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Abstract A comparison of Cu extraction yields for three dif-
ferent ethylenediamine-N,N′-disuccinic acid (EDDS)-en-
hanced washing configurations was performed on a Cu-
contaminated soil. Batch experiments were used to simulate
a single-stage continuous stirred tank reactor (CSTR) and a
multi-stage (side feeding and counter-current) reactor. Single-
stage CSTR conditions were simulated for various EDDS:(Cu
+ Cd + Pb + Co + Ni + Zn) molar ratio (EDDS:M ratio) (from
1 to 30) and liquid to soil (L/S) ratio (from 15 to 45). The
highest Cu extraction yield (≃56%) was achieved with
EDDS:M = 30. In contrast, a Cu extraction yield decrease
was observed with increasing L/S ratio with highest extracted
Cu achievement (≃48%) for L/S = 15. Side feeding configu-
ration was tested in four experimental conditions through dif-
ferent fractionation mode of EDDS dose and treatment time at
each washing step. Results from the four tests showed all
enhanced Cu extraction (maximum values from ≃43 to
≃51%) achieved at lower treatment time and lower EDDS:M

molar ratio compared to CSTR configuration with L/S = 25
and EDDS:M = 10. The counter-current washing was carried
out through two washing flows achieving a process perfor-
mance enhancement with 27% increase of extracted Cu com-
pared to single-stage CSTR configuration. Higher Cu extrac-
tion percentage (36.8%) was observed in the first washing
phase than in the second one (24.7%).

Keywords EDDS-enhanced soil washing . Cu extraction
yield .CSTRconfiguration .Multi-stepwashing .Sidefeeding
configuration . Counter-current configuration

Introduction

Soil contamination by heavy metals (HMs) is a worldwide
problem (Finzgar and Lestan 2007), and their excessive accu-
mulation leads to health risks to animals and human beings
besides having deleterious effects on soil fertility and ecosys-
tem functions (Sun et al. 2001). This led scientific and engi-
neering communities to look for suitable soil remediation
technologies (Guo et al. 2010). Among several strategies,
the soil washing approach showed promising efficacy espe-
cially if enhanced by the use of chelating agents (Ferraro et al.
2016a). Among these, several studies focused on the use of
aminopolycarboxylic acids (APCs) that are characterized by
many advantages such as high metal extraction efficiency,
high metal complex stability and solubility, and low APC
adsorption phenomena onto soil particles (Fischer et al.
1998). Furthermore, the involvement of biodegradable chelat-
ing agent such as ethylenediamine-N,N′-disuccinic (EDDS) in
soil washing entailed the implementation of more environ-
mental friendly and safe remediation process (Hauser et al.
2005; Tandy et al. 2006).
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Nonetheless, soil washing process can be an expensive
remediation technique when high amount of contaminated
soils needs to be treated, thus limiting process feasibility to
the remediation of smaller contaminated areas. Also, the high
cost of extracting agents as well as the required treatment of
spent washing solution for its safe disposal is seen as an ob-
stacle for full-scale applications (Lim et al. 2005). For this
reason, several technical improvements are required in order
to limit the process operating costs. For instance, involvement
of physical separation techniques in pilot- and full-scale soil
washing units are useful to concentrate metal contaminants in
smaller soil volume (Dermont et al. 2008). In addition, differ-
ent recovery techniques, such as chemical precipitation, wash-
ing solution evaporation and acidification, and electrochemi-
cal treatment involving two- or single-chamber cell, were in-
vestigated to reuse the spent extracting solution in further
washing steps (Allen and Chen 1993; Ager and Marshall
2003; Di Palma et al. 2003; Zeng et al. 2005; Di Palma et al.
2005; Voglar and Lestan 2010; Pociecha and Lestan 2010;
Ferraro et al. 2015).

Besides these different techniques aiming at lowering soil
washing procedure costs, proper soil washing configuration
could represent another operating parameter to consider for
process cost-effectiveness optimization. Previous comparison
between single CSTR and multi-step soil washing already
displayed process efficiency enhancement when several wash-
ing steps were involved (Steele and Pichtel 1998). However,
comparison of contaminant extraction kinetics and optimal
operational condition selection (i.e., treatment time, chelating
agent dose, liquid to soil ratio) for different configurations are
still absent in the available literature.

The aim of this study is to simulate at lab-scale differ-
ent EDDS-enhanced washing reactor configurations on an
agricultural Cu-contaminated soil and investigate the best
conditions for efficient contaminant extraction. EDDS
was selected as extracting agent for the well-asserted ap-
plicability in the HM-contaminated soil remediation (Race
et al. 2016; Satyro et al. 2016) and its high biodegradabil-
ity (Fabbricino et al. 2013). The investigated process con-
figurations are the commonly applied single-stage CSTR
configuration and multi-stage washing simulated in two
different configurations: (i) side feeding (SF) plug flow
and (ii) counter-current (CC) washing (Levenspiel 1972).
Single-stage CSTR tests allowed to determine suitable
process parameters (e.g., EDDS dose, liquid to soil ratio,
treatment time) for the achievement of the highest Cu
extraction efficiency. These parameters are implemented
in SF and CC configuration tests keeping constant the
total amount of used EDDS, the total reaction time, and
the total amount of treated soil. The outcomes from the
tests are used to assess the best combination of EDDS
dose/treatment time fractionation and washing configura-
tion in order to improve the soil washing process in terms

of Cu extraction efficiency. Data from multi-stage config-
urations are compared with single-stage CSTR in terms of
process kinetics and extraction efficiency. The aim is to
investigate the possibility to minimize the EDDS amount
used and operational time involved. This could possibly
result in economical/technical benefits for soil washing
full-scale applications.

Materials and methods

Soil physical-chemical characteristics

The experimental activities were carried out with a Cu-
contaminated soil previously devoted to agricultural use and
collected in Castel San Giorgio in the south of Italy. Soil
samples were collected up to a depth of 50 cm from soil layer
surface. Soil pH and electrical conductivity (EC) were deter-
mined using a pH meter (Orion 420A+, Thermo) and an EC
meter (XS Cond 6), respectively, in a mixture with a
soil:distilled H2O ratio = 1:2 (w/v). ASTM methodologies
were used to evaluate the soil particle size distribution
(ASTM D 422-63 2007), initial field moisture, and organic
matter (ASTM D 2974-00 2000). Soil samples were heated at
105 °C until constant weight for the initial field moisture con-
tent determination. Organic matter was obtained by loss-on-
ignition test at 550 °C in a muffle furnace.

Ammonium acetate method was used to evaluate potential
cation exchange capacity (CEC) (Espino-Mesa et al. 1993).
This method was implemented on 4 g of soil sample through
leaching 33 ml of 1 M NH4OAc solution (pH = 7) for 5 min.
An ethanol solution (95% concentrated) was used for soil
wash after NH4OAc solution leaching followed by three
washes of 33 ml 1MKCl solution. Concentration of adsorbed
NH4

+ was evaluated through titrimetric method and used to
calculate potential CEC.

Soil acid digestion was conducted through microwave-
assisted acid digestion (USEPA 1995) using a Milestone
START D microwave oven for the evaluation of total HM
content.

Characterization in terms of HM fractionation in soil was
performed through a modified BCR (Community Bureau of
Reference) three-step sequential extraction (Pueyo et al. 2008)
to determine the Cu concentration in the non-detrital and de-
trital fraction of the soil. The non-detrital fraction is composed
by carbonates (exchangeable and weak acid soluble fraction)
and Fe-Mn oxides (reducible fraction) characterized by less
strong bond with HMs than detrital fraction that is composed
by organic matter and sulfide (oxidizable fraction) andmineral
matrix constituents (residual fraction) (Komárek et al. 2008).
The above-cited soil properties are reported in Tables 1, 2,
and 3.
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Lab-scale soil washing tests

Prior each soil washing test, the contaminated soil samples
were sieved at 2 mm to remove gravels from the studied soil
samples. All calculations were carried out referring to the soil
dry weight. The initial soil moisture was removed by air-
drying the investigated soil before each test. (S,S)-
ethylenediamine-N,N′-disuccinic acid trisodium salt solution
(35% in H2O) for washing solution preparation was provided
by Sigma-Aldrich. Proper amount of EDDS was mixed with
distilled (DI) water for each set of experiments according to
the EDDS:M molar ratio established for the specific test. The
term M is referring to the sum of Cu, Cd, Pb, Co, Ni, and Zn
moles per kg of soil, while the EDDS:M molar ratio was
calculated by evaluating the molar amount of EDDS per kg
of soil against the molar amount of metals per kg of soil.

Soil washing tests were performed in 500-ml glass beaker
reactors and total washing solution volume of 400 ml. Proper
mix of soil and EDDS solution was obtained through an ISCO
jar test equipment at 150 round per minutes (rpm). The reac-
tors were closed by Parafilm® layer on the top in order to
avoid the EDDS solution evaporation and alteration of the
selected L/S ratio during the treatment time. EDDS washing
solution pH was monitored all along the tests displaying
values of 8.0 ± 0.2 that represented the natural pH of the
investigated soil.

All the collected slurry samples were centrifuged using an
IEC CENTRA GP8R centrifuge at 4600 rpm for 20 min to
separate the treated soil from the liquid phase. The latter was
then filtered through 0.45-μm fiberglass filters to remove re-
sidual soil particles and stored at 4 °C until analysis.

Single-stage CSTR washing configuration

Single-stage CSTR configuration was simulated through sin-
gle washing step tests by accurately mixing contaminated soil

and extracting solution with jar test equipment at 150 rpm. A
long treatment time of 96 h was implemented in order to reach
asymptotic condition regarding Cu extraction efficiency.
About 10 ml samples were collected during the experiment
using a 50-ml plastic syringe at 1, 3, 6, 18, 24, 48, and 96 h
and stored at 4 °C until analysis. Different values of EDDS:M
molar ratio and L/S ratio were investigated to optimize the
operational parameters. Experiments with different molar ratio
were performed at EDDS:M molar ratio of 1, 10, 20, 30, and
L/S ratio fixed at 15 (v/w). EDDS:M ratio values were selected
to have a wide range of investigation on process efficiency
varying from stoichiometric value to high EDDSmoles excess
compared to the total HMs moles. EDDS:M ratio was calcu-
lated as EDDS moles per sum of initial Cu, Cd, Pb, Co, Ni,
and Zn moles in soil. This latter was evaluated analyzing
solution from soil acid digestion test, and suitable EDDS con-
centrations were considered accordingly in order to have pre-
cise EDDS moles to achieve the desired EDDS:M ratio
values. EDDS:M ratio calculation was limited to the soil con-
taminants in order to have sufficiently available EDDS moles
for Cu extraction and avoid competition phenomena between
these contaminants for EDDS chelation. In particular, the
present study focused on the Cu extraction as main contami-
nant in the investigated soil. Regarding the tests performed
with different L/S ratio, the investigated values were 15, 25,
35, and 45 with EDDS:M ratio fixed at 10. The L/S ratio was
varied by changing soil amount in the test and keeping wash-
ing solution volume constant and equal to 400 ml. As well as
for EDDS:M ratio values, also the selection of L/S ratio values
was made in order to investigate variability of process effi-
ciency in a wide range of different soil amounts (from 26.7 to
8.9 g).

Multi-stage washing configurations

The multi-stage washing configurations were simulated by
performing multi-washing steps. EDDS:M ratio = 10 and L/
S ratio = 25 were selected from the single-stage CSTR tests
according to the significant extracted Cu percentage achieved
under these conditions. EDDS molarity of 3.14 mM
corresponded to a EDDS:M ratio = 10 with a total EDDS dose
of 1.256 mmol in 400 ml of washing solution in the single-

Table 1 Physical properties of
the soil Initial field

moisturea (%)
Volatile solidsa

(g kg−1)
Electrical
conductivityb

(μS cm−1)

Soil pHb Cation exchange capacityc

(meq/100 g of soil)

20 ± 1.29 75.64 ± 2.06 430.67 ± 9.29 7.81 ± 0.2 29.56 ± 0.44

a Standard test methods for moisture, ash, and organic matter of peat and other organic soils (ASTM D 2974-00
2000)
b Soil:ultra pure H2O ratio = 1:2
cMethod for actual and potential cation exchange capacity (CEC) determination (Espino-Mesa et al. 1993)

Table 2 Particle size distribution of the soil

Claya (%) Silta (%) Sanda (%) Gravela (%)

16.24 ± 0.97 44.03 ± 1.54 32.59 ± 1.06 7.14 ± 0.48

a Test method for particle size analysis of soils (ASTM D 422-63 2007)
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stage test. Total treatment time of 24 h was selected, corre-
sponding to the final value before the occurrence of the Cu
extraction asymptotic condition observed in the single-stage
CSTR experiment. SF and CC configurations were then per-
formed fractionating the total treatment time and total EDDS
dose in eight washing steps. The total washing solution vol-
ume of 400ml involved in the single-stage CSTR test was also
fractionated in the eight washing steps to have a proper con-
figuration comparison also in volumetric terms.

SF configuration tests were carried out by involving 50 ml
of washing solution in each washing step on a soil total
amount of 2 g in order to have a L/S ratio of 25. Fresh
EDDS solutions were involved in each step, and four different
washing conditions were simulated: (A1) constant EDDS
dose (0.158 mmol) and treatment time (3 h) for each washing
step, (A2) increasing EDDS dose (0.049, 0.080, 0.111, 0.142,
0.172, 0.203, 0.234, and 0.265 mmol) and constant treatment
time (3 h) for each washing step, (A3) decreasing EDDS dose
(0.265, 0.234, 0.203, 0.172, 0.142, 0.111, 0.080, and
0.049 mmol) and constant treatment time (3 h) for each wash-
ing step, and (A4) constant EDDS dose (0.158 mmol) and
increasing treatment time (0.5, 1, 1.5, 2, 2.5, 3.5, 5, and 8 h)
for each washing step. A1, A2, and A3 washing conditions
were selected in order to study all possible EDDS dose frac-
tionation modalities. Table 4 summarizes the experimental
setup of the above reported washing conditions.

CC configuration was studied by using 0.25 g of soil for
each of eight washing steps, resulting in a total amount of
treated soil of 2 g. This was useful to properly compare cu-
mulative extracted Cu results with previous washing configu-
rations by considering the same operational conditions. The
eight soil fractions were defined as S1, S2, S3, S4, S5, S6, S7,
and S8 and were sequentially washed by two fresh EDDS
solutions. The first EDDS solution performed the eight wash-
ing steps from S1 to S8 (first washing phase), while the second
EDDS solution performed the eight washing steps from S8 to
S1 (second washing phase) in order to simulate counter-
current washing condition. The EDDS dose was equally di-
vided between the washing solutions (0.628 mmol) of 200 ml
each. Constant treatment time equal to 1.5 h was selected for
each washing step in order to have a total time of 24 h.

Glassware preparation and analytical methods

All the glassware involved for solution preparation and soil
washing experiments was stored in 2% HCl bath overnight
and rinsed with DI water prior use. All samples collected from
soil acid digestion and soil washing tests were analyzed
through atomic adsorption spectrometry (AAS) using a
Varian Model 55B SpectrAA (F-AAS) equipped with a flame
(acetylene/air) and a deuterium lamp for background correc-
tion to determine initial concentration of Cu, Cd, Pb, Co, Ni,
and Zn and extracted Cu during washing tests.

The reported data were averaged from triplicate experiment
results, and corresponding standard deviations were shown as
error bars.

Results and discussion

Single-stage CSTR washing configuration

HM and main cation initial concentrations were determined
from extracting solution of soil acid digestion test. Results
showed initial concentrations as reported in Table 3.

Figure 1a shows the cumulative extracted Cu percentage
after each sampling time with various molar ratios. As ob-
served in a previous study (Ferraro et al. 2016b), two main
extraction kinetic paths can be distinguished as the reaction
time increases. A Cu fast extraction occurred in the early hours
of the treatment followed by an extraction rate declining up to
occurrence of no significant extracted Cu percentage increase.
Besides the treatment time that highly affects the effectiveness
of the extraction process (Vandevivere et al. 2001), it is also
reported that heavy metal speciation into the soil can affect the
contaminant mobility and solubilization by chelating agents
used (Elliott et al. 1989).

Generally, the sum of non-detrital fractions (e.g., exchange-
able, carbonate, and reducible fractions) determines the metal
amount that can be extracted by soil washing process en-
hanced by chelating agents (Peters 1999). Then, weakly
bound metals undergo to an initial faster extraction rate that
is followed by a slower release of the metals that are more
strongly bound to the soil (Abumaizar and Smith 1999).

As observed in a previous work (Ferraro et al. 2015), se-
quential extraction results showed that only 2.2 and 15.8% of
Cu were present in the exchangeable fraction and reducible
fraction, respectively, in the studied soil, while 50.7% were
present in the oxidizable fraction and 31.3% in the residual
fraction. According to this, only the test with EDDS:M ratio
equal to 1 showed an extracted Cu percentage in the early
treatment hours corresponding to the weakly bound Cu frac-
tion percentage.

In contrast, the increase of EDDS:M ratio displayed a
higher extraction efficiency than expected from the beginning
of the treatment. This could be mainly ascribable to metal
mobility enhancement due to the higher concentration of che-
lating agents (Elliott et al. 1989; Abumaizar and Smith 1999;
Sarkar et al. 2008). Another factor influencing the metal ex-
traction efficiency can be the release of cations (e.g., Ca and
Fe) coexisting with soil contaminants due to the soil matrix
constituent dissolution (Steele and Pichtel 1998). As a conse-
quence, competition phenomena for the chelant complex for-
mation can occur between main cation competitors and HMs,
reducing the amount of free ligand available to chelate the soil

21964 Environ Sci Pollut Res (2017) 24:21960–21972



contaminants (Kim et al. 2003; Koopmans et al. 2008;
Subirés-Muñoz et al. 2011).

Competition phenomenon effects can bemore noticeable at
low chelant:HM molar ratio, especially for ratio lower than 1
(Begum et al. 2012). Therefore, high chelant mole excess is

required in order to increase HM extraction from soil (Tandy
et al. 2004; Lestan et al. 2008).

Figure 1b reports the Cu extraction efficiency for L/S ratio
values ranging from 15 to 45. In contrast to the results ob-
served by varying the EDDS:M ratio, it was possible to notice
that extracted Cu percentage was decreasing with increasing
L/S ratio values. It is reported that L/S ratio increase can gen-
erally entail positive effect on the soil washing process effi-
ciency (Zou et al. 2009). This result is ascribed to the increase
of chelant:HM molar ratio with increasing L/S ratio when
chelant molarity in solution is kept constant (Zou et al. 2009).

In contrast, further works also reported that slight effect on
the extraction efficiency occurred while varying L/S ratio or
mainly no effect was observed with constant value of
chelant:HM molar ratio and variable L/S ratio (Van
Benschoten et al. 1997; Tsang et al. 2012). In the present
study, the increase of L/S ratio was achieved through soil
amount decrease with constant values of EDDS:M ratio and
liquid phase volume. As a consequence, decreasing moles of
HMs and EDDS were obtained for L/S ranging from 15 to 45.
This likely led to higher chelation competition occurrence at
the lowest EDDS mole values as already observed from re-
sults with different EDDS:M ratio (Fig. 1a).

However, Fig. 1b displays similar Cu extraction percent-
ages among all tests occurring after 24 h of treatment time.
These latter results suggested that increasing L/S ratio values
were mainly delaying the washing process, resulting in longer
treatment time necessary to achieve suitable extraction
efficiency.

Side feeding washing configurations

Cu extraction yield

Results obtained from the four experimental setups of the SF
washing configuration are reported in Fig. 2.

In the various tests, one can observe some slight fluctua-
tions in terms of extracted Cu percentage from washing steps
3 to 8. This can be ascribed to Cumobilization from awashing
step to the following in more or less exchangeable soil frac-
tions as also observed for other HMs after a soil washing
procedure (Barona et al. 2001). This latter phenomenon can
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Fig. 1 Cu extraction efficiency at EDDS:M ratio ranging from 1 to 30
and L/S ratio equal to 15 (a). L/S ratio ranging from 15 to 45 and
EDDS:M ratio equal to 10 (b)

Table 4 SF configuration
experimental setup Washing

conditions
EDDS dose (mmol/step) Treatment time (h/step) Washing

steps

A1 Constant (0.158) Constant (3) 8

A2 Increasing (0.049, 0.080, 0.111, 0.142, 0.172,
0.203, 0.234, 0.265)

Constant (3) 8

A3 Decreasing (0.265, 0.234, 0.203, 0.172, 0.142,
0.111, 0.080, 0.049)

Constant (3) 8

A4 Constant (0.158) Increasing (0.5, 1, 1.5, 2,
2.5, 3.5, 5, 8)

8
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cause limited increase/decrease of extracted Cu despite that
low percentage value variations can be observed (Fig. 2).

Nonetheless, a general extraction trend from washing steps
1 to 8 is clearly definable for all the investigated tests. In the
steps 1 and 2, A1 test showed higher efficiency than A2, A3,
and A4 tests. Following washing steps did not display signif-
icant Cu extraction percentage for A1 test. In contrast, the A2,
A3, and A4 tests showed long-lasting Cu extraction percent-
age throughout the washing steps despite low values of ex-
tracted Cu were achieved. The different behavior revealed
from the four tests can be ascribable to the different operation-
al conditions involved in terms of EDDS dose fractionation
for A1, A2, and A3 tests and treatment time fractionation for
A4 test. Further reason can be due to the different trend of
EDDS:M ratio observed for the different tests (Table 5).

In the test A1, a sharp increase of EDDS:M ratio in the
washing steps 1 and 2 can be observed, followed by a plateau
from the third to the last step. This tendency is consistent with
the Cu extraction results displayed in Fig. 2, where a dramatic
decrease took place from the third washing step onward. Also,
the EDDS:M ratio trend reported in Table 5 suggested that the
washing condition involved in the A1 test entails a very fast
kinetic in the first treatment hours. This makes the A1 condi-
tion suitable for rapid treatment on soil characterized by con-
tamination that is mainly bound to non-detrital fractions.

For A2 and A3 tests, more variable EDDS:M ratio can be
observed in the washing steps (Table 5) since EDDS increas-
ing and decreasing dose was used step by step, respectively.
For A2 condition, the aim was to test if better Cu extraction
percentage was achievable by involving higher EDDS moles
to the last washing steps where residual Cu concentration in
soil detrital fractions was mainly expected. In contrast, A3
condition aimed at investigating the possibility to increase
process kinetic by involving higher EDDS moles in the initial

washing steps and obtain faster weakly bound Cu release. In
the A2 test, a linear increasing tendency for the molar ratio
was observed allowing the lower but constant Cu extraction
after the second washing step. In contrast, slower kinetics
were observed compared to A1 test results due to the initial
low dose of EDDS involved. Lower Cu extracted percentages
in steps 1 and 2 than the ones achieved in A1 test were also
observed for A3 test. In contrast, a higher Cu extraction in
steps from 3 to 7 was observed for A3 compared to A1 tests.
Nonetheless, it was also observed a process kinetic decrease
corresponding to the EDDS:M ratio lowering step by step.
Compared to the Cu extraction yield displayed from the A1
configuration, the ones observed for A2 and A3 suggested that
these configurations are well suited for soil remediation cases
where several washing steps are needed. This was indicated
by the extraction efficiency enhancement of the washing steps
from 3 to 8 and especially in the A2 configuration where
increasing EDDS:M ratio was obtained.

A4 washing condition was implemented by decreasing the
treatment time of the initial steps and by increasing the treat-
ment time of the final steps. In this case, the aim was to extract
Cu present in non-detrital soil fractions with very fast washing
steps and to enhance extraction of less labile Cu forms with
final longer washing steps. However, the results did not dis-
play significant improvement in terms of Cu extraction effi-
ciency for each washing step. Treatment time decrease during
the initial washing steps did not allow to achieve high Cu
extraction percentage. Furthermore, extraction enhancement
was not observed for steps 7 and 8 corresponding to a treat-
ment time of 5 and 8 h, respectively. Despite the long treat-
ment time, this could be ascribed to the lower residual Cu
concentration in the soil non-detrital fractions after six wash-
ing steps. Nonetheless, comparable Cu extraction with A2 and
A3 configurations in 6 h were achieved with a total treatment
time of 5 h, corresponding to the washing carried out until step
4.

Cu extraction kinetics

Further comparison can be made between single-stage CSTR
and SF configurations. Figure 3 shows the Cu cumulative
extraction for the tests A1, A2, A3, and A4 and the test carried
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Fig. 2 Extracted Cu percentage related to each washing step in the four
experimental setups of the SF washing configuration

Table 5 EDDS:M ratio at each washing step for A1, A2, A3, and A4
tests

EDDS:M molar ratio (mol/mol)

Test Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8

A1 10.07 11.35 11.74 11.79 11.83 11.89 11.92 11.82

A2 3.14 5.62 7.94 10.35 12.06 14.36 16.73 19.16

A3 16.87 15.84 13.95 12.06 9.95 7.82 5.70 3.54

A4 10.07 10.54 10.67 10.76 10.97 11.02 11.05 11.13
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out at EDDS:M ratio equal to 10 and L/S = 25 in the single-
stage CSTR condition (C10).

Results showed that A1 condition allowed to achieve a fast
Cu extraction enhancement after 3 h of total treatment time
compared to extracted Cu observed in test C10. In contrast,
A2 and A3 tests showed significantly higher Cu cumulative
extraction than C10 test after 9 h following similar extraction
tendency. Results related to A2 test also displayed slight
higher extracted Cu percentage than A1 test after 21 and
24 h, while almost comparable extraction was observed for
A1 and A3 test after 21 h (Fig. 3). The slight extraction en-
hancement obtained in A2 condition after 21 h was probably
ascribable to the increasing EDDS:M ratio involved in the test
achieving Cu extraction from less exchangeable soil fraction
and/or lower main cation competition phenomenon effect.
Furthermore, results observed for A1, A2, and A3 experimen-
tal conditions were consistent with previous studies reporting
that multi-step washing configuration can improve the HM
extraction efficiency of the soil washing process. In particular,
multi-step washing configuration allows to involve lower che-
lating agent dose compared to single-step washing (Finzgar
and Lestan 2007; Hong et al. 2008; Mohanty and
Mahindrakar 2011), and also, further improvement are repre-
sented by shorter treatment time needed to achieve compara-
ble HM extractions (Theodoratos et al. 2000). This was con-
firmed by results related to the comparison between C10 and
A4 tests (Fig. 3), showing that extracted Cu was higher after
1.5 h in test A4 than after 1 h in test C10. Then, cumulative
extracted Cu fromA4 test remained higher than C10 values all
along the test. Nonetheless, overall extracted Cu achieved in
A4 was considerably lower than the extraction observed in
tests A1, A2, and A3, despite the longer treatment time in-
volved in the A4 steps 7 and 8. This further demonstrated the
higher effect of the EDDS dose fractionation than the treat-
ment time on the soil washing process efficiency. Moreover, a

comparison in terms of process kinetics was carried out
among C10, A1, A2, A3, and A4 tests. First-order kinetics
were used to describe the Cu extraction process. The first-
order equation used for the specific case is the following:

d Cu½ �
dt

¼ −k � t ð1Þ

where [Cu] is the Cu concentration (mg kg−1), t is the treat-
ment time (h), and k is the first-order kinetic constant (h−1).
Integrating Eq. (1) results in the following:

Cu½ � ¼ Cu½ �0 � e−k�t ð2Þ

where [Cu]0 is the initial Cu concentration in the soil. Finally,
Eq. (2) can be modified in a linear form in order to determine
k:

ln Cu½ � ¼ ln Cu½ �0−k � t ð3Þ

Figure 4a–e shows the plot of ln[Cu] decrease in the soil
versus t for tests C10, A1, A2, A3, and A4, respectively.
Moreover, the values of Eq. (3) terms determined for each test
are also reported (Fig. 4a–e). One could notice that the exper-
imental data follow an exponential feature that can be approx-
imately divided in two kinetic steps for C10, A1, A2, and A3
tests (Fig. 4a–d) and three kinetic steps for A4 test (Fig. 4e).
The two kinetic steps were distinguished with ln[Cu]1 and
ln[Cu]2 for the first and second kinetic steps, respectively,
while k1 and k2 represented their related kinetic constants.
The term ln[Cu]3 was used for the third kinetic step, and k3
was its related kinetic constant. In particular, results fromC10,
A1, A2, and A3 tests showed an initial faster kinetic step
followed by a slower one until end of the washing process.
Initial fast kinetic step was occurring up to 1 h of treatment for
C10 and 3 h of treatment for A1, A2, and A3 configurations.
This assumption was strengthened by Cu cumulative extrac-
tion observed in Fig. 3, reporting a 62.3% of the total Cu
extraction occurring after 1 h for C10 and 69.1, 54.1, and
62.1% of the total Cu extraction occurring after 3 h for A1,
A2, and A3, respectively. Similarly for test A4, first kinetic
step was limited to the initial treatment time corresponding to
0.5 h, after which 51.6% of the total Cu cumulative extraction
were observed (Fig. 3). Furthermore, A4 test showed a second
kinetic step occurring between 1.5 and 5 h of treatment, where
31.4% of total Cu extraction were achieved. Only 17% of total
Cu extraction were observed for the last stage of the washing
process corresponding to a third slowest kinetic step.

According to the cumulative extracted Cu percentages, it
can be observed that initial faster kinetics are obtained for
C10, A1, and A4 configurations (Fig. 3). In particular, C10
results displayed faster initial kinetics than A1 configuration
due to similar extracted Cu percentage achieved in less treat-
ment time (1 h). In contrast, similar initial kinetics were
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observed comparing C10 and A4 configurations. However,
comparable kinetics were observed for C10 and A1 second
steps and A4 third step (k2 = 0.0064 h−1 for C10 and A1,
k3 = 0.0062 h−1 for A4). Higher kinetic constant values
(k2 = 0.0163 h−1 for A2 and k2 = 0.0117 h−1 for A3) were
obtained for A2 and A3 tests in the second kinetic step com-
pared to C10 and A1 configurations, suggesting best suitabil-
ity of A2 and A3 treatments for long-lastingwashings. Finally,
comparison of k2 values among A2, A3, and A4 tests
displayed higher values of k2 for A4 than A2 and A3 config-
urations (k2 = 0.0163 h−1 for A2, k2 = 0.0117 h−1 for A3, and
k2 = 0.0379 h−1 for A4). This is in accordance to the compa-
rable extracted Cu percentage achieved in lower treatment
time with A4 test (5 h) than A2 and A3 tests (6 h).

Counter-current washing configuration

Figure 5a-b shows the results related to the CC washing con-
figuration in terms of Cu extraction efficiency related to each
step. Washing steps from S1 to S8 samples showed an almost
similar Cu extraction yield for each test (Fig. 5a). The highest
extraction kinetic drop is observed for the S5 sample. Similar
results were observed in a previous study where an electro-
chemically recovered EDDS solution was involved in a multi-
step soil washing (Ferraro et al. 2015). Besides the possible
occurrence of the regenerated EDDS solution degradation,
competition phenomena between cation competitors and Cu
for EDDS chelation is a possible reason for process kinetic
slowdown after five washing steps (Ferraro et al. 2015).
Extracted Cu percentage was then followed by a sharp in-
crease on the S6 sample and a slighter decrease in the follow-
ing steps (Fig. 5a). The higher Cu extraction achieved for S6,
S7, and S8 samples after the extraction drop observed for S5 is
reasonable, considering that competition phenomena can oc-
cur and affect the process efficiency at various extent accord-
ing to different process conditions. It was reported that high
influence on EDDS-enhanced washing performance is
displayed by cation competitors (i.e., Ca and Fe) especially
in acidic conditions (Vandevivere et al. 2001). Alkaline pH
observed in the present study could be a possible reason for
limited competition phenomena displayed by the overall Cu
extraction yield in the first washing phase. Further reason
could derive from the less stable complexes that cation com-
petitors, such as Ca, form with chelating agent compared to
contaminant HMs (Papassiopi et al. 1999). This can entail the
detachment of the previously formed cation competitor-
chelant complex leading to the further interaction between
HMs and newly fed chelant molecule. The previously men-
tioned aspects can represent favorable factors that play a cru-
cial role for the soil washing efficiency. For instance, a posi-
tive effect can be represented by limited influence of compe-
tition phenomena for chelation on process efficiency as also
observed in Fig. 5a.

From Fig. 5b, it was possible to observe that fresh EDDS
solution addition for further soil treatment did not initially
display significant Cu extraction while higher values are
achieved in following steps. Moreover, generally lower ex-
tractions were observed for all the steps in the second washing
compared to first washing phase. This was ascribable to the
possible Cu reduction in the non-detrital soil fractions during
first washing phase while high Cu amount in the detrital frac-
tions was left during the second washing phase. As a conse-
quence, lower Cu extraction extent was achieved during the
second washing phase probably due to the presence of main
residual Cu bound to the soil detrital fractions (oxidizable and
residual fractions).

More clear process kinetics were observed from results
displayed in Fig. 5b. Cu extraction is characterized by a main
increasing tendency step by step besides two decreases for S4
and S2 samples. These discrepancies could be due to

Fig. 5 Extracted Cu percentage in the counter-current washing
configuration for the first washing phase (a) and second washing phase
(b)
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circumscribed competition phenomena as previously ob-
served for the first washing phase (Fig. 5a). Then, despite an
overall extraction trend can be observable from one washing
step to the following, possible variance can occur when focus-
ing at single washing step. This is also due to different ion
exchange phenomenon conditions concerning the specific
washing step and/or Cu mobilization in different soil fractions
after first washing phase.

An increase of about 27% of the overall cumulative extract-
ed Cu was observed after a total treatment time of 24 h for the
CC configuration compared to the C10 test of single-stage
CSTR configuration (data not shown). Higher cumulative ex-
tracted Cu of 36.8% was achieved during the first washing
phase after 12 h of treatment, while only 24.7% of cumulative
Cu were extracted during the second washing phase (data not
shown). Cumulative extracted Cu percentage in the first wash-
ing phase after 12 h was higher than the one achieved after a
treatment of 24 h in C10 test (34.4%), whereas comparable
cumulative extracted Cu was achieved in tests A1, A2, A3,
and A4 for shorter treatment time (Fig. 3). This suggested that
CC configuration enhanced the process kinetic in terms of Cu
extraction only compared to the single-stage CSTR
configuration.

Nonetheless, improvement of the overall process efficiency
was observed comparing CC results with both the single-stage
CSTR and SF results. This general process enhancement in
the CC configuration could be mainly ascribable to the frac-
tionation of total amount of soil to treat in the eight washing
steps and the concomitant involvement of a fixed amount of
EDDS dose in the washing solution. This led to the substantial
increase of the L/S ratio avoiding main cation competitor ef-
fect due to the concurrent lowering of both HMs and EDDS
moles as previously observed for single-stage CSTR tests
(Fig. 1b).

Practical implications for full-scale soil washing

The various washing conditions that were investigated in the
present study can represent a valuable alternative to single-
stage CSTR configuration for soil washing full-scale applica-
tion. In fact, by comparing single-stage CSTR with results
from SF and CC configurations, a process enhancement in
terms of Cu extraction yield and process kinetics for both
multi-stage washing configurations can be observed. This is
mainly characterized by the achievement of higher extracted
Cu percentages with lower treatment time and EDDS dose
involved compared to the single-stage washing condition.
These results can further lead to various benefits for the
operator/company according to economic/operational criteria
established for the soil washing technique.

EDDS dose lowering implies a lower amount of EDDS per
kg of soil required for proper washing treatment. This leads to
two main beneficial effects for soil washing. The first one is

represented by process cost decrease, especially for full-scale
applications where high amount of soil is generally involved
in the treatment. A second aspect is related to the possibility of
an environmentally safer soil reuse after treatment due to the
involvement of a reduced total EDDS amount per kg of soil.

Treatment time decrease implies additional advantages,
which can be either the decrease of the full-scale reactor size
and thus the plant costs or the increase of the soil amount that
can be treated. In this latter case, the main benefit derives from
the involvement of a faster process and the decrease of overall
time required for a contaminated area remediation. This can
lead to a fleeting treated soil disposal in the original place of
collection and rapid remediation of the contaminated area.

Conclusions

In the present study, a comparative investigation between
single-stage CSTR and multi-washing configurations
displayed interesting soil washing enhancement perspective
as outcome. In particular, involvement of both alternative
multi-washing configurations (SF and CC) highlighted signif-
icant process improvements in terms of Cu removal kinetics
and yield compared to the classic single-stage CSTR config-
uration. Despite overall process enhancement results were
achieved by involving all the washing conditions (A1, A2,
A3, and A4) of SF configuration, data from A1 test displayed
the best process kinetic enhancement with maximum extract-
ed Cu percentage in 6 h. Then, constant EDDS dosage and
treatment time involved for each A1 washing step allowed to
achieve high Cu extraction percentage in less time than other
tests.

In the CC configuration, higher overall Cu extraction per-
centage were observed compared to single-stage CSTR and
SF configurations after an overall treatment time of 24 h.
Nonetheless, A1 condition represented the best compromise
between contaminant extraction efficiency and process kinetic
enhancement, resulting in an interesting perspective for fur-
ther investigation to test its cost-effectiveness for full-scale
applications. Higher process efficiency at lower chelant dose
and treatment time could make soil washing a feasible soil
treatment option in economic terms besides operational ones.
However, different reactor design and process control may be
required by involving multi-washing configuration approach
that could influence operating costs. This implies the needs for
further studies on pilot- and full-scale application of the inves-
tigated configuration for cost-benefit analysis and additional
assessment of process feasibility.
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