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Abstract Mercury (Hg)-contaminated soils from
anthropogenic activities pose significant challenges to
ecosystems and their biotic and abiotic components.
Among many treatment methods for the remedia-
tion of Hg-contaminated soils, soil washing has been
practiced as an effective treatment. This study inves-
tigated Hg removal efficiencies by using different
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combinations of washing solutions, including organic
acids (humic, citric, oxalic, tartaric acids), surfactants
(Tween 80, sodium dodecyl sulfate (SDS)), and elec-
trolyte solution (NaCl). Moreover, the optimal condi-
tions of the soil-washing process also were pointed
out. The results showed that the experiment performed
by a combination of citric acid + Tween 80 with SDS
provided the highest Hg removal efficiency (94%).
Organic acids show potential in Hg-contaminated soil
washing with relatively high removal efficiency, par-
ticularly humic acid, with a removal efficiency of 79%.
Surfactants show a role in enhancing Hg removal
efficiency when combined with organic acids. Sur-
factants have been shown to play a role in enhancing
Hg removal efficiency, while electrolytes have not yet
when combined with organic acids as the washing
solutions. Therefore, further studies are needed when
using electrolytes in soil-washing solutions. Mercury-
contaminated soil washing is most effective at operat-
ing conditions of pH = 4, liquid-to-solid ratio = 5:1,
and stirring speed = 1500 rpm. The liquid-to-solid
ratio played a significant effect (P < 0.05) on the Hg
removal efficiency. The results from this study show
the potential of green soil washing technology using
less toxic, biodegradable, environmentally friendly,
and low-cost chemicals.

Keywords Chelation - Flotation - Green

remediation - Mobilization - Surfactant - Taguchi
design
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1 Introduction

Mercury (Hg) is considered the most toxic ubiqui-
tous environmental pollutant (Raj & Maiti, 2019).
Anthropogenic activities like Hg mining, coal com-
bustion, power plant, and industrial process become
a reason to increase Hg levels in soil (Guney et al.,
2020; He et al.,, 2015). Mercury leaching from
soils may contaminate waters, air, ecosystems, and
human health through the food chain (Caballero-
Gallardo et al., 2022; Piccolo et al., 2021). It has
been observed that Hg”" effectively causes kidney
and lung impairment, while the organomercuric
form impairs brain function (Li et al., 2017). There-
fore, mercury has been progressively designated a
high-priority pollutant by international agencies in
light of its bioaccumulation and toxicity (Raju et al.,
2019). The World Health Organization (WHO)
enlisted Hg as one of the “ten leading chemicals
of concern” (Xu et al., 2015). In this context, Hg-
contaminated soil should be treated through diverse
remediation processes to control its transmission and
toxic effects on the environment and human health.

In the previous decades, Hg-contaminated soil has
been treated employing several techniques, includ-
ing soil replacement/filling, soil stabilization, thermal
desorption, phytoremediation, electrokinetic, and bio-
logical remediation (Bolan et al., 2014; Vargas-Garcia
et al., 2012). However, these methods primarily con-
centrate on the restoration of soil contaminated in a
certain context, are not adequate for an extended level
of contamination, relatively involve high cost, and
require a long period (Ali et al., 2013; Beiyuan et al.,
2017). Instead, previous studies have shown that soil-
washing technology has become a promising approach
for removing Hg from contaminated soil based on cost
and time savings (Feng et al., 2020). A fundamental
characteristic of soil washing is its complexity, which
is demonstrated not only by its phenomenon but also
by its mechanisms. Therefore, choosing an effective
soil-washing solution for Hg removal from contami-
nated soil is a matter of concern (Wei et al., 2018).
Additionally, there are still some uncertainties about
the conditions and the factors that affect its perfor-
mance. It is therefore necessary to conduct studies on
soil-washing solutions and factors that can increase
heavy metal removal from contaminated soils.

Several studies have examined the influence of
soil washing conditions and washing agents on Hg
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removal efficiency (Kwon et al., 2020). Mercury
removal efficiency from contaminated soil is less than
10% when using deionized water as a washing solu-
tion. As Hg has a relatively higher octanol-water parti-
tion coefficient (Kow = 4.17 for metallic Hg), it would
be tightly sorbed onto the soil particles (Chen et al.,
2018). In order to make it easier to remove Hg from
contaminated soils, using chemicals as washing solu-
tions has become popular (Wang et al., 2014). In the
study of Wasay et al. (2001), chemical extraction has
been used to upsurge the effectiveness of soil washing
to remove Hg. Chemical agents that are normally used
to solubilize Hg include acids, alkalis, salt solutions,
and chelating agents (Wasay et al., 1995). A variety of
inorganic acids (H,SO,, HNO;) and saline solutions
(KI, Na,S,0;) are studied to remove Hg from con-
taminated soils (Ray and Selvakumar, 2000). A major
disadvantage of soil washing using inorganic acids as
washing solutions is to loss of nutrients in the soil and
negative influence on the soil structure (Jiang et al.,
2017) as well as the strong acids may affect the soil
microbiology and fertility (Ko et al., 2005). In soil-
washing processes, aminopolycarboxylate chelates
like EDTA have been commonly tested due to their
ability to form metal-ligand coordination compounds
(Qiao et al., 2017). However, the EDTA is poorly bio-
degradable and can form stable complexes with met-
als as it may persist in soil for longer periods. The use
of EDTA might be harmful to microorganisms and
plants, as well as contaminating groundwater (LeStan
et al., 2008). Low molecular weight organic acids
(LMWOASs) are particularly useful for heavy metal
mobilization due to their metal chelating and com-
plexing properties (Cao et al., 2018). Different organic
acids may affect the interaction between metals and
soil in different ways. Metal dissolution is most com-
monly caused by hydrogen ions released by carboxylic
acid groups (Burckhard et al., 1995). In soil environ-
ments, LMWOA is easily biodegradable, but heavy
metals are less readily removed with organic acids
alone (Ren et al., 2015). A surfactant-based washing is
more effective when metals and organic contaminants
are closely associated. This has been proven in many
previous studies (Mulligan et al., 1999). Tween 80 and
SDS are considered to be the most cost-effective and
promising solutions because they are relatively low
in toxicity and have low critical micelles concentra-
tions (CMC) and are relatively easily dissolved (Col-
acicco et al., 2010). Despite their lack of impact on



Water Air Soil Pollut (2023) 234:69

Page3of 16 69

soil structure, these washing solutions are effective in
washing heavy metal-contaminated soil. Besides, pre-
vious studies have also shown that the electrolyte sup-
ports the soil-washing process. Some previous studies
reported that chlorides had an effect on Hg mobiliza-
tion. Schuster (1991) indicated that the pH of the soil
solution plays a significant role when adding salt as
a washing solution. The highest Hg dissolution was
achieved from pH 5 and 11, reaching up to 0.3% of the
total Hg (Xu et al., 2014).

In order to increase the removal efficiency of
heavy metals from contaminated soil, combined
chemicals used as washing solutions were stud-
ied (Issaro et al., 2009). Combined chemicals, for
instance, acid + salt, salt + oxidant/reducing, salt
+ acid, or salt + chelating agent, used in metal-
contaminated soil washing were reported to be more
effective compared to individual chemicals (Biester
& Scholz, 1997; Subires-Munoz et al., 2011). How-
ever, studies using combined chemicals as washing
solutions to remove Hg from contaminated soil are
still limited. Especially, there have been no studies
on the combination of organic acids, surfactants,
and electrolyte solutions before, although there have
been numerous studies on the role of surfactants
and electrolyte solutions in enhancing the mobil-
ity of mercury (Jing et al., 2007; You et al., 2016).
Therefore, studies using this method to remove Hg
from contaminated soil are highly recommended.

Flotation is a physicochemical separation tech-
nique, which introduces air bubbles in a suspen-
sion, and is widely used in mineral ore (Dermont
et al., 2008; Vanthuyne & Maes, 2002). This tech-
nology has received much less research than other
soil-washing techniques like chemical extraction
(Dermont et al., 2010). In froth flotation, to sepa-
rate contaminants from the soil matrix, a hydro-
phobic difference mechanism is employed (Tran
et al., 2022). In addition to chemical and physical
parameters, bubble hydrodynamics also play an
influential role in froth flotation removal efficiency
(Zhang et al., 2001). In spite of this, there is limited
research on the interaction between organic acid,
surfactants, and electrolytes during heavy metal
removal from contaminated soil.

In order to overcome the aforementioned chal-
lenges, this study presented the technically effective
method in consideration to efficiently identify the
adequate chemical combination for Hg remediations

from contaminated soil. The combined chemicals,
including organic acids, Tween 80, sodium dodecyl
sulfate (SDS), and electrolyte, to form different wash-
ing recipes are employed to survey Hg desorption
performance. After that, three influencing factors are
considered in an experiment to determine the optimal
washing conditions: pH, liquid-to-solid ratio, and stir-
ring speed. Flotation machines were selected to use
in the experiments. The selection of a combination of
organic acids, Tween 80, SDS, and electrolytes in vari-
ous recipes offers efficient green soil washing technol-
ogy with short processing times and less soil structure
effect. The findings can serve as valuable information
and technical support for developing green soil-wash-
ing technology to remediate Hg-contaminated soils.

2 Materials and Methods
2.1 Soil Samples and Wet Screening Process

In this study, the contaminated soil was collected
from a derelict chlor-alkali plant in Tainan City, in
southern Taiwan. Through wet screening (adding
water to the screen), the undersized material (non-soil
part) was efficiently removed by taking into account
the specified particle size. In pursuance of carrying
out the wet screening process, the ASTM E276-13
approach was implemented. A total of 50 kg Hg-con-
taminated soil having a particle size range of 10-300
um was homogeneously mixed and separated into 300
g for each experimental unit. The soil samples were
further analyzed to determine the physicochemical
soil properties. The physicochemical analysis results
displayed the following: composition (clay 20.5%, silt
23.0%, and sand 56.5%), organic matter (OM) content
0.85%, and electrical conductivity (EC) 2.04 dS/m.
The Physicochemical properties of the contaminated
soil analysis method and instruments were enlisted in
the supplementary materials in Table S1.

2.2 Chemicals and Instruments

The surfactant sodium dodecyl sulfate (SDS) and
Tween 80 were supplied by Sigma-Aldrich, Ger-
many. The high-purity citric acid (99.5~100%),
sodium chloride (99.8%), and sodium hydroxide
(95%) were purchased from Nihon Shiyaku Indus-
tries Ltd. (Taiwan). Industrial-grade oxalic acid
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(98% purity), tartaric acid (99% purity), and indus-
trial-grade humic acid (99% purity) were purchased
from Alfa Aesar (UK).

In this study, the Denver D12 laboratory scale
flotation machine (XFD3III, JXSC Mine Machin-
ery Factory) was employed (Dermont et al., 2008).
Separation is performed based on the hydrophobic
properties of particle surfaces (Vanthuyne et al.,
2003). The purpose of this instrument is to separate
minerals from soil using different washing solu-
tions. It is commonly used in the mining industry.
The specification of flotation machines was enlisted
in the supplementary materials Table S2. In this
work, a flotation machine was placed in a closed
chamber to limit mercury losses to the external
environment through evaporation. The closed cham-
ber was designed with a cartridge to absorb the
evaporating Hg. The washing solution combination
and diagram of the flotation machine are depicted
in Fig. 1.

2.3 Experimental Setup

The experiment performed is divided into two main
stages. In the first stage, the feasibility of different
washing solutions is investigated. The deionized (DI)
water and different washing solutions were used to
conduct experiments during this stage. The first stage

Washing Solution
Combination

Tartaric acid, Oxalic acid)

Organic acid + Tween 80

includes four treatments to appraise Hg’s removal effi-
cacy. Firstly, experiments on the feasibility of organic
acids were conducted. Subsequently, experiments on
the use of surfactants (Tween 80) to enhance organic
acids during soil washing were carried out. After that,
SDS was added to support organic acids and Tween
80 to remove Hg. Finally, experiments on the com-
bination of surfactants and electrolyte solutions to
enhance soil washing by organic acid will be con-
ducted. There are 16 experiments conducted in the
first stage, as shown in Table 1. These experiments
were conducted at pH 4, a stirring speed of 1500 rpm,
and a liquid-to-solid ratio of 5:1. After completing
these 16 experiments, the most effective washing rec-
ipes were chosen to investigate the effects of different
experimental conditions in the second stage.

In the second stage, influential factors were con-
sidered, including liquid-to-solid ratio, pH, and stir-
ring speed at room temperature. The most effective
washing was used to investigate the effects of differ-
ent experimental conditions. The Taguchi method
was employed to design experiments for this stage.
The Taguchi method has been proven to be one of the
fastest techniques. In Taguchi’s design, response vari-
ables are tested for their sensitivity to a set of control
parameters by considering experiments in an orthog-
onal array. An orthogonal array provides the best-
balanced set with the least number of experiments

Froth Floatation Machine

Control

/ Panel

U s e s e s i Air Tube
Organic acid + Tween 80 + Foam

| SDS _

Organic acid + Tween 80 + | il

| SDS + NaCl Sediments

... SDS+NaCl ____ B P

Fig.1 Washing solutions and schematic diagram of flotation machine.
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Table 1 The treatments for

: . Treatments  Organic acids Surfactants Electrolyte
mercury-contaminated soil
washing experiments H1 Humic acid (0.2 M) _ _ _
H2 Humic acid (0.2 M) Tween 80 (0.5%V/v) - -
H3 Humic acid (0.2 M) Tween 80 (0.5%v/v) SDS (0.5%v/v) -
H4 Humic acid (0.2 M) Tween 80 (0.25%v/v)  SDS (0.25%v/v)  NaCl (3%w/v)
Cl Citric acid (0.2 M) - - -
Cc2 Citric acid (0.2 M) Tween 80 (0.5%v/v) - -
C3 Citric acid (0.2 M) Tween 80 (0.5%v/v) SDS (0.5%v/v) -
C4 Citric acid (0.2 M) Tween 80 (0.25%v/v)  SDS (0.25%v/v)  NaCl (3%w/v)
T1 Tartaric acid (0.2 M) - - -
T2 Tartaric acid (0.2 M)  Tween 80 (0.5%v/v) - -
T3 Tartaric acid (0.2 M)  Tween 80 (0.5%v/v) SDS (0.5%vV/v) -
T4 Tartaric acid (0.2 M)  Tween 80 (0.25%v/v)  SDS (0.25%v/v)  NaCl (3%w/v)
0Ol Oxalic acid (0.2 M) - - -
SDS sodium dodecyl 02 Oxalic acid (0.2 M) Tween 80 (0.5%v/v) - -
sulfate, Tween 80 03 Oxalic acid (0.2 M) Tween 80 (0.5%V/v) SDS (0.5%v/v) -
polyoxyethylene sorbitan 04 Oxalic acid (0.2 M)  Tween 80 (0.25%v/v)  SDS (0.25%v/v)  NaCl 3%w/v)

monooleate

Table 2 DOE orthogonal array of designed experiments (L)

Run Operating parameters

pH L/S RPM
1 4 3:1 1000
2 4 4:1 2500
3 4 5:1 1500
4 5 3:1 1500
5 5 4:1 1000
6 5 5:1 2500
7 6 3:1 2500
8 6 4:1 1500
9 6 5:1 1000

(Flores et al., 2018). Taguchi L9 orthogonal arrays
were implemented, aiming to identify the optimal
conditions of the soil-washing process. Nine experi-
ments were carried out based on the variation of three
parameters, including liquid-to-solid ratio, pH, and
stirring speed, with three levels presented in Table 2.
Generally, there are three methods to calculate S/N
ratios, including HB (higher or larger is better), NB
(nominal is better), and LB (lower is better) (Asgari
et al., 2016). The experimental design is carried out
using an L9 orthogonal array selected by employing
Minitab statistical software package.

After the wet screening process, 50 kg of mercury-
contaminated soil with a particle size ranging from

10 to 300 pm were homogeneously mixed and then
weighed 300 g of mercury-contaminated soil for each
experiment. From this 300 g soil, 50 g was stored in
the refrigerator (40 C) to analyze the initial concen-
tration of mercury in the soil (C0O); 250 g was put into
the container of a flotation machine for the washing
process. During experiments, the foams, water, and
sediment samples were collected after 10 min of each
flotation period. After collecting the foam and water
samples, the remaining solution was drained and col-
lected using a vacuum pump. Thirty grams of soil
was taken from four corners and the center of the
container. All samples were refrigerated at 4 “C until
further analysis.

2.4 Analysis of Soil, Water, and Foam Samples

The analysis was performed by following the pro-
cedures described by the National Institute of Envi-
ronmental Analysis, Taiwan (NIEA). In this process,
foam, water, and sediment samples were collected
from the flotation machine. Both solid and liquid
samples were detected following Taiwan EPA meth-
ods (NIEA M318.01C and US EPA Method 7473).
The Hg analyzer (MA 2000, NIC) was implemented
to observe the detection line. After the inception of
the detection line, the absolute weight of Hg was cal-
culated using the obtained peak height or sample area
and inspection line. This sample contains moisture,
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so the moisture content was determined using a soil
and sediment moisture content determination method
of an environmental laboratory-gravimetric method
(NIEA S280, ISO 11465). The specifications Hg ana-
lyzers can be found in the supplementary materials
Table S2.

2.4.1 QA/QC

The quality assurance and quality control (QA/
QC) were examined based on the detection method
described by the National Institute of Environmental
Analysis, Taiwan (NIEA) that was followed to per-
ceive the total amount of mercury in sediment, foam,
and liquid samples. As well as before the scrutiny of
Hg, all glassware was washed with distilled water,
soaked in 30% nitric acid, and air-dried for further uti-
lization. Additionally, all the recovery values in trip-
licated experiments were found in the 91.6-107.3%
range and within the acceptable range of 80-120%
for mercury analysis. The relative standard deviation
(RSD) values obtained for samples ranged from 3.9
to 10.2%, which was <15% RSD under the required
control limits. These values indicated the analytical
method with the necessary accuracy and precision.

3 Results and Discussion
3.1 Organic Acids as a Washing Agent

Experiments using water as soil washing solu-
tion to remove Hg from contaminated soil showed
low removal efficiency (around 10%). This may be
because the Hg species is very strongly bound with
organic compounds and sulfides in the soil to form
the insoluble complex compound (Ma et al., 2015).
Therefore, chemical washing solutions are required
to enhance Hg desorption from the contaminated
soil. Recent studies have demonstrated that natural
organic acids are ideal for soil washing. In addition
to being biodegradable and environmentally friendly,
natural organic acids can also prevent secondary pol-
lution caused by the soil-washing process (Zou et al.,
2019). The results highlighted that the Hg removal
efficiencies using organic acids (0.2 M) as soil wash-
ing solutions were improved compared to water. As
shown in Fig. la, the Hg removal efficiencies were
found at around 79%, 70%, 68%, and 37% when using
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humic acid, citric acid, tartaric acid, and oxalic acid,
respectively. Low molecular weight organic acids
(LMWOAs) contain different functional groups,
which have a high capacity to bind with Hg, leading
to higher Hg removal efficiency (Jiang et al., 2017).
The different molecular structures of LMWOAs
might lead to differences in the strength of their inter-
actions with heavy metals in the soil during chelat-
ing or ion exchange reactions (Yang et al., 2006).
Moreover, there is competition among heavy metals
to combine with the active sites on washing solutions
(Di Palma & Mecozzi, 2007). Therefore, there was
a difference in Hg removal efficiency when different
organic acids were used as washing solutions. Humic
acid (0.2 M) presented the highest removal efficiency
of Hg (79%). Humic acid is one of the most stable
organic compounds (Xu et al., 2015). The presence of
soluble humic acids noticeably increased Hg mobility
by transferring Hg from the solid phase to the liquid
phase (Cattani et al., 2009). It contains a large number
of functional groups that have a high capacity to inter-
act with Hg, such as -OH, -COOH, and -SH (Yang &
Hodson, 2019). It means humic acid has more bind-
ing sites for heavy metal ions than other organic acids
allowing them to form outer or inner-sphere com-
plexes (Begum et al., 2012). In contrast, oxalic acid
showed the lowest Hg removal efficiency due to its
low molecular weight and less complexing capability
(Jing et al., 2007; Ponizovskii & Mironenko, 2001).
Some previous studies also reported the effective-
ness of organic acids in removing Hg from contami-
nated soil through soil washing (Jiang et al., 2017).
However, organic acids showed lower soil wash-
ing efficiency compared with inorganic acids. For
instance, Xu et al. (2014) showed that Hg removal
efficiency reached 80-97% when using HCl and
HNO; as washing solutions. Although using inor-
ganic acids as washing solutions can achieve high Hg
removal efficiency, generating secondary pollutants
from the washing process and destroying soil struc-
ture are significant problems (Meng et al., 2017).
Meanwhile, organic acids are known to be environ-
mentally friendly chemicals with high biodegrada-
bility within the soil environment (Wen et al., 2009).
Using organic acids as a washing solution might limit
the occurrence of secondary pollutants and effects
on soil structure, leading to a promising green soil
washing technology. The Hg removal efficiency
when using organic acids as a washing solution can
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be improved by combining it with environmentally
friendly surfactants.

Organic acids can enhance metal mobility in soil
profiles by reducing soil pH and forming complexes
with heavy metals (Jing et al., 2007). In this study,
non-humified organic acid and humified organic acid
are used to remove mercury from contaminated soil.
The LWMOA used in this study exhibit the mecha-
nisms which are as follows: (i) positively charged
complexes are formed directly with heavy metals, (ii)
complex formation between organic acid functional
groups, and (iii) formation of highly soluble com-
plexes with heavy metals after adsorption onto the
soil surface (Ash et al., 2016). The different organic
acids may affect the interactions between metals
and soil differently in different ways. Hydrogen ions
released by carboxylic groups are essential for metal
dissolution. Metal complexation and leaching are
influenced by the positions and types of functional
groups in organic acids (Renella et al., 2004). All
of these factors affected the characteristics of Hg>*
adsorption in soils. Soil surfaces may be less adsor-
bent to Hg?* by adding organic acids that chelate
with Hg?* and HgOH™. Generally, the stronger the
chelator, the less HgZJr is adsorbed, and correspond-
ingly, the more Hg?* is desorbed (Krishnamurti
et al., 1997), as citric acids have two or three -COOH
groups, allowing them to form chelates with a five-
or six-membered ring structure. So, as compared to
the monodentate complexes, these chelates are much
more stable (Qin et al., 2004).

3.2 Organic Acids and Tween 80

Rather than using a single reagent, an artificial non-
ionic surfactant, Tween 80, was used in combination
with natural organic acids to investigate the enhance-
ment of Hg removal efficiencies. This complex was
intended to promote the transformation and dissolu-
tion of metals from soils to solutions. Tween 80 is
a potentially cost-effective and promising solution
because of its low critical micelles concentration
(CMO), toxicity, and relative water solubility (Colac-
icco et al., 2010). The outstanding properties of the
complex of organic acids and Tween 80 are biode-
gradable and eco-friendly (Pazos et al., 2013).

The combination of organic acids and Tween 80
mostly provided higher Hg removal efficiency com-
pared to a single washing solution. Specifically, the

Hg removal efficiencies were 89%, 78%, 77%, and
68% when combining Tween 80 with humic acid,
oxalic acid, citric acid, and tartaric acid, respectively.
The addition of Tween 80 to the water-sediment sys-
tem resulted in the solubilization/elution of organic
matter and its Hg complexes (Falciglia et al., 2016).
In solution, non-ionic surfactants have lower critical
micelle concentration (CMC) values and a weaker
ability to flocculate clay particles. Therefore, the sur-
factant has a higher solubilizing activity for pollutants
and a lower sorption activity leading to improving
the Hg removal efficiencies (Lindman et al., 2016).
Thus, Tween 80 and the organic acid combination
can intrinsically boost the desorption of heavy met-
als from sediments (Hahladakis et al., 2014). Also,
these mixed washing solutions could reduce the treat-
ment cost and secondary pollution to the environment
by removing heavy metals at a lower concentration.
According to these results, the combination of Tween
80 and organic acids offers a substantial potential for
the practical application of surfactant-enhanced soil
washing.

3.3 Organic Acids, Tween 80, and SDS

The non-ionic surfactants do not carry charges, so
they cannot participate in the counter-ion binding
and ion-exchange processes (Liu et al., 2021). There-
fore, the addition of anionic surfactants, SDS, to the
washing solution is intended to promote ion exchange
and binding to achieve higher Hg removal efficien-
cies. SDS segregates into Na+ and DS- in the wash-
ing solution. Yet, these ions can extract heavy met-
als weakly bound to soil organic matter (Yun et al.,
2015). The complexation in the ternary surface of
DS- and oxides with metals has efficiently boosted
the chelation by SDS, which pertinently enhances the
metal extraction from contaminated soils. Thus, as
shown in Fig. 2c, Hg removal efficiencies were sig-
nificantly improved when using the complex organic
acids, Tween 80, and SDS as washing solution com-
pared to only organic acid and organic acids + Tween
80, in which the combination of citric acid, Tween
80, and SDS reported the highest Hg removal effi-
ciency (94%). Sulfur-containing groups in SDS mol-
ecules facilitate the desorption of heavy metals (Mao
et al., 2015). The anionic surfactants (SDS) recovered
higher mercury at low concentrations than Tween
80; this may be due to the electrostatic interaction

@ Springer
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Fig. 2 Removal efficiencies of mercury with different washing solutions. H: humic acid, C1: citric acid, T1: tartaric acid, O1: oxalic
acid. a Organic acid, b organic acid + Tween 80, ¢ organic acid +Tween 80 + SDS, and d organic acid +Tween 80 4+ SDS + NaCl

between negatively charged functional groups (sul-
fate in SDS) and mercury ions (Hg®") resulting in
the formation of a complex (Chen et al., 2011). The
highest heavy metal removal rate from contaminated
soil was obtained using SDS alone, with the removal
rate reaching 70% (Shin & Barrington, 2005). Rama-
murthy et al. (2008) reported that with the addition
of SDS, the most effective removal of Cu(Il) and
Zn(Il) was achieved compared with using individual
surfactants. More details related to the desorption
efficiency of different heavy metals based on different
washing agents are critically summarized in Table 3.
The results also showed that SDS exerts a syn-
ergistic effect on citric acid and tartaric acid to
enhance Hg removal efficiency. Meanwhile, the
treatment efficiency showed a slight decrease in the

@ Springer

case of using SDS in combination with complex
humic acid + Tween 80 and oxalic acid + Tween
80. This result is also similar to some previous
study results. For instance, the study by Chen et al.
(2016) reported the same result for Zn** removal
by adding SDS to complex non-ionic surfactant
and organic acids (citric acids, tartaric acid, and
oxalic acid) in a washing solution. The results from
this study reported that complex SDS, non-ionic
surfactant, and oxalic acid did not improve Zn?*
removal efficiency, even with enhanced reaction
time. Different effects of surfactants in combination
with organic acids on metal removal efficiency were
mainly based on the physicochemical features of
organic acids and various interactions in the com-
plex soil-liquid systems. Thus, the combination of
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Table 3 The cumulative removal efficiencies of different heavy metals based on different inorganic and organic washing agents

Metal Washing agent Concentration Removal References
efficiency
Hg Potassium iodide 0.25M 88.0% Effendi et al. (2020)
Hg H,SO, + H,0, 0.2 M H,SO, and 35% H,0, 86.4% Kim (2020)
Ni Oxalic acid + EDTA 0.05 M EDTA and 0.2 M 86.9% Cheng et al. (2020)
Hg 100 mM KI + 50 mA 4 HCI1 1:5 76.0% Wasay et al. (2001)
Cd Ferric chloride + CA 10 mM FeCl; + 20 mM CA 78.9% Gao et al. (2018)
Hg EDTA 1M 93.8% Moghal et al. (2020)
As Sulfuric acid + PA 0.6 M SA and 0.6 M PA 70.5% Cho et al. (2020)
Cd SDS Na 70% Shin and Barrington, (2005)
Hg Na,S,0; 0.025 mol/L 47.0% Han et al. (2019)
Zn Tween 80 0.5% 85.4% Torres et al. (2012)
Hg Sodium sulfite 0.7 mol/L 92.1% Qietal. (2017)
Cu EDTA + SDS 10 mM 95.0% Ramamurthy et al. (2008)
Pb Saponin 3% 83.5% Gusiatin and Klimiuk (2012)
Hg CA + Tween 80 + SDS 0.2M:0.5%V/v:0.5%v/v 94.0% This study

EDTA ethylenediaminetetraacetic acid, CA citric acid, PA phosphoric acid, SDS sodium dodecyl sulfate

surfactants provides better performance (low CMC
and adsorption loss), thus reducing remediation
costs and surfactant application amounts.

The surfactant helps in the desorption or dis-
persion of contaminants by forming micelles and
reducing the concentration of Hg?* adsorbed to the
soil surface, which increases the chelator’s strength
(Liu et al., 2022). Surfactants can enhance the
removal of heavy metals through mechanisms such
as ion exchange, counter-ion binding, and dissolu-
tion precipitation (Rouse et al., 2004). In the case of
SDS, it is possible for SDS to remove heavy metal
from soil alone through ion exchange with sodium
cations and electrostatic attraction between neg-
atively-charged DS-micelles (Shin & Barrington,
2005). By complexing with metals (competing
with OH-) and competing for sorption sites on the
solid phase with cations, electrolyte solutions can
improve the mobility of metals in soil solution (Lee
et al., 2008).

3.4 Organic Acids, Tween 80, SDS, and NaCl

Chloride ions play a role in the improvement of the
soluble chloro-complexes formation, which favors
heavy metal solubilization in an acidic medium
(Guemiza et al., 2015). There is also another reason

for this, which is the modification of the CMC, which
facilitates the solubilization of pollutants. (Lopez
et al., 2004). Therefore, NaCl was added to the mix-
ture of organic acids + Tween 80 + SDS to investi-
gate Hg removal efficiencies. However, in the results
of this study, the mixture of NaCl + organic acids +
Tween 80 + SDS did not show higher Hg removal
efficiencies compared to other recipes. The results
shown that the removal efficiency reached 78%, 74%,
71%, and 44% when using the mixture NaCl + humic
acid + Tween 80 + SDS, NaCl + oxalic acid + Tween
80 + SDS, citric acid + Tween 80 + SDS, and tar-
taric acid + Tween 80 + SDS, respectively (Fig. 2d).
The reason behind the reduction in removal effi-
ciency is maybe the reduction of the surfactant con-
centration. Compared to prior treatments with this
combination, the low concentration of Tween 80 and
SDS (0.25% v/v) has proven less effective. A non-
ionic surfactant’s solubilization is relatively unaf-
fected by salinity, whereas adding salt to an anionic
surfactant solution can decrease its CMC (Bai et al.,
1998). However, some researchers have shown that
increasing salinity decreases the solubility of inor-
ganic pollutant and spreads the distribution of pol-
lutants to soil phases due to interactions between the
surfactant and salt that makes it difficult for pollutants
to incorporate into the hydrophobic core of micelles
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(Tremblay et al., 2005). In addition, some previous
studies reported that chlorides had little effect on Hg
mobilization. The pH of the soil solution plays a very
important role when adding salt as a washing solu-
tion (Schuster, 1991). The highest Hg dissolution was
achieved from pH 5 and 11, reaching up to 0.3% of
the total Hg (Xu et al., 2014). In addition to the other
reagents, NaCl is also relatively non-toxic or can
be treated with ordinary sewage treatment systems
(Zheng et al., 2022).

Furthermore, the reagent used in this study is less
toxic and biodegradable. The low molecular weight
organic acid was used in this study to remove poten-
tial metals from the soil while also being biodegrad-
able and not causing secondary pollution (Di Palma
& Mecozzi, 2007). Additionally, SDS and Tween 80
are less toxic and biodegradable than other synthetic
surfactants, such as toothpaste and body wash, which
often contain SDS. As Tween 80 concentration is
0.5% vlv, it can be added to ice cream for edible use.
NaCl is salt, so these chemicals are considered rela-
tively non-harmful to the environment or can be dealt
with by ordinary sewage treatment procedures (Zheng
et al., 2022). So, using these washing agents is less
disruptive to soil structure and less detrimental to soil
microbial ecology (Wen et al., 2009).

3.5 Effect of Parameters on Mercury Desorption
To determine the influence of different operational

parameters for removing Hg from contaminated soil,
the most efficient washing recipe, citric acid + Tween

80 + SDS, was chosen for the survey. Many factors
may influence the performance of the soil wash-
ing process, including pH, solid-to-liquid ratio, and
stirring speed. To examine the optimal operational
conditions for the washing process, we explored the
influence of these factors on the Hg removal rates
from contaminated soil samples.

Among the different remediation technologies
available, physical remediation methods require the
least amount of time to complete the remediation of a
polluted site, so they are considered the most effective
(Dermont et al., 2008). Chemical remediation tech-
niques are also fast, but their effectiveness varies with
metal, soil, and chemical type. The combination of
physical and chemical remediation is quite effective
as compared to the individual soil washing technol-
ogy (Vu et al., 2017). The flotation machine is known
to take less time to remove the contaminant. The high
rotating speed of the flotation machine reduces the
time frame as the soil particles in the solution collide
with each other, and the reagent makes complexes
with heavy metals quickly (Blais et al., 2010). The
purpose of using a flotation machine is to reduce the
time period normally taken in the soil washing pro-
cess. So, in this context, Taguchi design is used to
find out the optimal parameters. Figure 3 shows the
variation trends of Hg removal rates with the change
of pH value in a flotation cell. The Hg removal effi-
ciency decreased as the pH value of the solution
increased. The minimum Hg removal efficiency was
observed at pH = 6 due to an alkaline environment
(higher pH value) which might effectively reduce
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heavy metal desorption capabilities and weaken the
performance of washing solutions (Kulikowska et al.,
2015). At pH 4 soil, heavy metal cations are com-
plex with H* for the adsorption of soil colloids. The
greater carbonate solubility allows washing reagents
to access carbonate-bound metals (Chen et al., 2018;
Chen et al., 2016). Overall, these results indicate the
pH variation could influence the Hg removal in the
presence of washing agents.

Another important factor in the soil-washing pro-
cess is the liquid-to-solid ratio. The desorption of Hg
increase with the increase in the liquid-to-solid ratio.
Liquid-to-solid ratios greatly influence washing reac-
tions, as metals-to-reagents molar ratios determine
extraction efficiencies (Zhang et al., 2013). In spite
of increased removal rates for heavy metals, when the
liquid-to-solid ratio is increased, the washing equip-
ment would necessarily experience greater opera-
tion pressure. The highest removal efficiency was
observed at L/S ratio of 5:1. Experiments showed that
the Hg desorption rate increased with an increase in
the liquid-to-solid ratio. At high liquid-to-solid ratios,
the washing solutions contain a huge number of func-
tional groups that serve as binding sites for heavy
metal ions (Xu et al.,, 2022). Low liquid-to-solid
ratios resulted in a small formulation volume and
dense foam. Getting soil particles out of dense foam
is a pretty difficult task. Furthermore, a low liquid-
to-soil ratio expedites a deficient mixing of soil and
washing agents, which critically curtail the removal
efficacy (Son & Jung, 2011).

The appropriate stirring speed could facilitate
stripping the crusted or adsorbed contaminants.
According to the survey, the Hg removal efficiency
reached the highest value at the stirring speed of 1500
rpm. The noticeable decreasing trend of Hg removal
efficiencies was noted at too low and high stirring
speeds. The excessive stripping speeds reduce rela-
tive movement and collision between soil particles,
resulting in a lower removal efficiency (Amofah et al.,
2011). An increase in the stirring speed will cause
the slurry to move in bulk formation, movement is
limited, and collision is reduced, leading to lower
removal efficiency.

Furthermore, to determine the optimal condi-
tions, the signal-to-noise ratio (SNR) represents
each parameter’s impact on the removal rate based
on three classifications: “normal value is better,”
“small is better,” and “larger is better” (Googerdchian

et al., 2018). The “larger is the better” condition was
selected in this work to compute the removal efficien-
cies. The effect of varying experimental conditions on
the removal efficiency of Hg from contaminated soil
is depicted in Fig. 3. The maximum removal rate of
Hg was achieved at pH = 4, the liquid-to-solid ratio
of 5:1, and a 1500-rpm stirring speed.

The analysis variance (ANOVA) for the Tagu-
chi approach is conducted (the results showed in
Table S3). ANOVA was performed to determine
which factors are significantly influencing the wash-
ing process and what are the contribution of each fac-
tor to the Hg removal rate. In other words, this analy-
sis allows a better understanding of each parameter’s
significance in assessing the reliability of observed
results. These results revealed that the liquid-to-solid
ratio (P = 0.017) was highly persuasive on removal
rate, followed by pH and stirring speed. The P-values
of the liquid-to-solid ratio are less than 0.05, indicat-
ing this factor is statistically noteworthy. However,
when it comes to removing Hg, the rotation speed is
the least imperative aspect. Among the three param-
eters, pH value has the least impact on Hg desorption
rate.

Results of present study give us appropriate instruc-
tion for practical applications. The most effective
washing agents as well as the optimum soil to solution
ratio were derived from the results of present study.
This information can be used to improve the decision-
making process concerning the selection of the most
efficient factors in washing of multi metal-polluted
soils.

4 Conclusions

This study used a combined physicochemical method
to investigate the Hg removal efficiencies from con-
taminated soil by soil washing. In particular, wash-
ing solutions are a combination of chemicals that
are less toxic to the environment, including organic
acids, surfactants (Tween 80 and SDS), and elec-
trolyte solutions (NaCl). The results indicated that
humic acid showed higher Hg removal efficiency than
acetic acid, tartaric acid, and oxalic acid. Using sur-
factants in combination with organic acids provides
the pre-eminent average removal rate. Among them,
the recipe citric acid + Tween 80 + SDS shows the
highest Hg removal efficiency (94%). Electrolytes
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have not been shown to enhance removal efficiency;
therefore, further studies are needed. The different
environmental conditions were examined in the sec-
ond experimental stage to figure out the optimal con-
ditions. The optimal conditions were shown at pH of
4, a liquid-to-solid ratio of 5:1, and a stirring speed of
1500 rpm. The liquid-to-solid ratio (P = 0.017) was
highly significant on Hg removal rate, followed by pH
and stirring speed. The results from this study show
the potential of green soil washing technology using
less toxic, biodegradable, environmentally friendly,
and low-cost chemicals.
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