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ABSTRACT

Many of the scarcest metals are critical to future energy technologies. However, these metals often
have limited supplies, and their current production and recycling methods are complicated and use
toxic chemicals. In order to ensure the availability of these metals alternative methods for their recov-
ery need to be explored. This thesis describes biological methods for the recovery of some of these
metals, specifically the lanthanides and tellurium. It is one of the first investigations for the biogenic
recovery of either of these metals, making it unique in the field.

The lanthanides are critical elements in the high performance magnets used in wind turbines, elec-
tric vehicles, and other green’ technologies, but they are difficult to separate from one another because
of their chemical similarity. We demonstrate a biogenic method based on lanthanide adsorption to the
bacteria Roseobacter sp. AzwK-3b, followed by subsequent desorption as a function of pK, using a
semi-continuous flow process. The desorption behavior suggests that the basicity of the individual
lanthanides is important in determining their biosorption and desorption behavior. Similar selectiv-
ity was also found using phosphatidic acid liposomes. It is possible to concentrate a solution of equal
concentrations of each lanthanide to nearly 50% of the two heaviest lanthanides in only two stages of
enrichment, surpassing existing industrial practice. This suggests that there is an opportunity to har-

ness the diversity of bacterial surface chemistry and liposome chemistries to fine tune the separation
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and recovery of these technologically important metals, and to do so in an environmentally benign
manner.

Tellurium is used in photovoltaic (PV) modules and thermoelectric generators, however it is not
abundant in the earth’s crust and is difficult to produce. We show that the hydrothermal vent mi-
crobe Psendoalteromonas 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 include
metallic tellurium, tellurite, copper autoclave slime, tellurium dioxide, tellurium-based PV material
(cadmium telluride), and tellurium-based thermoelectric material (bismuth telluride). 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 con-
centration during tellurium transformation. Insights from these experiments on the mechanisms of
tellurium precipitation and volatilization by bacteria, and their implications on tellurium production

and recycling are discussed.
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Introduction

Future energy technologies will rely on the availability of scarce metals that are in limited supply and
have low production yields. As an added challenge, very little is known about these metals’ produc-
tion, resources, and reserves. Indeed, only recently has this issue gained attention in the scientific
community. Most scientific studies on metal resources have been published in the last 15 years’, and
they predict that metal production will need to increase almost tenfold to meet the growing demands,

especially from developing countries’. This demand can be alleviated for abundant metals, such as



iron or aluminum, by increasing mining production and/or recycling efforts for which there already
exists a stable infrastructure, but for metals essential to green energy technologies, such as the lan-
thanides, tellurium, indium, and platinum, there is no clear solution. All of these but the lanthanides
are produced as byproducts from the mining of a more abundant ore, thus the already limited supply
is also volatile. One approach to increase the availability of these critical metals is to improve meth-
ods for their recovery. This dissertation describes research using biologically inspired methods for the
recovery and production of some of these scarce metals - specifically the lanthanides and tellurium.
Biologically inspired methods, particularly methods utilizing bacteria, may confer many advantages
over traditional approaches to scarce metal recovery. For example, bacteria are known to undergo
highly specific interactions with their targets, e.g. the protein transferrin specifically binds Fe(III)*. In
addition, bacteria are usually non-toxic and can replicate, ensuring a near endless biomass for more
benign processing. Furthermore, systems that utilize bacteria for continuous flow or batch systems
have already been developed for industrial use in breweries, wastewater treatment plants, and cell based
chemical manufacturing, amongst other applications. To date, bacterial approaches to scarce metal
recovery remain unexplored. This dissertation represents the first research on bacterial processing
and recovery of the lanthanides and tellurium, and presents promising results that will serve as the

foundation for future research in this field.

1.1 CURRENT MICROBIAL METHODS FOR METAL RECOVERY

Bacteria have an important role in metal geochemistry, and are known to be lynchpins in the cycling
of various earth abundant metals, such as iron, manganese, calcium, and magnesium*>*. They are also
crucial in the cycling of heavy metals, such as arsenic, lead, and mercury®’. Bacteria have evolved mech-
anisms for interacting with these metals because the metals have forms that are soluble and available

to bacteria in their natural habitats, for instance in the ocean and in streams. They interact with the



metals for their benefit, as in the case of iron redox for ATP generation, or for their detoxification,
as in the case of mercury reduction to Hg®. The elements discussed in this thesis are not generally
bioavailable or considered to be bioactive, and the role bacteria play in their cycling is either unknown
or negligible. Nevertheless, bacteria do interact with these metals, and can be used for their recovery
from solution.

The most common ways bacteria extract metals from their sources are by bioleaching and biosorp-
tion. One example of bioleaching is the practice of adding iron oxidizing bacteria to heap metal ores
to enhance metal solubilization . Biosorption is the practice of using biomass to adsorb metal ions

from dilute solutions’.

1.I.I BIOLEACHING

Bioleaching has been used industrially to extract copper from copper sulfides, and has been demon-
strated on iron, cobalt, nickel, zinc, and uranium?®. A typical bioleaching process that liberates iron
from pyrite is as follows?:

Fe** is added to a pyrite (FeS,) ore in the presence of water. The pyrite is oxidized by the Fe**
(creating Fe**) transforming it to a soluble sulfur species (S,0,%) and an iron ion which also goes
into solution (Fe**). Chemoautotrophic bacteria (i.e. bacteria that obtain energy through oxidizing
inorganic molecules) then oxidize the sulfur to form sulfuric acid and oxidize the Fe** to form Fe**
(replenishing the original oxidizing agent). The excess iron ions (Fe**), now separated from the ore,
go into solution and can be recovered from the heap using typical extractive metallurgical techniques,
such as electrowinning.

Bioleaching has been used in the extraction of copper at an industrial scale since at least 1980, and
in several instances since®. These processes often utilize iron oxidizing bacteria such as Thiobacil-
lus ferrooxidans, although consortia of bacteria are now being developed to improve overall copper

yields®. Today, bioleaching processes over 150 tonnes of copper ore per day® (compared to 50,000



tonnes produced globally per day'), and has been estimated to save around so cents per pound of

copper compared to traditional methods®.

1.I.2 BIOSORPTION

Bacteria can be inexpensive, have rapid generation times, can tolerate a range of conditions, and have
the intrinsic capacity to biosorb metals from dilute streams. For these reasons, they are used in some

12 - Tn these cases the bacterial

water remediation strategies, mainly as biosorbents for heavy metals
surfaces immobilize metal ions from solution, through a combination of physical, chemical, and elec-
trostatic binding. The bacteria have a high surface area consisting of polysaccharides, lipids, and pro-
teins which provide numerous complexation sites for metals to bind to. Biosorption alters cation
mobility by indirect means and therefore is not typically selective for individual metals.

There are a number of examples in which biosorption has been used to remediate mining effluent.
At the Homestake lead refinery in Missouri, USA, for instance, metal-rich waste is passed through
beds of cyanobacteria, algae, and plant material. This biomass is reported to remove greater than 99%
of all metals, including lead, copper, and zinc®, which can then be safely disposed of. In addition,
a pilot scale mercury remediation system has been installed at a chloralkali plant in Germany. The

plant removed 99% of mercury from waste effluent through biosorption to various strains of Psez-

domonas™.

1.2 GOALS AND OBJECTIVES

The overall goal of this thesis is to investigate the possibility of bacterial recovery of the lanthanides and
tellurium from a variety of sources, such as solutions, compounds, devices, and mining products. We
did not endeavor to merely identify and optimize a process, so the yields and purities of the recovered

metals, which may be important to future applications, fall outside the scope of this thesis and were



not rigorously examined. Rather, we sought to learn and theorize about the interactions between
metals and bacteria that occurred during experimentation. In the process we hoped to understand the
science that governed the phenomena that were observed, and establish a framework for the bacterial

recovery of scarce metals.

1.3 CONTENT OF THESIS

The first two chapters present the motivation and background for the experiments that were per-
formed. Chapter 2 discusses the lanthanides’ and tellurium’s supply risk, as well as their applications
and current methods for their extraction and recovery from mines. Chapter 3 discusses the bacteria
used during the investigation, along with the reasons each was selected.

As has been discovered in this thesis, the lanthanides biosorb to bacterial surfaces and can sub-
sequently be selectively desorbed by washing with elutants of different pH. Their biosorption is de-
scriped in Chapter 4 and their desorption in Chapter s. A simple surface site binding model for the bac-
teria is proposed that describes the biosorption and desorption behavior of the individual lanthanides
in terms of the pKa of different surface sites. The model is tested by replacing the bacteria with a
liposome having exposed phosphate groups, thought to be the principle binding site on the bacteria.
The performance of the liposomes is similar to the bacteria and, furthermore, both exhibit very similar
separations of the heavy lanthanides. In Chapter 6 we show that these separations can be controlled to
concentrate various lanthanides from an equally mixed lanthanide solution. This biosorption - based
process surpasses some of the lanthanide separations that are currently performed in industry.

Tellurium, on the other hand, is found to interact with bacteria very differently, as some bacte-
ria have the ability to transform tellurium between its various chemical compounds. Following a
summary of known tellurium microbiology in Chapter 7, Chapter 8 describes the reaction between a

deep-sea vent bacteria, chosen for its high tolerance for tellurium, and several tellurium compounds.



Despite the differences between many of these compounds, it is found that the bacteria nonetheless
interact with them in a similar manner. Based on the results obtained, a consistent model for the
bacterial transformation of tellurium is presented.

The biological recovery of metals is nascent, but growing in importance. This dissertation con-

cludes with a summary of the work presented, and an outlook for future researchers who explore this

field.



Tellurium and lanthanide extraction,

recovery, and supply risk

To place this research in perspective the current concern about metals’ availability will be described,
specifically as it pertains to the lanthanides and tellurium.
Current methods for lanthanide and tellurium extraction, separation, and purification are com-

plex, multistage, use toxic chemicals, and have poor yields. Additionally, these elements have low



abundances and geopolitical considerations affecting their availability. Taken together, these these
metals’ supplies can be at risk to a number of disruptions and threats, and new methods for their
production and recycling are needed. This is especially important to these metals because it is likely
that their demand will increase significantly as green technologies are implemented world wide. This
chapter summarizes tellurium’s and the lanthanides’ supply risk, as well as the current means by which

these metals are extracted.

2.1 SUPPLY RISK

A metal’s supply risk can be defined as the vulnerability of that metal’s supply chain, or, in other words,
the probability that metal becomes unavailable. A metal’s overall supply risk is composed of many
risk factors, and the two that are most relavent to this thesis are the resource supply risk, which is
the risk associated with the overall abundance of a metal, and the geopolitical supply risk, which is
the risk associated with governments controlling the production or reserves of a metal. As will be
described below, tellurium’s major supply risk is a resource risk, whereas the lanthanides’ supply risk

is a geopolitical risk.

2.1.1 RESOURCE SUPPLY RISK

Metals can be grouped into three major categories of abundance: the abundant metals, the semi-scarce
metals, and the scarcest metals.(Figure 2.1) The abundant metals consist of the rock-forming elements
such as iron, aluminum, sodium, and magnesium that occur at least at one atom per thousand silicon
atoms (silicon being the most abundant metal). They are widespread throughout the world and occur
at high concentrations in their ores. Unsurprisingly, these same elements have higher production and
more applications than less abundant metals, and have been used in tools and devices throughout

history. They are also the primary products of many mines, from which other metals are recovered as
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Figure 2.1: Abundance of the elements as a function of atomic number. Telluriumis ascarce element,
with an approximate concentration of 1 ppb compared tosilicon, and the lanthanides are semi-scarce
elements, with concentrations ranging between approximately 10 ppm and 100 ppt. (This figure is
adapted from one published by the United States Geological Survey.) *

byproducts.

In contrast, the semi-scarce metals consist of metals that occur at lower concentrations, between 10
ppt and 100 ppm relative to silicon. Examples of these metals are cobalt, nickel, molybdenum, lead,
and the lanthanides. These metals have many applications, but they are not used in the same volume as
the abundant metals. Many of the semi-scarce metals can be mined as primary products or produced
as byproducts from mining other metals.

Finally, the scarce metals are metals that are present in the earth’s crust at concentrations less than



10 ppt relative to silicon, and include metals such as rhodium, iridium, platinum, and tellurium. Due
to their high costs, these metals are not widely used and are often substituted with other metals where
feasible. They are nearly always produced as the byproducts from mining other metals. The scarce
metals present a supply risk because they are not abundant enough to ensure their availability, and
their supply is inelastic with their demand, because it is tied directly to the mining of the primary ore
from which it is produced.

An element’s supply risk is also a function of the existence of widespread mineable ores. Even if
an element is abundant, if its ores are limited to specific regions of the world then geopolitical factors
become important. A well-known example of this is oil, where proven reserves and production are
largely concentrated to the Middle East, Russia, and South America. A method of quantifying diver-
sity in a marketplace is the Herfindahl-Hirschman Index (HHI)™. Although the HHI was created to
determine business competition in assessing monopolies for antitrust cases, it has been recently used
by T. Graedel to assess the elements and their geopolitical risk'7. The HHI represents the concentra-
tion of market share that countries have over metal production, and can be applied to both production
of materials (i.e. the countries that produce the materials), or the proven reserves of materials (i.e. the
countries where these materials exist). It is calculated for each element with the following equation,
where N is the total number of countries involved, and s; is the percent market share of country i in

the world production or reserves of a given element.

HHI =YY

As a part of this thesis work, the HHI’s for most elements were calculated based on USGS data
from 2011, and they are shown in Table 218, A high HHI is associated with a concentrated market,
and asa rule of thumb in businesses an HHI over 2500 is considered *highly concentrated’™®. Examples

of metals with high HHI’s are the lanthanides, since production is currently confined to China, the

10



platinum group elements, where, although production occurs in many countries, proven reserves are
highly concentrated in South Africa, and niobium, where both reserves and production are principally
in Brazil.

The periodic table in Figure 2.2 (also produced as part of this thesis) shows the elements that have
supply risks either due to concentrated production or reserves as measured by HHI, or lack of abun-
dance. Any element shaded red in one of the three sections should be considered at a supply risk. Some
of these metals which are deemed to have supply risk are also important to future energy technologies.
For example, neodymium, praseodymium, and dysprosium are used in permanent magnets in electric
motors and generators, and tellurium is used in solar cells. The results of the HHI and abundance
analyses are supported by a different methodology used by the U.S. Department of Energy to com-
pare each elements’ supply risk to its criticality in future energy technologies™.(Figure 2.3) The results
show many of the lanthanides and tellurium are among the scarcest and most critical elements. New
methods are needed for the recovery and recycling of these elements, to ensure that that their scarcity

does not prohibit their use in new energy conversion devices.

2.2 TELLURIUM APPLICATIONS AND PRODUCTION

2.2.1 APPLICATIONS

Since its discovery in 1782.*°, tellurium has rarely been recovered or produced from mining operations
because of its minimal usage and limited applications. In the last decade though, the optical, elec-
tronic, and processing properties of tellurium have been exploited to create among the cheapest solar
cells per power output®” and among the highest efficiency thermoelectrics .

The largest application of tellurium is in cadmium telluride (CdTe) solar cells. CdTe has a band
gap of 1.45 €V at 300 K, making it almost perfectly matched to the peak of the solar spectrum**. Cur-

rent CdTe solar cells can reach efficiencies above 20%, making them amongst the best-in-class pho-
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Table 2.1: Calculated Herfandahl-Hirschman indices for each elements’ production and reserves ‘°.
Starred values show a high degree of uncertainty. The lanthanides are shaded in gray.

Element HHIprodu:tion HHIre:ervex Element HHIproduction HHIre:ervex

He 3200 3900 Ru 3200* 8000*
Li 2900 4200 Rh 3200* 8000*
Be 8000 4000* Pd 3200 8000*
B 2900 2000 Ag 1200 1400
C 500* 500 Cd 1700 1300
N 1300 500" In 3300 2000*
@) 500" 500* Sn 2600 1600
F 1500* 1500* Sb 7900 3400
Na 1100 500 Te 2900 4900
Mg 5300 500" 1 4900 4800
Al 1600 1000* Cs 6000* 6000*
Si 4700 1000* Ba 3000 2300
P 2000 5100 La 9500 3100
S 700 1000* Ce 9500 3100
Cl 1500* 1500* Pr 9500 3100
K 1700 7200 Nd 9500 3100
Ca 3900 1500* Pm 9500 3100
Sc 5500™ 4500" Sm 9500 3100
Ti 1100 1600 Eu 9500 3100
\Y% 3300 3400 Gd 9500 3100
Cr 3100 4100 Tb 9500 3100
Mn 1600 1800 Dy 9500 3100
Fe 2400 1400 Ho 9500 3100
Co 3100 2700 Er 9500 3100
Ni 1000 1500 Tm 9500 3100
Cu 1600 1500 Yb 9500 3100
Zn 1600 1900 Lu 9500 3100
Ga 5500™ 1900* Hf 3400" 2600*
Ge 5300 1900* Ta 2300 4800
As 3300 4000* \\ 7000 4300
Se 2200 1900 Re 3300 3300
Br 3300 6900 Os 5500 9100*
Rb 6000* 6000* Ir 5500* 9100*
Sr 4200 3000* Pt 5500 9100™
Y 9800 2600 Au 1100 1000
Zr 3400 2600 Hg 5500 3100
Nb 8500 8800 TI 6500* 6500*
Mo 2400 $300 Pb 2700 1800
Bi 5300 6000
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Figure 2.2: Periodic table with each elements’ HHI production, HHI reserves, and abundance shaded.
The magnitude of each of these parameters is shaded from blue to red in order of increasing HHI and
scarcity. Elements with red sections are considered to have supply risk. Used with permission .
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some lanthanides are deemed critical and near critical elements. (Figure reproduced from one pub-
lished by the U.S. Department of Energy.) *’.
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tovoltaics (PVs)*. They also have relatively simple architectures consisting of only 6 layers: glass,
transparent conductor (SnO,), window (CdS), alloy layer (CdSyTe,x), absorber (CdTe), and metal
contact*®. These factors contribute to making CdTe solar cells the cheapest commercial solar cells
based on cost per watt. In 2008, more thin-film solar cells, dominated by CdTe PV modules, were
produced in the U.S. than any other kind*”. A brief analysis of the impact of tellurium’s low abun-
dance on the solar cell industry is presented in Appendix F.

Another application for tellurium is in Peltier coolers and thermoelectric generators, which pri-

marily utilize bismuth telluride to convert between heat and electricity28’23’29.

The scarcity of tel-
lurium, however, has driven research towards other compositions that are less efficient than bismuth
telluride*®*. More effective recovery of tellurium could expand the use of bismuth telluride thermo-

electrics.

2.2.2 PRODUCTION

Tellurium is produced as a byproduct of copper mining, and an abridged process for its recovery used
in the United States is outlined below.(Figure 2.4) In copper ore it exists primarily as tellurides (e.g.,
Cu,Te, AgTe), with an abundance of ~o.1 ppm?3*3%*. Like copper’s other daughter elements’ (e.g.
gold, silver, selenium, and platinum group metals (PGMs)), tellurium first undergoes copper’s re-
covery circuit. It is mined, milled, floated, smelted, casted and finally electrolyzed where it is freed
from copper and collects, along with other impurities, as anode slime (shown schematically in Fig-
ure 2.5)*»¥. Each of these processes are intended to purify copper, not tellurium, and much tellurium
is lost (particularly during smelting)***. Nonetheless, the anode slime contains ~1% tellurium, en-
riched 10° times from copper ore*3.

Purification from the anode slime varies between refineries, but the chemical steps for a typical pro-
cess are shown below. First, the anode slime is acid leached in an autoclave (150 °C, 2 atm) for 1 week

to convert tellurium to tellurous acid (H,TeO;)*. This solution is filtered through copper powder
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L

Figure 2.4: Abridged tellurium production flow chart used in the United States*>*2. Gray shaded
region shows where tellurium production begins. Red text shows possible tellurium sources for bac-
terial recovery. Also, the electrowinning step is described in detail in Figure 2.5.
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Pure copper
cathode

Impure copper
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(contains Te)

Copper sulfate
solution

Figure 2.5: Copper is electrolytically purified from an impure copper anode to a pure copper cath-
ode. The impurities from the copper anode settle at the bottom of the chamber as ’anode slime’. This
anode slime contains high levels of tellurium (B;,,;7.=1%) and is currently used as the primary source
for tellurium.

where the tellurium ‘cements’ (i.e., reacts) to form copper telluride (CuTe) (i)***. Then, sodium car-
bonate (Na,CO;) oxidizes telluride to sodium tellurite (Na, TeO,) (ii)***. Next, the sodium tellurite
is neutralized to pH s, forming tellurium dioxide (TeO,)(iii) *>**. Finally, sulfur dioxide (SO,) reduces
tellurium dioxide to metallic tellurium (Te®) (iv)***. Tellurium’s recovery from anode slime has effi-
ciencies between 20-80%3%%. The efluent of the autoclave step in the process, called autoclave slime,

contains tellurium and is a potential source for bacterial tellurium recovery»#,

Tellurium production from anode slime:

(i) 4Cu + H,TeO; +2H,SO, — Cu,Te + 2CuSO, +3H,0
(ii) Cu,Te + Na,CO; + O, = 2CuO + Na, TeO, + CO,
(iii) Na, TeO; + H,SO, — TeO, + Na,SO, + H,O
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(iv) TeO, + 2580, + 2H,0 — Te° + 2H,SO,

We note that there are alternate processes to purify tellurium from its various mining sources (e.g.,

tellurium bearing soda slags, and acid-plant sludges and muds)*%.

2.3 LANTHANIDE APPLICATIONS AND PRODUCTION

2.3.1 APPLICATIONS

The largest use of the lanthanides by volume is probably in glasses and ceramics, where they are used
as additives to colorize these materials or absorb ultraviolet light, and to polish their surfaces*. An-
other important application is hydrocarbon cracking, where lanthanide oxides (primarily lanthanum
oxide) are used to break down long-chained hydrocarbons into short-chained ones®. In addition,
the lanthanides are used in many ’green’ energy technologies, such as phosphors in advanced lighting,
intermetallics in fuel cells and batteries, and permanent magnets in wind turbines and electric vehicles.

High performance electric motors and generators rely on lanthanides, where they are used in high
energy product permanent magnets for converting between mechanical and electrical energy**. Among
the materials with the highest magnetic energy and highest coercivity are neodymium iron boron mag-
nets (Nd,Fe,,B), and so they are used in the gear boxes of wind turbines and electric car motors*°.
These magnets sometimes have samarium, dysprosium, or terbium added in order to increase their
coercivity and high temperature performance. A brief case study on the impact of neodymium’s avail-
ability on the electric car market is presented in Appendix F.

Lanthanide based phosphors are used to convert incident light into important wavelengths in the
visible spectrum. Many of them were originally developed for use in cathode ray tubes, and are now

used in fluorescent and LED lighting. Eu®*:Sr, Al, O,;, for example, after excitation with ultraviolet
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light, irradiates blue light at 425 nm*. Terbium and lanthanum can be combined in Tb*:LaPO,
phosphors to create green light at 535 nm*. These and other lanthanide based phosphors are necessary
to create so-called “natural’ lighting that appears to match incandescent lamps’ spectra.

Lanthanide intermetallics can store large amounts of hydrogen per unit volume. One application
is hydrogen storage, where alloys such as LaNi; adsorb hydrogen to form LaNi;Hs 3 It is commer-
cially used in fuel cell vehicles because the adsorption and desorption of hydrogen is fully reversible
over a large number of cycles by changing the temperature or pressure. Another major use is in
nickel metal hydride batteries, where protons are stored in the lanthanide-based anode (for example
La(Ni,sMn, 4 Al, ;Coo.,)) B, During recharging they desorb and combine with an electron at the cath-
ode. Nickel metal hydride batteries are used in a variety of electronics and electric vehicles.

Additionally, an important magnetostrictive material (i.e. a material that undergoes a strain un-
der a magnetic field) is Terfenol-d, which is an iron - dysprosium - terbium alloy (Tb,; Dy, ,Fey ;) *.
Terfenol d is a high powered actuator that is used in valve controls and large sonar systems.

Many of these applications have only been developed in the last 6o years because before then the
lanthanides were too difficult to separate to study individually. It was only with the advent of modern
lanthanide separation techniques have the lanthanides’ properties been fully characterized, and appli-
cations for lanthanides grown. In the next section these separation strategies and techniques will be

discussed in depth.

2.3.2 PRODUCTION

The lanthanides are difficult to recover because they are chemically similar and naturally occur to-
gether. They are found in minerals such as Bastnaesite, Monazite, and Xenotime, where they occupy
the same cationic lattice sites because of their identical valency (3+), and similar size. This means the
lanthanides cannot easily be separated using typical and uncomplicated mineral purification methods

that take advantage of differences in elemental size, density, reduction/oxidation potential, and/or
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melting/boiling points.

The overall approach to recovering the lanthanides is generally the same world-wide. Lanthanide
ore is mined from the ground and crushed to a particle size of 100 um. This powder passes through a
series of flotations that separate out the flotation tails (i.e., waste) from the lanthanide mineral. The
lanthanide mineral is then chemically processed to remove impurities (e.g., Sr, Th, U, and Ca). Finally,
the pure lanthanide concentrate is dissolved into a chloride solution that is the input for separation
into individual lanthanides as described below.

The lanthanide chlorides (LnCl,) are typically separated through a series of liquid-liquid extrac-
tions. During the liquid-liquid separation process an aqueous mixture of lanthanide chlorides is com-
bined with an immiscible organic liquid*. Individual lanthanides partition differently between the
organic and aqueous phases based on the small differences in their basicities which, in turn, change
their relative solubilities in each of the liquid phases 3 Then, the two liquid phases are isolated and the
lanthanides scrubbed (i.e. recovered) from each phase. The scrubbed solutions are continuously fed
through numerous solvent extraction stages to further improve the purity of the recovered elements**.
Typically, the lanthanides are separated into groups of lanthanides based on their masses(e.g. ’lights’
and ’heavies’), and then subsequently separated into individual lanthanides if necessary for a given
application.

The organic phase is usually a phosphate material dissolved in kerosene. Industrially, these in-
clude di-2-ethyl-hexyl-phosphoric acid (HDEHP), and 2-ethyl-hexyl-2-ethyl-hexyl phosphonic acid
(EHEHPA). The aqueous phase is normally at low pH in a common inorganic acid, for example o.1
M HCI, or t M HNO,;. Besides the scrubbing solutions, other variables also affect the separation; the
concentration of solutes and lanthanides, pH of the solution, and temperature all play a role. For
example, solubility of Gd*" in EHEHPA increases with pH and EHEHPA concentration*.

The effectiveness of lanthanide separation can be quantified using the following calculations. The

measure of an individual lanthanide’s affinity to a particular phase (aqueous or organic) is known as
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the distribution coefficient, and is the ratio of the lanthanide between the two phases. A figure of
merit, called the separation factor, quantifies the degree of separation between lanthanides; it is de-
fined as the ratio of distribution factors of two lanthanides. The further the separation factor is from

unity the better the separation is; in industry, the separation factors for neighboring lanthanides is as

low ~1.12.%.
. . . . _ [Lnorgﬂmic]
Distribution coefficient: Dy, = —2"
[LnAqueou:]
: . Yb _ Dy
Separation factor (Yb from Luy): ar, = p

Other methods for separating lanthanides that have been demonstrated include selective oxida-
tion/reduction, fractional crystallization/precipitation, and ion exchange. The lanthanides typically
exist in nature as trivalent cations, nevertheless Ce, Pr, and Tb exhibit tetravalency, and Sm, Eu, and
Yb exhibit divalency, so these elements can be oxidized and reduced from a mixture if in large enough
quantities. In industry this is commonly performed with Ce, which is removed during lanthanide pro-
cessing by oxidation to Ce**. Fractional crystallization/precipitation separates the lanthanides based
on slight differences in crystallization or precipitation as a function of temperature or solubility, re-
spectively. Ton exchange is a chromatographic technique in which a mixture of lanthanides is passed
through a charged column, and the lanthanides separate out based on their affinity to the column over
long distances and times. This method achieves ultra-high purities at the expense of low throughputs
and limited species separation. The majority of lanthanide separation is performed by solvent extrac-

tion*, requiring multiple stages and the use of toxic chemicals.
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2.4 SUMMARY

Advanced lighting devices, hydrogen based batteries, electric motors and generators, photovoltaic
cells, and thermoelectric generators are all important future energy technologies that rely on the avail-
ability of the lanthanides or tellurium. In many cases these elements have unique properties and are
difficult to substitute with other elements, making their ongoing availability critical to the implemen-
tation of these devices. Unfortunately, they each have supply risks and their production and recycling
are challenging. The next chapter describes the various bacteria which will be used to help recover and

separate these elements.
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Bacteria used for lanthanide and tellurium

Irccovery

The purpose of this short chapter is to describe the choice of the various bacteria used in this thesis
and the basis for choosing them. Because the field of research explored in this thesis is at an embryonic
stage and without any prior literature regarding lanthanides and tellurium, there is little guidance in

the literature for selecting particularly promising bacteria. Furthermore, as neither tellurium nor the
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lanthanides are earth abundant metals, and neither are environmentally available to any great extent,
it is also difficult to obtain bacterial strains that are exposed to them in the natural environment. For
this reason, bacteria from various environmental niches were selected, with a focus on extremophilic

bacteria.

3.1 HYDROTHERMAL VENT BACTERIA

Hydrothermal vents are geological structures that form at separating tectonic plates in the depths of
the ocean. These vents eject a superheated water solution known as hydrothermal vent fluid into the
ocean. The vent fluid forms when seawater seeps into the crust surrounding the vents. Itis heated and
acidified as it flows through the crust. It also becomes anaerobic and leaches a suite of metal ions from
the crust, resulting in a unique chemistry like no other on earth. As the hot fluid flows out of the vent
it serves as the energy source for an entire ecosystem of prokaryotes, eukaryotes, archaea, and higher
level organisms. The energy is mainly derived from sulfur oxidizing bacteria that convert hydrogen
sulfide to sulfate. This rich diversity of life exists at high temperature (~350°C), high pressure (~2s
bar), and low pH (~3.5)**.

Based on several studies of the vent chimneys, it is known that the vent fluid is particularly rich
in the lanthanides and tellurium. As the acidic water travels through the crust it dissolves and accu-
mulates these metals. The vent fluid from the East Pacific Rise, a vent field west of Chile, contains
lanthanides in concentrations that can be two to three orders of magnitude higher than is common
in seawater *>** (Table 3.1) Tellurium is also so times more concentrated in vent fluid compared to
the surrounding seawater . Interestingly, vent walls have the highest reported concentrations of tel-
lurium on the earth. Tellurium substitutes for sulfur in the walls and has been measured at concen-
trations of 45 ppm*°.(Table 3.2)

Extremophiles from hydrothermal vents have evolved unique mechanisms to survive in the pres-
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Table 3.1: Lanthanide concentration in the East Pacific Rise vent fluid(pM) #443

Lanthanide Seawater  East Pacific Rise
Lanthanum 29 7770
Cerium 55 14837
Praseodymium 4.4 2045
Neodymium 21.4 7969
Samarium 4.1 1477
Europium LI 3977
Gadolinium 6.3 1624
Terbium 0.92 201
Dysprosium 6.4 1058
Holmium L7 171
Erbium 5.5 397
Thulium 5.4 285
Ytterbium 0.88 39
Lutetium 170 9336

Table 3.2: Tellurium content in the east pacific rise vent fluid and vent walls *¢*°

Seawater Ventfluid Vent wall

Tellurium 13 ppq 461ppb 45 ppm
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ence of high metal concentrations in and around vents. They tend to produce higher levels of extra-
cellular polymeric substances (EPS), and this EPS is higher in functional groups for metal binding *7.
They also produce higher levels of eflux pumps to keep metals outside their walls. Many also undergo
both assimilatory and dissimilatory reactions with wide range of metals beyond just iron, like cobalt,
tungsten, and chromium 48 Some can even respire atypical metals like vanadium, and selenium #.
Bacteria from vents were chosen for this thesis because they are resilient in extreme environments and
have evolved unique mechanisms that enable them to thrive in the presence of concentrated metals.
Three strains of bacteria from the East Pacific Rise vent field were collected for this study from C.
Vetriani of Rutgers University: Pseudoaltermonas sp. EPR3, Alcanivorax sp. EPR7, and Acinetobacter
sp. EPR 174. Each strain was initially cultured to study mercury resistance*®. Their innate ability to
detoxify mercury makes them good candidates for studies on other trace elements. The three strains
come from genera with other unique properties that make them attractive for this project. Strains
from the genus Pseudoalteromonas are unusually resistant to tellurium, and have shown the ability to
reduce tellurium for metabolism in anaerobic conditions ****%. Strains from Alcanivorax produce
EPS that is rich in a unique class of glycolipids that are hydrophobic and allow it to exist in high metal
concentrations*. Finally, strains from Acinetobacter have been shown to produce an extracellular
substance capable of breaking down a wide range of metal compounds, and show a high resistance to

many metals$°.

3.2 OTHER BACTERIA USED IN THIS THESIS

The strain Roseobacter sp. AzwK-3b was selected because it has the ability to rapidly oxidize Mn(II)
to Mn(IV)%, which was attributed to extracellular superoxide generation®®. It was obtained from C.
Hansel of the Woods Hole Oceanographic Institute who had cultured this strain from the Elkhorn

Slough, which is a coastal estuary near Monteray Bay in California. The Roseobacter phylum is well
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known to be able to transform a number of sulfur species to dimethyl sulfide and other organosulfur
compounds* and to have high surface to volume ratios, making them capable of high metal uptake ®°.

Shewanella Oneidensis MR-1 was purchased from the American Type Culture Collection (ATCC)
and is an iron-reducing bacterium that was first isolated in Oneida Lake, USA. It has a high metabolic
diversity (i.e. capable of obtaining energy from many sources) and has become a model organism to
study metal-microbe interactions. It has the ability to reduce many metals for metabolism, including
manganese and iron, and for this reason it is commonly used in microbial fuel cells 61 In addition, re-
cent research has shown that it can produce extracellular bacterial nanowires that are capable of trans-
porting charges between individual cells®*. Escherichia coli P8 was also purchased from the ATCC. It
was chosen because it is the only bacteria identified that had been previously studied in relation to the
lanthanides and tellurium. In addition, E. coli is an archetypal bacteria used in microbiology, so it has
already been studied extensively.

Bacteria from the genera Pseudoalteromonas, Sphingobacterinm, and Halomonas were acquired from
R. Dutton of Harvard University, who isolated them from cheese rinds. These genetically diverse
strains present various interesting features to study. The Pseudoalteromonas obtained from the cheese
rinds is likely a different strain from Pseudoaltermonas sp. EPR3 and thus it should have many of the
same tellurium resistant properties as noted above. Sphingobacterium is a genus that produces high
levels of sphingophospholipids, and bacteria from this genus have been considered for cadmium re-
mediation because of their biosorptive capacity ®*. Halomonas is a halophilic genus of bacteria. These
bacteria are known to be highly tolerant to a wide range of metals*® and have been suggested for Sr
remediation because of their ability to remove strontium from solution ®*. One particular species of
Halomonas, Halomonas Maura, produces a unique EPS polymer that is efficient at removing metal

jons from solution ®.
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3.3 SUMMARY

The bacterial strains used for experimentation were selected because of their different attributes that
promised to be effective in bacterial processes with the lanthanides and tellurium. Specifically, Psex-
doalteromonas sp. EPR3 was highly resistant to tellurium and was able to transform it in unique ways,
so that strain is the primary focus of Chapter 8. Roseobacter sp. AzwK-3b, on the other hand, was effec-
tive in separating the lanthanides, and this strain underwent most of the experimentation in Chapters
4, 5 and 6. In the next chapter the background on biological interactions with the lanthanides is de-

scribed, along with experimentation on the lanthanides and the strains discussed above.
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Lanthanide biosorption

In contrast to many other common metals, the lanthanides are not considered bioactive. For instance,
studies on mice show that they slightly accumulate in the liver and bones, but are otherwise excreted °°.
Overall, they have low toxicities (median lethal dose = 100 mg/kg), which have allowed for their ap-
proval in various therapeutics®’. Two of the approved therapies take advantage of lanthanide com-
pounds’ ability to bind phosphates. One of these is the use of lanthanum carbonate in treating hy-

perphosphatemia, which is an elevated level of phosphate in the blood. The other is the use of cerium
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nitrate in treating burn victims. The cerium nitrate binds phosphates in the wound, which allows
for a calcium rich scab to form. The scab is harder and impermeable to bacteria, and decreases the
likelihood of infection. In addition, the characteristic luminescence of the lanthanides in certain hosts
makes them useful in biological imaging, where they are often chelated into larger molecules to sensi-
tize the luminescence effect ®®. Various applications in cells such as phosphate identification, pH levels,
and enzyme kinetics have all been probed using lanthanide luminescence. Another notable character-
istic of the lanthanides is that some have similar ionic radii to calcium, so many lanthanides can be
substituted for calcium in the calmodulin protein. This has been utilized to investigate the structure
and function of this protein by various fluorometric assays .

These biological applications of the lanthanides are rather specialized, because, as previously men-
tioned, the lanthanides are not considered bioactive. Instead, the primary interaction between the
lanthanides and organisms, especially microorganisms, is biosorption. In this chapter we will inves-
tigate lanthanide biosorption to bacteria and discover that these elements, while chemically similar,

biosorb differently.

4.1 LANTHANIDE BIOSORPTION BACKGROUND

Biosorption has been considered for harvesting valuable metals from solution, and so previous studies,
many of which are very recent and are contemporary with the studies performed as part of this thesis
research, have explored bacterial biosorption in order to recover the lanthanides. These studies were
usually relatively simple explorations of lanthanide biosorption, and consisted of batch experimentsin
which first, known masses of lanthanide cations were combined with biomass in an aqueous medium,
then the system was allowed to equilibrate, and finally the amounts of lanthanides removed from so-
lution (i.e. biosorbed to the biomass) were measured. The variables tested in these studies include:

lanthanide atomic number, type of biomass, hydration of biomass, viability of biomass, contact time
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between lanthanides and biomass, pH of working solution, and temperature. From these studies it ap-
pears that the viability of the biomass (i.e. live vs. dead biomass) does not affect biosorption”>7". It also
appears that the aqueous media in which the cells are grown does influence biosorption”?, although
the hydration of the biomass prior to biosorption, wet or dry, does not”>7+757¢. Additional studies
have shown the kinetics of lanthanide biosorption are extremely rapid 7772727879876 with studies

showing over 99% biosorption within 5 min*>”"

. Also, the pH of the solution at which biosorption
occurs is important. At lower pH levels biosorption occurs to a lesser extent than at higher pH lev-
els77827871868376 - This holds true below circumneutral pH levels, above which the lanthanide ions
precipitate as hydroxides®*. The temperature of the solution appears to have a small influence on
biosorption, with the highest biosorption occurring between 30°C and 50°C¥.

Many types of biomass have been tested for their lanthanide biosorption capacity, and each varies
in its ability to bind the lanthanides. These biomasses include a range of Gram-positive 8  Gram-

8271 and acid-fast (i.e. resistant to staining) bacteria’®7#, spent rootlets””, leaf powder®,

negative
fungi“, seaweed’?, and microbial mats®. There are a limited number of studies that focus specif-
ically on differences between biomass. One has shown that Bacillus subtilis, a gram-positive bac-
terium, and Escherichia coli, a gram-negative bacterium, biosorb the lanthanides similarly. Others
have shown that different binding models are better suited to fitting biosorption data to different
bacteria’?. These studies go along with other non-lanthanide ion studies that show biosorption does
not vary to a large degree among different types of biomass, and that many of its properties are com-
mon to all biomass®9°,

Very few studies have focused on differences between the individual lanthanides, and those that

7980 - Some differences be-

have concluded that when compared to other ions they behave similarly
tween the lanthanides do exist, though. For example, in batch reactions with individual lanthanides
the lightlanthandies and heavy lanthanides tend to biosorb more than those with intermediate atomic

mass’#7°. However, when the lanthanides are combined in competition, the heavy lanthanides tend
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to biosorb more than the light lanthanides®»®%. Also, there is one study, published during the course
of writing this thesis, that shows that at low pH the heavy lanthanides biosorb more than the light lan-
thanides?".

Some lanthanide biosorption experiments using both spectroscopic techniques and surface modi-
fications have characterized the actual surface sites that are likely to be involved in lanthanide biosorp-
tion. While these sites are not known in detail, and different bacteria may behave differently, the
lanthanides are generally believed to biosorb to complex arrangements of carboxyl and phosphate
groups*»7%80758:8575 The carboxyl and phosphate groups have published pK, values that range from
1-6, and this range is supported by multiple potentiometric studies using individual lanthanides7%#75.
The carboxyl groups have a single-bonded oxygen with a pK, ~ 4, whereas the phosphate groups’
binding site varies depending on if the phosphate has a monoester or diester bond: the phosphoester
group has a pK, ~ 6% and the phosphodiester group with a much lower pK, ~ 292, Studies by
Ngenwya et al. (2009) and Takahashi et al. (2010) have utilized x-ray absorption spectroscopy (XAS)
to conclude that carboxyl, and particularly phosphate surface groups, are generally responsible for
lanthanide biosorption.

Gram-negative bacteria are known to have a complex outer membrane on which biosorption can
occur. The membranes include proteins, phospholipids, and lipopolysaccharides . These molecules
can present amine, hydroxyl, carboxyl, and phosphate groups to varying degrees, but only the car-
boxyl and phosphate groups are normally associated with metal binding®*. The role of extracellular
polymeric substances (EPS) are generally not considered in biosorption studies, but recent evidence
suggests their contribution may, in fact, be important®>7. EPS can consist of up to 80% of nucleic
acids, making it a large source of phosphate groups for binding®*.

Many of the lanthanide biosorption experiments presented in this chapter are distinct from those
described above. As described in chapter 3, the biomass included strains of bacteria that had never be-

fore been tested for their biosorption ability. Also, in some experiments biosorption during bacterial

32



growth was studied rather than in the stationary phase. Additionally, the majority of experiments used
a mixture of all the lanthanides for biosorption rather than single lanthanides, and in others the lan-
thanides were first chelated with organic acids. In addition, only a few of the experiments were carried
out in batches, as is usually performed. Instead, as will be discussed in Chapter s, a semi-continuous
biosorption process was developed that allowed for the study of lanthanide desorption, in addition to

biosorption.

4.2 BATCH BIOSORPTION STUDIES

In this section batch studies performed to measure differences in lanthanide binding between bacte-
rial strains and individual lanthanides are described. The full details of the experiments are in Ap-
pendix A. Cultures of the following strains were incubated with a mixture of all 14 lanthanides: Sph-
ingobacterium sp., S. oneidensis, Halomonas sp., EPR3, EPR7, EPR174. The amounts of lanthanides
biosorbed to each strain were measured by sampling the media before and after biosorption occurred
and the lanthanide content in these samples was measured using inductively coupled plasma - mass
spectrometry (ICP-MS). The differences in the lanthanides” mass were assumed to be biosorbed. This
amount was divided by the initial mass of the lanthanides in the solution in order calculate the biosorbed
mass fraction of each lanthanide. Two biosorption experiments were performed with different growth
conditions. In the first, the lanthanides were added to cultures in stationary phase.(Figure 4.1) In the
second the bacteria were inoculated into a solution that contained the lanthanides, and grown in the
presence of the lanthanides.(Figure 4.2)

In the experiments with lanthanides added to strains in stationary phase, there was consistent lan-
thanide biosorption between strains and individual lanthanides.(Figure 4.2) Between 80-99% of the
lanthanides biosorbed to each strain, with the three hydrothermal vent strains (EPR3, EPR7, EPR174)

biosorbing less than the others. In all cases there was very little difference between the individual lan-
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Figure 4.1: Biosorption of each lanthanide after a mixture of all the lanthanides are added to sta-
tionary phase cultures of various bacterial strains and allowed to incubate for 1 day. The three hy-
drothermal vent strains biosorb the least amount of lanthanides, however each strain biosorbs at
least 75% of all the lanthanides. There is a slight decrease in biosorption with atomic number.
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Figure 4.2: Biosorption of each lanthanide after various bacterial strains are grown in the presence
of a mixture of all the lanthanides for 11 days. In each strain lanthanum biosorbs considerably less
than cerium, and there is an overall decrease in biosorption with atomic number for all lanthanides
above samarium.
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thanides, with some showing a slight decrease in biosorption with lanthanide atomic number. This
decrease was always minor, and never more than % of the total mass biosorbed. In contrast, the
strains that were grown in the presence of the lanthanides had a lower total biosorption, and marked
differences between the biosorption of individual lanthanides. Nearly all the strains saw a decrease in
total biosorption by as much as 10%. In these strains lanthanum consistently had lower biosorption
than cerium, and there was a general decrease in biosorption with increasing atomic number for all
lanthanides after samarium. This decrease could be substantial, and in some cases there was a decrease
of % biosorption between neighboring lanthanides.

As stated, each strain biosorbed a different amount of the lanthanides, and nearly every strain
biosorbed less lanthanides during growth than when in stationary phase. These differences can be
understood by differences in total biomass between strains and between growth phases. The total
biomass was not measured and we would expect less biomass (e.g. during growth) to decrease biosorp-
tion because of the lesser surface area and number of surface groups”’.

There are a number of reasons that biosorption decreased with lanthanide atomic number. Re-
gardless of growth phase, at circumneutral pH levels Gram-negative bacteria bind higher levels of the
light lanthanides than heavier ones”. The drastic decrease in heavy lanthanide biosorption in bacteria
grown with the lanthanides, though, may be attributed to differences in the production of EPS and
peptidoglycan. Bacteria that are dividing produce less EPS than those in stationary phase, and EPS is
rich in phosphate groups which are thought to primarily bind the heavier lanthanides 8. In addition,
it has been shown using E. coli that dividing bacteria produce lesser amounts of peptidoglycan than
those that are in stationary phase®. Peptidoglycan is rich with carboxyl groups which has also been

attributed to heavy lanthanide binding®.

36



4.3 B10SORPTION OF CHELATED LANTHANIDES

The lanthanides are sometimes chelated in industry to aid in their separation, so neodymium and
praseodymium, two adjoining lanthanides in the lanthanide series, were chelated with dipicolinic acid
in order to determine its effect on biosorption. A sample of the bare neodymium and praseodymium
cations along with a sample of chelated neodymium and praseodymium dipicolinate were incubated
with EPR3 for 1 day. As with our previous studies, the samples were spun down and the biosorbed
lanthanide masses were measured using ICP-MS. EPR3 biosorbed the bare cations in solution almost
identically, with 76% biosorption. When the lanthanides were chelated though, the EPR3 biosorbed
slightly more praseodymium, and substantially more neodymium, at levels of 78% and 86% respec-
tively.(Figure 4.3)

While the chelation led to a difference in biosorption between these two lanthanides, the mecha-
nism for this is unclear. The chelation should influence steric interactions between bacterial surface
sites and the ligated lanthanides, and may also affect coordination of the ions. It has been shown that
decreased binding coordination leads to higher biosorption®, so it is possible the chelation changed
the size difference between neodymium and praseodymium enough so that the praseodymium be-

came lesser coordinated than the neodymium, and thus biosorbed less.

4.4 REVERSIBILITY OF BIOSORPTION

Metal adsorption and desorption to bacteria has been shown to be reversible, including with the lan-
thanides'*>7", and is fundamental to the biosorption mechanism. In order to demonstrate reversibil-
ity, lutetium was combined with Roseobacter AzwK-3b in a batch system. The pH of the batch was
incrementally decreased and then incrementally increased and the amount of lutetium in the batch
was measured after each step as a function of pH.(Figure 4.4) These measurements showed that the

amount of lutetium that biosorbed to the biomass was similar during both the pH descent (lutetium

37



- D .
- Wl Nd i
0.8 - —
e o -
]
_8 o -
S 06 | |
2 L 4
o]
e L 4
& 04 .
2 1
@©
E - -
0.2 - —
0

Free lons Chelated

Figure 4.3: Biosorption of cationic (free ions) and chelated (coordinated to dipicolinic acid)
praseodymium and neodymium. The free ions of each lanthanide biosorb similarly, but the chelated
ions show a marked difference, with higher levels of neodymium biosorption.
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Figure 4.4: Plot of Lu mass in the media of a batch culture of Roseobacter sp. AzwK-3b as a function of
the pH of the media being stepped down and then back up. As the pH is stepped down the mass of Lu
in the media increases as it is desorbed from the surface of the Roseobacter sp. AzwK-3b. As the pH
is stepped up the Lu in the media decreases as it re-biosorbs to the bacteria. The levels of Lu in the
media, and the slopes of the Lu mass vs. pH are similar during both the step down and the step up,
even though the media settled at slightly different pH levels. This demonstrates that Lu was bound,
then desorbed, then rebound to the bacteria and shows that the process is reversible.

desorption) and pH ascent (lutetium adsorption), showing reversible biosorption/desorption. The
pH levels at which the system equilibrated varied slightly when decreasing and increasing the pH,
showing some error in the experiment which cannot be easily explained, but the slope of the sorption

vs. pH is similar for both cases.
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4.5 SUMMARY

The lanthanides were shown to biosorb to each of the bacteria tested. This was demonstrated through
batch studies in which lanthanides were removed from solution after incubation with the bacteria, and
through the reversibility experiment that showed the total amount of lanthanide in solution was in-
versely proportional to the pH of the solution. There were some differences in biosorption between
the lanthanides tested and the bacteria tested; the heavy lanthanides biosorbed less than the others,
and the vent bacteria biosorbed less than the others. In addition, there were differences in biosorp-
tion dependant on the growth phase of the bacteria, as growing bacteria appeared to biosorb less, but
with more diffrentiation between the lanthanides. Finally, changing the size of the lanthanides by
chelation did have an effect on biosorption, and among the lanthanides tested the smaller chelated
lanthanides exhibited greater overall biosorption. These experiments provide little insight into the
sites the lanthanides are bound to on the surface of the bacteria, and if the different lanthanides bind
to different sites. The next chapter will explore this possibility by investigating lanthanide desorption

from the sites to which they are bound.
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Lanthanide desorption

The batch experiments in Chapter 4, especially showed that the individual lanthanides did not biosorb
uniformly across the lanthanide series. We hypothesized that these differences, however slight in the
batch studies, arose from differences in the actual bacterial sites to which the lanthanides were bound,
and that certain surface sites preferentially bound certain lanthanides. Based on the batch studies new
experiments were designed in an attempt to isolate the lanthanides based on the surface site to which

they were bound, so as to study these sites individually. This resulted in the development of a semi-
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continuous filtration assay, which was used in the majority of the lanthanide experiments reported
herein.

In this chapter we will discuss the development of this assay and its use in determining specific
bacterial binding sites, which appear to bind the lanthanides based on their pK,. Evidence for this
pK, dependent binding is reinforced through lanthanide adsorption experimentation on individual

lanthanides and through the use of liposomes, rather than bacteria.

5.I DEVELOPMENT OF THE LANTHANIDE DESORPTION ASSAY

In order to study bacterial surface sites an assay was developed that exposed bacteria to various pH
washes, and then isolated the bacteria from those washes. Initially this isolation was accomplished us-
ing centrifugation. In this scheme the bacteria were exposed to lanthanides for biosorption, and then
spun down to a cell pellet. The supernatant was removed and the cell pellet washed and vortexed with
a low pH solution. The process of centrifugation, removal of supernatant, and exposure to a wash
solution was repeated until the cell pellet had been exposed to a series of sequentially lower pH wash
solutions. The lanthanide content of each solution was measured by ICP-MS to determine which
lanthanides desorbed from the bacteria with each pH wash. This process was time consuming and
some cells from the pellet would be lost after each wash, causing errors. For these reasons, subsequent
experiments were performed by a semi-continuous filtration assay.

The filtration assay, which allows for the biosorption of the lanthanides followed by their desorp-
tion with sequentially lower pH washes, was advantageous because it was more easily controlled and
elliminated many of the errors that ocurred in the centrifugation assay. The main components of the
assay are a syringe, syringe filter, and syringe pump, and they function by using the syringe pump to
repeatedly pass solutions from the syringe past the syringe filter. First, pH 7 water is pumped past the

filter in order to wet it. Then an adsorbant, normally bacteria, is pumped past the filter, and the adsor-

42



Figure 5.1: Scanning electron microscope image of Roseobacter sp. AzwK-3b on a Pall Acrodisc GHP
filter. The bacteria are the lighter colored spheres, and the filter is the darker mesh behind them.

bant is retained by the filter.(Figure 5.1) Then, a 2 ug mixture of all the lanthanides is pumped past the
filter allowing for adsorption to the adsorbant to occur. Finally, ten solutions (s mL each) from pH 6
to pH .5 in increments of 0.5 pH units are pumped past the filter in order of decreasing pH, desorbing
many of the bound lanthanides in the process. The lanthanide concentration of each solution exiting
from the filter was measaured by ICP-MS. The full experimental details of this procedure and those
based on it are described in detail in Appendix A.

Various control experiments, as will now be described, were performed to validate the filtration
assay and to tune certain parameters. A Pall Acrodisc GHP filter with 0.2 um pores was used for the
filter because it retained the bacteria and did not adsorb the lanthanides. This was shown in tests of the

assay without any adsorbant that showed minimal lanthanide binding.(Figure 5.2) s mL of the wash
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Figure 5.2: The masses of each lanthanide desorbed as a function of pH wash from a bare Pall
Acrodisc GHP filter. The filtration assay was performed using this filter without any adsorbent, and
minimal lanthanide adsorption to the filter occurred.

solutions and a pumping rate of 2.5 mL/min was used because it passed enough liquid at a reasonable
speed over the adsorbants to fully desorb the lanthanides. This was shown by performing a filtration
assay where drops of the solution were recovered. At 2.5 mL/min, s mL of the various wash solutions

had completely desorbed the lanthanides.(Figure 5.3)

5.2 LANTHANIDE DESORPTION FROM THE BACTERIAL STRAINS

The filtration assay results for mixed lanthanide solutions over various bacteria are presented in this
section, and are shown graphically as bar charts depicting the amount of each lanthanide desorbed as

a function of each pH wash. All of the lanthanides were assayed together as a mixture in each run,
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Figure 5.3: Filtration assay showing the cumulative mass of all the lanthanides desorbed as a func-
tion of volume of wash passed through the filter. Initially, 1 mL of a 2 yg/mL lanthanide mixture was
passed over a filter coated in Roseobacter sp. AzwK-3b. This was then followed, in sequence, by 7
mL of water, then 6 mL of pH 3.5 wash, and finally 6 mL of pH 1.5 wash. At flow intervals of approxi-
mately 500 pL, an individual drop (approximately 35 pL) was recovered from the filter and analyzed
by ICP-MS. These results indicate that the lanthanides are completely desorbed after approximately
5 mL of wash are passed over the bacteria at a rate of 2.5 mL/min. Based on these results, 5 mL was
selected as the volume of acid washes used in all the filtration desorption experiments.
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Figure 5.4: Mass fraction of individual lanthanides biosorbed to various strains of bacteria from an
equal mass mixture of all the lanthanides during the filtration assay. Biosorption to the bacteria was
mostly independent of the lanthanide atomic number although there is a slight preference for the
heavier lanthanides.

but graphically they are presented as separate bar charts, each with the same scale. The local maxima
in lanthanide mass are shown as gray bars.

The lanthanide biosorption to nine different strains was studied using the filtration assay. As
shown in Figure 5.4 the total amount of each lanthanide that biosorbed varied little between the
lanthanides, in agreement with the batch data presented earlier.(Figure 4.1) In the semi-continuous
filtration process, though, lanthanum tended to systematically biosorb slightly less than the other lan-
thanides. Again, the total biomasses were not controlled, but it is worth noting that two strains, Sph-
ingomonas sp. and E. Coli, biosorbed markedly lower masses of lanthanides than the other strains.

E. coli, Pseudoaltermonas sp., and each of the hydrothermal vent strains, EPR3, EPR7, and EPR174,
exhibited similar lantahnide desorptions, with the desorption primarily occurring over the pH range
between the pH 4 and 6 washes. In addition, the overall desorption was very similar between all
lanthanides, with lanthanum having the lowest desorption at these high pH levels. E. coli’s desorption

differed slightly in that the lanthanides also desorbed at lower pH washes, between pH 2 and pH 4.
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The mass for each lanthanide desorbed at each pH is shown for EPR3 and E. coli in Figure 5.5 and
Figure 5.6, respectively. Plots for the desorption of the Pseudoalteromonas sp., EPR7 and EPR174 are
similar, so they are shown in Appendix B.

The other strains, Spingomonas sp., Shewanella oneidensis, Halomonas sp., and Roseobacter sp.
AzwK-3b showed more inter-lanthanide variability in lanthanide desorption. Each of these strains
had multiple pH washes in which a different lanthanide was predominantly desorbed. In addition, at
low pH washes, between pH 1.5 and 2.5, these strains desorbed high levels of the heaviest lanthanides
and low levels of the others. Bar charts that illustrate this desorption for Roseobacter sp. AzwK-3b
(Figure s.7) and Halomonas sp. (Figure 5.8) are shown here, and the bar charts for Sphingomonas sp.
and Shewanella oneidensis, which are similar, are shown in Appendix B.

One of the major findings was that the masses of the different lanthanides desorbed differently as a
function of pH wash. As the variation is with pH, the simplest explanation is that the lanthanide ions
bind to, and desorb from, sites on the bacterial surface according, at least operationally, to their acid
dissociation constants. Although the number of distinct binding sites on each strain is unknown, the
desorption elutions suggest that there are between 1 and 2 different sites for E. coli, Psendoaltermonas

sp., EPR3, EPR7, and EPR174, and between 3 and 4 different sites for the other bacteria.

53 BINDING MODEL FOR LANTHANIDE BIOSORPTION AND DESORPTION

Our binding model for the results described above is presented schematically in Figure 5.9, which
shows a bare bacterial cell biosorbing and then desorbing the lanthanides. When the bacteria are cul-
tivated in artifical seawater (ASW), ions in the solution media, such as Na* are loosely bound to the
bacterial surface sites. (We show these sites initially as unbound in the figure). When the surface sites
are exposed to the mixed lanthanide solution, our findings suggest that the lanthanide ions exchange

with the loosely bound ions and biosorb to the bacterial surface. Then, as decreasing pH washes are

47



0.30
0.24 —
0.18 —
0.12
0.06
0.00
0.24 —
0.18
0.12
0.06
0.00
0.24
0.18
0.12
0.06
0.00
0.24
0.18
0.12
0.06
0.00
0.24
0.18
0.12
0.06
0.00
0.24
0.18
0.12
0.06
0.00
0.24
0.18
0.12
0.06
0.00

y

Er

el 1 E 5] CAIE SNEIRE IS 5]
|

Mass Desorbed (ug)

i o o o e

e B B B B e B

55 5 45 4 35 3 25 2 15

pH wash

-
[$,]
(2]

Figure 5.5: The mass of each lanthanide desorbed from Pseudoalteromonas sp. EPR3 at 0.5 pH inter-
vals during the filtration assay as a function of pH wash. Each lanthanide had a similar desorption
behavior, with most of their masses being desorbed during the pH 5.5 and pH 5 washes. The local
maximum in the mass desorbed for each lanthanide is indicated with a gray bar, and suggests there
may be just one prominent binding site with a pK,~5.
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Figure 5.6: The mass of each lanthanide desorbed from Escherichia coli at 0.5 pH intervals during the
filtration assay as a function of pH wash. Each lanthanide desorbed similarly with little differences
between them. They each desorbed at many different pH levels though, with high amounts desorb-
ing with the pH 6, 4.5, and 3 washes. These three washes are shown in gray because they are local
maxima of desorption, suggesting that there are at least 3 binding sites on the bacterial surface with
pK,'s that match their pH washes.
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Figure 5.7: The mass of each lanthanide desorbed from Roseobacter sp. AzwK-3b at 0.5 pH intervals
during the filtration assay as a function of pH wash. Although the masses of the lanthanides des-
orbed during the two highest pH washes, pH 6 and pH 5.5, was relatively insensitive to the lanthanide
atomic number, lower pH washes revealed marked differences with atomic number. Furthermore,
the graphs indicate more light lanthanides desorbed with higher pH washes, and more heavy lan-
thanides desorbed with lower pH washes. These differences in desorption facilitate separation be-
tween the heavy and light lanthanides. Local maxima in the mass desorbed with successively lower
pH, indicated by the gray bars, suggest there may be as many as four distinct bacterial sites, corre-
sponding to the four pH'’s of 5.5-6.0, 4.5, 3.0 and 2.5, responsible for lanthanide absorption.
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Figure 5.8: The mass of the individual lanthanides desorbed from Halomonas sp. at 0.5 pH intervals
upon elution as a function of pH wash. As with the data obtained using Roseobacter sp. AzwK-3b
(Figure 5.7, the higher pH washes desorb more of the lightest lanthanides whereas the lowest pH
washes desorb more of the heaviest lanthanides. The significantly lower desorption in the high pH
range (5.5 and 6.0) indicates that Halomonas sp. may lack the high pK, absorption sites present on
Roseobacter sp. AzwK-3b.
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Figure 5.9: Schematic illustration of lanthanide biosorption to and desorption from bacterial sur-

faces. Initially, (i) individual surface sites, shown as open circles, on the bacterium are unbound or
only weakly bound to Na* or K" from the ASW solution in which it is cultivated. After washing with
the mixed lanthanide solution at circumneutral pH, the lanthanides absorb to all the various surface
sites (step ii). Subsequently, with washing with successively lower pH solutions (steps iii-v) the lan-
thanides preferentially desorb according to the pK, of the surface sites to which they are bound,
exchanging with protons until only the heaviest lanthanides are finally exchanged.

passed over the bacteria, the surface sites desorb their bound lanthanides, exchanging with protons
from the acid solution according to the pK, of the sites. Specifically with Sphingomonas sp., She-
wanella oneidensis, Halomonas sp., and Roseobacter AzwK-3b, the most acidic lanthanides (i.e. Yb
and Lu) are only desorbed with the most acidic pH washes because these lanthanides are bound to the
lowest pK, sites.

The pH wash at which a lanthanide desorbed is the pH at which that site protonated, namely
the pK, of that surface site. (Strictly, the pK, of a surface site is the pH of the wash at which 0%
of the lanthanides desorb from a surface site and are replaced by protons.) Our results indicate that
those surface sites having higher pK,’s tend to bind the lighter, more basic lanthanides, and those

havinglower pK,’s tend to bind the heavier, more acidiclanthanides. The preference for surface sites to
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bind individual lanthanides was especially pronounced for the low pK, sites, which almost exclusively
appear to bind Yb and Lu. While the underlying reason for the variation in lanthanide desorption
with pK, is unknown, we attribute it to the variation in basicity and associated ionic size across the

lanthanide series™*

, the so-called lanthanide contraction™***3. The desorption elutions suggest that
there are, possibly, many broad pXK, sites to which lanthanide ions can adsorb. The Roseobacter sp.
AzwK-3b, for example, has 4 binding sites with pK,’s at approximately 6.0-5.5, 4.5, 3, and 2. Many
of these bacteria have sites with similar pK,’s which may resemble similar binding sites. Seven of the
nine strains (all but the two pseudoaltermonas sp. strains) appear to have binding sites with a pK,’s of
approximately 3.0 and 4.5.

As mentioned earlier, the identities of the individual binding groups are not known. However,
bacterial surfaces are known to consist of polysaccharides with various chemical groups exposed on
their surfaces. It is generally understood that two of these, phosphate and carboxyl groups, are the
most important to lanthanide binding (14, 16) and it is likely that they are also on the surface of each
of the bacteria used. The carboxyl group has one singly bound oxygen atom to which lanthanide
binding can occur, whereas the phosphate group can have either one oxygen ion, in the case of a diester
linked phosphate, or two oxygen ions in the case of a monoester linked phosphate, though one of
these oxygen atoms is likely protonated at neutral pH’s and may be unavailable for binding**#. On the
surface of the bacteria, the local conformations and spacings between the groups capable of binding to
alanthanide ion, as well as steric effects, can be expected to result in a distribution in the pK, values of
the different lanthanide binding sites. The resulting local variations in pK, may obscure the presence
of other binding sites but our elution assay data suggests that there may be between 1 and 3 sites with
distinct binding pK,’s for E. coli, Pseudoaltermonas sp., EPR3, EPR7, and EPR174, and as many as
4 for the others. Although not included in the binding model, it is likely that lanthanides are also
absorbed to the EPS which is known to consist of polysaccharides, proteins, lipids, and DNA. Indeed,

previous studies have shown the importance of EPS in biosorption®®. DNA, with its low pK, diester
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phosphate backbone, is likely to be especially effective in biosorbing the heaviest lanthanides®. In our
experiments, the EPS is likely to be produced by the bacteria during their cultivation, and from the

nutrient-rich ASW media as it contains yeast extract.

5-4 INDIVIDUAL LANTHANIDE BINDING

In the previous sections the lanthanide solution passed over the bacteria contained equi-mass concen-
trations of all 14 lanthanides, consequently, the biosorption and desorption of individual ions could
be competeing with one another for the same sites. In order to examine this, solutions containing only
lanthanum or lutetium were individually put through the filtration assay containing Roseobacter sp.
AzwK-3b as the adsorbant. The results of these titrations are shown in bar graphs in Figure s.10 where
the lanthanum and lutetium masses desorbed during each pH wash are normalized to the total mass
of lanthanum and lutetium that desorbed during the filtration, so as to account for variations in the
total masses of lanthanum and lutetium added. (It should be noted that the masses of lanthanum and
lutetium are zero for some of the higher pH washes because their masses were diluted past the point
of sensitivity for the ICP-MS. These masses though, would have been sufficiently small and should
not alter the results.)

When lanthanum was filtered individually nearly all the mass desorbed with the pH 2.5 and pH
3.0 washes. This result differs from the filtration of lanthanum in the lanthanide mixture, where large
masses desorbed between pH 3 and pH 6 washes. Lutetium desorbed at the same pH (pH 2) individ-
ually as it did when combined with the other lanthanides in the mixture. The competition between

lanthanides apparently does affect lanthanide binding, but this has yet to be investigated.
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Figure 5.10: Bar graph of the desorption of La and Lu when individually biosorbed to Roseobacter
sp. AzwK-3b during the filtration assay. The masses desorbed are normalized to the total amount
of each lanthanide recovered so as to correct for differences in the masses recovered. The pH wash
at which the highest mass of La desorbed was at a lower pH than in the filtration that included a
mixture of all the lanthanides, decreasing from a pH wash of 5.5 to a pH wash of 2.5. The pH wash at
which the highest mass of Lu desorbed was the same wash as with the filtration that included all the
lanthanides (pH wash of 2.0).
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5-S EFFECT OF PRE-PROTONATING THE BACTERIAL SURFACE

Motivated by our simple model, the adsorption and desorption experiments were repeated with Roseobac-
ter sp. AzwK-3b but after first pre-protonating the bacterial surface by washing the bacteria with a pH

2.5 wash prior to the lanthanide biosorption step. The masses desorbed are shown in the bar graphs of
Figure 5.11. As can be seen by comparing with Figure 5.7, which is on the same scale, substantially less of
each lanthanide desorbed from pH washes above the pre-protonation pH, whereas similar lanthanide
masses were recovered using pH washes below the pre-protonation pH. Indeed, lesser masses of the
lightest lanthanides and similar masses of the heaviest lanthanides desorbed from the bacteria after
they were pre-protonated by the pH 2.5 wash.(Figure 5.12) The experiment was repeated using a lan-
thanide solution at pH 3.0 rather than the circumneutral pH lanthanide wash from before.(Figure 5.13)
The desorption behavior was similar.

The pre-protonation experiments, shown schematically in Figure 5.14, provide further support for
lanthanide binding to surface sites on the bacteria according to their pK,’s. By washing the bacterial
surface with a highly acidic solution (pH 2..5) prior to exposing the bacteria to the lanthanide solu-
tion, protons adsorb to all the surface sites having a higher pK, than the pre-protonation wash’s pH.
Then, when the surface sites are subsequently exposed to the lanthanide solution there is, as shown
by our observations, very low lanthanide sorption to sites higher than this pH, and similar lanthanide
sorption to sites lower than this pH. This behavior occurs because the sites having pK,’s at the pre-
protonation pH and higher are bound with protons, preventing them from binding the lanthanide
ions. The sites having pK,’s lower than this pH are not protonated and are consequently able to bind
the heaviest lanthanides just as they do without the pre-protonation treatment. Then, during the
lowest pH elution washes, only those lanthanides can be desorbed.

The circumneutral pH lanthanide solution may have been deprotonating the bacterial surface be-

cause it was at a higher pH than the pre-protonation pH. Even so, we would expect many of the sites
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Figure 5.11: Plot showing the effect of first pre-protonating the Roseobacter sp. AzwK-3b with a pH
2.5 nitric acid wash on the mass of each lanthanide desorbed during a subsequent filtration assay as
a function of pH wash. The lanthanide solution used was at a circumneutral pH. The bacteria des-
orbed lesser amounts of all the lanthanides at pH washes higher than the pre-protonation wash (pH
2.5) as compared to those in Figure 5.7. The bacteria desorbed similar masses of the lanthanides
at pH washes lower than the pre-protonation wash. As shown, these were enriched in the heaviest
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Figure 5.12: Masses of individual lanthanides desorbed from regular and pre-protonated Roseobac-
ter sp. AzwK-3b during the filtration assay. Similar masses of the heavier lanthanides and lesser
masses of the lighter lanthanides are desorbed from the pre-protonated bacteria as compared to
the regular bacteria. This occurs because many of the light lanthanide binding sites on the pre-
protonated bacteria are protonated and unable to bind the lanthanides.
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Figure 5.13: Plot showing the effect of first pre-protonating Roseobacter sp. EPR3 with a pH 2.5 wash
prior to performing a filtration, this time using a pH 3.0 mixed lanthanide solution. There were lower
masses of lanthanides desorbed for all pH's above pH 3.0 as compared to Figure 5.11, but there were
also lower masses desorbed with washes below this pH.
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Figure 5.14: Schematicillustration of lanthanide sorption to, and desorption from, a bacterial surface
that has been pre-protonated. Washing the bacterium with a low pH solution protonates those sites
on the bacterium that have higher pK,’s than the pH of that wash, and leaves the lowest pK, sites
unbound. Upon washing with the mixed lanthanide solution, only the heavier lanthanide ions, such
as Lu, Yb and Tm, can bind to the bacterium surface. Subsequent washing with an even lower pH
solution releases these lanthanides, protonating the sites they were bound to.
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to remain protonated and the mechanism to hold because the lanthanide sorption and deprotonation
processes occur over a short time. This potential deprotonation was confirmed to have only a minor
effect on the lanthanide desorption when similar results were obtained using the low pH lanthanide
solution (pH 3.0) (Figure 5.13). Deprotonation by the circumneutral pH lanthanides may have been
occurring to a small extent though, because there were higher levels of lanthanides that desorbed in
the high pH washes compared with the other run. However, there was also more overall lanthanide
desorption with the low pH washes, so these observations may instead be due to differences in total
biomass passed across the filter. Indeed, when the masses of each lanthanide biosorbed are normalized
to the total amount of lanthanides added the results show a decrease in the lanthanide binding above

the pre-protonation pH and an increase above it. (Figure s.15)

5.6 LANTHANIDE ADSORPTION TO LIPOSOMES

Liposomes are often used to model Gram-negative bacterial surfaces because they both consist of a
lipid bilayer outer membranes™. Liposomes are especially useful in this capacity because they are
simpler than bacterial surfaces, and their surface groups can be controlled depending on which lipids
are used to create the liposomes. For those reasons phosphatidic acid (PA) liposomes, which have a
single monoester phosphate group on their surfaces, were created (Figure 5.16), and were used in the
filtration assay instead of bacteria. The PA liposomes were chosen because, as previously discussed, it
is believed that the phosphate sites are most important to lanthanide binding. The liposomes ranged
in size from o.25 um to so wm diameter, and details of the liposome creation and filtration assay can
be found in Appendix A.

The PA liposomes were used as the adsorbant in the filtration assay, and had their lanthanide
biosorption and desorption measured. Similar to the bacteria, it was found that the lanthanides strongly

adsorbed to the PA liposomes, as shown in Figure s.17. Unlike the bacteria, however, there was lit-
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Figure 5.15: Normalized lanthanide biosorption to Roseobacter sp. AzwK-3b during the filtration as-
say. The lanthanides biosorb differently depending on the pH of the lanthanide solution. Approx-
imately 60-70% of each lanthanide biosorbs to the bacteria from the pH 6.0 lanthanide solution
whereas lesser amounts of the lighter lanthanides and greater amounts of the heavier lanthanides
biosorb from the pH 3.0 lanthanide solution. This occurs because the low pH solution protonates
many of the higher pK, sites that would normally bind the lighter lanthanides.
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Figure 5.16: Chemical structure of phosphatidic acid lipid used in the study to make liposomes. (10:0
PA 1,2-didecanoyl-sn-glycero-3-phosphate (sodium salt)).

tle or no desorption at pH’s above 3.5, though greater masses of the light lanthanides still desorbed
with higher pH washes and greater masses of the heavy lanthanides still desorbed with lower pH
washes.(Figure 5.18) The heavier lanthanides primarily desorbed with the pH 2.0 and pH 1.5 washes,
and notably there was a factor of 18 more Lu desorbed in the pH 2.0 wash than the pH 2.5 wash. It was
found that the final wash at pH of 1.5 was especially effective in separating the heaviest lanthanides,
desorbing more than a factor of 15 as much Lu as La.

As the liposome was selected because it only contains monoester phosphate head groups capable
of binding to the lanthanides, it was expected that the adsorption and desorption would occur at a

104

well-defined pK, around 3.0, according to published data’*, and in accordance with the pK, bind-
ing model there was little or no desorption at pH’s greater than 3.5.(Figure 5.18) Surprisingly though,
there was significant desorption at much lower pH’s below the pH we would associate with binding
to the phosphate groups. One possible explanation, based on work showing that La’* and Gd** in-
duce shape changes in lipid vacuoles™®*°7°%19 s that the lanthanides induce shape changes in the
liposome surfaces that, in turn, alter the steric effects of binding, leading to local variations in pK,.

One would also expect that the pK,’s of the binding sites would be further broadened by the effect

of longer range surface distortions caused by adsorption of multiple lanthanide ions over the surface

63



2.0 W
S 15}
©
()
2
g 10f
o]
[%)]
©
= 05 —e— Lanthanides added
—&— Adsorbed to liposomes
oogt .t .t .t 1
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Lanthanide

Figure 5.17: Mass of individual lanthanides adsorbed to liposomes from an equal mass mixture of all
the rare-earths. The liposomes adsorbed a large fraction of the lanthanides from solution and also
exhibited a slight but discernable increase in adsorption along the lanthanide series (0.05 pg/Z).
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Figure 5.18: The mass of each lanthanide desorbed from the PA liposomes during the filtration assay
as a function of pH wash. In marked contrast to the desorption behavior exhibited by the bacteria,
almost no lanthanides desorb at higher pH washes than the pH 3.5 wash. Like the bacteria though,
the lanthanides desorb in different pH washes according to their atomic number. For the lighter and
intermediate lanthanides, most of the ions desorb between a pH of 3.5 and 2, whereas for the heavier
lanthanides, the majority desorb between 2.5 and 1.5.
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and, consequently, there would be no unique liposome surface landscape and, correspondingly, no
unique pK,.

The effect of pre-protonating the liposomes was also investigated using a pre-protonation wash
at pH 2. The results are shown in Figure s5.19, and illustrate that the lanthanide desorption exhibits
similar but even more marked differentiation than after pre-protonation of the bacteria. The pre-
protonation decreased the lanthanides binding above the pre-protonation pH (pH 2). The pre-protonation
though, also increased the mass of lighter lanthanides that desorbed in the pH 2 and pH 1.5 washes.
In these two pH washes the masses of each lanthanide desorbed were similar, and little differentiation
between the lanthanides occurred. Pre-protonation did not significantly change the cumulative mass
of lanthanides that were retained by the liposomes. It did, however, increase the cumulative mass of
lighter lanthanides and decrease the cumulative mass of heavy lanthanides that were desorbed in those
pH washes.(Figure s.20)

As with the bacteria, pre-protonating of the liposomes prevented the lighter lanthanides from bind-
ing to sites with pK,’s higher than the pre-protonation wash. However, after pre-protonation the
lighter lanthanides that had adsorbed to higher pK, sites during filtration without pre-protonation
instead adsorbed to lower pK, sites. While we do not know for sure, it is possible that the pre-
protonation wash protonated, and dispersed some of the larger liposomes. These liposomes then
reformed and the overall population of liposomes was smaller, but with a larger surface area and more

sites. The light lanthanides then outcompeted the heavy lanthanides for these low pK, sites.

5.7 SUMMARY

We have discovered the individual lanthanides biosorb to multiple sites on the surface of bacteria. It
is deduced that the surface sites have various pK,’s and that this differentiates which of the individual

lanthanides adsorb. The heaviest, more acidic lanthanides consistently bind to sites with low pK,’s
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Figure 5.19: The masses of the lanthanides desorbed as a function of pH during the filtration assay
after the PA liposomes were first pre-protonated by washing with a pH 2 wash. Compared with the
regular filtration (Figure 5.18, there is less overall lanthanide desorption at pH washes that have a
higher pH than the pre-protonation wash. At and below the pre-protonation wash there are similar
masses desorbed of all the lanthanides. The lowest pH wash desorbed lower levels of the heaviest
lanthanides and higher levels of the light lanthanides.
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Figure 5.20: Masses of the lanthanides desorbed from regular and pre-protonated liposomes during
thefiltration assay. The pre-protonated liposomes desorbed higher masses of the lighter lanthanides
and lower masses of the heavier lanthanides when compared to the non-pre-protonated liposomes.
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whereas the lighter, less acidic lanthanides bind to those sites with higher pK,’s. Furthermore, it is
concluded that after these sites are bound by lanthanides they can be protonated by washing with
acids, releasing the lanthanides. When the bacteria have a low pH solution passed over them prior to
lanthanide adsorption, some of the surface groups become pre-protonated and are no longer available
to bind the lanthanides.

Bacterial surfaces are known to consist of lipopolysaccharides with various surface exposed chem-
ical groups, and it is generally understood that two of these, phosphate and carboxyl groups, are the
most important to lanthanide binding. The range of pK,’s observed from the bacteria leads us to be-
lieve that these surface groups are in different spatial and chemical arrangements that lead to variations
in pK,. We observed the same range of pK,’s from liposomes composed of PA lipids that had only
phosphate surface groups, instead of multiple chemical groups like in bacteria. Although further re-
search is needed, we believe that variations in the phosphate group spacing causes the observed pK,
ranges.

In the next chapter the differences in lanthanide desorption will be exploited to concentrate spe-
cific lanthanides from a mixed lanthanide solution. In addition, this biosorption-based method is

compared to processes that are currently used to separate lanthanides.

69



Lanthanide separation

As discussed in Chapter 2, lanthanide separation is a challenging task because the lanthanides all have
similar chemistries (most importantly, they are all trivalent). In this chapter we will apply the dif-
ferences in lanthanide desorption, observed in the previous chapter, to separate and recover specific
lanthanides from a mixed lanthanide solution. First, lanthanide separation is demonstrated using bac-
teria and liposomes. Then, this separation is compared to one that is calculated based on industrial

processes.
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Table 6.1: Separation factors for neighboring lanthanide pairs between pH 2.5 and pH 2.0/pH1.5
washes for bacteriaand liposomes. Also shown are values from astandard solvent extraction system.

Lanthanide pair Separation factor

Bacteria Liposomes Industry*
Ho/Er L2 3.4 L3
Er/Tm 1.3 4.8 L3
Tm/Yb Ls 5.5 LI
Yb/Lu L3 2.5 LI

*Separation using RE(IIT)-HCL-EHEHPA *

6.1 LANTHANIDE SEPARATION FROM A MIXED LANTHANIDE SOLUTION USING THE FIL-

TRATION ASSAY

The variation in desorption of different lanthanides can be quantified by a desorption ratio, R s3, the
ratio of the desorbed masses of two different lanthanides, A and B, at the same pH. This naturally

leads to the equivalent of a separation factor, Sag, for two different lanthanides, A and B, as the ratio:

R 43,
Rus,

where the subscripts refer to the pH at which the values of the desorptions are being compared.
The separation factors between four pairs of neighboring lanthanides are compared in Table 6.1. As
evident from the table, the bacterial and liposome systems show higher separations than are achieved
in industry.

These separation factors provide the basis for the possible use of bacteria, as well as synthetic li-

posomes, in separating and recovering individual lanthanides. While the separation factors achiev-
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able in a single elution are impressive, it is likely that multiple biosorption-desorption steps will be
required to enhance the separation until a desired level of separation (purification) is achieved. Ap-
pendix C describes a proposed separation scheme based on a bacterial process. In the following section
we demonstrate that system to successfully separate the lanthanides using biosorption to Roseobacter

sp. AzwK-3b.

6.1.1 LANTHANIDE SEPARATION USING ROSEOBACTER SP. AZWK-;B

To demonstrate the efficacy of a multiple step process in separating and purifying individual lan-
thanides, the bacterial surface was first pre-protonated and then washed with the mixed lanthanide
solution to adsorb the lanthanides. Then, the bacteria were washed with a pH 1.5 nitric acid solution
to desorb the heaviest lanthanides, enriching the filtered solution in Yb and Lu. This filtered solution
was then neutralized to pH 5.5 and pumped back over a fresh batch of pre-protonated bacteria and
collected. Full details of this procedure and others described in this chapter are explained in full in Ap-
pendix C. The mass fractions of the lanthanides in the filtered solution initially, after the first pass, and
then after the second pass are shown in Figure 6.1. As can be seen, there is a progressive enrichment of
the two heaviest lanthanides, and after the second pass the solution contained nearly s0% Yb and Lu,
with 18 wt % Yb and 30 wt % Lu. It is anticipated that even greater separation will be achievable with
more passes.

Asafurther demonstration that differentlanthanides can be separated by adjusting the pre-protonation
pH, the middle lanthanides were enriched by pre-protonating Roseobacter sp. AzwK-3b with a pH 5
wash, followed by a pH 4 wash. This second pH 4 wash was partially enriched in the middle rare
earths, and was itself cycled over a new filter with pre-protonated bacteria and the process repeated.
The final solution was nearly 20% samarium and europium, in increase from 14% in the initial solution.
(Figure 6.2) This recovery is not as stark as with the heaviest lanthanides, but it suggests the filtration

assay and a single bacterial strain could be useful in concentrating different sets of lanthanides from a
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Figure 6.1: Purification of the heaviest lanthanides using Roseobacter sp. AzwK-3b. The plot shows
the mass fraction of each lanthanide initially in solution and then after the first and second passes of
that same solution after being passed over pre-protonated bacteria, illustrating the enrichment of
the two heaviest lanthanides, Yb and Lu. After the second pass, the solution contains 48% of these
two heaviest lanthanides. Similar enrichment was also exhibited by the liposomes as shown in Fig-
ure 6.3, both exceeding the calculated enrichment performed using solvent extraction in industry
shown in Figure 6.4. After each pass the bacteria were replaced by a new batch of bacteria, pre-
protonated with a wash at pH 2.5.
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Figure 6.2: Enrichment of the middle lanthanides with Roseobacter sp. AzwK-3b. The mass fraction
of each lanthanide is plotted as a function of lanthanide for an initial equal mass mixture of the lan-
thanides, and then after the first and second passes of that same solution over the bacteria. Enrich-
ment of the middle lanthanides occurs by pre-protonating the bacteria with a pH 5 wash, and then
eluting the biosorbed lanthanides with a pH 4 wash. After each pass the bacteria were replaced by
new, pre-protonated bacteria, and after the second pass the solution contains 18% of Sm and Eu.

mixed solution.

6.1.2 LANTHANIDE SEPARATION USING LIPOSOMES

Similar enrichment was observed when the liposomes were used in place of the bacteria, as is shown
in Figure 6.3. In this case the two heaviest lanthanides were enriched to 44% of the total lanthanide
mass (19% Yb and 25% Lu). While our data has emphasized the heaviest lanthanides, it may be possible
to adjust the pre-protonation pH to recover and cycle different washes through the assay in order to

recover specific lanthanides other than the heavy ones demonstrated above. In addition, adjusting the
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Figure 6.3: Enrichment of heavy lanthanides using liposomes. The mass fraction of each lanthanide
initially in solution and then after the first and second passes of that same solution over the lipo-
somes illustrating the enrichment in the concentration of the three heaviest lanthanides. After the
second pass, the solution contains 44% of the two heaviest lanthanides, Yb and Lu. After each pass
the liposomes were replaced by a new batch of liposomes.

lipid chemistry used to create the liposomes allows for the selection of specific surface groups, and may

also allow for the concentration of other lanthanides.

6.2 COMPARING ADSORPTION-DESORPTION SEPARATIONS TO INDUSTRIAL SEPARATIONS

The industrial liquid-liquid separation and purification of a group of lanthanides from a solution of
all the lanthanides can be calculated by using published separation factors. Here we use the separation
factors reported for trivalent lanthanides at a concentration of 0.1 M in a mixture of 0.2 M HCl and
1.o M EHEHPA (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester), a system commonly used in

industry®, to calculate the purification of Yb and Lu from an equi-mass mixture of all the lanthanides.
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The distribution coefficient, Dy ,,;, for any lanthanide element, Lz, is defined as the ratio of concen-

trations, C, between two phases, .4 and B, in a solvent extraction ™.

cf,.
DLn,- = :

B
CLni

Dy, is related to the distribution coefficient, Dy, for another element, Lz, by the separation fac-
L .
tor o L:; between elements Lzn;, and Ln;,":

_ Ln
DLn,' - a‘Lnj * DLnj

As the distribution coefficients of the different elements are related in this recursive manner by the

separation factor, solutions for each of the elements requires knowledge of the distribution coefficient
for one of them, so long as the separation factors are known.

Ln;
Dry = a5y * Dga

Leading to, for instance,

_ Dga
-DLM - gu
Gd

(By convention, separation factors are always greater than 1).

Based on the reported value for the distribution coefficient for Gd of Log -1.17#" at similar con-
ditions as the reported separation factors described in Gupta and Krishnamurthy (2009), the distri-

bution coefficients for all the lanthanides in the typical industrial system previously described can be
calculated.

The distribution coefficients can then be used to calculate the purities of an initially equi-mass
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mixed rare earth solution after successive stages. The equation for the mass fractions of each lan-

thanide, wy ,,, for two stages, stage 1 and stage 2, are:

Stage1 I
. - Lu
Ln; (Dra+1)* (32, DLnI.-H)
i
Stage 1
Stage2 Ln;
Ln; - Stage 1

In;
(DLni+I)*(Zf:uLa DL::‘H)

Using these relationships, the concentrations after the first and second stage extraction from an
initially equi-mass mixed solution are plotted in Figure 6.4.

After the first two stages of the solvent extraction process, it is calculated that the initial, equi-mass
solution is enriched to 14% Yb and to 18% Lu. In practice, the solvent extraction scheme is repeated
many times with as many as 5o stages to reach accceptable purities®.

Strikingly, the elution process using both Roseobacter sp. AzwK-3b and the PA liposomes results in
comparable separation factors to those published for the heavy lanthanides (Table 6.1). Furthermore,
our two-pass biosorption-desorption enrichment process achieves better purities than the solvent ex-
traction method used in industry. As indicated in Figure 6.4, it is calculated that after two stages of
the solvent extraction method an initially equally mixed lanthanide solution becomes enriched to 18%
of Yb and Lu, which is significantly less than the separations we achieved with bacteria and liposomes.
In addition, the bacteria and liposomes achieved a higher separation of these two elements from the
next heaviest lanthanide, Tm, than the calculated industrial system.

Although our results have been obtained at the laboratory scale, they suggest that the bacterial
adsorption-desorption process may be simpler, consume less energy, and use both less expensive as
well as less toxic chemicals than current commercial solvent extraction processes for separating the lan-
thanides. This work used Roseobacter sp. AzwK-3b as the biosorbing material butit is anticipated that

similar lanthanide separations will be achievable using many other bacteria since the surface groups
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Figure 6.4: The calculated purities of the lanthanides after two stages of solvent extraction using
RE(I1I)-HCI-EHEHPA 8. Based on reported separation factors for the individual lanthanides in this
solvent system, the concentrations as a function of atomic number are calculated after one and then
two extraction stages. The separation is not as effective as those found using the Roseobacter sp.

AzwK-3b and liposomes, shown in Figure 6.1 and Figure 6.3, respectively.
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implicated in this thesis commonly occur on the surfaces of other bacteria. Indeed, similar results
but differing in separation factors have been obtained with three other bacteria, Shewanella oneiden-
sis, Sphingobacterium sp. and Halomonas sp. Given the large variety of bacterial chemistries, it is also
likely that other bacteria may exhibit unique and greater differentiation in lanthanide desorption. Fur-
thermore, it is highly significant that lanthanide separation can also be performed using the liposomes
with only phosphate groups, suggesting that synthetic materials may also be used. This provides an
opportunity to enhance the separation and recovery of particular lanthanides through adjustments in
liposome chemistry. It is also likely that other metals can be separated from one another using similar
adsorption-desorption methods. For example, in Appendix E we demonstrate the separation of iron

from lanthanides in Nd magnets and Terfenol-d.

6.3 SUMMARY

The filtration separation discussed in this chapter separated biosorbed lanthanides based on the pK, of
the sites to which they are bound. This method was effective in purifying an equally mixed lanthanide
solution to 30% Lu in just two passes, exceeding the 9% purification calculated for industrial methods.
Also, this separation was not limited to recovering the specific lanthanides, and by simply changing
the pH of the washes different lanthanides were recovered. In addition, the procedure was successfully
demonstrated using liposomes as an adsorbant, instead of bacteria. This, in principle, should allow
for careful selection of liposome surface groups to recover specific lanthanides.

The next chapter of this thesis shifts focus from the lanthanides to tellurium. Unlike the lan-
thanides, bacteria do actively interact with tellurium, and so Chapters 7 and 8 will be devoted to how

these interactions can be exploited to recover tellurium from its compounds.

79



Tellurium microbiology

In the next chapter (Chapter 8), the research performed on bacterial recovery of tellurium will be
described. To provide some of the necessary background, this short chapter presents a brief history
and background of tellurium microbiology.

Tellurium is the rarest and probably least understood metal that undergoes biogeochemical cycling.
It is a metalloid, atomic number 52, which is in the same group of the periodic table as other biologi-

cally important elements, such as oxygen and sulfur. It has many accessible oxidation states, the most
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Name Formula Molecule

0]
—  Tellurite TeO,* u
_O/ \O_
Biologically relevant—  Metallic tellurium Te?

Te
_Dimethyl telluride ~ Te(CH,), H3C/ NCH,

— Tellurium Dioxide TeO, O=—Te——=0

Autoclave Slime H,TeO, (impure)
Industrially relevant—
Bismuth telluride Bi,Te,

_Cadmium telluride CdTe

Figure 7.1: Relevant industrial and biological forms of tellurium.

common of which are Te®*, Te#*, Te®, and Te*". In the earth’s crust tellurium takes the Te? state as
it forms tellurides of copper (Cu,Te), gold (Au,Te, Au,Te,), and bismuth (Bi, Te;). In the environ-
ment it most often occurs in the 4+ and 6+ states as the tellurite and tellurate oxyanions, TeO,*” and
TeO,* respectively. Tellurite is highly soluble, and can be found in earth’s waters#'. For this reason,
tellurite has almost exclusively been used to stud tellurium microbiology. This experimentation led
to the identification of dimethyl telluride (Te(CHj;),), a soluble, and volatile form of tellurium cre-
ated through biomethylation. Other important forms of tellurium are metallic tellurium, Te®, and its
oxides, TeO,, and less commonly TeO,. Figure 7.1 summarizes the most relevant forms of tellurium

discussed in this thesis.
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7.1 HISTORY OF TELLURIUM MICROBIOLOGY

111

In 1858, Christopher Gmelin injected tellurite into dogs and rabbits™. The animals developed a garlic-
like odor to their breath, but were otherwise unaffected. In the same era, it was common for people
with stomach ailments to take metallic bismuth for relief. These people often developed the same gar-
lic odor on their breaths that Gmelin described in his dogs™. This led William Reisert to infer, and
experimentally prove in 1885, that trace tellurium impurities in bismuth were responsible for the so
called ’bismuth breath’™*. Shortly thereafter, in the early 20™ century, the first microbiological tel-
lurium experiments were performed by scientists. These scientists, including Alexander Fleming, dis-
covered that tellurite was a powerful selection agent for bacteria because its inhibitory concentration
spanned many orders of magnitude depending on the specific bacterium™. In addition, some bacte-
ria deposited a black material during incubation with tellurite. In 1962 this material was conclusively
shown, using X-ray diffraction, to be metallic tellurium™#. Collectively, these results showed that or-
ganisms are able to transform tellurium in two distinct ways, by volatilization to a gaseous species and
by precipitation to metallic tellurium. The pathways and mechanisms of these two transformations
are still not fully understood, but they are thought to be tellurite detoxification strategies, as will now

be discussed.

7.2 TELLURITE TOXICITY TO BACTERIA

Tellurite is highly toxic to bacteria because it is a strong oxidizing agent. Specifically, it has been shown
to deactivate cellular thiols by oxidizing disulfide bonds™ . In addition, it is believed that tellurite
produces superoxide and other reactive oxygen species (ROS). Many bacteria respond to tellurite ex-
posure by upregulating various oxidative stress proteins like superoxide dismutase (SOD), ibpA, and

117,118

aconitase™”"*, and based on the similarity between tellurite and selenite (SeO;>") chemistry, it is ex-

pected that the interaction of tellurite with thiols will produce ROS*™*°. To this point, superoxide
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oxyanions are generated during the first step in abiotic selenite reduction by glutathione (GSH) ™. Al-
though selenite chemistry suggests that thiol oxidation by tellurite may produce superoxide, this has
yet to be definitively proven. Confounding this hypothesis, Tremaroli et al. (2007) observed a tempo-
ral de-coupling of ROS production and thiol oxidation in Pseudomonas pseudoalcaligenes KF707 cells
exposed to tellurite, indicating that the relationship may be more complicated than selenite chemistry
would suggest™**.

If superoxide is generated by tellurite, then it s likely that it too contributes to toxicity. Superoxide
potentially damages cell proteins, membranes, and DNA. In addition, the generated superoxide can
damage [Fe-S] clusters in metabolic enzymes such as aconitase and fumarase, and the released iron
can generate additional ROS (i.e., hydroxyl radicals) through Fenton or Haber-Weiss reactions'. Al-
though the relationship between tellurite reduction and oxidative stress is well established, definitive
in vivo evidence of superoxide as the ROS product remains lacking.(Figure 7.2)

Because tellurite is so dangerous to cells, its precipitation to metallic tellurium and methylation
to a gaseous tellurium species are generally considered to be detoxification strategies used by the cell.
Methylation to a volatile species allows for the removal of tellurium by escaping from the cell and its
environment. In contrast, precipitation of an insoluble species (i.e. metallic tellurium) also removes
the oxidative stress. Of course, this reduction and precipitation may partly be the unintended conse-

quence of harmful tellurite oxidation of thiols, as discussed above.

7.3 BACTERIAL VOLATILIZATION OF TELLURITE

Asmentioned, some bacteria effuse a garlic-like odor during incubation with tellurite. Mass spectrom-
etery analysis confirms the existence of a gaseous tellurium species in the headspace of these bacteria,
but the composition of this species is not well-defined. It is also possible that it varies between bac-

terial strains. It consists of various organotelluride species such as dimethyl telluride, dimethyl ditel-
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Figure 7.2: Schematic of bacterial precipitation of metallic tellurim (Te®) from tellurite (TeO5?). Tel-
lurite enters the cell and is reduced by cellular reducing agents such as NADP+ or thiols. Reduction
by nicotinamide adenine dinucleotide phosphate (NADP*) would not be toxic, but reduction by cel-
lular thiols may harm the cell. Any reduction of tellurite may also form superoxide (O,°) which is a
reactive oxygen species (ROS) that has the ability to form other ROS. ROS are known to damage the

cellular membranes, proteins, and DNA. !
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luride, dimethyl tellurenyl sulfide, and methane tellurol, along with other disulfide species™*. The
most abundant organotelluride produced by bacteria is dimethyl telluride, which gives the gaseous
species its garlic-like smell. It is also the only volatile tellurium species produced by bacteria for which
there is an accepted bio-formation mechanism. Specifically, Challenger and Bird published, in 1939,
a methylation mechanism for tellurium by microorganisms that has come to be known as the *Chal-

lenger mechanism’*

. It consists of a series of consecutive reductions and methylations of tellurite
through four intermediates until dimethyl telluride is formed.(Figure 7.3) While this mechanism has
yet to be proven for tellurium methylation, it is generally regarded as being correct because it has been
scrutinized for selenium methylation, an analogous transformation (based on the similarity of tel-
lurium’s and selenium’s chemistries).

Additional research on dimethyl telluride suggests that ubiquinone, an enzyme, transfers a methyl
group from S-adenosyl-L-methionine (SAM) during the methylation of tellurite™. Other experi-

ments have shown that aerated bacteria produce more dimethyl telluride than unaerated controls'?,

74 BACTERIAL PRECIPITATION OF TELLURITE

Many strains of bacteria, especially Gram-negative ones, are able to precipitate metallic tellurium from
tellurite. This precipitation is reported to occur both intra- and extra-cellularly, and resultin both crys-

29139 Some researchers have shown that nitrate reductases

talline and amorphous metallic tellurium
may be partially responsible for reducing tellurite to metallic tellurium through in vitro and hista-
dine tagging studies™™. Mutated E. Coli that lacked specific nitrate reductases decreased tellurium
precipitation, while promoted nitrate reductases increased tellurite resistance™. Similar experiments
have shown that catalases may also be important to tellurium precipitation. Again, knocked out cata-

lase genes decreased precipitation of tellurium, and promoted catalase genes increased tellurite resis-

tance™. These researchers also showed abiotic reduction of tellurite with catalase, but only in the
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presence of reduced nicotinamide adenine dinucleotide phosphate (NAD(P)H). This led them to be-
lieve that NAD(P)H is the relevant reducing agent, with catalase serving an enzymatic role. In addi-
tion, tellurite reduction has been coupled to the oxidation of cellular thiols (RSH), primarily cysteine
and GSH, which can be re-reduced via NAD(P)H oxidation and thiol reducers such as glutathione
reductase™ . Based on these studies, it is not clear if the precipitation of metallic tellurium is the re-
sult of specific binding proteins like catalase, the consequence of general cellular reducing agents like
nitrate reductase, or some combination of these. Whichever the case, a detailed and comprehensive

mechanistic basis of the transformation has yet to be demonstrated.

7S HYDROTHERMAL VENT BACTERIA AND TELLURIUM

As mentioned in Chapter 3, hydrothermal vent bacteria are of particular interest because vent chim-
neys are amongst the world’s most concentrated sources of tellurium ({re=s0 ppm)*®*. The high
pressure (250 atm) and temperature (400 °C) of vent walls allows tellurium from the vent fluid to
substitute for sulfur. The microbes that occupy these vents are exposed to high concentrations of
tellurium#. In fact, vent microbes from the genus Pseudoalteromonas are relatively resistant to tel-
lurium #%%52, and bacteria in vents may have evolved the ability to use tellurite as a terminal electron
acceptor during metabolism >4, For these reasons, the bacterial strain used in the tellurium studies

is a bacterium from the East Pacific Rise vent fields: Pseudoalteromonas sp. EPR3°.

7.6 SUMMARY

Many bacteria interact with environmental tellurite by reducing it to metallic tellurium and methylat-
ing it to a gaseous tellurium species that contains dimethyl telluride. These transformations are con-
sidered to be detoxifications strategies by the bacteria because they reduce the abundance of tellurite,

an oxidizing agent, in the cell. The next chapter describes how these naturally occurring phenomena
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can be utilized to recover tellurium from its sources and devices.
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Bacterial transformation of tellurium

compounds

As discussed in the previous chapter, some bacteria can actively transform tellurite to either metallic
tellurium or dimethyl telluride. In this chapter, we will demonstrate how these transformations may
have utility in tellurium recovery and recycling, especially from tellurium sources that have not yet

been studied in relation to bacteria. In addition, this chapter aims to elucidate the tellurium specia-
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tion mechanisms within the cell, and how the transformation mechanisms to dimethyl telluride and
metallic tellurium are connected. Throughout this chapter the bacteria used for experimentation was

Pseudoalteromonas sp. EPR3.

8.1 EPR3’S RESPONSE TO TELLURITE

EPR3 was inoculated in liquid artificial seawater (ASW) containing tellurite at concentrations of 8§ nM
to 0.8 mM. EPR3 grew at all but the highest concentration of tellurite, and subsequent experiments
showed that EPR3 grew at all tellurite concentrations below approximately 0.3 mM. Growth curves
were then created to measure the effect of tellurite concentration on EPR3 growth. In order to gener-
ate the curves, absorbance at 600 nm was measured over the course of one day. The absorbance data
was confounded by the presence of precipitated metallic tellurium which also absorbs at 6oo nm. In
addition, the cell density as a function of tellurite concentration was not measured, so the relative op-
tical densities of the curves cannot be accurately compared. Nevertheless, it appeared that increasing
tellurite concentration decreased growth rate from approximately 30 generations per day to 2s.(Fig-
ure 8.1)

EPR3 formed black colonies in the presence of tellurite, even at concentrations as low as 8 nM.
This darkening of colonies was indicative of metallic tellurium precipitation. To verify the presence
of metallic tellurium these experiments were repeated on solid media, and darkened bacterial colonies
were probed using confocal Raman spectroscopy. These colonies showed the same characteristic Ra-
man pattern as metallic tellurium standards.(Figure 8.2)

In addition, a garlic odor was detected in the headspace of the bacteria. The garlic odor, which is
characteristic of bacterial volatilization of tellurite to a gaseous tellurium species™, was confirmed to
contain tellurium by analyzing the bacterial lawn’s headspace using ICP-MS.(Figure 8.3) On solid agar,

those portions of the bacterial lawn where metallic tellurium precipitated and became dark brown after
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Figure 8.1: Growth curves of EPR3with different concentrations of tellurite. EPR3 growsinall by the
highest concentration of tellurite (0.8 mM), and the growth rate appears to decrease with concen-
tration. Metallic tellurium, which absorbs at 600 nm, was produced by the growing bacteria which
confounds the data.
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Figure 8.2: Raman spectrum of tellurite transformed into metallic tellurium by EPR3. The top green

plot shows the existence of metallic tellurium, which is evident by comparing it to the middle blue
plot of a metallic tellurium standard. Tellurite itself (the bottom red plot) does not produce a Raman

signal in the given range. Used with permission

134

92



48 h gradually faded to a lighter brown after an additional 120 h.(Figure 8.4) As the dark color of the
bacterial lawn faded there was a concurrent decrease in the Raman intensity of the metallic tellurium
Raman spectrum until, when there was no color remaining, no Raman peaks were distinguishable.
Furthermore, measurements of the dissolved tellurium concentration in tellurite-amended liquid
ASW decreased 93% when inoculated with EPR3.(Figure 8.5) This loss was attributed to the precipita-
tion of tellurite to metallic tellurium and the volatilization of the gaseous tellurium species. Sterile tel-
lurite controls exhibited no turbidity, darkening, or decrease in tellurium concentration from metallic
tellurium precipitation as measured by spectrophotometry and ICP-MS. In addition, no volatile tel-

lurium species were detected in the headspace of the controls.(Figure 8.3)

8.2 EPRg’S INTERACTION WITH METALLIC TELLURIUM AND TELLURIUM DIOXIDE

EPR3 was incubated in liquid ASW containing metallic tellurium and tellurium dioxide. Despite the
insolubility of these sources, metallic tellurium was precipitated during incubation. In order to mea-
sure the tellurium transformation, photographs and visible light spectrophotometry data were taken
over 168 h.(Figure 8.6) As both the bacterial population and the effect of metallic tellurium on them
could not be separated, the spectrophotometry data represents their combined effect on light absorp-
tion. Even so, the photographs and absorption data show that EPR3 produced metallic tellurium
within the first 24 h of growth, which then diminished over the next 140 h. Controls of each tellurium
compound in sterile ASW showed no change in optical absorbance over the course of the measure-
ment time.

These experiments were repeated on solid agar to determine whether direct contact between the
bacteria and solid tellurium sources was necessary for the tellurium precipitation. When fine metallic
tellurium and tellurium dioxide particles were placed at the center of an agar plate inoculated with

EPR3, metallic tellurium was discovered to precipitate even at a distance away from the original tel-

93



104 I I I T

Tellurite

Metallic tellurium
Tellurium dioxide
Auotclave slime
Bismuth telluride
Cadmium telluride

0 1 1 I I
10 10 20 30 40 50

Time (s)

—
<
I

= 0000%00000%%00000%0%0000°°%00,00000,,,0%%0,000,%00,0%,0°% %
1

E |mm u n ] [ | L 1]} Hg H
o) TVRvE PV Ty a YT AR W yan e adya Y Vuga uy ey =v!" AL
| - A A A 44 A

y— N AAAAAA AdAA aA A LAsh Agd, A4, AALL LAAaA
(7)) 220 ‘0" o* ‘ N ‘ ‘ ‘ ‘00$ QOQA‘A"‘ ‘A“ ‘e A‘6‘00A_
- 10 L;. ;’;; A ‘Lo N N o O N4
(e = ‘n“‘k SN u: L N U L
S5 A = (NN N ~

T}

I\

A

o

Py <« B 6> o

Figure 8.3: ICP-MS results for headspace sampling of Te!?

above EPR3. Samples of tellurite, metal-
lic tellurium, tellurium dioxide, autoclave slime, bismuth telluride, and cadmium telluride were in-
cubated aerobically with EPR3 on solid 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 EPRS, zero tellurium was detected. Used with permission 134
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a  Tellurite (dissolved)

Sample extracted for Raman
spectroscopy and ICP-MS

4

Sample extracted for Raman
spectroscopy and ICP-MS

b Metallic tellurium

¢ Tellurium dioxide

Figure 8.4: a) Photographs of ASW agar plates amended with 0.1 mM tellurite and inoculated with
EPRS3. 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 Raman and ICP-MS analysis.
Used with permission ***.
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Figure 8.5: 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. Used with permission ***.
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Figure 8.6: EPR3 precipitation of tellurium from dissolved tellurite, metallic tellurium, and tellurium
dioxide over time. a) Photographs of ASW tubes, with the three rightmost samples amended with
0.1 mM tellurite, 0.1 g tellurium dioxide, and 0.1 g metallic tellurium, and all but the leftmost sam-
ple inoculated with EPR3. After 48 h, bacterial colonies exposed to tellurium compounds are dark
brown, indicative of metallic tellurium precipitation. The samples were aged an additional 120 hdur-
ing 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 be-
tween 450-800 nmwavelengths as afunction of time for the samples. Note: An ASW sampleinwhich
EPRS3 precipitated metallic tellurium from telluric acid (Te(OH),), which is not discussed in this thesis
but was included in the assay, was spliced from the images using Adobe Photoshop CS3, otherwise
minimal processing was performed on the images. Used with permission ***.
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Table 8.1: Soluble tellurium from 0.1 g of various tellurium compounds in liquid ASW after 48 h at
37°C. Used with permission .

Soluble tellurium

Tellurium source® concentration (mM)?
Metallic tellurium 0.038
Tellurium dioxide 0.063
Autoclave slime 0.066
Cadmium telluride 0.00I
Bismuth telluride 0.037

“Incubated in the absence of EPR3

YICP-MS sensitive to 20 nM

lurium source. (Figure 8.4) This was not only seen by color changes but also by confocal Raman
spectroscopy. (Figure 8.7) In addition, ICP-MS analysis showed these bacteria evolved volatile tel-
lurium (Figure 8.3). In the cases of tellurium dioxide and metallic tellurium, bacteria grew right next
to the source, making it unclear whether the bacteria in contact with tellurium dioxide were directly
reducing it, or the tellurium dioxide was passing through an intermediate soluble phase before it was
reduced.

To confirm the possibility of the dissolution of metallic tellurium and tellurium dioxide, both com-
ponents were added to sterile liquid ASW. After 48 h, the amount of dissolved tellurium, measured us-
ing ICP-MS, was 0.038 mM and 0.063 mM for metallic tellurium and tellurium dioxide, respectively.

132

(Table 8.1) This indicates that, contrary to reports in the literature™, tellurium has a non-negligible

solubility in water and that there is a possibility of ion transport in aqueous solutions.
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Figure 8.7: Raman spectra of EPR3 precipitations after incubation with tellurium dioxide and metal-
lictelluriumonsolid media. Each precipitation exhibits Raman peaks distinctive of metallic tellurium,
at 122 cm and 141 cm™. These spectra were recorded from the boxed region shown in Figure 8.4,
suggesting that EPR3 is precipitating metallic tellurium away from the tellurium sources indicated.
Used with permission ***.
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8.3 DEMONSTRATION OF TELLURIUM RECOVERY FROM INDUSTRIAL SOURCES

Copper autoclave slime was obtained from Freeport McMoran Copper and Gold El Paso refinery.
Normally an effluent from copper and tellurium production, it is a potential source for bacterial re-
covery to improve current processing methods. To evaluate EPR3’s efficacy in interacting with in-
dustrially relevant tellurium sources, a similar set of experiments was performed as before. Autoclave
slime, an insoluble powder, was added to the center of a dish plated with EPR3 and the plates were
incubated as described previously. After 48 h, bacterial colonies darkened to a light brown in a sim-
ilar manner characteristic to tellurium precipitation. The presence of both metallic tellurium and a
gascous tellurium species in bacteria distant from the autoclave slime were confirmed via Raman spec-
troscopy and ICP-MS (Figure 8.8, Figure 8.3). Slight dissolution of the slime also occurs in liquid
ASW, reaching a tellurium concentration of 0.066 mM. (Table 8.1) For recovery purposes, a slurry of
autoclave slime could be added to batch culture for further tellurium recovery, increasing production
efficiencies.

To simulate PV and thermoelectric waste recycling, EPR3 was exposed to cadmium telluride and
bismuth telluride in agar plates, and incubated at 37°C for 48 h. During that time darkened colonies
indicative of tellurite reduction to metallic tellurium appeared and the existence of metallic tellurium
was confirmed with Raman spectroscopy.(Figure 8.8) In addition, gaseous tellurium was detected in
the headspace of these bacteria using ICP-MS.(Figure 8.3 Incubating cadmium telluride in liquid ASW
and measuring the amount of dissolved tellurium confirmed the presence of tellurite at a concentra-
tion of 0.0or mM.(Table 8.1) Given the toxic nature of cadmium, any more than o.1 g of cadmium
telluride was lethal to all the cells on the plate, thus only minimal amounts could be used for biogenic
recycling.

The cells were more resilient in the presence of bismuth telluride. When bismuth telluride was

added to the center of EPR3 plates and incubated the cells near the bismuth telluride turned black,
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Figure 8.8: Photographs of a) autoclave slime, b) cadmium telluride, and c) bismuth telluride after
addition to the center of dishes inoculated with EPR3. After 48 h the surviving cells closest to the
tellurium compounds were brown, indicative of metallic tellurium precipitation. Used with permis-
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indicating metallic tellurium formation.(Figure 8.8) Tellurium precipitation was again accompanied
by tellurium volatilization. Both these transformations were verified by Raman spectroscopy and ICP-
MS.(Figure 8.8, Figure 8.3) Again, bismuth telluride was slightly soluble, with 0.1 g dissolving in liquid

ASW to form 0.037 mM tellurite. (Table 8.1).

8.4 TELLURIUM SPECIATION BY EPR3

Despite the chemical differences between the solid tellurium compounds used as sources in the exper-
iments, EPR3 was found to be effective in converting each of them to metallic tellurium and a gaseous
tellurium species. Significantly, the conversion occurred at bacterial cells located a distance from the
surface of the solid sources, as evidenced by the precipitation of metallic tellurium, confirmed by Ra-
man spectroscopy, well away from the powders used as the sources. Consequently, 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 bacteria which, in turn, act 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 pH’s we have measured and the tellurium Pourbaix diagram ¥, that the soluble
anion is the tellurite oxyanion, but the identity of the gaseous tellurium species has yet to be estab-
lished. Based on the distinctive garlic odor accompanying the bacterial action, however, we believe it
to include dimethyl telluride.

In order for some of the tellurium compounds to dissolve, a 4 or 6 electron oxidation process is
required, for instance, to convert Te?” in tellurides and Te® in metallic tellurium to Te** 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 supports this. On agar, the metallic tellurium is exposed to more oxygen, which favors

dissolution to tellurite. Consequently, this tellurite is converted to a gaseous tellurium species and
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leaves the system faster than in samples exposed to less oxygen. This hypothesis is consistent with
conclusions from Ollivier 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 compounds, 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 compound which the bacteria act upon. However, no volatile tellurium species, including
hydrogen telluride, were detected by ICP-MS from the headspace of sterile tellurium amended ASW

plates. For this reason we believe that this alternative is less likely.

8.5 EPR3’S TELLURIUM TRANSFORMATION MECHANISM

Based on our experimental observations, we propose that several inter-related and coupled processes
occur during the bacterial speciation of tellurium and its compounds. These are illustrated schemati-
cally in Figure 8.9. When the solid tellurium sources are added to agar and liquid ASW, they dissolve
until the solubility limit is reached, local equilibrium 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 84 However, when EPR3 is present, the sol-
uble 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 species that
can diffuse out of the cell membrane and either volatize to the air atmosphere or reform the soluble
tellurite ion in the solution.

After an initial incubation period, while there remains a solid tellurium source and the cells are

active, we believe that a steady state is established. During this steady state, the soluble tellurite oxyan-
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Figure 8.9: Schematic of proposed tellurium speciation in a bacterium and its media. Diffusionis rep-
resented 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 telluride, and bismuth tel-
luride) dissolves in the media to yield soluble tellurite. The tellurite crosses the cell wall and the bac-
teriumtransformsit to either metallic tellurium or agaseous tellurium species (for instance, dimethyl
telluride by way of the Challenger mechanism). While there is undissolved tellurium source, the
metallic tellurium - tellurite - volatile tellurium system is in steady state; solid tellurium dissolves 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 (represented
by dotted hollow arrow). Used with permission ***.
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ion formed by dissolution of the source is transported and converted by the cells to metallic tellurium
and, a yet unidentified, gaseous tellurium species, most likely including dimethyl telluride. In essence,
in steady state the solid dissolution rate is equal to the volatilization rate buffered by the precipitated
metallic tellurium produced by the cell, with the rates being dependent on temperature, pH, partial
pressure 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 visible 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 color as the
amount of tellurium decreases until none remains and the agar returns to its initial color. The ob-
served color 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 Figure 8.9, 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 tel-
lurium containing molecule which we believe is the tellurite oxyanion. This conclusion can be applied
to other tellurium compounds that can be transformed by bacteria but are not discussed here, such
as bacterial tellurate (TeO,*>")"*7%>*?, and telluric acid (Te(OH)s) (transformation by EPR3 observed
during the course of experimentation, but no measurements were taken), as well as anecdotal studies
on tellurium transformation by mammals ingesting metallic tellurium ™. Itis 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 be-
tween the gaseous tellurium species being oxidized to tellurite and precipitating as metallic tellurium.
This reversible reaction of gaseous tellurium species to tellurite is represented in Figure 8.9 by the

dotted arrows. It is shown dotted because of our uncertainty of the actual mechanism.
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8.6 SUMMARY

In this chapter we found that EPR3 transformed a variety of tellurium containing compounds includ-
ing cadmium telluride, bismuth telluride, autoclave slime (a waste product of tellurium production),
and tellurium dioxide (an intermediate in tellurium production) to metallic tellurium and a gaseous
tellurium species. Each of these compounds are generally considered to be insoluble, but our experi-
ments suggest that EPR3 acts on a dissolved tellurium species to precipitate and methylate tellurium
from these compounds. These findings led to the conclusion that precipitated tellurium within the
cell should also be dissolving to tellurite, and that this tellurite can be transformed into a gaseous tel-
lurium species which eventually leaves the cell. This was confirmed by experiments that showed the
total amount of tellurium in the bacteria and its media decreases over time, as it is lost to the environ-
ment by volatilization. In addition, EPR3’s ability to transform these various compounds to metallic
tellurium lends itself to tellurium production. By simply incubating EPR3 in non-lethal concentra-
tions of these compounds, such as autoclave slime, PVs, or thermoelectric devices, direct transfor-
mation and recovery of metallic tellurium should be possible. Overall, these results introduce new
insights into tellurium speciation in bacteria, and demonstrate the potential for bacteria in tellurium

I CCOVCI'y.
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Conclusion

This thesis has demonstrated various microbiological methods to separate the lanthanides and recover
tellurium from many of their sources and devices, and through pursuing these methods new discov-
eries were made regarding the mechanisms by which these metals interact with bacteria. In this final
chapter we will summarize and discuss conclusions from the experimental work presented in this the-

sis.
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9.1 LANTHANIDE RECOVERY AND POTENTIAL FOR RECYCLING

9.1.1 SUMMARY AND CONCLUSIONS

Despite the lanthanides’ value and increasing pervasiveness in our lives, little attention is paid to their
production and recycling, which are costly and harmful to the environment because of inefficient lan-
thanide separations. Biosorption has long been considered as a potential method for valuable metal
recovery. The primary problem though, is that biosorption is not normally selective towards specific
metals, and most research demonstrates biosorption from a single element solution when other meth-
ods of recovery are better suited.

This thesis discussed the separation and recovery of individual lanthanides from a lanthanide mix-
ture through biosorption to Roseobacter sp. AzwK-3b and subsequent selective desorption. The bac-
terial surface sites, which ranged in pK, from 1.5 to 6, bound the lanthanides differently according
to the lanthanides’ basicities. The lighter lanthanides bound higher pK, sites, while the heavier lan-
thanides bound lower pK, sites. Bacterial surfaces are known to consist of lipopolysaccharides with
various surface exposed chemical groups, and it is generally understood that two of these, phosphate
and carboxyl groups, are the most important to lanthanide binding. The range of pK,’s observed from
the bacteria leads us to believe that indeed these surface groups are responsible, and their different spa-
tial and chemical arrangements lead to variations in pK,. We observed the same range of pK,’s from
liposomes composed of PA lipids that had only phosphate surface groups, instead of multiple chem-
ical groups such as those that are on the surface of bacteria. Although further research is needed, we
believe that variations in the phosphate group spacing causes the observed pK, ranges.

The lanthanide adsorption differences were utilized to concentrate a solution in the heaviest lan-
thanides. A mixed lanthanide starting solution was adsorbed to liposomes and pre-protonated bac-
teria and selectively washed with low pH washes so as to recover only the heaviest lanthanides. This

process was repeated 2 times until the final solution was nearly 50% concentrated in these two lan-

108



thanides. The process occurs at room temperature and pressure and does not involve the use of any
harsh chemicals (only low pH acids), so it confers advantages to many of the industrial metal refin-
ing and production methods that are currently used. Some disadvantages are apparent though. The
process, so far, has only been tested on small masses of the elements and may not be effective at an
industrial scale. Also, even with these small amounts there was still a loss in mass of each element
throughout each step in the process. Finally, the process is presently only semi-continuous, rather
than fully continuous, and the pH values needed to be decreased in steps rather than over a gradi-
ent. Even with these drawbacks though, this adsorption-desorption method is a promising strategy to
recover metals from solution.

The favorable lanthanide separations demonstrated in this thesis were observed using various bacte-
ria and liposome surfaces, without controlling for their compositions. Once the lanthanides adsorbed
to these surface, eluting them with a gradient of pH solutions tended to separate each one according
to atomic number. It appears, then, that once the lanthanides are in solution their adsorption behav-
ior is a powerful property that can be used to differentiate them. Tuning adsorption surfaces through
bioengineered bacteria or chemically engineered substrates should allow for enhanced lanthanide sep-

arations and improved recovery systems.

9.2 FUTURE WORK

The bacterial based lanthanide recovery has further experimentation that should be carried out in fu-
ture work. In this thesis, the identification of surface groups was done by matching observed pK,’s
with the published pK,’s. This is not always accurate and limits the analysis to well studied surface
groups. Future investigations could verify these identities by characterizing these surface groups us-
ing X-ray absorption spectroscopy (XAS). In addition, the observed lanthanide binding pk,’s were
confounded by the complexity and variation in spacing of the surface groups on the bacterial surface,

and by the dynamism of the liposomes. Experiments should be carried out in which lanthanides are
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adsorbed and desorbed from rigid surfaces with known compositions and spacings between groups.
This simpler, well defined surface should help verify the model. Also, with respect to the liposomes, it
is assumed that lanthanides are not entering inside of them. This could be verified by performing the
filtration assay with various sets of homogeneously sized liposomes. If the lanthanides are adsorbed to
the surface of the liposomes, their desorption should increase quadratically as a function of liposome
radius, whereas if they are entering the liposomes their release should increase cubically as a function
of liposome radius.

Regarding lanthanide separation, the recoverability of all the lanthanides that are added to the sys-
tem needs to be addressed. In the current filtration assay some of lanthanides’ mass flows right past
the adsorbant. In addition, there appears to be some lanthanide that does not desorb even with the
low pH 1.5 washes. These lanthanides are only removed with a 70% nitric acid wash. In both these
cases these lanthanides would need to be recovered and recycled in any future system, but no such
work on recovering them was performed. Also, further work is needed to characterize the bacterial
surfaces, especially as a function of growth rate. During experimentation it appeared that the growth
phase of Roseobacter sp. AzwK-3b affected lanthanide biosorption, and different desorption results
were measured when one day old versus two month old batches of the bacteria were used. There have
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been some studies on the surface changes in bacteria throughout their growth™°, but nothing related

to lanthanide biosorption.

9.2 TELLURIUM RECOVERY

9.21 SUMMARY AND CONCLUSIONS

Tellurium is produced as byproduct of copper refining, and exists in the anode slime of any refinery.
Despite this, of the three major copper refineries in the United States, tellurium is only produced at

one of them, the ASARCO copper refinery in Amarillo Tx. The others, the Rio Tinto refinery in Salt
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Lake County, Utah, and the Freeport McMoran refinery in El, Paso Tx, do not choose to recover their
tellurium.

This thesis discussed the recovery of tellurium from a common mining effluent, called autoclave
slime, in addition to materials used in devices, such as cadmium telluride and bismuth telluride. Each
tellurium compound exposed to the hydrothermal vent bacteria Pseudoalteromonas sp. EPR3 was
converted to metallic tellurium and a gaseous tellurium species. Based on the observation that precip-
itation of metallic tellurium occurs in cells located well away from these tellurium 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, precipitating metallic tellurium within the cell and more slowly converting, possi-
bly by the Challenger mechanism, to a volatile tellurium species that diffuses out of the cell and escapes.
Interestingly, the slight solubility of metallic tellurium suggests that metallic tellurium precipitating
in the cell should be dissolving to tellurite as well. This produces a steady state between undissolved
tellurium compounds and gaseous tellurium volatilization. Evidence for this mechanism comes from
the observation that metallic tellurium precipitated by the bacteria is gradually degraded over time, as
it is eventually converted to gaseous tellurium and volatilized to the environment.

Irrespective of whether bacterial transformation of tellurite is a detoxification strategy or an ’un-
intended’ byproduct of cellular reducing agents, more work is necessary 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
tellurium compounds. Notably, EPR3 shows resilience to the soluble tellurite oxyanion at concentra-
tions of 0.3 mM, significantly higher than reported in vent fluid#. 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
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processing cadmium telluride, special care in capturing the highly toxic dimethylcadmium 187,88 §f any
were to evolve. Further research into purities, yields, and flow-through processes are clearly needed,
but EPR3 and possibly other vent bacteria show considerable promise for both higher efficiency tel-
lurium recovery and simpler processing.

Many bacteria transform tellurite to metallic tellurium and the gaseous tellurium species, even
though tellurium is one of the scarcest elements in the earth’s crust. Itis likely then, that the molecules
that are acting on tellurite are not specific to this element, as it would be improbable for so many
species to have evolved enzymes that use this scarce metal as a substrate. This is evidenced by the
similar transformations that occur with selenite, which is chemically similar to tellurite. This transfor-
mation process and the molecules involved may have broad value then, in recovering various cations
from solution. This underscores the need to better understand the interactions between metals and

bacteria, because they could serve as the basis for new metal recovery and recycling methods.

9.2.2 FUTURE WORK

Further tellurium experimentation will be necessary to better support the proposed speciation model.
The ICP-MS measurements of soluble tellurium only detected nominal tellurium concentration, and
no distinction could be made between tellurite and the gaseous tellurium. To this end, the most im-
portant work needed is 7 sit# monitoring of the gaseous tellurium species while tellurite is being acted
on by the bacteria. This would shed light on the overall kinetics of tellurium transformation and allow
for reaction rates to be calculated. In addition, this would convincingly demonstrate whether or not
the gaseous species is directly oxidizing to tellurite, something that is suggested with uncertainty in
the model. Also, the composition of the gaseous tellurium species should be determined. Attempts
at doing this using gas chromatography - mass spectrometry failed because the gas concentration was
too low, but sophisticated sample preparation techniques, such as solid phase microextraction, may

be successful.
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Optimal recovery of metallic tellurium after bacterial transformation from tellurite needs to be in-
vestigated as well. For example, techniques to increase the bacterial precipitation of tellurite, rather
than methylation of tellurite to the gaseous species, should be studied. Based on the tellurium specia-
tion model, after metallic tellurium is formed within the cell it can be be oxidized to tellurite and then
converted to the gaseous species. Therefore, limiting the oxygen in the media or performing the bacte-
rial transformation in an anaerobic environment are potential strategies to enhance metallic tellurium
formation. In addition, the purity of metallic tellurium produced by bacteria needs to be measured,
and techniques to physically or chemically remove it from the cell should be explored. Finally, the bac-
teria should be tested for their ability to recover tellurium from other sources like copper mine tailings

and smelting filters.

9.3 CLOSING REMARKS

In this dissertation we have demonstrated simple and effective methods to recover the lanthanides and
tellurium using biological processes. Ours and other investigations of new recovery methods for many
of the scarcest metals are important endeavors, so we hope this dissertation serves as a meaningful and

impactful advancement in this field.
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Materials and methods for lanthanide

experiments

This appendix shows the experimental methods used for the lanthanide experiments discussed in

Chapters 4, 5 and 6.
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A1 MEDIA AND REAGENTS

A mixed lanthanide calibration standard (Accutrace, New Haven, Ct) used for inductively coupled
plasma - mass spectrometry (ICP-MS) was used as the mixed lanthanide solution unless otherwise
described. This standard solution contains 10 pg/mL of each lanthanide (except Pm) as well as Sc, Y,
and Th all dissolved in 2% nitric acid. It was then diluted with deionized water and neutralized to pH
6.0 to an approximate concentration of 2 ug/mL. It was also diluted with trace metal free 2% nitric
for use as the lanthanide standards for ICP-MS analysis. Lanthanum (III) nitrate hexahydrate (Alfa
Aesar, Ward Hill, MA), and lutetium (III) chloride hexahydrate (Alfa Aesar, Ward Hill, MA) were
used to create individual lanthanide solutions. These chemicals were diluted in deionized water to a
concentration of approximately 30 ug/mL.

Dipiciolinic acid was purchased from Spectrum Chemicals (Gardena CA). It was used to chelate the
Nd and Pr to form Nd(III) and Pr(III) dipicolinate. First 0.003 moles (~o.5 g) of dipicolinic acid were
added to 10 mL of vigorously mixed DI water. Then o.00o1 moles of the Nd or Pr (as Pr(NO;),*sH, O,
or Nd(NO,),*6H,0) were added to the solution. After, while still mixing, the pH of the solution was
raised to pH 8.0 by adding 2.0 M NaOH drop by drop. Then the solution was allowed to evaporate
slowly, creating large crystals of Pr(III) and Nd(III) dipicolinate. These crystals were then redissolved
in deionized water to a lanthanide concentration of approximately 2 ug/mL.

Roseobacter sp AzwK-3b was donated by C. Hansel who isolated it from Elkhorn Slough, a coastal
estuary adjacent from Monterey Bay, CA*7. EPR3, EPR7, and EPR174 were obtained from Costantino
Vetriani who isolated them from the East Pacific Rise hydrothermal vent field*°. Halomonas sp. Sph-
ingobacteria sp., and Pseudoaltermonas sp. were isolated from cheese rinds by Rachel Dutton™. The
growth media for these bacteria was artificial seawater (ASW) which was sterilized by autoclaving at
120°C for 15 min. Escherichia coli and Shewanella oneidensis were purchased from the ATCC. The

growth media for these was autoclaved tryptic soy broth (TSB), which was sterilized at the same con-
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ditions as the ASW.

A.2 PREPARATION OF THE BACTERIA

Each strain was inoculated from a frozen stock into 5 mL of its media and grown for 24 h at 37°C.
Each was then individually transferred to s mL of media and grown for 24 h at 37°C which provided
the source bacteria for each experiment. The filtration assay experiments that used AzwK-3b as the
adsorbant were incubated for a longer time before use. A single stock of AzwK-3b was created by
inoculating 1 L of sterile ASW with AzwK-3b and allowing it to incubate for approximately 2 months.
Then, AzwK-3b biomass was kept refrigerated, and was sterilely removed from this stock throughout

the experiments.

A3 LirosoME FORMATION

The following saturated phosphatidic acid (PA) lipids were procured from Avanti Polar Lipids (Al-
abaster, AL) to create liposomes: 10:0 PA 1,2-didecanoyl-sn-glycero-3-phosphate (sodium salt) (25 mg
in chloroform solution, part number: 830843C).(Figure 5.16) Liposomes were created from the PA

¢ In

lipids following the standard protocol outlined by the lipid manufacturer, Avanti Polar Lipids
each case, 5 ug of the lipid dissolved in chloroform was transferred with a glass pipette to a 10 mL glass
vial. The chloroform was then dried by a steady stream of nitrogen gas to form a lipid film. The film
was subjected to vacuum for 2 hours, and then suspended in deionized water to a concentration of
1 ug/mL. The resultant solution was shaken at 240 rpm for 1 hr to form liposomes. The liposomes
were sized using a dynamic light scattering (DelsaNano C, Beckman Coulter) and found to range in

size between 0.25 um and so um diameter with an average size of 1.2 um.(Figure A.1 They were stored

at 4°C and always used within 3 days of their formation.
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Figure A.1: Differential intensity as a function of diameter for the liposomes used in this study. As
shown in the plot, the liposomes had an average diameter of 1.2 um.
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A.4 BATCH STUDIES

Three batch studies were conducted by incubating bacteria in media amended with the lanthanide
cocktail. In the first experiment individual samples of each strain were inoculated into media that had
a concentration of o.r ug/g of each lanthanide. These were then incubated at 37°C with continued
shaking for 11 days. In the second experiment each strain was grown individually in lanthanide-free
media for 10 days at 37°C with continued shaking. At that point the media was amended with the
lanthanide cockrtail and brought to a concentration of 0.1 ug/g. These samples then incubated with
continued shaking for 1 additional day. In the third experiment two samples of EPR3 were inocu-
lated then incubated in ASW for 10 days at 37°C with continued shaking. At that point the media
was brought to a concentration of 0.1 ug/g of each following lanthanides: sample 1, a combination of
Pr(IIT) and Nd(III) cations in solution, and sample 2, a combination of Pr(III) and Nd(III) dipicoli-
nate in solution. These samples were then incubated at 37°C with continued shaking for an additional
1day. After incubation each of the samples described above were centrifuged at 8ooo rpm for 6o min
to form a cell pellet, isolated from the media. Then, the supernatant media was removed from each
sample, diluted in 2% trace metal free nitric acid, and analyzed for its lanthanide content by ICP-MS.
Sterile controls of media that contained the lanthanides were prepared as well, and showed no differ-

ence in lanthanide mass before and after incubation.

A.s FILTRATION BASED Assay

A filtration assay was developed to measure lanthanide adsorbtion and then to expose adsorbed lan-
thanides to various pH washes. The assay consisted of a syringe pump pumping liquids from a syringe
past a 25 mm diameter hydrophilic filter (Pall, Port Washington, NY, GHP Acrodisc) at a rate of 2.5
mL/min. The average pore size of the filter (0.2 um) was selected to be smaller than the diameter of the

bacteria (0.8 um). First, s mL of water was passed through the filter to wet it. This was then followed
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by approximately o.1 mg of the bacteria or 2.0 ug of liposomes in solution.(Figure s.1) Then, 1 mL of
the 2.0 ug/mL solution of mixed lanthanides was pumped through the filter enabling the lanthanides
to adsorb to the bacteria or liposomes. This was followed by a deionized water wash (pH 7) to remove
any unbound lanthanides. Then, a series of nitric acid solutions, from pH 6 to pH v.5 in intervals of
pH o.5, was pumped past the bacteria on the filter. These nitric acid solutions desorbed the adsorbed
lanthanides depending on the pH of the wash. Each of the nitric acid washes was analyzed by ICP-MS
after passage across the filter to quantify the concentrations of the individual lanthanides desorbed as
a function of pH wash.

Several modifications of the titration assay were also developed as controls in the experiments. One
modification using bacteria as the adsorbant involved collecting a single drop from the syringe every
soo uL of liquid pumped through the filter, and analyzing each drop for lanthanide content, rather
than collecting the entire s mL fraction. In this version only two pH washes were used, a pH 3.5 wash
and a pH 1.5 wash. This modification showed that the wash volume and pump rate were sufficient for
complete lanthanide desorption because a negligible mass of lanthanides were detected in drops ob-
tained following the passage of s mL past the filter.(Figure 5.3) Another modification involved passing
the lanthanides through a new filter absent bacteria to show that the filter itself was not a sorbent of
the lanthanides.(Figure 5.2)

The filtration assay was also used to study the effect of pre-protonation of the bacterial surfaces.
After the filters have been coated with the bacteria, a solution of nitric acid of either pH 2.5 for the
bacteria or pH 2 for liposomes was pumped through the filter. Then, the lanthanide solution (at
circumneutral pH) and subsequent nitric acid washes were passed through the filter as described in the
basic assay experiment. An alternate version of this assay used a lanthanide solution that was decreased
to pH 3.0 using 2% nitric acid.

In a final modification, individual lanthanide solutions consisting of either 30 ug/mL of La (III) or

Lu (III) were substituted for the combined lanthanide mixture in order to measure the biosorption
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behavior of these individual lanthanides.

A.6 REVERSIBILITY

The reversibility of biosorption with changes in pH was studied using a modified biosorption re-
versibility assay adapted from Ngwenya ez. al.”". A 100 mL volume of a grown culture of AzwK-3b
was centrifuged (8000 rpm, 30 min), and the supernatant media removed. The culture was then mixed
with 200 mL of deionized water and 3.3 mL of the ~30 uL/ml lutetium (III) chloride solution. The
solution was equilibrated for 2 h while mixing, and the pH was then measured and a soo uL sample
was removed. The pH of the solution was then reduced by successively adding drops of nitric acid
of varying concentration. At each step in pH the solution was allowed to equilibrate for 30 min, and
thereafter the pH was measured and a soo uL sample was removed. After reaching the lowest pH value
(1.99) the pH was then increased using various concentrations of sodium hydroxide. At each pH step
the solution was equilibrated, its pH measured, and a 500 uL sample was removed for analysis. These

samples were then further diluted with nitric acid for analysis of their Lu content by ICP-MS.

A.7 ICP-MS ANALYSIS

ICP-MS (Agilent Technologies 7700x, Figure A.2) was used to measure the concentration of lan-
thanides in all the solutions analyzed. The instrument used calibrations standards spanning a con-
centration range from o.1 ng/mL to 1 ug/mL, with routine detectabilities of 0.1 ng/mL. It was used to
detect the most abundant naturally occurring isotope for each lanthanide (mass-to-charge ratio equal
to mass of most abundant isotope), except for the following masses Nd“¢, Sm™47, Gd¥7, Dy’63, Yb'72,
The instrument calculated the concentration of lanthanides in each sample, and based on the volume
of each sample the absolute mass of the lanthanides was calculated. A background on the ICP-MS

and its functions will now be discussed.
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Figure A.2: Photograph of the ICP-MS used in the experimentation
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ICP-MS is one of the most sensitive instruments used to detect trace metals and is regularly used
to quantify part per trillion concentrations of metals in aqueous solution. An ICP-MS functions by
ionizing a sample in a plasma torch prior to introduction into a mass spectrometer. Specifically, a
liquid sample is nebulized and sprayed into an argon plasma torch. The torch ionizes the aerosolized
sample which is then physically and electromagnetically focused into a mass spectrometer. Prior to
nebulization an internal standard is automatically spiked in each sample so that the samples can be
compared. The instrument calculates the concentrations of specific trace elements in samples by com-
paring their mass-to-charge ratio (m/Z) signals to calibration standards of known concentrations of
that element. The internal standards correct for differences between the calibration standard and sam-
ple matrix solutions (i.e. solutions in which the element is dissolved). A schematic of an ICP-MS is
shown in Figure A.3. The ICP-MS can be converted to detect gaseous samples by bypassing the nebu-
lizer and carrying a gas sample directly into the plasma torch. In this instance it is difficult to quantify
metal concentrations because calibration standards and internal standards are fundamentally difficult
to introduce into the instrument.

An Agilent 7700x ICP-MS with a Cetac ASX-520 autosampler was used for the experimentation.
The instrument included a micromist nebulizer, x-lens ion lens, nickel sampling cone, and platinum
skimmer cone, but otherwise used standard components included with the instrument. Upon start-
up the automated tuning steps were performed. These include: torch axis alignment, electron multi-
plier detector tune, plasma correction, standard lens tune, axis and resolution adjustments, full spec-
trum sensitivity tune, and pulse/analog factor setting. Samples were pumped at so rpm for 25 seconds
and then stabilized at 10 rpm for 55 seconds. Each sample had its elements measured in a 3 peak pattern
over 6 replicates with 100 sweeps per replicate. Data analysis was performed using a linear calibration

curve, and the origin was offset by the zero concentration blank.
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Supplemental lanthanide desorption data

This appendix includes additional plots to those shown in Chapter 5. This data was not included in
Chapter 5 because it is similar to data that was presented there. The plots below show the lanthanide
desorption as a function of pH wash by the filtration assay from the following bacteria: Psexdoal-
teromonas sp., Alcanivorax sp. EPR7, Acinetobacter sp. EPR174, Sphingomonas sp., and Shewanella
oneidensis. The first three strains show similar, broad lanthanide desorption at high pH washes. The

last two show preferential light lanthanide desorption at high pH washes and heavy lanthanide des-
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orption at low pH washes. The differences seen in these last two plots show the potential of using
different bacteria for lanthanide separation.

Figure B.1, Figure B.2, and Figure B.3 show lanthanide desorption from Psexdoalteromonas sp.,
Alcanivorax sp. EPRy7, and Acinetobacter sp. EPR174, respectively. These strains appear to have
a single primary binding site with broad pK,’s centered around 5. The Acinetobacter sp. EPRi74
appears to have an additional binding site with a lower pK, of approximately 3.

Figure B.4 and Figure B.5 show lanthanide desorption from Sphingomonas sp. and Shewanella onei-
densis, respectively. Sphingomonas sp. appears to have five binding sites with pK,’s of approximately
6, 4,3.5, 3, and 2.5. The latter four binding sites bind the lanthanides as a function of atomic number
according to their pK,’s. A similar phenomenon is seen with Shewanella oneidensis, which has bind-
ing sites with pK,’s if approximately 4.5, 3.5, 3, 2.5, and 2. As before, the lower the pK, of the site, the

greater affinity that site has to preferentially bind the heavier lanthanides.
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Figure B.1: Lanthanide desorption from Pseudoalteromonas sp. using the filtration assay. The lan-
thanides behave similarly, with most being desorbed with the pH washes around pH 5. The gray
bars show local maxima of masses desorbed.
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Figure B.2: Lanthanide desorption from Alcanivorax sp. EPR7 using the filtration assay. The lan-
thanides all desorb similarly, with most lanthanides desorbing with the pH 5.5, pH 5, and pH 4.5
washes. The gray bars show local maxima of masses desorbed.
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Figure B.3: Lanthanide desorption from Acinetobacter sp. EPR174 from the filtration assay. The lan-
thanides desorb similarly, with most being removed with the pH 5.5 wash. The gray bars show local
maxima of masses desorbed.
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Figure B.4: Lanthanide desorption from Sphingomonas sp. using the filtration assay. All of the lan-
thanides had large masses desorbed from the pH 6 wash. In addition, the heavy lanthanides tended
to have larger masses desorb from the lower pH washes than the lighter lanthanides, which had
larger masses desorbed from the middle pH washes. The gray bars show local maxima of masses
desorbed.
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Figure B.5: Lanthanide desorption from Shewanella oneidensis using the filtration assay. While each
lanthanide desorbed broadly around the middle to low pH washes, the heavy lanthanides had greater
total masses desorbed with lower pH washes while the lighter lanthanides had greater total masses
desorbed from the middle pH washes. The gray bars, which are local maxima of desorption masses,
illustrate this. For example, more Lu mass desorbed with the pH 2 wash than any other wash, while
more La mass desorbed with the pH 4.5 wash than any other wash.
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Flowchart for lanthanide recovery using

bacteria

This appendix shows a possible flow chart for a bacterial - based system to recover specific lanthanides.
It is included in order to show what a potential recovery scheme might consist of, as well as to help
visualize the lanthanide recovery steps performed in Chapter 6.

sectionFlow chart for lanthanide recovery from a mixed solution
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The heavy lanthanides can be recovered using the filtration assay and pre-protonated bacteria be-
cause biosorbed Yb/Lu will desorb more than any other element during a pH 1.5 nitric acid wash.
Therefore, to achieve an enriched Yb/Lu solution from a mixed lanthanide chloride solution, two
steps are needed: first, biosorb lanthanides to pre-protonated Roseobacter sp. AzwK-3b and second,
desorb the lanthanides using a pH 1.5 nitric acid wash. Now enriched with Yb/Lu, this wash is repeat-
edly biosorbed to new pre-protonated Roseobacter sp. AzwK-3b and washed with pH 1.5 nitric acid
until it is the desired Yb/Lu purity. After each step the unused solutions that contain lanthanides are
collected for future lanthanide recovery. The following flow chart, Figure C.1, illustrates this process.

The process can be adjusted to recover multiple elements from the same lanthanide mixture, such as
middle and heavy lanthanide recovery, shown in Figure C.2. While it is complicated, it may actually be

simpler than current methods which may need over 750 steps to recover each lanthanide individually *.

Ci METHODS

The flowcharts described above were carried out in the lab to test their effectiveness in separating the
lanthanides. A total of 3 recoveries were performed: two recoveries on pre-protonated bacteria to
recover the heavy lanthanides and middle lanthanides, and one recovery on liposomes to recover the
heavy lanthanides. The procedural steps were the same as described for the filtration assay in Appendix
A, however unnecessary pH washes were eliminated. For the bacterial recoveries only a pH 2.5 pre-
protonation followed by a 1.5 wash were used to recover the heavy lanthanides and only a pH s pre-
protonation followed by a pH 4 wash were used to recover the middle lanthanides. For the liposome
recovery only two washes, a pH 2.5 wash followed by a pH 1.5 wash were used. In all tests, each wash
was recovered and 100 uL was removed for ICP-MS sampling. After the first set of washes, each of the
solutions that were enriched in the targeted lanthanides were brought to a pH of s with 0.2 M NaOH.

These solutions where then passed through the filtration assay again, flowing over fresh batches of
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(to be processed
at later time)

Lanthanides
biosorbed to
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[Roseobacter Roseobacten
pH 1.5 nitric pH 1.5 nitric
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Yb/Lu Yb/Lu
enriched enriched
solution solution
]
Spent I Spent
Roseobacter | [Roseobacter

Repeat steps until

desired purity

Figure C.1: Flowchart of heavy lanthanide recovery from a mixed lanthanide chloride solution using
the filtration assay and Roseobacter sp. AzwK-3b. First, the Roseobacter sp. AzwK-3b cells are pre-
protonated by passing a pH 2.5 nitric acid wash past them. Then, the mixed lanthanide solution is
passed over the cells to allow for biosorption. After, the cells are washed with a pH 1.5 nitric acid
solution; the wash becomes enriched in Yb/Lu. This wash is exposed to new Roseobacter sp. cells and
the process is repeated, each cycle enriching the solution in Yb/Lu. The unused material from each
step is collected to recover the other lanthanides.
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Figure C.2: Flowchart of middle lanthanide and heavy lanthanide recovery from a mixed lanthanide
chloride solution using the filtration assay and Roseobacter sp. AzwK-3b. First, the Roseobacter sp.
AzwK-3b cells are pre-protonated by passing a pH 5.0 nitric acid wash past them. Then, the mixed
lanthanide solution is passed over the cells to allow for biosorption. After, the cells are washed with
a pH 4.0 nitric acid solution; the wash becomes enriched in Sm/Eu. This wash is exposed to new
Roseobacter sp. cells and the process is repeated, each cycle enriching the solution in Sm/Eu. After
recovery of the middle lanthanides the bacteria are still binding the heaviest lanthanides, so they are
washed with a pH 1.5 nitric acid wash. This wash solution contains a high amount of Yb/Lu and can
be fed into its own recovery circuit. The unused material from each step is collected to recover all

the other lanthanides.
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pre-protonated bacteria or liposomes. The low pH washes were repeated, and 100 wL of each solution

were removed for ICP-MS sampling.
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Materials and methods for tellurium

experiments

This appendix shows the experimental methods used for the tellurium experiments discussed in Chap-

ter 8.



D.1 MEDIA AND REAGENTS

The following tellurium sources were used in this study, metallic tellurium (Sigma-Aldrich, St. Louis,
USA), potassium tellurite (Sigma-Aldrich, St. Louis, USA), tellurium dioxide (Spectrum Labora-
tory Products, Inc., New Brunswick, USA), bismuth telluride (Crescent Chemical Co., Inc., Islandia,
USA), cadmium telluride (Strem Chemicals, Inc., Newburyport, USA), and copper autoclave slime
(obtained from the Freeport-McMoRan Copper and Gold El Paso, TX refinery). The growth media
for EPR3 was artificial seawater (ASW) 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’°. (Figure D.1)

D.>. APPROXIMATION OF TELLURITE’S INHIBITORY CONCENTRATION

The approximate minimum inhibitory concentration (MIC) of tellurite was determined by aerobi-
cally growing EPR3 in autoclaved ASW containing varying concentrations of tellurite and observing
the maximum tellurite concentration at which cell growth occurred. A wide range of tellurite solu-
tions (8 nM - 0.8mM) were tested initially to determine the approximate inhibitory concentration.
A stock solution of ASW containing 0.8 mM tellurite was prepared by dissolving potassium tellurite
in ASW. Five additional tellurite solutions were prepared from the 0.8 mM stock by performing ro-
fold serial dilutions in ASW down to 8 nM. Each sample was inoculated with EPR3 (1:100 dilution
of fully grown culture, OD 60onm = 0.7) and the liquid cultures were incubated at 37°C for 3 days
with shaking at 160 rpm. Growth was evaluated based on UV-vis absorption at a wavelength of 600
nm. From this preliminary experiment, it was determined that the MIC of tellurite was between 8o
uM and 0.8 mM. Additional tellurite-ASW solutions at concentrations within this range (0.8 mM,

0.5 mM, 0.3 mM, and 0.1 mM) were prepared by dissolving potassium tellurite in ASW. EPR3 was
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Figure D.1: SEM micrograph of pseudoalteromonas sp. EPR3



inoculated (1:100 dilution of fully grown culture, OD 60onm = 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 darkening of cells resulting from metallic tellurium precipitation. Sterile
tellurite-ASW controls were also prepared at the same tellurite concentrations and did not show any
turbidity throughout the length of the experiment. The MIC was determined to be 0.3 mM, and the
chosen concentration of tellurite for subsequent experiments was o.1 mM, which was slightly less than

the MIC.

D.3 GROWTH CURVES WITH TELLURITE

Growth curves were produced for EPR3 incubated in a variety of tellurite concentrations. This exper-
iment was performed in a 48-well plate in order to screen multiple concentrations. ASW containing
0.8 mM tellurite was added to the first row of the plate and then diluted in the remaining rows by
performing 1o-fold serial dilutions in sterile ASW. Each well was then inoculated with 10 uL of a fully
grown culture of EPR3 (1:100 dilution of fully grown culture, OD 60onm = 0.7). Two additional con-
trol wells were filled with sterile ASW without tellurite. One was inoculated with EPR3 and the other
was left sterile. The plate was incubated at 37 wC with continued shaking. Growth was monitored at
30 min intervals over the course of 1 day by measuring the absorbance of each sample at a wavelength
of 6oo nm. The entire process was automated using a pre-programmed robotic arm to manipulate

the plates and measure absorbance.

D.4 ASSAY OF DISSOLVED TELLURIUM CONCENTRATION WITH TIME

EPR3’s ability to transform tellurite was demonstrated by incubating EPR3 with a known concentra-
tion of tellurite in liquid ASW and measuring the decrease in the soluble tellurium concentration over

time. Potassium tellurite was added to four 15 mL conical tubes each containing 5 g of sterile liquid
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ASW to achieve a final concentration 0.09 mM tellurite. Three samples were inoculated with EPR3
(1:100 dilution) and the fourth was included as an untreated sterile control. All of the samples were
capped and incubated aerobically at 37°C with continued shaking at 7o rpm. Approximately every 24
h for 4 days after inoculation, the samples were centrifuged (9000 g, 25°C) to separate any cells and
solid tellurium from the supernatant ASW of the liquid culture. so uL of the supernatant from each
sample was pipetted, weighed, and combined with 5 g of 2% trace metal free nitric acid in preparation

for ICP-MS analysis.

D.S TELLURIUM PRECIPITATION AND VOLATILIZATION ASSAY ON SOLID MEDIA

Precipitation and volatilization of tellurite, metallic tellurium, tellurium dioxide, autoclave slime, cad-
mium telluride, and bismuth telluride on solid ASW was determined by growing EPR3 on plates with
powders of these compounds sprinkled near the center, then measuring gaseous tellurium and metallic
tellurium production by ICP-MS and confocal Raman spectroscopy, respectively. A o.r mM tellurite
agar plate was prepared by first dissolving potassium tellurite in sterile liquid ASW, and then solidi-
tying the plate with agar and inoculating with EPR3. For the other, insoluble, tellurium compounds,
0.5 g of metallic tellurium, tellurium dioxide, and bismuth telluride, and o.1 g of copper autoclave
slime and cadmium telluride, were added to the center of ASW plates that had been inoculated with
100 ul of a fully grown culture of EPR3 (ODgoonm = 0.7). Identical plates, containing the tellurium
compounds, but absent of EPR3, were made as controls. The control plates remained completely un-
changed through the course of our experiments and no movement of the tellurium sources was noted.
Photographs were taken of each plate before and after 48 h of incubation at 37 °C. The tellurite plate
was aged an additional 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
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that blackened indicative of tellurium precipitation were cut with a razor blade from the agar and ex-
tracted for analysis. Confocal Raman spectroscopy (LabRAM Aramis Horiba Jobin YVON, 532 nm
laser) was performed on these samples, the controls, and reference samples of the pure tellurium com-
pounds. 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 metallic tellurium. Metallic tellurium exhibits very distinctive major Raman peaks at 120.4

-1141

+ o.5em™ and 140.7 £ 0.5 cm ™, while tellurium dioxide is characterized by major Raman peaks at

21 cm™, 152 cm™, 174cm™, and 199 cm™'#?

. None of the other controls, including the tellurite dis-
solved in ASW, exhibited any Raman signal between 100 cm™ and 200 cm™. The Raman spectra of
metallic tellurium, tellurium dioxide, and o.: mM tellurite in ASW agar are shown in Figure D.2.

The sensitivity of the Raman measurements was not quantified because it is a function of many
variables which are difficult to control, especially those 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 background on Raman spec-
troscopy and its function is discussed in the final section of this appendix.

The 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 Technolo-
gies 7700x). In this configuration, 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 tel-
luride based on previous studies, along with other volatile tellurium compounds that are known to
form. 7143125124 A mass-to-charge ratio of 125 was used to detect tellurium (Te'). The tellurium re-
sponse from EPR3 with the various tellurium compounds was compared to controls of the tellurium
sources on sterile ASW plates. The limit of detection for the ICP-MS system (10 g of tellurium) was

approximately 100 to 1000 times smaller than the values in volatilized tellurium samples.
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Figure D.2: Raman spectra of standards of metallic tellurium, tellurium dioxide, and tellurite. Used

with permission ***.
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D.6 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 analyze the concentration of dissolved
tellurium. Approximately o.1g of metallic tellurium, tellurium dioxide, autoclave slime, cadmium tel-
luride, and bismuth telluride were added to 15 mL conical tubes containing s g of sterile liquid ASW.
All samples, including a sterile ASW control, were capped and incubated at 37°C for 48 h with con-
tinued shaking. Next, the samples were centrifuged (9000 g, 25°C) to isolate the media with dissolved
tellurium from the 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.

D.7 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 pho-
tographs and measuring visible light absorption. Approximately o.r g of metallic tellurium and tel-
lurium dioxide, and 0.1 mM tellurite were added to capped tubes of sterile ASW, with 3 replicates of
each. These samples, including a sample of tellurium-free ASW, were inoculated 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) measurements. In preparation for the spectrophotometry, soouL.
of each sample was removed and added to a plastic cuvette. After measuring the optical absorption,
the solution was added back into the samples. Care was taken to avoid any biological contamination

during these transfers. The sterile ASW control was taken as the baseline absorbance before each ab-
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sorbance measurement. The absorbance was measured between 450 - 800 nm and integrated over this

range for comparison between samples over time.

D.8 LiQuip ICP-MS ANALYSIS ASSAY

Liquid ICP-MS analysis was used to detect the concentration of nominal dissolved tellurium in liquid
samples with high sensitivity (parts per trillion concentrations). A range of tellurium concentrations
(blank - 1 ppm) were 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 con-
centrations, which had a limit of detection of ~20 nM (calculated based on blank samples that were
included in each run compared to calculated tellurium concentrations in standards). 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 stan-

dard consisted only of indium, and did not include bismuth.

D.9 RAMAN SPECTROSCOPY

The determination of material phases was performed using a Horiba Jobin Yvon Labram Aramis Ra-
man spectrometer with a 532 nm laser was used throughout this dissertation. Raman functions by
focusing a laser beam of known wavelength onto a material’s surface. The surface reflects the majority
of the beam at the same wavelength as the incident beam, but a small amount is slightly shifted to ei-
ther higher or lower energies. The shift in energy is derived from the absorption of vibrational energy
modes, and is known as the Raman shift. The Raman shift can be categorized into two types: Stokes
scattering and anti-Stokes scattering. Stokes scattering occurs when electrons that are excited from the

ground state energy level fall back to a vibrational energy level higher than that of the ground state.
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The reflected light then has less energy than the incident light. Anti-Stokes scattering occurs when
an electron is excited from a vibrational energy level, and then falls back into the ground energy level.
In this case the reflected light is higher in energy than the incident light. These small Raman shifts
in energy provide information about vibrational modes in the material, which can in turn provide
knowledge of many properties, including crystal structure. There is no database that describes the
Raman shift of materials, like exists for x-ray diffraction, so standards of known material and phases

are often used to identify samples.
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Recovery of lanthanides from devices

In Chapter 2 the importance of Nd magnets and Terfenol-d was discussed, along with the supply risk
for the lanthanides used to produce these magnets. Unfortunately, minimal efforts have been made
to recycle these devices, which could mitigate some of these risks. In Chapter 6 lanthanide biosorp-
tion and desorption were demonstrated to have utility in separating the lanthanides. In the following,
NdFeB magnets and Terfenol-d (Tb,, 3Dy, ,Fe,o,) were put through the filtration assay in an attempt

to recycle these lanthanides from their devices. Both magnets were first dissolved in 37% hydrochloric
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acid, then neautralized to pH 5.0, and then put through the filtration assay, which used liposome ad-
sorbants. Based on preliminary experimentation the following washes, pH 2 wash, pH 1.5 wash, 70%
nitric acid wash, were sequentially passed over the liposomes across the filter, and the concentration

of lanthanides and iron in each wash was measured.

Ex1 METHODS

1 mL of dissolved and pH neutralized magnetic material solution (approximately 2.0 ug/mL Tb and
4.6 ug/mL Dy for Terfenol-d, and 2 ug/mL Nd for the NdFeB magnet) was passed over 2 mg of li-
posomes (average of 700 um diameter) in the filtration assay as previously described in Appendix A.
Then, the following were passed over the liposomes: smL of water, smL of pH 2 nitric acid, s mL of
water, s mL of pH 1.5 nitric acid, s mL of water, 1 mL of 70% nitric acid, 15 mL of water. Because the
filter itself holds approximately o.s mL of water, much of the mass of lanthanides that desorbs from
the 1 mL of 70% nitric acid will be removed with the following 15 mL water wash. Every wash was
collected and sampled for metal concentration using ICP-MS. In each case we measured lanthanide

content and iron content, but in the NdFeB no boron was measured.

E.>. REecycrLING OF IRON FROM NDFEB aAND TERFENOL D

The results of these filtrations are shown in Figure E.1 and Figure E.2. The lanthanides predominantly
desorbed during the pH 2 wash with 36% of the praseodymium, 37% of neodymium, 66% of the
terbium, and 65% of the dysprosium separating from the liposomes during that wash. The iron is
almost completely desorbed during the 70% nitric acid wash and its ensuing water wash, with 96% of
the iron from the neodymium magnet and nearly 100% of the iron from the Terfenol-d being removed.
The 70% nitric acid wash is very harsh, and so it likely breaking down the liposomes. Itisn’t clear then,

if the iron was bound to the liposome surfaces before the nitric acid wash, or if the iron had actually
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Figure E.1: Iron separation from an Nd magnet. First the magnet was put into solution and then
passed through the filtration assay with liposomes. The bar graphs show the desorption of Nd and
Fe>* as a function of pH washes. Each chart shows the mass desorbed as a function of pH wash for
the different relevant elements. The Nd is primarily desorbed by the pH 2 wash, while the Fe** is
almost entirely removed by the 70% nitric acid wash.

made its way into the liposomes and was only released after the liposomes were broken down by the
nitric acid. Itis apparent, visually, that the liposomes do change their structure in the presence of 70%
nitric acid (Figure E.3), so either of these scenarios is plausible. Investigating this will be the subject of

future work.
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Figure E.2: Separation of Fe>* from Tb and Dy using the filtration assay and liposomes. Terfenol D
was solubilized and passed through the filtration assay along with pH 2, pH 1, and 70% nitric acid
washes. The Tb and Dy are primarily eluted with the pH 2 wash while almost no Fe>* is removed until
the 70% nitric acid wash. The assay may be helpful in the recycling of Th, Dy, and Fe from Terfenol-d.
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Figure E.3: Photographs of liposomes at pH neutral water (right side) and in 70% nitric acid (left side).
Afterexposureto 70% nitric acid the liposomes precipitated out of the solution and made it appeared
cloudy.
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Tellurium and lanthanide supply risk case

studies

In this appendix two case studies are described that illustrate the real-world consequences of tellurium
and lanthanide supply risk. The first shows how tellurium availability may limit CdTe photovoltaic
production. The second shows how Nd based magnet scarcity may influence wind turbine produc-

tion, and how Nd production in the United States could make a meaningful impact on its availability.
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F1 TELLURIUM DEMAND CASE STUDY

As discussed in Chapter 2, tellurium is a critical material for future energy technologies that is also
scarce. This scarcity could hinder the bourgeoning PV industry if it continues to be produced at
current levels. In 2011, the world’s largest CdTe PV manufacturer, First Solar, used ~115 tonnes of
tellurium to produce PV modules capable of prodocing 2 GW of power ', consuming half of tel-
lurium’s 300 tonnes produced world-wide, although estimates vary >3, According to data from
2012, First Solar planned to have a production capacity of 2.9 GW per year by the end of that year, and
planned to produce at full capacity##. If we assume an average solar irradiance of 1000 W/m? and
17% efficiency we determine a power density of 170 W/m?. This results in an estimate of 17 km? of
solar cells being produced that year. If CdTe is laid down at 3 um thick then so m? of CdTe is needed.
With a density of 5.85 g/cm?, and a little more than half of that being tellurium, 150 metric tonnes of
tellurium were needed to produce this quantity of solar cells, however global estimates of tellurium
production were around 300 tonnes?***#%#3 It seems impossible for First Solar to satisfy their de-
mand unless new tellurium recovery methods are developed to recover it from wasted sources, such as
the 70% lost during copper refining*>¥, or recycle it from devices, such as used solar cells.

As a result, many reports have been published regarding tellurium’s scarcity and its impact on the
CdTe PV market 47145145549 Given that the raw material cost of tellurium accounts for nearly 10%
of the total cost of a CdTe module, low tellurium production and increasing price will consequently
hinder solar cell implementation. Projections show that recycling tellurium could largely eliminate

150

issues with scarcity ™, but there is a lack of research in CdTe recycling and the suggested methods are

expensive and rely on the use of harsh chemicals such as concentrated sulfuric acid "%,
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F.> NEODYMIUM DEMAND CASE STUDY

As discussed in Chapter 2, the rapidly changing energy landscape is creating a greater-than-ever de-
mand for the neodymium in permanent magnets to power wind turbines and hybrid/electric cars.
The U.S. Department of Energy reports that the production of this element is critical to the United
States’ energy goals and that current production may be inadequate in matching future device needs™.
The following analysis shows that shifting neodymium production to the mine where it is extracted
in the United States could improve energy security.

About 1 kg of neodymium is used in each electric car, and about sookg of neodymium is needed
per MW in a wind turbine**. In 2012 13,000MW of wind turbines were installed in the United States,
amounting to 6,500 metric tonnes of neodymium**. In the same year 400,000 hybrid electric vehicles
were sold in the Unites States, amounting to 400 metric tonnes of neodymium used°. In that year
there were exportation quotas placed on the lanthanides by China limiting the rest of the world’s usage
to 31,000 metric tonnes of all the rare earths 7. The United States’ use of neodymium alone accounts
for more than 20% of this quota, and this does not account for other countries or other lanthanides.
Fortunately, the exportation quotas on rare earths were just recently halted in January 2015. Otherwise
current installation rates of wind turbines and production of electric vehicles may have needed to be
slowed.

This supply risk could have been potentially relieved by the Mountain Pass lanthanide mine in the
United States. This mine produced 4,000 metric tonnes of rare earths in 2013 (primarily lanthanum
and cerium), however due to uneconomical separations only lanthanum and cerium are individually
recovered, as well as a praseodymium/neodymium compound, and the rest of sent to be separated
elsewhere. According to an elemental analysis of the mountain pass ore (Figure F.1) neodymium makes
up around 11% of the ore. If this neodymium could be easily separated that would be an additional 440

metric tonnes produced, enough to produce a significant portion of the electric vehicles purchased in
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Figure F.1: Mass fraction of lanthanides in Bastnaesite concentrate from the Mountain Pass lan-
thanide mine as determined by ICP-MS.

the United States in 2013.
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