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Abstract

Aims: Tellurium-based devices, such as photovoltaic (PV) modules and

thermoelectric generators, are expected to play an increasing role in renewable

energy technologies. Tellurium, however, is one of the scarcest elements in the

earth’s crust, and current production and recycling methods are inefficient and

use toxic chemicals. This study demonstrates an alternative, bacterially

mediated tellurium recovery process.

Methods and Results: We show that the hydrothermal vent microbe

Pseudoalteromonas sp. strain EPR3 can convert tellurium from a wide variety

of compounds, industrial sources and devices into metallic tellurium and a

gaseous tellurium species. These compounds include metallic tellurium (Te0),

tellurite (TeO3
2�), copper autoclave slime, tellurium dioxide (TeO2),

tellurium-based PV material (cadmium telluride, CdTe) and tellurium-based

thermoelectric material (bismuth telluride, Bi2Te3). Experimentally, this was

achieved by incubating these tellurium sources with the EPR3 in both solid

and liquid media.

Conclusions: Despite the fact that many of these tellurium compounds are

considered insoluble in aqueous solution, they can nonetheless be transformed

by EPR3, suggesting the existence of a steady state soluble tellurium

concentration during tellurium transformation.

Significance and Impact of the Study: These experiments provide insights into

the processes of tellurium precipitation and volatilization by bacteria, and their

implications on tellurium production and recycling.

Introduction

In the last decade, the unique optical and electronic

properties of tellurium have been harnessed to create

photovoltaic (PV) modules (Ullal and Roedern 2007) and

high-efficiency thermoelectric generators (Kraemer et al.

2011), rapidly increasing the element’s demand. As a

result, many reports have been published regarding tellu-

rium’s availability and its consequent impact on the use

of cadmium telluride (CdTe) PVs and bismuth telluride

(Bi2Te3) thermoelectric generators (Andersson 2000; Pat-

yk 2009; Reiser et al. 2009; Zweibel 2010; Amatya and

Ram 2011; Green 2011; Homm and Klar 2011; Candelise

et al. 2012; Gaultois et al. 2013). Projections indicate that

recycling tellurium could largely eliminate issues with

scarcity (Marwede and Reller 2012), although the sug-

gested methods are complex and rely on hazardous

chemicals (Fthenakis 2004; Fthenakis and Wang 2004,

2006; Wang and Fthenakis 2005; Berger et al. 2010; Ok-

kenhaug 2010). Additionally, even with the use of hazard-

ous chemicals, 90% of tellurium can be lost employing

current methods of tellurium recovery (Claessens and

White 1993; Stafiej et al. 1999). In the light of these facts,

the United States Department of Energy (DOE) recog-

nized that tellurium demand is projected to outpace sup-

ply. In its 2011 strategy report, the DOE classified

tellurium as a ‘near critical’ element for the foreseeable

future in terms of scarcity and importance to future

Journal of Applied Microbiology 117, 1293--1304 © 2014 The Society for Applied Microbiology 1293

Journal of Applied Microbiology ISSN 1364-5072



energy technology (Bauer et al. 2011), outlining the

importance of improvements in tellurium’s efficient

concentration, recovery and recycling.

Tellurium is primarily produced as a by-product of

mining copper (Jennings 1971). It exists as impure tellu-

rides (e.g. copper telluride and silver telluride) with an

abundance of 0�1 ppm in copper ore (Andersson 2000;

Green 2009). Tellurium separation and purification is a

complex process involving many tellurium intermediates,

and the exact details vary from one refinery to another.

One step used in the United States, the reduction of tellu-

rium dioxide (TeO2) to metallic tellurium (Te0), requires

a week-long, high-temperature, high-pressure autoclaving

in concentrated hydrochloric acid with sulphur dioxide

(W. Read, ASARCO, personal communication). Both con-

centrated hydrochloric acid and sulphur dioxide are haz-

ardous, making alternative purification methods attractive

from an environmental and safety vantage. Autoclave

slime, the effluent in processing tellurium from copper

anode slime, contains tellurium and has potential to be a

major source for further tellurium recovery.

Bacterial-mediated approaches to tellurium recovery

have not been extensively investigated, but have the

potential to confer substantial advantages relative to pres-

ent methods. Bacteria are currently used to separate a

number of elements from their sources, most notably in

the bioleaching of iron and copper from their ores (Ol-

son et al. 2003; Rohwerder et al. 2003; Bosecker 2006)

and remediating lead and cadmium from wastewater

(Lovley and Coates 1997; Veglio and Beolchini 1997;

Volesky 2001). In iron bioleaching, Leptospirillum ferroox-

idans assists in mobilizing iron from ore bodies by oxi-

dizing iron (II) (Sand et al. 1992). In water remediation,

Bacillus subtilis biosorbs heavy metals on to its surface,

removing them from waste effluent (Dost�alek 2011).

These processes, however, are not suitable for tellurium

recovery: L. ferrooxidans’ oxidation is reported to be lim-

ited to iron (Escobar et al. 2008), and biosorption is gen-

erally not specific to individual metals. Targeted

tellurium recovery requires specificity for tellurium and

activity over a wide range of tellurium concentrations.

Among the metals that are known to undergo a biogeo-

chemical cycle, tellurium is probably least understood. It

is generally considered toxic to bacteria because the solu-

ble form, tellurite (TeO3
2�), oxidizes thiols and produces

reactive oxygen species (Deuticke et al. 1992; Albeck et al.

1998; Turner et al. 2001; Borsetti et al. 2005; Tremaroli

et al. 2007). Bacteria are believed to relieve the stress from

environmental tellurite by precipitating the tellurite as

insoluble metallic tellurium (Te0) and methylating it to a

volatile tellurium species that includes dimethyl telluride

(Te(CH3)2) (Basnayake et al. 2001; Turner 2001; Araya

et al. 2004; Swearingen et al. 2004; P�erez et al. 2007;

Ollivier et al. 2008, 2011; Chasteen et al. 2009). In addi-

tion, the Challenger mechanism describes how tellurite

biomethylation to dimethyl telluride occurs (Challenger

1945; Thayer 2002; Chasteen and Bentley 2003), but there

is no consensus as to the mechanism of tellurite reduction

to metallic tellurium. Although nonspecific reduction by

enzymes like nitrate reductases is considered a possibility

(Avaz�eri et al. 1997; Sabaty et al. 2001), Calder�on et al.

report isolating a protein that reduces tellurium via

NADPH oxidation (Calder�on et al. 2006). Concentration

and conversion of tellurite to metallic tellurium is a criti-

cal step in the tellurium recovery process for production

and recycling. There is only one group we are aware of

that attempts to accomplish this using bacteria, where

Pseudomonas mendocina was used. (Paknikar et al. 1997;

Rajwade and Paknikar 2003).

Hydrothermal vent bacteria are of particular interest to

us for tellurium recovery because vent chimneys are

among the world’s richest sources of tellurium

(fTe = 50 ppm) (Butler et al. 1999; Green 2009). It has

also been suggested that under the combination of high

pressures (250 atm) and temperature (400°C), tellurium
(from the vent fluid) substitutes for sulphur in vent walls

(Butler et al. 1999). The microbes that inhabit these vents

are exposed to high concentrations of tellurium (Yoon

et al. 1990). Vent bacteria from the genus Pseudoaltero-

monas are relatively resistant to tellurium (Rathgeber

et al. 2002, 2006; Holden and Adams 2003), possibly

evolving the ability to use tellurite as a terminal electron

acceptor during metabolism (Csotonyi et al. 2006; Baes-

man et al. 2007). For this reason, after investigating vari-

ous other vent bacteria to use in our study (data not

shown), we chose to focus on Pseudoalteromonas sp.

strain EPR3 (DSMZ 28475).

By investigating its response to tellurium, we found

that EPR3 transformed a variety of tellurium-containing

compounds including cadmium telluride, bismuth tellu-

ride, autoclave slime (a waste product of tellurium pro-

duction) and tellurium dioxide (an intermediate in

tellurium production) to metallic tellurium and a gaseous

tellurium species. These compounds are considered insol-

uble (Schweitzer and Pesterfield 2010), but our experi-

ments suggest that EPR3 acts on a dissolved tellurium

species to precipitate and methylate tellurium from these

compounds. These results demonstrate the potential for

bacteria in tellurium recovery.

Materials and methods

Media and reagents

The following tellurium sources were used in this study,

metallic tellurium (Sigma-Aldrich, St. Louis, MO),

Journal of Applied Microbiology 117, 1293--1304 © 2014 The Society for Applied Microbiology1294

Bacterial recovery of tellurium W.D. Bonificio and D.R. Clarke



potassium tellurite (Sigma-Aldrich), tellurium dioxide

(Spectrum Laboratory Products, Inc., New Brunswick,

NJ), bismuth telluride (Crescent Chemical Co., Inc., Islan-

dia, NY), cadmium telluride (Strem Chemicals, Inc., New-

buryport, MA) and copper autoclave slime (obtained from

the Freeport-McMoRan Copper and Gold El Paso, TX

refinery). The growth media for EPR3 was artificial sea

water (ASW) (Vetriani et al. 2005), which was sterilized

by autoclaving at 121°C for 15 min. For solid culture,

ASW was solidified using 1�5% (wt/vol) agar and added to

10 cm diameter by 1�5 cm high plates. EPR3 was donated

by C. Vetriani who isolated it from hydrothermal vent

fluid in the East Pacific Rise (Vetriani et al. 2005).

Approximation of tellurite’s inhibitory concentration

The approximate inhibitory concentration of tellurite was

determined by aerobically growing EPR3 in varying con-

centrations of autoclaved tellurite-amended ASW and

observing the maximum tellurite concentration at which

cell growth occurred. 0�8, 0�5, 0�3 and 0�1 mmol l�1 tel-

lurite solutions of ASW were prepared by dissolving

potassium tellurite in ASW. EPR3 was inoculated

(1 : 100 dilution of fully grown culture, OD600 nm = 0�7)
into each capped test tube liquid sample and incubated

at 37°C for 72 h with continued shaking. Cell growth

was observed visually by sample turbidity and a darken-

ing of cells resulting from metallic tellurium precipita-

tion. Sterile tellurite-amended ASW controls at the

above-mentioned tellurite concentrations were also made.

In subsequent experiments, concentrations of tellurite

were chosen to be slightly less than the observed approxi-

mate inhibitory concentration.

Assay of dissolved tellurium concentration with time

EPR3’s ability to transform tellurite was demonstrated by

incubating EPR3 with a known concentration of tellurite

in liquid media, and measuring the decrease in the solu-

ble tellurium concentration over time. Four 15-ml conical

tube samples containing 5 g of sterile liquid ASW were

amended with 0�09 mmol l�1 potassium tellurite. Three

samples were inoculated with EPR3 (1 : 100 dilution of

fully grown culture) and the other remained sterile. All of

the samples were capped and incubated aerobically at

37°C with continued shaking at 70 rev min�1. Approxi-

mately every 24 h for 4 days after inoculation, the sam-

ples were centrifuged (9000 g, 25°C) to separate any cells

and solid tellurium from the supernatant ASW of the

liquid culture. 50 ll of the supernatant from each sample

was pipetted, weighed and combined with 5 g of 2%

trace metal-free nitric acid in preparation for inductively

coupled plasma–mass spectrometry (ICP-MS) analysis.

Tellurium precipitation and volatilization assay on solid

media

Precipitation and volatilization of tellurite, metallic tellu-

rium, tellurium dioxide, autoclave slime, cadmium tellu-

ride and bismuth telluride on solid ASW was determined

by growing EPR3 on plates with powders of these com-

pounds sprinkled near the centre, then measuring gaseous

tellurium and metallic tellurium production by ICP-MS

and confocal Raman spectroscopy, respectively. A

0�1 mmol l�1 tellurite agar plate was prepared by dissolv-

ing potassium tellurite in sterile liquid ASW and then

solidified with agar and inoculated with EPR3. For the

other, insoluble, tellurium compounds, approximately

0�5 g of metallic tellurium, tellurium dioxide and bismuth

telluride, and approximately 0�1 g of copper autoclave

slime and cadmium telluride were added to the centre of

ASW plates that had been inoculated with 100 ll of a fully
grown culture of EPR3 (OD600 nm = 0�7). Identical plates,
containing the tellurium compounds, but absent of EPR3,

were made as controls. They remained completely

unchanged through the course of our experiments, and no

movement of the tellurium sources was noted. Photo-

graphs were taken of each plate before and after 48 h of

incubation at 37°C. The tellurite plate was aged an addi-

tional 120 h before a final photograph was taken. ADOBE

PHOTOSHOP CS3 software was used to match the brightness,

contrast and saturation of photos between aged and

unaged plates. The matching was applied equally to all

parts of the images. On the plates with cells, areas of cell

growth that blackened indicative of tellurium precipitation

were cut with a razor blade from the agar and extracted for

analysis. Confocal Raman spectroscopy (LabRAM Aramis

Horiba Scientific, Kyoto, Japan, 532 nm laser) was per-

formed on these samples, the controls and reference sam-

ples of the pure tellurium compounds. In this method, a

region of interest was identified in the confocal optical

image. Then, the microscope laser beam was focused onto

a feature and the Raman spectrum recorded, typically using

a micron diameter beam. Raman was chosen because of its

ability to unambiguously distinguish the presence of metal-

lic tellurium. Metallic tellurium exhibits very distinctive

major Raman peaks at 120�4 � 0�5 and 140�7 � 0�5 cm�1

(Pine and Dresselhaus 1971), while tellurium dioxide is

characterized by major Raman peaks at 121, 152, 174 and

199 cm�1 (Mirgorodsky et al. 2000). None of the other

controls, including the tellurite dissolved in ASW, exhib-

ited any Raman signal between 100 and 200 cm�1. The

Raman spectra of metallic tellurium, tellurium dioxide and

0�1 mmol l�1 tellurite in ASW agar are shown in Fig. 1.

We were not able to quantify the sensitivity of the

Raman measurements because it is a function of many

variables which are difficult to control, especially those

Journal of Applied Microbiology 117, 1293--1304 © 2014 The Society for Applied Microbiology 1295

W.D. Bonificio and D.R. Clarke Bacterial recovery of tellurium



associated with light scattering, such as surface roughness

and crystallographic orientation. Nevertheless, Raman

spectra with good signal to noise were obtainable, and in

each case the identification was unambiguous.

A gaseous tellurium species was detected by loading the

cut and extracted agar samples with bacterial tellurium

precipitation into the gas sampling chamber of an ICP-MS

(Agilent Technologies 7700x, Santa Clara, CA). In this con-

figuration, the head space above the samples is carried to

the ICP-MS and sampled for tellurium to determine the

existence of gaseous tellurium, likely to include dimethyl

telluride based on previous studies, along with other vola-

tile tellurium compounds that are known to form (Araya

et al. 2004; Swearingen et al. 2004; Ollivier et al. 2008,

2011). A mass-to-charge ratio of 125 was used to detect tel-

lurium (Te125). The tellurium response from EPR3 with

the various tellurium compounds was compared to con-

trols of the tellurium sources on sterile ASW plates. For

our system, this detectability was approximately 100–1000
times smaller than the values in volatilized tellurium sam-

ples. (The ICP-MS used had the ability to detect as low as

10�12 g of tellurium).

Dissolved tellurium compound concentration assay

The solubility of each tellurium compound in ASW at

37°C was calculated by adding each compound to a

known mass of sterile liquid ASW and using ICP-MS to

analyse the concentration of dissolved tellurium.

Approximately 0�1 g of metallic tellurium, tellurium

dioxide, autoclave slime, cadmium telluride and bismuth

telluride were added to 15-ml conical tubes containing

5 g of sterile liquid ASW. All samples, including a sterile

ASW control, were capped and incubated at 37°C for

48 h with continued shaking. Next, the samples were cen-

trifuged (9000 g, 25°C) to isolate the media with dis-

solved tellurium from solid tellurium compounds. A

known mass of the supernatant ASW was removed and

diluted with a known mass of 2% trace metal-free nitric

acid to prepare for ICP-MS analysis. The ASW control

contained no detectable concentration of tellurium.

Tellurium precipitation assay in liquid media

Precipitation of tellurium from tellurite, metallic

tellurium and tellurium dioxide in liquid ASW was

observed by inoculating ASW containing these tellurium

compounds with EPR3 and taking photographs and

measuring visible light absorption. Approximately 0�1 g

of metallic tellurium and tellurium dioxide, and

0�1 mmol l�1 tellurite were added to capped tubes of

sterile ASW, with three replicates of each. These samples,

including a sample of tellurium-free ASW, were inocu-

lated with EPR3 (1 : 100 dilution of fully grown culture).

Then, along with a sterile ASW control, the samples were

aerobically incubated at 37°C with continued shaking. At

various time points, indicated in the Results section, the

samples were removed for photographic recording and

UV-vis absorption spectrophotometry (Thermo Scientific

Helios Omega, Waltham, MA) measurements. In prepa-

ration for the spectrophotometry, 500 ll of each sample

was removed and added to a plastic cuvette. After mea-

suring the optical absorption, the solution was added

back into the samples. Care was taken to avoid any bio-

logical contamination during these transfers. The sterile

ASW control was taken as the baseline absorbance before

each absorbance measurement. The absorbance was mea-

sured between 450 and 800 nm and integrated over this

range for comparison between samples over time.

Liquid ICP-MS analysis assay

Liquid ICP-MS (Agilent Technologies 7700x) analysis was

able to detect the concentration of nominal dissolved tel-

lurium in liquid samples with high sensitivity (parts per

trillion concentrations). A range of tellurium concentra-

tions (blank—1 ppm) was used as ICP-MS calibration

standards, and indium and bismuth were used as ICP-

MS internal standards. A mass-to-charge ratio of 125 was

used to detect dissolved tellurium concentrations, which

had a detectability limit of ~20 nmol l�1 (calculated

based on blank samples that were included in each run
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Figure 1 Raman spectra of standards of metallic tellurium, tellurium

dioxide and tellurite (dissolved in solid artificial sea water (ASW)

media) between 100 and 200 cm�1. The metallic tellurium exhibits

distinctive peaks at 122 and 141 cm�1. The tellurium dioxide exhibits

distinctive peaks at 122, 149, 174 and 196 cm�1. The tellurite does

not exhibit any Raman peaks. Standards of ( ) tellurium dioxide, ( )

metallic tellurium and ( ) tellurite.
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compared to calculated tellurium concentrations in stan-

dards). The dissolved tellurium concentrations of ASW

samples were calculated based on the concentration

results from ICP-MS analysis and the known masses of

ASW and 2% trace metal-free nitric acid in each sample.

When measuring the concentration of tellurium from

incubated bismuth telluride, the internal standard con-

sisted only of indium and did not include bismuth.

Results

EPR3 response to tellurite

Our preliminary work indicated that tellurite had an

inhibitory concentration of approximately 0�3 mmol l�1

on EPR3. When EPR3 was exposed to soluble tellurite on

solid culture, the bacterial lawn darkened and a distinc-

tive garlic odour was noticed. The darkening is character-

istic of optical absorption by metallic tellurium. This was

substantiated using confocal Raman spectroscopy to show

that the visible precipitate was metallic tellurium (Fig. 2).

The garlic odour, which is characteristic of bacterial vola-

tilization of tellurite to a gaseous tellurium species (Chas-

teen and Bentley 2003), was confirmed by analysing the

bacterial lawn’s headspace for tellurium using ICP-MS

(Fig. 3). On the solid agar, those portions of the bacterial

lawn where metallic tellurium precipitated and became

dark brown after 48 h gradually faded to a lighter brown

after an additional 120 h (Fig. 4). As the dark colour of

the bacterial lawn faded, there was a concurrent decrease

in the Raman intensity of the metallic tellurium Raman

spectrum; when there was no colour remaining, no

Raman peaks were distinguishable. In addition, measure-

ments of the dissolved tellurium concentration in tellu-

rite-amended liquid ASW decreased 93% when

inoculated with EPR3 (Fig. 5). This loss was attributed to

the precipitation of tellurite to metallic tellurium and the

volatilization of a gaseous tellurium species. The sterile

tellurite controls exhibited no turbidity, darkening or

decrease in tellurium concentration in the sample from

either cell growth or metallic tellurium precipitation as

measured by spectrophotometry and ICP-MS. In addi-

tion, no volatile tellurium species was detected in the

headspace of any of the controls measured for Fig. 3.

EPR3 response to metallic tellurium and tellurium

dioxide

When fine metallic tellurium particles were added to the

centre of a plate of agar inoculated with EPR3, metallic

tellurium was found well away from the original tellu-

rium source (Fig. 4) as evidenced by confocal Raman

spectroscopy (Fig. 2). In addition, ICP-MS analysis
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Figure 2 Raman spectra of EPR3 precipitations after incubation with

tellurium dioxide, metallic tellurium and tellurite on solid media. Each

precipitation exhibits Raman peaks distinctive of metallic tellurium, at

122 and 141 cm�1. These spectra were recorded from the boxed

region shown in Fig. 4, suggesting that EPR3 is precipitating metallic

tellurium away from the tellurium sources indicated. EPR3 precipita-

tion—incubation with ( ) tellurium dioxide, ( ) metallic tellurium and

( ) tellurite.
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Figure 3 ICP-MS results for headspace sampling of tellurium 125

above EPR3. Samples of tellurite, metallic tellurium, tellurium dioxide,

autoclave slime, bismuth telluride and cadmium telluride were incu-

bated aerobically with EPR3 on solid artificial sea water (ASW) for

48 h. In the headspace of each sample, a gaseous tellurium species

was detected. In controls of the tellurium compounds incubated on

sterile solid ASW without EPR3, zero tellurium counts were detected

during the sampling time, meaning no gaseous tellurium was

detected. Gaseous tellurium from ( ) tellurite, ( ) metallic tellurium,

( ) tellurium dioxide, ( ) autoclave slime, ( ) bismuth telluride and

( ) cadmium telluride.
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showed these bacteria evolved volatile tellurium (Fig. 3).

To confirm the possibility of the dissolution of metallic

tellurium, we added metallic tellurium to sterile liquid

ASW. After 48 h, the amount of dissolved tellurium,

measured using ICP-MS, was 0�038 mmol l�1 (Table 1).

To test EPR3’s response to tellurium dioxide, tellurium

dioxide was added to a plate with EPR3 and incubated for

48 h. The bacterial lawn immediately adjacent to the tellu-

rium dioxide became dark brown in colour, indicative of

precipitated tellurium, and ranged from dark brown to

light brown with increasing distance from the tellurium

dioxide (Fig. 4). Confocal Raman spectroscopy and ICP-

MS confirmed the presence of metallic tellurium (Fig. 2)

and a gaseous tellurium species (Fig. 3) in this sample. It

was unclear, however, whether the bacteria in contact with

tellurium dioxide were directly reducing it or whether the

tellurium dioxide was passing through an intermediate

soluble phase, such as tellurite, before it was reduced.

Tellurium dioxide in liquid ASW dissolved slightly

(Table 1); therefore, it is possible that dissolved tellurium

Tellurite (dissolved)

48 h

Metallic tellurium
Sample extracted for Raman
spectroscopy and ICP-MS

Sample extracted for Raman
spectroscopy and ICP-MS

120 h

Tellurium dioxide

 48 h

48 h

(a)

(b)

(c)

Figure 4 (a) Photographs of artificial sea

water (ASW) agar plates amended with

0�1 mmol l�1 tellurite and inoculated with

EPR3. After 48 h, bacterial colonies are dark

brown, indicative of metallic tellurium

precipitation. The plate was aged an

additional 120 h. In these plates, the dark

brown colonies faded to a lighter brown. (b,

c) Photographs of EPR3-inoculated ASW

plates after addition of (b) metallic tellurium

and (c) tellurium dioxide. The colonies in

contact with the tellurium compounds and

their surrounding colonies turned dark

brown, indicative of metallic tellurium

precipitation. Those colonies closest to the

tellurium source were darkest brown, fading

to lighter brown the further the colonies

were from the tellurium source. The boxed

region in each sample was extracted for

further analysis.
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Figure 5 The change in soluble tellurium concentration over time

during incubation with EPR3, as measured by ICP-MS. The points on

the plot are the average of three replicates, and the error bars are

the standard deviation of the three measured values. A cubic spline

fit line is drawn through the points.
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diffused through the agar plate and was precipitated by

the bacteria well away from the tellurium dioxide source.

EPR3 response to tellurium compounds in liquid media

EPR3’s response to tellurite, metallic tellurium and tellu-

rium dioxide in liquid media was measured over 168 h

using sequentially recorded photographs and visible light

spectrophotometry. As with the solid media, EPR3 dark-

ened first and then faded gradually to a lighter brown

(Fig. 6). As both the bacterial population and the effect of

tellurium on them could not be separated, the spectropho-

tometry data represent the combined effect. Even so, the

photographs show that EPR3 produced tellurium within

the first 24 h of growth. Controls of each tellurium com-

pound in sterile ASW showed no change in optical absor-

bance over the course of the measurement time.

EPR3 for recovery of tellurium from devices and

autoclave slime

Normally an effluent from copper and tellurium produc-

tion, autoclave slime is a potential source for tellurium

recovery using bacteria. To evaluate EPR3’s interaction

with the slime, a similar set of experiments to metallic

tellurium and tellurium dioxide were performed. Auto-

clave slime from Freeport-McMoRan in the form of an

insoluble dried powder was added to the centre of a dish

plated with EPR3 and incubated. After 48 h, the bacterial

lawn darkened to a light brown in a similar manner char-

acteristic of tellurium precipitation (Fig. 7). The presence

of both metallic tellurium (Fig. 7) and gaseous tellurium

(Fig. 3) in bacteria away from the autoclave slime was

again confirmed using confocal Raman spectroscopy

and ICP-MS. Slight dissolution of the slime also occurred

in liquid ASW, reaching a tellurium concentration of

0�066 mmol l�1 (Table 1).

To demonstrate the use of EPR3 for PV and thermo-

electric waste recycling, large pieces of cadmium telluride
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Figure 6 EPR3 precipitation of tellurium from dissolved potassium

tellurite, metallic tellurium and tellurium dioxide over time. (a) Photo-

graphs of artificial sea water (ASW) tubes, with the three rightmost

samples amended with 0�1 mmol l�1 tellurite, 0�1 g tellurium dioxide

and 0�1 g metallic tellurium, then all but the leftmost sample inocu-

lated with EPR3. After 48 h, bacterial colonies exposed to tellurium

species are dark brown, indicative of metallic tellurium precipitation.

The samples were aged an additional 120 h during which the dark

brown colonies faded to a lighter brown for the tellurite and metallic

tellurium samples, which at that time resemble the tellurium-free

EPR3. (b) Plot of integrated absorption between 450 and 800 nm

wavelengths as a function of time for the samples. An ASW sample

in which EPR3 precipitated metallic tellurium from telluric acid (Te

(OH)6), which is not discussed in this manuscript but was included in

the assay, was spliced from the images using Adobe Photoshop CS3;

otherwise, minimal processing was performed on the images. Inte-

grated absorbance (450–800 nm) for ( ) Cells, ( ) TeO3
2�, ( ) TeO2

and ( ) Te0.

Table 1 Soluble tellurium from 0�1 g of various compounds in liquid

artificial sea water after 48 h at 37°C

Tellurium source*

Soluble tellurium

concentration† (mmol l�1)

Metallic tellurium 0�038
Tellurium dioxide 0�063
Autoclave slime 0�066
Cadmium telluride 0�001
Bismuth telluride 0�037

*Incubated in absence of EPR3.

†Inductively coupled plasma–mass spectrometry sensitive to

20 nmol l�1.
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and bismuth telluride were exposed to EPR3 on agar

plates and incubated for 48 h. During that time, parts of

the bacterial lawn around the particles darkened, again

indicative of metallic tellurium precipitation (Fig. 7). The

presence of metallic tellurium was again confirmed with

confocal Raman spectroscopy (Fig. 7). In addition, a gas-

eous tellurium species was detected in the headspace

above these bacteria using ICP-MS (Fig 3). Incubating

cadmium telluride and bismuth telluride in liquid ASW

and measuring the amount of dissolved tellurium after

48 h confirmed a soluble tellurium species’ presence from

both compounds (Table 1). Only 0�001 mmol l�1 tellu-

rium was detected after 48 h from cadmium telluride

though (compared to 0�037 mmol l�1 soluble tellurium

from bismuth telluride), indicating that EPR3 was active

in transforming soluble tellurium at low concentrations.

Discussion

Despite the chemical differences between the solid tellu-

rium compounds used as sources, EPR3 was found to be

effective in converting each of them to metallic tellurium

and a gaseous tellurium species. The conversion occurred

at bacterial cells located on agar plates a distance from the

surface of the solid sources, as evidenced by the precipita-

tion of metallic tellurium, confirmed by Raman spectros-

copy, well away from the powders used as the sources. It

is concluded that all the solids exhibit some solubility and

that the tellurium is transported as a soluble ion from the

source particles to the bacterium which, in turn, acts to

reduce the anion to metallic tellurium as well as a gaseous

tellurium species, detectable by Raman and ICP-MS,

respectively. It is likely, based on the circumneutral pHs

we have measured and the tellurium Pourbaix diagram

(Jennings 1971), that the soluble anion is the tellurite oxy-

anion, but the identity of the gaseous tellurium species

has yet to be established. Based on the distinctive garlic

odour accompanying the bacterial action, however, we

believe it to include dimethyl telluride.

Based on our experimental observations, we propose

that several inter-related and coupled processes occur
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Cadmium telluride
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spectroscopy and ICP-MS
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Figure 7 Photographs of (a) autoclave slime, (b) cadmium telluride

and (c) bismuth telluride after addition to the centre of plates inocu-

lated with EPR3. After 48 h, the surviving cells closest to the tellurium

compounds were brown, indicative of metallic tellurium formation.

The darkness of the bacteria faded with distance from the tellurium

source. The boxed region in each sample was extracted for further

analyses. These analyses included (d) Raman spectra of EPR3 precipi-

tations after incubation with bismuth telluride, cadmium telluride and

autoclave slime on solid media. Each precipitation exhibits Raman

peaks characteristic of metallic tellurium, at 122 and 141 cm�1. These

spectra were recorded from the boxed region shown in (a–c), provid-

ing further evidence that EPR3 is precipitating metallic tellurium at

locations physically separated from these tellurium sources. EPR3 pre-

cipitation—incubation with ( ) bismuth telluride, ( ) cadmium tellu-

ride and ( ) autoclave slime.
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during the bacterial speciation of tellurium. These are

illustrated schematically in Fig. 8. When the solid tellu-

rium sources are added to agar and liquid ASW, they

dissolve until the solubility limit is reached, local equilib-

rium is established and no further net dissolution occurs.

This solubility, given by the reaction rate constant, is low,

and indeed, tellurium solids are generally considered to

be insoluble in aqueous solutions (Schweitzer and Pester-

field 2010). However, when EPR3 is present, the soluble

ion diffuses across the cell membrane. Inside the cell, two

coupled reactions occur concurrently. One, we infer from

our data, is a reversible reduction–oxidation reaction

between the tellurite ion and metallic tellurium that is

responsible for the internal bacterial precipitation of

metallic tellurium. The other we suggest is methylation

by the Challenger mechanism to a gaseous tellurium spe-

cies that can diffuse out through the cell membrane and

either volatize to the air atmosphere or reform the solu-

ble tellurite ion in the solution.

After an initial incubation period, while there remains

a solid tellurium source and the cells reproduce, we

believe that a steady state is established. During this

steady state, the soluble tellurite oxyanion formed by

dissolution of the source is transported and converted by

the cells to metallic tellurium and, a yet unidentified, gas-

eous tellurium species, most likely including dimethyl tel-

luride. In essence, in steady state, the solid dissolution

rate is equal to the volatilization rate buffered by the pre-

cipitated metallic tellurium produced by the cell, with the

rates being dependent on temperature, pH, partial pres-

sure of oxygen and the cell concentration. Once the

source of tellurium is consumed, the metallic tellurium

buffer in the cells is depleted and the overall reaction

ceases. The changes observed on the agar plates are visi-

ble evidence of these reactions: the darkening due to the

precipitation of metallic tellurium at distances away from

the powder sources and the subsequent lightening in col-

our as the amount of tellurium decreases until none

remains and the agar returns to its initial colour. The

observed colour changes when the bacterial reaction

occurs in the liquid medium is also consistent with this

overall reaction although less vivid.

It is possible that other soluble and volatile tellurium

compounds, not shown in Fig. 8, may also be present

and contribute to the overall tellurium cycling. However,

the similarity of EPR3’s response to the different solid

compounds leads us to conclude that EPR3 is acting on

the same tellurium-containing molecule which we believe

is the tellurite oxyanion. This conclusion can be applied

to other tellurium compounds not discussed here, such

as bacterial tellurate (TeO4
2�) (Araya et al. 2004; Cso-

tonyi et al. 2006; Baesman et al. 2007) and telluric acid

(Te(OH)6) (W.D. Bonificio and D.R. Clarke, unpublished

data) precipitation and volatilization, as well as anecdotal

studies on tellurium transformation by mammals ingest-

ing metallic tellurium (Chasteen et al. 2009). It is also

consistent with the work of Ollivier et al. (2011) which

shows that a marine yeast precipitated metallic tellurium

from a biologically evolved gaseous tellurium species. We

also suggest that there is a concurrent reaction between

the gaseous tellurium species being oxidized to tellurite

and precipitating as metallic tellurium. This reversible

reaction of gaseous tellurium species to tellurite is repre-

sented in Fig. 8 by the dotted arrows. It is shown dotted

because of our uncertainty of the actual mechanism.

In order for some of the tellurium compounds to dis-

solve, a 4 or 6 electron oxidation process is required, for

instance, to convert Te2� in tellurides and Te0 in metallic

tellurium to Te4+ in tellurite. We propose that molecular

oxygen provides the necessary oxidization potential to

transform these compounds. Our observations that

metallic tellurium precipitates faded away faster on agar

than in liquid media support this. On agar, the metallic

tellurium is exposed to more oxygen, which favours

dissolution to tellurite. Consequently, this tellurite is con-

verted to a gaseous tellurium species and leaves the

Bacterium

Tellurium
Source

Tellurite

Dissolution

Tellurite
Metallic
tellurium

Reduction Methylation

Gaseous
tellurium
species

Te

O

–O O–

Te

O

–O O–
Te0 Te

Volatilization

Oxidation

Media

Te

Figure 8 Schematic of proposed tellurium speciation in a bacterium

and its media. Diffusion is represented by solid arrows, and chemical

changes are represented by hollow arrows. We propose that a solid

tellurium source (e.g. tellurium dioxide, autoclave slime, cadmium tel-

luride and bismuth telluride) dissolves in the media to yield soluble

tellurite. The tellurite crosses the cell wall, and the bacterium trans-

forms it to either metallic tellurium or a gaseous tellurium species (for

instance, dimethyl telluride by way of the Challenger mechanism).

While there is undissolved tellurium source, the metallic tellurium–tel-

lurite–volatile tellurium system is in steady state; solid tellurium dis-

solves to tellurite, which can be converted to a gaseous tellurium

species, which escapes to the environment by volatilization. Volatile

tellurium species may also be transforming back to tellurite (repre-

sented by dotted hollow arrow).
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system faster than in samples exposed to less oxygen.

This hypothesis is consistent with conclusions from Olli-

vier et al. (2011) that aeration increases volatile tellurium

formation and inhibits metallic tellurium formation in a

marine yeast.

Alternatively, it is possible that the tellurium com-

pounds, especially those in liquid media which are

exposed to less oxygen and more reduced carbon, are

being reduced to hydrogen telluride, and this is the com-

pound which the bacteria act upon. However, no volatile

tellurium, including hydrogen telluride, was detected by

ICP-MS from the headspace of sterile tellurium-amended

ASW plates. For this reason, we believe that this alterna-

tive is less likely.

Finally, irrespective of whether bacterial transformation

of tellurite is a detoxification strategy or an ‘unintended’

by-product of cellular reducing agents, more work is nec-

essary to understand the complex interactions, including

the enzymatic reactions, between bacteria and tellurium.

Despite this, we have demonstrated that EPR3 may be a

useful bacterium in the recovery of tellurium because it is

shown to be a versatile bacterium in the reduction and

methylation of tellurium from a wide variety of solid tel-

lurium compounds. This includes tellurium compounds

used in renewable energy technologies, such as cadmium

telluride PVs and bismuth telluride thermoelectrics, as

well as those used in the production of tellurium, such as

autoclave slime and tellurium dioxide. Based on the

observation that precipitation of metallic tellurium occurs

in cells located well away from its sources in agar, it is

concluded that some soluble tellurium species, likely to

include the tellurite oxyanion, forms despite the reported

insolubility of the solid sources and diffuses to the cells.

There, the soluble tellurium is taken up by EPR3, precipi-

tating metallic tellurium within the cell and more slowly

converting, possibly by the Challenger mechanism, to a

volatile tellurium species that diffuses out of the cell and

escapes.

Interestingly, EPR3 shows resilience to the soluble tel-

lurite oxyanion at concentrations of 0�3 mmol l�1, signif-

icantly higher than reported in vent fluid (Yoon et al.

1990). Consequently, there is potential in using EPR3 to

recover tellurium industrially, bypassing some of the

existing processing steps, and, possibly, also in recycling.

This will involve handling the volatized tellurium species

and, in the case of processing cadmium telluride, special

care in capturing the highly toxic dimethylcadmium

(Strem Chemicals Inc.; Thayer 2002) if any were to

evolve. Further research into purities, yields and flow-

through processes is clearly needed, but EPR3 and possi-

bly other vent bacteria show considerable promise for

both higher efficiency tellurium recovery and simpler

processing.
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