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Photocatalytic degradation of xylene cyanol FF dye using synthesized bismuth-
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Bismuth-doped zinc oxide nanoparticles were prepared through precipitation method. The synthesized nanoparticles 

were characterized by UV-Vis spectroscopy, Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray 

analysis (EDX) and high resolution-scanning electron microscopy (HR-SEM). The photo catalytic activity of the 

synthesized Bi-doped ZnO nanoparticles was evaluated in the photo degradation of xylene cyanol FF dye under UV-

light. The effect of various reaction parameters like time, concentration, catalyst dosage, pH and temperature was also 

evaluated. Successful doping with bismuth reduced the band gap of zinc oxide from 3.25 eV to 2.9 eV. SEM study 

revealed that the synthesized nanoparticles have elongated morphology. From XRD the average crystallite size of Bi-

doped ZnO was calculated to be 37 nm. At a duration of 120 min and low dye concentration (10 ppm) 67% degradation 

of the dye was achieved. Using an optimum catalyst dose (0.05 g) the degradation increased to 94% at pH 4. An 

increase in temperature decreased the rate of degradation and low temperature (15oC) is considered to be favorable for 

the best degradation of xylene cyanol FF dye.  
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INTRODUCTION 

Water pollution caused by industrialization, 

growing population, and consumerism has become 

severe in recent years [1-3]. Textile and dyeing 

industries are the major sources of pollution of 

surface and underground water [4-6]. Presence of a 

number of organic compounds including dyes in the 

drainage effluents from various industries creates 

environmental problems. These organic compounds 

are not easily decolorized by the conventional water 

treatment methods such as adsorption, biological 

treatment and coagulation [7]. The dyes are the 

most important constituent of emulsifiers, 

cosmetics, stabilizers, viscosity enhancing agents, 

antioxidants, lubricating substances and 

moisturizing agents [8, 9]. 

According to literature about 10,000 tons of 

dyes are produced per annum. Approximately 12 % 

of the total amount of dyes produced is lost during 

manufacturing and processing operations [10]. Dye 

exposure or inhalation can cause problems of 

respiratory and immune system, itching, watery 

eyes, sneezing, asthma, coughing and wheezing

[11]. Free aromatic amines have been found to be 

formed during metabolism at the intestinal wall and 

in the liver, that are potentially carcinogenic and 

mutagenic [12, 13]. Exposure to azo group 

containing dyes can cause bladder cancer in 

humans (hepatocarcinomas) and nuclear anomalies 

in experimental animals and chromosomal 

aberration in mammalian cells [14]. Some dyes are 

causing phototoxic or photo allergic reactions. 

Contact dermatitis may result when substances on 

the skin are exposed to ultraviolet light [15]. One of 

the most commonly used dye is xylene cyanol FF 

which is used in textile industry and as a laboratory 

substance for the spectrophotometric determination 

of amines, trace nitrite and aniline. The leuco xylene 

cyanol FF form (LXCFF) is used for the  

determination of trace quantities of gold, Cr (VI), 

iron and aluminum in ores and rocks [16]. It is an 

anionic compound which mediates the 

electron/proton transfer reaction easily on the 

carbon paste electrode. It also has an electron-rich 

oxygen group (–SO3−) in its structure. These 

negatively charged –SO3−  groups on the electrode 

surface have high affinity towards the positively 

charged analyte in the solution and produce high 

current signals with L-dopa [17]. Conventional 

waste water treatment methods such as coagulation, 

reverse osmosis, ion exchange, ozonation, 

flocculation, activated carbon adsorption are 

ineffective due to high operating cost and 

production of  a large volume of sludge.  
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Owing to its economy and abundance of the 

materials photo catalysis using semiconductors has 

been recommended as a potential method for 

environmental clean-up. These methods degrade 

pollutants by using artificial or natural photons. No 

formation of sludge and catalyst regeneration are 

among the advantages of using photo catalysis [18]. 

Due to the wide band gap energy of 3.37 eV (bulk), 

harmless nature and high photosensitivity ZnO is 

generally considered as a good photo catalyst for 

the degradation of organic dyes. Electron-hole 

recombination rate is the only drawback of ZnO 

which reduces the degradation efficiency. For 

enhancing its activity many researchers reported 

doping of ZnO with impurity atoms [19]. The photo 

catalytic properties of ZnO could be enhanced by 

many transition metals such as Mn, Cu and Co or 

rare earth elements (La, Ce and Er) [20]. 

Keeping in view the benefits of photo catalysis 

it offers over other conventional treatment methods 

a study was designed to synthesize and characterize 

bismuth=doped zinc oxide nanoparticles and to 

apply them as a catalyst for the photo catalysis of 

xylene cyanol FF in aqueous medium. 

EXPERIMENTAL 

Instruments 

UV-Vis spectrophotometer model Shimadzu 

UV-1800, Japan was used for all absorbance 

measurements. Perkin Elmer FTIR spectrometer 

version 10.4.00 was used for identification of 

functional groups. Elico (model IL-610) digital pH 

meter was used for pH measurements. Morphology 

and elemental composition of the doped 

nanoparticles was investigated using a SEM-EDX 

JEOL 5600LV microscope at an accelerating 

voltage up to 30 kV at the Center for Research 

Excellence in Nanotechnology, King Fahd 

University of Petroleum and Minerals, Dhahran, 

Saudi Arabia. 

Reagents 

Analytical grade reagents such as bismuth 

nitrate pentahydrate, zinc acetate, xylene cyanol FF 

dye, oxalic acid and nitric acid were purchased 

from Sigma Aldrich. For ensuring freedom of 

contamination all glass ware was rinsed with 

double distilled water.  

Preparation of Bi-doped ZnO nanoparticles 

Precipitation method was used for the 

preparation of Bi-doped ZnO nanoparticles. A 

calculated amount of Bi(NO3)2.5H2O was dissolved 

in 0.2M HNO3 solution. Constant amounts of oxalic 

acid and zinc acetate dihydrate were also dissolved 

in distilled water. Oxalic acid-to-zinc acetate 

dihydrate atomic ratio was 0.8 at the doping ratio 

Bi/ZnO of 5.0. At room temperature and under 

vigorous stirring bismuth nitrate pentahydrate 

solution was added dropwise into the zinc acetate 

dihydrate solution until the formation of precipitate. 

The resulting precipitate was then thoroughly 

washed with double distilled water to remove the 

anions. The resulted precipitate was dried in an 

oven at 100°C for 12 hours followed by calcination 

in a furnace at 600°C for 3 hours. 

Preparation of dye solution 

Stock solution (500 ppm) of xylene cyanol FF 

dye was prepared by dissolving 0.125 g of dye in 

distilled water. Then working solutions of different 

concentrations were prepared using the following 

dilution formula (Eq. 1): 

C1V1=C2V2        (1) 

Procedure for photo catalytic degradation 

First of all the absorbance of the original xylene 

cyanol FF solution was recorded and maximum 

absorption was found at 614 nm. This was recorded 

as a monitor wavelength for all the measurements. 

Appropriate amounts of photo catalyst, i.e bismuth-

doped ZnO were separately added to working 

solutions. The mixed solution was stirred for 30 min in 

dark to establish adsorption/desorption equilibrium 

before the photo degradation reaction. The dispersions 

were kept in light source. During experiments a UV 

lamp with the power of 1500 watts was placed 15 cm 

away from the surface of the solution in a locally 

designed equipment. The dye degradation was 

checked at various intervals of time and the catalyst 

was removed by centrifugation. The absorbance of the 

centrifuged solution was measured on a UV-Vis 

spectrometer. The percent photo degradation of xylene 

cyanol FF was calculated by using the following 

relation (Eq. 2): 

100% 1 x
C

CC
D

o

o −=   (2) 

where C0 and C denote the concentrations of 

xylene cyanol FF at time 0 min and t (s), respectively, 

and t is the irradiation time. 

RESULTS AND DISCUSSION 

Characterization of the catalyst (Bi-doped ZnO 

nanoparticles) 

UV–Vis studies. The UV-Vis spectra of undoped 

ZnO and Bi-doped ZnO nanoparticles are shown in 

Fig. 1.  
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Fig. 1. UV-Vis spectra of undoped and Bi-doped 

ZnO NPs.  

The characteristic absorption peak of undoped 

ZnO occurs at 366 nm and that of Bi-doped ZnO 

nanoparticles appears at 384 nm. From the spectra 

it can be seen that the maximum absorption of 

doped-ZnO nanoparticles is shifted towards the 

higher wavelengths, i.e. demonstrated a 

bathochromic shift as compared with undoped ZnO 

NPs and also band edge was red shifted [21].   

The band gap was calculated using the following 

relation (Eq. 3): 

αhυ = A(hυ –Eg)n  (3) 

where α is the absorption coefficient, hυ 

represents the energy of photon, A is 

proportionality constant, it is different for different 

materials while n represents the index. From the 

graph the optical band gaps of undoped ZnO and 

Bi- doped ZnO were calculated which came out to 

be 3.25 eV and 2.9 eV, respectively, as shown in 

Fig. 2. They are closely related to the literature 

value [22].   

Fig. 2. Energy gap of undoped and Bi-doped ZnO 

NPs 

XRD studies. XRD patterns of undoped ZnO and 

Bi-doped ZnO NPs are shown in Fig. 3. According 

to JCPDS card number 36-1451 all the diffraction 

peaks were related to the hexagonal wurtzite 

structure of undoped ZnO. In case of Bi-doped ZnO 

NPs additional small peaks star-marked at 2 theta 

of 27.89, 32.69, 56.22 and 55.47 were ascribed to 

the Bi2O3 peaks according to JCPDS card No. 

712274 and 501088.This shows the minor phase of 

Bi2O3 as compared to ZnO major phase. From the 

pattern it can also be seen that due to Bi doping the 

intensity of the major peaks decreases. Debye-

Scherrer equation was used to calculate the average 

crystallite size of undoped ZnO and Bi-doped ZnO 

nanoparticles:  

L= Kλ/βcosθ         (4) 

where L is an average crystalline site, K 

represents a dimensionless factor relating to shape 

having a value of 0.9, λ shows the wavelength of 

the X-rays, β is the Full width half maximum 

(FWHM) in radians and θ represents Bragg angle. 

The average crystalline size of undoped and Bi-

doped ZnO NPs comes out to be 23 and 37 nm, 

respectively. 

Fig. 3. X-ray diffraction patterns of (a) undoped ZnO 

and (b) Bi-doped ZnO. 

SEM with EDX analysis. The SEM image given 

in Fig. 4 shows a collection of elongated particles 

of various plate-like shapes [23]. The average size 

of the particles is 2 µm. Energy dispersive X-ray 

spectroscopy was used for determining the 

elemental composition of Bi-doped ZnO 

nanoparticles as shown in Fig. 5. The EDX 

spectrum indicates the presence of Zn, O and Bi as 

major elements and gives the quantitative 

measurement of weight percentage of 

compositional elements. The elemental composition 

and weight percentage of the elements are 

summarized in Table 1 [24]. 
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Fig. 4. SEM image of Bi doped-ZnO nanoparticles 

Fig. 5. EDX spectrum of Bi-doped ZnO 

nanoparticles 

Table 1. Elemental composition of Bi-doped ZnO 

nanoparticles 

Element Weight % Atomic % 

O K 18.47 50.64 

Zn K 69.91 46.92 

Bi M 11.62 2.44 

Totals 100.00 

Fig. 6. FTIR spectrum of Bi-doped ZnO 

nanoparticles 

Photo catalytic degradation of xylene cyanol FF 

dye 

Effect of contact time on dye degradation. In 

order to study the effect of contact time on the 

degradation of xylene cyanol FF dye, 30 mL of the 

dye solution was taken in a beaker and 0.02 g of Bi 

doped-ZnO catalyst was added and kept in dark for 

20 min. Then the mixture was irradiated by UV 

light for the time intervals of 20, 40, 60, 75, 90, 

105, 115 and 125 min. Fig. 7 shows the changes 

recorded in the UV spectrum at various intervals of 

time during the experiment. Initially, at 20 min time 

duration the degradation was very low (6%) with an 

increase in time duration the degradation also 

increased as shown in Table 2. Increasing the time 

duration up to 120 min the degradation 

exponentially increased and about 67% of the dye 

was degraded. Time interval of 125 min was 

recorded as the optimum time for the degradation 

of the dye. This can be attributed to the fact that 

initially the photo catalyst surface is exposed to the 

light photons and with the passage of time the 

catalyst surface gets saturated by the adsorption of 

dye molecules, as a result the relative number of 

OH• needed for the dye molecules decreases, 

which eventually claims the photo catalyst activity 

[29]. 

Table 2. Effect of time on the dye degradation 

Time (min) 20 40 60 75 90 105 115 120 

Degradation (%) 6 12.5 45 49 54 61 65 67 
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Fig. 7. Effect of time on dye degradation using Bi-doped zinc oxide NPs. 

Table 3. Effect of dye concentration on the degradation 

Initial concentration of the dye (ppm) 10 20 30 40 50 60 70 

Degradation (%) 66 56 37 29 20 16 9.3 

Fig. 8. Effect of concentration on dye degradation using Bi-doped zinc oxide NPs 

Effect of initial concentration on the dye 

degradation. The concentration has an immense 

effect on the degradation of dye. Solutions of 

different concentrations ranging from 10 ppm to 90 

ppm were prepared in 30 mL of distilled water. 

Then 0.02 g of the catalyst was added to each 

solution and placed under UV light for time 

duration of 120 min. Initially, at 10 ppm high 

percentage of degradation of xylene cyanol FF was 

recorded (Table 3) which eventually decreased with 

an increase in the concentration of dye solution. 

Fig. 8 depicts the changes in the rate of degradation 

of xylene cyanol FF dye with increase in dye 

concentration. It is because as the dye 

concentration increases, more dye molecules get 

adsorbed on the photo catalyst surface and shield 

the catalyst surface from light photons which in 

turn reduces the path length of the photons entering 

the dye solution [30, 31]. This is also a reason that 

can explain that increased dye concentration 

saturates the photo catalyst surface and the 

requirement of catalyst for the process also 
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increases. Keeping the irradiation time and catalyst 

loading constant, the OH· radical formation on the 

surface of the semiconductor also becomes 

constant. That is why on increasing dye 

concentration the relative number of OH• needed 

for the dye molecules decreases [32]. 

     Effect of dosage rate on dye degradation. 

Dosage of the catalyst may also affect the rate of 

degradation. For studying the effect of dosage rate 

on dye degradation, a working solution of 10 ppm 

was prepared in 250 mL of distilled water. Then 5 

mL was taken from the original solution. Dosage of 

catalyst ranging from 0.01 to 0.07 g was used 

during experiments. The degradation at different 

dosage rates was recorded. Table 4 shows that 

initially, at a low dose of the catalyst (0.01 g) the 

degradation was 5.8% only which hiked to 37%, 

40%, 52% and 86% upon increasing the dose rate 

from 0.01 to 0.05 g. On further increasing of the 

amount of catalyst beyond 0.05 g the degradation 

declined to 53% at 0.06 g and to 15% at 0.07 g. The 

rate of degradation increased with catalyst loading 

till certain weight and above this the rate of 

degradation of the dye decreased with increase in 

weight as reported by many researchers. This is not 

unusual because in solution phase reactions the 

exposed surface area of the catalyst will not be 

directly proportional to the amount of catalyst 

loaded. Since the amount that is adsorbed on the 

surface of the solid dye degradation is proportional 

to that and there can be a saturation point beyond 

which the solid amount may not have a direct 

relationship to the degradation extent. Maximum 

amount of the solid loaded for maximum activity is 

3-4 g per liter of the dye solution as reported by 

studies [33]. The change in the degradation rate 

with increase in dosage rate is shown in Fig. 9. 
Effect of pH on the dye degradation. The pH 

also has a strong effect on the dye degradation. The 

pH of the original solution of xylene cyanol FF dye 

was checked by the pH meter. The pH of xylene 

cyanol FF solution was 6.39, near to neutral. Then 

20 ppm of the dye solution were added to 250 mL 

of distilled water. Then solutions of different pH 

were prepared by using 0.1 N NaOH and 0.1 N 

HCl. The pH was adjusted in the range from 4 to 

10. An optimum weight of the catalyst (0.05 g) was

added to each solution. Table 5 shows that at pH 4

high degradation (94%) was found while at pH 5

the degradation was 4.9% only. The effect of pH on

dye degradation is shown in Fig. 10. For the photo 

catalytic degradation process adsorption of dye is 

an essential step. Faster will degrade the dye which 

has a high adsorption capacity. The concentration 

of hydroxyl radicals and adsorption on photo 

catalyst will determine the extent of degradation. 

Activity of ions (e.g. H+ or pH) determines the 

potential of the surface charge in photo 

catalyst/aqueous systems. The property of a surface 

to become either positively or negatively charged is 

a function of pH. Maximum degradation of xylene 

cyanol FF was observed in acidic medium in our 

study [34]. 
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Fig. 9. Effect of dosage rate on dye degradation using 

Bi-doped zinc oxide NPs 

Fig. 10. Effect of pH on dye degradation using Bi-

doped zinc oxide NPs.  
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Table 4. Effect of catalyst dosage on dye degradation 

Catalyst mass (g) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

Degradation (%) 5.8 37 40 52 86 53 15 

Table 5. Effect of pH on dye degradation 

pH value 4 5 7 8 9 10 

Degradation (%) 94 4.9 6 5.2 6.4 5.6 

Table 6. Effect of temperature on dye degradation 

Temperature (oC) 15 25 35 45 55 

Degradation (%) 82 62 37 22 15 

Fig. 11. Effect of temperature on dye degradation 

using Bi-doped zinc oxide NPs  

Effect of temperature on dye degradation. 

Temperature also affects the degradation of dye. In 

order to establish the effect of the temperature on 

the dye degradation a solution of 20 ppm was 

prepared. Exactly 30 mL from the stock solution 

was taken in a beaker to which 0.05 g of Bi-doped 

ZnO nanoparticles were added. The temperature 

was kept at 15°C, 25°C, 35°C, 45°C, and 55°C, 

respectively. Maximum degradation (82%) was 

recorded at a temperature of 15oC at 120 min time 

interval while the degradation at 25°C, 35°C, 45°C 

and 55°C was not appreciable. The effect of 

temperature on the degradation is shown in Fig 11 

and Table 6. It can be seen that at 15oC best percent 

degradation was observed. It can be attributed to 

the fact that an increase in temperature leads to the 

evaporation of the solvent, as a result percent 

degradation in open environment decreases. 

CONCLUSIONS 

It can be concluded from the present study that 

doping of zinc oxide with bismuth effectively 

decreases the band gap of the nanoparticles. 

Synthesized bismuth doped-ZnO nanoparticles 

have elongated shapes and are shown as a 

collection of particles. The degradation of xylene 

cyanol FF increases with an increase in time 

duration. Low concentration (100 ppm) of the dye 

and an optimum weight of the catalyst (0.05 g) was 

found best for the photo catalytic degradation of 

xylene cyanol FF dye. The pH study revealed that 

at pH 4 maximum degradation (94%) of xylene 

cyanol FF was noticed. Increase in temperature 

leads to evaporation of the dye solution and best 

degradation was noticed at 15°C temperature. 

Bismuth-doped zinc oxide catalyst can be 

effectively used for the degradation of xylene 

cyanol FF dye in waste water supplies. 
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