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INTRODUCTION

The textile industry plays a phenomenal role in 
the economic prosperity of a nation but at the 
expense of environmental deterioration. Textile wet 
processing, including dyeing, printing and chemical 
finishing, produces a huge amount of liquid effluent. 
If discharged untreated can cause severe water 
pollution because of the synthetic origin of the dyes 
and the complex molecular structure that makes them 
resilient to degradation [1]-[2]. The most widely used 

dyes in the textile industry are the reactive fiber dyes 
like Remazol Red Dye (RRD) and the amount of the 
dyes used ranges from 10%-50%. The discharge of 
such effluent loaded with RRD could be detrimental 
to human health and the aquatic ecosystem. Despite 
the efforts by various textile industries to treat its 
liquid effluent to comply with the stipulated standard 
discharge limit, the traditional treatment systems 
are reported to be inefficient for the removal of 
organic dyes from textile wastewater [3]. Therefore, 
advanced treatment is required to remove the 
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ABSTRACT

This paper reports the synthesis, characterization, and application of nitrogen-doped TiO2 (N-TiO2) as an adsorbent 
and photocatalyst for the removal of Remazol Red Dye (RRD) from aqueous solution. The N-TiO2 was prepared via a 
sol-gel technique using glycerol and water as solvent mixture and urea as N-precursor. The effect of N:Ti molar ratio 
(15:1, 20:1, and 25:1) and calcination temperature (300, 400, and 500°C) was evaluated on the structural, morphological, 
optical, and electronic, textural properties as well as the photocatalytic performance of the N-TiO2 nanomaterials. 
The results demonstrated that the N:Ti molar ratio plays an important role in the formation of crystalline N-doped 
TiO2 photocatalysts. All the synthesized N-TiO2 were anatase phase with enhanced visible light absorption, displaying 
narrow bandgaps (2.64-2.50 eV), small particle sizes ranging from 23.1-25.2 nm, and specific surface area ranging from  
72.33 to 252.69 m2/g. The N:Ti molar ratio and calcination temperature play a crucial role in pre-equilibrium adsorption 
and photocatalytic removal of RRD. The N-TiO2 with N:Ti molar ratio of 25:1 was able to remove 95.85% of RRD was 
compared to merely 36.06% by the N:Ti, 15:1, within 30 min of the adsorption process. However, the photocatalytic 
removal by N:Ti, 15:1 of RRD was drastically enhanced to 100% within 30 min of photoreaction compared to 99.44% by 
N:Ti, 25:1. The RRD removal via adsorption by N:Ti, 25:1 was increased from 36.06% to 78.53% and 96.05%, increasing 
calcination temperatures from 300 to 400 and 500°C, respectively. The RRD removal via photocatalysis was 87.30%, 
97.41 and 99.44% when the photocatalyst was calcined at 300, 400 and 500°C, respectively. The outcome of this work 
suggests that N-TiO2 has good potential when employed as an adsorbent and photocatalyst for RRD removal from 
textile wastewater. 
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RRD from textile wastewater before letting it enter  
the environment. 

Amongst the treatment approaches, adsorption is 
the most popular method for organic dye removal 
from wastewater originating from the textile industry. 
Various adsorbents such as activated carbon [4], 
carbon nanotubes, chitin, chitosan, clays, coal, silica 
and zeolite have been investigated for the removal 
of organic dyes from wastewater [4]-[6]. However, 
the high cost of adsorbents compelled researchers 
to look for alternative adsorbents that are cheaper 
and more stable in actual wastewater [7]. TiO2 metal 
oxide, in combination with other carbon-based 
materials such as activated carbon or graphene, has 
been reported to improve the adsorptive properties 
of TiO2 [8]. However, TiO2 as a standalone adsorbent 
has been rarely reported in the literature. Therefore, 
investigation of TiO2 as an adsorbent for the removal 
of organic dyes can be a viable approach and is 
anticipated to enhance performance because of its 
suitable physicochemical properties. 

When used as a photocatalyst, the pure or modified  
TiO2 has shown higher degradation efficiency for 
organic dyes, which have been proven in previous 
studies [1]-[2], [9]-[10]. However, most previous studies 
used UV light as the energy source. Using visible light 
instead of UV light could be a more promising and 
economically viable approach as solar radiation consists 
of 45% of the visible light portion, which is abundantly 
available free of charge. Various strategies such as 
metal doping, nonmetal doping, dye sensitization, 
and organic coating has been devised to enhance 
the absorption of visible light by TiO2. Amongst 
them, nonmetal doping has proven to display greater 
potential to increase visible light absorption, reduce 
the bandgap and improve the performance of TiO2 for 
the degradation of a variety of organic compounds 
[11]-[12]. The pathway of doping TiO2 with nitrogen 
has attracted vast attention owing to its low cost, high 
efficacy and environmental friendliness [13]. However, 
it is crucial to devise an efficient and facile route for the 
synthesis of N-TiO2 to improve visible light absorption 
and subsequent photocatalytic performance. As 
far as the authors are concerned, reports related to 
the glycerol-mediated synthesis of N-TiO2 and its 
application as an adsorbent and photocatalyst for RRD 
removal is not available in the literature. 

In this study, the N-TiO2 materials were synthesized 
via a modified sol-gel method involving hydrolysis of 
TiCl4 in an aqueous glycerol medium in the presence 
of urea as the N-source, followed by characterization 
using various techniques. The effect of N:Ti molar 
ratio and calcination temperature were investigated 
on adsorptive and photocatalytic properties and 
performance for the removal of RRD. A thorough 
characterization revealed that the synthesized N-TiO2 
were anatase phase, with a large specific surface area, 
improved visible light absorption, and narrow bandgap.

EXPERIMENTAL 

Synthesis of N-TiO2 

The N-doped TiO2 photocatalysts with different N:Ti 
molar ratios were synthesized via a modified sol-gel 
technique reported by Cheng et al. in 2016 [14]. The 
detailed synthesis conditions for N-doped TiO2 are 
shown in Table 1, while its schematic illustration of 
the synthesis is shown in Figure 1. Glycerol (C3H8O3, 
98%, Fischer Scientific) and deionized water was mixed 
in a fixed ratio of 9:1 (v/v) followed by the addition 
of a different amount of urea (CH4N2O, 99%, Merck) 
to obtain a different molar ratio of N: Ti. Titanium 
tetrachloride (TiCl4, 99%, Merck) was added dropwise 
to the mixture to a final amount of 0.1 mol under 
constant stirring for hydrolysis to proceed. A 300 mL 
of 2.5 M aqueous ammonia (NH4OH, 25%, Merck) 
was added dropwise to the solution to achieve the 
final pH of 10 for maximum precipitation. The sol was 
aged in ambient conditions for 24h under continuous 
stirring. Subsequently, the sol was dried for 24h in an 
oven at 70°C and then calcined at different calcination 
temperatures and durations with a heating rate of 
5°C min–1. TiO2 photocatalyst was synthesized as a 
reference using the same procedure but without the 
addition of urea, followed by calcination at 300°C for 1h. 

Characterization of the N-TiO2 Materials 

The synthesized materials’ crystalline structure, phase 
composition, and crystallite size were obtained using 
an x-ray diffractometer (PANalytical X’Pert3 Powder) 
with Cu Kα radiation (40 kV, 40 mA). The scanning was 
carried out for 2θ between 5°-80° with a scan step size of 
0.026261°. The average crystallite sizes of the prepared 
materials were calculated using Scherrer’s formula as 
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shown in Equation 1 from the characteristic diff raction 
peaks for the (101) plane of anatase TiO2 at 2θ = 25°.

D = 
Kλ
–––––
βCosθ

 (1)

where, D is the average crystallite size (nm), K is the 
Scherrer’s constant (0.9), λ is the Cu Kα radiation 
wavelength (0.15418 nm), β is the full width at half 
maximum (FWHM) of the selected diff raction peak in 
radian and θ is the Bragg’s diff raction angle.

XPS data were collected using a Thermo-Fischer 
Scientifi c spectrometer (K–Alpha, Madison, WI, USA) 
with C1s correction at 284.6 eV for calibration and Al Kα 

(1486.60 eV) as the x-ray excitation source. The peaks 
were deconvoluted and fi tted using Gaussian curve 
fi tting. Field emission scanning microscopy (FESEM) 
was used to examine the surface morphology of the 
synthesized materials. The FESEM images were captured 
at 50 kX magnifi cation using a Carl Zeiss instrument 
(SUPRA 55VP) at an acceleration voltage of 30 kV. The 
diff use refl ectance UV-Visible (DRUV-Vis) spectra of 
the samples were obtained in the UV-Visible region
(λ = 200-800 nm) using a UV-Vis spectrometer (Agilent 
Carry100, Santa Clara, CA, USA) with Spectralon as the 
reference material. The adsorption isotherms of the 
samples were acquired at –195°C using Micromeritics 
ASAP 2020 analyzer   (Micromeritcs Corps., Norcross, 
GA, USA). Before measurements, the samples were 
degassed and the specifi c surface area of the sample 
was calculated based on Brunauer, Emmett and Teller 
(BET) method from the adsorption measurement. The 
pore size of the sample was calculated from desorption 
data using Barrett-Joyner-Halenda (BJH) method.

Adsorption and Photocatalytic Performance

The experimental setup for carrying out adsorption 
and photocatalytic performance is displayed in 
Figure 2. A fi xed amount of N-TiO2 (0.05 g) with diff erent 
N:Ti molar ratios was suspended in 120 mL aqueous 
RRD solution (10 mg/L initial concentration) in a 250 
mL jacketed Pyrex® photoreactor and vigorously stirred 
in the dark. After 30 min, a sample was withdrawn 
from the photoreactor and fi ltered prior to analysis. 

Figure 1 Schematic illustration of the sol-gel synthesis of N-TiO2.

H2O C3H8O3 CH4N2O

Mixing Dissolution

Calcination Drying

N-TiO2

Washing

Hydrolysis

Aging

TiCl4 NH4OH

Table 1 Synthesis conditions and nomenclature of the 
N-TiO2 photocatalysts

Sample N:Ti (molar 
ratio)

Calcination 
temperature (C°)

Calcination 
duration (h)

N:Ti 
(15:1) 15:1 300 1

N:Ti 
(20:1) 20:1 300 1

N:Ti 
(25:1) 25:1 300 1

N:Ti 400 25:1 400 1
N:Ti 500 25:1 500 1

N:Ti 2 25:1 300 2
N:Ti 3 25:1 300 3
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The RRD removal via adsorption was calculated using 
Equation 2. 

After the initial 30 min dark phase to achieve the 
adsorption-desorption equilibrium, the RRD aqueous 
solution was irradiated with visible light irradiation 
from a 500 W halogen lamp. Water was continuously 
circulated through the jacketed vessel to regulate the 
temperature of the reaction media. Vigorous stirring 
was maintained during the photoreaction to ensure 
homogenization of the N-TiO2 in the RRD solution. 
Samples were withdrawn from the photoreactor at a 
selected duration of light radiation (15 min, 30 min and 
60 min), filtered and the RRD concentration monitored. 
The RRD removal via adsorption and photocatalysis was 
monitored from the maximum absorption peak at 519 
nm using SpectroVis plus instrument. The adsorptive 
and photocatalytic removal of RRD was estimated using 
Equation 2. 

 RRD removal (%) = 
Co – Ct
–––––

Co
 × 100% (2)

where Co is the initial concentration and Ct is the 
concentration of RRD at any given time of sampling 
interval during the dark phase and light radiation.

RESULTS AND DISCUSSION 

Properties of the N-TiO2 

XRD patterns of all the synthesized N-TiO2 were 
analyzed to determine the effect of N:Ti molar ratio, 

calcination temperature and calcination duration on 
the crystalline structure. The XRD patterns, as displayed 
in Figure 3a, revealed that all the synthesized N-doped 
TiO2 samples are anatase phase, as suggested by the 
presence of a characteristic peak at 2θ = 25° matching 
well with the anatase plane (101) and good agreement 
with previous studies [15]. No phase transformation 
from anatase to rutile or brookite crystalline phases 
was observed with the increase in N:Ti molar ratio, 
calcination temperature or calcination duration. It 
should be noted that the diffraction peaks of the Ni:Ti 
(25:1) become more intense and sharper compared to 
the sample with lower N:Ti molar ratios of 15:1, and 
20:1, indicating that N:Ti molar ratio plays an important 
role in the crystallization of the N-doped TiO2. 

The other diffraction peaks corresponding to the (002) 
plane of the anatase phase were not present in the 
XRD patterns during the crystallization of the N-TiO2, 
although it has been reported elsewhere [16]. This can 
be explained by the lower calcination temperature or 
the calcination in the oxygen atmosphere compared 
to the higher temperature and N2 atmosphere 
reported in previous studies [15],[17]. As shown in 
Figure 3b, when the calcination temperature was 
increased to 400 and 500°, the other diffraction peaks 
corresponding to the anatase phase started to appear 
in the diffractogram. 

The effect of calcination temperature and calcination 
duration on the structural properties, including the 
crystalline structure and phase composition of the 
N:TiO2 was investigated. It was found that calcination 

Figure 2 The experimental setup for carrying out adsorption and photocatalytic tests
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temperature signifi cantly aff ects the crystallinity of the 
N-doped TiO2, as revealed by the XRD patterns shown 
in Figure 3b. The diff raction peaks at 2θ = 25° become 
sharper when the calcination temperature is increased 
to 400 and 500°C. On the other hand, the calcination 
duration did not significantly affect the crystalline 
phase or crystallization of the N:Ti (20:1). The average 
crystallite size calculated using Scherrer’s equation 
increased from 8.53 nm to 28.45 nm, increasing 
N:Ti molar ratio from 15:1 to 25:1. The average 
crystallite size of the N:Ti (20:1) also increased with 
increasing calcination temperature and calcination 
duration. The increase in calcination temperature was 
expected to increase the crystallite size because of 
the inter-agglomeration of the crystallites at a higher 
temperature. 

The FESEM micrographs shown in Figure 4a–4c 
revealed that the N-doped TiO2 samples with N:Ti ratios 
of 15:1, 20:1 and 25:1 are spherical shaped nanosized 

particles. The results demonstrate that N:Ti molar ratio 
has no signifi cant eff ect on the morphology of the TiO2 
photocatalyst. The particle size of the samples was 
estimated randomly from 200 selected particles using 
image-J software. The particle size distribution was 
estimated using Gaussian line fi tting and the results are 
shown in Figure 4d-4f. The average particle diameter 
was 25.17 nm at N:Ti molar ratio of 15:1, whereas it 
was decreased to 24.70 nm when the N:Ti molar was 
increased to 25:1.

The XPS investigations were carried out to determine 
the elemental composition and chemical environment 
of the synthesized N-TiO2. The XPS survey spectra of 
the samples are shown in Figure 5a. The survey spectra 
confi rm N’s presence in the crystal lattice of the N-TiO2. 
The high-resolution Ti2p orbital scan of the N-TiO2 
samples are shown in Figure 5b. The sample N:Ti (15:1), 
presented orbital doublet peaks corresponding to 
Ti2p3/2 and Ti2p1/2 at a binding energy of 459.79 and 

Figure 3 XRD patterns of the N-TiO2 at diff erent (a) N:Ti molar ratios, (b) calcination temperatures (N:Ti = 25:1), and (c) 
calcination durations (N:Ti = 25:1) 
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465.45 eV, respectively which is slightly higher than 
the theoretical values of anatase TiO2. The Ti2p orbital 
doublet peaks of N:Ti (20:1) shifted to the lower binding 
energy of 459.35 and 465.03 eV. The shift to lower 
binding energy could be due to the replacement of 
O2– with N3– which led to the formation of Ti-N bonding 
and thus resulted in an increase in the electron density 
on Ti due to the introduction of lower electronegative 
N ions [18]. This result confi rms the substitution of 
oxygen with N in the lattice of TiO2. On the other hand, 
the Ti2p doublet orbital peaks of N:Ti (25:1) shifted to 
higher binding energy, suggests a diff erent chemical 
environment of the N-TiO2 samples. The shift of the 
Ti2p3/2 and Ti2p1/2 peaks to 460.79 and 465.24 eV, 
respectively, in N:Ti (25:1) to higher binding energy can 
be due to the substitutional N aff ected by the proximity 
of N2 molecules, which also evidenced the predominant 
formation of the N2 in the material [19]. 

The Ti2p XPS results are consistent with the O1s 
peaks of the samples. The O1s spectra of the N-TiO2 
are presented in Figure 5c. The N-TiO2 with a lower 
N:Ti ratio (15:1) presented the O1s peak located at a 
binding energy of 531.13 eV, whereas the O1s peak 

of the N:Ti (20:1) shifted to the lower binding energy 
of 530.7 eV. The shift in the binding energy of the O1s 
peak suggests that the oxygen vacancies were created 
in the sample as a result of charge compensation. On 
the other hand, the O1s peak of N:Ti (25:1) showed 
a positive shift and the peaks are now located at a 
higher binding energy of 531.98 eV. The deconvoluted 
N1s spectra of the N:Ti (15:1) shown in Figure 5d 
revealed three fi tted peaks around 400.57, 402.0, and 
403.55 eV, which can be attributed to the characteristic 
Ti-O-N, O-Ti-N and Ti-N bond linkages, respectively 
[20]. The sample N:Ti (20:1) did not show Ti-N bond 
linkage where the BE value of the N-bond linkages 
was shifted to a higher BE of 402.18 and 404.35 eV 
in N:Ti (25:1). The shift to higher BE can be explained 
on the basis of the evolution of Oxygen Vacancies 
(OVs) in the N-doped TiO2 sample. The increase in 
OVs favors decreasing interstitial doping more than 
substitutional doping and the higher the number of 
OVs, the more substitutional doping compared to 
interstitial [17]. The peaks at higher binding energy 
(>402 eV) can also be attributed to unoccupied N2p 
states hybridized with the crystal fi eld split Ti3d bands 
(t2g and eg) are partially overlapped by a very narrow 

Figure 4 FESEM micrographs of (a) N:Ti (15:1), (b) N:Ti (20:1), and (c) N:Ti (25:1), and particles size distribution of 
(d) N:Ti (15:1), (e) N:Ti (20:1), and (f ) N:Ti (25:1)
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peak [21]. The diff erent kinds of interstitial dopants, 
i.e., N atoms in an interstitial position and interacting 
with various numbers of Ti neighbors, could lead to a 
peak broadening. 

The bandgap (Eg) of the N-doped TiO2 samples were 
calculated using the Tauc plot, based on the relation 

(αhv)2 = k(hv-Eg), where hv is the energy of the incident 
light in eV, k a constant and α is the absorption 
coeffi  cient relationship. The bandgap of the undoped 
TiO2 was 2.96 eV, and it was monotonically decreased 
to 2.69, 2.50, and 2.61 eV with increasing N:Ti molar 
ratio to 15:1, 20:1 and 25:1, respectively. The results 
suggest that the N:Ti molar ratio has no signifi cant 

Figure 5 (a) XPS survey spectra, (b) Ti2p XPS spectra, (c) O1s XPS spectra of the Ni:Ti (15:1), Ni:Ti (20:1), Ni:Ti (25:1) and 
high resolution deconvoluted N1s spectra of (d) Ni:Ti (15:1), (e) Ni:Ti (20:1), and (f ) Ni:Ti (25:1)
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eff ect on the valence band and conduction band of 
the N-TiO2. However, the bandgap shows a signifi cant 
reduction with an increasing N:Ti molar ratio, which 
indicates that the bandgap of N-TiO2 samples reduced 
to the impurity level in the bandgap. The diff erent 
N:Ti molar ratios may infl uence the absorption ability 
and photocatalytic activity of the N-doped TiO2 under 
visible light irradiation. The improved visible light 
absorption of N-TiO2 was attributed to the formation of 
localized energy states in the bandgap of TiO2 induced 
by N-doping. The localized states result in a reduction 
of the energy required for the excitation of electrons 
and consequently lead to a redshift of the absorption 
edge [22]. Due to N-doping, the impurity energy state 
was located at 0.14 eV (substitutional) and 0.73 eV 
(interstitial) at the top of the VB edge. According to 
the density of energy states, the valence bandwidth 
is at 4.5 eV, larger than the bandgap of TiO2 (3.2 eV). 

This indicates that the electron might be excited from 
both the impurity state of N into the CB of TiO2 and from 
the VB of TiO2 into the impurity state of N under the 
light of suffi  cient energy because this state is partially 
unoccupied [23]-[24].

The nitrogen physisorption isotherms of the N-doped 
TiO2 samples are shown in Figure 6. The desorption 
branch in the hysteresis loop is separated from the 
adsorption branch in the relative pressure (P/P) range 
of 0.4-0.9, 0.6-0.8, and 0.5-0.6 for N:Ti (15:1), N:Ti (20:1), 
and N:Ti (25:1), respectively. The isotherms of the 
N-doped TiO2 samples were characteristic of type IV 
isotherms, indicating that the synthesized N-doped 
TiO2 photocatalysts are mesoporous in nature. The 
isotherms confi rm their mesoporosity by the narrow 
pore size distribution ranging from 4.008-10.1601 nm. 
The N:Ti (20:1) showed the highest specifi c surface 

Figure 6 Nitrogen physisorption isotherms of (a) N:Ti (15:1), (b) N:Ti (20:1), and (c) N:Ti (25:1)
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area of 252.70 m2/g. The other samples with lower and 
higher N:Ti molar ratios of 15:1 and 25:1 displayed a 
lower surface area of 72.33 and 93.72 m2/g, respectively. 
Commonly, high surface area and rich pore structure 
are favorable to supply more active centers and high 
adsorption capacity towards pollutant molecules 
resulting in better photocatalytic activity [25].

Adsorption and Photocatalytic Performance

The adsorption and photocatalytic performance of 
the N-TiO2 are shown in Figure 7. Reaction in the dark 
represents adsorption, while the reaction in light refers 
to photocatalysis. The normalized concentration of 
RRD after 30 min of adsorption reaction and 60 min of 
photocatalytic reaction under visible light irradiation 
is presented in Figure 7a. The percentage of RRD 
removed via adsorption and photocatalysis is displayed 

in Figure 7b. It was observed that the RRD adsorptive 
removal was enhanced with an increased N:Ti molar 
ratio. For instance, the RRD removal by adsorption 
increased from 36.06% to 78.53% and 96.05% when 
the N:Ti molar ratio increased from 15:1 to 20:1 and 
25:1, respectively. Similarly, N:Ti (25:1) and calcined at 
500°C showed better adsorption ability by removing 
more than 99% of the RRD within 30 min, as depicted in 
Figure 7d. The N:Ti (25:1) and calcined at 300 and 400°C 
showed only 35% and 76% RRD removal by adsorption. 
The adsorption capacities decreased with increasing 
treatment temperatures, corresponding to the changes 
in the specifi c surface area. As depicted in Figure 7c, 
the concentration of RRD reduced to almost 0 mg/L at 
N:Ti molar ratio of 25:1 and calcination of 500°C. The 
RRD removal via photocatalysis was more than 96% 
by N:Ti (25:1) and calcined at 300°C, as displayed in 
Figure 7). The increased removal of RRD by N:Ti (25:1) 

Figure 7 Eff ect of N:Ti molar ratio on (a) Normalized concentration of RRD, (b) percentage removal of RRD; eff ect of 
calcination temperature on (c) normalized concentration of RRD, (d) percentage removal
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could be due to its high crystallinity indicated by the 
sharp diff raction peaks of the XRD pattern in Figure 
3a and this observation is consistent with previous 
literature [26]. The low adsorption and photocatalytic 
performance of the N:Ti (20:1) compared to N:Ti (25:1) 
could be due to the low crystallinity of N:Ti (20:1) 
which results in more crystal defects and consequent 
high electron-hole pair recombination. The improved 
crystallization of N:Ti (25:1) e nhanced the separation 
effi  ciency of the photo-generated electrons and holes 
because of the reduced recombination center in bulk 
TiO2 [27].

The  adsorption of RRD on the TiO2 surface is a 
prerequisite for photocatalytic reactions, and the 
greater specifi c surface area is generally favourable 
to yield the higher photocatalytic activity. However, 
photocatalytic activity does not depend only on the 
BET-specifi c surface area in photocatalytic removal of 
RRD. During the photocatalytic process, the adsorption 
ability and crystallinity of the catalyst are the main 
influence factors on the photocatalytic removal 
effi  ciency. In order to further identify the photocatalytic 
removal efficiency influenced by the crystallinity 
of TiO2, Jiang et al. [28] proposed the intrinsic rate 
constant kin , which means excluding the infl uence of 
adsorption on the apparent fi rst-order rate constant 
kapp, and the defi nition of the intrinsic rate constant 
kin, which reflects the effect of the TiO2 crystalline 
phases and crystallinity on the photocatalytic rate. 

Finally, it can be summarized that the large specifi c 
surface area and the high crystallinity of TiO2 are 
favorable for high photocatalytic activity.

Diff erent N:Ti molar ratios resulted in diff erent pore 
structures for the three samples, as shown in Figures 
7a, 7b and 7c, leading to diff erent adsorption amounts 
for RRD. The adsorption capacities increased with 
increasing N:Ti molar ratio, corresponding to the 
change in surface area and pore volume. 

As shown in Figure 8, the adsorptive removal of RRD 
was 36.06%, whereas the photocatalytic removal 
was 51.24% by N:Ti (15:1). The adsorptive removal 
was lower compared to photocatalytic removal. 
However, the adsorptive removal of RRD increased 
with an increase in the N:Ti molar ratio. The adsorptive 
removal was enhanced to 78.53% from 36.06% when 
the N:Ti molar ratio increased from 15:1 to 20:1. On 
the other hand, the photocatalytic removal decreased 
from 51.24% to 18.88%, with an increase in N:Ti molar 
ratio. The adsorptive removal of RRD further increased 
to 95.85%, whereas photocatalytic removal decreased 
to only 2.68%. If we compare N:Ti (20:1) and N:Ti (25:1), 
we might fi nd that the former possessed somewhat 
lower adsorption capacity although higher surface 
area. The decrease in photocatalytic removal of RRD 
could be due to the complete coverage of the active 
sites on the photocatalyst surface by adsorption of 
RRD, which is evident from the increase in adsorptive 

Figure 8 Comparison of RRD removal by adsorption and photocatalysis using N-TiO2
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removal [29]. The decrease in photocatalytic removal 
can also be attributed to the number of RRD molecules 
available for the removal, as most RRD molecules were 
removed via adsorption. The dissimilar adsorption and 
photoreactivity of N-doped samples are not surprising 
because the adsorption and photocatalytic activity 
does not depend only on the crystallinity but on 
many other parameters, such as specific surface area, 
hydroxylation degree, surface acid and basic centres 
amount, zero charge point and the two samples have 
been prepared by different methods [30]. The results 
demonstrated excellent adsorption the photocatalytic 
capability of the N-TiO2. Figures 7c and 7d revealed 
that calcination temperature significantly affects 
the adsorptive and photocatalytic removal of RRD 
from an aqueous solution. So, it can be inferred that 
the chemisorption dominated the RRD removal a 
process by the N-TiO2 and the N-TiO2 possessed great 
potential to be used in the textile industry for organic 
dye removal. 

CONCLUSION

Anatase phase nitrogen-doped TiO2 was successfully 
produced via glycerol-assisted modified sol-gel 
technique. The glycerol and nitrogen play an 
important role in modifying the optical and electronic 
properties of the TiO2. The N:Ti molar ratio and 
calcination temperature have no significant effect on 
the crystalline structure of the N-TiO2. The crystallinity 
of the N-TiO2 increased with increasing N:Ti molar 
ratio and calcination temperature. The synthesized 
N-TiO2 showed a narrow bandgap of 2.61 eV and an 
enhanced surface area of 72.33 m2/g. N-TiO2 removed 
more than 95% of RRD with N:Ti molar ratio of 25:1 
within 30 min of dark reaction time. The adsorption 
followed by 30 min of photocatalytic reaction 
removed more than 99% of the initial 10 mg/L of RRD 
from the aqueous solution. The N-TiO2 demonstrated 
excellent adsorption and photocatalytic removal for 
Remazol red dye removal.
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