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Abstract 

Azo dyes, such as reactive black 5 (RB5), are extensively employed in the textile industry due to their stabilities and 

simple dyeing procedures. About 50% of the amount of RB5 used is lost and discharged into nearby aquatic systems, 

causing chronic and acute toxicity. Therefore, it is necessary to treat the contaminated effluents before releasing them 

into the surroundings. The study synthesized SiO2&GO-doped titanium dioxide nanofibers with highly photocatalytic 

activity, utilizing the electrospinning method followed by calcination. Additionally, the study used SEM, FESEM, 

EDX, XRD, TEM analysis, and UV-vis data to characterize the morphology and the structures of the synthesized 

nanofibers. The photocatalytic activities of the produced nanofibers were examined for the removal of the reactive 

black 5 and reactive orange 16. The results showed that SiO2&GO-doped titanium dioxide nanofibers could eliminate 

86 % of the reactive black within 2 h compared to 19 % removal of the reactive black 5 when using the pristine TiO2 

nanofibers. Moreover, the photocatalysts could be reused many times without any obvious changes in their stability and 

activity, suggesting a potential application for wastewater treatment. 
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1. Introduction     

Enormous studies have investigated TiO2’s powerful 

semiconductor capabilities in water splitting and 

environmental remediation  [1]. In practice, the 

photocatalysis of the conventional TiO2 has some 

barriers to treating the organic pollutants due to the low 

efficiency of absorption in sunlight. Many factors 

powerfully linked to synthesis and processing routes 

significantly influence the TiO2 photocatalytic activity. 

These factors include morphology shape, particle size, 

particle aggregation, surface area, surface defects, 

surface hydroxyl group content, phase composition, 

and crystal structure[2, 3] . Moreover, researchers have 

proposed to increase the separation rate of the 

photoinduced carriers and extend the absorption 

threshold of TiO2 to overcome those barriers. 

Therefore, different studies have examined several 

methods, such as doping of metal, coupling of 

semiconductors, deposition of noble metal, and non-

metal modification [4, 5].  

Doping can induce changes to the crystal and 

electronic structures of the parent metal, which gives 

rise to changes in the bandgap. Among the metals 

oxides used to improve the TiO2 activities are graphene 

oxide and silica nanoparticles[6]. The remarkable 

properties of graphene oxide are thermal stability, the 

enhanced ability for electron-carrying, and large  
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surface area. Additionally,  compared to its bulky 

structure, nano silica has distinguished properties, 

including surface chemical properties, low toxicity, a 

large ratio of its surface area to volume, and significant 

physical, thermal and chemical stability, bringing nano 

silica to many applications, such as colors and dyes 

removal with high recyclability in wastewater 

treatment [7, 8]. Therefore, many studies have 

combined or functionalized nano silica with different 

functional groups and molecules[9].  

Dye houses, textile, paper, and printing industries 

extensively utilize synthetic dyes. Azo dyes are 

commercially the most produced dyes annually and the 

most characterized by at least one nitrogen-nitrogen 

double bond (–N=N–) and the bright color of their 

aqueous solutions. Reactive Black 5 (RB5) is one of 

the azo dyes widely used in the textile industry due to 

its stabilities and simple dyeing procedures. However, 

about 50% of the total amount of RB5 used is lost[10, 

11] . Additionally, textile facilities dispose the 

untreated effluent in the surrounding environment, 

causing chronic and acute toxicity. Therefore, treating 

the dye bath effluents before releasing them into the 

nearby aquatic systems is necessary. Numerous 

technologies, such as adsorption, membrane process, 

electro-coagulation, and photocatalysis, were utilized 

in dye removal from wastewater[12].  
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One of the promising strategies to remove toxic 

organic contaminants from water is the combination of 

adsorption technology and the photocatalysis process. 

In the adsorption process, the adsorbents adsorb the 

dyes from wastewater to its surface. After that, 

photocatalytic degradation removes the adsorbed dyes. 

Therefore, developing materials that have high 

adsorption ability and good photocatalytic activity is 

crucial in wastewater treatment. As a result, several 

studies widely examined different adsorbents, such as 

mesoporous silica, alumina, and activated carbon, to 

modify the catalytic activity of TiO2 . [13, 14] 

In the present study, silicon dioxide and graphene 

oxide nanoparticles, incorporated with titanium dioxide 

nanofibers, were developed for a photocatalytic 

process. The combination of TiO2 and SiO2 &GO 

could generate a synergistic effect, potentially 

achieving a photocatalyst with the optimized 

advantages of the three oxide elements, leading to 

enhance the photodegradation activity due to the 

potential enhancements in the absorbability and 

transfer rate of the efficient charge rate.  

2. Experimental  

2.1 Materials  

Materials, such as N, N-dimethylformamide (DMF, 

99.5 assays), and Titanium (1V) isopropoxide (Ti (Iso), 

98.0 assay), were brought from Junsei Co. Ltd., Japan, 

while Poly (vinyl acetate) (PVAc, MW = 500,000 

g/mol) and Reactive Black 5 (RB 5) dye were obtained 

from Sigma-Aldrich, USA. Silica nanoparticles and 

graphene oxide NPs were lab synthesized. The SiO2 

NPs were synthesized using the hydrothermal method 

[7], while GO NPs were produced utilizing Hammer’s 

method [15]. Furthermore, the present study used 

distilled water as a solvent. Moreover, this study used 

all materials, such as chemicals and reagents, as 

purchased without further purification and of analytical 

grade. 

2.2 Nanofibers of SiO2 and GO incorporated TiO2 

preparation 

To prepare the nanofibers of SiO2 & GO incorporated 

TiO2, the current study utilized electrospinning 

technology. First, titanium iso-propoxide (Ti (Iso)) and 

poly-vinyl acetate (PVAc, 14% by weight in DMF) 

were mixed at a ratio of 2:3 by weight, respectively, to 

prepare the sol–gel, followed by the addition of a few 

drops of acetic acid to the solution till it became clear. 

The solution is mixed at a temperature of 25 ˚C, 

utilizing a magnetic stirrer at a rotation rate of 150 

rpm. The preparation of sol-gels containing SiO2 and 

GO involved the addition of 15% of GO and different 

amounts of the SiO2 dried powder (2% and 6% by 

weight) to the solution to prepare the intended 

solutions, containing 2% and 6% by weight of SiO2 

nanoparticles. After that, to homogeneously mix the 

solution, the obtained solution was vigorously stirred 

for 10 min at 25 ˚C. The source of the electric field 

used in the present study is CPS-60K02V1, Chungpa 

EMT Co., Republic of Korea, a high voltage power 

supply. The electrospinning of the prepared solution 

was carried out at 18 kV, a 15cm-working distance, 25 

C, and in a relative humidity atmosphere of 40%. The 

produced mats of nanofiber were primarily dried under 

vacuum for 24 h at a temperature of 80 C. Then, they 

were calcined in the air at 680 C for one hour with a 5 

C/min heating rate. 

2.3 Characterization 

The study utilized a scanning electron microscope; 

(JEOL Ltd., Japan) and a field-emission scanning 

electron microscope equipped with an EDX analysis 

tool (FESEM, Hitachi S-7400, Japan) to examine the 

surface morphology of nanofibers. Further, a Rigaku 

XRD (Japan), radiation over Bragg angle (10 to 80
o
), is 

used to study the crystallinity and phase while a 

transmission electron microscope (JEM-2010, Japan), 

operated at 200 kV, was employed to obtain high-

resolution images. Furthermore, the study utilized a 

German HP 8453 UV–visible spectroscopy to 

investigate dye concentration during the 

photodegradation process. Moreover, the analysis of 

the obtained spectra obtained was performed using the 

HP ChemiStation 5890 Series software. 

2.4 Measuring the Photocatalytic performance 

The photocatalytic performance of the obtained 

catalyst was measured by degrading reactive black 5 

dye solution. First, 20 mg of TiO2/GO/SiO2 NFs were 

added to a 50 mL solution of 10 ppm RB5. Then, the 

obtained solution was irradiated under magnetic 

stirring and the lamp. After that, the samples were 

withdrawn at the same time intervals for the three 

consecutive cycles. After the centrifugal separation 

process, the study analyzed the supernatants using 

UV–Vis spectrometry at 595nm to determine RB5 

concentrations in the solutions. The study 

consecutively performed each experiment three times 

to investigate the catalyst reusability. After each round, 

the catalyst is filtrated and washed. Then, new 

solutions that have the same RB5 concentration were 

employed. 

 

3. Results and discussion 

3.1. Characterization of the Produced Nanofibers  

Figure 1 illustrates SEM images of the obtained 

SiO2&GO/TiO2 composite nanofibers before and after 
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calcination. Figures 1A and 1B are for the 

concentration of 2% SiO2, while figures 1C and 1D are 

for 6% SiO2. As shown, the produced nanofibers 

possessed a satisfying morphology, continuous, 

smooth, randomly oriented nanofibers without any 

observed beads. Further, the incorporation of silica and 

graphene oxide in the nanofibers of TiO2 did not 

negatively influence the morphology of the nanofibers. 

Moreover, the SEM photos, after burning the 

synthesized photocatalyst nanofibers in the air at 680 

˚C and after removing the polymer, show that the 

nanofibers remained smooth without any beads or 

roughness. However, the removal of the polymer 

decreases the diameter of the nanofiber. Additionally, 

the images show that as the concentration of the silica 

addition increases, the nanofibers become break down. 

 

Figure 1: SEM images of the obtained SiO2&GO/TiO2 photocatalyst; 

(A and B) for 2% SiO2 before and after calcination, and (C and D) 

for 6% SiO2 before and after calcination. 

Figure 2 illustrates the FE-SEM images of the 

synthesized nanofibers after the prepared mats 

calcination for one hour at 680 ˚C. Although the 

calcination removed PVAc, the nanofibers were still 

continuous structures. Furthermore, FE-SEM EDX 

proves the existence of Si, O, Ti, and C. The EDX 

images demonstrate that the proposed calcination 

conditions produce pure silica, graphene oxide, and 

titanium dioxide.  

The TEM image of the produced photocatalysts, as 

figure 3A illustrates, confirms the continuous 

nanofibrous structure synthesized after the calcination 

with good agreement with SEM & FESEM analysis. 

Further, the HRTEM image, as Figure 3B displays, 

shows better nanoparticles incorporated and 

homogenously distributed in the titanium nanofibers. 

Moreover, The HRTEM image illustrates high 

crystallinity as parallel atomic planes for the crystalline 

TiO2, SiO2, and GO are detected. The samples show 

clear lattice fringes. 

Moreover, the present study utilized XRD analysis to 

demonstrate the crystal phases of the calcined 

nanofibers. The synthesized NFs, as displayed in 

Figure 4, are composed mainly of the anatase phase, 

and the crystallinity of the anatase phase of TiO2 is 

lower in the nanofibers containing SiO2 and GO than 

the pure TiO2 NFs, demonstrating the presence of the 

SiO2 and GO NPs in the obtained nanofibers. The 

crystalline structure of TiO2 is sensitive to any little 

additives to the electrospun solution since they form 

the rutile phase[16]. Furthermore, The observed peaks 

of the crystal planes of (101), (004), (112), (200), 

(105), (211), (204), (220), (220), and (215) at 2θ values 

of 25.091, 37.651, 38.441, 47.891,53.891, 55.071, 

62.401, 68.701, 70.041, and 75.001, respectively, 

demonstrate the formation of anatase TiO2 [JCPDScard 

no. 21-1272], and free from any undesirable materials 

while the observed weak peaks indicate rutile TiO2. 

Moreover, as shown figure 4, no peaks were assigned 

to SiO2 or GO. It might be due to the high dispersion of 

the nanoparticles through the TiO2 lattice. 

 

A 

C 

B 

D 
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Figure 2: FESEM images of the obtained SiO2&GO/TiO2 

photocatalyst after calcination and EDX spectrometric data of 

SiO2&GO incorporated TiO2 after calcination; A) 2% SiO2, B) 

6%SiO2. 

Figure 5 illustrates the UV–visible diffuse reflectance 

spectra of the TiO2 nanofibers and the produced 

SiO2&GO/TiO2. As the figure displays, both 

SiO2&GO/TiO2 catalyst and TiO2 photo-absorbing 

curves have a similar shape. However, the presence of 

silica and graphene oxide nanoparticles with titanium 

dioxide exhibited a stronger absorption band than pure 

TiO2 nanofibers. The absorption edge has a significant 

shift after the loading of SiO2 and GO nanoparticles.  

Figure 3: TEM image (A), and HRTEM (B) for the obtained 
SiO2&GO incorporated TiO2. 

 

Based on the TiO2 energy band structure, at a 

wavelength shorter than 400 nm, the optical absorption 

was primarily ascribed to the transmission of the 

electron from the valence to the conduction band. 

While at the visible-light region (ca. 400–550 nm), the 

weak optical absorption is primarily ascribed to the 

sub-band transitions, which are strongly linked to the 

oxygen vacancies of the TiO2 surface, increased by the 

existence of GO and SiO2 nanoparticles[17-19]. But 

the effect of interfacial coupling between GO and SiO2, 

and TiO2 particles probably led to the black shift of the 

band gap.  It might be due to a decrease in the band 

gap resulting from the addition of SiO2 and GO [20]. 

 

 

 

 

 

 

 

Figure 4: XRD pattern of the produced photocatalyst. 

 

Figure 5: UV–visible diffuse reflectance spectra of TiO2 and 

SiO2&GO/TiO2. 

3.2. Performance of photodegradation 

 The photocatalytic activity was measured using RB5 

and RO16 to explain the influence of the incorporation 

of SiO2 and GO in TiO2 nanofibers. The study utilized 

visible-light irradiation for the decolorization of the 

reactive black 5 and compared photocatalytic activity 

B A 
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for three cases: without any SiO2 or GO nanoparticles, 

with 2% % by weight of SiO2, and 6% by weight of 

SiO2 with a fixed amount of graphene oxide 

incorporated in TiO2 nanofibers. Literature showed that 

the higher photocatalytic performance is highly linked 

to a larger area of the surface [21], while the lower 

photo activity is probably ascribed to the photoexcited 

electron and positive hole recombination at 

defects[22]. As Figure 6 displays, the synthesized 

photocatalyst of SiO2&GO/ TiO2 significantly 

improved the degradation rate of the dye.  

 

Figure 6: Photocatalytic degradation of RB 5 by TiO2, and by 

different compositions of SiO2&GO incorporated TiO2. 

Comparing the SiO2&GO/ TiO2 results with the TiO2 

nanofiber confirms enhanced degradation of the 

reactive black 5 in this experiment. The better 

photocatalytic activity of the SiO2&GO/TiO2 

photocatalyst than other photocatalysts resulted 

primarily from the effect of coupling of TiO2, SiO2, 

and GO after160-min of irradiation. The catalyst Nfs 

(6% SiO2 wt) showed RB 5 removal efficiency of 86 

%, which is much higher than 60 % over 

SiO2&GO/TiO2 (2% GO wt), and 19% over bare TiO2 

NFs. Furthermore, SiO2&GO/TiO2 NFs (6 % GO wt) 

exhibited better performance of photocatalytic activity 

than the other photocatalysts, which benefited from the 

GO adsorptive capacity and separation of high charge 

and the high affinity of nano silica toward the dye 

molecules. The obtained efficiency is comparable to 

54% dye removal when using GO [23], 63.8% removal 

by using macadamia seed Husks [24], 77.2% removal 

using peanut hull [25], 75% removal by N-doped TiO2 

DLHF[26], and 78.91% removal when using  
Hexadecylamine Impregnated Chitosan-Powdered 

Activated Carbon Beads  [27]Which made our results 

satisfying with other removal efficiency. The 

improvement is attributed to efficient transmission of 

the charge between TiO2 and SiO2, which increases the 

charge carriers’ lifetime. furthermore, the particle size 

and the surface contact between particles govern the 

catalyst’s photocatalytic activity. The proper amount of 

SiO2, SiO2 nanoparticles incorporated in TiO2 reduces 

the recombination between the electrons and the holes, 

improving the efficiency of the photocatalytic activity 

of TiO2 [28]. 

First, photocatalysis moves pollutants from the 

solution to the catalyst surface. Therefore, the 

adsorption capacity is a crucial indicator of the 

degradation ability of the catalyst. As the adsorption of 

pollutants increases, the reaction of photodegradation 

accelerates. The adsorption experiment of the dye 

solution was performed in the dark for 4 h on the 

photocatalyst containing 6% SiO2 NPs.  As figure 7 

explains, the TiO2 catalyst removed about 19 % of the 

RB 5, compared to 86% dye removal by 

photodegradation in the presence of SiO2&GO/TiO2 

nanofibers. The results implied that nano silica and GO 

positively influenced the photodegradation of the 

reactive black 5. SiO2 nanoparticles play, first, the role 

of an additional adsorbent adsorbing the dye, which 

subsequently diffuses to the catalyst surface to 

effectively decompose. As a result, the remaining dye 

molecules in the solution are adsorbed onto the empty 

locations.

 

Figure 7: Removal efficiency due to Adsorption and 
photodegradation of RB 5% in presence of SiO2/GO incorporated 

TiO2 NFs. 

Furthermore, at the proper GO amount, GO 

nanoparticles incorporated in TiO2 hinder the 

recombination between the electrons and the holes, 

improving the efficiency of the photocatalytic activity 

of TiO2. As the content of the GO increases, the 

density of oxygen-containing functional groups, such 
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as hydroxyl groups, increases, enhancing the 

ionic/electro interaction and, therefore, better 

absorptivity. Furthermore, GO acts as an electron 

acceptor, accelerating the process of interfacial 

electron-transfer from TiO2, obstructing the charge 

carriers’ recombination, and enhancing the 

photocatalysis process[29]. Moreover, the 

photosensitizing properties that GO may possess and 

the composites of TiO2/graphene oxide increase the 

absorption of light into the visible region. 

Consequently, TiO2/GO nanofibers show the coupling 

effect of adsorption and photocatalysis, significantly 

increasing the efficiency of dye degradation. 

3.3. Kinetic study of the degradation of RB5  

For most of the organic pollutants, such as RB5, the 

photocatalytic degradation kinetics under visible-light 

irradiation is modeled using Langmuir–Hinshelwood 

(L-H) model, which is a first-order reaction where the 

rate of degradation constant is estimated as the 

equation shows [30, 31]: 

 

While C0 is the initial dye solution’s concentration, C 

is the concentration of the dye solution after 

photocatalytic reaction at time t, and k (min
−1

) is the 

constant of the reaction rate. The line slope of the 

graphing -ln (C/C0) against the time of irradiation for 

each synthesized photocatalyst can be used to estimate 

the k constant. Figure 8 illustrates the best fit between 

the data from the experimental work and the behavior 

of the L-H model for SiO2&GO/TiO2 

nanophotocatalyst. As the figure displays, the k 

constant of the best nanophotocatalyst was estimated at 

0.004 min
−1

 with an R
2 
value of 0.979. 

 

Figure 8: Data modeling according to Langmuir-Hinshelwood model 

the photocatalysts. 

3.4. Repetitive use of SiO2&GO/TiO2 NFs 

The study employed the same photocatalyst to 

successively perform three cyclic tests. A 20 mg-

sample was successively utilized to degrade 50 mL of 

the dye solution (10ppm). As figure 9 illustrates, for 

the first and second cycles, the efficacy of the initial 

photocatalyst used is almost similar to that of the 

reused photocatalyst for the degradation of RB5. 

However, in the third cycle, the efficacy significantly 

declines, possibly due to the decline in the number of 

active locations. 

 

Figure 9: Efficiency of SiO2/GO/ TiO2 for several usages for RB 5 

removal. 

Additionally, the photocatalytic activity of the 

SiO2&GO /TiO2 composites was tested by the RO16 

degradation. As Figure 10 shows, the photocatalytic 

performance of the catalyst was very satisfactory, 

when the process was performed under visible light, 

about 55% of the dye was degraded. 
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Figure 10: Rate of degradation of reactive orange 16 on 

SiO2&GO/TiO2 photocatalyst 

 

4. Conclusion  

Azo dyes, such as Reactive Black 5 (RB5), are 

commercially the most produced dyes annually and 

widely used in the textile industry due to their 

stabilities and simple dyeing procedures. However, 

about 50% of the total amount of RB5 used is lost and 

dumped in the surrounding environment. Silicon 

dioxide and graphene oxide nanoparticles, incorporated 

with titanium dioxide nanofibers, were developed for a 

photocatalytic process. To produce the nanofiber mats, 

the current study employed an electrospinning 

technology and used a polymeric solution containing 

nano silica and nano graphene oxide. The synthesized 

nanofibers were calcined at 680 C in air. Then, the 

synthesized catalyst was characterized and utilized to 

degrade the RB5 and RO16. As the results revealed, 

the SiO2 and GO NPs addition to the pristine TiO2 

enhanced the dye removal, demonstrating a higher 

photocatalytic activity than using pure TiO2. The 

improvement is maybe due to the high retard in 

electron recombination and increased adsorptive 

activity. Moreover, the results suggested that the 

synergy effect of silica and graphene oxide adsorption 

and TiO2 photocatalysis efficiently degraded the dye. 

Good recyclability of the synthesized photocatalyst 

was observed, demonstrating the high stability of the 

obtained nanofibers. The obtained results explore new 

prospects for photocatalysts’ design and fabrication. 
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