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The fate of Pb in the environment is highly dependent on
sorption and desorption reactions on solid surfaces. In
this study Pb sorption and desorption kinetics on γ-Al2O3
at pH 6.50, I ) 0.1 M, and [Pb]initial ) 2 mM were investigated
using both macroscopic and spectroscopic measurements.
X-ray absorption fine structure (XAFS) spectroscopy
revealed a Pb-Al bond distance of 3.40 Å, consistent
with an inner-sphere bidentate bonding mechanism. XAFS
results show no change with time in the average local
atomic structure surrounding the Pb and no indication of
the formation of Pb surface precipitates. Adsorption kinetics
were initially fast, resulting in 76% of the total sorption
occurring within 15 min, followed by a slow continuous
sorption reaction likely resulting from diffusion through
micropores. Desorption at I ) 0.1 M and pH 6.50 was studied
using a cation-exchange resin as a sink for Pb(aq).
Under these conditions, Pb desorption was 98% reversible
within 3 days of incubation time. Furthermore, desorption
and adsorption kinetics demonstrated similar trends: a
fast reaction followed by a slow reaction. The use
of spectroscopy combined with adsorption and desorption
kinetic studies has revealed important information on
the interaction between lead and aluminum (hydr)oxides.
This information is valuable for predicting the fate of Pb in
the environment.

Introduction
The reaction of metals at the solid-solution interface plays
an important role in determining their fate in the environ-
ment. In the past, researchers have focused on determining
adsorption distribution coefficients (Kd), sorption capacity,
and the pH dependence of metal sorption. Often these
studies were based on short reaction periods, for example,
24 h. However, in natural systems reactions can continue
for days, months, or years (1-4). In addition, researchers
often neglect desorption reactions, assuming that sorption
and desorption rates are the same. However, desorption
can often be much slower, and sorption reactions are often
nonreversible (5). This may be a reason for the commonly
observed hysteresis (6).

Metal sorption at the mineral-water interface is often
initially fast followed by a decrease in the sorption rate

(3, 5, 7-12). Three possible mechanisms for the slow
reactions have been proposed: diffusion into micropores of
solids, followed by sorption to interior sites; sorption to sites
of lower reactivity; and surface precipitation (3, 9, 11, 13-
15). Distinguishing between these mechanisms based on
macroscopic experiments alone is difficult. One approach
used to address these difficulties is to investigate sorption
mechanisms using spectroscopy that allows reactions to be
studied at a molecular level.

In the past several years, the use of X-ray absorption
spectroscopy (XAS) to study Pb sorption reactions has
provided important mechanistic information (16-21). Bar-
gar et al. (20) studied Pb sorption on R-Al2O3 (corrundum).
They concluded that the Pb sorption mechanism was
primarily bidentate edge-sharing complexes (inner-sphere).
Bargar et al. (18) also used grazing incident XAS and found
that Pb formed outer-sphere bonds on the 0001 plane of
R-Al2O3. This research has provided evidence that Pb sorption
is heterogeneous and involves several different mechanisms.
Since the sorption mechanisms vary, it is likely that the rates
of the sorption mechanisms are different, and there may be
slow reactions that are not measured under short reaction
periods. Thus, in this study we have expanded the inves-
tigation of Pb sorption mechanisms on aluminum (hydr)-
oxides by combining kinetic and spectroscopic measure-
ments so that possible changes in reaction mechanisms can
be distinguished.

The combination of kinetics and spectroscopy to do real
time sorption studies (time-resolved) is ideal since spec-
troscopy can provide direct information on the type of species
present at the surface and kinetics can provide insight into
the processes that the sorbate and sorbent undergo to reach
equilibrium (4, 12, 22-25). Scheidegger et al. (12) combined
kinetics and XAS and showed that the formation of mixed
nickel/aluminum hydroxide surface precipitates was one of
the mechanisms responsible for slow Ni sorption on mont-
morillonite. To date, the formation of mixed precipitates
has not been observed as a sorption mechanism for Pb
sorption on aluminum (hydr)oxides over relatively short time
periods. The formation of a solid solution is not likely since
the radius of Pb is too large to substitute for Al in a mineral
structure (20, 26). However, surface precipitates may occur
in systems that are undersaturated with respect to the (hydr)-
oxide species (15). Since precipitation is often a slower
process than adsorption and the surface can affect solubility
constants, precipitation has not been ruled out as a possible
sorption mechanism for Pb on γ-Al2O3 in samples incubated
for extended times.

The objectives of this study were to investigate the kinetics
and mechanisms of Pb sorption and desorption on γ-Al2O3

over incubation periods longer than the traditional 24 h,
including sorption reversibility, and the stability of sorbed
Pb. Both macroscopic kinetic experiments and time-resolved
XAFS measurements were conducted. The information
presented in this study will provide insights into the
mechanisms of Pb sorption on γ-Al2O3 that are relevant to
the long exposure times that exist in the environment and
will help with modeling Pb sorption reactions on mineral
surfaces.

Aluminum minerals play an important role in the
sequestration and immobilization of trace elements in the
environment (27). They possess amphoteric surface aluminol
functional groups that form chemical bonds with many heavy
metals, including Pb (27-30). In nature, γ-Al2O3 is found
only under high pressure and high temperature conditions.
However, the surface of this mineral completely hydrates
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when exposed to moisture, creating a layer of chemisorbed
water along the basal plane of the mineral (27, 31, 32). Thus,
the hydrated surface of γ-Al2O3 is similar to aluminum
hydroxide minerals commonly found in soils, such as gibbsite,
bayerite, and boehmite. Therefore, γ-Al2O3 is a useful mineral
for simulating reactive surfaces occurring in the environment.

Experimental Methods
Materials. The mineral γ-Al2O3 was obtained from Degussa
Inc. (Akron, OH). Other than freeze-drying for accurate
weight measurements, the γ-Al2O3 was used as received. The
γ polymorph of Al2O3 is a synthetic mineral. It is ideal for
experimental work since it is well characterized, it can be
commercially obtained in a relatively pure state (greater than
99.6% is Al2O3, structure confirmed by X-ray diffraction), and
it has a large surface area (∼100 m2 g-1) allowing for a high
metal loading level that is necessary for spectroscopic (XAFS)
measurements.

All solutions were made with ACS reagent grade chemicals
and distilled deionized (D.I.) H2O. To eliminate CO2, all
experiments were conducted in a glovebox with an N2

atmosphere. Temperature was maintained at 25° C.
Sorption Kinetics Experiments. Prior to the addition of

the Pb solution, a suspension of 13.3 g L-1 of the γ-Al2O3 was
preequilibrated for 24 h at pH 6.50 in background electrolyte
(stirring at 350 rpm). The background electrolyte solution
consisted of a mixture of NaNO3 and 0.075 M MES [2-(N-
morpholino)ethane sulfonic acid] adjusted to pH 6.50 and
total I ) 0.1 M. MES is an organic buffer with a pKa of 6.10.
It has been shown that this buffer does not significantly
complex with metals or interfere with metal sorption (33,
34). At the start of the kinetic experiment, 10-mL aliquots
from an 8 mM Pb stock solution (I ) 0.1 adjusted with NaNO3)
were added every 30 s until the [Pb] ) 2 mM and the [γ-Al2O3]
) 10 g L-1 (total suspension volume ) 0.180 L). The
suspension pH was then readjusted to pH 6.50 with ∼20-µL
drops of 10 M NaOH. To avoid local oversaturation, the very
small drops were added while the suspension was being
rapidly stirred. Periodically, 5-mL samples were removed
and immediately centrifuged at 11950g for 3 min. The
supernatant was filtered through a 0.2-µm filter and acidified
with one drop (∼20 µL) of concentrated HNO3. The solution
was then analyzed by inductively coupled plasma emission
spectrometry (ICP) for total Pb. The amount of Pb sorbed
was calculated from the difference between the initial and
the final Pb concentration. During the first 24 h of the
sorption experiment, the suspension was stirred at 350 rpm
with a Teflon stir bar, and subsequently the suspension was
placed on an orbital shaker operating at a speed of 150 orbits
min-1. The sorption kinetics results represent data points
from three separate experiments.

Desorption Experiments. Desorption experiments were
carried out using two different methods. In both methods
desorption was started after 48 h of sorption incubation time.
This reaction time was chosen because the sorption reaction
is >97% complete within this time. For the first method, 10
mL of the reacted suspension was centrifuged at 26890g for
5 min. The supernatant was removed and replaced with 9.5
mL of buffered background electrolyte (I ) 0.1 M, NaNO3 +
MES, pH 6.50). The supernatant was collected and analyzed
for total Pb. The total amount of desorbed Pb was calculated
by subtracting the nonsorbed Pb entrapped in the paste (left
over from the previous replenishment) from the total amount
of Pb in solution. This replenishment was carried out every
24 h for 9 days. For the second method, a 5-mL aliquot of
the reacted suspension was placed in a 10-mL centrifuge
tube with 0.25 g of Dowex-HCR-42 Na saturated (16-40 mesh)
cation-exchange resin. The exchange capacity of the resin
was 2.4 times greater than the total amount of Pb present in
solution and on the sorbent. Periodically, samples were

centrifuged, and the supernatant was collected. Analysis of
the supernatant solutions indicated that [Pb] was less than
5 µM (0.5% initial [Pb]). The resin was separated from the
γ-Al2O3 by rinsing with D.I. H2O over an 80 mesh sieve until
the resin returned to its translucent color, suggesting that all
of the solid (white color) had been removed from the resin.
Finally, the resin was placed in a centrifuge tube with 5 mL
of 7 M HCl for 24 h to recover the Pb. The amount of Pb
remaining on the surface at a given time was calculated as
the difference between the initial amount of Pb added to the
suspension minus the amount of Pb recovered from the resin.
The following observations were made regarding the reli-
ability of the resin desorption method from independent
experiments on a 2 mM Pb solution: (1) the resin removed
>99% of the Pb from solution; (2) the acid recovered 97% of
the total Pb; and (3) the amount of Pb removed from the
resin by washing with D.I. H2O was below detection limits.
Corrections were made to the desorption samples for
observation 2.

Synchrotron XAS Analysis. Samples analyzed by XAS
were prepared independently of the sorption kinetic studies.
All experimental conditions were the same except that pH
was maintained at 6.50 by the addition of 0.1 M base rather
than MES. Samples incubated for 1.5 and 6.5 h were prepared
adjacent to the beamline with N2 rapidly bubbling through
the samples to eliminate CO2. The wet γ-Al2O3 pastes were
loaded into an Al sample holder and sealed in front and back
with Kapton tape (CHR Industries). All samples were
immediately cooled to 77 K by placing them in liquid N2.

XAS data acquisition of the Pb LIII-edge (13055) was
conducted on beamline X-11A at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory,
Upton, NY. The electron beam energy was 2.5 GeV, and the
maximum beam current was 300 mA. The monochromator
used in this case consisted of two parallel Si(111) crystals
with an entrance slit of 1 mm. The parallel crystal mono-
chromator was detuned by reducing Io 25% at the Pb-edge.
The XAS data were collected in fluorescence mode using a
Stern-Heald-type detector filled with Kr and equipped with
an As filter (35).

The XAFS data analysis was accomplished using the
program MacXAFS 4.0 (36). The XAFS spectra were processed
using the following procedure: (1) Multiple scans were
merged and normalized relative to Eo (determined from the
inflection point of the derivative of the spectra) and step
height; (2) the ø function was extracted from the raw data
using a linear preedge and a cubic spline postedge consisting
of 3 knots set at unequal distances and converting the data
from energy to k space; (3) the ø function was then weighted
by k3 in order to compensate for dampening of the XAFS
amplitude with increasing k; (4) the data were Fourier
transformed (∆k ) 3.6-11.3 Å-1) to yield a radial structure
function (RSF). For background removal (step 2), the
positions of the knots were selected using the following
criteria: (1) minimization of peaks in the region prior to the
first major peak in the RSF, (2) minimization of oscillations
in the spline derivative and ensuring nonconformity in
oscillation phase between the spline derivative and spectra,
and (3) maximizing the height of the primary O peak in the
RSF without significantly dampening any other peaks. Once
an optimum set of parameters was determined, all sample
spectra were processed in the same manner.

The XAFS k3 weighted spectra were fit in R-space using
the fitting routine in MacXAFS 4.0 (36). Background on the
theories and procedures for fitting XAFS data can be found
elsewhere (37). The particular details used in fitting the data
are listed below. Single scattering theoretical spectra and
phase shifts for Pb-Pb backscatterers, Pb-O backscatterers,
and Pb-Al backscatterers were calculated using the FEFF6.0
code (38), with an input file based on a model of R-PbO
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(tetrahedral) (39) (generated with the program ATOMS) with
two of the Pb atoms at 3.69 Å replaced by Al. The values of
the Debye-Waller (σ2) term for the second shell were fixed
at 0.009 Å2, which is the average of the σ2 values from all
sorption samples when they were allowed to vary on their
own. This is justified by the following observations: when
allowed to vary, the standard deviation of the σ2 was small
(0.003 Å2) for all samples; there was no trend in the σ2 for the
samples incubated for different times; fixing the σ2 reduced
the number of free parameters in the fitting routine and thus
the uncertainties in the coordination number (N); and, 0.009
Å2 is consistent with the value used by other researchers to
fit Pb sorption data (16, 20). The edge shift (Eo) for all shells
was constrained to be equal. All other parameters were
allowed to vary. An amplitude reduction factor was deter-
mined by fitting the theoretical single scattering O-shell to
the same shell of the experimental spectra of a well-
characterized R-PbO. For both the experimental and theo-
retical spectra, square windows were cut at equal values in
the RSF. Based on a comparison of the theoretical R-PbO
(39) and the experimental R-PbO (Table 1 and Figure 1), the
accuracies of the interatomic distances (R) and N between
Pb and the first shell O backscatterers can be estimated. In
this case, the accuracies are smaller than the confidence
limits of the least-squares nonlinear fitting procedure. Thus,
the accuracies can be inferred from the precisions given in
Table 1. Similarly, the accuracies of R and N for second shell
Al backscatterers can be inferred from the precision of the
fits of the second shell Pb atoms in the R-PbO (20).

Results and Discussion
Pb XAS. Figure 1a shows the background subtracted k3

weighted ø functions for the samples incubated for times of
1.5 h to 23 days and the R-PbO. A strong sinusoidal beat
pattern typical of first neighbor O-shell backscattering is
observed for all sorption samples. The existence of multiple
frequencies due to second shell backscattering would result
in dampening or additive amplitude effects on the peaks or
the development of shoulders due to a distinct frequency
from the major frequency. However, these characteristics
are difficult to distinguish in the ø function when their
contributions are small. The characteristic frequencies of
the individual components that exist in the ø function are
more easily observed by Fourier transforming the spectra
into radial structure functions (RSF). Figure 1b shows the
RSF (uncorrected for phase shift) for the different samples
and the respective best fits that resulted from multiple shell
fitting. Qualitative analysis of the ø structure and the RSF
for the different samples do not reveal any significant
differences between the samples incubated for different

lengths of time. The lack of the development of any major
second shells in the region between 3.0 and 4.0 Å in the RSF
(based on the position of Pb-Pb shells in the RSF of R-PbO
in Figure 1b) suggests that a Pb surface precipitate is not
occurring.

The best fits of the data were obtained by fitting two
shells: the first shell containing an O atom and the second
shell containing an Al atom. Attempts to fit Pb in the second
shell, both with and without the Al atom, were unsuccessful.
The fit of the theoretical RSF to the experimental RSF for ∆k
(Å-1) ) 3.6-11.3 and ∆R(Å) ) 1.01-3.35 is shown in Figure
1b for the different sorption samples. The results of the fit
are presented in Table 1. The peak centered at ∼1.80 Å in
the RSF can be fit with 1.86-2.23 O backscatterers at R )
2.28-2.30 Å. The second peak centered at ∼2.90 Å can be
fit with 0.91-1.11 Al backscatterers at R ) 3.38-3.43 Å. The

TABLE 1. Structural Parameters for Pb Adsorption on γ-Al2O3
Samples Reacted for Different Lengths of Time and r-PbO
Derived from the Best-Fit Results of the XAFS Experimental
Data with Theoretical Phase Shift and Amplitude Functions

Pb-O shell Pb-Al Shell

reaction
time Eo

a
R

(Å)b,e Nc,f
σ2

(Å2)d
R

(Å)e Ng
σ2

(Å2)h

1.5 h 0.61 2.30 1.9 0.0051 3.43 1.1 0.009
6.5 h 2.75 2.29 2.1 0.0069 3.39 0.9 0.009
25 h 4.28 2.29 2.0 0.0056 3.40 1.0 0.009
42 h 4.25 2.28 1.9 0.0052 3.38 1.1 0.009
23 d 5.71 2.28 2.2 0.0069 3.38 0.9 0.009
R-PbOi 2.70 2.28 4.1 0.0030 3.67/3.90j 6.2/4.0j 0.006k

a Phase shift. b Interatomic distance. c Coordination number. d De-
bye-Waller factor. e Fitqualityconfidence limits forparamemters: (1%,
f(20%, and g(40%. h Fixed. i Fit with three backscattering atoms: O,
Pb, and Pb. j Slash is a demarcation between Pb backscatterers.
k Constrained to be equal for both Pb atoms.

FIGURE 1. Results of the XAFS experiments. (a) k3 weighted
normalized ø-functions for samples incubated for different lengths
of time and r-PbO (amplitude of r-PbO spectrum is one-half actual).
(b) Fourier transforms (RSF) of the ø-function in panel a (amplitude
of r-PbO spectrum is one-half actual). Vertical dashed lines are
aligned at the center of the two major peaks used for fitting. The
solid line is the theoretical multishell fit to the data; the dotted line
represents the experimental data. (c) RSF of sample incubated for
6.5 h with the individual shell contributions.
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RSF and best fit for the R-PbO are included for compari-
son.

Individual contributions to the two shells for the sample
incubated for 6.5 h are shown in Figure 1c. Three important
points can be made from Figure 1c: (1) the two major peaks
in the RSF of the raw data are reasonably modeled by
backscattering from first shell O and a second shell Al; (2)
the small peak centered at ∼2.45 Å in the raw spectra is not
necessarily a contribution from another backscattering atom
since it can be explained by the combined contributions
from side lobes of the O and the Al backscatterers; and (3)
various other small peaks located after the primary back-
scattering peak in the RSF exist that are most likely due to
scattering from additional atoms present in small amounts
in the second shell (e.g., Pb), combinations of side lobes
from the two dominant peaks, noise in the data, and/or
frequencies that exist in the spectra due to multiple scattering
paths. Attempts to resolve point three by fitting were
unsuccessful due to the low amplitude of the peaks and the
limited capabilities of fitting routines when too many free
variables are introduced.

The structural parameters obtained from the XAFS are
similar to those presented by Bargar et al. (20), who
hypothesized that the bonding coordination environment
for Pb consisted of three hydroxyls arranged in a distorted
trigonal pyramid (20). Using known Al-O bond distances
[average from the literature ) 1.91 Å (20)] and experimental
Pb-O distances (average R ) 2.29 Å), the calculated
maximum Pb-Al bond distance should be 3.42 Å when Pb
is sorbed as an inner-sphere complex sharing hydroxyl ligands
on the edge of an octahedral complex (20). The average
Pb-Al bond distance of all of the samples in these experi-
ments is 3.40 Å. Thus, we conclude that the majority of Pb
in our experiments is adsorbed as an inner-sphere bidentate
edge complex. Increasing incubation time had no noticeable
effect on the local atomic structure of the sorbed Pb. The
possibility of surface precipitation at pH 6.50 and surface
loadings of 1.10-1.27 µmol m-2 can be ruled out since a
significant peak was not observed in the RSF, nor were we
able to successfully fit Pb as a backscattering atom using the
multishell fitting procedure.

Adsorption Kinetics. The results of the adsorption
kinetics experiment are presented in Figure 2. Within 15
min a very fast adsorption reaction occurred accounting for
76% of total adsorbed Pb. Following the initial fast reaction,
the adsorption reaction continued for ∼30 h, after which
only a small amount of additional sorption occurred (∼2.5%).
After 600 h, ∼63% of the Pb initially added to the suspension
had been adsorbed. Attempts to fit the data with a linear

form of the steady-state first-order reaction equation were
unsuccessful, providing evidence that the reaction kinetics
data represent separate reaction mechanisms. Fast Pb
adsorption reactions on γ-Al2O3 have been studied using
relaxation kinetic methods (reaction times on the order of
seconds) (40, 41). Results of these studies suggest that fast
reactions are most likely a chemical reaction with surface
sites on γ-Al2O3 that are readily accessible (40, 41). Secondary
slow reactions have been observed for metal sorption on
many different (hydr)oxides (3, 9, 11, 13-15). Hayes and
Leckie (40) reported that sorption of Pb on goethite continued
for times as long as hours to days. Similarly, Benjamin and
Leckie (42) observed that sorption of several heavy metals
(including Pb) on amorphous iron oxyhydroxide was initially
fast followed by a much slower second step.

As mentioned above, there are three possible explanations
for the slow reaction: diffusion to internal sites, surface
precipitation, or adsorption to sites that have a slower reaction
rate due to low affinity (9, 11, 13-15). In this experiment,
a fourth possibility for the slow sorption reaction is the
formation of additional sorption sites due to the slow
transformation of γ-Al2O3 into a lower energy solid phase
(43). Surface precipitation can be ruled out based on the
XAFS results presented earlier. However, the other slow
sorption mechanisms are difficult to isolate.

Diffusion-limited sorption is likely occurring since the
γ-Al2O3 structure is a microcrystalline material consisting of
small connected particles with a large internal surface (44,
45). In addition, the formation of stable aggregates during
preequilibration can occur, creating physical barriers that
restrict access to adsorption sites. The Schultze-Hardy rule
predicts that for monovalent ions in a suspension of
aluminum hydrous oxide the critical coagulation constant
is 0.05 M (46). Since the γ-Al2O3 suspension was preequili-
brated with an anion concentration well above this value
(∼0.1 M), coagulation is likely. Diffusion as a rate-limiting
sorption mechanism was observed in the experiments of
Papelis and colleagues (3, 47), who employed kinetic experi-
ments and X-ray photon spectroscopy (XPS) to show that
the slow adsorption reaction of Cd and selenite onto porous
alumina is a diffusion-controlled reaction.

In addition to slow diffusion occurring, slow reactions
with aluminol sites may also occur. Lead hydrolysis and
association reactions are generally thought to be fast (40,
41). However, several different types of ligand sites exist on
γ-Al2O3 (20), and sorption onto sites with large activation
energies is possible (resulting in slower kinetics) (48).

It can be concluded that Pb adsorption kinetics are
biphasic, that is, an initially fast reaction is followed by a
slow reaction. In this paper, we have provided evidence
that the slow sorption reaction is not a result of surface
precipitation. However, the distinction between the other
three mechanisms mentioned above would require additional
experiments. The kinetic data in this paper do suggest that
there exists a significant slow Pb adsorption reaction on
γ-Al2O3. Thus, when making predictions based on equilib-
rium, this slow reaction step should be considered.

Desorption Experiments. The desorption behavior of
Pb from γ-Al2O3 using the replenishment method is presented
in Figure 3. The results show that the Pb is steadily removed
from the surface with each replenishment. After four
replenishments, the slope of the percent removed versus the
number of replenishments decreases. This is likely due to
the increased affinity by the surface for Pb as the adsorbed
concentration decreases (nonlinear isotherm behavior). The
replenishment experiments provide an indication of the
strength of the Pb-surface bond. If the Pb is held strongly
by the surface, little desorption would be expected over the
time scale of the measurements due to an increased activation
energy requirement. However, in this experiment 69% of

FIGURE 2. Lead adsorption kinetics on γ-Al2O3 at pH 6.50, I ) 0.1
M, and [Pb]initial ) 2.0 mM, surface area ) 100 m2 g-1. Data points
are from three separate experiments.
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the sorbed Pb was removed after nine replenishments. It is
likely that with additional replenishments all of the adsorbed
Pb would be removed from the surface. Thus, we hypothesize
that Pb is not forming strong bonds with γ-Al2O3 that would
require large activation energies to break. It is important to
note that the data in Figure 3 do not necessarily represent
the actual Pb desorption behavior. If equilibrium was
reached in each replenishment, then the results from the
experiment would represent a reverse isotherm. If the system
were far from equilibrium so that back reactions were
insignificant, the data would represent the desorption kinetic
behavior. Neither of these conditions is present in this
experimental system, but this experiment does show that Pb
is readily released from the surface, suggesting that the
activation energy for this process is small.

One useful technique for evaluating desorption kinetics
is to drive the desorption forward by removing the products
to avoid back reactions, for example, removing Pb2+ from
the simplified desorption reaction

where dS is a surface site. This simplifies the desorption
kinetics since back reactions are eliminated (49). The
desorbed Pb can be removed from solution by using cation-
exchange resins that have a high affinity for the ion being
desorbed. Figure 4 shows the results of the desorption
kinetics using a Na-saturated resin as a sink for Pb(aq) to
eliminate back reactions. Similar to the adsorption kinetics,

the desorption kinetics show a biphasic type behavior; within
30 min 78% of the Pb is desorbed from the surface, followed
by slow desorption continuing for 70 h, resulting in a recovery
of 98% of the sorbed Pb. The mechanisms responsible for
the fast and slow desorption kinetic behavior are likely the
reverse reactions of the adsorption mechanisms; initially a
fast desorption from sites readily available followed by a slow
release from sites on the interior of the solid. This behavior
suggests that diffusion-limited sorption is responsible for
the slow sorption reaction.

Resins are often used in studies to examine the availability
and potential leachability of ions in soils since they remove
aqueous cations from solution (50, 51). In our experiments,
the resin was able to remove all of the aqueous Pb, causing
the surface to release all of the sorbed Pb in an attempt to
reestablish equilibrium. The ease with which the Pb was
removed from the surface of the γ-Al2O3 suggests that the
bond between Pb and aluminol sites is weak as compared
to the bond formed between Pb and the functional groups
of the resin. Therefore, we hypothesize that adsorption onto
aluminum (hydr)oxide minerals may not be a significant
mechanism for Pb retention in systems where other sorbents
exist that can complex Pb more strongly (e.g., organic matter,
clays, and carbonates).

The complete desorption of Pb from the surface is
surprising since it is commonly thought that the bonds
formed in inner-sphere sorption are relatively strong and
irreversible due to the higher activation energy required for
desorption as compared to adsorption (48, 52, 53). However,
these desorption experiments show that Pb is readily released
from a surface with which it has formed a direct chemical
bond. Gunneriusson et al. and Ainsworth et al. (54, 55) also
found that Pb adsorbed onto goethite and hydrous iron oxide,
respectively, is reversible with respect to pH.

The results of this study suggest three important points
that will improve the capabilities of researchers to predict
the fate of Pb in the environment: (1) the molecular
environment of Pb sorbed onto γ-Al2O3 is stable when allowed
to incubate for long periods and does not involve the
formation of Pb surface precipitates. (2) Pb adsorption is
characterized by fast and slow reaction steps (after 30 h the
reaction has slowed considerably). (3) Pb adsorption appears
to be reversible provided that Pb desorption is carried out
for a long enough time (∼3 d in this case).
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