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I. INTRODUCTION 

Soil is a major natural resource, which plays a key role in 
agricultural food production globally [1]. However, the soil 
is often contaminated by anthropogenic activities, which can 
reduce the soil’s suitability to grow safe food. The need for 
cheap, effective environment-friendly dry soil remediation 
technology is therefore vital to meeting the demands for food 
production and reducing any negative impacts on the 
environment.  

A major group of soil contaminants is heavy metals; which 
have been a major cause of various health and environmental 
problems globally in recent decades [2]. Studies have shown 
that anthropogenic activities such as the development of 
mining and smelting for industrial processes, the production 
of pesticides and batteries, discharge of industrial waste, and 
the addition of sludge and fertilizer to agricultural soils are 
major contributors to the release of heavy metal compounds 
to the environment [3]-[5]. 

Lead (Pb), a heavy metal, has been identified as a common 
inorganic soil contaminant with high toxicity to living 
organisms and the environment [6]. Since ancient times, Pb 
has been used as a highly useful material due to its valuable 
properties such as ductility, malleability, corrosion 

resistance, low melting point, and easy to work with. Pb has 
also been described as one of the most toxic heavy metals 
which have been utilized by the industries [7]. However, this 
means Pb pollution is also evident throughout human history 
[8]. In recent decades, this pollutant has been found in large 
quantities in soils of industrial wastelands on almost all 
continents across the globe [2], [3], [9]. Thus, showing a 
widespread cause of concern and a growing need for the 
development of an affordable, effective, and environment-
friendly remediation technology.  

The use of soil washing technology for the remediation of 
contaminated soil has been widely used on a range of 
contaminated soils as a proven and effective method [10]-
[12]. Surfactants and chelating agents are often used during 
soil washing, as they are effective in aiding the removal of 
heavy metal contaminants from soil. However, studies have 
shown that some of them pose problems due to their low 
biodegradability, lack of disposal options, environmental 
toxicity, and high associated costs [13]. Recent interest, 
therefore, has focused on more environment-friendly 
washing agents for future use in soil remediation [13]-[15]. 
Natural surfactants are usually derived from plants or fungi 
and are more environment-friendly due to their higher 
biodegradability and lower environmental toxicity [16]. The 
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use of natural surfactants is useful in soil washing as the 
molecules of surfactant concentrate around the organic/ 
aqueous interfaces resulting in a significantly lower tension 
at the interface [17]. 

A common natural surfactant of plant origin is saponin, 
usually derived from the soapberry, produced by the plant, 
Sapindus mukorossi [18]. It is commonly used for fabric 
washing or bathing in parts of Asia; there are no recorded 
toxic effects when in contact with human skin or eyes [19]. 
There is also evidence to show, under both aerobic and 
anaerobic conditions that saponin encourages the growth of 
soil bacteria [19]. 

Previous studies with saponin have shown promising 
results, with high removal efficiencies for a range of different 
heavy metals (As, Cu, Cd, Zn, Ni, Pb) [18], [20]-[22]. The 
metal removal from soil using saponin as a surfactant varies 
depending on certain factors. A highly linked variable is pH, 
which is shown to increase removal efficiency when lowered 
(more acidic) due to increased electrostatic attraction between 
saponin molecules and the soil [16]. However, a suitable pH 
for soil washing was reported to be in the range of 5-5.5 due 
to the impact a stronger acid can have on the physical 
properties of the soil [21]. Another study [16] found that 
increased saponin concentration during the soil washing 
procedure correlated to increased metal removal efficiency 
from soil. Furthermore, the properties of the soil play a major 
role in removal efficiency due to variations in pH; organic 
matter; electrical conductivity; moisture content, and 
permeability.  

There is no or limited research on the performance of 
saponin as a natural surfactant in the removal of Pb from 
contaminated soil for agriculture. More evidence is needed to 
determine the effects of pH; soil type and saponin 
concentration on the removal efficiency of saponin within 
soil remediation technology. Furthermore, more detailed 
knowledge is needed on the effects of saponin on the soil 
structure and other soil characteristics to assess the possible 
implications on soil quality after cleaning. This study, 
therefore, aims to address these unknowns and determine an 
optimum pH and saponin concentration for 3 different soil 
types for use within Pb soil remediation technology to 
achieve maximum removal efficiency. It also aims to identify 
what changes occur in soil characteristics and their suitability 
for use in agriculture. 

 

II. MATERIAL AND METHODS 

A. Soil Samples and Characterization 
Clean fine sand, as well as garden topsoil, was purchased 

from a garden store in Edinburgh. The soil was air-dried and 
sieved and uncontaminated through a 2 mm sieve to remove 
coarse sand and stones. The soil was then homogenized and 
stored in a plastic bag for subsequent use. Soil 
characterization was performed to assess the initial 
characteristics of the uncontaminated soil used for each soil 
type. A range of parameters such as pH, electrical 
conductivity; bulk density; porosity; particle size distribution; 
and moisture content was determined for composite samples. 

An Essentials EC meter was used to determine the 
electrical conductivity. 20 g of each soil was mixed for 10 

minutes with 100 ml of distilled water before measurements 
were taken. The results were then multiplied by a relevant 
conversion factor for each soil type following a method 
suggested by Violante and Adamo [23]. The bulk density of 
each soil type was calculated using a method by [24]. The 
porosity was calculated using a method by [24]. The standard 
oven drying method was used to determine moisture content 
(method AS1289 B1.1). Photomicrographs of the virgin soil 
and sand were taken with a magnification of X 1200, using a 
digital microscope (Fig. 1). The virgin sand has mineralogical 
speciation comprising primarily quartz grains (SiO2). In 
contrast, virgin topsoil comprises lumps of organic matter 
with fine silt quartz particles attached to the surface.  

 

 
(a) 

 

  
(b) 

Fig. 1. (a) Photomicrograph of virgin sand and (b) virgin topsoil used for 
the study. 

 
The organic matter content of each soil was analyzed by a 

standard method of acid digestion of the soil with hydrogen 
peroxide; the difference in mass was measured before and 
after organic matter content. The lead content of the virgin 
soils was measured by digestion using a standard method 
(EPA 3050B). The digested liquid was filtered and diluted to 
the required volume before analyzing it with a flame atomic 
absorption spectrophotometer (FAAS, Perkin Elmer Analyst 
200, Shelton, CT, USA). Values of initial soil 
characterization are shown in Table I. 

 
TABLE I: PHYSIOCHEMICAL PROPERTIES OF SOILS 

Soil properties Soil types (ratios of topsoil to sand) 
 100/0 50/50 20/80 

pH 7.05 7.22 7.21 
Electrical conductivity (dS/m) 4.48 3.23 2.89 

Soil moisture content (%) 47.6 23.1 9.2 
Bulk density 0.71 0.8 1.11 

Porosity 72 68 59 
Organic matter content (%) 15.7 7.9 2.4 
Lead concentration (mg/L) 3.83 2.26 1.17 

 

B. Soil Contamination 
Soil spiking with Pb was carried out to generate soils with 

a concentration of 2000 ppm Pb. 1598 mg of powdered lead 
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(ii) Nitrate, supplied by Fisher chemicals in the UK, was 
weighed out using Ohaus adventurer scales, and mixed with 
distilled water in a conical flask until it dissolved. This 
solution was then added to 498.2 g of each of the soil types 
and mixed thoroughly, before being left to air dry and cure 
for 10 days. The method used was based on similar studies 
reported earlier [25], [26]. Three sets of soils were used in this 
study; they were identified by the ratio of topsoil they 
contained; namely, 100% topsoil, 50% topsoil, 50% fine 
sand, and 20% topsoil and 80% fine sand as 100/0, 50/50, and 
20/80 respectively.  

C. Saponin Preparation 
A 20% stock solution of saponin was prepared using 40 g 

of certified pure organic soapnut powder (Sapindus 
mukorossi), mixed with 200 ml of distilled water. The 
soapnut powder was procured from Davis Finest (UK). The 
solution was gently stirred for 3 hours at room temperature 
and then centrifuged at 3000 rpm for 25 minutes before 
filtration following a method suggested by [27]. Solutions of 
1%, 3%, and 5% w/v strength were then made by diluting the 
stock solution appropriately with distilled water. All solutions 
were used fresh on the day of preparation. The critical micelle 
concentration of saponin was found in previous studies to be 
0.1% [28].  

D. Batch Experiments 
Batch studies were conducted to investigate the effect of 

surfactant concentrations, soil type, and pH on the removal of 
lead from the spiked soil. Samples were prepared by 
weighing 5 g of required dry soil to 50 ml of saponin solution 
of the required pH and concentration into a sterilized 125 ml 
conical flask. The initial pH of the surfactant solution was 
modified either by adding hydrochloric (HCl) acid or sodium 
hydroxide (NaOH) [29]. Distilled water was used as a control 
in all the washing experiments. The samples were then hand-
shaken for 1 minute and then stirred on a mechanical shaker 
at 180 rpm for 24 hours before being centrifuged at 3000 rpm 
for 25 minutes followed by filtration by Whatman 41filter 
paper. A few drops of nitric acid were then added for storage 
before analysis using FAAS. The removal efficiency was 
calculated using a similar equation suggested by Wuana and 
Okieimen [30]. 

 
Removal	efficiency	(%) = !!"!

!"#"
× 	100  (1) 

 
where C1 and CS are the concentrations of lead in the 
supernatant (mg/L) and soil (mg/kg), respectively; Vl is the 
volume of supernatant (L) and MS is the dry mass of the soil 
(kg).  

E. Experimental Design and Statistical Analysis 
Box-Behnken design, an incomplete design, was chosen as 

it reduced the need for a costly and time-consuming complete 
design, whilst still providing efficient and statistically reliable 
results. Three factors were considered at three levels as 
shown in Table II. The Sequence structure for the Box-
Behnken design is shown in Table III. Box-Behnken design 
has higher efficiency than other response surface 
methodologies such as the central composite design three-
level full factorial designs [31]. Kolmogorov Smirnov test 

was carried out to test for normal distribution and one-way 
analysis of variance (ANOVA) and a post hoc Tukey test was 
used to see if the differences between the means of samples 
were statistically different from each other. A Probability 
value of P£0.05 was used to show statistical significance.  

 
TABLE II: THE LEVEL AND RANGE OF PARAMETERS STUDIED 

Symbol Parameter Level 
  -1 0 1 

A pH 2 3.5 5 

B Saponin 
concentration 1% 3% 5% 

C Soil type 100/0 50/50 20/80 
 

TABLE III: THE SEQUENCE STRUCTURE FOR THE BOX-BEHNKEN DESIGN 
Sequence number Level for each parameter 
 A B C 
1 -1 -1 0 
2 1 -1 0 
3 -1 1 0 
4 1 1 0 
5 -1 0 -1 
6 1 0 -1 
7 -1 0 1 
8 1 0 1 
9 0 -1 -1 
10 0 1 -1 
11 0 -1 1 
12 0 1 1 
13 0 0 0 
14 0 0 0 
15 0 0 0 
 

III. RESULTS AND DISCUSSIONS 

A. Effect of pH on Pb Removal Efficiency 
Soil pH is known as a key factor in determining the extent 

of sorption and retention processes, and mobilization of 
metals from the soil by the saponin [13], [31]. In this study, 
the effect of pH on batch experiments is shown in Fig. 2. A 
pH value of 3.5 had a higher Pb removal efficiency 
(30.81%±4.78), which was statistically significant (P£0.05), 
then a pH value of 2 (19.41%±3.38) or 5 (19.98%±1.33). 
There were no statistical differences between a pH value of 2 
and a pH value of 5 on Pb removal efficiency. This study 
showed a washing solution with a pH value of 3.5 is most 
effective in Pb removal when compared with a pH value of 2 
or 5. These results validate a study by [32], which also found 
a similar pH value of 3.5 correlated to a higher Pb removal 
efficiency than at lower or higher pH values. It could be 
explained by changes in ionic charge on the surface of 
saponin molecules; since lower pH values have increased 
negative surface charge, it provides higher electrostatic 
attraction between Pb(II) ions and saponin following 
Coulomb’s law [32], [33] than at higher pH environment. The 
lower removal efficiency at pH 2 could be explained due to 
the extreme acidic conditions which have the potential to 
decompose other elements from within the soil matrix, which 
are then attracted to saponin binding sites by strong 
coulombic forces, thus reducing the number of free binding 
sites for Pb (II) ions. Furthermore, this would also help 
explain the differences in removal efficiency at the same pH 
for different soils, due to the unique elemental differences and 
varied organic matter content in each soil. 
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Fig. 2. Effect of different pH values on Pb removal efficiency.  

 

B. The Effect of Saponin Concentration on Pb Removal 
Efficiency  
The results of the batch experiments showed no significant 

differences between the saponin concentration and Pb 
removal efficiency (Fig. 3). A saponin concentration of 3% 
showed the highest average Pb removal efficiency 
(30.95%±0.50); however, these samples also showed the 
greatest variation in Pb removal efficiency. A 1% saponin 
concentration showed the lowest average Pb removal 
efficiency (23.35%±0.70), and a 5% saponin concentration 
showed a Pb removal efficiency of 24.30%±0.22 and had the 
least variation in Pb removal efficiency. There was no 
statistically significant difference between Pb removal and 
the saponin concentration of the washing solution (Fig. 3). 
The lowest saponin concentration of 1% in the wash liquid 
produced the lowest Pb removal efficiency, which could 
indicate that higher saponin concentrations are more effective 
for Pb removal; a conclusion that is also found in another 
study [16].  

 

 
Fig. 3. Effect of different saponin concentrations on Pb removal efficiency.  

 

C. Effect of Soil Type on Pb Removal Efficiency 
The results of batch experiments showed no statistically 

significant differences between the soil type washed and Pb 
removal efficiency as shown in Fig.4. The highest average Pb 
removal efficiency was found in the soil with a ratio of 50% 
topsoil to 50% sand (30.57%±1.67). The lowest average Pb 

removal efficiency was found in the soil with 100% topsoil 
(21.40%±1.20). The soil with a ratio of 20% topsoil to 80% 
sand showed a Pb removal efficiency of 25.92%±2.06. 
However, these results showed large variations from the 
average. Overall, a weak positive correlation between Pb 
removal efficiency and the presence of sand in the 
content/reduced organic matter of the soil was observed. The 
results showed no statistically significant effect of the soil 
type on Pb removal efficiency when washing. Despite that, it 
could be speculated that organic matter content within the soil 
influences Pb removal efficiency when washing. Evidence 
for this is seen as the 100% topsoil showed the lowest 
removal efficiency in comparison with the other two soils, 
which both had a proportion of sand as well as reduced 
organic matter content. An explanation for this could be that 
Pb molecules that are bound to organic matter are more 
stable, have a higher sorptive capacity, and not are as easily 
removed during the washing process [32]. In contrast, the 
soils with higher sand content, which form fewer stable bonds 
with Pb, are more easily removed during exchange 
mechanisms by saponin. This could mean that, with further 
research, multiple soil washing with a high organic matter 
content, may increase the removal efficiency by first 
removing the less stable Pb bonds with the soil during the 
initial wash and then removing the more stable bonds with 
organic matter during subsequent washes, as reported by [32]. 

 

 
Fig. 4. Effect of soil type on Pb removal efficiency of different soil types 

washed. 
 

D. The Pb Removal Efficiency of Saponin and Water for 
Each Soil Type Washed 
The results from the soil washing experiments have shown 

statistically significant differences in the Pb removal 
efficiency and soil cleaning with saponin or distilled water 
(control), for all soil types as shown in Table V. The overall 
average removal efficiency for soil washed with saponin was 
29.13%±22.57 comparative with samples washed with 
distilled water (2.23%±1.44). A clear trend was observed 
with soil type and Pb removal efficiency when saponin was 
used as the washing solution, with higher Pb removal 
efficiency positively correlated with a higher sand content of 
the soil; however, these results were not statistically 
significant. There were no statistically significant differences 
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or trends between the soil types and Pb removal efficiency 
when washed with distilled water. The largest variation of 
results was found in the soils made of 50% topsoil and 50% 
sand for both saponin-washed soil and the distilled water-
washed soil. 

There is clear statistically significant evidence, that the 
saponin washing process has a higher Pb removal efficiency 
than distilled water alone. An average Pb removal efficiency 
of 29.13% for saponin-washed soil was recorded in contrast 
to 2.23% for distilled water. When we compare the results of 
this study to other studies, using saponin, Maity, Huang [18], 
saponin removed 47% of Pb from the soil at pH 4 and at room 
temperature of 30 °C. In contrast, when we compare this 
result with other removal agents, it was found that EDTA 
recorded Pb removal efficiency of 50.5%, while tartaric and 
citric acids acid showed 16.7% and 31% efficiencies [33]. 
This study corroborates the fact that saponin washing has 
similar effectiveness of Pb removal as citric acid, with higher 
effectiveness than tartaric acid but less effectiveness than 
EDTA, which is corrosive to the soil. Other surfactants had 
Pb removal efficiencies recorded as 88% for di-rhamnolipid 
and 20.3% for mesquite gum [14], [34]. This shows saponin 
has a significantly lower Pb removal efficiency than di-
rhamnolipid but slightly higher efficiency than mesquite 
gum.  

Furthermore, using saponin for soil washing of Pb 
contaminated soil has, although not statistically significant, 
shown trends that suggest soil characteristics influence Pb 
removal efficiency by saponin washing. The lower the 
organic matter content of the soil the higher the Pb removal 
efficiency. However, this pattern may not be reliable as the 
statistical analysis showed it to be not significant and there 
were large variations in results. Other studies have found 
similar results as Wuana and Okieimen [30] found that bonds 
with organic matter fractions within soil were less easily 
broken when washed with citric acid in Pb removal 
experiments; Gusiatin and Klimiuk [20] found that higher 
metal removal efficiencies occurred in soils with lower 
organic matter.  

 
TABLE IV: EFFECT OF WASHING SOLUTION ON PB REMOVAL EFFICIENCY 

Mean removal efficiency (%)±SD 
Soil type Cleaned by Saponin Cleaned by Water 

100/0 8.6 ± 0.98 a 1.3 ± 0.65 a 
50/50 22.2 ± 14.06a 3.25 ± 2.06 a 
20/80 56.5 ± 2.69 a 2.1 ± 0.92 a 

 

E. Response Surface Optimization: Box-Behnken  
The optimum values of pH, saponin concentration, and 

topsoil ratio to sand were determined using response surface 
optimization. The response surface optimization results were 
summarized under the analysis of variance (ANOVA), model 
summary, and multiple response prediction, and are shown in 
Table IV. Major model parameters such as F-values, lack of 
fit, and the squared regression statistic (R2) indicate the 
suitability of the model. For instance, the high F-value 
(40.37) could suggest that the variables used in the model 
were adequate to describe the variation in the data and the 
estimated effect. R2 describes the model goodness of fit and 
high significance of data; the high value of 98.64% obtained 
from this study could mean that 1.36% of the total variation 

could not be explained by the model. The adjusted R2 value 
of 96.20% also confirmed that the model is significant [35].  

The regression in (2) shows the empirical relationship 
between the Pb removal efficiency was obtained from the 
response surface methodology. 

 
𝑃𝑏	𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛	 =
31.514	 + 	0.285	𝐴	 + 	0.978	𝐵 + 	0.502	𝐴 ∗
𝐵	 − 	1.096	𝐴 ∗ 𝐶	 − 	0.325	𝐵 ∗ 𝐶   (2) 

 
The coefficients of (2) can be found in Table V. The 

ANOVA table (Table V) and surface plot (Fig.5) show the 
main and interactive effects of pH, saponin concentration, 
and soil type. Saponin concentration and soil type have the 
main effects among the factors considered. There was no 
significant effect in interactions between the variables. 
Multiple response prediction (Table III) indicates optimum 
levels of pH, saponin concentration, and the ratio of topsoil 
to be 3.50, 3.22%, and 45.86, respectively.  

The results have shown that all factors may be interlinked 
to Pb removal mechanisms in soil. For all soil types, an 
optimum pH value of 3.5 is suggested by this research. For 
soil types with more organic matter, a higher saponin 
concentration appeared to be more effective at Pb removal 
than for the higher sand content soil. This means that for high 
sand content soils, lower saponin concentrations could be 
equally effective thus making the soil remediation cost 
cheaper than in organic matter-rich soils.  
 

TABLE V: BOX-BEHNKEN ANALYSIS OF VARIANCE 
Source DF Adj SS Adj MS F-Value P-Value 
Model 9 361.257 40.140 40.37 0.000 
Linear 3 49.039 16.346 16.44 0.005 

A 1 0.650 0.650 0.65 0.456 
B 1 7.651 7.651 7.70 0.039 
C 1 40.738 40.738 40.98 0.001 

Square 3 305.988 101.996 102.59 0.000 
2-way 

interaction 3 6.230 2.077 2.09 0.220 

A*B 1 1.006 1.006 1.01 0.361 
A*C 1 4.802 4.802 4.83 0.079 
B*C 1 0.421 0.421 0.42 0.544 
Error 5 4.971 0.994   

Lack-of-Fit 3 4.146 1.382 3.35 0.238 
Pure Error 2 0.825 0.412   

Total 14 366.228    
Model Summary 

S R-sq R-sq(adj) R-
sq(pred)   

0.997086 98.64% 96.20% 81.38%   
Multiple Response Prediction 

Variable Setting     
pH 3.5     

Saponin 
Concentration 3.22222     

Soil type 45.8586     
 

A. SEM Images of Soil at Different Stages 
1) Virgin soils 
The surface texture of the virgin soils was analyzed by using 
the SEM and the resulting images show the patterns and 
variations in surface texture and structures within the soil 
(Fig. 6). From observations, clear quartz grains have well-
defined edges and layers, medium and large surface grains, 
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and small amounts of surface weathering. Furthermore, 
organic matter appears grouped in irregular clumps with 
average sizes of 80-150 µm. Silt and fine minerals are present 
on the surface of organic matter as well as evidence of root 
hairs; plant debris and insects embedded within the structures. 

2) Pb soil 
The SEM imaging showed that after the Pb spiking process 

the soil had small white dots randomly distributed within the 
soil matrix (Fig. 7). These were assumed to be Pb sorbed onto 
the soil surfaces. As Pb is a heavy element, due to its high 
atomic number, during the SEM process it backscatters more 

electrons than lighter elements; thus, making it appears whiter 
and brighter in the resulting image. However, as no EDX was 
performed on the samples we cannot prove that these white 
dots are Pb, so we can only assume making the results less 
reliable. Evidence of microfossils (Fig.7) showing an outline 
of crustacean body and front leg within the soil were also 
found, which from the samples showed to contain higher 
amounts of Pb dots than other areas of soil, thus weakly 
giving evidence that Pb may be more attracted to the organic 
fractions of the soil.  
 

 
 

 
Fig. 5. Surface plots showing interactions of pH, saponin concentration, and soil type. 

 
 

  
(a) (b) 

Fig. 6. SEM images of virgin soil at varied magnification: (a) X1000 magnification; (b) X5000 magnification. 
 

  
(a) (b) 

Fig. 7. SEM image of Pb spiked soil at various magnifications. 
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3) Pb spiked soil washed with water 
After the soil washing process, with distilled water only, 

clear changes are observed in the surface texture and 
morphology of the soils (Fig. 8). In comparison, the surface 
texture shows more signs of weathering, with smaller surface 
grains and deeper disordered grooves. Furthermore, there is 
evidence of random surface cavities, within the organic 
matter clumps, which were not evident on the virgin soils.  

[18], [21], [36]. However, the removal efficiency of below 
30% would not be effective enough for the treatment of 
contaminated agricultural soils, as a substantial amount of Pb 
would remain in the soil and may pose a threat to both human 
health and the environment. Therefore there is a need for 
multiple washing to ensure an effective remediation [37].  

Agricultural soils are often rich in organic matter, which 
unfortunately reduces the suitability of using saponin on 
agricultural soils as suggested by the outcome of this study, 
saponin has a lower Pb removal efficiency in soils with high 
organic matter content. Soil organic matter plays a key role 
in agricultural soils to provide nutrients to plants; enhance 
soil stability; enhance microbial diversity and increase soil 
water content [38], [39]. However, with further research, 
saponin could be selectively used for the treatment of soils; 
such as over-exploited agricultural land, with low organic 
matter content [39]. It could be suggested that, after saponin 
treatment to remove Pb, the soils could be used by animals 
for grazing to replenish the organic matter content of the soil 
and improve its fertility before use in crop growth.  

The low pH (3.5) of the optimum treatment with saponin 
would hinder some agricultural soil’s ability for crop growth. 
Agricultural soils require careful soil pH management as 
most crop species have a specific pH range for optimum 
growth usually occurring between pH 5.5–6.5, lower pH soil 
conditions would create an acidic environment too harsh for 
plant growth and likely cause hydrogen ion injury to plant 
roots, as was found in another study [40]. Therefore, it would 
be recommended that after treatment with saponin, 
agricultural soils would need to be tested and adjusted to the 
required soil pH for crop growth, such as with the addition of 
lime to the soil. This means that the overall soil remediation 
costs by saponin would likely be indirectly increased due to 
the extra costs for pH adjustments.  

The use of saponin as a bio-surfactant has key benefits due 
to its low purchase cost, low environmental cost, and its non-
toxic nature to humans. The use of it agricultural soil 
remediation was a promising prospect, to reduce the negative 
impacts of other remediation technologies such as high costs, 
environmental damage, and risk to human health. However, 
these benefits are offset as saponin alone would not be an 
effective treatment to completely remove Pb from 
contaminated agricultural soils as other treatment options 
would need to be performed as well, along with soil pH 
adjustments after the washing process. Therefore, losing the 
key economic and environmental benefits saponin offers 
compared to other treatment options.  

Overall, it is clear that saponin washing at a pH of 3.5 is 
not ideally suitable for the treatment of Pb-contaminated 
agricultural soils due to key differences, in the soil pH and 
soil organic matter content, for optimum conditions for Pb 
removal by saponin washing and the optimum conditions for 
crop growth.  

B. Saponin as an Option for Non-Agricultural Soils 
This study has highlighted that saponin as a surfactant is 

effective in Pb removal from contaminated soils, but the 
optimum conditions for removal are not suitable for 
agricultural soils. However, the use of saponin to treat non-
agricultural soils should not be ruled out as this study has 
validated its effectiveness to treat Pb contaminated soil. This 
would offer the most benefit to reducing human Pb exposure 
and related illness around the globe; particularly in less 
developed nations where childhood death rates are high. In 
India, it was reported that 23% of the tested population 
showed blood Pb levels to be poisonous highlighting the 
critical need for remediation options. It could be 
recommended for the treatment of Pb contamination in 
residential gardens and public recreation sites, key areas in 
need of cheap and environment-friendly removal 
technologies. Furthermore, due to its cheap cost, saponin 
could be useful as a remediation technology in the clean-up 
of military training zones in the USA, which may 
significantly reduce the current estimate of $165 million for 
such remediation [41].  
 

IV.  CONCLUSION 
Overall, we can conclude that this study has shown saponin 

to be an effective plant-based surfactant with an optimum 
removal efficiency of 58.69% in a single wash. It was more 
effective than washing with distilled water alone. 
Furthermore, it was found that the pH of the washing solution 
had an optimum value of 3.5 for all soil types; and soil types 
with less organic matter had higher Pb removal efficiencies 
when washed with saponin than soils with increased organic 
matter. The increase in saponin concentration showed a weak 
correlation to increased removal efficiency; this effect was 
more evident in soils with increased organic matter content. 
The washing process was found to cause physical and 
chemical changes in the soil such as weathering the surface 
grains, increasing cavities within the soil matrix, and causing 
a more chaotic arrangement of quartz grains and organic 
matter. It was concluded that due to the low pH of the 
washing solution needed for an optimum removal efficiency, 
along with the findings that saponin worked best for reduced 
organic matter content soils, the treatment of Pb contaminated 
agricultural soils with saponin would not be ideal. However, 
the use of saponin within soil remediation for non-
agricultural soils could be recommended, subject to further 
study.  

This research may improve current knowledge to aid in 
finding cheap and environment-friendly soil remediation 
agents for the treatment of Pb-contaminated agricultural and 
non-agricultural soils in general.  
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