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1. Introduction 

Soil pollution with both polycyclic aromatic hydrocarbons (PAHs) and heavy metals (HM) is a 

widespread environmental issue in the worldwhile [1,2]. PAHs were listed among the priority pollutants 

to be managed due to their well-known ubiquity, toxicity and recalcitrance in the environment [3]. 

Exposure to the pollution of HM could cause serious health problems such as organ damage, digestive 

disorder and autoimmune diseases [4,5]. However, the mixed occurrence of PAHs and HM would exert 

more toxicity to organisms and cause higher risk to ecosystem [6]. Therefore, remediation of PAHs and 

HM co-contaminated soil is an essential and imperative environmental issue, and development of proper 

and effective remediation technology to simultaneously eliminate PAH and HM pollutants from mixed-

polluted soil is extremely important. 

Ex-situ soil washing combined with enhancing agents was found to be a promising technique for 

removing a single type of pollutants (i.e. either PAHs or HM) from contaminated sites due to its 

simplicity of operation, low cost and high efficiency [7]. For example, extensive research on soil washing 

have found that some chelating agents exhibited special high capacity for HMs mobility from soil and 

surfactants can significantly enhance the desorption of PAHs from solid into liquid phases, respectively 

(Lamichhane et al. 2017, Leštan et al. 2008). In this case, soil washing in combination with surfactant and 

chelating agent probably be efficient for simultaneously remove both PAHs and HM from co-

comtaminated soil. However, to the author’s knowledge of the literature, few attention have been paid to 

this strategy for remediation of PAHs and HMs co-existed soil pollution.  

Response surface methodology (RSM) is an optimization technique based on statistical data, which can 

evaluate the correlation between independent experimental parameters and the response variable and 

further determine the operating conditions to attain best performance. Among the various design 

strategies, Box–Behnken design (BBD) is appear to be favored by researchers due to the excellent 

predictability, economic effectiveness, time saving and less experiments requirement than other designs. 

Optimization of soil washing process using RSM technology has also been found for individual HM 

removal [8,9] or PAH removal [10]. However, to the review of the literature, no study has been 

performed to explore the optimization of both PAH and HM removal efficiencies from co-contaminated 

soil by soil washing.   

The objectives of this study were: (1) to investigate the effects and interaction between parameters 

including surfactant concentration, chelant dose, liquid to soil ratio for both phenanthrene (PHE) and Cu 

(as representatives of PAH and HM) removal from co-exist soil; (2) to verify the fitted model and to 

optimize the variables by applying Box–Behnken design; (3) to determine the optimum washing 

conditions for simultaneously achieve maximum removals of both PHE and Cu. 

2. Experimental  

Natural soil was sampled from 5-10 cm layer of Luojia Mountain located at the campus of Wuhan 

University. The collected soil samples were firstly pretreated by removing undesirable plant, large stones 

and other material and then air dried for several weeks at natural condition. The PHE and Cu co-polluted 

soil sample was prepared according to the following procedure: 100g soil was spiked with 10 mg PHE in 

50 mL acetone solution and 160.0 mg CuSO4·5H2O in 20 mL aqueous solution. To obtain homogeneous 

distribution of PHE and Cu in the soil, the prepared mixture was intensely stirred for 20min. The spiked 

soil sample was then placed in a fume hood at room temperature until complete evaporation of the 

solvent. 

Soil washing experiments were carried out in a thermostatic oscillator. For each run, one gram of the 

prepared PHE-Cu co-polluted soil samples were weighed into 100 mL conical flasks and a certain volume 

of different dosages of TW80 and EDTA solution was added. After sealed with stoppers, the testing 

flasks were placed into the thermostatic shaker for 24 h with the shaking speed fixed at 200 rpm and the 

temperature at 25 oC. To monitor the concentration of pollutants, after soil washing, the mixtures were 

centrifuged at a speed of 8000 rpm for 15 min and then the supernatant liquid were filtered with 0.22 μm 



PTFE filters before measurement. PHE were determined by the system of HPLC equipped with a diode 

array detector and the wavelength was set at 254 nm. A VP-ODS C18 column (250 × 4.6 mm, 5 μm) from 

Shimadzu was used for the HPLC measurement system. 

3. Results and Discussion  

3.1. Box–Behnken design 

TW80 and EDTA were selected and employed as washing agent in this study. Box–Behnken design 

(BBD) was applied to investigate the effects of three independent variables including TW80 

concentration (X1), EDTA concentration (X2) and liquid to soil ratio (L/S) (X3) on the response function. 

The low, middle and high levels of each variable were coded as -1, 0 and +1, respectively as illustrated in 

Table 1. The dependent variables were PHE and Cu removal efficiency from contaminated soil. 

Table 1. Experimental range and level of independent testing variables 

Variables Unit Symbol Range and level 

-1 0 1 

[TW80] g/L X1 0 10 20 

[EDTA] mM X2 0 2 4 

L/S mL/g X3 5 15 25 

3.2 Interaction between variables 

Except for the effect of the independ variables, the two factor interaction effects on both PHE and Cu 

removal efficiencies were also very important and should be checked. The interaction between two 

variables was investigated when one factor was kept at its high level (+1) or low level (-1) and the other 

factor ranged. As shown in Figure 1(a), the curves of interaction between TW80 concentration and EDTA 

concentration present overlap behavior, revealing no interaction effects between this two variables. 

Namely，the variation of TW80 (or EDTA) concentration on PHE washing efficiency would not affect 

EDTA (or TW80) concentration on PHE removal. The plots of interaction between TW80 concentration 

and L/S ratio had the tendency to cross, which indicated the interaction effect on PHE removal between 

this two factors was significant. The interaction effect between EDTA concentration and L/S ratio was 

less significant than that between TW80 and L/S ratio.  

The interaction effects on Cu removal efficiency between TW80 concentration and EDTA 

concentration or L/S ratio were assumed to be insignificant according to parallel behaviors as displayed in 

Figure 1(b). The crossing trend of the curves between EDTA concentration and L/S ratio in Figure 1(b) 

suggested the significant interaction effect on Cu washing efficiency between the two factors. 

  
Figure 1. Interaction plots for PHE (a) and Cu (b) removal efficiencies (A: TW80 concentration; B: 

EDTA concentration; C: L/S ratio). 

3.3 Response surface analysis 

The 3D response surface plots and 2D plots provide visualized view of the interactive effects of 

independent variables on PHE and Cu washing efficiency and are present in Figure 2. In the 3D plot, two 

of the three parameters (TW80 concentration, EDTA concentration, L/S ratio) were ranged while the 

other factor was keep unchanged. Two variables. 

3.3.1 PHE removal 

The 3D and 2D plots for the effects of TW80 concentration, EDTA concentration, and L/S ratio on the 

PHE removal by soil washing are displayed in Figure 2(a)-(c). The concentration of surfactant is known 

to be a pivotal parameter in the soil washing process of PHE. With regard to the combined effect 

exhibited by the TW80 concentration and EDTA concentration (Figure 2(a)), the PHE removal efficiency 



exhibited significant increase when the TW80 concentration raised from low level (-1) to middle level 

(0). This effect became less noticeable with further increasing the TW80 concentration to the high level 

(+1). The influence by EDTA concentration on PHE removal was much less significant than the effect by 

TW80. With EDTA concentration increased from low level (-1) to high level (+1), the PHE removal 

efficiency displayed negligible variation. The 3D plot obtained for PHE washing efficiency upon 

simultaneous range of TW80 concentration and L/S ratio is depicted in Figure 2(b). The effect of PHE 

removal increased significantly with the increasing the TW80 concentration, and maximum PHE removal 

was observed at the high level (+1) of TW80 dosage. The PHE removal displayed a less significant but 

steady increase when the L/S ration ranging from the low level (-1) to its high level (+1). This 

demonstrated that high TW80 concentration and L/S ratio were effective in enhancing elimination of soil 

PHE. The plot of PHE removal affected by EDTA concentration and L/S ratio (Figure 2(c)) indicated that 

higher PHE removal seen to be achieved at the higher level of L/S ratio and middle level of EDTA 

concentration.  

 
(a)                                                   (b)                                                          (c) 

Figure 2. Response surface plots showing the interactions between the variables affecting the PHE 

removal efficiency: (a) interaction between TW80 and EDTA concentration; (b) interaction between 

TW80 concentration and L/S; and (c) interaction between EDTA concentration and L/S ratio. 

3.3.2 Cu removal 

The effect of the three independent factors on soil Cu removal is present in Figure 3(a)-(c). The effect 

of TW80 concentration and EDTA concentration on Cu removal is shown in Figure 3(a). TW80 

concentration scarcely affected the Cu removal when ranged from the low level to high level, while Cu 

removal efficiency notably raised with the increasing of EDTA concentration. Moreover, the effect of 

EDTA concentration on Cu removal became less noticeable at the dosage close to the high level (+1). 

Figure 3(b) shows the effect of TW80 concentration and L/S ratio on Cu removal. As observed, increase 

the L/S ratio resulted in gradual increase of Cu removal efficiency to the maximum at the L/S ratio of 

high level (+1). The factor of TW80 concentration was much less influential for Cu removal than the 

impact of L/S ratio. Figure 3(c) illustrates the combined effect of EDTA concentration and L/S ratio for 

Cu removal. As seen from the 3D plot, higher Cu removal was observed at higher level of EDTA 

concentration, and when EDTA concentration close to the high level (+1), the increase of Cu removal was 

less significant. Furthermore, the response surface of the effect of L/S was that the highest Cu removal 

was obtained at the high level of L/S ratio. The results implied high EDTA concentration and L/S could 

achieve more efficient Cu removal. 

 
(a)                                                        (b)                                                 (c) 

Figure 3. Response surface plots showing the interactions between the variables affecting the Cu removal 

efficiency: (a) interaction between EDTA concentration and L/S ratio; (b) interaction between TW80 and 

EDTA concentration; (c) interaction between TW80 concentration and L/S. 

3.4 Optimization of washing parameters 

One of the main purposes of this study is to obtain the optimal conditions of TW80 concentration, 

EDTA dosage and L/S for simultaneous PHE and Cu removal from co-contaminated soil using soil 



washing process. The results were optimized using the regression equation (Eq. (3) and (4)) of RSM. In 

the optimization of the three variables were chosen to be in a range, and both the PHE and Cu removal 

efficiency were maximized. The polynomial equation resulted in an optimized soil PHE removal 

efficiency of 87.14% and Cu removal of 98.79% by calculating the optimized model factors to be a TW80 

concentration of 17.35 g L-1, EDTA concentration of 3.35 mM and L/S ratio of 25.00 mL/g. To validate 

the optimized parameters, confirmatory experiments for testing PHE and Cu removal with the optimized 

conditions were conducted. The results of 84.37% for PHE removal and 93.95% for Cu removal were in 

close agreement with the predicted values using the model, implying the desirability function could be 

effectively applied to optimize the removal efficiency of PHE and Cu from co-contaminated soil. 

4. Conclusions  

Soil washing process for simultaneous removal of PHE and Cu from co-contaminated soil was 

optimized by RSM based on BBD design. TW80 concentration and L/S ratio were positive for PHE 

removal and the interactions between this two variables were the most significant on PHE elimination. 

For Cu removal, the three parameters were all positive and the significance of the interactions between 

EDTA concentration and L/S were higher than the interaction between TW80 and EDTA or L/S ratio. 

The optimal conditions leading to best performance of PHE and Cu synchronously (87.14% for PHE 

removal and 98.79% for Cu removal) were recorded at a TW80 concentration of 17.35 g/L, EDTA dosage 

of 3.35 mM and a L/S ratio of 25.00 mL/g. 
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