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This study reports a facile strategy to fabricate unique clustered ZnO-doped fly ash 

particle (FAP) composite material with highly effective photocatalytic activity using a 

hydrothermal process. The photocatalytic efficiency was evaluated based on the 

photodegradation of methylene blue (MB). The characterization of the ZnO/FAP 

composite was investigated using several analytical methods including field emission 

scanning electron microscopy (FE-SEM), energy dispersive spectroscopy (EDS), 

transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FT-IR), and photoluminescence spectroscopy (PL). Furthermore, 

an increase in specific surface area measurement (Brunauer–Emmett–Teller method 

[BET]) of the ZnO/FAP composite was produced to greatly enhance the photocatalytic 

property compared to that of ZnO. The results showed that ZnO flowers were effectively 

incorporated onto the surface FAPs with unique cluster-shaped aspects. Therefore, the as-

synthesized composite has potential as a photocatalytic filler material in pollution 

applications as an economically and environmentally friendly photocatalyst.  
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1. Introduction  
 

Recently, heterogeneous photocatalysis has emerged as a viable and effective method for 

the removal of harmful environmental elements using organic and inorganic materials [1, 2]. 

Among these materials, use of oxide-based catalysis using compounds such as TiO2 and ZnO has 

greatly increased. A suspension of TiO2 has photocatalytic degradation ability [3], immobilized 

TiO2 photocatalytic systems are commonly used for the photodegradation of organic materials [4], 

and ZnO incorporated with inorganic materials can be enhanced to obtain more effective 

photocatalysis [5]. Thus, it is believed that ZnO has more energetic activation than TiO2 due to its 

superior dispersion during fabrication. Using an inexpensive matrix and a facile method, this study 

aimed to produce effective photocatalytic results with inorganic materials. ZnO as a catalyst has 

attracted much attention not only for composite conversion, but also because of it is an 

inexpensive and valuable material for use in semiconductors due to its direct bandgap (Eg=3.37 

eV) and high binding energy (60 mV) [6-8]. More effective semiconductor photocatalysis to 

produce desired physicochemical characteristics has been the aim of many research efforts. ZnO 

has been reported to have distinctive catalytic and photochemical properties [9-11] and can be 

functionally activated at lower temperatures under ultraviolet (UV) irradiation [12-14]. Moreover, 

nanoparticles of ZnO have demonstrated desirable effects due to their strong dispersion and large 
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total surface area [15, 16]. However, ZnO is unstable in alkali conditions and has a tendency for 

self-aggregation [17], which results in considerably reduced photocatalytic performance. Thus, 

these properties of scattering and aggregating can produce a stronger catalytic effect through 

incorporation with adsorbent materials such as fly ash particles (FAPs) [18] or activated carbon 

[19]. FAPs, inorganic residue generated in the combustion of coal, consist of fine powdery 

particles having a spherical shape and substantial granular components of silicon dioxide (SiO2), 

alumina (Al2O3), calcium oxide (CaO), magnesium (MgO), and titanium (TiO2) [20]. At present, 

FAPs are used as an additive in cement manufacture [21-23], although their use is limited by their 

negative environmental impact. Previous studies have focused on development of effective ways 

to convert fly ash (FA) into composite materials by chemical treatment [24, 25]. Thus, FAPs that 

have nontoxic and excellent absorbance properties have been used to create functional substrates 

and to modify catalytic materials in order to reduce pollutants. Additionally, composite material 

with FAPs has an enhanced mechanical property and a higher specific surface area that produce 

effective performance for physicochemical treatment [4]. The incorporation of ZnO on the surface 

of FAPs is generally performed to enhance the photocatalysis of a pollutant solution. Therefore, 

we analyzed the additive effects of FAPs on the photocatalytic properties of ZnO. FAP-

incorporated ZnO is expected to be an effective photocatalyst to reduce harmful pollutants from 

the environment [1, 26]. Some such approaches to reduce toxins include the use of activated solid 

loading in solvent-based system; Yeole et al. reported an effective method to protect an effective 

corrosion inhibitor by coating ZnO on the surface of FA [4]. The application of a functional 

composite that interacts with inorganic materials can be effectively utilized in a polymeric matrix 

[27]. Although many researchers have attempted to produce ZnO/FA composite, to the best of our 

knowledge, the synthesis of ZnO/FA composites using a hydrothermal process has not been 

reported. Here, we hydrothermally synthesized uniquely shaped ZnO flowers in a novel composite 

incorporating FAPs in order to produce a strong photocatalytic effect. This facile, cost-effective 

method was designed to remove pollutant components.  

 
 
2. Experimental 

 

2.1. Materials  

 

FAPs were obtained from Won Engineering Company, Ltd. (Gunsan, Korea); they were 

ball-milled for 12 h using 3-mm zirconia balls and then filtered. Zinc nitrate hexahydrate, bis-

hexamethylene trimine, and methylene blue (MB) were used without any further purification. 

 

2.2. Preparation of photocatalysts 

 

Pristine ZnO flowers were prepared by mixing 0.5 g of bis-hexamethylene trimine in 40 

ml distilled water and 0.75 g zinc nitrate hexahydrate in 40 ml distilled water. The slurry of mixed 

solution was vigorously stirred for an additional 30 min and then placed in a Teflon crucible inside 

the autoclave to activate the hydrothermal process. Different amounts of FAPs (20, 50, and 100 

mg) were dissolved in 20 mL of distilled water and ultrasonicated in a bath sonicator for 30 min. 

These solutions were then added to 0.5 g of bis-hexamethylene trimine in 30 ml distilled water and 

0.75 g zinc nitrate hexahydrate in 30 ml distilled water. The slurries were maintained at 120°C for 

1.5 h and were named as follows: NM-0, NM-1, NM-2, and NM-3 which refer to 0, 20, 50, and 

100 mg FAPs, respectively. 

 

2.3. Characterization  

 

The surface morphologies of as-synthesized pristine ZnO and ZnO/FAPs samples were 

observed using field-emission scanning electron microscopy (FE-SEM, S-7400, Hitachi, Japan). 

Elemental components of the samples were analyzed by energy dispersive spectroscopy (EDS) 
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connected to FE-SEM. X-ray diffraction (XRD) analysis was carried out by a Rigaku X-ray 

diffractometer (Cu Kα, λ = 1.54059 Å) over Bragg angles ranging from 20 to 80˚. Fourier-

transform infrared (FTIR) spectra of the samples were produced using a Paragon 1000 

spectrometer (Perkin Elmer), and photoluminescence (PL) spectra were produced using a Perkins 

Elmer instrument (LS55) at room temperature. To evaluate the photocatalytic activity of pristine 

ZnO and ZnO/FAPs samples, we measured the degradation of MB dye solution. The degradation 

was produced by subjecting bottles (dia. 50 × height 50 cm) containing the individual samples to 

ultraviolet light (λ=365 nm) at a distance of 5 cm. The dye solution (30 ml, 10 ppm concentration) 

and each 15 mg sample were stirred to assure suspension during measurement. The initial sample 

evaluation was conducted after 30 min of darkness, and all subsequent 1 ml samples were 

extracted in 30 min intervals for 180 min at room temperature. The samples were centrifuged at 

high speed in order to separate the residual catalyst, and the absorbance levels and wavelengths 

were measured using UV-visible spectrophotometry (UV-Vis) (HP 8453, Hewlett Packard, 

Germany). To determine the reliability of the experimental results, a few repeat measurements 

were performed. The degradation rate of MB was calculated by the following equation:  

 

                       ( )  (  
 

  
)      

 

where C0 is the initial concentration of MB, and C is the concentration of MB after “t” 
minutes of UV irradiation. For the evaluation of recycling efficiency, the ZnO/FAPs composite 

was washed and used in a repeat experiment using the same process. 

 

 

3. Results and discussion  

 

ZnO particles incorporated with FAPs have been utilized as a photocatalyst for the 

photodegradation of harmful environmental pollutants. This use motivated our fabrication of 

uniquely shaped ZnO/FAPs composites using a hydrothermal process in order to achieve highly 

effective photocatalytic function. Figure 1 shows representative FE-SEM images with EDS spectra 

of pristine ZnO, raw FAPs, and the ZnO/FAPs composites. The FAPs are the fine particles in the 

figure and consisted of small spheres that are irregular, porous, and amorphous with sizes ranging 

from 0.1 to 100 µm after ball-mill grinding (Fig. 1a). The EDS analysis of the ball-milled raw FA 

(NM-0) revealed elements consisting of the typical elements of O, Al, Si, Ti, and Ca. Different 

amounts (20, 50, and 100 mg) of well-dispersed FAPs in solution with bis-hexamethylene triamine 

and nitrate hexahydrate were prepared using a hydrothermal process to produce ZnO-doped FAP 

photocatalyst. The FE-SEM image of pristine ZnO in the mixture of bis-hexamethylene triamine 

and nitrate hexahydrate showed unique flower-shaped ZnO particles (inset of Fig. 1b), as similarly 

described in Pant et al. [15, 28]. These ZnO flowers were then incorporated in unique cluster 

shapes onto the surfaces of FAPs (Figs. 1c-d). The cluster shape (spherical) of the ZnO flowers of 

nano/micro sizes increase the total material surface area and produce strong photocatalytic effects. 

Compared to pristine ZnO flowers, ZnO/FAP composites clearly showed irregular clusters of ZnO 

flowers on the surfaces of FAPs. The formation of pristine ZnO particles (Fig. 1b) and their 

growth on FAPs was uniform without aggregation. However, the formation of large-scale 

ZnO/FAPs composites resulted in clustering with increasing FAP concentration in the 

hydrothermal solution (Figs. 2a-c). These results indicate better interaction between particles of 

composite molecules at higher concentration and incorporation of ZnO particles with increased 

FAP concentration. Figure 2a shows an FE-SEM image of NM-3 with ZnO on the surfaces of 

FAPs, resulting in clusters of differing sizes. EDS analysis showed that various elements found in 

FAPs (Fig. 1a) were also found in the ZnO/FAPs composite (Fig. 2a), confirming the presence of 

ZnO and FAPs in the composites. The FAPs had different shapes and were irregularly distributed 

within the matrix (Fig. 1a). As the amount of FAPs was increased in the solution, the sizes of the 
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clusters increased (Fig. 2c). Homogeneous dispersion was achieved in the mixtures with 50 mg 

and 100 mg of FAPs in ZnO solution, and the amount of added FAPs affected the photocatalytic 

performance to reduce the pollutants.  

 

 

Fig. 1. FE-SEM images and the corresponding EDS of (a) raw FAPs, and (b) pristine ZnO. 

 

Fig. 2. FE-SEM images and the corresponding EDS of (a) ZnO/FAPs 20 mg, (b) ZnO/FAPs 50 mg, and (c) 

ZnO/FAPs 100 mg 

 

To examine the morphology of ZnO/FAP composites, transmission electron microscopy 

(TEM) was utilized to analyze the crystalline and amorphous states. The structural aspect of as 
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prepared ZnO/FAP composite had a unique flower shape under low magnification and specific 

uniform shapes between layers under high magnification, as shown in Fig. 3.  

 

 

Fig. 3. TEM images of pristine ZnO flowers on the surface of FAPs 

 

In order to investigate the interaction of ZnO and a FAP matrix, we performed Fourier 

transform infrared spectroscopy (FT-IR), XRD, and PL measurements. To analyze the elements of 

ZnO and FAPs, XRD patterns of pristine ZnO and the different samples were measured as shown 

in Fig. 4. The observed peaks were in agreement with those reported in Jiang  et al. and Yeole et 

al. [4, 29]. The intensities of the peaks had a tendency to strongly increase with increased amount 

of FAPs in the composite, as shown in Figs. 4c-e. The many peaks of the composite indicate the 

presence of ZnO and FAPs, as many new peaks existed in the composite (Figs. 4c-e) compared to 

pristine ZnO (Fig. 4a). Figure 4 clearly illustrates peaks indicating the existence of mullite, quartz 

crystal, and ZnO [30]. The peaks of mullite are strong and correspond to crystallization; higher 

intensity peaks was produced with increased amount of FAPs in the composite.  

 

 

Fig. 4. XRD patterns of (a) pristine ZnO, (b) raw FAPs, (c) ZnO/FAPs 20 mg,  

(d) ZnO/FAPs 50 mg, and ZnO/FAPs 100 mg 

 

Additionally, the molecular structures of pristine ZnO and the composites were 

investigated by FT-IR, and their FT-IR spectra are shown in Fig. 5. The IR bands of ZnO were 

similar to those of our previous study [31]; however, new peaks at 799 cm
-1

, 855 cm
-1

 , 996 cm
-1

, 

and 2847 cm
-1

 (Si–O–Si bond bending vibration absorption) [30] were observed for the 

composites, especially at higher FAP concentrations, and are attributed to the presence of ZnO and 
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FAPs. Furthermore, the rightward peak shift in the composite was attributed to the interactions 

between ZnO and FAPs through hydrogen or dative bonds. 

 

Fig. 5. FT-IR spectra of (a) pristine ZnO, (b) ZnO/FAPs 100 mg, and (c) raw FAPs.  

Inset shows the detailed spectra of lower wave numbers 

 

To further support the functions of ZnO/FAPs composite, PL spectra were measured for the 

different samples. The comparison curves of the pristine ZnO and ZnO/FAPs composites are 

shown in Fig. 5 and apparently indicated the degredation effects of ZnO on the FAP matrix.  

The PL emission intensity is dominated by bond energy for the recombination of excited 

electrons and holes [32]. The results showed that pristine ZnO produced higher emission than 

ZnO/FAP composites due to the decreased recombination rate between ZnO and FAPs in the 

composite [32]. However, as reported in Yang et al. [33], the excited electrons of ZnO were 

transferred from the conduction band of ZnO into FAPs through reactive carriers in the ZnO/FAP 

composite and promoted the photodegradation of dyes. Furthermore, Fig. 6 shows a shift in the 

high intense peak of pristine ZnO from 374 nm to 417 nm in the composite, whereas a weak peak 

of pristine ZnO was observed at lower intensity at 446 nm. The intensity of pristine ZnO exhibited 

behavior typical of higher photocatalytic materials [28]. However, the composite showed a 

decreased value for this behavior. In the ZnO/FAPs composite, it was considered that the presence 

of ZnO/FAP heterojunctions may decrease the recombination rate, while the migrating movement 

of e-h is attributed to the enhancement of the photocatalytic effect that will motivate the 

occurrence of the redox process [34]. Accordingly, compared to pristine ZnO, the less intense 

peaks of the ZnO/FAP composite were related to the decreased recombination rate and the higher 

efficiency of the photocatalytic effects. These results confirm those of Pant et al. [15].  
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Fig. 6. PL spectra of (a) pristine ZnO, (b) ZnO/FAPs 100 mg, and (c) raw FAPs. 

 

To analyze the photocatalytic performance, surface area measurements of the samples 

were required and were carried out for pristine ZnO, NM-0, NM-2, and NM-3 composites as 

indicated in Table 1. The photocatalytic effect of the ZnO-doped FAP matrix was greatly 

enhanced. A higher amount of FAPs produced increased diffusion of ZnO, which was induced to 

increase the total surface area of the composite and also to increase the photocatalytic property. 

The results were determined from nitrogen adsorption-desorption isotherms using the Brunauer–
Emmett–Teller method (BET) and Langmuir equation, respectively. Compared to that of pristine 

ZnO and raw FAPs, the specific surface areas of ZnO/FAP composites were greatly increased 

through the use of a hydrothermal process. This increase resulted from the interactions between 

ZnO and FAPs to produce ZnO particles on the surface of FAPs during the hydrothermal process. 

Accordingly, FAPs played an important role in the growth of ZnO precursor. Thus, the unique 

clustered shapes of ZnO on FAPs were formed to greatly increase the total surface area and are a 

potential photocatalyst suitable for the removal of pollutants. 

 

Table 1. The comparison of surface areas of different samples using BET and the Langmuir equation 

 

 

To investigate the photocatalytic performance of ZnO doped on FAPs, the experimental 

evaluation was carried out using MB dye. The photocatalytic evaluation of pristine ZnO and the 

different composite samples was based on the degradation of MB dye under constant UV 

irradiation in the same manner as in our previous report [31]. Figure 7 showed the experimental 

effect of ZnO doping on the surface of FAPs for the degradation of MB. After the 180 min 

experiment, the photodegradation of MB in the sample solution was compared to the level of 

control MB (10 ppm), pristine ZnO, and ZnO/FAPs (NM-3), as shown in Fig. 7. The comparison 
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revealed that the photodegradation efficiency of ZnO/FAP composites was more effective and was 

greatly enhanced by the incorporation of ZnO and FAPs compared to that of pristine ZnO. The 

analysis of NM-2 and NM-3 (Figs. 7b-c) showed that higher amounts of FAPs produced more 

enhanced photocatalytic property. The superior photocatalytic performance of the composite   

(NM-3) was related to the greater deposition of ZnO on the surface of FAPs and the electron 

transfer between the conduction bands of light-activated ZnO and light-activated FAPs [28].  

 

Fig. 7. (A) Comparison of the MB photodegradation of (a) pristine ZnO, (b) ZnO/FAPs               

20 mg, (c) ZnO/FAPs 50 mg, and (d) ZnO/FAPs 100 mg. Inset (B) shows photographs of 

(a) control MB  (10 ppm),  (b)  pristine  ZnO,  and  (c)  ZnO/FAPs 100 mg in solution after   

                                                                  180 min.  

 

Photodegradation efficiency is affected by many factors such as material morphology, 

size, and structure, in addition to the manufacturing process and the properties of combined 

composites. As shown in Figs. 2b-c, the clusters of ZnO/FAP nanostructures were highly spherical 

and so produced high specific surface areas and were uniformly incorporated by the reaction in the 

hydrothermal process. Therefore, the morphology of the ZnO/FAP composite is sufficient to 

produce highly photocatalytic effects as a potential alternative material for the degradation of 

pollutants.  

 

Fig. 8. Repeated evaluation (MB) of ZnO/FAP composite to demonstrate reusability. 

 

This study included a recycling experiment that showed that the used composite materials 

can be reused with comparable photocatalytic activity. The experimental evaluation of the NM-3 

composite was repeatedly performed to demonstrate its reusability. The result revealed that the 

composite has slightly lower efficiency compared to that in the initial evaluation. However, it 

showed the same general tendency and was considered as a valuable photocatalytic source.  

 

 



1005 

 

4. Conclusions  
 

This study showed that the ZnO/FAP composite, possessing a highly effective 

photocatalytic property with highly adsorbent FAPs, was able to successfully produce 

photodegradation of MB and can be applied as an inexpensive and highly effective alternative 

catalyst for the removal of environmental pollutants. The formation of ZnO/FAP composite using 

hydrothermal fabrication in a facile process was demonstrated to result in the desired 

photocatalytic effect. Different amounts of FAPs (20, 50, and 100 mg) were blended in 

synthesized ZnO solution using a hydrothermal process. The morphology and characterization of 

the samples were analyzed by FE-SEM, EDS, TEM, XRD, FT-IR, PL, and BET measurements. 

The results showed that the photocatalytic efficiency of ZnO/FAP composites was greatly 

enhanced compared to that of pristine ZnO due to highly increased surface areas with unique 

cluster-shaped ZnO aspects on FAPs. Therefore, the as-synthesized composite can be used as an 

economical and environmentally friendly photocatalytic filler material in pollution-reduction 

applications.  
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