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A B S T R A C T   

Photocatalysis process has emerged as a prompt method for wastewater treatment and microbial disinfection. 
The development of visible light active (VLA) photocatalysts, especially Blue LED active (BLA) is a challenge task 
for the current research scenario towards pollutants degradation and real wastewater treatment. Here, we have 
developed a material which is highly active under Blue LED. BiOX (X = I or Cl) modified Na-K2Ti6O13 with two 
concentrations of BiOX was fabricated and effectively utilized for Acid Black 1 (AB 1) dye and tetracycline (TCN) 
degradations under Blue LED. The TCN degradation was also performed under white LED and direct solar light 
for comparison, and found that Na-K2Ti6O13/BiOX composite was very efficient in Blue LED and white LED than 
direct solar irradiation. The higher activity of Na-K2Ti6O13/BiOX in Blue LED confirmed by Blue light absorption 
of Na-K2Ti6O13/BiOX via DRS measurements. The bare Na-K2Ti6O13 is almost no active (≈10 %) under Blue LED, 
while Na-K2Ti6O13/BiOX showed 99 % degradation under the same condition for AB 1 degradation. The stability 
of the Na-K2Ti6O13/BiOX was tested against AB 1 dye degradation with multiple runs. The degradation in-
termediates of AB 1 and TCN were analysed by GC–MS, and suitable degradation pathways were proposed. The 
Na-K2Ti6O13/BiOX was tested real wastewater treatment via microbial disinfection under Blue LED. The prepared 
composite could be effectivity used for piolet or industrial scale level effluent treatment.   

1. Introduction 

The globalization processes lead to competition for ingress to the 
fresh water, free from toxic ingredients, heavy metals, and injurious 
micro-organisms, and will be a vital facet for social sustainability soon 
[1]. At current situation, world-wide, about 1.2 billion people don’t 
have safe intake water, and ailments spread through polluted waste-
water. We are answerable for redundant infant and child deaths. Due to 
aquatic bacteria and intestinal viruses, there are about 502,000 diar-
rheal deaths happened globally [1]. Moreover, due to multidrug- 
resistant super-bacteria, the requirement and accessibility of hygienic 
and fresh water is anticipated to continue to downgrade, because of the 

extreme release of infective bacteria and toxic pollutants into water 
resources from infirmaries, industries, and bioscience/medical labora-
tories. Therefore, the degradation of toxic pollutants and decontami-
nation of wastewater effluents is important to maintain an adequate 
water resources. 

The generally used wastewater treatment methods are precipitation, 
adsorption, reverse osmosis, filtration and other special methods like 
distillation and extraction. The main disadvantage of precipitation 
method is sludge formation. The sludge disposal problem happened 
when chemical coagulation and flocculation method was adopted, since 
generated sludge may contain toxic substances. It was already known 
that the adsorption method has been used for removal of pollutants. 
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However, in this method the contaminants are only transferred to the 
adsorbent, which need to be restored regularly, with additional costs or 
again becomes solid wastes. Several operational difficulties and high 
capital costs needed when membrane technology (ultrafiltration, 
nanofiltration and reverse osmosis) adopted for this purpose. Therefore, 
in current scenario, an alternative method is urgently needed for effec-
tive treatment of polluted wastewater. 

Recently, semiconductor heterogeneous photocatalysis so called as 
advanced oxidation technology (AOPs) has gained attention in waste-
water treatment, because of pollutants degraded completely and 
mineralized into non-toxic substances [2–5]. However, water disinfec-
tion/pollutant degradation by UV based (UV-A, B and C lights) irradi-
ation results in high energy consumption method. Thus, it is essential to 
develop a visible active photocatalyst for cost-effective wastewater/ 
pollutant degradation process. Using blue light radiation in LED tech-
nology offers two specific advantages: (i) It consumes lesser power, and 
(ii) It is more efficient in terms of light output. Unlike many costly green 
technologies, LEDs are accessible to the majority of individuals who 
want to help the environment and save money. Dyes and antibiotics, 
especially tetracycline (TCN), is the most basic compound in tetracycline 
family, and has been commonly used in human’s life. By the way, TCN 
resistant happened, and may affect the body, and caused health prob-
lems due to its difficulty to digest. Moreover, the body only absorb 
10–20 % excessive TCN, and rest directly released through biowastes 
(urine), to further cause water pollution. Therefore, it’s a meaningful 
task for us to focus on tetracycline’s degradation under advanced 
oxidation technology [6]. Xiaoli Song et al., [7] reported a core shell 
photocatalyst titanium-organic frameworks (TPE-2NH2@MIL-125(Ti)) 
for TCN degradation under visible light. In that work, on the surface of 
MIL-125(Ti), the ligand ((E)-4′,4′’’-(1,2-diphenylethene-1,2-diyl)bis 
([1,1′ -biphenyl]-4-amine), TPE-2NH2) was used. Upon visible light 
irradiation, about 90 % of TCN was achieved. The enhanced photo-
catalytic activity of the materials achieved via the redox state (Ti4+/ 
Ti3+) and the synergism between TPE-2NH2 and MIL-125(Ti). Direct Z- 
scheme CuInS2/Bi2MoO6 heterostructure was prepared and successfully 
utilized for TCN dilapidation under visible light by Jingru Guo et al., [8]. 
The performance of CuInS2/Bi2MoO6 heterostructure activity towards 
TCN degradation was explained by formation of direct Z-scheme het-
erojunction model. Although, there were many photocatalytic systems 
reported for TCN degradation [8–14], most of the systems worked under 
UV or visible light, and the degradation TCN under LED light, especially 
under Blue LED is scare. Uptal Ghosh et al., [15] reported TCN degra-
dation by ultrathin g-C3N4 nanosheets under white LED light. It was 
found that, the synthesized material has about 3.3-fold higher degra-
dation rate of TCN upon irradiation by a white LED (50 W) when 
compared with bulk material. 

A key point to take into account is the synergistic effect of the het-
erostructure semiconductors on the energy levels of the electronic band 
structure for the complex semiconductors in order to construct reliable 
and effective heterojunction for the Blue LED active (BLA) photo-
catalyst. Constructing novel heterojunctions is an effective strategy for 
gaining high-performance photocatalysts [16–19]. A2TinO2n+1 a typical 
general formal of titanates, and their characteristic 1D morphology (i.e. 
whiskers type, rods type, tubes and fibers) had been used for efficient 
photocatalytic processes due to their favourable electron (e− ) –hole (h+) 
separation [20–27]. Among these, sodium modified potassium titanates 
Na-K2Ti6O13 (EVB ~ 2.63 eV, ECB ~ − 0.72 eV, Eg = 3.35 eV), the 
bandgap position of Na-K2Ti6O13 can match flawlessly with those of 
pure BiOI (EVB ~ +2.506 eV, ECB ~ +0.346 under heterojunction −
2.06) [28] and BiOCl, because both are having strong visible light 
absorption. 

The combination of graphitic-C3N4 with Na-K2Ti6O13 was synthe-
sized, characterized, and excellently used for pollutant degradation 
under sun and visible light reported by Qiang Wang et al., [22]. The 
combined composite was found to be effectual photocatalytic activity 
when compared with individual g-C3N4 and Na-K2Ti6O13. There is 

another report, potassium hexatitanate nanoparticles efficiently used for 
dyes (MB and RhB) degradation under UV light [25]. The potassium 
titanates are employed in the current research in semiconductor 
photolytic applications, because of its owing to their high steadiness, 
low rate, and harmless nature. As stated above, in order to improve its 
visible activity, especially under Blue LED, potassium titanate is com-
bined with BiOI, and effectively utilized for photocatalytic degradation 
of antibiotic (TCN) and dye (AB 1) under Blue LED. In addition, disin-
fection of the total coliforms in wastewater effluent, and inactivation of 
the multi drug and resistant bacteria by synthesized nanocomposite was 
also investigated under Blue LED. The preparation of photocatalytic 
nanomaterials, which are significantly active in the visible light range 
and/or enhancing overall solar light utilization would give new mo-
mentum to photocatalytic applications since it would make possible 
large-scale utilization of a green source of energy i.e solar radiation. The 
lab scale study will be further extended to pilot/industrial scale level 
treatment of wastewater containing medication and toxic dyes under 
direct solar light. 

2. Materials and methods 

2.1. Chemicals used 

Tetracycline (TCN), Acid Black 1 (AB 1), potassium chloride (KCl), 
titanium isopropoxide (TiiP), Bismuth nitrate (Bi(NO3)3⋅5H2O) penta-
hydrate, sodium chloride (NaCl), tetrabutylammonium iodide (TBAI), 2- 
propoanol, and potassium carbonate (K2CO3) purchased from sigma 
Aldrich, were used as raw materials to develop the sodium-potasium 
titannate (Na-K2Ti6O13) and the BiOX modified Na-K2Ti6O13 compos-
ites. TCN and AB 1 structures and absorption wavelengths are given in 
Table S1 (see Supporting information). The experimental solution was 
prepared using double distilled (DD) water for photocatalytic experi-
ments. The GC–MS sample preparation details is given in supplementary 
file. 

2.2. Instrumentations 

The crystal structure of Na-K2Ti6O13, Na-K2Ti6O13/BiOX (I &II) and 
pure BIOI has been characterized by Powder X-ray diffraction (PXRD) 
patterns using a nickel filter CuKα radiation (30 kV, λ = 1.5419 Å, 
Miniflex, Rigaku, Japan) at 2θ range of 10-80ο. FT-IR spectra were ob-
tained using a Thermofisher Scientific Nicolet iS5 spectrometer. The 
optical properties of the sample were analyzed by UV–vis diffuse 
reflectance spectroscopy (UV-DRS) with Neosys-2000 instrument at 
200–800 nm range. The photoluminescence study was performed using 
a Scinco model spectrofluorometer, Korea. FESEM was carried out on a 
Hitachi S-4800 at an accelerating voltage of 10 kV, the sample was 
prepared on an ultrasonically cleaned Si-wafer substrate, before coating, 
the sample was dispersed in ethanol. TEM/FE-TEM images and selected 
area electron diffraction (SAED) patterns were performed with an FEI- 
Tecnai TF-20 transmission electron microscope with an operating 
accelerating voltage of 120 kV. Samples for TEM were prepared by 
dropping sample dispersion in ethanol onto carbon-coated copper grids 
and letting the ethanol evaporate at room temperature. The solution of 
pH values was adjusted by H2SO4 or NaOH using a (Systronics) Digital 
pH meter. XPS spectra were achieved using a K-Alpha (Thermo Scien-
tific). The non-monochromatic Al Kα line at 180–200 W was used as the 
primary excitation. The specific surface areas of Na-K2Ti6O13 and Na- 
K2Ti6O13/BiOX (II) was determined through nitrogen adsorption at 77 K 
on the basis of the BET equation using a Micromeritics ASAP 2000. For 
GC–MS analysis, GC–MS (QP2010 ultra, Shimadzu Co., ltd., Japan) was 
used. 

2.3. Synthesis of Na-K2Ti6O13 

Initially, the synthesis of TiO2 as the main precursor of the titanate 
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was prepared by a reported procedure with slight modifications [28]. 
Exactly, 12.5 mL of titanium isopropoxide was dissolved in 70 mL of 2- 
propanol. To this, 2 mL of water was added under vigorous stirring, and 
the stirring was continued during 3 h. After that, the formed gel was 
transferred to autoclave (steel) and maintain the temperature at 140 ◦C 
for 12 h. The formed product was then cooled, filtered, and washed with 
1:1 ethanol (EtOH): water (H2O) mixture, dried at 90 ◦C for 5 h, and 
ground well. The formed powder (TiO2) was calcinated at 450 ◦C in 
muffle furnace for 5 h. 

Secondly, Na-K2Ti6O13 was synthesized using the molten salt 
method. Concretely, 1:1 mol ratio of eutectic salts (NaCl + KCl) was 
mixed in a mortar. After preparing eutectic salts mixture, it was mixed 
with K2CO3:TiO2:(NaCl/KCl) (1:5.5:110 M ratio) in a mortar with a 
small amount of EtOH, ground for 30 min, and keep overnight. Then, 
they were ground again and again for 30 min, calcinated in a muffle 
furnace at 725 ◦C for 6 h, and evidently attained to room temperature. 
The synthesized product was well ground forcefully and treated with 
warm deionized water for 3 h under stirring, to remove the residual 
salts. Then, it was filtered and washed with EtOH, dried at 110 ◦C for 5 h, 
and followed by calcinated 450 ◦C for 3 h. 

2.4. Fabrication of BiOI modified Na-K2Ti6O13 

Our primary aim is to prepare BiOI modified Na-K2Ti6O13 compos-
ites, and they were prepared by solid state dispersion along with pre-
cipitation method (see Scheme S1 in supplementary information). 
Exactly, 1.5 g of Na-K2Ti6O13 was firstly disseminated in 20 mL of 
ethanol. Subsequently, 10 mL of acetic acid/water mixture solution 
containing 0.001 M of Bi(NO3)3⋅5H2O was added Na-K2Ti6O13 disper-
sion under stirring condition. After that, 15 mL of alcoholic solution 
containing 0.001 M of TBAI was added to Na-K2Ti6O13/bismuth nitrate 
mixture. The stirring was continued overnight, and then the catalyst was 
separated by filtration. The obtained mixture was with the mixture of 
the solvents (1:1) EtOH and water, and dried at 110 ◦C for 5 h. The 
synthesized white-orange colour precipitate Na-K2Ti6O13/BiOI (I) con-
tains 20 wt% of BiOI. The catalyst contains 32 wt% of BiOI (Na- 
K2Ti6O13/BiOI (II)) was prepared with respective amount of bismuth 
nitrate and TBAI. The pure BiOI was also prepared via the reaction be-
tween Bi(NO3)3⋅5H2O and TBAI. 

2.5. Photocatalytic degradation experiments. 

Photocatalytic activities towards TCN and AB1 degradation of the 
prepared materials were evaluated under Blue LED (50 W; emission 
wavelength of approximately 420–480 nm (Figure S1); 5 mW/cm2), 
white LED (100 W; approximately 450–570 nm); 46 mW/cm2)), and 
direct sunlight (95 mW/cm2). Between 11 a.m and 2p.m, the solar ex-
periments were performed (Geongsan, South Korea), and the intensity of 
solar light was almost constant during the experiments. In each exper-
iment, 100 mL of the pollutants were taken (TCN-20 ppm; AB 1–10 ppm) 
with appropriate amount of catalyst in a beaker at dark under string 
condition, the adsorption–desorption equilibrium was reached in 30 
min. Then, it was irradiated to the Blue and white LEDs (10 cm distance 
from the lamp) and direct solar light, at particular time intervals, the 
samples (3–4 mL) were collected, centrifuged and analyzed in UV–vis 
spectrometer (615 nm- AB 1; 357 nm - TCN). 

2.6. Antimicrobial activities experiment under Blue LED 

2.6.1. Removal of the total coliforms in wastewater effluent 
The secondary effluent (SE) was obtained from a nearby municipal 

wastewater treatment plant (MWWTP) to estimate the total coliform 
(TC) following the standard total coliform membrane filtration method 
[29]. Firstly, 100 mL of wastewater was mixed with 10 mg of the catalyst 
(100 µg/mL) in a 250 mL beaker. Then the photocatalytic treatment was 
done by illuminating this suspension in stirred condition under Blue LED 

light of 5 mW/cm2 for 2 hrs. An aliquot of 1 mL wastewater sample was 
collected in stipulated time intervals of 30 min and resuspended in 
phosphate-buffer saline (PBS) solution of pH 7.2, PBS solution as serial 
10-fold dilution up to 10-3. A predetermined 20 mL diluted sample was 
filtered through a sterile membrane filter unit and the filter paper retains 
the bacteria found in that sample. After that, the filter of 0.45 μm pore 
size (Advantec, Toyo Roshi Kaisha, ltd., Japan) was transferred to the 
freshly prepared petri dish of m-Endo agar and incubated at 35 ± 0.5 ◦C 
for 24 h. The petri plate of 20–80 sheen coliform colonies was counted 
after incubation period and total coliform was calculated per 100 mL of 
original sample. This experiment was repeated for dark condition with 
only 10 mg of the catalyst (100 g/mL of Na-K2Ti6O13/BiOX (II)). 

Total coliform per 100 mL =

[
Coliform colonies counted × 100

mL sample filtered

]

(1)  

2.6.2. Disinfection of the multi drug resistant bacteria (MDRB) under Blue 
LED 

The antimicrobial activity of the nanoparticles (Na-K2Ti6O13/BiOX 
(II)) to control the MDR bacteria, Enterobacter asburiae (SC1) was 
examined under Blue LED irradiation. Multi drug resistant bacteria 
Enterobacter asburiae (SC1) was isolated from hospital waster [30]. The 
overnight bacterial culture of multi drug resistant bacteria Enterobacter 
asburiae (SC1) was prepared at 37 ◦C using LB media at 200 rpm and a 
cell density of 1–2 × 108 CFU/mL was harvested. After that, bacteria 
culture with or without nanoparticles in PBS solution was irradiated 
with Blue LED. The viable cells evaluation was performed at 0, 30, 60, 
90 and 120 min, in each time, the sample (0.1 mL) was diluted serially 
and spread onto LB agar and incubated at 37 ◦C for 24 h. Same exper-
iment was repeated under dark condition (without Blue LED) with 
nanoparticles and only Blue LED (without nanoparticles) and inactiva-
tion of MDRB in terms of reduction in log CFU/mL was estimated. All the 
microbial experiments were repeated in triplicate. 

3. Results and discussion 

3.1. Primary analysis 

Initially, all the synthesized materials were tested the activity against 
toxic pollutant degradation under Blue LED, the photocatalytic decol-
ourization of AB 1 dye with different catalysts under Blue LED is shown 
in Fig. 1 a & b. Dye is not getting degraded under Blue LED. About 38 % 
decrease in the dye concentration occurred under dark condition when 
Na-K2Ti6O13/BiOI (I) used, this may be due to adsorption of the dye on 
the surface of the catalyst. The dye was irradiated with Na-K2Ti6O13/ 
BiOI (I) and (II) gave 93 and 99 % of decolorization at 120 min, at the 
same condition bare Na-K2Ti6O13 gave only 12 % decolorization. Both 
BiOI modified catalysts show efficient decolourization than bare Na- 
K2Ti6O13 under Blue LED. Almost complete decolorization was achieved 
with Na-K2Ti6O13/ BiOI (II), although pure BiOI gave about 89 % 
decolourization at 60 min, and remains unchanged up to 120 min, and 
not complete decolourization achieved. At different time of irradiation, 
the absorption spectra of AB 1 dye are shown in Fig. 1 c-f. As we can see, 
with respect to time, the absorbance peak at 615 nm is decreased in all 
the cases, and at the time of 120 min, there is no peak for AB 1 dye with 
Na-K2Ti6O13/BiOI (II) process, whereas pure BiOI gave the peaks, and 
not decreased after 60 min irradiation (see circle in Fig. 1d). These 
spectral results indirectly proven that the formed intermediates not 
having the absorption of analytical wavelength of AB 1. This primary 
study reveals that BiOI modification with Na-K2Ti6O13 enhance the 
catalytic activity of the composite and efficient decolourization ach-
ieved under Blue LED. To verify the Blue LED activity of the Na- 
K2Ti6O13/ BiOI (II), the highly photostable antibiotic tetracycline (TCN) 
degradation was carried out under Blue LED. The Blue LED process is 
also compared with white LED and direct solar irradiation process. 
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3.2. Characterization of the Na-K2Ti6O13 and Na-K2Ti6O13/BiOI 

Before going further applications, it is important to establish the 
surface characterization of the Na-K2Ti6O13 and Na-K2Ti6O13/BiOI. To 
fulfil these requirements, a complete characterization of the materials 
was carried out through Fourier transform infrared spectra (FT-IR), X- 
ray powdered diffraction (XRD), field emission scanning electron mi-
croscope (FE-SEM), Transmission electron microscopy (TEM) with 
elemental mapping, X-ray photoelectron spectroscopy (XPS), UV–vis 
diffuse reflectance spectra (DRS), Photoluminescence spectra (PL) and 
Brunauer, Emmett and Teller (BET) surface area measurements. 

3.2.1. XRD spectra 
XRD spectra of the synthesized bare Na-K2Ti6O13, the pure BiOI and 

the both mixtures of Na-K2Ti6O13/BiOI (I & II) are shown in the Fig. 2a- 
d. Firstly, for the synthesized Na modified K2Ti6O13 sample (Fig. 2a), it is 
clearly indexed two main phases. They corresponded to the expected 

K2Ti6O13 (ref. code no. 00–040-0403 in the PDF4 + database from 
ICDD). It presents monoclinic structure and C2/m space group symme-
try. However, the peaks positions shifted to lower 2theta degree for the 
K2Ti6O13 in comparison with the reference pattern no. 00–040-0403 can 
be attributable to the substitution of Na+ by K+ in this potassium titanate 
structure, obtained, finally, the Na-K2Ti6O13 (Fig. S2a). This assertion is 
also consistent with the result of previously reported values [22,31,32]. 
The second main phase indexed in the Na modified K2Ti6O13 sample was 
potassium chloride, KCl (ref. code no. 00–041-1476 in the PDF4+
database, with cubic structure and Fm-3m Space Group Simmetry). 
Although after careful washing of Na modified K2Ti6O13 by warm water, 
the KCl salt is coming from undissolved initial salt due to the excess of K 
in the reaction, because K is coming from two sources, KCl and K2CO3 
reagents. 

By other hand, the XRD diagram for the synthesis of second phase for 
the photocatalyst material, i.e, the bismuth oxyiodide (BiOI) is showed 
in the Fig. 2b. There, it is clearly the formation of a main BiOI phase (ref. 

Fig. 1. Photodegradability of AB 1 under Blue LED (a) Decolorization of AB 1 with respect to time, and (b) corresponding Ct/C0 values; (i) only Blue LED, (ii) Na- 
K2Ti6O13 (iii) Na-K2Ti6O13/BiOI (I), (iv) Na-K2Ti6O13/BiOI (II), and (v) BiOI; (c-d) corresponding UV–vis spectra of the dye at different time of Blue LED irradiation, 
[AB 1] 10 ppm/100 mL; catalyst amount = 0.5 g/L; Blue LED = 5 mW/cm2. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

K. Balu et al.                                                                                                                                                                                                                                     



Separation and Purification Technology 309 (2023) 122998

5

code no. 00–010-0445 in the database), with tetragonal structure and 
P4/nmm Space Group Symmetry), corroborating the success of the 
synthesis process [33,34]. Only slight peaks could be also detected, 
presumable corresponding to the iodine oxide (I2O5, ref. no. 00–022- 
0338 in the PDF4+ database) as sub product of the synthesis. Finally, the 
diffractograms for the synthesis of both BiOI modified Na-K2Ti6O13 
composites with different amount of BiOI (20 (I) and 32 (II) nominal wt. 
% of BiOI) are displayed in Fig. 2c and 2d. The most important aspect 
detected in both diffractograms is the main presence of the desired Na 
modified K2Ti6O13 sample. Concretely, again the K2Ti6O13 phase (ref. 
code no. 00–040-0403 in the PDF4+ ) with the peaks shifted was 
detected, corroborating the introduction of Na+ in the structure of the 
K2Ti6O13 phase. However, in this case the expected BiOI was not 
observed. Instead, another bismuth oxyhalide was formed, the BiOCl 
(Bismuth oxychloride, ref. code no. 00–006-0249 in the PDF4+ ICDD, 
with tetragonal structure and P4/nmm Space Group Symmetry). This 
fact can be attributable to the, before the addition of iodine source 
(TBAI), BiOCl was formed by the reaction between Cl (the excess KCl 
present in Na-K2Ti6O13) and bismuth nitrate [35–38]. However, the 
addition of TBAI (iodine source) react with sodium and produced 
another orange red coloured material (may be Na4OI2), and which was 
the almost similar colour of pure BiOI (orange red colour). 

Anyway, it cannot be ensuring the total absence of the I in the BiOCl, 
attending to the slight displacement of peaks to higher 2 theta degree, 
the typical displacements for BiOCl/BiOI composites (Fig. S2b) [39]. 
Thus, by using the fitting of the interplanar distance of the (001) and 
(200) crystallographic planes for the experimental BiOCl, i.e, 0.73939 
nm and 0.19460 nm (lattice parameters of a = b = 0.389178 nm and c =
0.73939 nm), it can corroborated slight distortion of the z axis by 
comparison with the same planes for the BiOCl pattern, i.e., 0.738 nm 
and 0.1946 nm (a = b = 0.389178 nm and c = 0.73939 nm), suggesting 
the slight introduction of I (<1%) in the BiOCl structure (BiOCl/BiOI) 

(proved by XPS analysis, discussion comes later). Finally, in both Na- 
K2Ti6O13/BiOCl composites (Fig. 2c and 2d) diminishing of the KCl 
peaks observed in comparison with the Na-K2Ti6O13 specimen due to the 
introduction of Cl in the BiOCl structure. In addition, for the Na- 
K2Ti6O13/BiOCl composite with higher amount of BiOCl (II), it was 
detected another oxyhalide phase, in this case, Na4OI2 (ref. cod no. 
01–079-1901 in the PDF4+ ICDD, tetragonal structure and I4/mmm 
Space Group Symmetry). By other hand, the nanometric size of different 
phase can be corroborated using the Scherrer equation. Concretely, the 
Crystalline Domain Size (D) was 16.7 ± 2.7 nm for the Na-K2Ti6O13. In 
turn, for both BiOI (Fig. 2b) and BiOCl formed (Fig. 2c and 2d), it was 
detected peaks with clearly different integral breadth. Thus, for the BiOI 
the D determined from the (102) crystallographic plane was 13.7 nm, 
while for the (110) was 41.3 nm. This aspect suggests a preferential 
crystal growth of the BiOI particles along the (110) crystallographic 
direction. Same behaviour can be observed in the other oxyhalide, the 
BiOCl, where the crystalline size were 39.2 ± 1.8 nm and 14.7 ± 2.0 nm, 
measured with the (100) and (102) crystallographic planes, 
respectively. 

3.2.2. Surface functional group analysis by IR 
FT-IR technique is good tool to discuss surface functional groups. The 

FT-IR spectra of layered Na-K2Ti6O13, pure BiOI and the Na-K2Ti6O13/ 
BiOCl composites (I & II) were taken and the results are shown in Fig. 2 e 
and f and Fig. S2c and d. The band at 480 cm− 1 in layered titanates are 
ascribed to O–Ti–O bending vibrations, and Ti–O stretching vibration of 
TiO6 octahedral groups observed at 750 cm− 1 (Fig. 2e). In addition, the 
FT-IR spectra of Na-K2Ti6O13, Na-K2Ti6O13/BiOCl (I & II) samples show 
the peak at 950 cm-1corresponding to Ti = O group [40]. The –OH 
stretching (Fig. 2f) (between 3300 and 3500 cm− 1) and bending 
(Fig. S2d)(1600 and 1650 cm− 1) vibrations are observed in Na- 
K2Ti6O13, Na-K2Ti6O13/BiOCl (I & II) samples. In pure BiOI, the peak at 

Fig. 2. XRD of (a) Na-K2Ti6O13, (b) BiOI, (c) Na-K2Ti6O13 /BiOX-I, (d) Na-K2Ti6O13 /BiOX-II, Phases: (●) Na-K2Ti6O13; (ο) KCl; (∇) BiOI; (*) I2O5, (▾) BiOCl; (D) 
Na4OI2. For comparison purposes, it is also represented the ref. patterns corresponding to K2Ti6O13, BiOI and BiOCl. FT-IR spectra of synthesised materials (e) 400 to 
1000 cm− 1 scale and (f) 2500 to 4000 cm− 1 scale. 
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490 is assigned to Bi–O stretching mode. Two more peaks were observed 
at 1380 (asymmetry) and 1490 (symmetry) cm− 1 for Bi–I (Fig. S2d) 
[41]. The strong peaks at 2850 and 2960 cm− 1 are attributed to 
stretching vibration of N–C–H group in pure BiOI (Fig. 2f), and these 
peaks are reflected in K2Ti6O13/BiOCl (I & II) samples due to residual 
BiOI, and Na4OI2, and the N–C–H group may obtain from residual 
TBAI which was the source of iodine in the preparation of BiOI. In 
K2Ti6O13/BiOCl (I & II) composites the peak at 501 cm− 1 was assigned 
to Bi–O stretching mode of BiOCl, the Bi-O structing mode of BiOCl was 
observed slightly higher wavenumber when compared with Bi-O 
structing mode of BiOI [42]. 

3.2.3. FE-SEM, HR-TEM, and mapping of elements 
The surface morphology of the pure Na-K2Ti6O13 and Na-K2Ti6O13/ 

BiOCl (II) was analysed by FE-SEM. The images of pure Na-K2Ti6O13 at 
different magnification (Fig. S3 a and b) revealed the formation of 
bundles of nanobelts. After modification with BiOCl, for the Na- 
K2Ti6O13/BiOCl (II), the surface of nanobelts become smooth due to 
formation of BiOCl layer (Fig. S3c and d). The morphology of Na- 
K2Ti6O13 and Na-K2Ti6O13/BiOCl (II) was further analysed by HR-TEM 
measurements. The TEM images of both materials at different 

magnification and in different locations are given in Fig. 3 along with 
their fingerprint regions Fig. 3 c and f. The Fig. 3a, b, and g-i show a 
typical TEM image of the obtained Na-K2Ti6O13 nanobelts. The nano-
belts/rods are almost uniform with a diameter of 60–100 nm, and 
several hundred nm in length (Fig. 3g-i). After modification with BiOCl, 
two different phases were clearly seen in the images (Fig. 3d and j). A 
bundle of nanosized BiOCl particles (see circles) were presented on the 
Na-K2Ti6O13 nanobelts. The BiOCl bundles uniformly coated on the 
different spaces of nanobelts. The elemental composition of Na- 
K2Ti6O13/BiOCl (II) was confirmed the formation of BiOCl rather BiOI. 
The Fig. 4 shows the elemental mapping of Na-K2Ti6O13/BiOCl (II), and 
the results reflect each element present in the materials. Concretely, the 
elemental mapping study confirms the presence of Na, K, Ti and O in the 
nanobelts, corresponding to the Na-K2Ti6O13. In addition, the Bi, Cl and 
O are also clearly detected in the area marked with a dotted white square 
in Fig. 4, revealing therefore to the formation of BiOCl compound 
instead of BiOI. So, the formed compound was BiOCl. However, the 
iodine (I) is present in the whole composite as another type of compound 
such as Na4OI2. 

Fig. 3. HR-TEM images of Na-K2Ti6O13 (a, b, g-i) and Na-K2Ti6O13/BiOCl (II) (d, e, j-l) and fingerprint of Na-K2Ti6O13 (c) and BiOCl (f).  
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3.2.4. XPS analysis 
In order to determine the surface oxidation state of the each mate-

rials, a X-ray photoelectron spectroscopy (XPS) measurements was 
performed. Fig. 5a shows that survey spectrum of Na-K2Ti6O13/BiOCl 
(II), and shows that presence of Ti 2p, O 1 s, Bi 4f, Cl 2p, K 2p, Na 1 s, and 
also I 3d. The individual peaks of each element are shown in Fig. 5 (b-h). 
The Ti 2p3/2, and Ti 2p1/2 peaks of Ti4+ were observed at 458.2 eV and 

464.1 eV, respectively, the reported Ti 2p3/2 peak of pure TiO2 was 
458.5 eV [43]. The B.E of O1s is observed at 529.4 eV (Bi-O) [44–46] 
and 531.0 eV (lattice oxygen (OL) of TiO2) (Fig. 5c). The Bi 4f spectrum 
of BiOCl in Na-K2Ti6O13/BiOCl (II) exhibits two distinct peaks at 159.4 
and 164.7 eV, which are corresponding to Bi 4f7/2 and Bi 4f5/2 of 
[Bi2O2]2+, respectively [47] and belongs to Bi3+ in BiOCl (Fig. 5d). 
Significantly, upon deconvolution of the Bi 4f peak, produced two 

Fig. 4. Elemental mapping of a group of particles of the Na-K2Ti6O13/BiOCl (II). HAADF: High-Angle Annular Dark Field image. Green; Na; Yellow: K; Red: Ti; Pink: 
Bi; Light blue: Cl; Orange: I; Purple: O. The dotted white square showed the group of BiOCl particles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. XPS of Na-K2Ti6O13/BiOCl (II), (a) Survey spectrum, (b) Ti 2p, (c) O 1 s, (d) Bi 4f, (e)Cl 2p, (f) K 2p (g) Na 1 s and (h) I 3d.  
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distinct peaks at 157.4 eV and 162.2 eV corresponding to Bi 4f7/2 and Bi 
4f5/2 of BiOI [46,48], respectively, which confirm that a little amount of 
Cl displacement by I in Na-K2Ti6O13/BiOCl (II). The asymmetric Cl 2p 
spectrum is fitted with two peaks at 198.0 eV and 199.4 eV (Fig. 5e), 
which can be indexed to the 2p1/2 and 2p3/2 of Cl in BiOCl [46]. Upon 
deconvolution, a small peak appeared at 197.4 eV (2p1/2) (Fig. 5e) 
corresponding to Cl present in residual KCl [49]. The K binding energy 
peaks were observed at 292.2 (2p3/2) and 294.9 eV (2p1/2) [50], and 
these values are exactly matching with the K present in K2Ti6O13 
structure [50]. High-resolution Na 1 s spectra in Na-K2Ti6O13/BiOI (II) 
with a prominent peak at 1069.9 eV indicating the presence of Na+ in 
the composite [51]. Moreover, the binding energies at 617.9 (I 3d5/2) 
and 629.4 eV (3d3/2) are corresponding to iodine. 

3.2.5. Optical properties (UV-DRS and PL study) 
The blue light absorption capability of the materials was checked via 

UV-DRS optical absorption measurements. It is clearly evidenced that 
bare Na-K2Ti6O13 did not having absorption in visible region especially 
in blue region (420–480 nm) (Fig. 6a), besides, it has absorption edge of 
360 nm with a calculated optical energy of 3.4 eV by the Kubelka-Munk 
(K-M) function. It is also evidenced that there is no blue light absorption 
capability of bare Na-K2Ti6O13. The prepared Na-K2Ti6O13/BiOCl (I & II) 
exhibited a strong visible absorption especially in blue region (420–480 
nm) and having absorption edge at 590 nm. The DRS of the Na- 
K2Ti6O13/BiOCl (I & II) catalysts represented an absorption choice in the 

whole visible region, and particularly in blue region of the visible 
spectrum. With the Na-K2Ti6O13/BiOCl (II), the absorption choice 
gradually increased in blue region when compared with Na-K2Ti6O13/ 
BiOCl (I). Both materials have good blue light absorption, thus active 
under blue LED. Here, BiOCl catalyst was decorated on Na-K2Ti6O13 rod, 
for efficient e- and h+ separation under Blue LED illumination. The 
Kubelka-Munk (K.M) method was used for measurements of bandgap 
energy. 

F(R)E1/2 =

[
(1 − R)2

2R
× hν

]1/2

(2) 

The bandgap energy (Eg) of bare BiOI, bare Na-K2Ti6O13, and Na- 
K2Ti6O13/BiOCl (I & II) were calculated from above eqn (F(R) = K.M 
function; hν − energy of incident photon), and the DRS and bandgap energy 
of BiOCl discussion comes later in degradation mechanism section. The 
bandgap energies of Na-K2Ti6O13, Na-K2Ti6O13/BiOCl (I), Na-K2Ti6O13/ 
BiOCl (II) and BiOI were 3.48, 3.41, 3.40 and 1.89 eV, respectively 
(Fig. 6 c-f). The band gap energy of these materials Na-K2Ti6O13/BiOCl 
(I), Na-K2Ti6O13/BiOCl (II)) were calculated via base and fitted lines 
correction [52], the band gap energy estimation obtained by intersec-
tion of the two fitting lines. Following combination of BiOCl with Na- 
K2Ti6O13, the absorption behaviour of Na-K2Ti6O13 was extended, and 
redshifted towards visible regions, especially in blue region. The close 
contact between BiOCl and Na-K2Ti6O13 to form a visible active 

Fig. 6. DRS (a), PL (b) and K.M plots (c-f) of prepared materials.  
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composite materials for effective environmental remediation. Although 
there was no blue light absorption capability in Na-K2Ti6O13, the addi-
tion of BiOCl catalyst that intermingled each other, and increase the 
visible light absorption over a broad range of visible spectrum especially 
in blue region thus enhanced photocatalytic degradation efficiency 
under Blue LED. When compare the blue light absorption capability of 
Na-K2Ti6O13/BiOCl (I) with Na-K2Ti6O13/BiOCl (II) catalyst, there is an 
enhancement in the absorbance in the blue region observed with the 
increase in the content of BiOCl. However, this combination did not 
affect the bandgap of the composites significantly. 

PL study was made to determine the electron-hole recombination 
behaviour of the individual semiconductors and mixed composites, and 
the results depicted in Fig. 6b. The recombination of e− –h+ pairs and 
charge separation (interfacial) are the key factors that affect the fluo-
rescence intensity. Generally, the maximum fluorescence intensity 
caused by fast electron-hole recombination which results less photo-
catalytic performance. A strong emission was observed in blue-green 
region (500–600 nm), and the Na-K2Ti6O13/BiOCl (I & II) composites 
exhibit a significant decreased PL emission peak intensity compared to 
those of bare Na-K2Ti6O13. The decrease in PL intensity may be attrib-
uted to the charge migration between BiOCl and Na-K2Ti6O13, and it 
reveals that these two components increase the life time of electron–hole 
pairs. This suppression of PL intensity indirectly revels that the rate of 
electron–hole recombination in the composite decreased, and leading to 
higher photoactivity of the Na-K2Ti6O13/BiOCl (II). 

3.2.6. BET analysis 
The surface area of bare Na-K2Ti6O13 and Na-K2Ti6O13/BiOCl (II) 

was determined, and N2 adsorption − desorption isotherms of Na- 
K2Ti6O13 and Na-K2Ti6O13/BiOCl (II) are presented in Fig. S4 and along 
with pore size distribution. The isotherms of Na-K2Ti6O13 and Na- 
K2Ti6O13/BiOCl (II) reveal a type II hysteresis loop. The BET surface and 

pore volume of Na-K2Ti6O13 and Na-K2Ti6O13/BiOCl (II) are given in 
Table S2. Although the BET surface area of Na-K2Ti6O13/BiOCl (II) 
(2.98 m2 g− 1) is lower than bare Na-K2Ti6O13 (15.28 m2 g− 1), the blue 
light activity of Na-K2Ti6O13/BiOCl (II) is higher than bare Na-K2Ti6O13. 
The pore volume of the Na-K2Ti6O13/BiOCl (II) is less than that of bare 
Na-K2Ti6O13, and this may be due to pores are occupied by BiOCl. 

3.3. Photodegradation of TCN 

3.3.1. TCN degradation under Blue & White LEDs and solar light 
In the tetracycline family tetracycline (TCN) is the most basic com-

pound, and which has been commonly used for human’s life. At the same 
time which may cause serious health problem when the excessive usage 
of TCN happened. Furthermore, it is uneasy to degrade or remove the 
excessive TCN. It has been noted that only 15 to 20 % of TCN can be 
adsorbed, and the remaining 80 % directly released through feces and 
urine to further cause water and environmental pollution [6,53]. To 
versatile the activity of the synthesized Na-K2Ti6O13/BiOCl (II), TCN 
degradation was carried out under Blue, White LEDs and direct Sun light 
and the results are depicted in Fig. 7a and S5a, and clearly shows that the 
irradiation time increases the. 

degradation of TCN is also increased in all the processes. About 30 % 
TCN adsorbed on the surface of the catalyst under dark condition. At 
120 min of irradiation, about 68.1, 65.9 and 53.7 % degradation, 
respectively for White & Blue LEDs and solar light Fig. 7a, and corre-
sponding Ct/Co values are given in Fig. S5a. The order of activity was 
found to be White LED > Blue LED > solar light. As per the DRS mea-
surements, Na-K2Ti6O13/BiOCl has high absorption in visible region, 
and especially in blue region. The activity of the materials is slightly 
high in White LED when compared with Blue LED, and less activity in 
solar light. This may be explained by the following reason. Among the 
different process, solar process showed minor photocatalytic activity. 

Fig. 7. Photodegradation of TCN (a)1 Blue, White LEDs and solar light; (b) Blue region of solar light scattered by aerosols; (c)2 Effect of initial pH on TCN 
degradation; (d) zeta potential and particle size distribution of Na-K2Ti6O13/BiOCl (II); (e)3 Effect of catalyst loading on TCN degradation under Blue LED and (f)3 

corresponding degradation at 120 min; 1 catalyst suspended = Na-K2Ti6O13/BiOCl (II) (0.3 g/L), pH = 7.2, [TCN] = 20 ppm/100 mL, Blue LED = 5 mW/cm2, White 
LED = 46 mW/cm2; solar light = 95 mW/cm2; 2 catalyst suspended = Na-K2Ti6O13/BiOCl (II) (0.3 g/L) Blue LED = 5 mW/cm2, [TCN] = 20 ppm/100 mL; 3 catalyst 
suspended = Na-K2Ti6O13/BiOCl (II); pH = 7.2; Blue LED = 5 mW/cm2, [TCN] = 20 ppm/100 mL. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Although solar light containing 47 % of visible region, 46 % infra-red 
region and 7 % of UV region, the scattering of incident light was 
happened especially in blue region (440 to 475 nm) of the light by 
wavelength similar to the size of the particles in the atmosphere 
(Fig. 7b), and red light has a wavelength (625 to 700 nm) that is larger 
than most particles thus unaffected [54]. It is expected that most of the 
blue light in solar spectrum was scattered and leads to less degradation 
of TCN by Na-K2Ti6O13/BiOCl under solar process. However, in the 
White LED, the degradation efficiency of Na-K2Ti6O13/BiOCl is slightly 
higher when comparted with Blue LED, and which may be due to White 
LED (450 to 570 nm) includes total blue spectrum (440 to 475 nm). 
These results undoubtedly reveal that the synthesized Na-K2Ti6O13/ 
BiOCl is highly active under Blue LED. 

3.3.2. Effect of initial pH on TCN degradation under Blue LED 
The photocatalytic degradation of TCN is highly influenced by the 

initial pH of the TCN solution, and it has been noted that the pH of the 
solution affecting the surface charge of the catalyst. The effect of pH on 
the photoreduction of TCN was studied by three different pH (3.2, 7.2 
and 10.3). As illustrated in Fig. 7c, increasing the pH from 3.2 to 10.3 
enhanced the rate of degradation from 31.7 % to 71 % at 120 min 
irradiation, and corresponding kinetic values are shown in Fig. S5b. 
Although the degradation percentage was slightly high in basic condi-
tion (pH = 10.3; 71 %), the rate of degradation becomes constant after 
30 min irradiation (Fig. 7c), whereas at pH 7.2, 65.9 % degradation 
observed at 120 min irradiation, it was constantly increased with respect 
to time. The order of kinetic values of different pH is 0.0096 min− 1 (pH 
= 7.2) > 0.0083 min− 1 (pH = 10.3) > (0.0030 min− 1 (pH = 3.2). From 
this observation, the kinetic value of pH 7.2 is higher when compared 
with acidic and basic conditions. Moreover, there is a huge shift in ab-
sorption maximum of TCN observed at higher pH 10.3 (Fig. S5c) (357 
nm to 390 nm), and compared with neutral (Fig. S5d) and acidic con-
dition (Fig. S5e). The absorption shift may be due to formation of col-
oured intermediates at this pH, and it can be visually observed by the 
colour of the TCN solution at that pH (in set of Fig. S5c and d). TCN is a 
pH-sensitive, amphoteric nature with three pKa values (3.3, 7.7 and 
9.7). In acidic pH, it exists as cationic and basic pH exists as anionic 
whereas at neutral pH occurred as zwitterion. Because TCN has multiple 
functional groups hydroxyl, amide, and keto groups. TCN presents 
different kinds of species at different pH condition. Under present 
investigation TCN appeared as cationic (pH < 3.32); zwitterionic (3.32 
> pH > 7.78); bivalent anionic (pH > 7.78; i.e., here 10.3). In addition, 
as presented in Fig. 7d, the influence of pH on the zeta potential and 
average particle size of the Na-K2Ti6O13/BiOCl presented. The mea-
surements were made between pH 4.07 and 11.03. The zeta potential of 
the Na-K2Ti6O13/BiOCl powder moves from − 2.57 to + 2.2 mV for pH 
values increasing from 4.07 to 5.70, and further increase the pH to 7.65, 
the zeta potential value again becomes slightly negative (-1.34 mV), and 
went still negative when the pH reached at 11.03 (–22.7 mV). It is 
clearly revealed that at pH 7.4 the surface charge of the Na-K2Ti6O13/ 
BiOCl becomes zero, and the Na-K2Ti6O13/BiOCl surface becomes + ve 
in the pH range between 4.8 and 7.4, and it becomes –ve in basic con-
dition. At pH values of 7.2, it is the near isoelectric point of Na- 
K2Ti6O13/BiOCl, the Na-K2Ti6O13/BiOCl composite was slightly positive 
or almost neutral charged. At this same pH, TCN presented as zwitter-
ionic, so there is a strong interaction between neutral or positively 
charged surface of the Na-K2Ti6O13/BiOCl and zwitterionic TCN. So, the 
TCN degradation was very efficient at this neutral pH (7.2). At highly 
basic conditions (pH = 10.3) the surface of the Na-K2Ti6O13/BiOCl be-
comes –ve, and TCN was also presented as anionic, there was a strong 
repulsion between the surface of the catalyst and TCN occurred at this 
basic condition results decrease in degradation or becomes constant 
after certain period. In highly acidic pH < 3.5, the dissolution of the Na- 
K2Ti6O13/BiOCl occurred results decrease in the degradation efficiency. 
At high pH, the particle agglomeration occurred, the average particle 
size (estimated by number) shows values of 952 nm and 1161 nm at pH 

5.07 and 5.70, respectively. However, at almost in neutral pH 7.65, the 
average particle size was 707 nm (Fig. 7d). 

3.3.3. Effect of catalyst loading, initial concentration of TCN, oxone and 
inorganic anions on degradation of TCN under Blue LED 

The amount of catalyst loading on the degradation TCN under Blue 
LED was investigated with weights ranging from 10 to 70 mg, and the 
corresponding results are presented in Fig. 7e and f. The amount of 
photocatalyst was increased from 10, 30, 50 and 70 mg, the degradation 
percentages were 40.0, 65.9, 72.8 and 45.9, respectively at the time of 
120 min irradiation. By increase the catalyst amount from 0.1 g/L to 0.5 
g/L, the degradation percentage was increased from 40.0 % to 72.8 %, 
and further increase the catalyst amount the degradation percentage 
was decreased (0.7 g/L – 45.9 %). 

The reason for increase the activity up to certain level (0.5 g/L) 
ascribed to more active site availability and depth penetration of blue 
light into the reaction medium [3]. However, at concentration of the 
catalyst (beyond 0.5 g/L), the reverse effect was observed that would 
scatter the penetration of the light into the reaction mixture thus 
decrease in the degradation activity. It is very important to keep the low 
amount of catalyst for economical benefit of industrial effluent treat-
ment. The UV–vis spectra of TCN on different time of irradiation with 
respect to catalyst loading are shown in Fig. S6. An application point of 
view, it is very important to study the effect of initial concentration of 
TCN in degradation process. Fig. 8a and b show the increase the TCN 
concentration from 10 ppm to 40 ppm, the percentage of degradation 
decreased with increase the concentration from 20 ppm (72.8 %) to 40 
ppm (33.4 %), except 10 ppm, at low concentration (10 ppm), the 
degradation efficiency was slightly decreased (50 % at 120 min irradi-
ation). The degradation efficiency is related to formation of reactive 
species such as •OH (hydroxyl radical) and superoxide radical anion 
(O2

•–) under the photocatalytic process and the possibility of formed ROS 
(reactive oxygen species) reacting with TCN molecules. Moreover, the 
remaining parameters are same (catalyst dosage of 0.5 g/L; pH-7.2; Blue 
LED with a wavelength of 420–480 nm and with lamp intensity (5 mW/ 
cm− 2) except the initial concentration of the TCN. At higher TCN con-
centration, the photon entering the reaction medium affected thus 
decrease degradation efficiency. In contrast, at very low TCN concen-
tration (10 ppm), although the photons entered easily, the reverse effect 
is observed and may be due to the availability of TCN molecule is less, 
and thus decrease the degradation percentage. The absorption spectra of 
the TCN vs different initial concentration at different time of irradiation 
are shown in Fig.S7. 

Potassium peroxymonosulfate (KHSO5) is known as oxone, the most 
effective oxidant, and has been used in photocatalytic reactions. The 
oxone can produce two reactive species such as sulfate radical anion 
(SO4

•–) and hydroxyl radical (•OH) (Eqn (3)). The formed SO4
•– can 

produce hydroxyl radical upon reaction with water (Eqn. (4)).  

HSO5 → SO4
•– + •OH; E0 = 1.82 eV vs NHE                                      (3)  

SO4
•– + H2O → SO4

2– + •OH + H+; E0 = 2.60 eV vs NHE                   (4) 

However, it has been observed that addition of different dosage of 
oxone did not enhance the degradation efficiency of Na-K2Ti6O13/BiOCl 
(Fig. 8c and d). Two different concentrations of oxone have been added 
along with Na-K2Ti6O13/BiOCl catalyst for TCN degradation, and both 
concentrations, the degradation efficiency of Na-K2Ti6O13/BiOCl 
decreased from 72.8 % to 52 % (0.001 M of oxone) and 51.7 % (0.01 M 
of oxone). This negative effect can be explained by the formation of less 
reactive SO5

•− , when the formed SO4
•− radicals consumed by the exces-

sive HSO5− (Eq (5)) [55].  

HSO5
− + SO4

•– → SO5
•− + SO4

2– + H+ (5) 

The effect of inorganic anions [56,57] on the degradation of TCN 
with Na-K2Ti6O13/BiOCl under Blue LED was studied and the results are 
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shown in Table S3. The presence of inorganic anions like carbonate, 
bicarbonate, sulfate and chloride of sodium salts was significantly 
decreased the degradation efficiency of the catalyst. The inhibition of 
these anions is due to their hydroxyl radical scavenging effect [57]. 

3.3.4. Radical scavenger’s effect, reusability, and comparison with 
literature 

The formation ROS during photodegradation of TCN with Na- 
K2Ti6O13/BiOCl under Blue LED were confirmed by the trapping ex-
periments, and the results are shown in Fig. 8e and f, the corresponding 
UV–vis spectra of the TCN under different irradiation time are shown in 
Fig. S8. Without additives, about 65.9 % of degradation observed at 120 
min. Three type of additives (0.1 mmol) have been added during the 
photodegradation experiments along with the catalyst. The addition of 
potassium iodide (KI), and ascorbic acid (AA) contributes a significant 
decrease in TCN degradation. KI can scavenge the hole, and observed 
25.4 % degradation at 120 min. At the same time addition on AA gave 
only 8 % degradation, as it scavenges the super oxide radical anions. The 
•OH scavenger TBA gave almost same percentage of degradation (65.1 
%). as without scavengers. 

The additives react with formed radicals (scavenges the radicals) 
(eqn 6–8), results decrease in TCN degradation efficiency. At present 
investigation the most active species involved in the TCN degradation is 
O2
•– and followed by h+ [3].  

A-Hn (AA) + O2
•–→ A-Hn– O2

•–                                                         (6)  

2 I– + 2h+ → I2                                                                              (7)  

R3C-OH + •OH → R3C-O• + H2O                                                    (8) 

The stability of the Na-K2Ti6O13/BiOCl photocatalyst was tested with 
cyclic experiments. After each run, the catalyst was collected. After that, 
the washing was performed with 1:1 (EtOH/H2O) ethanol/water 
mixture. After washing, the materials were collected and dried in a hot 
air oven 110 οC for 2 h, then it has been used for further runs. Fig. 8g 
shows the photodegradation efficiency of Na-K2Ti6O13/BiOCl under 
Blue LED for AB 1 degradation, and found that there was a drop of ef-
ficiency observed from 99 to 86 % for fresh catalyst to third run. This 

reveals that Na-K2Ti6O13/BiOCl photocatalyst is stable under Blue LED. 
The literature comparison was made and LED/Visible active photo-
catalysts towards TCN and AB 1 degradations are listed in Table S4 and 
Table S5. Although the optimization processes are different, the Na- 
K2Ti6O13/BiOCl photocatalyst efficiently degrade the TCN and AB 1 
under Blue LED. 

3.3.5. Degradation pathway of TCN and AB 1 dye with Na-K2Ti6O13/ 
BiOCl under Blue LED 

It is very important to identify the formed intermediates during 
photodegradation process. Sometimes intermediate products may be 
more hazardous than starting materials. The photodegradation TCN and 
AB 1 with Na-K2Ti6O13/BiOCl under Blue LED were carried out, and the 
solution obtained by different irradiation time was extracted by the 
organic solvents and subjected to GC–MS. The obtained GC–MS spectra 
were analysed, and based on the molecular weight with respect to 
retention time, and fragmentation pattern, the degradation pathways 
were proposed and given in Scheme 1 and Scheme 2, respectively for 
TCN and AB 1 degradations. For TCN degradation, the identified in-
termediates (8 compounds) with corresponding retention time are given 
in Table 1. Under Blue LED with Na-K2Ti6O13/BiOCl, it was expected 
that the TCN underwent deamidation produced compound I, and by 
tetracene ring opening produced compound II and 4-(dimethylamino)- 
1,4,4a,5,6,8a-hexahydro-3,8,8a-trihydroxy-1-oxonaphthalene-2-car-
boxamide (DP1). Compound I further underwent tetracene ring opening 
and C–N bond cleavage produced compound II and compound III. The 
identified intermediate product DPI underwent partial dihydroxylation 
and C–N cleavage produced 1,4,4a,5,6,8a-hexahydro-3-hydroxy-1-oxo-
naphthalene-2-carboxamide (DP2) with retention time (RT) of 28.7 min. 
At the same time, compound 2 underwent dehydroxylation, demethy-
lation along with naphthyl ring opening produced 2,3-dimethylphenol 
(DP3) with RT of 29.9 min. DP3 underwent further degradation pro-
duced compound IV. Compound III underwent further degradation 
produced naphthyl ring opening product 5-(2-hydroxyallyl)cyclohex-1- 
enol (DP4) and partial dehydroxylation product 4,4a,5,6-tetrahydro-3- 
hydroxynaphthalen-1(8aH)-one (DP5). The identified intermediate 
DP2 underwent further degradation is also produced DP5 and 4,4a,5,6- 
tetrahydronaphthalen-1(8aH)-one (DP6). The identified intermediate 

Fig. 8. Effect of initial TCN concentration (a)1 under Blue LED, (b)1 corresponding degradation at 120 min, (c and d)2 Effect of oxone on TCN degradation, (e and f)3 

effect of scavengers on TCN degradation, and (g)4 Reusability; 1 catalyst suspended = NaK2Ti6O13/BiOCl (II) (0.5 g/L), pH = 7.2, Blue LED = 5 mW/cm2; 2catalyst 
suspended = NaK2Ti6O13/BiOCl (II) (0.5 g/L); Blue LED = 5 mW/cm2, pH = 7.2; [TCN] = 20 ppm/100 mL; [oxone] = 0.01 mmol and 0.001 mmol; 3 catalyst 
suspended = NaK2Ti6O13/BiOCl (II) (0.3 g/L), pH = 7.2, Blue LED = 5 mW/cm2, [scavengers] = 0.1 mmol; 4 catalyst suspended = NaK2Ti6O13/BiOCl (II) (0.5 g/L), 
pH = 7.2, [AB 1] = 10 ppm/100 mL, Blue LED = 5 mW/cm2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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compound DP4 underwent dehydroxylation and produced 5-allylcyclo-
hex-1-enol (DP7) with R.T of 13.6 min. The compound DP5 underwent 
further degradation produced naphthyl ring opened products compound 
V and 4-allyl-3-methylcyclohex-1-ene (DP8). Compound VI was formed 
form compound IV via demethylation. Finally, it is predictable that the 
identified intermediates (DP7 & DP8) and compounds (V & VI) un-
derwent further degradation to nontoxic products (carbon dioxide, 
water and mineral acids). 

The degradation pathway of AB 1 dye with Na-K2Ti6O13/BiOCl 
under Blue LED is proposed in Scheme 2, and intermediates details are 
given in Table S6. Initially, (7-(2-(4-nitrophenyl)diazenyl)-2-(2-phe-
nyldiazenyl)-8-aminonaphthalene-1,3,6-triol (DP1) was formed 

from AB 1 dye via desulfonation by hydroxyl groups. The identified 
intermediate compound DP1 underwent further degradation and pro-
duced 2,7,8-triaminonaphthalene-1,3,6-triol (DP2), 4-nitrobenzen-
amine (DP3) and compound I. Compound I underwent deamination 

Scheme 1. Proposed degradation pathway of TCN by Na-K2Ti6O13/BiOCl under Blue LED.  
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and produced compound II. The identified intermediate compound DP2 
produced naphthalene-1,3,6-triol (DP4) via deamination and produced 
2,8-diaminonaphthalene-1,6-diol (DP5) via partial dihydroxylation. 
The identified intermediate compound DP2 produced nitrobenzene 
(DP6) via deamination. The compound DP4 underwent further degra-
dation produced compound III. At the same time, the compound DP5 
underwent naphthyl ring opening and produced 1-(2-amino-6-methyl-
phenyl)ethanol (DP 7). The identified intermediate DP6 is also pro-
duced compound II. Finally, the identified intermediate DP7 and 
compounds (II & III) are also going to be mineralized. 

3.4. Disinfection of the total coliform bacteria (TC) and multidrug 
resistant bacteria (MDRB) in wastewater effluent under Blue LED 

The synthesized Na-K2Ti6O13/BiOCl was effectively utilized for 
tetracycline (TCN) antibiotic and AB 1 degradation under Blue LED. 
Generally, bacterial disinfection study was performed under UV-A or 
UV-C light. As we know, especially UV-C light is little harmful than 
visible light [58,59]. Here, the Blue LED active Na-K2Ti6O13/BiOCl is 

used for disinfection of the total coliform bacteria (TC) in real waste-
water effluent (ie secondary effluent, SE) and the results are shown in 
Fig. 9a. There was no significant reduction of TC observed when Na- 
K2Ti6O13/BiOCl under dark condition up to 120 min. Under the same 
condition, the total coliform bacterial cell density decreased signifi-
cantly with Na-K2Ti6O13/BiOCl irradiated under Blue LED (Fig. 9a). In 
specific, Blue LED with Na-K2Ti6O13/BiOCl inactivated the TC (≈99 % 
disinfection efficiency) at 120 min. The corresponding plates (2nd 
dilution) were displayed in Fig. 9b. However, the direct Blue LED irra-
diation cause significant reduction of CFU in the secondary effluents 
[60], we have taken multidrug resistant bacteria (MDRB), Enterobacter 
asburiae (SC1), was isolated from hospital waster, for the inactivation 
study, and which is also resistant to self-photolysis by Blue LED. Cell 
viability experiment was conducted to test the activity of the Na- 
K2Ti6O13/BiOCl in Blue LED irradiation and the results are depicted in 
Fig. 9c. The initial concentration of Enterobacter asburiae (SC1) was 1.88 
× 108 CFU/mL in dark condition (bacterial suspension with nano-
composite) which shows no change even at 120 min. Also, there is no log 
reduction observed in Blue LED light condition without Na-K2Ti6O13/ 

Scheme 2. Proposed degradation pathway of AB 1 dye by Na-K2Ti6O13/BiOCl under Blue LED.  
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BiOCl (Fig. 9c). In contrast, there is substantial reduction (1.2 log, initial 
1.88 × 108 CFU/mL to 0.166 × 108 CFU/mL) in bacteria concentration 
observed under Blue LED light irradiation with Na-K2Ti6O13/BiOCl. 
Therefore, this Na-K2Ti6O13/BiOCl can effectively control (90 % 
reduction) the growth of Blue light resistant MDR bacteria under Blue 
LED light irradiation. 

3.5. TCN, AB 1 degradation mechanism and microbial activity of Na- 
K2Ti6O13/BiOCl under Blue LED 

The formation of heterostructure between Na-K2Ti6O13 and BiOCl 
along with trace amount of BiOI was confirmed by XPS measurements, a 
suitable mechanism is proposed based on the energy levels of these 
components (Scheme 3). Appling electronegativity Mulliken theory, 
valence band (VB) (EVB = ECB + Eg)  and conduction band (ECB = X – Ec 
– (1/2) Eg)  edges were estimated [28]. EC represents the energy of free 
electron (4.5 eV, hydrogen scale) and DRS measurements provide the 
bandgap of the material (Eg), and X represents electronegativity of the 
material and calculated from electron affinity and first ionization energy 
of the atom, X = 1/2 (EEA + Eion). For applying those values, the positive 
EVB position were obtained for Na-K2Ti6O13 and BiOCl, and are + 2.24 
eV and + 2.56 eV, respectively. The corresponding ECB edges were 
calculated to be –1.24 eV and –0.64 eV. To form a heterojunction 

structure between Na-K2Ti6O13 and BiOCl, the electrons would be 
transferred from Na-K2Ti6O13 to BiOCl because the CB position of Na- 
K2Ti6O13 was more negative than that of BiOCl. However, the Na- 
K2Ti6O13/ BiOCl is irradiated by Blue LED, the BiOCl is excited more 
when compared with Na-K2Ti6O13 (there was no significant percentage 
of dye degradation (AB 1) was observed with Na-K2Ti6O13 under Blue 
LED), since BiOCl absorbs more blue light (about 72 % decolorization 
observed when BiOCl was used as photocatalyst for AB 1 degradation 
under Blue LED) as observed in DRS measurements (see the Na- 
K2Ti6O13/BiOCl composites DRS, and BiOCl was prepared separately 
[5], and corresponding DRS and KM plot were given in Fig. S9). 
Although the pure BiOCl has the band gap energy of 3.3 eV, it shows 
entire visible absorption (see Fig. S9). Moreover, the visible light ab-
sorption of composites (Na-K2Ti6O13/BiOCl-I & II) (see Fig. 6) many 
folds increases when compared with pristine Na-K2Ti6O13 (see Fig. 6). It 
has been noticed that, in the composites, BiOI phase also presented in 
little amount (confirmed by XPS measurements) along with BiOCl. So, 
the presence of BiOX (BiOCl/BiOI (trace) mixture) in the composites 
(Na-K2Ti6O13/BiOCl-I & II) enhances the visible absorption (especially 
in blue region) of the materials and make these catalysts active under 
Blue LED. The analysis about the band structures of Na-K2Ti6O13 and 
BiOCl could give us more information about the charge separation by 
the Blue LED, and transfer during photocatalysis. Along with BiOCl, BiOI 
also participate in a minor role in the mechanism, the EVB and ECB edges 
of BiOI were estimated to be + 2.375 eV and + 0.485 eV, respectively. 
Although the CB edge of BiOI is not suitable for superoxide radical anion 
production, it has been believed that the narrow bang gap behaviour 
BiOI, the electrons present in the VB of BiOI can also further go to higher 
positions at − 2.06 eV, particularly under visible light (>400 nm) [28]. 
DRS measurements confirm that BiOI has efficient blue light absorbance 
property, accordingly thus the new transformed CB edge potentials of 
BiOI (− 2.06 eV) can fit with BiOCl, and there is a possibility of electron 
jump from CB of BiOI to that of BiOCl, and then respond with O2 pro-
duced highly reactive ROS (superoxide radical anion). 

From the above analysis, we could find that the charge transfer 
would not follow the heterojunction because most of the excited elec-
trons are present in CB of BiOCl, and which position is less negative than 
active Na-K2Ti6O13. Therefore, we proposed internal charge allocation 
of the prepared Na-K2Ti6O13/BiOCl composite system. In this case, the 
e− in CB of BiOCl would combine with h+ in VB of Na-K2Ti6O13, left the 
separated e− in CB of Na-K2Ti6O13 and h+ left in VB of BiOCl, and 
making charge separation more efficient. The electrons react with dis-
solved oxygen and holes react with water produced highly reactive ox-
ygen species ROS. Both species are very efficient towards TCN and AB 1 
degradation. The formed ROS cause cell death for TC and MDR bacteria 
[30,61,62]. The formed ROS were confirmed by trapping experiments 
and discussed in the previous sections, and super oxide radical anion 
played a major role in the degradation followed by holes. 

4. Conclusions 

In the globalization era, water pollution, and wastewater disposal are 
a major problem. To find the solution for the treatment of wastewater, 
and to reduce its harmful effect towards human health as well as in the 
environment, is a major part of current research scenario in the world-
wide. Na-K2Ti6O13/ BiOCl composites were prepared by two step pro-
cess, initially Na-K2Ti6O13 was synthesized using the molten salt 
method, BiOCl was added via solid state dispersion cum precipitation 
method. Almost 99 % AB 1 degradation observed with K2Ti6O13/BiOCl 
(II) under Blue LED. This composite was effectively utilized for anti-
biotic TCN degradation under Blue & White LEDs and solar light, and 
found that Na-K2Ti6O13/BiOCl effectively degrade TCN under Blue LED 
than solar light, and comparable with White LED. The surface, structural 
and morphology properties of the synthesized materials obtained via 
XRD, FT-IR, FE-SEM, HR-TEM, Elemental mapping, EDS, XPS, PL, DRS 
and BET. XRD and elemental mapping clearly show that the formation of 

Table 1 
Mass spectral data of identified intermediates during degradation of TCN by Na- 
K2Ti6O13/BiOCl (II) under Blue LED.  

S. 
No 

Compounds Name of the compound Retention 
Time (min) 

m/e values 

1 DP1 
(C13H18N2O5) 

4-(dimethylamino)- 
1,4,4a,5,6,8a-hexahydro- 
3,8,8a-trihydroxy-1- 
oxonaphthalene-2- 
carboxamide  

52.040 283 (M þ
1), 212, 199, 
188, 171, 
152, 129, 
112, 98, 84, 
71, 57, 43, 
42, 27. 

2 DP2 
(C11H13NO3) 

1,4,4a,5,6,8a-hexahydro-3- 
hydroxy-1-oxonaphthalene- 
2-carboxamide  

28.700 208 (M þ
1), 120, 115, 
107, 94, 77, 
71, 55, 43, 
39, 27, 15 

3 DP3 
(C8H10O) 

2,3-dimethylphenol  29.995 122 (Mþ), 
110, 95, 85, 
83, 78, 69, 
60, 55, 41, 
29 

4 DP4 
(C9H14O2) 

5-(2-hydroxyallyl)cyclohex- 
1-enol  

22.945 155 (M þ
1), 138, 123, 
110, 95, 82, 
80, 67, 57, 
54, 43, 41, 
31, 29 

5 DP5 
(C10H12O2) 

4,4a,5,6-tetrahydro-3- 
hydroxynaphthalen-1 
(8aH)-one  

19.210 165 (M þ
1), 149, 135, 
124, 122, 
105, 97, 91, 
84, 77, 74, 
65, 55, 51, 
43. 

6 DP6 
(C10H12O) 

4,4a,5,6- 
tetrahydronaphthalen-1 
(8aH)-one  

36.545 148 (Mþ), 
115, 105, 
85, 77, 62, 
51, 43, 37, 
27. 

7 DP7 
(C9H14O) 

5-allylcyclohex-1-enol  13.615 138 (Mþ), 
123, 107, 
96, 81, 77, 
67, 65, 53, 
43, 41, 27. 

8 DP8 
(C10H16) 

4-allyl-3-methylcyclohex-1- 
ene  

19.280 136 (Mþ), 
122, 105, 
94, 85, 63, 
51, 39, 26  
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K2Ti6O13/BiOCl rather K2Ti6O13/BiOI. Although iodine present in the 
composite, and it was not in the form of BiOI (only trace). The three 
different pH of TCN solution with K2Ti6O13/BiOCl taken, and the 

degradation was performed under Blue LED, and reported that pH 7.2 
was the ideal pH for efficient removal of TCN, and this was confirmed 
with kinetic study and the reason was discussed via zeta potential 

Fig. 9. The disinfection of TC in SE by Na-K2Ti6O13/BiOCl under Blue LED (a and b), corresponding plates (2nd dilution) (b), and (c) disinfection of MDR bacteria 
Enterobacter asburiae (SC1) in SE by Na-K2Ti6O13/BiOCl under Blue LED at 120 min irradiation. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Scheme 3. Proposed degradation mechanism for TCB, AB 1 dye, disinfection of TC and MDR bacteria by Na-K2Ti6O13/BiOCl under Blue LED.  
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measurements. The optimum amount catalyst for efficient removal of 
TCN under Blue LED is found to be 0.5 g/L. Increase the initial con-
centration of TCN from 20 ppm to 40 ppm, decrease the degradation 
percentage. Suitable degradation pathways were proposed for TCN, and 
AB 1 degradations with K2Ti6O13/BiOCl under Blue LED based on the 
intermediates formed during reaction by GC–MS analysis. There are 
eight (DP1-DP8) and seven (DP1-DP7) possible intermediates were 
identified by GC–MS analysis for TCN and AB 1 degradations, respec-
tively. The K2Ti6O13/BiOCl was effectively utilized for SE treatment 
under Blue LED, and found that it effectively kill the TC and MDR 
bacteria Enterobacter asburiae (SC1). A suitable mechanism of degrada-
tion by K2Ti6O13/BiOCl under Blue LED was proposed. The formed ROS 
species were confirmed by scavenging experiments, and the addition of 
AA retard the reaction significantly, and proven that superoxide radical 
anions (O2

•–) play a vital role in the degradation. Factors such as 
improved photocatalytic activity of the material under Blue LED, greater 
blue light absorption capability, and stability of K2Ti6O13/BiOCl are 
auspicious in development catalytic support towards energy and envi-
ronmental applications. 
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