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ABSTRACT 

 
Large scale column experiments were undertaken to determine the effect of a 

step decrease in groundwater pH on metal remediation by bioprecipitation using three 

different carbon sources: (ethanol, molasses and vegetable oil) to promote reducing 

conditions.  Metal contaminated groundwater at pH 5.5 was delivered to four separate 

soil columns.  Three of the columns were amended with one of the carbon sources at a 

concentration of 1 g/L, while the fourth column was left unamended and used as a 

control. 

 Denitrification and copper removal were observed at pH 5.5 in each of the 

carbon amended columns.  Of the three carbon sources, ethanol provided the most 

effective and reliable carbon source for denitrification and copper removal.  Molasses 

was also suggested to be an effective amendment for the stimulation of denitrification 

and copper removal.  However, due to problems with consistent molasses delivery, 

fluctuations in the location and extent of denitrification and copper removal were 

observed.  Vegetable oil showed only limited and inconsistent denitrification and 

copper removal. 

Of the three carbon amendments, only ethanol was observed to stimulate sulfate 

reduction and zinc bioprecipitation at an influent groundwater pH of 5.5.  Once steady 

state sulfate reduction and zinc bioprecipitation had been established in the ethanol 

amended column, the pH of the influent metal contaminated groundwater was reduced 

in a single step from 5.5 to 4.25 in the control and ethanol amended columns.  The 

reduction in groundwater pH resulted in a significant increase in groundwater copper 

concentration in both columns.   

The reduction in groundwater pH appeared to have an inhibitory effect on 

bacterial activity as both the denitrification and sulfate reduction zones were observed to 
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migrate along the ethanol amended column after the step reduction in pH.  The sulfate 

reduction and corresponding zinc removal zone migrated past the final sampling port 

approximately 25 weeks after the reduction in groundwater pH.  After sulfate removal 

and zinc bioprecipitation ceased, an enhanced zinc concentration plume (> 110 % of 

influent concentration) formed in the previous sulfate reduction zone.  The formation of 

the enhanced zinc plume corresponded to the migration of the denitrification and copper 

removal zones into this zone.  After which the copper removal zone stabilised while the 

denitrification zone migrated a further 0.2 m along the column. 

Soil samples collected from the ethanol amended column and analysed using 

scanning electron microscopy (SEM) with an energy dispersion spectroscopy detector 

identified the presence of elemental copper in the ethanol amended column suggesting 

that some of the removed copper had precipitated as elemental copper.  Also, crystals 

(possibly chalcocite (Cu2S) or covellite (CuS)) were detected on soil collected from the 

previous sulfate reduction zone.  It was concluded that the reduction in groundwater pH 

resulted in the dissolution of precipitated zinc sulfide minerals and the precipitation of 

copper sulfide minerals.   

 Bioprecipitation of metal contaminated groundwater via sulfate reduction was 

shown to be an effective remediation strategy for zinc removal at pH 5.5.  However, the 

stability of this process may not be robust, as a reduction in groundwater pH resulted in 

the dissolution of precipitated zinc sulfide minerals, the remobilisation of copper sorbed 

to the soil and the migration of the denitrification, copper removal, sulfate reduction and 

zinc removal zones. 
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CHAPTER 1 GENERAL INTRODUCTION 

 

1.1 Acid Mine Drainage 

 Heavy metals occur naturally in groundwater and can be essential for biological 

growth in low concentrations (Novotny, 1995).  However, when their concentrations 

become elevated they can have deleterious effects on living organisms.  There are many 

anthropogenic sources of heavy metal contamination including: industrial waste, 

agricultural activity (fertilisers and pesticides), and mining (Novotny, 1995; Esposito et 

al., 2001; Chandran et al., 2001).  Over the last 30 years there has been a growing 

concern over the impact that the mining industry has on the environment (Tuttle et al., 

1969; Gray, 1997; Johnson and Hallberg, 2003).  Of particular concern is the release of 

heavy metals and acidic solutions, known as acid mine drainage (AMD), into the 

ecosystem.  According to Banks et al. (1997) mine sites are a primary source of AMD.  

AMD is a result of the oxidation of metal sulfides by aerobic bacteria in the presence of 

oxygen and water producing dissolved metal ions, sulfate, and increase acidity 

(Equations 1.1 and 1.2)(Gleisner and Herbert, 2002). 

 

4 FeS2 + 14 H2O + 15 O2 →  4 Fe(OH)3 + 8 SO4
2- + 16 H+ (Eq. 1.1) 

 
or 
 

CuS +2 H2O + O2 → Cu2+ + SO4
2- + 4 H+ (Eq. 1.2) 

 
 

Table 1.1 gives typical AMD pH values and metal concentrations (Gazea et al., 1995).  

Once these solutions form, they can percolate through the soil and contaminate 

groundwater. 
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Table 1.1  Typical acid mine drainage pH and metal concentrations (Gazea et al., 
1995) 

Contaminant Coal mines Cu-Pb-Zn mixed sulfide mines 
pH 2.6-6.3 2.0-7.9 
Fe 1-473 (mg/L) 8.5-3,200 (mg/L) 
Zn n/a 0.04-1,600 (mg/L) 
Al 1-58 (mg/L) n/a 
Mn 1-130 (mg/L) 0.4 (mg/L) 
Cu n/a 0.005-76 (mg/L) 
Pb n/a 0.02-90 

 
 
Dissolved heavy metals present in groundwater can be transported with the flow of the 

groundwater, and discharge into surface waters such as lakes and streams causing 

contamination.  Some of these surface waters are used for the irrigation of agricultural 

lands.  According to the National Pollution Inventory (2004) the Metal Ore Mining 

industry emits large quantities of heavy metals into Australia’s environment each year 

(Table 1.2).  Heavy metals present in groundwater and surface water can find their way 

into the food chain through bioaccumulation.  Plants whose roots extend down into the 

watertable or those irrigated with contaminated surface water, can up-take heavy metals 

and minerals which then become concentrated in the plant (Kabata-Pendias, 1995).  

Organisms that consume the plant further concentrate the heavy metals.  It has been 

shown (de Vries et al., 1975; Tiller et al., 1976) that plants are capable of absorbing 

certain metal ions in sufficient concentrations to cause a significant health risk. 
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Table 1.2 Substance Emission data from the National Pollution Inventory 
(2004) for the year 2002-2003 for the Metal Ore Mining industry.  All values have 
been rounded to two significant figures. 

Contaminant Emissions to Water (kg) Total Emissions (kg) 
As & As Compounds 3,800 55,000 
Cd & Cd Compounds 750 4,500 
Cr (III) Compounds 370 97,000 
Cr (VI) Compounds 960 2,000 

Cu & Cu Compounds 510,000 830,000 
Pb & Pb Compounds 6,400 250,000 

Mg Oxide fume n/a 2,500 
Mn & Mn Compounds 1,200,000 1,700,000 
Ni & Ni Compounds 16,000 210,000 
Se & Se Compounds 28 440 

H2SO4 17,000,000 17,000,000 
Zn & Zn Compounds 120,000 370,000 

Note: Values for total emissions include substance emissions to air, water and land.   
 
 
As groundwater is also sometimes used for direct human consumption, pH values and 

dissolved metal concentrations of these water sources become particularly important.  

The Australian government, World Health Organisation (WHO) and other international 

governments and agencies have set standards for metal ion concentrations in drinking 

water (Table 1.3).  At concentrations greater than these, some metals can have adverse 

affects on humans (Table 1.4). 

 

Table 1.3 Comparison of World Health organisation drinking water standards 
(WHO, 2004a) and Australian Drinking Water Guidelines (ADWG, 1996).   

Metal(oids)/Chemical WHO drinking water 
standards (mg/L) 

Australian Drinking 
Water Guidelines (mg/L) 

As 0.01 0.007 
Cd 0.003 0.002 
Cr 0.05 0.05 
Cu 2 2 (1#) 
Fe n/a 0.3# 
Mn 0.4 0.1 
Na n/a 180# 
Ni 0.02 0.02 
Pb 0.01 0.01 
Se 0.01 0.01 
Zn n/a 3# 

SO4
2- n/a 500 (250#) 

Note: # Signifies aesthetic limit values based on colour, taste, odour. 
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Table 1.4 Effect of excessive metal(oid)s and pH on humans.  (WHO, 2004 b) 

Metal(oid)/ 
Acidity Effect on Humans 

As Lesions such as hyper- and hypopigmentation, peripheral neuropathy, skin 
cancer, bladder and lung cancers and peripheral vascular disease.c 

Cr (VI) Gastrointestinal disorders, haemorrhagic diathesis, and convulsions. Death 
may occur following cardiovascular shock.a 
Chromosomal aberrations and sister chromatid exchanges, lung cancer.c 

Cu Possible diarrhoea, nausea, abdominal pain or 
vomiting.a 

Pb 
Dullness, restlessness, irritability, poor attention span, headaches, muscle 
tremor, abdominal cramps, kidney damage, hallucinations, and loss of 
memory, encephalopathy.a 

Reproductive dysfunction, exposure of pregnant women to lead increases the 
risk of preterm delivery. 

pH < 4 Redness and irritation of the eyes have been reported, the severity of which 
increases with decreasing pH. Below pH 2.5, damage to the epithelium is 
irreversible and extensive.a 

Note: c = chronic exposure, a = acute exposure. 
 
 
Due to the effects of metals and acidity associated with AMD on the health of humans 

and other organisms (Chandran et al., 2001), and the increase in the number of sites 

contaminated with AMD (Hazen et al., 2002; Banks et al., 1997) there is a growing 

need for effective, reliable and financially viable methods to treat this type of 

contamination. 

 

1.2 Remediation of Heavy Metals in Groundwater 

 Historically, methods for the remediation of AMD contaminated groundwater 

involved pumping the groundwater to the surface where it was stored in large, above 

ground containers and treated chemically, usually through the addition of a hydroxide 

(Equation 1.3) or carbonate compound (Equation 1.4) (known as ‘pump and treat’ 

systems) (US Department of Interior, 2004). 

 

Ca(OH)2 (s) + Metal2+
 (aq) → Ca2+

 (aq) + Metal(OH)2 (s) (Eq. 1.3) 
 

CaCO3 (s) + Metal2+ (aq) → Ca2+ (aq) + MetalCO3 (s) (Eq. 1.4) 
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These methods, though effective, can be prohibitively expensive especially when 

treating large contaminated areas.  Also, the solubility of hydroxides and carbonates are 

dependnet on pH, therefore a reduction in solution pH can re-release the metals back 

into the environment. 

 During the mid 1990’s Blowes et al. (1994) suggested a more cost effective 

alternative to ‘pump and treat’ methods in the form of in-situ permeable reactive 

barriers (PRB).  According to Blowes et al. (1994) a PRB could be placed perpendicular 

to the flow of groundwater, making use of the natural hydraulic gradient for 

groundwater to flow through the reactive media (Figure 1.1). 

 

 
Figure 1.1 Schematic diagram of a typical permeable reactive barrier system. 
 
 
The barrier can consist of a wide variety of materials generally used ex-situ to remediate 

acid mine drainage (Blowes et al., 2000).  Originally the barriers consisted of zero 

valent iron filings that would chemically reduce sulfate to sulfide and thus precipitate 

metal contaminants as insoluble metal sulfides.  Later developments involved the 

creation of barriers consisting of amendments for the stimulation of bacterial growth, 

specifically sulfate reducing bacteria.  In general these types of PRBs consist of an 
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organic carbon amendment that can act as an electron donor (Tsukamoto et al., 2004).  

Though PRBs are still in their infancy, several field studies have been successfully 

conducted (Morrison, 2003; Benner et al., 2002). 

 

1.3 Microbial Growth in Groundwater Environments 

 Bacteria and other micro-organisms occur naturally in almost all groundwater 

environments (Coyne, 1999).  In the presence of organic carbon, bacteria will oxidise 

the carbon source in a redox reaction coupled to the most energetically favourable 

reducible groundwater constituent, known as the terminal electron acceptor.  Generally 

the first constituent to be reduced is dissolved oxygen (DO) through bacterial aerobic 

respiration.  Once the DO has been consumed, nitrates (NO3
-) are generally the next to 

be reduced followed by sulfate (SO4
2-), assuming that there are viable microbes capable 

of utilising each electron acceptor.  With each new electron acceptor that is utilised, 

there is a change in groundwater conditions (e.g. Eh, pH) (Coyne, 1999). 

 

1.4 Sulfate Reducing Bacteria 

In 1895 the Dutch microbiologist M.W. Beijerinck cultured a novel type of 

bacteria that was able to utilise sulfate as the terminal electron acceptor in the 

metabolism of organic substrates, with the most common sulfate reducing bacteria 

being Desulfovibrio and Desulfotomaculum (Postgate, 1979).  Prior to 1969, sulfate 

reducing bacteria (SRB) were considered a novelty area of microbiology with little 

practical value.  However, this view changed when it was suggested that SRB could be 

used to remediate metal contaminated groundwater (Tuttle et al., 1969; Gilbert et al., 

2002).  Tuttle et al. (1969) conducted batch experiments using wood dust inoculated 

with cultured sulfate reducing bacteria and acid mine water spiked with iron sulfate.  

Other secondary carbon sources added to the wood dust were also tested.  It was found 
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that the sulfate reducing bacteria were able to utilise the wood dust as a carbon source 

for the removal of sulfate and iron through the formation of FeS, and that the secondary 

carbon sources either partially inhibited or augmented bacterial growth (Tuttle et al., 

1969).  Since then many other researchers have studied various carbon sources as means 

for initiating SRB growth.  Common carbon sources include ethanol (Grassi et al., 

2003; Tsukamoto et al., 2004), methanol (Tsukamoto and Miller, 1999), acetate, 

molasses (Nelson et al., 2003) and waste material from sewage treatment plants (Harris 

and Ragusa, 2000).  Of these, ethanol is perhaps the most ideal carbon amendment as it 

is inexpensive, readily available, and highly miscible in water.  Ethanol can be oxidised 

under sulfate reducing conditions to produce innocuous products as shown in Equation 

1.5 (Grassi et al., (2003)): 

 

2CH3CH2OH  +  3SO4
2-  +  3H+  →  3HCO3

-  +  3H2S  +  3H2O  +  CO2  (Eq. 1.5) 
 
 
 
The above reaction results in not only the production of hydrogen sulfide, but also the 

consumption of acid, thus increasing the pH.  Metal cations form insoluble metal 

sulfides in the presence of sulfide ions and precipitate from groundwater (Equation 1.6). 

 

Metal2+
(aq) + S2-

(aq) ↔ MetalS (s)  (Eq. 1.6) 
 
 
 
Because this process can be stimulated below the water table in an anaerobic zone, the 

re-oxidation of these metal sulfides are unlikely to occur (Johnson and Hallberg, 2003). 

 

1.5 Bioremediation 

 Bioremediation is the use of bacteria and other organisms for the 

removal/reduced toxicity of groundwater contaminants (American Heritage Dictionary, 

2000).  There are several pathways for metal removal including: (i) adsorption of metals 
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onto, or absorption of metals into, bacteria (biosorption) (Liu et al., 2004); (ii) the 

oxidation/reduction of metal ions to a less toxic or less mobile oxidation state (bio-

oxidation) (Lloyd, 2003); and (iii) the precipitation of metal ions as insoluble metal 

complexes such as metal sulfides or carbonates (bioprecipitation) (Jalali and Baldwin, 

2000).  Of these methods bioprecipitation tends to form the most stable products for 

metal removal. 

 

1.6 Scope of this Project 

 The experiments reported here are part of an ongoing research project to assess 

bioprecipitation.  Previous work included: (i) the establishment of molasses as a viable 

carbon source for the biostimulation of sulfate reduction (Patterson et al., 2004), (ii) the 

development of a reliable ethanol delivery system (Grassi et al., 2003) and (iii) a 

comparative study of three carbon sources (ethanol, molasses and vegetable oil) for the 

stimulation of bacterial growth at pH 5.5 (Ma., 2003).  The aim of the experiments 

described in this thesis was to investigate the effects of a change in groundwater pH on 

an active bioprecipitation process.  Previous researchers have studied the effect of pH 

on metal mobility and sulfate reducing bacterial growth/activity (Tsukamoto et al., 

2004; Esposito et al., 2001; Elzahabi and Yong, 2001).  However, none of the previous 

studies have investigated the effect a step change in groundwater pH may have on a 

fully operational bioprecipitation process.  Welp and Brümmer (1999) studied the 

adsorption and solubility of ten different metals to various soils.  In their experiment 

they found that, “for all metals pH was the predominant factor controlling the 

partitioning between the solid and liquid phase.”(Welp and Brümmer 1999).  Other 

researchers have investigated the effect a step change has on sulfate reducing bacterial 

growth (Elliott et al.,1998).  Their results suggested that sulfate reducing bacterial 

growth rates were affected by pH.  Their work differs from the experiments reported 
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here in that: (i) their study did not include dissolved metals in their solution, (ii) the 

bacteria were a homogenous culture (not pre-existing in the soil), and (iii) the influent 

was the same as the culture media.  Each of these aspects is important as bacteria in the 

soil exist in heterogenous populations (Coyne, 1999), and as many researchers suggest 

that certain metal ion concentrations can have an effect on bacterial growth (Utgikar et 

al., 2002; Lee et al., 1997). 

 

1.7 Aims 

 The purpose of this experiment was to:  

1. Investigate the effect that a change in groundwater pH has on the 

bioprecipitation of heavy metal contaminants using sulfate reducing bacteria. 

2. Compare the viability of three carbon sources for the stimulation of sulfate 

reducing bacterial growth at pH 5.5 and 4.25. 

3. Investigate the effect that a change in groundwater pH has on the sorption of 

heavy metals to bacteria and soil. 
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CHAPTER 2 GENERAL MATERIALS AND METHOD 

 

2.1 Soil Column Design 

 Four columns were constructed using 1.9 m lengths of high pressure-PVC pipes 

with an internal diameter of 153 mm and an external diameter of 160 mm (Figure 2.1).  

 

 

Figure 2.1 Schematic diagram of the general column setup. 
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A carbon delivery system was installed 0.51 m from the base of each column (Section 

2.2).  Thirteen sampling ports were then fitted at the locations along the column listed in 

Table 2.1.  

 

Table 2.1 Location of Sample ports in each column. 
Port Distance from base of column (m) 
Inf Influent line 
A 0.01 
B 0.11 
C 0.21 
D 0.31 
E 0.41 
F 0.53 
G 0.61 
H 0.81 
I 1.01 
J 1.21 
K 1.41 
L 1.61 
M 1.81 

 

The columns were filled with a highly bleached, low organic (200 mg/kg) and 

iron (13 mg/kg) content sand collected from Gaskell Avenue, Lexia, Perth, Western 

Australia.  Local Perth groundwater, spiked with heavy metals and metaloids, and then 

acidified with 2.5 M HCl, was used to simulate acid mine drainage contaminated 

groundwater (Section 2.3).  Cultured bacteria were not added to the columns (i.e. no 

bio-augmentation, only bacteria present in the soil and groundwater were used). 

The columns were attached to a large scaffolding system that was replaced 

between December 11th and 16th, 2003.  During this period of time, groundwater flow to 

the columns ceased. 

 

2.2 Carbon Delivery Systems 

 In order to compare the viability of different carbon sources as terminal electron 

donors, each column was fitted with a different carbon amendment delivery system 
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designed specifically for the carbon source being added.  Two of the columns were 

fitted with an ethanol delivery system; one received ethanol amendment (Section 2.2.1), 

the other was used as a control (Section 2.2.2).  The third column was fitted with a 

vegetable oil delivery system (Section 2.2.3), and the fourth column was constructed 

with a molasses delivery system (Section 2.2.4). 

 

2.2.1 Ethanol Delivery System 

 Ethanol was delivered as a carbon source via diffusion from a polymer mat 

located 0.51 m from the base of the column, and emplaced perpendicular to the 

direction of flow within the circumference of the column.  The polymer mat was made 

of a 5 m length of poly(dimethylsiloxane) tubing (3.0 mm o.d., 2.0 mm i.d.) with a 

coiled stainless steel wire inserted inside to prevent collapse.  The tubing was woven 

into a 13.5 cm diameter flexible plastic support frame (Figure 2.2). For ethanol delivery, 

a concentrated ethanol solution (5 - 15 g/L) was pumped through the lumen of the 

polymer tube at a rate of 2 mL/min to give an ethanol groundwater concentration of 0.8 

- 1.6 g/L at point of delivery. 
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Figure 2.2 Photograph of a Sample Polymer Mat Used for Ethanol Delivery. 
 

2.2.2 Control Delivery System 

 A second column was fitted with a polymer mat similar to the one used in the 

ethanol column (Section 2.2.1).  However, the two ends of the tubing were blocked and 

no carbon source was delivered through the lumen.  This column was used as a control. 

 

2.2.3 Vegetable Oil Delivery System 

 Four injection ports were fitted around a third column (Figure 2.3).  An 

emulsion of vegetable oil (Crisco’s® soybean oil), distilled water, and a non-ionic 

surfactant (polyoxyethylenesorbitan trioleate, Trade name: Tween 85, SIGMA, Refer to 

Appendix 1) at ratios of:  1:2:0.05 by mass, giving a total mass of 52 ± 1 g, was first 

injected into the column on June 4th, 2003 and then again on June 8th, 2004.  The 

emulsion solution was injected through each of the four injection ports to provide a 

uniform coverage at the 0.51 m location.  After each injection the column flow was 

turned off for approximately one month to restrict oil delivery to the first half of the 
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column.  Following the second injection (June 8th, 2004), when groundwater flow re-

commenced, a 25 g/L ethanol solution was continuously delivered through the injection 

ports at a rate of 0.6 mL/hour using a syringe pump (Perfusor® secura (100 ml 

capacity)), for the remainder of the experiment. 

 

 

Figure 2.3 Schematic Diagram of the Oil Emulsion Injection Delivery System. 
 

2.2.4 Molasses Delivery Systems 

 A molasses solution (17.1 g/L; crude black strap molasses) was injected into the 

column through porous nylon tubing with a teflon heat shrink coating.  Holes (1 mm in 

diameter) were placed along the teflon coated tubing at 10 mm intervals (Figure 2.4 and 

2.5).  Several external delivery systems were trialled due to bacterial growth within the 

initial external delivery system that interfered with molasses delivery (Sections 2.2.4.1-

4). 
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Figure 2.4 Schematic Diagram of an Individual Nylon Tubing Delivery System 
 
 

 
Figure 2.5 Schematic Diagram of the Cross-Sectional View of the Molasses 
Delivery System Showing the Layout of the Six Nylon Tubes Used to Deliver 
Molasses to the Column. 
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2.2.4.1 External Molasses Delivery System 1 

 The molasses solution was prepared in a glass container (1 L) using deionised 

water.  The solution was then autoclaved at 100 °C and 106 kPa for 30 minutes.  The 

container was left to cool and then refrigerated until needed.  The molasses solution and 

container were weighed before and after being used to determine the quantity of 

molasses delivered.  The pH of the solution was also recorded before and after addition 

to the column.  The solutions were changed every 2-3 days.  The delivery system was 

washed with 100% ethanol as an antiseptic then rinsed with deionised water prior to 

molasses delivery.  The initial delivery system used is shown in Figure 2.6. The flow of 

the molasses into the column was controlled by a peristaltic pump (Ismatec® IPS-12/B) 

at a rate of approximately 0.3 ml/hr.  The pump was operated intermittently (one hour 

on, one hour off) giving an average flow rate of approximately 0.15 ml/hr for each of 

six tubes (0.90 ml/hr in total). 

 

 
Figure 2.6 Photograph and schematic diagram of the first external molasses 
delivery system.  
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2.2.4.2 External Molasses Delivery System 2 

 The molasses solution was prepared in the same manner as above.  The second 

molasses delivery system incorporated a refrigerator (Westinghouse Silhouette 252) into 

the design in order to reduce microbial growth rates (Figure 2.7).  Also, the nitrogen 

line was extended to below the surface level of the solution to reduce the dissolved 

oxygen content, and aerobic bacterial activity. 

 

 
Figure 2.7 Photograph and schematic diagram of the second external molasses 
delivery system. 
 
 

2.2.4.3 External Molasses Delivery System 3 

The molasses was again prepared in the same manner as in System 1.  The third 

delivery system utilised the refrigeration and extended nitrogen line from System 2.  A 

0.45 μm nylon filter (Cameo) was fitted to the nitrogen line to prevent contamination of 

the molasses solution.  A drip cylinder consisting of a glass cylinder (300mm long, 45 

mm i.d., 50 mm o.d.) with PVC end caps (51 mm i.d.) and a nitrogen inlet/outlet to 
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prevent aeration was installed to prevent any bacteria present in the line from 

contaminating the molasses solution container (Figure 2.8). 

 

Figure 2.8 Schematic diagram of molasses drip cylinder 
 

Taps were positioned along the delivery system to enable the flushing of the delivery 

lines with a hypochlorite antimicrobial solution (10 g/L) (Figure 2.9).  Finally, a more 

thorough external delivery system cleaning method was used.  The delivery lines were 

flushed sequentially with four solutions, with the lines being purged with air between 

solutions.  The delivery lines were first rinsed with 20 ml distilled water, followed by 20 

mL of a hypochlorite solution which was left in the lines for a minimum of 10 minutes.  

Then the lines were flushed with 20 mL of autoclaved, distilled water (121 °C at 106 
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kPa for 15 min) to remove any excess hypochlorite.   Finally, the lines were flushed and 

filled with 20 mL of fresh molasses solution.  This rinsing process was repeated every 

2-3 days.  The molasses and peristaltic tubing were replaced every 2-3 weeks.  Samples 

from the delivery lines, drip cylinder, and new and old sample bottles were taken for 

microscope analysis to determine the effectiveness of the system 

 

 
Figure 2.9 Picture and Schematic diagram of the final, external molasses 
delivery system. 
 
 

2.2.4.4 External Molasses Delivery System 4 

 The delivery and line cleaning method from Section 2.2.4.3 were utilised again.  

This time the method for producing the molasses solution was altered.  Initially the 

molasses was autoclaved at 100 °C because it was believed that higher temperatures 

would caramelise the molasses.  Upon testing this hypothesis it was determined that 

temperatures of 121 °C did not result in any noticeable change in the molasses solution.  

Thus during this final system the molasses solution was autoclaved at 121 °C and 106 

kPa for 40 min to ensure that no viable bacteria were present prior to amendment to the 
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column.  The other controls for bacterial growth were maintained to limit possible back 

contamination of the stock molasses solution by bacteria present in the delivery lines. 

 

2.3 Groundwater Solution 

 Perth groundwater spiked with heavy metals and metaloids, and acidified using 

2.5 M HCl was placed in a 120 L drum above the columns giving a hydraulic head of 

approximately 0.5-1 m.  The final composition of the groundwater is given in Table 2.2 

along with the corresponding Australian Drinking Water Guideline values for 

comparison. 

 
 
Table 2.2 Chemical composition of groundwater used in column studies 
compared to Australian Drinking Water Guidelines (ADWG, 1996)  

Chemical/Parameter Concentration in 
Groundwater (mg/L) 

Australian Drinking 
Water Guidelines mg/L 

As 0.001 0.007 
Ca 33 n/a 
Cd 0.02 0.002 
Cl 150 250 # 
Cr 0.05 0.05 (as Cr VI) 
Cu 4 2 (1 #) 
Fe 0.065 0.3 # 

Alkalinity as HCO3
- 10 200 # 

K 15 n/a 
Mg 11 n/a 
Mn 0.01 0.1 
NH3 0.43 0.5 # 
NO2

- <0.02 3 
NO3

- 8 50 
Na 80 180 # 
Ni 0.05 0.02 
Pb 0.3 0.01 
Se 1 0.01 

SO4
2- 110 500 (250 #) 

pH 5.5 6.5 – 8.5 in pH units 
Zn 12 3 # 

Note: # signifies aesthetic limit values based on colour, taste, and odour. 
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The metals and metaloids added were in the form of either metal chlorides or 

metal(oid)-oxide salts (Appendix 2).  On October 21st, 2003 (20 weeks after carbon 

addition commenced) the pH of the influent groundwater for the ethanol and control 

column was reduced from 5.5 to 4.25 using 2.5 M HCl.  The volumetric flow through 

each column was restricted by a peristaltic pump (Masterflex® L/S™ model# 7553-89 

with a Masterflex® L/S™ model# 7519-25 pump head) on the effluent line to give a 

flow rate of 0.25 ml/min (giving a groundwater velocity equivalent to 29 m/yr, based on 

a porosity of 0.26 m3/m3).  A blanket of nitrogen was kept above the groundwater in the 

reservoir to prevent oxygenation of the groundwater.  The experiment was conducted at 

room temperature, which was coarsely controlled at 22 °C. 

 

2.4 Column Groundwater Sampling 

 Initially, it was assumed that the column groundwater sampling size was 

sufficiently small to prevent significant disturbance of the column chemistry caused by 

obtaining samples.  Additional samples were taken from the ethanol and control 

columns following the reduction in influent groundwater pH, under the same 

assumption.  However, ongoing trends in ethanol concentration data suggested that the 

assumption was invalid (Chapter 8).  Once the effect of sample volumes on ethanol 

concentration data was observed the sample size was reduced to minimise this effect.  

This was accomplished by a change in sulfate and nitrate analysis methods to ones that 

required smaller sample sizes.  For a discussion of the effect sampling size had on 

ethanol delivery concentrations refer to Chapter 8. 
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2.4.1 Sampling Method for 4/6/03 – 20/1/04 

 Water samples (60 mL) were taken weekly from each column (at all sampling 

ports except B and D) using 65 ml plastic syringes.  During sampling, the first 5 mL of 

groundwater solution was discarded to purge the sample port.  Each aliquot was placed 

in clear polyethylene sample containers for copper, zinc, nitrate, sulfate and pH 

analysis.  An additional 10 mL aliquot was collected from the control and ethanol 

columns for ethanol analysis by gas chromatograph (GC).  A further 60 mL aliquot was 

collected from the influent line and port M (1.8 m from the base of the column) for 

dissolved oxygen (DO) and reduction potential analysis.  The day following the weekly 

sampling, 15 mL samples were collected from ports J to M for sulfide analysis. 

 

2.4.2 Sampling Method for 27/1/04 – 19/10/04 

 Sample size was reduced to 25 mL for the molasses and oil amended columns, 

and 35 mL for the ethanol and control columns to limit the effect of sample size on the 

groundwater constituents.  Sub-samples (5 mL) were filtered using 0.45μm nylon filters 

(Cameo) and placed in 5 mL glass sample vials for nitrate and sulfate analysis.   

 

2.5 Column Groundwater Sample Analysis 

 Column groundwater samples were analysed for nitrate, sulfate, sulfide, copper 

and zinc concentrations as well as pH, dissolved oxygen (DO) and redox potential (Eh).  

The control and ethanol columns were also analysed for ethanol concentrations. 

  

2.5.1 Ethanol Analysis 

 Aqueous samples from the control and ethanol amended columns were analysed 

for ethanol concentration using a gas chromatograph (Hewlett Packard 5890) equipped 
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with a split injector, flame ionization detector (FID) and a series injector (Hewlett 

Packard 6890).  A BP21 column (25 m x 0.32 mm i.d., phase thickness 0.25 μm, SGE, 

Australia) was used.  Helium was used as the carrier gas at a constant head pressure of 

55 kPa.  The sample split ratio was 40:1.  The injector temperature and detector 

temperature were 150 °C and 250 °C respectively.  The analysis conditions were set as: 

initial temperature 45 °C for 3 min, with a temperature increase of 10 °C/min to a final 

temperature of 145 °C which was held for 0.2 min.   

 For ethanol analysis 1 mL of sample was placed into a 2 mL glass GC sample 

vial.  A 100 μL volume of a solution containing 1 g/L iso-butyric acid and 1 g/L n-

propanol was added as an internal standard, followed by 100 μL of a 6 M oxalic acid 

solution.  The concentration of the ethanol solution being flushed through the lumen of 

the polymer mat was analysed at two different dilution factors.  In the first an aliquot 

from the effluent line was diluted by 1:100 and then analysed.  For the second, another 

aliquot from the effluent line was diluted by 1:250 before being analysed.  All analyses 

were carried out in triplicate. 

 

2.5.2 pH Analysis 

 The pH was determined using an Ionode IJ44 pH electrode attached to a TPS 

model WP-81 Conductivity-Salinity-pH-Temperature meter. 

 

2.5.3 Dissolved Oxygen Analysis 

 The dissolved oxygen content was measured using a WTW OXI 320 

Microprocessor Oximeter. 
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2.5.4 Reduction Potential Analysis 

 The reduction potential (Eh) was determined using an Ionode IJ46 Redox 

electrode attached to a TPS model WP-81 Conductivity-Salinity-pH-Temperature meter. 

 

2.5.5 Nitrate Analysis for 4/6/03 – 20/1/04 

 Aqueous nitrate concentrations were determined using a Merck Reflectoquant 

Reflectometer nitrate test kit.  Nitrate test strips were dipped into the column 

groundwater sample for approximately 2 seconds then removed and shaken to remove 

any excess liquid.  The reaction time for the nitrate test strips was approximately 60 

seconds during which time, in the presence of nitrates, the test strip turned a red-violet 

colour.  This colour change was the product of the following reactions: (i) nitrate was 

first reduced to nitrite by a reducing agent; (ii) the nitrite then reacted with N-(1-

naphthyl)-ethylenediamine to form a diazonium salt which forms a red-violet azo dye.  

The concentration of the azo dye is then determined colourimetrically using a Merck 

Reflectoquant Reflectometer. 

Note: This method had a detection limit of 3 mg/L NO3
- and an error of ± 1 mg/L. This 

nitrate analysis method was replaced with a HPLC ion chromatography method starting 

on the 27th of January 2004 to reduce sample volume size and to improve the detection 

limit. 

 

2.5.6 Sulfate Analysis for 4/6/03 – 20/1/04 

 An aliquot of each column groundwater sample (25 ml) was transferred to pre-

marked 50 ml clear polyethylene sample containers.  A foil pillow of BaCl2 (Hach, 

Permachem reagents, SulfaVer 4 Sulfate Reagent) was added to each sample and stirred 

using a glass stirring rod.  The BaSO4 produced by Equation 2.1 was measured 
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spectophotometrically using a UV/Vis spectrophotometer (Varian DMS 100) at a 

wavelength of 450 nm. 

 

Ba2+
(aq) + SO4

2-
(aq) → BaSO4 (s) (white precipitate) (Eq. 2.1) 

 
 
 
The samples were measured against a deionised water blank.  Vegetable oil column 

samples that were cloudy, probably due to the presence of the surfactant/oil emulsion, 

were filtered using 0.45μm nylon filters (Cameo) before the addition of BaCl2.  For 

molasses column samples that were coloured, the original sample, without BaCl2 

addition, was used as the blank. 

 

2.5.7 Nitrate and Sulfate Analysis for 27/1/04 – 19/10/04 

 Approximately 5 ml of each column groundwater sample was filtered with a 

0.45μm nylon filter (Cameo), and then added to a 5 mL glass sample vial.  The samples 

were then injected into a HPLC consisting of a Waters: 600s Controller, 626 Pump, 717 

plus Autosampler, 432 Conductivity and an IC-Pak Anion column.  The eluent 

consisted of 0.36 g/L boric acid, 0.32 g/L sodium gluconate, 0.5 g/L sodium tetraborate 

decahydrate, 6.31 g/L glycerin, 16.2 g/L n-butanol and 94.3 g/L acetonitrile in a Milli-Q 

water solution, filtered through a membrane filter (Milex HV).  The retention time for 

nitrate and sulfate were approximately 6 and 10 min respectively.  This method gave a 

detection limit of 1 mg/L for both nitrate and sulfate, and was less influenced by 

molasses colouration than the previous sulfate method. 
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2.5.8 Cu and Zn Analysis 

 Samples were analysed for copper and zinc using an atomic absorption 

spectrometer (Varian Spectra AA-40). 

 

2.5.9 Sulfide Analysis 

 Samples (15 mL) were only taken from the top four sampling ports (1.21, 1.41, 

1.61 and 1.81 m from the base of the column) to reduce the overall weekly sampling 

volume.  If sulfide was detected at 1.21 m from the base of the column then the next 

two sample ports down the column were analysed.  Prior to sampling, 5 mL of 

groundwater was removed to purge the sample port.  Approximately 5 mL of each 

sample was used to rinse the Hungate sample tubes.  The Hungate sample tubes were 

then filled with 10 mL of the groundwater sample with minimal aeration.  One to two 

drops of 10 M NaOH was added to render the solution basic and prevent the 

volatilisation of H2S. 

 Aliquots (1 mL) of the samples were added to 4 mL of a 0.05 M HCl and 

0.005M CuSO4 solution.  Sulfide present in the sample would combine with the copper 

to form CuS, a brown precipitate (Equation 2.2) 

  

Cu2+ + S2- ↔ CuS (s)   (Eq. 2.2) 
 
 
 
The product of Equation 2.2 was measured spectophotometrically using a UV/Vis 

spectrophotometer (Varian DMS 100) at a wavelength of 480 nm. 
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CHAPTER 3. SOIL PROPERTY QUANTIFICATION 

 

3.1 Introduction 

 The physical effect a soil has on the movement of groundwater and metals in the 

aqueous phase can be described by two terms: (i) the soil porosity; and (ii) the metal 

retardation coefficient.  Soil porosity is used to describe the non-solid phase volume in a 

soil matrix.  In a saturated groundwater system the non-solid phase volume is 

approximately equal to the aqueous volume between soil particles (Freeze and Cherry, 

1979).  The metal retardation coefficient describes the effect metal-soil sorption has on 

the velocity of the metal relative to the velocity of the groundwater.  Directly related to 

the metal retardation coefficient is the distribution coefficient which is a measure of the 

concentration of a metal in the sorbed phase relative to the concentration of metal in the 

aqueous phase (Freeze and Cherry, 1979). 

 A column tracer test was conducted to determine the soil porosity and 

retardation coefficients for the metals used in subsequent experiments at an influent 

groundwater pH of 5.5.  Bromide was selected as a reference, non-reactive tracer 

(Ammann et al., 2003).  The migration of groundwater through the column was 

assumed to be the same as the migration of bromide.  The retardation coefficients for 

copper and zinc at other groundwater pH values were determined using a batch metal 

sorption experiment and were calculated from the experimentally determined 

distribution coefficients. 

 

3.2 Material and Methods 

 Three related experiments are reported here.  Each is concerned with an aspect 

of the soil chemistry and/or physical parameters that may affect the migration of metals 
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and the change in groundwater pH in later column experiments.  The first experiment 

determined the mineralogical configuration of the soil used in subsequent experiments.  

The second was a bromide tracer column study, to determine the porosity of the soil in 

the column bioremediation experiments (Chapters 4, 6 and 7), and the retardation 

coefficients for the metals present in the groundwater at a pH of 5.5.  The third 

experiment was a metal to soil batch sorption experiment used to determine the metal 

distribution coefficients and then the retardation coefficients for copper and zinc over a 

range of pH values. 

 

3.2.1 Soil Mineralogical Determination 

 An 80 g sample of soil, originally collected from the Gaskell Avenue, Lexia, 

Perth, Western Australia, (Section 2.1) for the column experiments was sent to the 

Chemistry Centre of Western Australia for x-ray diffraction (XRD) analysis.  

Additionally, a 1.5 kg sample of oven dried (80°C for 24 hrs) soil was sieved using a 

stacked sieve system which was mechanically agitated for 20 minutes.  The soil samples 

less than 125 μm in diameter (< 64, 64-90, and 90-125 μm) were selected based on a 

visual assessment and sent for analysis using XRD, and samples between 125 and 180 

μm were submitted for x-ray fluorescence (XRF) analysis by CSIRO Land and Water in 

Urrbrae, South Australia. 

 

3.2.1.1 XRD 

 Each fraction of the sieved soil sample (< 64, 64-90, and 90-125 μm in 

diameter) was ground in a small agate mortar and pestle before lightly pressing into 

aluminium sample holders. 
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 XRD patterns (See Appendix 3) were recorded with a Philips PW1800 

microprocessor-controlled diffractometer using Co-Kα radiation, variable divergence 

slit, and graphite monochromator.  The diffraction patterns were recorded in steps of 

0.05° 2 θ with a 1.0 second counting time per step and logged to data files for analysis. 

 Quantitative analysis was performed on the XRD data using the commercial 

package SIROQUANT from Sietronics Pty Ltd.  The data analysis comprised a 

background subtraction and calibration for the automatic divergence slit. The results 

were normalised to 100%, and hence did not include estimates of unidentified or 

amorphous materials. 

 

3.2.1.2 XRF 

 Approximately 1 g of the 125-180 μm in diameter sample was first oven dried 

(105 °C) then accurately weighed with 4 g of 12-22 lithium borate flux. The mixture 

was heated to 1050 °C in a Pt/Au crucible for 12 min then poured into a 32 mm Pt/Au 

mould heated to a similar temperature. The melt was cooled quickly over a compressed 

air stream and the resulting glass disks were analysed on a Philips PW1480 wavelength 

dispersive XRF system using a dual anode Sc/Mo tube and algorithms developed in the 

CSIRO Land and Water Urrbrae laboratory. 

 

3.2.2 Column Non-reactive Tracer Experiment 

 As groundwater solutions flow through soil, contaminants such as bromide and 

metal ions migrate with the flow of groundwater.  Metal cations moving through a soil 

matrix adsorb and desorb from soil surface sites (Cherry and Freeze, 1979), reducing 

their rate of migration through the soil matrix relative to the migration of groundwater.  

The quantification of this effect on a metal is known as the retardation coefficient (R) 



 

 30 

for that metal.  Retardation coefficients greater than one signify that the migrational rate 

of a metal through the soil matrix is less than the relative velocity of groundwater 

through the soil.  The retardation coefficient for a metal can be calculated using: 

Equation 3.1 (Cherry and Freeze, 1979); the location of the 50% breakthrough metal 

concentration (Metald); and the location of the 50% breakthrough concentration of a non 

reactive tracer (bromide (Brd)) as the reference distance. 

 

R = Brd/Metald (Eq. 3.1) 
 
 
 
The location of the 50% breakthrough concentrations may be determined by fitting a 

curve to the experimental data. 

 A non reactive tracer experiment can also be used to determine the amount of 

aqueous solution that is present in a given volume of soil.  The total volume (VT) of a 

soil matrix can be divided into two different volumes: (i) the volume of the solid phase 

(VS) and (ii) the volume of the voids or non-solid phase (VV), where VT= VS + VV.  The 

porosity (n) is then the ratio of void volume to total volume (Equation 3.2) (Freeze and 

Cherry, 1979): 

 

 
 
 
In the saturated soil zone the void volume is filled with groundwater.  For the tracer 

experiment VV was the volume of groundwater added to the column during the 

experiment and measured as the effluent volume (Veff).  Because the total volume of the 

column that was used was measured in terms of the distance bromide travelled during 

the experiment, Equation 3.2 can be rewritten as Equation 3.3: 

 

 

n = VV/VT (Eq. 3.2) 

n = Veff / (rcol
2 x π x Brd)  (Eq. 3.3) 
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were rcol is the radius of the column (7.5 cm). 

 A column experiment to determine the porosity and metal retardation 

coefficients of the soil at pH 5.5 was conducted prior to the start of the column 

experiments detailed in Chapters 4, 6 and 7. 

 

3.2.2.1 Soil Column Design and Groundwater Composition 

 A soil column was constructed according to the details given in Section 2.1 and 

2.2.4.  The column was initially flushed with approximately 16 L of non-spiked 

groundwater to stabilise the soil chemistry.  NaBr was added to the pH 5.5 metal spiked 

groundwater solution (Section 2.3) to give a final bromide concentration of 210 mg/L in 

the solution.  Influent groundwater flow, controlled by a peristaltic pump on the effluent 

line to a rate of 0.20 mL/min, commenced at 4:55 pm on April 15th, 2003 and ran until 

4:20 pm on April 29th, 2003, two weeks later (20,125 minutes).  During this time the 

effluent was collected and weighed biweekly for a more accurate determination of the 

average groundwater flow. 

 

3.2.2.2 Sampling Method 

 Column groundwater samples (100 mL) were obtained from the column at each 

sampling port after one week of groundwater flow.  The 100 mL aliquots were obtained 

by combining two 50 mL samples using 60 ml plastic syringes.  Prior to sampling from 

each port, a 5 mL sample was removed to purge the sample port.  The samples were 

sent to the Chemistry Centre of Western Australia for bromide analysis by ion 

chromatography and metal analysis via ICP-MS. 
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3.2.3 Batch Soil Sorption Vs pH Experiment 

 The aim of this experiment was to determine if there was a correlation between 

pH and the sorption of copper and zinc to the soil used in the column experiments.  A 

common measure of sorption is the distribution coefficient (Kd) in kg/L, which 

describes the ratio of metal cations between the sorbed phase and solution phase at 

equilibrium (Equations 3.4 and 3.5) (Freeze and Cherry, 1979). 

 

 
 

or 
 
 
 
 
Where mmetal (sp), msoil and mmetal (lp) are the mass of the metal in the solid phase, the mass 

of the soil and the mass of the metal in the liquid phase respectively.  Ci and Cf are the 

initial and final metal concentrations in the aqueous phase respectively and Vwater is the 

volume of water used. 

 Forty-eight polyethylene containers (1 L) were separated into eight sets of six 

containers.  Each set corresponded to a pH value ranging between 2.01 and 5.95.  

Approximately 200 mg of oven dried soil (24 hrs at 80°C) was added to half the vials 

from each set.  The remaining vials received no soil and were used as controls.  Eight 

samples (5 L) of the metal spiked groundwater detailed in Section 2.3 were obtained 

and adjusted to the pH values of 2.01, 3.02, 3.52, 4.02, 4.50, 4.98, 5.51 and 5.95, using 

5 M HCl and 5 M NaOH solutions.  Aliquots (800 mL) of the metal spiked, pH adjusted 

groundwater were added to each of the 48 containers.  The samples were then sealed 

and mechanically rolled at a rate of 20 rpm, one hour per day for seven days.  The 

rolling was kept to a minimum to reduce possible soil degradation while enabling metal 

cations to equilibrate with the soil.  At the end of the seven day period, 20 ml aliquots 

Kd = mmetal (sp) / msoil x mmetal (lp) (Eq. 3.4) 

Kd = (Ci – Cf) x Vwater / (Cf x msoil)  (Eq. 3.5) 
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were collected and analysed for pH, copper and zinc concentrations using the methods 

described in sections 2.5.2 and 2.5.8.   

 

3.3 Results and Discussion 

3.3.1 Soil Mineralogical Composition 

 The original XRD data obtained from the Chemistry Centre of WA suggested 

that the soil contained quartz (SiO2) with possible trace minerals below their detection 

limits.  In order to isolate and determine the possible trace minerals present in the soil 

columns before the establishment of sulfate reducing conditions, a 1.5 kg sample of 

oven dried soil was sieved to obtain smaller sub-samples possibly containing higher 

concentrations of the trace minerals.  Based on the soil colouration of the smaller soil 

diameter fractions, it was assumed that trace minerals were present in smaller particles 

sizes rather than attached to the larger quartz (SiO2) soil grains.  Details of the resulting 

soil size separations are given in Table 3.1.  Soil samples less than 125 μm in diameter 

were analysed by XRD.  The resulting mineralogy data is given in Table 3.2.  Soil 

samples 125-180 μm in diameter were analysed by XRF.  The resulting elemental data 

is given in Table 3.3. 

 

Table 3.1 Soil size composition after sieving the soil 

Sive Aperture (μm) Soil Mass (g) (± 0.02) Percent of Total Soil 
(%w/w) (± 0.013) 

2000 0.01 < 0.001 
1000 1.63 0.107 
500 555.98 36.591 
355 516.52 33.994 
250 377.86 24.869 
180 62.12 4.088 
125 5.01 0.330 
90 0.20 0.013 
64 0.06 0.004 
0 0.04 0.003 

Total 1519.43 100 
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Table 3.2 Mineralogy results for XRD analysis of sieved soil samples <125 μm 
in diameter. 

Sieve 
size 

(μm) 

Quartz 
SiO2 

%w/w 

Mg-Calcite 
(Mg,Ca)CO3 

%w/w 

Zircon 
ZrSiO4 
%w/w 

Ilmenite
FeTiO3 
%w/w 

Rutile 
TiO2 

%w/w 

Albite 
NaAlSi3O8 

%w/w 

Calcite 
CaCO3 
%w/w 

90-125 86 1 8 1 4 - - 
64-90 35 2 57 1 5 - - 
< 64 92 2 1 < 1 1 1 1 

 
 
Table 3.3 XRF elemental analysis for soil samples 125-180 μm in diameter 

Major Elements % w/w Trace Elements ppm Trace Elements ppm 
Si as SiO2 94.39 Zn < 14 Pb < 17 
Al as Al2O3 0.22 Cu < 10 Y < 5 
Mg as MgO 0.08 Sr <14 Co < 9 
Fe as Fe2O3 0.21 Zr 60 Ga < 4 
Ca as CaO 0.13 Ni 52 U < 4 
Na as Na2O 0.12 Rb < 6 Th < 11 

K as K2O 0.01 Ba 21 As 9 
Ti as TiO2 0.74 V 5 Sn 9 
P as P2O5 0.01 Cr 41     

Mn as MnO 0.01 La < 9     
S as SO3 <0.02 Ce < 16     

 

Assuming that soil greater than 180 μm in diameter was mostly SiO2, as suggested by 

the primary XRD analysis data, the resulting mineralogy of the soil used for the column 

experiments is listed in Table 3.4. 

 

Table 3.4 Mineral composition of the soil used in the column experiments.   
Mineral Name Chemical Composition Value Units 

Quartz SiO2 99.995 %w/w 
Rutile TiO2 7.50 ppm 

Mg-Calcite (Mg,Ca)CO3 2.63 ppm 
Zircon ZrSiO4 33.3 ppm 

Ilmenite FeTiO3 1.71 ppm 
Albite NaAlSiO3 0.263 ppm 

Calcite CaCO3 0.263 ppm 
Note: Soil greater than 180 μm in diameter was assumed to be SiO2. 

 
 

The minerals of particular interest, with regard to their possible effect on the 

groundwater pH in the column experiments, are the carbonates.  The presence of these 

minerals may have a buffering effect on a groundwater pH change in the soil columns 

(Tan, 1993) through the following reactions (Equations 3.6 and 3.7) (Atkins, 1998): 
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and 
 
 
 
 
 From the data given in Table 3.4 a theoretical maximum acid neutralising 

capacity can be obtained for soluble carbonates and oxide minerals present in the soil 

(Table 3.5). 

 
Table 3.5 Concentration of possible pH buffering minerals present in the soil 
and the maximum number of moles of H+ that they can neutralise. 

Molecular Formula Moles per kg of soil Maximum acid neutralising 
capacity of column (mol of H+) 

(Mg/Ca)CO3 3.1 x 10-5 0.0032 

CaCO3 2.6 x 10-6 0.00027 

 Total 0.0034 
 

 Two major assumptions are made in the calculation of this value: (i) none of the 

carbonate mineral had dissolved prior to the reduction in groundwater pH from 5.5 to 

4.25; and (ii) no carbonate minerals were present in the sieved soil samples greater than 

180 μm in diameter.  Hence the maximum theoretical number of moles of acidic protons 

that can be neutralised by the carbonate minerals in each column was approximately 3.4 

x 10-3 moles.  This is the equivalent of 61 L (approximately 24 weeks at a flow rate of 

0.25 mL/min or 7.4 pore volumes) given an influent groundwater pH of 4.25.  

Comparing this theoretical value to the experimental change in groundwater pH in the 

control column it is observed that the theoretical 24 week period for the migration of the 

reduced pH through the column is very close to the experimentally observed 30 week 

period (Chapter 4).   

 In column groundwater samples (prior to the ethanol delivery location) 

significant changes in the concentrations of carbonate were observed in different 

groundwater at the different influent pH values (Table 3.6). 

CaCO3 (s) + H+ → HCO3
- + Ca2+ (Eq. 3.6) 

HCO3
- + H+ → H2CO3 (aq)  (Eq. 3.7) 
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Table 3.6 Carbonate and pH data from groundwater samples 

Date Location pH [HCO3
2-] mg/L* 

25/9/03 (steady state) Port C in the Ethanol Column 5.70 9 
19/10/04 (after pH 

reduction) Port C in the Ethanol Column 4.20 <2 

Note: * Analysed by the Chemistry Centre of WA. 
 
 

The removal of carbonate from the groundwater and the reduction in groundwater pH 

suggests that some carbonate pH buffering may have occurred. Therefore the observed 

attenuation in the rate of the migration of the pH front along the column may have been 

the result of mineral neutralisation of the acidic groundwater.  However, the 

assumptions made concerning the carbonate mineral composition of the soil at pH 5.5 

steady state may lead to significant errors in the estimation of the soils capacity to 

buffer a change in groundwater pH, in particular the assumption that no carbonate 

minerals have dissolved prior to the reduction in influent groundwater pH.  At a pH of 

5.5 most of the carbonates would be expected to have dissolved.  Therefore, the 

assumption that all of the carbonate present prior to the experiment was still in the soil 

at pH 5.5 steady state may lead to an overestimation of the acid neutralisation capacity 

for the soil.  The other main assumption that all the carbonate minerals had a diameter 

less than 180 μm and all larger soil particles were SiO2 is relatively justified given the 

soil XRD analysis data.   However, it may still lead to an under estimation of the acid 

neutralisation capacity of the soil. 

 

3.3.1 Soil Porosity 

 The experimental data and a Boltzmann functional fit are shown in Figure 3.1.  

Based on the Boltzmann fit, Br- travelled 0.420 m from the base of the column during 

the one week period of this experiment. During this time 1927 mL of effluent was 

collected (Table 3.7). 
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Table 3.7 Average flow rates between samples for the duration of this 
experiment 

Date Time From Previous 
Sampling (min) (± 1) 

Volume (mL)
(± 2) 

Average Flow Over Period 
(ml/min) (±0.0002) 

15/4/03 0 0 0 
22/4/03 9820 1927 0.1962 

 

From these values Equation 3.3 yields a porosity of 0.26 m3
aqueous/m3 which is within the 

range of typically observed values for sandy soils (0.25 and 0.50 m3
aqueous/m3) (Freeze 

and Cherry 1979).   

 

 
Figure 3.1 Graph of column bromide concentrations relative to the influent 
bromide concentration Vs distance from the base of the column one week after 
bromide addition commenced, and a Boltzmann fit of the experimental data. 
 

Based on a soil porosity of 0.26 m3
aqueous/m3 and column flow rate of 0.25 mL/min 

(average flow used during other column experiments) a groundwater linear velocity of 

29 m/year was calculated for the other column experiments. 
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3.3.2 Metal Retardation Coefficients 

Figure 3.2 shows the concentrations of bromide, copper and zinc along the length of the 

column, one week after the start of groundwater flow. 

 

 
Figure 3.2 Graph of copper and zinc concentrations and their corresponding 
Boltzmann fit present in the column on the 22nd of April 2003.  Concentrations are 
reported in terms of percent of influent concentration. 
 
 
To determine the 50% concentration location, a Boltzmann function (Equation 3.8) was 

fitted to the bromide and metal concentrations. 

 

 
 
 
Where [C] and [Cinf] are the anolyte’s (i.e. bromide, copper or zinc) concentration at 

location X and the influent concentration respectively, A1 and A2 are the upper and 

lower limits of the graph (100% and 0% respectively for this experiment).  X is the 

[C]/[Cinf] = (A1- A2)/(1+e((X-Xo)/dX))+A2 (Eq. 3.8) 
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location of interest, X0 is the location that corresponds to the half-way point between A1 

and A2 (50% concentration), and dX is the change in X.  Table 3.8 lists the distance 

travelled and the retardation coefficients for the bromide, copper, and zinc determined 

in this column tracer experiment. 

 

Table 3.8 Retardation coefficients for the metals used in the experiments 
Element Distance travelled (m) (±0.02) Retardation Coefficient (±0.1) 

Br 0.42 1.0 
Cu 0.17 2.5 
Zn 0.31 1.4 

 
 
The retardation coefficient can be used to predict the migrational rate of a metal 

concentration front.  For example, a change in influent groundwater concentration of 

copper would take 8.2 weeks (2.5 times the 3.3 week column retention time) to travel 

from the base of the column to the final sample port (1.8 m from the base of the 

column) at a flow rate of 0.25 ml/min. 

 The retardation coefficients for the other metals present in the groundwater to 

the same soil used in the column experiments reported in this thesis, at a pH of 5.5, have 

been reported by Grassi (2005) (Table 3.9).  The copper and zinc retardation 

coefficients determined by Grassi (2005) appear to be consistent with the results from 

the column retardation experiment reported in this thesis.   

 

Table 3.9 Retardation coefficients determined by Grassi (2005) for the same 
soil used in the column experiments reported here. 

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 
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3.3.3 Batch Soil Sorption Vs pH Experiment 

 For the batch sorption experiment, Kd values were calculated using Equation 3.5 

and plotting against the corresponding pH values (Figure 3.3).  A strong exponential 

correlation between pH and the Kd (Kd = 0.00024 e1.543 x pH) was observed for copper.  

However, the Kd for zinc showed no observable change with pH (Figure 3.3).  A 

possible explanation is that copper cations compete with acidic protons for soil sorption 

sites, while zinc cations do not compete strongly for the soil sorption sites. 

 

 
Figure 3.3 Graph of the distribution coefficients for copper and zinc in the soil 
used in the column experiments, over a pH range of 2 to 6. 
 
 
A decrease in pH would result in the decrease of available sorption sites for copper.  

The displacement of copper ions back into solution would then result in an elevated 

copper concentration.  These results suggest that once the copper containing solution is 

in equilibrium with the soil, a decrease in influent groundwater pH may result in an 

increase in the concentration of copper in the solution due to the desorption of copper 



 

 41

from the soil.  An increase in copper was observed in the control columns (Chapter 4) 

during the 31 week period in which the influent groundwater pH was reduced from 5.5 

to 4.25 (Figures 3.4 and 3.5). 

 As the batch tests indicated no significant sorption of zinc to the soil over the 

range of pH values tested, a reduction in influent groundwater pH should not result in a 

significant change in zinc concentration.  The batch test results were confirmed in the 

influent groundwater pH column experiment as there was no observable change in zinc 

concentration relative to the influent concentration in the control column (Figure 

3.6)(Chapter 4). 

 

 
Figure 3.4 Contour graph of pH values in the control column during the step 
change in influent groundwater pH 
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Figure 3.5 Contour graph of copper concentrations as percent of influent 
concentration in the control column during the step change in influent 
groundwater pH 
 
 

 
Figure 3.6 Contour graph of zinc concentrations as percent of influent 
concentration in the control column during the step change in influent 
groundwater pH. 
 
 
 In order to compare the metal sorption data from the batch test (distribution 

coefficient Kd) to the column bromide tracer experiment (retardation coefficients (R)), 

the batch test retardation coefficients were determined using the Equation 3.9: 

 

 
 
 

R= 1 + (ρb x Kd) / n (Eq. 3.9) 
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Where ρb is the soil bulk density (1.59 kg/L) and n is the porosity (0.26 Laqueous/L).  

Table 3.10 compares the retardation coefficients calculated from the sorption 

experiment with those determined in the bromide tracer experiment. 

 

Table 3.10 Calculated and experimental values for the retardation coefficient 
and distribution coefficient of copper and zinc.   

Experiment pH Kdzinc 
(±0.03) 

Kdcopper 
(±0.1) 

Rzinc 
(±0.1) 

Rcopper 
(±0.1) 

Batch sorption 1.91 0.03 < 0.1 1.2c 1.0c 

Batch sorption 2.97 < 0.03 < 0.1 1.0c 1.5c 

Batch sorption 3.49 < 0.03 < 0.1 1.0c 1.4c 

Batch sorption 4.15 0.04 0.16 1.2c 2.0c 

Batch sorption 4.45 < 0.03 0.16 1.1c 2.0c 

Batch sorption 5.35 < 0.03 0.68 1.1c 5.1c 

Batch sorption 5.41 < 0.03 1.11 1.1c 7.8c 

Bromide Tracer 5.5* 0.06c 0.25c 1.4 2.5 

Batch sorption 5.99 0.04 2.52 1.3c 16c 

Note: * Estimated value, c = Calculated using equation 3.9 
 

 
From the values given in Table 3.10 it can be observed that the retardation coefficient 

for zinc from both experiments match reasonably well at 1.4 and 1.1 for the bromide 

tracer and batch sorption experiments respectively.  However, there is a larger 

discrepancy between the two experimentally derived retardation coefficients for copper.  

At a groundwater pH of approximately 5.5, the batch sorption experiment gave a value 

of 7.8 approximately three times greater than the 2.5 observed in the bromide tracer test.  

Because the values were determined by two different experimental methods (i.e. column 

and batch experiments) some discrepancy in the resulting values may be expected.  

Some possible explanations for the difference between the copper retardation 

coefficients for the two experiments are: (i) the groundwater pH in the column 

experiment was more difficult to regulate than the batch experiments.  During the initial 

stage of the column experiment, when the influent pH was regulated to 5.5, a range of 

influent pH values between 5.2 and 5.8 were observed.  Thus the pH reported for the 

column experiment is an approximate averaged over a range of pH values which may 
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have lead to an error in the determination of the retardation coefficient as minor 

fluctuations in pH can greatly effect the retardation coefficient (Table 3.10); (ii) the 

rolling of the samples in the batch experiment may have caused the soil to fragment into 

smaller particle sizes thereby increasing the total surface area of the soil which in turn, 

would lead to an overestimation of the sorption of metals to the soil.  Given the effects 

of these possible sources of errors, the copper retardation coefficients determined in 

both experiments were reasonably close at a pH of approximately 5.5. 

 

3.4 Conclusion 

 The XRD and XRF analysis of the soil used in the column experiments suggest 

that a reduction in the influent groundwater pH from 5.5 to 4.25 could be confounded 

by the possible buffering effect of mineral carbonates present in trace quantities.  A 

theoretical time for the migration of a column groundwater pH reduction based on 

possible mineral neutralisation of groundwater was calculated to be 24 weeks.  This 

corresponds to the 30 week period observed in the column. 

 The bromide tracer and metal solubility experiments suggest that copper was 

much more sorptive to the soil used in the column experiment than zinc.  The 

experiments also suggest that given a reduction in influent groundwater pH an increase 

in the concentration of copper is expected, and that the increased copper concentration 

should be observed over the entire duration of the pH change.  However, zinc should 

show no substantial change in concentrations in the column as a reduced pH front 

migrates along the soil columns. 
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 CHAPTER 4 ETHANOL AMENDED COLUMN 

 
 
4.1 Introduction 

 Although pH conditions have been suggested by many researchers to be an 

important parameter in the bioremediation of heavy metals (Elzahabi and Yong, 2001; 

Esposito et al., 2001; Tsukamoto et al., 2004), no research has reported on the 

robustness of a metal bioprecipitation process to a step reduction in pH. 

 The following chapter reports on an 18 month experiment where sulfate 

reduction and metal bioprecipitation from simulated acid mine drainage (AMD) 

groundwater were successfully established at a pH of 5.5.  Once steady state sulfate 

reduction and metal bioprecipitation was achieved, the influent groundwater pH was 

reduced in a single step from 5.5 to 4.25.  The effect that this reduction in pH had on the 

bioprecipitation process was assessed by monitoring the changes in groundwater and 

soil chemistry.  Note: all column positions will be presented in relation their distance 

from the base of the column unless stated otherwise. 

 

4.2 Material and Methods 

 Details of the column construction can be found in Sections 2.1, 2.2.1 and 2.2.2.  

The groundwater solution was prepared using the method described in Section 2.3.  

Sampling methods are given in Section 2.4 and analysis methods in Sections 2.5.(1-9).  

The column was flushed with 80 L of the pH 5.5 groundwater solution to establish near 

uniform concentrations for nitrate, sulfate, copper, and zinc as well as uniform pH 

values along the length of the column.  Ethanol delivery began once a homogeneous 

distribution of groundwater constituents was observed throughout both the control and 

ethanol amended columns.   
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 Once steady state sulfate reduction and metal bioprecipitation was established, 

20 weeks after the start of ethanol delivery to the ethanol amended column, the pH of 

the influent groundwater was reduced from pH 5.5 to 4.25 using a HCl solution.  

Between 20 and 33 weeks after the start of ethanol delivery, the control and ethanol 

amended columns were sampled as described in Section 2.4.1 with additional 20 ml 

samples collected midweek from these columns for Cu, Zn, and pH analysis.  Samples 

were also collected from ports B and D (0.21 and 0.41 m respectively) in the ethanol 

and control columns to obtain more detailed information on the effect of a reduction in 

influent groundwater pH on the pre-ethanol amended section of the columns. 

 From 34 weeks after the start of ethanol delivery, samples were collected as 

described in Section 2.4.2, with continued sampling of ports B and D in the control and 

ethanol columns.  From week 51 until the completion of the experiment (72 weeks after 

the start of ethanol delivery) sampling from ports B and D ceased as that region had 

reached steady state. 

 

4.3 Results and Discussion 

 The details of the ethanol amended column experiment will be discussed in three 

sections: (i) 0-20 weeks after the start of ethanol delivery: Reaching steady state sulfate 

reduction and metal bioprecipitation at an influent groundwater pH of 5.5; (ii) 21-50 

weeks after the start of ethanol delivery: Effects of a step reduction in influent 

groundwater pH from 5.5 to 4.25 on denitrification, sulfate reduction and metal 

bioprecipitation; and (iii) 51-71 weeks after the start of ethanol delivery: Pseudo-steady 

state at pH 4.25; once the pH front had migrated through the column. 
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4.3.1 Reaching Steady State Sulfate Reduction and Metal 
Bioprecipitation at an Influent Groundwater pH of 5.5 
 
 The first section of the ethanol amended column experiment was carried out at 

an influent groundwater pH of 5.5 in order to establish steady state sulfate reduction and 

heavy metal bioprecipitation under conditions known to be conducive to sulfate 

reducing bacterial growth (Ma, 2003; Grassi, 2005). 

 

4.3.1.1 Denitrification 

 Two weeks after the start of ethanol delivery, denitrification was first observed 

between 0.61 m and 0.81 m (Figure 4.1).  A decrease in reduction potential (Eh) of 

effluent groundwater from 244 mV to 158 mV was also observed with the onset of 

denitrification (Figure 4.2). 

 

 
Figure 4.1 Nitrate concentration Vs column location for the first day of ethanol 
delivery (Week 0), the first observable denitrification (Week 2), one week after 
commencement of denitrification (Week 3) and steady state denitrification at pH 
5.5 (Week 20) 
 
 
For a 17 week period (commencing three weeks after the start of ethanol delivery), the 

lower limit of the denitrification zone fluctuated between 0.61 and 1.01 m, with effluent 

nitrate concentrations below the detection limit of 3 mg/L (as NO3
-) for the remainder of 
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the experiment (Figure 4.3).  The rate of denitrification varied, with denitrification half-

lives ranging from 0.8 to 2.1 days with an average of 1.5 days (Table 4.1), and lag times 

between ethanol delivery and denitrification ranging from 1.3 to 6.4 days with an 

average lag time of 3.1 days (Table 4.2). 

 

 
Figure 4.2 Reduction potentials in the ethanol amended column from the start 
of ethanol delivery until one week after the step reduction in influent groundwater 
pH. 
 

 
Figure 4.3 Contour graph of nitrate concentrations as percent of influent in the 
ethanol amended column from the start of ethanol delivery until one week after the 
step reduction in influent groundwater pH. 
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Table 4.1 Half-Life data for influent groundwater at pH 5.5 

Parameter 
Copper 
removal 
(days) 

Denitrification 
(days) 

Zinc 
removal 
(days) 

Sulfate 
reduction 

(days) 
Maximum 3.1 2.1 0.8 2.5 
Minimum 0.8 0.8 0.4 0.5 
Average 1.4 1.5 0.5 0.9 
Standard 
Deviation 0.5 0.5 0.1 0.6 

 
 
Table 4.2 Lag-time data for influent groundwater at pH 5.5 

Parameter 
Copper 
removal 
(days) 

Denitrification 
(days) 

Zinc 
removal 
(days) 

Sulfate 
reduction 

(days) 
Maximum 6.4 6.4 14.0 14.0 
Minimum 1.3 1.3 6.4 8.9 
Average 3.0 3.1 10.8 11.7 
Standard 
Deviation 1.5 1.5 2.1 1.6 

 
 

4.3.1.2 Sulfate Reduction 

 The first decrease in sulfate concentrations was observed eight weeks after the 

start of ethanol delivery at 1.81 m (Figure 4.4).  At this time there was also a decrease in 

Eh from 118 mV to -164 mV, (Figure 4.2) and sulfide was detected 1.81 m (Figure 4.5).  

Previous research suggests that sulfate reduction requires a reducing environment, 

typically with Eh around -200 mV (Gilbert et al., 2002).  Based on this data it is 

believed that sulfate reduction was occurring in the ethanol amended column.  After 

three weeks, the zone of sulfate reduction migrated to between 1.41 and 1.61 m where it 

stabilised for the remainder of the pH 5.5 experiment (Figure 4.6).  A comparison of the 

decrease in sulfate concentrations with the increase in sulfide concentrations suggests 

that they are inversely proportional to each other, which is further evidence that sulfate 

was successfully reduced to sulfide (Figure  4.7).  The lag time between ethanol 

delivery and sulfate reduction was longer than for denitrification, ranging from 8.9 to 

14.0 days with an average lag time of 11.7 days (Table 4.2) compared to 3.1 days for 
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denitrification.  Half-life values for sulfate reduction ranged from 0.5 to 2.5 days with 

an average half-life of 0.9 days (Table 4.1). 

 

 
Figure 4.4 Graph of sulfate concentrations along the column for the first day of 
ethanol delivery (Week 0), the first observable sulfate reduction (Week 8) and 
steady state sulfate reduction at pH 5.5 (Week 20). 
 
 

 
Figure 4.5 Contour graph of sulfide concentrations in the ethanol amended 
column from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
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Figure 4.6 Contour graph of sulfate concentrations in the ethanol amended 
column from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
 
 

 
Figure 4.7 Contour graph of sulfate concentrations with a contour graph of 
sulfide concentrations overlaid in dashed lines, in the ethanol amended column 
from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
 
 

4.3.1.3 pH 

 Although the influent groundwater pH for both the control and ethanol amended 

column were relatively consistent the pH fluctuated between 5.25 and 5.8.  The pH 

within the ethanol column varied between 5.01 and 6.48 with an average pH of 5.78 

(Figure 4.8), suggesting that within the ethanol column processes occurred which 
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altered the groundwater pH.  The pH in the control column also fluctuated, though not 

to the same extent, with pH values ranging from 5.06 to 5.89 with an average pH of 

5.59.  A comparison of the various regions of the control and ethanol amended columns 

are presented in Table 4.3. 

 

 
Figure 4.8 Contour graph of pH in the ethanol amended column from the start 
of ethanol delivery until one week after the step reduction in influent groundwater 
pH. 
 

Table 4.3 pH data for the various zones in the ethanol amended column and 
control column from the start of ethanol delivery until the week before the change 
in influent groundwater pH. 

Ethanol 
Column 

Influent 
 

Denitrification Zone 
(0.81-1.41 m) 

Sulfate Reduction 
Zone (1.41-1.81 m)

Entire 
Column 

Max value 5.84 6.48 5.72 6.48 
Min value 5.24 5.70 5.01 5.01 
Average 5.53 6.10 5.28 5.78 
Standard 
Deviation 0.22 0.17 0.20 0.28 

Control 
Column 

Influent 
 0.81-1.41 m 1.41-1.81 m Entire 

Column 
Max value 5.84 5.89 5.89 5.89 
Min value 5.24 5.30 5.23 5.23 
Average 5.53 5.60 5.64 5.59 
Standard 
Deviation 0.22 0.12 0.16 0.12 
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A comparison between pH and nitrate concentrations in the ethanol amended column 

(Figure 4.9), suggests that there was a correlation between the observed increase in 

groundwater pH and denitrification.  A possible explanation is that the oxidation of 

ethanol was coupled to the reduction of nitrate by the following equation (4.1): 

 

5CH3CH2OH + 12NO3
- + (12-X)H+ → 

                                           6N2 + XHCO3
- + (10-X)CO2 + (21-X)H2O 

(Eq. 4.1) 

 

Where X is the number of moles of hydrogen carbonate formed.  The consumption of 

acid and the production of carbonate ions in Equation 4.1 could account for the elevated 

pH zone generally observed in the denitrification zone between 1.01 m and 1.41 m.  

Carbonate production would result in the buffer of the groundwater toward a pH of 6.4, 

the pKa1 for carbonate (Atkins, 1998), which corresponds with the pH values observed 

within the denitrification zone (between pH 5.70 and 6.48).  Another pH related trend 

observed in the ethanol amended column was the decrease in pH towards the end of the 

column, beginning eight weeks after the start of ethanol delivery (Figure 4.8), which 

corresponds to the time of the first observed sulfate reduction.  According to Gilbert et 

al. (2002) sulfate reduction coupled to the oxidation of an organic compound will yield 

a net increase in pH (Equation 4.2) 

 

2CH2O + SO4
2- + 2H+ ↔ H2S + CO2 + H2O   (Eq. 4.2) 

 
 
The sulfide produced can then precipitate metals present in groundwater (e.g. Equation 
4.3) 
 
 

H2S + Zn2+ ↔ ZnS + 2 H+   (Eq. 4.3) 
 
 
 
According to Gilbert et al. (2002) because, “the mass involved in reaction (4.2) is 

usually higher that the mass of metals involved in reaction (4.3), the overall process 
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leads to an increase in alkalinity and the pH value of water.”  This statement assumes 

that the organic compound is completely oxidised, however analysis of ethanol 

concentrations in the column showed the presence of acetate and butyrate between 1.41 

m and 1.81 m, implying that ethanol was incompletely oxidised.  According to Postgate 

(1979), most sulfate reducing bacteria are unable to completely oxidise an organic 

source to carbon dioxide, but instead oxidise the carbon source to acetate (Equation 

4.4). 

 

2CH3CH2OH + SO4
2- ↔ H2S + 2CH3CO2

- + 2H2O  (Eq. 4.4) 
 

Equation 4.4 and the observed production of acetate can further be used to explain the 

observed decrease in groundwater pH in the sulfate reduction zone.  The pathway in 

Equation 4.4 means that H2S can be produced without the consumption of acid 

(Equation 4.2).  Thus, the production of insoluble metal sulfides by Equation 4.3 may 

result in an overall decrease in groundwater pH.  This can be observed by comparing pH 

and acetate concentrations in the ethanol column (Figure 4.10), where ethanol was 

incompletely oxidised to acetate a reduction in pH was also observed. 
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Figure 4.9 Contour graph of pH with a contour graph of nitrate concentrations 
overlaid in dashed lines, in the ethanol amended column from the start of ethanol 
delivery until one week after the step reduction in influent groundwater pH. 
 
 

 
Figure 4.10 Contour graph of pH with a contour graph of nitrate concentrations 
overlaid in dashed lines, in the ethanol amended column from the start of ethanol 
delivery until one week after the step reduction in influent groundwater pH. 
 
 

4.3.1.4 Copper Removal 

 Copper removal was observed to coincide with the commencement of 

denitrification and not with sulfate reduction as expected.  Two weeks after ethanol 

delivery commenced, the same time as the start of denitrification, copper removal was 

first observed starting between 0.61 m and 0.81 m (Figure 4.11).  Copper removal, like 
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denitrification, fluctuated between 0.61 m and 1.01 m (Figure 4.12).  Further 

confirmation of the association between denitrification and copper removal can be 

observed by comparing the lag time for denitrification and copper removal (Tables 4.1 

and 4.2)) as well as comparing the concentrations of nitrate and copper (Figure 4.13).  

The denitrification zone and copper removal zone were observed to occur in the same 

region with approximately 99% of copper removed in the denitrification zone prior to 

the sulfate reduction zone.  It is therefore considered that copper was not removed by 

bioprecipitation as CuS but instead either: (i) sorbed to denitrifying bacterial biomass 

(Savvaidis et al. 2003; Lovely and Coates, 1997) or soil as a result of the elevated pH 

values observed in the denitrification zone (Chapter 3); or (ii) through the abiotic 

reduction of Cu2+ to elemental copper as a result of the change in groundwater reduction 

potential from the denitrification process (Chapter 5).  Copper continued to be removed 

to levels below the detection limit (< 0.1 mg/L) for an extended period of time (> 60 

weeks) implying that sorption to the soil and biosorption may not account for all the 

copper removal.  If sorption had been the primary route for copper removal, a gradual 

migration of a depreciated copper concentration front would have been expected.  

Another possible route for copper removal is through the formation of CuCO3.  

However, the formation of CuCO3 is unlikely at the pH and groundwater reduction 

potentials observed in the column (Chapter 5). 
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Figure 4.11 Graph of copper concentration Vs. column location for the first day 
of ethanol delivery (Week 0), the first observable copper removal (Week 2), one 
week after commencement of copper removal (Week 3) and steady state copper 
removal at pH 5.5 (Week 20) 
 
 

 
Figure 4.12 Contour graph of copper concentrations in the ethanol amended 
column from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
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Figure 4.13 Contour graph of nitrate concentrations with a contour graph of 
copper concentrations overlaid in dashed lines, in the ethanol amended column 
from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
 

4.3.1.5 Zinc Removal 

 A reduction in groundwater zinc concentration (approximately 20%) was 

observed at 0.81 m when denitrification commenced.  Prior to the start of sulfate 

reduction an average of 40% of zinc in the denitrification zone was removed from the 

ethanol amended column.  The zinc removal zone began at the lower limit of the 

denitrification zone and migrated along the column between 2 and 8 weeks after the 

start of ethanol delivery (Figure 4.14).  The limited extent of zinc removal (40%) and 

the correlation between the zinc removal zone and the denitrification zone suggests that 

zinc removal was possibly the result of sorption to denitrifying bacterial biomass (Liu et 

al., 2004).  As biosorption sites filled, the zinc removal zone migrated along the 

column.  Later, the zinc removal zone occurred down gradient of the denitrification 

zone, corresponding to the sulfate reduction zone (Figure 4.15).  Once sulfate reduction 

commenced 97% of zinc was removed between 1.61 m and 1.81 m compared to 40% 

removed with the onset of denitrification between 2 and 8 weeks after the start of 

ethanol delivery (Figure 4.16).  Once steady state sulfate reduction and zinc 
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bioprecipitation was achieved zinc removal efficiencies of 99% between 1.41 m and 

1.61 m were observed. 

 Groundwater samples collected at steady state and sent to the Chemistry Centre 

of Western Australia suggested that selenium was also removed in the sulfate reduction 

zone. 

 

  
Figure 4.14 Contour graph of zinc concentrations in the ethanol amended 
column from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
 
 

  
Figure 4.15 Contour graph of zinc concentrations with a contour graph of 
sulfate concentrations overlaid in dashed lines, in the ethanol amended column 
from the start of ethanol delivery until one week after the step reduction in 
influent groundwater pH. 
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Figure 4.16 Graph of zinc concentration vs. column location for the first day of 
ethanol delivery (Week 0), the first observable zinc removal (Week 2), one week 
after commencement of zinc removal (Week 3), zinc removal at onset of sulfate 
reduction (Week 8) and steady state zinc removal at pH 5.5 (Week 20) 
 
 

4.3.2 Effect of a Step Reduction in Influent Groundwater pH from 5.5 
to 4.25    
 
 After achieving steady state sulfate reduction and zinc bioprecipitation at a 

groundwater pH of 5.5, the influent groundwater pH was reduced in a single step from 

pH 5.5 to 4.25, approximately 20 weeks after the start of ethanol addition.  In the 

control column the reduced pH groundwater front migrated along the column and was 

observed at the final sample port (1.81 m) 30 weeks after the reduction in influent 

groundwater pH (50 weeks after the start of ethanol delivery) (Figure 4.17). 

 

4.3.2.1.1  pH – Control Column 

 Assuming no geochemical pH buffering of the groundwater migration of the 

reduced pH front should have taken approximately 3-7 weeks (1-2 pore volumes) to 

reach the final sample port (1.8 m).  Instead it took 30 weeks for the pH at the final 
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sampling port to be approximately equal to the pH of the influent groundwater (Figure 

4.17).  

 

 
Figure 4.17 Contour graph of pH values in the control column starting 5 weeks 
before the change in influent groundwater pH and extending to the end of the pH 
change in the control column. 
 
 
As described in Chapter 3, trace minerals (i.e. MgCO3 and CaCO3) with the capacity to 

buffer changes in groundwater pH were observed in the soil used in the column 

experiments.  The presence of these trace minerals may explain the pH buffering and 

the retardation in the migration of the pH front that was observed in the control column. 

 

4.3.2.1.2 pH – Ethanol Amended Column 

 In the ethanol amended column, the migration of the reduced pH front was 

confounded by biological activity (i.e. denitrification and sulfate reduction) within the 

column.  The reduced pH front did not migrate to the final sampling port of the column.  

Instead, the region of elevated pH, possibly the result of denitrification (Section 

4.3.1.3), migrated from between 0.81 m and 1.41 m to between 1.61 m and 1.81 m 

(Figure 4.18). 
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Figure 4.18 Contour graph of pH values in the ethanol amended column starting 
5 weeks before the change in influent groundwater pH and extending to the end of 
the pH change experiment. 
 
 
 During a period of approximately 4 weeks beginning 28 weeks after the start of 

ethanol delivery, the location of the elevated pH region was observed to move up-

gradient which is a deviation from the previous pH migrational trend. This period of 

time relates to the movement of the columns to a new scaffolding system during which 

time the influent groundwater flow ceased for five days, as described in Section 2.1.  

The nitrate concentration data also demonstrated an abnormal migration of the 

denitrification zone 28 weeks after ethanol delivery commenced (Figure 4.19). 
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Figure 4.19 Contour graph of nitrate concentrations in the ethanol amended 
column starting 5 weeks before the change in influent groundwater pH and 
extending to the end of the pH change in the control column. 
 
 
It was concluded that the change in the location of both the elevated pH region and the 

denitrification zone were a result of the groundwater flow stopping for five days.  When 

the groundwater flow ceased, the reductive conditions needed for denitrification 

developed closer to the ethanol delivery location in the column, resulting in the up-

gradient shift in location of the denitrification zone and elevated pH region. 

 The decrease in groundwater pH associated with sulfate reduction previously 

observed (Section 4.3.1.3) continued to be observed during most of the 30 week period 

of pH change, in the ethanol amended column.  A comparison of pH and acetate 

concentrations in the ethanol column after the reduction in influent groundwater pH 

shows a continuation of the inverse relationship between acetate and pH (Figure 4.20). 
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Figure 4.20 Contour graph of groundwater pH with a contour graph of acetate 
concentrations in the ethanol amended column starting 5 weeks before the change 
in influent groundwater pH and extending to the end of the pH change in the 
control column. 
 
 
During the period between 40 and 45 weeks after the start of ethanol delivery, a 

decrease in acetate production was observed.  At the same time, the elevated pH zone 

associated with the denitrification process migrated into the sulfate reduction zone.  

This trend further substantiates the belief that the reduced pH zone that was observed in 

the sulfate reduction zone was the result of the incomplete oxidation of ethanol coupled 

to the reduction of sulfate (Equation 4.4).  Once sulfate reduction and the incomplete 

oxidation of ethanol ceased to be observed, so too did the reduced pH zone. 

 
 

4.3.2.2 Denitrification   

 As the reduced pH influent groundwater front migrated through the column, a 

change in the location of the denitrification zone was observed (Figure 4.19), with the 

denitrification zone migrating ahead of the reduced pH front (Figure 4.21).  It is 

believed that the migration of the denitrification zone was the result of inhibited or 

reduced denitrifying bacterial activity caused by the change in groundwater 

environment, which resulted from the step reduction in influent groundwater pH. 
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Figure 4.21 Contour graph of pH values with a contour graph of nitrate 
concentrations overlaid in dashed lines, in the ethanol amended column starting 5 
weeks before the change in influent groundwater pH and extending to the end of 
the pH change in the control column. 
 
 
Previous work suggests that acidity may have an inhibitory effect on the growth of 

denitrifying bacteria (Baumann et al., 1997).  Denitrification, as previously stated, 

correlated with the elevation of groundwater pH and the production of carbonate ions.  

As the reduced pH front migrated through the denitrification zone, the buffering effect 

of the carbonate could potentially have slowed the reduced pH front’s progress along 

the column.  However, because a reduction in pH may have an inhibitory effect on 

bacterial growth (Baumann et al., 1997), the migration of the reduced pH front could be 

accompanied by a reduction in the rate of carbonate production.  This in turn could 

eventually lead to a reduction in the buffering capacity of the groundwater solution in 

the denitrification zone, resulting in the continued migration of the reduced pH front 

along the column. 

Another possible explanation for the migration of the denitrification zone relates 

to the increase in copper concentration caused by the reduced sorption of copper to the 

soil and possibly biomass as a result of the decrease in groundwater pH.  Previous 

research has shown that copper in concentrations above 5 mg/L may have an inhibitory 
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effect on bacterial growth (Lee et al., 1997).  Therefore the observed copper plume 

(Section 4.3.2.3) may have reduced the activity of denitrifying bacteria, resulting in the 

migration of the denitrification zone. 

 

4.3.2.3 Copper Removal 

After the reduction in influent groundwater pH, a plume of increased copper 

concentration was observed in both the ethanol and control columns (Figures 4.22 and 

4.23). 

 

 
Figure 4.22 Contour graph of copper concentrations in the ethanol amended 
column starting 5 weeks before the change in influent groundwater pH and 
extending to the end of the pH change in the control column. 
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Figure 4.23 Contour graph of copper concentrations in the control column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
 
 
The migration of the increased copper plume in both columns corresponded with the 

migration of the reduced pH front (Figures 4.24 and 4.25). 

 

 
Figure 4.24 Contour graph of pH values with a contour graph of copper 
concentrations overlaid in dashed lines, in the ethanol amended column starting 5 
weeks before the change in influent groundwater pH and extending to the end of 
the pH change in the control column. 
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Figure 4.25 Contour graph of pH values with a contour graph of copper 
concentrations overlaid in dashed lines, in the control column starting 5 weeks 
before the change in influent groundwater pH and extending to the end of the pH 
change in the control column. 
 

 In a separate experiment (Chapter 3) the sorption capacities of copper and zinc 

to the soil used in the column experiments were investigated at various pH values.  The 

results of these experiments found that the distribution coefficient for copper to the soil 

used was pH dependnet, especially in the region between pH 4 and 6.5 (Figure 3.3), 

with a decrease in the sorption of copper to the soil corresponding to a decrease in 

groundwater pH values.  Others have found a similar phenomenon, in which the 

sorptivity of a soil for a particular metal is dependnet on the pH of the metal solution 

(Welp and Brümmer, 1998; Elzahabi and Yong, 2001) (Chapter 3).  The continued 

migration of the reduced pH front resulted in the formation of a region or plume of 

elevated copper concentration.  The upper limit of the copper plume reached the effluent 

of the control column five weeks after the change in influent groundwater pH.  This is 

the equivalent to 1.5 pore volumes (assuming a flow rate of 0.25 ml/min).  Desorption 

of copper, however, continued in the control column for a further 31 weeks.  During this 

time the lower limit of the elevated copper plume was observed to occur at roughly the 

same location as the reduced pH front.  During this 31 week period, copper levels as 

high as 240% of the influent concentration (8.4 mg/L), with an average value of 150% 
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of the influent concentration, were observed within the copper plume in the control 

column.  As the influent copper concentration remained relatively constant, the increase 

in copper concentration in the groundwater was most likely from copper desorbing from 

the soil in the control column. 

 In the ethanol amended column an elevated copper plume was also observed, but 

was attenuated prior to reaching the effluent of the column.  By comparing the location 

of copper removal with that of denitrification it can be observed that copper was 

removed in the denitrification zone and not the sulfate reduction zone. (Figure 4.26). 

 

 
Figure 4.26 Contour graph of nitrate concentrations with a contour graph of 
copper concentrations overlaid in dashed lines, in the ethanol amended column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
 

An overall copper removal efficiency of 99% was observed for the 30 week period of 

the change in groundwater pH, in the ethanol column.  Again, it is possible that copper 

sorption to soil and biomass may be responsible for some of the copper removal, 

however it is unlikely that sorption can account for all the copper removal observed in 

the column, given the extended time period over which copper was removed.  Metal 

sorption to the soil and biosorption would be expected to retard the migration of copper 

along the column resulting in a temporary reduction in the copper concentration of the 
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groundwater.  A more permanent removal mechanism may be the removal of copper 

through bioreduction and the precipitation of elemental copper. 

 A close correlation was observed between the concentrations of copper and 

nitrate in the ethanol amended column until 30 weeks after the change in influent 

groundwater pH (50 weeks after the start of ethanol addition) (Figure 4.26).  At this 

time the location of copper removal seemed to stabilise at 1.21 m, while the 

denitrification zone continued to migrate along the column.  A comparison of lag times 

between ethanol addition and both denitrification and copper removal substantiates the 

link between copper removal and denitrification until 50 weeks after the start of ethanol 

addition, after which the two zones were observed to separate (Table 4.4). 

 

Table 4.4 Lag times for the ethanol amended column during the change in 
influent groundwater pH.  Values are given in terms of days from ethanol delivery 
to the start of the process. 
Parameter Copper 

removal (days) 
Denitrification 

(days) 
Zinc removal 

(days) 
Sulfate reduction 

(days) 
Maximum 8.9 8.9 14.0 14.0 
Minimum 1.3 1.3 8.9 8.9 
Average 4.1 4.7 10.8 11.3 
Standard 
Deviation 2.2 2.5 1.3 1.4 

 

    

4.3.2.4 Sulfate Reduction 

 There was no significant change in sulfate reduction until 16 weeks after the 

reduction in influent groundwater pH (36 weeks after the start of ethanol delivery) 

(Figure 4.27).   
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Figure 4.27 Contour graph of sulfate concentrations in the ethanol amended 
column starting 5 weeks before the change in influent groundwater pH and 
extending to the end of the pH change in the control column. 
 
 
It was at this time that the reduced pH front in the control column reached 1.41 m, the 

same location as the observed lower limit of the sulfate reduction zone in the ethanol 

amended column.  An increase in the sulfate reduction half-life values from 0.9 to 1.4 

days was observed 37 weeks after the start of ethanol delivery, along with a decrease in 

sulfide production (Figure 4.28).  

 

 
Figure 4.28 Graph of sulfate reduction half lives in the ethanol amended column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
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A migration in the lower limit of the sulfate reduction zone from 1.41 m to 1.61 m, from 

the base of the column, was observed seven weeks later (43 weeks after the start of 

ethanol delivery).  The sulfate reduction zone continued to migrate along the column, 

moving beyond the final sample port (1.8 m) two weeks later (45 weeks after the start of 

ethanol delivery).  A change in Eh at the final sampling port from an average of -220 

mV to 166 mV with the cessation of sulfate reduction in the column was also observed 

(Figure 4.29). 

 

 
Figure 4.29 Graph of the reduction potential (Eh) in the ethanol amended 
column starting 5 weeks before the change in influent groundwater pH and 
extending to the end of the pH change in the control column. 
 
 
 Generally, bacterial activity tends to consume the most energetically favourable 

electron acceptor first followed by less energetically favourable ones: Sulfate tends to 

be one of the less energetically favourable electron acceptors in groundwater (Coyne, 

1999).  The time required for the bacterial processes that remove alternative electron 

acceptors results in a lag time between ethanol addition and the commencement of 

sulfate reduction.  One such alternative electron acceptor is nitrate. 

   Nitrate concentrations during steady state at pH 5.5 and the pH change period 

were below the detection limit in the sulfate reduction zone, until approximately 36 
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weeks after the start of ethanol addition (Figure 4.30).  At this time the nitrate 

concentration at 1.41 m (the lower limit of the sulfate reduction zone) increased to 13 

mg/L.  The migration of the denitrification zone into the previous sulfate reduction zone 

probably resulted in a change of the geochemical conditions, making sulfate reduction 

unfavourable at that location.  As the denitrification zone migrated along the column, 

the sulfate reduction zone migrated ahead of it, moving past the final sampling point, 

and was thus observed to cease in the column experiment.  A comparison of sulfate 

reduction and denitrification lag times in the ethanol amended column showed a 

relatively consistent difference in lag times of approximately 6-8 days between the onset 

of denitrification and the onset of sulfate reduction (Table 4.5).  Therefore, the 

denitrification lag times of 8.9 days suggest that a lag time of 15-17 days for sulfate 

reduction would possibly have been observed had the column been longer. 

 

 
Figure 4.30 Contour graph of sulfate concentrations with a contour graph of 
nitrate concentrations overlaid in dashed lines, in the ethanol amended column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
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Table 4.5 Lag times for the ethanol amended column during the different 
experimental sections.  Values are given in terms of days from ethanol delivery to 
the start of the process. 

Parameter Experimental 
section 

Copper 
removal 
(days) 

Denitrification 
(days) 

Zinc 
removal 
(days) 

Sulfate 
reduction 

(days) 
Maximum pH 5.5 6.4 6.4 14.0 14.0 
Minimum pH 5.5 1.3 1.3 6.4 8.9 
Average pH 5.5 3.0 3.1 10.8 11.7 
Standard 
Deviation pH 5.5 1.5 1.5 2.1 1.6 

Maximum pH Change 8.9 8.9 14.0 14.0 
Minimum pH Change 1.3 1.3 8.9 8.9 
Average pH Change 4.1 4.7 10.8 11.3 
Standard 
Deviation pH Change 2.2 2.5 1.3 1.4 

 
 

4.3.2.5 Zinc Removal 

 Zinc removal in the ethanol amended column continued for 25 weeks after the 

change in influent groundwater pH (Figure 4.31) with half-lives and lag-times for zinc 

removal showing only minor fluctuations for the period between 20 and 40 weeks after 

the start of ethanol delivery (Figures 4.32 and 4.33).   

 

 
Figure 4.31 Contour graph of zinc concentrations in the ethanol amended 
column starting 5 weeks before the change in influent groundwater pH and 
extending to the end of the pH change in the control column. 
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Figure 4.32 Graph of zinc removal half lives in the ethanol amended column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
 
 

 
Figure 4.33 Graph of zinc removal lag times in the ethanol amended column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
 

The mechanism for zinc removal prior to the change in influent pH is thought to be by 

bioprecipitation as zinc sulfide (Section 4.3.1.5). A comparison of zinc and sulfate 

concentrations after the reduction in influent groundwater pH shows the same trend 

with zinc removal commencing at the start of the sulfate reduction zone (Figure 4.34).   
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Figure 4.34 Contour graph of zinc concentrations with a contour graph of 
sulfate concentrations overlaid in dashed lines, in the ethanol amended column 
starting 5 weeks before the change in influent groundwater pH and extending to 
the end of the pH change in the control column. 
 
 
It can also be seen that when sulfate reduction ceased, so too did zinc removal.  

Furthermore, the migration of the zinc removal and sulfate reduction zones along the 

column (39 weeks after the start of ethanol delivery) occurred at similar rates, implying 

that the mechanism for zinc removal continued to be bioprecipitation as ZnS. 

 After 13 weeks from the change in influent groundwater pH (33 weeks after the 

start of ethanol delivery) a slight increase in zinc concentration relative to the influent 

concentration (105% of influent), was observed between 0.81 and 1.01 m.  This location 

corresponded to the location of the zinc removal observed at the start of denitrification 

prior to sulfate reduction (Section 4.3.1.5).  The results of the metal sorption 

experiments (Chapter 3) suggest that the removal of zinc by sorption to soil was 

unlikely as zinc showed no significant sorption to the soil over the range of pH values 

observed in this column experiment; however sorption onto bacterial biomass may have 

been possible (Liu et al., 2004).  Assuming that this initial minor zinc removal was the 

result of sorption to denitrifying bacterial biomass then the minor increased zinc plume 

observed 30 weeks after the start of ethanol delivery may be the result of zinc desorbing 

from that biomass.  Because the minor zinc plume formed as the elevated pH zone 
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migrated into the region, zinc desorption from the biomass was probably not related to 

the change in pH, as an increase in pH would tend to increase metal sorption (Liu et al., 

2004; Chen et al., 2000).  However, formation of the minor zinc plume at 0.81 m did 

coincide with the migration of copper into this location.  It is also possible that the 

formation of the minor zinc plume was the result of copper preferentially sorbing to the 

bacterial sorption sites, displacing zinc back into the groundwater.   

 As the minor zinc plume migrated further along the column, an increase in the 

difference between the minor zinc plume concentration and the influent zinc 

concentration, from approximately 105% to 120% of the influent concentration, was 

observed at 1.41 m.  This location in the ethanol column corresponded to the lower limit 

of sulfate reduction observed at pH 5.5 steady state resulting in the formation of zinc 

sulfide.  It is believed that the increase in the minor zinc plume’s concentration, above 

the already elevated zinc concentration levels, was the result of the dissolution of the 

precipitated ZnS.  Once sulfate reduction ceased in this zone, the reaction (Equation 4.3) 

may have reversed according to Le Chatelier’s principle.  This process was not 

expected, given a Ksp value of 1.6 x 10-24 for ZnS at standard state (Stark and Wallace, 

1978), however the solubilities of metal sulfides are pH dependnet with more acidic 

conditions yielding higher solubilities for metal sulfides (Equation 4.5)(CRC, 2000): 

 

ZnS(s) + 2H+ ↔ Zn2+ + H2S Kspa = 3x10-2 (wurtzite), 2x10-4 (sphalerite) (Eq. 4.5) 
 

Where Kspa is the solubility product constant which is defined as (Equation 4.6) 

 

Kspa = [Zn2+] x [H2S] / [H+]2  (Eq. 4.6) 
 

A more accurate value for the Ksp of ZnS at a pH of approximately 4.25 is 6x10-12 for 

sphalerite and 9x10-10 for wurtzite (both are mineral forms of ZnS).  The significance of 
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this is that the use of sulfate reducing bacteria for the in-situ bioprecipitation of heavy 

metals present in groundwater may not result in stable precipitates as previously 

expected, especially if these precipitation zones are subject to further decreases in 

groundwater pH. 

 

4.3.3 Post pH Change to Re-establishing Steady State 

 The ethanol and control columns were monitored for 21 weeks after the pH front 

had reached the top of the control column, bringing the total length of the column 

experiment to 71 weeks from the start of ethanol delivery and 51 weeks from the 

reduction in influent groundwater pH.  The aim of this section of the experiment was to 

establish steady state conditions at an influent pH of 4.25.  However, due to the time 

constraints the experiment was halted before the re-establishment of steady state 

conditions were observed.   

 

4.3.3.1 Denitrification 

 Denitrification continued to be observed in the ethanol amended column for the 

remainder of the experiment, however the denitrification zone split into two distinct 

zones approximately 43 weeks after the start of ethanol delivery (Figure 4.35).   
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Figure 4.35 Graph of the average nitrate and copper concentrations as percent 
of influent for steady state at pH 5.5 and pseudo-steady state at pH 4.25 in the 
ethanol amended column. 
 

The first denitrification zone was located between 0.41 and 0.53 m.  In this zone only 

minor denitrification occurred, with approximately 20% of the nitrate being reduced at 

this location.  Groundwater samples taken at the end of the column experiment showed 

an increase in nitrite (NO2
-) concentrations from below the detection limit (0.02 mg/L as 

N) at 0.41 m, to greater than 0.4 mg/L as N at 0.53 m.  Nitrite is an intermediate product 

in the denitrification process (Bollag and Kurek, 1980), therefore the production of 

nitrite between 0.41 m and 0.53 m confirms that denitrification was occurring in that 

zone.  The rate of denitrification, however, was much lower than previously observed in 

the denitrification zone, with half-lives ranging from 3.7 to 17.5 days with an average of 

6.3 days compared to the average denitrification half-life of 1.5 days at pH 5.5 steady 

state.  This difference in the rate of denitrification suggests that the change in influent 

groundwater pH has resulted in the partial inhibition of denitrifying bacterial activity in 

the lower denitrification zone.  Further down gradient from the first denitrification zone, 

in the zone of elevated copper concentration (0.81 m to 1.41m), the complete inhibition 

of denitrifying bacterial activity was observed.  Other researchers have found that 

copper concentrations as low as 5 mg/L are capable of inhibiting bacterial 
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growth/activity (Lee et al., 1997).  It is therefore possible that the presence of two 

denitrification zones was the result of elevated copper concentrations in the 

groundwater inhibiting denitrifying bacterial activity between the two zones. 

 The second, more down gradient, denitrification zone appears to be a 

continuation of the denitrification zone observed at steady state and during the change 

in influent groundwater pH, which continued migrating along the column until it 

reached 1.61 m where it stabilised for the remainder of the experiment.  The majority of 

nitrate (approximately 80%) was removed from the groundwater in this second 

denitrification zone.  Comparing the denitrification lag times and half-lives for the 

second denitrification zone to those from steady state at pH 5.5 it is observed that 

although the lag time increased from an average of 3 days at steady state to an average 

of 11 days after the pH change, the half-lives changed little from an average of 1.5 

during steady state at pH 5.5 to 1.4 days following the reduction in influent groundwater 

(Tables 4.6 and 4.7 ).   

 
 
Table 4.6 Half-life values for the ethanol amended column during the different 
experimental sections. 

Parameter Experimental 
section 

Copper 
removal 
(days) 

Denitrification 
(days) 

Zinc 
removal 
(days) 

Sulfate 
reduction 

(days) 
Maximum pH 5.5 3.1 2.1 0.8 2.5 
Minimum pH 5.5 0.8 0.8 0.4 0.5 
Average pH 5.5 1.4 1.5 0.5 0.9 
Standard 
Deviation pH 5.5 0.5 0.4 0.1 0.6 

Maximum pH Change 4.8 4.6 0.9 20 
Minimum pH Change 0.5 1.1 0.4 0.5 
Average pH Change 1.4 2.2 0.6 3.5 
Standard 
Deviation pH Change 0.8 0.9 0.2 5.0 

Maximum pH 4.25 1.5 2.4 n/a n/a 
Minimum pH 4.25 0.5 0.6 n/a n/a 
Average pH 4.25 0.9 1.4 n/a n/a 
Standard 
Deviation pH 4.25 0.2 0.4 n/a n/a 
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Table 4.7 Lag times for the ethanol amended column during the different 
experimental sections.  Values are given in terms of days from ethanol delivery to 
the start of the process. 

Parameter Experimental 
section 

Copper 
removal 
(days) 

Denitrification 
(days) 

Zinc 
removal 
(days) 

Sulfate 
reduction 

(days) 
Maximum pH 5.5 6.4 6.4 14.0 14.0 
Minimum pH 5.5 1.3 1.3 6.4 8.9 
Average pH 5.5 3.0 3.1 10.8 11.7 
Standard 
Deviation pH 5.5 1.5 1.5 2.1 1.6 

Maximum pH Change 8.9 8.9 14.0 14.0 
Minimum pH Change 1.3 1.3 8.9 8.9 
Average pH Change 4.1 4.7 10.8 11.3 
Standard 
Deviation pH Change 2.2 2.5 1.3 1.4 

Maximum pH 4.25 8.9 14.0 n/a n/a 
Minimum pH 4.25 8.9 8.9 n/a n/a 
Average pH 4.25 8.9 11.3 n/a n/a 
Standard 
Deviation pH 4.25 0.0 1.7 n/a n/a 

 
 
 

 
Figure 4.36 Contour graph of nitrate concentration as a percent of the influent 
concentration in the ethanol amended column starting 5 weeks before the end of 
the pH change in the control column and extending to the end of the experiment. 
 
 
 Nitrate values up to 170 % of the influent concentration were observed for four 

weeks (1 pore volume) starting 54 weeks after the start of ethanol delivery (Figure 

4.36).  It was concluded that this discrepancy was caused by the replenishing of the 

influent groundwater stock solution (nitrate 43 mg/L) with fresh groundwater that 

contained a lower nitrate concentration (28 mg/L).  As the data is presented in terms of 



 

 82 

percent of influent concentration, samples down gradient from the lower nitrate 

concentration groundwater appear to have formed an elevated nitrate plume, however, 

this was not the case: The aberration was the result of the comparison of two different 

groundwater solutions that were used in the column. 

 

4.3.3.2 pH 

 Approximately 45 weeks after the start of ethanol addition, the elevated pH 

region in the ethanol amended column was observed to diverge into two distinct 

elevated pH zones with a reduced pH zone between them (Figure 4.37). 

 

 
Figure 4.37 Contour graph of nitrate concentration as a percent of the influent 
concentration in the ethanol amended column starting 5 weeks before the end of 
the pH change in the control column to the end of the column experiment. 
 

The first elevated pH region was observed commencing at 0.53 m corresponded to the 

first denitrification zone. In this region the pH gradually increased from an average of 

4.29 at 0.41 m, until the maximum pH value averaging 5.63 was observed at 1.01 m 

(Figure 4.38). 
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Figure 4.38 pH graph showing the reduced pH zone at 1.41 m observed in the 
ethanol column after the change in influent groundwater pH. 
 

The formation of this primary elevated pH zone may have been a result of the 

production of carbonate ions from the denitrification process (Equation 4.4).  Data from 

the analysis of groundwater samples collected at the end of the experiment substantiate 

this claim, with an observed change in HCO3
- concentrations from below detection limit 

(2 mg/L) prior to denitrification to 12 mg/L at 1.01 m.  After reaching this local 

maximum value the pH decreased slightly at 1.21 m and then dropped sharply at 1.41 

m.   

 The pH decreased by an average of 0.7 units between 1.21 m and 1.41 m (from 

an average pH of 5.46 to 4.76 respectively).  SEM analysis of soil samples collected 

from 1.35 m and 1.37 m in the ethanol amended column, found that between 13 % to 24 

% of the copper removed from the groundwater at this location had been reduced and 

precipitated as elemental copper (Chapter 5).  Assuming that the reduction of copper is 

coupled to the oxidation of an organic carbon source (ethanol) the production of acidic 

conditions would be expected (Equation 4.7) 

 

6 Cu2+ + CH3CH2OH + 3 H2O → 2 CO2 + 12 H+ + 6 Cu (Eq. 4.7) 
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It is therefore considered that the low pH zone at 1.41 m was possibly the result of the 

reduction of Cu2+ to elemental copper.  By comparing the experimental values for pH 

and copper removal between 1.21 m and 1.41 m with the theoretical pH values expected 

from equation 4.7 (assuming that between 13% and 24% of the removed copper 

precipitated as elemental copper) it was observed that the experimental data 

corresponded well to the theoretical values (Figure 4.39). 

 

 
Figure 4.39 Graph of a comparison of the experimental pH vs. copper removal 
values with theoretical pH vs. copper removal curves assuming between 13 % and 
24 % of removed copper was reduced to elemental copper. 
 
 
  The groundwater pH in the ethanol column was then observed to increase from 

pH 4.76 at 1.41 m to pH 5.36 at 1.61 m.  The pH in this second elevated pH zone 

reached a maximum value at 1.81 m, averaging pH 6.19 (1.9 pH units greater the 

influent groundwater pH).  The location of the second elevated pH zone corresponded to 

the second denitrification zone, further supporting the hypothesis that the elevation in 

pH was the result of the formation of carbonate as a by product of denitrification 

(Equation 4.4). 

 The control column showed no significant change in pH after week 45 (Figure 

4.40). 
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Figure 4.40 Contour graph of the pH values in the control column from the 
period 5 weeks before the completion of the pH change in the control column to the 
end of the column experiment. 
 
 

4.3.3.3 Copper Removal 

 Copper continued to be removed from the groundwater for the duration of the 

experiment (Figure 4.41).  Approximately 42 weeks after the start of ethanol addition, 

the copper removal zone migrated to between 1.21 m and 1.41 m from the base of the 

column, where it remained until the end of the experiment 29 weeks later.  Copper 

removal half-lives following the stabilisation of the copper removal zone (averaging 0.9 

days) were very similar to the copper removal half-lives from the steady state at pH 5.5 

(averaging 1.4 days) (Table 4.6).  There were several important differences between 

copper removal prior to week 42 and the copper removal observed after the change in 

influent groundwater pH had migrated through the columns. 

 Prior to week 42 the removal of copper from the groundwater was closely 

related to the denitrification zone (Sections 4.3.1.1 and 4.3.2.4).  Copper was considered 

to have been removed from the groundwater during this period through a combination 

of sorption to soil and denitrifying bacterial biomass, and possibly through the abiotic 
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reduction of Cu2+ to elemental copper (Chapter 5).  However after week 42 the 

denitrification zone continued to migrate along the column while the copper removal 

zone stabilised at 1.41 m.  As the denitrification process was occurring after the copper 

removal zone, the change in groundwater reduction potential from bacterial 

denitrification can no longer account for the removal of copper.  Also, after week 42 a 

reduction in groundwater pH was observed at 1.41 m (Section 4.3.3.2), because both 

soil sorption and biosorption have been found to decrease with a decrease in pH it is 

unlikely that copper continued to be removed by a sorption process (Chapter 3; Welp 

and Brümmer, 1998; Liu et al., 2004). 

 Soil analysis conducted after the completion of the column experiment found 

evidence of both copper sulfide minerals and elemental copper in the region around 1.41 

m (Chapter 5).  According to Lloyd et. al. (2001) certain sulfate reducing bacteria have 

the capacity to utilise metals as terminal electron acceptors in lieu of sulfate, it is 

therefore possible that part of the copper removed from the groundwater at 1.41 m may 

have been the result sulfate reducing bacterial catalysed copper reduction (Chapter 5).  

The location of the copper removal zone after 42 weeks of ethanol addition also 

corresponds to the lowest point in the column that sulfate reduction was observed over 

the entire duration of the column experiment.  It is therefore concluded that when the 

copper removal zone migrated into the previous sulfate reduction zone residual sulfate 

reducing bacteria may have utilised copper as an electron acceptor, thereby reducing 

some of the Cu2+ to elemental copper. 

 The migration of the copper removal zone to 1.41 m may also explain the 

presence of copper sulfide minerals observed in soil samples taken from this region 

(Chapter 5).  This point was the furthest up gradient location where ZnS precipitation 

was observed.  With the cessation of sulfate reduction and an increase in the reduction 

potential of the groundwater, the ZnS that had previously precipitated may be expected 
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to gradually dissolve (Chapter 5).  Furthermore, the reduction of copper may result in a 

decrease in groundwater pH (Equation 4.7), which would also be expected to result in 

the further dissolution of zinc sulfide minerals, as the solubilities of metal sulfides tend 

to decrease with an increase in acidic conditions (CRC, 2000).  Because CuS is 

significantly less soluble at pH 4.5 than ZnS (Ksp values are 6x10-25 and 2x10-13 

respectively) (CRC, 2000), copper present in the groundwater could potentially form 

CuS as ZnS dissolved, resulting in an elevation of the zinc concentration in the 

groundwater without an observable change in the sulfide or sulfate concentrations, as 

was observed in the column experiment (Section 4.3.3.5). 

 The other trend observed from 42 weeks after the start of ethanol delivery was 

the continuation of the region of elevated copper concentration, commencing at 0.81 m.  

Copper concentrations ranged from 115% to 171% of the influent concentration with an 

average value of 134% of the influent concentration in the middle of the elevated copper 

region.  The increase in copper concentration at 0.81 m was considered to be the result 

of copper desorption from the soil due to a reduction in groundwater pH from the 

previously elevated pH value in that zone. 

 

 
Figure 4.41 Contour graph of copper concentration as a percent of the influent 
concentration in the ethanol amended column starting 5 weeks before the end of 
the pH change in the control column to the end of the column experiment. 
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Figure 4.42 Contour graph of groundwater pH with a contour graph of copper 
concentrations overlaid in dashed lines, in the ethanol amended column starting 5 
weeks before the end of the pH change in the control column to the end of the 
column experiment. 
 
 

4.3.3.4 Sulfate Reduction 

 Once sulfate reduction ceased (46 weeks from the start of ethanol delivery) no 

significant change in sulfate or sulfide concentrations were observed for the remainder 

of the experiment (Figures 4.43 and 4.44). 

 

 
Figure 4.43 Contour graph of sulfate concentration as a percent of the influent 
concentration in the ethanol amended column starting 5 weeks before the end of 
the pH change in the control column to the end of the column experiment. 
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Figure 4.44 Contour graph of sulfide concentration in the ethanol amended 
column starting 5 weeks before the end of the pH change in the control column to 
the end of the column experiment. 
 
 

4.3.3.5 Zinc Removal 

 Once zinc removal ceased (46 weeks after the start of ethanol amendment) no 

further removal of zinc was observed in either the control or ethanol amended column 

for the remainder of the experiment (Figure 4.45).  However, the enhanced zinc 

concentration plume, first observed 13 weeks after the reduction of the influent 

groundwater pH (33 weeks after the start of ethanol addition), continued to be observed 

in the ethanol amended column starting at 1.41 m and extending past the final sampling 

port (1.81 m).  The difference between the zinc concentrations in the plume and the zinc 

concentration in the influent groundwater began to decrease approximately 60 weeks 

after the start of ethanol addition.  It is considered that the formation of the zinc plume 

in the ethanol amended column was the result of the dissolution of the ZnS that had 

precipitated prior to the cessation of sulfate reduction in the ethanol amended column.  

As previously stated (Section 4.3.3.4) after sulfate reduction ceased there was no 

observable change in either sulfate or sulfide concentrations.   This suggests that any 

sulfide produced from the dissolution of ZnS was removed as it formed (possibly as 
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CuS).  It is possible that some sulfate had formed, as the amount of sulfate that would 

have been formed from the oxidation of zinc sulfide was within the error of the sulfate 

analysis method.  However, the system was anaerobic and no other oxidising agents 

were observed to be reduced in that region.  It was therefore concluded that the increase 

in zinc concentration in the ethanol amended column was the result of the dissolution of 

ZnS in more acidic conditions (Section 4.3.2.5) and not the oxidation of sulfide to 

sulfate. 

 

 
Figure 4.45 Contour graph of zinc concentration as a percent of the influent 
concentration in the ethanol amended column starting 5 weeks before the end of 
the pH change in the control column to the end of the column experiment. 
 
 
The elevated zinc concentration zone was observed to decrease from 118 % to 105 % of 

the influent zinc concentration between 1.41 and 1.81 m approximately 60 weeks after 

the start of ethanol delivery.  The enhanced zinc plume continued to be observed until 

the end of the experiment.  This trend confirms the suggestion that the precipitated ZnS 

less stable than previously assumed and may dissolve if subjected to a reduction in 

groundwater pH. 
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4.4 Conclusion 

 From the column experiment detailed above, the following trends were 

observed: (i) Copper appeared to be removed in the denitrification zone prior to the 

migration of both the denitrification and copper removal zones through an area 

previously containing viable sulfate reducing bacteria.  It is considered that copper was 

removed in the denitrification zone primarily through the sorption of copper to 

denitrifying bacterial biomass and the abiotic reduction of copper caused by the change 

in groundwater reduction potential as a result of the denitrification process.  (ii) The 

process of denitrification, when coupled to the oxidation of ethanol, was observed to 

result in the increase in groundwater pH possibly through the production of carbonate.  

(iii) Zinc removal appeared to be mostly limited to the formation and precipitation of 

insoluble ZnS in the sulfate reduction zone.  (iv) Sulfate reduction, when coupled to the 

incomplete oxidation of ethanol, may lead to a decrease in groundwater pH. (v) The 

migration of the denitrification zone into the sulfate reduction zone resulted in the 

migration of the sulfate reduction zone along the column.  (vi) The observed cessation 

of sulfate reduction may be the result of an increase in lag time between ethanol 

addition and the start of sulfate reduction to the extent that the sulfate reduction zone 

was beyond the final sampling port of the column.  Therefore the sulfate reducing 

bacteria may still be viable under the reduced groundwater pH conditions; however they 

may have been present beyond the studied length of the column.  (vii) The sulfate 

reducing bacteria present in the ethanol amended column appeared to be capable of 

reducing Cu2+ to elemental copper.  (viii) The bioreduction of Cu2+ to elemental copper, 

when coupled to the oxidation of ethanol, may lead to a decrease the groundwater pH.  

(ix) A decrease in groundwater pH may result in the dissolution of existing ZnS 

minerals.  (x) Some of the copper was removed as CuS as a result of the production of 

sulfide through the dissolution of ZnS. 
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CHAPTER 5 POST COLUMN EXPERIMENT SOIL ANALYSIS 

 

5.1 Introduction 

 At the conclusion of the column experiment the column soil samples analysis 

was conducted to determine the location and, where possible, the mineralogy of the 

precipitates that were formed during the column experiments (Chapter 4).  The change 

in soil chemistry was assessed by comparing the soil analysis data from before (Chapter 

3) and after the column experiment.  

 

5.2 Material and Method 

5.2.1 Soil Column Design 

 Upon the completion of the column experiments detailed in Chapter 4, the 

groundwater was drained from the control and ethanol amended columns.  To limit the 

mixing of the different groundwater and geochemical zones, the groundwater was 

drained through the sampling ports starting at 1.81 m and proceeded downward, with 

the draining from each successive sample port beginning only after the flow from the 

previous one had ceased. 

 

5.2.2 Sampling 

 The column end cap at 1.90 m was first removed and then soil from the columns 

was then removed in 0.5-1 cm layers.  Soil samples were collected from both the control 

and ethanol amended columns for scanning electron microscopy (SEM) and X-ray 

fluorescence (XRF) analysis based on location and soil colouration.  The samples were 

stored in 120 mL serum bottles and sealed under a nitrogen atmosphere with Teflon 
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impregnated, butyl rubber septum stoppers to minimise aerobic oxidation of minerals.  

The samples were also refrigerated prior to analysis in order to limit microbial activity 

which could alter the soil geochemistry. 

 

5.2.3 Analysis 

5.2.3.1 XRF Analysis 

 Samples collected at 1.43 m and 1.90 m in the ethanol column and at 1.44 m in 

the control column were sent to CSIRO Land and Water in Adelaide for XRF analysis 

by the method detailed in Section 3.2.1.2. 

 

5.2.3.2 SEM analysis 

 Samples were also collected at 1.35 m, 1.37 m, and 1.90 m in the ethanol 

column and at 1.44 m in the control column for scanning electron microscope (SEM) 

analysis at the UWA Centre for Microscopy and Microanalysis.  Electron spectroscopic 

imaging was conducted using a Zeiss 1555 SUPRA variable pressure SEM equipped 

with an Oxford Instruments energy dispersive spectroscopy (EDS) detector.  The 

accelerating voltage used was 15 keV, with an object aperture of approximately 30 μm 

at working distances between 12 mm and 17 mm.  A system vacuum of 1.89 x 10-5 Torr 

was maintained during the analysis process. 

 

5.3 Results and discussion 
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5.3.1 Soil Discolouration 

 During the sampling of the ethanol amended column a difference in soil 

colouration above 1.35 m compared to the soil from the control column was observed, 

with the greatest alteration in soil colour occurring between 1.35 and 1.54 m (Figures 

5.1.A and B).  The location of the soil discolouration corresponded to the sulfate 

reduction zone observed in the ethanol amended column during steady state at pH 5.5 

(Chapter 4).  Associated with the soil discolouration was a blackening of the column 

PVC tubing (Figure 5.2).   

 

 
Figure 5.1 A) Picture of the soil at 1.44 m in control column. B) Picture of the 
soil discolouration at 1.43 m in the ethanol amended column.  
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Figure 5.2 Picture of change in PVC discolouration observed in the ethanol 
amended column at 1.35 m. 
 

 Below 1.35 m, no discolouration of either the soil or the PVC tubing was 

observed in the ethanol amended column.  In the control column there was no 

discolouration at any location along the column.  A similar soil discolouration 

phenomena related to the presence of monosulfide black ooze (MBO) has been reported 

by Bush et al., 2004. 

 The term “monosulfide black ooze,” is given to organics rich in iron 

monosulfide.  According to Bush et al. (2004) the formation of MBO is the result of the 

production of hydrogen sulfide through the oxidation of organic matter by sulfate 

reducing bacteria in the presence of iron cations.  Soils containing iron monosulfide are 

often black in colour (Smith and Melville, 2004), similar to the colouration of the soil 

observed above 1.35 m in the ethanol amended column.  However, soil analysis from 

the control and ethanol amended columns failed to detect the presence of iron in the 

soil.  Other sulfide minerals may be responsible for the observed colouration.  

Sphalerite (ZnS), covellite (CuS), and chalcocite (Cu2S) for example, are black in 
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colour (Nesse, 2000) and may account for the observed soil discolouration in the 

ethanol amended column. 

 A comparison of the soil discolouration, with the SEM images and the energy 

dispersion spectrum from soil samples collected at 1.35 m and 1.90 m in the ethanol 

amended column and samples collected at 1.44 m in the control column, confirm the 

presence of sulfide, copper, and zinc in the discoloured soil collected from the ethanol 

amended column and their absence in the soil collected from the control column 

(Section 5.3.2). 

 

5.3.2 SEM Analysis - Sulfur 

 SEM images of soil samples collected from the ethanol amended column at 1.35 

and 1.90 m (Figures 5.3 and 5.4) showed the presence of framboids (spherical shapes 

clustered together which are indicative of sulfide (Welton, 1984)) present on the soil.  

No such shapes were detected in soil samples from the control column (Figure 5.5).  

SEM images of framboids taken from Welton (1984) are presented in Figure 5.6.D. 
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Figure 5.3 A) Photograph of soil sample location at 1.35 m in the ethanol 
amended column.  B) SEM image of soil (15,000 x mag).  C) Energy dispersion 
spectrum of soil. 
 
 

 
Figure 5.4 A) Photograph of soil sample location at 1.90 m in the ethanol 
amended column.  B) SEM image of soil (2,500 x mag).  C) Energy dispersion 
spectrum of soil. 
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Figure 5.5 A) Photograph of soil sample location at 1.44 m in the control 
column.  B) SEM image of soil (1,400 x mag).  C) Energy dispersion spectrum of 
soil. 
 
 

 
Figure 5.6 A) SEM image from 1.35 m in the ethanol amended column (2,000 x 
mag).  B) SEM image from 1.90 m in the ethanol amended column (2,500 x mag).  
C) SEM image from 1.44 m in the control column (2,800 x mag).  D) SEM image 
from Welton (1984) of pyrite framboids (500 x mag). 
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 Further confirmation of the presence of sulfur, possibly in the form of sulfide, 

was observed through use of the EDS (energy dispersion spectrum) system attached to 

the SEM.  In both ethanol column soil samples that were analysed, two peaks at 

approximately 2.3 keV were observed (Figures 5.3.C and 5.4.C).  These peaks 

correspond to the characteristic absorption edge energies: Kα1 and Kα2 for sulfur with 

literature values of 2.307 and 2.306 respectively (Welton, 1984).  The ratio of these 

values can be used to determine the oxidation state of the sulfur present if referenced 

against an appropriate standard (Griffin et al., 1997).  However, this approach was not 

possible due to the absence of an appropriate standard. 

 By monitoring the column flow rates and sulfur (as sulfate and sulfide) 

groundwater concentrations at each sampling port, a quantitative determination of the 

mass of sulfur removed from the groundwater between each sample port was calculated.  

Upon the completion of the experiment roughly 500 mg ± 200 mg of sulfur had been 

removed from the groundwater presumably as part of a metal sulfide precipitate.  Figure 

5.7 shows the theoretical soil sulfur concentration along the ethanol column at the end 

of the experiment. 
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Figure 5.7 Theoretical soil sulfur concentration in the ethanol amended column 
at the end of the experiment. 
 

The experimental data from the previous sections of the column experiment (Chapter 4) 

suggest that there was some residual sulfur present in the ethanol amended column at 

1.43 m and possibly at 1.90 m at the conclusion of the column experiment.  The energy 

dispersive spectrum confirms the presence of sulfur at 1.43 m and 1.90 m in the ethanol 

amended column and the presence of framboids indicate that the sulfur was present as 

sulfide.  

 

5.3.3 XRF Analysis 

 Copper and zinc were observed in the ethanol amended column soil samples.  

Prior to the column experiment, soil samples were analysed using XRF for a 

quantitative determination of the elemental content in the soil (Chapter 3).  A 

comparison of this data to soil collected after the column experiment is presented in 

Table 5.1. 
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Table 5.1 Trace element concentration data from XRF soil analysis. 
 

 

 The results of the soil XRF analyses conducted before and after the column 

experiment suggest that both the pre-experiment soil and the soil collected from the 

control column at 1.44 m did not contain substantial quantities of either copper or zinc.  

However, in the soil samples collected from the ethanol amended column after the 

completion of the column experiment, zinc was observed in the soil collected at 1.43 m 

and 1.90 m.  In the soil sample collected at 1.43 m in the ethanol amended column, 189 

mg/kg of copper was observed.  Based on the column flow rate and the weekly copper 

concentrations at each sampling port a total of 700 mg ± 180 mg of copper was removed 

from the groundwater solution in the ethanol amended column, of which 400 mg ± 30 

mg of copper was removed from the groundwater between the sampling ports at 1.21 m 

and 1.41 m.  Figure 5.8 shows the theoretical soil copper concentration along the 

ethanol amended column at the end of the experiment. 

 

 

 

Soil Sample Location SiO2 (% w/w) Zn (mg/kg) Cu (mg/kg)
Pre-experiment Soil 100.0 < 14 < 10 
Control Column 1.44 m 100.4 < 14 < 10 
Ethanol Column 1.43 m 100.0 33 189 
Ethanol Column 1.90 m 99.4 142 < 10 
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Figure 5.8 Theoretical soil copper concentration in the ethanol amended 
column at the end of the experiment.   
Note: A single Gaussian fit could not be fitted to the data as there were two main 
locations for copper removal. 
 

 The theoretical soil copper concentration at 1.43 m (approximately 70 mg/kg) is 

less than the experimental value determined by XRF analysis (189 mg/kg).  The 

difference between the two values is possibly the result of a preferential groundwater 

flow path which would result in a heterogeneous distribution of copper in the ethanol 

amended column (Freeze and Cherry, 1979). 

 Zinc was also observed at 1.43 m, though at a lower concentration of 33 mg/kg 

of soil.  In the ethanol amended column prior to the change in groundwater pH, the 

majority of zinc was precipitated in a zone located around 1.41 m.  After the reduction 

in influent groundwater pH had stabilised, an increase in the concentration of zinc 

(compared to the influent concentration) was observed in groundwater samples 

collected at 1.41 m.  By monitoring the column flow rates and from the weekly zinc 

groundwater concentrations at each sampling port, a quantitative determination of the 

mass of zinc removed from the groundwater between each sample port was calculated.  

It was determined that the maximum total quantity of zinc removed from the 

groundwater in the ethanol amended column was 1100 mg ± 200 mg, occurring 46 

weeks from the start of ethanol delivery.  The maximum amount of zinc that was 
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removed from the groundwater between 1.21 m and 1.41 m was 230 mg approximately 

41 weeks after the start of ethanol addition.  However, after week 41, an increase in 

groundwater zinc concentration at 1.41 m was observed.  It is concluded that the 

observed increase in groundwater zinc concentration was the result of the dissolution of 

zinc sulfide minerals present between 1.21 m and 1.41 m.  At the end of the column 

experiment a total of 150 mg ± 30 mg of zinc was determined to have remained in the 

soil between 1.21 m and 1.41 m.  The theoretical soil zinc concentrations along the 

ethanol amended column at the end of the experiment are presented in Figure 5.9.  From 

a Gaussian fit of the calculated data, a theoretical soil zinc concentration of 33 mg/kg 

was determined for 1.43 m.  This soil zinc concentration corresponds well with the 33 

mg/kg determined by XRF analysis (Table 5.1). 

 

 
Figure 5.9 Theoretical soil copper concentration in the ethanol amended 
column at the end of the experiment with the theoretical concentration at 1.43 m 
marked. 
 

 Further along the column at 1.90 m the concentration of zinc present in the soil 

in the ethanol amended column increased to 142 mg/kg (Table 5.1).  The concentration 

at 1.90 m can not be compared to a theoretical soil zinc concentration as the soil 

sampling location was beyond the final sampling port.  However, the results for the 
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XRF analysis of the soil at 1.90 m suggest that zinc was removed in greater quantities 

toward the end of the column than toward the point of ethanol delivery.  Furthermore, 

the results (< 10 mg/kg Cu at 1.90 m) suggest that copper was removed before it 

reached 1.90 m in the ethanol amended column.  Both these findings are consistent with 

the experimental groundwater data from the column experiment (Chapter 4). 

 

5.3.4 SEM Analysis - Copper 

 According to the EDS, copper was detected at 1.35 m but not at 1.90 m.  This is 

consistent with the XRF soil analysis results (Table 5.1).  SEM images of soil collected 

at 1.35 m (Figure 5.3.B) and 1.37 m (Figure 5.10) in the ethanol amended column 

showed the presence of thin crystals which, based on the EDS and XRF results, are 

considered to be a form of copper sulfide, possibly chalcocite (Cu2S) or covellite (CuS).  

Both these minerals form parallel rows of crystals similar to those observed in Figure 

5.10 and are often intermixed (Nesse, 2000).  The formation of these copper sulfide 

minerals may be the result of the dissolution of zinc sulfide minerals that had previously 

formed under sulfate reducing conditions, coupled with the migration of copper cations 

into the region.  Metal sulfide minerals become more soluble with decreasing solution 

pH values, and at 1.41 m a zone of reduced pH was observed along with an enhanced 

zinc plume 45 weeks after the start of ethanol addition (Chapter 4).  Furthermore, 

copper sulfide minerals tend to be more stable (less soluble) than zinc sulfide minerals, 

thus zinc sulfide dissolution in the presence of copper cations may result in the 

formation of copper sulfide minerals (chalcocite and covellite).  These crystal shapes 

were not observed in the SEM images of the soil sample at 1.90 m (Figure 5.4.B). 
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Figure 5.10 SEM image of soil taken from 1.37 m in the ethanol amended 
column, showing the presence of copper sulfide crystals presumably covellite or 
chalcocite.   
 

 The presence of the copper sulfide minerals was consistent with the reduction 

potential (Eh) and pH of the groundwater observed in the ethanol amended column.  A 

comparison of the Eh and pH of the groundwater solution in the copper removal zone 

with theoretical Eh-pH diagrams for the mineralogy of copper is presented in Figure 

5.11 (Brookins, 1988).  It should be noted that the Eh measurements have an error of 

approximately ± 0.05 V, however error bars were not included to improve the clarity of 

Figure 5.11.  Also, because the Eh was only measured at 1.81 m and not in the copper 

removal zone, the Eh values before sulfate reduction commenced and after it ceased are 

probably more indicative of the actual Eh observed in the copper removal zone. 
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Figure 5.11 pH vs. Eh diagram for copper from Brookins (1988) with pH data 
from the start of the copper removal zone and Eh data from 1.81 m in the ethanol 
column when sulfate reduction was observed (Sulfate Reduction - red) and when it 
was not observed (Denitrification – blue). 
 

 According to Figure 5.11, during the period of denitrification (when sulfate 

reduction was not observed), copper may have been present as Cu2+, Cu2O, Cu2S 

(plausible, given the error in Eh determination) or elemental copper (Cu0).  The 

formation of Cu2O however, is unlikely as the column was kept anaerobic (< 1 mg/L 

dissolved oxygen).  Therefore the most probable forms of copper present in the column 

within the copper removal zone were Cu2+, Cu2S, and Cu0.   Had copper been solely in 

the form of Cu2+ no change in groundwater copper concentration would be observed.  

However, the concentration of copper decreased from the start of denitrification (2 

weeks after the start of ethanol delivery) until the end of the column experiment (71 

weeks after the start of ethanol delivery).   

 Prior to the migration of copper into the previous sulfate reduction zone (42 

weeks after the addition of ethanol) no detectable sulfide was present in the copper 

removal zone to form Cu2S.  Copper is therefore considered to have been reduced to 

elemental copper within the copper removal/denitrification zone.  The reduction of Cu2+ 

to elemental copper may have occurred either through direct bacterial catalysed copper 
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reduction or through an indirect bacterial process that changes the groundwater 

reduction potential resulting in the abiotic reduction of copper (Kosolapov et al., 2004). 

  The presence of elemental copper was confirmed in the ethanol amended 

column by the EDS analysis of the soil samples collected at 1.35 m and 1.37 m (Figures 

5.3.C and 5.12).   

 

 
Figure 5.12 Energy dispersive spectrum for the soil sample collected at 1.37 m in 
the ethanol amended column. 
 

 The ratio of the heights of an element’s EDS peaks, when compared to 

appropriate standards, can identify the ratio of the element’s oxidation states that are 

present in a sample (Griffin et al., 1997).  According to the ratios of the EDS Kab, Kα1, 

Lβ1, and Lγ1 peaks for copper observed at approximately 8.9 keV, 8.0 keV, 0.9 and 0.9 

respectively, with literature values of 8.979 keV, 8.046 keV, and 0.950 keV, 0.952 keV 

respectively (Welton, 1984), 13 % to 24 % of the copper in the soil at 1.35 m and 1.37 

m was present as elemental copper.  Prior to the migration of copper into the previous 

sulfate reduction zone (42 weeks after the start of ethanol addition), the removal of 

copper from the groundwater was considered to be the result of denitrifying bacterial 

activity which may have reduced the groundwater reduction potential sufficiently to 

cause the abiotic reduction of Cu2+ to elemental copper.  Because copper concentrations 
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as low as 5 mg/L have been found to have an inhibitory effect on denitrifying bacterial 

growth (Lee et al., 1997), the direct reduction of copper by denitrifying bacteria is 

unlikely.   

 When the copper removal zone migrated into the previous sulfate reduction zone 

as a result of the step change in pH, copper removal was observed to stabilise (at 1.41 

m) while the denitrification zone continued to migrate along the column (Chapter 4).  At 

this point, denitrifying bacterial activity that was previously considered to be indirectly 

responsible for the abiotic reduction of copper could no longer explain the location of 

the copper removal zone.  Therefore, from 42 weeks after the start of ethanol delivery 

until the end of the experiment, copper was removed by a different mechanism.  One 

possible mechanism was through the formation of copper sulfide minerals, as identified 

in the SEM analysis (Figure 5.10), resulting from the dissolution of zinc sulfide 

minerals present at 1.41 m.   

 Another possible mechanism for copper removal was through the direct bio-

reduction of Cu2+ to elemental copper by sulfate reducing bacteria that could have still 

been present in this zone.  Recent work has shown that certain types of sulfate reducing 

bacteria have the capacity to utilise metals as a terminal electron acceptor in lieu of 

sulfate (Lloyd et al. 1998; Lloyd et al., 2001; Lloyd, 2003; O’Loughlin et al., 2003).  In 

their work Lloyd et al. (2001) found three genera of sulfate reducing bacteria that were 

capable of reducing metals.  In the presence of H2 or a simple organic acid, some of the 

bacteria were able to reduce Tc(VI), Cr(VI), Se(IV) and Te(IV).  Other work by Lloyd 

et al. (1998) found that the sulfate reducing bacterium Desulfovibrio desulfuricans was 

capable of reducing Pd2+ to elemental palladium when supplied with lactate as a carbon 

source.  Although no similar process has been reported for the reduction of copper by 

sulfate reducing bacteria, such a process is considered to have been possible in the 

previous sulfate reduction zone in the ethanol amended column. 
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5.3.5 SEM Analysis – Zinc 

 According to the energy dispersive spectrum from the soil samples collected at 

1.35 m and 1.90 m from the ethanol amended column, zinc was detected at 1.90 m but 

not 1.35 m.  Unfortunately, due to the charging of the soil particles by the SEM’s 

electron beam, a clear image of the soil sample from 1.90 m was not possible.  

Therefore, it was not possible to positively identify the mineralised zinc sulfides 

(possibly wurtzite or sphalerite).  However, their presence may be inferred from the Eh 

and corresponding pH of the groundwater in the zinc removal zone with theoretical Eh-

pH diagrams for the mineralogy of zinc (Figure 5.13) (Brookins, 1988). 

 

 
Figure 5.13 pH vs. Eh diagram for zinc Brookins (1988) with pH and Eh data 
from 1.81 m in the ethanol column when sulfate reduction was observed (Sulfate 
Reduction - red) and when it was not observed (Denitrification – blue). 
 
 
 From Figure 5.13, it is observed that when sulfate reduction occurred, ZnS was 

expected to form given the reduction potentials and pH values observed at 1.81 m.  

However, when sulfate reduction ceased and the denitrification zone migrated to around 

1.81 m, zinc was expected to be in the aqueous phase as Zn2+.  The observed data in the 
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ethanol amended column supports this theory.  During sulfate reduction the 

concentration of zinc decreased to levels below the detection limit.  After sulfate 

reduction ceased, an increase in the zinc concentration to levels greater than the influent 

zinc concentration was observed (Chapter 4).  The increase in zinc concentration after 

sulfate reduction ceased may have resulted from the dissolution of zinc sulfide, 

releasing zinc back into the aqueous phase.  A similar increase in groundwater zinc 

concentration after the end of sulfate reduction was also observed in column 

experiments conducted by Ma (2003).  An increase in the concentration of sulfide in the 

groundwater would also be expected unless it was removed, possibly through the 

formation of copper sulfide minerals as suggested in Section 5.3.4. 

 

5.3.6 SEM Analysis – Selenium 

 EDS analysis of the soil samples collected from 1.35 m and 1.90 m detected the 

presence of selenium.  These results are consistent with groundwater analysis collected 

during steady state sulfate reduction and metal bioprecipitation at pH 5.5 (Chapter 4) 

which suggested selenium was removed from the groundwater in the sulfate reduction 

zone.  However, SEM images of soil taken within the sulfate reduction zone did not 

show the trigonal trapezoidal crystal structure that is indicative of elemental selenium 

minerals (the expected form) present in the soil (web mineral, 2005) (Figure 5.10). 

 

5.4 Conclusion 

 The bioremediation of acid mine drainage groundwater through the bio-

stimulation of naturally occurring sulfate reducing bacteria using ethanol as the primary 

carbon source and electron donor can successfully remove metals from the groundwater.  

Soil samples collected before the column experiment and from the unamended column 

showed no significant change in sulfide or metal content.  However, the analysis of soil 
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samples from the ethanol amended column showed elevated concentrations of both 

copper and zinc.  SEM imaging of soil samples at 1.43 m, within the region where 

sulfate reduction had been observed, showed evidence of possible chalcocite and 

covellite mineral deposits and framboids which further confirms that sulfate was 

reduced to sulfide in the ethanol amended column, and that some of the copper removed 

from the groundwater had formed copper sulphide minerals.  Energy dispersive 

spectroscopic analysis of the copper containing soil samples suggested that some of the 

Cu2+ had also been reduced to elemental copper.   

 XRF and SEM analysis of soil samples collected at 1.90 m in the ethanol 

amended column suggest that zinc was successfully removed from the groundwater.  A 

comparison of experimental Eh and pH values from the sulfate reduction and zinc 

removal zones with theoretical Eh-pH diagrams suggests that zinc was removed in the 

form of ZnS.  However, experimental data from the column experiment suggested that 

the precipitated zinc sulfide dissolved in the presence of copper cations and acidic 

groundwater conditions.  Therefore, a reduction in groundwater pH may result in the 

remobilisation of zinc previously in the form of ZnS. 
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CHAPTER 6 MOLASSES AMENDED COLUMN 
EXPERIMENT 

 

6.1 Introduction 

 
 Many researchers have demonstrated that sugars such as lactose and glucose can 

be used as viable carbon sources for the stimulation of sulfate reducing bacterial growth 

and the bioremediation of metal contaminated groundwater (Nelson, 2003).  Molasses 

has been used as an inexpensive, readily available source of sugar (sucrose) for the 

stimulation of sulfate reducing bacteria (Aksu and Dönmez, 2000).  It has been 

suggested that different carbon sources have different efficiencies for stimulating 

bacterial growth and sulfate reduction (Tsukamoto and Miller, 1999).  To assess the 

efficiency of different carbon sources, molasses was used as the sole carbon source in a 

second pH change column experiment. 

 

6.2 Material and Methods 

 Details of the column construction can be found in Sections 2.1 and 2.2.4.  The 

groundwater solution was prepared using the method described in Section 2.3.  The 

initial external delivery system and the preparation method for the molasses amendment 

solution are described in Section 2.2.4.1. Sampling methods are given in Section 2.4 

and analytical methods in Sections 2.5.(2-9).  Prior to the start of molasses delivery to 

the column, the column was flushed with 83 L of the groundwater solution to establish 

near uniform copper, zinc, sulfate and nitrate concentrations as well as uniform pH 

values along the length of the column. 

 Molasses amendment delivery commenced on the 4th of June 2003 (at same time 

as the start of ethanol delivery in the ethanol amended column (Chapter 4)).  The 

molasses delivery rate was adjusted to a total approximately 0.9 mL/hour for the six 
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nylon tubes that composed the internal delivery system.  Due to bio-film growth in the 

delivery lines and undesired microbial activity in the molasses amendment solution 

prior to column delivery, the external delivery system underwent several design changes 

in order to limit microbial growth prior to entering the soil column. 

 The first delivery system was used for 26 weeks after the start of molasses 

delivery (Section 2.2.4.1).  A refrigeration system was then incorporated into the 

original design (Section 2.2.4.2), reducing the frequency of bio-film blockage of the 

delivery lines and growth of undesired micro-organisms in the molasses amendment 

solution.  However, bacterial growth in both the delivery lines and molasses amendment 

solution still occurred. 

 Molasses delivery ceased 35 weeks after the start of molasses delivery and the 

column was flushed with pH 5.5 groundwater (approximately 30 L) between week 39 to 

week 44 to remove any residual molasses and obtain a homogeneous column 

groundwater pH.  The column was then flushed with approximately 50 L of pH 4.25 

groundwater between week 44 and 57 to establish near uniform copper, zinc, sulfate and 

nitrate concentrations as well as a uniform pH.  The external delivery system underwent 

further modification and a more extensive delivery system cleaning method was used 

(Section 2.2.4.3).  Delivery of the molasses amendment solution recommenced 57 

weeks after the start of the initial molasses delivery.  The third iteration of the external 

delivery system was observed to improve the consistence of molasses delivery to the 

column while minimising the growth of undesirable micro-organisms within the 

delivery lines and molasses amendment solution.  The sampling frequency was changed 

to fortnightly rather than the weekly sampling 57 weeks after the start of the initial 

molasses delivery.  The final modification to the external delivery system occurred 61 

weeks after the start of the initial molasses delivery (4 weeks after the recommencement 

of molasses delivery). 
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 To confirm the absence of microbial growth molasses solution samples were 

taken from the external delivery lines, the molasses delivery solution and when 

incorporated, the drip cylinder (Chapter 2) for microscope analysis using a microscope 

(Olympus CX41) fitted with a digital camera.   The samples were collected with new 

sterile 5 ml plastic syringes.  The molasses solution samples were then placed directly 

onto glass slides and fitted with glass covers.   Photographs were taken at 100 x 

magnification. 

 

6.3 Results and Discussion 

 The results of the experiment will be discussed in three sections: i) the growth of 

micro-organisms in the external delivery system and the assessment of design 

modifications to the external delivery system; ii) 0-35 weeks of molasses delivery: 

Influent groundwater pH 5.5; iii) 57-71 weeks after the initial start of molasses delivery: 

Influent groundwater pH 4.25. 

 

6.3.1 The Growth of Micro-organisms in the External Delivery System 
and the Assessment of Design Modifications to the External Delivery 
System. 
 
 Sucrose and other sugars are produced through the heating and crystallisation of 

sugarcane.  Molasses is the brownish liquid residue left over from the refinement 

process which is often reprocessed to obtain a greater overall yield of sucrose.  There 

are therefore different grades of molasses depending on the number of times it has been 

reprocessed.  For example, Barbados molasses is an unrefined molasses that still 

contains high concentrations of sucrose and is commonly used for cooking.  Black strap 

molasses, which was used in this experiment, is the lowest grade type of molasses and is 

generally mixed into cattle feed or used for the production of industrial alcohol 
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(Columbia Encyclopaedia, 2005).  Because black strap molasses is the final residue of 

the extraction of sucrose from plant material (e.g. sugarcane, beet root, ect.) it contains 

other chemicals and possibly bacteria as well as the residual sucrose left in solution. 

 At the beginning of the molasses amendment column experiment a correlation 

between the reduction of pH in the molasses amendment solution and an increase in 

solution turbidity was observed. Generally solution pH increased with an increase in 

time between changing solutions (Figure 6.1). 

 

 
Figure 6.1 Change in pH values between the start of delivery of a molasses 
solution and the changing of molasses solutions over the time between the changing 
of solutions vs. the time since the start of the experiment. 
 

As the change in pH of each molasses delivery solution increased, problems with 

delivering the amount of molasses required to produce the desired 1 g/L molasses 

concentration at point of delivery into the column were experienced (Figure 6.2). 
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Figure 6.2 Average molasses delivery for each molasses amendment solution 
from the start of molasses delivery to the end of molasses delivery 35 weeks later. 
 

It was concluded that the observed change in pH and increasing turbidity were the result 

of microbial growth in the molasses stock solution.  This lead to the formation of 

biofilm in the delivery lines causing a reduction in the amount of molasses delivered to 

the column.   

 A refrigeration system was therefore incorporated to limit the microbial growth 

in the molasses delivery solution (Chapter 2).  After the refrigeration system was 

installed an improvement in the reliability was observed.  However, when left for longer 

periods of time (> 5 days) microbial growth and the production of biofilms still 

occurred. 

 Microscope analysis of aqueous samples collected from the molasses solution 

and the delivery lines showed significant bacterial growth after a 5 day period (Figure 

6.3.A). 
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Figure 6.3 Photographs of molasses amendment at 100 x magnification A) In 
container (System 2). B) In delivery line (System 2). C) In solution container 
(System 3). D) In delivery line (System 3). E) In drip cylinder. 
 

From Figure 6.3 the improvements in microbial control can be observed with adequate 

control being achieved in the solution container using external delivery systems 3. 

 The installation of a drip cylinder to prevent contamination of the molasses 

solution from microbes in the delivery line and a more thorough delivery line cleaning 

regime resulted in a reliable delivery of molasses to the column and the successful 

stimulation of sulfate reducing bacterial growth (Section 6.3.3.4). 

 

6.3.2 0-35 Weeks of Molasses Delivery: Influent Groundwater pH 5.5 

 The aim of the first stage of the column experiment was to establish steady state 

sulfate reduction and bio-precipitation of metal contaminants from the groundwater at 

an influent groundwater pH of 5.5.  However, due to the difficulty in maintaining 

consistent and reliable delivery of the molasses amendment, sulfate reduction was not 
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observed during this stage of the experiment.  This stage of the experiment was 

terminated after 35 weeks of molasses delivery to allow for the re-establishment of 

groundwater conditions similar to those observed prior to delivery of molasses and to 

enable the investigation of the effect of pH 4.25 groundwater on the utility of molasses 

as a carbon source for the stimulation of sulfate reducing bacterial growth, with the 

further refinement to the external delivery system.  

 

6.3.2.1 Denitrification 

 Denitrification was first observed one week after the start of molasses delivery 

in a zone between 0.21 m and 0.81 m (Figure 6.4).  The colouration of groundwater 

samples observed in this zone suggested that molasses had partially migrated against the 

flow of the groundwater.   Three weeks later, the denitrification zone commenced at 

0.21 m with nitrate removed to levels below the detection limit (< 3 mg/L) from 0.41 m 

to the top of the column.  Between 11 and 12 weeks after the start of molasses delivery 

a pump malfunction prevented molasses from being delivered to the column (Figure 

6.2).  This resulted in the observed reduction in denitrification between 0.21 m and 1.21 

m.  Over a 5 week period following the pump malfunction (between 12 and 17 weeks 

after the start of molasses delivery) the molasses delivery rates were substantially less 

(on average 0.6 g/L) than the intended 1 g/L at point of delivery.  This reduction in 

molasses delivery appears to have resulted in further reduced denitrification efficiency.  

The denitrification zone was observed to migrate back to 0.21 m with nitrates being 

removed to levels below the detection limit from weeks 20 to 25, when the refrigeration 

system was incorporated into the external delivery system. 

 Following the alteration to the external delivery system 25 weeks after the start 

of molasses delivery, the denitrification zone was observed to reduce in intensity until 
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34 weeks after the start of molasses delivery, when there was no observable 

denitrification. 

 

 
Figure 6.4 Contour graph of nitrate concentrations as percent of influent in the 
molasses amended column from the start of molasses delivery until the end of 
molasses delivery 35 weeks later. 
 

6.3.2.2 pH 

 In the molasses amended column, the groundwater pH was observed to decrease 

with the average groundwater pH value of 4.50 (1 pH unit less than the influent) over 

the duration of the experiment (Figure 6.5).  The relationship between pH and the 

denitrification zone in the molasses amended column appears to differ greatly from the 

trends observed in the ethanol amended column.  In the molasses column, the 

groundwater pH was observed to decrease in the denitrification zone (Figure 6.6).  

However, once denitrification ceased, the groundwater pH was observed to decrease 

further, with the most acidic groundwater conditions (with an average pH of 3.7) 

observed 35 weeks after the start of molasses delivery.   
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Figure 6.5 Contour graph of groundwater pH in the molasses amended column 
from the start of molasses delivery until the end of molasses delivery 35 weeks 
later. 
 
 

 
Figure 6.6 Contour graph of groundwater pH with a contour graph of nitrate 
concentrations as percent of influent overlaid in dashed lines, in the molasses 
amended column from the start of molasses delivery until the end of molasses 
delivery 35 weeks later. 
 
 
Assuming that molasses (sucrose) was completely oxidised when coupled to the 

reduction of nitrate to nitrogen by Equation 6.1: 

 

 
5 C12H22O11 + 48 NO3

- + (96-X) H+ → 24 N2 + (60-X) CO2 + X HCO3
- + (79-X) H2O (Eq. 6.1) 
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 Where X is the number of moles of carbonate formed with a maximum value of 

60 for equation 6.1.  This suggests that the denitrification process consumed acidic 

protons and produced carbonate ions which would have increased the pH of the 

groundwater.  The apparent relationship between the observed reduction in pH and the 

formation of the denitrification zone suggests that other chemical processes were 

occurring in this zone and that the denitrifying bacterial activity may have partially 

buffered the groundwater against a reduction in groundwater pH. 

 Unfortunately, due to the nature of the molasses used (Section 6.3.1), further 

research is still required to determine the mechanism for the reduction of groundwater 

pH in the molasses amended column. 

 

6.3.2.3 Copper Removal 

 Copper removal was successfully observed in the molasses amended column at 

0.53 m two weeks after the start of molasses delivery (Figure 6.7).  However, the extent 

of copper removal is obscured by the formation of an elevated groundwater copper 

concentration plume that formed at the same time as the reduction in groundwater pH 

(Figure 6.8).  It was concluded that the formation of the elevated copper plume in the 

molasses amended column was caused by the desorption of copper from the soil as a 

result of the decrease in pH.  This decrease was also observed in the control and ethanol 

amended columns following the step reduction in pH.  However, the formation and 

migrational rate of the elevated copper plume in the molasses amended column was 

substantially faster than either the control or ethanol amended column (6 weeks for the 

molasses column vs. 30 weeks for the control column) (Chapter 4).  A possible 

explanation for the rapid formation of the enhanced copper plume was the un-retarded 

migration of molasses along the column, coupled with possible molasses degradation 

and pH reduction resulting in copper dissolution over the length of the column, rather 
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than as a reduced groundwater pH front migrating along the column as in the ethanol 

amended column experiment (Chapter 4).  Data from the molasses amended column 

experiment showed a rapid development of a low pH zone (Figure 6.5) which was 

consistent with the formation of the enhanced copper plume (Figure 6.8). 

 

 
Figure 6.7 Contour graph of nitrate concentrations as percent of influent in the 
molasses amended column from the start of molasses delivery until the end of 
molasses delivery 35 weeks later. 
 
 

 
Figure 6.8 Contour graph of groundwater pH with a contour graph of copper 
concentrations as percent of influent overlaid in dashed lines, in the molasses 
amended column from the start of molasses delivery until the end of molasses 
delivery 35 weeks later. 
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 During the ethanol amendment column experiments (Chapter 4) copper removal 

was continuously observed to occur in the denitrification zone (until the migration of 

copper into the previous sulfate reduction zone).  It was postulated that the abiotic 

reduction of Cu2+ to elemental copper may have occurred in the denitrification zone of 

the ethanol amended column (Chapters 4 and 5).  The presence of elemental copper in 

the ethanol amended column was confirmed by soil analysis experiments conducted on 

soil samples collected from the ethanol amended column in the copper removal zone 

(Chapter 5). 

 

 
Figure 6.9 Contour graph of nitrate concentrations as percent of influent with a 
contour graph of copper concentrations as percent of influent overlaid in dashed 
lines, in the molasses amended column from the start of molasses delivery until the 
end of molasses delivery 35 weeks later. 
 

 A comparison of the Eh vs. pH data in the molasses amended column with 

theoretical Eh-pH diagrams for copper suggests that a similar process was possibly 

responsible for the removal of copper in the molasses amended column (Figure 6.8). 
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Figure 6.10 pH vs. Eh diagram for copper from Brookins (1988) with pH data 
from the start of the copper removal zone and Eh data from 1.81 m in the molasses 
amended column. 
 
 
It should be noted that the Eh measurements have an error of approximately ± 0.05 V.  

However, error bars were not included as they reduced the clarity of Figure 6.10.  Also, 

because the Eh was only measured at the 1.81 m and not in the copper removal zone the 

actual Eh observed in the copper removal zone may differ from the values used in 

Figure 6.10.   

 

6.3.2.4 Sulfate Reduction 

 Neither sulfate reduction nor sulfide production were observed during the first  

35 weeks of molasses delivery in the molasses experiment (Figures 6.11 and 6.12).   
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Figure 6.11 Contour graph of sulfate concentrations as percent of influent in the 
molasses amended column from the start of molasses delivery until the end of 
molasses delivery 35 weeks later. 
 
 

 
Figure 6.12 Contour graph of sulfide concentrations in the molasses amended 
column from the start of molasses delivery until the end of molasses delivery 35 
weeks later. 
 
 
However, the sulfate concentration in the column did change relative to the influent 

concentration.  From Figure 6.11, an increase of 10 % in sulfate concentration was 

observed commencing one week after the start of molasses delivery.  The formation of 

the elevated sulfate region seems to correlate to the area where molasses had been 

delivered, suggesting that the black strap molasses used for production of the molasses 

amendment solution may have also contained substantial quantities of sulfate.   
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6.3.2.5 Zinc Removal 

 Zinc removal was not observed during the first 35 weeks of molasses delivery in 

the molasses experiment (Figure 6.13). 

 

 
Figure 6.13 Contour graph of zinc concentrations as percent of influent in the 
molasses amended column from the start of molasses delivery until the end of 
molasses delivery 35 weeks later. 
 
 

6.3.3 57-71 Weeks After the Initial Start of Molasses Delivery: 
Influent Groundwater pH 4.25 
 
 
 Upon termination of molasses amendment at 35 weeks, the column was flushed 

with pH 5.5 groundwater to remove any remnant molasses.  Modifications were made to 

the external delivery system to reduce microbial growth in the molasses amendment 

solution delivered to the column.  The groundwater chemistry was then flushed with 50 

L groundwater at a pH of 4.25, after which molasses delivery recommenced.  An 

immediate improvement in the consistency of molasses amendment delivery was 

observed with an average delivery rate of 1.02 g/L at point of delivery for the duration 

of this second stage of molasses amendment (between weeks 57 and 71).  Consistent 
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delivery of molasses allowed limited sulfate reduction and bioprecipitation of metals 

from the groundwater.  However, steady state sulfate reduction could not be established. 

 

6.3.3.1 Denitrification 

 Denitrification was observed prior to the delivery of molasses (same day as 

molasses delivery recommenced) (Figure 6.14).  The existence of denitrification prior to 

carbon delivery may have been a result of residual molasses in the internal delivery 

system that diffused into the column prior to the recommencement of molasses delivery.  

Within two weeks of the start of molasses delivery a denitrification zone became 

established commencing between 0.21 m and 0.41 m with nitrate removed below the 

detection limit by 0.81 m.  The denitrification zone was observed to migrate along the 

column to between 0.81 m and 1.01 m with nitrate levels below detection levels at 1.41 

m, 10 weeks after the recommencement of molasses delivery (week 67). 

 

 
Figure 6.14 Contour graph of nitrate concentrations as percent of influent in the 
molasses amended column from the recommencement of molasses delivery (week 
57) until the end of molasses delivery 14 weeks later. 
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6.3.3.2 pH 

 An elevated pH zone was observed in the molasses amended column between 

0.53 m and 0.61 m with an average pH of 5.35 (approximately 1 pH unit higher than the 

rest of the column) with the recommencement of molasses delivery (week 57) (Figure 

6.15).  The elevated pH zone was observed to migrate along the column to 1.21 m 

where it stabilised.   

 

 
Figure 6.15 Contour graph of pH in the molasses amended column from the 
recommencement of molasses delivery (week 57) until the end of molasses delivery 
14 weeks later. 
 

A comparison of the groundwater pH with the nitrate concentration in the molasses 

amended column suggests that denitrification, when coupled to the oxidation of 

molasses, resulted in the increase in groundwater pH (Figure 6.16).   
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Figure 6.16 Contour graph of groundwater pH with a contour graph of nitrate 
concentrations as percent of influent overlaid in dashed lines, in the molasses 
amended column from the recommencement of molasses delivery (week 57) until 
the end of molasses delivery 14 weeks later. 
 
 
As previously suggested (Section 6.3.2.2 and Chapter 4) denitrification may lead to the 

production of carbonate ions which can have a neutralising effect on acidic groundwater 

thereby increasing the pH. 

 A reduced pH zone was also observed in the molasses amended column starting 

two weeks after the recommencement of molasses delivery (week 59) between 0.21 m 

and 0.53 m.  The reduced pH was then observed to spread, migrating to 0.01 m four 

weeks after the recommencement of molasses delivery and extending to the elevated pH 

zone.  As the experiment continued the pH values in the reduced pH zone continued to 

decrease with a minimum pH value of 3.38 observed at 0.53 m at the end of the 

experiment.  Based on groundwater sample colour the molasses amendment may have 

migrated down the column toward the influent line.  Because the molasses solution was 

injected into the column a region of elevated pressure may have built up around the 

point of molasses delivery.  This increase in pressure would cause some of the delivered 

molasses to migrate against the flow of the groundwater. 

 In the ethanol amended column experiment (Chapter 4) denitrifying bacterial 

growth/activity was observed to be inhibited by the reduction in groundwater pH.  As 
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the pH values in the reduced pH zone in the molasses amended column were 

substantially lower that the pH values observed in the ethanol amended column 

experiment (pH 3.38 vs. pH 4.21 respectively) it was concluded that the formation of 

the reduced groundwater pH zone was responsible for the migration of the 

denitrification and elevated pH zones to 1.01 m in the molasses amended column.   

 

6.3.3.3 Copper Removal 

 Copper removal was also observed commencing with the initial delivery of 

molasses between 0.53 m and 0.81 m (Figure 6.17).  

 

 
Figure 6.17 Contour graph of copper concentrations as percent of influent in the 
molasses amended column from the recommencement of molasses delivery (week 
57) until the end of molasses delivery 14 weeks later. 
 

The copper removal zone then migrated along the column to between 0.81 m and 1.01 

m six weeks later where it appears to have stabilised though minor copper removal was 

observed prior to this location.  The copper removal zone again appears to coincide with 

the denitrification zone (Figure 6.18). 
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Figure 6.18 Contour graph of nitrate concentrations as percent of influent with a 
contour graph of copper concentrations as percent of influent overlaid in dashed 
lines, in the molasses amended column from the recommencement of molasses 
delivery (week 57) until the end of molasses delivery 14 weeks later. 
 
 
 Previously it was suggested that copper removal in the denitrification zone was 

the result of a change in groundwater conditions (particularly groundwater reduction 

potential) caused by the denitrification process resulting in the abiotic reduction of Cu2+ 

to elemental copper (Chapters 4 and 5 and Section 6.3.2.3).  A comparison of the Eh 

and pH data collected from the molasses amended solution after the recommencement 

of molasses delivery with theoretical Eh-pH diagrams from literature supports this 

hypothesis (Figure 6.19). 
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Figure 6.19 pH vs. Eh diagram for copper from Brookins (1988) with pH data 
from the start of the copper removal zone and Eh data from 1.81 m in the molasses 
amended column after the recommencement of molasses delivery when sulfate 
reduction was observed (Sulfate Reduction - red) and when it was not observed 
(Denitrification – blue). 
 

It should again be noted that the experimental values for Eh have an error of ± 0.05V 

and that they were only collected from 1.81 m and thus do not necessarily reflect the 

reduction potential at the start of the copper removal zone. 

 During the course of the second stage of the molasses column experiment a 

reduced pH zone was observed.  However, unlike in the ethanol amended column, after 

the reduction in groundwater pH, and in the first stage of the molasses column 

experiment conducted at an influent groundwater pH of 5.5 (Chapter 4 and Section 

6.3.2), the reduction in pH observed in the second stage of the molasses amended 

column experiment did not result in the observed formation of an elevated copper 

concentration plume in the groundwater (Figure 6.20).  The lack of an observable 

elevated copper plume is consistent with the results from batch sorption experiments 

conducted prior to the column experiments (Chapter 3).  The batch sorption experiments 

suggest that there is little change in copper to soil sorption between pH 4.45 (Kdcopper= 

0.163 kg/L) and pH 3.5 (Kdcopper= 0.0686 kg/L) compared to the change in copper soil 

sorption between pH 5.5 (Kdcopper= 1.11 kg/L) and pH 4.45 (Table 3.10).  Hence an 
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elevated copper plume may have formed, however the plume could would have been 

obscured by other processes within the column. 

 

 
Figure 6.20 Contour graph of groundwater pH with a contour graph of copper 
concentrations as percent of influent overlaid in dashed lines, in the molasses 
amended column from the recommencement of molasses delivery (week 57) until 
the end of molasses delivery 14 weeks later. 
 

6.3.3.4 Sulfate Reduction 

 Sulfate reduction and sulfide production were observed between 1.21 m and 

1.41 m approximately four weeks (week 61) after the recommencement of molasses 

delivery (Figures 6.21 and 6.22). 
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Figure 6.21 Contour graph of sulfate concentrations as percent of influent in the 
molasses amended column from the recommencement of molasses delivery (week 
57) until the end of molasses delivery 14 weeks later. 
 

 
Figure 6.22 Contour graph of sulfide concentrations in the molasses amended 
column from the recommencement of molasses delivery (week 57) until the end of 
molasses delivery 14 weeks later. 
 

The sulfate reduction zone was observed to migrate along the length of the column until 

the final week of the experiment when sulfate reduction ceased to be observed.  As in 

the ethanol amended column, a reduction in groundwater pH may have caused the 

inhibition of denitrifying bacterial growth thereby causing the migration of the 

denitrification zone which in turn lead to the migration of the sulfate reduction zone to a 

location beyond the final sampling port in the column (Chapter 4).  The cessation of 



 

 135

sulfate reduction may also have been the result of a reduction in the delivery rate of the 

molasses at the end of the experiment (averaging 0.7 mg/L at point of delivery). 

 

6.3.3.5 Zinc Removal 

 Zinc removal was first observed four weeks after the recommencement of 

molasses delivery between 1.21 m and 1.41 m (Figure 6.23).  The zinc removal zone 

was closely linked with the sulfate reduction zone, similar to the ethanol amended 

column experiment (Chapter 4) and suggests that zinc was removed through the 

precipitation of zinc sulfide.  Also, during the last two weeks an elevated zinc plume, 

with concentrations approximately 110 % of the influent zinc concentration, was 

observed in the previous sulfate reduction and zinc removal zone, again suggesting that 

the removal of zinc through bioprecipitation may not be as stable as previously thought. 

   

 
Figure 6.23 Contour graph of zinc concentrations as percent of influent in the 
molasses amended column from the recommencement of molasses delivery (week 
57) until the end of molasses delivery 14 weeks later. 
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6.4 Conclusion 

 Molasses was shown to be a possible viable carbon source for the stimulation of 

sulfate reduction and metal bioprecipitation at an influent groundwater pH of 4.25.  

However, difficulty in limiting microbiological activity in the molasses solution prior to 

delivery into the column, resulted in only limited sulfate reduction and metal 

bioprecipitation.   

 During the first 35 weeks of molasses delivery, denitrification and copper 

removal were observed at an influent groundwater pH of 5.5.  Because of the difficulty 

controlling microbial growth in the molasses delivery solution prior to its amendment to 

the column, a steady state was not achieved.  It was concluded that copper removal may 

have been the result of abiotic reduction of Cu2+ to elemental copper as a result of 

alterations in groundwater chemistry by the denitrification process. 

 Once the growth of micro-organisms in the molasses delivery solution was 

minimised denitrification, sulfate reduction and metal bioprecipitation was observed at 

an influent groundwater pH of 4.25.  However, steady state was not achieved, possibly 

due to variations in the mass of molasses delivered to the column.  Therefore, it is 

concluded that in order for molasses to be used as a viable and reliable carbon source 

for stimulation of sulfate reduction and metal bioprecipitation sterile conditions need to 

be maintained in the molasses delivery solution until it has been amended into the 

groundwater. 
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CHAPTER 7 OIL AMENDED COLUMN EXPERIMENT 

 
 
7.1 Introduction 

 Vegetable oil has been found to be a viable carbon source for various 

bioremediation processed including: i) the reduction of chlorate to chloride (Hunter, 

2002); ii) the extraction of polycyclic aromatic hydrocarbons from soil (Pannu et al., 

2004); and iii) the stimulation of groundwater denitrification (Hunter, 2001). 

 Due to the potential benefit of vegetable oil as an inexpensive carbon source for 

the stimulation of sulfate reduction and metal bioprecipitation, a column experiment 

using vegetable oil as a carbon source was also conducted.. 

  
 
7.2 Material and Methods 

 Details of the column construction can be found in Sections 2.1 and 2.2.3.  The 

groundwater solution was prepared using the method described in Section 2.3.  

Sampling methods are given in Section 2.4 and analysis methods in Sections 2.5.(2-9).  

Due to the colouration and turbidity of groundwater samples collected from column 

locations with high concentrations of the oil/surfactant solution, all groundwater 

samples from the oil amended column were filtered prior to analysis using 0.45μm 

nylon filters (Cameo). 

 

7.3 Results and Discussion 

 The results of the experiment will be discussed in two sections: i) 0-52 weeks of 

vegetable oil delivery: Vegetable oil as the sole carbon amendment; iii) 56-71 weeks 

after the start of vegetable oil delivery: Vegetable oil with ethanol as a secondary carbon 

amendment.  Both sections were conducted at an influent groundwater pH of 5.5. 
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7.3.1 Vegetable Oil as the Sole Carbon Amendment 

7.3.1.1 Denitrification 

 A limited denitrification zone (< 30 % of nitrate removed) was observed 

between 0.81 m and 1.01 m in the vegetable oil amended column starting 5 weeks after 

the injection of the vegetable oil amendment (Figure 7.1).  The denitrification zone was 

then observed to migrate along the column over a 5 week period between 5 and 10 

weeks after the start of oil delivery, and ceased to be observed 4 weeks later (week 14).  

It is possible that the brief occurrence of a denitrification zone was the result of limited 

bioavailable carbon present in the vegetable oil.  Once this more easily degraded carbon 

was consumed bacterial activity would be expected to reduce. 

 No other substantial denitrification was observed in the column until 41 weeks 

after the start of vegetable oil delivery.  At which time limited (< 50 %) denitrification 

was again observed.  It is possible that the reappearance of the denitrification zone after 

27 weeks of inactivity was the result of denitrifying bacterial acclimation to the 

groundwater environment and carbon source.   
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Figure 7.1 Contour graph of nitrate concentrations as percent of influent in the 
vegetable oil amended column from the start of vegetable oil delivery until 52 
weeks later. 
 

7.3.1.2 pH 

 Fluctuations in the column groundwater pH were observed over the 52 weeks of 

the first stage of the vegetable oil column experiment (Figure 7.2).  Unlike in the 

ethanol and molasses amended columns, where an increase in groundwater pH 

corresponded to the denitrification zones, in the vegetable oil amended column the 

fluctuations in the groundwater pH appeared to be independent of the denitrification 

zone with the exception of the reappearance of the denitrification zone which was first 

observed 41 weeks after the start of vegetable oil delivery.  There was a slight elevation 

in the groundwater pH from an average pH value of 5.5 in the influent to an average pH 

value of 5.8 in the final denitrification zone (Figure 7.3). 

 The cause of the fluctuations in groundwater pH is unclear and requires further 

research to elucidate.  
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Figure 7.2 Contour graph of groundwater pH in the vegetable oil amended 
column from the start of vegetable oil delivery until 52 weeks later. 
 
 

 
Figure 7.3 Contour graph of groundwater pH with a contour graph of nitrate 
concentrations as percent of influent overlaid in dashed lines, in the vegetable oil 
amended column from the start of vegetable oil delivery until 52 weeks later. 
 
 

7.3.1.3 Copper Removal 

 Limited copper removal was observed in the vegetable oil amended column 

between 0.81 m and 1.01 m starting 6 weeks after the start of vegetable oil delivery 

(Figure 7.4).  The lower limit of the copper removal zone migrated along the column 

reaching the final sampling port (1.81 m) 14 weeks after the start of oil delivery.  

During the migration a maximum efficiency of 80 % copper removed was observed at 
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1.61 m during week 11.  This initial copper removal zone ceased to be observed 16 

weeks after the start of vegetable oil delivery.  The copper removal and denitrification 

zones did not appear to correlate as well as in the ethanol and molasses amended 

column experiments (Figure 7.5) (Chapters 4 and 6).  Therefore, it is uncertain if the 

same process was responsible for copper removal as had been observed in the ethanol 

and molasses amended column experiments.  However, it is possible that the route for 

copper removal was through the biosorption of copper onto denitrifying bacteria that 

had formed in the denitrification zone. 

 A second limited copper removal zone was observed 40 weeks after the start of 

vegetable oil delivery.  This second copper removal zone appeared to correlate better 

with the denitrification zone, though not as precisely as in the ethanol and molasses 

amended column experiments.    

 

 
Figure 7.4 Contour graph of copper concentrations as percent of influent in the 
vegetable oil amended column from the start of vegetable oil delivery until 52 
weeks later. 
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Figure 7.5 Contour graph of nitrate concentrations as percent of influent with a 
contour graph of copper concentrations as percent of influent overlaid in dashed 
lines, in the vegetable oil amended column from the start of vegetable oil delivery 
until 52 weeks later. 
 
 
 A comparison of the Eh and pH data from between 41 and 52 weeks after the 

start of vegetable oil delivery with theoretical Eh-pH diagrams for copper suggests that 

the reduction of Cu2+ to elemental copper may not be the process responsible for the 

observed copper removal (Figure 7.6).  It should be noted that the Eh measurements 

have an error of approximately ± 0.05 V.  However, error bars were not included as they 

reduced the clarity of Figure 7.6.  Even with the error in the Eh measurements the 

reduction of Cu2+ to elemental copper is unlikely according to Figure 7.6.  The 

formation of Cu2O is also unlikely as the column was kept anaerobic thus there was 

little oxygen to form Cu2O. However, it is possible that copper was removed through 

sorption onto denitrifying bacterial biomass rather than through the abiotic reduction of 

Cu2+ to elemental copper. 

 
 



 

 143

 
Figure 7.6 pH vs. Eh diagram for copper from Brookins (1988) with pH data 
from the start of the copper removal zone and Eh data from 1.81 m in the 
vegetable oil amended column. 
 

7.3.1.4 Sulfate Reduction 

 No sulfate reduction was observed during the first 52 weeks of the vegetable oil 

amended column experiment (Figure 7.7). 

 

 
Figure 7.7 Contour graph of sulfate concentrations as percent of influent in the 
vegetable oil amended column from the start of vegetable oil delivery until 52 
weeks later. 
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7.3.1.5 Zinc Removal 

 No zinc removal was observed during the first 52 weeks of the vegetable oil 

amended column experiment (Figure 7.8). 

 

 
Figure 7.8 Contour graph of zinc concentrations as percent of influent in the 
vegetable oil amended column from the start of vegetable oil delivery until 52 
weeks later. 
 

7.3.2 Vegetable Oil with Ethanol as a Secondary Carbon Amendment 

 As a result of the low copper removal rates (< 80 % copper removed) and lack 

of observable sulfate reduction and zinc bioprecipitation, ethanol was trialled as a 

secondary carbon source for the stimulation of bacterial growth.  It was theorised that 

ethanol could be used to promote bacterial growth in the column.  Once sufficient 

sulfate reducing bacteria were present ethanol delivery would cease.  At which point the 

vegetable oil would be used to maintain bacterial activity.  However, steady state sulfate 

reduction and zinc bioprecipitation was not achieved during the 15 weeks of this stage 

of the column experiment. 
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7.3.2.1 Denitrification 

 Denitrification was observed in the vegetable oil/ethanol amended column at 

1.01 m, two weeks after the start of ethanol delivery in addition to the previous 

vegetable oil amendment (week 58).  The start of the denitrification zone was observed 

to fluctuate between 1.21 m and 1.41 m for the remainder of the experiment (Figure 

7.9). 

 

 
Figure 7.9 Contour graph of nitrate concentrations as percent of influent in the 
vegetable oil amended column from the start of ethanol addition to the vegetable 
oil amended column until the end of the experiment. 
 

 The extent of denitrification is similar to the ethanol amended column (i.e. 

nitrate removed to below the 3 mg/L detection limit).  It is therefore concluded that 

ethanol may be used as a secondary carbon amendment source for the stimulation of 

denitrifying bacterial growth. 

 

7.3.2.2 pH 

 An elevated pH zone was observed in the vegetable oil/ethanol amended column 

at 0.81 m, two weeks after the start of ethanol delivery (week 58) (Figure 7.10).  The 
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start of the elevated pH zone was observed to fluctuate between 0.81 m and 1.01 m for 

the remainder of the experiment.  As previously observed in the ethanol amended 

column experiment (Chapter 4), denitrification when coupled to the oxidation of ethanol 

appears to increase the groundwater pH possibly through the production of carbonate 

ions.  Because the elevated pH zone seemed to correlate to the denitrification zone 

(Figure 7.11) it was concluded that the elevated pH zone may have been a result of the 

denitrification process. 

 

 
Figure 7.10 Contour graph of groundwater pH in the vegetable oil amended 
column from the start of ethanol addition to the vegetable oil amended column 
until the end of the experiment. 
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Figure 7.11 Contour graph of groundwater pH with a contour graph of copper 
concentrations as percent of influent overlaid in dashed lines, in the vegetable oil 
amended column from the start of ethanol addition to the vegetable oil amended 
column until the end of the experiment. 
 
 

7.3.2.3 Copper Removal 

 More efficient copper removal was observed in the vegetable oil/ethanol 

amended column at 1.81 m with the start of ethanol delivery (Figure 7.12). 

 

 
Figure 7.12 Contour graph of copper concentrations as percent of influent in the 
vegetable oil amended column from the start of ethanol addition to the vegetable 
oil amended column until the end of the experiment. 
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 With the start of denitrification there was an increase in the efficiency of copper 

removal from approximately 50 % copper removal prior to denitrification to > 90 % 

copper removal in the denitrification zone (Figure 7.14). 

 

 
Figure 7.14 Contour graph of nitrate concentrations as percent of influent with a 
contour graph of copper concentrations as percent of influent overlaid in dashed 
lines, in the vegetable oil amended column from the start of ethanol addition to the 
vegetable oil amended column until the end of the experiment. 
 
 

7.3.2.4 Sulfate Reduction 

 Sulfate reduction was not observed in the vegetable oil/ethanol amended column 

following the start of ethanol addition to the column until the end of the experiment 

(Figure 7.15). 
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Figure 7.15 Contour graph of sulfate concentrations as percent of influent in the 
vegetable oil amended column from the start of ethanol addition to the vegetable 
oil amended column until the end of the experiment. 
 
 

7.3.2.5 Zinc Removal 

 A zone of limited zinc removal (< 45 % groundwater zinc removed) was 

observed in the denitrification zone 4 weeks after the start of ethanol addition to the 

column (week 60) (Figures 7.16 and 7.17).  A similar limited zinc removal zone was 

also observed prior to the start of sulfate reduction in the ethanol amended column 

experiment (Chapter 4).  It was concluded that the observed zinc removal was the result 

of a biosorption process and not through the bioprecipitation of zinc. 
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Figure 7.16 Contour graph of zinc concentrations as percent of influent in the 
vegetable oil amended column from the start of ethanol addition to the vegetable 
oil amended column until the end of the experiment. 
 
 

 
Figure 7.17 Contour graph of nitrate concentrations as percent of influent with a 
contour graph of zinc concentrations as percent of influent overlaid in dashed 
lines, in the vegetable oil amended column from the start of ethanol addition to the 
vegetable oil amended column until the end of the experiment. 
 
 
 
7.4 Conclusion 

 Vegetable oil as the sole carbon source was found to possibly be a viable carbon 

amendment for the stimulation of limited denitrification.  With the addition of ethanol 

as a secondary carbon source, improved denitrification and copper removal efficiencies 

were observed.  However, sulfate reduction and metal bioprecipitation were not 
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observed during the 71 weeks of the experiment either with vegetable oil as the sole 

carbon source or with ethanol as a secondary carbon source. 

 Further research is needed to determine the process by which copper was 

removed in the vegetable oil amended column during the first 52 weeks of the 

experiment as the copper removal zone occurred outside of the denitrification zone and 

was therefore probably the result of a different process than previously observed in the 

ethanol and molasses amended column experiments. 
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CHAPTER 8 THE EFFECT OF GROUNDWATER SAMPLING 
SIZE ON COLUMN AMENDMENT CONCENTRATIONS 

 

8.1 Introduction 

 During the analysis of ethanol concentrations in the ethanol amended column 

experiment a significant reduced zone of ethanol concentration was observed weekly 

varying between 0.81 m and 1.01 m (Figure 8.1).  The ethanol concentration would then 

be greater at the sampling port following the reduced ethanol concentration zone. 

 

 
Figure 8.1 Average of ethanol concentrations for each sample port in the 
ethanol amended column experiment. 
 
 
 Since there was only one point location of ethanol delivery in the column (0.51 

m) the observed reduction followed by increase in ethanol concentration was 

unexpected.  There was also no similar fluctuation in any of the other groundwater 

constituents (e.g. nitrate or sulfate).  Also, because the location of the reduced ethanol 

concentration zone fluctuated only slightly from week to week it was hypothesised that 

the phenomenon originated from a mechanically based process, rather than a chemical 

or biological process, such as the removal of groundwater through weekly sampling of 

the column.  Therefore, the aim of the experiment presented here was to determine if the 
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groundwater in the reduced ethanol concentration zone corresponds to the groundwater 

present at the ethanol mat during the previous weeks sampling. 

 
 
8.2 Material and Method 

8.2.1 Column Construction 

 A soil column was constructed using the methods detailed in Section 2.1 and 

fitted with an ethanol delivery system detailed in Section 2.2.1.  A modification to the 

column design was made.  In order to obtain a better resolution of the groundwater and 

geochemical processes that may have lead to the reduced ethanol concentration at 1.01 

m, an additional 13 sampling ports were fitted to the column at the locations listed in 

Table 8.1. 
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Table 8.1 Location of the sampling ports in the column 
 

Note: * location of original sampling ports. 
 

The groundwater solution used in this experiment was prepared according to the method 

outlined in Section 2.3.  Groundwater flow was restricted by a peristaltic pump on the 

effluent line to a rate of 0.25 ml/min (giving an effective groundwater velocity of 29 

m/year, based on a porosity of 0.26 m3/m3). 

 

8.2.2 Groundwater Sampling 

8.2.2.1 Sampling Week 1 

 In order to recreate the conditions present during the pH change experiment, 

groundwater samples of equal volume (35 mL) to those described in Section 2.4.2 were 

collected from the same locations as in the original ethanol column.  Prior to sampling 

Port Distance from Base of Column (m)
Influent* 0.00 

A* 0.01 
C* 0.21 
E* 0.41 

FA* 0.53 
FB 0.57 

GA* 0.61 
GB 0.68 
GC 0.74 
HA* 0.81 
HB 0.88 
HC 0.94 
IA* 1.01 
IB 1.08 
IC 1.14 
JA* 1.21 
JB 1.28 
JC 1.34 

KA* 1.41 
KB 1.48 
KC 1.54 
LA* 1.61 
LB 1.68 
LC 1.74 
M* 1.81 
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from each port, 5 mL was removed to purge the sample port.  Fifteen mL of each 

sample was filtered with a 0.45 μm nylon filter (Cameo), and then placed in clear 

polyethylene sample containers for bromide and ethanol analysis (Section 2.5.1), the 

remaining sample volumes were discarded.  An additional 60 mL sample was taken, 

from 1.81 m, and discarded in order to replicate the effect that DO and Eh sampling had 

on the migration of groundwater along the column. 

 

8.2.2.2 Sampling Week 2 

 The same sampling method as in Section 8.2.1 was followed.  However, after 

the sampling from 0.53 m and prior to sampling from 0.61 m, 10 mL of a 206 mg/L (as 

Br-) NaBr solution was injected into the sampling port 0.51 m from the base of the 

column. 

 

8.2.2.3 Sampling Week 3 

 Groundwater samples (15 mL) were collected from each sample port.  Prior to 

sampling from each port, 5 mL was removed to purge the sample port.  The samples 

were filtered using 0.45 μm nylon filters (Cameo) and placed in polyethylene containers 

for bromide and ethanol analysis. 

 

8.2.4 Bromide Analysis: 

 Groundwater samples were place into glass HPLC sample vials.  The samples 

were then injected into a HPLC consisting of a Waters: 600s Controller, 626 Pump, 717 

plus Autosampler, 432 Conductivity and an IC-Pak Anion column.  The eluent 

consisted of a 0.36 g/L boric acid, 0.32 g/L sodium gluconate, 0.5 g/L sodium 
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tetraborate decahydrate, 6.31 g/L glycerin, 16.2 g/L n-butanol and 94.3 g/L acetonitrile 

in a Milli-Q water solution, filtered through a Milex HV membrane filter.  The 

residence time for bromide was approximately 5 min.  This method gave a detection 

limit of 1 mg/L for bromide. 

 

8.3 Results and Discussion 

 The reduction in ethanol concentration at 1.01 m was observed in the new 

column experiment (Figure 8.2).  The reproduction of the trend observed in the previous 

ethanol amended column experiment (Chapter 4) suggests that the trend may be the 

result of column sampling and not some other process such as a preferential flow path 

around the sampling port. 

 A comparison of the ethanol concentration data from the week following the 

bromide tracer injection with the groundwater bromide concentration in the column 

confirm the theory that the reduction in ethanol concentration observed at 1.01 m was 

the result of column groundwater sampling (Figure 8.2). 

 

 
Figure 8.2 Ethanol and bromide concentrations in the ethanol amended column 
one week after the injection of the bromide tracer. 
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 Further confirmation of the relationship between the presences of the reduction 

in groundwater ethanol concentration and the weekly sampling of groundwater can be 

observed by comparing the location of the maximum bromide concentration with the 

theoretical location of where the groundwater at the ethanol delivery mat would be 

given the observed flow rates and the volume of groundwater removed during sampling 

(Figure 8.3). 

 

 
Figure 8.3 Groundwater bromide concentration data one week after bromide 
tracer injection at 0.53 m with and the theoretical location of maximum bromide 
concentration. 
 
 
8.4 Conclusion 

 Data from the bromide injection tracer experiment suggests that the reduced 

groundwater ethanol concentration zone observed in the ethanol amended column 

experiment (Chapter 4) was due to rapid groundwater flow through the ethanol delivery 

mat during the weekly sampling, resulting in a low-ethanol groundwater zone.  Such a 

process could have consequences in other column based experiments were an 

amendment is delivered to groundwater and large sample volumes (relative to the 

weekly effluent volume) are collected. 
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 To reduce the effect of sampling on the distribution of amendments in a column 

experiment the sample sizes need to be minimised while the column volume should 

possibly be increased. 
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CONCLUSION 

 Four soil columns were constructed to evaluate the effect that a step reduction in 

influent groundwater pH may have on the bioremediation of acid mine drainage 

contaminated groundwater through sulfate reduction and metal bioprecipitation.  Three 

separate carbon sources (ethanol, molasses, and vegetable oil) were also evaluated to 

determine their suitability as terminal electron donors for the stimulation of sulfate 

reducing bacterial growth at different groundwater pH values.  Metal contaminated 

groundwater at pH 5.5 was delivered to each of the four columns three of which were 

amended with approximately 1 g/L of one of the carbon sources, the fourth column 

received no carbon amendment and was used as a control. 

 In each of the carbon amended columns denitrification and copper removal were 

observed at pH 5.5.  Of the three carbon sources, ethanol was the most effective and 

reliable denitrification and copper removal carbon source.  Molasses was also an 

effective amendment for the stimulation of denitrification and copper removal.  

However, due to problems with consistent molasses delivery fluctuations in the location 

and extent of denitrification and copper removal were observed.  Vegetable oil, on the 

other hand, showed only limited and inconsistent denitrification and copper removal.  It 

was suggested that the mechanism for copper removal may have been through a 

combination of biosorption to the denitrifying bacteria and the abiotic reduction of Cu2+ 

to elemental copper as a result of the decrease in groundwater reduction potential from 

the denitrification process. 

 Of the three carbon sources only ethanol was observed to stimulate sulfate 

reduction and zinc bioprecipitation at an influent groundwater pH of 5.5.  Once steady 

state sulfate reduction and metal bioprecipitation was established (approximately 20 

weeks after the start of ethanol delivery) the influent groundwater pH was reduced from 

5.5 to 4.25 in the control and ethanol amended column. 
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 Immediately following the reduction in influent groundwater pH the formation 

of an elevated copper concentration plume in both the control and ethanol amended 

columns was observed.  It was concluded that the elevated copper plume was the result 

of the desorption of sorbed copper from the soil as suggested by the pre-experiment 

batch experiments.  The migration of the reduced pH front appeared to be retarded 

requiring approximately 8 pore volumes to travel beyond the final sampling port.  This 

was consistent with the pre-experiment soil analysis which detected the presence of 

carbonate minerals that may have buffered the groundwater against the reduction in pH. 

 As the pH front migrated along the column, the denitrification, copper removal, 

sulfate reduction, and zinc removal zones were also observed to migrate, with the 

sulfate reduction and zinc removal zones migrating beyond the final sampling port 

approximately 25 weeks after the reduction in groundwater pH.  The denitrification and 

copper removal zones were observed to stabilise in the previous sulfate reduction zone.  

However, the copper removal zone occurred prior to the denitrification zone.  As the 

copper removal zone migrated into the sulfate reduction zone an increase in the 

groundwater zinc concentration was observed at the same location.  It was concluded 

that the reduction in groundwater pH resulted in the dissolution of zinc sulfide minerals 

and that copper may have been removed through the precipitation as copper sulfide 

minerals.  It was also suggested that Cu2+ may have been reduced to elemental copper 

by sulfate reducing bacteria still present in the sulfate reduction zone. 

 Soil analysis conducted on soil sampled from the columns after the conclusion 

of the column experiment detected the presence of elemental copper and showed the 

presence of crystals with a similar morphology to chalcocite and covellite, both copper 

sulfide minerals.  Further analysis also showed the presence of zinc (probably as ZnS) 

along the sulfate reduction zone with higher concentrations observed toward the end of 

the column. 
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 Further refinement of the molasses column delivery system to minimise 

bacterial activity prior to amendment delivery resulted in more effective and reliable 

denitrification and copper removal when the molasses amendment column experiment 

was conducted at an influent groundwater pH of 4.25.  Partial sulfate reduction and zinc 

bioprecipitation were also observed.  However, steady state sulfate reduction and metal 

bioprecipitation was not achieved at pH 4.25. 

 Both the delivery of the ethanol and molasses amendment appeared to have an 

effect on the groundwater pH within the denitrification zone in each column.  Ethanol 

oxidation when coupled to the reduction of nitrate seemed result in the formation of 

carbonate ions which inturn increased the groundwater pH.  Molasses delivery, on the 

other hand, was observed to result in the reduction of groundwater pH possibly through 

the fermentation of molasses.   

 Bioprecipitation of metal contaminated groundwater via sulfate reduction was 

shown to be an effective remediation strategy for zinc removal at pH 5.5 in the ethanol 

amended column.  However, the stability of this process may not be robust, as a 

reduction in groundwater pH resulted in the dissolution of precipitated zinc sulfide 

minerals, the remobilisation of copper sorbed to the soil and the migration of the 

denitrification, copper removal, sulfate reduction and zinc removal zones. 
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FUTURE WORK 

 Further column experiments could be conducted to determine if the observed 

cessation of zinc removal and sulfate reduction were due to their migration beyond the 

sampling zone of this experiment or if a step reduction in groundwater pH will result in 

the complete inhibition of sulfate reducing bacterial activity.  Alterations to the column 

design to increase the column residence time while maintaining the relative 

groundwater velocity would need to be made.  Also, because the dissolution of zinc 

sulfide minerals was observed as a result of the reduction in groundwater pH, further 

investigation is needed to determine the robustness of the bioprecipitation of other metal 

to a step reduction in groundwater pH. 

 To further enhance the understanding of the processes that occurred in the 

ethanol amended column experiment following the reduction in groundwater pH 

computer modelling using PHREEQC, PHT3D or other geochemical computer 

modelling software should be undertaken using the data obtained in these experiments. 
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APPENDIX 1 

Details of the surfactant used in the Vegetable oil amended column experiment 

From SIGMA Aldritch website: 

<http://www.sigmaaldrich.com/Area_of_Interest/Biochemicals/Biological_Detergents/

Detergent_Product_Index.html#Non-Ionic> February 2005 

 

Synonyms: polyoxyethylenesorbitan Trioleate 

CAS number: 9005-70-3 

Trade name: Tween 85  

Company: SIGMA 

Composition: ~70% Oleic acid (balance primarily elaidic, linolenic and palmitic acids) 
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APPENDIX 2 

Details of the production of synthetic acid mine drainage groundwater. 
 
Concentrated solutions were produced in a 2 L volumetric flask which was then divided 
into four 500 mL solutions which were used to spike 120 L of groundwater.  The 
following was added to 2 L of de-ionised groundwater to produce the concentrated 
solution. 
 

Name  Chemical Formula Mass 
(g) 

Resulting Metal Concentration 
in Groundwater (mg/L) 

Disodium hydrogen 
arsenate hydrated HNa2As(7+)O4*7H2O 0.20* 0.05 

Cadmium chloride Cd(2+)Cl2*2.5H2O 0.04* 0.02 
Chromium chloride Cr(3+)Cl3*6H2O 0.3 0.05 

Copper chloride Cu(2+)Cl2*2H2O 10 4.0 
Nickel chloride 

hexahydrate Ni(2+)Cl2*6H2O 0.20* 0.05 

Lead chloride Pb(2+)Cl2 0.5 0.35 
Sodium selenate 

hydrated Na2Se(6+)O4*10H2O 5 1.0 

Zinc chloride Zn(2+)Cl2 25 12.0 
Note: * diluted 1:10 prior to addition to concentrated solution. 
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 APPENDIX 3 

The following are the x-ray diffraction spectra from pre-experiment soil analysis. 
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