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ABSTRACT 

In this article, we report on the preparation and characterization of silica-supported g-C3N4/WO3 

nanocomposite with boosted photocatalytic performance towards the degradation of estrone 

hormone by using response surface methodology (𝑅𝑆𝑀) coupled with the Box-Behnken model to 

determine the synergistic effects of three independent experimental parameters (hormone 

concentration, solution pH, and photocatalyst dosage). The 𝑅𝑆𝑀 results were consistent with the 

prediction model (R2 > 0.958 and 0.934 for UV and visible light irradiation, respectively). The optimized 

experimental test conditions were evaluated as follows: 3000 𝜇g of photocatalyst dosage, 300 𝜇g/L of 

hormone concentration, and pH 7. The hormone photodegradation efficiencies under these 

experimental parameters were 100% and 96% after 3 h of UV and visible light irradiation, respectively. 

Additionally, degradation kinetics (first-order, second-order, and intraparticle diffusion model), 

adsorption isotherms (Freundlich and Langmuir), and antibacterial activity of the prepared sample 

were also examined. Radical scavenging tests were performed to elucidate the photodegradation 

mechanism and the existence of reactive oxygen species. The recyclability test showed that the 

efficiency remained above 75% after seven consecutive cycles. The results indicate that the RSM based 

on the Box-Behnken model is an excellent approach for determining optimized experimental 

parameters for specific degradation of estrogenic hormones. 
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1. Introduction 

Rapid industrialization and human population growth over several decades have led to a rise in various 

environmental issues, such as climate change, air pollution, ocean acidification, and water pollution. 

As a result, numerous environmental toxicants in everyday household items have been identified that 

pose acute risks to humans and animals alike. These synthetic chemicals constitute a range of broadly 

categorized chemicals such as endocrine disrupting chemicals (𝐸𝐷𝐶s), per-fluoroalkyl and 



polyfluoroalkyl substances (𝑃𝐹𝐴𝑆), and contaminants of emerging concern (𝐶𝐸𝐶s) [1]. These 

environmental pollutants are quite persistent, and their remediation remains a critical issue to be 

addressed. The problem is further exacerbated as those pollutants interfere with the normal 

neurological and hormonal balance in animals and have been implicated in various diseases such as 

cancer, diabetes, and heart disease in humans [2-4]. Among these pollutants, synthetically and 

naturally produced hormones such as estrone (𝐸1) have been detected at elevated concentrations 

throughout the natural water sources prompting various environmental regulatory agencies to 

establish a threshold limit for these toxicants [5]. In regard to the elimination of these toxic chemicals, 

several techniques have been employed so far, such as membrane technology, nanofibers, ozonation, 

and photocatalysis [6-10]. 

To date, photocatalysis is considered one of the most attractive approaches for various environmental 

and energy applications, including hazardous pollutants removal, mainly due to relatively low energy-

cost requirements as well as minimized secondary pollution [11-14]. The concept of photocatalysis has 

been around for decades as the first and extensively reported photocatalyst, titanium dioxide (TiO2), 

is still considered attractive due to its efficiency and chemical stability [15]. However, there are a few 

drawbacks associated with the most commonly investigated photocatalysts, i.e., (i) intrinsic poor 

visible light harvesting due to large bandgap, (ii) rapid charge recombination without participation in 

redox reactions, and (iii) chemical stability [16]. Several strategies have been investigated to address 

these common drawbacks associated with single-component photocatalysts resulting in poor 

efficiencies, such as metal doping, defect engineering, band engineering, vacancies engineering, 

employing metal-organic frameworks (𝑀𝑂𝐹s), and formation of a suitable heterojunction [17-20]. 

Hybrid photocatalysts based on staggered bandgap configuration have garnered much attention over 

the last few years due to their advantageous charge mechanism in comparison to single-component 

photocatalysts. As in the case of dual-component photocatalysts, the enhanced charge carriers 

pathway results in the preservation of charge species of the conduction band (𝐶𝐵) and valence band 

(VB) with high redox potential [21]. However, the successful construction of a heterostructured 

photocatalyst entails the careful selection of individual components. In this regard, the relative energy 

band positions should fulfill the criterion, i. e., an oxidizing component with a minimum 𝑉𝐵 position at 

1.23 V and a reducing component with a minimum 𝐶𝐵 position at 0 V (NHE scale). For organic 

hormones degradation, a single component with a higher oxidizing potential, i.e., a more positive 𝑉𝐵 

potential, is desired for generating reactive oxygen species (𝑅𝑂𝑆). These 𝑅𝑂𝑆, along with holes (h+) 

and superoxide anions (O2
•) collectively contribute towards photocatalytic degradation [22]. So far, 

various types of photocatalytic materials have been extensively investigated such as TiO2, ZnO, WO3, 

and their nanocomposites [23-25]. Among reported heterostructures, polymeric graphitic carbon 

nitride (g-C3N4) and tungsten trioxide (WO3) have gained much attention due to their relatively suitable 

optoelectronic properties, structural stability, and visible light photoactivity owing to a smaller 

bandgap [26]. Furthermore, an attractive combination is obtained since the band-edge positions of g-

C3N4 and WO3 are highly reducing and oxidizing, respectively, due to their corresponding 𝐶𝐵 and 𝑉𝐵. 

It is pertinent to mention here that WO3 itself is insufficient for organic pollutants degradation due to 

the low CB potential required for the single-electron reduction of molecular O2. Therefore, it has to be 

decorated by noble metals such as Ag or Pt or coupled with a reductive semiconductor to achieve a 

feasible photocatalytic redox potential [27]. Moreover, constructed photocatalysts are usually 

supported by inert materials such as silica, alumina, and zeolites to impart thermal and chemical 

stability. In a nutshell, for constructing a hybrid photocatalytic system, g-C3N4/WO3 presents an 

attractive combination as WO3 and g-C3N4 possess sufficient redox potential to act as oxidation and 

reduction components, respectively. g-C3N4 has already been employed in various photocatalytic 



applications in single and tandem heterostructured assemblies, such as dye degradation, CO2 

reduction, indoor air purification, dehydrogenation, and hydrogen production [28-32]. 

From the proceeding discussion, it is clear that the photocatalytic degradation process is primarily 

dependent on optoelectronics properties. Besides that, other operational parameters such as solution 

pH, pollutant concentration, and photocatalyst dose also greatly influence the efficiency of a specific 

system [33]. Therefore, in the context of the commercial applicability of photocatalysts, it is imperative 

to develop an experimental design for the optimization of variable experimental factors. Response 

surface methodology (𝑅𝑆𝑀) has been widely used to optimize various processes, including 

photocatalysis in which the influence of selected factors on the response process (photocatalytic 

degradation) is examined, and reliable conclusions about a specific system can be drawn [34]. 

Numerous literature studies exist using 𝑅𝑆𝑀 for the optimization of photocatalytic reactors [35-37]. 

The most commonly used experimental designs are central composite design (𝐶𝐶𝐷), artificial neural 

networks (𝐴𝑁𝑁), Box-Behnken design (𝐵𝐵𝐷), and Doehlert matrix (𝐷𝑀) for the optimization of 

photocatalytic processes [38-45]. However, it has been suggested the 𝐵𝐵𝐷 model offers more 

suitability in wastewater treatment applications due to fewer experimental runs required to perform 

and thereby saving energy, cost, and time [46]. 

So far, to the best of our knowledge, no study has been conducted on the optimization and modeling 

of silica-supported g-C3N4/WO3 for the degradation of estrogenic hormones, particularly 𝐸1. In this 

paper, we report on the optimization of photocatalytic degradation of silicasupported g-C3N4/WO3 

using three selected independent variable operational parameters, i.e., pH, photocatalyst dosage, and 

𝐸1 hormone concentration via 𝑅𝑆𝑀 and demonstrate its application feasibility for boosting 

photocatalytic driven degradation of estrogenic hormones under UV and visible light irradiation. 𝐵𝐵𝐷 

experimental design model is used to obtain optimized experimental conditions. Moreover, 

degradation kinetics, adsorption isotherms, and antibacterial properties of the as-prepared 

nanocomposite are also evaluated. Lastly, a radical scavenging test was performed to elucidate the 

charge transfer mechanism. The feasibility of the nanocomposite from a practical point of view was 

also evaluated using a seven-cyclic reusability study. 

 

2. Experimental 

2.1. Materials 

Hydrophilic fumed silica (Orisil 200), Urea (ReagentPlus ≥ 99.5%, Sigma-Aldrich) ammonia (ammonium 

hydroxide solution 25%, p.a., Lach-Ner), and tungstic acid (99%, Sigma-Aldrich) were used as received 

for material synthesis. The hormone solution was prepared by estrogenic hormone (𝐸1) ≥ 99% 

sourced from Sigma Aldrich Chemie GmbH, Germany. Filters with pores size of 0.45 𝜇m and 25 mm in 

width were provided by Whatman, Czech Republic for the collection of aliquots. Deionized water was 

used throughout the experiments obtained from the Milli-Q water purifier. (Biopak, Merck, USA). 

 

2.2. Synthesis of g-C3N4/WO3 heterostructured nanocomposite 

Silica-supported g-C3N4/WO3 was synthesized via a two-step heat treatment route. Initially, 20 g of 

urea was dissolved in 40 mL of deionized water (≥0.06 𝜇S/cm). Afterward, 5 g of silica was added into 

the aqueous solution of urea to obtain a paste which was spread over a petri dish and left for drying 

overnight in an oven at 60 °C. The dried paste was further crushed in a mortar to a fine powder and 

annealed at 550 °C for 2 h in a muffle furnace in a self-supporting atmosphere to obtain silica-



supported g-C3N4. After that, silica-supported g-C3N4 was sonicated in the solution prepared by 

dissolving tungstic acid in ammonia for 30 min and subsequently filtered. Finally, silica-supported g-

C3N4 impregnated with ammonium paratungstate was annealed to 500 °C for 2 h to obtain silica-

supported g-C3N4/WO3. 

 

2.3. Characterization methods 

𝑋-ray diffraction analysis was used to determine the crystalline phase structure of the nanocomposite 

using 𝑋𝑅𝐷 diffractometer MiniFlex600 (Japan, RIGAKU) with Co cathode. The morphology of the 

samples was obtained by using NovaNanoSEM 450 scanning electron microscope (The Netherlands, 

FEI Company) and JEM-2100 transmission electron microscope (Jeol Ltd., Japan). The optical bandgap 

was evaluated using Lambda 1050 (PerkinElmer Inc., USA) spectrophotometer in diffuse reflectance 

mode. The specific surface area and pore size distribution were obtained from the 

adsorption/desorption of N2 isotherms using Belsorp-mini, Japan. Identification of degraded by-

products was performed on a quadrupole time of flight mass spectrometer (6530 Q-TOF, Agilent 

Technologies, Santa Clara, USA) employing an electrospray ion (ESI) source set to negative mode. Mass 

spectra were acquired over the m/z 100-1500 range at a scan rate of 3 scans∙s-1. Accurate mass 

measurements were obtained via a calibrating solution involving the use of internal reference masses 

TFA anion [C2O2F3(NH4] at 𝑚/𝑧 112.985587, and HP-0921 [hexakis-(1H,1H,3H-tetrafluoropentoxy)-

phosphazene] (C18H18O6N3P3F24) at m/z 1033.988109). Data were recorded and processed in 

MassHunter software v.B.05.01 (Agilent Technologies). 

 

2.4. Photocatalytic reaction setup and analysis 

The photocatalytic activity of the as-prepared nanocomposite was evaluated by the elimination rate 

of 𝐸1 hormone under dark, UV, and visible light irradiation in a batch-wise mode. For each 

experimental run, a specific amount of photocatalyst powder was dispersed in a 12 mL aqueous 

solution of 𝐸1 hormone and irradiated for 3 h under a constant stirring rate of 450 rpm using a 

magnetic stirrer. The stock hormone solution was initially prepared at a concentration of 500 𝜇g/L by 

adding 1 mg of 𝐸1 hormone into 2 L of HPLC-grade water, magnetically stirred at 800 rpm for 24 h, 

and stored under dark conditions. The prepared hormone solution was further diluted with HPLC-

grade water to obtain different concentrations used throughout the study. Samples of concentrations 

500, 400, 300, 200, and 100 𝜇g/L were collected by a micropipette and into 2.5 mL HPLC vials using a 

0.45 |rm glass microfiber filter. HPLC analysis was performed on samples in triplicates and resulting 

mean concentrations were plotted on the calibration curve. The photocatalytic degradation was 

carried out in a self-made enclosed wooden chamber in which GM electronics UV (~365 nm, 

OSV1YL5111A) and visible 𝐿𝐸𝐷s (~420 nm, 504UVC2E-Q6C) were mounted directly above the reaction 

beaker. 𝐿𝐸𝐷s were chosen instead of conventional lamps due to their narrow emission spectra and 

energy-cost benefits [47]. For evaluation of the antibacterial activity, the same setup was used in a 

sterilized fume hood. 

 

2.5. High-performance liquid chromatography (HPLC) analysis 

Standard calibration of 𝐸1 hormone was prepared according to the method previously devised by Yasir 

et al. on HPLC DionexUltiMate 3000 Series (Thermo Fisher Scientific, Germany), and the calibration 



curve was externally developed with Chromeleon version 7.2 software (Thermo Fisher Scientific, USA) 

with concentrations quantified accordingly [48]. 

 

2.6. Design and optimization of photocatalytic study 

The photocatalytic process for the removal of the hormone was studied by the 𝑅𝑆𝑀 using three 

selected numeric factors, i.e., hormone concentration (𝜇g/L), photocatalyst dosage (𝜇g), and solution 

pH, which were simultaneously investigated via Design-Expert 11.0v software. RSM is an excellent tool 

for establishing a relationship between several parameters and the response output of a system in the 

form of a second-order polynomial equation. A total of 17 experimental runs were randomly generated 

thereby allowing the study of linear, quadratic effects, pseudo-first-order, pseudo-second-order, and 

intra-particle diffusion kinetic models. The Box-Behnken design (𝐵𝐵𝐷) polynomial quadratic model 

equation is presented below. 

 

 

where 𝑅 is the response (photodegradation), 𝑌 is the coefficient related to the factors, while 𝐴, 𝐵, and 

𝐶 represent the investigated factors in the model. This polynomial equation was further used for 

predicting the optimal removal parametric values using 𝑅𝑆𝑀 experimental design based on the 𝐵𝐵𝐷 

model within low and high factor levels, as shown in Table 1. 

 

Table 1 Investigated factors with their high and low levels within the experimental design space. 

 

 

 

 

 

 

2.7. Adsorption-desorption and photodegradation reusability test study 

To evaluate the viability of the photocatalyst under repeated cyclic use, seven simultaneous 

experimental cycles were performed to examine the effectiveness of the nanocomposite in dark and 

visible light irradiation. The conditions were set as follows: 12 mL of 300 𝜇g/L of 𝐸1, 3000 𝜇g 

photocatalyst dosage, and 3 h of constant stirring at 450 rpm. After the experimental run, the solution 

was left for 30 min to let nanoparticles settle down and the sample was drawn carefully so that no 

powder was drawn into the filter during the aliquot extraction from the solution. Additionally, a 

reference sample value was recorded as the initial control solution concentration to calculate the 

removal efficiency for adsorption and photodegradation for each cycle. The solution containing the 

beaker was left to dry before the fresh hormone solution was poured from the stock solution for the 

next reusability cycle. 

 

  



2.8. Statistical analysis 

OriginLab 9.0v and Design expert software 11.0v were used for the statistical analysis and plotting of 

relevant graphs used throughout the study. For the determination of the significance of each 

experimental factor, single-factor ANOVA analysis was employed in which p < 0.05 was taken to be 

statistically significant. Determination of coefficient (𝑅2) was used to predict the suitability of the 

predicted model in comparison to the actual experimental data. Additionally, the sum of squared 

errors (𝑆𝑆𝐸) and Chi-squared (𝑥2) values were calculated to minimize deviations from the response 

values. 

 

2.9. Antibacterial activity testing 

The bactericidal activities of the as-prepared silica-supported g-C3N4/WO3 were evaluated against 

Escherichia coli and Staphylococcus aureus bacteria using the common agar plate method [49]. Firstly, 

a culture of bacteria was inoculated and incubated in a shaker overnight at 37 °C. By performing serial 

dilutions, the initial concentration of the bacterial inoculum was maintained at 6.0 x 106 CFU/mL. In a 

typical experiment, 10 mg of as-prepared nanocomposite was added to a 3 mL buffer solution in a 

beaker and stirred continually for 10 min prior to light irradiation. Aliquots of the irradiated solutions 

under UV, visible, and dark test conditions were taken after 1 h intervals and cultured in agar plates to 

form viable bacterial colonies. The concentrations of the remaining bacterial colonies were counted in 

triplicates and mean data were recorded. Images were also taken of the agar plates to visually depict 

the proliferation of the bacterial colonies. 

 

3. Results and discussion 

3.1. Morphological analysis 

The as-prepared nanocomposite was morphologically characterized by the 𝑆𝐸𝑀 and 𝑇𝐸𝑀 as shown 

in Fig. 1. As can be seen, the nanocomposite exhibits coarse and rough morphology with a random 

distribution of WO3 particles (bright spots) lodged inside the porous g-C3N4 mesh (Fig. 1a). While in the 

𝑇𝐸𝑀 image (Fig. 1b) it can be seen that the as-prepared nanocomposite is comprised of agglomerates 

of porous silica mesh and g-C3N4 in accordance with the 𝑆𝐸𝑀 results. The morphology appears to be 

rough throughout the structure with the accumulation of large agglomerates having a consistent 

appearance throughout. Based on the 𝑇𝐸𝑀 and 𝑆𝐸𝑀 analysis, it can be inferred that a successful 

heterojunction of WO3 and g-C3N4 was formed in a porous silica mesh. Moreover, 𝐸𝐷𝑋 analysis was 

carried out to determine the amount of each elemental component at the selected bright region. From 

Fig. 1c, it can be observed that silica was present in the highest concentration along with oxygen while 

only 1.5 atomic % was detected for tungsten. No other impurities or other phase elements were 

detected. 



Fig. 1. 𝑆𝐸𝑀 (a), 𝑇𝐸𝑀 (b), and 𝐸𝐷𝑋 analysis (c) of the as-prepared nanocomposite. 

 

3.2. Structural analysis 

Fig. 2a shows the 𝑋𝑅𝐷 pattern of the as-prepared nanocomposite, i. e., the constructed assembly of 

SiO2 > g-C3N4 > WO3, in descending weight order. The 𝑋𝑅𝐷 pattern for silica appears to be broad and 

of low intensity with a prominent peak at an angle of 2𝜃 = 23° confirming coarse grain size and with 

low crystallinity [50,51]. In the case of silica-supported g-C3N4, the 𝑋𝑅𝐷 pattern reveals the presence 

of the most pronounced peak associated with the interplanar stacking of g-C3N4 appeared at 28.74°, 

corresponding to the (101) crystalline plane. While the other diffraction peak usually observed for g-

C3N4 at an angle of 10.3° corresponding to (100) crystalline plane as reported in the literature was not 

so prominent, possibly due to highly dispersed silica particles on the surface of g-C3N4 [52]. Overall, in 

comparison to 𝑋𝑅𝐷 patterns available in the literature for g-C3N4, less sharp peaks intensity was 

observed, an indication that a successful dispersion of silica particles as a support material was 

achieved. No other diffraction phases of impurities were detected. All intensity peaks can be indexed 

with the corresponding peaks reported in PDF Card No. 01-087-1522. For all samples, the inclusion of 

silica led to a pronounced effect on peaks intensitz and width, in accordance with the literature report 

[53]. It should be noted that evaluated XRD patterns have a slight shift in 20 of the peaks as compared 

to other literature reports due to the Cobalt-𝐾 alpha detector utilized in the study. For the silica-

supported WO3, the most prominent peaks observed at diffraction angles of 20 26.96°, 27.53°, and 

28.34° can be ascribed to the (002), (020), and (200) planes of WO3 (PDF Card No. 01-071-0305). In the 



case of the nanocomposite, all prominent peaks observed separately for WO3 and g-C3N4 appeared 

indicating a successful construction of a heterojunction. Additionally, 𝐹𝑇 − 𝐼𝑅 analysis (Fig. 2b) was 

also carried out which revealed the presence of all typical peaks associated with the g-C3N4. Specifically, 

the peaks observed at 810 cm-1 and in the absorption region of 1600-1200 cm-1 were associated with 

the vibration of heptazine-derived units and stretching of C-N heterocyclic bonds, respectively, as per 

the available literature reports [54,55]. The peak at 802 cm-1 is assigned to the stretching of W-O-W 

bonds [56]. Moreover, all silica-supported samples exhibit characteristic silica peaks at 1084 cm-1 and 

812 cm-1 attributed to the Si-O-Si bond stretching and Si-O symmetric bond vibrations, in accordance 

with a similar report [57]. The results indicate that the structural integrity of the g-C3N4 and WO3 was 

maintained during the synthesis of the as-prepared nanocomposite. 

 

3.3. UV-vis analysis 

The optical bandgap and the electronic structure of a photocatalyst are important characteristic 

features that determine the potential of achieving an optimal rate of photoactivity. The optical band 

gap of the as-prepared sample can be calculated using the Tauc relation as follows [58]: 

 

 

 

where 𝛼 is the optical absorption coefficient, hv stands for the energy of a photon with frequency 𝑣, A 

is the proportionality constant, 𝐸g is the optical bandgap, and p represents the constant whose value 

is determined by the type of energy band transition.  



Fig. 2. 𝑋𝑅𝐷 (a), 𝐹𝑇𝐼𝑅 (b), UV-vis 𝐷𝑅𝑆 and K-M function in inset (c), and (d) BET surface area and pore size distribution 

(inset) of the as-prepared nanocomposite. 

 

Since UV-vis diffuse reflectance data was obtained (Fig. 2c), Kubelka-Munk function which correlates 

the reflectance spectra with the absorbance coefficient in eqn. (2) was applied as follows: 

 

 

 

where 𝐹(𝑅) is Kubelka-Munk function, R is reflectance, and s is the scattering factor which is 

wavelength independent. As 𝐹(𝑅) is proportional to a, the exponential value can be obtained by 

plotting a graph between [𝐹(𝑅) − ℎ𝑣 ]p and hv. The best fit to the straight line near the absorption 

edge was found for 1/2 indicating an indirect allowed transition for the nanocomposite. Finally, the 

optical bandgap value of the sample was obtained by plotting a graph between [𝐹(𝑅) − ℎ𝑣 ]
𝟏

𝟐
 and 

photon energy (ℎ𝑣) and extrapolating the graph slope to [𝐹(𝑅) − ℎ𝑣]
𝟏

𝟐
 = 0 as shown in Fig. 2c (inset). 

The optical bandgap value for the nanocomposite was estimated to be 2.70 eV. The obtained bandgap 

value is in accordance with the commonly reported bandgap values for the g-C3N4/WO3 hybrid 

photocatalysts in the literature. 



3.4. BET surface area analysis 

The 𝐵𝐸𝑇 surface area of photocatalytic semiconductors plays a crucial role in determining the 

photoactivity by providing exposed crystal facets where the photocatalytic reaction proceeds as well 

as providing abundant adsorptive sites. The 𝐵𝐸𝑇 surface area and pore size distribution of the silica-

dispersed g-C3N4/WO3 were investigated by the nitrogen adsorption-desorption as shown in Fig. 2d. 

As can be seen, the obtained isotherm exhibits a close resemblance to the type 𝑉 isotherm, an 

indication of the mesoporous and microporous structure of the nanocomposite, according to the 

IUPAC classification [59]. While the H1 hysteresis loop of isotherm indicates the existence of relatively 

high pore size uniformity and pore connectivity. The H1 loop is commonly reported for mesoporous 

silica templated materials and carbon-based materials, as such in the case of the synthesized 

nanocomposite [60]. The pore volume distribution (Fig. 2d inset) reveals the nonuniform distribution 

of the nanocomposite, mainly due to the contribution from the highly porous structure favored by the 

presence of silica and polymeric g-C3N4. The 𝐵𝐸𝑇 surface area of the nanocomposite was calculated as 

83.3 m2/g, which is higher than similar reported g-C3N4-based nanocomposites [26]. The higher surface 

area could prove beneficial to achieve an effective rate of photocatalytic degradation of 𝐸1 hormone. 

 

3.5. Preliminary evaluation of photocatalytic degradation 

For the response surface optimization, a preliminary evaluation of the photoactivity was carried out 

by varying the concentration of the hormone in the range of 100 to 500 𝜇g/L. This range was selected 

based on the results of our previous experiments reported in the literature and taking into account 

given solubility of 𝐸1 hormone in water which forms a maximum plateau at 600 𝜇g/L over a study 

period of one month, as reported [61]. Other operational conditions were set as follows: photocatalyst 

dosage of 3000 𝜇g in a beaker containing 12 mL of hormone solution at pH 7, stirred at 450 rpm for 3 

h. As can be seen from Fig. 3, a total photocatalytic degradation was achieved with the selected 

parameters up to 300 𝜇g/L hormone concentration, whereas a slight decrease was observed under 

visible light irradiation when using 400 and 500 𝜇g/L of solution concentration. Interestingly, the 

adsorption of 𝐸1 on the photocatalyst decreased (ranging from 17.1 to 1.1%) with increasing hormone 

concentration (100 to 500 𝜇g/L) which is expected because the surface area of photocatalyst is nearly 

constant for each experimental run while a higher concentration of 𝐸1 allows only a fixed number of 

adsorption sites to be filled to reach saturation. Based on the obtained data, analysis by the BBD model 

was carried out using three factors, with each having low, medium, and high levels. 

 

3.6. Optimization by response surface methodology 

The optimized experimental parameters for the photocatalytic degradation system were obtained by 

analyzing the experimental data using a three-level experimental matrix generated by the 𝐵𝐵𝐷 model 

together with experimentally obtained responses, as shown in Table 2. A total of 17 experimental runs 

were performed in a random order to avoid any systematic bias while other non-dominant process 

factors not selected for the study were treated as an error. Based on the obtained results, three 

empirical relationships (eqn. (4), 5, and 6) generated are presented below. These equations describe 

the photocatalytic removal efficiency in terms of three selected parameters and their coefficients 

corresponding to the linear and quadratic components. The three independent variable factors 

investigated in the optimization study include the initial concentration of the hormone, photocatalyst 

dosage, and solution pH, labeled as 𝐴, 𝐵, and 𝐶, respectively. The positive and negative signs indicate 

whether terms have synergistic or antagonistic effects on the response variable. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Preliminary results of adsorption and photocatalytic degradation of 𝐸1 hormone at varying concentrations (100-500 

𝜇g/L) under UV and visible light irradiation. 

 

For a visual representation, the predicted and actual experimental responses were plotted in Fig. 4a. 

The plotted graphs reveal that both predicted and actual values lie in close vicinity of each other and 

in accordance with the degree of coefficient of determination for the UV and visible light irradiation. 

Moreover, no ambiguous data points were observed in the externally studentized residuals graphs 

(Fig. 4b). 

 

 

 

 

 

 

 

  



3.7. Analysis of variance study (ANOVA) 

𝐴𝑁𝑂𝑉𝐴 study was performed on the developed model to determine the significance of the main 

influencing factors on the response rate of the photocatalytic process and the results are presented in 

Table 3. Specifically, Fisher value (𝐹-value) and p-values were used to verify the significance of each 

coefficient of the developed mathematical model. 

The model 𝐹-values were calculated as 2.07, 18.03, and 11.01 under dark, UV and visible light 

irradiation, respectively. This implies the model is not significant for the removal of E1 hormone in dark 

and there is a 17.54% chance that an F-value this large could occur due to noise. However, the model 

was observed to be significant for UV and visible conditions indicating there is a <0.30% chance that 

𝐹-values this large could occur due to noise. P-values for the different investigated terms were also 

evaluated. P-values less than 0.05 indicate the model terms are significant. In this case, A2 and B2 model 

terms demonstrated to be significant removal of the hormone in dark conditions. While A, B, C, AB, 

AC, BC, B2, and C2 were observed to be significant model terms for hormone degradation under UV. 

For the hormone degradation in the visible light range, A, B, C, AC, BC, and C2 were observed to be 

significant model terms. Comparing the experimental value R2 to the predicted R2 value a large 

difference between the values for the removal of the hormone in dark light conditions was observed 

while a close agreement with a difference of less than 0.2 was observed for the UV and visible light 

degradation process. Furthermore, adequate precision values were also measured representing a low 

signal-to-noise ratio. A ratio greater than 4 is desirable. According to the results, ratios of 3.88, 14.22, 

and 10.82 were obtained for the adequate precision signals for the removal of the hormone in dark, 

UV, and visible light conditions, respectively. This showed that the model could be used to navigate 

the design space for UV and visible light degradation processes as opposed to the dark conditions. 

 

3.8. Two-factor interaction effects on the removal of hormone 

The 3𝐷 response surface graphs were plotted to thoroughly evaluate the influence of experimental 

variables on the response. The observations obtained from two-factor interaction parameters on the 

response are discussed below: 

Fig. 6a shows the effect of photocatalyst dosage and initial concentration of 𝐸1 on the adsorption 

removal percentage of 𝐸1. As can be seen, the removal efficiency gradually increases with increasing 

dosage at a constant hormone concentration due to the presence of a large surface area available at 

high dosage, with greater availability of sites for adsorption [62]. Whereas, at a constant dosage, the 

removal efficiency increases with an increase in hormone concentration up to 300 𝜇g/L, and then a 

slight decrease is observed when the solution is in excess. The optimum hormone concentration is 

seen at 300 𝜇g/L and dosage of 3000-5000 𝜇g at which the removal efficiency is nearly 20% compared 

to 500 𝜇g/L hormone concentration and 1000 𝜇g dosage where it is reported to be below 10%. The 

low removal percentages are reported owing to the low amount of the powdered sample present for 

interaction with 𝐸1. 

  



Table 2 The experimental runs with their actual and predicted responses. 

 

 

In Fig. 6b, the effect on 𝐸1 adsorption removal percentage is observed by varying solution pH and 

concentration of the hormone solution. The pH is varied from 3 to 9 and at 100 𝜇g/L hormone 

concentration, the removal efficiency increases from 5% to slightly above 20%. At lower pH, efficiency 

is low which could be attributed to the competition between the hydronium ions (H+) and the 𝐸1 

hormone for the binding sites available on the adsorbent surface [63]. Similarly, at a constant pH, the 

removal efficiency improves from 100 to 300 𝜇g/L and then a plateau is achieved up to 500 𝜇g/L 

because an excess amount of 𝐸1 hormone is present in the solution. The optimum value of removal 

efficiency approximately 23% is obtained at 300 𝜇g/L concentration, regardless of variation in solution 

pH. The pH of the reaction medium greatly affects the surface charge and tendency of ionization of 

the reactants in the photocatalytic system. To establish the role of pH on the elimination rate of 𝐸1 

hormone, the pH at zero surface charge (pHPZC) was calculated for the as-prepared nanocomposite 

using the salt addition method at room temperature according to the procedure described by Bakatula 

et al [64]. The obtained pHPZC for the nanocomposite was evaluated to be 4.26 as shown in Fig. 5. This 

indicates that the as-prepared nanocomposite possesses a positive surface charge at pH < 4.26 and a 

negative charge at pH > 4.26. The results in Fig. 6b, depict that the adsorption of 𝐸1 hormone by the 

nanocomposite was regardless of the effect of pH in the range of 3-9. This is because the acid 

dissociation constant (𝑝𝐾𝑎) for 𝐸1 is 10.34 indicating that at pH < 10.34, 𝐸1 hormone will remain 

undissociated as a neutral molecule [65]. Therefore, there will be no contribution of electrostatic 

charge attraction in adsorption between the 𝐸1 hormone and photocatalyst. 

Fig. 6c depicts the effect of solution pH and dosage of photocatalyst on the adsorption removal 

percentage of 𝐸1. As can be seen, the effect of varying dosage on removal efficiency is achieved 

regardless of solution pH. At any particular dosage, the removal efficiency remains constant with the 

variation in pH. The lowest efficiencies are reported at the lowest dosage of 1000 𝜇g of photocatalyst 

due to a limited number of adsorption sites for 𝐸1 hormones. The removal percentage is directly 

dependent on the dosage of the photocatalyst creating more numerous sites for adsorption interaction 

and reaching a maximum efficiency of around 23% [65]. However, at values above 3000 𝜇g, a drop in 

removal percentage can be seen owing to the high remaining concentration of 𝐸1 hormone present in 

the solution, and the photocatalyst particles might agglomerate leading to low surface area for 

interaction with 𝐸1 hormones and hence obtaining lower removal output. 



In Fig. 6d, the effect of changing the concentration of 𝐸1 hormone and dosage of photocatalyst is seen 

on the photodegradation removal percentage under UV light. The results are apparent that at high 𝐸1 

concentrations, the effect of dosage is significant due to the sufficient amount of hormones present 

to interact with the photocatalyst surface. Hence, the value ranges from 85 to 100% when the dosage 

is increased from 1000 to 5000 𝜇g. At low 𝐸1 concentrations, removal percentages are high, and a very 

minor improvement is observed by increasing the dosage. The removal percentage is nearly 98% at 

1000 𝜇g of dosage and 100 𝜇g/L of 𝐸1 concentration and saturation is achieved by increasing the 

dosage to 3000 𝜇g because of the negligible amount of E1 hormones left in the solution to be degraded 

by the photocatalyst [62]. Therefore, enhancing the dosage at this value is useful only at higher 

concentrations of 𝐸1. 

Fig. 6e illustrates the effect of the initial concentration of 𝐸1 hormone and solution pH on the 

photodegradation removal percentage of 𝐸1 under UV light. The figure depicts a similar behavior of 

an increase in solution pH from 3 to 9 or a decrease in the concentration of 𝐸1 hormone resulting in 

an increase in the removal percentage [65]. At a constant 𝐸1 concentration of 500 𝜇g/L, the removal 

percentage rises from 85% at pH 3 to approximately 98% at pH 7-9. On the other hand, at any specific 

pH, the efficiency increases at constant dosage with the decrease in E1 initial concentration because, 

at lower concentrations, photodegradation by a sufficient amount of heterostructured photocatalyst 

is higher due to being high surface area causing more interaction to be the dominant factor [62]. 

Generally, the removal percentage is lower at acidic pH conditions ranging from 85 to 100% whereas, 

at pH above 6, the minimum removal percentage is nearly 95% or higher. Thus, at neutral pH, the 

concentrations of 𝐸1 hormone ranging between 100 and 300 𝜇g/L are suitable for the complete 

removal of 𝐸1 hormones from the water solution. 

Fig. 6f shows the influence of the solution pH and the dosage of the photocatalyst on 𝐸1 

photodegradation removal percentage under UV light irradiation. As can be seen, the pH has the more 

dominant effect on removal percentage at lower values of dosage. A linear rise in removal percentage 

was seen with an increase in pH because 𝐸1 remains undissociated in this pH range till pH reaches its 

value of 𝑝𝐾𝑎 (10.34) [65]. For example, at a dosage of 1000 𝜇g, the removal percentage is raised from 

below 85% to about 95% by varying pH from 3 to 9. Also, at lower pH of 3, the removal percentage is 

increased from above 80% to approximately 98% by increasing the dosage from 1000 to 5000 𝜇g. The 

highest removal percentage is experienced at higher pH (5-8) and higher values of dosage 3000-5000 

𝜇g. 



 

Fig. 4. Response plots of predicted vs actual experimental results (a) and externally studentized residuals (b) for 𝐸1 

hormone removal under dark, UV, and visible light conditions. 

 

  



Table 3 𝐴𝑁𝑂𝑉𝐴 values for removal of 𝐸1 hormone based on 𝐵𝐵𝐷 quadratic model design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Point of zero charge (pHPZC) of the as-prepared nanocomposite determined by salt addition method. 

 

In Fig. 6g, the effect of changing the concentration of 𝐸1 hormone and dosage of photocatalyst is seen 

on the photodegradation removal percentage using visible light. The results indicate that the highest 

removal percentage is achieved at 5000 𝜇g of dosage and 𝐸1 concentrations below 400 𝜇g/L. Whereas, 

the least removal percentage is observed at 1000 𝜇g of dosage of photocatalyst with 500 𝜇g/L 

concentration of 𝐸1 hormone. The plausible reason could be that less photodegradation activity is 

achieved with the least dosage leading to less surface area for interaction and at higher concentrations 

of 𝐸1 hormone, the dosage is insufficient to degrade the whole solution completely [62,63]. 

Fig. 6h illustrates the effect of the initial concentration of 𝐸1 hormone and solution pH on the 

photodegradation removal percentage of 𝐸1 using visible light. As can be seen, the least removal 

percentage is observed at low pH of 3 and the highest concentration of 500 𝜇g/L of 𝐸1. The removal 



percentage gradually increases ranging from 60 to 82% as 𝐸1 concentration is decreased from 500 to 

100 𝜇g/L at constant pH of 3. Similarly, when the concentration is kept fixed at 500 𝜇g/L, there is a rise 

in the removal percentage from 60 to 88% because the competition between the hydronium ions (H+) 

and the 𝐸1 hormone for the binding sites is decreased by increasing the pH [63]. However, solution pH 

has the least effect on removal efficiency at low concentrations of 𝐸1 hormone because the 

photodegradation activity remains above 82% owing to the significant dominance of photocatalyst 

amount and reaches a maximum value of around 97% at neutral pH of 7. 

Fig. 6i represents the influence of the solution pH and the dosage of the photocatalyst on 𝐸1 

photodegradation removal percentage under visible light irradiation. As can be seen, the removal 

percentage increases linearly with the increase in dosage of the photocatalyst ranging from 1000 to 

5000 𝜇g at low pH values from 3 to 5 due to more surface area present by increasing dosage for 

interaction between 𝐸1 and photocatalyst [62]. The efficiency improves from 60% at 1000 𝜇g to above 

90% at 5000 𝜇g of dosage. However, at higher pH > 6, the removal efficiency remains high above 85%, 

and dosage did not have a significant effect in improving the efficiency. The highest efficiency of almost 

complete removal of 𝐸1 hormones (within the limit of detection) is reported at pH 7 with a dosage of 

3000 𝜇g and above. 

 

3.9. Optimization validation 

To confirm the validity and accuracy of the developed mathematical model, additional experiments 

were performed with the optimized parameters obtained by the 𝑅𝑆𝑀 and compared with the actual 

experimental values as compared with the actual values as shown in Table 4. The values observed were 

26.52%, 95.69%, and 92.40% for the adsorption, UV, and visible light irradiation, respectively, which 

were in close approximation to the predicted values (23.2%, 100%, and 96.2%) with a low degree of 

standard deviation. These results further confirmed the validity of the as-prepared nanocomposite 

mathematical model to selectively target persistent bio toxicants. 

 

3.10. Effect of contact time and kinetic model study 

The gradual increase in the adsorption/degradation capacity of 𝐸1 hormone with respect to time was 

carried out at different time intervals as shown in Fig. 7a. As can be seen, a rapid linear increase in the 

degradation capacity is observed for both UV and visible light irradiation, reaching a plateau after 90 

min. Subsequently, a very slow degradation is observed for an additional 90 min, indicating a saturation 

rate was already attained. However, in the case of adsorption under dark conditions, a slower rate is 

initially observed till 60 min, which gradually increased till the observed duration of 180 min. For the 

present study, the kinetics of the as-prepared nanocomposite were also investigated in detail at the 

optimized conditions to obtain the rate constant value for the photodegradation of 𝐸1 hormone. 

Generally, a selection of kinetics models best fitted for the process parameters assists in the 

determination of actual optimized removal rates [66]. 

 



Fig. 6. 3D surface response plots of two-parameter interaction on the removal of 𝐸1 hormone under dark, UV, and visible 

light conditions. 

 

Table 4 Point prediction and validation of optimized parameters (3000 𝜇g of photocatalyst dosage, 300 𝜇g/L of hormone 

concentration, and pH 7) at a 95% confidence interval. 

 

This is due to the fact that photodegradation is a function of several dominant and nondominant 

factors which contribute towards photodegradation, as such in a complex system. In this study, three 

commonly used kinetics models; pseudo-first-order, pseudo-second-order, and Weber-Morris 

intraparticle diffusion were investigated using the data generated from the experimental runs. The 

equations for these kinetics models are expressed as follows while the plotted graphs and values are 

given in Fig. 7b-d and Table 5, respectively. 

 



 

 

 

  

Fig. 7. Plots of the contact time (a), pseudo-first-order (b), pseudo-second-order (c), and intraparticle diffusion 

model (d) on the removal kinetics 𝐸1 hormone under dark, UV, and visible light conditions. 

 



Table 5 Kinetic models and their determined parameters related to the removal of 𝐸1 hormone under dark, UV, 

and visible light conditions. 

 

 

where qe and qt represent the removal capacity at equilibrium and time, 𝑡, respectively. The rate 

constants of pseudo-first-order and second-order values are denoted as 𝑘1 and 𝑘2, respectively. For 

the Weber-Morris equation, 𝑘3 represents the intraparticle diffusion rate constant, and C is constant 

representing the boundary layer effect which influences the rate-limiting adsorption step. 

Comparing Fig. 7b and 7c, it can be seen that the experimental capacities 586.0, 6880.0, and 5947.0 

𝜇g/g strongly follow the calculated capacities of the pseudo-first-order (784.96, 6363.9, and 7025.7 

𝜇g/g) for adsorption, UV and visible light irradiation, respectively, compared to the calculated values 

of pseudo-second-order (156.6, 8238.8, and 10665.3 𝜇g/g), as shown in Table 5. This implies that a 

better fit is obtained for the first-order kinetics. Thus, the adsorption and photocatalytic hormone 

removal of 𝐸1 under UV and visible light of the as-prepared nanocomposite can be best described by 

the pseudo-firstorder kinetics. The results are also in accordance with the high regression coefficients 

of 0.879, 0.924, and 0.785, respectively for pseudofirst-order owing to the closer predicted and 

experimental values. Whereas the reported overall low regression coefficients are 0.351, 0.938, and 

0.621, respectively for pseudo-second-order. For a better understanding of the underlying adsorption 

processes involved, mainly due to the high adsorption capacity of the silica dispersion, the intraparticle 

diffusion model set forth by Weber and Morris was employed as well. According to the model’s 

assumptions, a linear plot of the amount of adsorbent (𝐸1 hormone) at time t (qt) versus the square 

root of time indicates the existence of intraparticle diffusion. Moreover, if the graph plotted line passes 

through the origin at C = 0, then it indicates intraparticle diffusion is the rate-controlling step while in 

the case of C ≠0, some degree of boundary layer control is suggested [67]. As observed from Fig. 7d, 

the plot of 𝑄t vs 𝑡0.5 appears to be linear for the sample in phase 1 but deviates slightly in the phase 2 

segment of the plot. This indicates that both intraparticle diffusion and surface adsorption were 



contributing to the adsorption of 𝐸1 hormone onto the nanocomposite. Accordingly, a lower C value 

in the first phase suggests the contribution of intraparticle diffusion increased gradually with increasing 

time and then decreased in the second phase [68]. 

 

3.11. Isotherm modeling 

In this study, two well-known adsorption isothermal models were also employed to elucidate the 

maximum adsorption capacity and to identify the adsorption processes [69]. Both isotherm models are 

valid for physical and chemical adsorption [68]. The isotherms were calculated using the following 

Langmuir (eqn. (10) and Freundlich (eqn. (11) equations and corresponding 𝑅2 values for the models 

are given in Table 6. 

 

 

 

 

 

 

where 𝐶e is the residual equilibrium hormone concentration (𝜇g/L), Qm is the maximum adsorption 

capacity (𝜇g/g), 𝐾L is the Langmuir isotherm constant, 𝐾F is the Freundlich constant, and 𝑛 is the 

Freundlich heterogeneity factor. The obtained 𝑅2 values for the Langmuir and Freundlich isotherms 

were 0.951 and 0.976, respectively, under the assumption that the adsorption of 𝐸1 hormone is 

monolayered chemisorption whereas multilayered for Freundlich. The maximum monolayer 

adsorption capacity was 230.9 𝜇g/g while the separation factor values (𝑅L) in the range of 0.401-0.769 

implied that the adsorption of 𝐸1 hormone was a favorable process. In the case of Freundlich model, 

𝐾F and 1/n values were 9.79 and 0.417 obtained, respectively. If the value of 1/n is between 0 and 1, 

then a favorable heterogeneous adsorption process is suggested on the surface of the adsorbent [70]. 

Moreover, a high correlation coefficient of 0.976 indicates a high adsorption affinity between the 

silica/g-C3N4 mesh and 𝐸1 hormone. From the obtained isotherms results (Fig. 8), it can be inferred 

that the nanocomposite possesses high adsorption capacity primarily due to silica as a support 

material. 

 

3.12. Reusability and proposed degradation mechanism 

From a practical viewpoint, it is imperative for any given photocatalyst to possess high stability and 

photoactivity under cyclic runs without suffering from any gradual loss in efficiency. The stability of the 

as-prepared nanocomposite was evaluated by subjecting it to concurrent cyclic runs. As can be seen 

in Fig. 9a, a degradation rate of 92.4% was observed for the first cyclic run while a robust 

photodegradation rate of over 75% was maintained even after seven cyclic runs. In the case of 

adsorption, a similar pattern is observed, with the highest adsorption of 26.5% for the first cycle which 

gradually decreased to around 6.5% for the 7th cycle. Although a minor reduction in both adsorption 

and photoactivity is observed, which can be attributed due to the loss of powered nanocomposite 

during the extraction of aliquots. Additionally, radical scavenging tests were also performed to 

elucidate possible degradation mechanisms. 



Table 6 Calculated isotherm parameters for condition. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Linear regression plots of Langmuir (left) and Freundlich isotherm (right) models for the removal of E1 hormone 

under dark condition. 

 

In particular, p-benzoquinone (𝐵𝑄), tert-butyl alcohol (𝑇𝐵𝐴), and ethylenediaminetetraacetic acid 

(EDTA) were used for quenching O2
•-, •OH, and ℎ+ charged species, respectively. From Fig. 9b, it can be 

seen that compared to the control sample, the addition of trapping agents led to a decrease in the 

photoactivity, indicating at all charged species were involved in the degradation except 𝑇𝐵𝐴. However, 

the highest reduction in the photoactivity was observed for the 𝐵𝑄, suggesting the dominant 

degradation occurred via the reductive pathway of O2
•-. The order of degree for the primary 

contribution of radical species can be inferred as O2
•- > ℎ+ > •OH, which is in accordance with the data 

reported in the literature for the same photocatalyst [71]. Based on the results, it can be deduced that 

the photocatalytic degradation of 𝐸1 hormone is primarily due to the presence of superoxide anion, 

which attacks 𝐸1 hormone as well as the minor contribution from the oxidation pathway of holes as 

depicted in Fig. 9c. Interestingly, the degradation pathway of 𝐸1 appears to be different from the 

hydroxylation, the proposed mechanism in the case of TiO2 [72], indicating that the production of both 



reducing and oxidizing species generated by the nanocomposite was beneficial for the degradation 

process. Additionally, in order to further substantiate the photocatalytic degradation mechanism, 

𝐿𝐶𝑀𝑆 analysis was carried out from the irradiated sample evaluated using optimized parameters 

under visible light. 𝐿𝐶𝑀𝑆 results indicated that the parent 𝐸1 hormone (𝑚/𝑧 = 269.0973) was 

fragmented into different degradation product ions and are identified as having 𝑚/𝑧 ratios of 

183.0183, 159.0276, and 145.0098. 

 

3.13. Photocatalytic antibacterial activity 

The antibacterial properties of the as-prepared nanocomposite were evaluated against the gram-

positive and gram-negative bacteria as shown in Fig. 10. As can be seen, the as-prepared 

nanocomposite exhibits superior antibacterial activity against the gram-positive 𝑆. aureus as no 

bacterial growth was observed after 1 h of UV-vis light irradiation. Moreover, the reference sample 

under dark test conditions also exhibited reduced bacterial growth. In the case of gram-negative, 

𝐸. 𝑐𝑜𝑙𝑖, the antibacterial activity was greatly reduced in comparison to the grampositive; nonetheless, 

significant antibacterial was observed under both UV and visible light irradiation. Interestingly, the as-

prepared nanocomposite possessed significant antibacterial performance under blank conditions, 

indicating that the as-prepared material might have intrinsic properties for bacterial growth inhibition. 

The bactericidal properties of g-C3N4 under dark test are attributed to the intrinsic electrostatic 

attraction between the porous structure and lipid heads [73]. The calculated antibacterial activities are 

given in Table 7. 

Fig. 9. Reusability study (a), radical quenching tests effect on photocatalytic degradation (b), and photo-degradation 

mechanism of 𝐸1 hormone (c). 

 



Fig. 10. Bacterial colonies formation after dark, UV, and visible light irradiation. 

 

Table 7 Calculated antibacterial activity of the as-prepared nanocomposite. 

 

 

 

 

 

 

 

 

 

4. Conclusions 

In this study, we applied the response surface methodology based on the Box-Behnken design for the 

photocatalytic degradation of estrone (𝐸1) hormone under UV and visible light irradiation using silica-

supported g-C3N4/WO3. The observed experimental and predicted data suggest the developed model 

is suitable for second-order polynomial response equation and analysis of variance, with a high degree 

of coefficient of determination (𝑅2 > 0.958 and 0.934 for UV and visible, respectively) for 

photocatalytic degradation. The predicted and experimental values were also close to each with a high 

degree of certainty. The optimized process parameters were found to be as follows: 3000 𝜇g of 

photocatalyst dosage, pH 7, and 300 𝜇g/L hormone concentration. Under these experimental 

conditions, the photocatalytic degradation of 𝐸1 hormone was observed to be about 100.0% and 



96.2% using UV and visible light irradiation, respectively. Moreover, the stability of the photocatalyst 

was also tested in a consecutive seven-cyclic study which demonstrated that the photocatalyst was 

able to maintain robust photoactivity above 75% even after several repeated cyclic runs. Additionally, 

the prepared photocatalyst was found to have significant antibacterial activity against both gram-

positive and gram-negative bacteria. These results indicate that the optimization of photocatalytic 

process parameters of silica-supported g-C3N4/WO3 using the Box-Behnken model approach is highly 

suitable for targeting persistent environmental pollutants. 
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