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Wasay, S.A., Barrington, S.F. and Tokunaga, S. 1998. Organic acids
to remediate a clay loam polluted by heavy metals. Can. Agric.
Engr. 40:009-015. Weak organic acids have the capabilities ofwashing
heavy metals without seriously deteriorating the soil properties. A clay
loam naturally contaminated by heavy metals was characterized
physically and analyzed for its content in Cr, Hg, Mn, and Pb. At
various pH, concentration, and reaction time, several weak organic
acids and their salts were used to leach out heavy metals. The optimum
pH ranged from 5 to 7 for citrate and 2 to 3 for tartarate in the case of
Cr, Hg, and Mn and 2 to 7 in the case ofPb. More than 85% ofPb was
removed with both citrate and tartarate at a concentration of 0.12 and
0.2 M, respectively, within 24 h. From 86 to 99% ofHg was removed
by tartarate and citrate, whereas up to 60% ofCr was removed. EDTA
and DTPA were found to be quite effective in removing Pb but not the
other metals. Four citrate or tartarate extractions were required to
remediate the experimental soil to a category A except for Hg. For Hg,
remediation criteria are so strict that only the C criteria were met after
two extractions, with citrate and tartarate, that left levels of32 and 62
mglkg, respectively, when a category A soil requires no more than 0.5
mglkg.

Les acides organiques peuvent lessiver les metaux lourds sans
deterioration du sol. Un limon argileux contamine par Ie lexiviat d'un
site d'enfouissement sanitaire, fut caracterise et analyse pour son
contenu en Cr. Hg, Mn et Pb. L'effet du pH, de la concentration et du
temps de contacte sur Ie taux de lessivage des metaux lourds rut
mesure en utilisant plusieurs acides organiques. Le pH optimum rut de
5 it 7 pour Ie citrate, de 2 it 3 Ie tartarate et Ie Cr. Hg et Mn, et de 2 it 7
pour Ie Pb. Plus de 85 % du Pb fut lessive avec Ie citrate et Ie tartarate
it une concentration de 0,12 et 0,2 M, respectivement, et ceci en 24
heures. Le Hg rut lessive de 86 it 99% avec Ie tartarate et Ie citrate
alors que Ie Cr fut lessive jusqu'it 60%. Quatre lessivages au citrate ou
au tartarate sont requis afin de decontaminer coux-ci suffisament pour
pouvoir les crasser sous la categorie A, propice it I'incorporation aux
sols agricoles. Ceci s'applique it tous les metaux lourds du sol
experimental sauf pour Hg, qui est extremement toxic et doit etre
lessiver it un trgs faible taux de 0.5 mg/kg pour somber sous la
categorie A. En depit du fort taux de lessivage du Hg, la teneur
residuelle avec Ie citrate et Ie tartarate apres quatre lessivages serait de
32 et 62 mglkg, respectivement. Le EDTA et Ie DTPA ont lessive Ie Pb
mais n'ont eu que peu d'effet sur les autres metaux lourds.

INTRODUCTION

Soil pollution by heavy metals is a growing concern in Canada,
USA, Japan, and Europe, as well as developing countries. It is
mainly due to metal mining, smelting industries (Asami 1988),
and the production of large quantities of industrial wastes and
municipal wastewater sludge. In most cases, wastes containing
heavy metals are disposed in secured landfills, where there is

always a risk ofsecondary pollution due to leakage. One of the
negative environmental impacts arising from landfills is surface
and groundwater contamination, due to run offand percolation
of rainwater through the soil slowly extracting metals that
eventually reach aquifers. Acidification of the soil from acid
rain accelerates this process by desorption ofheavy metals from
contaminated soil (Matschullat et at. 1992). Canada generates
about 650 million tonnes of waste per year from its mining
industry. Such industries dominate in Quebec where about 50%
of the groundwater contamination sites result from landfills
built in sand dunes without liners or lined with materials, such
as bentonite, which are subject to cracking (NRCC 1987). The
metals in the leachate are highly toxic to humans, animals, and
aquatic life. Humans are exposed to heavy metals in the soil
through the food chain transfer. Chronic food chain exposure to
heavy metals is more frequent as compared to acute toxicity in
humans, which is rare or nonexistent. Japanese farmers suffered
painful bone losses after the long-term consumption of Cd
enriched rice. The rice had been grown in paddies with soil
polluted by mining and smelting activities (Pierzynski et al.
1994). Conventional remediation is costly when the soil is
polluted by heavy metals, because they are tightly bound to
various fractions of the soil. It has been estimated that the
cleanup cost by current technology (ex-situ or excavation and
reburial) for one hectare ofsoil to a depth ofone meter (10 4 m3

)

can range between 0.6 to 3 million dollars depending on the
pollution load (Moffat 1995).

Soil polluted by heavy metals can be cleaned up using an
ex-situ remediation process. This remediation process requires
the excavation ofthe soil from the site followed by its washing.
It is one of the most suitable processes for removing heavy
metals. The washing solution contains either acids, bases, or
chelating agents (Benschoten et al. 1994; Tuin and Tels 1990).
The contaminants in the extraction solution can be treated for
reuse by conventional methods (Eckenfelder 1989; Tels 1987).
The problem with this washing process, especially with mineral
acids (HCl, HN03) and strong chelating agents (EDTA, DTPA),
is that the physical, chemical, and biological properties of the
soil are disturbed. Commercial plants using soil washing for the
remediation of soils contaminated with heavy metals and
pesticides require preliminary bench scale treatability studies to
select the extractant (Dennis et al. 1992).

EDTA and citric acid have been used to extract heavy
metals such as Cu, Zn, Cd, Ni, Pb, and Cr from contaminated
soils at a neutral pH (Leidmann 1994). EDTA can extract up to
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Table I. Physical and chemical characteristics of
contaminated soil.

Procedure

The contaminated soil was characterized (Table I) for texture,
saturated hydraulic conductivity (ks)' pH, organic matter
content, cation exchange capacity (CEC), and heavy metal
contents (Klute 1986, Jackson 1958, ASTM 1993). Despite its
high organic matter and clay particle content, the soil CEC was
low because the exchangeable sites were occupied by heavy
metals. Retention form of heavy metals such as water soluble,
exchangeable, bound to organic matter, Fe/Mn-oxides and
residual in the soil was studied using a sequential extraction
procedure (Wasay et al. 1997a) (Table II). Heavy metals are
mainly present in Fe-Mn oxides and organic matter of the soil
which are difficult to remediate as compared to exchangeable
form.

As control, two series of plastic tubes containing 25 ml of
distilled water were prepared and their pH was adjusted in the
range from 1.9 to 5.0 with 0.1 M HCI and/or NaOH. Another
two series of 25 ml solutions were prepared using one of the
organic acids or their salts or EDTA and DTPA. The pH values
were adjusted either with the appropriate mixture of organic
acids and their salts (in most cases) or by addition of a small
amount of0.1 M HCI and/or NaOH. The volume ofthe solution
was maintained at 25 ml. One gram of contaminated soil was
added to each tube and each series served as a duplicate. The
suspension was shaken for 24 h at 20°C, centrifuged, and the
supernatant withdrawn. The residue was extracted once more
with 25 ml ofextracting organic acid solution, chelating agent,
or distilled water as used initially. The supernatants were
analyzed for metals by the ICP-AES (ICPS 1000 II, Shimadzu
Corp., Kyoto, Japan).

90% ofCd, Cu, Pb, and Zn and 25 to 45% ofCr and Ni. Citric
acid (0.26 M) can extract from 50 to 80% of Cu, Cd, Zn, and
Ni, but only 30 to 40% ofCr and Pb at a single neutral pH. The
ability of seventeen different chemical solutions has been
examined to displace heavy metals (Pb, Zn, Cu, Cd) from
artificially contaminated clays such as kaolinite, illite, and
montmorillonite at either pH of 5 or 7 (Farrah and Pickering
1978). Of the reagents used, only EDTA (0.001 M, pH 7)
quantitatively released all four metals from the three clays,
while oxalic acid (0.1 M, pH 3.3) totally displaced three metals
(Cu, Cd, Zn) from each clay. Other reagents such as ammonium
oxalate (0.1 M), ammonium nitrate (0.01 M), nitric acid (0.1
M), and sodium citrate (0.01 M) effectively displaced one or
more heavy metals (Cd and/or Zn or Cu) from clays.

Some organic acids such as acetic, citric, and oxalic acids
have been tested for the remediation of soils artificially
contaminated with heavy metals at a single pH value (Farrah
and Pickering 1978). Biological compounds such as glycine,
citric acid, tartaric acid, and gluconic acids are known to have
chelating properties binding heavy metals and to occur naturally
in soils (Lo et al. 1992; Huang and Schnitzer 1986). Heavy
metals are less mobile when they form stable complexes with
humic acid. On the contrary, the metal mobility and
bioavailability increases when heavy metals combine with
organic acids such as acetic acid. These organic acids are oflow
cost, biodegradable, and less destructive to soil structure than
strong mineral acids and strong chelating agents.

The present study was designed to: I) identify the best weak
organic acids and/or their salts and to establish their potential
in a batch experiment for the leaching of heavy metals from a
naturally polluted soil and 2) compare the performance of the
best organic acids and their salts to the synthetic chelating
agents, EDTA and DTPA.

MATERIALS and METHODS

Experimental soil, organic acids, and chelating agents
The experimental soil was obtained from a 3 year old landfill
site in Japan. The wet soil sample was air dried and sieved to
remove the particles greater than 2 mm (No. 10 sieve). The soil
sample was homogenized and kept in a plastic bag for further
analysis.

The following organic acids and their salts were used to
study the remediation of the polluted soil by dissolving in
distilled water: citric acid monohydrate (0.2 M) and ammonium
citrate dibasic (0.2 M), oxalic acid dihydrate (0.2 M) and
ammonium oxalate monohydrate (0.2 M), tartaric acid (0.5 M)
and ammonium tartarate (0.5 M), acetic acid (0.11 M) and
ammonium acetate (0.5 M), succinic acid (0.1 M) and sodium
succinate (0.1 M), formic acid (0.2 M), phthalic acid (0.01M),
itaconic acid (0.2 M), fonnic acid (0.2 M), pyruvic acid (0.1 M),
and sodium pyruvate (0.1 M). The chelating agents used as a
base for comparison were EDTA (ethylenediaminetetraacetic
acid) disodium salt (0.1 M) and DTPA (diethlenetri
aminepentaacetic acid dissolved in sodium hydroxide solution)
(0.1 M). Dilute solutions of hydrochloric acid (0.1 M) and
sodium hydroxide (0.1 M) were used for pH adjustment.

Soil characteristics

Particle size

% sand

% silt

%clay

Bulk density (Mglm3
)

Particle density (Mglm3
)

Total density (%)

kg (mls)

pH-water

CEC (cmol+/kg)

Organic matter (%)

Heavy metals (mglkg)

Cr

Mn

Hg

Ph

Clay loam

29.0±0.6

36.0±0.4

35.0±1.0

0.8±0.0

2.0±0.0

45.4±0.1

1.1±0.lxlO-6

4.2±0.0

2.0±0.2

9.9±0.1

840

868

1280

1664
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Table II: Retention form of heavy metals in clay loam

Soil Geochemical phase (mglkg)

Water Ex. Fe-Mn oxides Organic matter Residual

Clay loam

Cr 2.l±O.5 67.0±1.5 190.6±7.0 486.9±7.2 84.0±3.5

Mn 183.0±6.6 1O.0±6.4 392.2±12.0 198.9±12.3 84.3±2.8

Hg 48.0±1.5 71.7±6.0 266.0±10.1 766.0±8.4 123.0±2.0

Ph 36.0±2.0 411.6±2.0 509.0±17.8 670.0±9.2 54.4±lO.1

Total

832.2±13.0

868.1±2.6

1273.3±21.7

1624.3±26.1

RESULTS and DISCUSSION

having various concentrations of one of the
organic salts or the chelating agents. Only the
pH ofthe chelating agents was adjusted using
either HCl or NaOH in solution at 0.1 M.
One gram of the soil was added to each tube
and then shaken for 24 h at 20 °C before
centrifugation. The supernatant was subjected
to ICP-AES for heavy metal analysis.

At optimum pH, determined from the
previous experiment, a kinetic study was
carried out for the removal of heavy metals
from the soil as a function of time. A series
of 25 ml solution was prepared in plastic
tubes containing either one of the organic
salts or one ofthe chelating agents. One gram
of the soil was added to each tube and then
shaken at 20 °C for 10 min to 36 h. Then,
each soil sample was filtered and the
supernatant was collected for heavy metals
quantification by ICP-AES.

Statistical analysis

The one-way analysis of variances design
procedure was used to analyze the effect of
pH on heavy metal leaching with time (SAS
1990).

pH effect on leachability

The solubility and behavior of heavy metals
was significantly affected by soil pH,
particularly in the case of organic acids
and/or salts (Figs. la, 1b) but not in the case
of EDTA and DTPA and particularly for Pb
(Fig. la). The maximum removal.ofCr, Hg,
Mn, and Pb was found to be 54, 96, 69, and
85%, respectively, in the presence of citrate
when the pH ranged between 5 to 7. The pH
range leads to the dissociation ofthe carboxyl
groups ofcitrate (Huang and Schnitzer 1986).
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Fig. 1a. Effect of pH on the removal of heavy metals from the clay loam in a
batch experiment after 24 h of retention time. Symbol: • Cr, • Hg,
... Mn, and. Pb. The bar on the symbol is the standard deviation.

To test the effect of agent concentration on heavy metal
leaching, another series of 25 ml solutions was prepared but

The leachability of heavy metals with
tartarate was also pH dependent except for
Pb. The removal efficiency of Cr, Hg, and
Mn decreased as pH increased, whereas that

of Pb remained constant at 86% in the wide pH range of2 to 7.
The removal ofCr, Mn, and Hgwas41, 54, and 84% at pH 4.3,

CANADIAN AGRICULTURAL ENGINEERING Vol. 40, No.1 January/February/March 1998 11



Fig. lb. Effect of pH on the removal of heavy metals from the clay laom in a
batch experiment after 24 h of retention time. Symbol: • Cr,. Hg,
A Mn, and. Pb. Standard deviation too small to be seen.
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EDTA and DTPA removed 99% of Pb
(Fig. la). The removal ofother metals was
pH dependent. EDTA and DTPA are strong
chelating agents which can extract
macronutrients such as Ca and Mg along
with heavy metals due to their high stability
constants as compared to organic acids
and/or their salts (Anderegg 1977; Perrin
1979). Chromium was the least leachable,
followed by Hg and Mn. At pH 4.7, the
maximum removal of Cr, Hg, and Mn by
EDTA was 14,30, and 45%, respectively.
The removal of Cr, Hg, and Mn by DTPA
was 13.5, 18, and 13% at pH 5.4,
respectively. As compared to citrate and
tartarate, EDTA and DTPA were less
effective in removing Cr, Hg, and Mn and
were incapable of removing extremely
toxic Hg.

Remediation effect on soil properties
It was visually observed that washing with
organic acids and/or their salts improved
soil structure and the stability of the
granular aggregate, as compared to the
original soil. The weak organic acids must
have directly linked the soil particles
according to the soil stabilization theory
(Emerson 1959). The heavy metal reacted
with organic acids and/or their salts, fonned
negative charge complexes repelled by the
negative charges on the soil particle
surfaces, and as a consequence were
leached with the liquid fraction.

The soil was acidic in nature (Table I),
probably as a result of leaching of
macronutrients and their replacement by
heavy metals. The soil also demonstrated a
low CEC because its exchangeable sites

were occupied by heavy metals which are difficult to exchange
using BaCI2 solution (Wasay et al. 1997a). However, Ca, Mg,
and Fe were detected in the leachates ofthe soil after extraction
with citrate and EDTA, but EDTA was found to leach 4 to 5
times more macronutrients than citrate (Table III).

Concentration effect on leachability

The removal of heavy metals increased slightly as citrate
concentration was increased from 0.04 to 0.1 M (Fig. 2). Heavy

Table III: Soil mineral extraction with remediation using
citrate and EDTA.
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respectively. The dissociation ofthe carboxyl groups in tartarate
takes place at a pH between 3 to 5 whereas dissociation of the
phenolic groups takes place at a pH above 5. Therefore, Pb
reacts more with the dissociated molecules of tartarate than
other metals.

The removal of heavy metals by oxalate at a different pH
was not promising and decreased with an increasing pH. At a
pH of3.7, the removal ofCr, Hg, Mn, and Pb was 41, 43,54,
and 5.6%, respectively. The negligible removal of Pb resulted
from the fonnation of insoluble Pb-oxalate complexes on the
soil surface.

The removal efficiency of metals by other organic acids
such as itaconic, fumaric, pyruvic, acetic, succinic, fonnic, and
phthalic acids and/or salts was low and decreased as the p~
increased (Figs. la, Ib). The removal ofCr, Hg, Mn, and Pb 10

the presence ofpyruvate was 28, 57, 36, and 14%, respectively.
These organic acids and their salts did not fonn strong chelates
as compared to citrate and tartarate. The removal of metals in
the control experiment using water also decreased with pH. The
percentage removal ofCr, Hg, Mn, and Pb was found to be 0.3,
10.6,24.0, and 4.6%, respectively, at pH 4.4.
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Soil clean up criteria
Quebec has guidelines for the use of
remediated soil based on three categories,
A, B, and C (MEFQ 1994). Remediated
soil should meet category A criteria
before disposal on agricultural land.

After two extractions with tartarate
and citrate, the experimental soil reached
the Cr levels required for category Band
C, respectively, while the Pb levels
reached the category B in both cases. A
remediated soil of category A could
probably be met for all heavy metals
except Hg, after two additional
extractions with citrate or tartarate. After
two extractions using citrate and tartarate,
Hg levels were still at 32 and 62 mglkg,
levels far above the 0.5 mglkg required to
meet category A. Only EDTA and DTPA
removed enough Pb after two extractions
to reach the category A requirements.
EDTA and DTPA were ineffective in
removing the other heavy metals.
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Fig. 2. Effect of concentration on the removal of heavy metals from the clay
loam in a batch experiment after 24 h of retention time.• Cr, • Hg,
• Mn, and. Pb. The bar on the symbol is the standard deviation.

metals removal was found constant with tartarate concentration
above 0.2 M. Other organic acids were not tested because of
their low removal efficiency. EDTA concentration, varying
between 0.006 to 0.08 M, had almost no effect on heavy metal
removal rate. The DTPA removal increased with concentrations
varying from 0.008 to 0.08 M for Cr, Hg, Mn, and Pb.

The kinetic study
At optimum pH, most of the heavy metals bound to the soil
were released in the liquid phase within 24 h and in a single
extraction. Residual metals in the soil (Ckt) were plotted as a
function oftime (Fig. 3). Reaction rate was detennined using a
two-reaction model for soil (Wasay et al. 1997b). Citrate
removed Hg and Pb within 24 h at a level of 89 and 60%
respectively. The removal efficiency ofCr and Mn was only 38
and 48%, respectively, probably because Cr(III) is tightly
bound on organic matter and chemisorbed on oxides and silicate
clays even at a low pH (McBride 1994). Oxidation ofCr(III) to
Cr(VI) is a difficult operation to carry out in the soil but can
occur slowly under flooding (Pardue and Patrick 1995). A small
fraction of Cr(IlI) in soils can also be oxidized to chromate at
high pH which can be further promoted by Mn oxides (McBride
1994). The removal of Cr, Hg, Mn, and Pb by tartarate was
foun~ to be 29, 70,42, and 66% within 12 h, respectively. The
maximum release of these metals was ob-tained within 12 h by
EDTA and was 18,20,37, and 90%, re-spectively, but EDTA
showed a low affinity for Cr, Mn and Hg. Similarly, the
removal efficiency ofDTPA was not very good for these metals
except for Pb. The maximum removal was reached within 15 h
and was found to be 20, 40, 32, and 97% for Cr, Hg, Mn, and
Pb, respectively, in a single extraction.

Mechanism of soil and leachate
clean up

Aqueous ligands, such as citrate, tartarate,
EDTA, or DTPA, compete against soil

.. . particles for heavy metals absorption. The
partltlOnmg of heavy metals between the soil surface groups
and a soluble complexing ligand largely depends upon the
stability constants described by the following reactions, where
S stands for the soiI:

== S-Metal + Ligand H Ligan-Metal complex + == S-
(Contaminated soil) (Soluble chelate) (Soil surface site)

A chelate (i.e. EDTA) is a complexing ligand that has two
or more electron groups which fonn more than one bond
between the metal and the ligand. The multiple bonds fonn a
tight ring structure around the metal ion enabling the chelate to
solubilize the heavy metals and leach them from contaminated
soils. EDTA and DTPA are sexadentate and octadentate
molecules, meaning that they have six and eight donor atoms
(z) which can coordinate to a single metal ion to produce five
and seven (z-I) chelate rings (Bell 1977). Two and three donor
sites are located on the nitrogen atom of EDTA and DTPA,
respectively, while the remaining four and five donor sites are
negatively charged carboxyl groups (-COOH) which react with
metal cations when these sites become deprotonated (-COOH ~

-coo' + H+). Speciation (release of protons) of EDTA and
DTPA depends on pH, with H2[EDTAf or H2[DTPA]3. being
the dominant fonn in the pH range of 3 to 6 where most heavy
£?etals exist as divalent cations. Chromium, Hg, and Mn are so
tightly bound to soil surface sites that these chelating agents are
not able to fonn complexes with them.
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Fig. 3. Kinetic study for leaching of heavy metals from the clay loam in a batch
experiment at different intervals of time. Symbol: • Cr, • Hg, • Mn,
and. Pb. Standard deviation too small to be seen.

Citrate and tartarate carry three and two negatively charged
carboxyl groups (-COO· H+) which have stronger coordination
power (fonn chelate with metals) than their respective alcoholic
OH group [citrate, HOC(CH2COOH)2COOH] and [tartarate,
HOOCCH(OH)CH(OH)COOH]. The coordination ofcitrate to
a metal ion involves two carboxyl groups and one hydroxyl
group or alcoholic group (OH), whereas coordination with
tartarate occurs between one carboxyl group and two hydroxyl
groups. The observed order of effectiveness in chelation is:
citrate> tartarate > other organic acid anions. In neutral weakly
alkaline solutions, citrate is found to be more effective than
other organic anions. Metal-citrate complexes are more stable
than those ofthe other acid anions, partly because citrate carries
three negative charges.

The soil leachate was treated effectively with granular
activated carbon (Wasay et al. 1997c) and the recovered heavy
metal can be recycled in ore processing units.

Statistical analysis of the results
The one-way analysis of variances design procedure (SAS
1990) indicated that pH had a highly significant effect (P <
0.0001) on remediation level except for Pb. When the salts of
weak organic acids were used (particularly for citric acid),
higher pH values gave significantly better removal levels.
Tartaric acid gave significantly better removal levels at lower
pH values except for Pb which gave good removal levels at all
pH values. The coefficients of variance (CV) remained under
1.5% for all removal levels for citrate and between 2 to 3% for
tartarate.

CONCLUSIONS
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The following conclusions can be drawn:
1. Citrate showed high removal

capabilities at a pH about 5, as it
leached 54, 69, 85, and 96% of Cr,
Mn, Pb, and Hg, respectively.
Tartarate removed 86% of the Pb
under a wide pH range of 2 to 7,
whereas it removed 41,54, and 84%
of Cr, Mn, and Hg, respectively, at a
pH of 4.3. Both citrate and tartarate
were very effective in removing
extremely toxic metals such as Hg and
Pb.

2. EDTA and DTPA were only effective
in removing Pb (99%), but not the

other metals, particularly for Hg and Cr « 30%). Because
Hg is extremely toxic, EDTA and DTPA were not capable
ofadequately detoxifying the contaminated soil.

3. Weak organic acids and/or their salts were found to offer an
environmentally friendly remediation technique because an
improved soil structure was observed after treatment.
Furthennore, they leached significantly less macronutrients,
such as Ca and Mg. Strong acids and chelating agents are
known to disturb soil properties by extracting nutrients,
destroying their structure and disturbing their biological
activity.

4. pH had a highly significant remediation effect (P < 0.0001)
except for Pb extraction with EDTA and DTPA.

5. Four extractions with citrate and tartarate would allow the
polluted soil to meet the category A requirements for its
disposal on agricultural land.
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