Immobilization and Optimization of Corn Cob and TiO2 Photocatalyst Thin Films for Simultaneous Removal of Malachite Green and Acid Yellow 17 from Aqueous Solution 

Hui-Yee Gan 1, Li-Eau Leow 1 and Siew-Teng Ong1,2* 
1 Faculty of Science, 2 Centre for Biodiversity Research, Universiti Tunku Abdul Rahman, Jalan Universiti, Bandar Barat, 31900 Kampar, Perak, Malaysia

Abstract:

The effectiveness of using TiO2 and corn cob films to remove Malachite Green oxalate (MG) and Acid Yellow 17 (AY 17) from binary dye solution was studied. The immobilization method in this study would overcome the problem associated with separation of fine particles that are often encountered in wastewater treatment process. Batch studies were performed under different experimental conditions and the parameters studied involved initial pH of dye solution, initial dye concentration and contact time and reusability. The equilibrium data of MG and AY 17 conform to Freundlich and Langmuir isotherm model, respectively. The percentage removal of MG remained high after multiple sorption cycles, however for AY 17, a greater reduction was observed. The removal of both dyes were optimized and modeled via Plackett- Burman design (PB) and Response Surface Methodology (RSM). IR spectrum and surface conditions analyses were carried out using fourier-transform infrared spectrophotometer (FTIR), scanning electron microscope (SEM) and atomic force microscope (AFM), respectively.
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1.
Introduction

Dye is a common coloring agent in textile, paper, ink, food and leather industries. The extensive usage of dyes is associated with its outstanding features such as brilliance, water fastness and low-energy consumption. There are several ways of classifying dye which include source of materials, chemical, nuclear structure and industrial classification. On the basis of chemical classification, dyes are grouped according to their chromophore nature. Dye has visible color due to the presence of both chromophore (-C=C-, -C=O-,-C=N-, -S-O=, -N=N-,-NO2- and quinone) and auxochrome (-NH3, -SO3H, -OH, -COOH) that are connected through conjugated system. The combination effect of both chromophore and auxochrome with conjugation system give electron-withdrawing and electron-donating effect on dye molecules and thus shift the wavelength it absorbs. 
Common name of Malachite Green oxalate salt (MG) is Basic Green 4 or N,N,N′,N′-Tetramethyl-4,4′-diaminotriphenylcarbenium oxalate. MG is a highly toxic cationic dye as LC50 of MG to lctalurus punctatus was 0.14 mg/ L in 96 hours. From the toxicological information, it has been shown that MG can be easily reduces to persistable leuco-MG, which is a tumor promoter in the tissues of fish and mice 1. As for Acid Yellow 17 (AY 17), it is a water soluble monoazo anionic acid dye. It contains more than one salt of sulfuric substituent and one N=N group. AY 17 can irritate skin and eyes and trigger allergic reactions. From the Material Safety Data Sheet of Sigma- Aldrich, AY 17 was found to be carcinogenic to aquatic life if drained without any pre-treatment
The most common physical method utilized by textile industry for waste water treatment is adsorption. Amongst all, activated carbon is one of the most popular adsorbents and it has also demonstrated its efficiency in the removal of various pollutants. However, this type of adsorbent remains as a costly material and it is difficult to regenerate.  Thus, there is a need to continue exploring other economical feasible treatment method for dyes removal. 


Maize also known as corn, is one of the major feed grains in the world. However, after the removal of corns, the abundant agriculture residues such as corn cob, corn husk, corn leaf and corn stalk are often burnt without utilization 2,3. But corn cob can actually serves as an attractive low cost adsorbent as it possesses some fairly amazing properties. It contains approximately 39.1% cellulose, 42.1% hemicellulose, 9.1% lignin, 1.7% protein and 1.2% ash 4. 


In conventional dye effluent treatment, oxidation and adsorption were crucial steps for mineralization and removal of the dye molecules and other organic and inorganic pollutants from the water bodies. The main drawback for these two wastewater treatment processes was low economical feasible. Often, extra energy or equipment is required for the post-filtration, centrifugation and sedimentation process. Therefore, in this current work, attempt has been made to immobilize both corn cob and TiO2 onto a thin film to overcome the problem associated with separation of fine particles mentioned earlier. In order to further enhance the usefulness and efficiency of the proposed treatment method, the percentage uptake for both MG and AY 17 were optimized and modeled via Plackett- Burman design (PB) and Response Surface Methodology (RSM).  
2.
Materials and methods

2.1.
Adsorbent

Corn cob was collected from Kampar night market and cut into small pieces. It was then washed several times with distilled water and consequently boiled for 3 hours to remove the adhering dirt and residues. The clean corn cob was then dried in oven at 60 oC for 24 hours. Dried sorbent was subsequently grinded into powder form and passed through 1 mm sieve before stored into the air tight container for further experimental use.  

2.2.
Immobilization of TiO2 and Corn cob

Chitosan solution was prepared by dissolving 5.05 g of chitosan powder (coarse ground flakes and powder, Sigma-Aldrich Pte. Ltd ) in 500 mL of 1 % (v/v) acetic acid solution under continuous stirring for a night at room temperature to ensure all the chitosan powder was well dissolved and the solution was bubble free.    

TiO2 Degussa P25 (mainly in anatase form, mean particle size of 30 nm, BET surface area of 50 m2/g) was dispersed well and free from agglomeration into chitosan solution via the combination of mechanical stirring and sonication methods. Both corn cob film (1.0 g of corn cob / 63 g chitosan solution) and TiO2 film (0.25 g of TiO2 / 63 g chitosan solution) were prepared with evaporative casting method onto a 4 × 4 inches of polymer plate and dried in oven at 45 oC for 24 hours to evaporate all the moisture. The dried films were then neutralized by soaking it in 0.5 M of NaOH solution for 4 hours. Thereafter, the films were washed till neutral pH and subjected for further drying in oven at 35 oC for 24 hours. 
2.3.
Adsorbates

Binary dye solution was selected for this study and it involved the mixing of Acid Yellow 17, AY 17 (C.I.= 18965) and Malachite Green crystal, MG ( C.I. = 40000). Both dyes were purchased from Sigma-Aldrich Pte. Ltd and were used as received without further purification. The prepared binary dye solution was kept in dark for prevent degradation from light. 

2.4.
Instrumental and Characterization Analysis
The functional groups that present on corn cob film before and after dye removal process were determined using Perkin Elmer FTIR, Spectrum RX1 at the wavenumber range of 400-4000 cm-1. The surface morphology of corn cob and TiO2 film was studied by using field emission scanning electron microscope (JEOL FESEM JSM 6701F), operated at emission current of 3.0 kV with working distance of 4.6 mm. Besides, atomic force microscope was also employed (AFM, Park System, XE-70) to observe the surface topography of film before and after the dye removal process. 
2.5.
Batch study

Batch study was performed under the exposure of sunlight continuously for 4 hours. Light intensity was recorded at every 1 hour interval with UVA/B light meter.  Both TiO2 thin film and corn cob film were immersed in 500 mL of binary dye solution (10.0 mg/L of MG and 40.0 mg/L of AY 17) in the aquarium tank. Aeration was provided by an air pump. At predetermined time intervals, a known volume of dye solution was withdrawn from the tank and analyzed for its dye content using UV-visible spectrophotometer to determine the % of dye removal. The same experimental conditions were employed throughout the study unless otherwise stated. The percentage uptake of dye was calculated based on Equation 1.  
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where, 
Co = Initial concentration of dye, mg/L

Ce = Concentration of dye in equilibrium, mg/L

2.5.1.
Effect of pH

The removal of dyes at different initial pH was investigated in range of pH 4.45± 0.50 (natural pH of the binary dye solution) to 7. Dilute sodium hydroxide (NaOH) solution was added dropwise to adjust the pH to the desire pH, prior to the experiment.
2.5.2.
Effect of initial dye concentrations and contact time

The effect of initial dye concentrations and contact time on the percentage uptake of MG and AY 17 was studied by varying the dye concentrations from 20 to 80 mg/L. Dye solution was collected at various time intervals, 5, 10, 15, 30, 60, 120, 180, 240 and 300 minutes and the concentration was determined.

2.5.3.
Sorption isotherm

Sorption isotherms were obtained by varying the initial dye concentrations of MG from 10.0 mg/L to 50.0 mg/L and 40.0 mg/L to 80.0 mg/L for AY 17. The experiment was carried out by adding 0.1 g of corn cob film into 20 mL of binary dye solutions. This sorption mixture was then shaken at 150 rpm in a centrifuge tube at room temperature for 4 hours.  
2.5.4.
Reusability of TiO2 film and corn cob film
The possibility of repetitive usage of films was studied in this parameter. The same TiO2 and corn cob films were reused for multiple sorption cycles. Before the films were subjected for the next cycle of sorption process, the previously sorbed dyes were removed from the films by soaking it in 0.5 M NaOH solution for desorption process. This was followed by several washings until neutral and the films were air-dry.
2.6.
Statistical approach 
2.6.1.
 Evaluation of factors affecting the percentage uptake of dyes

The effect of various factors that influence the percentage uptake of MG and AY 17 were investigated with Plackett-Burman design. The validity of 3 factors including initial dye concentrations, contact time and initial pH of binary dye solution were screened by Design Expert Version 7.1.3 software to generate 12 experimental designs. 

2.6.2.
Optimization study  

The factors resulted from Plackett-Burman study was continued with central composite design (CCD) model in Response Surface Methodology (RSM) by using Design Expert Version 7.1.3 software. The correlation of factors and percentage uptake for binary dye was described with modified cubic model.

3.
Results and Discussion

3.1.
Instrumental Analysis

3.1.1.
Fourier Transform Infrared Spectroscopy (FTIR)
FTIR is capable of providing a qualitative description to confirm the presence of certain functional groups on the sorbent toward dyes adsorption. Figure 1 shows the FTIR spectra of native chitosan film and corn cob film before and after adsorption in the wavenumber range from 4000 to 400 cm-1. From the spectrum, the peak observed at 3436 and 3437 cm-1 corresponded to the amine stretching N-H and confirmed the presence of amine group in the chitosan structure. The peaks appeared at 2920 cm-1 indicated that the stretching vibration of C-H bond of methylene and methane group, whereas 2844 cm-1 shows C-H stretching for sp3 carbon atom. As for peak observed at 1632, 1638 and 1642 cm-1, this would suggest the presence of N-H bending amine groups. A weak intensity of C=C stretching bands for aromatic rings were assigned at 1425cm-1. It was noticed that the FTIR spectra of corn cob film (before and after adsorption) are very similar to each other. Apart from the limitations in the sensitivity of the instrument, this could also be due to the nature of the process. As it has been postulated that the dye removal process mainly involved adsorption, which is a surface chemistry process, therefore the FTIR spectra before and after the process would shown not much difference. Similar results were reported in the removal of Methylene Blue by using nitrilotriacetic acid modified banana pith 5.  
[image: image3.jpg]“

20

40000

200 20 200 1500 ) 1900 1200 1000 0 B .





Figure 1. FTIR spectrum of native chitosan film (red) and corn cob film before adsorption (black) and after adsorption (blue)
3.1.2.
Surface characterization

The surface morphology involving shape and porosity of the films was studied using SEM. The SEM micrographs that showed the surface texture of TiO2 film and corn cob film before and after the dyes removal process was presented in Figures 2 and 3. The analysis was performed under the magnification of 10,000×.  

From these SEM micrographs, it is apparent that before the dyes removal process, TiO2 powders has been evenly disperse onto the chitosan matrix. This can be observed from the homogeneity shown by the film (Figure 2a). As for corn cob film, it is clear that it is a non-porous type of materials (Figure 3a). Significant difference was observed on film morphology after it undergoes dye removal process. Both of the film’s surfaces displayed less uniformity than before dyes removal. It is suggested that the rough and uneven surfaces shown in these films is due to the adhesion of dye molecules. 
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Figure 2. SEM micrographs of TiO2 film before (a) and after (b) dyes removal process
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Figure 3. SEM micrographs of corn cob film before (a) and after (b) dyes removal process

Besides SEM, color mapping using contact mode, atomic force microscope (AFM) was also employed to define the saturation of film’s surface. This is one of the usual methods used for displaying data whereby high features or high topography is illustrated by lighter color and vice versa. From the images obtained (Figures 4-5), films after the dyes removal process exhibited lighter color and rougher surface. This is most probably caused by the agglomeration of dyes. 
[image: image6.jpg]



Figure 4. AFM image of TiO2 film before (a) and after (b) dyes removal process
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Figure 5. AFM image of corn cob film before (a) and after (b) dyes removal process

During the removal process, with the introduction of dye molecules on the surface of the films, these films become more intense and this explains the higher topography shown after the removal process. 
[image: image1.png]


3.2.
Effect of initial pH of dye solution
Figure 6 shows the percentage uptake of MG and AY 17 from natural pH of binary dye solution (4.54) to 7. The pH of dye solution is a crucial controlling parameter as it is going to influence the aqueous chemistry as well as the surface binding sites of adsorbent 6. The percentage uptake of MG decreased with increasing pH of binary dye solution whereas the percentage uptake of AY 17 shown not much difference. Highest percentage uptake of both MG and AY 17 occurred at natural pH of the dye solution and this was related to the number of H+ in the dye solution and surface charge of both photocatalyst and adsorbent. 
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Figure 6. Effect of pH in the removal of MG and AY 17

AY 17 is an anionic dye because the sodium counter ion can easily dissociates in aqueous solution and left behind the sulfonyl negative charge functional group. In contrast, MG is a basic cationic dye possesses more than one –NR3+ functional group. Therefore, generally the removal of MG should be increased as the pH of the solution increased whereas for AY 17, higher removal will be facilitated at low pH. However, the current results obtained indicated that the removal of both dyes was more favorable in acidic condition and this agreed well with some of the previously reported works 7-9. The high affinity shown by the films in acidic pH can be attributed to the usage of chitosan as the supporting matrix in this study. At lower pH, amino groups of chitosan can be easily protonated to form -NH3+. With decreasing pH, there will be more protons available to protonate amino groups of chitosan and this enhance the attraction of negatively charged dye (AY 17) towards the cationic amines 10,11. As chitosan is a type of pH sensitive cellulose biopolymer which will dissolve and formed hydrogel under extreme acidic condition, therefore the effect of pH was not carried out beyond pH 4. Since the aim of this research was to find an economical method to remove MG and AY 17 simultaneously and by using the natural pH of the binary dye solution (pH 4.76), an appreciate amount of dyes could be removed and the films were not dissolved under this pH, therefore, no pH adjustment was carried out in subsequent experiments.
3.3.
Effect of initial dye concentration and contact time
The influence of the contact time was studied in order to identify the equilibrium time for maximum adsorption. Figure 7 indicates the rates of adsorption of MG and AY 17 at various concentrations. The uptake for three different concentrations which were 20, 40 and 80 mg/L for both MG and AY 17 showed the similar adsorption trend. From the results, it can be noticed that the adsorption of dyes was rapid at beginning, followed by a gradual process. This fast uptake at the beginning may be attributed to the large amount of available vacant binding sites of sorbent whereas a subsequent slower adsorption could be related to intraparticle diffusion. With increasing contact time, the percentage uptake of dye removal rate decreased due to limited vacant adsorption sites as the binding sites of sorbent become saturated with dye molecules 11. Hence, this has turned into a limiting factor for dye uptake. Similar observations were reported in the removal of colored textile wastewater using chitosan and the authors explained that these were due to the competition for active adsorption sites 8,12. At higher dye concentration, the number of available adsorption sites becomes fewer and many dye molecules competed strongly to the limited adsorption sites. Consequently, large number of dye molecules was not being adsorbed successfully onto the sorbent.
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Figure 7. Effect of initial dye concentration and contact time in the removal of MG and AY 17
3.4.
Kinetics studies

Sorption kinetic studies were explored as it can provide some important insight about the mechanism of adsorption processes as well as describe the reaction pathways. The modeling of the kinetic studies of MG and AY 17 onto the sorbent was studied by applying two different kinetic models, namely pseudo-first-order 13 and pseudo-second-order 14. The applicability of the model was chosen based on their respective linear regression correlation coefficient, R2  values. 
3.4.1.
Pseudo-first order kinetic model

For pseudo-first order kinetic model, it assumes that the rate of the solute change is directly proportional to the amount of solid uptake with time. The linear equation of pseudo-first order equation is expressed as follows:

log (qe-qt) = log qe - [image: image11.png]


   








    (2)
where 

qe = amount of dyes adsorbed at equilibrium, mg/g

qt = amount of dyes adsorbed at time t, mg/g

K1 = rate constant of pseudo-first order, 1/min

t = time, min

A linear graph of log (qe-qt) versus time for the adsorption of MG and AY 17 onto the corn cob films at the concentration of 20, 40 and 80 mg/L was plotted (Figure not shown).  The experimental, qe(expt) and theoretical, qe(cal) adsorption capacities of dye at equilibrium and the first-order rate constant, K1 with the correlation coefficient, R2 for each dye concentration of was tabulated in Table 1. The qe(expt) and K1 were determined from the intercept and gradient of the kinetic plot, respectively. Based on the results, for both MG and AY 17, the R2 values were relatively low and the qe(cal) values gave unreasonable values compared to those determined experimentally. This clearly indicates the non-applicability of pseudo-first order kinetic model for the studied dyes and implies more than one parameter could be involved in the adsorption process.
Table 1. Adsorption capacities, kinetic model parameters and correlation coefficients based on pseudo-first and pseudo-second order kinetic models
	Dye
	Initial dye concentration

(mg/L)
	qe (expt)
(mg/g)
	Pseudo-first order kinetic model
	Pseudo-second order kinetic model

	
	
	
	qe (cal)
(mg/g)
	K1 (1/min)
	R2
	qe, cal
(mg g-1)
	K2 (1/min)
	h (mg/g.min)
	R2

	MG
	20
	5.4106
	1.4983
	0.00253
	0.2583
	5.0556
	0.0286
	0.7301
	0.9837

	
	40
	9.8819
	5.4425
	0.01474
	0.5810
	11.0375
	0.0031
	0.3831
	0.9960

	
	80
	14.8624
	10.6856
	0.01036
	0.8083
	18.6220
	0.0009
	0.2971
	0.9830

	AY 17 
	20
	2.2865
	1.7939
	0.006909
	0.5023
	3.0544
	0.0040
	0.0370
	0.9926

	
	40
	3.3817
	2.1857
	0.005297
	0.6686
	3.5727
	0.0074
	0.0947
	0.9758

	
	80
	3.2961
	1.6749
	0.005758
	0.4756
	3.3852
	0.0137
	0.1570
	0.9887


3.4.2.
Pseudo-second order kinetic model

The adsorption kinetic data was further studied by using pseudo-second order model. Pseudo-second order model assume that rate limiting step may be chemisorption involving the valence forces transferring through electron sharing or exchanging between sorbent and sorbate 15. The linear equation of the model was shown:
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where h = K2qe2

h = initial rate of adsorption, mg/g.min

K2 = rate constant of pseudo-second order, g/mg.min

A liner plot of t/qt versus t for MG and AY 17 at various concentrations was plotted (Figure 8). The h values were calculated from y-intercept, whereas qe (cal) and K2 values were obtained from the gradient of the linear plot. The R2 values for both MG and AY 17 were found to be higher and closer to unity. Additionally, based on the tabulated data in Table 1, the theoretical qe (cal) shown closer values with the experimental equilibrium adsorption capacities. Therefore, it implies that adsorption of MG and AY 17 were better described by pseudo-second order kinetic model. The pseudo-second order rate constant, K2 was found to be decrease with increasing dye concentrations (Table 1). This could be related to lower competition among the dyes molecules at lower concentration for the limited available surface adsorption sites 11.

The values of qe, K2 and h against Co in the corresponding linear plots of the pseudo-second order kinetic model were regressed in order to obtain the expression for theoretical MG and AY 17 concentration. These parameters could be expressed as a function of Co for MG and AY 17 as follows:
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Figure 8. Pseudo second-order kinetics of MG and AY 17 

where Aq, Bq, Ak, Bk, Ah and Bh are constant for the respective equations and obtained through regression from the linear plots. The generalized predictive models for MG and AY 17 adsorbed at any contact time and initial dye concentrations within the given range with relationship of qt, Co and t can be expressed as follow:
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By substituting the calculated constant values, the theoretical model for MG and AY 17 could be represented as equation below:
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Theoretical model derived for MG and AY 17 was applied to obtain the adsorption capacity, qt at any given Co and t. A comparison between the experimental values and theoretical values was shown in Figure 9. 
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Figure 9. Typical plots of comparison between the measured and pseudo second order modeled time profiles for MG and AY 17 removal

It is clear that the theoretically generated curves showed good agreement with experimental data for 20 mg/L of MG, but deviations occurred at higher concentrations. This deviation could be related with the formation of multilayers on the sorbent as the dye concentrations increased 16. Additionally, deviations were more pronounced in the case of AY 17 and this might be due to the poor R2 values of the linear graph of qe, K2 and h against Co. Several studies have also reported the suitability of pseudo-second order kinetic model in describing the adsorption process 17-19. 
3.5.
Sorption isotherm

The sorption isotherm is important as it can be used to describe the interaction between sorbent surface and the dyes molecules. Two different isotherm models were applied, namely Langmuir 20and Freundlich 21 models which are capable to give some insight into the sorption mechanism and the distribution between sorbate molecules and affinities of the sorbent. The most appropriate correlation equilibrium model was determined based on their respective isotherm constant and correlation coefficient, R2 value.

The equation of Langmuir isotherm was shown below:
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	where,
Ce     =
	Equilibrium liquid phase dye concentration (mg/L)

	qe      =
	Amount of dye absorbed at equilibrium (mg/g)

	qm     =
	Maximum adsorption capacity (mg/g)
	

	Ka     =
	Adsorption equilibrium constant (L/mg)
	


A linear graph of Ce/qe against Ce for the adsorption of MG and AY 17 onto corn cob films was plotted and shown in Figures 10 and 11, respectively. The correlation coefficient, R2 value was 0.9406 for the linear plot of MG, whereas R2 for AY 17 was 0.9684. This result indicates that monolayer adsorption of AY 17 on the surface of corn cob films system fitted better in Langmuir isotherm, but not for MG. The plot gave a linear regression line provided with gradient of 1/qm and y-intercept of 1/qmKa. The maximum adsorption capacity, qm for MG and AY 17 were calculated as 35.336 mg/g and 0.241 mg/g, respectively. Meanwhile, Langmuir isotherm constant for the adsorption of MG was 0.882 L/mg and AY 17 was 0.039 L/mg.

In Langmuir isotherm, another important characteristic is that be related to the dimensionless equilibrium parameter, RL 22 and the values could be calculated by using the equation shown as follow:
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where, 

	RL     =
	Dimensionless equilibrium parameter

	Ka     =
	Adsorption equilibrium constant (L/mg)

	Co     =
	Initial concentration of dye solution (mg/L)
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Figure 10. Langmuir isotherm of MG
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Figure 11. Langmuir isotherm of AY 17

The favorability of MG and AY 17 adsorption system could be predicted based on RL value (If RL > 1, unfavorable; RL = 1, linear; 0 < RL < 1, favorable; RL = 0, irreversible). The calculated RL value lies between 0.0207 to 0.4534 and this indicates that the adsorption process is favorable and corn cob thin films is a potential adsorbent for the removal of MG and AY 17 from aqueous solution. 
The Freundlich isotherm assumes a physiochemical multilayer adsorption process on heterogeneous surfaces energy system. This isotherm is more towards a non-ideal adsorption that is more flexible and does not assume adsorption limit. The exponential Freundlich isotherm model equation is expressed as:


[image: image28.wmf]n

e

F

e

C

K

q

/

1

=

                          

          




                  (12)

where KF = Freundlich isotherm constant for adsorption and n= Freundlich constant for intensity of adsorption. By taking the logarithm, the equation will therefore be in a linearized form and appeared as below: 
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The graphs of log qe against log Ce for MG and AY 17 were plotted and shown in Figures 12 and 13, respectively. The linear regression line on the plot could be used to determine the value of 1/n and KF from gradient and y-intercept, respectively. The coefficients for the linearized forms of the isotherm models for the adsorption of both dyes are listed in Table 2. The results implied that adsorption of MG on the corn cob films was more towards the heterogeneous surface and belong to multilayer adsorption system. The values of n for MG and AY 17 were 1.484 and -0.618 whereas the intensities of Freundlich constant were 16.881 and 333.657, respectively. Adsorption system will be termed as favorable process when the n value is in the range of 1 < n < 10. Based on the n value obtained, the adsorption of MG was termed as favorable. As for AY 17, Langmuir model appears to provide a more reasonable fitting and therefore this explains why a lower n value was obtained.  
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Figure 12. Freundlich isotherm of MG
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Figure 13. Freundlich isotherm of AY 17

Table 2. Langmuir and Freundlich isotherm parameters

	Dye
	Langmuir
	Freundlich

	
	qm, mg/g
	Ka, L/mg
	R2
	KF
	n
	R2

	MG
	35.336
	0.882
	0.9406
	16.881
	1.484
	0.9633

	AY 17
	0.241
	0.039
	0.9684
	333.657
	-0.618
	0.9081


3.6.
Reusability of TiO2 film and corn cob film
Reusability is a major concern as this is one of key steps to make this type of economical dyes removal method applicable for practical usage. Therefore, a study on the repetitive usage and recycle of the thin films was performed. Figure 14 shows the effect of repetitive usage of TiO2 and corn cob films on the percentage removal of MG and AY 17. The percentage removal of MG was maintained around 90 % whereas percentage removal of AY 17 decreased from cycle 1 to 4. This can be attributed by the non-negligible adsorbed dye molecules on the films. Although the film was subjected to regeneration process by using NaOH before the next cycle of usage, some of the AY 17 dye molecules might still be strongly bind to the films and this condition hinders other AY 17 dye molecules from reaching to the active site and subsequently, a lower uptake was observed. As for MG, the recycling method adopted shown that this is a suitable method to desorb the previously attached MG dye and as a result, a high removal efficiency was maintained throughout the process. 
3.7.
Statistical Experimental Design- Plackett-Burman (PB) and Response surface methodology (RSM)
Statistical approach was employed to determine the important factors and to optimize the experimental condition for the removal of MG and AY 17 in binary dye solution. Design-Expert version 7.1.3 was used to validate the model through function of desirability. Significant factors that affect the dyes removal through combination of photodegradation and adsorption were screened through Plackett- Burman (PB) design. 
[image: image32.jpg]EMG mAY17

100
0
60
40
0

0

(%) [EAOWD TAFEIIDIID g

Number of cycles




Figure 14. Effect of reusability in the removal of MG and AY 17 

A total of three assigned parameters which were initial dye concentrations, contact time and pH were screened in total 12 experimental runs. For both MG and AY 17, the generated experimental condition and the differences of % removal between observed and predicted values were calculated and shown in Tables 3 and 4, respectively. It was observed that the largest and smallest differences between the observed and predicted removal for MG were 1.97% and 13.57%, respectively. As for AY 17, the percentage of differences was recorded in the range of 0.21% to 18.61 %. The differences shown between the experimental and predicted percentage of removal is most probably due to the involvement of insignificant variables in the analysis. In some of the previously reported works, the researchers also noticed that there’ll some differences in terms of the observed and predicted response and they attributed this kind of deviation to the non-negligible effect of insignificant variables in the design 5,16.

Table 5 shows the analysis of variance (ANOVA) of both MG and AY 17 in binary dye solution. The studied variables were identified as significant Prob > F was less than 0.05. Based on the value, the studied model was found to be significant. For both MG and AY 17, the significant factors in affecting the removal process were contact time and initial pH of binary dye solution. The effect of contact time was termed as significant and this is closely related to the involvement of various stages in the process of adsorption. As for the effect of pH, this suggests that the degree of ionization of the adsorbate and the surface properties of the adsorbent play an important role in determining the efficiency of the process. 
 The influential factors identified through PB were further studied and optimized using response surface methodology (RSM). A total of 13 experimental runs were conducted and Table 6 shows the combination of the generated contact time and initial pH. Besides, the observed and predicted response was also presented in the same table. The modified cubic model was employed to describe the correlation between these two important factors and the percentage removal was shown as follows in terms of coded form: 
MG in binary dye solution:

% uptake of MG = +94.16 + 16.95 A – 10.04 B -9.18 AB – 15.96 A2 – 11.36 B2

      (14)
AY 17 in binary dye solution:

% uptake of AY 17 = +101.87 + 35.05 A – 10.06 B – 12.41 AB – 50.89 A2 – 6.53 B2                     (15)
Where A = contact time and B = initial pH

Tables 7 and 8 were the ANOVA results and from these tables, both models were found to be significant (P < 0.0001) with model F-value of 102.21 and 36.37 for MG and AY 17, respectively. The relatively high R2 values in MG and AY 17 models indicated that there were good agreements between the experimental and predicted values. The R2 that is close to unity signified a stronger model and it would be able to provide a better response 23. The signal to noise ratio is represented by adequate precision and a ratio that is greater than 4 is desirable 24, 25. From this study, the adequate precision for MG and AY 17 models were 27.233 and 14.585, respectively and this shown an adequate signal.  The coefficient of variance (C.V.) of MG model was recorded as 3.58 % wheraeas for AY 17 model was 13.17 %. A low value of C.V. is preferred as this represents a greater precision and reliability of the experiments carried out 24. As both models have shown an adequate signal, therefore they were used to navigate the design space. 
Table 3. Plackett-Burman design and results for the percentage removal of MG in binary dye solution

	Experiment
	Variable
	Observed response, %
	Predicted response, %
	Differences, %

	
	Contact time, mins
	Initial concentration, mg/L
	pH
	
	
	

	1
	240.00
	10.00
	7.00
	54.05
	59.51
	-5.46

	2
	240.00
	10.00
	7.00
	54.05
	59.51
	-5.46

	3
	240.00
	10.00
	4.54
	96.74
	83.17
	13.57

	4
	240.00
	20.00
	4.54
	93.22
	88.43
	4.79

	5
	5.00
	20.00
	7.00
	42.54
	44.52 
	1.97 

	6
	240.00
	20.00
	7.00
	52.54
	64.77
	-12.23

	7
	5.00
	20.00
	4.54
	47.08
	58.94
	-11.86

	8
	5.00
	20.00
	7.00
	42.54
	 44.52 
	 1.97

	9
	5.00
	10.00
	7.00
	38.68
	 44.52 
	 1.97

	10
	5.00
	10.00
	4.54
	48.04
	53.69
	-5.65

	11
	5.00
	10.00
	4.54
	48.04
	53.69
	-5.65

	12
	240.00
	20.00
	4.54
	93.22
	88.43
	4.79


Table 4. Plackett-Burman design and results for the percentage removal of AY17 in binary dye solution 

	Experiment
	Variable
	Observed response, %
	Predicted response, %
	Differences, %

	
	Contact time, mins
	Initial concentration, mg/L
	pH
	
	
	

	1
	5.00
	40.00
	4.54
	11.90
	20.60
	-8.70

	2
	5.00
	40.00
	4.54
	11.90
	20.60
	-8.70

	3
	240.00
	60.00
	4.54
	100.00
	91.89
	8.11

	4
	240.00
	40.00
	7.00
	47.26
	53.98
	-6.72

	5
	5.00
	60.00
	4.54
	13.68
	28.33
	-14.65

	6
	240.00
	60.00
	7.00
	43.10
	61.71
	-18.61

	7
	240.00
	60.00
	4.54
	100.00
	91.89
	8.11

	8
	240.00
	40.00
	7.00
	47.28
	53.98
	-6.70

	9
	5.00
	60.00
	7.00
	6.67
	7.31 
	-0.64 

	10
	5.00
	60.00
	7.00
	6.67
	 7.31
	-0.64 

	11
	5.00
	40.00
	7.00
	5.43
	 5.22
	0.21 

	12
	240.00
	40.00
	4.54
	100.00
	84.16
	15.84


Table 5. Regression analysis (ANOVA) of Placktt-Burman of MG and AY 17 in binary dye solution
	Dye
	Source
	Degree of freedom
	Sum of squares
	Mean square
	F-value
	Prob > F
	Description

	MG
	Model
	3
	4369.61
	1456.54
	14.14
	0.0015
	Significant

	
	Contact time
	1
	2607.80
	2607.80
	25.32
	0.0010
	Significant

	
	Initial MG concentration
	1
	82.90
	82.90
	0.80
	0.3958
	Not significant

	
	Initial pH
	1
	1678.91
	1678.91
	16.30
	0.0037
	Significant

	
	Residual
	8
	823.92
	102.99
	-
	-
	-

	AY 17
	Model
	3
	15032.24
	5010.75
	25.77
	0.0002
	Significant

	
	Contact time
	1
	12120.26
	12120.26
	62.33
	0.0001
	Significant

	
	Initial AY 17 concentration
	1
	179.18
	179.18
	0.92
	0.3652
	Not significant

	
	Initial pH
	1
	2732.80
	2732.80
	14.05
	0.0056
	Significant

	
	Residual
	8
	1555.58
	194.45
	-
	-
	-

	
	Total
	11
	16587.82
	
	-
	-
	-


Table 6.  Central composite design (CCD) matrix for two independent variables and the observed respond on MG 

and AY 17 in binary dye solution

	Experiment
	variable
	Respond

	
	Contact time
	Initial pH
	Experimental % uptake of MG
	Predicted % uptake of MG
	Differences, %
	Experimental % uptake of AY 17
	Predicted % uptake of AY 17
	Differences, %

	1
	122.50 
	5.77
	93.1
	93.28
	-0.18
	100
	100
	0.00

	2
	240.00
	7.00
	62.75
	64.58
	-1.83
	45.02
	57.03
	-12.01

	3
	122.50
	4.54
	96.7
	93.28
	3.42
	100
	100
	0.00

	4
	5.00
	7.00
	49.39
	49.03
	0.36
	9.05
	11.75
	-2.70

	5
	122.50 
	5.77
	93.1
	93.28
	-0.18
	100
	100
	0.00

	6
	122.50 
	5.77
	93.1
	93.28
	-0.18
	100
	100
	0.00

	7
	240.00
	5.77
	100
	95.16
	4.84
	100
	86.03
	13.97

	8
	122.50 
	5.77
	93.1
	93.28
	-0.18
	100
	100
	0.00

	9
	122.50 
	5.77
	93.1
	93.28
	-0.18
	100
	100
	0.00

	10
	240.00
	4.54
	100
	93.28
	6.72
	100
	100
	0.00

	11
	5.00
	4.54
	49.93
	50.76
	-0.83
	14.4
	7.05
	7.35

	12
	5.00
	5.77
	61.73
	61.26
	0.47
	11.28
	15.93
	-4.65

	13
	122.50
	7.00
	74.23
	72.76
	1.47
	100
	85.28
	14.72


Table 7. Regression analysis (ANOVA) of RSM of MG 

	Source
	Degree of freedom
	Sum of squares
	Mean square
	F-value
	p-value

(Prob>F)
	Description

	Model
	5
	4351.68
	870.34
	102.21
	<0.0001
	Significant

	A
	1
	1723.81
	1723.81
	202.44
	<0.0001
	Significant

	B
	1
	605.21
	605.21
	71.08
	<0.0001
	Significant

	AB
	1
	336.91
	336.91
	39.57
	0.0004
	Significant

	A2
	1
	703.36
	703.36
	82.60
	<0.0001
	Significant

	B2
	1
	356.31
	356.31
	41.85
	0.0003
	Significant

	Residual
	7
	59.61
	8.52
	-
	-
	-

	
	
	
	
	
	
	

	
	
	
	
	
	
	


R2: 0.9865, Adjusted R2: 0.9768, Predicted R2: 0.8937, Adequate precision: 27.233 and C.V.: 3.58 %
Table 8. Regression analysis (ANOVA) of RSM of AY 17 

	Source
	Degree of freedom
	Sum of squares
	Mean square
	F-value
	p-value

(Prob>F)
	Description

	Model
	5
	17914.53
	3582.91
	36.37
	<0.0001
	Significant

	A
	1
	7370.31
	7370.31
	74.82
	<0.0001
	Significant

	B
	1
	606.62
	606.62
	6.16
	0.0421
	Significant

	AB
	1
	615.78
	615.78
	6.25
	0.0410
	Significant

	A2
	1
	7152.23
	7152.23
	72.61
	<0.0001
	Significant

	B2
	1
	117.70
	117.70
	1.19
	0.3105
	Not significant

	Residual
	7
	689.54
	98.51
	-
	-
	-

	
	
	
	
	
	
	

	
	
	
	
	
	
	


R2: 0.9629, Adjusted R2: 0.9365, Predicted R2: 0.6454, Adequate precision: 14.585 and C.V.: 13.17 %
Figures 15 and 16 showed the 3D surface plot of MG and AY 17, respectively for the interaction between contact time and initial pH. For the removal of both dyes, a more favourable condition was observed when the contact time was at the maximum point while initial pH was at the minimum point within the studied range. This is because by prolonging the contact time, it leads to more diffusion time and therefore a greater amount of dye molecules can be adsorbed onto the sorbent sites. As for the effect of initial pH, again, this is related to the surface charge and the usage of chitosan as the immobilizing agent.  
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Figure 15. 3D surface plot of MG as a function of initial pH and contact time
Figure 16. 3D surface plot of AY 17 as a function of initial pH and contact time
4.
Conclusion
In this study, the combination effect of adsorption and photodegradation showed that both MG and AY 17 dyes could be simultaneously removed in success. The kinetics of dyes adsorption revealed that dye adsorption was more appropriately described by pseudo-second order model which is a kind of chemisorption process, involving exchanging of electron between sorbent and sorbate. The equilibrium data obtained was best conformed to Freundlich isotherm for MG and Langmuir isotherm for AY 17. This indicated that the adsorption of both dyes followed their respective heterogeneous and homogeneous adsorption pattern. The maximum adsorption capacity of MG and AY 17 was 35.336 and 0.241 mg/g, respectively. It is interesting to note that the efficiency of the films remained high after being repeated used for 2 cycles. From the statistical experimental design, it was shown that both models were highly significant with relatively high R2 values. Within the studied range, the crucial factors in affecting the percentage of removal for both dyes were identified to be contact time and initial pH. 
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