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In the present study, Cu activities in 12 calcareous soils were obtained by
chelation. Thc Cu activities (pCu) ranged from 11.5 to 13.0. A positive correlation
between CaC03 concentration and Cu2t activities was observed, whereas negative
correlation was found with Fe203. Direct identification of solid phases controlling
Cu solubility in these soils has not been achieved. From the solubility isotherms, it
became evident that in most soil solutions, the concentration of Cu was much lower
than that determined by the solubility of inorganic precipitates of hydroxides or car-
bonates. A significant positive correlation between Cu2+ and Fe3t activity does
suggest some kind of mechanism which involves copper and iron but which is in-
dependent of pH. However, formation of cupric ferrite (CuFe204) is unlikely as the
shape of the isotherm does not support this hypothesis.

INTRODUCTION

The mechanism that controls the Cu
solubility relationships in soils is poorly un-
derstood. Experimental studies are ham-
pered by low concentrations of soluble Cu
and by the presence of uncharacterized in-
organic and organic complexes of Cu, espe-
cially in well-aerated soils in the neutral to
alkaline pH range. These problems can be
partially overcome by the chelation method
of Norvell and Lindsay (1982). With this
method, a well-characterized complexing or
chelating agent is added to a soil suspension,
the activity of one of the metal is deter-
mined, and the activity of the second metal
is calculated from the ratio of the two
chclatcd metal species of those metal ions.
This method is effective for obtaining free
metal cation concentrations or activities in
neutral or alkaline soils.

Previous studies have measured Cu ad-
sorption in neutral and alkaline soils, which
may show Cu deficiency (Mcl.aren and
Crawford, 1973 a; Cavallaro and McBride,

1978) and in acid soils where toxicity is likely
to occur (McBride and Blasiak, 1979). Cop-
per adsorption in soils is affected by soil pH,
clay minerals, iron and manganese oxides,
organic matter and carbonates (McBride,
1981). The mechanisms and specific ion
species involved in Cu adsorption are not
still fully understood. Adsorption mecha-
nisms suggested to include specific adsorp-
tion (McLaren and Crawford, 1973 b) or ph-
ysisorption and chemisorption (McBride and
Bouldin, 1984). One of the major problems
in studying Cu adsorption in soils has been
the failure to consider which of the various
species of Cu in solution are sorbed.

In most studies, concentrations of free
Cu have not been measured. Usually total
concentrations have been used directly or
total Cu has been speciated using only in-
organic models. Lindsay and Norvell (1%9)
used thc following empirical relationship to
express the Cu activity relationships:

Soil - Cu + 2H t ;0; = = = = = = = ~ Cu2 t
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Their results gave a log KO for this
reaction of 2.8.

Rearranging this equilibrium reaction:

log (Cu2+) = 2.8 - 2 pH

Our objective was to obtain activities in
calcareous soils using the chelation method
to see if the soil-Cu solubility relationships
reported. earlier are observed generally in
calcareous soils. A modification of the origi-
nal chelation method was used in this study.

MATERIALS AND METHODS

Twelve calcareous soils from 6 series
from England and Pakistan were chosen for
this study (Table 1). The soils were air-dried
and passed through 2 mm stainless steel
sieve and stored in polyethylene-lined con-
tainers. Solutions ranging from 0 to 1 mole
fraction (MF) of EDTA as Cu-EDTA were
prepared. Reagent-grade Na2H2EDTA
(99.7% assay) was used to prepare the
EDT A-chelate solutions. The 14C-Iabeled
EDTA (14C in carboxyl groups) was added
to give a solution with 4.92 x loB Bq mol'! of
EDT A. Calcium was used as the counter ion
to saturate the remaining EDTA not com-
plexed with Cu. The chelate solutions were
all adjusted to pH 7.0 initially using dilute
HCI or KOH.

Soil suspensions were prepared which
contained 25 g of soil and a final suspension
volume of 50 ml, The soils suspension were
aerated with moist air and shaken vigorously
two or three times daily in the dark at 25 ±
1 0 C except for the experiment which was
conducted in the closed system. All suspen-
sions were shaken for 7 days before the
EDT A chelate were added because earlier
experiments (Chaudhri, 1989) showed th~t
appreciable quantities of Mn temporarily
entered the solution for 2 or 3 days when the
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air-dry soils were first wetted. Experiments
continued for an additional 14 days after
EDT A chelates were added to allow equilib-
rium to be approached as established in
earlier experiment (Chaudhri and Rowell,
1991). A few drops of chloroform were also
added to check the microbial growth. The
initial EDT A concentrations in all the cases
was 100 J..I.M.Deionized distilled water plus
soil was used as the blank treatment.

Suspensions pH was measured im-
mediately after the reaction period, for it
approximates the pH of the solution better
than filtrate pH. Clear supernatants were
obtained by centrifuging for 20 minutes at
3000 rpm and electrical conductivity was
measured. A portion of the solution was fi-
nally passed through XAD-2 resin for the
separation of organically complexed metals.
This treatment was not given in the closed
system. Supernatants were analyzed for
cations by atomic absorption spectropho-
tometer using appropriate standards. The
total concentration of 14C-labeled EDT A
was determined by radioassay with a liquid
scintillation spectrophotometer.

Measured concentrations of Cu, Zn, Fe
and Mn were assumed to represent their
respective EDT A chelates because these
metals form stable chelatcs leaving little Iree
cation. The concentration of Ca-EDTA was
estimated as the difference between total
EDT A and the EDT A chelates of Cu, Zn,
Fe and Mn, Changes in the concentrations
of Cu- EDT A and Ca- EDT A chelates were
used to obtain the unique ratio of chelated
metals that neither lost nor gained Cu and
Ca from the chelate. A range of initial mole
fraction (MF) of Cu-EDTA and Ca-EDTA
was used so that equilibrium could be ap-
proached from both undersaturation and
supersaturation that is Cu could be either
gained or lost from solution. The equilib-
rium speciation of EDT A chelates, in com-
bination with chemical analyses of the soil
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solution, provided the information needed to
calculate the concentration of Cu2+ in
equilibrium with soil. The expression for
calculating the free metal ion concentrations
was derived by taking the ratio of appropri-
ate chelate reactions as outlined by Lindsay
and NorvelI (1969). For example, the ex-
pression for calculating the concentration of
Cu2+ has the form:

Cu2+ + L4-
Cu2+ + CaL2-
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absorption spectrophotometer. The final Cu
MF in the filtrate, expressed as
[CuL]/([CaL] + [CuL]), were plotted
against the initially added Cu MF. The point
of intersection of these lines represents the
equilibrium Cu MF, or the unique Cu MF
such that no loss or gain of Cu from the so-
lution occurred (Lindsay, 1979). Graphs
were obtained for each of the 12 soils for

Cu2+ + CaO-

CUL2- Kl11
cuL (3)

Ca2+ + L4- -Kl11caL (4)

CuL2- + Ca2+ K"\u' - KIllCaL (5)

Rearranging Eq. (5) gives:

where L represents the free EDTA lig-
and, brackets indicate molar concentrations
and Kill for the indicated species is the
mixed equilibrium constant expressed in
terms of concentrations (except for H, 0 H
and e", which if present, are expressed as
activities). The formation constants for
EDTA were selected from those compiled
by Lindsay (1979). Similar expressions were
derived for computing the concentrations of
other metal ions.

Measured inputs to Eq. (6) included
[Cal, [CuL) and [CaL). Total EDTA in the
soil extract was taken as the sum of alI metal
chelate concentrations, including [CaL),
[FeL), [Fe(OH)L2-], [CuO-], [ZnL2-] and
MnO-) (Lindsay, 1979). Thus, [CaL) was
obtained by difference, i.e. total EDTA con-
centration minus the sum of alI metal
chelates (Table .2). The concentration of
Ca2+ was obtained by difference between
the total calcium determined in the solution
and the CaL2-. Values for [CuL) were taken
as the total soluble Cu measured by atomic

...•. -- .•......... --_ ........•......•• -_ ... --- -- •.......................•........•...... (6)

each system. A typical example for the Tan-
dojam (P-31) soil is given in Figure 1.

The ratio of [CuL]/[CaL) needed to
solve Eq. (6) was obtained from the equilib-
rium Cu MF estimated from the graph, and
Cu concentration was then calculated (Eq.
6). Formation constants for the EDT A
metal chelates were taken from Lindsay
(1979) and corrected for the ionic strength
using the Debye-Huckle equation.

RESULTS AND DISCUSSION

The total concentrations of EDTA, Cu,
Zn, Fe and Mn, suspension pH, initial Cu
MF and calculated final Cu MF for the Tan-
dojam soil are presented in Table 2. Similar
data on suspension pH concentration of
Ca2+, equilibrium mole fractions of CaL2+,
CuO+, ZnL2+, FeL2+ and MnL2+ and
negative logarithm (pM) values of Cu2+,
Zn2+ , Fe3+ and Mn2+ activities for the 12
soils are summarised in Table 3. Under the
present experimental conditions, pH bore no
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correlation with metal ion activities, whereas
organic matter showed a negative correla-
tion only for CU2+, Fe3+ and Mn2+ ion ac-
tivities (Table 4). The Cu2+ ion activities
were influenced more by organic matter
contents than that by the pH 'while the op-
posite trend was observed for Zn2+ ion ac-
tivities. It seems that in an alkaline medium
both the factors (pH and organic matter)
counter each other's effect. A positive cor-
relation between CaC03 contents and Cu2+
ion activities was also observed.

Table 4.

Pok. J. Agri. sa, Vol. 29, No.4, 1992

Crawford (1973 a) observed correlation
between the quantities of Cu and Mn dis-
solved by the treatment of soil with oxalate
which suggested that Cu associates more
strongly with manganese oxides than iron
oxides. Thus, the data regarding Cu-Mn and
Cu-Fe associations often appear to be con-
tradictory. However, the abundance of iron
relative to manganese may give Cu a better
opportunity to associate with iron rich sec-
ondary mineral phases in soils despite a very
strong affinity of manganese oxides for Cu.

Correlation coellicients among soil properties and metal ion activities

Soil pH Organic CaC03 Fe203 Mn02 Cu2+ Zn2+ Fe3+
property mailer

Organic mailer -0.339

CaCO.1 -0.275 -0.256

Fe203 -0.038 0.121 -0.431

Mn02 -0.057 0.218 -0.243 0.259

Cu2+ -0.218 -0.391 0.617* -0.795** -0.335

Zn2+ 0.354 -0.102 -0.093 -0.715** 0.008 0.520

Fe3+ 0.150 -0.540 0.137 -0.680* -0.276 0.806** 0.767**

Mn2+ 0.181 -0.555 0.225 ·0.468 -0.504 0.691** 0.511 0.859***

*, **, •• * significant aIS%, 1% and 0.1% levels of probability, respectively,

Iron oxide (ammonium oxalate ex-
tractable Fe203) was significantly related to
the metal ion activities (Table 4). This
showed that particularly for Cu and Zn, sol-
ubility in calcareous soils is very much
dependent on the nature and amount of ex-
tractable iron oxides. Associations between
copper and iron oxides have commonly been
observed in soils (McKenzie, 1975; Childs
and Lslie (1977), although no evidence was
found for copper-manganese associations in
these soils. On the other hand, McLaren and

Oxides of Fe or Mn may show en-
hanced as well as inhibited adsorption for
Cu2+ in the presence of soluble organics.
Because of the ability of oxides to adsorb
organic acids, including fulvic and humic
acids by ligand exchange reactions (Parfitt et
01., 1977 a, 1977 b), the presence of these
organics on oxides surfaces may enhance ad-
sorption of Cu2+ if only a portion of func-
tional groups are involved in bonds to the
surface.
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Fig. 1. Graphical method for estimating the equilibrium mole fractions of Cu, Zn, Fe and
Mn for the Cu-EDTA (H20-preequilibrated open system). Data for Soil (P-31).

It would appear from these results that
there are two opposing mechanisms con-
trolling the solubility of copper in these soils.
On the other hand, adsorption of copper by
soil colloids tends to reduce its concentra-
tion in solution (i.e. less than 1% of the cop-
per added to these soils remained in solu-
tion). On the other hand, soluble complex-
ing agents compete with adsorption sites for
free Cu2+ and thereby prevent its adsorp-
tion. Hence complexing is thought to be
responsible for maintaining, or even in-
creasing the total concentration of copper in
the soil at pH values that would normally
favour the removal of free Cu2+ ions from
solution by precipitation or adsorption.

The effect of pH on Cu2+ ion activity t

in these soils is not clear, that is, correlation
relationships are not significant (Table 4).
One reason might be the narrow range of
pH of equilibrium soil solution observed for
these soils. Perhaps a difference of 0.5 pH
would not significantly affect the Cu2+ ion

activity in this high pH range. The other rea-
son put forward for such a trend by several
research workers (e.g. Hodgson et al.; 1966;
McBride and Blasiak, 1979; Jarvis, 1981) is
that any effect of pH on extractable copper
is probably being masked by the larger con-
tribution to copper in solution resulting
from a fairly constant (i.e, irrespective of
pH) part of the organically complexed cop-
per pool.

Another dominant factor which
emerged during the present investigation
was that the solubility of Cu2+ in these soils
was very much influenced by the solubility of
Fe3+. A significant positive correlation of
0.80 between Cu2+ and Fe3+ activities was
observed. In an earlier investigation,
Jahiruddin et al. (1986) reported that soils
with a higher level of DTPA-extractable Fe
tended to contain more DTPA-extractable
Cu. The results suggest that either copper
and iron are concurrently increasingly ad-
sorbed or complexed by existing soil compo-
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Fig. 2. Cu2+ activity in solution comparedlto solubility of .various Cu-mlnerals and Soil-Cu.
Data from 12 calcareous soils (Adapted from Lindsay, 1979).

nents with increasing pH. Precipitation-dis-
solution mechanisms are usually not consid-
ered to operate as controls on the concen-
trations of copper in soil solution as the sol-
ubilities of the common solid phase copper
compounds are too high at the pH value of
most soils.

The copper solubility data have also
been plotted as a function of pH in Figure 2.
Experimentally determined solubility lines
of copper in soil solutions or in soil suspen-
sions, usually lie below those of oxides, hy-
droxides and carbonate (McBride and
Blasiak, 1979). Lindsay (1979) suggested
that cupric ferrite (CuFeZ04) in equilibrium
with iron oxides may control the solubility of
Cu2+ ions in soil solution. The exact posi-

tion of the cupric ferrite line depends on the
form of iron oxide which is controlling the
ferric ion concentration. Amorphous iron
oxides are associated with higher levels of
ferric ion in solution and at a given pH will
result in the formation of cupric ferrite at a
lower Cu concentration than will be by well-
crystallised iron oxide, such as geothite,
which results in a lower ferric ion concen-
tration and hence a higher copper concen-
tration. All of the cupric ferrite solubility
lines lie in the region where control of Cu2+
in solution of alkaline and calcareous soils is
possible by precipitation of the solid phase.
The pCu values versus pH for the 12 cal-
careous soils studied are scattered within the
area bounded by the lines of cupric ferrite
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and soil-Cu in equilibrium with amorphous
iron oxide and soil-Fe (Fig. 2). If precipita-
tion as the oxide etc. is dismissed because
experimental data lie below their solubility
lines, it can be argued that precipitation as a
ferrite is feasible if the data lie below their
solubility lines. Supporting evidence for
some interaction between copper and iron
comes from the observed correlation be-
tween copper and iron activities in solution.

The solubility diagram in Figure 2
shows that though the values for Cu2+ in
these calcareous soils are scattered above
the soil-Cu line, the formation of any dis-
crete solid phase under the present experi-
mental conditions is unlikely because of high
organic matter contents, high pH and the
low level (10-4 M) of copper addition. Simi-
lar results about other elements in soils
show that solution concentrations of these
elements cannot be explained by solubility
isotherms (Vlek and Lindsay, 1977; Brum-
mer et 01., 1983). Thus, it can safely be as-
sumed that surface adsorption through lig-
and exchange controls the solubility of cop-
per in these soils. Our data for Cu2+ activity
(Table 4) produced using the chelate
equilibria method support the above hy-
pothesis and agree with others (Norvell and
Lindsay, 1969, 1972; Hodgson et 01., 1966;
Sinha et 01., 1978).
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