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ABSTRACT

Basnayake, Rukma ST, Inorganic Selenium and Tellurium Speciation in Aqueous

Medium of Biological Samples, Master of Science (Chemistry), December 2001, Sam

Houston State University, Huntsville, Texas, 60 pp.

Purpose

The purpose of this research was to develop methods to study the ability of

bacteria, Pseudomonas fluorescens K27 to detoxify tellurium and selenium salts by

biotransformation processes under anaerobic conditions. Another purpose was to make an

effort to separate biologically produced Se0 from cells.

Methods

Pseudomonas fluorescens K27 was grown in TSN3 medium (tryptic soy broth

with 0.3% nitrate) under anaerobic conditions and the production of elemental tellurium

and elemental selenium was observed when amended with inorganic tellurium salts and

selenium salts, respectively. The amount of soluble tellurium species in the culture

medium also was determined.

Samples from a 2.75 L bioreactor were taken after cultures had reached the

stationary growth phase and were centrifuged in order to separate insoluble species

(elemental tellurium, elemental selenium) from soluble species (oxyanions of tellurium,

oxyanions of selenium). In tellurium samples, supernatant consisting of soluble tellurium

and the sediment consisting of insoluble tellurium were analyzed separately by oxidation

and reduction procedures followed by using hydride generation atomic absorption

spectroscopy (HGAAS). Sediment from selenium bioreactor samples was used to find

free elemental selenium and elemental selenium inside and/or on K27 cells. A sucrose

density gradient with overlaid precipitate was prepared, centrifuged, fractionated and

analyzed by inductively coupled plasma-atomic emission spectroscopy  (ICP-AES) to

find the concentration of Se0 and also analyzed by UV/Vis spectrometry to find the

distribution of cells in the sucrose gradient.
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Findings

K27 grew well in TSN3 medium under anaerobic conditions. Bacterial cells

survived and continued their growth when poisoned with 1 mM tellurate or 10 mM

selenite and produced elemental tellurium or elemental selenium.

The calibration range for Te analysis using the HGAAS instrumental method was

narrow (~0Ð20 ppb) with a detection limit of 3 ppb.

The calibration range for Se analysis using ICP-AES instrumental method was

wide (~0Ð1000 ppb) with a detection limit of 500 ppb.

Approximately 66% of added tellurium was recovered in the liquid medium and

34% was recovered in the solid phase.

According to the sucrose density gradient experiment, it was not clear whether

selenium was distributed outside the K27 cells as well as inside the K27 cells; either Se0

has the same density as cells or Se0  and cells are bound together.

Approved:

______________________________

Thomas G. Chasteen

Thesis Director
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CHAPTER I

INTRODUCTION

Selenium was identified as an element in 1817 by the Swedish chemist, Berzelius.

It was named from the Greek word, selene, meaning Òthe moonÓ, because of its

resemblance to tellurium. Tellurium is an element, which had been discovered earlier and

was named from the Latis word, tellus, meaning Òthe earthÓ. The chemistry of Se and Te

are similar.

Selenium and tellurium show are of allotropic. There are three allotropic forms of

selenium (Rosenfeld and Beath, 1964): (1) ÒmetallicÓ hexagonal, crystalline-stable form,

lustrous gray to black in color;  (2) red selenium, monoclinic crystals; (3) amorphous

selenium as black, amorphous red or colloidal selenium.

 Compared to selenium, tellurium is more metallic and its stable crystalline form is

hexagonal rhombohedral. Tellurium prepared by reduction of a solution of TeO2 with

sulfurous acid may be amorphous. Tellurium molecules in the vapor phase (at 6000C) are

partially diatomic. Vapor density measurements indicated Te2 molecules (Brasted, 1966).

Selenium occurs naturally in soils, igneous and sedimentary rocks, and waters and is

rarely present in any materials in concentrations exceeding 500 ppm (Muth et al., 1967).

Elevated selenium concentrations in water are found mainly in drain water, groundwater,

ponds and wetlands. There were some wildlife problems, at Kesterson Wildlife Refuge in

California, attributed to irrigation water contaminated with selenium that leached from

cultivated soil (Lange and Berg, 2000). Although selenium is a toxic element, it is an

essential trace nutrient required for the prevention of a number of serious deficiency
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diseases in various species of livestock and poultry. Selenium deficiency in animals

affects fertility and produces muscular dystrophy, leucocyte inefficiency and liver

necrosis. Inorganic selenium compounds such as sodium selenite or sodium selenate are

be involved together with vitamin E in the prevention of a many nutritional deficiency

diseases (Gunther, 1973). However in excess it causes cancers, deformation of hair and

nails, giddiness, depression and nervousness. Health problems can arise from both

excesses and deficiencies of selenium and there is only a narrow range between

essentiality and toxicity (Table I, Lange and Berg, 2000). While in some regions of the

world part of the daily food intake is artificially enriched with Se for health reasons, other

regions (e.g. some parts of San Joaquin Valley in central California) are polluted with

selenium (Fergusson, 1982).

Table I

Intake of selenium in relation to health (Fergusson, 1982).

Effect of Se Human beings

(mg/day)

Rats (mg/day) Plants (mg/L) of

nutrient solution

Deficient < 0.006 < 0.0003 < 0.02

Normal 0.006 - 0.2 0.0003 Ð 0.004 < 1

Toxic > 5 > 0.004 > 1- 2

Lethal > 1 Ð 2
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In seleniferous regions the element occurs in foods of animal origin such as milk,

eggs and meat, as well as in vegetables and cereal grains (Table II). A concentration of

5 ppm in common foods or one-tenth this concentration in milk or water is potentially

dangerous. Selenium concentration in drinking water is federally regulated not to exceed

0.01 mg/L, 10 ppb (Rosenfeld and Beath, 1964).

Table II

The selenium content of water, milk, eggs meat and bread (Smith et al., 1936; Smith and

Westfall, 1937).

Material Total no. of Number of samples showing Selenium (ppm)

Samples No Se Traces

 (£ 2 ppm)

Positive

(> 2 ppm)

Minimum Maximum

Water 44 20 14 10 0.05 0.33

Milk 50 0 6 44 0.16 1.27

Eggs 32 0 0 32 0.25 9.14

Meat 6 0 0 6 1.17 8.00

Bread 11 0 5 6 0.25 1.00

It is shown that out of 44 samples of drinking water from different wells only

about 23 percent showed the presence of selenium in the relatively small amounts of 5 to

33 mg per 100 g or cc. Milk, of which 50 samples were obtained, showed some selenium

in every instance, the amounts varying usually from 16 to 127 mg per 100 g. Of the

samples of eggs, 22 percent contained less than 100 mg per 100 g and 78 percent

contained in excess of 100 mg per 100 g. Of the 6 samples of meat, selenium was detected

in each sample varying from 117 to 800 mg per 100 g (Smith and Westfall, 1937).
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Human activities, such as coal mining and fuel refining, as well as industrial uses

of selenium (e.g. in photocopy machines, electronics, glass manufacturing, chemicals,

pigments, flame-proofing agents for textiles, sensitizer in photographic emulsions,

addition to steel to increase machineability) effect the biological availability of selenium.

Intensive explorations in the United States have not been successful in exposing large

deposits of selenium. Normally both selenium and tellurium are chiefly obtained

commercially as a by-product of electrolytic refining of Cu (Rosenfeld and Beath, 1964).

The natural abundance of tellurium in the earthÕs crust is small (2 ppb). Therefore

the usage of tellurium is not as extensive as selenium but there are some applications.

Tellurium and its compounds are used in the semiconductor industry and electronics, the

production of thermoelements, photoelements, and other devices in automation

equipment. The increasing demand for new and different semiconductors necessitates

research work on the application of various tellurium compounds as semiconductor

components (Craig, 1986).

The fate of selenium (Se) in natural environments is affected by many physical,

chemical and biological factors, which are associated with changes in its oxidation state.

Selenium can exist in four different oxidation states and as a component of organic

compounds in natural environments. These include the following: for Se(IV): SeO3
2-,

HSeO3
-, H2SeO3, CaSeO3, and MgSeO3; for Se(VI): SeO4

2-, HSeO4
-, H2SeO4, CaSeO4,

and MgSeO4 and for Se(II): Se2-, HSe-, H2Se, CaSe, MgSe, (CH3)2Se and (CH3)2Se2. The

different chemical forms of Se can effect Se solubility and availability to organisms. The

Se species of major environmental concern are selenite [SeO3
2-, Se(IV)] and selenate
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[SeO4
2-, Se(VI)]. Selenate is the most oxidized form of selenium and is highly soluble in

water.  Selenite occurs in oxic to suboxic environments and is less available to organisms

because of its affinity to sorption sites of sediment and soil constituents. Under anoxic

conditions, elemental Se [Se0 ] and selenide [Se(II)] are the thermodynamically stable

forms. Elemental selenium  is relatively insoluble and selenide precipitates as metal

selenides of very low solubility (Reddy et al., 1995; Zhang et al., 1993). The toxicity of

selenium oxyanions and the volatile products varies depending on the organism.

Generally, selenate is less toxic than selenite and dimethyl selenide, is less toxic than

both of these oxyanions. Toxicity experiments using the bacterium K27, which is also

used in this research, have confirmed that selenite (LD50=2370 ppm Se) is more toxic

than selenate (LD50=15,800 ppm Se) as can generally be expected from a review of the

literature (Yu et al., 1997).

 Biological transformations for both Te and Se follow the same pathways, which

include methylation and reduction by metalloid resistant microbes. Oxyanions of

selenium can be biotransformed into the volatile forms of dimethylselenide (DMSe),

dimethylseleneylsulfide (DMSeS) and dimethyldiselenide (DMDSe). These are

prominent processes for Se movement in the environment. These Se volatilization

processes have been characterized to some extent in some animals, terrestrial plants, and

soil microbes. The production of DMSe in animals is viewed as a detoxification

mechanism (Fan et al., 1997).

Toxic Se oxyanions can be made less toxic by their conversion to elemental Se

(Se0), which is insoluble and therefore, for the most part, biologically unavailable.

Chemical detoxification of metal and metalloid polluted sites has proven to be expensive
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and often results in secondary effects in the environment. There are microorganisms

capable of reducing SeO3
2- to Se0. Although the majority of microorganisms have been

isolated and described metabolically, it is unclear what reductive processes are involved.

These may involve multiple detoxification processes during reduction of selenite to

elemental selenium by microorganisms since Se0 deposits inside the cytoplasm in the

periplasmic space and outside the cell. The Se0 found outside the cells are released by cell

lysis (Levine, 1925; Dungan and Frankenburger, 1998; Kessi et al., 1999).

The reduction of sodium selenite or selenate by microorganisms. P. chrysogenun

and P. notatum could reduce selenite or selenate to dimethylselenide in two hours in

bread cultures to which selenite or selenate solutions (whose concentrations were 265

mM or 319 mM respectively) had been added (Bird and Challenger, 1939). In 1977, a

strain of Corynebacterium sp. was isolated from soil. This bacterium reduced selenate,

selenite, and elemental selenium to dimethylselenide when the concentration of selenium

in each solution was about 0.3 mM at 290C (Doran and Alexander, 1977). In 1987,

approximately, 200 selenite resistant isolates were mainly obtained from Kesterson

Reservoir in California, a Se-polluted site. Only three isolates which were selenate-

reducing strains produced red colonies when exposed to 10 mM selenate. These three

strains belonged to the genus Citrobacter, Flavobacterim, and

Pseudomonas (Burton et al., 1987). Similar results with several isolates from samples

from the Kesterson Reservoir area in California were obtained. Although all isolates had

the ability to reduce selenite, only one microorganism was able to reduce selenate in pure

culture. That isolate could reduce selenate in concentrations of up to 100 mg/L to less

oxidize forms (Maiers et al., 1988). Pseudomonas stutzeri rapidly reduced both selenite
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and selenate to elemental selenium at initial concentrations of both anions of up to 48.1

mM at temperatures of 25-350C (Lortie et al., 1992). Reduction of selenate to elemental

selenium was observed in cultures of sediment samples (Steinberg and Oremland, 1990).

Tomei et al. (1992) reported that Wolinella succinoens was inhibited by selenate

or selenite. However, through adaptation, a culture resistant to 1 mM selenite or 10 mM

selenate was obtained. It was able to reduce selenate to elemental selenium and deposit it

as a discrete granule in the cytoplasm. Bacteria capable of energy conservation via

selenate or selenite respiration were identified (Tomei et al., 1992).

Since the biological uptake and toxicity of selenium are controlled by its chemical

form, an evaluation of this chemical speciation in particulate matter is needed. The

removal of selenite from Se-contaminated water through its bioreduction to Se0 may

prove to be a feasible and cost effective remediation technology. A strain of

Pseudomonas fluorescens K27 which reduces both selenite and selenate to elemental

selenium and volatile selenium (Burton et al., 1987) and tellurite and tellurate to

elemental tellurium and volatile tellurium was studied in our lab. This study was

undertaken to find the detoxification ability of K27 under anaerobic conditions by a

biotransformation process and to find the soluble and insoluble Se and Te species as well

as the Se0 inside and outside the cells of K27. To determine the Se0 inside and outside

bacterial cells, it was necessary to separate free Se0 from cells; hence a sucrose density

gradient was performed. Metalloid determination was carried out using hydride

generation atomic absorption spectrometry (HGAAS) or inductively coupled plasma

atomic emission spectrometry (ICP-AES).
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CHAPTER II

EXPERIMENTAL

Part 1. Reagents

The reagents, except sucrose, used throughout this research were analytical grade

chemicals and were used without further purification. Tryptic soy broth (TSB) was

obtained from DIFCO Laboratories (Detroit, MI USA). Sodium tellurate, sodium

tellurite, selenium powder (metal), sodium selenate. sodium selenite, nitric acid,

hydrochloric acid, sodium borohydride and ammonium persulfate were purchased from

Aldrich chemicals (Milwaukee, WI USA). Tellurium calibration standards and selenium

calibration standards were diluted from 1000 ppm stock solution (Aldrich) matching the

matrix of the samples.

Reagent Preparation for Hydride Generation Atomic Absorption

Spectrometry Experiments

Reducing agent

 A solution containing 0.35 % sodium borohydride (NaBH4) and 0.5% sodium

hydroxide (NaOH) was used as a reducing agent in hydride generation experiments and

was prepared first by dissolving 0.5 g of NaOH in 75 mL of deionized water and then by

adding 0.35 g of NaBH4 into the solution and diluting up to 100 mL with deionized

water.
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Acid

Five M hydrochloric acid (HCl) solution was used to acidify the HGAAS samples

during reduction. One hundred mL of 5 M HCl solution was prepared using 41.5 mL of

concentrated (12 N) HCl acid and deionized water.

Calibration Standards

One hundred mL of 0 ppb, 5 ppb, 10 ppb, 15 ppb and 20 ppb tellurium solutions

were prepared in 50% HCl using 12 N HCl from 1000 ppm standard tellurium solution.

For example, the 5 ppb Te standard solutiuon was prepared by diluting 0.1 mL of

1000 ppm Te standard solution to 100.0 mL with DI water. From that solution, 0.5 mL

was diluted to 100.0 mL with 50.0 mL concentrated HCl and DI water. The other

solutions were made in a similar manner.

Reagent Preparation for Inductively Coupled Plasma Experiments

Calibration Standards

 Fifty mL 0 ppb, 100 ppb, 200 ppb, 400 ppb, 600 ppb, 800 ppb and 1000 ppb

standard selenium solutions were prepared in 10% HNO3 acid and in different

concentrations of sucrose solutions (0.05 M, 0.67 M, 0.75 M and 0.83 M) using 1000

ppm standard selenium solution, concentrated (75%) HNO3 and sucrose. For example,

100 ppb Se standard solution was prepared by diluting 1 mL of

1000 ppm Se standard solution to 100.0 mL with DI water. From that solution, 10.0 mL

was diluted to 50.0 mL with 0.5 mL concentrated HNO3  and relevant sucrose solution.

The other solutions were made in a similar manner.
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Bacterial Growth Media Preparation

TSN3 medium (tryptic soy broth with 0.3% nitrate) was prepared by dissolving

10.0 g tryptic soy broth and 3.0 g potassium nitrate per 1.0 L of deionized water. The

freshly prepared growth media were sterilized by autoclave (50 min @ 1210C).

Solutions Preparation

Tellurium amendment solutions

Tellurite standard: A 1 mM stock solution was prepared by dissolving 0.1621 g sodium

tellurite in 200 mL deionized water. This solution was sterile-filtered with a disposable

filter unit (0.2 mm pore size: Nalgene Company Rochester, NY USA) using a

vacuum-pressure pump.

Se amendment solutions

Selenite standards: A 10 mM stock solution was prepared by dissolving 4.671 g of

sodium selenite in 100 mL deionized water. This solution was sterile-filtered as above.

Sodium tellurate solutions

A 273 ppb Te stock solution was prepared by dissolving 0.0273 g sodium tellurate

dihydrate in 100 mL of deionized water and diluting that solution by a factor of 1000.

Sodium tellurite solutions

A 1732 ppb Te stock solution was prepared by diluting 0.1 mL of 1000 ppm

standard tellurium solution (as TeO2) by a factor of 1000.
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Elemental selenium solutions

A 600 ppb Se stock solution was prepared by dissolving 0.006 g of black

selenium powder in 1 mL of concentrated HNO3. One half of a mL of stock solution was

mixed with 5 mL of concentrated HNO3 and the final volume was taken to 50 mL using a

0.83 M sucrose solution.

Sodium selenate solutions

A 60,000 ppb Se stock solution was prepared by dissolving 0.0143 g of sodium

selenate powder in 100 mL of DI water. One half of a mL of stock solution was mixed

with 5 mL of concentrated HNO3 and the final volume was taken to 50 mL using a

0.83 M sucrose solution. Final concentration of Se of this solution is 600 ppb.

Sodium selenite solutions

A 60,000 ppb stock solution was prepared by dissolving 0.0131 g of sodium

selenite powder in 100 mL of DI water. One half of a mL of stock solution was mixed

with 5 mL of concentrated HNO3 and the final volume was taken to 50 mL using a

0.83 M sucrose solution.

Mixture of sodium selenite and sodium selenate solutions

Five mL of 600 ppb Se (from sodium selenite solution) and 5 mL of 600 ppb Se

(from sodium selenate solution) were mixed together to make a 600 ppb selenium

mixture.
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Sucrose solutions for the density gradient

One hundred mL of 0.1 M, 100 mL of 1.5 M, 100 mL of 2.0 M, and 100 mL of

2.5 M sucrose solutions were prepared by dissolving 3.42 g, 51.3 g, 68.4 g and 85.5 g of

sucrose respectively, in 75 mL of deionized water with heating and then adding more

deionized water until the final volume became 100 mL.

Bacterial culture microorganisms growth

All the experiments were carried out using Pseudomonas fluorescens K27 grown

in TSN3. This is a metalloid-resistant bacterium harvested from Kesterson Reservoir in

the San Joaquin Valley of California, USA and isolated by Ray Fall at University of

Colorado, Boulder (Burton et al, 1987).

Part 2. Instrumentation

A New Brunswick BioFlow III Batch /Continuous Fermentor (Edison, NJ USA)

was used to carry out the batch bacterial experiments. A Varian FS 220 AAS with a

hydride generation module was operated according to the manufacturerÕs procedures

using a 0.2 nm monochromator slit with air/acetylene flame to heat the optical cell and

wavelength 214.3 nm to measure tellurium absorbance. No background correction was

applied but this parameter was investigated. The liquid flow rate of sample was 8

mL/min; sodium borohydride reagent (0.35%) and acid (5M) flow rates were 1.2

mL/min. Standard curves were determined between every fifth sample to minimize the

effects of instrument drift.
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An Eppendorf Centrifuge 5810-R was used to centrifuge the test tubes with

bioreactor solution at 200C and 12,857´g for 30 min and with sucrose density gradient at

50C and 12,857´g for 45 min.

A Jasco 550 UV/VIS Spectrometer was used to measure the absorbance at

526 nm of each fraction to determine the presence of cells or cell particles in each sucrose

density gradient layer.

A Leeman Labs PS 1000UV inductively coupled plasma-atomic emission

spectrometer was operated according to the manufacturerÕs procedures (Leeman manual,

Rev.1, May 1990) using an argon plasma. The sample flow rate was 1.4 mL/min and the

wavelength 196 nm was used to measure the intensity of selenium emissions. Calibration

standards were carried out using an expected linear range and plotted using Kaleidograph

3.08 (Synergy Software, Reading, PA, USA). 

Part 3. Bioreactor Experiments

The bioreactor was disassembled, cleaned, reassembled and filled with 2.5 L

TSN3 media before every experiment. It was then sterilized in a 716-liter autoclave

(Wisconsin Aluminium Foundry Co. Inc.; Manitowoc, WI USA). The fermentor was

connected to a personal computer to record and/or control temperature, agitation, pH and

dissolved oxygen. The temperature was maintained at 300C for the entire experiment.

Precultures of Pseudomonas fluorescens K27 were grown aerobically at 300C

before the experiments. After aerobic cultivation of K27 in 50 mL sterile TSN3 for 24

hours (with shaking) it was added to 200 mL more of sterile TSN3 which was then left to
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grow aerobically for another day, time enough for the bacteria to reach stationary phase.

This inoculation solution was then introduced into the bioreactor through one of its

openings in the top plate (a 10% volume inoculum for a final reactor liquid volume of

2.75 L).

After the bioreactor was amended with the appropriate amount of the sterile

tellurium or selenium salts, it was purged with sterile nitrogen to remove the dissolved

oxygen. This forces these facultative bacteria to grow anaerobically. The fermentor,

maintained at 300C, was stirred continuously at 200 rpm. Sterilization techniques for all

glassware and the bioreactor were used and transferring all solutions under sterile

conditions were done to prevent contamination of the culture.

Part 4. Procedures

Cells and Elemental Te/Se Harvesting, Sample Preparation and

Analysis

Tellurium

Four replicate 25 mL samples from the bioreactor were taken after cultures had

reached the stationary phase (92 hours after the inoculation). The total liquid volume of

the bioreactor solution was recorded too. These 25 mL bioreactor samples were

centrifuged in 25 mL polycarbonate tubes at 50C (12,857´g; 30 min) and the supernatant

was separated from the sediment (cells + black tellurium). Supernatant and sediment was

analyzed separately using hydride generation atomic absorption spectroscopy (HGAAS),

to find total tellurium in each phase.
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Analysis by hydride generation atomic absorption spectrometry

Eighteen mL of supernatant was mixed with 2 mL of concentrated nitric acid and

10 mL of DI water and taken to dryness in a beaker; this oxidized all Te to tellurate

(Weres et al., 1989; Sinemus et al., 1981). Eighteen mL of DI water added to the beaker

and stirred well. Five mL of that solution was mixed with 5 mL of concentrated

hydrochloric acid and 0.2 mL of 2% ammonium persulfate (Weres et al., 1989). This step

reduces tellurate to tellurite. This mixture was heated in a capped test tube in a water bath

at 900C for 30 min and analyzed by HGAAS.

The sediment at the bottom of the centrifuge tubes (cells + black tellurium) was

digested by adding 1 mL of concentrated nitric acid. After several dilution steps with DI

water, 5 mL of the diluted sample was transferred into a screw cap test tube, where 5 mL

concentrated hydrochloric acid and 0.2 mL 2% ammonium persulfate solution were

added. Each capped sample was heated for 30 min in a capped test tube in a water bath,

then was analyzed by HGAAS.

Selenium

Six replicate 25 mL samples from the bioreactor amended with selenium salts

were taken after cultures reached the stationary phase (72 hours after incubation). These

samples were centrifuged, and the supernatant was decanted from the sediment (cells +

red selenium) as in the tellurium experiment.

A culture suspension of cells and red selenium was prepared by adding 6 mL of

DI water to the sediment at the bottom of the decanted polycarbonate tube and by stirring

it well. Six polycarbonate tubes were maintained at an angle of 450  to match the angle of
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centrifuge and were filled with four layers of sucrose as follows; 6.0 mL of 2.5 M

sucrose, 8.3 mL of 2.0 M sucrose, 5.17 mL of 1.5 M sucrose and 5.17 mL of 0.1 M

sucrose (Kessi et al., 1999). When making sucrose density gradients, The top level of

each layer was marked on the tubeÕs side to identify the layers separately  (see Figure 1).

Figure 1. Marked polycarbonate tube in 45 0 angle.

One mL culture suspension (prepared above) was pipetted, overlayed on the top

layer of the sucrose density gradient and centrifugation was performed at 200C and

12,857´g for 22 min. To prevent deposition of red elemental selenium and/or elemental

selenium with cells along the walls of the polycarbonate tubes, after 22 min the

polycarbonate tubes were rotated by 1800 and were centrifuged again for 23 min at 200C

and 12,857´g.

0.1 M

1.5 M

2.0 M

2.5 M
450

(5.2 mL)

(5.2 mL)

(8.3 mL)

(6.0 mL)
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After centrifugation, using a precision pipette, 1.0 mL fractions were collected

manually from the sucrose density gradient tubes, set at 450 angles. The fractions

collected from 3 identical polycarbonate tubes were analyzed by ICP-AES and 1.0 mL

fractions from 3 other replicate tubes transferred into individual cuvette were analyzed by

UV/Vis spectrometry. Optical density was measured at 526 nm in a 1 mL cuvette..

Analysis by inductively coupled plasma Ð atomic emission spectrometry (ICP-AES)

One mL fractions from 0.1 M sucrose layer and 1.5 M sucrose layer were diluted

by a factor of 2 and 1 mL fractions from other two layers were diluted with concentrated

HNO3  and DI water by a factor of 3. The final HNO3 concentration in each sample was

10%. The samples were analyzed by ICP-AES.

To analyze each sucrose layer samples using ICP-AES, a specific set of

calibration standards (prepared separately in 0.05 M, 0.67 M, 0.75 M and 0.83 M sucrose

and in 10% HNO3) were used to match the matrices (acid percentage and sucrose

concentration).

Analysis by UV/Vis spectrometry

UV/Vis spectrometry was used to identify the presence of cells and cell particles

in bioreactor solution. The optical density of 1 mL fractions in individual cuvettes was

measured at 526 nm using relevant sucrose solutions as references. As an example, for

the 1 mL fractions pipetted from 0.1 M sucrose layer, the reference solution used was

0.1 M sucrose. For the fractions from 1.5 M sucrose layer, the reference solution used

was 1.5 M sucrose and so on.
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Optical density at 526 nm is a measure of bacterial cells

To confirm that optical density at 526 nm wavelength is a measure of bacterial

cells, unamended cultures were used. Twenty-five mL of unamended bacterial culture

solution was centrifuged at 50C and 12,857´g for 30 min. Then the sediment was

separated from the supernatant, resuspended in 7 mL of deionized water and 1 mL of that

suspension was overlayed to the sucrose density gradient and was centrifuged at 200C

and 12,857´g for 45 min as explained above. The fractionation was done and the optical

density of each 1 mL fractions was measured at 526 nm using relevant sucrose solutions

as references.

Selecting a relevant reference sucrose solution

Using deionized water as the reference solution, the optical density of each

sucrose solution (0.1 M, 1.5 M, 2.0 M, 2.5 M) used to prepare the sucrose density

gradient was measured at 526 nm.

Proving Methods

Hydride generation method for tellurium

Ten mL of 237 ppb Te (from sodium tellurate dihydrate) solution was mixed with

1.4 mL of 1732 ppb Te (from sodium tellurite) solution and deionized water was added

until the final volume became 100 mL. That solution was diluted with DI water by a

factor of 2. The total tellurium concentration of this solution was 13.38 ppb. Eighteen mL

of that solution was mixed with 2 mL of concentrated nitric acid and 10 mL of deionized

water and taken to dryness in a beaker; this oxidized all Te to tellurate (Sinemus et al.,
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1981; Weres et al., 1989). Eighteen mL of DI water added to the beaker and stirred well.

Five mL of that solution was mixed with 5 mL of concentrated hydrochloric acid and 0.2

ml of 2% ammonium persulfate (Weres et al., 1989). This step reduces all tellurate to

tellurite. This mixture was heated in a capped test tube in a water bath at 900C for 30 min

and then analyzed by HGAAS.

Inductively coupled plasma method for selenium

Six hundred ppb Se solution (made from nitric acid oxidized elemental selenium)

600 ppb sodium selenite solution, 600 ppb Se (from sodium selenate) solution, and

sodium selenite and sodium selenate mixture with 600 ppb concentration of selenium

(total), prepared in 0.83 M sucrose and 10% HNO3, were analyzed using ICP-AES.

Calibration samples (0 ppb-1000 ppb) were also prepared in 0.83 M sucrose and in 10%

HNO3.

Control Experiments

Tellurium

Oxidation and reduction of controls and analyze by HGAAS:

Using 18 mL of deionized water, the same analyzing procedure as for tellurate and

tellurite mixtures was followed and analyzed by HGAAS.



31

CHAPTER III

DATA AND RESULTS

Tellurium

Analysis by hydride generation atomic absorption spectroscopy

Using HGAAS only the tellurite oxidation state can be determined. Samples

which contained any other oxidation state of tellurium must be converted to tellurite

before the analysis. Absorbance is directly proportional to the concentration of tellurium

of the solution (BeerÕs Law). The linear range for this method was only from 0 ppb to 20

ppb of tellurium concentration. Table III shows absorbance of tellurium standards in the

linear range and Figure 4 shows a typical calibration curve for tellurite oxyanion analysis.

After the oxidation and reduction of solid and supernatant separately from

tellurium bioreactor experiment, samples were analyzed by HGAAS. Concentrations

were measured according to the calibration curve. Distribution of tellurium among

supernatant and solid phase in four bioreactor runs is shown in Table IV.
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Table III

Te calibration data from the hydride generation atomic absorption spectroscopy.

Concentration  of Tellurium (ppb) Absorbance

0 0.0046

5 0.1035

10 0.2101

15 0.3111

20 0.4160

Figure 4. Calibration curve for Te analysis using HGAAS.
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Selenium

Analysis by inductively coupled plasma Ð atomic emission spectroscopy

For selenium analysis by ICP-AES, it does not matter what the oxidation of the

analyte (selenium species) is. It responds to any oxidation state, but the matrix of

calibration standards and the samples should be the same (Cai et al., 1995). Hence, for

each sucrose layer sample, different sets of calibration standards were run. Since the

0.1 M and 1.5 M sucrose layers were diluted by a factor of 2, and 2 M and 2.5 M sucrose

layers were diluted by a factor of 3, calibration standards with 0.05 M, 0.75 M, 0.67 M

and 0.83 M sucrose concentrations were used respectively. Data for calibration curves are

given in Tables V, VI, VII and VIII.

In this method, emission intensity is directly proportional to concentration of

selenium. The linear range was approximately 0 ppb-1000 ppb of selenium

concentration, but the minimum detectable level was 500 ppb as determined by

multiplying the random signal of blank solutions by 3. Concentration of Se in each layer

samples was measured according to the calibration curves in Figures 5, 6, 7 and 8; and

Tables IX, XI and XIII show data for each bioreactor experiment.

Analysis by UV/Vis

Optical density measured at 526 nm is an indication of presence of cells and it can

be read directly by a UV/Vis spectrometer. Optical density data for 3 different bioreactor

experiments are given in Tables X, XII and XIV; and Figures 9, 10 and 11 show the

distribution of Se and cells in each sucrose layer for each bioreactor.
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All selenium data are plotted together in Figure 12 and all cell data are plotted

together in Figure 13. In Figure 13 there are only two replicate sets showing optical

density of selenium amended sucrose gradient. The third sample follows a similar trend

but sucrose crystallization caused substantially higher optical density.

Table IV

Distribution of Te among solution and solid phase in four bioreactor experiments. Each

run involved four replicates.

Run Solid Phase Te

(%)

Solution Phase Te

(%)

SD

(n=4)

% Recovery

1 42 58 6.5 107

2 18 82 1.1 84

3 33 67 18.1 111

4 43 57 5.4 87

Average 34 66 7.8 97
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Table V

Se calibration data in 0.05 M sucrose medium from ICP-AES experiments.

Concentration of selenium (ppb) Intensity

0 25361

200 59143

400 96039

600 121780

800 163875

1000 193466

Figure 5. Calibration curve for Se analysis in 0.05 M sucrose medium using ICP-AES.
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Table VI

Se Calibration data in 0.67 M sucrose medium from ICP-AES experiments.

Concentration of selenium (ppb) Intensity

0 56378

200 80238

400 112375

600 147418

800 176758

1000 208771

Figure 6. Calibration curve for Se analysis in 0.67 M sucrose medium using ICP-AES.
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Table VII

Se Calibration data in 0.75 M sucrose medium from ICP-AES experiments.

Concentration of selenium (ppb) Intensity

0 57504

200 77792

400 106933

600 141715

800 172814

1000 189387

   

Figure 7. Calibration curve for Se analysis in 0.75 M sucrose medium using ICP-AES.
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Table VIII

Se Calibration data in 0.83 M sucrose medium from ICP-AES experiments.

Concentration of selenium (ppb) Intensity

0 62408

200 91442

400 121090

600 158094

800 187470

1000 221682

Figure 8. Calibration curve for Se analysis in 0.83 M sucrose medium using ICP-AES.
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Table IX

ICP-AES analysis of sucrose gradients. Observed concentrations of selenium in each

fraction-Bioreactor experiment 1.

Fraction Concentration of selenium (ppb) SD

Replicate 1 Replicate 2 Replicate 3 Average

1 1477.0 1954.2 1795.2 1742.1 243.0

2 2072.0 1624.8 2116.0 1937.6 271.8

3 2054.0 1702.0 3032.0 2262.7 689.1

4 1996.2 1655.8 2444.0 2032.0 395.3

5 1503.0 2514.0 2022.0 2013.0 505.6

6 1517.6 1215.8 3120.0 1951.1 1023.5

7 1408.4 1304.2 6280.0 2997.5 2843.2

8 2526.0 1574.4 1696.0 1932.1 517.9

9 2782.0 2646.0 4810.0 3412.7 1212.0

10 1961.2 1239.8 2882.0 2027.7 823.1

11 1314.4 5356.0 3242.0 3304.1 2021.5

12 3070.0 2770.0 3180.0 3006.7 212.2

13 4263.0 6006.0 2653.2 4307.4 1676.8

14 5406.0 7614.0 6402.0 6474.0 1105.8

15 4287.0 5109.0 3588.0 4328.0 761.3

16 5394.0 5280.0 4650.0 5108.0 400.7

17 7410.0 5631.0 6372.0 6471.0 893.6

18 8817.0 10170.0 5889.0 8292.0 2188.3

19 9315.0 8664.0 8562.0 8847.0 408.5

20 11220.0 10452.0 7962.0 9878.0 1703.2

21 5934.0 11136.0 6594.0 7888.0 2832.1

22 4233.0 6504.0 8811.0 6516.0 2289.0

23 4449.0 5043.0 6729.0 5407.0 1182.8

24 7926.0 2145.6 4650.0 4907.2 2898.8

25 3561.0 2142.9 1890.0 2531.3 900.7
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Table X.

UV/Vis analysis of sucrose gradients. Optical density of each fraction at 526 nm-

Bioreactor experiment 1.

Fraction Optical Density SD

Replicate 1 Replicate 2 Replicate 3 Average

1 0.0548 0.0170 0.0297 0.0338 0.0192

2 0.1081 0.0229 0.0108 0.0473 0.0530

3 0.0473 0.0737 0.0182 0.0464 0.0278

4 0.1237 0.0643 0.0248 0.0709 0.0498

5 0.0616 0.0453 0.0889 0.0653 0.0220

6 0.1364 0.0492 0.1066 0.0974 0.0443

7 0.1984 0.0942 0.0917 0.1281 0.0609

8 0.2220 0.1930 0.1782 0.1977 0.0223

9 0.0163 0.2137 0.0820 0.1040 0.1005

10 0.1439 0.0199 0.1077 0.0905 0.0638

11 0.2398 0.0773 0.0500 0.1224 0.1026

12 0.2966 0.0424 0.1008 0.1466 0.1331

13 0.1936 0.0477 0.0482 0.0965 0.0841

14 0.2423 0.0350 0.1117 0.1297 0.1048

15 0.2128 0.0646 0.1895 0.1556 0.0797

16 0.2815 0.1111 0.2600 0.2175 0.0928

17 0.3528 0.1677 0.2439 0.2548 0.0930

18 0.4669 0.2010 0.2757 0.3145 0.1371

19 0.4571 0.4707 0.3718 0.4332 0.0536

20 0.1918 0.3830 0.3149 0.2966 0.0969

21 0.2341 0.3092 0.4132 0.3188 0.0899

22 0.1075 0.2558 0.4635 0.2756 0.1788

23 0.0911 0.0997 0.1121 0.1010 0.0106

24 0.1967 0.0215 0.1453 0.1212 0.0901

25 0.1121 0.0341 0.1183 0.0882 0.0469
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Figure 9. Tube profile showing the average distribution of selenium and cells in each

sucrose layer for three tubes from the same bioreactor. Bioreactor experiment 1.
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Table XI

ICP-AES analysis of sucrose gradients. Observed concentrations of selenium in each

fraction-Bioreactor experiment 2.

Fraction Concentration of selenium (ppb) SD

Replicate 1 Replicate 2 Replicate 3 Average

1 2834.0 3360.0 3294.0 3162.7 286.5

2 2956.0 2466.0 2852.0 2758.0 258.2

3 2966.0 1690.6 1729.2 2128.6 725.5

4 2080.0 1612.8 2184.0 1958.9 304.2

5 1428.2 2018.0 1395.4 1613.9 350.4

6 1645.2 1059.6 998.2 1234.3 357.1

7 2384.0 1471.0 1064.2 1639.7 675.9

8 1495.4 477.2 575.6 849.4 561.6

9 2614.0 654.2 898.8 1389.0 1067.9

10 873.8 9262.0 958.8 3698.2 4818.6

11 1028.2 3590.0 2624.0 2414.1 1293.7

12 1751.2 1863.4 1637.0 1750.5 113.2

13 2007.9 7902.0 1120.8 3676.9 3685.8

14 1755.0 1280.7 1191.3 1409.0 303.0

15 888.3 4500.0 4131.0 3173.1 1987.3

16 1670.4 4992.0 2410.2 3024.2 1743.8

17 3036.0 1610.7 11739.0 5461.9 5482.6

18 5511.0 3024.0 5454.0 4663.0 1419.7

19 10596.0 2216.7 19758.0 10856.9 8773.6

20 10710.0 9057.0 12360.0 10709.0 1651.5

21 6438.0 7491.0 10299.0 8076.0 1995.9

22 5574.0 5643.0 5526.0 5581.0 58.8

23 3753.0 6030.0 6312.0 5365.0 1403.1

24 3051.0 7440.0 5457.0 5316.0 2197.9

25 3060.0 5520.0 5364.0 5442.0 1377.5
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Table XII

UV/Vis analysis of sucrose gradients. Optical density of each fraction at 526 nm.

Bioreactor experiment 2.

Fraction Optical Density SD

Replicate 1 Replicate 2 Replicate 3 Average

1 0.4931 0.3903 0.4555 0.4463 0.0520

2 0.4332 0.3402 0.3134 0.3623 0.0629

3 0.4374 0.3549 0.2271 0.3398 0.1060

4 0.6967 0.3562 0.2362 0.4297 0.2389

5 0.5634 0.5039 0.2113 0.4262 0.1885

6 0.4816 0.3527 0.2612 0.3652 0.1107

7 0.4660 0.3800 0.4431 0.4297 0.0445

8 0.6386 0.5054 0.2010 0.4483 0.2243

9 1.0507 0.4342 0.2590 0.5813 0.4158

10 1.1975 0.7238 0.4361 0.7858 0.3845

11 1.2233 1.0016 0.7919 1.0056 0.2157

12 1.2853 1.7400 1.4026 1.4760 0.2361

13 0.9519 1.5912 1.8311 1.4581 0.4545

14 0.9299 1.3846 2.1914 1.5020 0.6389

15 1.2240 1.1719 1.1326 1.1762 0.0458

16 1.0165 0.6799 1.0919 0.9294 0.2194

17 2.2310 0.8654 1.1639 1.4201 0.7179

18 2.2071 0.7302 1.0395 1.3256 0.7789

19 2.5690 0.5870 1.1021 1.4194 1.0284

20 2.4104 0.7444 1.2702 1.4750 0.8517

21 3.5813 0.2874 1.5652 1.8113 1.6607

22 3.6297 0.2911 3.9457 2.6222 2.0249

23 0.4620 0.3202 4.2666 1.5443 1.6829

24 0.4600 0.3248 3.3776 1.8512 1.7248

25 0.0300 0.0822 5.0000 2.5411 2.8544
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Figure 10. Tube profile showing the average distribution of selenium and cells in each

sucrose layer for three tubes from the same bioreactor. Bioreactor experiment 2.
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Table XIII

ICP-AES analysis of sucrose gradients. Observed concentrations of selenium in each

fraction-Bioreactor experiment 3.

Fraction Concentration of selenium (ppb) SD

Replicate 1 Replicate 2 Replicate 3 Average

1 7018.0 4142.0 3612.0 4924.0 1832.7

2 5166.0 3994.0 2936.0 4032.0 1115.5

3 5050.0 3030.0 2834.0 3638.0 1226.7

4 3614.0 3066.0 2654.0 3111.3 481.6

5 2850.0 2892.0 2370.0 2704.0 290.0

6 3208.0 2700.0 2628.0 2845.3 316.1

7 2464.0 2434.0 2424.0 2440.7 20.8

8 2024.0 1502.8 2190.0 1905.6 358.6

9 1183.2 1678.2 2256.0 1705.8 536.9

10 1135.2 1240.6 2042.0 1472.6 495.9

11 2310.0 2504.0 1610.2 2141.4 470.1

12 608.4 978.8 1971.0 1186.1 704.5

13 1966.8 3237.0 1003.2 2069.0 1120.4

14 1976.1 2922.0 1340.7 2079.6 795.7

15 2486.1 1671.3 1338.3 1831.9 590.5

16 2710.5 2298.6 2877.9 2629.0 298.1

17 3159.0 3651.0 3138.0 3316.0 290.3

18 4335.0 3372.0 4872.0 4193.0 760.0

19 4197.0 5739.0 3708.0 4548.0 1060.0

20 4602.0 6468.0 5079.0 5383.0 969.4

21 4308.0 4395.0 5682.0 4795.0 769.4

22 3429.0 3678.0 8067.0 5058.0 2608.8

23 2494.8 4953.0 5445.0 4297.6 1580.5

24 2877.6 2050.8 4461.0 3129.8 1224.7

25 2877.0 2684.7 2709.9 3586.6 1189.0
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Table XIV

UV/Vis analysis of sucrose gradients. Optical density of each fraction at 526 nm.

Bioreactor experiment 3.

Fraction Optical Density SD

Replicate 1 Replicate 2 Replicate 3 Average

1 0.2658 0.0134 0.0068 0.0953 0.1477

2 0.0691 0.0389 0.0312 0.0464 0.0200

3 0.0656 0.0233 0.0249 0.0379 0.0240

4 0.0090 0.0087 0.1463 0.0547 0.0794

5 0.0578 0.0570 0.0756 0.0635 0.0105

6 0.2354 0.1300 0.1024 0.1559 0.0702

7 0.1419 0.0248 0.0298 0.0655 0.0662

8 0.2287 0.0804 0.1371 0.1487 0.0748

9 0.2166 0.0483 0.1682 0.1444 0.0866

10 0.1438 0.0753 0.0852 0.1014 0.0370

11 0.1235 0.0291 0.1446 0.0991 0.0615

12 0.1315 0.1121 0.0810 0.1082 0.0255

13 0.1332 0.1086 0.0879 0.1099 0.0227

14 0.0972 0.1335 0.2126 0.1478 0.0590

15 0.0899 0.1566 0.1056 0.1174 0.0349

16 0.2084 0.1109 0.2329 0.1841 0.0645

17 0.2529 0.0749 0.1543 0.1607 0.0892

18 0.2834 0.4942 0.4891 0.4222 0.1203

19 0.2748 0.1331 0.3009 0.2363 0.0903

20 0.5677 0.5057 0.3475 0.4736 0.1135

21 0.4208 0.3439 0.2303 0.3317 0.0958

22 0.2994 0.1863 0.1511 0.2123 0.0775

23 0.2125 0.1671 0.1219 0.1672 0.0453

24 0.1497 0.1027 0.1003 0.1176 0.0279

25 0.0815 0.1073 0.1100 0.0944 0.0182
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Figure 11. Tube profile showing the average distribution of selenium and cells in each

sucrose layer for three tubes from the same bioreactor. Bioreactor experiment 3.
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Figure 12. Tube profile for replicate bioreactor experiments showing the distribution of

selenium in each sucrose layer.
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Figure 13. Tube profile for replicate bioreactor experiments, showing the distribution of

cells in each sucrose layer based on optical density. The third run showed same trends but

sucrose crystallization cause substantially higher optical density values.
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Optical density at 526 nm as a measure of bacterial cells

Keeping other variables constant, optical density of unamended culture fractions

from sucrose density gradient was measured to confirm the fact that optical density arises

at that wavelength is only due to bacterial cells not due to particulate selenium or sucrose.

Data are given in Table XV and the relevant plot is in Figure 14.
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Table XV

UV/Vis analysis of unamended cultures. Optical density of each fraction at 526 nm.

Fraction Optical Density SD

Replicate 1 Replicate 2 Replicate 3 Average

1 0.0408 0.0228 0.0292 0.0309 0.0091

2 0.0185 0.0319 0.1015 0.0506 0.0446

3 0.0012 0.0111 0.0569 0.0231 0.0297

4 0.0049 0.0024 0.0072 0.0048 0.0024

5 0.0695 0.0002 0.0442 0.0380 0.0351

6 0.0713 0.0481 0.053 0.0575 0.0122

7 0.0527 0.0503 0.0495 0.0508 0.0017

8 0.1234 0.0842 0.0614 0.0897 0.0314

9 0.1279 0.0956 0.1707 0.1314 0.0377

10 0.1135 0.0672 0.0900 0.0902 0.0232

11 0.1089 0.0715 0.0988 0.0931 0.0193

12 0.1284 0.0981 0.1152 0.1139 0.0152

13 0.1414 0.0931 0.0921 0.1089 0.0282

14 0.1803 0.0828 0.1626 0.1419 0.0519

15 0.0819 0.0901 0.0392 0.0704 0.0273

16 0.1378 0.1603 0.0362 0.1114 0.0661

17 0.128 0.0014 0.0154 0.0483 0.0694

18 0.0548 0.1464 0.145 0.1154 0.0525

19 0.0488 0.0893 0.1419 0.0933 0.0467

20 0.2974 0.5091 0.0194 0.2753 0.2456

21 0.0012 0.0051 0.0368 0.0144 0.0195

22 0.0021 0.4144 0.1098 0.1754 0.2138

23 0.0291 0.0948 0.132 0.0853 0.0521
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Figure 14. Tube profile showing the distribution of cells in each sucrose layer for

unamended bioreactor experiment.
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Selecting a relevant reference sucrose solution

The concentration of sucrose in fractions from the sucrose density gradient is

different for each layer. This might effects the optical density at 526 nm. To check

whether there is any light scattering due to sucrose, optical density of each sucrose

solution was measured at 526 nm wavelength using deionized water as reference

solution. Data are shown in Table XVI.

Table XVI

Variation of optical density at 526 nm with the concentration of sucrose solutions.

Concentration of Sucrose Solutions (M) Optical Density at 526 nm

0.1 0.0106

1.5 0.3351

2.0 0.4046

2.5 0.4921

Proving Methods

Before analyzing biological samples, known concentrations of commercially

available tellurium and selenium standards were analyzed by hydride generation method

and inductively coupled plasma method respectively, to prove method validity. Observed

concentrations for 13.38 ppb Te samples are given in Table XVII and observed

concentrations for 600 ppb Se samples are given in Table XVIII. Percent recovery was

calculated by multiplying the ratio of observed average concentration/calculated

concentration (600 ppb) by 100.
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Table XVII

Observed concentrations for 13.38 ppb tellurium samples from HGAAS method.

Sample Number Obtained Concentration of tellurium (ppb)

1 11.90

2 11.54

3 12.58

4 17.18

5 17.18

6 17.19

Average 14.59

SD 2.85

% Recovery 109

Table XVIII

Observed concentrations for 600 ppb selenium samples from ICP-AES method.

Obtained concentration of selenium (ppb)Sample

Number Se (0) Se (IV) Se (VI) Mixture

1 467.1 569.9 591.0 586.8

2 635.3 543.6 615.8 633.0

3 537.4 631.6 589.9 613.1

Average 546.6 615.0 598.9 610.9

SD 84.5 39.5 14.6 23.8

% Recovery 91.1 102.5 99.8 111.8
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Control Experiments

To determine whether or not the hydride generation method absorbance is

produced only due to Te, the exact same HGAAS procedures were carried out for

samples from sterile culture medium without tellurium amendments. Data for this control

experiment are given in Table XIX.

Table XIX

Observed data for deionized water samples from HGAAS method.

Sample Number Concentration of tellurium (ppb)

1 1.45

2 1.41

3 1.52

4 1.34

5 1.28

6 0.22

Average 1.20

SD 0.49
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CHAPTER IV

DISCUSSION AND CONCLUSIONS

ÒMany and varied techniques have been used in measuring selenium. They range

from original method of Robinson et al., 1934 who estimated the red color of elemental

selenium, to those based on spectrometry (including both the absorbance of light by

molecules in solution and atoms in a flame) to fluorescence methodsÓ (Muth et al., 1967).

Spectrometric techniques such as ultra violet-visible spectrometry, hydride generation

atomic absorption spectrometry, and inductively coupled plasma spectroscopy-atomic

emission spectroscopy were used to analyze cells, biologically produced tellurium and

selenium. The advantages of these methods over those before are higher accuracy, lower

standard deviations, and shorter analysis (sampling time is less than 1 min). Due to

instrument-specific software, data can be obtained directly (e.g. in HGAAS and ICP-AES

experiments concentration is given directly using calibration plots plotted by the

computer). Particularly for ICP-AES experiments, there is no need of converting

oxidation states of analytes, etc.

The only commercially available elemental form of tellurium is gray/black in color

and the available elemental form of selenium is black. After growing K27 bacteria reach

the stationary growth phase, the bioreactor amended with selenite becomes brick red in

color but the bioreactor amended with tellurate changes to gray/black in color. The reason

may be the great variety of allotropy for selenium and lower variety of allotropy for
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tellurium but most probably the color of the stablest form of tellurium is gray/black. The

gray/black color is due to biologically produced Te0 and the brick red color is due to

biologically produced Se0 distributed throughout the bioreactor solution (Lortie et al.,

1992).

The great stability of the orange-red allotropic form of Se0 produced by the bacteria

or precipitated in a cell free medium obtained from a stationary-phase culture implies

that Se0 is tightly bound to some compound produced by the cells and is protected

from transformation into the black form (Kessi et al., 1999).

In 1997, Yu et al. observed that anaerobic, selenite-amended cultures of

Pseudomonas fluorescens K27 turned brick red, most likely from formation of red

elemental selenium, whereas selenate-amended cultures did not. The amounts of Se0

produced in these biological systems were at least 10-20 times larger in selenite-

compared to selenate-amended cultures for the same incubation time. So in this research

we used selenite amended cultures for our selenium amendment experiments to generate

the largest amounts of Se0. For tellurium experiments, cultures were amended with

tellurite because tellurite is less toxic than tellurate using the organismÕs specific growth

rate as a toxicity measure (Basnayake et al., 2001).

Tellurite amended bacterial cultures produced elemental Te and metallic tellurium

deposition inside cells (Taylor et al., 1988; Moore and Kaplan, 1992). Other researchers

have found evidence for the formation of elemental Se in

bacterial cultures amended with selenium salts (Levine, 1925; Tomei et al., 1995; Kessi

et al., 1999). When our tellurite amended bioreactor solution was centrifuged, a black

solid precipitated on the bottom of the polycarbonate tube and a yellow-colored
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supernatant could be seen. The black solid contains elemental tellurium and cells and the

supernatant contains soluble Te species like tellurite. For selenite amended bioreactor

solution, the solid consists of elemental selenium and cells (brick-red color), and the

yellow supernatant consists of soluble Se species like selenite.

To prove the validity of the Te analytical method of metalloid determination,

samples of known (13.38 ppb) tellurium content were taken through all oxidation and

reduction reaction steps identically to biological samples (Table XVII) and these showed

recovery rates of 109% with a relatively small standard deviation (109% ± 2.85% n=6).

Samples from sterile culture medium without tellurium amendments also were treated

identically and showed an insignificant tellurium content of approximately 1 ppb (Table

XIX). The method we used for determination of tellurium is acceptable, although the

variance is high. I was unable to carry out a control experiment for Se since the minimum

detection limit for Se by inductively coupled plasma method was high (500 ppb); where

as the minimum detection limit for Te by hydride generation method was 3 ppb, as

determined by multiplying the concentration of blank given by the instrument, by a factor

of 3.

The tellurium experiments for four different bioreactor runs showed

approximately 66% of added tellurium was recovered in the liquid medium and 34% was

recovered in the solid phase. All the tellurium added to the bioreactor was collected and

analyzed and average recovery was approximately 100%. The standard deviation around

that mean was large (97% ± 13% n=4 bioreactor runs).

To prove the validity of the Se instrumental method, elemental selenium, selenite,

selenate and mixture of selenite and selenate samples of known selenium content were
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prepared in sucrose medium with 10% nitric acid and were analyzed by ICP-AES. These

showed recovery rates between 91.1%-111.8% with a standard deviation between

14.6%-84.5%  n=3 as shown in Table XVIII.

To find the concentration of Se0 inside the cells and outside the cells, we made an

effort to separate free Se0 from cells. Hence a sucrose density gradient separation

technique was performed according to the method described by Kessi et al., 1999.

Since biomass is a function of optical density and the highest optical density for

aqueous K27 cultures is given at 526 nm, absorbance of each fraction (from the sucrose

gradient) was measured at 526 nm wavelength to find the distribution of cells among the

layers (Stone et al., 1998). ICP-AES experiment was used to find the distribution of

selenium among the layers.

According to Figures 12 and 13, both cells and Se0 have penetrated to the bottom

sucrose layer. It could be seen by our naked eyes too, i.e. some tiny brick-red colored

particles and slimy colorless particles were sitting in the bottom sucrose layer in the

centrifuged sucrose density gradient. That means this sucrose density

gradient has not performed the desired separation since Se0 and cells ended up in the

same layer after centrifugation. Figure 12 further suggests that there is a little amount of

selenium in the other three layers. Those may be soluble selenium species such as

selenite left over from the decantation process. When the sucrose density gradient was

centrifuged, some cells were probably lysed due to high centrifugation speed. Maybe

because of these less dense cell particles, the optical density is shown in other sucrose

layers (Figure 13) too. Although the tube profiles in Figures 12 and 13 follow a similar

trend, there is a significant standard deviation in between replicate samples, in
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determination of selenium as well as cells, especially for high concentrated sucrose

samples. Reasons for this high variance will be discussed later.

Since we did not get a good separation of cells and selenium, several different

sucrose density gradients were tried (e.g. sucrose layers of 0.15 M, 2.25 M, 2.73 M,

2.84 M). But their ability to separate these cells and Se0 were poorer than that of the

gradient discussed above (0.1 M, 1.5 M, 2 M, 2.5 M). These gradients also ended up

giving almost all Se0 and cells in one layer after the centrifugation.

Either all Se0 is bound to cells (in or/and on cells) or Se0 and cells have the same

density. If Se0 is bound to cells, a suggestion would be first the cells might be rinsed and

Se0 might in this way be taken off cells and then we might be able to analyze for free Se0

and Se0 with cells separately. If the Se0 and cells with Se0 are the same density then

another method such as electron microscopy might be use to determine Se content inside

cells.

The most widely used gradient material is sucrose due to its solubility,

transparency and cost. It is an almost chemically inactive material. Although sucrose is

readily available, it usually contains some trace UV absorbing material. The principal

problem with sucrose gradients is the high osmotic potential of concentrated solutions of

sucrose. The membrane around the cell, which is impermeable to sucrose, results in a

progressive loss of water from the cell as it moves into more concentrated sucrose layers.

The recommended maximum sucrose concentration is 65% (w/w) or 3.85 M (Price,

1927). Therefore in all of our trials the maximum concentration of sucrose of the bottom

layer was kept below 3.85 M. As shown in Table XVI, sucrose also scatters  visible light.
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Hence relevant sucrose solutions were used as references instead of using deionized

water.

One of the main problems in the determination of trace amounts of tellurium and

selenium in biological samples is the possibility of systematic errors due to the

difficulties associated with the complete mineralisation of organoselenium and

organotellurium compounds, that is, the difficulty of digesting biologically bound

metalloids to make them available for instrumental analysis (Sabe et al., 2001). The

factors that can be contributed to the high variance among the biological samples may be

other interfering metalloids or metals and variences in HGAAS procedures due to

unstable reagents, poorly optimized reduction steps, small errors in the pipetting reagents

involved that may have large consequences in ppb range, varying sample acidity, the

effect of nitric acid left over from the oxidation step on the reduction and hydride

generation step (Thompson et al., 1978; Sinemus et al., 1981; Hayrynen et al., 1985;

Dedina and Tsalev, 1995), crystallization of sucrose over time, and unwanted mixing of

sucrose layers at their interfaces. Finally inhomogeneous sampling procedures were a

concern. To minimize those kinds of effects, the following steps were taken: A small

linear working range (0-20 ppb) was chosen in the HGAAS method. Hydride generation

reagents (NaBH4 / NaOH) were freshly prepared daily. When preparing 0.35% NaBH4 /

0.5% NaOH solution for HGAAS reduction, NaBH4 was added to the NaOH solution

after dissolving all NaOH pellets. To decrease the effect of instrument drift, calibrations

were run between every 5 samples; samples were analyzed by HGAAS immediately after

chemical reduction, and the matrices of all samples and standards were made exactly the

same by controlling the acid concentration. When using background correction the
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instrument gave higher % errors  (25%) and poor R values (R=0.98) for Te samples with

known concentrations. But without background correction the % error was more

acceptable (9%) and the R value was very good (R=1.0000). For ICP-AES experiments,

calibration standards and samples had to be prepared freshly. The calibration standards

prepared one or more days before the analysis, gave poor R values (e.g. 0.81); whereas

freshly prepared calibration standards gave good R values (e.g. 0.9956 £ R £ 1).

  Although our samples contained some metals other than tellurium or selenium

(trace elements from TSB medium and those contaminating our reagents), when the

samples were diluted into the linear working range these became low in concentration

(based on certified contaminations reported by manufacturers), below ranges that have

caused problems for others (Dedina and Tsalev, 1995; Narasaki, 1984). In HGAAS

experiments, concentration of residual nitric acid in the final samples was

also much below what has been reported to cause problems. To mix the bioreactor

solution well and to get a homogeneous mixture, the mixing speed was increased to 400

rpm from 200 rpm when sampling. Foaming prevented maintaining the mixing speed at

400 rpm throughout the entire bioreactor run.

  The most important factors effecting error from the point of view of atomic

spectrometric techniques considered here are the density, viscosity, surface tension and

volatility of samples. Changes in viscosity and surface tension lead to changes in the

solution aspiration and nebulization, whereas density and volatility affect the aerosol

transport through the spray chamber of HGAAS or ICP-AES. For most inorganic acids

such as nitric or hydrochloric, the change in surface tension is small compared with the

changes viscosity and density. For this reason, it is expected that the drop size
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distribution of primary aerosols does significantly vary when those acid concentrations

are varied. Therefore it is essential to prepare standards and samples in the same matrix

(Todoli and Mermet, 1999). Of several acids such as sulfuric acid, perchloric acid,

hydrochloric acid and phosphoric acid, nitric acid gives the highest intense ICP-AES

signal (Greenfield et al., 1976). Hence nitric acid was used as the inorganic acid in the

ICP-AES method.

Conclusion

l Pseudomonas fluorescens K27 grows well in TSN3 medium well under anaerobic

conditions.

l Bacterial cells survive and continue their growth when poisoned with 1 mM tellurate

of  10 mM selenite and produce Te0  or Se0.

l The calibration range for Te analysis using HGAAS instrumental method was narrow

(~0Ð20 ppb) with a detection limit of 3 ppb.

l The calibration range for Se analysis using ICP-AES method was wide  (~0Ð1000 ppb)

with a detection limit of 500 ppb.

l In Te experiments 66% of added tellurium was recovered in the liquid medium and

34% was recovered in the solid phase.

l It was not clear whether selenium is distributed outside the K27 cells as well as inside

the K27 cells; either Se0 has the same density as cells or Se0 and cells are bound

together.
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APPENDIX

CHEMICAL ABSTRACT SERVICE REGISTRY

NUMBERS

Compound name CAS Registry number

ammonium persulfate       7725-54-0

hydrochloric acid 7647-01-0

nitric acid       13587-52-5

potassium nitrate       7757-79-1

selenium powder       7782-49-2

sodium borohydride       16940-66-2

sodium hydroxide       1310-73-2

sodium selanate       13410-01-0

sodium selenite       10102-18-8

sodium tellurate       26006-71-3

sodium tellurite       10102-20-2
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