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A B S T R A C T   

Ultrasound-assisted soil washing processes were investigated for the removal of heavy metals (Cu, Pb, and Zn) in 
real contaminated soils using HCl and EDTA. The ultrasound-assisted soil washing (US/Mixing) process was 
compared with the conventional soil washing (Mixing) process based on the mechanical mixing. High removal 
efficiency (44.8% for HCl and 43.2% for EDTA) for the metals was obtained for the most extreme conditions (HCl 
1.0 M or EDTA 0.1 M and L:S = 10:1) in the Mixing process. With the aide of ultrasound, higher removal effi-
ciency (57.9% for HCl and 50.0% for EDTA) was obtained in the same extreme conditions and similar or higher 
removal efficiency (e.g., 54.7% for HCl 0.5 M and L:S = 10:1 and 50.5% for EDTA 0.05 M and L:S = 5:1) was 
achieved even in less extreme conditions (lower HCl or EDTA concentration and L:S ratio). Therefore, it was 
revealed that the US/Mixing was advantageous over the conventional Mixing processes in terms of metal 
removal efficiency, consumption of chemicals, amount of generated washing leachate, and volume/size of 
washing reactor. In addition, the heavy metals removal was enhanced for the smaller soil particles in the US/ 
Mixing process. It was due to more violent movement of smaller particles in slurry phase and more violent 
sonophysical effects. In order to understand the mechanism of ultrasonic desorption, the desorption test was 
conducted using the paint-coated beads with three sizes (1, 2, and 4 mm) for the free and attached conditions. It 
was found that no significant desorption/removal of paint from the beads was observed without the movement of 
beads in the water including floatation, collision, and scrubbing. Thus, it was suggested that the simultaneous 
application of the ultrasound and mechanical mixing could enhance the physical movement of the particles 
significantly and the very high removal/desorption could be attained.   

1. Introduction 

Ultrasound technology has been researched and applied in envi-
ronmental engineering processes for decades. Most previous research 
focused on sonochemical effects including radical oxidation and pyrol-
ysis as one of the advanced oxidation processes (AOPs) for the treatment 
of drinking water and wastewater [1–9]. Remarkable synergistic effects 
have been reported when it is combined with other AOPs including ul-
traviolet (UV) [10–12], ozone [13,14], catalysts [15–17], and persulfate 
[18,19]. Some researchers investigated the use of ultrasound in soil 
washing processes for the remediation of contaminated soils. Mechani-
cal mixing of contaminated soils and washing liquid is the key step in 
soil washing processes and it was reported that the hybridization of the 
conventional mechanical mixing and novel ultrasound technology 

enhanced the removal of contaminants from the soils significantly 
[20–26]. Even though ultrasound could induce satisfactory removal 
with no mechanical mixing in small-scale horn-type sonicator systems, 
we believe that double-bath ultrasonic systems with mechanical mixing 
are more adequate for scale-up and industrial use. 

Relatively few studies on the ultrasound-aided soil washing for the 
remediation of heavy metals contaminated soils compared to that of 
organic chemicals including petroleum hydrocarbons and persistent 
organic pollutants (POPs) [20,21,27]. The removal of metals from the 
soils can be more complicated by the consideration of the speciation and 
fractionation of heavy metals. Thus, strong acids such as HCl, HNO3, and 
H2SO4 are used to increase the extractability of heavy metal species in 
very acidic conditions. Chelating agents such as EDTA (Ethyl-
enediaminetetraacetic acid) can be useful for the removal of heavy 
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metals in soils that have high buffering capacities, as they can form 
stable metal complexes over a wide pH range. Heavy metal contami-
nated soils also can be remediated using the in-situ solidification/sta-
bilization (S/S) method, which refers to the on site immobilization of 
heavy metals in contaminated soils using binding reagents. However, it 
requires long-term monitoring due to the potential for re-release of 
harmful contaminants [28]. 

It was reported that the additional use of ultrasound in the soil 
washing processes enhanced the removal/desorption of heavy metals 
from the soils due to microscale mixing and sonophysical effects 
including microjet and shockwave. Hwang et al. investigated the effects 
of ultrasound power and irradiation time on the metals removal in the 
sonicator system using citrate and EDTA [21]. Park and Son tested the 
double-bath ultrasonic system for the operation of full-scale soil washing 
processes [20]. Son et al. investigated the cavitational activity in het-
erogeneous system and the removal of metals considering the fraction-
ation of metals before and after soil washing processes [27]. However, 
very little research interest has been devoted to understand the ultra-
sonic desorption mechanism for large-scale industrial use. 

The purpose of this study was to understand various operational 
parameters including the liquid:solid ratio, the washing agent (HCl and 
EDTA) concentration, the soil particle size on the removal of heavy 
metals (Cu, Pb, and Zn) in the ultrasound-assisted washing processes as 
one of the basic steps for the optimal design of industrial-scale processes. 
In addition, ultrasonic desorption tests using red paint coated beads 
were conducted to evaluate the role of ultrasound in the washing 
processes. 

2. Experimental methods 

2.1. Sonoreactor 

Fig. 1 shows a schematic of the double-bath-type ultrasonic system in 
this study. The system consisted of a rectangular stainless-steel sonor-
eactor (L × W × H: 20 cm × 20 cm × 20 cm) with a 28 kHz ultrasonic 
transducer module (Mirae Ultrasonic Tech., KOR) and a rectangular 
stainless-steel washing vessel (L × W × H: 15 cm × 15 cm × 15 cm), 
which was submerged in the sonoreactor. The sonoreactor was filled 
with 2 L of water and the temperature was maintained at 20–25 ℃ using 
a cooling system. The electrical working power was 170 ± 10 W, 
measured using a power meter (HPM-300A, AD Power, KOR). An 
overhead stirrer was applied in the vessel at the rate of 200 rpm and the 
washing time was 20 min. 

2.2. Soil washing tests 

Two kinds of soil samples contaminated with heavy metals were 
obtained from a closed railway depot in Korea and used for mechanical 
soil washing (Mixing) and ultrasonic/mechanical soil washing (US/ 
Mixing) tests. The first soil sample was contaminated with Cu, Pb, and 
Zn and prepared using a #4 (4.75 mm) sieve for HCl (Hydrochloric acid) 
or EDTA (Ethylenediaminetetraacetic acid) soil washing processes. The 
initial concentrations of the sieved soil sample for Cu, Pb, and Zn were 
485 ± 20, 990 ± 65, and 576 ± 22 mg/kg, respectively. Each initial 
concentration was higher than the regulation level in Korea according to 
the Soil Environment Conservation Act. The concentrations of washing 
liquid were 0.1, 0.4, and 1.0 M and 0.01, 0.05, and 0.10 M for HCl and 
EDTA, respectively. The applied liquid:soil (L:S) ratio was 3:1, 5:1, and 
10:1 using a 100 g of soils. The second soil sample was contaminated 
with Cu and Zn and used to investigated the effect of soil particle size in 
HCl soil washing processes. The sample was classified into four groups 
using #4 (4.75 mm), #10 (2.00 mm), and #50 (0.30 mm) sieves: ~ 4.75 
mm (Cu: 157 ± 7 mg/kg, Zn: 410 ± 38 mg/kg); 2.00 ~ 4.75 mm (Cu: 
141 ± 21 mg/kg, Zn: 311 ± 69 mg/kg); 0.30 ~ 2.00 mm (Cu: 137 ± 5 
mg/kg, Zn: 418 ± 15 mg/kg); ~ 0.30 mm (Cu: 175 ± 4 mg/kg, Zn: 516 
± 20 mg/kg) as shown in Fig. S1. A 0.5 M HCl solution was used and the 
L:S ratio was 3:1 using a 200 g of soils. 

The concentrations of heavy metals were quantified using a trace 
metal digestion system (SMA20A, Gerhardt, DEU) and an ICP-OES 
(inductively coupled plasma-optical emission spectrometry) (720-ES, 
Varian, USA) according to the aqua-regia method (3 g of soil in 7 mL of 
HNO3 + 1 mL of HCl) in the Korean standard method for soil pollution 
[20,27]. 

2.3. Glass beads tests 

Three kinds of beads with mean diameters of 1.0, 2.0, and 4.0 mm 
were tested to investigate the mechanism of ultrasonic washing pro-
cesses. For desorption tests, the beads were coated with a red paint using 
an oil-based spray paint and exposed to ultrasound irradiation under the 
water : beads ratios of 3:1, 5:1, and 10:1. The turbidity induced by the 
detachment of the paint was measured using a UV–vis spectrophotom-
eter (Vibra S60, Biochrom Ltd., UK). For the visualization of cavitational 
active zone, uncoated/transparent beads were used in the luminol so-
lution (0.1 g/L luminol and 1 g/L NaOH). SCL (Sonochemilumi-
nescence) images were obtained using an exposure-controlled digital 
camera (α58, Sony Corp., JPN) in a completely dark room [29,30]. The 
aluminum foil tests were conducted to visualize the sonophysical effects. 
The thickness of aluminum foil was 15 μm [25]. 

3. Results and discussion 

3.1. Soil washing processes 

Mechanical washing (Mixing) processes and ultrasonic/mechanical 
washing (US/Mixing) processes were investigated for the heavy metal 
removal from soils using the HCl solution (0.1, 0.5, and 1.0 M) and EDTA 
solution (0.01, 0.05, and 0.10 M) under various liquid (washing liquid): 
solid (dried contaminated soil) ratio conditions (3:1, 5:1, and 10:1) as 
shown in Fig. 2. HCl was selected due to its high effectiveness among 
organic and inorganic acids and EDTA was considered because it is one 
of the most applicable chelating agents in previous research. No signif-
icant removal was observed in the only application of ultrasound (ul-
trasonic washing (US) processes) as previously reported in the bath-type 
systems [20,27]. 

For the washing processes using strong acid, it is known that 
extremely acidic condition in slurry phase (washing liquid + soil) is 
required for the significant removal of heavy metal species from soil 
particles via ion exchange and dissolution [27,28]. In both Mixing and 
US/Mixing processes, it was found that lower removal efficiency (1.6 ~ Fig. 1. Schematic of the double-bath-type ultrasonic system used in this study.  
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18.8%) was obtained for lower HCl concentration (0.1 M) where the 
acidity of the HCl solution did not overwhelm the buffering capacity of 
the soil, induced by the presence of organic matters and calcareous 
components, in this study. The pH in slurry with 0.1 M HCl solution 
ranged from 1.7 to 2.6 (The theoretical pH in 0.1 M HCl solution is 1.0.). 
For 0.5 and 1.0 M HCl condition (The theoretical pH for 0.5 and 1.0 M 
HCl solution was 0.3 and 0.0, respectively.), relatively low removal ef-
ficiency (4.6 ~ 22.3%) was attained for low L:S ratio of 3:1 and 5:1 or no 
ultrasound conditions in spite of very acidic condition (pH − 0.2 ~ 0.1). 
It might be because some spots such as soil particle pores were not well 
exposed to the washing liquid and less acidic condition, unfavorable for 
the metal removal, could be formed. It was reported that the wettability 
of soil particles could be determined by the characteristics of particle 
surface [31]. As the L:S ratio increased, the density of the slurry 
decreased and the effect of mechanical mixing for the contact of metal 
species in soil particle pores could be enhanced significantly under the 
same mixing rate. The degree of particle-to-particle collision and 
scrubbing could also increase for higher S:L ratio. In addition, the 
additional application of ultrasound could induce cavitation events in 
particle pores due the presence of dissolved gas molecules entrapped in 
pores and enhance micro-scale contact of the washing liquid in the 
interior of the soil particles [32,33]. Sonophysical effects including 
microjet and shockwave from the interior and the exterior of particles 
could also result in the fragmentation of particles into smaller particles 
with larger surface area [24]. 

According to the binding strength of metals species to soil particles, 
five-step fractionation was suggested as follows in order of weak 

binding: (F1) exchangeable; (F2) bound to carbonates; (F3) bound to Fe- 
Mn oxides; (F4) bound to organic matter and sulfides; and (F5) residual 
[28,34,35]. It is well known that metal species belonging to F4 and F5 
fractions are not well removed even in extremely acidic condition. 
Recently, Son et al. reported that more F4 and F5 metals were extracted 
and much higher removal efficiency was achieved in US/Mixing pro-
cesses compared to Mixing processes via various cavitational reactions. 
In this study, low removal efficiency of 17.1% was obtained in the 
Mixing process (HCl 1.0 M and L:S = 5:1) with negative pH condition 
(-0.2) [27]. On the other hand, much higher removal efficiency of 50.3% 
was achieved in the US/Mixing process (HCl 1.0 M and L:S = 5:1) and it 
was because more F4 and F5 fractions were removed for all three metals. 
The initial F5 fraction of the contaminated soil was 35.2%, 18.0%, and 
47.6% for Cu, Pb, and Zn, respectively. The difference in the removal 
efficiencies of three metals under the same condition seemed to be 
related with the initial F5 fraction of the soil. The highest removal ef-
ficiency was observed for Pb and followed by Cu and Zn for most con-
ditions of higher HCl concentration and L:S ratio. 

Moreover, ultrasound was more effective in the less extreme condi-
tions such as lower HCl concentrations and L:S ratios and relatively 
higher removal efficiency could be yielded using less amount of strong 
acid and washing liquid. Similar or even higher removal was observed in 
the US/Mixing processes with less acid dose and less amount of washing 
liquid. Therefore, it was found that the additional use of ultrasound in 
soil washing processes was superior to the conventional mechanical soil 
washing processes in terms of metal removal efficiency, consumption of 
chemicals, amount of generated washing leachate, and volume/size of 

Fig. 2. Removal efficiency in the mechanical (Mixing) and combined ultrasonic and mechanical (US/Mixing) washing processes using HCl and EDTA (The number 
above each of the bar group represents the average removal efficiency of the group of Cu, Pb, and Zn.). 
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washing reactor [25,27]. In addition, the use of less acidic solution can 
be one of the most crucial conditions in long-term operation of washing 
processes because strong acid solutions are highly corrosive to reactor 
materials such as stainless steel. 

Fig. 2(b) also shows the effectiveness of ultrasound in the soil 
washing processes using EDTA. Mixing of chelating agent solution and 
metal-contaminated soils induces the formation of highly stable water- 
soluble metal complexes and the complexation reactions are generally 
pH independent [28]. However, an excess dose of chelating agents is 
required for achieving satisfactory removal due to the presence of plenty 
of cations such as Ca2+, Mg2+, Fe2+, and Al3+ in soils like the excess 
requirement of acids to maintain extremely acidic condition [28,36]. 
For the lowest EDTA concentration (0.01 M), relatively low removal 
efficiency was obtained and ultrasound could enhance the metal 
removal substantially by activating the soil particles surface and pores. 
Only a little variation for the removal efficiencies for the L:S ratios in the 
US/Mixing processes (The efficiency range of 38.1 ~ 42.2%, 49.1 ~ 
50.5%, and 47.7 ~ 50.3% was obtained for 0.01, 0.05, and 0.10 M of 
EDTA, respectively.). With no ultrasound, strong acids such as HCl can 
increase the reactive surface and pores by acidic dissolution of soil 
components and some metal species, initially unexposed to the washing 
liquid, can be desorbed while chelating agents such as EDTA can react 
with only exposed metal species. As a result of this, it seemed ultrasound 
played more important role than the application of higher EDTA con-
centration or higher L:S ratio. In this study, the optimal washing con-
dition using EDTA was suggested as the US/Mixing processes with L:S =
1:3 and 0.05 M EDTA. Therefore, it was revealed again that US/Mixing 
processes had various advantages mentioned above over the conven-
tional washing processes. 

3.2. Soil particle size 

Most of the previous researches focused on the remediation of sand- 
sized (~2 mm) soils in US or US/Mixing processes [20–22,25,26]. 
Recently we reported that ultrasound was very effective for the treat-
ment of fine soil particles (~0.075 mm: silt and clay) in US/Mixing 
processes [27]. Herein, in order to investigate the effect of the soil 
particle size in the washing processes, the contaminated soils were 
sieved into four size ranges (~4.75 mm; 2.00 ~ 4.75 mm; 0.30 ~ 2.00 
mm; ~ 0.30 mm) and Mixing and US/Mixing processes (0.5 M HCl and 
L:S = 1:3) were operated using each of the sieved soil samples as shown 
in Fig. 3. No significant removal was observed in the US processes as 
reported above. The size distribution of the original field soil sample was 
as follows (wt%): > 4.75 mm: 8.1%; 2.00 ~ 4.75 mm: 24.9%; 0.30 ~ 
2.00 mm: 53.0%; < 0.30 mm: 14.0%. The soil sample of ~ 4.75 mm was 
considered as the representation of the original field soil sample because 
it included 91.9% of total size composition of the original field soil in 
this study. Higher initial concentration of heavy metal was measured for 
smaller soil particle samples due to the larger surface area of smaller 
particles. 

As the soil particle size decreased, the removal efficiency for Cu and 
Zn increased in both washing processes. The movement of smaller soil 
particles in the washing liquid were more violent due to lower weight of 
each particle under the same mechanical mixing rate condition. The 
more violent movement induced more physical impact on the particles 
(particle-to-particle collision and scrubbing) and significantly enhanced 
the removal of heavy metals. Moreover, the increment of the removal 
efficiency in the US/Mixing process compared to that in the Mixing 
process for each particle size condition increased as the particle size 
decreased. It seemed that more micro-scale contact between the washing 
liquid and the soil particles and more active cavitation events occurred 
when ultrasound was applied for smaller particles. In the US processes, 
gentle movement of the particles in the liquid was observed for the 
smaller particles of 0.30 ~ 2.00 mm and ~ 0.30 mm while no movement 
was detected for the larger particles of 2.00 ~ 4.75 mm. 

Considering the removal efficiency of each size-range soil sample, 

the removal efficiency of the original field sample (~4.75 mm) was not 
well understood. For Cu, the highest removal efficiency for both pro-
cesses was obtained for the original sample. However, relatively low 
removal efficiency was attained in the washing process of the original 
sample for Zn. This might be due to more complex characteristics of the 
interactions between particles in slurry systems of various sized particles 
when mechanical mixing and ultrasound was applied. The difference in 
the five-step fractionation composition of heavy metal species in the 
different-sized contaminated soil particles might be another reason [34]. 

3.3. Ultrasonic desorption mechanism 

In the previous chapters, we found that the only application of ul-
trasound resulted in no considerable removal of metals from the soils 
and higher effectiveness of ultrasound was observed in the US/Mixing 
processes for the smaller particles. In order to understand the role of 
ultrasound in the washing processes, ultrasonic desorption tests were 
conducted using the red paint coated glass beads in the US processes (No 
mechanical mixing was applied.). Three kinds of beads (diameter: 1, 2, 
and 4 mm) were applied for two cases where the beads were attached to 
the vessel bottom (attached beads) and not attached to it (free beads). 
The water : beads ratio was 3:1, 5:1, and 10:1 (The amount of the beads 
was 135 g.). 

As shown in Fig. 4, much higher removal of the paint was observed 
for the smaller beads in the free beads condition and no significant 
removal was obtained in the attached beads condition. The difference in 
the removal of the paint from the beads could be understood by looking 

Fig. 3. Heavy metal removal in the mechanical (Mixing) and combined ultra-
sonic and mechanical (US/Mixing) washing processes using HCl (The number 
above each of the bar represents the removal efficiency based on the initial 
concentration.). 
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at the movement of beads under ultrasound irradiation. For the free 
condition, the 4 mm beads vibrated and rotated gently with no mean-
ingful deviation from the original position in the vessel. Gentle scrub-
bing occurred between the beads and a small amount of the paint was 
released from the beads. On the other hand, the 1 and 2 mm beads were 
floated and more violent collision and scrubbing between beads were 
induced by the ultrasound force. As a result of this, a large amount of the 
paint was released for the small beads. For the attached condition, no 

movement of the beads was detected and no removal was induced. 
Interestingly, the removal of the paint occurred randomly. As shown in 
Fig. 5, complete removal was observed in some beads while other 
painted beads were flawless for all cases of the free beads condition. 

From the results shown in Figs. 4 and 5, we suggest the ultrasonic 
desorption mechanism in the beads tests as follows: the cavitational 
activity including microjet and shock wave for the desorption was not 
considerable when the particles were fixed; the desorption was mainly 
induced by the ultrasound-force-induced violent physical movement 
including floating, collision and attrition scrubbing of the beads; the 
ultrasonic desorption occurred in the limited active zone and no 
meaningful effect was activated outside the active zone; the additional 
mechanical mixing could enhance the physical movement of the beads 
significantly and the very high removal/desorption could be achieved. It 
should be noted that noticeable cavitational activity including sono-
physical effects (Aluminum foil tests: Fig. S2) and sonochemical effects 
(Sonochemiluminescence (SCL) tests: Fig. S3) was observed in the 
presence of the beads. However, it seemed that the cavitational activity 
was not large enough to induce observable removal of the paint from the 
beads in this study. 

4. Conclusion 

For the remediation of heavy metals contaminated soils, the ultra-
sonic and mechanical mixing soil washing processes was investigated 
under various operational conditions including HCl concentration (0.1, 
0.5, and 1.0 M), EDTA concentration (0.01, 0.05, 0.10 M), liquid:soil 
ratio (3:1, 5:1, and 10:1), and soil particles size (~4.75 mm, 2.00 ~ 4.75 
mm, 0.30 ~ 2.00 mm, and ~ 0.30 mm). It was found that the hybridi-
zation of ultrasound technology and the conventional mechanical mix-
ing resulted in significant enhancement of the metals removal and the 
effectiveness of ultrasound was markedly improved in the less extreme 
washing conditions (lower HCl or EDTA concentration, lower liquid:soil 

Fig. 4. Ultrasonic paint removal from the glass beads for under various con-
ditions (Free beads: the glass beads were not attached to the vessel bottom; 
Attached beads: the beads were attached to it). 

Fig. 5. The paint-coated beads and ultrasound-treated beads for various bead sizes.  
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ratio, and smaller soil particle size). The glass beads test was conducted 
to understand the ultrasonic desorption mechanism using the paint- 
coated beads with various sizes (1, 2, and 4 mm). It was revealed that 
the particle movement and particle-to-particle collision and scrubbing 
were essential for the satisfactory desorption and removal induced by 
ultrasound. 
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