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ABSTRACT

Soil solution metal concentrations and hence metal bioavailability
are controlled by sorption-desorption reactions at the surfaces of soil
colloids. Compared with the numerous studies on sorption of metals
by soils, there are relatively few that examine desorption, and even
fewer that have measured desorption kinetics. The objective of this
study was, using techniques and models developed previously for
studies with synthetic oxides, to examine the effect of sorption period
on the subsequent desorption kinetics of Cd and Co from two natural
soil clay fractions. Cobalt was less readily desorbed from the clay
fractions than Cd, but with both metals and clay fractions, increases
in sorption period were accompanied by substantial decreases in the
proportions of sorbed metal desorbed. As with the oxides studied
previously, desorption kinetics for Cd and Co sorbed onto clay frac-
tions were found to be described well by both a two-site first-order
model and a model involving a lognormal distribution of first-order
rate constants. Reaction half-lives derived from the models suggested a
movement of Cd and Co to slower desorption reactions with increasing
sorption period. However, some caution should be used in interpreting
such parameters.

IT IS GENERALLY ACCEPTED that soil solution metal con-
centrations, and hence metal bioavailability and tox-
icity, are most likely to be controlled by sorption—
desorption reactions at the surfaces of soil colloidal
materials (Swift and McLaren, 1991). Compared with
the numerous published studies on sorption of metals
by soils and soil constituents, however, there are rela-
tively few that examine desorption, and even fewer that
have measured desorption kinetics. The only previous
studies that appear to have examined metal desorption
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kinetics from soil (Kuo and Mikkelsen, 1980 [Zn]; Leh-
mann and Harter, 1984 [Cu]; Dang et al., 1994 [Zn])
have all used complexing agents (ethylenediamine tetra-
acetic acid [EDTA], diethylenetriamine pentaacetic
acid [DTPA]}, or sodium citrate) to “desorb” metals
from the soil. Although it can be argued that natural
complexing agents play an important role in solubilizing
metals in soil, the use of relatively high concentrations
of synthetic complexing agents to stimulate desorption
is likely to produce substantially enhanced amounts of
desorption and faster desorption rates than would be
likely under normal soil conditions. For example, Leh-
mann and Harter (1984) showed clearly that rates and
amounts of Cu desorption from soil were strongly influ-
enced by the nature and concentration of the complex-
ing agent used. In a previous study (Backes et al., 1995),
we examined the kinetics of Cd and Co desorption from
four synthetically prepared Fe and Mn oxides using a
technique that involves desorption into a weak electro-
lyte solution [0.01 M Ca(NOs),]. We suggest that such
a technique is more likely to simulate metal desorption
into natural soil solution than the use of synthetic com-
plexing agents.

Synthetically prepared oxides, such as those used by
Backes et al. (1995), are often used as models for natu-
rally occurring oxides (e.g., Bruemmer et al., 1988; Bar-
row et al., 1989), and by extension, as models for the
surface properties of whole soils. It was observed with
some oxides that increasing the length of sorption period
before measuring desorption caused a decrease in the
proportions of Cd or Cd subsequently desorbed. Kinetic
examination of the data suggested that an increased
sorption period resulted in movement of sorbed Cd or
Co ions to sites with slower desorption reactions, possi-
bly involving changes in both chemical and diffusion
reaction rates.

Due to their different modes of formation, however,
there are unavoidable differences between natural and
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synthetic oxides and therefore synthetic oxides may not
be appropriate models for natural soils. The use of syn-
thetic oxides as models for soil processes also ignores
the complex interactions that can occur between the
oxides and other types of soil constituents. For example,
organic matter can coat, or be coated by, oxides, or it
may even be incorporated into the surface hydroxyl
sheets of oxide minerals (Tate and Theng, 1980). Both
types of constituent may also be present in soils either
as surface coatings on other mineral particles or more
intimately associated with soil phyllosilicate minerals.
Tiller et al. (1984) have suggested that soil clay fractions
provide a convenient means of studying the reactive
adsorption surfaces of whole soils.

In this study, using the same techniques and models
developed for studies with synthetic oxides (Backes et
al., 1995), we examined the kinetics of Co and Cd de-
sorption from two natural soil clay fractions. In particu-
lar, we examined the effect of sorption contact period
on subsequent desorption of Co and Cd from the clays.
Such information is required for improving our knowl-
edge of, and predicting the fate of, metals in soils, partic-
ularly in relation to their bioavailability to plants and
soil biota.

MATERIALS AND METHODS
Soils and Clay Fractions

The soils used in this study were a Craigieburn silt loam
and a Wakanui silt loam. Samples of topsoil (0-15 cm) were
collected from pasture sites in the South Island of New
Zealand, air dried, and ground to pass a 2-mm sieve. The
Craigieburn soil is a Typic Dystrochrept formed from grey-
wacke loess and the Wakanui soil is an Aquic Ustochrept
developed on fine greywacke alluvium.

Clay fractions (<2 pm) were separated from the soil sam-
ples by sedimentation {(Gee and Bauder, 1986) and freeze-
dried before use. Some properties of the clay fractions are
shown in Table 1.

Sorption—-Desorption Procedures

Sorption-desorption procedures were essentially the same
as those described by Backes et al. (1995). Samples of clay
(50 mg) were weighed into 35-mL polypropylene vials and 20
mL of solution added to give final concentrations of 5 X 10~*
M Co(NOs), or 107* M Cd(NOs), in a background electrolyte
solution of 0.01 M Ca(NQO;),. Solution pH values were adjusted
to =7.0 by the addition of small predetermined volumes of
saturated Ca(OH), solution. After shaking for 24 h, the sam-
ples were allowed to stand for either 1 wk or 12 to 16 wk
(with periodic shaking) before the contents of the vial were
filtered (by injection) through a weighed 25-mm-diam. Swin-
nex filter holder containing a 0.45-pum Millipore cellulose ester
filter (Millipore Corp., Bedford, MA). The concentration of

Co or Cd in the filtrate was determined so that both the
amounts of metal sorbed and the amounts entrained could be
determined. The amounts of entrained metal were subse-
quently subtracted from the amounts present in the first de-
sorption fraction. Desorption of metals was induced by contin-
uous peristaltic pumping of 0.01 M Ca(NO,), through the clay
on the filter at a flow rate of 2.5 to 3.0 mL min~". The eluent
was adjusted to pH 7.0 and the system was maintained at 20°C
throughout the whole desorption period {up to 7 h). Eluate
fractions were collected every 120 s using a fraction collector.
Cobalt or Cd concentrations were measured in all the initial
fractions from each desorption run; however, as the experi-
ments progressed and the rate of change of metal concentra-
tions decreased, fewer fractions were analyzed. Each experi-
mental treatment (i.e., clay—sorption period combination) was
run in duplicate.

Although filter flow methods such as the one described
above have some advantages over batch techniques for kinetic
studies, they are by no means completely without potential
problems. Sparks (1989) has discussed some of these concerns,
which include the possibility of preferential flow through the
material on the filter, and the occurrence of film and interparti-
cle diffusion, which can introduce artifacts, particularly when
comparing the kinetics of different materials. In this study,
as a result of the small amounts used, the soil clays formed
extremely thin layers on the filter so that such effects should
have been minimized. However, no check was made to deter-
mine whether desorption kinetics were altered substantially
by the flow rate of the Ca(NO,), through the filter.

Another potential source of error associated with use of
the filter flow method is in dealing with the metal contained
in the entrained solution following sorption. In a study examin-
ing B sorption-desorption, Carski and Sparks (1985) showed
that entrained solution was not removed via miscible displace-
ment, but constantly diluted until it was neglgible. In our
study, however, the amounts of entrained solution were rela-
tively small and accounted for between only one-tenth and
one-fifth of the volume collected for the first desorption data
point. In addition. the amount of entrained metal was gener-
ally less than one-tenth of the total metal collected in the first
desorption fraction. It was therefore considered that subtrac-
tion of the entrained metal from the first data point was un-
likely to introduce a substantial error into the data.

Cobalt and Cadmium Analysis

Cobalt and Cd concentrations in equilibrium solutions and
eluates were determined by flame or graphite furnace atomic
absorption spectrophotometry. For Cd determinations by
graphite furnace, to overcome interference from Ca, ammo-
nium phosphate (0.43 M) was added to the samples (Kaiser
et al., 1981). Detection limits were 0.001 and 0.005 pg mL™!
for Cd and Co, respectively.

Numerical Methods

In a previous study with synthetic oxides (Backes et al.,
1995), desorption kinetics for both Cd and Co were found to

Table 1. Properties of the Craigieburn and Wakanui clay (<2-pum) fractions.

Fet
Short-range
Sample Organic C order Crystalline Mni Dominant mineralogy
gk mg kg™'
Craigieburn 68 14.7 63 vermiculite—chlorites, some goethite
Wakanui 67 5.9 293 illite—hydrous micas

+ Short-range order and crystalline materials extracted as described by Blakemore et al. (1987) and Shuman (1982), respectively.

+ Sum of Mn extracted by both Fe extractants.
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Table 2. Cadmium sorbed by clay fractions prior to desorption
and proportions desorbed after 1.8 x 10*s (5 h) (Cd added =
40 mmol kg™).

Sorption Desorption after

Sample period pH Cd sorbed 1.8 x 10¢s
wk mmol kg™! %
Craigieburn 1 7.0 37.36 49
1 6.9 35.67 51
12 7.0 35.58 36
12 6.9 35.14 37
Wakanui 1 7.4 36.47 70
1 7.5 37.81 7
16 72 36.21 4
16 7.3 36.56 47

be described well by assuming the occurrence of two simulta-
neous first-order reactions, or by a continuous distribution of
reaction sites, distributed lognormally with respect to a first-
order rate constant. The same two models were used in this
study for Cd and Co desorption from soil clays. The mathemat-
ical expressions of these models are as follows:

1. Two-site model (Willis et al., 1970):
Cy = Cyexp(—kit) + C, exp(—kyt) [1]

where Cy is the concentration of metal ion sorbed to the clay
at time ¢, C; and C, are the initial concentrations {t = 0)
of metal ion bound to sites with first-order desorption rate
constants k, and k,, respectively. It was assumed that all metal
ions would eventually (1 = <o) desorb, i.e., C; + C, = metal
sorbed (Tables 2 and 3). Fitting to experimental data was
achieved by optimizing values for C;, k;, and k,. Since the
total metal sorbed at + = 0 was fixed by the experimental data,
C, was, in effect, fixed by the fitted value of C,.

2. Lognormal model (Rate et al., 1992):

C +io —1/k }Lz
v = = | exp| 5 fexp(—ende 2]

—40

where C,, is the amount of metal that desorbs, p is the mean
of the normal distribution in In &, o is the corresponding
standard deviation, and k (= In k) is the variable of integration.
As with Eq. [1], it was assumed that all metal ions would
eventually desorb, i.e., C4, = metal sorbed at t = 0 (Tables
2 and 3).

The numerical methods used to fit experimental data to
these models have been described by Backes et al. (1995).

RESULTS AND DISCUSSION

The two clay fractions had similar organic C contents
but differed in their dominant mineralogy (Table 1). In
addition to differences between the fractions in the types

Table 3. Cobalt sorbed by clay fractions prior to desorption and
proportions desorbed after 1.8 x 10% s (5 h) (Co added = 200
mmol kg™).

Sorption Desorption after

Sample period pH Co sorbed 1.8 x 10 s
wk mmol kg™! %
Craigieburn 1 6.9 189.54 37
1 6.9 190.72 37
12 71 180.03 19
12 6.9 176.98 17
Wakanui 1 6.9 188.18 29
1 71 183.09 29
13 7.3 185.29 12
13 71 183.77 16

of phyllosilicate minerals present, the Craigieburn clay
had substantially higher concentrations of both short-
range order and crystalline Fe materials than the Waka-
nui clay (Table 1). Neither clay fraction contained signif-
icant quantities of Mn oxides.

At pH =7.0, the clay fractions sorbed =90% of the
Cd or Co added. There were no substantial differences
between the two clay fractions in the concentrations of
Cd or Co sorbed, or between those samples equilibrated
for different lengths of time (Tables 2 and 3). The higher
concentrations of Co sorbed compared with Cd simply
reflects the relative concentrations of the two metals in
the initial solutions. The lack of a difference in the
sorption of metals between the two clay fractions may
be a result of their similar organic C contents. Organic
materials are known to provide large numbers of sites
capable of binding metals (Stevenson, 1982; Swift and
McLaren, 1991), and in many soils may dominate sorp-
tion. This may be particularly true at the relatively high
pH (=7.0) used in this study. Metal sorption by organic
materials such as humic acids increases with increasing
pH (Kerndorff and Schnitzer, 1980).

The concentrations of Co and Cd used in this study
were dictated to a large extent by the analytical methods
used for their determination. As a result, the concentra-
tions of the metals sorbed by the clays were considerably
higher than concentrations found in most natural unpol-
luted soils. However, in soils heavily polluted with trace
metals, concentrations of Cd as high as 13 to 15 mmol
kg1 soil and of Co as high as 2.0 to 2.5 mmol Co kg™
soil have been recorded (Kabata-Pendias and Pendias,
1992). These figures will translate to substantially higher
values in the soil clay fraction where most metals tend
to be concentrated.

In spite of the similarity in Cd and Co sorption be-
tween the two clay fractions, there were considerable
differences in the proportions of metals ions desorbed
(Tables 2 and 3). Even though greater concentrations
of Co were sorbed than Cd, lower proportions of sorbed
Co were desorbed back into solution (12-37% com-
pared with 36-71%). There were also substantial differ-
ences in desorption with increasing time of equilibration
prior to desorption. With both Cd and Co, increasing
the sorption period from 1 wk to between 12 and 16 wk
decreased the subsequent desorption of the metals from
both clay fractions (Tables 2 and 3). With Cd, however,
greater proportions of the sorbed metal were desorbed
from the Wakanui than the Craigieburn clay, whereas
the reverse was true for Co. These differences no doubt
reflect the differences in composition between the two
clay fractions, particularly in short-range order and crys-
talline Fe materials (Table 1), and differences between
Cd and Co in their affinity for different soil components.
For example, Co has been shown to have a greater
affinity than Cd for humic substances (Tipping and Hur-
ley, 1992) and the crystalline Fe mineral goethite
(Forbes et al., 1976), whereas Cd has a greater affinity
than Co for the short-range order Fe mineral ferrihy-
drite (Kinniburgh et al., 1976). The effect of contact
period on subsequent metal desorption is similar to that
observed previously for both Cd and Co sorbed by goe-
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Fig. 1. Effect of initial sorption period on desorption of Cd from soil
clay fractions (symbols = experimental observations, lines = fits
to Eq. [1]).

thite (Backes et al., 1995). Similar effects have also been
observed for desorption of Cu from humic acid com-
plexes (Rate et al., 1993). McLaren et al. (1986) have
also observed a decrease in the isotopic exchangeability
of Co sorbed by humic acid with increasing contact
period.

Figures 1 and 2 show plots of Cd or Co sorbed by
the clay fractions (Cy) vs. length of desorption period
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Fig. 2. Effect of initial sorption period on desorption of Co from soil
clay fractions (symbols = experimental observations, lines = fits
to Eq. [1]).

(). Since there were small differences in pH between
experimental runs, individual replicates are shown; how-
ever, replication was generally good. The lines on the
figures are drawn according to Eq. [1], which assumes
that desorption was controlled by two simultaneous
first-order reactions. Excellent agreement between ob-
served and predicted values were obtained, with R? val-
ues all >99.5% (Tables 4 and 5). However, it should

Table 4. Fitted parameters derived from application of Eq. [1] and [2] to Cd desorption kinetics data for soil clays (C, and C, are initial
concentrations; f,s(k) is the half-life of the first-order rate reaction with rate constant k, and C, + C, is the total amount of metal

sorbed at time = 0),

First-order two-site Eq. [1]

First-order
lognormal Eq. [2]

Sorption Cyas % Mean
Sample period C; tos(ky) C, tos(ky) R? of C, + ths(k) R?
wk mmol kg™! h mmol kg™* h % h %o
Craigieburn 1 8.98 0.33 28.38 9.00 99.8 76.0 6.52 100.0
1 9.52 0.37 26.24 9.00 99.7 73.4 5.68 100.0
12 1.42 0.07 34.16 8.40 99.9 96.0 10.10 98.9
12 1.42 0.04 33.72 8.40 99.9 95.9 10.83 97.9
Wakanui 1 2.85 0.26 33.63 2.78 100.0 92.2 2.60 99.8
1 347 0.16 34.34 291 100.0 90.8 2.66 99.4
16 9.25 0.28 26.95 14.27 99.6 74.4 8.80 99.8
16 783 0.25 28.73 8.60 99.7 78.6 7.66 99.9
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Table 5. Fitted parameters derived from application of Eq. [1] and [2] to Co desorption kinetics data for soil clays (C, and C, are initial
concentrations; f,5(k) is the half-life of the first-order rate reaction with rate constant k, and C; + G, is the total amount of metal

sorbed at time = 0).

First-order two-site Eq. [1]

First-order
lognormal Eq. [2]

Sorption C,as % Mean

Sample period C tos(ky) C, ts(kz) R of C; + G, tos(k) R
wk mmol kg~! h mmol kg~! h % h Yo
Craigieburn 1 6.45 0.05 183.09 8.02 100.0 96.6 9.21 99.3
1 6.62 0.07 184.11 8.02 99.9 96.5 8.80 99.5
12 11.88 0.13 168.16 24.23 99.7 934 149.43 98.4
12 8.99 0.05 167.99 26.57 99.8 94.9 226.17 97.9
Wakanui 1 6.24 0.28 181.9 11.34 99.8 97.7 14.60 99.8
1 4.24 0.10 178.85 12.43 99.9 98.7 17.16 99.5
13 1.87 0.03 183.43 29.81 99.9 99.0 78.42 98.6
13 747 0.09 176.30 26.57 99.8 95.9 171.57 97.6

be appreciated that agreement of the data with either
model does not constitute definite proof that desorption
is controlled by first-order desorption reactions. As dis-
cussed above, because of the limitations of the method-
ology used in this study, transport processes may have
had a significant influence on the rates of metal desorp-
tion. Nevertheless, bearing in mind their limitations, the
use of such models is considered a useful technique to
evaluate the kinetic events observed in this study.

Tables 4 and 5 show the various parameters derived
from fitting the experimental data to Eq. [1] and[2].
Rather than show values for the various rate constants,
the half-lives (¢5) for the reactions are presented (time
required for half of the original sorbed metal to be
desorbed). These were calculated from the values for &k
as described by Sparks (1989). In the case of Eq. [1],
tys(ky) represents the half-life for a fairly rapid desorp-
tion reaction with values of <1 h (0.03-0.37 h) and ,5(k)
represents the half-life for a much slower desorption
reaction with a range of values between 2.78 and 29.81 h.
There was no significant difference in f,5(k;) values be-
tween the two clays for either Cd or Co desorption and,
with the exception of Cd desorption from the Craigie-
burn clay (discussed separately below), no significant
effect of contact period on fs(k;) values. In contrast,
values for fs5(k;) (half-life for the slower desorption
reaction) were significantly (P < 0.01) higher with in-
creasing length of sorption period. In addition, mean
tys(k) values derived from Eq. [2] also increased signifi-
cantly (P < 0.05) with increased sorption period (Tables
4 and 5). As discussed previously (Backes et al., 1995),
such changes are indicative of a movement of Cd and
Co ions to more slowly desorbing sites, or alternatively
result from slower intraparticle diffusion rates associ-
ated with the movement of ions to more inaccessible
sites.

In the case of Cd sorbed by the Craigieburn clay
fraction, the fit to Eq. [1] suggested that increasing the
initial sorption period also increased the proportion of
sorbed Cd associated with the slower of the two reac-
tions (C,, see Table 4). A similar change was observed
for both Cd and Co sorbed by goethite (Backes et al.,
1995). However with the Craigieburn clay, there was
also a significant (P < 0.01) decrease in the value of
tys(ky) (half-life for the faster of the two desorption

reactions) with increasing sorption period (Table 4).
This is somewhat difficult to explain, as is the apparent
decrease with increasing sorption period in the propor-
tion of sorbed Cd associated with the slower of the two
reactions for the Wakanui clay (Table 4). In the case
of the Wakanui soil, however, the apparent anomaly
might possibly be explained by the difference in pH
between samples subjected to the 1- and 16-wk sorption
periods. The 1-wk sorption period samples had pH val-
ues on average (0.2 pH units higher than the 16-wk sam-
ples (Table 2).

The apparent inconsistencies discussed above empha-
size the need for a cautious approach to the interpreta-
tion of data when applying the type of simplistic model
that is embodied in Eq. [1]. In this study, the analysis
of data obtained by application of the lognormal model
allows a less ambiguous interpretation. Mean #y5(k) val-
ues, derived from fitting Eq. [2] to experimental data
for Cd and Co desorption from either clay fraction, show
consistent decreases with increasing sorption period. It
should also be noted that the lognormal model requires
only two fitted parameters, compared with the three
required for the two-discrete-sites model.

CONCLUSIONS

As with the previous study involving synthetic Fe and
Mn oxides (Backes et al., 1995), it has been shown that
substantial proportions of the Cd and Co sorbed by
two soil clay fractions cannot readily desorb back into
solution. It was also shown that increasing the contact
period between metal and clay material resulted in de-
creased rates of metal desorption, implying that reac-
tions had not reached equilibrium even though no fur-
ther metal ions were adsorbed. Both kinetic models
used in the study gave excellent fits to the experimental
data. In general, although some caution should be used
regarding their interpretation, changes with increasing
sorption period in parameters derived from the models
suggested a movement of Cd and Co to slower desorp-
tion reactions.

The results from this study provide further evidence
for the continuing slow reaction of metal ions with soils
following sorption from solution, and suggest that the
bioavailability of metals added to soils as trace element
fertilizers or as contaminants may decrease with time.
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