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Abstract.- The effect of Cr and N doping in the adsorption capacity, photocatalytic 

properties and antibacterial response of TiO2 anatase nanoparticles is analyzed. The 

nanoparticles (N-TiO2, Cr-TiO2 and Cr/N-TiO2) were prepared by the sol-gel method. The 

structural (X-ray diffraction and TEM) and magnetic (SQUID magnetometry) characterization 

confirms the nanosized nature of the anatase nanoparticles and the absence of secondary phases. 

The enhancement of the adsorption capacity of the dye (methyl orange) on the surface of the 

catalysts for the Cr and Cr/N doped samples, together with the redshift of the UV-Vis 

absorbance spectra promote a high photocatalytic performance under visible light in these 
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nanocatalysts. The culturability and viability of the Escherichia coli DH5α in a medium 

supplemented with the nanoparticles was characterized and compared with the evolution under 

visible light (both without and with nanoparticles). The results show that Cr-TiO2 nanoparticles 

under visible light display antibacterial activity that cannot be accounted by the toxicity of the 

nanoparticles alone. However the antibacterial effect is not observed in N-TiO2 and Cr/N-TiO2. 

The differences in the electrostatic charge (isoelectric point) and the degree of nanoparticle 

dispersion are invoked as the main origins of the different antibacterial response in the Cr-TiO2 

nanoparticles. 
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1. INTRODUCTION 

The access to safe drinking water is currently a major challenge worldwide. According to 

the World Health Organization, such access is essential to health, a basic human right and a 

component of effective policy for health protection. In fact, 3 in 10 people worldwide (2.1 

billion) lack access to safe, readily available water at home [1] being microbial and chemicals 

the main hazards. In particular, Escherichia coli is an indicator of fecal contamination and is 

employed to verify water quality. Regarding chemical hazards, organic pollutants coming from 

different sources (e.g., food, consumer products, agricultural activities) are critical 

contaminants in wastewater. 

Several technologies are currently employed in water treatment procedures: chemical 

disinfection, filters (membrane, porous ceramic or composite, granular media), solar and UV 

disinfection, coagulation and sedimentation. Advanced Oxidation Processes (AOPs) and the 

development of new adsorbents are innovative topics in the water treatment technology field 

[2, 3]. In the first case, AOPs are based on the generation of highly reactive oxidant radicals 

(mainly ·OH) for the degradation of the organic compounds. Among the AOPs, the 

heterogeneous photocatalysts based on semiconductor metal oxides (such as TiO2 and ZnO) 

have demonstrated their efficiency in degrading a broad range of pollutants [2-8]. Regarding 

the development of efficient adsorbents, those characterized by high specific surface areas as 

activated carbons, nanoclays, zeolites, metal-organic frameworks have been widely analyzed 

[9-13]. 

It should be noted that adsorption itself plays an important role in the photodegradation 

response. In fact, prior to the photocatalytic process, the adsorption of the organic substrate to 

be decomposed on the surface of the catalyst takes place through chemical or physical 

interactions. Various parameters involved in this process should be assessed for the 
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optimization of the photocatalytic efficiency such as specific surface area, surface electrostatic 

charge or acid-base adsorption processes [14]. Subsequently, the related chemical redox 

reactions involved in the photocatalytic activity start through the absorption of light by the 

semiconductor generating electron/holes pairs and the formation of oxidant radicals that give 

rise to the latter decomposition reactions of the pollutants. 

Among the semiconductor photocatalysts, TiO2 (mainly the anatase phase) stands out due 

to their low particle size, larger textural properties, nontoxicity and thermal and chemical 

stability [15, 16]. However, the large energy band gap (∼ 3.2 eV) in the UV range and its high 

electron-hole pair recombination rate hinder the large-scale application. Nanosized TiO2 

photocatalysts represent an active research topic that merges or combines on the one side, a 

highly efficient adsorption stage and, on the other, by means of doping, the activation of the 

ulterior photocatalytic reactions with visible light. While the adsorption optimization is 

associated to the nanoscale dimensions (high surface to volume ratio), the enhanced 

photocatalytic response in the visible range upon doping is correlated to the appearance of 

additional intragap energy levels. Hence, several strategies have been addressed by co-doping 

TiO2 nanoparticles with metallic and nonmetallic elements in order to enhance the 

photocatalytic performance under visible light [4, 17 - 29]. Anionic doping, in particular 

nitrogen doping, has been reported to efficiently improve the photocatalytic response in the 

visible range. On the other side, cationic doping shows contradictory results in the literature. 

Particularly regarding Cr doping, although it promotes a clear redshift of the UV-Vis 

absorbance spectra, it does not always lead to visible light photocatalytic performance. 

Conversely, metal doping usually leads to the occurrence of traps for electrons and holes. Thus, 

photocatalytic response under metal doping is a complex phenomenon controlled by several 

factors such as synthesis procedure, doping level and microstructure. Particularly, maximum 
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photocatalytic degradation rates under visible light are found in TiO2 nanostructures under low 

Cr doping (2-5%) [30-32]. Regarding N and Cr co-doping, it has been shown, both theoretically 

and experimentally, the occurrence of a maximum band gap narrowing in the titanium oxide 

semiconductor [33-36]. These results are interpreted as a consequence of the uncompensated n-

p doping, enhancing the solubility of the dopants and creating intermediate electronic bands in 

the gap region. Despite this synergic effect, few reports analyze the photocatalytic response of 

these co-doped TiO2 nanostructures under visible light [37-39]. 

With respect to conventional water disinfection techniques for pathogenic 

microorganisms, conventional chemical oxidation agents (such as chlorine, chlorine dioxide, 

chloramines, and ozone) are mainly employed. Due to the formation of harmful disinfection 

byproducts, UV technologies are proposed as an alternative disinfection technique. However, 

their main drawbacks are the higher cost, energy consumption and less effectiveness for UV-

resistant pathogens. Thus, heterogeneous semiconductor photocatalysts are proposed for 

developing next-generation sustainable water disinfection systems on the basis of the 

generation of highly reactive species under UV-Vis irradiation. In fact, TiO2 was firstly reported 

in 1985 to inactivate bacteria under UV irradiation [40]. Regarding practical purposes, the 

activation of the semiconductor under visible (solar) light would enable to go one step further 

in the development of low cost water disinfection systems. As previously described, the main 

limitation of titanium dioxide is related to its wide band gap. Thus, different visible-light-active 

photocatalytic semiconductors have been proposed as microbial agents for the removal of 

pathogenic bacteria: graphitic carbon nitride (g-C3N4) [41], Bi2WO6 [42], Mn-Zn ferrites [43] 

or CdS [44] among others. In the case of TiO2 nanosystems, the metallic and nonmetallic doping 

(i.e., Ag [45], N [46]) is again proposed an efficient strategy in the development of microbial 

agents activated under visible light.  
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Accordingly, the aim of the current work is to analyze the effect of N and Cr doping on 

the adsorption, photocatalytic and antibacterial properties of TiO2 nanoparticles. The physical 

and chemical properties of the photocatalysts, synthesized by sol-gel method, were 

comparatively analyzed employing various characterization techniques (X-ray diffraction, 

Transmission Electron Microscopy (TEM), Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES), C and N elemental analysis, Nitrogen adsorption at 77 K, Isoelectric 

point, UV-Vis spectrometry, SQUID magnetometry). The results indicate that the inclusion of 

Cr in the anatase structure leads to maximum specific surface areas, promoting an enhancement 

of the adsorption processes (employing methyl orange as organic dye). Both anion and cation 

doping give rise to a redshift of the optical absorption spectra. However, active photocatalytic 

response under visible light is only achieved in Cr and Cr/N doped nanoparticles. Additionally, 

the antibacterial activity of the nanoparticles was evaluated on Escherichia coli DH5α under 

darkness and irradiation (visible range). Surprisingly, the Cr doped sample displays the highest 

antibacterial efficiency under visible light irradiation. The results are interpreted in terms of the 

electrostatic interactions (i.e. isolectric point) and the degree of dispersion of the doped 

nanoparticles.  

 

2. EXPERIMENTAL PROCEDURE 

TiO2
 doped nanoparticles (N-TiO2, Cr-TiO2 and Cr/N-TiO2) were synthesized by the sol-

gel method using titanium tetraisopropoxide (TTIP) as chemical precursor [47, 48]. The 

hydrolysis and condensation reactions were carried out in an ethanolic solution, fixing the pH 

value to 2.7 using a buffer (pH = 2) and a hydrolysis rate (molar ratio of hydrolysis water and 

organic precursor) of 3. The temperature was kept constant at 323 K. For the preparation of Cr 
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doped nanoparticles, chromium nitrate (Cr(NO3)3 9H20) was used as precursor, being added to 

the hydrolysis water prior to its mixture with the ethanolic solution containing the TTIP. For 

the preparation of the nitrogen doped samples, urea was added directly and mechanically mixed 

with the as-prepared precursor gel (TTIP:urea equal to 1:3). Subsequently, in all cases, the gels 

were dried at 333 K and calcined at 623 K for 2 h. This calcination temperature was selected 

according the thermogravimetry analysis (complete decomposition of the organic precursor) 

[48].  

The calcined nanoparticles were firstly characterized by X-Ray diffraction with a 

BRUKER D500 (step of 0.02° and time step of 20s) while the composition was analyzed by 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES, VARIAN VISTA 

MPX) and an elemental analyzer NC 2500 THERMO QUEST for Cr and N doping, 

respectively. The residual carbon percentage after the calcination process was also quantified 

through the elemental analyzer. Transmission Electron Microscopy (JEOL Jem 2100) and EDX 

analysis (Oxford INCA X-stream EDX spectrometer) were employed in the characterization of 

the nanoparticles. In order to evaluate the formation of metal (magnetic) oxide clusters under 

doping, SQUID magnetometry (QUANTUM DESIGN MPMS XL7) was employed to 

characterize the magnetic response of the samples. Owing to the outstanding role of the specific 

surface area in the photocatalytic response, the study of the textural properties was carried out 

by means of nitrogen adsorption with a Micromeritics model ASAP 2010. Moreover, the 

isoelectric point of the photocatalysts was evaluated with a Z SIZER model MALVERN NANO 

ZS ZEN 3600. Diffuse Reflectance Spectroscopy (UV-Visible spectrophotometer model 

PERKIN ELMER LAMBDA 950 in reflectance mode) was employed to characterize the 

optical properties of the samples. 
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The photocatalytic efficiency was assessed through the measurement of the 

decomposition rate of an organic substrate, methyl orange (85% purity), at a fixed pH of 2.7. 

This pH was selected due the best performance of titanium dioxide as photocatalysts under 

acidic conditions [49]. Concentrations of methyl orange of 16 mgdye/l and 0.5 goxide/l for the 

titanium dioxide nanoparticles were employed in the photocatalytic experiments under UV 

(power = 6 W, monochromatic λ =  365 nm) and visible light employing a 90 W Xenon lamp 

with a continuous emission spectrum, very similar to sunlight (maximum emission  λ =  500 - 

650 nm). The degradation rate was characterized through the quantification of the relative 

concentration of the methyl orange at various times employing UV-Vis spectrophotometry 

(LAN OPTICS 1104 RS) through the relative changes in the absorbance at λ = 500 nm 

(maximum absorbance wavelength of the methyl orange at the employed pH). In order to 

discern the effect of the adsorption from the photocatalytic reactions, similar experiments were 

performed in darkness.  

The antibacterial performance of the NPs was evaluated on Escherichia coli DH5α. The 

strain was grown up to stationary phase at 37 °C and shaking (250 rpm.) in Luria Bertani Broth. 

The cells were harvested by centrifugation at 5500 rpm. and 4 °C for 15 min and washed three 

times in sterile phosphate buffered saline (PBS). Finally, bacterial suspensions were prepared 

in sterile Milli-Q water (non-supplemented and supplemented with 100-400 µg/ml of 

nanoparticles) to reach a density around 105 cell/ml. The bacterial suspensions were incubated 

for 5-8 h, at 298 K and slight shaking (90 rpm.), both in darkness and illuminated conditions. 

For each experimental condition, samples were periodically collected to determine the total 

number of cells and the number of viable and culturable bacteria. The viable bacteria were 

estimated as bacteria with intact cytoplasmic membranes (MEMB+) using the Live/Dead 

BacLightTM kit (Invitrogen). The samples stained with the kit were analyzed by flow cytometry 
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on a Beckman Coulter Gallios cytometer. The number of culturable bacteria (expressed as 

colony forming units, CFU) was evaluated by the spread plate method, on Luria Bertani Agar 

incubated 24 h at 310 K. All the results presented below are the means of at least three replicated 

experiments. The illumination system was composed of Philips fluorescent tubes TL5 HO 

54W/965 and TL5 HO 54W/840, which emit in the range 360–740 nm with emission peaks at 

440, 540/60, 620/60 nm. The irradiance was approximately 125W/m2. 

 

3. RESULTS AND DISCUSSION 

3.1. Material characterization 

Firstly, the crystallographic structure of the calcined samples analyzed through X-ray 

diffraction, shows broad peaks identified to the anatase phase (see Figure 1).  
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Figure 1: X-ray diffraction patterns for the calcined nanoparticles. Patterns have been shifted 
up for clarity. Miller indices are assigned to the diffraction peaks. 
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No remarkable change in the lattice parameter with the doping is clearly detected. Mean 

crystallite sizes, estimated simply using the Scherrer equation at the maximum intense peak 

(101) reflection, range from 6 nm for the Cr and Cr/N co-doped samples up to 9 nm in the N 

doped sample (see Table I). No other peaks related to secondary phases (i.e., Cr clusters, Cr 

oxides or Cr-Ti oxide phases) can be detected in the X-ray diffraction patterns.  

Table I: Mean crystalline size <d>, and C, Cr and N concentrations (% in weight) in the calcined 
nanoparticles.  

Sample <d> (nm) C (%) N (%) Cr (%) 

N-TiO2 9.4 0.20 0.40 -- 

Cr-TiO2 5.8 0.04 -- 5.7 

Cr/N-TiO2 6.0 0.19 0.19 5.2 

 

Regarding the composition of the calcined samples, the concentration of C, Cr and N 

content is also summarized in Table I. A maximum carbon concentration of 0.2 % in weight is 

found associated to the decomposition of the organic precursors after calcination. While N 

concentration ranges between 0.2-0.4 % weight, Cr concentration is nearly constant around 5% 

in the Cr doped samples. Differences on the final nitrogen concentration are detected as a 

consequence of the possible inhomogeneity of nitrogen distribution in the sample due to the 

mechanical mixing of urea in the as-prepared gel. Furthermore, the competition between Cr and 

N to react with Ti4+ could give rise to the different amount of N in the anatase structure when 

Cr is absent.” 
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Figure 2: TEM images for the (a) N-TiO2, (b) Cr-TiO2 and (c) Cr/N-TiO2 calcined nanoparticles. 

Atomic planes can be identified in some of the nanoparticles revealing their good crystallinity. Inset (b): 
Cr mapping by EDX measurements. 
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Figure 2 shows TEM images for the (a) N-TiO2, (b) Cr-TiO2 and (c) Cr/N-TiO2 calcined 

samples. The nanoparticles display a nearly spherical shape with mean grain diameters similar 

to the crystalline sizes displayed in Table I. Furthermore, as previously deduced from the X-ray 

diffraction results, a slight decrease in the mean nanoparticle size is observed with the Cr 

doping. For these Cr doped samples, EDX mapping (see as an example Cr-TiO2 in the inset of 

Figure 2b) confirms a homogeneous distribution of Cr, with an equally distributed inclusion of 

the cation on the anatase phase and the absence of Cr secondary phases. 

Although no secondary phases can be directly inferred from the previous structural 

analysis it may happen they could be present in very low quantities. If those phases were 

magnetic, they could be disclosed by high sensitivity SQUID magnetometry. Hence, the 

magnetic characterization was employed as an additional tool to check the occurrence of metal 

oxide phases in the Cr-doped samples. First, it should be noted that the calcined samples display 

at room temperature linear hysteresis loops, characteristic of a paramagnetic behavior. In order 

to evaluate the magnetic nature of these doped samples, the Zero Field Cooled-Field Cooled 

thermal-dependent magnetization (ZFC-FC) curves were obtained at an applied magnetic field 

of 50 Oe (see Figure 3). Firstly, the magnetization M(T) increases continuously when reducing 

the temperature.  This M(T) shape is typical of a paramagnet. In addition, the absence of 

irreversible behavior between the ZFC-FC curves further confirms the paramagnetic response 

in the analyzed temperature range (5 – 300 K). In fact, the analysis of the Curie Weiss law (

NTT
C
+

=χ , C constant; TN Néel temperature), namely χ-1 versus temperature, T, (see Figures 

3b and c) indicates the antiferromagnetic nature of the Cr doped samples with TN  =  4 and 12 

K  for Cr and Cr,N doped nanoparticles, respectively.  
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Figure 3: (a) ZFC-FC magnetization curves of the Cr and Cr/N doped nanoparticles; Inverse 

of the magnetic susceptibility, χ-1, versus temperature for (b) Cr-TiO2 and (c) Cr/N-TiO2 nanoparticles. 
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Taking into account that the Néel temperature of antiferromagnetic Cr oxides in bulk is 

much higher (386 K and 308 K for CrO2 and Cr2O3, respectively [44]), the occurrence of minor 

secondary magnetic phases can be disregarded supporting the homogenous distribution of the 

Cr3+ ions in the anatase TiO2 phase. Similar antiferromagnetic behavior is found in other 

metallic doped TiO2 nanostructures [18] explained in terms of the exchange coupling between 

the metal ions through the oxoanions of the lattice [50]. 

0.0 0.2 0.4 0.6 0.8 1.0
0

10

20

30

40

50

60

V
ad

s(c
m

3 /g
)

Relative Pressure (P/P0)

 Cr/N-TiO2

 Cr-TiO2

 N-TiO2

 

Figure 4: Nitrogen adsorption-desorption curves at 77 K for the doped TiO2 calcined samples. 

 

Regarding the characterization of the texture of the doped titanium dioxide 

nanoparticles, the adsorption-desorption of nitrogen is shown in Figure 4. It is noticeable a 

different behavior between the samples although the synthesis procedure was similar for all of 

them. This result clearly indicates the effect of the doping element on the final textural 

properties. Specifically for the N doped sample, a curve type IV with a hysteresis type H2 

ascribed to a mesoporous material is observed [51]. Cr and Cr/N-TiO2 nanoparticles display the 

typical adsorption curve type I related to a microporous material. In these cases, the presence 
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of hysteresis is not observed. The estimated BET specific surface area for each sample is 

summarized in Table II. It can be concluded that the Cr doping gives rise to a clear increase in 

the specific surface (around 130 m2/g) in comparison with the values in N-TiO2 (80 m2/g).  

However, the pore distribution is quite small in all the samples within the limit between 

microporous and mesoporous regimes, with a mean pore size around 4 nm for N doped sample 

and around 2 nm for the Cr and Cr/N doped samples. Maximum and minimum values of BET 

surface area and pore diameter, respectively, for Cr doped samples should be ascribed to lower 

mean grain crystalline sizes (see Table I) [39]. As it will be shown, the specific surface area 

plays a dominant role in the adsorption stage controlling the photocatalytic response of the 

nanocatalysts. 

 

Table II: Textural properties (BET surface and pore diameter), Isoelectric point (IEP) and band 
gap energy, Eg, for the doped titanium dioxide nanoparticles. 

Samples BET surface 
(m2/g) 

Pore diameter 
(nm) 

IEP Eg (eV) 

N-TiO2 80 4.0 -4.5 2.60 1.6 

Cr-TiO2 125 2.2 - 2.5 3.30 1.1 

Cr/N-TiO2 137 2.3 - 2.5 1.90 1.5 

 

Due to the outstanding role of electrostatic interactions in the first stages of the 

adsorption process of the organic substrate on the photocatalyst surface, the isoelectric point 

(IEP) was characterized. The isoelectric point is defined as the pH at which the Zeta Potential 

achieves a net value of zero. Thus, higher values of pH give rise to a negative surface charge 

and on the opposite, lower pH values than IEP lead to a positive surface charge. The Zeta 

Potential of the set of nanoparticles as a function of pH is presented in Figure 5. The 

introduction of doping elements on the anatase structure with various oxidation state and ionic 
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radii, gives rise to a distortion of the crystal structure and to changes in the IEP. In this case, 

notice that the Cr doped sample displays a higher IEP value than the adjusted pH during the 

photocatalytic degradation of the methyl orange (pH = 2.7). However, an opposite trend (IEP 

< 2.7) is observed with the nitrogen doping (see Table II). The Cr doping of TiO2 nanoparticles 

brings about an increase of the IEP value with respect to those of both nitrogen doped TiO2 

samples (N-TiO2 and Cr/N-TiO2). One possible explanation could be the different oxidation 

state of Cr3+ and N3- and thus the corresponding different charge imbalance generated in the 

surface of the nanoparticles. The introduction of nitrogen ions in the anatase structure promotes 

the generation of oxygen vacancies, a decrease of the coordination of Ti4+ ions with oxygen 

anions. Therefore, there is a generation of a positively charged surface giving as a result Lewis 

acidity and in consequence the observation of lower IEP values. [52]. On the other side, the 

introduction of chromium ions (Cr3+) in the TiO2 lattice substituting Ti4+ could give rise to the 

occurrence of Brönsted acidity and higher values of IEP. 
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Figure 5: Zeta potential curves versus pH for the doped calcined samples. 
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In relation to the photocatalysis response and the design of highly effective wastewater 

photocatalysts, a relevant aspect is the activation of the catalytic reactions under visible light 

irradiation. As previously indicated, both metallic (Cr) and non metallic (N) doping leads to a 

reduction of the effective optical band gap energy (Eg) as a consequence of the existence of 

intermediate energetic levels in the band gap region. In order to depict the normalized 

absorbance (UV-Visible spectra), with respect to the wavelength, the so-called Kubelka-Munk 

function was calculated for each sample with the reflectance measured spectra.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: (a) UV-Vis spectra (Kubelka-Munk function F(R) versus wavelength, λ, and (b) Tauc plots 
((F(R)hυ)1/2 versus hυ for the doped TiO2 nanoparticles. 
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The Kubelka-Munk function 
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, being R the reflectance, as a function 

of the wavelength, λ, for the analyzed samples is presented in Figure 6. A clear redshift 

(decrease in Eg) is obtained in the doped samples in comparison to the TiO2 anatase (Eg ≈ 3 eV 

[47]). Furthermore, for the Cr doped samples, an absorption band in the higher wavelengths 

region (≈ 600 nm) is detected and related to the electronic transitions d-d of the Cr3+ ions in the 

octahedral sites [53, 54].  

The absorption coefficient, α, proportional to the Kubelka-Munk function can be 

expressed as ννα hEhA n
g /)( −=  where A is a constant, ν the frequency and n = 2 for TiO2 

(indirect transitions). Accordingly, the so-called Tauc plot 2/1))(( νhRF vs. νh ) can be 

employed for the estimation of Eg (see Figure 6b) through the linear extrapolation for νh → 

0 (see Table II). As shown in previous reports [18, 21, 30, 53], a clear diminution of the effective 

band gap energy is found upon Cr and N doping. However, in the present case the co-doping 

with Cr and N does not significantly enhance the band gap narrowing with respect to the values 

estimated in the Cr and N doped samples. 

 

3.2. Adsorption and photocatalytic characterization 

After the previous structural, magnetic and optical characterization, the photocatalytic 

response of the nanoparticles was checked through the degradation of the substrate (methyl 

orange) under UV and visible (Vis) radiation. In a first stage, the effect of the adsorption of the 

methyl orange on the photocatalysts surface was analyzed through the measurement of the 

substrate concentration (C) as a function of time (t) under dark (C0: initial concentration). As 
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the results included in Figure 7a show, there is a clear difference between N and the Cr and 

Cr/N TiO2 samples. While the adsorption process can be disregarded in the N-TiO2 sample, a 

remarkable decrease in C/C0 is found under dark for the Cr and Cr/N doped samples. This effect 

cannot be only ascribed to the differences in the electrostatic surface charge of the catalysts. As 

it was previously shown, the isoelectric point (IEP, see Table II) for the case of the N and the 

Cr/N doped samples, is below the pH of the medium during the experiment. By contrast, IEP 

for the Cr doped TiO2 sample is higher than the pH of the solution. Hence, the effect of the 

electrostatic charge on the adsorption response should be disregarded. Otherwise, the specific 

surface areas would play the dominant role in the adsorption process related to the mesoporous 

and microporous character of the oxides. As the results included in Table II show, those samples 

with highest specific surface areas (Cr and Cr/N doped nanopowders) display the largest 

changes in the dye concentration under dark. 

Similar experiments were carried out irradiating the solutions employing a 

monochromatic UV and Xenon light (see Figures 7b and 7c, respectively). Light irradiation was 

applied with the initiation of C/C0 versus time measurement (simultaneously with adsorption). 

N-TiO2 sample exhibits the highest degradation rate under UV radiation. However, regarding 

practical purposes, that is, efficient photocatalysts under visible light, this sample is not able to 

lead to significant changes in the dye concentration employing the Xe light.  

With respect to the Cr and Cr/N doped photocatalysts, small differences are detected in 

the evolution of C/C0 in darkness and under UV irradiation (minimum C/C0 around 0.3 and 0.4 

for Cr and Cr/N samples, respectively).  
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Figure 7: Evolution of the dye concentration (C/C0) versus time (t) under different radiation 
conditions employing (a) adsorption (darkness), (b) UV and (c) Xenon lamps.  
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Nevertheless, a slight enhancement in the degradation rate is detected in both samples 

under Xe (visible light) lamp in spite of the low power of the lamp employed in the experiments 

(minimum C/C0 ≈ 0.2). This behavior supports the contribution of the band gap narrowing in 

the photocatalytic process (redshift) in these Cr doped photocatalysts. “However, N-TiO2 

nanoparticles lead to a reduced substrate degradation under visible light, in spite of the similar 

Eg values found for the three analyzed photocatalysts. In fact, if Figure 6a is observed with 

further detail, N-TiO2 nanoparticles display a reduced optical absorption for wavelengths 

around the maximum of the Xe lamp irradiation (λ = 500 - 650 nm), that certainly remark the 

differences with the Cr doped samples. 

 

 

3.3.Bioassay (antibacterial characterization) 

As previously introduced, it is well documented that the photocatalytic performance of 

TiO2 nanoparticles under UV-Vis light involves the formation of free radicals that can activate 

decomposition reactions in biological entities, a property that has been exploited for microbial 

disinfection applications. According to the previous characterization, the synthesized 

nanocatalysts, in particular Cr-TiO2 and Cr/N-TiO2, nanoparticles are suitable candidates for 

antimicrobial applications under visible light. In this line, the performance of the doped 

nanoparticles was addressed as antibacterial agents employing Escherichia coli as indicator. 

Figure 8 shows the survival of Escherichia coli in a time period of 5-6 h i) under visible 

light irradiation (L); ii) in darkness in a medium supplemented with 100 µg/ml nanoparticles((a) 

N-TiO2, (b) Cr-TiO2 and (c) Cr/N-TiO2) (NP); and iii) under visible light in a medium 

supplemented with 100 µg/ml nanoparticles (LNP). Survival is measured by the time evolution 

of the number of culturable cells (with ability to divide) or culturability.  
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Figure 8: Culturability of E. coli under visible light (L), in darkness in a medium supplemented 
with 100 µg/ml nanoparticles (a) N-TiO2, b) Cr-TiO2, c) Cr/N-TiO2) (NP), and under visible light and 
in the presence of nanoparticles  (LNP). The number of culturable bacteria is shown as number of colony 
forming units (CFU). 
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For N and Cr/N-TiO2 NPs, the culturability of the bacterial populations in darkness does 

not change in 6 h when nanoparticles are present and no differences are observed between the 

illuminated systems with and without nanoparticles. These results indicate that bacterial 

division is not affected either by the presence of nanoparticles, or by the combination of visible 

light and NPs. 

A different scenario is observed for Cr-TiO2 nanoparticles. In this case, the 

nanoparticles slightly affect culturability, and when both visible light and NPs are present 

(LNP), the culturability decreases drastically after 3 h. This result reveals a certain toxigenic 

power in Cr-TiO2 and suggests that visible light could be activating a photocatalytic response 

in the Cr-TiO2 nanoparticles that hinders bacterial division. Aimed to assess whether the 

decrease of culturability is accompanied by a bactericidal effect in this sample, an additional 

study has been conducted in which the longer term effects on both bacterial culturability and 

viability (the ratio of live cells to total cells, being live cells those whose cytoplasmic membrane 

is intact) have been measured. These additional studies have been performed using a higher 

concentration of Cr-TiO2 NPs (200 µg/ml) because, as shown in Figure 9 at this concentration 

the effects of the combination of light and NPs on culturability are significantly enhanced. 

Interestingly, using a higher nanoparticle concentration (400 µg/ml) the culturability does not 

change appreciably with respect to the values observed for 200 µg/ml.  
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Figure 9: Culturability of E. coli under visible light and in the presence of increasing 
concentrations of Cr-TiO2 NPs (0, 100, 200 and 400 µg/ml). The number of culturable bacteria 
is shown as number of colony forming units (CFU). 

 

 

 
 
 
Figure 10: a) Culturability and b) viability of E. coli under visible light (L), in darkness and in 

the presence of 200 µg/ml of Cr-TiO2 NPs (NP), and under visible light and in the presence of NPs 
(LNP). The number of culturable bacteria is estimated by plate count and shown as number of colony 
forming units (CFU).  
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Finally, Figure 10 shows the longer term effects on both the culturability and the viability 

of E. coli under visible light in Cr-TiO2 nanoparticles (200 µg/ml) and the combination of 

visible light and nanoparticles. As shown in Figure 10a, visible light (L) affects the culturability, 

which decreases slowly up to 6 h but drops drastically at 8 h. However, visible light does not 

affect the viability, as shown in Figure 10b. Therefore, it can be concluded that visible light 

hinders the cell division but does not kill the cells.  

Regarding the effect of the nanoparticles (NP in Figure 10), both the culturability and the 

viability of E. coli decrease slowly with time. After 8 h the number of culturable cells is reduced 

around 1.5 orders in magnitude but the viability of the bacterial population remains at 70%, 

indicating that there is some toxicity associated to the NPs.  

The most important effect occurs when both visible light and NPs are combined (LNP in 

Figure 10). In this case, the culturability decreases slowly up to 4 h, but drops drastically after 

6 h. At this time point, the number of culturable cells is reduced around 4 orders in magnitude 

and it is 200 times lower than when only visible light (L) or nanoparticles (NP) are present. This 

confirms that the combination of light and nanoparticles hinders cell division drastically, much 

more than both effects separately, as observed previously in Figure 8b. Interestingly, the drop 

in the culturability observed after 6 h is accompanied by a less steep drop in the viability, which 

remains about 63% at 6 h and goes down to 38% at 8 h. Moreover, the viability is substantially 

lower than the viability when only NPs are present (80% at 6 h and 71% at 8 h). This indicates 

again that the combination of visible light and NPs has an antibacterial activity that cannot be 

accounted for the toxicity of the nanoparticles alone. This antibacterial activity should be then 

attributed to the photocatalytic activity of the Cr-TiO2 NPs triggered by the visible light and the 

result is not only bacteriostatic but also bactericidal. 
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However, as Figure 8 displays, N and Cr/N TiO2 nanoparticles do not affect the bacteria 

either in darkness or under visible light. Taking into account that the bactericidal effect is 

associated to the photocatalytic response of the nanoparticles, the negligible activation of the 

N-TiO2 sample under visible light would explain this result (see Figure 7c). However, as this 

figure also reflects, both Cr and Cr/N doped samples display similar photocatalytic degradation 

under Xe lamp. Furthermore, no significant differences in the structural (grain size and textural 

features), magnetic and optical properties are found between these Cr doped nanoparticles (with 

the exception of a slight decrease in the band gap energy for the Cr-TiO2 nanoparticles). As 

previously discussed, the main difference lies in the isolectric point (IES) and the different 

electrostatic charge distribution as a function of the pH of the media. As Figure 5 shows Cr-

TiO2 nanoparticles show a much lower Z-potential (∼-12 mV) than N and Cr/N TiO2 (∼-2 mV) 

at the pH (6,5-7) at which the bioassays were carried out. Indeed, the Z-potential is an indication 

of the degree of dispersion in the medium and can be employed to characterize the electrostatic 

charge of the nanoparticle surface [55]. The higher Z-potential (smaller in absolute value) of N 

and Cr/N-TiO2 nanoparticles at the pH of the bacterial tests would indicate a higher aggregation, 

and thus a lower effective surface exposed to the light. Therefore, a reduction in the 

photocatalytic effect is expected to lead to negligible antibacterial response in these 

nanoparticles under light irradiation. 

 

 
4. CONCLUSIONS 

The photocatalytic response of N, Cr and Cr/N doped TiO2 nanoparticles has been 

analyzed employing methyl orange as substrate. The nanoparticles, synthesized by a sol-gel 

method, display anatase structure with mean grain sizes between 6 and 9 nm. Chromium doping 
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(Cr and Cr/N- TiO2) gives rise to a reduction in the mean grain size and an increase in the 

specific surface area of the photocatalysts. These effects mainly contribute to the photocatalytic 

response, reflected in a high adsorption of the dye on the photocatalysts surface. A clear redshift 

(decrease in the energy band gap) of the optical absorption spectra is found in the doped (N, Cr 

and N/Cr) nanoparticles associated to the occurrence of additional intragap energy levels. In 

spite of the band gap narrowing, only the Cr doped nanoparticles (Cr and Cr/N-TiO2) display 

moderate photocatalytic response under visible light. Furthermore, the antibacterial activity of 

the nanoparticles was evaluated on Escherichia coli under darkness and irradiation (visible 

range). The results show a clear antibacterial effect of the Cr-TiO2 nanoparticles under visible 

light irradiation that is mainly associated to the higher degree of dispersion as a result of the 

minimum negative Z-potential (enhancement of electrostatic interactions). Therefore, the 

combination of high specific surface area (high adsorption rate), photocatalytic response, and 

antibacterial effect under visible light, makes Cr-TiO2 nanoparticles effective photocatalysts 

and microbial agents for wastewater technologies. 
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