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Abstract 

This paper shows the effect of three different leaching processes and 4 differ-
ent leaching agents on the extraction of five metals of interest from an artifi-
cially contaminated simulated soil (SS). For the first time, it is shown that 
these processes and extractants could be compared directly, as the soil was a 
constant variable. The interest of this study is that the recovery of metals that 
are of importance in the circular economy, have been demonstrated from an 
unusual resource, soil. Metal reserves are constantly decreasing worldwide 
and alternative resources becoming topical. Urban mining of contaminated 
land and/or waste sites, therefore, becomes an attractive choice for metal ex-
traction/recovery. This study has shown that metal extraction of up to 50% 
efficiency could be achieved. Furthermore, EDTA proved to be the best over-
all extractant when used in batch leaching processes. However, different met-
als showed preferential recoveries with specific processes and extractants. 
Therefore the results suggest that the design of a contaminant-specific leach-
ing process performed in a sequential manner could not only leach the met-
als, but also achieve reasonable separation of the metals. 
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1. Introduction 

Urban mining is becoming more attractive as economically essential metals used 
for current and future green technologies are rapidly being depleted due to 
global industrialization and demand [1] [2]. Depletion in this context could im-
ply that the amount of available metals is limited, due to extraction currently 
being either, economically prohibitive, or technically demanding. For example, 
copper (Cu) ore, is typically present in the earth’s crust as copper-iron-sulphide 
and copper sulphide minerals, e.g. chalcopyrite (CuFeS2), (CuS2) [3] [4]. However, 
reserves are such that, now it is rare to find a large copper deposit averaging 
more than 1% or 2% Cu, making their concentration in an ore body inevitably 
low [5]. Furthermore, there are predicted shortages in ore reserves for strategic 
metals playing a significant role in technological progression, thereby making 
metallurgical process potentially demanding. Numerous scholars in the likes of 
Keser [1] and Gordon et al. [2] have voiced concern over the availability of the 
critical metals and their economic and technological importance. However, this 
shortfall can be overcome by utilizing waste repositories. Studies by Sapsford et 
al. [6] have shown that many of these metals are present in significant concen-
trations in the wastes residue amenable to leaching, as well as in contaminated 
soils [6] [7]. Presently, approximately 2 million potentially polluted sites have 
been identified in Europe and in the United States, with 40% - 50% of these sites 
[8] impacted with heavy metals. In Sweden alone, more than 80,000 historically 
contaminated industrial sites have been reported [9]. Research reported steep 
increases (up to 2040%) of heavy metals in soils and dumpsites in Nigeria and 
other African countries [10]. In Ghana, Odai et al. [11] emphatically reported 
levels of Cd and Pb far higher than the WHO/FAO recommended values. Con-
trary to past practices of simply remediating soils, this figure, although of envi-
ronmental concern, offers a potential “resource hub” for future recovery. The 
recovery of metal resources from secondary sources is regarded as a beneficial 
approach, extending the efficient use of metals [12], reducing pressure on virgin 
resources [1] [13] and resulting in major energy savings relative to the level of 
energy inputs required to produce metals from primary sources [14]. The effec-
tiveness of any recovery process is usually characterized by the ability of the 
chemical reagent to potentially solubilize and extract the elements bound in, or 
associated with, a particular soil phase. This is commonly simulated in the labo-
ratory through dynamic (column and heap) and static (batch) [15] [16] studies. 

In static studies, mixtures are vigorously stirred during the entire reaction 
time to enhance homogeneity and reactivity. This method has been noted for its 
ease of operation and provides qualitative predictive information on the leaching 
behaviour of metals from the soil matrix [17] [18] on a larger scale. However, 
the efficiency of the batch approach is somewhat compromised because the soils 
are often subjected to excessive mobilization of dissolved organic carbon and/or 
colloids that is uncharacteristic of field scenarios [19] [20]. Dynamic studies in-
volve a percolation process that is characterized by a continuous flow of liquid 
through a fixed bed of feedstock (soil), invariably presents a better simulation to 
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a leaching process, that occur under field conditions [21] [22]. 
In this study, two dynamic (column and heap) leaching systems, as well as a 

batch system, are used as potential techniques to investigate the leaching of 
heavy metal from polluted simulated soil (SS) with various organic solvents. We 
have reported in Potgieter-Vermaak et al. [23] what the influence on leaching 
profiles of synthetically contaminated individual soil components and its com-
posite (a simulated soil) are, using a batch approach. The objective of this inves-
tigation is to evaluate metal leaching behaviour as influenced by the selected ex-
tractants (EDTA (C10H14N2O8Na2∙H2O); Citric acid (CA-(CH2)2(COOH)3COH); 
EDDS (C10H16N2O8); Acetylacetone (Hacac-C5H8O2)), the process of leaching 
(batch, column or heap) and the combined interactive effects of these two fac-
tors. These findings will feed into the third phase of this investigation, during 
which the processes will be applied to industrially impact environmental sam-
ples, to evaluate its use as predictive tool. 

2. Experimental 
2.1. Chemicals and Materials 

To minimise variabilities associated with heterogeneity in the real soil scenario 
during this comparative study, use was made of a simulated soil (SS), consisting 
of kaolinite clay (KC), peat moss (PM) and quartz sand (QS) (all sourced from 
local shops) mixed in a ratio of 70:20:10 for a QS:BC:PM ratio prepared accord-
ing to the ‘‘recipe’’ described in the guidelines of the Organization for Economic 
Cooperation and Development (OECD) [24] [25]. The reference soil was com-
posed of the following: Bentonite, 20%; quartz sand, 70%; peat moss, 10%. 
OECD soil may not exactly mimic the behaviour of a natural soil; however, it 
was used as a simple model. The SS was contaminated with Cd, Cu, Ni, Pb and 
Zn atomic absorption standard solutions (1000 mg∙dm−3) purchased from 
Sigma Aldrich. Leaching agents: EDTA (C10H14N2O8Na2∙H2O), Citric acid 
(CA-(CH2)2(COOH)3COH); EDDS (C10H16N2O8); Acetylacetone (Hacac-C5H8O2); 
were purchased from Sigma Aldrich, Innospec and Alfa Aeser. All mineral acids 
used in the analysis were of analytical or spectral grade. 

2.2. Experimental Methods 

The SS was analysed for its physical and chemical properties, using standard 
techniques and approaches. In a nutshell, the total organic carbon (TOC), pH, 
cation exchange capacity (CEC), specific surface area (SSA), particle size distri-
bution, mineralogy, and baseline metal profile were determined as described in 
Potgieter-Vermaak [23]. All metal concentrations were determined by ICP-OES 
and sample concentrations were corrected for matrix effects by procedural 
blanks, normalized to sample mass and reported as mg∙kg−1 dry weight. A 
4-point calibration (plus blank) was undertaken using a multi-element standard 
solution (100 mg∙dm−3) which was matrix-matched for each calibration curve. 
This yielded a calibration coefficient of ≥0.9995 for each of the concentration of 
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the metals analysed. The LOD for the ICP-OES according to the analysed elements 
were Cd (0.0001), Cu (0.0022), Ni (0.0009), Pb (0.0008), and Zn (0.0027) mg∙dm−3. 

2.3. Experimental Methodology 

2.3.1. Contamination Protocol 
Accurately weighed (20 g ± 0.0005 g) SS was contaminated with a multi-metal 
(MM) solution containing Cd, Cu, Ni, Pb and Zn of concentrations 50, 570, 650, 
1590, 2160 mg∙kg−1, respectively. These concentrations are three times the inter-
vention values set as regulatory limits by the Department of Petroleum Re-
sources in Nigeria [26]. The motivation behind these concentrations was to 
simulate heavily contaminated land in Nigeria, with the specific aim of showing 
the potential of the 3 methods of washing/leaching and the 4 leaching agents, 
discussed further on in this paper, to remediate the soil and recover the metals of 
interest in an economically sustainable way. The metals investigated in this study 
were chosen based on their potential to generate revenue when recovered, as 
well as their toxicity potential to both the environment and humans. SS was used 
is to minimise the variability that a natural or industrially impacted soil will cre-
ate in the data set so that the data could be used as predictive tool. The MM 
loading achieved was 96% ± 2.37%. 

2.3.2. Batch Leaching Test 
A standard batch leaching test at liquid-to-solid ratio (L/S) of 10:1 was used to 
determine the leaching potential of the metals in the contaminated SS. For this 
purpose, 20 g ± 0.0003 g of dried contaminated SS was accurately weighed in 
triplicate and placed in three different polypropylene tubes of 500 cm3 capacity 
containing 200 cm3 of leaching solution (EDTA at 0.034 mold∙m−3 or EDDS at 
0.034 mold∙m−3 or Hacac at 3.0 mold∙m−3 or CA at 0.026 mold∙m−3) maintaining 
a solid/liquid ratio of 1:10. These concentrations ensured an excess of extractant. 
The change in pH upon exposure to the leaching agent was monitored. The 
mixtures were agitated with the use of a horizontal shaker for 30, 60, 90, 120 and 
150 minutes after which it was centrifuged for 15 minutes at 3000 rpm. A pro-
cedural blank was carried out by using deionized water as extractant on all sub-
strates, to determine the contribution of the respective leaching agents. The pH 
of the supernatant was measured after 150 min of contact time to establish any 
changes therein. After each run, an aliquot of the supernatant (1 cm3) solution 
was filtrated with a syringe filter (0.45 µm) into a plastic vial of 15 cm3 capacity 
and later made up to 10 cm3 with deionized water (or industrial methylated 
spirit in the case of Hacac). Subsequently, the filtrates were analysed by ICP-OES 
and the selected metal concentrations retained in the adsorbent phase (mg∙kg−1) 
were calculated. The percentage of metal leached from the soil was calculated 
using Equation (1). 

mass ofmetal in supernatant% metal leached 100
mass of metal originally loaded on substrate

= ×     (1) 
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To ensure repeatability, this procedure was carried out in triplicate. Proce-
dural blanks and matrix-matched standards ensured rigorous QA and QC. 

2.3.3. Column Leaching Test 
To compare the in-situ leaching with a dynamic process, a column leaching ap-
proach was used. For this purpose, a glass chromatographic column (dimen-
sions: Internal diameter 2 cm and 30 cm in height) with a sintered disc frit was 
used, so that the flow rate could be controlled. Preliminary experimental set-ups 
were tried and tested (not shown here) and a preferred set-up (not shown here) 
delivered the best results. The soil was packed using a slurry technique as is cus-
tomary for chromatographic column packing as this enabled the most uniform 
packing and would be the more convenient method to use in a plant operation 
also. The SS was sandwiched between two layers of sand (0.5 cm each). The sand 
bed on the frit was to ensure no clogging or loss of sample and at the top it en-
sured that the introduction of the sample did not disturb the soil bed. The SS 
column volume was 8 cm. By gently tapping the column with a rubber rod uni-
form packing was ensured, thereby minimising any band broadening effect. Af-
ter packing, the column head was brought to a minimum before the leaching 
agent (EDTA, EDDS, Hacac, CA) was introduced. The leaching agent was in-
troduced using a separating funnel as a reservoir and ahead of 10 cm3 was main-
tained by regulating the flow rate of the separating funnel and synchronising it 
with that of the column. The flow rate was maintained at 0.8 cm3∙min−1. The 
leachate was collected every 30 minutes over a total leaching time of 150 minutes 
and the volume measured to the nearest 0.5 cm3. The Cd, Cu, Ni, Pb, and Zn 
concentrations leached from the SS by the different leaching agents were deter-
mined using ICP-OES as described elsewhere, after the pH of the leachate was 
measured. Each extractant was run in triplicate. 

2.3.4. Heap Leaching Test 
Heap leaching, as a dynamic process, was also considered for comparison to the 
column and in-situ leaching methods. This involves stacking of metal-bearing 
soil into a heap on an impermeable pad, irrigating it with a chemical solution for 
an extended period to dissolve the preferred metals, and collecting the leachate 
as it percolates from the base of the heap [27] [28]. However, in order to mimic 
this approach for a laboratory study, the heap configuration was simulated in a 
heap set up (not shown here) to achieve a dynamic leaching process. The set-up 
involved, a perforated Buchner funnel (70 mm) with a filter paper (0.45 um) was 
used to basically contain the heap and facilitate collection of the leachate over 
time for metal analysis. The irrigation was affected using a watering can rose of 
which some of the perforations were blocked to control the flow rate. The supply 
of extractants to the rose was ensured by a continuous flow from a reservoir, for 
which a 250 ml separating funnel has been used. 

The Buchner funnel was charged with 20 g ± 0.0004 g of soil and then irri-
gated with the different chelating agents described elsewhere. An average flow 
rate under gravity of 11.2 cm3∙min−1 was maintained and the leachate collected 
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over time (30, 60, 90, 120, and 150 min). The leachate was analysed for Cd, Cu, 
Ni, Pb, and Zn. Each extractant run was done in triplicate. The pH measure-
ments of the leachate samples were taken before metal analysis on the ICP-OES. 

3. Results and Discussions 
3.1. SS Characteristics 

The ultimate goal of the work reported here is to use artificially contaminated 
simulated soil (SS) of known composition as a model to determine leaching effi-
ciencies of impacted environmental samples. The following pedological proper-
ties of the SS used in the experiment were: specific surface area (SSA) 9.8 m2/g, 
organic matter 14%, pH 9.44, cation exchange capacity (CEC) 19 meq∙100 g−1. 
The morphology of SS appear to be light grey in colour, with colour notation of 
2.5Y 7/2 as described by [29] and can be classed as sandy loam. The soil con-
tained 0.2 ± 0.1 mg∙kg−1 Cd, 9.6 ± 1.1 mg∙kg−1 Cu, 1.7 ± 0.7 mg∙kg−1 Ni, 12.4 ± 0.1 
mg∙kg−1 Pb and 55 ± 2.4 mg∙kg−1 Zn. The measured values were compared with 
those reported for natural soils in literature. The measured pH, CEC and organic 
matter are similar to those reported by Chen [30]; Sun [31] and Koleli and 
Demir [32] reporting 9.6, 17.6 meq∙100 g−1 and 18%, respectively. By contrast, 
the value of SSA as reported by Kovo et al. [33] was significantly higher (55.8 
m2/g) than that measured for SS. Montmorillonite and quartz were identified as 
the dominant minerals in the SS sample but the presence of additional minerals 
were identified using micro Raman spectroscopy, which may influence the metal 
leaching. The trace metal concentrations contained in the SS were considerably 
below the threshold values of the Department of Petroleum Resources [26] Ni-
geria. The degree of metal contamination was in the descending order Zn   
Cu > Pb > Ni   Cd. Zn was present in a much higher concentration (140 
compared to 0.2, 9.6, 1.7, and 12.4 mg∙kg−1 for Cd, Cu, Ni, and Pb, respectively) 
and higher than that reported in literature for natural soils [31]. 

3.2. Batch Process 

The leaching behaviour of the 5 metals of interest was investigated by subjecting 
the solid SS sample to an in-situ leaching process that is characteristic of a batch 
configuration. The leaching trend for these metals was monitored over leaching 
time intervals of 30, 60, 90, 120, and 150 min using selected extractants (EDTA, 
EDDS, Hacac and CA). The results (indicating the mass of metal per kg SS ex-
tracted after 150 min, as well as the % extraction efficiency for each metal) are 
summarised in Table 1. From the data it is evident that specific metals reported 
different extraction efficiencies across the 4 extractants investigated. 

For Cd the order of leaching efficiency was EDTA = CA > EDDS   Hacac, 
with an average efficiency of 24.4% (range: 34.6 - 4.4). EDTA and CA leached 
the most Cd (17 mg∙kg−1), followed by EDDS (12 mg∙kg−1) and Hacac (2.1 
mg∙kg−1). EDTA and EDDS are strong chelating agents that form multidentate 
ligands with metal cations. It is expected that molecules with more carboxyl 
groups have higher extracting capacity than a molecule with fewer carboxyl  
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Table 1. Extractability of Cd, Cu, Ni, Pb, and Zn in artificially contaminated SS by a 
batch extraction with selected extractants. The standard deviation on the values reported 
are in the range ± (0.03 - 3.05) (n = 3). 

Metal EDTA EDDS Hacac CA 

(loading 
mg∙kg−1) 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

Cd (50) 17.0 34.5 12.0 24.1 2.1 4.4 17.0 34.6 

Cu (550) 204.6 37.9 131.6 28.9 226.8 41.8 66.5 11.7 

Ni (650) 227.7 37.3 88.4 16.4 215.1 36.7 97.9 18.1 

Pb (1590) 702.1 45.4 207.0 13.1 30.1 1.9 150.2 10.3 

Zn (2160) 567.7 26.9 129.8 6.0 327.0 16.4 356.2 18.2 

 

groups [34], which could explain the higher efficiency for EDTA and CA (four 
and three carbonyl groups, respectively). However, this would suggest that 
EDDS (4 carbonyl groups) should behave similar to the EDTA, which is not the case 
(12 mg∙kg−1). This phenomenon could partly be attributed to the influence of 
acid dissolution in the CA. CA will reduce soil pH (by releasing hydrogen ions 
by substitution and forming soluble complexes by a complexation reaction) [35]. 
In our study, we have shown that CA lowered the pH to 3.64 in comparison to 
5.45 and 5.54 by EDTA and EDDS respectively. [36] and [37] also reported a 
higher extraction efficiency for Cd during the application of CA and EDTA. In 
addition, higher mobilisation of targeted metals is observed for EDTA than 
EDDS [38] [39]. The effectiveness is related (or part related) to the fact that the 
metal complexes with EDDS are somewhat lower in stability than the corre-
sponding complexes with EDTA. 

For Cu the order of extraction efficiency was completely different to that of 
Cd (Hacac > EDTA > EDDS > CA; with an average efficiency of 30.1% and a 
range of 41.8% to 11.7%). The Hacac leached the highest amount of Cu (226.8 
mg∙kg−1), followed by EDTA (204 mg∙kg−1) and EDDS (131 mg∙kg−1). CA leached 
only 65 mg∙kg−1 of Cu. The high extraction of Cu leached by Hacac over other 
extractants was observed before [23] and was expected, as Hacac is known to 
preferentially form complexes with Cu ion [40]. Cu mobilisation by EDDS was 
significantly lower than what was observed for EDTA, even though EDTA 
(LogK = 18.8) is about similar to EDDS (LogK = 18.4) (Table 2). According to 
[41], the metal complexes with EDDS are somewhat lower in stability than the 
corresponding complexes with EDTA. This phenomenon could be attributed to 
the dissociative tendency of CuEDDS to exchange its metal in the complex and 
readsorb onto the soil surface [42]. 

The Ni had a very similar profile to Cu and only differed slightly in that the 
EDDS and CA exchanged places in the order of extraction efficiency. The aver-
age extraction efficiency percentage for Ni was 27.1% (37.3 - 16.4). EDTA 
leached the highest (227.7 mg∙kg−1), followed by Hacac (215.1 mg∙kg−1) and CA 
(97.9 mg∙kg−1). Surprisingly, EDDS (88.4 mg∙kg−1) leached the least. 

In contrast Pb had the profile EDTA   EDDS ≈ CA   Hacac with an  
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Table 2. Complexation formation constants (LogKML) with cations [42] [43] [44] [45] [46]. 

Chelant 
LogKML (T = 25˚C, I = 0.1 M) 

Cd Cu Ni Pb Zn 

EDTA 16.5 18.8 20.1 18.8 17.5 

EDDS 10.8 18.4 16.8 12.7 13.4 

Hacac nd 8.2 5.5 nd nd 

CA 4.0 5.9 6.6 4.1 6.2 

*nd: Not determined. 

 
average of 17.7% and a range of 45.4 to 1.9. EDTA (702 mg∙kg−1) leached the 
most followed by EDDS (207 mg∙kg−1) and CA (150 mg∙kg−1) with Hacac (30 
mg∙kg−1) leaching the least. EDTA extracted between 4 times and 20 times as 
much as the rest of the extractants. This result was to be expected due to the 
much stronger complexation of PbEDTA compared to other metal complexing 
extractants [43]. 

Finally, Zn displayed a profile that was similar to Cd but the EDTA extracted 
Zn about 1.5 times better than CA and the Hacac and EDDS arbitrarily changed 
places. The average extraction efficiency was 16.8% and ranged from 26.9% to 
6.0%. 

It is further noted from Table 1, that overall, EDTA outperformed the other 
extractants and average efficiency of 36.4 ± 6.7 was calculated across the 5 metals 
of interest. The other extractants had similar efficiencies overall (20.2%, 18.6%, 
17.7% for Hacac, CA and EDDS, respectively). However, the extraction behaviour 
observed indicated a possibility to recover certain metals, using sequential ex-
traction approaches, due to preferential leaching. For example, Cu and Ni can be 
separated from the rest using Hacac because of their structure, acidic properties 
and ability to form complexes [40]. This can be followed by a CA leach which 
will preferentially remove Cd. The Pb and Zn can then be separated from the 
matrix by an EDTA leach. 

3.3. Column Leaching 

In-situ extraction leaching was performed on SS by using column approach and 
a solid liquid ratio of 1:10 to investigate the extraction of the metal species of in-
terest. To illustrate the elution trends, the leaching concentrations (mg∙kg−1) of 
metals from SS after 30, 60, 90, 120, and 150 minutes contact time with extrac-
tants (EDTA, EDDS, Hacac and CA) were chosen. The results (indicating the 
mass of metal per kg SS extracted after 150 min, as well as the % extraction efficiency 
for each metal) are summarised in Table 3. From the data, it is evident that specific 
metals reported different extraction efficiencies across the 4 extractants investigated. 

For Cd the order of leaching efficiency was different to the batch study: EDTA 
≈ EDDS > CA > Hacac, with an average efficiency of 19.8% (23.8 - 12.4) which is 
significantly lower than what was observed for the batch process. EDTA and 
EDDS leached the most Cd (11.9 mg∙kg−1), followed by CA (10.2 mg∙kg−1) and 
Hacac (6.2 mg∙kg−1). 
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Table 3. Extractability of Cd, Cu, Ni, Pb, and Zn in artificially contaminated SS by a 
column extraction with selected extractants. The standard deviation on the values re-
ported are in the range ± (0.37 - 2.62) (n = 3). 

Metal EDTA EDDS Hacac CA 

loading 
(mg∙kg−1) 

mg kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

Cd (50) 11.9 23.8 11.3 22.6 6.2 12.4 10.2 20.4 

Cu (550) 114.4 20.8 110.7 20.1 97.3 17.7 95.1 17.3 

Ni (650) 290.4 44.7 307.2 47.3 248.9 38.3 174.6 26.9 

Pb (1590) 211.5 13.3 173.1 10.9 51.2 3.2 807.7 50.8 

Zn (2160) 397.2 18.4 389.0 18.0 231.3 10.7 355.3 16.4 

 
Cu leaching data showed very little difference between the extractants, with 

Hacac and CA reporting slightly lower extraction efficiencies and significantly 
different from the batch process as presented in Table 3. The leaching efficiency 
was observed to follow the order EDTA ≈ EDDS > Hacac ≈ CA with an average 
efficiency of 19.0% (20.8 - 17.3). EDTA and EDDS leached 114.4 mg∙kg−1 and 
Hacac (97.3 mg∙kg−1). 

For Ni, extraction efficiency differed considerably from Cd and Cu and was 
observed to follow the order EDDS ≈ EDTA > Hacac > CA, with an average effi-
ciency of 39.3% (47.3 - 26.9), which was much higher than the batch process av-
erage. EDDS leached 307.2 mg∙kg−1 and CA 174.6 mg∙kg−1. 

For Pb, extraction efficiency was in the order of CA   EDTA > EDDS > 
Hacac, with an average efficiency similar to the batch process of 19.6% (50.8 - 
3.2). CA (807.7 mg∙kg−1) leached the most, followed by EDTA (211.5 mg∙kg−1) 
and EDDS (173.1 mg∙kg−1) with Hacac (51.2 mg∙kg−1) leaching the least. 

Zn displayed a leaching profile that was similar to Cu however, CA leached Zn 
much better than Hacac and as such, extraction efficiency followed the order 
EDTA ≈ EDDS ≈ CA > Hacac, with an average efficiency similar to the batch 
process of 15.9% (18.4 - 10.7). EDTA (397.2 mg∙kg−1) leached the most with Ha-
cac (231.3 mg∙kg−1) leaching the least. 

Overall, the extraction efficiencies of EDTA, EDDS and CA (24 ± 12; 24 ± 13; 
26% ± 14%, respectively) across the 5 metals of interest, were nearly double that 
of Hacac (16% ± 13%). The data suggest specificity of the metals for extractant 
as well as process, if we compare it with the batch process. For example, CA ex-
traction of Pb with the batch process was only 10.5% effective, but with the 
column process the extraction efficiency was 5 times higher and outperformed 
the highest extraction efficiency for Pb obtained by the batch process (EDTA at 
45%). On the other hand, Cd showed similar extraction efficiencies with EDTA 
and CA, but extraction in the batch process was 1.5 times higher, indicating that 
the process plays a role in the efficiency. These findings, therefore, suggest that 
these metals may be removed from contaminated soil, using a battery of proc-
esses and different extractants. 
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3.4. Heap Leaching 

To further compare a dynamic perculating process with the batch process, re-
ported in 3.2, a heap leaching experiment with a solid liquid ratio of 1:10 were 
used to investigate the leaching behaviour of Cd, Cu, Ni, Pb, and Zn bound to SS 
as well. As before, the elution profile over time (30, 60, 90, 120, and 150 minutes) 
was monitored with the selected extractants (EDTA, EDDS, Hacac, and CA). 
The results (indicating the mass of metal per kg SS extracted after 150 min, as 
well as the % extraction efficiency for each metal) are summarised in Table 4. It 
was observed that the specific metals reported considerably different extraction 
efficiencies across the four extractants examined. 

For Cd, the leaching efficiency followed the order EDTA ≈ EDDS > CA > Ha-
cac, with an average efficiency of 36.3% (48.2 - 21.4) across all extractants, ex-
ceeding both previous processes by 33 and 46%. EDTA and EDDS leached the 
most (24.1 mg∙kg−1), followed by CA (16.2 mg∙kg−1) and Hacac (10.7 mg∙kg−1). 
The data suggests, as seen for the column leaching, that Cd extraction is mainly 
driven by the process, with heap leaching outperforming the other two proc-
esses. 

For Cu, the extraction efficiency was similar to the batch process, with Ha-
cac > EDTA ≈ EDDS > CA but with a lower average efficiency of 20.6% (28.7 - 
15.4). Hacac leached the most (157.7 mg∙kg−1 and CA the least (84.6 mg∙kg−1). 
Based on formation constants, this result is unexpected (Table 2). The enhanced 
Cu extraction efficiency by Hacac is only observed for the batch and heap leach-
ing processes. Therefore, it seems as though the process again plays a significant 
role in the recovery of the metals. 

Contrary to the other processes, the Ni extraction efficiency was in the order 
Hacac > EDTA ≈ EDDS > CA, similar to the Cu, with an average efficiency of 
27% (30.5 - 22.4). There was, however, not a big difference in the efficiency of 
the Hacac, EDTA, and EDDS. Hacac (198.2 mg∙kg−1) leached the most and CA 
leaching the least (145.7 mg∙kg−1) in terms of normalized values. The effective-
ness of the three leaching agents, Hacac, EDTA and EDDS, is seemingly not 

 
Table 4. Extractability of Cd, Cu, Ni, Pb, and Zn in artificially contaminated SS by a heap 
extraction with selected extractants. The standard deviation on the values reported are in 
the range ± (1.35 - 5.69) (n = 3). 

Metal EDTA EDDS Hacac CA 

loading 
(mg∙kg−1) 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

mg∙kg−1 
leached 

% 
efficiency 

Cd (50) 24.1 48.2 21.5 43.0 10.7 21.4 16.2 32.4 

Cu (550) 104.5 19.2 105.9 19.3 157.7 28.7 84.6 15.4 

Ni (650) 175.7 27.0 183.3 28.2 198.2 30.5 145.7 22.4 

Pb (1590) 390.4 24.6 155.3 9.8 81.0 5.1 274.6 17.3 

Zn (2160) 158.2 7.3 155.7 7.2 119.5 5.5 127.8 5.9 
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dependent or only partially dependent on their respective formation constants 
(displayed in Table 2), since this is in the order of Ni-EDTA > Ni-EDDS > 
Ni-Acac. Clearly, other factors are also at play here. 

For Pb, the extraction efficiency did not follow the order of the column proc-
ess and resembled that of the batch process, namely EDTA > CA   EDDS > 
Hacac with an average efficiency of 14.2% (24.6 - 5.1), a bit lower than what was 
reported in the two previous processes. EDTA leached the most (24.6 mg∙kg−1) 
and Hacac leached the least (5.1 mg∙kg−1). The efficient removal of Pb by EDTA 
treatment can be explained considering the much higher stability constant of 
Pb-EDTA (LogK = 18.8) if compared to the rest of the extractants (Pb-EDDS 
[LogK = 12.7], Pb-CA [LogK = 4.1] and Pb-Hacac (for which no constant is 
available) [41] [47]. However, this presumption is not applicable for the 
percieved efficiency of CA over EDDS considering their formation constants. 
Such a result may be due to lower stability of Pb-EDDS complexes [48] or better 
still, the acid effect of the CA, which can reduce the soil pH and form soluble 
complexes with Pb [35]. Hacac is less efficient for Pb recovery because of its 
poor stability complexes. 

Zn extracted noticeably poorer with this process regardless of the extractants 
used. The extraction efficiency was similar in magnitude for all extractants used 
and was in the order EDTA ≈ EDDS ≈ CA ≈ Hacac, with an average efficiency of 
6.5% (7.3 - 5.5) which is much less (about 3-fold) than the other two processes. 
The low extraction efficiency of this process on Zn contaminated soil is in line 
with previous findings by Tandy [43] it can be said that in the case of Zn, the ex-
traction process is the main factor in determining its recovery. 

Overall, it was further observed from Table 4 that EDTA (25% ± 15%) and 
EDDS (22% ± 15%) had similar efficiencies, calculated across the 5 metals of in-
terest, and marginally outperformed the other extractants. The other extractants 
yielded 18% ± 12% and 19% ± 10% for Hacac and CA respectively. 

3.5. Comparison of the Three Processes 

To investigate the leaching process efficiency of the 5 metals of interest at three 
times their respective intervention concentrations from a SS, a static (batch) and 
two dynamic (column and heap) processes were investigated We appreciate that 
direct comparison between the three processes are influenced by technical and 
dynamic differences (for example, flow velocity variations, mass transfer effects), 
however, by keeping other parameters (pH, solid/liquid ratio) constant, an indi-
rect comparison of the leaching tests could give insight in formulating a predic-
tive leaching trend for the targeted metals released from a contaminated soil. 

3.5.1. Extractant Efficiency vs Metal Release 
In order to compare the potential to recover the metals of interest, using the 4 
leaching agents (extractants) and the three different processes; the batch study 
(BS), column study (CS) and heap study (HS), data presented in Table 5 and 
Figure 1 were used. The important oservations will be noted for each metal in 
the section below. 
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Figure 1. Influence of the three process techniques (BS, CS, and HS) on the leaching efficiencies of metals of interest (Cd, Cu, Ni, 
Pb, and Zn) calculated across the four selected extractants (EDTA, EDDS, Hacac, and CA). 

 
The efficiency trends of the three processes shown in Figure 1, displayed sig-

nificant differential behaviour for the different metals extracted, as expected due 
to the different properties of metals and their different leaching mechanisms 
during soil washing [31]. The process efficiency for the three processes followed 
the order BS ≈ CS > HS with average efficiency of 22.3% (range: 23.2 - 20.9). The 
lower process efficiency exhibited by HS was also reported in literature [4] [49]. 
However, the process efficiencies of the CS and the BS were similar (calculated 
across the 4 extractants). This is contrary to a study reported by Hauser [50] 
where it was stated that column leaching, using a chelating agent (EDTA in their 
case), was better suited especially for Zn and Pb removal from contaminated soils. 

Cd: The HS showed higher average process efficiency (36.0% ± 12%) taken 
across the extractants, than BS (24.5% ± 14.6%) and CS (20.3% ± 5.0%). It has to 
be borne in mind that a large variation in the data was observed. In the same 
vain, the highest efficiency is reported for leaching with EDTA. We can, 
therefore, conclude that Cd may be best extracted with EDTA using the heap 
process. 

Cu: Cu extraction was favoured by the BSwith average process efficiency 
across the extractants of 30.3% ± 13.3%, while the CS and the HS were 19.3% ± 
2.1% and 21% ± 5.6%, respectively. Table 5 also reveals that Hacac was the 
leaching agent that achieved the highest extraction efficiency. 

Ni: The highest process efficiency, calculated across all leaching agents were 
for the CS and was 45% ± 7.7%, while the BS and HS were 27% ± 11.6% and 
26.6% ± 2.4%, respectively. The leaching agent providing the highest efficiency 
was EDTA. Therefore, the data suggested that a column leaching with EDTA 
will provide the best recovery for Ni. 

Pb and Zn: The average process efficiency for these two metals were the high-
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est with the BS and CS (BSPb 17.5% ± 18.9%; CSPb 19.8% ± 21.2%) and (BSZn 
16.8% ± 8.6%; CSZn 15.8% ± 3.3%). For Pb the highest extraction efficiency was 
with CA and for Zn with EDTA. This suggests that Pb be best extracted by col-
umn percolation and CA, while Zn would be best with the batch process and EDTA. 

3.5.2. Extractant Efficiency vs Process Used 
In order to compare the influence of the 4 leaching agents (extractants) on the 
process efficiency of the batch study (BS), column study (CS) and heap study 
(HS), the data presented in Table 5 and Figure 2 are used. 

Figure 2 provides a graphical data summary, including the median, quartiles, 
skewness of distribution as well as the mean percentage extraction in a com-
parison of the different processes (BS, CS, and HS) studied. The data were aver-
aged over all the metals. It is first noticed that the HS showed the most variation 
for EDTA and EDDS, but for Hacac and CA the variation was most for the BS 
and CS, respectively. For the EDTA plot, each of the operations illustrated dif-
ferent trends in skewness pattern. The batch operation is skewed to the left, the 
heap operation is skewed to the right, and the column operation appeared to be 
literally symmetric. 

The EDDS plot showed similar trends than the EDTA except that the average 
efficiency for the BS was lower. Hacac as leaching agent showed the largest 50 
percentile variation for the batch process data, which may point to lower confi-
dence as a predictive tool. On the other hand, large variability lends itself to se-
lective leaching. The three processes are skewed to the right. The mean values 
for the batch (20.3%) and HS (21.2%) were comparable while CS (14.2%) dif-
fered by a factor of 1.5 For CA, both the column and heap systems were skewed 
to the right as well as displayed larger variability when compared to the batch 
system that literally remained symmetric with minimal variability. However, the 
BS had a mean value of only 8.6%, while the HS (32.4%) and CS (24.2%) were 
significantly more efficient. 

Following the extraction trends, the data suggests that EDTA on average pro-
vides the highest extraction efficiency across all metals, using the heap leaching 
process. Due to the large variations observed across the metals for each of the 
leaching agents for one or two of the processes, selective leaching can be 
achieved by designing a multi-step contaminant specific process. 

4. Conclusion 

The effect of three different leaching processes and four different leaching ex-
tractants on the extraction of five metals of interest from an artificially contami-
nated simulated soil has been evaluated. The batch study in this context revealed 
that for artificially contaminated SS, the best extractant across all the metals in-
vestigated was EDTA. Cd could be extracted with CA to the same efficiency as 
EDTA but showed much lower efficiencies for all other metals. Similarly, Cu and 
Ni reported slightly higher efficiencies with Hacac using this process. The col-
umn process revealed that extraction efficiency of Pb with CA was highest in  
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Figure 2. Box plots comparing BS, CS, and HS processes for percentage metal (Cd, Cu, 
Ni, Pb, & Zn) leaching using selective solvent reagents calculated across 5 metals. The 
lines inside the boxes represent the median values; the red dots represent the mean 
values; and the lower and upper boundaries of the box indicate 25 and 75 percentiles of 
the sample size (n = 5). 

 
comparison to all other process and extractants used. Ni showed preferential re-
covery with Hacac and was comparable to the recovery using batch method. In 
the heap process, Cd was recovered with the highest efficiency when compared 
to BS and CS. Overall the leaching test results have demonstrated that the recov-
ery of the five metals was significantly and differently influenced by both the 
leaching agents, as well as the leaching process. Therefore, an efficient selective 
leaching process could be attained if a multi-step contaminant specific process 
for a full-scale recovery purpose is designed. 
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