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ABSTRACT 

EFFICIENCY OF SOIL AQUIFER TREATMENT IN THE REMOVAL OF 

WASTEWATER CONTAMINANTS AND ENDOCRINE DISRUPTORS 

Keywords: artificial wastewater, chemical oxygen demand, endocrine disrupting 

compounds, estrogens, hydraulic loading rate, removal efficiency, saturated zone, 

soil aquifer treatment, triclocarban, unsaturated zone 

 

This study was carried out to evaluate the performance of Soil Aquifer Treatment 

(SAT) under different loading regimes, using wastewater of much higher strength 

than usually encountered in SAT systems, and also to investigate the removal of the 

endocrine disruptors triclocarban (TCC), estrone (E1), 17β-estradiol (E2) and 17α-

ethinylestradiol (EE2). SAT was simulated in the laboratory using a series of soil 

columns under saturated and unsaturated conditions.  

Investigation of the removal of Chemical Oxygen Demand (COD), Biochemical 

Oxygen Demand (BOD), Dissolved Organic Carbon (DOC), nitrogen and phosphate 

in a 2 meter long saturated soil column under a combination of constant hydraulic 

loading rates (HLRs) and variable COD concentrations as well as variable HLR 

under constant COD showed that at fixed HLR, a decrease in the influent 

concentrations of DOC, BOD, total nitrogen and phosphate improved their removal 

efficiencies. It was found that COD mass loading applied as low COD wastewater 

infiltrated over short residence times would provide better effluent quality than the 

same mass applied as a COD with higher concentration at long residence times. On 

the other hand relatively high concentrations coupled with long residence time gave 

better removal efficiency for organic nitrogen. Phosphate removal though poor under 

all experimental conditions, was better at low HLRs. 

In 1 meter saturated and unsaturated soil columns, E2 was the most easily removed 

estrogen, while EE2 was the least removed. Reducing the thickness of the 

unsaturated zone had a negative impact on removal efficiencies of the estrogens 

whereas increased DOC improved the removal in the saturated columns. Better 

removal efficiencies were also obtained at lower HLRs and in the presence of silt 

and clay. 

Sorption and biodegradation were found to be responsible for TCC removal in a 300 

mm long saturated soil column, the latter mechanism however being unsustainable. 

TCC removal efficiency was dependent on the applied concentration and decreased 

over time and increased with column depth.  Within the duration of the experimental 

run, TCC negatively impacted on treatment performance, possibly due to its 

antibacterial property, as evidenced by a reduction in COD removals in the column.  

COD in the 2 meter column under saturated conditions was modelled successfully 

with the advection dispersion equation with coupled Monod kinetics. Empirical 

models were also developed for the removal of TCC and EE2 under saturated and 

unsaturated conditions respectively. The empirical models predicted the TCC and 

EE2 removal profiles well. There is however the need for validation of the models 

developed. 
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NOMENCLATURE 

Notation Description and dimensions Units  

A Cross-sectional area (L
2
) cm

2
 

b Microbial decay rate (T
-1

)  

B1 Dissolved oxygen of seed control before incubation (ML
-3

) mg L
-1

 

B2 Dissolved oxygen of seed control after incubation (ML
-3

) mg L
-1

 

bc Active biomass concentration (ML
-3

)  

bd Microbial decay rate (T
-1

)  

C Solute concentration (ML
-3

)  

Cc Coefficient of curvature  

Co Initial solute concentration (ML
-3

)  

Coc Natural organic carbon concentration (ML
-3

)  

Ct Solute concentration at time t (ML
-3

)  

Cu Coefficient of uniformity  

d Dispersion number  

D Soil column coefficient of axial dispersion (L
2
T

-1
) cm

2
min

-1
 

D
*
 Effective diffusion coefficient (L

2
T

-1
)  

D1 Dissolved oxygen of diluted sample immediately after 

preparation (ML
-3

) 

mg L
-1

 

D2 Dissolved oxygen of diluted sample after 5-day incubation at 

20 ºC (ML
-3

) 

mg L
-1

 

d10 Effective diameter (L) mm 

d30 Grain diameter at 30 % passing (L) mm 

d50 Average diameter (L) mm 

d60 Grain diameter at 60 % passing (L) mm 
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dC/dt Change in concentration with time (ML
-3

T
-1

)  

dC/dx Concentration gradient (ML
-3

L
-1

)  

dh/dl Hydraulic gradient (LL
-1

)  

Dd Diffusion coefficient (L
2
T

-1
)  

Dm Coefficient of longitudinal mechanical dispersion (L
2
T

-1
)  

DL Hydrodynamic dispersion coefficient in principal direction 

of flow (L
2
T

-1
) 

 

f Fraction of seeded dilution water volume in sample to 

volume of seeded dilution water in seed control 

 

F Ratio of oxygen to organic material (COD) consumed  

Fd Mass flux of solute per unit area per unit time (MT
-1

L
-2

)  

Fx One-dimensional advective mass flux (MT
-1

L
-2

)  

G Ratio of oxygen to hydrocarbon consumed  

H Concentration of hydrocarbon in pore fluid (ML
-3

)  

h Thickness of unsaturated zone (L) mm 

hb Bubbling pressure (L) cm 

hu Maximum rate of hydrocarbon utilization per unit mass of 

aerobic microorganisms (T
-1

) 

 

k Maximum specific substrate utilization rate/ reaction rate 

coefficient (T
-1

) 

min
-1

 

k' Soil column effective overall rate constant (T
-1

) min
-1

 

K(θ) Unsaturated hydraulic conductivity at water content θ (LT
-1

) cm s
-1

 

kc First order decay rate of natural organic carbon (T
-1

)  

K Saturation constant of substrate/ constituent saturation 

constant (ML
-3

) 

mg L
-1
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Kc Saturation constant of organic material/ COD (ML
-3

) mg L
-1

 

Kd Distribution coefficient (L
3
M

-1
)  

Kh Half-saturation constant of hydrocarbon (ML
-3

)  

Ko Half-saturation constant of oxygen (ML
-3

)  

Ks Saturated hydraulic conductivity (LT
-1

) cm s
-1

 

l Length of sample or distance along soil column (L)  

L Soil column length (L)  

m van Genuchten soil parameter  

mT Total cumulative mass of TCC (M) ng 

md Mass of dry soil pat (M) g 

mg Mass of wax-coated sample in water (M) g 

Mt Concentration of aerobic microorganisms (ML
-3

)  

mw Mass of wax-coated sample in air (M) g 

n Porosity  

N Axial dispersion of mass across soil column boundary    

(MT
-1

L
-2

) 

 

ne Effective porosity  

Nr Number of complete-mix reactors in series  

O Concentration of oxygen in pore fluid (ML
-3

)  

P Fraction of wastewater sample volume to total combined 

volume 

 

Pe Peclet number of longitudinal dispersion  

Q Flow rate (L
3
T

-1
) cm

3
min

-1
 

q Hydraulic loading rate (LT
-1

) cm d
-1

 

R Retardation factor  
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r Rate of COD disappearance by reaction (T
-1

)  

rc Constituent reaction rate (ML
-3

T
-1

)  

Rmax Maximum reaction rate (T
-1

)  

rs Rate of COD mass sorption per unit mass of sand (T
-1

)  

s Slope   

S Mass of solute sorbed per unit mass of solid (M M
-1

)  

Se  

 

Effective saturation

 
 

Sp Dimensionless slope  

t Time (T)  

τ Mean residence time (T) min 

τt Theoretical residence time (T) min 

u Average linear velocity of wastewater flow in soil column 

(LT
-1

) 

cm min
-1

 

V Volume (L
3
)  

V1 Volume of wet soil pat (L
3
) cm

3
 

VAb Volume of acid used for blank titration (L
3
) mL 

VAs Volume of acid used for sample titration (L
3
) mL 

VB Volume of BOD bottle (L
3
) mL 

Vd Volume of dry soil pat (L
3
) cm

3
 

vi Average linear velocity in the i direction (LT
-1

)  

Vl Volume of liquid phase (L
3
)    

VSP Volume of sample (L
3
)   mL 

Vs Volume of solid phase (L
3
)    

vx Average linear groundwater velocity (LT
-1

)  

w1 Moisture content of soil  % 
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x Relative concentration  

Y Microbial yield coefficient (MM
-1

)  

z Dimensionless length  

αi Dynamic dispersivity in the i direction (L)  

αL Longitudinal dynamic dispersivity (L)  

Δh Head difference (L)  

Δl Elemental length of soil column (L)  

Δt Elemental time (T)  

θ Volumetric water content (L
3
L

-3
) cm

3 
cm

-3
 

θr Irreducible minimum water content (L
3
L

-3
) cm

3 
cm

-3
 

θs Volumetric water content at saturation (L
3
L

-3
) cm

3 
cm

-3
 

ρb Bulk density of aquifer (ML
-3

)  

ρp Density of paraffin wax (ML
-3

) g cm
3
 

ρs Density of sand particles (ML
-3

)  

σ
2
 Variance (T

2
) min

2
 

τ Soil column residence time, (T)  min 

τt Theoretical residence time (T) min 

ω Coefficient  
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CHAPTER 1 

1 INTRODUCTION 

The importance of adequate sanitation and the availability of enough quantities of 

water for human consumption, industrial and agricultural use cannot be over 

emphasised as they play a vital role in maintaining a healthy livelihood and in the 

development of nations. Most human activities, involving water use, generate 

wastewater which must be treated to prescribed or acceptable standards before reuse 

or discharge into the environment to avoid pollution of the receiving water bodies. 

 

As populations continue to increase with its associated problems of waste generation 

and contamination of surface water and groundwater, pressure on available water 

resources is increasing.  This coupled with uneven distribution of water resources 

and periodic droughts around the world has brought about the need for innovative 

sources of water supply and local conservation. Highly treated wastewater effluents 

from municipal wastewater treatment plants are therefore now increasingly being 

considered as a reliable source of water supply (Tchobanoglous et al., 2003). 

 

1.1 Background 

Soil aquifer treatment (SAT) is a sustainable natural wastewater treatment 

technology, with the ability to generate high quality effluent from secondary treated 

wastewater for potable and non-potable uses. During SAT, well treated wastewater is 

ponded in infiltration basins and allowed to infiltrate through the unsaturated and 

saturated zones of the soil.  
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Treatment of the wastewater during infiltration involves physico-chemical and 

biological processes for the removal of contaminants in the effluent, and it has been 

reported that the technology is capable of removing almost all biochemical oxygen 

demand (BOD) and chemical oxygen demand (COD) (Bouwer et al., 1980; 

Idelovitch and Michail, 1984; Pescod, 1992), 99 - 100 % total suspended solids 

(TSS) and greater than 99 % viruses (Crites et al., 2000). High nitrogen removal 

(92.5 %) and 99.9 % phosphorus removal have also been reported (Crites et al., 

2000).  

 

Besides treatment, SAT offers the opportunity of aquifer recharge which is 

especially beneficial in arid areas. A schematic diagram of a SAT system is shown in 

Figure 1.1 (Fox et al., 2006). 

 

Figure 1.1 Schematic diagram of soil aquifer treatment 

[Reproduced from Fox et al, 2006] 
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Concerns however exist over environmental and human health risks posed by the 

presence of persistent chemicals in wastewater effluents undergoing SAT. Some of 

these trace compounds are able to cause endocrine disruption in mammals in contact 

with it, and in recent years emerging contaminants such as Pharmaceuticals and 

Personal Care Products (PPCPs) (Coogan et al., 2007) as well as estrogens have 

become an issue of major concern. One such PPCP is 3, 4, 4´-trichlorocarbanilide, 

more commonly known as triclocarban (TCC). TCC (CAS registry number: 101-20-

2 ) is a high production volume antimicrobial agent widely used in the formulation of 

personal care products especially antimicrobial soaps since the mid-20
th

 century 

(TCC-Consortium, 2002; Heidler et al., 2006; Coogan et al., 2007; Cha and Cupples, 

2009; Chalew and Halden, 2009). It is added for its germicidal properties and typical 

concentration in antimicrobial soaps is 2 % by weight (Chalew and Halden, 2009). 

As soaps and other personal care products are used atopically, TCC easily finds its 

way into the wastewater treatment system and associated aquatic environments 

(Miller et al., 2010). TCC is incompletely removed during conventional wastewater 

treatment and is disposed of with the wastewater effluent (Heidler et al., 2006). As 

such, TCC has now developed into one of the most persistent and commonly 

detected PPCPs in aquatic systems (Heidler and Halden, 2009). 

 

Estrogens are also encountered in wastewater treatment and include the natural 

estrogens, estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-estradiol (17α) 

(Mansell and Drewes, 2004) and the synthetic estrogen 17α-ethinylestradiol (EE2). 

The natural estrogens are synthesised from cholesterol in the human body (Yen et 

al., 1999) and are responsible for the development of the female reproductive system 

(Mansell and Drewes, 2004) whilst EE2 is industrially synthesised from E2 and is 
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the active ingredient in oral contraceptive pills (Khanal et al., 2006; Combalbert and 

Hernandez-Raquet, 2010).  These estrogens find their way into the wastewater 

treatment system via their excretion with urine and faeces. Trace amounts of 

estrogens, especially EE2, (even in the ng L
-1

 range of concentrations) are able to 

cause endocrine disruption in aquatic species in contact with them (Purdom et al., 

1994).   

 

Due to the endocrine disrupting nature of these estrogens as well as triclocarban, and 

since they are not parameters routinely tested for in wastewater treatment plant 

effluents, their behaviour during SAT needs to be well investigated in order to curtail 

groundwater pollution. Hitherto, the removal of triclocarban during soil aquifer 

treatment has not been studied and it is currently not known what effects this 

antimicrobial agent has on SAT.  

  

Although quite a number of SAT systems exist, most of them employ well treated 

secondary effluents from conventional wastewater treatment or tertiary effluents. 

Therefore little work has been done to demonstrate the applicability of SAT in 

treating poorly treated effluents, effluent from waste stabilization ponds or even 

primary effluents. In addition, SAT has always involved wastewater infiltrating 

through an unsaturated soil zone before reaching the groundwater, and a minimum 

depth of 3 m to groundwater is usually recommended (Tchobanoglous et al., 1999) 

to safeguard the quality of the underlying aquifer. The unsaturated zone promotes 

biological activity for the removal of wastewater contaminants such as organic 

matter and also promotes nitrification due to its conduciveness for re-aeration 

mechanisms to occur, which ensure the continuous availability of dissolved oxygen 
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in this zone. The use of SAT in very shallow aquifers has therefore not been well 

explored.  This research therefore focuses on the use of wastewater of much higher 

organic matter concentration (representing poorly treated effluents) than usually 

infiltrated in SAT systems and the removal of wastewater contaminants in a 

saturated system simulating a SAT system by-passing the unsaturated zone in view 

of the capability of infiltrating water during SAT to flow through preferential flow 

paths thereby avoiding effective contact with the unsaturated soil matrix 

(Tchobanoglous et al., 2003).  

 

1.2 Research Objectives 

The main aims of this study are therefore:   

1. To evaluate the performance of SAT under unsaturated and/or saturated soil 

conditions for the treatment of wastewater of much higher concentrations 

than that which is normally encountered in SAT systems, simulating poorly 

treated secondary effluents, and  

2. To investigate its potential for the removal of the endocrine disrupting 

compounds triclocarban and estrogens.   

Specifically the objectives of this research are: 

i. To study the removal of Chemical Oxygen Demand (COD), Biochemical 

Oxygen Demand (BOD), Dissolved Organic Carbon (DOC), nitrogen and 

phosphate during simulated SAT under different loading regimes (hydraulic 

and organic) using laboratory soil columns and synthetic wastewater under 

saturated conditions; 
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ii. To assess the removal of the estrogens E1, E2 and EE2 during SAT and the 

influence of wastewater hydraulic loading rates, organic carbon and soil 

properties on their removal efficiency under saturated conditions; 

iii. To determine the impact of the height of groundwater table on the removal of 

E1, E2 and EE2. This would be investigated under unsaturated soil 

conditions; 

iv. To study the removal of triclocarban in the saturated zone during SAT and 

the effects of TCC, which is an antimicrobial agent, on the performance of 

the SAT system; 

v. To develop models for TCC and estrogen removal in the soil columns and 

also to model chemical oxygen demand removal based on the advection-

dispersion equation. 

 

1.3 Justification for Study 

Although 75% of the world’s land surface is covered with water, drinking water 

sources are not unlimited. Only about 0.62 % of the total volume of water is found in 

fresh water lakes, rivers and streams, and groundwater supplies, and is available for 

general livelihood and agricultural activities (Peavy et al., 1985). A greater 

proportion of the water consumed ultimately becomes wastewater and in the United 

States for example, it is estimated that about 60 % to 90 % of water demand is 

returned as wastewater (Tchobanoglous et al., 2003). To maintain a healthy 

environment and prevent outbreaks of disease, wastewater that is generated needs to 

be collected and appropriately treated to prescribed effluent standards before 

discharge into the environment. As the ultimate discharge point is a receiving water 

body, the wastewater needs to be treated to such a degree as to avoid pollution of the 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

7 
PhD Thesis by H.M.K. Essandoh 

receiving water body. These water bodies usually serve as a source of drinking water 

for people downstream and also a habitat for aquatic organisms. It is desirable that a 

high degree of treatment is attainable at the lowest possible cost, and this goal should 

be pursued. With fresh water sources very vulnerable to pollution, the limited surface 

water resources may dwindle in quality and quantity leading in the long term to fresh 

water shortages and the need for new water supply sources. Treated wastewater 

could be reclaimed and stored underground for future potable and non-potable uses. 

This makes studies into the use of SAT systems very important. Some of the 

immediate reasons include the following: 

i. As there are high evaporation losses from surface storage reservoirs due to 

high ambient temperatures, the added benefit of aquifer recharge from SAT 

systems would store water underground, protected from evaporation losses 

and recontamination. This is important in view of expected population 

increases and resulting pressure on water resources for human consumption 

and industrial and agricultural use.  

ii. SAT opens up the possibility of indirect potable water reuse. 

iii. Increased base flow to rivers and streams from recharged aquifers would 

improve stream flow. 

iv. Wastewater effluents have become the main source of estrogens in the 

environment due to their incomplete removal during conventional wastewater 

treatment (Allinson et al., 2010). 

v. Although TCC has been in use for a long time it has been overlooked as a 

toxic environmental contaminant (Halden and Paull, 2005) and not much 

work has been done on its fate in the environment (Sapkota et al., 2007) and 

in indirect water reuse facilities (Ternes et al., 2007) nor on techniques such 
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as SAT for its removal from wastewater. Some studies have been carried out 

in the area of assessing the contamination posed by land application of TCC 

containing wastewater sludge to groundwater, by studying at its fate in soil. 

However the disposal of the accompanying liquid fraction via land disposal 

methods such as wastewater effluent irrigation practices or soil infiltration 

have not been studied much and in fact no studies have been carried out on 

the fate of TCC during soil aquifer treatment.  

 

Studies under saturated soil conditions are necessary because as opposed to the 

unsaturated zone, groundwater environments are inclined to being devoid of 

dissolved oxygen due to non-replenishment of consumed oxygen during hydro 

chemical and biochemical reactions, as a result of no contact existing between the 

circulating groundwater  and the atmosphere (Freeze and Cherry, 1979). Due to low 

oxygen water solubility, which ranges from 9 mg L
-1

 at 25 °C to 11 mg L
-1

 at 5 °C, 

even low concentrations of organic matter in groundwater can cause depletion of all 

the dissolved oxygen (Freeze and Cherry, 1979), which could impact negatively on 

the treatment process.  

 

1.4 Scope of Research  

Soil aquifer treatment would be simulated in the laboratory under unsaturated and 

saturated conditions in soil columns to simulate infiltration through the unsaturated 

(vadose) zone and the saturated zone (aquifer), respectively. The study will highlight 

further treatment of poor quality wastewater effluents using synthetic wastewater. 

Synthetic wastewater to be used would therefore be prepared to have much higher 

COD than effluents normally infiltrated in SAT systems.   
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Since the focus is on high COD effluents and high groundwater tables, COD 

modelling would entail the fitting of laboratory data obtained by infiltrating high 

COD wastewater through a saturated soil column, to the advection dispersion 

equation to obtain kinetic constants. Triclocarban and estrogen modelling would 

involve the development of empirical equations to suitably describe the removal 

process in the soil column. The purpose of the model development is to 

mathematically describe the treatment processes in the soil columns and to provide 

insight into the parameters and conditions influencing treatment for predictions to be 

made about removal efficiencies of the wastewater contaminants studied. Field 

testing of the models would however not be carried out and therefore the models 

would not be developed to the extent suitable for direct application under field 

conditions.  

 

1.5 Organization of Thesis 

This thesis is organized as follows: 

A general introduction and brief description of soil aquifer treatment, as well as the 

research objectives and justification for the study undertaken are given in Chapter 1. 

Chapter 2 reviews existing literature on soil aquifer treatment, the estrogens E1, E2 

and EE2 and triclocarban, and Chapter 3 presents the materials and laboratory 

methods employed to meet the set objectives. These include soil column setups, 

experimental protocols, instrumentation and analytical methods employed. The 

results on the removal of the aforementioned wastewater parameters and endocrine 

disruptors are presented and discussed in Chapter 4, followed by models developed 

for their removal in Chapter 5. Chapter 6 gives the derived conclusions from the 
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study as well as recommendations for further research. These are followed by the 

references used and appendices.     
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 Introduction 

Water management practices are increasingly becoming an issue of major concern as 

fresh water resources are dwindling. To reduce the effects of pollution on our water 

bodies, the wastewater generated needs to be treated and the effluents properly 

disposed of. Effluents from treatment plants are usually disposed of into surface 

water bodies but they could also be used to recharge groundwater resources if 

properly handled. In cases where there are negative public perceptions about direct-

treated wastewater reuse for potable or non-potable uses, aquifer recharge with 

treated wastewater would generally be more acceptable (Bouwer, 2002) because the 

water would be more associated with a natural source rather than with wastewater 

(Fox et al., 2006). 

 

2.2 Contaminants of Concern in Wastewater Treatment 

Wastewater contains a wide variety of contaminants that have the potential to pollute 

environmental resources especially water bodies. The composition and concentration 

varies according to the characteristics of the community generating the wastewater.  

Suspended solids are of concern as they tend to form sludge deposits and anaerobic 

conditions when they are discharged into water bodies. Biodegradable organics 

deplete dissolved oxygen during stabilisation of the organic matter by 

microorganisms. Septic conditions arise when all the oxygen has been consumed. 

The presence of the nutrients – nitrogen and phosphorus in discharged wastewater 
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can lead to eutrophication in surface water bodies and groundwater pollution. 

Priority pollutants such as arsenic, lead, mercury, benzene may have toxic, 

carcinogenic, mutagenic, and teratogenic effects. Heavy metals from commerce and 

industry and dissolved inorganics such as calcium, sodium and sulphate imparted 

from domestic water use have to be removed before wastewater can be reused. 

Refractory organics tend to persist even after conventional treatment and thus are of 

major concern. Besides, pathogens present in wastewater are responsible for the 

transmission of communicable diseases to those who come into contact with the 

water (Tchobanoglous et al., 2003). 

 

2.3 Soil Aquifer Treatment 

Soil Aquifer Treatment (SAT) is an inexpensive, low-technology (Bouwer, 2000) 

wastewater treatment and reclamation option, able to generate high quality effluent 

from secondary treated wastewater for potable and non-potable uses (Cha et al., 

2006; Fox et al., 2006). SAT is usually applied for final polishing of secondary 

treated effluents with the intention of replenishing groundwater reserves (Droste, 

1997). During SAT, the saturated and unsaturated zones of the soil act as the 

medium in which physicochemical and biological reactions occur (Cha et al., 2006), 

substantially reducing effluent parameters such as biochemical oxygen demand 

(BOD), total suspended solids (TSS) and pathogens to levels that even allow the use 

of the water for unrestricted irrigation (Bdour et al., 2009). SAT is also effective at 

removing nutrients (nitrogen and phosphorus) and trace metals (Kopchynski et al., 

1996). Mixing of the infiltrated wastewater with the groundwater and the slow 

movement through the aquifer increases the contact time with the aquifer material 

leading to further purification of the water (Asano and Cotruvo, 2004; Dillon et al., 
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2006). Thus under favourable soil and groundwater conditions for artificial 

groundwater recharge, partially treated wastewater can be highly upgraded by 

intermittently spreading the water in infiltration basins to allow its percolation 

through the soil and to the groundwater (Pescod, 1992; Tchobanoglous et al., 2003; 

Asano and Cotruvo, 2004).  

While SAT has many positive attributes, there however still exists a potential for 

undesirable contamination of aquifers by pathogens, pharmaceuticals and other 

organic wastewater contaminants during SAT and this could be a great source of 

concern especially in arid and semi-arid areas where ground water is the only 

available source of drinking water (Cordy et al., 2004). In recent years, evidence has 

emerged on the limitations of SAT in the removal of polar and persistent emerging 

pollutants (Yu et al., 2009). Ethylenediaminetetraacetic acid (EDTA), x-ray contrast 

residuals (organic iodine) the antiepileptics primidone (Fox et al., 2006) and 

carbamazepine (Fox et al., 2006; Arye et al., 2011) are examples of compounds 

found to persist in SAT product waters.  Artificial sweeteners have also been shown 

to persist during SAT (Scheurer et al., 2009). Besides these, SAT poses the risk of 

contamination of underlying aquifers with nitrates, which could cause 

methemoglobinemia in infants when ingested (Fryar et al., 2000). Nitrates are 

formed mainly in the unsaturated zone, by the nitrification process for oxidation of 

adsorbed wastewater ammonium ions in soil. Table 2.1 gives the characteristics of 

SAT systems. 
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Table 2.1 Characteristics of SAT systems 

Characteristic Value 

Hydraulic application rate, m yr
-1

 

Soil permeability, cm h
-1 

Soil type 

Minimum pre-treatment 

BOD5 loading, kg ha
-1

 yr
-1

 

Depth to groundwater 

 

Application method 

Land slope suitability 

     0 – 12 % 

    12 – 20 % 

     > 20 % 

Land use suitability 

    Open or cropland 

     Partially forested 

     Heavily forested 

     Developed (residential,       

commercial or industrial) 

6 – 125 

> 1 

Sand, sandy loam, loamy sand, gravels 

Primary 

8,000 – 46,000 

3m; lesser depth acceptable where under 

drainage is provided 

Surface 

 

High 

Low 

Do not use 

 

High 

Moderate 

Low 

Very low 

(USEPA, 1981; Reed et al., 1988; Tchobanoglous et al., 1999) 

Besides treatment, SAT offers the opportunity of aquifer recharge, thus operating as 

a system for seasonal and longer-term storage of water (Fox et al., 2006). The 

advantages offered by SAT over the use of surface water as discharge points and 

reservoirs include: 
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i. The low cost of storing water by artificial recharge compared to that of 

equivalent surface reservoirs; 

ii. The existence of the aquifer’s natural underground distribution system, which 

means surface pipelines or canals may not be needed for water transport; 

iii. No constraints by site availability on water storage. In urban areas for 

example, the construction of surface reservoirs may be restricted because 

suitable sites may be unavailable or environmentally unacceptable 

(Tchobanoglous et al., 2003; Dillon et al., 2006); 

iv. Natural protection of underground reservoirs from evaporation. Storage of 

water for seasonal or longer-term use can be accomplished without 

evaporation losses and associated salinity increases in the reservoir (Dillon et 

al., 2006; Fox et al., 2006);   

v. Protection of groundwater from pollution and recontamination with coliforms 

and parasites by birds, mammals and humans (Fox et al., 2006);  

vi. Exclusion of sunlight from the water which prevents the growth of algae and 

so eliminates the formation of water quality problems such as algae-derived 

taste and odour and the formation of disinfection by-products (Fox et al., 

2006). Problems resulting from the growth of toxic cyanobacteria are also 

eliminated as the bacteria cannot grow in underground reservoirs.  

Besides the above-mentioned advantages, aquifer recharge with wastewater before 

reuse also offers additional water quality benefits due to the additional treatment that 

occurs in the soil and aquifer. The recovered water from the wells is clear and free 

from odour (Fox et al., 2001). Public confidence in water recycling projects also 

increases when the reclaimed water is put back into natural systems such as streams 

and aquifers before recovery (Rowe, 1995; Dillon et al., 2006). The recycled water is 
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perceived as groundwater which is aesthetically superior and more acceptable to the 

public as a source of water (Fox et al., 2006). 

 

Even though water generated from SAT is of much higher quality than the influent 

wastewater, it is of inferior quality to the native groundwater. It is therefore prudent 

that the SAT system is designed and managed such that mixing with the native 

groundwater is restricted and only a portion of the aquifer is used (Asano and 

Cotruvo, 2004; Dillon et al., 2006). 

 

2.3.1 Pre-treatment of Wastewater for SAT Systems 

Before application of wastewater to a SAT system, some form of pre-treatment is 

required. The type of pre-treatment needed for effluents to be applied in SAT 

systems depends on the characteristics of wastewater to be applied, the properties of 

the soil and aquifer, the final endpoint of the groundwater and the use to which the 

recovered groundwater would be put (NRC, 1994). Pre-application treatment for 

municipal sewage may be primary treatment, dissolved air flotation or treatment in 

waste stabilization ponds. Little work has however been done to demonstrate their 

applicability (Tchobanoglous et al., 2003; Asano and Cotruvo, 2004). Pre-treatment 

processes that generate effluents with high algal content are not very suitable for 

SAT systems because the algal cells could lead to severe clogging of infiltration 

basins (Asano and Cotruvo, 2004). The level of pre-treatment however does not have 

a major impact on the efficiency of aerobic biological reactions (Kopchynski et al., 

1996). 
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2.3.1.1 Characteristics of Applied Wastewater 

The most important effluent quality parameter is suspended solids as these tend to 

settle out of the effluent in the infiltration basins or are filtered out and accumulated 

at a short distance below the soil water interface, thereby reducing the permeability 

of the soil and retarding water movement into the subsurface. Other quality 

parameters of concern are total dissolved solids, the concentration of nutrients that 

stimulate biological growth and the concentration of calcium, magnesium and 

sodium which dictate the sodium absorption ratio of the soil. If the recharge water 

has a higher sodium absorption ratio than the native water, swelling and 

deflocculation of clay minerals contained in the aquifer can occur leading to lowered 

infiltration rates. Carbonates, phosphates and iron oxides in the recharge water can 

react with the native groundwater to form precipitates which can clog the pores in 

the soil. SAT systems can be effectively operated over a wide range of water quality. 

Higher quality effluents however allow higher infiltration rates to occur (NRC, 

1994). Incompatible wastewaters such as industrial effluents from chemical 

industries, and containing heavy metals should be excluded from SAT systems 

(Tchobanoglous et al., 2003). 

 

2.3.1.2 Soil and Aquifer Properties  

The soil properties of importance in a SAT system are the soil’s texture, permeability 

and the presence of organic matter, clay, iron or hardpan in the soil. The depth and 

compaction characteristics of the soil profile are also important considerations 

(NRC, 1994). The ideal soil for a SAT system is one that delivers high infiltration  

rates, which can be obtained from soils of coarse texture, while achieving efficient 

contaminant adsorption and removal, which on the other hand can be obtained more 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

18 
PhD Thesis by H.M.K. Essandoh 

from soils of fine texture (NRC, 1994). Due to the large pores in coarse textured 

soils they are inefficient in filtering out contaminants. The solid surfaces adjacent to 

the main flow paths are also relatively non-reactive thereby allowing high passage of 

contaminants. Soils which are structured with cracks or channels have large flow 

paths that allow the easy movement of material along these lines thereby bypassing a 

great proportion of the soil matrix. Fine textured soils though highly efficient in 

contaminant removal offer the disadvantage of low permeability and easy clogging 

of the pores. Fine sand, loamy sand or sandy loam with little structure is therefore a 

suitable soil option for SAT (Bouwer, 1985; Pescod, 1992). 

 

Several studies have investigated the fate of organic and inorganic compounds 

during SAT. However only a few studies have focused on the characteristics of soil, 

which might influence the water quality of SAT treated effluents (Cha et al., 2006). 

Kopchynski et al., (1996) studied the effects of soil type and effluent pre-treatment 

on SAT.  Quanrud et al., (1996a) also studied the effect of soil type on water quality 

improvement during soil aquifer treatment. Kopchinsky et al., (1996) found out that 

high infiltration rates can be maintained through porous sands, with high conversion 

efficiencies of substrates that can be aerobically biodegraded. The latter study 

revealed that during SAT great differences do not exist in the removal efficiency of 

organics between soils of different characteristics. 
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2.3.1.3 Uses of Recovered Groundwater  

SAT systems may be designed for any of the following purposes: 

i. Treatment followed by groundwater recharge to supplement water supplies or 

for the prevention of intrusion of salt-water particularly in coastal areas; 

ii. Treatment followed by recovery of the water using under-drains or pumped 

withdrawal (wells), for irrigation or some other use; 

iii. Treatment followed by groundwater flow and subsequent discharge into 

surface waters (Tchobanoglous et al., 2003). 

Where the objective of the SAT system is for augmentation of existing water supply, 

wastewater would have to be treated to a very high quality before application to the 

system. A conservative approach follows the assumption that the soil and aquifer 

provide no treatment during passage of the effluent to the withdrawal point and thus 

the pre-treatment stage should bring the water to the level of quality acceptable for 

use. Adopting this approach is very expensive and opportunity should therefore be 

taken of the treatment offered by SAT (NRC, 1994). Typical methods for the 

recovery of the renovated water (Bouwer, 1991) are shown in Figure 2.1. 
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Figure 2.1 Schematic diagrams of soil aquifer treatment systems with recovery 

of renovated water 

Discharge into: (a) a surface water body, (b) subsurface drains, (c) wells surrounding 

the basins, and (d) wells midway between parallel strips of basins. 

[Reproduced from Bouwer, 1991] 
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2.4 Mass Transport and Transformation Processes 

Pollutants are transported in the subsurface environment by three basic physical 

mechanisms. These are advection, diffusion and mechanical dispersion (Charbeneau, 

2000). The concentration of the pollutants at any point and time C(x, t) is also 

influenced by adsorption and reaction (Charbeneau, 2000; Fetter, 2001). The basic 

equation governing the transport of pollutants is the conservation of mass equation 

(Bear, 1972; Freeze and Cherry, 1979; Domenico and Schwartz, 1998; Charbeneau, 

2000) which states that, “the rate of increase within the region is equal to the net 

mass flux into the region plus the increase in mass within the region due to biotic 

and abiotic processes” (Charbeneau, 2000).   

 

The important fate and transport processes that occur in the vadose zone can be 

summarised as:  

i. Processes that cause losses: these are biological, chemical and photochemical 

degradation and volatilization; 

ii. Processes that cause retardation: immobilization, sorption, ion exchange; 

iii. Processes that affect mass transport: advection, diffusion and dispersion, 

residual saturation, preferential flow. 

These processes determine the time and distance of travel and reduction in the levels 

of contaminants that occur as the effluent percolates the soil and moves down to the 

groundwater (Charbeneau, 2000). Figure 2.2 depicts the processes occurring in SAT 

(Charbeneau, 2000).  
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Figure 2.2 Processes affecting the movement and fate of contaminants in the 

subsurface environment 

[Reproduced from Charbeneau, 2000] 

 

The availability of adequate quantities of biodegradable organic carbon is necessary 

for the maintenance of biological and geochemical processes in the subsurface 

(Grischek et al., 1998; Aiken, 2002; Amiri et al., 2005). As bioavailable organic 

carbon in effluents limits soil biomass growth, the microorganisms in the soil are 

able to maintain a certain steady-state amount of viable soil biomass (Shackle et al., 

2000). 

 

2.4.1 Advective Transport 

Advective transport or convection is the movement of a mass as it is carried along 

with the movement of the bulk fluid (Fetter, 1999; Charbeneau, 2000). Advection 

occurs as a result of head differences in the soil profile (Yong et al., 1992). Different 

species in the water are transported along with the flow of the water in the form of a 

Biotic and abiotic 

degradation 

Net infiltration 

Water Table 

Groundwater 

zone  

Contaminated soil  

Leaching 

Retardation and Sorption 

Volatilization  

Immobilization  

Advection, dispersion, 

retardation, degradation 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

23 
PhD Thesis by H.M.K. Essandoh 

solute or suspension. Advection has the greatest influence in the mass transport 

process (Charbeneau, 2000). The bulk transport of the mass is proportional to the 

soil’s hydraulic conductivity, the energy gradient and the local concentration.  For a 

chemical present in an aqueous solution the one-dimensional advective mass flux, Fx 

(MT
-1

L
-2

), is given by: 

        ne                 [2 1] 

where ne is the effective porosity and C is the concentration of the solute (ML
-3

). vx 

is the average linear velocity (LT
-1

), which is the rate at which the flux of water 

across the unit cross-sectional area of pore space occurs and is defined by: 

      
Ks

ne

dh

dl
              [2 2] 

where Ks is the hydraulic conductivity (LT
-1

) and  
dh
dl

  is the hydraulic gradient (LL
-1

) 

(Fetter, 1999). 

 

2.4.2 Diffusive Transport 

Diffusion is a mass transport process in which there are random molecular motions 

in a field where a concentration gradient is present (Charbeneau, 2000). There is 

therefore a net movement of the species under consideration from a region of higher 

concentration to one of lower concentration (Fetter, 1999; Charbeneau, 2000).  

Provided a concentration gradient exists diffusion will continue to take place even if 

the fluid is stationary (Fetter, 1999). In relation to advection, molecular diffusion 

occurs slowly (Logan, 1999) and causes mass transport over small distances 

especially in liquids. It is an important process during transport through soils of low 

permeability and volatilization of chemicals through soil and air. It also plays a role 

in the fate of non-aqueous phase liquids trapped in fractures and serves as a rate 
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limiting step in sorption of chemicals (Charbeneau, 2000)  According to Fick’s first 

law of diffusion, the diffusion mass flux is proportional to the concentration gradient 

and is given by: 

 d      d 
d 

d 
              2 3  

where: 

Fd  = mass flux of solute per unit area per unit time (ML
-2

T
-1

) 

Dd  = diffusion coefficient (L
2
T

-1
) 

C   = solute concentration (ML
-3

) 

             
d 
d 

  = concentration gradient (ML
-3

L
-1

) 

 

Fick’s second law gives the equation for diffusion in porous media where the 

concentration changes with time as: 

  

 t
    d  

 
 
 

   
             [2 4] 

where  
  
 t

  is the change in concentration with time (ML
-3

T
-1

). 

As a result of the longer flow paths that have to be followed by the compounds in a 

solution flowing through a porous medium, diffusion is much slower and so is 

accounted for by applying another coefficient, ω, which is related to the tortuosity, to 

the diffusion coefficient. This gives rise to an effective diffusion coefficient, D
*
 

(L
2
T

-1
) defined as: 

         d              [2 5] 

which replaces the diffusion coefficient Dd in Equation 2.4. The value of   can be 

determined experimentally by conducting diffusion experiments where a solute is 

allowed to diffuse across a porous medium (Fetter, 1999). 
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2.4.3 Mechanical Dispersion and Hydrodynamic Dispersion 

Mechanical dispersion is the transport of a solute relative to the bulk water 

movement that occurs when a concentration gradient exists and fluid particles that 

were once together move apart. The separation occurs because: 

i. The fluid particles close to the walls of the pore channels tend to move more 

slowly than those nearer the centre; 

ii. The differences in the dimensions of pores along the pore axes cause particle 

movement at different relative speeds; 

iii. Adjacent particles moving in one channel can follow different streamlines 

thus crossing over into another channel and therefore travelling along longer 

paths (Fetter, 1999; Charbeneau, 2000); 

iv. Variations in hydraulic conductivity of the medium cause solute molecules to 

move at different speeds even when uniform hydraulic gradient exists 

(Charbeneau, 2000). 

The first three effects occur on a pore scale and are represented schematically in 

Figure 2.3 (Fetter, 2001). 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

26 
PhD Thesis by H.M.K. Essandoh 

Slow

Fast

Short path

Long path

Slow

Fast

Slow

Pore size

Path length

Pore friction

 

Figure 2.3 Schematic representation of factors causing pore-scale longitudinal 

dispersion  

[Reproduced from Fetter, 2001] 

 

Mixing of the solute with the ground water occurs along the direction of flow 

(longitudinal dispersion) and normal to the direction of flow (transverse dispersion) 

as the separation occurs. Describing mechanical dispersion in the principal direction 

of flow (longitudinal direction) by Fick’s law and the amount of mechanical 

dispersion as a function of the average linear velocity, the coefficient of longitudinal 

mechanical dispersion, Dm (L
2
T

-1
) would be given by: 

     αi  i        [2  ] 

where: 

vi = average linear velocity in the i direction (LT
-1

) 

αi = dynamic dispersivity in the i direction (L) 
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In ground water flow molecular diffusion and mechanical dispersion cannot be 

separated and are combined to obtain the hydrodynamic dispersion coefficient, DL. 

Hence 

     α   i     
              [2 7] 

where: 

DL = hydrodynamic dispersion coefficient parallel to the principal direction 

of flow i.e. longitudinal (L
2
T

-1
) 

αL = longitudinal dynamic dispersivity (L) (Fetter, 1999) 

 

2.4.4 The Sorption Process 

Many chemical constituents tend to attach or sorb to the soil matrix (Charbeneau, 

2000). Sorption is a collective term for the processes of adsorption, absorption, 

chemisorption and ion exchange (Fetter, 1999). In adsorption, the solute attaches to 

the surface of the solid particles whilst in absorption the solute particles diffuse into 

the soil particles due to their high porosity and are sorbed inside the particles. When 

a chemical reaction causes incorporation of the solute on the surface of a sediment, 

soil or rock by a chemical reaction, chemisorption is said to occur. Ion exchange 

occurs when cations in the solution are attracted to and held by electrostatic forces to 

the region close to a negatively charged clay mineral surface or anions are attracted 

to positively charged sites on broken edges of clay minerals or iron and aluminium 

oxides (Fetter, 1999). One chemical is then replaced with another on the surface of 

the soil (Appelo and Postma, 1994).  These sorption processes are depicted in Figure 

2.4 (Appelo and Postma, 1994). 
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Figure 2.4 Schematic representation of sorption processes 

[Reproduced from Appelo and Postma, 1994] 

 

The concentration of the constituent in the liquid and solid phase (sorbed 

concentration) at equilibrium depends on its adsorption isotherm (Tchobanoglous et 

al., 2003). Adsorption isotherms describe the relationship between the sorbed mass 

and that remaining in the liquid phase. The most common adsorption isotherms are 

the Freundlich and the Langmuir isotherms (Domenico and Schwartz, 1998). 

Environmental concentrations are usually small enough to allow the use of a linear 

isotherm (Tchobanoglous et al., 1999), the simplest and most useful of which is the 

linear Freundlich isotherm (Domenico and Schwartz, 1998). This is given by: 

    Kd                2    

where:  

S  = mass of constituent sorbed per unit mass of solid (MM
-1

) 

C  = concentration of constituent in liquid (ML
-3

) 

Kd = distribution coefficient (L
3
M

-1
) 

The rate of the sorption reactions at equilibrium may be expressed as: 

r    
  

 t
   Kd

   

 t
           2    
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where S is the solid phase concentration of the sorbed mass (Tchobanoglous et al., 

2003). 

 

2.4.5 The Biodegradation Process 

Biodegradation is an important process in SAT which brings about the breakdown of 

organic chemicals in soils by the action of microorganisms naturally present in the 

soil or introduced through engineered systems (Charbeneau, 2000). The 

microorganisms found in biological wastewater treatment systems include bacteria, 

algae, protozoa, viruses and fungi (Tchobanoglous et al., 2003), bacteria being the 

most predominant microbial species involved in the stabilisation of organic matter 

(Gray, 2004) and also the most important microorganisms in the groundwater 

environment for the catalysis of oxidation reduction processes (Freeze and Cherry, 

1979). Some of the factors controlling the rate of biodegradation are: 

i. The number and type of microorganisms present; 

ii. The water solubility and toxicity of the organic chemical or its products to 

the microorganisms;  

iii. The water content, pH and temperature of the soil; 

iv. The presence of other nutrients necessary for microbial metabolism 

(Charbeneau, 2000);  

v. The presence of electron acceptors such as oxygen (O2), nitrate (NO3), 

sulphate (SO4) (Bitton, 1999), iron (III) hydroxide (Fe(OH)3), manganese 

dioxide (MnO2) and other oxidised organic compounds (Freeze and Cherry, 

1979), and the oxidation-reduction potential (Charbeneau, 2000). 
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Microbial metabolism mechanisms that occur during stabilisation of the wastewater 

involve catabolic reactions which are exergonic and therefore release energy as well 

as anabolic reactions, which on the other hand are endergonic and use up the energy 

and chemical intermediates generated by catabolic reactions (Bitton, 1999). Bacteria 

possess an electron transport system (ETS) located within their cytoplasmic 

membrane, through which electrons are transported from an electron donor such as 

organic and inorganic compounds carried through a series of complex biochemical 

pathways to the final or terminal electron acceptor (TEA) (Bitton, 1999).  During 

biological oxidation, energy stored in organic matter is released by dehydrogenation 

of the substrate (Gray, 2004). The energy produced in this catabolic reaction is 

transferred to compounds like adenosine triphosphate (ATP) which is a high energy 

phosphorylated compound. ATP consists of adenine, ribose which is a sugar 

composed of five carbons, three phosphates and two bonds which are high in energy. 

These high-energy bonds are able to release 7 500 calories of chemical energy upon 

hydrolysis of each ATP molecule to adenosine diphosphate (ADP). Some of this 

energy is used in anabolic reactions for the biosynthesis of new microbial cells and 

their growth and also for the maintenance of cells. Some of it is also used for 

movement, active transport or dissipated as heat (Bitton, 1999).  

 

The order of preference of use of TEA is based on the highest free energy released 

per mole of substrate by the electron acceptor during microbial respiration (Bitton, 

1999; Gray, 2004). The amount of adenosine triphosphate (ATP) formed during 

aerobic oxidative phosphorylation depends on the difference between the electron 

donor and electron acceptor redox potentials (∆E0') (Gray, 2004). Oxidation 

reduction reactions could be represented as occurring in an electron tower 
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comprising a range of reduction potentials for redox couples normally involved in 

biological reactions. Redox couples with more electronegative reduction potentials 

(E0') are located at the top of the tower, whilst those with the highest positive 

reduction potentials are situated at the bottom. Electrons are donated from the top of 

the tower and accepted at various lower levels in the tower (Madigan and Martinko, 

2006). Figure 2.5 shows the positions of sulphate, nitrate and oxygen redox couples 

in the electron tower, as well as the electrons accepted. As oxygen is situated at the 

lowest position in the electron tower it has the most positive reduction potential 

meaning the greatest tendency for accepting electrons than the other electron 

acceptors (Madigan and Martinko, 2006), and thus more ATP is released (Bitton, 

1999).  

SO4
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Figure 2.5 Electron tower showing positions of sulphate, nitrate and oxygen 

[Reproduced from Madigan and Martinko, 2006] 
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Free energy released (ΔG°) per electron equivalent are -78.14, -71.67 and 21.27 kJ 

for oxygen, nitrate and sulphate respectively (Tchobanoglous et al., 2003). Greater 

microbial assimilation of organic carbon as cell material thus results from the greater 

energy utilisation. In mixed microbial cultures, the microorganisms pursue the route 

with the highest energy yield so as to attain maximum cell synthesis. Aerobic and 

facultative bacteria first oxidise organics in the wastewater, depleting the dissolved 

oxygen. After the oxygen is used up, facultative and anaerobic bacteria utilize 

oxygen bound in nitrates and sulphates for the breakdown of any remaining organic 

matter (Gray, 2004). The biodegradation processes involving the use of oxygen, 

nitrate and sulphate are respectively known as aerobic oxidation, dissimilatory 

nitrate reduction (denitrification) and dissimilatory sulphate reduction (Bitton, 1999).  

 

During biodegradation, oxygen competes with nitrate and sulphate as the final 

electron acceptor. This however does not preclude the occurrence of denitrification 

and sulphate reduction in cases where there are relatively high oxygen 

concentrations existing in the bulk wastewater. Denitrification processes and 

sulphate reduction have also been observed to occur in aerobic wastewater treatment 

processes such as in the biofilms of trickling filters (Bitton, 1999). 

 

2.4.5.1 Aerobic Oxidation 

Aerobic biodegradation of organic matter is fast, more complete and yields stable 

end products (Pescod, 1992) and is therefore the preferred route for biodegradation 

in many cases.   
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The biodegradation of wastewater represented by glucose proceeds according to the 

stoichiometric reaction of Equation 2.10 (Tchobanoglous et al., 2003): 

                                            [2 10]  

From Equation 2.10, 6 moles of oxygen (molar mass of 32 g) is required to oxidise 

one mole of glucose (molar mass of 180 g).  

   glucose   
( u ber of  oles    olar  ass of )  

( u ber of  oles    olar  ass of )  
 
     

         [2 11] 

                     
      

       
         g     g glucose 

Thus the chemical oxygen demand (COD) of glucose from Equation 2.11 is 1.07 g 

O2/ g glucose.  

 

The total COD consumed by aerobic heterotrophic bacteria during wastewater 

degradation is made up of the oxidized portion which supplies energy and that which 

is conserved in the biomass for cell synthesis. The stoichiometry relating the amount 

of oxygen consumed and the degradation of glucose is: 

                                                         [2 12] 

C5H7NO2 represents the bacterial cells and NH3 growth nutrients. 

From the stoichiometry of Equation 2.12, 8 moles of oxygen is required to oxidize 3 

moles of glucose (having COD of 1.07 g O2/ g glucose) to CO2 and 2 moles of 

bacterial cells (molar mass of 113 g). 

    require ent for     re o al   

     
( u ber of  oles    olar  ass of )   

   glucose   ( u ber of  oles    olar  ass of )        
       2 13  

     
       

              
         g     g     
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Thus the oxygen requirement for COD removal from Equation 2.13 is 0.44 g O2/ g 

COD used. The theoretical yield of bacterial cells, Y, obtained from Equation 2.14 is 

0.39 g cells/ g COD used. 

      
∆(       )

∆(        as    )
                        2 14  

        
       

              
        g cells  g C D 

The COD of bacterial cells is also obtained from Equations 2.15 and 2.16 as 1.42 g 

O2 /g cells.  

                                                [2 15] 

   bacterial cells   
( u ber of  oles    olar  ass of )  

( u ber of  oles    olar  ass of )  
 
     

       [2 1 ] 

                             
      

       
          g      g cells 

Thus the oxygen requirement for the bacterial cells is (0.39 x 1.42) g O2/ g COD and 

the total amount of oxygen consumed per gram of COD removed, which is the sum 

of the oxygen used for oxidation of glucose (0.44 g) and that consumed during 

bacterial synthesis (0.55 g), is therefore 1 g (Tchobanoglous et al., 2003).  

 

2.4.5.2 Denitrification  

In wastewater, removal of nitrate could occur by assimilating or dissimilating means. 

During assimilating nitrate reduction, nitrate is reduced to ammonia which is used 

during cell synthesis (Bitton, 1999). This form of nitrate reduction occurs when 

ammonia is unavailable in the wastewater (Bitton, 1999; Tchobanoglous et al., 

2003). Dissimilating nitrate reduction, also known as biological denitrification, 

involves the use of nitrate as an electron acceptor leading to its reduction 
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(Tchobanoglous et al., 2003). It proceeds by the reduction of nitrate to nitrogen gas 

through nitrite, nitric and nitrous oxide intermediaries as shown below (Bitton, 

1999). 

    
 itrate reductase
→               

 itrite reductase
→              

 itric o ide 
reductase
→            

 itrous o ide 
reductase
→                2 17   

 

Denitrification is carried out in wastewater by facultative microorganisms belonging 

to the Pseudomonas, Bacillus, Spirillum, Hyphomicrobium, Agrobacterium, 

Acinetobacter, Propionobacterium, Rhizobium, Corynebacterium, Cytophaga, 

Thiobacillus and Alcaligenes genera, with the latter often found in soils (Bitton, 

1999). Denitrification is commonly known to be inhibited by dissolved oxygen and 

therefore occurs only at very low dissolved oxygen concentration. It could however 

occur in anaerobic microsites present in an aerobic environment (Tchobanoglous et 

al., 1999). At very low nitrate-N concentrations (0.1 mg L
-1

), the kinetics of 

utilization of substrate is influenced by the nitrate concentration (Tchobanoglous et 

al., 2003). In groundwater, the rate of denitrification is influenced by the residence 

time (Gu et al., 2007).  

 

2.4.5.3 Sulphate Reduction 

Sulphate reducing bacteria, which utilize sulphate in wastewater as the terminal 

electron acceptor when oxygen and nitrate are not present, are responsible for 

sulphate reduction. Sulphate reducers belong to bacteria genera such as 

Desulfovibrio, Desulfotomaculum, Desulfobulbus, Desulfomonas, Desulfobacter, 

Desulfococcus, Desulfonema, Desulfosarcina, Desulfobacterium and 

Thermodesulfobacterium. Carbon sources of low molecular weight such as 
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fermentation products of carbohydrates and proteins are used as electron donors 

(Bitton, 1999). Sulphate reduction proceeds according to the following equations 

(Bitton, 1999): 

   
     organic co pounds                           [2 1 ] 

 
                                  [2 1 ] 

Sulphate reducing bacteria are thought to be strict anaerobes. They are however able 

to tolerate oxygen in their environment and have been found to exist in activated 

sludge flocs (Lens et al., 1995). Their presence in this aerobic environment as well as 

in biofilms of rotating biological contactors and trickling filters has been attributed to 

the development of anoxic microsites in their environment and physiological 

adaptability of the anaerobic microorganisms (Lens et al., 1995). Oxygen 

concentration gradients across the thickness of biofilms contribute to the formation 

of anoxic and anaerobic zones in the deeper layers of the biofilm. Sulphate reduction 

has also been observed to occur consistently in well-oxygenated biomats (Canfield 

and Des Marais, 1991).  

 

2.4.6 Advection–Dispersion Transport 

The advection dispersion equation is the basic relationship that describes mass 

transport through porous media (Domenico and Schwartz, 1998; Charbeneau, 2000). 

The equation incorporates advection, mechanical dispersion and diffusion, and for 

one-dimensional flow in homogenous and isotropic saturated media, where flow is 

uniform and under steady state conditions, is given by (Freeze and Cherry, 1979): 

  

 t
       

 
 
 

   
       

  

  
                 [2 20] 
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Soil column experiments can be used as a means of determining the hydrodynamic 

dispersion in porous media. To determine DL, a conservative tracer (e.g., chloride) is 

fed into and moves upwards through the column. The concentration of the tracer at 

the effluent end is measured as a function of time and the breakthrough curve (BTC) 

developed. The problem is mathematically modelled and the experimental data fitted 

against the mathematical solution to the problem to determine the parameter values 

that best fit the theory and observed data. There are well established techniques for 

modelling advection-dispersion transport (Yong et al., 1992) and software packages 

such as CXTFIT, MODFLOW and BIOPLUME exist, which simplify the modelling 

process. 

 

2.4.6.1 Initial and Boundary Conditions  

In order to solve the partial differential equations of mass transport for a unique 

solution, supplementary equations that best fit the initial and boundary conditions of 

the system under consideration have to be imposed on the transport equation (Bear, 

1972; Parker and Van Genuchten, 1984; Lee, 1999).  In soil column experiments, the 

identification of the appropriate boundary conditions is crucial in order to interpret 

the laboratory data obtained and also to extrapolate the results to field conditions 

(Van Genuchten and Parker, 1984).  

 

The initial condition is specified at time zero for all points along the soil column. 

The boundary conditions are usually specified at the entrance and exit of the soil 

column. They depend on the entry and exit conditions (Van Genuchten and Parker, 

1984; Fetter, 1999) and account for the effects of the external environment on the 

system under consideration (Domenico and Schwartz, 1998). Principles of mass 
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conservation are used to formulate these boundary conditions (Fogler, 1992). Three 

types of boundary conditions exist (Fetter, 1999). The first-type also known as 

Dirichlet or concentration-type boundary condition is specified as a constant inlet 

concentration. The second-type or Neumann condition (Lee, 1999) is for a fixed 

gradient (Fetter, 1999) and the third-type, also called Cauchy or flux-type boundary 

condition, is specified for a constant inlet flux.  Boundary conditions of the first and 

third type are often used for semi-finite (i.e.   ≤   ≤ ∞) and finite systems (x = L) 

(Van Genuchten and Parker, 1984; Charbeneau, 2000). Boundary conditions of the 

third-type are applicable to systems where the column does not have any physical 

connection with the entrance or exit reservoir and also for systems where even 

though there is a direct connection between the column and reservoir, the section 

before the entrance or after the exit can be considered as completely mixed and 

therefore dispersion and molecular diffusion can be neglected. This assumption 

implies that an infinitesimally thick boundary layer develops at the boundary 

between the assumed perfectly mixed condition at x < 0 and the soil in the column,  

x > 0, within which there occurs a discontinuous change in the parameters of the 

system from the conditions at x < 0  to x > 0 (Parker and Van Genuchten, 1984). At 

the exit of a finite system, an additional assumption made is that the solute 

concentration is continuous across the boundary (Van Genuchten and Parker, 1984). 

 

2.4.6.2 Advection-Dispersion Transport with Sorption and Reaction 

The effects of sorption and decay can also be included in the advection dispersion 

equation as shown in Equation 2.21 (Miller and Weber, 1984).  
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         [2 21] 

        (dispersion)  (advection) (sorption)     (reaction) 

where: 

C  = concentration of solute in liquid phase (ML
-3

) 

t    = time (T) 

DL = longitudinal dispersion coefficient (L
2
T

-1
)  

vx    = average linear groundwater velocity (LT
-1

) 

ρb   = ρs (1-θ) is the bulk density of aquifer (ML
-3

) 

ρs   = density of the sand particles (ML
-3

) 

θ   = volumetric moisture content (L
3
L

-3
) or porosity for saturated media  

S   = amount of solute sorbed per unit weight of solid (MM
-1

) 

rxn indicates a biological or chemical reaction of the solute other than sorption. 

 

Substituting Equation 2.9 (i.e 
  
 t
   Kd  

  
 t

 ) into Equation 2.21 yields Equation 2.22.  

  

 t
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         [2 22] 

Rearranging 

  

 t
(  

ρ
b

θ
Kd)    

 
 
 

   
     

  

  
  (

  

 t
)
r n

          [2 23] 

     (   
 ρ
b
 

θ
 Kd ) is the retardation factor and measures by how much the 

movement of the solute is slowed down compared to water by adsorption or reaction 

or both.  
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2.4.6.3 Kinetics of Biodegradation 

Enzymatic activity occurring in bacteria is responsible for their capability to catalyse 

redox reactions involved in biodegradation processes in groundwater. The action of 

enzymes is through the reduction of reaction activation energies thereby increasing 

the redox rate (Lawrence and McCarty, 1970). For a single reaction in which a single 

substrate is reacting, the kinetics of the enzyme catalysed reaction was originally 

defined by Michaelis and Menten (1913). The Michaelis – Menten (M-M) equation 

representing enzyme kinetics can be written as (Benefield and Randall, 1980): 

 r   
  a      

K       
                     2 24   

where:  

Rmax = maximum reaction rate (T
-1

) 

K     = saturation constant given by the concentration of the substrate at half 

the reaction rate of Rmax (ML
-3

) 

C    = concentration of substrate (ML
-3

) 

 

Michaelis – Menten kinetics can be used in constant biomass systems in which the 

bio reactions are not limited by other compounds (Gong et al., 2011).  Equations in 

the form of the M-M function can also be used to represent kinetic reactions in 

wastewater treatment involving multi-substrates as well as mixed cultures (Benefield 

and Randall, 1980) and is often applied in modelling contaminant transport in the 

subsurface (Holzbecher, 2007). Zero and first order reaction kinetics are also used 

(Schafer and Therrien, 1995). For a zero order reaction, the rate of the reaction is 

independent of the substrate concentration whilst for first and higher order kinetics, 

the reaction rate is a function of the concentration (Gray, 2004). The M-M kinetics 

approximates a zero order reaction when the saturation constant is much less than the 
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substrate concentration and first order when it far exceeds the substrate concentration 

(Gong et al., 2011). 

 

The Monod function (Monod, 1949), which is similar to the M-M function, and its 

variants (Borden and Bedient, 1986; Widdowson et al., 1988; Baveye and Valocchi, 

1989; Essaid et al., 1995) is also used often to model biodegradation of contaminants 

in the subsurface and under laboratory conditions (Rifai et al., 1989; Hunter et al., 

1998; MacQuarrie and Sudicky, 2001; MacQuarrie et al., 2001; Kim et al., 2004; Lee 

et al., 2006; Bunsri et al., 2008). The Monod function, which gives the rate of growth 

of microorganisms in a biological system as a function of the substrate concentration 

has been rewritten in terms of rate of substrate utilisation as (Lawrence and McCarty, 

1970): 

 
d 

dt
     

  bc   

K    
                      [2 25] 

where  
d 
dt

 is the overall substrate utilisation rate, k is the maximum specific substrate 

utilization rate (T
-1

), bc is the active biomass concentration (ML
-3

), C is the 

concentration of the substrate surrounding the biomass (ML
-3

) and K is the saturation 

constant (ML
-3

). 

 

Borden and Bedient (1986) derived equations involving Monod kinetics, where the 

transport of hydrocarbons is coupled to the transport of dissolved oxygen, serving as 

an electron acceptor, and also to microbial dynamics. These equations are: 

d 

dt
     thu (

 

Kh  
) (

 

Ko  
)               [2 2  a] 

d 

dt
     thu (

 

Kh  
) (

 

Ko  
)                  [2 2  b] 
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d t

dt
   thu (

 

Kh  
) (

 

Ko  
)     c  oc   bd t         [2 2  c] 

where:  

H   = concentration of hydrocarbon in pore fluid (ML
-3

)  

O   = concentration of oxygen in pore fluid (ML
-3

) 

Mt  = concentration of aerobic microorganisms (ML
-3

) 

hu   = maximum rate of hydrocarbon utilisation per unit mass of aerobic 

microorganisms (T
-1

)   

Kh  = half-saturation constant of hydrocarbon (ML
-3

) 

Ko  = half-saturation constant of oxygen (ML
-3

) 

G   = ratio of oxygen to hydrocarbon consumed 

Y    = microbial yield coefficient ie. mass of  cells/ mass of hydrocarbon 

(MM
-1

)  

kc    = first order decay rate of natural organic carbon (T
-1

) 

Coc = natural organic carbon concentration (ML
-3

) 

bd   = microbial decay rate (T
-1

) 

 

In cases where the microbial growth kinetics is limited by some secondary species, 

an inhibition factor is included in the kinetic expression.   

 

2.5 Fate of Contaminants in Effluents Undergoing SAT 

The water quality parameters of primary concern in SAT reuse schemes include 

organic compounds, nitrogen species, phosphorus, suspended solids and pathogenic 

organisms (NRC, 1994; Gungor and Unlu, 2005). There is also a concern over the 

presence of trace amounts of toxic substances remaining in wastewater even after the 
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most advanced treatment due to the potential short term or long term health effects 

posed (Tchobanoglous et al., 2003). Putting reclaimed water into the natural 

environment offers the opportunity for recycling and therefore the biodegradation of 

slowly degradable contaminants (Dillon et al., 2006).  

 

2.5.1 Removal Mechanisms in SAT 

Most SAT processes occur in the upper part of the vadose zone of the soil where the 

soil is of finer texture than the aquifer, organic content is higher, unsaturated flow 

occurs and oxygen content is variable ranging from aerobic to anaerobic (NRC, 

1994). This is therefore the most active treatment zone (Crites et al., 2000) with the 

biomat (schmutzdecke) that develops at the infiltration surface accounting for a 

significant portion of the removal that occurs (Tchobanoglous et al., 2003). The 

complex physico-chemical and biological processes that occur in the vadose zone 

and in the aquifer to achieve treatment of the wastewater include filtration, chemical 

precipitation, adsorption, cation exchange, biodegradation of organics, nitrification, 

denitrification, biological recarbonation, bacterial die-off, and virus inactivation 

(Idelovitch and Michail, 1984; Asano, 1985; Kopchynski et al., 1996) complexation 

and chelation (Ward et al., 1985). These removal mechanisms are shown in Figure 

2.6.  
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Figure 2.6 Removal mechanisms in the vadose zone during SAT 

 

 

Nitrification is a two stage process facilitated by different species of chemo-

autotrophic nitrifying bacteria. Nitrosification, which involves the oxidation of 

ammonium ions to nitrite is the first stage of nitrification and is often catalysed by 

bacteria belonging to the genus Nitrosomonas (Gray, 2004). Although other 

autotrophic bacteria genera such as Nitrosococcus, Nitrosospira, Nitrosolobus and 

Nitrosovibrio have also been identified (Belser, 1979) as capable of oxidizing 

ammonium to nitrite,  Nitrosomonas europa, Nitrosomonas oligocarbogenes and 

Nitrosomonas monocella are three species often found during nitrosification (Gray, 

2004). The oxidation process is as shown:  

   
                       

                       [2 27] 

The second stage of nitrification is the oxidation of nitrite to nitrate. The bacteria 

genus Nitrobacter carry out this second stage, with Nitrobacter winogradskyi and 

Nitrobacter agilis being the species often isolated (Gray, 2004). Again other bacteria 

genera have also been found capable to converting nitrite to nitrate. These include 
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Nitrococcus, Nitrospira, Nitrospina and Nitroeystis (Tchobanoglous et al., 2003). 

The reaction for the conversion is as given by Gray (2004):    

                   
                      [2 2 ] 

The stoichiometry of nitrification requires that for complete nitrification to occur, 

4.57 mg of oxygen should be available per 1 mg of ammonia-N present 

(Tchobanoglous et al., 2003).  

 

Other processes that take place in the subsurface environment are chemical oxidation 

and reduction, dilution, volatilization and photochemical reactions (Tchobanoglous 

et al., 2003). The lifetime of the physico-chemical processes varies from short, for 

example the removal of sodium and boron, to very long as occurs for removal of 

trace elements. With careful operation and management of the SAT system, filtration 

by the upper soil layer and biological processes occurring can be effective 

indefinitely (Idelovitch and Michail, 1984). Since biological processes 

(biodegradation) dominate, SAT becomes a sustainable technology (Crites et al., 

2000). 

 

2.5.2 Fate of Particulates 

SAT is a very efficient process for the removal of suspended solids (Crites et al., 

2000). Suspended solids are removed by filtration as the water flows through the 

soil, with the soil matrix effectively retaining these filtered particles (Tchobanoglous 

et al., 2003). Complete removal of suspended solids could occur within 1 m of 

wastewater travel through the unsaturated zone (Pescod, 1992).  
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2.5.3 Fate of Dissolved Organic and Inorganic Contaminants 

Inorganic contaminants are removed by processes including cation exchange, 

precipitation, surface adsorption and chelation and complexation (Ward et al., 1985). 

Phosphorus is partially removed mainly by adsorption and chemical precipitation 

(Asano, 1985; NRC, 1994). Although physical and chemical removal mechanisms, 

which are responsible for the removal of phosphorus, trace metals and non-

biodegradable organics have limited capacity (Kopchynski et al., 1996), and the 

capacity of the soil in attenuating inorganic contaminants is not infinite, 

experimental studies have shown that large quantities of trace metal elements can be 

retained and a site used for groundwater recharge may thus be effective in retaining 

trace metals for a long time (Asano, 1985). With the exception of boron, strong 

attenuation being adsorption, ion exchange and complexation and precipitation of 

trace metals occurs within the soil especially under aerobic and alkaline conditions 

(NRC, 1994). The surfaces of clay minerals, soil organic matter and metal oxides 

serve as adsorption sites for the metals (Crites et al., 2000). Even though boron is not 

as easily removed as other metals, it  can be adsorbed on clay (Pescod, 1992). 

Denitrification, which takes place when anaerobic conditions prevail, is the main 

nitrogen removal mechanism in SAT. Ammonia nitrogen is adsorbed from the 

infiltrating wastewater in the unsaturated zone where it is converted to nitrate by 

nitrification. During the wetting cycle, the nitrate is remobilised and transported to 

the saturated zone where it is denitrified.  

 

Dissolved organic contaminants are removed by biodegradation and adsorption, the 

removal of the easily biodegradable fractions occurring within the first 60 cm or 1 m 

of travel through the soil (Crites et al., 2000; Tchobanoglous et al., 2003). Organic 
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nitrogen is hydrolysed to ammonium (ammonification) through the action of 

microorganisms (Gray, 2004). Mineralization of proteins into ammonium (NH4
+
) 

occurs by their conversion into peptides and amino acids by extracellular proteolytic 

enzymes, which are then transformed through oxidative or reductive deamination to 

ammonium (Bitton, 1999). The reactions are shown in Equations 2.29 and 2.30 

(Bitton, 1999).  

 

Oxidative deamination 

1


O2 NH4

Amino acid Keto acid

R R CC COOHH

O

COOH

NH2

 

 

Reductive deamination 

 

2H

Amino acid

Carboxylic acid

NH4R R CC H H2COOH COOH

NH2

 

  

The dynamics involving the removal of nitrogen during SAT is quite complex due to 

its several oxidation states which are organic nitrogen, nitrogen gas (N2), ammonia 

(NH3), ammonium (NH4
+
), nitrite (NO2) and nitrate (NO3) (Crites et al., 2000).  The 

input of nitrogen to a SAT system and its transformation is represented schematically 

in Figure 2.7 (Freeze and Cherry, 1979).  

    [2 2 ] 

 

     [2 30] 
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Figure 2.7 Nitrogen inputs and transformation in a SAT system 

[Reproduced from Freeze and Cherry, 1979] 

 

BOD is removed mainly by aerobic microorganisms in the soil. Removal of 

biodegradable organic carbon occurs within 30 cm of the soil depth (Rauch-Williams 

and Drewes, 2006). BOD and nitrogen removal are sustainable because they are 

achieved through biodegradation  (Kopchynski et al., 1996). Although sorption and 

biodegradation are the main removal processes for effluent organic matter in SAT 

systems, only a few studies have been conducted to determine the relative 

contribution of each process to the overall removal (Quanrud et al., 1996b; Drewes 

and Fox, 1999; Fox et al., 2005).  

 

Soil contaminants are also removed through volatilization, which is the mass transfer 

of chemical substances from the soil to the atmosphere. Contaminants vaporise into 

air pockets in the soil and are subsequently removed by diffusion to the ground 

surface or by vacuum extraction in wells. Factors influencing the rate of 
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volatilization of contaminants from the soil include the properties of the soil and 

contaminant and environmental conditions (Charbeneau, 2000).  

 

2.5.4 Fate of Pathogens 

Natural systems are generally robust in the removal of human pathogens (Dillon et 

al., 2006) in that they can still maintain a consistent level of efficiency under 

variations in environmental and operational conditions such as influent wastewater 

concentration and loading rates. There is however a risk of groundwater getting 

contaminated by bacteria during SAT under high hydraulic loading rates and in soils 

of coarse texture and high permeability (Crites et al., 2000). Removal mechanisms 

include adsorption, desiccation, radiation, filtration and predation (Crites et al., 

2000). 

 

Bacteria are removed mainly by filtration and viruses by adsorption (Asano, 1985; 

Pescod, 1992), a greater proportion of the removal attainable within 1 m of travel 

(Crites et al., 2000). Immobilised pathogens in the soil cease to reproduce and 

eventually die off (Pescod, 1992). The fate of pathogens in the subsurface 

environment is therefore dependent on their survival characteristics and retention in 

the soil matrix. These are controlled by the physical and chemical properties of the 

soil such as moisture holding capacity, pH, organic matter content, the nature of the 

microorganisms and climatic conditions such as rainfall and temperature (Bitton and 

Gerba, 1984; Tchobanoglous et al., 2003). Viruses are transported more easily 

through soil than bacteria. Their transport can however be retarded by the presence 

of small quantities of organic matter in the soil (Logan, 1999) and they are better 

retained in fine grained sandy loam than in sand (Quanrud et al., 2003a). Inactivation 
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and natural die-off rates of viruses and bacteria increase with increases in 

temperature. Over a temperature range of 5 ºC to 30 ºC die-off rates approximately 

double with every 10 ºC rise. The low pH of rainwater can cause desorption of 

viruses from the soil grains thus allowing movement of these pathogens with the 

infiltrating rainwater (Quanrud et al., 2003a; Tchobanoglous et al., 2003).  

 

The fate of various wastewater contaminants such as organic matter (Quanrud et al., 

1996b; Amy and Drewes, 2007; Zhao et al., 2007), trace organics (Amy and Drewes, 

2007; Rauch-Williams et al., 2010), chlorination-by products (Amy et al., 1993; 

Quanrud et al., 1996b) nitrogen (Kopchynski et al., 1996; Bali et al., 2010) and 

pathogens (Quanrud et al., 2003a; Bali et al., 2010) has been studied in SAT systems 

(Fox et al., 2001). Most field studies carried out have involved deep unsaturated 

zones and secondary or tertiary effluents and several of the soil column studies have 

also been carried out with wastewater containing low concentrations of organic 

carbon. So far, limited work has been done to demonstrate the applicability and 

practicality of using SAT in treating poorly treated effluents or even primary 

effluents. In addition, complete reliance on the saturated zone without utilisation of 

the vadose zone in the treatment has never been explored. There is therefore the need 

for investigations on the efficiency of SAT under high organic loading rates and 

under saturated soil conditions especially in light of evidence that during infiltration, 

wastewater has the tendency to follow preferential flow paths and therefore able to 

bypass a greater proportion of the unsaturated soil matrix (Tchobanoglous et al., 

2003). This is especially important in areas where the water table is high. Such a 

system would also have to be investigated with respect to operational parameters 

such as hydraulic loading rates to assess its performance efficiency. Although 
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dissolved organic carbon removal through a shallow vadose zone and under 

saturated soil conditions has been previously investigated (Chua et al., 2009), the 

wastewaters infiltrated were secondary and tertiary effluents and therefore had low 

DOC concentrations. Objective 1 of this research, which involves the infiltration of 

wastewater with much higher COD and DOC concentrations through the saturated 

soil, would therefore address this need. 

 

Earlier studies carried out by Nema et al., (2001) found a correlation between the 

organic and hydraulic loading rates and effluent quality. It was observed that effluent 

biochemical oxygen demand (BOD), chemical oxygen demand (COD), suspended 

solids (SS), total kjeldahl nitrogen (TKN), ammonia nitrogen (NH3) and phosphorus 

concentrations increased linearly with an increase in cumulative mass loading. 

Effluent quality with respect to these parameters was also found to deteriorate 

linearly with increase in cumulative hydraulic loading (Nema et al., 2001). These 

results were however found not to support previous studies carried out by Carlson et 

al., (1982) indicating that the hydraulic loading was a more important operating 

parameter than the organic loading in determining the effluent quality. Besides, these 

studies involved an unsaturated zone for the treatment and in recent years no further 

studies have been carried out.  

 

2.6 Performance of SAT Systems 

The performance of SAT systems is mainly dependent on three engineering factors. 

These are the characteristics of the infiltration site such as the type of soil overlying 

the aquifer, pre-treatment given to the wastewater, which determines the applied 

wastewater characteristics and the operating conditions such as the duration of the 
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wetting and drying cycles applied (Quanrud et al., 1996a; AWWA, 1998; Houston et 

al., 1999; Fox et al., 2006). Redox conditions and residence time can have a 

significant influence on the kinetics of dissolved organic carbon (DOC) degradation 

(Grünheid et al., 2005) and may affect the removal efficiency. Studies on a number 

of SAT sites have shown that 95 % to 99 % of total suspended solids removal is 

attainable (Crites et al., 2000). Typical performance data for BOD, nitrogen, 

phosphorus and faecal coliforms in SAT systems are summarized in Table 2.2. 

Expected effluent quality of treated water from SAT systems based on percolation of 

primary or secondary effluent through 4.5 m of soil is also given in Table 2.3.  

 

Table 2.2 Typical performance data for SAT systems 

Parameter Average loading 

rate (kg/ha.d) 

Average 

removals (%) 

Comments 

BOD 44.8 – 179.2 86 – 98 Higher values are associated 

with well- designed systems. 

Nitrogen 3.36 – 41.4 10 – 93 Very dependent on pre-

application treatment, BOD/N 

ratio, wet/dry cycle, hydraulic 

loading rate. 

Phosphorus 1.12 – 13.4 29 – 99 Removals correlate closely 

with travel distance through 

soil. 

Faecal 

coliforms 

- 2 – 6 logs Removals correlate with soil 

texture, travel distance 

through soil, and resting time. 

Source: (WPCF, 1990)  
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Table 2.3 Expected effluent quality from SAT systems 

Constituent Value (mg L
-1

) 

Average Maximum 

BOD 

Suspended solids 

Ammonia nitrogen as N 

Total nitrogen as N 

Total phosphorus as P 

2 

2 

0.5 

10 

1 

< 5 

< 5 

< 2 

< 20 

< 5 

Source: (Tchobanoglous et al., 1999) 

 

2.6.1 Level of Effluent Pre-treatment 

The level of pre-treatment given to the wastewater determines the concentration of 

organic carbon applied to the SAT system and thus the redox condition under which 

degradation of target wastewater constituents would occur. Near the soil/water 

interface, biological activity is high, because this is where growth substrates and 

dissolved oxygen are at their highest concentrations. If organic carbon 

concentrations are high in the applied wastewater, most if not all of the dissolved 

oxygen would be utilised in this zone for the degradation of organic carbon and 

aerobic conditions would not pertain in the soil (Fox et al., 2006).  

 

A substantial amount of nitrification and simultaneous denitrification can occur in 

SAT systems, thereby achieving nitrogen removal (Kanarek et al., 1993). Under 

predominantly aerobic conditions, nitrification occurs and a large fraction of the 

influent nitrogen is transformed to nitrate. High carbon content of the influent 

coupled with sufficient BOD levels would generate anoxic conditions to promote 
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denitrification of the nitrate-nitrogen. Long wet and dry cycles also enhance the 

denitrification process. Long wet cycles allow anoxic conditions needed for 

denitrification to develop and be maintained, whilst long drying times allow aerobic 

conditions needed for nitrification to be re-established (Gungor and Unlu, 2005).  

 

2.6.2 Site Characteristics  

SAT infiltration rates, sorption processes and biofilm formation on the soil are 

affected by soil properties. For the development of biofilms in the soil, adequate 

surface area is required for bacterial attachment. High infiltration rates at the 

beginning of SAT wet cycles would also occur in soils possessing high hydraulic 

conductivity (Fox et al., 2006) such as coarse textured soils. On the other hand, more 

efficient contaminant adsorption and removal can be obtained from soils of fine 

texture (NRC, 1994). Loamy sand receiving secondary effluent from conventional 

biological treatment is able to remove 95 % nitrogen when the operated on a 7 days 

wetting and 7 days drying cycle. Sandy clay loam and sandy loam can also be 

operated under both 7 days wetting and 7 days drying and 3 days wetting and 4 days 

drying cycles to meet the nitrification and denitrification requirements of SAT 

(Gungor and Unlu, 2005). Under continuous recharge conditions however, ammonia 

breakthrough can occur (Bouwer et al., 1980; Idelovitch and Michail, 1984; Amy et 

al., 1993; AWWA, 1998). Ammonia adsorption is a function of the cation exchange 

capacity of the soil (Fox et al., 2006), thus soils with high cation exchange capacity 

are required to adsorb ammonia in the infiltrating water (AWWA, 1998). Inorganic 

phosphorus is usually strongly sorbed in soils and sediments. Experiments carried 

out to measure phosphorus breakthrough times during SAT at the Shafdan 

Wastewater Treatment Plant for example showed that phosphorus contamination of 
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deep aquifers by the reclaimed effluents would not be a problem in the near future 

(Lin and Banin, 2006). The presence of a vadose zone is a requirement in SAT in 

order to promote the nitrification process for the transformation of nitrogen in the 

wastewater (Fox et al., 2006). Its depth could have an impact on the hydraulic 

function and the treatment efficiency by affecting the aeration and water content of 

the soil, the surface area of unsaturated soil available and the hydraulic retention 

time (Van Cuyk et al., 2001). 

 

2.6.3 Operating Conditions  

Wet and dry cycles have a key influence on nitrogen transformation processes in the 

soil. During the drying cycle, reaeration of the soil, which is essential for nitrification 

occurs (Fox et al., 2006).  This transforms ammonia in the infiltrating water into 

nitrate. During ponding, dissolved oxygen becomes limited and anoxic conditions 

develop. This allows denitrification processes to occur, transforming nitrate into 

nitrogen gas. Loading cycles to maximize specific treatment objectives are given in 

Table 2.4.  

 

Table 2.4 Suggested loading cycles for SAT systems 

Treatment Objective Pre-treatment Application 

Period, days 

Drying 

period, days 

Maximize infiltration rates Primary 

Secondary 

1 – 2 

1 – 3  

5 – 7 

4 – 5 

Maximize nitrogen removal Primary 

Secondary 

1 – 2 

7 – 9  

10 – 14 

10 – 15 

Maximize nitrification Primary 

Secondary 

1 – 2 

1 – 3  

5 – 7 

4 – 5 

(USEPA, 1981) 
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2.7 Reduction in Soil Hydraulic Conductivity during SAT 

The hydraulic conductivity of a soil describes how easily water can move through 

the pores of the soil and is an important property in determining the risk of pollution 

of groundwater by a contaminant plume. When a soil is inundated over a prolonged 

period, the hydraulic conductivity changes over time (Miyazaki and Seki, 2006).  

Clogging layers develop in SAT infiltration basins during operation. They are 

undesirable as they are much less permeable than the natural soil leading to 

reductions in infiltration rates (Bouwer, 2002). Besides lowered hydraulic 

performance, excessive clogging could lead to anaerobic conditions developing in 

the soil and reduced treatment efficiency. On the other hand the development of the 

clogging layer to a balanced extent such that it does not become too restrictive on 

hydraulic conductivity is desirable as it could promote sorption, biotransformation 

and pathogen inactivation and elimination (Van Cuyk et al., 2001).  

 

Microorganisms present in the soil may directly or indirectly cause a decrease in the 

hydraulic conductivity of the soil (Miyazaki and Seki, 2006). A diverse population of 

microorganisms exist in soils, the most predominant being bacteria, fungi and 

actinomycetes. There are about 10
7
 to 10

8
 bacteria in every 1 g of soil with the 

largest numbers being found in the surface layer. Bacterial numbers decrease 

exponentially with depth of soil (Ishizawa and Toyoda, 1964) reducing to about one 

tenth of the number at the surface at a depth of 50 cm and to less than one thousandth 

at a soil depth of 100 cm. Previous studies carried out at SAT sites have found the 

concentration of total viable soil biomass in the infiltration zone of SAT infiltration 

basins to be positively correlated with the concentration of biodegradable organics in 

the applied effluent (Rauch-Williams and Drewes, 2006). 
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The clogging of the infiltration surface and soil, and subsequent reduction in 

hydraulic conductivity is caused by physical, chemical and biological processes  

(Bouwer, 2002; Miyazaki and Seki, 2006). Physical processes in SAT infiltration 

basins leading to clogging of the infiltration surface include suspended solids 

deposition and accumulation in the basin. Suspended solids may be organic or 

inorganic and includes silt and clay particles, sludge, algae and other 

microorganisms. The downward movement of fine soil particles and accumulation of 

these in denser or finer areas in the soil also form a thin subsurface clogging layer 

(Bouwer, 2002). Microorganisms also destroy the structure of the soil by attacking 

organic materials in the soil. This causes the soil particles to disperse leading to a 

reduction in hydraulic conductivity (Martin, 1945). 

 

Chemical processes contributing to clogging include anaerobic inorganic 

precipitation that occurs in the soil pores (Kamon et al., 2002). Chemicals such as 

calcium carbonate, phosphate and gypsum could precipitate in and on the soil 

(Bouwer, 2002). Microbial gas production also greatly contributes to a reduction in 

the hydraulic conductivity (Poulovassilis, 1972). Soils submerged continuously tend 

to create an environment that supports anaerobic microbial activity, especially when 

an ample source of carbon is available. Anaerobic breakdown of the carbon leads to 

the production of methane gas, a portion of which is stored as gas bubbles in the soil 

(Bouwer, 2002; Miyazaki and Seki, 2006). Nitrogen gas may also be trapped in soil 

pores (Bouwer, 2002). The gas is produced by nitrification/denitrification processes 

occurring in the soil for the removal of nitrogen from the infiltrating wastewater. 

Dissolved air in the infiltrating wastewater could also lead to reductions in 

infiltration rates. In cases where the soil or aquifer is warmer than the recharge 
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water, the water warms up and inherent air is displaced from the water and becomes 

trapped in the soil pores (Bouwer, 2002). 

 

Biological processes leading to clogging include the build-up of algae and bacterial 

flocs on the bottom of infiltration basins (Bouwer, 2002). As the bacterial population 

in the soil increases, products of microbial metabolism accumulate in soil pores 

(Frankenberger et al., 1979). Biomass and biofilms also develop in and on the 

surfaces of the soil particles. These are able to cause a reduction in the size of soil 

pores or even block them completely (Bouwer, 2002; Kamon et al., 2002), thereby 

reducing the available pore space for water flow leading to a reduction in hydraulic 

conductivity. In soil columns the greatest reduction in hydraulic conductivity occurs 

at the inlet end to the column where a bacterial mat forms (Miyazaki and Seki, 

2006). 

 

Two hypotheses describe the clogging in soils due to the activity of bacteria. They 

are the biofilm model and the microcolony model. In the biofilm model, a film of 

bacteria covers the walls of the pores in the soil. The bacterial cells in the film are 

intimately associated with a meshwork of exopolymers or glycocalyx. In the 

microcolony model, the bacteria consume substrates and electron acceptors in the 

soil water and grow in microcolonies that are dispersed on the surface of the soil 

particles. The mechanisms of clogging due to microrganisms are still being 

investigated. Out of the studies that have already been carried out a greater number 

support the microcolony concept (Miyazaki and Seki, 2006). 
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The importance of applying wastewater intermittently in the SAT system i.e. a cyclic 

operation consisting of a period of application followed by a drying period is to 

improve the treatment performance and help maintain infiltration rates over a long 

period (Droste, 1997). The drying periods employed allow the clogging layer to dry, 

shrink, decay and break up thus restoring infiltration rates. Periodically, the dry 

clogging layer is removed mechanically and the soil bottom of the basins scarified to 

further improve infiltration (Bouwer, 2002). When using secondary effluents, 

implementing an operation regime  of 1 to 3 days wastewater application period 

followed by a 4 to 5 day drying period would maximize infiltration rates (USEPA, 

1981). With proper management a SAT system operated with periodic drying to 

reduce clogging should be sustainable indefinitely (NRC, 1994).  

 

2.7.1 Bacterial Biomass and Community Structure in Soils 

A number of methods have been developed to determine the microbial community 

structure and biomass in soils. Deoxyribonucleic acid (DNA) based fingerprint 

methods have been developed and are commonly used for describing the community 

structure. These methods are based on variations in ribosomal ribonucleic acid 

(rRNA) of microbial communities (Leckie, 2005). Microscopy can also be used for 

the enumeration of microorganisms in soils. It is however not suitable for use on 

coarse sands. Phospholipids fatty acid (PLFA) analysis is another widely used 

method for characterising microbial communities in soil and offers the advantage of 

deriving information on both community structure and total microbial biomass from 

the same sample (Findlay and Dobbs, 1993). It is based on the differences in the 

fatty acids contained in the cell membranes of diverse organisms (Leckie, 2005) and 
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as no culturing of samples is required, the method is not selective but covers the 

entire range of the microbial community (Findlay and Dobbs, 1993).  

 

The cell membranes of viable organisms contain fatty acids as a component of its 

phospholipids, which are essential components of its cells. Fatty acids may be 

straight chained, branched or cyclic and could also be saturated or unsaturated 

(O'Leary, 1962). Unique to bacteria are the cyclopropane, β-OH and branched chain 

fatty acids (Lechevalier, 1989). Specific types of fatty acids are usually predominant 

in a given group of organisms and are used as biomarkers for that group of 

microorganisms (Zelles, 1999; Leckie, 2005). The phospholipids fatty acids often 

used as biomarkers are shown in Table 2.5.  

 

Fatty acids are named according to the total number of carbon atoms it contains, 

followed by the degree of unsaturation or the number of double bonds, and the 

position of the double bond from the aliphatic end, ω, of the molecule  cis or trans 

double bonds are denoted by the suffix c or t respectively and indicate the position of 

the adjacent hydrogen atoms to the double bond (Findlay and Dobbs, 1993; Zelles, 

1999). In cis isomers, the two adjacent hydrogen atoms are bound on the same side 

of the double bond in the carbon chain whilst in trans isomers, they are bound on 

opposite sides of the double bond (Valenzuela and Morgado, 1999). For example the 

PLFA 1 :1ω5c means that the fatty acid has 16 carbon atoms and possesses one 

double bond situated at the 5
th

 carbon counting from the aliphatic end of the 

molecule with the two adjacent hydrogen atoms bound on the same side of the 

double bond. Prefixes a, i, cy, br and d are used to signify anteiso, iso and 

cyclopropyl branched, branching type unknown and dicarboxylic acids respectively 
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(Findlay and Dobbs, 1993; Zelles, 1999). The position of the methyl group in the 

molecule is indicated by a number followed by ME. In an OH fatty acid, the prefixes 

α and β denote that  H groups of the molecule are located at positions 2 and 3 

respectively (Zelles, 1999).   

 

Table 2.5 PLFA often used as biomarkers for specific groups of microorganisms 

Type of PLFA Indicator for PLFA used as 

biomarker 

Comments 

Monoenoic unsaturated 

and cyclopropane 

unsaturated 

Gram-negative 

bacteria 

1 :1ω5c, 1 :1ω7c, 

1 :1ω7t, 1 :1ω c, a1 :0, 

cy17:0, 1 :1ω5c, 1 :1ω7c, 

1 :1ωtc, 1 :1ω c, cy1 :0a 

Occur in lesser 

amounts in Gram-

positive bacteria and 

eukaryotes 

Terminally branched 

and 10Me branched 

saturated 

Gram-positive 

bacteria 

i14:0, i15:0, a15:0, i16:0, 

a17:0, i18:0, 10Me16:0 

Occur in some Gram-

negative bacteria 

(sulphate-reducers) 

Saturated straight chain 

(< 20 Carbon atoms) 

Methyl branch on 10
th

 

carbon 

Polyenoic unsaturated 

Bacteria (non-

specific) 

Actinomycetes 

 

Fungi 

14:0, 16:0, 18:0 

 

10Me16:0, 10Me17:0, 

10Me18:0 

1 :2ω   (1 :1ω c, 1 :3ω3) 

 

 

 

 

Occur in other 

eukaryotes and 

bacteria 

Saturated straight chain 

(> 20 Carbon atoms) 

 

Microeukaryotes, 

higher plants, 

mosses 

20:0, 21:0, 22:0, 23:0, 

24:0, 25:0, 26:0 

 

Polyunsaturates  Microeukaryotes  20:3ω , 20:4ω  Rare in bacteria 

Ratio of monoenoic 

precursors to 

cyclopropane PLFA 

Stress indicator 1 :1ω7c cy17:0, 

1 :1ω c cy1 :0 

Ratio < 0.5 occurs in 

healthy non-stressed 

populations 

Trans/cis ratio of 

monoenoic PLFA 

Stress indicator 1 :1ω7t 1 :1ω7c, 

1 :1ω t 1 :1ω c 

Ratio < 0.5 occurs in 

healthy non-stressed 

populations 

(Leckie, 2005) 
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Following the description of the soil aquifer treatment system and a review of its 

performance with respect to characteristic wastewater parameters and mechanisms 

for their removal, literature on the properties of endocrine disrupting compounds, 

specifically triclocarban and the estrogens estrone (E1), 17β-estradiol (E2) 17α-

ethinylestradiol (EE2) and their removal from wastewater are now reviewed and 

presented in the next section. 
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2.8 Endocrine Disrupting Compounds 

2.8.1 Introduction  

The problem of endocrine disruption from environmental pollution has in recent 

years developed into a major human health and environmental issue. Many man-

made chemicals released into the environment have suspected endocrine disrupting 

capabilities (Birkett, 2003a). An endocrine disrupter may be defined as “An 

exogenous agent that interferes with the synthesis, secretion, transport, binding, 

action, or elimination of natural hormones in the body that are responsible for the 

maintenance of homeostasis, reproduction, development, and/or beha iour” 

(USEPA, 1997). Compounds that cause endocrine disruption include: 

i. Steroid hormones such as estrogens;  

ii. Pesticides, herbicides and fungicides; 

iii. Surfactants such as nonylphenol and its ethoxylates; 

iv. Polyaromatic compounds such as polyaromatic hydrocarbons;  

v. Polychlorinated biphenyls and polybrominated flame retardants;  

vi. Organic oxygen compounds such as phthalates, dioxins and bisphenol A 

(Birkett, 2003b); 

vii. Antimicrobials such as triclocarban which has recently been shown to 

possess endocrine disrupting properties (Chen et al., 2008). 
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2.8.2 Mechanisms of Action of Endocrine Disrupting Compounds 

Endocrine disruption occurs when there is an interaction of endocrine disruptors with 

hormone receptors causing a change in the natural patterns of response of the 

endocrine system. Endocrine disrupting compounds (EDCs) could act as mimics, 

blockers, stimulators, endocrine flushers, enzyme flushers or destructors (Birkett, 

2003a). Most endocrine disrupting compounds cause reproduction interferences 

(Wuttke et al., 2010). 

 

The mechanisms of action of EDCs are by: 

i. Binding to the hormone receptor and activating a response (agonistic effect), 

thus mimicking a natural hormone and having adverse effects on biological 

functions;  

ii. Binding to and occupying hormone receptor sites in cells, but generating no 

response (antagonistic effect) thus blocking the natural hormone from 

carrying out its normal interacting functions; 

iii. Stimulating the formation of more hormone receptors, thus amplifying the 

effects of both natural and foreign hormones; 

iv. Accelerating the breakdown of hormones and their elimination from the 

body, leading to hormone depletion;  

v. Deactivating enzymes responsible for the breakdown of hormones in the 

body, leading to excess hormones in the system and problems with 

signalling; 

vi. Altering the structure of natural hormones or pattern of hormone synthesis 

thus destroying the ability of the hormone to carry out its function (Birkett, 

2003a). 
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2.8.3 Estrogens 

Estrogens may be defined as “any of a fa ily of steroid hor ones that regulate and 

sustain fe ale se ual de elop ent and reproducti e function” (Birkett, 2003a). 

They are biologically active compounds synthesized from cholesterol (Ying et al., 

2002) and have a tetracyclic molecular framework comprising a phenol ring (A), two 

cyclohexane rings (B, C) and a cyclopentane ring (D) (Khanal et al., 2006). Figure 

2.8 shows the general structure of estrogens. Estrogens are also known as C18 

steroids due to the 18 carbon atoms they possess in their structure. 
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Figure 2.8 Cyclopentanophenathrene ring of estrogens   

 

Estrogens may be natural or synthetic. Natural steroidal estrogens include estrone 

(E1), 17β-estradiol (E2), estriol (E3), and 17α-estradiol (17α) (Mansell and Drewes, 

2004). These estrogens are primarily synthesized in the ovaries of humans and 

animals but could also be produced in the brain, hypothalamus, adipose tissue, testis 

and placenta (Combalbert and Hernandez-Raquet, 2010). Estrogens are responsible 

for the development of the female reproductive system (Mansell and Drewes, 2004) 

and also important in maintaining healthy breasts, skin and brain (Ying et al., 2002). 

The synthetic estrogen 17α-ethinylestradiol (EE2) is industrially synthesised from E2 

by the addition of an ethinyl group and is the active ingredient in oral contraceptive 

pills (Khanal et al., 2006; Combalbert and Hernandez-Raquet, 2010). Conjugated 
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forms of E1 are also used as active ingredients in drugs used for hormone 

replacement therapy (Arcand-Hoy et al., 1998). These conjugated estrogens are 

blends of salts of estrogen sulphate esters. An example is the drug Premarin, 

C18H21NaO5S, (Figure 2.9) with main components sodium estrone sulphate and 

sodium equilin sulphate, used to treat the symptoms of menopause (DRUGBANK, 

2011).  

 

Figure 2.9 Structure of conjugated estrogen, Premarin 

 

2.8.3.1 Structure and Properties of E1, E2 and EE2 

Figures 2.10 – 2 12 show the structures of estrone (E1), 17β-estradiol (E2) and 17α-

ethinylestradiol (EE2). Differences in the compounds arise from the configuration of 

the D-ring at the C16 and C17 positions of the structure, with estrone possessing a 

carbonyl group on C17 and 17β-estradiol having a hydroxyl group on C17 pointing 

upward of the molecular plane (Carlos, 1998; Khanal et al., 2006)  17α-

ethinylestradiol possesses an ethinyl group on the D-ring (Birkett, 2003a). The 

physical and chemical properties (water solubility, octanol-water partition 

coefficients (Kow), and the Henry’s Law constant (Hc)) of the estrogens are given in 

Table 2.6. 
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Figure 2.10 Structure of estrone   

   

 

 
Figure 2.11 Structure of 17β-estradiol 

 

 
Figure 2.12 Structure of 17α-ethinylestradiol       

                

Table 2.6 Physical and chemical properties of E1, E2 and EE2 

Compound  Molecular 

formula  

Molecular 

mass 

(g/mol) 
a 

Aqueous 

solubility 

(mgL
-1

) 
b 

Log Kow
b Hc 

(atm m
3
 

mol
-1

)
  b 

Estrone 

17β-estradiol 

17α-ethinylestradiol 

C18H22O2  

C18H24O2 

C20H24O2 

270.37 

272.39 

296.40 

12.42 

12.96 

4.83 

3.43 

3.94 

4.15 

6.2 x 10
-7 

6.3 x 10
-7 

3.8 x 10
-7 

a
(Conroy et al., 2007), 

b
(Langford and Lester, 2003) 
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2.8.3.2 Sources of Environmental Estrogens 

Humans and livestock are the main source of estrogens with large amounts being 

excreted in urine and smaller amounts in faeces (Khanal et al., 2006; Combalbert and 

Hernandez-Raquet, 2010). In the liver, estrogens are converted into biologically 

inactive conjugated forms of sulphate, glucuronide or sulphoglucuronide by 

substitution of their hydroxyl groups in positions C3 or C17 or both (Birkett, 2003b; 

Khanal et al., 2006; Combalbert and Hernandez-Raquet, 2010). Commonly reported 

conjugated forms of E1 and E2 (Johnson and Williams, 2004; Racz and Goel, 2010) 

are shown in Figure 2.13. Figure 2.14 also shows the metabolism of EE2 after 

ingestion and its excretion from the body (Johnson and Williams, 2004). 

 

Conjugated forms of estrogens have little biological activity and are more soluble 

than the unconjugated or free forms of the estrogens. They are thus easily excreted 

from the body through urine (Combalbert and Hernandez-Raquet, 2010) and are 

therefore the main form in which estrogens are excreted (D'Ascenzo et al., 2003). 

Estrogens excreted with faeces on the other hand are mainly in the free form, having 

been deconjugated by intestinal flora in the gut (Adlercreutz and Järvenpää, 1982). 

Outside the body or during wastewater treatment the conjugated estrogens, 

especially the glucuronides (D'Ascenzo et al., 2003), are  broken down by faecal 

bacteria into their free forms, which present much greater estrogenic activity 

(Desbrow et al., 1998). A summary of the amounts of E1, E2 and EE2 excreted daily 

by humans is given in Table 2.7.  
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Figure 2.13 Common conjugated forms of estrone and 17β-estradiol 

[Reproduced from Johnson and Williams, 2004; Racz and Goel, 2010] 

 

     

Estrone-3-sulphate    Estrone-3-glucuronide 

 

 

   

17β-estradiol-3-glucuronide   17β-estradiol-17-glucuronide 

 

    

17β-estradiol-3-sulphate 
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17α-ethinylestradiol (EE2)  Ingested

43 % metabolised within the body

30 % excreted in faeces, 

77 % of which is in the free 

form

27 % in urine

63 % excreted in the form of 

glucuronide conjugates

11 % excreted as conjugated metabolites or as EE2-SO4 

conjugates

2-hydroxy-17α-

ethinylestradiol

2-methoxy-17α-

ethinylestradiol

17α-ethinylestradiol-3-

sulphate

2-methoxy-17α-

ethinylestradiol

CO2?

17α-ethinylestradiol-3-

glucuronide  

Figure 2.14 Metabolism and excretion of 17α-ethinylestradiol after ingestion 

[Reproduced from Johnson and Williams, 2004] 

 

Table 2.7 Amount of E1, E2 and EE2 excreted daily by humans 

Category Amount excreted (µg d
-1

) 

E1 E2 EE2 

Women  

      of reproductive age (15 – 59)
a
 

     pregnant
a
 

     using oral contraceptives
b
 

Men
b
 

 

5 – 31 

600 – 940 

 

3.9 

 

3 – 19 

170 – 330 

 

1.6 

 

- 

- 

35 

- 

a
(Combalbert and Hernandez-Raquet, 2010); 

b
(Johnson et al., 2000) 

 

As the conventional wastewater treatment process is not specifically designed with 

EDCs as target contaminants for removal (Drewes et al., 2005), estrogens are 

incompletely removed during treatment and it is not surprising that wastewater 

treatment plant effluents have become the main source of estrogens in the 
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environment (Allinson et al., 2010). Natural and synthetic estrogens present the 

greatest endocrine disrupting activity in domestic wastewater effluents (Desbrow et 

al., 1998; Snyder et al., 2001). E1, E2 and EE2 are the most active EDCs (Desbrow 

et al., 1998), as they are able to exert their physiological effects at much lower 

concentrations than the other estrogens (Arnon et al., 2008). EE2 has the highest 

estrogenic activity followed by E2, and although E1 only has half the potency of E2, 

in wastewater effluents it is often found at more than double the concentration of E2 

(Johnson and Sumpter, 2001) due to its slower rate of degradation (Rodgers-Gray et 

al., 2000). Due to the much higher concentrations of E1 in the aquatic environment, 

it is potentially the most important endocrine disruptor among all the estrogens 

(D'Ascenzo et al., 2003). It has been established for surface waters a total “potential 

no effect concentration” (PNEC) of 1 0 ng L
-1

 as a weighted sum of estrone (E1), 

17β-estradiol (E2), and 17α-ethinylestradiol (EE2) (PNEC = 10EE2 + E2 + E1/3). 

The individual PNEC values for each of these EDCs are 3.0, 1.0, and 0.1 ng L
-1

 for 

E1, E2 and EE2 respectively (Young et al., 2004). A few examples of a range of 

estrogen concentrations observed in sewage treatment plant effluents in some 

countries are given in Table 2.8. Other sources of estrogens in water bodies include 

run off from farmlands used for rearing livestock (Matthiessen et al., 2006). Low 

concentrations of estrogens have been detected in aquifers recharged with 

wastewater effluents or in areas where animal manure or wastewater treatment plant 

sludge is applied on the overlying agricultural land in the catchment area. They have 

also been detected in spring water from some aquifers indirectly recharged with 

wastewater through irrigation practices (Gibson et al., 2007) or animal husbandry  

(Peterson et al., 2000). Hohenblum et al (2004) also attributed presence of estrogens 

in groundwater to agricultural practices and contamination from domestic sewage. 
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Septic tank systems have also been identified as a contributor to estrogens found in 

groundwater (Swartz et al., 2006).  

 

Table 2.8 Concentrations of estrogens in wastewater treatment plant effluents in 

different countries 

Wastewater 

Treatment 

Process 

Country  Concentration in effluent (ng L
-1

) Reference 

E1 E2 EE2 

Activated sludge 

Activated sludge 

Activated sludge 

Activated sludge 

Activated sludge 

Summarised from 

a variety of 

treatment 

processes  

 

Activated sludge, 

Biological 

percolating filter 

+ sand filter 

Activated sludge 

Activated sludge 

 

Activated sludge 

Activated sludge  

 

Bio-filter 

Activated sludge 

 

Activated sludge 

 

Activated sludge 

Italy 

Italy 

Italy 

Italy 

Portugal 

UK 

 

 

UK 

 

 

 

UK 

The 

Netherlands 

 

China 

France 

 

France 

Germany 

 

Canada 

 

Canada 

5 – 30 

17 ± 7 

2.5 – 82.1 

< 0.5 – 54 

<LOD – 85 

1 – 80 

 

 

< 0.4 – 12.2 

 

 

 

6.68 ± 4.15 

< 0.4 – 47 

 

8.3 – 14.0 

6.2 ± 0.8 – 

7.2 ± 0.8 

4.3 ± 0.6 

9 (mean) 

70 (max) 

3 (mean) 

48 (max) 

8.7 – 75 

3 – 8 

1.6 ± 1.9 

0.44 – 3.5 

< 0.5 – 7 

< LOD – 2.3 

0.1 - 90 

 

 

< 0.4 – 4.3 

 

 

0.65  ± 0.35 

< 0.4 – 12 

 

8.7 – 32.4 

4.5 ± 1.0 – 

8.6 ± 0.9 

6.6 ± 1.4 

<1 (mean) 

3 (max) 

6 (mean) 

64 (max) 

<1 – 7.4 

ND 

NM 

0.3 – 1.7 

< 0.5 – 2.2 

< LOD 

< 0.1 – 4.3 

 

 

< 0.4 – 3.4 

 

 

 

0.78 ± 0.09 

< 1.8 

 

ND 

3.1 ± 0.6 –  

4.5 ± 0.8 

2.7±0.8 

1 (mean) 

15 (max) 

9 (mean) 

42 (max) 

<1 

(Laganà et al., 

2004) 

(D'Ascenzo et 

al., 2003) 

(Baronti et al., 

2000) 

(Johnson et 

al., 2000) 

(Sousa et al., 

2010) 

(Fenlon et al., 

2010) 

 

 

 

(Williams et 

al., 2003) 

 

 

 

(Filby et al., 

2010) 

(Johnson et 

al., 2000) 

 

 

(Zhang et al., 

2011) 

(Cargouët et 

al., 2004) 

 

 

(Cargouët et 

al., 2004) 

(Ternes et al., 

1999) 

 

 

(Ternes et al., 

1999) 

 

(Lee et al., 

2004) 

LOD – Limit of Detection; ND – Not Detected; NM – Not Measured    
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2.8.3.3 Effects of Exposure to Estrogens 

Estrogens have been detected in effluent receiving water bodies (Ternes et al., 1999; 

Hashimoto et al., 2007; Miya et al., 2007; Pauwels et al., 2008; Gabet-Giraud et al., 

2010) at concentrations high enough to cause endocrine disruption of some aquatic 

species (Khanal et al., 2006). 

 

Natural estrogens are biologically active in the blood of several mammals at 

concentrations as low as 2 to 3 pg mL
-1 

(Tyler et al., 1998). Due to the high affinity 

of hormone receptor sites for hormones, very low concentrations of hormones are 

sufficient to generate responses (Birkett, 2003a). The feminization of male fish in 

waters polluted by wastewater effluents has been attributed to the presence estrogens 

in the effluent (Purdom et al., 1994; Jobling et al., 1998). Exposure to EE2, even in 

concentrations as low as 1 to 10 ng L
-1

, could significantly increase the amount of 

the blood protein vitellogenin in the plasma of fish (Purdom et al., 1994). Vitellogen 

is an egg yolk protein precursor which is estrogen-dependent and specific to female 

fish (Jobling and Tyler, 2003).  

 

The presence of EDCs in treated wastewater used for drinking water augmentation is 

of great concern due to their potential harmful effects on human health (Mansell and 

Drewes, 2004). Decrease in the quality and quantity of human sperm over the years 

is thought to have been caused by exposure to them (Birkett, 2003a). Other health 

issues believed to be brought about by EDCs such as increased incidence of 

testicular and prostate cancer, undescended testes (cryptorchidism), malformation of 

the penis (hypospadias) and breast cancer in women have not been well substantiated 

(Birkett, 2003a).  
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The interference of EDCs with reproduction as agonists or antagonists of the 

steroidal sex hormones (estrogens and androgens) could have serious consequences 

for sexual differentiation of animals, and is also a source of major concern (Wuttke 

et al., 2010).  

 

2.8.3.4 Transformation Processes and Mechanisms for Removal of 

Estrogens 

The physicochemical properties of estrogens and site-specific environmental 

conditions control their distribution and partitioning in the environment (Ying et al., 

2002). Environmental conditions include pH, temperature, the presence of suitable 

microorganisms to carry out the degradation process and the presence of other 

organics which may either enhance or limit biodegradation of the estrogens (Lim et 

al., 2007). Physical and chemical properties governing the mechanisms for their 

removal and biotransformation pathways during treatment are water solubility, 

octanol-water partition coefficients (Kow) and Henry’s Law constant (Hc). The 

octanol-water partition coefficients influence the partitioning and sorption of the 

estrogen and the Henry’s Law constant determines the potential for evaporation or 

volatilization. Log Kow of less than 2.5 indicates low sorption potential whilst a value 

above 4 demonstrates a high potential for sorption (Langford and Lester, 2003). Due 

to the strong hydrophobic properties of estrogens, sorption is an important 

mechanism for their removal from wastewater. The Hcs of the estrogens however are 

much less than 10
-3

 mol
-1 

m
-3

 and thus the likelihood of their volatilisation is very 

low (Langford and Lester, 2003). 
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SAT has great potential for the removal of E1 and E2 due to their good rates of 

degradation under aerobic and anoxic conditions (Ke et al., 2007; Suarez et al., 

2010). Secondary wastewater effluent samples collected from SAT infiltration ponds 

show a marked reduction of estrogenic activity over 24 hours (Conroy et al., 2007). 

EE2 is however more persistent in anoxic environments such as may pertain in 

aquifers that are artificially recharged by SAT or direct injection (Ke et al., 2007). 

Several studies have been carried out on the removal of estrogens in activated sludge 

treatment plants (Khanal et al., 2006; Racz and Goel, 2010) and their behaviour in 

soils under laboratory conditions. Not as much attention has been focussed on their 

removal during SAT. 

 

Estrogens have been found to be removed mainly by sorption and aerobic 

biodegradation during percolation through the subsurface soil (Fox et al., 2006). In 

Fox et al’s (200 ) unsaturated soil column studies simulating SAT, adsorption was 

found to be the primary removal mechanism. About 79 % of E2 was removed by 

adsorption after 5.2 to 7.4 hours effective contact time with silica sand. In batch 

studies with different soil types, removal efficiencies were found to be higher in soils 

with higher organic, silt and clay contents. About 99 % removal of E2 was attainable 

in aerobic biologically active saturated and unsaturated columns packed with silica 

sand. The removal was found to be independent of total biomass activity (Fox et al., 

2006). Sorption alone is not a sustainable contaminant removal process in the soil as 

substances removed by adsorption have the potential to remobilise (Mansell et al., 

2004).  
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Cordy et al (2004) carried out a proof-of-concept experiment to verify if pathogens 

and pharmaceutical and organic compounds in wastewater including E1, E2 and EE2 

would contaminate ground water during SAT. 2.4 m long unsaturated soil columns 

were used for this purpose. The concentrations of the estrogens in the wastewater 

effluent infiltrated however were already below the detection limit of 5 ng L
-1 

and as 

such were not detected in the column effluent. Cordy et al (2004) however concluded 

that there is the potential for contamination of ground water by pathogens, 

pharmaceuticals and other organic wastewater contaminants during SAT. Studies of 

two SAT sites, which had been in operation for more than thirteen years, found the 

presence of E2, though in low concentrations, after 1.5 m of wastewater infiltration 

at one site and after 5 m at the other. No breakthrough of hormones into the 

underlying groundwater however occurred (Fox et al., 2006).  

 

2.8.3.5 Redox Conditions and Estrogen Transformation  

In soil column studies, aerobic and anoxic conditions were not found to be of 

importance in the removal of E2 (Mansell and Drewes, 2004). E1 and E2 are readily 

biodegradable under a range of temperature and moisture conditions in agricultural 

soils. EE2 on the other hand has been found to be more resistant to biodegradation or 

mineralisation than E1 and E2 (Colucci et al., 2001; Jürgens et al., 2002; Stumpe and 

Marschner, 2009).  

 

E2 was found to degrade slowly in sediments under strict batch anaerobic conditions, 

the rate and extent of degradation being dependent on the electron acceptor (iron, 

sulphate, carbon dioxide or nitrate). EE2 however remained resistant to 

biodegradation, even after several months (Czajka and Londry, 2006). The resistance 
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of EE2 to degradation partly stems from the presence of the ethinyl group in position 

17α, which shields the compound from oxidation to E1 (Gomes and Lester, 2003)   

In nitrifying environments of activated sludge EE2 has been found to biodegrade 

quite well (Vader et al., 2000; Shi et al., 2004; Dytczak et al., 2008) and the removal 

has been attributed to cometabolic transformation mediated by ammonium oxidizing 

bacteria (Vader et al., 2000; Yi and Harper, 2007). Nitrification in the unsaturated 

zone followed by denitrification in the saturated zone during SAT is a crucial 

process for nitrogen removal.  It is advantageous that the cometabolic process can 

proceed without prior adaptation of nitrifying bacteria (Vader et al., 2000) thus 

providing a barrier against groundwater contamination. Other studies however 

conclude that at environmentally relevant estrogen and ammonia concentrations, 

degradation of EE2 is rather mediated by heterotrophic bacteria (Gaulke et al., 

2008). 

 

In quite a number of studies, E2 has been observed to transform to its metabolite E1 

(Colucci et al., 2001; Jürgens et al., 2002; Czajka and Londry, 2006; Stumpe and 

Marschner, 2009). Researchers carrying out laboratory microcosm incubation 

experiments have  attributed the transformation to abiotic oxidation processes 

(Colucci et al., 2001) as well as to microbial oxidation (Czajka and Londry, 2006; 

Stumpe and Marschner, 2009). Removal of E1 was however found to be only 

biologically mediated (Colucci et al., 2001). Partial conversion of E1 to E2 under 

methanogenic conditions has also been observed by some authors, the conversion 

thought to have occurred as a result of the reduction of the ketone of E1 to the 

alcohol form of E2 (Czajka and Londry, 2006). The overall biodegradation process 

for the removal of estrogens from soils infiltrated with wastewater is a complex 
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process which is dependent on the presence of a stable microbial community in the 

soil system, substrate concentrations and the availability of nutrients for microbial 

sustenance (Das et al., 2004).   

 

While the removal of estrogens in during conventional wastewater treatment such as 

activated sludge and has been well studied, their removal during SAT has not been 

fully explored. During SAT wastewater infiltrates through layers of saturated and 

unsaturated subsurface soils and the level of groundwater is expected to fluctuate. 

Studies undertaken at infiltration sites and in soil columns to assess the removal of 

wastewater estrogens have so far not addressed this situation. Also, due to the 

biotransformation of E1, E2 and EE2 from one form to the other, their behaviour as a 

mixture in the infiltrating wastewater needs to be investigated at short intervals 

within the soil profile. Information available in this respect is scarce. Objectives 2 

and 3 of this study are therefore designed to help bridge these gaps in knowledge.   

 

2.8.4 3, 4, 4´-trichlorocarbanilide (Triclocarban) 

3, 4, 4´-trichlorocarbanilide or triclocarban (TCC) is a polychlorinated binuclear 

aromatic urea pesticide having 36.7 % chlorine content by weight (Halden and Paull, 

2005). TCC is hydrophobic and non-volatile in nature with low solubility, high 

octanol-water partition coefficient (Kow) and high soil adsorption coefficient (Koc). It 

thus tends to sorb onto soil and sediment (Heidler et al., 2006; Sapkota et al., 2007; 

Ying et al., 2007). The NH group (Ying et al., 2007), high chlorine content and 

presence of aromatic rings imparts biodegradation resistance to the compound and 

the possibility of it persisting in the environment for a long period of time (Halden 
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and Paull, 2005; Ying et al., 2007). The structure of TCC is shown in Figure 2.15 

and its physical and chemical properties are summarised in Table 2.9. 

 

Figure 2.15 Structure of Triclocarban 

 

Table 2.9 Physical and chemical properties of TCC 

Property  Value  

Formula 

Molecular weight (g mol
-1

) 

Chorine content (wt %) 

Water solubility (mg L
-1

 at 25 °C) 

Log10Kow (at pH 7 and 25 °C) 

Melting point (°C) 

C13H9Cl3N2O 

315.59 

36.7 

0.65 – 1.55  

4.9 

140 

(Halden and Paull, 2005) 

 

2.8.4.1 Sources of Triclocarban in the Environment 

TCC is washed down the drain through household activities and enters water 

resources through the discharge of wastewater effluents (Heidler et al., 2006; 

Coogan et al., 2007; Sapkota et al., 2007), leaking sewer pipes and combined sewer 

overflows (Halden and Paull, 2005). Other potential sources are runoff from land 

that has been either amended with sludge from wastewater treatment for agricultural 

purposes or served as a disposal site (Heidler et al., 2006; Ying et al., 2007; Topp et 

al., 2008) or irrigated with wastewater effluents (Ternes et al., 2007). Wastewater 
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TCC concentrations in some treatment plants in the UK and US range from 0.4 µg L
-

1 
to as high as 200 µg L

-1
. Concentrations up to 6 µg L

-1
 have been measured in 

effluents from some wastewater treatment plants in New Jersey (Halden and Paull, 

2005). Table 2.10 summarises concentrations measured in some wastewater 

effluents. 

 

Table 2.10 TCC concentrations measured in wastewater effluents 

Country  TCC concentration (ng L
-1

)  Reference  

U.S. 

 

 

 

 

 

China  

110 ± 10 

100 – 6000 

80 – 12 000 

170 ± 30 

50 – 330 

18 - 130 

23.9 – 342 

(Halden and Paull, 2005) 

(Chalew and Halden, 2009) 

(TCC-Consortium, 2002) 

(Heidler et al., 2006) 

(Klein et al., 2010) 

(Trenholm et al., 2008) 

(Zhao et al., 2010) 

 

2.8.4.2 Effects of TCC Exposure on Living Organisms 

TCC imposes toxic influences on a quantity of living organisms (Chalew and 

Halden, 2009). Manufacturers have labelled TCC with the risk phrase R45 and R46, 

which indicates the chemical has the potential to act as a carcinogen and also cause 

heritable disease (Halden and Paull, 2005). Studies have found TCC to have a 

negative impact on reproduction of rats and the survival and body weight of their 

offspring. In rabbits, it also caused dose-related maternal toxicity, abortions, weight 

loss and even death (Nolen and Dierckman, 1979). TCC may adversely affect 

aquatic organisms such as fish and crustacea (Ying et al., 2007; Chalew and Halden, 
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2009) and also has the potential to bioaccumulate in algal species and snails (Coogan 

et al., 2007; Coogan and La Point, 2008). The minimum algistatic concentration 

toxic to algae is 6 µg L
-1

, and concentrations above 1.46 µg L
-1

 and 5 µg L
-1

 cause 

chronic toxicity to aquatic invertebrates and fish respectively (TCC-Consortium, 

2002). TCC has also been found to accumulate in the root tissues and translocate into 

the beans of the soybean plant upon exposure of the crop to biosolids containing 

TCC and irrigation with contaminated wastewater (Wu et al., 2010). 

 

Mono and di-chlorinated anilines which are TCC breakdown products exhibit 

ecotoxic, genotoxic and hematotoxic characteristics (Gledhill, 1975). TCC exposure 

has been linked to methemoglobinemia in humans (Johnson et al., 1963) and can 

also cause endocrine disruption due to its potential to act as a sex steroid amplifier. 

In male rats, a diet containing TCC in combination with administered testosterone 

significantly increased the size of all sex accessory organs. TCC exposure could also 

cause developmental defects such as cryptorchidism and hypospadias and 

diminished reproductive function in adults such as a decrease in sperm quality. In 

females, the amplification of androgens as a result of exposure to TCC could result 

in disturbance in ovulation and upset the functioning mechanisms of the ovaries. 

Neurogenesis could also be compromised as a result of TCC exposure in the uterus 

(Chen et al., 2008).   

 

The composition of biofilm communities and their architecture are very sensitive to 

environmental stress. Alterations could occur in the thickness of the biofilms, in the 

distribution of the microbial cells or in the community structure. At a concentration 

of 10 µg L
-1

, significant changes were found to occur in river biofilm community 
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composition. There was a shift from a community composed mainly of autotrophs to 

one dominated by heterotrophs. Suppression of the utilization of carbon, carboxylic 

acids and amino acids by microorganisms was also evident (Lawrence et al., 2009).  

 

2.8.4.3 Removal of Triclocarban during Wastewater Treatment and 

Mechanisms for Removal 

Physical, chemical and biological processes are responsible for attenuation of TCC 

in the environment. Limited information is available on the transformation and 

mineralization of TCC by bacteria growth (Miller et al., 2010). It has been found to 

be removed to some extent by biodegradation (Gledhill, 1975) and sorption to 

sludge, inorganic particles and microbes (TCC-Consortium, 2002). Its 

biodegradation, though slow, is favoured in aerobic environments. Under anaerobic 

conditions, TCC has been found to be resistant to biodegradation (Heidler et al., 

2006; Ying et al., 2007). In a study on activated sludge treatment about 21 % of TCC 

was observed to have been biotransformed, lost or could not be accounted for, 76 % 

partitioned into the sludge where no significant transformation occurred,  and the 

remaining 3 % passed through the plant with the effluent (Heidler et al., 2006). TCC 

has been detected in effluents at concentrations ranging from 76 ng L
-1

 to 12 000 ng 

L
-1 

(TCC-Consortium, 2002) and in surface waters at less than 30 ng L
-1

 to 6750 ng 

L
-1 

(Halden and Paull, 2005). 

 

Different TCC half-lives ranging from 80 days to 231 days have been reported to 

occur in aerobic soil (Ying et al., 2007; Wu et al., 2009; Cha and Cupples, 2010). 34 

% to 53 % TCC removal was attained after 100 days in a range of soils using 

laboratory microcosms (Cha and Cupples, 2010). Under anaerobic conditions 
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however minimal biodegradation of TCC occurred over a period of 70 days (Ying et 

al., 2007). Access to compounds by soil microorganisms is limited when they are 

sorbed and therefore bioavailability limitations impact negatively on biodegradation 

rates in soils (Cha and Cupples, 2010). The kinetics and degree to which TCC would 

sorb or desorb in a natural system is influenced by the kind of organic carbon 

available and the attainment of equilibrium conditions. The presence of high organic 

matter would lead to greater sorption and reduced bioavailability (Chalew and 

Halden, 2009). Leaching models suggest that there is low likelihood for groundwater 

contamination by TCC due to its very low leaching potential (Cha and Cupples, 

2010). Recently, bacteria belonging to the Alcaligenaceae family have been 

identified as capable of utilising TCC and non-chlorinated carbanilide (NCC) as sole 

carbon sources for growth. The metabolic capability of these bacteria suggests they 

could be used as an avenue for remediation of TCC polluted environments. TCC 

concentrations must however be high enough, such as pertains in digested sludge, to 

sustain their growth (Miller et al., 2010). A TCC biodegradation pathway based on a 

number of studies has been proposed by Miller et al (2010) and is shown in Figure 

2.16. It was proposed that the first step of the degradation pathway is by hydrolysis 

of the urea bridge of the compound, giving rise to 4-chloroaniline and 3,4-

dichloroaniline. Next, deamination of 4-chloroaniline occurs in bacteria and also 

hydroxylation by an aniline dioxygenase. This results in the production of 4-

chlorocatechol. 3,4-dichloroaniline is also degraded into monochloroaniline, 

probably via dehalogenation, which may in turn undergo deamination and 

hydroxylation by a dioxygenase enzyme into 4-chlorocatechol. The degradation of 4-

chlorocatechol then occurs in meta-cleavage and ortho-cleavage pathways via 2,3-

catechol or 1,2-catechol dioxygenase enzymes, resulting in the production of 5-
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chloro-2-hydroxymuconic acid semialdehyde and 3-chloro-cis,cis-muconate 

respectively. 5-chloro-2-hydroxymuconic acid semialdehyde and 3-chloro-cis,cis-

muconate are lastly degraded by intermediate metabolic pathways and the 

subsequent bacterial assimilation of carbon and nitrogen  occurs (Miller et al., 2010). 
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Figure 2.16 Proposed biodegradation pathway of triclocarban 

[Reproduced from Miller et al, 2010] 
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While the removal of TCC from wastewater has been studied in the activated sludge 

process and also its behaviour in soil under aerobic and anaerobic conditions has 

been investigated, its removal during passage through the soil in a soil aquifer 

treatment system has not been assessed and currently there is no information on the 

efficiency of SAT for the removal of TCC as well as the effects of TCC, if any, on 

the performance of the SAT system. The purpose of Objective 4 of this study is 

therefore for the elucidation of this area of research.  
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CHAPTER 3 

3 MATERIALS AND METHODS 

3.1 Introduction 

This chapter details the procedures followed to achieve the set objectives of this 

research. Soil aquifer treatment (SAT) was simulated in the laboratory under 

saturated and unsaturated conditions using long and short soil columns. These are a 2 

metre long column, a set of three 1 metre long columns and a short column of length 

300 mm. The 2 metre soil column was filled with silica sand and used to investigate 

the performance of SAT under different hydraulic and organic loading rates. 

Wastewater parameters measured during the experiments were chemical oxygen 

demand, biochemical oxygen demand, dissolved organic carbon, nitrogen (nitrate, 

ammonia nitrogen, organic nitrogen and total nitrogen), phosphate, pH, temperature 

and dissolved oxygen. Estrogen removal under saturated and unsaturated conditions 

was studied in 1 metre long soil columns filled with silica sand and also with a 

mixture of silica sand, silt and clay, whilst triclocarban (TCC) removal was explored 

using the 300 mm long column containing silica sand as packing material.  

 

1 m soil columns were used to study estrogen removal because results from the 2 m 

column revealed that a greater part of the removal of wastewater parameters that was 

realised for the whole 2 m length of the soil column occurred within the first few 

centimetres. Since the fate of TCC during SAT has never been studied, it was also 

thought prudent to carry out the studies on a small scale, hence the use of a short 

column for TCC studies. Required residence times in the soil column can be 

obtained by selecting the appropriate hydraulic loading rate. 
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A description of the setups used for the experiments, instruments employed, 

experimental and calibration protocols and analytical procedures used to measure the 

concentrations of the parameters of interest are presented. Table 3.1 gives a summary 

of the main equipment/instruments used in the soil column setups and for the 

analyses carried out.  

 

Calibration of some of the instruments used was needed in order to be able to 

convert readings from them into meaningful information in the data format required. 

The instruments calibrated were: 

i. SWT5 Tensiometers 

ii. ThetaProbe soil moisture sensors  

iii. Ion chromatograph 

iv. UV/Vis Spectrophotometer  

v. TOC analyser 

vi. LCMS 

vii. GCMS 

The setup and procedures adopted for the calibration of these instruments are 

detailed in later sections.   
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Table 3.1 Summary of equipment and instruments used 

  Instruments/ Equipment 

S
et

u
p

 

Soil column setup 

Peristaltic pump 

Flow meter  

Water bath  

Refrigerator 

Instruments 

SWT5 tensiometers  

ThetaProbe soil moisture sensors - type ML2x 

CONMARK 314 stainless steel digital pocket 

thermometers 

UV-Vis spectrophotometer 

Data collection Data logger 

Computer 

Voltage stabilizer  

A
n

a
ly

si
s 

Chemical Oxygen 

Demand (COD) 

Hach COD reactor 

Hach DR/2400 spectrophotometer 

Biochemical Oxygen 

Demand (BOD) 

Hach Sension 6 dissolved oxygen meter  

Dissolved Organic 

Carbon (DOC) 

ISCO Total organic carbon (TOC) analyser with 

low temperature oxidation 

Total Kjeldahl Nitrogen 

(TKN) 

Tecator 2006 digestor  

Tecator Kjeltec System 1002 distilling unit 

Ammonia-Nitrogen 

(NH3-N) 

Tecator Kjeltec System 1002 distilling unit 

Nitrate-Nitrogen  

(NO3-N) 

Dionex series 4000i Ion chromatograph  

Nitrite-Nitrogen 

(NO2-N) 

Dionex series 4000i Ion chromatograph  

Phosphate (PO4) Dionex series 4000i Ion chromatograph  

Sulphate (SO4) Dionex series 4000i Ion chromatograph  

Dissolved Oxygen (DO) Hach SenseIon 6 Dissolved oxygen meter 

pH Oakton pH/mV/°C pH 11 series meter 

Triclocarban (TCC) Liquid chromatograph-mass spectrometer (LCMS) 

Estrogens- liquid 

samples 

LCMS 

12-port disposable liner SUPELCO Visiprep
TM

 

SPE vacuum manifold  and Visidry
TM

 drying 

attachment 

Estrogens-soil samples Sonicator  

LCMS 

Phospholipid Fatty Acid 

Analysis (PLFA) 

Flask shaker 

Centrifuge 

Ultraviolet-Visible (UV-Vis) spectrophotometer 

Gas chromatograph-mass spectrometer (GCMS) 
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3.2 Studies on Wastewater Hydraulic Loading Rates and COD 

Effects on Removal Efficiency of Wastewater Parameters 

during SAT 

A 2 m soil column was used to study the effect of wastewater COD and hydraulic 

loading rates on the removal of DOC, COD, BOD, nitrogen and phosphate.  

 

3.2.1 Soil Column Description and Setup 

Figure 3.1 shows a schematic drawing of the soil column setup. A photo gallery of 

the setup can be found in Appendix A. The column used for this study was made of 

acrylic tube with an inner diameter 140 mm and length 2000 mm. 10 mm thick 

flanges were fabricated and attached to the top and bottom of the column. Eight 

holes were drilled at equal intervals around the circumference of the top and bottom 

flanges of the column into which helicoil inserts were screwed. These inserts 

facilitated the tight closure of the tube with top and bottom caps without sustaining 

any cracks in the tube flanges. The top and bottom caps were fabricated from solid 

perspex and PVC blocks respectively. The inner part of the top cap was machined to 

a 15 ° ridge and the apex fitted with a radiator valve for bleeding air out of the 

column. A threaded hole was also provided slightly offset from the centre of the cap 

and fitted with a hose adapter.  This served as the exit from the column. A 10 mm 

thick PVC distributor cut out in the form of a labyrinth was mounted on the inner 

surface of the bottom cap to facilitate even distribution of water over the entire cross 

section of the column. A 6 mm diameter hole was drilled midway through the 

thickness of the bottom cap along its cross section. One end of the hole was to serve 

as an entry port to the column, and the other end was used as a drain. 
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Figure 3.1 2-meter soil column setup 
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Another 6 mm diameter hole was drilled at right angles in the centre of the cap to 

serve as an access hole for wastewater into or out of the column. The drain hole was 

fitted with a 12 mm plastic ball valve and the entry hole with a quickfit/ quick 

disconnect coupling fitted to a 6 mm inner diameter stainless steel tube. To maintain 

a water tight seal, a gasket was placed between the tube and the end caps before 

securing them together with threaded screws complete with washers.  

 

Water sampling points consisting of 3.2 mm inner diameter stainless steel tubes were 

provided at ten points (100 mm, 200 mm, 300 mm, 400 mm, 500 mm, 600 mm, 800 

mm, 1100 mm, 1400 mm and 1700 mm) from the bottom of the  column. These 

sampling tubes extended to the centre of the column’s cross section  The sampling 

ports were closed by means of flexible tubing and a clip. 12 mm plastic ball valves 

were also provided at 100 mm, 300 mm, 600 mm, 1050 mm, 1400 mm and 1700 mm 

for soil sampling. Eight valves were equally spaced around the circumference of the 

column at each level. CONMARK 314 stainless steel digital pocket thermometers 

were inserted at 170 mm from the bottom and 170 mm from the top of the column to 

monitor the column temperature.  An injection port consisting of a down-turned T-

shaped glass tube with access via a screw cap with a septum stopper at the bottom of 

the ‘T’ was provided in the influent line at the column entry for injection of a tracer 

during residence time studies. The column was mounted in a steel frame with a 

wooden bottom support. A funnel and tubing arrangement was provided on the 

frame at the same height as the top of the column for discharge of the effluent from 

the column.  
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The column was packed to a density of 1.55 g cm
-3

 under saturated conditions with 

uniform silica sand of effective diameter of 0.51 mm and average diameter of 0.75 

mm, obtained from WBB Minerals. Sieve analysis was performed to obtain the 

grading curve for the sand. The uniformity coefficient of the sand and porosity of the 

packing were found to be 1.6 and 0.41 respectively. Water saturated conditions in the 

column was achieved by ensuring that the water level in the column was always 

above the surface of the sand during packing. Sand was poured into the column 

using a funnel and large diameter tube arrangement. To ensure uniform packing, the 

water level in the column was maintained at 50 mm above the surface of the sand 

and the exit of the tube always kept at an equal height above the water surface so that 

the sand particles dropped from the same height. During filling, the tube was gently 

moved over the entire cross section of the column to uniformly distribute the sand. 

The tubing was shortened as the column filled up. After filling, the column was 

wrapped with aluminium foil to shut out light and discourage the growth of algae 

during operation. A Watson-Marlow 505S peristaltic pump with variable speed was 

used to deliver wastewater to the column through soft tygon tubing and a flow meter, 

which was fully opened and used for monitoring of flow to the column.  

 

3.2.2 Column Startup and General Operation 

The sand column was set up in a controlled temperature room set at 20 °C ± 0.5 °C. 

Synthetic wastewater was prepared by dilution in tap water of a stock solution 

containing chemicals in concentrations as shown in Table 3.2. All chemicals used 

were of analytical grade and were obtained from VWR International. The stock 

solution was prepared in deionised water and is based on the OECD standard sewage 

(OECD, 1996) and modified by Prochaska and others (Prochaska et al., 2007). The 
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substitution of NH4Cl for urea in the original OECD recipe by Prochaska et al (2007) 

was preferred, as urea is usually not found in effluents due to its fast rate of 

decomposition (Tchobanoglous et al., 2003). Also the addition of glucose in the 

preparation as a carbon source provides an avenue for easy manipulation of the COD 

of the influent without changing the concentrations of the other chemicals in the 

preparation. The prepared stock solution was kept in the fridge at 4 °C and dilutions 

prepared daily and aerated continuously with laboratory air for application to the 

column. Aeration was required to keep the influent wastewater aerobic. After three 

to four days the solution was discarded and a fresh one was prepared.  

 

Table 3.2 Composition of synthetic wastewater 

Chemical 

Concentration  

(g L
-1

) 

Peptone 9.60 

Meat extract 6.60 

Glucose 12.00 

Sodium chloride  (NaCl) 0.42 

Ammonium chloride (NH4Cl) 3.42 

Calcium chloride dihydrate (CaCl2.2H2O) 0.24 

Magnesium sulphate heptahydrate (MgSO4.7H2O) 0.12 

Anhydrous dipotassium hydrogen orthophosphate (K2HPO4) 1.68 

 

As the wastewater to be passed through the column contained no microorganisms 

that are usually encountered in wastewater treatment plants, it was found essential to 

initially seed the influent wastewater with microorganisms. A non-pathogenic 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

94 
PhD Thesis by H.M.K. Essandoh 

microbial seeding solution prepared from capsules containing a blend of 

microorganisms normally found in wastewater and used for biochemical oxygen 

demand (BOD) determination in wastewater analysis was used for this purpose. 

These capsules were obtained from Cole-Parmer, UK.  To prepare the seed solution, 

the contents of one capsule was emptied into a conical flask containing 500 mL 

dilution water as used for BOD tests and aerated for one hour. The seed solution was 

introduced regularly into the influent line via the injection port (see Figure 3.1) at a 

volume of 5 mL for every 500 mL of synthetic wastewater diluted to obtain a 

chemical oxygen demand (COD) of 135 mg L
-1

. Wastewater was supplied to the 

column at a rate of 10 mL min
-1

 during seeding. Seeding was stopped after about 

twice the volume of voids of wastewater had been passed through the column and 

only the synthetic wastewater fed to the column afterwards at a rate of 5 mL min
-1

. 

The soil column was fed from the bottom to top throughout the experiments to 

maintain fully saturated conditions. Three months were allowed for growth of 

microorganisms in the soil and the establishment of steady state conditions as 

evidenced by near constant concentrations of wastewater parameters in column 

wastewater samples.  

 

Routine cleaning and sterilizing of the tubing and flow meter was carried out twice a 

week with chlorine based sterilizing tablets. It was found that less frequent cleaning 

led to an appreciable reduction in the dissolved oxygen available in the influent, 

especially in the case where the high concentration wastewater was fed to the 

column. 
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3.2.3 Residence Time Distribution Studies 

Residence time distribution tests were carried out at three hydraulic loading rates 

(HLR) being 44 cm d
-1

, 88 cm d
-1 

and 169 cm d
-1

, using 25 g L
-1

 fluorescein sodium 

salt purchased from Sigma-Aldrich, UK as a tracer. The tracer was prepared by 

dissolving 2.5 g of the salt in 100 mL of deionised water.  Fluorescein concentrations 

were measured with an Ultraviolet-Visible spectrophotometer commonly referred to 

as UV/Vis spectrophotometer which is able to measure the intensity of light passing 

through a sample. During the test, the spectrophotometer was connected to a data 

logger and a flow through cell used in order to obtain continuous readings.  

 

The spectrophotometer was calibrated before use so that absorbance readings 

obtained from the residence time distribution tests could be converted to fluorescein 

concentrations. The spectra of fluorescein was first developed to determine the 

wavelength at which maximum absorbance of the tracer occurs. This wavelength 

was found to be 489 nm and thus the calibration of the UV/Vis spectrophotometer 

was carried out at that wavelength. This figure compares closely with 490 nm 

measured elsewhere (Sjoback et al., 1995; Doughty, 2010). For the calibration, eight 

solutions of different concentrations of fluorescein were prepared by dissolving the 

salt in deionised water. Each solution was placed in a cuvette and the absorbance 

read at 489 nm and recorded. The cuvette was washed out with deionised water and a 

portion of the new sample before being read. A calibration curve was developed by 

plotting the data logger signal (mV) against the fluorescein concentration (mg L
-1

). 

This curve is shown in Figure 3.2. 
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Figure 3.2 Fluorescein calibration curve 

 

To develop the tracer concentration curve for the soil column, the effluent tube from 

the column was connected to the entry port of the flow-through cell of the UV/VIS 

spectrophotometer, and another tube connected to the exit end and allowed to 

discharge into the funnel provided for discharge of column effluent. It was ensured 

than no air bubbles were trapped within the flow-through cell and the flow was 

steady. The spectrophotometer was connected to a PICO ADC-16 data logger linked 

to a desktop computer for data acquisition and storage. The Picolog recorder (PICO 

software) was set at a sampling rate of 1 sample per minute. The spectrophotometer 

was set to a wavelength of 489 nm, which was chosen based on the result of the 

preliminary spectra test showing that maximum absorbance for fluorescein occurred 

at this wavelength. The instrument was then zeroed and 2 mL of the tracer solution 

rapidly injected as a pulse input through the injection port using a syringe. At the 

same time, the data collection by the Picolog recorder was started and the absorbance 

data at the effluent end as measured by the spectrophotometer acquired on the 

computer. After the tracer had passed through the column, indicated by the 
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development of the full development of the output tracer response curve and a return 

in spectrophotometer absorbance readings to the initial, the data collection was 

ended and the data downloaded for further processing. The absorbance readings were 

converted to tracer concentrations using the calibration curve previously developed 

(Figure 3.2). The tracer response curve was then analysed to obtain the mean 

residence time, τ  (T; min) in the column at the hydraulic loading rate applied using 

Equation 3.1 (Levenspiel, 1999).  

 τ   
∫ t (t)dt
∞

 

∫  (t)dt
∞

 

                     [3 1]  

where C(t) is the fluorescein concentration measured at time t. 

The residence time was used to determine the appropriate period between the time of 

wastewater application and the time for obtaining wastewaters samples from the soil 

column during the SAT simulations.  

 

3.2.4 SAT Simulations 

The column experiments were run at three hydraulic loading rates and three COD 

concentrations. The wastewaters have been classified according to strength as high 

concentration (HC), medium concentration (MC) and low concentration (LC). Table 

3.3 gives the average characteristics of the wastewater applied. pH of the influent 

was about 7.2. The experimental conditions are shown in Table 3.4.  
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Table 3.3 Influent characteristics 

Parameter Average Concentration (mg L
-1

) 

HC MC LC 

Chemical oxygen demand (COD) 135 61 42 

Biochemical oxygen demand(BOD) 88 43 26 

Dissolved organic carbon (DOC) 50 26.6 16 

Total kjeldahl nitrogen (TKN) 15 6.7 4.1 

Ammonia nitrogen (NH3-N) 4 1.7 1.4 

Organic nitrogen (Org-N) 11 5 2.7 

Nitrate nitrogen (NO3-N) 2.5 2.3 2.4 

Total nitrogen (TN) 17.5 9 6.5 

Phosphate (PO4) 6.7 4.4 4 

Sulphate (SO4) 50 56 50 

 

 

Table 3.4 Experimental conditions 

Experiment Number of 

experimental 

replicates 

Hydraulic loading 

rate (cm d
-1

) 

Wastewater 

concentration 

HC-5 

HC-10 

HC-20 

MC-20 

LC-20 

9 

6 

6 

3 

3 

44 

88 

169 

169 

169 

High concentration 

High concentration 

High concentration 

Medium concentration 

Low concentration 
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For each SAT experiment, wastewater was sampled from water sampling ports 

provided at depths of 100 mm, 600 mm, 1100 mm and 1700 mm along the column 

(see, Figure 3.1). Samples were not taken from all the ports provided as it was 

realized after initial analysis of test samples that the column wastewater quality did 

not vary much after the 100 mm sampling point. Influent samples were collected 

close to the column entry and final effluent from a column sampling port Teed from 

the discharge tube at a position very close to the exit point. The experiments were 

replicated under all experimental conditions to verify the results obtained. These are 

shown in Table 3.4. Replications involved sampling influent wastewater and 

collecting samples from each point along the soil column on another day. All 

collected samples were analyzed for BOD, COD, DOC, TKN, total nitrogen, organic 

nitrogen, ammonia nitrogen, nitrate, nitrite, phosphate and sulphate according to 

established methods, which are later described. Total nitrogen was determined by 

calculation as the sum of the TKN, nitrate and nitrite. Organic nitrogen was obtained 

by subtraction of ammonia nitrogen of the sample from the TKN. During the period 

of acclimation of the soil column, each soil column sample collected was analysed 

twice to verify the reproducibility of the wastewater analysis. The results of technical 

replicates were identical and so samples collected during the experimental stages 

were analysed once.  

 

A water bath was used to raise the temperature of the influent wastewater to 20 °C 

when wastewater was being fed to the column at a hydraulic loading rate of 169 cm 

d
-1

. This was achieved by immersing a short portion of the influent tubing in the 

bath. Regular maintenance of the soil column influent line and all accessories in 

contact with the influent wastewater was carried out to eliminate growth of 
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microorganisms. Growth of microorganisms in influent tubing led to decreases in 

influent wastewater parameters such as a COD and dissolved oxygen. This effect 

was especially pronounced when wastewater of high concentration was being 

applied to the column. The column was isolated during the cleaning operation with 

the influent sampling line being used as the waste line. Tubing and the flow meter 

were cleaned by squeezing the tubing to dislodge attached growth and flushing them 

with a double strength of sterilization solution prepared from Milton sterilization 

tablets. The pump was allowed to run dry to strip off any biological attachments 

developed in the flow meter. Tap water was then passed through the sterilised tubing 

and flow meter before being put back in line with the column.  

 

3.2.5 Soil Column Soil Biomass Measurements 

To compare the removal profiles obtained from the experiments with the soil column 

microbial profile, sand was sampled from the soil column at 100 mm, 300 mm, 600 

mm, 1050 mm, 1400 mm and 1700 mm for phospholipid fatty acid analysis. The 

sand samples were freeze dried and 3 g weighed out into large test tubes. 28.5 mL of 

a one phase extraction mixture consisting of chloroform, methanol and 50 mM 

phosphate buffer at pH 7.4, in the ratio 1: 2: 0.8 was added to each tube, shaken and 

allowed to extract for 2 hours in the dark. The buffer was prepared by dissolving 8.7 

g dipotassium hydrogen phosphate (K2HPO4) in water to make a total volume of 1 L 

and neutralising with 1 N hydrochloric acid (HCl) to a pH of 7.4. After the extraction 

period the solvents were partitioned from the aqueous phase by the addition of 7.5 

mL chloroform and 7.5 mL deionised water. The tubes were shaken, centrifuged for 

10 minutes at 2500 rpm and allowed to separate overnight. The surface layer was 

pipetted off and the chloroform layer containing the lipids filtered through 
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Whatmans 2E filter paper. 2 mL of filtrate was transferred to digestion tubes, dried 

under a stream of nitrogen and the phosphate liberated by potassium persulphate 

digestion. The digestion step involved the addition of 0.45 mL of saturated 

potassium persulphate solution to the dry sample and overnight incubation at 95°C. 

Saturated potassium persulphate solution was prepared by dissolving 5 g potassium 

persulphate in 0.36 N H2SO4 to a final volume of 1 L. 0.1 mL of 2.5 % ammonium 

molybdate ((NH4)6Mo7O24.4H2O) in 5.72 N H2SO4 was added to the digested sample 

and a 10 minutes reaction time allowed. 0.45 mL of a solution containing 0.011 % 

malachite green and 0.111 % polyvinyl alcohol in water was added and left to stand 

for a further 30 minutes. The absorbance was then read at a wavelength 610 nm in a 

UV/Vis spectrophotometer. The instrument was zeroed with deionised water 

(Findlay et al., 1989).  

 

A calibration line (Figure 3.3) was developed by digesting known concentrations of 

glycerol phosphate calcium salt and determining the absorbance. Absorbance 

readings obtained from sand samples were converted to phosphate concentrations 

using the regression line. The phosphate concentrations were converted to cell 

numbers by equating 0.1 nmol phosphate to approximately 3.4 x 10
6
 cells (Findlay et 

al., 1989). 
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Figure 3.3 Phosphate calibration curve  

 

3.2.6 Abiotic Soil Column Experiments 

To evaluate removal of contaminants by processes other than biodegradation such as 

sorption, the soil column experiments were repeated under abiotic conditions. To 

achieve this, the soil column was sterilised and flushed well with tap water. LC 

wastewater was applied to it at a hydraulic loading rate of 169 cm d
-1

 and samples 

collected from the same points as done previously and analysed for COD, DOC, 

SO4, PO4, NO3, TKN and NH4-N.  

 

3.3 Studies on the Removal of Estrogens under Saturated and 

Unsaturated Soil Conditions   

Experiments on the removal of the estrogens estrone (E1), 17β-estradiol (E2), and 

17α-ethinylestradiol (EE2) were undertaken using three 1 m long soil columns, two 

of which were saturated denoted by SC2 and SC3, and the other unsaturated namely 

SC1. All the soil columns were operated under aerobic conditions.  
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3.3.1 Soil Column Description and Setup 

Each of the soil columns was fabricated from opaque PVC tubing of inner diameter 

150 mm. Figure 3.4 shows a schematic diagram of the experimental setup. Water 

sampling ports were provided at 100 mm intervals from 150 mm to 850 mm along 

the height of the column. However a number of points were selected from these for 

sampling as shown in Figure 3.4. The water sampling ports were made of 6 mm 

outer diameter stainless steel tubes and covered internally by a stainless steel mesh to 

allow only for water flow. The end protruding out of the column was fitted with 

tygon tubing and closed with 3 mL syringes. Soil sampling ports made of plastic ball 

valves were provided at the same depth as the water sampling ports. The bottom of 

the column was fitted into a PVC flange and closed with a plate of the same material 

on which a distributor cut out in the form of concentric circles was mounted. Two 

gutters were cut across the circles to allow water flow over the whole cross section 

of the distributor. This distributor was to facilitate even distribution of water over the 

entire cross section of the saturated column and draining of the unsaturated column.  

 

The top cap of the saturated columns was a 20 mm thick PVC plate. A shallow cone 

was cut out of the inner surface of the plate to allow easy removal through the outlet, 

of any air that may be trapped in the column. The column outlet comprised a 6 mm 

hose adaptor screwed into a threaded hole in the centre of the top cap. The top and 

bottom caps were secured onto the columns with bolts. Gaskets were placed between 

the caps and the column before closure to ensure a water tight seal. Each soil column 

was connected to a peristaltic pump, and a flow meter connected between the pump 

and the inlet to the column to accurately measure the wastewater flow rate. 
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CONMARK 314 water proof pocket thermometers were inserted midway of all three 

columns to monitor their internal temperature.  

 

 

Figure 3.4 1-meter soil column setup 

 

On the unsaturated soil column, access holes were provided at 150 mm, 500 mm and 

850 mm for the insertion of SWT5 mini tensiometers for the measurement of soil 

water potential. The tensiometers were calibrated and secured into the column using 

M25 cable glands. Ports were also provided at the same level but on opposite sides to 

the tensiometers for insertion of Theta probes to monitor volumetric water 

content/degree of saturation in the soil. Volumetric water content (θv, m
3
.m

-3
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the sample. These instruments were connected to an Agilent datalogger and a voltage 

stabiliser delivering a stable voltage of 10.6 V required by the tensiometers. The 

tensiometers and soil moisture sensors are described in the next subsection and their 

calibration curves presented therein. 

 

The unsaturated soil column was left open at the top. A small PVC container fitted 

on the top of the unsaturated soil column served as a distribution tank.  Holes were 

evenly distributed into the bottom of the container and hypodermic needles inserted 

into them for water distribution onto the sand surface. Four short rods were fitted at 

the bottom of the container so it could sit directly on top of the column without 

obstructing air flow into the column, thus maintaining a continuous air phase in the 

soil column with the ambient air. The container was closed with a 20 mm thick PVC 

plate. A hose adaptor was fitted into the centre of the cover plate and served as the 

entry port. Screwing down the lid of the SC1 distribution tank ensured that no 

wastewater could flow out until the pump was turned on. The wastewater hydraulic 

loading rate to the column could thus be solely controlled by the pump. A well was 

connected to the outlet of the soil column for accurate control of the water level 

inside the soil column. The end of the tube was attached to a funnel for discharge of 

wastewater from the column. Varying the level of the well outlet controlled the 

thickness of the unsaturated zone and maintained the level of water throughout the 

test at predetermined heights.  

 

All three soil columns were mounted on a wooden platform, raised off the ground to 

allow access to the bottom of the columns. All the soil columns were prepared under 

fully saturated conditions by pouring soil into partially water-filled columns as 
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described previously for the 2 meter soil column. SC1 and SC2 were filled with 

silica sand.  After filling, water in SC1 was drained from the base down to a 

predetermined level to create an unsaturated sand column. SC3 was filled with a soil 

mixture comprising 65 % silica sand, 25 % silt and 10 % clay. The three materials 

were mixed together in a tray together with some water to help the silt and clay stick 

to the grains of silica sand before the homogeneous mixture was poured into the 

column. Since low plasticity clay and silt were used, the mix did not exhibit any 

cohesive characteristics. After the filling process, the soil columns were seeded with 

the BOD capsules using the same method as employed during the seeding stage of 

the 2000 mm long soil column.  

 

3.3.1.1 Description and Calibration of SWT5 Tensiometers 

The SWT5 (Figure 3.5) is a miniature tensiometer designed for point measurements 

of soil water tension and creates minimal disturbance of the soil into which it is 

inserted. It consists of a water tight sensor body which houses the pressure 

transducer and all electronic parts, a transparent acrylic glass shaft and a high grade 

porous sintered Al2O3 ceramic cup of diameter 5 mm and length 5 mm. The length of 

tensiometer shaft used was 100 mm.  The measurement range of the instrument is 

+100 kPa of water pressure down to -85 kPa of soil water tension. The tensiometers 

were obtained from Delta-T Devices Ltd., UK. The tensiometers were powered by a 

stabilized voltage of 10.6 V DC through an Agilent 34970A Data Acquisition / Data 

Logger Switch Unit and kept constant by a voltage stabilizer  The instrument’s 

signals were recorded on the data logger and downloaded onto a computer.  
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Figure 3.5 SWT5 Tensiometer 

 

 

Principle of Operation 

The movement of water through soils depends directly on the soil water tension, with 

the water moving from a point of higher potential to a point of lower potential. The 

majority of soil water flows take place in response to small water tensions which can 

be measured precisely and directly by the tensiometer. When the tensiometer is 

inserted into the soil, the soil water tension is transferred as a negative pressure 

through the ceramic cup to the pressure sensor. The piezoelectric pressure sensor of 

the instrument then measures the soil water tension against the atmospheric pressure, 

which is conducted through an air-permeable membrane on the cable to the reference 

side of the sensor. The pressure transducer presents the soil water tension as a linear 
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output signal which is captured by the datalogger and saved on a personal computer 

(PC). 

 

Calibration of SWT5 Tensiometers 

The tensiometers purchased were already factory calibrated. They were however 

recalibrated in order to develop individual calibration lines for the conversion of the 

analogue output signal from each tensiometer (mV) to pressure head (cm) and 

improve on the accuracy of the calibration curve given by the manufacturer. The 

tensiometers are identified as SWT5-165, SWT5-166 and SWT5-167. Figure 3.6 

shows the setup used for the calibration of the tensiometers. The setup consisted of a 

10 mm diameter glass tube (calibration tube) of 1.8 m to which was connected a 150 

mm long perspex tube of inner diameter 50 mm. Each end of the perspex tube was 

closed with a solid PVC plate. A threaded hole was made on one end for the 

insertion of a PG7 cable gland through which the tensiometer would be inserted 

during the calibration. At the other end of the tube, another hole was drilled and a 

short 6 mm rigid tube inserted for attachment to the glass tube which would be filled 

with water to serve as the water head against which the calibration would be done. 

The calibration tube was fitted with a T-junction and a tap for lowering the water 

level in it during the calibration. The tube was then fitted with clips onto a vertically 

mounted graduated board.  

 

All three tensiometers were calibrated in a controlled temperature room using the 

following procedure. Room temperature was 20 ± 0.5 °C. The perspex tube to house 

the tensiometer was first filled with water. The whole length of shaft of the 

tensiometer was inserted through the cable gland ensuring that no bubble was 
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trapped in the tube and the gland tightened just enough to prevent leakage of water 

from the tube. The perspex tube containing the tensiometer was then fitted 

horizontally into clips mounted towards the bottom of the graduated board to 

calibrate for positive pressure and hence saturated flow. A spirit level was used to 

check that the tensiometer was horizontal. The tensiometer was then connected to a 

data logger which was set to scan once every minute.  A voltage stabilizer was 

connected to the data logger to maintain a steady voltage of 10.6 V. 

 

 
 

Figure 3.6 Calibration setup for tensiometers 
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The calibration tube was filled with water to a height of 180 cm on the graduated 

board and the corresponding tensiometer readings recorded over a time interval of at 

least 20 minutes. The water level was dropped in steps of 10 cm and tensiometer 

readings taken each time until the water level was at 15 cm. The pressure head was 

determined as the difference between level of the centre line of the tensiometer and 

the water level in the calibration tube for each measurement taken. To calibrate for 

negative pressure and thus unsaturated situations, the perspex tube housing the 

tensiometer was mounted towards the upper half of the board so that the water level 

in the calibration tube was always below the tensiometer. The water level was again 

lowered in steps of 10 cm and tensiometer readings recorded. The pressure head was 

determined as before. The calibration curve was developed by plotting the positive 

and negative pressures against the average of the corresponding tensiometer reading 

and the points fitted by a linear curve. The curves obtained are shown in Figure 3.7. 

R
2
 obtained in all cases was 1. 
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Figure 3.7 Calibration curves for SWT5 tensiometers 

 

3.3.1.2 Description and Calibration of Soil Moisture Sensors 

The ThetaProbe (Figure 3.8), used to measure volumetric soil moisture content in 

the unsaturated soil column, consists of a waterproof housing containing the 
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electronic components with four sharpened stainless steel rods protruding from the 

housing. These rods are inserted into the soil when measurements are to be made. It 

operates by responding to changes in the apparent dielectric constant of the soil, 

which are then converted into a DC voltage. This voltage is proportional to the 

moisture content of the soil over a wide working range.   

 

 

Figure 3.8 ThetaProbe soil moisture sensor 

 

Principle of Operation 

During operation, the ThetaProbe generates a 100 MHz sinusoidal signal which is 

applied to an internal transmission line that extends into the soil by means of the four 

stainless steel rods. The impedance of the array of rods varies with the impedance of 

the soil, composed of the ionic conductivity and the apparent dielectric constant. The 

100 MHz signal frequency minimizes the effect of ionic conductivity thus making 

changes in the transmission line impedance dependent almost entirely on the soil's 

apparent dielectric constant. As the dielectric constant of water, which is about 81, 
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far exceeds that of soil, which typically ranges from 3 to 5, and air which has a value 

of 1, the dielectric constant of the soil is determined mainly by its water content. The 

impedance of the rod array affects the reflection of the 100 MHz signal. A 

combination of these reflections with the applied signal, form a voltage standing 

wave along the transmission line. The output is an analogue voltage that is 

proportional to the difference in amplitude of this standing wave at two points, thus 

giving rise to a sensitive and precise measure of the soil water content. 

 

Calibration of Thetaprobe Soil Moisture Sensors  

In all, three soil moisture sensors were calibrated. These are TDR-061, TDR-064 and 

TDR-065. The ThetaProbe soil moisture sensors were connected to a data logger and 

a voltage source through a connector. Three pre-weighed 1 litre containers were 

packed with dry silica sand in three layers ensuring that each layer was tamped 

equally. The packed container was weighed once again and the reading noted. One 

probe was inserted vertically in each container and a scan of the output signal 

voltage of each probe taken every 15 seconds over 5 minutes and the readings noted. 

Sand was sampled from each container at the points where the probes were inserted 

into pre-weighed containers, weighed and placed in the oven at 105 °C to be 

reweighed after 24 hrs. The dry sand was poured out into separate trays and each 

batch thoroughly mixed with some water to achieve about 2 % moisture content. The 

containers were then repacked with all the moist sand in the same way as the dry 

sand and weighed. The probes of the soil moisture sensor were inserted once again 

into the containers and the output voltage recorded. This procedure was repeated 

with increasing amounts of water, each time taking samples for moisture content 

determination until the probe readings did not increase anymore.  To maintain a 
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constant dry density for each test, the moist sand was discarded, an equal weight of 

dry sand taken, the required amount of water added to approach the target moisture 

content and all the sand packed into the container.  The average of the probe output 

signal for each test was plotted against the volumetric water content calculated from 

results of the moisture content test and the best curve fitted. The relevant equations 

used are shown by Equations 3.2 and 3.3. 

 

 oisture content  
 ( ass of wet sand –  ass of dry sand)

 ass of dry sand
          [3 2]  

 
 olu etric water content ( ) 

   
 oisture content    ass of dry sand (g)

 olu e of sand (c  )   density of water (g c   )
         [3 3] 

 

 

A fourth degree polynomial was fitted to the data points obtained. The calibration 

curves are shown in Figure 3.9.  
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Figure 3.9 Calibration curves for soil moisture sensors 
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3.3.2 Soil Characterisation 

The properties of the soil column packing materials were determined before use. 

Characteristics determined were the grain size distribution, Atterberg limits (plastic, 

liquid and shrinkage limits for clay and silt) and permeability. The permeability test 

was carried out using the constant head method. All tests were carried out according 

to standard methods developed for soil classification (Head, 1992). The determined 

characteristics of the silica sand, silt and clay in the soil columns are summarised in 

Table 3.5. 

 

3.3.2.1 Grain Size Distribution 

200 g of sand and BS sieves ranging from 2 mm to 63 µm were used for the sieve 

analysis. The mass of sand passing each sieve was determined after shaking and a 

plot of percentage passing against sieve size (mm) developed on a log – normal scale 

to obtain the grain size distribution curve as shown in Figure 3.10. The d10, d30, d50 

and d60 of the sand were read off the curve as the sand size (mm) on the x-axis 

corresponding to 10 %, 30 %, 50 % and 60 % passing respectively. The effective and 

average diameters of the sand are therefore 0.49 mm and 0.65 mm respectively. The 

coefficients of uniformity (Cu) and curvature (Cc) and were also determined as 1.38 

and 1.08 respectively using Equations 3.4 and 3.5. A Cu value less than 5 indicates 

very uniform sand. 

 u   
d  

d  
                [3 4] 

 

 c   
d  

 

d     d  
            [3 5] 
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Figure 3.10 Silica sand grading curve 

 

3.3.2.2  Atterberg Limits 

The Atterberg limits tests (liquid, plastic and shrinkage limits) were performed 

according to standard methods for soil analysis (Head, 1992).  Silt and clay samples 

in the form of dry powders were mixed with just enough water to obtain a workable 

consistency and stored in sealed plastic bags at least 24 hours before use in the tests.   

 

Liquid Limit Test 

The Cone Penetrometer Method (BS1377: Part 2: 1990:4.3) was used for the liquid 

limit test. The test was carried out at six different soil moisture contents to obtain 
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apart. Moisture content determination involved drying the weighed sample in an 

oven at 105 °C for 24 hours. The average of the moisture content was plotted against 

the average penetration and the liquid limit of the sample read off the graph as the 

moisture content giving a 20 mm penetration.  

 

Plastic Limit Test 

The plastic limit was determined according to BS1377: Part 2:1990:5.3. Clay and silt 

samples were rolled into 3 mm threads until cracks begun to appear and the moisture 

content of the cracked threads determined. The plastic limit was calculated as the 

average of the moisture contents of the threads that differed by no more than 0.5 %.  

 

Shrinkage Limit Test 

Water was added to the sample to obtain a slightly wetter consistency than the liquid 

limit. A pre-weighed dish was filled with the sample ensuring no air bubbles were 

trapped. The filled dish was weighed and left to air dry for about 8 hours and then 

oven dried to constant mass at a temperature of 105 °C after which the mass was 

determined. The sample was then coated in paraffin wax and reweighed both in air 

and in water. The volume of the sample, Vd  (L
3
; cm

3
) was determined by 

Archimedes principle from the weight in water and air (Head, 1992). The volume of 

the dish was also determined and the shrinkage limit, ws, (%) calculated. The 

relevant equations are given in Equations 3.6 and 3.7. 

 d   ( w    g)   (
 w    d
ρ
 

)             [3  ] 

ws   w    (
      d
 d

)                   [3 7] 

where:  
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Vd  = volume of dry soil pat (L
3
; cm

3
) 

mw = mass of wax-coated sample in air (M; g) 

mg = mass of wax-coated sample in water (M; g) 

md = mass of dry soil pat (M; g) 

ρp = density of paraffin wax (ML
-3

; g cm
-3

) 

w1 = moisture content of soil (%) 

V1 = volume of wet soil pat (L
3
; cm

3
) 

 

Table 3.5 Properties of silica sand, silt and clay used in 1 meter soil columns 

Soil property Silica sand Silt Clay 

Effective diameter of (D10), mm 

Average diameter (D50), mm 

Coefficient of Uniformity (Cu) 

Coefficient of curvature (Cc) 

Liquid Limit (LL), % 

Plastic Limit (PL), % 

Plasticity Index (PI), % 

Shrinkage Limit (SL), %  

0.49 

0.65 

1.38 

1.08 
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41 
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15 

 

3.3.2.3 Hydraulic Conductivity 

The saturated and unsaturated hydraulic conductivity of the silica sand were 

determined as described. Permeability tests, using the constant head method was 

carried out on the silica sand before use in the soil columns. The test setup comprised 

a Perspex cylinder of inner diameter 7.5 cm and length 30 cm.  Manometers were 
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connected to three tapping points, h1, h2 and h3. The difference between the 

outermost tapping points, h1 and h3, and thus length of sample (l, cm) considered for 

the test was 16.5 cm. The soil column was filled with the sand sample under 

saturated conditions as previously described and the permeability test carried out at 

four different head differences, Δh (L; cm), each time measuring the volume of 

water, V (L
3
; cm

3
) passing through the sample over a time, t (T; sec). Each test was 

repeated before change in flow conditions to ensure the accuracy of the results 

obtained. The coefficient of permeability or saturated hydraulic conductivity, Ks (LT
-

1
; cm s

-1
) for each test was calculated from Equation 3.8. The coefficient of 

permeability of the sand was determined as the average permeability obtained from 

the four tests.  

Ks   
    l

A   ∆h   t
                  3    

 

where A, (L
2
; cm

2
) is the cross-sectional area of the soil column. 

 

The unsaturated hydraulic conductivity was determined from the moisture retention 

curve of the silica sand. The relationship between matric potential and moisture 

content was determined using a Buchner funnel arrangement (Sharma and 

Mohamed, 2003).  The experimental setup is shown in Figure 3.11.  
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Figure 3.11 Experimental setup for the development of soil moisture retention 

curve 

[Reproduced from Sharma and Mohamed, 2003] 

 

The funnel, having a diameter of 130 mm and depth 60 mm, was first filled to a 

height of 40 mm with water and then the sand poured in up to the same height, 

taking note of the mass of sand used. The water displaced by the sand was removed 

from the surface of the packed sand and its volume determined.  This was used to 

calculate the volume of the pores in the packed sand by deducting it from the volume 

of water in the funnel before the sand was poured in. The attached burette was then 

lowered in small incremental steps and the volume of water draining out of the 

sample collected and measured for each drop in the height of the burette until water 

no longer drained out of the sample.  The volume of water drained out of the sample 

at each step was deducted from the water originally in the sample to obtain the water 
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remaining in and then further divided by the volume of water originally in the 

sample to obtain the degree of saturation. The matric suction head for each level of 

burette was also determined by subtracting the outflow level of the burette from the 

average level of water in the sample (Sharma and Mohamed, 2003). The matric 

suction head was plotted against the degree of water saturation to obtain the moisture 

retention curve for the sand as shown in Figure 3.12. The bubbling pressure, hb (L; 

cm), is the matric potential at which water begins to drain from the soil. 

 

 
 

       
 

       

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        Figure 3.12 Silica sand moisture retention curve 

 

 

The unsaturated hydraulic conductivity was then deduced from the moisture 

retention curve and the saturated hydraulic conductivity using the relationship 

developed by Van Genuchten (Van Genuchten, 1980). This is given by Equation 3.9 

as: 
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K(θ) = unsaturated hydraulic conductivity at water content θ (LT
-1

; cm d
-1

) 

Ks    = saturated hydraulic conductivity (LT
-1

; cm d
-1

) 

m    = van Genuchten soil parameter 

Se       = effective saturation defined as: 

    e       
θ   θr
θs   θr

                     [3 10 a] 

where:  

θ  = volumetric water content (L
3
L

-3
; cm

3 
cm

-3
) 

θs = volumetric water content at saturation (L
3
L

-3
; cm

3 
cm

-3
) 

θr = irreducible minimum water content (L
3
L

-3 
; cm

3 
cm

-3
) 

To obtain the van Genuchten soil parameter m, the slope S at a point P, 

corresponding to θp defined by Equation 3.10 b on the moisture retention curve was 

first determined. A dimensionless slope Sp was then determined from Equation 3.10 

c and then m obtained using Equation 3.10 d.  

θp   
θs   θr
 

                   [3 10 b] 

 p   
 

θs   θr
                     [3 10 c ] 

        
      

 p
   
   

 p
 
   
     

 p
 
                [3 10 d]  

 

3.3.3 Soil Column Experiments 

The studies carried out with the 1 m soil columns are described in this section. 

Synthetic wastewater was prepared from the stock solution and kept in the fridge 

with continuous aeration. To maintain saturated conditions in SC2 and SC3, 

wastewater flow was from the bottom of the column towards the top. In SC1 
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wastewater flow was from the top of the column and towards the bottom. The 

wastewater was applied continuously to the soil columns with periodic monitoring of 

samples collected from the columns to monitor the treatment occurring. All soil 

column wastewater samples collected were analysed for DOC, COD, TKN, NH3-N, 

NO2-N, NO3-N, PO4 and SO4. The average characteristics of the wastewater applied 

are given in Table 3.6.   

 

Table 3.6 Influent characteristics to 1 meter soil column 

Parameter Average concentration (mg L
-1

) 

Chemical oxygen demand (COD) 40 

Dissolved organic carbon (DOC) 17 

Ammonia nitrogen (NH3-N) 1.4 

Organic nitrogen (Org-N) 2.8 

Nitrate nitrogen (NO3-N) 3.0 

Total nitrogen (TN) 7.2 

Phosphate (PO4) 2.9 

Sulphate (SO4) 50 

 

Synthetic estrogens were added to the synthetic wastewater being fed to the soil 

columns after steady state conditions had been attained with respect to reduction in 

concentrations of the wastewater parameters. This was achieved after about 3 months 

of continuous wastewater infiltration. The estrogen mix fed to the soil columns was 

prepared as follows. 1 mg L
-1

 concentrations of the estrogens E1, E2 and EE2 were 

prepared in methanol.  Equal volumes of the three estrogen were mixed together to 

form the estrogen mix that was used in the experiments. During the experiments, a 
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small volume of the estrogen mix was added to synthetic wastewater and fed to the 

three columns. Average influent concentrations of E1, E2 and EE2 to SC1 were 

respectively 138 ± 6.7 ng L
-1

, 206.3 ± 14.7 ng L
-1 

and 148.2 ± 9.6 ng L
-1

. SC2 and 

SC3 concentrations were 120 ± 11.9 ng L
-1

, 139 ± 18.3 ng L
-1 

and 124.7 ± 16.4 ng L
-

1
.   

 

3.3.3.1 Experimental Conditions and Wastewater Sampling  

In these experiments, hydraulic loading rates and DOC concentration in the saturated 

soil columns and the depth of water table in the unsaturated column were the 

parameters varied to determine their effects on the removal of the estrogens. 

Removal of E1, E2 and EE2 were studied at three different water table levels to 

quantify the effect of unsaturated zone thickness on removal efficiencies. The 

experimental stages are summarised in Figure 3.13.  In all the columns about 500 mL 

of wastewater was sampled from specific depths along the soil columns into clean 

amber glass bottles. Influent and effluent from the columns were also sampled.  

 

Figure 3.13 Experimental stages for estrogen studies 
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Unsaturated Soil Column (SC1) Experiments 

HLR to SC1 was 49 cm d
-1

 throughout the experiments. The datalogger was 

programmed to scan all tensiometer and soil moisture readings every two minutes. In 

the first experiment, the outlet of the water well was adjusted so as to maintain the 

water table at 75 mm above the base of the column (WT75). Wastewater was 

sampled from the soil column for estrogen analysis. The water table was then raised 

to 500 mm (WT500) after six weeks and then to 800 mm (WT800) after a further 

two weeks. The sampling points for the unsaturated column were dependent on the 

level of the water table being considered (Table 3.7). It should be noted that as the 

water table was raised, wastewater could be sampled from an increasing number of 

points along the soil column since it was practically difficult to extract wastewater 

samples from the unsaturated zone due to the suction pressure. Each experiment was 

repeated prior to any change in the water table depth.  

 

Table 3.7  SC1 sampling locations  

Experiment  Level of water 

table 

Sampling points measured from 

bottom of soil column (mm) 

Number of 

replicates 

for estrogens 

1 

2 

3 

WT75 

WT500 

WT800 

0, 150, 1000 (Influent) 

0, 150, 350, 550, 1000 

0, 150, 350, 550, 850, 1000 

6 

4 

2 
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Saturated Soil Columns (SC2 and SC3) Experiments 

The saturated soil columns were run at HLRs of 81.5 cm d
-1 

and 163 cm d
-1

, and at 

17 mg L
-1 

and 34 mg L
-1 

DOC. Wastewater at a DOC of 17 mg L
-1 

containing the 

estrogens was first applied to the soil columns at a hydraulic loading rate of 81.5 cm 

d
-1

. Wastewater was sampled at 0 mm (influent), 150 mm, 350 mm, 550 mm, 750 

mm, 1000 mm (effluent) from both columns for analysis. The wastewater 

concentration was then doubled with no change in the hydraulic loading rate and 

wastewater sampled once more from the same points along the column. After this, 

the wastewater concentration was reduced to that applied initially
 
and the hydraulic 

loading rate doubled. Samples were then taken for analysis. The soil column 

experimental conditions are summarised in Table 3.8. The procedures employed for 

the preparation of collected samples and their analysis by LCMS are later described 

in Section 3.5.7. Each soil column sample was analysed twice. 

 

Table 3.8 SC2 and SC3 experimental conditions 

Soil column Hydraulic loading 

rate (cm d
-1

) 

Influent DOC  

(mg L-1) 

Number of 

replicates for 

estrogens 

SC2 

SC2 

SC2 

SC3 

SC3 

SC3 

81.5 

81.5 

163 

81.5 

81.5 

163 

17 

34 

17 

17 

34 

17 

6 

2 

2 

6 

2 

2 
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3.3.3.2 Soil Sampling 

At the end of the experiments, sand was sampled from various depths (150, 250, 350, 

450, 550 and 750 mm measured from the bottom of the soil column) along SC2 and 

SC3 to determine the microbial structure within the soil columns. Difficulties were 

encountered in obtaining the samples from the soil sampling ports provided in SC3. 

Thus the soil was sampled by draining the soil columns, scooping out the sand and 

obtaining representative samples at the selected depths.   The soil samples were 

analysed for phospholipids by extraction of the bacterial lipids and their subsequent 

identification by GC-MS analysis. The procedure adopted is described in Section 

3.5.8.  

 

3.4 Studies on Triclocarban (TCC) Removal 

The removal of TCC was studied in a short column of length 300 mm infiltrated with 

synthetic wastewater.  

3.4.1 Description of Setup 

The soil column consists of a transparent perspex tube of inner diameter 7.8 cm and 

length 30 cm. Figure 3.14 shows a schematic diagram of the soil column setup. 

Three threaded rods projected vertically from the column base to serve as a means of 

securing the cover plate onto the column with butterfly screws. The cover plate 

comprised a perspex plate with a hose adapter screwed into its centre to serve as the 

column inlet. An o-ring fitted into the inner face of the plate ensured a good water 

seal could be obtained when the column is closed. Water and soil sampling ports 

were located at 8 and 19 cm from the top of the column. The water sampling ports 

were made of 3.2 mm stainless steel tubes extending to the centre of the column. Soil 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

129 
PhD Thesis by H.M.K. Essandoh 

sampling ports consisted of 12 mm plastic ball valves. Extra water sampling points 

for the influent and effluent were provided at the entry to the column and at its exit 

respectively. A perforated perspex plate was placed at the base of the column on top 

of which sat an inert and hydrophobic synthetic fibre mesh to allow draining of the 

column and prevent washout of sand from the column. During the experiments water 

was delivered to the column from the top by means of a peristaltic pump through 

tygon tubing and a variable area flow meter. The column and tubing were wrapped 

with aluminium foil to exclude light, thus discouraging the growth of algae in the 

system. 

 

Figure 3.14  Schematic diagram of 300 mm soil column setup 
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3.4.2 Soil Column Start-Up and Operation  

The soil column was packed under saturated conditions with uniform silica sand of 

average particle size 0.52 mm obtained from WBB Minerals, UK. Sand density in 

the column after packing was 1.55 g cm
-3

 and porosity 0.42. To ensure completely 

saturated conditions, the column was fed with water from the bottom during filling 

with sand, always keeping the water level in the column above the surface of the 

sand. The soil column was seeded with commercial microbial BOD seed solution 

and infiltrated with synthetic wastewater diluted with tap water to obtain a COD of 

about 67 mg L
-1

. 

 

The soil column was operated in down flow mode at a hydraulic loading rate of 150 

cm d
-1

. The outlet of the exit tube was elevated to a height corresponding with the 

top water level in the column to maintain saturated flow. The experiments were 

carried out at room temperature under aerobic conditions. Influent and effluent 

samples were collected for COD analysis to ascertain bioacclimation of the column. 

The COD of the column was monitored for 36 days prior to introduction of TCC into 

the influent. Wastewater containing TCC at different concentrations was applied to 

the column, and influent and effluent samples as well as water samples from the 

ports were taken at approximately 3 day intervals for analysis of COD and TCC 

using methods described in Sections 3.5.3 and 3.5.7.4 respectively. 

 

Sorption of TCC onto the sand was also determined on sand sampled from the ports 

provided on the column. The sand samples were air dried and the TCC extracted 

with acetone. The extracts were then evaporated, the residue reconstituted in 1mL of 
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50:50 methanol and acetone and the resulting solutions filtered through 0.2 mm 

syringe filters before analysis by LCMS. 

 

3.5 Instruments and Analytical Methods for Wastewater 

Characterisation 

The instruments, analytical methods and reagents used for the characterisation of the 

soil column wastewater samples are briefly described in this subsection. For 

instruments requiring calibration, the calibration was done before soil column 

samples were analysed. Calibration standards and soil column wastewater samples 

were treated and analysed using the same procedure. 

3.5.1 Dissolved Oxygen and pH Measurement 

Dissolved oxygen (DO) was measured with a Hach Sension 6 dissolved oxygen 

meter. About 50 mL of freshly collected sample was poured into a glass beaker and 

placed on a magnetic stirrer. The magnetic attachment from the BOD accessory kit 

was fitted onto the probe and inserted in the sample. The DO was read off the meter 

in mg L
-1

.  

 

To measure the pH, the probe of an Oakton pH/mV/°C pH 11 series meter was 

inserted in the same sample and the reading on the display screen of the instrument 

recorded.  
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3.5.2 Dissolved Organic Carbon (DOC) Analysis 

DOC was determined on filtered samples by low temperature oxidation using the 

ISCO Total Organic Carbon (TOC) analyser. The TOC analyser uses low 

temperature, UV assisted oxidation to analyse for organic carbon in water samples. 

The instrument consists of a display panel, an ultraviolet (UV) reactor, a condenser, 

two flow meters (inorganic carbon gas flow and reactor gas flow), an inorganic 

carbon scrubber (gas-liquid separator), four low revolutions per minute peristaltic-

type pumps (source, acid, oxidation and organic sample pumps), sample inlet and 

outlets ports, valves and an infrared (IR) detector.  Reagents required for the analysis 

are 10 % phosphoric acid (H3PO4) and 1.5 M sodium persulphate (Na2S2O8) for the 

oxidation process. A source of carbon dioxide-free air is required as a purging gas to 

drive off carbon dioxide from the sample during the analysis.  

 

3.5.2.1 Principle of Operation of TOC Analyser 

The sample whose TOC is required is drawn by the source pump into the analyser. A 

portion of the sample is combined with phosphoric acid delivered by the acid pump, 

to lower the pH of the sample in order to cause the conversion of carbon contained in 

carbonates into carbon dioxide.  This inorganic carbon, together with any other 

carbon dioxide dissolved in the sample, is driven off with the purging gas so that the 

organic carbon readings are not affected. The sample, now containing carbon only in 

the organic form, is mixed with Na2S2O8 delivered by the oxidation pump and 

pumped into the UV reactor. In the reactor, the sample circulates close to the UV 

lamp and the radiation from the lamp together with the added Na2S2O8 oxidise the 

organic carbon in the sample into carbon dioxide.  The carbon dioxide then passes 

through the IR detector where the gas traps specific infrared wavelengths. The 
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attenuation of the IR beam through the IR analyser gives a precise measurement of 

the carbon dioxide, which is further correlated by the microprocessor to the value of 

carbon in the sample using the calibration of the analyser.  The amount of organic 

carbon in the sample is then displayed on the display panel in mg L
-1

. 

 

3.5.2.2 Calibration of TOC Analyser 

A re-calibration of the TOC analyser was carried out with potassium hydrogen 

phthalate (KHP) in order to check the calibration previously carried out on the 

instrument. A 100 mg L
-1

 solution of KHP was prepared by dissolving 0.21281 g of 

the powdered chemical, which had been dried in the oven at 105 °C for one hour, in 

700 mL of deionised water and then making up to 1 L. Solutions of known 

concentration (0, 10, 20, 30, 40 and 50 mg L
-1

) were prepared from the 100 mg L
-1

 

stock solution by dilution in deionised water. The organic carbon was then 

determined on the TOC analyser and the readings given by the instrument plotted 

against the known concentrations of the prepared solutions to obtain the calibration 

curve. This curve was used to correct subsequent sample DOC readings from the 

instrument. Figure 3.15 shows the calibration curve.  
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Figure 3.15 Dissolved organic carbon calibration curve 

 

3.5.2.3 Sample Analysis 

1.5 M sodium persulphate was prepared by first dissolving 350 g of the powdered 

chemical in about 800 mL deionised water and then diluting it to a volume of 1 L. 

The oxidising reagent was allowed to age for a minimum of 24 hours before use. A 

fresh batch was prepared every three to four weeks and whatever remained of the 

previous batch discarded. 10 % phosphoric acid was prepared by adding 100 mL of 

85 % phosphoric acid to 900 mL deionised water. A source of pressurized synthetic 

air, regulated to 150 – 200 kPa (1.5 - 2 bar) was used as the purging gas to drive off 

the inorganic carbon during the analysis.   

 

All samples were processed by vacuum filtration prior to analysis through 0.45 µm 

cellulose nitrate filters from Cole Parmer, UK. The filters were pre-washed before 

use on the samples by passing about 100 mL of deionised water through them.  This 

was done to leach out any DOC that may be in them. One filter was used per sample.  
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sample port of the instrument and allowed to flow through the instrument for 20 

minutes to ensure steady readings.  

 

3.5.3 Chemical Oxygen Demand Analysis 

Chemical Oxygen Demand (COD) analysis was carried out by the addition of 2 mL 

of sample to COD vials (range: 0 – 150 mg L
-1

) from Hach Lange Limited. The vials 

were shaken and heated at 150 °C for two hours in a Hach COD reactor, allowed to 

cool for about 20 minutes in the reactor, taken out and shaken again and allowed to 

cool to temperature in a cooling rack. The COD was then determined 

colorimetrically on a DR/2400 spectrophotometer. A blank prepared in the same 

manner as the samples but using 2 mL deionised water in place of the sample was 

used to zero the instrument. 

 

3.5.4 Biochemical Oxygen Demand Analysis 

Biochemical Oxygen Demand (BOD) was measured according to the Standard 

Methods for the Examination of Water and Wastewater (Clesceri et al., 1998). 

Dilution water was first prepared by aerating 3 L of deionised water with an 

aquarium pump for about two hours and then adding 1 mL each of 27.5g L
-1

 

CaCl2.2H2O, 22.5g L
-1

 MgSO4.7H2O, 250mg L
-1

 FeCl3 and 54.3g L
-1

 K2HPO4 for 

every litre of water. 600 mL of the prepared dilution water was seeded with 4 mL of 

seed solution prepared as previously described for use on the influent sample. The 

remaining seed solution was discarded and fresh one prepared each time BOD tests 

were to be carried out. Samples that had passed through the soil column were not 

seeded. The wastewater samples were diluted with the dilution water according to 
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the expected BOD using recommended values (Clesceri et al., 1998). Clean BOD 

bottles were filled with the samples and the dissolved oxygen determined 

immediately. The bottles were then topped up with the sample to overflowing and 

closed, ensuring that no air was trapped in them.  Seeded and unseeded blanks were 

also prepared. These blanks only contained seeded dilution water and dilution water 

with no seeding material respectively. The bottles were then incubated at 20 ºC for 

five days. After 5 days the dissolved oxygen in the bottles were again measured and 

the BOD determined as: 

       
(        )   (       )   f

 
         [3 11] 

where:  

D1 = dissolved oxygen of diluted sample immediately after preparation,  

        (ML
-3

; mg L
-1

) 

D2 = dissolved oxygen of diluted sample after 5-day incubation at 20 ºC,  

        (ML
-3

; mg L
-1

) 

B1 = dissolved oxygen of seed control before incubation (ML
-3

; mg L
-1

) 

B2 = dissolved oxygen of seed control after incubation (ML
-3

; mg L
-1

) 

f    = fraction of seeded dilution water volume in sample to volume of seeded 

dilution water in seed control  

P  = fraction of wastewater sample volume to total combined volume  

  

f and P are determined as: 

f    
(        )

  
             3 12  

 and  

    
   

  
               3 13  
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where: 

VB  = volume of the BOD bottle (L
3
; mL)  

VSP = volume of the sample (L
3
; mL)  

 

3.5.5 Total Kjeldahl Nitrogen and Ammonia Nitrogen Analysis 

Total Kjeldahl Nitrogen (TKN) was carried out using the digestion method 

developed by FOSS (FOSS, 2009) with some modification to the distillation step, 

which was carried out using indicating boric acid as specified in Standard Methods 

for the Examination of Water and Wastewater (Clesceri et al., 1998). The procedure 

was first tested on a peptone solution prepared to a known concentration. The results 

obtained from the digestion and distillation agreed closely with the TKN content of 

the prepared solution as obtained from calculations based on manufacturer’s 

information. For the digestion, 100 mL of sample was placed into digestion tubes 

together with two kjeldahl tablets each containing 3.5 g selenium and 3.5 g 

potassium sulphate. 12 mL of concentrated sulphuric acid was added and the sample 

digested in a Tecator 2006 digestor for 70 minutes in a fume cupboard. After cooling 

the samples to room temperature, 75 mL deionised water was added and distilled in a 

Tecator Kjeltec System 1002 distilling unit after the addition of one full stroke of 40 

% sodium hydroxide solution (FOSS, 2009). The sodium hydroxide was of 

analytical grade and purchased from VWR International. 200 mL of the distillate 

was collected in 50 mL of indicating boric acid and back titration done with 0.25 N 

sulphuric acid as the titrant (Clesceri et al., 1998). Ammonia Nitrogen (NH3-N) 

analysis involved distilling 100 mL of sample in the same manner as for the TKN 

but without the digestion step and the addition of a smaller volume of sodium 

hydroxide to raise the pH up to 11.  A blank was carried out with each batch of 
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samples for TKN and NH3-N analysis. The concentration of NH3-N or TKN in the 

sample was calculated from the volume of acid used for the titration in the 

appropriate test as: 

     (
 As    Ab
   

)                 3 14  

where C is the concentration of NH3-N or TKN (ML
-3

; mg L
-1

), VAs and VAb are the 

volumes of acid (L
3
; mL) used for the sample and blank respectively and VSP is the 

volume of sample (L
3
; mL) used in the test.   

 

3.5.6 Anions Analysis 

Nitrate, phosphate and sulphate were determined by ion chromatography on a 4000i 

Dionex Ion Chromatograph. The ion chromatography setup consists of a basic 

chromatography module containing two high-pressure valves (an injection valve 

with a 50 µL sample loop and a column select valve), a conductivity detector, a 

gradient pump and an Advanced Computer Interface (ACI) module. A sample port 

located on the front panel provides access for loading the sample loop of the 

injection valve. The column selection valve serves as a means of switching between 

two sets of columns, for anion or cation analysis. The anion column set, which was 

used for the analysis comprised a membrane suppressor and an IonPac AG4A-SC 4-

mm analytical column with an IonPac AS4A-SC 4-mm guard column installed in 

front of it to shield it from contamination. Waste lines from the injection valve, 

membrane suppressor and conductivity detector cell exit the module through the 

waste port at the rear of the instrument. 
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The system is controlled by the ACI module, which serves as a means of setting up 

the method for the analysis and also as the communications link between a computer 

and the analytical instrument. The ACI is connected to a computer via a RS-232 

interface cable.  

 

3.5.6.1 Principle of Operation 

The gradient pump controls the injection and column select valves and delivers an 

eluent (1.8 mM sodium carbonate/1.7 mM sodium bicarbonate) to the injection valve 

through the eluant grommet on the front panel of the module. A regulated 

compressed cylinder of nitrogen provides 552 kPa of air pressure required by the air-

operated high-pressure valves. When a sample is injected into the sample port of the 

IC and the analytical run commenced, the sample flows through the injection valve 

where it combines with the eluent. It then flows through the column select valve, the 

guard column and then to the analytical column. The sample exits the column, and 

flows through the membrane suppressor where the conductivity of the eluent is 

reduced.  The membrane suppressor is continuously regenerated by a 0.025N 

sulphuric acid (H2SO4) regenerant which is driven through it by helium gas at a 

pressure of 35 kPa. From the suppressor the sample flows to the conductivity 

detector via the column select valve. The conductivity of the sample is continuously 

shown on the display panel of the conductivity detector during the analysis and the 

chromatogram displayed on the connected computer.   
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3.5.6.2 Instrument Calibration  

The ion chromatograph was calibrated for the anions chloride, nitrite, nitrate, 

bromide, phosphate and sulphate. 1000 mg L
-1

 standards of the anions were prepared 

by dissolving the salts of the anions in deionised water. The mass of salt dissolved 

are given in Table 3.9. An example of calculation of the required mass of sodium 

chloride (NaCl) to prepare 1000 mg L
-1

 Cl
-
 is shown below. 

 olar  ass of  a l         g 

 olar  ass of  l
          g 

Therefore the mass of NaCl required in 1 L of deionised water to obtain a 

concentration of 1000 mg L
-1

 of chloride is: 

 olar  ass of  a l

 olar  ass of  l
     ass of chloride in     solution   

                            
           

     
         g   [3 15] 

 

Equal volumes of the 1000 mg L
-1

 standard solution of each anion were taken, 

combined and diluted with deionised water to give new lower concentrations ranging 

from 1 mg L
-1

 to 20 mg L
-1

, which were used as the calibration standard. 0.5 mL of 

each standard was drawn into a 10 mL syringe, fitted with a 0.2 µm syringe filter and 

injected into the ion chromatograph. The identified peaks were integrated and the 

resulting area for each anion plotted against the concentration and fitted with a linear 

curve. The calibration curves for nitrate, nitrite, sulphate and phosphate are shown in 

Figure 3.16. The chloride calibration curves is presented in Appendix B. R
2
 obtained 

for all curves was better than 0.999.   
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Table 3.9 Masses of compounds in 1 L of 1000 mg L
-1

 anion standards 

Anion  Compound  Mass (g) 

Chloride  

Nitrite 

Bromide 

Nitrate 

Ortho-phosphate 

Sulphate  

Sodium chloride (NaCl) 

Sodium nitrite (NaNO2) 

Sodium bromide (NaBr) 

Sodium nitrate (NaNO3) 

Potassium phosphate, monobasic (KH2PO4) 

Sodium sulfate (Na2SO4) 

1.648 

1.499 

 

1.288 

1.371 

1.433 

1.479 

(Dionex, 2001) 

 

 

Figure 3.16 Anion calibration curves  

(a) nitrate, (b) nitrite, (c) sulphate and (d) phosphate 
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3.5.6.3 Sample Analysis 

The eluent of 1.8 mM sodium carbonate and 1.7 mM sodium bicarbonate was 

prepared by dissolving 0.1908 g of Na2CO3 and 0.1428 g of NaHCO3 in deionised 

water and diluting to 1 L. It was ensured that the deionised water used for the 

preparation of all reagents was of 1  MΩ-cm resistance or better. The 0.025 N 

H2SO4 regenerant was also prepared by adding 0.7 mL of concentrated H2SO4 to 

about 800 mL of deionised water and then diluting to 1 L. All reagents were vacuum 

degassed before use in the analysis. The eluent and regenerant were placed in special 

glass bottles manufactured to withstand pressures of -100 kPa to + 150 kPa (-1 to 

+1.5 bar), connected to the instrument and pressurised to 35 kPa (5 psi) with helium 

gas. An inline filter was fitted on the ends of the delivery tubing in each bottle. The 

method for the analysis was loaded from the computer and the column allowed to 

equilibrate for about one hour.  After equilibration, 0.5 mL of the sample to be 

analysed was injected into the instrument through 0.2 µm syringe filters using 10 mL 

syringes.  The sample loop was flushed with deionised water between samples.  

 

3.5.7 Analysis of Estrogens and Triclocarban 

The estrogens E1, E2 and EE2 as well as triclocarban (TCC) were analysed by high 

performance liquid chromatography-mass spectrometry (LCMS). The LCMS setup 

for the analysis comprised a Waters Alliance 2695 separation module with an 

autosampler coupled to a Waters 2487 dual absorbance detector and a Micromass 

ZMD quadrupole mass spectrometer. The system was controlled by Masslynx 4.1 

software. 

 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

143 
PhD Thesis by H.M.K. Essandoh 

3.5.7.1 Principle of Operation of LCMS  

LCMS systems consists of a sample delivery system, a mobile phase delivery 

system, an analytical column usually fitted with a guard column to protect it from 

contamination, and a detection system, which is the mass spectrometer. Samples are 

injected by an auto sampler into the separation module and the analyte identified by 

the detector module. 

 

The principle of chromatography is common to both the gas chromatograph (GC) 

and the liquid chromatograph (LC). During GC and HPLC analysis, the sample is 

dissolved in a gas or a liquid respectively, which serves as the mobile phase. The 

mobile phase is allowed to flow through an immiscible stationary phase. The various 

components of the sample are partitioned to varying extents between the stationary 

phase and the mobile phase. These differences in partitioning give rise to different 

speeds of movement of the sample components through the stationary phase. This 

results in weakly retained components travelling quickly and therefore being eluted 

first, whilst strongly retained ones move more slowly. The sample therefore becomes 

separated into peaks or bands and moves onward to the mass spectrometer where the 

components are ionised, analysed based on their mass to charge ratio (m/z) and 

detected (Lavagnini et al., 2006). To quantify the components in the sample, the 

peaks are integrated to obtain the area. The resulting peak areas can be converted to 

concentrations using calibration curves developed by analysing samples of known 

concentrations under the same instrument settings and conditions. 
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3.5.7.2 Optimisation and Calibration of LCMS 

The sensitivity of the LCMS was optimised for the analysis of TCC and the 

estrogens E1, E2 and EE2, by tuning the mass spectrometer for optimum 

performance using prepared standards of the analytes (10 µg mL
-1

). During the 

optimisation, the line from the HPLC to the mass spectrometer was teed into and the 

analytes infused directly into the mass spectrometer at a rate of 10 µL min
-1

, using a 

Harvard Syringe Pump. The MS parameters, such as the cone voltage, source block 

and desolvation temperatures and gas flow rate, were then tuned to obtain the highest 

sensitivity.  

 

After optimisation, the LCMS was calibrated for use on the analysis of TCC and for 

the estrogens. The optimisation and calibration for the two groups of EDCs were 

carried out on separate occasions, when the analyses of soil column samples were 

required. To develop the calibration curve for the estrogens 5, 10, 20, 50, 100, 200, 

500 and 1000 ng mL
-1

 standard solutions were prepared from a mixture of the three 

estrogens in methanol each at a concentration of a 1 mg L
-1

. For TCC, eight standard 

solutions (20, 50, 100, 500, 1000, 1500, 2500 and 3000 ng mL
-1

) were prepared from 

a 1 g L
-1

 stock solution of TCC in 50/50 acetone/methanol. The standards were 

placed in HPLC vials and analysed on the LCMS. Blanks were analysed together 

with the standards in both cases. The resulting peaks were integrated and calibration 

curves developed from the concentrations and the corresponding peak areas 

obtained. The use of internal standards was not deemed essential to the analysis 

because the measured estrogen concentrations in the soil column would be expressed 

as a fraction of the influent concentration. Figure 3.17 and Figure 3.18 show the 
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calibration curves for the estrogens and TCC respectively.  R
2
 values obtained for all 

three estrogens were greater than 0.999 and was 0.9633 for TCC. 

 

 

Figure 3.17 Estrogen calibration curves 
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Figure 3.18 Triclocarban calibration curve 
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cartridges obtained from Waters UK was used for this purpose. The recovery of the 

cartridges was determined before use on the samples. This was done by extracting 

aqueous solutions containing known concentrations of the estrogens through the 

cartridges and comparing the results to solutions of the same concentrations prepared 

by dilution of the 1 mg L
-1 

estrogen mix stock solution in methanol.  

 

For the extraction process, the cartridges were fitted onto a 12-port disposable liner 

SUPELCO Visiprep 
TM
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and PTFE tubing. The vacuum on the manifold was maintained at about 103 kPa (15 

psi) and the valves adjusted to allow a flow not exceeding 5 mL min
-1 

through the 

cartridges. After the entire volume of sample had passed through the cartridges, a 

Visidry 
TM

 drying attachment was fixed onto the manifold and the cartridges dried 

under a gentle stream of nitrogen. The estrogens were then eluted from the cartridges 

using 5 mL of acetone in 2 mL and 3 mL aliquots, the eluant collected in glass test 

tubes and dried under nitrogen. The dried extract was then redissolved in 1 mL 

methanol and analysed by LCMS. 

 

During the LCMS analysis, source block and desolvation temperatures of the 

instrument were set at 80 °C and 150 °C respectively and nitrogen gas was flowing 

at 221 L min
-1

. The separation of the estrogens was carried out using a Gemini-NX 

3u C18 110A analytical column of size 150 mm x 2.00 mm (Phenomenex, UK). The 

mobile phase for the analysis consisted of acetonitrile (ACN) and 0.1 % ammonia 

(NH3) in deionised water to aid ionization. A gradient elution was used for the HPLC 

with the flow rate set at 0.2 mL min
-1

. The program at the start of the analytical run 

was 70 % NH3 and 30 % ACN, changing to 30 % NH3 and 70 % ACN at 4 minutes, 

3 % NH3 and 97 % ACN at 7 minutes and back to 70 % NH3 and 30 % ACN at 

12.20 minutes until the end of the 15 minute run. Estrogen quantification was 

performed by selective ion monitoring (SIM), with the instrument set for a single ion 

recording (SIR) of the masses 269.00, 271.00, 295.00 representing E1, E2 and EE2 

respectively. A negative electrospray ionisation (ESI
-
) mode was used for the 

analysis. Sample volume injected by the auto sampler after an hour of column 

equilibration was 10 µL. On the average, E1, E2 and EE2 eluted at 10 minutes, 9.2 

minutes and 9.8 minutes respectively.  



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

148 
PhD Thesis by H.M.K. Essandoh 

3.5.7.4 Sample Preparation and TCC Analysis 

TCC was determined by liquid chromatography mass spectrometry in negative 

electrospray ionization mode (LC/ESI/MS) according to the method developed by 

Halden & Paull (2004). 6 cm
3
 Envi-chrom P solid phase extraction (SPE) cartridges 

from Supelco were used to concentrate samples before analysis. The cartridges were 

tested for their recovery of the analyte TCC before use on the samples. They were 

first conditioned with 2 mL of methanol followed by 2 mL of a 50:50 by volume 

mixture of acetone and methanol and then 6 mL of deionised water. 500 mL of 

known concentrations of TCC solutions were then passed slowly through the 

cartridges at a flow rate not exceeding 5 mL min
-1

, using the vacuum manifold. The 

cartridges were dried under vacuum and eluted with 4 mL of 50:50 acetone and 

methanol containing 10 mM acetic acid. The extracts were dried under vacuum, 

reconstituted in 1mL 50:50 acetone and methanol and stored in the freezer prior to 

analysis by LC/ESI/MS. Water samples obtained from the soil column were treated 

in a similar manner before analysis.  

 

Analysis of TCC was carried out on a Gemini-NX 3u C18 110A analytical column 

of size 150 mm x 2.00 mm (Phenomenex, UK). 70 % acetonitrile and 30 % 10 mM 

acetic acid was used as the mobile phase running at a flow rate of 0.2 mL min
-1

. An 

isocratic method of elution was used for the analysis. Source block and desolvation 

temperatures were set at 120 °C and 360 °C respectively. Nitrogen gas was flowing 

at 221 L min
-1

. TCC quantification was performed by selective ion monitoring 

(SIM). The instrument was set for a single ion recording (SIR) scan of four channels 

to detect the characteristic molecular ion ([M-H]
-
) of TCC at m/z 313, its molecular 

isotopes, chlorine 37 at m/z 315 and m/z 317 and also the TCC acetic adduct formed 
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at m/z 373. After equilibration of the column for 1 hour, the samples were injected. 

The autosampler was programmed to inject 10 mL of sample per analysis. Each soil 

column sample was analysed twice. An eight point calibration curve spanning a 

concentration range of 20 to 3,000 ng mL
-1

 was developed for conversion of peak 

areas to TCC concentration. TCC eluted at 6 minutes on the average as analysed by 

the mass spectrometer. No detectable peaks were observed by UV detection at 

wavelengths of 254 and 265 nm for the samples at the low levels of concentration 

used in this study. 

 

3.5.8 Phospholipid Fatty Acid Analysis of Soil Column Packing 

Material 

Sand sampled from the saturated 1 meter soil columns were analysed for their 

phospholipid fatty acids (PLFA) by gas chromatograph-mass spectrometry (GCMS). 

GCMS systems consist of a gas source, usually hydrogen or helium which serves as 

the mobile phase, a sample injection system, which could be automated or manual, 

an analytical column, a detector which is the mass spectrometer and a data control 

and analysis package. A guard column is usually used to prevent contamination of 

the analytical column. 

  

3.5.8.1 Principle of Operation of GCMS 

To perform an analysis, the dissolved sample is injected into the injection port. The 

sample is vapourised due to the high temperature at which the injector is operated, 

and is conveyed to the column for separation to take place. Sample injection may be 

carried out in split or splitless mode, the latter being used for detections in trace 
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quantities in liquid samples that are dilute. Where concentrations are high, a split 

mode, in which most of the injected sample is vented, is used to prevent overloading 

of the column. The sample components are detected by the mass spectrometer after 

elution from the column and the peaks recorded by the data analysis system. 

 

 

3.5.8.2 Calibration of GCMS 

The GCMS was calibrated using eight standard solutions prepared by dilution of a 

Bacterial Acid Methyl Ester (BAME) CP mix (10 mg mL
-1

 total concentration in 

methyl caproate), obtained from Sigma Aldrich UK. This mix contained twenty five 

different BAMEs as given in Table 3.10. The resulting peaks from the analysis were 

integrated and plotted against the known concentrations to obtain the calibration 

curves shown in Figure 3.19. Due to the large number of BAMEs in the mix, only a 

selection of the calibration curves is presented here. The rest of the curves can be 

found in Appendix B. 
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Table 3.10 Composition of BAME mix 

Methyl ester Formula/structure Shorthand 

designation 

Methyl undecanoate  

 

C12H24O2 

 

11:0 

Methyl (±)-2-

hydroxydecanoate 

 

C11H22O3 

 

2-OH 10:0 

Methyl dodecanoate 

 

C13H26O2 

 

 

12:0 

Methyl tridecanoate 

 

C14H28O2 

 

13:0 

Methyl 2-

hydroxydodecanoate 

 

 C13H26O3 

 

2-OH 12:0 

Methyl (±)-3-

hydroxydodecanoate 

 

C13H26O3 

 

3-OH 12:0 

Methyl myristate 

 

C15H30O2 

 

14:0 

Methyl 13-

methyltetradecanoate 

 

C16H32O2 

 

 

i-15:0 

Methyl 12-

methyltetradecanoate 

 

C16H32O2 

 

 

α-15:0 

Methyl pentadecanoate 

 

 

 

C16H32O2 

 

15:0 
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Methyl ester Formula/structure Shorthand 

designation 

Methyl 2-

hydroxytetradecanoate 

 

 

C15H30O3 

 

2-OH 14:0 

Methyl 3-

hydroxytetradecanoate 

 

C15H30O3 

 

 

3-OH 14:0 

Methyl 14-

methylpentadecanoate 

 

C17H34O2 

 

 

i-16:0 

Methyl cis-9-

hexadecenoate 

 

 

C17H32O2 

16:1
9
 

Methyl palmitate 

Methyl hexadecanoate 

 

C17H34O2 

 

16:0 

Methyl 15-

methylhexadecanoate 

C18H36O2 

 

 

i-17:0 

Methyl cis-9,10-

methylenehexadecanoate 

 

C18H34O2 

 

17:0
Δ
 

Methyl heptadecanoate 

 

C18H36O2 

 

17:0 

Methyl 2-

hydroxyhexadecanoate 

 

 

 

C17H34O3 

 

2-OH 16:0 
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Methyl ester 
Formula/structure Shorthand 

designation 

Methyl linoleate 

 

 

 

 

 

 

C19H34O2 

 

18:2
9,12 

 

 

Methyl oleate 

 

 

 

 

 

 

C19H36O2 

 

C18:1
9
 

Methyl trans-9-

octadecenoate 

 

 

 

C19H36O2 

 

 

C18:1
9
 

Methyl stearate 

 

C19H38O2 

 

C18:0 

Methyl cis-9,10-

methyleneoctadecanoate 

 

C20H38O2 

 

 

 

C19:0
∆
 

Methyl nonadecanoate 

 C20H40O2 

 

 

C19:0 

 

Methyl eicosanoate 

C21H42O2  

 

 

 

C20:0 
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Figure 3.19 Calibration curves of bacterial acids methyl esters  
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prewashed with DECON (phosphate free detergent), dried, rinsed with chloroform 

and allowed to dry. 30 mL phosphate buffer (prepared from 8.75 g K2HPO4 in 1 L of 

deionised water and the pH corrected to 7.4 with HCl) was added followed by 75 mL 

methanol and 37.5 mL chloroform. The funnels were shaken vigorously and the 

lipids allowed to extract for two hours. The separating funnel was covered with 

aluminium foil to exclude light as lipids are photosensitive. After two hours of 

extraction 37.5 mL chloroform and 37.5 mL water were added to break the liquid 

phases and the funnel shaken once more. The samples were left to separate into the 

aqueous and organic phases for 24 hours. The chloroform layer, which was at the 

bottom, was withdrawn from the funnel and filtered through Whatman No. 2 filter 

paper into glass vials. 20 mL of the lipid containing solvent was dried under a stream 

of nitrogen using a Techne sample concentrator. The samples were placed in a 

Techne dri-block set to a temperature of 30 °C during nitrogen blow down to aid 

evaporation of the solvent.  

 

After the samples were dry, 1 mL of a 1:1 methanol: toluene mixture was added to 

them followed by 1 mL of freshly prepared 0.2 N methanolic potassium hydroxide 

solution (0.28 g KOH dissolved in 25 mL methanol). The vials were heated at 37 °C 

for 15 minutes and allowed to cool to room temperature. 1 mL of 1 M acetic acid 

was then added to lower the pH to 6 after which 2 mL chloroform followed by 2 mL 

water were added. The vials were shaken vigorously in a flask shaker for 5 minutes 

and then centrifuged at 2000 rpm for 5 minutes. The bottom layer of chloroform was 

withdrawn using glass Pasteur pipettes ensuring that none of the upper aqueous layer 

was withdrawn with it, placed into another vial and dried under nitrogen blow down. 

The dried lipids were resuspended in 300 µL of hexane. 150 µL was placed in GC 
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vials and 5 µL of bacterial acid methyl ester (BAME) CP mix (10 mg mL
-1

 total 

concentration in methyl caproate), obtained from Sigma Aldrich UK, added as an 

internal standard. The samples were then ready for GCMS analysis.  

 

3.5.8.4 GCMS Analysis  

The FAMEs were separated on the GCMS. The GC column was 15 m x 250 µm x 

0.25 µm. The instrument was programmed to run at an initial temperature of 80 °C 

for the first minute and increasing at a rate of 20 °C min
-1

 up to 160 °C. It was then 

increased at 5 °C min
-1

 from 160 °C up to 270 °C.  Total run time was 32 minutes. 

The carrier gas was helium and electron energy in electron impact was 70 eV. 

Injections were carried out in splitless mode  (Frostegard et al., 1993). The lipids 

were identified by comparing their retention times to a lipids library suite in the 

analytical software and to the retention time of the BAME mix. Lipid quantification 

was by comparison of peak areas from samples to peak areas from BAME standards 

of known concentration. 

 

3.6 Summary of Experiments 

A summary of the soil column experiments carried out and the corresponding 

operating conditions are given in Tables 3.11 to 3.14.  
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Table 3.11 Summary of experiments and operating conditions for 2 meter soil column 

Exper-

iment 

number 

Exper-

iment 

ID 

Duration of 

experiment 

(days) 

Soil column 

length (mm) 

Soil column 

inner 

diameter 

(mm) 

Packing 

material 

Water 

saturation 

Parameter  

studied 

Experimental condition 

Influent 

concentration  

(mg L
-1

) 

HLR 

(cm d
-1

) 

1 HC-5 62 2000 140 Silica sand Saturated BOD, COD, DOC, DO, 

SO4, NO3, NH3, 

Organic-N, phosphate, 

pH, temperature 

135 (COD) 44 

2 HC-10 18 2000 140 Silica sand Saturated BOD, COD, DOC, DO, 

SO4, NO3, NH3, 

Organic-N, phosphate, 

pH, temperature 

135 (COD) 88 

3 HC-20 15 2000 140 Silica sand Saturated BOD, COD, DOC, DO, 

SO4, NO3, NH3, 

Organic-N, phosphate, 

pH, temperature 

135 (COD) 169 

4 MC-20 8 2000 140 Silica sand Saturated BOD, COD, DOC, DO, 

SO4, NO3, NH3, 

Organic-N, phosphate, 

pH, temperature 

61 (COD) 169 

5 LC-20 8 2000 140 Silica sand Saturated BOD, COD, DOC, DO, 

SO4, NO3, NH3, 

Organic-N, phosphate, 

pH, temperature 

42 (COD) 169 
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Table 3.12 Summary of experiments and operating conditions for unsaturated soil column 

Exper-

iment 

number 

Exper-

iment 

ID 

Duration of 

experiment 

(days) 

Soil 

column 

length 

(mm) 

Soil 

column 

inner 

diameter 

(mm) 

Packing 

material 

Water 

saturation 

Parameters  

studied 

Experimental condition 

Influent 

concentration 

(mg L
-1

) 

HLR 

(cm d
-1

) 

1 

 

WT75 

(SC1) 

 

42 1000 150 Silica sand Unsaturated – 

water table at 75 

mm from 

column base 

E1, E2, EE2, DOC, 

DO, SO4, NO3, 

NH3, Organic-N, 

temperature, 

pressure head, 

water content 

17 (DOC) 49 

2 WT500 

(SC1) 

12 1000 150 Silica sand Unsaturated – 

water table at 

500 mm from 

column base 

E1, E2, EE2, DOC, 

DO, SO4, NO3, 

NH3, Organic-N, 

temperature, 

pressure head, 

water content 

17 (DOC) 49 

3 WT800 

(SC1) 

12 1000 150 Silica sand Unsaturated – 

water table at 

800 mm from 

column base 

E1, E2, EE2, DOC, 

DO, SO4, NO3, 

NH3, Organic-N, 

temperature, 

pressure head, 

water content 

17 (DOC) 49 
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Table 3.13 Summary of experiments and operating conditions for 1 meter silica sand and silica sand/silt/clay columns 

 Exper-

iment 

number 

Exper-

iment 

ID 

Duration of 

experiment 

(days) 

Soil 

column 

length 

(mm) 

Soil column 

inner 

diameter 

(mm) 

Packing material Water 

saturation 

Parameter  

studied 

Experimental condition 

Influent 

concentration 

(mg L
-1

) 

HLR 

(cm d
-1

) 

1 SC2 42 1000 150 Silica sand 

 

Saturated E1, E2, EE2, 

DOC, DO, 

SO4, NO3, 

temperature 

17 (DOC) 81.5 

2 SC2 12 1000 150 Silica sand 

 

Saturated E1, E2, EE2, 

DOC, DO, 

SO4, NO3, 

temperature 

17 (DOC) 163 

3 SC2 12 1000 150 Silica sand 

 

Saturated E1, E2, EE2, 

DOC, DO, 

SO4, NO3, 

temperature  

34 (DOC) 81.5 

4 SC3 42 1000 150 65% silica sand/ 

25% silt/10% clay 

Saturated E1, E2, EE2, 

DOC, DO, 

SO4, NO3, 

temperature  

17 (DOC) 81.5 

5 SC3 12 1000 150 65% silica sand/ 

25% silt/10% clay 

Saturated E1, E2, EE2, 

DOC, DO, 

SO4, NO3, 

temperature  

17 (DOC) 163 

6 SC3 12 1000 150 65% silica sand/ 

25% silt/10% clay 

Saturated E1, E2, EE2 

DOC, DO, 

SO4, NO3, 

temperature,  

34 (DOC) 81.5 
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Table 3.14 Summary of experiments and operating conditions for 300 mm soil column 

Exper-

iment 

number 

Exper-

iment 

ID 

Duration of 

experiment 

(days) 

Soil 

column 

length 

(mm) 

Soil column 

inner 

diameter 

(mm) 

Packing 

material 

Water 

saturation 

Parameter  

studied 

Experimental condition 

Influent 

concentration 

(mg L
-1

) 

HLR 

(cm d
-1

) 

1 Small 

column 

3 300 75 Silica sand Saturated TCC, COD 67 (COD)/ 

7.830 x 10
-4

 

(TCC) 

150 

2 Small 

column 

4 300 75 Silica sand Saturated TCC, COD 67 (COD)/ 

1.112 x 10
-3

 

(TCC) 

150 

3 Small 

column 
3 300 75 Silica sand Saturated TCC, COD 67 (COD)/ 

2.130 x 10
-3

 

(TCC) 

150 

4 Small 

column 
3 300 75 Silica sand Saturated TCC, COD 67 (COD)/ 

3.501 x 10
-3

 

(TCC) 

150 

5 Small 

column 
1 300 75 Silica sand Saturated TCC, COD 67 (COD)/ 

2.372 x 10
-3

 

(TCC) 

150 
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CHAPTER 4 

4 RESULTS AND DISCUSSIONS 

4.1 Introduction  

This chapter presents the results and discussions on all the experiments carried out as 

detailed in Chapter 3. These are: 

i. Simulations carried out in the 2 meter long saturated soil column for the 

removal of common wastewater parameters; 

ii. Investigations carried out on the removal of estrogens in the set of three 1 

meter long soil columns under saturated and unsaturated soil conditions; 

iii. Studies undertaken on the removal of triclocarban using a saturated 300 mm 

long soil column.     

  

4.2 Removal of Synthetic Wastewater Parameters under Varying 

Hydraulic Loading Rates and Chemical Oxygen Demand 

Investigations conducted to assess the removal of chemical oxygen demand (COD), 

biochemical oxygen demand (BOD), dissolved organic carbon (DOC), nitrogen and 

phosphate under variable hydraulic loading rates (HLRs) and influent COD 

concentration in the 2 meter saturated soil column are herein discussed. These 

saturated zone simulations may be likened to wastewater flow through shallow sandy 

aquifers where there is high likelihood of hydraulic continuity of the ponded 

wastewater in the SAT infiltration basin with the saturated zone of the aquifer. The 

hydraulic characteristics of the soil column obtained from residence time distribution 

studies carried out are presented. The soil column was packed at a density of 1.55 g 
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cm
-3

 and porosity of 0.41 using medium sand with median grain diameter of 750 

microns.  

 

4.2.1 2-meter Soil Column Hydraulic Properties 

The hydraulic characteristics of the soil column at the different applied hydraulic 

loading rates were assessed from the tracer response curves obtained from residence 

time distribution studies. Figures 4.1 a – c show the concentration versus time tracer 

response curves for HLRs of 44, 88 and 169 cm d
-1

 respectively. At all three 

hydraulic loading rates, consistency checks carried out showed that 97 % or more of 

the tracer was recovered at the effluent end of the soil column. The consistency 

check involved comparing the sum of all fluorescein concentrations (C) measured at 

the effluent end within the test interval (t), that is, the area under the tracer response 

curve (∫  (t)dt
∞ 

 
) to the mass of tracer applied divided by the flow rate. Deviations 

of the measured value of ∫  (t)dt
∞

 
 from the mass applied was in the range 2 to 3 % 

in all cases, meaning a tracer recovery of at least 97 % was achieved, which is 

acceptable (Crittenden et al., 2005).  

 

The mean residence time, τ (T; min) from the tracer studies agreed closely with the 

theoretical value (τt) based on the soil column dimensions.  The calculated 

(theoretical) value of the mean residence time included a correction for the 5 cm 

head of water present above the sand i.e.  

τ t    
A ((n   (     ))    )

 
           [4 1] 

where A is the cross sectional area of the soil column (L
2
; cm

2
), L is the length (L; 

cm), n is the porosity of the sand and Q (L
3
T

-1
; cm

3
 min

-1
) is the flow rate.  
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Theoretical residence times calculated were respectively 726 minutes (12.1 hrs), 

1397 minutes (23.2 hrs) and 2539 minutes (1 day and 18.3 hrs) for HLRs of 169 cm 

d
-1

 (denoted by HF), 88 cm d
-1 

(denoted by MF) and 44 cm d
-1 

(denoted by LF). 

Hydraulic residence times obtained from the tracer tests at HLRs conditions of HF, 

MF and LF were respectively 730 minutes (12.2 hrs), 1427 minutes (23.8 hrs) and 

3106 minutes (2 days and 3.8 hrs). Although the experimental residence times 

exceeded the theoretical, the deviations were only 0.5 % at 169 cm d
-1

 and 2 % at 88 

cm d
-1

. At 44 cm d
-1 

however, the experimental value exceeded the theoretical by 22 

%. This large deviation could have occurred because of the low flow rate which was 

unable to properly transport the tracer allowing it to be retarded slightly by the sand. 

The soil column hydraulic properties derived from the tracer studies are summarised 

in Table 4.1.   
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Figure 4.1 Concentration versus time tracer response at varying hydraulic 

loading rates using 50 mg pulse input of fluorescein tracer  

(a) 169 cm d
-1

 HLR, (b) 88 cm d
-1 
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Table 4.1 Summary of soil column hydraulic characteristics 

Parameter HF MF LF 

Residence time (minutes) 

   Experimental, τ 

   Theoretical, τt  

 

730 

726 

 

1427 

1397 

 

3106 

2539 

Coefficient of axial dispersion,  

D (cm
2 

min
-1

) 

0.68
 

 

0.58
 

 

0.53 

 

Dispersion number, d 0.012 0.02 0.032 

Peclet number of longitudinal 

dispersion, Pe 

84 51 31 

Variance, σ
2
 (min

2
) 12842 81743 641852 

Number of complete-mix reactors  

in series, Nr  

42 25 15 

HF, MF and LF indicate HLRs of 169 cm d
-1

, 88 cm d
-1 

and 44 cm d
-1 

respectively. 

 

The relevant equations used to determine the values of the parameters in Table 4.1 

are given in Equations 4.2 to 4.7 (Levenspiel, 1999): 

 τ    
∫ t (t)dt
∞

0

∫  (t)dt
 

0

                   [4 2] 

σ     
∫ t  (t)dt
∞

 

∫  (t)dt
∞

 

  τ                  [4 3] 

σθ
     

σ 

τ 
    (

 

u 
)    (

 

u 
)
 

[    e u  ⁄ ]        [4 4] 

The peclet number, Pe is given by: 

 e   
u 

 
                   [4 5] 
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Simplifying Equation 4.4 by substituting Equation 4.5, the resulting equation was 

solved for Pe. The coefficient of axial dispersion, D, and the dispersion number, d, 

were then obtained from   

    
u 

 e
                [4  ] 

and  

d   
 

u 
    

 

 e
             [4 7] 

 

The increase in the coefficient of dispersion with increase in pore water velocity, u, 

is consistent with literature where positive correlations are reported to exist between 

D and u (Perfect et al., 2002; Miretzky et al., 2006). The Peclet number of 

longitudinal dispersion, which signifies the ratio of mass transport by advection and 

that generated by dispersion, was found to be greater than 5 under all HLRs applied 

indicating that the mass transport of organic and inorganic substances in the soil 

column is facilitated mainly by the advective transport process (Bear, 1972; 

Tchobanoglous et al., 2003). At all the hydraulic loading rates, the dispersion 

number d was less than 0.05, indicating low dispersion and a small deviation from 

plug flow. A d value of zero indicates ideal plug flow whilst greater than 0.25 would 

mean high dispersion. Complete-mix reactors have dispersion numbers approaching 

infinity (Tchobanoglous et al., 2003). In the soil column used, forty one complete-

mix reactors, given by half the Peclet number (Tchobanoglous et al., 2003), would 

be required to simulate plug flow with axial dispersion at a HLR of 169 cm d
-1

. The 

number of reactors required reduces as the flow rate and thus velocity is also 

reduced. 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

167 
PhD Thesis by H.M.K. Essandoh 

4.2.2 Soil Column Experiments 

This section presents findings from the experiments performed in the 2 meter soil 

column at constant HLR but varying wastewater COD and at constant COD but 

variable hydraulic loading rates. The removal of COD, BOD, DOC, nitrogen (nitrate, 

ammonia, organic) and phosphate in the soil column were studied at an influent 

COD of 135 mg L
-1

 applied at HLRs of 44 cm d
-1

, 88 cm d
-1 

and 169 cm d
-1 

and also 

at influent COD of 61 mg L
-1

 and 42 mg L
-1

 applied at a HLR of 169 cm d
-1

.
 
 

Biodegradation and adsorption processes for the removal of organic material and 

nitrogen and phosphate in the soil column were evaluated due to them being the 

important removal mechanisms in SAT systems (Idelovitch and Michail, 1984). 

Samples were collected at 6 points along the soil column profile (0 mm, 100 mm, 

600 mm, 1100 mm, 1700 mm and 2000 mm). 0 mm and 2000 mm respectively 

represent the influent and effluent samples. For each experiment, sampling was 

carried out from all points on at least three different occasions to confirm the results 

obtained. In addition to the previously mentioned wastewater quality parameters, 

dissolved oxygen and sulphate and pH were measured at all sampling depths. 

Changes in dissolved oxygen, nitrate and sulphate concentrations were used to 

determine the biochemical oxidation processes occurring in the soil column for the 

removal of COD, BOD and DOC. 

 

4.2.2.1 Mass Loading Rates on the Soil Column  

Average wastewater characteristics for each experiment are given in Table 4.2.  HC, 

MC and LC represent high concentration, medium concentration and low 

concentration respectively. The notations allocated to each experiment and mass 

loadings to the soil column are given in Table 4.3. 
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Table 4.2 Influent characteristics  

Parameter 

Average concentration (mg L
-1

) 

HC MC LC 

Chemical Oxygen Demand (COD) 135 61 42 

Biochemical Oxygen Demand(BOD) 88 43 26 

Dissolved Organic Carbon (DOC) 50 26.6 16 

Total Kjeldahl Nitrogen (TKN) 15 6.7 4.1 

Ammonia nitrogen (NH3-N) 4 1.7 1.4 

Organic nitrogen (Org-N) 11 5 2.7 

Nitrate nitrogen (NO3-N) 2.5 2.3 2.4 

Total nitrogen (TN) 17.5 9 6.5 

Phosphate (PO4) 6.7 4.4 4 

Sulphate (SO4) 50 56 50 

 

Table 4.3 Experimental conditions 

Exper-

iment 

Wastewater 

concentration 

Hydraulic 

loading 

rate       

(cm d
-1

) 

Hydraulic 

residence 

time 

(hours) 

Average 

COD mass 

loading rate 

(mg d
-1

) 

Number 

of 

replicates 

Standard 

error  

(mg d
-1

) 

 

HC-5 High 

concentration
a
 

44 51.8 911 9 30.8 

HC-10 High 

concentration
a
 

88 23.8 1781 6 42.5 

HC-20 High 

concentration
a
 

169 12.2 3553 6 18.3 

MC-20 Medium 

concentration
b
 

169 12.2 1586 3 31.8 

LC-20 Low 

concentration
c 

169 12.2 1084 3 31.2 

a
 HC concentrations,  

b
 MC concentrations, 

c 
LC concentrations are as given in Table 4.2. 
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The mass loadings of dissolved oxygen, nitrate, sulphate, COD, DOC, BOD, 

nitrogen and phosphate on the soil column under the different conditions simulated 

are shown in Figures 4.2 a - c. Error bars in all figures are based on the standard 

error. These loadings (mg d
-1

) were determined for each experiment by taking the 

product of the influent concentration (mg L
-1

), the HLR (cm d
-1

) and the cross 

sectional area (cm
2
) of the soil in the column. The mass of the parameters existing at 

all the sampling points along the soil column was also determined in a similar 

fashion. The COD, DOC and BOD mass loadings to the soil column increased with 

an increase in HLR, with HC-20 having the highest loading. Mass loadings for HC-5 

were close to LC-20 and that for HC-10 comparable to MC-20. The differences were 

less than 20 % in the former and 10 % for the latter.  
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Figure 4.2 Mass loadings of wastewater parameters to the soil column 

(a) Dissolved oxygen, nitrate and sulphate (b) COD, DOC and BOD (c) Organic 

nitrogen, ammonia nitrogen, total nitrogen and phosphate.  
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The same ratios of dissolved oxygen to COD, BOD and DOC were maintained when 

the HLR was changed and were 0.06, 0.09 and 0.16 respectively. MC-20 and LC-20 

had ratios of 0.16 and 0.26 for COD, 0.22 and 0.41 for BOD and 0.36 and 0.67 for 

DOC. Higher dissolved oxygen to COD, BOD and DOC ratios resulting from 

decrease in substrate concentration means that there is greater dissolved oxygen 

availability per gram of substrate for aerobic degradation processes. The ratios of 

nitrate to COD, BOD and DOC were respectively 0.02, 0.02 and 0.05 during 

infiltration of HC wastewater and sulphate 0.4, 0.6 and 1.0.  

 

4.2.2.2 Redox Conditions in the Soil Column 

The redox conditions pertaining in the soil column were assessed by the 

consumption of dissolved oxygen, nitrate and sulphate in the soil column. The 

profiles for the mass of dissolved oxygen, nitrate and sulphate consumed per day 

using HC influent at the three different HLRs of 44 cm d
-1

, 88 cm d
-1

 and 169 cm d
-1

 

and the mass removed when the COD was varied while maintaining the HLR at 169 

cm d
-1

 are respectively shown in the following subsections as Figures 4.3 through to 

4.5. At the HLRs applied, hydraulic residence times in the soil column were 51.8 

hours (2.15 days), 23.8 hours (0.99 days) and 12.2 hours (0.5 days). The removal 

profiles showed that dissolved oxygen, nitrate and sulphate were all consumed 

within the soil column. Microbial respiration mechanisms identified to have occurred 

in the soil column for the removal of organic carbon are therefore aerobic respiration 

involving the use of dissolved oxygen as the final electron acceptor and anaerobic 

respiration with nitrate (denitrification) and sulphate (sulphate reduction) as other 

terminal electron acceptors.  

 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

172 
PhD Thesis by H.M.K. Essandoh 

Dissolved Oxygen Utilisation 

At all the HLRs applied, mass removal rates of dissolved oxygen in the soil column 

increased with an increase in HLR (Figure 4.3 a) due to higher organic mass 

loadings. Oxygen utilisation rates were thus highest in HC-20.  

 

 

Figure 4.3 Dissolved oxygen mass removal rate against soil column depth  

(a) at constant COD of 135 mg L
-1

 and HLR of 44, 88 and 169 cm d
-1  

and
 
(b)

 
at 

constant HLR of 169 cm d
-1

 and 135, 61 and 42 mg L
-1

 COD (T = 20 °C)  
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At 100 mm, dissolved oxygen consumption as a function of the amount available 

initially increased with corresponding increase in COD mass loading. 57 %, 67 % 

and 69 % dissolved oxygen was already consumed by 100 mm for HC-5, HC-10 and 

HC-20 respectively. Beyond that depth, as most of the oxygen had already been 

consumed and concentrations in the wastewater were only 3 mg L
-1

, removals 

measured were not found to reduce consistently and in some cases, increased 

concentrations were measured. The inconsistencies in measured concentrations may 

be due to some entrainment of oxygen during sample collection and as the 

concentrations were already low, any little addition would not be buffered and would 

be obvious. Over all oxygen was utilised at 48 mg d
-1

, 83 mg d
-1 

and 182 mg d
-1

 for 

HC-5, HC-10 and HC-20 respectively.  

 

Figure 4.3 b depicts the mass removal profiles of dissolved oxygen along the soil 

column at a constant HLR of 169 cm d
-1

 and varying wastewater COD 

concentrations.  Again, at 100 mm, dissolved oxygen concentrations in samples were 

3 mg L
-1

 on the average, representing a significant utilization of about 70 %. In all 

samples, overall, greater than 80 % of available dissolved oxygen was utilised. 

Oxygen utilization rates for MC-20 and LC-20 were respectively 203 mg d
-1

 and 230 

mg d
-1

.  

 

The utilisation of dissolved oxygen by microorganisms for the oxidation of organic 

material in the soil column can be represented by the reaction below (Gray, 2004): 

 rganics      

aerobic 
 icro

 organis s 
→       Aerobic  icroorganis s               energy 
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Some of the energy released from this reaction is used by the soil column 

microorganisms for cell maintenance and synthesis and growth of new microbial 

cells (Bitton, 1999). Due to the slow rate of oxygen replenishment to the soil column 

at reduced HLR, the other electron acceptors being nitrate and sulphate were 

increasingly relied on when HLR and thus mass loadings were increased. This 

occurred especially within the first 100 mm of the soil column where highest organic 

loading pertains. Biodegradation involving these electron acceptors is much slower 

and often produces malodourous chemically complex by-products especially in the 

case of sulphate (Gray, 2004), and this was evident in the soil column.  

 

Nitrate Utilisation 

The results shown in Figures 4.4 a and b show reductions in nitrate concentrations 

occurred simultaneously with dissolved oxygen removal within the soil column. 

When the wastewater of high concentration was applied, nitrate concentrations 

reduced by 87 % to 93 % within the first 100 mm of the soil column.  Although the 

rate of nitrate removal within the first 100 mm of the sand column was highest (93 

%) at the lowest loading rate (HC-5), the removal proceeded slowest beyond that 

point compared to the other HLRs, for which 100 % nitrate removal was achieved by 

the 600 mm depth. No nitrate was therefore detected at 600 mm in HC-10 and HC-

20 soil column samples. At a HLR of 44 cm d
-1

, there was complete removal of 

nitrate after a distance of 1100 mm. Within the whole column depth, nitrate 

consumption occurred at a rate of 17 mg d
-1

, 27 mg d
-1 

and 39 mg d
-1 

for HC-5, HC-

10 and HC-20 respectively. At very low nitrate-N concentrations (0.1 mg L
-1

), the 

kinetics of utilization of substrate in the soil column would be influenced by the 

nitrate concentration (Tchobanoglous et al., 2003). Due to nitrate serving as an 
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electron acceptor, the rate of denitrification would be proportional to the rate of 

substrate utilization (Tchobanoglous et al., 2003). Thus it is expected that nitrate 

depletion would contribute to a drop in the removal of organic substances in the soil 

column, as would occur in the case of oxygen. 

 

 

Figure 4.4 Nitrate mass removal rate against soil column depth at 20 °C  

for (a) constant COD of 135 mg L
-1

 and HLR of 44, 88 and 169 cm d
-1  

(b)
 
constant 

HLR of 169 cm d
-1

 and 135, 61 and 42 mg L
-1

 COD. 

 

In the experiments where the wastewater concentration was varied at constant HLR 

(Figure 4.4 b), nitrate was completely depleted in all samples by the 600 mm depth 
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of the soil column. In the LC influent, nitrate was again detected at the 1100 mm 

depth. This may be due to nitrification of ammonia taking place as a result of the low 

wastewater concentration and therefore higher dissolved oxygen concentrations 

pertaining within deeper layers of the soil column. A corresponding reduction in 

ammonia was not detected probably due to the continued degradation of organic 

nitrogen in the infiltrating wastewater. Any remaining nitrate was once again 

consumed further along the soil column.  

 

Even though the removal of nitrate by microorganisms could occur through a 

dissimilatory (denitrification) or an assimilatory (conversion of NO3 to NH3) route 

(Bitton, 1999), the presence of ammonium nitrogen in the soil column influent and 

wastewater samples rules out the occurrence of assimilatory nitrate reduction and 

confirms the occurrence of denitrification in the soil column. This is because 

assimilatory nitrate reduction takes place when ammonium nitrogen, which serves as 

a nutrient source for microbial cell synthesis is unavailable thereby necessitating the 

biological breakdown of nitrate for the release of ammonia (Tchobanoglous et al., 

2003). Denitrification occurred in the soil column by the reduction of nitrate to 

nitrogen gas through nitrite, nitric and nitrous oxide intermediaries as shown below 

(Bitton, 1999). 

    
 itrate reductase
→               

 itrite reductase
→              

 itric o ide 
reductase
→            

 itrous o ide 
reductase
→            

 

The reaction of nitrate with organic material in the soil column is therefore as shown 

(Gray, 2004): 

 rganics       

anaerobic 
 icro 

organis s 
→       Anaerobic  icroorganis s              energy 
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It was expected that in the soil column environment, consisting of a mixed culture of 

bacteria, the microorganisms would pursue the route with the highest energy yield so 

as to attain maximum cell synthesis (Gray, 2004). The order of preference of use of 

electron acceptor would therefore be in the descending order of oxygen, nitrate and 

sulphate, which respectively release -78.14, -71.67 and  21.27 kJ of free energy per 

electron equivalent (Tchobanoglous et al., 2003; Gray, 2004). This was however 

found not to be the case and oxygen was not completely depleted before nitrate 

consumption begun. Neither was nitrate completely depleted before the consumption 

of sulphate. The hierarchy for utilization of TEAs (based on their respective redox 

potentials) therefore does not preclude the occurrence of denitrification and sulphate 

reduction in cases where there are relatively high oxygen concentrations existing in 

the bulk wastewater. Denitrification in the aerobic environment is hypothesised to 

have been facilitated by active nitrate reductase sites within the periplasmic parts of 

the soil column bacteria (Carter et al., 1995). These results are confirmed by other 

studies where denitrification was observed to occur in aerobic environments (Lloyd 

et al., 1987; Bengtsson and Annadotter, 1989; Bateman and Baggs, 2005; Rao et al., 

2007; Gao et al., 2010) even at concentrations close to or greater that air oxygen 

saturation values (8.6 mg L
-1

). Specific bacteria (Carter et al., 1995; Patureau et al., 

2000; Kim et al., 2008) as well as some fungi (Hayatsu et al., 2008) have also been 

isolated that are able to carry out denitrification under aerobic conditions.  

 

Sulphate Utilisation 

As shown in Figures 4.5 a and b, reductions in sulphate concentrations also occurred 

simultaneously with dissolved oxygen and nitrate removal within the soil column. 

Sulphate consumption occurred in the soil column at all mass loading rates.  
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Figure 4.5 Sulphate mass removal rate against soil column depth at 20 °C  

for (a) constant COD of 135 mg L
-1

 and HLR of 44, 88 and 169 cm d
-1  

and
 
(b)

 

constant HLR of 169 cm d
-1

 and 135, 61 and 42 mg L
-1

 COD. 

 

The characteristic rotten egg smell of hydrogen sulphide emanated from all column 

samples, with it being strongest in the HC wastewater and lowest in the LC 

wastewater. Sulphate reduction can therefore be represented by the reaction below 

(Gray, 2004): 

 rganics      
    

anaerobic 
 icro 

organis s 
→       Anaerobic  icroorganis s               energy 
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As HLR and thus the mass loadings increased, the mass of sulphate removed also 

increased. During infiltration of HC wastewater, almost all the sulphate was broken 

down due to a high demand for oxygen for the degradation of organic carbon.  

Sulphate utilization rates at HLR of 44 cm d
-1

,
 
88 cm d

-1
 and 169 cm d

-1
 were 

respectively 334 mg d
-1

, 613 mg d
-1 

and 1406 mg d
-1

,
 
representing 98 %, 89 % and 85 

% reduction within the first 100 mm of the column. By the column exit, sulphate 

utilization had reached 660 mg d
-1

 and 1599 mg d
-1

 for HC-10 and HC-20. No 

further increase in sulphate removed occurred for HC-5 since most of the sulphate 

had already been consumed. The percentage reduction thus did not change much 

beyond this depth.  

 

Sulphate reduction occurred in the soil column at all applied wastewater COD 

concentrations (Figures 4.5 b). However, reducing the mass loading by applying 

wastewater of lower COD while keeping the HLR at 169 cm d
-1 

resulted in a 

decrease in sulphate consumption in the soil column. Removal rates dropped from 

1599 mg d
-1 

in HC wastewater to 1029 mg d
-1

 and 507 mg d
-1

 in MC and LC 

wastewaters respectively. Less than 40 % of influent sulphate was therefore 

consumed in LC wastewater compared to 98 % in the high COD wastewater. Even 

though sulphate reducing bacteria, which are responsible for sulphate reduction, are 

thought to be strict anaerobes their presence in the soil column, confirmed by the 

occurrence of sulphate reduction indicates that they are also able to tolerate oxygen 

in their environment. These results are consistent with other studies where sulphate 

reducing bacteria were found to exist in activated sludge flocs as well as in biofilms 

of rotating biological contactors and trickling filters (Lens et al., 1995). Besides 

sulphate reduction has been observed to occur consistently in well-oxygenated 
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biomats (Canfield and Des Marais, 1991). The occurrence of sulphate reduction in 

the aerobic environment of the soil column could be attributed to the development of 

anoxic microsites and physiological adaptability of the anaerobic microorganisms 

(Lens et al., 1995). It is hypothesised that oxygen concentration gradients across the 

thickness of biofilms coating the sand grains could have contributed to the formation 

of anoxic and anaerobic zones in the deeper layers of the biofilm (Tchobanoglous et 

al., 2003). 

 

The results obtained clearly showed that at constant hydraulic loading rate, sulphate 

reduction was dependent on the COD mass loading with its breakdown reducing 

with a corresponding reduction in COD loading. Sulphate reduction was also found 

to be affected by changes in HLR with its rate of reduction decreasing with the 

increase in the loading rate, though not to as much extent as changes in COD 

concentrations.  

 

4.2.2.3 Dissolved Organic Carbon, Biochemical and Chemical Oxygen 

Demand Removal under Constant Chemical Oxygen Demand 

and Variable Hydraulic Loading Rates  

Figures 4.6 a - c show the mass removal of DOC, BOD and COD in the column at 

constant COD and variable HLR. There was a corresponding increase in mass 

removed with mass loading rate. This is because aerobic bacteria conversion of 

organic material, assessed by BOD, is typically a first order reaction and is a 

function of the substrate concentration remaining at any time (Tchobanoglous et al., 

2003). At HC-5, HC-10 and HC-20, COD, DOC and BOD mass removal rates after 
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2000 mm travel through the soil column were respectively 249, 568 and 1024 mg d
-1

, 

172, 321 and 716 mg d
-1

, and 247, 475 and 555 mg d
-1

.  

 

Even though more mass was removed as the mass loading was increased, it did not 

necessarily translate into improved removal efficiencies for BOD and COD. These 

respectively give overall removal efficiencies at HC-5, HC-10 and HC-20 of 27, 32 

and 29 % for COD, 50, 49 and 53 % for DOC and 41, 42 and 28 % for BOD. As 

occurred with dissolved oxygen, sulphate and nitrate most of the removal attained 

after travel through the whole length of the soil column occurred within the first 100 

mm of the soil column. In most cases removal within this depth amounted to 80 % or 

greater of the overall removal achieved. Most of the available dissolved oxygen was 

consumed here and on the average only 3 mg L
-1

 remained after 100 mm. Nitrate and 

sulphate were also considerably used up within the first 100 mm with less than 0.5 

mg L
-1

 nitrate and 2 mg L
-1

 sulphate remaining.  
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Figure 4.6 Mass removal rate of DOC, BOD and COD with soil column depth at 

135 mg L
-1 

COD and variable HLRs of 44 cm d
-1

, 88 cm d
-1

 and 169 cm d
-1
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Similar patterns of removal between COD, DOC, BOD and DO, NO3 and SO4 are 

expected because during biological oxidation energy stored in organic matter is 

released by dehydrogenation of the substrate leading to the donation of electrons. 

The electrons given up by the electron donor are then carried through a series of 

complex biochemical pathways to oxygen, nitrate and sulphate which are the 

terminal electron acceptors (TEAs) (Bitton, 1999; Gray, 2004). This electron 

transport is facilitated through the electron transport system (ETS) of the bacteria 

proliferating in the soil column (Bitton, 1999). The degree of biodegradation that 

would take place would therefore be dependent on the type and quantity of TEAs 

present which would determine the electron accepting capacity.  

 

For DOC, COD and BOD the lowest loading rate performed very well initially, in 

terms of its efficiency of removal, it however did not give the best overall removal 

due to its slower rate of removal beyond the 100 mm depth. This may have been 

contributed by the high retention time in the column, necessitating high oxygen 

replenishment for aerobic processes and limitations on the availability of the other 

electron acceptors. Within the first 100 mm as dissolved oxygen levels were high, 

longer residence times allowed sufficient time for effective aerobic degradation of 

the DOC, BOD and COD. However, as dissolved oxygen was being depleted, its low 

rate of replenishment from the influent wastewater became an important factor as 

removal could not be sustained deeper within the soil column. This is evident from 

the flattening of the curves beyond 100 mm as the HLR is reduced (Figures 4.6 a – 

c). The low oxygen concentrations and yet high oxygen demand of the wastewater 

therefore promoted the onset of anoxic and anaerobic degradation processes. Thus by 

the 600 mm depth, long residence time was no longer the most efficient operating 
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condition. Due to better oxygen replenishment upon increase of the HLR, DOC, 

BOD and COD removal could be sustained better within deeper layers of the soil 

column although the rate was considerably slowed down. A balance between 

residence times and the rate of replenishment of electron acceptors was thus found 

crucial to the efficiency of the removal process in the soil column. HC-10 therefore 

gave the highest and HC-5 the lowest overall removal of BOD and COD, with HC-

20 being the most efficient condition for DOC. This behaviour suggests that a certain 

critical hydraulic loading rate may exist for efficient removal of each parameter 

based on the influent concentration and that long residence times do not necessarily 

improve performance. 

 

4.2.2.4 Dissolved Organic Carbon, Biochemical and Chemical Oxygen 

Demand Removal under Variable Chemical Oxygen Demand 

and Constant Hydraulic Loading Rate  

Figures 4.7 a - c show profiles of the mass reductions in COD, BOD and DOC at 

constant HLR of 169 cm d
-1

 and varying wastewater COD. At constant hydraulic 

loading rate, the mass loadings of COD, DOC and BOD applied to the soil column 

decrease with reduction in COD concentration. Mass of DOC, COD and BOD 

removed decreased with a corresponding decrease in mass applied. The removal 

efficiency however increased. COD mass removal rate was 1024 mg d
-1

 for HC-20, 

decreasing to 582 mg d
-1

 for LC-20. The corresponding increase in removal 

efficiency was from 29 % to 54 %. Increase in removal efficiency with reduction in 

COD under constant HLR has also been found to occur in horizontal flow 

constructed wetlands (Ojeda et al., 2008).  
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Figure 4.7 Mass removal rate of DOC, BOD and COD with soil column depth at 

HLR of 169 cm d
-1 

and variable COD of 135 mg L
-1

, 81 mg L
-1 

and 42 mg L
-1
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Regardless of the  residence times or influent concentration the first 100 mm depth 

of the soil column accounted for a greater proportion of DOC, COD and BOD 

removal obtained. These results are in good agreement with published literature 

confirming the important role of the first few cm of the soil in the treatment process 

(Quanrud et al., 2003b; Cha et al., 2004; Grünheid et al., 2005)  Bunsri et al’s (200 ) 

studies revealed that out of 83 % COD removal achieved after wastewater travel 

through 120 cm of a column of soil, 80 % removal was already attained after only 30 

cm travel length. In field studies about 75 % of the DOC removal obtained after 37 

m infiltration occurred within the first 1.5 m of soil (Quanrud et al., 2003b) and in 

unsaturated soil columns 44 % DOC removal was realised within the top 8 cm of the 

soil (Quanrud et al., 1996b). Rauch-Williams and Drewes (2006) also found from 

their study that removal of biodegradable organic carbon occurs within 30 cm of the 

soil depth. Removal is rapid near the soil/water interface in SAT systems because 

organic matter and dissolved oxygen are at their highest concentrations resulting in 

high biological activity (Fox et al., 2006). The prominence of the role of this depth 

was observed to increase with a decrease in influent concentration, accounting for 79 

%, 91 % and then 92 % of the overall removal achieved respectively. These 

percentages have been determined by expressing the amount of DOC removed at the 

100 mm depth as a percentage of the total amount removed in the whole 2000 mm 

depth of the column.  

 

Overall DOC mass removals per day achieved over the 2000 mm column for HC-20, 

MC-20 and LC-20 were 716 mg (53 %), 449 mg (65 %) and 309 mg (74 %) 

respectively. Biodegradation as measured by the BOD (Figure 4.7 b) also followed a 

similar pattern of reduction as the DOC. BOD removed per day was 555 mg (28 %), 
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456 mg (41 %) and 458 mg (67 %). Increases in the values of BOD and COD within 

the sand profile were observed in some samples depicted by a drop in mass removed 

as shown in Figures 4.7 b and c respectively. The increases may be attributed to the 

generation of soluble extracellular by-products by the microorganisms in the column 

or desorption of organics from the sand as has been observed to occur for DOC 

(Drewes and Jekel, 1996; Reemtsma et al., 2000; Quanrud et al., 2003b). These 

soluble microbial products, comprising polysaccharides, proteins, nucleic and humic 

acids and lipids (Wu and Lee, 2011), are by-products of microbial substrate 

utilisation and are released into the soil column liquid phase during lysis of soil 

column microbial cells (de Silva and Rittmann, 2000). Soluble microbial products 

may increase in the soil column under stress conditions such as insufficient quantity 

of nutrients and low pH (Jarusutthirak and Amy, 2007), which was the condition 

prevailing especially towards the soil column outlet.  

 

Even though higher mass loadings corresponded with larger mass removals, the 

percentage removal was better at lower mass loading rates due to higher dissolved 

oxygen to substrate mass loading ratios. The decrease in removal of COD, BOD and 

DOC with increase in influent concentration may be attributed to the corresponding 

increase in anaerobic conditions in the soil column. Maddoff et al (1974) found in 

their study on soil infiltration with septic tank effluent that COD removal decreased 

when the soil surface became permanently ponded due to encrustation and the 

subsequent onset of anaerobic conditions. The pattern of dissolved oxygen, nitrate 

and sulphate removal (Figures 4.3, 4.4 and 4.5) suggest the predominance of aerobic 

degradation during infiltration with LC wastewater. The percentage utilisation of 

dissolved oxygen was found to increase with a reduction in the mass loadings, whilst 
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the opposite effect occurred on sulphate. Consequently, sulphate reduction processes 

dropped from overall utilisation of 97 % for a COD loading of 3552 mg d
-1

 down to 

70 % at 1586 mg d
-1

 and a further reduction to 40 % when a COD loading of 1084 

mg d
-1

 was applied. Aerobic degradation which proceeds more rapidly and has much 

higher biochemical efficiency than anoxic processes and anaerobic degradation 

(Gray, 2004) thus increasingly dominated the removal process resulting in improved 

removal efficiencies. 

 

Using a COD of 135 mg L
-1

, the range of removal efficiencies obtained for COD (27 

– 32 %), DOC (49 – 53 %) and BOD (28 – 43%) are lower than reported in literature 

due to the much higher concentrations of the parameters in the influent coupled with 

saturated soil conditions in the column. COD removals reported include 80 – 85 % 

(Carre and Dufils, 1991) and almost 100 % (Bouwer et al., 1980). Even though 80 – 

85 % COD removal was reported by Carré and Dufils (1991) the soluble COD 

removal was only 30 – 35 %. Chua et al., (2010) also measured lower DOC removal 

(31 %) compared to removals from other SAT field sites, when the unsaturated zone 

was by-passed and the wastewater directly injected into the saturated zone of the 

aquifer. DOC removal obtained by Chua et al., (2010) is still lower than in the 

current study due to the differences in characteristics of the infiltrating wastewater, 

which was ultra-filtered effluent and therefore has a low level of biodegradable 

DOC. With a reduction in COD concentrations, for example at influent wastewater 

COD of 42 mg L
-1

, the removal of 54 % COD, 74 % DOC and 67 % BOD obtained 

compared more closely to those obtained from other studies. They are however in the 

lower range of removals obtainable due to the absence of an unsaturated zone, where 

replenishment of dissolved oxygen is easily achieved.   
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4.2.2.5 Organic Matter Removal by Adsorption in the Soil Column 

Abiotic soil column data obtained from running the soil column at condition LC-20 

after sterilisation showed only slight reductions in COD and DOC occurring within 

the first 100 mm of the soil column which in the biotic experiments was the most 

active removal zone. COD and DOC removal rates realised were only 52 mg d
-1

 and 

2.3 mg d
-1

 respectively, representing 4 % COD and less than 1 % DOC removal. 

Abiotic removal such as physical adsorption thus represented only a small proportion 

of the removals obtained in the soil column. COD, DOC and BOD removal in the 

soil column could therefore be attributed primarily to biological removal which may 

occur through the mechanisms of biodegradation or biosorption onto biomass 

structures such as biofilms (Carlson and Silverstein, 1998) developed around the 

sand grains. 

 

The identification of biodegradation as the primary removal mechanism for DOC 

agrees with findings from previous studies (Rauch-Williams and Drewes, 2006). In 

biotic soil columns studies carried out by Quanrud et al, (1996b) 54 % DOC removal 

occurred whilst only 10 % removal was achieved in sodium azide-inhibited columns 

under similar experimental conditions. Similar observations have been made in other 

studies where biotic soil columns achieved 70 % DOC removal. On the other hand, 

in soil columns where aerobic degradation was inhibited, DOC removal obtained 

was 27 % (Xue et al., 2009). Sodium azide inhibits only aerobic activity. Therefore 

the removals are attributed to a combination of sorption and anaerobic degradation 

(Xue et al., 2009). Besides the soil used to pack Xue et al ’s (200 ) columns 

contained some silt and clay fractions which are expected to have better adsorption 

compared to silica sand. These factors could account for the higher removals 
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obtained compared to less than 1 % DOC removal obtained in the current 

experiments.   

 

4.2.2.6 Nitrogen Removal under Constant Chemical Oxygen Demand 

and Variable Hydraulic Loading Rates  

The production of ammonia nitrogen and organic nitrogen and total nitrogen removal 

rates are shown in Figures 4.8 a - c. There was a high conversion of organic nitrogen 

to ammonia at all the loading rates applied. Organic nitrogen in the wastewater was 

hydrolysed to ammonium. Proteins and amino acids from the meat extract and 

peptone were converted into inorganic forms by ammonification of the organic 

nitrogenous compounds. Mineralization of proteins into ammonium (NH4
+
) occurred 

by their conversion into peptides and amino acids by extracellular proteolytic 

enzymes, which were then transformed through oxidative or reductive deamination 

to ammonium (Bitton, 1999). Since the pH was kept at values in the range 6.2 to 6.7 

(Figure 4.9), at all soil column depths ammonium was the main form of nitrogen 

pertaining in the wastewater samples. The acidic environment in the column retained 

ammonia in its ion (NH4
+
) form (Figure 4.10) (Tchobanoglous et al., 2003). 
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Figure 4.8 Nitrogen mass removal rate against column depth at constant COD of 

135 mg L
-1

 and variable HLR of 44 cm d
-1

, 88 cm d
-1 

and 169 cm d
-1
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Figure 4.9 pH profile in soil column under experimental conditions HC-5, HC-

10, HC-20, MC-20 and LC-20 at 20 °C  

 

 

Figure 4.10 Influence of pH with oxidation states of ammonia-nitrogen  
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was increased to 130 mg d
-1

, the percentage removal dropped to 65 %. A further 

increase in loading rate up to 169 cm d
-1

 did not yield any difference in removal. 
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Overall organic nitrogen removal were 71 %, 74 % and 76 % for loadings of 74 mg 

d
-1

 (HC-5), 130 mg d
-1

 (HC-10) and 263 mg d
-1

 (HC-20). The rate of removal as 

shown by the slope of the graph after the first 100 mm was however lowest at 

loading rate 44 cm d
-1 

and some increases in concentration were observed after 

passage through 1100 mm of the sand. After the transformation of organic nitrogen 

to ammonia in the lower parts of the column, the hydraulic loading rate was 

observed to influence the amount of ammonia present further along the column 

(Figure 4.8 b). At 44 cm d
-1

, a decrease in the mass of ammonia in the soil column 

began after the 600 mm depth. This behaviour was also observed after the 1100 mm 

depth at 88 cm d
-1

, but at a slightly lower rate. The reduction in ammonia at the 

lower hydraulic loading rate could be attributed to biosorption onto the biofilms 

coating the sand grains. No decrease in ammonia concentration occurred at 169 cm 

d
-1

. This may be due to the continued hydrolysis of organic nitrogen to ammonia and 

also insufficient time for sorption to occur.  

 

Total nitrogen removal was most efficient at 44 cm d
-1 

(Figure 4.8 c). Overall 

however a removal rate of only 28 mg d
-1

 (25 % removal) was attained. This value is 

lower than the range for typical SAT systems reported in literature (60 – 92.5 %) 

(Crites et al., 2000), due to the accumulation of ammonia in the column. Lower 

removals, being 45.6 % using primary effluent and 28.5 % with secondary effluent, 

have also been reported by Lance et al., (1980). Bouwer et al., (1980) have also 

reported a range of removal of 30 – 65 %. Removal rates at HLR of 88 cm d
-1

 and 

169 cm d
-1

 were 41 mg d
-1

 and 74 mg d
-1

 being 20 % and 19 % removal respectively. 

Although a higher removal rate is obtained at higher mass loadings, the efficiency of 

the removal process is lowered.  
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4.2.2.7 Nitrogen Removal under Variable Chemical Oxygen Demand 

and Constant Hydraulic Loading Rate  

Figures 4.11 a - c show the production of ammonia nitrogen and organic nitrogen 

and total nitrogen removal rates when the HLR was held constant at 169 cm d
-1

 and 

the wastewater COD varied. A decrease in influent concentration resulted in a 

decrease in the nitrogen mass loadings to the soil column. There was a corresponding 

reduction in the organic nitrogen removal and the conversion rate to ammonia varied 

with wastewater concentration, with greater percentage reduction occurring at higher 

influent concentrations. Removal rates were 199 mg d
-1

 (achieving 76 % removal 

efficiency), 88 mg d
-1

 (69 % removal efficiency) and 41 mg d
-1

 (58 % removal 

efficiency) in HC, MC and LC wastewaters respectively. Ammonium production 

was thus lowest under LC experimental conditions (Figure 4.11 b). Resulting total 

nitrogen removal was therefore found to be dependent on influent concentration with 

highest removal occurring in the LC wastewater (Figure 4.11 c).  

 

The removal of organic nitrogen under varying HLR and COD did not cause an 

equal increase in ammonia concentration. As nitrification hardly occurred in the soil 

column this difference could mainly be due to the use of ammonia as a nutrient 

source by microorganisms during cell synthesis (Gray, 2004) and also a result of 

adsorption, which is the main removal mechanism for ammonia during SAT (Fox et 

al., 2006). In the sterile column, no increase in ammonia occurred along the column.  

As opposed to the biotic soil column conditions, the concentration decreased along 

the soil column confirming the occurrence of adsorption. The removal rate obtained 

was 33 mg d
-1

, representing a 69 % reduction. 
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Figure 4.11 Nitrogen mass removal rate against column depth at constant HLR of 

169 cm d
-1 

and variable COD of 135 mg L
-1

, 81 mg L
-1 

and 42 mg L
-1
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4.2.2.8 Phosphate Removal 

Phosphate was poorly removed in the soil column under all the experimental 

conditions. Figures 4.12 a and b show the mass removal rates in the soil column. 

Concentrations above the influent phosphate concentration were measured in most 

column samples especially at the 100 mm depth. Increases in phosphate amounts 

were respectively 4 mg d
-1

, 13 mg d
-1

, 58 mg d
-1

 for HC-5, HC-10, and HC-20 

representing 109 %, 116 %, 156 % of the influent mass.  

 

 

Figure 4.12 Phosphate removal rate against column height   

at: (a) constant COD of 135 mg L
-1

 and variable HLR of 169 cm d
-1

, 88 cm d
-1

 and 

44 cm d
-1

 (b) constant HLR of 169 cm d
-1 

 and variable COD of 135 mg L
-1

, 81 mg 

L
-1

 and 42 mg L
-1
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Some amount of removal begun beyond the 100 mm depth of the soil column and 

was observed to be dependent on the hydraulic loading rate. Poor phosphate removal 

in sandy soils as well as increasing concentrations of phosphate in the soil during 

infiltration has also been observed by other researchers (Stuyfzand, 1989; Reemtsma 

et al., 2000). Increase in phosphate concentrations in the soil column could be due to 

the release of phosphates previously assimilated by bacterial biofilms in the column 

solution following their death and subsequent degradation under anoxic conditions. 

Besides during oxidation-reduction reactions for the biodegradation of organic 

matter in the column, adenosine diphosphate (ADP) is transformed to adenosine 

triphosphate (ATP), with the energy produced stored in the phosphate bond. It is 

likely that the soil column bacteria stored up the phosphates in the form of energy-

rich polyphosphates within their cells. Previously stored polyphosphates were then 

utilised as the source of energy, resulting in the production of intracellular 

polyhydroxybutyrate  (PHB) storage products and releasing orthophosphate from the 

bacterial cells into the aqueous phase of the soil column in the process (Randall et 

al., 1992; Tchobanoglous et al., 2003). Under aerobic and anoxic conditions, the 

PHB storage products are metabolised, supplying energy for new cell synthesis and 

facilitating the formation of polyphosphate bonds in cell storage, which become sites 

for further integration of soluble orthophosphates removed from the aqueous phase 

of the soil column (Tchobanoglous et al., 2003). When the soil column became 

devoid of nitrates, the soil column bacteria could also have assimilated low weight 

fermentation products such as acetate into their cells. Although methane producers 

are not expected to thrive in the soil column, some genera of denitrifying bacteria 

able to carry out fermentation processes in anaerobic environments (Randall et al., 

1992) may have been a source of acetate for the phosphorus assimilating organisms. 
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It is possible that anaerobic microsites existed within the soil column, say in deeper 

layers of biofilms thereby providing a suitable environment for fermentation.  

 

The best phosphate removal occurred at the lowest HLRs (HC-5), where the mass 

loading was 45 mg d
-1

. Here the removal occurred after an initial increase in 

concentration at the 100 mm depth. Overall removal rate achieved was only 5 mg d
-1

. 

Increase in phosphate removal with a decrease in infiltration rate has also been 

observed in other studies (Lance et al., 1980). For a COD of 135 mg L
-1

, an increase 

in HLR led to a drop in the overall removal, from 20 % to 12 % for a loading rate of 

88 cm d
-1

 and then no removal is observed for a loading rate of 169 cm d
-1

. These 

percentages represent removals occurring after the initial increase in concentration at 

100 mm. At HLR of 169 cm d
-1 

no phosphate removal was observed to occur in the 

column except within the first 100 mm of the sand when the influent of low 

concentration was infiltrated. The concentration however rose again in the column 

by about 45 % after a travel distance of 600 mm. Under constant COD loading and 

therefore DO/COD ratios, the phosphate released would be influenced by the mass 

loading, since it is expected that more phosphate would be assimilated when there is 

more available and thus a greater amount would be released.  

 

From the results it is observed that the redox conditions also had an influence on the 

removal of phosphate within the soil column. The percentage increases in phosphate 

concentration that occurred within the first 100 mm of the soil column were lower at 

higher DO/COD ratios. Increases in phosphate amounts were respectively 58 mg d
-1

 

and 10 mg d
-1

 for HC-20 and MC-20, whilst 14 mg d
-1

 was removed for LC-20. 

Phosphates at 100 mm therefore represented 156 %, 109 %, and 87 % of the influent 
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mass loading. It is worth noting that even though there were slight differences in 

phosphate mass loadings due to errors introduced during wastewater preparation and 

sample analysis the variation was very small and the difference between phosphate 

mass loadings for HC and LC wastewater was negligible (105 mg d
-1

 against 104 mg 

d
-1

). The higher mass increase when HC wastewater was applied cannot therefore be 

attributed to the slightly higher mass loading. Besides, despite the higher mass 

loading when MC wastewater was applied (113 mg d
-1

), less mass increase occurred 

at 100 mm compared to when HC wastewater was infiltrated. It is also observed that 

as the soil column environment became more predominantly aerobic (indicated by 

less sulphate consumption), less phosphate was released. The mechanism of 

phosphate removal that occurred in the soil column can thus be deduced as 

biological phosphate removal. Although in SAT systems, phosphate is removed 

mainly by adsorption and chemical precipitation (Asano, 1985; NRC, 1994), the high 

wastewater concentration and low dissolved oxygen concentrations in the soil 

column could have provided a favourable environment for the growth of phosphorus 

accumulating organisms rendering biological phosphate removal an important 

removal mechanism in this case. Also chemical precipitation can be biologically 

mediated by microorganisms, whereby phosphate precipitation (in the form calcium 

phosphate precipitates) occurs within denitrifying biofilms due to pH increases 

caused by denitrification reactions (Arvin and Kristensen, 1983).  

 

4.2.3 Chemical Oxygen Demand Balance in the Soil Column 

The potential for the aerobic degradation of COD in the soil column was assessed to 

confirm that the removal did not occur solely by aerobic oxidation, but also by 
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anoxic and anaerobic degradation. Stoichiometric relations between COD and 

dissolved oxygen were used for the assessment.  

 

Representing the soil column wastewater carbonaceous organic matter simply by 

glucose (C6H12O6), 1 g of oxygen would be consumed per gram of COD removed in 

the soil column (Tchobanoglous et al., 2003), as shown in Chapter 2. It is therefore 

not expected that all the COD applied to the soil column would be removed by 

aerobic degradation processes alone as all the influent DO/COD ratios, which were 

respectively 0.06, 0.16 and 0.26 for HC, MC and HC wastewaters, were below the 

requirement. Denitrification and sulphate reduction processes were thus induced by 

bacteria in the soil column. Predicted COD removals calculated based on the oxygen 

available in the influent are 48, 83, 182, 203 and 230 mg d
-1

 for conditions HC-5, 

HC-10, HC-20, MC-20 and LC-20 respectively. COD removal attained in the soil 

column however exceeded these values, dissolved oxygen accounting for only 13 – 

15 % for HC, 18 % for MC and 32 % for LC wastewaters, confirming that further 

COD removal occurred by some other removal mechanisms. The extra removal 

could not be attributed to sorption as abiotic soil column tests showed negligible 

COD removal efficiencies and has been attributed to denitrification and sulphate 

reduction processes.  

 

Using stoichiometric relations (Sarfaraz et al., 2004; Henze et al., 2008; Velasco et 

al., 2008), expected COD removal based on consumption of electron acceptors was 

estimated. The oxygen equivalent of nitrate is 2.86 mg O2 /mg NO3-N. Therefore 1 

mg NO3-N denitrified to nitrogen gas would have the same electron accepting 

capacity as 2.86 mg of oxygen. Likewise, during COD oxidation, oxygen accepts 4 
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electrons whilst sulphate accepts 8. Thus 2 moles of oxygen is equivalent to 1 mole 

of sulphate and 1 g of sulphate would have the electron accepting capability of 0.67 

g of oxygen. These factors were used to convert the respective masses of electron 

acceptors consumed in the soil column to the equivalent COD removed and summed 

up to obtain a predicted value for COD removal to occur in the soil column. Actual 

COD removal that occurred in the soil column was found to be less than the 

predicted value by about 20 %. HC-10 however gave only a 5 % deviation (Table 

4.4). MC-20 gave inconsistent results and so has been omitted. Besides experimental 

errors, the deviation between actual and predicted COD removal could be attributed 

to incomplete denitrification to nitrogen gas. Although nitrite was not detected in any 

of the samples, some nitrate may have been converted to the other denitrification 

intermediaries being nitric and nitrous oxide. Also as the soil column environment 

was neither strictly aerobic, anoxic nor anaerobic, the stoichiometric conversion 

factors used to predict COD removal may not have been accurate. 

 

Table 4.4 Comparison of predicted and actual COD removal in 2000 mm of the 

soil column 

Experi-

mental 

cond- 

ition 

Dissolved 

Oxygen            

(mg d
-1

) 

Nitrate                          

(mg d
-1

) 

Sulphate                         

(mg d
-1

) 

Total COD removed                                

(mg d
-1

) 

Differ-

ence b/w 

predict-

ted and 

actual 

COD 

removal 

(%) 

DO     

used 

Pred- 

icted 

COD 

rem- 

oval 

NO3          

used 

Pred- 

icted 

COD 

rem- 

oval 

SO4 

used 

Pred- 

icted 

COD 

rem- 

oval 

Pred- 

icted 

COD 

rem- 

oved  

Actual 

COD 

removed 

 

HC-5 48 48 17 48 332 221 316 249 ± 33 21 

HC-10 83 83 27 77 660 440 600 568 ± 55 5 

HC-20 182 182 39 112 1599 1066 1360 1118 ± 58 18 

LC-20 230 230 57 163 507 338 730 582 ± 234 20 
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4.2.4 Correlations between Electron Donor and Electron Acceptors 

Dissolved oxygen mass removal rates were correlated with COD, DOC, nitrate and 

sulphate removal rates when the influent concentration was held constant and the 

HLR varied (Figure 4.13).  In all cases there was a strong positive linear correlation 

between DO removal and the removal of all the parameters considered. Nitrate and 

sulphate removal also correlated well with COD removal. R
2
 in all cases was greater 

than 0.9. Correlation of sulphate reduction with COD removal showed sulphate 

reduction occurred at a rate of approximately 1.47 mg/ mg of COD removed per day. 

It is deduced from these correlations that oxygen consumption in the soil column 

was 0.14 mg / mg of COD removed.  

 

These correlations would be used later in Chapter 5 to model the removal of COD in 

the soil column. 
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Figure 4.13 Correlations between wastewater parameters at constant COD of 135 

mg L
-1

 COD and varying HLR at 20 °C 

(a) COD and DOC against dissolved oxygen removal rate (b) nitrate and sulphate 

against dissolved oxygen removal rate (c) Nitrate and sulphate against COD mass 

removal rate  
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4.2.5 Microbial Concentration Profile in the Soil Column 

The concentration profile of microorganisms in the soil column was determined 

using phospholipid fatty acid (PLFA) analysis (Findlay et al., 1989). Viable 

microorganisms have phospholipid fatty acids as a component of their cell walls 

(Zelles, 1999).  Soil was sampled from 100 mm, 300 mm, 600 mm, 1100 mm and 

1400 mm for PLFA analysis. Absorbance readings of processed samples were 

converted to phosphate concentrations using the calibration curve shown in Figure 

3.13 of Chapter 3, and then converted to number of microbial cells using an 

approximation of 3.4 million cells per 0.1 n mol of phosphate (Findlay et al., 1989). 

Figure 4.14 shows the microbial concentration profile along the soil column.  

 

 

Figure 4.14 Soil column microbial profile 

  

The results of PLFA analysis revealed that the soil column had a microbial 

concentration profile that correlated positively with the removal profile of COD, 

DOC, BOD, organic nitrogen, dissolved oxygen, nitrate and sulphate. Positive 

correlations of microbial biomass with concentrations of biodegradable organics 

during soil aquifer treatment have also been observed by other researchers (Rauch-

0.0E+00

5.0E+09

1.0E+10

1.5E+10

2.0E+10

2.5E+10

3.0E+10

3.5E+10

4.0E+10

4.5E+10

0 200 400 600 800 1000 1200 1400 1600

N
u

m
b

er
 o

f 
ce

ll
s/

g
 o

f 
sa

n
d

Column height (mm)



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

205 
PhD Thesis by H.M.K. Essandoh 

Williams and Drewes, 2006). The highest concentration of phospholipids (1207 n 

mol g
-1

 of sand) was measured at the first sampling point. This corresponds to 4.1 x 

10
10

 cells g
-1

 of sand. There was a marked decrease in the concentration of 

phospholipids beyond that point. At 300 mm, the phospholipid concentration was 

only 17 % of that at 100 mm. The lowest concentration of 129 n mol g
-1

 of sand 

(4.37 x 10
9
 cells g

-1
 of sand), being approximately 10 % of the concentration at 100 

mm, was measured at 1400 mm. The profile of bacterial concentrations along the 

soil column showed an exponential decrease (R
2
 of 0.5688) with depth, which 

depicts the kind of microbial concentration profile normally found in natural soils. In 

natural soils, there are about 10
7
 to 10

8
 bacteria in every 1 g of soil with the largest 

numbers being found in the surface layer and the  numbers decreasing exponentially 

with depth of soil (Ishizawa and Toyoda, 1964).  The bacterial cells, which are 

expected to be the most predominant microbial species involved in stabilisation of 

organic matter in the soil column (Gray, 2004), were higher than in natural soil 

because of substrate abundance.  

 

Phospholipids were highest at the 100 mm point because from the column entry to 

this point, organic carbon, nutrients and electron acceptors were at their highest 

concentration. This bacterial profile is consistent with findings from other studies 

(Nema et al., 2001) in which a large percentage of the bacteria present are observed 

to remain near the infiltration surface. The microorganisms grow quickly and have 

high activity at the soil water interface due to abundance of biodegradable organic 

matter and dissolved oxygen (Fox et al., 2006). The removal profile correlated well 

with the amount of phospholipids in the soil column because biodegradation was the 

main removal mechanism in the soil column. Beyond the 100 mm depth of the 
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column, the bacterial consortium is likely to be composed mainly of facultative and 

anaerobic types, which grow more slowly than aerobes and are less biochemically 

efficient (Gray, 2004), contributing to lower removal of COD. Thus besides 

relatively lower availability of electron acceptors and less effective redox conditions 

pertaining beyond 100mm, the concentration and type of microorganisms limited the 

removal of COD, BOD and DOC within the deeper layers of the soil column 

(Charbeneau, 2000). Besides, it is possible that most or all of more readily 

biodegradable organic carbon was depleted within the first 100 mm leaving 

relatively slower biodegradable forms.  

 

4.2.6 Soil Column Reaction Kinetics  

The kinetic rate constants of COD, DOC and BOD and the electron acceptors 

dissolved oxygen, nitrate and sulphate were determined by assuming 1
st
 order, 2

nd
 

order and mixed order reaction rates, using the concentration profiles along the 2 

meter soil column and at the entry point. For the 1
st
 order assumption, a plot of –

ln(Co/Ct) against the soil column residence time (t, min) did not yield a straight line. 

A 2
nd

 order reaction was then assumed and 1/Ct plotted against t, which again failed 

to give a straight line. A straight line as shown in Figures 4.15 and 4.16 was obtained 

for a plot of 1/t ln(Co/Ct) against (Co-Ct)/t and thus the kinetic rate constant in the 

column concluded to be of mixed order. The rate equation for mixed order 

(Tchobanoglous et al., 2003) takes the general form: 

rc   
d 

dt
   

  

K    
             [4 11] 

where:  

rc  = constituent reaction rate (ML
-3

T
-1

) 
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C = constituent concentration (ML
-3

) 

k = reaction rate coefficient (T
-1

) 

K = saturation constant (ML
-3

) 

t = time (T) 

Integrating, 

   t   K ln 
 o

 t
   ( 

o
    t)            [4 12] 

where C0 is the initial concentration and Ct is the concentration at time t. In the 

analysis made on the soil column data, the concentrations have been substituted with 

the mass loadings. The plot for nitrate could only be determined for LC-20 as nitrate 

was completely consumed within the first half of the soil column resulting in 

insufficient valid data points for the plot.   

 

The reaction order in the soil column was confirmed by COD results obtained from 

preliminary tests carried out in 300 mm long soil column filled with silica sand of 

the same characteristics as for the long columns, seeded similarly and fed with 

synthetic wastewater prepared with the same recipe as used in the current 

experiments. The purpose of these preliminary tests was to assess the viability of the 

microbial seeding material in sand and the suitability of the synthetic wastewater 

before replication in larger soil columns.  

 

Mixed order reaction is expected to prevail within the soil column as substrate 

travels across biofilm layers developed around the sand grains by diffusion. A 

portion of the substrate is consumed within each layer, leading to reductions in 

substrate concentrations with the depth of the biofilm (Tchobanoglous et al., 2003). 
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Figure 4.15 Test for mixed-order reaction rate for dissolved oxygen, nitrate and 

sulphate 
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Figure 4.16 Test for mixed-order reaction rate for chemical oxygen demand, 

dissolved organic carbon and biochemical oxygen demand 
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10 and HC-20). The ratios increased with a reduction in organic influent 

concentration meaning that more oxygen was available per gram of organics to be 

degraded. Figure 4.17 compares the mass removal rates.  

 

Figure 4.17 Comparison of mass removal under investigated experimental 

conditions 

 

The removal at 100 mm has been included in the analysis because removals beyond 
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concentrated substrate with long residence times. The opposite holds for organic 

nitrogen, where longer residence times improve its removal.  

 

To determine the significance of varying HLR and influent COD on the removal 

efficiencies obtained for dissolved oxygen, sulphate, phosphate, nitrogen, COD, 

BOD, and DOC, the data were analysed using the analysis of variance (ANOVA) 

statistical test at a significance level, p of 0.05. The experimental conditions were to 

be deemed to have a significant effect if the p value obtained is less than 0.05. For all 

the wastewater parameters investigated, the p values were less than 0.05 and 

therefore the differences in removal efficiencies resulting from changes in HLR and 

influent COD were significant.   

 

4.2.8 Conclusions 

Under all experimental conditions investigated, the first 100 mm of the soil column 

was responsible for most of the removal or transformation of the wastewater 

parameters that occurred. Abiotic studies, in comparison with biotic studies, showed 

that the main removal mechanism occurring in the soil for the removal of the 

wastewater parameters was biodegradation. Dissolved oxygen availability and its 

rate of replenishment to the soil column played a key role in the removal process. 

Relatively high DO to DOC, COD and BOD mass loadings improved the efficiency 

of the removal process. Anoxic (denitrification) and anaerobic (sulphate reduction) 

processes occurred in the soil column in addition to aerobic degradation. At high 

mass loadings, they played a more active role as electron acceptors. Higher mass 

loadings achieved higher mass removal rates, however COD, DOC and BOD 

removal efficiency is better when the mass applied has lower COD concentration. 
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Comparison of removal efficiencies of HC-5 versus LC-20 and HC-10 against MC-

20 suggests that within the range of mass loadings investigated, lowering influent 

COD concentrations, not increasing residence times would improve removal 

efficiencies of COD, BOD and DOC in the saturated zone of SAT systems while 

high concentrations and long residence times would improve nitrogen removal.   

 

It is therefore expected that in cases where dissolved oxygen is a limiting factor, high 

permeability soils infiltrated with effluent of low concentration would achieve better 

removal efficiencies than infiltrating a relatively higher concentrated effluent 

through soils of low permeability allowing longer residence times. It should be noted 

however that the organic concentrations used in this study (even that classified as 

low concentration) exceed that normally applied in SAT systems.  
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4.3 Removal of Estrone, 17β-Estradiol and 17α-Ethinylestradiol 

under Saturated and Unsaturated Soil Conditions  

This section presents the results and discusses the removal of natural and synthetic 

estrogens namely estrone (E1), 17β-estradiol (E2) and 17α-ethinylestradiol (EE2), 

through 1 m long unsaturated and saturated soil columns. Three soil columns were 

used, two being saturated and the third operated under unsaturated soil conditions. 

These soil columns are identified as SC1, SC2 and SC3. SC1 is the unsaturated Soil 

Column and contains silica sand as a packing material.  The second Soil Column 

(SC2) also contains silica sand but is saturated whilst SC3 is a saturated Soil Column 

containing a mixture of silica sand, silt and clay in the proportion 65 %: 25 %: 10 % 

respectively. The soil columns are first investigated for their removal potential for 

dissolved organic carbon and nitrogen. Their efficiency for the removal of estrogens 

under different experimental conditions is then evaluated. The experimental 

conditions varied in the saturated soil columns were dissolved organic carbon 

concentration and hydraulic loading rate and in the unsaturated soil column the level 

of water table was varied. E1, E2 and EE2 removal under unsaturated conditions 

were studied at three water table heights by placing the soil column outlet at different 

elevations of 75 mm (WT 75), 500 mm (WT 500) and 800 mm (WT 800) from the 

column base. 

 

4.3.1 Soil and Hydraulic Characteristics of 1-meter Soil Columns 

The characteristics of the soil in the three soil columns have been presented in 

Section 3.3.2 of Chapter 3. The grading curve of the silica sand is also presented in 

Figure 3.10 of the same chapter. The silica sand was of uniform size with 
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coefficients of curvature and uniformity of 1.38 and 1.08 respectively. All three soil 

columns were packed with the same mass of material (24.97 kg) resulting in a bulk 

density of 1.57 g cm
-3

. The hydraulic characteristics measured were the hydraulic 

residence times and the hydraulic conductivity under unsaturated conditions.  

 

4.3.1.1  Hydraulic Residence Time  

Figures 4.18 a - c show the fluorescein tracer breakthrough curves for SC1, SC2 and 

SC3. Mean hydraulic residence times in the soil columns were determined 

graphically from the breakthrough curves at the point corresponding to C/Co = 0.5, 

where C is the effluent tracer concentration at any time, t and Co is the influent tracer 

concentration. Mean hydraulic residence times in SC1, SC2 and SC3 were 

respectively 542, 630 and 238 minutes.  These residence times are for the conditions 

WT75 in SC1 and HLR 81.5 cm d
-1

 in SC2 and SC3. Residence times for WT500 

and WT800 were not determined but are expected to be shorter than that for WT75 

since higher water tables would mean smaller zone of unsaturation and thus faster 

transmission of water through the column as a whole. This is because the hydraulic 

conductivity of unsaturated soil is lower than that under saturated conditions due to 

some of the pore spaces in the unsaturated soil being occupied by air (Fetter, 1999). 

The residence time in SC3 was much shorter than that in SC2 probably due to some 

short circuiting occurring in the soil column. The time for complete breakthrough 

were however close. A comparison between the influent tracer concentration and the 

measured concentration at the end of the tests showed tracer loss of 8 %, 4 % and 6 

% in SC1, SC2 and SC3 respectively. The hydraulic properties of the three columns 

are summarised in Table 4.5. 
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Figure 4.18 Hydraulic residence time distribution curves in 1 m soil columns 

(a) SC1 at WT75 and HLR of 49 cm d
-1

 (b) SC2 and (c) SC3 at HLR of 81.5 cm d
-1

. 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 200 400 600 800 1000 1200 1400 1600

C
/C

o

Time (mins)

SC1 Tracer curve 

(a)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 200 400 600 800 1000 1200 1400 1600

C
/C

o

Time (mins)

SC2 Tracer curve 

(b)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0 200 400 600 800 1000 1200 1400 1600 1800

C
/C

o

Time (mins)

SC3 Tracer curve

(c)



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

216 
PhD Thesis by H.M.K. Essandoh 

Table 4.5 1 meter soil column hydraulic properties 

 

4.3.1.2 Unsaturated Hydraulic Conductivity 

Soil parameters for the determination of the unsaturated hydraulic conductivity were 

obtained from the moisture retention curve developed for silica sand (Figure 4.19 a). 

The moisture retention curve was developed from experimental data obtained using a 

Buchner funnel setup (Sharma and Mohamed, 2003) as detailed in Section 3.3.8.3.2 

of Chapter 3. From Figure 4.19 a the bubbling pressure, hb, which is the matric 

potential at which water begins to drain from the soil, was found to be 6 cm. Figure 

4.19 b shows the hydraulic conductivity variation with moisture content for silica 

sand. The relation developed by van Genuchten (1980) (Equation 3.9) was used to 

develop the curve relating the unsaturated hydraulic conductivity to the soil’s water 

content as described in Section 3.3.2.3 of Chapter 3. The unsaturated hydraulic 

conductivity is lower than under saturated conditions, which was 0.42 cm s
-1

, due to 

some of the pore spaces in the unsaturated soil being occupied by air (Fetter, 1999). 

It therefore reduces with a reduction in the degree of saturation until the irreducible 

water content is reached.  

 

Parameter SC1 SC2 SC3 

   Hydraulic loading rate    (cm d
-1

) 

   Mean residence time (minutes) 

   Saturated hydraulic conductivity (cm s
-1

) 

49 

542 

0.42  

81.5/163 

630 

0.42 

81.5/163 

238 

- 
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Figure 4.19 Moisture retention curve and unsaturated hydraulic conductivity of 

silica sand  

(a) moisture retention curve and (b) unsaturated hydraulic conductivity 
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standard deviations (enclosed in parentheses) are presented in Table 4.6.  Sample 

graphs of the pressure and water content measurements are presented in Appendix B. 

The negative values of pressure indicate suction which shows the soil is unsaturated, 

whilst positive values indicate soil water saturation.  

 

Table 4.6 Pressure and water content in 1 m unsaturated soil column 

Experimental 

Condition 

Pressure (cm) Water Content 

850 mm 500 mm 150 mm 850 mm 500 mm 150 mm 

WT75
a
 

 

WT75
b
 

 

-7.18 

(3.2) 

14.22 

(9.6) 

-9.67 

(1.22) 

11.32 

(4.81)     

-3.16 

(0.99) 

7.88  

(0.47) 

7.21  

(0.54) 

35.43 

(2.43) 

WT500 -10.79 

(0.56) 

1.92  

(0.51) 

30.06 

(0.62) 

7.56  

(0.28) 

28.37 

(1.34) 

35.69 

(0.95) 

WT800 -1.28 

(0.47) 

31.88  

(0.6) 

60.42 

(0.57) 

26.7  

(0.41) 

30.61 

(0.33) 

37.44 

(0.13) 

a
 during unrestricted infiltration, 

b
 during clogging 

Due to transient flow, the difference in pressure head measured in the saturated zone 

for WT500 and WT800 was slightly less than the difference in water head between 

the two measurement points (i.e. 500 mm and 150 mm). The pressures at 850 mm 

and 150 mm fluctuated between negative and positive. These fluctuations coincided 

with surface clogging and ponding in the soil column. As the clogging layer 

developed, restricting infiltration, the pressure at 850 mm begun to rise from suction 
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to a positive pressure. At the same time, the pressure at 150 mm begun to drop from 

a positive pressure to suction due to a decrease in the amount of water infiltrating to 

that depth. Breaking up the surface clogging layer restored infiltration rates and 

caused the pressures at 850 mm and 150 mm to revert to suction and positive 

pressures respectively.  

 

The maximum soil water saturation obtained in the soil column was less than that 

obtained for the drying tests curve obtained from the Buchner funnel tests (Figure 

4.19) due to hysteresis. Draining the soil column before rewetting with wastewater 

application caused air bubbles to be trapped in the pores of the sand and therefore the 

volumetric water content could not equal the porosity (Charbeneau, 2000). Besides, 

the soil pores, which are not equally sized, do not drain and fill in the same way, the 

capillary pressure needed for draining being controlled by the minimum pore or 

(throat) radius whilst that for wetting is controlled by the maximum radius 

(Charbeneau, 2000). Besides these, drying and wetting angles also contribute to 

hysteresis (Bear, 1972). 

 

4.3.2 Soil Column Dissolved Organic Carbon Removal and Nitrogen 

Transformation Processes 

Monitoring tests on soil column wastewater samples from all three soil columns 

were carried out before the introduction of estrogens to confirm the occurrence of 

biological activity in the soil column environment and to determine their removal 

potential for wastewater treatment. In the saturated soil columns, wastewater was 

pumped into the column from the bottom. Flow direction was therefore upwards 

(from bottom to top) whilst in the unsaturated column, the influent was applied on 
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the sand surface at the top of the column and flow was by gravity. All lengths 

mentioned in the following sections are measured using the column base as the 

datum. The average influent wastewater concentrations to the soil columns are given 

in Table 4.7.  

 

Table 4.7 Wastewater influent characteristics for SC1, SC2 and SC3 

 

Parameter (mg L
-1

) 

Soil Column 

SC1 SC2 SC3 

Chemical oxygen demand 

Dissolved Organic Carbon 

Ammonia nitrogen 

Organic nitrogen 

Nitrate 

Total nitrogen 

Sulphate 

Dissolved oxygen 

40 

16.7 

1.5 

2.8 

2.9 

7.2 

59 

8.7 

40 

17.1 

1.4 

2.9 

3.0 

7.3 

47.5 

9.7 

39 

17 

1.3 

2.6 

3.1 

7.0 

47.5 

9.8 

 

4.3.2.1 Saturated Soil Columns 

Figures 4.20 a – d show the removal profiles of DOC, dissolved oxygen, nitrate and 

sulphate in the saturated soil columns at HLR 81.5 cm d
-1

 and influent DOC of 17 

mg L
-1

. These figures are based on at least two experimental replicates which 
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involved wastewater sampling from all the sampling points on a different occasion. 

The reduction of the synthetic wastewater quality parameters such as chemical 

oxygen demand, dissolved organic carbon and nitrogen under saturated conditions 

with varying hydraulic loading rates and COD concentrations has already been 

extensively discussed in Section 4.2. Therefore the scope of the discussion on the 

removal of these parameters in the 1-meter saturated soil columns (SC2 and SC3) 

would be an assessment of the treatment efficiency attainable in the soil column 

using dissolved organic carbon measurements as a surrogate parameter with the 

associated electron acceptor consumption.  

 

Figure 4.20 Dissolved organic carbon, oxygen, sulphate and nitrate removal 

efficiencies at 20°C in saturated soil columns, SC2 and SC3, at HLR of 81.5 cm d
-1

  

(a) Dissolved organic carbon, (b) Dissolved oxygen, (c) Sulphate and (d) Nitrate  

 

Dissolved oxygen, nitrate and sulphate were consumed in both soil columns. Influent 

dissolved oxygen was about 9.7 mg L
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 and on the average, 2.7 mg L
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samples beyond 150 mm travel through the soil column. Nitrate was also almost 

completely consumed in both soil columns. Out of the 3 mg L
-1

 present in the 

influent, 93 - 100 % was consumed. Similar sulphate reduction rates also occurred in 

both soil columns up to 150 mm. Beyond this point, the reduction rate was slower in 

SC2 than SC3. This behaviour can be attributed to the better DOC removal that 

occurred in SC2. At 150 mm only 4.5 mg L
-1

 DOC remained in SC2 compared to 5.9 

mg L
-1

 in SC3. Less sulphate was thus needed to serve as an electron acceptor for 

biodegradation of the resident organic carbon. Final effluent DOC concentrations in 

SC2 and SC3 were 3.8 mg L
-1

 and 5.5 mg L
-1 

respectively. DOC removal efficiencies 

achieved were thus 78 % and 68 % respectively.  

 

It was expected that silt and clay would enhance DOC removal by providing 

adsorption sites and larger surface area for the development of biofilms. However 

the performance was poorer than in the soil column containing silica sand alone. The 

lower removal efficiency that occurred could be attributed to the shorter residence 

time of 238 minutes compared to 630 minutes in SC3, which was 2.6 times longer, 

or to the presence of lower concentrations of microorganisms. The effect of 

microbial concentrations was investigated using the results of the phospholipid fatty 

acid analysis carried out on soil samples from the columns. This is discussed in the 

following section. 

 

4.3.2.2 Phospholipid Fatty Acid Analysis of Soil Samples 

Phospholipid fatty acids were analysed in soil samples taken from a number of 

depths of each soil column to confirm the removal of wastewater constituents by an 

established presence of microorganisms. The identification of microorganisms in the 
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soil columns was carried out because the applied wastewater was initially seeded 

with a commercial microbial seeding material (i.e. BOD seed from Cole Parmer Ltd, 

UK). Besides, wastewater infiltrated to the soil column was synthetic. It was also 

performed to help explain any differences in performance efficiency of SC2 and SC3 

which could not be attributed to physical processes related to the soil properties. 

  

The inherent libraries suite for the GCMS analytical software was used to identify 

the fatty acid methyl esters corresponding to the peaks obtained from the GCMS 

analysis of the extracted soil samples. These peaks were then confirmed by 

comparing them to the chromatograms obtained for the analysis of the Bacterial Acid 

Methyl Ester (BAME) mix which was used as a standard. Even though the elution 

times of the fatty acids in the soil column samples did not exactly  match that of the 

BAME mix, the order of elution of the fatty acids in both cases were the same. The 

libraries suite was thus found to accurately identify the fatty acids in the samples. In 

all 24 fatty acids were identified in SC2 and SC3 as shown in Table 4.8. Of these, 78 

% had a quality of 97 % or better. The peak areas obtained were corrected by 

deducting the peak areas resulting from the addition of 5 µL of BAME mix to each 

sample before GCMS analysis. This peak area was determined from calibration 

curves developed, which have been presented in Figure 3.19 of Chapter 3. Resulting 

R
2
 values for all the calibration curves developed for the BAME mix ranged from 

0.9633 to 0.9999, 85 % of which exceeded 0.99. The structures of the fatty acids and 

their IUPAC names are presented in Table C1 of Appendix C. Sample 

chromatograms are also presented in Appendix C. 
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Table 4.8 Fatty acids identified in soil column samples by GCMS analysis 

Type of Fatty Acid Shorthand 

designation 

Quality 

Undecanoic acid, methyl ester (C12H24O2) 11:0 97 

Methyl 2-hydroxydecanoate  2-OH 10:0 95 

Dodecanoic acid, methyl ester (C13H26O2) 12:0 96 

Tridecanoic acid, methyl ester (C14H28O2) 13:0 97 

Tetradecanoic acid, methyl ester (C15H30O2) 14:0 97 

Methyl 9-methyltetradecanoate (C16H32O2) 9Me15:0 95 

Tetradecanoic acid, 12-methyl-, methyl ester (C16H32O2) a15:0 90 

Pentadecanoic acid, methyl ester (C16H32O2) 15:0 98 

Tetradecanoic acid, 2-hydroxy-, methyl ester (C15H30O3) 2-OH 14:0 99 

Methyl 3-hydroxytetradecanoate (C15H30O3) 3-OH 14:0 91 

Pentadecanoic acid, 14-methyl-, methyl ester (C17H34O2) i16:0 97 

9-Hexadecenoic acid, methyl ester, (Z)- (C17H32O2) 1 :1ω7 99 

Hexadecanoic acid, methyl ester (C17H34O2) 16:0 98 

Hexadecanoic acid, 14-methyl-, methyl ester (C18H36O2) a17:0 97 

Cyclopropaneoctanoic acid, 2-hexyl-, methyl ester 

(C18H34O2) 

cy17:0 96 

Heptadecanoic acid, methyl ester (C18H36O2) 17:0 99 

Hexadecanoic acid, 2-hydroxy-, methyl ester (C17H34O3) 2-OH 16:0 94 

9,12-Octadecadienoic acid, methyl ester, (E,E)- 

(C19H34O2) 

1 :2ω  99 

8-Octadecenoic acid, methyl ester (C19H36O2) 1 :1ω10 99 

9-Octadecenoic acid, methyl ester, (E) (C19H36O2) 1 :1ω  99 

Octadecanoic acid, methyl ester (C19H38O2) 18:0 97 

Cyclopropaneoctanoic acid, 2-octyl-, methyl ester 

(C20H38O2) 

cy19:0 99 

Nonadecanoic acid, methyl ester (C20H40O2) 19:0 98 

Eicosanoic acid, methyl ester (C21H42O2) 20:0 99 
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Similar kinds of PLFAs were identified in both soil columns except for methyl 2-

hydroxydecanoate and hexadecanoic acid, 2-hydroxy-, methyl ester which was 

absent in SC2. The fatty acids 14:0, 15:0, 16:0, 17:0 and 18:0 which were identified 

are constituents of a diverse number of microorganisms (Findlay and Dobbs, 1993). 

Branched-chain (iso, anteiso and branched), cyclopropane and β-OH (3-OH) fatty 

acids which were also identified in the soil column are however more specific to 

bacteria as they do not usually occur in other organisms (Lechevalier, 1989). In 

general therefore, the saturated fatty acids 15:0, a15:0, 17:0 and a17:0 in the soil 

column indicate the presence of bacteria (Vestal and White, 1989). Gram positive 

bacteria are further identified by the presence of i1 :0, a15:0, a17:0 and 1 :1ω7 

constituting less than 20 % of the monounsaturated fatty acids, and gram negative 

bacteria by cy17:0, cy19:0 and 3- H 14:0  The presence of 1 :1ω7 and the cyclo- 

fatty acids (cy17:0 and cy19:0) respectively show that the soil column environment 

is populated by bacteria of aerobic and anaerobic kinds (Vestal and White, 1989). 

Even though the soil column was mainly aerobic, confirmed by dissolved oxygen 

concentrations greater than 2 mg L
-1

 at all depths, anaerobic bacteria could still 

proliferate in anaerobic microsites within the soil column  The fatty acid 1 :2ω  

identified in the soil samples is common to both plant cells and fungi (Zelles, 1999). 

In the absence of plant cells therefore, which is the case in the soil columns, the 

presence of 1 :2ω  in the soil samples indicates the presence of fungi  1 :1ω  also 

indicates fungi (Vestal and White, 1989). Since bacteria and fungi are 

microorganisms found in wastewaters (Tchobanoglous et al., 2003), the soil column 

is representative of a biological wastewater treatment system. 
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The comparison of the microbial concentrations in SC2 and SC3 was carried out 

based on the peak areas from the GCMS analysis. The peak areas obtained for the 

SC2 and SC3 are shown in Figure 4.21. The peak areas were not converted to 

concentrations because standards were not available for all the fatty acids methyl 

esters detected as some of the fatty acids detected were not constituents of the 

BAME mix.  

 

During the sample preparation stage for SC2, 10 mL of the lipid extract was dried 

and used for the formation of the methyl esters. In subsequent sample preparations 

however, this volume was doubled in order to amplify peaks during the GCMS 

analysis. Therefore 20 mL extract was used for the SC3 samples. Resulting GCMS 

peak areas for the chromatograms for SC2 have therefore been doubled after the 

correction for the addition of the BAME mix before the GCMS analysis and used in 

the plots of Figure 4.21. This approach was deemed valid since the peak area was 

found to be directly proportional to the concentration.  

 

The results shown in Figure 4.21 indicate that generally there was a higher 

concentration of microorganisms in SC2. The lower concentrations in SC3 therefore 

could explain the poorer DOC removal that occurred. Lower hydraulic conductivity 

of the packing in SC3 due to the presence of clay is likely to have contributed to the 

smaller concentrations of microorganisms in the soil column. The wastewater may 

not have adequately penetrated the pores of the soil mix leading to relatively poorer 

growth or uneven distribution of microorganism around the soil grains. 
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Figure 4.21 Peak areas against column height for depths for the various fatty acids 

identified in SC2 and SC3 
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Figure 4 21 (cont’d) Peak areas against column height for depths for the various 

fatty acids identified in SC2 and SC3 
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4.3.2.3 Wastewater Treatment under Unsaturated Conditions 

Figure 4.22 a shows the distribution of water in the unsaturated soil column for each 

level of water table (WT75, WT500 and WT800) and Figures 4.22 b and c, the 

removal of DOC and sulphate in the soil column for these experimental conditions.  

 

Unsaturated zone thickness in the soil column was 850 mm, 425 mm and 125 mm 

corresponding to WT75, WT500 and WT800 respectively. Volumetric water content 

was 7 – 8 % in the unsaturated zone increasing as the water table was approached, 

and reached 28 % midway of the column for WT500. For WT75, volumetric water 

content measured at 500 mm was less than at 850 mm because water was infiltrated 

downwards from the top of the soil column. At WT800, water content for most of 

the column length exceeded 27 %. Highest water content measured was 37 % at 150 

mm. The water content is less than the porosity because of air trapped in the pores of 

the sand during rewetting after the initial drying sequence after column packing. Not 

much difference existed between the water content at 150 mm for the three heights 

of water table. There was however a slight increase in the water content from WT75 

through to WT 800 because with time, some of the trapped air dissolved. This also 

explains the lower volumetric water content of 30.6 % measured at 500 mm for WT 

800 even though the water table was at a level almost 32 cm above that point. 

Trapped air in the soil pores in the saturated zone is advantageous in that it 

contributes to the oxygen supply for biodegradation in the saturated zone. 
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Figure 4.22 Volumetric water content profiles and DOC and sulphate removal 

efficiencies at differing water table levels in unsaturated silica sand column (SC1) 

(a) Volumetric water content (b) DOC removal efficiency (c) Sulphate removal 

efficiency  
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Dissolved Organic Carbon Removal 

For a wastewater travel length of 850 mm through unsaturated zone (WT75), DOC 

removal in SC1 was 86 %. The removal dropped slightly to 80 % when the travel 

length was reduced to 425 mm (WT500). DOC removal of this magnitude has been 

reported in field studies (Idelovitch and Michail, 1984). There was not much 

difference in removal with further reduction in the travel length to 125 mm (Figure 

4.22 b). Water content was thus found not to appreciably affect DOC removal. Cha 

et al. (2005) also observed in soil column experiments that except at the beginning of 

the flooding cycle, DOC removal was not dependent on the depth of the unsaturated 

zone. Van Cuyz (2001) also found no significant difference in BOD and COD 

removal efficiency with change in soil depth from 60 cm to 90 cm when septic tank 

effluent was infiltrated. Even though the depth of unsaturated zone to the 

groundwater table is expected to influence removal efficiency due to its influence on 

the hydraulic behaviour and soil water content and therefore hydraulic retention time 

and level of soil aeration (Van Cuyk et al., 2001), which are parameters that can 

affect biodegradation potential, the influence on removal of the travel length through 

the unsaturated zone may be minimal because a greater proportion of the removal 

that occurs in SAT occurs within the first few cm of the soil (Quanrud et al., 1996b). 

This is due to the large percentage of microorganisms that proliferate near the 

infiltration surface (Van Cuyk et al., 2001). Besides, there were no limitations on 

dissolved oxygen availability in the soil column under all water table conditions 

investigated.  
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Dissolved Oxygen and Sulphate Removal 

The effluent from the soil column remained well oxygenated when it was operated at 

the lowest water table level even though about 14 mg L
-1

 had been removed. 

Dissolved oxygen concentration was 8.4 mg L
-1

 signifying only a 6 % decrease. 

Dissolved oxygen would have been consumed in the soil column for DOC 

degradation, but effectively replenished from the surrounding air due to the low 

water content of the sand. Even though the influent concentration remained the same 

the concentration of dissolved oxygen in the effluent reduced when the water table 

was raised. Dissolved oxygen concentration remaining in the soil column effluent 

was 6 mg L
-1

 for WT500 condition compared to 8.4 mg L
-1 

at the lower water table 

level. The lower concentrations at higher water table levels and therefore higher soil 

water contents could be attributed to the slow diffusion of oxygen through water.  

 

Sulphate reduction though minimal occurred at WT800. Within the first 500 mm of 

the soil column up to 4 % of influent sulphate corresponding to 3 mg L
-1

 was 

removed. For WT75, WT500 and within the first 550 mm of the soil column when 

the outlet was placed at 800 mm, (i.e. WT800), sulphate concentrations were 

observed to increase in the soil column (Figure 4.22 c). These increases are due to 

the oxidation of sulphur to sulphate which occurs under aerobic conditions. The 

sulphur may have been be derived from proteins in the meat extract and peptone 

(which had the sulphur containing amino acid methionine as part of their 

constitution) included in the synthetic wastewater composition, or from the activities 

of sulphate reducing bacteria within the anaerobic zone of biofilms, which releases 

hydrogen sulphide. The production of hydrogen sulphide has been observed to occur 

within the clogging layer of infiltration ponds even at very low DOC concentrations 
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of 5 mg L
-1

 to 11 mg L
-1

 (Greskowiak et al., 2005), the levels of which suggests 

adequate dissolved oxygen to DOC ratios to sustain aerobic conditions. The proteins 

in the wastewater are converted into amino acids which are further degraded, with 

sulphur containing amino acids such as cysteine, cystine and methionine releasing 

sulphide during the degradation process (Gray, 2004). Sulphide can readily be used 

as an electron donor by bacteria such as Beggiatoa causing its oxidation to elemental 

sulphur (Bitton, 1999) which is further oxidised to sulphate (Wiessner et al., 2010). 

The breakdown of proteins in the soil column is confirmed by the reduction in 

organic nitrogen concentration as shown in Figure 4.24 c.  

 

Nitrogen Transformation and Removal 

Nitrogen transformation processes involving the conversion of organic nitrogen to 

ammonium nitrogen (ammonification), ammonium nitrogen to nitrate (nitrification) 

and some degree of denitrification at high water table levels were observed to occur 

within the soil column. A schematic diagram of the transformation processes within 

an imaginary boundary in the soil column, modified from van Haandel and van der 

Lubbe (2007), is shown in Figure 4.23.  The percentage change in nitrate, ammonia 

and organic nitrogen concentrations in the soil column under the different water table 

conditions are also shown in Figures 4.24 a – c respectively.  

 

Greater than 80 % organic nitrogen removal was achieved after 850 mm travel 

through the soil column at all three water table depths.  Increases in organic nitrogen 

concentrations depicted by a drop in removal efficiencies occurred at some points 

within the soil profile. This may be due to the release of soluble microbial products, 

which contain proteins (Wu and Lee, 2011), into the liquid phase of the soil column 
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during microbial substrate utilisation (de Silva and Rittmann, 2000). Deamination of 

organic nitrogen to ammonia may have occurred through the action of extracellular 

proteolytic enzymes, which convert proteins to peptides and then to amino acids, 

which are further deaminated (Gray, 2004). Better conversion of organic nitrogen to 

ammonia seemed to occur at higher levels of water table (comparing WT500 and 

WT800) corresponding to higher soil water contents and shorter lengths of travel 

through the unsaturated zone. Nitrogen transformation processes involved in the 

removal of nitrogen are dynamic and complex due to the different oxidation states of 

nitrogen and the ease of transformation from one state to the other (Crites et al., 

2000). 

 

Figure 4.23  Schematic diagram of nitrogen transformation processes within the 

soil column 
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Figure 4.24  Nitrogen removal at differing water table levels in SC1 

(a) Nitrate increase (b) ammonia removal efficiency (c) organic nitrogen removal 

efficiency 
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Ammonia was almost completely removed in the soil column. Ammonia could have 

been lost by a combination of volatilization and adsorption with subsequent 

nitrification (Crites et al., 2000), the latter removal mechanism yielding high 

concentrations of nitrate in the effluent. Some of the ammonia could also have been 

assimilated by the soil column microorganisms for growth and cell maintenance 

(Bitton, 1999). Average effluent nitrate concentration of 19.5 mg L
-1

 measured at 

WT75 was six times the initial concentration. This concentration exceeds the limit 

permitted in drinking water and the effluent would need to be denitrified for 

conversion into nitrogen gas. The discharge limit of nitrate is 10 mg L
-1

 due to the 

risk of methemoglobinemia occurring in infants less than 6 months old upon 

ingestion of high concentrations of nitrate (Crites et al., 2000). Nitrification for 

oxidation of ammonium ions in the soil column was facilitated by chemo-autotrophic 

nitrifying bacteria in the soil column and proceeds as follows (Gray, 2004): 

   
                    

        

                 
 
 

Nitrification reduced as the depth of the unsaturated zone was reduced due to a 

corresponding reduction in dissolved oxygen zones. Effluent nitrate concentrations 

for WT500 and WT800 were 13 mg L
-1

 and 4.6 mg L
-1

 respectively. Nitrification has 

high dissolved oxygen requirements, ammonia being used as the terminal electron 

acceptor by the microorganisms (Gray, 2004). From the stoichiometry of the overall 

nitrification reaction, 4.57 g of oxygen is consumed for each gram of ammonium 

nitrogen oxidised (Tchobanoglous et al., 2003). Nitrification is thus inhibited when 

dissolved oxygen concentrations are very low (Gray, 2004), such as could pertain 

under saturated conditions in the presence of organic matter. This was evident under 

water table condition WT800. Oxygen renewal in the soil column occurs through air 
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convection and molecular diffusion (Jellali et al., 2009) the latter of which is 

influenced by the soil water content. After the 150 mm depth, the rate of nitrification 

slowed down considerably. This coincided with a marked decrease in ammonia 

removal efficiency. Beyond 250 mm of wastewater travel, nitrification ceased 

completely as indicated by the accumulation ammonium nitrogen (decrease in 

removal efficiency of ammonium). At the same point, the onset of denitrification, 

which reduces nitrate to nitrogen gas through the intermediate compounds nitrite, 

nitric oxide and nitrous oxide (Gray, 2004) was apparent. The occurrence of 

denitrification is confirmed by the disappearance of nitrate in the presence of 

ammonium nitrogen (Tchobanoglous et al., 2003). The reactions involved in the 

denitrification process have already been discussed in Section 4.2 and would 

therefore not be repeated.  

 

The nitrogen species in the soil column were balanced considering a batch of 

wastewater in the soil column, to determine if the total loss of organic nitrogen and 

ammonia nitrogen would translate into an equal or smaller rise in nitrate 

concentrations. Total nitrogen in the influent, which was determined as the sum of 

organic nitrogen, ammonia nitrogen and nitrate (nitrite was not detected in any soil 

column samples), was compared to the corresponding concentration in the effluent. 

In the effluent, 97 % of the total nitrogen concentration was in the form of nitrate. 

The mass balance analysis showed that the nitrate concentrations measured at the 

effluent end were not only as a result of nitrification processes occurring during that 

infiltration sequence alone but also included nitrate already accumulated in the soil 

column or nitrified adsorbed ammonium from previous wastewater infiltration 

cycles. This confirms the occurrence of ammonium sorption in the soil column.  The 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

238 
PhD Thesis by H.M.K. Essandoh 

nitrate formed was dissolved in the infiltrating wastewater and carried along to the 

effluent end.   

 

Summary of Soil Column Performance for Organic Matter and Nitrogen Removal 

under Unsaturated Conditions    

From the results, the nitrification rate was found to be dependent on the length of 

unsaturated zone available for wastewater travel. Reduced oxygen availability in the 

soil profile due to increased water content therefore accounted for the reduction in 

nitrification as the water table was raised. As the soil column achieved greater than 

80 % DOC and organic nitrogen removal and also substantial nitrification was 

evident, with 90 % nitrification or better occurring at the lower water table 

conditions, the soil column could be said to be performing well with respect to its 

degradation and transformation potential. Previous studies of SAT systems have 

shown that they are capable of achieving 5 to 50 mg  L
-1 

nitrification per day and 92 

% total nitrogen removal could occur  (Crites et al., 2000). To assess total nitrogen 

removal efficiency in the current experiments, the wastewater would have to go 

through an anoxic soil zone for denitrification of formed nitrate to occur.  

 

4.3.3 Investigation of Estrogens Removal 

With the soil column environment verified to be suitable for the removal of organic 

matter and nitrogen, the removal of estrogens was investigated. This section presents 

the findings on the removal of the estrogens during travel through unsaturated sand 

as well as through the saturated silica sand and silica sand-silt-clay mixture soil 

columns. The calibration curves developed for E1, E2 and EE2 (Figures 3.17 a – c) 

were used to convert peak areas obtained from the LCMS analysis to estrogen 
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concentrations. The impacts of altering the height of the water table in the 

unsaturated soil column and the wastewater hydraulic loading rate and organic 

carbon concentration to the saturated soil columns are also presented.  

 

4.3.3.1 Estrogen Removal under Unsaturated Conditions 

The depth of the water table in the unsaturated soil column was varied to assess the 

effect of the travel distance through the unsaturated zone on estrogen removal and 

the potential for groundwater contamination. Figures 4.25 b – d show profiles of E1, 

E2 and EE2 removal efficiencies as functions of column length, with variation in the 

length of travel of wastewater through the unsaturated zone of the soil column. At all 

the water table depths, wastewater was sampled from 150 mm and the column outlet 

(i.e. effluent). A comparison of the removals at these points with corresponding 

thickness of unsaturated zone has thus been made in Figures 4.25 e and 4.25 f for the 

column outlet and 150 mm respectively. 

 

At WT75, the sand column showed complete removal of E1 and E2 in all samples 

(Figures 4.25 b and 4.25 c). EE2 removal reached about 94 % after travel through 

850 mm of the soil column and was not detected in effluent samples (Figure 4.25 d). 

Previous studies have reported greater than 90 % removal of E1, E2 and EE2 in the 

upper 550 mm of soil during irrigation with sludge amended wastewater effluent 

(Ternes et al., 2007). A rise in water table to WT500 caused a drop in removal 

efficiencies of E1 and EE2. E2 removal efficiency was 100 % at the first sampling 

depth of 450 mm and remained so throughout the rest of the soil profile. This is 

consistent with results from 300 mm long aerobic biotic unsaturated soil columns 

packed with silica sand where about 99 % E2 removal was realised (Fox et al., 
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2006). A less consistent removal of E1 with sand depth was however observed 

(Figure 4.25 b). 

 

Figure 4.25 Water content and estrogen removal efficiency in unsaturated silica 

sand column (SC1) 

(a) Water content in SC1 (b) E1 (c) E2 (d) EE2 removal efficiency at WT75, WT500 

and WT800; Effect of length of travel through unsaturated zone on removal 

efficiency at (e) column outlet (f) 150 mm from column base (i.e. outlet). 

(Experimental conditions: 49 cm d
-1

 HLR, 17 mg L
-1

 DOC, 20 °C). 
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At 550 mm, calculated removal efficiency of E1 was 97 %. This dropped to 94 % at 

350 mm and then increased to 100 % after a further 200 mm travel through the sand. 

E1 was once again detected in the column effluent resulting in a final removal 

efficiency of 98 %. As the soil column tests were repeated and similar results 

obtained, the transient behaviour of E1 was confirmed. In a number of studies, E2 

has been observed to transform to its metabolite E1 (Colucci et al., 2001; Jürgens et 

al., 2002; Czajka and Londry, 2006; Stumpe and Marschner, 2009). The 

transformation has been attributed to abiotic oxidation processes (Colucci et al., 

2001) as well as to microbial oxidation (Czajka and Londry, 2006; Stumpe and 

Marschner, 2009). Bacterial oxidation of  EE2 to E1 has also been observed as a 

degradation pathway of EE2  (Haiyan et al., 2007). In this experiment, E2 was not 

detected in samples collected at the 550 mm point and beyond and therefore ruled 

out as a source of E1. The transient pattern of E1 could thus be attributed to the 

processes of E1 mineralisation and production from EE2 occurring simultaneously. 

At 150 mm, EE2 removal efficiency was found to have dropped from 94 % to 86 % 

at WT75 and WT500 respectively (Figure 4.25 d). At WT75, no EE2 was detected in 

the column effluent, hence a 100 % removal was achieved.  

 

A further rise in water table to WT800 resulted in further decrease in removal 

efficiencies. There was an initial 85 % increase in the concentration of E1 at the first 

sampling depth (850 mm), which increased further to 100 % at 550 mm. As E2 

readily biodegrades with transformation to E1 being the first step of its degradation 

process (Ke et al., 2007), the increase in E1 concentration within the first 450 mm of 

the soil column could be attributed to the transformation of E2 to its intermediate 

metabolite E1 by the microorganisms in the soil column. It is likely that E1 
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degradation occurred simultaneously, but was overshadowed by E2 and EE2 bio 

oxidation processes leading to their transformation to E1. Partial conversion of E1 to 

E2 under methanogenic conditions has also been observed by some authors, the 

conversion thought to have occurred as a result of the reduction of the ketone of E1 

to the alcohol form of E2 (Czajka and Londry, 2006). Beyond the 550 mm column 

height, a reduction in E1 concentration begun, resulting in a total removal efficiency 

of 91 % at the outlet of the column. A removal of 2 % EE2 occurred within the first 

150 mm of travel through the sand. Samples from 550 mm showed a drop in removal 

efficiency of EE2 from 57 % at WT500 to 19 % at WT800. Reductions in removal 

were also realised at 350 mm, 150 mm and in the effluent. Total removal in the 

column amounted to 89 %, representing an 11 % difference compared to the removal 

achieved at the previous water table depth (i.e. WT500).  

 

It is clear from the results (summarised in Figures 4.25 e and 4.25 f) that the depth of 

the unsaturated zone increases the removal efficiency. The lower removal efficiency 

of the estrogens under low unsaturated zone thickness (i.e. higher water table) could 

be attributed to a reduction in aerobic conditions in the soil as the depth of the 

unsaturated zone decreased and soil water content (Figure 4.25 a) increased. The low 

diffusion coefficient of oxygen in water compared to that in air greatly reduces 

oxygen transport in the saturated zone (Blowes et al., 2005). Thus as the water table 

rose, redox conditions in the soil were not conducive for achieving maximum 

efficiency of estrogen degradation. Reduced oxygen availability could also have 

resulted in a reduction of nitrification zones, thus impacting negatively on 

degradation of EE2 in the NH3/EE2 cometabolic process and contributing to the drop 

in removal efficiencies of EE2 observed. Nitrification in the unsaturated zone 
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followed by denitrification in the saturated zone during SAT is a crucial process for 

nitrogen removal, and is often optimised with appropriate lengths of the wetting and 

drying cycles (USEPA, 1981). The ability for the cometabolic process for the 

removal of EE2 to proceed without prior adaptation of nitrifying bacteria (Vader et 

al., 2000) is therefore advantageous in that it could provide a barrier against 

groundwater contamination upon the incidence of EE2 accidental or shock loading to 

nitrification optimised SAT infiltration basins. 

 

At all the water table levels studied, EE2 was the least removed of the three 

estrogens. In previous studies, EE2 was also found to be more resistant to 

biodegradation or mineralisation than E1 and E2 (Colucci et al., 2001; Jürgens et al., 

2002; Stumpe and Marschner, 2009). The resistance of EE2 to degradation partly 

stems from the presence of the ethinyl group in position 17β, which shields the 

compound from oxidation to E1 (Gomes and Lester, 2003).  

 

4.3.3.2 Estrogen Removal in Saturated Silica Sand under Variable 

Hydraulic Loading Rates and Dissolved Organic Carbon 

Concentration  

Figure 4.26 a – h show the removal of the estrogens under the various experimental 

conditions. Figure 4.26 a shows the removal efficiency of E1, E2 and EE2 through 

the saturated silica sand column (SC2) at a HLR of 81.5 cm d
-1 

and 17 mg L
-1

 DOC. 

For all three estrogens, an initial increase in concentration occurred within the first 

150 mm of the sand (measured from the base of the column).  
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Figure 4.26 Estrogen removal efficiency in saturated silica sand column (SC2)  

(a) E1, E2 and EE2 removal efficiency at 17 mg L
-1

 DOC and HLR of 81.5 cm d
-1

; 

Effect of HLR (17 mg L
-1

 DOC) on removal of (b) E1 (c) E2 (d) EE2; (e) Removal 

of E1, E2 and EE2 at 34 mg L
-1

 DOC and  81.5 cm d
-1 

HLR; Effect of DOC (81.5 cm 

d
-1 

HLR) on removal efficiency of (f) E1 (g) E2 (h) EE2, (T = 20 °C). 
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E1, E2 and EE2 concentrations increased by 90 %, 17 % and 27 % respectively.  

These are depicted as negative removal efficiencies in Figure 4.26. E1 and EE2 

concentrations continued to increase up to 165 % and 40 % respectively within a 

height of 350 mm. The increase in E1 and E2 concentrations could be attributed to 

inter-conversion of E1 and E2 (Lai et al., 2002; Czajka and Londry, 2006; Stanford 

et al., 2010) and bacterial transformation of EE2 to E1 (Haiyan et al., 2007). After 

the 150 mm point, the concentration of E2 began to decrease reaching 77 % overall 

removal in the effluent. The decrease in E2 concentration suggests a marked 

reduction in E1 transformation to E2 and thus E2 removal became apparent. 

 

About 99 % E2 removal in 300 mm aerobic saturated soil columns packed with silica 

sand and spiked with 200 ng L
-1

 of E2, estriol and testosterone and simulating 18 

hours retention time in the subsurface has been previously reported (Fox et al., 

2006). The lower removal efficiencies obtained in these experiments, compared to 

Fox et al., (2006) could be due to the shorter residence time which was of the order 

of 10 to 11 hours and the type of microorganisms in the soil column. It should be 

noted that the soil columns in the current study were fed with synthetic wastewater 

and bioacclimated with a synthetic seeding material as opposed to real secondary 

effluent in the previous studies. Therefore there are bound to be some differences in 

the microbial consortia in the soil columns. E1 was also not spiked into the soil 

column with E2 in the previous studies. Lower E2 removal efficiency observed in 

the current study can also therefore be attributed to the presence of E1 in the applied 

influent, which transformed to E2, thereby markedly increasing soil column E2 

concentrations. This then had to be removed further along the soil column in addition 

to the concentration originally inherent in the influent.   
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Reduction in the concentrations of E1 and EE2 begun after 350 mm, reaching overall 

removals of 42 % and 59 % respectively in the column effluent. Further 

investigations would be required to find out the reasons for the initial increase in 

concentration of EE2 from the influent end. It may however be speculated that a 

small degree of conjugation of the estrogens with the sulphate in the wastewater may 

have occurred in the influent tank and that these conjugated estrogens were 

deconjugated into their free forms in the soil column by the microorganisms, 

contributing to the measurement of higher estrogen concentrations in the soil column 

pore water than in the influent.  

 

Figures 4.26 b – d show the effects of increasing HLR on estrogen removal 

efficiency. Doubling the HLR (i.e. from 81.5 cm d
-1 

to 163 cm d
-1

) and thus 

decreasing the residence time of the estrogens in the column led to a drop in overall 

removal efficiencies of all three estrogens. There was less production of E1 and EE2 

at the higher HLR. Increase in E2 concentration also did not occur within the first 

150 mm of sand at the higher HLR. These could be due to insufficient time for the 

microbial transformation processes occurring between the column entry point and 

150 mm. At 350 mm a slight increase in E2 concentration was observed at the higher 

HLR. The concentration then began to decrease resulting in an overall E2 removal 

efficiency of about 52 % at the column outlet. On the other hand EE2 concentration 

increased at the higher HLR but at lower values than for low HLR. At higher HLR, 

the overall removal at the outlet of the column for EE2 and E1 were only 33% and 

16 % respectively.  
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E1, E2 and EE2 removal efficiencies obtained upon doubling the DOC are shown in 

Figure 4.26 e. Comparison with removals of the individual estrogens is made in 

Figures 4.26 f – h. A similar pattern of removal of the estrogens as occurred in the 

previous tests at lower DOC was observed. In this case there were greater percentage 

increases in the concentrations of the estrogens within the first 150 mm of the soil 

column. The removal process after this increase was more efficient reaching 67 % 

for E1 and EE2 and 86 % for E2. The increased glucose concentration in the 

wastewater enhanced microbial respiration leading to higher estrogen removal. In 

previous studies on soils, this enhancement has been found to improve E2 and EE2 

mineralisation in one soil type, whilst having a detrimental effect on E2 and no effect 

on EE2 in a different soil type (Stumpe and Marschner, 2009). Even though there 

was a more abundant and readily available source of carbon present by way of 

increase in DOC, the results show that there was no competition or preferential 

utilization of the wastewater DOC by the microorganisms in the soil column. This 

could be due to the involvement in the removal process, of certain bacterial strains 

capable of utilising estrogens as growth substrates (Weber et al., 2005; Yu et al., 

2007).  

 

The results suggest that increasing organic carbon concentration could be a means of 

improving estrogen removal, provided the organic load is not too high as to impact 

negatively on the redox conditions by turning them anaerobic. High biological 

activity occurs near the soil/water interface during SAT as this is where 

concentrations of biodegradable organic matter and oxygen are highest. In cases 

where the oxygen demand of the wastewater is very high, all the oxygen could be 

utilised for the oxidation of organic carbon in this zone generating anoxic conditions 
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at shallow soil depths (Fox et al., 2006). As oxygen diffusion in water is very slow 

(Blowes et al., 2005), concentrations in deeper soil layers are greatly influenced by 

the degree of water saturation of the soil. Microbial activity in the water-saturated 

soil can also quickly deplete oxygen reserves resulting in anaerobic conditions 

(Khanal et al., 2006) especially where there still exists an abundant supply of organic 

carbon and other growth substrates. An anaerobic environment would lead to very 

slow degradation of E2 and render EE2 recalcitrant (Czajka and Londry, 2006).   

 

4.3.3.3 Estrogen Removal in Saturated Sand-Silt-Clay Mix under 

Variable Hydraulic Loading Rates and Dissolved Organic 

Carbon Concentration 

Figure 4.27 a shows the behaviour of the estrogens in the sand-silt-clay mix soil 

column (SC3). No increase in E2 or EE2 concentration occurred within the first 150 

mm of the sand column. Within that depth, percentage removal reached 60 % and 32 

% for E2 and EE2 respectively. There was a slight reduction in the removal 

efficiency at the 350 mm followed by a reduction in the concentrations up to the 

effluent end. Overall, about 83 % E2 and 61 % EE2 removal was achieved. With 

regards to E1 removal, the concentration increased by about 53 % at 350 mm. 

Beyond this depth, removal of E1 occurred leading to an overall removal of about 34 

% at the outlet of the column. Doubling the HLR (Figures 4.27 b – d) clearly resulted 

in lower removal efficiencies of E2 for the entire length of the column. 

Transformation processes leading to E1 production were reduced and E1 

concentration increased by only 16 % as compared to a 53 % increase at the lower 

HLR. The overall removal amounted to 27 %.  
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Figure 4.27 Estrogen removal efficiency in silica sand/silt/clay mix column (SC3) 

(a) E1, E2 and EE2 removal in SC3 at 17 mg L
-1

 DOC and 81.5 cm d
-1 

HLR; Effect 

of HLR on removal of (b) E1 (c) E2 (d) EE2; (e) removal of E1, E2 and EE2 at 34 

mg L
-1

 DOC and 81.5 cm d
-1 

HLR; Effect of DOC on removal of (f) E1 (g) E2 (h) 

EE2, at T = 20 °C. 
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Effluent E2 and EE2 concentrations showed a drop in overall removal efficiencies 

from 83 % to 58 % and 61 % to 45 % respectively. The effect of increasing DOC on 

removal efficiencies is shown in Figure 4.27 e and is compared to that at lower DOC 

for each estrogen in Figures 4.27 f – h. An increase in DOC concentration resulted in 

improved overall removal of E1 and EE2 (Figures 4.27 f and h), while the overall 

removal efficiency of E2 did not change significantly (Figure 4.27 g). The figure 

also shows that removal efficiencies for E1 and EE2 and to some extent E2 were 

enhanced not only at the outlet of the column but throughout the length of the soil 

bed as a result of availability of more substrate for microorganisms.  

 

Comparison of Figure 4.27 with Figure 4.26 indicates that higher removal 

efficiencies were obtained in SC3 (sand/silt/clay column) than SC2 (100% sand 

column), except for E1 in the final effluent despite having lower DOC removal 

efficiencies inferring lower biodegradation potential. Mechanisms for the removal 

and pathways for the biotransformation of estrogens during treatment are governed 

by their physical and chemical properties (Langford and Lester, 2003), the main 

mechanisms identified for their removal from the aqueous phase being volatilization, 

biotic and abiotic degradation and adsorption (Khanal et al., 2006). Their low 

Henry’s law constant however limits their volatilization under normal pressure and 

temperature conditions. The estrogens are expected to sorb onto the solid phase due 

to their significant octanol-water partition coefficients (Kow) which influences their 

partitioning and sorption. EE2 has high potential for sorption (Log Kow > 4), whilst 

E1 and E2 would sorb moderately (2.5 < Log Kow < 4) (Langford and Lester, 2003). 
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Although batch adsorption tests were not carried out on the soil packing materials, 

the relatively higher removal of estrogens in SC3 could be attributed to the presence 

of silt and clay. It is believed that adsorption would be higher in the presence of silt 

and clay due to the larger surface area provided by the small particle sizes of silt and 

clay and thus accounts for the higher removal efficiencies. This is supported by 

results of batch studies (Fox et al., 2006), where removal efficiency of E2 was better 

on soil having higher organic, silt and clay content than on sand. Sorption could also 

account for the differences in the behaviour of the estrogens observed within the 

earlier depths of the two columns. Sorption of estrogens onto the clay and silt in SC3 

is responsible for reduced bioavailability of the estrogens, resulting in lesser 

transformation occurring in SC3 compared to SC2. As only small amounts of E2 and 

EE2 were produced, these increases in concentrations were not noticeable in SC3 

due to sorption taking place in addition to degradation. The reduced permeability of 

the SC3 soil mix as a result of the finer clay and silt particles could also have 

resulted in an increase in the residence time of the estrogens in the soil leading to 

better removal efficiencies. 

 

4.3.4 Conclusions  

A comprehensive and systematic experimental investigation was carried out to study 

the effects of the length of travel through the unsaturated zone, HLR, DOC and soil 

type on the removal efficiency of E1, E2 and EE2. In all the experiments, E2 had the 

greatest removal efficiency, due to its high susceptibility to biodegradation. Increase 

in E1 concentrations in the columns were attributed to E2 and EE2 transformation 

processes. As a result of large increases in E1 concentrations from transformation 

processes, it had the lowest removal efficiency. A reduction in residence time due to 
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doubling HLR in the columns led to lower removal efficiencies. In silica sand, 

removal efficiencies of the estrogens improved with an increase in wastewater 

concentration (i.e. DOC). The presence of silt and clay also enhanced their removal 

efficiencies.  

 

Deeper unsaturated zones favoured the removal of the estrogens. The efficiency of 

SAT for E1, E2 and EE2 removal is thus found to be dependent on the depth of the 

unsaturated zone with the removal process becoming less efficient as the depth of the 

unsaturated zone decreases.   
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4.4 Removal of Triclocarban during Soil Aquifer Treatment and 

its Effects on Chemical Oxygen Demand Removal 

Triclocarban (TCC) removal during soil aquifer treatment (SAT) was simulated in a 

biologically active saturated laboratory soil column under aerobic conditions. This 

chapter presents and discusses the results obtained on the removal of TCC through 

the 300 mm long soil column used for the SAT simulations. The soil column was 

packed with silica sand with effective size (d10) of 0.52 mm and average diameter 

(d50) of 0.75 mm. Coefficients of uniformity and curvature are respectively 1.54 and 

0.98. The density of the sand packing in the soil column was 1.55 g cm
-3 

and porosity 

0.42. Wastewater flow direction in the soil column was downwards, from the top to 

the bottom of the column. 

 

High accuracy of the TCC analysis on the high performance liquid chromatograph - 

mass spectrometer (LCMS) was obtained with the coefficient of correlation (R
2
) for 

the calibration curve being 0.9633. The calibration curve is shown in Figure 3.9 of 

Chapter 3. Results of TCC recovery tests regarding solid phase extraction (SPE) 

processes carried out during the preparation of soil column samples for LC/MS 

analysis are also presented. In addition, the impact of TCC on chemical oxygen 

demand (COD) removal in the soil column is discussed.  
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4.4.1 TCC Solid Phase Extraction Recovery Tests   

Recovery tests were carried out on the Envi-chrom P SPE cartridges in order to 

assess their suitability and effectiveness at retaining TCC when loaded with soil 

column wastewater samples. The results were important for accounting for loss of 

the compound during sample preparation for LC/MS analysis.  

 

Figure 4.28 shows the measured concentrations in prepared samples that were 

extracted with the Envi-chrom P cartridges before LC/MS analysis against samples 

prepared in solvent (50:50 acetone/ methanol) and directly analysed. The recovery 

tests carried out using the SPE cartridges showed good recovery of the TCC applied. 

On the average, about 76 % recovery of TCC was obtained after the SPE process. 

Results obtained from LC/MS analysis were adjusted to account for the 24 % loss of 

the TCC analyte during the SPE phase. 

 

 

Figure 4.28 TCC solid phase extraction recovery tests 
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4.4.2 Soil Column Experiments 

The synthetic wastewater applied to the soil column had an average COD of 67 mg 

L
-1

. This was applied to the soil column at a constant hydraulic loading rate of 150 

cm d
-1

. TCC was applied to the soil column after 36 days of continuous infiltration of 

wastewater, during which period the COD removal in the soil column was 

monitored. It was confirmed from the COD removal rates in the soil column before 

introduction of TCC that the soil column environment was biologically active. 

 

4.4.2.1 Influent Triclocarban Loading Rates 

TCC removal in the soil column was assessed by measuring concentrations at 8 cm, 

19 cm and the effluent end of the soil column over two weeks of continuous 

infiltration of wastewater containing TCC. Influent TCC concentrations to the 

column were 783 ng L
-1

, 1112 ng L
-1

, 2130 ng L
-1 

and 3501 ng L
-1

 on days 0, 3, 7 

and 10 respectively, at a hydraulic loading rate of 150 cm d
-1

. The applied 

concentration was reduced to 2372 ng L
-1

 on day 13 to observe the influence of time 

on removal.  

 

4.4.2.2 Triclocarban Reduction in the Soil Column 

Figure 4.29 shows the levels of TCC concentrations fed to the soil column over time 

and the resulting concentrations occurring at 8 cm and 19 cm depths of the column 

as well as in the effluent. At all TCC concentrations applied, a reduction in 

concentration was observed with column depth. This removal pattern is in line with 

studies carried out on soil amended with biosolids, where the concentration of TCC 

within the soil profile was found to reduce with increase in depth of soil (Xia et al., 
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2010). This observation could be attributed to increased residence time and the 

availability of more surface area for sorption and time for biological or chemical 

transformation processes to occur. Effluent concentrations on the sampling days 

were 3.8 ng L
-1

, 45 ng L
-1

, 622 ng L
-1

, 1126 ng L
-1

, and 1607 ng L
-1

 respectively. The 

resulting percentage removal of TCC attained at each depth of the column is shown 

in Figure 4.30.  

 

 

Figure 4.29 TCC concentration against time at different depths of the soil column 

 

It can be seen from Figure 4.30 that highest TCC removals generally occurred within 

the first 8 cm of column depth. On the first day of infiltration of TCC at 783 ng L
-1

 

concentration, about 94 % removal was attained within the first 8 cm of the soil 

column. The high removal efficiency within the first few centimeters of the soil 

column points to limited soil leaching capability of TCC (Xia et al., 2010) and also 

possibly high biodegradation rates, since this is the zone within which biological 

activity is highest in SAT systems due to copious amounts of substrate and dissolved 

oxygen for growth (Fox et al., 2006).  
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Figure 4.30 Percentage removal of TCC in the soil column 

 

Upon an increase in influent concentration, the removal dropped to 67 % and 

dropped further with increase in concentration. The same pattern was observed at the 

19 cm depth and at the soil column exit, where the percentage removal through the 

30 cm depth of column reduced from 99.5 % observed on the first day of TCC 

application to 32 % at the end of two weeks. This is partly because the sorption of 

contaminants by soil is usually not complete, with equilibrium existing between the 

soil and solution, leading to the amount of TCC left in solution gradually increasing 

over time as the buffer capacity of the sand was approached (Yong et al., 1992).  

 

There is limited information on the behaviour of TCC in soils that are infiltrated with 

municipal or industrial wastewater (Wu et al., 2009). However, triclosan (TCS), a 

co-contaminating (Halden and Paull, 2005) and more widely used antimicrobial 

agent in personal care products having similar properties as TCC (Shareef et al., 

2009) has been better studied and has been found to be more persistent at higher 

concentrations in septic tank soil percolation systems (Svenningsen et al., 2011). 
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TCS has been identified as a co-contaminant with TCC in aquatic environments due 

to similarities in their properties, use, disposal and half-lives in the environment 

(Halden and Paull, 2005). Due to the similarities in antifungal and antimicrobial 

(Shareef et al., 2009) and other physical properties of these two compounds, it is 

expected that TCC would also behave in a similar fashion as TCS in soil infiltration 

systems, and even to a greater extent due to its higher hydrophobicity (Chu and 

Metcalfe, 2007) and greater environmental persistence (Higgins et al., 2011).  

 

A decrease in influent TCC concentration on day 13 did not lead to any increase in 

removal efficiency implying that the removal efficiency was not only dependent on 

the concentration but also on the total amount of TCC fed to the column.  

 

4.4.2.3 Evaluation of Triclocarban Removal Mechanisms in the Soil 

Column 

It is hypothesized that both biodegradation and sorption were responsible for the 

removal of TCC in the soil column since these are the main removal mechanisms in 

SAT (Drewes, 2003). TCC sorption is an expected removal mechanism to occur in 

the soil column due to the properties of TCC, being high hydrophobicity, low 

solubility, high octanol-water partition coefficient (Kow) and high soil adsorption 

coefficient (Koc), which incline the compound to sorb onto soil and sediment 

particles (Heidler et al., 2006; Sapkota et al., 2007; Ying et al., 2007). Besides 

biodegradation (Gledhill, 1975) under aerobic conditions (Heidler et al., 2006; Ying 

et al., 2007; Snyder et al., 2010b), sorption onto sludge, inorganic particles and 

microbes (TCC-Consortium, 2002) have previously been identified as removal 

mechanisms for TCC in activated sludge plants (Heidler et al., 2006; Yu et al., 
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2011). The contribution of sorption and biodegradation to TCC removal in the soil 

column were respectively assessed by measuring TCC concentrations on the sand in 

the soil column and evaluating coupled TCC and COD removal. A mass balance 

analysis was also carried out. 

 

TCC Sorption onto Sand 

TCC was extracted with acetone from sand sampled from the soil column at the 8 cm 

and 19 cm depths and analysed. Table 4.9 summarizes the mass of TCC sorbed on 

each gram of sand at 8 cm and 19 cm depths.  

 

Table 4.9 TCC concentration in soil column sand  

 

Time (days) 

TCC concentration (ng g
-1

 of sand) 

8 cm 19 cm 

9 37.4 25.1 

14 48.4 31.9 

16 100.2 32.4 

 

The results show that TCC was more concentrated in the upper layers of the sand 

than in the deeper layers indicating that the higher the TCC concentration in applied 

wastewater, the greater the sorption that would occur. This sorption behavior 

pertains in aquatic environments where under conditions of equilibrium, a linear 

relationship exists between the concentration of a contaminant in water and its 

concentration in soil. An increase in the contaminants concentration in the water 

therefore produces a corresponding constant increase in its concentration in the soil 

(Chiou and Kile, 2000). It is also observed from Table 4.9 that the sorbed 
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concentrations of TCC increased over time at all levels within the soil column, with 

the amount almost tripling to 100 ng g
-1

 at 8 cm in 7 days. The rate of increase was 

however slower in the deeper layers of the soil column. The lower amounts of TCC 

sorbed in the deeper layers of the soil column compared to that sorbed onto sand 

closer to the entrance of the soil column could be attributed to the lower 

concentrations available in the wastewater at that depth. The occurrence of sorption 

also has implications with regards to limitations on TCC bioavailability (Cha and 

Cupples, 2009; Wu et al., 2009). The degree of sorption to sand, besides directly 

reducing the TCC concentration remaining in the infiltrating wastewater, affects its 

movement and fate by reducing the level of concentrations in adjacent soil water 

thereby decreasing its exposure for biodegradation and further transport (Chiou and 

Kile, 2000; Snyder et al., 2010b). 

 

The amount of sorption attainable in the soil column system would differ according 

to the composition of the soil (Yong et al., 1992). The transformation of TCC in the 

soil column is also greatly influenced by the soil properties and can vary 

significantly in soils with different properties (Kwon et al., 2010; Snyder et al., 

2010a). It is probable therefore that enhanced TCC removal by sorption in the soil 

column system could be achieved if soil containing organic matter is used as the 

porous medium for infiltration of the wastewater (Wu et al., 2009), since 

contaminants, in addition to being adsorbed onto the surface of the mineral grains, 

partition into the matrix of the soil’s organic matter (Chiou and Kile, 2000). 
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Effect of TCC on SAT 

Before introduction of TCC into the influent wastewater, biological removal 

processes were efficient in the soil column. COD removal efficiency was good in the 

soil column reaching 70 % removal at 19 cm column depth. After the introduction of 

TCC into the influent wastewater, COD removal declined, rapidly falling to 19 % 

within 2 weeks as shown in Figure 4.31. Percentage removal at 8 cm also declined 

from 68.5 % to 15 % within the same number of days.  

 

 

Figure 4.31 Effect of TCC addition on COD concentration in the soil column  

 

The reduction in COD removal observed in this study upon application of TCC to 

the soil column suggests a negative impact on substrate utilization by the microbes in 

the sand, or even gradual death of some microbial populations. This is consistent 

with a study by Lawrence et al (2009), where TCC was found to significantly 

decrease the utilization of selected carbohydrates, carboxylic and amino acids by 

microbes. A change in the general and metabolic profile of the microbial community 

could also have occurred (Svenningsen et al., 2011), leading to the decreased COD 
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removal observed. With reference once again to TCS, environmental concentrations 

of triclosan (TCS) have also been found to have the potential to affect the 

biodegradation efficiency of wastewater percolation systems (Svenningsen et al., 

2011)  During Svenningsen et al’s (2011) studies simulating onsite soil percolation 

systems for the disposal of septic tank effluents, microbial populations were found to 

decrease twenty two fold upon TCS exposure of 4 mg kg
-1

 of soil. The reduction in 

the TCC removal with a decline in COD removal confirms biodegradation as a TCC 

removal mechanism in the soil column  It is inferred from Snyder et al’s (2010a) 

study that Gram negative bacteria were primarily responsible for TCC degradation in 

the soil column. This is because, in their study, no TCC degradation occurred upon 

inhibition of biodegradation with sodium azide (Snyder et al., 2010a), which is 

known to be acutely toxic to Gram negative bacteria whilst being less effective on 

Gram positive bacteria (Snyder and Lichstein, 1940; Sumbali and Mehrotra, 2009).  

 

Given ample time however, the microbial populations in the soil column may 

recover from any negative impacts caused by TCC exposure through genetic 

mechanisms or the expansion of populations not affected by the antimicrobial 

(Lawrence et al., 2009). This could lead to a recovery of the soil column system with 

regards to TCC removal. Sustainable growth of TCC resistant Gram negative 

bacteria in the soil column such as the Alcaligenaceae family of bacteria, which are 

capable of utilizing TCC as their sole carbon source, is possible after persistent TCC 

exposure (Miller et al., 2010). Their presence in a SAT system would go a long way 

to promote a sustainable and long term removal of TCC from the infiltrating 

wastewater. 
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Mass Balance Analysis 

In order to quantify the contribution of biodegradation to TCC removal, a TCC mass 

balance analysis was performed in the liquid phase of the soil column to account for 

all TCC losses occurring within the soil column. The amount of TCC in the aqueous 

phase determined from concentrations measured at the wastewater sampling points 

and that in the solid phase obtained from the soil column sorption soil tests were 

used for the analysis. The mass balance was carried out between the 8 cm and 19 cm 

depth. The mass balance analysis performed is illustrated in Figure 4.32 and 

summarized mathematically in the general form by Equation 4.13. C8 is the TCC 

concentration measured at distance 8 cm from the influent end of the soil column, 

C19 is the TCC concentration measured at 19 cm and Q is the wastewater flow rate 

through the soil column. The total mass of TCC reaching the 19 cm depth was 

deducted from that leaching from the 8 cm depth. The amount of TCC that could not 

be accounted for after the total mass sorbed onto the sand between the depths was 

considered as the mass lost through biodegradation.  

 

Sorption

Biodegradation

TCC in
(C8, Q)

TCC out 

(C19, Q)

 

Figure 4.32 TCC mass balance in the soil column 
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     ass out  

       ass in    ass re o ed by sorption  ass biodegraded   [4 13] 

Thus the mass biodegraded is given by: 

     ass biodegraded  

   otal  ass in    otal  ass out  ass re o ed by sorption   [4 14] 

    total  ass in      ∑ ( 
  i
   ti

i   n

i    

) 

    total  ass out      ∑ ( 
   i
   ti

i   n

i    

) 

where t is the duration of TCC application and i represents the sampling number. 

The calculated TCC mass biodegraded was then expressed as a percentage of the 

mass in.  

 

The analysis revealed that over the first 9 days, biodegradation accounted on the 

average for 56 % loss of the total mass of TCC applied. Removal by biodegradation 

dropped to about 19 % between day 10 and 14 and further down to 7 % at the end of 

day 16. The declining degree of biodegradation depicts unsustainable biological 

removal of TCC in the soil column, which coincides with a declining removal of 

COD. It is highly probable that the genera of microorganisms responsible for COD 

removal are the same as the ones responsible for TCC biodegradation. Since several 

steps are involved in the degradation of TCC (Miller et al., 2008) impedance of any 

of the steps of the degradation pathway would inadvertently result in lower 

biodegradation efficiency.  
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4.4.3 Conclusions 

Results of this laboratory study confirm the ability of SAT to reduce TCC 

concentrations in wastewater. The removal efficiency was found to be dependent on 

concentration and decreased over time. Better removals are attainable with increased 

soil depth. Within the duration of the experimental run TCC seemed to adversely 

affect SAT performance indicated by reductions in COD removal efficiency.  

 

Biodegradation and sorption were identified in these studies as mechanisms 

responsible for the removal of TCC from the wastewater. The amount of TCC sorbed 

onto the sand was found to be dependent on the TCC concentration of the 

wastewater applied, being larger at higher concentrations. Over time, TCC removal 

efficiency decreased substantially due to decreased microbial activity and sorption. 

Biodegradation, which has the capacity to be a sustainable treatment mechanism, 

was unsustainable in the soil column due to the reduced activity of the 

microorganisms in the column as evidenced by the continued drop in COD removal 

observed after application of TCC. As sorption was the predominant removal 

mechanism in the soil column tests following a reduction in microbial activity, the 

contaminant is simply immobilized and not transformed to any appreciable degree. 

Sorption has a finite capacity for removal of contaminants (NRC, 1994) due to a 

time dependent exhaustion of available sites for contaminant attachment. There is 

therefore the possibility in the long run for the soil in a SAT system to reach 

saturation with respect to TCC upon continued contaminant loading (Yong et al., 

1992).  The occurrence of this would result in the bulk of TCC in applied wastewater 

effluents being carried along with the wastewater effluent into the aquifer.  
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Further investigations are, however, needed to determine if the microbes in the soil 

column would eventually become acclimated to the presence of TCC, thereby 

generating better sustainability of the system with respect to removal efficiencies.  

Simulations would also be required under unsaturated conditions in longer soil 

columns or in systems employing longer hydraulic residence times to determine to 

what extent removal efficiencies can be improved.  
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CHAPTER 5 

5 MODEL DEVELOPMENT 

5.1 Introduction 

In this chapter, the experimental data obtained for removal of chemical oxygen 

demand (COD) and triclocarban (TCC) under saturated conditions and estrogen 

removal under unsaturated soil conditions are modelled. COD removal is modelled 

based on its transport through the soil column by advection and dispersion. 

Regarding TCC and estrogen removal, the model is based on the development of 

empirical relations to suitably describe the treatment attained within the soil 

columns.  

 

5.2 Model for Chemical Oxygen Demand Removal  

The removal of COD through the 2 m long soil column was modelled by considering 

the soil column as a non-ideal plug flow reactor in which the fate of COD is 

controlled by the processes of advection, dispersion and biodegradation. The results 

used for the development of the model were the wastewater removal profiles 

obtained from the soil column when it was bioactive and after it had been sterilised. 

Data obtained under biotic conditions was used to determine the reaction rate and 

that from the abiotic experiments used to assess the sorption. 

 

Assumptions 

The assumptions made in the development of the model are: 

i. Adsorption is quick and reaches equilibrium; 
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ii. Adsorption is linear; 

iii. Flow is one dimensional; 

iv. Steady state conditions are achieved.  

 

5.2.1 Development of Fate Controlling Equations  

To develop the model for the soil column, a COD mass balance was performed for a 

control volume V (L
3
; cm

3
) of cross sectional area A (L

2
; cm

2
) and elemental length 

Δl (L; cm). Let L (L; cm) be the length of the soil column, n the porosity, u (LT
-1

; cm 

min
-1

) the average linear velocity of wastewater flow in the soil column (pore water 

velocity) and D (L
2
T

-1
; cm

2
 min

-1
) the dispersion coefficient. The COD mass 

entering and leaving the control volume is depicted in Figure 5.1. The COD 

concentration is represented by C (ML
-3

; mg L
-1

). 
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Figure 5.1 Schematic diagram of COD transport in the soil column controlled by 

advection, dispersion and reaction   



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

269 
PhD Thesis by H.M.K. Essandoh 

 For the control volume, a general expression for COD balance is (Levenspiel, 1999): 

 nput    utput      isappearance     Accu ulation  

 

5.2.1.1 Mass Balance in the Liquid Phase 

    co ponent entering by bul  flow  

  n   u   A    l   t        [5 1] 

    co ponent lea ing by bul  flow  

  n   u   A    l ∆l  t        [5 2] 

    co ponent entering by a ial dispersion 

       
d 

dt
     (n       A   

  

 l
)
l  t

  [5 3] 

    co ponent lea ing by a ial dispersion 

     
d 

dt
     (n       A   

  

 l
)
l ∆l  t

   [5 4] 

 

COD disappearance from the liquid phase would be due to reaction and also 

adsorption onto the soil grains. If Vl and Vs are the volumes of the liquid and solid 

phases respectively in the elemental slice Δl, r (T
-1

; min
-1

) is the rate of COD 

disappearance by reaction and rs
 
(T

-1
; min

-1
) is the rate of COD mass sorption per 

unit mass of the sand, then the: 

    co ponent disappearing by reaction   r    l   ∆t  

  r   n   A   ∆l   ∆t     [5 5] 

    co ponent disappearing by sorption    rs   ρs    s   ∆t  

    rs   ρs   (    n)   A   ∆l   ∆t 

where ρs (ML
-3

) is the density of the sand particles. 
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Substituting for the bulk density, ρb (ML
-3

) in the equation, 

    co ponent disappearing by sorption    rs   ρb   A   ∆l   ∆t       [5  ] 

where ρ
b
    ρ

s
   (  - n). 

 

     Accu ulation in liquid phase   n   A   ∆l   ( t ∆t  l     t l)         [5 7]  

 

The mass balance for the soil column in the liquid phase is given by (Levenspiel, 

1999; Crittenden et al., 2005): 

( n    ut)bul  flow   ( n    ut)a ial dispersion      isappearance by reaction 

    isappearance by sorption   Accu ulation      [5  ] 

 

Substituting Equations 5.1 to 5.7 into Equation 5.8, 

( l t   u   A   n    l ∆l t   u   A   n)  

                                              (( n       A   
  

 l
)
l t

   ( n       A   
  

 l
)
l ∆l  t

) 

                                       (r   n   A   ∆l   ∆t )   (rs   ρb   A   ∆l   ∆t) 

   n   A   ∆l   ( 
t ∆t  l

    t l) 

Rearranging, 

u   A   n ( l  t    l ∆l  t)       A   n ((
  

 l
)
l  t

  (
  

 l
)
l ∆l  t

) 

                                     (r   n   A   ∆l   ∆t)   (rs   ρb  A   ∆l   ∆t)  

  n   A   ∆l   ( t ∆t  l    t l) 

Dividing through by n A ∆l ∆t 

u ( l t    l ∆l  t)

∆l ∆t
   

 ((
  
l
)
l t
  (
  
 l
)
l ∆l  t

)

∆l ∆t
   r  (rs   

ρ
b

n
)    

( t ∆t  l     t l)

∆t
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Taking limits as ∆l     and ∆t     and rearranging, 

  

 t
    

 
 
 

 l
 
   u

  

 l
   r   rs

ρ
b

n
  

 

Assuming linear equilibrium and that the adsorption follows the Freundlich 

isotherm,  

r s  
  

 t
   Kd

  

 t
  

where S (MM
-1

) is COD mass sorbed per unit mass of the sand.  

Hence  

  

 t
    

d
 
 

dl
 
   u

  

dl
   r   

ρ
b

n
 Kd  

  

 t
              [5  ]  

 

At steady state, the rate of COD accumulation in the liquid phase (Equation 5.7) will 

be zero. It is also recalled from the discussions in Chapter 4 Section 4.2.2.5 that 

COD concentration profiles obtained from the sterilised soil column indicated 

negligible reduction in COD and DOC. This showed that adsorption of COD was 

extremely minimal and therefore the COD component disappearing due to sorption 

can be neglected. Also, preliminary analysis of the soil column data (Section 4.2.6 of 

Chapter 4) to identify the reaction kinetics that pertained in the soil column for the 

removal of the wastewater, ignoring the effect of advection and dispersion, yielded a 

saturation type of reaction. Thus the rate of the reaction, r, is of the form: 

r    
     

K    
                5 10  

where k is the overall rate constant and K is the half saturation constant for the 

wastewater parameter under consideration (Tchobanoglous et al., 2003). Equation 

5.10 is in the form of the Michaelis-Menten (M-M) function which defines enzyme 
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kinetics for a single substrate and reaction. Equations in the form of the M-M 

function can be used to represent kinetic reactions in wastewater treatment involving 

multi-substrates as well as mixed cultures (Benefield and Randall, 1980).  

Equation 5.9 therefore becomes, 

 
 
 
 

 l
 
   u

  

 l
   
     

K    
      

Transforming the above equation into a dimensionless length scale by substituting  

     
l

 
 and also substituting τ    t ̅  

 

u
  

 

u 
 
d
 
 

d 
 
   
d 

d 
   

τ  

K    
               [5 11]  

τ (T; min) is the soil column residence time.  

 

It was evident from the experimental results carried out especially in the case of the 

high COD influents (HC conditions) that electron acceptor limitations were present 

in the soil column environment. As electron donors and electron acceptors are able to 

simultaneously limit the growth of microorganisms in soils and aquifers (Baveye and 

Valocchi, 1989) and consequently the removal efficiency of biodegradable 

contaminants, the modified Monod equations (Equations 5.12 a and 5.13 b) of 

Borden and Bedient (1986), which incorporate the influence of an electron donor 

during substrate utilization, were used to extend the basic biodegradation component 

of Equation 5.11.  

d 

dt
       thu (

 

Kc    
) (

 

Ko    
)           [5 12a] 

d 

dt
       thu (

 

K     
) (

 

Ko    
)          [5 12b] 

where:  
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C  = concentration of organic material in pore fluid (ML
-3

) 

O  = concentration of oxygen in pore fluid (ML
-3

) 

Mt = concentration of aerobic microorganisms (ML
-3

) 

hu   = maximum rate of organic material utilization per unit mass of aerobic 

microorganisms (T
-1

) 

Kc = half-saturation constant of the organic material (ML
-3

) 

Ko = half-saturation constant of oxygen (ML
-3

) 

F  = ratio of oxygen to organic material consumed 

 

In this case, the organic material is considered as the COD of the wastewater in the 

soil column. Equations 5.12 a and 5.12 b were further modified to suit the soil 

column data available by substituting Mthu with k' (T
-1

; min
-1

) as an effective overall 

rate constant. The resulting equation for the model thus represents coupled 

advection-dispersion transport with biodegradation in the presence of an electron 

acceptor. The governing equations for the substrate and the electron acceptor are 

thus respectively:  

 

 e
 
d
 
 

d 
 
   
d 

d 
   τ  (

 

Kc    
) (

 

Ko    
)            [5 13a] 

 

 e
 
d
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d 

d 
   τ   (

 

Kc    
) (

 

Ko    
)             [5 13b] 

Here O represents the electron acceptors and Pe is the peclet number given by:  

 e   
u 

 
 

and k' is the rate constant. 

The differential equations of 5.13 were used to formulate a code in MATLAB based 

on the bvp4c solver function of the software (Mathworks, 2009).  
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5.2.1.2 Mass Balance in the Solid Phase 

The mass balance in the solid phase would be ignored since COD adsorption was 

found to be negligible in the soil column. 

 

5.2.2 Boundary Conditions  

In order to solve the differential equations, boundary conditions were imposed at the 

entry and exit of the soil column. A closed-closed vessel boundary condition was 

assumed. Figure 5.2 shows the entry boundary at l = 0. To the immediate left of the 

entrance line, that is at l = 0
-
, plug flow occurs and therefore there is no dispersion, 

likewise to the immediate right hand side of the column exit, that is at l = L
+
. In-

between these two closed points though, dispersion and reaction occur. N (MT
-1

L
-2

) 

is the mass flux of COD and Q (L
3
T

-1
) is the volumetric flow rate (Fogler, 1992). 

 

Q, C

N

00- 0+

Q, Co

L L
+L-

 

Figure 5.2 Schematic diagram of mass flow at entrance of soil column  

 

Performing mass balance analysis at the entrance to the soil column, the boundary 

condition for the molar flow rate of COD, FT is (Fogler, 1992; Said et al., 2007): 

   ( 
 
  t)      ( 

 
  t) 
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Thus  

      o   (     )   (A    )            [5 14]  

The axial dispersion of mass across the boundary is given by Fick’s law: 

        
d 

dl
                      5 15  

Substituting Equation 5.15 into 5.14 and dividing through by the cross sectional area, 

A, and Q and rearranging, 

 o       
 

u
 
 d 

dl
 

Casting the equation in dimensionless form: 

 

 e
 
d 

d 
                          [5 1 ] 

where 

    
 

 o
 and     

l

 
 

At the soil column exit, the concentration gradient is zero as the concentration of 

substrate is continuous.  

Thus at z = 1, 

 
d 

d 
                      [5 17] 

The boundary conditions to be applied are therefore the Danckwerts boundary 

conditions: 

d 

d 
    e(     )        (entry boundary condition       ) 

d 

d 
                        (e it boundary condition      ) 
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5.2.3 Estimation of COD Transport Parameters and Degradation 

Rate Constants 

5.2.3.1 Hydraulic and Hydrodynamic Parameters 

The values of the parameters D and τ were obtained from the soil column tracer tests, 

the results of which have been presented in Table 4.1 of Chapter 4.  

 

5.2.3.2 Rate Constants 

The kinetic constants, k' and Kc were obtained from the COD concentration profiles 

in the soil column. Since the fate of COD in the soil column is influenced by 

advection and dispersion in addition to biodegradation and biotransformation 

processes (Barry et al., 1993), the effect of two former processes could not be 

ignored. Due to the nonlinearity of the governing equations (Equations 5.13) k' and 

Kc could not be directly calculated. As a better approximation than considering the 

soil column system as a batch reactor, the derived equation (Equation 5.18) of Barry 

et al  (1993) were used to obtain the values of the k' and Kc by nonlinear least 

squares minimization. This equation considers advection, dispersion and M-M 

biodegradation kinetics and is therefore suitable for use for the analysis of the soil 

column data. The influence of oxygen is neglected in this case. 

 

       l   
u

 
[g       Kc ln (

g

 
)]  

 

u
ln [
g(Kc    )

 (Kc   g)
]      [5 1 ] 

where C is the concentration of the substrate, l is the distance along the soil column 

and 

 g    o   
  

u 
 

 o   ( u ⁄ ) f ( o)

[Kc    o   ( u ⁄ )f ( o)][      Kc u (Kc    o) ⁄ ]
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where  

f( o)   
     o

Kc    o
 

The values of the kinetic rate constants estimated using batch analysis were used as 

the initial guess for the minimization. The rate constants obtained from the 

minimisation are summarised in Table 5.1. These values are different from others 

reported in literature because the characteristics of the waste undergoing treatment 

determines the value of the kinetic constants (Benefield and Randall, 1980).  

 

Table 5.1 COD kinetic parameters estimated from soil column concentration 

profile 

Parameter k (min
-1

) Kc (dimensionless) Kc (mg L
-1

) 

HC-5 0.002 0.8852 119 

HC-10 0.0082 0.7876 104 

HC-20 0.0221 0.7458 102 

 

Dissolved oxygen saturation constant of 0.63 (5 mg L
-1

) was used. This value was 

obtained from the analysis carried out in Section 4.2.6 to identify the kinetics of the 

reactions occurring in the soil column.   

 

5.2.3.3 Ratio of Oxygen to Organic Material Consumed 

In the soil column, since consumption of the three electron acceptors being dissolved 

oxygen, nitrate and sulphate were observed to occur simultaneously in the soil 

column, the ratio of oxygen to COD consumed, F, is redefined as the ratio of 

electron acceptors to COD consumed. O therefore represents the electron acceptors. 
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F was determined from the correlations made of COD mass removal rate with 

dissolved oxygen removal rate as the reciprocal of the slope of the curve (Figure 

4.13 a of Chapter 4). To obtain a relation incorporating the role of sulphate and 

nitrate as electron donors during the COD biodegradation, correlations of sulphate 

removal rate and nitrate removal rate with dissolved oxygen were used to express 

these electron acceptors in terms of the dissolved oxygen. The curves have also 

already been presented in Chapter 4 as Figure 4.13 b. The sulphate, nitrate and 

dissolved oxygen correlations are:  

 ulphate             issol ed o ygen 

 itrate             issol ed o ygen 

Using the half reactions for oxidation reduction processes that occur in groundwater, 

sulphate and nitrate were converted to the equivalent of oxygen (Freeze and Cherry, 

1979). From these half reactions, the ratios of electrons that can be accepted by 

sulphate and nitrate to oxygen are 8/4 for SO4
2-

/DO and 5/4 for NO
3-

/DO. Summing 

up sulphate, nitrate and dissolved oxygen to obtain the total electron acceptor 

capacity in terms of dissolved oxygen therefore yields: 

  ulphate    itrate     ygen  

  ((           ⁄ )   (         
 
 ⁄ )    )    issol ed o ygen 

Thus 

∑Electron acceptors           issol ed o ygen     [5 1 ] 

A factor of 21.6 was therefore incorporated into Equation 5.13.  
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5.2.4 Modelling Results 

Figures 5.3 to 5.5 show the fit of the model to the experimental data. The blue line 

indicates the modelled removal and predicts quite well the removal within the first 

100 mm and the removal obtained after flow through the whole length of the soil 

column.  At intermediate points within the soil column however, the fit was not very 

good. This could be due to factors such as fluctuations in the concentration of the 

COD and other wastewater parameters that occurred along the length of the soil 

column, disturbances generated in the soil column during wastewater sampling, 

approximations made during estimation of kinetic parameters for the model 

development and the conversion of sulphate and nitrate into an equivalent oxygen 

concentration. The code for the modelling, modified from Kierzenka (2010) is 

presented in Appendix D. 

 

Figure 5.3 Modelled COD removal for an initial concentration of 136 mg L
-1

 

applied at a HLR of 169 cm d
-1  
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Figure 5.4 Modelled COD removal for an initial concentration of 136 mg L
-1

 

applied at a HLR of 88 cm d
-1  

 

Figure 5.5 Modelled COD removal for an initial concentration of 136 mg L
-1

 

applied at a HLR of 44 cm d
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5.3 Model for Triclocarban Removal 

The aim of the model development was to find an expression relating the 

concentration of TCC in wastewater applied to the soil column and the concentration 

that would remain at any depth, l (L; cm), within the soil column. The model was 

developed using the following parameters from experiments carried out using the 

300 mm soil column: 

i. Influent TCC concentration, Co (ML
-3

; ng L
-1

); 

ii. Hydraulic loading rate,  q (LT
-1

; cm d
-1

); 

iii. Length of wastewater application, t (T; days); 

iv. Concentration of TCC remaining at various depths within the soil column, C 

(ML
-3

; ng L
-1

);  

v. Soil column cross sectional area (A, cm
2
). 

 

The total cumulative mass of TCC, mT  (M; ng) applied to the soil column, since the 

start of application of TCC containing wastewater, on the respective sampling days 

(i.e. days 3, 7, 10 and 13) were calculated by multiplying the influent concentration 

by the hydraulic loading rate and the soil column’s cross sectional area and summing 

up to obtain the cumulative mass for the required days. The fraction of TCC 

remaining in the wastewater (C/Co) at the selected soil column depths (i.e. 8 cm, 19 

cm and 30 cm) were correlated with the total TCC mass applied (see Figures 5.6 a – 

c).  The slopes from Figures 5.6 a – c were then correlated with the sampling depths 

and the points fitted by regression analysis to obtain Figure 5.7. During the fitting 

process, trials were carried out with different functions, these being linear, 

logarithmic and power to obtain the best fit. The ease of manipulation of the 
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functions and the ability to obtain a good fit using the same function at all three 

depths were also taken into consideration. 

 

 

Figure 5.6 Fraction of TCC remaining against mass applied at various soil 

column depths 

(a) 8 cm; (b) 19 cm; (c) 30 cm 
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Figure 5.7 Fraction of TCC remaining per mass applied against soil column 

depth  

 

From Figures 5.6 a – c the relation between the fractions of TCC remaining at any 

depth within the column and the cumulative mass applied can best be described in 

general form by Equation 5.20. 

 y   s                      5 20  

where s is the slope of Figure 5.6 and 

y   
 i

 oi
                [5 21] 

Considering that for each application cycle Ti of duration t, where i        …n  an 

influent TCC concentration of Co  is applied over the cross sectional area of the soil 

column, the total cumulative mass of TCC, mT, applied to the soil column would be 

given by: 

       q   A [(∑  o 

    t

     

  t) (∑  o 
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  t)  ………(∑  on

 n  t
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  t)]         [5 22] 
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Substituting the symbol s for y in the equation of the curve of Figure 5.7 gives the 

relationship as  

 s               l
       

              [5 23] 

For any application cycle, T, further substitution of Equations 5.21, 5.22 and 5.23 

into Equation 5.20 yields: 

 n

 on
                 l          q   A [(∑  o 

    t

     

  t) (∑  o 

    t

     

  t)…(∑  on

 n  t

 n   

  t)]       

       [5 24] 

 Rearranging the above expression, the concentration of TCC at any depth l within 

the soil column can be expressed as: 

 n          l
       

   q  A    on [(∑  o 

    t

     

  t) (∑  o 

    t

     

  t)…(∑  on

 n  t

 n   

  t)]      

        [5 25] 

Substituting for the soil column diameter in Equation 5.25 yields 

 n          l
       

  q  d     on [(∑  o 

    t

     

  t) (∑  o 

    t

     

  t)…(∑  on

 n  t

 n   

  t)]      

         [5 2 ] 

where d is the internal diameter of the soil column. 

 

Thus for the soil column,  

  ( l )   f ( o  q  t  d  l)           [5 27] 

 

The model was tested using TCC concentrations applied in the laboratory and the 

predicted concentrations compared against the measured TCC concentrations. Figure 

5.8 shows the closeness of fit of the model to the measured concentrations.  
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Figure 5.8 Comparison of model predicted TCC concentrations to measured 

concentrations at various depths 

(a) 8 cm; (b) 19 cm; (c) 30 cm 
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Deviations are apparent between the model and the experimental data. These were 

smallest at the 19cm depth where the R
2
 value was closest to unity. Reasons for 

deviations between the model predictions and the experimental data include the 

fitting of experimental data to linear and power functions which for the 8 cm depth 

did not give a very good coefficient of determination. Experimental data is also 

subject to errors during the sample preparation and analytical stages even though 

great efforts were made to minimise their occurrence. Calculated percentage errors 

between the predicted and the measured values are given in Table 5.2. 

 

Table 5.2 Percentage errors between predicted and measured TCC 

concentrations 

Sampling Depth 

(cm) 

Percentage error 

Average Standard deviation  

8 38 21.4 

19 11 7.3 

30 19 14.2 

  

 By the model predictions, it is possible to obtain higher TCC concentrations in the 

effluent than in the influent wastewater upon continuous infiltration over time. This 

is a reasonable prediction because TCC was found to have a negative impact on 

biodegradation in the soil column over time and as sorption alone is a not a 

sustainable removal mechanism, leaching of TCC from the soil over continuous TCC 

infiltration is a very likely occurrence.  
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5.4 Model for 17α-Ethinylestradiol (EE2) Removal under 

Unsaturated Conditions 

The model development involved the determination of a relationship between the 

fraction of EE2 remaining at any depth in the soil column (C/Co) and the height of 

water table. Variables for the development of the model are the height of water table, 

which dictates the depth of the unsaturated zone, and the travel distance of EE2 

through the soil profile, which is controlled by the wastewater sampling depth.  

 

For each height of water table (WT 75, WT 500 and WT 800) investigated in the 

laboratory, the EE2 concentrations, C (ML
-3

; ng L
-1

) along the soil column were 

expressed as a fraction of the influent concentration Co (ML
-3

; ng L
-1

). The fractions 

obtained were plotted against the soil column depth, l (L; mm), and the points fitted 

by regression analysis. The resulting plots are shown in Figures 5.9 a – c. The slopes 

from each figure were then plotted against the corresponding thickness of 

unsaturated zone, h (L; mm) as shown in Figure 5.9 d. 

 

Describing the relationship between C/Co and soil column depth (Figure 5.9 a – c) by 

the general expression  

 y   (s  l)                       [5 2 ] 

where s represents the slope of Figure 5.9, and substituting C/Co for y yields 

 
 

 o
   (s  l)                       [5 2 ] 

An expression for the variation of s with the thickness of the unsaturated zone was 

obtained from the correlation curve of Figure 5.9 d, i.e.   

 s             ln(h)                   [5 30] 
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Substituting Equation 5.30 into 5.29 yields 

  
 

 o
   (          ln(h)           )  l             [5 31] 

Rearranging, 

 
 

 o
       (        ln(h)           )  l          [5 32] 

The concentration at any depth can therefore be determined from Equation 5.33. 

       o   [    (        ln(h)           )   l]      [5 33] 

 

 

Figure 5.9 EE2 removal against soil column height in the unsaturated soil 

column at various water table heights 

(a) WT75 (b) WT 500 (c) WT 800 (d) EE2 fraction remaining per length of 

wastewater travel against unsaturated zone thickness 

 

Figure 5.10 shows the closeness of fit between the model and measured EE2 soil 
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for WT 75 and WT 500 were not determined (ND) because no EE2 was detected in 

the effluent and therefore C/Co for the experimental data was zero.  

 

 

Figure 5.10 Modelled and experimental data for EE2 removal against soil column 

depth at various water table heights 

(a) WT 75 (b) WT 500 (c) WT 800 
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Table 5.3 Percentage errors between predicted and measured EE2 

concentrations 

Soil column depth 

(mm) 

Percentage error 

WT75 WT 500 WT 800 

0 0 0 0 

150     -10 

250     -3 

450   30 -22 

650   14 -1 

850 65 14 -4 

1000 ND ND 63 

Average % error 33 14 3 

Standard deviation 46 12 27 

 

5.5 Conclusions 

Experimental data from all three soil column experiments regarding COD, TCC and 

EE2 removal have been modelled with satisfactory accuracy. Within the scope of the 

research, the models developed have not been extended to the validation stages. It is 

recognised that the models developed for EE2 and TCC removal need verification 

using external data. However the models were not validated because of the 

unavailability of sufficient experimental data. Field tests could not be carried out to 

obtain data for this purpose. Suitable data giving soil column profiles was also not 

obtainable from literature. It should also be noted data used to develop the models 

were obtained by wastewater infiltration through silica sand and not real soil. The 
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models in their current state are therefore not directly applicable to SAT in the field. 

They however successfully identify the parameters influencing the fate of EE2 and 

of TCC. Validation of these models could therefore constitute an item for further 

study.   
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CHAPTER 6 

6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions  

The removal of COD, BOD, DOC, nitrogen, phosphate, the estrogens E1, E2 and 

EE2, and the PPCP triclocarban during simulated soil aquifer treatment were studied 

under different experimental conditions. 

 

6.1.1 Removal of Chemical Oxygen Demand, Biochemical Oxygen 

Demand, Dissolved Organic Carbon, Nitrogen and Phosphate  

The removal of COD, BOD, DOC, nitrogen and phosphate were studied under 

different combinations of hydraulic loading rates and organic loading rates in a 

saturated soil column of length 2 meters. Under all experimental conditions 

investigated, being different mass loadings obtained by varying the hydraulic and 

organic loading rates applied, a greater proportion of the removal/ transformation of 

COD, BOD, DOC and nitrogen occurred within the first 100 mm of the soil column. 

For example for the highest COD mass loading of 3 553 mg d
-1

 (experimental 

condition HC-20), out of the total removal efficiency of 29 %,  28 %, 53 % obtained 

for COD, BOD, DOC respectively, 23.5 %,  23 % and 42 % was removed within this 

depth. 66 % of the total organic nitrogen removal of 76 % could also be accounted 

for within the first 100 mm. This pattern of removal could be attributed to the 

microbial concentration profile within the soil column. Abiotic studies carried out in 

the soil column resulted in negligible removal of COD and DOC and therefore 

pointed to biodegradation as the main removal mechanism in the soil column. 
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Dissolved oxygen, nitrate and sulphate all acted as electron acceptors in the soil 

column. Aerobic degradation, anoxic degradation (denitrification) and anaerobic 

degradation (sulphate reduction) processes were therefore all found to be responsible 

for the biodegradation of the organic matter in the soil column, anaerobic 

degradation reducing with a reduction in the influent wastewater concentration.  

Relatively high DO to DOC, COD and BOD mass loadings were found to improve 

the efficiency of the removal process. The availability of dissolved oxygen as well as 

the rate of its replenishment to the soil column with the infiltrating wastewater 

therefore had a notable influence on the removal process in the soil column.  

 

Higher mass removal rates of COD, DOC and BOD occurred at higher mass 

loadings rates, however at approximately the same mass loading, the removal 

efficiency was better when the mass applied had a lower COD concentration. On 

equivalent mass loading basis, a comparison of the removal efficiencies obtained for 

experimental condition HC-5 against condition LC-20, and HC-10 against MC-20 

revealed that within the range of mass loadings investigated a strategy for improving 

removal efficiencies of COD, BOD and DOC in the saturated zone of SAT systems 

would be to lower the influent COD concentrations, not increase the contact time of 

the wastewater with the soil matrix. On the other hand, high concentrations and long 

residence times would improve nitrogen removal. Even though SAT has been 

previously reported as capable of performing better with primary effluents with 

regards to removal efficiency (Bouwer and Rice, 1984), under limiting dissolved 

oxygen conditions such as pertains in the saturated zone, the application of low 

concentration effluents through high permeability soils would achieve better removal 

efficiencies than infiltrating a relatively higher concentrated effluent through soils of 
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low permeability which allow for longer residence times. As these studies were 

carried out with wastewater of COD higher than that normally applied in SAT 

systems, this conclusion cannot be applied with certainty to very low concentrations 

of effluents.  

 

With regards to phosphate, its removal was poor in the soil column and was 

dependent on the hydraulic loading rate, improving with a lowering of the hydraulic 

loading rate and therefore increased contact time with the soil matrix.   

 

6.1.2 Removal of Estrogens  

E1, E2 and EE2 removal were studied in 1 meter long soil columns under saturated 

and unsaturated soil conditions. The effects of the length of travel through the 

unsaturated zone, the hydraulic loading rate, DOC concentration and soil type on the 

removal efficiency of E1, E2 and EE2 were investigated. Silica sand and a soil mix 

constituting 65 % silica sand, 25 % silt and 10 % clay were used as packing material 

in the saturated soil columns. 

 

Under all experimental conditions investigated, E2 was found to have the highest 

removal efficiency. This is due to its amenability to biodegradation and its ease of 

transformation to E1. Under saturated conditions, the concentration of E1 initially 

increased in the soil column before being removed. Increase in E1 concentrations in 

the columns were attributed to the transformation of E2 and EE2 to E1. Due to the 

high increases in E1 concentrations in the soil column, it had the lowest removal 

efficiency compared to E2 and EE2. Increases in E2 and EE2 were also apparent in 

the silica sand soil column, the increase in E2 being the result of transformation of 
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E1 to E2. It was unknown what contributed to EE2 increase in the silica sand but it 

may be possible that some portion of the EE2 infiltrated into the soil column was in 

the form of conjugates, having formed conjugates with sulphate in the wastewater 

influent tank. These conjugates may then have been deconjugated into the free forms 

leading to the observed increase in EE2 concentration. Overall removal efficiencies 

for E1, E2 and EE2 and a HLR of 81.5 cm d
-1

 and a DOC of 17 mg L
-1

 were 43 %, 

77 % and 59 % respectively. 

 

Increases in E2 and EE2 concentrations did not occur in the soil column containing 

the soil mixture and increases in E1 concentration were also smaller as a result of 

stronger sorption of the estrogens onto the soil due to the presence of clay. There was 

therefore less bioavailability of the estrogens and less transformation occurred. Less 

biotransformation was also due to the lower concentrations in the soil column. E1, 

E2 and EE2 removal efficiencies through the 1-meter length of soil column were 33 

%, 83 % and 61 % respectively. 

 

Investigations carried out into the effect of HLR on estrogen removal showed that 

doubling the HLR led to lower removal efficiencies of the estrogens. Increasing 

influent DOC concentration on the other hand had a positive effect on estrogen 

removal. The presence of silt and clay was also found to enhance the removal of E2 

and EE2 in the soil column.  

 

Studies carried out under unsaturated soil conditions revealed that the soil column 

was capable of removing all E1 and E2 and 94 % of EE2 after travel through 850 

mm of unsaturated soil. Varying the length of travel through the unsaturated zone by 
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raising the water table showed that deeper unsaturated zones favoured the removal of 

the estrogens. The efficiency of SAT for E1, E2 and EE2 removal was therefore 

found to be dependent on the depth of the unsaturated zone with the removal process 

being more efficient in unsaturated soil and low soil water content. 

 

6.1.3 Removal of Triclocarban 

The removal of triclocarban was studied in a 300 mm soil column under saturated 

soil conditions. The removal mechanisms involved in TCC removal were 

biodegradation and sorption. Results from the study confirmed the ability of SAT to 

reduce the concentration of TCC in wastewater effluents, even though removal 

efficiencies decreased substantially after continuous TCC infiltration over time as a 

result of decreased microbial activity and sorption. The removal ranged from 99.5 % 

at the beginning of the experimental run to 32 % after two weeks of infiltration.  

 

In the soil column, TCC removal increased with depth of infiltration through the soil 

profile and its removal efficiency was also found to be influenced by the applied 

concentration, decreasing with increase in influent concentration. Greater TCC 

sorption occurred in the shallow soil layers of the soil and at higher applied 

concentrations.  

 

Within the duration of the studies, TCC had a negative impact on the efficiency of 

SAT, evidenced by a drop in COD removal in the soil column, which coincided with 

the drop in TCC removal. As indicated by the results of this study, there is a high 

probability of TCC affecting microbial populations and their metabolic mechanisms 

for the effective reduction of chemical oxygen demand in infiltrating wastewater 
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effluents during SAT. Unsustainable biodegradation during SAT increases the risk of 

TCC pollution of groundwater aquifers since sorption cannot be fully depended on as 

the sole removal mechanism. However as the soil column was operated for a limited 

period of time, further studies would be required to confirm this, since there is the 

possibility that given time the microorganisms could become adapted to the TCC 

environment and biodegradation would once again become sustainable.      

 

6.1.4 Modelling  

COD removal through the 2 meter long soil column was modelled using the 

advection dispersion equation and coupled Monod kinetics. Empirical models were 

also developed for EE2 removal as a function of the length of travel through the 

unsaturated zone, and for TCC removal. For TCC and EE2, the models predicted the 

removal profiles well. There is however the need for validation of these models. 

 

6.2 Recommendations 

The following are recommendations made for further studies. 

 

Investigations into the increase in EE2 concentrations in saturated silica sand during 

infiltration are needed. This could involve soil column studies with the identification 

of all E1, E2 and EE2 metabolites formed during infiltration through soil. Further 

controlled laboratory studies are required on EE2 to determine all transformation 

products under different redox conditions in different soil matrices.  

 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

298 
PhD Thesis by H.M.K. Essandoh 

Further studies are also required on the transport of TCC during SAT. The 

identification of microorganisms indigenous to municipal wastewater and ubiquitous 

in SAT systems would be a step in the right direction for the development of 

strategies to minimise the risk of pollution of aquifers with TCC and help boost 

public confidence in recycled water from SAT systems. In line with the research 

carried out, TCC removal should be studied further over a longer duration of time in 

longer soil columns simulating longer residence times and also with different soils.  

Simulations would also be required under unsaturated conditions. These include 

investigating the impact of water table conditions on the transport of TCC. 

 

The presence of several contaminants of emerging concern (CEC) in surface water 

and even in drinking water supplies necessitates the intensive study of their transport 

during SAT. With the development of new chemical products including 

pharmaceutical and personal care products, the routine testing of waters for only 

conventional wastewater parameters is no longer enough. Future research should 

focus more on the fate of CEC in infiltration waters. The development of more 

sophisticated analytical instruments and techniques that allow the identification of 

any CEC at any concentration in effluents without the need for rigorous sample 

preparation is needed. These analytical techniques should be developed in such a 

way as to identify all chemical and biological transformation products generated 

during passage of these CECs through the soil profile and also any foreign CEC that 

appear at the infiltration water. Transformation products should be identified and 

their effects and toxicity on humans assessed since the elimination of a particular 

CEC does not render the water devoid of it as it could have been transformed into 

other products that may even be more harmful than the parent CEC. These studies 
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are important if in the near future soil aquifer treatment is to play a major role in the 

recharge of aquifers for potable use. 

 

The release and transport of arsenic during SAT could be investigated under varying 

water table conditions and redox potentials since factors affecting arsenic 

mobilisation include the redox potential of its environment (Charlet et al., 2011).   

 

Studies are also needed on the applicability of waste stabilisation pond effluents to 

SAT systems. Techniques are needed to allow the infiltration of the effluents during 

SAT with minimal clogging by algae from maturation ponds. These studies are 

important for the coupling of these two low cost wastewater treatment technologies 

for water reuse. This would be very beneficial in developing countries where the use 

of low cost and low technology wastewater treatment options is prudent. 

          

The models developed herein need to be validated and more laboratory and field 

tests could be carried out to obtain the required data.  
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APPENDIX A 

Soil column photo gallery 

 

Laboratory arrangement of 1 m and 2 m soil column setup 

 

Tracer injection port to 2 m soil column 
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Temperature measurement 

 

 

2 m soil column effluent discharge arrangement  

 

Effluent 
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Effluent 

sampling 

port 
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2 m soil column water and soil sampling ports 

 

 

1 m soil columns setup – unsaturated soil column on extreme right 

Soil 

sampling 

port 

Water 

sampling 

port 
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1 m saturated soil column influent sampling and effluent discharge points  

 

    

1 m saturated soil column effluent   1 m unsaturated soil column 

sampling and discharge arrangement 

Effluent 

discharge 

Effluent sampling 

point 

Effluent discharge 

container 

Influent 

sampling 

points 



Efficiency of Soil Aquifer Treatment in the Removal of Wastewater Contaminants and Endocrine Disruptors 

 

340 
PhD Thesis by H.M.K. Essandoh 

 

Unsaturated soil column instrumentation arrangement 

 

  

Unsaturated soil column influent  300 mm soil column 

application arrangement 
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Influent and sample storage   Data acquisition system 
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APPENDIX B 

Table B1 Mass of phosphate at various depths in 2m soil column under 

different experimental conditions 

Depth  

(mm) 

Phosphate applied (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 

0 45.4 81.3 105.1 113.4 104.3 

100 49.4 94.1 163.4 123.8 90.5 

600 50.3 92.4 164.9 125.7 87.6 

1100 49.5 93.2 165.0 126.5 92.1 

1700 42.8 86.5 161.9 131.3 101.6 

2000 40.3 83.8 166.1 105.7 105.2 

 

 

Table B2 Removal rate of phosphate in 2m soil column under different 

experimental conditions 

 Depth  

(mm) 

Phosphate removed (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 

0 0.0 0.0 0.0 0.0 0.0 

100 -3.9 -12.8 -58.3 -10.4 13.8 

600 -4.9 -11.1 -59.9 -12.3 16.6 

1100 -4.1 -11.9 -59.9 -13.1 12.2 

1700 2.6 -5.2 -56.8 -17.9 2.7 

2000 5.1 -2.5 -61.0 7.7 -0.9 
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Table B3 Mass of COD, DOC and BOD at various depths in 2m soil column under different experimental conditions 

Depth  

(mm) 

COD applied (mg d
-1

) DOC applied (mg d
-1

) BOD applied (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 

0 910.7 1780.6 3552.5 1586.4 1083.7 340.2 661.1 1356.2 691.2 418.4 595.0 1113.1 1998.1 1124.3 680.8 

100 695.3 1433.9 2719.2 1285.6 443.7 181.7 427.6 788.1 281.4 137.0 385.0 737.7 1544.1 533.6 249.7 

600 665.2 1353.1 2605.5 1108.8 521.0 176.6 379.7 725.2 265.9 122.6 371.6 671.2 1288.6 483.7 118.6 

1100 648.1 1251.1 2482.0 1176.5 492.3 170.7 362.1 680.6 251.1 115.7 379.3 617.5 1301.8 553.9 157.6 

1700 646.9 1194.4 2434.9 1280.9 550.5 185.7 351.5 660.6 236.5 107.8 370.4 615.0 1279.3 538.3 170.1 

2000 661.4 1212.7 2528.2 1376.4 501.9 168.7 339.8 639.8 241.9 109.1 348.2 637.6 1442.9 667.8 223.1 

 

Table B4 Removal rate of COD, DOC and BOD in 2m soil column under different experimental conditions 

Depth  

(mm) 

COD removed (mg d
-1

) DOC removed (mg d
-1

) BOD removed (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

100 215.4 346.6 833.2 300.8 640.0 158.5 233.5 568.2 409.9 281.5 210.0 375.4 454.0 590.6 431.2 

600 245.5 427.5 947.0 477.6 562.7 163.6 281.5 631.0 425.3 295.9 223.3 441.8 709.4 640.5 562.3 

1100 262.6 529.5 1070.4 409.9 591.3 169.5 299.0 675.6 440.2 302.7 215.6 495.6 696.3 570.3 523.2 

1700 263.8 586.1 1117.5 305.5 533.2 154.5 309.7 695.6 454.7 310.7 224.5 498.0 718.8 585.9 510.8 

2000 249.3 567.9 1024.2 210.0 581.8 171.6 321.4 716.4 449.3 309.4 246.8 475.4 555.2 456.4 457.7 
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Table B5 Mass of dissolved oxygen, nitrate and sulphate at various depths in 2m soil column under different experimental conditions 

Depth  

(mm) 

DO applied (mg d
-1

) Nitrate applied (mg d
-1

) Sulphate applied (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 

0 53.3 101.7 218.5 251.0 278.8 16.6 26.9 39.0 59.8 62.7 341.4 690.5 1654.8 1475.1 1301.6 

100 23.2 33.7 67.4 77.9 82.8 1.2 4.4 5.0 4.0 6.0 7.0 77.9 249.0 712.9 990.3 

600 20.7 38.5 72.6 98.9 80.7 0.8 0.0 0.0 0.0 0.0 8.2 27.2 68.2 670.9 947.6 

1100 16.0 24.7 53.9 40.9 73.7 0.0 0.0 0.0 0.0 11.7 9.2 29.8 58.2 581.8 919.1 

1700 18.4 43.9 94.2 43.6 94.2 0.0 0.0 0.0 0.0 11.7 10.1 30.9 49.7 510.4 836.4 

2000 5.7 18.5 36.5 47.7 49.0 0.0 0.0 0.0 0.0 5.8 9.6 30.2 56.0 445.7 795.0 

 

Table B6 Removal rate of dissolved oxygen, nitrate and sulphate in 2m soil column under different experimental conditions 

Depth 

(mm) 

DO removed (mg d
-1

) Nitrate removed (mg d
-1

) Sulphate removed (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

100 30.1 68.0 151.1 173.0 195.9 15.4 22.5 34.0 55.9 56.7 334.4 612.6 1405.8 762.2 311.3 

600 32.6 63.2 145.9 152.1 198.1 15.8 26.9 39.0 59.8 62.7 333.2 663.3 1586.6 804.1 354.0 

1100 37.3 77.0 164.6 210.1 205.1 16.6 26.9 39.0 59.8 51.0 332.2 660.7 1596.6 893.3 382.6 

1700 34.9 57.8 124.2 207.3 184.6 16.6 26.9 39.0 59.8 50.9 331.3 659.6 1605.1 964.6 465.2 

2000 47.6 83.2 182.0 203.3 229.7 16.6 26.9 39.0 59.8 56.9 331.8 660.2 1598.8 1029.3 506.6 
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Table B7 Mass of nitrogen species at various depths in 2m soil column under different experimental conditions 

Depth  

(mm) 

Organic-N applied (mg d
-1

) Ammonia-N applied (mg d
-1

) Total N applied (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 

0 74.4 129.5 262.7 127.4 71.0 25.2 48.6 94.7 43.7 36.4 111.0 205.3 390.1 230.9 170.1 

100 19.4 44.9 89.9 53.8 33.2 69.4 121.9 242.3 114.8 58.6 92.2 181.9 335.4 171.7 91.4 

600 16.4 36.7 72.9 41.0 23.4 70.3 123.5 253.4 118.6 67.0 89.5 178.2 326.3 158.2 87.4 

1100 15.1 29.2 66.6 45.4 33.0 68.3 124.2 255.0 130.1 69.6 85.8 169.0 320.4 173.5 108.2 

1700 17.9 29.9 74.0 41.8 31.6 65.1 117.9 250.5 131.6 89.6 83.9 170.1 323.9 173.0 126.5 

2000 21.3 33.1 63.7 39.4 30.1 64.7 115.5 251.6 137.2 79.2 82.9 164.3 316.6 174.9 111.6 

 

Table B8 Removal rate of nitrogen species in 2m soil column under different experimental conditions 

Depth  

(mm) 

Organic-N removed (mg d
-1

) Ammonia –N increase (mg d
-1

) Total N removed (mg d
-1

) 

HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 HC-5 HC-10 HC-20 MC-20 LC-20 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

100 54.9 84.6 172.8 73.6 37.8 44.2 73.3 147.6 71.1 22.2 18.7 23.4 54.7 59.2 78.7 

600 58.0 92.8 189.8 86.5 47.6 45.1 74.9 158.8 74.9 30.6 21.4 27.1 63.8 72.7 82.7 

1100 59.3 100.3 196.1 82.0 38.0 43.1 75.6 160.4 86.4 33.2 25.1 36.3 69.7 57.4 61.9 

1700 56.4 99.6 188.6 85.6 39.4 39.9 69.2 155.9 87.9 53.2 27.1 35.2 66.2 57.9 43.6 

2000 53.1 96.4 199.0 88.0 40.9 39.5 66.9 156.9 93.5 42.8 28.1 41.0 73.5 56.0 58.5 
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Table B9 Removal efficiencies in 2 meter column under abiotic conditions 

Column depth 

(mm) 

Removal efficiency (%) 

COD DOC Ammonia-N 

0 0 0 0 

100 4.2 1.1 15.4 

600 6.3 2.8 23.1 

1100 4.2 0.6 23.1 

1700 4.2 0.6 61.5 

2000 4.2 0.6 69.2 

 

Table B10 DOC and sulphate removal efficiencies in SC1 

Column 

height(mm) 

DOC removal efficiency (%) Sulphate removal efficiency (%) 

WT75 WT500 WT800 WT75 WT500 WT800 

1000 0 0 0 0 0 0 

850   85   2.1 

750   86   3.9 

550  82 86  -9.2 4.7 

350  82 85  -11.5 1.3 

150 89 81 82 -0.4 -10.8 1.4 

0 86 82 80 -0.7 -12.7 0.3 

 

Table B11 Nitrogen removal efficiencies in SC1 

Column 

height 

(mm) 

Nitrate increase 

(%) 

Ammonia-N removal 

efficiency (%) 

Organic-N removal 

efficiency (%) 

WT 

75 

WT 

500 

WT 

800 

WT 

75 

WT 

500 

WT 

800 

WT75 WT 

500 

WT 

800 

1000 0 0 0 0 0 0 0 0 0 

850   190   100   88 

750   194   100   88 

550  73 152  90 69  55 100 

350  174 270  100 69  82 94 

150 371 364 51 100 90 23 100 91 100 

0 590 405 67 92 100 23 85 100 71 
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Table B12 Estrogen percentage removal efficiencies of E1, E2 and EE2 at 

varying heights of water table in SC1 

Column 

height 

(mm) 

Removal efficiency 

for WT75 (%) 

Removal efficiency 

for WT500 (%) 

Removal efficiency 

for WT800 (%) 

E1 E2 EE2 E1 E2 EE2 E1 E2 EE2 

1000 0 0 0 0 0 0 0 0 0 

850       -85 100 2 

750       -1 85 18 

650       -30 84 17 

550    97 100 57 -101 91 19 

350    94 100 68 -57 80 53 

150 100 100 94 100 100 86 22 88 68 

0 100 100 100 98 100 99 91 100 89 

 

Table B13 DOC, dissolved oxygen, nitrate and sulphate removal efficiencies in 

SC2 and SC3 

Column 

height 

(mm) 

DOC removal 

efficiency (%) 

DO removal 

efficiency (%) 

Nitrate removal 

efficiency (%) 

Sulphate removal 

efficiency (%) 

SC2 SC3 SC2 SC3 SC2 SC3 SC2 SC3 

0 0 0 0 0 0 0 0 0 

150 66 65 76 81 92 100 14 12 

350 73 65 77 78 100 100 8 8 

550 74 65 78 71 100 100 12 11 

750 75 66 55 71 92 93 13 15 

1000 78 68 68 64 92 100 13 16 
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Table B14 Estrogen removal efficiencies of E1, E2 and EE2 at hydraulic loading 

rate of 81.5 cm d
-1

 and DOC of 17 mg L
-1 

for SC2 and SC3 

Column 

height(mm) 

SC3 removal efficiency (%) SC2 removal efficiency (%) 

E1(81.5) E2(81.5) EE2(81.5) E1(81.5) E2(81.5) EE2(81.5) 

0 0 0 0 0 0 0 

150 -20 60 32 -91 -17 -27 

350 -53 54 26 -166 19 -40 

550 -48 60 32 -145 53 -15 

750 -33 65 44 -58 67 19 

1000 34 83 61 43 77 59 

 

Table B15 Estrogen removal efficiency at hydraulic loading rate of 163 cm d
-1

 

and DOC of 17 mg L
-1 

for SC2 and SC3 

Column 

height (mm) 

SC3 removal efficiency (%) SC2 removal efficiency (%)  

E1(163) E2(163) EE2(163) E1(163) E2(163) EE2(163) 

0 0 0 0 0 0 0 

150 -4 51 45 -76 7 -13 

350 -17 40 34 -73 2 -23 

550 -10 41 33 -59 5 -13 

750 8 50 37 -35 36 12 

1000 27 58 45 16 53 33 

 

Table B16 Estrogen percentage removal efficiency at hydraulic loading rate of 

81.5 cm d
-1

 and DOC of 34 mg L
-1 

for SC2 and SC3 

Column 

height (mm) 

SC3 removal efficiency (%) SC2 removal efficiency (%) 

E1 (34) E2 (34) EE2 (34) E1 (34) E2 (34) EE2 (34) 

0 0 0 0 0 0 0 

150 -25 49 38 -185 -55 -78 

350 -20 66 48 -95 23 -7 

550 -8 66 49 -59 41 11 

750 0.3 71 53 -24 53 24 

1000 55 81 71 67 86 67 
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Table B17 COD at various depths in 300 mm soil column 

Day COD (mg L
-1

) at 

0 cm 8 cm 19 cm 

5 66 24 21 

8 69 43 - 

12 67 41 15 

19 66 39 35 

24 79 - - 

27 72 - - 

33 66 22 25 

36 70 22 20 

39 67 37 31 

43 68 44 63 

46 68 62 59 

49 80 68 65 

 

Table B18 TCC removal efficiency in 300 mm soil column 

Column 

depth 

(cm) 

Removal efficiency (%) 

783 ng L
-1

 

(Day 0) 

1112 ng L
-1

 

(Day 3) 

2130 ng L
-1

 

(Day 7) 

3501 ng L
-1

 

(Day 10) 

2372 ng L
-1

 

(Day 13) 

0 0 0 0 0 0 

8 94 67 29 44 10 

19 98 89 66 57 17 

30 100 96 71 68 32 

 

Figure B1 Chloride calibration curve 
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Figure B2 Bacterial Methyl Ester (BAME) calibration curves 
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Figure B3 Sample moisture content and pressure readings in 1 meter unsaturated 

soil column 
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APPENDIX C 

Tables C1 a – h Structures and IUPAC names of fatty acids identified in soil 

columns SC2 and SC3 

Table C1 a 

Type of Fatty Acid Shorthand 

designation 

Quality 

Undecanoic acid, methyl ester (C12H24O2

methyl undecanoate

 

11:0 97 

Dodecanoic acid, methyl ester (C13H26O2) 

methyl dodecanoate

 

12:0 96 

Tridecanoic acid, methyl ester (C14H28O2) 

methyl tridecanoate

 

13:0 97 

Tetradecanoic acid, methyl ester (C15H30O2) 

methyl tetradecanoate

 

14:0 97 
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Table C1 b 

Type of Fatty Acid Shorthand 

designation 

Quality 

Methyl 9-methyltetradecanoate (C16H32O2) 

 

methyl 9-methyltetradecanoate

 

9Me15:0 95 

Tetradecanoic acid, 12-methyl-, methyl ester 

(C16H32O2) 

 

methyl 12-methyltetradecanoate

 

a15:0 90 

Pentadecanoic acid, methyl ester (C16H32O2) 

 

methyl pentadecanoate

 

15:0 98 
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Table C1 c 

Type of Fatty Acid Shorthand 

designation 

Quality 

Tetradecanoic acid, 2-hydroxy-, methyl ester 

(C15H30O3) 

 

methyl 2-hydroxytetradecanoate

 

2-OH 14:0 99 

Methyl 3-hydroxytetradecanoate (C15H30O3) 

 

methyl 3-hydroxytetradecanoate

 

3-OH 14:0 91 

Pentadecanoic acid, 14-methyl-, methyl ester 

(C17H34O2) 

 

 

methyl 14-methylpentadecanoate

 

i16:0 97 
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Table C1 d 

Type of Fatty Acid Shorthand 

designation 

Quality 

9-Hexadecenoic acid, methyl ester, (Z)- (C17H32O2) 

 

 

methyl (Z)-hexadec-9-enoate

 
 

 

1 :1ω7 99 

Hexadecanoic acid, methyl ester (C17H34O2) 

 

methyl hexadecanoate

 

16:0 98 

Hexadecanoic acid, 14-methyl-, methyl ester (C18H36O2) 

 

methyl 14-methylhexadecanoate

 

a17:0 97 
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Table C1 e  

Type of Fatty Acid Shorthand 

designation 

Quality 

Cyclopropaneoctanoic acid, 2-hexyl-, methyl ester 

(C18H34O2) 

methyl 8-(2-hexylcyclopropyl)octanoate

 
 

cy17:0 96 

Heptadecanoic acid, methyl ester (C18H36O2) 

methyl heptadecanoate

 

17:0 99 

Hexadecanoic acid, 2-hydroxy-, methyl ester (C17H34O3) 

methyl 2-hydroxyhexadecanoate

 

2-OH 16:0  
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Table C1 f 

Type of Fatty Acid Shorthand 

designation 

Quality 

9,12-Octadecadienoic acid, methyl ester, (E,E)- (C19H34O2) 

 

methyl (9E,12E)-octadeca-9,12-dienoate

 
 

 

1 :2ω  

 

99 

8-Octadecenoic acid, methyl ester (C19H36O2) 

methyl (E)-octadec-8-enoate

 
 

 

1 :1ω10 99 

9-Octadecenoic acid, methyl ester, (E) (C19H36O2) 

methyl (E)-octadec-9-enoate

 
 

1 :1ω  99 
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Table C1 g   

Type of Fatty Acid Shorthand 

designation 

Quality 

Octadecanoic acid, methyl ester (C19H38O2) 

 

methyl octadecanoate

 

18:0 97 

Cyclopropaneoctanoic acid, 2-octyl-, methyl ester 

(C20H38O2) 

 

methyl 8-(2-octylcyclopropyl)octanoate

 
 

cy19:0 99 
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Table C1 h 

Type of Fatty Acid Shorthand 

designation 

Quality 

Nonadecanoic acid, methyl ester (C20H40O2) 

methyl nonadecanoate

 

19:0 98 

Eicosanoic acid, methyl ester (C21H42O2) 

 

methyl icosanoate

 
 

20:0 99 
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Figure C1 Sample chromatogram for fatty acid analysis 
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Figure C2 Sample chromatograms for 17α-ethinylestradiol (EE2), 17β-estradiol 

(E2) and estrone (E1) analysis 

 

 

 

EE2 

E2 

E1 
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Figure C3 Sample chromatogram for TCC analysis 
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APPENDIX D 

MATLAB code for estimation of COD rate constants using nonlinear squares 

approximation 

function enorm = CODfitfun2(x,cdata,ydata) 
%ENORM Norm of fit to function  
%  g = (co - ((D * x(1)/u^2)* (co - (D/u^2)* (x(1) * co/(x(2) + 

co)))/((x(2) + co - (D/u^2)*(x(1) * co/(x(2) + co)))* (1 + (D * x(1) 

* x(2))/(u^2 *(x(2) + co)^2))))); 
% f(c)=((u/x(1)) *(g - (c + (k(2) * log(g/c)))))+ ((D/u)* log((g 

*(x(2) + c))/(c * (x(2) + g))))   
% 
% ENORM(X, Cdata, Ydata) returns norm(Ydata - f(Cdata))  
%k = x(1), K = x(2), f(c) = l (distance along column) 

  
% The following are known parameters for HC20. 
u = 0.2861; 
co = 1; 
D = 0.6797; 

  
% The following are known parameters for HC10. 
%u = 0.1486; 
%co = 1; 
%D = 0.5833; 

  
% The following are known parameters for HC5. 
%u = 0.0743; 
%co = 136.6; 
%co = 1; 
%D = 0.5257; 

  

 
for i=1:5 

     
f(i) = ((u/x(1)) *((co - ((D * x(1)/u^2)*(co - (D/u^2)* (x(1) * 

co/(x(2) + co)))/((x(2)+ co - (D/u^2)*(x(1) * co/(x(2) + co)))* (1 + 

(D * x(1) * x(2))/(u^2 *(x(2) + co)^2))))) -(cdata(i) + (x(2) * 

log((co - ((D * x(1)/u^2)*(co - (D/u^2)* (x(1) * co/(x(2) + 

co)))/((x(2) + co - (D/u^2)*(x(1) * co/(x(2) + co)))*(1 + (D * x(1) 

* x(2))/(u^2 *(x(2) + co)^2)))))/cdata(i))))))+ ((D/u)* log(((co - 

((D * x(1)/u^2)* (co - (D/u^2)* (x(1) *co/(x(2) + co)))/((x(2) + co 

- (D/u^2)*(x(1) * co/(x(2) + co)))*(1 + (D * x(1) * x(2))/(u^2 

*(x(2) + co)^2))))) *(x(2) + cdata(i)))/(cdata(i) * (x(2) + (co - 

((D * x(1)/u^2)*(co - (D/u^2)* (x(1) * co/(x(2) + co)))/((x(2) +co - 

(D/u^2)*(x(1) * co/(x(2) + co)))*(1 + (D * x(1) * x(2))/(u^2 *(x(2) 

+ co)^2))))))))); 
end 
enorm = norm(f'-ydata); 
end 
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clc 
clear 

  
% testCODfitfun2 
% script file to test nonlinear least squares problem 

  
% create test data for COD HC20 

  
cdata = [1 0.765452 0.733433 0.69868 0.685423]'; 
ydata =[0 0.05 0.3 0.55 0.85]'; 

 
% create an initial guess 
% x contains initial guess parameters[f0,K] 
x0 = [0.05, 0.88] 

  
% call fminsearch 

  
CODfitfun = @CODfitfun2; % create handle 

  
options = []; % take default options 

 
% the vector parvec contains the parameters f0 and K 
parvec = fminsearch(CODfitfun,x0,options,cdata,ydata); 

  
% compute error norm at returned solution 

  
enorm = CODfitfun2(parvec,cdata,ydata) 
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MATLAB code for modelling COD removal in the 2 meter soil column 

A. Code for experimental condition HC-20 

function codtrbvp 
%BIOTRBVP  Solution for plug flow model with mixed order kinetics 
%   The soil column is modelled as a non-ideal plug flow reactor %  
%   with axial dispersion and biological reactions occurring.  
% 
%   For experimental condition HC-20 
%   c'' = Pe*(c' - (k*T*c/(Kc+c))*(o/(Ko+o))) for COD and 
%   o'' = Pe*(o' - (k*T*F*c/(Kc+c))*(o/(Ko+o))) for electron % 
%   acceptors here represented by oxygen. 
% 
%    
%   Here Pe is the axial Peclet number, T is the residence time, k  
%   is the overall reaction rate and K is the saturation constant.  
%   Let y1 = c ;  y2 = c'. Thus  y1'= c' = y2 and y2'= c'' 
%   Let y3 = o; y4 = o'. Thus y3'= o' = y4 and y4' = o''.  
%   The resulting system of first order ODEs are therefore 
%   y'(1) = y(2) 
%   y'(2) = Pe*(y(2)-(k*T*y(1)/(K+y(1))*(y(3)/(Ko+y(3)))) 
%   y'(3) = y(4) 
%   y'(4) = Pe*(y(4)-(k*T*F*y(1)/(K+y(1))*(y(3)/(Ko+y(3)))) 
%    
%    
%  DEVAL is used to get a smoother graph of y(x).    

  
  % Known parameters, visible in the nested functions. 
  Pe = 84; 
  k = -0.0221;  
  Kc = 0.7458;  
  Ko = 0.63;  
  T = 729; 
  F = 0.146;   

  
  options = bvpset('stats','on'); 
  solinit = bvpinit(linspace(0,1,10),[0.68 0 0.25 0]); 
  sol = bvp4c(@codtrode,@codtrbc,solinit,options); 

   
  zExpt = [0 0.05 0.3 0.55 0.85]; 
  cExpt = [1 0.765452 0.733433 0.69868 0.685423]; 
  err = [0 0.008 0.0344 0.0114 0.0130]; 
  errorbar(zExpt, cExpt, err,'ro'); 

           
  hold on; 
  xinit = linspace(0,1); 
  Sinit = deval(sol,xinit); 
  plot(xinit,Sinit(1,:)) 
  xlabel('Relative column height') 
  ylabel('Relative COD concentration') 
  legend('Experimental data','Model') 

  
  % ---------------------------------------------------------------- 
  % Nested functions 
  % 
    function dydx = codtrode(x,y) 
  %CODTRODE  ODE function for the soil column 
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    dydx = [y(2) 
            Pe*(y(2)-((k*T*y(1)/(Kc+y(1)))*(y(3)/(Ko+y(3))))) 
            y(4) 
            Pe*(y(4)-

((21.6*k*T*F*y(1)/(Kc+y(1)))*(y(3)/(Ko+y(3)))))]; 

    
  end % codtrode 

     
  % ---------------------------------------------------------------- 

  
  function res = codtrbc(ya,yb) 
  %CODTRBC  Boundary conditions for the soil column 
    res = [ya(2) - Pe*(ya(1) - 1) 
           yb(2) 
           ya(4) - Pe*(ya(3) - 1) 
           yb(4)]; 
  end % codtrbc 

   
  % ---------------------------------------------------------------- 

  
end  % codtrbvp 

 
 

 

The solution was obtained on a mesh of 37 points. 

The maximum residual is 4.031e-004.  

There were 951 calls to the ODE function.  

There were 68 calls to the BC function. 

 

B. Code for experimental condition HC-10 

function codtrbvp10 
%BIOTRBVP  Solution for plug flow model with mixed order kinetics 
%   The soil column is modelled as a non-ideal plug flow reactor  
%   with axial dispersion and biological reactions occuring.  

% 
%   For experimental condition HC-10 
%   c'' = Pe*(c' - (k*T*c/(Kc+c))*(o/(Ko+o))) for COD and 
%   o'' = Pe*(o' - (k*T*F*c/(Kc+c))*(o/(Ko+o))) for electron  
%   acceptors here represented by oxygen. 
%    
%   Here Pe is the axial Peclet number, T is the residence time, k  
%   is the overall reaction rate and K is the saturation constant.  
%   Let y1 = c ;  y2 = c'. Thus  y1'= c' = y2 and y2'= c'' 
%   Let y3 = o; y4 = o'. Thus y3'= o' = y4 and y4' = o''.  
%   The resulting system of first order ODEs are therefore 
%   y'(1) = y(2) 
%   y'(2) = Pe*(y(2)-(k*T*y(1)/(K+y(1))*(y(3)/(Ko+y(3)))) 
%   y'(3) = y(4) 
%   y'(4) = Pe*(y(4)-(k*T*F*y(1)/(K+y(1))*(y(3)/(Ko+y(3)))) 
%    
%    
%  DEVAL is used to get a smoother graph of y(x).    
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  % Known parameter, visible in the nested functions. 
  Pe = 51; 
  k = -0.0082; 
  Kc = 0.7876; 
  Ko = 0.63; 
  T = 1426.7; 
  F = 0.146; 

  
  options = bvpset('stats','on'); 
  solinit = bvpinit(linspace(0,1,10),[0.5 0 0.5 0]); 
  sol = bvp4c(@codtrode,@codtrbc,solinit,options); 

   
  zExpt = [0 0.05 0.3 0.55 0.85]; 
  cExpt = [1 0.805326 0.759929 0.70265 0.67082]; 
  err = [0 0.0185 0.0099 0.0099 0.0205]; 
  errorbar(zExpt, cExpt, err,'ro'); 

    
  xlabel('Relative column height') 
  ylabel('Relative COD concentration') 
  legend('Experimental data') 

   
  hold on; 
  xinit = linspace(0,1); 
  Sinit = deval(sol,xinit); 
  plot(xinit,Sinit(1,:)) 
  xlabel('Relative column height') 
  ylabel('Relative COD concentration') 
  legend('Experimental data', 'Model') 

  
  % ---------------------------------------------------------------- 
  % Nested functions 
  % 

   
  function dydx = codtrode(x,y) 
  %CODTRODE  ODE function for the soil column 
    dydx = [y(2) 
            Pe*(y(2)-((k*T*y(1)/(Kc+y(1)))*(y(3)/(Ko+y(3))))) 
            y(4) 
            Pe*(y(4)-

((21.6*k*T*F*y(1)/(Kc+y(1)))*(y(3)/(Ko+y(3)))))]; 

    
  end % codtrode 

     
  % ---------------------------------------------------------------- 

  
  function res = codtrbc(ya,yb) 
  %CODTRBC  Boundary conditions for the soil column 
    res = [ya(2) - Pe*(ya(1) - 1) 
           yb(2) 
           ya(4) - Pe*(ya(3) - 1) 
           yb(4)]; 
  end % codtrbc 

   
  % ---------------------------------------------------------------- 

  
end  % codtrbvp 
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The solution was obtained on a mesh of 26 points. 

The maximum residual is 9.356e-004.  

There were 852 calls to the ODE function.  

There were 69 calls to the BC function. 

 

C. Code for experimental condition HC-5 

function codtrbvp5 
%BIOTRBVP  Solution for plug flow model with mixed order kinetics 
%   The soil column is modelled as a non-ideal plug flow reactor  
%   with axial dispersion and biological reactions occuring.  
% 
%   For experimental condition HC-20 
%   c'' = Pe*(c' - (k*T*c/(Kc+c))*(o/(Ko+o))) for COD and 
%   o'' = Pe*(o' - (k*T*F*c/(Kc+c))*(o/(Ko+o))) for electron  
%   acceptors here represented by oxygen. 
% 
%    
%   Here Pe is the axial Peclet number, T is the residence time, k  
%   is the overall reaaction rate and K is the saturation constant.  
%   Let y1 = c ;  y2 = c'. Thus  y1'= c' = y2 and y2'= c'' 
%   Let y3 = o; y4 = o'. Thus y3'= o' = y4 and y4' = o''.  
%   The resulting system of first order ODEs are therefore 
%   y'(1) = y(2) 
%   y'(2) = Pe*(y(2)-(k*T*y(1)/(K+y(1))*(y(3)/(Ko+y(3)))) 
%   y'(3) = y(4) 
%   y'(4) = Pe*(y(4)-(k*T*F*y(1)/(K+y(1))*(y(3)/(Ko+y(3)))) 
%    
%    
%  DEVAL is used to get a smoother graph of y(x).    

  
  % Known parameter, visible in the nested functions. 
  Pe = 31; 
  k = -0.002; 
  Kc = 0.8852; 
  Ko = 0.63; 
  T = 3106.3; 
  F = 0.146; 

  
  options = bvpset('stats','on'); 
  solinit = bvpinit(linspace(0,1,10),[0.68 0 0.25 0]); 
  sol = bvp4c(@codtrode,@codtrbc,solinit,options); 

   
  zExpt = [0 0.05 0.3 0.55 0.85]; 
  cExpt = [1 0.763518 0.730443 0.711624 0.710322]; 
  err = [0 0.0225 0.0239 0.0343 0.0383]; 
  errorbar(zExpt, cExpt, err,'ro'); 

    
  xlabel('relative column height') 
  ylabel('Relative concentration') 
  legend('Experimental data') 
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  hold on; 
  xinit = linspace(0,1); 
  Sinit = deval(sol,xinit); 
  plot(xinit,Sinit(1,:)) 
  xlabel('Relative column height') 
  ylabel('Relative COD concentration') 
  legend('Experimental data', 'Model') 

  
  % ---------------------------------------------------------------- 
  % Nested functions 
  % 

   
  function dydx = codtrode(x,y) 
  %CODTRODE  ODE function for the soil column 
    dydx = [y(2) 
            Pe*(y(2)-((k*T*y(1)/(Kc+y(1)))*(y(3)/(Ko+y(3))))) 
            y(4) 
            Pe*(y(4)-

((21.6*k*T*F*y(1)/(Kc+y(1)))*(y(3)/(Ko+y(3)))))]; 

    
  end % codtrode 

     
  % ---------------------------------------------------------------- 

  
  function res = codtrbc(ya,yb) 
  %CODTRBC  Boundary conditions for the soil column 
    res = [ya(2) - Pe*(ya(1) - 1) 
           yb(2) 
           ya(4) - Pe*(ya(3) - 1) 
           yb(4)]; 
  end % codtrbc 

   
  % ---------------------------------------------------------------- 

  
end  % codtrbvp 

 

 

The solution was obtained on a mesh of 21 points. 

The maximum residual is 5.685e-004.  

There were 663 calls to the ODE function.  

There were 67 calls to the BC function. 

 

Further experimental results can be found on the accompanying CD. These include: 

i. Soil column tracer tests; 

ii. TCC, E1, E2 and EE2 chromatograms; 

iii. PLFA chromatograms. 
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