nanomateri-
als. Energy dispersive X-ray (EDX) spectroscopy elucidates 
the chemical composition of the synthesized Cr-doped TiO2 
nanomaterials [30]. Fig. 3 shows the characteristic composi-
tion peaks obtained for Cr-doped TiO2 nanomaterials con-
firming 100% purity of the synthesized material. The EDX 
profile displayed a strong peak at the energy of 4.5 keV for 
Ti and some of the weak peaks for Cr and O were observed 
confirming chromium oxide is well doped in the TiO2 lattice. 
Application of surface modifier may result in attachment of 
some functional groups on the surface of the fabricated nano-
materials. Fig. 4 shows the attenuated total reflection (ATR) 
spectra of Cr-doped TiO2 nanomaterials. As Fig. 4 indicates, 
no new peaks were formed confirming detachment of the 
surface modifier applied [31]. 

3.2. Photocatalytic degradation of RB5

A systematic study was conducted on the assessing effect 
of operational parameters including pH, H2O2 concentration, 

dye initial concentration, nanomaterial dosage, detention time, 
and light source on the photodegradation of RB5. Natural sun-
light illuminance was measured using light meter (LX-101, 
Lutron Electronic Enterprise Co., Taiwan) at time intervals of 
30 min. The average sun illuminance measured was 656.75 lx, 
while the average UV illuminance measured using an UV radi-
ation meter (Lian Hong CHY 732, Taiwan) was 1.312 mW/cm2. 

Fig. 5 shows the results from RB5 photocatalytic degra-
dation using various Cr-dopant photocatalysts which follows 
the order of degradation efficiency in the order of 1 > 1.5 > 2 
> 0 mol% Cr-doped TiO2. Similar trend has been previously 
reported that there exists an optimum doping amount of Cr 
and for best photocatalytic performance under the irradia-
tion sunlight. The scientific justification for the reason behind 
the effect of 1 mol% Cr-doped TiO2 highest efficiency is quite 
uncertain in our case; this may be due to the difference in 
textural property behaviors toward RB5 dye structure. The 
pretests performed results clearly demonstrate that 1.0% 
Cr-doped TiO2 nanomaterials had better photodegradation 
efficiency compared with other three samples. On the other 
hand, the undoped (bare) TiO2 had negligible photodegrada-
tion properties compared with different Cr-doped TiO2 nano-
materials. Hence, for the further photodegradation study we 
only prefer the 1.0% Cr-doped TiO2 nanomaterials.

3.2.1. Effect of pH

It is well known from the previous reports that doping Cr 
in TiO2 enhances the degradation efficiency. For this expla-
nation researcher suggested Cr in doped TiO2 catalyst act as 
electron remover from hole to decrease electron hole recom-
bination process during the photocatalytic degradation of 
dyes and responsible to reduce the band gap energy between 
valence and conduction bands [40]. For this confirmation, 
we compared the photocatalyst efficiency of bare TiO2 
against degradation of RB5 dye with the influence of pH. 
The obtained results show less degradation efficiency within 
wide pH range for bare TiO2 as was confirmed in Fig. 5. 

Fig. 3. Characteristic EDX analysis plot of Cr:TiO2 nanomaterials.

Fig. 4. ATR spectra of ▬▬ bare TiO2, ▬▬ 1 mol% Cr-doped 
TiO2, ▬▬ 1.5 mol% Cr-doped TiO2, and ▬▬ 2 mol% Cr-doped 
TiO2 nanomaterials.
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Thus, no further comparison of photodegradation efficiency 
of Cr-doped TiO2 was carried out with bare TiO2. While in the 
case of Cr-doped TiO2 material, it shows significant influence 
of pH by enhanced photocatalytic degradation efficiency. 
Fig. 6 shows the changes in the pH of dye solutions as a func-
tion of the irradiation time for different initial pH values (4, 
7, and 10). In general, the point of zero charge (PZC) of var-
ious TiO2 powders is about pH 6 [41]. Above this pH value, 
the surfaces of TiO2 particles are negatively charged, which 
adsorb cationic species readily, while below this pH value 
they are positively charged which, adsorb anionic species 
easily. Therefore, the photodegradation efficiency of organic 
pollutants like RB5 dye in aqueous solution decrease with an 
increase of pH value above the PZC. Naturally, RB5 has a low 
pKa value due to the presence of sulfonic group in its chem-
ical structure. It should be expected that the degradation 
rate constant of RB5 would increase when the pH decreases 
[42,43]. As Fig. 6 indicates, the minimum and maximum dye 
removal efficiency occurred at 10 (9.5% after 30 min) and 4 
(74.62% after 2 h), respectively. Thus, it can be concluded that 
the optimum pH for the degradation of RB5 is at pH 4.

3.2.2. Effect of H2O2 concentration

The concentration of hydrogen peroxide (H2O2) is a crucial 
parameter affecting the efficiency of dye removal through pho-
todegradation process. Numerous authors have reported that 
the concentration of H2O2 may either enhance the photoreac-
tion rate or inhibit it due to the scavenging action of peroxide, 
the increase and decrease of the degradation rate also depends 
on the concentration of peroxide added [44,45]. In order to 
determine the effect of H2O2 concentration on the RB5 deg-
radation rate, the amount of H2O2 in the range of 5–50 mmol 
was added. Fig. 7 shows plots for RB5 photodegradation 
efficiency vs. different concentrations of H2O2. The obtained 
results explore that the photodegradation efficiency increased 
from 62.5% to 87.5% as the H2O2 concentration increased from 
5 to 20 mmol. However, further increasing H2O2 concentra-
tion to 20 mmol, the photodegradation efficiency reached a 
plateau and stayed almost unchangeable (61%). The findings 

displayed the existence of an optimal molar ratio between 
peroxide and dye that leads to a faster decolorization rate. 
The similar type of results was also observed by Mitrovic et al. 
[46]; they reported that 25 mmol of H2O2 was found the opti-
mum concentration for the removal of reactive orange dye. 
Here from our observation, in this study we concluded that 
20 mmol of H2O2 concentration was the optimum concentra-
tion and was utilized for further study.

3.2.3. Effect of photocatalyst loading

The required concentration of Cr-doped TiO2 nanomate-
rials for the decolorization of a 50 mg/L RB5 dye solution was 
scrutinized with the slurry method by varying the quantities 
of nanoparticles amount (0.5, 1.0, 1.5, 2.0, 3.0, and 5.0 g/L). In 
contrary to our pervious observation [9,18], photodegradation 
efficiency of RB5 was proportional with increasing Cr-doped 
TiO2 nanomaterials dosage (Fig. 8). Active hydroxyl radicals 
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could contribute such effect because of the presence of high-
est active site for the attack of heavier molecules [47]. Zaidill 
Azizan et al. [48] reported 99% efficiency for RB5 decoloriza-
tion using Fe-areca nut as a heterogeneous Fenton catalyst. 
However, in the present study we utilized natural sunlight as 
a freely available source of energy, which could justify such 
comparatively lower degradation efficiency. 

3.2.4. Effect of the initial dye concentration

Initial dye concentration is one of the most important 
parameters that can affect the photoreaction rate of photoca-
talysis process [49]. Dye solutions of 10, 25, 50, 100, 200, and 
300 mg/L were used for studying the effect of initial dye con-
centration on the photodegradation efficiency of RB5. Fig. 9 
demonstrates that initial dye concentration has a significant 
effect on the dye removal. The higher initial concentration of 
dye solution, and the lower photodegradation efficiency [50]. 
This effect could be well explained by chemical structure of 
RB5. It has a complex structure and two azo bonds; therefore, at 
stable condition of other parameters the increases of the initial 
dye concentration show the dye removal decreased. Moreover, 
at all of the abovementioned steps, photodegradation process 
was found to be time depended on the time treatment.

3.2.5. Possible dye degradation mechanism

A semiconductor photocatalytic reaction is originated 
when photoelectrons are stimulated from the valence band 
to the empty conduction band due to various types of energy 
irradiations. The absorbed photon has energy (hν), which is 
either equal to or greater than the band gap of the specific 
semiconductor photocatalyst. The excitation process results 
a hole in the valence band (hVB

+) and as a net results, elec-
tron and hole pair (e–/h+). The photogenerated hole pair at 
the valence band then react with water to produce hydroxyl 
radicals. The hydroxyl radicals generated are extremely pow-
erful oxidizing agent. It attacks adsorbed organic molecules 

causing them to degrade their structure and stability. In case 
of bare TiO2 photocatalyst the distance between valence and 
conduction band is too large (3.31 eV), in such cases adsorp-
tion of visible light is negligible and hence it results in poor 
photocatalytic activity of bare TiO2 against the degradations 
of various dyes in aqueous medium. On the other hand, in 
case of Cr-doped TiO2 photocatalyst due to depended mate-
rial properties – which generate extra valence band – which is 
convenient for the visible light absorption, hydroxyl radical’s 
formation, and simultaneously responsible for radical initi-
ated degradation mechanism of dye (RB5).

4. Conclusions

Using n-butylamine as surface modifier, chromi-
um-doped TiO2 nanomaterials were synthesized under mild 
hydrothermal conditions. The characterization results indi-
cated excellent morphology, high crystallinity, and purity of 
the Cr-dopant nanomaterials. ATR analysis revealed detach-
ment of n-butylamine from the surface of nanoparticles. In 
the present study, the potential capabilities of the nanoma-
terials synthesized (Cr-doped TiO2 nanomaterials) as an 
eco-friendly catalyst for the removal of RB5 from aqueous 
solution was demonstrated. The degree of decolorization of 
RB5 was affected by Cr-doped TiO2 nanomaterials dosage, 
pH, H2O2 concentration, and initial dye concentration. The 
systematic study for optimization of various parameters 
conclude that 5.0 g/L of Cr-doped TiO2 nanomaterials, pH 4, 
H2O2 20.0 mmol, and 120 min of contact time are the opti-
mized conditions for the degradation of 96.6% of 50 mg/L 
RB5 dye in the presence of natural sunlight. In addition, this 
study supports that doping TiO2 with a suitable metal oxide 
such as chromium could induce photodegradation efficiency 
under natural sunlight illumination and fabricated Cr-doped 
TiO2 nanomaterials could be a good candidate for photodeg-
radation of complex dyes such as RB5.
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