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ABSTRACT

Akpolat, Osman M. , Following the Headspace Production of Dimethyl Telluride
Produced by Pseudomonas fluorescens Amended with Sodium Tellurate or
Sodium Tellurite. Master of Science (Chemistry), August, 1999, Sam Houston
State University, Huntsville, Texas, 84pp.

PURPOSE

The purpose of this study was to determine whether a facultative

anaerobe, Pseudomonas fluorescens K27, would produce volatile

organometalloids when amended with sodium tellurate or sodium tellurite.

METHODS

Batch bacterial bioreactor experiments were undertaken in order to

observe the changes in the headspace of a growth media solution inoculated

with Pseudomonas fluorescens and amended with tellurium salts. Gas samples

were taken from the bioreactor every hour and were analyzed by gas

chromatography to determine the composition of the headspace. Liquid samples

were analyzed by a spectrometer to determine their optical densities which were

used as an indicator of cell growth. Different concentrations of tellurate and

tellurite amendments were tested. As a further verification of the identity of the

peak appearing around 7.3 minutes in the gas chromatography, headspace

above a tellurate amended culture was analyzed by gas chromatography / mass

spectrometry.
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Filtration of the bioreactorÕs solution at the end of the experiments was

carried out to determine the amounts of Te present in the bioreactor when

cultures of P. fluorescens had reached stationary phase. Both solid particles of

Te and Te dissolved in solution were sampled. These filtration samples were

analyzed by atomic absorption spectrometry.

In addition, the synthesis of dimethyl tellurone, a Te analog of the well-

known sulfones, was tried by oxidation of dimethyl telluride. For this purpose two

approaches were utilized; a microwave-induced oxidation and a conventional wet

oxidation of dimethyl telluride were attempted.

FINDINGS

The production of dimethyl telluride was observed in the batch bioreactor

experiments using Pseudomonas fluorescens. Analyzed headspace gases above

the solutions amended with tellurium salts gave increasing concentrations of

dimethyl telluride as the cell population increased.

The chromatographic peak for dimethyl telluride was identified by using

standard gas chromatography and gas chromatography / mass spectrometry.

The retention time in our chromatographic temperature program for the dimethyl

telluride peak was reported and fragmentation pattern for dimethyl telluride was

shown.

The concentration of Te left in the solution after the experiments were over

was calculated by filtering out the solid and dissolved Te from the solution and

measuring the concentration by AAS. The % conversion to gas and % Te that
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had been biomethylated were calculated. For K27 cultures with either 0.2 or 2.0

mM mixed amendments grown into stationary phase in large volume 2.7 L

bioreactor experiments, approximately 80% of the added Te was converted to

compounds that were volatilized either into culture headspace or lost in

subsequent sample handling to determine tellurium in solid or liquid phase.

Two different pathways to oxidation of dimethyl telluride were followed in

an attempt to synthesize dimethyl tellurone. No product was obtained when

microwave-induced oxidation technique was used as measured by thin layer

chromatography. The product obtained from classical oxidation of dimethyl

telluride was sent for elemental analysis. Percent compositions of possible

products were calculated and the results from elemental analysis were compared

with the calculated percentages. Apparently dimethyl tellurone was not

successfully synthesized. Based on elemental analysis, the most likely product

isolated was either CH3-Te(OH)2-OCH3 or CH3-Te(O)(OH)-OCH3. This product

was not soluble in any common solvent nor did it melt below 300°C.
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CHAPTER 1

INTRODUCTION

Toxic heavy metals are often encountered in nature in many different

forms. In air they are found as metal or oxide dust; in surface and ground water

they are attached to humic substances, and they are bound to soils and

sediments as metal ions (Krishnamurthy, 1992). Most of these heavy metals and

metalloids are relatively accessible, that is biologically available (Wood,

1974).Table I describes the relative toxicity and accessibility of some elements.

However some metalloids like selenium, although toxic, are required in trace

amounts by humans and animals. There is a small difference between the

concentrations needed by the organisms for important catalytic processes and

the concentrations where these metals and metalloids become toxic. Biological

methylation or biomethylation of these metals is an important mechanism in the

transport of these metals in the organisms.

Table I Classification of elements according to their toxicity.

Noncritical Very toxic Toxic but
and relatively very insoluble

accessible or very rare
Na C F Be As Au Ti Ga
K P Li Co Se Hg Hf Ba
Mg Fe Rb Ni Te Pb Zr Os
Ca S Sr Cu Pd Sb W Rh
H Cl Al Zn Ag Bi Nb Ir
O Br Si Sn Cd Ta Ru
N Pt Re
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The unique photoelectrical and semiconducting properties of selenium have

resulted in extensive use of this element in photocell devices and in xerography,

solar batteries, specialty transformers and rectifiers. The principal commercial

selenium compounds are mostly inorganic salts. Organoselenium compounds

are mostly found in living systems in the amino acids selenocystine and

selenomethionine which have no significant commercial applications.

Tellurium has similar applications in the semiconductor industry and

electronics, in 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 affinity of

selenium and tellurium for copper and sulfur is very marked. The accumulation of

copper ores is usually accompanied by high concentrations of selenium and

tellurium. In the USA, recovery or selenium and tellurium is principally a

byproduct of copper refining (Solozhenkin et. al., 1993).

Organometallic compounds with metal carbon bonds have quite different

properties than metal ions. Neutral organometallic compounds can usually move

across biological membranes as they tend to be lipid soluble (Hammond, 1980).

They remain intact through membranes which helps them to be distributed in the

system like any lipid soluble compound. Methylation is the attachment of methyl

groups to metals and metalloids and is often responsible from the natural

environmental mobility of these elements (Thayer, 1989). Figure 1 is a schematic
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representation of the biomethylation process. Here the ionic metal species are

reduced and converted to organometallic products by organisms.

Figure 1. Schematic of biomethylation process.

Methylation often leads to a change in the toxicity of the element. Such

changes in the conversion of oxyanious compounds containing selenate(VI) and

selenite(IV) to volatile methylated species like dimethyl selenide and dimethyl

diselenide by plants, microorganisms and mammals have been studied

extensively (Challenger and North, 1934; Lewis et al., 1966; Chasteen, 1998). In

the case of inorganic selenium, methylation by microorganisms can produce less

toxic, volatile organic compounds (McConnel and Portman, 1952; Sigel and

M

Organism

M+

Detoxification

Reduction

Organism

Organism

M(R)2
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Sigel, 1993). On the other hand, methylated metals can be more toxic than their

ionic forms from which they are derived. This comes from the higher solubility of

these methylated species in lipid tissue which thus have longer residence times

in the organism (Wood, 1974). For example, the half life of methylmercury in the

human body is 70 days compared to 4-5 days for mercury(II) salts. Another way

of measuring the lipophilicity of a compound is its distribution coefficient between

water and 1-octanol (Wasik, 1978). The higher this value for a compound, the

more lipophilic that material is and thus the longer it will stay in the lipid tissue.

These coefficients for HgCl2, CH3HgCl, (CH3)2Hg are 0.61, 2.54, and 191.3

respectively (Thayer, 1989). This means that dimethyl mercury is more lipophilic

and stays longer than HgCl2 in lipid tissue.

The first studies of methylation of inorganic compounds of tellurium were

done early last century. The odor exhaled by animals receiving inorganic

derivatives of tellurium was first observed in 1824 (Challenger, 1947). Later

Hansen detected a garlic odor in the breath of dogs or men a few minutes after

administration of potassium tellurite (Hensen, 1853). During the studies on the

derivatives of tellurium in the University of Leeds, it was seen that this odor could

easily be detected around those researchers involved with the work (Bird and

Challenger, 1939); although, they had never come into contact with organic

compounds of tellurium. Later around the 1940s, Bird and Challenger analyzed

the gases evolved from test tube cultures of a fungus, S. brevicaulis, grown on

bread containing potassium tellurite and concluded that it was dimethyl telluride

(Bird and Challenger, 1939). Then in the 1950s the numerous cases of
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ÒMinamata diseaseÓ (methylmercury poisoning) in Japan led into further

investigations in this topic (Thayer, 1995). Environmental applications utilizing

alkylmetals have contributed to the development of this subject as well.

The methylation of heavier elements allows a great variety of elements to

be much altered in reactivity and either excreted from or stored in a biological

system. The elements involved are most of the ÒBÓ class elements plus some

borderline cases of the B subgroup of the periodic table.

(Cl)

Ge As Se Br

(In) Sn Sb Te I

Hg Tl Pb (Bi)

The metabolism of these elements is, in part, via reduction and

methylation to excretion of their volatile derivatives. Biological methylation of

metals can take place in both homogeneous aqueous media and in

heterogeneous media (Craig, 1986). Thayer and his coworkers (1987) studied

the mechanism and kinetics of methylation in homogeneous systems, using

methyl iodide as the methylation agent. This is a non-enzymatic method.

Transfer of methyl groups to a metal occurs inside a living cell by using an

enzymatic method. Some naturally occurring methylating agents are

methylcobalamin (vitamin B12) and S-adenosylmethionine. However both

methods can take place in living organisms therefore the term ÒbiomethylationÓ

will be used whether the methylation is enzymatic or non-enzymatic.
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In the late 1940s Challenger suggested a methylation mechanism

involving methionine. He showed that the biomethylation of arsenic involved

some activated methionine intermediate which is now known to be S-

adenosylmethionine (Challenger, 1945).

The biomethylation of metalloids by S-adenosylmethionine or

methylcobalamin occurs by nucleophilic or free radical attack of the metallic salt

to a lower oxidation state. This indicates that the biosynthesis of methylated

metalloids would be favored in a more reducing environment; where only the

volatile alkyl metalloids would be released to the aerobic environment

(Krishnamurthy, 1992).

ChallengerÕs proposed mechanism for selenium biomethylation (Figure 2)

involves four steps. In this mechanism the selenium atom is methylated and

reduced to form volatile dimethyl selenide (Challenger, 1945).

Figure 2. Mechanism of biomethylation proposed by Challenger in 1945.

In that report the postulated intermediate selenium compounds were not

detected in culture media, and it was concluded that the biological methylation

process was confined to mould cells and did not take place in the medium. The

mechanism is basically a transfer of a methyl group as a cation.

Se)(CHSeO)(CH

SeOCHHSeOCHHSeO

23223

-
2333

-
3

selenide dimethyl

Reduction

selenone dimethyl

nMethylatio

acid enicmethanesel

Reduction & Ionization

acid selenonic methane

nMethylatio

selenite

??? ¨???? ¨?

?????? ¨???? ¨?
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One crucial compound missing in this mechanism is dimethyl diselenide

which has been observed by many scientists in the recent years in the

headspace above soil samples containing polycultures amended with selenium

and produced by selenium resistant bacteria (Reamer and Zoller, 1980;

Chasteen et al.,1990; Chasteen, 1993; McCarthy et al.,1993; Eriksen, 1999).

Reamer and Zoller (1980) have broadened this mechanism for the

biomethylation of selenium based on the identification of dimethyl diselenide

(Figure 3). This was a methyl carbonium pathway similar to that proposed by

Challenger. They proposed a reaction pathway for the intermediate CH3SeO2
- to

form dimethyl diselenide by reduction.

Figure 3. Expanded mechanism of biomethylation proposed by Reamer and

Zoller.

Later Doran (1982) suggested yet another mechanism for the same

process. In his mechanism selenite is first reduced to elemental Se and then

further reduced to selenide which is methylated to form dimethyl selenide (Figure

4). Evidence for this mechanism comes from the commonly observed elemental

33SeOHCHor 
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3333232
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diselenide dimethyl3

3ReductionReduction
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selenium in bacterial cultures doped with oxidized selenium salts (Francis et al.,

1974; Doran and Alexander, 1977; Steinberg and Oremland, 1990; Eriksen,

1999).

Figure 4. Mechanism of biomethylation of selenium proposed by Doran.

A mechanism of biomethylation by using methylcobalamin was proposed

by Krishnamurty. Methylcobalamin is a form of vitamin B12 found in bacteria and

animals. It is a crystalline cobalt complex synthesized by microorganisms. It has

four reduced pyrrole rings, joined into a macrocyclic ring by four links. Three of

the links are formed by the methelene=C- groups and the fourth by a C-C bond.

The central cobalt atom is in oxidation state (Co3+). It has the capacity to

coordinate up to six ligands. Of these coordinate positions, four are occupied by

the four nitrogen atoms of the corrin ring. The fifth position is occupied by a

heterocyclic chain. The sixth position is usually occupied by a methyl group or a

water molecule (Krishnamurthy, 1992).

In our research group biomethylation has been extensively explored and

biomethylations of antimony (G�rley�k, 1996) and selenium (Zhang, 1993; Zhang

and Chasteen, 1994) have been performed. The important problem of oxidation

of trimethylstibine in gas phase by atmospheric oxygen has been eliminated by
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using anaerobic bacteria cultures (G�rley�k, 1996; G�rley�k and Chasteen,

1997). All the work done up to now involved anaerobic growth in test tube scale

experiments and headspace analysis using gas chromatography with fluorine-

induced chemiluminescence detection, a method developed by Nelson (1984)

and optimized by Chasteen et al. (1990). Although much research has been

carried out on these metalloids, we felt it was time that tellurium was also studied

with the thoroughness that these others have received. Also these Te

experiments are the first done in large volumes using a 3 liter bioreactor.

It is thought that micro biological transformations for tellurium probably

follow similar pathways as for selenium, which includes methylation and

reduction by metalloid-resistant microbes. Fungi can also produce dimethyl

telluride from tellurium salts as reported by Bird and Challenger (1939) and

Chasteen et al. (1990). In other work a strain of Penicilllium, which produced

dimethyl selenide from inorganic selenium, was isolated from raw sewage.

Dimethyl telluride was also produced by this organism when exposed to several

tellurium salts. Although the proposed mechanism for methylating tellurium

follows the same metabolic pathway as those for selenium and arsenic, dimethyl

telluride was synthesized only in the presence of selenium. The yield of dimethyl

telluride was proportional to the input of inorganic selenium, so that no

methylated tellurium compound was found until the input quotient of selenium to

tellurium was about 10:1 (Jernelov and Martin, 1977). Thus the methylation of

tellurium may not be a direct biological methylation for that biological system, but

rather a transmethylation from biologically formed methyl selenide compounds.
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Since the occurrence of tellurium in nature is rare, its environmental impact due

to methylation is not expected to have serious effects.

Tellurium is much less readily methylated than its lighter congeners such

as selenium or sulfur (Cox and Alexander, 1974). In some organisms tellurate

inhibits the biomethylation of arsenate but not selenate. Methylation of tellurium

compounds in copper electrolysis slimes by P. chrysogenum has been proposed

as a method for recovering this element (Solozhenkin et. al, 1993). The

Challenger mechanism almost certainly applies to tellurium, although perhaps

the final reduction from Te0 to Te2- is appreciably less favorable than the

corresponding reduction for selenium, making formation of elemental tellurium a

more likely alternative (Thayer, 1995).

Tellurium bioalkylation has been much less investigated than selenium.

One group has reported that three strains of Te-tolerant fungi were able to

incorporate tellurium from sodium tellurite into amino acids, such as

telluromethionine and tellurocysteine, and also from Te-containing proteins

(Boles, 1993). Telluromethionine itself has been prepared in impure form in the

laboratory (Knapp, 1974). Apparently tellurium is sufficiently similar to sulfur and

selenium to permit organisms to metabolize it in the same way (Thayer, 1995).

Very little is known on the biogeochemical cycle of tellurium. Organo-

derivatives of this element apparently form less readily under biogenic conditions

than those of selenium. Although available data suggest that organotellurium

compounds play a marginal role in the elementÕs natural cycle, recently, volatile
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compounds, including dimethyl telluride, have been reported in gases emitted by

municipal waste deposits (Feldmann et. al, 1994).

As an addition to this ongoing research, this thesis reports lab

experiments carried out to study the biomethylation of tellurium. The experiments

were also performed in a 3 liter bioreactor rather than test tubes. Biomethylation

of tellurium salts by Pseudomonas fluorescens K27, a tellurium-resistant

bacterial strain which was isolated from Kesterson Reservoir in the San Joaquin

valley of central California (Burton et al.,1987) was observed and bacterial

behavior monitored. Batch cultures of K27 bacteria were amended with different

concentrations of tellurium salts and were grown in the bioreactor until they

reached stationary phase. During this time the bacterial growth and volatile

organometal compound production were observed. Time course experiments

with Te-resistant bacteria have not been reported before. Calibration data for

dimethyl telluride were constructed from liquid standard injections and the

concentration of dimethyl telluride in the headspace was calculated. The growth

of the bacteria was monitored by optical density and the headspace was

analyzed for reduced and methylated tellurium compounds by using a fluorine-

induced chemiluminescence detector after separation by gas chromatography.

As a part of our exploration in Te-chemistry, we also tried to synthesize

dimethyl tellurone. This tellurium analog of the well known sulfones and

selenones could be used to study the Challenger mechanismÕs validity on the Te

biomethylation process (see Figure 2). However, diorganyl tellurones, R2TeO2,

are quite ill-defined substances. It is doubtful whether a substance corresponding
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the formula R2TeO2 has ever been obtained in the pure form (Engman and Cava,

1982). Vernon (1920) claimed to have isolated dimethyl tellurone by oxidation of

dimethyl telluride or its dihydroxide with hydrogen peroxide. The product was an

insoluble, white, amorphous powder (Irgolic, 1974). Krause and v. Grosse (1937)

reported production of (CH3)2TeO2 by prolonged reaction with excess H2O2 from

dimethyl telluride. They identified it as a white powder insoluble in all solvents.

These early attempts to oxidize diaryl and dialkyl tellurides and telluroxides with

hydrogen peroxide probably resulted in formation of Òhydroxy-perhydrates,Ó

instead of the purported tellurones. These compounds possessed all the

characteristics of a peroxide; thus they had explosive properties and oxidized

halogen acids to the corresponding halogen (Engman and Cava, 1982).

Therefore, we hypothesized a much milder oxidizing agent and a more

controllable reaction was needed. One such process involved the use of

microwaves to control the oxidation reaction using a mild oxidation agent. This

process was developed and perfected by Varma et. al. and uses fine powdered

silica as the reaction surface and no solvent. The compound to be oxidized and

the oxidant are mixed with the silica thoroughly and placed in the microwave. The

reaction time determines how far the oxidation will go and for these experiments

usually is about 1 minute. After 1 minute the silica is washed with small volumes

of solvents to remove the reacted compounds and this liquid is distilled to collect

the product.

In all fields of science, gas chromatography is widely used to analyze and

separate volatile compounds. With detectors constantly being developed and
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optimized for specific analytes it is almost impossible not to find a specialized

detector for certain compounds. For all our purposes the sulfur

chemiluminescence detector was well suited. The sulfur chemiluminescence

detector (SCD) is specific for Se,Te and Sb compounds. The detection limits for

these compounds are in the picogram range (Chasteen, 1990). The detectorÕs

linear range is approximately three orders of magnitude. The SCD is a long

favored detector for our group and the experience we have with the detector

makes it one of the main components of all our research projects with headspace

analysis.

Our interests in biological-reduction and biomethylation of metalloids lie in

the fact that they have a potential availability for redistribution and transport in the

environment after being methylated and/or reduced. Although ionic metalloidal

compounds are not very mobile in the gas phase due to their high boiling points,

they have the potential to be reduced and/or methylated to form more readily

transportable volatile organometallic compounds. Of course, this brings with it the

concerns about toxicity and environmental safety. Most recently, tellerium

compounds have been proposed as components in pesticides (Blunden et. al.,

1984), organic and inorganic synthesis (Craig, 1986; Petragnani, 1994;

Petragnani and Comasseto, 1991a;1991b), and in gases from municipal waste

deposits (Hirner et. al., 1994). These proposed uses and anthropogenically-

increased emissions therefore could increase the spread of this element in the

environment. Therefore efforts to investigate the process of biological processing

of this element may be increasing in importance.
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CHAPTER 2

EXPERIMENTAL

REAGENTS

The reagents 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 and

sodium tellurite were purchased from Aldrich Chemicals (Milwaukee WI USA).

Potassium nitrate (certified A.C.S. grade) was ordered from  Fisher Scientific

(Houston, TX, USA).

GROWTH MEDIA

One single type of biological media was used in all of the experiments.

TSN (tryptic soy broth with nitrate) medium used in early experiments was

changed to TSN3 (tryptic soy broth with nitrate concentration tripled) after a few

experiments.

TSN MEDIUM (TRYPTIC SOY BROTH WITH NITRATE)

This medium was prepared by dissolving 10.0 g tryptic soy broth and 1.0 g

potassium nitrate per 1.0 L of deionized water. The content of the final growth

medium was %0.1 KNO3.
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TSN3 MEDIUM

This medium 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 using a Tuttnauer

2540E autoclave (TuttnauerUSA Co. LTD., Ron Konkoma, NY USA).

STANDARD SOLUTIONS

TELLURATE STANDARD

A 20 mM stock solution was prepared by dissolving 1.904 g sodium

tellurate in 200 mL deionized water. This solution was filtered with a 250 Nalgene

disposable filter unit (Nalgene Company Rochester, NY USA) using a vacuum-

pressure pump (model 400-1901 Barnant Company Barrington, IL USA) to

sterilize the standard.

TELLURITE STANDARD

A 10 mM stock solution was prepared by dissolving 4.431 g sodium

tellurite in 200 mL deionized water. This solution was also filtered with a 250

Nalgene disposable filter unit detailed above using a vacuum-pressure pump.
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BACTERIAL CULTURES

All the experiments were carried out using Pseudomonas fluorescens

K27. This is a tellurium-resistant bacterium isolated from Kesterson Reservoir in

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

Colorado, Boulder.

PART 1. INSTRUMENTATION

A Hewlett Packard 5890 Series II gas chromatograph (Norwalk, CT USA)

coupled to a Sievers 300 sulfur chemiluminescence detector (Sievers

Instruments, Boulder, CO USA) was used for all chromatographic analysis. A

30 m, 0.32 mm i.d. capillary column coated with 5 mm of 5% phenyl and 95%

methyl polysiloxane as the stationary phase (Alltech, Deerfield, IL USA) was

used as the chromatographic column. This very thick film chromatographic

column has allowed us to chromatograph relatively low boiling point compounds

(b.p. ³50°C) without having to use a cryogen and subambient oven temperature

programs. The carrier gas was helium with a flow rate of 1 mL/min at an inlet

pressure of 11 psi. A split/splitless injector (275°C) was used in splitless mode to

introduce all of the sampled gases onto the column. During some calibration

experiments a split ratio of 1:50 was used to prevent overloading the column or
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detector. The peak areas obtained from these injections were therefore multiplied

by 50 in order to normalize these peak areas to those of splitless injections.

The gas chromatograph was coupled to the sulfur chemiliuminescence

detector through a heated thermostatically controlled transfer line (150°C). The

capillary column was passed through this heated transfer line directly into the

reaction cell inside the detector. In this reaction cell, molecular fluorine (F2) reacts

with organometalloids resulting in gas phase chemiliuminescence. The emitted

light was detected by a red sensitive photomultiplier tube. The photomultiplier

tube was housed in a cooling chamber which was connected to a Peltier cooler in

order to keep it below ambient temperatures to reduce noise due to the PMTÕs

dark current. Molecular fluorine was produced by a high voltage discharge.

Pressurized sulfur hexafluoride (SF6) was fed into a discharge chamber where it

was broken into SF4 and F2 and a small amount of elemental sulfur. The reaction

cell was kept under constant vacuum (under 1 torr) by a two stage, oil sealed,

rotary vacuum pump (Sargent Welch Scientific Co., Skokie, IL USA) which ran

continuously. Figure 5 schematically displays the reaction cell of this detector. A

chemical filter (NaOH and elemental carbon) was placed between the reaction

cell and the pump to remove excess F2 and sulfur dust particles from the system.
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Figure 5. Schematic representation of the SCD reaction cell.
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The following temperature programs were used to analyze samples and to

check syringes. An 18 minute temperature program was used to analyze

samples. The initial temperature was 30°C and was held for one minute, then a

20°C/min ramp was used up to 180°C; then a second ramp of 30°C/min was used

up to the final temperature of 225°C, and the final temperature was held for 3

minutes. For syringe checks, a faster temperature program was used as there

was no need to see good peak resolution (there shouldnÕt be any peaks in a

clean syringe; any significant peak presence meant the syringe was not clean). In

that program the initial temperature was 30°C, the ramp was 25°C/min up to

250°C and the final time was 2 minutes. The signal from the detector was

recorded and plotted by a Hewlett Packard HP 3396 Series II Integrator.

PART 2. BIOREACTOR EXPERIMENTS

The batch bacterial experiments were carried out in a New Brunswick

BioFlow III  Batch / Continuous Fermentor (Edison, NJ USA). The fermentor was

disassembled, cleaned, reassembled and filled with 2.5 L TNS3 media before

every experiment. It was then sterilized in a 716-liter autoclave (Wisconsin

Aluminum Foundry Co., Inc., Manitowoc, WI USA). The fermentor was connected

to a PC to record and/or control temperature, agitation, pH, and dissolved

oxygen. The fermentor had a condenser and a motor assembly connected to the

top cover plate. It also had a liquid and a gas sampling port. Gas samples were

taken hourly using 1 mL gas-tight syringes with push button valves, purchased
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from Alltech (Deerfield, IL USA) and were analyzed using gas chromatography

with SCD detection. Also liquid culture samples were taken hourly and optical

density readings at 527 nm were measured using a Spectronic 20D+

spectrometer.
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Figure 6. Side view of the New Brunswick Bioflow III bioreactor. 1 dissolved

oxygen probe, 2 impeller, 3 glass vessel, 4 quick-connect water connections, 5

liquid sample port, 6 cooling water connections, 7 condenser, 8 motor, 9 septum-

lined gas sample port, 10 heater assembly.
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Figure 7. Top view of of the New Brunswick Bioflow III bioreactor. 1 bearing

adapter for motorÕs drive shaft, 2 dissolved oxygen probe adapter, 3 pH probe

adapter, 4 condenser port, 5 thermowell, 6 antifoam probe, 7 sparger, 8 harvest

port, 9 inoculation port, 10 sample port.



23

PART 3. PROCEDURES

EXPERIMENTAL

Precultures of Pseudomonas fluorescens K27 were grown aerobically at

30°C before the experiments. A few colonies of Pseudomonas fluorescens K27

were grown aerobically in 50 mL TSN3 for at least a day then added to 200 mL

more of TSN3. It was then left to grow aerobically for another day. This was

enough for the bacteria to reach their stationary phase. This inoculation solution

was then introduced into the fermentor through one of its openings in the top

plate. After the fermentor was purged with nitrogen to remove the dissolved

oxygen in the system to make the bacteria grow anaerobically, the batch was

poisoned with the desired metalloid salts. The fermentor, thermostatically

maintained at 30°C, had metal fins rotating at 100 rpm that supplied good mixing.

Liquid samples were taken from the batch every hour and optical density and pH

readings were recorded then.

HEADSPACE ANALYSES

Gas samples were taken from the fermentor every hour using 1 mL gas-

tight syringes with push button valves. The fermentor had a septum-lined gas

sampling port where samples could be taken. After the gas sample was pulled

into the syringe, the push button valve was pushed to lock position until the
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needle was inserted into the injection port of the GC. The valve was then opened

and the sample was injected rapidly. The valve was then pushed to lock once

again and the needle was pulled from the injector port. The GC head pressure

gauge was checked after every injection. A drop in the head pressure would

mean a leak in the injectorÕs septum and loss of sample during the injection.

After the injections were carried out, the syringes were taken to the

cleaning device where they were left for an hour. It was sometimes necessary to

rinse the syringes with acetonitrile before putting into the cleaning device to

ensure perfect cleaning as determined by seeing only the baseline on the syringe

check chromatograms. The cleaning device blew air into a closed flask which

was heated on a hot plate. The approximate temperature of the hot plate surface

was 75°C. The air then passed through the disassembled syringes which were

also in the flask. After being cleaned in the cleaning device the syringes were

checked by injecting  1 mL of lab air into the GC using the shorter syringe check

temperature program. The cleaning process was repeated until no peaks were

seen in the syringe check chromatograms.

GAS CHROMATOGHRAPHY/MASS SPECTROMETRY

The headspace above a 0.1 mM tellurate amended culture of K27 was

analyzed by gas chromatography/mass spectrometry to confirm the identity of

the peak in our chromatograms that appear at approximately 7.3 minutes. The

column used in this analysis was a 30 m, 0.25 mm i.d., 0.25 mm film, DB-5MS

capillary column (J&W Scientific, Falsom, CA USA) with a carrier gas of UHP
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Helium with a head pressure of 12.5 psi and used with splitless injection. The MS

scan rate was 1 scan/second. Since no cryogen and subambient temperature

program were available for this instrument the separation of low boiling

compounds was relatively poor compared to our thick film capillary column.

FILTRATION OF SAMPLES FOR Te ANALYSIS

Two different paths for determining amounts of Te present in the

bioreactor 1) as elemental Te and Te in/on bacterial cells and 2) dissolved in the

liquid culture medium were used. Both the dissolved solid and filtrate from the

bioreactor and the tellurium left in the system were analyzed for Te with atomic

absorption spectroscopy.

LIQUID SAMPLES

Three very well mixed 54 mL liquid samples were taken from the

bioreactor after the bacteria from a culture amended with 0.2 mM tellurate had

reached stationary phase.

SOLID SAMPLES

These samples were sterile filtered. The collected solids were dissolved in

15 mL concentrated HNO3 diluted with 30 mL H2O, making the total volume 45

mL. This dissolving process required the boiling of the acidic solution for nearly

30 minutes until all the solid had dissolved. These samples were diluted once

more by a factor of 5 to pull them into the analytical linear range for atomic
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absorption analysis. The collected filtrates were diluted by a factor of 10 and

acidified to 5% with concentrated HNO3. Then they were analyzed by atomic

absorption. Figure 8 displays a schematic of this analytic procedure.

Figure 8. Schematic representation of the filtration process for Te analysis.

ATOMIC ABSORBTION ANALYSIS FOR TELLURIUM

A Perkin Elmer Model 603 atomic absorption spectrophotometer was used

to analyze liquid samples for Te content. An air-acetylene flame was used in the

analysis and the instrument was tuned to the manufacturersÕ specification. The

instrument was set at 214.3 nm with the slit at 0.2 nm. At this wavelength the

linear range for Te analysis is 0-20.0 ppm. Four standards were prepared with 1,

2, 4, and 10 ppm Te concentrations. A hollow cathode lamp from Fisher Scientific

(Houston, TX USA) was used. The lamp is a multi-element analysis lamp for As-

Se-Te. It has a maximum current reading of 10 A.  All the standards and samples

were made acidic with 5% HNO3 final content.
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SYNTHESIS OF DIMETHYL TELLURONE

Two procedures were followed in the attempted synthesis of dimethyl

tellurone (CH3)2TeO2.

PROCEDURE ONE: MICROWAVE-INDUCED OXIDATION OF CH3TeCH3

1.5 g of oxidant sodium periodate (Aldrich, WI USA) and 0.2 g of dimethyl

telluride (Organometallics, Inc., East Hampstead NH, USA) were mixed

thoroughly in 1.5 g silica. Ten drops of water were added and mixed thoroughly

again. This mixture was kept in a conventional microwave oven (900 watts) for

10 seconds to 1 minute on 50% power. The mixture was washed with ethanol to

dissolve and remove all the products. A thin layer chromatographic separation

(TLC) was performed to determine any progress toward products. The ethanol

was transferred into previously weighed flasks and was evaporated using a

rotary evaporator. The solid that recrystallized was collected.

Three different mass ratios (7.5:1, 3:1, 1:1) of oxidant to dimethyl telluride

were used. Five similar sample mixtures for each of these ratios were prepared

and kept in the microwave for 10, 20, 30, 40, and 60 seconds respectively. Five

different solvents, CH2Cl2, methanol, propanol-water (2:1), water, and ethyl

acetate, were used as mobile phases in TLC for every sample mixture.
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PROCEDURE TWO: OXIDATION OF CH3TeCH3 IN SOLUTION

This was a procedure for the synthesis of dimethyl selenone (Rui et al.,

1997) modified for dimethyl tellurone. 0.5 g dimethyl telluride was added to 3-

chloro peroxybenzoic acid in a 1:3 mole ratio in 10 mL methylene chloride. This

mixture was stirred for 2 hours at room temperature. The white crystals that were

formed were filtered and washed with ether three times. The filtrate was dried to

collect any byproducts formed. A melting point analysis was made to determine

the nature of the product and any byproducts formed.

A sample of collected solid was sent to Galbraith Laboratories (Knoxville,

TN USA) for elemental analysis.
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CHAPTER 3

DATA AND RESULTS

In this chapter data from experiments are presented and the results are

discussed. First there will be a discussion of the calibration data for dimethyl

telluride (DMTe) for gas chromatography (GC) analysis, peak identification via

GC/MS, and calibration data for tellurium (Te) in atomic absorption (AA) analysis.

Then data from sodium tellurite and sodium tellurate poisoned experiments will

be discussed under individual sections. Lastly mixed amendment experiments

will be discussed.

CALIBRATION DATA FOR DIMETHYL TELLURIDE

A DMTe calibration curve was constructed to convert the peak areas in

bacterial headspace GC analysis to gas phase concentrations for bacterial

headspace. One mL liquid samples of known concentrations of standard dimethyl

telluride solution were injected into the GC and the resulting peak areas were

plotted. Table II shows the data for DMTe calibration curve. The working curve

for the conversion of peak areas to concentrations was constructed from this

calibration graph in Figure 9.
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Table II Calibration data from direct injection of 1 mL dimethyl telluride solutions

of different concentrations.

Log [DMTe] (pg/mL) Log [Peak Area]

1.1875 8.2632

2.8003 8.7014

4.4130 9.6254

6.0258 10.418
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Figure 9. Dimethyl telluride calibration curve for the conversion of peak areas to

concentrations, constructed from data in Table II.
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IDENTIFICATION OF DMTe HEADSPACE PRODUCTION

COELUTION OF DMTE STANDARD

The chromatographic peak at 7.3 minutes in the headspace sample

chromatographic program appeared at the appropriate elution time for a

compound whose boiling point was approximately 90°C. The first identification

method for determining this compound was to inject a small gas sample of a

DMTe standard (b.p. 94°C). This compound eluted at the same retention time as

the unknown in the bacterial headspace. This, coupled with the fact that the SCD

is relatively specific for organometalloids and the fact that this 7.3 minute

component only appeared in the samples amended with Te salts led us to the

tentative conclusion that the peak at 7.3 minutes was dimethyl telluride. Further

experiments using GC/MS were initiated to test this hypothesis.

GAS CHROMATOGRAPHY/MASS SPECTROMETRY

The second method of identifying DMTe production by these bacteria was

GC/MS; however, the poor resolving ability of the only column available with our

GC/MS instrument made separation and identification of the small amounts of

DMTe in our cultureÕs headspace relatively difficult with this technique. For

instance, a comparison of the total ion chromatogram, TIC (Figure 10), with other

chromatograms of bacterial cultures in stationary phase (in sections later in this

thesis) highlight the power of our specialized detection system for
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organotellurium compounds. Sharp, well defined peaks at 7.3 minutes and

eluting well before DMDS at 8.7 minutes in the SCD chromatography (for

instance, Figure 20) are lost in the large unresolved ÒpeakÓ around 2 minutes in

the TIC produced by the GC/MS chromatography. That said, the power of

GS/MS is also highlighted by Figure 13 where one of the scans inside that

chromatographically unresolved mess could yield a positive identification of a

small amount of DMTe eluting at the time that would be appropiate (Figure 14

and Figure 15) for DMTeÕs boiling boint (b.p. 94°C). The identification of DMTS

(b.p. 168°C) and DMDS (b.p. 109°C) in Figures 11 and 12 at 10 and 4 minutes,

respectively, helps in this identification process for DMTe.

Figure 13 shows the total ion chromatogram of a 1 mL gas sample taken

from a K27 bacterial culture amended with 0.1 mM tellurate and sampled in

stationary growth phase. The right inset mass spectrum is a difference spectrum

for a range of scans containing the unresolved DMTe peak minus a range of

scans containing the background components eluting nearby. A larger version of

this spectrum is given in Figure 15. The left inset mass spectrum in Figure 13

shows that background that was subtracted from the unresolved DMTe peak

scans. Figure 14 shows the difference mass spectrum from Figure 13 showing

only the mass range from 120 to 170 daltons. Fragments from different Te

isotopes can be seen and the relative intensities of the m/z peaks match the

relative abundance of the Te isotopes.
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Figure 10. Gas chromatography/mass spectrophotometric analysis of a

headspace sample of K27 amended with 0.1 mM tellurate after 16 hours growth.

Fragmentation patterns for scans 236 and 605 are given in Figure 11 and

Figure 12.
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Figure 11. Fragmentation pattern and the library search for scan number 605.

The top spectrum is that of scan 605 which comes from a chromatographic peak

at approximately 10 minutes. The compound eluting at this time in the TIC is

dimethyl trisulfide.

Mass to Charge Ratio

R
el

at
iv

e 
A

bu
nd

an
ce



36

Figure 12. Fragmentation pattern and the library search for scan number 236.

The top spectrum is that of scan 236 which comes from a chromatographic peak

at approximately 4 minutes. The compound eluting at this time in the TIC is

dimethyl disulfide.
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Figure 13. The total ion chromatogram of a 1 mL gas sample taken from a K27

bacterial culture amended with 0.1 mM tellurate and sampled in stationary growth

phase. The right inset mass spectrum is a difference spectrum for a range of

scans containing the unresolved DMTe peak minus a range of scans containing

the background components eluting nearby. The left inset mass spectrum shows

that backgroundÕs mass spectrum.
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Figure 14. The difference mass spectrum from Figure 13 showing only the mass

range from 120 to 170 daltons. The identity of the isotope grouping for DMTe is

indicated.
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Figure 15. Larger version of difference spectrum from Figure 13. Low mass

fragments below 80 daltons are residual background components left over from

the subtraction process.
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CONTROL EXPERIMENTS

Six bacterial control experiments were carried out at different stages of

this study to ensure the viability of the detection instruments and the health of the

stock K27 cell plates. TSN3 media was inoculated with K27 and was allowed to

grow in the bioreactor. Hourly headspace samples and liquid media samples

were taken. Headspace GC analysis and liquid optical density analysis were

performed. Optical densities of 0.8-0.9 absorbance units (at 526 nm) were

achieved when the bacteria reached stationary phase.

SODIUM TELLURITE (Na2TeO3) POISONED EXPERIMENTS

Amendment experiments with 0.01 mM tellurite concentrations were

executed. Headspace analysis for DMTe and DMDS were performed every hour

until the bacteria reached stationary phase. Optical density was monitored by

taking liquid samples every hour and measuring the absorbance at 526 nm.

Figure 16 shows the headspace concentration for DMDS and DMTe together

with optical density in this time course experiment. Figures 17 to 20 show

chromatograms from different times during the experiment. The production of

dimethyl telluride was clearly observed through the peak at retention time 7.3

minutes.
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Figure 16. Dimethyl telluride and dimethyl disulfide concentration and cell growth

versus time graph for a 0.01 mM TeO3
-2 poisoned bacterial experiment.
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Figure 17. The chromatogram from a 0.01 mM tellurite poisoned bacterial

experiment taken early in the experiment at t = 2 hours.
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Figure 18. The chromatogram from a 0.01 mM tellurite poisoned bacterial

experiment taken after 10 hours into the experiment in log phase.
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Figure 19. The chromatogram from a 0.01 mM tellurite poisoned bacterial

experiment taken later in the experiment at t = 18 hours. Notice the increase at

the 7.3 minute peak.
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Figure 20. The chromatogram from a 0.01 mM tellurite poisoned bacterial

experiment taken after 25 hours into the experiment in stationary phase.
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SODIUM TELLURATE (Na2TeO4) POISONED EXPERIMENTS

Experiments with 0.1 and 1.0 mM tellurate concentration were also

performed. Headspace analysis for DMTe and DMDS were performed as in

tellurite experiments. Figures 21 and 22 show time course headspace

concentrations of dimethyl telluride and dimethyl disulfide for 0.1 mM and 1.0 mM

tellurate concentrations respectively. Figures 23 and 24 show dimethyl telluride

headspace concentrations from multiple experiments for 0.1 mM and 1.0 mM

tellurate concentration respectively. Figures 25 and 26 show dimethyl disulfide

headspace concentration from multiple experiments for 0.1 mM and 1.0 mM

tellurate concentrations. These multiple run data sets are presented for

comparision.

Figures 27 to 29 are sample chromatograms from 0.1 mM tellurate

amended experiments. Figure 30 is a sample chromatogram from a 1.0 mM

poisoned experiment.

Figure 31 and Figure 32 show the cell growth measured as optical density

for 0.1 mM and 1.0 mM tellurate experiments respectively.
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Figure 21. Dimethyl telluride and dimethyl disulfide concentration and cell growth

versus time graph for a 0.1 mM TeO4
-2 poisoned bacterial experiment.
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Figure 22. Dimethyl telluride and dimethyl disulfide concentration and cell growth

versus time graph for a 1.0 mM TeO4
-2 poisoned bacterial experiment.
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Figure 23. Headspace concentration of dimethyl telluride and cell growth data

from three separate 0.1 mM TeO4
-2 poisoned bacterial experiments.

DMTe Headspace Concentration and Cell 
Growth vs Time Graph

(0.1 mM Tellurate)

0

5

10

15

20

25

0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00

Time (hours)

D
im

et
h

yl
 T

el
lu

ri
d

e 
(p

p
b

v)

-0.58

-0.48

-0.38

-0.28

-0.18

-0.08

0.02

0.12

L
n

 O
p

ti
ca

l D
en

si
ty

DMTe Headspace
Concentration

Cell Growth



50

Figure 24. Headspace concentration of dimethyl telluride and cell growth data

from three separate 1.0 mM TeO4
-2 poisoned bacterial experiments.
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Figure 25. Headspace concentration of dimethyl disulfide and cell growth data

from three separate 0.1 mM TeO4
-2 poisoned bacterial experiments.
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Figure 26. Headspace concentration of dimethyl disulfide and cell growth data

from three separate 1.0 mM TeO4
-2 poisoned bacterial experiments.
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Figure 27. Sample chromatogram from a 0.1 mM tellurate poisoned bacterial

experiment at t = 8 hours.
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Figure 28. Sample chromatogram from a 0.1 mM tellurate poisoned bacterial

experiment at t = 11 hours.
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Figure 29. Sample chromatogram from a 0.1 mM tellurate poisoned bacterial

experiment at t = 13 hours.
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Figure 30. Sample chromatogram from a 1.0 mM tellurate poisoned bacterial

experiment at t = 7 hours.
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Figure 31. Cell growth versus time graph for 0.1 mM TeO4
-2 poisoned bacterial

experiments.
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Figure 32. Cell growth versus time graph for 1.0 mM TeO4
-2 poisoned bacterial

experiments.
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MIXED EXPERIMENTS (Na2TeO3 + Na2TeO4)

Mixed batches with 0.1 mM tellurate and 0.1 mM tellurite concentration

and 1.0 mM tellurate and 1.0 mM tellurite were done in order to observe the

effects of exposing the bacteria to both toxic salts at the same time. Surprisingly

organo-tellurium production in the bacterial headspace was far less than

expected. The optical density (cell population) reached only one half of the

values reached with single component experiments. Figure 33 shows a sample

chromatogram from a 0.2 mM total Te concentration mixed experiment and

Figure 34 shows a sample chromatogram from a 2.0 mM total Te concentration

mixed experiment.

From these observations rose a need to determine the concentration of Te

left in the solution as metallic Te, the dissolved Te salt in solution, and Te that

was still in the bacteria. The suspended solids were filtered and then dissolved in

acid. Both the dissolved solid and filtrate were analyzed for Te concentration with

atomic absorption spectroscopy and the percent Te left in the solution was

calculated.
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Figure 33. Sample chromatogram from a 0.2 mM total Te concentration mixed

bacterial experiment, 0.1 mM each of TeO3
2- and TeO4

2-.
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Figure 34. Sample chromatogram from a 2.0 mM total Te concentration mixed

bacterial experiment, 1.0 mM each of TeO3
2- and TeO4

2-.
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CALIBRATION DATA FOR TELLURIUM

Standard solutions of 1, 2, and 4 ppm Te were prepared. Five readings

per standard were recorded. The data for the calibration curve are given in Table

III. A calibration curve was constructed from the data and a working curve was

computed using the best linear fit method. The line equation was used in

determination of Te left in the system after the bacteria has reached the

stationary phase.

Table III Te calibration data from the atomic absorption spectroscopy

experiments.

Concentration (ppm) Absorbance

1.00 0.0136

2.00 0.0208

4.00 0.0352

From the above data the calibration curve in Figure 35 was constructed.
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Figure 35. Calibration curve for Te analysis using AA. This line equation was

used to calculate the concentrations of Te left in the system after the bacteria

reach stationary phase.
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CALCULATION OF Te LIQUID CONCENTRATIONS

Liquid Te concentrations in the 54 mL samples from the bioreactor

calculated from the calibration data were multiplied by the dilution factor 10 as

these samples were diluted 1:10 to pull them into the analytical linear range of

the AA method. This gives the concentration for the Te in the bioreactor liquid.

This number is not multiplied by 50 as the bioreactor was well mixed and

homogeneous, and the concentration was the same in both 54 mL or 2.7 L

volumes. The concentration (in ppm) was then multiplied by the total volume (2.7

L) to find the total mass (in mg) of Te in that liquid.

1

10
][)]([ «= SampleppmTeLiquid

L
L

mg
TemgTe LiquidLiquid 7.2][)]([ «=

CALCULATION OF SOLID Te CONCENTRATIONS

For the samples collected as solids (cell and elemental Te) the Te

concentrations measured by AA were multiplied by the dilution factor of 5

because these samples were diluted after determining that they were out of the

analytical linear range for the AA method. This gives the concentration of Te in
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the 45 mL of solid sample analyzed. These concentrations were multiplied by

0.045 L that gives the mass of Te in the cells and the elemental Te filtered from

the original bioreactor sample. As that sample represents 1/50 of the solid in the

bioreactor, this determined Te mass was multiplied by 50 to calculate the final

total mass of solid Te present in 2.7 L of bacterial culture. Mass values can be

divided by 2.7 L to calculate the total Te concentration in the solid collected by

filtration.

1

50
045.0

1

5
][)]([ «««= L
L

mg
SamplemgTeSolid

L
mgTeppmTe SolidSolid 7.2

1
][)]([ «=

Samples 1-3 were 2.0 mM total Te concentration experiments: 1.0 mM

tellurate plus 1.0 mM tellurite were added to the bioreactor at the same time.

Samples 4-6 were 0.2 mM total Te concentration experiments made up of 0.1

mM tellurate and 0.1 mM tellurite. The total Te concentrations found remaining in

the bioreactor both as solid and liquid were between 140~158 mg for 2.0 mM

total Te concentration and between 16.5~17.2 mg for 0.2 mM total Te

concentration.

Table IV shows the results for 2.0 mM Te amendment and 0.2 mM Te

amendment experiments. These values are the mass of Te in mg in each entire

2.7 L bioreactor experiment, cells grown into stationary phase. The percent Te

left in the system, that is tellurium that remained dissolved in the bioreactor after
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the bacteria had reached stationary phase, is given in Table V.  Data from

samples number 1 and 6 are not included in this set because one or the other

parts of these samples were lost.
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Table IV Tellurium found after AA analysis.

Total Te mass in 2.7 liters Concentration in ppm

Mass Te
collected
as solid

Mass Te
collected
as liquid

Initial Te Solid

conc.

Liquid

conc.

Initial

conc.

Sample mg mg mg Mg/L mg/L mg/L

1 * 116.92 689.04 * 43.305 255.20

2 36.227 104.48 689.04 13.417 38.696 255.20

3 39.466 119.51 689.04 14.617 44.266 255.20

4 5.8271 11.718 68.904 2.1582 4.3401 25.520

5 6.6803 11.459 68.904 2.4742 4.2441 25.520

6 4.8294 * 68.904 1.7886 * 25.520

*No data available

Table V Te left in the system after the bacteria reach stationary phase (in mg).

Sample Solid Te

Mass

Liquid Te

Mass

Total Mass
Te

Recovered

Initial

conc.

% Left in

solution

2 36.227 104.48 140.70 689.04 20.421

3 39.466 119.51 158.98 689.04 23.0734

4 4.8294 11.718 16.547 68.904 24.0159

5 5.8271 11.459 17.286 68.904 25.0877
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The following table summarizes the initial and final total Te amounts and

the percentage of initially added Te found remaining in the solution after the

experiment.

Table VI Summary of total initial and final Te concentrations in the bioreactor.

Initial Te

(mg)

Final Te

(mg)

% Left in

solution

689.04 140.70 20.42.0 mM

tellurate +

tellurite

689.04 158.98 23.1

68.904 16.547 24.00.2 mM

tellurate +

tellurite

68.904 17.286 25.1
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SYNTHESIS OF DIMETHYL TELLURONE

Unfortunately none of the synthetic methods gave productive results for

dimethyl tellurone.

When microwave-induced oxidation was used, the TLC analysis after the

microwave-induction gave no sign of a product as determined by the unchanged

position of the sample drop on the TLC plate. Different polarity solvents were

used to see any change in the reaction. But no change was observed with any of

the five mobile phases used. Also washing the silica with ether instead of ethanol

did not give any different results.

When the more classical, solvent-based oxidative procedure was used to

prepare dimethyl tellurone, again there was no success. The white crystals

collected on the filter were insoluble in any solvent and did not melt at

temperatures up to 300°C. Some white-yellow crystals were recrystallized from

boiling methanol. These crystals had a melting point of 134-140° C showing that

those were actually oxidant molecules remaining after the reaction, because the

melting point of the oxidant which was 3-chloroperoxybenzoic acid was 138°-

140°C.

The sample sent for elemental analysis was from the product that did not

melt even at 300°C. That analysis produced the following results in Table VII.



70

Table VII Elemental analysis of the oxidation product.

Analysis Results Average
Tellurium 63.10% 61.62

61.55%
60.21%

Carbon 14.40% 14.42
14.44%

Hydrogen 3.30% 3.32
3.33%

The calculated elemental percentages for dimethyl tellurone are as

follows: Tellurium 67.29%, carbon 12.66%, hydrogen 3.1%.and oxygen 16.86%.

The results from the elemental analysis of our sample by the Galbraith

Laboratories clearly show that our sample was not dimethyl tellurone. Some of

the calculated percentages of possible oxygenated alkylated tellurium

compounds are given in Table VIII.
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Table VIII Elemental percentages calculated for some oxidized dimethy telluride

compounds.

Tellurium Carbon Hydrogen Oxygen

CH3-Te(O)2-CH3 67.29 12.67 3.16 16.77

CH3-Te(OH)2-CH3 66.70 12.53 4.18 16.59

CH3-Te(O)2-OCH3 62.09 11.68 2.92 23.31

CH3-Te(OH)2-OCH3 61.49 11.57 3.83 23.09

CH3-Te(O)(OH)-OCH3 61.79 11.62 3.39 23.19

CH3-Te(O)(COOH)-CH3 58.36 10.98 3.20 21.94

CH3-Te(OH)4-CH3 56.36 10.68 4.49 28.47

When the results from our sample were compared with these compoundsÕ

theoretical values from Table VIII it was seen that the carbon content in our

samples was higher than all of the candidates. The most probable compounds

were CH3-Te(OH)2-OCH3 and CH3-Te(O)(OH)-OCH3. The oxygen analysis,

unfortunately, was not available from Galbraith Laboratories in the presence of

metals, therefore a more precise identification rather than a best guess could not

be made. Assuming that the remaining sample mass was oxygen then the

approximate oxygen content of the sample was 20.64%.
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

As with most group VI elements, selenium and tellurium can be

transformed from inorganic compounds to organometalloids through microbial

activities. The resultant methylated compounds are more lipophilic and may be

more volatile, thus changing the pattern of transport and possibly the

toxicological behavior. Due to the limited usage of these two metalloids,

environmental contamination is not a serious problem; Kesterson Reservoir is a

notable example (Eriksen, 1999). Environmental occurrence of organic selenium

and tellurium compounds is still not well established due to the lack of suitable

analytical methods. Although biomethylation of selenium and tellurium has been

investigated, biomethylation of tellurium is not as well documented as the

biomethylation of selenium. In fact, very few data exist on the biomethylation of

tellurium. This is most probably due to the fact that tellurium is not known to be a

required element in living organisms, as selenium is. Also tellurium oxyanions are

less soluble than their selenium analogs. In bacterial cultures we have studied

significant quantities of tellurium compounds are usually bioprocessed by

reduction to the elemental form instead of biomethylation; and therefore

precipitation is probably the most common fate of mobile Te in these bacterial

systems.

As Te hadnÕt received the interest that its counterpart selenium has, there

was a need to provide a better attention to the biomethylation of tellurium. We
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focussed on the methylation processes performed by Pseudomonas fluorescens.

This bacterial strain has been known to be tellurium-resistant and was isolated

from Kesterson Reservoir in the San Joaquin Valley in California.

To monitor the production of dimethyl telluride, the methylated tellurium

compound, a series of batch culture experiments was carried out using a

bioreactor. Headspace samples were analyzed by gas chromatography using a

fluorine-induced chemiluminescence detector. And optical density was measured

from liquid samples. The increase in the biological production of dimethyl

tellurium can easily be seen from the series of chromatograms in Figures 17 to

20. These sample chromatograms were taken at different times during a tellurite

poisoned experiment and were 6~8 hours apart. The headspace concentration of

DMTe increases from approximately 15 ppbv to 80 ppbv over these four

samples.

In bacterial experiments poisoned with tellurate the cultures reached

stationary phase sooner but the production of dimethyl telluride was also lower.

Figures 23 and 25 show the headspace concentration of dimethyl telluride and

dimethyl disulfide from multiple 0.1 mM tellurate amendment experiments.

Dimethyl telluride wasnÕt produced in large amounts until late in the experiment.

Also dimethyl disulfide production was usually larger than dimethyl telluride by at

least a factor of 20 (on a mole per mole basis). As the tellurate concentration was

increased from 0.1 to 1.0 mM the headspace production of dimethyl disulfide

decreased and the production of dimethyl telluride started earlier in the

experiment as seen from Figure 27. Again, Figures 24 and 26 show the
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production of dimethyl disulfide and dimethyl telluride for multiple 1.0 mM

tellurate amendment experiments. DMDS headspace concentration increases

very slowly until 6 or 7 hours into the experiment, than increased rapidly as the

bacteria approach the stationary phase. DMTe on the other hand was produced

early in the experiment but a drop in the DMTe headspace concentration takes

place as the bacteria enter log phase. The DMTe production increases rapidly

after this drop as the bacteria start going into the stationary phase.

During experiments optical density was recorded as an indicator of cell

growth. Figures 31 and 32 show the cell growth for 0.1 mM and 1.0 mM tellurate

poisoned experiments respectively. As seen from the figures, the cell growth

reaches a maximum and stays the same after about 8 hours. The cell growth has

a logarithmic increase between ~2 and ~7 hours.

Batch experiments with mixed concentrations containing tellurite and

tellurate at the same time were also performed. Although this type of mixed

amendment gives some interesting results for selenium (Eriksen, 1999), it

worked quite differently for tellurium. Very low headspace concentrations of

dimethyl telluride were observed as seen in the chromatograms of Figures 33

and 34. Another important observation was that the bacteria did not produce as

much biomass, as it did with only tellurite or tellurate, when poisoned with both

tellurium oxyanions. These results suggest that these mixed amendments may

be substantially more toxic to K27 than from either toxicant alone.

With these observations we decided to determine the concentration of Te

left in the system after the bacteria has reached stationary phase. This would
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allow us to determine the % conversion to gas and account for Te that has been

biomethylated.

Samples from the bioreactor experiments were filtered and analyzed by

atomic absorption spectroscopy to determine the Te concentrations. Table VI

summarizes the results from this study. Initial total concentrations of Te added as

tellurium salts was compared to the final total concentrations of Te found in the

system in both solid and liquid phases after the bacteria has reached stationary

phase. A surprisingly low ~20% has been found to remain in the system as solid

or dissolved Te indicating a ~80% conversion to gas and released during growth

and the subsequent sample processing. Our previous experience show that this

was a unrealistically high figure because we could not detect volatile Te as DMTe

or dimethyl ditelluride (Chasteen et al., 1990). If our experimental procedures

were truly successful at being able to account for all the tellurium in the solid and

liquid phases, then a large amount of the Te added as tellurium oxyanions was

reduced to telluride (Te2-) in these experiments and lost as volatile Te during

filtering and boiling.

While we did not see this material volatilized as DMTe and present in the

headspace, it very well may have been present as reduced organotellurium

dissolved in solution. The HenryÕs Law constants ([gas]/[solution]) for

organosulfur and organoselenium compounds (DMS, DMDS, DMSe, DMDSe)

have shown that 7 to 19 times as much of these organometalloidal components

are present dissolved in solution as are detected in a headspace in equilibrium

with a bacterial growth medium which had stationary bacteria filtered out
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(G�rley�k, 1996; G�rley�k et al., 1997). No HenryÕs Law constants are available

for DMTe.

Before starting any bioreactor experiments another approach to verify the

applicability of ChallengerÕs mechanism for tellurium was investigated. One of the

possible intermediates in this mechanism was dimethyl tellurone, the tellurium

analog of dimethyl selenone or dimethyl sulfone. In order to explore the

mechanism we wanted to produce dimethyl tellurone and try to add it to live

bacterial cultures like the previous work of Zhang and Chasteen (1994).

However, diorganyl tellurones are not clearly identified let alone synthesized in

pure form (Irgolic, 1974). There was no true synthesis of diaryl tellurones in their

pure form in the literature. All the previous tellurone syntheses involved

oxidization of dimethyl telluride with some form of oxidizing agent (Vernon, 1920).

But this usually gave other products then dimethyl tellurone, which we believe

were wrongfully identified as dimethyl tellurone. The compounds identified as

dimethyl tellurone in the literature were also described as quite difficult to work

with. They were insoluble in all solvents; they did not have true melting points but

decomposed instead. We tried a novel approach to this problem. We used

microwave-induced oxidation using a milder oxidizing agent with silica as our

reaction surface. There was no need for a solvent as the solvent was replaced by

silica. The only drawback of this method was that it was not fully understood so

the reactions either occurred readily and at astonishing rates or simply did not

occur. In our case, based on TLC evaluation of the reaction products, it did not.

With the traditional solvent synthesis of DMTeO2 the crystals obtained were
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tested for melting point. Two types of crystals were recorded, one melting at

around 135°C and one that didnÕt melt up to 300°C.  The crystals that had a

melting point of around 135°C were identified as the left over oxidant molecules

(3-chloroperoxybenzoic acid), and the elemental analysis of the other product

showed ~62% Te, 14% C, and 3% H in its composition. Our best guess for the

identification of the compound would be CH3-Te(OH)2-OCH3 or CH3-Te(O)(OH)-

OCH3.

All our attempts to prepare dimethyl tellurone from dimethyl telluride using

this microwave method gave no result as determined by TLC. The oxidations

were either too strong and produced the hydroxy perhydrates or the reactions

using microwaves were too fast to control and resulted in some oxidized product

other than the desired dimethyl tellurone. But this is also another avenue to

explore in the future by using milder oxidizing agents and by trying to control the

oxidization reaction rate.

This work provides a firm background on the analysis of headspace gas

production and bacteria growth in the presence of tellurium salts. Methods and

procedures to use in following the dimethyl telluride production and monitoring

the cell growth were given and possible future applications and potential

exploration topics have been suggested.
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APPENDIX

CHEMICAL ABSTRACT SERVICE REGISTRY NUMBERS

Compound Name CAS Registry Number

3-Chloroperoxybenzoic acid 937-14-4

Dimethyl telluride 593-80-6

Ethanol 64-17-5

Ethyl acetate 141-78-6

Methanol 67-56-1

Methylene chloride 75-9-2

Nitric acid 13587-52-5

Potassium nitrate 7757-79-1

Propanol 71-23-8

Sodium tellurate 26006-71-3

Sodium tellurite 10102-20-2

Sodium periodate 7790-28-5
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