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Abstract 

This paper studies the optimization of microbubble-aided (Sauter diameter: 80 

μm) flotation technology to separate high density bunker oil from oil-wet sand 

using response surface methodology (RSM). A second order response function 

was used to model the flotation efficiency under the influence of pH, 

temperature, experimental duration and input flow of microbubbles. The 

optimum flotation parameters were found to be at temperature of 60 oC, pH 8, 

duration of 20 minutes, and input flow of 6L/min with a predicted maximum 

flotation efficiency of 40.4%. This was in good agreement with the flotation 

experimental results of 40.1%. In comparison with the control study, the natural 

flotation efficiency of bunker oil was only 2.9% which reinforces the fact that 

the presence of microbubbles could aid the removal of oil from sand. 

Nevertheless, the oil-wet conditions prove difficult for efficient removal of oil 

contaminant. The oil contaminant was easily removed in water-wet conditions, 

whereby increase in water content from 0 wt% to 8 wt% increased the removal 

efficiency from 40.1% to 76.2% under same optimum flotation conditions. This 

was attributed to the presence of thin film of water which weakens the attractive 

force between sand and oil layer.  

Keywords: Oil spills; Flotation technology; Microbubbles; Bunker oil; Response 

surface methodology; Oil-wet. 

 

 

1.  Introduction 

Marine oil spills are known to cause devastating impacts on environment, 

economy and society. The long-term impact of oil spills highlights the necessity 

and urgent need for a quick and efficient method for removal of oil 

contamination. Flotation technology is a promising remediation method which is 

adopted for the removal and recovery of oil from contaminated sand/soil due to its  
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Nomenclatures 

 
ai Surface area of air bubble 

D32 Sauter mean diameter 

Dave Average diameter of air bubbles 

Dc Diameter of flotation column 

Di Diameter of air bubble  

e Random error 

k Number of studied factors 

�̇� Air bubble flux 

n Number of air bubbles 

Q Gas volumetric flow rate 

Sb Specific Surface Area 

vi Volume of air bubble 

𝑋1 Input variable [Effect of temperature (
o
C)] 

𝑋2 Input variable [Effect of pH] 

𝑋3 Input variable [Effect of experimental duration (min)] 

𝑋4 Input variable [Effect of input flowrate (mL/s)] 

𝑋𝑖  Input variables 

𝑋𝑗  Input variables 

Y Output variable (Flotation efficiency) 

  

Greek Symbols 

𝛽0 Constant coefficient 

𝛽𝑖 Interaction coefficients of linear terms 

𝛽𝑖𝑖   Interaction coefficients of quadratic terms 

𝛽𝑖𝑗  Interaction coefficients of second-order terms 

  

Abbreviations 

3-D Three dimensional 

ANOVA Analysis of Variance 

CST Centistokes 

CCD Charged Coupled Device 

DOE Design of Experiments 

FO Fuel oil 

ID Inner diameter 

OD Outer diameter 

RSM Response Surface Methodology 

ability for separating very small or light weight particles with low settling 

velocities. This technology utilises the difference in surface properties of both 

contaminant and soil. The mechanism of flotation lies in the generation of gas 

bubbles that attach themselves by colliding with the hydrophobic contaminant, 

forming a bubble-particle attachment. The bubble-particle attachment is buoyant, 

therefore it rises to the surface of the liquid, creating a layer of separated particles 

which could be recovered (Fig. 1) [1].  

Hence, the presence of air bubbles is advantageous for flotation purposes. The 

attachment of bubbles onto the oil contaminant increases the bubble-particle 

buoyancy which would therefore increase the floatability of the contaminant in a 
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liquid medium. While there are many investigations that reported on the usage of 

microbubbles flotation of oil from contaminated soil [2-7], the optimization of 

these processes has not been significantly investigated. In the event of an oil spill 

on beach sands, an optimum operating condition is essential not only to maximize 

the oil removal but also to reduce operating costs.  

(a) 

         

(b) 

     

 

(c)       

       

 

(d)    

   

Fig. 1. Mechanism of flotation: (a) generation of gas bubbles for flotation of oil 

contaminant, (b) bubble collision onto oil contaminant, (c) bubble attachment 

with oil contaminant, (d) formation of stable bubble-particle attachment 

followed by subsequent flotation [1]. 

There are many operating parameters that could affect the flotation 

efficiency, which is broadly classified into chemical parameters (pH [6, 8] and 

surfactant addition [9, 10]), physical parameters (temperature [10-12], aging 

period [5, 13], wettability [14-16]) and hydrodynamics parameters (bubble 

characteristics [1, 17]). To determine the optimum flotation parameters, many 

sets of flotation experiment have to be conducted due to the vast factors 

involved. This may not be feasible, as it would consume a lot of time and 

resources due to the number of sets involved. In addition, these experiments are 

also incapable of reaching the true optimum as they do not explore the 

possibility of interactions among parameters [18]. 

The response surface methodology (RSM) is adopted in this study as an 

efficient modelling method to simplify the determination of optimum flotation 

parameters. RSM is a statistical and mathematical technique as well as an 

Oil 

Droplet 

Bubbles 

Bubble-particle 

attachment 
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efficient method used for development, improvement, and also to obtain the 

optimized parameters required based on desirability [19, 20]. The design of 

experiments (DOE) could study the effect of independent parameters and their 

responses using minimum number of experiments, therefore effectively reducing the 

number of experimental sets required to evaluate the different parameters [21]. 

This method also helps to observe and understand the interaction effects between 

the controllable parameters.  

The aim of this work is to evaluate and optimize the removal of oil from 

contaminated sand via flotation technology using microbubbles. In this study, the 

flotation process was attempted on dry sands contaminated with oil (oil-wet 

sands) for the removal of bunker oil. The contaminant is considered difficult to be 

removed in an oil-wet sand condition due to the high attachment forces between 

the oil and sand particles. Hence, the influence of physical and chemical 

parameters could be easily observed through a significant change in the flotation 

efficiency. The effects of temperature, pH, input water flow rate and experimental 

period were studied and optimized using RSM to achieve the maximum flotation 

efficiency in this study. The main effect of these parameters and their interactions 

were also studied on their effect on flotation performance. Finally, the optimized 

flotation parameters were used to study the effect of wettability in the 

contaminated oil sand. 

 

2.  Materials & Methodology 

2.1.  Materials 

High density bunker oil was obtained from KIC Oil Terminals in Port Klang, 

Malaysia. The type of oil used was fuel oil with a maximum viscosity of 380 

Centistokes (FO 380 CST). Sand samples were obtained from a clean designated 

site from the shores of Port Klang, Malaysia. Analytical grade sodium hydroxide 

solution (NaOH, Sigma-Aldrich, Malaysia) was used to adjust the slurry pH. 

 

2.2. Methodology 

2.2.1. Preparation of oil-wet contaminated sample 

Sand was initially air-dried overnight to remove moisture content. Dry sieving was 

then carried out to remove the debris (leaves, wood, stones and gravel) and to separate 

the sand into its respective particle sizes (1000 μm, 500 μm, 250 μm, 125 μm) using a 

Retsch AS 200 sieve shaker. An oil-wet sand condition were prepared by mixing a 

known mass of bunker oil (200 g) into a 5 L beaker containing 500 g of dry sand 

sample with particle size ratio as summarized in Table 1. The mixture is allowed to 

mix homogeneously overnight before flotation experiments. 

Table 1. Ratio of sand content with respect to particle size. 

Particle Sizes (μm) Particle Size Range (μm) Percentage (%) 

1000 1000-2000  60.0 

500 500-1000 20.0 

250 250-500 10.0 

125 125-250 10.0 
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2.2.2. Microbubble generation 

The microbubbles were generated via venturi (tubule diameter: 0.5cm; inlet and outlet 

diameter: 1.5 cm) through hydrodynamic cavitation. The microbubbles generated 

were characterized using a Charge Coupled Device (CCD) camera. The equipment 

used for the imaging process were Precision borescope (Hawkeye, US Patent 

5361166), CCD Camera (QImaging Retiga 200R), and 200W light source (Dolan-

Jenner Fibre-Lite MH-100). The images were analyzed by utilizing image processing 

software (QCapture Pro). A total of 150 images were captured at 1 frame per 10 

miliseconds for each analysis, and a total of 500 bubbles were analyzed. 

The bubbles were characterized based on the average and Sauter bubble diameter, 

specific surface area and air bubble flux. The average bubble diameter, Dave is defined 

as sum of air bubble diameters, Di over the total number of air bubbles, n as shown in 

Eq. (1). 

𝐷𝑎𝑣𝑒 =  
∑ 𝐷𝑖

∑ 𝑛
                    (1) 

On the other hand, the Sauter mean diameter, D32 is defined as the sum of 

equivalent spherical diameter, Di over the number of air bubbles, n as shown in Eq. 

(2). D32 represents the average bubble diameter with the same total bubble volume to 

surface area ratio as the mean bubble size distribution. Sauter mean diameter is a more 

accurate representation of the average bubble diameter in a bubble distribution [22]. 

Therefore, the Sauter mean diameter values would be adopted in the subsequent 

sections of this report, unless otherwise stated. 

𝐷32 =
∑ 𝑛.𝐷𝑖

3

∑ 𝑛.𝐷𝑖
2                    (2) 

The specific surface area of air bubbles is defined as the ratio of surface area, ai to 

volume of bubbles, vi in Eq. (3). This property is especially important in oil flotation 

as the attachment of bubbles to oil occurs on the surface. A higher specific surface 

area translates into higher probability of oil attachment to bubble surface which would 

therefore lead to increased oil recovery. 

𝑆𝑏 =
∑

𝑎𝑖
𝑣𝑖

⁄

𝑛
                    (3) 

Lastly, the air bubble flux, �̇� is defined as the amount of air volumetric flow rate, 

Q per cross sectional area of flotation column and average bubble volume per Eq. (4). 

�̇� =
𝐺𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒,𝑄

(𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑙𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑙𝑢𝑚𝑛)(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑏𝑢𝑏𝑏𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒)
  

    =  
𝑄

(
𝜋𝐷𝑐

2

4
)(

𝜋𝐷32
3

6
)

=  
24𝑄

(𝜋𝐷𝑐)2(𝐷32)3                                (4) 

 

2.2.3. Microbubble flotation experiments 

To evaluate the effect of microbubbles on bunker oil flotation, the flotation 

experiments were carried out in a laboratory-scale flotation cell (7" diameter, 10.5" 

height) via a closed loop system as shown in Fig. 2. The water flow rate entering the 

venturi ranges from 2-6 L/min, and was adjusted through a ball valve and flow meter. 

A centrifugal pump is used to circulate water for the generation of microbubbles. The 
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desired microbubbles were produced due to the difference in pressure at the venturi 

throat (ID & OD: 8mm, throat diameter: 3mm).   

The RSM studies were carried out to optimize the microbubble-assisted flotation, 

and the parameters chosen for this study are temperature, pH, duration of experiment 

and input water flow rate. The optimum parameters will be determined based on the 

model obtained through RSM. 

 
Fig. 2. Schematic diagram of flotation experiment setup using microbubbles 

[1-Water source, 2-Ball valve, 3-Centrifugal pump, 4-Diaphragm valve, 5-

Rotameter, 6-Venturi, 7-Flotation cell, 8-Peristaltic pump]. 

 

2.2.4. Response surface methodology (RSM) 

The design of experiments (DOE) were carried out using the Design Expert 6.0.8. A 

central composite design (CCD) model was chosen to fit the second-order models, as 

it contains an embedded factorial design with center points that is augmented with a 

group of axial points that allow estimation of curvature. It consists of a 2
k
 factorial 

with nF factorial runs (points with all possible combination of minimum and 

maximum values of control parameters), 2k star runs (minimum/maximum value, 

with other parameters being nominal values), and nC center runs (control parameters 

set at nominal value).   

A total of 30 runs were conducted to observe the effect of experimental 

parameters. Six runs were repeated at the design center to evaluate the pure error of 

the equation. Eq. (5) shows the quadratic model used to estimate the optimal point: 

𝑌 =  𝛽0  +  ∑ 𝛽𝑖𝑋𝑖
𝑘
𝑖=1 +  ∑ 𝛽𝑖𝑖𝑋𝑖

2𝑘
𝑖=1 +  ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗

𝑘
𝑗

𝑘
𝑖𝑖≤𝑗

 + . . . + 𝑒              (5) 

where Y is the output, 𝑋𝑖 and 𝑋𝑗 are input parameters, 𝛽0 is constant coefficient, 𝛽𝑖, 

𝛽𝑖𝑖 , 𝛽𝑖𝑗  are interaction coefficients of linear, quadratic and second-order terms 

respectively, k is the number of studied parameters, and e is the random error. A 

second order model was used to fit the response, while the coefficients of the model 

was then calculated using a multi-linear regression analysis. The interactive effects 
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between the four parameters are then plotted in 2D and 3D contour plots. The 

optimum parameters are determined based on the model obtained through RSM. 

 

3.  Results and Discussion 

3.1. Microbubbles characterizations 

Table 2 shows a comparison of the air bubble parameters with respect to water 

flow rate through the venturi, water temperature and pH. It should be noted that 

the experiments were carried out at room temperature, natural distilled water pH 

and input flow rate of 3L/min unless otherwise stated. 

Table 2. Summary of microbubble characterizations. 

  

Flow rate (L/min) 

2 3 4 5 6 

Average diameter, 

Dave(μm) 

189.11 

[42.79] 

177.24 

[23.22] 

168.65 

[27.03] 

159.22 

[28.19] 

151.60 

[26.94] 

Sauter mean 

diameter, D32 (μm) 

144.85 92.92 89.91 86.19 81.89 

Specific Surface 

Area, 𝑺𝒃 

(x 10
5
) (m

2
/m

3
) 

0.78 0.83 1.02 1.25 1.47 

Air bubble flux, �̇� (x 

10
6
) (1/m

2
.s) 

0.50 2.41 2.93 3.83 5.06 

  

Temperature (
o
C) 

20 30 40 50 60 

Average diameter, 

Dave(μm) 

169.83 

[38.57] 

165.07 

[35.02] 

168.65 

[37.85] 

171.83 

[38.25] 

164.44 

[35.48] 

Sauter mean 

diameter, D32 (μm) 

119.59 107.85 114.02 114.88 107.44 

Specific Surface 

Area, 𝑺𝒃 

(x 10
5
) (m

2
/m

3
) 

1.08 1.18 1.15 1.10 1.21 

Air bubble flux, �̇� (x 

10
6
) (1/m

2
.s) 

1.24 1.70 1.43 1.40 1.71 

  

pH 

6 8 10 12 14 

Average diameter, 

Dave(μm) 

168.65 

[27.03] 

158.35 

[29.55] 

155.07 

[28.03] 

150.26 

[25.91] 

149.58 

[22.56] 

Sauter mean 

diameter, D32 (μm) 

89.91 91.64 84.46 80.27 70.47 

Specific Surface 

Area, 𝑺𝒃 

(x 10
5
) (m

2
/m

3
) 

1.02 1.27 1.38 1.47 1.50 

Air bubble flux, �̇� (x 

10
6
) (1/m

2
.s) 

2.93 2.76 3.53 4.11 6.08 

a Values are average of triplicates while values in bracket [] represents the standard deviation of 

bubble distribution 
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It can be observed from Table 2 that the increase in water temperature does 

not appear to affect the average bubble diameter and Sauter mean diameter for 

microbubbles. The average Sauter mean diameters across the five temperature 

points (20 - 60 
o
C) is approximately 112 μm with a small standard deviation of 7 

μm. The lack of trend and low standard deviation between data across different 

temperatures indicate that the increase in fluid temperatures does not affect the 

bubble size or coalescence [23]. A two tail inequality t-Test was also conducted to 

test the null hypothesis that the temperature does not influence the bubble size 

diameters. At a 95% confidence level, the t-values fall outside the critical areas, 

and therefore the null hypothesis is not rejected. Hence, the observed difference 

between the bubble diameter is not significant with the increase in temperature, 

which signifies that the temperature of the liquid medium does not affect the 

bubble diameter generated.  

Inversely, the increase in pH demonstrated a decreasing trend for 

microbubbles diameter size. This is attributed to the increase in sodium hydroxide 

adsorption at the gas-liquid (bubble-water) interface, which helps to stabilize the 

liquid film surrounding the bubble. This would therefore lead to a lower 

probability of bubble coalescence, hence the smaller bubble size [24]. Smaller 

bubble diameters results in an increase in air bubble flux and specific surface area 

of air bubbles as shown in Eqs. (3) and (4). 

In Table 2, the results also showed that the increase in flow rate through the 

venturi lowers the average microbubble diameter and Sauter mean microbubble 

diameter generated. The increase in water flow rate decreases the static pressure 

at the tubule (throat) section. Due to the lower pressure with increasing flow rate, 

the air from atmosphere enters the venturi at a higher rate which leads to the 

increase in the mixing rate of gas and liquid which therefore decreases the bubble 

diameter generated.   

 

3.2. Microbubble flotation experiments 

The independent parameters used in this experimental study for the microbubble 

flotation method are temperature (
o
C), pH, duration of flotation (mins) and water 

flow rate (L/min) entering the flotation cell, which are denoted as 𝑋1, 𝑋2, 𝑋3 and 

𝑋4 respectively. The predicted response, flotation efficiency (%) is designated as 

𝑌. The independent parameters and their coded/actual values used in this study 

are shown in Table 3. 

Table 3. Actual and coded values of independent parameters chosen for CCD design. 

Parameter Symbol 

Code parameter level 

Low 

-1 

Center 

0 

High 

+1 

Actual value 

Temperature (
o
C) 

 𝑋1 30 40 50 

pH 𝑋2 8 10 12 

Duration (min) 𝑋3 10 15 20 

Flow rate (mL/s) 𝑋4 3 4 5 
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3.3. Regression model equation and analysis of variance (ANOVA) 

In this experiment, a total of 30 CCD batch runs were conducted as shown in 

Table 4. The experimental results in Table 4 were fitted to a highest order 

polynomials model, with significant additional terms. The full quadratic second 

order model equation was not aliased and was therefore selected. Hence, the 

model equation representing the flotation efficiency using microbubbles (Y) was 

expressed as functions of temperature (𝑋1), pH (𝑋2), duration (𝑋3), and flow rate 

(𝑋4), for code unit as shown in Eq. (6) as below.  

𝑌 = 21.13 + 1.59𝑋1 + 2.01𝑋2 + 2.39𝑋3 + 2.07𝑋4 + 0.55𝑋1
2 + 0.55𝑋2

2 +

0.99𝑋3
2 + 0.73𝑋4

2 − 0.28𝑋1𝑋2 − 0.41𝑋1𝑋3 + 0.41𝑋1𝑋4 + 1.57𝑋2𝑋3 −
1.49𝑋2𝑋4 + 1.07𝑋3𝑋4                 (6) 

 

A model adequacy check is important to ensure that the model used fits the 

experimental results, as misleading results could occur due to inadequate fit. 

Figure 3 shows the normal probability residual plot which was used for 

approximating the model. The figure showed that no response transformation is 

required to convert the data using any mathematical functions. Figure 4 on the 

other hand shows the studentized residual plot with respect to the predicted oil 

flotation efficiency. The studentized residual plot measures the standard deviation 

between the actual and predicted oil flotation efficiency value. A random scatter 

of data was observed in Fig. 4, which suggests a constant variance for all values 

of the response.  

 
Fig. 3. Studentized residuals and normal  

percentage probability plot for oil flotation efficiency. 
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Fig. 4 Predicted oil flotation efficiency and studentized residual plot. 

Table 4. Design of experimental runs with coded values and results. 

Standard 

Order 

Run 

order 

Coded level of parameters 
Observed results 

Flotation Efficiency (%) 

Temperature 

(oC) 
pH 

Duration 

(mins) 

Flow 

rate 

(ml/s) 

Actual 
Model 

predicted 

1 29 -1 -1 -1 -1 17.18 16.74 

2 15 1 -1 -1 -1 20.50 20.51 

3 24 -1 1 -1 -1 21.23 21.16 

4 19 1 1 -1 -1 24.43 23.79 

5 21 -1 -1 1 -1 16.61 17.07 

6 11 1 -1 1 -1 19.73 19.18 

7 25 -1 1 1 -1 28.76 27.76 

8 4 1 1 1 -1 27.76 28.75 

9 23 -1 -1 -1 1 21.49 20.89 

10 27 1 -1 -1 1 26.19 26.28 

11 17 -1 1 -1 1 19.72 19.36 

12 6 1 1 -1 1 23.69 23.62 

13 26 -1 -1 1 1 25.78 25.51 

14 13 1 -1 1 1 28.78 29.24 

15 18 -1 1 1 1 29.88 30.26 

16 7 1 1 1 1 33.34 32.87 

17 28 -2 0 0 0 19.43 20.12 

18 1 2 0 0 0 26.67 26.50 

19 16 0 -2 0 0 19.13 19.30 

20 30 0 2 0 0 26.99 27.34 

21 22 0 0 -2 0 19.51 20.29 

22 9 0 0 2 0 30.13 29.87 

23 2 0 0 0 -2 19.54 19.90 

24 14 0 0 0 2 28.01 28.17 

25 20 0 0 0 0 21.46 21.13 

26 3 0 0 0 0 21.54 21.13 

27 10 0 0 0 0 20.64 21.13 

28 8 0 0 0 0 20.93 21.13 

29 12 0 0 0 0 21.17 21.13 

30 5 0 0 0 0 21.01 21.13 
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Table 5. Analysis of variance (ANOVA) of  

the response surface model to predict flotation efficiency. 

Source/ 

Operating 

parameters 

Sum of 

squares 

Degree 

of 

freedom 

Mean 

square 

F value Prob > F 

Model (Y) 540.08 14 38.58 91.59 < 0.0001 

A (𝑿𝟏) 60.96 1 60.96 144.73 < 0.0001 

B (𝑿𝟐) 97.08 1 97.08 230.48 < 0.0001 

C (𝑿𝟑) 137.52 1 137.52 326.49 < 0.0001 

D (𝑿𝟒) 102.55 1 102.55 243.46 < 0.0001 

A2 8.19 1 8.19 19.44 0.0005 

B2 8.26 1 8.26 19.62 0.0005 

C2 26.82 1 26.82 63.67 < 0.0001 

D2 14.52 1 14.52 34.47 < 0.0001 

AB 1.27 1 1.27 3.02 0.1028 

AC 2.73 1 2.73 6.48 0.0224 

AD 2.63 1 2.63 6.25 0.0245 

BC 39.47 1 39.47 93.70 < 0.0001 

BD 35.31 1 35.31 83.84 < 0.0001 

CD 18.43 1 18.43 43.74 < 0.0001 

Residual 6.32 15 0.42   

Lack of Fit 5.75 10 0.57 5.01 0.0446 

Pure Error 0.57 5 0.11   

The coefficient of determination was evaluated together with the ANOVA 

statistical analysis to estimate the quality of the model as shown in Table 5. The 

probability values (P-values) presented in Table 5 showed that all independent 

parameters were significant (P-values < 0.05) for determining the flotation 

efficiency. The coefficients of multiple determinations R
2
 and R

2
adj was found to 

be and 0.9379 and 0.9776 respectively. The high value of R
2
 shows that the 

model-predicted values co-relates well with the experimental values. This was in 

good agreement with the actual and predicted flotation efficiency plot as shown in 

Fig. 5. The good correlation coefficients implied that the quadratic model is a 

good representation of the experimental system. 

 

Fig. 5. Actual and predicted plot of oil flotation efficiency (%). 
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3.4. Perturbation plot 

The perturbation plot (Fig. 6) was analysed in order to identify the sensitive 

parameters that significantly affect the flotation process. According to the 

perturbation plot, all four parameters (temperature, pH, experimental duration and 

input flow rate) appeared to be influential in increasing the flotation efficiency.  

 
Fig. 6. Perturbation plot for flotation efficiency (%) [Note: A = temperature (𝑿𝟏), 

B = pH (𝑿𝟐), C = duration of flotation (𝑿𝟑), D = input flow rate (𝑿𝟒)]. 

Figure 6 indicated that the increase in the temperature resulted in a slightly 

enhanced bunker oil removal, as it does not appear to be as significant as the other 

parameters. This is probably attributed to the lack of change in the bubble 

diameter with the increase in temperature as shown earlier in Table 2, which 

implies that the specific surface area and air bubble flux is constant. Hence, the 

probability of air bubbles attached to the oil is constant with respect to the change 

in temperature, which leads to a less significant oil removal efficiency. 

Nevertheless, the increase in temperature is important to decrease the oil density 

and viscosity, which could lead to the increase in flotation efficiency. 

The pH also influenced the flotation efficiency where the oil removal 

increased with increasing pH. This is attributed to the increase in repulsive forces 

between oil and sand [25]. At lower pH, a low removal of oil from contaminated 

sand was recorded due to the weak repulsive forces and highly attractive forces 

between oil and sand. Further increase in pH due to the addition of NaOH 

contributes to the release of natural surfactants (carboxylate salt) from the 

saponification reaction which weakens the interaction attractive forces between 
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oil and sand. This subsequently leads to a significant increase in the flotation 

efficiency [26]. In addition, the increase in pH also decreases the Sauter mean 

diameter of bubbles produced due to the decrease in bubble coalescence. A 

smaller bubble diameter leads to a greater air bubble specific surface area and air 

bubble flux, which then causes the increase in oil flotation efficiency as observed. 

The input flow rate parameter and experimental duration also influenced the 

flotation efficiency since the controlled flow rate determines the air bubble 

parameters. For a constant time frame, an increase in the flow rate decreases the 

bubble diameter and increases air bubble surface area as well as air bubble flux in 

a flotation cell as seen earlier in Table 2. A small bubble diameter with a large 

surface area and bubble flux is advantageous for flotation application, as it 

increases the attachment probability of bubble to the oil contaminant. This would 

therefore aid the flotation of oil contaminant to the oil contaminant. Likewise for 

a constant input flow rate, the increase in experimental duration also increases the 

bubble concentration within the flotation cell. Therefore, the increase in bubble 

count increases the chances for bubble-oil attachment and increases the 

probability of collision, which in turn helps to remove oil from sand. Hence, this 

leads to an increase in the oil removal efficiency, as evident in Fig. 6. 

 

3.5. Interaction effects of parameters 

In order to gain a better understanding of the interaction effects between the input 

parameters, three-dimensional (3-D) plots for the measured response were drawn 

based on the model equations from the Design Expert Software. Figures 7(a) –(f) 

shows the 3D surface response and counter plots on the interaction effects of two 

input parameters. The remaining parameters were held constant, and were chosen 

based on the maximum output (flotation efficiency). 

Figure 7(a) shows the 3D response surface relationship between temperature 

(𝑋1) and pH (𝑋2) on the flotation efficiency, keeping experimental duration (𝑋3) 

and flow rate (𝑋4) constant. Here, it can be observed that the flotation efficiency 

is affected by the change in both temperature and pH. An increase in flotation 

efficiencies could be significantly achieved with the increase in both the 

temperature and pH. Figure 7(b), which shows the relationship between 

temperature (𝑋1) and duration of flotation experiment (𝑋3), shows an increase in 

flotation efficiency with the increase in temperature and experimental duration. 

The effect of experimental duration (X3) is more pronounced and could be seen to 

highly influence the flotation efficiency by 10% with the increase in experimental 

duration from 10 to 20 minutes. The effect of temperature (Fig. 7(a)) was less 

significant compared to the effect of experimental duration in Fig. 7(b). Figure 

7(c), which depicts the response surface relationship between temperature (𝑋1) 

and input flow rate (𝑋4) shows similar pattern with Fig. 7(a), indicating that the 

increase in both temperature and input flow rate increases the flotation efficiency.   

In contrast, Fig. 7(d) which shows the relationship between pH (𝑋2 ) and 

duration (𝑋3) on flotation efficiencies (%) displayed similar behaviour with Fig. 

7(b) as well whereby the effect of experimental duration is much more significant 

compared to the effect of pH. Likewise, the increase in both pH and experimental 

duration increased the flotation efficiency. In Fig. 7(e), the response surface plots 

shows the effect of pH (𝑋2) and input flow rates (𝑋4) on flotation efficiencies (%). 
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Here, both pH and input flow rate parameters were observed to play a significant 

role in the flotation efficiency, with the increase in both pH and input flow rate to 

maximum showed highest flotation efficiency recorded. Lastly, Fig. 7(f) which 

shows the 3-D response surface relationship between duration (𝑋3) and input flow 

rates (𝑋4), shows that the maximum flotation efficiency could be observed with 

the increase in experimental duration and input flow rate. As observed, 

experimental duration showed a domineering trend over input flow rates on the 

flotation efficiency output.  

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Fig. 7. Response surface plots of flotation efficiencies (%) due to: (a) 

effect of temperature (𝑿𝟏) and pH (𝑿𝟐); (b) effect of temperature (𝑿𝟏) and 

duration (𝑿𝟑); (c) effect of temperature (𝑿𝟏) and input flow rates (𝑿𝟒); (d) 

effect of pH (𝑿𝟐) and duration (𝑿𝟑); (e) effect of pH (𝑿𝟐) and input flow rates 

(𝑿𝟒); (f) effect of duration (𝑿𝟑) and input flow rates (𝑿𝟒). 

 

3.6. Control and optimization studies 

Based on the model, the optimum flotation parameters were found to be at 

temperature of 60 
o
C, pH 8, flotation duration of 20 minutes, and a water input flow 

rate of 6L/min, with a prediction of 40.4% in flotation efficiency. The values were 

experimentally validated via flotation experiments with the corresponding flotation 
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efficiency of 40.1 % (S.D. 1.98), which is in good agreement with the predicted 

value through empirical results. This confirms that RSM could be effectively used 

to optimize the process parameters using the statistical design of experiments. 

A control experiment was also conducted whereby the flotation is attempted 

without the usage of any bubbles using the optimized flotation parameters found. 

The purpose of this control study is to observe the effect of natural oil buoyancy 

for bunker oil separation. The flotation efficiency of bunker oil without the usage 

of bubbles under the above optimized conditions is 2.88%. It could be concluded 

that the presence of microbubbles therefore aids the flotation of bunker oil for 

enhanced flotation efficiency. This could be attributed to air bubble buoyancy 

which assists the flotation of bunker oil in the flotation system.   

Nevertheless, the flotation efficiencies using microbubbles for the removal of 

bunker oil from oil-wet sand is still insufficient for industrial applications even at 

optimized conditions. This is attributed to the high interaction forces between the 

oil and sand particles which makes it difficult for the liberation of oil from 

contaminated sands [26]. To minimize the effect of attachment forces on the 

flotation efficiency, the flotation experiment were subsequently conducted using 

water-wet sands (defined as wet sand contaminated with oil) under the same 

conditions as shown in Fig. 8. The presence of water could weaken the interaction 

forces between the oil layer and sand particles, easing the removal of oil from 

contaminated soil. At the above mentioned optimum flotation parameters, the 

increase in water content from 0 to 8 wt% increased the removal of oil from sand 

by approximately 35%. Therefore, the removal of oil in water-wet sands is more 

efficient than oil-wet sands as the oil contaminant is not directly in contact with 

the sand which weakens the attachment forces between sand and oil, leading to 

higher flotation efficiency.  

 

Fig. 8. Effect of wettability on the flotation efficiency of oil-contaminated 

sands at 60 
o
C, pH 8, 20 minutes, input flow rate of 6 L/min. 

4.  Conclusions 

This paper studies the optimization of flotation technology using microbubbles 

with average Sauter diameter of 80 μm for oil removal from contaminated sand. 

The effect of temperature, pH, experimental duration and input flow rate had been 

investigated for bunker oil flotation in a laboratory-scale flotation cell using an 
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RSM optimization study. The concluding observations from this study are 

summarized as below. 

 The optimized flotation parameters of pH 8, 20 minutes, 60 
o
C and 6 L/min 

input flow rate yields flotation efficiencies of 40.1% under oil-wet condition. 

 Further investigations demonstrated that the flotation efficiency at optimized 

conditions increased from 40.1% to 76.2% with increase in water content in 

sand from 0 to 8 wt%. 

 The influence of bubble is evident, as the presence of bubbles significantly 

enhanced the flotation efficiency from 3% to 40% in oil-wet sand. This was 

attributed to the buoyancy of the bubbles which aid the flotation of bunker oil. 

 While the presence of microbubbles increased the flotation efficiencies, as 

compared to a natural bunker oil flotation, the efficiencies recorded is still 

insufficient for industrial purposes, mainly attributed to the properties of oil-

wet sands. Future work is required to further improve the flotation efficiency 

results for the bunker oil contamination on beach sand, by reducing the 

attachment forces between oil and sand particles. 
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