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Abstract 41 
 42 

Novel cotton-based TiO2/Ag/TiO2 nanocomposites for wastewater treatment were developed 43 
by fine chemical synthesis path with the goal of coping with wastewater issues and environmental 44 
remediation. The photocatalytic performances of nanocomposites were tested during 45 
photodegradation processes of RB, AO7 and MR under simulated solar light. Double- and single-46 
loaded nanocomposites were synthesized by a simple bottom-up approach implying in situ 47 
photoreduction of Ag+ ions on the surface of TiO2 NPs previously deposited on cotton fibers from 48 
colloids. 49 

The spherical-like colloidal TiO2 NPs (4.5 nm) and TiO2/Ag NPs (8 nm) and the formation 50 
of uniform TiO2/Ag and TiO2/Ag/TiO2 nano-coatings on cotton fibers were examined by TEM 51 
and FESEM. The reduction of Ag+ ions on TiO2 surface was undoubtedly proven by the 52 
appearance of SPR band of Ag NPs in UV/Vis spectra. Raman spectroscopy clearly confirmed the 53 
presence of anatase TiO2 in nanocomposites. Quantitative determination of TiO2 and Ag in 54 
nanocomposites was accomplished using EDX and ICP – OES.  55 

The cotton-based TiO2/Ag/TiO2 nanocomposite showed the highest photocatalytic efficiency 56 
(> 90%) and maintained its removal efficiency after three reuse cycles, indicated its exceptional 57 
photochemical ability. The initial idea of improved photocatalytic performances of a TiO2 NPs 58 
double-layer with immobilized Ag NPs was justified as the TiO2/Ag/TiO2 processed sample 59 
contributed additional binding sites for dye molecules. Considering that the photocatalytic activity 60 
of the cotton-based TiO2 and TiO2/Ag samples was practically imperceptible, it can be assumed 61 
that the synthesized Ag NPs act predominantly as electron traps in the double-loaded synthesized 62 
system. 63 

 64 
Abbreviation  65 
 66 
NPs - nanoparticles 67 
CO control - control cotton fabric 68 
CO+TiO2 - TiO2 NPs modified cotton fabric sample 69 
CO+TiO2/Ag - TiO2/Ag NPs modified cotton fabric composite 70 
CO+TiO2/Ag/TiO2 - TiO2/Ag/TiO2 NPs modified cotton fabric composite 71 
RB - Rhodamine B 72 
AO7 - Acid Orange 7 73 
MR - Methyl Red 74 
TEM - Transmission Electron Microscopy 75 
FESEM - Field Emission Scanning Electron Microscopy 76 
EDX - Energy Dispersive X-ray Spectroscopy 77 
ICP – OES - Inductively Coupled Plasma - Optical Emission Spectroscopy 78 
UV/Vis – Ultraviolet/Visible Spectroscopy 79 
DRS – Defuse Reflectance Spectra 80 
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AOPs - advanced oxidation processes 81 
PD - photocatalytic degradation 82 
C0 - the initial concentration of the dye solution (zero point) 83 
C - concentration of the dye solution in the selected illumination time interval 84 
CB - conduction band 85 
VB - valence band 86 
Ef – Energy of Fermi level 87 
ESPR – Energy of surface plasmon resonance 88 
e- - electrons 89 
h+ - holes  90 
SPR - surface plasmon resonance 91 
Xe – xenon 92 
 93 
 94 

1. Introduction 95 
 96 

The current emphasis on environmental safety and wastewater issues raises increasing 97 
awareness and demands for the treating of residual water polluted by various dyes (e.g. from the 98 
textile, paper, cosmetic and pharmaceutical industries). In addition to the significant influence, 99 
especially of textile dyes, on the aesthetic quality of water bodies, there is also an increase in the 100 
biochemical and chemical oxygen demand, undermining photosynthesis, provoking serious 101 
problems for plant and aquatic life as well as to human health disorders that cause toxicity, 102 
mutagenicity and carcinogenicity (Khataee and Kasiri 2010; Lellis et al. 2019). The significant 103 
importance of these concerns gave rise to strict mandates respecting wastewater issues related to 104 
their treatment technologies, including AOPs (Khataee and Kasiri 2010; Julkapli et al. 2014; 105 
Anwer et al. 2019; Yaseen and Scholz 2019). 106 

The AOPs appear to be one of the most effective processes for treating organic pollutants in 107 
wastewater (Khataee and Kasiri 2010; Ghime and Ghosh 2020). Among AOPs, heterogeneous 108 
photocatalysis using TiO2 nanocrystals has undoubtedly become one of the most frequently used 109 
system for the dye degradation treatment, due to the simple synthesis of TiO2 NPs, their low cost, 110 
photostability, photocorrosion resistance and non-toxic and inert nature. In general, bare 111 
semiconductive TiO2 nanomaterials (without doping and structural modification) are capable of 112 
decomposing organic compounds into their simpler forms and/or mineralize them to CO2 and H2O 113 
but only under the UV part of sunlight irradiation. Interest in tailoring the optical properties of 114 
TiO2 by doping with impurity elements (metal/nonmetal) in order to improve its photosensitivity 115 
and photocatalytic activity in the visible wavelength range has not diminished recently 116 
(Kapilashrami et al. 2014). On the other hand, there is another way to improve its photocatalytic 117 
efficiency which implies loading the TiO2 systems with a noble metal. This approach is based on 118 
the fact that the Ef of noble metals is usually lower than the energy of CB of the TiO2 119 
semiconductor (Linsebigler et al. 1995; Kamat 2002; Chiarello et al. 2010). Thus, photogenerated 120 
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e- from the CB of TiO2 can migrate and be captured by the noble metal. At the same time, 121 
photogenerated h+ in the VB of TiO2 are available to participate in oxidative photocatalytic 122 
degradation processes. In general, the recombination of photogenerated charges in TiO2 is 123 
suppressed in this way, which enables a higher photocatalytic efficiency of TiO2. 124 

The target spot in the photodegradation processes is the dye chromophore, as it represents the 125 
part of the molecule (an unsaturated group, e.g. azo, keto, nitro) where absorption proceeds and 126 
where excitation causes major changes in geometry or electron density of the molecule 127 
(Chakraborty 2014; Kuball et al. 2017). Based on the chromophore structure, synthetic dyes are 128 
classified into reactive, basic, direct, solvent and vat dyes and divided into subcategories: thiazine, 129 
xanthene, azo, anthraquinone and triarylmethane, among others (Anwer et al. 2019). RB, a basic 130 
cationic dye, is the most dominant colorant in the xanthene group of dyes, while AO7 and MR 131 
belong to anionic monoazo acid dyes.  132 

The preparation of surface-modified textile fabrics with various types of metal-oxides and 133 
metal NPs, primarily in the last two decades, has opened up the possibility for manufacturing so-134 
called high-added-value textile products. Such a technological approach encounters plentiful 135 
obstacles related to the method of synthesis, the deposition procedure and the concentration of the 136 
used metal and/or metal-oxide NPs. Therefore, there is still a plenty of room for improvement the 137 
efficiency and stability of such textile-based nanocomposite materials.  138 

The mechanical, chemical, photochemical and thermal stability of textile materials made 139 
these materials adequate support for composite particles. Multifunctionality and far-reaching use 140 
of the resulting textile nanocomposites (self-cleaning, antimicrobial activity, UV protection, 141 
superhydrophilicity/superhydrophobicity, etc.) is extensively recognized (Morones et al. 2005; 142 
Zhang et al. 2007; Dastjerdi and Montazer 2010; Montazer et al. 2011; Mihailović et al. 2011; 143 
Radetić 2013a, b; Rivero et al. 2015; Milošević et al. 2017) and their potential was used within 144 
this research. 145 

In our previous work, we engineered a multifunctional textile nanocomposite material based 146 
on polyester fabric modified with separately synthesized sequentially deposited Ag and TiO2 NPs. 147 
This study revealed that the presence of Ag NPs considerably affects the antimicrobial efficiency 148 
and photodegradation activity of TiO2 (Mihailović et al. 2011).  149 

The topic of this study was advanced photocatalysis mediated by composite TiO2/Ag/TiO2 NPs 150 
deposited on cotton fabric, including bottom-up synthesis, detailed structural, optical and 151 
morphological characterization in addition to examination its photocatalytic efficiency and 152 
reusability in the process of textile dyes decomposition (RB, AO7 and MR). The bottom-up 153 
synthesis approach implied in situ photoreduction of Ag+ ions on the surface of TiO2 NPs 154 
previously deposited from a colloidal dispersion to the surface of cotton fibers. Immobilized Ag 155 
NPs, which behave as electron scavengers, can enhance the photocatalytic efficiency of TiO2 NPs. 156 
The photocatalytic efficiency was tested as a function of the amounts of Ag and TiO2 NPs and 157 
their order of deposition as well as a function of the stability of such a textile-based nanocomposite 158 
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system. To the best of our knowledge, the synthesis of cotton fabric modified with composite 159 
TiO2/Ag/TiO2 NPs in the proposed manner was performed here for the first time. 160 
 161 

2. Experimental 162 
 163 

2.1. Textile material 164 
 165 
The cotton woven fabric (desized & bleached, 117.5 g/m2, 27 ends/cm, 52 picks/cm, 166 

thickness of 0.26 mm) was used as undercoat within this research. The fabric was cleaned of 167 
surface impurities before finishing with TiO2/Ag NPs as described elsewhere (Milošević et al. 168 
2013). The control sample (CO control), used in this research, refers to a cotton fabric sample. 169 

 170 
2.2. Synthesis of nanocomposite textile materials (photocatalysts)    171 

 172 
Synthesis of photocatalysts, including TiO2 NPs modified cotton fabric sample (CO+TiO2), 173 

TiO2/Ag NPs modified cotton fabric composite (CO+TiO2/Ag) and TiO2/Ag/TiO2 NPs modified 174 
cotton fabric composite (CO+TiO2/Ag/TiO2), was carried out using a simple bottom-up approach 175 
through the following steps: 176 

1) Synthesis of TiO2 NPs. 177 
2) Finishing of cotton fabric with TiO2 NPs by dip-coating method. 178 
3) In situ synthesis of Ag NPs on the surface of TiO2 NPs previously deposited on cotton 179 

fabric from colloids. 180 
4) Formation of TiO2/Ag/TiO2 sandwich nanostructure. 181 

In that manner, the following materials were synthesized through specified steps: CO+TiO2 182 
(steps 1 and 2), CO+TiO2/Ag (steps 1, 2 and 3) and CO+TiO2/Ag/TiO2 (steps 1, 2, 3 and 4).  183 

All chemicals used for synthesis were commercial analytical quality products (J. T. Baker, 184 
Fluka, Kemika, Reanal – specified in the Supplementary Information) and were used as received 185 
without any further purification. Milli-Q deionized water was used as a solvent. 186 

 187 
2.2.1. Synthesis of colloidal TiO2 NPs 188 

 189 
A brief overview of the two-step synthesis implied: 1) dropwise addition of cooled TiCl4 to 190 

cooled water and dialysis against water until the pH of the solution reached 3.5, thereby achieving 191 
the formation and slow growth of amorphous TiO2 NPs (d ~ 4.5) (Rajh et al. 1998) and 2) thermal 192 
treatment in reflux (60 °C, 16 h), which manages the amorphous-to-crystalline transformation of 193 
anatase and consequently enhances the potential photocatalytic efficiency of the generated NPs (d 194 
~ 6 nm). The particles obtained in this manner were used in all further synthesis routes. A synthesis 195 
setup for TiO2 NPs is described in detail in the aforementioned literature (Rajh et al. 1998).  196 
 197 
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2.2.2. Synthesis of colloidal TiO2/Ag NPs 198 
 199 
In order to monitor and evaluate the photoreduction efficiency of Ag+ ions on the surface of 200 

TiO2 NPs and the formation of TiO2/Ag NPs in the liquid phase, the prepared reaction system was 201 
illuminated with a xenon (Xe) lamp and the UV spectra of the obtained dispersion were recorded 202 
at a precisely defined illumination time. Namely, the reaction mixture (15 ml) was gained by 203 
mixing the following solutions: 1) alanine (1.5 × 10-2 M), 2) colloidal TiO2 dispersion in HNO3 (7 204 
× 10-3 M), 3) AgNO3 (4.5 × 10-3 M) and 4) CH3OH (0.1 M). The prepared system was transferred 205 
to a quartz vessel, closed with a rubber septum and bubbled in a argon stream for 20 min. 206 
Thereafter, the solution was illuminated with a Xe lamp while taking aliquots at certain time 207 
intervals (0, 60 min, 70 min, 90 min, 105 min, 135 min). The optical properties were monitored 208 
by measuring the absorption spectra and the illumination was performed until the complete 209 
reduction of Ag+ ions, wich is justified in the absorption spectra. 210 

 211 
2.2.3. Finishing of cotton fabric with TiO2 NPs 212 

 213 
Finishing of cotton fabric with TiO2 NPs was fulfilled by dip-coating method according to a 214 

modified synthesis procedure used in our previous study (Milošević et al. 2014). Namely, 1.0 g of 215 
cotton fabric was immersed into 30 mL of 0.1 M colloidal TiO2 dispersion for 5 min. After drying 216 
in an oven (40 °C), the sample was rinsed twice (5 min) with distilled water. Subsequently, the 217 
fabric was dried again at the same temperature. 218 
 219 

2.2.4. Photoinduced in situ synthesis of Ag NPs onto TiO2 NPs single-layer modified cotton 220 
surface 221 

 222 
The Ag NPs were synthesized by in situ photoreduction of Ag+ ions on the surface of TiO2 223 

NPs previously deposited on cotton fabric in a similar manner as in our earlier research (Milošević 224 
et al. 2013, 2014). In the course of photoreduction, an ULTRA-VITALUX lamp (300 W, Osram) 225 
was used, which simulates sun-like irradiation, with a spectral radiation power distribution 226 
between 300 and 1700 nm (photometrical data: UVB 280-315 nm 3.0 W, UVA 315-400 nm 13.6 227 
W, while the rest is visible and infrared light).  228 

The cotton fabric modified with TiO2 NPs (1.0 g) was immersed in a alanine solution (0.1333 229 
g / 40 mL H2O) for 10 min. On the other hand, a solution containing HNO3 (58 mL, pH 3), AgNO3 230 
(0.015  M, 150 µL) and CH3OH (0.4 mL) was assembled. The prepared solution is added to the 231 
alanine solution with the immersed fabric and mixed. The glass vessel was covered with a quartz 232 
glass disc and sealed with parafilm. Through a teflon hose inserted into the glass, the system is 233 
saturated with argon stream for 20 min and subsequently illuminated for 10 min. The distance 234 
between the lamp and the sample was set at 26 cm. After illumination, the fabric was dried at room 235 
temperature, rinsed with distilled water (900 mL, 15 min) and likewise dried at room temperature. 236 
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Argon (Messer Tehnogas), used to remove oxygen during the photoreduction process, was of high 237 
purity (99.5%).  238 
 239 

2.2.5. Double-layer deposition of TiO2 NPs onto previously synthesized TiO2/Ag 240 
nanocomposite modified cotton surface 241 

 242 
The fresh finishing of the cotton fabric with TiO2 NPs was carried out by dip-coating method. 243 

0.5 g of cotton fabric modified with TiO2/Ag NPs was immersed into 0.1 M TiO2 colloidal solution 244 
(15 mL) for 5 min. Thereafter, the sample was dried in an oven (40 °C), subsequently rinsed twice 245 
(5 min) with distilled water and dried again in the oven (40 °C).   246 
 247 

2.3. Methods 248 
 249 

2.3.1. TEM analysis 250 
 251 

The shape and size of the synthesized colloidal TiO2 and TiO2/Ag NPs were determined by 252 
TEM using a JEOL 100CX device operating at 100 kV.  253 
 254 

2.3.2. FESEM and EDX analyses 255 
 256 

The surface morphology of the cotton fabric, previously and after nanofinishing with 257 
TiO2/Ag NPs, was examined using Field Emission Scanning Electron Microscopy (FESEM, 258 
Hitachi SU-70) operating at 5 kV. The samples were fixed on an Al holder with C tapes and coated 259 
with a thin film of Au/Pd (85/15) prior to the analysis. In order to examine the surface elemental 260 
composition of nanocomposite textile materials, Energy Dispersive X-ray Spectroscopy (EDX, 261 
Oxford Instruments) was applied. The EDX analysis was carried out by the FESEM and operated 262 
at 15 kV. Fixed samples on an Al holder using C tapes were coated with a thin layer of C before 263 
analysis. Treatment options were as follows: all elements were analysed (normalized), repeat times 264 
= 3; standard: C (CaCO3), 1999/06/01, O (SiO2) 1999/06/01, Ti (Ti) 1999/06/01, Ag (Ag) 265 
1999/06/01. 266 

 267 
2.3.3. Raman analysis 268 

 269 
The structural fingerprint of TiO2 was provided by Raman analyses. Raman spectra excited 270 

by a diode-pumped solid-state laser (at an excitation wavelength and filter of 532 nm and laser 271 
power level of 10.0 mW) were collected on a Thermo Scientific DXR Raman Microscope equipped 272 
with a research optical microscope and a CCD detector. The laser beam was focused onto the 273 
sample placed on a X-Y motorized sample stage using a 10× objective magnification. The scattered 274 
light was analyzed by a spectrograph with a grating of 900 lines/mm. The exposure time was 30 s 275 
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with a number of exposures of 10. The instrument aperture was a 50 µm pinhole. The fluorescence 276 
correction was estimated by a polynomial fitting order of 5. 277 

 278 
2.3.4. XRD analyses 279 

 280 
The crystallographic structure of samples (CO, CO+TiO2/Ag/TiO2) was acquired by X-ray 281 

powder diffraction (XRD) measurements using a Philips PW 1050 diffractometer with Ni-filtered 282 
Cu-Kλ radiation (λ = 1.5418 Å ). The diffraction intensity was measured by the scanning technique 283 
(a step size of 0.05° and a counting time of 50 s per step). 284 
 285 

2.3.5. ICP - OES analysis 286 
 287 
The total content of deposited Ti and Ag on the examined samples was determined by 288 

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP - OES) with a Thermo 289 
Scientific ICAP 7600 instrument. A sample (0.04 g) was immersed in concentrated H2SO4 (60 mL) 290 
and heated moderately to 60 °C. In the case of the CO+TiO2 sample, complete fabric degradation 291 
was followed by total carbonization after 45 min. Otherwise, in respect of CO+TiO2/Ag and 292 
CO+TiO2/Ag/TiO2 fabrics, 2 mL of HNO3 (1:1) was subsequently added and a clear homogenous 293 
solution was obtained after a total of 30 min. All samples were diluted 10× prior to the analysis.    294 

 295 
2.3.6. UV/Vis analysis 296 

 297 
The absorption intensities of the dyes for the photocatalytic activity test measurements are 298 

examined using a UV/Vis with a Thermo Scientific Evolution 600 UV/Vis spectrophotometer. The 299 
reference dyes intensities were as follows: λmax = 554 nm (RB), λmax = 485 nm (AO7) and λmax = 300 
520 nm (MR). The same device was used to monitor the absorption properties of the TiO2/Ag NPs 301 
colloidal dispersion for different illumination times. 302 

The deposition of Ag NPs on the surface of the nanocomposite samples was followed by 303 
UV/Vis reflectance analysis. Reflectance spectra were obtained with a Datacolor Spectralflash SF 304 
300 spectrophotometer under illuminant D65 using a standard 10° observer.  305 
 306 

2.3.7. Photocatalytic activity test 307 
 308 

The photocatalytic performances of the synthesized samples were examined by following the 309 
degradation capacity of the test dye molecules under simulated solar light: RB, AO7 and MR. The 310 
photodegradation of the investigated dyes is monitored by the concentration changes (C/C0) of 311 
dyes as a function of the illumination time. Aqueous solutions of 10 mg/L of RB and AO7 were 312 
prepared at 25 °C with short-time stirring, while the same concentration of MR was prearranged 313 
in HCl (1 mol/L, 50 mL) with continuous stirring at 60 °C for 120 min. The experimental setup 314 
for the photocatalytic activity test was as follows. The sample (0.5 g), previously cut into pieces 315 
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(approx. 1 × 1 cm2), was immersed in an aqueous dye solution (50 mL, 10 mg/L, pHRB = 5.00, 316 
pHAO7 = 5.25, pHMR = 1.40). Before illumination, such an assembled system was stirred (3 rpm) 317 
in the dark for 15 min to establish adsorption-desorption equilibrium (zero point). The 318 
photocatalytic performances of the nanocomposites were examined by following the 319 
decolourization efficiency of the test dye molecules, where aliquots were taken at the exact 320 
illumination time: zero point (0 h) and after 60, 120, 180, 240 and 300 min for RB and AO7 as 321 
well as after 20, 40, 60, 80, 100 and 120 min for MR. The sampling volume was 1 mL. The distance 322 
between the lamp (ULTRA-VITALUX lamp, 300 W, Osram, described in detail in section 2.2.2.) 323 
and the samples was set to 30 cm, while the optical power measurements (R-752 Universal 324 
Radiometer Readout, sensor model: PH-30 DIGIRAD) showed a value of 30 mW/cm2. Photolysis 325 
of all three dyes was insignificant (less than 1% during the total illumination time) and the same 326 
trend was maintained in the system with the CO control sample. The schematic representation of 327 
the photocatalytic setup is given in the Supplementary Information (Fig. 1). 328 

The percent of photocatalytic degradation (PD) was estimated according to the following 329 
expression: 330 

PD(%) 100
0

0 



C

CC
                                                                                                            331 

where C0 is the initial concentration of the dye solution (zero point) and C is the concentration of 332 
the dye solution in the selected illumination time interval. 333 

In the course of the photocatalytic performances, the reusability was also examined. Namely, 334 
the reuse test was carried out in three cycles as follows. After performing the primary 335 
photocatalytic activity test (described above), the samples were dried at room temperature. 336 
Subsequently, each reuse cycle was performed in the same manner as the primary test (before 337 
recycling), only with the sampling difference: aliquots were taken at the zero point (0h) and at the 338 
end of each cycle (300 min for RB and AO7 and 120 min for MR). Between cycles, the samples 339 
were dried at room temperature. The chemical structures of RB, AO7, and MR are given in Figs. 340 
6 - 8. 341 

 342 
3. Results & Discussion 343 

 344 
Colloidal TiO2 and TiO2/Ag NPs 345 

 346 
With an aim to successfully deposit Ag NPs on the surface of cotton fibers, formerly modified 347 

with TiO2 NPs, we have predefined the conditions in the process of reduction of Ag+ ions on the 348 
surface of colloidal TiO2 NPs. Before deposition the NPs to the cotton fabric and forming the 349 
nanocomposites, both TiO2 and TiO2/Ag NPs were synthesized and characterized. 350 

 351 
  352 
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3.1. Morphological properties 353 
 354 

The shape, size and size distribution of colloidal TiO2 NPs (before Ag photodeposition) and 355 
composite TiO2/Ag NPs were fully defined using TEM. Representative TEM micrographs of these 356 
NPs and corresponding particle size distributions are presented (Fig. 1). 357 

The faceted TiO2 NPs with a narrow particle size distribution and with most dimensions of 358 
4.5 nm were obtained (Fig. 1c). The uniformity and narrow size distribution of the aggregated 359 
TiO2/Ag NPs, mostly 8 nm in size, was also proven (Fig. 1d).  360 

 361 

 362 

Fig. 1. The TEM micrographs of colloidal TiO2 (a) and TiO2/Ag NPs (b)  363 
and the appropriate particle size distributions (c and d). 364 

 365 
 366 
 367 
 368 
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3.2. Optical properties  369 
 370 

The colloidal TiO2 NPs, surface modified with the amino-acid alanine, were illuminated in 371 
the presence of Ag+ ions and methanol as a hole scavenger. The absorption spectra of these NPs, 372 
along with the TiO2/Ag NPs colloidal dispersion obtained for different illumination times, are 373 
presented (Fig. 2). 374 

 375 

 376 

Fig. 2. The UV/Vis spectra of TiO2/Ag NPs colloidal dispersion for different illumination times. 377 
 378 

Before illumination, only the absorption corresponding to the colloidal TiO2 NPs surface 379 
modified with alanine was observed. However, after 60 min of illumination of TiO2/Ag NPs 380 
colloidal dispersion, the characteristic surface plasmon resonance (SPR) of Ag NPs appeared at ~ 381 
440 nm. Further illumination of the colloidal dispersion led to a significant increase in the intensity 382 
of the plasmon peak due to the additional reduction of Ag+ ions, reaching its maximum value after 383 
105 min for the applied concentration. Additional illumination didn’t increase the intensity of the 384 
SPR peak, which would indicate a complete reduction of the present Ag+ ions. The inset in Fig. 2 385 
clearly shows the yellow/brownish colour of the transparent and stable colloidal dispersion of 386 
TiO2/Ag NPs, attributed to the SPR of Ag NPs only of a few nanometres in size (Rivero et al. 387 
2015). Likewise, in Fig. 2, the half-width at half-height of the Ag SPR band increases with 388 
increasing illumination time (redshift). Namely, the resulting changes in optical properties were 389 
caused by an increase in the size of TiO2/Ag NPs due to the amount of reduced Ag+ ions on the 390 
surface of TiO2 NPs and, consequently, their agglomeration level. 391 

Chemical interaction between individual components, as well as potential binding structure 392 
of Ag to the surface of alanine modified colloidal TiO2 NPs (Fig. 4, Fig. 5 in Supplementary 393 
Information) is part of our previous investigation published in a reference Milošević et al., 2014.  394 
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Nanocomposites 395 

The characterization of the obtained CO+TiO2, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 396 
nanocomposites and a systematic examination of the photocatalytic activity testing is given below. 397 
 398 

3.3. Morphological properties, EDX and ICP – OES analysis 399 
 400 

The surface morphology of cotton fibers coated with TiO2/Ag and TiO2/Ag/TiO2 NPs was 401 
analysed by FESEM (Fig. 3). Comparing the FESEM images of the smooth surface of cotton fibers 402 
and the NPs-modified fibers, it is obvious that NPs deposition significantly impacts the surface 403 
morphology of cotton fibers. Namely, a strong effect is manifested by the formation of uniform 404 
TiO2/Ag and TiO2/Ag/TiO2 nano-coatings on the surface of the cotton fiber with a narrow particle 405 
size distribution, whose average dimensions of approximately 10 nm are in good agreement with 406 
TEM analysis. 407 

 408 

 409 

Fig. 3. The FESEM micrographs of cotton fiber (CO control) and cotton fibers coated with TiO2/Ag 410 
 and TiO2/Ag/TiO2 NPs along with their respective EDX spectra.  411 

 412 
The surface elemental analysis (submitted in Fig. 3, Table 1) revealed that the subsequent 413 

deposition of TiO2 NPs on the CO+TiO2/Ag sample reflected in the increased Ti concentration in 414 
the order of magnitude. On the other hand, a manifested decrease in Ag concentration in the 415 
CO+TiO2/Ag/TiO2 (double-layer) sample was expected, considering that the EDX mode of 416 
FESEM is a surface-responsive technique.  417 

 418 
 419 
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Table 1. The surface elemental composition of nanocomposites based on EDX analysis. 420 

Element 
CO+TiO2/Ag CO+TiO2/Ag/TiO2 

Atomic concentration [%] 

Ti 0.47 4.90 

Ag 0.06 0.01 

 421 
The total content of deposited Ti and Ag on the examined samples was determined by ICP - 422 

- OES measurements. The obtained results showed almost the same quantity of Ti in samples with 423 
TiO2 single-layer deposition: CO+TiO2 (5595.0 ± 45.0 µg/g) and CO+TiO2/Ag (5549.0 ± 424 
± 62.0 µg/g), thus proving the reproducibility of the applied synthetic approach and the stability 425 
of the TiO2 NPs coatings on the surface of cotton fibers before and after Ag deposition during the 426 
photoreduction process. The subsequent deposition of TiO2 NPs, the CO+TiO2/Ag/TiO2 sample, 427 
was confirmed by the doubled amount of Ti in the mentioned sample (11191.0 ± 93.0 µg/g), 428 
compared to the CO+TiO2/Ag sample (5549.0 µg/g). The presence of Ag was proven in both 429 
samples: CO+TiO2/Ag (217.0 ± 31.0 µg/g) and CO+TiO2/Ag/TiO2 (170.5 ± 15.5 µg/g). A slight 430 
difference in the measured amount of Ag fits well with the calculated standard deviations. 431 

 432 
3.4.Structural analysis 433 

 434 
The structural fingerprint of TiO2 in the synthesized nanocomposites was obtained by Raman 435 

spectroscopy. The Raman spectra of CO+TiO2, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples 436 
with assigned vibrations are presented in Fig. 4. The Raman spectra of the CO+TiO2 sample is 437 
dominated by peaks characteristic for cellulose macromolecules that comprise cotton material. 438 
Namely, typical bands of neat cellulose are defined as follows. The most intensed bands, observed 439 
at 2897 and 1096 cm-1, indicate CH and CH2 stretching in cellulose macromolecules (Eronen et 440 
al. 2009; Cabrales et al. 2014) as well as C-O-C (symmetric and asymmetric) stretching mode of 441 
β (1 - 4) glycosidic bonds between the glucopyranose rings of cellulose (Wiley and Atalla 1987; 442 
Abid et al. 2017), respectively. These bands are followed by less intensive bands at 1380 cm-1 443 
related to CH2 asymmetric stretching of cellulose (Liu et al. 1998; Cabrales et al. 2014) and bands 444 
at 1121 and 520 cm-1 attributed to C-O-C glycosidic bond symmetric stretching (Cabrales et al. 445 
2014). In addition, all other bands characteristic for the Raman vibration of cellulose 446 
macromolecules are observed in the spectra of CO+TiO2 sample (Liu et al. 1998; Schenzel et al. 447 
2005; Agarwal et al. 2009; Cabrales et al. 2014). 448 

 449 
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 450 

Fig. 4. The Raman spectrum of the CO+TiO2, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples. 451 
 452 

The strong peak appearing at 153 cm-1 as well as weaker peaks at 403 and 635 cm-1 following 453 
it are assigned to TiO2 anatase Raman active modes, confirming the successful deposition of TiO2 454 
on cotton fibers. The band at 153 cm-1 is designated to the stretching vibration of the O-Ti-O bond 455 
(vibrational Eg phonon, low-frequency) (Ohsaka et al. 1978; Abid et al. 2017). It should be noticed 456 
that these peaks are shifted relative to Eg and B1g vibrations of anatase TiO2 at 144, 399 and 639 457 
cm-1, as reported in the literature (Ohsaka 1980; Choi et al. 2005). Other characteristic Raman 458 
active modes of anatase TiO2 at 513 (A1g) and 519 (B1g) cm-1 (Ohsaka 1980; Choi et al. 2005) 459 
were not observed in the spectra of the CO+TiO2 sample due to overlap with the C-O-C symmetric 460 
stretching of the glycosidic bond in cellulose macromolecules (Cabrales et al. 2014). Comparing 461 
the Raman spectra of the CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples, a significant increase in 462 
the intensity of the bands at 153 and 635 cm-1 is observed. This observation is fully in line with 463 
single- and double-loading of TiO2 NPs in these cotton samples. 464 

Crystalline structure of samples (CO and CO+TiO2/Ag/TiO2) was studied by XRD analysis. 465 
The peaks characteristic for the cellulose crystal structure are observed (Keshk et al. 2019). 466 
Obtained results showed the presence of anatase crystalline structure of TiO2 NPs with low domain 467 
of crystallinity (Radoičić et al. 2017) and face centred cubic structure of Ag NPs (Meng 2015). 468 
XRD pattern is shown in Fig. 2 in the Supplementary Information.  469 

 470 
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3.5. Optical properties 471 
 472 

The successful deposition of Ag NPs on the cotton fabric surface modified with TiO2 NPs 473 
was tested by measuring diffuse reflectance electronic spectra and the corresponding spectra for 474 
CO control, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples are presented (Fig. 5).  475 

The addition of Ag caused significant changes in the absorption spectra of the CO+TiO2 476 
sample in the visible range. The appearance of a band (shoulder) at λ ~ 440 nm in the reflectance 477 
spectra of the CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples is characteristic of the SPR absorption 478 
of Ag NPs only of a few nanometres in size (Rivero et al. 2015). The band width is a direct 479 
consequence of Ag NPs agglomeration on the fiber surface. The lower band intensity in the 480 
CO+TiO2/Ag/TiO2 sample compared to the CO+TiO2/Ag sample is an outcome of the subsequent 481 
application of TiO2 NPs. After deposition of Ag NPs, the cotton sample appears brownish, while 482 
macroscopic observation of the sample after sequent application of TiO2 NPs indicates a fainter 483 
hue. The obtained result strongly confirms the successful fabrication of Ag NPs and additional 484 
amounts of TiO2 NPs on CO+TiO2/Ag/TiO2 samples. 485 

 486 
 487 

 488 

Fig. 5. The DRS of the CO control, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples. 489 
 490 

3.6. Photocatalytic activity test 491 
 492 

The photocatalytic efficiency of nanocomposite textile materials has been tested following 493 
the decomposition process of three organic dyes: RB, AO7 and MR, as dyes utilized in the textile 494 
industry.  495 
 496 
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Rhodamine B 497 
 498 
The concentration changes of RB solution during illumination in the dye/fabric system were 499 

determined by measuring the absorption intensity (λmax) of RB at 554 nm (Fig. 6). The obtained 500 
results manifest that ~ 30% of RB decolourization was achieved after 60 min of illumination in 501 
the presence of CO+TiO2 and CO+TiO2/Ag samples and even 50% in the presence of 502 
CO+TiO2/Ag/TiO2 sample, when the transition of RB to Rhodamine form occurs (Watanabe et al. 503 
1977) (Table 2). Matter-of-fact, two pathways are characteristic for the RB photodegradation: 1) 504 
cleavage and destruction of the conjugated chromophore structure, followed by a decrease in 505 
absorbance while the position of the main peak remains the same and 2) a hypsochromic shift of 506 
the absorbance maximum, as a result of N-deethylation process (Ma and Yao 1998; Park and Choi 507 
2005; Wang et al. 2008; Yu et al. 2009; Fan et al. 2012). The second scenario goes through the 508 
gradual transition of RB (N,N,N',N'-Tetraethyl-rhodamine, 554 nm) to N,N,N'-Triethyl-rhodamine 509 
(539 nm), N,N'-Diethyl-rhodamine (522 nm), N-Ethyl-rhodamine (510 nm) finally reaching 510 
Rhodamine (498 nm) as the major intermediate (Watanabe et al. 1977; Fan et al. 2012). 511 
Rhodamine B to Rhodamine blue-shift transition was observed in the case of all three 512 
nanocomposites and the suitable absorption intensities are given as an example for the 513 
CO+TiO2/Ag sample (Fig. 6b). Furthermore, the maximum photocatalytic activity (over 90%) in 514 
the degradation process of RB was achieved with the CO+TiO2/Ag/TiO2 sample at a final 515 
illumination time of 300 min, when decolourization of all Rhodamine forms occurs. The obtained 516 
photocatalytic efficiency of the TiO2 double-loaded sample was even 30% more compared to the 517 
single-loaded samples. Thus, regardless of the complex and anthraquinone-like structure of RB, 518 
which as a rule complicates photodegradation (Khataee and Kasiri 2010), the presence of certain 519 
functional groups in the RB structure enables good contact between the dye and the TiO2 catalyst. 520 
Namely, TiO2 NPs are known to have a high affinity towards –COOH groups and O atoms in the 521 
RB crystal lattice (Goddard et al. 2012). Besides, the presence of Ag NPs (scavenger of 522 
photogenerated e- which hinder e-/h+ recombination) on their surface significantly contributes to 523 
the increase of photocatalytic activity. An additional improvement of the photocatalytic properties 524 
descends from the good adsorption of Ag on the nitrogen atom of the RB molecule as well as from 525 
the weak steric hindarence that allows adequate access of Ag.  526 
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 527 

Fig. 6. The photodegradation curves (C/C0) of Rhodamine B for the tested samples (a), absorption 528 
spectra of Rhodamine B (554 nm) to Rhodamine (497 nm) blue-shift transition for CO+TiO2/Ag 529 

sample (b), N-deethylation process of Rhodamine B to Rhodamine (Schmid 2004) (c) and 530 
suitable wavelenghts changes during the photocatalysis of Rhodamine B (d). 531 

 532 
 533 
Acid Orange 7 534 
 535 

The concentration changes of the AO7 solution in the presence of the tested samples during 536 
illumination were accompanied by a variation in the intensity of the absorption spectra of AO7 at 537 
λmax = 485 nm (Fig. 7). The photocatalytic efficiency was drastically lower than in the case of RB, 538 
as only 7 - 9% AO7 decolourization was achieved after 60 min of illumination for the CO+TiO2 539 
and CO+TiO2/Ag samples, and ~ 30% for the CO+TiO2/Ag/TiO2 sample (Table 2). However, after 540 
300 min of illumination, the photocatalytic efficiency of the CO+TiO2/Ag/TiO2 sample reached 541 
over 90%, which is even 50 - 60% higher than for the other samples. The worse degradation 542 
properties of AO7 compared to RB, with the exception of CO+TiO2/Ag/TiO2 sample, can be 543 
attributed to the differences in the chemical structure of these organic dyes (Figs. 6 - 8). The 544 
literature explanation for the good dye sorption and upcoming degradation of AO7 was expected 545 
due to three main factors. First of all, acidic conditions favour the electrostatic interaction between 546 
the positively charged TiO2 NPs and the negatively charged sulfonate group of the dye molecule 547 
(Marković et al. 2015) via the formation of a bidentate inner sphere surface complex (Bauer et al. 548 
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1999; Bourikas et al. 2005). However, there is an opposite view to this claim, where the presence 549 
of the -SO3

- group in AO7 is probably the origin of reduced dye-sorption to fabrics, which may 550 
consequently lead to a decrease in photocatalysis efficiency (Khataee and Kasiri 2010). A review 551 
published by Khataeea and Kasiri highlights the difficulties in examining the influence of the 552 
sulfonic group, due to the competitive processes described in the aforementioned study (Khataee 553 
and Kasiri 2010). Second, the presence of the -OH group in the AO7 structure and its accessibility 554 
to TiO2 NPs favours dye degradation. In particular, the presence of -N=N- group, as a potential 555 
binding site for Ag, is also a reason for good dye sorption. Particularly, -N=N- and C- 556 
N= bonds are susceptible to photodegradation because they act as a target area near the dye 557 
chromophore in the TiO2/Ag-mediated photodegradation system (Khataee and Kasiri 2010). 558 
However, the major steric hindrance of the -N=N- group in AO7 molecules (surrounded by two 559 
benzene rings) obstructs access of Ag to the nitrogen atom, in contrast to the RB molecules where 560 
the nitrogen atom is surrounded by -CH2CH3 groups (besides one benzene ring).  561 

A multitude of parameters can affect the photodegradation of dyes using TiO2 NPs (pH, dye 562 
type, initial dye concentration, types of dye functional groups, photocatalyst concentration, 563 
photocatalyst particle size, light intensity, temperature, the presence of electron acceptors) (Reza 564 
et al. 2017). Hence, a crucial step for efficient photocatalysis may be the adsorption of target 565 
molecules on the surface of immobilized TiO2 or TiO2/Ag NPs and the corresponding interactions 566 
between the functionality of those molecules and the photocatalyst surface science. 567 
 568 
 569 

 570 

Fig. 7. The photodegradation curves (C/C0) of Acid Orange 7 for the tested samples (a),  571 
chemical structure of Acid Orange 7 (b). 572 

 573 
 574 
 575 
 576 
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Methyl Red 577 
 578 

The concentration changes of the MR dye solution in the presence of the tested samples 579 
during illumination were followed by intensity changes in the MR absorption spectra at λmax = 520 580 
nm (Fig. 8). Considering the obtained results, it can be noticed that a significantly shorter 581 
illumination time is required for the decolourization of the MR dye. Namely, about 35% MR 582 
decolourization was achieved after only 30 min of illumination for the CO+TiO2 and CO+TiO2/Ag 583 
samples and about 10% more for the CO+TiO2/Ag/TiO2 sample (Table 2). The most efficient 584 
photocatalyst was the CO+TiO2/Ag/TiO2 sample in the presence of which 90% of the MR dye was 585 
degraded in two hours. Namely, MR molecules possess a –COOH functional group as a binding 586 
site for TiO2 NPs as well as a –N=N– group either a lone electron pair on the N atom suitable for 587 
Ag (Fig. 8). Additionally, highly acidic environment (pHMR = 1.40) greatly contributes to the 588 
exceptional affinity of TiO2 towards carboxyl group of the MR dye. The present carboxylic moiety 589 
in the MR molecule can easily react with H+ via the photo-Kolbe reaction resulting in a more 590 
efficient rate of photodegradation of this dye (Khataee and Kasiri 2010). The outstanding 591 
enhancing of the photocatalytic properties of the synthesized nanocomposites, in this instance, 592 
refers to the better achieved contact between TiO2 and Ag NPs and the MR dye. Namely, the 593 
anionic nature of the dye molecules accelerates the interaction with positively charged TiO2 NPs 594 
in an acidic medium. As in the case of previously tested dyes, the TiO2 double-loaded cotton fabric 595 
played a major role in improving the photocatalytic efficiency of the nanocomposite textile 596 
materials. Regardless of the structural dyes differences, it is evident that the mentioned distinctions 597 
can be overcome by photocatalysis mediated by TiO2/Ag/TiO2 NPs. 598 
 599 

 600 

 601 

Fig. 8. The photodegradation curves (C/C0) of Methyl Red for the tested samples (a),  602 
chemical structure of Methyl Red (b). 603 

 604 
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Table 2. The photocatalytic degradation of Rhodamine B, Acid Orange 7 and Methyl Red. 605 

Photocatalytic degradation of Rhodamine B, PD(%) 

Nanocomposite 
Illumination time (min)  

60 120 180 240 300 σ 

CO+TiO2 30.5 46.7 54.8 59.5 63.6 23.9 

 
CO+TiO2/Ag 33.3 46.6 50.1 55.3 60.9 22.2 

CO+TiO2/Ag/TiO2 49.7 68.4 86.3 91.7 93.3 35.9 

Photocatalytic degradation of Acid Orange 7, PD(%) 

Nanocomposite 
Illumination time (min)  

60 120 180 240 300 σ 

CO+TiO2 6.7 13.4 19.9 24.3 30.5 11.3 

CO+TiO2/Ag 9.1 15.4 23.8 33.5 39.5 14.7 

CO+TiO2/Ag/TiO2 30.9 69.5 88.2 93.1 93.6 38.8 

Photocatalytic degradation of Methyl Red, PD(%)  

Nanocomposite 
Illumination time (min)  

30 60 90 120 σ 

CO+TiO2 37.5 56.4 70.0 78.9 31.3 

CO+TiO2/Ag 34.3 54.8 67.6 78.3 31.0 

CO+TiO2/Ag/TiO2 45.9 67.5 83.6 92.4 36.9 

 606 
 607 
From the previous one, in the case of CO+TiO2 sample for all three dyes, photocatalytic 608 

degradation under white light is observed (RB - 63.6, AO7 - 30.5, MR –PD(78.9%)). The 609 
explanation can be found in the presence of near UV light (4 - 5%) in the solar spectrum, enough 610 
for TiO2 NPs to show a certain photocatalytic activity. 611 
 612 
 613 
 614 
 615 
 616 
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Photoinduced charge separation in TiO2/Ag/TiO2-mediated photodegradation system induced by 617 
UV and visible light 618 

 619 
In the sum of the obtained results, the photocatalytic performances were in the following 620 

order in terms of the samples: CO+TiO2/Ag/TiO2 > CO+TiO2/Ag ≥ CO+TiO2. As mentioned, the 621 
differences in the photodegradation performances of dyes treated with the same samples occur due 622 
to the divergent chemical structures of these molecules, and hence to the individual binding 623 
interactions between their functional groups and TiO2/Ag NPs. Further, the CO+TiO2/Ag/TiO2 624 
nanocomposite possesses the highest removal efficiency in the case of all tested dyes (> 90%), 625 
indicating its exceptional photocatalytic ability. In addition, single-layer processed samples 626 
(CO+TiO2, CO+TiO2/Ag) have practically the same removal efficiency of all dyes, emphasizing 627 
once more the importance of the stabilizing TiO2 double-layer. Since the photocatalytic 628 
decolourization of CO+TiO2/Ag and CO+TiO2 samples is practically imperceptible, and Ag 629 
deposition generally increases dye adsorption, it can be assumed that the synthesized Ag NPs act 630 
predominantly as e- traps in the examined CO+TiO2/Ag/TiO2 system. 631 

The explanation for the advanced photocatalysis mediated by TiO2/Ag/TiO2 NPs is as follows 632 
(outlined schematically in "lower scale" in Fig. 9). Namely, semiconductive TiO2 NPs are widely 633 
recognized for their extraordinary photocatalytic properties when exposed to adequate irradiation, 634 
λ < 390 nm (Mechanism 1, Fig. 9a). In our previous research (Milošević et al. 2013, 2014, 2017) 635 
as well as in this study photogenerated e- from TiO2 NPs are used to synthesize Ag NPs on their 636 
surface. Moreover, the immobilized Ag NPs on the surface of TiO2 NPs should enhance the 637 
activity of TiO2 photocatalyst as they behave as electron scavengers and hinder e-/h+ 638 
recombination. This e- also interact with O2 from the environment to form highly reactive 639 
superoxide (O2

●-) radicals, which further generate hydroxyl (OH●) radicals in the acidic medium 640 
and strongly contribute to the oxidation of the dye on the photocatalyst surface. The existence of 641 
hot-spots as well as their location at the phase boundary is already known in the literature (Sousa-642 
Castillo et al. 2016). In order to further increase the catalytic hot-spots of such a system, one more 643 
layer of TiO2 NPs was subsequently applied. Accordingly, the synthesized Ag NPs act as electron 644 
traps and scavenge the e- from the second layer of TiO2. As the trapping of e- by Ag-metal occurs 645 
at a faster rate compared to e- transfer from TiO2 to O2 or recombination with h+ (Szabó-Bárdos et 646 
al. 2003; Rupa et al. 2007), as the main disadvantage of TiO2, enhanced degradation of dyes by 647 
reactive oxygen species is indeclinable. Besides the layer structures of TiO2/Ag/TiO2 coating, the 648 
total amount of nanocomposites has great effects on the photodegradation capability of dyes. 649 

Conversely, upon exposure of the TiO2/Ag/TiO2 nanocomposite to visible light illumination 650 
(Mechanism 2, Fig. 9b), the e- below the Fermi level (Ef) of Ag NPs will be excited to the surface 651 
plasmon states (ESPR), leaving h+ below the Ef (Leong et al. 2014). Thereupon, the contact between 652 
Ag and TiO2 NPs ensures e- transfer from the surface plasmon states of Ag to the CB of TiO2. 653 
Generation of collected e- occurs in the CB of TiO2, since the CB is an electron acceptor. 654 
Simultaneously, O2

●- anionic radicals are formed, which further build up ●HO2 radicals by 655 
protonation. The combination of created ●HO2 radicals and trapped e- results in H2O2 and the final 656 
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formation of photodegradation active oxygenated species such as OH● radicals. Although 657 
interference in e- transfer from Ag to TiO2 occurs due to the formation of a Schottky barrier at the 658 
metal-semiconductor interface (higher Ef of TiO2 compared to Ag), these e- are proven to be able 659 
to transfer due to their strong e- oscillating collectively on the SPR excitation (Leong et al. 2014). 660 
Interband excitation appears, giving sufficient energy to the e- to overcome the Schottky barrier at 661 
the interface (Kochuveedu et al. 2013; Xiao et al. 2013; Leong et al. 2014). Along these lines, e- 662 
transfer to the CB of TiO2 is initiated and leads to the enriched formation of OH● radicals, which 663 
enhances photocatalytic oxidation (Leong et al. 2014). Visible-light-active photocatalysts, 664 
designed based on the injection of SPR-induced e- from metal NPs into the CB of TiO2, are also 665 
briefly described in reference (Schneider et al. 2014). Additionally, the conceptual and detailed 666 
mechanisms of photoinduced e- transfer in a semiconductor-metal-semiconductor system 667 
involving TiO2/Ag nanocomposites are well designated in citation (Rashid et al. 2022). To the best 668 
of our knowledge, the lack of literature data in the field of advanced cotton-based TiO2/Ag/TiO2 669 
nanocomposites is managed by the promising results obtained in this study. 670 

 671 
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 672 

Fig. 9. The photoinduced charge separation in TiO2/Ag/TiO2-mediated photodegradation system (UV 673 
light) -  Mechanism 1 (a) photochemical processes on the surface of the synthesized nanocomposite 674 
induced by visible light - Mechanism 2 (b) TiO2/Ag/TiO2 NPs modified cotton fabric composite (c). 675 

 676 
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The presented results are consistent with the images of aliquots at specific time intervals for 677 
the tested samples and dyes (Fig. 10). The displayed images show all aliquots initially tested for 678 
24 h (RB and AO7) or 240 min (MR). The final illumination time to achieve the maximum 679 
photocatalytic efficiency, which was further preserved, was subsequently adjusted to 300 min (RB 680 
and AO7) or 120 min (AO7) (Figs. 6 - 8, Table 2). These photographs are very informative as they 681 
show the colour changes to complete decolourization of the investigated dyes during one 682 
photodegradation test cycle. Considering that no discoloration of the dye solution was observed in 683 
the case of the control sample (Fig. 10, row 1), as expected, the effect of dye decolourization can 684 
be attributed to the deposited NPs. According to the literature, colour fading in the samples treated 685 
with NPs may be a direct consequence of the photocatalytic destruction of C-N= and/or -N=N- 686 
bonds, as these bonds represent sites near the chromophore that are attacked through the 687 
photodegradation action (Khataee and Kasiri 2010). The presented result clearly confirms the 688 
positive impact of the deposited TiO2/Ag NPs on the dyes decolourization process, where the 689 
colour fading was the most pronounced for the CO+TiO2/Ag/TiO2 sample and the MR dye, 690 
visually proving the benefits of the TiO2 double-layer deposition over its single processing.  691 

 692 

 693 

Fig. 10. The images of aliquots at specific time intervals for the tested samples and dyes. 694 
 695 

The images of the tested samples before and after photocatalysis are shown in Fig. 11.  In the 696 
case of control sample, coloring of the samples was observed after the completion of the 697 
illumination process, and was a consequence of color adsorption (Fig. 11, column 1). However, in 698 
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the samples treated with NPs, only the fading of the original colour is noticeable after the 699 
completion of the sorption and photocatalytic processes. Namely, the colour fading of the 700 
nanocomposite samples appeared as a consequence of the decolourization of adsorbed dyes.  701 

Considering the excellent photocatalytic efficiency of the tested samples, their reuse 702 
capability was approached. 703 

 704 

 705 

Fig. 11. The images of the tested samples before and after photocatalysis. 706 
 707 

3.7. Reuse 708 
 709 

Studying the photocatalytic performances, the highly desirable possibility of multiple use 710 
(reuse) of the samples was also tested through three repetitive cycles. The photocatalytic efficiency 711 
of the CO+TiO2, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples after applied reuse cycles is 712 
illustrated by the bar charts in Fig. 12. 713 

As expected, the photocatalytic performances were in the following order regarding the 714 
samples: CO+TiO2/Ag/TiO2 > CO+TiO2/Ag ≥ CO+TiO2 and in the order of the tested dyes: MR 715 
> RB > AO7. Namely, the CO+TiO2/Ag/TiO2 nanocomposite showed the highest photocatalytic 716 
efficiency after the third reuse cycle for all dyes (> 70%), in particular for MR (81.6%), once again 717 
indicating its exceptional photochemical ability. However, the photocatalytic performances of the 718 
CO+TiO2 and CO+TiO2/Ag samples were practically the same after each reuse cycle for all dyes, 719 
highlighting the importance and efficiency of the mediation with TiO2 double-layer. A slight 720 
decrease in dyes removal efficiency across cycles, when observing the same sample, was expected 721 
and consistent with literature data (Radoičić et al. 2017).  722 
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 723 

 724 

Fig. 12. The photocatalytic efficiency of the CO+TiO2 (a), CO+TiO2/Ag (b) and CO+TiO2/Ag/TiO2 (c) 725 
samples after three reuse cycles (illumination time: 300 min for RB and AO7, 120 min for MR). 726 

 727 

 728 

 729 
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4. Conclusions 730 
 731 

This article summarized the advanced photocatalysis mediated by composite TiO2/Ag/TiO2 732 
NPs deposited on cotton fabric using a simple bottom-up synthetic approach. The synthesized 733 
CO+TiO2/Ag/TiO2 nanocomposite with improved photocatalytic performances has been proven 734 
to be an efficient and reuse-suitable system for wastewater treatment.  735 

The redshift of the SPR band in the UV/Vis absorption spectra of stable TiO2/Ag NPs (d ~ 8 736 
nm), observed by increasing the illumination time, was a consequence of the enlarged sizes of 737 
TiO2/Ag NPs i.e. increased amount of Ag. The uniform distribution of deposited TiO2/Ag and 738 
TiO2/Ag/TiO2 NPs (d ~ 10 nm) on the cotton fabric was confirmed by FESEM and EDX 739 
measurements, whereas the total content of Ti and Ag was 0.47 and 0.06 for CO+TiO2/Ag and 740 
4.90 and 0.01 for CO+TiO2/Ag/TiO2, respectively. The successful fabrication of Ag NPs on the 741 
surface of cotton fabric modified with TiO2 NPs was confirmed in the diffuse reflectance spectra 742 
of the nanocomposites. Raman spectroscopy clearly established the formation of TiO2 anatase 743 
single crystals and provided evidence of a higher amount of TiO2 NPs deposition in the TiO2 744 
double-loaded sample, which was fully consistent with ICP - OES analysis. Results obtained from 745 
the XRD measurements showed the presence of anatase crystalline structure of TiO2 NPs with low 746 
domain of crystallinity and face centred cubic structure of Ag NPs. 747 

The exceptional photocatalytic ability, systematically examined for Rhodamine B, Acid 748 
Orange 7 and Methyl Red, was achieved with the CO+TiO2/Ag/TiO2 nanocomposite (> 90%). 749 
Respecting the recyclability (three cycles), the mentioned trend was retained, highlighting the 750 
significance of TiO2 NPs double-layer modification over its single processing. In the 751 
TiO2/Ag/TiO2 double-layer processed sample the double quantity of TiO2 exceeded the threshold 752 
necessary to further improve the photocatalytic performances by contributing additional binding 753 
sites for dye molecules. Since the photocatalytic activity of the CO+TiO2/Ag and CO+TiO2 754 
samples was practically imperceptible, it can be assumed that the synthesized Ag NPs act 755 
predominantly as electron traps in double-loaded research system. The divergent chemical 756 
structures of the dyes implied differences in the efficiency of photocatalysis when the same 757 
samples were used.  758 
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Fig. 1. TEM micrographs of colloidal TiO2 (a) and TiO2/Ag NPs (b) and the appropriate particle size 1032 
distributions (c and d). 1033 

Fig. 2. Absorption spectra of TiO2/Ag NPs colloidal dispersion for different illumination times. 1034 

Fig. 3. FESEM micrographs of cotton fiber (CO control) and cotton fibers coated with TiO2/Ag. 1035 
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 and TiO2/Ag/TiO2 NPs along with their respective EDX spectra.  1036 

Fig. 4. Raman spectra of the CO+TiO2, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples. 1037 

Fig. 5. Diffuse reflectance spectra of the CO control, CO+TiO2/Ag and CO+TiO2/Ag/TiO2 samples. 1038 

Fig. 6. Photodegradation curves (C/C0) of Rhodamine B for the tested samples (a), absorption spectra of 1039 
Rhodamine B (554 nm) to Rhodamine (497 nm) blue-shift transition for CO+TiO2/Ag sample (b), N-1040 
deethylation process of Rhodamine B to Rhodamine (Schmid 2004) (c) and suitable wavelengths changes 1041 
during the photocatalysis of Rhodamine B (d). 1042 

Fig. 7. Photodegradation curves (C/C0) of Acid Orange 7 for the tested samples (a), chemical structure of 1043 
Acid Orange 7 (b). 1044 

Fig. 8. Photodegradation curves (C/C0) of Methyl Red for the tested samples (a), chemical structure of 1045 
Methyl Red (b). 1046 

Fig. 9. Photoinduced charge separation in TiO2/Ag/TiO2-mediated photodegradation system (UV light) -  1047 
Mechanism 1 (a) photochemical processes on the surface of the synthesized nanocomposite induced by 1048 
visible light - Mechanism 2 (b) TiO2/Ag/TiO2 NPs modified cotton fabric composite (c). 1049 
 1050 
Fig. 10. The images of aliquots at specific time intervals for the tested samples and dyes. 1051 

Fig. 11. The images of the tested samples before and after photocatalysis. 1052 

Fig. 12. Photocatalytic efficiency of the CO+TiO2 (a), CO+TiO2/Ag (b) and CO+TiO2/Ag/TiO2 (c) 1053 
samples after three reuse cycles (illumination time: 300 min for RB and AO7, 120 min for MR). 1054 

Table 1. Surface elemental composition of nanocomposites based on EDX analysis. 1055 

Table 2. Photocatalytic degradation of Rhodamine B, Acid Orange 7 and Methyl Red. 1056 


