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Abstract 

An ethanol delivery system, consisting of silicone (poly(dimethylsiloxane)) tubing 

coiled and shaped as mats, was characterised and evaluated for its potential to act as a 

permeable reactive barrier (PRB), to promote reducing conditions and enable the 

enhanced bioremediation of a variety of groundwater contaminants in situ. Aqueous 

ethanol solutions were recirculated through the inner volume of the silicone polymer 

tubing in the mat, to allow permeation and delivery of ethanol by diffusion through the 

tubing walls to a target contamination zone. The aim of the system was to provide control 

over subsurface geochemistry by overcoming carbon source limitations, and as a result 

stimulate indigenous bacteria to remove contaminants.   

The physical properties of the silicone tubing were initially characterised, which 

included the determination of the ethanol sorption and diffusion properties of the tubing. 

A model for the mass of ethanol transferred via diffusion from an aqueous solution on the 

inner volume of a length of polymer tubing was developed to enable prediction of the 

ethanol delivery capacity of the silicone polymer mats. A number of large-scale 

laboratory column studies were then conducted to validate this ethanol mass delivery 

model, and to evaluate the use of silicone polymer mats to deliver ethanol and promote 

the biodegradation of a range of different contaminated groundwaters. The laboratory 

column experiments were observed to produce ethanol mass flux delivery statistically 

similar to that predicted by the model; however this was only with the application of an 

effective diffusion coefficient within the model, which was determined from the model 

under subsurface-simulated conditions. 

Ethanol delivery using the silicone tubing polymer mat system was also quantified 

in a pilot field-scale demonstration. The mass of ethanol delivery in the field was shown 

to be within the range of model-predicted ethanol delivery; however delivery was not as 

consistent and predictable as that observed in the column studies. Successful ethanol 

enhanced nitrate contamination removal (via denitrification) was observed at a field 

scale. For field applications, this innovative polymer mat amendment delivery system 

may provide targeted, predictable and cost-effective amendment delivery compared to 

aqueous injection methods for groundwater bioremediation, however, knowledge and 

quantification of the hydrogeology of the particular field site is required. 

Two other ethanol-driven biologically-mediated contaminant removal processes 

were also investigated in the laboratory-scale soil column studies, and included the 

assessment of the removal of dissolved metals/sulfate via sulfate reduction and metal-

sulfide precipitation, and the removal of trichloroethene via reductive dechlorination. 
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Successful sulfate reduction and metal-sulfide precipitation was demonstrated by the 

delivery of ethanol, which was then further evaluated by numerical reactive 

multicomponent transport modelling. The direct diffusion addition of ethanol using this 

polymer mat delivery technique was shown to provide controllable and uniform ethanol 

delivery for the maintenance of sulfate reducing conditions. The enhanced removal of 

TCE was not promoted by ethanol delivery, possibly as a result of the dechlorinating 

microorganisms required to reduce TCE not being present or active in the non-

bioaugmented soil and groundwater used in the column experiment conducted. 
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1. Introduction and Scope of Thesis 

1.1  Literature review  

1.1.1  Introduction - a novel remediation strategy 

Contamination of groundwater and soil by organic and inorganic compounds is a 

worldwide problem. These compounds are often of concern because they tend to be 

persistent and have low maximum allowable concentrations in drinking water. In addition 

to this, the presence of contaminants in water bodies at aberrant concentrations can have 

serious effects on natural ecosystems. 

Permeable reactive barriers (PRBs) are an innovative clean-up technology for in 

situ groundwater remediation. Recently there has been strong interest in the development 

of PRBs as they represent an effective alternative to more traditional groundwater 

treatment methods such as groundwater pumping and above ground treatment. PRBs are 

installed in the subsurface across the flow path of a contaminant plume and are composed 

of a reactive material permeable to groundwater flow that allows for removal of the target 

pollutant (e.g. metals, hydrocarbons) from groundwater. Because this method relies on 

the natural hydraulic gradient of the aquifer to induce the groundwater flow through the 

barrier, it has the potential for simple cost-effective remediation compared to the long-

term maintenance costs involved in pumping and above ground treatment. Recent 

reviews of the application of PRBs are found in Blowes et al. (2000) and Davis and 

Patterson (2003). 

Bioremediation is the use of microorganisms or microbial processes to destroy, 

degrade, immobilise or reduce the concentration of environmental contaminants (Caplan, 

1993; Lovely, 2003). It is an alternative to traditional remediation technologies, such as 

landfilling or incineration, which simply transfer contaminants from one medium to 

another (Bandyopadhyay et al., 1994). The modern concept of bioremediation evolved 

from the first biological sewerage treatment plant in Sussex, UK, in 1891 (Eweis et al., 

1998). The more sophisticated methods of contaminant treatment, such as activated 

sludge and anaerobic fermentation, developed in the 20th century, have now been 

transferred to the treatment of contaminated soils and groundwater. The main goal of 

bioremediation is to reduce the concentration of contaminants to either below detection 

limits or to below limits established as safe or acceptable by regulatory agencies 

(Alexander, 1994). In many cases, biodegradation of contaminants will occur without any 

human intervention, which is a process often termed natural attenuation (Hemond and 

Fechner-Levy, 2000). When the required rate of removal of a contaminant is not met by 
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natural attenuation, bioremediation technologies may enhance this rate by correcting 

some of the factors that limit biological activity (Eweis et al., 1998). 

Often, the reason for the persistence of many contaminants in groundwater bodies 

is due to the lack of key chemical species, that if present would allow for the attenuation 

of the pollution via biological and chemical processes (Alexander, 1994). Polymer based 

solute transfer systems designed as PRBs have the potential for controlled and targeted 

delivery of such species, termed amendments, via the diffusive release of solutes, which 

may stimulate biological activity to enable the treatment of groundwater contamination 

by bioremediation.   

1.1.2  Diffusion based solute transfer systems created from polymer hollow-fibre 

tubing  

Diffusion based solute transfer systems made from hollow-fibre polymer tubing 

have been utilised by many researchers in a large range of laboratory-scale bioreactors to 

enable enhanced biological treatment of waste fluids. Debus (1995) described the 

removal of xylene from wastewater via biological oxidation as a result of contact with 

hollow-fibre silicone (or poly(dimethylsiloxane)) tubing that was internally flushed with 

a stream of oxygen gas. The oxygen diffused through the walls of the tubing and 

promoted the development of a xylene-oxidising biofilm on the outside surface of the 

tubing. Brindle et al. (1996; 1998) and Pankhania et al. (1999) describe the development 

of a hollow-fibre membrane aeration bioreactor (MABR) for the ‘bubbleless’ diffusion 

delivery of oxygen through polypropylene and polyethylene tubing to synthetic 

wastewater for the simultaneous nitrification of ammonia (to nitrate) and the removal (via 

oxidation) of dissolved organic carbon (DOC). A hollow-fibre membrane bioreactor is 

also described by Pressman et al. (1999; 2000) which extracts trichloroethene (TCE) from 

a gas stream, via diffusion through the polypropylene tubing, and transfers the TCE to a 

biological medium for cometabolic biodegradation. Clapp et al. (1999) developed a 

membrane bioreactor to achieve trichloroethylene (TCE) cometabolism (and removal) by 

supplying methane and oxygen gas via diffusion through silicone tubing. Chang and 

Tseng (1998) describe a bioreactor which supplied methanol via diffusion from an 

aqueous methanol solution present inside the silicone tubing, to promote the 

denitrification of nitrate-contaminated water. The system could maintain a low residual 

carbon concentration even after complete denitrification, however due to the toxicity of 

methanol, the resulting water was deemed inappropriate for human drinking water (Ho et 

al., 2001). Ho et al. (2001) later delivered hydrogen and carbon dioxide gas via diffusion 

from silicone tubing for the denitrification of nitrate-contaminated water.  



Introduction and Scope of Thesis 

 3

Polymer tubing solute transfer systems have been employed below the subsurface 

to enable understanding of the flow and transport characteristics of an aquifer. Wilson 

and Mackay (1995) used in situ diffusion systems using low density polyethylene 

(LDPE) polymer tubing to deliver dissolved benzene and TCE as groundwater tracers. 

More recently, these polymer tubing solute transfer systems have also been employed in 

the subsurface as in situ permeable reactive barriers (PRBs), that utilise the diffusional 

solute transport properties of the polymer tubing to allow for the enhanced removal of 

contaminant chemical species from groundwater by both physical and biological 

processes. Patterson et al. (2002a) showed in soil column experiments that silicone tubing 

(woven into a flat frames as mats) could be continuously purged with an air stream to 

promote the physical stripping of highly volatile contaminants like benzene and 

naphthalene from contaminated groundwater as the groundwater flowed past the polymer 

mat.  

These polymeric diffusion systems have been utilised by a number of other 

researchers as PRBs, providing specific amendments to groundwater systems to engineer 

a change in geochemical redox conditions of an aquifer, and enhance the biological 

removal of contamination in situ (which is comparable to the biological treatment in 

hollow-fibre membrane bioreactors described above). Gibson et al. (1998) used silicone 

polymer tubing in situ, within an injection wall, to deliver oxygen (via diffusion) for the 

enhanced in situ biodegradation of BTEX (benzene, toluene, ethylbenzene and xylene). 

This system was installed in the path of the contaminated groundwater plume to 

efficiently deliver oxygen. The high dissolved oxygen concentrations achieved using this 

system allowed native bacteria to metabolise the organic compounds with oxygen acting 

as the electron acceptor (oxidising agent). Similarly, dissolved oxygen has also been 

delivered in situ to methyl tertiary butyl ether (MTBE) -contaminated groundwater using 

rectangular and cylindrical shaped panels that were designed with low density 

polyethylene (LDPE) polymer tubing coiled within the frames (called ‘emitters’) 

(Mackay et al., 2000; 2001; Wilson et al., 2002a; 2002b).  

The potential of the delivery of hydrogen gas as an electron donor for the removal 

of nitrate (via denitrification) from groundwater was tested using silicone hollow-fibre 

membranes in laboratory-scale flow-through reactors that were packed with aquarium 

rocks to simulate groundwater flow through an aquifer (Haugen et al., 2002). Additional 

studies have allowed for the assessment and quantification of the diffusion delivery of 

hydrogen gas to groundwater using polyethylene hollow-fibre membranes in laboratory-

scale glass columns (Fang et al., 2002). Using this polyethylene tubing hydrogen delivery 

system, it was shown that efficient reductive dechlorination (and removal) of 
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perchloroethene (PCE) to ethene could be stimulated in laboratory-scale soil column 

experiments; utilising PCE-contaminated groundwater and aquifer material from PCE-

contaminated site (Ma et al., 2003). 

1.1.3  ‘Polymer mats’ as PRBs for biodegradation of contaminants in groundwater 

Recently, in large-scale soil column experiments, ‘polymer mats’ made from 

hollow-fibre silicone tubing coiled into frames to form mats, were also used to deliver 

oxygen to successfully stimulate in situ biodegradation of atrazine-contaminated 

groundwater (Patterson et al., 2002b). At field-scale, these polymer mats would be placed 

in the subsurface in the path of contaminated groundwater, to deliver dissolved 

amendments (from a gaseous or liquid amendment fluid which is passed through the 

inner volume of the tubing) via diffusion, forming an in situ PRB for the treatment of 

groundwater contamination. Further investigation has shown that these silicone tubing 

polymer mats have the potential to successfully promote in situ bioremediation of 

ammonium and nitrate contamination, via sequential delivery of amendments along the 

path of groundwater flow (Grassi, 2000; Patterson et al., 2000; Patterson et al., 2002c). In 

this example, separate polymer mats were installed in large-scale soil columns and were 

used to deliver oxygen gas (via the first mat in the groundwater flow path) for bacterially 

mediated nitrification (ammonium conversion to nitrate) of the ammonium-contaminated 

groundwater flowing past the mat. Further downgradient, the reductant, hydrogen gas, 

was delivered through a second mat for bacterially mediated denitrification (nitrate 

conversion to nitrogen gas). Removal of the ammonium and nitrate contaminants was 

successfully produced via these sequential nitrification and denitrification regions created 

by this dual polymer mat system (Grassi, 2000; Patterson et al., 2000). More recent 

studies of the denitrification process have shown that the polymer mat system can be used 

to deliver ethanol to the groundwater (Patterson et al., 2002c). These studies suggested 

that ethanol delivery may be more efficient than hydrogen gas for denitrification. 

Wilson and Mackay (1995) suggested that these polymer based delivery systems 

were a far superior method of solute introduction into aquifers than the direct manual 

injection of solutes, as conducted by Duthy (1993) and Bates and Spalding (1998) using 

ethanol, or pumped injection of solutes. This is because these injection methods are likely 

to yield uneven or spiked delivery concentrations, which may result in the concentration 

of amendments released from the injected source varying significantly over time. In 

addition, the soluble amendment will be consumed rapidly as a result of the biological 

activity, so the effectiveness of the soluble carbon source is likely to be short-lived 

(Schipper and Vojvodić-Vuković, 2000). This indicates that the polymer diffusion based 
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delivery system may provide a more uniform amendment delivery over time within a 

finite groundwater flow region. Even after installation, the system would also allow for 

simple modification of the concentration of amendment being delivered by simply 

changing the concentration of the stock solution passing through the polymer tubing 

(Wilson and Mackay, 1995). This flexibility may be required to improve the remediation 

efficiency. 

Polymer based diffusion systems designed as PRBs may potentially be cost-

effective as these systems allow for the continuous delivery of amendments to target 

contaminants in the ground over sustained periods of time without degradation of the 

mats (Patterson et al., 2002c). This eliminates potential costs of re-installing or 

regenerating other types of PRBs such as ground rubber (Kershaw et al., 1997), sawdust 

(Schipper and Vojvodić-Vuković, 2000; 2001) or zero-valent iron (Gillham and 

O’Hannesin, 1994). This polymer mat delivery system may be suitable for long-term 

remediation requirements with low on-going maintenance costs of the technique 

(Patterson et al., 2002c), and minimal complex or expensive mechanical equipment 

requirements (Wilson and Mackay, 1995). In general, the materials to build the delivery 

system will also be inexpensive and readily available.  

Problems associated with the polymer delivery systems for the biodegradation of 

contaminants in groundwater have included possible decreased permeability in the region 

of the polymer delivery systems and amendment delivery (Mackay et al., 2001; Wilson et 

al., 2002a). This could potentially reduce groundwater flow past the polymer mat and the 

efficiency of contaminant removal. This may be due to clogging as a result of chemical 

precipitation or the build up of microorganisms and biological matter in the region of the 

amendment delivery (a result of excessive amendment delivery) (Tsukamoto et al., 2004). 

However, controlled and targeted delivery of amendments concentrations may reduce the 

potential for biological clogging (Diels et al., 2001).  

One of the main advantages of the polymer mat delivery system as a PRB for the in 

situ removal of groundwater contamination is the variety of polymer materials that permit 

mass transfer of solutes by diffusion at rates appropriate for solute release in 

groundwater, and which are commercially available in tubing form suitable to construct 

the polymer mats. Furthermore, there are a large variety of different solutes (gases or 

liquids) that can be flushed through the inner volume of polymer tubing to allow for the 

diffusive delivery of amendments to create enhanced biodegradation of contaminants in 

groundwater. This is shown by the numerous examples already described of amendment 

delivery to groundwater for enhanced bioremediation of contaminants, as well as in 

above-ground water treatment bioreactors. Polymer mat delivery systems can be 
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constructed from material with mass transfer characteristics to accommodate the 

requirements of different field applications, which are likely to have different solutes and 

target concentration requirements due to variable site hydrogeology and spill 

characteristics at different contaminated field sites. For effective bioremediation of a 

contaminated site it is necessary to provide controlled and targeted amendment delivery 

using the polymer mat delivery system. Therefore, the physical properties and the 

diffusion mass transfer properties of the solute/polymer tubing pair to be used must be 

characterised (Wilson and Mackay, 1995). With careful placement of the polymer 

delivery system and extensive knowledge of the diffusion characteristics of the solute 

through the specific polymer used, the delivery of solutes using this polymer delivery 

system has the potential to be controlled to ideal concentrations and targeted at a 

particular zone of groundwater contamination. This may then stimulate indigenous 

bacteria present in the groundwater for the biological degradation of a diverse range of 

contaminants in groundwater through their natural dynamic processes.  

1.2  Selection of polymer tubing to construct the ‘polymer mat’ 

The Si-O linkage of polysiloxanes allows for segmental rotation of the backbone 

chain of the polymer molecule and flexibility in the polymer chain. This structural feature 

of polysiloxanes results in a low activation energy for diffusion, resulting in 

polysiloxanes being generally highly permeable to dissolved species (Barrer et al., 1962), 

such as organic molecules like benzene and ethanol (Watson and Payne, 1990; 

Gruenwald, 1993), and gases such as oxygen and nitrogen (Sun and Chen, 1994). 

Silicone rubber, however, is also known to be hydrophobic in nature (Watson and Payne, 

1990), and has been shown to not absorb detectable quantities of water (Wilson and 

Mackay, 2002b). Therefore, no significant diffusional transfer of water would occur 

through the silicone tubing. 

Silicone tubing of a specific dimension and wall thickness, and from the same 

manufacturer, has been used to construct the silicone polymer mats in studies that directly 

preceded this work (Patterson, 1998; Grassi, 2000; Patterson et al., 2000; Patterson et al., 

2002b; Patterson et al., 2002c). This specific tubing was also selected to construct the 

silicone polymer mats in this study, which enabled direct comparison to the results from 

this previous work. The silicone tubing used has been found to contain very low levels of 

carbon based chemical ‘fillers’ (< 1 %) (Patterson, 1998), which may be added into the 

polymer matrix by the manufacturer for a range of reasons such as modification of the 

physical properties of the polymer, cost reduction and improvement of processing as 
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required (Gruenwald, 1993). These ‘fillers’ have the potential to leach out of the polymer 

matrix and into the groundwater (Watson and Payne, 1990), acting as a potential 

bioremediation source of carbon or a potential contaminant source. 

Although very flexible, silicone was considered to be quite robust, and has been 

shown to withstand very high oxygen pressures when tested (Wilson and Mackay, 

2002b). Wilson et al. (2002a) added silicone tubing to their cylindrical ‘emitter’ device 

made from LDPE when delivering oxygen for in situ MTBE remediation. This was done 

after their device was installed in the field, as a cost-effective means of increasing the 

efficiency of dissolved oxygen delivery (and MTBE removal), as silicone has a higher 

oxygen diffusion rate than LDPE by approximately one order of magnitude (Wilson et 

al., 2002a). Silicone tubing was also selected by Gibson et al. (1998) to create their in situ 

injection wall for oxygen delivery for enhanced BTEX remediation. They also chose 

silicone tubing because they believed it was sturdy and allowed for a higher diffusion rate 

than other readily available polymeric materials.  

Silicone polymers have proved to be most suitable for long-term outdoor 

applications due to their longevity and ability to withstand harsh conditions without 

degradation. Previous use of silicone tubing under simulated in situ conditions (Grassi, 

2000; Patterson et al., 2000; Patterson et al., 2002b; Patterson et al., 2002c) provides 

further evidence that it would be unlikely to degrade while being used over an indefinite 

time period to deliver amendments to target contaminants in the ground. Further 

suggesting the longevity of the silicone tubing as a solute delivery system, Gibson et al. 

(1998) observed no biofouling or iron precipitation effects on the surface of the silicone 

polymer tubing that could have clogged the well screens or porous medium.  

Oldfield and Symes (1996) studied the long-term exposure effects of 10 different 

commercially available silicone elastomers (as sheets 195 x 98 x 2 mm) to the Australian 

hot-wet, hot-dry and temperate environments, which included burying the silicone 

elastomers in soil for 2 years to determine if they were sensitive to microbiological 

attack. Specimens buried at the hot-wet site (jungle conditions) were found to have been 

attacked by rodents. They observed that the silicone specimens survived soil conditions 

very well, with little reduction (22 to 56 %) in tensile strength and elongation at break 

properties for all samples over 2 years. In addition, the hardness of the samples reduced 

negligibly, with a maximum reduction of approximately 0 to 8 % for all the samples 

trialled. This study suggests that tubing made from silicone would probably be able to 

resist degradation from conditions below the ground at a contaminated groundwater field-

site in Australia for the duration of a remediation scheme that might be set up (over ~ 5 

years). This longevity, the physical properties, availability and economical price of 
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silicone tubing made it the ideal material to construct the polymer mat diffusion based 

solute delivery system for groundwater remediation. 

1.3  Ethanol delivery to remediate contaminated groundwater 

Microorganisms use many different types of naturally occurring and synthetic 

chemical substances for respiration requirements, and for cellular synthesis in growth and 

reproduction (Madigan et al., 2000). They metabolise these molecules as a source of 

carbon, energy, nitrogen, phosphorus, sulfur or other elements needed by the cells 

(Alexander, 1994). Indigenous microorganism populations present in soil and 

groundwater can make use of contaminant molecules fortuitously present in soil and 

groundwater systems for their microbial respiration and cellular synthesis. In this process, 

the microorganisms often break down the contaminant species into chemical species that 

are harmless to humans and the environment, thus allowing for the bioremediation of a 

contaminated site (Alexander, 1994). By adding chemical compounds required by the 

microorganisms, it is possible to change the geochemistry of the soil and groundwater 

system to more favourable conditions for the removal of the contaminants by 

microorganisms. In these cases, for microbially-mediated contaminant removal processes 

to be environmentally safe and economically feasible, the added chemical species should 

not only be able to be utilised by the microorganisms, but they should also be 

inexpensive, readily available, and non-toxic at the concentrations to be used.  

Ethanol is one such relatively inexpensive and readily available solvent (White and 

Gadd, 1996; Tsukamoto et al., 2004). It is highly soluble in water (CRC Handbook of 

Chemistry and Physics, 2000) and readily diffuses through silicone polymers (Watson 

and Payne, 1990). Ethanol can be readily oxidised (electron donor) by microorganisms as 

a carbon and energy source to fulfil the requirements of microbial respiration and cell 

synthesis (Nagpal et al., 2000). Diels et al. (2001) suggested that using only ethanol as an 

electron donor, compared to a more complex electron donor sources (e.g. sugar mixtures 

like molasses), may allow for more control over the main contaminant removing 

biological reactions being promoted, and help prevent any undesirable biological activity. 

Some of the possible ways that ethanol can be utilised by microorganisms, which results 

in either the transformation (to less harmful) or stabilisation of harmful contaminants, are 

described below. Due to these factors, ethanol was identified as the ideal solute for 

diffusion delivery via the silicone tubing polymer mat, to promote reducing conditions 

below the ground in order to enable enhanced bioremediation for contaminant removal.  

1.3.1  Ethanol promoted denitrification 
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1.3.1.1 Denitrifying bacteria 

By supplying an organic carbon source for energy and cellular growth, it is possible 

to make use of indigenous denitrifying microorganisms present in the soil and 

groundwater to consume nitrate (NO3
-) in contaminated groundwater (Bates and 

Spalding, 1998). Denitrification has the effect of removing total nitrogen from the 

groundwater, proceeding in a stepwise process where nitrate is enzymatically reduced 

such that, 

 
NO3

- (aq)  →  NO2
- (aq)  →  NO (g)  →  N2O (g)  →  N2 (g)  

 
where innocuous nitrogen gas (N2) diffuses out of the groundwater and into the 

atmosphere (Schipper and Vojvodić-Vuković, 2000). 

The carbon source utilised by denitrifying microorganisms is oxidised as shown in 

the following full stoichiometric equation for the reduction of nitrate as a result of 

complete ethanol (CH3CH2OH) oxidation (at pHs below 6.3). In this reaction one mole of 

OH- is released per mole of NO3
- reduced, therefore alkalinity is increased during the 

conversion of nitrate to nitrogen gas resulting in an increase in pH. 

 
5CH3CH2OH  +  12NO3

-  →  6N2  +  10CO2  +  9H2O  +  12OH- 
 

In denitrifying systems, the dissolved oxygen (DO) concentration is a critical 

parameter. The presence of DO will suppress the enzyme system needed for 

denitrification, so DO concentrations should be < 2 mg L-1 (Bates and Spalding, 1998). 

The optimum environmental conditions for growth of denitrifying microorganisms are 

within the pH range of 7 to 8, and temperatures between 20°C and 25°C (Bates and 

Spalding, 1998; Tchobanoglous and Burton, 1991). Acetic acid can be formed from 

ethanol when a high concentration of ethanol is present (Mohseni-Bandpi and Elliott, 

1998). The following reactions show the two step oxidation of ethanol by denitrifying 

bacteria where the degradation intermediate acetate (CH3COO-) is formed. 

 
5CH3CH2OH  +  4NO3

-  →  5CH3COO-  +  2N2  +  H+  +  7H2O  
 

5CH3COO-  +  8NO3
-  +  3H+  →  10HCO3

-  +  4N2  +  2H2O 
 

1.3.1.2 Ethanol use by denitrifying bacteria 

Ethanol has been used in a number of studies to stimulate denitrification as it is 

readily available and gives a high denitrification rate (Kesserű et al., 2003). In laboratory 

soil columns inoculated with concentrated denitrifying cultures, Duthy (1993) showed 
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that ethanol addition can promote simulated in situ denitrification. Bates and Spalding 

(1998) injected ethanol into shallow in situ microcosms for the denitrification and 

removal of nitrate from contaminated groundwater. They observed the accumulation and 

persistence of nitrite (NO2
-), which is known to often build up in carbon amended 

groundwater where denitrification occurs. They suggested that a ~ 1:1 molar C/N input 

ratio is the most efficient to drive ethanol amended denitrification. They also found that 

when a higher ratio (than the ~ 1:1 molar C/N) of ethanol was added the denitrification 

rate may become lower, possibly due to the toxic effects of ethanol to microbes at higher 

exposure levels, or because of the further decrease in redox potential of the groundwater 

system resulting in a lower viability of the microorganisms capable of denitrification. 

The denitrification rates achieved using different carbon sources has been compared 

in a number of studies. The use of ethanol and acetic acid for denitrification of waste 

water has been compared (Constantin and Fick, 1997; Æsøy et al., 1998). These 

experiments indicated that when using ethanol the growth of denitrifying bacteria and the 

rate of denitrification were higher, with less observed formation of nitrite. Gómez et al. 

(2000) compared the use of ethanol, methanol and sucrose for the denitrification of 

nitrate-contaminated groundwater in a submerged filter biological reactor. They found 

that ethanol and methanol produced a similar higher density of denitrifying bacteria in the 

biofilm formed on the filter compared to sucrose, with less ethanol and methanol 

consumed for the same rate of nitrate removal, suggesting that these carbon sources were 

very efficient in promoting denitrification. Nitrite accumulation was observed using 

sucrose, which was not observed when ethanol and methanol were employed. The use of 

sucrose also resulted in the clogging of filters, due to the formation of a thick biofilm 

with a low denitrifying bacteria density and a possible high content of exopolysaccharide. 

Although methanol appeared to have similar effectiveness in promoting denitrification 

compared to ethanol, ethanol was deemed a more suitable carbon source for 

denitrification (Gómez et al., 2000), because methanol is toxic and cannot be used in 

conjunction with drinking water (Gómez et al., 2000; Ho et al., 2001). 

Other types of denitrifying bacteria can utilise hydrogen gas (H2) to enable them to 

reduce nitrate to nitrogen gas (Kurt et al., 1987). The hydrogen is oxidised in this process 

as shown by the equation below. 

 
2NO3

- + 5H2  →  N2 + 4H2O + 2OH-
 

 
As discussed previously, laboratory soil column studies conducted to simulate in situ 

denitrification have shown that denitrification rates were greater using ethanol compared 

to using hydrogen gas as the reductant (Patterson et al., 2002c). This low rate of 
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denitrification observed using hydrogen may have been due to the limited aqueous 

solubility of hydrogen gas (1.6 mg L-1 at 20°C) (Kurt et al., 1987; Fang et al., 2002). 

Another possible reason for the low denitrification rate may have been due to a 

phenomenon called dissimilatory nitrate reduction to ammonium (DNRA), which has 

been shown to occur at low carbon concentrations (Stouthamer, 1988; Fazzolari et al., 

1998; Barber and Stuckey, 2000).  

Successful field trials to promote the denitrification for the removal of nitrate 

contamination in situ have been conducted by Roberson and Cherry (1995) and Schipper 

and Vojvodić-Vuković (2000; 2001) using sawdust in a wall matrix below the subsurface 

to promote an anaerobic/denitrifying environment. These successful field-scale trials 

promoting the growth of denitrifying bacteria in situ, suggest that in situ denitrification 

promoted via some form of carbon delivering PRB is feasible. As shown from laboratory-

scale studies, the ability of ethanol to promote the growth of denitrifying bacteria 

suggests that ethanol may be a viable carbon substrate for use in an in situ PRB for nitrate 

removal. 

1.3.2  Ethanol promoted sulfate removal and metal-sulfide precipitation 

1.3.2.1 Sulfate reducing bacteria (SRB) 

The removal of metals from groundwater often involves the conversion of the 

dissolved metals to a stable, insoluble form, so that its mobility within the aquifer is 

reduced (Alexander, 1994). The reduction of sulfate (SO4
2-) to sulfide (S2-) by sulfate 

reducing bacteria (SRB) under anaerobic conditions has been identified as a process 

capable of not only reducing high concentrations of sulfate, but also reducing the 

concentrations of dissolved metals and hydrogen ions (acidity) present in a system (Tuttle 

et al., 1969). For SRB growth an electron donor or reducing agent is required, with a 

large number of short-chain organic carbon compounds available which can be utilised 

by SRB, including alcohols, carboxylic acids, amino acids, and long-chain saturated 

alkanes (Le Gall and Postgate, 1973; Postgate, 1979; Tsukamoto et al., 2004). Sugars are 

rarely directly used by SRB (White and Gadd, 1996) as they require initial degradation by 

other bacterial groups (e.g. methanogens), after which SRB will utilise the resulting 

organic acids produced (Maree and Strydom, 1987; White and Gadd, 1996). Additionally, 

when sugars were used as a carbon substrate to promote SRB growth, Diels et al. (2001) 

observed undesirable biological reactions and the growth of excessive biomass that 

resulted in clogging and consequent decrease in the results of activities of the SRB.   
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The full stoichiometric chemical reactions for the complete oxidation of ethanol 

(CH3CH2OH) and acetate (CH3COO-) by SRB are shown below (Drury, 1999).  

 
2CH3CH2OH  +  3SO4

2-  +  2H+  →  4HCO3
-  +  3H2S  +  2H2O   

 
CH3COO-  +  SO4

2-  +  H+  →  2HCO3
-  +  H2S     

 
The exact number of protons consumed and alkalinity generated varies with electron 

donor. The above reactions would occur at a pH range of 6.3-7.0 (Drury, 1999). Postgate 

(1979) reported that the pH range of 5-9.5 is acceptable for growth of SRB. At lower pH 

conditions, more protons are consumed instead of alkalinity being generated (Drury, 

1999). For example, at a pH below 6.3 the full stoichiometric reaction for the complete 

oxidation of ethanol and acetate are shown below (Drury, 1999; Tsukamoto et al., 2004). 

 
CH3COO-  +  SO4

2-  +  3H+  →  H2S  +  2CO2  +  2H2O 
 

2CH3CH2OH  +  3SO4
2-  +  6H+  →  3H2S  +  4CO2  +  6H2O  

 
The impeded growth of SRB at low pH levels of 2.5 (Tsukamoto et al., 2004), < 3.0 

(Kolmert and Johnson, 2001) and 3.2 (Barnes et al., 1991) has been reported. Each of 

these studies showed a decline in the rate of sulfate reduction at these low pH levels. 

In laboratory studies comparing carbon sources for bacterial sulfate reduction, 

White and Gadd (1996) found that ethanol (compared to acetate and lactate) was the most 

useful carbon source as it supported efficient sulfate reduction and growth. Also, acetate 

was shown to be the least effective in stimulating sulfide precipitation and growth of 

SRB. In studies by Barnes et al. (1991), Nagpal et al. (2000), and Kolmert and Johnson 

(2001), where ethanol was used as the electron donor for SRB growth, it was shown that 

ethanol is converted to the degradation intermediate, acetate, in stoichiometric amounts, 

with very little CO2 produced (which would represent complete ethanol oxidation by the 

SRB). Therefore the oxidation of ethanol by SRB may consist of two steps, an initial 

oxidation of ethanol to acetate, and then the further oxidation of acetate, represented by 

the following reactions (Nagpal et al., 2000). 

 
2CH3CH2OH  +  SO4

2-  →  HS-  +  2CH3COO-  +  H+  +  2H2O  
 

CH3COO-  +  SO4
2-  →  2HCO3

-  +  HS-      
 

Barnes et al. (1991) showed that compared to ethanol, acetate is more slowly degraded by 

SRB to CO2 and H2O, with faster degradation of acetate observed once methanogenesis 

occurs. Greben et al. (2000) suggested that there would be competition between SRB and 
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methanogenic bacteria for the acetate carbon source; however the outcome of this 

competition in terms of which bacterial group predominantly degrades the acetate has 

been shown to be mixed (Oude Elferink et al., 1998).  

In addition to the presence of an appropriate carbon substrate to be reduced and the 

presence of sulfate, other favourable conditions for SRB growth include environments 

with low redox potentials (-100 mV and below) that are characterised by the presence of 

sulfides and the absence of oxygen (Barnes et al., 1991; Nelson et al., 2003). 

Groundwater temperatures must also be considered, with negligible temperature effects 

on SRB growth observed between 15°C and 40°C in studies by Barnes et al. (1991). 

1.3.2.2 Bioprecipitation – metal removal 

The production of dissolved sulfide species (H2S, HS- and S2-) from the actions of 

the SRB is favourable for the removal of dissolved metals from contaminated water as 

insoluble metal sulfides. This is shown by the equation below (Drury, 1999), where 

Metal2+ denotes a divalent metal with a low metal sulfide solubility product, such as Cd, 

Fe, Cu, Co, and Zn.   

 
H2S  +  Metal2+  →  MetalS (solid)  +  2H+      
 

This biological stabilisation effectively sequesters the metal contaminant in the soil, 

thereby reducing the risk to humans and the environment (Alexander, 1994). This 

groundwater contamination treatment method has also been described as bioprecipitation 

(Diels et al., 2001). The stability of the metal sulfides that would be produced in the soils 

matrix would require the maintenance of the reducing conditions created, to prevent 

metal remobilisation as a result of oxidising conditions (Blowes et al. 2000; Diels et al., 

2001, Nelson et al., 2003).  

1.3.2.3 Ethanol use by SRB 

Ethanol has been successfully used as an electron donor for SRB growth in 

bioaugmented laboratory bioreactors by a number of authors, while investigating the 

effectiveness of above-surface biological treatment methods for acidic wastewaters 

containing heavy metals and sulfate (Barnes et al., 1991; White and Gadd, 1996; 1997; 

Greben et al., 2000; Kolmert and Johnson, 2001; Tsukamoto et al., 2004). There has only 

been one study using ethanol as a carbon source for SRB growth (Diels et al., 2001) 

where an attempt was made to re-create in situ field-scale treatment conditions in flow-

through bioreactor columns. In this study, ethanol portions were added to contaminated 

aquifer material and groundwater flowing through columns to successfully stimulate 
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naturally present SRB. However, no discussion was given on attempts to scale this 

ethanol delivery process to field in situ treatment. 

A number of studies have been conducted using other carbon/electron donor 

substrates, in the form of PRBs, which have successfully stimulated the growth of 

indigenous SRB for metal/sulfate removal under field or simulated field-scale conditions. 

Laboratory-scale microcosms and columns prepared using groundwater and aquifer 

material from contaminated sites have been amended with porous permeable carbon 

substrates like plant and animal based compost, sewage sludge, sawdust, and woodchips 

(Waybrant et al., 1998; 2002; Nuyens et al., 2001, Amos and Younger, 2003); and more 

soluble carbon substrates such as molasses and methanol (Nelson et al.; 2003; Janssen 

and Temminghoff, 2004). Field-scale remediation of metal/sulfate-contaminated sites 

have been successfully conducted at two sites using slightly different compositions of 

plant based compost mixed with limestone and gravel (Benner et al., 1997; 1999; Blowes 

at al., 2000; McGregor et al., 2002; Ludwig et al., 2002). Long-term performance 

analysis of these carbon PRBs at both field sites (after time periods longer than 21 

months) has shown some decline in the rate of treatment. This may be due to loss of the 

reactive portion of the organic carbon present within the compost barrier (Blowes at al., 

2000). The injection of a molasses solution in combination with nutrient growth medium 

at a pilot-scale field demonstration also promoted the removal of dissolved zinc 

contamination by microbial sulfate reduction and zinc sulfide precipitation (Janssen and 

Temminghoff, 2004). Overall, these field and simulated field studies suggest that in situ 

carbon amendment in the form of PRBs can successfully promote the growth of SRB in 

the field. No studies have shown the specific delivery of ethanol to the subsurface in situ 

to promote the growth of SRB and the treatment of sulfate/metal contamination. The 

successful use of ethanol in previous bioreactor studies suggests that ethanol may be an 

effective carbon source to promote SRB growth in situ. 

1.3.3  Ethanol promoted reductive dechlorination of chlorinated ethenes  

1.3.3.1  Reductive dechlorination of chlorinated ethenes 

Chlorinated ethenes include tetrachloroethene (PCE), trichloroethene (TCE), 

dichloroethene isomers (1,1-DCE , cis-1,2-DCE, trans-1,2-DCE), and vinyl chloride 

(VC). Microbially-mediated reductive dechlorination has been described for chlorinated 

ethenes (Vogel and McCarty, 1985; DiStefano et al., 1991; Mohn and Tiedje, 1992; 

Tandoi et al., 1994; McCarty and Semprini, 1994; McCarty, 1996), and consists of a 

series of sequential hydrogen additions and chlorine eliminations that can result in the 
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complete dechlorination of PCE to the non-chlorinated hydrocarbon, ethylene (ETH), as 

represented in the reaction pathway below. 

 
PCE  →  TCE  →  DCE isomers  →  VC  →  ETH 

 
Generally the reaction rates for each dechlorination reaction step decrease as each 

chlorine atom is removed (Freedman and Gossett, 1989; DiStefano et al., 1991). So, 

reductive dechlorination is a relatively facile process for PCE, and a slow process for VC, 

and therefore the rate-limiting step in the reductive dechlorination pathway appears to be 

the conversion of VC to ETH (Freedman and Gossett, 1989). For the lesser chlorinated 

compounds (the DCE isomers, VC and ETH) rapid aerobic mineralisation, resulting in 

the conversion to CO2 and H2O, has been observed (Bradley and Chapelle, 1998). PCE 

and TCE are generally more recalcitrant to aerobic biologically-mediated degradation 

(Vogel and McCarty, 1985), probably because of the higher chlorine content and 

therefore more oxidised nature of these compounds, making it energetically unfavourable 

for them to act as an electron donors and only capable of acting as electron acceptors.   

An electron donor is required by the microorganisms for the primary metabolism of 

chlorinated ethenes by anaerobic reductive dechlorination. Many different compounds 

including sugars, alcohols, organic acids, amino acids, H2, and more complex organic 

materials such as molasses, corn steep, whey, woodchips and peat, have been observed to 

serve as electron donors for this process (Freedman and Gossett, 1989; Mohn and Tiedje, 

1992; Gibson and Sewell, 1992; Fennell et al., 1995; 1997; Schöllhorn et al., 1997; Wu et 

al., 1998; Kao et al., 2000; 2001; DiStefano et al., 2001). Several researchers have 

suggested that microbially-mediated reductive dechlorination of chlorinated ethenes 

depends on the presence of molecular hydrogen as the electron donor; either present 

directly or produced from other substrates via fermentation processes (DiStefano et al., 

1991; Gibson and Sewell, 1992). Although this statement applies to many studies, in 

several cases it does not hold, as acetate has been shown to support reductive 

dechlorination of chlorinated ethenes, but is not able to produce molecular hydrogen 

during anaerobic fermentation (Vogel and McCarty, 1985; Freedman and Gossett, 1989). 

Fennell et al. (1997) have also suggested that dechlorinating microorganisms are more 

active at lower hydrogen levels compared to other anaerobic microorganisms (like sulfate 

reducers, methanogens), but at higher hydrogen concentrations they may be out-

competed by these other anaerobes that have greater hydrogen utilisation requirements. 

More effective dechlorination rates may be achieved by using electron donors that 

produce low hydrogen concentrations; like the fermentation of propionate and butyrate 

(Fennell et al., 1997). The stoichiometric balanced equations for the complete reductive 
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dechlorination of PCE and TCE to ETH, using ethanol as the electron donor is presented 

below. The complete aerobic mineralisation of DCE isomers, VC and ETH is also shown, 

using oxygen as the electron acceptor. 

 
Anaerobic reductive dechlorination of PCE to ETH using ethanol as the electron donor 
(acidic conditions) 
3C2Cl4  +  2CH3CH2OH  +  6H2O  →  3C2H4  +  4CO2  +  12Cl-  +  12H+ 

 
Anaerobic reductive dechlorination of TCE to ETH using ethanol as the electron donor 
(acidic conditions) 
2C2Cl3H  +  CH3CH2OH  +  3H2O  →  2C2H4  +  2CO2  +  3Cl-  +  6H+ 

 
Aerobic oxidation of DCE isomers to CO2 and H2O using oxygen as the electron acceptor 
(acidic conditions) 
C2Cl2H2  +  2O2  →  2CO2  +  2Cl-  +  2H+ 

 
Aerobic oxidation of VC to CO2 and H2O using oxygen as the electron acceptor (acidic 
conditions) 
2C2ClH3  +  5O2  →  4CO2  +  2Cl-  +  2H+  +  2H2O     

 
Aerobic oxidation of ETH to CO2 and H2O using oxygen as the electron acceptor (acidic 
conditions) 
C2H4  +  3O2  →  2CO2  +  2H2O     

 
Optimum conditions reported for reductive dechlorination have been achieved at 

pH values close to 7 and temperature values between 30°C and 43°C (Mohn and Tiedje, 

1992; Zhuang and Pavlostathis, 1995). It should be noted that chlorinated ethenes may 

degrade along at least one additional pathway that involves the formation of 

chloroacetylene and acetylene as intermediates (Roberts et al., 1996; Semadeni et al., 

1998). The formation of these by-products is a result of abiotic processes that can be 

mediated by iron or other base metals, such as zinc and magnesium.  

1.3.3.2  Ethanol use by dechlorinating microorganisms 

Ethanol has been used in a number of studies as an electron donor for the reductive 

dechlorination of chlorinated ethenes (Gibson and Sewell, 1992; Komatsu et al., 1997; 

Fennell et al., 1995; 1997; Schöllhorn et al., 1997; Bagley et al., 2000; Kaseros et al., 

2000). From these studies some information about the ability of ethanol to act as an 

electron donor and support long-term reductive dechlorination of chlorinated ethenes was 

obtained. From serum bottle studies using anaerobic mixed cultures, Fennell et al. (1995) 

suggested that ethanol may be better than methanol for sustaining PCE dechlorination, 

but butyric acid was shown to support sustained PCE dechlorination better than ethanol. 

Fennell et al. (1997) observed in microcosm studies that ethanol supported only partial 

reductive dechlorination of PCE to VC, and suggested that the reason for this may be due 

to the high hydrogen concentrations generated as a result of ethanol fermentation. 
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Schöllhorn et al. (1997) showed that using ethanol as the electron donor for TCE 

reductive dechlorination was slow compared to other electron donors (lactate, formate, 

methanol, acetate and H2/CO2), with the 75 % dechlorination of TCE to cis-1,2-DCE 

taking 190 days in a fixed-bed reactor experiment. In inoculated ethanol-fed laboratory-

scale soil columns, Bagley et al. (2000) observed initial degradation of PCE to cis-1,2-

DCE within 45 days, and the slower formation of VC and ETH after 130 days. 

The successful in situ addition of lactate solution as an electron donor at a pilot-

scale field site that had been inoculated with an ethene forming microbial enrichment 

culture was conducted by Ellis et al. (2000), with conversion of TCE and cis-1,2-DCE to 

ETH observed. The injection of dilute molasses solutions into injection wells has also 

been shown in two separate pilot field test sites to promote the reductive dechlorination 

of TCE and its by-products without bioaugmentation (Beil et al., 2002; Burdick et al., 

2002). Devlin and Müller (1999) reported the creation and maintenance of an anaerobic 

bioactive zone within an aquifer using a nutrient injection wall system, which enabled 

subsurface bacteria to receive a continuous supply of nutrients and acetate (as a carbon 

substrate) to sustain a bioactive zone. They found that this zone was unsuccessful in 

stimulating the reduction of TCE (Devlin et al., 2004). During the production of this 

thesis, Devlin et al. (2004) reported that benzoate (in combination with a nutrient 

solution) was pulsed into an aquifer using the nutrient injection wall system, which 

created an anaerobic bioactive zone where evidence of slow PCE conversion to cis-1,2-

DCE was observed in situ after a long delay of 316 days without bioaugmentation. This 

body of work suggests the removal of chlorinated ethenes may be achieved by the 

addition of carbon substrates, however without bioaugmentation, degradation in 

previously non-contaminated aquifer material may not occur or may have long activation 

times. 

1.3  Project Scope 

Based on previous success with the delivery of ethanol in creating reducing 

conditions within groundwater, and the advantages identified with using a silicone tubing 

polymer mat delivery system as a PRB, this study aimed to evaluate and characterise the 

potential of silicone tubing polymer mats to act as a PRBs for the controlled delivery of 

ethanol to promote the bioremediation of a range of contaminants found in groundwater. 

Initially the diffusion properties of ethanol through silicone tubing were characterised, to 

enable modelling and prediction of ethanol mass delivery flux from the silicone tubing 

polymer mats. A range of large-scale laboratory column studies were also conducted to 
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validate the ethanol mass delivery flux model, and to evaluate the use of the silicone 

tubing polymer mat system to deliver ethanol and promote biodegradation of a range of 

different contaminated groundwaters. Large-scale soil column experiments were used to 

provide similar field hydrogeological conditions, such as flow velocity and soil porosity, 

with reduced side wall effects. The ethanol-driven biologically-mediated contaminant 

removal processes were investigated in the soil column studies, which included the 

assessment of the removal of dissolved metals via sulfate reduction, and the removal of 

chlorinated solvents, such as trichloroethenes, via reductive dechlorination. Ethanol 

delivery using the silicone tubing polymer mat system was also quantified in a pilot-scale 

field demonstration, for enhanced nitrate contamination removal (via denitrification). 
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2.  General Methods 

2.1  Ethanol analysis, including acetate, propionate and n-butyrate   

Ethanol concentrations were determined by gas chromatography (GC) using either 

of the two methods described below. 

2.1.1  Method A 

Water or diethyl ether samples (1 mL) were spiked with 100 µL of a 1.0 g L-1 

aqueous methanol solution as an internal standard in a similar procedure to that of White 

and Gadd (1996). Ethanol concentrations were determined by a splitless vaporising 

injection of the water or diethyl ether samples from a Hewlett Packard (HP) 7673 

automatic sampler into a HP 5890A gas chromatograph (GC), equipped with a flame-

ionisation detector (FID). Separation was achieved using a BP21 capillary column (SGE, 

25 m, 0.32 mm inner diameter, 0.25 µm film thickness) with helium as the carrier gas. 

The injector temperature was set to 150°C and the detector temperature was set to 250°C. 

For each injection the GC oven was temperature programmed to remain at 45°C for two 

minutes, then increased to 90°C at a rate of 15°C per minute. Each sample was analysed 

in triplicate. The retention times for the methanol and ethanol were 1.39 and 1.56 

minutes, respectively. The upper and lower detection limits for ethanol was 0.0005 g L-1 

to 2.5 g L-1. The average relative standard deviation (RSD) of analysis (standard 

deviation over the mean as a percentage) at 0.5 g L-1 ethanol was 2.4 %. 

2.1.2  Method B 

A second method was used to determine the ethanol concentrations, where ethanol 

as well as acetate, propionate and n-butyrate were also quantified. In earlier experiments 

only ethanol and acetate were quantified. In subsequent experiments, when other volatile 

fatty acids were observed in the chromatograms and identified (propionate and n-

butyrate) these were also quantified. 

Using a 1 mL water sample, ethanol, acetate, propionate and n-butyrate 

concentrations were determined by a splitless vaporising injection (1 µL) using the same 

GC-FID system, capillary column, carrier gas and injector/detector temperatures as in 

method 1 (above). However the temperature program of the GC oven was modified from 

method 1 to remain at 45°C for three minutes, and then increased to 125°C at a rate of 

10°C per minute, with a 30 second delay time at 125°C at the end of each running time. 
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Each sample was analysed in triplicate. The retention times for all the analytes are 

tabulated (Table 2.1).  

For the quantification of the ethanol concentrations, n-propanol was used as an 

internal standard. For the acetate, propionate and n-butyrate concentrations, iso-butyric 

acid was used as an internal standard. In earlier work, prior to the quantification of the 

propionate and n-butyrate, n-propanol was used as an internal standard for acetate. Prior 

to GC analysis, water samples (1 mL) were spiked with 100 µL of an aqueous internal 

standard solution (1.0 g L-1 n-propanol and 1.0 g L-1 iso-butyric acid), and were then 

acidified with 100 µL of an oxalic acid solution (76.0 g L-1). The internal standards n-

propanol and iso-butyric acid were chosen because they were not formed from reaction 

processes occurring in any of the column/field studies. This was confirmed by analyses of 

column groundwater samples without the internal standards added.  

Calibration curves of the analytes were prepared using standard solutions of 

ethanol, acetic acid, propionic acid and iso-butyric acid. During analysis the 

concentrations obtained from these calibration curves were converted to concentrations of 

ethanol, acetate, propionate and n-butyrate in g L-1. The upper and lower detection limits 

and the RSD of analysis for the different analytes are also shown in Table 2.1. Samples 

that had concentrations of analytes over the upper detection limits were diluted 

appropriately and reanalysed.  

 
Table 2.1  The retention times of all compounds using method 2. Upper and lower detection limits 

and RSDs of the analysis are included for each analyte where appropriate. 

Compound Retention time 
(minutes) 

Upper and lower 
detection limits  

(g L-1) 

RSD  
(relative standard 

deviation) 
methanol 0.92 n.d. n.d. 
ethanol 1.07 0.0005 - 2.5 4.5 % at 1.1 g L-1 

propanol 1.54 n.d. n.d. 
acetic acid 7.77 0.004 – 2.0 4.5 % 0.55 g L-1 

propionic acid 8.93 0.001 – 2.0 2.3 % at 0.21 g L-1 
iso-butyric acid 9.27 n.d. n.d. 
n-butyric acid 10.07 0.0005 – 2.0 1.8 % at 0.52 g L-1 

 n.d. = not determined because analyte was used as an internal standard. 

2.2  Total dissolved zinc, copper and iron analysis: Cu2+, Zn2+ and Fe (as Fe2+/Fe3+)   

The concentration of Cu2+, Zn2+ and total iron (Fe2+/Fe3+) in the water samples (~ 

10 mL required) in mg L-1 was determined by flame atomic absorption spectrometry 

using a Varian AA-40 Atomic Absorption Spectrophotometer. 
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Before the water samples were analysed, calibration was carried out using standard 

solutions. For zinc, standard solutions with zinc concentrations of 0.1, 0.2, 0.5, 1.0, 1.5, 

2.0, 2.5, 5.0, 10.0 and 15.0 mg L-1 were prepared by diluting a 1000 mg L-1 stock solution 

(Spectrosol, BDH Chemicals). For copper a 1000 mg L-1 stock solution (Spectrosol, BDH 

Chemicals) was diluted to make standard solutions with a copper concentration of 0.1, 

0.2, 0.5, 1.0, 2.5, 5.0, 10.0 and 15.0 mg L-1. For iron a 1000 mg L-1 stock solution 

(Spectrosol, BDH Chemicals) was diluted to make standard solutions with an iron 

concentration of 0.5, 1.0, 1.5, 5.0, 10.0 and 20.0 mg L-1. A calibration curve was prepared 

from the absorbance of the standard solutions by the SpectrAA software used with the 

spectrophotometer. The lower detection limits of the method for the different metals 

were: Zn 0.0005 mg L-1, Cu 0.005 mg L-1, and Fe 0.005 mg L-1, with RSD values of 6.8 

% at 1 mg L-1 Zn, 5.5 % at 1 mg L-1 Cu, and 5.9 % at 1 mg L-1 Fe. 

Highly turbid samples were filtered using a 45 nm syringe filter before analysis. No 

variation in metal concentrations was observed for filtered and non-filtered water 

samples. The SpectrAA software determined the zinc, copper and iron concentration by 

comparing the absorbance of the sample with the calibration curve prepared. Samples that 

had concentrations of analytes over the concentration range of the calibration curves 

prepared were diluted appropriately and reanalysed.  

2.3  Sulfate analysis: SO4
2--S 

A turbidimetric method adapted from standard methods (Eaton et al., 1995) was 

used to determine the concentration of sulfur as sulfate (SO4
2--S) in mg L-1 in the water 

samples. The contents of one Sulfa Ver 4 Sulfate Reagent Powder Pillow (Hach 

Permachem Reagents) was added to a 25 mL water sample and swirled to mix. For highly 

turbid samples the water samples were filtered using a 45 nm syringe filter before the 

reagent was added. The absorbance of the solution was read between 5 and 10 minutes 

later at a wavelength of 450 nm. All readings were made using a Varian 100 DMS 

spectrophotometer against blank samples of deionised water. The concentration was then 

determined from the absorbance using a calibration curve produced with standard 

solutions with SO4
2--S concentrations of 3.7, 7.4, 11.0, 14.7, 18.4, 27.6, and 36.8 mg L-1. 

Standards were prepared by dissolving potassium sulfate (BDH Chemicals) in distilled 

water. As the absorbance verses concentration relationship was shown to be linear only 

over a restricted range of concentrations, samples were diluted and reanalysed as 

required. The minimum and maximum detection limits were 0.8 mg L-1 to 90.0 mg L-1 

SO4
2--S, with a RSD of 1.4 % at 30.0 mg L-1 SO4

2--S. 
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The Sulfa Ver 4 Reagent Powder Pillows contain barium chloride. Sulfate ions in 

the samples react with the barium to form a white precipitate of insoluble barium sulfate. 

The Sulfa Ver 4 Reagent Powder Pillows also contained citric acid as a stabilising agent 

to hold the precipitate in suspension. The amount of turbidity formed was proportional to 

the sulfate concentration and used to determine the concentration of sulfur as sulfate. 

 
SO4

2- (aq)  +  BaCl2 (s)  →  BaSO4 (s)  +  2Cl- (aq) 

2.4  Sulfide analysis: S2--S  

The concentration of dissolved sulfide as sulfur (S2--S) in mg L-1 in the water 

samples was determined spectrophotometrically as a colloidal solution of copper sulfide. 

Water samples (10 mL) were collected in ~ 10 mL Hungate tubes (gas tight, sealed 

rubber faced screw cap lid). During water sample collection one drop of 10 M NaOH was 

immediately added to each sample to raise the pH and reduce the loss of volatile H2S into 

the gas phase. A 1 mL sample was removed from the Hungate tube and added to 4 mL of 

copper (II) sulfate reagent (50 mM HCl and 5 mM CuSO4) with gentle swirling to mix. 

Approximately 2 mL of the resulting mixture was immediately transferred to a glass 

curvette and the absorbance at 480 nm was measured using a Varian DMS 100 UV-

Visible Spectrophotometer. A standard curve was constructed using Na2S.9H2O solutions 

with concentrations ranging from 0 mg L-1 to 300 mg L-1 S2--S. The upper and lower 

detection limits of the analysis were 2.5 to 250 mg L-1 S2--S, with a RSD of 9.2 % at 18 

mg L-1 S2--S. 

This method for the determination of hydrogen sulfide concentration is based on a 

method developed by Cord-Ruwisch (1985), and is a colorimetric method for the 

determination of hydrogen sulfide and all other acid-soluble metal sulfides. This method 

is based on the formation of a colloidal copper sulfide precipitate by the action of 

dissolved sulfide with a copper sulfate reagent in acidic conditions, described by the 

equation below. 

 
CuSO4 (aq)  +  S2- (aq)  →  CuS (aq)  +  SO4

2- (aq) 

2.5  Nitrate analysis: NO3
--N 

Measurements of nitrate were made using a Merck RQflex reflectometer. The 

method involved immersing the tip of a nitrate test strip (Reflectoquant, Merck) into a 

water sample (~ 5 mL) and waiting for a set period of time for immersion and 

development of the strip before placing the strip into the reflectometer to produce a 
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nitrate concentration. The detection limits of this method were 0.7 to 20 mg L-1 NO3
--N, 

with an accuracy of ± 0.2 mg L-1 NO3
--N.  

This method is based the reduction of nitrate to nitrite by the presence of a reducing 

agent present within the test-strip. In the presence of an acidic buffer, the nitrite produced 

reacts with a primary aromatic amine to form a diazonium salt. This diazonium salt is 

then able to couple with active substrates such as aromatic amines or phenols by 

electrophilic aromatic substitution (favourable in the para position) to form a coloured 

azo dye (Zollinger, 1961). In this case a red-violet azo dye was formed on the test strip 

which allowed a nitrate concentration to be determined using the reflectometer. 

Interferences in the measurement included nitrite. Measurements of nitrite were 

also conducted on all samples in a similar process using nitrite test strips (Reflectoquant, 

Merck). No nitrite was detected in any of the water samples collected from the columns 

(to a detection limit of 0.15 mg L-1 NO2
--N), even at the beginning stages of 

denitrification where reaction processes may have been slower. It was assumed that this 

nitrite intermediate did not accumulate, and that complete denitrification of nitrate to 

nitrogen gas and nitrous oxide occurred. 

2.6  Dissolved methane, ethene, acetylene and nitrous oxide:  CH4, C2H4, C2H2, and 

N2O 

Methane (CH4), ethene (C2H4), acetylene (C2H2), and nitrous oxide (N2O) dissolved 

in the water samples were measured by analysis of a 10 mL air headspace created above a 

51 mL water sample using an gas chromatograph (Agilent 6890A) fitted with a flame-

ionisation detector and thermal conductivity detector (GC-FID/TCD). These volatile 

compounds were measured simultaneously by direct injection of the gas-phase headspace 

of the water sample into a valve on the GC that directed the sample into 2 columns 

connected to different detectors. A HP-5 capillary column (Agilent Technologies, 30 m x 

0.530 mm i.d., 1.5 µm film thickness) was attached to the FID for quantification of CH4, 

C2H4, and C2H2. A packed column (Altech CTR I, outer column: 1.83 m x 6.35 mm i.d., 

activated molecular sieve; inner column: 1.83 m x 3.18 mm i.d., porous polymer mixture) 

was attached to the TCD for quantification of N2O. Calibration curves using standard gas 

mixtures were prepared to allow calculation of headspace concentrations of the volatile 

compound in the gas-phase sample as % volumes. 

Headspace concentrations of the volatile compounds in the gas phase and literature 

dimensionless Henry’s Law constants for the laboratory temperature where the analysis 

was conducted (assumed to be 25ºC) were used to derive the dissolved concentrations of 
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the volatile compounds before the headspace was created using Equation 2.1 (for 

derivation of Equation 2.1 see Appendix 1, Part B). 
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In Equation 2.1 CL

’ is the initial concentration of the volatile compound in the liquid 

phase before the headspace was created (mg L-1), x is the volatile compound 

concentration in the gas sample analysed (% volume), MW is the molecular weight of the 

volatile compound analysed, H* is the dimensionless Henry’s Law constants (at 25ºC), VG 

is the volume of air headspace created (L), and VL
’ is the initial volume of liquid collected 

before the air headspace is created (L). 

The H* applied for CH4 was 27.19, derived from a literature dimensional Henry’s 

Law constant, HC of 67.4 kPa m3 mol-1 at 25ºC (Mackay and Shiu, 1981). The H* applied 

for C2H4 was 8.75, derived from a literature dimensional Henry’s Law constant, HC of 

21.7 kPa m3 mol-1 at 25ºC (Mackay and Shiu, 1981). The H* applied for C2H2 was 1.03, 

derived from a literature dimensional Henry’s Law constant, HC of 2524 x 10-5 atm mol-1 

m-3 at 25ºC (Yaws et al., 1991). The H* applied for N2O was 1.65, derived from the 

average of literature 1/HC values of 2.551 x 10-2 mol L-1 atm-1 at 24ºC and 2.409 x 10-2 

mol L-1 atm-1 at 26ºC (Weiss and Price, 1980). The conversion of a dimensional Henry’s 

Law constant, HC, often determined in the literature, to a dimensionless Henry’s Law 

constant, H*, is described in Appendix 1, Part A. 

The method lower detection limits and RSD for each analyte were: for CH4 the 

lower detection limit was 0.0002 mg L-1, with an RSD of 0.27 % at 1.5 mg L-1 dissolved 

CH4; for C2H4 the lower detection limit was 0.003 mg L-1, with an RSD of 0.52 % at 3.6 

mg L-1 dissolved C2H4; for C2H2 the lower detection limit was 0.80 mg L-1, with an RSD 

of 3.9 % at 15 mg L-1 dissolved C2H2; for N2O the lower detection limit was 0.03 mg L-1 

N2O-N, with an RSD of 1.6 % at 0.92 mg L-1 N2O-N dissolved N2O.  

2.7  pH, redox potential (Eh) and dissolved oxygen (DO) analysis 

Measurements of pH and redox potential (Eh) were taken with a TPS Model WP-81 

Conductivity-Salinity-pH-Temperature Meter, using Ionode IJ series electrodes (IJ44 pH; 

IJ64 redox). The dissolved oxygen (DO) concentration was measured with a WTW Oxi 

320 pocket oxygen meter with a WTW Cell Ox 325 electrode.  

Measurements of the pH of water samples (5 mL) were made after calibration with 

pH 7.00 and 4.01 buffer solutions, with an accuracy of ± 0.05. The probes of the DO and 



General Methods 

 25

Eh meters were mounted in a low-volume (20 mL) flow cell, to reduce the volume of 

water required for analysis. Approximately 100 mL of water from a sampling port was 

allowed to flow through the flow cell before the flow was ceased and the DO (in mg L-1) 

and Eh (in mV) measurements were recorded simultaneously. The accuracy in the Eh and 

DO measurements was ± 5 mV and ± 0.5 mg L-1 DO, respectively. The lower detection 

limit of the DO analysis was 1.0 mg L-1 DO. 

2.8  Chlorinated ethene analysis 

Chlorinated ethenes (including tetrachloroethene (PCE), trichloroethene (TCE), 

dichloroethene isomers (1,1-DCE , cis-1,2-DCE, trans-1,2-DCE), and vinyl chloride 

(VC)) were quantified from 5 mL water samples collected using a glass syringe from 

column experiments approximately 2 hours prior to analysis. These water samples were 

placed in 8 mL glass sample vials with Teflon coated rubber-lined septa present within 

the screw cap. This resulted in an airspace above the water sample which chlorinated 

ethenes present in the sample would partition into (as described by the temperature 

dependent Henry’s Law constant for the particular compound). A 10 µL internal standard 

solution (4340 mg L-1 1,2-dibromoethane in methanol) was injected through the septa 

into each glass sample vial. The 8 mL glass sample vials were then left to equilibrate on a 

heating mantle at 40.0°C (± 0.5°C) for 30 minutes before gas analysis of the vial 

headspace was conducted. 

Gas chromatographic analyses of chlorinated ethenes present in a 100 µL 

headspace sample was performed on a Varian 3400 gas chromatograph (GC) with a 

Saturn II Mass Spectrometer (MS). Analytical conditions of the GC-MS were as follows. 

A 25 m x 0.25 mm i.d. BPX5 capillary column (SGE) with a film thickness of 1.0 µm 

was used. Headspace samples were collected using a gas tight glass Teflon syringe, 

which were injected into a septum programmable injector (SPI) which was temperature 

programmed to increase from 60°C to 210°C at 10°C min-1 over 15 minutes. The column 

was held at 40°C for 2 minutes followed by temperature programming at 5°C min-1 to 

70°C (over 6 minutes), followed by 20°C min-1 to 210°C (over 7 minutes). The mass 

spectrometer and transfer line were held at 220 and 260°C, respectively. The mass 

spectrometer was operated in full scan mode with a range from 50 to 280 m/z. The 

retention times and mass spectrum quantitation ions used to determine each compound 

from the GC-MS output are shown in Table 2.2. 

For quantification of the GC-MS output as concentrations, standards for PCE, TCE, 

1,1-DCE, cis-1,2-DCE, trans-1,2-DCE, and VC over five calibration levels were prepared 
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in deionised water at 20°C and analysed in the 8 mL glass sample vials in the same 

manner as described for the samples using the headspace GC-MS analysis. Calibration 

curves were reprepared every 3-4 months. Detection limits and errors associated with the 

sampling and GC-MS headspace analysis of the chlorinated ethenes in water are given in 

Table 2.2. On each day that this analysis was performed, a check standard containing a 

mixture of all the chlorinated ethene compounds was analysed twice, prior to and at the 

end of the set of sample analyses, to confirm that the analyses performed on the day 

would be quantified within the error range of the calibration curve. If the calibration 

standards were shown not to be quantified within the error range of the calibration curve, 

the performance of the GC-MS and analytical setup was checked and resolved, before 

further analyses were undertaken. 

 
Table 2.2  Mass spectrum quantitation ions, retention times, errors and lower detection limits of the 

chlorinated ethene compounds listed using 8 mL screw cap glass vials. 

Compound 

Mass 
spectrum 

quantitation 
ions (m/z) 

Retention 
time 

(minutes)

Lower 
detection 
limits as a 

water sample 
 (µg L-1) 

RSD 
(relative standard 

deviation) 

PCE 166 10.52 10 11 % at 980 µg L-1 
1,2-dibromoethane 107, 109 9.90 n.d. n.d. 

TCE 95, 130, 132 6.56 0.5 12 % at 1960 µg L-1 
cis-1,2-DCE 61 4.04 0.5 8.6 % at 5000 µg L-1 

trans-1,2-DCE 61 3.25 0.5 7.1 % at 980 µg L-1 
1,1-DCE 61 2.55 0.5 7.5 % at 980 µg L-1 

VC 62 1.63 100 27 % at 980 µg L-1 
 n.d. = not determined because analyte was used as an internal standard. 

 

2.9  Outsourced chemical analysis 

Analysis of the total organic carbon in the soil and remaining inorganic anions and 

cations in the groundwater was conducted externally by the Chemistry Centre, Perth WA. 

The methods of analysis used were based on standard analytical methods (Eaton et al., 

1995). The analytical technique used, the lower detection limits and the RSD of the 

analysis are described in Table 2.3. 
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Table 2.3  The lower detection limits and RSD of the analysis conducted externally by the 

Chemistry Centre, Perth WA. 

Analyte Analytical technique  
(see below for acronym definition) 

Limit of Reporting* 
(mg L-1) 

Relative Standard 
Deviation 

% 
Na ICP-MS 0.1 2.7 
K ICP-MS 0.1 2.7 
Ca ICP-MS 0.1 2.7 
Mg ICP-MS 0.1 2.2 
Mn ICP-MS 0.001 0.3 
Fe ICP-MS 0.005 2.4 
Ni ICP-MS 0.001 7.2 
Cr ICP-MS 0.005 2.0 
Cd ICP-MS 0.0005 3.9 
Pb ICP-MS or ICP-AES 0.0008 2.1 
Se VG-AAS   0.001 11 
Cl Colorimetric FIA 5 4.9 

Soluble reactive P Colorimetric FIA 0.01 6 
NO2

--N Colorimetric FIA 0.01 5.8 
NH4

+-N Colorimetric FIA 0.01 5.1 
Br HPLC 0.2 1 

Alkalinity (as CaCO3) Titration 2 5 
HCO3

- Titration 2 5 
CO3

2- Titration 2 5 

Dissolved organic 
carbon (DOC) 

Total carbon combustion 
technique followed by total 

CO2 analysis (further 
outsourced) 

1 Not known 

 
*Reporting Limits for metal analysis are affected by salinity. The levels quoted are for samples with TDS <1000 mg L-1. 
As salinity increases so does the reporting limit. 
 
ICP-MS: Inductively coupled plasma spectrometry coupled with mass spectrometry.  
ICP-AES: Inductively coupled plasma spectrometry coupled with atomic emission spectrometry 
VG-AAS: Vapour generation - atomic absorption spectrometry 
FIA: flow injection analysis  
HPLC: High performance liquid chromatography 
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3.  Silicone Polymer Mat Physical Properties 

3.1  Introduction 

One of the aims of this study was to develop a technique to predict the mass of 

ethanol that could be delivered from an aqueous ethanol solution inside silicone polymer 

tubing to the outside surface by diffusion through the walls of the tubing. This ethanol 

mass delivery information is critical to the design, assessment (column work) and 

application (field trials) of the concept of silicone tubing woven and shaped into mats for 

a potential groundwater PRB remediation system.  

A number of physical properties of the tubing were required to assess the mass 

delivery properties of ethanol through silicone tubing. Chemical structure and 

morphology of polymers are the predominant factor that influence the physical, chemical 

and thermodynamic properties exhibited by the polymer (Stevens, 1990). Additionally, 

most polymers in commercial use contain varying amounts and types of additives, to 

enhance the physical and/or aesthetic properties of the polymer (Stevens, 1990). This 

suggests that the properties of most polymeric materials may vary with manufacturer 

(Ghoreyshi et al., 2003). Consequently literature data describing the properties of various 

sources of silicone polymer materials could not be relied upon. Therefore experimentally 

determined tubing dimensions, masses, and information about the diffusion and sorption 

processes of ethanol from aqueous solutions through the silicone tubing were required for 

the particular silicone tubing used in this study. This section describes how the silicone 

tubing dimensions, the diffusion coefficients and polymer-water partitioning coefficients 

for ethanol within the silicone tubing were determined.  

3.2  General data for silicone tubing 

3.2.1  Dimensions of the silicone tubing 

Silicone tubing (0.30 cm o.d., 0.20 cm i.d.) used in the laboratory experiments for 

this study was manufactured by GRADCO, and was purchased from the distributor, A.I. 

Scientific. Due to the elastic nature of the silicone polymer tubing these dimensions are 

likely to vary, so as part of this study experiments were conducted to determine the 

precision of these quoted dimensions and an indication of the accuracy of the dimensions 

determined. 

Patterson (1998) measured the error associated with the inner and outer diameter 

dimensions of this type of silicone tubing, by calculating the internal volume of the 
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tubing for three 1 m lengths of silicone tubing, and then measuring the gravimetric 

displacement of water to give a measured lumen volume of the tubing. A systematic error 

of 5 % in the dimensions of the silicone polymer tubing was estimated from these 

measurements. 

For this study measurements of the inner and outer diameter dimensions of three 1 

m lengths of silicone tubing were made using electronic digital calipers (Mecco, ± 0.002 

mm). The caliper fingers were placed along the dimension of the tubing to be measured 

under the magnification of a microscope (x 10 magnification). The microscope was 

utilised to attempt to prevent squashing of the highly flexible tubing by the caliper 

fingers, which would result in an inaccurate measurement. All measurements were made 

in triplicate so that the 95 % confidence interval in the average of the three measurements 

could be calculated. The inner diameter of the silicone tubing was measured as 2.064 ± 

0.038 mm and the outer diameter was measured as 3.144 ± 0.032 mm to a 95 % 

confidence interval. 

Errors in the length measurement of the polymer tubing were estimated at 0.5 %. 

Length measurements were more accurate due to the greater scale used, however the 

elastic nature of the tubing still resulted in some variability due to stretching. 

Given these dimensions determined for the inner and outer diameter of the tubing, 

the volume of silicone polymer material making up a 1 m length of tubing can be 

calculated, assuming the tubing is a perfect hollow cylinder with a wall thickness of 1.08 

± 0.07 mm. The total volume of the silicone material of the 1 m length of tubing was 

determined to be 4.42 ± 0.16 mL. 

3.2.2  Mass and density of the silicone tubing 

The mass of four samples of random length silicone tubing (ranging from ~ 0.1 to 

2.0 m) was measured in triplicate on a balance (Sartorius, ± 0.005 g). To prevent 

modification of the mass of the silicone tubing, the tubing used was new from the 

package purchased from the manufacturer and the measurements were made carefully in 

a sealed weighing container to ensure that minimal dust and contamination attached to the 

surface of the tubing. The length of each sample of tubing was then accurately measured 

using a ruler (± 0.05 cm). The average mass per metre of tubing was then determined for 

each sample of tubing (g m-1). Using these four values the average mass per metre of 

tubing was determined to be 5.02 ± 0.04 g m-1 (to a 95 % confidence interval). 

This estimate of the mass of the tubing was then used to estimate the density, ρ, of 

the silicone polymer tubing. By dividing the mass per metre of tubing by the total volume 
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of silicone polymer material of the 1 m length of tubing, a density of 1.14 ± 0.05 g mL-1 

was estimated. 

3.2.3  Polymer-water partitioning coefficient, Kpw 

3.2.3.1  Introduction 

Equation 3.1 describes the polymer-water partitioning coefficient, Kpw, as the ratio 

of the concentration of a compound in the polymer matrix, Cp, to the concentration of a 

compound in the aqueous phase surrounding the polymer, Cw, after equilibrium between 

the two phases is reached. The Kpw value is useful because it explains the distribution of 

the ethanol in the silicone polymer phase and the aqueous phase, and it is utilized in 

further models and equations that describe the diffusion of ethanol through the walls of 

the silicone tubing from an ethanol solution flowing through the inner volume of the 

tubing.  

 

w

p
pw C

C
K =                                                                                                    (3.1) 

 
Although the sorption properties of ethanol (from aqueous solutions) in silicone 

polymers has been studied by a number of authors (Lee et al., 1989; Watson and Payne, 

1990), no specifically quoted Kpw value for ethanol in silicone was found in the literature. 

The Kpw value was therefore experimentally determined based on a direct method 

described by Patterson (1998), which involved the experimental determination of Cp and 

Cw. The effect of different aqueous ethanol concentrations surrounding the silicone tubing 

on Kpw was also investigated.  

3.2.3.2  Experimental procedure to determine Kpw 

A number of aqueous ethanol solutions were prepared in 1 L glass bottles (with 

lids) with concentrations ranging from 0.006 to 750 g L-1. Sodium azide (NaN3 1.0 g L-1) 

was added to eliminate any microbiological degradation processes. Lengths of polymer 

tubing (1.0 m) were placed inside each of the ten bottles for a time period of 7 days to 

enable equilibration of the ethanol between the water and the silicone polymer. Small 

stainless steel rods were placed inside both ends of the tubing to prevent the solution from 

entering the inner volume of the tubing. Large volumes of these ethanol solutions were 

prepared to prevent significant ethanol concentration depletion. The solution bottles were 

continuously stirred on a roller throughout the sorption experiment to maintain uniform 
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organic concentration in the glass bottle. The room temperature was held at a constant 

25°C for the duration of this experiment. 

After 7 days the polymer tubes were removed from the bottles. The excess water 

was quickly and carefully removed from the outside of the polymer tubing with a tissue. 

The metal plugs were removed from the ends of the tubing. The polymer tubing was then 

placed in diethyl ether (250 mL). At the same time as the tubes were removed from the 1 

L bottles, triplicate water samples (5 mL) were collected using a glass pipette (A Grade) 

from the 1L bottles to determine the ethanol concentration, Cw, using the GC-FID 

analysis method A (Chapter 2, Section 2.1.1). The diethyl ether solutions containing each 

sample of extracting polymer tubing were stirred every 12 hrs. After 72 hours triplicate 

diethyl ether samples (5 mL) were collected and analysed for ethanol concentration using 

GC-FID (method A, Chapter 2, Section 2.1.1) to determine the equilibrium polymer 

concentration, Cp. It was assumed that no ethanol remained in the polymer after this 

initial extraction using diethyl ether.  

3.2.3.3  Results for Kpw 

Table 3.1  Concentrations of ethanol partitioned into the (1 m) polymer tube, Cp, for different 

ethanol concentrations, Cw. Errors in the concentrations are given as 95 % confidence intervals.   

Solution 
number 

Final aqueous ethanol 
concentration 

Cw 
errors to a 95 % 

confidence interval 
(g L-1) 

 
Ethanol concentration in 

diethyl ether 
errors to a 95 % 

confidence interval 
(g L-1) 

 

Concentration of ethanol in 
the silicone polymer tubing 

Cp 
errors to a 95 % confidence 

interval 
(g L-1) 

1 0.006 (± 0.002) 0 0 
2 0.10 (± 0.01) 0 0 
3 1.0 (± 0.038) 0.002 (± 0.001) 0.11 (± 0.13)  
4 1.1 (± 0.033) 0 0 
5 2.4 (± 1.6) 0.006 (± 0.003) 0.35 (± 0.21) 
6 3.9 (± 0.29) 0.005 (± 0.002) 0.31 (± 0.14) 
7 18 (± 3.9) 0.019 (± 0.002) 1.1 (± 0.41) 
8 32 (± 3.2) 0.032 (± 0.002) 1.8 (± 0.53) 
9 34 (± 1.5) 0.051 (± 0.002) 2.9 (± 0.22) 
10 73 (± 1.3) 0.060 (± 0.001) 3.4 (± 0.18) 
11 200 (± 6.4) 0.13 (± 0.010) 7.2 (± 0.84) 
12 270 (± 9.3) 0.13 (± 0.015) 7.3 (± 1.1) 
13 380 (± 17) 0.28 (± 0.010) 16 (± 1.2) 
14 400 (± 16) 0.23 (± 0.042) 13 (± 2.8) 
15 460 (± 9.2) 0.27 (± 0.033) 15 (± 2.5) 
16 600 (± 9.6) 0.45 (± 0.065) 25 (± 4.6) 
17 670 (± 3.3) 0.86 (± 0.31) 48 (± 19) 
18 700 (± 11) 1.6 (± 0.073) 88 (± 7.4) 
19 740 (± 2.3) 1.6 (± 0.22) 92 (± 16) 

 

 



Silicone Polymer Mat Physical Properties 

 33

For each sample of tubing the concentration of ethanol in the diethyl ether phase 

was determined (in g L-1) and the total mass of ethanol (in g) in the 250 mL of diethyl 

ether was calculated. The mass was assumed to be the total mass of ethanol partitioned 

into the silicone polymer tubing at the particular external aqueous ethanol concentration. 

The total volume of the silicone material of the 1 m length of tubing was determined to be 

4.42 ± 0.16 mL (Chapter 3, Section 3.2.1). The ethanol concentration within the polymer 

Cp was calculated using Equation 3.2 and the results of this calculation are shown in 

Table 3.1.  
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Figure 3.1  All the experimental data points obtained for analysis of the concentration of ethanol in 

each 1 m length of tubing, Cp, as a function of the concentration of the aqueous ethanol solution 

with which the sample of tubing was equilibrated, Cw. 

Figure 3.1 shows the experimental results for the different concentrations of ethanol 

in each length of tubing, Cp, plotted against the concentration of the aqueous ethanol 

solution with which the sample of tubing was equilibrated, Cw. It can be seen from the 

results presented in Figure 3.1 that the relationship between Cp and Cw is reasonably 

linear below an external ethanol concentration, Cw, of 600 g L-1. At Cw concentrations 

above 600 g L-1, Cp values increase substantially, above the linear relationship between 
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Cp and Cw. These results suggest that above an aqueous ethanol concentration of 600 g L-

1 other processes may be occurring. These larger concentrations of ethanol within the 

polymer matrix may be due to polymer swelling (Veith, 1991; Frisch and Stern, 1983) or 

molecular interactions between the ethanol, silicone and water (Watson et al., 1990; 

1992; Du Plessis et al., 2002).  

For the experimental data with an aqueous ethanol concentration below 600 g L-1 

the Kpw value was not concentration dependent, therefore an average Kpw was determined 

from the gradient of the regression fit of the aqueous concentration of the ethanol verses 

the ethanol concentration in the equilibrated polymer tubing (Figure 3.2). The 95 % 

confidence interval for the gradient and the y-intercept of this regression line was 

calculated using the standard error of the gradient and y-intercept (t-value with three 

degrees of freedom) and these upper and lower 95 % confidence limits were also plotted 

(Figure 3.2). Kpw was calculated to be 0.037 ± 0.006 (to a 95 % confidence interval) for 

aqueous concentrations below 600 g L-1. 
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Figure 3.2.  The Kpw of ethanol in silicone tubing is represented by the gradient of the regression 

line. For experimental data points the uncertainty is predicted in the gradient and the y-intercept 

and the lines representing a 95 % confidence interval of the data are plotted. 
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3.3  Determination of the diffusion coefficient, Dp: method 1 

3.3.1  Introduction 

3.3.1.1  The diffusion process of ethanol in silicone 

Silicone is known to be highly permeable to a wide range of molecules (Watson 

and Payne, 1990; Gruenwald, 1993), such as organic molecules like benzene and ethanol, 

and gases such as oxygen and nitrogen (Sun and Chen, 1994). When fluids (or solutions 

of fluids) containing these permeable molecules are purged through the inner volume (or 

lumen) of the silicone polymer tubing, the molecules are sorbed at the inside surface of 

the tubing. They then diffuse through the wall of the tubing, and are desorbed at the 

outside surface of the tubing. It is generally accepted that this process of radial diffusion 

of the permeable molecules from the lumen, through the polymer and into the external 

space surrounding the tubing, involves both sorption and diffusion (Veith, 1991; Yeom et 

al., 1999).  

According to Fickian diffusion theory, diffusion occurs due to the random motion 

of individual molecules. These motions are known in kinetic theory as “random walk” 

(Frisch and Stern, 1983). The driving force for the diffusion process is the concentration 

gradient of the molecule species between the lumen and the outside of the tubing (Crank, 

1975). There is an extensive amount of literature on the theory of diffusion through 

silicone polymers, with often differing perspectives on the exact mechanism by which 

this diffusion process occurs. Some authors have built on basic Fickian ideas about the 

way diffusion through silicone occurs to explain their own observations. In order to be 

able to relate and better understand this analysis of ethanol diffusion through silicone 

tubing, below is a brief review of the ways authors have described the diffusion processes 

of liquids through silicone. 

Many descriptions of the diffusion mechanisms in rubbery polymers are largely 

concerned with the ability of a polymer to physically accommodate the permeant, in the 

form of randomly generated voids, for the permeant to progress through the polymer. 

This has been described as free-volume diffusion theory and is primarily concerned with 

the size and shape of the permeant molecule, the physical qualities of the polymer and the 

usual physical variables (Frich and Stern, 1983). Silicone is a rubbery polymer, which is 

characteristically known to be tough and flexible due to relatively unrestricted rotation 

about the −−− OSi  polymer chain backbone. The relatively unrestricted rotation results 

in translational and vibrational motions of the chain occurring without restriction, thus 

allowing for large amounts of open spaces between the molecules of the polymer matrix. 



Chapter 3                                                                                                               PhD Thesis, Michelle Grassi 

 36 

This large amount of free volume within the polymer matrix allows large proportions of a 

rubbery polymer matrix to participate in diffusion processes (Veith, 1991).  

Watson et al. (1990; 1992) disagreed with the theory that the molecular size of the 

permeant and the thermally driven polymer segment mobility (free-volume theory of 

diffusion) are the most important factors that control the rate of diffusion through 

polymeric forms. Based on their analysis and review of others’ work, Watson et al. 

(1990; 1992) have suggested that the process of diffusion through silicone is highly 

influenced by physical/chemical nature of the permeant and the polymer, and the site-

specific interactions between this permeant and polymer. They describe the diffusion 

process as a three-dimensional dynamic adsorption process in which the permeant moves 

randomly from adsorption site to adsorption site, with a dwell time at each site dependent 

on the strength of the permeant-polymer interaction. They suggest that for silicone Van 

der Waals-type interactions would play a significant role in the diffusion process due to 

the chemical structure of the polymer chain with two methyl groups off each silicon 

atom. Hydrogen bonding and polar intermolecular interactions may occur from the lone 

pairs of electrons on the oxygen atoms in the polymer chain. The hydroxyl alcohol 

functional group of an ethanol molecule may interact strongly by hydrogen bonding with 

a specific site, like the oxygen atom on the silicone chain, and is temporarily held 

(adsorbed) with a large activation energy. Hence the diffusion coefficient is initially 

small. As the diffusion process proceeds, these specific sites are filled and the subsequent 

permeant molecules diffuse at a greater rate due to the density of the strongly interacting 

sites being greatly reduced.  

Sun and Chen (1994) showed in their analysis of the diffusion of organic penetrants 

in a rubbery polymer that the diffusion coefficient did not necessarily increase with 

organic solvent concentration. They cited examples in the literature where this anomaly 

occurred. They used the idea of the formation of penetrant-penetrant pairs or clustering to 

explain their observed deviation from the free-volume theory of diffusion. This clustering 

would have a negative effect on the diffusion of penetrants due to the reduced mobility of 

the penetrants preventing these clustered/sorbed molecules from freely diffusing through 

the polymer. A clustering function, initially proposed by Zimm and Lundberg (1956), 

was used to indicate the relative tendency of the penetrant to form clusters. Sun and Chen 

(1994) suggested that there may be some type of competition between the swelling of the 

polymer and the clustering of penetrants which obscures the relationship of increasing 

concentration and increasing the diffusion coefficient of a penetrant through a polymer 

matrix (due to swelling). They cited literature where the diffusion coefficient of benzene 

in a silicone polymer matrix remained constant over a range of different benzene 
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concentrations, and suggested that the reason for the constant diffusion coefficient may 

be due to the swelling of the polymer (and any corresponding increase in the diffusion 

coefficient) being cancelled by the clustering of penetrants in the polymer matrix, so that 

the diffusion coefficient appeared constant over the concentration range studied. They 

also cited an example where there was a sigmoidal increase observed in the diffusion 

coefficient of ethanol in rubbery polyurethane with increase in ethanol concentration, 

suggesting a similar process where the clustering of ethanol in the polymer matrix 

affected the expected exponential increase in diffusion coefficient with increasing ethanol 

concentration. They suggested that this clustering process may be more discernible in 

systems where hydrogen bonding occurs. 

This idea of coupling molecule species, which effects the transport of ethanol (and 

other organics) through silicone polymers by diffusion, is not a new concept and has been 

described in the literature and built upon in different ways to justify vapour permeation 

experiments (Chandak et al., 1998), and has been shown to be possible by computer 

molecular dynamics simulations of the diffusion process (Tamai et al., 1994; Fritz and 

Hofmann, 1997). 

3.3.1.2  The Dp values of ethanol in silicone 

Fick’s first law of diffusion relates the rate of flow of the diffusing molecule 

species with the concentration gradient responsible for this flow (Crank, 1975). Fick’s 

second law of diffusion describes the concentration changes that will occur over time due 

to the diffusion processes (Crank, 1975). The diffusion coefficient, Dp, features in both of 

these mathematical expressions devised by Fick, and it is a proportionality constant that 

connects the rate of flow of the diffusing molecule species to the concentration gradient 

of the diffusing molecule species at a particular temperature. Fickian diffusion laws 

assume that the polymer membrane is isotropic and that the Dp value is independent of 

distance, time and concentration (George and Thomas, 2001). Quantitative measurements 

of the rate at which a diffusion process occurs are usually expressed in terms of Dp. The 

Dp value therefore quantifies the specific diffusing properties of the type of molecular 

species diffusing in combination with the medium through which these species are 

diffusing. The units of Dp are L2T-1 (cm2 s-1). The Dp value is an essential parameter used 

in models that quantify the diffusive transport of compounds through polymers. 

Previously determined Dp values for ethanol through silicone are described below and 

summarised in Table 3.2.  
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Table 3.2  The variety of literature Dp values of ethanol through silicone membrane. 

Diffusion 
Coefficient 

Dp 
(x 10-6 cm2 s-1) 

Method Utilised to 
Obtain Diffusion 

Coefficient 
Ethanol Concentration Temperature 

(°C) Literature Source 

0.17 transient permeation 
diffusion experiments 

100 g L-1 22 Lee et al. (1989) 

7.1 transient permeation 
diffusion experiments 

1.0 % by volume 
(which is ~ 0.01 g L-1) 

80 ± 3 Watson and Payne 
(1990) 

12 transient permeation 
diffusion experiments 

30 % by volume 
(which is ~ 30 g L-1) 

80 ± 3 Watson and Payne 
(1990) 

1.7 transient permeation 
diffusion experiments 

0.01 ethanol molar fraction 
(aqueous) 

(which is ~ 25 g L-1) a 

25 Watson and Payne 
(1990) 

3.5 transient permeation 
diffusion experiments 

0.12 ethanol molar fraction 
(aqueous) 

(~ 242 g L-1) a 

25 Watson and Payne 
(1990) 

4.8 transient permeation 
diffusion experiments 

0.48 ethanol molar fraction 
(aqueous) 

(~ 592 g L-1) a 

25 Watson and Payne 
(1990) 

4.5 transient permeation 
diffusion experiments 

1 ethanol molar fraction 
(aqueous) 

(~ 790 g L-1) a 

25 Watson and Payne 
(1990) 

1.7 transient permeation 
diffusion experiments 

0.5 % by volume 
(~ 0.005 g L-1) 

26 ± 2 Watson et al. (1992) 

0.73 membrane introduction 
mass spectrometry 
(MIMS)/ transient 

permeation diffusion 
experiments 

0.02 % w/w ethanol 
solution 

(~ 0.2 g L-1) a 

25 ± 1 Sliva et al. (1999) 

2 molecular dynamics 
simulations 

single ethanol molecules 27 Tamai et al. (1994) 

0.05 molecular dynamics 
simulations 

ethanol aggregates 
(3 molecules) 

27 Tamai et al. (1994) 

4.4 molecular dynamics 
simulations 

pure ethanol 
(~ 790 g L-1) a 

27 Fritz and Hofmann 
(1997) 

4.5 transient permeation 
diffusion experiments 

pure ethanol 
(~ 790 g L-1) a 

25 Okamoto et al. 
(1988) 

1.1 to 1.8  gravimetric technique ethanol vapour 
(~ 0.15 g L-1 gas volume) b 

25 Sun and Chen 
(1994) 

1.52 gravimetric technique ethanol vapour 
(~ 0.15 g L-1 gas volume) b 

25 Chandak et al. 
(1998) 

1.57 gravimetric technique ethanol vapour 
(~ 3.4 g L-1 gas volume) b 

100 Chandak et al. 
(1998) 

3.59 gravimetric technique ethanol vapour 
(~ 14 g L-1 gas volume) b 

150 Chandak et al. 
(1998) 

0.35 inverse gas 
chromatography (IGC) 

absolute ethanol 
(~ 790 g L-1) a 

50 von Meien et al. 
(1997) 

a Concentration conversion was calculated using an ethanol density of 0.7893 g mL-1 at 20°C (CRC 
Handbook of Chemistry and Physics, 2000). 
b Ethanol vapour concentrations were determined using the van der Waals equation (Atkins, 1998); using 
the vapour pressures of ethanol at 25, 100 and 150°C of 8.0, 230 and 980 kPa, respectively (Kirk-Othmer 
Encyclopedia of Chemical Technology, 1965); and using temperature independent van der Waals constants 
for the attractive forces between molecules (a = 12.56 L2 bar mol-2) and for the finite volume of molecules 
due to their general incompressibility (b = 0.0871 L mol-1) from CRC Handbook of Chemistry and Physics 
(2000). 

 

One method generally employed to experimentally determine Dp is permeation rate 

measurements, where the flux out of a polymer membrane of known thickness and areas 

is measured as a function of time, usually within some type of ‘permeation cell’ (Frisch 
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and Stern, 1983). This experimental data is then coupled to a theoretical model of the 

mass transport across polymeric membranes to determine Dp. By conducting transient 

permeation experiments, Lee et al. (1989) reported a Dp of 17.23 x 10-8 cm2 s-1 for 

ethanol in silicone at 22°C. They used a Teflon cell that was separated with a membrane 

of a specific exposed surface area into two well-mixed temperature controlled chambers. 

A 100 g L-1 aqueous ethanol solution was placed into one of the chambers, and the 

increase in the concentration of ethanol on the other side of the membrane was monitored 

over a period of time to give a concentration profile that would allow the determination of 

Dp by fitting a simple diffusion model through a membrane to the slope of the 

concentration profile. They suggested that silicone had a large Dp value for ethanol 

because of the rubbery and randomly oriented conformation of silicone in the bulk state. 
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Figure 3.3  The Dp values of ethanol through silicone polymer as a function of aqueous ethanol 

concentration in contact with the polymer at 25°C. Graph reproduced with data from Watson and 

Payne (1990). 

A Dp of 7.1 x 10-6 cm2 s-1 was determined by Watson and Payne (1990) from 

diffusion tests of a 1.0 % by volume solution of ethanol through a silicone membrane 0.8 

mm thick at 80°C (± 3°C). Similarly, a Dp of 12 x 10-6 cm2 s-1 was also determined from 

diffusion tests conducted at 80°C (± 3°C) for a 30 % by volume solution of ethanol 

through a silicone membrane 0.8 mm thick. They determined these Dp values from the 

direct measurements of the permeation of ethanol from the downstream side of a 

membrane, which resulted from the step concentration change on the upstream side of the 

membrane. Watson et al. (1992) determined a Dp value by the same method, reporting a 

Dp of 1.7 x 10-6 cm2 s-1 for a 0.50 % by volume ethanol solution at 26°C (± 2°C). Watson 
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and Payne (1990) also found that the Dp of ethanol through silicone from aqueous ethanol 

solutions increased as the concentration of the ethanol in the solution increased. For 

ethanol solutions with organic molar fractions of 0.01 (~ 25.0 g L-1), 0.12 (~ 242 g L-1), 

0.48 (~ 592 g L-1) and 1 (~ 790 g L-1), they reported Dp values at 25°C generally 

increasing from 1.7 x 10-6, 3.5 x 10-6, 4.8 x 10-6, and 4.5 x 10-6 cm2 s-1, for each 

concentration respectively. This trend is represented graphically in Figure 3.3. They 

proposed that at low ethanol concentrations the solvent-polymer interaction times were 

relatively longer giving rise to a relatively slow diffusion process. As the ethanol 

concentration increased the number of interaction sites tended to be filled, enabling 

subsequent ethanol solvent molecules to diffuse at a greater rate. 

Sliva et al. (1999) used membrane introduction mass spectrometry (MIMS) to study 

the pervaporation processes of an aqueous ethanol solution (0.02 % w/w) through 250 µm 

thick silicone rubber membrane. A Dp of 0.73 x 10-6 cm2 s-1 at 25 ± 1°C was determined 

for ethanol through silicone from the MIMS profile (GC-MS response intensity verses 

time) obtained from the experiment. The MIMS profile was related to a model that 

describes the permeation transients, to enable calculation of Dp. 

Computer molecular dynamics simulations of the diffusion of ethanol molecules 

through silicone polymer membranes have been conducted by a number of authors. Dp 

values were calculated from statistical analysis of the mean-square displacements of the 

centres of mass of the penetrant molecules over time (which describes the diffusion 

motion of the molecules). Tamai et al. (1994) performed simulations for free (or singular) 

ethanol molecules though silicone at 27°C, predicting the Dp to be 2 x 10-6 cm2 s-1. This 

process was also conducted for aggregations of ethanol molecules, due to the possibility 

of intermolecular bonding (hydrogen bond formation or dipolar attractions) between 

these types of adjacent molecules. For an aggregation of 3 ethanol molecules through 

silicone, simulations predicted the Dp of ethanol to be 0.05 x 10-6 cm2 s-1. Fritz and 

Hofmann (1997) also conducted molecular dynamics simulations of a silicone membrane 

at 27°C, but in both the bulk and interfacial regions of the membrane. The average Dp of 

pure ethanol at 27°C obtained after a number of simulations was 4.4 x 10-6 cm2 s-1. Both 

authors compared their predicted Dp values to actual experimental Dp values obtained 

through transient permeation experiments conducted by Okamoto et al. (1988) at 25°C 

through a silicone membrane (0.5-2.0 mm thick). The membrane used by Okamoto et al. 

(1988) was a pressure cured silicone, with a density of 0.974 g cm-3. From these diffusion 

time lag experiments, a Dp of 4.5 x 10-6 cm2 s-1 was determined for pure liquid ethanol 

through the silicone membrane. Although the predicted Dp of Fritz and Hofmann (1997) 
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were closer to the experimental values of Okamoto et al. (1988) than the predictions of 

Tamai et al. (1994), because they are determined from computer simulations (rather than 

a real sample of silicone) it is difficult to find reason to apply them in an authentic 

experimental situation exhibiting diffusion. 

Another general method employed in the laboratory to determine the Dp value is a 

gravimetric technique, where the weight gain of a polymer slab on penetrant absorption 

(or weight loss on desorption) is measured as a function of time, which is then related to a 

model of this process (Frisch and Stern, 1983). In experiments gravimetrically monitoring 

ethanol vapour diffusing through a silicone polymer matrix at 25°C, Sun and Chen (1994) 

showed that as the activity of ethanol vapour (related to ethanol vapour concentration) 

increased, the average Dp of ethanol increased from 1.2 x 10-6 cm2 s-2 at an activity of ~ 

0.10, and then exhibited a maximum of 1.8 x 10-6 cm2 s-2 at an activity of ~ 0.34, and 

started to decrease to 1.1 x 10-6 cm2 s-2 as the ethanol vapour activity increased further to 

~ 0.68. They suggested that the initial increase in Dp value was due to swelling of the 

polymer matrix (in fitting with the ideas of the free-volume theory of diffusion). Their 

analysis by the Zimm-Lundberg clustering function showed that ethanol had a tendency 

to form clusters, and this maxima in ethanol Dp and subsequent decrease with increasing 

ethanol activity was related to this clustering phenomena (that also increased with 

increasing ethanol vapour activity). They also suggested another reason for the observed 

maxima and then decrease in Dp with increasing ethanol vapour activity was that the 

ethanol molecules may have been immobilised by the residual silanol groups within the 

silica resin in the silicone membrane (as it contained 32 % by weight silica resin). A 

gravimetric technique was also used by Chandak et al. (1998) to experimentally 

investigate the permeation of ethanol vapour through silicone membranes and to estimate 

a Dp value. The technique made use of a modified vacuum microbalance to quantify the 

uptake of ethanol by the membrane under carefully controlled conditions. Similar to the 

results obtained by Sun and Chen (1994), the Dp of ethanol did not remain constant, and 

it exhibited a maximum at an activity of ~ 0.4. The Zimm-Lundberg clustering function 

also further supported with maximum Dp by predicting a minimum clustering tendency of 

the ethanol vapour at an activity of ~ 0.4. From these experiments the Dp of ethanol 

vapour through silicone was calculated as 1.52 x 10-6 cm2 s-1 at 25°C, 1.57 x 10-6 cm2 s-1 

at 100°C and 3.59 x 10-6 cm2 s-1 at 150°C. These Dp values at the different temperatures 

were calculated at the same relative pressure to nullify any effect of activity.  

Inverse gas chromatography (IGC) was utilised by von Meien et al. (1997) to 

measure the Dp of ethanol vapour in silicone. The silicone polymer acted as the stationary 

phase and was prepared as capillary columns each with differing wall thicknesses of 
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silicone in the column (0.764, 1.558 and 1.120 µm). They injected pure ethanol 

(undiluted in water) into a gas chromatograph, effectively dissolving the ethanol into a 

gaseous phase mixed with the H2 (the carrier gas) where it would diffuse into and out of 

the silicone stationary phase of the column during the process of elution. Because 

diffusion is the process by which the elution process occurs, the properties of the silicone 

stationary phase were determined when elution data was fitted to a mathematical model 

of diffusion of polymers in IGC. They assumed negligible influence (or interaction) of 

the ethanol vapour on the hydrogen gas (carrier gas), due to the assumed infinite dilution 

of the ethanol vapour in both phases. The Dp values obtained for ethanol vapour through 

each column made of silicone were quite variable. Although all being within the same 

order of magnitude, Dp values of 0.25 x 10-6 cm2 s-1, 0.37 x 10-6 cm2 s-1, and 0.43 x 10-6 

cm2 s-1 were obtained at 50°C, with the average value being 0.35 x 10-6 ± 0.22 x 10-6 cm2 

s-1 (to a 95 % confidence interval). The variability in Dp was suggested to be due to 

difficulties in getting a reproducible peak shape, which in turn affected the calculation of 

the Dp values. 

From the Dp data sources available, it can be observed that there is a varied range of 

Dp values, that seem to be quite specific depending on the method of analysis used, the 

character of silicone membrane employed, the concentration of ethanol in contact with 

the membrane, and the unique experimental conditions used (e.g. temperature). Wilson 

and Mackay (1995) suggested that Dp is specific to the solute/polymer tubing pair, which 

means that this parameter needs to be determined precisely via experiments for the 

solute/polymer tubing pair. Watson et al. (1990, 1992) and Vieth (1991) also suggested 

that Dp values vary with the aqueous ethanol concentration. Given the inconsistency in 

the literature value of the Dp of ethanol through silicone membranes and the potential for 

Dp to vary with the aqueous ethanol concentration and silicone tubing manufacturer, it 

was decided to determine an ethanol Dp experimentally for the particular silicone to be 

used in the remediation strategy. Knowledge of how this Dp value varies with ethanol 

concentration will allow the prediction of delivery rates in the application of this 

remediation strategy. 

3.3.2  Methods 

3.3.2.1  Method of determination of Dp 

The experimental method used to determine the Dp of ethanol in the silicone tubing 

is based on the method used by Patterson (1998) and Luo et al. (1998). Patterson (1998) 

tracked the depletion of organic compounds from pre-loaded polymer tubing by 
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continuous monitoring of a nitrogen gas stream passing through the inside of the polymer 

tubing, while maintaining zero organic concentration outside the tubing. This depletion of 

the organics inside the polymer over time was then applied to a model of the transport of 

molecules through polymer tubing (developed by Patterson (1998)). Luo et al. (1998) 

determined Dp values by exposing the outside of the silicone tubing to a constant gas 

concentration of an analyte and maintaining a zero gas concentration on the inside of the 

silicone tubing by flushing the tubing with 25 mL min-1 of nitrogen gas. An increase in 

organic concentration in the flushed gas inside the silicone tubing was monitored using a 

flame-ionisation detector FID, until an equilibrium concentration was reached. A 

permeation verses time plot was also constructed and the Dp value was then determined 

from the time required for the flushed gas concentration to reach half of the steady-state 

gas concentration. 

3.3.2.2  The model for Dp prediction 

A model of the transport of molecules from the lumen of a cylindrical hollow-fibre 

polymer tube, with an inner radius = b and an outer radius = a, to a gaseous environment 

was developed by Patterson (1998). This model is based on simple Fickian diffusion laws 

that were expressed mathematically to describe diffusion through the geometry of a three-

dimensional hollow cylinder (Crank, 1975). Patterson (1998) determined Dp values for a 

range of different organic compounds within various polymers by fitting solutions of the 

governing diffusion equation to the experimental data. The model is described by 

Equation 3.3 below, 

 

tD
ba

p

p0

p
tD

ab
ba

b
a

tD
ba

ab
baba

b
a

C
tC 4

)(22
2

e 
π

 )
2

3(  ])
2

)([ erf)(1
4
63( -1)(

−
−+

+
−

−
−+

=  (3.3) 

 
where Dp is the diffusion coefficient of the type of organic compound through the type of 

polymer (cm2 s-1), t is time (s), b is the inner radius of the tubing (cm) and a is the outer 

radius of the tubing (cm). C(t) is the concentration of the organic compound in the 

polymer tubing wall as a function of time (%). C0 is the initial concentration of the 

organic compound throughout the loaded polymer wall (b < r < a) at the start of the 

experiment at t = 0 (%), and is assumed to be uniform throughout the polymer. For 

experimental purposes, the concentration of the organic compound in the polymer tubing 

wall, C(t) is represented by the concentration of the organic compound in the gas stream 

in the lumen of the tubing.  
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The model assumes there is radial diffusion through the polymer tubing wall and 

that there is zero organic compound concentration (of the organic compound loaded in 

the tubing wall) present at the outer edge of the polymer. The model also assumes no 

mass loss at the inner boundary in the internal volume of the tubing due to the internal 

gas stream through the tubing. Therefore relatively low nitrogen gas flow rates through 

the internal volume of the tubing would need to be applied to minimise the stripping of 

the organic compounds at the inner boundary of the tubing. This nitrogen gas flow rate 

was checked as discussed later in this study (Chapter 3, Section 3.3.3.2).  

3.3.2.3  Experimental apparatus and technique 

A 100.0 ± 0.5 cm length of silicone tubing was placed inside a 0.7 L polycarbonate 

vessel with a Teflon faced airtight lid. Small holes were made in the lid through which 

were placed the stainless steel access lines (0.80 mm i.d., 1.56 mm o.d.). Silicone tubing 

was connected to the stainless steel lines inside the vessel, and holes in the lid were then 

sealed using rubber grommets (so that the vessel would be airtight). The silicone tubing 

was connected to the stainless steel access lines by a short length of Tygon tubing to 

create a closed airtight system. 
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Figure 3.4  The apparatus used in the experiments to determine the Dp of ethanol in silicone tubing. 

The vessel was placed in the oven of a Hewlett-Packard 5890 gas chromatograph 

(GC) with one of the stainless steel access lines connected to the injector and the other 

end connected to a flame-ionisation detector (FID). The apparatus used in these 
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experiments is shown in Figure 3.4. The temperature inside the GC oven was controlled 

at 25°C with the GC fan on. Nitrogen gas was passed through the inner volume of the 

silicone tubing via the gas chromatograph injector. The flow-rate of nitrogen gas could be 

easily changed and controlled at 5.0, 10, 20 and 40 mL min-1 (± 1 mL min-1).  

Experiments consisted of tracking the decrease in ethanol concentration in the 

silicone tubing, which had been pre-loaded with ethanol. The silicone tubing was pre-

loaded by equilibrating an aqueous solution of ethanol (at a specific concentration) at 

25°C with the tubing. The concentrations of aqueous ethanol solutions prepared were 1.0 

g L-1
 (0.1 % w/w ethanol), 5.0 g L-1

 (0.5 % w/w ethanol), 10.0 g L-1 (1.0 % w/w ethanol), 

49.3 g L-1 (5.0 % w/w ethanol), 97.4 g L-1 (10.0 % w/w ethanol), 234 g L-1 (25.0 % w/w 

ethanol), 469 g L-1 (50.0 % w/w ethanol), 703 g L-1 (75.0 % w/w ethanol), and 844 g L-1 

(90.0 % w/w ethanol). 

The concentration of ethanol diffusing into the lumen of the tubing was 

continuously monitored by directing a stream of nitrogen gas through the lumen of the 

tubing to the FID. Ignition of the FID was achieved by a hydrogen gas pressure of 200 

kPa and an air pressure of 200 kPa. A hydrogen gas flow rate of 30 mL min-1 and an air 

flow-rate of 300 mL min-1 was also utilised. Data from the FID was collected by a 

CSIRO data logger and downloaded after each experiment. A permeation verses time plot 

was constructed (a depletion curve) with the data standardised so that the maximum 

(initial concentration C0) was equal to 1. This allowed the determination of the Dp value 

by fitting the depletion curve created to the model (Equation 3.3). This model is only 

suitable for short time scales due to the boundary conditions placed on it that assumes 

that the mass loss at the boundary wall of the polymer is negligible, as described by 

Patterson (1998). The range of data fitted to the model was 1 ≥ C(t)/C0 ≥ 0.7 of the 

depletion curve, which is the first 30 % decrease in the depletion curve (C(t)/C0) from 

time 0. The coefficient of determination (R2) was used to quantify the degree to which the 

model fitted this range of the depletion curve, and its values range from 0-1, with values 

close to 1 indicating a good fit (Kennedy and Neville, 1986). The R2 value was provided 

by the statistical computing package ORIGIN v6.1, which was also used to fit the model 

to the depletion curve. 

Before starting these experiments an initial set of experiments were conducted 

using a 0.5 g L-1 benzene solution. This was done to determine if instrumentation setup, 

methods and final application to the model was consistent with the work conducted by 

Patterson (1998).  

For ethanol solutions of concentration 49.3 g L-1 and 97.4 g L-1 sets of diffusion 

experiments were conducted with nitrogen gas flow rates of 2.5, 5.0, 10, 20 and 40 mL 
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min-1 through the inner volume of the tubing. These experiments were conducted to 

determine the nitrogen gas flow rate that would not significantly strip ethanol from the 

loaded inner surface of the tubing, as significant stripping would be an extra ethanol 

depletion mechanism, resulting in an overestimation of Dp. Diffusion experiments with 

nitrogen gas flow rates at 2.5 mL min-1 were difficult to conduct due to problems with 

keeping the FID alight. 

3.3.3  Results and Discussion 

3.3.3.1  Benzene verification of the apparatus 

Experiments using a 0.5 g L-1 aqueous solution of benzene were conducted in 

triplicate for nitrogen flow rates through the tubing of 5.0 mL min-1 and 10 mL min-1. The 

standardised depletion curves collected from each trial are shown in Figure 3.5. For each 

flow rate the standardised effluent benzene curves are indistinguishable within each 

triplicate trial. When comparing the standardised effluent benzene concentration for the 

two sets of flow rates the data is very similar in the initial stages of the diffusion through 

the tubing. 
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Figure 3.5  Depletion curves collected from trials (x3) of the diffusion experiment with 0.5 g L-1 

aqueous benzene solution using nitrogen gas flow rates of 5.0 mL min-1 and 10 mL min-1 through 

the tubing.   

The model was fitted to each of the six depletion curves and then the corresponding 

Dp value for each model fit was calculated. The average of the R2 values for the two sets 

of experiments was also determined as 0.999 and 0.998 (for the experiments with 
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nitrogen flow rates of 5.0 mL min-1 and 10 mL min-1 respectively). These values are very 

close to 1, indicating that the model fits the experimental depletion curves within the 

range fitted. The average of these three Dp values was also calculated for both sets of 

experiments (with nitrogen flow rates of 5.0 mL min-1 and 10 mL min-1 respectively). 

Because the values of the average Dp values obtained for these two flow rates lie within 

the 95 % confidence interval of each other they are not statistically different, and using a 

nitrogen flow rate of 5.0 mL min-1 or 10 mL min-1 has little effect on the Dp value 

obtained using this method. The mass of benzene stripped from the internal wall of the 

silicone tubing was negligible compared to the mass removed at the external wall even at 

these higher nitrogen flow rates of 10 mL min-1. Because of this similarity the average of 

all 6 trials was also determined and used as the final average Dp for benzene through 

silicone at 25°C. This information is presented below in Table 3.3. Patterson (1998) 

tested lower nitrogen gas flow rates (0.8, 2.7 and 5.2 mL min-1) and also found that there 

was no significant differences in the Dp values of benzene through the silicone tubing at 

these differing nitrogen gas flow rates.  

 
Table 3.3  Degree of fit of the model to experimental data and the Dp values calculated for benzene 

through silicone using a 0.5 g L-1 aqueous solution of benzene at 25°C. 

Nitrogen gas flow 
rate 

(mL min-1) 

Number of 
replicates 

Average goodness of 
fit of model to data 

AvrgR2 

Average diffusion coefficient 
AvrgDp(benzene) 

errors to a 95 % confidence interval 
(cm2 s-1) 

5.0 3 0.999 3.04 (± 0.21) x 10-6 
10 3 0.998 3.02 (± 0.13) x 10-6 

TOTAL of both 
sets of flow rates 6 0.999 3.03 (± 0.06) x 10-6 
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Figure 3.6  Depletion curves from six trials of the diffusion experiment with a 0.5 g L-1 aqueous 

solution of benzene at 25°C. A depletion curve from the model was also plotted using the average 

Dp from the six experimental trials. A 95 % confidence range of the depletion curve was determined 

from the 95 % confidence range in Dp, as shown above. 

The total average Dp based on the six trials was 3.03 (± 0.06) x 10-6 cm2 s-1 (to a 95 

% confidence interval). Using the total average Dp a depletion curve was calculated from 

the model and plotted, with upper and lower depletion curves representing the 95 % 

confidence interval (Figure 3.6). This depletion curve and the 95 % confidence range fits 

the experimental data collected with a high degree of precision, suggesting a reliable 

experimental setup. From these experiments, the estimated Dp of benzene in silicone 

tubing was similar to the Dp of 2.2 x 10-6 cm2 s-1 estimated by Patterson (1998) using a 

similar experimental setup. Variations in Dp values estimated in these experiments and 

that of Patterson (1998) may have been a result of different batches of silicone tubing 

from the same supplier which were used in the experiments. 

3.3.3.2  Comparison of the nitrogen gas flow rates through the tubing 

Figures 3.7 and 3.8 show the standardised depletion curves obtained for ethanol 

solutions of concentration 49.3 g L-1 and 97.4 g L-1, respectively, using five nitrogen gas 

flow rates of 2.5, 5.0, 10, 20 and 40 mL min-1 through the inner volume of the tubing. 

The model was fitted to each of the depletion curves to allow calculation of the Dp values 

for each diffusion trial.   
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Figure 3.7  Data collected from trials of the diffusion experiment with a 49.3 g L-1 aqueous ethanol 

solution, using four different nitrogen gas flow rates of 2.5, 5.0, 10, 20 and 40 mL min-1 through the 

inner volume of the silicone tubing. The model is fitted to the first 30 % decrease in the depletion 

curve (C(t)/C0) from time 0. 
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Figure 3.8  Data collected from trials of the diffusion experiment with a 97.4 g L-1 (aqueous ethanol 

solution, using four different nitrogen gas flow rates of 2.5, 5.0, 10, 20 and 40 mL min-1 through the 

inner volume of the silicone tubing. The model is fitted to the first 30 % decrease in the depletion 

curve (C(t)/C0) from time 0. 
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Table 3.4  Average Dp values obtained for ethanol diffusing through silicone after loading up the 

tubing from aqueous ethanol solutions of the concentrations 49.3 and 97.4 g L-1, under different 

nitrogen flow rate conditions. 

Ethanol 
concentration 

(g L-1) 

Nitrogen 
gas flow 

rate 
(mL min-1) 

Number 
of 

replicates 

Average 
goodness of 
fit of model 

to data 
AvrgR2 

Average diffusion coefficient 
AvrgDp(ethanol) 

errors to a 95 % confidence interval 
(cm2 s-1) 

2.5 3 0.999 2.31 (± 0.13) x 10-6 
5.0 3 0.997 2.22 (± 0.07) x 10-6 
10 3 0.997 2.43 (± 0.14) x 10-6 
20 2 0.992 2.88 (± 0.22) x 10-6 

49.3 

40 2 0.998 2.81 (± 0.29) x 10-6 
2.5 3 0.987 2.76 (± 0.17) x 10-6 
5.0 4 0.987 2.86 (± 0.05) x 10-6 
10 3 0.982 3.09 (± 0.14) x 10-6 
20 3 0.987 3.32 (± 0.18) x 10-6 

97.4 

40 2 0.999 3.52 (± 1.76) x 10-6 
 

Table 3.4 shows the average R2 values and the average Dp values obtained when the 

depletion curves under different nitrogen flow rates are fitted to the model. The AvrgR2 

values are very close to 1, suggesting that the model fits the experimental depletion 

curves within the ethanol concentration and nitrogen flow rate range tested. Table 3.4 

also shows that the average Dp obtained at the lowest nitrogen flow rates of 2.5 and 5.0 

mL min-1 is smaller than those obtained at nitrogen flow rates of 10, 20 and 40 mL min-1 

within the range of the error. The errors associated with the average Dp at 2.5 and 5.0 mL 

min-1 (the 95 % confidence intervals) suggest that there is no statistically significant 

difference between these Dp values obtained for each ethanol concentration. This small 

variation in Dp at 2.5 and 5.0 mL min-1 suggests that the mass of ethanol stripped from 

the inner surface of the tubing at 5.0 mL min-1 may not be significant and should not 

result in an over-estimation of Dp. Therefore a nitrogen flow rate of 5.0 mL min-1 was 

used for subsequent experiments, removing the problems associated with keeping the FID 

alight at lower nitrogen flow rates of 2.5 mL min-1.  

As the nitrogen flow rate increased the average Dp value determined increased and 

the error associated with it also tended to increase. The only discrepancy in this trend is 

for the diffusion trials using 49.3 g L-1 ethanol where the average Dp determined at 

nitrogen flow rates of 20 mL min-1 is slightly larger than the average Dp determined at 

nitrogen flow rates of 40 mL min-1. However this discrepancy is not outside the error 

determined to a 95 % confidence interval. These higher predicted Dp values at higher 

nitrogen flow rates are likely to result from the ethanol stripped from the inner surface of 

the tubing (rather than ethanol only diffusing from the inner surface of the tubing) and 
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represent an overestimation of Dp due to the increased ethanol depletion rate measured. 

Subsequent experiments were conducted at the minimised nitrogen flow rates of 5.0 mL 

min-1, and overestimation of Dp due to increased depletion rates should be reduced. 

3.3.3.3  The Dp value variation depending on ethanol concentration 

The depletion curves of ethanol from the 1 m length of silicone tubing equilibrated 

in aqueous ethanol solutions of concentrations 1.0 g L-1, 5.0 g L-1, 10.0 g L-1, 49.3 g L-1, 

97.4 g L-1, 234 g L-1, 469 g L-1, 703 g L-1, and 844 g L-1 are presented in Figures 3.9 to 

3.17. The depletion curves were collected at nitrogen flow rates through the silicone 

tubing of 5.0 mL min-1, and they were fitted to the model only for the range: 1 ≥ C(t)/C0 ≥ 

0.7. 
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Figure 3.9  Data collected from the trial of the diffusion experiment with a 1.0 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.10  Data collected from the trial of the diffusion experiment with a 5.0 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.11  Data collected from the trial of the diffusion experiment with a 10.0 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.12  Data collected from the trials of the diffusion experiment with a 49.3 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.13  Data collected from the trials of the diffusion experiment with a 97.4 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.14  Data collected from the trials of the diffusion experiment with a 234 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.15  Data collected from the trials of the diffusion experiment with a 469 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.16  Data collected from the trials of the diffusion experiment with a 703 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Figure 3.17  Data collected from the trials of the diffusion experiment with a 844 g L-1 aqueous 

ethanol solution, using a nitrogen gas flow rate of 5.0 mL min-1 through the inner volume of the 

tubing. The model is fitted to the first 30 % decrease in each depletion curve (C(t)/C0) from time 0 

(not shown) and the average depletion curve from the model was plotted using the average Dp 

determined from each experimental trial. 
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Graphically, the model did not substantially fit the depletion curves for silicone 

tubing equilibrated in the 1.0 g L-1, 469 g L-1, 703 g L-1, and 844 g L-1 aqueous ethanol 

solutions. The model starts to fit the data for aqueous ethanol concentrations from 5.0 g 

L-1
 to 234 g L-1, with an excellent model fit to the data for the 10.0 g L-1, 49.3 g L-1, and 

97.4 g L-1 aqueous ethanol solutions. The average of the R2 values obtained for the model 

being fit to each depletion curve at a particular ethanol concentration is presented in 

Table 3.5. The AvrgR2 values verify the degree of fit observed graphically in Figures 3.9 

to 3.17, with AvrgR2 values greater than 0.98 for aqueous ethanol concentrations from 5.0 

g L-1
 to 234 g L-1. 

The average Dp values obtained from the model fitted to each depletion curve at a 

particular ethanol concentration (at a nitrogen flow rate of 5.0 mL min-1) are also 

presented in Table 3.5. Where the depletion curves appear to fit the model (AvrgR2 > 

0.98), for aqueous ethanol concentrations from 5.0 g L-1
 to 234 g L-1, there generally 

appears to be an increase in the average Dp with increasing ethanol concentration.  

 
Table 3.5  The average diffusion coefficients (AvrgDp) obtained from the model fit to each trial at a 

particular ethanol concentration (at a nitrogen flow rate of 5.0 mL min-1).  

Ethanol 
Concentration 

(g L-1) 

Number of 
replicates 

Average goodness of 
fit of model to data 

AvrgR2 

Average diffusion coefficient 
AvrgDp(ethanol) 

errors to a 95% confidence 
interval 
(cm2 s-1) 

1.0 3 0.920 α 0.722 (± 0.011) x 10-6 
5.0 4 0.988 1.25 (± 0.05) x 10-6 
10.0 4 0.988 1.72 (± 0.07) x 10-6 
49.3 3 0.997 2.22 (± 0.07) x 10-6 
97.4 4 0.987 2.86 (± 0.05) x 10-6 
234 4 0.990 3.61 (± 0.18) x 10-6 
469 4 0.829 α 7.23 (± 1.95) x 10-6 
703 3 0.453 α 7.42 (± 6.71) x 10-6  
844 4 0.175 α 25.0 (± 27.6) x 10-6 

α AvrgDp value was determined from a poor model fit to depletion curves. These AvrgDp 
values were not used in further analysis. 
 

The empirical trend in Dp as a function of ethanol concentration was shown 

graphically in Figure 3.18 by fitting a basic linear trend line (Equation 3.4) through only 

the selected average Dp values where the model fits the depletion curves. This linear 

trendline indicates for these ethanol concentrations that generally there is an increase in 

Dp with increasing ethanol concentration. A polynomial form trend line could have also 

fit through these experimental values for Dp and similarly displayed the increasing trend 

in Dp with increasing ethanol concentration; however for the purposes of this study the 

linear trendline was sufficient and indicated the same information. The values of Dp and 
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the increasing Dp trend as a function of ethanol concentration are very similar to that 

obtained by Watson and Payne (1990) and shown in Figure 3.3. 

 
-6-9

vrg 10 x 1.59     10 x 9.36    A += ethanolp CD      for 5.0 g L-1
 < Cethanol < 234 g L-1    (3.4) 

 
For aqueous ethanol solutions of the concentrations greater than 469 g L-1 there was 

a poor model fit to the depletion curves. Due to the poor fit of the model there was a very 

high degree of uncertainty associated with the Dp values estimated. The model also did 

not appear to fit the depletion curves for silicone tubing equilibrated in the low 

concentration 1.0 g L-1
 aqueous ethanol solutions. 
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Figure 3.18  Linear trendline fitted through the experimental average diffusion coefficients 

(AvrgDp) that substantially fit the model at particular ethanol concentration (at a nitrogen flow rate 

of 5.0 mL min-1).  

As the model was developed based on Fickian diffusion theory, it assumes that the 

individual molecules behave ideally, moving in random motions, in accordance to the 

kinetic theory of gases. Because of the polar nature of ethanol molecules, they are 

unlikely to behave ideally, and are likely to be influenced by intermolecular interactions 

with the other ethanol molecules, the polymer matrix, and other molecules (water). The 

ethanol diffusion through silicone may be highly influenced by these intermolecular 

interactions (Watson et al., 1990; 1992). This poor fit of the model to the data may be due 

to intermolecular forces present in the low and high concentrated ethanol solutions 
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dominating the diffusion processes. To further emphasise the importance of 

intermolecular interactions on the diffusion process in silicone, Du Plessis et al. (2002) 

also showed that silicone polymer diffusion processes were slower for compounds within 

permeant solutions that have a higher degree of hydrogen bonding interactions. Although 

the effect of the level of hydrogen bonding in a diffusing compound was not specifically 

studied in this work, these findings suggest that intermolecular interactions between the 

polymer and the permeating compound largely influence the diffusion process.  

Veith (1991) and Frisch and Stern (1983) also suggest that for the diffusion of 

penetrants from polymer in contact with liquid solutions swelling may affect the diffusion 

processes increasing the diffusion flux rate. This is because the properties of the polymer 

are altered under the contact of a liquid where often polymer matrices become highly 

swollen (due to the higher concentration of diffusing molecules with the contacting 

penetrating fluid). Large sorbed volumes within the polymer mean that the liquid has 

caused the polymer structure to open up, resulting in a higher rate of diffusion through 

the polymer. This suggests that for liquids diffusing through polymers the driving force 

for diffusion is not only the concentration gradient on either side of the polymer 

membrane (described by Ficks law), but the liquid solubility within the polymer becomes 

an important factor in the rate of diffusion through the polymer wall. Polymer swelling 

may explain the poor fit of the model at higher ethanol concentrations. 

Watson et al. (1990; 1992) disagreed with the concept that concentration dependent 

diffusion could be explained by dimensional membrane swelling, as they detected no 

significant membrane swelling of silicone due to the presence of ethanol (Watson and 

Payne, 1990). The permeation of a significantly swelling substance (tetrachloromethane) 

through the silicone was also investigated, with no significant acceleration of diffusion 

observed due to this swelling, suggesting no relationship between the Dp value and 

membrane swelling. They suggested that the only effect that swelling might have on the 

diffusion process would be that it might increase the distance required to diffuse through 

in direct proportion to the swelling (Watson et al., 1992). 
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3.4  Determination of the diffusion coefficient, Dp: method 2 

3.4.1  Introduction to second model for Dp prediction 

A second method of determining a Dp value of ethanol in silicone tubing was 

investigated to provide comparative diffusion data using the same silicone material. 

Patterson et al. (2002b) describes a model of the diffusive transport of compounds from a 

fluid present in the inner volume of cylindrical polymer tube, through the walls of the 

tube, to the outside of the tube. This model is depicted as Equation 3.5 and it describes 

influent fluid concentration and the effluent fluid concentration as a function of the flow 

rate of the fluid solution purging through the internal volume of the polymer tubing.   
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For an aqueous solution of ethanol the model is expressed in terms of: Ceff the 

effluent concentration of the ethanol in the lumen of the tubing (g L-1), Cinf is the influent 

concentration of ethanol before entry into the lumen of the tubing (g L-1), Kpw is the 

polymer-water partitioning coefficient for ethanol, z is the length of the tubing, vL is the 

linear velocity of the ethanol solution flowing through the lumen of the tubing (cm s-1), b 

is the inner radius of the tubing (cm); and a is the outer radius of the tubing (cm). The 

parameter to be determined is Dp, the diffusion coefficient of ethanol through the silicone 

polymer (cm2 s-1). By obtaining all the other parameters, an experimental Dp can be 

estimated. The vL term can be calculated from the volumetric ethanol solution flow rate, 

fv, (Equation 3.6), where vL is the corresponding linear velocity (cm s-1), and Ac is the 

cross-sectional area within the polymer tubing (= πb2). 

 

c

v
L A

f
v     =                                                                                                      (3.6) 

 
The model described by Equation 3.5 accounts for the advective longitudinal (not 

diffusional) transport of the ethanol solution along the inside volume of a length of 

polymer tubing. It assumes that there is radial diffusion through the polymer tube wall (of 

the ethanol being passed through the inside of the tubing) and that there is zero ethanol 

concentration present at the outside edge of the polymer tubing. 
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3.4.2  Experimental apparatus and technique to determine Dp 

Figure 3.19 shows the ethanol purging apparatus which was constructed to estimate 

the influent and effluent ethanol concentration from a length of silicone tubing. A 

modified glass vessel (approximately 5 L) with a hole in the bottom to allow it to be 

attached to the water tap, was setup so that tap water was continuously flushed from the 

bottom of the vessel, up through the vessel and out the top. A long length of silicone 

tubing (initially 10 m in length, and later a 50 m length was also tested) was placed inside 

the glass vessel and connected to an aqueous ethanol feed solution (approximately 0.2 to 

10.6 g L-1) in a 25 L vessel using black flexible nylon tubing (0.635 cm i.d., 0.102 cm 

wall thickness, Brotec Imperial). The flow rate of the ethanol solution being purged 

through the silicone tubing was controlled by a peristaltic pump at approximately 2.5 mL 

min-1, however this volumetric flow rate was measured accurately during the time when 

the experiment was conducted. The continuous flushing of water through the glass vessel 

allowed for a zero ethanol concentration to be maintained on the outside surface of the 

length of silicone tubing, as required by the assumptions of the model described by 

Equation 3.5. 

 

 
Figure 3.19  Experimental setup to continuously purge an aqueous ethanol solution through the 

inside of a length of silicone tubing to estimate the ethanol concentration decrease along the length 

of tubing.  

Aqueous samples were collected from the 3-way taps connected at the influent and 

effluent of the silicone tubing using a plastic syringe. These samples were then analysed 

for ethanol concentration using the GC-FID analysis method A (Chapter 2, Section 
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2.1.1). Prior investigations (results not described here) showed that the ethanol 

concentration determined for the water samples did not differ substantially (within the 

error of the analytical method) if the water samples were collected using a hard plastic 

syringe (with a rubber faced plunger) or using a completely glass syringe. Therefore, 

these plastic syringes were used within this study whenever ethanol samples were 

required to be collected for analysis. Based on the difference between the influent and 

effluent ethanol concentration at a particular feed solution flow rate, a Dp value can be 

determined from the model (Equation 3.5). The feed ethanol solution was pumped 

through the silicone tubing for a period of 2 days or longer before influent and effluent 

samples were collected to ensure that the ethanol diffusing process was at a steady-state 

through the wall of the silicone tubing. Experiments were conducted for a range of 

different influent ethanol concentrations. 

3.4.3  Results and discussion for determining Dp 

For each data set the Dp values were calculated from Equation 3.5 using the 

following parameter values: Kpw value of 0.037 ± 0.006 (dimensionless, determination is 

described in Chapter 3, Section 3.2.3), z is 1000.0 ± 0.1 cm, b is 0.103 ± 0.002 cm, and a 

is 0.157 ± 0.002 cm (an accurate determination of a and b was described in Chapter 3, 

Section 3.2.1). 

 
Table 3.6  The Dp values determined using the system to continuously purge an aqueous ethanol 

solution through the inside of a 10 m length of silicone tubing. Also included is the average Dp and 

average influent ethanol concentration of all the experimental data points obtained. 

Influent ethanol 
concentration 

Cinf 
errors to a 95 % 

confidence interval 
(g L-1) 

Effluent ethanol 
concentration 

Ceff 
errors to a 95 % 

confidence interval 
(g L-1)  

% 
Difference 
in Cinf and 

Ceff 

Ethanol solution 
volumetric flow rate 

fV 
(mL min-1) 

(± 0.05 mL min-1) 

Ethanol 
solution linear 

velocity 
vL 

(cm s-1) 

Diffusion 
coefficient 

Dp 
(x 10-6 cm2 s-1) 

0.22 (± 0.01) 0.22 (± 0.02) 0.4 2.80 1.39 (± 0.08) 0.37 (± 14) 
0.77 (± 0.06) 0.75 (± 0.02) 2.6 2.80 1.39 (± 0.08) 2.2 (± 10) 
1.7 (± 0.02) 1.7 (± 0.1) 1.4 2.67 1.33 (± 0.07) 1.1 (± 1.7) 
2.9 (± 0.1) 2.9 (± 0.3) 1.5 2.67 1.33 (± 0.07) 1.2 (± 12) 
3.0 (± 0.1) 2.9 (± 0.3) 4.1 2.80 1.39 (± 0.08) 3.5 (± 13) 
2.9 (± 0.1) 2.8 (± 0.2) 3.3 2.67 1.33 (± 0.07) 2.4 (± 7.2) 
Average 

influent ethanol 
concentration 

AvrgCinf 
(g L-1) 

1.9 (± 0.1)   

Average 
diffusion 

coefficient 
AvrgDp 

 (x 10-6 cm2 s-1) 

1.8 (± 9.7) 

 

Initially six sets of experiments were setup using 10 m of silicone tubing within the 

glass vessel. With each of the six experiments it was found that the ethanol concentration 

reduction over the 10 m of tubing was less than 5 % in all cases (Table 3.6). As the 
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analytical errors associated with the ethanol analysis (± 1 - 8 %) was the same order of 

magnitude as the ethanol concentration reduction (0.44 – 4.1 %), this resulted in very 

large systematic error associated with the calculated Dp values. 

Table 3.7 shows the results from experiments conducted using a longer length of 

silicone tubing (50 m) which produced a larger reduction in ethanol concentration 

between the influent and effluent (7.1 - 11.7 %), compared to using the 10 m length of 

tubing. To define the concentration reduction more accurately the concentrations of the 

ethanol solutions used were increased. Overall there was a lower experimental error 

associated with the Dp values determined using the 50 m of silicone tubing than those 

determined using the 10 m. This is shown by the lower average error associated with the 

average Dp determined for the 50 m length of silicone tubing (1.5 ± 2.5 x 10-6 cm2 s-1), 

compared to the 10 m length of silicone tubing (1.8 ± 9.7 x 10-6 cm2 s-1). 

 
Table 3.7  The Dp values determined using the system to continuously purge an aqueous ethanol 

solution through the inside of a 50 m length of silicone tubing. Also included is the average Dp and 

average influent ethanol concentration of all the experimental data points obtained. 

Influent ethanol 
concentration 

Cinf 
errors to a 95 % 

confidence interval 
(g L-1) 

Effluent ethanol 
concentration 

Ceff 
errors to a 95 % 

confidence interval 
(g L-1)  

% 
Difference 
in Cinf and 

Ceff 

Ethanol solution 
volumetric flow rate 

fV 
(mL min-1) 

(± 0.05 mL min-1) 

Ethanol 
solution linear 

velocity 
vL 

(cm s-1) 

Diffusion 
coefficient 

Dp 
(x 10-6 cm2 s-

1) 

4.9 (± 0.2) 4.5 (± 0.4) 7.9 2.37 1.18 (± 0.07) 1.2 (± 1.8) 
5.1 (± 0.1) 4.6 (± 0.7) 9.7 2.33 1.16 (± 0.07) 1.4 (± 2.9) 
5.1 (± 0.3) 4.7 (± 0.5) 7.5 2.33 1.16 (± 0.07) 1.1 (± 2.4) 
5.1 (± 0.2) 4.8 (± 0.3) 7.1 2.35 1.17 (± 0.07) 1.0 (± 1.8) 
6.1 (± 0.4) 5.5 (± 0.7) 9.9 2.67 1.33 (± 0.07) 1.7 (± 3.6) 
6.0 (± 0.8) 5.3 (± 0.7) 10.8 2.67 1.33 (± 0.07) 1.8 (± 4.8) 
6.0 (± 0.04) 5.4 (± 0.4) 10.5 2.67 1.33 (± 0.07) 1.8 (± 1.8) 
5.9 (± 0.1) 5.2 (± 0.3) 11.4 2.67 1.33 (± 0.07) 1.9 (± 1.6) 
10.1 (± 0.1) 9.3 (± 0.7) 8.8 2.67 1.33 (± 0.07) 1.5 (± 1.8) 
10.3 (± 0.3) 9.5 (± 1.2) 7.8 2.60 1.29 (± 0.07) 1.3 (± 2.9) 
9.9 (± 0.3) 9.2 (± 0.1) 7.7 2.60 1.29 (± 0.07) 1.3 (± 1.1) 
11.9 (± 1.0) 10.8 (± 0.5) 9.3 2.69 1.34 (± 0.07) 1.6 (± 2.5) 
11.8 (± 1.2) 10.5 (± 1.0) 11.7 2.69 1.34 (± 0.07) 2.0 (± 3.8) 
11.7 (± 0.7) 10.8 (± 0.7) 9.7 2.60 1.29 (± 0.07) 1.6 (± 2.4) 

Average 
influent ethanol 
concentration 

AvrgCinf 
(g L-1) 

7.9 (± 0.4)   

Average 
diffusion 

coefficient 
AvrgDp 

 (x 10-6 cm2 s-1) 

1.5 (± 2.5) 

 

Figure 3.20 shows the Dp values determined experimentally using the 50 m of 

silicone tubing in contrast to the Dp values determined in the first method of determining 

Dp (Chapter 3, Section 3.3) for the same concentration range. In the first method of 

determining Dp the experimental Dp values of ethanol in silicone estimated were between 

1.25 and 1.72 x 10-6 cm2 s-1 when measured using aqueous ethanol solutions of 5.0 and 10 

g L-1. In this second method using 50 m of silicone tubing, the average Dp was 1.5 ± 2.5 x 
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10-6 cm2 s-1 at an average influent ethanol concentration of 7.9 ± 0.4 g L-1. This second Dp 

and the error associated with it lie well within the Dp estimates of the first method over a 

similar concentration range, and suggest that the Dp values determined in the first method 

are reasonable estimates. 
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Figure 3.20  Estimated Dp values of ethanol in silicone as a function of influent ethanol 

concentration through a 50 m length of silicone tubing (error to a 95 % confidence interval), 

contrasted to the to the Dp values (within the same concentration range) determined in the first 

method of determining Dp (Chapter 3, Section 3.3). 
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3.5  Swelling 

3.5.1  Introduction 

Although Watson and Payne (1990) observed no detectable silicone membrane 

swelling due to the presence of ethanol, the swelling of silicone polymer membranes has 

been reported and/or suggested. According to Neuburger and Eichinger (1988) silicone is 

an elastomer, and these have two general distinguishing properties: they absorb large 

amounts of solvent without dissolving, and they undergo large deformations from 

correspondingly small stresses. Many polymeric materials will sorb solvents (e.g. water 

and organic compounds) into their structure to varying degrees. The cohesive energy 

density correlates the strength of intermolecular forces between the molecules of a 

compound; therefore it depends on the functional groups making up the molecules in the 

compound. The ability of a polymer to sorb a solvent is greatest when the solvent and the 

solute (the polymer) have the same cohesive energy density enabling solvent molecules 

to wedge themselves between touching polymer chains (Gruenwald, 1993). In some 

cases, like with elastomers, sorption of a solvent may cause the material to swell, without 

necessarily dissolving the polymer. This is because the polymer consists of long chains 

that are entwined and held together by many cross-links, that can stretch out allowing the 

polymer to absorb large amounts of solvent (Gruenwald, 1993). Swelling spreads the 

chains apart, opening the “holes” in the amorphous fraction for the solvent to occupy. 

The resulting overall increase in amorphous volume may increase the diffusive flux of 

fixed gases because of their higher diffusivity in these solvents compared to the polymer. 

The degree of swelling (and the increase in diffusion) depends on the solvent exposure 

level; the size of the solvent molecules, the affinity the polymer has for that solvent and 

the percentage of the amorphous fraction (Gruenwald, 1993). 

Yerrick and Beck (1964) suggested that solvent-polymer interactions were very 

influential in the swelling process. They suggested that solvent nature (polarity and 

association) plays an important role in the swelling of a polymer. They suggested that 

solvent molecules with high electrostatic interactions or hydrogen bonding (like aliphatic 

alcohols) tend to have increased effective molecular volumes and lower swelling ability 

in polymers, due to the greater difficulty of the rubbery network to absorb the solvent 

molecules. They suggested that silicone has very low interaction forces and is therefore 

quite flexible (low chain stiffness), has a low cohesive energy density, and more 

unrestricted rotation about the silicone chain linkage. Yerrick and Beck (1964) quantified 

swelling by accurately weighing swollen samples of silicone after being equilibrated in a 
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particular solvent, and then determining the dry polymer weight after the samples had 

been dried to a constant weight. The degree of swelling was defined by a value “per cent 

volume swell” Sv which was the volume of the solvent absorbed divided by the volume of 

dry polymer extracted polymer sample multiplied by 100. The observed Sv values were: 

methanol 3.2 %, ethanol 10.3 %, 1-propanol 31.2 % and 1-butanol 26.3 %.  

Swelling of the polymer matrix may be the reason for (i) the changes in the 

polymer-water partitioning coefficient at high solvent concentrations, (ii) the 

concentration dependence of the diffusion coefficient, and (iii) the inadequate fit of a 

diffusion model based on Fick’s diffusion laws to experimental permeation data. 

However, the swelling of the silicone polymer tubing in ethanol was not discernable to 

the eye. This experiment was conducted to investigate whether the silicone tubing used in 

this study did swell as described by Yerrick and Beck (1964).  

3.5.2  Method to estimate swelling 

The flexibility and small size of the silicone tubing used in this study made it 

difficult to obtain accurate estimates of the swelling. Therefore larger diameter tubing 

(0.80 cm o.d., 0.50 cm i.d.) with the same chemical composition and manufacturer 

(manufactured by GRADCO, purchased from the distributor, A.I. Scientific) as the 

smaller silicone tubing was also examined. 

Both the large and small diameter tubing was cut into small cross-sections (~ 5 

mm). The cross-sections were then equilibrated in 7 Petri dishes containing different 

solvents for at least an hour. The solvents used were: water, methanol, ethanol, 1-

propanol, 1-butanol, acetone and diethyl ether. Three different cross sections of each 

diameter size were placed in each dish and measured separately to obtain triplicate 

measurements. After they were used and measurements collected, these cross-section 

samples were not reused for swelling analysis, as initial swelling may change the polymer 

morphology allowing an increase in sorption per unit volume (Bixler and Sweeting, 

1971). 

Initial results (not presented) using a microscope and electronic digital calipers 

(similar to the method for Chapter 3, Section 3.2.1) to measure swelling were not 

satisfactory as there were significant errors associated with the tubing dimensions, 

probably due to stretching and squashing of the highly flexible tubing by the caliper 

fingers. Measurements were awkward to obtain using this method because the swollen 

tubing had to be lined up under a microscope. This caused an increase in the time taken to 

make a measurement, further increasing the error in the tubing dimensions due to solvent 
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evaporation and tubing returning to original size. Therefore an alternative method was 

investigated. 

A Cannon Digital IXUS V 2.1 megapixel digital camera was used to obtain a 

digital image of the swollen tubing. An advantage of using the camera was that an image 

could be taken soon after the sample was removed from the solvent. This reduced error in 

the inner and outer diameter dimension measurements in the swollen state due to solvent 

evaporation. Another advantage was that the flexible dimensions of the tubing cross-

sections would not be distorted by touching or squeezing. 

A stand for the camera was constructed so that the images taken were easily 

reproducible and the camera could be fixed at a variety of distances from the target 

(Figure 3.21). The stand aided in producing a higher quality image than that achieved by 

holding the camera by hand. The camera was set to the highest resolution setting and the 

macro zoom selected with the flash off. The closer the camera was placed to the target the 

higher the number of pixels within the tubing, the trade-off being that at a particular point 

the camera was too close to the target to focus correctly. After taking a series of photos 

ranging from distance of approximately 8 - 15 cm it was decided that the best 

compromise was a distance of 10 cm between the target and the lens. 

A steel blade was placed in every picture to act as an internal standard. The steel 

blade was used as the standard because it would not change shape, is relatively flat, and 

has sharp edges that can be easily distinguished when processing the photo on the 

computer. The length of the blade was measured using electronic digital calipers (Mecco, 

± 0.002 mm). 

 

 
Figure 3.21  The experimental setup used to conduct measurements of the polymer tubing 

dimension. 
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The equilibrated tubing cross-sections were quickly removed from the solvent, 

gently blotted with a tissue to remove excess solvent, and then lined up next to the 

internal standard under the camera apparatus for an image to taken. Three images (the 

three different cross-sections) of each tubing cross-section in each solvent were obtained. 

Images of the large and small diameter tubing that was not equilibrated with any solvent 

were also collected under the camera apparatus to obtain standard measurements of the 

tubing inner diameter, din, and outer diameter, dout, dimensions.  

The digital images were then loaded onto the computer and manipulated using the 

graphics software Paint Shop Pro 6. The software was used to superimpose circles over 

the image (Figure 3.22). Tubing diameter measurements, d, were made from the image by 

observing the number of pixels along the circle diameter, Pixd, and blade length, PixdIS, 

and then ratio of the known length of the steel blade, dIS, to its length in pixels was used 

to calculate the tubing diameter (Equation 3.7). The collection of this digital image was 

useful as the image could be easily manipulated with the computer software to find the 

measurements of the tubing, without rushing to collect the required measurements.  

 

 Pixd
Pixd

d
d

IS

IS=                                                                                 (3.7) 

 

 
Figure 3.22  Example of a digital image collected of the large and small tubing cross-sections with 

circles superimposed and lengths measured. 

Assuming the tubing was a perfect hollow circular form, for both the large and 

small diameter tubing equilibrated in a particular solvent, the average cross-sectional area 

of silicone, Ac,sil, in the tubing was calculated from the average measured values of the 

inner diameter, Avrgdin, and outer diameter, Avrgdout, for the tubing in a particular solvent, 

as given by Equation 3.8. 

 

( ) ( )[ ]2
vrg

2
vrg, AA

4 inoutsilc ddA −=
π                                                              (3.8) 
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3.5.3  Results 

3.5.3.1  Internal standard analysis 

The average length of the blade was 38.835 ± 0.009 mm to a 95 % confidence 

interval. The error associated with the steel blade length was very small, which is a 

necessary requirement for the blade to act as an internal standard.  

3.5.3.2  Large tubing analysis 

All the average inner/outer diameter measurements and the calculated average 

cross-sectional areas of silicone for the large tubing in various solvents are compiled in 

Table 3.8. Figure 3.23 shows that the large tubing cross-sections equilibrated in diethyl 

ether were the only samples that experienced significant swelling with a ~ 120 % increase 

in average silicone cross-sectional area. Within the 95 % confidence interval of the 

average silicone cross-sectional area of the standard, there was no statistically measurable 

increase (or decrease) observed in the average silicone cross-sectional area of the large 

tubing after equilibration in any of the other solvents tested. 
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Figure 3.23  Average cross-sectional areas of silicone determined for the large tubing. 
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Table 3.8  Average inner/outer diameter measurements and the calculated average silicone cross-

sectional areas for the large tubing. 

Solvent 

Average outer 
diameter 

measurement 
Avrgdout 

errors in the length 
to a 95 % 

confidence interval 
(mm) 

Average inner 
diameter 

measurement 
Avrgdin 

errors in the length 
to a 95 % 

confidence interval 
(mm) 

Average cross-sectional 
area of silicone 

Ac,sil 
errors in the length to a 95 % 

confidence interval 
(mm2) 

Difference in 
average cross-
sectional area 
from standard 

(%) 

standard 8.039 (± 0.117) 5.033 (± 0.157) 30.87 (± 3.46) - 
water 7.978 (± 0.068) 4.986 (± 0.131) 30.46 (± 2.40) -1.3 

methanol 7.933 (± 0.061) 5.028 (± 0.097) 29.57 (± 1.95) -4.2 
ethanol 8.208 (± 0. 063) 5.099 (± 0.080) 32.49 (± 1.85) 5.3 

1-propanol 8.208 (± 0. 063) 5.096 (± 0.091) 32.52 (± 1.95) 5.4 
1-butanol 8.137 (± 0. 024) 5.016 (± 0.022) 32.24 (± 0.60) 4.5 
acetone 8.196 (± 0. 048) 5.141 (± 0.066) 32.00 (± 1.47) 3.7 

diethyl ether 11.976 (± 0.137) 7.348 (± 0.248) 70.23 (± 6.93) 130 

 

3.5.3.3  Small tubing analysis 

All the average inner/outer diameter measurements and the calculated average 

cross-sectional areas of silicone for the small tubing in various solvents are compiled in 

Table 3.9. The average inner and outer diameter tubing measurements for the standard 

analysis of the small tubing (2.081 ± 0.061 mm i.d., 3.167 ± 0.252 mm o.d.) was 

statistically similar (to a 95 % confidence interval) to the average measurements obtained 

initially in Chapter 3, Section 3.2.1 using an electronic digital caliper and microscope 

(which were 2.064 ± 0.038 mm i.d., 3.144 ± 0.032 mm o.d. to a 95 % confidence 

interval). This suggests that the method used here is similar and comparable to the results 

already determined in previous work. 

 
Table 3.9  Average inner/outer diameter measurements and the calculated average silicone cross-

sectional areas for the small tubing. 

Solvent 

Average outer 
diameter 

measurement 
Avrgdout 

errors in the length 
to a 95 % 

confidence interval 
(mm) 

Average inner 
diameter 

measurement 
Avrgdin 

errors in the length 
to a 95 % 

confidence interval 
(mm) 

Average cross-sectional 
area of silicone 

Ac,sil 
errors in the length to a 95 % 

confidence interval 
(mm2) 

Difference in 
average cross-
sectional area 
from standard 

(%) 

standard 3.167 (± 0. 025) 2.081 (± 0.061) 4.48 (± 0.41) - 
water 3.232 (± 0. 102) 2.133 (± 0.109) 4.63 (± 1.12) 3.5 

methanol 3.212 (± 0. 123) 2.119 (± 0. 059) 4.58 (± 1.04) 2.3 
ethanol 3.288 (± 0. 152) 2.112 (± 0. 088) 4.99 (± 1.38) 11 

1-propanol 3.372 (± 0. 096) 2.089 (± 0. 076) 5.50 (± 0.97) 23 
1-butanol 3.361 (± 0. 142) 2.187 (± 0. 028) 5.12 (± 1.08) 14 
acetone 3.351 (± 0. 035) 2.127 (± 0. 136) 5.26 (± 0.81) 18 

diethyl ether 4.890 (± 0. 020) 3.002 (± 0. 067) 11.71 (± 0.60) 160 
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As observed with the average silicone cross-sectional area measurements for the 

large tubing, only the small tubing cross-sections equilibrated in diethyl ether 

demonstrated any significant swelling, with a ~ 160 % increase in the average silicone 

cross-sectional area of the small silicone tubing (Figure 3.24). No statistically significant 

increase in the average silicone cross-sectional area of the small tubing was observed 

after equilibration in any of the other solvents tested (within the 95 % confidence interval 

of the average silicone cross-sectional area of the standard). 
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Figure 3.24  Average cross-sectional areas of silicone determined for the small tubing. 

3.5.4  Discussion 

Within the 95 % confidence interval errors associated with the measurements of the 

average silicone cross-sectional areas of the standard portions of the small and large 

silicone tubing used, no statistically significant swelling was detected for any of the pure 

solvents used here, except for the diethyl ether. This suggests that swelling of the silicone 

tubing used in this study when in contact with ethanol (or aqueous solutions of ethanol) 

would be minimal. This observation is consistent to that of Watson and Payne (1990) 

where no detectable membrane swelling of silicone due to the presence of ethanol was 

observed. Therefore, it appears unlikely that substantial swelling of the polymer matrix 

would be a factor resulting in the previous observations from this study (Chapter 3), 

including the variation in the polymer-water partitioning coefficient at high solvent 
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concentrations, the concentration dependence of the diffusion coefficient, and the 

inadequate fit of a diffusion model based on Fick’s diffusion laws to high ethanol 

concentration experimental permeation data. However, minor swelling (not detected 

using the techniques described) may still be causing these previous observations from 

Chapter 3. Due to time limitations no further investigation into these observations was 

pursued. 
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4.  The Ethanol Delivery Rate of Silicone Tubing Polymer Mats 

4.1  Introduction 

When using silicone tubing polymer mats for the delivery of ethanol to the 

subsurface, it is important to understand and predict the ethanol mass delivery from the 

polymer mat. When scaling up as a possible groundwater bioremediation strategy such 

understanding allows controlled and targeted delivery of ethanol, to promote reducing 

conditions. The mass flux of ethanol that can be delivered through the wall of the silicone 

polymer tubing from an aqueous ethanol solution flushed through the inner space of the 

tubing is dependent on a number of factors, but primarily on the rate of diffusion of 

ethanol through the walls of the silicone tubing. Other factors that control the mass flux 

of ethanol are the dimensions and length of silicone tubing making up the polymer mat, 

the concentration gradient imposed from the aqueous ethanol solution flushed through the 

inner space of the tubing, and the rate of groundwater flow past the mat over time 

(Wilson and Mackay, 1995; 2002b). 

In both methods of determining a diffusion coefficient for ethanol in the silicone 

tubing (Chapter 3, Sections 3.3 and 3.4), it was assumed that the ethanol concentration at 

the outside surface of the polymer tubing was zero (i.e. the concentration of ethanol at 

that location did not increase over time). This allowed the maximum possible mass flux 

of ethanol via diffusion to the outside surface of the silicone tubing to be determined for a 

particular concentration of ethanol inside a defined length of tubing. Experimentally, the 

assumption of a zero external ethanol concentration was fulfilled by maintaining a fast 

flow of air or water past the outside of the silicone tubing, to ensure a negligible ethanol 

concentration at the outer wall of the tubing. This allowed simplified modelling and 

assessment of the experimental data to generate an estimated diffusion coefficient. The 

same simple model cannot be generally applied to the more realistic situation where the 

silicone polymer mats are placed below the ground, with groundwater slowly moving 

past for treatment. Under these conditions, ethanol concentrations at the outer polymer 

wall of the tubing are not necessarily zero, except at the commencement of delivery of 

ethanol, or if there was rapid ethanol microbial consumption of ethanol at the outer wall 

of the tubing. As a result, further modelling of the dynamics of the ethanol delivery via 

the silicone tubing polymer mats was required. In this chapter the mass of ethanol 

delivered through the silicone tubing (in a polymer mat) to surrounding groundwater 

flowing past the mat was modelled theoretically, and then determined experimentally 
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through large-scale water column experiments, where low water flow rates 

(representative of groundwater conditions) were applied. 

A number of models have been developed to predict the concentration of solutes 

delivered from fluids present within polymer tubing due to diffusive processes. Wilson 

and Mackay (1995) developed a model to predict the aqueous concentration of a solute 

delivered by diffusion from polymer tubing emitters placed in unpumped wells under 

transient conditions. Their model took into account the diffusive mass flux of a solute 

from the inner wall of the tubing to the outer surface area of the tubing and the 

concentration being removed from the unpumped well due to groundwater flow past the 

well. This allowed the concentration in the well to be determined as a function of time. 

A number of other models (Fang et al., 2002; Freitas dos Santos and Livingston, 

1995; Xiao et al., 2000; Pressman et al., 2000) described the mass transfer of gaseous and 

aqueous species from within tubing to water flowing past the outside of the tubing. These 

models were also for use in applications such as in situ groundwater remediation 

permeable reactive barriers (PRBs) for electron donor delivery, and more generally for 

hollow-fibre membrane bioreactors. Commonly, these models were developed by 

assuming that the total mass transfer process resulted from the sum of the sequential 

diffusive mass transfer processes that produce different resistances to mass transfer across 

the membrane. These sequential diffusive processes were described as: (i) the mass 

transfer across the fluid film on the inner wall of the polymer tubing, (ii) the mass transfer 

through the membrane wall, and (iii) the mass transfer across the outer fluid film on the 

outer wall of the polymer tubing. Referring to the mass transfer of gaseous species from 

within the polymer tubing to water flowing past the outside of the tubing, Fang et al. 

(2002) suggested that gas diffusion is four orders of magnitude faster than liquid-phase 

diffusion, such that there is little resistance to gas mass transfer on the inside surface of 

the membrane. In addition for a microporous membrane with gas filled pore spaces, they 

assumed that mass transfer through the polymer wall of the tubing was fast, such that the 

gas transfer was largely dominated by the rate of diffusion through the liquid film on the 

outside surface of the membrane. They were therefore able to model the mass transfer 

from within the polymer tubing to water flowing past the outside of the tubing by 

ignoring the mass transfer through the membrane wall. This was supported further by 

Freitas dos Santos and Livingston (1995), however they still incorporated the membrane 

mass transfer component into their model. Due to the relatively low general diffusion 

coefficient of ethanol in silicone determined in Chapter 3 (Sections 3.3 and 3.4), this 

assumption and methodology could not be applied in this case. 
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4.2  Model of the steady-state ethanol delivery rate from silicone tubing in the 

polymer mats  

A model to describe the mass of ethanol delivered from silicone tubing in a 

polymer mat to surrounding groundwater flowing past the mat at steady-state is presented 

here. For the model, it was assumed that the length of tubing in the mat from the inlet to 

the outlet was z (cm), and that the ethanol solution was flushed through the inside of the 

tubing at a fast rate, such that the effluent ethanol concentration at the end of the length of 

tubing was greater than 90 % of the influent ethanol solution concentration entering the 

tubing. In practical terms, the ethanol solution recirculating through the inside of the 

tubing in the mat was fast enough that no concentration decrease due to diffusion through 

the walls of the tubing was observed. The average concentration of the ethanol solution 

recirculating through the inside of the polymer tubing in the mat was C1 (g L-1). The 

volumetric flow rate of groundwater moving past the mat was fv (cm3 s-1). The 

concentration of ethanol on the outside surface of the tubing was described by C2 (g L-1) 

and it is this parameter which we want to be able to predict, along with the mass flux.  

 

 
Figure 4.1  Model geometry of the polymer tubing. 

The transport of ethanol molecules from an aqueous solution on the inside of a 

hollow-fibre polymer tube with an inner radius b (cm), and an outer radius a (cm), 

(Figure 4.1) to an aqueous environment under steady-state flowing conditions is assumed 

to be governed by radial diffusion through the polymer tubing walls. In cylindrical 
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coordinates, the equation describing the ethanol concentration in a polymer tube system 

(Crank, 1975) is described by Equation 4.1,  
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where Dp is the diffusion coefficient of ethanol in silicone polymer (cm2 s-1), Cp is the 

concentration of ethanol within the polymer tubing wall and r is the radius of the polymer 

tubing from the centre of the tube. 

This transport equation is subject to the following boundary condition (Equation 

4.2), where the concentration of ethanol at the surface of the inner wall of the polymer 

tubing is always equal to the polymer water partitioning coefficient, Kpw (dimensionless), 

multiplied by the aqueous ethanol concentration of the solution continuously recirculating 

on the inside of the polymer tubing, C1. This assumes a step change in organic 

concentration at the polymer/water boundary, due to equilibrium partitioning across the 

polymer/water interface. This also assumes that there is no ethanol concentration gradient 

at the inside wall of the polymer tubing due to the well mixed solution recirculating 

through the inside of the polymer tubing. This assumption appears reasonable, due to the 

fast recirculating flow rate of the ethanol solution inside the polymer tubing (such that 

there was minimum ethanol concentration decrease along the length of the tubing in the 

mat). Also, the diffusion coefficient of ethanol in water has been estimated as 1.24 - 1.26 

x 10-5 cm2 s-1 (Funazukuri and Nishio, 1999), which is high compared to the diffusion 

coefficient through silicone (~ 10-6 cm2 s-1), suggesting that ethanol diffusion through 

water is not the predominant limiting process compared to the diffusion of ethanol 

through the silicone polymer. 

 
1pwP CKC      =                             at r = b                                                 (4.2) 

  
If there is no flow of groundwater past the polymer mat, at steady-state, the 

concentration of the ethanol solution inside the tubing in the polymer mat, C1, will equal 

the concentration of ethanol outside the polymer mat, C2. It is only due to the 

groundwater flow past the silicone tubing that a concentration decrease (where C1 > C2) 

is observed at steady-state. Under steady-state flowing conditions, it is assumed that the 

net mass flux of ethanol moving away from the mat due to the flow of groundwater 

(which is a function of distance and time) is equal to the mass flux of ethanol from the 

outer surface of the mat via diffusion. This assumption is described by the second 

boundary condition (Equation 4.3). 
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In addition, at steady-state ∂Cp/∂t = 0 and Equation 4.1 can be written as,  
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which can also be written as, 
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Integrating Equation 4.5 with respect to r gives, 
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where A1 is a constant. With further integration Equation 4.7 is obtained, 

 
  B    )ln(A    )( 11 += rrCP                                                                              (4.7) 
 
where B1 is an additional constant of integration. The steady-state concentration profile 

within the polymer wall is therefore a logarithmic function.  

By substituting the solution Equation 4.7 into the boundary condition described by 

Equation 4.2 we obtain, 

 
  B    )ln(A        )( 11 +== b CKbC 1pwP  
 
which gives Equation 4.8, 

 
          ⇒ )ln(A  -      B 11 b CK 1pw=                                                                             (4.8) 
 
Substituting Equation 4.7 into the second boundary condition, Equation 4.3, gives, 
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Hence, 
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Further substitution of Equation 4.10 into Equation 4.8 gives Equation 4.11,  
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Equations 4.10 and 4.11 can be substituted back into the solution Equation 4.7 to 

give Equation 4.12.  
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The model described by Equation 4.12 can be used to determine the concentration of 

ethanol delivered from silicone tubing in a polymer mat to the outside surface of the mat 

(and surrounding groundwater flowing past). At steady-state, the concentration of ethanol 

at the outside surface of the polymer mat, at r = a (the outer radius of the polymer 

tubing), will be defined as, 

 
2pwP  CKC     =                         at r = a                                               (4.13) 

  
where C2 is the concentration of ethanol on the outside surface of the tubing (g L-1). 

Substituting Equation 4.13 into Equation 4.12 defines C2 in terms of a known set of 

parameters, C1, fv, Dp, z, a and b, given by, 
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which simplifies to, 
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4.3  Sterile water column experiment 

4.3.1  Column design 

To experimentally determine the mass of ethanol delivered from the silicone tubing 

in a polymer mat to surrounding groundwater flowing past the mat, a sterile water column 

experiment was constructed, which was made from a high pressure PVC (polyvinyl 

chloride) column (60.0 cm long, 15.3 cm i.d., 16.0 cm o.d.). Fifteen PVC sampling ports 

were positioned in sets of 3 along the length of the column, at 15 cm (ports A1, A2, A3), 

21 cm (ports B1, B2, B3), 26 cm (ports C1, C2, C3), 31 cm (ports D1, D2, D3), and 41 

cm (ports E1, E2, E3) from the base of the column. A sampling port was installed in the 

influent and effluent lines of the column to allow influent/effluent concentrations to be 

monitored. A schematic of the column is shown in Figure 4.2. Note that the column only 

contained water – no sediment was used. The water column was operated with water 

flowing upward through the column. The water flowing through the column was 

deionised water containing sodium azide (NaN3 1 g L-1) to create sterile conditions and 

eliminate any oxidation (or loss) of ethanol due to microbiological degradation processes, 

ensuring mass removal of ethanol was only a result of ethanol diffusion delivery 

processes. Gravity volumetric flow through the column was controlled using a peristaltic 

pump on the effluent line to a constant measurable flow (ranging between 0.30 and 0.93 

mL min-1). This construction and operation was used to allow comparison with non-

sterile soil column experiments that were to be conducted in future experiments. The 

experiment was run at room temperature, which was controlled at approximately 25 °C. 

The column position was fixed against a stand to prevent movement during operation and 

sampling. This was required to prevent mixing of the water in the column due to 

processes other than that caused by the flow of water through the column. 

 
Figure 4.2  Schematic of the sterile water column used. 
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Figure 4.3  Photograph of a polymer mat used for ethanol delivery in the column experiments. A 

stainless steel spring was inserted into the centre of the polymer tubing, although picture resolution 

makes this difficult to see here. 

4.3.2  Ethanol delivery 

A single polymer mat was installed 20.0 cm from the base of the water column, 

placed horizontally within the circumference of the column and orthogonal to the water 

flow direction. The polymer mat consisted of a 5.0 m length of silicone tubing (2.0 mm 

i.d., 3.0 mm o.d.) with a fine stainless steel spring inserted into the centre of the polymer 

tubing to provide support and to prevent twisting or collapsing of the tubing. This length 

of polymer tubing was woven through a 13.5 cm diameter plastic mesh support frame. A 

photograph of a polymer mat is shown in Figure 4.3. Plastic pins were also used to hold 

the mesh support frame of the mat in place inside the column. The mat was installed in 

the column with the inlet and outlet ports at each end of the polymer tube attached to the 

outside of the column.  

For ethanol delivery to the column, a 3 L aqueous ethanol solution of variable 

concentration (1.8 to 244 g L-1 ethanol) was continuously recycled through the inner 

volume of the tubing in the polymer mat at a rate of ~ 3 mL min-1. This flow rate was 

considered fast enough to ensure that the concentration decrease of ethanol along the 

length of the tubing in the mat did not decrease by more than 10 %. Maintaining over 90 

% of the influent ethanol concentration along the length of the tubing ensured that the 

mass flux of ethanol from inside the tubing in the polymer mat to the outside surface of 

the tubing was maximised. The aim was to produce efficient and uniform delivery of 

ethanol to the column over the total outer surface area of polymer tubing in the mat (< 10 

% loss of ethanol). Calculation of the minimum ethanol flow rate through the inside of 

the silicone tubing in the mat to maintain 90 % of the ethanol concentration at the exit of 

the polymer tubing in the mat is described in Appendix 2. This was further confirmed at 
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the beginning of the experiment by analysis of the influent and effluent ethanol solution 

flowing through the inside of the tubing. 

4.3.3  Column sampling and analysis 

The aqueous ethanol concentration continuously recycling through the inside of the 

silicone polymer tubing in the mat within the column was monitored by analysis of 

samples (5 mL) collected exiting the silicone tubing. The ethanol concentration within the 

water column was monitored by analysis of water samples (5 mL) collected from the 

sample ports along the length of the column, and at the influent and effluent lines of the 

column, using a hypodermic needle and plastic syringe. Prior to sampling, each sample 

port was purged by removing 5 mL of column water. Once a steady-state ethanol 

concentration along the length of the column was maintained, the ethanol concentration 

in the polymer mat was modified, and the experiment repeated at different ethanol 

concentrations within the polymer mat. In addition the volumetric flow rate of water 

through the column (moving past the mat) was varied between 0.30 and 0.93 mL min-1 to 

assess its impact. A total of 75 different experiments were conducted with specific 

combinations of ethanol concentration recycling within the polymer mat and water 

volumetric flow rate (within the ranges specified above). 

The ethanol concentration of the water samples was determined using the GC-FID 

analysis method A (Chapter 2, Section 2.1.1). The average concentration of the three 

sample ports at each distance along the column was determined.  

4.4  Results and discussion 

4.4.1  Flow rate through the inner volume of the silicone tubing 

Initial analysis of the influent and effluent ethanol delivery solution recycling 

through the inside of the silicone tubing (at a flow rate of ~ 3 mL min-1) showed no 

significant difference between the influent and effluent ethanol concentrations. The 

negligible change in ethanol concentration along the 5 m length of silicone tubing showed 

that at this recycling flow rate, depletion along the tubing length was not significant over 

this time. This would imply uniform diffusion delivery of ethanol over the length of the 

tubing (< 10 % loss of ethanol). 

4.4.2  Observed ethanol mass delivery in the sterile water column 

Once continuous recycling of the ethanol solution through the polymer mat 

commenced, the ethanol concentration of the recycling solution decreased over time due 
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to diffusional delivery through the walls of the tubing (Figure 4.4(a)). This rate of 

decrease in ethanol concentration was used as one method to estimate an average mass 

flux delivery rate of ethanol through the polymer tubing wall (per surface area of silicone 

tubing). The average mass flux rate was 8.5 x 10-3 g min-1 m-2 over the first 20 days of the 

experiment.  
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Figure 4.4  Initial data from the start of the sterile water column experiment where the flow rate of 

water through the column was 0.32 mL min-1. (a) The decrease in ethanol concentration over a 24 

day period of the aqueous ethanol solution continuously circulating through the inside of the 

silicone tubing polymer mat (as a result of diffusion through the walls of the tubing). (b) The 

corresponding increase in ethanol concentration along the length of the water column on selected 

days over the 24 day experiment. 

Figure 4.4(b) shows the corresponding increase in ethanol concentration along the 

length of the sterile water column measured experimentally on selected days over a 24 

day period of the ethanol delivery. Migration of ethanol along the length of the column 

was faster than predicted (based on the water flow rate through the column) and 

suggested that convection mixing processes may have been occurring within the column. 

Although there was a slow decrease in the ethanol concentration continuously recycling 
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within the silicone tubing (C1, Figure 4.4(a)), there was a constant rate of ethanol delivery 

(or flux of ethanol) to the sterile water column by the tubing, which resulted in an 

increase in ethanol concentration observed along the length of the column over the first 

20 days of ethanol delivery. In Figure 4.4(b) it can be observed that by day 20 there was a 

constant ethanol concentration along the length of the column after the delivery mat, 

which did not change significantly over the next 4 days, and indicated that the column 

experiment had reached steady-state ethanol mass flux delivery. By modification of the 

ethanol concentration continuously recirculating within the polymer mat and the water 

volumetric flow rate through the column (moving past the mat), various steady-state 

ethanol concentrations along the length of the column were obtained. Over the total time 

this sterile water column experiment was conducted, no other by-products due to ethanol 

oxidation by microbial processes (e.g. acetate) were observed, suggesting that ethanol 

degradation due to microbial processes had been prevented by the presence of azide. 

Since some reduction in ethanol concentration recirculating through the polymer 

tubing was observed (Figure 4.4(a)), the sample ports just after the polymer mat at 21 cm 

along the length of the column (B1, B2, and B3) should be more representative of the 

ethanol concentration delivered by the polymer mat. Note from Figure 4.4(b), that the 

concentration showed little variability along the entire column length. Therefore, using 

the average ethanol concentration at B1, B2, and B3 at steady-state ethanol delivery 

concentration along the length of the column, denoted C2 (g L-1), it was possible to 

determine an ethanol mass flux delivered by the polymer mat per unit time and per unit 

outer surface area of the tubing in the polymer mat. This mass flux, Χ (g min-1 m-2), was 

based on the volumetric flow rate of water moving past the mat over time (assumed to be 

the volumetric flow of water through the column) and the dimensions of tubing in the 

polymer mat in the column, as shown in Equation 4.16, 

 

mass flux, 
az

 fC
Χ v2

π2
 =                                                                               (4.16) 

 
where fv is the volumetric flow of water through the column (L min-1), and the z2πa term 

represents the total outer surface area of the tubing in the polymer mat (where z is the 

length of tubing in the polymer mat (5 m), and a is the outer radius of the tubing 

(0.001572 m)). For the near stable ethanol mass flux delivery measured within the 

column after 20 days of the experiment, Equation 4.16 was used to calculate a mass flux 

delivery of 9.7 x 10-3 g min-1 m-2. This is similar to the average mass flux delivery rate of 

ethanol determined from the decrease in concentration in the recirculating ethanol 

solution inside the tubing over the first 20 days of the experiment (8.5 x 10-3 g min-1 m-2, 
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above). The similarity of the two measured mass fluxes suggests that ethanol 

concentration losses due to possible sorption or volatilisation were not significant. The 

small differences observed may be due to irregularities in the column flow rate over the 

total 20 days of the initial part of this experiment.  

Figure 4.5 shows the mass flux delivery, X, at steady-state ethanol concentration 

plotted against the concentration of ethanol inside the silicone tubing in the mat, C1 (g L-

1). The experimental data was plotted in this way, with C1 as a function of X, to allow for 

possible prediction of the C1 required to be circulated on the inside of the polymer tubing 

to produce a particular X delivery (or C2) outside the polymer mat, given a particular 

volumetric flow rate of water moving past the mat and the dimensions and length of 

tubing in the mat. There appears to be a strong linear relationship between the X delivered 

by the polymer mat and the C1 on the inside of the silicone tubing in the mat, which is 

represented by the linear fit of the experimental data (Figure 4.5). The linear fit was 

forced through the origin because it was assumed that there would be no mass of ethanol 

delivered when the concentration of ethanol inside the polymer tubing was zero. The 

coefficient of determination (R2) for the degree of linear fit to the experimental data 

plotted was 0.97, indicating a strong linear relationship between X and C1. 
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Figure 4.5  Plot of the experimental data from the sterile water column experiment, showing the 

mass of ethanol delivered by the polymer mat per unit time and per unit outer surface area of the 

tubing in the polymer mat at steady-state ethanol concentration, X, as a function of the 

concentration of ethanol inside the silicone tubing in the mat, C1. 
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4.4.3  Comparison of model to sterile water column experimental results 

To assess the model’s ability to predict the ethanol delivery results from the sterile 

water column experiment, Equation 4.15 was rearranged algebraically into the form 

below. 
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It is possible to graph C1 as a function of X (as 
az

 fC v2

π2
), where the gradient of this 

function will be equivalent to the ethanol mass flux ratio from the polymer tubing, 
Χ
C1 (s 

cm-1), as described by Equation 4.17. 
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Figure 4.6 shows the model described by Equation 4.15 plotted for C1 verses X, 

where parameter values in the model were equivalent to the experimental setup of the 

polymer mat used in the sterile water column experiment (as listed in Table 4.1). The 

model was plotted using the independently determined Dp values determined from the 

previously derived relationship given by Equation 3.4 (Chapter 3, Section 3.3), where the 

Dp values were dependent on the C1 ethanol concentrations being continuously recycled 

within the polymer tubing. Using these concentration dependent Dp values gave a non 

linear plot (Figure 4.6). In addition, the model estimates were also graphed using two 

constant Dp values for the limits of the ethanol concentrations range for which Equation 

3.4 (Chapter 3, Section 3.3) was deemed valid. Using this range of ethanol concentrations 

of ~ 5.0 to ~ 234 g L-1 circulating within the silicone tubing in the mat, the Dp values 

ranged from 1.64 to 3.78 x 10-6 cm2 s-1 (based on Equation 3.4 (Chapter 3, Section 3.3)). 

The models plotted with these two constant Dp values were linear (Figure 4.6), and as 

expected, span the limits of the model plotted using the concentration dependent Dp 

values.  
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Table 4.1  Parameters used to plot (in Figure 4.6) the model for the diffusive mass flux of ethanol 

through the walls of the silicone polymer tubing, described by Equation 4.15. 

Parameter Value 

z 500.0 (± 0.5) cm 
b 0.103 (± 0.002) cm α 
a 0.157 (± 0.002) cm α 

Kpw 0.037 (± 0.006)  β 
fv 1.11 (± 0.08) x 10-2 cm3 s-1  χ 

Dp 

δ (1) 9.36 x 10-9 C1 + 1.59 x 10-6 for 5.0 g L-1
 < C1 < 234 g L-1  Equation 3.4 

(2) 1.64 x 10-6 cm2 s-1, and  
(3) 3.78 x 10-6 cm2 s-1   

α These values were determined in Chapter 3, Section 3.1.1. 
β This value is dimensionless, and was determined in Chapter 3, Section 3.1.3. 
χ This value is the average volumetric water flow rate through the sterile water column out of all the data 
collected for different experimental conditions in Section 4.4.2. 
δ There were three different diffusion coefficient values used; (1) represents concentration (C1) dependent 
diffusion coefficient values included in the model based on Equation 3.4. (2) and (3) are the maximum and 
minimum limit values of the diffusion coefficient given by Equation 3.4. 
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Figure 4.6  Plots of the model and experimental data, showing the mass of ethanol delivered by the 

polymer mat per unit time and per unit outer surface area of the tubing in the polymer mat at 

steady-state ethanol concentration, X, as a function of the concentration of ethanol inside the 

silicone tubing in the mat, C1. 

The experimental data for X obtained in Section 4.4.2 was also plotted in Figure 

4.6, but now with X in equivalent units to the model, as g cm L-1 s-1 (= 600 g min-1 m-2), 
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to allow for analysis and comparison to the derived model. Using the included 

parameters, the models plotted (both the concentration dependent Dp and the constant Dp 

values) vary from the experimental data, particularly at higher C1 ethanol concentrations. 

The experimental data suggests that a smaller mass of ethanol would be delivered per unit 

time and surface area of tubing in the mat for a particular ethanol concentration 

circulating through the inside of the polymer tubing, compared to the model predictions. 

The linearity of the experimental data indicates that the Dp value is constant, rather than 

concentration dependent. Under the experimental conditions created in the water column, 

mimicking subsurface low groundwater flow rates, the mass of ethanol delivered by the 

silicone tubing in the mat to aqueous phases was not precisely fitted to model data 

determined from the independently determined Dp values for ethanol in silicone predicted 

in Chapter 3, Sections 3.3 and 3.4. An effective diffusion coefficient may be more 

applicable.  

Equation 4.15 was rearranged to determine effective Dp values from measured 

variables in the sterile water column experiment, as shown by Equation 4.18. 
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Using Equation 4.18, effective Dp values for each experimental data point were 

calculated. The average effective Dp of 1.22 x 10-6 cm2 s-1 out of 75 experimental data 

points was estimated. Using an effective Dp of 1.22 x 10-6 cm2 s-1 produces a model 

(Figure 4.7) with an ethanol mass flux ratio from the silicone tubing of 1.50 x 106 s cm-1, 

which visually appears to fit the experimental data well and is within the 95 % confidence 

interval of the linear fit to the experimental data (1.63 (± 0.13) x 106 s cm-1 to a 95 % 

confidence interval, see Figure 4.5). 

This effective Dp predicted using data from these experiments was slightly lower, 

but a similar order of magnitude to the estimated concentration dependent Dp values for 

ethanol in silicone predicted in Chapter 3, Sections 3.3 and 3.4 (a ~ 26 % reduction in Dp 

from the previously estimated minimum). This slightly lower effective Dp of 1.22 x 10-6 

cm2 s-1 may reflect possible mass transfer limitations at the outer polymer wall. Estimated 

concentration dependent Dp values from Chapter 3, Sections 3.3 and 3.4 were based on 

fast flowing air on the outer surface of the polymer tubing wall. In these well mixed 

systems, the potential for mass transfer limitations at the outer polymer wall was reduced. 

However, slower water flow rates were used in the sterile water column experiment 
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(more typical of subsurface groundwater conditions). This slower water flow rate past the 

outer polymer wall of the tubing in the mat may have resulted in mass transfer limitations 

at the outer polymer wall, with an effective Dp value which was lower than initially 

estimated. Possible diffusional mass transfer resistance of organic compounds from 

polymers to aqueous phases has been observed by Reynolds et al. (1990) and Patterson 

(1998), which may have been due to insufficient stirring of the aqueous phase reducing 

diffusion transport rates. The effect of concentration dependence observed in the previous 

experiments (Chapter 3, Sections 3.3 and 3.4) may not have been as obvious in the sterile 

water column experiment due to these possible mass transfer limitations at lower flow 

rates. Additionally, the low water flow rate past the outer polymer wall may have resulted 

in a non-zero aqueous ethanol concentration at the outer polymer wall (for C2), reducing 

the ethanol concentration gradient and giving an effective Dp lower than the Dp initially 

estimated. 

Another possible reason for the difference between the model and the data from the 

sterile water column experiment may be that the water volumetric flow rate past the 

tubing in the polymer mat was underestimated. This might have resulted from the 

reduction in porosity on the pathway of water flow past the mat compared to the column, 

due to the volume of space taken up by the mat. Therefore, the water flowing past the mat 

may have been underestimated, and may not have been equivalent to the water 

volumetric flow rate through the column as assumed. The previous experiments to 

determine Dp values from Chapter 3, Sections 3.3 and 3.4 used only loosely coiled 

silicone tubing, which is different to the polymer mats installed in the columns consisting 

of closely woven polymer tubing in a plastic frame. Additionally the model used in this 

chapter assumes uniform delivery from the polymer tubing which may not have resulted 

at all times due to the three-dimensional shape of the polymer mat construction and setup 

in the columns. The construction and setup of the polymer mat in three-dimensional 

space may have resulted in heterogeneities in the ethanol flux from the outer surface of 

the polymer tubing and different groundwater flow-fields outside the tubing.   
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Figure 4.7  Plots of the model and experimental data, showing the mass flux of ethanol delivered by 

the polymer mat at steady-state ethanol concentration, X, as a function of the concentration of 

ethanol inside the silicone tubing in the mat, C1. Includes model with diffusion coefficient modified 

to allow the experimental data to fit the model. 

A model sensitivity analysis was conducted to determine the effect of varying the 

value of the diffusion coefficient, Dp, the water volumetric flow rate, fv, and the polymer-

water partitioning coefficient parameter, Kpw. Table 4.2 shows how the mass flux ratio 

changes, compared to normal conditions in the sterile water column experiment (i.e. uses 

the standard parameters from the sterile water column experiment for the calculations), 

when Dp, fv, and Kpw are modified. When fv is doubled there is minimal decrease (~ 1.5 

%) in the mass flux ratio, however when either Dp or Kpw is doubled the mass flux ratio 

almost halves (~ 48.5 %). In Equation 4.17 the ratio of z2πa to fv is smaller compared to 

the ratio of ⎟
⎠
⎞

⎜
⎝
⎛

b
aa ln to DpKpw (for the parameter values applying for experimental 

conditions used and diffusion characteristic of the silicone tubing used in the sterile water 

column experiment). This means that the 
pwp  KD

b
aa ⎟
⎠
⎞

⎜
⎝
⎛ln 

 term of Equation 4.17 is a larger 

value, having more effect in making up the value of the mass flux ratio than the 
vf

az   π2  

term. Therefore the model is considerably more sensitive to changes in Dp and Kpw rather 

than fv, and the difference between the model and the data from the sterile water column 
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experiment was more likely due to an overestimation of Dp or Kpw, rather than an 

underestimation of the water volumetric flow rate, fv, past the mat. The main effect of 

increasing the column fv value would be to decrease the ethanol C2 delivered outside the 

tubing, as a larger volume of water moves past the silicone tubing with time, with only a 

minimal increase in the total mass of ethanol delivered from the tubing with time. 

The error associated with the Kpw term determined in Chapter 3, Section 3.1.3 was 

minimal (Kpw = 0.037 ± 0.006) compared to the greater uncertainty (spaning 

approximately one order of magnitude) associated with the experimentally derived Dp 

estimates described in Chapter 3, Sections 3.3 and 3.4. Therefore, due to the greater 

uncertainty associated with Dp than Kpw, the possible diffusional mass transfer limitations 

and/or reduced ethanol concentration gradients, the effective Dp of 1.22 x 10-6 cm2 s-1 

(obtained when fitting the experimental data from the sterile water column experiment to 

the model) was used to assess ethanol mass delivery rates. Based on this effective Dp of 

1.22 x 10-6 cm2 s-1, the ethanol mass flux ratio from the silicone tubing used in the sterile 

water column experiment was 1.50 x 106 s cm-1.  

 
Table 4.2  Change in the standard mass flux ratio for the sterile water column experiment, when 

the column volumetric flow rate, fv, the diffusion coefficient, Dp, and the polymer-water partitioning 

coefficient, Kpw, are doubled. 

Experimental 
conditions 

Normal 
conditions for 

the sterile 
water column 

experiment 

Double fv Double Dp Double Kpw 

Dp (cm2 s-1) 1.22 x 10-6 1.22 x 10-6 2.44 x 10-6 1.22 x 10-6 
fv (cm3 s-1) 1.11 x 10-2 2.23 x 10-2 1.11 x 10-2 1.11 x 10-2 

Kpw 0.037 0.037 0.037 0.075 
Mass flux ratio 
from Equation 

4.17  
(s cm-1) 

1.50 x 106 
1.47 x 106  
(~ 1.48 % 
decrease) 

0.77 x 106  
(~ 48.52 % 
decrease) 

0.77 x 106 
(~ 48.52 % 
decrease) 

 

In subsequent soil column and field experiments this effective Dp of 1.22 x 10-6 cm2 

s-1 will also be applied to the model developed in this chapter (along with other 

experiment specific parameters making up 
pwpv  KD

b
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f
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+
ln 

      π2 ) to calculate the predicted 

ethanol mass flux ratio (given by Equation 4.17) for the particular experiment. In these 

subsequent column and field experiments this predicted ethanol delivery flux ratio 
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calculated from the model will be compared to the experimentally observed ethanol mass 

flux delivery rates, to evaluate and validate the model developed, assessing its accuracy 

in quantifying the diffusive mass flux of ethanol through the walls of silicone polymer 

tubing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 92 

 

 



 

93 

5A. Metal Bioprecipitation Soil Column Experiments 

5A.1  Introduction 

Pollution of metals in groundwater and receiving waterbodies usually results from 

anthropogenic sources such as runoff from urban areas, and emissions from industrial and 

mining activities (Novotony, 1995). In small trace quantities, many metals are needed for 

aquatic life and human health, however excessive discharges from man-made sources are 

potentially hazardous and toxic (Gray, 1997). The Australian drinking water guideline 

concentration limits of some metals relevant to this study are presented in Table 5A.1 

(ADWG, 1996). In Australia, according to the National Pollutants Inventory, 

approximately 3100 ton of copper, 1600 ton of lead, 1900 ton of zinc, 460 ton of nickel, 

320 ton of chromium, 55 ton of cadmium, and 24 ton of selenium compounds were 

released to the air, land and water in the 2002-2003 reporting period (NPI, 2004). These 

emissions of metals to the environment can absorb onto the soil, runoff into rivers or 

lakes, or leach into groundwater. Therefore, the development of remediation technologies 

to reduce the risks associated with metal contamination of soil and groundwater is very 

important. 

 
Table 5A.1  Australian drinking water guideline maximum allowable concentration levels of metals 

to be present in drinking water (ADWG, 1996). 

Metal ADWG Guideline 
Concentration Limit  

(mg L-1) 
Cadmium (Cd) 0.002 
Chromium (Cr) 0.05 

Copper (Cu) 2, aesthetic 1 
Lead (Pb) 0.01 

Nickel (Ni) 0.02 
Selenium (Se) 0.01 

Zinc (Zn) 3 
 

Conventional techniques for remediation of metals in groundwater often involve 

pumping and capture of polluted groundwater, with expensive long-term above-ground 

treatment of large volumes of water (Diels et al, 2002). Field-scale in situ PRBs made 

from plant based compost have also been used to treat metal contamination of 

groundwater by providing a carbon source for consumption by sulfate reducing bacteria 

(SRB) (Benner et al., 1997; 1999; Blowes et al., 2000; Ludwig et al., 2002; McGregor et 

al., 2002). PRBs consisting of silicone tubing polymer mats may also have the potential 

to overcome carbon source limitations impeding the SRB growth, via the consistent 
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delivery of carbon sources via diffusion. As discussed (Chapter 1, Section 1.3), the 

carbon source ethanol has been shown to be readily oxidised by SRB in the presence of 

sulfate as an electron acceptor. The purpose of the following biological soil column 

experiments was to:  

(i) assess and verify the ethanol mass delivery flux to the column by the silicone 

tubing polymer mats under biologically-active sulfate reducing conditions, 

compared to the ethanol mass flux predicted by the model (Chapter 4); and to  

(ii) investigate and assess the potential of controlled ethanol delivery from the silicone 

polymer mats to simulate indigenous SRB and promote in situ bioprecipitation 

remediation of metal/sulfate-contaminated groundwater. 

5A.2  Methods 

5A.2.1  Column experiment setup 

 
Figure 5A.1  Schematic and photograph of the flow-through soil columns used for the metal 

bioprecipitation demonstration. 

For each experiment a column (200 cm long, 15.3 cm i.d., 16.0 cm o.d.) constructed 

of rigid PVC (polyvinyl chloride) was used. Ten sampling ports were positioned along 

the length of the column, at 1 (port A), 41 (port B), 51 (port C), 61 (port D), 81 (port E), 
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101 (port F), 121 (port G), 141 (port H), 161 (port I), and 181 cm (port J) from the base 

of the column. A sampling port was installed in the delivery line to the column to allow 

influent concentrations to be monitored. Rubber septa in each sampling port allowed 

samples to be taken from the columns with a syringe without introducing oxygen to the 

groundwater. A schematic of the column and a photograph of one of the experimental 

columns is shown in Figure 5A.1. 

The columns were filled with Spearwood sand collected from Gnangara, on the 

Swan Coastal Plain, Perth, Western Australia. This sand tends to have most carbonate 

removed due to leaching (McArthur and Bettenay, 1960), and was shown to have a low 

total organic carbon content (TOC) of 200 mg kg-1 as a dry weight and a total iron 

content of 13 ± 6 mg kg-1 dry weight (errors are the 95 % confidence interval, see 

Appendix 3 for determination). Total manganese content of the sand was negligible (acid 

extracts from sand samples were below manganese analysis detection limits). 

Groundwater used in the columns was collected every four weeks from a local (Perth) 

bore known to contain sulfate (variable ~ 30 to ~ 40 mg L-1 SO4
2--S) and have a low 

dissolved organic carbon (DOC) content (~ 4 mg L-1 C). The groundwater was stored in a 

120 L high density polyethylene vessel under an atmosphere of N2 gas to maintain the 

low aerobic groundwater aquifer conditions. Due to environmental influences the precise 

groundwater chemistry of the influent groundwater did vary slightly over the total 

experimental time period. The soil and groundwater in the column was used without 

bacterial amendment (no bioaugmentation). 

The influent groundwater in the 120 L feed vessel was spiked with a concentrated 

metal solution made up the metal chloride salts of cadmium (Cd(II)), chromium (Cr(III)), 

copper (Cu(II)), lead (Pb(II)), nickel (Ni(II)) and zinc (Zn(II)) in distilled water. Selenium 

(Se(VI)) was also added to the concentrated spiking metal solution as a sodium selenate 

salt. The resulting total column influent groundwater concentrations of the metals are 

shown in Table 5A.2. For simplification of discussion, the total metal and metalloid 

species present for each metal will be referred to by their respective chemical symbol. 

Initial influent groundwater chemistry data is shown Table 5A.3. An acidic influent 

groundwater pH of 5.5 was maintained throughout the experiment. For pH maintenance, 

the pH of influent groundwater in the 120 L influent groundwater vessel was checked 3 

times a week and adjusted if required (using appropriate amounts of concentrated HCl or 

NaOH).  

The columns were operated vertically in upflow mode to reduce the potential for air 

entrapment problems. The hydraulic head on the columns varied from 1.0 to 1.5 m. A 

peristaltic pump on the effluent line controlled the flow rate of groundwater through the 
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columns. Using the peristaltic pump on the effluent line prevented the influent 

groundwater from becoming oxygenated by diffusion through the Neoprene plastic 

tubing used in the pump. The volumetric flow rate through the column was 360 ± 72 mL 

day-1, which was measured 3 times a week to ensure this rate was maintained, and to 

obtain specific details on the flow rate changes for modelling purposes. All the delivery 

lines and joints were made from nylon to minimise the adsorption of heavy metals. The 

experiments were run at room temperature, which was controlled at approximately 22 ºC. 

 
Table 5A.2 Groundwater influent metal concentrations for the metal bioprecipitation column 

experiments. 

Metal Concentration in column water (mg L-1) 
Cadmium (Cd) 0.020 
Chromium (Cr) 0.20 

Copper (Cu) 4.0 
Lead (Pb) 0.35 

Nickel (Ni) 0.050 
Selenium (Se) 2.0 

Zinc (Zn) 12 
 

Table 5A.3 Chemistry of the influent groundwater used for the metal bioprecipitation column 

experiments. 

Parameter Concentration in groundwater 
pH 5.5 
DO 2 mg L-1 
Eh 257 mV 
Na 95 mg L-1 
K 10 mg L-1 
Ca 31 mg L-1 
Mg 16 mg L-1 
Mn 0.005 mg L-1 
Fe 0.16 mg L-1 
Cl 150 mg L-1 

NO3
--N  4.5 mg L-1 

NO2
--N < 0.02 mg L-1 

NH4
+-N 0.43 mg L-1 

SO4
2--S 35 mg L-1 

Alkalinity (as CaCO3) 5 mg L-1 
HCO3

- 6 mg L-1 
CO3

2- < 2 mg L-1 
Soluble reactive P < 0.01 mg L-1 

Ion balance - 4.4 % 
DOC (CH2O) 4 mg L-1 C 

Ethanol < 0.0005 g L-1 
Acetate < 0.004 g L-1 

Propionate < 0.001 g L-1 
Butyrate < 0.0005 g L-1 

CH4 < 0.0002 mg L-1 
N2O < 0.028 mg L-1 
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5A.2.2  Ethanol delivery to columns 

During column construction a single polymer mat was installed at 50 cm from the 

base of the column, placed horizontally within the circumference of the column and 

orthogonal to the groundwater flow direction. The polymer mat, which has been 

described previously (Figure 4.3, Chapter 4), contained a 5.0 m length of silicone tubing 

(2.0 mm i.d., 3.0 mm o.d.; fine stainless steel spring inserted through the centre of the 

tubing providing support and preventing twisting/collapsing) woven through a 13.5 cm 

diameter plastic mesh support frame. The mat was installed in the column with the inlet 

and outlet ports at each end of the polymer tube attached to the side of the column. For 

ethanol delivery to the column, a 3 L aqueous ethanol solution of variable concentration 

(depending on the ethanol mass required to be delivered to the column, ~ 5 to ~ 40 g L-1) 

was continuously recycled through the inner volume of the tubing in the polymer mat at a 

rate of ~ 3 mL min-1. As described previously (Chapter 4, Section 4.3.2), this flow rate of 

ethanol through the inside of the silicone tubing in the mat was higher than the calculated 

minimum flow rate to ensure that the concentration of ethanol along the length of the 

tubing in the mat did not decrease by more than 10 % (Appendix 2). This would ensure 

uniform and efficient delivery of ethanol along the length of silicone tubing in the mat to 

the column.  

For all experiments a control column was operated simultaneously. This column 

was constructed and operated in the same way, but did not have an ethanol solution 

circulated through the inner volume of the polymer mat present in the column. 

To assess ethanol mass flux delivery to the column by the silicone polymer mats 

under biologically-active sulfate reducing conditions, a number of preliminary column 

experiments were conducted where ethanol delivery was varied over a large range of 

ethanol concentrations (between ~ 5 and ~ 40 g L-1 ethanol continuously recycled through 

the inner volume of the tubing). For assessment of sulfate reduction/metal 

bioprecipitation processes along the length of the column an 18-week detailed column 

experiment was conducted, with more frequent chemical analysis for a larger set of 

analytes along the length of the column. The ethanol concentration of the solution 

continuously recycled through the inner volume of the tubing in the polymer mat was 

between ~ 11 and ~ 40 g L-1 ethanol for the detailed column experiment, ensuring a 

constant excess of ethanol was delivered to the column groundwater.  
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5A.2.3  Sampling and analysis 

To monitor interactions occurring within the columns during the experiments, water 

samples were collected from the column’s sample ports and influent line approximately 

every one to two weeks using a hypodermic needle and plastic syringe. Prior to sampling, 

each sample port was purged by removing 10 mL of groundwater. The total volume of 

the water sample collected from each port depended on the analysis required. The 

minimum possible groundwater volume was collected to prevent disruption of the 

groundwater flow rate, carbon source delivery and the biological activity of the column. 

Details of the analysis methods utilised are given in the general methods described in 

Chapter 2. 

5A.2.4  Bromide tracer experiment 

Prior to the addition of ethanol and metals for the detailed column experiment, the 

120 L of groundwater influent storage vessel for the columns was simultaneously spiked 

with metals (concentrations described in Table 5A.3) and bromide (200 mg L-1 Br-). The 

bromide was included as a conservative tracer to assess the effective soil porosity, the 

average linear velocity of the groundwater flow, and the metal retardation coefficients. 

The bromide/metal transport and distribution along the length of the column was 

monitored over approximately 14 days. A groundwater flow rate of approximately 0.2 

mL min-1 was used. Exact groundwater flow rates over this time period were determined 

by collection and measurement of the total effluent groundwater volumes from the 

column at times during the progress of the tracer test.  

5A.2.5  Soil porosity and groundwater linear velocity 

The soil porosity is defined as the ratio of the volume of voids (or space between 

soil particles) to the total volume that the soil occupies in space. The effective soil 

porosity can be determined by Equation 5A.1 (Fetter, 1994), where θ is the effective soil 

porosity (m3 m-3), fv is the volumetric flow of groundwater through the column (m3 s-1), vL 

is the average linear velocity of the groundwater along the length of the column (m s-1), 

and Ac is the cross-sectional area of groundwater flow (m2), where Ac is calculated as πr2 

(where r is the inner radius of the soil column).  

 

Lc

v

 vA
f

θ  =                                                                                                  (5A.1) 
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Bromide is assumed to be a non-reactive non-transforming species, that moves with 

the same velocity as the groundwater, therefore allowing calculation of vL for the 

groundwater flow through the column by Equation 5A.2.  

 

  
ghbreakthrou Br % 50for  taken time

 occuredgh breakthrou Br % 50 recolumn whe soil alonglength      -

-

== LL vv
-Br

(5A.2) 

 

5A.2.6  Retardation coefficients 

The retardation coefficient (R) is a dimensionless value that describes the effect of 

sorption on the velocity of a particular chemical species compared to the velocity of the 

bulk flow of water (Freeze and Cherry, 1979). An R greater than 1 suggests that the 

movement of a chemical species is slower compared to flow of the bulk water carrying 

the particular species. R is calculated as the ratio of the average linear velocity of the 

groundwater to average linear velocity of the chemical species (Freeze and Cherry, 

1979). Assuming that the linear velocity of the bromide through the column is equivalent 

to the groundwater linear velocity through the column, R can be calculated by Equation 

5A.3, where 
-Br

Lv is the average linear velocity of the bromide through the column (m s-1), 

and 
-Br

Lv is the average linear velocity of the metal species through the column (m s-1). 

 

 
Metal

-Br

L

L

v

v
    R =                                                                                               (5A.3) 

 
The R for each metal used in these column experiments can also be calculated using 

the 50 % breakthrough distances obtained in the bromide tracer experiment. Using the 50 

% breakthrough distance of each metal, metald, and the 50 % breakthrough distance of 

the bromide, Brd, R for each metal can be calculated by Equation 5A.4.   

 

 
d

d

Metal
Br

  R  =                                                                                         (5A.4) 

 

5A.2.7  Half-life transformation rates and lag-times of transformation processes 

The lag-time, tL, for the degradation (or production) of a particular chemical species 

was determined using the distance along the column length, d (cm), between the position 

of ethanol delivery (at 50 cm along the length of the column) and the first evidence of 

removal (or production) of a chemical species. Using the flow rate of groundwater 

through the column, the lag-time was calculated from Equation 5A.5, 
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v
L f

θdrt     
2π

=                                                                                             (5A.5) 

 
where r is the inner radius of the soil column, fv is the volumetric flow of groundwater 

through the column (cm3 day-1), and θ is the effective soil porosity (m3 m-3). 

The pseudo-first-order degradation or production rate of transformation processes 

(expressed as a half-life, t1/2) was estimated from plots of chemical species concentration 

data, [X], verses the distance along the column. An exponential curve was fitted to the 

experimental data (defined by Equation 5A.6 (for decay) and Equation 5A.7 (for 

growth)), where [Xmax] is the maximum concentration of the species, and d1/2 is the half-

distance for growth or decay. This d1/2 value can be converted into a t1/2 value for growth 

or decay using Equation 5A.5 above. Note that if transformation occurs in a narrow zone 

of the column (e.g. between a few sample ports) half-life transformation rates may be 

overestimated. 

 
decay:  1/2dd

maxXX /e ][ ][ −=                                                                      (5A.6) 
 
growth:  1/2dd

maxXX /e ][ ][ =                                                                      (5A.7) 
 

5A.3  Results 

5A.3.1  Quantification of ethanol mass delivery in metal bioprecipitation column 

experiments 

For each sampling day over the total time the metal bioprecipitation column 

experiments were conducted (a total of 67 sample days for both the preliminary and 

detailed column experiments), the mass flux delivery of ethanol via the silicone tubing in 

the polymer mats, X (Equation 4.16, from Chapter 4), was determined from the analysis 

of the ethanol concentration at sample port C (1 cm downgradient from the polymer mat) 

at steady-state. This assumes that no microbial degradation occurs between the polymer 

mat and the first sample port downgradient from the polymer mat. For all the metal 

bioprecipitation soil column experiments, no evidence of ethanol degradation due to 

denitrifying, iron(III) reducing or sulfate reducing bacteria was observed at the first 

downgradient sample port C (that is, no ethanol degradation products or loss of 

nitrate/iron/sulfate was observed at this sample port). Due to the closeness of port C to 

the polymer mat and no evidence of ethanol degradation, it was assumed that the 
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concentrations and X values calculated at this sample port would be highly representative 

of the concentration of ethanol actually delivered to these large-scale soil columns.  

The main differences between these large-scale soil column experiments and the 

sterile water column experiments (Chapter 4, Section 4.3) was the presence of soil in the 

column, which overall increased the total linear velocity of water through column 

compared to the water column experiment for the same volumetric flow rate, due to the 

smaller volume occupied by water within the soil columns. Also, sodium azide was not 

added to the groundwater in the soil column experiments, and therefore ethanol 

degradation was not limited.   
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Figure 5A.2  Plot of the experimental data from the metal bioprecipitation column experiments. 

This plot shows the mass flux of ethanol delivered by the polymer mat at steady-state ethanol 

concentration, X, as a function of the concentration of ethanol inside the silicone tubing in the mat, 

C1. The linear fit of the experimental data is also shown (red), which can be compared to a line 

(blue) based on a model for the ethanol mass delivery flux from the silicone polymer tubing 

determined in Chapter 4. 

Figure 5A.2 shows the X values plotted against the corresponding C1 ethanol 

concentrations inside the silicone tubing in the mat for each particular sample day. A 

linear fit can be applied to this experimental ethanol delivery data from the metal 

bioprecipitation column experiments, which represents an ethanol mass flux ratio, 
Χ
C1  
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(Equation 4.17, Chapter 4), of 1.45 (± 0.18) x 106 s cm-1 (error to a 95 % confidence 

interval), and is presented as a red line in Figure 5A.2 (with intercept forced through the 

origin because it was assumed that there would be no mass of ethanol delivered when the 

concentration of ethanol inside the polymer tubing was zero). It can be seen from Figure 

5A.3 that the ethanol flux ratio was reasonably linear (as observed for the sterile water 

column experiment, Chapter 4, Section 4.3), with a coefficient of determination (R2) 

value of 0.78.  

Using the model developed in Chapter 4, an ethanol mass flux ratio of 1.57 x 106 s 

cm-1 was predicted from 
pwpv  KD

b
aa

f
az

⎟
⎠
⎞

⎜
⎝
⎛

+
ln 

      π2  (Equation 4.17, Chapter 4), using 

parameters specific to this experiment (z = 500.0 (± 0.5) cm; a = 0.157 (± 0.002) cm and 

b = 0.103 (± 0.002) cm (were determined in Chapter 3, Section 3.1.1); fv = 0.25 (± 0.05) 

cm3 min-1 = 4.17 (± 0.83) x 10-3 cm3 s-1; Kpw = 0.037 (± 0.006) (determined in Chapter 3, 

Section 3.1.3)), and the effective Dp of 1.22 x 10-6 cm2 s-1 (determined in Chapter 4 from 

the sterile water column experiment). This value for the model-predicted ethanol mass 

flux ratio from the silicone tubing in this experiment can be represented as a line (blue) in 

Figure 5A.2. There was no statistically significant difference between the mass flux ratio 

of 1.45 (± 0.18) x 106 s cm-1 determined from experimental column ethanol delivery data 

and the model-predicted ethanol mass flux ratio of 1.57 x 106 s cm-1 based on a Student’s 

t-test (to 95 % confidence interval). This similarity of the model-predicted and 

experimentally determined ethanol mass flux delivery suggests that, in general, the model 

provides a reliable prediction method for estimating the ethanol mass flux delivery for 

these metal bioprecipitation biological soil column experiments. Any biological activity 

within the soil column experiments did not produce a large degree of deviation from the 

model-predicted ethanol mass delivery.  

5A.3.2  Soil porosity and groundwater linear velocity 

The soil porosity was determined by fitting a Boltzmann function in the shape of a 

sigmoidal curve to the bromide concentration data along the length of the column at ~ 

14.0 days, to determine the 50 % breakthrough position of bromide along the column. At 

this time 4325 mL of groundwater had flowed through the column. Based on a 50 % 

breakthrough, the bromide front had travelled 1.18 m along the length of the column 

(Figure 5A.3). From this data an effective porosity of the soil in the column was 

calculated as 0.20 (see Appendix 4, Part A for calculations). 
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This porosity was slightly lower than the range of porosities between 0.25 and 0.50 

that are typically observed for sands (Freeze and Cherry, 1979). It is also lower than the 

porosity value of 0.35 obtained from undisturbed soil samples taken from the Swan 

Coastal Plain (Benker et al., 1997). This lower porosity may be a result of soil particle 

redistribution due to the column packing process (Freeze and Cherry, 1979). The soil 

collected from the Swan Coastal Plain for this study may also be characteristically lower 

in porosity than the soil described by Benker et al. (1997). Due to limited bromide 

concentration data between ports F (101 cm) and G (121 cm), the position of 50 % 

breakthrough may have been slightly misrepresented by the sigmoidal curve applied. 

However, even at the smallest feasible 50 % breakthrough distance of 101 cm (even with 

the high bromide concentration observed at port F (101 cm)), the porosity would have 

only been slightly higher at 0.23. 
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Figure 5A.3  The bromide distribution (as relative bromide concentrations to the influent bromide 

concentration) along the length of the column ~ 14 days after bromide was added to the influent 

groundwater. Bromide breakthrough curve fitted to this data is also shown. 

The linear velocity of groundwater flow through the column experiments, vL, was 

estimated to be ~ 36 m yr-1 using Equation 5A.2 and a soil porosity of 0.20. Given this 

linear velocity, the total time for influent groundwater to move through the 2 m length of 

the column would be 20.0 days. This column linear velocity was within the typical 

groundwater flow velocities of 10 to 50 cm day-1 (~ 36 to 182 m yr-1) used by Fang et al. 

(2002), and is the same order of magnitude as the average linear groundwater velocity 
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measured for a region within the Swan Coastal Plain, Perth, Western Australia of ~ 74 m 

yr-1 (Benker et al., 1997). 

5A.3.3  Metal sorption 

The spatial distribution of the metals Cd, Cr, Cu, Pb, Ni, Se and Zn along the length 

of the column ~ 14.0 days after the metals were added to the influent groundwater is 

shown by the breakthrough curves in Figure 5A.4 (influent groundwater was spiked with 

metals simultaneously with the bromide tracer). The 50 % breakthrough distance of the 

Se along the column was almost equal to the value measured for bromide. By contrast, 

the 50 % breakthrough distance of the Cr and Pb occurred within the first 10 cm from the 

base of the column.  
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Figure 5A.4  The metal distribution (as relative metal concentrations to the influent concentration) 

along the length of the column ~ 14 days after the metals were added to the influent groundwater. 

The 50 % breakthrough distance and the retardation coefficients for each metal at 

the time of the bromide tracer experiment for groundwater pH of 5.5, were presented in 

Table 5A.4 (see Appendix 4, Part B for the calculations). The retardation coefficients for 

Cr and Pb were substantially higher than the other metals. These high retardation 

coefficients may be due to the presence of iron(III) oxide minerals in the sand, such as 

goethite (α-FeOOH), ferrihydrite (Fe(OH)3), and hematite (α-Fe2O3) (Dzomback and 

Morel, 1990; Appelo and Postma, 1993; Neubauer et al., 2002; Jeon et al., 2001; 2003; 
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Juang and Chung, 2004), which are able to form surface complexes with metals present 

in the groundwater (perhaps more favorably with Cr and Pb). The retardation coefficients 

for Cd, Cu, total Se, Zn, and Ni were relatively lower, which suggests that these metals 

should migrate and be distributed along the length of the column. Therefore, for these 

metals, attenuation as a result of retardation should not confound the interpretation of 

potential metal-sulfide precipitation. For the metals Cr and Pb, migration and distribution 

along the length of the column was not achieved, therefore the behaviour of these metals 

within these column experiments was not discussed. 

 
Table 5A.4  The 50 % breakthrough distance travelled by each species along the column and the 

corresponding retardation coefficients for groundwater pH of 5.5. 

Metal Distance travelled along column (m) Retardation coefficient 
Br- 1.2 1 
Cd 0.56 2.1 
Cr 0.035 34 
Cu 0.42 2.8 
Pb 0.072 16 
Ni 0.85 1.4 
Se 1.1 1.1 
Zn 0.89 1.3 

 

5A.3.4  Groundwater chemistry during column experiment 

5A.3.4.1  Ethanol and other carbon species concentrations 

The start of this experiment (time 0) was considered to be the time that ethanol 

delivery commenced to the column. No ethanol was delivered to the control column. 

Figure 5A.5(a) shows a contour plot of the ethanol concentration along the length of the 

column, with the corresponding ethanol concentration in the ethanol delivery vessel 

(Figure 5A.5(b)). The ethanol concentrations in the mat delivery vessel were shown to 

vary over the 18-week experiment, with the concentration of ethanol starting at ~ 40 g L-1 

ethanol. The ethanol concentration of the continuously recycled solution in the mat 

delivery vessel reduced as ethanol was delivered to the column. The concentration in the 

delivery vessel was also manually altered to ~ 17 g L-1 ethanol after approximately 3 

weeks of ethanol delivery, and again after approximately 7 weeks of ethanol delivery, to 

maintain the groundwater ethanol concentration at ~ 1 g L-1. 

After approximately 11.6 weeks of ethanol delivery the biological processes within 

the column appeared to be at a pseudo-steady-state, where the distribution of chemical 

species along the length of the column remained relatively constant over the next 5 to 6 

weeks of analysis. At this steady-state, the ethanol being delivered to the column at port 
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C (51 cm) was between ~ 1.1 to 1.3 g L-1 ethanol (47 to 57 mmol L-1 C). At this stage the 

concentration of ethanol in the delivery solution being passed through the tubing of the 

mat inside the column was ~ 11 to 15 g L-1 ethanol. At steady-state the removal of 

ethanol observed by port J (181 cm) was between 42 and 87 % of that delivered at port C. 

Ethanol was never completely degraded by the end of the length of the column. Therefore 

biologically-mediated processes occurring due to ethanol delivery were not carbon 

limited at any stage during the experiment. Figure 5A.6 and Figure 5A.7 show the steady-

state groundwater chemistry along the length of the column 15.7 weeks after the start of 

ethanol delivery to the column.  
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Figure 5A.5  Ethanol delivery information: (a) contour plot of the ethanol concentration along the 

length of the column over the 18-week experiment; (b) ethanol concentration as a function of time 

in the ethanol delivery vessel solution which continuously recycles through the inner volume of the 

tubing in the polymer mat in the column; and (c) the volumetric flow rate of groundwater through 

the column as a function of time. 

Groundwater volumetric flow rates through the column over the 18-week 

experiment are also presented in Figure 5A.5(c). During the experiment, any variation in 

the groundwater volumetric flow through the column had no observable effect on the 

ethanol delivery rate to the column (observed directly downgradient from the ethanol 

delivery mat (50 cm)).  
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Figure 5A.6  Pseudo-steady-state groundwater chemistry along the length of the detailed column 

experiment, measured 15.7 weeks after the start of ethanol delivery to the column, where (a) shows 

the ethanol, acetate, propionate, butyrate, bicarbonate and methane concentrations, (b) shows the 

sulfate and sulfide concentrations, and (c) shows the Zn and Cu concentrations and the 

corresponding pH variation along the length of the column. 
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Figure 5A.7  Further pseudo-steady-state groundwater chemistry along the length of the detailed 

column experiment 15.7 weeks after the start of ethanol delivery to the column. The concentrations 

of calcium (Ca2+), chloride (Cl-), total iron (Fe), potassium (K+), magnesium (Mg2+), sodium (Na+), 

nitrate (NO3
--N), manganese (Mn2+), ammonium (NH4

+-N), and nitrite (NO2
--N) are described. 
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Figure 5A.8 shows contour plots of the acetate, propionate and n-butyrate 

concentrations along the length of the ethanol amended column over the experiment. 

These products were detected along the length of the column and are assumed to be 

intermediates formed from the oxidative degradation of ethanol due to microbial 

processes. No carbon intermediates were observed in the control column. Acetate was 

detected in the ethanol amended column after 1.0 weeks from port E (81 cm) onwards 

along the length of the column, indicating that the onset of ethanol oxidation was rapid. 

At steady-state, acetate was produced in the column between port F (101 cm) and G (121 

cm) and increased to ~ 0.12 g L-1 acetate (or ~ 4.2 mmol L-1 C) by port J (181 cm). 

Acetate was one of the main ethanol oxidation products formed, and represented 30 % of 

the total carbon at port J (181 cm) at steady-state (at 15.7 weeks). The half-reaction for 

the formation of acetate from the oxidation of ethanol is shown below. 

 
CH3CH2OH  +  H2O  →  CH3COO-  +  5H+  +  4e- 

 
Lower concentrations of propionate and n-butyrate were observed at port J (181 

cm), with n-butyrate not observed until 9.7 weeks and propionate not observed until 15.7 

weeks. At steady-state, n-butyrate was produced between port G (121 cm) and H (141 

cm) and increased to ~ 0.060 g L-1 n-butyrate (or ~ 2.8 mmol L-1 C) by port J (181 cm). 

Propionate was produced between port I (161 cm) and J (181 cm) and increased to ~ 

0.002 g L-1 propionate (or ~ 0.062 mmol L-1 C) at port J (181 cm) at steady-state. 

Intermediates of anaerobic ethanol oxidation such as acetate, propionate and butyrate 

have been reported in other studies (Barnes et al., 1991; Wu and Hickey, 1996; Fennell et 

al., 1997; Bagley et al., 2000; Kaseros et al., 2000; Nagpal et al., 2000; Kolmert and 

Johnson, 2001). Barnes et al. (1991) showed that acetate supported a slower sulfate 

reduction by SRB compared to ethanol. 

Low concentrations of methane (~ 1.1 x 10-3 mg L-1 methane (6.9 x10-5 mmol L-1 

C)) were also observed at port J (181 cm) after 15.7 weeks at steady-state, indicating that 

methanogenesis had commenced in the top region of the column in the later stages of the 

experiment. Bicarbonate was only measured along the length of the column once it was 

believed that the column was at steady-state (Figure 5A.6(a)). Bicarbonate was produced 

between port E (81 cm) and F (101 cm) and increased to ~ 68 mg L-1 bicarbonate (or ~ 

1.1 mmol L-1 C) at port J (181 cm) at steady-state (very low concentrations produced 

compared to ethanol concentrations within the column). The reaction for the formation of 

methane from ethanol, and the half-reaction for bicarbonate formation from the oxidation 

of ethanol and acetate are presented below. Bicarbonate produced may regulate pH 



Chapter 5A                                                                                                            PhD Thesis, Michelle Grassi 

 110 

(McGregor et al., 2002) by acting as a buffer, which may promote conditions that are 

supportive of SRB.  

 
CH3CH2OH  +  0.5H2O  →  1.5CH4  +  0.5HCO3

-  +  0.5H+ 
 
CH3CH2OH  +  5H2O  →  2HCO3

-  +  14H+  +  12e- 
 
CH3COO-  +  4H2O  →  2HCO3

-  +  9H+  +  8e- 
 

At steady-state, carbon mass balances at port J (181 cm) were between 29 - 73 % 

recovery of the ethanol plus carbon intermediates (from ethanol degradation) present, 

compared to the ethanol delivery concentration present at port C (51 cm). Note that for 

these carbon mass balances along the column length, to account for the approximate time 

required for the ethanol to travel from port C to port J, ethanol concentrations at port J 

were compared to delivered concentrations (at port C) at the time 2 weeks earlier. This 

unaccounted carbon that was delivered (27 – 71 % at port J) was not identified. In a 

laboratory-scale sulfate reduction bioreactor fed with ethanol, White and Gadd (1997) 

also had between 20 and 30 % total carbon unaccounted for, and they suggested that this 

carbon may have formed solids as biomass and carbonates which were not analysed. 
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Figure 5A.8  Contour plots of the concentrations of (a) acetate, (b) propionate and (c) n-butyrate 

products along the length of the ethanol amended column over the 18 weeks experiment after the 

start of ethanol delivery. 
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5A.3.4.2  pH, redox potential and dissolved oxygen concentration 

During the course of this experiment influent groundwater pH was maintained at 

5.5 ± 0.3 pH units. Before the commencement of ethanol delivery the pH along the length 

of the ethanol amended column was reasonably consistent, with pH ranging from 5.7 to 

5.8. After 2.1 weeks (~ 14 days) of ethanol delivery the pH increased by approximately 

half a pH unit at port E (81 cm) to 6.2. This trend continued over the next four weeks 

with these higher pH values observed from port E to the end of the column. Possible 

mechanisms for this increase in pH are discussed further in this chapter. After 8.0 weeks 

(~ 55 days) the pH was observed to decrease approximately 1 pH unit, from ~ 6.4 at port 

I (161 cm) to ~ 5.3 at port J (181 cm). Over the next 5 weeks this lower pH groundwater 

region at the top of the column extended to port H (141 cm). This observed decrease in 

column pH may have resulted from the formation of organic acids (such as acetic, 

propionic and n-butyric acids) and sulfide production (described later) as a result of 

ethanol oxidation due to microbial processes. Figure 5A.9(a) shows contour plot of the 

pH along the length of the ethanol amended column over the 18-week experiment. For 

the control column, no significant changes in the pH along the length of the column were 

observed (Figure 5A.10(a)). At steady-state (15.7 weeks), the pH of the influent 

groundwater increased from 5.7, to 6.0 at port F (101 cm), and 6.1 at port G (121 cm), 

then decreased by one pH unit to 5.1 at port H (141 cm), and remained at this lower pH at 

ports I (161 cm) and J (181 cm).  

The redox potential (Eh) of the groundwater at the influent and the effluent (port J, 

181 cm) is shown over the 18-week experiment for both the ethanol amended column 

(Figure 5A.9(b)) and the control column (Figure 5A.10(b)). No substantial difference in 

the Eh at the influent and port J was observed for the control column over the 

experimental time period. For the ethanol amended column, after approximately 2.3 

weeks (~ 16 days) the Eh at port J decreased slightly compared to the influent Eh from 

280 to 158 mV. This corresponded to the time that delivered ethanol reached port M. 

Then after approximately 8.0 weeks the Eh at port J changed significantly from > 100 

mV to < -150 mV, indicating substantially reducing conditions within the column at port 

J.  
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Figure 5A.9 Ethanol amended column over the 18-week experiment after the start of ethanol 

delivery: (a) Contour plot of the pH along the length of the column; (b) Eh at the influent and port 

J (181 cm) at the end of the column; and (c) DO at the influent and port J (181 cm) at the end of 

the column. 
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Figure 5A.10  Control column over the 18-week experiment: (a) Contour plot of the pH along the 

length of the column; (b) Eh at the influent and port J (181 cm) at the end of the column; and (c) 

DO at the influent and port J (181 cm) at the end of the column. 
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The dissolved oxygen (DO) of the groundwater at the influent and the effluent (port 

J, 181 cm) is also shown over the 18-week experiment for both the ethanol amended 

column (Figure 5A.9(c)) and the control column (Figure 5A.10(c)). The trend for the DO 

over the experimental period was similar for both the control and ethanol amended 

columns. The dissolved oxygen in the influent groundwater tended to increase slightly 

after approximately 8 weeks. This may have been due to an air leak into the N2 

atmosphere created above the influent groundwater storage vessel for the columns. This 

was not identified until after the end of this experiment. No significant changes in the 

reaction processes occurring downgradient along the length of this experiment were 

related to this air leak into the influent groundwater. The dissolved oxygen at port J of 

both the ethanol amended and control columns was generally low (< 1 mg L-1 O2). This 

suggested that significant microbial and chemical processes were also occurring in the 

columns to consume the delivered oxygen. This microbial oxygen consumption in the 

control column may have been due to the TOC in the soil or the DOC in the groundwater. 

Balanced reaction equations for the microbially-mediated consumption of oxygen via the 

oxidation of ethanol (with acetate as an intermediate) are shown below. 

 
CH3CH2OH  +  O2  →  CH3COO-  +  H+  +  H2O 
 
CH3COO-  +  2O2   →  2HCO3

-  +  H+ 

 

5A.3.4.3  Nitrogen species concentrations 

Figure 5A.11 shows contour plots of the nitrate and nitrous oxide concentrations (as 

N) along the length of the ethanol amended column over the 18-week experiment. 

Denitrification commenced very quickly (between 1.0 to 2.1 weeks) after the start of 

ethanol delivery, between port E (81 cm) and F (101 cm), 31 - 51 cm downgradient from 

the ethanol delivery mat. The position and rate of denitrification remained relatively 

constant along the length of the column over the remaining experimental time period with 

substantial removal ~ 5.9 mg L-1 NO3
--N (93 - 96 % removal) occurring between port E 

and F at steady-state. The percentage removal observed here is comparable to the 82 % 

nitrate removal (from a total influent concentration of 480 mg L-1 NO3
--N) observed by 

Patterson et al. (2002c) in similar column studies assessing the delivery of ethanol using 

silicone tubing polymer mats for total nitrogen removal from groundwater. Balanced 

reaction equations for microbially-mediated denitrification via the ethanol oxidation (with 

acetate as an intermediate) are shown below. 

 
CH3CH2OH  +  0.8NO3

-  →  CH3COO-  +  0.4N2  +  0.2H+  +  1.4H2O 
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CH3COO-  +  1.6NO3

-  +  0.6H+  →  2HCO3
-  +  0.8N2  +  0.8H2O 

 
Based on the above equations (which do not account for ethanol incorporation into 

microbial mass), microbially-mediated denitrification consumes protons when ethanol is 

used as an electron donor. The small pH increase observed at ports E (81 cm) and F (101 

cm) (at steady-state this increase was observed to occur at port F, see Chapter 5A, Section 

5A.3.4.2) may be a result of the denitrification processes, as the pH increases 

approximately correspond to the time and position that denitrification is observed. 
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Figure 5A.11  Contour plots of (a) the nitrate concentration and (b) the nitrous oxide concentration 

(as N) along the length of the ethanol amended column over the 18-week experiment after the start 

of ethanol delivery. 

For the ethanol amended column low concentrations of nitrous oxide were also 

detected at port D (61 cm) after 1.8 weeks from the start of ethanol delivery. The position 

of the production of nitrous oxide was comparable to the position of nitrate removal in 

the ethanol amended column. Only ~ 25 % of the nitrate removed was detected as nitrous 

oxide, with a production of ~ 1.5 mg L-1 N2O-N at port J (181 cm) at steady-state (from < 

0.03 mg L-1 N2O-N in the influent groundwater). Low concentrations of nitrous oxide (~ 

0.04 mg L-1 N2O-N) were also detected towards the top of the control column at ports H 

(141 cm), I (161 cm) and J (181 cm) after approximately 3 weeks. This detection of trace 
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concentrations of nitrous oxide suggests denitrifying (and reducing) conditions toward 

the top of the control column existed (Schipper and Vojvodić-Vuković, 2000; 2001), 

however no substantial decrease in nitrate was observed. 

5A.3.4.4  Sulfate concentrations 

Figure 5A.12 shows contour plots of the sulfate concentrations (as S) along the 

length of the ethanol amended column and the control column over the 18-week 

experiment. After about 2.1 to 3.0 weeks (from the start of ethanol delivery) slight 

reductions in sulfate concentrations (6.5 – 22 %) were observed from port F (101 cm) to 

port I (161 cm). Sulfate reduction slowly increased with time until almost complete 

removal of sulfate was observed at steady-state (particularly at ports I and J). Balanced 

reaction equations for microbially-mediated sulfate reduction via the oxidation of ethanol 

(with acetate as an intermediate) are shown below. 

 
CH3CH2OH  +  0.5SO4

2-  →  CH3COO-  +  0.5HS-  +  0.5H+  +  H2O 
 
CH3COO-  +  SO4

2-  →  2HCO3
-  +  HS- 
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Figure 5A.12 Contour plots of the sulfate concentration (as S) along the length of (a) the ethanol 

amended column and (b) the control column over the 18-week experiment after the start of ethanol 

delivery. 
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At steady-state sulfate reduction was observed to start between ports G (121 cm) 

and H (141 cm), with a reduction of 94 - 97 % of the influent sulfate groundwater 

concentration by port J (181 cm) (~ 35 mg L-1 SO4
2--S (influent) to ~ 1.1 mg L-1 SO4

2--S 

(port J)). There was no evidence of any sulfate reduction in the control column. When 

comparing the contour plot of Figure 5A.12, to the Eh and DO information in Figure 

5A.9(b) and Figure 5A.9(c), it can be observed that the development of sulfate reduction 

seems to correspond to conditions of very low redox potentials (< -150 mV) and 

dissolved oxygen concentrations (< 1 mg L-1 O2) at port J (181 cm), as suggested by 

Stumm and Morgan (1996). The regions of complete sulfate reduction (< 5 mg L-1 SO4
2--

S) observed in Figure 5A.12 are also closely associated in time and position with the 

regions of decreasing pH in the later stages of the column experiment at the most 

downgradient sample ports from the polymer mat (Figure 5A.9(a)). This pH decrease 

may have resulted from the release of H+ when ethanol is oxidised to acetate in the 

sulfate reducing process (see reaction equation above). 

5A.3.4.5  Metal and sulfide concentrations 
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Figure 5A.13  The relative concentrations (to influent concentrations) of the metal species along 

the length of the column after 15.7 weeks of ethanol delivery, when the column was assumed to be 

at pseudo-steady-state.  
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Figure 5A.13 shows the relative concentrations (to influent concentrations) of the 

metal species along the length of the column after 15.7 weeks of ethanol delivery, when 

the column was assumed to be at steady-state. Figure 5A.12 shows that there was a 91 % 

reduction in sulfate concentrations from port G (121 cm) to port I (161) along the length 

of the column at steady-state. One possible process for the removal of the metals Cu, Cd, 

Se, Zn and Ni may be metal sulfide precipitation due to microbially-mediated sulfate 

reduction. However, between ports E (81 cm) and F (101 cm) there was a substantial 

reduction in Cu concentration (81 %). This Cu removal is approximately 20 to 40 cm 

upgradient of the observed reduction in sulfate. Cu removal due to CuS production may 

still be the dominant Cu removal process from the groundwater as the concentration 

decrease in sulfate (as S) due to CuS precipitation would be 1.8 mg L-1 SO4
2--S (≈ 5.7 x 

10-5 mol L-1 SO4
2-). This sulfate concentration decrease may have been difficult to detect 

due to the error associated with the sulfate method (approximately 1.4 % at 30.0 mg L-1 

SO4
2--S, equivalent to an error of ± 0.43 mg L-1 SO4

2--S). Prior to the commencement 

sulfate reduction along the column length, between ports F (101 cm) and G (121 cm), 

there was also some Cd removal (33 %) and Zn removal (9 %) observed at steady-state. 

A possible process by which this early metal removal may have occurred may be 

enhanced sorption to the soil in the column with the observed increase in pH (to ~ 6.1 at 

port G (121 cm) at steady-state) at the same region along the column as the early metal 

removal (see Figure 5A.6(c)). Sorption profiles as a function of pH produced by 

Neubauer et al. (2002) for aqueous systems containing either goethite or ferrihydrite 

minerals, showed that Cu sorption was particularly sensitive at a pH around ~ 5 for both 

minerals. Zn sorption was shown to be sensitive at higher pHs of approximately ~ 7 for 

goethite and ~ 6 for ferrihydrite (Neubauer et al., 2002). Early metal removal may have 

also occurred due to sorption onto charged surfaces of biological material (termed 

biosorption), that may be present in these earlier areas of the column due to the aerobic 

oxidation and denitrification processes identified (Gadd, 1992; Chatterjee et al., 1996; 

Lovely and Coates, 1997, Utgikar at al., 2000; Ngwenya et al., 2003). Another process 

identified for earlier metal removal may be the formation of metal carbonates (Waybrant 

et al., 1998; Benner et al., 1999; McGregor et al., 2002).  

At steady-state between ports G (121 cm) and H (141 cm) initial removal of Se (84 

%) and Ni (20 %) was observed corresponding to the commencement of sulfate reduction 

along the column length. Complete removal of Cu, Cd, Se, Zn and Ni was observed by 

port I (161 cm). The complete metal removal occurred in the following order along the 

length of the column as the groundwater moves to the top of the column: Cu first, then 

Cd, then Zn ≈ Se, and then Ni. If the formation of metal sulfides was assumed to be the 



Chapter 5A                                                                                                            PhD Thesis, Michelle Grassi 

 118 

dominant metal removal process, then this sequence of metal removal observed in this 

column experiments is consistent with the stability of the metal sulfides at equilibrium, as 

indicated by the equilibrium constants for dissolution of these sulfide minerals. The 

equilibrium constants, Keq, for the dissolution reactions of the sulfide minerals for Cu, 

Cd, Zn, Pb and Fe are listed in Table 5A.5. These equilibrium constants were sourced 

from the standard database that was distributed with the geochemical modelling program 

PHREEQC-2 (Parkhurst and Appelo, 1999). Equilibrium constants are useful for 

evaluating the aqueous solubility of sparingly soluble compounds under various 

conditions. For sulfides, S2- is not normally present in significant concentrations due to 

the acid-base hydrolysis reaction S2- + H2O ↔ HS-(aq) + OH- being strongly shifted to 

the right (except in very basic conditions), and also due to the pKa2 of H2S being less than 

13 - 14 and poorly known (Myers, 1986). For this reason the following dissolution 

equation is more appropriate for metal sulfides: 

 

  
][H

][HS ][Metal    
-2

+

+

=eqK for metal sulfides, where MetalS(s)  +  H+(aq)  ↔  HS-(aq)  +  Metal2+(aq)     

                         
It can be seen that Keq is smaller for sulfides of Cu, compared to Cd, Zn and Ni, 

which suggests that the solubility of CuS (covellite) is much lower than that of CdS 

(greenockite), then ZnS (sphalerite) and then NiS (millerite). This may relate to why the 

concentration of Cu in the groundwater along the length of the column reduced first (or 

closer to the position of ethanol delivery) compared to the other metals in Figure 5A.13, 

because it was more likely to form CuS (if metal sulfide formation was the process by 

which the Cu removal was occurring). Cu removal via formation of iron sulfide 

complexes, may have also been possible given the Keq of CuFeS2 (chalcopyrite). 

 
Table 5A.5  The equilibrium constants, Keq, for the dissolution of various sulfides of Cu, Cd, Zn, Pb 

and Fe, in decreasing solubility order going down the table. 

Compound (mineral name) Reaction Keq α 
FeS (ppt) FeS + H+ → Fe2+ + HS- 1.22 x 10-4 

FeS (mackinawite) FeS + H+ → Fe2+ + HS- 2.25 x 10-5 
NiS (millerite) NiS + H+ → Ni2+ + HS- 9.08 x 10-9 

ZnS (β, wurtzite) ZnS + H+ → Zn2+ + HS- 2.08 x 10-10 
ZnS (A) ZnS + H+ → Zn2+ + HS- 8.87 x 10-10 

ZnS (α, sphalerite) ZnS + H+ → Zn2+ + HS- 2.41 x 10-12 
CdS (greenockite) CdS + H+ → Cd2+ + HS- 1.18 x 10-16 

PbS (galena) PbS + H+ → Pb2+ + HS- 7.38 x 10-16 
CuS (covellite) CuS + H+ → Cu2+ + HS- 9.16 x 10-24 

CuFeS2 (chalcopyrite) CuFeS2 + 2H+ → Cu2+ + Fe2+ + 2HS- 5.37 x 10-36 
α

  The Keq values quoted here come from the minteq.dat database that was distributed with the program PHREEQC-
2 (Parkhurst and Appelo, 1999) 
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Figure 5A.14 shows contour plots of the Zn and Cu concentrations along the length 

of the ethanol amended column during the 18-week experimental time period (the metals 

Cd, Ni and Se were not measured on a regular weekly basis). After 2.1 weeks (or ~ 14 

days) initial concentrations of Zn and Cu along the length of the ethanol amended column 

were shown to decrease slightly at ports G and H (for Zn and Cu respectively). This is 

around the same time and position where slight decreases in sulfate concentration were 

observed. Cu concentrations are shown to be removed from port E (81 cm) to the end of 

the length of the column for the rest of the experimental time period. Zn seemed more 

persistent, with only fluctuating reductions in Zn concentrations from approximately ~ 

2.1 weeks to ~ 7.0 weeks. After ~ 7.0 weeks, more substantial Zn removal was observed 

at port J (181 cm). This zone of substantial Zn removal migrated and stabilised to the 

region between ports F (101 cm) and G (121 cm) for the remainder of the experiment at 

steady-state.  
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Figure 5A.14 Contour plots of (a) the Cu concentration and (b) the Zn concentration along the 

length of the ethanol amended column over the 18-week experiment after the start of ethanol 

delivery. 

After 1.0 week the total dissolved iron concentrations were shown to increase in the 

ethanol amended column downgradient from port E (81 cm), to a maximum of 15 mg L-1 

Fe at port J (181 cm) after 3.0 weeks (Figure 5A.15). At steady-state, Fe concentrations 
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started to increase between port D (61 cm) and E (81 cm) from negligible concentrations 

to ~ 0.25 mg L-1 Fe. This increase continued until between ports H (141 cm) and I (161 

cm), where a faster rate of increase in Fe concentration was observed, from ~ 0.37 to ~ 

3.1 mg L-1 Fe (Figure 5A.7).  
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Figure 5A.15  Contour plots of the iron concentration along the length of the ethanol amended 

column over the 18-week experiment after the start of ethanol delivery. 

The observed iron production is in contrast to iron removal under ethanol promoted 

sulfate reducing conditions observed by Tsukamoto et al. (2004), where after 56 days of 

iron/sulfate-contaminated water flow (3 mL min-1, column retention time of 5 hours) 

through an ethanol fed sulfate reducing column (filled with a sand/manure mix), 97 % of 

iron removal (from an initial concentration of 100 mg L-1) was shown in effluent 

groundwater. Very efficient iron reduction (assumed via iron sulfide precipitation) was 

also observed by Kaksonen et al. (2003), with over 99.8 % iron removal (from an initial 

concentration of 57 mg L-1) within an ethanol fed sulfate reducing bioreactor (with a 

hydraulic retention time of 16 hours). Iron concentrations also declined in an in situ field-

scale PRB made from compost/limestone/gravel mix for the treatment of metal 

contamination of groundwater, from as much as 1000 mg L-1 to less than 50 mg L-1, as a 

result of FeS precipitation (Benner et al., 1997; 1999). In laboratory-scale column studies, 

Waybrant et al. (2002) also observed complete iron removal from simulated acid mine-

drainage water (from an initial concentrations of 300 - 1200 mg L-1) flowing past an 
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organic carbon based PRB containing a mixture of woodchips, sawdust and plant/animal 

based composts at a slow linear velocity through the column of 9.5-9.7 m/year. The 

groundwater linear velocity applied in this study was approximately 3.6 times faster. FeS 

(in precipitate form and mackinawite) has a very high equilibrium constant for 

dissolution suggesting that it is more soluble than the other precipitated metal sulfides 

described in Table 5A.5. This may explain why no reduction in Fe concentration was 

observed along the length of the column due to FeS formation in the presence of excess 

dissolved sulfide (see further discussion in this section for description of sulfide 

concentrations). The formation of FeS may not be a favourable process, or as a result of 

the rate of groundwater flow through the column, the column length may not have been 

enough to observe this slower FeS formation process. Additionally, FeS formation may 

be occurring, however the rate of Fe dissolution into the column groundwater may be 

faster than the rate of FeS formation. 

The increase in Fe in this study may have resulted from the microbially-mediated 

reduction dissolution of iron(III) oxides minerals bound in the soil in the column to more 

soluble Fe(II) (Lovely and Phillips, 1986; Lovely, 1991; Appelo and Postma, 1993; 

Heron et al., 1994; Roden and Zachara, 1996; Cooper et al., 2000). The microbially-

mediated reduction dissolution of iron(III) oxide minerals releases Fe2+ and OH- into 

solution. Evidence of the presence of goethite as an Fe(III) mineral present in the 

Spearwood sand used in this column experiment is suggested by McArthur and Bettenay 

(1960), and may be reductively dissolved by microbial activities due to ethanol delivery 

(Roden and Zachara, 1996; Cooper et al., 2000), producing Fe2+ in solution and removing 

H+, which may also explain the increases in pH observed. Goethite is often one of the 

main iron(III) oxide minerals present in soils in subtropical areas (Juang and Chung, 

2004). Balanced reaction equations for microbially-mediated reduction of goethite via the 

oxidation of ethanol (with acetate as an intermediate) are shown below.  

 
CH3CH2OH  +  4FeOOH  +  7H+  →  CH3COO-  +  4Fe2+  +  7H2O 
 
CH3COO-  +  8FeOOH  +  15H+  →  2HCO3

-  +  8Fe2+  +  12H2O  
 

Another factor resulting in the increase in Fe concentration at the most 

downgradient sample ports from the polymer mat, particularly in the later stages of the 

experiments (at steady-state, see Figure 5A.7), may be the decrease in pH observed in this 

region, as the solubility of Fe is extremely sensitive to pH change. According to the Eh-

pH diagrams for Fe-S-O-H system FeS is extremely unstable and unlikely to form except 

at very high pHs and low redox potentials (Brookins, 1988). A small increase in 
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dissolved iron concentrations was observed in the control column at the top ports of the 

column, with 0.084 mg L-1 Fe observed at port J (181 cm) at steady-state. 

Assuming that for every mole of sulfate reduced and converted to sulfide, it is 

possible for one mole of dissolved divalent metal ions contaminating the groundwater to 

be precipitated as a metal sulfide, the total concentration of measured metals dissolved in 

the groundwater was 2.6 x 10-4 mol L-1 (excluding those metals that did not migrate past 

the ethanol delivery position along the column) would require 2.6 x 10-4 mol L-1 of SO4
2- 

(equivalent to 8.5 mg L-1 SO4
2--S) to be completely precipitated as metal sulfides. There 

was approximately an excess of 4 times the sulfate present in the groundwater to allow 

for all the metals to be precipitated as metal sulfides. Between 94 - 97 % of the sulfate 

present in the groundwater was reduced to sulfides at steady-state, therefore excess 

sulfides were produced to promote metal sulfide precipitation.  
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Figure 5A.16  Contour plot of the dissolved sulfide concentration (as S) along the length of the 

ethanol amended column over the 18-week experiment after the start of ethanol delivery. 

Figure 5A.16 shows a contour plot of the dissolved sulfide concentration along the 

length of the ethanol amended column over the total experimental time period. First 

evidence of sulfide production was observed at the top of the ethanol column (port J (181 

cm)) after approximately 6.1 weeks. After 10 weeks the zone of dissolved sulfide 

production migrated closer to the location of ethanol delivery, and appeared to reach a 

steady-state production along the length of the column. At steady-state, initial low sulfide 



Metal Bioprecipitation Soil Column Experiments 

 123

production was observed between port G (121 cm) and H (141 cm), with higher sulfide 

concentrations observed at ports I (161 cm) and J (181 cm) (~ 27.2 mg L-1 S2--S). High 

sulfide production levels at port I and J, corresponded to the position along the length of 

the column where there was removal of all dissolved metals (except Fe) in the 

groundwater. Assuming complete sulfate reduction and that all the dissolved divalent 

metal ions present in the groundwater were precipitated as metal sulfides (not including 

dissolved Fe), there would be approximately 26.9 mg L-1 SO4
2--S that was reduced to 

aqueous sulfides at steady-state (and not metal-sulfide precipitates). This concentration is 

well balanced to the observed ~ 27.2 mg L-1 S2--S produced at port J (181 cm).  

By comparing Figure 5A.9(a) and Figure 5A.16, it is observed that the production 

of sulfide within the column corresponds to the time and position along the length of the 

column where acidic conditions are observed. Lower pH conditions due to the presence 

of excess dissolved sulfides resulting from sulfate reduction, has also been shown in 

studies by Greben et al. (2000) and Nagpal et al. (2000); however in these studies gaseous 

hydrogen sulfide was stripped from the contaminated groundwater resulting in more 

alkaline groundwater. Nagpal et al. (2000) observed a decrease in pH when the gas 

stripping system failed. 

5A.3.4.6  Summary of the groundwater chemistry from column experiment 

Table 5A.6 is a summary of the chemical species concentration data from this 

detailed metal bioprecipitation column experiment. Lag-times and half-lives of removal 

and production transformation processes at steady-state are listed. From Table 5A.6 it can 

be clearly observed that at steady-state, lag-times and positions along the column length 

for the removal of sulfate correspond to the lag-times and position of sulfide production. 

It can also be seen that the position and lag-time for the commencement of decreases in 

Zn and Cu concentrations occurs at least one set of sample ports before the observation of 

significant removal of sulfate. However, at steady-state, the main removal of Zn (91 %) 

occurs within the region of observed sulfate removal. For Cd, Ni and Se at steady-state, 

the position of complete removal and lag-time for removal generally corresponds to the 

lag-time and position of sulfate removal.  

With the exception of the formation of acetate and bicarbonate, all of the half-lives 

calculated for transformation processes were generally between 0.25 and 2.7 days, which 

represent groundwater travel distance along the column length of 2.5 to 26.5 cm 

(according the Equation 5A.5). This distance was generally within the distance between 

two sample ports. Since the transformation only occurred over a narrow range and 

measurement points were not at a fine enough scale, some of the transformation rates 
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may be underestimated. The similarity of the half-life transformation rates of all species 

suggests that some transformation processes are related, for example the reduction of 

sulfate and corresponding production of sulfide. The denitrification half-lives of 1.2 – 2.3 

days observed at steady-state were an order of magnitude larger than the denitrification 

half-lives of 0.12 - 0.34 days observed by Patterson et al. (2002c) in similar column 

studies assessing the delivery of ethanol using silicone tubing polymer mats. The larger 

observed half-lives from this study may be a factor of the lower accuracy of half-life 

estimates due to the distance between sample ports. 

The main carbon intermediate of ethanol oxidation was shown to be acetate (with 

low concentrations of propionate, n-butyrate, bicarbonate and methane produced). 

Observations of decreases in dissolved oxygen, nitrate and sulfate and increases in 

dissolved total iron suggested that microbial ethanol oxidation was mediated by 

microorganisms that can use O2, NO3
-, Fe(III) and SO4

2- as electron acceptors. 

At steady-state, removal of between ~ 98 and ~ 100 % of all metals was observed 

(except for Ni, which was 75 %; and Fe, which increased in concentration). This is 

consistent with the metal removal from ethanol fed sulfate reducing bioreactor effluents 

containing high total metal concentrations in excess of 250 mg L-1 total metals (Barnes et 

al., 1991; Greben et al., 2000; Kaksonen et al., 2003). This metal removal is also 

comparable with the high metal removal efficiencies (93.5 - 99.9 %) observed at a field-

scale bioremediation treatment system for metal-contaminated groundwater (Cu, Zn, Ni, 

Cd) using an in situ PRB consisting of plant based compost to promote sulfate reduction 

(McGregor et al., 2002; Ludwig et al., 2002). 

Observed increases in the pH may have been due to OH- release resulting from the 

microbially-mediated ethanol promoted denitrification and the reductive dissolution of 

ferric oxide minerals. Observed decreases in column pH may have resulted from the 

formation organic acids (such as acetate, propionate and n-butyrate) as a result of ethanol 

oxidation due to microbial processes identified. Lower pH groundwater may have also 

resulted from the release of H+ ions via microbially-mediated sulfate reducing processes 

using ethanol as a carbon substrate. Some pH buffering may have resulted from the 

formation of bicarbonate. The dissolution of minerals in the sand matrix of the column 

(and precipitation) is very sensitive to pH change, and the dissolution of some minerals 

may also buffer the pH of the column groundwater. The precise effects on the pH of the 

column groundwater due to specific processes may be better defined by numerically 

modelling the experimental data.  

Biological processes identified to be occurring as a result of ethanol delivery may 

have resulted in the observed decrease in redox potential at port J for the ethanol 
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amended column. The substantial decreases in redox potential at port J (at 8 weeks) was 

also observed on commencement of sulfide production at port J and Zn removal at port 

G. The commencement of sulfide production also corresponded to the time and position 

along the length of the column at which the pH along the column length began to 

decrease (port J).  

5A.4  Conclusions 

This study shows a successful laboratory simulation of the use of this innovative 

amendment delivery system to deliver ethanol as a carbon source for the promotion of an 

in situ sulfate reducing reactive zone for the bioremediation of metal-contaminated 

groundwater, via simultaneous sulfate reduction resulting in metal-sulfide precipitation. 

The removal of the metals (except Cu) was likely to have been a result of the formation 

of metal sulfide precipitates forming from the ethanol promoted microbially-mediated 

sulfate reduction produced in the columns. Other processes, such as mineral sorption, 

biosorption, or the formation of other metal precipitates, may have resulted in the early 

removal of substantial concentrations of Cu (and initial removal of low concentrations of 

Cd and Zn) at sample ports upgradient of the position of observed sulfate reduction.  

The ethanol mass flux delivery from the silicone tubing mat used in this 

biologically-active column experiment was found to be highly predictable due to there 

being no statistically significant difference between the measured ethanol mass flux 

delivery and the ethanol mass flux delivery estimate from silicone tubing predicted by the 

model from Chapter 4. This carbon source polymer mat delivery system may be very 

useful in promoting the biological treatment of contaminated groundwater as the carbon 

source delivery concentration was highly controllable, with the modification of ethanol 

delivery concentrations to the column made easily by manual modification of the ethanol 

concentrations continuously recycling through the inner volume of the polymer mat 

tubing. Consistent ethanol delivery concentrations (between ~ 1.1 and ~ 1.3 g L-1 ethanol) 

to the groundwater directly downgradient from the polymer mat were also maintained at 

steady-state to enable consistent biological activity (from week 11.6 to week 18). 
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Table 5A.6  Summary of the concentration changes of the chemical species in the groundwater 

along the length of the detailed metal bioprecipitation column. Information includes the time and 

position of the first incidence of removal/production after commencement of ethanol delivery (1 g L-

1) to the column; and removal/production values at pseudo-steady-state. Pseudo-steady-state was 

considered to start after approximately 11.6 weeks after commencement of ethanol delivery and was 

considered to be where the concentration of the chemical species remained relatively constant along 

the length of the column over the next 5 to 6 weeks of analysis. The specific day used to describe the 

steady-state was 15.7 weeks after commencement of ethanol delivery to the column. 

Pseudo-steady-state activity characteristics 

Chemical 
species 

Time of 1st 
incidence of 

concentration 
change 
 (weeks) 

Position along 
column of 1st 
incidence of 

concentration 
change  

Lag-time from 
position of 

ethanol delivery 
(50 cm) to 

concentration 
change 

tL (days) 
 

Concentration 
change from the 
influent to port J 

(181 cm) 

Position along 
column of 

concentration 
change 

Half-life of 
concentration 

changeα 
t1/2 

(days) 

REMOVAL 
Sulfate  
(SO4

2--S) 
 
(no evidence of 
sulfate 
reduction 
observed in the 
control column) 

within 2.1 to 
3.0 

(~ 14 – 21 days) 

port G (121 
cm) 

removal occurred 
between port G 

(121 cm) and port 
H (141 cm)  

≈ 
lag-time from 

ethanol delivery 
9.4-12 days 

 

removal of ~ 35 mg 
L-1 SO4

2--S (inf) to 
~ 1.1 mg L-1 SO4

2--
S (port J) 

 
~ 94 to 97 % 

removal 

removal from 
port H (141 

cm) to the end 
of the column 
at port J (181 

cm) 

0.61 – 2.5 

Zinc  
(Zn(II)) 
 
(no evidence of 
Zn removal 
observed in the 
control column) 

within 2.1 to 
3.0 

(~ 14 – 21 days) 

port G (121 
cm) 

removal occurred 
between port F 

(101 cm) and port 
G (121 cm)  

≈ 
lag-time from 

ethanol delivery 
6.7-9.4 days 

removal of ~ 11.8 
mg L-1 Zn (inf) to ~ 
0.0461 mg L-1 Zn 

(port J) 
 

~ 99 to 100 % 
removal 

removal from 
port G (121 

cm) to the end 
of the column 
at port J (181 

cm) 

0.56 – 2.3 

Copper 
(Cu(II)) 
 
(no evidence of 
Cu removal 
observed in the 
control column) 

2.1 
(~ 14 days) port E (81 cm) 

removal occurred 
between port E 

(81 cm) and port 
F (101 cm)  

≈ 
lag-time from 

ethanol delivery 
4.1 – 6.7 days 

removal of ~ 4.06 
mg L-1 Cu (inf) to ~ 

0.055 mg L-1 Cu 
(port J) 

 
~ 98 to 100 % 

removal 

removal from 
port F (81 cm) 
to the end of 
the column at 

port J (181 cm) 

0.97 – 1.6 

Cadmium 
(Cd(II)) 

n.a. n.a. 

removal occurred 
between port G 

(121 cm) and port 
H (141 cm)  

≈ 
lag-time from 

ethanol delivery 
9.4 – 12 days 

removal of ~ 0.027 
mg L-1 Cd (inf) to < 
0.0005 mg L-1 Cd 

(port J) 
 

> 98 % removal 

removal from 
port H (141 

cm) to the end 
of the column 
at port J (181 

cm) 

0.60 

Nickel 
(Ni(II)) 

n.a. n.a. 

removal occurred 
between port H 

(141 cm) and port 
I (161 cm)  

≈ 
lag-time from 

ethanol delivery 
12 – 15 days 

 

removal of ~ 0.04 
mg L-1 Ni (inf) to < 
0.01 mg L-1 Ni (port 

J) 
 

> 75 % removal 

removal from 
port I (161 cm) 

to the end of 
the column at 

port J (181 cm) 

2.6 

Selenium 
(Se(VI)) 

n.a. n.a. 

removal occurred 
between port G 

(121 cm) and port 
I (161 cm)  

≈ 
lag-time from 

ethanol delivery 
9.4 – 15 days 

 

removal of ~1.9 mg 
L-1 Se (inf) to ~ 
0.004 mg L-1 Se 

(port J) 
 

~ 100 % removal 

removal from 
port H (141 

cm) to the end 
of the column 
at port J (181 

cm) 

 
 
 
 

0.86 
 
 
 
(table cont. →) 
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Pseudo-steady-state activity characteristics 

Chemical 
species 

Time of 1st 
incidence of 

concentration 
change 
 (weeks) 

Position along 
column of 1st 
incidence of 

concentration 
change  

Lag-time from 
position of 

ethanol delivery 
(50 cm) to 

concentration 
change 

tL (days) 
 

Concentration 
change from the 
influent to port J 

(181 cm) 

Position along 
column of 

concentration 
change 

Half-life of 
concentration 

changeα 
t1/2 

(days) 

Nitrate 
(NO3

--N) 
 
(no evidence of 
nitrate removal 
observed in the 
control 

columnβ) 

within 1.0 to 
2.1 

(~ 7 - 14 days) 
port E (81 cm) 

removal occurred 
between port E 

(81 cm) and port 
F (101 cm)  

≈ 
lag-time from 

ethanol delivery 
4.1 – 6.7 days 

 

removal of ~ 5.9 
mg L-1 NO3

--N (inf) 
to < 0.7 mg L-1 
NO3

--N (port J) 
 

~ 93 to 96 % 
removal 

removal from 
port F (81 cm) 
to the end of 
the column at 

port J (181 cm) 

1.2 – 2.3 

Ethanol 
(CH3CH2OH) 
 
(no ethanol was 
delivered to the 
control column) 
 

difficult to 
interpretχ 

difficult to 
interpretχ 

difficult to 
interpretχ 

removal of ~ 1.1 g 
L-1 CH3CH2OH 

(port C) to ~ 0.14 g 
L-1 CH3CH2OH 

(port J), (~ 48 to ~ 
6.0 mmol L-1 as C) 

 
~ 42 to 87 % 

ethanol removalδ 

 

difficult to 
interpretχ 

difficult to 
interpretχ 

Dissolved 
oxygen  
(DO) η within 1.0 

(~ 7 days) n.a. n.a. 

decreased from 1.1 
to 5.7 mg L-1 O2 at 
the influent, to 0.5 
to 0.7 mg L-1 O2 at 

port J (181 cm) 
 

n.a. n.a. 

Redox 
potential 
(Eh) η 
 
(no significant 
change in redox 
potential along 
the length of the 
control column) 

2.3  
(~ 16 days) for 

an initial 
decrease 

compared to 
influent, then 

8.0 (~ 56 days) 
for a very 
significant 
negative 

difference 
compared to 

influent  

n.a. n.a. 

decreased from 179 
to 292 mV at the 

influent, to -194 to -
228 mV at port J 

(181 cm)  

n.a. n.a. 

PRODUCTION 
Sulfide  
(S2--S) 
 
(no sulfide 
production 
observed in the 
control column) 

6.1 
(~ 43 days) 

port J (181 
cm) 

production 
occurred between 
port G (121 cm) 
and port H (141 

cm)  
≈ 

lag-time from 
ethanol delivery 
7.1 – 9.1 days 

 

from < 2.5 mg L-1 
S2--S (inf) to a 
production of  

~ 27 mg L-1 S2--S 
(port J) 

 
represents ~ 79 % 

of the SO4
2--S 

removed 
 

production 
from port H 

(141 cm) to the 
end of the 

column at port 
J (181 cm) 

0.40 – 2.5 

Nitrous oxide 
(N2O-N) 
 
(some nitrous 
oxide 
production 
observed in the 
control 

columnφ) 

within 0 to 1.8 
(~ 0 - 13 days) port D (61 cm) 

production 
occurred between 

port B (41 cm) 
and port C (51 

cm)κ 
≈ 

lag-time from 
ethanol delivery 

2.6 hours 

from < 0.03 mg L-1 
N2O-N (inf) to a 

production of  
~ 1.5 mg L-1 N2O-N 

(port J) 
 

maximum N2O 
observed at port F 

(101 cm) with ~ 2.4 
mg L-1 N2O-N 

produced 

production 
from port C (51 
cm) to the end 
of the column 
at port J (181 

cm) 

0.62 – 1.6 

Dissolved 
Iron 
(total Fe = 
Fe(II) + Fe(III)) 
 
(some dissolved 
iron production 
observed in the 
control 

columnγ) 

1.0 
(~ 7 days) port E (81 cm) 

production 
occurred between 

port D (61 cm) 
and port E (81 

cm) 
≈ 

lag-time from 
ethanol delivery 
1.6 – 4.6 days 

from 0.118 mg L-1 
Fe (inf) to a 

production of 
~ 5.03 mg L-1 Fe 

(port J) 
 
 

production 
from port E (81 
cm) to the end 
of the column 
at port J (181 

cm) 

 
 
 
 

0.76 – 2.7 
 
 

 
(table cont. →) 
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Pseudo-steady-state activity characteristics 

Chemical 
species 

Time of 1st 
incidence of 

concentration 
change 
 (weeks) 

Position along 
column of 1st 
incidence of 

concentration 
change  

Lag-time from 
position of 

ethanol delivery 
(50 cm) to 

concentration 
change 

tL (days) 
 

Concentration 
change from the 
influent to port J 

(181 cm) 

Position along 
column of 

concentration 
change 

Half-life of 
concentration 

changeα 
t1/2 

(days) 

Acetate 
(CH3COO-) 
 
(no acetate 
production 
observed in the 
control column) 

1.0 
(~ 7 days) port E (81 cm) 

production 
occurred between 
port F (101 cm) 
and port G (121 

cm) 
≈ 

lag-time from 
ethanol delivery 
6.7 – 9.4 days 

 

from <0.004 g L-1 
CH3COO- (inf) to a 

production of 
~ 0.12 g L-1 

CH3COO- (port J) 
(<0.13 to ~ 4.2 
mmol L-1 as C) 

production 
from port G 

(121 cm) to the 
end of the 

column at port 
J (181 cm) 

2.0 – 4.4 

Propionate 
(CH3CH2COO-) 
 
(no propionate 
production 
observed in the 
control column) 

16 
(~ 110 days) 

port J (181 
cm) 

production 
occurred between 

port I (161 cm) 
and port J (181 

cm) 
≈ 

lag-time from 
ethanol delivery 

15 – 17 days 

from <0.001 g L-1 
CH3CH2COO- (inf) 
to a production of 

~ 0.002 g L-1 
CH3CH2COO- (port 

J)  
(<0.041 to ~ 0.062 

mmol L-1 as C) 

production at 
the end of the 
column at port 

J (181 cm) 

0.54 

n-butyrate 
(CH3CH2CH2COO-) 
 
(no n-butyrate 
production 
observed in the 
control column) 

10 
(~ 68 days) 

port J (181 
cm) 

production 
occurred between 
port G (121 cm) 
and port H (141 

cm)  
≈ 

lag-time from 
ethanol delivery 

9.4– 12 days 

from  
<0.0005 g L-1 

CH3CH2CH2COO- 
(inf) to a production 

of 
~ 0.061 g L-1 

CH3CH2CH2COO- 
(port J) 

(<0.0057 to ~ 2.8 
mmol L-1 as C) 

production 
from port H 

(141 cm) to the 
end of the 

column at port 
J (181 cm) 

0.25 – 0.82 

Bicarbonate 
(HCO3

-) 
 

n.a. n.a. 

production 
occurred between 

port E (81 cm) 
and port F (101 

cm) 
≈ 

lag-time from 
ethanol delivery 
3.5 – 5.8 days 

from ~ 6 mg L-1 
HCO3

- (inf) to a 
production of 

~ 68 mg L-1 HCO3
- 

(port J)  
(~ 0.098 to ~ 1.1 
mmol L-1 as C) 

production 
from port F 

(101 cm) to the 
end of the 

column at port 
J (181 cm) 

4.9 

Methane 
(CH4) 
 
(no methane 
production 
observed in the 
control column) 

16 
(~ 110 days) 

port J (181 
cm) 

production 
occurred between 

port I (161 cm) 
and port J (181 

cm) 
≈ 

lag-time from 
ethanol delivery 

15 – 17 days 

from <0.0002 mg L-

1 CH4 (inf) to a 
production of 

~ 1.1 x 10-3 mg L-1 
CH4 (port J)  

(<1.2 x 10-5 to ~ 6.9 
x 10-5 mmol L-1 as 

C) 

production at 
the end of the 
column at port 

J (181 cm) 

0.78 

n.a.  data not available. 
α  Half-lives of the concentration change were calculated assuming 1st order exponential decay/growth. 
β  No evidence of nitrate removal observed in the control column to within the detection limits of the nitrate analysis. 
χ  Decreases in ethanol concentration due to consumption by bacterial activities along the length of the column were 
difficult to interpret due to the slow change of ethanol concentration in the ethanol delivery vessel and also due to slight 
variation in the flow rate of groundwater through the column. 
δ  This percentage ethanol removal is taken as the difference in ethanol concentration at the end of the column at port J 
(181 cm) to the port 1 cm downgradient from ethanol delivery at port C (51 cm). 
η  Data only measured at influent and port J (181 cm). 
φ  At steady-state a very small amount of nitrous oxide (~ 0.04 mg L-1 N2O-N) was observed forming towards the end of 
the control column from ports H (141 cm) to port J (181 cm). The amount of N2O formed was too small to be detected 
within the error of the nitrate analysis (± 0.23 mg L-1 NO3

--N). 
κ  This production N2O at the port directly after ethanol delivery (even at the low concentration of ~ 0.06 mg L-1 N2O-
N) suggests that denitrification commences virtually as soon as ethanol delivery occurs (within 2.6 hours). 
γ Slight production of dissolved iron (0.084 mg L-1 Fe) observed in the control column at steady-state at port J (181 cm). 
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5B. Reactive Multicomponent Transport Modelling of the 

Metal Bioprecipitation Experiment 

5B.1  Introduction and objectives 

In this chapter the extensive set of experimental data from the metal 

bioprecipitation column experiment was analysed with a numerical model to provide a 

quantitative, thermodynamic based interpretation of the biogeochemical reactions that 

occurred in the laboratory-scale experiment (Chapter 5A). Reactive multicomponent 

transport modelling combines the simulation of hydrological transport of dissolved 

aqueous species (major ions, trace metals, organic compounds) along the length of the 

column with the relevant abiotic and biologically-mediated reactive processes. The 

reactive processes described by this type of modelling might include aqueous 

complexation, mineral dissolution/precipitation, ion exchange and surface complexation 

reactions. It might also include the simulation of irreversible degradation processes of 

organic compounds as well as of the microbial activity that determines the rates of these 

degradation processes. The reactive processes might proceed at very different rates, 

requiring numerical solution techniques to be adaptable. Reactions that proceed fast 

relative to hydrogeological transport, like advection-dispersion reactions, can be 

mathematically treated as equilibrium reactions (according to the local equilibrium 

assumption, LEA), whereas reactions that proceed slower (again, relative to 

hydrogeological transport) need to be treated as kinetic reactions.  

The capability to simultaneously quantify transport and reactions is important for 

the design and efficient operation of field-scale remediation applications involving 

bioprecipitation (Duthy, 1993; Barry et al., 2002; Lovely, 2003). The qualitative 

understanding that is created as part of the modelling study, for example the development 

of a well-defined conceptual model that clearly identifies the relevant processes, will also 

complement the further analysis and interpretation of the effectiveness of the silicone 

polymer mat as an ethanol delivery source to promote reducing conditions and 

metal/sulfate contaminant remediation at a field scale.  

5B.2  The experimental data to be modelled 

The data from the column experiment described in Chapter 5A indicates that the 

experiment can be divided into two separate stages, an initial stage that is governed by 

dynamic biogeochemical changes and a second stage characterised by more or less 
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steady-state concentration profiles of the dissolved species (after approximately day 82). 

As the prediction of the dynamics of geochemical and microbial changes can be crucial 

for a remedial design, for example where a pulse-wise delivery of ethanol or other 

organic substrates is planned, the decision was made to develop a model that is capable of 

describing and quantifying such dynamic changes. Therefore the model development and 

calibration included all hydrochemical data collected from the ethanol amended metal 

bioprecipitation column. 

Only the removal of dissolved zinc from the groundwater was simulated within the 

model, because the results from Chapter 5A suggested that the major removal mechanism 

for zinc was ZnS precipitation as a result of microbially-mediated sulfate reduction. 

Copper removal was not simulated here, as the data suggested that the copper 

immobilisation process, unlike zinc immobilisation, was not solely caused by metal-

sulfide precipitation. It was speculated that copper may have been immobilised through 

mineral sorption, biosorption, or the formation of other copper precipitates (Chapter 5A, 

Section 5A.3.4.5). An accurate quantification of this removal process was beyond the 

scope of the present modelling study. 

5B.3  Methodology 

5B.3.1  Modelling tools 

The USGS (U.S. Geological Survey) flow model MODFLOW (McDonald and 

Harbaugh, 1984) was used for the simulation of the transient flow in the metal 

bioprecipitation column. The code PHT3D (Prommer et al., 2003) was employed to 

subsequently model the reactive transport through the column, using the flow field 

computed with MODFLOW. The PHT3D simulator combines the advective-dispersive 

transport simulation capabilities of MT3DMS (Zheng and Wang, 1999) with the 

geochemical reaction simulation capabilities of PHREEQC-2 (Parkhurst and Appelo, 

1999) through a split operator technique. PHREEQC-2 is a numerical model for 

equilibrium speciation and geochemical reactions such as aqueous complexation, acid-

base reactions, redox reactions and dissolution/precipitation reactions. It was developed 

by the USGS and is based on previous versions (PHREEQE, Parkhurst et al., 1980, 

PHREEQC, Parkhurst, 1995). In contrast to these previous models, PHREEQC-2 is, in 

addition to solving geochemical equilibrium problems, capable of solving kinetically 

controlled reactions using a Runge-Kutta algorithm (Fehlberg, 1969). Kinetic reactions 

can be incorporated into a PHT3D database file (which already contains all the relevant 

equilibrium reactions and constants for acid-base reactions, complexation of inorganic 
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species, and the solubility of minerals and gases) through a series of BASIC statements. 

For the model calibration the non-linear Parameter Estimation Tool (PEST) was used to 

support the manual calibration. PEST (Doherty, 2002) is a model-independent parameter 

estimation software. PEST optimises the sum of the weighted least squares between the 

model-generated outputs and the laboratory observations by changing the model 

parameters that were assigned within given ranges of uncertainty. This leads to a 

reduction of the discrepancies between the modelled and the measured values. PMWIN 

(Chiang and Kinzelbach, 2001) served as the graphical user interface for preparing 

PHT3D data input. The PHT3D output, primarily the component concentrations, was 

visualised and compared with the observations using the software package MATLAB 

(student version release 13). 

5B.3.2  Governing equation for reactive multicomponent transport 

The generalised governing equation for the hydrogeological transport and reactions 

of interacting mobile aqueous species in saturated porous media is the advection-

dispersion reaction (ADR) transport equation, given here as (Prommer et al., 2003), 
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where Ck is the total concentration of the kth component, vi pore-water velocity in 

direction xi, Dij is the hydrodynamic dispersion coefficient, and rreac, k is the source/sink 

rate for the chemical reaction processes occurring. For immobile entities that are not 

affected by transport (e.g. minerals, bacteria, etc),  
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                                                                                            (5B.2) 

 
where Cm is the concentration of the mth immobile entity and rreac,m is the corresponding 

source/sink rate.  

The first two terms in Equation 5B.1 describe the concentration changes resulting 

from purely advective and dispersive transport of a chemical species. Under well-

controlled laboratory conditions advective transport can be quantified very accurately on 

the base of measured flow rates, which is a significant advantage over field-scale 

experiments. During the experiment volumetric flow rates were measured manually every 

second day. The initial bromide tracer study described in Chapter 5A, enabled the 
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determination of the effective porosity of the soil column (see Appendix 4, Part A for 

calculations) and the determination of the dispersivity of the column.  

5B.3.3  Development of a conceptual and numerical model of the reactive processes 

(reaction network) 

The third term in Equation 5B.1 represents the contribution of other reactive 

processes to concentration changes of a particular species, and is likely to depend on the 

concentration of many other species. In the context of reactive transport modelling, the 

conceptual model which defines how these species interact and includes the formulation 

of the mathematical expressions that define the rates at which individual reaction 

processes proceed is termed the ‘reaction network’. For the complex reactive system 

observed in the metal bioprecipitation experiment, the development of a suitable reaction 

network and its translation into a numerical model forms a substantial part of the overall 

modelling study. Figure 5B.1 is a summary of the reaction network that was developed 

for the observed processes in the metal bioprecipitation experiment described in Chapter 

5A. The following sections discuss the reaction network developed during the present 

study and the underpinning theoretical aspects.   

 

 
Figure 5B.1  Conceptual model of the ethanol degradation pathways in the metal bioprecipitation 

column experiment. 
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5B.3.3.1  Biodegradation reactions of ethanol 

Ethanol delivered to the column by the polymer mat was readily oxidised by 

microorganisms to fulfil the energy and carbon requirements for microbial respiration and 

cell synthesis (Nagpal et al., 2000). The oxidation of a simple organic molecule such as 

ethanol is usually catalysed by different (or groups of different) microbial groups that are 

able to oxidise different particular electron acceptors, typically (from the strongest 

oxidant) O2, NO3
-, Fe(III), SO4

2- (Stumm and Morgan, 1996). The strongest oxidant (or 

electron acceptor) available is consumed preferentially, due to this oxidant being farthest 

from equilibrium with the organic molecule, and therefore the reaction between it and the 

ethanol releases the most Gibbs free energy (Stumm and Morgan, 1996; Benjamin, 2002). 

As a result, the microbial groups that mediate reactions with the strongest oxidant and 

organics and then capture the resulting energy for metabolic purposes, are at a 

competitive advantage over other groups, and will proliferate until essentially all that 

particular oxidising agent is consumed (Hunter et al., 1998). When all other sources of 

oxidising power are consumed, some organisms obtain relatively small amounts of 

energy by mediating redox reactions where organic molecules are converted to carbonate 

species (C(+VI)) and methane (C(-VI)). These reactions are referred to as methanogenic 

fermentation reactions, and involve electrons simply being transferred among different 

carbon atoms in the molecule, without the direct involvement of any other organic 

molecules (Hunter et al., 1998). The sequential consumption of available electron 

acceptors leads typically, in situations where solute transport occurs simultaneously, to 

the formation of distinct redox zones (Champ et al., 1979; Bjerg et al., 1995; Postma and 

Jakobson, 1996; Christensen et al., 2000), with the most energetically favourable, aerobic 

respiration occurring first, followed by denitrification, Fe(III) reduction, sulfate reduction 

and then methanogenesis. Such a formation of redox zones in response to ethanol 

delivery was observed in the experiment (as described in Chapter 5A) and the appropriate 

redox reactions and their rates form an important part of the reaction network.  

The reactions that represent the oxidation of ethanol within the reaction network 

were incorporated by (i) determining the representative reaction stoichiometries of the 

relevant processes occurring, and (ii) by formulating appropriate kinetic rate expressions 

if reactions were expected to be kinetically controlled and not well described by 

equilibrium reactions.  

5B.3.3.1.1  Reaction stoichiometries without explicit consideration of microbial 

growth and decay  
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The experimental data from the metal bioprecipitation column experiment shows 

locally decreasing concentrations of oxygen, nitrate and sulfate after the start of ethanol 

delivery, which indicates their use as electron acceptors during the mineralisation of 

ethanol. Additionally, the measured increase of dissolved iron, sulfide and methane 

concentrations provides evidence for iron-reduction, sulfate reduction and 

methanogenesis. The occurrence of acetate as a degradation intermediate suggests that 

the mineralisation probably takes place in two separate and sequential steps. The set of 

balanced redox equations for the mineralisation of ethanol including the formation of 

acetate as reaction intermediate are shown in Table 5B.1. Goethite (α-FeOOH) was 

selected to represent iron(III) oxide/hydroxide minerals.  

 
Table 5B.1  Stoichiometric balanced redox equations for biological oxidation of ethanol, including 

the calculated standard Gibbs free energies of the reactions#. 

 
Stoichiometric balanced equations for ethanol 

oxidation reactions 
 
 
 
 
 

Standard Gibbs free 
energy of reaction 

at 298.15 K, 1 atm, 1 M 
and a pH = 7 
∆rGθ’ (kJ mol-1 

CH3CH2OH/CH3COO- ) 

Standard Gibbs free 
energy of reaction per 

electron equivalent 
transferred in reaction 

at 298.15 K, 1 atm,  
1 M and a pH = 7 
∆rGθ (kJ e--eq-1)* 

Aerobic ethanol oxidation to acetate 
CH3CH2OH  +  O2  →  CH3COO-  +  H+  +  H2O 

-431.66 -107.92 (4e-) 
Ethanol oxidation to acetate via denitrification 
CH3CH2OH  +  0.8NO3

-  →  CH3COO-  +  0.4N2  +  0.2H+  +  1.4H2O 
-439.52 -109.88 (4e-) 

Ethanol oxidation to acetate via goethite reduction 
CH3CH2OH  +  4FeOOH  +  7H+  →  CH3COO-  +  4Fe2+  +  7H2O 

-215.64 -53.91 (4e-) 
Ethanol oxidation to acetate via sulfate reduction 
CH3CH2OH  +  0.5SO4

2-  →  CH3COO-  +  0.5HS-  +  0.5H+  +  H2O 
-35.36 -13.34 (4e-) 

Ethanol fermentation (methanogenesis) 
CH3CH2OH  +  0.5H2O  →  1.5CH4  +  0.5HCO3

-  +  0.5H+ 
-76.12 -25.37 (3e-) 

Aerobic acetate oxidation 
CH3COO-  +  2O2   →  2HCO3

-  +  H+ 
-804.23 -100.53 (8e-) 

Acetate oxidation via denitrification 
CH3COO-  +  1.6NO3

-  +  0.6H+  →  2HCO3
-  +  0.8N2  +  0.8H2O 

-819.95 -102.49 (8e-) 
Acetate oxidation via goethite reduction 
CH3COO-  +  8FeOOH  +  15H+  →  2HCO3

-  +  8Fe2+  +  12H2O 
-372.19 -46.52 (8e-) 

Acetate oxidation via sulfate reduction 
CH3COO-  +  SO4

2-  →  2HCO3
-  +  HS- 

-47.62 -5.95 (8e-) 
Acetate fermentation (methanogenesis) 
CH3COO-    +  H2O  →  CH4  +  HCO3

-  
-31.05 -7.76 (4e-) 

 * number of electron equivalents transferred per reaction in brackets. 
# calculated from the standard Gibbs free energies of formation for each reaction participant (taken from 
Atkins (1998) and Benjamin (2002)). 

 

Included in Table 5B.1 are the calculated standard Gibbs free energies of the 

reactions, ∆rGθ (calculated using the values of the standard Gibbs free energies of 

formation as shown in Appendix 5). Reactions that release the most free energy (with the 

more negative ∆rGθ) are more thermodynamically favourable to occur. Evaluation of the 

∆rGθ for the reaction processes in Table 5B.1 show that they generally conform with the 



Reactive Multicomponent Transport Modelling of the Metal Bioprecipitation Experiment 

 135

sequential consumption of electron acceptor described by Hunter et al. (1998) and 

Christensen et al. (2000). Note that these ∆rGθ values are only valid for standard 

conditions. In situations where standard conditions are not maintained in terms of pH, 

temperature ionic composition of the water and the mineral form of iron(III) 

oxides/hydroxides present (for example in this column experiment), the simultaneous 

occurrence of sulfate and iron(III) reduction processes is thermodynamically possible, 

and sulfate reduction may even occur before iron(III) reduction (Postma and Jakobson, 

1996). 

5B.3.3.1.2  Reaction stoichiometries under consideration of microbial growth and 

decay  

The equations presented in Table 5B.1 are written such that they do not include 

biomass growth or decay, but rather assume that microbial concentrations have reached a 

(quasi) steady-state, where microbial growth and microbial decay are balanced (Prommer 

et al., 2002). In many practical situations, for example in old contamination plumes 

within a steady-state flow field, changes in microbial activity may remain insignificant. 

Under such conditions it is not necessary to incorporate the effect of biomass changes 

into the stoichiometry of the reaction equations. However, in cases where transient 

hydrochemical changes and subsequent shifts in microbial activity are important, for 

example within transient flow-fields or where concentration fronts are moving, a more 

detailed chemical reaction formulation that considers biomass growth and decay will be 

more accurate. 

The mass of biomass produced from the oxidative degradation of ethanol via the 

different microbial groups can be determined from the microorganism efficiency. The 

microorganism efficiency is the ratio of the moles of organic carbon that is converted to 

cell carbon (assumed as a simplified chemical composition of C5H7O2N), rather than 

being used to gain energy and mineralised to carbon dioxide. Efficiencies are generally 

high when there is a large amount of free energy released per electron transferred in a 

reaction, in combination with a low free energy cost (or use) to form microbial biomass 

(Rittmann and VanBriesen, 1996). The efficiency can be calculated from the Gibbs free 

energies of the participating half reactions for oxidation, reduction and cell synthesis 

according to McCarty (1975) and VanBriesen and Rittmann (2000).  

Depending on the organic substrate and the electron acceptor, the efficiency can 

vary significantly (Barry et al., 2002). For microorganisms that rely on reactions with 

high free energy yield, like oxygen and nitrate reduction, the efficiency can be as high as 

0.5-0.7 (Rittmann and VanBriesen, 1996). In comparison, an efficiency of around 0.1 was 
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found for sulfate reducing bacteria degrading toluene and xylene (Edwards et al., 1992). 

Reactions with low efficiencies will still occur, but generally have lower microorganism 

growth rates (Rittmann and VanBriesen, 1996). For the formation of biomass from 

ethanol Duthy (1993) used an efficiency of 0.357 when O2 acted as an electron acceptor 

and an efficiency of 0.372 when NO3
- acted as an electron acceptor.  

For the present study, the efficiencies of the ethanol/acetate oxidation reaction 

processes were predicted using the method described by VanBriesen and Rittmann 

(2000). The calculated efficiencies are summarised in Table 5B.2, while the details of the 

methodology employed for the efficiency calculation are described in Appendix 5. As 

development of methanogenesis was observed only at one sample port on the final 

sampling day of the metal bioprecipitation column experiment, for simplicity 

methanogenic processes were not included in the final model reaction network developed 

here. No efficiencies were determined for methanogenic processes. 

Assuming that the microbial groups responsible for the oxidation of ethanol to 

acetate, and complete acetate oxidation/mineralisation, under aerobic conditions have 

efficiencies of 0.187 and 0.333 respectively, then the overall balanced equations for these 

reaction processes described below. 

 
CH3CH2OH  +  O2   +  0.0746NH4

+  →  0.8134CH3COO-  +  0.0746C5H7O2N  +  0.8880H+  +  1.2239H2O 
 
CH3COO-  +  1.3349O2  +  0.1330NH4

+  →  1.3349HCO3
-  +  0.1330C5H7O2N  +  0.4679H+  +  0.3991H2O 

 
Microbial decay processes also consume oxidising agents, so the reaction for the biomass 

breakdown under aerobic conditions can be described by, 

 
C5H7O2N  +  5O2  +  3H2O  →  5HCO3

-  +  4H+  +  NH4
+   

 
The above growth and decay reactions can be combined together to form the 

stoichiometric balanced equation shown below for the complete mineralisation of ethanol 

under aerobic conditions and (quasi) steady-state biomass. 

 
CH3CH2OH  +  3O2  →  2HCO3

-  +  2H+  +  H2O  
 
The corresponding equations describing denitrification, iron(III) reduction (assumed as 

goethite) and sulfate reduction can be developed in a similar way, as shown in Table 

5B.2. 
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Table 5B.2  Efficiencies of microbial growth reaction processes included in the model reaction 

network are shown in A, which includes the resulting microbial growth reaction equations derived 

as a result of these efficiencies. Reactions for microbial decay are shown in B. 

 A  Reactions including microbial mass production 

Written 
assuming an 
efficiency of 

biomass 
production 

of: 

Moles of acetate or 
bicarbonate 
produced (as 

CH3COO- or HCO3
-) 

per mole of ethanol 
or acetate consumed 

Moles of 
biomass 

produced (as 
C5H7O2N) per 

mole of 
ethanol 

consumed 
Aerobic ethanol oxidation to acetate 
CH3CH2OH  +  O2   +  0.0746NH4

+  →  0.8134CH3COO-  +  
0.0746C5H7O2N  +  0.8880H+  +  1.2239H2O 

0.1866 0.8134 0.0746 

Ethanol oxidation to acetate via denitrification 
CH3CH2OH  +  0.8NO3

-   +  0.0755NH4
+  →  0.8113CH3COO-  +  

0.0755C5H7O2N  +  0.4N2  +  0.0868H+  +  1.6265H2O 
0.1887 0.8113 0.0755 

Ethanol oxidation to acetate via goethite reduction 
CH3CH2OH  +  4FeOOH  +  0.0298NH4

+  +  7.0447H+  →  
0.9256CH3COO-  +  0.0298C5H7O2N  +  4Fe2+  +  7.0893H2O 

0.0744 0.9256 0.0298 

Ethanol oxidation to acetate via sulfate reduction 
CH3CH2OH  +  0.5SO4

2-   +  0.0298NH4
+  →  0.9256CH3COO-  +  

0.0298C5H7O2N  +  0.5HS-  +  0.4553H+  +  1.0893H2O 
0.0744 0.9256 0.0298 

Aerobic acetate oxidation 
CH3COO-  +  1.3349O2  +  0.1330NH4

+  →  1.3349HCO3
-  +  

0.1330C5H7O2N  +  0.4679H+  +  0.3991H2O 
0.3326 1.3349 0.1330 

Acetate oxidation via denitrification 
CH3COO-  +  1.0610NO3

-  +  0.1347NH4
+  +  0.6H+  →  1.3263HCO3

-  +  
0.1347C5H7O2N  +  0.5305N2  +  2.9347H2O 

0.3369 1.3263 0.1347 

Acetate oxidation via goethite reduction 
CH3COO-  +  7.1359FeOOH   +  0.0432NH4

+  +  13.4446H+  →  
1.7840HCO3

-  +  0.0432C5H7O2N  +  7.1359Fe2+  +  10.8334H2O 
0.1080 1.7840 0.0432 

Acetate oxidation via sulfate reduction 
CH3COO-  +  0.8920SO4

2-   +  0.0432NH4
+  +  0.0648H+  →  

1.7840HCO3
-  +  0.0432C5H7O2N  +  0.8920HS-  +  0.1296H2O 

0.1080 1.7840 0.0432 

 B  Reactions of microbial mass decay, which consume 
oxidising agents 

   

Microbial decay via oxidation 
C5H7O2N  +  5O2  +  3H2O  →  5HCO3

-  +  4H+  +  NH4
+   

   

Microbial decay via denitrification 
C5H7O2N  +  4NO3

-  +  H2O  →  5HCO3
-  +  2N2  +  NH4

+   
   

Microbial decay via goethite reduction 
C5H7O2N  +  20FeOOH  +  36H+  →  5HCO3

-  +  20Fe2+  +  27H2O  +  
NH4

+   

   

Microbial decay via sulfate reduction 
C5H7O2N  +  2.5SO4

2-  +  3H2O  →  5HCO3
-  +  2.5HS-  +  1.5H+  +  

NH4
+   

   

 

Generally, biodegradation reactions of the above type can be modelled either via a 

single-step or by a two-step approach (Brun and Engesgaard, 2002). In the single-step 

approach, a biodegradation reaction is modelled as an irreversible kinetic reaction that 

simultaneously oxidises an organic substrate and reduces a predefined electron acceptor. 

This approach has been used by Hunter (1998), Schäfer et al. (1998), Schäfer (2001) and 

Watson et al. (2003). In contrast, the two-step approach or so-called partial equilibrium 

approach (PEA), relates to the redox processes occurring within the microorganism’s 

cellular body. It assumes that there is an initial electron donating step, where the organic 

substrate that has diffused into the cellular matrix and is oxidised by an electron carrier 

such as reduced nicotinamide adenine dinucleotide (NADH) (Madigan et al., 2000; 
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Rittmann and VanBriesen, 1996). The second step is where these extra electrons being 

carried by the microorganism are transferred to either extracellular electron acceptors 

(O2, NO3
-, Fe(III) and SO4

2- etc.) or they are used for biomass generation. The organic 

substrate oxidation step is assumed to be the rate-limiting kinetically controlled step, as it 

is characteristic of the microorganism body itself (McNab and Narasimhan, 1994; Postma 

and Jakobson, 1996). The second, electron-accepting/cell growth step can be simply 

modelled as an irreversible equilibrium reaction. For this second step, the 

hydrogeochemical conditions (that is, the availability of electron acceptors, pH, and the 

solubility of minerals) determine which electron acceptor will be preferentially used 

according to thermodynamic favourability. The partial equilibrium approach has been 

used successfully by several authors, for example McNab and Narasimhan (1995), 

Jakobsen and Postma, (1999), Brun and Engesgaard (2002), Prommer at al. (2002), 

Greskowiak et al. (2004), and Haerens (2004). 

5B.3.3.1.3  Microbial kinetics of ethanol/acetate oxidation 

In this study the PEA approach was used. As discussed before, this required the 

formulation of the reaction kinetics for the oxidation reactions, which were assumed to be 

controlled by the microbial growth rate of specific microbial groups. The microbial 

activity was modelled by six different groups, which are indicated on Figure 5B.1 (not 

including the two methanogen groups). Four groups were attributed to aerobic oxidation 

and denitrification processes, two of them for the oxidation of ethanol to acetate, and two 

of them for the oxidation/mineralisation of acetate. An additional group was attributed to 

ethanol oxidation using either goethite or sulfate as electron acceptor. Similarly, another 

group was introduced to model complete acetate oxidation by either goethite or sulfate. 

The ability of the two later groups to use either goethite or sulfate as electron acceptors 

was assumed because both processes were observed to be occurring simultaneously at 

some times. 

The reaction kinetics for each microbial group (X1 to X6) are based on a separate 

mass balance equation for each group in the form of Equation 5B.3, which describes the 

changes in biomass concentrations, Xi, for each microbial group. 

 

t
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t
X

t
X decayigrowthii

∂

∂
+

∂

∂
=

∂
∂ ,,

                                                                 (5B.3) 

 
The biomass growth was modelled by incorporating Michaelis-Menten-type 

kinetics (Atkins, 1998) into the growth equation. This allowed for the absence/presence 

of different substrate materials present in the equation for organic substrate oxidation 
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(which included biomass synthesis) to affect the growth rate of the biomass. Appendix 6 

shows the biomass growth equations for each different microbial group X1 to X6. 

Equation 5B.4 is an example of the biomass growth term of Equation 5B.3 for the 

denitrifying microbial group that is responsible for the transformation of ethanol to 

acetate (X2). 
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where 

2max X
v  is the maximum growth rate of these particular denitrifiers; Y is a 

stoichiometric coefficient; Ceth, Cnit, and CN, are ethanol, nitrate and total nitrogen 

concentrations, respectively; 
2XethK , 

2XnitK , and 
2XNK  are ethanol, nitrate and total 

nitrogen half-saturation constants, respectively. 

Iox,den is described by Equation 5B.5 and is the oxygen inhibition term for all 

denitrifying microbial groups (X2 and X5) that inhibits the growth of denitrifiers in the 

presence of dissolved oxygen, where Kinhib_ox,den is the oxygen inhibition coefficient. 

These types of inhibition terms are used to ascertain the sequential behaviour of the 

different microbial groups. The inhibition term, Iox,den, will remain very small as long as 

oxygen (Cox) is present in significant amounts. It is defined by 
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Ibio_aero,den is an inhibition factor that limits the microbial concentration of X2 to a 

maximum microbial concentration Xmaxbio_aero,den and is described by Equation 5B.6.  
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The idea that microbial populations are limited to a maximum amount was described by 

Zysset et al. (1994), which suggested possible diffusional mass transfer limitations of 

nutrient/reactant transport through biofilms, that would result in the biofilm growth being 

limited to a certain maximum mass. By using the Ibio_aero,den term within the growth 

Equation 5B.4, when X2 becomes close in magnitude to Xmaxbio_aero,den, the Ibio_aero,den term 

becomes a small number, which reduces the specific growth rate given by Equation 5B.4. 

This allows Equation 5B.4 to conceptually represent a situation where the real biofilm 

thickness becomes irrelevant, as the metabolic activity occurs predominantly in the 
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upper/surface layers of the biofilm that is more exposed to the nutrient-bearing aqueous 

phase.  

Equation 5B.7 is the biomass decay term of Equation 5B.3 for the denitrifying 

microbial group that is responsible for the transformation of ethanol to acetate. Biomass 

decay can be described by a first-order rate expression, where vdecay is the microbial decay 

rate. The biomass decay rate was the same for all microbial groups X1 to X6. 

 

2decay
2,decay Xv
dt

dX
−=                                                                                (5B.7) 

 
The ethanol removal rate and the acetate production rate are proportional to the 

bacterial growth rate, and in the case of denitrification (oxidising ethanol to acetate) the 

ethanol removal rate can be computed from Equation 5B.8, and the acetate production 

rate can be computed from Equation 5B.9, 
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where OHCHCHY

23
 = -1, NOHCY

275
 = 0.0755, and −COOCH

Y
3

 = 0.8113 are the stoichiometric 

coefficients for ethanol, biomass and acetate from the balanced equation for ethanol 

oxidation to acetate under denitrifying conditions which included microbial mass 

production. 

The second, electron-accepting/cell growth step can be conveniently modelled in 

PHREEQC-2 as an irreversible reaction (Parkhurst and Appelo, 1999; Brun and 

Engesgaard, 2002; Prommer et al., 2002). For the discussed example (ethanol oxidation 

to acetate under denitrifying conditions), if the computed amount of ethanol to be 

oxidised during a particular time step is 1 mmol (for a particular grid-cell of a spatially 

discretised domain), an appropriate amount of CH3CH2OH would be added to the 

aqueous composition and 0.0755 mmol of C5H7O2N with 0.8113 mmol of CH3COO- 

would be removed. During this reaction the aqueous composition and mineral 

concentrations will be adjusted, thereby consuming the most favourable electron acceptor 

present (here nitrate). The removal of 0.0755 mmol of C5H7O2N from the aqueous 

solution represents the mass transfer of the elements C, H, O and N from the aqueous 

solution to the immobile microbial group for denitrifiers (for ethanol to acetate 

oxidation). In a similar way, the decay of a particular microbial group is modelled as a 



Reactive Multicomponent Transport Modelling of the Metal Bioprecipitation Experiment 

 141

release (addition) of C, H, O and N to the aqueous solution, accompanied by a decrease 

of the microbial mass. 

All other species and components that served as electron acceptors or were present 

as reaction products (such as CO2) were assumed to be in geochemical equilibrium. 

5B.3.3.2  Mineral dissolution/precipitation reactions 

Several mineral dissolution and precipitation reactions were identified to take place 

in the experimental columns. As described previously, reactions that proceed fast relative 

to hydrogeological transport can mathematically be treated as equilibrium reactions 

(LEA) whereas reactions that proceed slower need to be treated as kinetic reactions. 

Some mineral dissolution/precipitation reactions typically proceed slowly relative to 

aqueous complexation reactions whereas others, like calcite dissolution/precipitation are 

known to proceed very rapidly. For the present study it was assumed that mineral 

dissolution and precipitation would be best described by kinetically based mineral 

reactions. Kinetic rate expressions were formulated on the basis of transition state theory 

(Lasaga, 1998) for the minerals, given by Equation 5B.7, 

 

( )SI
mineral Ak

t
C 101  −=
∂
∂                                                                            (5B.7) 

 
where A is the surface area of the mineral, kmineral is the rate constant for dissolution and 

SI is the saturation index of the mineral. As the mineral surface areas are in the present 

case unknown, the reaction rate constant kmineral is lumped together with A to one single 

rate constant in the model applications. SI describes the logarithmic deviation from 

equilibrium between the mineral and solution, and is described by Equation 5B.8 (Appelo 

and Postma, 1993),  
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where Keq is the equilibrium constant for the dissolution of the mineral (or the stability 

constant), and IAP is the ion activity product of the mineral dissolution reaction (or 

activity quotient). The equilibrium constants for the dissolution of the minerals applied in 

this numerical model are shown in Table 5B.3.  

The only information available about the mineralogy of the sand used in the column 

experiment was that determined experimentally in Chapter 5A, and information based on 

the general soil composition in the area described by the literature. The specific mineral 

composition of the Gnangara sand used to pack the columns was not determined 
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qualitatively or quantitatively. As mentioned earlier goethite (α-FeOOH) was selected to 

represent iron(III) minerals in the model. However, it is likely that in reality a whole 

range of iron(III) minerals of differing solubilities and reactivities were present (Larsen 

and Postma, 2001). The assumed goethite dissolution process was set as an equilibrium 

process. 

The production of dissolved iron during the reduction of iron(III) oxide minerals 

(Lovely and Phillips, 1986; Lovely, 1991; Appelo and Postma, 1993; Heron et al., 1994; 

Roden and Zachara, 1996; Cooper et al., 2000) may trigger mineral precipitation of 

mixed Fe(II)/Fe(III) minerals (Lovely and Phillips, 1986; Lovely, 1991; Cooper et al., 

2000; Glasauer et al., 2003; Hansel et al., 2003). Following Prommer et al. (1999), 

magnetite (Fe3O4) was included as a representative mixed iron mineral. Its 

precipitation/dissolution was modelled as a kinetic process.  

The precipitation/dissolution of zinc and iron sulfides (FeS(ppt) and amorphous 

ZnS) were also included in the model as kinetic processes, due to the likely metal sulfide 

formation processes observed in metal bioprecipitation column experiment from 

microbial sulfate reduction (Chapter 5A, Section 5A.3.4.5).  

 
Table 5B.3  The equilibrium constants, Keq, for the dissolution of the minerals applied in this 

numerical model. 

Mineral name Reaction Keq α 

α-FeOOH (goethite) FeOOH + 3H+ → Fe3+ + 2H2O 0.1 
Fe3O4 (magnetite) Fe3O4 + 8H+ → 2Fe3+ + Fe2+ + 4H2O 5.46 x 103 

Fe(OH)3 (ferrihydrite) Fe(OH)3 + 3H+ → Fe3+ + 3H2O 7.78 x 104 
FeS (ppt) FeS + H+ → Fe2+ + HS- 1.22 x 10-4 
ZnS (A) ZnS + H+ → Zn2+ + HS- 8.87 x 10-10 

α
  The Keq values quoted here come from the minteq.dat database that was distributed with the program PHREEQC-

2 (Parkhurst and Appelo, 1999) 
 

5B.3.3.3  Metal sorption reactions 

Depending on the pH of the aqueous solution, mineral surfaces carry a (variable) 

negative or positive charge and so either preferentially bind cations or anions (Appelo 

and Postma, 1993). Generally metal mobility thus varies strongly with changing pH 

(Dzombak and Morel, 1990; Neubauer et al., 2002). Although the pH of the influent 

groundwater was maintained at a constant pH, the pH was observed to vary along the 

length of the column due to the biological processes occurring over the experimental time 

period. Although the predominant zinc removal mechanism in the column experiments 

was thought to be precipitation as ZnS due to sulfate reduction, some initial zinc removal 

(approximately 9 % of the total zinc between ports F (101 cm) and G (121 cm) at steady-
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state) was observed before the substantial decreases in sulfate concentration. One 

suggested reason for this was enhanced sorption to the soil in the column that was due to 

slight increases in pH (to ~ 6.1 at port G (121 cm) at steady-state) in the region along the 

column before significant sulfate removal. Although metal sorption to charged mineral 

surfaces (surface complexation) as a result of increased pH was expressed as a possible 

process for metal removal in the column experiment in Chapter 5A, Section 5A.3.4.5, due 

to time limitations it was not included as part of this model. 

5B.3.4  Model setup and discretisation 

5B.3.4.1  Model grid (spatial discretisation) 

The 2 m long experimental column was represented in the numerical model by a 

one-dimensional grid consisting of 102 grid-cells, with grid-cells generally being 2 cm 

long (Figure 5B.2). The discretisation was locally adjusted such that grid-cell centres 

would match the exact position of sampling ports and of the ethanol delivery mats. The 

effective porosity used for the soil in the column was 0.20 (see Appendix 4, Part A for 

calculations). Potential clogging due to biomass build up was ignored for the purposes of 

this modelling exercise. 

 

 
Figure 5B.2  Schematic of the one-dimensional model domain. 

5B.3.4.2  Temporal discretisation 

The hydrochemical data collected from the ethanol amended metal bioprecipitation 

column was collected on a weekly basis over 120 days after the start of ethanol delivery 

(Chapter 5A). Within the model the ethanol amended column was simulated from the 

time experimental monitoring of the column groundwater flow commenced. This 

corresponded to the start of the bromide tracer, which was 48 days before ethanol 

addition to the column. Thus, within the numerical model ethanol delivery commenced at 

the end of day 48 (equivalent to day zero of the experimental data). The total simulation 
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time was therefore 168 days. To allow comparison with the experimental data, the 

simulation results presented here were shown from the day that ethanol was added, which 

was re-defined as day 0 (as previously defined in Chapter 5A). 

One dimensional flow and species mass transport through the column over the 168 

day experiment was simulated assigning one stress-period per day of column operation. A 

stress period is defined as period of constant forcing and boundary conditions within 

MODFLOW, MT3DMS, and PHT3D. Each stress-period was subdivided further 

depending on the actual flow velocity during a particular stress-period in order to warrant 

an accurate numerical solution. The specific volumetric groundwater flow through the 

column was adjusted for each stress-period to the experimentally measured value. For the 

days where no experimentally measured flow rate was collected, the flow rate was 

linearly interpolated from data from days before and after.  

5B.3.4.3  Boundary conditions for reactive transport simulations 

The water composition of the influent groundwater used in the column was 

described in Table 5A.2 and 5A.3 (Chapter 5A) and served as the initial conditions for 

the model simulation (all concentrations were converted to mol L-1). The only 

concentration not considered from these tables was the DOC concentrations. It was 

assumed that the reactivity of DOC was negligible compared to ethanol, and the effect of 

its mineralisation on the water composition was marginal during column retention. 

Before using the measured concentrations as boundary conditions in PHT3D, 

PHREEQC-2 was initially used in batch simulation mode to investigate whether the 

measured solution compositions were charge balanced and to correct the imbalance 

where this was not the case. The charge balance corrections were made by including 

appropriate concentrations of a charged dummy species.  

Experimentally, the influent nitrate concentration was observed to increase from 

day 70 of the column experiment from ~ 4.5 mg L-1 NO3
--N (~ 3.2 x 10-4 mol L-1) to ~ 

6.1 mg L-1 NO3
--N (~ 4.4 x 10-4 mol L-1), possibly due to seasonal changes in the batches 

of groundwater collected. These higher nitrate concentrations were considered in the 

model from day 118 onwards. Other than this change, constant influent groundwater 

species concentrations were assumed. All other increases/decreases in influent 

groundwater species concentrations were not deemed to be as substantial, and were not 

fixed into the model framework.  

Ethanol delivery concentrations measured at port C (51 cm from the column base) 

once a week were expressed as daily ethanol concentrations delivered by linearly 

interpolating the unmeasured ethanol concentrations. It was not possible to conveniently 
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model the variable ethanol delivery via the mats through one of the standard boundary 

conditions implemented in PHT3D. Therefore the daily ethanol concentration delivered at 

port C were incorporated into the source code. The variable ethanol concentrations were 

fixed to the appropriate measured daily values at grid-cell 26 which corresponded to the 

location of the delivery mat. 

5B.3.4.4  Model Calibration 

In this study the development of the conceptual model and the model calibration 

was a single iterative process. The conceptual model was constantly adjusted and further 

developed if experimental observations from the metal bioprecipitation column study 

could not be approximated reasonably well with a certain conceptual model. The 

conceptual model described above was the final model developed through this process.  

The final model contains a rather large number of adjustable parameters. At the 

same time a large number of time-dependent experimental data for a range of chemical 

species where available as constraint for the calibration of the model and reduced the 

non-uniqueness of the calibration results. 

The adjustable parameters of the model, which mainly includes rate constants for 

ethanol degradation by aerobic degradation, denitrification, iron and sulfate reduction, 

and the ZnS(A)/FeS(ppt)/magnetite precipitation, were modified manually and by PEST 

such that they fitted the data reasonably well. A list of all adjustable parameters is given 

in the table in Appendix 7. 

5B.4  Results and discussion 

To assess the model’s ability to reproduce the biological, physical and chemical 

reactions that occurred during this experiment, simulation results from day 48 onward 

were compared to the corresponding time-dependent column water chemistry data 

described in Chapter 5A. Figures 5B.3, 5B.4 and 5B.5 show the time-dependent 

simulation results that were obtained with the calibrated model, in combination with any 

experimental data available. This includes the concentrations of ethanol, acetate, nitrate, 

sulfate, sulfide, iron and zinc (mol L-1), and the pH of the groundwater along the length of 

metal-bioprecipitation column. The model-predicted quantities of goethite (α-Fe2O3), 

magnetite (Fe3O4), FeS (ppt), and ZnS (amorphous) (mol L-1 of bulk volume) produced 

along the length of the column over the experimental time period are shown in Figure 

5B.6. Figure 5B.7 shows the concentrations of each microbial group (mol L-1 C5H7O2N) 

produced by the model, along the length of the column over the experimental time period. 
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The final values of each adjustable parameter as used in this model simulation are given 

in Appendix 7.  

5B.4.1  Temporal and spatial evolution of redox zonation  

The model was able to reproduce the experimentally observed sequential 

consumption of different electron acceptors by the ethanol promoted microbial 

degradation processes within the column experiment. Although there is no substantial 

experimental data to compare with, the model produced the likely rapid removal of 

oxygen present in the groundwater almost at the position of ethanol delivery (50 cm from 

the base of the column). This is reflected in Figure 5B.7 by the growth of aerobes (X1 and 

X4), which commenced growth virtually at day 1, and were located approximately at the 

position of ethanol delivery (at the polymer mat, 50 cm from the base of the column) and 

slightly downgradient from the mat over ~ 10 cm. The reduction in nitrate observed from 

approximately day 7 in the experimental data, between the ethanol delivery mat (50 cm 

from the base of the column) and ~ 50 cm downgradient from the mat, was well 

described by the model (Figure 5B.4). The peak in dissolved iron concentration (~ 2.7 x 

10-4 mol L-1 Fe) observed experimentally at approximately day 20 (Figure 5B.5) was 

reproduced by the model, but at slightly later time (around day 30). The model 

simulations showed goethite removal around day 30, at approximately the same position 

along the column length as dissolved iron production (Figure 5B.6). The model 

simulations also showed that magnetite precipitation was produced in the mirror regions 

along the column over time where goethite was removed (Figure 5B.6), suggesting that 

the dissolved iron produced from goethite dissolution was likely to be precipitated as 

magnetite. Within the model, no dissolved iron production was observed after day 60 

(Figure 5B.6), while dissolved iron was observed near the effluent end of the column 

throughout the experiment, though in lower concentrations after day 20. The reduction in 

sulfate concentrations and the corresponding production of sulfide (Figure 5B.4) 

determined by the model also generally agreed well with the concentrations along the 

length of the column with time observed experimentally. 

Although slightly late in timing, the effect of combining the goethite and sulfate 

reducing processes within a single microbial group effectively allowed substantial iron 

reduction processes to commence before substantial sulfate reduction. Experimentally, 

sulfate reduction and iron(III) reduction processes did start almost simultaneously in time 

(around approximately day 40), however high concentrations of dissolved iron were 

produced more rapidly than the observed complete reductions in sulfate. The model was 

able to represent this process.  
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5B.4.2  Modelled verses observed pH 

Experimentally, increases in pH were observed coinciding with the nitrate 

reduction observed which were likely to be a result of the denitrification processes 

occurring. The model did not reproduce these increases in pH in the regions of simulated 

denitrification. However, at steady-state (which was after day 82, as defined in Chapter 

5A) small pH increases were shown in the model in the region along the length of the 

column corresponding to denitrification at approximately 25 cm downgradient from 

ethanol delivery (this was below the pH scale in Figure 5B.3). In the model simulations, 

small increases in pH were also observed in the region of iron reduction along the column 

(only slightly visible at steady-state in Figure 5B.3) approximately 50 cm downgradient 

from ethanol delivery.  

The model did not reproduce the decrease in pH which was observed at the later 

stages of the column experiment (from approximately day 50 onwards) between ~ 150 

cm (from the base of the column) to the end of the column (Figure 5B.3). Experimentally, 

the production of acidic by-products, such as acetate, was thought to be partly responsible 

for the observed decreases in pH. However, the simulated acetate concentrations (which 

corresponded well with the experimental data) did not trigger the experimentally 

observed decrease in pH. It was thought that the inclusion of the formation of other acidic 

by-products of ethanol oxidation, such as n-butyrate and n-propionate, in principle could 

have promoted further reductions in pH within the model. However, the experimentally 

observed concentrations of those species were rather small. Decreases in pH were also 

associated experimentally with the formation of dissolved sulfides and H+ as a result of 

the sulfate reducing processes. Within the model simulations this was shown not to be 

likely, suggesting that other processes were responsible for this substantial decrease in pH 

observed experimentally. 

5B.4.3  Microbial dynamics 

The growth of each microbial group in the model (Figure 5B.7) clearly showed the 

sequential nature of the microbial growth processes consuming different electron 

acceptors. As discussed previously, the aerobes (X1 and X4) commenced growth at day 1, 

and were located approximately at the position of ethanol delivery (50 cm from the base 

of the column) and slightly downgradient over ~ 10 cm. The denitrifying microbes (X2 

and X5) commenced growth very soon after the aerobes (~ at day 1), and grew over a 

much larger range downgradient from the ethanol delivery mat (over ~ 60 cm at steady-

state). The concentration of acetate mineralising denitrifiers (X5) reached a higher 
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maximum value than the ethanol to acetate oxidising denitrifiers (X2), preventing the 

formation of high acetate concentrations in the denitrification zones of the column (as 

observed experimentally). The goethite/sulfate reducing microbial groups (X3 and X6) 

commenced substantial growth at a later stage of the experiment after a significant lag-

time (after approximately day 30), and were located from ~ 70 cm downgradient from the 

ethanol delivery mat to the end of the column. In Figure 5B.7, after approximately day 

70, the concentrations of both ethanol to acetate oxidising goethite/sulfate reducers (X3), 

and acetate mineralising goethite/sulfate reducers (X6) decreased towards the end of the 

length of the column. This reduction in microbe concentrations was larger for the acetate 

mineralising goethite/sulfate reducers to promote the formation of acetate by the model 

(which was observed experimentally). 

Interestingly the calibrated value for the maximal concentration of goethite/sulfate 

reducing microbial groups (Xmaxbio_goeth/sulf) for X3 and X6, was approximately 25 times 

greater than the values for the aerobic and denitrifying microbial groups (Xmaxbio_aero,den) 

for X1, X2, X4, and X5 (see Appendix 7). This means that much higher concentrations of 

goethite/sulfate reducing bacteria were required (compared to the aerobic and denitrifying 

microbial groups) to fit the observed concentration gradients of the corresponding 

terminal electron acceptors. This is consistent with observations of the acetate utilisation 

by anaerobic microorganisms in freshwater sediments by Scholten et al. (2002), where 

maximum numbers of sulfate reducers within the sediments were calculated to be ~ 400 

times that of the denitrifiers.  

5B.4.4  Metal-sulfide precipitation 

The model produced decreases in dissolved zinc concentration corresponding to the 

same time and position along the column length as the model produced sulfate reduction 

(Figure 5B.5). The model predicted that ZnS (Figure 5B.6) was formed in line with the 

depletion front of sulfate and dissolved zinc concentrations in the model, demonstrating 

that metal sulfide precipitation is likely as a result of microbially-mediated sulfate 

reduction. Experimentally, a small proportion of the dissolved zinc concentration was 

observed to be removed slightly upgradient of the sulfate-reducing zone. This suggests 

that another zinc removal processes (such as sorption/surface complexation processes or 

other mineral precipitation processes) would have been required to be introduced into the 

model to predict this observation.  

FeS was precipitating in the model simulations (Figure 5B.6), however not at the 

same position as ZnS. FeS precipitation occurred over a larger length at the end of the 

column after ZnS precipitates formed. The over-prediction of FeS precipitation rates 
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might be responsible for the lower dissolved iron concentrations predicted by the model 

at the end of the column (in contrast to the experimental observations). The higher pHs 

predicted by the model in this region of the column may have promoted the formation of 

more FeS than what occurred experimentally. This suggests that some modification of the 

rate expression for FeS precipitation/dissolution may also be required. 

5B.4.5  Impact of the choice of iron(III) minerals 

During initial batch studies conducted with PHREEQC-2, ferrihydrite (Fe(OH)3) 

was tested as a possible alternative iron(III)mineral which could act as an electron 

acceptor during microbial iron reduction. It was found that compared to goethite, 

ferrihydrite produced unrealistically large increases in pH. This is consistent with the 

findings suggested by McNab and Narasimhan, (1995), where the geochemical modelling 

of the microbial reduction of ferrihydrite also produced much larger increases in pH 

(exceeding 10.0), in comparison to goethite.  

5B.4.6  Modelled verses observed reductant (ethanol) removal 

By comparing the experimentally determined ethanol delivery concentrations to 

that simulated by the model (Figure 5B.3), it was observed that the model correctly 

applied the delivered ethanol concentrations to the column (at 50 cm from the base of the 

column) over the total experimental time period. However, the model did not produce the 

significant ethanol consumption along the length of the column which was observed 

experimentally as a result of microbially-mediated degradation by the electron-accepting 

processes. This discrepancy can not be easily explained, as both, the consumption of 

electron acceptors and the production of acetate was very well matched by the model and 

no additional source of oxidation capacity is available. 

Other possible ethanol degradation processes may need to be defined in the model 

to allow the model to reproduce the experimental ethanol degradation. If the formation of 

the by-products, n-butyrate, n-propionate and methane, were included in the model, this 

may account for some of the ethanol concentration discrepancy. Most of these by-

products were not observed at high concentrations in the column experiment, and they 

were only observed to form towards the end of the experiment (see Chapter 5A, Figure 

5A.8(b) and (c)), which would not account for the decreases in ethanol concentrations at 

the end of the column observed early in the experiment. Including these by-products 

within the model would increase the numbers of microbial groups and reaction processes 

to deal with, increasing model complexity and computational processing time. 
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Additionally, the mechanism for the formation of n-propionate from ethanol is a large set 

of different and interacting reaction processes (Wu and Hickey, 1996). 

5B.5  Conclusion 

The one-dimensional numerical model produced in this chapter applied microbial 

growth and ethanol utilisation through a set of major electron-accepting processes which 

were observed during the metal bioprecipitation column experiment (aerobic oxidation, 

denitrification, iron(III) reductive dissolution and sulfate reduction). The sequential 

nature of these microbially-mediated electron-accepting processes was created by 

applying the two-step partial equilibrium approach within the numerical model. 

Stoichiometric redox reactions (which included biomass production) were created to 

define the microbially-mediated electron-accepting processes by particular microbial 

groups. The biomass growth rates for each microbial group were defined using multiple-

Monod kinetics. The numerical model also included aqueous speciation and some 

mineral precipitation/dissolution processes.  

The model provides an initial descriptive framework in terms of modelling the 

sequential nature of the microbial processes occurring along the length of the metal 

bioprecipitation column experiment. The model is capable of reproducing the sequential 

dynamic chemical changes observed to occur during the column experiment, which 

provides further clarification of the biological and chemical processes assumed to be 

occurring. Some predictions by the model do not precisely fit the experimental data 

collected from the column experiment, suggesting that even at a laboratory scale the 

processes within the column were of a relatively complex nature. For more precise 

definition of all the specific processes, other reaction processes, such as further mineral 

precipitation/dissolution reactions and surface complexation reactions, should be 

introduced into the numerical model. This should be done with qualitative and 

quantitative knowledge of the mineral composition of the sand used in the column 

experiment. This was not conducted here due to time restrictions. Although the addition 

of extra reaction processes would further increase the complexity and size of the model, 

each reaction process could be tested for its significance in improving the simulated 

results, and discarded where shown to be irrelevant. 
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Figure 5B.3  For the concentrations of ethanol and acetate (mol L-1), and the pH, along the column 

length over time, these contour plots show the comparison between the experimentally determined 

data (LHS column) and that predicted by the numerical model (RHS column). 
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Figure 5B.4  For the concentrations of nitrate, sulfate and sulfide (mol L-1), along the column 

length over time, these contour plots show the comparison between the experimentally determined 

data (LHS column) and that predicted by the numerical model (RHS column). 
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Figure 5B.5  For the concentrations of dissolved iron and zinc (mol L-1), along the column length 

over time, these contour plots show the comparison between the experimentally determined data 

(LHS column) and that predicted by the numerical model (RHS column). 
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Figure 5B.6  Contour plots of the model-predicted mineral quantities (mol per L of bulk volume), 

along the column length over time. From the top left clockwise; goethite (α-Fe2O3), magnetite 

(Fe3O4), FeS (ppt), and ZnS (amorphous). 
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Figure 5B.7  Contour plots of the model-predicted microbial group concentrations (mol L-1 

C5H7O2N), along the column length over time. The microbial groups for ethanol to acetate 

oxidation are in the LHS column, showing (going down) the aerobes (X1), denitrifiers (X2), and 

goethite/sulfate reducers (X3). The microbial groups for complete acetate mineralisation are in the 

RHS column, showing (going down) the aerobes (X4), denitrifiers (X5), and goethite/sulfate 

reducers (X6). 
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6.  TCE Reductive Dechlorination Soil Column Experiment 

6.1  Introduction 

Chlorinated ethenes such as TCE are industrial solvents and are among some of the 

most ubiquitous chlorinated compounds found in groundwater contamination (IPCS, 

1985; Bruckner et al., 1989). TCE can be both toxic and carcinogenic, so its presence in 

groundwater poses a threat to public health (IPCS, 1985; Bruckner et al., 1989). There is 

currently no Australian drinking water guideline concentration limit for TCE (ADWG, 

1996), however, the Australian drinking water guidelines do refer to the WHO health-

base low level effect guideline value of 70 µg L-1 TCE in water (IPCS, 1985). 

Ethanol has been used as an electron donor to promote microbially-mediated 

reductive dechlorination of chlorinated ethenes (Chapter 1, Section 1.3.3.2). However no 

in situ ethanol addition has been trialled at a field- or simulated field-scale, to test for 

chlorinated ethene removal from groundwater, under conditions without 

bioaugmentation. In two field-scale studies without bioaugmentation (and not using 

ethanol as a carbon substrate), there was shown to be negligible TCE degradation with 

the addition of nutrients and acetate to an aquifer (Devlin and Müller, 1999), to very slow 

PCE degradation with the addition of nutrients and benzoate to an aquifer, with a long 

PCE degradation activation time (Devlin et al., 2004).  

In this study, to test for TCE removal from contaminated groundwater by the 

addition of ethanol, and without bioaugmentation, simulated in situ ethanol delivery to 

TCE-contaminated groundwater within a column-scale experiment was examined, using 

the controlled ethanol delivery from a silicone tubing polymer mat PRB. Further analysis 

of the observed ethanol mass delivery flux to the column by the silicone polymer mats 

under biologically-active reducing conditions was also conducted and compared to the 

ethanol delivery flux predicted by the model (Chapter 4). 

6.2  Methods 

6.2.1  Column experiment setup  

A schematic of the column design and a photograph of the column experiment 

setup is shown in Figure 6.1. Two soil packed columns made from aluminium were 

constructed (200 cm long, 14.0 cm i.d., 15.0 cm o.d.). Fourteen stainless steel sample 

ports were positioned along the length of the column, at 4.0 (port A), 17.5 (port B), 37.5 

(port C), 47.5 (port D), 57.5 (port E), 67.5 (port F), 77.5 (port G), 92.5 (port H), 107.5 
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(port I), 132.5 (port J), 142.5 (port K), 152.5 (port L), 167.0 (port M), and 182.0 cm (port 

N) from the base of the column. A sampling port was also installed in the delivery line to 

the column to allow influent concentrations to be monitored. Teflon backed rubber septa 

in each sampling port allowed samples to be taken from the columns with a syringe 

without introducing oxygen to the groundwater.  

 

 
Figure 6.1  Schematic and photograph of the flow-through soil columns used for the TCE reductive 

dechlorination experiment. Two columns were prepared, one supplying the electron donor ethanol 

in the polymer mat, and the other column acting as a control with no substrates being passed 

through the polymer mat in this column. 

The columns were packed with Spearwood sand collected from a TCE-

contaminated site in the Perth suburb of Jolimont, Western Australia (Benker et al., 

1997). This sand had a low total organic carbon content of 200 mg kg-1 as a dry weight 

and a total iron content of 52 ± 9 mg kg-1 dry weight (errors are the 95 % confidence 

interval, see Appendix 3 for determination). Total manganese content of the sand was 

negligible (acid extracts from sand samples were below manganese analysis detection 

limits). Groundwater used in the columns was collected every four weeks from a bore at 

the Jolimont site. Past TCE concentrations at this site have been measured at a maximum 

of 2000 µg L-1 TCE (Benker et al., 1997). However, no detectable TCE was observed in 
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the groundwater collected, so the groundwater was spiked with a concentrated TCE 

solution, such that the influent groundwater TCE concentration was approximately 3000 

µg L-1 TCE. This groundwater contained moderate levels of sulfate (variable ~ 15 to ~ 19 

mg L-1 SO4
--S) and dissolved organic carbon (DOC) (~ 39 mg L-1 C). Initial column 

influent groundwater chemistry data is shown Table 6.1. 

 
Table 6.1 Chemistry of the influent groundwater used in the TCE reductive dechlorination column 

experiment. 

Parameter 
 

Concentration in 
groundwater 

pH 6.8 
DO 1.9 mg L-1 
Eh 254 mV 
Na 120 mg L-1 
K 5.9 mg L-1 
Ca 24 mg L-1 
Mg 8.1 mg L-1 
Mn 0.005 mg L-1 
Fe 0.006 mg L-1 
Cl 180 mg L-1 

NO3
--N  3.2 mg L-1 

NO2
--N < 0.02 mg L-1 

NH4
+-N < 0.01 mg L-1 

SO4
2--S 17 mg L-1 

Alkalinity (as CaCO3) 25 mg L-1 
HCO3

- 48 mg L-1 
CO3

2- < 2 mg L-1 
Soluble reactive P < 0.01 mg L-1 

Ion balance 0.2 % 
DOC (CH2O) 39 mg L-1 C 

Ethanol < 0.0005 g L-1 
Acetate < 0.004 g L-1 

Propionate < 0.001 g L-1 
Butyrate < 0.0005 g L-1 

CH4 < 0.0002 mg L-1 
N2O < 0.03 mg L-1 

 

The groundwater was stored in a 120 L high density polyethylene vessel under an 

atmosphere of N2 gas within a large fluoroplastic gas bag (50 L, pressurised with N2) to 

maintain the low aerobic groundwater aquifer conditions. The fluoroplastic gas bag was 

relatively impermeable, therefore preventing O2 ingress to within the groundwater storage 

drum and also the emission of TCE from the groundwater storage drum. The groundwater 

storage vessel was made from thick hard plastic to also prevent sorption, permeation and 

loss of TCE through its walls. Due to environmental influences the precise groundwater 

chemistry did vary slightly over the total experimental time period, depending on the 

chemical species. The soil and groundwater in the column was used without bacterial 

amendment (no bioaugmentation).  
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Groundwater flow rates through the columns were controlled at approximately 0.25 

mL min-1 (~ 360 ± 72 mL day-1). The upward groundwater flow through the columns was 

gravity driven, but controlled by a peristaltic pump on the effluent line at the top of the 

column. Effluent was disposed of by passing it through an activated carbon filter prior to 

disposal to the drains. This carbon filter was stripped once a month to ensure that it was 

still effective in sorbing the chlorinated components. The experiments were run at room 

temperature, which was controlled at approximately 22 ºC. The column and sample ports 

were predominantly prepared from aluminium and steel, with the delivery lines made 

from thick, hard nylon, to minimise the adsorption of TCE to the column components. 

Loss of TCE from the 120 L storage vessel and delivery lines was minimal; suggesting 

sorption to these plastic items was not significant. 

6.2.2  Ethanol delivery via silicone polymer mat  

During column construction a single polymer mat was installed at 42.5 cm from the 

base of the columns, placed horizontally within the circumference of the columns and 

orthogonal to the groundwater flow direction. The polymer mats (see Figure 4.3, Chapter 

4) were made from silicone tubing (2.0 mm i.d., 3.0 mm o.d.; fine stainless steel spring 

inserted through the centre of the tubing providing support and preventing 

twisting/collapsing) woven through a 13.5 cm diameter plastic mesh support frame. 

These polymer mats were slightly different from the previous column-scale mats, as they 

contained only 1 m of silicone tubing woven into the frame. Previous studies have shown 

that it was possible to achieve excess ethanol delivery using 5 m of tubing within the mat 

(Chapter 4 and Chapter 5A), therefore it was possible to reduce the length of tubing in the 

mat without limiting the ethanol delivery required for reductive dechlorination. Also, 

reducing the tubing length in the mat may reduce potential TCE losses from the column 

via sorption into the mat. 

The mats were installed in the columns with the inlet and outlet ports at each end of 

the polymer tube attached to the side of the column. For ethanol delivery to the ethanol 

amended column, a 3 L aqueous ethanol solution of variable concentration (depending on 

the mass of ethanol required to be delivered to the column, ~ 0.87 to ~ 37 g L-1) was 

continuously recycled through the inner volume of the tubing in the polymer mat at a rate 

of ~ 3 mL min-1. As previously described (Chapter 4, Section 4.3.2), this flow rate of 

ethanol through the inside of the silicone tubing in the mat was higher than the calculated 

minimum flow rate to ensure that the concentration of ethanol along the length of the 

tubing in the mat did not decrease by more than 10 % (Appendix 2). This ethanol delivery 

to the column was monitored for 43 weeks.  
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For the experiment a control column was operated simultaneously, which was 

constructed and operated in the same way, but did not have ethanol delivered to the 

groundwater flowing through the column. The mat present in the control column was 

sealed to the atmosphere to prevent potential TCE losses. 

6.2.3  Sampling and analysis 

To monitor interactions occurring within the columns during the experiments, water 

samples were collected from the columns sample ports and the influent line every one to 

two weeks using a hypodermic needle and glass syringe (for chlorinated ethene analysis) 

or plastic syringe (for all other analytes). Prior to sampling, each sample port was purged 

by removing 10 mL of groundwater. The total volume of water sample collected from 

each port depended on the analysis required. A minimum groundwater volume was 

collected from each sample port to prevent disruption of the groundwater flow rate, 

carbon source delivery and the biological activity of the column. Details of the analysis 

methods utilised are given in the general methods described in Chapter 2.  

6.2.4  Bromide tracer experiment 

Prior to the addition of ethanol and TCE for this column experiment, the 120 L of 

groundwater influent storage vessel for the columns was simultaneously spiked with TCE 

(approximately 3000 µg L-1 TCE) and bromide (200 mg L-1 Br-). The bromide was 

included as a conservative tracer to assess the effective soil porosity, and the average 

linear velocity of the groundwater flow for assessment of retardation or sorption of TCE 

through the column.  

The bromide/TCE transport and distribution along the length of the column was 

monitored over approximately 7 days. During the tracer test the groundwater volumetric 

flow rate through the column was approximately 0.45 mL min-1, which was slightly 

higher than the usual operating flow rate. Exact groundwater flow rates over this time 

period were determined by collection and measurement of the total effluent groundwater 

from the column at exact times during the progress of the tracer test.  

Soil porosity, groundwater linear velocity and TCE retardation were determined 

using the same methods and equations (Equation 5A.1, Equation 5A.2, Equation 5A.3, 

Equation 5A.4) described in the metal bioprecipitation column experiments, in Chapter 

5A, Section 5A.2.5 and Section 5A.2.6. 
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6.2.5  Lag-times and half-lives of transformation processes 

Lag-times, tL, for degradation (or production) of a particular chemical species were 

determined using the same method and equation (Equation 5A.5) described in the metal 

bioprecipitation column experiments (Chapter 5A, Section 5A.2.7). The method requires 

knowledge of the volumetric flow rate of groundwater though the column, fv (cm3 day-1), 

and the distance along the column length, d (cm), between the first evidence of removal 

(or production) of a chemical species and the position of ethanol delivery (at 42.5 cm 

along the length of the column).  

Pseudo-first-order degradation and production rates (expressed as half-lives, t1/2) 

were also estimated from plots of chemical species concentration data, [X], verses the 

distance along the column, by the same method and equation (Equation 5A.6, Equation 

5A7) described in the metal bioprecipitation column experiments (Chapter 5, Section 

5A.2.7). 

6.3  Results 

6.3.1  Quantification of ethanol mass delivery in TCE column experiment. 

In this second example of column-scale ethanol delivery to promote a biologically-

mediated contaminant removal from groundwater, the ethanol mass delivery flux from 

the silicone tubing in the polymer mats, X (Equation 4.16, from Chapter 4), was 

determined for each of the 19 sample days. During the TCE reductive dechlorination 

column experiment, at the first downgradient sample port from the silicone tubing 

polymer mat, at port D (47.5 cm), acetate (an ethanol degradation product) production, 

and denitrification, iron(III) reduction and sulfate reduction were observed (described 

later in this chapter). As a result, to determine the X values for this column experiment, 

the ethanol concentration actually delivered by the silicone tubing was better represented 

by an effective ethanol concentration, which was the sum of the total ethanol 

concentration at port D (mol L-1) and the total acetate concentration at port D (mol L-1) 

converted into an effective ethanol concentration in g L-1. This assumes that only ethanol 

was delivered and any acetate produced at port D was from the degradation of ethanol 

(via oxidation) in a 1:1 molar ratio. It also assumes that further oxidation of acetate did 

not occur. This effective ethanol concentration at port D (47.5 cm) was used to determine 

the X values. In this column experiment port D was 5 cm downgradient from the polymer 

mat, which was slightly further downgradient from the polymer mat compared to the 1 

cm downgradient sample port utilised in the sterile water column experiments (Chapter 4, 
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Section 4.3) and the metal bioprecipitation column experiment (Chapter 5A, Section 

5A.3.1). 
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Figure 6.2  Plot of the experimental data from the reductive dechlorination column experiment. 

This plot shows the mass flux of ethanol delivered by the polymer mat at steady-state ethanol 

concentration, X, as a function of the concentration of ethanol inside the silicone tubing in the mat, 

C1. The linear fit of the experimental data is also shown (red), which can be compared to a line 

(blue) based on a model for the ethanol mass flux delivery from the silicone polymer tubing 

determined in Chapter 4. 

Figure 6.2 shows the X values plotted against the corresponding concentration of 

ethanol, C1, measured inside the silicone tubing in the mat on each particular sample day 

for the TCE reductive dechlorination soil column experiment. A linear fit can be applied 

to this experimental ethanol delivery (plus acetate equivalent to ethanol) data from TCE 

reductive dechlorination column experiment, which represents an ethanol mass flux ratio 

(Equation 4.17, Chapter 4) of 1.64 (± 0.17) x 106 s cm-1 (error to a 95 % confidence 

interval), and is presented as a red line in Figure 6.2 (with intercept forced through the 

origin). It can be seen from Figure 6.2 that the flux ratio was substantially linear, with 

coefficients of determination (R2) values of 0.92. 
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Using the model developed in Chapter 4, an ethanol mass flux ratio of 1.48 x 106 s 

cm-1 was predicted from 
pwpv  KD

b
aa

f
az

⎟
⎠
⎞

⎜
⎝
⎛

+
ln 

      π2  (Equation 4.17, Chapter 4), using 

parameters specific to this experiment (z = 100 (± 0.1) cm; a = 0.157 (± 0.002) cm and b 

= 0.103 (± 0.002) cm (were determined in Chapter 3, Section 3.1.1); fv = 0.25 (± 0.05) 

cm3 min-1 = 4.17 (± 0.83) x 10-3 cm3 s-1; Kpw = 0.037 (± 0.006) (determined in Chapter 3, 

Section 3.1.3)), and the effective Dp of 1.22 x 10-6 cm2 s-1 (determined in Chapter 4 from 

the sterile water column experiment). This model-predicted value was represented as a 

blue line in Figure 6.2. There was no statistically significant difference between the 

experimentally determined mass flux ratio of 1.64 (± 0.17) x 106 s cm-1 and the model-

predicted ethanol mass flux ratio of 1.48 x 106 s cm-1 based on a Student’s t-test (to 95 % 

confidence interval). Even with the ethanol degradation observed in this TCE reductive 

dechlorination biological soil column experiment, by taking this ethanol to acetate 

transformation into account, the experimentally observed ethanol mass flux delivery was 

within the range of that predicted by the model for ethanol mass flux delivery from 

silicone tubing to an aqueous phase (Chapter 4). For a second type of laboratory-scale 

biologically-active soil column experiment, the model has been shown to provide a 

reliable prediction method for estimating the ethanol mass flux delivery.  

6.3.2  Soil porosity and groundwater linear velocity 

The bromide concentration along the length of the column was analysed at every 

sample port 164 hrs after the addition of the tracer to the column influent water. Over this 

time period the total volume of water that flowed through the column was 4464 mL. The 

relative bromide concentration along the length of the column compared to the influent 

bromide concentration ([Br]/[Brinf]) at 164 hrs is shown in Figure 6.3.  

Figure 6.3 shows that bromide front was more dispersed compared to the previous 

metal bioprecipitation bromide tracer test (see Figure 5A.3). This may have occurred due 

to preferential flows through the soil in the column, resulting in proportions of the 

groundwater moving along the length of the column at different linear velocities. To 

determine the position of 50 % bromide breakthrough, the bromide concentration data 

was fitted to a Boltzmann function in the shape of a sigmoidal curve (Figure 6.3). The 

position along the length of the column where 50 % breakthrough of the bromide occurs 

at 164 hrs was determined to be 1.33 m, which allowed the effective porosity of the soil 

in the column to be calculated as 0.22 (see Appendix 8, Part A for calculations). The 

porosity value determined was slightly lower than the porosity value of 0.35 determined 
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by Benker et al. (1997) for an undisturbed soil sample taken from the same site on the 

Swan Coastal Plain. This lower porosity may be a result of soil particle redistribution due 

to the column packing process (Freeze and Cherry, 1979). The soil collected from the 

Swan Coastal Plain for this study may also be characteristically lower in porosity than the 

soil described by Benker et al. (1997). 
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Figure 6.3  The bromide distribution (as relative bromide concentrations to the influent bromide 

concentration) along the length of the column ~ 7 days after bromide was added to the influent 

groundwater. Bromide breakthrough curve fitted to this data is also shown. 

 

At normal operational groundwater volumetric flow rates of 0.25 mL min-1 (~ 360 

± 72 mL day-1) through the columns, the linear velocity of groundwater flow through the 

column experiments, vL, was estimated to be ~ 39 m yr-1, using Equation 5A.2 and a soil 

porosity of 0.22. Given this linear velocity, the total time for influent groundwater to 

move through the 2 m length of the column would be 18.6 days. This linear velocity 

applied for these column experiments was comparable to typical groundwater flow 

velocities of 10 to 50 cm day-1 (~ 36 to 182 m yr-1) used by Fang et al. (2002), and is 

approximately half the average linear groundwater velocity measured for a region within 

the Swan Coastal Plain, Perth, Western Australia of ~ 74 m yr-1 (Benker et al., 1997). 
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6.3.3  TCE sorption 
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Figure 6.4  The The TCE distribution (as relative TCE concentrations to the influent TCE 

concentration) along the length of the column ~ 7 days after TCE was added to the influent 

groundwater. TCE breakthrough curve fitted to this data is also shown. 

 
Table 6.2  The 50 % breakthrough distance travelled by bromide and TCE along the column and 

the corresponding retardation coefficients. 

Metal Distance travelled along column (m) Retardation coefficient 
Bromide Br- 1.33 1 

TCE  1.16 1.1 
 

The distribution of TCE along the length of the column was also measured after 

164 hrs from when the TCE was added to the influent groundwater, and is shown as TCE 

concentrations relative to the groundwater influent TCE concentration in Figure 6.4 

(influent groundwater was spiked with TCE simultaneously with the bromide tracer). The 

50 % breakthrough distance of 1.16 m for TCE was determined by fitting the TCE 

concentration data (relative to the influent data) to a Boltzmann function in the shape of a 

sigmoidal curve as the TCE breakthrough curve (Figure 6.4). The 50 % breakthrough 

distance for TCE along the column was slightly lower than the value measured for 

bromide, and therefore a retardation coefficient of 1.1 was determined for TCE (Table 

6.2, see Appendix 8, Part B for the calculations). This suggested that the movement of 
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TCE along the length of the column was not substantially retarded by any components 

making up the soil column. This is consistent with field observations by Benker et al. 

(1997) using similar soil. 

6.3.4  Column experiment 

6.3.4.1  Ethanol delivery concentrations 

Figure 6.5(a) is a contour plot of the ethanol concentration along the length of the 

column from the start of the TCE reductive dechlorination column experiment (the time 

that ethanol delivery commenced to the column) over the 43-week experiment. The 

ethanol delivery vessel concentration (Figure 6.5(b)) was increased manually eight times 

over the column experiment time period to provide a range of ethanol column 

concentrations to assess the ethanol mass flux delivery, and later, to ensure that reductive 

processes were not carbon limited. 
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Figure 6.5  Ethanol delivery information: (a) contour plot of the ethanol concentration along the 

length of the column over the 43-week experiment; (b) ethanol concentration as a function of time 

in the ethanol delivery solution which continuously recycles through the inner volume of the tubing 

in the polymer mat in the column; and (c) the volumetric flow rate of groundwater through the 

column as a function of time. 
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The concentrations of major chemical species along the column length were 

assessed after 25.3 and 36.4 weeks of ethanol delivery to the column, when reaction 

processes were observed to be near steady-state (where species concentrations along the 

column length were relatively constant with time). Figure 6.6 and Figure 6.7 show the 

groundwater chemistry along the length of the ethanol amended column on these sample 

days after 25.3 and 36.4 weeks of ethanol delivery to the column, respectively. At week 

25.3 and 36.4 the ethanol being delivered to port D (47.5 cm) was ~ 0.28 and ~ 0.40 g L-1 

ethanol (12 and 17 mmol L-1 C), respectively, with 98 and 76 % of the ethanol delivered 

at port D consumed by port N (182 cm). 

6.3.4.2  TCE and chlorinated ethene by-product concentrations  

Figure 6.8 shows contour plots of the TCE concentration along the length of the 

ethanol amended and control columns over the 43-week reductive dechlorination column 

experiments. Figure 6.6(c) and Figure 6.7(c) show TCE concentration profiles along the 

length of the ethanol amended and control columns after 25.3 and 36.4 weeks of ethanol 

delivery to the column, respectively. No substantial decrease in TCE concentrations 

compared to the control column was observed along the length of the ethanol amended 

column over the 43-week experiment. After approximately 16 weeks, very low 

concentrations (~ 1 to ~ 4 µg L-1) of cis-1,2-DCE (one of the by-products of the step-wise 

reductive dechlorination of TCE) was observed from port G (77.5 cm) (Figure 6.9). This 

indicated that there may be a small amount of TCE degradation, however given that there 

is a 12 % standard error (as a relative standard deviation) at a TCE concentration of 1960 

µg L-1 (Chapter 2, Section 2.8), it would be unlikely that the TCE reduction due to the 

mass of cis-1,2-DCE produced would be detected. No other by-products of the step-wise 

reductive dechlorination of TCE (trans-1,2-DCE, 1,1-DCE, VC, acetylene and ethene) 

were observed above detection limits. It was assumed that dechlorinating microorganisms 

required to reduce substantial quantities of TCE were not naturally present in significant 

quantities in the soil and groundwater used in this column experiment. In this soil and 

groundwater system, ethanol may not be the most effective carbon substrate to promote 

the growth of dechlorinating microorganisms (Schöllhorn et al., 1997). However, this is 

inconsistent with studies by Fennell et al. (1995; 1997), which showed that ethanol 

supported reductive dechlorination over the long-term.  
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Figure 6.6  Groundwater chemistry along the length of the ethanol amended column experiment, 

measured on a sample day, 25.3 weeks after the start of ethanol delivery to the column, where (a) 

shows the ethanol, acetate, propionate (very low concentrations), butyrate, and methane 

concentrations, (b) shows the sulfate and sulfide concentrations, and (c) shows the TCE 

concentrations and the corresponding pH variation along the length of the column. The TCE 

concentrations along the length of the control column are also shown in (c). 
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Figure 6.7  Groundwater chemistry along the length of the ethanol amended column experiment, 

measured on a sample day, 36.4 weeks after the start of ethanol delivery to the column, where (a) 

shows the ethanol, acetate, propionate, butyrate, and methane concentrations, (b) shows the sulfate 

and sulfide concentrations, and (c) shows the TCE concentrations and the corresponding pH 

variation along the length of the column. The TCE concentrations along the length of the control 

column are also shown in (c). 
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Figure 6.8  Contour plots of the TCE concentrations along the length of (a) the ethanol amended 

column, and (b) the control column, over the 43-week reductive dechlorination column experiment 

after the start of ethanol delivery. 
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Figure 6.9  Contour plot of the cis-1,2-dichloroethene concentration along the length of the ethanol 

amended column over the 43-week experiment after the start of ethanol delivery. 



Chapter 6                                                                                                               PhD Thesis, Michelle Grassi 

 172 

In many studies where analysis of the optimal growth of dechlorinating 

microorganisms was conducted (DiStefano et al., 1991; Tandoi et al., 1994; Fennell et al., 

1995; 1997), or where microbially based technologies to remove chlorinated ethenes 

from groundwater and wastewater were tested (Komatsu et al., 1997; Schöllhorn et al., 

1997; Bagley et al., 2000; Kaseros et al., 2000), the addition of enriched cultures of 

dechlorinating microorganisms was made to the study samples. In this study, no such 

bioaugmentation was conducted. In many of these other studies, the optimal conditions 

for dechlorinating microorganism growth were provided by the addition of extra nutrients 

and carbon sources (such as vitamin B12 and yeast extract) to the growth solutions, and 

conducting the studies at favourable growth temperatures and pHs (Tandoi et al., 1994; 

Fennell et al., 1995; 1997; Schöllhorn et al., 1997; Bagley et al., 2000; Kaseros et al., 

2000). While naturally occurring micronutrients in the soil and groundwater used for this 

column study may have been present, they may not have created the specifically 

favourable conditions for dechlorinating microorganism growth. The operating 

temperature of the column in this study was not able to be maintained at optimal growth 

temperatures of between 30°C and 43°C (Mohn and Tiedje, 1992; Zhuang and 

Pavlostathis, 1995). 
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Figure 6.10  TCE concentrations within the ethanol delivery vessel solution continuously recycling 

through the inner volume of the tubing in the polymer mat in the column as a function of time. 

TCE was observed to partition into the ethanol delivery vessel solution which 

continuously recycles through the inner volume of the tubing in the polymer mat. The 

diffusional transfer of TCE through the walls of hollow-fibre polypropylene polymer 
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tubing has also been described by Pressman et al. (1999, 2000). Figure 6.10 shows that 

TCE concentrations between ~ 320 and ~ 710 µg L-1 TCE were observed inside the 

ethanol delivery vessel solution over the 43-week experimental time period. This 

concentration is between 11 and 24 % of the TCE-contaminated groundwater (based on 

the TCE concentration on the same sample day at port C, 5cm upgradient from the 

polymer mat). Excluding the initial increase, the TCE concentration in the ethanol 

delivery vessel solution did not appear to change significantly over the experimental time 

period. This corresponds with the observation of no significant TCE stripping from the 

column water downgradient of the polymer mat over the entire experimental period, and 

suggests that the TCE concentration present in the vessel may have been in equilibrium 

with the TCE in the groundwater (assuming no losses of TCE from the delivery vessel). 

No significant decrease in TCE concentration in the column water downgradient from the 

polymer mat was observed during the experiment.  

6.3.4.3  By-products of ethanol degradation 

The ethanol degradation products resulting from microbial ethanol oxidation, 

including acetate, propionate, n-butyrate, and methane, are shown in Figure 6.11 as 

contour plots of the concentrations along the column length over the 43-week 

experimental time period after the start of ethanol delivery. After 2.3 weeks, from port D 

(47.5 cm) along the length of the column, acetate was the first ethanol degradation 

product detected. On sample days at 25.3 and 36.4 weeks (Figure 6.6(a) and Figure 

6.7(a)), acetate was produced in the column between the ethanol delivery mat (42.5 cm) 

and port D (47.5 cm), and increased to ~ 0.081 g L-1 acetate (~ 2.7 mmol L-1 C) and ~ 

0.020 g L-1 acetate (~ 0.67 mmol L-1 C) by port N (182 cm) for week 25.3 and 36.4 

respectively. Acetate was one of the main ethanol oxidation products formed, and at week 

25.3 represented 33 % of the total carbon at port N. This suggested that at this stage of 

the experiment the degradation rate of acetate was low, resulting in the accumulation of 

acetate. However, the rate of acetate degradation appeared to increase with time, and after 

36.4 weeks acetate accumulation represented only 4.1 % of the total carbon at port N.  

As the assumed rate of acetate degradation increased other intermediates were 

observed. After 10.5 weeks, from port F (67.5 cm) along the length of the column, n-

butyrate was observed. Between the sample days at week 25.3 and 36.4, the n-butyrate 

concentration at port N was observed to increase from ~ 0.12 g L-1 n-butyrate (~ 5.3 

mmol L-1 C) to ~ 0.16 g L-1 n-butyrate (~ 7.4 mmol L-1 C). At 25.3 weeks very low 

concentrations of propionate and methane were detected (0.002 g L-1 propionate (~ 0.080 

mmol L-1 C) at port K (142.5 cm), and 0.090 mg L-1 methane (~ 0.0056 mmol L-1 C) at 
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port I (107.5 cm)). Due to time restraints methane analysis was not conducted after 25 

weeks of ethanol delivery to the column. At 36.4 weeks higher production rates of 

propionate were observed, with 0.11 g L-1 propionate (~ 4.32 mmol L-1 C) observed at 

port N (182 cm). Bicarbonate concentrations were not measured along the columns 

during the process of this experiment. From the total carbon present at port N (182 cm) 

on sample days at 25.3 and 36.4 weeks, approximately 61 % and 71 % of the total carbon 

present at port D (47.5 cm) from 2 weeks earlier (the approximate time required for the 

ethanol to travel from port D to port N) was recovered at port N. 
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Figure 6.11  Contour plots of the concentrations of (a) acetate, (b) propionate, (c) n-butyrate, and 

(d) methane products along the length of the ethanol amended column over the 43-week experiment 

after the start of ethanol delivery. For methane, there was no data collected after week 26. 

Fennell et al. (1995; 1997) suggested that butyric acid and propionic acid may be 

better carbon sources to support PCE dechlorination than ethanol, due to less 
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methanogenesis produced. Even though these carbon substrates were formed as by-

products of ethanol degradation in this column experiment, due to evidence of competing 

fermentation processes occurring in this column experiment (methane formation), 

dechlorination activity may have been suppressed. These observations are in contrast to 

long-term observations by Fennell et al. (1997) that showed that propionic acid formed as 

a result of ethanol degradation, which then promoted further PCE removal due to 

reductive dechlorination. 

6.3.4.3  pH, redox potential and dissolved oxygen concentration 
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Figure 6.12 Ethanol amended column over the 43-week experiment after the start of ethanol 

delivery: (a) Contour plot of the pH along the length of the column; (b) Eh at ports A (4 cm) and C 

(37.5 cm), and also at ports D (47.5 cm) and N (182 cm); and (c) DO at ports A (4 cm) and C (37.5 

cm), and also at ports D (47.5 cm) and N (182 cm). 

The pH of the influent groundwater to both columns generally ranged between 6 

and 7 over the total experimental time period. After approximately 13.0 weeks the pH 

within the ethanol amended column commenced decreasing between port E (57.5 cm) 

and port F (67.5 cm) (Figure 6.12(a)). On the sample day at 25.3 weeks from the start of 

ethanol delivery to the column, the pH decreased steadily from 6.7 at port E (57.5 cm) to 

5.3 at port I (107.5 cm) (Figure 6.6(c)). At 36.4 weeks the pH decreased from earlier 

sample ports, from 7.0 at port D (47.5 cm) to 5.3 at port H (92.5 cm). The observed pH 
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decrease may have resulted from organic acid formation due to microbially-mediated 

ethanol oxidation processes (such as acetic, propionic and n-butyric acids), since the 

region of low pH groundwater within the ethanol amended column corresponds to the 

regions of high organic acid concentrations, particularly for n-butyric acids (Figure 

6.11(c)). The pH decreases also correspond to the time and position along the length of 

the column where ethanol promoted sulfate reduction was observed (described later). 

This region of low pH formation, and the corresponding formation of organic acids and 

sulfate reducing processes along the ethanol amended column length as a function of 

time, is consistent with that observed in Chapter 5A. For the control column no 

significant changes in the pH along the length of the column were observed over the 43-

week experimental time period (Figure 6.13(a)).  
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Figure 6.13  Control column over the 43-week experiment: (a) Contour plot of the pH along the 

length of the column; (b) Eh at ports A (4 cm) and C (37.5 cm), and also at ports D (47.5 cm) and N 

(182 cm); and (c) DO at ports A (4 cm) and C (37.5 cm), and also at ports D (47.5 cm) and N (182 

cm). 

The redox potential (Eh) of the groundwater at two sample ports upgradient from 

the polymer mat (port A (4 cm) and port C (37.5 cm)), and two sample ports 

downgradient from the polymer mat (port D (47.5 cm) and port N (182 cm)), are shown 

for both the ethanol amended column (Figure 6.12(b)) and the control column (Figure 
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6.13(b)). At the two upgradient sample ports for the ethanol amended column, and for all 

4 sample ports monitored in the control column, there were generally positive redox 

potentials (17.3 to 254.4 mV) observed over the 43-week experiment. For the ethanol 

amended column the redox potential decreased to negative values at port D after 2.4 

weeks of ethanol delivery (-117.6 to -268.6 mV), and at port N after 3.4 weeks of ethanol 

delivery (-42.9 to -217.5 mV). For the metal bioprecipitation column experiments 

(Chapter 5A), the reduction in redox potential appeared to correspond to the time and 

position along the column length where sulfate reduction and sulfide production were 

observed. These observations were similar to observations in this column experiment, 

where these reductions in redox potential at port D were observed to commence at the 

same time that sulfate reduction at port D was observed (sulfate reduction is described 

later).  

The dissolved oxygen (DO) of the groundwater at two sample ports upgradient 

from the polymer mat (port A (4 cm) and port C (37.5 cm)), and two sample ports 

downgradient from the polymer mat (port D (47.5 cm) and port N (182 cm)), are shown 

for both the ethanol amended column (Figure 6.12(c)) and the control column (Figure 

6.13(c)). As observed in the metal bioprecipitation column experiments (Chapter 5A), the 

trend for the DO at the upgradient (or influent) sample ports over the experimental period 

was similar for both the control and ethanol amended columns. The DO at these 

upgradient sample ports was between ~ 1.0 and ~ 2.9 mg L-1 O2, indicating slightly 

aerobic influent groundwater. For the ethanol delivery column, after approximately 3.4 

weeks the DO concentrations at the two sample ports downgradient from the ethanol 

delivery mat was generally very low (< 1 mg L-1 O2). This may be a result of the 

microbially-mediated consumption of oxygen via the oxidation of ethanol present at these 

downgradient ports. For the control column the DO at the port N was similar to the DO 

observed at port N in the ethanol amended column (low, < 1 mg L-1 O2), which may 

indicate some microbially-mediated consumption of oxygen which could be a result of 

DOC consumption, as DOC was present in the influent groundwater (39 mg L-1 C). The 

DO concentration at port D in the control column was not as low as that observed at port 

D in the ethanol amended column. 

6.3.4.4  Nitrogen species concentrations 

Figure 6.14 shows contour plots of the nitrate concentrations (as N) along the 

length of the ethanol amended column and the control column over the 43-week 

experiment. As observed for the ethanol amended column in metal bioprecipitation 

column experiments (Chapter 5A), denitrification commenced very quickly at port D 
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(47.5 cm), less than a week after the start of ethanol delivery. This position of observed 

denitrification was 5 cm downgradient from the ethanol delivery mat, which was slightly 

closer to the ethanol delivery mat (or reduced lag-time) compared to the position of 

denitrification observed in the metal bioprecipitation column experiment (Chapter 5A) of 

between 31 and 51 cm downgradient from the ethanol delivery mat. This may be a result 

of the lower influent nitrate concentrations (approximately half) present in the TCE-

contaminated groundwater used in this column experiment. On both sample days after 

25.3 and 36.4 weeks the nitrate concentration decreased by ~ 93 % by port D (from ~ 3.4 

mg L-1 NO3
--N (inf) to < 0.7 mg L-1 NO3

--N (port D)) and remained at low nitrate 

concentrations to the end of the column. This almost complete denitrification was similar 

to that observed in the bioprecipitation column experiment (Chapter 5A) and by Patterson 

et al. (2002c). 
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Figure 6.14  Contour plots of the nitrate concentrations along the length of (a) the ethanol 

amended column, and (b) the control column, over the 43-week reductive dechlorination column 

experiment after the start of ethanol delivery. 

Figure 6.15 shows contour plots of the nitrous oxide concentrations (as N) along the 

length of the ethanol amended column and the control column over the 43-week 

experiment. For the ethanol amended column, after approximately 2.4 weeks ~ 0.11 mg 

L-1 N2O-N was observed at port E (57.5 cm). At 25.3 weeks low concentrations of nitrous 
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oxide were detected, with up to 0.30 mg L-1 N2O-N observed at port N (182 cm), which 

represented only 9.1 % of the nitrate removed on this sample day. Due to time restraints 

nitrous oxide analysis was not conducted after 25 weeks of ethanol delivery to the 

column. As observed for the metal bioprecipitation column experiments (Chapter 5A), 

low concentrations of nitrous oxide (up to ~ 0.07 mg L-1 N2O-N) were also detected 

towards the top of the control column from port I (107.5 cm) to port N (182 cm) on the 

sample day at 25.3 weeks. This detection of trace concentrations of nitrous oxide suggests 

denitrifying (and reducing) conditions toward the top of the control column existed 

(Schipper and Vojvodić-Vuković, 2000; 2001), however, as observed in Chapter 5A, no 

substantial decrease in nitrate was observed. 
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Figure 6.15  Contour plots of the nitrous oxide concentrations along the length of (a) the ethanol 

amended column, and (b) the control column, over the 43-week reductive dechlorination column 

experiment after the start of ethanol delivery. No data collected after week 26. 

6.3.4.5  Iron concentrations 

As observed in the metal bioprecipitation column experiments (Chapter 5A), there 

were increases in the total dissolved iron concentration as a result of ethanol delivery at 

42.5 cm along the ethanol amended TCE reductive dechlorination column (Figure 

6.16(a)). These increases may have resulted from the release of soluble Fe(II) into the 
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groundwater due to microbially-mediated reduction dissolution of iron(III) oxides 

minerals promoted by the ethanol delivery (Lovely and Phillips, 1986; Lovely, 1991; 

Appelo and Postma, 1993; Heron et al., 1994; Roden and Zachara, 1996; Cooper et al., 

2000). Total dissolved iron concentrations were only measured from 5 weeks after the 

start of ethanol delivery. At this stage (after 5 weeks) the total iron concentration along 

the length of the ethanol amended column were observed to increase from negligible 

influent concentrations, to ~ 0.25 mg L-1 Fe at port D (47.5 cm, 5 cm downgradient from 

ethanol delivery), with further increases to concentrations ranging from ~ 2.7 to ~ 3.5 mg 

L-1 Fe between ports J (132.5 cm) and N (182 cm). This dissolved iron production 

continued, and at the sample days after 25.3 and 36.4 weeks (see Figure 6.6(b) and Figure 

6.7(b)), maximum dissolved Fe concentrations of ~ 9.0 (port J) and ~ 9.9 (port N) mg L-1 

Fe were observed. 

Black precipitates were observed within water samples collected at variable 

positions (depending on the sample day) along the length of the column between port F 

(67.5 cm) and port N (182 cm). Although these precipitates were not specifically 

identified, they may have been FeS precipitates (for example, mackinawite) due to the 

high concentrations of sulfides present in the column between port F and port N during 

this time (sulfide concentrations discussed in detail later). Any Fe decrease due to 

precipitate formation may have been masked by further reduction from iron(III) minerals 

bound to the soil in the upper locations of the column. The presence of these precipitates 

required the water samples to be filtered before analysis. Exposure of these unfiltered 

water samples to air caused the slow disappearance of the precipitates. As discussed in 

Chapter 5A, the FeS has a very high equilibrium constant suggesting that it is more 

soluble than the other metal sulfides. This solubility of FeS suggests that it is quite 

unstable, and Eh-pH diagrams for Fe-S-O-H system show that FeS is unlikely to form 

except at very high pHs and low redox potentials (Brookins, 1988).  

No increases in Fe concentration were observed along the length of the control 

column over the entire 43-week experiment (Figure 6.16(b)). 
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Figure 6.16  Contour plots of the total iron concentrations along the length of (a) the ethanol 

amended column, and (b) the control column, over the 43-week reductive dechlorination column 

experiment after the start of ethanol delivery. No data collected before week 5. 

6.3.4.6  Sulfate and sulfide concentrations 

Figure 6.17 shows contour plots of the sulfate concentrations (as S) along the length 

of the ethanol amended column and the control column over the 43-week experiment. For 

the control column no decreases in sulfate concentrations were observed over the entire 

43-week experiment (Figure 6.17(b)). For the ethanol amended column, sulfate removal 

started between port D (47.5 cm) and port F (67.5 cm) at week 2.5. Sulfate reduction 

appeared to occur almost immediately downgradient from the position of ethanol 

delivery, decreasing from ~ 17 mg L-1 SO4
2--S to ~ 1.0 mg L-1 SO4

2--S by week 9.0 from 

port E (57.5 cm) to port N (182 cm). This same trend in sulfate removal was observed on 

both sample days at weeks 25.3 and 36.4 (see Figure 6.6(b) and Figure 6.7(b)). This 

position and time of almost complete sulfate removal observed in this column experiment 

(15 cm downgradient of the ethanol delivery location, from week 9.0) contrasts to the 

metal bioprecipitation column experiments (Chapter 5A), where complete sulfate 

removal was observed approximately 111 cm downgradient from ethanol delivery at 

steady-state (at 11.6 weeks). Removal of sulfate was most likely due to microbially-

mediated reduction via ethanol oxidation. The position along the column length where 
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sulfate reduction commences may be much earlier than that observed for the column 

experiments in Chapter 5A due to the higher concentration of DOC present in the 

groundwater used for this experiment (approximately 10 times higher), which may have 

acted as a second carbon source to promote microbially-mediated sulfate reduction. 

These reductions in sulfate correspond to time and position along the column length 

where negative redox potentials were observed, which was similar to that observed in the 

metal bioprecipitation column experiments (Chapter 5A). 
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Figure 6.17 Contour plots of the sulfate concentrations (as S) along the length of (a) the ethanol 

amended column, and (b) the control column, over the 43-week reductive dechlorination column 

experiment after the start of ethanol delivery. 

Figure 6.18 shows a contour plot of the dissolved sulfide concentration (as S) along 

the length of the ethanol amended column over the 43-week experiment. No dissolved 

sulfide was observed in the control column during this time period. By comparing the 

contour plots Figure 6.17(a) and Figure 6.18 it can be observed that the time and position 

of sulfide production corresponds to the reduction in sulfate. This is similar to the sulfate 

reduction/sulfide production trends observed at steady-state for the metal bioprecipitation 

column experiment in Chapter 5A.  

Peak sulfide concentrations of ~ 25 mg L-1 S2--S at port K (142.5 cm) and ~ 22 mg 

L-1 S2--S at port J (132.5 cm) were observed for the sample days at weeks 25.3 and 36.4, 
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respectively (see Figure 6.6(b) and Figure 6.7(b), respectively). Applying total influent 

sulfate data from approximately 2 weeks earlier (the approximate time required for the 

sulfate to travel from the influent to port K or port J) these maximum sulfide 

concentrations represent total sulfur recoveries of 133 % at port K for week 25.3, and 128 

% at port J for week 36.4 (~ 8 mg L-1 extra S2--S higher than sulfate for week 25.3; and ~ 

5 mg L-1 extra S2--S higher than sulfate for week 36.4). This suggests that extra sulfide 

was being produced which did not result from the direct reduction of sulfate. This excess 

sulfide may have resulted from bound FeS dissolution, given the relative instability of 

this metal sulfide (see Table 5A.5). Also, excess sulfide may have resulted from 

experimental error in the sulfide analysis. 

As observed in the metal bioprecipitation column experiments (Chapter 5A), the 

region of high sulfide concentrations and reduced sulfate concentrations correspond to the 

time and position along the length of the column where acidic conditions (decreased pHs) 

were observed.  
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Figure 6.18  Contour plot of the dissolved sulfide concentration (as S) along the length of the 

ethanol amended column over the 43-week experiment after the start of ethanol delivery. 
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6.3.4.7  Groundwater chemistry summary for the column experiment 

Table 6.3 shows averaged data, including lag-times and half-lives of removal and 

production transformation processes, for the two sample days at weeks 25.3 and 36.4. No 

evidence of any substantial TCE reductive dechlorination was observed over the 43-week 

experimental time period (however trace concentrations of cis-1,2-DCE were detected). 

This may have been due to low numbers of naturally present dechlorinating 

microorganisms required to reduce substantial quantities of TCE, or because the 

conditions created in the soil and groundwater of the column were not favourable to grow 

and activate the dechlorinating microorganisms. This is consistent with other studies 

where nutrients and carbon sources were added to the subsurface, and where no 

bioaugmentation took place, in situ chlorinated ethene reductive dechlorination was not 

able to be stimulated (Devlin and Müller, 1999). Even with bioaugmentation activation 

times for chlorinated ethene degradation by dechlorinating microorganisms can be 

reasonably long, with Bagley et al. (2000) observing in inoculated ethanol-fed laboratory-

scale soil columns, initial PCE degradation to cis-1,2-DCE after 45 days. 

The delivery of ethanol to the column did promote the microbially-mediated 

consumption of oxygen, denitrification, iron(III) reduction, and sulfate reduction which 

was shown by decreases in dissolved oxygen, nitrate and sulfate concentrations and 

increases in dissolved total iron concentration. These observations were interesting as 

they could be compared to the same processes occurring in the metal bioprecipitation 

column experiments in Chapter 5A. The main carbon intermediates and by-products of 

ethanol oxidation were shown to be acetate and n-butyrate (with lower concentrations of 

propionate and methane produced). The by-products n-butyrate and propionate were not 

formed in substantial quantities in the metal bioprecipitation column experiments 

compared to the TCE reductive dechlorination column experiment.  

Comparison of Table 6.3 for the TCE reductive dechlorination column experiment 

and Table 5A.6 (Chapter 5A) shows that the lag-times for denitrification and sulfate 

reduction processes in the TCE reductive dechlorination column experiment were less, 

with denitrification and sulfate reduction observed to occur at substantially earlier 

positions along the column length, compared to the metal bioprecipitation column 

experiment. This suggested that ethanol delivery promoted more highly reducing 

conditions in this TCE reductive dechlorination column experiment. The half-lives for 

concentration change of nitrate and sulfate for the TCE reductive dechlorination column 

experiment were, however, similar to the half-lives removal rates observed for the same 

processes in the metal bioprecipitation column experiment (Chapter 5A). 
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As similarly shown in the column experiment in Chapter 5A, the observed 

decreases in column pH may have resulted from the formation of organic acids (such as 

acetate, propionate and n-butyrate) as a result of ethanol oxidation, and the release of H+ 

when ethanol was oxidised to acetate in the sulfate reducing process. In addition, sulfate 

reduction and sulfide production where observed to occur at the time and position along 

the column length where low negative redox potentials were observed. 

6.4  Conclusions 

As observed in Chapter 5A, predictable and quantifiable ethanol delivery was 

achieved from the silicone tubing mat present in the column, as the delivery was statically 

similar to a model (Chapter 4) predicted ethanol mass flux from the silicone tubing.  

This biological column study showed that ethanol delivery alone (without 

bioaugmentation) via the silicone tubing polymer mat PRB system over approximately 10 

months did not stimulate the reductive dechlorination of TCE. To enable degradation of 

TCE in situ, bioaugmentation with enriched culture solutions of dechlorinating 

microorganisms may be needed. Extra growth nutrients in combination with ethanol may 

also need to be provided in situ. 

Ethanol delivery in this column experiment did promote other microbially-mediated 

processes which occur in reducing environments, such as oxygen consumption, 

denitrification, iron(III) reduction, and sulfate reduction. These processes were initially 

examined in Chapter 5A, in the metal bioprecipitation column experiments; however, this 

column study provides a further example for comparison of these processes occurring due 

to ethanol delivery under different soil and groundwater conditions. 
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Table 6.3 Summary of the concentration changes of the chemical species in the groundwater along 

the length of the TCE reductive dechlorination column. Data is the average of the two sample days 

24.3 and 36.4 weeks after the start of ethanol delivery.  

Chemical species 

Lag-time from 
position of ethanol 

delivery (42.5 cm) to 
concentration change 

tL (days) 
 

Concentration 
change from the 

influent to port N 
(182 cm) 

Position along 
column of 

concentration change 

Half-life of 
concentration 

changeα 
t1/2 

(days) 

REMOVAL 
TCE  
(CCl3H) 
 
(no evidence of TCE 
reductive dechlorination 
observed in the control 
column) 
 
 

n.a. 

removal of ~ 2510 µg 
L-1 TCE (inf) to ~ 2830 
µg L-1 TCE (port N) 

 
0 % removal 

n.a. n.a. 

Sulfate  
(SO4

2--S) 
 
(no evidence of sulfate 
reduction observed in the 
control column) 
 
 
 
 

removal occurred 
between ethanol 

delivery mat (42.5 cm) 
and port E (57.5 cm)  

≈ 
lag-time from ethanol 
delivery 0 – 2.37 days 

 

removal of ~ 17 mg L-1 
SO4

2--S (inf) to ~ 0.96 
mg L-1 SO4

2--S (port N) 
 

~ 94 % removal 

removal from port D 
(47.5 cm) to the end of 
the column at port N 

(182 cm) 

0.55 – 1.3 

Nitrate 
(NO3

--N) 
 
(no evidence of nitrate 
removal observed in the 

control columnβ) 
 
 
 
 
 

removal occurred 
between ethanol 

delivery mat (42.5 cm) 
and port D (47.5 cm) 

≈ 
lag-time from ethanol 
delivery 0 – 0.64 days 

 

removal of ~ 3.4 mg L-

1 NO3
--N (inf) to < 0.7 

mg L-1 NO3
--N (port 

N) 
 

~ 93 % removal 

removal from port D 
(47.5 cm) to the end of 
the column at port N 

(182 cm) 

0.23-0.61 

Ethanol 
(CH3CH2OH) 
 
(no ethanol was delivered 
to the control column) 
 difficult to interpretχ 

removal of ~ 0.34 g L-1 
CH3CH2OH (port D) to 

~ 0.050 g L-1 
CH3CH2OH (port N), 

(~ 15 to ~ 2.1 mmol L-1 
as C) 

 
~ 76 - 98 % ethanol 

removalδ 

 

difficult to interpretχ difficult to interpretχ 

pH 
 
(no substantial pH in the 
control column) 
 
 
 
 
 

n.a. 

decreased from ~ 1.6 
mg L-1 O2 at port A (4 
cm), to < 1.0 mg L-1 O2 

at port N (182 cm) 
 

removal from port D 
and E (47.5 - 57.5 cm) 
to between port H and 

I (92.5 – 107.5 cm) 
 
 

n.a. 

Dissolved oxygen  
(DO) η 

 

 

 

 

 

n.a. 

decreased from ~ 1.6 
mg L-1 O2 at port A (4 
cm), to < 1.0 mg L-1 O2 

at port N (182 cm) 
 

removal from port D 
(47.5 cm) to the end of 
the column at port N 

(182 cm) 
 
 

n.a. 

Redox potential  
(Eh) η 
 
(redox potential remained 
positive along the length 
of the control column, 
even at port N) 
 
 
 

n.a. 

decreased from 236 
mV at port A (4 cm), 
to -194 mV at port N 

(182 cm) 

n.a. 

 
 
 
 

n.a. 
 
 

 
(table cont. →) 
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Chemical species 

Lag-time from 
position of ethanol 

delivery (42.5 cm) to 
concentration change 

tL (days)

Concentration 
change from the 

influent to port N 
(182 cm) 

Position along 
column of 

concentration change 

Half-life of 
concentration 

changeα 
t1/2  (days) 

PRODUCTION 
Sulfide  
(S2--S) 
 
(no sulfide production 
observed in the control 
column) 

production occurred 
between ethanol 

delivery mat (42.5 cm) 
and port D (47.5 cm)  

≈ 
lag-time from ethanol 
delivery 0 – 0.79 days 

 

from < 2.5 mg L-1 S2--S 
(inf) to a production of 
~ 22 mg L-1 S2--S (port 

N) 
 

represents ~ 135 - 139 
% of the SO4

2--S 
removed 

 

production from port D 
(47.5 cm) to between 
port K and L (142.5 – 
152.5 cm)to the end of 
the column at port N 

(182 cm) 

1.0 - 2.3 

Nitrous oxide 
(N2O-N) 
 
(some nitrous oxide 
production observed in the 

control columnφ) 

production occurred 
between ethanol 

delivery mat (42.5 cm) 
and port D (47.5 cm) 

≈ 
lag-time from ethanol 
delivery 0 – 0.61 days 

 

from < 0.03 mg L-1 
N2O-N (inf) to a 

production of  
~ 0.31 mg L-1 N2O-N 

(port N) 

production from port D 
(47.5 cm) to the end of 
the column at port N 

(182 cm) 

10.0 

Dissolved Iron 
(total Fe = Fe(II) + 
Fe(III)) 
 
(no dissolved iron 
production observed in the 
control column) 

production occurred 
between ethanol 

delivery mat (42.5 cm) 
and port D (47.5 cm) 

≈ 
lag-time from ethanol 
delivery 0 – 0.79 days 

 

from 0.020 mg L-1 Fe 
(inf) to a production of 
~ 6.2 mg L-1 Fe (port 

N) 
 
 

production from port D 
(47.5 cm) to the end of 
the column at port N 

(182 cm) 

1.5 – 3.1 

Acetate 
(CH3COO-) 
 
(no acetate production 
observed in the control 
column) 

production occurred 
between ethanol 

delivery mat (42.5 cm) 
and port D (47.5 cm) 

≈ 
lag-time from ethanol 
delivery 0 – 0.79 days 

 

from <0.004 g L-1 
CH3COO- (inf) to a 

production of 
~ 0.051 g L-1 

CH3COO- (port N) 
(<0.13 to ~ 1.7 mmol 

L-1 as C) 

production from port D 
(47.5 cm) to the end of 
the column at port N 

(182 cm) 

6.2 – 8.1 

Propionate 
(CH3CH2COO-) 
 
(no propionate production 
observed in the control 
column) 

production occurred 
between port H (92.5 
cm) and port J (132.5 

cm) 
≈ 

lag-time from ethanol 
delivery 7.9 – 11 days 

 

from <0.001 g L-1 
CH3CH2COO- (inf) to 

a production of 
~ 0.055 g L-1 

CH3CH2COO- (port N) 
(<0.041 to ~ 2.2 mmol 

L-1 as C) 

production from port I 
(107.5 cm) to the end 

of the column at port N 
(182 cm) 

0.66 - 2.2 

n-butyrate 
(CH3CH2CH2COO-) 
 
(no n-butyrate production 
observed in the control 
column) 

production occurred 
between port D (47.5 
cm) and port H (92.5 

cm)  
≈ 

lag-time from ethanol 
delivery 9.4– 12 days 

from  
<0.0005 g L-1 

CH3CH2CH2COO- 
(inf) to a production of 

~ 0.085 g L-1 
CH3CH2CH2COO- 

(port N) 
(<0.0057 to ~ 6.35 

mmol L-1 as C) 
 

production from port E 
(57.5 cm) to the end of 
the column at port N 

(182 cm) 

0.66 – 1.8 

Methane 
(CH4) 
 
(no methane production 
observed in the control 
column) 

production occurred 
between port E (57.5 
cm) and port F (67.5 

cm) 
≈ 

lag-time from ethanol 
delivery 1.8 – 3.1 days 

from <0.0002 mg L-1 
CH4 (inf) to a 
production of 

~ 0.059 mg L-1 CH4 
(port N)  

(<1.2 x 10-5 to ~ 
0.0037 mmol L-1 as C) 

production from port F 
(67.5 cm) to the end of 
the column at port N 

(182 cm) 

1.8 

n.a.  data not available. 
α  Half-lives of the concentration change were calculated assuming 1st order exponential decay/growth. 
β  No evidence of nitrate removal observed in the control column to within the detection limits of the nitrate analysis. 
χ  Decreases in ethanol concentration due to consumption by bacterial activities along the length of the column were 
difficult to interpret due to the slow change of ethanol concentration in the ethanol delivery vessel and also due to slight 
variation in the flow rate of groundwater through the column.   
δ  This percentage ethanol removal is taken as the difference in ethanol concentration at the end of the column at port N 
(182 cm) to the port 5 cm downgradient from ethanol delivery at port D (47.5 cm). 
η  Data only measured at port A (4 cm), port C (37.5 cm), port D (47.5 cm) and port N (182 cm). 
φ  At steady-state a very small amount of nitrous oxide (~ 0.07 mg L-1 N2O-N) was observed forming towards the end of 
the control column from ports I (107.5 cm) to port N (182 cm). The amount of N2O formed was too small to be 
detected within the error of the nitrate analysis (± 0.23 mg L-1 NO3

--N). 
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7.  Field-Scale Trial of the Silicone Mat Ethanol Delivery 

System 

7.1  Introduction 

A pilot field-scale trial was conducted to test the feasibility of the silicone polymer 

mats used within a treatment wall, to deliver ethanol to the subsurface and promote 

reducing conditions for the bioremediation of nitrate-contaminated groundwater (via 

denitrification). Quantification of the ethanol mass delivery flux though the polymer mats 

was also performed to allow for comparison to the ethanol mass flux predicted by the 

model described in Chapter 4, and to the polymer mat ethanol delivery flux performed 

within the biological column studies described in Chapter 5A and 6. This evaluation of 

ethanol delivery in the field was part of a broader field-scale evaluation of using this 

polymer mat delivery system as a sequential remediation technique for ammonium-

contaminated groundwater described by Patterson et al. (2004).  

7.2  Materials and Methods 

7.2.1  Description of the ethanol delivery polymer mat treatment wall 

The polymer mat ethanol delivery system was installed as a panel within a 0.75 m 

wide permeable reactive zone flow-through box, which was at the centre of two 10 m 

wide impermeable wings, forming a treatment wall that was designed to capture and 

funnel a portion of contaminated groundwater past the ethanol delivery mat. The 

treatment wall was installed to a depth of 7 m, which was above the depth of the 

impermeable clay aquitard at the base of the sand aquifer (11 m below ground). The site 

for the treatment wall installation was approximately 20 m from the shoreline of 

Cockburn Sound, which is south of Perth, Western Australia on the Swan Coastal Plain. 

The 0.75 m wide, 1 m long, and 7 m deep permeable reactive zone flow-through 

box was constructed of galvanised mild steel with poly(vinyl chloride) (PVC) screens 

covering approximately 60 % of the surface area at the front and back of the box, to allow 

groundwater to flow through the box. The PVC screens had 1 mm slots every 5 mm. The 

box was open at the top and bottom. Five pairs of guided channels were welded into the 

box to allow removable polymer mat panels or monitoring multilevel bores to be installed 

vertically (Figure 7.1). As the treatment wall was installed, soil material in the flow-

through box was excavated to a depth of 6.5 m below the ground and gravel-packed sand 
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bags were used to stabilise the depth to the base of the box at 6 m. The height of the water 

table in the flow-through box was 1 m below ground.  

The ethanol delivery panel was constructed of a rectangular frame (0.65 m wide 

and 6.5 m deep) made from 25 mm PVC pipe. Within the PVC frame, a polymer mat 

consisting of 24 lengths of silicone tubing (12 m long, 5.5 mm o.d., 4.0 mm i.d.) woven 

into a plastic mesh frame (0.5 m wide, 4.5 m deep) was attached to the rectangular PVC 

panel using plastic cable ties. The 24 lengths of silicone tubing were joined via inlet and 

outlet manifolds. The total combined length of silicone polymer tubing in this polymer 

mat was 288 m. Flexible rubber strips were attached to the sides of the polymer tubing 

mat panel to reduced groundwater bypass flow between the polymer mats and the side of 

the box (Figure 7.2). 

 

 
Figure 7.1  Field site showing the layout of the treatment wall (excavated soil to 1 m below the 

ground) prior to installation. The flow-through box has been lifted and is about to be installed at 

the centre. Sheet-piles used for wings are shown in the background. 

 
Figure 7.2  The ethanol delivery polymer mat panel prior to installation in the flow-through box of 

the treatment wall. 
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Figure 7.3  Cross-sectional diagram of the treatment wall, showing installation locations of ethanol 

delivery panel and monitoring multilevel bores (P1, P2, and P3) within the flow-through box. 

Monitoring multilevel bores upgradient and downgradient of the flowthrough box are also shown 

(MP1, MP2, MP3, and MP4). Not to scale in the horizontal direction. 

Monitoring multilevel bores were also installed within the flow-through box at 45 

cm and 15 cm upgradient (P1 and P2, respectively), and 15 cm downgradient (P3) of the 

ethanol delivery panel. To allow for water sample collection at specific depths, these 

monitoring multilevel bores comprised of mini-piezometers placed 2, 3, 4 and 5 m depths 

below the ground. Monitoring multilevel bores were also installed upgradient and 

downgradient of the treatment wall; directly 2 m (MP1) and 1 m (MP2) upgradient from 

the flow-through box, and directly 1 m (MP3) and 2 m (MP4) downgradient from the 

flow-through box. MP1 and MP4 were screened at 2, 3, 4, 5, 6, 7, and 9 m below the 

ground to allow for water sample collection at these depths. MP2 and MP3 were screened 

at 2, 3, 4, 5, 6, 7, 9, and 11 m below the ground to allow for water sample collection at 

these depths. Figure 7.3 shows a schematic (not to scale) of the cross-sectional layout of 

the treatment wall, showing the installation locations of the monitoring bores with respect 

to the ethanol delivery panel and flow-through box. 

7.2.2  Two stage field trial – with and without porous medium 

The stage one experiment was conducted without a porous medium installed within 

the flow-through box, that is, only groundwater was present within the box. Testing of 
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this initial experimental approach was conducted as it would allow panels to be removed 

or repositioned if required.  

In the stage two experiment, a porous medium consisting of gravel (diameters 

ranging from 3 to 6 mm) was installed within the flow-through box to the height of the 

water-table (1 m below the ground). The porosity of the gravel packing was estimated to 

be 0.26, from a laboratory water displacement analysis of the gravel pack.  

7.2.3  Operation of the ethanol delivery polymer mat panel 

A ~ 20 L aqueous ethanol solution with an initial concentration of approximately 

70 g L-1 was continuously recycled through the inner volume of the tubing in the polymer 

mat in the ethanol delivery panel using a high flow peristaltic pump connected to a 

manifold inlet port (this initial concentration varied slightly between stage one and two). 

During ethanol delivery a cover was installed over the top of the flow-through box to 

prevent exposure of the contents of the flow-through box to the sun and rain.  

Ethanol delivery was conducted for approximately 40 days for the stage one 

experiment. There was a gap time of 255 days (~ 8 months) between the end of ethanol 

delivery for the stage one experiment and the start of ethanol delivery for the stage two 

experiment. During the process of the stage two experiment, the concentration of ethanol 

being continuously recirculated through the inner volume of the tubing in the polymer 

mat in the ethanol delivery panel was increased twice, after sampling on day 53 and 67. 

This was done by adding 2 L of undiluted ethanol to the 20 L delivery solution being 

recirculated through the tubing, and measuring the resulting concentration. There was no 

modification of the concentration of the ethanol delivery solution during the process of 

the stage one experiment.  

7.2.4  Ethanol and acetate analysis 

After initial purging of the access lines, aqueous samples were collected on various 

sample days (generally weekly to fortnightly) at the field site from the mini-piezometers 

and the ethanol solution recirculating within the delivery polymer mat. These water 

samples were analysed in triplicate for ethanol and acetate concentration using the GC-

FID analysis method B (Chapter 2, Section, 2.1.2).  

7.2.5  Estimated groundwater volumetric flow rate through the flow-through box 

Using an oxygen tracer test conducted at the end of the stage two experiments, the 

daily average groundwater velocity through the gravel packed flow-through box was 

estimated by Patterson et al. (2004) to be 74 m year-1. Assuming directly horizontal flow 
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of groundwater through the screens and into the flow-through box, the cross-sectional 

area of groundwater flow into the box was 0.75 m wide x 5 m deep. The volumetric flow 

rate of groundwater into the box can be estimated using Equation 5A.1 (used in Chapter 

5A according to Fetter (1994)), where θ is the effective porosity of the gravel pack (m3 m-

3), fv is the volumetric flow of groundwater through the box (m3 s-1), vL is the average 

linear velocity of the groundwater through the box (m s-1), and Ac is the cross-sectional 

area of groundwater flow into the box (m2).  

 
  θ v Af Lcv =                                                                                            (5A.1) 

 
The estimated volumetric flow rate of groundwater into the flow-through box was 

determined to be 2.3 cm3 s-1. This estimate ignores the volume of space taken up by the 

polymer mat and monitoring panels as the reduction in porosity within in the box due to 

the space taken up by these objects was estimated to be small (< 1 %). 

7.3  Results and Discussion 

7.3.1  Stage one - observations 

In the stage one experiment, on all sample occasions the ethanol and acetate 

concentrations measured at all locations within the entire volume of water space in the 

flow-through box were uniform (Patterson et al., 2004). This can be partially shown in 

Figure 7.4 by the uniform ethanol and acetate concentrations with depth along P3 (15 cm 

downgradient from ethanol delivery panel within the flow-through box). Therefore the 

ethanol/acetate concentrations within the flow-through box were averaged for all samples 

taken from the flow-through box (all depths for P1, P2, and P3) for each sampling 

occasion. These uniform ethanol/acetate concentrations within the flow-through box were 

probably due to substantial mixing of the groundwater within the flow-through box.  

Once ethanol delivery commenced, the average ethanol concentration within the 

flow-through box increased to 200 mg L-1 after 29 days of ethanol delivery. However 

ethanol was rapidly converted to acetate, and after 4 weeks of ethanol addition, only low 

concentrations of ethanol were observed (Figure 7.5b). During the ethanol delivery period 

the combined ethanol and acetate concentrations in the flow-through box ranged between 

100 and 300 mg L-1. During ethanol delivery the concentration of the recirculating 

ethanol delivery solution inside the silicone tubing in the mat decreased rapidly, with 

reduction in about half the previous ethanol concentration each week (Figure 7.5a). Once 

ethanol delivery commenced the average nitrate concentration within the flow-through 

box of ~ 7.9 mg L-1 NO3
--N (average of all depths for P1, P2, and P3) rapidly reduced to 
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below detection limits after 5 days at all monitoring locations within the entire volume of 

water space in the flow-through box. This nitrate concentration remained below 

analytical detection limits, suggesting that denitrification was occurring within the flow-

through box (data not shown, see Patterson et al. (2004)).  

No significant trends with ethanol or acetate concentration were observed at any of 

the monitoring panels, downgradient (or upgradient) of the treatment wall (MP1, MP2, 

MP3, and MP4) during the progress of the stage one experiment. In general, negligible 

concentrations of ethanol and acetate were observed at these downgradient monitoring 

panels, which may have been a result of degradation, or mixing and dilution with the 

groundwater. 

 

0 10 20 30 40 50 60 70 80 90 100

5.0

4.5

4.0

3.5

3.0

2.5

2.0

Ethanol Concentration
(g L-1 CH3CH2OH)

Time from the start of ethanol delivery (days)

D
ep

th
 a

lo
ng

 P
3 

(m
 b

el
ow

 g
ro

un
d)

0
0.0217
0.0433
0.0650
0.0867
0.1083
0.1300
0.1517
0.1733
0.1950
0.2167
0.2383
0.2600

0 10 20 30 40 50 60 70 80 90 100

5.0

4.5

4.0

3.5

3.0

2.5

2.0

Acetate Concentration
(g L-1 CH3COO-)

Time from the start of ethanol delivery (days)

D
ep

th
 a

lo
ng

 P
3 

(m
 b

el
ow

 g
ro

un
d)

0
0.0417
0.0833
0.1250
0.1667
0.2083
0.2500
0.2917
0.3330
0.3750
0.4167
0.4583
0.5000

  
a b 

 

Figure 7.4  Contour plots of the (a) ethanol and (b) acetate concentrations along P3 (15 cm 

downgradient from ethanol delivery panel within the flow-through box) during the stage one 

experiment. Concentrations were measured at 2, 3, 4, and 5 m along the depth of P3.   
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Figure 7.5  Ethanol delivery during the stage one experiment; (a) the concentration of the ethanol 

delivery solution continuously recycling through the inside of the silicone tubing on the polymer 

mat; and (b) the average ethanol and acetate concentrations within the entire volume of water 

space in the flow-through box. 

7.3.2  Stage two - observations 

Due to the presence of gravel, the mixing previously observed within the flow-

through box was substantially reduced. This was shown by discrete chemistry zones with 

depth for ethanol and acetate along P3 (see Figure 7.6(a, b)), and also, from the almost 

negligible ethanol/acetate concentrations detected at the two upgradient monitoring 

multilevel bores (P1 and P2) from the ethanol delivery panel (not shown, see Patterson et 

al., 2004). For this stage of the field demonstrations the average ethanol concentration 

delivered by the polymer mat panel was taken as the average of the ethanol 
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concentrations detected at all depths on P3, positioned 15 cm downgradient from the 

panel. Acetate concentrations were also taken as the average of the acetate concentrations 

at all depths on P3. 
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Figure 7.6  Contour plots of the (a) ethanol and (b) acetate concentrations along P3 (15 cm 

downgradient from ethanol delivery panel within the flow-through box) during the stage two 

experiment. Also shown are contour plots of the (c) ethanol and (d) acetate concentrations along 

MP3 (1 m downgradient from the flow-through box) during the stage two experiment. Note, that the 

concentration scales are different for both ethanol and acetate, and for the two different monitoring 

panels. 
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Initially, on the commencement of ethanol delivery, the concentration of acetate 

increased more rapidly than the concentration of ethanol (Figure 7.7b), which was 

different to that observed in the stage one experiment. This may have been due to more 

rapid oxidation of ethanol, possibly due to a larger initial population of microorganisms 

(compared to the first stage). This may have also been a result of the gravel present which 

prevented mixing within the flow-through box creating higher concentrated areas of 

microorganisms. Also, this may have also been due to the fact that experiments had 

already been conducted in this flow-through box where ethanol had been delivered. 

Although the last experiment had been conducted 8 months previous, there may have 

been a residual microorganism population present. As with the stage one experiment, 

once ethanol delivery commenced the nitrate concentrations at P3 rapidly reduced, 

suggesting that denitrification was occurring. A reduction in nitrate from ~ 6.2 mg L-1 

NO3
--N to below detection limits was observed after 14 days at the 5 m depth along P3 

(data not shown, described in Patterson et al. (2004)).  

Due to the increase in ethanol concentrations of the solution being continuously 

recirculated through the polymer mat for ethanol delivery on day 53 and 67 (Figure 7.7a), 

an increase in ethanol concentration was observed at P3 around this time, with a much 

larger increase in the concentration of acetate at P3. 

As with the ethanol and acetate concentrations along P3 in stage two, ethanol and 

acetate were observed in discrete chemistry zones in the monitoring panels downgradient 

from the flow-through box (see Figure 7.6(c, d) for ethanol and acetate along the length 

of MP3 1 m downgradient from the flow-through box). These observations contrast to the 

almost negligible concentrations of ethanol and acetate observed along MP3 during the 

progress of stage one.  
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Figure 7.7  Ethanol delivery during the stage two experiment; (a) the concentration of the ethanol 

delivery solution continuously recycling through the inside of the silicone tubing on the polymer 

mat; and (b) the average ethanol and acetate concentration along the depth of P3 in the flow-

through box. 

 

7.3.3  Analysis and discussion of ethanol mass flux delivery in stage two of field 

demonstration 

As conducted for the biological soil column experiments (Chapter 5A, Section 

5A.3.1; and Chapter 6, Section 6.3.1), the ethanol delivery flux measured in these field-

scale experiments was compared to the model-predicted ethanol mass flux ratio from the 

silicone tubing of 1.94 x 106 s cm-1 (predicted from Equation 4.17, Chapter 4); which was 

calculated using the following field specific parameters: z = 28800 (± 30) cm, a = 0.275 
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cm and b = 0.2 cm, fv = 2.3 x 10-3 cm3 s-1, Kpw = 0.037 (± 0.006) (determined in Chapter 

3, Section 3.1.3), and the effective Dp of 1.22 x 10-6 cm2 s-1 (determined in Chapter 4 

from the sterile water column experiment). This comparison should provide an indication 

of the accuracy and the reproducibility of ethanol mass flux delivery properties of the 

silicone tubing for the scaled-up field demonstration. It was assumed that the diffusional 

and sorption properties of the larger size polymer tubing used in the field-scale 

experiment were the same as the smaller size laboratory-scale tubing characterised in this 

thesis. Due to the substantial mixing and corresponding uniform concentrations observed 

within the unfilled flow-through box for stage one of the field demonstration (that were 

very different from the conditions in which ethanol delivery from silicone tubing was 

modelled from the column experiments), the analysis of the mass delivery of ethanol 

from silicone tubing in the field was focused on the stage two field demonstration.  

To calculate the measured ethanol mass flux from the field-scale silicone polymer 

mat into the flow-through box in stage two of the field demonstration, X (Equation 4.16, 

from Chapter 4), was determined from the concentration data collected and the estimated 

volumetric flow rate. The X values (g cm L-1 s-1) were determined from the average 

ethanol concentrations along the depth of P3, the panel downgradient from the polymer 

mat panel in the flow-through box, for each sample day for stage two. Due to the 

significant microbial activity and production of acetate within the flow-through box, the 

total mass of ethanol delivered was estimated by the inclusion of acetate produced, 

assuming a 1:1 molar ratio conversion of ethanol to acetate (as done similarly for the 

TCE reductive dechlorination columns, Chapter 6). This effective ethanol concentration 

within the flow-through box was used to determine the X values, which are shown in 

Figure 7.8, plotted against the concentrations of ethanol measured inside the silicone 

tubing in the mat on that particular sample day, C1 (g L-1).   

Using the linear velocity of the groundwater through the gravel packed flow-

through box estimated by Patterson et al. (2004) of 74 m year-1, it is estimated that the 

time for the groundwater to travel from the ethanol delivery mat to P3 (15 cm) within the 

flow-through box would be less than one day. Assuming this, the groundwater amended 

with ethanol in the stage two field demonstration should have reached the P3 within a 

three week period. However, a low concentration of ethanol was observed at P3 during 

the first three weeks of sampling in stage two. Reasons for the low mass delivery of 

ethanol observed within the first three weeks of sampling are that possible initial ethanol 

delivered (and any acetate produced) may have been degraded very rapidly due to initial 

denitrification and/or sulfate reduction in the mixing zone of the groundwater in the 

region of ethanol delivery present in the flow-through box. In addition, possible irregular 
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groundwater volumetric flow (discussed later), may have reduced delivery of ethanol to 

P3 in the estimated flow time to migrate from the mat to P3. As a result of the low 

concentrations of ethanol delivered during the first three weeks of sampling, X values 

were not determined during this time period. 
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Figure 7.8  Plot of the experimental data from stage two of the field experiment showing the mass 

flux of ethanol delivered by the polymer mat at assumed steady-state ethanol concentration, X, as a 

function of the concentration of ethanol inside the silicone tubing in the mat, C1. In addition, linear 

fit of the field data is shown, which can be compared to a line based on a model for the ethanol 

mass flux delivery from the silicone polymer tubing determined in Chapter 4. 

An experimental ethanol delivery mass flux of 2.43 (± 1.47) x 106 s cm-1 (error to a 

95 % confidence interval) was determined for stage two of the field demonstration, which 

is represented by the gradient of the linear fit to the ethanol delivery data (see the red line 

in Figure 7.8, intercept forced through the origin). There was no statistically significant 

difference between the measured mass flux ratio determined for stage two and the model-

predicted ethanol mass flux ratio of 1.94 x 106 s cm-1 (blue line) based on a Student’s t-

test (to a 95 % confidence interval). This suggests that the mass flux delivery from stage 

two of the field demonstration was within the range of the estimated ethanol mass flux 

delivery from silicone tubing to an aqueous phase.  

The experimental mass delivery data from stage two of the field demonstration does 

not have the same highly linear relationship between X and C1 as that produced by the 
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previous column-scale experiments (Chapter 4, 5A and 6), which is shown further by the 

high degree of error associated with the experimental ethanol mass flux ratio determined. 

The high degree of variability associated with the mass delivery of ethanol in stage two 

may have been due to uncontrollable volumetric flow of groundwater through the filled 

flow-through box. Evidence of extreme slowing or stagnating of groundwater flows 

through the filled flow-through box were suggested by the daily highly irregular sharp 

peaks of oxygen detected within the box during oxygen delivery for the nitrification of 

ammonium (reported by Patterson et al. (2004)). The cause of these irregular oxygen 

levels was possibly the close proximity of the shoreline to the treatment wall installation 

(~ 20 m), which would result in the groundwater volumetric flow rates through the flow-

through box being influenced by the tides. Although it was suggested previously (Chapter 

4, Section 4.4.3) that the mass delivery of ethanol from the silicone tubing was not highly 

sensitive to the groundwater fv moving past the polymer tubing, this evidence for daily 

highly irregular groundwater fv values through the flow-through box may effect the 

ethanol mass delivery produced in the field, especially as it was possible that the 

groundwater flow may have been stagnant at times. To determine the X mass flux values, 

the estimated constant fv was used (this Chapter, Section 7.2.5), which may have resulted 

in error in the values for X, as in reality there was likely to be tidally influenced irregular 

groundwater fv through the flow-through box within a day. The inconsistent groundwater 

fv through the flow-through box was different to the more homogeneous and quantifiable 

conditions created in the previous column experiments used to model the ethanol mass 

delivery from silicone tubing (Chapter 4, 5A and Chapter 6), making it difficult to assess 

whether consistent ethanol mass delivery can be achieved in the field. Due to the 

variability of the experimentally determined ethanol mass flux ratio for the stage two 

field demonstration, the degree to which the ethanol mass delivery was consistent with 

ethanol mass delivery given from the predictive model was lower. 

The experimental ethanol mass flux ratio for the stage two field demonstration 

suggests that generally the mass delivery for a given value of C1 was lower, compared to 

the predicted ethanol mass flux delivery trend given by the model. The overall lower 

ethanol mass delivery observed in the stage two field demonstration, compared to that 

predicted, may have been a result of ethanol and acetate degradation occurring within the 

flow-through box. Also, the silicone tubing used in the polymer mats for this field design 

was a larger diameter/wall size tubing and was purchased from a different manufacturer 

than the tubing used in all previous studies in this thesis. Although it is possible to 

account dimensionally for the larger tubing size when calculating X, the larger tubing was 

assumed to have the same sorption and diffusion properties as the smaller tubing, as these 
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properties were not specifically characterised for this larger tubing. There may have been 

differences in the sorption and diffusion properties of the larger tubing to the smaller 

tubing, which may have resulted in substantial differences in the ethanol mass delivered.  

7.4  Conclusion 

This evaluation of field-scale trial of ethanol delivery to the subsurface has shown 

that the polymer mat delivery system has the ability to successfully deliver ethanol as a 

carbon source for the promotion of in situ reducing reactive zones for the bioremediation 

of nitrate-contaminated groundwater (via denitrification). 

The ethanol mass flux deliveries observed from the silicone tubing in the polymer 

mats to the aqueous phase under these more dynamic biologically-active conditions in the 

field (stage two) were within the range of ethanol mass flux deliveries predicted by the 

model. However, the relationship between the ethanol mass flux observed in the field and 

the concentration of ethanol continuously recycling within the inner volume of the 

silicone tubing in the mat showed greater variability compared to the more linear ethanol 

mass flux delivery relationships observed in the biological column experiments, 

suggesting that less consistent ethanol mass delivery was being achieved in the field. 

Reasons for this measured inconsistent ethanol delivery included errors associated with 

the determination of the groundwater volumetric flow rates through the flow-through 

box. Also, significant ethanol and acetate degradation occurring within the flow-through 

box during the progress of the field demonstration, may have produced an underestimate 

of the actual mass of ethanol delivered. In addition, the assumed diffusion and sorption 

properties (diffusion coefficient and polymer-water partitioning coefficient) of the large 

size polymer tubing used in the field-scale polymer mats may have been different to the 

smaller size tubing comprehensively characterised in Chapter 3 of this study. 

Overall this study shows that the ethanol delivery using silicone polymer mats in 

the field was feasible, and that this field-scale ethanol delivery showed some 

predictability and consistency. However, for precise predictions of the quantity of ethanol 

that will be delivered under certain conditions there must be precise knowledge and 

quantification of the hydrogeology of the particular field site. 
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8.  Conclusions and Suggestions for Future Work 

This study successfully characterised and evaluated the potential for the use of 

silicone tubing polymer mats to act as PRBs via the controlled delivery of ethanol, to 

promote reducing subsurface conditions for the bioremediation of a range of 

contaminants found in groundwater. 

As a result of physical property variability with manufacturer and inconsistent 

literature information, the physical properties of the silicone polymer tubing that was 

used in the laboratory-scale polymer mats for this study were initially determined. This 

enabled further assessment of the ethanol delivery from the polymer mat PRB. The 

concentration of ethanol within the silicone polymer tubing, which is related to the 

aqueous phase through a polymer-water partitioning coefficient, Kpw, was found to be 

constant at ethanol concentrations between ~ 0.006 and ~ 600 g L-1. At aqueous ethanol 

concentrations above 600 g L-1 substantial increases in Kpw were observed. The diffusion 

properties of ethanol transfer within the silicone tubing walls were also quantified via 

determination of the diffusion coefficient of ethanol through silicone, Dp. Dp was 

determined by an experiment which tracked the depletion of ethanol from a preloaded 

length of silicone tubing, and applying this data to a model of the transport of molecules 

through polymer tubing. In this experiment, the Dp value was also found to increase as 

the aqueous ethanol concentration used to load the polymer tubing was increased. Also at 

these higher aqueous ethanol concentrations, the depletion curves obtained from the 

tubing did not appear to fit the model. A second confirmatory experiment was conducted 

to determine the Dp of ethanol through the silicone tubing by applying experimental data 

to a model of the diffusive transport of compounds from an aqueous solution present in 

the inner volume of cylindrical polymer tube. This experiment produced Dp values with a 

high associated error, but values were the same order of magnitude as those determined in 

the first method. Swelling was investigated as a possible explanation for the variation in 

the polymer-water partitioning coefficient at high solvent concentrations, the 

concentration dependence of the diffusion coefficient, and the inadequate fit of a 

diffusion model based on Fick’s diffusion laws to high ethanol concentration 

experimental permeation data; however, no statistically significant swelling was detected 

when the silicone tubing was in contact with ethanol. 

A model for the mass of ethanol transferred via diffusion from an aqueous solution 

on the inner volume of a length of polymer tubing was developed. To test if the model 

would accurately predict the mass flux of ethanol transferred from the length of silicone 

tubing in a polymer mat, the diffusive ethanol transfer from a polymer mat to water in a 
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flow-through column under sterile conditions was monitored for a variety of ethanol 

concentrations circulating within the inner volume of the silicone tubing. It was found 

that the diffusion coefficients of ethanol in silicone determined previously did not allow 

the model to accurately represent the experimental ethanol mass flux data obtained. The 

experimental ethanol mass flux data also suggested that the diffusion coefficient did not 

increase over the ethanol concentration range circulating within the inner volume of the 

silicone tubing in the column. The previously determined diffusion coefficients were not 

applied in the model developed, and alternatively, the model was used to determine an 

effective diffusion coefficient which would more accurately predict the diffusion of 

ethanol from the silicone tubing used in the laboratory-scale polymer mats of this study. 

Reasons for the previously determined diffusion coefficients not allowing the model to 

predict the ethanol mass flux delivery from the silicone polymer mats in a column were 

likely to be a result of the different experimental conditions used, compared to those used 

to obtain the previously determined diffusion coefficients. Mass transfer limitations may 

have resulted from the slower water flow rates moving past the polymer mat outer surface 

in the columns (typical of subsurface groundwater conditions). Additionally, the previous 

experiments used only loosely coiled silicone tubing compared to the finely woven 

polymer mats installed in the columns, and the model used to calculated the fluxes and 

effective diffusion coefficient did not take into account the three-dimensional nature of 

the column setup. Although the previously determined diffusion coefficients were within 

the same order of magnitude as the effective diffusion coefficient, it was found that the 

model developed in this chapter was highly sensitive to the value of the diffusion 

coefficient and the polymer-water partitioning coefficient, and insensitive to the 

volumetric flow rate of water moving past the outer surface of the polymer mat. 

To further validate that this effective diffusion coefficient of ethanol through the 

silicone tubing allowed the model to accurately predict the quantity of ethanol mass flux 

delivery from the silicone tubing polymer mat, the observed experimental ethanol mass 

flux delivery in subsequent biologically-active column and field experiments was 

monitored, and compared to a predicted ethanol delivery flux calculated from the model 

(using the effective diffusion coefficient). In both biologically-active laboratory-scale soil 

column studies undertaken, the ethanol mass flux delivery from the silicone tubing mat 

observed was found to be highly predictable as there was no statistically significant 

difference at a 95 % confidence interval to the model-predicted ethanol mass flux 

delivery from silicone tubing. The silicone tubing polymer mat delivery system was also 

observed to be highly controllable, with the modification of ethanol delivery 

concentrations to the column made easily by manual modification of the ethanol 
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concentrations continuously recycling through the inner volume of the polymer mat 

tubing. The silicone tubing polymer mat delivery system was also observed to maintain 

consistent ethanol delivery concentrations to the groundwater directly downgradient from 

the polymer mat, promoting consistent biological activity. This predictable, highly 

controllable and uniform ethanol delivery that can be achieved by the silicone tubing 

polymer mat delivery system may make the system potentially useful as an in situ PRB 

for subsurface groundwater contaminant bioremediation.  

Successful in situ ethanol delivery to the subsurface was achieved in a field 

demonstration of the silicone tubing polymer mat delivery system. While the ethanol 

mass delivery flux was within the range of ethanol mass flux deliveries predicted by the 

model, this field-scale ethanol delivery was shown to be not as consistent as ethanol mass 

flux delivery observed in the biologically-active column studies. Potential reasons for this 

measured inconsistent ethanol delivery in the field included errors associated with the 

determination of the groundwater volumetric flow rates through the flow-through box, 

increasing the error associated with the ethanol mass delivery determined in this field 

study. Significant ethanol and acetate degradation occurring within the flow-through box 

during the progress of the field demonstration may have resulted in an underestimation of 

the actual mass of ethanol delivered. Also, the diffusion and sorption properties (diffusion 

coefficient and polymer-water partitioning coefficient) of the large size polymer tubing 

used in the field-scale polymer mats may have been different to the smaller size tubing 

comprehensively characterised in the initial stages of this study. For more precise 

predictions of the mass of ethanol that will be delivered by the silicone tubing polymer 

mat PRB in the field for a particular set of conditions, there must be precise knowledge 

and quantification of the hydrogeology of the particular field site. 

The large-scale soil column experiments and field studies also provided an 

opportunity to test the ability of the ethanol delivery, via the silicone polymer mat 

system, to promote different in situ microbially-mediated reductive contaminant removal 

processes. In the field, enhanced nitrate removal (via denitrification) was promoted by the 

creation of an in situ reducing reactive zone due to ethanol delivery. This enhanced 

nitrate removal as a result of ethanol delivery was shown further in two biologically-

active laboratory-scale soil column studies.  

Both column studies showed the likely biological processes that might be promoted 

in reducing environments as a result of ethanol delivery to local aquifer material. 

Enhanced microbially-mediated sulfate reduction and sulfide production was promoted 

by ethanol delivery in both column studies. One column was used to show that this 

microbial sulfate reduction would remove dissolved metal contamination in groundwater, 
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via metal-sulfide precipitation. This process was only conducted at one slightly acidic 

pH, but to gain a full insight into the ability of this ethanol delivery to promote the 

removal of dissolved metal contamination from groundwater studies in a variety of more 

acidic groundwaters could be tested, as the microbial process of sulfate reduction and 

metal-precipitate formation/dissolution process are both likely to be affected by decreases 

in pH. The effect on the metal binding precipitates when ethanol delivery ceases and the 

resulting reducing conditions in the subsurface are no longer maintained should also be 

investigated. 

Iron(III) reduction was also identified as a biologically-mediated processes 

occurring in the columns as a result ethanol delivery to local aquifer sediments in both 

column studies. In both column studies, this process was identified as an increase in 

dissolved iron (assumed to be Fe(II)) in the column groundwater downgradient from 

ethanol delivery. No substantial decreases in total dissolved iron concentrations were 

observed by the end of the columns due to possible FeS formation. This formation of 

dissolved iron within the aquifer could represent contamination as a result of ethanol 

delivery and further investigation is required to assess the fate of this excess dissolved 

iron. 

Column studies also showed that enhanced removal of TCE via biologically-

mediated reductive dechlorination was not promoted by ethanol delivery, possibly due to 

the dechlorinating microorganisms required to reduce TCE not being naturally present or 

active in the soil and groundwater used in this column experiment. To enable 

microbially-mediated TCE degradation via this ethanol delivery process further 

amendments, including bioaugmentation with enriched culture solutions of specific 

dechlorinating microorganisms and extra growth nutrients, could be tested for in situ 

addition to promote dechlorinating microorganism growth.  

An initial one-dimensional multicomponent reactive transport model of the metal 

bioprecipitation column experiment was produced. The model was based on a conceptual 

reaction framework that accounted for microbial growth and ethanol utilisation through a 

set of major electron-accepting processes which were observed during the column 

experiment (aerobic oxidation, denitrification, iron(III) reductive dissolution and sulfate 

reduction). The two-step partial equilibrium approach was used within the numerical 

model to allow for control over the sequential nature of the microbially-mediated 

electron-accepting processes to be described by the model. Model simulations of the 

transient results from the column experiment were conducted by applying Michaelis-

Menten-type kinetics as the growth rates to describe the stoichiometric redox reactions 

that were created to define the microbially-mediated electron-accepting processes. This 
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was coupled with a description of aqueous speciation and mineral 

precipitation/dissolution. The resulting numerical model successfully described the 

sequential microbial growth and consequent chemical changes along the column length 

over time. This enabled clarification of the biological and chemical processes thought to 

be occurring in the experiment. Further development of this biogeochemical model is 

required, with the inclusion of additional relevant mineral precipitation/dissolution 

reactions, more appropriate mineral kinetic expressions and surface complexation 

reactions into the model. 
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Appendix 1  

A.  Calculation to convert a dimensional Henry’s Law constant, HC, to a 

dimensionless Henry’s Law constant, H*. 

The Henry’ Law constant, HC, is a partitioning coefficient relating air and aqueous 

concentrations of a volatile compound (Schwarzenbach et al., 1993). Henry’s Law is 

commonly expressed as the ratio of the partial pressure of the volatile compound in the 

vapour phase, p (in units such as atm), to the concentration of the volatile compound in 

the liquid phase, CL (in units such as mol m-3). 

 

 
L

C C
pH     =     (atm m3 mol-1)        LC CHp            =⇒                               (A1.1) 

 
The Henry’s Law constant, HC, can also be expressed as a dimensionless ratio of the 

concentration of the volatile compound in the vapour phase to the liquid phase, a 

dimensionless Henry’s Law constant, H*. H* can be derived by starting with the ideal gas 

law (Equation A1.2) which describes the characteristics of a volatile compound in the 

vapour phase,  

 

 
TV
 Tn  p R

=                                                                                             (A1.2) 

 
where p is the partial pressure of a volatile compound in the vapour phase (atm), n is the 

number of moles of the volatile compound in the vapour phase (mol), T is the 

temperature of the volatile compound in the vapour phase (which was assumed to be 

25ºC, or 298.15 K), VT is the temperature dependent volume of the vapour phase (m3), 

and R is the ideal gas constant (8.2056 x 10-5 atm m3 mol-1 K-1). 

The concentration of the volatile compound in the vapour phase, CG (mol m-3), can 

be described by Equation A1.3. 

 

 
T

G V
n C =                                                                                                 (A1.3) 

 
Substituting Equation A1.2 and A1.3 gives, 

 
  R T  Cp  G=⇒             
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and with further substitution of Equation A1.1 gives Equation A1.4, which describes the 

conversion of Henry’s Law constant, HC, to a dimensionless Henry’s Law constant, H*, 

where CG and CL have the same units. 

 
 T   C   CH GLC  R   =⇒                     
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B.  Derivation of the Equation 2.1 (Chapter 2, Section 2.6) to calculate the dissolved 

volatile compound concentration in the water samples before the air headspace was 

created 

It is assumed that a water sample of a specific volume, VL
’ (in L), was collected for 

analysis of the concentration of a particular volatile compound (or initial volatile 

compound concentration), CL
’ (in mol L-1). The total number of moles, nTotal, of the 

volatile compound within the water sample can therefore be calculated by the product this 

volume and concentration (Equation A1.5). 
 

    C  V n '
L

'
LTotal =                                                                                      (A1.5) 

 
For determination of CL

’, an air headspace of a specific volume, VG (in L), is 

created above the water sample. Due to the creation of this air headspace some of the 

volatile compound molecules partition from the liquid phase of the water sample into the 

gas-phase headspace. This forms a final concentration of the volatile compound in the 

liquid phase, CL (mol L-1), and a final concentration of the volatile compound in the gas 

phase, CG (mol L-1). Assuming no mass loss of the particular volatile compound from the 

gas or liquid phase, the total number of moles of the volatile compound in the liquid 

phase initially when the sample was collected is equivalent to the number of moles of the 

volatile compound in the gas and liquid phase separately after the air headspace is created 

(Equation A1.6). 
 

   V   C   V  C   n    n n LLGGLiquidGasTotal +=+=                                    (A1.6) 
 
Substituting Equation A1.5 and A.16 together gives, 
 

      LLGG
'
L

'
L  V   C   V  C    CV +=⇒                                          

 
which rearranges to the following equation, assuming that the volume of the liquid phase 

does not change (VL
’ = VL). 

 

   
V
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   C     C  C '
L

G
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As the partitioning of the volatile compound between the aqueous and gas phase is 

described by Henry’s Law, Equation A1.4 is substituted into the above equation to give 

Equation A1.7. 
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In Equation A1.7, CG (in mol L-1) is determined by analysis of the gas-phase 

headspace concentration of the volatile compound using the GC-FID/TCD as a % volume 

(described in Chapter 2, Section 2.6). Assuming that the gas-phase volatile compound 

behaves like an ideal gas, to convert the units of this % volume concentration to mol L-1, 

the volume of the gas-phase volatile compound was converted proportionally using 

VIdeal,25, the volume of 1 mol of an ideal gas at 25ºC (or 298.15 K) and atmospheric 

pressure (1 atm), where,   
 

L 24.465  
atm) (1

)15.298( . )molK atm L (0.082056 . mol) (1    R   
-1-1

===
K

P
Tn VIdeal, 25  

 

Assigning x as the volatile compound concentration in the gas sample analysed as a % 

volume, the headspace concentration of the volatile compound in the gas phase, CG (in 

mol L-1) is given by Equation A1.8.  
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Substituting Equation A1.8 into A1.7 produces an equation from which the dissolved 

liquid-phase concentrations of the volatile compounds before the headspace was created, 

CL
’, can be calculated from the GC-FID/TCD analysis using, 
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which can be further converted to units in mg L-1 by, 
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2.4465
                                                                        (2.1) 

 

where CL
’ is the initial concentration of the volatile compound in the liquid phase before 

the headspace was created (mg L-1), x is the volatile compound concentration in the gas 

sample analysed (% volume), MW is the molecular weight of the volatile compound 

analysed, H* is the dimensionless Henry’s Law constants (at 25ºC), VG is the volume of 

air headspace created (L), and VL
’ is the initial volume of liquid collected before the air 

headspace is created (L). 
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Appendix 2 

Calculation of the minimum ethanol flow rate through the inside of the silicone 

tubing in the mats in the metal bioprecipitation experiments to maintain 90 % of the 

ethanol concentration at the exit of the polymer tubing in the mat  

The process of diffusion of ethanol through the walls of the silicone tubing in the 

mat lowers the concentration of ethanol inside the tubing, which in turn reduces the rate 

of mass transfer of ethanol across the walls of the tubing. By continually purging the 

inner volume of the silicone tubing with ethanol and maintaining a high ethanol 

concentration within the inner volume of the tubing, a high mass flux of ethanol to the 

external phase of the tubing is sustained. However, if the purging rate is too low, the 

ethanol concentration of the aqueous solution within the silicone tubing can become 

depleted resulting in a reduced mass flux of ethanol to the groundwater by the end of the 

length of tubing in the polymer mat. For a length of silicone tubing to produce a 

maximum rate of mass transfer though the tubing wall for the entire length of the tubing, 

the highest possible ethanol concentration along the entire length of the inside of the 

tubing is required (that is, it is desirable to keep the effluent ethanol concentration from 

the inside of the tubing in the mat equal to the influent ethanol concentration). 

Quantification is required of the concentration drop along a length of silicone tubing 

given an ethanol solution circulation rate to ensure that efficient ethanol diffusion 

delivery is maintained, while minimising energy use due to pumping for the ethanol 

circulation. This section describes a method based on a model to determine the minimum 

ethanol flow rate through the inside of the silicone tubing in a polymer mat (5 m) such 

that the effluent ethanol concentration exiting the tubing is close to the influent ethanol 

concentration. 

As previously described in Chapter 3, Section 3.4 of this thesis, Patterson et al. 

(2002b) describes a model of the diffusive transport of compounds from a fluid present in 

the inner volume of cylindrical polymer tube, through the walls of the tube, to the outside 

of the tube. This model describes the influent fluid concentration and the effluent fluid 

concentration as a function of the flow rate of the fluid solution purging through the 

internal volume of the polymer tubing, and is depicted by Equation 3.5 below, 
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where Ceff is the effluent concentration of the ethanol in the lumen of the tubing (g L-1), 

Cinf is the influent concentration of ethanol before entry into the lumen of the tubing (g L-

1), Kpw is the polymer-water partitioning coefficient for ethanol, z is the length of the 

tubing, b is the inner radius of the tubing (cm), and a is the outer radius of the tubing 

(cm). Dp is the diffusion coefficient of ethanol through the silicone polymer (cm2 s-1), and 

vL is the linear velocity of the ethanol solution flowing through the lumen of the tubing 

(cm s-1). This equation can be used to estimate the minimum ethanol volumetric flow rate 

through the inside of the silicone tubing in the mats to maintain 90 % of the ethanol 

concentration at the exit of the polymer tubing in the mat,  f
90 %V . In theory, by 

maintaining over 90 % of the influent ethanol concentration within the whole mat ensures 

that the polymer mat delivers ethanol to the column to a high efficiency (< 90%). 

The  f
90 %V was substituted into Equation 3.5 using Equation 3.6, which described 

the relationship between  f
90 %V and the corresponding ethanol linear velocity, vL, where Ac 

is the cross-sectional area within the polymer tubing (= πb2). 

 

c

V
L A

f
   v =                                                                                                   (3.6) 

 
Dp values determined from the previously determined relationship for a 

concentration dependent diffusion coefficient, Equation 3.4 (Chapter 3, Section 3.3). As 

this equation was deemed valid only for a particular ethanol concentration range, a 

maximum and minimum Dp value were determined. Using this ethanol concentration 

range of ~ 5.0 to ~ 234 g L-1 circulating within the silicone tubing in the mat, the 

diffusion coefficient could range from 1.64 to 3.78 x 10-6 cm2 s-1. The values for the other 

parameters involved in Equation 3.5 are listed as follows; Ceff /Cinf  = 0.9; Kpw is 0.037 ± 

0.006 (dimensionless, determined in Chapter 3, Section 3.2.3); z is 500 (± 0.5) cm; b is 

0.103 (± 0.002) cm and a is 0.157 (± 0.002) cm (both determined in Chapter 3, Section 

3.2.1). 

Rearranging Equation 3.5, gives Equation A2.1 which was used to calculate the 

minimum ethanol volumetric flow rate through the inside of the silicone tubing in the 

mats to maintain 90 % of the ethanol concentration at the exit of the polymer tubing in 

the mat,  f
90 %V , for the range of diffusion coefficients estimated. For verification the 

highest literature value of the diffusion coefficient for ethanol in silicone of 12 x 10-6 cm2 

s-1 (Watson and Payne, 1990) was also used to calculate  f
90 %V . The  f

90 %V values (Table 

A2.1) show that for the highest literature diffusion coefficient the flow rate of ethanol 
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through the inside of the silicone tubing must be maintained above 1.91 mL min-1 to 

ensure that the ethanol concentration exiting the tubing is a minimum of 90 % of the 

influent ethanol concentration. 
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Table A2.1. Minimum ethanol volumetric flow rates through the inside of the silicone tubing in the 

mats to maintain 90 % of the ethanol concentration at the exit of the polymer tubing in the mat, 

calculated depending on the diffusion coefficient for ethanol in silicone. 

Diffusion coefficient 
Dp  

(cm2 s-1) 
 

Minimum volumetric ethanol flow 
rate to maintain 90 % influent 

ethanol concentration 
 

90 %Vf  

(mL min-1) 
1.64 x 10-6  0.26 
3.78 x 10-6 0.51 

12 x 10-6    (maximum literature Dp: Watson and Payne, 1990) 1.9 
 

The model described by Equation 3.5 only accounts for the advective longitudinal 

(not diffusional) transport of the ethanol solution along the inside volume of a length of 

polymer tubing. The model also assumes that there is radial diffusion through the 

polymer tube wall (of the ethanol being passed through the inside of the tubing), and that 

there is zero ethanol concentration present at the outside edge of the polymer tubing.  

When the polymer mats are used to deliver ethanol to the groundwater flowing 

through the column, during the delivery process there will most likely be ethanol present 

on the outside surface of the mat, downgradient from the mats position. This means that 

when the polymer mats are used for ethanol delivery they deviate from the conditions 

described by this model, and due to the lower ethanol concentration gradient between the 

inside and outside of the polymer mat, the ethanol delivery by the polymer mat to the 

outside surface may be less efficient, even if the flow rate of ethanol inside the polymer 

mat is maintained above 1.9 mL min-1 described above. 
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Appendix 3 

Total iron content determination for the soils used in the column experiments. 

A cold soil extraction with a 5 M hydrochloric acid solution described by Heron et 

al. (1994) was used to determine the total concentration of major reactive Fe(II) and 

Fe(III) in the soils used to pack the columns in this study. This extraction has been shown 

to digest all the standard iron minerals except pyrite (FeS2) (Heron et al., 1994).   

Under anaerobic conditions, hydrochloric acid solution (5 mL and 10 mL) was 

added to soil samples (undried) of accurately known mass (~1-3 g) in 12 mL extraction 

tubes. Each soil type was analysed in triplicate with the two different volumes of 

extraction solution. The soil samples were extracted for 21 days at 20°C under constant 

rotation. The extraction solutions were then analysed for total iron concentration by AAS 

as described by the general methods (Chapter 2, Section 2.2). The total iron content of the 

soils was calculated by Equation A3.1 shown below;   

 

 
[ ]

ntdry sedime

extractsoltotal
total m

 VFe
 ContentFe  =                                                            (A3.1) 

 
where Fetotal Content is the total content of iron from the dry soil weight (mg kg-1), 

[Fetotal] is the iron concentration in the extraction solution from the total extraction of iron 

(except for iron bound in pyrite) from the soil (mg L-1), Vextractsol is the volume of 

extraction solution (mL), and mdrysediment is the mass of soil extracted as a dry mass (g). 

The dry mass of soil is calculated by converting the measured mass of undried soil 

extracted (g) using the average percentage dry mass of the soil. 

The percentage dry mass of the soils was determined by placing six undried soil 

samples (~ 100 g) into clean dry oven tins of accurately known mass, and then each 

combined tin and undried soil mass was determined to enable calculation of the accurate 

mass of soil added. After drying in an oven at 80°C for 24 hours, each combined tin and 

soil sample’s mass was measured again, and then this process was repeated until a 

constant mass for each combined tin and soil sample was obtained to 2 decimal places. 

The mass of moisture lost by each soil sample was the difference between the initial 

combined tin and undried soil mass and the final constant mass for the combined tin and 

soil sample. The average percentage dry mass of the Gnangara sand and the Jolimont 

sand was 99.88 ± 0.01 % and 99.93 ± 0.01 % (error as a 95 % confidence interval), 

respectively. 
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Table A3.1  The experimental extraction data obtained for determination of the average iron 

content of the soils. 

Soil 
type 

Extraction 
tube + 

undried 
soil sample 

mass 
(g, ± 

0.0005 g) 

Extraction 
tube mass 

(g, ± 
0.0005 g) 

Undried 
soil 

sample 
mass 
(g, ± 

0.001 g) 

Dry 
mass of 

soil 
sample 

mdrysediment 
(g) 

Volume 
of 

extraction 
solution 
Vextractsol 
(mL, ± 
0.3 %), 

Iron 
concentration 

from the 
extraction 
solution 
[Fetotal] 

(mg L-1, ± 
0.005) 

Total 
content of 

iron 
Fetotal 

Content 
(mg kg-1 
from the 
dry soil 
weight) 

Average 
Fetotal Content 
(mg kg-1 from 

the dry soil 
weight, error 

to a 95 % 
confidence 
interval) 

17.6775 16.4162 1.261 1.260 5.00 4.098 16.3 
18.2165 16.1366 2.080 2.077 5.00 2.201 5.30 
18.8546 16.3335 2.521 2.518 5.00 4.709 9.35 
17.2992 16.2714 1.028 1.027 10.00 2.199 21.4 
18.4560 16.4931 1.963 1.961 10.00 2.443 12.5 

Gnangara 
sand 

18.8736 16.3645 2.509 2.506 10.00 3.145 12.6 

12.9 ± 5.8 

17.4162 16.2582 1.158 1.157 5.00 12.635 54.6 
18.3852 15.9175 2.468 2.466 5.00 26.104 52.9 Jolimont 

sand 
18.2028 16.2927 1.910 1.909 10.00 9.148 47.9 

51.8 ± 8.6 

 

Table A3.1 shows the experimental extraction data obtained for determination of 

the average iron content of the soils. Only 3 replicates of the extraction of the Jolimont 

sand were obtained due to leaks from the lids of the extraction tubes. The average total 

iron content of the Gnangara sand and the Jolimont sand was determined to be 13 ± 6 mg 

kg-1 and 52 ± 9 mg kg-1 from a dry soil weight (error to a 95 % confidence interval), 

respectively. All mass measurements made for this section were made on a Sartorius 

balance (± 0.005 g). 
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Appendix 4 

A.  Metal bioprecipitation column experiment - effective soil porosity 

The bromide tracer added to the groundwater in the column was considered to be a 

conservative species, which moved with the velocity of the groundwater flowing through 

the column. Bromide concentrations were analysed at every sample port along the length 

of the column at exactly 13 days, 23 hrs and 25 mins (20125 minutes) after the addition 

of the tracer to the column influent water. Over this time period the total volume of water 

that flowed through the column was 4325 mL. Figure A4.1 shows the relative bromide 

concentration along the length of the column compared to the influent bromide 

concentration ([Br]/[Brinf]) at 20125 minutes. The position along the length of the column 

where 50 % breakthrough of the bromide occurs at 20125 minutes was determined to be 

1.18 m. This position of 50 % breakthrough was calculated by fitting the bromide 

concentration data to a Boltzmann function in the shape of a sigmoidal curve as a 

breakthrough curve (forcing the upper asymptote to be one and the lower asymptote to be 

zero). 
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Figure A4.1  The bromide distribution (as relative bromide concentrations to the influent bromide 

concentration) along the length of the column ~ 14 days after bromide was added to the influent 

groundwater. Bromide breakthrough curve fitted to this data is also shown. 
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Given that the inner radius of the column is 0.0765 m, the Ac is calculated as πr2 = 

π(0.0765)2, the effective porosity, θ, for the Swan Costal Plain sand is 0.20. 
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Due to the presence of no extra sample ports and bromide concentration data 

between ports F (101 cm) and G (121 cm), the position of 50 % breakthrough may have 

been slightly misrepresented by the sigmoidal curve applied. If a smaller 50 % 

breakthrough distance was applied than the estimated 1.18 m, a higher porosity value 

would be obtained. For example, at a 50 % breakthrough distance of 101 cm (smallest 

possible distance, as bromide concentrations were observed at port F (101 cm)), the 

porosity would be 0.23 using the same time and total water volume use parameters to 

complete the bromide tracer. 

 

 



 

 238 

B.  Metal bioprecipitation column experiment -metal sorption 

The transport of metals along the length of the column was also studied by 

simultaneously spiking the influent groundwater with metals as well as a bromide tracer. 

After 13 days, 23 hrs and 25 mins (20125 minutes) from when the metals were added to 

the influent groundwater, which corresponded to a groundwater volume of 4325 mL that 

had flowed through the column, the spatial distribution of the metals of interest was 

determined (Figure A4.2). The 50 % breakthrough distance of each metal was read off 

the graph as the position along the column where 50 % of the initial concentration had 

reached. It was decided not to fit this data to a Boltzmann function as many of the 

breakthrough curves for the metals would not fit this function, possibly due to irregular 

sorption or heterogeneous soil packing along the length of the column. 
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Figure A4.2  The metal distribution (as relative metal concentrations to the influent concentration) 

along the length of the column ~ 14 days after the metals were added to the influent groundwater. 

The R values for each metal at the time of this bromide tracer column experiment 

were calculated using Equation 5A.4, where Brd is the 50 % breakthrough distance of the 

bromide and metald is the 50 % breakthrough distance of each metal. 
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Appendix 5 

Microorganism efficiency determination to resolve the reaction stoichiometry of the 

model reaction network in Chapter 5B 

VanBriesen and Rittmann (2000) developed a method to mathematically predict the 

stoichiometry of microbiological reactions that involve intermediates. The method was 

developed by expanding a method initially described by McCarty (1975) to enable 

prediction of biomass yield in the absence of experimental values, and has been used by a 

number of other authors for the prediction of biomass yields, including Duthy (1993), 

Woo and Rittmann (2000) and Barry et al. (2002). 

The method assumes that when a primary electron donor is oxidised, some 

electrons released are transferred to a primary electron acceptor substrate for energy 

generation, and some of the electrons released are transferred for the generation of cell 

biomass. By balancing the Gibbs free energy released with the energy that is required for 

cell generation, in addition to balancing the electrons transferred for energy and cell 

biomass generation the stoichiometry of biomass production can be determined. If the 

primary electron donor is not completely mineralised, and intermediates accumulate, this 

means that not all electrons originally available in the primary electron donor were 

transferred for energy and biomass generation, and are available in the intermediate for 

further electron donation. 

Equation A5.1 is the general relationship for energy balance in a microbially-

mediated reaction (McCarty, 1975), 

 
θ

s
θ

s
θ

r
θ

e GK fGK f yn∆∆ =−                                                               (A5.1) 
 

where ∆rGθ is the standard Gibbs free energy of the energy generation redox reaction 

between electron donor and electron acceptor (kJ e--equ-1); ∆synGθ is the standard Gibbs 

free energy of the energy of the cell synthesis reaction from the electron donor substrate 

(kJ e--equ-1); K is the efficiency of energy capture in the energy generation reaction 

(dimensionless); fe
θ is the fraction of electron donor electron equivalents sent to the 

acceptor to drive the energy generation redox reaction (dimensionless); fs
θ is the fraction 

of electron donor electron equivalents invested in the biomass synthesis reaction 

(dimensionless). The addition of fe
θ and fs

θ defines T (Equation A5.2), which is the 

fraction of electrons from the electron donor transferred to either the energy generation or 

the biomass synthesis step. Due to no intermediate formation, the value of T for all 
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mineralisation steps (such as the mineralisation of acetate) is 1. For the oxidation of 

ethanol to the intermediate acetate, T is equivalent to 4/12, as only 4 of the 12 electrons 

originally available in ethanol are released in this process. The addition of T to the 

fraction of electrons held in the intermediate, defined as H, is equal to 1 (Equation A5.3). 

Equation A5.1 can be converted to form Equation A5.4, which defines A, which is the 

ratio of fe
θ and fs

θ. 
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Combining Equations A5.2, A5.3 and A5.4 produces relationships for fe

θ and fs
θ 

(Equations A5.5) in terms of A and T. 
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The T, fs

θ and fe
θ values can then be used to predict the biomass yield for each reaction 

pathway by using Equation A5.6 to create the total reaction for cell synthesis, R, 

 

c
θ

sa
θ

ed RfRfTRR ++−=                                                                    (A5.6) 
   
where Rd is the electron donor half-reaction, Ra is the electron acceptor half-reaction, and 

Rc is the biomass cell (as C5H7O2N) synthesis half-reaction below. 

 
NH4

+  +  5HCO3
-  +  24H+  + 20e-  →  C5H7O2N  +  12H2O  

 
Using the stoichiometry of the biomass defined by R, and given that there are assumed to 

be 5 carbon atoms per biomass cell, the microbiological efficiency is equal to the moles 

of biomass cells per mole of electron donor substrate, multiplied by 5. 

All Gibbs free energies are in the standard state, where the temperature is assumed 

to be 25°C, atmospheric pressure is assumed to be 1 atm, and all reactants and products 

are assumed to have a concentration of 1 mol L-1, except [H+] = 10-7. The free energy of 

the energy generation redox couple (∆rGθ) was calculated by determining the difference 

in free energy of the electron donor half-reaction, Rd (∆dGθ) and electron acceptor half-

reaction, Ra (∆aGθ) as shown by Equation A5.7. The values for ∆dGθ and ∆aGθ (Table 
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A5.1) were calculated using the values of the standard Gibbs free energies of formation 

∆formGθ for all species in the half reaction (which are listed in Table A5.2). 

 
θ

p
θ

a
θ

r GGG ∆∆∆ −=                                                                          (A5.7) 
   
Table A5.1  Standard Gibbs free energies of electron donor (∆dGθ) and acceptor (∆aGθ) half-

reactions involved in the microbially-mediated ethanol/acetate degradation reaction system.  

 
Electron donor half-reactions, Rd 

 
 
 
 
 

Standard Gibbs free energy of 
reaction of electron donor half-

reaction 
at 298.15 K, 1 atm, 1 M and a 

pH = 7 
∆dGθ (kJ e--eq-1)* 

Ethanol oxidation to acetate 
¼CH3COO-  +  5/4H+  +  e-  →  ¼CH3CH2OH  +  ¼H2O -10.65 

Complete ethanol oxidation (mineralisation) 
1/6HCO3

-  +  7/6H+  +  e-  →  1/12CH3CH2OH  +  5/12H2O -15.57 

Complete acetate oxidation (mineralisation) 
¼HCO3

-  +  9/8H+  +  e-  →  1/8CH3COO-  +  ½H2O -18.04 

 
Electron acceptor half-reactions, Ra 

 
 

Standard Gibbs free energy of 
reaction of electron acceptor 

half-reaction  
at 298.15 K, 1 atm, 1 M and a 

pH = 7 
∆aGθ (kJ e--eq-1)* 

Oxygen reduction 
¼O2  +  H+  +  e-  →  ½H2O -118.57 

Nitrate reduction 
1/5NO3

-  +  6/5H+  +  e-  →  1/10N2  +  3/5H2O  -120.53  

Goethite reduction 
FeOOH  +  3H+  +  e-  →  Fe2+  +  2H2O -64.56 

Sulfate reduction 
1/8SO4

2-  +  9/8H+  +  e-  →  1/8HS-  +  ½H2O  -23.99  

*All half reactions are written in reduction form (by convention) for 1 electron 
equivalent.   

 

The standard Gibbs free energy of the energy of the cell synthesis reaction from the 

electron donor substrate (∆synGθ) was calculated from Equation A5.8, 

 

θ
cellsm

θ
pθ

s G
K

G
G ∆

∆
∆ yn +=                                                                   (A5.8) 

 
where ∆pGθ is the free energy to convert the carbon source pyruvate (an intermediate in 

the cell formation process) and is equal to ∆pyrGθ - ∆csGθ (where ∆pyrGθ is equal to 35.77 

kJ e--equ-1, and ∆csGθ = ∆dGθ which is the standard free energy of the carbon reduction 

half-reaction); ∆cellsGθ is the free energy to synthesise macromolecules and was estimated 

by McCarty (1975) to be 31.39 kJ e--equ-1; K is the average efficiency of energy capture 
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in the energy generation reaction, and a value of 0.6 was used in the absence of empirical 

data (VanBriesen and Rittmann, 2000); m is an exponent, and is equal to +1 when ∆pyrGθ 

- ∆csGθ > 0, and is equal to -1 when ∆pyrGθ - ∆csGθ < 0. Values for ∆synGθ were calculated 

for each electron donor substrate transformation and were presented in Table A5.3. 

 

Table A5.2  Standard Gibbs free energies of formation (∆formGθ) used for various species involved 

in the microbially-mediated ethanol/acetate degradation reaction system.  

 

Standard Gibbs free energy of formation at 
298.15K, 1atm, 1M, pH 7, buffered 

∆formGθ 
(kJ mol-1) * 

CH3CH2OH (l) -174.78 
CH3COO-

 (aq) -369.31 
CH4 (g) -50.72 

HCO3
-
 (aq) -586.77 

O2 (g) 0 
H+ (aq) 0 
H2O (l) -237.13 
N2 (g) 0 

NO3
- 

(aq) -108.74 
SO4

2- 
(aq) -744.53 

HS- 
(aq) 12.08 

Fe2+
(aq) -78.9 

a-FeOOH (s) (goethite) -488.6 # 
*All ∆formGθ values were taken from Atkins (1998), except #, 
which was taken from Benjamin (2002). 

 
Table A5.3  Standard Gibbs free energy of the cell synthesis reaction from the electron donor 

substrate (∆synGθ) involved in the microbially-mediated ethanol/acetate degradation reaction system.  

 
Electron donor half-reactions, Rd 

 
 
 
 
 

Standard Gibbs free energy of 
the cell synthesis reaction from 

the electron donor substrate 
at 298.15 K, 1 atm, 1 M and a 

pH = 7 
∆synGθ (kJ e--eq-1)* 

Ethanol oxidation to acetate 
¼CH3COO-  +  5/4H+  +  e-  →  ¼CH3CH2OH  +  ¼H2O 108.75 

Complete ethanol oxidation (mineralisation) 
1/6HCO3

-  +  7/6H+  +  e-  →  1/12CH3CH2OH  +  5/12H2O 116.96 

Complete acetate oxidation (mineralisation) 
¼HCO3

-  +  9/8H+  +  e-  →  1/8CH3COO-  +  ½H2O 121.06 
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For the 8 biologically-mediated reaction processes being considered in the model 

reaction network, Table A5.4 lists all key parameters calculated using the methods 

described above, to enable final calculation of the microorganism efficiency. Because all 

Gibbs free energies used in this efficiency calculation are assumed to be at standard 

conditions, some error in these predicted efficiencies is likely, as the concentrations of 

various reactant and product species was unlikely to always be 1 mol L-1 (and for [H+] = 

10-7). In addition, these concentrations of reactants, products and H+ ions were shown to 

be variable along the length of the column, making it difficult to calculate a specific 

efficiency to build the reaction network for the conceptual model. Given the need to 

estimate some type of reaction efficiency, this methodology was used. Based on Equation 

A5.6 and the T, fs
θ and fe

θ parameter values presented in Table A5.4, the fully balanced 

biomass yield reactions for each microbial growth reaction process included in the model 

were determined and are presented in Table A5.5.  

 
Table A5.4  The values of all parameters determined in the process of calculating the 

microorganism efficiency for each biologically-mediated reaction process in the model reaction 

network.   

Parameter 

Aerobic 
ethanol 

oxidation 
to acetate 

Ethanol 
oxidation to 
acetate via 

denitrification 
 

Ethanol 
oxidation 
to acetate 

via 
goethite 

reduction 
 

Ethanol 
oxidation to 
acetate via 

sulfate 
reduction 

Aerobic 
acetate 

oxidation 

Acetate 
oxidation via 

denitrification 

Acetate 
oxidation 

via 
goethite 

reduction 
 

Acetate 
oxidation 
via sulfate 
reduction 

∆dGθ (kJ e--equ) -10.65 -10.65 -10.65 -10.65 -18.04 -18.04 -18.04 -18.04 
∆aGθ (kJ e--equ) -118.57 -120.53 -64.56 -23.99 -118.57 -120.53 -64.56 -23.99 
∆rGθ (kJ e--equ) -107.92 -109.88 -53.91 -13.34 -100.53 -102.49 -46.52 -5.95 
∆csGθ (kJ e--equ) -10.65 -10.65 -10.65 -10.65 -18.04 -18.04 -18.04 -18.04 
∆pyrGθ (kJ e--equ) 35.77 35.77 35.77 35.77 35.77 35.77 35.77 35.77 
∆pGθ (kJ e--equ) 46.42 46.42 46.42 46.42 53.80 53.80 53.80 53.80 
∆cellsGθ (kJ e--equ) 31.39 31.39 31.39 31.39 31.39 31.39 31.39 31.39 
K 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
m +1 +1 +1 +1 +1 +1 +1 +1 
∆synGθ (kJ e--equ) -108.75 -108.75 -108.75 -108.75 -121.06 -121.06 -121.06 -121.06 
A 1.680 1.650 3.362 13.588 2.007 1.969 4.337 33.896 
T 4/12 4/12 4/12 4/12 1 1 1 1 
fs
θ 0.124 0.126 0.076 0.023 0.333 0.337 0.187 0.029 

fe
θ 0.209 0.208 0.257 0.310 0.667 0.663 0.813 0.971 

substrate mol
cells biomass moles

 

0.0746 0.0755 0.0458 0.0137 0.1330 0.1347 0.0750 0.0115 

Efficiency = 

substrate inC mol
cells biomass inC moles

 
 

 

0.1866 0.1887 0.1146 0.0343 0.3326 0.3369 0.1874 0.0287 
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Table A5.5  Biomass yield reaction equations for the microbial growth reaction processes included 

in the model reaction network. 

Reactions including microbial mass production 

Written 
assuming 

an 
efficiency 
of biomass 
production 

of: 

Moles of 
acetate or 

bicarbonate 
produced (as 
CH3COO- or 
HCO3

-) per 
mole of 

ethanol or 
acetate 

consumed 

Moles of 
biomass 

produced 
(as 

C5H7O2N) 
per mole of 

ethanol 
consumed 

Aerobic ethanol oxidation to acetate 
CH3CH2OH  +  O2   +  0.0746NH4

+  →  0.8134CH3COO-  +  0.0746C5H7O2N  +  0.8880H+  +  
1.2239H2O 

0.1866 0.8134 0.0746 

Ethanol oxidation to acetate via denitrification 
CH3CH2OH  +  0.8NO3

-   +  0.0755NH4
+  →  0.8113CH3COO-  +  0.0755C5H7O2N  +  0.4N2  +  

0.0868H+  +  1.6265H2O 

0.1887 0.8113 0.0755 

Ethanol oxidation to acetate via goethite reduction 
CH3CH2OH  +  4FeOOH  +  0.0458NH4

+  +  7.0688H+  →  0.8854CH3COO-  +  0.0458C5H7O2N  +  
4Fe2+  +  7.1375H2O 

0.1146 0.8854 0.0458 

Ethanol oxidation to acetate via sulfate reduction 
CH3CH2OH  +  0.5SO4

2-   +  0.0137NH4
+  →  0.9657CH3COO-  +  0.137C5H7O2N  +  0.5HS-  +  

0.4794H+  +  1.0411H2O 

0.0343 0.9657 0.0137 

Aerobic acetate oxidation 
CH3COO-  +  1.3349O2  +  0.1330NH4

+  →  1.3349HCO3
-  +  0.1330C5H7O2N  +  0.4679H+  +  

0.3991H2O 

0.3326 1.3349 0.1330 

Acetate oxidation via denitrification 
CH3COO-  +  1.0610NO3

-  +  0.1347NH4
+  +  0.6H+  →  1.3263HCO3

-  +  0.1347C5H7O2N  +  
0.5305N2  +  2.9347H2O 

0.3369 1.3263 0.1347 

Acetate oxidation via goethite reduction 
CH3COO-  +  6.5010FeOOH   +  0.0750NH4

+  +  12.3018H+  →  1.6252HCO3
-  +  0.0750C5H7O2N  +  

6.5010Fe2+  +  9.9763H2O 

0.1874 1.6252 0.0750 

Acetate oxidation via sulfate reduction 
CH3COO-  +  0.9713SO4

2-   +  0.0115NH4
+  +  0.0172H+  →  1.9427HCO3

-  +  0.0115C5H7O2N  +  
0.9713HS-  +  0.0344H2O 

0.0287 1.9427 0.0115 
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As goethite reduction and sulfate reduction processes were formulated as single 

microbial groups for ethanol oxidation and the acetate mineralisation reactions within the 

model framework, the average efficiency of the goethite and sulfate reduction reactions 

were determined and applied to the biomass yield reaction equations for both processes. 

Table A5.6 shows the biomass yield reaction equations determined for the goethite 

reduction and sulfate reduction microbial growth reaction processes, where these 

processes have the same efficiency of biomass production for the ethanol oxidation and 

the acetate mineralisation reactions. 

 
Table A5.6  Biomass yield reaction equations for the goethite reduction and sulfate reduction 

microbial growth reaction processes, where these processes have the same efficiency of biomass 

production for the ethanol oxidation and the acetate mineralisation reactions. 

Reactions including microbial mass production 

Written 
assuming 

an 
efficiency 
of biomass 
production 

of: 

Moles of 
acetate or 

bicarbonate 
produced (as 
CH3COO- or 
HCO3

-) per 
mole of 

ethanol or 
acetate 

consumed 

Moles of 
biomass 

produced 
(as 

C5H7O2N) 
per mole of 

ethanol 
consumed 

Ethanol oxidation to acetate via goethite reduction 
CH3CH2OH  +  4FeOOH  +  0.0298NH4

+  +  7.0447H+  →  0.9256CH3COO-  +  0.0298C5H7O2N  +  
4Fe2+  +  7.0893H2O 

0.0744 0.9256 0.0298 

Ethanol oxidation to acetate via sulfate reduction 
CH3CH2OH  +  0.5SO4

2-   +  0.0298NH4
+  →  0.9256CH3COO-  +  0.0298C5H7O2N  +  0.5HS-  +  

0.4553H+  +  1.0893H2O 

0.0744 0.9256 0.0298 

Acetate oxidation via goethite reduction 
CH3COO-  +  7.1359FeOOH   +  0.0432NH4

+  +  13.4446H+  →  1.7840HCO3
-  +  0.0432C5H7O2N  +  

7.1359Fe2+  +  10.8334H2O 

0.1080 1.7840 0.0432 

Acetate oxidation via sulfate reduction 
CH3COO-  +  0.8920SO4

2-   +  0.0432NH4
+  +  0.0648H+  →  1.7840HCO3

-  +  0.0432C5H7O2N  +  
0.8920HS-  +  0.1296H2O 

0.1080 1.7840 0.0432 
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Appendix 6  

Biomass growth equations for each different microbial group, X1 to X6. 
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X3, goethite/sulfate reducers (for ethanol to acetate oxidation) 
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X4, aerobes (for acetate mineralisation) 
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X5, denitrifiers (for acetate mineralisation) 
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X6, goethite/sulfate reducers (for acetate mineralisation) 
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where, 

X1 to X6 is the concentration of each microbial group; 

vmax is the maximum growth rate of each microbial group;  

Y is a stoichiometric coefficient = 1/86400;  

Ceth, Cacet, Cox, Cnit, Cgoeth, Csulf, and CN, are ethanol, acetate, oxygen, nitrate, goethite, sulfate, and 

total nitrogen concentrations, respectively;  
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Keth, Kacet, Kox, Knit, Kgoeth, Ksulf, and KN are ethanol, acetate, oxygen, nitrate, goethite, sulfate, and 

total nitrogen half-saturation constants, respectively;  

Iox,den and Iox,goeth/sulf are the oxygen inhibition terms for all denitrifying microbial groups (X2 and X5), 

and all goethite/sulfate reducing microbial groups (X3 and X6), respectively, where, 

oxdeninhib_ox

deninhib_ox
denox CK

K
I

−
=

,

,
,  and 

oxsulfgoethinhib_ox

sulfgoethinhib_ox
sulfgoethox CK

K
I

−
=

/,

/,
/, ; 

with Kinhib_ox,den and Kinhib_ox,goeth/sulf as the oxygen inhibition coefficients for the denitrifying 

microbial groups and the goethite/sulfate reducing microbial groups, respectively. 

Init,goeth/sulf is the nitrate inhibition term for all goethite/sulfate reducing microbial groups (X3 and X6); 

where, 

nitsulfgoethinhib_nit

sulfgoethinhib_nit
sulfgoethnit CK

K
I

−
=

/,

/,
/,  

with Kinhib_nit,goeth/sulf as the nitrate inhibition coefficient for the goethite/sulfate reducing 

microbial groups. 

Ibio_aero, den and Ibio_goeth/sulf is the microbial biomass inhibition factor for the aerobic and denitrifying 

microbial groups (X1, X2, X4 and X5), and all goethite /sulfate reducing microbial groups (X3 and X6), 

respectively, where 

denaeromaxbio

ordenaeromaxbio
denaerobio X

XX
I

,_

5,4,2,1,_
,_

−
=  and 

sulfgoethmaxbio

orsulfgoethmaxbio
sulfgoethbio X

XX
I

/_

6,3/_
/_

−
=  

with Xmaxbio_aero,den and Xmaxbio_goeth/sulf as the maximum microbial concentration for the 

denitrifying microbial groups and the goethite/sulfate reducing microbial groups, 

respectively. 
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Appendix 7 

List of 37 modifiable parameters used in final model 

 Parameter Value used in final model output 

1
maxX

v  180 

1XoxK  1 x 10-6 

1XethK  1 x 10-5 

aerobes (for ethanol to acetate 
oxidation) 

 
X1 

1XNK  1 x 10-5 

2
max X

v  3.437457 

2XnitK  1.995158 x 10-5 

2XethK  1 x 10-5 

denitrifiers (for ethanol to 
acetate oxidation) 

 
X2 
 

2XNK  6.534788 x 10-6 

3
max_ Xgoethv  3.473797 

3
max_ Xsulfv  4.735857 

3XsulfK  3.3313 x 10-5 

3XethK  1 x 10-5 

3XNK  1 x 10-5 

goethite/sulfate reducers (for 
ethanol to acetate oxidation) 

 
X3 

3XgoethK  0.3716195 

4
max X

v  200 

4XoxK  1 x 10-5 

4X
acetK  1 x 10-5 

aerobes (for acetate 
mineralisation) 

 
X4 

4X
NK  1 x 10-5 

5
maxX

v  53.58936 

5XnitK  1 x 10-5 

5XacetK  1 x 10-5 

denitrifiers (for acetate 
mineralisation) 

 
X5 

5XNK  1 x 10-5 

6max_ Xgoethv  31.01776 

6
max_ Xsulfv  1 x 10-5 

6XsulfK  1 x 10-5 

6XacetK  1 x 10-5 

6XNK  1 x 10-5 

goethite/sulfate reducers (for 
acetate mineralisation) 

 
X6  
 

6XgoethK  1 x 10-5 

denaeromaxbioX ,_  1.988614 x 10-5 maximum microbial biomass 
concentrations 

sulfgoethmaxbioX /_  5.066325 x 10-4 

deninhib_oxK ,  5.647611 x 10-7 
 /, sulfgoethinhib_oxK  1.307111 x 10-6 inhibition terms for oxygen and 

nitrogen 
sulfoethnitinhibK /g ,_  8.923482 x 10-7 

microbial decay parameter vdecay 5.704303 x 10-2 
kmagnetite 1.82715 x 10-10 
KFeS(ppt) 3.6 x 10-9 kinetic mineral parameters 
KZnS(A) 2 x 10-12 
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Appendix 8 

A.  TCE reductive dechlorination column experiment - effective soil porosity 

The bromide tracer added to the groundwater in the column was considered to be a 

conservative species, which moved with the velocity of the groundwater flowing through 

the column. Bromide concentrations were analysed at every sample port along the length 

of the column at 164 hrs (6 days and 20 hrs) after the addition of the tracer to the column 

influent water. Over this time period the total volume of water that flowed through the 

column was 4464 mL. Figure A8.1 shows the relative bromide concentration along the 

length of the column compared to the influent bromide concentration ([Br]/[Brinf]) at 164 

hrs. The position along the length of the column where 50 % breakthrough of the bromide 

occurs at 164 hrs was determined to be 1.33 m. This position of 50 % breakthrough was 

calculated by fitting the bromide concentration data to a Boltzmann function in the shape 

of a sigmoidal curve as the bromide breakthrough curve. Although there was high 

bromide concentrations observed further along the length of the column before the main 

bromide front was observed to move through the column, the sigmoidal curve was still fit 

such that the upper asymptote was one and the lower asymptote was zero. 
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Equation of fitted function: 
[Br-]/[Br-

inf] = 1 / (1 - e((x-1.331)/0.348))
R2 = 0.849

When [Br-]/[Br-
inf] = 0.5

x = 1.331 m

 Experimental relative bromide concentration ([Br-]/[Br-
inf])

 Boltzmann fit to experimental data 
          (producing a sigmoidal curve)
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Figure A8.1  The bromide distribution (as relative bromide concentrations to the influent bromide 

concentration) along the length of the column ~ 7 days after bromide was added to the influent 

groundwater. Bromide breakthrough curve fitted to this data is also shown. 
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During the bromide tracer the average volumetric flow rate of groundwater through 

the column, fv, and the average linear velocity of groundwater flow through the column, 

vL, was calculated as follows, 

 

1-39-1-1-

-

-

s m 10 x 7.56    min mL 0.454  hr mL 27.2    
hrs 164
mL 4464       

  
ghbreakthrou Br % 50for  taken time

measured gh wasbreakthrouBr % 50  wherefromcolumn  ough the water throf  volumetotal  

====

=vf

 
 

1-6-1-3-

-

-

s m 10 x 2.25    hr m 10 x 8.12    
hrs 164
m 1.33       

  
ghbreakthrou Br % 50for  taken time

 occuredgh breakthrou Br % 50 recolumn whe soil alonglength       

===

==
-Br

LL vv
 

 
 

Given that the inner radius of the column is 0.07 m, the Ac is calculated as πr2 = 

π(0.07)2, the effective porosity, θ, for the Swan Costal Plain sand is 0.22. 

 
3-3

1-6-2

-13-9

2 m m 0.22    
s m 10 x 2.25 m) (0.07  π

s m 10 x 7.56    
  π

    ====
L

v

Lc

v

vr
f

 vA
f

  θ   

 

B.  TCE reductive dechlorination column experiment -TCE sorption 

The transport of TCE along the length of the column was also studied by 

simultaneously spiking the influent groundwater with TCE as well as a bromide tracer. 

After 164 hrs from when the TCE was added to the influent groundwater, which 

corresponded to a groundwater volume of 4464 mL that had flowed through the column, 

the spatial distribution of TCE was investigated as TCE concentrations relative to the 

groundwater influent TCE concentration (Figure A8.2). The 50 % breakthrough distance 

of 1.16 m for TCE was determined by fitting the TCE concentration data (relative to the 

influent data) to a Boltzmann function in the shape of a sigmoidal curve as the TCE 

breakthrough curve (Figure A8.2). Although there was also high TCE concentrations 

observed further along the length of the column before the main bromide front is 

observed to move through the column (as observed with the bromide concentration data), 

the sigmoidal curve was still fit such that the upper asymptote was one and the lower 

asymptote was zero. 
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Figure A8.2  The TCE distribution (as relative TCE concentrations to the influent TCE 

concentration) along the length of the column ~ 7 days after TCE was added to the influent 

groundwater. TCE breakthrough curve fitted to this data is also shown. 

The R for TCE used in this bromide tracer column experiment was calculated using 

a form of Equation 5A.4 where Brd is the 50 % breakthrough distance of the bromide and 

TCEd is the 50 % breakthrough distance of TCE. 

 

 
d

d

TCE
Br

  R  =                                                                                           (5A.4) 
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