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A B S T R A C T

In recent years, there has been a significant increase in the release of cadmium-containing pol-
lutants into the environment from mining, industrial emissions, wastewater irrigation and the use 
of chemical fertilizers and pesticides. This leads to the degradation of soil quality and poses a 
threat to human health. Chemical leaching remediation technology is an effective method for 
controlling Cd contamination in soil. However, the leaching agent has a low removal efficiency of 
heavy metals. In order to find more suitable environmentally friendly new leaching agents, this 
study investigates the effects of three biodegradable chelating agents PMAS, EDTMPS and GLDA 
on the removal of heavy metal Cd in soil in the single factor soil leaching experiment. The 
concentration of the chelating agents, the leaching time and the pH of the leaching solution were 
varied to study their effects. The Box-Behnken (BBD) effect based on RSM was used to design the 
experimental conditions to optimize the leaching process of three biodegradable chelating agents. 
The optimum conditions for Cd removal by PMAS, EDTMPS and GLDA were obtained as follows: 
concentration 7 %, pH = 3.61, reaction time 180 min; concentration 4.94 %, pH = 3.0, reaction 
time 180 min; and concentration 4.96 %, pH = 3.0, reaction time 180 min. The validation test 
results showed that the deviation from the experimental value is less than 3 % under the theo-
retically optimal washing conditions, confirming the reliability and accuracy of the response 
surface methodology optimization process, which provides a reference for the development of 
efficient, environmentally friendly and low-cost leaching agents.

1. Introduction

The accumulation of toxic metals in soils has become a significant environmental problem due to the excessive use of mining, 
industrial emissions, wastewater irrigation and chemical fertilizers and pesticides [1]. It is important to note that this is an objective 
assessment, not a subjective one. The 2014 National Soil Pollution Survey Bulletin of China reveals an alarming soil pollution situation 
[2]. The report shows that heavy metal pollution accounts for 82.8 % of total soil pollution, with cadmium representing the primary 
pollutant, exhibiting an exceedance rate of 7 %. Cadmium is a highly toxic heavy metal that inhibits plant growth and development 
when present in the environment. It can also accumulate in plants and enter the human body through the food chain, causing disease 
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and even death in areas such as the nerves, skin, bones and heart [3–5]. At present, heavy metal pollution in soil has a significant 
negative impact on human health and ecological security [6]. Therefore, there is an urgent need to address and remediate 
cadmium-contaminated soils.

Chemical leaching remediation represents a widely used method for the remediation of heavy metal contaminated soils, which has 
the advantages of high efficiency, short cycle time, simple operation and thorough removal of heavy metals. It is also suitable for 
remediating soils with high concentrations of contaminants compared to traditional physical remediation technology. However, the 
efficacy of chemical leaching in removing heavy metals from soil depends not only on the physical and chemical properties of the soil, 
but also on the factors that affect the removal rate of heavy metals in the soil, such as the type and concentration of the leaching agent, 
the concentration, the leaching time and the pH [7]. Therefore, leaching remediation can be highly efficient. The efficiency of leaching 
remediation depends largely on the leaching agent used. Commonly used leaching agents include chelating agents, inorganic de-
tergents and surfactants [8,9]. Chelating agents have gained attention due to their ability to form soluble and stable complexes with 
heavy metals, thus effectively removing heavy metals from the soil surface [10,11]. Synthetic chelating agents, such as ethyl-
enediaminetetraacetic acid (EDTA), are commonly used due to their easy combination with metals, but they lead to secondary 
contamination [12]. In contrast, although natural chelating agents are degradable in soil, they are not as effective in removal as 
synthetic chelating agents [13]. Therefore, there is an urgent need to develop efficient, environmentally friendly and cost-effective 
chelating agents. Poly Maleic anhydride-acrylic acid sodium salt (PMAS), a carboxylic acid polymer, is biodegradable and bio-
absorbable and has good chelating and adsorption properties [14]. Ethylenediamine tetramethylene phosphonic acid (EDTMPS) is 
widely used for scale inhibition in water treatment and bone tumour treatment [15], and has biocompatibility and easy photo-
degradation [16]. Glutamate diacetate tetrasodium (GLDA) has excellent biodegradability and its CO2 emission during processing is 
extremely low. The CO content of GLDA is also very low [17,18].

The single factor control experiment only considers the effect of each factor on the removal efficiency of heavy metals. They do not 
consider the effect of the interaction between the factors on the removal efficiency of heavy metals, and the obtained optimum value is 
unreliable. Therefore, it is necessary to find more effective methods for designing soil chemical leaching experiments.

Response surface methodology has become a popular approach to experimental design optimization in recent years. It combines 
experimental design and mathematical modelling to fit the quadratic regression equation conform to the functional relationship be-
tween multiple factors and response values [19]. This allows the optimal value to be found within a certain level range [20]. This 
method is more economical and time-saving than the traditional single factor variable optimization method. Response surface 
methodology has been widely used in various fields such as domestic wastewater optimization [21], mechanical engineering [22] and 
edible fungi research. However, there is little research on the efficiency of heavy metals removal from contaminated soils by leaching. 
It is important to explore this area further. Therefore, the Box-Behnken (BBD) effect design based on RSM is an efficient technique to 
optimize the removal of heavy metals by leaching with biodegradable chelating agents.

This research investigates the effects of three chelating agents PMAS, EDTMPS, and GLDA on the removal of Cd from soil. The 
concentration of the chelating agents, the leaching time, and the pH of the leaching solution were varied to study their effects. The 
response surface methodology (RSM) of Box-Behnken design was used to analyse the interactions between the factors based on the 
equilibrium points of concentration, pH and time in the single factor experiment to optimize the leaching process of three biode-
gradable chelating agents.

2. Materials and methods

2.1. Soil sampling

Soil was sampled from the surface layer (0–20 cm) of farmland located near a mining area in Huidong County, Liangshan Pre-
fecture, Sichuan Province, China. To remove plant and animal residues, stones and other debris, the soil was allowed to dry naturally 
and then passed through a 2 mm nylon sieve. The screened soil was mixed and stored in a sealed bag for future use.

The pH of the soil tested was 8.45, and the total amount of Cd in the soil was 9.60 ± 0.02 mg kg− 1. The content of heavy metal Cd is 
obviously exceeded. The basic physical and chemical properties of the tested soil are shown in Table 1.

2.2. Leaching reagent

The leaching reagent used in this experiment is Poly Maleic anhydride-acrylic acid sodium salt (PMAS), Ethylenediamine tetra-
methylene phosphonic acid (EDTMPS), Glutamate diacetate tetrasodium (GLDA). The three chelating agents were purchased from 
Shandong Yusuo Chemical Technology Co., Ltd. and Xuzhou Yuxin Chemical Technology Co., LTD.

Table 1 
Physical-chemical characteristics of contaminated soils.

Sample pH Organic content (g kg− 1) CEC (cmol kg− 1) Total nitrogen content (g kg− 1) Cd content (mg kg− 1)

Experimental soil 8.45 13.36 12.47 1.07 9.60
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2.3. One-way soil chemical leaching experiment

In order to improve the removal rate of heavy metal Cd in soil, the effects of leaching agent concentration, leaching solution pH, 
and leaching time on the removal rate of heavy metal Cd in soil were studied. The leaching conditions were optimized by one-way soil 
chemical leaching experiment, and the preliminary range of leaching factors was determined.

The leaching experiment firstly put 2.00 g Cd contaminated soil into a 50 mL centrifuge tube. Then, 20 mL of leaching solution was 
added to the tube according to the soil-liquid ratio of 1:10. The pH was adjusted to the set value of the research protocol using 0.10 M 
HNO3 or NaOH. The tube was tightly sealed with a screw cap and shaken in a constant temperature oscillator at 25 ◦C and 250 r min− 1. 
After shaking, the solution was centrifuged at 3500 r min− 1 for 10 min. The suspension was filtered through a 0.45 μm microporous 
membrane, and the Cd content in the filtrate was determined by ICP-OES. The removal rate of Cd was also calculated. The experiment 
used distilled water as blank control, and each treatment was repeated three times.

The parameters for the single-factor experiment are as follows:

(1) pH: 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0 and 9.0, creating a total of 8 gradients.
(2) leaching time: 5, 10, 20, 30, 60, 120, 180 and 240 min, creating a total of 8 gradients.
(3) leaching agent concentration: 1 %, 2 %, 3 %, 4 %, 5 %, 6 %, 7 % and 8 %, creating a total of 8 gradients.

2.4. Box-Behnken experimental design

In the practical application of heavy metal contaminated soil leaching remediation, in order to reduce costs and save time, it is 
necessary to screen out the optimal leaching conditions to achieve higher leaching efficiency in a relatively short time. The most 
frequently employed optimization design techniques in China are uniform design and orthogonal design. However, the experimental 
precision of these methods is inadequate, and numerous variables exert an influence, resulting in a considerable increase in the number 
of experiments. Furthermore, the mathematical models generated are not particularly predictive. Response Surface Methodology 
(RSM) offers a superior predictive mathematical model. The method employs a reasonable experimental design to obtain data through 
experimentation, and utilises a multiple quadratic regression equation to fit the functional relationship between multiple influencing 
factors and response values. A statistical method for identifying the optimal process parameters through the analysis of a regression 
equation. In comparison to the preceding two methodologies, the RSM approach offers enhanced visualisation capabilities and enables 
the assessment of the influence of each parameter and the interaction between multiple variables. Its applications extend to diverse 
domains, including chemistry, food science and agriculture. The most commonly employed response surface methodologies at present 
are the Box-Behnken design (BBD), the Doehlert design (DM) and the composite centre design (CCD). BBD is typically regarded as a 
relatively efficient and optimal approach, particularly in comparison to CCD, which necessitates a greater number of experiments, 
time, and cost to establish the model equations. The number of BBD tests is typically between 15 and 62, which is fewer than the 
number of tests required by CCD when the factors are identical. Accordingly, in order to further ascertain the interaction between 
reagent concentration, solution pH and leaching time on Cd removal rate and identify the optimal process conditions, the Box-Behnken 
experimental design method was employed in this study. Design-Expert (V.8.0.6.1) software was utilised to optimize the parameters 
and elucidate the underlying mechanism. Based on the data obtained from the single factor test, the optimal design was determined, 
taking into account the zero level and the upper and lower limit levels.

In this research, the Box-Behnken design method was used to optimize the removal efficiency of Cd. As shown in Table 2, the codes 
of the 3-factor, 3-level method are − 1, 0, 1. The main factors affecting the Cd removal efficiency are the initial leaching agent con-
centration (X1), leaching solution pH (X2), and laeching time (X3). A total of 17 sets of experiments were conducted, and each 
experiment was repeated 3 times to reduce the influence of external factors on the experimental results.

The experimental results were fitted to the response behaviour of the variables using a second order model: 

Y =
∑n

i=1
βiXi +

∑n

i=1
βiiX2

i +
∑n− 1

i=1

∑n

j=i+1
βijXiXj + β0 

where Y is the response value (heavy metal removal rate); β0 is the intercept term; βi, βii and βij are the linear, squared and interaction 
term coefficients, respectively.

Table 2 
BBD design factors and levels.

Considerations Encodings Level (of achievement etc)

− 1 0 +1

Leaching agent concentration X1 3 5 7
Leaching solution pH X2 3 5 7
Leaching time X3 30 105 180
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3. Results and discussion

3.1. Efficiency of PMAS, EDTMPS, GLDA leaching for soil cadmium removal

The main factors affecting the leaching effect are leaching pH, leaching time, and leaching concentration. Optimizing the leaching 
process parameters can lead to the best remediation efficiency and economic benefits. Therefore, this paper investigates the effect of 
each factor on the removal rate of heavy metal Cd in polluted medium alkaline soil.

3.1.1. One-way test analysis of Cd removal effect in contaminated soil

3.1.1.1. Effect of pH on soil Cd removal rate. The combination of the leaching agent and Cd will affect the dissolution and elution 
efficiency of heavy metals in soil, and the pH value of eluent will affect the combination of leaching reagent and Cd. Fig. 1(a) illustrates 
the trend of Cd removal efficiency with increasing pH of PMAS. The efficiency increased until it reached the peak of 66.81 % at pH 
5.00, and then decreased. This trend may be attributed to the weakening of the electrostatic field around PMAS polyions in strong acid 
environment, which reduces the electrostatic adsorption and washing effect. Meanwhile, under alkaline conditions, the existence of 
OH− reduces the removal effect of heavy metal ions by increasing the negative charge on the surface of soil particles. This, in turn, 
increases the adsorption rate of heavy metal ions by soil colloids and inhibits their desorption. It is worth noting that PMAS, EDTMPS, 
and GLDA showed a general decreasing trend in removal efficiency with increasing pH, and the removal rate of Cd under acidic 
conditions was greater than that under alkaline conditions. The high concentration of H+ in acidic environment may lead to pro-
tonation of soil colloid surface. Additionally, the adsorbed Cd can be exchanged with the leaching agents EDTMPS and GLDA by ion 
exchange to form soluble complexes [23].

3.1.2. Effect of leaching time on soil Cd removal rate
In general, a longer soil leaching time is more favourable for the leaching agent to complex heavy metals in the soil and improving 

the removal rate of heavy metals. Sun X et al. [24] utilised biodegradable citric acid (CA) modified with sodium lignosulfonate (LS) 
derived from waste paper to purify soil. It was found that the washing rate of Cd, Pb and Zn increased exponentially with time (p <
0.05), and reached a level after 120.0 min. Fig. 1(b) shows that the washing efficiency of PMAS, EDTMPS, and GLDA on soil Cd 
increased gradually with time. At 120 min, the removal rates of Cd were 63.41 %, 66.00 % and 74.48 %, respectively. However, with 
the increase of leaching time, the increasing speed slows down. The study found that the removal of heavy metal Cd by Dai Zhucheng 
using hydroxylamine hydrochloride enhanced citric acid was consistent with the obtained result [25]. The desorption of heavy metals 
by PMAS, EDTMPS and GLDA can be divided into two processes: rapid desorption in the first 2 h and then slow release. The possible 
reasons for this situation are as follows: in the first stage, the leaching agent destroyed the weak chemical bond between soil and heavy 
metals, causing the initial release of easily extractable heavy metal ions. In the second stage, the release of heavy metals from the 
organic state was activated, resulting in a slight increase in the removal rate [26].

3.1.3. Effect of leaching concentration on soil Cd removal rate
The concentration of the leaching agent is the crucial factor that affects the efficiency of heavy metal removal during soil leaching. 

Generally, the heavy metal removal rate increases as a power function of the concentration [27]. It is important to note that a high 
concentration of the leaching agent will involve more functional groups in chemical reactions. Fig. 1(c) shows that PMAS achieved the 
highest Cd removal rate (63.30 %) at 5 %, while EDTMPS and GLDA reached peak Cd removal rates of 64.19 % and 72.82 % at 6 %, 
respectively. After 7 %, the removal rate of all Cd decreased, which may be due to the complexation of Cd in soil, which can form a 
stable chelate with the leaching agent [28]. The results indicated that the removal rate of Cd decreased after 7 %.

3.2. Optimization of soil Cd removal process by leaching reagents

To enhance the comprehensibility of the effects of variables and their interaction on the response variable (Cd removal rate), we 

Fig. 1. Influence of pH (a), concentration (b) and time (c) of PMAS, EDTMPS and GLDA on Cd removal rate.
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analysed three-dimensional response surface plots of PMAS, EDTMPS and GLDA. These figures simulate the predictions of PMAS, 
EDTMPS and GLDA on the removal rate of heavy metal Cd in polluted medium-alkaline soil.

3.2.1. Model building and analysis of variance (ANOVA)
The rate of removal of the heavy metal Cd was calculated for 17 groups of optimization experiments using Eq. (1) as the response 

value. A quadratic term regression equation was established by fitting the concentration of the leaching agent (X1), the pH of the 
leaching solution (X2), and the reaction time (X3) according to Eq. (1) in Response Surface Analysis software Design Expert 8.0. The 
relationship between the removal rate of heavy metals in soil and leaching factors can be expressed by the following equation:

(1) PMAS on the heavy metal Cd:

YCd =39.325 − 1.941X1 + 8.83X2 + 0.018X3 − 0.03156X1X2 − 4.83 × 10− 3X1X3 − 0.003X2X3 + 0.336X2
1 − 1.094X2

2 + 2.6

× 10− 4X2
3 

(2) EDTMPS for the heavy metal Cd:

YCd =52.67 + 3.097X1 + 0.7018X2 − 0.001519X3 + 0.04531X1X2 + 0.0018X1X3 − 0.00633X2X3 − 0.3385X2
1 − 0.3048X2

2

+ 2.155 × 10− 4X2
3 

(3) GLDA on the heavy metal Cd:

YCd =56.53 + 2.169X1 − 0.8483X2 + 0.05953X3 − 0.06875X1X2 + 0.003292X1X3 − 0.01098X2X3 − 0.1927X2
1 − 0.04553X2

2

+ 1.05 × 10− 5X2
3 

where YCd is the Cd removal efficiency in soil predicted by PMAS, EDTMPS, and GLDA washing, and X1, X2, and X3 are the concen-
tration of leaching solution, pH of leaching solution, and leaching time, respectively.

To verify the accuracy and reliability of the above fitting model, one-way ANOVA was performed. Tables 2–4 show that the model 
was highly significant (P < 0.001) and all misfit terms were greater than 0.05, indicating that the model is effective for data analysis 
and can better simulate the effects of three independent variables: pH, time, and concentration on the removal rate of Cd [29]. The 
correlation coefficients (R2) were all greater than 0.97, which indicates that the fitting values of the regression model are highly 
consistent with the measured values [30]. The experiment considered all the main influencing factors that affect soil Cd leaching 
efficiency. In addition, the coefficients of variation (CV) were less than 10 %, indicating the reliability of the second-order model [31]. 
Additionally, all signal-to-noise ratios (SNR) were greater than 20, demonstrating sufficient signal resolution and better reflecting the 
fitting effect of the model [32].

The regression equation for PMAS leaching in heavy metal contaminated soil (Table 3) shows that the constant term coefficients 
have P-values less than 0.05, indicating that the reagent concentration, pH, and leaching time significantly affect the removal rate of 
Cd. The sum of squares for Cd removal by leaching indicates that X2 > X3 > X1, showing that leaching agent pH has the greatest effect 
on Cd removal, followed by leaching time and leaching agent concentration. The coefficients for the interaction terms indicate that the 
interaction of these factors was not significant.

Table 3 
Response surface fitting quadratic model ANOVA of PMAS for soil Cd removal.

Factors Degrees of freedom df Square sum (e.g. equation of squares) Mean square F-value P-value

Modelling 9 378.05 42.01 46.47 <0.0001
X1 1 18.20 18.20 20.13 0.0028
X2 1 213.57 213.57 236.29 <0.0001
X3 1 50.35 50.35 55.71 0.0001
X X12 1 0.064 0.064 0.071 0.7982
X X13 1 2.10 2.10 2.33 0.1710
X X23 1 0.81 0.81 0.90 0.3753
X1

2 1 7.61 7.61 8.42 0.0230
X2

2 1 80.62 80.62 89.20 <0.0001
X3

2 1 9.01 9.01 9.97 0.0160
Residual 7 6.33 0.90  
Anomaly 3 4.77 1.59 4.07 0.1043
Pure error 4 1.56 0.39  
Aggregate 16 384.38   

YCd: R2 = 0.9835 R2
adj = 0.9624 CV(%) = 1.76 Signal-to-noise ratio = 22.269.
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However, the results of Cd removal by EDTMPS leaching are slightly different. As shown in Table 4, the P value of the constant term 
coefficients, other than X1, is less than 0.05. The sum of squares coefficient is X2 > X3 > X1, which indicates that pH has the greatest 
effect on the removal of Cd by EDTMPS leaching. Furthermore, only the P values of X2X3 was less than 0.05 in the interaction terms, 
indicating a significant interaction between the pH and time factors when EDTMPS washed the alkaline soil.

The regression equation of GLDA (Table 5) shows that the P-values of the constant term coefficients of X2 and X3 were less than 
0.05, while the P-value of X1 was greater than 0.05. This suggests that pH and time may have a stronger effect on the removal of Cd 
from contaminated agricultural soils by leaching than concentration. Additionally, the interaction term coefficient X2X3 is less than 
0.05, indicating a strong interaction between pH and time of leaching when treating the soil.

Fig. 2(a)–. (b) and (c) represent residual normal probability graphs of heavy metal Cd removal by PMAS, EDTMPS and GLDA 
respectively. Fig. 2 shows that all points are uniformly distributed and lie near a straight line. This indicates that the residuals of the 
quadratic term model fitted to the heavy metal removal rate follow the normal distribution, and it is confirmed that the difference 
between the predicted value and the measured value is due to randomness rather than systematic deviation. Therefore, the response 
surface regression model has a good prediction effect.

3.2.2. Contour map analysis of Cd removal by PMAS, EDTMPS and GLDA leaching
The study indicates that the removal rate of soil heavy metals is more affected by individual leaching factors and their interaction 

when the contours are more concentrated and elliptical [33]. Conversely, the effect is smaller when the contour lines are more sparse 
and circular.

The isocontour density along the pH direction is greater than that in the direction of reagent concentration in the contour plots 
Fig. 3(a), (b) and (c) of the removal of Cd by PMAS, Fig. 3(d), (e) and(f) of the removal of Cd by EDTMPS, and Fig. 3(g), (h) and (i) of 
the removal of Cd by GLDA. These findings are further corroborated by the isoline plots between the pH of Fig. 3(c)–(f), and (i) and the 
leaching time, which demonstrate that pH exerts a predominant influence on the efficiency of soil leaching. Furthermore, it can be 
observed that the contour density of time is marginally greater than that of concentration in all contour maps. However, the contour 
density of the interaction effect between the two is markedly smaller than that between other factors, and is circular, indicating that 
leaching time is the second factor affecting the removal rate of Cd, Pb and Zn, and that the concentration and time of reagents have a 

Table 4 
Response surface fitted quadratic model ANOVA for soil Cd removal by EDTMPS.

Factors Degrees of freedom df Square sum (e.g. equation of squares) Mean square F-value P-value

Modelling 9 295.47 32.83 53.45 <0.0001
X1 1 0.52 0.52 0.84 0.3891
X2 1 253.74 253.74 413.16 <0.0001
X3 1 17.23 17.23 28.05 0.0011
X X12 1 0.13 0.13 0.21 0.6577
X X13 1 0.29 0.29 0.47 0.5130
X X23 1 3.96 3.96 6.45 0.0387
X1

2 1 7.72 7.72 12.57 0.0094
X2

2 1 6.26 6.26 10.19 0.0152
X3

2 1 6.19 6.19 10.07 0.0156
Residual 7 4.30 0.61  
Anomaly 3 3.42 1.14 5.19 0.0728
Pure error 4 0.88 0.22  
Aggregate 16 299.77   

YCd: R2 = 0.9857 R2
adj = 0.9672 CV(%) = 1.41 Signal-to-noise ratio = 27.831.

Table 5 
Response surface fitted quadratic model ANOVA for soil Cd removal by GLDA.

Factors Degrees of freedom df Square sum (e.g. equation of squares) Mean square F-value P-value

Modelling 9 292.11 32.46 34.48 <0.0001
X1 1 1.90 1.90 2.01 0.1988
X2 1 250.99 250.99 266.64 <0.0001
X3 1 24.38 24.38 25.90 0.0014
X X12 1 0.30 0.30 0.32 0.5885
X X13 1 0.98 0.98 1.04 0.3426
X X23 1 10.86 10.86 11.53 0.0115
X1

2 1 2.50 2.50 2.66 0.1470
X2

2 1 0.14 0.14 0.15 0.7115
X3

2 1 0.015 0.015 0.016 0.9040
Residual 7 6.59 0.94  
Anomaly 3 4.25 1.42 2.43 0.2055
Pure error 4 2.33 0.58  
Aggregate 16 298.70   

YCd: R2 = 0.9779 R2
adj = 0.9496 CV(%) = 1.69 Signal-to-noise ratio = 21.015.
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negligible influence on the removal of Cd in soil.

3.2.3. Response surface analysis of Cd removal by PMAS, EDTMPS and GLDA rinsing
Xu et al. [34] found that the shape of the response surface can directly reflect the size of the interaction effect between two factors. 

If the slope of the response surface is steeper and the shape is closer to the saddle type, it shows that the response value is sensitive to 
the change of experimental factors. Conversely, if the slope of the response surface is relatively gentle, the surface presents a rounded 
and smooth type, indicating that the change of treatment conditions has little effect on the response value.

From Fig. 4(a)–(d) and (g), it can be seen that the removal rate of Cd increased when the leaching time was fixed at 105 min, due to 
the interaction of EDTMPS, GLDA concentration, and pH, while the removal rate of Cd by PMAS showed different trendsand convex 
changes. The leaching efficiency of Cd showed a smooth increasing trend with the increase of EDTMPS and GLDA concentration, and 
the decrease of leaching solution pH. On the other hand, the leaching effect showed a trend of rapid increase and then levelling off with 
the decrease of the pH of PMAS. Fig. 4(b)–(e) and (h) show that when the pH value of the leaching solution was 5, and the concen-
tration and duration of the leaching agent were increased simultaneously, the removal rate of Cd gradually increases and tends to be 
stable. This shows that the interaction between the concentration of PMAS, EDTMPS, GLDA, and the time and pH had little effect on the 
removal of Cd.

Fig. 4(c)–(f) and (i) show that when the concentration of the eluent is 5 %, the removal of Cd generally exhibited a convex trend 
with decreasing pH and increasing leaching time when using EDTMPS and GLDA. This is consistent with the research results of Qian 
Yuanyu et al. [35], who used response surface analysis to investigate the effects of pH, extraction time, and soil-liquid ratio on soil Cd 
leaching rate. The interaction effects of pH and leaching time of EDTMPS and GLDA on the removal rate of Cd were found to be 
significant, which is consistent with the ANOVA results.

3.2.4. Optimization of response factor levels
The main objective of this study is to optimize the leaching factors, including reagent concentration, pH, and leaching time, in order 

to improve the removal rate of Cd in contaminated soils. To achieve this, numerical optimization was performed to determine the 
maximum point of the fitting equation and identify the optimum process parameters for heavy metal removal. The range of the 3-factor 
study was optimized using Design Expert 8.0.6 to find the stabilization point of maximum soil heavy metal removal and its corre-
sponding factor level. Table 6 shows the optimal conditions for Cd removal by PMAS, EDTMPS and GLDA. For PMAS, the optimal 
conditions were concentration of 7 %, pH of 3.61, and reaction time of 180 min. For EDTMPS, the optimal conditions were con-
centration of 4.94 %, pH of 3.0, and reaction time of 180 min. For GLDA, the optimal conditions were a concentration of 4.96 %, pH of 
3.0, and a reaction time of 180 min. The model predicted the maximum removal of Cd from the soil to be 62.65 %, 64.47 %, and 66.63 
%, respectively.

To assess the applicability and validity of the fitted equations, three validation experiments were conducted under optimal con-
ditions (refer to Table 7). The results obtained were similar to those of the numerical optimization, with a difference of less than 3.0 %. 
This indicates that the model can accurately describe the effects of the three significant factors and their interactions on Cd removal 
rate. The results suggest that BBD is a dependable approach for optimizing the biodegradable chelator PMAS to reduce soil Cd leaching.

4. Conclusion

This study investigates the effects of concentration, leaching pH, and leaching time of three biodegradable chelating agents, PMAS, 
EDTMPA and GLDA, on the efficiency of removing Cd from contaminated soil. The response surface methodology (RSM) of Box- 
Behnken design was used to analyse the interactions between the factors and derive the optimal leaching conditions based on the 
equilibrium points of concentration, pH and time in the single factor experiment. The study found that, (1) the removal rate of Cd in 
soil increased with an increase in leaching time and concentration, and a decrease in leaching pH within the three-factor study range 

Fig. 2. Residual normal probability diagram of heavy metal Cd removal by leaching with PMAS (a), EDTMPS (b) and GLDA (c).

J. He et al.                                                                                                                                                                                                              Heliyon 10 (2024) e37736 

7 



(leaching concentration 1–8%, leaching pH 2–9, and leaching time 5–240 min). The intervals of 3–7% concentration, 30–180 min 
time, and pH = 3–7 showed strong changes in Cd removal rate, indicating the research range of the response surface analysis method. 
(2) The secondary modelling analysis of the data was carried out by using the software Design Expert 8.0.6, which revealed that the 
removal rate of Cd was significantly affected by the concentration of the leaching, leaching time, and pH of the leaching solution. 
Additionally, the interaction between pH and leaching time also had a significant effect on the removal rate. (3) Based on the analysis, 
the optimum conditions for Cd removal by PMAS were found to be concentration of 7 %, pH of 3.61, and reaction time of 180 min. The 
optimal conditions for removing Cd using EDTMPS were found to be concentration of 4.94 %, pH of 3.0, and reaction time of 180 min. 
Similarly, the optimal conditions for Cd removal using GLDA were concentration of 4.96 %, pH of 3.0, and reaction time of 180 min. 
The validation test results showed that the deviation from the experimental value is less than 3 % under the theoretically optimal 

Fig. 3. Contour plot of soil Cd removal rate by different leaching parameters PMAS (a), (b), (c) EDTMPS (d), (e), (f) and GLDA (g), (h), (i) (Note: 
Colour change from blue to green to red indicates increasing elution efficiency.).
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Fig. 4. 3D response surface diagram of different leaching parameters PMAS(a), (b), (c) EDTMPS(d), (e), (f) GLDA(g), (h), (i) on the removal rates of 
Cd in soil. (Note: Colour change from blue to green to red indicates increasing elution efficiency.).

Table 6 
Optimization of leaching parameters for maximum Cd removal rates.

Optimization factor Concentration (%) pH Time (min) Cd removal (%)

PMAS 7.00 3.61 180.00 62.65
EDTMPS 4.94 3.00 180.00 64.47
GLDA 4.96 3.00 180.00 66.63

Table 7 
Comparison of the removal rates of Cd under optimal leaching parameters with the predicted values of the model.

Optimization factor PMAS EDTMPS GLDA

Cd Cd Cd

Forecast (%) 62.65 64.47 66.63
Measured value (%) 63.37 64.38 67.54
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washing conditions. In conclusion, the biodegradable chelating agents PMAS, EDTMPS and GLDA have broad application prospects in 
the remediation of Cd-contaminated soils. The response surface methodology is suitable for optimizing the leaching parameters for the 
removal of Cd in contaminated soils.
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