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ABSTRACT

Previous studies have shown that alfalfa shoot biomass has the ability to bind a significant amount of
various individual metals from aqueous solutions. Since most heavy metal-contaminated waters contain more
than one heavy metal, it was necessary to determine the binding abilities of the alfalfa biomass with multi-metal
solutions. Multi-metal binding capacity experiments resulted in the following order of affinity for the multi-metal
binding by the alfalfa biomass: 42.1mg/g for lead(Il), 11.4 mg/g for chromium(III), 6.5 mg/g for copper(Il), 4.4 mg/g
for cadmium(II), 4.3 mg/g for zinc(Il), and 0.5 mg/g for nickel(II). In order to better understand how this system
may behave with hard cations such as magnesium and calcium which are found in contaminated waters, batch
laboratory interference studies were performed with various calcium and magnesium concentrations (0.1mM -
IM). In general, the alfalfa biomass seems to have a high selectivity to bind copper, lead, and chromium in the
presence of high concentrations of calcium and magnesium from a multi-metal-containing solution. The
information obtained will be useful for the future development of an innovative technology to remove heavy
metal contaminants from polluted groundwaters
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INTRODUCTION

The presence of toxic heavy metals in surface and groundwaters has become a serious con-
cern due to the possible health threat these contaminants pose to the public. These pollutants enter
the environment through a variety of sources, such as mining, refining, and electroplating activities.
The effluents from these industries contain an array of heavy metals, like cadmium, copper, chro-
mium, nickel, lead, and zinc which contribute to the release of toxic metals into the aquatic environ-
ment. These metals can be carcinogenic and teratogenic, if not fatal, in high concentrations (Carson
etal., 1986). Once in the environment, heavy metal ions naturally concentrate into wetlands and
soils, which may leach into groundwaters and eventually affect human health (Runnells et al., 1992).
Because of this concern regarding heavy metal contamination, there has been an abundance of
interest in remediation of heavy metal ions from the environment (Godtfredsen et al., 1994; Mays et
al., 1991; El-Aziz et al., 1991; Mench, 1994; Basta et al., 1992; Jewell, 1994). Traditional meth-
ods utilized for the removal of heavy metal ions from industrial waste solutions may prove to be
cost prohibitive. Therefore, there is a need for the development of new, cost-effective methods for
the removal of heavy metal contaminants from aqueous solutions. The use of biological materials for
biosorption of toxic metal ions may be a cost-effective alternative technique for the treatment of
industrial effluents [ Atlas; 1995]. In fact, many studies have been performed with bacteria, algae,
and fungi to determine the abilities of these biomasses to absorb metal ions (Cervantes et al.,1994;
Zhang et al., 1994; Zhang et al., 1993; Gardea-Torresdey et al., 1990). More recently, plants have

been of interest for their unique ability to bind heavy metals. Both tomato and tobacco plants have
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been studied by Lue-Kim et al. and Scott for their metal uptake abilities (Lue-Kim et al., 1986;
Scott, 1992). Rombheld et al. studied the metal binding by peanuts, and Delhaize et al. studied
cadmium binding in Datura innoxia (Romheld et al., 1983; Delhaize et al., 1989). Lujan et al.
found that metal binding by higher plant tissues was pH dependent (Lujan et al.,1994). Therefore,
plant tissues may be a good source of biological materials for the biosorption of toxic metal ions
from aqueous industrial waste effluents.

Medicago sativa (alfalfa) may be a good source of plant tissues, because it has been found to
tolerate heavy metals and grow well in contaminated soils (El-Kherbawy et al., 1989, Cajuste et al.,
1991; Baligar et al., 1993; Recheigl et al., 1988). Gardea-Torresdey et al., have shown that alfalfa
is a potential source of biomaterials for the removal and recovery of heavy metal ions (Gardea-
Torresdey et al., 1996a; 1996b; 1996c¢; 1996d). Batch laboratory experiments have determined
that alfalfa possesses the ability to bind various heavy metal ions. Alfalfa shoot biomass has demon-
strated the ability to bind an appreciable amount of copper(Il), nickel(II), cadmium(II),
chromium(III), lead(II), and zinc(Il) from aqueous solutions. In addition, alfalfa has shown to bind
heavy metals well even in hard waters containing high concentrations of calcium and magnesium
which typically foul conventional filtration systems. However, single element binding is good for
some circumstances but these conditions are rarely seen with industrial waste effluent and contami-
nated waters in the environment. It is more common to find toxic metal ions in a mixed solution
containing more than one heavy metal. Therefore, it was necessary to determine the metal binding
abilities of the alfalfa biomass with multi-metal-containing solutions in a variety of hard cation condi-
tions (such as calcium(Il) and magnesium(II)).

The objective of this study was to investigate the binding affinities of each metal ion in a mixed-
metal solution containing both calcium and magnesium to Malone alfalfa shoots. Batch laboratory
experiments were performed with a solution containing each of the following metal ions: copper(II),
nickel(Il), cadmium(II), chromium(III), lead(Il), and zinc(Il). In addition, column experiments were
performed with silica-immobilized Malone alfalfa shoots to determine the extraction and recovery
ability of copper(1l), nickel(Il), cadmium(II), chromium(III), lead(IT), and zinc(II) in a mixed-metal
solution under flow conditions. Also, the effects of increasing concentrations of calcium and magne-
sium on multi-metal binding by alfalfa biomass were studied. These experiments will determine the
ability of Medicago sativa alfalfa to bind several metal ions under multi-contaminant conditions. The
information obtained will be useful for the future development of an innovative technology to remove

heavy metal contaminants from polluted groundwaters.

Proceedings of the 1998 Conference on Hazardous Waste Research



METHODOLOGY

Alfalfa Collection

Alfalfa plants were collected from field studies conducted by Dr. John Henning at New
Mexico State University near Las Cruces, New Mexico. The plants were removed from the soil,
washed, and the roots were separated from the shoot material (stems and leaves). All samples
were oven dried at 90°C for one week. Dried samples were then ground to pass through a 100-
mesh screen using a Wiley mill.

PH Profile Studies for Metal Binding

This experiment was carried out using the pH profile method previously reported by Gardea-
Torresdey et al., (Gardea-Torresdey et al., 1996b). In summary, a multi-metal solution was pre-
pared containing 0.1 mM of'the each of the following metal ions: cadmium(II), copper(II),
chromium(III), lead(II), nickel(I), and zinc(I) and the pH was adjusted to 2.0, 3.0, 4.0, 5.0, and
6.0. The metal solution was prepared from the corresponding salts: Cd(NO3)2,CuSO4,
Cr(NO3)3, Pb(NO3)2,Ni(NO3)2, and ZnCI2. Ateach pH, the multi-metal solution was added
to the respective pH biomass pellet. The biomass concentration was maintained at 5 mg biomass
per mL. This experiment was carried out three times for quality control. All the tubes were equili-
brated on a rocker for one hour. The samples were then centrifuged at 3,000 rpm for five minutes
and the supernatants from the pellets were transferred to clean tubes for analysis. Final pHs for all
samples were recorded and analyses for metal ions were performed by flame atomic absorption
spectroscopy.

Time Dependence Studies for Metal Binding

The time dependence batch experiments were performed using a procedure reported previ-
ously (Gardea-Torresdey et al., 1996b). The multi-metal solution was prepared containing 0.3
mM of'the each of the following metal ions: Cd(II),Cu(Il), Cr(III), Pb(II), Ni(Il), and Zn(II). The
solution was adjusted to pH 5.0 and allowed to equilibrate with the biomass for different time
intervals. The time intervals chosen for the time dependence studies were: 5, 10, 15, 20, 25, 30,
45, 60, and 90 minutes. A biomass concentration of approximately 5 mg per mL of solution was
maintained. This experiment was carried out three times for quality control. Final pHs for all
samples were recorded and metal concentrations were determined by flame atomic absorption

spectroscopy.

Metal Binding Capacity Studies

Batch laboratory methods were used to determine the binding affinities and capacities for the
individual metal ions by the alfalfa biomass (Gardea-Torresdey et al., 1996b). The alfalfa biomass
was reacted with a solution containing 0.3 mM of each of the previously described metal ions at pH

5.0. The biomass concentration was maintained at 5 mg biomass permL. After equilibration for
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10 minutes, the samples and controls were centrifuged, and the decanted supernatants were stored
for metal analysis and fresh multi-metal solution was again reacted with the biomass. This was
repeated for 10 cycles or until the biomass became saturated. Final pHs for all tubes were re-
corded. Samples were diluted as required to remain within the calibration linear range and metal

concentrations were determined by flame atomic absorption spectroscopy.

Batch Interference Studies

Batch laboratory metal binding capacities were repeated (as indicated above) with solutions
containing the following calcium and magnesium concentrations (as nitrate salts): 0.001M, 0.01M,
0.1M, IM. Final pH’s were recorded and all metal analyses were performed by flame atomic

absorption.

Desorption of the Adsorbed Metal Ions
In order to remove the bound metal ions from the alfalfa biomass, the pellets from binding

capacity studies, with the adsorbed metals, were equilibrated with 0.1 M HCL. The samples were
then centrifuged and the supernatants were removed as indicated by Gardea-Torresdey et al.,
(Gardea-Torresdey etal., 1996b). The resulting supernatant solutions were collected for analyses
and diluted as required to stay within the calibration range of the measuring instrument. The pellets
were then exposed to 0.2 M HCl and 0.2M thiourea to remove any remaining metals and equili-
brated by rocking for five minutes. After centrifugation, the supernatant solutions were analyzed.

All metal analyses were performed by flame atomic absorption spectroscopy.

Immobilized Alfalfa Biomass and Column Experiments

The immobilization of the alfalfa biomass was performed as indicated previously by Gardea-
Torresdey et al., (Gardea-Torresdey et al., 1996a; 1996¢). Samples of 5 g were washed twice
with water and the cell debris were removed by centrifugation. The following part of this experi-
ment is similar to that reported before for the binding of copper and nickel to different species of
Medicago sativa (Gardea-Torresdey et al., 1996a; 1996¢). Seventy-five mL of 5% sulfuric acid
(H2S04) were mixed with enough 6% sodium silicate (Na2Si03) solution to raise the pH to 2.0.
Once the solution was at pH 2.0, 5 grams of washed biomass were added to the silica solution
and allowed to stir for 15 minutes. The pH was then raised slowly by addition of 6% Na2SiO3 to
reach a final pH of 7.0. The polymer gel with the immobilized biomass was dried overnight at 60°C
and then ground by using a mortar and pestle and sieved to pass the 20-40 mesh size. The multi-
metal solutions were passed through the column and the effluents were analyzed for metal content.
One bed volume of solution that is passed through the column is equivalent to the volume of immo-
bilized biomass within the column. In this case, the volume of immobilized biomass used was 6 mL.
Therefore, one bed volume is equal to 6 mL. The metal solutions were passed at a flow rate of 2

mL per minute. Column interference studies were performed with solutions containing the following
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calcium and magnesium concentrations combined: 0.001M, 0.01M, 0.1M, and 1M. Each effluent

bed volume was collected and analyzed by flame atomic absorption spectroscopy.

Recovery of Metal Ions from Columns
To remove the bound metals from the immobilized alfalfa shoots, 10 bed volumes of 0.2M

HCl and 0.2M thiourea were passed through the column at a flow rate of 2 mL per minute. Each
effluent bed volume was collected and analyzed by flame atomic absorption spectroscopy. The
amount of metals recovered in each bed volume of effluent was summed and the total was taken to

be the total amount of metal recovered from the column.

Metal Analyses
The metal content in all the experiments was performed by using a Perkin Elmer model 3110

atomic absorption spectrometer with deuterium background subtraction. The instrument response
was periodically checked with known standards. A calibration curve was obtained with a correla-
tion coefficient of 0.98 or greater. The samples were read three times and the mean value, as well
as the relative standard deviation, were computed. Samples were diluted as required to remain
within the calibration linear range. The following wavelengths were used for the metal ions studied:
cadmium 228.8 nm; copper 327.2 nm; chromium 358.2 nm; nickel 352.5: lead 283.3 nm; and zinc
213.9nm. Animpact bead was utilized to improve the sensitivity, but in the case of zinc, a flow
spoiler was used. The difference between the initial metal ion concentration and the remaining metal

1on concentration was assumed to be bound to the biomass.

RESULTS AND DISCUSSION
Figure 1 shows the percentage of each metal that was bound onto the biomass from the multi-

metal solution, as the pH was raised from 2.0 to 6.0. On the other hand, Figure 2 represents the
percent of metal bound by the alfalfa biomass at different time exposures to the multi-metal solution.
As can be seen from Figure 1, the metal binding by the alfalfa biomass is pH dependent. Atlower
pHs, the binding is relatively low; however, as the pH is raised, the metal binding increases for all
the metal ions studied. This phenomenon may be due to metal binding by carboxylate ligands. At
low pH values, the carboxyl ligands are protonated and are unavailable for metal binding, while at
higher pH values they are deprotonated and possess a negative charge . Therefore, the metal
binding by the alfalfa biomass may be through an electrostatic interaction with carboxyl ligands at
higher pH values. This trend in pH-dependent metal binding corresponds to the data observed by
Luyjan etal (Lujan et al., 1994). This behavior has also been observed when the experiment was
conducted with single metal solutions (Gardea-Torresdey et al., 1996a; 1996b; 1996¢; 1996d). As
shown in Figure 2, the metal binding is relatively stable over the 90 minute period of reaction time
with the exception of chromium which increases slightly after 30 minutes. Also, Figure 2 shows that

the metal binding is rapid, since metal binding occurred within the first five minutes for most of the
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metals. Therefore, the majority of the metal binding is taking place within the time it takes to shake
the biomass, centrifuge the tubes, and separate the supernatant. The rapid binding of the metal ions
by the alfalfa biomass could indicate that the metals are being adsorbed onto the surface of the plant
tissues, instead of absorption within the plant cells. Because the plant tissues were inactivated, metal
adsorption does not occur through an active process.

Table 1 shows the metal-binding capacities by the alfalfa biomass for each metal ion in the
multi-metal solution. It is important to point out that these capacities were obtained at pH 5.0. The
range in metal binding was from 8.0 pmol/g for nickel(I) to as high as 368.5 umol/g for
chromium(IIl). As seen in Table 1, the pmol units show that there is an affinity for the metal ions in
the order of Cr(III) fi Pb(II) &i Cu(Il) & Zn(IT) i Cd(ID)@i Ni(II). The difference in the metal affinity
may be due to the metal binding affinities for the same ligand and for different ligands. Since the
metals are all in solution, they are in competition with each other for the available binding ligands.
Therefore, a metal that has a higher affinity for carboxylate ligands should bind in greater quantities
in an environment that contains many available carboxylate groups. However, a metal that has a
higher affinity for other metal binding ligands will not bind as well in an environment containing more
carboxylate groups. This might help to explain the preferential binding observed for chromium,lead,
and copper over the other metals studied. Similar findings for metal binding to carboxylic acids
was observed by Preston et al. (1985). This further indicates the importance of the carboxyl ligand
for metal binding by the alfalfa biomass.

As can be seen in Figure 1, the binding of the metal ions from solution was pH dependent.

The binding of metal ions was low when the pH of the solution was low. This trend in pH-depen-
dent binding could be very useful for the recovery of the bound-metal ions. Table 2 shows the
percentage of metal ions that was recovered from the metal-bound biomass by treatment with 0.1M
HCI. Table 2 demonstrates that the recovery of the metal ions was very good by treatment with
dilute acid (nearly 100%), with the exception of cadmium and chromium which was 60% and 73%,
respectively.

Because calcium and magnesium are common metal cations found in natural waters, it was
necessary to determine the effects of various concentrations of these cations on the metal-binding
ability of alfalfa biomass with multi-metal-containing solutions. Batch laboratory-binding capacities
were carried out with various concentrations of calcium and magnesium while maintaining a constant
concentration of each of the metals in the multi-metal solutions. Figure 3 illustrates the combined
effects of both calcium and magnesium on the binding of metal ions by alfalfa shoots. A significant
decrease was observed in metal binding as the concentration of hard cations was raised from 0.0 M
t0 0.001 M. However, as the concentrations of calcium and magnesium were raised to 20,000
times the concentration of the individual metal ions , smaller reductions in metal binding were ob-

served. Although appreciable levels of lead(Il) and copper(Il) were still removed from the solution
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containing 1M of calcium and 1M magnesium combined, the binding of cadmium(1I), nickel(II),
chromium(III), and zinc(IT) were affected by the increase in hard cation concentrations. This
decrease may be due to changes in ionic strength rather than competition between the heavy metals
and hard cations for available binding sites. Even though a decrease in overall metal binding was
observed at high concentrations of hard cations, the preferential order of metal binding was main-
tained with the exception of Cr(III). This trend might be explained by differences in binding con-
stants and the order of stability for metal-ligand complexes can be predicted using the Irvin Williams
Series (Basolo et al.,1973).

While batch laboratory experiments provide useful information, column experiments under flow
conditions provide more practical data concerning the binding of metal ions to an adsorbent com-
pound. In addition, when performing column experiments, the biomass needs to be immobilized in
order to avoid reduction in flows due to biomass clumping. Table 3 shows the amount of individual
metal ions bound by the silica-immobilized alfalfa shoot biomass, while Table 4 shows the percent of
each metal ion recovered from the laden silica-immobilized biomass by using 0.IM HCI. As
observed in Table 3, the silica-immobilized alfalfa biomass adsorbs metal ions in the following
order: Pb(II) i Cu(Il) & Cr(II) i Zn(IT) i Cd(IT) i Ni(II). This is similar with the batch-adsorption
capacity experiments described above where Cu(Il), Cr(III), and Pb(II) have the highest affinities
for binding by the alfalfa biomass (although the order changed slightly). Good recoveries were
observed for most of the metal ions with the exception of Cr(II) (Table 4). The data shown herein
represents only one adsorption/ acid recovery cycle. Therefore, more cycles are required to
determine the recyclability of the column in the presence of a solution containing six different heavy
metal ions. In addition, it can be clearly seen that 0.1M solution of hydrochloric acid is not enough
concentration to completely remove Cr(III), as well as some of the other metal ions. More research
is needed to ascertain the optimum conditions for the removal of the bound-metal ions.

Figure 4 indicates the average amount of metal ions bound by three columns of silica-immobi-
lized alfalfa biomass after 120 bed volumes of a 0.1 mM multi-metal solution containing various
levels of calcium and magnesium were passed. Although overall decreases in metal binding was
observed as the concentrations of hard cations were increased, a similar trend of preferential metal
binding was seen. Therefore, the alfalfa biomass exhibits selective binding for metal ions even under
hard-cation exposure. Consequently, the reduced binding may not be due to heavy metal and hard-
cation competition for the binding ligands, but instead due to differences in ionic strength.

In summary, these experiments showed the ability of Medicago sativa alfalfa to bind several
metal ions under multi-contaminant conditions. However, the alfalfa biomass was shown to have a
high selectivity to bind copper, lead, and chromium ions from a multi-metal solution even when high
concentrations of calcium and magnesium were present. The information obtained will be useful for
future development of an innovative technology to remove heavy metal contaminants from industrial

effluents and polluted waters.
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Table 1. Adsorption capacities for metal binding by alfalfa shoot biomass ([timol metal /

g biomass.
Cr(II) 219.4
Pb(II) 203.2
Cu(II) 103.1
Zn(11) 65.6
Cd(I) 38.7
Ni(I) 8.0

Table 2. Percent metal desorption from saturated alfalfa shoot biomass with 0.1 M HCl.

Cr(II) 73%
Pb(ID) 100%
Cu(Il) 100%
Zn(IT) 99%
Cd( 60%
Ni(II) 100%

Table 3. Column experiments.

ppm bound mM
Cr(1IT) 158.3 3.0
Pb(II) 1859.0 9.0
Cu(I) 355.4 5.6
Zn(1) 89.9 1.4
Cd(r) 150.1 1.3
Ni(II) 47.2 0.4
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Table 4. Percent metal ions recovered from the silica-immobilized alfalfa shoot biomass by
treatmentt with 0.1 M HCL

% metal recovery
Cr(I1I) 100%
Pb(Il) 18.5%
Cu(I) 71.2%
Zn(1T) 79.7%
Cd(II) 77.2%
Ni(II) 100%

Figure 1. Percent of each metal bound by the alfalfa biomass after one hour equilibration with a
multi-metal solution at different pH values. The solution contained 0.1mM of the following metals:

Cd (m), Cr(—), Cu (IO} Ni (4), Pb (®), Zn (-1H).

100

Percenl metal Bound
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Figure 2. Percent of each metal bound by the alfalfa biomass after equilibration for different times
with a multi-metal solution at pH 5.0. The solution contained 0.1mM of following metals: Cd (H),

Cr (—), Cu((TIJ} Ni (4), Pb (@), Zn (-).
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Percent metal Bound

10 15 20 25 ao 4.5 60 a0
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Figure 3. Effects of various calcium and magnesium on batch adsorption metal binding by alfalfa
shoot tissues from a solution containing 0. lmM of the following metals: Cd(II), Cr(III), Cu(II),
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Figure 4. Effects of various calcium and magnesium on column experiments with silica-immobilized
alfalfa chant ticaniac after naccing a enlitinn cantainina N TmNM afthe 'Fn]lowmg metals: Cd(II)’
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