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ABSTRACT 

Chemical inhibition of acid production by acidophilic 

thiobacilli was tested using a variety of metals and 

chelators (alone and in combination) including Hg(II), 

Ag(I), Co(II), Mo(VI), Cu(II), Zn(II), Cd(II), EDTA and NTA. 

When tested individually, Hg(II) and Ag(I) showed toxic 

effects at concentrations of 10"5 M and below; Cd(II), Zn(II) 

and NTA were noninhibitory at millimolar concentrations. 

Combination experiments showed both synergistic and 

antagonistic effects on chemical toxicities. Antagonism was 

apparent in experiments involving Cu(II)-EDTA, Cu(II)-

Fe(III) and Cu(II)-Co(II). Synergism was apparent in 

experiments involving simultaneous addition of Mo(VI), 

Cu(II), Co(II) and Zn(II). 

In general, inhibitors either completely blocked or 

delayed the onset of acid production. In those cases where 

delayed reactions were observed, acid production began 

following an acclimation period on the order of days to 

weeks. Acclimation and metals speciation experiments 

suggest that adaptation events are due to biologically 

dependent changes in inhibitor speciation. 
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CHAPTER 1 

INTRODUCTION 

1*1 Sewer crown corrosion 

1.1.1 General 

Crown corrosion of concrete sewer pipe has caused 

concern among agencies responsible for operation and 

maintenance of sewage collection systems and treatment 

works, including the Sanitation Districts of Los Angeles 

County (LACSD), for many years. It has been estimated that 

corrosion-related problems within the LACSD collection 

system will cost between $135 and $150 million for system 

repair or replacement during the next few years (Morton, 

1989; Sponseller, 1988). 

1.1.2 Corrosion Due to Acid Generation at the 
Concrete Surface 

In all corroded sections of the LACSD collection system, 

the pH of the concrete surface is exceptionally low. In 

general, the surface pH is lowest at the sewer crown and 

increases with distance from the crown apex. Figure 1-1 

shows the pH and corrosion distribution in three LACSD pipe 

sections located near manholes C8, C23, and E30. The 
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Figure 1-1. Corrosion and pH distribution in three pipe 
sections located near manholes C8, C23 and E30 within the 
LACSD collection system (Price, 1989). 
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location of these manholes within the LACSD collection 

system are shown in Figure B-l. The regions of the pipe 

which are periodically washed with bulk sewage during high 

flow show the highest pH measurements. The greatest degree 

of degradation is generally observed at the crest of the 

sewer, where the pH is the lowest. 

Periodic sampling of the corroded sections in the LACSD 

system indicates that rapidly deteriorated sections are 

inhabited by large numbers of acidophilic, 

chemolithoautotrophic bacteria. These bacteria use carbon 

dioxide (C02) for biosynthetic reactions (autotrophs) and 

oxidize inorganic, sulfur-containing compounds such as H2S 

for production of cellular energy (chemolithotrophs). For 

the most part, they are obligate aerobes. Acidophilic 

species within this group include Thiobacillus ferrooxidans and 

Thiobacillus thiooxidans. Both of these strains have been isolated 

from highly corroded sections in the LACSD system (Price, 

1989). These microorganisms are thought to be responsible 

for sulfide oxidation/acid production and, ultimately, for 

the acid-related sewer crown corrosion. 

Milde e t  a l .  (1983) reported similar findings in the 

sewer systems of the Hamburg Municipal Drainage Department. 

They noted that new concrete sewers were corroding at 
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alarming rates, even if protected by thin layers of epoxy 

resin. Their findings showed that the highest number of 

thiobacilli, including 7*. thiooxidans, was isolated from sites 

that exhibited the largest degree of corrosion. In field 

studies conducted by Sand and Bock (1984) T, thiooxidans was 

found to greatly outnumber the other thiobaclli in the 

highly corroded sections within the Hamburg collection 

system. 

1.2 Sulfur Cycle in a Wastewater Collection System 

Sulfate (so4*2) is present in all natural waters, and 

ranges in concentration in potable waters from small 

amounts, 10.0 mg/1 or less to over 200 mg/1 in the Colorado 

River, near Lees Ferry, Arizona (Snoeyink, 1980). In 

wastewaters, these values are increased by an average of 

100 mg/1 (Neal, 1964). 

Under anaerobic conditions, such as those which 

frequently prevail in slime layers beneath stagnant or slow 

moving sewage, sulfate is dissimilatively reduced by a class 

of bacteria known collectively as sulfate-reducers. During 

this reduction, sulfate serves as an alternative electron 

acceptor to molecular oxygen during the catabolic oxidation 
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of organic material. Hydrogen sulfide (H2S) is produced as 

shown below by the simplified reaction (EPA, 1974): 

bacteria 

S04"2 + 2C + 2HZ0 <=======> 2HCO3" + H2S 

The mechanism by which H2S is generated in sewers is 

depicted schematically "in Figure 1-2. As shown, the 

biologically active slime layer contains as many as two 

functionally distinct zones. In the upper zone, or aerobic 

zone, the rate of entry of molecular oxygen via diffusion 

is balanced by local biological oxygen demand. In the lower 

zone, or sulfide-producing zone, the steady-state 

concentration of sulfate is regulated via competing 

processes of sulfate diffusion from the aerobic region and 

local demand for sulfate as an electron acceptor by sulfate-

reducing bacteria. Typical slime layer thicknesses are in 

the order of 1mm, and the expected thickness of the sulfate-

reducing zone is only about 0.25mm (ACSE, 1989). 

H2S is a relatively weak acid and can dissociate to form 

HS", and S"2 as shown by the two reactions: 

H2S <==> H+ + HS" pKfl1 = 7.0 

HS" <===> H+ + S"2 pKa2 = 13.9 



bacteria 
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Figure 1-2. Process schematic of the sulfur cycle within a 
wastewater collection system. 
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The speciation of inorganic sulfide present in the 

wastestream depends primarily on the pH of the bulk sewage. 

The pKa's for the deprotonation of H2S in water are 7.0 and 

13.9, respectively (Stumm, 1981) and the pH range of most 

wastewaters is between 5.4 and 8.4 (Snoeyink, 1980). 

Therefore, S"2 comprises a negligible percentage of the total 

inorganic sulfide present in typical wastewaters. Figure 

1-3 illustrates the distribution of inorganic sulfide 

between H2S and HS" for pH values between 5.0 and 9.0. 

Clearly the dominant form of total inorganic sulfide is H2S 

at pH values below 7.0. 

H2S is the only volatile form of inorganic sulfide and 

can escape from the liquid wastestream and enter the air 

space above the wastewater. This process is particularly 

rapid in exceptionally turbulent areas such as manholes and 

other sewer transition zones. H2S(g) diffuses into biofilms 

coating sewer walls where it is oxidized to sulfuric acid 

(H2S04) by thiobacilli. 

Biologically produced H2S04 is neutralized by calcium 

carbonate in the sewer concrete as shown by the following 

reaction (Sand, 1987): 

H2S04 + CaC03 ==> CaS04 + H20 + C02 
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The CaS04 produced will combine with H20 to form gypsum. 

The result is a loss of concrete integrity. Initially as 

the biofilm grows and the pipe weakens, the crown pH will 

remain stable, but as concrete alkalinity is titrated and 

the rate of bacterially mediated acid production increases, 

the crown pH decreases. As a consequence, the observed rate 

of crown corrosion increases dramatically. 

1.3 Motivation for Metals Toxicity Studies 

1.3.1 Recent Intensification of Sewer Crown Corrosion 
in the LRCSD Collection System 

LACSD has observed an acceleration of sewer crown 

corrosion rates in a significant portion of its collection 

system over the past 10 to 15 years. Almost no detrimental 

corrosion was noticed during sewer system inspections 

conducted in the late 1970's and early 1980's. Subsequent 

inspections in the middle and late 1980*s indicated that 

approximately 40 miles of large-diameter sewers were 

exceptionally corroded and required repair or replacement. 

The corrosion rate measured exceeded predicted values, based 

on an empirical model developed by EPA (1974), by a factor 

of 3 to 4, as shown in Figure 1-4. Since sewer design and 

life expectancy are based on expected corrosion rates, these 



Measured 

Figure 1-4. Actual and predicted depth of corrosion in a 144-inch 
diameter reinforced concrete pipe. Pipe measured is a section of Joint 
Outfall "B" Unit 1A of the LACSD collection system (LACSD, 1987). 
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observations were cause for immediate concern. Photographs 

shown in Figure 1-5 reflect the increased rate of crown 

corrosion observed at a single point in the county 

collection system between 1981 and 1988 (LACSD, 1988). The 

more recent photograph (bottom) shows exposed aggregate; the 

inside surface of the pipe has deteriorated severely and may 

eventually fail. 

Recent increases in corrosion rates roughly coincide 

with reductions in the concentrations of metals and other 

toxicants in Los Angeles County sewage. Table 1-1 

illustrates the reduction in metals by summarizing the 

average annual concentrations of metals measured in 1971 and 

1988. In every case metals were reduced by greater than 

50%, except for silver which increased by 46%. Metal 

reductions resulted from implementation of the national 

industrial waste pretreatment regulations (Redner, 1988). 

It has been speculated that metals reductions permitted 

enhanced growth and activity among sulfate-reducing bacteria 

within the major LACSD sewers (Sponseller, 1988). In other 

words, implementation of the pretreatment standards 

increased the rate of sulfate reduction, with subsequent 

implications for increased acid generation and corrosion 

rates within the collection system. Removal of metals may 
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Figure 1-5. Photographs showing a 72-inch pipeline (looking 
downstream) near manhole C23 of the LACSD sewage collection 
system. The top photograph was taken in October, 1981 and 
the bottom in April, 1988. The bottom photograph shows an 
area where a core sample was removed for inspection and 
determination of corrosion depth. 



Table l-l. Holar concentrations of certain metals in the LACSD sewage 
collection system (LACSD, 1988). 

Metal 1971 1988 Percent reduction 

Cadmium 2.2xl0"7 9.3X10*8 58 

Chromium (tota1) 1.5xlO"5 3.4X10*6 77 

Copper 7.1xl0"6 2.8X10"6 61 

Mercury 1.1X10"8 5.9X10"9 55 

Silver 1.3X10"7 1.9X10"7 (46)' 

Zinc 3.0X10*5 9.2X10*6 €9 

Note: 1 denotes increase in metals concentration 
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have also limited the formation of thermodynamically 

favored metal-sulfide precipitates, allowing more H2S to 

enter the sewer head space. Both of these factors may have 

increased the concentration of H2S(g) at the sewer crown, 

leading to increased rates of bacterially-catalyzed crown 

acidification. 

Additionally high metals concentrations may have 

inhibited acid production by the sulfur-oxidizing 

thiobacilli in the sewer crown, diminishing their ability 

to transform H2S to sulfuric acid. Therefore, decreased 

metal concentrations in the sewer wastestream may have 

aggravated the problem of acid formation within the sewer 

environment in several ways, although other explanations for 

the increased crown corrosion rates are possible. 

1.3.2 Preliminary Metals Experiments 

Vishniac and Santer (1957) have recommended adding trace 

metals to growth medium designed for the enrichment of 

thiobacilli. Preliminary experiments were conducted in a 

modified version of their medium which included a trace 

metals supplement (Table 2-1). In the preliminary 

experiments involving commercially available strains of T. 

thiooxidans and T. ferrooxidans the addition of the metals 
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supplement proved to be detrimental to microbial growth. 

These results, although unexpected, proved to be interesting 

and potentially important within the context of sewer crown 

corrosion. Further explanation of metals interactions with 

acidophilic thiobacilli comprises the bulk of this work* 

1.4 Sulfur-Oxidizing acidophilic Microorganisms 

1.4.1 General 

Experiments conducted in this work utilized two species 

of sulfur-oxidizing bacteria, Thiobacillm thiooxidans and 

Thiobacillus ferrooxidans. Both of these microorganisms, as 

discussed previously, are thought to be responsible for acid 

production and therefore crown corrosion within sewer 

collection systems. 

1.4.2 Classification, Morphology, and Physiology 

Both T. thiooxidans and 7*. ferrooxidans are chemolithotrophic and 

obtain their energy for metabolism by oxidizing reduced 

sulfur compounds, including sulfide [S(-II)], elemental 

sulfur (S°) , thiosulfate (S203) , polythionates and sulfite 

(S03) for energy production (Vishniac, 1974). During the 

oxidation of these compounds, released electrons enter the 
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electron transport chain (ETC) located in the cytoplasmic 

membrane of these organisms. Adenosine-5'-triphosphate 

(ATP) and reducing power, in the form of nicotinamide 

adenine dinucleotide (NADH) or nicotinamide adenine 

dinucleotide phosphate (NADPH), are produced. ATP is the 

currency of biologically useful energy (Gottschalk, 1986); 

the reducing power (as well as ATP) is required by the 

Calvin cycle for incorporation of COz into biomass. Figure 

1-6 illustrates the mechanisms and importance of electron 

transport in thiobacilli (Kelly, 1982). In the case of T. 

ferrooxidans and most other aerobic thiobacilli, respiratory 

electrons enter the ETC at the cytochrome c level. T, 

ferrooxidans can also utilize ferrous iron [Fe(II)] compounds 

as electron donors for energy production. 

Thiobacillus microorganisms are less than 1 or 2 /im long 

(Sima, 1989). They are rod-shaped, gram-negative cells that 

utilize a single polar flagellum for motility. With a few 

exceptions they are obligate aerobes. 

T. ferrooxidans and T. thiooxidans are also obligate autotrophs, 

obtaining carbon for biosynthesis from carbon dioxide (C02) 

by a reaction catalyzed by Z)-ribulose 1,5-bisphosphate 

carboxylase (RuBPCase) , an enzyme of the Calvin-Benson cycle 

(Stanier, et al. 1986). The Calvin-Benson cycle reactions, 
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Figure 1-6. Principles of electron transport and phosphorylation in 
thiobacilli (Kelly, 1982). 
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summarized in Figure 1-7, indicate that 6 moles of C02 are 

converted into glucose at the expense of 12 moles of NADH 

and 18 moles of ATP. The products of these reactions are 

substrates for additional biosynthetic reactions. 

Figure 1-8 is an electron micrograph of a strain of T. 

thiooxidans (ATCC no. 8085). The inclusions inside the cells 

are probably carboxysomes, organelles in which RuBPCase for 

C0Z assimilation is sequestered. Such structures have been 

noted previously by other investigators (Shively, e t  a l . ,  

1973) . Thiobacillus utility in promoting carbon assimilation is 

not entirely established (Andrews and Lorimer, 1987). 

1.4.3 Environment and Habitat 

Sulfur and iron oxidizers are ubiquitous in soil and 

water environments (Kuenen and Tuovinen, 1981). These 

organisms can generally be isolated from any environment in 

which inorganic compounds of sulfur and iron reside (e.g., 

rivers, canals, estuaries, acid sulfate soils, (hot) acid 

springs, sewer collection systems, mine drainage, etc.). 

Of particular interest, within the context of this work, is 

that these organisms thrive in wastewater collection 

systems. 
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Figure 1-8. Electron micrograph of Thiobacillus thiooxidans. Gram-
negative microorganisms that obtain energy from the 
oxidation of reduced or partially reduced sulfur compounds. 
The cells are rod shaped, motile and their sole source of 
carbon is C02. Micrograph prepared at the University of 
Arizona (Sima, 1989). 
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Bacteria of the genus Thiobacillus flourish under a wide 

range of pH conditions, but in acidic environments T. 

ferrooxidans and T. thiooxidans predominate (Sullivan et al., 1980). 

Viable cultures of T. ferrooxidans and T. thiooxidans have been 

recovered from environments, including sewer collection 

systems, with pH values of 2.0 pH units and below (Price, 

1989; Espejo and Romero, 1987; Espejo et al., 1988; Kempner, 

1966). 

T. ferrooxidans has been found to inhabit environments 

containing minerals of pyritic strata (bands of FeSz), e.g., 

coal mines and other ore bearing formations [Postgate, 

1982]. Upon the exposure to air and water, T. ferrooxidans will 

biologically oxidize pyrite to Fe(III), S04"z and hydrogen 

ions; this can cause serious (acid related) industrial and 

environmental problems within the mining industry. 

1.4.4 Practical Applications of acidophilic thiobacilli 

In mining applications, T. ferrooxidans has been used to 

leach metals such as copper from low-grade ores (Duncan et 

al., 1964). Acid production is invariably a by-product of 

such activities. The oxidation of pyrite to form 

precipitates of ochra has been noted (Postgate, 1982) , along 

with the leaching of copper and zinc. Useful amounts of 
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copper have been obtained by treating the run-off waters of 

pyritic leaching mounds (Smirnov, 1963). Smirnov also 

claimed that T. ferrooxidans accelerated the oxidation of 

pyrites by greater than 11-fold in the Kizel coal basin. 

Postgate (1982) mentioned that uranium, normally formed as 

uranite (U02) in the presence of pyrite, is leached 

microbiologically by T. ferrooxidans in mining operations in 

North America and South Africa. Leaching of uranium and 

copper are clearly practical applications of economic 

importance which involves T. ferrooxidans. 

Jack e t  a l .  (1979) reported that oil recovery from the 

Athabasca Oil Sands in Alberta Canada results in the 

production of petroleum cokes rich in trace metals. One 

such coke was found to be amenable to the recovery of 

vanadium by a simple acid leaching technique (Zajic e t  a l . ,  

1980). This technique involved the growth of T.thiooxidans on 

elemental sulfur and subsequent addition to the coke. T. 

thiooxidans served to detoxify and maintain vanadium in 

solution by-reducing vanadium from vanadium (V) to the 

innocuous vanadyl ion, vanadium (IV) (Jack et al., 1980; 

Sullivan et al., 1979). 

It is interesting to contrast the reduction of vanadium 

(V) to vanadium (IV) by 7*. thiooxidans with the oxidation of 
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vanadium (IV) to vanadium (V) by T. ferrooxidans (Sullivan et 

al.). This oxidation has also been observed by other 

investigators (Goren, 1966). 

1.5 Transition Metal Chemistry; Metal ion "Softness" 

The concept of metal ion "softness" can best be 

explained by utilizing the Lewis theory of acids and bases. 

Gilbert N. Lewis (1875 - 1946) [Brown and LeMay, 1981] 

described, in the terminology of complex formation, an acid 

to be a chemical species whose outer electron shell can be 

filled by accepting electron pairs. A Lewis base is defined 

as the electron-pair donor. Transition metals, those for 

which the d orbitals are incomplete and being filled, can be 

classified as "hard", "soft" and "borderline" Lewis acids. 

The concept of metal "softness" and "hardness" is somewhat 

more complicated, but can be understood in relation to the 

following atomic or molecular properties: (1) size, (2) 

oxidation state (in the case of atoms) or electrical charge 

(for molecules) and (3) polarizability (i.e., the degree to 

which an ion or molecule is deformed in the presence of an 

electric field). Ligands (i.e., Lewis bases) can also be 

described in a similar manner. Both Lewis acids (electron-
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pair acceptors) and bases {electron-pair donors) can be 

usefully described in terms of the above properties. 

Tables 1-2 and 1-3 describe the relative "hardness" or 

"softness" of a few Lewis acids and bases. Features which 

distinguish between "hard" and "soft" Lewis acids can be 

discerned from Table 1-2. Elements listed under the "hard" 

column are characterized by small size and high oxidation 

states. Soft ions are distinguished by low oxidation states 

and/or large atomic size (Morgan, 1987). 

Pearson (1963) postulated that "hard" acids would favor 

strong bonds of ionic character with bases of large negative 

charge and small size (i.e., the ions listed in Table 1-3 

under the "hard" column) . Likewise, it has been 

demonstrated that electron acceptors with large spheres and 

relatively low charge (i.e. "soft" acids) form stronger 

complexes with larger, less charged electron donors (i.e. 

soft bases) [Morgan, 1987]. Soft acids and bases tend to 

form bonds which are of a covalent nature, as opposed to 

ionic character. 

Polarizability also influences the "softness" of metal 

ions. In general, highly polarizable molecules are more 

capable of forming covalent bonds. That is, molecular or 

atomic "softness" increases with measures of polarizability. 



Table 1-2. Relative "hardness" and "softness" of some Lewis acids 
(Pearson, 1963) 

"Hard" "Soft" "Borderline" 

Na\ K*, Mg*2 Cu*, Ag*# Au* Fe+2, Co*2 

Be*2; Ca*2, Mn*2, Al+3 Cd*2, Hg+, Hg*2 Ni*2, CU*2 

Ga*3, La+3/ Cr+3, Fe*3 Tl*, Tl*3 Zn*2, sn*2 

Si* Ti*4, Sn+4, Mn*3 Pt+4 Pb*2 

03 



Table 1-3. Relative "hardness" and "softness" of some Lewis bases 
(Pearson, 1963) 

"Hard" "Soft" "Borderline" 

H2O, OH" r2s, rsh, rs" N02\ so3" 

o'2, co3"2 I", SCN, CN" Cl, Br* 

nh3 , no3" RNC, H", CH3* N3* 

S04-2, F* CO, R3AS 
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The classification of a given element is not constant. 

The degree of "softness" has been observed to vary with 

oxidation state [e.g., Cu(I) and Cu(II)]. Ahrland e t  a l .  

(1958) indicated that metal hardness increases with 

increasing positive oxidation state. 

In general, the reactions between "soft" and "hard" 

Lewis acids and bases can be summarized by the following two 

rules (Morgan, 1987): 

(1) Equilibrium hard acids prefer to associate with 

hard bases and soft acids with soft bases. 

(2) Kinetics hard acids react readily with hard bases 

and soft acids with soft bases. 

1.6 Metal3? Factors which Affect Toxicity or Resistance 
to Metala 

1.6.1 General 

The exact mechanisms of transition-metal toxicity, to 

bacteria, or bacterial resistance to transition metals are 

not clear. However, certain theories do exist which take 

into account various aspects of the transition-metal 

chemistry including: (1) the oxidation state of the metal 
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of interest and (2) the liquid-phase speciation of the 

transition-metal ion. That is, is the transition-metal free 

in solution or bound to one or more aqueous compounds. 

1.6.2 Metal Ion Oxidation State 

Transition metals are appropriately named because they 

possess the ability to exist in several oxidation states. 

The oxidation state of an element is basically a description 

its outer valance electrons. In general, the oxidation 

state of transition metals is reflected in the charge of the 

metal ion. That is, for monatomic ions, such as Fe , the 

oxidation state is just the charge of the ion [+11 in this 

example] (Brown and LeMay, 1981). Typical oxidation states 

for transition metals range from as low as +1 to as high as 

+VII. Oxidation state is a critical determinant of metal 

ion toxicity and environmental fate. 

Sullivan e t  a l .  (1979) observed that chromium, molybdenum 

and vanadium in their highest oxidation states (+VI, +V and 

+VII) curtailed the growth of T. thiooxidans; whereas vanadium 

in its lower oxidation state (+IV) was innocuous to cultures 

of T. thiooxidans. Copper toxicity is also a function of 

oxidation state. Babich and Stotzky (1980) reported that 

Cu(I) was more toxic to Escherichia coli than was Cu(II) . 
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1*6.3 Metal Ion speciation 

The probability of metal ions to complex with other ions 

or molecules in an aqueous solution is high. Thurman and 

Gerba (1989) concluded that bacterial disinfection by heavy 

metals is highly dependent on metal complexes. They further 

stated that metal complexation maybe be at least one of the 

mechanisms by which metals enter the bacterial cell, thus 

enhancing toxic effects. On the other hand, Thurman and 

Gerba also mentioned that complexation of heavy metals may 

lessen toxic effects (e.g., the sorption of heavy metals to 

humic acid components or other organics, thereby reducing 

the uptake by the microorganism). 

Bacterial resistance to transition metals is sometimes 

dependent upon plasmid-associated functions. Responsible 

mechanisms include production of proteins which are capable 

of forming nontoxic complexes with specific metal ions 

(Thurman and Gerba, 1989). Other investigators have noted 

these same plasmid-mediated heavy metals resistances (Silver 

and Misra, 1988). The implication of metals speciation on 

toxicity to thiobacilli is one of the major areas of 

investigation in this work. 
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Potential sites for metal interference with cellular 

activity are located throughout bacterial cells and may 

include sites on the cell exterior (Thurman and Gerba, 

1989) . It has been reported that heavy metals can 

inactivate cells by: (1) substituting for essential metals 

at their points of activity and (2) by binding to important 

functional groups in biologically active macromolecules. 

Toxic metals are known to substitute for necessary trace 

metals (e.g., iron) of similar size and function (Sterritt 

et al., 1980; Thurman and Gerba, 1989; Arnold, 1989). Martin 

(1986) stated that it is the substitution of copper ions for 

chemically similar metals, including iron, that provides the 

basis for copper's toxicity. It has also been suggested 

that copper can disrupt enzyme structure and function by 

binding thiols or other functional groups on protein 

molecules (Thurman and Gerba, 1989). Chang (1970) reported 

that silver ions also bind to sulfhydryl (thiol) groups 

thereby impairing bacterial respiration. 
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1.8 Polaroqraphv 

1.8.1 General 

In 1927, Heyrovsky discovered that, at a particular 

electrical potential, a correlation could be made between 

the concentration of oxidizable or reducible species present 

in solution and the current flowing between two inert 

electrodes immersed in that solution. This discovery 

provided a simple assay for dissolved oxidizable and 

reducible species. The general technique became known as 

voltammetry; with polarography being a subset of voltammetry 

which uses a dropping mercury electrode as the working 

electrode and a platinum wire as the counter electrode. 

Early polarographic procedures employed the use of dc 

current flowing between two electrodes. A schematic of a 

two-electrode system is shown in Figure 1-9. Figure 

1-10 represents a typical relationship between applied 

voltage and current (signal) for a dc polarogram. Plots of 

this nature are obtained by immersing the electrodes into 

solution and varying the voltage between the working 

electrode and the counter electrode. The "Faradaic" 

current, or the current produced on the surface of the 

working electrode that results from the oxidation or 



Working electrode (dropping 
neroury electrode) 

Applied Voltage 

c 

Counter eleotrode 
(platinum wire) 

Figure 1-9. Schematic of a simple two electrode polarographic system 
showing possible solution resistance. 
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Figure 1-10. Dc polarogram of a 0.1 M acetate buffer containing 
1.3x10 M chloramphenicol. PAR Model 174 polarographic analyzer, 
dropping mercury electrode, 50 mV pulse amplitude, 1-second drop. 
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reduction of the species of interest, is then plotted as a 

function of the applied potential. 

The early polarographic systems were plagued with 

innumerable problems, one of which was the difficulty of 

interpreting the dc polarogram waveform. Flato (1972) 

provided a complete listing of the problems associated with 

these early devices. 

Modern polarographic equipment and techniques are 

superior to those used in the past. The new polarography 

systems employ the use of three electrodes; the third 

electrode functioning as a potentiostat, or reference 

electrode and controls the potential at the working 

electrode-solution interface. The reference (Ag/AgCl) 

electrode eliminates resistance due to voltage drops through 

the electrolysis cell. Figure 1-11 is a schematic 

illustration of a typical potentiostatic three-electrode 

system. 

Flato (1972) lists five distinct polarographic 

techniques in use. These include: (1) differential pulse 

polarography, (2) ac polarography, (3) fast linear sweep 

polarography, (4) direct anodic stripping voltammetry 

(polarography which does not use a dropping mercury 

electrode as the working electrode) and (5) differential 



Applied Voltage 

Counter electrode 
(platinum wire) 

WorXing electrode (dropping 
mercury electrode)-*. 

Reference electrode 
(Ag/AgCl electrode) 

Figure 1-11. Schematic of a potentiostatic three-electrode polarographic 
system. 
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pulsed anodic stripping voltammetry. These techniques are 

alike in their ability to detect and quantify analytes to 

a degree far superior to that of dc polarography. Pulsed 

and direct anodic stripping voltammetry are techniques which 

are applicable almost exclusively to trace metals analysis 

(Christian, 1969) . Differential pulse polarography was used 

in these studies. 

1.8.2 Differential Pulse Polarography 

Differential pulse and normal pulse polarography have 

largely replaced dc polarography for analytical measurements 

(EG&G, 1984). These techniques are designed to enhance the 

"Faradaic" current relative to the charging current (that 

caused by capacitance of the solution); leading to lower 

detection limits. The programming waveform used in 

differential pulse polarography is shown in Figure 1-12. 

The voltage applied to the working electrode is linearly 

ramped in pulses (5-250 mV) during the lifetime of a mercury 

drop which is about 60 milliseconds (ms). During this 

interval, the current is measured twice; once before the 

pulse and again during the last 17 ms of the pulse. The 

currents are then instrumentally subtracted from one 

another, and the current difference is plotted versus the 
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Puls« repetition period 

I I 
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Tin* 

Figure 1-12. Differential pulse excitation waveform and 
resulting current-time behavior. 
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applied potential (EG&G, 1984). Figure 1-13 shows a 

comparison of a differential-pulse and a dc polarogram. It 

is apparent that differential pulse methods produce much 

clearer and more readily understandable polarograms than do 

dc methods. 

1.9 Obi octives 

1.9.1 Metal Inhibition Experiments 

In this study, a variety of transition metals, either 

individually or collectively, were investigated as 

inhibitors of acid production in cultures of acidophilic 

thiobacilli. The objectives of these experiments were to: 

(i) establish the inhibitory properties of transition metals 

in these cultures and (ii) compare the toxic levels of 

metals tested with levels measured in the LACSD collection 

system before and after implementation of industrial waste 

pretreatment measures. 

1.9.2 Adaptation Experiments 

Several of the metals examined in this work inhibited 

bacterial acid production. However, in the majority of 

cases the toxic effects were short-lived. That is, acid 



6 2  

Differential pulse 
Polarography 

Potential sveep 

Figure 1-13. Comparison of a differential pulse and a dc 
polarogran. 
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production was delayed for a period of time on the order of 

days or weeks; after which the generation of acid proceeded 

as though no inhibitor were present. Cultures which adapted 

to metals in this fashion were used to explore responsible 

mechanisms. 

1.9.3 Metal Speciation Experiments 

To determine if aqueous metals speciation was 

responsible for bacterial adaptation to toxic metals 

polarographic experiments were conducted. As described 

previously, polarographic techniques posses the ability to 

distinguish between free and complexed species in solution. 

1.9.4 Synergistic and/or Antagonistic Experiments 

Toxicity experiments involving combinations of metals 

and/or ligands were performed to investigate possible toxic 

effects due to synergism and/or antagonism between various 

metals and ligands. Synergistic effects between copper and 

silver had been previously observed (Gerba, 1988). 

Therefore, it seemed reasonable that synergism and/or 

antagonism between other metals might be likely. 
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1.9.5 Factors which Affect Toxicity 

Several factors, including initial cell density (number 

of cells present at the initiation of an experiment), 

initial culture pH, and light intensity, were investigated 

as potential determinants of metals toxicity. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Microorganisms 

Two strains of thiobacilli were examined in terms of 

their ability to produce acid in the presence of a variety 

of inhibitors. The species investigated were Thiobacillus 

thiooxidans and Thiobacillus ferrooxidans; both were acidophiles. 

Preliminary experiments were conducted using pure, batch 

cultures obtained from the American Type Culture Collection 

(ATCC) . ATCC strain numbers 19377, 8085 (T. thiooxidans) and 

19859 (T. ferrooxidans) were purchased for these early 

experiments. Following the preliminary experiments, a sewer 

isolate of T. ferrooxidans (provided by LACSD) was used 

exclusively for the remaining experiments. This culture was 

isolated from the crown of an exceptionally corroded section 

of the LACSD collection system. 
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2.2 Inhibitors 

The majority of inhibitors tested were transition 

metals. However, two strong chelators were also examined 

(ethylenediaminetetraacetic acid [EDTA] and nitrilotriacetic 

acid [NTA]). The transition metals investigated were 

Hg(II), Ag(I), Co(II), Mo(VI), Cu(II), Zn(II) and Cd(II). 

All of the above inhibitors were examined individually or 

in combination with one or more of the other inhibitors. 

The metal:metal and metal:ligand combinations tested 

included: Ag(I) and Cu(II), Co(II) and Cu(II), Zn(II) and 

EDTA, Cu(II) and EDTA. A metals elixir solution, listed in 

Table 2-1, and Cu(II) plus EDTA in the presence of excess 

Fe(III) were also investigated. Table 2-2 lists the 

chemical reagents, reagent grade and manufacturers of the 

inhibitors. 

Concentrations of the various inhibitors examined are 

summarized in Table 2-3. The concentration ranges for the 

metals elixir experiments are listed in Table 2-4. 

2.3 Growth Media 

Two mineral salts media were used to grow thiobacilli. 

The first medium, referred to as a normal basal salts medium 
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Table 2-1. Description of lOOx metals elixir solution. 
(100 times the standard concentration investigated in 
these experiments) 

Constituents Quantity per Concentration 
liter, grams (moles/liter) 

Na2EDTA 63 .75 1.7x10 

MnCl2 4H20 5.06 2.6x10 

(NH4)6Mo7024 4HzO 1.10 6.2X10 

CUS04 5H20 1.57 6.3X10 

coci2 6H20 3 .22 1.4X10 

ZnS04 7H20 22. 00 7.7x10 

CaCl2 5.54 5.0x10 

FeS04 7H20 5.00 1.8X10 

Note: all ingredients except CaCl2 were individually 
mixed in distilled H20. The pH was adjusted to 3.75 and 
then CaCl2 was added. Solution was filter sterilized 



Table 2-2. Chemical reagents, reagent grades and manufacturer of 
inhibitors tested. 

Chemical Reagent Chemical 
reagent grade Manufacturer 

HgCl2 A.R. Mallinckrodt 

Ag2S04 A.C.S. Fisher Scientific Co. 

CoCl2.6H20 A.R. Mallinckrodt 

(NH4)6MO7024.4H20 A.C.S. J.T. Baker Chemical Co. 

CuS04- 5H20 A.C.S. Aldrich Chemical Co. 

ZnS04. 7H20 A.R. Mallinckrodt 

CdCl2 - Sigma Chemical Co. 

FeClj. 6H20 A.R. Mallinckrodt 

Na2GDTA A.C.S. J.T. Baker Chemical Co. 

NTA - Aldrich Chemical Co. 

o\ 
03 
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Table 2-3. Concentrations of each inhibitor tested. 

Inhibitor Concentrations tested 
(moles/liter) 

Mercury 
Hg(II) 

1. OxlO"7 

1. OxlO"6 

1. OxlO"5 

5. OxlO"5 

1.0x10"* 

Cadmium 
Cd(II) 

1. OxlO*6 

1.0X10"5 

1. OxlO"4 

1.0X10"3 

Cobalt 
Co(II) 

5. OxlO"5 

l.OxlO"4 

5. OxlO"4 

1.0X10'3 

Zinc 
Zn(II) 

1. OxlO"6 

1.0X10"5 

1.0X10"4 

5. OxlO'4 

1. OxlO"3 

Silver 
Ag(I) 

1.0X10'6 

l.OxlO*5 

1.0X10"4 

l.OxlO"3 
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Table 2-3. Concentrations of each inhibitor tested 
continued. 

Inhibitor Concentrations tested 
(moles/liter) 

Copper l.OxlO"6 

Cu(II) 5.0X10"6 

1. OXlO'5 

l.OxlO'4 

5.0X10'4 

1.0X10'3 

Molybdate l.OxlO"7 

Mo(VI) 1. OxlO"6 

1. 0X10"5 

1. 0x10"* 
5.0X10"4 

1. OxlO"3 

Ethylenediamine- 1. 0x10* 
tetraacetic acid l.OxlO'3 

(EDTA) 

Nitrilotri- 1.0x10"* 
acetic acid l.OxlO"3 

(NTA) 



Table 2-4. Concentrations of Individual Ingredients within the metals elixir 
solution that were investigated. 

Individual metals concentrations (moles/liter) 

Constituents 50 fold 
dilution 

100 fold 
dilution 

250 fold 
dilution 

1,250 fold 
dilution 

6,250 fold 
dilution 

31,250 fold 
dilution 

EDTA 3.4X10*3 1.7xl0"3 6.8X10"* 1.4x10"* 2 • 7xlO*S 5.4X10"6 

Mn 5.2x10** 2.6x10"* 1.0x10"* 2.1xl0"s 4.2xl0*& 8.3x10"' 

Mo 1.2x10** 6.2X10"5 2.5X10"5 5.0X10"6 1.0X10'6 2. 0x10*' 

Cu 1.3x10"* 6. 3x10"* 2.5X10*5 5.0X10"6 l.OxlO"6 2. 0x10*' 

Co 2.8x10"* 1.4X10"* 5.6X10*5 1.1X10"5 2.2X10"6 4.5X10*7 

Zn 1. 5x10"' 7.7X10"* 3. 1x10"* 6.2X10"5 1.2X10*5 2.5X10"6 

Ca l.oxio"3 5.0X10'* 2.0X10"* 4.0X10*5 8.0xl0*6 1.6X10"6 

Fe 3.6X10'* 1.8X10"* 7.2X10"5 1.4x10"* 2.9X10"4 5.8X10'7 

Note: The above dilutions represent division by the individual concentrations in 
the Table 2-1 metals elixir solution. 

-j 
H 
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represents a minor modification of a thiobacilli growth 

medium found in the ATCC media handbook (medium # 125; ATCC, 

1984) . Table 2-5 lists the chemical constituents and 

concentrations in this medium. The other medium used was 

a chloride-free basal salts media (Table 2-6). This medium 

was specifically used in the Ag(I) toxicity experiments to 

avoid the precipitation of AgCl. It was also used, along 

with the normal medium, in the Hg(II) toxicity experiments 

because chloride ions form reasonably strong complexes with 

Hg+2. The normal basal salts medium was utilized in all 

other toxicity tests. These media were autoclaved prior to 

bacterial inoculation. Previously tyndallized elemental 

sulfur (sublimed powder; EM Industries, Inc.) was added in 

excess to all media as an energy source. In a relatively 

small number of experiments H2S(g) [CP grade, 99.9 % pure] 

was used in place of elemental sulfur addition. 

2.4 Experimental Procedures 

2.4.1 The General Procedure 

The basal salts medium, either the chloride-free or 

normal, was prepared by adding the constituents listed in 

Tables 2-5 or 2-6 to distilled water. The pH of the 

solution was adjusted to 3.75 pH units using hydrochloric 
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Table 2-5. Normal basal salts growth medium used in 
chronic toxicity experiments involving a variety of 
transition metals added to batch cultures of acidophilic 
thiobacilli (modified from ATCC media # 125; ATCC, 
1984) . 

Constituents Quantity per 
liter, grams 

KH2P04 3.0 

(NHJ2SO4 0.2 

MgS04 7H20 0.5 

CaCl2 0.25 

FeCl3 6H20 0.01 

Distilled Water 

o
 » 

H
 

Adjusted pH to 3.75 

Notes: /) FeCl3 6HpO was prepared at lOOx the final 
concentration and filter sterilized prior to addition 
to previously autoclaved medium; ii) Desired initial pH 
was achieved by adding a few drops of concentrated HCl. 
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Table 2-6. Non-chloride basal salts growth medium used 
in chronic toxicity experiments involving Ag(I) and 
Hg(II) additions to batch cultures of acidophilic 
thiobacilli. 

Constituents Quantity per 
liter, grams 

KH2PO4 3.0 

(NH4)2SO4 0.2 

MgSOA 7H20 0.5 

CaS04 2H20 0.4 

Fe (S04) 3 nHzO 0. 01 

Distilled Water 1.0 L 

Adjusted pH to 3.75 

Notes: /) Fe(S04), nH,0 was prepared at lOOx the final 
concentration ana filter sterilized prior to addition 
to previously autoclaved medium; //) Desired initial pH 
was achieved by adding a few drops of concentrated HCl. 
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acid. The medium was then placed in 1-liter glass 

containers, autoclaved and stored for future use. 

Experiments were initiated by inoculating a 250-ml 

Erlenmeyer flask, half filled with growth medium and excess, 

presterilized sulfur. Culture activity was measured by 

following the decrease in the pH of the growth medium which 

resulted from microbially catalyzed acid production. At a 

pH of approximately 3.5, the culture was divided into either 

10 or 20-ml aliquots and placed in separate 55-ml test 

tubes. Additional, presterilized sulfur was also added to 

each test tube. Inhibitor(s) were added at the same point. 

Culture tubes were placed on a Roto-Torque rotator (Cole-

Parmer) , and cells were grown aerobically at room 

temperature (23° to 25° C). Culture activity was monitored 

by periodically withdrawing approximately 1.0-ml samples for 

measurement of pH. A summary of the general procedure 

can be found in Figure 2-1. 



Monitored pH 

Inoculated with 1.0 to 2.0-ml 
of bacterial culture 

Prepared basal salts medium 
and adjusted pH to 3.75 

Added various concentrations of inhibitors 
and placed on rotator 

Monitored microbial activity 
via pH measurements 

Placed 100 to 150-ml of media into 
250-ml Erlenmeyer flasks; added 

tyndallized-sulfur 

At pH 3.5, split culture into 10 or 20-ml 
aliquots and placed in 55-ml test tubes. 

Added additional tyndallized-sulfur 

Figure 2-1. Steps in the general experimental procedure 
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2.4.2.1 Variation in Initial Cell Number 

A variation in the general experimental procedure was 

required to evaluate the effects that different initial cell 

numbers would have on acid production in pure, batch 

cultures of T. ferrooxidans. In these tests, 55-ml test tubes 

containing 2 0-mls of growth medium, presterilized elemental 

sulfur and inhibitor were prepared and set aside prior to 

bacterial inoculation. Cells were cultured in the absence 

of inhibitor. Cell numbers were monitored via direct count 

using a Petroff-Hauser counting chamber and light 

microscope. Inocula were then sized to produce specific 

cell densities in the 55-ml reactors prepared previously. 

Experiments were then monitored as previously described in 

the general experimental procedure. 

2.4.2.1 Variation in Initial pH 

These experiments were designed to explore the effects 

of initial pH (at the time of inhibitor addition) on the 

kinetics of acid production by bacterial cultures spiked 

with specific inhibitors. Subsets of the pH 3.5 cultures 

were adjusted to 4.0, 3.0 and 2.5 pH units via the addition 

of 1.0 N potassium hydroxide or 1.0 N hydrochloric acid 
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prior to inhibitor addition. Sulfuric acid (1.0 N) was used 

when experiments were performed in the chloride free media. 

Thereafter, culture pH was monitored over time as an 

indicator of culture activity and inhibition. 

2.4.2.3 Acclimation Experiments 

Acclimation experiments were performed to investigate 

the mechanism of bacterial recovery from (initially) toxic 

concentrations of specific inhibitors. Inocula for these 

experiments were derived from previous experiments in which 

bacterial recovery from inhibitors was evident. Fresh media 

containing similar concentrations of inhibitor were 

inoculated with the previously acclimated cultures and acid 

production was monitored. It was reasoned that acclimation 

events that were based on genetic adaptation, enzyme 

induction or growth of a particularly metals tolerant 

subpopulation would permit immediate resumption of acid-

producing activities upon transfer of an acclimated culture 

to fresh media containing the inhibitor of interest. 

2.4.2.4 BUB Oxidation Experiments 

In these experiments, 25-mls of growth medium, initial 

pH between 6.0 and 4.0 pH units, were sealed in 55-ml 

culture tubes fitted with gas-tight screw caps and teflon-
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coated septa. The medium was amended with the trace metals 

solution (Table 2-1) and/or 0.1 g/1 yeast extract. 

Experiments were initiated by injecting H2S, C02, and 

microorganisms into the sealed test tubes. Molecular oxygen 

was also injected periodically. Growth and microbial 

activity were monitored via periodic measurements of liquid-

phase H2S concentrations (colorimetric assay), culture pH 

and visual inspection (light microscopy). 

2.5 Analytical Methods 

2.5.1 pH Measurements 

In all of the experiments conducted, sequential pH 

measurements were used as an indication of general metabolic 

activity and acid production. Two methods of measurement 

were used throughout this work: pH indicator strips 

(American Scientific Products) or a pH meter/probe (Orion 

Research Model 811 microprocessor equipped with a Fisher 

Scientific pencil-thin Ag/AgCl electrode). The pH strips 

were used to measure culture pH when concern for 

contamination and/or lack of liquid volume precluded the use 

of the probe. Otherwise, the pH probe was used exclusively. 

The pH strips were considered accurate to within 0.2 pH 

units. Accuracy of the pH meter was within 0.02 pH units. 
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2.5.2 Cell-Counting Techniques 

Two cell-counting methods were used throughout this 

research. In the first method, 20-jul were aseptically 

withdrawn from the culture and placed on a microscope slide. 

The liquid drop was covered with a 22 x 22 mm cover slip. 

Liquid was assumed to coat the microscope slide to a uniform 

thickness, calculated at 41 urn, beneath the cover slip. 

Since the area of the circular viewing field of the 

microscope at 400x was 0.08 mm2, cell density could be 

estimated by averaging the number of cells in several fields 

and making an appropriate volume conversion. The number of 

cells per ml was determined by averaging cell counts from 

five or more fields. This quantity was multiplied by 

3.05x10s field volumes/ml to determine the number of cells 

per ml. 

The second counting method employed a Petroff-Hauser 

counting chamber to determine cell densities. This counting 

chamber is a framed microscope slide which is divided into 

three areas; the middle section is etched with a grid 

pattern and surrounded by raised ledges. Two outer sections 

act as recess channels for draining excess liquid. The 

etched grid section consists of squares of 0.05 mm x 0.05 

mm dimensions. 
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The counting chamber was operated by placing a drop of 

liquid on the slide and covering it with a cover slip. 

Excess liquid was displaced from the grid section and into 

the recessed-channels. Based on chamber geometry, a uniform 

thickness of 0.02 mm was obtained between the cover slip and 

the slide . The number of cells per square was determined 

by averaging cell counts from ten or more squares. This 

quantity was then multiplied by 2xl07 square volumes/ml to 

obtain the number of cells per ml. 

2.5.3 Total Sulfide Measurements 

A methylene blue, colorimetric assay was utilized to 

measure the concentration of total aqueous inorganic 

sulfides (Standard Methods. Part 427C, 15th Edition). A 

standard curve was prepared using dissolved sodium sulfide 

(Na2S 9H20) in distilled/deionized water. The pH of the 

stock solution was maintained above 9.0 pH units to minimize 

volatilization of H2S. Above 9.0 pH units, H2S comprises 

less than 1.0 % of the total aqueous sulfide present (see 

Figure 1-2) . 

Samples for measurement of total sulfide concentration 

were periodically withdrawn from the sealed test tubes via 

a syringe. The samples were then mixed with the methylene 

blue reagents and total sulfide concentration measured 
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spectrophotometrically (Perkin-Elmer/Hitachi 200 dual light 

path spectrophotometer). A wavelength of 665 nm and 1.00-

cm pathlength cuvette were used. 

2.5.4 Computational analysis 

Equilibrium concentrations reported in this work were 

obtained using the computer code SURFEQL (Westhall e t  a l . ,  

1976). SURFEQL is basically a computer program which 

calculates equilibrium concentrations of ions, complexes and 

solids in an aqueous solution. The calculations are based 

on known equilibrium relationships (25° C) and mass 

balances. Kinetic factors which may affect the attainment 

of equilibrium are not considered by this program. 

2.6 Polaroqraphv 

2.6.1 General 

Differential pulse polarography (DPP) was used to 

distinguish between free Cu(II) ions, labile complexes with 

Cu(II) and nonlabile complexes with Cu(II) in solution. A 

Metrohm E505 polarographic stand and dropping mercury 

electrode were utilized. The reference electrode was 

Ag/AgCl and the salt bridge was filled with 3.86xl0"2 M ionic 

strength basal medium (Table 2-5) . The counter electrode 
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was a platinum wire. Scans were recorded on a Metrohm 626 

Polarecord plotting unit. The scan rate was lOmV/s and the 

pulse height lOmV (refer to Figure 1-12). All solutions 

were deoxygenated for 5 to 10 minutes with N2(g) prior to 

polarographic measurements. Solutions of bacterial cultures 

were centrifuged (Eppendorf 5415 Centrifuge) for 15 minutes 

at an RCF equal to 16000 prior to testing. 

2.6.2 Solutions Examined 

Solutions for the preliminary polarographic experiments 

were prepared by placing 2 0-ml of basal medium (this served 

as the background electrolytic solvent) into an electrolysis 

cell (i.e., the container in which the electrodes are 

placed) and then adding aliquots of concentrated solutions 

of Cu(II), EDTA and citrate to produce the series of 

solutions described in Table 2-7. 

Copper-containing bacterial solutions were prepared in 

a manner similar to that described above. However, in place 

of the concentrated Cu(II) solution appropriate samples from 

bacterial cultures spiked with Cu(II) served as the copper 

source. In the case of the Cu(II)-free bacterial solution, 

the centrifuged sample was used as the background solvent, 

and appropriate amounts of concentrated Cu(II) were added. 



Table 2-7. Concentrations of Cu(II), EDTA and citrate examined in the 
preliminary polarographic experiments. Basal medium (Table 2-5) was 
used as a background electrolytic solvent. 

Solution Cu(II) concentration EDTA concentration citrate concentration 
# (moles/liter) (moles/liter) (moles/liter) 

1 1.0xl0~4 

2 2.0xl0~4 - -

3 3. OxlO""4 

-4 -4 

-

4 1.0X10 H 2.5x10 * 

5 l.oxio"4 - 2.5xl0-4 

6 l.oxio"4 2.5X10-4 2.5X10-4 

7 2.0xl0~4 - 5.OxlO-4 

8 2.OxlO-4 5.OxlO-4 -

c» 
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CHAPTER 3 

RESULTS 

3.l Preliminary Experiments 

3.1.1 General 

Pure batch cultures of Thiobacillus thiooxidans and Thiobacillus 

ferrooxidans (ATCC nos. 19377 and 19859, respectively) were 

grown in sealed test tubes that contained basal salts growth 

medium (Table 2-5). Carbon dioxide (C02) and hydrogen 

sulfide (H2S) were injected into the tubes to serve as 

carbon and energy sources for microbial growth. 

3.1.2 Effect of Initial PH on Acidophils Activity 

In Figure 3-1 sample pH is plotted as a function of time 

for batch cultures of T. ferrooxidans. In this experiment, the 

initial culture pH was either 5.8 or 5.1. At an initial pH 

of 5.8, bacterially catalyzed acid production was not 

observed, as evidenced by the constant pH. At pH 5.1, acid 

production began after a short lag period of 4 days. The 

generation of acid then rapidly lowered the culture pH to 

3.0. Thereafter, the culture pH continued to decrease, but 
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Figure 3-1. Acid production in pure, batch cultures of T. fcrrooxidam 
(ATCC no. 19859) as a function of time and initial culture pH. 
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at a considerably lower rate. A final pH of 1.7 was 

achieved after about 5 weeks. 

3.1.3 Effect of Nutrient and Metals Addition 

Figure 3-2 summarizes the effects of nutrient (0.1 g/L 

yeast extract) and metals (an assortment of polyvalent 

metals; Table 3-1) additions on time-dependent bacterially 

catalyzed acid production in cultures of T. ferrooxidans. The 

samples which contained yeast extract were about as active 

as those cultures with no supplemental nutrients, samples 

that contained metals elixir additions showed inhibition of 

acid production. 

Two separate cultures of T. thiooxidans (ATCC nos. 19377 and 

8085) were also examined on their ability to produce acid, 

in the presence of the above metals elixir constituents. 

At the metals concentrations listed in Table 3-1, acid 

production was inhibited in both cultures, as shown in 

Figure 3-3 (a and b). 

3.1.4 Abiotic Controls 

Abiotic experiments in the basal salts growth medium, 

with and without metals additions, are summarized in Figure 

3-4. The sample without metals showed no signs of acid 
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Table 3-1. Ingredients in the metals elixir solution; 
used as a metals supplement in batch experiments 
containing cultures of Thiobacillus species. 

Constituents "Standard" lx dilution 
(moles/liter) 

EDTA 1.7x10*' 

Mn 2.6X10** 

Mo 6.2X10*5 

Cu 6.3X10*5 

Co 1.4x10"* 

Zn 7.7x10"' 

Fe 1.8xl0'4 

Ca 5.0x10"' 
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Figure 3-3. Dependence of pH on time and metals supplement 
in pure, batch cultures of T. ferrooxidans-. (a) ATCC 19377? (b) 
ATCC 8085 
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production, as evidenced by a constant pH of 4.8 to 4.7 

throughout the experiment. The sample containing metals 

also showed negligible acid production; its pH remained 

constant between 5.0 and 4.7. 

3.2 Metal-Sulfide Precipitation 

3.2.1 General 

In all of the preliminary experiments involving metals, 

inhibition of acid production was observed (section 3.1). 

On the basis of these results, it was not clear whether the 

metals supplement was toxic to cultures of thiobacilli or simply 

formed insoluble complexes with sulfide, leaving the 

bacteria without a growth substrate. The latter possibility 

seemed probable because a visible precipitate accumulated 

in the sample cultures following addition of metals and 

H2S(g). In order to distinguish between these mechanisms 

the following experiment was performed. 

3.2.2 Metals Precipitation Prior to Inoculation 

A series of sealed test tubes, containing metals between 

0.4 and 2.0 times the metals levels listed in Table 3-1, 

were injected with excess H2S(g) (sufficient to precipitate 
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metals as metal-sulfide complexes) prior to inoculation. 

Total liquid-phase S(-II) was measured periodically via a 

colorimetric technique (Standard Methods, 1980) . As the 

sulfide levels subsided due to metal-sulfide precipitation, 

the tubes were reinjected with more gas; this procedure 

continued until sulfide levels stabilized. At this point, 

all thermodynamically favorable metal-sulfide precipitates 

were assumed to be formed; the tubes were then inoculated 

with T. thiooxidans (ATCC 19377) . Inoculation of these tubes, 

and a tube containing no metals supplement, occurred on day 

10 (Figure 3-5). The control (no supplementary metals) 

began producing acid 4 days after inoculation. The 

remaining tubes remained inactive throughout the 20 day 

test. 

3.3 Sulfur Inhibition Experiments Involving Individual 
Inhibitors 

3.3.1 General 

The inhibitory properties of specific metals (Hg, Cd, 

Co, Zn, Ag, Cu, and Mo) and ligands (EDTA and NTA) in pure, 

batch cultures of T. ferrooxidans (LACSD isolate) were 

investigated. Experiments were conducted in both chloride-

free, and normal (i.e., media which contains chloride ions) 
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basal salts media (Tables 2-6 and 2-5). Elemental sulfur 

was used as substrate. Atmospheric C02 served as a carbon 

source for biosynthesis. 

3.3.2 Cation Experiments 

3.3.2.1 Mercury 

Figure 3-6 (a and b) reflect the results of Hg(II) 

toxicity tests performed in the chloride-free, basal salts 

medium [Table 2.6]. Apparently the initial culture pH is 

an important determinant of Hg(II) toxicity. At an initial 

pH of 3.6, total Hg(II) concentrations of 10"5 M and above 

caused complete inhibition of acid production; when the 

initial pH was reduced to 3.4, 10"* M total Hg(II) was 

required to block acid production in the same culture. 

Similar experiments performed in the normal (chloride-

containing) basal salts medium suggest that the level of 

Hg(II) toxicity is dependent on chloride concentration; 

Hg(II) toxicity increased as chloride was added. In the 

chloride-free media, 10"5 M total Hg(II) was non-toxic 

[Figure 3-6(b)]; in the regular media, the same Hg(II) 

concentration delayed the onset of bacterial acid production 

for 9 days [Figure 3-7 (b)"]. 
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Figure 3-6. Dependence of pH on time and Hg(II) in pure, 
batch cultures of T. ferrooxidans (LACSD isolate): (a) initial 
culture pH 3.6; (b) initial culture pH 3.4. Experiments 
were performed in chloride free basal salts medium. 



97 
4.0 

3.5 

a.o 

O.OE-B M Hg(ll) 

2.5 u 
U s 
-J 

1.0 

1.0 

o.s 
so 200 100 150 200 300 400 0 

Time After HE(II) Addition (Hours) 

s Cu 

3 CJ 

Control 

[No HgODI 
4* 

1.0E-7 M Hg(ll) 

t.OE-6 M Hg(ll) 
O 

I.OE-SMHg(ll) 
- - A -

1.0E-4 M Hg(ll) 

100 100 200 

Time After He(ll) Addition (Hours) 
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culture pH 3.6; (b) initial culture pH 3.5. Experiments 
were performed in normal basal salts medium. 
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Results show that experiments performed in the regular 

medium were also pH dependent. At an initial culture pH of 

3.6, the activity of T. ferrooxidans was completely inhibited at 

concentrations of total Hg(II) between 10"5 and 10'* M 

[Figure 3-7(a)]. However, when the initial pH was lowered 

to 3.5 [Figure 3-7(b)], the same culture proved capable of 

modest acid production, after a 9 day acclimation period, 

at total Hg(II) concentrations in this range. Lower Hg(II) 

concentrations (10*6 to 10"7 M) , at an initial pH of 3.5, did 

not affect bacterial acid production. 

3.3.2.2 Cadmium 

Time-dependent measurements of pH in batch cultures of 

T. ferrooxidans which were amended with Cd(II) are summarized in 

Figures 3-8 (a through d). Duplicate test tubes ranging in 

concentration from 10"6 M to 10"3 M total Cd(II) were 

examined. In this concentration range Cd(II) does not 

inhibit the production of acid by the culture tested. 

3.3.2.3 Cobalt 

The effects of Co(II) addition at concentrations ranging 

from 5xl0"5 M to 10"3 M total Co (II) on acid production in 

pure, batch cultures of T. ferrooxidans are illustrated in 
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Figure 3-9. In each culture, Co(II) was responsible for a 

temporary lag in bacterial activity prior to the onset of 

acid generation. The length of the lag period was directly 

related to the initial concentration of Co(II). Inhibition 

periods ranged from less than 5 days, for the 5xl0*5 M Co(II) 

culture, to greater than 10 days for the 5xlO'A and 10'3 M 

total Co(II) cultures. 

3.3.2.4 Zinc 

Two separate experiments were conducted to investigate 

the toxicity of Zn(II) in batch cultures of T. ferrooxidans. 

The initial culture pHs in each experiment were 

approximately 3.4 pH units. In the initial experiment 

[Figure 3-10 (a) ], concentrations ranging from 10"6 to 10~3 

M total Zn(II) did not inhibit acid generation. In the 

second experiment, however, modest delays in the onset of 

acid generation were observed at total Zn(II) concentrations 

of 5xl0"4 M and 10"3 M. See Figure 3-10 (b) . The 10'3 M 

Zn(II) culture showed a lag period of just under 3 days, 

after which culture acclimation was evidenced by the onset 

of acid generation. Thereafter, the shape of the culture 

pH-versus-time curve was identical to that of the control. 
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3.3.2.5 Silver 

Figure 3-11 (a and b) reflect the results of two 

experiments designed to investigate the toxicity of silver 

in pure, batch cultures of T. ferrooxidans. The initial culture 

pH in each experiment was approximately 3.5 pH units. Figure 

3-11 (a) indicates that concentrations of total Ag(I) above 

10~4 M completely inhibit acid production for more than 9 

days. However, Figure 3-11 (b) suggests that at a modestly 

lower initial pH (pH0 = 3.45) these same concentrations are 

somewhat less toxic; a slight degree of acid production was 

observed after 4-5 days in the 10"3 M and 10"4 M Ag(I) 

cultures. In both experiments, 10"5 M total Ag(IJ caused a 

lag in acid production of about 4 days. Concentrations of 

Ag(I) at, or below 10"6 M proved to be non-toxic. 

The results of an additional Ag(I) experiment, in which 

the initial culture pH was varied between 3.5 and 2.5 pH 

units, are summarized in Figure 3-12 (a through c) . The 

toxic effects of Ag(I) vary only slightly within the pH 

range investigated. However, results did indicate that 

Ag(I) was possibly a slight bit more toxic under lower 

initial pH conditions within the range investigated. 
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initial culture pH 3.5; (b) initial culture pH 3.45. 
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3.3.2.6 Copper 

Figure 3-13 (a and b) represent the results of typical 

pH-versus-time experiments involving Cu(II) addition to 

pure, batch cultures of T. ferrooxidans. Per Figure 3-13 (a) 

concentrations of total Cu(II) below 10"4 M are non-toxic to 

bacterial acid production. Figure 3-13 (b) represents 

triplicate tests at a concentration of 10"3 M total Cu(II). 

It is apparent that this level of Cu(ll) delays the onset 

of acid production for more than 10 days. 

Figure 3-14 shows the results of an abiotic experiment 

conducted in the basal salts growth medium that contained 

10"3 M total Cu(II). This sample showed no signs of acid 

production ? pH remained constant at about 3.6 pH units. 

From Figure 3-15 (a through c) it is apparent that 

initial culture pH is an important determinant of Cu(II) 

toxicity. Both 5xl0"4 M and 10"3 M total Cu(II) delayed the 

onset of bacterial acid production when the initial culture 

pH was 3.5 [Figure 3-15 (a)]. Neither of these 

concentrations impeded acid formation when the initial pH 

was 3.0 or 2.5 [Figure 3-15 (b and c)]. 

The results of a similar experiment, conducted at 

initial culture pHs of 3.5 and 4.0 pH units, are summarized 

in Figure 3-16 (a and b) . These results confirm that 
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initial culture pH plays a strong role in Cu(ll) toxicity. 

In all cases, higher initial pH values (in the range tested) 

increased the toxic effects, attributable to Cu(II), in 

cultures of T. ferrooxidans. 

3.3.3 Anion Experiments 

3.3.3.1 Molybdate 

The results of an experiment in which [Mo(VI)], 

provided as molybdate ion (MoO,t"2) , was added to pure, batch 

cultures of T. ferrooxidans are summarized in Figure 3-17 (a 

through c). This experiment was conducted at three 

different initial culture pHs, ranging from 3.5 to 2.5 pH 

units. The toxicity of molybdate was enhanced by decreases 

in the initial culture pH within the range tested. At an 

initial pH of 2.5, acid production was inhibited for 

approximately 10 days in the presence of 10'4 M Mo (VI) . This 

level of inhibition was progressively reduced, to less than 

2 days at an initial pH of 3.5. See Figure 3-17 (a and b). 

Lower concentrations of total Mo(VI) had little effect on 

bacterial acid production under all of the pH conditions 

tested. 
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Figures 3-18 (a through c) summarize the results of 

experiments in which the concentration of total Mo(VI) was 

greater than 10"* M. At an initial pH of 2.5 and total 

Mo (VI) > 5 X lO"* M, acid production was completely inhibited 

for the 20-day duration of the experiment. At an initial 

pH of 3.5, no level of Mo(VI) addition prevented acid 

formation for more than 10 days. 

Furthermore, initial decreases in culture pH sometimes 

temporarily inhibited further acid production [Figure 3-18 

(a and b) ]. Such (secondary inhibition) effects were short

lived; acid production resumed after delays on the order of 

days. It is also apparent that acid production ended at a 

pH that was significantly greater than the limiting pH in 

the control culture. 

3.3.3.2 Metal Chelators 

Experiments conducted to determine the effects of NTA 

on bacterial acid production by T. ferrooxidans are summarized 

in Figure 3-19. At an initial pH of 3.5, additions of 

10*4 M and 10"3 M NTA had no effect on acid production in 

this culture. 

Figure 3-20 (a through d) represent the effects of EDTA 

on acid production in pure, batch cultures of T. ferrooxidans. 
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It is clear that EDTA can have a negative effect on 

bacterial acid production. The magnitude of this effect is 

highly dependent on the initial culture pH. Figures 3-20 

(a and b) indicate that, at initial pHs above 3.2, 10~3 M 

EDTA completely inhibited bacterial acid production during 

the 5-day experiment. Under similar conditions 10"4 M EDTA 

temporarily inhibited acid formation for approximately 1 to 

3 days. Figure 3-20 (c and d) show that the effectiveness 

of EDTA as an inhibitor of acid production is rapidly lost 

with decreases in solution pH below 3.2. 

3.4 Inhibition Experiments Utilizing Combinations 
of Two or More Inhibitors Simultaneously 

3.4.1 General 

An additional set of experiments was designed to explore 

potential synergistic effects arising from specific metal-

metal and metal-ligand combinations in pure, batch cultures 

of T. ferrooxidans (LACSD isolate) . A subset of these 

experiments was also carried out using two strains of T. 

thiooxidanSf ATCC no. 8085 and an isolate from the Los Angeles 

County sewage collection system (manhole C-8? see Price, 

1989). Again, elemental sulfur was used for energy, and 

atmospheric co2 served as a carbon source for biosynthesis. 
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3.4.2 Metal and Ligand combination Experiments 

3.4.2.1 Copper and EDTA 

Figure 3-21 (a and b) illustrate the results of 

experiments involving various combinations of Cu(II) and 

EDTA on acid production in pure, batch cultures of T. 

ferrooxidans. Figure 3-21 (a) represents experiments in which 

5x10^ M total Cu(II) was combined with EDTA additions 

ranging from 10"4 M to io"3 M. in Figure 3-21 fb) , the 

effects of a similar range of EDTA concentrations with 

10"3 M Cu(II) are shown. Results confirm that Cu(XX) is 

toxic to cultures of T. ferrooxidans; previous results have also 

shown that EDTA is an effective inhibitor of acid 

generation, in cultures of T. ferrooxidans. See section 

3.3.3.2. However, formation of Cu(II)-EDTA complexes may 

mitigate the toxic effects associated with both of these 

chemicals. That is, in each of these experiments, the least 

toxic addition was the equimolar copper/EDTA combination. 

3.4.2.2 Copper. EDTA and Iron 

Figure 3-22 (a and b) summarize the results of 

experiments in which Cu(II), EDTA, and iron [Fe(III)] were 

added simultaneously to pure, batch cultures of T. ferrooxidans. 
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Aside from the control experiment, Fe(III) and EDTA were 

added at concentrations of 10"3 M and 10"A M, respectively, 

when present. The concentrations of total Cu(II) 

investigated ranged from 5xl0"4 M to 10"3 M. It is evident 

that the inhibition of acid production associated with 

Cu(II) and 10"4 M EDTA is mitigated in the presence of 10"3 

M total Fe(III). 

3.4.2.3 zinc and EDTA 

Figure 3-23 indicates that EDTA toxicity is not altered 

via the addition of Zn(II) to cultures of T. ferrooxidans, even 

when Zn(II) is present at molar concentrations that are 

significantly higher than those of EDTA. The lag periods 

associated with recovery from EDTA toxicity are uncorrelated 

with Zn(II) concentrations in these cultures. In the 

absence of EDTA, Zn(II) showed little inhibition of acid 

production in this same culture. See Figure 3-10 (a and 

b) . 
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3.4.3.1 Copper and Silver 

The effects of simultaneous additions of 10"5 M Ag(I) and 

10"4 M Cu (II) on acid production by T. ferrooxidans are 

summarized in Figure 3-24. At this concentration, Cu(II) 

was previously shown to be non-toxic (did not inhibit acid 

production) at the initial culture pH in this experiment 

(pH0 = 3.45). The lag in acid production observed in the 

presence of 10"5 M Ag(I) was not visibly lengthened by the 

presence of Cu(II). Both the adaptation time (4 days) and 

the rate of acid production before, and subsequent to the 

adaptation event(s) were essentially identical in the 10"5 

M Ag(I) cultures with and without 10"4 M Cu(II) . Figure 3-

25 (a and b) also indicate that 10~4 M Cu(II) has little 

effect on the toxicity of Ag(I). Here the addition of 10"4 

M Cu(II) , to cultures containing 10"4 M and 10"6 M total 

Ag(I) produced no appreciable effect on the observed 

inhibition pattern. 

A higher Cu(II) concentration (10"3 M) , which was known 

to temporarily inhibit acid production was added to pure, 

batch cultures of T. ferrooxidans in conjunction with various 

concentrations of Ag(I). Results of this experiment are 
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summarized in Figure 3-26 (a through d). Figure 3-26 (a) 

indicates that 10"3 M Cu(II) and 10"3 M Ag(I) thoroughly 

inhibit acid production by T. ferrooxidans, alone or in 

combination. From Figure 3-26 (b) , the same conclusion can 

be drawn regarding 10"3 M Cu(II) and 10"4 M Ag(I) . Figure 3-

26 (c and d) indicate that 10"3 M Cu(II) alone, or in 

conjunction with low levels of Ag(I) [10*5 M and 10"6 M] 

remains toxic to bacterial acid production. Toxic effects 

attributable to Ag(I) alone decrease dramatically at these 

levels. 

3.4.3.2 Copper and Cobalt 

Figure 3-27 illustrates the time-dependent acid 

production in pure, batch cultures of T. ferrooxidans in the 

presence of 5xl0"5 M total Co(II) and a total Cu(II) 

concentrations of 10"5 M. At a concentration of 5xl0"5 M, 

Co(II) inhibited the onset of bacterial acid production for 

1 to 2 days. When 10"5 M Cu(II), which alone is non-toxic, 

was added simultaneously with the 5xlO~5 M Co(II), Co(II) 

toxicity was marginally lowered; and Cu(II) toxicity was 

slightly increased. 

Similar experiments were also run in which a fixed 

concentration of Cu(II) was added to the basic growth medium 
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and Co(II) concentrations were varied between 10"4 M and 

5xlO~4 M. The results of this experiment are summarized in 

Figure 3-28 (a and b). Per Figure 3-28 (a), it is apparent 

that incremental additions of Co(II) increased the toxicity 

of 10"4 M Cu(II) , probably because 10"4 M Cu(II) is, in 

itself, non-toxic. 

Figure 3-28 (b) reflects the results of a parallel 

experiment run at a fixed Cu(II) concentration of 5xl0*4 M. 

Again, toxicity was augmented with incremental additions of 

Co(II) reflecting either synergistic effects or the fact 

that cobalt is more toxic to Thiobacillus species than is 

Cu(II). 

A subsequent experiment at high concentrations (10"3 M) 

of both Co(II) and Cu(II) was conducted. The results of 

this experiment on the inhibition of acid production in 

pure, batch cultures of T. ferrooxidans are summarized in Figure 

3-29. Here, Cu(II) and Co(II) alone show approximately the 

same level of inhibition. However, when added 

simultaneously inhibition is slightly augmented. 
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Figure 3-28. Dependence of culture pH on time and 
simultaneous addition of Cu(II) and Co(ll) in pure, batch 
cultures of T. ferrooxidans (LACSD isolate) : (a) 10*4 total 
Cu(II) ; (b) 5xl0"6 M total Cu(II) . 
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3.4.3.3 Metals Elixir 

Inhibition of acid production in cultures of T. ferrooxidans 

was also investigated using the combination of metals listed 

in Table 3-1. The metals concentrations shown were diluted 

by factors ranging from 2.5 to 312.5. Results are 

summarized in Figure 3-30 (a through d) . At an initial 

culture pH of 4.3 [Figure 3-3 0 (a)], all of the dilutions 

proved to be inhibitory to biological acid production; only 

the control, without supplementary metals, was capable of 

producing acid. However, as the initial culture pH was 

reduced incrementally -from 4.3 to 3.3, the toxicity 

associated with these metals decreased progressively. At 

an initial pH of 3.3, none of the metals elixir 

concentrations delayed the onset of acid production 

significantly in this culture. 

These (metals elixir) experiments were repeated using 

two strains of T. thiooxidans, including an isolate from an 

exceptionally corroded sewer crown within the LACSD 

collection system. Figure 3-31 (a) indicates that at an 

initial pH of 4.0-4.2, acid production by the sewer isolate 

was completely inhibited at the higher concentrations 

tested. Cultures that were exposed to lower metals 

concentrations behaved more like the control culture. 
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initial culture pH 4.3. 
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Similar experiments conducted using pure, batch cultures 

of T, thiooxidans (ATCC no. 8085) are summarized in Figure 

3-31 (b) . Here, dilutions at all levels produced a lag 

prior to the establishment of acid production. Aside from 

data corresponding to the highest dilutions, culture 

inhibition, or lag prior to the onset of acid production, 

was correlated with supplementary metals concentrations. 

3.5 Other Metals-Related Experiments 

3.5.1 Light and Dark Experiments 

The effects of light on microbial activity in the 

presence of inhibitory metals levels were examined via 

duplicate experiments, one under normal, or periodically 

lighted conditions, and one in the dark. Figure 3-32 is a 

summary of results corresponding to one such experiment at 

an initial culture pH of 3.7. From the control cultures 

(no inhibitory metals), it is apparent that acid production 

is independent of light effects. Inhibition of acid 

production by 10"3 M total Cu(II) in cultures of T. ferrooxidans 

is also independent of light effects. 

Figure 3-3 3 (a and b) portray inhibition experiments 

involving T. ferrooxidans (LACSD isolate) under light and dark 
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Figure 3-32. Dependence of culture pH on time, Cu(II) and illumination 
in pure, batch cultures of T. ferrooxidaits (LACSD isolate). 
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Figure 3-33. Dependence of culture pH on time and 
illumination in pure, batch cultures of T. ferrooxidans (LACSD 
isolate): (a) 10"^ H Cu(II); (b) 10*3 H Ag(I) . 
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conditions at an initial culture pH of 3.25. At this pH, 

10"3 M Cu(II) did not inhibit acid production in either the 

light or the dark cultures [Figure 3-33 (a)]. Per Figure 

3-33 (b), the inhibition of bacterial acid production by 

10"3 M total Ag(I) is also not materially affected under dark 

or room light conditions. 

Per experimental results summarized in Figure 3-34 (a 

and b) , the inhibition of acid production by combinations 

of Ag(I) and Cu(II) are independent of light effects. Acid 

production rates were equivalent in light and dark cultures 

of T. ferrooxidatts containing 10"3 M Cu(II) and 10"6 M Ag(I) . 

Figure 3-34 (b) represents experiments involving 

simultaneous addition of 10"3 M Cu(II) and 10"3 M Ag(I) . 

Again, the results obtained under both light and dark 

conditions were essentially identical. 

3.5.2 Cell Number Experiments 

Experiments were performed to test the effect of initial 

cell number (i.e., cell number at the point of exposure to 

metals) on culture recovery time following metals addition. 

In these experiments, Cu(II) was added to cultures of T. 

ferrooxidans at a concentration of 10"3 M. The initial cell 

concentrations following inoculation ranged from 4.9xl04 to 
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Figure 3-34. Dependence of culture pH on time and 
illumination in pure, batch cultures of T. ferrooxidans (LACSD 
isolate): (a) 10*5 H Cu(II) plus 10'6 M Ag(I) ; <b) 10"3 M 
Cu(II) plus 10"3 H Ag(I) . 
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4.9xl06 cells per ml. These experiments were run to 

determine if inoculum size, or initial cell number, had a 

strong influence on culture acclimation time in the presence 

of initially toxic concentrations of Cu(II). 

Figure 3-35 (a and b) represent the control cultures in 

which no Cu(II) was added. Increases in initial cell number 

result in shorter culture acclimation periods and faster 

rates of acid production. 

Figure 3-36 (a through d) depicts the time-dependent 

production of acid in cultures of T. ferrooxidans, in the 

presence of 10"3 M Cu(II), at an initial culture pH of 3.5. 

It is clear that culture acclimation time is highly 

dependent on initial cell number over the range tested. At 

a cell number of 4.9xl04 cells per ml [Figure 3-36 (a)], 

culture acclimation time was in excess of 12 days. At an 

initial cell number that was two orders of magnitude higher 

[Figure 3-36 (d) ], acid production was evident after less 

than 1 day. 

Per Figure 3-37 (a through d) , a similar cell number 

experiment was run at an initial culture pH of 3.0. Again, 

it is apparent that culture acclimation time is a function 

of cell number. Although, a significant acclimation was 

only required at the lowest initial cell density tested. 
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Figure 3-35. Dependence of culture pH on time and initial 
cell number in pure, batch cultures of T. ferrooxidans (LACSD 
isolate): (a) initial culture pH 3.5; (b) initial culture 
pH 3.0. 
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The higher cell density cultures behavior was relatively 

unaffected by the presence of 10"3 M Cu(II). At the lowest 

initial cell density, considerably less time was required 

for culture recovery at pH0 = 3.0, less than 7 days compared 

to more than 12 days for the higher pH condition. When 

initial cell number was one order of magnitude higher 

[Figure 3-37 (b)] no acclimation was required at the lower 

pH condition; at the same cell density and pH0 = 3.5, an 

acclimation period of approximately 7 to 8 days was required 

[Figure 3-36 (b)]. From a comparison of Figures 3-36 and 

3-37, it is apparent that cell recovery is a function of 

both initial pH and cell number (in addition to metal 

concentration). 

3.5.3 Culture Acclimation Experiments 

Experiments were run to see if bacterial acclimation to 

the metals elixir solution could eliminate the metals-

induced lag in acid generation in subsequent experiments 

involving the same culture. Cultures of T. thiooxidans (ATCC 

no. 8085) assumed to be "acclimated" and "unacclimated" were 

used as inocula for an additional series of metals-elixir 

experiments. Inocula were obtained from the experiment 

shown in Figure 3-31 (b), 2.5 fold dilution culture and the 
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control culture, respectively. Results are summarized in 

Figure 3-38 (a and b). It is apparent that the "acclimated" 

cultures were, if anything, slower to initiate acid 

production than were their "unacclimated" counterparts at 

the same metals concentrations. As previously noted [Figure 

3-31 (b) ], the length of the metals-induced lag and the 

metals concentrations were not well correlated. The highest 

concentrations investigated were equal to those shown in 

Table 3-1. These concentrations proved to be completely 

inhibitory to bacterial acid production over the course of 

the experiment. 

Similar acclimation experiments were conducted to see 

if lag periods associated with 10"s M Ag(I) or 10"3 M Cu(II) 

could be eliminated via culture "acclimation". Results 

summarized in Figures 3-39 and 3-40 suggest that 

"acclimation" of T. ferrooxidans (LACSD isolate) to initially 

toxic levels of metals offers little or no advantage, in 

terms of metals sensitivity, in subsequent metals 

experiments. 
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Figure 3-40. Dependence of culture pH on time and Cu(II) in 
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3.5.4.1 General 

Polarographic studies were carried out to determine 

whether or not "acclimation" events were based upon 

bacteria-dependent, chemical modification of growth media 

composition. A series of preliminary experiments was 

required which included scans of basal media plus Cu(II) 

with and without chelator addition. 

3.5.4.2 Basal Salts Medium Plus Cu(II) 

Figure 3-41 illustrates the effect of adding various 

concentrations of Cu(II) [ranging from lxlO"4 M to SxlO"4 M] 

to the basal salts medium (Table 2-5). Trace (A) represents 

a scan of the basal salts medium (no Cu(II) added); as 

expected no peaks were observed. Addition of 10"4 M Cu(II) 

produced the small peak shown in trace (B) at an applied 

voltage of approximately -0.14 V. At higher concentrations 

of Cu(II) , poorly defined, concentration-dependent irregular 

peak(s) appeared on the polarographic scan [traces (C) and 

(D) ]. Transformations in copper speciation that were 

responsible for these abrupt changes in the polarographic 

scans are not known. It is suspected that the peaks maybe 
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Figure 3-41. Voltammetric traces corresponding tot 

(A) Basal salts medium 
(B) Solution (A) plus 10** M Cu(II) 
(C) Solution (A) plus 2x10"^ H Cu(XI) 
(D) Solution (A) plus 3x10"* Cu(ZI) 

Trace (A) represents the voltammetria base line (i.e., scan corresponding to 
no Cu(XI)]. A comparison of the other 3 traces, suggests that voltammetric 
techniques are capable of responding to changes in Cu(XI) speciation that 
accompany the addition of high concentrations (>2x10 JJ) of total Cu(XX) to 
solutions of basal salts medium. Although, the identity of compounds 
represented by the additional peak(s) between -0.30 to -0.37 V in trace (D) 
are not known, the irregular nature of the peak and its dependence on high 
Cu(XX) concentrations suggest that successive Cu{IX) additions lead to 
formation of a copper precipitate. 
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due to an unidentified copper precipitate. For convenience 

these peaks are called "precipitate" peaks, although no 

solid precipitate was observed in these solutions. 

3.5.4.3 Chelator Addition and cutII) Speciation 

The formation of the "precipitate" peak(s) could be 

prevented by simultaneously adding excess strong copper 

complexing agents such as EDTA or citrate to the solutions 

containing high concentrations of Cu(II). Figure 3-42 (a) 

shows the effect of EDTA addition. Citrate addition 

resulted in the trace shown in Figure 3-42 (b) . It is 

evident that EDTA and citrate form complexes with Cu(II) of 

sufficient strength to remove the poorly defined high-

concentration "precipitate" peak(s) form the polarographic 

trace. 

Figure 3-43 shews that the Cu(II)-EDTA complex appears 

at -0.30 V on the polarographic scan; while Cu(II) alone 

appears at -0.11 V. This indicates that Cu(II) complexed 

with EDTA requires a higher (more negative) potential 

difference for Cu(II) reduction. 

A comparison of Cu(II) and Cu(II)-plus-citrate peaks is 

shown in Figure 3-44. It is apparent that Cu(II)-citrate 

complexes appear at the same voltage as the free Cu(II) 
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Figure 3-42(a). Voltammetric scan corresponding to: 

(A) Basal salts medium plus 2xl0*4 M Cu(II) 
(B) Solution (A) plus 5x10'* 11 EDTA 

The appearance of Cu(II) precipitate species from the labile pool, 
previously noted at high Cu(II) concentrations [Figure 3-41, trace 
(D)], is again evident in trace (A) at -0.40 V. IN trace (B), 
addition of excess EDTA, which forms nonlabile complexes with 
Cu(II), is capable of eliminating both the labile Cu(II) pool and 
the "precipitate" pool. All Cu(IX) present is apparently in the 
nonlabile pool. 
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Figure 3-42(b). Voltammetric traces corresponding to: 

(A) Basal salts medium plus 2x10'* H Cu(II) 
(B) Solution (A) plus 5x10"* H citric acid 

The appearance of Cu(II) precipitate species from the labile pool, 
previously noted at high Cu(XI) concentrations [Figure 3-41, trace 
(D) and Figure 3-42(a), trace (A)], is again evident in trace 
(A). Per trace (B), addition of citrate, which forms a labile 
complex with Cu(II), is capable of reducing the size of the 
"precipitate" pool* The position of the peaks in traces (A) and 
(B) indicate that citrate-Cu(Il) conplexes are labile in nature. 
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Figure 3-43. Voltammetric traces corresponding to: 

(A) Basal salts medium amended with 10"4 IS Cu(II) . 
(B) Solution (A) plus 2.5xl0'4 H EDTA. 

The peak at -0.10 V marks the position of the reduction of 
free Cu+Z and/or labile complexes containing Cu(II). The 
nonlabile nature of Cu(II)-EDTA complexes is illustrated by 
trace (B) , in which the peak corresponding to Cu(II) 
reduction occurs at a more negative voltage. 
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Figure 3-44. Voltammetric traces corresponding to: 

(A) Basal salts medium amended with 10"* H Cu(II). 
(B) Solution (A) plus 5x10'* H citrate. 
(C) Solution (B) plus 5x10 {J EDTA 

Solution (A) marks the position of the reduction of free cu*2 and/or 
labile complexes containing cu(II). The labile nature of Cu(II)-
citrate complexes is illustrated in trace (B). It is evident that 
Cu(II)-citrate complexes fall within the labile pool, as opposed 
to the nonlabile pool represented by Cu(II)- EDTA complexes in 
trace (C). It is noteworthy that voltammetric techniques are 
capable of distinguishing between Cu(II)-EDTA (nonlabile) and 
Cu(II)-citrate (labile) complexes despite the similarity between 
their corresponding association constants (see discussion section). 
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peak. In other words, the complexation of Cu(II) with 

citrate does not change the potential at which Cu(II) is 

reduced in this solution. 

Sequential additions of Cu(II), citrate, and EDTA to the 

basal salts media are also shown in Figure 3-44. Here free 

Cu(II) and Cu(II) plus citrate appear at the same peak 

position (approximately -0.12 V) where as the Cu(II) plus 

citrate and EDTA solution peaks at about -0.31 V. It is 

clear that EDTA forms a somewhat stronger complex with 

Cu(II) than does citrate, as indicated by this peak shift. 

Copper-citrate complexes are labile. That is, the 

disassociation of the copper-citrate complex is very fast. 

Therefore, the Hg electrode "sees" only free Cu(II), and, 

hence the peaks for free Cu(II) and Cu(II) plus citrate are 

identical. Copper-EDTA complexes are non-labile, thus the 

Hg electrode "sees" the Cu(II)-EDTA complex and a peak shift 

is obtained. 

3.5.4.4 Polarocrraphic Scans on Cultures of 
T. ferrooxidans Containing Cu(II) 

Results of a Cu(II)-toxicity experiment involving 

addition of 2xl0"3 M Cu(II) to a growing culture of T. 

ferrooxidans are summarized in Figure 3-45. The culture 

recovered from copper toxicity after approximately ten days 
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Figure 3-45. Dependence of culture pH on time and Cu(II) in pure, batch 
cultures of T. ferrooxidans (LACSD isolate) . 
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and, thereafter, proved capable of generating acid (as 

evidenced by the time-dependent culture pH) . During the 

course of the experiment, samples were withdrawn, 

centrifuged, and diluted in basal medium; polarographic 

scans were then performed on these solutions. 

Polarographic responses to samples withdrawn before and 

after the initiation of acid production in the presence of 

2xl0"3 M Cu(II) are summarized in Figure 3-46 (a and b) . 

When samples were withdrawn prior to the onset of acid 

production [Figure 3-46 (a)], the unidentified, high-

concentration "precipitate" peak(s) were apparent in all 

(diluted) samples in which cu(II) concentrations > 2xl0"4 M. 

At the first signs of acid generation, approximately 10 days 

after Cu(II) addition to the culture, the high-concentration 

"precipitate" peak(s) disappeared [Figure 3-46 (b)]. 

To see whether T. ferrooxidans produces a Cu(II) -complexing 

agent in the absence of Cu(II), polarographic experiments 

were performed on a centrifuged sample of a non-copper-

containing culture of T. ferrooxidans following the onset of 

acid production. Results are summarized in Figure 3-47. 

Trace (A) represents the centrifuged (cell-free) sample 

[solution (A) ] with no Cu(II) addition. This sample 

contains no species that would be reduced in a polarographic 
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Figure 3-46 (a) . Voltammetric response to a solution containing 
basal salts medium plus sample from a cu(II)-toxicity 
experiment; dilution of final sample 2.6x10" M total Cu(II). 
Copper was provided from a culture of T. ferrooxidans in which acid 
production was temporarily inhibited by Cu(II) (see Figure 3-
46). The Cu(II) bearing sample was transferred prior to the 
onset of acid production. Under the test conditions, copper 
entered the "precipitate" pool, which was apparent in other 
voltammetric traces (Figures 3-42 and 3-43). It is suggested 
that Cu(II) species, which are responsible for the 
"precipitate" pool, are present in the T. ferrooxidans culture 
prior to the onset of acid production. 
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Figure 3-46(b). Response of voltammetric scans containing: 

(A) Basal salts medium plus sample from a Cu(II)-toxicity 
experiment; final dilution to 2.6x10" IJ total Cu(II). 
(B) Same as (A) , except dilution is to 3.3xl0"4 M total Cu(II) . 

Cu(II) was provided by transferring material from a T. ferrooxidans 
culture in which there was evidence of recovery from copper 
addition (see Figure 3-46). Under the test conditions, the 
expected "precipitate" pool of Cu(II) was entirely absent. 
It is suggested that Cu(II) species, which were responsible 
for the "precipitate" pool, have changed and are now 
responsible for culture recovery, as indicated via the onset 
of acid production. 
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Figure 3-47. Hand traced voltamnetric scans corresponding to: 

(A) Centrifuged sample, of a non-copper containing culture (7". 
ferrooxidans) , after acid production had begun. 
(B) Solution (A) spiked with 3xl0"4 M Cu(II) . 

Cultures of T. ferrooxidans were grown, in basal salts medium, to 
a low pH; at which time a sample was centrifuged and 
subsequent voltammetry experiments performed [trace (A)]. In 
trace (B) , the "spillover" of Cu(II) species from the labile 
pool, previously noted at high Cu(II) concentrations [Figure 
3-41, trace (C) and (D)] are no longer present. Cu(II) is 
presumed bound with a bacterially-induced complex that 
eliminates the formation of the "spillover" species. 
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experiment; as expected, there were no peaks in this trace. 

Trace (B) represents solution (A) after it was spiked with 

3xlO'A M Cu(II). This scan shows a well defined peak with 

an apex at an applied voltage of approximately -0.12 V. 

The "precipitate" peaks normally associated with this copper 

concentration, i.e. in basal salts medium which has not yet 

been used to support bacterial growth, are not present. 

This shows indirect evidence that the bacteria are producing 

Cu(II) complexing agents. 

3.5.5 Atomic absorption Spectroscopy on Cultures 
of T. ferrooxidans Containing Cu(ll) 

Burris, et al.(1989) measured residual, liquid-phase 

Cu(II) concentrations, throughout a Cu(II) toxicity/ 

acclimation experiment involving additions of 7.5xl0"4 M and 

10"3 M total Cu(II) to cultures of T. ferrooxidans. Results, 

summarized in Figure 3-48, indicate that the total dissolved 

Cu(II) concentration remained constant throughout each 

acclimation experiment. 



^ 1.0E-02 
<L> . 

• H 
J 
*&3 5.0E-03 
o 

5S 3.0E-03 

g 2.0E-03 

g 1.0E-03 

 ̂5t0E*04 

O 3.0E-04 
3 
° 2.0E-04 
*o • 
3 
cr 
J 1.0E-04 

O 

=s 

j i i i i J i L J i L 
\ 

J i L ' • L 

Control (No colli) 

Initial Cu(ll); 7.5E-4M 
S 

Initial Cu(ll); 7.5E-4 M 
A 

Initial Cu(ll); 1.0E-3 M 
9 

25 50 75 100 125 150 175 200 225 250 275 300 325 

Time After Cu(II) Addition (Hours) 

Figure 3-48, Change in liquid-phase Cu(II) concentration over time, in 
a Cu(II) toxicity/acclimation experiment, in pure, batch cultures of T .  

ferrooxidans (LACSD isolate) . 
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CHAPTER 4 

DISCUSSION 

4.1 Bacterial Response to the Presence of Inhibitors 

When inhibitors were added to pure, batch cultures of 

T. thiooxidans or T. ferrooxidans, acid production was generally 

either completely blocked or delayed. Periods of 

inhibition, as evidenced by a stable solution pH, were often 

followed by culture acclimation and acid production. Acid 

generation was apparently never partially interrupted or 

reduced in magnitude. When culture acclimation was evident, 

profiles of culture pH versus time were usually very similar 

to profiles corresponding to the uninhibited control 

culture; acclimation events were immediately followed by 

full, uninhibited culture activity. These responses 

depended on: (1) inhibitor identity, (2) concentration of 

inhibitor, (3) initial culture pH and (4) cell density at 

the point of inhibitor addition. It was also observed that 

inhibition periods associated with individual or 

combinations of inhibitors were surprisingly reproducible. 
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4.2 Preliminary Experiments 

4.2.1 Culture Activity; Dependence on Initial PH 

Acid production by pure, batch cultures of 7*. ferrooxidans 

(ATCC no. 19859) is highly dependent on initial culture pH. 

The time-dependent pH profiles (Figure 3-1) indicate that 

acid production is non-existent at high initial pHs (> 5.8) . 

At a pH of 5.1, T, ferrooxidans proved capable of acid 

production after an initial delay of about 4 days. 

These results are consistent with published data on 

growth of acidophilic thiobacilli. Vishniac and Santer 

(1957) reported that T. ferrooxidans and T. thiooxidans, both 

acidophiles, should be cultured in media at an initial pH 

between 3.5 and 4.0 pH units. Kuenen and Tuovinen (1981) 

stated that growth of T, thiooxidans will not commence at an 

initial culture pH near 6.0 pH units. They also stated that 

optimum growth occurs at 4.0 pH units. Culture pH could 

account for the initially sluggish growth noticed in the 

growth medium at pH 5.1 (Figure 3-1). 
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4.2.2 Effects of Supplementary Nutrients on Culture 
activity 

Yeast extract was added to the basal salts growth medium 

(Table 2-5) to determine if T. ferrooxidans (ATCC no. 19859) 

could benefit from the presence of supplementary nutrients. 

Yeast extract is an excellent source of B vitamins and other 

growth-promoting substances. It is used to enhance growth 

among a large variety of microorganisms (ATCC, 1984). 

The addition of yeast extract did not affect culture 

activity (Figure 3-2). This result might have been 

anticipated since many strains of T. ferrooxidans are obligately 

autotrophic (Kelly, 1981). 

4.2.3 Effects on Culture Activity: Metals Addition 

The addition of the metals supplement (Table 3-1) to 

pure, batch cultures of T. ferrooxidans (ATCC no. 19859) and T. 

thiooxidans (ATCC nos. 19377 and 8085), [Figures 3-2 and 3-3], 

had a stabilizing effect on culture pH. This response was 

not expected; in fact, metals were originally provided as 

a nutritional supplement (see Chapter 1, section 1.3.2) as 

opposed to an inhibitor. The concentrations of individual 

metals in the metals elixir that inhibited acid production 

in these experiments were all below millimolar levels (Table 

3-1) . 
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Two mechanisms initially seemed plausible for this 

phenomenon: (1) Since S(-II) was provided as H2S(g), trace 

metals might have precipitated as insoluble metal-sulfide 

complexes, thus limiting biological oxidation of substrate 

and preventing bacterial growth. (2) Individual or 

combinations of metals in the metals supplement could have 

inhibited bacterial activity. An unidentified pink 

precipitate formed in all of the cultures containing the 

metals supplement, suggesting that chemical precipitation 

of metal-sulfides was at least partially responsible for the 

limitation of culture activity. 

In order to distinguish between these possibilities, an 

additional experiment was conducted in which excess HzS(g) 

was added to the growth medium (prior to inoculation with 

T, thiooxidans [ATCC no. 19377]). This was done to precipitate 

all metals that could form insoluble complexes with sulfide 

ion, thus, eliminating biological limitations that might 

arise from substrate limitations. Residual H2S(g) was taken 

as an indication that precipitation reactions were complete. 

The results of this experiment (Figure 3-5) show that 

inhibition does not immediately disappear following metal-

sulfide precipitation, in the presence of excess S(-II). 

This suggests that metals inhibition of thiobacilli does not 
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result from sulfide precipitation with metals. Therefore, 

a component, or a combination of components, in the Table 

3-1 metals supplement inhibits or delays the activity of 

thiobacilli under the conditions of this test. 

To further examine the effects of the metals supplement 

on bacterial activity of thiobacilli, H2S(g) was replaced 

with elemental sulfur (to eliminate the possibility of 

metal-sulfide precipitates). In these experiments (section 

3.4.3.3), low levels of the Table 3-1 metals elixir 

inhibited acid production by T. ferrooxidans (LACSD isolate) . 

The lowest concentrations of individual metals which, in 

combination, completely inhibited acid production over the 

20-day test [Figure 3-30 (a)] are listed in Table 4-1. 

These levels are far below concentrations that produced 

toxic effects in individual metal experiments (see Table 

4-3), suggesting that metals can be more toxic to 

thiobacilli when presented in combinations which produce a 

significant degree of synergism. The metals responsible for 

these apparent synergisms are not known. 

It is emphasized that the experiment which produced the 

values listed in Table 4-1 was conducted at an initial pH 

which was significantly higher than that of the individual 

inhibitor experiments described in section 3.3 (pH0 = 3.5). 
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Table 4-1. Lowest concentrations of individual metals, 
within the metals supplement, that proved inhibitory to 
pure, batch cultures of T. ferrooxidans (LACSD crown isolate). 
Comparison to metals concentrations in JWPCP influent. 

Molar concentration Molar concentration 
inhibitory to LACSD isolate in JWPCP influent 

in metals elixir 
Metal (pH0 =4.3) 1972 1987 

Mn 8.3xl0"7 - -

Mo 2.0X10"7 - -

Cu 2.0X10*7 l.lXlO"5 3. 2x10"6 

Co 4.5X10*7 - -

Zn 2.5X10*6 3.4X10"5 9.2X10"6 

Ca 1.6X10"6 - -

Fe 5.8X10"7 2.3X10"4 1. 1x10* 

Cr - 2.2X10*5 3.9X10'6 

Pb - 1.3X10"6 4.8X10"7 

Ni - 5.3X10'6 1.7X10"7 
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Differences in initial pH provides a partial explanation for 

the very large differences in inhibitory metals levels in 

these experiments. However, subsequent metals-elixir 

experiments performed at lower initial pHs confirmed that 

the Table 3-1 metals supplement was more toxic than 

component metals added individually (Table 4-2). 

It is interesting to compare metals levels that 

inhibited T. ferrooxidans with influent metals concentrations 

measured at the Joint Water Pollution Control Plant (JWPCP) , 

the terminus of the LACSD collection system. Per Table 

4-1, the LACSD crown isolate apparently responds to metals 

levels that are considerably lower than those generally 

measured in the JWPCP influent. 

4.3 Questions arising from the Preliminary Experiments 

In addition to the results discussed immediately above, 

preliminary experiments gave rise to the following 

questions: 

(1) Which metal(s) in the metals elixir solution are 

responsible for inhibition? 

(2) Could synergism be responsible for the increases in 

toxicity associated with the metals-elixir solution? 



Table 4-2. Comparison of metals concentrations, within the metals supplement, 
with similar metals used individually on the inhibition of acid production 
in pure, batch cultures of T. ferrooxidans (LACSD isolate). 

Metal Toxic level of metal in conjunction 
with the metals supplement 

(PHQ =3.4) 

Toxic level of 
individual metal 
(pH0 =3.5) 

Mo 5.OxlO"6 l.OxlO"4 

Cu 5.0X10"6 S.OxlO"*4 

Co 1.1X10"5 5.OxlO-5 

Zn 6.2X10"5 None 

Notes: i) Concentrations reported are in moles/liter, ii) Comparisons are 
based on a toxicity level which produced approximately a 72-hour lag in acid 
generation. 
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(3) What is the nature of the events that are 

responsible for culture acclimation? 

(4) What factors affect the period required for culture 

acclimation? 

Subsequent metals experiments involving pure, batch cultures 

of T. ferrooxidans (LACSD isolate) were conducted to answer 

these questions. Findings are summarized and examined in 

the remainder of this section. 

4.4 Individual Factors Affecting Toxicity 

4.4.1 Identity of Inhibitor 

Typical results of toxicity experiments consist of 

temporary inhibition of acid production followed by culture 

acclimation and subsequent acid generation. Table 4-3 

summarizes the metal and ligand concentrations that produced 

a 3-day bacteriostatic effect (lag period) in acid 

production in pure, batch cultures of T. ferrooxidans. This 

table is a compilation of toxic effects at an initial 

culture pH of 3.5. The toxicity associated with individual 

metals and/or ligands investigated was highly dependent on 

initial culture pH (see section 4.4.2). Hg(II) and Ag(I) 

were the most toxic of the compounds tested; Cd(II) Zn(II) 



Table 4-3. Summary of metal and ligand toxicity (pHQ =3.5) in pure, batch 
cultures of T. ferrooxidans (LASCD isolate). 

Metal or 
Ligand 

Highest concentration 
investigated 
(moles/liter) 

Concentration that delayed the 
onset of acid production for 72 hours 

(moles/liter) 

Hg(ll) l.OxlO"4 2.5xl0~6 * 

Ag(I) l.OxlO-3 l.OxlO"5 * 

Co(II) l.OxlO"3 5.0xl0"5 

Mo(VI) l.OxltT3 l.OxlO"4 

EDTA l.OxlO"3 l.OxlO"4 

cu(ii) l.OxlO"3 5.0X10-4 

Zn(II) l.OxlO-3 None 

Cd(II) l.OxlO"3 None 

NTA l.oxio"3 None 

Notes: i) The initial culture pHs for the EDTA and Zn(II) experiments were 
3.4 pH units. ii) * indicates that concentrations were estimated. 
Estimations are based on linear interpolation of plots of observed lag 
versus metals concentrations (see Figure A-l). H 

OJ 
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and NTA did not inhibit T. ferrooxidans at the concentrations 

examined. 

Correlations were sought between measurements of metals 

toxicity and the degree of "softness" of each metal ion. 

Metal ion "softness" (as described in Chapter 1) is 

basically a function of atomic radius, and number of 

valence, or outer-shell, electrons. In general, as the 

atomic radius and number of outer-shell electrons increase 

the "softness" associated with an element will also 

increase. Table 4-4 compares the "softness" [as defined by 

Edwards, 1954] with the observed toxicities of each of the 

metal cations investigated. Per Table 4-4, metal "softness" 

is closely related to the metal toxicity. The softest metal 

ions are the most toxic; in general, as the Edwards 

"softness" parameter increases so does the metals toxicity. 

Thurman and Gerba (1989) stated that, in living cells, 

metal affinity for biological ligands is in the following 

order: sulfur-rich bases > nitrogen/oxygen bases > oxygen 

bases > coordination to water molecules. Pearson (1968) 

classified sulfhydryl groups (i.e., sulfur-rich bases) as 

soft bases. Consequently, the primary biological sites for 

metal binding appear to be soft Lewis bases. Considering 

the soft-soft binding rules of Pearson (1968) and Morgan 



Table 4-4. Comparison of metal ion "softness" with observed levels 
of toxicity associated with various cationic metals. 

Estimated metal concentration that 
would delay the onset of acid 

Edwards production for 144 hours 
Metal softness parameter (PH0 = 3*5) 

Hg(II) 5.786 6.0X10"6 

Ag(I) 2.812 3.5X10'5 

Co(XI) - 2.5xl0~4 

CU(II) 2.259 7.0Xl0~4 

Cd(II) 2.132 None 

Zn(II) 1.367 None 

Notes: i) Softness increases with the magnitude of the Edwards 
parameter, ii) Estimations are based on linear interpolation of 
plots of the observed lag versus metals concentrations (see Figure 
A-l). 
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(1987) , soft metals should bind with greater affinity to the 

biological ligands. Therefore, it is not surprising to find 

that soft metals are the most disruptive to biological 

activity. 

4.4.2 Initial Culture oH 

4.4.2.1 General 

Experiments designed to explore the effects of initial 

culture pH (at the time of inhibitor addition) on the 

kinetics of acid production by T. ferrooxidans were performed in 

cultures supplemented with Cu(II), Ag(I), Mo(VI), EDTA, and 

the metals-elixir solution. The toxicities of all of these 

inhibitors, or combinations of inhibitors, were affected by 

changes in initial culture pH. The pH ranges investigated 

were between 4.0 and 2.5 pH units. 

4.4.2.2 Cutll) Tonicity 

Cu(II) toxicity is sensitive to initial culture pH 

(Figures 3-17 and 3-18). Copper toxicity, as indicated by 

the time required for culture acclimation, is significantly 

greater at higher pH values between 4.0 to 2.5 pH units. 

These observations can be explained in terms of a surface 
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chemical/activity model in which hypothetical copper-binding 

sites on the bacterial surface are progressively protonated 

with decreasing pH, in the pH range of the experiment. That 

is, aqueous protons compete with free copper ions and/or 

positively charged copper hydroxide ions for surface binding 

sites. Figure 4-1 shows a representation of the possible 

competition for surface binding sites between free copper 

(Cu+2) and aqueous protons. If surface complexation is 

preliminary to observed toxic responses, then competition 

for binding sites arising from lower pH conditions would 

protect cells against Cu(II) toxicity. The effect would be 

most striking when surface-binding equilibria are governed 

by pKa's in the range of 4.0 to 2.5. At pH values below the 

pKa, binding sites would be predominately protonated. 

Copper bound to the cell surface would then be reduced, and, 

subsequently toxic effects would be significantly mitigated. 

Other investigators have noted similar observations. Sigg 

et al. (1987) reported that Cu(II) binding strength, to 

various functional groups on the cell surface of Klebsiella 

pneumonia, increased with increasing pH. 
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Figure 4-1. Schematic of competition between Cu+Z and H+ for 
bacterial surface binding sites. 
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4.4.2.3 MO(VI) Toxicity 

The proposed mechanism for pH regulation of cation/anion 

toxicity was tested using molybdate ion (Mo04~2) . Results 

show that molybdate toxicity increases with decreasing pH0 

in the range investigated [Figures 3-17 (a through c) and 

3-18 (a through c)]. These results support the proposed 

surface-chemical/activity model. Cation toxicity is, in 

general, adversely affected by decreasing pH, but conversely 

anions become more effective inhibitors of bacterial 

activity among thiobacilli as the initial pH is lowered. 

4.4.2.4 ACT (I) Toxicity 

The effects of pH variation were further examined by 

addition of Ag(I) to pure, batch cultures of T. ferrooxidans at 

initial pHs ranging from 3.5 to 2.5 pH units. Results show 

that the toxicity of Ag(I) increases slightly as the initial 

culture pH is lowered from 3.5 to 2.5 [Figure 3-12 (a 

through c)]. Initially, these results seem to contradict 

the surface chemical/activity (cation competition) model 

proposed above. Because free silver ion is positively 

charged, it seems logical to expect that results should 

parallel those obtained in the Cu(II) experiments. However, 

in this test concentrated sulfuric acid (H2S04) was used to 
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adjust the culture pH prior to inhibitor addition. The H2S04 

addition increased the concentration of S04"2 ions in 

solution; thus, increasing the likelihood of AgS04" 

formation. As predicted by SURFEQL, the concentration of 

AgS04" is expected to doubled in concentration as the pH is 

lowered from 3.5 to 2.5 pH units. A summary, of predicted 

equilibrium concentrations of AgSO^'at each pH investigated, 

is provided as Table 4-5. 

In the proposed model, protonation of critical bacterial 

surface sites would accompany decreases in culture pH. This 

would make the cell surface more positive and potentially 

more attractive to anions in solution. Under these 

hypothetical circumstances, the toxicity of AgS04" should 

increase with decreasing pH. Acceptance of the surface 

complexation/toxicity model leads to the conclusion that 

AgSO^" is considerably more toxic to thiobacilli than is free 

silver (Ag+) in the pH range investigated. 

4.4.2.5 Metals Elixir Toxicity 

The metals elixir experiments discussed in section 4.2.3 

show that initial pH is an important determinant of metal 

toxicity in pure, batch cultures of T. ferrooxidans. Metals 

inhibition was significantly less severe at lower initial 



Table 4-5. Specxation of AgS04" in the chloride free basal salts 
medium (Table 2-6) [concentrations were determined using 
SURFEQL]. 

Concentration of 
Ag(I) input in 

SURFEQL 
(Moles/liter) 

Agsc>4 

2.5 

Concentration (moles/liter) 

initial culture pH 
3.0 3.5 

l.OXlO'5 8 . OxlO"7 5. OxlO"7 3.8X10*7 

1.0x10"* 8 .OxlO"6 5.0X10'6 3.8X10"6 

l.OXlO"3 8 . OXlO"5 5.0x10"® 3.8X10*5 

H 
03 
H 
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pH conditions in the range of 4.3 to 3.3 pH units. 

This again seems to support the proposed surface-

chemical/activity model, seeing that the majority of 

constituents within the metals-elixir solution are metal 

cations. 

4.4.2.6 EDTA Toxicity 

The toxicity of EDTA was also investigated as a function 

of initial culture pH. Results are summarized in Figure 

3-20 (a through d) ; it is apparent that EDTA is 

significantly more toxic to T. ferrooxidans at high pH values in 

the range of 3.4 to 2.4 pH units. Figure 4-2 is a partial 

summary of EDTA speciation in the basal salts medium as a 

function of solution pH (total EDTA is 10"3 M) . EDTA becomes 

progressively more protonated with decreases in pH in the 

pH range of the experiment. The pKs for EDTA-proton binding 

are: 2.0, 2.67, 6.27, and 10.95 respectively (Dean, 1979). 

Apparently, toxicity is attributable to unprotonated forms, 

or at least the forms with relatively few associated 

protons. Unprotonated EDTA forms strong complexes with 

essential trace metals including iron; results suggest that 

metals bound to EDTA are not available to participate in 

cellular metabolism. A summary of the predicted Fe(III) 
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Figure 4-2. Partial equilibrium speciation of EDTA in the basal salts 
medium (Table 2-5) . The total concentration of EDTA was 10"3 M. 
Predictions came from application of SURFEQL, a mathematical model for 
calculating chemical equilibrium in complex solutions (Westhall e t  a l . ,  
1976). 
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speciation as a function of pH in the presence of 10"3 M EDTA 

(total Fe(III) = 10"5 M) is provided in Table 4-6. Free 

Fe(III) and Fe(III)-hydroxide species are predicted to 

increase by more than 2 orders of magnitude as the pH is 

decreased from 3.4 to 2.4 pH units in the presence of 

10"3 M EDTA. Thus, equilibrium calculations of chemical 

speciation tend to support the proposed mechanism of EDTA 

toxicity (i.e., the addition of EDTA to the culture medium 

decreases the bioavailability of essential metals). This 

hypothesis could be further tested by incrementally adding 

Fe(III) to cultures that contain toxic levels of EDTA. 

It is also possible that the site of EDTA toxicity is 

in the cell cytoplasm. Although intracellular 

concentrations of metals and EDTA cannot be estimated from 

this work, the relative concentration of unprotonated EDTA 

should be considerably higher within the cell membrane, 

which exists at physiological pH, as opposed to the cell 

surroundings. Under these circumstances, solution pH and 

cell surface chemical factors may, again, affect chemical 

(EDTA) transport to the cell cytoplasm. 
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Table 4-6. Partial speciation of 10'5 M Fe(III) in the 
basal salts medium (Table 2-5) plus 10"3 M EDTA as a 
function of pH (concentrations were determined using 
SURFEQL). 

Fe(III) speciation (moles/liter) 

Medium pH Fe+3 Fe(OH)+2 Fe(OH)2 

3.4 2.2X10"18 5.2xl0'17 9.0X10*17 

3.0 1.8X10"17 1.8X10"16 1.2X10"16 

2.4 7.7xl0"16 1.8X10"15 3 .2X10"16 
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4.4.3 Initial Cell Number 

Experiments designed to investigate the dependence of 

Cu(II) toxicity on initial cell number in cultures of T, 

ferrooxidans are summarized in section 3.4.2. Results indicate 

that toxic effects due to Cu(II) additions can be mitigated 

by increasing the initial cell number. 

Table 4-7 is a summary of Cu(II)-induced lag periods 

(the time required for the onset of discernible acid 

production) in batch cultures of T. ferrooxidans at initial pHs 

of 3.5 and 3.0. Inoculum size was varied to produce initial 

cell concentrations between 4.9xl04 and 4.9xl06 cells/ml at 

each initial pH. At pH 3.5, culture recovery times 

decreased rapidly, from 400 hours to less than 20 hours, 

with increases in the initial cell number in this range. 

When the initial pH was 3.0, culture adaptation times were 

also dependent on initial cell number. However, it is 

apparent from these results that recovery times are also 

acutely dependent on initial culture pH; considerably less 

time was required for culture recovery at the lower pH for 

each of the initial cell numbers investigated. 
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Table 4-7. Dependence of recovery time among cultures of 
T, ferrooxtdans (LACSD isolate), after exposure to 10"3 M 
Cu(II), on initial cell number and initial culture pH. 

Initial cell number 
(cells/ml) 

Recover 

Initial 
3.5 

time (Hours) 

culture pH 
3.0 

4.9x10* 400 180 

4.9x10s 180 <20 

2.5X106 25 0 

4.9X106 <20 0 

Note: Recovery times were estimated as the time between 
Cu(II) addition and recovery of acid production activity 
(determined via comparison with control data). 
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4.4.4 Light 

It was suggested that photolytically catalyzed reactions 

involving transition metals could be partially responsible 

for inhibition of bacterial acid production or for the 

recovery of microorganisms from toxicants (Betterton, 1988) . 

Subsequently, a series of "dark" controls was run to 

investigate light effects in Cu(II) and Ag(I) inhibition 

experiments. Per section 3.4.1, light effects proved to be 

negligible or nonexistent. See, for example, Figures 3-

32 through 3-34. Thus, photochemical reactions are of 

negligible importance to the inhibition of bacterial 

activities by transition metals. 

4.4.5 Synergism and/or Antagonism 

4.4.5.1 Metal-Metal Interactions 

It has been shown that a significant degree of synergism 

exists in the bacteriocidal effects of Cu(II) and Ag(I) to 

Escherichia coli [Gerba, 1988]. Consequently, experiments were 

performed in which Cu(II) and Ag(I) were concurrently added 

to batch cultures of T. ferrooxidans. Results (section 3.4.3.1) 

indicate that inhibition of bacterial acid production by 
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various concentrations of Ag(I) are not affected by the 

simultaneous addition of Cu(II) at concentrations below the 

threshold for copper toxicity. 

This result would be anticipated if the mechanisms of 

Ag(I) and Cu(II) toxicities are similar, i.e., if these 

metals interfere with overall cellular activity by 

interfering with the same type of chemical reaction. Under 

these circumstances, non-toxic levels of Cu(II) would be 

expected to add little to effects attributable to Ag(I) 

addition; since silver would outcompete Cu(II) for the 

responsible sites. Additive effects would be expected at 

best. Furthermore, if the responsible sites are "soft" 

ligands, Ag(I) should be the more potent inhibitor when 

Ag(I) and Cu(II) are provided in equimolar concentrations. 

In fact, little or no synergism is observed between these 

metals [Figures 3-24 and 3-25(a)]. 

When Cu(II) concentrations were increased to toxic 

levels (e.g., 10"3 M) , and Ag(I) was added at a non-toxic (by 

itself) concentration (10"6 M) , the response of T. ferrooxtdans 

was very similar to that which was observed in single-

inhibitor experiments involving Cu(II). Compare, for 

instance, Figures 3-13(b) and 3-26(d). Theory would predict 

this response if Ag(I) and Cu(II) inhibit cellular activity 
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via the same mechanism. That is, inhibitory effects should 

be additive as opposed to synergistic. 

Potentially synergistic relationships among metals were 

further examined by comparing the toxicities of media 

containing combinations of two intermediately soft metal 

ions. Morgan, 1987 defined both Cu(II) and Co(II) to be 

intermediately soft (Lewis) acids. Experiments performed 

on Cu(II) and Co(II) alone, show that Co(II) is generally 

more toxic to cultures of T. ferrooxidans than is Cu(II) . If 

the responsible sites for metals toxicity are "soft" ligands 

then Cu(II) and Co(II) should have an equal affinity for the 

biological sites. Therefore, when Cu(II) is added to 

bacterial cultures containing Co(II), toxicity would be 

expected to decrease; due to the lower toxicity associated 

with Cu(II), if the mechanisms of Co(II) and Cu(II) 

toxicities are similar. 

In every case in which Cu(II) was added simultaneously 

with Co(II) to pure, batch cultures of T. ferrooxidans toxic 

effects were decreased (section 3.4.3.2). This result 

supports the proposed mechanism of "soft" binding sites 

discussed previously. Certainly other mechanisms of 

toxicity are possible. 
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As discussed in section 4.2.3, significant additive 

and/or synergistic effects are apparent among the metals 

which comprise the metals elixir (Table 3-1). 

4.4.5.2 Metal-Liqand Interactions 

Two metal ions [Zn(II) and Cu(II)] were investigated in 

conjunction with EDTA, a strong chelator, in terms of 

inhibition of acid production in pure, batch cultures of T. 

ferrooxidans. EDTA is itself an inhibitor of bacterial 

activity in T. ferrooxidans. See section 4.4.2.6. However, its 

ability to inhibit bacterial activity is acutely dependent 

on culture pH, probably because pH is the primary 

determinant of ligand protonation, and hence its ability to 

form complexes with metals. EDTA1s effectiveness as an 

inhibitor decreases rapidly with decreases in pH when 

initial culture pH is below 3.4. See section 4.4.2 for a 

more complete discussion of pH effects. 

Copper toxicities were altered by concurrent EDTA 

additions [Figure 3-21 (a and b) ]. In these experiments, 

several concentrations of EDTA were added to cultures 

containing 5xlO"A M and 10"3 M total Cu(II) . At an initial 

culture pH of 3.2, successive additions of EDTA had an 

antagonistic effect on Cu(II) toxicity. Exceptions arose 
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when EDTA was added at a higher molar concentration than 

Cu(II) , such as in the culture that contained 5xl0"4 M 

Cu(II) and 10"3 M EDTA. Toxicity in this culture was 

apparently due to excess EDTA. See Table 4-8 for a summary 

of EDTA-Cu(II) toxicity results. 

These observations can be explained by comparing Cu(II) 

and EDTA speciations summarized in Tables 4-9 and 4-10. 

Table 4-9 contains the speciation of 10"3 M Cu(II) in the 

presence of various concentrations of EDTA. It is apparent 

that the concentrations of free copper ion decrease with 

successive EDTA additions. Culture toxicity also follows 

this pattern. Therefore, it seems reasonable to conclude 

that free copper ion or possibly CuOH+ is responsible for 

observed Cu(II) toxicity. 

Copper speciation in media containing of 5xl0"4 M Cu(II) 

and similar EDTA concentrations are summarized in Table 

4-10. A similar trend in free copper ion concentration is 

evident. Thus, it again seems likely that Cu+2 or CuOH+ is 

responsible for the observed bacteriostatic effects. In the 

culture containing 5x10"4 M Cu(II) and 10'3 M EDTA an 

opposite effect was observed. This culture contained excess 

EDTA (beyond the level required for Cu(II) complexation). 

Consequently, EDTA is apparently responsible for the sudden 



Table 4-8. Summary of toxic effects observed in cultures of 
T. ferrooxidans (LACSD isolate) containing Cu(II) and EDTA. 

cu(ii) 
(moles/liter) 

EDTA 
(moles/liter) 

Percent inhibition relative 
to control culture 

l.oxio"3 0 87 

l.oxio"3 1.0X10-4 58 

l.oxio"3 5.0X10"4 41 

l.oxio"3 l.oxio-3 11 

5.0xl0~4 0 24 

5.0X10"4 l.oxio"4 18 

5.0X10"4 5.OxlO"4 5 

5.0xl0~4 l.OxlO-3 36 

Note: percent inhibition was 
values for the Cu(II) plus 
culture (no Cu(II)/EDTA) on 
3-21). 

determined by a comparison of pH 
EDTA cultures with the control 
day 5 of the experiment (Figure 

H 
VO 
U 



Table 4-9. Speciation of 10*3 J1 Cu(II) in the basal salts medium (Table 
2-5) with various molar concentrations of EDTA (concentrations were 
determined using SURFEQL) 

SURFEQL input 
concentration 
(moles/liter) 
Cu(II) EDTA Cu+Z 

Cu(II) and EDTA speciation 
(moles/liter) 

EDTA-Cu EDTA-Cu-H EDTA-H2 

l.OxlO*3 0 8 .8xl0"4 - - -

1.0X10*3 l.OxlO"4 7 .9xl0'4 5.7X10"5 4.3X10'5 

l.OxlO"3 S.OxlO'4 4 .4X10"4 2.9X10"4 2.2X10'4 

l.OxlO"3 l.OxlO"3 1 .OxlO"6 5.7xl0"4 4.2xl0"4 

H 
10 



Table 4-10. Speciation of 5x10** H Cu(II) in the basal salts medium (Table 2-5) 
with various molar concentrations of EDTA (concentrations were determined using 
SURFEQL). 

SURFEQL input 
Concentration 
(moles/liter) 
CU(II) EDTA Cu*2 

Cu(II) 

EDTA-Cu 

and EDTA speciation 
(moles/liter) 

EDTA-Cu-H EDTA-H2 EDTA-H3 

5.0X10*' 0 4.4x10** - - - -

5.0x10"* 1.0x10"* 3.5x10"* 5.7X10*5 4.3X10*5 - -

5.0x10** 5.0x10"* 5.0X10*7 2.8X10** 2.2X10"* 5.0X10"7 -

5.0X10*4 1.0x10"* 1. 3x10"' 2.9X10** 2.2x10"* 3,3x10** 1.6X10"* 

H 
VO 
Ol 
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increase in toxicity via mechanisms already discussed in 

section 4.4.2.6. 

EDTA and Cu(XI) toxicities were further examined by 

adding iron [Fe(III)], simultaneously with these chemicals, 

to pure, bcrtrch cultures of T. ferrooxidans. Cu(II) was added at 

concentrations of 5xl0"4 M and 10"3 M. Both EDTA and 

Fe(III), when present, were added at 10"4 M and 10"3 M, 

respectively. In these experiments, combinations of 10"3 M 

Cu(II) and 10"* M EDTA completely inhibited acid production; 

5xl0"4 M Cu(II) and 10"4 M EDTA resulted in moderate 

inhibition. Upon addition of Fe(III) to similar cultures, 

toxic effects were mitigated [Figure 3-22 (a and b)]. This 

suggests that the mechanism of Cu(II) inhibition in cultures 

of T. ferrooxidans involves interference with aspects of Fe(III) 

metabolism or at least iron-dependent metabolism. 

The addition of 10"4 M EDTA to cultures of T. ferrooxidans 

containing several concentrations of Zn(II) [pH0 = 3.4], 

resulted in greater toxicity than that of Zn(II) alone 

(Figures 3-23 and 3-10 (a) , respectively) . In these 

cultures toxicity was roughly independent of Zn(II) 

concentration. That is, all of the cultures experienced 

approximately the same lag period prior to the onset of acid 

production, regardless of the Zn(II) concentration present. 



197 

See Table 4-11 for a summary of EDTA-Zn(II) toxicity 

results. 

It is evident that Zn(II) addition does not mitigate 

EDTA toxicity in the manner of Cu(II) . The result was 

somewhat unexpected due to the affinity of Zn+2 for EDTA (log 

Keq = 18*3/ Westhall et al. , 1976). Again, results are best 

interpreted in terms of Fe(III) speciation (Table 4-12). 

Apparently free ferric ion and Fe (III)-hydroxide species are 

two to four orders of magnitude lower in solutions which 

contain EDTA plus Zn(II) than in solutions which contain 

comparable concentrations of EDTA plus Cu(II). This 

suggests that Cu(II) can partially protect against EDTA 

toxicity by "rescuing" a small fraction of the Fe(III) which 

would have been complexed with EDTA in its absence. The 

Zn+2/EDTA binding constant is not high enough to provide such 

a rescue function. 

4.5 Mechanisms of Culture Adaptation to Toxic Metals 

4.5.1 General 

In many of the experiments involving inhibition of acid 

production by the T. ferrooxidans (LACSD isolate), the 

microorganisms recovered from inhibitor concentrations which 



Table 4-11. Summary of toxic effects observed in cultures of 
T. ferrooxidans (LACSD isolate) containing Zn(II) and EDTA. 

Zn(IX) 
(moles/liter) 

EDTA 
(moles/liter) 

Percent inhibition relative 
to control culture 

l.OxlO-3 0 0 

l.OxlO"4 0 0 

l.OxlO"5 0 0-

-6 1.0X10 ° 0 0 

0 l.OxlO-4 92 

l.OxlO-3 l.oxio"4 81 

1.0X10"4 1.0X10"4 85 

l.OxlO-5 5.0xl0~4 81 

l.OxlO"6 l.OxlO"3 100 

Note: percent inhibition was determined by a comparison of pH 
values for the Zn(II) plus EDTA cultures with the control 
culture (no Zn(II)/EDTA) on day 5 of the experiment (Figure 
3-23). 



Table 4-12. Partial speciation of 1x10 H Fe(III) in the basal salts medium 
(Table 2-5) as a function of Cu(II), Zn(II), and EDTA (concentrations were 
determined using SURFEQL). 

SURFEQL input concentration (moles/liter) Fe(III) species (moles/liter) 

Fe(III) CU(II) zn(ii) EDTA Fe+3 Fe (OH)42 Fe(OH)2 

l.OxlO"5 0 0 l.OxlO*3 1 .3xl0'18 4.0X10'17 8.8X10*17 

l.OxlO*5 0 1.0X10" 3 1.0X10'3 2 .6X10"16 7.8xl0"15 1.7X10'14 

l.OxlO'5 l.OXlO*3 0 1.0X10"3 3 .4xl0"u l.OxlO"12 2.2X10'12 

H 
10 
10 
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initially blocked the production of acid. Other 

investigators (e.g., Jack 1980) have shown that the 

acidophilic thiobacilli are remarkably tolerant to aqueous 

metals within the context of metals leaching operations or 

mining applications that permit development of acid 

drainage. The mechanism of their adaptation is not 

completely understood; it has been suggested that adaptation 

to metals is a function of the frequent rearrangement of 

genetic material that has been observed among thiobacilli 

species. 

Mechanisms which could account for adaptations to toxic 

concentrations of metals include: (i) a genetic response, 

or mutational adaptation, (ii) growth of a subpopulation 

which is exceptionally tolerant to the offending chemical, 

and (iii) bacterially mediated modification of aqueous 

metals speciation, which results in a time-dependent 

mitigation of culture toxicity. 

In theory, the first two mechanisms could be 

distinguished from the third by the stability of the 

adaptive response. If the adaptive response is a function 

of genetic change or the growth of a particularly hardy 

subpopulation, then an adapted culture should remain 

permanently metals tolerant. That is, a culture of 
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thiobacilli which has produced acid in the presence of a 

temporarily inhibitory metal concentration should remain 

capable of immediate growth and acid production when used 

in subsequent, identical experiments. However, should the 

bacterial response involve a biologically catalyzed 

modification of the aqueous metal speciation, the fully 

"acclimated" culture would be no more capable of growth in 

the fresh media (in the presence of toxic metals) than an 

"unacclimated" culture which had never been exposed to the 

toxic metal of interest. 

4.5.2 adaptation Via Genetic Response or Growth of a 
Metals-Tolerant Subpopulation 

Section 3.4.3 contains results of culture acclimation 

experiments, in which previously "acclimated" cultures 

experienced a temporary bacteriostatic inhibition similar 

to that of an "unacclimated" culture. These results suggest 

lat the mechanism of response to toxic levels of metals 

involves microbially dependent chemical modification of the 

aqueous metals. Adaptation via genetic mutations or growth 

of a tolerant subpopulation is unlikely. 
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4.5.3 Adaptation via Biologically Dependent Chemical 
Modification of Aqueous Metals 

4.5.3.1 General 

To determine if culture adaptation to initially toxic 

levels of Cu(II) depended on changes in aqueous metals 

speciation, Cu(II) speciation was studied during culture 

adaptation via polarographic techniques. The current 

between two electrodes immersed in aqueous solutions to 

which metals have been added is, in some cases, a function 

of speciation. Sigg et al. (1987) noted that voltammetric 

techniques were capable of distinguishing among metals which 

are: (1) free or bound within labile complexes (2) bound in 

nonlabile complexes (those whose dissociation under the 

influence of an external potential is slower than the 

diffusion of relevant ions in solution), and (3) present 

within precipitated solids. 

4.5.3.2 Preliminary Polarographic Experiments 

The results of polarographic experiments conducted on 

solutions of basal salts media plus Cu(II), with and without 

chelators (EDTA and citrate) are shown in Figures 3-41 

through 3-44. Polarographic traces corresponding to 

solutions that contained Cu(II) in excess of 10'4 M included 
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poorly defined peaks besides those associated with free 

copper ion (Cu+2) reduction. Changes in Cu(II) speciation 

which produced these peaks have not been investigated. The 

addition of EDTA or citrate to the same solutions eliminated 

the high-concentration peaks [Figure 3-42 (a and b) ]. Both 

chelators apparently form complexes with Cu(II) which are 

of sufficient strength to dominate copper speciation in 

these solutions. Stability constants governing the 

formation of Cu (II)-chelator complexes are provided in Table 

4-13. 

Copper ions are strongly bound within the hexadentate 

EDTA molecule. As a consequence, the dissociation of 

Cu(II) -EDTA complexes is relatively slow and the Cu(II)-EDTA 

complex is considered to be nonlabile. The addition of a 

sufficient amount of EDTA to solutions containing Cu(II) 

should result in a shift in copper from labile to nonlabile 

chemical pools, as determined via polarographic techniques. 

The anticipated effect of EDTA addition is observed in 

polarographic traces summarized in Figure 3-43. 

Other chemical agents that bind Cu(II), some as tightly 

as EDTA, form labile complexes with the metal that are 

difficult to distinguish from free cupric ion via 

polarography. As illustrated in Figure 3-44, the citrate-
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Cu(II) complex generates a polarographic trace with a peak 

position that is indistinguishable from that of soluble 

inorganic forms of Cu(II). 

As indicated in Table 4-13, the relative affinities of 

EDTA and citrate for free cupric ion are approximately 

equal. It follows that complex "lability" is poorly 

correlated with thermodynamic properties of the complexes. 

From the foregoing discussion of preliminary 

experimental results, it is evident that: (1) polarographic 

techniques can qualitatively distinguish between labile and 

nonlabile complexes of Cu(II), and (2) complexation of 

Cu(II) with organic ligands can eliminate the poorly defined 

peak(s) present in scans representing high Cu(II) 

concentrations in the Thiobacillus growth medium. Thus, 

polarography may provide indirect evidence for important, 

biologically motivated changes in Cu(II) speciation in 

cultures of T. ferrooxidans. 

4.5.3.3 polarographic Experiments in Cultures of 
T. ferrooxidans Containing Cut 111 

Polarographic responses to samples of copper-containing 

cultures before and after the initiation of acid production 

by pure cultures of T. ferrooxidans are shown in Figure 3-46 (a 

and b). Samples withdrawn prior to acid production elicit 
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Table 4-13. Formation of copper-EDTA and copper-
citrate complexes and their stability constants 
(Westhall et al., 1976). 

K 
Cu+2 + EDTA*4 = CUEDTA*2 log K = 20.6 eq 

K 
Cu+Z + Cit"3 = CuCit* log = 19.9 

Cit = Citric acid 

EDTA = Ethylenediaminetetraacetic acid 
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the high-concentration peak(s) described earlier; samples 

withdrawn after the initiation of acid production do not. 

The most straightforward explanation for these observations 

is that T. ferrooxidans is capable of altering the chemical 

nature of its surroundings by adding copper-complexing 

agents to solution. These agents form labile complexes with 

Cu(II), as indicated by similarities in the positions of the 

primary copper peaks in all traces corresponding to a total 

cu(II) of 10"4 M. Nevertheless, these labile complexes are 

of sufficient strength to prevent the formation of Cu(II) 

species responsible for the ill-defined, high-concentration 

polarography peaks. 

To determine if the proposed coroplexing agents were 

produced in response to Cu(II) addition, polarographic 

experiments were conducted on a non-copper-containing 

culture of T. ferrooxidans to which Cu(II) was added following 

the onset of acid production. The results of this 

experiment, summarized in Figure 3-47, indicate that the 

copper-complexing agents were produced in the absence as 

well as the presence of Cu(II). 



4.6 Atonic Adsorption Experiments 
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Atomic adsorption experiments conducted indicated that 

Cu(II) does not, at least to an appreciable extent, 

precipitate or adsorb to the glassware or microorganisms 

during a Cu(II)-toxicity/acclimation experiment. That is, 

the total aqueous Cu(II) concentration remains relatively 

constant throughout the experiment. 

4.7 Implications for Los Angeles County 

Low levels of the metals supplement proved to be 

completely toxic to pure, batch cultures of T. ferrooxidans 

(LACSD isolate). This suggests that implementation of the 

national industrial waste pretreatment regulations could 

have increased the acid producing abilities of the sulfur-

oxidizing thiobacilli. 

In the pH environment of a corroding sewer, anions may 

be considerably more effective than cations as inhibitors. 

Conversely, cations would be the preferred inhibitor under 

neutral or moderately acidic conditions, such as those which 

prevail in most lightly corroded sewers. It is possible 

that cations will prove to be effective inhibitors of the 
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mid-pH range thiobacilli, which are thought to be 

responsible for establishment of corrosive (low pH) 

conditions in an initially uncorroded sewer crown. 

In general, the metals investigated showed variable 

inhibition of bacterial acid production. In several cases 

inhibitory events were followed by culture acclimation. 

Because the exact events leading to culture adaptation are 

not vet known it would be unwise, at this time, to apply 

metals as a control for crown corrosion. 

The concentrations (individually) that showed inhibition 

were in general at millimolar levels or below. The most 

promising inhibitors (i.e., those that showed inhibition 

below millimolar levels) were Hg(II) and Ag(I). It is 

recommended that further studies be conducted using these 

metals to determine their precise mode of toxicity. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Transition Metals 

Of the metals tested, mercury and silver were effective 

inhibitors of acid production at concentrations in the order 

of 10-6 H and higher. Copper, cobalt and molybdate 

inhibited acid production at concentrations between 10"4 M 

and 10"3 M. Zinc and cadmium were non-inhibitory at 

millimolar levels. 

In general, two properties associated of transition 

metals affected their ability to inhibit acid production 

among thiobacilli. The first involved solution pH relative 

to the charge of the toxic metal species. Throughout this 

work positively charged metal ions (i.e., Cu+2) were more 

effective inhibitors at high initial pHs (> 3.5 pH units). 

Conversely, negatively charged metal ions (i.e., Mo04"2) were 

more efficient inhibitors of acid production at lower 

initial pHs (below 3.0 pH units). Competition between 

metals and HVOH" ions for bacterial surface binding sites 

may be responsible for pH observations. 
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The second property was associated with the "softness" 

of the metal ion. "Soft" metal ions [i.e., Hg+2] were 

excellent inhibitors; "harder" metal ions [i.e., Zn+2] were 

far less effective. Biological ligands that serve as metal 

binding sites, leading to disruption of cellular activity, 

may be "soft" bases (i.e., thiols). Therefore, "soft" 

metals have a higher affinity for such sites and are 

potentially more disruptive. 

5.2 Metal Chelators 

EDTA, at millimolar levels, was found to effectively 

inhibit acid production when the initial culture pH was 3.4 

pH units and above. NTA was non-inhibitory at millimolar 

concentrations. Inhibition by EDTA was probably due to 

complexation with essential trace metals (e.g., iron) making 

them unavailable for participation in cellular metabolism. 

EDTA was an unproductive inhibitor of acid production at pHs 

below 3.4, because its metal-binding capacity was reduced 

due to an increase in protonation of the EDTA molecule. 
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5.3 Synergism and/or Antagonism Between Inhibitors 

Experiments involving simultaneous addition of 

Cu(II)/EDTA, Cu(II)/Fe(III) and Cu(II)/Co(II) showed 

antagonism towards the chemical toxicity attributable to 

individual compounds. Simultaneous addition of Cu(II) and 

EDTA results in the formation of Cu(II)-EDTA complexes that 

are less toxic to thiobacilli than either uncomplexed Cu(II) 

or EDTA. 

It is probable that Cu(II) interferes with iron-

dependent metabolism. Thus addition of iron would be 

expected to decrease the toxic effects of Cu(II). The 

mechanisms of Cu(II) and Co(II) antagonism are not 

understood. 

Synergism was apparent in experiments involving addition 

of the metals supplement to pure, batch cultures of T, 

ferrooxidans (LACSD isolate) . The metals responsible for the 

observed toxic responses are not known; inhibition of acid 

production by this combination of metals was far more severe 

than would be expected from any single metal at the 

concentrations employed. 



5.4 Other Factors which Affect Toxicity 
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Culture pH plays a strong role in chemical toxicity. 

Toxic effects due to Cu(II), Mo(VI), Ag(I) , EDTA and the 

metals supplement all varied with initial pH. The toxicity 

of copper and the metals supplement increased with increases 

in the initial pH between 2.5 and 4.0 pH units; the toxicity 

of silver and molybdate decreased under similar conditions. 

As noted in section 5.1, these responses are probably 

related to the charge of the toxic species. EDTA toxicity 

also increased with increasing initial pH conditions in this 

range. Highly protonated forms of EDTA are apparently 

considerably less toxic than their (relatively) deprotonated 

counterparts. Results suggest that EDTA interferes with 

bacterial metabolism by sequestering metals which are 

essential for growth or activity. 

The initial cell number (i.e., number of microorganisms 

present at the initiation of an experiment) is a major 

determinant of the lag period that proceeds the onset of 

rapid acid production. At an initial cell density of 

4.9xl04 cells/ml, bacterial recovery from 10~3 M Cu(II) 

toxicity occurred over a period 20 times longer than that 

required at an initial cell density of 4.9xl06 cells/ml. 
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5.5 Bacteriallv Dependent Changes in Inhibitor Speciation 

Polarographic experiments suggested that pure, batch 

cultures of T. fenooxidans produce metal complexing agents that 

alter the speciation of Cu(II) to less toxic forms. In the 

case of Cu(ll), these changes in speciation were probably 

responsible for culture acclimation to metals concentrations 

that temporarily inhibited acid production. 

5.6 Adaptation to Toxic Inhibitors 

The response of acidophilic thiobacilli to a variety of 

chemical inhibitors involved temporary inhibition of acid 

production followed by adaptation and full culture recovery. 

The mechanisms of adaptation involves the biologically 

dependent modification of the aqueous inhibitor speciation. 

Gene mutation and/or selection of a particularly resistant 

subpopulation does not seem to play a role in these events. 

5.7 Metals Reductions in LACSD Sewage 

Micromolar levels of the metals supplement proved toxic 

in pure, batch cultures of T. fenooxidans (LACSD isolate) . 
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These levels are considerably lower than those generally 

measured in the JWPCP influent. Thus, improvements in 

sewage quality that accompanied implementation of the 

national industrial waste pretreatment regulations may have 

produced conditions which are amenable to the establishment 

of acidophilic thiobacilli in Los Angeles County sewers. 

After the establishment of very low pH conditions (<2.0 

pH units) in sewer crowns, it is unlikely that treatment 

with cationic inhibitors will control acid production by 

thiobacilli. Treatment with anions (e.g., molybdate or 

vanadate ions) appears to offer greater promise as a control 

measure. 
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APPENDIX A: ADDITIONAL GRAPHS 
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Figure B-1. LACSD trunk sewer system 
showing the location of manholes C8, 
C23 and E30 (Price, 1989). 
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