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Abstract

Batch laboratory experiments were performed to determine the effectiveness of organic acids in mobilizing heavy metals (Cu, Pb,
Zn) from contaminated soils. Because the direct measurement of all of the species that are extracted by an organic acid is not
possible, we calculated the speciation of Cu, Pb, and Zn in the presence of oxalate with regard to the primary distribution of metals
and oxalate in solution using GEOCHEM-PC. Significant amounts of copper and zinc were removed from contaminated soil at
higher initial concentrations of oxalic and succinic acids in solution. For the viewpoint of lead immobilization in soil, citric acid was
the most effective among organic acids. Our speciation calculations by GEOCHEM-PC for metal-oxalate complex imply that
significant amounts of the Cu, Pb and Zn that was extracted from the soil existed as oxalate complexes and free metal ionic form.
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1. Introduction

The concentrations of heavy metals at industrial and municipal
waste sites with contaminated soils are generally several orders
of magnitude higher than such concentrations in nature (Travel,
1989; Rautengarten et al., 1995; Ahmad ef al., 2005). Because
heavy metal contaminated soils contain high heavy metal contents
and suffer serious acid deposition by acid rain, we can opine on
the potential consequences for the ecosystem.

Heavy metals that contaminate soil react with soil components
in many ways (Evan, 1989; Murray et al., 1997; Evangelou and
Marsi, 2001; Covelo et al., 2004). The reaction mechanisms and
rates depend on the type and amount of organic matter, clay, and
hydroxides that are in the soil. Other factors include the
concentration of exchangeable cations, pH, oxidation-reduction
potential, and moisture content of the soil.

Many Low-Molecular-Weight (LMW) aliphatic organic acids,
which exist naturally, have been identified, including acetic, citric,
formic, oxalic, and succinic acid (Stevenson, 1982; Fox, 1990;
Bolan et al., 1994; Cozzarelli et al., 1994; Cieslinski et al., 1998).
Organic acids, such as citric, oxalic, and succinic acid, which
form relatively stable complexes with metals, have greater
potential to mobilize metals from soil than those that do not, such
as acetic and formic acid (Stevenson, 1985; De Wit ef al., 1993;
Hedges and Oades, 1997; Ravichandran, 2004).

The adsorption of LMW organic compounds onto soil surfaces
affects the dissolution of heavy metals from the soil surface.

Anionic organic compounds adsorb onto most structural metals
in soils, endowing a net negative charge to the soil surface.
Complexation of metal centers on soil surfaces by organic
compounds can accelerate heavy metal dissolution rates (Furrer
and Stumm, 1983; Jones, 1998; Duckworth and Martin, 2001;
Lumsdon and Farmer, 2005). Because LMW organic anions
function as organic ligands, they increase the mobilization of
heavy metals from contaminated soil by (i) replacing adsorbed
metals at the soil surface through ligand-exchange reactions, (ii)
dissolving metal-oxides from surfaces that have adsorbed metals,
and (iii) forming metal-organic complexes in solution (Stone,
1988; McColl and Pohlman, 1986; Pohlman and McColl, 1986;
Banks et al., 1994; Burckhard et al., 1995).

Several authors have investigated the effects of organic acids
on metal dissolution from well-characterized silicate minerals
and contaminated soils (Elliott et al., 1989; Elliott and Brown,
1989; Wasay et al., 2001; Lim et al., 2004). Other studies have
discussed the importance of the type and position of the functional
group in organic acids in metal complexation reactions from
primary minerals (Tan ez al., 1986; Linn and Elliott, 1988; Martin
and Ruby, 2004; Kakitani et al, 2007; Yuan et al., 2007).
Therefore, based on their properties, LMW organic acids can be
used as agents in washing or flushing soil to develop an innovative
technology for the remediation of soil that has been contaminated
with heavy metals. This study discusses the feasibility of soil
remediation using low-molecular-weight organic acids, such as
acetic, citric, oxalic, and succinic acid, especially, in soil con-
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taminated with copper, lead, and zinc. The objective of this study
is to determine quantitatively the role of organic acid in the
mobilization of heavy metal from contaminated soil.

2. Materials and Methods

2.1 Soil Samples

The soil used in this study was collected from electroplating
industrial complex in Ansan, Korea. This area is contaminated
by metals due to leakage from electroplating wastewater operations.
The soil samples were collected from the surface (0~20 cm) and
transported to our laboratory in plastic barrels. The soil was
spread out onto sheets of brown paper. When sufficiently air-
dried, the soil was ground with wooden roller, passed through a
2-mm sieve, sealed in a plastic bag, and stored in a refrigerator
for designed experiments. Metal concentrations in the soil were
determined by a nitric—perchloric acid digestion following the
procedure recommended by Association of Official Analytical
Chemists (AOAC) (1990). One gram of sample was placed in a
250 mL digestion tube and 10 mL of concentrated HNO; was
added. The mixture was boiled gently for 30~45 min to oxidize
all easily oxidizable matter. After cooling, 5 mL of 70% HCIO,
was added and the mixture was boiled gently until dense white
fumes appeared. After cooling, 20 mL of distilled water was
added and the mixture was boiled further to release any fumes.
The solution was cooled, further filtered through Whatman No.
42 filter paper and <0.45 um Millipore filter paper.

2.2. Experimental Procedures

Batch experiments were conducted to determine the effect of
organic acids (acetic, succinic, oxalic, and citric acid) on the
mobilization of heavy metals, such as Cu, Pb, and Zn, from
contaminated soil at various concentrations of organic acids (I,
10, and 100 mM) and initial pHs (3.5, 4.5, 5.5, and 6.5). The pH
was controlled with HCl and NaOH. For each condition, we
added 2.5 g of soil to 25 mL of organic acid solution in a
centrifuge bottle and covered with a Teflon cork in darkness to
avoid photooxidation. Each bottle was then shaken by hand for 1
min to ensure full saturation of the soil with the solution and then
the bottles were shaken on an orbital shaker at room temperature
and 250 rpm for 24 hr. The pH was measured after the soil was
removed by centrifugation at 10,000 rpm for 30 min.

2.3. Analyses

The Cation Exchange Capacity (CEC) and Organic Matter
(OM) of soil used in this study were determined by an ammonium-
acetate method and FeSO, titration method, respectively (US EPA,
1995). The total concentration of each metal in the supernatant
was measured on an inductively coupled plasma mass spectro-
meter (IRIS Intreoid II XDL Duo, Dongil Science, Korea).

The percents of each metal removed were calculated using
an equation similar to one earlier reported by Reddy and
Chinthamreddy (2000) as:
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Percent metal removed (%) G, x 100 @)
Cymy
Where C; and C; are the concentrations of metal in supernatant
(in mg L") and soil (mg kg ™), respectively; ¥ is the volume of
supernatant (in L) and my is the dry mass of the soil (in kg).

3. Results and Discussion

3.1 Characteristics of Contaminated Soil

The textural analysis of contaminated soil showed the pre-
ponderance of sand fraction (81.2%), followed by silt (10.1%),
then clay (8.7%). The pH of soil is slightly acidic as 6.2. Also,
the soil had relatively lower OM content (5.6%) and CEC (4.1
cmol kg™) than soil with high sand content. The relatively low
levels of silt, clay, OM and CEC indicate the high permeability,
hence leachability of heavy metals in soil and suggest that it
might be amendable to remediation by soil washing (Ehsan et
al., 2006; Atafar et al., 2010).

Contaminated soil was analyzed to determine the initial metal
content of the soil (see Fig. 1). Based on our metal speciation
calculations, the distribution of free metal was 67% (Cu), 72%
(Zn), and 84% (Pb), respectively (data not shown). The lead
content was greatest due to its high adsorption to soil and the
presence of more free cations in solution. Fig. 1 also shows the
amounts of Cu, Pb, and Zn that were extracted by pH-adjusted
distilled water (pH = 3.5), representing the amounts of water-
soluble metals.

3.2 Metal Mobilization using Oxalic Acid

Appropriate amounts of potassium oxalate (K,C,0,) and oxalic
acid (H,C,0,) at the same concentrations were mixed to prepare
the buffered solution at the desired pHs. The pH of each mixture,
which represents a fixed ratio of [potassium oxalate]/[oxalic acid]
at the same concentrations, is shown for oxalate concentrations
of 1, 10, and 100 mM in Fig. 2. Because the addition of HCI to
an oxalate sample is not necessary to adjust its pH, Fig. 2 shows
results that can be used to prepare oxalate solution samples at a
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Fig. 1. Initial Metal Content and Water-soluble Amounts in Con-
taminated Soils
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Fig. 2. pH of the Solution of a Mixture of Potassium Oxalate and
Oxalic Acid

desired pH. The pH of 1, 10, and 100 mM oxalic acid is 1.0, 1.9,
and 2.9, respectively.

The prepared potassium oxalate solution, however, had a
neutral pH, regardless of the concentration. For example, 25 mL
of 1 mM potassium oxalate and 25 mL of 1 mM oxalic were
mixed to obtain a 1 mM oxalate sample at pH 3.5 for desorption
experiments, based on the results of Fig. 2.

The effects of various levels of oxalic acid on the mobilization
of Cu and Zn from contaminated soil are shown in Figs. 3(a) and
3(b), respectively. In general, high oxalic acid concentrations
enhanced the mobilization of heavy metals from contaminated
soil. We expected this result, because oxalic acid forms relatively
strong water-soluble complexes with Cu and Zn. At 100 mM
oxalic acid, over 90% of the copper was removed, regardless of
its initial pH. Higher concentrations of organic acid were more
effective to immobilize metals, highlighting that the importance
of surface complexation reactions as a possible mechanism of
metal release and metal complexation into solution.

For zinc, we observed competition between protons (log K =
3.82) and zinc (log K=3.88) for oxalic acid binding, which might
explain the decrease in the zinc that was leached at a lower pH
and concentration of ligand (K is a stability constant). As pH
increases —i.e., as the amount of protons (H") decreases— the
uncomplexed free oxalate (C,0,%) in solution can complex with
more zinc in solution. This mechanism governs all three metals
at lower organic ligand concentrations or higher pHs, because a
proportion of the metals that have been leached can not complex
with the organic ligand. The higher pH of the oxalic acid solution
on removal is more effective because oxalate competes with
protons and zinc at lower pHs. The differential behaviors of Cu
and Zn during leaching can be attributed to variations in their
coordination chemistry within the contaminated soil.

Figure 3(c) shows the removal of Cu, Zn, and Pb from
contaminated soil as a function of initial pH at a fixed initial
concentration of oxalic acid of 100 mM. This result indicates that
oxalic acid is ineffective in removing lead from contaminated
soil. The stability constants of Cu, Zn, and Pb with oxalic acid at
25°C and an ionic strength of 0.1 M were 4.8, 3.9, and 4.0,
respectively. Based on these constants, oxalic acid can be a
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Fig. 3. Copper (a) and Zinc, (b) Removal with different Concentra-
tion of Oxalic Acid and Comparison of Metal Removal with
Different pHs (c) from Contaminated Soil under the Addition
of 100 mM Oxalic Acid

useful tool to remediate Cu- and Zn-contaminated soil. Since the
solubility of the lead-oxalate complex is very low in water
(0.00015 wt%), less than 5% of the total lead was removed from
the contaminated soil. Based on modeling results, the extracted
lead was precipitated as insoluble lead-oxalate complexes, which
can not be separated from soil.

3.3 Metal Mobilization using Succinic Acid

The total amounts of Cu, Zn and Pb that were mobilized into
the solution at various concentrations of succinic acid are shown
in Fig. 4. The extent of metal removal was, in descending order,
Zn>Cu>Pb, which was the opposite of our expectation, based on
the stability constant (log K) values (see Table 1).

In general, organic ligands influence the dissolution of metals
in soil by forming stable water-soluble complexes with them in
soil solutions and thus depend on the log K of the ligand. Metal

KSCE Journal of Civil Engineering



Mobilization of Heavy Metals by Organic Acids

100
&
< 8o} —— MM
s I A 10mM
b . — - — 100mM
3 eof ~.
£ ~.
] ~
2 .
2 “W—
E ok —— i — 1
©
s . A R
PR T A
E 20} A
@
. —-— . —
0 . : X
3 4 5 6 !
Initial pH
(a)
100
9
k=)
& —_——e
= 8ol P ~.
5 - N
g -,/ — 1mM \-\
o e0F - IR 10mM n
‘% —— 100mM
O
= 40 F
hT PR——— A
5 .. o
o
g 20F
@
i . . * .
0 L ' .
3 4 5 6 !
Initial pH
(b)
100
é 80 F — === Acelate
& —8— Cilrate Y
- —-=0-—:  Succinate d
o [T, COT Oxalate
& 60
c
]
E
5 40
g
£ 20 b
x e
o lg=—
10° 2 3 456 10" 2 3 as5s 10°

Initial Organic Acid Conc. (mM)
(c)
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mobilization from soil also depends on its mode of retention in
soil. Metal that is retained as inner sphere complexes is released
through surface complexation reactions. In this case, there is a
strong relationship between the released metal and the log K of
the ligand. Although zinc had the lowest K value, it leached the
maximum amount. Approximately 82%, 64%, and 41% of the
total Zn, Cu, and Pb, respectively, in the soil leached out at 100
mM succinic acid and pH 3.5.

As shown in Figs. 4(a) and 4(b), lower pH values and higher
concentrations of succinic acid are more effective in mobilizing
metal from soil. At 100 mM succinic acid, copper removal from
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Table 1. Stability Constants of 4 Organic Acids with Cations at
25°C and an lonic Strength of 0.1 M

Organic acids H* Cu** Zn* Pb**
Acetic 4.56 1.89 1.10 2.15
Succinic 5.20 2.60 1.78 2.80
Oxalic 3.82 4.84 3.88 4.00
Citric 5.69 5.90 4.98 4.08

the contaminated soil decreased significantly with rises in initial
pH. Further increases in pH promoted metal hydrolysis, which
was accompanied by re-adsorption onto the soil surface or
formation of copper hydroxide as a precipitate at approximately
pH4.5.

For zinc, the amount of zinc that was removed from the
contaminated soil decreased in a specific pH range (pH>5.5 or
pH<4.5) due to the competition of zinc and protons for binding
succinate ions at lower pHs and the formation of zinc hydroxide
at higher pHs. Because lead and copper have higher log K values
with succinic acid, proton competition for these metals is not
significant, and an increase in pH resulted in a decrease in metal
concentrations in solution.

3.4 Comparison of Lead Removal Efficiencies using Organic
Acids

Four organic acids — acetic, citric, oxalic and succinic acid—
were compared with regard to removing lead from the con-
taminated soil at pH 5.5 and various initial concentrations of
organic acids (see Fig. 4(c)). The total lead that was removed
from the contaminated soil increased as organic acid con-
centrations rose. Approximately 80% of the initial lead content
was removed with 100 mM oxalate. The total amount of lead
that was removed depended on its stability constant with organic
acid, with the exception of oxalic acid.

The stability constant of lead with oxalic acid was 3.32, which
exceeded those of acetic and succinic acid. Yet, the lead ion that
leached out from the contaminated soil precipitated as an insoluble
lead-oxalate solid, a highly undesirable result. The order of
solubilization of lead from the contaminated soil by organic
acids suggests that the properties of organic ligands in solution,
such as the stability constant and the solubility of the metal-
ligand complex, are dominant factors. These observed sequences
might be attributed to lead-organic ligand exchange and the
solubilities of the complexes. The stability constants and solubilities
of lead-organic complexes in water are summarized in Table 2.

3.5 Calculation of Metal Speciation

Speciation of the extracted heavy metals (Cu, Zn, and Pb) from
contaminated soil in the presence of oxalate solution was
calculated with a geochemical computer program, GEOCHEM-
PC (Parker et al., 1993). The calculations estimate the fate of
each metal, oxalate, and inorganic ligand in the leachate at fixed
conditions and inform us about the possible compounds in
solution and their amounts with limited information, such as the
given total concentration of metals and ligands. The results were
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determined by the geochemical modeling under the assumption
that the association of metals and inorganic ligands (i.e., CI', K,
SO,*, and OH") was negligible because the interference of the
target metal-ligands complex can be resulted from various com-
petition of metal and ligands existed in soil.
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Fig. 6. Speciation Calculation of Copper that has been Mobilized
from Contaminated Soil using: (a) 1 mM, (b) 10 mM, and
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Cu(OX),, A: Free Cu)
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Oxalate (OX) exists primarily in three fractions —the undis-
sociated form (H,OX), partially dissociated form (HOX"), and
completely dissociated form (free oxalate ion, OX*)— over an
ordinary range of pH 3~7 (see Fig. 5).

Figure 6 shows the speciation of copper in solution at equilibrium
as a function of initial pH at initial oxalate concentrations of 1
(Fig. 6(a)), 10 (Fig. 6(b)), and 100 mM (Fig. 6(c)). The major
species of copper in the leachate solution consisted primarily of
the free ionic form (Cu*") and complexed forms with mono- or
dioxalate ions (i.e., Cu-mono-oxalate, Cu-di-oxalate).

At an initial oxalate concentration of 1 mM, the principal copper
species were free ionic copper, Cu (OX), and Cu (OX),, in this
order, over a range of pH 3 to 5. Above pH 5, the amounts of
copper mono-oxalate and free ionic copper decreased, but the
amount of copper di-oxalate rose with pH. The chief species of
lead became lead di-oxalate as oxalate concentrations increased
(see Figs. 6(b) and 6(c)). Higher pHs and oxalate concentrations
favored the formation of copper that was complexed with di-
oxalate over free ionic copper and copper mono-oxalate.

The zinc species in the leachate were primarily complexed
forms with oxalate (Zn(OX) or Zn(OX),) under the experimental
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conditions (see Fig. 7). The amount of zinc di-oxalate complex
increased with rises in oxalic acid concentration, because more
oxalate ions became available to complex with zinc in solution.

4. Conclusions

The effectiveness of organic acids in mobilizing heavy metals
(Cu, Pb, Zn) from contaminated soils were investigated. Significant
amounts of copper and zinc are removed from contaminated soil
by oxalic acid and succinic acid. But, oxalic acid fails to remove
lead due to the precipitation of lead-oxalate complexes out of
solution. Of the four organic acids, citric acid is the most effective
extracting agent in removing lead. Generally, the effectiveness of
mobilizing and complexing heavy metals from contaminated soil
increases with higher concentrations of organic ligand. Although
the metal complexing abilities of organic acids are pH-dependent,
the overall extent of heavy metal removal is insensitive to system
pH, at higher ligand/metal concentration ratios. Chelating agents,
such as low-molecular-weight organic acids, that convert soil-
bound heavy metals through various mechanisms into soluble
and stable complexes can be used in situ or ex situ soil washing/
flushing technologies for cleanup of contaminated soils at actual
polluted sites. Speciation calculations by GEOCHEM-PC predict
that heavy metals exist primarily in two forms in the presence of
oxalate solution: (a) complexed with oxalate and (b) in free metal
ionic form.

Acknowledgements

This study was supported by Mid-Career Researcher Program
through National Research Foundation of Korea (NRF) (NRF-
2013R1A2A1A09007252).

References

Ahmad, I, Hayat, S., and Pichtel, J. (2005). Heavy metal contamination of
soil: Problems and remedies, Science Publisher, NH.

AOAC (1990). “AOAC official methods of analysis.” Association of
Official Analytical Chemists, 15" Ed., Arlington, Virginia, pp. 84-83.

Atafar, Z., Mesdaghinia, A. R., Nouri, J., Homaee, M., Yunesian, M.,
Ahmadimoghaddam, M., and Mahvi, A. H. (2010). “Effect of
fertilizer application on soil heavy metals concentration.” Environ.
Monitor. Assess., Vol. 160, Nos. 1-4, pp. 83-89.

Banks, M. K., Waters, C. Y., and Schwab, A. P. (1994). “Influence of
organic acids on leaching of heavy metals from contaminated mine
tailings.” J. Environ. Sci. Health, Vol. A29, No. 5, pp. 1045-1056.

Bolan, N. S., Naidu, R., Mahimairaja, S., and Baskaran, S. (1994).
“Influence of low-molecular-weight organic acids on the solubilization
of phosphates.” Biol. Fert. Soils, Vol. 18, No. 4, pp. 311-319.

Burckhard, S. R., Schwab, A. P.,, and Banks, M. K. (1995). “The effects
of organic acids on the leaching of heavy metals from mine tailings.”
J. Hazard. Mat., Vol. 41, Nos. 2-3, pp. 135-145.

Cieslinski, G., Van Rees, K. C. J., Szmigielska, A. M., Krishnamurti, G.
S. R., and Huang, P. M. (1998). “Low-molecular-weight organic
acids in rhizosphere soils of durum wheat and their effect on
cadmium bioaccumulation.” Plant Soil, Vol. 203, No. 1, pp. 109-

Vol. 17, No. 7/ November 2013

117.

Covelo, E. F., Andrade, M. L., and Vega, F. A. (2004). “Heavy metal
adsorption by humic umbrisols: Selectivity sequences and competitive
sorption kinetics.” J. Colloid Interf. Sci., Vol. 280, No. 1, pp. 1-8.

Cozzarelli, I. M., Baedecker, M. J., Eganhouse, R. P., and Goerlitz, D. F.
(1994). “The geochemical evolution of low-molecular-weight organic
acids derived from the degradation of petroleum contaminants in
groundwater.” Geochim. Cosmochim. Ac., Vol. 58, No. 2, pp. 863-
877.

De Wit, J. C. M., Van Riemsdijk, W. H., and Koopal, L. K. (1993).
“Proton binding to humic substances. I: Electrostatic effects.”
Environ. Sci. Technol., Vol. 27, No. 10, pp. 2005-2014.

Duckworth, O. W. and Martin, S. T. (2001). “Surface complexation and
dissolution of hematite by C,-C, dicarboxylic acids at pH = 5.0.”
Geochim. Cosmochim. Ac., Vol. 65, No. 23, pp. 4289-4301.

Ehsan, S., Prasher, S. O., and Marshall, W. D. (2006). “A washing
procedure to mobilize mixed contaminants from soil: II. Heavy
metals.” J. Environ. Qual., Vol. 35, No. 6, pp. 2084-2091.

Elliott, H. A. and Brown, G. A. (1989). “Comparative evaluation of
NTA and EDDTA for extractive decontamination of Pb-polluted
soils.” Water Air Soil Pollut., Vol. 45, Nos. 3-4, pp. 351-365.

Evangelou, V. P. and Marsi, M. (2001). “Composition and metal ion
complexation behavour of humic fractions derived from corn
tissue.” Plant Soil, Vol. 229, No. 1, pp. 13-24.

Evans, L. J. (1989). “Chemistry of metal retention by soils.” Environ.
Sci. Technol., Vol. 23, No. 9, pp. 1046-1056.

Fox, T. R. (1990). “Low-Molecular-Weight organic acids in selected
forest soils of the Southeastern USA.” Soil Sci. Soc. Am. J., Vol. 54,
No. 4, pp. 1139-1144.

Furrer, G. and Stumm, W. (1983). “The role of surface coordination in
the dissolution of 8-Al,O; in dilute acids.” Chimia, Vol. 37, No. 3,
pp. 338-341.

Hedges, J. 1. and Oades, J. M. (1997). “Comparative organic geochemistries
of soils and marine sediments.” Org. Geochem., Vol. 27, Nos. 7-8,
pp- 319-361.

Jones, D. L. (1998). “Organic acids in the rthizosphere - A critical
review.” Plant Soil, Vol. 205, No. 1, pp. 25-44.

Kakitani, T., Hata, T., Katsumata, N., Kajimoto, T., Koyanaka, H., and
Imamura, Y. (2007). “Chelating extraction for removal of chromium,
copper, and arsenic from treated wood with bioxalate.” Environ.
Eng. Sci., Vol. 24, No. 8, pp. 1026-1037.

Lim, T. T, Tay, J. H., and Wang, J. Y. (2004). “Chelating-agent-
enhanced heavy metal extraction from a contaminated acidic soil.”
J. Environ. Eng., ASCE, Vol. 130, No. 1, pp. 59-66.

Linn, J. H. and Elliott, H. A. (1988). “Mobilization of Cu and Zn in
contaminated soil by nitrilotriacetic acid.” Water Air Soil Pollut.,
Vol. 37, Nos. 3-4, pp. 449-458.

Lumsdon, D. G. and Farmer, V. C. (2005). “Solubility of a proto-
imogolite sol in oxalate solutions.” Eur. J. Soil Sci., Vol. 48, No. 1,
pp. 115-120.

Martin, T. A. and Ruby, M. V. (2004). “Review of in situ remediation
technologies for lead, zinc, and cadmium in soil.” Remed. J., Vol. 14,
No. 1, pp. 35-53.

McColl, J. G. and Pohlman, A. A. (1986). “Soluble organic acids and
their chelating influence on Al and other metal dissolution from
forest soils.” Water Air Soil Pollut., Vol. 31, Nos. 3-4, pp. 917-927.

Murray, K., Bazzi, A., Carter, C., Ehlert, A., Harris, A., Kopec, M.,
Richardson, J., and Sokol, H. (1997). “Distribution and mobility of
lead in soils at an outdoor shooting range.” J. Soil Contam., Vol. 6,
No. 1, pp. 79-93.

- 1601 —



Jong-Oh Kim, Yong-Woo Lee, and Jinwook Chung

NIST (2001). Critically selected stability constants of metal complexes,
Reference Database 46, Version 6.4, US Department of Commerce,
National Institute of Standards and Technology, Gaithersburg, MD.

Parker, D. R., Norvell, W. A, and Chaney, R. L. (1993). “"GEOCHEM-
PC- a chemical speciation program for IBM and compatible
personal computers.” In: Soil Chemical Equilibrium and Reaction
Models, Loeppert, R. H., Schwab, A. P. and Goldberg, S. Eds., Soil
Science Society of America, Madison, WI. pp. 253-269.

Pohlman, A. A. and McColl, J. G. (1986). “Kinetics of metal dissolution
from forest soils by soluble organic acids.” J. Environ. Qual., Vol.
15, No. 1, pp. 86-92.

Rautengarten, A. M., Schnoor, J. L., Anderberg, S., Olendrzynski, K.,
and Stigliani, W. M. (1995). “Soil sensitivity due to acid and heavy
metal deposition in East Central Europe.” Water Air Soil Pollut.,
Vol. 85, No. 2, pp. 737-742.

Ravichandran, M. (2004). “Interactions between mercury and dissolved
organic matter - A review.” Chemosphere, Vol. 55, No. 3, pp. 319-
331.

Reddy, K. R. and Chinthamreddy, S. (2000). “Comparison of extractants
for removing heavy metals from contaminated clayey soils.” Soil
Sediment Contam., Vol. 9, No. 5, pp. 449-462.

Stevenson, F. J. (1982). Humus chemistry: Genesis, composition,
reaction, J. Wiley and Sones, New York, pp. 355-373.

Stevenson, F. J. (1985). Geochemistry of soil humic substances, Humic
Substances in Soil Sediment and Water., J. Wiely and Sons. Aiken,

—-1602 -

G. R., McKnight, D. M., Wershaw, R. L., MacCarty, P. Eds. New
York, pp. 13-52.

Stone, A. T. (1988). Metal speciation: Theory, analysis, and application,
Lewis Publisher, Chelsea, pp. 69-80.

Stumm, W. and Morgan, J. J. (1996). Aquatic chemistry: Chemical
equilibria and rates in natural waters, J. Wiley and Sons. New York,
pp. 325-334.

Tan, K. H. (1986). “Degradation of soil minerals by organic acids.”
Interaction of Soil Minerals with Natural Organics and Microbes,
SSSA Special Publication, Huang, P. M. and Schnitzer, M. Eds. No.
17, pp. 1-28.

Travel, R. P. (1989). Soil washing technologies for site remediation, Risk
Reduction Engineering Lab, United State Environmental Protection
Agency, Edison, NJ.

US EPA (1995). Contaminants and remedial options at selected metal
contaminated site, EPA/542/R-97/004, Office of Research and
Development, Washington, D.C.

Wasay, S. A., Barrington, S., and Tokunaga, S. (2001). “Organic acids
for the in situ remediation of soils polluted by heavy metals: Soil
flushing in columns.” Water Air Soil Pollut., Vol. 127, Nos. 1-4, pp.
301-314.

Yuan, S., Jiang, Z. X., Wan, J., Wu, C., Zheng, Z., and Lu, X. (2007).
“Desorption of copper and cadmium from soils enhanced by organic
acids.” Chemosphere, Vol. 68, No. 7, pp. 1289-1297.

KSCE Journal of Civil Engineering




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [2834.646 2834.646]
>> setpagedevice


