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Abstract. In present work, graphitic carbon nitride (g-CN) homojunction were synthesized to 

investigate the synergistic effect of photocatalysis and adsorption on Rhodamine B (RhB) dye 

degradation. The photodegradation (DE%) and adsorption (R%) were evaluated under the 

irradiation of two 50 W LED lights and in dark for 6 hours, respectively. A three-level Box-

Behnken design (BBD) were employed to study the effects of initial dye concentrations (5 to 20 

ppm), recirculation flow rates (1 to 3 mL/min), and the number of photoreactors (2 to 6) with 

total 15 sets of experiment. A quadratic regression was developed to predict DE% with an error 

of less than 5.5% relative to the experimental data. Additionally, ANOVA analysis showed that 

the number of photoreactors is the most influential parameter (p<0.05); while the two-way 

interaction between variables are insignificant. For the adsorption studies, Langmuir isotherm 

showed the best-fit result (R2>0.98) and the separation factor (RL) has indicated the adsorption 

process is favourable (RL=0.05). Additionally, the adsorption experimental data fit well with the 

pseudo-second-order kinetic model (R2>0.98). Overall, the development of homojunction 

photocatalyst has provided an innovative and alternative approach for water remediation. 

1.  Introduction 

The dyeing process in textile, printing and paper industries consumes massive amount of water and 

produces wastewater which contains dye and other contaminants. Due to the limitation of chemical and 

physical affinity between fibre and dye, more than 15% of the textile dyes is lost in the effluent during 

dyeing operation [1]. Efficient wastewater treatment is vital to maintain water quality and preserve clean 

water for life on the planet. Recently, photocatalysis treatment has gained attraction from researchers. 

The major challenge faced by photocatalysis treatment is the low usage of sunlight as photocatalytic 

reaction can only be excited under ultraviolet (UV) light irradiation at wavelength < 380 nm. 

Nonetheless, this issue can be countered by fabricating homojunction-based semiconductors [2], 

forming heterojunctions nanocomposites [3], and doping metal-ions to the photocatalyst [4]. These 

approaches have improved the photocatalytic activity considering that distinctive crystal phases, light 

adsorption ability, and electronic band structures were introduced to the original photocatalyst.  
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The photocatalytic performance can be influenced by various parameters, such as catalyst dosage, 

initial concentration of refractory organic contaminants, charge-trapping species, pH, temperature, and 

light intensity [5]. Response surface methodology (RSM) is one of the most popular experimental design 

methods to optimize the chemical processes based on several operating parameters. It is able to analyse 

the relative significance of several influence factors, thus determining the optimal condition for the 

experiment [6]. On top of that, the effect of interaction between different parameters can also be studied.  

RSM includes two designs, namely central composite design (CCD) and Box-Behnken design (BBD). 

BBD has been widely applied for the optimization of photocatalysis process, but the interactions 

between variables which affects photocatalysis efficiency remain a scarce and exploring state. 

In present study, a 3D-printed photoreactor with graphitic carbon nitride (g-CN) homojunction-based 

thermoset coating was fabricated to investigate the synergistic effect of photocatalysis and adsorption 

on Rhodamine B (RhB) dye degradation. Three variables were alternated to study of the significance of 

each effect to dye degradation rate, including the recirculation flow rate of dye solution, initial 

concentration of dye solution, and the number of photoreactors (corresponding to the g-CN dosage). 

Analysis of variance (ANOVA) study was carried out to determine the interaction effects of each factor. 

In an overall view, this study is expected to help save study time and cost in industrial processes. 

2.  Methodology 

 

2.1.  Preparation of g-CN homojunction photocatalyst  

Equal proportion (6 g) of urea and thiourea were dissolved in 30 mL of distilled water and stirred in a 

crucible. The resultant mixture was heated at 90°C for 24 hours to form nanocomposite. The slurry-like 

nanocomposite was then transferred to a furnace for calcination at 550°C for 2 hours with a ramping 

rate of 2°C/min. The yellow solid sample after the calcination was cooled, then grounded into fine 

powder. The fine g-CN powder was sealed in a zip lock bag and stored in a desiccator until further use. 

2.2.  Synthesis of gCN-based thermoset coatings and assembly of photoreactors 

0.3 g of the synthesized g-CN was added into equal proportion (4.5 g) of EG and deionised water. Next, 

the mixture was sent for ultrasonication for 20 mins. HEMA (0.8 g) was then added into the mixture. 

The mixture was positioned between two 50W LED lights with gentle stirring for 3 hours. This step 

mainly initiated free radical polymerization between the HEMA and g-CN. 5wt% of citric acid was 

subsequently added to the viscous mixture for cross-linking formation. A single layer of g-CN mixture 

with the amount of 0.34 ± 0.02 g was applied evenly on the chamber of the 3D-printed photoreactor. 

The photoreactors with wet g-CN coating were then heated in an oven at 120°C for 3 hours to provide 

a complete cross-linking and evaporation of moisture. Approximately 8.34% of the photocatalyst 

retained on the photoreactor after thermal curing, which means the dried photocatalyst immobilized on 

the photoreactor is about 0.029 ± 0.02 g. In this case, the immobilized photocatalyst has a BET surface 

area of 16.74 m2/g. For the assembly of the photoreactor, the lid was lined with a rubber ring, screwed, 

and sealed by UV resin to avoid leakage of the RhB solution. Figure 1 shows the graphical description 

of the fabrication of photoreactor. 

2.3.  Evaluation of photocatalytic activity 

RhB dye is selected as a targeted pollutant, which is a cationic dye with two amino groups and one 

carboxylic group as its major functional group. All experiments were carried out in a dark box to avoid 

any disturbance of light wattage. Teflon tubes, which have better resistance to dye, were used to connect 

the 3D-printed photoreactors coated with gCN-based thermoset, a beaker containing 25 mL of pre-

determined dye solution, and a peristaltic pump. Two 50W LED lights (IP66-5054) were placed 10 cm 

above the photoreactors as the power source. To examine the photocatalysis efficiency, the LED lamps 

were switched on, and the dye solution sample were analysed through UV-Vis spectrometer (Hach DR 

6000) in a 1 hour time interval for 6 hours. The dye degradation efficiency was calculated using equation 

(1), where 𝐶0 and 𝐶 is the initial absorbance value and the absorbance value at time t, respectively. 
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𝐷𝑦𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛  𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐷𝐸%)  =  
𝐶0−𝐶

𝐶0
× 100%  (1) 

 
Figure 1. (a) Printed photoreactor cover and chamber, (b) monolayer g-CN coating before drying, (c) 

photoreactor with dried g-CN coating, and (d) assembled photoreactor. 

2.4.  Experiment modelling using Box-Behnken Design (BBD) and statistical analysis 

The performance of the photocatalytic activity of g-CN can be optimized by a series of experimental 

runs. In this case, response surface methodology (RSM) was utilized to optimize the three parameters 

(dye solution flow rate, initial concentration of dye solution, and number of photoreactors). Equation 

(2) used to find out the BBD required experiment, where 𝑛 is the number of variables and 𝑐 is the 

number of centre points. 

𝑁 = 2𝑛(𝑛 − 1) + 𝑐 (2) 

Thus, 15 sets of experiments were carried out to study the combined effect of the three independent 

variables. The 3-factor levels of BBD can be interpreted as -1 (low), 0 (central point), and 1 (high). The 

manipulated variables in this study are given in table 1. 

Table 1. Experimental design levels of chosen variables. 

Variables 
Levels in Box-Behnken design 

Low (-1) Medium (0) High (+1) 

Dye flow rate (X1, mL/min) 1 2 3 

Dye concentration (X2, ppm) 5 10 15 

Number of photoreactors (X3) 2 4 6 

 

The Minitab Statistical Software (Version 19.1) was used for data processing and statistical analysis. 

Regression analysis was performed to evaluate the significance of the different linear, quadratic, and 

interaction terms, with the probability-value being the indicator. Analysis of variance (ANOVA) was 

also conducted to assess the model significance and adequacy, according to the correlation coefficient 

(R2). 

2.5.  Batch adsorption studies 

The control inputs, which are recirculation flow rates, initial dye concentration and dosage of adsorbents 

were altered to investigate the adsorption performance of g-CN-based thermoset coating. Batch 

adsorption experiments were conducted under a fixed volume (25mL) of RhB dye solution, with 

continuous stirring in dark for 6 hours. The R% and qe of adsorbents were determined using equation 

(3) and (4): 

𝑅% =
𝐶0−𝐶𝑡

𝐶0
× 100%          (3) 

 𝑞𝑒 =
(𝐶0−𝐶𝑡)𝑉

𝑚
                   (4) 

where qe, C0, Ct, V, m indicates adsorption capacity (mg/g), initial RhB concentration (ppm), RhB 

concentration at time t (ppm), volume of RhB dye solution (L) and mass of dried g-CN coating, 

respectively. 
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3.  Results and Discussion 

3.1.  Field emission scanning electron microscopy (FESEM) characterisation 

As seen in figure 2, a photocured HDT resin shows vertical and horizontal lines crossing on a 

homogeneous texture, which is a typical texture of a polymer resin [2]. Next, the g-CN based thermoset 

coating shows lamellar and dense structure with no specific shape. Similar surface morphologies were 

observed after the photocatalysis and adsorption process, which the surface becomes uneven and ragged. 

This indicates that organic particles were accumulated on the g-CN coating. This reduces the surface 

area, which affects the adsorption capacity.  

 
Figure 2. FESEM images of (a) photocured HDT resin (without coating), (b) clean g-CN based 

thermoset coating before reaction, (c) g-CN coating after photocatalysis, and (d) g-CN coating after 

adsorption. 

3.2.  Adsorption-photocatalysis studies 

Batch adsorption experiments were performed with various initial dye concentration ranging from 5 to 

20 ppm, and the number of photoreactor and flowrate are fixed at 4 and 1 mL/min, respectively. Without 

the presence of light source, the equilibrium adsorption data were analysed by Langmuir and Freundlich 

adsorption isotherm models. Langmuir model showed a best fitting with the highest corresponding value 

(R2 = 0.9822) as compared to Freundlich model (R2 = 0.9596). The separation factor of Langmuir model 

(RL = 0.05) indicates that the adsorption of RhB onto the g-CN-based coating surface is the favourable 

process, which means there is no transmigration for adsorbate adsorbed on the surface with uniform 

monolayer energy. For the adsorption kinetic studies, pseudo-second order model shows a good fit 

compared to pseudo-first order model. It can be confirmed that as in the adsorption process, the 

concentration of the adsorbate is involved in rate-limiting step. 

With the aid of LED light, the dye degradation efficiency increases from 63% to 81%, as shown in 

figure 3(c). The experimental conditions were also carried out at flow rate of 1 mL/min, initial dye 

concentration of 15 ppm and 4 photoreactors. Throughout the experiments, the photocatalysis kinetics 

fits the Langmuir-Hinshelwood kinetic model (ln C0/Ct = kt), which is a first-order rate equation. Figure 

3(d) shows a linear plot between ln (C0/Ct) and irradiation time (t) with high correlation coefficient (R2 

> 0.99) and the apparent first-order rate constant (k) of the photocatalytic reaction was found to be 0.284 

hr-1. Based on the batch adsorption experiment, the reaction rate constant was found to be 0.51 hr-1 using 

pseudo-first order model. Although the batch adsorption experiment showed the faster degradation rate, 

the degradation efficiency is relatively low (63%) compared to photocatalysis experiment (81%). 

(a) (b) (c) (d) 
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Figure 3. Plots of (a) Langmuir adsorption isotherm (b) Pseudo-second order adsorption kinetics (c) 

C/C0 against time adsorption and/or photocatalysis process, and (d) Photocatalysis kinetics plot fitting 

Langmuir-Hinshelwood model. 

3.3.  Response surface methodology studies 

The degradation of RhB on the g-CN thermoset coating is integrating adsorption and photocatalysis 

processes. Fifteen sets of experiment were carried out under light irradiation, and their respective dye 

degradation efficiencies were recorded. 

Table 2. Box-Behnken design with experimental response and predicted response. 

Set 
Flow rate 

(mL/min) 

Initial dye 

concentration 

(ppm) 

No. of 

photoreactors 

Experimental 

response 

Predicted 

response 

Percentage 

deviation 

1 1 10 6 87.60% 87.77% -0.20% 

2 2 10 4 83.14% 84.90% -2.12% 

3 1 10 2 59.72% 58.82% 1.50% 

4 2 5 2 58.89% 60.57% -2.85% 

5 2 10 4 83.83% 84.90% -1.28% 

6 1 5 4 85.31% 82.34% 3.49% 

7 2 5 6 88.32% 89.51% -1.35% 

8 3 15 4 88.24% 87.46% 0.88% 

9 2 10 4 83.48% 84.90% -1.70% 

10 3 10 6 91.11% 92.07% -1.06% 

11 1 15 4 81.05% 83.16% -2.60% 

12 3 5 4 89.31% 86.64% 2.98% 

13 2 15 2 63.06% 61.39% 2.65% 

14 2 15 6 92.73% 90.33% 2.59% 

15 3 10 2 62.25% 63.13% -1.41% 

y = 0.1446x + 0.1489

R² = 0.9822
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A second-order regression equation shown in equation (5) was established to predict the dye 

degradation efficiency: 

𝑌 = 0.1302 + 0.02154 𝑋1 − 0.00082 𝑋2 + 0.2614 𝑋3 − 0.02363𝑋3
2      (5) 

By studying the probability value (p-value) of the different terms in the analysis of variance 

(ANOVA) study, it is found that the only the linear terms and the square term of X3*X3 are significant, 

while the other square terms plus all the 2-way interaction terms are insignificant. For example, the most 

significant factor, which is the number of photoreactors, has p-value lesser than 0.001, while all the 2-

way interaction terms have p-value larger than 0.5. This model has high correlation coefficient (R2) of 

0.9796, and the R2 for the predicted response is 0.95. It is also found that the percentage deviations of 

the experimental response with the predicted response are within 3.5%. Besides, the lack-of-fit also has 

p-value lower than 0.05, indicating that the contribution of the selected terms is adequately high for 

creating the whole model. The order or priority among the main effect of the variables was deduced, 

which is number of photoreactors (X3) > dye solution flow rate (X1) > initial concentration of dye (X2).  

The model adequacy was verified by carrying out experiment with randomized parameters. Two 

replicative experiments were carried out with the experiment parameter of 2.5 mL/min flowrate, 6 ppm 

initial RhB concentration and three photoreactors. The experiment yields dye degradation efficiency of 

80.38%, slightly higher than the predicted response of 76.05%. This can be presumed as there is a steeper 

change when the number of photoreactors change from two to three in experimental response compared 

to predicted response. 

4.  Conclusion 

The immobilized g-CN thermoset coating used on the degradation of RhB dye molecules were studied. 

The characterization studies revealed that agglomeration of organic particles occurs as the surface 

morphology becomes clustered. Next, the response surface methodology was successfully applied, 

showing that the number of photoreactors is the most significant influence on the dye degradation 

efficiency. Besides, the interactions between parameters are insignificant. In this case, a second-order 

regression equation was developed to predict the photocatalysis performance, with good R2 value of 

0.95. Langmuir isotherm revealed that the process was favorable, and the adsorbates was limited in 

monolayer surface with uniform energy. On the other hand, pseudo-second order showed that the 

adsorption process was involved in rate-limiting step which is called chemisorption.  
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