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d Cd adsorption onto the root cell walls of the grass species Festuca rubra by
applying a surface complexation approach to model the observed adsorption behavior. We use
potentiometric titrations to determine deprotonation constants and site concentrations for the functional
groups on the root material. We model the acid/base properties of the root cell wall with a non-electrostatic
model involving three discrete surface functional group types, with pKa values of 4.2±0.1, 6.2±0.2, and 8.8±
0.2. Pb adsorption kinetics experiments indicate that the experimental systems reach equilibriumwithin 3 h,
and Pb desorption experiments indicate that the adsorption reactions are fully reversible on this time scale.
Adsorption experiments conducted as a function of pH yield site-specific stability constants for the important
Pb- and Cd-root surface complexes. The results of the Pb and Cd adsorption experiments indicate that the
first two sites contribute to metal adsorption under the experimental conditions, with calculated log stability
constant values of 4.1±0.3 and 5.9±0.3 for the Pb system; and 3.5±0.4 and 5.0±0.5 for the Cd system. Our
results suggest that the stabilities of the Pb- and Cd-surface complexes are comparable to those involving
other biomass surfaces, and therefore these complexes may affect the transport and distribution of metals in
soil systems.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the fate and bioavailability of heavy metals in soils
depends on our ability to accurately describe the distribution of the
metals between a number of possible reservoirs. Heavymetals can exist
as metal precipitates, as aqueous species, or as surface complexes on
sorbents such as mineral surfaces, bacteria, fungi, solid organic matter,
andplant roots. Therehavebeen anumberof studies of theadsorptionof
metals ontoplantmaterial (e.g., Gardea-Torresdeyet al.,1998;Keskinkan
et al., 2004; Abia and Igwe, 2005; Fritioff and Greger, 2006; and Araújo
et al., 2007). These studies primarily focused on bulk metal adsorption
onto the entire plant. However, Fritioff and Greger (2006) determined
the proportion of metal uptake that was found on the roots of the
pondweed species Potamogeton natans relative to the rest of the plant.
They found that Zn, Cu, and Pb adsorbed significantly more onto the
roots of the plants than the stem and leaves, but Cd adsorbed similarly
onto all three parts. Araújo et al. (2007) performed metal adsorption
experiments using roots of the grass species Paspalum notatum. In each
of the previous studies of metal binding by plant material, the
adsorption experiments were modeled using either Freudlich or
Langmuir isotherm approaches, making it problematic to extrapolate
the results to conditions not directly studied in the laboratory.

Spectroscopy and biochemical assay studies suggest that metal
cations bind to carboxyl functional groups on the root cell walls of the
ll rights reserved.
alfalfa species Medicago sativa at pH 7 (Tiemann et al., 1999; Parsons
et al., 2002; Gardea-Torresdey et al., 2002), but it is possible that other
sites are present and active under other pH and experimental
conditions. Furthermore, none of the previous studies of metal
adsorption onto plant root material apply a modeling approach that
can be incorporated into thermodynamic models of metal speciation
and transport in soil systems. Therefore, while previous studies
document the potential importance of plant and root material in the
passive binding of aqueous metal cations, the results of these studies
are applicable only to the experimental conditions of each study, and
cannot be generalized in order to predict metal speciation and
transport for other systems of environmental interest.

Surface complexation models (SCMs) quantify the thermodynamic
stability of the important metal-surface complexes, and hence can be
used to estimate metal distributions as a function of a range of
physical and chemical conditions (e.g., Hohl and Stumm, 1976). SCMs
were initially developed to apply to mineral surfaces, but they have
been extended to bacterial surfaces (Hohl and Stumm, 1976; Plette
et al., 1995; Fein et al., 1997; Daughney et al., 2001; Haas et al., 2001;
Kaulbach et al., 2005) as well as to the algal species Pseudokirchneriella
subcapitata (Kaulbach et al., 2005) and the fungal species Saccharo-
myces cerevisiae (Naeem et al., 2006). Calculations of the importance
of a particular type of sorbent in binding a metal of interest using a
surface complexation model require knowledge of the number of
functional group types present on the sorbent, the deprotonation
constants and site concentrations of each of these functional groups,
and the thermodynamic stability constants for the important metal-
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Fig. 1. SEM images of F. rubra root material that was washed in water only (top) and
F. rubra root material that was washed in 0.01 M HNO3 (middle). Neither sample was
coated in gold, so any residue organic material from the growth soil shows as bright
spots. Note that the water-washed sample exhibits these bright spots, while the acid-
washed sample does not. The bottom image is of an acid-washed grass root coated with
gold. It shows the structural integrity of the root after our washing procedure.

131B.R. Ginn et al. / Chemical Geology 253 (2008) 130–135
surface complexes that involve these functional groups on the surface
of interest.

In this study, we extend the SCM approach tomodel the adsorption
behavior of plant root material. We perform potentiometric titrations
and Cd and Pb adsorption experiments using the roots of a common
grass species, Festuca rubra (red fescue grass). Roots are the part of the
plant likely to control metal–grass interactions because they absorb
water and are in contact with the soil. The rest of the plant will not
adsorb metals because it is covered with a hydrophobic cuticle and is
not directly in contact with soil or groundwater. Although grass roots
as a whole have lower surface area to volume ratios than prokaryotic
cells, they may exhibit similar metal binding properties because soil
pore water has access to every cell within the root. The root cells are
surrounded by a continuous cell wall matrix that allows water to
quickly diffuse throughout the interior of the root (but external to each
individual cell). The cell wall material and the fluid it contains are
called the apoplasm of the root. Thus, any heavy metal present in soil
can be bound within the apoplasm of the root, but still be outside the
plasma membranes of the individual root cells. On a per gram mass
basis, therefore, plant roots may have just as many similar concentra-
tions of cell wall functional groups exposed to soil pore water as
smaller organisms despite possessing a smaller surface area.

We determine site concentrations, acidity constants andmetal-site
stability constants for the important Pb- and Cd-surface complexes,
and our results enable comparisons with analogous stability constants
for bacterial, algal, and fungal surfaces. These comparisons allow us to
gauge the potential importance of different Pb and Cd reservoirs in
soils, and the results may also prove useful for modeling and
improving efficiency of bioremediation technologies that use grass
roots as a metal sorbent material.

2. Methods

2.1. Root preparation

F. rubra, a shade-tolerant, cool season grass, was grown from
commercially supplied seed in 25.4 cm deep pots using commercially
supplied potting soil. The pots were placed in a natural light,
temperature-controlled greenhouse (20 °C), and were watered three
times a week. The grass was allowed to grow for approximately
1month before being harvested. Grass was not cut during growth, and
reached an approximate length of 32 cm when harvested. Plugs of
grass and soil were removed from the pots and rinsed with tap water
to remove as much soil material as possible. Afterwards, individual
root fibers were cut from the rest of the plant, and were rinsed
repeatedly in 18 MΩ ultrapure water to remove soil debris from each
fiber.

After the initial rinsing, the root fibers were soaked in HNO3

(pH=2.0) for 30 min to remove strongly bound cations still present
from the soil. Our preliminary experiments indicated that potentio-
metric titration and metal adsorption experiments that were
conducted using non-acid washed roots exhibited significantly higher
experimental scatter and uncertainty compared to experiments
performed using acid-washed roots. After the acid-wash step, the
roots were again rinsed three times in ultrapure water. Fig. 1 shows a
scanning electron microscope (SEM) image of a sample rinsed in
ultrapure water and a sample rinsed in HNO3 for comparison. There is
no apparent structural damage to the root material caused by the acid-
wash step.

The roots were blotted with lab tissue to remove as muchmoisture
as possible, and thenwere allowed to dry, open to the atmosphere, for
2 h. The roots were then cut with cleaned scissors to an approximate
length of 2 mm. Cutting of the root material was necessary in order to
maintain a suspension of the material during experimentation, and to
enable the creation of suspensions with reproducible and known
concentrations of root material. Previous studies of metal adsorption
onto root material have used a similar cutting technique (e.g., Araújo
et al., 2007). Further, due to the highly porous and permeable nature of
the root material, it is unlikely that the cutting significantly affected
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the surface area of the root cells exposed to the aqueous phase during
the experiments. The mass of the root used in each experiment was
determined by weighing the experimental solution before and after
addition of the air-dried root material.

2.2. Potentiometric titration experiments

The potentiometric titration experiments were conducted using
0.1 M NaClO4 as a background electrolyte in order to buffer ionic
strength. The NaClO4 solutions were sparged with nitrogen gas for
30 min prior to use in order to remove dissolved CO2, and all titrations
were performed under a nitrogen atmosphere using an automated
titration assembly. Each root–electrolyte suspensionwas first titrated to
a starting pH of approximately 2.2 by adding aliquots of 1.0 M HNO3.
Base titrations were then performed by adding aliquots of 1.0 M NaOH.
Titrations were performed to a maximum pH of 9.7 to avoid cellular
damage. A glass combination electrode was used for the pH measure-
ments, standardized using four NIST-based buffered standards of pH
2.00, 4.01, 7.00, and 10.01. During each titration, the suspension was
allowed to equilibrate after each acid or base addition prior to the
addition of the next aliquot of acid or base, with equilibrium
operationally defined as a drift of 0.01 mV/s or less, typically requiring
1–2 min. Five forward (from low pH to high pH) titrations were
conducted, and back-titrations were performed on two of these
suspensions to test for reversibility of the deprotonation reactions.

2.3. Metal adsorption kinetics experiments

Metal adsorption reaction kinetics were measured only for the Pb-
bearing systems. The metal solutions were prepared by diluting a
1000 ppm aqueous standard in 0.1 M NaClO4. The root material was
suspended in the metal solutions to achieve starting concentrations of
1 g/L of root material and 4.85×10−5 M total Pb. The suspension was
evenly mixed using a Teflon-coated stir bar. Small aliquots of 0.1 N
HNO3 and 0.1 N NaOH were added to control and maintain a constant
pH of 5.5±0.2. Samples of the suspension were removed at measured
time intervals, and the sample was filtered through a 0.45 µm pore-
size cellulose nitrate membrane.

The filtered aqueous samples were analyzed for remaining Pb
content using an inductively coupled plasma optical emission
spectroscopy (ICP-OES) technique with standards made using a
commercially supplied 1000 ppm Pb standard, diluted using 0.1 M
NaClO4 to eliminate matrix effects on the analyses. Analytical
uncertainties for the ICP-OES results, determined by repeat analyses
of the standards, were approximately ±3%.

2.4. Adsorption/desorption experiments

We conducted separate batch Pb and Cd adsorption experiments
using theF. rubra rootmaterial,measuringmetal adsorption as a function
of pH at a fixed concentration of root material and ionic strength. The
metal solutionswere prepared by diluting a 1000 ppm Pb or Cd aqueous
standard with 0.1 M NaClO4. The root material was suspended in the
metal solutions to achieve a starting concentration of 1 g/L of root
material, and either 4.85×10−5 M total Pb or 2.01×10−5 M total Cd.

The metal–root suspensions were shaken to insure homogeniza-
tion, and divided into separate polypropylene test tube reaction
vessels. The pH of each experimental solution was adjusted by adding
small amounts of either 1.0 N HNO3 or 1.0 N NaOH. Based on the
results of the kinetics experiments, each experimental system was
allowed to react on a test tube rotator for 3 h to reach equilibrium, and
then the final pH of each solution was measured. The final pH values
for the experiments ranged from approximately 2.5 to 7.0 for Pb, and
2.3 to 8.8 for Cd, and control experiments showed that neither Pb nor
Cd precipitation occurred under these conditions. Samples of the
aqueous phase were taken from each reaction vessel, and filtered and
analyzed for remaining Pb or Cd content using the ICP-OES approach
described above.

Desorption experiments were conducted for the Pb system only.
These desorption experiments were conducted using an identical
procedure to the adsorption experiments, except the pH of the parent
Pb solution was adjusted to 7.5 before adding the root material. The
parent suspensionwas allowed to react for 3 h at pH 7.5, during which
time virtually all of the Pb adsorbed onto the root material. After this
adsorption step, the parent suspension was divided into separate test
tubes, and the pH was adjusted downward to pH values of 2 to 7 using
minute aliquots of 1.0 N HNO3. The experimental systems were
allowed to re-equilibrate for 3 h, and were sampled and analyzed
following the same procedures employed for the adsorption
experiments.

2.5. Surface complexation modeling

We apply a similar surface complexationmodeling approach to the
one described by Fein et al. (1997, 2005) to account for the adsorption
of protons and metal cations to bacterial surfaces. The acidity of the
surface functional groups is modeled via deprotonation reactions of
the following stoichiometry:

R−Si−H
o $ Hþ þ R−S−i ð1Þ

where R and Si represent the root cell wall and a functional group
type, respectively. The distribution of protonated and deprotonated
functional group sites is quantified via mass balance equations, such
as:

Ka ¼
R−S−i
� �

aHþ

R−Si−H
0

h i ð2Þ

where Ka represents the acidity constant, a represents the activity of
the subscripted aqueous species, and the brackets represent the
concentration of surface sites in moles per liter of solution. Activity
coefficients for all surface species are assumed to be equal to unity.

Our modeling approach implicitly assumes that the deprotonation
of each type of functional group, Si, can be represented as a single
deprotonation of an organic acid type. We ignore potential ionic
strength effects on the surface electric field because all of our
experiments were conducted at the same ionic strength. Potentio-
metric titration experiments are essentially studies of proton adsorp-
tion and desorption, yet because the solvent contains the same
element as is reacting with the surface of interest, it is impossible to
apply a traditional mass balance approach. Instead, one must define a
zero proton condition for the root cell wall and account for changes in
proton concentrations relative to that condition (Westall et al., 1995).
We choose the fully protonated cell wall to represent our zero proton
condition, and we use FITEQL 2.0 (Westall, 1982) to solve for the initial
state of protonation in each titration.

We represent interactions between aqueous metal cations, Mm+,
and deprotonated root surface sites as follows:

Mmþ þ R−S−i () R−Si−Mm−1 ð3Þ

where R-Si -Mm−1 represents the metal-functional group surface
complex on the root material. The mass balance equation for Reaction
3 is:

Kads ¼
R−Si−Mm−1� �

aM2þ R−S−i
� � ð4Þ

where Kads is the thermodynamic equilibrium constant for Reaction 3.
We assume that the metal binding reactions onto F. rubra root
material have a metal to site ratio equal to 1:1 as is the case for
bacteria, fungi, and algae (Fein et al., 1997; Kaulbach et al., 2005;



Fig. 3. The measured extent of Pb adsorption onto the root material of F. rubra as a
function of time. The system contained 10 ppm Pb in a 0.1 M NaClO4 solution, and 1 g/L
grass root, and pH was maintained at 5.7 for the duration of the experiment.
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Naeem et al., 2006). Acid/base potentiometric titration data provide
constraints on the number of site types, their Ka values, and their site
concentrations. Metal adsorption measurements conducted as a
function of pH constrain the number of sites involved in metal
binding, the pH range of influence, and the stability constants for the
important metal-functional group surface complexes. We use the
program FITEQL 2.0 (Westall, 1982) for the equilibrium thermody-
namic modeling of the adsorption data, using aqueous Pb and Cd
hydrolysis equilibrium constants from Martell and Smith (1977).

3. Results

The potentiometric titration experiments indicate that the root
material exhibits significant buffering capacity over a wide pH range
(Fig. 2). The potentiometric titration data are plotted in terms of the
mass-normalized buffering capacity, or (Ca Ca−Cb Cb− [H+]+[OH−]) /
mroot, where Ca and Cb represent the total concentration of acid and
Fig. 2. Potentiometric titration data for experiments with 8.5–20 gm wet mass of root
material per liter of 0.1 M NaClO4 electrolyte solution: A) 3 forward (up-pH)
potentiometric titrations of F. rubra root material; B) Forward (squares) and reverse
(triangles) titrations of 2 batches (one batch is represented with unfilled symbols and
the other batch is represented with filled symbols) of F. rubra root material; C) A typical
model fit (solid curve) to one of the five forward titrations of F. rubra root material.
base added to the system at each titration point, [H+] and [OH−] are the
concentrations of H+ and OH− in solution at each point, calculated from
pH measurements and activity coefficient calculations (see below),
and mroot is the air-dried mass of the root material. Fig. 2A illustrates
that the titration experiments are reproducible, as the curves
represent titration data from three separate batches of root material.
The titration data depicted in Fig. 2B represent two different titration
reversals, conducted using two separate batches of root material. Each
type of symbol represents an up-pH titration followed by a down-pH
titration on the same sample of root material. There is some hystersis
evident in our titrations. The hystersis probably results from the slow
kinetics of adsorption that is caused by the porous three dimensional
nature of the root material. While slow kinetics of adsorption affects
our titration experiments, the metal adsorption experiments were
able to reach equilibrium due to the longer equilibration times
associated with those experiments. We only incorporate the acidity
constants and site concentrations of the up-pH titrations in our metal
adsorption models.
Fig. 4. Adsorption/desorption of Pb (A) and adsorption of Cd (B) onto the root material of
F. rubra. Circles represent adsorption experiments, and the squares represent desorption
results. The solid curves depict the best-fitting models of metal binding to the root
material. The experimental systems contained either 10 ppm Pb or 2.3 ppm Cd and 1 g/L
grass root material in 0.1 M NaClO4.



Table 1
Results from potentiometric titrations of F. rubra

pKa 1 pKa 2 pKa 3 Site 1
(µmol/ga)

Site 2
(µmol/ga)

Site 3
(µmol/ga)

TH0
(µmol/ga)

V
(Y)

Titration 1 4.2 6.3 8.9 81 80 161 −270 3.8
Titration 2 4.2 6.3 8.9 81 55 92 −361 5.2
Titration 3 4.3 6.4 8.9 87 58 99 −173 4.8
Titration 4 4.1 6.0 9.0 68 56 83 −460 2.2
Titration 5 4.3 6.2 8.5 86 46 64 −451 2.3
Average 4.2 6.2 8.8 81 59 100
Standard
deviation

±0.1 ±0.2 ±0.2 ±8 ±13 ±37

a Micrograms per gram wet mass of root material.
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Normalized to mass, the F. rubra root material exhibits a buffering
capacity that is similar to that exhibited by bacterial cells. For example,
Bacillus subtilis bacterial cells provide a total buffering capacity of
approximately 3.0×10−4 mol/g over a pH range of 3–10 in 0.1 M
NaClO4 (Fein et al., 2005). F. rubra has a total buffering capacity of
2.4×10−4 mol/g over a similar pH range. The plant roots exhibit a
greater buffering capacity than the two other eukaryotic cells that
have been titrated in a similar manner. P. subcapitata algal cells in
0.1 M NaClO4 provide a total buffering capacity of approximately
4.2×10−5 mol/g (Kaulbach et al., 2005), and S. cerevisiae fungal cells
have a buffering capacity of 1.6×10−4 mol/g over this same pH range
(Naeem et al., 2006).

Pb adsorption onto the root material is rapid, with most of the
adsorption occurring within the first 30 min of the kinetics
experiment (Fig. 3). Pb adsorption continues at a slower rate for
approximately 2.5 h, at which point a steady-state extent of Pb
adsorption is reached and maintained until at least 25.5 h. The
observed Pb adsorption equilibration timewas longer than is typically
observed for bacteria (Fowle and Fein, 2000) and algae (Kaulbach
et al., 2005), but is similar to metal adsorption kinetics exhibited by
fungi (Naeem et al., 2006). The slow adsorption kinetics may reflect
the relative inaccessibility of the porous nature of the root material
and the fact that some binding sites are located within this structure.

pH exerts a controlling influence on the extent of both Pb and Cd
adsorption onto the root material (Fig. 4), with the extent of
adsorption increasing with increasing pH over the pH ranges of
approximately 2.5 to 7.0 for Pb, and 2.3 to 8.8 for Cd. The extent of Pb
adsorption measured in the desorption experiments shown in Fig. 4A
(squares) is within experimental uncertainty of the extent of
adsorption measured in the adsorption experiments (circles) for
corresponding pH values, indicating that the Pb adsorption reactions
are fully reversible on the timescale of these experiments.

4. Discussion

4.1. Titration modeling

We use FITEQL 2.0 (Westall, 1982) modeling to determine the
number of discrete functional group site types that are required to
Table 2
Comparisons between acidity constants and site concentrations for different biomass

Species Site 1 Site 2

pKa µmol/gd pKa µm

F. rubra N/A N/A 4.2±0.1 81
B. subtilisa 3.3±0.2 81±16 4.8±0.1 112
S. cerevisaeb 3.6±0.3 25±12 5.0±0.2 27
P. subcapitatac 3.9±0.3 6.1±3.0 5.4±0.1 9.8

a Gram-positive bacteria; Fein et al. (2005).
b Yeast fungal cells; Naeem et al. (2006).
c Green algal species; Kaulbach et al. (2005).
d Micromoles per gram wet mass of cells.
account for the observed root material buffering capacity, attempting
to fit one-, two-, three-, and four-site models to the potentiometric
titration data. The modeling results, a typical fit of which is shown in
Fig. 2C for one of the titrations, indicate that for each titration a three-
site model yields the best fit to the experimental potentiometric data.
Four-site models do not converge for all of the five titration datasets,
indicating that the system is under-constrained, and that the data do
not support a model with four discrete functional group types. In all
cases, a three-site model matches the pH dependence of the buffering
capacity significantly better than do models with fewer sites. FITEQL
calculates a value for a variance function, V(Y), for each data set, with
values closest to 1.0 representing the best fits to the data (Westall,
1982). The calculated V(Y) value improves significantly with each
additional site considered in themodel to aminimum for the three-site
model. AverageV(Y) values for thefive titrations for the one-, two-, and
three-site models are 245, 38, and 6, respectively.

In Table 1, we compile the calculated pKa values and site
concentrations, along with 1 error for each value, for the three-site
model for each potentiometric titration and the average values for all
the titrations.We also include the value of the initial protonation state,
TH0. We use these average values as a foundation for subsequent
modeling of the Pb and Cd adsorption data. For the remainder of this
paper, because titration data do not yield information on the chemical
identity of binding sites, the sites are referred to as they appear in
Table 1, as Sites 1–3. The fits to each titration are excellent, with every
fit having a V(Y) value of less than 7. A typical model fit is exhibited in
Fig. 2C. The pKa values calculated for each titration are similar, with the
largest 1 error equaling 0.2 for Site 3. The variation in site
concentrations is comparable to the reported values for bacteria
(e.g., Fein et al., 2005).

In Table 2, we compile the average calculated pKa and site
concentrations for F. rubra, B. subtilis, P. subcapitata, and S. cerevisiae.
Each of these species was titrated using identical procedures, and each
set of titration data were modeled using the same discrete site non-
electrostatic modeling approach, so the results are directly compar-
able. Each species contains sites with pKa values in the ranges 4.4–5.4,
6.4–7.6, and 8.8–9.6. The F. rubra root material differs from the other
species in that it does not have a site with a pKa value below 4. The
lowest pKa value in bacteria is often associated with a phosphodiester
functional group, which is found in the techoic acid of bacterial cell
walls (Guine et al., 2006; Takahashi et al., 2005; Beveridge andMurray,
1980). The cell walls of plants do not possess techoic acids, so the
absence of a protonation site with a pKa value below 4 is not
surprising.

4.2. Metal adsorption modeling

The Cd and Pb adsorption behavior onto the root cells wasmodeled
best with the metals forming complexes with Sites 1 and 2. We
attempted to account for the observed Cd and Pb adsorption with
models that invoke metal binding onto each of the proton-active sites
on the root material, singly and in combination, using the FITEQL V(Y)
value to constrain the goodness-of-fit of each model. For both the Cd
Site 3 Site 4

ol/gd pKa µmol/gd pKa µmol/gd

±8 6.2±0.2 59±13 8.8±0.2 100±37
±36 6.8±0.3 44±13 9.1±0.2 74±21
±15 6.9±0.3 41±14 9.0±0.5 17±18
±1.3 7.6±0.3 4.7±1.3 9.6±0.4 7.0±1.4
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and the Pb systems, the model that best fits the observed adsorption
behavior involves the metal cation of interest binding to deprotonated
forms of both Sites 1 and 2. Models with the metal cations binding to
only one site type provided significantly worse fits, and models with
more than two binding sites for the metal were over-constrained. The
model fits to the Cd and Pb data are depicted as solid curves in Fig. 4,
and in both cases the two-site models provide reasonable fits to the
adsorption data as a function of pH. The model underpredicts Cd
adsorption at high pH, suggesting the presence of a Cd-Site 3 complex
but the pH range of our data is insufficient to adequately constrain a
stability constant for this additional species. The calculated log K
values (for a reaction stoichiometry given in Reaction 3) for metal-Site
1 and metal-Site 2 complexes, respectively, are 4.1±0.3 and 5.9±0.3
for the Pb system; and are 3.5±0.4 and 5.0±0.5, respectively, for the
Cd system. For the Pb system, both measured adsorption and
desorption values were used in these calculations. The uncertainties
in K values were determined by finding the range of K values that fit
our data set within the certainty of our measurements.

The metal-surface complex stability constant values that we
calculate for the root material of F. rubra are relatively close to those
determined for analogous Cd and Pb complexes involving sites on
bacterial, algal, and fungal cell walls. For example, Fein et al. (1997)
modeled Pb adsorption onto the bacterial species B. subtiliswith a Pb-
Site 2 log stability constant value of 4.5. Borrok et al. (2004) reported
the formation of Cd-Site 2 and Cd-Site 3 complexes on B. subtilis, with
log stability constants of 3.4 and 4.6, respectively. Kaulbach et al.
(2005) reported log stability constant values of 4.1, 5.4, and 6.1 for Cd
adsorption onto the first three sites of P. subcapitata; and Naeem et al.
(2006) determined that Pb and Cd formed surface complexes with
Sites 2 and 3 (see Table 2) on the fungal cell wall. They reported log
stability constant values of 6.2 and 6.4 for the Pb-Site 2 and Pb-Site 3
complexes, respectively, and values of 4.1 and 4.6 for the correspond-
ing Cd complexes.

Our experiments indicate that the grass species F. rubra possesses
significant concentrations of proton-active functional groups within
the root material, with site concentrations on a per gram basis that are
comparable to those found on other forms of soil biomass. The acidity
constants for these sites on the F. rubra root material are similar to
those found for bacteria, algae, and fungi, but the F. rubra appears to
lack low pH buffering capacity, and hence the lowest pKa site, that is
present on these other forms of biomass. Despite differences in the
buffering behavior between F. rubra and other forms of biomass, our
metal adsorption experiments and modeling results indicate that the
grass roots exhibit a roughly similar capacity for metal adsorption as
the other forms of biomass. These similarities suggest that a single set
of acidity constants and metal binding constants can be used to
provide reasonable estimates of metal partitioning onto all forms of
soil biomass. If this is true, then it may be possible to consider biomass
in general as a single adsorptive reservoir when modeling the
distribution of heavy metals in natural soil systems.
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