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ABSTRACT 

This study reports on the glycerol decomposition using photocatalytic fenton technique. Visible 
light-responsive CuFe204 photocatalyst was synthesized using sol-gel method employing Cu:Fe 
ratio of 1 :2 by mo!. In the presence of xenon lamp (250 W), the performance of photocatalytic 
fenton degradation of different concentrations of glycerol aqueous solution (27.36, 41.05, 54.73 
and 68.41 mM), different concentrations of hydrogen peroxide (163.9, 327.8, 491.7, 655.6 and 
819.5 mM) and different photocatalyst loadings (0.1, 1.0, 2.0 and 5.0 g/L) were studied. The 
results obtained show that a minimal amount of photocatalyst loadings (0.1 g/L) was needed to 
initiate the photocatalytic fenton reaction. When the concentration of glycerol was increased, the 
degradation of glycerol diminished; however increasing the concentration of H202 has increased 
the glycerol degradation. The degradation for initial glycerol concentration of 27.36 mM was 
60.0% while at 67.41 mM glycerol concentration, the degradation attained 27.0%. Besides that, 
adding 819.5 mM H102 showed 30% degradation while adding 163.9 mM H202 only showed 5% 
degradation. Full factorial analysis was introduced to screen the factors in the photocatalytic 
fenton degradation of glycerol. The screening exercise indicates that the best conditions were 
27.41 mM glycerol concentration, 819.5 mM H202 concentration and 5.0g/L photocatalyst 
load in gs in the experiment of four hours. 
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INTRODUCTION 
Fossil fuels have been the main sources of the global demand energy over the years [1 ]. 

However, these fossil fuels are fast depleting and may eventually insufficient to meet the world's 
growing energy needs [2-3]. Hence, alternative fuels such as biogas, biofuel and biodiesel have 
been widely investigated, experimentally. Biodiesel is a fuel produced via trans-esterification of 
vegetable oils or animal fats with alcohol such as methanol [4]. In fact, it is a primary by-product 
during biodiesel production [5]. According to Yang et al. [6], production of biodiesel will 
generate 10% (w/w) glycerol. Biodiesel production is predicted to increase in the future; 
consequently, large amount of glycerol is expected. The glycerol produced from biodiesel still 
contains impurities such as methanol, free fatty acids (soaps), unreacted catalyast and water [7-
8]. In addition, it also contains various kinds of elements such as calcium, magnesium, 
phosphorous, or sulfur [9]. To minimize impacts to the environment, degradation of glycerol is 
vital. Due to the complexity of crude glycerol composition, a lab-prepared aqueous glycerol was 
employed as the model compound for the current study. 

Several treatment methods such as physico-chemical, electrochemical, coupled chemical 
and electrochemical, advanced oxidation, biological, integrated chemical and biological, 
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integrated chemical, electrochemical and biological, and biological have been investigated to 
treat the wastewater [5, 1 O]. These methods have been shown to achieve different levels of 
efficiencies for the treatment of the biodiesel waste water [5]. However, due to the number of 
unit operations involved in these treatment processes, it is capital intensive to efficiently treat the 
waste water. 

One effective way to reduce the number of unit operations involve in the waste water 
treatment process and hence reduce cost is the photocatalysis. Photocatalysis is a photo reduction 
process using photocatalyst. In this study, a photocatalyst was employed for the degradation of 
glycerol. Past research works on glycerol degradation were mostly eomploying Ti02-based 
photocatalyst, i.e. Pt/Ti02 [11), Pt loaded N-doped Ti02 [12), cobalt doped Ti02 [13], NiOxlTi02 
[14] and others. However, these Ti02 based photocatalysts are hampered by two serious 
disadvantages. The first is the agglomeration of ul trafine powders resulting in an adverse effect 
on catalyst performance [ 15]. The second is the wide band gap of Ti02 (> 3 .1 e V) which restricts 
its photocatalytic applications to the UV range (200 to 400 nm). Unfortunately, UV spectrum 
accounts for merely 4% of the solar energy spectrum, and consequently results in low photo
electronic transition efficiency [16-17]. Thus, it is highly advantageous to develop a new breed 
of photocatalysts that can function under visible light illumination. 

In this study, CuFe204 was prepared using sol gel method as it is a superior method 
compared to solid-solid method and co-precipitation method [18]. Moreover, CuFe204 
photocatalyst was employed in the fenton treatment of glycerol through different concentrations 
of glycerol (27.36, 41.05 , 54.73 and 68.41 mM) and different catalyst loading (0.1, 1.0, 2.0 and 
5.0 g/L) as well as different concentrations of hydrogen peroxide (H202) (163.9, 327.8, 491.7, 
655.6 and 819.5 mM). 

EXPERIMENTAL 

Chemical and Materials. Copper (II) Nitrate Trihydrate, Iron (III) Nitrate nonahydrate, citric 
acid and glycerol were purchased from Sigma Aldrich. Hydrogen peroxide (30%) was procured 
from Merck while acetonitrile (HPLC grade) was sourced from Fischer Chemical. All the 
chemicals were used as-received. 

CuFe204 Photocatalyst Synthesis. The CuFe204 photocatalyst was prepared using the sol-gel 
method. Accurately-weighed 0.005 mol Cu(N03)2 3H20 and 0.01 mo[ Fe(N03)3 9H20 were co
dissolved in 50 ml distilled water. The mixed solution was subsequently added into 100 ml of 0.3 
M citric acid solution. A transparent mixed-sol was produced as a result. During the mixing, the 
temperature of solution was controlled at 80°C until a transparent and viscous gel was obtained. 
The as-obtained gel was subsequently transferred into an oven and dried at 140°C for 3 h. The 
as-prepared catalyst was then air-calcined at 850°C for 3 h at a ramping rate of 10°C min-1• The 
calcined catalyst was then ground and stored in the vials for catalyst characterization and 
photocatalytic fenton study. 

Photocatalytic Activity. For the reaction study, around 200 ml of slurry media was irradiated 
with visible light source. Pre-determined photocatalyst loading was dispersed in 200 ml of 
different concentrations of glycerol and H202 solution mixture in the photoreactor. Subsequently, 
the mixture was stirred rigorously for 30 min (without light source) to attain equilibrium, 
followed by exposure to a light source for reaction initiation. Approximately 5 ml of liquid 
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sample was collected every 1 h for analysi s. All the experiments were repeated twice. Overall , 
three types of effects have been investigated, viz. (i) the effects of photocatalyst loadings (0.1 , 
1.0, 2.0 and 5.0 g/L) on glycerol degradation , in a reaction media of 200 mL of 68.41 mM 
glycerol solution and 819.5 mM of H202, (ii) the effects of initial concentration of glycerol 
(27.36, 41.05 , 54.73 and 68.41 mM) on glycerol degradation, in a reaction media of 0.1 g/L 
CuFe204 and 819.5 mM of H202 and also (iii) the effects of H202 concentration (163.9, 327.8, 
491.7, 655 .6 and 81 9.5 mM) on glycerol degradation, conducted in 200 mL of 68.41 mM 
glycerol solution and 0.1 g/L Cuf e204. 

Sample Analysis. A ll the collected samples were centrifuged before subjected to HPLC analysis . 
Quantitative sample analysis was performed using Agilent 1200 Series HPLC equipped with 
refractive index (RI) detector. The column used in this study was Agilent Zorbax Carbohydrate 
5µm column (inner diameter of 4.6 and length of 250 mm) with the flow rate of 1.0 mL/min and 
injection volume of l 0 µm. The mobile phase used throughout the HPLC analysis was 
acetonitrile (ACN) diluted with ultrapure water in a ratio of 7:3. Prior to the HPLC analysis, the 
mobile phase was filtered using a nylon membrane with pore size of 0.2 µm , then degassed using 
ultrasonic bath at room temperature for 30 min. 

Factorial Experimental Design. Experimental design was carried out using Design Expert 
software (version 7.0) following the methodology of full two level factorial design. The variables 
and levels are summarized in Table 1. The analysis of variance (ANOV A) was conducted using 
Design Expert software (version 7.0) to analyze and check the significance of the fitted models. 

T bl 1 F t a e : ac ors an d th . d . t d I eir es1gna e ow an d h. h Ig va ue 
Factor Units Low Value (-1) High Value (+1) 

A:Time h 1 4 
B: Glycerol concentration mM 27.36 68.4 
C: H202 concentration mM 163.9 819.5 
D: CuFe204 g/L 0.1 5 

RESULTS AND DISCUSSION 

Effects of Photocatalyst Loadings. Experiments for determination of the effects of initial 
catalyst loading were carried out at 68.4 mM of glycerol and 819.5 mM of H202 and the results 
are as shown in Figure 1. The blank run (without catalyst) indicates that photolysis reaction 
occurred and achieved glycerol degradation of 17.7% after 4 h of reaction. In the presence of 
CuFe204 photocatalyst, the onset of photocatalytic fenton reaction has increased the degradation 
of glycerol substantially, i.e. at 0.1 g/L of photocatalyst loading, the degradation of glycerol can 
attain 27.0% and peaked at almost 40.0% of glycerol degradation when 5.0 g/L of CuFe204 
photocatalyst loading was employed. By increasing the photocatalyst loadings from 0.1 to 5.0 
g/L, the number of active sites would have increased in tandem, consequently, the glycerol 
degradation also increased. Nevertheless, if excessive amount of catalyst is used, it may have 
block the penetration of light source and consequently, it lowers the glycerol decomposition rate. 
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Figure 1: Glycerol degradation at different photocatalyst loadings 

Effects of Initial Concentration of Glycerol. In order to study the effects of initial glycerol 
concentration on glycerol decomposition, the initial concentration was varied from 27.36 mM to 
68.41 mM in the presence of 0.1 g/L of CuFe204 and 819.5 mM H202 as shown in Figure 2. By 
increasing the initial glycerol concentration, the glycerol degradation has decreased. Indeed, at 
27.36 mM initial glycerol concentration, degradation was nearly 60.0%. In contrast, when the 
initial glycerol concentration was 68.41 mM, the degradation has dropped to attain about 30.0% 
only. 
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Figure 2: Glycerol degradation at different initial glycerol concentration 

Effects of Initial Concentration of Hydrogen Peroxide. Initial H202 concentration would also 
affect glycerol decomposition at constant 68.4 mM glycerol concentration and loading of 0.1 g/L 
Cufe204 as shown in Figure 3. The increase in H202 concentration would produce more •oH 
radical; hence increase the degradation of glycerol. At 163 .9 mM of initial H202 concentration, 
the degradation rate was 5%. By increasing the initial H202 concentration from 163 .9 mM to 
819.5 mM, the degradation was also increasing from 5.0% to 25 .0%. 
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Figure 3: Glycerol degradation at different initial hydrogen peroxide 

Factorial Analysis on Glycerol Degradation. Figure 4 shows the main effects of factors in 
Pareto chart by conferring t-value limit. According to the Pareto chart, effects above the t-value 
limit are considered 99% confidence level. It can be seen that H202 concentration demonstrates 
the most significant effect in this study. In contrast, effects below t-value limit are not likely to 
be significant. An effect is said to be positive when an increase in its level resulted in an increase 
in the response which coloured in orange whi le blue colour shows negative effect when 
increasing its level resulting response to be decrease. 
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Figure 4: Pareto chart for t-value of effects 

where A is time, B is initial glycerol concentration, C is initial H202 concentration and D is 
CuFe204 photocatalyst loadings. 

Statistical Analysis and Analysis of Variance (ANOV A). The model equation of this study in 
coded factor is shown in Eq. ( 1) while the ANOV A analysis is summarized in Table 2. The 
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model with the selected terms was analyzed and found to be significant. The p-value was used as 
a tool to check the significance of each of the effects, which in turn may indicates the pattern of 
the interactions between the factors. The smaller the value of p, the more significant was the 
corresponding coefficient. P-value less than 0.05 indicate significant model terms and values 
greater than 0.05 indicate the model terms that are not significant. 

Degradation(%)= 22.49 + 8.22*A-7.39*B + l l.77*C + 2.96*D + 5.49*A*C -4.35*B*C (1) 

where A is time, B is initial glycerol concentration, C is initial H202 concentration and D is 
CuFe204 photocatalyst loadings. 

Table 2: ANOV A analysis of model 

Source 
Sum of 

df 
Mean 

F Value 
p-value 

Sg uares Sguare Prob> F 
Model 5094.099 6 849.0164 41.11545 < 0.0001 significant 
A-time 1080.186 1 1080.186 52.31034 < 0.0001 

B-glycerol 
873.212 873.212 42.28717 0.0001 

concentration 
C-H202 

2215.186 1 2215.186 107.2752 < 0.0001 
concentration 
D-CuFe204 140.0446 1 140.0446 6.781963 0.0285 

AC 482.2404 1 482.2404 23.35353 0.0009 
BC 303.2294 1 303.2294 14.68454 0.0040 

Residual 185.8461 9 20.64957 
Cor Total 5279.945 15 

The parameter such as the coefficient of determination (R2), adjusted-R2, predicted-R2, 
coefficient of variance (CV), prediction residual error sum of squares (PRESS), adequate 
precision and the lack of fit test were used to determine the goodness of fit of a model. These 
parameter values can be taken from the ANOV A table. Table 3 summarizes the parameter used 
to test goodness of fit of the model. 

Table 3: Parameter used to test goodness of fit of the model 
Parameter Value 
Std. Dev. 4.54418 
Mean 22.4858 
CV% 20.20911 
PRESS 587.3656 
R-Squared 0.964801 
Adj R-Squared 0.941336 
Pred R-Squared 0.888755 
Adeq Precision 20.18107 

Coefficient of determination (R2) is the proportion of variation in the response due to the model 
and it suggested that R2 for a good model should be close to one. The R2 of 0.965 was obtained 
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for the model, which is an indication of satisfactory result since the value is close to one. 
Add ition of new variable to the model will affect the R2 value. Therefore, adjusted R2 is 
preferred to evaluate the model. To get a high degree correlation between actual and predicted 
values, the adjusted R2 should be more than 90%. Adjusted R2 of 94% was obtained for the 
model implying that all the selected terms that are significant were included and non-significance 
were left out. 

The coefficient of variation (CV) is the standard deviation expressed as a percentage of the mean 
and is calculated by dividing the standard deviation by the mean value and multiplying by 100. 
Generally, CV value should be less than 10% for a good fit to the model. The CV of this model 
was 20.2% which is higher than 10%. 

The amount of variation in new data explained by the model is measured by predicted-R2• As a 
general rule, predicted-R2 should be close to one for a good fit. Predicted-R2 of 0.89 was 
obtained for this model. 

Predicted Residual Error Sum of Squares (PRESS) value means an overall measurement of the 
discrepancy between the data and the estimation model. A good fit of the model should have 
smaller discrepancy. PRESS value 587.4 was obtained for this model. 

The signal to noise ratio was measured by adequate precision test. A ratio greater than 4 is 
desirable. The adequate precision of this model is 20.181 indicates an adequate signal and this 
model can be used to navigate the design space. 

Figure 5 shows the relationship between the predicted and experimental values for each response 
factor. The graph indicated that the predicted value were almost same as actual value. 
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Figure 5: Comparison between predicted result and experimental result of factorial design 
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Response Surface of Glycerol Degradation. The interaction effects of factors upon the 
responses are depicted in the three-dimensional surface plots. Figure 6 shows the 3-D response 
surface plot of glycerol degradation at different function. The glycerol degraded faster as 
increasing the H202 concentration (Figure 6 (a)). Degradation of glycerol shows higher 
degradation values at 27.36 mM initial glycerol and 819.5 mM H202 (Figure 6 (b)). 
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Figure 6: Response surface plot of glycerol degradation as a function of: (a) different H202 
concentration and time at fixed initial glycerol concentration and photocatalyst loading; (b) 

different initial glycerol concentration and H202 concentration at fixed time and 
photocatalyst loading 

Prediction of Best Point. The verification of the experimental data was carried out by 
calculating numerically with the developed model where the objective was to degrade the initial 
glycerol concentration. The best experimental conditions for factors in glycerol degradation are 
shown in Table 4. The experiment was performed according to the suggested experimental 
conditions and the result was presented in Table 5. Based on the predicted and experimental 
results presented, the experimental values were in good agreement with the predicted values 
proposed by the model with error from 0.07% to 0.4%. 

Table 4: Suggested best condition of factor in glycerol degradation 

Factors 
A-Time 
B-Glycerol concentration 
C-H202 concentration 
D-CuFe204 

Best Condition 
4h 
27.41 mM 
819.5 mM 
5.0 g/L 
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Table 5: Comparison between predicted and experimental value for best condition 

CONCLUSIONS 

Response Experimental Value Error 

Glycerol degradation 62.3 0.51 % 

Predicted value 

Desirability 

62.2 

62.0 

62.62 

0.910 

0.68% 

1.00% 

As a conclusion, CuFe204 photocatalyst prepared via sol-gel technique showed 
significant photocatalytic fenton activity towards the glycerol solution. In factorial analysis, 
H202 concentration showed larger significant effect as compared to the other factors such as 
photocatalyst loadings, glycerol concentration and time. 
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