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(ABSTRACT) 

Tertiary butyl alcohol (TBA), methyl tertiary butyl ether 

(MTBE) and ethyl tertiary butyl ether (ETBE) are compounds 

with the potential for use as oxygenates in reformulated 

gasolines. Being relatively soluble in water, these 

organics, if accidentally discharged into the subsurface, 

may rapidly spread and pose threats to groundwater. The 

purpose of this work was to evaluate the biodegradation 

potential of these oxygenates in soils and to determine the 

influence of subsurface environments on their degradation. 

Biodegradation was evaluated in static soil/water 

microcosms. Aquifer material was collected from various 

depths at three sites with different soil characteristics. 

Potential electron acceptors including Oj in the form of 

H205, nitrate or sulfate were added to induce the desired 

metabolism (aerobic respiration, denitrification, sulfate 

reduction, or methanogenesis). In each metabolic process, 

the influence of several subsurface environmental factors on 

biodegradation was investigated. 

The data show that biodegradation potential of MTBE, ETBE



and TBA varied substantially with site and depth. TBA was 

the easiest compound to biodegrade, whereas MTBE was the 

most recalcitrant. Cleavage of the ether bond is the first 

and rate-limiting step in the degradation of ETBE and 

possibly MTBE. 

Addition of Hj20, caused chemical oxidation of MTBE and 

ETBE. The chemical oxidation was faster in the organically 

rich soils, but slower in the organic-poor soils. Soil 

microorganisms were able to catalyze the cleavage of the 

ether bond in ETBE but not MTBE. This biological reaction 

was not significant when chemical oxidation occurred. TBA, 

on the other hand, was aerobically biodegraded in all soils. 

Under denitrifying and anaerobic conditions TBA 

degradation occurred in all soils but the degradation of 

ETBE and MTBE was only observed at one of three sites. TBA 

degradation was enhanced by nutrient addition in the 

nutrient-poor soil but hindered by the presence of other 

easily-degraded organic compounds. Degradation of MTBE and 

ETBE occurred only in soils containing low organic matter 

with a pH around 5.5. No degradation of MTBE and ETBE was 

observed in the organic-rich soils and in the organically 

poor soils, the addition of ethanol inhibited MTBE and ETBE 

degradation.
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Chapter 1 Introduction 

The Clean Air Act Amendments, which will become effective 

in 1992, require oxygenates to be added in reformulated 

gasolines to reduce carbon monoxide emissions. Methyl 

tertiary butyl ether (MTBE), ethyl tertiary butyl ether 

(ETBE) and tertiary butyl alcohol (TBA), three gasoline 

octane boosting chemicals, are likely candidates for use as 

gasoline oxygenates. Being highly soluble in water and 

relatively abundant in gasoline, these organics may spread 

through subsurface systems and pose an immediate threat to 

groundwater quality when an aquifer is contaminated by 

fuels. 

Research has revealed that subsurface microorganisms are 

capable of degrading many organic compounds, including many 

gasoline components (Lee et al., 1988). While studies on 

some of the gasoline components are extensive, little is 

known about gasoline oxygenates. 

Studies have shown that the degradability and degradation 

rates of organics in the subsurface varied with the 

characteristics of organic compounds, the existing microbial 

community, and subsurface environments (Alexander, 1978; Lee 

et al., 1988; Hickman et al., 1989). In addition, 

modification of the existing subsurface environments is 

often needed to increase the bioactivity and enhance the 

biodegradation. However, the appropriate strategies to 

induce microbial changes are unclear and often required



time-consuming laboratory studies. Thus the information 

concerning the degradability of the oxygenates and the 

subsurface factors that influence the degradation is 

essential in planning remediation efforts or protection 

strategies for groundwater systems. 

The purpose of this work was to study the 

biodegradability of gasoline oxygenates, MTBE, ETBE and TBA, 

in subsurface microcosms and to determine the subsurface 

environmental factors that influence the biodegradation. 

The specific objectives were to: 

(1) evaluate the biodegradation potential of MTBE, ETBE and 

TBA in previously uncontaminated subsurface systems; 

(2) study the effect of site variation on degradation; and 

(3) analyzed the influence of environmental factors on the 

biodegradation. 

Data analysis and discussion were presented in different 

chapters. Chapter 4 presented soil characteristics at three 

sites. The degradation without amendments was discussed in 

chapter 5. Chapters 6 through 8 studied the degradation 

under aerobic, denitrifying and anaerobic conditions, 

respectively.



Chapter 2 Literature Review 

2.1 Introduction 

Groundwater supplies drinking water for more than a half 

of the population in the United States. About 90-95 % of 

rural areas depend on groundwater as a sole drinking water 

resource. Because of inadequate management, groundwater has 

been threatening by contamination. Moreover, many incidents 

of groundwater contaminations occurred in heavily populated 

areas which rely on groundwater (EPA, 1987). 

Leaking underground petroleum storage tanks are one of 

the major sources of soil and groundwater contamination. It 

x is estimated that, in the U.S. alone, 10-30 % of the 3.5 

million petroleum underground storage tanks may be leaking 

(Dowd, 1984). While most of the insoluble components of 

gasoline may be adsorbed and retained in soils, the more 

soluble components would spread through groundwater and 

could pose threats to drinking water resources. 

In addition to the natural components of gasoline, the 

gasoline additives also raise concerns. Oxygenates are one 

of the major additives in unleaded gasolines. Beginning in 

late 1992, the Clean Air Act Amendments require oxygenates 

to be blended into reformulated gasolines to reduce carbon 

monoxide and ozone-forming hydrocarbon emissions. Table 2.1 

lists the major chemicals used as oxygenates. They could be 

added into gasoline singularly or in mixtures. Among these 

compounds, MTBE is the most popular. The demand for MTBE is



Table 2.1 Characteristics of unleaded gasoline (Black, 

  

    

  

1991) 

Premium Regular 

% Average (Range) Average (Range) 

Components 

Saturates 57.0 (37.1-88.0) 58.2 (35.0-72.9) 

Aromatics 35.3 (14.7-53.6) 29.5 (15.8-41.5) 

Olefins 6.8 (0.6-19.4) 12.4 (0.8-37.0) 

Oxygenates 

Methanol <5.0 - 

Ethanol 10.0 - 
TBA <5.0 - 
MTBE 2.0 (0.1-10.8) 0.5 (0.1-5.7) 
ETBE 13.0 - 

 



expected to increase 25 % each year (Alnsworth, 1991). ETBE 

is proposed to be an alternative to MTBE because it has 

lower volatility and is cheaper to produce (Anderson, 1988). 

Concentrations of oxygenates in gasoline can range from 5 

to 10 %, depending on blends and grades of gasoline (Table 

2.1). Figure 2.1 and Table 2.2 show the structures and 

chemical properties of TBA, MTBE and ETBE. Being highly 

soluble in water and relatively abundant in gasoline, the 

oxygenates are likely to be found at high concentrations in 

groundwater when an aquifer is contaminated by oxygenated 

fuels. In an accidental leak in 1988, 8400 gallons of 

high-octane gasoline were released into an aquifer (Dey et 

al., 1991). Shortly after the leak, MTBE was detected in 

the groundwater at concentrations as high as 80 mg/l, while 

the combined concentrations of BTEX were only around 20 

mg/l. MTBE was reported to still exist at detectable levels 

in a groundwater two years after a gasoline spill (Garrett, 

1987; Garrett et al., 1987). 

At present, there is little information on the health 

impact of oxygenates, especially MTBE and ETBE. The 

calculated Rfd (Reference Dose) of MTBE is 0.003 mg/kg/day, 

based on an inhalation study with mice and anaesthesia as an 

end point (Dietrict, 1988). The lethal concentration of MTBE 

for 50% of tested mice (LCs5g) is 150 ppm in the air 

(Budavari, 1988). TBA is considered to be relatively 

non-toxic, with an oral LCso9 of 3.5 g/kg tested mice



CHs 
Tertiary Butyl Alchol | 
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pA + O_O Methyl—t—Butyl Eth HBC v O—CH, Metny NIBEY er 

CHs 

CHs 
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CH, 

Figure 2.1 Chemical structures of TBA, MTBE and ETBE.



Table 2.2 Solubility of gasoline components and oxygenates 

  

Aqueous solubility 
(25 “C, mg/1) 

  

Components 

Alkane 150 

Aromatics 
Benzene 1780 

Toluene 535 

Xylene 200 
Ethylbenzene 250 

Oxygenates 
Methanol 100 % 
Ethanol 100 % 
TBA 100 % 
MTBE 43000 
ETBE 35000 

 



(Budavari, 1989). Toxicity data for ETBE is not available. 

It was suggested that the health effects of continuous 

exposure to small concentrations of MTBE and ETBE will be 

similar to those of other ethers. The symptoms of exposure 

to ethers include loss of appetite, excessive thirst and 

fatigue (Sax et al., 1984). 

2.2 Measurement of biodegradation potential 

For some years, indigenous soil microorganisms have been 

known to be metabolically active in degrading xenobiotic 

compounds, including many compounds in gasoline. Laboratory 

and field studies have shown that in situ bioremediation has 

great potential for restoring aquifers contaminated by fuels 

(Atlas, 1984; Lee et al., 1988). However, little effort has 

been focused on gasoline oxygenates. 

In the past decade, studies were performed to gather 

information on the biological fate, degradation rates, and 

degradation kinetics of organics in subsurface systems. 

Such information is important in the risk assessment, 

evaluation of persistence and strategies for remediation 

(Alexander, 1988; Atlas, 1984). Furthermore, changes in 

subsurface environments are usually necessary in 

bioremediation efforts to stimulate microbial activity. 

Prior to in situ treatment, knowledge of the conditions and 

factors that affect the bioactivity are essential to 

optimize bioremediation efforts. Many methods are used to



evaluate biodegradation. They include (1) field studies, (2) 

laboratory studies using columns or microcosms containing 

aquifer material and simulating field environments, and (3) 

microbial studies using pure or mixed cultures (Schraa et 

al., 1985; Atlas, 1984). These methods are considered to be 

practical to evaluate biodegradation potential, to study the 

effects of environmental variables on degradation, and to 

compare the biodegradation of various compounds (Cooney, 

1984). However, each method has its limitations and the 

results of biodegradation studies should be interpreted with 

caution. 

Cooney (1984) stated that field measurements could 

provide direct information on in situ biodegradation. 

However, field measurements are often difficult and subject 

to many interferences. Laboratory studies, on the other 

hand, can control interferences but can not completely 

simulate subsurface environments. Therefore, the results of 

laboratory studies provides limited information. Moreover, 

because of the heterogeneity of subsurface and groundwater 

systems, results of biodegradation studies are often 

site-specific and are limited for general application 

(Cooney, 1984). 

2.3. Subsurface microbiology 

Methods for microbial characterization 

The distribution and density of microorganisms in the



subsurface have been found to vary with site and the method 

used to enumerate the microbial populations. Methods to 

estimate the types and population of subsurface 

microorganisms include Acridine Orange (AO) direct counts, 

plate counts, most probable number (MPN) analysis, 

biochemical (e.g. ATP) measurements, and electron 

microscopy. The microbial activity to degrade specific 

compounds can also be measured using selected media. 

Each method has advantages and limitations. Direct 

microscopic counting (direct counts) is a common method for 

enumeration. One of its advantages is that this method avoid 

the selectivity of growth media and incubation conditions 

(Wollum, 1982). However, direct counts cannot easily 

distinguish viable and nonviable cells. Plate counts only 

enumerate those bacteria capable of growing on selected agar 

media and under specific incubation conditions. Therefore 

soil microbes not able to grow on agar media and under the 

designed incubation conditions are ignored. Studies have 

reported lower recoveries from viable counts than from AO 

direct counts (Balkwill & Ghiorse, 1985; Ghiorse and 

Balkwill, 1981; 1983; 1985). 

The MPN method can provide simpler incubation 

environments for the enumeration of anaerobic 

microorganisms. Unlike plate count methods in which 

anaerobic microorganisms have to be incubated in a strictly 

anaerobic glove box, oxygen is excluded from well-sealed MPN 

10



tubes; therefore offering an easier way for enumeration 

experiments. However, the MPN method cannot avoid the 

selectivity of media and incubation conditions. 

Microbial population and distribution 

Soils are abundant in microorganisms because the soil 

surface attracts microbial substrates and nutrients and 

provides places for microbial attachment and growth (Bossert 

& Bartha, 1984). Viable counts in organically rich soils 

can reach 108 cells per gram of dry soil. Bacteria and fungi 

are the dominant groups. 

Microbial populations and their distribution in the 

subsurface vary from site to site. In uncontaminated shallow 

aquifers in Oklahoma and Louisiana, the numbers of cells 

determined by AO direct count ranged from 0.1 to 1 x 107 

cells/g dry soil. In addition, the microbial distributions 

were consistent with depth (Balkwill and Ghiorse, 1985, 

Ghiorse and Balkwill, 1985). Novak et al. (1986) obtained 

Similar results for soils from Pennsylvania, New York, and 

Virginia. On the other hand, a study of a landfill site 

indicated that the distribution of bacteria was concentrated 

in patches, probably a result of microzones of substrate 

distributions (Beloin et al., 1986). Bacterial counts were 

found to vary with geological layers, according to the study 

by Beloin et al. (1986). The microbial counts were higher 

on the top of the unsaturated zone of an artesian aquifer 

than those in the bedrock and confining layers. 

11



The results of microbial enumerations must be applied 

with caution. The populations of specific microbial groups 

active in degradation are an important parameter in the 

estimation of biodegradation (Gunkel, 1968; Jones, 1969). 

However, most of the methods use specific substrates and the 

results therefore represent only fractions of the natural 

microflora in soils. In addition, the enumeration results 

represent the population of particular groups at a specific 

time in soil systems. But the microbial community is ina 

continual state of change, reflecting the physical, chemical 

and biological fluctuations in soils (Wollum, 1982). Changes 

in soil environments therefore can result in significant 

increases or decreases in microbial populations. For 

example, studies by Hickman (1988) and Gullic (1990) found 

that microbial populations were two orders of magnitude 

higher after incubation soil samples from the unsaturated 

zone in water for one week. The increased microbial 

populations probably were a result of new equilibrium 

between the soil environment and microbial populations 

during incubation. 

Another limitation of enumeration results from the 

inability to estimate interactions among soil microbial 

groups. Microbial interactions such as protocooperation, 

commensalism, competition, amenalsalism, and predation are 

common in soil ecosystems (Alexander, 1978). In soil 

systems, syntrophic interactions are often necessary for the 

12



complete mineralization of organic compounds under anaerobic 

conditions. In these cases, organisms existing at relatively 

low populations may have significant influences in 

biodegradation processes (Wollum, 1982). 

Several studies were attempted to develop rate-density 

relations in soil systems (Novak et al.; 1986; Hickman and 

Novak, 1989; Webster et al., 1985; Wilson et al., 1986). In 

activated sludge systems, substrate utilization rates are 

directly correlated to the active microbial density. 

Biodegradation rates of organic compounds therefore may be 

predicted from active microbial populations. However, the 

relation between degradation rates and microbial populations 

is more complex in soil systems. A positive relationship 

was observed between biodegradation rates of p-nitrophenol 

and p-nitrophenol-adapted organisms (Spain et al., 1984). 

The MPNs of p-nitrophenol degraders generally increased as 

the biodegradation rates increased. Hickman (1989), 

however, concluded that total counts are not a good 

indicator of biodegradation potential among sites. Studies 

have shown that soils with similar direct count results 

exhibited substantially different biodegradation rates 

(Webster et al., 1985; Wilson et al., 1986). The 

rate-density relation also depended on the type of organic 

compounds. Wilson et al. (1986) found a positive relation 

between toluene degradation rate and the ATP content of 

subsurface soils. However, a similar relation was not 

13



observed for chlorobenzene degradation. The maximum rate of 

phenol mineralization was found to be positively correlated 

to total biomass in subsurface soils but the relationship 

was not strong (Dobbins et al., 1987). 

Microorganisms in the subsurface 

Microorganisms use the energy and materials derived from 

the oxidation of organic compounds for maintenance and 

growth. The degradation pathways involve the oxidation of 

organic compounds (electron donors) and the transfer of 

electrons to an electron acceptor through a series of 

oxidation-reduction reactions. The terminal electron 

acceptors determine the types of catabolic pathways 

occurring in a systen. 

Oxygen is the most common electron acceptor in soil 

systems. When oxygen is depleted, organic compounds can be 

decomposed by anaerobic microorganisms through several 

anaerobic processes including iron reduction (iron 

reducers), denitrification (denitrifiers), fermentation 

(fermenters), sulfate reduction (sulfate reducers) and 

methanogenesis (methanogens). 

(a)Denitrifying bacteria 

Denitrification is an energy-efficient metabolic process. 

Denitrification involves three major steps: (1) the 

reduction of nitrate to nitrite; (2) the further reduction 

of nitrite to gaseous nitroxides (NO, N50); and (3) final 

reduction to nitrogen gas (Skinner, 1975). Many denitrifiers 
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carry all the required enzymes for the complete reduction of 

nitrate to nitrogen gas. Some denitrifying bacteria however 

carry enzymes for only one step in the denitrification 

process. For example, species in the Pseudomadales, 

Eubacterials, and Actinomycetals are only able to reduce 

nitrate to nitrite. These types of denitrifiers exist in 

large numbers in soils. The species that reduce nitrite are 

less diverse in soils (Tiedje, 1988). 

Most denitrifying bacteria are facultative, using oxygen 

as a terminal electron acceptor when oxygen is available and 

using nitrogen oxides in anoxic or low-oxygen environments. 

In addition, denitrifiers are good at competing with other 

heterotrophs in aerobic environments, thus they are 

ubiquitous in soil systems (Tiedje, 1988). The basic 

requirements for denitrification to occur in subsurface 

systems include (1) anoxia or a limited supply of oxygen; 

(2) the presence of nitrate; (3) the presence of 

denitrifying bacteria; and (4) suitable electron donors 

(organic substrates). 

Studies using pure or mixed cultures suggest that a wide 

range of organic compounds can be used as electron donors 

for denitrifying bacteria. Example compounds include 

aliphatics and aromatic hydrocarbons. A detailed list of 

compounds is shown in Table 2.3. 

(b) Sulfate-reducing bacteria 

When nitrate is depleted, sulfate serves as the next 
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Table 2.3 Organic compounds degradable under denitrifying 
conditions (after Hickman, 1988). 

  

Compound 

p-cresol 

o-phthalic acid 

2-fluorobenzoate 

vanillic acid and other methoxyaromatics 

monofluorobenzoate and monochlorobenzoate 

benzoate 

benzene 

mono-, di-, and trimethylamine 

dibromochloropropane, dibromochloromethane, 
ethylene dibromide, 1,1,1-trchloroethane, 

bromodichloromethane, bromoform, 
carbon tetrachlonde 

protocatechuate, phenylalanine, 
p-hydroxybenzoate, benzoate, 
tyrosine, succinate 

benzoate, 2-aminobenzoate, 
3-hydroxybenzoate, 4-hydroxybenzoate, 
2-carboxylbenzoate (phthalate), 
1-cyclohexenecarboxylate, adipate, 
pimelate, acetate, propionate, butyrate, 
caprolate, lactate, malate, fumarate, 
succinate, glucose, fructose, sucrose, 
maltose, acetoin, acetone 

benzene, toluene, xylene 

toluene, m-xylene, 3-ethyltoluene, 
p- and m-cresol, p-hydroxybenzoic acid, 
benzaldehyde, benzoate, m-toluylaldehyde, 
m-toluate, cyclohexanecarboxyilic acid 

naphthol, naphthalene, acenaphthene 

phenol, benzoate, 3-, and 4-hydroxy- 
benzoate, 3,4-dihydroxybenzoate, 
o-, m-, and p-cresol 

Reference 

Bossert & Young, 1986; Bossert et al., 1986 

Aftring, et al. 1981; Aftring and Taylor, 
1981 

Schennen et al., 1985 

Taylor, 1983 

Taylor et al., 1979 

Wuliams & Evans, 1975 

Taylor et al., 1970 

Meiberg & Harder, 1978 

Bouwer & McCarty, 19836; Bouwer et al., 
1986 

Oshima, 1965 

Braun & Gibson, 1984 

Major et al., 1988 

Kuhn et al., 1988 

Mihelcic & Luthy, 1988a,b 

Bakker, 1977 
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�a�l�t�e�r�n�a�t�i�v�e� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r� �(�K�a�s�p�a�r� �a�n�d� �T�i�e�d�j�e�,� �1�9�8�2�)�.� �I�n� 

�t�h�e� �s�u�l�f�a�t�e� �r�e�s�p�i�r�a�t�i�o�n� �p�r�o�c�e�s�s�,� �s�u�l�f�a�t�e� �i�s� �r�e�d�u�c�e�d� �t�o� 

�h�y�d�r�o�g�e�n� �s�u�l�f�i�d�e�.� �T�h�e� �e�n�e�r�g�y� �y�i�e�l�d� �f�r�o�m� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �i�s� 

�f�a�r� �l�e�s�s� �t�h�a�n� �f�r�o�m� �a�e�r�o�b�i�c� �r�e�s�p�i�r�a�t�i�o�n� �a�n�d� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�.� 

�S�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �r�e�q�u�i�r�e�s� �o�b�l�i�g�a�t�e� �a�n�a�e�r�o�b�i�c� 

�e�n�v�i�r�o�n�m�e�n�t�s� �(�E�h� �b�e�t�w�e�e�n� �-�1�5�0� �a�n�d� �-�3�0�0� �m�V�)�,� �c�o�n�t�a�i�n�i�n�g� 

�s�u�l�f�a�t�e� �b�u�t� �n�o� �n�i�t�r�a�t�e�.� �C�o�m�m�o�n� �s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� �a�r�e� 

�s�p�e�c�i�e�s� �o�f� �D�e�s�u�l�f�o�t�o�m�a�c�u�l�u�m�,� �D�e�s�u�l�f�o�n�e�m�a�,� �D�e�s�u�l�f�o�c�o�c�c�u�s� �a�n�d� 

�D�e�s�u�l�f�o�s�a�r�c�i�n�a�.� �A�m�o�n�g� �t�h�e�s�e� �t�h�e� �g�e�n�u�s� �o�f� �D�e�s�u�l�f�o�v�i�b�r�i�a� �i�s� 

�t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �g�r�o�u�p� �(�T�h�a�u�e�r� �a�n�d� �B�a�d�z�i�o�n�g�,� �1�9�8�1�)�.� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�r�e� �f�u�r�t�h�e�r� �b�r�o�k�e�n� �i�n�t�o� �t�w�o� �g�r�o�u�p�s� 

�"�c�o�m�p�l�e�t�e� �o�x�i�d�i�z�e�r�s�"� �a�n�d� �"�i�n�c�o�m�p�l�e�t�e� �o�x�i�d�i�z�e�r�s�"�,� �b�a�s�e�d� �o�n� 

�w�h�e�t�h�e�r� �o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e�s� �a�r�e� �c�o�m�p�l�e�t�e�l�y� �o�x�i�d�i�z�e�d� �t�o� �c�a�r�b�o�n� 

�d�i�o�x�i�d�e� �(�W�i�d�d�l�e�,� �1�9�8�8�)�.� �T�h�e� �i�n�c�o�m�p�l�e�t�e� �o�x�i�d�i�z�e�r�s� �d�o� �n�o�t� �h�a�v�e� 

�e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� �t�o� �o�x�i�d�i�z�e� �a�c�e�t�a�t�e�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �o�x�i�d�a�t�i�o�n� �s�t�o�p�s� �a�t� �a�c�e�t�a�t�e�.� �I�n�c�o�m�p�l�e�t�e� �o�x�i�d�i�z�e�r�s� 

�c�a�n� �g�r�o�w� �f�a�s�t�e�r� �t�h�a�n� �c�o�m�p�l�e�t�e� �o�x�i�d�i�z�e�r�s�;� �a�n�d� �m�i�g�h�t� �d�o�m�i�n�a�t�e� 

�i�n� �a� �s�y�s�t�e�m� �w�h�e�n� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �f�a�v�o�r�a�b�l�e�.� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�l�w�a�y�s� �u�s�e� �l�o�w�-�m�o�l�e�c�u�l�a�r�-�w�e�i�g�h�t� 

�c�o�m�p�o�u�n�d�s� �f�r�o�m� �h�y�d�r�o�l�y�s�i�s� �(�f�e�r�m�e�n�t�a�b�l�e� �p�r�o�d�u�c�t�s�)� �o�r� �f�r�o�m� 

�f�e�r�m�e�n�t�a�t�i�o�n� �(�f�e�r�m�e�n�t�a�t�i�o�n� �e�n�d� �p�r�o�d�u�c�t�s�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�y�.� 

�a�r�e� �a�b�l�e� �t�o� �u�s�e� �c�o�m�p�o�u�n�d�s� �s�u�c�h� �a�s� �p�r�o�p�i�o�n�a�t�e�,� �b�u�t�y�r�a�t�e�,� 

�h�i�g�h�e�r� �f�a�t�t�y� �a�c�i�d�s� �o�r� �p�h�e�n�y�l� �s�u�b�s�t�i�t�u�t�e�d� �o�r�g�a�n�i�c� �a�c�i�d�s� �t�h�a�t� 

�c�a�n�n�o�t� �b�e� �u�t�i�l�i�z�e�d� �b�y� �f�e�r�m�e�n�t�e�r�s� �(�W�i�d�d�l�e�,� �1�9�8�8�)�.� �E�l�e�c�t�r�o�n� 

�d�o�n�o�r�s� �u�s�e�d� �b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� �i�n�c�l�u�d�e� �o�r�g�a�n�i�c� 

�a�c�i�d�s� �a�n�d� �a�l�c�o�h�o�l�s� �(�P�f�e�n�n�i�n�g� �a�n�d� �W�i�d�d�l�e�,� �1�9�8�1�;� �P�o�s�t�a�g�e�,� 
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�1�9�8�4�)�.� �A�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s� �a�r�e� �a�l�s�o� �d�e�g�r�a�d�a�b�l�e� �v�i�a� �s�u�l�f�a�t�e� 

�r�e�d�u�c�t�i�o�n� �(�G�i�b�s�o�n� �a�n�d� �S�u�f�l�i�t�a�,� �1�9�8�6�;� �S�u�f�l�i�t�a� �a�n�d� �M�i�l�l�e�r�,� 

�1�9�8�5�)�.� �A� �d�e�t�a�i�l�e�d� �l�i�s�t� �o�f� �c�o�m�p�o�u�n�d�s� �d�e�g�r�a�d�e�d� �b�y� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.�4�.� 

�(�c�)� �M�e�t�h�a�n�o�g�e�n�s� 

�M�e�t�h�a�n�o�g�e�n�s� �o�b�t�a�i�n� �e�n�e�r�g�y� �t�h�r�o�u�g�h� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� 

�l�i�m�i�t�e�d� �m�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s� �(�H�j� �o�r� �a� �l�i�m�i�t�e�d� �n�u�m�b�e�r� �o�f� 

�s�i�m�p�l�e� �o�r�g�a�n�i�c�s�)� �w�i�t�h� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �C�O�5� �t�o� �m�e�t�h�a�n�e� 

�(�S�k�i�n�n�e�r�,� �1�9�7�5�)�.� �M�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a� �a�r�e� �a�l�l� �s�t�r�i�c�t� 

�a�n�a�e�r�o�b�e�s� �a�n�d� �r�e�q�u�i�r�e� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�s� �o�f� �v�e�r�y� �l�o�w� �r�e�d�o�x� 

�p�o�t�e�n�t�i�a�l�s� �(�E�h� �l�e�s�s� �t�h�a�n� �-�2�0�0� �m�V�)�.� �B�e�c�a�u�s�e� �m�o�s�t� �o�f� �t�h�e� 

�o�r�g�a�n�i�c� �m�a�t�t�e�r� �e�n�t�e�r�i�n�g� �s�o�i�l� �s�y�s�t�e�m�s� �i�s� �i�n� �t�h�e� �f�o�r�m� �o�f� 

�c�o�m�p�l�e�x� �p�o�l�y�m�e�r�s�,� �m�e�t�h�a�n�o�g�e�n�s� �h�a�v�e� �t�o� �r�e�l�y� �o�n� �o�t�h�e�r� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �f�o�r� �t�h�e� �s�u�p�p�l�y� �o�f� �m�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s� 

�(�M�a�h� �e�t� �a�l�.�,� �1�9�7�7�)�.� �M�e�t�h�a�n�o�g�e�n�i�c� �d�e�g�r�a�d�a�t�i�o�n� �t�h�e�r�e�f�o�r�e� 

�i�n�v�o�l�v�e�s� �t�w�o� �s�t�e�p�s�:� �(�1�)� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �c�o�m�p�l�e�x� �o�r�g�a�n�i�c�s� �t�o� 

�s�i�m�p�l�e� �a�c�i�d�s�,� �a�l�c�o�h�o�l�s�,� �h�y�d�r�o�g�e�n� �a�n�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �b�y� 

�f�e�r�m�e�n�t�e�r�s�;� �a�n�d� �(�2�)� �f�u�r�t�h�e�r� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e�s�e� �s�i�m�p�l�e� 

�o�r�g�a�n�i�c�s� �t�o� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �b�y� �m�e�t�h�a�n�o�g�e�n�s� �(�S�p�e�e�c�e�,� �1�9�8�3�)�.� 

�I�n� �s�o�i�l�s�,� �t�h�e� �r�a�t�e� �o�f� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� 

�r�a�t�e� �a�n�d� �e�x�t�e�n�t� �o�f� �c�o�n�v�e�r�s�i�o�n� �o�f� �c�o�m�p�l�e�x� �o�r�g�a�n�i�c�s� �a�n�d� �t�h�e� 

�d�i�f�f�u�s�i�o�n� �r�a�t�e� �o�f� �m�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s� �t�o� �m�e�t�h�a�n�o�g�e�n�s�.� 

�M�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s� �i�n�c�l�u�d�e� �a�c�e�t�a�t�e�,� �f�o�r�m�a�t�e�,� 

�m�e�t�h�a�n�o�l�,� �m�e�t�h�y�l�a�m�i�n�e�,� �d�i�m�e�t�h�y�l�a�m�i�n�e�,� �t�r�i�m�e�t�h�y�l�a�m�i�n�e� �a�n�d� 

�s�o�m�e� �a�l�c�o�h�o�l�s� �(�S�p�e�e�c�e�,� �1�9�8�3�)�.� �U�n�d�e�r� �s�y�n�t�r�o�p�h�i�c� �i�n�t�e�r�a�c�t�i�o�n�s�,� 

�m�a�n�y� �c�o�m�p�o�u�n�d�s� �c�o�u�l�d� �b�e� �d�e�g�r�a�d�e�d� �u�n�d�e�r� �m�e�t�h�a�n�o�g�e�n�i�c� 
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�T�a�b�l�e� �2�.�4� �O�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �d�e�g�r�a�d�a�b�l�e� �u�n�d�e�r� �s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� 
�c�o�n�d�i�t�i�o�n�s� �(�a�f�t�e�r� �H�i�c�k�m�a�n�,� �1�9�8�8�)�.� 

� � 

�C�o�m�p�o�u�n�d� 

�b�e�n�z�o�a�t�e�,� �p�h�e�n�y�l�a�c�e�t�a�t�e�,� �3�-�p�h�e�n�y�l�p�r�o�p�i�o�n�a�t�e� 

�H�2�/�C�O�2� 

�c�y�c�l�o�h�e�x�a�n�e�,� �c�a�r�b�o�x�y�l�a�t�e�,� �h�y�d�r�o�x�y�l�b�e�n�z�o�a�t�e�,� 
�h�i�p�p�u�r�a�t�e� 

�m�e�t�h�a�n�o�l�,� �e�t�h�a�n�o�l�,� �p�r�o�p�a�n�o�l�,� �b�u�t�a�n�o�l�,� 
�l�a�c�t�a�t�e�,� �p�y�r�u�v�a�t�e�,� �m�a�l�a�t�e�,� �b�e�n�z�o�a�t�e�,� 
�s�u�c�c�i�n�a�t�e�,� �o�x�a�m�a�t�e�,� �o�x�a�l�a�t�e�,� �f�u�m�a�r�a�t�e�,� �c�i�t�r�a�t�e�,� 
�c�y�s�t�e�i�n�e�,� �c�h�o�l�i�n�e�,� �f�o�r�m�a�t�e�,� �a�c�e�t�a�t�e�,� 
�g�l�u�c�o�s�e�,� �g�l�y�c�e�r�o�l� 

�b�e�n�z�o�a�t�e� 

�p�h�e�n�o�l�,� �b�e�n�z�o�a�t�e� 

�o�-�,� �m�-�,� �a�n�d� �p�-�c�r�e�s�o�l� 

�H�2�,� �f�o�r�m�a�t�e�,� �p�r�o�p�i�o�n�a�t�e�,� �b�u�t�y�r�a�t�e�,� �v�a�l�e�r�a�t�e� 
�c�a�p�r�o�a�t�e�,� �h�e�p�t�a�n�o�a�t�e�,� �c�a�p�r�y�l�a�t�e�,� �p�e�l�a�r�g�o�n�a�t�e�,� 
�m�e�t�h�a�n�o�l�,� �e�t�h�a�n�o�l�,� �l�-�p�r�o�p�a�n�o�l�,� �1�-�b�u�t�a�n�o�l�,� 
�g�l�y�c�e�r�o�l�,� �l�a�c�t�a�t�e�,� �p�y�r�u�v�a�t�e�,� �s�u�c�c�i�n�a�t�e�,� �f�u�m�a�r�a�t�e�,� 
�m�a�l�a�t�e�,� �o�x�a�l�o�a�c�e�t�a�t�e�,� �c�h�o�l�i�n�e� 

�1�9� 

�R�e�f�e�r�e�n�c�e� 

�P�f�e�n�n�i�g� �&� �W�i�d�d�e�l�,� �1�9�8�1� 

�B�a�d�z�i�o�n�g� �e�t� �a�l�.�,� �1�9�7�8� 

�P�e�c�k�,� �1�9�8�4� 

�P�o�s�t�g�a�t�e�,� �1�9�8�4� 

�B�a�l�b�a� �&� �E�v�a�n�s�,� �1�9�8�0� 

�S�u�f�l�i�t�a� �&� �M�i�l�l�e�r�,� �1�9�8�5� 
�G�i�b�s�o�n� �&� �S�u�f�l�i�t�a�,� �1�9�8�6� 

�S�m�o�l�e�n�s�k�i� �&� �S�u�f�l�i�t�a�,� �1�9�8�7� 

�N�a�n�n�i�n�g�a� �&� �G�o�t�t�s�c�h�a�l�,� �1�9�8�7



�c�o�n�d�i�t�i�o�n�s� �(�T�a�b�l�e� �2�.�5�)�.� 

�2�.�4� �F�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� 

�S�o�i�l� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �h�a�v�e� �t�o� �c�o�p�e� �w�i�t�h� �v�a�r�i�a�t�i�o�n�s� �i�n� �w�a�t�e�r� 

�c�o�n�t�e�n�t�,� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �e�l�e�c�t�r�o�n� 

�a�c�c�e�p�t�o�r�s�,� �o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e�s�,� �n�u�t�r�i�e�n�t�s�,� �r�e�d�o�x� �p�o�t�e�n�t�i�a�l�,� 

�a�n�d� �p�H� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�.� �U�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� 

�b�i�o�l�o�g�i�c�a�l� �d�y�n�a�m�i�c�s� �i�n� �s�u�b�s�u�r�f�a�c�e� �s�y�s�t�e�m�s� �a�n�d� �h�o�w� �t�h�e�y� 

�a�f�f�e�c�t� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �a�r�e� �e�s�s�e�n�t�i�a�l� �s�t�e�p�s� �i�n� 

�b�i�o�r�e�m�e�d�i�a�t�i�o�n�.� �T�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�r�e� 

�e�s�p�e�c�i�a�l�l�y� �i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n�,� �p�r�o�f�o�l�i�a�t�i�o�n� 

�a�n�d� �a�c�t�i�v�i�t�y� �o�f� �s�p�e�c�i�f�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �t�h�a�t� �a�r�e� �a�b�l�e� �t�o� 

�d�e�g�r�a�d�e� �c�e�r�t�a�i�n� �c�o�m�p�o�u�n�d�s� �m�a�y� �b�e� �d�r�a�s�t�i�c�a�l�l�y� �a�f�f�e�c�t�e�d� �b�y� 

�s�u�b�s�u�r�f�a�c�e� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� �p�e�r�s�i�s�t�e�n�c�e� �o�f� �a�n� �o�r�g�a�n�i�c� 

�c�o�m�p�o�u�n�d� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �m�a�y� �b�e� �d�u�e� �t�o� �(�1�)� �u�n�f�a�v�o�r�a�b�l�e� 

�g�r�o�w�t�h� �e�n�v�i�r�o�n�m�e�n�t�s� �s�u�c�h� �a�s� �a�b�s�e�n�c�e� �o�f� �a�p�p�r�o�p�r�i�a�t�e� �e�l�e�c�t�r�o�n� 

�a�c�c�e�p�t�o�r�s� �o�r� �g�r�o�w�t�h� �f�a�c�t�o�r�s�;� �(�2�)� �t�h�e� �n�a�t�u�r�e� �a�n�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s�;� �a�n�d� �(�3�)� �i�n�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�s�p�e�c�i�f�i�c� �m�i�c�r�o�b�i�a�l� �g�r�o�u�p�s� �t�o� �p�r�o�l�i�f�e�r�a�t�e� �f�r�o�m� �t�h�e� �m�i�c�r�o�b�i�a�l� 

�c�o�m�m�u�n�i�t�y� �d�u�e� �t�o� �c�o�m�p�e�t�i�t�i�o�n� �(�S�c�h�r�a�a� �e�t� �a�l�.�,� �1�9�8�6�)� 

�D�y�n�a�m�i�c�s� �o�f� �r�e�d�o�x� �p�o�t�e�n�t�i�a�l� �i�n� �s�o�i�l� �s�y�s�t�e�m�s� 

�M�a�n�y� �p�h�y�s�i�c�o�-�c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�s� �o�c�c�u�r�r�i�n�g� 

�i�n� �s�o�i�l�s� �a�r�e� �r�e�g�u�l�a�t�e�d� �b�y� �t�h�e� �a�e�r�a�t�i�o�n� �s�t�a�t�u�s� �a�n�d� �r�e�d�o�x� 

�p�o�t�e�n�t�i�a�l� �(�B�o�n�n�e�a�u�,� �1�9�8�2�)�.� �A�e�r�o�b�i�c� �d�e�g�r�a�d�a�t�i�o�n� �i�s� �t�h�e� �m�o�s�t� 

�c�o�m�m�o�n� �a�n�d� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �m�e�c�h�a�n�i�s�m� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c�s� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�.� �O�x�y�g�e�n� �a�c�t�s� 

�2�0



�T�a�b�l�e� �2�.�5� �O�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �d�e�g�r�a�d�a�b�l�e� �u�n�d�e�r� �m�e�t�h�a�n�o�g�e�n�i�c� 
�c�o�n�d�i�t�i�o�n�s� �(�a�f�t�e�r� �H�i�c�k�m�a�n�,� �1�9�8�8�)�.� 

� � 

�C�o�m�p�o�u�n�d� �R�e�f�e�r�e�n�c�e� 
�a�c�e�t�a�l�d�e�h�y�d�e�,� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e�,� �a�c�e�t�o�n�e�,� �S�p�e�e�c�e�,� �1�9�8�3� 
�a�c�r�y�l�i�c� �a�c�i�d�,� �a�d�i�p�i�c� �a�c�i�d�,� �a�n�i�l�i�n�e�,� 
�1�-�a�m�i�n�o�-�2�-�p�r�o�p�a�n�o�l�,� �4�-�a�m�i�n�o� �b�u�t�y�r�i�c� �a�c�i�d�,� 
�b�e�n�z�o�i�c� �a�c�i�d�,� �h�u�t�a�n�o�l�,� �b�u�t�y�r�a�l�d�e�h�y�d�e�,� 
�b�u�t�y�l�e�n�e� �g�l�y�c�e�r�o�l�,� �c�a�t�e�c�h�o�l�.� �c�r�e�s�o�l�,� 
�c�r�o�t�o�n�a�l�d�e�h�y�d�e�,� �c�r�o�t�o�n�i�c� �a�c�i�d�,� �d�i�a�c�e�t�o�n�e� 
�g�u�l�u�s�o�n�i�c� �a�c�i�d�,� �d�i�m�e�t�h�o�x�y� �b�e�n�z�o�i�c� �a�c�i�d�,� 
�e�t�h�a�n�o�l�,� �e�t�h�y�l�!� �a�c�e�t�a�t�e�,� �e�t�h�y�l� �a�c�r�y�l�a�t�e�,� 
�f�e�r�u�l�i�c� �a�c�i�d�,� �f�o�r�m�a�l�d�e�h�y�d�e�,� �f�o�r�m�i�c� �a�c�i�d�,� 
�f�u�m�a�r�i�c� �a�c�i�d�,� �g�l�u�t�a�m�i�c� �a�c�i�d�,� �g�l�u�t�a�r�i�c� �a�c�i�d�,� 
�g�l�y�c�e�r�o�l�,� �h�e�x�a�n�o�i�c� �a�c�i�d�,� �h�y�d�r�o�q�u�i�n�o�n�e�,� 
�i�s�o�b�u�t�y�r�i�c� �a�c�i�d�,� �i�s�o�p�r�o�p�a�n�o�l�,� �l�a�c�t�i�c� �a�c�i�d�,� 
�m�a�l�e�i�c� �a�c�i�d�,� �m�e�t�h�a�n�o�l�,� �m�e�t�h�y�l� �a�c�e�t�a�t�e�,� 
�m�e�t�h�y�l� �a�c�r�y�l�a�t�e�,� �m�e�t�h�y�l� �e�t�h�y�l� �k�e�t�o�n�e�,� 
�m�e�t�h�y�l� �f�o�r�m�a�t�e�,� �n�i�t�r�o�b�e�n�z�e�n�e�,� �p�e�n�t�a�e�r�y�t�h�n�t�o�l�,� 
�p�e�n�t�a�n�o�l�,� �p�h�e�n�o�l�,� �p�h�t�h�a�l�i�c� �a�c�i�d�,� �p�r�o�p�a�n�a�l�,� 
�p�r�o�p�a�n�o�l�,� �i�s�o�p�r�o�p�y�l� �a�l�c�o�h�o�l�,� �p�r�o�p�i�o�n�a�t�e�,� 
�p�r�o�p�y�l�e�n�e� �g�l�y�c�o�l�,� �p�r�o�t�o�c�a�t�e�c�h�u�i�c� �a�c�i�d�,� 
�r�e�s�o�r�c�i�n�o�l�,� �s�-�h�u�t�a�n�o�l�,� �s�-�b�u�t�y�l�a�m�i�n�e�,� 
�s�o�r�b�i�c� �a�c�i�d�,� �s�y�r�i�n�g�a�l�d�e�h�y�d�e�,� �s�y�r�i�n�g�i�c� �a�c�i�d�,� 
�s�u�c�c�i�n�i�c� �a�c�i�d�,� �t�-�b�u�t�a�n�o�l�,� �v�a�n�i�l�l�i�c� �a�c�i�d�,� 
�v�i�n�y�l� �a�c�e�t�a�t�e� 

�t�e�t�r�a�c�h�l�o�r�o�e�t�h�y�l�e�n�e�,� �c�h�l�o�r�o�f�o�r�m�,� �B�o�u�w�e�r� �&� �M�c�C�a�r�t�y�,� �1�9�8�3�a�,� �1�9�8�5� 
�1�,�1�,�2�,�2�-�t�e�t�r�a�c�h�l�o�r�o�e�t�h�a�n�e�,� �1�,�1�,�1�-�t�r�i�c�h�l�o�r�o�e�t�h�a�n�e�,� �B�o�u�w�e�r� �e�t� �a�l�.�,� �1�9�8�6� 
�c�a�r�b�o�n� �t�e�t�r�a�c�h�l�o�r�i�d�e�,� �d�i�b�r�o�m�o�c�h�l�o�r�o�p�r�o�p�a�n�e�,� 
�b�r�o�m�o�d�i�c�h�l�o�r�o�m�e�t�h�a�n�e�,� �d�i�b�r�o�m�o�c�h�l�o�r�o�m�e�t�h�a�n�e�,� 
�b�r�o�m�o�f�o�r�m�,� �e�t�h�y�l�e�n�e� �d�i�b�r�o�m�i�d�e� 

�t�n�c�h�l�o�r�o�e�t�h�y�l�e�n�e�,� �1�,�1�-�d�i�c�h�l�o�r�o�e�t�h�y�l�e�n�e�,� �W�i�l�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�a� 
�1�.�2�-�d�i�c�h�l�o�r�o�e�t�h�y�l�e�n�e�,� �e�t�h�y�l�e�n�e� �d�i�b�r�o�m�i�d�e�,� 
�b�e�n�z�e�n�e�,� �t�o�l�u�e�n�e�,� �e�t�h�y�l�b�e�n�z�e�n�e�,� �o�-�x�y�l�e�n�e� 

�p�h�e�n�o�x�y�a�c�c�t�a�t�e�,� �2�,�4�-�d�i�c�h�l�o�r�o�p�h�e�n�o�x�y�a�c�e�t�a�t�e� �(�2�,�4�-�D�)�,� �I�l�o�r�o�w�i�t�z� �e�t� �a�l�.�,� �1�9�8�3� 
�2�,�4�,�5�-�t�r�c�h�l�o�r�o�p�h�e�n�o�x�y�a�c�c�t�a�t�e� �(�2�,�4�,�5�-�T�)�,� �S�u�f�l�i�t�a� �&� �M�i�l�l�e�r�,� �1�9�8�5� 
�3�-�c�h�l�o�r�o�b�e�n�z�o�a�t�e�,� �3�,�4�-�d�i�c�h�l�o�r�o�b�e�n�z�o�a�t�e�,� �G�i�b�s�o�n� �&� �S�u�f�l�i�t�a�,� �1�9�8�6� 
�3�,�5�-�d�i�c�h�l�o�r�o�b�e�n�z�o�a�t�e�,� �3�-�b�r�o�m�o�b�e�n�z�o�a�t�e�,� 
�3�-�i�o�d�o�b�e�n�z�o�a�t�e�,� �4�-�a�m�i�n�o�-�3�,�5�-�d�i�c�h�l�o�r�o�b�e�n�z�o�a�t�e�,� 
�p�h�e�n�o�l�,� �2�-�c�h�l�o�r�o�p�h�e�n�o�l�,� �3�-�c�h�l�o�r�o�p�h�e�n�o�l�,� 
�4�-�c�h�l�o�r�o�p�h�e�n�o�l�,� �2�,�4�-�d�i�c�h�l�o�r�o�p�h�e�n�o�l�,� 
�2�,�5�-�d�i�c�h�l�o�r�o�p�h�e�n�o�l�,� �2�,�4�,�5�-�t�r�i�c�h�l�o�r�o�p�h�e�n�o�l� 

�1�,�1�,�1�-�t�r�c�h�l�o�r�o�e�t�h�a�n�e� �V�o�g�e�l� �&� �M�c�C�a�r�t�y�,� �1�9�8�7� 

�d�i�m�e�t�h�y�l�s�c�l�e�n�i�d�e� �O�r�e�m�l�a�n�d� �&� �Z�e�h�r�,� �1�9�8�6� 

�2�1



�T�a�b�l�e� �2�.�5� �(�c�o�n�t�'�d�)� 

� � 

� � 

�C�o�m�p�o�u�n�d� �R�e�f�e�r�e�n�c�e� 
�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�,� �p�o�l�y�e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �D�w�y�e�r� �&� �T�i�e�d�j�e�,� �1�9�8�3� 

�o�-�,� �m�-�,� �a�n�d� �p�-�c�r�e�s�o�l� �S�m�o�l�e�n�s�k�i� �&� �S�u�f�l�i�t�a�,� �1�9�8�7� 

�v�a�n�i�l�l�i�n�,� �v�a�n�i�l�l�i�c� �a�c�i�d�,� �f�e�r�u�l�i�c� �a�c�i�d�,� �H�e�a�l�y� �&� �Y�o�u�n�g�,� �1�9�7�9� 
�c�i�n�n�a�m�i�c� �a�c�i�d�,� �b�e�n�z�o�i�c� �a�c�i�d�,� �c�a�t�e�c�h�o�l�,� 
�p�r�o�t�o�c�a�t�e�c�h�u�i�c� �a�c�i�d�,� �p�h�e�n�o�l�,� 
�p�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d�,� �s�y�r�i�n�g�i�c� �a�c�i�d�,� 
�s�y�r�i�n�g�a�l�d�e�h�y�d�e� 

�p�h�e�n�o�l�,� �p�h�l�o�r�o�g�l�u�c�i�n�o�l�,� �h�y�d�r�o�q�u�i�n�o�n�e�,� �Y�o�u�n�g� �&� �R�i�v�e�r�a�,� �1�9�8�5� 
�p�-�c�r�e�s�o�l� 

�b�e�n�z�o�a�t�e� �F�i�n�a� �&� �F�i�s�k�i�n�,� �1�9�6�6� 

�s�y�m�i�n�g�i�c� �a�c�i�d�,� �2�,�6�-�d�i�m�e�t�h�o�x�y�p�h�e�n�o�l�,� �K�a�i�s�e�r� �&� �H�a�n�s�e�l�m�a�n�n�,� �1�9�8�2� 
�g�a�l�l�i�c� �a�c�i�d�,� �p�y�r�o�g�a�l�l�o�l�,� �v�a�n�i�l�l�i�c� �a�c�i�d�,� 
�v�e�r�a�t�i�c� �a�c�i�d� 

�2�-�,� �3�-�,� �a�n�d� �4�-�c�h�l�o�r�o�p�h�e�n�o�l�,� �B�o�y�d� �e�t� �a�l�.�,� �1�9�8�3� 
�m�-� �a�n�d� �p�-�c�r�e�s�o�l�,� �o�-�,� �m�-�,� �a�n�d� �p�-�n�i�t�r�o�p�h�e�n�o�l�,� �B�o�y�d� �&� �S�h�e�l�t�o�n�,� �1�9�8�4� 
�2�,�3�-�,� �2�,�4�-�,� �2�,�5�-�,� �2�,�6�,� �3�,�4�-�,� �a�n�d� �3�,�5�-�d�i�c�h�l�o�r�o�p�h�e�n�o�l�,� 
�p�h�e�n�o�l� 

�t�o�l�u�e�n�e�,� �b�e�n�z�e�n�e� �G�r�b�i�c�-�G�a�l�i�c� �&� �V�o�g�e�l�,� �1�9�8�7� 
� � 
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�n�o�t� �o�n�l�y� �a�s� �a�n� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�,� �b�u�t� �a�l�s�o� �a�n� �a�c�t�i�v�e� 

�r�e�a�c�t�a�n�t� �i�n� �m�a�n�y� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�h�w�a�y�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �a�l�k�a�n�e� �r�e�q�u�i�r�e�s� �t�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �a�n� �o�x�y�g�e�n� 

�a�t�o�m� �i�n�t�o� �t�h�e� �c�a�r�b�o�n� �c�h�a�i�n�.� �A�s� �a� �r�e�s�u�l�t�,� �o�x�y�g�e�n� �i�s� �o�f�t�e�n� �o�n�e� 

�o�f� �t�h�e� �l�i�m�i�t�i�n�g� �f�a�c�t�o�r�s� �i�n� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �p�e�t�r�o�l�e�u�m� 

�c�o�m�p�o�n�e�n�t�s� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �(�B�o�s�s�e�r�t� �&� �B�a�r�t�h�a�,� �1�9�8�4�)�.� 

�T�h�e� �r�a�t�e�s� �o�f� �a�n�a�e�r�o�b�i�c� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�s� �a�r�e� �u�s�u�a�l�l�y� �s�l�o�w�e�r� 

�t�h�a�n� �t�h�o�s�e� �u�n�d�e�r� �a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �(�L�e�e� �e�t� �a�l�.�,� �1�9�8�8�)�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �m�a�y� �n�o�t� �b�e� �c�o�m�p�l�e�t�e�l�y� �d�e�g�r�a�d�e�d� 

�t�o� �C�O�z� �u�n�d�e�r� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �e�v�e�n� �a�f�t�e�r� �l�o�n�g� �p�e�r�i�o�d�s� �o�f� 

�t�i�m�e�.� �H�o�w�e�v�e�r�,� �s�o�m�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �a�n�a�e�r�o�b�i�c� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� 

�h�a�v�e� �b�e�e�n� �s�t�a�t�e�d�.� �B�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �D�D�T� �a�n�d� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� 

�o�f� �m�a�n�y� �h�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c�s� �o�c�c�u�r� �m�o�r�e� �r�a�p�i�d�l�y� �u�n�d�e�r� 

�a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �(�K�a�s�p�a�r� �a�n�d� �T�i�e�d�j�e�,� �1�9�8�2�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� 

�a�n�a�e�r�o�b�i�c� �d�e�g�r�a�d�a�t�i�o�n� �r�e�q�u�i�r�e�s� �l�e�s�s� �i�n�o�r�g�a�n�i�c� �n�u�t�r�i�e�n�t�s� �a�n�d� 

�p�r�o�d�u�c�e�s� �l�e�s�s� �b�i�o�m�a�s�s� �(�L�e�e� �e�t� �a�l�.�,� �1�9�8�8�)�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� 

�t�h�e� �r�a�p�i�d� �g�r�o�w�t�h� �o�f� �a�e�r�o�b�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �m�i�g�h�t� �l�e�a�d� �t�o� 

�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �b�i�o�m�a�s�s� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �a�n�d� �i�n�c�r�e�a�s�e� �t�h�e� 

�p�o�t�e�n�t�i�a�l� �o�f� �p�l�u�g�g�i�n�g� �s�o�i�l� �v�o�i�d�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �s�u�p�p�l�y� �o�f� 

�o�x�y�g�e�n� �m�a�y� �b�e� �l�i�m�i�t�e�d� �i�n� �l�o�w� �p�e�r�m�e�a�b�i�l�i�t�y� �a�q�u�i�f�e�r�s�.� 

�T�h�e� �a�e�r�a�t�i�o�n� �s�t�a�t�u�s� �o�f� �a� �s�o�i�l� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �a� �n�u�m�b�e�r� 

�o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s�,� �i�n�c�l�u�d�i�n�g� �t�h�e� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� 

�a�i�r�-�f�i�l�l�e�d� �p�o�r�e� �s�p�a�c�e�,� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �p�o�r�e�s� �a�n�d� �t�h�e� �r�a�t�e� �o�f� 

�o�x�y�g�e�n� �c�o�n�s�u�m�p�t�i�o�n� �(�B�o�s�s�e�r�t� �&� �B�a�r�t�h�a�,� �1�9�8�4�;� �B�o�n�n�e�a�u�,� �1�9�8�2�)�.� 

�O�x�y�g�e�n� �m�a�y� �b�e� �d�e�p�l�e�t�e�d� �v�e�r�y� �f�a�s�t� �i�n� �h�e�a�v�y� �c�l�a�y�,� �w�a�t�e�r�-�l�o�g�g�e�d� 

�o�r� �o�r�g�a�n�i�c�-�r�i�c�h� �s�o�i�l�s�.� �B�o�n�n�e�a�u� �(�1�9�8�2�)� �d�e�f�i�n�e�d� �t�h�e� �s�u�c�c�e�s�s�i�o�n� 
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�o�f� �r�e�d�o�x� �p�o�t�e�n�t�i�a�l� �i�n� �t�h�r�e�e� �p�h�a�s�e�s�.� �I�n� �t�h�e� �f�i�r�s�t� �p�h�a�s�e�,� 

�d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �i�s� �p�r�e�s�e�n�t�.� �T�h�e� �E�h� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �o�x�y�g�e�n� �a�n�d� �a�e�r�o�b�i�c� �r�e�s�p�i�r�a�t�i�o�n�s� �a�r�e� �t�h�e� 

�d�o�m�i�n�a�n�t� �a�c�t�i�v�i�t�y�.� �A�s� �o�x�y�g�e�n� �d�e�c�r�e�a�s�e�s�,� �E�h� �d�e�c�r�e�a�s�e�s� �b�u�t� 

�s�t�i�l�l� �r�e�m�a�i�n�s� �a�t� �p�o�s�i�t�i�v�e� �v�a�l�u�e�s�.� �I�r�o�n� �r�e�m�a�i�n�s� �i�n� �t�h�e� �f�e�r�r�i�c� 

�s�t�a�t�e�.� �W�h�e�n� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �d�i�s�a�p�p�e�a�r�s� �f�r�o�m� �s�m�a�l�l� �p�o�r�e�s�,� �a� 

�p�a�r�t�i�a�l� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �i�s� �d�e�v�e�l�o�p�e�d� �(�t�h�e� �s�e�c�o�n�d� 

�p�h�a�s�e�)�.� �I�n� �t�h�e� �s�e�c�o�n�d� �p�h�a�s�e�,� �p�o�r�t�i�o�n�s� �o�f� �f�e�r�r�i�c� �i�r�o�n� �a�r�e� 

�r�e�d�u�c�e�d� �t�o� �m�o�r�e� �m�o�b�i�l�e� �F�e�(�+�2�)�.� �W�h�e�n� �c�o�n�d�i�t�i�o�n�s� �r�e�a�c�h� 

�c�o�m�p�l�e�t�e� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �(�t�h�e� �t�h�i�r�d� �p�h�a�s�e�)�,� �a�l�l� �i�r�o�n� �i�s� 

�r�e�d�u�c�e�d� �a�n�d� �E�h� �b�e�c�o�m�e�s� �n�e�g�a�t�i�v�e�.� 

�N�u�t�r�i�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y� 

�M�i�c�r�o�o�r�g�a�n�i�s�m�s� �r�e�q�u�i�r�e� �c�a�r�b�o�n�,� �n�i�t�r�o�g�e�n�,� �p�h�o�s�p�h�a�t�e� �a�n�d� 

�o�t�h�e�r� �t�r�a�c�e� �n�u�t�r�i�e�n�t�s� �f�o�r� �g�r�o�w�t�h�.� �A�m�o�n�g� �t�h�e�s�e� �r�e�q�u�i�r�e�d� 

�n�u�t�r�i�e�n�t�s�,� �n�i�t�r�o�g�e�n� �i�s� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �m�a�j�o�r� �l�i�m�i�t�i�n�g� �f�a�c�t�o�r� 

�i�n� �s�o�i�l�s� �(�B�o�s�s�e�r�t� �&� �B�a�r�t�h�a�,� �1�9�8�4�;� �S�t�e�v�e�n�s�o�n�,� �1�9�8�2�)�.� �I�n�a� 

�s�o�i�l� �s�y�s�t�e�m�,� �n�i�t�r�o�g�e�n� �f�i�x�a�t�i�o�n�,� �N�H�4�+� �a�n�d� �N�o�3�7� �f�r�o�m� 

�p�r�e�c�i�p�i�t�a�t�i�o�n� �a�n�d� �t�h�e� �i�n�p�u�t� �o�f� �n�i�t�r�o�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �o�r�g�a�n�i�c�s� 

�a�r�e� �m�a�j�o�r� �n�i�t�r�o�g�e�n� �s�o�u�r�c�e�s� �i�n� �t�h�e� �s�o�i�l� �N� �c�y�c�l�e� �(�S�t�e�v�e�n�s�o�n�,� 

�1�9�8�2�)�.� �N�i�t�r�o�g�e�n� �i�s� �s�u�b�j�e�c�t� �t�o� �l�o�s�s�e�s� �f�r�o�m� �s�o�i�l�s� �b�y� 

�v�o�l�a�t�i�l�i�z�a�t�i�o�n� �o�f� �N�H�3�,� �b�a�c�t�e�r�i�a�l� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� 

�l�e�a�c�h�i�n�g� �o�f� �n�i�t�r�a�t�e�.� �A�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n� �o�n� �c�l�a�y� �m�a�t�e�r�i�a�l� 

�c�a�n� �s�t�r�o�n�g�l�y� �r�e�d�u�c�e� �t�h�e� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �i�n� �s�o�i�l�s� 

�(�Y�o�u�n�g� �&� �A�l�d�a�g�,� �1�9�8�2�;� �N�o�m�m�i�k� �a�n�d� �V�a�h�t�r�a�s�,� �1�9�8�2�)�.� �S�o�i�l�s� �r�i�c�h� 

�i�n� �c�l�a�y� �m�i�n�e�r�a�l�s� �o�f� �t�h�e� �t�h�r�e�e�-�l�a�y�e�r� �o�r� �2�:�1� �t�y�p�e� �a�r�e� �a�b�l�e� �t�o� 

�f�i�x� �t�h�e� �a�m�m�o�n�i�u�m� �i�o�n� �a�n�d� �m�a�k�e� �i�t� �u�n�a�v�a�i�l�a�b�l�e� �t�o� 
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�m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� 

�M�a�n�y� �x�e�n�o�b�i�o�t�i�c� �c�o�m�p�o�u�n�d�s� �e�n�t�e�r�i�n�g� �s�u�b�s�u�r�f�a�c�e� �s�y�s�t�e�m�s� �d�o� 

�n�o�t� �c�o�n�t�a�i�n� �n�i�t�r�o�g�e�n� �o�r� �p�h�o�s�p�h�o�r�u�s�.� �T�h�u�s�,� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �m�a�y� �b�e� �l�i�m�i�t�e�d� �b�y� �t�h�e� �a�m�o�u�n�t� �o�f� �n�i�t�r�o�g�e�n� �o�r� 

�p�h�o�s�p�h�o�r�u�s� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �h�e�a�v�i�l�y� �c�o�n�t�a�m�i�n�a�t�e�d� 

�b�y� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �(�B�o�s�s�e�r�t� �&� �B�a�r�t�h�a�,� �1�9�8�4�)�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�g�a�s�o�l�i�n�e� �c�o�m�p�o�n�e�n�t�s� �f�r�o�m� �o�i�l� �s�p�i�l�l�s� �p�r�o�v�i�d�e� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� 

�o�f� �r�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e� �o�r�g�a�n�i�c� �c�a�r�b�o�n�,� �a�n�d� �n�i�t�r�o�g�e�n� �a�n�d� �o�t�h�e�r� 

�m�i�n�e�r�a�l� �n�u�t�r�i�e�n�t�s� �m�a�y� �b�e� �d�e�p�l�e�t�e�d� �v�e�r�y� �q�u�i�c�k�l�y� �i�n�a� 

�s�u�b�s�u�r�f�a�c�e� �s�y�s�t�e�m�.� 

�L�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �i�n�o�r�g�a�n�i�c� �n�u�t�r�i�e�n�t�s� �h�a�v�e� �b�e�e�n� �a�p�p�l�i�e�d� 

�t�o� �e�n�h�a�n�c�e� �b�i�o�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �c�o�n�t�a�m�i�n�a�t�e�d� �a�q�u�i�f�e�r�s� �(�L�e�e� �e�t� 

�a�l�.�,� �1�9�8�8�)�.� �I�t� �w�a�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �e�n�h�a�n�c�e�m�e�n�t� �o�f� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �a�c�h�i�e�v�e�d� �o�n�l�y� �t�h�r�o�u�g�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�n�i�t�r�o�g�e�n� �a�n�d� �p�h�o�s�p�h�a�t�e� �t�o�g�e�t�h�e�r�.� �A�d�d�i�n�g� �n�i�t�r�o�g�e�n� �o�r� 

�p�h�o�s�p�h�a�t�e� �a�l�o�n�e� �d�i�d� �n�o�t� �r�e�s�u�l�t� �i�n� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t�s�.� 

�J�a�m�i�s�o�n� �e�t� �a�l�.� �(�1�9�7�5�)� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �n�i�t�r�o�g�e�n� 

�a�n�d� �p�h�o�s�p�h�o�r�u�s� �i�n�c�r�e�a�s�e�d� �b�i�o�a�c�t�i�v�i�t�y� �a�n�d� �e�n�h�a�n�c�e�d� �a�e�r�o�b�i�c� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �g�a�s�o�l�i�n�e� �i�n� �c�o�n�t�a�m�i�n�a�t�e�d� �a�q�u�i�f�e�r�s�.� �O�t�h�e�r�s� 

�a�l�s�o� �r�e�p�o�r�t�e�d� �s�u�c�c�e�s�s� �i�n� �e�n�h�a�n�c�i�n�g� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �i�n� �s�o�i�l� 

�s�y�s�t�e�m�s� �b�y� �a�d�d�i�n�g� �n�i�t�r�o�g�e�n� �a�n�d� �p�h�o�s�p�h�a�t�e� �n�u�t�r�i�e�n�t�s� 

�(�K�i�n�c�a�n�n�o�n�,� �1�9�7�2�;� �V�e�r�a�t�r�a�e�t�e� �e�t� �a�l�.�,� �1�9�7�6�;� �D�i�b�b�l�e� �a�n�d� 

�B�a�r�t�h�a�,� �1�9�7�9�;� �L�e�e� �a�n�d� �W�a�r�d�,� �1�9�8�5�;� �R�a�y�m�o�n�d�,� �1�9�7�4�;� �R�a�y�m�o�n�d� �e�t� 

�a�l�.�,� �1�9�7�6�;� �J�a�m�i�s�o�n� �e�t� �a�l�.�,� �1�9�7�5�)�.� 

�T�h�e� �m�e�t�h�o�d�s� �a�n�d� �t�h�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �n�u�t�r�i�e�n�t�s� �a�p�p�l�i�e�d� 

�i�n�f�l�u�e�n�c�e�d� �t�h�e� �e�x�t�e�n�t� �o�f� �e�n�h�a�n�c�e�m�e�n�t� �(�B�o�s�s�e�r�t� �a�n�d� �B�a�r�t�h�a�,� 
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�1�9�8�4�)�.� �H�u�n�t� �e�t� �a�l�.� �(�1�9�7�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �s�o�i�l� 

�r�e�s�p�i�r�a�t�i�o�n� �a�c�t�i�v�i�t�y�,� �m�e�a�s�u�r�e�d� �i�n� �t�e�r�m� �o�f� �C�O�»� �e�v�o�l�u�t�i�o�n� 

�r�a�t�e�s�,� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�s� �i�n� �n�i�t�r�o�g�e�n� �a�p�p�l�i�c�a�t�i�o�n� 

�r�a�t�e�s�.� �W�h�e�n� �t�h�e� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �o�v�e�r� �1�0�0� �p�p�n�,� 

�h�o�w�e�v�e�r�,� �s�o�i�l� �r�e�s�p�i�r�a�t�i�o�n� �w�a�s� �i�n�h�i�b�i�t�e�d�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� 

�a�m�m�o�n�i�u�m� �o�r� �n�i�t�r�i�t�e� �t�o�x�i�c�i�t�y�.� 

�I�n� �s�p�i�t�e� �o�f� �t�h�e� �g�e�n�e�r�a�l� �s�u�c�c�e�s�s� �i�n� �e�n�h�a�n�c�i�n�g� �g�a�s�o�l�i�n�e� 

�d�e�g�r�a�d�a�t�i�o�n� �b�y� �n�u�t�r�i�e�n�t� �a�d�d�i�t�i�o�n�s�,� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� 

�n�u�t�r�i�e�n�t� �a�d�d�i�t�i�o�n� �v�a�r�i�e�d�.� �W�h�i�l�e� �m�a�n�y� �s�t�u�d�i�e�s� �o�b�s�e�r�v�e�d� 

�i�m�m�e�d�i�a�t�e� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t� �i�n�c�r�e�a�s�e�s� �i�n� �o�i�l� �d�e�g�r�a�d�a�t�i�o�n� �b�y� 

�n�u�t�r�i�e�n�t� �a�d�d�i�t�i�o�n�s�,� �s�e�v�e�r�a�l� �a�l�s�o� �r�e�p�o�r�t�e�d� �s�l�o�w� �o�r� �n�o� 

�r�e�s�p�o�n�s�e� �a�f�t�e�r� �l�o�n�g� �t�e�r�m�s� �o�f� �i�n�c�u�b�a�t�i�o�n�.� �J�o�b�s�o�n� �e�t� �a�l�.� 

�(�1�9�7�4�)� �r�e�p�o�r�t�e�d� �t�h�e� �s�t�i�m�u�l�a�t�i�o�n� �o�f� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �b�y� 

�n�u�t�r�i�e�n�t�s� �d�i�d� �n�o�t� �o�c�c�u�r� �u�n�t�i�l� �6�6� �d�a�y�s� �o�f� �i�n�c�u�b�a�t�i�o�n�.� �O�d�u� 

�(�1�9�7�8�)� �f�o�u�n�d� �t�h�a�t� �s�i�g�n�i�f�i�c�a�n�t� �e�n�h�a�n�c�e�m�e�n�t� �b�y� �n�u�t�r�i�e�n�t� 

�a�d�d�i�t�i�o�n�s� �h�a�p�p�e�n�e�d� �a�f�t�e�r� �1�2� �w�e�e�k�s� �o�f� �i�n�c�u�b�a�t�i�o�n�.� �I�t� �i�s� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �v�a�r�i�o�u�s� �r�e�s�p�o�n�s�e�s� �o�f� �s�o�i�l� �s�y�s�t�e�m�s� �t�o� �t�h�e� 

�n�u�t�r�i�e�n�t� �a�m�e�n�d�m�e�n�t�s� �m�i�g�h�t� �b�e� �d�u�e� �t�o� �o�t�h�e�r� �u�n�f�a�v�o�r�a�b�l�e� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s� �s�u�c�h� �a�s� �n�i�t�r�o�g�e�n� �r�e�s�e�r�v�e�s� �o�f� �t�h�e� �s�o�i�l�,� 

�n�i�t�r�o�g�e�n� �f�i�x�a�t�i�o�n�,� �t�e�m�p�e�r�a�t�u�r�e�,� �o�x�y�g�e�n�,� �w�a�t�e�r� �o�r� �p�H� �(�B�o�s�s�e�r�t� 

�&� �B�a�r�t�h�a�,� �1�9�8�4�)�.� 

�N�a�t�u�r�e� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c�s� 

�T�h�e� �b�i�o�d�e�g�r�a�d�a�b�i�l�i�t�y� �o�f� �o�r�g�a�n�i�c�s� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� 

�e�x�i�s�t�e�n�c�e� �o�f� �m�i�c�r�o�b�i�a�l� �e�n�z�y�m�e�s� �t�h�a�t� �a�r�e� �c�a�p�a�b�l�e� �o�f� 

�c�a�t�a�l�y�z�i�n�g� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �O�n�e� �e�x�a�m�p�l�e� �o�f� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �n�a�t�u�r�e� �o�f� �o�r�g�a�n�i�c�s� �o�n� �t�h�e�i�r� �d�e�g�r�a�d�a�b�i�l�i�t�y� 
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�i�s� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �h�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s�.� 

�C�u�l�t�u�r�e� �s�t�u�d�i�e�s� �o�n� �d�e�n�i�t�r�i�f�i�e�r�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �d�e�n�i�t�r�i�f�i�e�r�s� 

�a�r�e� �c�a�p�a�b�l�e� �o�f� �d�e�g�r�a�d�i�n�g� �f�l�o�r�o�-� �a�n�d� �b�r�o�m�o�-�h�y�d�r�o�c�a�r�b�o�n�s� �b�u�t� 

�n�o�t� �t�h�e� �c�h�l�o�r�i�n�a�t�e�d� �c�o�m�p�o�u�n�d�s�.� �M�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a�,� �o�n� �t�h�e� 

�o�t�h�e�r� �h�a�n�d�,� �o�n�l�y� �d�e�g�r�a�d�e� �c�h�l�o�r�i�n�a�t�e�d� �c�o�m�p�o�u�n�d�s� �b�u�t� �n�o�t� 

�f�l�o�r�o�-�s�u�b�s�t�i�t�u�t�e�d� �o�r�g�a�n�i�c�s� �(�S�u�f�l�i�t�a� �e�t� �a�l�.�,� �1�9�8�2�;� �S�c�h�e�n�n�e�u� 

�e�t� �a�l�.�,� �1�9�8�5�;� �T�i�e�d�j�e�,� �1�9�8�8�)�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �n�a�t�u�r�e� �o�f� �o�r�g�a�n�i�c�s�,� �m�a�n�y� �o�r�g�a�n�i�c� 

�c�o�m�p�o�u�n�d�s� �c�a�n� �b�e�c�o�m�e� �r�e�c�a�l�c�i�t�r�a�n�t� �a�t� �t�r�a�c�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�T�h�e� �a�s�p�e�c�t� �o�f� �m�i�n�i�m�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�S�;�3�;�,�)� �w�a�s� �p�r�o�p�o�s�e�d� �b�y� 

�R�i�t�t�m�a�n�n� �e�t� �a�l�.� �(�1�9�8�0�)� �a�n�d� �M�c�C�a�r�t�y� �e�t� �a�l�.�,� �(�1�9�8�1�)�.� �T�h�e�y� 

�p�r�o�p�o�s�e�d� �t�h�a�t� �b�e�l�o�w� �m�i�n�i�m�u�m� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 

�c�a�n� �n�o�t� �o�b�t�a�i�n� �e�n�o�u�g�h� �e�n�e�r�g�y� �f�o�r� �g�r�o�w�t�h� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �a�n�d� 

�n�o� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �w�i�l�l� �o�c�c�u�r�.� 

�T�h�e� �t�y�p�e�s� �o�f� �o�r�g�a�n�i�c�s�,� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�s� �a�n�d� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n�f�l�u�e�n�c�e� �t�h�e� �v�a�l�u�e�s� �o�f� �S�p�i�n�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�t�h�e� �S�m�i�n� �v�a�l�u�e� �f�o�r� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �a�c�e�t�a�t�e� �a�n�d� �m�e�t�h�a�n�o�l� 

�r�a�n�g�e�d� �f�r�o�m� �0�.�1� �t�o� �1� �m�g�/�l� �u�n�d�e�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �w�h�i�l�e� �u�n�d�e�r� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �S�y�p�i�p�,� �w�a�s� �3�5�0� �m�g�/�l� �(�M�c�C�a�r�t�y� �e�t� �a�l�.�,� �1�9�8�1�)�.� 

�H�o�w�e�v�e�r�,� �a� �c�o�m�p�o�u�n�d� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�e�l�o�w� �S�p�i�,� �c�a�n� 

�s�t�i�l�l� �b�e� �b�i�o�d�e�g�r�a�d�e�d� �i�f� �a� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e� �i�s� �a�d�d�e�d� �t�o� 

�s�u�p�p�o�r�t� �t�h�e� �m�i�c�r�o�b�i�a�l� �g�r�o�w�t�h� �(�s�e�c�o�n�d� �s�u�b�s�t�r�a�t�e� �u�t�i�l�i�z�a�t�i�o�n�)�.� 

�T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �s�e�c�o�n�d�a�r�y� �s�u�b�s�t�r�a�t�e� �u�t�i�l�i�z�a�t�i�o�n� �w�a�s� 

�s�t�u�d�i�e�d� �u�s�i�n�g� �a�n� �i�s�o�l�a�t�e�d� �s�t�r�a�i�n� �a�d�a�p�t�e�d� �t�o� �d�e�g�r�a�d�e� 

�m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �(�L�a�P�a�t�-�P�o�l�a�s�k�o� �e�t� �a�l�.�,� �1�9�8�4�)�.� �A�d�d�i�t�i�o�n� 

�o�f� �a�c�e�t�a�t�e� �i�n�c�r�e�a�s�e�d� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 
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�a�t� �t�r�a�c�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�n�h�a�n�c�e�m�e�n�t� �o�f� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �s�e�c�o�n�d�a�r�y� �s�u�b�s�t�r�a�t�e� �d�i�m�i�n�i�s�h�e�d� �w�h�e�n� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e� �r�e�a�c�h�e�d� �c�e�r�t�a�i�n� 

�l�e�v�e�l�s�.� 

�T�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �a�p�p�l�y�i�n�g� �a� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e� �t�o� 

�e�n�h�a�n�c�e� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c�s� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� 

�m�i�g�h�t� �n�o�t� �b�e� �a�s� �s�i�g�n�i�f�i�c�a�n�t� �a�s� �t�h�o�s�e� �s�e�e�n� �i�n� �t�h�e� �c�u�l�t�u�r�e� 

�s�t�u�d�y�.� �D�i�b�b�l�e� �a�n�d� �B�a�r�t�h�a� �(�1�9�7�9�)� �f�o�u�n�d� �t�h�a�t� �a�m�e�n�d�m�e�n�t� �w�i�t�h� 

�y�e�a�s�t� �o�r� �s�l�u�d�g�e� �a�c�t�u�a�l�l�y� �i�n�h�i�b�i�t�e�d� �o�i�l� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�.� �T�h�e�y� 

�s�u�g�g�e�s�t�e�d� �t�h�e� �o�r�g�a�n�i�c� �a�m�e�n�d�m�e�n�t� �m�i�g�h�t� �d�e�p�l�e�t�e� �o�x�y�g�e�n� �o�r� 

�i�n�h�i�b�i�t� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �h�y�d�r�o�c�a�r�b�o�n�-�d�e�g�r�a�d�i�n�g� �e�n�z�y�m�e�s�.� 

�M�i�c�r�o�b�i�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� 

�T�h�e� �s�u�c�c�e�s�s�f�u�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �i�n� �a� �s�o�i�l� 

�s�y�s�t�e�m� �o�f�t�e�n� �i�s� �a� �r�e�s�u�l�t� �o�f� �i�n�t�e�r�a�c�t�i�o�n�s� �o�f� �d�i�f�f�e�r�e�n�t� 

�m�e�t�a�b�o�l�i�c� �g�r�o�u�p�s�.� �I�n�t�e�r�a�c�t�i�o�n�s� �a�m�o�n�g� �s�o�i�l� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 

�i�n�c�l�u�d�e� �c�o�m�m�e�n�s�a�l�i�s�m�,� �c�o�m�p�e�t�i�t�i�o�n�,� �a�n�d� �c�o�m�e�t�a�b�o�l�i�s�m� 

�(�A�l�e�x�a�n�d�e�r�,� �1�9�7�8�)�.� �M�i�c�r�o�b�i�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� �m�a�y� �p�l�a�y� �i�m�p�o�r�t�a�n�t� 

�r�o�l�e�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �c�o�m�p�l�e�t�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� 

�c�o�m�p�o�u�n�d�s� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s� �r�e�v�i�e�w� 

�t�h�e� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�i�c� 

�b�a�c�t�e�r�i�a� �a�n�d� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �a�n�a�e�r�o�b�i�c� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�o�r�g�a�n�i�c�s� �i�n� �s�o�i�l�s�.� 

�(�a�)� �I�n�t�e�r�s�p�e�c�i�e�s� �h�y�d�r�o�g�e�n� �t�r�a�n�s�f�e�r� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �a�r�e� �t�h�e� �t�e�r�m�i�n�a�l� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� �t�h�e� �a�n�a�e�r�o�b�i�c� �m�i�c�r�o�b�i�a�l� �f�o�o�d� �c�h�a�i�n�.� �T�h�e�y� 

�d�e�g�r�a�d�e� �t�h�e� �m�e�t�a�b�o�l�i�c� �p�r�o�d�u�c�t�s� �p�r�o�d�u�c�e�d� �b�y� �f�e�r�m�e�n�t�e�r�s� �t�o� 
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�c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �F�i�g�u�r�e� �2�.�2� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �p�o�s�s�i�b�l�e� �s�u�b�s�t�r�a�t�e� 

�a�n�d� �e�l�e�c�t�r�o�n� �f�l�o�w�s� �w�h�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� 

�s�e�r�v�e� �a�t� �t�h�e� �t�e�r�m�i�n�a�l� �s�t�a�g�e� �(�Z�e�h�n�d�e�r� �a�n�d� �C�o�l�b�e�r�g�,� �1�9�8�6�)�.� �T�h�e� 

�p�a�t�h�w�a�y�s� �i�n� �w�h�i�c�h� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �f�l�o�w� �t�h�r�o�u�g�h� �a�n�a�e�r�o�b�i�c� 

�s�y�s�t�e�m�s� �a�r�e� �h�i�g�h�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �c�h�e�m�i�c�a�l� �n�a�t�u�r�e� �o�f� 

�s�u�b�s�t�r�a�t�e�s�,� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�s�,� �a�n�d� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �a�c�t�i�v�i�t�y� 

�o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� 

�T�h�e� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� 

�h�a�v�e� �p�r�o�f�o�u�n�d� �e�f�f�e�c�t�s� �o�n� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �x�e�n�o�b�i�o�t�i�c� 

�o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �e�n�t�e�r�i�n�g� �s�o�i�l� �s�y�s�t�e�m�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �v�a�r�i�o�u�s� �c�r�e�s�o�l� �i�s�o�m�e�r�s� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� 

�o�c�c�u�r� �a�t� �s�i�t�e�s� �t�h�a�t� �w�e�r�e� �a�c�t�i�v�e�l�y� �r�e�d�u�c�i�n�g� �s�u�l�f�a�t�e� �b�u�t� �n�o�t� 

�a�t� �m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s�.� �I�n�h�i�b�i�t�i�o�n� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� 

�d�e�c�r�e�a�s�e�d� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �c�r�e�s�o�l�s�;� �w�h�e�r�e�a�s�,� �s�t�i�m�u�l�a�t�i�o�n� �o�f� 

�s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� �f�a�v�o�r�e�d� �c�r�e�s�o�l� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� 

�(�S�m�o�l�e�n�s�k�i� �a�n�d� �S�u�f�l�i�t�a�,� �1�9�8�5�)�.� �M�e�t�h�a�n�o�g�e�n�i�c� �a�c�t�i�v�i�t�y�,� �o�n� 

�t�h�e� �o�t�h�e�r� �h�a�n�d�,� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� 

�h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s�.� �T�h�e� �r�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� 

�p�r�o�c�e�s�s�e�s� �o�f� �h�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c�s� �b�y� �m�e�t�h�a�n�o�g�e�n�s� �c�o�u�l�d� �b�e� 

�S�l�o�w�e�d� �o�r� �i�n�h�i�b�i�t�e�d� �b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a�.� 

�C�h�l�o�r�o�p�h�e�n�o�l�i�c� �c�o�m�p�o�u�n�d�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �w�e�r�e� �o�n�l�y� �d�e�g�r�a�d�e�d� �a�t� 

�m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �c�h�l�o�r�o�p�h�e�n�o�l�s� �w�e�r�e� 

�p�e�r�s�i�s�t�e�n�t� �i�n� �t�h�e� �s�o�i�l�s� �w�h�e�r�e� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �w�a�s� �t�h�e� �m�a�i�n� 

�a�c�t�i�v�i�t�y� �(�S�u�f�l�i�t�a� �a�n�d� �M�i�l�l�e�r�,� �1�9�8�5�)�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�u�l�f�a�t�e� 

�t�o� �t�h�e� �m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s� �a�c�t�i�v�a�t�e�d� �s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� 

�b�a�c�t�e�r�i�a� �a�n�d� �i�n�h�i�b�i�t�e�d� �t�h�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� �p�r�o�c�e�s�s�.� �A�s� �s�o�o�n� 
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�a�s� �s�u�l�f�a�t�e� �w�a�s� �d�e�p�l�e�t�e�d� �b�y� �a�c�e�t�a�t�e�,� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�c�h�l�o�r�i�n�a�t�e�d� �a�r�o�m�a�t�i�c�s� �w�a�s� �r�e�c�o�v�e�r�e�d� �(�G�i�b�s�o�n� �a�n�d� �S�u�f�l�i�t�a�,� 

�1�9�8�6�)�.� 

�C�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� 

�i�n�v�o�l�v�e�s� �t�h�e� �p�r�o�c�e�s�s� �o�f� �i�n�t�e�r�s�p�e�c�i�e�s� �h�y�d�r�o�g�e�n� �t�r�a�n�s�f�e�r� �i�n� 

�w�h�i�c�h� �m�o�r�e� �o�x�i�d�i�z�e�d� �e�n�d� �p�r�o�d�u�c�t�s� �a�n�d� �h�y�d�r�o�g�e�n� �a�r�e� �g�e�n�e�r�a�t�e�d�.� 

�I�n� �t�h�e� �i�n�t�e�r�s�p�e�c�i�e�s� �h�y�d�r�o�g�e�n� �t�r�a�n�s�f�e�r� �p�r�o�c�e�s�s�,� �h�y�d�r�o�g�e�n� 

�p�r�o�d�u�c�e�d� �b�y� �f�e�r�m�e�n�t�e�r�s� �i�s� �i�m�m�e�d�i�a�t�e�l�y� �c�o�n�s�u�m�e�d� �b�y� 

�m�e�t�h�a�n�o�g�e�n�s� �o�r� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�.� �T�h�e� �p�r�o�d�u�c�t�s� �o�f� �s�u�c�h� �a� 

�s�y�n�t�r�o�p�h�i�c� �a�s�s�o�c�i�a�t�i�o�n� �a�r�e� �a�c�e�t�a�t�e�,� �c�a�r�b�o�n� �d�i�o�x�i�d�e�,� �a�n�d� 

�h�y�d�r�o�g�e�n� �s�u�l�f�i�d�e� �o�r� �m�e�t�h�a�n�e� �(�Z�e�h�n�d�e�r� �a�n�d� �C�o�l�b�e�r�g�,� �1�9�8�6�)�.� �B�y� 

�i�n�t�e�r�s�p�e�c�i�e�s� �H�j� �t�r�a�n�s�f�e�r�,� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �e�n�e�r�g�y� �y�i�e�l�d� �f�o�r� 

�f�e�r�m�e�n�t�e�r�s� �i�s� �i�n�c�r�e�a�s�e�d� �p�e�r� �m�o�l�e� �o�f� �s�u�b�s�t�r�a�t�e� �c�o�n�v�e�r�t�e�d�.� 

�T�h�e� �i�n�t�e�r�s�p�e�c�i�e�s� �H�y� �t�r�a�n�s�f�e�r� �h�a�s� �s�i�g�n�i�f�i�c�a�n�t� �a�d�v�a�n�t�a�g�e�s� 

�f�o�r� �t�h�e� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c�s� �a�n�d� �t�h�e� �e�c�o�l�o�g�y� �i�n� �t�h�e� 

�a�n�a�e�r�o�b�i�c� �s�o�i�l� �s�y�s�t�e�m�.� �A�s� �s�t�a�t�e�d� �b�y� �Z�e�i�k�u�s� �(�1�9�7�7�)� �a�n�d� �M�a�h� �e�t� 

�a�l�.� �(�1�9�7�7�)�,� �t�h�e�s�e� �a�d�v�a�n�t�a�g�e�s� �i�n�c�l�u�d�e�:� 

�1�.� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �u�n�f�a�v�o�r�a�b�l�e� �r�e�a�c�t�i�o�n� �e�q�u�i�l�i�b�r�i�a�,� �p�r�o�v�i�d�i�n�g� 

�a�n� �e�n�e�r�g�y�-�e�f�f�i�c�i�e�n�t� �m�e�c�h�a�n�i�s�m� �f�o�r� �e�l�e�c�t�r�o�n� �d�i�s�p�o�s�a�l�;� 

�2�.� �a�l�t�e�r�n�a�t�i�o�n� �o�f� �e�l�e�c�t�r�o�n� �f�l�o�w�,� �r�e�s�u�l�t�i�n�g� �i�n� �d�i�f�f�e�r�e�n�t� 

�p�r�o�p�o�r�t�i�o�n�s� �o�f� �r�e�d�u�c�e�d� �e�n�d� �p�r�o�d�u�c�t�s�;� 

�3�.� �u�s�e� �o�f� �o�t�h�e�r�w�i�s�e� �u�n�f�e�r�m�e�n�t�a�b�l�e� �s�u�b�s�t�r�a�t�e�s� �a�s� �c�a�r�b�o�n� �a�n�d� 

�e�n�e�r�g�y� �s�o�u�r�c�e�s�;� 

�4�.� �m�o�r�e� �c�o�m�p�l�e�t�e� �o�x�i�d�a�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e�s� �b�y� �f�e�r�m�e�n�t�a�t�i�v�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s�;� 

�5�.� �g�e�n�e�r�a�t�i�o�n� �o�f� �H�j� �f�r�o�m� �c�o�m�p�l�e�x� �s�u�b�s�t�r�a�t�e�s�,� �w�h�i�c�h� �c�a�n� �b�e� 
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�u�s�e�d� �b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s�;� 

�6�.� �i�n�c�r�e�a�s�e�d� �s�u�b�s�t�r�a�t�e� �u�t�i�l�i�z�a�t�i�o�n�;� �a�n�d� 

�7�.� �i�n�c�r�e�a�s�e�d� �g�r�o�w�t�h� �o�f� �f�e�r�m�e�n�t�a�t�i�v�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �a�n�d�/�o�r� �m�e�t�h�a�n�o�g�e�n�s�.� 

�(�b�)� �C�o�m�p�e�t�i�t�i�o�n� �f�o�r� �a�c�e�t�a�t�e� �a�n�d� �h�y�d�r�o�g�e�n� 

�T�h�e� �m�a�j�o�r� �s�u�b�s�t�r�a�t�e�s� �i�n�v�o�l�v�e�d� �i�n� �c�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� 

�m�e�t�h�a�n�o�g�e�n�s� �a�n�d� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�r�e� �a�c�e�t�a�t�e� �a�n�d� �h�y�d�r�o�g�e�n�.� 

�I�n� �a�n�a�e�r�o�b�i�c� �n�a�t�u�r�a�l� �s�y�s�t�e�m�s� �w�h�e�r�e� �s�u�l�f�a�t�e� �i�s� �p�r�e�s�e�n�t�,� 

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �c�a�n� �o�u�t�c�o�m�p�e�t�e� �m�e�t�h�a�n�o�g�e�n�s�.� �T�h�e� 

�c�o�m�p�e�t�i�t�i�o�n� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �f�r�o�m� �b�o�t�h� �t�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� 

�k�i�n�e�t�i�c� �a�s�p�e�c�t�s�.� 

�-� �T�h�e�r�m�o�d�y�n�a�m�i�c� �a�s�p�e�c�t�s� 

�C�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �f�o�r� 

�a�c�e�t�a�t�e� �a�n�d� �h�y�d�r�o�g�e�n� �h�a�s� �b�e�e�n� �w�e�l�l� �s�t�u�d�i�e�d�.� �T�a�b�l�e� �2�.�6� 

�p�r�e�s�e�n�t�s� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �f�r�e�e� �e�n�e�r�g�y� �c�h�a�n�g�e� �f�o�r� �s�u�l�f�a�t�e� 

�r�e�d�u�c�t�i�o�n� �a�n�d� �m�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �u�s�i�n�g� �a�c�e�t�a�t�e� �a�n�d� �h�y�d�r�o�g�e�n� �a�s� 

�e�l�e�c�t�r�o�n� �d�o�n�o�r�s�.� �T�h�e� �f�r�e�e� �e�n�e�r�g�y� �c�h�a�n�g�e�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �H�g� �a�n�d� �a�c�e�t�a�t�e� �a�r�e� �m�o�r�e� �n�e�g�a�t�i�v�e� �t�h�r�o�u�g�h� 

�s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �t�h�a�n� �t�h�r�o�u�g�h� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �r�e�d�u�c�t�i�o�n�.� 

�-� �K�i�n�e�t�i�c� �a�s�p�e�c�t�s� 

�T�h�e� �s�u�c�c�e�s�s� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �i�n� �c�o�m�p�e�t�i�t�i�o�n� �f�o�r� �H�y� �a�n�d� 

�a�c�e�t�a�t�e� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �n�o�t� �o�n�l�y� �b�y� �t�h�e�r�m�o�d�y�n�a�m�i�c�s� �b�u�t� �a�l�s�o� 

�b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�!� �h�i�g�h�e�r� �a�f�f�i�n�i�t�y� �f�o�r� �s�u�b�s�t�r�a�t�e�s�.� �S�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �c�a�n� �u�s�e� �s�u�b�s�t�r�a�t�e�s� �m�o�r�e� �e�f�f�i�c�i�e�n�t�l�y� �t�h�a�n� 

�m�e�t�h�a�n�o�g�e�n�s�.� �T�w�o� �m�o�d�e�l�s� �w�e�r�e� �p�r�o�p�o�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� 

�p�a�r�t�i�t�i�o�n�i�n�g� �o�f� �h�y�d�r�o�g�e�n� �a�n�d� �a�c�e�t�a�t�e� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� 
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�T�a�b�l�e� �2�.�6� �T�h�e�o�r�e�t�i�c�a�l� �f�r�e�e� �e�n�e�r�g�y� �c�h�a�n�g�e� �f�o�r� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� 
�H�p� �a�n�d� �a�c�e�t�o�n�e� �u�n�d�e�r� �s�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� �a�n�d� 
�m�e�t�h�a�n�o�g�e�n�i�c� �c�o�n�d�i�t�i�o�n�s� �(�a�f�t�e�r� �H�i�c�k�m�a�n�,� �1�9�8�8�)�.� 

� � 

� � 

�E�l�e�c�t�r�o�n� �B�a�c�t�c�r�i�a�l� �A�G�S�,� �k�c�a�l�/�m�o�l�e� �o�f� 
�D�o�n�o�r� �G�r�o�u�p� �R�e�a�c�t�i�o�n� �E�l�e�c�t�r�o�n� �D�o�n�o�r� 

�H�2� �S�R�B� �4�H�,� �+� �S�O�?� �+� �H�*�-�H�S�~� �+� �4�H�2�0� �-�3�6�.�3� 

�H�2� �M�P�B� �4�H�2� �+� �H�C�O�;� �+� �H�*�C�H�a� �+� �3�H�2�0� �-�3�1�.�3� 

�a�c�e�t�a�t�e� �S�R�B� �C�H�;�C�O�O�-� �+� �S�O�2�-�-�+�H�S�~� �+� �2�H�C�O�;�  ��1�1�.�2� 

�a�c�e�t�a�t�e� �M�P�B� �C�H�;�C�O�O�-� �+� �H�*�~�C�H�,� �+� �C�O�?� �-�8�.�6� 
� � 

�S�R�B� �=� �s�u�l�f�a�t�e�-�r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� 

�M�P�B� �=� �m�e�t�h�a�n�e�-�p�r�o�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� 

�S�o�u�r�c�e�:� �F�r�e�a�,� �1�9�8�4� 

�3�3



�r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �(�L�o�v�l�e�y�,� �1�9�8�5�)�.� 

�T�h�e� �f�i�r�s�t� �o�n�e� �i�s� �t�h�e� �M�i�c�h�a�e�l�i�s�-�M�e�n�t�e�n� �m�o�d�e�l�.� �A�s� 

�d�e�s�c�r�i�b�e�d� �b�y� �H�e�a�l�t�y� �(�1�9�8�0�)�,� �t�h�e� �n�u�t�r�i�e�n�t� �u�p�t�a�k�e� �a�n�d� �g�r�o�w�t�h� 

�r�a�t�e�s� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�r�e� �a� �f�u�n�c�t�i�o�n� �o�f� �e�x�t�e�r�n�a�l� �n�u�t�r�i�e�n�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e�s�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �c�a�n� �b�e� �e�m�p�i�r�i�c�a�l�l�y� 

�d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �e�q�u�a�t�i�o�n�:� 

�V� �=� �V�m� �*� �S�/� �K�m� �+� �S� 

�w�h�e�r�e� �V� �=� �r�a�t�e� �o�f� �n�u�t�r�i�e�n�t� �u�p�t�a�k�e� �o�r� �g�r�o�w�t�h�,� �V�m� �=� �m�a�x�i�m�u�m� 

�r�a�t�e� �o�f� �n�u�t�r�i�e�n�t� �u�p�t�a�k�e� �o�r� �g�r�o�w�t�h�,� �S� �=� �s�u�b�s�t�r�a�t�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �K�m� �=� �h�a�l�f�-�s�a�t�u�r�a�t�i�o�n� �v�a�l�u�e�,� �o�r� �s�u�b�s�t�r�a�t�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �s�u�p�p�o�r�t�i�n�g� �h�a�l�f� �t�h�e� �m�a�x�i�m�u�m� �r�a�t�e� �o�f� �n�u�t�r�i�e�n�t� 

�u�p�t�a�k�e� �o�r� �g�r�o�w�t�h�.� 

�T�h�e� �r�a�t�i�o� �V�m�/�K�m� �i�s� �u�s�e�f�u�l� �i�n� �c�o�m�p�a�r�i�s�o�n�s� �b�e�t�w�e�e�n� 

�d�i�f�f�e�r�e�n�t� �s�t�r�a�i�n�s� �o�r� �s�p�e�c�i�e�s� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �d�u�r�i�n�g� �u�p�t�a�k�e� 

�o�r� �g�r�o�w�t�h� �u�n�d�e�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s�.� �W�h�i�l�e� �c�o�m�p�e�t�i�t�i�o�n� �f�o�r� 

�t�h�e� �l�i�m�i�t�e�d� �n�u�t�r�i�e�n�t�s� �o�c�c�u�r�s�,� �t�h�e� �s�p�e�c�i�e�s� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� 

�v�m�/�K�m� �h�a�v�e� �t�h�e� �a�d�v�a�n�t�a�g�e�s�.� �A� �m�o�d�i�f�i�e�d� �m�o�d�e�l� �i�n� �w�h�i�c�h� �c�e�l�l� 

�m�a�s�s� �(�g�r�o�w�t�h� �y�i�e�l�d�)� �w�a�s� �t�a�k�e�n� �i�n�t�o� �a�c�c�o�u�n�t� �w�a�s� �d�e�r�i�v�e�d� �b�y� 

�W�i�d�d�l�e� �(�1�9�8�8�)�.� �T�h�e� �r�a�t�i�o� �o�f� �s�u�b�s�t�r�a�t�e� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e�s� 

�b�e�t�w�e�e�n� �t�w�o� �s�p�e�c�i�e�s� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�R�i� �V�m�,� �(�K�m�>� �+� �S�)�M�y� 
 � � ��_� 

�R�o� �V�m�o� �(�K�m�,� �+� �S�)�M�>� 

� � 

�V�m�,� �a�n�d� �V�m�z� �a�r�e� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �s�p�e�c�i�f�i�c� �m�a�x�i�m�u�m� 

�c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e�s�,� �K�m�;� �a�n�d� �K�m�)� �a�r�e� �t�h�e� �s�u�b�s�t�r�a�t�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�t� �w�h�i�c�h� �t�h�e� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e�s� �a�r�e� �h�a�l�f� �o�f� 

�t�h�e� �m�a�x�i�m�u�m�,� �a�n�d� �M�,� �a�n�d� �M�j� �a�r�e� �t�h�e� �c�e�l�l� �m�a�s�s�e�s� �o�f� �s�p�e�c�i�e�s� �1� 
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�a�n�d� �s�p�e�c�i�e�s� �2�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A�t� �v�e�r�y� �l�o�w� �s�u�b�s�t�r�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�S� �<�<� �K�m�)� �s�u�c�h� �a�s� 

�t�h�o�s�e� �p�r�e�s�e�n�t� �i�n� �s�o�i�l�s�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �a�p�p�r�o�x�i�m�a�t�i�o�n� �w�a�s� 

�d�e�r�i�v�e�d�:� 

�R�y� �(�V�m�z�/�K�m�j�)�M�y�z� 

�R�o� �(�V�m�g�/�K�m�>�)� �M�o� 

�T�h�e� �d�a�t�a� �o�n� �T�a�b�l�e� �2�.�7� �a�n�d� �T�a�b�l�e� �2�.�8� �s�h�o�w� �t�h�a�t� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �t�e�n�d� �t�o� �h�a�v�e� �h�i�g�h�e�r� �V�m�/�K�m� �f�o�r� �H�y� �a�n�d� �a�c�e�t�a�t�e� 

�(�W�i�d�d�l�e�,� �1�9�8�8�)�.� �I�t� �w�a�s� �n�o�t�e�d� �b�y� �W�i�d�d�l�e� �(�1�9�8�8�)� �t�h�a�t� �w�h�e�n� �n�o� 

�g�r�o�w�t�h� �o�c�c�u�r�s�,� �t�h�e� �m�a�x�i�m�u�m� �s�u�b�s�t�r�a�t�e� �c�o�n�s�u�m�p�t�i�o�n� �r�a�t�e�s� 

�(�g�r�o�w�t�h� �r�a�t�e�s�)� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �a�r�e� �q�u�i�t�e� 

�S�i�m�i�l�a�r�.� �H�o�w�e�v�e�r�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �h�a�v�e� �h�i�g�h�e�r� �g�r�o�w�t�h� 

�y�i�e�l�d�s� �t�h�a�n� �m�e�t�h�a�n�o�g�e�n�s� �(�T�a�b�l�e� �2�.�9�)�,� �s�o� �w�h�e�n� �g�r�o�w�t�h� �t�a�k�e�s� 

�p�l�a�c�e�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�p�p�e�a�r� �t�o� �b�e� �t�h�e� �d�o�m�i�n�a�n�t� �s�p�e�c�i�e�s� 

�a�f�t�e�r� �a� �c�e�r�t�a�i�n� �t�i�m�e� �o�f� �g�r�o�w�t�h� �i�n� �e�n�r�i�c�h�e�d� �c�u�l�t�u�r�e�s�.� �T�h�u�s�,� 

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �c�a�n� �c�o�m�p�l�e�t�e�l�y� �o�u�t�c�o�m�p�e�t�e� �m�e�t�h�a�n�o�g�e�n�s� �a�f�t�e�r� 

�s�o�m�e� �g�e�n�e�r�a�t�i�o�n�s� �o�f� �g�r�o�w�t�h� �o�n� �h�y�d�r�o�g�e�n� �o�r� �a�c�e�t�a�t�e�.� 

�A�n� �a�l�t�e�r�n�a�t�i�v�e� �m�o�d�e�l� �f�o�r� �H�y� �a�n�d� �a�c�e�t�a�t�e� �c�o�m�p�e�t�i�t�i�o�n�,� 

�b�a�s�e�d� �o�n� �f�i�e�l�d� �s�t�u�d�i�e�s� �o�n� �n�a�t�u�r�a�l� �h�a�b�i�t�a�t�s�,� �i�s� �t�h�e� �t�h�r�e�s�h�o�l�d� 

�m�o�d�e�l� �(�L�o�v�l�e�y� �e�t� �a�l�.�,�1�9�8�2�;� �L�o�v�l�e�y�,� �1�9�8�5�)�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�i�s� 

�m�o�d�e�l�,� �c�o�m�p�e�t�i�t�i�o�n� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �m�a�x�i�m�u�m� �g�r�o�w�t�h� �r�a�t�e�s� 

�(�V�m�)�.� �T�a�b�l�e� �2�.�1�0� �s�h�o�w�s� �t�h�e� �K�m� �f�o�r� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� 

�m�e�t�h�a�n�o�g�e�n�s� �w�h�e�n� �u�s�i�n�g� �H�p� �o�r� �a�c�e�t�a�t�e� �a�s� �t�h�e� �e�l�e�c�t�r�o�n� �d�o�n�o�r�.� 

�W�h�e�n� �s�u�l�f�a�t�e� �i�s� �n�o�t� �l�i�m�i�t�i�n�g�,� �t�h�e� �l�o�w�e�r� �h�a�l�f�-�s�a�t�u�r�a�t�i�o�n� 

�c�o�n�s�t�a�n�t� �(�K�m�)� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�l�l�o�w�s� �m�o�r�e� �e�f�f�e�c�t�i�v�e� 

�c�o�n�s�u�m�p�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e�s�;� �t�h�u�s� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �i�n�h�i�b�i�t� 
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�T�a�b�l�e� �2�.�7� �K�i�n�e�t�i�c� �p�a�r�a�m�e�t�e�r�s� �o�f� �h�y�d�r�o�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �b�y� 
�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �(�a�d�a�p�t�e�d� �f�r�o�m� 
�W�i�d�d�l�e�,� �1�9�8�8�)�.� 
� � 

� � 

� � 

�V�m�a�x� �K�m� �V�m�/� �K�m� 

�S�p�e�c�i�e�s� �(�u�m�o�l�/�g�/�h�)� �(�u�m�o�l�/�1�)� �(�1�/�g�/�h�)� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� 
�d�e�s�u�l�f�u�r�i�c�a�n�s� �5�2�8�0� �1�.�8� �2�9�3�0� 

�s�p�.� �(�G�1�1�)� �3�3�0�0� �1�.�1� �3�0�0�0� 
�s�p�.� �(�P�S�1�)� �3�3�0�0� �1�.�7� �4�7�1�0� 

�M�e�t�h�a�n�o�g�e�n�s� 
�m�e�t�h�a�n�o�b�r�e�v�i�b�a�c�t�e�r� �8�5�1�0� �6�.�6� �1�2�9�0� 
�m�e�t�h�a�n�o�s�p�i�r�i�l�l�u�m� 

�h�u�n�g�a�t�i� �(�J�F�-�1�)� �4�2�0�0� �5�.�0� �8�4�0� 
�s�p�.� �(�P�M�1�)� �5�4�0�0� �2�.�5� �2�1�6�0� 
� � 
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�T�a�b�l�e� �2�.�8� �K�i�n�e�t�i�c� �p�a�r�a�m�e�t�e�r�s� �o�f� �a�c�e�t�a�t�e� �u�t�i�l�i�z�a�t�i�o�n� �b�y� 
�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �(�a�d�a�p�t�e�d� �f�r�o�m� 
�W�i�d�d�l�e�,� �1�9�8�8�)�.� 
� � 

� � 

� � 

�V�m�a�x� �K�m� �V�m�n�/� �K�m� 

�S�p�e�c�i�e�s� �(�u�m�o�l�/�g�/�h�)� �(�u�m�o�l�/�1�)� �(�1�/�g�/�h�)� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� 
�d�e�s�u�l�f�o�b�a�c�t�e�r� �8�3�0� �2�3�0� �3�.�6� 
�p�o�s�t�g�a�t�e�i� �(�a�c�9�)� �3�1�0�0� �6�4� �4�8� 

�M�e�t�h�a�n�o�g�e�n�s� 
�m�e�t�h�a�n�o�s�a�r�c� �i�n�a� 

�b�a�r�k�e�r�i� �(�F�u�s�a�r�o�)� �2�2�4�0� �3�0�0�0� �'� �0�.�7�5� 
�b�a�r�k�e�r�i� �(�2�2�7�)� �6�8�0�0� �n�d� �n�d� 

� � 
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�T�a�b�l�e� �2�.�9� �Y�i�e�l�d� �c�o�e�f�f�i�c�i�e�n�t� �Y� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� 
�m�e�t�h�a�n�o�g�e�n�s� �o�n� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �H�z� �a�n�d� �a�c�e�t�a�t�e� �(�a�f�t�e�r� 
�W�i�d�d�l�e�,� �1�9�8�8�)�.� 

�Y�(�g� �c�e�l�l� �d�r�y� �m�a�s�s� �p�e�r� 
�,� �m�o�l� �H�,� �o�r� �a�c�e�t�a�t�e� 

�S�p�e�c�i�e�s� �(�s�t�r�a�i�n�)� �E�n�e�r�g�y� �S�u�b�s�t�r�a�t�e�s� �d�i�s�s�i�m�i�l�a�t�e�d� �)� 
� � 

�D�e�s�u�l�f�o�v�i�b�r�i�o� �H�,� �+� �S�O�, ��~� �2�.�1�;�2�.�9� 
�v�u�l�g�a�r�i�s� �(�M�a�r�b�u�r�g�)� �H�,� �+� �S�;�0�,�°�~� �4�.�2� 

�D�e�s�u�l�f�o�t�o�m�a�c�u�l�u�m� �H�,� �+� �S�O�,�°�~� �1�.�9�;� �3�.�1�"� 
�o�r�i�e�n�s�i�s� �(�S�i�n�g�a�p�o�r�e� �1�)� �H�,� �+� �S�O�,�"�7� �4�.�0�°� 

�H�,� �+� �S�,�0�,�°�~� �4�.�5�°� 
�M�e�t�h�a�n�o�s�a�r�c�i�n�a� �H�,� �+� �C�O�,� �0�.�7�-�2�.�2� 

�b�a�r�k�e�r�i� �s�t�r�a�i�n�s� 
�O�t�h�e�r� �H�.�-�u�t�i�l�i�z�i�n�g� �H�,� �+� �C�O�,� �0�.�5�-�1�.�0� 

�m�e�t�h�a�n�o�g�e�n�s� 
�D�e�s�u�l�f�o�b�a�c�t�e�r� �A�c�e�t�a�t�e� �+� �S�O�,�"�~� �4�.�8� 

�p�o�s�t�g�a�t�e�i� �(�2�a�c�9�)� �A�c�e�t�a�t�e� �+� �S�O�,�*�~� �1�1�.�2� 
�A�c�e�t�a�t�e� �+� �S�,�0�,�?�~� �1�0�.�4� 

�D�e�s�u�l�f�o�t�o�m�a�c�u�l�u�m� �A�c�e�t�a�t�e� �+� �S�O�,�*�~� �3�.�4�-�4�.�8� 
�a�c�e�t�o�x�i�d�a�n�s� �(�5�5�7�5�)� 

�D�e�s�u�l�f�o�v�i�b�r�i�o� �A�c�e�t�a�t�e� �+� �S�O�,�°�~� �0�.�7�-�1�.�4� 
�b�a�a�r�s�i�i� �(�2�s�t�1�4�)� �.� 

�D�e�s�u�l�f�u�r�o�m�o�n�a�s� �A�c�e�t�a�t�e� �+� �S�.� �4�.�2� 
�a�c�e�t�o�x�i�d�a�n�s� �(�1�1�0�7�0�)� �A�c�e�t�a�t�e� �+� �m�a�l�a�t�e� �1�6�.�5� 

�M�e�t�h�a�n�o�s�a�r�c�i�n�a� �A�c�e�t�a�t�e� �1�.�6�-�3�.�2� 
�b�a�r�k�e�r�i� �s�t�r�a�i�n�s� 

�M�e�t�h�a�n�o�t�h�r�i�x� �A�c�e�t�a�t�e� �1�.�4� 
�s�o�e�h�n�g�e�n�i�i� �(�O�p�f�i�k�o�n�)� 

 ��O�n�l�y� �r�e�a�l� �Y� �v�a�l�u�e�s� �a�r�e� �l�i�s�t�e�d�.� �b�u�t� �n�o� �e�x�t�r�a�p�o�l�a�t�e�d� �Y�,�.�,� �v�a�l�u�e�s� �(�u�p� �=� �©�)�.� 
�*� �F�r�o�m� �c�h�e�m�o�s�t�a�t� �c�u�l�t�u�r�e�.� 
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�T�a�b�l�e� �2�.�1�0� �H�a�l�f�-�s�a�t�u�r�a�t�i�o�n� �(�K�m�)� �v�a�l�u�e�s� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� 
�a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �o�n� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �H�5� �a�n�d� �a�c�e�t�a�t�e� 

�(�f�r�o�m� �H�i�c�k�m�a�n�,� �1�9�8�8�)� 
� � 

� � 

�E�l�e�c�t�r�o�n� �B�a�c�t�e�r�i�a�l� 
�D�o�n�o�r� �G�r�o�u�p� �K�,� �R�e�f�e�r�e�n�c�e� 

�H�2� �S�R�B� �1�4�1� �P�a� �L�o�v�l�e�y� �e�t� �a�l�.� �1�9�8�2� 

�H�2� �M�P�B� �5�9�7� �P�a� 

�H�>� �S�R�B� �I�p�M� �K�r�i�s�t�j�a�n�s�s�o�n� �e�t� �a�l�.� �1�9�8�2� 
�H�i�p� �M�P�B� �6�4�M� 

�a�c�e�t�a�t�e� �S�R�B� �0�.�2�m�M� �S�c�h�o�é�n�h�e�i�t� �c�t� �a�l�.� �1�9�8�2� 

�a�c�c�t�a�t�e� �M�P�B� �3�m�M� 
� � 
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�m�e�t�h�a�n�o�g�e�n�s� �b�y� �l�o�w�e�r�i�n�g� �h�y�d�r�o�g�e�n� �o�r� �a�c�e�t�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�b�e�l�o�w� �t�h�e� �l�e�v�e�l�s� �w�h�e�r�e� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� �i�s� �e�n�e�r�g�e�t�i�c�a�l�l�y� 

�u�n�f�a�v�o�r�a�b�l�e�.� 

�(�c�)� �C�o�m�p�e�t�i�t�i�o�n� �f�o�r� �f�e�r�m�e�n�t�a�b�l�e� �s�u�b�s�t�r�a�t�e�s� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�l�s�o� �o�x�i�d�i�z�e� �f�e�r�m�e�n�t�a�b�l�e� �c�o�m�p�o�u�n�d�s� �s�u�c�h� 

�a�s� �l�a�c�t�a�t�e�,� �e�t�h�a�n�o�l�,� �o�r� �a�m�i�n�o� �a�c�i�d�s�.� �T�h�e�r�e�f�o�r�e�,� �i�n� �t�h�e� 

�u�t�i�l�i�z�a�t�i�o�n� �o�f� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �t�h�a�t� �c�a�n� �b�e� �f�e�r�m�e�n�t�e�d� 

�f�u�r�t�h�e�r�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �h�a�v�e� �t�h�e� �a�b�i�l�i�t�y� �t�o� �c�o�m�p�e�t�e� �w�i�t�h� 

�f�e�r�m�e�n�t�a�t�i�v�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �(�W�i�d�d�l�e�,� �1�9�8�8�)�.� �A�t� 

�g�r�o�w�t�h�-�l�i�m�i�t�i�n�g� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �c�h�e�m�o�s�t�a�t� �e�n�r�i�c�h�m�e�n�t�s�,� 

�b�o�t�h� �l�a�c�t�a�t�e� �a�n�d� �e�t�h�a�n�o�l� �w�e�r�e� �d�i�r�e�c�t�l�y� �u�s�e�d� �b�y� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �r�a�t�h�e�r� �t�h�a�n� �b�y� �f�e�r�m�e�n�t�e�r�s� �(�L�a�a�n�b�r�o�e�k� �e�t� �a�l�.�,� �1�9�8�2�)�.� 

�S�i�m�i�l�a�r� �t�o� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �i�n� �p�u�r�e� �c�u�l�t�u�r�e� �s�t�u�d�i�e�s�,� �f�i�e�l�d� 

�s�t�u�d�i�e�s� �(�W�i�d�d�l�e�,� �1�9�8�8�)� �s�h�o�w�e�d� �t�h�a�t� �l�a�c�t�a�t�e�,� �e�t�h�a�n�o�l� �a�n�d� 

�a�m�i�n�o� �a�c�i�d�s� �a�t� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �d�i�r�e�c�t�l�y� �b�y� 

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�.� �M�e�t�h�a�n�o�g�e�n�s� �a�r�e� �n�o�t� �a�b�l�e� �t�o� �u�s�e� 

�f�e�r�m�e�n�t�a�t�i�v�e� �s�u�b�s�t�r�a�t�e�s�,� �t�h�u�s� �t�h�e�y� �d�o� �n�o�t� �c�o�m�p�e�t�e� �w�i�t�h� 

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �f�o�r� �f�e�r�m�e�n�t�a�t�i�v�e� �s�u�b�s�t�r�a�t�e�s�.� �H�o�w�e�v�e�r�,� 

�m�e�t�h�a�n�o�g�e�n�s� �d�e�p�e�n�d� �o�n� �f�e�r�m�e�n�t�e�r�s� �t�o� �o�x�i�d�i�z�e� �f�e�r�m�e�n�t�a�t�i�v�e� 

�c�o�m�p�o�u�n�d�s� �t�o� �m�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s�.� �T�h�e�r�e�f�o�r�e�,� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �c�a�n� �i�n�d�i�r�e�c�t�l�y� �i�n�h�i�b�i�t� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �m�e�t�h�a�n�o�g�e�n�s� 

�b�y� �c�h�a�n�n�e�l�i�n�g� �s�u�b�s�t�r�a�t�e� �f�l�o�w�s� �t�o� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �a�n�d� 

�b�l�o�c�k�i�n�g� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �f�o�r� �f�e�r�m�e�n�t�a�t�i�o�n� �a�n�d� �m�e�t�h�a�n�o�g�e�n�e�s�i�s�.� 

�(�d�)� �V�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �d�e�g�r�e�e� �o�f� �c�o�m�p�e�t�i�t�i�o�n� 

�T�h�e� �d�e�g�r�e�e� �o�f� �c�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� 

�m�e�t�h�a�n�o�g�e�n�s� �v�a�r�i�e�s� �i�n� �d�i�f�f�e�r�e�n�t� �e�n�v�i�r�o�n�m�e�n�t�s�.� �A�c�c�o�r�d�i�n�g� �t�o� 
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�t�h�e� �s�t�u�d�y� �b�y� �M�o�u�n�t�f�o�r�t� �e�t� �a�l�.� �(�1�9�8�0�)�,� �m�e�t�h�a�n�o�g�e�n�s� �c�o�m�p�e�t�e�d� 

�p�o�o�r�l�y� �i�n� �a�n� �i�n�t�e�r�t�i�d�a�l� �s�e�d�i�m�e�n�t� �w�h�e�n� �s�u�l�f�a�t�e� �w�a�s� �i�n� �e�x�c�e�s�s�.� 

�M�e�t�h�a�n�e� �p�r�o�d�u�c�t�i�o�n� �c�o�u�l�d� �n�o�t� �b�e� �s�t�i�m�u�l�a�t�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� 

�a�c�e�t�a�t�e� �o�r� �H�j�.� �I�n�a� �s�t�u�d�y� �o�n� �a� �s�a�l�t�-�m�a�r�s�h� �s�e�d�i�m�e�n�t� �(�A�b�r�a�m� 

�a�n�d� �N�e�d�w�e�l�l�,� �1�9�7�8�)�,� �H�y� �d�i�d� �s�t�i�m�u�l�a�t�e� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� �d�u�r�i�n�g� 

�a�c�t�i�v�e� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �m�e�t�h�a�n�o�g�e�n�s� �s�e�e�m�e�d� 

�t�o� �b�e� �s�l�i�g�h�t�l�y� �m�o�r�e� �c�o�m�p�e�t�i�t�i�v�e� �i�n� �s�u�l�f�a�t�e�-�l�i�m�i�t�e�d� 

�s�e�d�i�m�e�n�t�s�.� 

�T�h�e� �b�a�s�i�s� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �d�e�g�r�e�e� �o�f� �c�o�m�p�e�t�i�t�i�o�n� 

�m�a�y� �b�e� �d�u�e� �t�o� �t�h�e� �s�u�p�p�l�y� �o�f� �s�u�l�f�a�t�e� �a�n�d� �t�h�e� �e�x�t�e�n�t� �o�f� 

�o�r�g�a�n�i�c� �m�a�t�t�e�r� �l�o�a�d�i�n�g� �w�h�i�c�h� �c�a�n� �b�e� �c�o�n�v�e�r�t�e�d� �t�o� �a�c�e�t�a�t�e� �a�n�d� 

�H�z� �(�W�a�r�d� �a�n�d� �W�i�n�f�e�r�y�,� �1�9�8�5�)�.� �S�i�n�c�e� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �r�e�q�u�i�r�e� 

�s�u�l�f�a�t�e� �a�s� �a�n� �e�x�t�e�r�n�a�l� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�,� �t�h�e� �s�u�c�c�e�s�s�f�u�l� 

�c�o�m�p�e�t�i�t�i�o�n� �o�f� �s�u�l�f�a�t�e�-�r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� �d�e�p�e�n�d�s� �o�n� �a�n� 

�a�b�u�n�d�a�n�t� �s�u�p�p�l�y� �o�f� �s�u�l�f�a�t�e�.� �I�n� �e�n�v�i�r�o�n�m�e�n�t�s� �s�u�c�h� �a�s� �s�o�i�l�s� 

�w�h�e�r�e� �s�u�l�f�a�t�e� �s�u�p�p�l�y� �i�s� �l�i�m�i�t�e�d� �o�r� �f�l�u�c�t�u�a�t�e�d�,� �i�n�c�r�e�a�s�i�n�g� 

�t�h�e� �o�r�g�a�n�i�c� �l�o�a�d�i�n�g� �c�o�u�l�d� �c�a�u�s�e� �a� �s�h�a�r�p� �d�e�p�l�e�t�i�o�n� �o�f� �s�u�l�f�a�t�e� 

�a�n�d� �t�h�u�s� �d�e�c�r�e�a�s�e� �t�h�e� �c�o�m�p�e�t�i�t�i�v�e� �a�b�i�l�i�t�y� �o�f� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s�.� �W�i�n�f�e�r�y� �a�n�d� �Z�e�i�k�u�s� �(�1�9�7�7�)� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

�c�o�m�p�e�t�i�t�i�o�n� �c�o�u�l�d� �b�e� �u�n�c�o�u�p�l�e�d� �i�f� �e�l�e�c�t�r�o�n� �d�o�n�o�r�s� �w�e�r�e� 

�p�r�o�v�i�d�e�d� �i�n� �e�x�c�e�s�s�.� 

�(�e�)�N�o�n�-�c�o�m�p�e�t�i�t�i�v�e� �s�u�b�s�t�r�a�t�e�s� 

�A�l�t�h�o�u�g�h� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �c�l�e�a�r�l�y� �d�o�m�i�n�a�t�e�s� �m�e�t�h�a�n�o�g�e�n�i�c� 

�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�s� �w�h�e�r�e� �s�u�l�f�a�t�e� �i�s� �n�o�n�-�l�i�m�i�t�i�n�g�,� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s� �c�o�u�l�d� �s�t�i�l�l� �o�c�c�u�r� �d�u�r�i�n�g� �a�c�t�i�v�e� �s�u�l�f�a�t�e� 

�r�e�d�u�c�t�i�o�n�.� �T�h�i�s� �w�a�s� �d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�e�t�h�y�l� �c�o�m�p�o�u�n�d�s� 
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�w�h�i�c�h� �c�a�n� �n�o�t� �b�e� �u�t�i�l�i�z�e�d� �b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �(�W�a�r�d� �a�n�d� 

�W�i�n�f�r�e�y�,� �1�9�8�5�)�.� �N�a�t�u�r�a�l�l�y� �o�c�c�u�r�r�i�n�g� �m�e�t�h�y�l� �c�o�m�p�o�u�n�d�s� 

�i�n�c�l�u�d�e� �m�e�t�h�a�n�o�l� �d�e�r�i�v�e�d� �f�r�o�m� �p�e�c�t�i�n� �d�e�g�r�a�d�a�t�i�o�n�,� 

�t�r�i�m�e�t�h�y�l�a�m�i�n�e� �f�r�o�m� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �c�h�o�l�i�n�e� �a�n�d� 

�m�e�t�h�o�x�y�l� �g�r�o�u�p�s� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �l�i�g�n�i�n� �m�o�n�o�m�e�r�s� �(�W�i�d�d�l�e�,� 

�1�9�8�8�)�.� �T�h�e�s�e� �m�e�t�h�y�l� �c�o�m�p�o�u�n�d�s� �a�r�e� �p�o�o�r� �s�u�b�s�t�r�a�t�e�s� �f�o�r� 

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�.� �V�e�r�y� �f�e�w� �t�y�p�e�s� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�r�e� 

�k�n�o�w�n� �t�o� �u�s�e� �m�e�t�h�o�x�y�l� �g�r�o�u�p�s� �f�r�o�m� �a�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s�.� 

�A�l�t�h�o�u�g�h� �m�e�t�h�a�n�o�l� �o�x�i�d�a�t�i�o�n� �t�h�r�o�u�g�h� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �i�s� 

�t�h�e�r�m�o�d�y�n�a�m�i�c�a�l�l�y� �m�o�r�e� �f�a�v�o�r�a�b�l�e� �t�h�a�n� �t�h�r�o�u�g�h� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� 

�(�e�q�u�a�t�i�o�n� �1� �a�n�d� �2�)�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �g�r�o�w� �m�o�r�e� �s�l�o�w�l�y� �o�n� 

�m�e�t�h�a�n�o�l� �t�h�a�n� �m�e�t�h�a�n�o�g�e�n�s�.� �T�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� 

�a�f�f�i�n�i�t�y� �t�o� �m�e�t�h�a�n�o�l� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �(�W�i�d�d�l�e�,� �1�9�8�8�)�.� 

�(�1�)� �4�C�H�3�0�H� �-�-�>� �3�C�H�y�,� �+� �H�C�O�3�~�+� �H�t� �+� �H�3�7�0� �G�-�'�=� �-�3�1�4�.�6� �K�J� 

�(�2�)� �4�C�H�3�0�H� �+� �3�S�0�4�,�7�2�-�-�>� �4�H�C�O�3�7�+� �3�H�S�~�+� �4�H�,�0� �+� �H�t� �G�:�'�=� �-�3�6�4�.�4� �K�J� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�l�s�o� �d�e�g�r�a�d�e� �f�e�r�m�e�n�t�a�b�l�e� �s�u�b�s�t�r�a�t�e�s� �b�y� 

�d�i�f�f�e�r�e�n�t� �c�a�t�a�b�o�l�i�c� �m�e�c�h�a�n�i�s�m�s� �t�o� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �w�h�e�n� 

�s�u�l�f�a�t�e� �i�s� �l�a�c�k�i�n�g�.� �W�i�t�h�o�u�t� �s�u�l�f�a�t�e�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �c�a�n� 

�g�r�o�w� �o�n� �l�a�c�t�a�t�e�,� �e�t�h�a�n�o�l� �o�r� �p�y�r�u�v�a�t�e� �i�n� �a� �m�a�n�n�e�r� �s�i�m�i�l�a�r� �t�o� 

�h�y�d�r�o�g�e�n�-�p�r�o�d�u�c�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �(�W�i�d�d�l�e�,� �1�9�8�8�)�.� �U�n�d�e�r� 

�t�h�i�s� �c�i�r�c�u�m�s�t�a�n�c�e�,� �a� �s�y�n�t�r�o�p�h�i�c� �r�e�l�a�t�i�o�n�s�h�i�p�,� �i�n�s�t�e�a�d� �o�f� 

�c�o�m�p�e�t�i�t�i�o�n�,� �b�e�t�w�e�e�n� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �(�a�c�t�i�n�g� �a�s� 

�h�y�d�r�o�g�e�n�-�p�r�o�d�u�c�i�n�g� �b�a�c�t�e�r�i�a�)� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� 

�(�h�y�d�r�o�g�e�n�-�c�o�n�s�u�m�i�n�g� �b�a�c�t�e�r�i�a�)� �i�s� �d�e�v�e�l�o�p�e�d�.� 

�(�f�)� �E�f�f�e�c�t�s� �o�f� �c�o�m�p�e�t�i�t�i�o�n� �o�n� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �h�a�l�o�g�e�n�a�t�e�d� 

�o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� 
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�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �i�n�h�i�b�i�t� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� �b�y� �a�l�t�e�r�i�n�g� 

�n�o�r�m�a�l� �c�a�r�b�o�n� �a�n�d� �e�l�e�c�t�r�o�n� �f�l�o�w�s� �d�u�r�i�n�g� �a�n�a�e�r�o�b�i�c� 

�m�i�n�e�r�a�l�i�z�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �m�a�t�t�e�r�.� �A�s� �l�i�t�t�l�e� �a�s� �0�.�2� �m�M� 

�s�u�l�f�a�t�e� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �c�o�m�p�l�e�t�e�l�y� �i�n�h�i�b�i�t� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� 

�f�o�r� �1�0� �h�o�u�r�s�.� �H�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �s�u�l�f�a�t�e� �c�a�n� �i�n�h�i�b�i�t� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s� �f�o�r� �l�o�n�g�e�r� �p�e�r�i�o�d�s� �o�f� �t�i�m�e� �(�W�i�n�f�e�r�y� �a�n�d� 

�Z�e�i�k�u�s�,� �1�9�7�7�)�.� �T�h�e� �o�u�t�c�o�m�e� �o�f� �c�o�m�p�e�t�i�t�i�o�n� �c�o�u�l�d� �h�a�v�e� 

�i�m�p�o�r�t�a�n�t� �i�m�p�l�i�c�a�t�i�o�n�s� �i�n� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �x�e�n�o�b�i�o�t�i�c� 

�o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �t�h�a�t� �o�c�c�u�r� �o�n�l�y� �u�n�d�e�r� �m�e�t�h�a�n�o�g�e�n�i�c� 

�c�o�n�d�i�t�i�o�n�s�.� �O�n�e� �o�f� �t�h�e� �e�x�a�m�p�l�e�s� �i�s� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�h�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s�,� �w�h�i�c�h� �w�e�r�e� �f�o�u�n�d� �t�o� �o�c�c�u�r� 

�o�n�l�y� �u�n�d�e�r� �m�e�t�h�a�n�o�g�e�n�i�c� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �w�e�r�e� �i�n�h�i�b�i�t�e�d� �b�y� 

�s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �d�u�e� �t�o� �t�h�e� �c�o�m�p�e�t�i�t�i�o�n�.� 

�H�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c�s� �e�n�t�e�r�i�n�g� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �i�n�c�l�u�d�e� 

�p�e�s�t�i�c�i�d�e�s�,� �p�l�a�s�t�i�c�i�z�e�r�s�,� �p�l�a�s�t�i�c�s�,� �a�n�d� �s�o�l�v�e�n�t�s�.� �T�h�e� �k�e�y� 

�p�r�o�c�e�s�s� �f�o�r� �t�h�e� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �o�f� �h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s� �i�s� 

�t�h�e� �r�e�m�o�v�a�l� �o�f� �h�a�l�o�g�e�n�a�t�e�d� �s�u�b�s�t�i�t�u�e�n�t�s� �f�r�o�m� �t�h�e� �o�r�g�a�n�i�c� 

�c�o�m�p�o�u�n�d�s�,� �s�o�-�c�a�l�l�e�d� �r�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� �(�R�e�i�n�e�k�e� �a�n�d� 

�K�n�a�c�k�m�u�s�s�,� �1�9�8�8�)�.� 

�R�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� �i�n�v�o�l�v�e�s� �t�h�e� �r�e�m�o�v�a�l� �o�f� �h�a�l�o�g�e�n� 

�a�t�o�m�s� �b�y� �o�x�i�d�a�t�i�o�n�-�r�e�d�u�c�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �A�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� 

�F�i�g�u�r�e� �2�.�3�,� �t�w�o� �p�o�s�s�i�b�l�e� �p�a�t�h�w�a�y�s� �a�r�e� �i�n�v�o�l�v�e�d�.� �I�n� �e�s�s�e�n�c�e�,� 

�a� �p�r�i�m�a�r�y� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d� �i�s� �r�e�q�u�i�r�e�d�.� �T�h�e� �e�l�e�c�t�r�o�n�s� 

�g�e�n�e�r�a�t�e�d� �f�r�o�m� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �(�p�r�i�m�a�r�y� 

�s�u�b�s�t�r�a�t�e�s�)� �a�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s� �v�i�a� �a� 

�m�e�d�i�a�t�o�r�.� �T�h�e� �m�e�d�i�a�t�o�r� �c�o�u�l�d� �b�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �n�o�n�l�i�v�i�n�g� 
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�F�i�g�u�r�e� �2�.�3� �T�w�o� �p�o�s�s�i�b�l�e� �r�o�u�t�e�s� �f�o�r� �r�e�d�u�c�t�i�v�e� �d�e�c�h�l�o�r�i�n�a�t�i�o�n� 
�(�K�o�b�a�y�a�s�h�i� �a�n�d� �R�i�t�t�m�a�n�n�,� �1�9�8�2�)�.� 
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�c�o�m�p�o�u�n�d�s� �(�e�.�g�.�,� �F�e�t�3�)�,� �o�r� �b�i�o�l�o�g�i�c�a�l� �p�r�o�d�u�c�t�s� �(�e�.�g�.�,� 

�N�A�D�(�P�)�,� �f�l�a�v�i�n�)�.� �T�h�e� �m�a�j�o�r� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �r�e�d�u�c�t�i�v�e� 

�d�e�h�a�l�o�g�e�n�a�t�i�o�n� �p�r�o�c�e�s�s� �a�r�e� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �f�r�e�e� 

�e�l�e�c�t�r�o�n�s� �(�t�h�e� �r�e�d�u�c�i�n�g� �p�o�w�e�r�)� �f�r�o�m� �a� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e� �a�n�d� 

�t�h�e� �d�i�r�e�c�t� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�c�t�r�o�n� �d�o�n�o�r�s�,� �m�e�d�i�a�t�o�r�s� 

�a�n�d� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�s� �(�h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s�)� �(�K�o�b�a�y�a�s�h�i� 

�a�n�d� �R�i�t�t�m�a�n�n�,� �1�9�8�2�)�.� �T�h�e� �p�r�o�d�u�c�t�s� �a�f�t�e�r� �r�e�d�u�c�t�i�v�e� 

�G�e�h�a�l�o�g�e�n�a�t�i�o�n� �c�o�u�l�d� �b�e� �f�u�r�t�h�e�r� �u�t�i�l�i�z�e�d� �b�y� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 

�o�r� �h�a�v�e� �n�o� �b�e�n�e�f�i�t�s� �t�o� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� 

�I�n� �a�n� �e�a�r�l�i�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �S�u�f�l�i�t�a� �e�t� �a�l�.� �(�1�9�8�2�)� �f�o�u�n�d� 

�t�h�a�t� �t�h�e� �c�h�l�o�r�i�n�e� �o�n� �a� �n�u�m�b�e�r� �o�f� �m�e�t�a�-�s�u�b�s�t�i�t�u�t�e�d� 

�c�h�l�o�r�i�n�a�t�e�d� �b�e�n�z�o�a�t�e�s� �w�a�s� �r�e�p�l�a�c�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n� �u�s�i�n�g� �a�n� 

�a�n�a�e�r�o�b�i�c� �m�i�c�r�o�b�i�a�l� �c�o�n�s�o�r�t�i�u�m� �i�s�o�l�a�t�e�d� �f�r�o�m� �s�e�w�a�g�e� �s�l�u�d�g�e�.� 

�A�f�t�e�r� �a�l�l� �t�h�e� �c�h�l�o�r�i�n�e� �a�t�o�m�s� �w�e�r�e� �s�u�c�c�e�s�s�i�v�e�l�y� �r�e�p�l�a�c�e�d�,� �t�h�e� 

�a�r�o�m�a�t�i�c� �r�i�n�g� �w�a�s� �b�r�o�k�e�n� �a�n�d� �d�e�g�r�a�d�e�d� �t�o� �C�O�5� �a�n�d� �C�H�y�,�.� 

�A� �f�o�o�d� �c�h�a�i�n� �f�o�r� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �3�-�c�h�l�o�r�o�b�e�n�z�o�a�t�e�s� �w�a�s� 

�p�r�o�p�o�s�e�d� �b�y� �S�h�e�l�t�o�n� �a�n�d� �T�i�e�d�j�e� �(�1�9�8�4�)� �i�n� �w�h�i�c�h� �t�h�r�e�e� �k�e�y� 

�o�r�g�a�n�i�s�m�s� �w�e�r�e� �i�n�v�o�l�v�e�d�:� �t�h�e� �d�e�c�h�l�o�r�i�n�a�t�i�n�g� �o�r�g�a�n�i�s�m� 

�(�D�C�B�-�1�)�,� �t�h�e� �b�e�n�z�o�a�t�e� �d�e�g�r�a�d�e�r� �(�B�Z�-�1�)� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �(�F�i�g� 

�2�.�4�)�.� �T�h�e� �r�e�d�u�c�i�n�g� �p�o�w�e�r� �(�H�j�)� �r�e�q�u�i�r�e�d� �f�o�r� �r�e�d�u�c�t�i�v�e� 

�d�e�c�h�l�o�r�i�n�a�t�i�o�n� �i�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �b�e�n�z�o�a�t�e�.� 

�O�n�e� �t�h�i�r�d� �o�f� �t�h�e� �h�y�d�r�o�g�e�n� �g�e�n�e�r�a�t�e�d� �w�a�s� �c�o�n�s�u�m�e�d� �v�i�a� �t�h�e� 

�r�e�d�u�c�t�i�v�e� �d�e�c�h�l�o�r�i�n�a�t�i�o�n�,� �w�h�i�l�e� �t�w�o� �t�h�i�r�d�s� �w�a�s� �l�e�f�t� �t�o� �t�h�e� 

�m�e�t�h�a�n�o�g�e�n�s�.� �T�h�e� �i�n�t�e�r�s�p�e�c�i�e�s� �h�y�d�r�o�g�e�n� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� 

�b�e�n�z�o�a�t�e� �d�e�g�r�a�d�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �a�l�l�o�w�e�d� �t�h�e� 

�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �b�e�n�z�o�a�t�e� �t�o� �H�j� �t�o� �p�r�o�c�e�e�d� �a�n�d� �h�e�n�c�e� �t�h�e� 
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�C�O�O�H� 

�&� 
�b�e�c�!� �d�e�c�h�l�o�r�i�n�a�t�i�n�g� �b�a�c�t�e�r�i�u�m� �D�C�B�-�1� 

�b�e�n�z�o�a�t�e�  �� �o�x�i�d�i�z�i�n�g� �b�a�c�t�e�r�i�u�m� �B�Z�-�2� 

�C�H�,�C�O�O�H�+�H�,�+�C�O�,�  �� 
�{� �|� �m�e�t�h�a�n�e�  ��-� �f�o�r�m�i�n�g� �b�a�c�t�e�r�i�a� 

�M�e�t�h�a�n�o�t�h�r�i�x� �s�o�e�h�g�e�n�i�i� 

�{� �|� �M�e�t�h�a�n�o�s�p�i�r�i�l�l�u�m� �h�u�n�g�a�t�e�i� �P�M�-�1� 

�{� �|� �M�e�t�h�a�n�o�b�a�c�t�e�r�i�u�m� �s�t�r�a�i�n� �P�M�-�2� 

�C�H�,�+�C�O�,� �C�H�,� 

�F�i�g�u�r�e� �2�.�4� �3�-�C�h�l�o�r�o�b�e�n�z�o�a�t�e�-�d�e�g�r�a�d�i�n�g� �f�o�o�d� �c�h�a�i�n� �(�R�e�i�n�e�k�e� �a�n�d� 
�K�n�a�c�k�m�u�s�s�,� �1�9�8�8�)�.� 
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�r�e�d�u�c�t�i�v�e� �d�e�c�h�l�o�r�i�n�a�t�i�o�n� �w�a�s� �e�n�h�a�n�c�e�d�.� 

�M�a�n�y� �n�o�n�-�a�r�o�m�a�t�i�c� �h�a�l�o�g�e�n�a�t�e�d� �h�y�d�r�o�c�a�r�b�o�n�s� �s�u�c�h� �a�s� 

�p�e�r�c�h�l�o�r�o�e�t�h�y�l�e�n�e� �(�P�C�E�)� �a�r�e� �a�l�s�o� �s�u�b�j�e�c�t�e�d� �t�o� �r�e�d�u�c�t�i�v�e� 

�d�e�h�a�l�o�g�e�n�a�t�i�o�n� �u�n�d�e�r� �m�e�t�h�a�n�o�g�e�n�i�c� �c�o�n�d�i�t�i�o�n�s�.� �A�c�c�o�r�d�i�n�g� �t�o� 

�t�h�e� �s�t�u�d�y� �b�y� �F�a�t�h�e�p�u�r�e� �a�n�d� �B�o�y�d� �(�1�9�8�8�)�,� �t�h�e� �r�e�d�u�c�t�i�v�e� 

�d�e�c�h�l�o�r�i�n�a�t�i�o�n� �o�f� �P�C�E� �t�o� �T�C�E� �o�c�c�u�r�r�e�d� �o�n�l�y� �d�u�r�i�n�g� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �a�n�d� �n�o� �d�e�c�h�l�o�r�i�n�a�t�i�o�n� �p�r�o�c�e�e�d�e�d� �w�h�e�n� �m�e�t�h�a�n�e� 

�p�r�o�d�u�c�t�i�o�n� �s�t�o�p�p�e�d�.� �M�e�t�h�a�n�o�g�e�n�s� �d�i�r�e�c�t�l�y� �a�c�t�e�d� �a�s� �t�h�e� 

�d�e�h�a�l�o�g�e�n�a�t�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �A�g�a�i�n�,� �a� �s�o�u�r�c�e� �o�f� �r�e�d�u�c�i�n�g� 

�p�o�w�e�r� �i�s� �r�e�q�u�i�r�e�d� �(�F�i�g�.� �2�.�5�)�.� �T�h�e� �h�y�d�r�o�g�e�n� �f�r�o�m� �p�r�i�m�a�r�y� 

�s�u�b�s�t�r�a�t�e�s� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �P�C�E� �t�h�r�o�u�g�h� �a�n� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r� �a�g�e�n�t� �i�n�s�i�d�e� �t�h�e� �c�e�l�l�s� �o�f� �m�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a�.� 

�T�h�e� �d�a�t�a� �i�n� �T�a�b�l�e� �2�.�1�1� �s�h�o�w� �t�h�a�t� �t�h�e� �r�e�d�u�c�t�i�v�e� 

�d�e�c�h�l�o�r�i�n�a�t�i�o�n� �o�f� �P�C�E� �w�a�s� �d�i�r�e�c�t�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� �p�r�i�m�a�r�y� �c�a�r�b�o�n� �s�u�b�s�t�r�a�t�e�s�.� �T�h�e� 

�d�e�c�h�l�o�r�i�n�a�t�i�n�g� �a�b�i�l�i�t�y� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� �m�e�t�h�a�n�o�g�e�n�i�c� 

�s�u�b�s�t�r�a�t�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �d�e�c�h�l�o�r�i�n�a�t�i�o�n� �c�o�u�l�d� �t�a�k�e� �p�l�a�c�e� �a�t� 

�a�n�y� �o�n�e� �o�r� �a�l�l� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� �m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s� 

�(�F�a�t�h�e�p�u�r�e� �a�n�d� �B�o�y�d�,� �1�9�8�8�)�.� 

�(�g�)�E�f�f�e�c�t�s� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �o�n� �r�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� 

�R�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n�,� �t�h�e� �c�r�i�t�i�c�a�l� �p�r�o�c�e�s�s� �i�n� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s�,� �i�s� �n�o�t� �f�o�u�n�d� �a�t� 

�a�c�t�i�v�e� �s�u�l�f�a�t�e�-�r�e�d�u�c�i�n�g� �s�i�t�e�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�s�u�l�f�a�t�e� �t�o� �s�t�i�m�u�l�a�t�e� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �a�t� �a�c�t�i�v�e� 

�m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s� �i�n�h�i�b�i�t�e�d� �t�h�e� �r�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� 

�p�r�o�c�e�s�s�.� �T�h�e� �m�i�c�r�o�b�i�a�l� �m�e�t�a�b�o�l�i�s�m� �o�f� �c�h�l�o�r�o�p�h�e�n�o�l�i�c� 
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�C�H�,�C�O�O� �H�]� �C�o�,� �N�H�,� 
�C�H�,�O�H� �|�?� �c�H�,� �-�B�y�.�>�  ��>�C�H� �y�$�-�c�o�m ��*�2�)�_�+�.�c�H�,� 

�I�C�H�,� �N�H� �|� �H�y� �2� �|� �o�n�e�.� �2�e�7� �2�H�;�*�,� �2�e�7� 

�1�)�,�C� �=� �C�H�C�I� 
�[�R�e�d�u�c�t�i�v�e� �=�m� �C�C� �l�O� �=� �C�H�E�E� �-� 

�+�C�l� 

�(�c�h�,� �C�=� �C�h�,� 

�F�i�g�u�r�e� �2�.�5� �H�y�p�o�t�h�e�t�i�c�a�l� �s�c�h�e�m�e� �f�o�r� �t�h�e� �t�r�a�n�s�f�e�r� �o�f� �e�l�e�c�t�r�o�n�s� 
�t�o� �P�C�E� �d�u�r�i�n�g� �m�e�t�h�a�n�o�g�e�n�s�i�s� �(�F�a�t�h�e�p�u�r�e� �a�n�d� �B�o�y�d�,� 
�1�9�8�8�)�.� 

� � 
� � 

� � 

� � 
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�T�a�b�l�e� �2�.�1�1� �E�f�f�e�c�t� �o�f� �m�e�t�h�a�n�o�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �P�C�E� 
�d�e�c�h�l�o�r�i�n�a�t�i�o�n� �b�y� �M�e�t�h�a�n�o�s�a�r�c�i�n�a� �s�p�.� �s�t�r�a�i�n� �D�C�M� 
�(�F�a�t�h�e�p�u�r�e� �a�n�d� �B�o�y�d�,� �1�9�8�8�)�.� 

� � 

� � 

�M�e�t�h�a�n�o�l� �T�C�E� �f�o�r�m�e�d� �C�H�,� �f�o�r�m�e�d� �C�H�,� �e�x�p�e�c�t�e�d� �T�E�E� �f�o�r�m�e�n� �p�e�t� 
�-� �t�m�m�o�l�)� �t�a�m�o�l�)� �(�m�m�o�l�)� �(�m�m�o�l�)� �-�  �� 

�(�n�m�o�l�)� 

�0� �9�.�6� �0�.�1�5� �0� �6�4�.�0� 
�0�.�2�5� �1�2�.�9� �0�.�2�5� �0�.�1�8�8� �$�1�.�6� 
�0�.�5�0� �2�1�.�1� �0�.�4�4� �0�.�3�8� �4�8�.�0� 
�1�.�0� �3�4�.�9� �0�.�7�9� �0�.�7�5� �4�4�.�2� 
�1�.�8� �5�7�.�8� �1�.�1�9� �1�.�1�2�5� �4�8�.�6� 
�2�.�0� �.� �8�4�.�9� �1�.�7�0� �1�.�5� �4�9�.�9� 

�2�.�5� �9�1�.� �1�.�7�6� �1�.�8�7�5� �$�1�.�7� 
�5�.�0� �1�5�4�.�0� �2�.�8�0� �3�.�7�5� �5�5�.�0� 
� � 

�*� �M�e�t�h�a�n�o�s�a�r�c�i�n�a� �s�p�.� �s�t�r�a�i�n� �D�C�M� �w�a�s� �f�i�r�s�t� �g�r�o�w�n� �i�n� �S�O� �m�l� �o�f� �g�r�o�w�t�h� 
�m�e�d�i�u�m� �c�o�n�t�a�i�n�i�n�g� �1�.�2�5� �m�m�o�l� �o�f� �m�e�t�h�a�n�o�l� �f�o�r� �o�n�e� �g�r�o�w�t�h� �p�e�r�i�o�d�.� �A�t� �t�h�e� �e�n�d� 

�o�f� �t�h�e� �f�i�r�s�t� �g�r�o�w�t�h� �c�y�c�i�e�,� �d�i�f�f�e�r�e�n�t� �a�m�o�u�n�t�s� �o�f� �m�e�t�h�a�n�o�l� �a�n�d� �1�5�0� �p�g� �(�3� �p�p�c�)� �o�f� 
�P�C�E� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �b�o�t�t�l�e�s�,� �w�h�i�c�h� �w�e�r�e� �t�h�e�n� �i�n�c�u�b�a�t�e�d� �f�o�r� �2� �w�e�e�k�s�.� 
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�c�o�m�p�o�u�n�d�s� �i�n� �a�n� �a�q�u�i�f�e�r� �c�o�n�t�a�m�i�n�a�t�e�d� �b�y� �m�u�n�i�c�i�p�a�l� �l�a�n�d�f�i�l�l� 

�l�e�a�c�h�a�t�e� �w�a�s� �s�t�u�d�i�e�d� �b�y� �S�u�f�l�i�t�a� �a�n�d� �M�i�l�l�e�r� �(�1�9�8�5�)�.� �T�w�o� �t�y�p�e�s� 

�o�f� �s�i�t�e�s� �w�e�r�e� �f�o�u�n�d� �i�n� �t�h�e� �a�q�u�i�f�e�r�:� �a�c�t�i�v�e� �s�u�l�f�a�t�e�-�r�e�d�u�c�i�n�g� 

�s�i�t�e�s� �w�h�e�r�e� �s�u�l�f�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �h�i�g�h� �a�n�d� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �w�e�r�e� �t�h�e� �d�o�m�i�n�a�n�t� �g�r�o�u�p�;� �a�n�d� �a�c�t�i�v�e� �m�e�t�h�a�n�o�g�e�n�i�c� 

�s�i�t�e�s� �w�h�e�r�e� �s�u�l�f�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �l�o�w� �a�n�d� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s� �w�a�s� �t�h�e� �m�a�j�o�r� �p�r�o�c�e�s�s�.� �T�h�e�i�r� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�o�i�l�s� �a�t� 

�a�c�t�i�v�e�l�y� �m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s� �w�e�r�e� �a�b�l�e� �t�o� �m�e�t�a�b�o�l�i�z�e� 

�c�h�l�o�r�o�p�h�e�n�o�l�s� �b�y� �r�e�p�l�a�c�i�n�g� �t�h�e� �c�h�l�o�r�i�n�e� �w�i�t�h� �h�y�d�r�o�g�e�n� �a�t�o�m�s�,� 

�w�h�e�r�e�a�s� �t�h�e� �c�h�l�o�r�o�p�h�e�n�o�l�s� �t�e�n�d�e�d� �t�o� �p�e�r�s�i�s�t� �i�n� �t�h�e� �s�o�i�l�s� �a�t� 

�a�c�t�i�v�e� �s�u�l�f�a�t�e�-�r�e�d�u�c�i�n�g� �s�i�t�e�s�.� 

�A�n�o�t�h�e�r� �e�v�i�d�e�n�c�e� �o�f� �t�h�e� �i�n�h�i�b�i�t�i�o�n� �o�f� �r�e�d�u�c�t�i�v�e� 

�d�e�h�a�l�o�g�e�n�a�t�i�o�n� �b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �w�a�s� �g�i�v�e�n� �b�y� �G�i�b�s�o�n� �a�n�d� 

�S�u�f�l�i�t�a� �(�1�9�8�6�)�.� �S�o�i�l� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�t� �a� �s�u�l�f�a�t�e�-�r�e�d�u�c�i�n�g� 

�s�i�t�e� �w�e�r�e� �u�n�a�b�l�e� �t�o� �c�a�r�r�y� �o�u�t� �r�e�d�u�c�t�i�v�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n�.� �T�h�e� 

�s�u�l�f�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�p�p�e�a�r�e�d� �t�o� �b�e� �a� �c�r�i�t�i�c�a�l� �f�a�c�t�o�r� �i�n� 

�i�n�h�i�b�i�t�i�n�g� �t�h�e� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� �p�r�o�c�e�s�s�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�s�u�l�f�a�t�e� �t�o� �t�h�e� �m�e�t�h�a�n�o�g�e�n�i�c� �s�i�t�e�s� �i�n�h�i�b�i�t�e�d� �t�h�e� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �p�e�r�s�i�s�t�e�n�c�e� �o�f� �2�,�4�,�5�-�T�.� 

�A�d�d�i�n�g� �o�r�g�a�n�i�c�s� �t�o� �r�e�d�u�c�e� �s�u�l�f�a�t�e� �l�e�v�e�l�s� �s�t�i�m�u�l�a�t�e�d� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �t�h�u�s� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� �t�o�o�k� �p�l�a�c�e�.� 

�T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �d�e�h�a�l�o�g�e�n�a�t�i�o�n� �c�a�n� �t�a�k�e� �p�l�a�c�e� 

�i�n� �s�o�i�l�s� �a�n�d� �t�h�e� �p�r�o�c�e�s�s� �i�s� �h�i�g�h�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�c�t�i�v�i�t�y� 

�o�f� �m�e�t�h�a�n�o�g�e�n�s�.� �I�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �h�a�l�o�g�e�n�a�t�e�d� 

�c�o�m�p�o�u�n�d�s� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �c�o�m�p�e�t�i�t�i�v�e� �t�o� �m�e�t�h�a�n�o�g�e�n�s� 
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�b�e�c�a�u�s�e� �a� �p�a�r�t� �o�f� �t�h�e� �h�y�d�r�o�g�e�n� �h�a�s� �t�o� �b�e� �c�h�a�n�n�e�l�e�d� �t�o� 

�r�e�p�l�a�c�e� �h�a�l�o�g�e�n� �a�t�o�m�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�o�m�p�e�t�i�t�i�v�e� �p�o�t�e�n�t�i�a�l� �o�f� 

�h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s�,� �u�n�l�i�k�e� �s�u�l�f�a�t�e�,� �i�s� �l�e�s�s� �t�h�a�n� 

�m�e�t�h�a�n�o�g�e�n�s� �(�a�b�o�u�t� �a� �h�a�l�f� �i�n� �t�h�e� �c�a�s�e� �o�f� �3�-�c�h�l�o�r�o�p�h�e�n�o�l�,� 

�a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �H�a� �f�l�o�w�)�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� 

�m�e�t�h�a�n�o�g�e�n�s� �c�a�n� �s�t�i�l�l� �b�e� �m�a�i�n�t�a�i�n�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �s�h�a�r�i�n�g� 

�h�y�d�r�o�g�e�n� �f�l�o�w� �b�e�t�w�e�e�n� �d�e�h�a�l�o�g�e�n�a�t�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� 

�m�e�t�h�a�n�o�g�e�n�s� �(�o�r� �b�e�t�w�e�e�n� �C�O�5� �a�n�d� �h�a�l�o�g�e�n�a�t�e�d� �c�o�m�p�o�u�n�d�s�)� 

�b�e�n�e�f�i�t�s� �b�o�t�h� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �T�h�e� �d�e�h�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c�s� �c�a�n� 

�b�e� �p�o�t�e�n�t�i�a�l� �s�u�b�s�t�r�a�t�e�s� �f�o�r� �f�e�r�m�e�n�t�a�t�i�v�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� 

�p�r�o�v�i�d�e� �a�d�d�i�t�i�o�n�a�l� �m�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s� �f�o�r� �m�e�t�h�a�n�o�g�e�n�s�.� 

�W�h�e�n� �s�u�l�f�a�t�e� �i�s� �n�o�t� �l�i�m�i�t�e�d�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �c�a�n� �i�n�h�i�b�i�t� 

�m�e�t�h�a�n�o�g�e�n�e�s�i�s� �b�y� �c�o�n�s�u�m�i�n�g� �m�e�t�h�a�n�o�g�e�n�i�c� �s�u�b�s�t�r�a�t�e�s� �t�h�a�t� �a�r�e� 

�u�s�e�d� �a�s� �t�h�e� �s�o�u�r�c�e� �o�f� �r�e�d�u�c�i�n�g� �p�o�w�e�r� �f�o�r� �r�e�d�u�c�t�i�v�e� 

�d�e�h�a�l�o�g�e�n�a�t�i�o�n�.� �S�i�n�c�e� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �h�a�v�e� �a� �h�i�g�h� �a�f�f�i�n�i�t�y� 

�t�o� �t�h�e� �r�e�d�u�c�i�n�g� �p�o�w�e�r� �(�H�j�)�,� �a�l�l� �t�h�e� �h�y�d�r�o�g�e�n� �w�a�s� �c�h�a�n�n�e�l�l�e�d� 

�t�o� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n�,� �r�e�s�u�l�t�i�n�g� �i�n� �b�l�o�c�k�i�n�g� �r�e�d�u�c�t�i�v�e� 

�d�e�h�a�l�o�g�e�n�a�t�i�o�n�.� 

�2�.�5� �T�B�A� �a�n�d� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �s�u�b�s�u�r�f�a�c�e� �s�y�s�t�e�m�s� 

�T�B�A� �a�n�d� �M�T�B�E� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�o� �b�e� �r�e�l�a�t�i�v�e�l�y� 

�r�e�c�a�l�c�i�t�r�a�n�t� �i�n� �p�r�e�v�i�o�u�s�l�y� �u�n�c�o�n�t�a�m�i�n�a�t�e�d� �a�n�o�x�i�c�/�a�n�a�e�r�o�b�i�c� 

�s�u�b�s�u�r�f�a�c�e� �s�y�s�t�e�m�s� �(�G�o�l�d�s�m�i�t�h�,� �1�9�8�5�;� �W�h�i�t�e�,� �1�9�8�6�;� �M�o�r�r�i�s�,� 

�1�9�8�8�;� �H�i�c�k�m�a�n�,� �1�9�8�8�;� �M�c�B�r�a�y�e�r�,� �1�9�8�9�)�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� 

�o�f� �T�B�A� �a�n�d� �M�T�B�E� �w�e�r�e� �s�l�o�w� �a�n�d� �d�e�p�e�n�d�e�d� �o�n� �t�h�e� �e�c�o�l�o�g�i�c�a�l� 

�c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�.� �T�B�A� �w�a�s� �d�e�g�r�a�d�e�d� �i�n� �a� �z�e�r�o� 

�o�r�d�e�r� �r�a�t�e� �p�a�t�t�e�r�n� �b�u�t� �w�a�s� �f�o�u�n�d� �t�o� �f�o�l�l�o�w� �a� �f�i�r�s�t� �o�r�d�e�r� 
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�r�e�s�p�o�n�s�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�(�G�o�l�d�s�m�i�t�h�,� �1�9�8�5�)�.� �M�T�B�E� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �h�a�v�e� �a� �s�i�m�i�l�a�r� 

�d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n� �t�o� �T�B�A� �(�M�c�B�r�a�y�e�r�,� �1�9�8�9�)�.� 

�S�u�b�s�u�r�f�a�c�e� �m�a�t�e�r�i�a�l� �f�r�o�m� �t�e�n� �s�i�t�e�s� �i�n� �s�i�x� �l�o�c�a�t�i�o�n�s� 

�r�e�p�r�e�s�e�n�t�i�n�g� �d�i�v�e�r�s�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �w�a�s� �e�v�a�l�u�a�t�e�d� 

�i�n� �o�r�d�e�r� �t�o� �d�e�v�e�l�o�p� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� 

�r�a�t�e�s� �a�n�d� �m�i�c�r�o�b�i�a�l� �d�e�n�s�i�t�y� �(�H�i�c�k�m�a�n�,� �1�9�8�9�)�.� �T�B�A� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �p�o�s�i�t�i�v�e�l�y� �c�o�r�r�e�l�a�t�e�d� �t�o� �b�a�c�t�e�r�i�a�l� 

�d�e�n�s�i�t�y� �i�n� �s�o�i�l� �s�a�m�p�l�e�s� �f�r�o�m� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�;� �b�u�t� �t�h�e� 

�c�o�r�r�e�l�a�t�i�o�n� �w�a�s� �i�n�s�i�g�n�i�f�i�c�a�n�t� �b�e�t�w�e�e�n� �s�o�i�l�s� �f�r�o�m� �d�i�v�e�r�s�e� 

�l�o�c�a�t�i�o�n�s�.� �A�l�t�h�o�u�g�h� �a� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� 

�B�l�a�c�k�s�b�u�r�g� �s�o�i�l�s�,� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �l�o�w�,� 

�i�n�d�i�c�a�t�i�n�g� �a� �h�i�g�h� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �s�u�b�s�u�r�f�a�c�e� �s�y�s�t�e�m�s�.� 

�A� �c�o�n�s�i�d�e�r�a�b�l�e� �e�f�f�o�r�t� �h�a�s� �b�e�e�n� �d�e�v�o�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�r�o�l�e�s� �o�f� �d�i�f�f�e�r�e�n�t� �a�n�a�e�r�o�b�i�c� �m�e�t�a�b�o�l�i�c� �g�r�o�u�p�s� �i�n� �t�h�e� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A�.� �T�a�b�l�e� �2�.�1�2� �s�h�o�w�s� �t�h�e� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� 

�o�f� �s�i�t�e�s� �b�a�s�e�d� �o�n� �t�h�e� �r�e�l�a�t�i�v�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s�,� �r�e�s�p�o�n�s�e�s� 

�t�o� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�/�i�n�h�i�b�i�t�o�r� �a�m�e�n�d�m�e�n�t�s�,� �a�n�d� �g�e�n�e�r�a�l� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �(�H�i�c�k�m�a�n�,� �1�9�8�8�)�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� 

�e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r� �a�n�d� �i�n�h�i�b�i�t�i�o�n� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �m�o�r�e� 

�t�h�a�n� �o�n�e� �t�y�p�e� �o�f� �m�e�t�a�b�o�l�i�c� �g�r�o�u�p� �w�a�s� �a�b�l�e� �t�o� �d�e�g�r�a�d�e� �T�B�A� �b�u�t� 

�t�h�e� �p�r�e�d�o�m�i�n�a�n�t� �g�r�o�u�p�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� 

�v�a�r�i�e�d� �w�i�t�h� �s�i�t�e�.� �S�o�i�l�s� �w�e�r�e� �c�a�t�e�g�o�r�i�z�e�d� �t�o� �t�w�o� �d�i�f�f�e�r�e�n�t� 

�t�y�p�e�s� �b�a�s�e�d� �o�n� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �(�H�i�c�k�m�a�n�,� �1�9�8�9�)�.� �T�h�e� 

�"�F�a�s�t�"� �s�o�i�l�s� �h�a�d� �a� �b�a�c�k�g�r�o�u�n�d� �o�f� �h�i�g�h� �o�r�g�a�n�i�c� �f�l�u�x� �a�n�d� 

�d�e�n�i�t�r�i�f�i�e�r�s�,� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �w�e�r�e� �a�l�l� 
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�T�a�b�l�e� �2�.�1�2� �E�f�f�e�c�t� �o�f� �s�i�t�e� �v�a�r�i�a�t�i�o�n� �o�n� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� 
�(�H�i�c�k�m�a�n�,� �1�9�8�8�)�.� 
� � 

�F�a�s�t� �S�i�t�e�s� �S�l�o�w� �S�i�t�e�s� 

� � 

�R�e�p�r�e�s�e�n�t�a�t�i�v�e� �S�i�t�e�s� 

�R�e�l�a�t�i�v�e� �D�e�g�r�a�d�a�t�i�o�n� �R�a�t�e�s� 
�(�M�e�t�h�a�n�o�l� �a�n�d� �T�B�A�)� 

�N�i�t�r�a�t�e� �A�d�d�i�t�i�o�n� 

�N�i�t�r�i�t�e� �A�d�d�i�t�i�o�n� 

�S�u�l�f�a�t�e� �A�d�d�i�t�i�o�n� 

�I�n�h�i�b�i�t� �S�u�l�f�a�t�e� �R�e�d�u�c�t�i�o�n� 
�(�M�o�l�y�b�d�a�t�e� �A�d�d�i�t�i�o�n�)� 

�I�n�h�i�b�i�t� �M�e�t�h�a�n�o�g�e�n�e�s�i�s� 
�(�B�E�S�A� �A�d�d�i�t�i�o�n�)� 

�A�p�p�a�r�e�n�t� �I�m�p�o�r�t�a�n�t� 
�M�e�t�a�b�o�l�i�c� �P�a�t�h�w�a�y� �(�s�)� 

�W�P�,� �B�B�2�,� �8�B�3�,� �N�N�1� 

�H�i�g�h� 

�I�n�c�r�e�a�s�e�s� �R�a�t�e�s� 

�I�n�h�i�b�i�t�o�r�y� 

�I�n�c�r�e�a�s�e�s� �R�a�t�e�s� 

�N�o� �E�f�f�e�c�t� 

�N�o� �E�f�f�e�c�t� 

�N�i�t�r�a�t�e� �R�e�s�p�i�r�a�t�i�o�n�/� 
�D�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� 
�S�u�l�f�a�t�e� �R�e�d�u�c�t�i�o�n�,� 
�M�e�t�h�a�n�o�g�e�n�e�s�i�s� 

�W�L�,� �D�F�,� �B�B�1�,� �B�B�&�,� �N�N�2� 

�L�o�w� 

�D�e�c�r�e�a�s�e�s� �R�a�t�e�s� 
�(�L�o�w� �p�H� �S�i�t�e�s�)� �o�r� 
�N�o� �E�f�f�e�c�t� �(�H�i�g�h� 
�p�H� �S�i�t�e�s�)� 

�I�n�h�i�b�i�t�o�r�y� 

�D�e�c�r�e�a�s�e�s� �R�a�t�e�s� 

�I�n�c�r�e�a�s�e�s� �R�a�t�e�s� 

�D�e�c�r�e�a�s�e�s� �R�a�t�e�s� 

�M�e�t�h�a�n�o�g�e�n�e�s�i�s�,� 
�O�t�h�e�r� �(�7�)� 

� � 

�5�3



�a�c�t�i�v�e�.� �I�n� �"�s�l�o�w�"� �s�o�i�l�s�,� �w�h�e�r�e� �d�e�n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� �w�e�r�e� 

�r�e�l�a�t�i�v�e�l�y� �i�n�a�c�t�i�v�e�,� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �m�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a� 

�d�e�t�e�r�m�i�n�e�d� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �o�f� �T�B�A�.� �M�o�r�r�i�s� �(�1�9�8�8�)� 

�p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�e� �c�o�m�p�e�t�i�t�i�v�e� �e�x�c�l�u�s�i�o�n� �o�f� �m�e�t�h�a�n�o�g�e�n�e�s�i�s� �b�y� 

�t�h�e� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �(�i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�u�l�f�a�t�e�)� �r�e�t�a�r�d�e�d� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n�.� �H�i�c�k�m�a�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �h�i�g�h� �o�r�g�a�n�i�c� �f�l�u�x� 

�a�n�d� �a�c�t�i�v�e� �m�i�c�r�o�b�i�a�l� �g�r�o�u�p�s� �m�i�g�h�t� �b�e� �t�h�e� �r�e�a�s�o�n� �f�o�r� �f�a�s�t�e�r� 

�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �s�t�i�l�l� �u�n�c�l�e�a�r� �w�h�a�t� 

�p�a�r�t�i�c�u�l�a�r� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �i�n� �t�h�e� �"�o�r�g�a�n�i�c� �f�l�u�x�"�,� �h�o�w� �t�h�e� 

�o�r�g�a�n�i�c� �f�l�u�x� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �m�i�c�r�o�b�i�a�l� �a�c�t�i�v�i�t�y� �a�n�d� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �a�n�d� �h�o�w� �m�u�c�h� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �c�a�n� �b�e� �c�h�a�n�g�e�d� 

�i�f� �t�h�e� �m�i�c�r�o�b�i�a�l� �a�c�t�i�v�i�t�y� �i�s� �e�n�h�a�n�c�e�d�.� 

�M�o�r�r�i�s� �(�1�9�8�8�)� �o�b�s�e�r�v�e�d� �t�h�a�t� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �u�n�d�e�r� 

�a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �e�x�h�i�b�i�t�e�d� �a� �s�i�m�i�l�a�r� �p�a�t�t�e�r�n� �t�o� �t�h�o�s�e� �o�f� 

�h�a�l�o�g�e�n�a�t�e�d� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s�.� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�d� �w�h�e�n� �m�o�l�y�b�d�a�t�e�,� �a� �m�e�t�a�b�o�l�i�c� 

�i�n�h�i�b�i�t�o�r� �f�o�r� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�)�,� �w�a�s� �a�d�d�e�d� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� 

�c�o�n�t�a�i�n�i�n�g� �l�o�w�-�o�r�g�a�n�i�c� �s�o�i�l�s�.� �H�e� �p�r�o�p�o�s�e�d� �t�h�a�t�:� 

�(�1�)� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �r�e�q�u�i�r�e�d� �t�h�e� �r�e�p�l�a�c�e�m�e�n�t� �o�f� �m�e�t�h�y�l� �g�r�o�u�p�s� 

�i�n� �T�B�A� �w�i�t�h� �a� �H� �b�e�f�o�r�e� �a�n�y� �f�u�r�t�h�e�r� �d�e�g�r�a�d�a�t�i�o�n�s� �o�c�c�u�r�;� �a�n�d� 

�(�2�)� �i�n�t�e�r�s�p�e�c�i�e�s� �h�y�d�r�o�g�e�n� �t�r�a�n�s�f�e�r� �w�a�s� �t�h�e� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� 

�r�e�d�u�c�t�i�v�e� �d�e�m�e�t�h�y�l�a�t�i�o�n� �o�f� �T�B�A�.� 

�T�h�e�r�e�f�o�r�e�,� �t�o� �e�n�h�a�n�c�e� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A� �a�n�d� �m�a�y�b�e� 

�M�T�B�E� �a�n�d� �E�T�B�E� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�,� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� 

�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s� �m�u�s�t� �b�e� �u�n�d�e�r�s�t�o�o�d�.� 
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�C�h�a�p�t�e�r� �3� �M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� 

�3�.�1� �G�e�n�e�r�a�l� �A�p�p�r�o�a�c�h� 

�O�n�e� �o�f� �t�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� 

�e�v�a�l�u�a�t�e� �t�h�e� �i�m�p�a�c�t� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s�,� �b�o�t�h� �b�i�o�t�i�c� �o�r� 

�a�b�i�o�t�i�c�,� �o�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �s�o�i�l�s�.� �B�e�c�a�u�s�e� �o�f� �a� �l�a�c�k� 

�o�f� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �o�x�y�g�e�n�a�t�e�s�,� �e�s�p�e�c�i�a�l�l�y� �M�T�B�E� �a�n�d� �E�T�B�E�,� 

�a�n�d� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �s�o�i�l� �s�y�s�t�e�m�s�,� �t�h�e� �f�i�r�s�t� �t�a�s�k� �w�a�s� �t�o� 

�i�d�e�n�t�i�f�y� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s� �w�h�i�c�h� �h�a�d� �t�h�e� �p�o�t�e�n�t�i�a�l� �t�o� 

�i�n�f�l�u�e�n�c�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�.� 

�P�r�e�v�i�o�u�s� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A� �w�a�s� �r�e�l�a�t�e�d� �t�o� �c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�l�o�g�i�c�a�l� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�t� �e�a�c�h� �s�i�t�e� �(�H�i�c�k�m�a�n�,� �1�9�8�8�)�.� �T�o� �i�d�e�n�t�i�f�y� 

�t�h�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�h�i�c�h� �m�a�y� �h�a�v�e� �m�e�a�s�u�r�a�b�l�e� 

�i�m�p�a�c�t�s� �o�n� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A� �a�n�d� �p�o�s�s�i�b�l�y� �M�T�B�E� �a�n�d� �E�T�B�E�,� 

�t�h�e� �s�t�u�d�y� �c�o�n�s�i�s�t�e�d� �o�f� �t�w�o� �p�a�r�t�s�:� �(�1�)� �s�i�t�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�t�o� �i�d�e�n�t�i�f�y� �s�i�t�e� �v�a�r�i�a�b�l�e�s�;� �a�n�d� �(�2�)� �m�i�c�r�o�c�o�s�m� �s�t�u�d�i�e�s� �w�i�t�h� 

�a�m�e�n�d�m�e�n�t�s� �o�f� �s�u�b�s�u�r�f�a�c�e� �p�a�r�a�m�e�t�e�r�s� �i�d�e�n�t�i�f�i�e�d� �i�n� �(�1�)�.� �T�h�e� 

�s�u�b�s�u�r�f�a�c�e� �i�n�f�l�u�e�n�c�e� �o�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �t�h�e�n� �e�l�u�c�i�d�a�t�e�d� 

�b�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �(�1�)� �a�n�d� �(�2�)�.� 

�3�.�2� �S�i�t�e�s� �a�n�d� �S�a�m�p�l�i�n�g� 

�A�q�u�i�f�e�r� �m�a�t�e�r�i�a�l� �w�a�s� �s�a�m�p�l�e�d� �f�r�o�m� �v�a�r�i�o�u�s� �d�e�p�t�h�s� �a�t� �t�h�r�e�e� 

�s�i�t�e�s�.� �S�i�t�e� �1� �w�a�s� �l�o�c�a�t�e�d� �i�n� �a� �w�o�o�d�e�d� �a�r�e�a� �a�t� �V�A� �T�e�c�h� �i�n� 

�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�.� �S�o�i�l�s� �a�t� �t�h�i�s� �s�i�t�e� �w�e�r�e� �m�a�i�n�l�y� 

�u�n�s�a�t�u�r�a�t�e�d� �c�l�a�y�.� �S�o�i�l� �s�a�m�p�l�e�s� �f�r�o�m� �t�w�o� �d�i�f�f�e�r�e�n�t� �p�o�i�n�t�s� 

�a�b�o�u�t� �1�0�0� �f�t� �a�w�a�y� �f�r�o�m� �e�a�c�h� �o�t�h�e�r� �w�e�r�e� �t�a�k�e�n� �a�t� �t�h�i�s� �s�i�t�e�.� 
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�S�o�i�l�s� �f�r�o�m� �t�h�e� �f�i�r�s�t� �s�a�m�p�l�i�n�g� �p�o�i�n�t� �w�e�r�e� �t�a�k�e�n� �i�n� �t�h�e� �F�a�l�l� �o�f� 

�1�9�8�8� �a�n�d� �w�e�r�e� �d�e�s�i�g�n�a�t�e�d� �a�s� �S�i�t�e� �1�(�A�)�.� �T�h�e� �s�e�c�o�n�d� �l�o�c�a�t�i�o�n�,� 

�S�i�t�e� �1�(�B�)�,� �w�a�s� �t�a�k�e�n� �i�n� �t�h�e� �S�p�r�i�n�g� �o�f� �1�9�9�0�.� �S�i�t�e� �2� �w�a�s� �a�l�s�o� 

�a�t� �V�A� �T�e�c�h� �b�u�t� �p�o�s�i�t�i�o�n�e�d� �i�n� �a� �l�o�w� �a�r�e�a� �w�h�i�c�h� �r�e�c�e�i�v�e�d� �r�u�n�o�f�f� 

�f�r�o�m� �a� �n�e�a�r�b�y� �f�e�e�d�l�o�t�.� �T�h�e� �g�r�o�u�n�d�w�a�t�e�r� �t�a�b�l�e� �w�a�s� �a�b�o�u�t� �2� �f�e�e�t� 

�b�e�l�o�w� �t�h�e� �s�u�r�f�a�c�e�.� �S�o�i�l�s� �a�t� �t�h�i�s� �s�i�t�e� �w�e�r�e� �s�a�n�d�y� �l�o�a�m�.� �S�i�t�e� 

�3� �w�a�s� �i�n� �N�e�w�p�o�r�t� �N�e�w�s�,� �V�A�.� �T�h�e� �g�r�o�u�n�d�w�a�t�e�r� �t�a�b�l�e� �w�a�s� �a�b�o�u�t� �3� 

�f�e�e�t� �b�e�l�o�w� �t�h�e� �s�u�r�f�a�c�e�.� �S�o�i�l�s� �h�e�r�e� �w�e�r�e� �m�a�i�n�l�y� �s�i�l�t�y� �l�o�a�n�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �s�i�t�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n�,� �t�h�e� �d�e�p�t�h� �i�n� �f�e�e�t� 

�w�h�e�r�e� �a� �s�o�i�l� �s�a�m�p�l�e� �w�a�s� �c�o�l�l�e�c�t�e�d� �i�s� �p�l�a�c�e�d� �a�f�t�e�r� �t�h�e� �s�i�t�e� 

�n�u�m�b�e�r�.� �F�o�r� �e�x�a�m�p�l�e�,� �S�i�t�e� �2�-�5� �r�e�p�r�e�s�e�n�t�s� �a� �s�o�i�l� �s�a�m�p�l�e� �f�r�o�m� 

�5� �f�e�e�t� �b�e�l�o�w� �t�h�e� �s�u�r�f�a�c�e� �a�t� �S�i�t�e� �2�.� 

�S�o�i�l�s� �f�r�o�m� �t�h�e�s�e� �s�i�t�e�s� �h�a�v�e� �b�e�e�n� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� �i�n� 

�t�h�e� �p�a�s�t� �(�G�o�l�d�s�m�i�t�h�,� �1�9�8�5�;� �M�o�r�r�i�s�,� �1�9�8�8�;� �H�i�c�k�m�a�n�,� �1�9�8�8�)�.� �S�i�t�e� 

�1� �h�a�s� �b�e�e�n� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �a� �"�s�l�o�w�"� �s�i�t�e� �i�n� �t�e�r�m�s� �o�f� 

�d�e�g�r�a�d�a�t�i�o�n� �w�h�i�l�e� �S�i�t�e�s� �2� �a�n�d� �3� �h�a�v�e� �b�e�e�n� �c�a�t�e�g�o�r�i�z�e�d� �a�s� 

�"�f�a�s�t�"� �s�i�t�e�s�.� 

�S�u�b�s�u�r�f�a�c�e� �m�a�t�e�r�i�a�l� �w�a�s� �c�o�l�l�e�c�t�e�d� �b�y� �h�a�n�d� �a�u�g�e�r� �a�n�d� 

�t�r�a�n�s�f�e�r�r�e�d� �t�o� �s�t�e�r�i�l�i�z�e�d� �m�a�s�o�n� �j�a�r�s� �f�i�t�t�e�d� �w�i�t�h� �t�e�f�l�o�n� �c�a�p�s�.� 

�S�o�i�l�s� �w�e�r�e� �t�h�e�n� �t�r�a�n�s�p�o�r�t�e�d� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�n�d� �s�t�o�r�e�d� �a�t� 

�1�0� �C� �(�t�h�e� �a�v�e�r�a�g�e� �a�n�n�u�a�l� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�)�.� 

�A�l�l� �g�l�a�s�s�w�a�r�e� �w�a�s� �a�c�i�d�-�w�a�s�h�e�d� �w�i�t�h� �a� �1�0� �%� �H�C�l� �s�o�l�u�t�i�o�n� 

�b�e�f�o�r�e� �u�s�e�.� �T�h�e� �g�l�a�s�s�w�a�r�e� �a�n�d� �u�t�e�n�s�i�l�s� �u�s�e�d� �i�n� �m�i�c�r�o�b�i�a�l� �a�n�d� 

�m�i�c�r�o�c�o�s�m� �s�t�u�d�i�e�s� �w�e�r�e� �f�u�r�t�h�e�r� �s�t�e�r�i�l�i�z�e�d� �b�y� �f�l�a�m�e� �o�r� 

�a�u�t�o�c�l�a�v�i�n�g� �a�t� �1�5� �p�s�i� �a�n�d� �1�2�1� �C� �f�o�r� �2�0� �m�i�n�u�t�e�s�.� 
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�3�.�3� �C�h�e�m�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�T�h�e� �s�o�i�l�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �t�o� �t�h�e�i�r� �a�n�a�e�r�o�b�i�c� 

�m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s�,� �s�o�i�l� �a�n�i�o�n�s� �(�n�i�t�r�a�t�e�,� �n�i�t�r�i�t�e�,� �s�u�l�f�a�t�e� 

�a�n�d� �p�h�o�s�p�h�a�t�e�)�,� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�,� �o�r�g�a�n�i�c� �c�o�n�t�e�n�t�,� 

�n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y�,� �a�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n� �r�a�t�e�,� �a�n�d� �s�o�i�l� �p�H�.� 

�T�h�e�s�e� �c�h�e�m�i�c�a�l� �a�n�d� �m�i�c�r�o�b�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�e�r�e� �u�s�e�d� �t�o� 

�r�e�l�a�t�e� �t�h�e� �i�n�t�r�a�s�i�t�e� �v�a�r�i�a�t�i�o�n�s� �t�o� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �r�e�s�p�o�n�s�e�.� 

�S�o�i�l� �m�o�i�s�t�u�r�e� �a�n�d� �o�r�g�a�n�i�c� �c�o�n�t�e�n�t�.� 

�T�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�r�y�i�n�g� �s�o�i�l�s� 

�a�t� �1�0�4� �C� �f�o�r� �2�4� �h�o�u�r�s�.� �T�h�e� �o�r�g�a�n�i�c� �c�o�n�t�e�n�t� �w�a�s� �e�x�p�r�e�s�s�e�d� �a�s� 

�m�g� �C�O�D� �p�e�r� �k�g� �d�r�y� �s�o�i�l�,� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� �b�y� �N�e�l�s�o�n� 

�a�n�d� �S�o�m�m�e�r�s� �(�1�9�8�2�)�.� �T�h�e� �d�e�g�r�a�d�a�b�l�e� �o�r�g�a�n�i�c� �c�o�n�t�e�n�t� �w�a�s� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �s�o�i�l� �o�r�g�a�n�i�c� �c�o�n�t�e�n�t� �b�e�f�o�r�e� �a�n�d� 

�a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �3�0� �d�a�y�s� �a�f�t�e�r� 

�a�d�d�i�t�i�o�n� �o�f� �i�n�o�r�g�a�n�i�c� �n�u�t�r�i�e�n�t�s� �(�N�&�P�)�.� 

�E�x�t�r�a�c�t�a�b�l�e� �a�n�i�o�n�s� 

�S�o�i�l� �s�a�m�p�l�e�s� �f�o�r� �n�i�t�r�a�t�e�,� �n�i�t�r�i�t�e� �a�n�d� �p�h�o�s�p�h�a�t�e� �a�n�a�l�y�s�i�s� 

�w�e�r�e� �m�i�x�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�t� �a� �1�:�1� �r�a�t�i�o� �o�f� �s�o�i�l� �t�o� 

�w�a�t�e�r�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�o�l�u�t�i�o�n� �w�a�s� �s�h�a�k�e�n� �f�o�r� �o�n�e� �h�o�u�r� �a�n�d� 

�t�h�e� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� �D�i�o�n�e�x� �M�o�d�e�l� �2�0�1�0�i� �I�o�n� 

�C�h�r�o�m�a�t�o�g�r�a�p�h� �w�i�t�h� �a� �D�i�o�n�e�x� �H�P�I�C�-�A�S�3� �c�o�l�u�m�n�.� �A� �m�i�x�t�u�r�e� �o�f� 

�s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�2�.�8� �m�M�)� �a�n�d� �s�o�d�i�u�m� �c�a�r�b�o�n�a�t�e� �(�2�.�2� �m�M�)� �w�a�s� 

�u�s�e�d� �a�s� �t�h�e� �e�l�u�a�n�t� �a�n�d� �0�.�0�2�5�N� �H�j�S�O�4� �w�a�s� �u�s�e�d� �a�s� �t�h�e� 

�r�e�g�e�n�e�r�a�n�t�.� 

�F�o�r� �s�u�l�f�a�t�e� �a�n�a�l�y�s�i�s�,� �s�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� 

�s�a�m�e� �p�r�o�c�e�d�u�r�e� �e�x�c�e�p�t� �e�x�t�r�a�c�t�i�o�n� �w�a�s� �w�i�t�h� �a� �s�o�l�u�t�i�o�n� �o�f� �1�0�0� 
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�p�p�m� �p�h�o�s�p�h�a�t�e� �a�s� �K�j�H�P�O�,� �(�T�a�b�a�t�a�b�i� �a�n�d� �B�r�e�m�e�r�,� �1�9�7�2�)�.� 

�N�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �a�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n� 

�N�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �a�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n� �t�e�s�t�s� �f�o�l�l�o�w�e�d� 

�t�h�e� �m�e�t�h�o�d�s� �d�e�s�c�r�i�b�e�d� �b�y� �K�e�e�n�e�y� �(�1�9�8�2�)� �a�n�d� �B�l�a�s�c�o� �a�n�d� 

�C�o�r�n�f�i�e�l�d� �(�1�9�6�6�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�o�r� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�a�l�y�s�i�s�,� �1�0� �g�r�a�m�s� �o�f� �a�n� 

�a�u�t�o�c�l�a�v�e�d� �s�o�i�l� �s�a�m�p�l�e� �w�a�s� �m�i�x�e�d� �w�i�t�h� �5�0� �m�l� �o�f� �a� �1�M� �K�c�l� 

�s�o�l�u�t�i�o�n� �f�o�r� �1� �h�o�u�r�.� �T�h�e� �s�o�i�l� �s�l�u�r�r�y� �w�a�s� �t�h�e�n� �c�e�n�t�r�i�f�u�g�e�d� 

�a�n�d� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �a�n�a�l�y�z�e�d� �f�o�r� �a�m�m�o�n�i�u�m� �n�i�t�r�o�g�e�n� �u�s�i�n�g� 

�t�h�e� �d�i�s�t�i�l�l�a�t�i�o�n� �m�e�t�h�o�d�.� 

�F�o�r� �t�h�e� �a�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n� �t�e�s�t�,� �1�0� �m�l� �o�f� �a�n� �i�n�o�r�g�a�n�i�c� 

�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� �0�.�3� �g�/�l� �o�f� �N�H�4�C�l� �w�a�s� �a�d�d�e�d� �t�o� �5� 

�g� �o�f� �s�o�i�l�.� �T�h�e� �s�o�i�l� �w�a�s� �t�h�e�n� �i�n�c�u�b�a�t�e�d� �a�t� �4� �C� �f�o�r� �2�4� �h�o�u�r�.� 

�T�h�e� �r�e�s�i�d�u�a�l� �a�m�m�o�n�i�u�m� �n�i�t�r�o�g�e�n� �w�a�s� �t�h�e�n� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �t�h�e� 

�s�a�m�e� �p�r�o�c�e�d�u�r�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �t�e�s�t�s�.� 

�T�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �a�m�m�o�n�i�u�m� �f�i�x�e�d� �b�y� �s�o�i�l�s� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �l�o�s�t� �d�u�r�i�n�g� �i�n�c�u�b�a�t�i�o�n� �d�i�v�i�d�e�d� �b�y� �t�h�e� 

�i�n�i�t�i�a�l� �a�m�m�o�n�i�u�m� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �(�B�l�a�s�c�o� 

�a�n�d� �C�o�r�n�f�i�e�l�d�,� �1�9�6�6�)�.� 

�S�o�i�l� �p�H� 

�S�o�i�l� �p�H� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�i�x�i�n�g� �5� �g�r�a�m�s� �o�f� �s�o�i�l� �w�i�t�h� �5� �m�l� 

�o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �f�o�r� �1�0� �m�i�n�u�t�e�s� �a�n�d� �m�e�a�s�u�r�i�n�g� �t�h�e� �p�H� �w�i�t�h� �a� 

�p�H� �m�e�t�e�r� �(�M�c�l�e�a�n�,� �1�9�8�2�)�.� �T�h�e� �f�i�n�a�l� �p�H� �i�n� �m�i�c�r�o�c�o�s�m�s� �w�a�s� 

�m�e�a�s�u�r�e�d� �u�s�i�n�g� �p�H� �p�a�p�e�r�.� 
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�3�.�4� �M�i�c�r�o�b�i�a�l� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�B�a�c�t�e�r�i�a�l� �d�e�n�s�i�t�i�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �t�h�e� �M�o�s�t� �P�r�o�b�a�b�l�e� 

�N�u�m�b�e�r� �(�M�P�N�)� �m�e�t�h�o�d� �(�A�l�e�x�a�n�d�e�r�,� �1�9�8�2�)�.� �T�h�r�e�e� �a�n�a�e�r�o�b�i�c� 

�m�e�t�a�b�o�l�i�c� �g�r�o�u�p�s� �w�e�r�e� �e�n�u�m�e�r�a�t�e�d�:� �d�e�n�i�t�r�i�f�i�e�r�s�,� �s�u�l�f�a�t�e� 

�r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� �(�S�R�B�)� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s�.� 

�D�e�n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� 

�T�h�e� �c�u�l�t�u�r�e� �m�e�d�i�u�m� �f�o�r� �d�e�n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� �c�o�n�s�i�s�t�e�d� �o�f� 

�8�.�0� �g� �n�u�t�r�i�e�n�t� �b�r�o�t�h�,� �0�.�5� �g� �K�N�O�3� �p�e�r� �l�i�t�e�r� �o�f� �t�a�p� �w�a�t�e�r�.� 

�P�o�s�i�t�i�v�e� �t�u�b�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �f�o�r� 

�d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �n�i�t�r�a�t�e� �(�T�i�e�d�j�e�,� �1�9�8�2�)�.� 

�S�u�l�f�a�t�e� �r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� 

�S�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �w�e�r�e� �e�n�u�m�e�r�a�t�e�d� �i�n� �a� �c�u�l�t�u�r�e� �m�e�d�i�a� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �0�.�5� �g� �K�j�H�P�O�,�,� �1�.�0� �g� �C�a�S�O�4�,� �2�.�0� �g� �M�g�S�O�4�.�7�H�2�0�,� 

�1�.�0� �g� �N�H�4�C�l�,� �0�.�5� �g� �F�e�S�O�,� �(�N�H�,�4�)�2�5�0�4�.�6�H�2�0� �a�n�d� �1�.�0� �g� �y�e�a�s�t� 

�e�x�t�r�a�c�t� �p�e�r� �l�i�t�e�r� �o�f� �t�a�p� �w�a�t�e�r�.� �L�a�c�t�a�t�e� �(�6� �g�/�l�)� �a�n�d� �a�c�e�t�a�t�e� 

�(�1� �m�M�)� �w�e�r�e� �u�s�e�d� �t�o� �c�u�l�t�u�r�e� �t�w�o� �s�e�p�a�r�a�t�e� �g�r�o�u�p�s� 

�(�a�c�e�t�a�t�e�-�u�s�i�n�g� �a�n�d� �l�a�c�t�a�t�e�-�u�s�i�n�g� �S�R�B�)�.� �T�h�e� �r�e�d�u�c�e�d� 

�e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �a�c�h�i�e�v�e�d� �b�y� �b�u�b�b�l�i�n�g� �w�i�t�h� �N�y� �g�a�s� �f�o�r� �2�0� 

�m�i�n�u�t�e�s� �a�n�d� �a�d�d�i�n�g� �1�.�0� �g� �s�o�d�i�u�m� �t�h�i�o�g�l�y�c�o�l�l�a�t�e� �a�s� �a� �r�e�d�u�c�t�a�n�t� 

�(�K�a�s�p�a�r� �a�n�d� �T�i�e�d�j�e�,� �1�9�8�2�)�.� �T�u�b�e�s� �w�i�t�h� �a� �b�l�a�c�k� �F�e�S� �p�r�e�c�i�p�i�t�a�t�e� 

�i�n�d�i�c�a�t�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�.� 

�M�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a� 

�T�h�e� �c�u�l�t�u�r�e� �m�e�d�i�u�m� �f�o�r� �m�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a� �i�n�c�l�u�d�e�d� �0�.�5�4� 

�g� �K�H�j�P�0�4�,� �1�.�2�3� �g� �N�a�j�H�P�O�4�,�,� �0�.�3� �g� �N�H�4�C�l� �a�n�d� �5�0� �m�l� �m�i�n�e�r�a�l� 

�s�o�l�u�t�i�o�n� �(�6� �g� �N�a�C�l�,� �2�.�2� �g� �C�a�C�l�5�,� �2� �g� �M�g�C�l�>�.�6�H�2�0�/�1�)� �i�n� �1� �l�i�t�e�r� 

�o�f� �t�a�p� �w�a�t�e�r�.� �A�f�t�e�r� �t�h�e� �m�e�d�i�u�m� �w�a�s� �s�t�e�r�i�l�i�z�e�d� �a�n�d� �b�u�b�b�l�e�d� 
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�w�i�t�h� �N�>�j� �g�a�s� �f�o�r� �2�0� �m�i�n�u�t�e�s�,� �4� �g� �N�a�H�C�O�3�,� �0�.�0�5� �g� �c�y�s�t�e�i�n�e�,� 

�0�.�0�2�4� �g� �N�a�j�S� �a�n�d� �3�0� �m�l� �T�i�C�l�3� �s�o�l�u�t�i�o�n� �(�3�.�7�5� �m�l� �o�f� �2�0�%� �T�i�C�l�3� 

�a�n�d� �0�.�0�0�1�2� �g� �s�o�d�i�u�m� �c�i�t�r�a�t�e� �d�i�h�y�d�r�a�t�e� �i�n� �5�1�.�2�5� �m�l�,� 

�n�e�u�t�r�a�l�i�z�e�d� �b�y� �s�a�t�u�r�a�t�e�d� �N�a� �C�0�3�)� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �s�o�l�u�t�i�o�n� 

�a�n�d� �t�h�e� �p�H� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �~�7�.�0�.� �P�o�s�i�t�i�v�e� �t�u�b�e�s� �w�e�r�e� 

�i�d�e�n�t�i�f�i�e�d� �b�y� �i�n�j�e�c�t�i�n�g� �1�0�0� �u�l� �o�f� �h�e�a�d�s�p�a�c�e� �g�a�s� �i�n�t�o� �a� �g�a�s� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �a�n�d� �t�e�s�t�i�n�g� �f�o�r� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�e�t�h�a�n�e� 

�(�K�a�s�p�a�r� �&� �T�i�e�d�j�e�,� �1�9�8�2�)�.� 

�A�e�r�o�b�e�s� 

�A�e�r�o�b�e�s� �w�e�r�e� �e�n�u�m�e�r�a�t�e�d� �b�y� �p�l�a�t�e� �c�o�u�n�t�s� �u�s�i�n�g� �s�o�i�l� �e�x�t�r�a�c�t� 

�o�r� �n�u�t�r�i�e�n�t� �a�g�a�r� �a�s� �t�h�e� �c�u�l�t�u�r�e� �m�e�d�i�u�m�.� �T�h�e� �i�n�o�c�u�l�a�t�i�o�n� �a�n�d� 

�i�n�c�u�b�a�t�i�o�n� �f�o�r� �t�o�t�a�l� �p�l�a�t�e� �c�o�u�n�t�s� �f�o�l�l�o�w�e�d� �t�h�e� �m�e�t�h�o�d�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �T�h�e� �M�e�t�h�o�d�s� �o�f� �S�o�i�l� �A�n�a�l�y�s�i�s�,� �P�a�r�t� �2�:� �C�h�e�m�i�c�a�l� 

�a�n�d� �M�i�c�r�o�b�i�o�l�o�g�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �(�P�a�g�e�,� �1�9�8�2�)�.� 

�3�.�5� �M�i�c�r�o�c�o�s�m� �S�e�t�u�p� 

�B�i�o�d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �e�v�a�l�u�a�t�e�d� �i�n� �s�t�a�t�i�c� �s�o�i�l�/�w�a�t�e�r� 

�m�i�c�r�o�c�o�s�m�s�.� �M�i�c�r�o�c�o�s�m� �p�r�e�p�a�r�a�t�i�o�n� �f�o�l�l�o�w�e�d� �t�h�e� 

�p�r�o�c�e�d�u�r�e�s� �d�e�s�c�r�i�b�e�d� �b�y� �G�o�l�d�s�m�i�t�h� �(�1�9�8�5�)� �a�n�d� �M�o�r�r�i�s� 

�(�1�9�8�8�)�.� �A�q�u�i�f�e�r� �m�a�t�e�r�i�a�l� �w�a�s� �a�s�e�p�t�i�c�a�l�l�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� 

�s�e�p�t�u�m�-�c�a�p�p�e�d� �t�e�s�t� �t�u�b�e�s� �(�1�3�x�1�0�0� �m�m�)� �a�n�d� �t�h�e�n� �s�a�t�u�r�a�t�e�d� �w�i�t�h� 

�w�a�t�e�r� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �t�h�e� �o�x�y�g�e�n�a�t�e� �o�f� �i�n�t�e�r�e�s�t�.� �T�h�e� �i�n�i�t�i�a�l� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c�s� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �m�g�/�l�.� �E�a�c�h� 

�m�i�c�r�o�c�o�s�m� �c�o�n�t�a�i�n�e�d� �a�b�o�u�t� �5�.�0� �g�r�a�m�s� �(�d�r�y� �w�e�i�g�h�t�)� �o�f� �t�h�e� 

�a�p�p�r�o�p�r�i�a�t�e� �s�o�i�l�.� �A�l�l� �m�i�c�r�o�c�o�s�m�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �i�n� �t�h�e� �d�a�r�k� 

�a�t� �2�0� �C�.� �M�i�c�r�o�c�o�s�m�s� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d� �a�n�d� 
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�a�m�e�n�d�m�e�n�t� �c�o�n�d�i�t�i�o�n� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �t�r�i�p�l�i�c�a�t�e�.� 

�T�w�o� �m�i�c�r�o�l�i�t�e�r�s� �o�f� �s�a�m�p�l�e� �w�e�r�e� �p�e�r�i�o�d�i�c�a�l�l�y� �w�i�t�h�d�r�a�w�n� �f�r�o�m� 

�t�h�e� �a�q�u�e�o�u�s� �p�h�a�s�e� �b�y� �a� �h�e�a�t�-�s�t�e�r�i�l�i�z�e�d� �s�y�r�i�n�g�e�.� �T�h�e� �a�n�a�l�y�s�i�s� 

�o�f� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� �u�s�e�d� �a� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �e�q�u�i�p�p�e�d� �w�i�t�h� 

�a� �f�l�a�m�e� �i�o�n�i�z�a�t�i�o�n� �d�e�t�e�c�t�o�r� �a�n�d� �a� �6�'�x� �1�/�8�"� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� 

�c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �0�.�2� �%� �C�a�r�b�o�w�a�x� �1�5�0�0� �o�n� �8�0�/�1�0�0� �m�e�s�h� 

�C�a�r�b�o�p�a�c�k� �C�.� �T�h�e� �c�a�r�r�i�e�r� �g�a�s� �w�a�s� �n�i�t�r�o�g�e�n� �(�2�4�c�c�/�m�i�n�)� �a�n�d� �t�h�e� 

�o�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �1�2�0�°�C� �f�o�r� �T�B�A� �a�n�d� �1�4�0�°�C� �f�o�r� �M�T�B�E� �a�n�d� 

�E�T�B�E�.� �T�h�e� �i�n�j�e�c�t�i�o�n� �p�o�r�t� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �1�5�0�°�C� �a�n�d� �t�h�e� 

�d�e�t�e�c�t�o�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �2�5�0� �.� 

�3�.�6� �A�m�e�n�d�m�e�n�t� �S�t�u�d�i�e�s� 

�A�m�e�n�d�m�e�n�t� �a�s�s�a�y�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �t�o� �e�x�a�m�i�n�e� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� 

�o�f� �t�h�e�s�e� �o�x�y�g�e�n�a�t�e�s� �b�y� �d�i�f�f�e�r�e�n�t� �m�e�t�a�b�o�l�i�c� �p�a�t�h�w�a�y�s�.� �T�h�r�e�e� 

�m�a�j�o�r� �m�i�c�r�o�b�i�a�l� �p�r�o�c�e�s�s�e�s� �w�e�r�e� �s�t�u�d�i�e�d�;� �a�e�r�o�b�i�c� �r�e�s�p�i�r�a�t�i�o�n�,� 

�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �a�n�a�e�r�o�b�i�c� �r�e�s�p�i�r�a�t�i�o�n�.� �T�o� �p�r�o�v�i�d�e� �o�x�y�g�e�n� �f�o�r� 

�a�e�r�o�b�i�c� �r�e�s�p�i�r�a�t�i�o�n�,� �2� �y�l� �o�f� �3�0�%� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �w�a�s� �a�d�d�e�d� 

�t�o� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �e�v�e�r�y� �7�-�1�0� �d�a�y�s�.� �T�h�e� �c�a�l�c�u�l�a�t�e�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�a�s� �0�.�0�1� 

�%�,� �w�h�i�c�h� �i�s� �l�o�w�e�r� �t�h�a�n� �t�h�e� �r�e�p�o�r�t�e�d� �t�o�x�i�c�i�t�y� �l�e�v�e�l� �o�f� �0�.�0�5� �%� 

�(�B�r�i�t�t�o�n�,� �1�9�8�5�)�.� 

�F�i�v�e� �m�M� �n�i�t�r�a�t�e� �a�n�d� �t�w�o� �m�M� �s�u�l�f�a�t�e� �w�e�r�e� �a�d�d�e�d� �t�o� �s�t�i�m�u�l�a�t�e� 

�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�C�a�r�b�o�n�a�t�e�,� �t�h�e� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r� �f�o�r� �m�e�t�h�a�n�o�g�e�n�e�s�i�s�,� �w�a�s� �n�o�t� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �l�i�m�i�t�i�n�g� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s�.� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �f�o�r� 
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�e�a�c�h� �m�e�t�a�b�o�l�i�c� �p�a�t�h�w�a�y�.� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �b�y� �h�y�d�r�o�g�e�n� 

�p�e�r�o�x�i�d�e� �a�n�d� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �i�n�o�r�g�a�n�i�c� �n�u�t�r�i�e�n�t�s� �w�e�r�e� 

�s�t�u�d�i�e�d� �i�n� �t�h�e� �a�e�r�o�b�i�c� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�c�e�s�s�.� �T�h�e� �i�n�o�r�g�a�n�i�c� 

�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �c�o�n�s�i�s�t�e�d� �o�f� �0�.�5�4� �g�/�l� �K�H�j�P�0�4�,� �1�.�2�3� �g�/�l� 

�N�a� �H�P�O�,�,� �0�.�3� �g�/�l� �N�H�,�4�C�l� �a�n�d� �5�0� �m�l�/�l� �o�f� �m�i�n�e�r�a�l� �s�o�l�u�t�i�o�n� �(�6� �g� 

�N�a�C�l�,� �2�.�2� �g� �C�a�C�l�y�o�,� �2� �g� �M�g�C�l�5�.�6�H�2�0� �p�e�r� �l�i�t�e�r� �o�f� �t�a�p� �w�a�t�e�r�)�.� 

�T�h�e� �f�a�c�t�o�r�s� �e�x�a�m�i�n�e�d� �i�n� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n�c�l�u�d�e�d� �t�h�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �i�n�o�r�g�a�n�i�c� �n�u�t�r�i�e�n�t�s� �a�n�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�p�r�i�m�a�r�y� �o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e�s�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 

�i�n�o�r�g�a�n�i�c� �n�u�t�r�i�e�n�t�s� �a�n�d� �p�r�i�m�a�r�y� �o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e�s�,� �m�i�c�r�o�b�i�a�l� 

�c�o�m�p�e�t�i�t�i�o�n� �w�a�s� �a�l�s�o� �s�t�u�d�i�e�d� �u�n�d�e�r� �c�o�n�d�i�t�i�o�n�s� �f�a�v�o�r�i�n�g� 

�s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �a�n�d� �m�e�t�h�a�n�o�g�e�n�e�s�i�s�.� �T�w�o� �m�M� �o�f� �s�o�d�i�u�m� 

�m�o�l�y�b�d�a�t�e� �(�a� �s�p�e�c�i�f�i�c� �m�e�t�a�b�o�l�i�c� �i�n�h�i�b�i�t�o�r� �f�o�r� �s�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s�)� �o�r� �1� �m�M� �o�f� �2�-�B�r�o�m�o�e�t�h�a�n�e�s�u�l�f�o�n�i�c� �a�c�i�d� �(�B�E�S�A�,� �a�n� 

�i�n�h�i�b�i�t�o�r� �o�f� �m�e�t�h�a�n�o�g�e�n�e�s�i�s�)� �w�e�r�e� �a�d�d�e�d� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �t�o� 

�i�n�h�i�b�i�t� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �o�r� �m�e�t�h�a�n�o�g�e�n�s�,� 

�r�e�s�p�e�c�t�i�v�e�l�y� �(�S�m�i�t�h� �a�n�d� �M�a�h�,� �1�9�7�8�;� �Z�e�h�n�d�e�r� �a�n�d� �B�r�o�c�k�,� �1�9�8�1�;� 

�S�m�i�t�h� �a�n�d� �K�l�u�g�,� �1�9�8�1�;� �W�i�n�f�r�e�y� �a�n�d� �W�a�r�d�,� �1�9�8�3�)�.� 

�3�.�7� �E�s�t�i�m�a�t�i�o�n� �o�f� �D�e�g�r�a�d�a�t�i�o�n� 

�A�f�t�e�r� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�e�r�e� �p�r�e�p�a�r�e�d�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 

�a�d�d�e�d� �o�x�y�g�e�n�a�t�e�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �f�o�r� �m�o�r�e� �t�h�a�n� �2�5�0� �d�a�y�s�.� 

�S�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �T�B�A� �e�x�h�i�b�i�t�s� �a� �l�o�n�g� �l�a�g� �p�h�a�s�e� 

�f�o�l�l�o�w�e�d� �b�y� �a� �f�a�s�t�e�r� �z�e�r�o�-�o�r�d�e�r� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n� 

�(�G�o�l�d�s�m�i�t�h�,� �1�9�8�5�;� �M�o�r�r�i�s�,� �1�9�8�8�;� �H�i�c�k�m�a�n�,� �1�9�8�8�)�.� �T�h�e�r�e�f�o�r�e�,� 

�f�a�s�t� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �d�o� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �i�n�d�i�c�a�t�e� �t�h�a�t� 
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�c�o�m�p�o�u�n�d�s� �w�i�l�l� �d�i�s�a�p�p�e�a�r� �i�n�a� �s�h�o�r�t� �t�i�m�e�.� �T�o� �h�a�v�e� �a� �m�o�r�e� 

�c�o�m�p�l�e�t�e� �p�i�c�t�u�r�e� �o�f� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �o�x�y�g�e�n�a�t�e�s� �i�n� �t�h�e� 

�s�u�b�s�u�r�f�a�c�e�,� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� 

�d�e�g�r�a�d�a�t�i�o�n�:� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �d�u�r�i�n�g� �t�h�e� �p�e�r�i�o�d� �w�h�e�r�e� 

�d�e�g�r�a�d�a�t�i�o�n� �i�s� �m�o�s�t� �a�c�t�i�v�e�,� �l�a�g� �t�i�m�e�,� �a�n�d� �t�i�m�e� �f�o�r� �8�0� �%� �o�f� 

�t�h�e� �c�o�m�p�o�u�n�d� �t�o� �b�e� �d�e�g�r�a�d�e�d� �(�T�g�g�)�.�-� 

�D�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�l�o�p�e� �o�f� �a� 

�p�o�r�t�i�o�n� �i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�-�t�i�m�e� �p�l�o�t� �t�h�a�t� �s�h�o�w�e�d� �a�c�t�i�v�e� 

�d�e�g�r�a�d�a�t�i�o�n�.� �T�h�e� �s�l�o�p�e� �w�a�s� �t�h�e�n� �d�i�v�i�d�e�d� �b�y� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �d�r�y� 

�w�e�i�g�h�t� �o�f� �s�o�i�l� �i�n� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �m�i�c�r�o�c�o�s�m� �(�F�i�g�.� �3�.�1�)�.� �D�u�e� 

�t�o� �s�o�i�l� �h�e�t�e�r�o�g�e�n�e�i�t�y�,� �i�t� �i�s� �n�o�t� �u�n�c�o�m�m�o�n� �t�o� �s�e�e� �d�i�f�f�e�r�e�n�t� 

�d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s� �i�n� �t�r�i�p�l�i�c�a�t�e� �m�i�c�r�o�c�o�s�m�s� �u�s�i�n�g� �t�h�e� �s�a�m�e� 

�s�o�i�l� �a�n�d� �i�n�c�u�b�a�t�e�d� �u�n�d�e�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s�.� �F�i�g�u�r�e� �3�.�1� 

�s�h�o�w�s� �a�n� �e�x�a�m�p�l�e� �o�f� �a� �s�o�i�l� �w�i�t�h� �a� �v�a�r�i�a�b�l�e� �d�e�g�r�a�d�a�t�i�o�n� 

�r�e�s�p�o�n�s�e�.� �U�s�u�a�l�l�y� �t�h�e� �r�e�p�o�r�t�e�d� �v�a�l�u�e� �i�s� �t�h�e� �a�v�e�r�a�g�e� �o�f� �t�h�r�e�e� 

�m�i�c�r�o�c�o�s�m�s�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �n�o� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �e�v�i�d�e�n�t� �o�v�e�r� 

�t�h�e� �s�t�u�d�y� �p�e�r�i�o�d� �i�n� �o�n�e� �o�f� �t�h�e� �t�h�r�e�e� �m�i�c�r�o�c�o�s�m�s�,� �d�a�t�a� �f�o�r� �t�h�e� 

�n�o�n�-�d�e�g�r�a�d�i�n�g� �m�i�c�r�o�c�o�s�m�s� �w�a�s� �n�o�t� �i�n�c�l�u�d�e�d�.� 

�3�.�8� �V�o�l�a�t�i�l�i�z�a�t�i�o�n� �L�o�s�s�e�s� 

�T�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �M�T�B�E� �a�n�d� �E�T�B�E�,� 

�v�o�l�a�t�i�l�i�z�a�t�i�o�n� �w�a�s� �a�l�w�a�y�s� �a� �p�o�t�e�n�t�i�a�l� �p�r�o�b�l�e�m�.� �C�o�n�t�r�o�l�s� �w�e�r�e� 

�u�s�e�d� �t�o� �m�o�n�i�t�o�r� �a�n�d� �q�u�a�n�t�i�f�y� �t�h�e� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �l�o�s�s�e�s� �i�n� �t�h�e� 

�s�y�s�t�e�m�.� �T�h�e�s�e� �c�o�n�t�a�i�n�e�d� �s�o�i�l�s� �w�h�i�c�h� �w�e�r�e� �a�u�t�o�c�l�a�v�e�d� �o�n�c�e� �a� 

�d�a�y� �f�o�r� �f�i�v�e� �c�o�n�s�e�c�u�t�i�v�e� �d�a�y�s� �a�t� �1�2�0�°�C� �a�n�d� �1�5� �p�s�i� �p�r�e�s�s�u�r�e� 

�f�o�r� �3�0� �m�i�n�u�t�e�s�.� �T�h�e� �s�o�i�l�s� �w�e�r�e� �t�h�e�n� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� 
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�I�N�C�U�B�A�T�I�O�N� �T�I�M�E� �(�D�A�Y�S�)� 

�F�i�g�u�r�e� �3�.�1� �D�e�g�r�a�d�a�t�i�o�n� �r�e�s�p�o�n�s�e�s� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� 
�d�e�g�r�a�d�a�t�i�o�n� �i�n� �m�i�c�r�o�c�o�s�m�s� 
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�m�i�c�r�o�c�o�s�m�s� �a�n�d� �a�u�t�o�c�l�a�v�e�d� �t�w�o� �m�o�r�e� �t�i�m�e�s�.� 

�F�i�g�u�r�e� �3�.�2� �s�h�o�w�s� �t�h�a�t� �l�i�t�t�l�e� �M�T�B�E� �a�n�d� �E�T�B�E� �w�e�r�e� �l�o�s�t� 

�d�u�r�i�n�g� �s�a�m�p�l�i�n�g� �a�n�d� �i�n�c�u�b�a�t�i�o�n�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�e� 

�s�y�s�t�e�m� �p�r�o�v�i�d�e�d� �a� �s�a�t�i�s�f�a�c�t�o�r�y� �w�a�y� �t�o� �a�v�o�i�d� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� 

�l�o�s�s�e�s�.� �H�o�w�e�v�e�r�,� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�,� �s�o�m�e� �m�i�c�r�o�c�o�s�m�s� 

�s�t�i�l�l� �s�h�o�w�e�d� �h�e�a�d�s�p�a�c�e� �a�n�d� �p�o�s�e�d� �a� �p�o�t�e�n�t�i�a�l� �p�o�s�s�i�b�i�l�i�t�y� �o�f� 

�v�o�l�a�t�i�l�i�z�a�t�i�o�n� �l�o�s�s�.� �T�h�e�s�e� �m�i�c�r�o�c�o�s�m�s� �w�e�r�e� �d�i�s�c�a�r�d�e�d�.� 
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�C�h�a�p�t�e�r� �4� �S�i�t�e� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�S�o�i�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �f�o�r� �t�h�e� �s�i�t�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� 

�4�.�1�.� �E�x�c�e�p�t� �f�o�r� �t�h�e� �s�u�r�f�a�c�e� �s�o�i�l�s�,� �t�h�e� �s�o�i�l�s� �a�t� �t�h�e� �t�h�r�e�e� 

�s�i�t�e�s� �w�e�r�e� �m�o�d�e�r�a�t�e�l�y� �a�c�i�d�i�c� �w�i�t�h� �a� �p�H� �b�e�t�w�e�e�n� �5�.�0� �a�n�d� �6�.�0�.� 

�T�h�e� �d�e�g�r�a�d�a�b�l�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� �n�i�t�r�o�g�e�n� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� 

�a�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �r�e�f�l�e�c�t�i�v�e� �o�f� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �a�t� 

�e�a�c�h� �s�i�t�e�.� �I�n� �t�h�e� �s�o�i�l�s� �f�r�o�m� �S�i�t�e�s� �1� �a�n�d� �2�,� �w�h�e�r�e� �t�h�e� 

�o�r�g�a�n�i�c� �f�l�u�x� �c�a�m�e� �f�r�o�m� �s�u�r�f�a�c�e� �i�n�f�i�l�t�r�a�t�i�o�n�,� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� 

�n�i�t�r�o�g�e�n� �a�n�d� �s�u�l�f�a�t�e� �c�o�n�t�e�n�t�s� �w�e�r�e� �h�i�g�h� �i�n� �t�h�e� �u�p�p�e�r� �l�a�y�e�r�s� 

�a�n�d� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �d�e�p�t�h�.� �S�i�t�e� �2� �s�u�r�f�a�c�e� �s�o�i�l�,� �w�h�i�c�h� 

�r�e�c�e�i�v�e�d� �r�u�n�o�f�f� �f�r�o�m� �a� �f�e�e�d�l�o�t�,� �w�a�s� �v�e�r�y� �h�i�g�h� �i�n� �o�r�g�a�n�i�c� 

�m�a�t�t�e�r�.� �A�t� �S�i�t�e� �3�,� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �e�n�t�e�r�e�d� �f�r�o�m� �b�o�t�h� �t�h�e� 

�s�u�r�f�a�c�e� �a�n�d� �t�h�r�o�u�g�h� �m�o�v�i�n�g� �g�r�o�u�n�d�w�a�t�e�r�,� �s�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �o�r�g�a�n�i�c� �i�n� �t�h�e� �s�o�i�l� �f�r�o�m� �t�h�e� �u�n�s�a�t�u�r�a�t�e�d� �z�o�n�e� �d�e�c�r�e�a�s�e�d� 

�w�i�t�h� �d�e�p�t�h� �a�n�d� �t�h�e�n� �i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �s�a�t�u�r�a�t�e�d� �z�o�n�e�.� 

�O�n�e� �d�i�s�t�i�n�c�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �S�i�t�e� �1� �s�o�i�l�s� �i�s� �t�h�a�t� 

�s�o�i�l�s� �a�t� �t�h�i�s� �s�i�t�e� �f�i�x�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �q�u�a�n�t�i�t�y� �o�f� �a�m�m�o�n�i�u�m� 

�(�T�a�b�l�e� �4�.�1�)�.� �M�o�r�e� �t�h�a�n� �3�0�%� �o�f� �a�d�d�e�d� �a�m�m�o�n�i�u�m� �w�a�s� �a�b�s�o�r�b�e�d� �i�n� 

�o�n�e� �d�a�y�.� �T�h�e� �S�i�t�e� �1� �s�o�i�l�s� �w�e�r�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �c�l�a�y�s� �(�f�o�r� 

�e�x�a�m�p�l�e�,� �7�2� �%� �i�n� �S�i�t�e� �1�(�B�)�-�2�)�.� �A�l�t�h�o�u�g�h� �t�h�e� �t�y�p�e�s� �o�f� �c�l�a�y� 

�m�i�n�e�r�a�l�s� �a�t� �t�h�i�s� �s�i�t�e� �w�e�r�e� �n�o�t� �c�h�a�r�a�c�t�e�r�i�z�e�d�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� 

�t�h�a�t� �l�a�r�g�e� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �c�l�a�y� �a�t� �S�i�t�e� �1� �w�e�r�e� �t�h�e� �t�y�p�e� �o�f� 

�c�l�a�y� �m�i�n�e�r�a�l�s� �w�h�i�c�h� �c�a�n� �f�i�x� �a�m�m�o�n�i�u�m� �(�t�h�e� �2�:�1� �t�y�p�e�)�.� 

�T�h�e� �f�i�x�i�n�g� �c�a�p�a�c�i�t�y� �a�l�s�o� �d�e�p�e�n�d�s� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �a�m�m�o�n�i�u�m� 

�t�o� �w�h�i�c�h� �a� �s�o�i�l� �h�a�s� �b�e�e�n� �e�x�p�o�s�e�d�.� �S�i�t�e� �1� �h�a�d� �l�e�s�s� �i�n�p�u�t� �o�f� 

�n�i�t�r�o�g�e�n� �a�n�d� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �n�i�t�r�o�g�e�n� �i�n�p�u�t� �w�a�s� �f�r�o�m� �t�h�e� 
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�s�u�r�f�a�c�e�.� �T�h�e�r�e�f�o�r�e�,� �d�e�e�p�e�r� �s�o�i�l�s� �t�e�n�d�e�d� �t�o� �f�i�x� �m�o�r�e� �a�m�m�o�n�i�u�m� 

�t�h�a�n� �t�h�e� �u�p�p�e�r� �s�o�i�l�s�.� �L�i�t�t�l�e� �a�m�m�o�n�i�u�m� �w�a�s� �f�i�x�e�d� �i�n� �t�h�e� �S�i�t�e� 

�2� �s�o�i�l�s�.� �A�t� �S�i�t�e� �3� �w�h�e�r�e� �t�h�e� �g�r�o�u�n�d�w�a�t�e�r� �p�r�o�v�i�d�e�d� �n�i�t�r�o�g�e�n�,� 

�t�h�e� �s�u�b�s�u�r�f�a�c�e� �s�o�i�l�s� �a�b�s�o�r�b�e�d� �l�e�s�s� �a�m�m�o�n�i�u�m� �t�h�a�n� �t�h�e� �s�u�r�f�a�c�e� 

�s�o�i�l�s�.� �S�i�t�e� �2� �a�n�d� �3� �s�o�i�l�s� �w�e�r�e� �t�h�o�u�g�h�t� �t�o� �c�o�n�t�a�i�n� 

�S�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�s� �o�f� �t�h�e� �2�:�1� �t�y�p�e� �c�l�a�y� �m�i�n�e�r�a�l�s�.� �H�o�w�e�v�e�r�,� 

�b�e�c�a�u�s�e� �t�h�e�s�e� �s�o�i�l�s� �h�a�d� �l�o�n�g�-�t�e�r�m� �e�x�p�o�s�u�r�e�s� �t�o� �a�n� �o�r�g�a�n�i�c� 

�f�l�u�x� �w�h�i�c�h� �w�a�s� �r�i�c�h� �i�n� �n�i�t�r�o�g�e�n�,� �t�h�e� �a�m�m�o�n�i�u�m� �f�i�x�i�n�g� �c�a�p�a�c�i�t�y� 

�o�f� �t�h�e�s�e� �s�o�i�l�s� �m�i�g�h�t� �h�a�v�e� �b�e�e�n� �e�x�h�a�u�s�t�e�d� �a�n�d� �t�h�i�s� �m�a�y� �b�e� �t�h�e� 

�r�e�a�s�o�n� �f�o�r� �l�e�s�s� �a�m�m�o�n�i�u�m� �f�i�x�a�t�i�o�n�.� 

�T�h�e� �s�i�g�n�i�f�i�c�a�n�t� �f�i�x�i�n�g� �c�a�p�a�c�i�t�y� �o�f� �a�m�m�o�n�i�u�m� �i�n� �s�o�m�e� �s�o�i�l�s� 

�c�o�u�l�d� �h�a�v�e� �p�r�o�f�o�u�n�d� �i�m�p�a�c�t�s� �o�n� �t�h�e� �b�i�o�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a�d�d�e�d� 

�n�i�t�r�o�g�e�n�.� �N�i�t�r�o�g�e�n� �i�s� �u�s�u�a�l�l�y� �a�p�p�l�i�e�d� �i�n� �t�h�e� �f�o�r�m� �o�f� 

�a�m�m�o�n�i�u�m� �s�a�l�t�s�.� �O�n�c�e� �a�b�s�o�r�b�e�d� �o�n� �c�l�a�y� �m�i�n�e�r�a�l�s�,� �t�h�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a�d�d�e�d� �a�m�m�o�n�i�u�m� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e�d� 

�(�N�o�m�m�i�c�k� �&� �V�a�h�t�r�a�s�,� �1�9�8�2�)�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�r�g�a�n�i�c�-�p�o�o�r� �b�u�t� 

�C�c�l�a�y�-�r�i�c�h� �s�o�i�l�s� �w�i�l�l� �h�a�v�e� �l�e�s�s� �r�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e� �n�i�t�r�o�g�e�n� 

�t�h�a�n� �t�h�e� �o�r�g�a�n�i�c�-�r�i�c�h� �a�n�d� �l�o�w�-�c�l�a�y� �s�o�i�l�s� �w�h�e�n� �t�h�e� �s�a�m�e� 

�a�m�o�u�n�t�s� �o�f� �a�m�m�o�n�i�u�m� �n�i�t�r�o�g�e�n� �a�r�e� �a�p�p�l�i�e�d�.� 

�T�h�e� �m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �r�e�f�l�e�c�t�e�d� �t�h�e� �o�r�g�a�n�i�c� �a�n�d� 

�n�u�t�r�i�e�n�t� �s�t�a�t�u�s� �a�t� �e�a�c�h� �s�i�t�e�.� �T�h�e� �d�e�n�s�i�t�i�e�s� �o�f� �a�n�a�e�r�o�b�i�c� 

�g�r�o�u�p�s� �a�t� �t�h�e� �s�i�t�e�s� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �4�.�1�.� �S�u�b�s�t�a�n�t�i�a�l� 

�n�u�m�b�e�r�s� �o�f� �a�n�a�e�r�o�b�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�e�r�e� �f�o�u�n�d� �a�t� �t�h�e�s�e� 

�s�i�t�e�s�.� �I�n� �g�e�n�e�r�a�l�,� �m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� 

�d�e�p�t�h�.� �S�o�i�l�s� �f�r�o�m� �S�i�t�e�s� �2� �a�n�d� �3� �h�a�d� �m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �2� 

�o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �h�i�g�h�e�r� �t�h�a�n� �S�i�t�e� �1�.� �D�e�n�i�t�r�i�f�i�e�r�s� �a�n�d� 
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�s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �w�e�r�e� �t�h�e� �d�o�m�i�n�a�n�t� �g�r�o�u�p�s� �f�o�r� �a�l�l� �s�o�i�l�s� �w�h�i�l�e� 

�m�e�t�h�a�n�o�g�e�n�s� �w�e�r�e� �m�u�c�h� �f�e�w�e�r� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e�.� 

�S�t�u�d�i�e�s� �h�a�v�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �d�e�n�i�t�r�i�f�i�e�r�s� �a�r�e� �t�h�e� �m�o�s�t� 

�d�o�m�i�n�a�n�t� �g�r�o�u�p�s� �a�m�o�n�g� �t�h�e� �a�n�a�e�r�o�b�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� 

�a�n�a�e�r�o�b�i�c� �e�n�v�i�r�o�n�m�e�n�t�s� �(�T�i�e�d�j�e�,� �1�9�8�8�)�.� �T�h�e� �e�n�u�m�e�r�a�t�i�o�n� 

�r�e�s�u�l�t�s� �f�o�r� �t�h�e� �d�e�n�i�t�r�i�f�i�e�r�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�o�s�e� 

�r�e�s�u�l�t�s�.� �T�h�e� �h�i�g�h� �p�o�p�u�l�a�t�i�o�n�s� �o�f� �l�a�c�t�a�t�e�-�u�s�i�n�g� �a�n�d� 

�a�c�e�t�a�t�e�-�u�s�i�n�g� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s� �i�n� �s�o�i�l�s� �a�r�e� �n�o�t� �s�u�r�p�r�i�s�i�n�g�.� 

�S�o�i�l�s� �f�r�o�m� �t�h�e�s�e� �s�i�t�e�s� �c�o�n�t�a�i�n�e�d� �c�o�n�s�i�d�e�r�a�b�l�e� �a�m�o�u�n�t�s� �o�f� 

�s�u�l�f�a�t�e� �w�h�i�c�h� �c�o�u�l�d� �b�e� �u�s�e�d� �b�y� �s�u�l�f�a�t�e� �r�e�d�u�c�e�r�s�.� �S�u�l�f�a�t�e� 

�r�e�d�u�c�e�r�s� �a�r�e� �a�l�s�o� �a�b�l�e� �t�o� �a�c�t� �a�s� �f�e�r�m�e�n�t�e�r�s� �a�n�d� �s�u�r�v�i�v�e� �w�h�e�n� 

�s�u�l�f�a�t�e� �i�s� �d�e�p�l�e�t�e�d� �(�C�o�l�b�e�r�g�,� �1�9�8�8�)�.� 

�A�m�o�n�g� �t�h�e� �a�n�a�e�r�o�b�i�c� �g�r�o�u�p�s�,� �m�e�t�h�a�n�o�g�e�n�i�c� �b�a�c�t�e�r�i�a� �w�e�r�e� �t�h�e� 

�f�e�w�e�s�t�,� �e�v�e�n� �i�n� �t�h�e� �s�o�i�l�s� �a�t� �S�i�t�e� �2� �a�n�d� �3�.� 

�A�c�e�t�a�t�e�-�u�s�i�n�g� �m�e�t�h�a�n�o�g�e�n�s� �w�e�r�e� �o�n�l�y� �f�o�u�n�d� �i�n� �t�h�e� �t�o�p� �s�o�i�l�s�,� 

�i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �s�o�i�l� �e�n�v�i�r�o�n�m�e�n�t�s� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

�o�f� �m�e�t�h�a�n�o�g�e�n�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �M�e�t�h�a�n�o�g�e�n�s� �r�e�q�u�i�r�e� 

�e�n�v�i�r�o�n�m�e�n�t�s� �o�f� �l�o�w� �r�e�d�o�x� �p�o�t�e�n�t�i�a�l�s� �(�O�r�e�m�l�a�n�d�,� �1�9�8�8�)�.� 

�E�x�c�e�p�t� �f�o�r� �t�h�e� �s�o�i�l�s� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �w�h�e�r�e� �a�b�u�n�d�a�n�t� �o�r�g�a�n�i�c�s� 

�p�r�o�v�i�d�e�d� �e�n�o�u�g�h� �o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e�s� �a�n�d� �e�n�s�u�r�e�d� �a�n�a�e�r�o�b�i�c� 

�m�i�c�r�o�s�i�t�e�s�,� �o�t�h�e�r� �s�o�i�l�s� �w�e�r�e� �u�s�u�a�l�l�y� �l�o�w� �i�n� �o�r�g�a�n�i�c� �m�a�t�t�e�r� 

�a�n�d� �a�c�t�i�v�e� �i�n� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �m�e�t�h�a�n�o�g�e�n�i�c� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �b�e� �r�e�l�a�t�i�v�e�l�y� �i�n�a�c�t�i�v�e� �i�n� �s�u�c�h� 

�e�n�v�i�r�o�n�m�e�n�t�s�.� 

�T�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n�d�i�c�a�t�e� �t�h�a�t� 

�s�o�i�l�s� �f�r�o�m� �S�i�t�e� �1� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �o�l�i�g�o�t�r�o�p�h�i�c� �c�o�m�p�a�r�e�d� �t�o� 
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�t�h�e� �o�t�h�e�r�s�.� �S�i�t�e� �2� �s�o�i�l�s� �w�e�r�e� �t�h�e� �m�o�s�t� �e�u�t�r�o�p�h�i�c� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �o�r�g�a�n�i�c� �a�n�d� �n�u�t�r�i�e�n�t� �c�o�n�t�e�n�t�s�.� 
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�C�h�a�p�t�e�r� �5� �D�e�g�r�a�d�a�t�i�o�n� �i�n� �U�n�a�m�e�n�d�e�d� �S�o�i�l�s� 

�T�h�i�s� �p�h�a�s�e� �o�f� �t�h�e� �s�t�u�d�y� �d�e�a�l�t� �w�i�t�h� �n�a�t�u�r�a�l� �o�r� �u�n�a�m�e�n�d�e�d� 

�m�i�c�r�o�c�o�s�m�s� �w�h�e�r�e� �t�h�e� �s�o�i�l�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �w�i�t�h�o�u�t� �a�d�d�i�t�i�o�n� �o�f� 

�a�n�y� �e�x�t�e�r�n�a�l� �a�m�e�n�d�m�e�n�t� �t�o� �s�t�i�m�u�l�a�t�e� �o�r� �i�n�h�i�b�i�t� �t�h�e� �i�n�d�i�g�e�n�o�u�s� 

�s�u�b�s�u�r�f�a�c�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �B�e�c�a�u�s�e� �o�x�y�g�e�n� �a�n�d� �n�i�t�r�a�t�e� �w�e�r�e� 

�l�i�m�i�t�e�d� �a�n�d� �s�u�l�f�a�t�e� �a�n�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �w�e�r�e� �a�b�u�n�d�a�n�t� �i�n� �t�h�e� 

�s�y�s�t�e�m�,� �t�h�e� �p�o�s�s�i�b�l�e� �m�e�t�a�b�o�l�i�c� �p�a�t�h�w�a�y�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �u�n�a�m�e�n�d�e�d� �m�i�c�r�o�c�o�s�m�s� �w�o�u�l�d� �b�e� 

�f�e�r�m�e�n�t�a�t�i�o�n�,� �s�u�l�f�a�t�e� �r�e�d�u�c�t�i�o�n� �a�n�d� �m�e�t�h�a�n�o�g�e�n�e�s�i�s�.� �T�h�e� 

�r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �u�n�a�m�e�n�d�e�d� �m�i�c�r�o�c�o�s�m�s� �w�e�r�e� �u�s�e�d� �n�o�t� �o�n�l�y� �t�o� 

�o�b�t�a�i�n� �b�a�c�k�g�r�o�u�n�d� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �u�n�d�e�r� �n�a�t�u�r�a�l� 

�c�o�n�d�i�t�i�o�n�s� �b�u�t� �a�l�s�o� �a�s� �a� �s�e�t� �o�f� �c�o�n�t�r�o�l�s� �t�o� �b�e� �u�s�e�d� �t�o� 

�e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �a�l�t�e�r�n�a�t�i�o�n�s� �i�m�p�o�s�e�d� �o�n� �t�h�e� 

�m�i�c�r�o�c�o�s�m�s� �i�n� �t�h�e� �a�m�e�n�d�m�e�n�t� �s�t�u�d�i�e�s�.� 

�5�.�1� �T�B�A� 

�S�i�t�e� �1� 

�T�B�A� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �d�a�t�a� �f�o�r� �t�h�e� �t�h�r�e�e� �s�i�t�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� 

�i�n� �T�a�b�l�e� �5�.�1�.� �T�y�p�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s� �f�o�r� �t�h�r�e�e� �s�i�t�e�s� 

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �5�.�1� �a�n�d� �t�h�e� �c�o�m�p�l�e�t�e� �s�e�t� �o�f� �d�a�t�a� �i�s� 

�c�o�n�t�a�i�n�e�d� �i�n� �A�p�p�e�n�d�i�x�.� �I�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a�m�e�n�d�m�e�n�t�s�,� �T�B�A� �w�a�s� 

�d�e�g�r�a�d�e�d� �v�e�r�y� �s�l�o�w�l�y� �i�n� �t�h�e� �S�i�t�e� �1� �s�o�i�l�s�.� �I�n� �g�e�n�e�r�a�l�,� �T�B�A� 

�d�e�g�r�a�d�a�t�i�o�n� �a�t� �S�i�t�e� �1� �f�o�l�l�o�w�e�d� �a� �z�e�r�o� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� 

�p�a�t�t�e�r�n� �w�i�t�h� �n�o� �o�b�v�i�o�u�s� �l�a�g� �p�h�a�s�e�.� �T�h�e�s�e� �d�a�t�a� �a�r�e� �s�i�m�i�l�a�r� �t�o� 

�t�h�o�s�e� �o�b�s�e�r�v�a�t�i�o�n� �f�r�o�m� �o�t�h�e�r� �s�t�u�d�i�e�s� �(�G�o�l�d�s�m�i�t�h�,� �1�9�8�5�;� 

�M�o�r�r�i�s�,� �1�9�8�8�;� �H�i�c�k�m�a�n�,� �1�9�8�8�)�.� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �a�t� �s�i�t�e� �1� 
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�T�a�b�l�e� �5�.�1� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �u�n�a�m�e�n�d�e�d� �m�i�c�r�o�c�o�s�m�s�.� 

� � 

� � 

� � 

� � 

� � � � � � � � � � 

�D�e�g�r�a�d�a�t�i�o�n� �R�a�t�e� �L�a�g� �T�i�m�e�x� �T�s�o� 
�S�o�i�l� �(�m�g�/�1�l�/�d�a�y�/�g� �d�r�y� �s�o�i�l�)� �(�d�a�y�)� �(�d�a�y�)� 

�1�(�A�)�-�2� �0�.�0�4� �.� �3�6�0� 
�1�(�A�)�-�5� �0�.�0�2� �:� �>�6�0�0� 
�1�(�A�)�-�1�0� �<�0�.�0�1�  �� �>�6�0�0� 

�1�(�B�)�-�2� �0�.�0�6� �°� �3�0�0� 
�1�(�B�)�-�5� �0�.�0�3� �.� �>�6�0�0� 
�1�(�B�)�-�1�0� �0�.�0�5� �e� �>�6�0�0� 
�1�(�B�)�-�1�4� �0�.�0�4� �a� �>�6�0�0� 

�2�-�0� �0� �c�o�-�-� �o�e�e�e� 
�2�-�5� �0�.�1�3� �<�3�0� �1�1�0� 
�2�-�1�0� �0�.�1�1� �1�1�0� �2�0�0� 
�2�-�1�3� �0�.�1�2� �4�0� �1�6�0� 

�3�-�1� �0�.�0�6� �s�h�o�r�t�,� �<�3�0� �2�0�0� 
�3�-�2� �0�.�0�6� �3�0� �3�0�0� 
�3�-�4� �0�.�0�8� �s�h�o�r�t�,� �<�3�0� �2�0�0� 
�3�-�7� �0�.�1�5� �s�h�o�r�t�,� �<�3�0� �1�5�0� 
�3�-�1�0� �0�.�0�8�  �� �4�0�0� 
� � 

�*� �:� �A�p�p�r�o�x�i�m�a�t�e�d� �v�a�l�u�e�s� 
�a�=�-� �n�o� �c�l�e�a�r�l�y� �d�e�f�i�n�e�d� �l�a�g� �p�h�a�s�e�.� 
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� 



� � 

�1�2�5� 

� � � � �0� �t� �t� �{� �+�-� �- � ��+� �t� �t� �{� 
�0� �3�0� �6�0� �9�0� �1�2�0� �1�5�0� �1�8�0� �2�1�0� �2�4�0� �2�7�0� �3�0�0� 

�I�N�C�U�B�A�T�I�O�N� �T�I�M�E� �(�D�A�Y�S�)� 

� � � � 
�F�i�g�u�r�e� �5�.�1� �T�y�p�i�c�a�l� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s� �i�n� �u�n�a�m�e�n�d�e�d� 

�m�i�c�r�o�c�o�s�m�s�.� 
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�r�a�n�g�e�d� �f�r�o�m� �0�.�0�1� �t�o� �0�.�0�6� �m�g�/�l�/�d�a�y�/�g� �d�r�y� �s�o�i�l� �a�n�d� �t�h�e� 

�p�r�o�j�e�c�t�e�d� �T�g�p� �w�a�s� �m�o�r�e� �t�h�a�n� �3� �y�e�a�r�s�.� �S�o�i�l�s� �f�r�o�m� �u�p�p�e�r� �l�a�y�e�r�s� 

�h�a�d� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �S�i�t�e� �1�(�B�)� �s�o�i�l�s�,� �i�n�d�i�c�a�t�i�n�g� �l�i�t�t�l�e� �v�a�r�i�a�t�i�o�n� �i�n� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �f�o�r� �s�e�p�a�r�a�t�e� �s�o�i�l� �s�a�m�p�l�e�s� �f�r�o�m� �t�h�e� �s�a�m�e� �a�r�e�a�.� 

�S�i�t�e�s� �2� �a�n�d� �3� 

�E�x�c�e�p�t� �f�o�r� �t�h�e� �S�i�t�e� �2� �s�u�r�f�a�c�e� �s�o�i�l� �(�S�i�t�e� �2�-�0�)� �i�n� �w�h�i�c�h� �a� 

�h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �m�e�t�h�a�n�e� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� 

�a�n�d� �n�o� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �o�c�c�u�r�r�e�d�,� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �i�n� 

�S�i�t�e� �2� �s�o�i�l�s� �w�e�r�e� �t�w�o� �t�i�m�e�s� �h�i�g�h�e�r� �t�h�a�n� �i�n� �t�h�e� �S�i�t�e� �1� �s�o�i�l�s� 

�a�n�d� �e�x�h�i�b�i�t�e�d� �s�h�o�r�t�e�r� �l�a�g� �p�h�a�s�e�s�.� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �S�i�t�e� 

�3� �s�o�i�l�s� �w�a�s� �f�a�s�t�e�r� �t�h�a�n� �i�n� �t�h�e� �S�i�t�e� �1� �s�o�i�l�s� �b�u�t� �s�l�o�w�e�r� �t�h�a�n� 

�i�n� �t�h�e� �S�i�t�e� �2� �s�o�i�l�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� �S�i�t�e� �3�-�7� �s�o�i�l� �w�h�i�c�h� �h�a�d� �a� 

�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �f�o�r� �s�i�t�e� �2�.� 

�T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �u�n�a�m�e�n�d�e�d� �m�i�c�r�o�c�o�s�m�s� �i�n�d�i�c�a�t�e� �t�h�a�t� 

�t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� �m�i�c�r�o�b�i�a�l� �e�n�v�i�r�o�n�m�e�n�t�s� �m�a�y� �h�a�v�e� �i�n�f�l�u�e�n�c�e�d� 

�t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A�.� �S�i�t�e� �2� �a�n�d� �3� �s�o�i�l�s� �c�o�n�t�a�i�n�e�d� �o�r�g�a�n�i�c� 

�m�a�t�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t�s� �a�n�d� �h�a�d� �2� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �h�i�g�h�e�r� 

�a�n�a�e�r�o�b�i�c� �m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s�.� �S�i�t�e� �1�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� 

�w�a�s� �l�o�w� �i�n� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� �a�n�d� �n�u�t�r�i�e�n�t�s�.� 

�T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �s�o�i�l�s� �w�i�t�h� �r�e�l�a�t�i�v�e�l�y� �a�b�u�n�d�a�n�t� �o�r�g�a�n�i�c� 

�m�a�t�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t�s� �w�i�l�l� �d�e�v�e�l�o�p� �m�o�r�e� �d�i�v�e�r�s�e� �a�n�d� �a�c�t�i�v�e� 

�m�i�c�r�o�b�i�a�l� �g�r�o�u�p�s�,� �r�e�s�u�l�t�i�n�g� �i�n� �f�a�s�t�e�r� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n�.� 
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�5�.�2� �M�T�B�E� �a�n�d� �E�T�B�E� 

�S�i�t�e� �1� 

�N�o� �s�i�g�n�i�f�i�c�a�n�t� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �a�n�y� �d�e�p�t�h�s� 

�a�t� �S�i�t�e� �1� �d�u�r�i�n�g� �t�h�e� �2�5�0�-�d�a�y� �s�t�u�d�y� �p�e�r�i�o�d� �(�A�p�p�e�n�d�i�x� �A�-�2�)�.� 

�A�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �%� �o�f� �t�h�e� �M�T�B�E� �w�a�s� �l�o�s�t� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �2� 

�m�o�n�t�h�s� �o�f� �i�n�c�u�b�a�t�i�o�n�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �a�d�s�o�r�p�t�i�o�n�,� �a�n�d� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �r�e�m�a�i�n�e�d� �s�t�e�a�d�y� �a�f�t�e�r� �t�h�a�t�.� 

�I�n� �c�o�n�t�r�a�s�t� �t�o� �M�T�B�E�,� �E�T�B�E� �w�a�s� �d�e�g�r�a�d�e�d� �i�n� �t�h�e� �5� �a�n�d� �1�0� 

�f�o�o�t� �s�o�i�l�s� �f�r�o�m� �S�i�t�e� �1� �(�F�i�g�.� �5�.�2�)�.� �A�f�t�e�r� �a�b�o�u�t� �a� �1�2�0�-�d�a�y� 

�l�a�g�,� �E�T�B�E� �w�a�s� �m�e�t�a�b�o�l�i�z�e�d� �t�o� �T�B�A�,� �a�n�d� �t�h�i�s� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� 

�G�C�/�M�S� �(�F�i�g�.� �5�.�3�)�.� �F�i�g�u�r�e� �5�.�4� �s�h�o�w�s� �t�h�e� �p�r�o�p�o�s�e�d� �d�e�g�r�a�d�a�t�i�o�n� 

�p�a�t�h�w�a�y� �f�o�r� �E�T�B�E�.� 

�C�l�e�a�v�a�g�e� �o�f� �t�h�e� �e�t�h�e�r� �b�o�n�d� �a�s� �t�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �m�e�t�h�o�x�y�l�a�t�e�d� �c�o�m�p�o�u�n�d�s� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� 

�t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �T�h�e� �c�l�e�a�v�a�g�e� �o�f� �e�t�h�e�r� �l�i�n�k�a�g�e� �p�r�o�d�u�c�e�d� �a�n� 

�a�l�c�o�h�o�l� �a�n�d� �a�n� �a�l�d�e�h�y�d�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �e�t�h�e�r� �l�i�n�k�a�g�e� �i�n� 

�2�,�4�-�D� �w�a�s� �c�l�e�a�v�e�d�,� �p�r�o�d�u�c�i�n�g� �2�,�4�-�d�i�c�h�l�o�r�o�p�h�e�n�o�l� �(�A�l�e�x�a�n�d�e�r�,� 

�1�9�7�8�)�.� �T�h�e� �m�e�c�h�a�n�i�s�m�s� �f�o�r� �a�e�r�o�b�i�c� �a�n�d� �a�n�a�e�r�o�b�i�c� 

�d�e�m�e�t�h�o�x�y�l�a�t�i�o�n� �a�r�e� �d�i�f�f�e�r�e�n�t�.� �A�e�r�o�b�i�c� �d�e�m�e�t�h�o�x�y�l�a�t�i�o�n� 

�r�e�q�u�i�r�e�s� �t�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �a�n� �o�x�y�g�e�n� �a�t�o�m� �o�n� �t�h�e� �m�e�t�h�y�l� 

�b�r�a�n�c�h�.� �T�h�e� �a�n�a�e�r�o�b�i�c� �d�e�m�e�t�h�o�x�y�l�a�t�i�o�n� �w�a�s� �c�a�t�a�l�y�z�e�d� �b�y� �a�n� 

�a�c�e�t�o�g�e�n�i�c� �s�t�r�a�i�n� �(�D�o�n�n�e�l�l�y� �a�n�d� �D�a�g�l�e�y�,� �1�9�8�0�;� �B�a�c�h�e� �a�n�d� 

�P�f�e�n�n�i�n�g�,� �1�9�8�1�;� �S�c�h�i�n�k�,� �1�9�8�8�)�.� 

�D�e�m�e�t�h�o�x�y�l�a�t�i�o�n� �i�s� �a�l�s�o� �a� �s�t�e�p� �i�n� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�l�i�g�n�i�n�-�d�e�r�i�v�e�d� �m�o�n�o�a�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s� �u�n�d�e�r� �m�e�t�h�a�n�o�g�e�n�i�c� 

�c�o�n�d�i�t�i�o�n�s� �(�H�e�a�l�t�y� �a�n�d� �Y�o�u�n�g�,� �1�9�7�9�;� �C�o�l�b�e�r�g�,� �1�9�8�8�)�.� �L�i�g�n�i�n� 
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�i�s� �a� �n�a�t�u�r�a�l� �s�u�b�s�t�a�n�c�e� �i�n� �t�h�e� �s�o�i�l�.� �T�h�e� �r�e�m�o�v�a�l� �o�f� �t�h�e� 

�m�e�t�h�o�x�y�l� �g�r�o�u�p�s� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�d�i�f�i�c�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �o�f� 

�l�i�g�n�i�n� �o�n�g�o�i�n�g� �i�n� �t�h�e� �s�o�i�l� �s�y�s�t�e�m�s� �(�S�t�e�v�e�n�s�o�n�,� �1�9�8�2�;� �C�o�l�b�e�r�g�,� 

�1�9�8�8�)�.� �S�t�u�d�i�e�s� �h�a�v�e� �a�l�s�o� �s�h�o�w�n� �t�h�a�t� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �m�e�t�h�o�x�y�l� 

�g�r�o�u�p�s� �s�u�c�h� �a�s� �m�e�t�h�o�x�y�-�s�u�b�s�t�i�t�u�t�e�d� �p�h�e�n�o�l�s� �a�n�d� �b�e�n�z�o�i�c� �a�c�i�d�s� 

�a�r�e� �m�o�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�.� �T�h�e� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� 

�e�t�h�e�r� �l�i�n�k�a�g�e�s� �m�u�s�t� �o�c�c�u�r� �b�e�f�o�r�e� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�c�e�e�d�s� �f�u�r�t�h�e�r� 

�(�B�o�y�d�,� �e�t� �a�l�.�,� �1�9�8�3�;� �T�a�y�l�o�r�,� �1�9�8�3�;� �K�a�i�s�e�r� �a�n�d� �H�a�n�s�e�l�m�a�n�n�,� 

�1�9�8�2�)�.� 

�T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�i�s� �s�t�u�d�y� �s�u�g�g�e�s�t� �t�h�a�t� �s�o�i�l� �c�o�n�t�a�i�n�s� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�h�i�c�h� �a�r�e� �c�a�p�a�b�l�e� �o�f� �c�l�e�a�v�i�n�g� �e�t�h�e�r� �l�i�n�k�a�g�e�s� 

�b�u�t� �f�o�r� �t�h�e� �M�T�B�E� �a�n�d� �E�T�B�E� �t�h�i�s� �c�l�e�a�v�a�g�e� �p�r�o�c�e�e�d�s� �s�l�o�w�l�y�.� �T�h�e� 

�c�o�n�d�i�t�i�o�n�s� �f�o�r� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �e�t�h�e�r� �b�o�n�d� �i�n� �M�T�B�E� �a�p�p�e�a�r�s� �t�o� 

�b�e� �m�o�r�e� �s�t�r�i�n�g�e�n�t� �t�h�a�n� �f�o�r� �E�T�B�E�.� 

�T�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �T�B�A� �s�u�g�g�e�s�t�s� �t�h�a�t� �b�r�e�a�k�a�g�e� �o�f� �t�h�e� 

�e�t�h�e�r� �b�o�n�d� �i�n� �E�T�B�E� �i�s� �t�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �E�T�B�E� �d�e�g�r�a�d�a�t�i�o�n�.� 

�M�T�B�E�,� �i�f� �i�t� �w�e�r�e� �d�e�g�r�a�d�e�d�,� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �u�n�d�e�r�g�o� �a� 

�s�i�m�i�l�a�r� �r�e�a�c�t�i�o�n� �b�u�t� �a�t� �a� �m�u�c�h� �s�l�o�w�e�r� �r�a�t�e� �o�r� �w�i�t�h� �a� �v�e�r�y� 

�l�o�n�g� �l�a�g� �p�h�a�s�e�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �w�o�u�l�d� 

�h�a�v�e� �o�c�c�u�r�r�e�d� �i�f� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�c�e�s�s� �w�a�s� �m�o�n�i�t�o�r�e�d� �b�e�y�o�n�d� 

�t�h�e� �s�t�u�d�y� �p�e�r�i�o�d� �o�f� �2�5�0� �d�a�y�s�.� 

�T�h�e� �m�o�l�e�s� �o�f� �T�B�A� �a�c�c�u�m�u�l�a�t�e�d� �p�e�r� �m�o�l�e�s� �o�f� �E�T�B�E� �d�e�g�r�a�d�e�d� 

�r�a�n�g�e�d� �f�r�o�m� �0�.�4� �t�o� �0�.�8�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �r�e�l�a�t�i�v�e� �d�e�g�r�a�d�a�t�i�o�n� 

�r�a�t�e�s� �o�f� �E�T�B�E� �a�n�d� �T�B�A� �(�T�a�b�l�e� �5�.�2�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� �w�a�s� �f�a�s�t�e�r� �i�n� �t�h�e� �S�i�t�e� �1�(�A�)�-�5� �s�o�i�l� �t�h�a�n� 

�i�n� �t�h�e� �S�i�t�e� �1�(�A�)�-�2� �s�o�i�l�.� �B�u�t� �t�h�e� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �s�l�o�w�e�r� 
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�T�a�b�l�e� �5�.�2� �D�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� �i�n� �t�h�e� �S�i�t�e� �1� �s�o�i�l�s� 

� � 

�D�i�s�a�p�p�e�a�r�a�n�c�e� �T�B�A� �F�i�n�a�l� �p�H� �F�i�n�a�l� �p�H� 
�o�f� �p�r�o�d�u�c�t�i�o�n� �i�n� �E�T�B�E� �i�n� �T�B�A� 

�S�o�i�l� �E�T�B�E� �m�i�c�r�o�c�o�s�m�s� �m�i�c�r�o�c�o�s�m�s� 
� � 

�r�a�t�e�?� �l�a�g� �t�i�m�e�?� �r�a�t�e�d� 

� � 

�1�(�A�)�-�2� �0�.�0�2� �1�2�0� �0� �4�.�7� �5�.�8� 

�1�(�A�)�-�5� �0�.�1�1� �#�1�2�0� �0�.�0�8� �5�.�5� �5�.�8� 

�1�(�A�)�-�1�0� �0�.�0�3� �1�2�0� �0�.�0�2� �6�.�0� �6�.�1� 

�1�(�B�)�-�2� �0� �-� �-� �4�.�4� �5�.�5� 

�1�(�B�)�-�5� �0� �-� �-� �4�.�7� �5�.�8� 

�1�(�B�)�-�1�0� �O�o� �-� �-� �5�.�0� �5�.�8� 

�1�(�B�)�-�1�4� �0�.�0�4� �1�6�0� �0� �5�.�4� �5�.�8� 
� � 

�a�:� �m�g�/�l�/�d�a�y�/�g� 
�b�:� �d�a�y�s� 
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�i�n� �t�h�e� �S�i�t�e� �1�(�A�)�-�5� �s�o�i�l�;� �t�h�e�r�e�f�o�r�e� �T�B�A� �a�c�c�u�m�u�l�a�t�e�d� �i�n� �t�h�e� 

�S�i�t�e� �1�(�A�)�-�5� �s�o�i�l� �b�u�t� �n�o�t� �i�n� �t�h�e� �S�i�t�e� �1�(�A�)�-�2� �s�o�i�l�.� �T�h�i�s� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �r�a�t�e�s� �o�f� �t�h�e� �e�t�h�e�r� �b�o�n�d� �c�l�e�a�v�a�g�e� �a�n�d� �r�a�t�e�s� �o�f� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �a�r�e� �p�r�o�b�a�b�l�y� �r�e�g�u�l�a�t�e�d� �b�y� �d�i�f�f�e�r�e�n�t� 

�o�r�g�a�n�i�s�m�s�.� �D�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� �a�t� �S�i�t�e� �1�(�B�)� �o�c�c�u�r�r�e�d� �a�t� 

�d�i�f�f�e�r�e�n�t� �d�e�p�t�h�s� �f�r�o�m� �t�h�o�s�e� �a�t� �S�i�t�e� �1�(�A�)�.� �T�h�e� �h�i�g�h�e�s�t� �E�T�B�E� 

�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �f�o�u�n�d� �a�t� �S�i�t�e� �1�(�A�)�-�5� �a�n�d� �S�i�t�e� �1�(�B�)�-�1�4�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �e�v�e�n� �t�h�o�u�g�h� �E�T�B�E� �w�a�s� �d�e�g�r�a�d�e�d� �i�n� �t�h�e� �S�i�t�e� �1�(�A�)� 

�a�n�d� �S�i�t�e� �1�(�B�)� �s�o�i�l�s�,� �d�e�g�r�a�d�a�t�i�o�n� �d�i�d� �n�o�t� �o�c�c�u�r� �i�n� �e�a�c�h� 

�s�e�p�a�r�a�t�e� �m�i�c�r�o�c�o�s�m� �o�f� �t�h�e� �t�r�i�p�l�i�c�a�t�e�s� �s�e�t�.� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n�,� 

�o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �o�c�c�u�r�r�e�d� �a�t� �s�i�m�i�l�a�r� �r�a�t�e�s� �f�o�r� �s�o�i�l�s� �f�r�o�m� 

�b�o�t�h� �S�i�t�e� �1�(�A�)� �a�n�d� �s�i�t�e� �S�i�t�e� �1�(�B�)� �(�s�e�c�t�i�o�n� �5�.�1�)�.� �T�h�i�s� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �E�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �s�u�b�j�e�c�t� �t�o� �i�n�t�e�r�s�i�t�e� 

�v�a�r�i�a�t�i�o�n� �m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �t�h�a�n� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n�.� 

�I�t� �w�a�s� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �c�o�n�t�a�i�n�i�n�g� �S�i�t�e� �1�(�A�)�-�5� 

�a�n�d� �S�i�t�e� �1�(�B�)�-�1�4� �s�o�i�l�s� �h�a�d� �f�i�n�a�l� �p�H� �o�f� �5�.�5�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� 

�t�h�e� �p�H� �m�i�g�h�t� �i�n�f�l�u�e�n�c�e� �E�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �(�T�a�b�l�e� �5�.�2�)�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �t�h�e� �f�i�n�a�l� �p�H� �i�n� �S�i�t�e� �1� �m�i�c�r�o�c�o�s�m�s� �c�o�n�t�a�i�n�i�n�g� �M�T�B�E� 

�a�n�d� �E�T�B�E� �w�a�s� �l�o�w�e�r� �t�h�a�n� �t�h�o�s�e� �w�i�t�h� �T�B�A�.� �B�o�t�h� �M�T�B�E� �a�n�d� �E�T�B�E� 

�a�r�e� �r�e�p�o�r�t�e�d� �t�o� �b�e� �u�n�s�t�a�b�l�e� �i�n� �a�c�i�d�i�c� �s�o�l�u�t�i�o�n� �(�B�u�d�a�v�a�r�i�,� 

�1�9�8�9�)�.� �T�h�e�r�e�f�o�r�e�,� �h�y�d�r�o�l�y�s�i�s� �t�e�s�t�s� �u�s�i�n�g� �s�o�l�u�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� 

�M�T�B�E� �a�n�d� �E�T�B�E� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �c�h�e�m�i�c�a�l� 

�h�y�d�r�o�l�y�s�i�s� �o�f� �E�T�B�E� �a�n�d� �M�T�B�E� �i�n� �a�c�i�d�i�c� �a�n�d� �a�l�k�a�l�i� 

�e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �r�e�d�u�c�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�s� �w�e�r�e� �a�l�s�o� 

�e�v�a�l�u�a�t�e�d�.� �T�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �T�B�A� �w�a�s� �u�s�e�d� �a�s� �a�n� �i�n�d�i�c�a�t�i�o�n� 

�o�f� �t�h�e� �b�r�e�a�k�d�o�w�n� �o�f� �E�T�B�E� �a�n�d� �M�T�B�E� �t�h�r�o�u�g�h� �h�y�d�r�o�l�y�s�i�s�.� 
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�T�h�e� �h�y�d�r�o�l�y�s�i�s� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�5�.� �E�T�B�E� �i�s� 

�s�l�i�g�h�t�l�y� �m�o�r�e� �u�n�s�t�a�b�l�e� �t�h�a�n� �M�T�B�E� �u�n�d�e�r� �r�e�d�u�c�e�d� �e�n�v�i�r�o�n�m�e�n�t�s�.� 

�H�o�w�e�v�e�r�,� �i�n� �g�e�n�e�r�a�l�,� �E�T�B�E� �a�n�d� �M�T�B�E� �a�r�e� �s�t�a�b�l�e� �o�v�e�r� �t�h�e� �p�H� 

�r�a�n�g�e� �f�r�o�m� �4� �t�o� �1�0�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �d�e�c�r�e�a�s�e�s� �i�n� �E�T�B�E� �i�n� �t�h�e� 

�s�o�i�l� �m�i�c�r�o�c�o�s�m�s� �w�e�r�e� �m�o�s�t� �l�i�k�e�l�y� �t�h�e� �r�e�s�u�l�t� �o�f� �m�i�c�r�o�b�i�a�l� 

�a�c�t�i�v�i�t�y�.� 

�S�i�t�e� �2� �a�n�d� �3� 

�N�o� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �w�a�s� �o�b�s�e�r�v�e�d� �o�v�e�r� �2�5�0� �d�a�y�s� 

�o�f� �i�n�c�u�b�a�t�i�o�n� �i�n� �S�i�t�e� �2� �a�n�d� �3� �s�o�i�l�s�.� �T�h�e�s�e� �s�i�t�e�s� �w�e�r�e� 

�m�i�c�r�o�b�i�a�l�l�y� �a�c�t�i�v�e� �a�n�d� �a� �v�a�r�i�e�t�y� �o�f� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� 

�i�n�c�l�u�d�i�n�g� �m�e�t�h�a�n�o�l�,� �p�h�e�n�o�l� �a�n�d� �T�B�A� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �r�a�p�i�d�l�y� 

�d�e�g�r�a�d�e�d� �a�t� �t�h�e�s�e� �s�i�t�e�s� �(�H�i�c�k�m�a�n�,� �1�9�8�8�;� �M�o�r�r�i�s�,� �1�9�8�8�)�.� �I�t� 

�m�i�g�h�t� �b�e� �t�h�a�t� �a�t� �m�i�c�r�o�b�i�a�l�l�y� �a�c�t�i�v�e� �a�n�d� �o�r�g�a�n�i�c�a�l�l�y� �r�i�c�h� 

�s�i�t�e�s� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �c�a�p�a�b�l�e� �o�f� 

�s�y�n�t�h�e�s�i�z�i�n�g� �t�h�e� �e�n�z�y�m�e�s� �t�o� �c�a�t�a�l�y�z�e� �t�h�e� �b�r�e�a�k�a�g�e� �o�f� �e�t�h�e�r� 

�b�o�n�d�s� �i�n� �M�T�B�E� �a�n�d� �E�T�B�E� �w�e�r�e� �o�u�t�c�o�m�p�e�t�e�d� �o�r� �t�h�e� �e�n�z�y�m�e�s� �w�e�r�e� 

�r�e�p�r�e�s�s�e�d� �o�r� �i�n�h�i�b�i�t�e�d�.� 

�T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�e�s�u�l�t�s� �f�r�o�m� �u�n�a�m�e�n�d�e�d� �m�i�c�r�o�c�o�s�m�s� �i�n�d�i�c�a�t�e� 

�t�h�a�t� �T�B�A� �c�a�n� �b�e� �b�i�o�d�e�g�r�a�d�e�d� �n�a�t�u�r�a�l�l�y� �i�n� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �a�n�d� 

�t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �w�i�l�l� �v�a�r�y� �o�v�e�r� �b�o�t�h� �t�h�e� �s�i�t�e� �a�n�d� �d�e�p�t�h�.� 

�M�T�B�E�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �w�a�s� �r�e�c�a�l�c�i�t�r�a�n�t� �t�o� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�.� 

�E�T�B�E� �w�a�s� �b�i�o�d�e�g�r�a�d�e�d� �b�u�t� �t�h�i�s� �r�e�a�c�t�i�o�n� �w�a�s� �l�i�m�i�t�e�d� �t�o� �s�o�i�l�s� 

�w�h�i�c�h� �w�e�r�e� �l�e�a�s�t� �b�i�o�l�o�g�i�c�a�l�l�y� �a�c�t�i�v�e� �a�n�d� �c�o�n�t�a�i�n�e�d� �t�h�e� �l�o�w�e�s�t� 

�l�e�v�e�l�s� �o�f� �o�r�g�a�n�i�c� �m�a�t�t�e�r�.� 
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�F�i�g�u�r�e� �5�.�5� �E�f�f�e�c�t�s� �o�f� �p�H� �o�n� �t�h�e� �h�y�d�r�o�l�y�s�i�s� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� 
�w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �r�e�d�u�c�t�a�n�t�s�.� 
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�C�h�a�p�t�e�r� �6� �A�e�r�o�b�i�c� �D�e�g�r�a�d�a�t�i�o�n� 

�I�n� �t�h�i�s� �c�h�a�p�t�e�r�,� �t�h�e� �a�e�r�o�b�i�c� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A�,� �M�T�B�E� �a�n�d� 

�E�T�B�E� �i�n� �s�o�i�l� �s�a�m�p�l�e�s� �f�r�o�m� �S�i�t�e� �1�(�B�)� �a�n�d� �S�i�t�e� �3� �i�s� �d�i�s�c�u�s�s�e�d�.� 

�H�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �(�2� �n�l� �o�f� �3�0�%� �H�j�0�5�9� �e�v�e�r�y� �7�-�1�0� �d�a�y�s�)� �w�a�s� 

�a�d�d�e�d� �i�n�t�o� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �a�s� �a�n� �o�x�y�g�e�n� �s�o�u�r�c�e�.� �C�h�e�m�i�c�a�l� 

�o�x�i�d�a�t�i�o�n� �b�y� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �n�u�t�r�i�e�n�t� 

�a�v�a�i�l�a�b�i�l�i�t�y� �a�r�e� �a�l�s�o� �e�v�a�l�u�a�t�e�d�.� 

�6�.�1� �C�h�e�m�i�c�a�l� �O�x�i�d�a�t�i�o�n� 

�M�i�c�r�o�c�o�s�m�s� �w�i�t�h� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� 

�B�e�c�a�u�s�e� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�s� �a� �s�t�r�o�n�g� �o�x�i�d�a�n�t�,� �t�w�o� �s�e�t�s� �o�f� 

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� 

�o�x�y�g�e�n�a�t�e�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� �T�h�e� �f�i�r�s�t� 

�e�x�p�e�r�i�m�e�n�t� �u�s�e�d� �a� �s�o�l�u�t�i�o�n� �s�y�s�t�e�m� �c�o�n�t�a�i�n�i�n�g� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� 

�a�n�d� �t�h�e� �o�x�y�g�e�n�a�t�e�s�.� �F�i�g�u�r�e� �6�.�1� �s�h�o�w�s� �t�h�a�t� �n�o�n�e� �o�f� �t�h�e� 

�o�x�y�g�e�n�a�t�e�s� �w�e�r�e� �o�x�i�d�i�z�e�d� �b�y� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�n� �t�h�e� �w�a�t�e�r� 

�s�o�l�u�t�i�o�n�.� 

�T�h�e� �s�e�c�o�n�d� �s�e�t� �o�f� �t�h�e� �o�x�i�d�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �u�s�e�d� 

�m�i�c�r�o�c�o�s�m�s� �c�o�n�t�a�i�n�i�n�g� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s�.� �T�w�o� �y�l� �o�f� �h�y�d�r�o�g�e�n� 

�p�e�r�o�x�i�d�e� �w�a�s� �a�d�d�e�d� �e�v�e�r�y� �7�-�1�0� �d�a�y�s�.� �F�i�g�u�r�e�s� �6�.�2� �a�n�d� �6�.�3� �s�h�o�w� 

�d�e�c�r�e�a�s�e�s� �i�n� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 

�a�u�t�o�c�l�a�v�e�d� �S�i�t�e� �1�(�B�)�-�5� �a�n�d� �S�i�t�e� �3�-�4� �s�o�i�l�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�a�b�l�e�s� �i�n� �A�p�p�e�n�d�i�x� �B� �p�r�e�s�e�n�t� �t�h�e� �r�e�s�u�l�t�s� �o�f� �s�i�m�i�l�a�r� �s�t�u�d�i�e�s� 

�f�o�r� �t�h�e� �o�t�h�e�r� �s�o�i�l�s�.� 

�T�h�e� �l�o�s�s�e�s� �o�f� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� �i�n� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l� 

�m�i�c�r�o�c�o�s�m�s� �w�e�r�e� �v�e�r�y� �S�i�g�n�i�f�i�c�a�n�t�.� �M�o�r�e� �t�h�a�n� �5�0�%� �o�f� �t�h�e� �t�o�t�a�l� 
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�F�i�g�u�r�e� �6�.�1� �L�o�s�s�e�s� �o�f� �M�T�B�E�,� �E�T�B�E� �a�n�d� �T�B�A� �i�n� �w�a�t�e�r� �s�o�l�u�t�i�o�n� 
�w�i�t�h� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�d�d�i�t�i�o�n�.� 
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�l�o�s�s�e�s� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �f�i�r�s�t� �2�0� �d�a�y�s�,� �t�h�e� �l�o�s�s�e�s� �c�o�n�t�i�n�u�e�d� 

�f�o�r� �o�n�e� �m�o�n�t�h� �a�n�d� �t�h�e�n� �s�t�o�p�p�e�d�.� �A�c�e�t�o�n�e� �a�p�p�e�a�r�e�d� �i�n� �t�h�e� 

�m�i�c�r�o�c�o�s�m�s� �c�o�n�t�a�i�n�i�n�g� �T�B�A�,� �a�n�d� �a�c�e�t�o�n�e� �a�n�d� �T�B�A� �w�e�r�e� �d�e�t�e�c�t�e�d� 

�i�n� �t�h�o�s�e� �c�o�n�t�a�i�n�i�n�g� �M�T�B�E� �a�n�d� �E�T�B�E� �(�b�a�s�e�d� �o�n� �t�h�e� �i�d�e�n�t�i�c�a�l� 

�r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �t�o� �t�h�e� �s�t�a�n�d�a�r�d�s�)�.� �O�t�h�e�r� �u�n�i�d�e�n�t�i�f�i�e�d� 

�c�o�m�p�o�u�n�d�s� �a�l�s�o� �a�p�p�e�a�r�e�d�,� �w�h�i�c�h� �w�e�r�e� �t�h�o�u�g�h�t� �t�o� �b�e� 

�f�o�r�m�a�l�d�e�h�y�d�e� �a�n�d� �a�c�e�t�a�l�d�e�h�y�d�e�.� 

�T�h�e� �e�x�t�e�n�t� �o�f� �l�o�s�s�e�s� �v�a�r�i�e�d� �w�i�t�h� �t�h�e� �c�o�m�p�o�u�n�d�s� �a�d�d�e�d�,� 

�s�i�t�e�,� �a�n�d� �d�e�p�t�h� �(�F�i�g�.� �6�.�4�)�.� �E�T�B�E� �e�x�h�i�b�i�t�e�d� �t�h�e� �m�o�s�t� 

�S�i�g�n�i�f�i�c�a�n�t� �l�o�s�s�e�s�,� �f�o�l�l�o�w�e�d� �b�y� �M�T�B�E� �a�n�d� �T�B�A�.� �A�u�t�o�c�l�a�v�e�d� �S�i�t�e� 

�1�(�B�)� �s�o�i�l�s� �h�a�d� �g�r�e�a�t�e�r� �l�o�s�s�e�s� �t�h�a�n� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �S�i�t�e� �3� 

�s�o�i�l�s�.� 

�T�h�e� �s�i�g�n�i�f�i�c�a�n�t� �l�o�s�s�e�s� �i�n� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� �r�a�i�s�e�d� �t�h�e� 

�q�u�e�s�t�i�o�n� �o�f� �w�h�e�t�h�e�r� �t�h�e� �c�o�n�v�e�r�s�i�o�n�s� �w�e�r�e� �d�u�e� �t�o� �b�i�o�a�c�t�i�v�i�t�y� 

�o�r� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n�.� �T�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �a�c�t�i�v�e� �m�i�c�r�o�b�i�a�l� 

�c�e�l�l�s� �i�n� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l� �m�i�c�r�o�c�o�s�m�s� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� 

�p�l�a�t�e� �c�o�u�n�t�s�.� �A� �h�i�g�h� �p�o�p�u�l�a�t�i�o�n� �o�f� �a�e�r�o�b�e�s� �(�m�a�g�n�i�t�u�d�e� �o�f� �1�0�7� 

�c�e�l�l�s� �p�e�r� �g� �s�o�i�l�)� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �s�o�i�l� �s�a�m�p�l�e�s� �i�n� �t�h�e� 

�a�u�t�o�c�l�a�v�e�d� �m�i�c�r�o�c�o�s�m�s� �s�h�o�w�i�n�g� �E�T�B�E� �l�o�s�s�e�s�.� �T�h�e� �c�o�n�t�r�o�l� 

�(�a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� �i�n�c�u�b�a�t�e�d� �b�u�t� �w�i�t�h�o�u�t� �o�r�g�a�n�i�c� �a�d�d�i�t�i�o�n�)� �h�a�d� 

�a� �c�e�l�l� �c�o�u�n�t� �o�f� �1�0�2�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �a�u�t�o�c�l�a�v�i�n�g� �p�r�o�c�e�s�s� 

�w�a�s� �a�b�l�e� �t�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e� �c�e�l�l� �p�o�p�u�l�a�t�i�o�n�s� �b�u�t� �d�i�d� �n�o�t� 

�c�o�m�p�l�e�t�e�l�y� �s�t�e�r�i�l�i�z�e� �t�h�e� �s�o�i�l�.� �T�h�e� �l�a�r�g�e� �m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n� 

�i�n� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �E�T�B�E� �i�m�p�l�i�e�s� 

�t�h�a�t� �t�h�e� �m�u�l�t�i�p�l�i�c�a�t�i�o�n� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� 

�h�a�d� �o�c�c�u�r�r�e�d�.� 
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�A�l�t�h�o�u�g�h� �t�h�e� �a�u�t�o�c�l�a�v�i�n�g� �p�r�o�c�e�s�s� �i�s� �c�o�m�m�o�n�l�y� �u�s�e�d� �t�o� 

�s�t�e�r�i�l�i�z�e� �l�i�q�u�i�d�s�,� �i�t�s� �e�f�f�e�c�t�i�v�e�n�e�s�s� �f�o�r� �s�o�i�l� �s�a�m�p�l�e�s� �i�s� 

�s�t�i�l�l� �q�u�e�s�t�i�o�n�a�b�l�e�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �w�a�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �t�o� �s�e�e� 

�t�h�e� �r�e�g�r�o�w�t�h� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �e�s�p�e�c�i�a�l�l�y� �t�h�e� �a�e�r�o�b�e�s�,� �i�n� 

�a�u�t�o�c�l�a�v�e�d� �s�o�i�l� �s�a�m�p�l�e�s�.� �M�a�n�y� �a�e�r�o�b�e�s� �a�r�e� �k�n�o�w�n� �t�o� �f�o�r�m� 

�s�p�o�r�e�s� �u�n�d�e�r� �e�x�t�r�e�m�e� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� �f�u�n�d�a�m�e�n�t�a�l� �p�r�i�n�c�i�p�l�e� 

�o�f� �c�o�n�s�e�c�u�t�i�v�e� �a�u�t�o�c�l�a�v�i�n�g� �i�s� �t�h�a�t� �b�a�c�t�e�r�i�a�l� �c�e�l�l�s� �w�i�l�l� 

�r�e�g�r�o�w� �f�r�o�m� �t�h�e� �s�p�o�r�e� �f�o�r�m�s� �a�n�d� �t�h�e�n� �b�e� �k�i�l�l�e�d� �i�n� �t�h�e� �n�e�x�t� 

�a�u�t�o�c�l�a�v�e�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �n�o�t� �a�l�l� �t�h�e� �s�p�o�r�e�s� 

�g�r�o�w� �t�o� �c�e�l�l�s� �d�u�r�i�n�g� �t�h�e� �c�o�n�s�e�c�u�t�i�v�e� �a�u�t�o�c�l�a�v�i�n�g�.� �I�f� �s�o�i�l� 

�e�n�v�i�r�o�n�m�e�n�t�s� �a�r�e� �u�n�f�a�v�o�r�a�b�l�e� �f�o�r� �g�r�o�w�t�h�,� �w�h�i�c�h� �i�s� �u�s�u�a�l�l�y� �t�h�e� 

�c�a�s�e�,� �m�a�n�y� �c�e�l�l�s� �w�i�l�l� �s�t�i�l�l� �r�e�m�a�i�n� �i�n� �t�h�e� �f�o�r�m� �o�f� �s�p�o�r�e�s�.� 

�C�o�n�t�a�m�i�n�a�t�i�o�n�s� �d�u�r�i�n�g� �i�n�c�u�b�a�t�i�o�n� �a�n�d� �s�a�m�p�l�i�n�g� �a�r�e� �a�l�s�o� 

�p�o�s�s�i�b�l�e�.� 

�A�n�o�t�h�e�r� �s�e�t� �o�f� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �t�o� �t�e�s�t� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �a�u�t�o�c�l�a�v�i�n�g� �f�r�e�q�u�e�n�c�y� �o�n� �t�h�e� �l�o�s�s�e�s� �o�f� �t�h�e�s�e� 

�o�x�y�g�e�n�a�t�e�s�.� �I�f� �t�h�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�e�r�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�l�o�s�s�e�s� �o�f� �t�h�e� �o�x�y�g�e�n�a�t�e�s�,� �m�o�r�e� �f�r�e�q�u�e�n�t� �a�u�t�o�c�l�a�v�i�n�g� �s�h�o�u�l�d� 

�r�e�s�u�l�t� �i�n� �f�e�w�e�r� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� �a� �l�o�w�e�r� �c�h�e�m�i�c�a�l� �l�o�s�s�.� �T�h�e� 

�S�i�t�e� �3�-�7� �s�o�i�l� �w�a�s� �a�u�t�o�c�l�a�v�e�d� �o�n�e�,� �t�h�r�e�e� �a�n�d� �f�i�v�e� �t�i�m�e�s� �a�n�d� 

�i�n�c�u�b�a�t�e�d� �w�i�t�h� �M�T�B�E� �o�r� �E�T�B�E�.� �F�i�g�u�r�e� �6�.�5� �s�h�o�w�s� �t�h�a�t� �i�n�c�r�e�a�s�e�d� 

�a�u�t�o�c�l�a�v�i�n�g� �f�r�e�q�u�e�n�c�y� �d�i�d� �n�o�t� �d�e�c�r�e�a�s�e� �t�h�e� �r�a�t�e�s� �o�f� �l�o�s�s�e�s�.� 

�T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �l�o�s�s�e�s� �a�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� 

�m�i�c�r�o�b�i�a�l� �p�o�p�u�l�a�t�i�o�n�s�.� 

�A� �c�l�o�s�e�r� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�e�f�o�r�e� �a�n�d� 

�a�f�t�e�r� �H�j�0�5� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� 
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 ��S� �1�0�0�-� 
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�z� 
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�i� 
�f� �e�o� 
�a� �+� �0� �t�n� �G�i� �5�0� �O�o� 

�Z�z� �O� 
�o�O� 
�O� �2�5�+� 

�A� �A� �{�t�e�a� �+�A�c�e�T�O�N�E� 

�0� �+� �{� �{� �{�  ��-� �{� �i� �t� � � � � 
�0� �7� �1�4� �=� �2�1� �2�8� �3�5� �4�2� �4�9� �5�6� 

�I�N�C�U�B�A�T�I�O�N� �T�I�M�E� �(�D�A�Y�S�)� 

�F�i�g�u�r�e� �6�.�5� �E�f�f�e�c�t� �o�f� �a�u�t�o�c�l�a�v�i�n�g� �f�r�e�q�u�e�n�c�y� �o�n� �M�T�B�E� �a�n�d� �E�T�B�E� 
�l�o�s�s�e�s�,� �H�2�0�0�=� �2� �w�l� �e�v�e�r�y� �7� �d�a�y�s�.� 

�9�3



�s�u�g�g�e�s�t�e�d� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n�.� �F�i�g�u�r�e� �6�.�6� 

�s�h�o�w�s� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �d�e�c�r�e�a�s�e�d� 

�i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �H�2�0�9�.� �A�c�e�t�o�n�e� �a�n�d� �T�B�A� �w�e�r�e� 

�p�r�o�d�u�c�e�d� �f�r�o�m� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E�.� 

�T�h�e� �o�x�i�d�a�t�i�o�n� �w�a�s� �0�.�0�8� �m�M� �o�f� �M�T�B�E� �a�n�d� �0�.�0�9� �m�M� �o�f� �E�T�B�E� �p�e�r� 

�m�M� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�n� �t�h�e� �f�i�r�s�t� �d�o�s�e�.� �A�d�d�i�t�i�o�n�a�l� �d�o�s�e�s� 

�o�f� �H�5�0�5� �f�u�r�t�h�e�r� �o�x�i�d�i�z�e�d� �M�T�B�E� �a�n�d� �E�T�B�E�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�a�t�i�o� 

�o�f� �m�M� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �o�x�i�d�i�z�e�d� �p�e�r� �m�M� �o�f� �H�j�0�5� �d�e�c�r�e�a�s�e�d� �t�o� 

�2�0�%� �o�f� �t�h�a�t� �i�n� �t�h�e� �f�i�r�s�t� �d�o�s�e�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �e�a�r�l�i�e�r�,� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �d�i�d� �n�o�t� �o�c�c�u�r� �i�n� 

�t�h�e� �w�a�t�e�r� �s�o�l�u�t�i�o�n� �s�y�s�t�e�m�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� 

�c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �b�y� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�n� �t�h�e� �s�o�i�l� 

�m�i�c�r�o�c�o�s�m�s� �m�i�g�h�t� �r�e�s�u�l�t� �f�r�o�m� �s�o�m�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� 

�s�o�i�l�s�.� �T�h�e� �l�i�t�e�r�a�t�u�r�e� �h�a�s� �s�h�o�w�n� �t�h�a�t� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�s� 

�v�e�r�y� �u�n�s�t�a�b�l�e� �i�n� �s�o�i�l� �s�y�s�t�e�m�s�.� �I�t� �i�s� �s�u�b�j�e�c�t� �t�o� �d�e�c�o�m�p�o�s�i�t�i�o�n� 

�c�h�e�m�i�c�a�l�l�y� �a�n�d� �b�i�o�l�o�g�i�c�a�l�l�y� �(�B�r�i�t�t�o�n�,� �1�9�8�5�)�.� �O�n�e� �o�f� �t�h�e� 

�m�a�j�o�r� �m�e�c�h�a�n�i�s�m�s� �i�s� �t�h�r�o�u�g�h� �t�h�e� �c�a�t�a�l�y�t�i�c� �a�c�t�i�o�n� �o�f� �f�e�r�r�o�u�s� 

�i�r�o�n�.� �A�e�r�o�b�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�l�s�o� �c�a�r�r�y� �e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� �t�o� 

�d�e�t�o�x�i�f�y� �H�2�0�5�.� �T�h�e� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�,� �o�n�e� �o�f� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� 

�i�n� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�,� �i�s� �a� �v�e�r�y� �s�t�r�o�n�g� 

�n�o�n�-�s�p�e�c�i�f�i�c� �o�x�i�d�a�n�t�.� �T�h�e� �u�s�e� �o�f� �t�h�e� �F�e�n�t�o�n� �s�o�l�u�t�i�o�n�,� �a� 

�m�i�x�t�u�r�e� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �f�e�r�r�o�u�s� �i�r�o�n� �s�a�l�t�s�,� �t�o� 

�g�e�n�e�r�a�t�e� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �a�n�d� �o�x�i�d�i�z�e� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �i�s� 

�w�e�l�l� �k�n�o�w�n� �(�B�o�w�e�r�s� �e�t� �a�l�.�,� �1�9�8�9� �a�n�d� �M�u�r�p�h�y� �e�t� �a�l�.�,� �1�9�8�9�)�.� 

�S�o�i�l�s�,� �e�s�p�e�c�i�a�l�l�y� �c�l�a�y�s�,� �c�o�n�t�a�i�n� �a�b�u�n�d�a�n�t� �l�e�v�e�l�s� �o�f� �i�r�o�n�.� 
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�0�4� �4� �!� �1� �!� �!� �!� �!� �!� � � � � 

�0� �3�0� �6�0� �9�0� �1�2�0� �1�5�0� �1�8�0� �2�1�0� �2�4�0� 

�R�E�A�C�T�I�O�N� �T�I�M�E� �(�m�i�n�.�)� 

�F�i�g�u�r�e� �6�.�6� �O�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �b�y� �H�2�0�9�,� �p�r�o�d�u�c�i�n�g� �T�B�A� 
�a�n�d� �a�c�e�t�o�n�e�.� 
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�O�n�e� �o�f� �t�h�e� �m�a�j�o�r� �f�o�r�m�s� �o�f� �s�o�i�l� �i�r�o�n� �i�s� �i�r�o�n� �h�y�d�r�o�x�i�d�e�.� �I�n� 

�a�e�r�o�b�i�c� �e�n�v�i�r�o�n�m�e�n�t�s�,� �t�h�e� �s�o�l�u�b�i�l�i�t�y� �o�f� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �i�s� 

�v�e�r�y� �l�o�w�.� �B�u�t� �w�h�e�n� �s�o�i�l�s� �a�r�e� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �w�a�t�e�r� �o�r� �w�h�e�n� 

�l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �o�r�g�a�n�i�c�s� �a�r�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �s�o�i�l� �s�y�s�t�e�m�s�,� 

�F�e�(�+�3�)� �c�a�n� �b�e� �r�e�d�u�c�e�d� �t�o� �F�e�(�+�2�)� �b�y� �i�r�o�n� �r�e�d�u�c�i�n�g� �b�a�c�t�e�r�i�a� 

�(�B�r�o�w�n� �e�t� �a�l�.� �1�9�7�8�)�.� �T�h�e� �S�i�t�e� �3� �s�o�i�l�s� �w�e�r�e� �o�r�g�a�n�i�c�a�l�l�y� �r�i�c�h� 

�a�n�d� �s�i�t�e� �1� �s�o�i�l�s� �w�e�r�e� �p�r�e�d�o�m�i�n�a�n�t�l�y� �c�l�a�y�s� �(�C�h�a�p�t�e�r� �4�)�.� 

�T�h�e�r�e�f�o�r�e�,� �s�o�i�l�s� �f�r�o�m� �t�h�e�s�e� �s�i�t�e�s� �m�i�g�h�t� �c�o�n�t�a�i�n� �i�r�o�n� �t�h�a�t� 

�a�c�t�s� �a�s� �a� �c�a�t�a�l�y�s�t� �t�o� �r�e�l�e�a�s�e� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s�.� 

�C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �i�n� �i�r�o�n� �s�o�l�u�t�i�o�n�s� 

�T�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� �b�y� �h�y�d�r�o�g�e�n� 

�p�e�r�o�x�i�d�e� �a�n�d� �t�h�e� �r�o�l�e� �o�f� �i�r�o�n� �w�e�r�e� �c�o�n�f�i�r�m�e�d� �i�n� �b�a�t�c�h� �t�e�s�t�s�.� 

�S�o�l�u�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� �i�r�o�n� �s�a�l�t�s� �(�F�e�C�l�z� �a�n�d� �F�e�C�l�3�)� �a�n�d� �t�h�e� 

�o�x�y�g�e�n�a�t�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 

�o�x�y�g�e�n�a�t�e�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�H�2�0�5�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �t�y�p�e�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �i�r�o�n� 

�(�F�e�(�+�2�)�/�F�e�(�+�3�)�)� �a�n�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �n�u�t�r�i�e�n�t�s� �w�e�r�e� �m�e�a�s�u�r�e�d�.� 

�C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �o�x�y�g�e�n�a�t�e�s� �b�y� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� 

�i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �i�r�o�n� �w�a�s� �v�e�r�y� �f�a�s�t�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� 

�c�o�m�p�l�e�t�e�d� �w�i�t�h�i�n� �1� �m�i�n�u�t�e� �(�F�i�g� �6�.�7�)�.� �S�i�m�i�l�a�r� �t�o� �t�h�e� 

�o�b�s�e�r�v�a�t�i�o�n� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s�,� �T�B�A�,� 

�a�c�e�t�o�n�e�,� �f�o�r�m�a�l�d�e�h�y�d�e� �a�n�d� �a�c�e�t�a�l�d�e�h�y�d�e� �w�e�r�e� �p�r�o�d�u�c�t�s� �o�f� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �(�F�i�g�.� �6�.�8�)�.� �O�x�i�d�a�t�i�o�n� �o�f� �T�B�A� 

�p�r�o�d�u�c�e�d� �a�c�e�t�o�n�e�.� 

�T�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E�,� �E�T�B�E� �a�n�d� �T�B�A� �b�y� �t�h�e� �h�y�d�r�o�x�y�l� 

�r�a�d�i�c�a�l� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� �J�a�p�a�r� �e�t� �a�l�.� �(�1�9�9�1�)� �a�n�d� �W�a�l�l�i�n�g�t�o�n� �&� 
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� � � � � � � � 

�O �� �O� �F�e�=� �1� �m�M�,� �p�H�=�4�.�0�,�H�o�0�5� �=� �2� �y�l� 

�>� �W�i�  �� �W�M� �T�B�A�+�A�C�E�T�O�N�E� �I�N� �T�U�B�E� �w�/� �F�e�=� �1� �m�M� �A�N�D� �H�2�0�,� 
�o�O� �1� �2�5� �T�T� 

�&� �(�i� 

�z� �1�0�0�+� 
�o�O� �@� 

�F�E� �a�e�  �� 

�o�r� �7�5� �T� 

�F� 
�O� �5�0� �R� �|� 
�6� �\� 
�O� �5� �|�O�-�O � ��.�9�9�-�A�5� �o�b� 

�2�9� �[�g�s� �a�m� 

�0� �t� �f�  ��t� �4� �+�-� �+� 

�1�5�0�+� �E�T�B�E� �O ��O� �F�e�=� �1� �m�M�,� �N�O� �H�2�0�.� 

�O �� �O� �F�e�=� �1� �m�M�,� �p�H�=�4�.�0�,�H�5�0�5� �=� �2� �p�l� 
�.�r�o�o�n� 

�W�i�  �� �M�I� �T�B�A�+�A�C�E�T�O�N�E� �I�N� �T�U�B�E� �w�/� �F�e�=� �1� �m�M� �A�N�D� �H�2�0�,� 
�o�m� �1� �2�5� �T�H� �0� 

�2�°�2� 

�E� �l� �r�d� 

�S� �1�0�0� �8� �5� 

�- �� 

�©� �7�5�+� 
�5� �H�2�0�2� �H�2�0�2� 
�i� �0� �L� �|� 

�Q�O� �5�0�-� 
�S�  ��=�n� �_ ��_� 
�O� �o�O� �0�-�0� �O�~ ��o�O� 

�2�5� �f� 

�0�  �� �+� �+�-� �}� �{� 
�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� �1�2�0� 

�R�E�A�C�T�I�O�N� �T�I�M�E� �(�m�i�n�.�)� 

�F�i�g�u�r�e� �6�.�7� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �b�y� �H�2�0�2� �i�n� 
�F�e�(�+�2�)� �s�o�l�u�t�i�o�n�s�.� 
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�e�r�e�d� �S�e�5�8�R� �M�A�N�U�A�L� �I�N�V�E�C�T�I�O�N� �@� �1�3�:�2�5� �M�A�R� �L�i�s� �i�g�g�t� 
�e�e�o�7�T�D� 

�R�T� �A�R�C�A� �T�Y�P�E� �C�A�L� �A�M�O�U�N�T� �N�A�M�E� 

�6�.�5�3� �3�.�6�7� �v�v� �)� �6�.�5�1�4� �a�c�e�t�o�n�e� 
�@�.�8�:� �4�.�6�3� �S�B� �3� �6�.�3�7�5� �T�B�A� 
�1�.�2�2� �8�5�4�.�8�4� �5�8� �i� �3�4�.�4�9�5� �M�T�B�E� 

�p�e� �8� �S�5�7�8�,� �7� �(�b�)� 

�f�o�d� �S�E�S�G�A� �M�A�N�U�A�L� �I�N�J�E�C�T�I�O�N� �@� �1�3�:�3�5� �A�R�R� �i�l�s� �1�9�9�:� 

�r�
y� 

�o
�s

� 

� � 

�E�S�T� 

�e�T� �|� �A�R�E�A� �T�Y�P�E� �C�A�L� �A�M�O�U�N�T� �N�A�M�E� 

�6�.�5�3� �$�3�.�7�3� �v�v� �5� �4�.�8�6�8� �a�c�e�t�o�n�e� 
�4�.�9�1� �9�5�.�1�:� �V�B� �3� �7�.�6�7�6� �T�B�A� 
�i�-�2�i� �4�5�1�.�¢�5� �5�6� �1� �6�9�.�9�6�3� �M�T�B�E� 

� � �4� �e�e� 

�n�o�}� �S�3�8�G�A� �M�A�N�U�A�L� �I�N�J�E�C�T�I�O�N� �@� �1�3�2�3�7� �M�A�R� �1�1�s� �1�9�9�1� 
�E�S�7�T�D� 

�R�T� �A�R�E�A� �T�y�p�e� �C�A�L� �A�M�O�U�N�T� �N�A�M�E� 

�4�.�5�3� �$�6�.�3�3� �B�P� �5� �§�.�1�6�@�3� �a�c�e�t�o�n�e� 
�3�.�8�2� �1�9�3�.�9�6� �P�e� �3� �1�8�.�6�8�3� �T�B�A� 
�1�.�2�1� �3�6�9�.�3�3� �3�8� �1� �3�4�¢�.�:�6�9� �M�T�B�E� 

�F�i�g�u�r�e� �6�.�8� �i�n�t�e�r�m�e�d�i�a�t�e�s�,� �s�h�o�w�i�n�g� �o�n� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�m�s�,� �f�r�o�m� 
�t�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �,� �(�a�)� 
�b�e�f�o�r�e� �H�2�0�5� �a�d�d�i�t�i�o�n�;� �(�b�)� �0�.�5� �m�i�n�.� �a�f�t�e�r� �H�2�0�9� 
�a�d�d�i�t�i�o�n�;� �(�c�)� �3� �m�i�n�.� �a�f�t�e�r� �H�2�0�5� �a�d�d�i�t�i�o�n�.� �(�H�2�0�2�=� 
�2�n�l�,� �F�e�(�+�2�)�=� �1� �m�M�,� �i�n�i�t�i�a�l� �p�H�=�4�.�0�)�.� 
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�J�a�p�a�r� �(�1�9�9�1�)�.� �I�n� �t�h�e�i�r� �s�t�u�d�i�e�s�,� �t�h�e� �o�z�o�n�e�-�f�o�r�m�i�n�g� �p�o�t�e�n�t�i�a�l� 

�o�f� �o�x�y�g�e�n�a�t�e�s� �w�a�s� �e�v�a�l�u�a�t�e�d�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�E�T�B�E�,� �M�T�B�E� �a�n�d� �T�B�A� �w�e�r�e� �d�e�g�r�a�d�e�d� �b�y� �a�n� �O�H�.�-�i�n�i�t�i�a�t�e�d� 

�a�t�m�o�s�p�h�e�r�i�c� �o�x�i�d�a�t�i�o�n�.� �T�h�e� �r�e�a�c�t�i�v�i�t�y� �w�i�t�h� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� 

�i�s� �E�T�B�E� �>� �M�T�B�E� �>�T�B�A�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e�i�r� �s�t�u�d�y� �w�e�r�e� �d�i�f�f�e�r�e�n�t�.� �T�h�e�y� �p�r�o�p�o�s�e�d� �t�h�a�t� 

�t�e�r�t�i�a�r�y� �b�u�t�y�l� �f�o�r�m�a�l�d�e�h�y�d�e� �i�s� �t�h�e� �m�a�j�o�r� �p�r�o�d�u�c�t� �f�r�o�m� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E�,� �w�h�i�l�e� �i�n� �t�h�i�s� �s�t�u�d�y�,� �T�B�A� �w�a�s� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e�.� 

�T�h�e� �a�m�o�u�n�t�s� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �o�x�i�d�i�z�e�d� �d�e�p�e�n�d�s� �o�n� �t�h�e� 

�a�m�o�u�n�t�s� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �i�n� �t�h�e� �f�i�r�s�t� �d�o�s�e�,� �t�h�e� �p�H� �a�n�d� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �n�u�t�r�i�e�n�t�s� �(�p�h�o�s�p�h�a�t�e�,� �a�m�m�o�n�i�u�m� �a�n�d� �m�i�n�e�r�a�l� 

�s�a�l�t�s�)� �b�u�t� �w�e�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �t�y�p�e�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�o�f� �i�r�o�n�.� �W�h�e�n� �m�o�r�e� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �w�a�s� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� 

�f�i�r�s�t� �d�o�s�e�,� �m�o�r�e� �M�T�B�E� �a�n�d� �E�T�B�E� �w�a�s� �o�x�i�d�i�z�e�d� �(�T�a�b�l�e�s� �6�.�1�-�6�.�5�)�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �m�o�r�e� �M�T�B�E� �a�n�d� �E�T�B�E� �w�e�r�e� �o�x�i�d�i�z�e�d� �b�y� �2� �w�l� �o�f� �H�9�0�9� 

�i�n� �t�h�e� �s�o�l�u�t�i�o�n� �s�y�s�t�e�m� �t�h�a�n� �i�n� �t�h�e� �s�o�i�l�/�w�a�t�e�r� �m�i�c�r�o�c�o�s�m�s�.� �I�t� 

�m�i�g�h�t� �b�e� �t�h�a�t� �t�h�e� �s�l�o�w� �d�i�f�f�u�s�i�o�n� �o�r� �c�o�m�p�e�t�i�t�i�o�n� �b�y� �s�o�i�l� 

�o�r�g�a�n�i�c�s� �l�i�m�i�t�e�d� �t�h�e� �o�x�i�d�a�t�i�o�n� �r�e�a�c�t�i�o�n� �i�n� �t�h�e� �s�o�i�l� �s�y�s�t�e�n�.� 

�T�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �a�l�s�o� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�f�e�r�r�i�c� �i�r�o�n� �(�T�a�b�l�e� �6�.�1�,� �6�.�2�)�.� �H�o�w�e�v�e�r�,� �f�e�r�r�o�u�s� �i�r�o�n� 

�c�a�t�a�l�y�z�e�d� �t�h�i�s� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �f�a�s�t�e�r� �t�h�a�n� �f�e�r�r�i�c� �i�r�o�n�.� �T�h�e� 

�s�o�l�u�t�i�o�n� �w�i�t�h� �1�0� �m�M� �o�f� �F�e�(�+�3�)� �n�e�e�d�e�d� �a� �l�o�n�g�e�r� �t�i�m�e� �(�3�0� 

�m�i�n�u�t�e�s�)� �f�o�r� �r�e�a�c�t�i�o�n�s� �t�o� �b�e� �c�o�m�p�l�e�t�e�d�.� �T�h�e� �s�a�m�e� �a�m�o�u�n�t�s� �o�f� 

�M�T�B�E� �w�e�r�e� �o�x�i�d�i�z�e�d� �p�e�r� �u�l� �o�f� �H�j�0�5� �i�n� �t�h�e� �s�o�l�u�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� 

�F�e�(�+�2�)� �a�n�d� �F�e�(�+�3�)�,� �b�u�t� �l�e�s�s� �T�B�A� �a�n�d� �a�c�e�t�o�n�e� �w�e�r�e� �p�r�o�d�u�c�e�d� �i�n� 
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�T�a�b�l�e� �6�.�1� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �M�T�B�E� �i�n� �i�r�o�n� �s�o�l�u�t�i�o�n�s� 

� � 

� � 

� � 

�(�p�H� �=� �4�.�0�)� 

�F�e�(�+�2�)� �=�1�0� �m�M� �F�e�(�+�3�)�=� �1�0� �m�M� 

�1� �p�l� �H�5�0�5� �2� �p�l� �H� �7�0�5� �1�0�1� �H� �2�0�5� �2�y�1� �H� �5�0�9� �1�0� �p�l� �H�5�0�9� 

�R�x�.� �T�i�m�e� �<�O�.�5� �<�0�.�5� �<�0�.�5� �2�6� �2�9� 
�(�m�i�n�.� �)� 

�M�T�B�E� �o�x�i�-� �0�.�2� �0�.�4� �0�.�7�3�4� �0�.�4�4� �0�.�8�7�4� 
�d�i�z�e�d� �(�m�g�)� 

�a�c�e�t�o�n�e� 

�p�r�o�d�u�c�e�d� �0�.�0�3� �0�.�0�4� �0�.�0�4�4� �0�.�0�3� �0�.�0�6�2� 
�(�m�g�)� 

�T�B�A� �p�r�o�-� �0�.�0�1� �0�.�0�7� �0�.�1�1�4� �0�.�0�4� �0�.�0�5�8� 
�d�u�c�e�d� �(�m�g�)� 

� � 

�a�:� �a�l�l� �M�T�B�E� �i�n� �t�h�e� �t�u�b�e� �w�e�r�e� �o�x�i�d�i�z�e�d�.� 

�1�0�0



�T�a�b�l�e� �6�.�2� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �E�T�B�E� �i�n� �i�r�o�n� �s�o�l�u�t�i�o�n�s� 

� � 

� � 

� � 

�a�t� �F�e�(�+�2�)�=� �1�0� �m�M� �a�n�d� �p�H� �=� �4�.�0� 

�1� �p�l� �H�9�0�5� �2� �p�l� �H� �5�0�2� �1�0�O�p�l� �H�j�0�9� 

�R�x�.� �T�i�m�e� �<�0�.�5� �<�0�.�5� �<�0�.�5� 
�(�m�i�n�.� �)� 

�E�T�B�E� �o�x�i�-� �0�.�5�5� �0�.�8�9� �1�.�1�¢� 
�d�i�z�e�d� �(�m�g�)� 

�a�c�e�t�o�n�e� 
�p�r�o�d�u�c�e�d� �0�.�0�5� �0�.�0�7� �0�.�1�1�4� 

�(�m�g�)� 

�T�B�A� �p�r�o�-� �0�.�0�2� �0�.�3�8� �0�.�1�8�9� 
�d�u�c�e�d� �(�m�g�)� 

�a�:� �a�l�l� �t�h�e� �E�T�B�E� �i�n� �t�h�e� �t�u�b�e�s� �w�e�r�e� �o�x�i�d�i�z�e�d� 

�1�0�1



�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �F�e�(�+�3�)�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�c�c�u�r�r�e�d� �v�e�r�y� �r�a�p�i�d�l�y� �i�n� 

�t�h�e� �i�r�o�n� �s�o�l�u�t�i�o�n�s�,� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� 

�o�c�c�u�r�r�e�d� �o�n�l�y� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �d�o�s�e� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� 

�A�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�,� �t�h�e� �c�o�l�o�r� �o�f� �t�h�e� 

�i�r�o�n� �s�o�l�u�t�i�o�n� �c�h�a�n�g�e�d� �f�r�o�m� �l�i�g�h�t� �y�e�l�l�o�w� �t�o� �y�e�l�l�o�w�i�s�h� �b�r�o�w�n�.� 

�F�u�r�t�h�e�r� �a�d�d�i�t�i�o�n�s� �o�f� �H�2�0�2� �d�i�d� �n�o�t� �o�x�i�d�i�z�e� �t�h�e� �r�e�m�a�i�n�i�n�g� �M�T�B�E�,� 

�E�T�B�E� �o�r� �T�B�A�.� 

�I�r�o�n� �i�s� �s�u�b�j�e�c�t� �t�o� �o�x�i�d�a�t�i�o�n� �b�y� �o�x�y�g�e�n� �(�S�n�o�e�y�i�n�k� �&� 

�J�e�n�k�i�n�s�,� �1�9�8�0�)�.� �T�h�e�r�e�f�o�r�e�,� �i�r�o�n� �w�a�s� �t�h�o�u�g�h�t� �t�o� �b�e� �o�x�i�d�i�z�e�d� 

�t�o� �F�e�(�O�H�)�3� �o�r� �F�e�O�O�H� �i�n� �o�x�i�d�i�z�e�d� �e�n�v�i�r�o�n�m�e�n�t�s�.� �I�t� �i�s� 

�s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �o�n�c�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �i�r�o�n� �o�c�c�u�r�s�,� �t�h�e� 

�c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �o�x�y�g�e�n�a�t�e�s� �w�i�l�l� �n�o�t� �t�a�k�e� �p�l�a�c�e�.� 

�T�h�i�s� �m�i�g�h�t� �b�e� �b�e�c�a�u�s�e� �t�h�a�t� �i�r�o�n� �h�y�d�r�o�x�i�d�e�s� �p�r�e�c�i�p�i�t�a�t�e�d� �o�r� 

�t�h�a�t� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �c�a�n� �n�o�t� �c�a�t�a�l�y�z�e� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� 

�h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s�.� 

�T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �i�r�o�n� �s�a�l�t�s� �i�n� �t�h�e� �s�y�s�t�e�m� �h�a�d� �l�i�t�t�l�e� 

�e�f�f�e�c�t� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �o�x�i�d�i�z�e�d�,� �c�o�n�f�i�r�m�i�n�g� 

�t�h�e� �c�a�t�a�l�y�t�i�c� �r�o�l�e� �o�f� �i�r�o�n�.� �S�i�m�i�l�a�r� �r�a�t�i�o�s� �o�f� �t�h�e� �a�m�o�u�n�t�s� �o�f� 

�M�T�B�E� �a�n�d� �E�T�B�E� �o�x�i�d�i�z�e�d� �p�e�r� �u�L� �o�f� �H�3�;�0�5� �w�e�r�e� �o�b�s�e�r�v�e�d� �a�t� �0�.�2�,� �1� 

�a�n�d� �1�0� �m�M� �o�f� �F�e�(�+�2�)� �(�T�a�b�l�e� �6�.�3�)�.� �A� �s�l�i�g�h�t�l�y� �l�o�n�g�e�r� �t�i�m�e� �w�a�s� 

�n�e�e�d�e�d� �f�o�r� �t�h�e� �r�e�a�c�t�i�o�n� �t�o� �b�e� �c�o�m�p�l�e�t�e�d� �(�2� �m�i�n�.� �m�o�r�e�)� �a�t� 

�l�o�w�e�r� �F�e�(�+�2�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�u�t� �o�v�e�r�a�l�l� �t�h�e� �o�x�i�d�a�t�i�o�n� �w�a�s� 

�s�t�i�l�l� �v�e�r�y� �f�a�s�t�.� 

�P�h�o�s�p�h�a�t�e�,� �e�s�p�e�c�i�a�l�l�y� �m�o�n�o�p�h�o�s�p�h�a�t�e�,� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �b�e� 

�a�b�l�e� �t�o� �s�t�a�b�i�l�i�z�e� �t�h�e� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �s�o�l�u�t�i�o�n� �(�B�r�i�t�t�o�n�,� 

�1�0�2



�T�a�b�l�e� �6�.�3� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �E�T�B�E� �a�n�d� �M�T�B�E� �a�t� �v�a�r�i�o�u�s� 
�F�e�(�+�3�)� �c�o�n�c�e�n�t�a�r�t�i�o�n�s� 
�(�H�p�0�9�=� �2� �p�l�,� �p�H�=�4�.�0�,� �n�o� �n�u�t�r�i�e�n�t�s�)� 

� � 

� � 

� � 

�F�e�(�+�2�)� �=�0�.�2� �m�M� �F�e�(�+�2�)�=� �1� �m�M� �F�e�(�+�2�)�=� �1�0� �m�M� 

�M�T�B�E� �E�T�B�E� �M�T�B�E� �E�T�B�E� �M�T�B�E� �E�T�B�E� 

�R�x�.� �T�i�m�e� �5�.�0� �3�.�0� �2�.�5� �3�.�0� �<�O�.�5� �<�0�.�5� 
�(�m�i�n�.� �)� 

�M�T�B�E�/�E�T�B�E� �0�.�4�2� �0�.�7�0� �0�.�5�6� �0�.�6�0� �0�.�4�5� �0�.�8�0� 

�o�x�i�d�i�z�e�d� 

�(�m�g�)� 

�a�c�e�t�o�n�e� �p�r�o�-� �0�.�0�1� �0�.�0�1� �0�.�0�5� �0�.�0�4� �0�.�0�4� �0�.�0�7� 

�d�u�c�e�d� �(�m�g�)� 

�T�B�A� �p�r�o�-� �0�.�0�2� �0�.�0�2� �0�.�1�4� �0�.�3�2� �0�.�0�7� �0�.�3�9� 

�d�u�c�e�d� �(�m�g�)� 

� � 
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�1�9�8�5�;� �L�e�e� �e�t� �a�l�.� �1�9�8�8�)�.� �I�t� �i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �p�h�o�s�p�h�a�t�e� �c�a�n� 

�b�e� �p�r�e�i�n�j�e�c�t�e�d� �t�o� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �t�o� �c�o�n�t�r�o�l� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� 

�o�f� �h�y�d�r�o�g�e�n� �h�y�d�r�o�x�i�d�e� �b�y� �i�r�o�n� �(�L�e�e� �e�l� �a�l�.� �1�9�8�8�)�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �r�e�s�u�l�t�s� �i�n� �t�h�e� �i�r�o�n� �s�o�l�u�t�i�o�n� �s�y�s�t�e�m�s� �c�o�n�t�a�i�n�i�n�g� 

�m�o�n�o�p�h�o�s�p�h�a�t�e� �s�h�o�w� �t�h�a�t� �t�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �w�a�s� �n�o�t� 

�s�t�o�p�p�e�d� �b�y� �p�h�o�s�p�h�a�t�e� �(�T�a�b�l�e� �6�.�4�)�.� �I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�n�u�t�r�i�e�n�t�s�,� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �E�T�B�E� �w�a�s� �s�l�o�w�e�r� �b�u�t� �M�T�B�E� 

�o�x�i�d�a�t�i�o�n� �w�a�s� �n�o�t� �c�h�a�n�g�e�d�.� �T�h�e� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �a�l�s�o� 

�c�o�n�t�a�i�n�e�d� �o�t�h�e�r� �c�a�t�i�o�n�s� �s�u�c�h� �a�s� �c�a�l�c�i�u�m� �a�n�d� �m�a�g�n�e�s�i�u�m� �w�h�i�c�h� 

�m�i�g�h�t� �i�n�t�e�r�a�c�t� �w�i�t�h� �p�h�o�s�p�h�a�t�e�,� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� �i�m�p�a�c�t� �o�f� 

�p�h�o�s�p�h�a�t�e� �o�n� �t�h�e� �r�e�l�e�a�s�e� �o�f� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s�.� 

�O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �p�H� �h�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� 

�o�x�i�d�a�t�i�o�n�.� �O�x�i�d�a�t�i�o�n� �i�s� �f�a�v�o�r�e�d� �u�n�d�e�r� �a�c�i�d�i�c� �c�o�n�d�i�t�i�o�n�s� 

�(�T�a�b�l�e� �6�.�5�)�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �a�t� �l�o�w� �p�H� �v�a�l�u�e�s� �s�o�m�e� �o�f� 

�t�h�e� �i�r�o�n� �r�e�m�a�i�n�e�d� �a�s� �F�e�(�+�3�)� �o�r� �F�e�(�+�2�)� �i�n�s�t�e�a�d� �o�f� �b�e�i�n�g� 

�c�o�n�v�e�r�t�e�d� �t�o� �i�r�o�n� �h�y�d�r�o�x�i�d�e�,� �t�h�e� �i�n�a�c�t�i�v�e� �f�o�r�m�.� 

�6�.�2� �D�e�g�r�a�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �i�n� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 

�n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�s� 

�T�h�e� �f�a�t�e� �o�f� �t�h�e� �o�x�y�g�e�n�a�t�e�s� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 

�n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�s� �w�a�s� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�o�s�e� �w�i�t�h� �a�u�t�o�c�l�a�v�e�d� 

�s�o�i�l�s�.� �I�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l� �m�i�c�r�o�c�o�s�m�s�,� 

�t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�s� �w�e�r�e� �d�o�s�e�d� �w�i�t�h� �2� �y�l� �o�f� 

�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �e�v�e�r�y� �7�-�1�0� �d�a�y�s�.� �W�h�i�l�e� �t�h�e� �s�i�t�e� �1� 

�a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� �e�x�h�i�b�i�t�e�d� �t�h�e� �s�a�m�e� �o�r� �e�v�e�n� �f�a�s�t�e�r� �c�h�e�m�i�c�a�l� 

�o�x�i�d�a�t�i�o�n� �t�h�a�n� �s�i�t�e� �3� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s�,� �a�c�t�i�v�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 
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�T�a�b�l�e� �6�.�4� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �E�T�B�E� �a�n�d� �M�T�B�E� �w�i�t�h� �a�n�d� 
�w�i�t�h�o�u�t� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n�s� 
�(�H�2�0�2�=� �2� �w�l�,� �p�H�=�4�.�0�,� �F�e�(�+�2�)�=� �1� �m�M�)� 
� � 

� � � � 

� � 

�w�i�t�h�o�u�t� �n�u�t�r�i�e�n�t�s� �w�i�t�h� �n�u�t�r�i�e�n�t�s� 

�M�T�B�E� �E�T�B�E� �M�T�B�E� �E�T�B�E� 

�R�x�.� �T�i�m�e� �3�.�0� �5�.�0� �3�.�0� �<�0�.�5� 
�(�m�i�n�.� �)� 

�E�T�B�E� �o�x�i�-� �0�.�4�5� �0�.�8�0� �0�.�5� �0�.�5� 

�d�i�z�e�d� �(�m�g�)� 

�a�c�e�t�o�n�e� 
�p�r�o�d�u�c�e�d� �0�.�0�4� �0�.�0�7� �0�.�0�3� �0�.�0�2� 

�(�m�g�)� 

�T�B�A� �p�r�o�-� �0�.�0�7� �0�.�3�9� �0�.�0�2� �0�.�0�3� 

�d�u�c�e�d� �(�m�g�)� 

� � 
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�T�a�b�l�e� �6�.�5� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �E�T�B�E� �a�n�d� �M�T�B�E� �a�t� �v�a�r�i�o�u�s� �p�H� 
�(�H�2�0�9�=� �2� �p�l�,� �F�e�(�+�2�)�=� �1�m�M�,� �w�i�t�h� �n�u�t�r�i�e�n�t�s�)� 

� � 

� � 

� � 

�P�H� �=� �4�.�0� �p�H� �=� �5�.�0� �p�H� �=� �6�.�5� 

�M�T�B�E� �E�T�B�E� �M�T�B�E� �E�T�B�E� �M�T�B�E� �E�T�B�E� 

�R�x�.� �T�i�m�e� �3�.�0� �0�.�5� �3�.�0� �3�.�0� �0�.�5� �3�0� 
�(�m�i�n�.�)� 

�E�T�B�E� �o�x�i�-� �0�.�5� �0�.�5� �0�.�4�0� �0�.�3�5� �0�.�0�3� �0�.�3�3� 
�d�i�z�e�d� �(�m�g�)� 

�a�c�e�t�o�n�e� 
�p�r�o�d�u�t�e�d� �0�.�0�3� �0�.�0�2� �0�.�0�2� �0�.�0�2� �0�.�0�1� �0�.�0�1� 

�(�m�g�)� 

�T�B�A� �p�r�o�-� �0�.�0�2� �0�.�0�3� �0�.�0�2� �0�.�0�3� �0�.�0�1� �0�.�0�1� 
�d�u�c�e�d� �(�m�g�)� 

� � 
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�M�T�B�E� �a�n�d� �E�T�B�E� �w�a�s� �o�n�l�y� �o�b�s�e�r�v�e�d� �i�n� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 

�n�o�n�-�s�t�e�r�i�l�e� �S�i�t�e� �3� �s�o�i�l�s� �(�F�i�g�.� �6�.�9�,� �6�.�1�0� �a�n�d� �T�a�b�l�e�s� 

�i�n� �A�p�p�e�n�d�i�x� �B�)�.� �I�n� �t�h�e� �M�T�B�E� �a�n�d� �E�T�B�E� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 

�n�o�n�-�s�t�e�r�i�l�e� �S�i�t�e� �3� �s�o�i�l�s�,� �T�B�A� �a�n�d� �a�c�e�t�o�n�e� �a�p�p�e�a�r�e�d� �i�n� �t�h�e� 

�e�a�r�l�y� �s�t�a�g�e� �o�f� �i�n�c�u�b�a�t�i�o�n�,� �p�o�s�s�i�b�l�y� �d�u�e� �t�o� �c�h�e�m�i�c�a�l� 

�o�x�i�d�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�o�n�f�i�r�m�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� 
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�F�i�g�u�r�e� �6�.�1�3� �C�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �E�T�B�E� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 
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�a�c�e�t�o�n�e�,� �f�o�r�m�a�l�d�e�h�y�d�e�,� �a�c�e�t�a�l�d�e�h�y�d�e� �a�n�d� �o�t�h�e�r� �e�a�s�i�l�y� �d�e�g�r�a�d�e�d� 

�o�r�g�a�n�i�c� �s�u�b�s�t�r�a�t�e�s� �f�o�r� �s�o�i�l� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� 

�o�f� �t�h�e�s�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �m�i�g�h�t� �h�a�v�e� �d�e�p�l�e�t�e�d� �o�x�y�g�e�n� �a�n�d� �c�r�e�a�t�e�d� 

�a�n�a�e�r�o�b�i�c� �e�n�v�i�r�o�n�m�e�n�t�s� �w�h�i�c�h� �f�a�v�o�r�e�d� �t�h�e� �i�r�o�n� �r�e�d�u�c�t�i�o�n�.� �T�h�u�s� 

�a�n� �a�e�r�o�b�i�c�~�a�n�a�e�r�o�b�i�c� �c�y�c�l�e� �c�o�u�l�d� �h�a�v�e� �o�c�c�u�r�r�e�d� �w�h�e�r�e� �E�T�B�E� �a�n�d� 

�M�T�B�E� �w�e�r�e� �d�e�g�r�a�d�e�d� �t�h�r�o�u�g�h� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �c�h�e�m�i�c�a�l� 

�o�x�i�d�a�t�i�o�n� �f�o�l�l�o�w�e�d� �b�y� �m�i�c�r�o�b�i�a�l� �d�e�g�r�a�d�a�t�i�o�n� �(�F�i�g�.� �6�.�1�4�)�.� 

�T�h�e� �i�n�s�i�g�n�i�f�i�c�a�n�t� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �t�h�e� �S�i�t�e� �1�(�B�)� �s�o�i�l�s� �m�i�g�h�t� 

�b�e� �d�u�e� �t�o� �t�h�e� �l�a�c�k� �o�f� �i�r�o�n� �i�n� �t�h�e� �b�e�g�i�n�n�i�n�g�.� �T�r�a�c�e� �a�m�o�u�n�t�s� �o�f� 

�T�B�A� �a�n�d� �a�c�e�t�o�n�e� �w�e�r�e� �d�e�t�e�c�t�e�d� �b�u�t� �t�h�e� �r�e�a�c�t�i�o�n�s� �s�t�o�p�p�e�d� �a�f�t�e�r� 

�o�n�e� �m�o�n�t�h�.� �B�e�c�a�u�s�e� �l�e�s�s� �a�c�e�t�o�n�e� �a�n�d� �o�t�h�e�r� �o�r�g�a�n�i�c�s� �w�e�r�e� 

�p�r�o�d�u�c�e�d� �a�n�d� �t�h�e� �m�i�c�r�o�b�i�a�l� �a�c�t�i�v�i�t�y� �w�a�s� �l�o�w� �i�n� �t�h�e� �S�i�t�e� �1�(�B�)� 

�s�o�i�l�s�,� �t�h�e� �s�o�i�l� �e�n�v�i�r�o�n�m�e�n�t�s� �m�i�g�h�t� �h�a�v�e� �s�t�a�y�e�d� �a�e�r�o�b�i�c� �a�n�d� 

�i�r�o�n� �r�e�m�a�i�n�e�d� �a�t� �t�h�e� �o�x�i�d�i�z�e�d� �p�h�a�s�e�.� 

�A� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �s�o�i�l� �p�H� �a�n�d� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� 

�M�T�B�E� �a�n�d� �E�T�B�E� �w�a�s� �d�e�v�e�l�o�p�e�d� �f�o�r� �t�h�e� �s�o�i�l�s� �s�h�o�w�i�n�g� �a�c�t�i�v�e� 

�c�h�e�m�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n� �(�a�u�t�o�c�l�a�v�e�d� �s�i�t�e� �1�(�B�)�,� �S�i�t�e� �3� �a�n�d� 

�n�o�n�-�s�t�e�r�i�l�e� �S�i�t�e� �3� �s�o�i�l�s�)�.� �F�i�g�u�r�e� �6�.�1�5� �s�h�o�w�s� �t�h�a�t� �s�i�m�i�l�a�r� �t�o� 

�t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �i�n� �t�h�e� �s�o�l�u�t�i�o�n� �s�y�s�t�e�m�s�,� �f�a�s�t�e�r� �c�h�e�m�i�c�a�l� 

�d�e�g�r�a�d�a�t�i�o�n� �o�c�c�u�r�r�e�d� �i�n� �s�o�i�l�s� �w�i�t�h� �l�o�w�e�r� �p�H�.� 

�S�i�n�c�e� �t�h�e� �e�x�t�e�n�t� �o�f� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�v�e�r� �t�h�e� �9�0� �d�a�y� 

�i�n�c�u�b�a�t�i�o�n� �w�a�s� �n�o�t� �e�v�a�l�u�a�t�e�d� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s�,� �i�t� �i�s� �u�n�c�l�e�a�r� 

�i�f� �m�i�c�r�o�b�i�a�l� �b�r�e�a�k�a�g�e� �o�f� �t�h�e� �e�t�h�e�r� �l�i�n�k�a�g�e�s� �i�n� �E�T�B�E� �a�n�d� �M�T�B�E� 

�w�a�s� �a�c�t�i�v�e� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �w�h�e�n� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �o�c�c�u�r�r�e�d�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �a�c�e�t�o�n�e� �a�n�d� �o�t�h�e�r� �e�a�s�i�l�y� �d�e�g�r�a�d�e�d� 

�o�r�g�a�n�i�c�s�,� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �m�i�g�h�t� �n�o�t� �h�a�v�e� �d�e�v�e�l�o�p�e�d� �t�h�e� 
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�n�e�c�e�s�s�a�r�y� �e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� �t�o� �c�a�t�a�l�y�z�e� �t�h�e� �c�l�e�a�v�a�g�e� �o�f� �e�t�h�e�r� 

�b�o�n�d�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�y� �m�i�g�h�t� �h�a�v�e� �b�e�e�n� �o�u�t�c�o�m�p�e�t�e�d� �b�y� �t�h�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �g�r�o�w�i�n�g� �b�e�t�t�e�r� �o�n� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �p�r�o�d�u�c�e�d� 

�f�r�o�m� �t�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n�.� 

�6�.�3� �B�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� 

�T�B�A� 

�A�e�r�o�b�i�c� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �s�e�e�m�e�d� �t�o� �b�e� �t�h�e� �d�o�m�i�n�a�n�t� �p�r�o�c�e�s�s� 

�i�n� �t�h�e� �d�e�c�r�e�a�s�e� �o�f� �T�B�A� �i�n� �t�h�e� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�s� �f�r�o�m� �S�i�t�e� 

�1�(�B�)� �a�n�d� �S�i�t�e� �3�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s� �o�f� �T�B�A� �i�n� �r�e�g�u�l�a�r� 

�s�o�i�l�s� �w�e�r�e� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�o�s�e� �i�n� �t�h�e� �a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s� �(�F�i�g� 

�6�.�1�6�,� �T�a�b�l�e�s� �i�n� �A�p�p�e�n�d�i�x� �B�)�.� �U�n�l�i�k�e� �t�h�e� �m�o�r�e� �t�h�a�n� �5�0�%� �o�f� 

�t�o�t�a�l� �d�e�c�r�e�a�s�e�s� �i�n� �t�h�e� �e�a�r�l�y� �s�t�a�g�e� �o�f� �i�n�c�u�b�a�t�i�o�n� �i�n� �t�h�e� 

�a�u�t�o�c�l�a�v�e�d� �s�o�i�l�s�,� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A� �i�n� �t�h�e� �n�o�n�-�s�t�e�r�i�l�e� 

�s�o�i�l�s� �i�n� �t�h�e� �f�i�r�s�t� �2�0� �d�a�y�s� �w�a�s� �v�e�r�y� �s�l�o�w�.� �F�a�s�t� �d�e�g�r�a�d�a�t�i�o�n� 

�b�e�g�a�n� �a�f�t�e�r� �3�0� �d�a�y�s� �o�f� �i�n�c�u�b�a�t�i�o�n�.� �S�i�t�e� �1�(�B�)� �s�o�i�l�s� �r�e�q�u�i�r�e�d� 

�a� �l�o�n�g�e�r� �l�a�g� �p�h�a�s�e� �b�u�t� �f�o�l�l�o�w�e�d� �t�h�e� �s�a�m�e� �p�a�t�t�e�r�n�s� �a�s� �i�n� �t�h�e� 

�S�i�t�e� �3� �s�o�i�l�s� �(�T�a�b�l�e� �6�.�6�)�.� �N�o� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �a�c�e�t�o�n�e� �w�a�s� 

�o�b�s�e�r�v�e�d�.� 

�E�T�B�E� 

�A�s� �d�i�s�c�u�s�s�e�d� �p�r�e�v�i�o�u�s�l�y�,� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �m�i�g�h�t� �b�e� �t�h�e� 

�d�o�m�i�n�a�n�t� �r�e�a�c�t�i�o�n� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� �n�o�n�-�s�t�e�r�i�l�e� �S�i�t�e� �3� 

�s�o�i�l�s� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �e�t�h�e�r� �b�o�n�d� �i�n� �M�T�B�E� �a�n�d� 

�E�T�B�E� �m�i�g�h�t� �n�o�t� �o�c�c�u�r� �o�r� �m�i�g�h�t� �b�e� �i�n�s�i�g�n�i�f�i�c�a�n�t�.� �T�h�e� �q�u�e�s�t�i�o�n� 

�w�h�i�c�h� �m�u�s�t� �b�e� �a�n�s�w�e�r�e�d�,� �t�h�e�r�e�f�o�r�e�,� �i�s�,� �"�c�a�n� �a�e�r�o�b�i�c� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �c�l�e�a�v�e� �t�h�e� �e�t�h�e�r� �l�i�n�k�a�g�e�s� �i�n� �M�T�B�E� �a�n�d� �E�T�B�E�"�.� 
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�T�o� �t�e�s�t� �t�h�i�s�,� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �m�u�s�t� �b�e� �s�t�o�p�p�e�d� �o�r� �a�v�o�i�d�e�d� 

�t�o� �e�n�c�o�u�r�a�g�e� �b�i�o�l�o�g�i�c�a�l� �a�c�t�i�v�i�t�y� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �B�e�c�a�u�s�e� 

�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �i�r�o�n� �w�a�s� �t�h�e� �p�r�o�b�a�b�l�e� �c�o�n�t�r�o�l�l�i�n�g� 

�p�a�r�a�m�e�t�e�r�s� �i�n� �t�h�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n�,� �t�w�o� �a�p�p�r�o�a�c�h�e�s� �w�e�r�e� 

�u�s�e�d� �t�o� �s�t�u�d�y� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� �E�T�B�E� �b�y� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �T�h�e� �f�i�r�s�t� �a�p�p�r�o�a�c�h� �u�s�e�d� �s�a�c�r�i�f�i�c�i�a�l� 

�m�i�c�r�o�c�o�s�m�s� �c�o�n�t�a�i�n�i�n�g� �1�.�5� �g� �o�f� �S�i�t�e� �3�-�3� �s�o�i�l� �a�n�d� �2� �m�l� �o�f� 

�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n�s�.� �T�h�e� �o�v�e�r�a�l�l� �a�i�r� �s�p�a�c�e� �w�a�s� �a�b�o�u�t� �5� �m�l�.� �T�h�e� 

�c�a�l�c�u�l�a�t�e�d� �a�m�o�u�n�t� �o�f� �O�5� �i�n� �t�h�e� �h�e�a�d� �s�p�a�c�e� �w�a�s� �e�x�p�e�c�t�e�d� �t�o� �b�e� 

�s�u�f�f�i�c�i�e�n�t� �f�o�r� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� �o�r� �M�T�B�E� �i�n� �t�h�e� 

�m�i�c�r�o�c�o�s�m�s�.� 

�A�f�t�e�r� �9�0� �d�a�y�s� �o�f� �i�n�c�u�b�a�t�i�o�n�,� �n�o� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �M�T�B�E� �a�n�d� 

�E�T�B�E� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�s� �a�s� �c�o�m�p�a�r�e�d� �t�o� 

�a�u�t�o�c�l�a�v�e�d� �o�n�e�s� �(�F�i�g� �6�.�1�7�)�.� �T�B�A�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �w�a�s� 

�d�e�g�r�a�d�e�d�.� �T�r�a�c�e� �a�m�o�u�n�t�s� �o�f� �a�c�e�t�o�n�e� �a�n�d� �T�B�A� �w�e�r�e� �d�e�t�e�c�t�e�d� �i�n� 

�b�o�t�h� �a�u�t�o�c�l�a�v�e�d� �a�n�d� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�s� �b�u�t� �i�t� �i�s� �n�o�t� �c�e�r�t�a�i�n� 

�w�h�e�t�h�e�r� �t�h�i�s� �w�a�s� �d�u�e� �t�o� �b�i�o�l�o�g�i�c�a�l� �o�r� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�.� �T�h�e� 

�m�o�n�i�t�o�r�i�n�g� �w�a�s� �s�t�o�p�p�e�d� �a�f�t�e�r� �1�0�0� �d�a�y�s� �o�f� �i�n�c�u�b�a�t�i�o�n�.� 

�A�n�o�t�h�e�r� �a�p�p�r�o�a�c�h� �w�a�s� �t�o� �a�d�d� �5� �»�l� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �t�o� 

�s�o�i�l� �m�i�c�r�o�c�o�s�m�s� �e�v�e�r�y� �5� �d�a�y�s� �f�o�r� �2�0� �d�a�y�s� �p�r�i�o�r� �t�o� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �o�x�y�g�e�n�a�t�e�s�.� �B�y� �d�o�i�n�g� �s�o�,� �i�r�o�n� �w�o�u�l�d� �b�e� �o�x�i�d�i�z�e�d� 

�a�n�d� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �w�o�u�l�d� �b�e� �m�i�n�i�m�i�z�e�d�.� 

�F�i�g�u�r�e� �6�.�1�8� �s�h�o�w�s� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� 

�i�n� �t�h�e� �s�i�t�e� �3�-�3� �s�o�i�l� �w�h�i�c�h� �w�a�s� �p�r�e�t�r�e�a�t�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n� 

�p�e�r�o�x�i�d�e�.� �S�o�m�e� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �s�t�i�l�l� �o�c�c�u�r�r�e�d� �a�f�t�e�r� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �t�h�e� �r�e�d�u�c�i�n�g� 
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�c�h�a�r�a�c�t�e�r� �o�f� �t�h�i�s� �s�o�i�l�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�x�t�e�n�t� �o�f� �c�h�e�m�i�c�a�l� 

�o�x�i�d�a�t�i�o�n� �w�a�s� �l�e�s�s� �t�h�a�n� �t�h�a�t� �i�n� �t�h�e� �n�o�n�-�s�t�e�r�i�l�e� �a�n�d� 

�n�o�n�-�p�r�e�t�r�e�a�t�e�d� �s�o�i�l�s� �(�F�i�g�.� �6�.�1�1�)�.� �A�f�t�e�r� �3�0� �d�a�y�s� �o�f� 

�i�n�c�u�b�a�t�i�o�n�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �E�T�B�E� �i�n� �o�n�e� �o�f� �t�h�e� 

�m�i�c�r�o�c�o�s�m�s� �a�m�e�n�d�e�d� �w�i�t�h� �n�u�t�r�i�e�n�t�s� �d�e�c�r�e�a�s�e�d� �v�e�r�y� �r�a�p�i�d�l�y� �a�n�d� 

�T�B�A� �w�a�s� �t�h�e� �m�a�j�o�r� �i�n�t�e�r�m�e�d�i�a�t�e�.� �T�h�e� �o�t�h�e�r� �E�T�B�E� �m�i�c�r�o�c�o�s�m�s� 

�a�m�e�n�d�e�d� �w�i�t�h� �n�u�t�r�i�e�n�t�s� �s�t�a�r�t�e�d� �s�h�o�w�i�n�g� �s�l�o�w� �d�e�g�r�a�d�a�t�i�o�n� �i�n� 

�t�h�e� �8�0�t�h� �d�a�y� �o�f� �i�n�c�u�b�a�t�i�o�n� �(�A�p�p�e�n�d�i�x� �B�)�.� �R�e�p�e�a�t�e�d� �d�o�s�e�s� �a�n�d� 

�d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �E�T�B�E� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�i�s� �w�a�s� �a� �b�i�o�l�o�g�i�c�a�l� 

�r�e�a�c�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �a�e�r�o�b�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 

�w�e�r�e� �a�b�l�e� �t�o� �d�i�r�e�c�t�l�y� �c�l�e�a�v�e� �t�h�e� �e�t�h�e�r� �b�o�n�d� �i�n� �E�T�B�E� �a�n�d� �u�s�e� 

�t�h�e� �a�l�d�e�h�y�d�e� �p�r�o�d�u�c�e�d� �f�r�o�m� �E�T�B�E� �a�s� �o�r�g�a�n�i�c� �s�o�u�r�c�e�s�.� 

�T�h�e� �r�a�p�i�d� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� 

�p�r�e�o�x�i�d�i�z�e�d� �s�o�i�l�s� �a�f�t�e�r� �a� �3�0�-�d�a�y� �l�a�g� �p�h�a�s�e� �c�o�n�f�i�r�m�e�d� �t�h�e� 

�s�p�e�c�u�l�a�t�i�o�n� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �n�o�n�-�p�r�e�o�x�i�d�i�z�e�d� �s�o�i�l� �m�i�c�r�o�c�o�s�m�s�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �6�.�2�,� �m�i�c�r�o�b�i�a�l� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �e�t�h�e�r� 

�l�i�n�k�a�g�e�s� �m�i�g�h�t� �b�e� �i�n�s�i�g�n�i�f�i�c�a�n�t� �d�u�e� �t�o� �a�c�t�i�v�e� �c�h�e�m�i�c�a�l� 

�o�x�i�d�a�t�i�o�n� �i�n� �t�h�e� �s�y�s�t�e�m�s�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n� �o�f� �t�h�e� 

�b�i�o�l�o�g�i�c�a�l� �c�l�e�a�v�a�g�e� �s�h�o�w�i�n�g� �i�n� �F�i�g�.� �6�.�1�8� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �o�n�c�e� 

�t�h�e� �e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� �h�a�d� �d�e�v�e�l�o�p�e�d�,� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� 

�w�a�s� �v�e�r�y� �f�a�s�t�.� �T�h�e�r�e�f�o�r�e�,� �i�f� �t�h�e� �m�i�c�r�o�b�i�a�l� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� 

�e�t�h�e�r� �l�i�n�k�a�g�e�s� �h�a�d� �o�c�c�u�r�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n� �t�h�e� 

�n�o�n�-�p�r�e�o�x�i�d�i�z�e�d� �s�o�i�l�s�,� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s� �a�n�d� 

�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �o�f� �E�T�B�E� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �p�r�e�o�x�i�d�i�z�e�d� �s�o�i�l�s�.� 

�T�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �o�f� �E�T�B�E� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� 
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�s�u�p�p�l�i�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �b�u�t� �n�o�t� �i�n� �t�h�e� �s�a�c�r�i�f�i�c�i�a�l� 

�m�i�c�r�o�c�o�s�m�s� �i�m�p�l�i�e�s� �t�h�a�t� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �m�i�g�h�t� �b�e� �i�n�v�o�l�v�e�d� 

�i�n� �t�h�e� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�.� �A�e�r�o�b�i�c� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �c�a�r�r�y� 

�e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� �t�o� �d�e�t�o�x�i�f�y� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �g�e�n�e�r�a�t�e�d� 

�f�r�o�m� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �O�5� �d�u�r�i�n�g� �a�e�r�o�b�i�c� �r�e�s�p�i�r�a�t�i�o�n� �(�B�l�o�c�k�,� 

�1�9�8�9�)�.� �T�h�e� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l� �i�s� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �f�r�o�m� �t�h�e� 

�e�n�z�y�m�a�t�i�c� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� �T�h�e� �h�y�d�r�o�x�y�l� 

�r�a�d�i�c�a�l� �i�s� �v�e�r�y� �t�o�x�i�c� �t�o� �m�i�c�r�o�b�i�a�l� �c�e�l�l�s� �a�n�d� �m�u�s�t� �b�e� �r�e�m�o�v�e�d�.� 

�I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �w�e�r�e� �o�n�e� �o�f� �t�h�e� 

�r�e�a�c�t�a�n�t�s� �u�s�e�d� �b�y� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �t�o� �d�e�g�r�a�d�e� �E�T�B�E�.� �T�h�i�s� �m�i�g�h�t� 

�e�x�p�l�a�i�n� �t�h�a�t� �t�r�a�c�e� �a�m�o�u�n�t�s� �o�f� �a�c�e�t�o�n�e� �a�n�d� �T�B�A� �w�e�r�e� �o�b�s�e�r�v�e�d� 

�i�n� �t�h�e� �s�a�c�r�i�f�i�c�i�a�l� �m�i�c�r�o�c�o�s�m�s� �s�u�p�p�l�i�e�d� �w�i�t�h� �a�i�r�.� �H�o�w�e�v�e�r�,� 

�d�u�r�i�n�g� �t�h�e� �r�e�s�p�i�r�a�t�o�r�y� �p�r�o�c�e�s�s�e�s�,� �o�n�l�y� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� 

�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �w�a�s� �g�e�n�e�r�a�t�e�d�,� �r�e�s�u�l�t�i�n�g� �i�n� �p�r�o�d�u�c�t�i�o�n� �o�f� �a� 

�s�m�a�l�l� �a�m�o�u�n�t� �o�f� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �a�n�d� �l�i�t�t�l�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�E�T�B�E�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �s�y�s�t�e�m� �w�a�s� �p�r�o�v�i�d�e�d� �w�i�t�h� �s�i�g�n�i�f�i�c�a�n�t� 

�a�m�o�u�n�t�s� �o�f� �e�x�t�e�r�n�a�l� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�,� �h�y�d�r�o�x�y�l� �r�a�d�i�c�a�l�s� �w�e�r�e� 

�p�r�o�d�u�c�e�d� �i�n� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �w�h�i�c�h� �c�o�u�l�d� �h�a�v�e� �b�e�e�n� �u�s�e�d� �b�y� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �t�o� �d�e�g�r�a�d�e� �E�T�B�E�.� 

�M�T�B�E� 

�S�i�m�i�l�a�r� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �M�T�B�E� �b�u�t� �n�o� 

�b�i�o�d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d�,� �p�o�s�s�i�b�l�y� �b�e�c�a�u�s�e� �t�h�e� �e�n�z�y�m�a�t�i�c� 

�s�y�s�t�e�m�s� �f�o�r� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �r�e�q�u�i�r�e�d� �a� �l�o�n�g� �l�a�g� �p�h�a�s�e� �t�o� 

�d�e�v�e�l�o�p�.� �W�h�i�l�e� �E�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �o�c�c�u�r�r�e�d� �i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� 

�w�i�t�h� �p�r�e�o�x�i�d�i�z�e�d� �s�o�i�l�s�,� �n�o� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �o�v�e�r� 

�1�0�0� �d�a�y�s� �o�f� �i�n�c�u�b�a�t�i�o�n�.� �T�o� �t�e�s�t� �w�h�e�t�h�e�r� �t�h�i�s� �w�a�s� �d�u�e� �t�o� 
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�u�n�f�a�v�o�r�a�b�l�e� �s�o�i�l� �e�n�v�i�r�o�n�m�e�n�t�s�,� �1� �m�l� �o�f� �s�o�i�l� �s�l�u�r�r�y� �f�r�o�m� �t�h�e� 

�m�i�c�r�o�c�o�s�m�s� �w�h�i�c�h� �h�a�d� �s�h�o�w�n� �a�c�t�i�v�e� �E�T�B�E� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �w�a�s� 

�t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �M�T�B�E� �m�i�c�r�o�c�o�s�m�s�.� �H�o�w�e�v�e�r�,� �n�o� �M�T�B�E� 

�d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �o�v�e�r� �1� �m�o�n�t�h� �o�f� �i�n�c�u�b�a�t�i�o�n�.� �T�h�i�s� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� �f�o�r� �E�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �a�r�e� 

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�o�s�e� �f�o�r� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n�.� �D�i�f�f�e�r�e�n�t� �t�y�p�e�s� 

�o�f� �e�n�z�y�m�e�s� �m�i�g�h�t� �b�e� �r�e�q�u�i�r�e�d� �f�o�r� �M�T�B�E� �d�e�g�r�a�d�a�t�i�o�n� �o�r� �t�h�e� 

�s�t�r�u�c�t�u�r�e� �o�f� �E�T�B�E�-�d�e�g�r�a�d�i�n�g� �e�n�z�y�m�e�s� �m�i�g�h�t� �n�e�e�d� �t�o� �b�e� �a�d�j�u�s�t�e�d� 

�a�n�d� �s�u�c�h� �a�d�j�u�s�t�m�e�n�t�s� �r�e�q�u�i�r�e� �a� �l�o�n�g�e�r� �i�n�c�u�b�a�t�i�o�n� �t�i�m�e�.� 
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�C�h�a�p�t�e�r� �7� �D�e�g�r�a�d�a�t�i�o�n� �U�n�d�e�r� �D�e�n�i�t�r�i�f�y�i�n�g� �C�o�n�d�i�t�i�o�n�s� 

�I�n� �t�h�i�s� �c�h�a�p�t�e�r�,� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �d�e�s�i�g�n�e�d� �t�o� �e�v�a�l�u�a�t�e� 

�w�h�e�t�h�e�r� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A�,� �M�T�B�E� �a�n�d� �E�T�B�E� �w�o�u�l�d� �o�c�c�u�r� �u�n�d�e�r� 

�d�e�n�i�t�r�i�f�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �i�f� �s�o�,� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�a�t�e�s� �o�f� 

�d�e�g�r�a�d�a�t�i�o�n�.� �O�n�e� �o�f� �t�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e�s� �i�n� �t�h�i�s� �s�t�u�d�y� �i�s� 

�t�o� �i�d�e�n�t�i�f�y� �t�h�e� �m�a�j�o�r� �s�u�b�s�u�r�f�a�c�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s� �t�h�a�t� 

�c�a�n� �e�n�h�a�n�c�e� �o�r� �i�n�h�i�b�i�t� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n�.� �H�i�c�k�m�a�n� �(�1�9�8�8�)� 

�f�o�u�n�d� �t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �n�i�t�r�a�t�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�d� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �a�t� �t�h�e� �o�r�g�a�n�i�c�a�l�l�y� �r�i�c�h� �s�i�t�e�s� �b�u�t� �n�o�t� �a�t� �t�h�e� 

�o�r�g�a�n�i�c�a�l�l�y� �p�o�o�r� �s�i�t�e�s�.� �H�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �o�r�g�a�n�i�c� �f�l�u�x� 

�a�t� �t�h�e� �o�r�g�a�n�i�c�-�r�i�c�h� �s�i�t�e�s� �m�i�g�h�t� �b�e� �t�h�e� �r�e�a�s�o�n� �f�o�r� �f�a�s�t�e�r� �T�B�A� 

�d�e�g�r�a�d�a�t�i�o�n�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�e�s�e� �c�o�n�c�l�u�s�i�o�n�s�,� �o�n�e� �o�f� �t�h�e� 

�o�b�j�e�c�t�i�v�e�s� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �w�a�s� �t�o� �f�u�r�t�h�e�r� �e�v�a�l�u�a�t�e� �h�o�w� �t�h�e� 

�i�n�g�r�e�d�i�e�n�t�s� �i�n� �t�h�e� �o�r�g�a�n�i�c� �f�l�u�x� �i�n�f�l�u�e�n�c�e� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �i�n� 

�t�h�e� �o�r�g�a�n�i�c�a�l�l�y� �p�o�o�r� �s�o�i�l�s�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �s�i�t�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �i�n� 

�c�h�a�p�t�e�r� �4�,� �t�h�e� �o�r�g�a�n�i�c�a�l�l�y� �r�i�c�h� �s�i�t�e�s� �(�S�i�t�e� �2� �a�n�d� �3�)� 

�c�o�n�t�a�i�n�e�d� �m�u�c�h� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �n�i�t�r�o�g�e�n� �a�n�d� 

�d�e�g�r�a�d�a�b�l�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �i�n�f�l�u�e�n�c�e�s� �o�f� 

�n�u�t�r�i�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �d�e�g�r�a�d�a�b�l�e� �o�r�g�a�n�i�c�s� �w�e�r�e� 

�e�x�a�m�i�n�e�d�.� �E�t�h�a�n�o�l� �w�a�s� �c�h�o�s�e�n� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �d�e�g�r�a�d�a�b�l�e� 

�o�r�g�a�n�i�c� �m�a�t�t�e�r� �b�e�c�a�u�s�e� �a�l�c�o�h�o�l�-�t�y�p�e� �c�o�m�p�o�u�n�d�s� �a�r�e� �o�n�e� �o�f� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �d�u�r�i�n�g� �t�h�e� �a�n�a�e�r�o�b�i�c� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �n�a�t�u�r�a�l� 

�o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �a�n�d� �t�h�e�y� �a�r�e� �c�o�m�m�o�n� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n� �t�h�e� 

�s�u�b�s�u�r�f�a�c�e�.� 

�I�n� �o�r�d�e�r� �t�o� �m�o�n�i�t�o�r� �n�i�t�r�a�t�e� �a�n�d� �n�i�t�r�i�t�e�,� �a� �l�a�r�g�e�r� 
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�m�i�c�r�o�c�o�s�m� �s�y�s�t�e�m� �c�o�n�t�a�i�n�i�n�g� �1�5� �g�r�a�m� �o�f� �s�o�i�l� �w�a�s� �u�s�e�d� �i�n� �s�o�m�e� 

�o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �s�o�i�l� �t�o� �w�a�t�e�r� �r�a�t�i�o� �w�a�s� �k�e�p�t� �t�h�e� 

�s�a�m�e� �a�s� �i�n� �t�h�e� �s�m�a�l�l�e�r� �m�i�c�r�o�c�o�s�m� �s�y�s�t�e�m�s�.� 

�7�.�1� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� 

�S�i�t�e� �1� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �a�t� �S�i�t�e� �1� �w�a�s� �e�n�h�a�n�c�e�d� �b�y� �p�r�o�v�i�d�i�n�g� 

�n�i�t�r�a�t�e� �a�s� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r� �(�F�i�g�.� �7�.�1�,� �T�a�b�l�e�s� �i�n� �A�p�p�e�n�d�i�x� 

�C�)�.� �T�h�e� �m�o�s�t� �s�i�g�n�i�f�i�c�a�n�t� �i�m�p�r�o�v�e�m�e�n�t� �w�a�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� 

�t�h�e� �l�a�g� �t�i�m�e� �a�n�d� �T�g�g�.� �N�u�t�r�i�e�n�t� �e�n�r�i�c�h�m�e�n�t� �a�l�o�n�g� �w�i�t�h� �n�i�t�r�a�t�e� 

�f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e�d� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �o�f� �T�B�A� �f�r�o�m� �0�.�0�5� �t�o� 

�0�.�2� �m�g�/�l�/�d�a�y�/�g� �d�r�y� �s�o�i�l� �a�n�d� �t�h�e� �T�g�p� �w�a�s� �s�h�o�r�t�e�n�e�d� �t�o� �1�4�0� 

�d�a�y�s�.� �T�h�e� �d�e�c�r�e�a�s�e�s� �i�n� �t�h�e� �n�i�t�r�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �7�.�2� �a�n�d� �T�a�b�l�e�s� �i�n� �A�p�p�e�n�d�i�x� �C�)�.� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s� �a�t� �a�l�l� �d�e�p�t�h�s� �a�t� �S�i�t�e� �1� �w�e�r�e� �s�i�m�i�-� 

�l�a�r� �u�n�d�e�r� �d�e�n�i�t�r�i�f�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�f�t�e�r� �a�d�d�i�t�i�o�n� �o�f� �n�i�t�r�a�t�e� 

�a�n�d� �n�u�t�r�i�e�n�t�s� �(�F�i�g�.� �7�.�1�b�)�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �o�n�e� �o�f� �t�h�e� 

�p�r�i�m�a�r�y� �f�a�c�t�o�r�s� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �a�t� �S�i�t�e� 

�1� �i�s� �t�h�e� �n�u�t�r�i�e�n�t� �a�v�a�i�l�a�b�i�l�i�t�y� �i�n� �t�h�i�s� �s�o�i�l�.� �D�e�n�i�t�r�i�f�i�e�r�s� 

�a�r�e� �r�e�p�o�r�t�e�d� �t�o� �b�e� �u�b�i�q�u�i�t�o�u�s� �i�n� �s�o�i�l�s� �(�T�i�e�d�j�e�,� �1�9�8�8�)�.� �T�h�e� 

�e�n�u�m�e�r�a�t�i�o�n� �d�a�t�a� �s�h�o�w�e�d� �t�h�a�t� �d�e�n�i�t�r�i�f�i�e�r�s� �e�x�i�s�t�e�d� �a�t� �a�l�l� 

�d�e�p�t�h�s� �b�u�t� �m�o�r�e� �a�t� �S�i�t�e� �2� �a�n�d� �3� �(�F�i�g�.� �4�.�1�)�.� �S�i�t�e� �1� �w�a�s� 

�c�a�t�e�g�o�r�i�z�e�d� �a�s� �a�n� �o�l�i�g�o�t�r�o�p�h�i�c� �s�i�t�e� �i�n� �w�h�i�c�h� �n�u�t�r�i�e�n�t�s� �w�e�r�e� 

�c�o�n�f�i�n�e�d� �t�o� �t�h�e� �u�p�p�e�r� �l�a�y�e�r�s� �o�f� �s�o�i�l�s� �a�n�d� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� 

�w�a�s� �s�l�o�w�e�r� �i�n� �d�e�e�p�e�r� �s�o�i�l�s�.� �W�i�t�h� �p�r�o�p�e�r� �n�u�t�r�i�e�n�t� �a�m�e�n�d�m�e�n�t� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �o�c�c�u�r�r�e�d� �a�t� �n�e�a�r�l�y� �t�h�e� �s�a�m�e� �r�a�t�e� �a�t� �a�l�l� 
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�0� �2�F�T� �S�F�T� �1�0�F�T� 

�D�E�P�T�H� 

�F�i�g�u�r�e� �7�.�1� �D�e�g�r�a�d�a�t�i�o�n� �o�f� �T�B�A� �u�n�d�e�r� �d�e�n�i�t�r�i�f�y�i�n�g� �c�o�n�d�i�t�i�o�n�s�;� 
�(�a�)� �d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s�;� �(�b�)� �d�e�p�t�h� �p�r�o�f�i�l�e� �o�f� 
�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e�s�.� 
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�E� 
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�b�d� �4�0� �T� 
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�0� �3�0� �6�0� �9�0� �1�2�0� �1�5�0� �1�8�0� �2�1�0� �2�4�0� 

�I�N�C�U�B�A�T�I�O�N� �T�I�M�E� �(�d�a�y�s�)� 
�F�i�g�u�r�e� �7�.�2� �D�e�c�r�e�a�s�e�s� �o�f� �n�i�t�r�a�t�e� �i�n� �n�i�t�r�a�t�e�-�a�m�e�n�d�e�d� �T�B�A� �m�i�c�r�o�-� 

�c�o�s�m�s�.� 
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�d�e�p�t�h�s�.� 

�S�i�n�c�e� �m�o�l�y�b�d�a�t�e� �w�a�s� �a� �t�r�a�c�e� �n�u�t�r�i�e�n�t� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� 

�d�e�n�i�t�r�i�f�i�e�r�s� �a�n�d� �m�e�t�h�a�n�o�g�e�n�s�,� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �m�o�l�y�b�d�a�t�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �o�n� �m�i�c�r�o�b�i�a�l� �a�c�t�i�v�i�t�y� �w�a�s� �e�v�a�l�u�a�t�e�d�.� �T�h�r�e�e� �m�g�/�l� 

�o�f� �m�o�l�y�b�d�a�t�e� �(�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �u�s�e�d� �i�n� �c�u�l�t�u�r�a�l� �s�t�u�d�i�e�s� �i�n� 

�t�h�e� �l�i�t�e�r�a�t�u�r�e�)� �w�a�s� �a�d�d�e�d� �a�l�o�n�g� �w�i�t�h� �n�i�t�r�a�t�e� �a�n�d� �n�u�t�r�i�e�n�t�s� 

�i�n� �t�h�e� �m�i�c�r�o�c�o�s�m�s� �w�i�t�h� �S�i�t�e� �1�(�B�)� �s�o�i�l�s�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �7�.�1�.� �A�d�d�i�t�i�o�n� �o�f� �m�o�l�y�b�d�a�t�e� �d�i�d� �n�o�t� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �u�n�d�e�r� �d�e�n�i�t�r�i�f�y�i�n�g� 

�c�o�n�d�i�t�i�o�n�s�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �u�n�d�e�r� �t�h�e� �g�r�o�w�t�h� �c�o�n�d�i�t�i�o�n�s� 

�p�r�o�v�i�d�e�d�,� �m�o�l�y�b�d�a�t�e� �w�a�s� �n�o�t� �a� �l�i�m�i�t�i�n�g� �f�a�c�t�o�r� �i�n� �t�h�e�s�e� 

�m�i�c�r�o�c�o�s�m�s�.� 

�T�h�e� �a�d�d�i�t�i�o�n� �o�f� �1�0�0� �m�g�/�l� �e�t�h�a�n�o�l� �r�e�t�a�r�d�e�d� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� 

�u�n�d�e�r� �d�e�n�i�t�r�i�f�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� �S�i�t�e� �1� �s�o�i�l�s� �(�F�i�g�.� 

�7�.�3�)�.� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �u�n�d�e�r� �d�e�n�i�t�r�i�f�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� �s�t�o�p�p�e�d� 

�i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �e�t�h�a�n�o�l�.� �E�t�h�a�n�o�l� �w�a�s� �c�o�m�p�l�e�t�e�l�y� �d�e�g�r�a�d�e�d� 

�w�i�t�h�i�n� �t�w�o� �w�e�e�k�s� �b�u�t� �u�n�l�e�s�s� �n�u�t�r�i�e�n�t�s� �w�e�r�e� �p�r�o�v�i�d�e�d�,� �T�B�A� 

�d�e�g�r�a�d�a�t�i�o�n� �d�i�d� �n�o�t� �o�c�c�u�r�.� �N�u�t�r�i�e�n�t� �e�n�r�i�c�h�m�e�n�t� �s�t�i�m�u�l�a�t�e�d� 

�T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �w�h�e�n� �e�t�h�a�n�o�l� �w�a�s� �p�r�e�s�e�n�t� �b�u�t� �t�h�e� �r�a�t�e� �w�a�s� 

�n�o�t� �a�s� �f�a�s�t� �a�s� �w�h�e�n� �n�o� �e�t�h�a�n�o�l� �w�a�s� �p�r�o�v�i�d�e�d�.� 

�I�t� �i�s� �n�o�t� �u�n�u�s�u�a�l� �t�h�a�t� �c�o�n�t�a�m�i�n�a�t�i�o�n� �i�n� �s�o�i�l� �a�n�d� 

�g�r�o�u�n�d�w�a�t�e�r� �s�y�s�t�e�m�s� �i�n�v�o�l�v�e�s� �m�i�x�t�u�r�e�s� �o�f� �o�r�g�a�n�i�c� �c�h�e�m�i�c�a�l�s� 

�t�h�a�t� �e�x�h�i�b�i�t� �a� �b�r�o�a�d� �r�a�n�g�e� �o�f� �b�i�o�d�e�g�r�a�d�a�b�i�l�i�t�i�e�s�.� �W�h�e�n� 

�e�x�p�o�s�e�d� �t�o� �m�u�l�t�i�-�s�u�b�s�t�r�a�t�e�s�,� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �c�a�n� �e�x�h�i�b�i�t� �a� 

�v�a�r�i�e�t�y� �o�f� �r�e�s�p�o�n�s�e�s� �f�r�o�m� �d�i�a�u�x�i�c� �g�r�o�w�t�h� �t�o� �s�i�m�u�l�t�a�n�e�o�u�s� �u�s�e� 

�o�f� �s�e�v�e�r�a�l� �s�u�b�s�t�r�a�t�e�s�.� �T�h�e� �r�e�l�a�t�i�v�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 
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�T�a�b�l�e� �7�.�1� �E�f�f�e�c�t�s� �o�f� �m�o�l�y�b�d�a�t�e� �o�n� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� 
�w�i�t�h� �n�i�t�r�a�t�e�/�n�u�t�r�i�n�e�t�s� �a�m�e�n�d�m�e�n�t� 

� � 

� � � � 

� � 

�w�/�o� �m�o�l�y�b�d�a�t�e� �+�3� �m�g�/�l� �m�o�l�y�b�d�a�t�e� 

�S�o�i�l� �r�a�t�e�?� �l�a�g� �t�i�m�e�P� �T�g�)�?� �r�a�t�e� �l�a�g� �t�i�m�e� �T�g�q�g� 

�1�(�B�)�-�2� �0�.�2�2� �3�0� �1�4�0� �0�.�2�2� �3�0� �1�4�0� 

�1�(�B�)�-�5� �0�.�2�0� �3�0� �1�6�0� �0�.�1�5� �3�0� �1�3�0� 

�1�(�B�)�-�1�0� �0�.�1�8� �3�0� �1�4�0� �0�.�2�1� �3�0� �1�4�0� 

�1�(�B�)�-�1�4� �0�.�2�8� �3�0� �1�2�0� �0�.�2�1� �3�0� �1�2�0� 
� � 

�a�:� �m�g�/�l�/�d�a�y�/�g� �d�r�y� �s�o�i�l� 
�b�:� �d�a�y�s� 
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�N�U�T�R�I�E�N�T�S� 
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� � � � �{�+�4�4� �a ��H� 
�0� �5�0� �6�0� �9�0� �1�2�0� �1�5�0� �1�8�0� �2�1�0� �2�4�0� 

�I�N�C�U�B�A�T�I�O�N� �T�I�M�E� �(�D�A�Y�S�)� 

� � 

�F�i�g�u�r�e� �7�.�3� �E�f�f�e�c�t� �o�f� �e�t�h�a�n�o�l� �o�n� �T�B�A� �d�e�g�r�a�d�a�t�i�o�n� �u�n�d�e�r� 
�d�e�n�i�t�r�i�f�y�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 
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�o�r�g�a�n�i�c�s� �a�r�e� �c�r�i�t�i�c�a�l� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �h�o�w� �t�h�e�y� �a�r�e� �d�e�g�r�a�d�e�d�.� 

�H�a�r�d�e�r� �a�n�d� �D�i�j�k�h�u�i�z�e�n� �(�1�9�8�2�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �w�h�e�n� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e�s� �a�r�e� �h�i�g�h�,� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �p�a�t�t�e�r�n�s� �o�f� �t�h�e� �s�e�c�o�n�d�a�r�y� �s�u�b�s�t�r�a�t�e�s� �w�i�l�l� �e�x�h�i�-� 

�b�i�t� �a� �d�i�a�u�x�i�c� �p�a�t�t�e�r�n�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�f� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�o�f� �t�h�e� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e�s� �a�r�e� �l�o�w�,� �c�o�n�c�u�r�r�e�n�t� �u�t�i�l�i�z�a�t�i�o�n� 

�w�i�l�l� �o�c�c�u�r�.� 

�D�u�r�i�n�g� �t�h�e� �s�i�m�u�l�t�a�n�e�o�u�s� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� 

�s�u�b�s�t�r�a�t�e�s�,� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �c�o�m�p�o�u�n�d� �i�s� �o�f�t�e�n� �d�e�g�r�a�d�e�d� �a�t� �a� 

�l�o�w�e�r� �r�a�t�e� �p�e�r� �c�e�l�l� �b�u�t� �t�h�e� �o�v�e�r�a�l�l� �c�e�l�l� �g�r�o�w�t�h� �r�a�t�e� �i�s� 

�h�i�g�h�e�r�.� �L�a�P�a�t�-�P�o�l�a�s�k�o� �e�t� �a�l�.� �(�1�9�8�4�)� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�t� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�y� �a� 

�m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�c�c�l�i�m�a�t�e�d� �s�t�r�a�i�n� �w�a�s� �e�n�h�a�n�c�e�d� �i�n� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �a�c�e�t�a�t�e� �a�t� �a� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�c�o�m�p�a�r�e�d� �t�o� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� �D�e�g�r�a�d�a�t�i�o�n� �o�f� �a�c�e�t�a�t�e� �w�a�s� 

�s�l�o�w�e�r� �b�u�t� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �f�o�r� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �w�a�s� 

�h�i�g�h�e�r�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �t�h�e�i�r� �s�t�u�d�y� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �a� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e� �o�n� �t�h�e� 

�d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �s�e�c�o�n�d�a�r�y� �s�u�b�s�t�r�a�t�e� �w�i�l�l� �d�i�m�i�n�i�s�h� �w�h�e�n� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �p�r�i�m�a�r�y� �s�u�b�s�t�r�a�t�e� �i�s� �i�n�c�r�e�a�s�e�d� �t�o� 

�o�r� �b�e�y�o�n�d� �a� �c�e�r�t�a�i�n� �l�e�v�e�l�.� 

�M�o�s�t� �o�f� �t�h�e� �s�t�u�d�i�e�s� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �s�e�c�o�n�d�a�r�y� �u�t�i�l�i�z�a�t�i�o�n� 

�p�h�e�n�o�m�e�n�o�n� �i�n�v�o�l�v�e�d� �t�h�e� �u�s�e� �o�f� �m�i�c�r�o�b�i�a�l� �c�u�l�t�u�r�e�s� �w�h�i�c�h� �h�a�d� 

�a�c�c�l�i�m�a�t�e�d� �t�o� �u�s�e� �s�p�e�c�i�f�i�c� �s�u�b�s�t�r�a�t�e�s�.� �I�n� �t�h�e�s�e� �c�a�s�e�s�,� �t�h�e� 

�m�i�c�r�o�b�i�a�l� �g�r�o�u�p�s� �a�c�t�i�v�e� �i�n� �d�e�g�r�a�d�i�n�g� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �w�e�r�e� �n�o�t� 

�o�n�l�y� �d�o�m�i�n�a�n�t� �i�n� �t�h�e� �s�y�s�t�e�m� �b�u�t� �a�l�s�o� �t�h�e� �e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s� 
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