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Sugarcane distillery spent wash is a highly coloured wastewater that requires efficient treatment. In this study, Zn-doped TiO2 (1-5 wt.%) 

photocatalysts were synthesized by a sol-gel method and applied for sunlight-driven degradation of spent wash. XRD confirmed phase-

pure anatase TiO2, while the absence of ZnO peaks indicated successful Zn2+ incorporation into the TiO2 lattice. FE-SEM, HR-TEM and 

elemental mapping revealed nanosized particles with uniform Zn distribution. Among all samples, 4% Zn-TiO2 showed the highest surface 

area (116 m2 g–1) compared with undoped TiO2 (80 m2 g–1). UV-DRS analysis showed band-gap reduction from 3.09 eV to 2.93 eV, while 

photoluminescence studies indicated suppressed electron-hole recombination. Under natural sunlight, 4% Zn-TiO2 exhibited the best 

photocatalytic performance, achieving 78% colour removal within 6 h, compared with 62% for pure TiO2. The degradation followed 

pseudo-first-order kinetics with the highest rate constant (0.00506 min–1). The optimized catalyst also achieved 72% COD and 65% TOC 

removal, confirming effective mineralisation of pollutants. After four reuse cycles, the catalyst retained over 73% activity, demonstrating 

good stability. The enhanced performance of 4% Zn-TiO2 is attributed to higher surface area, reduced band gap, improved charge 

separation and stable anatase structure, making it a promising reusable photocatalyst for sustainable distillery wastewater treatment. 
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INTRODUCTION 

 The distillery industry, which makes ethyl alcohol from 

sugarcane molasses, produces high volumes of wastewater 

referred to as distillery spent wash (DSW). For each litre of 

alcohol produced around 12-15 litres of spent wash are prod-

uced [1]. In India, nearly 40 billion litres of this wastewater 

are generated annually [2]. Spent wash is a dark brown, foul-

smelling, acidic effluent with high COD and BOD levels. Its 

colour mainly arises from melanoidins generated through 

Maillard reactions between sugars and amino acids [3]. These 

are non-biodegradable and environmentally toxic substances 

along with phenolics, lignin derivatives, sulphates and heavy 

metals [4]. Untreated distillery spent wash discharged into 

rivers causes water deoxygenation, damages aquatic life and 

poses serious health risks [5]. 

 Distillery spent wash has been treated by several conven-

tional methods; however, each approach has significant limi-
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tations. The biological processes such as anaerobic digestion 

can reduce biodegradable organic load, but they are generally 

ineffective for colour removal because melanoidins and other 

high molecular-weight compounds are resistant to microbial 

degradation [6]. The physico-chemical methods including 

coagulation, flocculation, activated carbon adsorption and mem-

brane filtration provide only partial decolourisation, while also 

involving high operational costs and generation of secondary 

sludge [7]. Advanced treatments such as ozonation and electro-

chemical oxidation are efficient, yet their high energy and 

chemical requirements restrict large-scale application [8]. These 

drawbacks underline the need for sustainable and cost-effec-

tive alternatives. 

 Advanced oxidation processes (AOPs) have emerged as 

promising technologies for wastewater remediation because 

they generate highly reactive hydroxyl radicals capable of oxi-

dizing persistent organic pollutants into simpler end products 

such as water and carbon dioxide [9]. Among these, semi-
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conductor photocatalysis has received considerable attention 

since it operates under mild conditions, can utilize solar energy 

and generally requires no additional chemical reagents [10]. 

 Titanium dioxide (TiO2) is one of the most widely studied 

photocatalysts owing to its chemical stability, strong oxidizing 

ability, low toxicity and affordability [11]. It has shown exce-

llent potential in degrading dyes, pesticides, and pathogenic 

contaminants [12]. Nevertheless, TiO2 suffers from two inhe-

rent limitations. First, anatase TiO2 possesses a band gap of 

about 3.2 eV, allowing absorption mainly in the UV region, 

which represents only a small fraction of solar radiation. 

Second, rapid recombination of photogenerated electron-hole 

pairs significantly lowers its photocatalytic efficiency [13,14]. 

 To overcome these limitations, several modification strat-

egies have been explored, including dye sensitization, coup-

ling with other semiconductors, surface engineering and doping 

with metal or non-metal elements [15-17]. Although dye 

sensitization improves visible-light response, the dyes often 

suffer from photodegradation [18]. Semiconductor coupling 

systems such as CdS/TiO2 can enhance activity but may raise 

toxicity concerns [19]. Non-metal doping using nitrogen, 

carbon, sulphur or phosphorus can extend light absorption, 

though dopant stability is often limited [20-23]. In contrast, 

metal ion doping has proven particularly effective because it 

can introduce intermediate energy states, enhance visible-light 

harvesting and suppress charge recombination [24]. Various 

metals such as Fe, Cu, Cr, V, Ni and Co have been investi-

gated [11,20,25-29], but some exhibit toxicity, instability or 

recombination-related drawbacks [30-33]. 

 Among these dopants, zinc has attracted increasing inte-

rest. The ionic radius of Zn2+ is comparable to that of Ti4+, 

allowing substitution within the TiO2 lattice with minimal 

structural distortion [34]. Zn incorporation can create shallow 

donor levels, reduce band-gap energy, improve charge mobi-

lity and increase surface hydroxylation, all of which are bene-

ficial for photocatalysis [35]. Moreover, Zn-doped TiO2 often 

exhibits lower photoluminescence intensity than pristine TiO2, 

indicating reduced electron-hole recombination [36]. Zinc is 

also more environmentally benign than several transition-metal 

dopants such as chromium or vanadium [37,38]. Previous stud-

ies have demonstrated the effectiveness of Zn-doped TiO2 for 

degradation of dyes and phenolic pollutants under visible light 

[39]. 

 Despite these advantages, only limited studies have exam-

ined Zn-doped TiO2 for treatment of real industrial effluents 

such as distillery spent wash, which is far more complex than 

model dye solutions. The synthesis route strongly influences the 

structural and catalytic properties of doped-TiO2. Hydro-

thermal methods offer high crystallinity but require elevated 

pressure and long reaction times [29,40]. Coprecipitation is 

simple but may lead to poor dopant dispersion [41]. Techni-

ques such as sputtering or ion implantation provide precise 

doping control but are expensive and unsuitable for bulk prod-

uction [42]. In comparison, the sol-gel method is versatile, 

economical and capable of producing homogeneous nanopar-

ticles with controlled particle size, porosity and uniform dopant 

distribution [43,44]. It also facilitates effective incorporation 

of Zn without phase separation at suitable concentrations 

[45]. 

 Accordingly, the present study focuses on the synthesis 

of Zn-doped TiO2 nanoparticles by a sol-gel route and their 

application in solar-light-driven degradation of distillery spent 

wash. This study mainly examines the influence of Zn doping 

on band-gap reduction, charge separation, surface properties, 

and photocatalytic efficiency. By testing the catalyst on real 

industrial effluent instead of model pollutants, this work offers 

useful insight for sustainable wastewater treatment in the dis-

tillery industry. 

EXPERIMENTAL 

 The chemicals and solvents were used for the synthesis 

of Zn-TiO2 catalysts without further treatment/purification. 

Titanium tetraisopropoxide (TTIP, C12H28O4Ti, 97%, obtained 

from Sigma-Aldrich), hydrogen peroxide (H2O2, 30% w/v, 

Merck India Ltd.), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 

98%, Merck India Ltd.) were used as precursors for synthesis. 

Milli-Q water (conductivity 0.06 S cm–1, Q-Pad filter system) 

was used for the solution preparations. 

 Synthesis of catalysts: The synthesis of TiO2 was carried 

out by using a simple, cost-effective sol-gel method [27,46]. 

In this synthesis, 7.1 mL of TTIP was added to 100 mL of 

milli-Q water under constant stirring at room temperature for 

0.5 h. A white titanium hydroxide precipitate was formed through 

hydrolysis and allowed to settle for 1 h. The supernatant was 

decanted, and the precipitate was washed with Milli-Q water 

to remove residual alcohol. Subsequently, 30 mL of hydrogen 

peroxide (30% w/w H2O2) was added slowly under stirring, 

resulting in the formation of an orange titanium peroxide sol. 

On standing at room temperature, the sol gradually converted 

into a thick gel. The obtained gel was dried at 105 ºC and then 

calcined at 400 ºC.  

 For the synthesis of Zn-doped TiO2, the same procedure 

was followed to obtain a transparent orange sol. An approp-

riate amount of Zn(NO3)2·6H2O (1-5 wt.%), dissolved in 

Milli-Q water and hydrogen peroxide, was added slowly under 

constant stirring. The resulting mixture gradually transformed 

into a thick viscous gel, which was dried at 105 ºC and subse-

quently annealed at 400 ºC. The calcination temperature was 

selected based on TGA results. 

 Characterisation: The crystallographic structure of prep-

ared sample was analysed by using Rigaku Ultima IV X-ray 

diffractometer (CuK radiation as a radiation source) ( = 

1.5406 Å) and the diffraction data was collected in the 2θ 

range of 5-80º at a scan rate of 0.02º min–1. Morphological 

analysis and elemental composition of the catalysts was carried 

out using a field emission scanning electron microscope (FE- 

SEM, Nova NanoSEM NPEP303). Along with this distribu-

tion of Zn over the TiO2 was carried out by using energy 

dispersive X-ray spectroscopy (EDX) supported with essential 

mapping study. In addition, TEM images were attained using 

a PHILIPS CM200 field emission transmission electron micro-

scope (FE-TEM) with operating voltages of 20-200 kV and a 

resolution of 2.4 Å along with this selected area electron diff-

raction (SAED) were also recorded. The chemical state of the 

material was investigated using XPS spectroscopy (Thermo 

fisher Scientific). Functional groups investigation was done 

by using Fourier transform infrared (FTIR) spectroscopy. The 
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FTIR spectrum were recorded using a Two U-ATR Perkin-

Elmer instrument in the transmission mode over a range of 

4000-450 cm–1. The optical properties of sample were anal-

ysed by using Perkin Elmer UV-Visible spectrophotometer 

over a range of 200-800 nm. The separation of photo-gener-

ated electron-hole pair and the recombination efficiency of 

synthesised material was recorded by using a FP-8300 Spectro-

photometer. Raman spectroscopy was used to investigate the 

vibrational properties and crystalline structure of the undoped 

and doped TiO2 by using HORIBA Scientific with laser wave-

length 425 nm as an excitation source. The uncalcined powder 

in the sol-gel method was subjected to thermal decomposition 

using SDT Q600 V20.9 Build 20 equipment. The temperature 

was increased from room temperature to 1000 ºC at a heating 

rate of 10 ºC min–1 and -Al2O3 was used as the reference.  

 Photocatalytic decomposition of spent wash colour: 

The photocatalytic activity of the synthesised catalyst was 

examined for the colour degradation of cane sugar distillery 

wastewater called as spent wash or vinasse under natural sun-

light. For this study, aqueous solution of spent wash (2500 

ppm) was prepared. For each set, a 100 mL of aqueous solut-

ions of spent wash was taken in 250 mL glass beaker with 50 

mg of undoped and Zn-doped (1-5%) TiO2 catalyst. To estab-

lish adsorption-desorption equilibrium, the suspension was 

kept in the dark for 1 h. The photocatalytic experiments were 

conducted under natural sunlight between 10:00 am and 4:00 

p.m. at Pune, India. The average solar intensity during the 

experiments was approximately 1120W m–2, measured using 

a calibrated digital solar power meter. The experiments were 

performed under clear sky condition. Direct sunlight has a 

luminous efficacy of ~93 lumens per watt radiant flux. Small 

aliquots of the mixture were removed at regular intervals 

during irradiation and allowed to settle for 20 min. The super-

natant solution was then analysed by UV-Vis spectrophoto-

meter. The percent mineralisation of the spent wash was deter-

mined by colour degradation. 

RESULTS AND DISCUSSION 

 Thermogravimetric studies: The thermogravimetric (TG) 

curve (Fig. 1) shows the weight loss of the uncalcined 1% 

Zn-TiO2 sample. The curve has three clear stages of weight 

loss. The stable region confirms the formation of crystalline 

Zn-TiO2 nanoparticles. The sample loss around 25% of its total 

weight, which shows that volatile and organic parts are com-

pletely removed on heating. The TGA results suggest that 

calcination above 400 ºC is enough to obtain a undoped and 

stable Zn-TiO2 nanocatalyst suitable for photocatalytic use. 

 XRD studies: The XRD patterns of undoped and Zn-doped 

TiO2 catalysts with varying Zn content (1-5 wt. %) calcined 

at 400 ºC are presented in Fig. 2a-f. All the diffraction peaks 

are referenced to anatase phase TiO2 (JCPDS No. 21-1272) 

with typical reflections at 2θ ≈ 25.3º, 37.8º, 48.0º, 53.9º, 55.1º 

and 62.7º, corresponding to the (101), (004), (200), (105), 

(211) and (204) lattice planes, respectively [47,48]. The abs-

ence of a diffraction peak at 2θ = 30.7º indicates no brookite 

phase formed at that temperature. The pattern of undoped TiO2 

(a) exhibits sharp and intense peaks, indicating high crystall-

inity. Upon doping with Zn (Fig. 2b-f), no secondary phases  

 
Fig. 1. TGA curve of 1% Zn-TiO2 powdered gel sample 

 

 
Fig. 2. XRD patterns of (a) undoped TiO2, (b) 1% Zn-TiO2, (c) 2% Zn-TiO2, 

(d) 3% Zn-TiO2, (e) 4% Zn-TiO2 and (f) 5% Zn-TiO2 calcined at 

400 ºC 

 

such as Zn or ZnO were observed, even at the highest doping 

level of 5%, suggesting successful incorporation of Zn2+ into 

the TiO2 lattice without forming separate phases. A gradual 

decrease in peak intensity and slight peak broadening with 

increasing Zn content suggest a reduction in crystallite size and 

increased lattice distortion.  

 BET studies: Prior to BET measurement the sample were 

degassed with N2 at 90 ºC for 1 h and then 120 ºC for 3 h. The 

isotherm was logged at 77 K by using LN2 on Nova Quanta-

chrome Touch Win V1.24 instrument. The BET isotherm for 

Zn-TiO2 sample is shown in Fig. 3. The mesoporous Zn doped 

TiO2 exhibit Type-IV isotherm curves with H2 type hysteresis 

loop represent the capillary condensation in so called ink-bottle 

shaped pores i.e. having an entrance diameter smaller than the 

size of the pore body. The surface area measurements are rea-

sonably remarkable as undoped TiO2 shows surface area of 

80 m2 g–1, whereas 4% Zn-TiO2 shows higher surface area 

116 m2 g–1 as compared to other concentrations. The surface 

area value of all Zn doped sample is depicted in Table-1. The 

surface area depends on the particle size, pore size, number 

and type of pores and distribution of pores with voids. 

 FE-SEM studies: Fig. 4 shows the scanning electron 

microscopy (SEM) image of undoped TiO2 and 4% Zn-doped 

TiO2 particles, which provides a visual representation of the  
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Fig. 3. Nitrogen adsorption-desorption isotherms (BET analysis) of 4% 

Zn-TiO2 

 

particle distribution of both the samples. The nanopowder 

exhibits a uniform spherical morphology of the particles. How-

ever, some degree of agglomeration is also observed in the 

both samples. The EDAX patterns of the TiO2 and 4% Zn-TiO2 

samples are shown in Fig. 4c-d. These patterns confirm the 

presence of Zn within the titania NPs and provide information 

to determine the elemental composition of the material. The 

patterns confirm the presence of Ti, Zn and O elements in all 

doped samples. Also, no unwanted elemental peaks are obse-

rved, which indicates purity of the synthesised samples. The 

elemental mapping image (Fig. 5) indicate the distribution of 

Ti, O and Zn across the sample surface. The Zn spots, marked 

in red in the mapping image are uniformed spread in the scanned 

region. This uniform distribution of Zn proves that doping 

occurs homogenously and no formation of Zn rich cluster. 

Such proper mixing helps in better charge separation during 

photocatalysis.  

 FE-TEM studies: High-resolution transmission electron 

microscopy (HR-TEM) analysis technique was used to find the 

crystallinity, particle size and phase structure of the catalysts. 

Fig. 6 depicts HR-TEM image of 4% Zn doped TiO2 nano-

particles. The particles size was found to be ~ 10-25 nm. The 

4% Zn-TiO2 nanocatalyst showing clear lattice fringes corres-

ponding to the (101) plane of anatase, with a d-spacing of 

about 0.35 nm. This type of lattice fringes, indicating that the  

TABLE-1 

COMPARATIVE SUMMARY OF PHYSICO-CHEMICAL AND PHOTOCATALYTIC PROPERTIES OF Zn-DOPED TIO2 SAMPLES 

Sample 
Surface area  

(m2/g) 

Band gap  

(eV) 

PL intensity  

(a.u.) 

Rate constant,  

k (min–1) 

Degradation 

efficiency (%) 

TiO2 80 3.09 510 0.00323 62 

1% Zn-TiO2 84 3.00 465 0.00350 65 

2% Zn-TiO2 91 3.05 415 0.00391 69 

3% Zn-TiO2 97 3.02 395 0.00438 73 

4% Zn-TiO2 116 2.93 310 0.00506 78 

5% Zn-TiO2 103 2.97 340 0.00463 75 

 

 

 

Fig. 4. FESEM images of (a & b) low and high magnification image of TiO2 and (d & e) low and high magnification image of 4% Zn-TiO2, 

(c & f) EDAX patterns of TiO2 and 4% Zn-TiO2, respectively 
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Fig. 5. FESEM elemental mapping of 4% Zn-TiO2 catalyst: (a) Zn, Ti & O (b) Ti, (c) Zn and (d) O 

 

 

Fig. 6. TEM images of 4% Zn-TiO2 samples, (a) & (b) low magnification (c) high magnification (d) SAED pattern of 4% Zn-TiO2 
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incorporation of Zn does not disrupt the anatase crystal struc-

ture. Selected area electron diffraction (SAED) pattern of 4% 

Zn-TiO2 sample in Fig. 6d showed concentric rings, which 

were found to be associated with the characteristic planes of 

anatase TiO2. No lattice fringes or diffraction rings related to 

ZnO or any other secondary phases were found in the doped 

sample. This suggests that the Zn2+ ions were successfully incor-

porated into the TiO2 lattice structure without forming separate 

ZnO clusters. The retained crystallinity and phase purity indicate 

that the sol-gel synthesis method effectively achieved a uni-

form incorporation of the dopant.  

 FT-IR studies: The FTIR spectra of undoped and Zn-TiO2 

samples annealed at 400 ºC were measured in the range 4000-

450 cm–1. The thermogram indicates typical absorption bellow 

~700-600 cm–1 related to Ti-O and Ti-O-Ti lattice vibrations 

(Fig. 7). It ensuring that the TiO2 network remain as it is after 

Zn incorporation. The reduction of transmittance with Zn 

content increase in undoped and (1-5 wt. %) Zn-TiO2 indicates 

enhanced lattice disorder, phonon scattering and oxygen vac-

ancy related defects caused by Zn doping. Lack of new Zn-O 

bands at 450-430 cm–1 corresponding to vibrations of Zn-O 

beyond the Ti-O regime confirms that Zn is incorporated in 

the TiO2 lattice instead of forming a ZnO phase. 

 
Fig. 7. FT-IR spectra of (a)TiO2, (b) 1% Zn-TiO2, (c) 2% Zn-TiO2, (d) 3% 

Zn-TiO2, (e) 4% Zn-TiO2 and (f) 5% Zn-TiO2 calcined at 400 ºC 

 

 Raman spectral studies: The Raman spectra of undoped 

TiO2 and 4% Zn-doped TiO2 are shown in Fig. 8. The undoped 

TiO2 shows usual anatase peaks at approximately 145 cm–1 

(Eg), 398.20 cm–1 (B1g), 520.82 cm–1 (A1g + B1g) and 639.58 

cm–1 (Eg) and 4 % Zn-TiO2 Shows peak at 147 cm–1 (Eg), 

 

 

Fig. 8. Raman spectra of (a) 4% Zn-TiO2, (b) undoped TiO2 sample and (c) & (d) Raman shifts 
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400.96 cm–1 (B1g), 522.89 cm–1 (A1g + B1g) and 642.04 cm–1 

(Eg), thus confirmed the anatase phase after Zn incorporation. 

The peak with the maximum Eg at 145 cm–1 was broadened and 

shifted slightly to around 147 cm–1. The peak broadening and 

slight shift indicate lattice distortion and oxygen vacancy 

formation, arising from partial substitution of Ti4+ ions in the 

TiO2 lattice by Zn2+ ions. There was no indication of peaks 

of rutile and brookite phases and thus the phase purity was 

confirmed.  

 XPS analysis: XPS survey spectra (Fig. 9) confirmed the 

presence of Ti, O and Zn in the Zn-doped TiO2 samples, along 

with surface contaminant carbon (C 1s). The clear Zn signal in 

the doped samples indicates successful incorporation of Zn into 

the TiO2 matrix. The clear Zn signal in the doped sample 

confirms successful Zn incorporation. The high-resolution Ti 

2p spectrum of undoped TiO2 showed characteristic doublet 

peaks at 457.8 eV (Ti 2p3/2) and 463.7 eV (Ti 2p1/2), corres-

ponding to Ti4+ in the anatase lattice. In Zn-doped TiO2, these 

peaks shifted slightly to higher binding energies (458.3 and 

464.2 eV), indicating changes in the chemical environment of 

Ti after Zn incorporation. The Zn 2p spectrum displayed peaks 

at 1021.5 eV (Zn 2p3/2) and 1044.6 eV (Zn 2p1/2), confirming 

the presence of Zn2+ within the TiO2 matrix. 

 Photoluminescence (PL) studies: The PL spectra of 

undoped and Zn-doped TiO2 with different doping levels (1-5 

wt.%) were measured at an excitation wavelength of 425 nm. 

All the samples have an intense emission peak at around 425 

nm corresponding to near-band-edge (NBE) emission as a 

result of direct VB-to-CB transitions (Fig. 10). Along with this, 

broad weak emissions between 450-550 nm can be assigned 

to defect-related states in Zn-doped TiO2. On comparing the 

spectra, Zn-doped sample shows lower PL intensity in comp-

arison with undoped TiO2, indicating most efficient suppr-

ession of electron-hole recombination and enhanced charge 

carrier separation. it is confirmed that 4% Zn-TiO2 shows the 

lowest PL intensity, which suggesting that the most efficient 

suppression of electron-hole recombination and higher charge 

carrier separation. This quenching occurring due to the introd-

uction of Zn2+ ions as electron traps in the host TiO2 lattice, 

generating charge separation and increasing photogenerated 

carrier lifetimes. 

 

 

Fig. 9. XPS spectra of 4% Zn-TiO2 catalyst (a) XPS survey, (b)Ti 2p spectrum, (c) Zn 2p spectrum and (d) O 1s spectrum 
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Fig. 10. PL spectra of samples calcined at 400 ºC: (a) TiO2, (b) 1% Zn-TiO2 

and (c) 2% Zn-TiO2 (d) 3% Zn-TiO2 (e) 4% Zn-TiO2 and (f) 5% 

Zn-TiO2 

 

 UV-DRS studies: The band gap for all the catalysts were 

determined using a Tauc plot indicate that there has been a 

substantial decrease in band gap energy for Zn doped samples. 

In undoped TiO2, there was an underlying absorption edge at 

around 387 nm corresponding to an estimated band gap of 

3.09 eV. Upon doping with Zn, the absorption edge shifted 

significantly, extending into the visible light region, which 

resulted in a reduction of the band gap. Specifically, for Zn 

concentrations of 1-5 wt.% the band gap decreased from 3.09 

eV for undoped TiO2 to 2.93 eV for 4% Zn-doped TiO2 and 

at 2.97 eV for 5% Zn doping (Fig. 11). Table-1 summarizes 

the effect of Zn loading on surface area, optical properties, 

charge recombination behaviour and photocatalytic perfor-

mance of TiO2. 

Photocatalytic activity performance 

 Screening of catalysts for spent wash degradation: The 

photocatalytic performance of undoped TiO2 and Zn-doped 

TiO2 (1-5 wt.%) catalysts was evaluated for the degradation 

 
Fig. 11. Tauc plots for (a) TiO2, (b) 1% Zn-TiO2, (c) 2% Zn-TiO2, (d) 3% 

Zn-TiO2, (e) 4% Zn-TiO2 and (f) 5% Zn-TiO2 

 

of distillery spent wash under natural sunlight. A control exp-

eriment without catalyst was also conducted to examine direct 

photolysis. In the absence of photocatalyst, colour removal was 

negligible, with less than 5% degradation after 6 h of sunlight 

exposure. In contrast, the addition of TiO2 and Zn-doped TiO2 

catalysts markedly enhanced spent wash decolourisation under 

solar irradiation. 

 The degradation efficiency was monitored from the decr-

ease in absorbance of melanoidin at ~275 nm using UV-visible 

spectroscopy (200-800 nm). Undoped TiO2 exhibited mode-

rate activity, achieving about 62% colour removal after 6 h. All 

Zn-doped samples performed better than pure TiO2, with 4% 

Zn-TiO2 showing the highest efficiency of ~78% after 6 h 

(Fig. 12), whereas the catalysts containing 1-3% Zn showed 

moderate performance. Fig. 13 illustrates the percentage colour 

degradation with irradiation time at 1 h intervals. 

 Using the optimum catalyst, the pH of treated effluent 

increased from acidic (4.5) to near neutral (7.1), indicating 

improved suitability for safe disposal. A significant reduction 

in total dissolved solids (TDS), consistent with COD decr-

ease, suggested decomposition and partial precipitation of  

 

 

Fig. 12. Photodegradation of spent wash in natural sunlight by using (a) undoped TiO2, (b) 4% Zn doped TiO2 
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Fig. 13. % Degradation of spent wash after irradiation with natural sunlight 

using (a) TiO2, (b) 1% Zn-TiO2, (c) 2% Zn-TiO2, (d) 3% Zn-TiO2, 

(e) 4% Zn-TiO2 and (f) 5% Zn-TiO2 

 

dissolved organic matter. The effect of catalyst dosage was 

examined at 0.5, 0.75, and 1.0 g/L, where degradation effici-

ency increased with increasing catalyst loading. The influence 

of pollutant concentration was also studied at spent wash 

concentrations of 2500, 5000, 7500 and 10000 mg/L. The 

colour removal decreased with increasing pollutant concen-

tration due to reduced availability of active sites and higher 

solution turbidity, which limited light penetration. 

 Kinetic studies: The photocatalytic degradation of spent 

wash followed pseudo-first-order kinetics, consistent with the 

Langmuir-Hinshelwood (L-H) model. The linearised form of 

the model is expressed as: 

  oC
ln kt

c

 
= 

 
 

where Co and C are the initial and final concentration of spent 

wash; t is the irradiation time and; k is the apparent rate 

constant. Fig. 14 shows the plot of ln(Co/C) vs. time. The 4%  

 

 
Fig. 14. Rate of degradation of spent wash under natural sunlight by using 

(a)TiO2, (b) 1% Zn-TiO2, (c) 2% Zn-TiO2, (d) 3% Zn-TiO2, (e) 4% 

Zn-TiO2 and, (f) 5% Zn-TiO2 

Zn-TiO2 catalyst exhibited the highest rate constant (k = 

0.00506 min–1), which is approximately 1.6 times higher than 

that of undoped TiO2 (k = 0.00323 min–1). Lower Zn-doped 

catalysts showed intermediate rate constants, correlating well 

with their degradation efficiencies. These results confirm that 

Zn doping enhances charge separation and extends light absor-

ption into the visible region, thereby accelerating the degrada-

tion kinetics. 

 Mineralisation of spent wash: In order to examine com-

plete mineralisation other than only colour removal, COD and 

TOC values were measured. The COD and TOC removal per-

centages were ~72% and ~65%, after 6 h of natural sunlight 

irradiation with 4% Zn-TiO2, while undoped TiO2 gave only 

56% COD and 52% TOC removals in the same time under 

similar conditions. These findings reveal that Zn-doped TiO2 

can not only decolourize the spent wash but also convert the 

organic pollutants into simpler and less toxic molecules, which 

is true mineralisation. Fig. 15 depicts the suggested photo-

catalytic degradation pathway of spent wash using Zn-TiO2 

photocatalyst under natural sunlight irradiation. 

 

 
Fig. 15. Schematic representation of the suggested photocatalytic degra-

dation pathway of spent wash over Zn-TiO2 under natural sunlight 

 

 Reusability and stability: The reusability and stability 

of 4% Zn-TiO2 were investigated for four consecutive photo-

catalytic cycles under the same reaction conditions. The catalyst 

was recovered by centrifugation after each cycle and then 

washed with distilled water, dried and reused. The degrada-

tion efficiency was maintained over 73% after the fourth cycle 

and decreased only slightly (~5%) relative to the first cycle 

(78%). XRD analysis of catalysts recovered after four cycles 

showed that the crystalline phase of the samples was almost 

unchanged and retained their anatase phase, which exhibited 

excellent stability and recyclability. The catalyst showed stable 

photocatalytic performance over repeated cycles, suggesting 

good structural stability. Although Zn leaching was not quanti-

tatively analysed in the present study, Zn species are expected 

to be strongly incorporated into the TiO2 lattice, likely through 

substitutional doping associated with oxygen vacancies (Zn–

O–Ti linkages). Such strong lattice incorporation enhances 

catalyst stability through stronger bonding interactions, thereby 

minimizing the potential release of metal ions. Thus, the 

screening, optimisation and kinetic analyses have proved that 

4% Zn-TiO2 is the best photocatalyst for spent wash degra-

dation due to the synergistic effect of reduced band gap, 

improved charge separation, higher surface area and stability. 



1168 Bhosale et al.  Asian J. Chem. 

The COD/TOC results confirmed actual mineralisation and 

the reusability results proved excellent stability of the Zn-doped 

TiO2 nanocatalyst. Table-2 compares the photocatalytic per-

formance of the present Zn-TiO2 system with the previously 

reported doped-TiO2 photocatalysts for spent wash and similar 

complex effluents.  

Conclusion 

 In this study, Zn-doped TiO2 nanocatalysts containing 1-5% 

Zn were successfully synthesized by a simple and cost-effective 

sol-gel method. Zn2+ ions were effectively incorporated into 

the TiO2 lattice without formation of secondary ZnO phases, 

resulting in lattice distortion, increased surface area and improved 

optical properties. The band gap decreased from 3.09 eV for 

undoped TiO2 to 2.93 eV for 4% Zn-TiO2, extending light 

absorption into the visible region. Photoluminescence studies 

showed that 4% Zn doping most effectively suppressed electron-

hole recombination, while BET analysis confirmed a higher 

specific surface area with more active sites. Zn doping signifi-

cantly enhanced the photocatalytic degradation of distillery spent 

wash under sunlight. Among all samples, 4% Zn-TiO2 showed 

the best performance, achieving about 78% colour removal along 

with 72% COD and 65% TOC reduction within 6 h. The degra-

dation followed pseudo-first-order kinetics, with a rate constant 

1.6 times higher than that of undoped TiO2. The improved 

activity is attributed to better charge separation, extended light 

absorption and larger surface area. The catalyst also exhibited 

good stability, retaining high activity after four reuse cycles 

without major structural changes. Based on this, 4% Zn-TiO2 

nanocatalyst is found an efficient, stable and recyclable solar-

driven photocatalyst, offering a practical and eco-friendly app-

roach for treatment of recalcitrant distillery wastewater. 
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