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ABSTRACT: Investigation of Cd and Zn availability in four different soils as affected by the interactions
of these two heavy metals was conducted using the metal desorption quantity-intensity (Q/I) isotherms. The
soils were artificially contaminated with proper concentrations of Cd and Zn as CdSO4 and ZnSO; solutions.
DTPA (diethylene triamine pentaacetic acid) - extractable and water-extractable Cd or Zn from the soils
were used as Qca or Qz, and Icy or Iz, factors, respectively. The coefficient of determination for Cd and Zn
desorption Q/I linear regression in the soils ranged from 0.947 to 0.999, which indicated that O and [
factors were closely conrelated. The buffering capacity of Cd, BCcq, in the soils decreased with increasing
Zn treatments, and the BCcy values were ranged between 205.8 and 2255.6. The decreases of BCcq values
were mainly dependent upon the increases of Icq factors. However, Zn buffering capacity, BCz,, decreased
with increasing Cd treatments in acidic soils, and increased in neutral and calcareous alkaline soils. The
BCzy values were ranged from 143.2 to 6158.0. The values of BCyz, as influenced by the treatments of Cd
were also controlled by the solubility of water-extractable Zn, I, factor. The solubility of water-extractable
Cd and Zn was significantly dependent upon the changes of soil pH that were impacted by the treatments
of Zn and Cd, respectively. Also, the availability of Cd was higher than Zn availability in the acidic and

neutral soils, but Zn was higher than Cd in the calcareous alkaline soil.
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INTRODUCTION

Many researchers have studied cadmium (Cd)-zinc
(Zn) interactions in soil-plant systems because of the
chemical similarity between Cd and Zn'”. Although
bivalent transition metal cations, such as Cd and Zn,
exhibit a similar pH-dependent adsorption behavior,
the adsorption extent at given pH is varied between
the metals. Several workers investigated adsorption
sequences by different adsorbents for metal cations
including Cd and Zn. The adsorption sequences
reported were Cu > Pb > Zn > Cd by hydrous
aluminum oxide”, Pb > Cu > Zn > Cd” and Zn > Cd
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> Ca” by hydrous ferric oxide, Cu > Pb > Zn > Co >
cd®, Zn > Ni > Cd"™ and Ni > Zn > Cd*? by
goethite, and Pb > Cu > Cd > Zn by organic matter™.
These may lead to the conclusion that Cd is relatively
more biocavailable than Zn in soils with some exceptions.
However, the validity of the selectivity series for the
majority of soils may be due to the types and amounts
of clays, oxides, organic matter found in soils. Each
soil constituent has its own adsorption properties for
the metal cations.

Also, most researchers have focused on uptake or
absorption of Cd and Zn in plants rather than avai-
lability of those metals in soils. Turner” studied the
effect of cadmium application on Cd and Zn uptake
by plants. He reported that Cd treatment increased
the concentration and total uptake of Zn in plant
tops. Other researchers found that Zn application
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reduced the concentration of Cd in plants*>'. Sinkora
and Wolt"” reported an increase in Zn levels of
sludge increased the solubility of Cd in sludge and
soil even though the Zn addition decreased concent-
ration of Cd in plant root. However, Haghiri'®
reported that the addition of Zn (5-50 mg kg™ range)
significantly increased the Cd concentration of plant
shoots, and also Nan et al.? showed that the effects
of Cd-Zn interaction can be synergistic to increasing
the accumulations of Cd and Zn in wheat and corn
plants with increasing Zn and Cd contents in soils.
Kuo et al."” reported that soil organic matter had
little relation to Cd and Zn availability. However,
Abdel-Sabour” reported Zn uptake by plants was best
related to the soil organic fraction. White and Chaney”
also showed that the higher organic matter soil was
more effective than others in reducing Zn uptake.
They reported that soil type also can strongly influence
Cd and Zn uptake, and the Zn levels differed with
soil pH. The availability of Cd and Zn in soils can be
also affected by phosphorus fertilizer application'®".
Therefore, we are concerned about the availability of
soil Cd and Zn as affected by the presence of Zn and
Cd, respectively, because there is a lack of information
about the relationships between Cd and Zn in different

Table 1. Selected physical and chemical properties of soils

soils.

The objective of this study was to investigate the
interactions of Cd and Zn as affected by additional
treatments of Zn and Cd in soils using the desorption
isotherms.

MATERIALS AND METHODS

Soils

The surface 15 cm of four different soils were
collected and studied: Egan (fine-silty, mixed, mesic
Udic Haplustolls), Egeland (coarse-loamy, mixed, frigid
Calcic Hapludolls), Glenham (fine-loamy, mixed, mesic
Typic Argiustolls), and Maddock (sandy, mixed, frigid
Entic Hapludolls).

The soil samples were air dried, crushed to pass
through a 2-mm sieve, and analyzed for selected
physical and chemical properties (Table 1).

Preparation of Soil Samples

Two sets of 20 g soil samples were prepared. One
set of soils was treated with the application of 0-, 20-,
40-, and 80 mg Cd kg' using CdSO, solution, and
the other set of soils was applied with 0-, 20-, 40-,
and 80 mg Zn kg’ using ZnSO; solution in 125 mL

Soil
Property Egan Egeland Glenham Maddock
Classification Udic Haplustolls ~ Calcic Hapludolls ~ Typic Argiustolls Entic Hapludolls
Particle size distribution (%)
Sand 10.4 57.0 39.2 42.6
Silt 60.6 29.0 371 37.5
Clay 29.0 14.0 23.7 19.9
pH (soil : water = 1:1) 5.76 5.55 7.88 6.66
Available P (mg kg™) 34 229 216 41
DTPA extractable metals (mg kg™)
Cd 0.21 0.14 011 0.10
Zn 2.83 1.18 1.22 0.53
Organic Matter (mg kg™) 324 23.0 24.2 235
Cation exchange capacity(cmolc kg™) 20.3 11.3 229 14.8
Iron (mg kg™)
Free Fe 527 374 214 322
Exchangeable Fe 3.35 1.62 2.83 2.18
Lime” - - ++ -

2 Strong (++) and no effervescence (-) with 10 % acid solution.
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polystyrene vials in duplicates. The soils in the poly-
styrene vials was brought to field capacity moisture
with ultra-high quality deionized water and thoroughly
mixed. The soil samples containing Cd or Zn in the
polystyrene vials were incubated for 1 week at 24°C.
After incubation, those samples were air-dried. Then
the Cd treated soils were enriched with 0-, 5-, 10-,
20-, 40-, 60-, 80-, and 120 mg Zn kg'1 applied as
ZnSOy solution, and the Zn treated soils were enriched
with 0-, 5-, 10-, 20-, 40-, 60-, 80-, and 120 mg Cd kg
applied as CdSO; solution. The metal enriched samples
were thoroughly mixed, incubated at field capacity
and 24C for 2 weeks. After incubation, the samples
were allowed to air-dry and finely ground.

Determination of Cd and Zn desorption

The determination procedures of metal desorption
quantity-intensity relationships were partly introduced
in one of our earlier studies'.

Ten grams of soils from the two replicates were
weighed in 125 mL polystyrene vials and analyzed
for diethylenetriaminepentaacetic acid (DTPA)-extractable
Cd or Zn on an atomic absorption spectrophotometer”.

Also, 5 g of soils from the replicates were weighed
in 125 ml polystyrene vials and brought to 25 mL
with high-quality deionized water. The vial equilibrated
for 48 h on an orbital shaker set at a speed of 160
rpm. After equilibration, the soil suspension was
centrifuged (45,000 x g) for 10 min and filtered (1.0-
and 0.22 pm pore size) to obtain soil solution. The
Cd or Zn analysis of the soil solution was determined
by use of the graphite furnace method for an atomic

- absorption spectrophotometer with a deuterium lamp
as the background correction source.

The metal buffering capacity of the soils was
defined in terms of the total amount of diffusible
metal ion per unit volume of soil solution metal ion.
Thus, Cd or Zn buffering capacity can be measured
from the relationships between the changes in quantity
of Cd or Zn desorbed (Q) and the change in intensity
(I) of soil solution Cd or Zn concentration, which
would be:

BC = AQ/AI = 8, + pK4 1)

where BC is the Cd or Zn buffering capacity, 6, is
the measured volumetric moisture content (m> m>), r
is the bulk density (kg L), and Kq is the distribution

coefficient (L kg"). The Ky is calculated from the
following linear desorption (or adsorption) isotherm:

Q=Kid+b 2

where Q is the DTPA-extractable Cd or Zn (mg kg'l),
I is the equilibrium total Cd or Zn concentration in

soil solution (mg L"), and b is a constant™™.

Measurement of pH for Cd and Zn Enriched Soil-Water
Systems

The pH value of extracts was measured after
obtaining extract solutions from Cd-Zn or Zn-Cd
enriched soil-water (1:5) systems equilibrated for 48 h
on an orbital shaker set at a speed of 160 rpm.

RESULTS AND DISCUSSION

Effects of Zn treatments on Cd availability
Cadmium desorption quantity (Q)-intensity (I) linear
relationships and the Cd buffering capacity (BCcq) as
affected by Zn treatments in soils are shown in
Figure 1 and Table 2, respectively. The coefficient of
determination (R%) for Cd desorption Q/I linear
regression in the given soils ranged from 0.947 to
0.999, which indicated that the quantity and intensity
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Fig. 1. Cadmium desorption quantity-intensity linear fittings
as affected by zinc treatments in soils. Zn 0 to Zn 80
represents no Zn to 80 mg Zn kg applied, respectively,
in soils.




160 Jin-Ho Lee and James J. Doolittle

Table 2. Cadmium distribution coefficient (Ky) and Cd
buffering capacity (BCcd) affected by Zn treatments

Zn treatment Ka

Sol - g kg) (Lkg) P K7
Egan 0 769.6 819.6 0.998
20 669.8 713.3 0.986

40 551.4 587.2 0.982

80 486.0 517.6 0.973

Egeland 0 204.0 294.8 0.997
20 2089 301.9 0.999

40 2094 302.6 0.986

80 . 142.4 205.8 0.998

Glenham 0 1325.0 1690.7 0.991
20 1055.0 1346.2 0.986

40 964.4 1230.6 0.986

80 793.0 1011.9 0.993

Maddock 0 1803.0 2255.6 0.995
20 1393.0 17426 0.962

40 1103.0 13799 0.947

80 898.3 1123.8 0.977

3 Coefficients of determination for Cd desorption Q/1
curves fitted by Q = Kal + b.

factors in the soils were closely correlated. BCcq
values were the lowest in acidic Egeland sandy loam
soil and the highesi in neutral Maddock loam soil,
and these values ranged between 206 and 2256 in the
soils with all ranges of Zn treatments.

The BCca values decreased with increasing the
concentrations of Zn applied in the soils. When the
soils were treated with various Zn concentrations, the
quantity of Cd, DTPA-extractable Cd (Qca), was
almost not changed in all of Zn application ranges,
whereas the intensity of Cd, water-extractable Cd (soil
solution Cd; Ics), usually increased with increasing
Zn treatments in most soils, except in the Egeland
soil. In this case, the Icq values impacted the decease
of BCcq values. Sinkora and Wolt'”” reported similar
results that increasing Zn levels with sludge application
increased the solubility of Cd in the sludge and soil.
In the acidic Egeland sandy loam soil, however, the
concentration of water-extractable Cd (intensity of
Cd) almost did not change (increase or decrease)
until 40 mg Zn kg applications, but it markedly
increased at 80 mg Zn kg of the Zn treatment level.

Also, the values of BCcq were considerably dependent
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Fig. 2. Effect of zinc treatments on soil pH (L:5) in

cadmium enriched soils. Zn 0 to Zn 80 represents no Zn

to 80 mg Zn kg applied, respectively, in soils.

upon soil properties. The BCcq values were clearly
differentiated among the soils studied, which was the
highest with neutral Maddock loam as followed by
calcareous Glenham loam > acidic Egan silty clay
loam > acidic Egeland sandy loam soils. White and
Chaney” reported that soil type can strongly influence
Cd and Zn uptake by plants, and Zn levels differed
with soil pH. Their research results indicated that the
solubility of the metals is markedly dependent upon
the soil properties, and the applications of additional
Zn can change soil pH that is one of the most
important factors for the solubility of metals in
soil-solution systems.

The pH changes in the soil-solution systems related
to the enrichment of Cd source with Zn applications
is shown in Figure 2. The values of soil pH decreased
with increasing the concentrations of Cd source enriched
in all systems. In particular, the pH values in the
acidic Egeland sandy loam soil system were much
impacted by the enrichments of Cd contamination
source as comparing with the pH changes in other
soil systems. Also, the pre-applications of Zn impacted
decrease of pH in the soil-solution systems. Thus, the
decreases of soil system pH allowed to increase
desorption of Cd ions from soil surfaces, organic
matter, and/or Fe oxides to soil solution, and then
the concentrations of soil solution Cd increased.

Effects of Cd treatments on Zn availability

Zinc desorption Q/I linear relationships and the
Zn buffering capacity (BCz) affected by four selected
Cd treatments for soils are shown in Figure 3 and .
Table 3, respectively. The values of R” for the linear
regression in the four soils ranged from 0.988 to
0.999. The BCz values were lowest in the Egeland
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Table 3. Zinc distribution coefficient (Ky) and Zn buffering
capacity (BCz,) affected by Cd treatments

Cd treatment Ky

Soil (mg kg) (Lkgh "m0 K7
Egan 0 5561 5923 0995
20 403 497 0988

40 3800 4047 0997

80 3673 3912 0.999

Egeland 0 1401 2024 0993
20 1004 1451 0999

40 991 1432 0999

80 1007 1455 0998

Glenham 0 35110 44803  0.998
20 40010 5201  0.99%

40 48260 61580 0999

80 46940 59895  0.999

Maddock 0 10880 13614  0.9%
20 11010 13774 0992

40 11920 14912  0.998

80 14290 7877 0999

? Coefficients of determination for Zn desorption Q/I
curves fitted by Q = Kual + b.

soil with the lowest values of soil pH, CEC, organic
matter, exchangeable Fe, and were highest in the
calcareous Glenham soil. The BCz, values varied from
143 to 6158 with all ranges of Cd treatments for the
soils. The values of BCz decreased with increasing
Cd treatments in acidic Egan and Egeland soils,
whereas the values were increased with increasing
Cd applications in calcareous Glenham and neutral
Maddock soils.

The solubility of Zn in the given soils was more
complicated than the solubility of Cd as affected by
interactions between them. The concentrations of
DTPA-extractable Zn (Qz) and water-extractable Zn
{soil solution Zn; Iz,) gradually increased with increasing
the concentrations of Cd treated in the Egan soil. In
the Egeland soil, both Qz and IZn values increased
with Cd applications, but with higher than 20 mg Cd
kg' of Cd applications, the increases of Qz and Iz
values were almost not changed. Tt is very different
trend as comparing with the result of Qcqa and ICd
values as affected by Zn treatments in the same soil.
In the calcareous Glenham soil, the Oz, values were
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Fig. 3. Zinc desorption quantity-intensity linear fittings
as affected by cadmium treatments in soils. Cd 0 to Cd 80
represents no Cd to 80 mg Cd kg applied, respectively,
in soils.

increased with Cd treatments even though there were
almost no different Qz, increments among 20 and 80
mg Cd kg treatments, whereas the I, values decreased
with increasing the concentrations of Cd treated. In
the neutral Maddock soil, the Qz, values increased
with increasing Cd treatments, but the Iz, values
increased with Cd treatments in lower Zn enriched
(contaminated) soil samples only, but then they
decreased in higher Zn contaminated soil samples.

These results might be caused by pH changes with
the enrichments of Zn source with Cd treatments
(Figure 4). The values of pH decreased with increasing
the concentrations of Zn enriched in all soil-solution
systems studied. Also, the pH values usually decreased
with increasing Cd treatments in most of soil systems.
However, in the calcareous Glenham soil, the pH
values increased with increasing Cd applications.
Therefore, the Cd treatments impacted the changes of
soil pH, and the soil pH changes affected the solubility
or desorption of Zn ions from the soils. Also, difference
between the solubility of DTPA-extractable Zn and
water-extractable Zn may have induced the changes
of BCzy values in the soil-solution systems.

When comparing between the values of BCcq and
BCz, affected by Zn and Cd treatments, respectively,
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Fig. 4. Effect of cadmium treatments on soil pH (1:5) in
zinc enriched soils. Cd 0 to Cd 80 represents no Cd to
80 mg Cd kg" applied, respectively, in soils.

in the soils, the BCcq values were lower than the
BCz, values for the calcareous Glenham soil, but for
other soils the BCcq values were higher than the BCz,
values. These results indicated that the relative ratios
of Q/I changes for Cd with Zn applications were
lower than those of Q/I changes for Zn with Cd
treatments in Glenham soils, but they were higher
than those of Q/I changes for Zin with Cd applications
in other soils. Thus, in the calcareous Glenham soil,
7n is relatively more available than Cd, whereas the
opposite results were obtained in other soils. Several
workers have studied adsorption sequence by soils
using different adsorbents for equal initial solution
levels of Cd and Zn. They have reported that the
adsorption sequence as comparing between Cd and
Zn was mostly Zn > Cd*>™. In the other hand,
Tiller et al'™ found that when Cd and Zn were
associated with organic surface, Cd was somewhat
preferred over Zn, with the opposite relationships at
high pH values. Therefore, the availability of Cd and
Zn as affected by the interactions between those metals
was clearly dependent on soil properties, especially
soil pH and texture. Also, according to the results of
BC of Cd and Zn, the availability of Cd was higher
than Zn availability in the acidic and neutral soils but
it was lower than that of Zn in the calcareous
alkaline soil.

CONCLUSION

This study focused on the solubility of Cd and Zn
in four selected soils affected by interactions of those
metals. For determining the solubility/availability of
target metals in soils, the desorption quantity-intensity
(Q/D) linear relationships and the buffering capacity

(BC) of target metals were measured using DIPA-extractable
and water-extractable metals as quantity and intensity
factors, respectively. The quantity and intensity factors
were closely correlated as showing with the Cd and
Zn desorption Q/I linear curves. The buffering capacity
of Cd (BCca) in the given soils decreased with
increasing Zn treatments. The decreases of BCca
values were controlled by Cd intensity factor (Ica),
the solubility of water-extractable Cd, rather than Cd
quantity factor (Qca), the solubility of DTPA-extractable
Cd. Also, the availability of Cd was clearly dependent
upon soil pH because the pH values decreased with
increasing the enrichment of Cd source and the
treatment of Zn in all soils studied. The availability
of Zn in the soils was much complicated than that of
Cd as impacted by the interactions between Cd and
Zn. The values of Zn buffering capacity (BCz) decreased
with increasing Cd treatments in acidic Egan and
Egeland soils, and increased in calcareous Glenham
and neutral Maddock soils. The values of BCcq and
BCu as influenced by the interactions between Cd
and Zn were mostly controlled by the solubility of
water-extractable metals, intensity factor, and significantly
dependent on soil pH and texture. According to the
results of BC of Cd and Zn, the availability of those
metals was Cd > Zn in the acidic and neutral soils
but Zn > Cd in the calcareous alkaline soil.
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