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Abstract

We report herein the use of Medicago sativa alfalfa shoot biomass for the removal of gold from 

aqueous solutions. The accumulation process involves the reduction of Au(III) to colloidal Au(0) 

and is shown to increase at elevated temperatures and at lower pH. X-ray absorption spectroscopy 

(XAS) was used to determine that gold(III) was reduced to form gold(0) colloids, which varied in 

size depending on the pH of the initial solution. The gold cluster radius was 6.2 ± 1 Å at pH 5 and 

9.0 ± 1 Å at pH 2. Our findings indicate that essentially another layer of gold atoms was deposited 

onto the colloid surface at pH 2. Possible mechanisms of bioreduction and accumulation are 

discussed.

Introduction

Current technology for the recovery of gold from ores involves the use of chemical methods, 

such as cyanidation and thiourea leaching, which present environmental and health risks (1–

4). Increasing demands for gold, because of its vast industrial applications, has inspired the 

development of novel methods for gold recovery from solution that are both 

environmentally friendly and less threatening to the population (5).

Sequestering metal ions using living or nonliving plants is a cost-effective means of 

removing waste metals via intracellular accumulation and/or surface adsorption (6–13). 

However, the use of living plants, phytoremediation, is often a slow and time-consuming 

process. The use of nonliving plant materials for surface adsorption of metal contaminants, 

phytofiltration, offers several advantages over living plants (14). The plants cell walls have a 

variety of functional groups that can bind and transform metals during uptake from waste 
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streams; they are cost-effective, easily regenerated, and depending on the plant used, have 

different metal specificities (14). The mechanism of adsorption of metalions to nonliving 

biomass materials is believed to occur at the cell wall via ion exchange, complexation, 

electrostatic binding, and/or precipitation (15).

Gold and colloidal gold have been extensively studied as therapeutic agents, nanoparticles 

that possess novel catalytic, optical, magnetic, and electronic properties, and as labels for X-

ray crystallography and electron microscopy (16, 17). The accumulation of precious metals 

by plants has been studied since the 1900s for prospecting purposes (18, 19). We have 

shown that alfalfa biomass is able to adsorb a variety of heavy metals from aqueous 

solutions (9, 20). Biosorption of precious metals from aqueous solutions using algae and 

higher plant biomass materials has applications in the recovery of trace metals from mining 

effluents and are starting to appear in the literature (6, 21–28). The accumulation of gold 

using microbacteria such as bacteria, algae, yeast, and fungi was recently reviewed (29). 

Some general observations on gold biosorption are as follows: (i) Au(III) is initially reduced 

to Au(I) followed by a sometimes slower reduction to Au(0); (ii) the effect of pH on Au(III) 

accumulation depends on the microorganism, species, and mechanism of uptake; and (iii) 

multiple binding sites and adsorption mechanisms have been proposed for Au(III) 

accumulation. Both algae and alfalfa biomass samples turn purple (similar to the purple of 

Cassius) upon exposure to Au(III), characteristic of the formation of colloidal Au(0) (22, 

23). In previous experiments, we noted that alfalfa biomass accumulated appreciable 

amounts of gold(III) ions (40 mg of gold/g of alfalfa) from aqueous solutions and that the 

biomass turned purple, indicating the formation of colloidal Au(0) (23). Transmission 

electron microscopy (TEM) experiments confirmed the formation of colloidal Au(0) (24). 

This process is rapid, nearly pH independent (pH 2–6), and 87% of the gold was recovered 

upon regeneration (23). Algae biomass was also shown to have a similar high affinity for 

gold(I) and gold(III) in aqueous solutions (22, 25). XAS studies determined that gold(III) 

was reduced to gold(I) by the algae and that binding occurred via a ligand exchange 

mechanism involving sulfur or nitrogen ligands on the algae (25). A large temperature 

dependence on Au(III) binding by Spirulina was noted in which gold(0) colloids were 

produced at 55 °C as evidenced by the purple color of the algae (6). Niu et al. have shown 

that the main mechanism of gold biosorption by certain algal biomass involved electrostatic 

interactions between cationic functional groups of the biomass and anionic Au(I) (30).

The objectives of this work are to further characterize the mechanism(s) of gold(III) 

biosorption and reduction by nonliving Medicago sativa alfalfa shoot biomass. The effects 

of temperature and pH on Au(III) accumulation were studied via batch experiments. X-ray 

absorption spectroscopy (XAS) was used to characterize the gold colloids and determine the 

effect of pH on the size of the colloids. Possible mechanism(s) of gold(III) bioreduction and 

biosorption are discussed herein.
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Experimental Methods

Sample Collection

The Malone population of Medicago sativa (alfalfa shoots) samples were acquired and 

prepared using previously published procedures (23). The shoots were oven dried at 90 °C 

for 1 week and ground with a Wiley mill to pass a 100-mesh screen.

Temperature-Dependent Studies

The alfalfa biomass (300 mg) was washed twice with 0.01 M HCl and once with deionized 

water to remove any soluble biomolecules. Aqueous biomass suspensions (5 g/mL) were 

prepared, and the solution pH was adjusted to 5.0 using 0.01 M NaOH or to 2.0 using 0.01 

M HCl. The samples were centrifuged at 3000 rpm for 5 min, and the supernatants were 

removed. A 0.3 mM gold(III) solution was prepared using K(Au(III)Cl4), and the pH was 

adjusted to either 5.0 or 2.0. The biomass and gold(III) solutions were separately 

equilibrated for 1 h prior to mixing. The samples were equilibrated on a rocker at their 

respective temperatures for an additional hour. The samples were kept in a refrigerator 

(experiment at 4 °C) and in a temperature controlled-oven (experiment at 55 °C). The 

samples were then centrifuged, and the amount of gold in the supernatants was determined 

using flame atomic absorption spectroscopy as previously described (23). The final solution 

pH values were unchanged during the experiments (data not shown). Three samples per 

temperature (4, 25, and 55 °C) were measured to obtain better statistics.

X-ray Absorption Spectroscopy

The X-ray absorption spectra were measured at room temperature at beam line X-18B at the 

National Synchrotron Light Source. Data were collected with Si 111 monochromator 

crystals with slits adjusted to give ~1–2 eV resolution. All of the samples were measured in 

transmission mode using standard ion detectors at the Au LIII edge. The K(Au(III)Cl4) 

standard was measured as a solid on tape. Silica-immobilized biomass samples were 

prepared using previously published procedures (23). A 100-mg sample of immobilized 

Malone shoots was reacted with 30 mL of a 1000 ppm gold(III) solution [as K(Au(III)Cl4)] 

at pH 2 and pH 5. The Au biomass samples were washed with distilled water prior to use 

and were measured as solid powders in 5 × 15 × 1 mm cells with tape windows. The 

absolute energy positions were calibrated against the inflection point energy for Au foil, 

11921 eV. The data were analyzed with the extended X-ray absorption fine structure 

(EXAFS) analysis package using standard methods (31–33). The E0 values were determined 

from the absorption edge inflection point. Quantitative comparison between unknown and 

standards was accomplished with nonlinear fits based on the general EXAFS equation and 

verified with theoretical simulations carried out with FEFF 3.11 an ab initio curved-wave 

single scattering EXAFS simulation code (34, 35).

A general model developed by Borowski to determine the size of small Cu clusters using a 

spherical cluster model is shown in eq 1 (36). This method was useful in determining the 

size of small clusters [radius (R) < 25 Å] and was used in these studies to determine the size 

of the Au colloids formed:
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(1)

where the radius of the cluster is R, nearest neighbor distance is di, the reduced cluster size is 

ρ ≡ di/R, and the average number of neighbors is .

Equation 1 can be rewritten as

This is rearranged to

This model should also apply to gold(0) clusters since they are also face-centered-cubic (fcc) 

structures (24). The values for  and di are obtained from the nonlinear least-squares 

fitting results for the isolated first shell EXAFS oscillations, and the cluster size was 

determined graphically by plotting F(R) versus R. An estimate of the uncertainty in the 

cluster size determination resulting from the uncertainties in N and d was generated via a 

Monte Carlo procedure. A large number of trial values of N and d were generated with a 

Gaussian noise model with mean and standard deviation as given by the experimental results 

and the effect on R analyzed.

Results and Discussion

Gold(III) removal from aqueous solutions by alfalfa biomass was nearly independent of pH, 

although there was a slight increase in uptake at pH 2 (23). The effect of temperature on 

Au(III) removal is shown in Figure 1 at pH 2 and pH 5. There is an increase in Au removal 

with increased temperature and at lower pH. The current experiments were performed at 

higher initial Au(III) concentrations (0.3 vs 0.1 mM) than in prior studies (23). At low 

Au(III) concentrations the biomass is effective at bioreduction and recovery of gold ions, 

whereas at higher concentrations other factors must be present. The pH dependence on 

Au(III) removal is sensitive to the initial Au(III) concentration, possibly due to saturation of 

the biomass metal ion binding or reduction sites. The pH dependence could mean that a 

combination of ligands with different pKa values are involved in the uptake of gold ions by 

alfalfa as they would have varied affinities and reduction capacities depending on pH. 

Possible mechanisms of gold(III) accumulation that take into account the pH dependence are 

discussed below.

XAS was used to investigate the nature of the gold(III) accumulation by alfalfa biomass 

shoots as a function of pH. The samples used in the XAS experiments were silica 
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immobilized biomass, which does not alter the biomass adsorption chemistry (23). The X-

ray absorption near edge structure (XANES) provides information about the metals’ 

oxidation state, coordination number, and geometry; the extended X-ray absorption fine 

structure (EXAFS), which is produced by the backscattering of photoelectrons from nearest 

neighbor atoms, provides structural information for the metal coordination environment (31, 

32). XAS techniques have proven instrumental in determining the metal adsorption 

environment and oxidation state along with possible mechanisms of heavy metal 

remediation by biological tissues (12, 20, 25, 37–40). The XANES spectra of silica-

immobilized alfalfa reacted with Au(III) solution at pH 2.0 and pH 5.0, gold foil, and 

KAu(III)Cl4 are shown in Figure 2.

The gold(III) model compound [K(Au(III)Cl4)] absorption edge (~11917 eV) shifts to lower 

energy as compared to the Au(0) foil, in contrast with the usual pattern of positively charged 

ions having higher edge energies than their neutral parent species. This unusual edge shift 

for Au(III) results from a low-energy dipole allowed 2p to 5d transition, which is allowed 

for the d8 species and forbidden for d10 Au(0) and Au(I) (25). The inflection points (11921 

eV) for both of the Au biomass samples are identical, within experimental error, to the Au 

foil, thus indicating that the Au(III) is reduced to Au(0). The Au biomass samples also have 

XANES maxima near 11945 and 11967 eV, which are also diagnostic of Au(0) (41). This 

confirms that the Au(III) reacted with the alfalfa biomass at both pH values was reduced to 

Au(0) and that there is < 10% Au(III) and/or Au(I) remaining on the biomass.

Since the Au(III) is reduced to Au(0), analysis of the isolated first shell EXAFS oscillations 

can be used to determine the size of the Au(0) particles. A general method developed by 

Borowski (see Experimental Methods) has been used to determine the size of small Cu 

clusters using a spherical cluster model (36). This method, based on the coordinative 

unsaturation of atoms on the surface of nanoclusters, is useful in determining the size of 

small clusters [radii (R) < 25 Å] and was applied to determine the size of the gold colloids. 

The average number of neighbors, , and the nearest neighbor distance, di, were 

determined from nonlinear least-squares fitting results for the isolated first shell EXAFS 

oscillations, see Table 1. The k3 weighted EXAFS oscillations and FT-EXAFS data for Au 

foil and the Au(III) exposed to the alfalfa biomass are shown Figures 3 and 4, respectively. 

The radius of the Au(0) cluster, R, was determined graphically by plotting F(R) versus R 

(see Figure 5). The Au(0) cluster size was dependent on the pH of the solution, 9.0 ± 1 Å at 

pH 2 and 6.2 ± 1 Å at pH 5. The difference in the colloidal gold radius at pH 2 vs pH 5 is 

approximately equal to another layer of gold atoms deposited on the surface.

The exact mechanism of Au(III) reduction and accumulation by the biomass is unknown but 

must incorporate the aqueous chemistry of gold ions and colloids into the mechanism. 

Gold(III) (AuCl4−) is a powerful oxidizing agent and is reduced to Au(0) (42). Since Au(I) 

and Au(III) are both considered soft metal ions, interactions with soft sulfur or nitrogen 

ligands are more likely to occur. The protein residues cysteine and methionine are capable of 

reducing Au(III) to Au(I), and even disulfide reduces Au(III) in vivo (43–46). AuIIICl4− will 

oxidize methionine to sulfoxide along with the formation of Au(0) (43). For aqueous 

AuIIICl4− solutions, the rate of hydrolysis of the chlorides depends on both the pH and the 
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chloride concentrations. At pH 2 and high chloride concentrations, the chloride ions do not 

dissociate, whereas at higher pH and chloride concentrations, the chloride ions are replaced 

by water (47, 48). At pH 5, hydrolysis of one of the chlorides on AuCl4− affords a neutral 

AuCl3(H2O) species. Depending on which species is present in solution, different 

mechanisms can be envisioned. If AuIIICl4− is reduced to AuICl2−, this compound is 

unstable in water and disproportionates to form Au(0) and Au(III) (49). The stability of both 

Au(III) and Au(I) are sensitive to the identity of the ligands. Cyanide and sulfur ligands tend 

to stabilize Au(I) in water, whereas nitrogen ligands stabilize Au(III) (49). If the initial step 

of the reaction involved covalent Au(III) biomass binding, the nature of the ligands could 

alter the stability of the Au(III) complex toward reduction and further reaction. Also, the 

reaction mechanism depends on whether the Au(I) is bound to the biomass or free in 

solution. In short, the solution pH, which can alter both the biomass surface charge and the 

gold’s charge, will be instrumental in determining the mode of reaction.

The chemistry of gold colloids has been extensively studied, and in order to better 

understand the mechanism(s) of colloidal biomass uptake, the chemistry of colloids must be 

considered (17). There are numerous papers dealing with theoretical models for adsorption 

of colloids on surfaces and the experimental factors, such as pH, ionic strength, 

concentration, and immersion time, that influence surface coverage (17, 50, 51). Thiols are 

commonly used to reduce Au(III) to gold particles, and the gold colloid size can be 

controlled by the strength of the reducing agent (17). The isoelectric point of gold colloids is 

about 2, meaning they are negatively charged due to adsorption of anions in the pH range 

studied due to a layer of AuICl2−, Cl−, or Au(OH)2
− around the gold(0) (52). At pH 2, the 

amine residues are protonated (positively charged) and can lead to electrostatic interaction 

with the negatively charged gold colloid, which would explain the slight pH dependence for 

gold accumulation by the biomass. Photochemical reduction of Au(III) to Au colloids should 

also be considered since we have previously shown that the biomass did not turn as 

intensively purple upon exclusion of light from the reaction mixture (23). This reduction 

process is generally a slower process and results in smaller colloids (53).

Therefore, the mechanism of Au(III) reduction most likely involves oxidation of biomass 

functional groups, such as cysteine or methionine. Time-dependent XAS experiments, at 

shorten time periods, might allow detection of intermediates in this reduction process. The 

pH and temperature dependence of Au(III) accumulation tends to indicate that more than 

one mechanism is involved and that the chemistry of colloidal gold must be considered. At 

pH 2, gold colloids are negatively charged, as are AuCl2− and AuCl3− ions that are present 

in solution, while the biomass is positively charged due to the protonation of the amine 

residues. The interaction is thus electrostatic, involving ion pairing (RN–H+⋯A−). At pH 5, 

the Au(III) can exist as either AuCl4− or AuCl3(H2O), which will interact differently with 

the biomass leading to different mechanisms of reduction. Since Au(III) is a strong 

oxidizing agent, the available biomass residues will depend on the pH of the solution. The 

X-ray absorption spectroscopic studies revealed that Au(III) is reduced to Au(0), and at long 

time periods, there was no evidence for either Au(III) or Au(I) bound to the biomass. XAS 

spectral analysis was used to determine the size of the gold colloids, which were smaller at 

pH 5.0 than at pH 2.0, corroborating the changes in gold(III) adsorption seen in the 
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temperature studies. At pH 2, the colloidal gold radius indicates that another layer of gold 

atoms is deposited onto the surface. Experiments involving chemically blocking the biomass 

functional groups and time-dependent XAS are planned to determine how these variables 

may affect the Au(III) reduction and accumulation. Alfalfa biomass has potential as a 

phytofilter for the reduction and recuperation of gold ions from the mineral refining industry 

and mining effluents through “green” technologies.
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FIGURE 1. 
Effect of temperature on Au(III) accumulation by alfalfa biomass at pH 2.0 (•) and pH 5.0 

(▲). Confidence interval is 95%, as represented by the error bars.
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FIGURE 2. 
XANES spectra for Au foil, Au biomass at pH 2.0 and pH 5.0, and K[Au(III)Cl4].
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FIGURE 3. 
Isolated k3 EXAFS oscillations for Au foil and Au biomass at pH 2.0 and pH 5.0.
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FIGURE 4. 
Fourier transform EXAFS for Au foil and Au biomass at pH 2.0 and pH 5.0.

GARDEA-TORRESDEY et al. Page 12

Environ Sci Technol. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Plot of F(R) versus R, cluster radius (Å), for the Au colloids formed by reacting Malone 

alfalfa shoot biomass with Au(III) at pH 2.0 and pH 5.0.
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TABLE 1

EXAFS Fitting Results for Au Foil and Au Biomass Samples
a

compound
d ± 0.02

(Å) N ± 0.25
Δσ2 ± 0.002

(Å2)
χ2

(gof)
r ± 1
(Å)

Au foil 2.85 11.5 0.008 0.015

Au biomass, pH 2 2.85 9.19 0.007 0.053 9.0

Au biomass, pH 5 2.86 7.91 0.007 0.093 6.2

a
N is the coordination number per metal. The metal-coordination atom distance (d ± 0.02 Å) is determined from fits of the EXAFS data (using 

FEFF 3.11-generated standards). Δσ2 is the relative mean square deviation in d(the square of the Debye–Waller factor), Δσ2 = Δσ2unknown – 

Δσ2standard. Δχ2gof is a relative goodness-of-fit statistic, defined as σ(exp - fit)2/σexp2. The value of r is the estimated radius of the cluster size. 

Experimental details: k range ~3.3–12, Hanning window 0.5 Å−1; weighting k3, d window ~0.8–2.2Å for first shell fits, Hanning windows ~0.1 Å.
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