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ABSTRACT 

The Role of Dissolved Organic Carbon and Pre-adaptation in the Biotransformation 

of Trace Organic Chemicals during Aquifer Recharge and Recovery 

Aquifer recharge and recovery (ARR) is a low-cost and environmentally-friendly 

treatment technology which uses conventionally treated wastewater effluent for 

groundwater recharge and subsequent recovery for agricultural, industrial or drinking 

water uses. This study investigated the effect of different dissolved organic carbon 

(DOC) composition in wastewater effluent on the fate of trace organic chemicals (TOrCs) 

during ARR. Four biologically active columns were setup receiving synthetic wastewater 

effluent with varying DOC compositions. The difference in DOC composition triggered 

variations in the microbial community’s diversity and hence its ability to degrade TOrCs. 

It was found that the presence of protein-like DOC enhances the removal of DOC in 

comparison with the presence of humic-like DOC. On the other hand, the presence of 

humic-like DOC, which is more difficult to degrade, improved the removal of several 

degradable TOrCs. Other column experiments were also carried out to investigate the 

role of previous and continuous exposure to TOrCs in their removal. The use of soil pre-

exposed to low concentrations of TOrCs and DOC provided better removal of both DOC 

and TOrCs. The findings of this study suggest that the presence of more humic-like DOC 

in the effluent enhances the biotransformation of TOrCs during ARR. In addition, long 

exposure to both DOC and TOrCs increases the degree of their removal over time.  
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Chapter 1: Introduction 

Providing adequate water supplies to a rapidly increasing population and to the 

growing needs of agriculture and industries is becoming increasingly difficult in recent 

decades. In many countries, especially those in arid and semi-arid regions of the world, 

the use of supplies other than conventional freshwater resources is on the rise. For 

example, water desalination is growing to be a major alternative for drinking water 

supply in many countries. The abundance of salt water in estuaries and oceans makes 

desalination a viable option for coastal communities. However, water desalination is an 

energy intensive process, which requires high capital and operational costs. In addition, 

the amount of fossil fuels needed to generate the required energy makes it a less 

environmentally-friendly alternative. 

Another alternative to augment freshwater supplies is water recycling and reuse 

which utilizes treated wastewater effluents to provide water for different applications. 

Many treatment technologies must be employed to achieve efficient treatment of water 

that is usable in agriculture or even for drinking purposes. While conventional treatment 

of wastewater provides removal of many water contaminants, several chemicals of 

emerging concern, such as pharmaceuticals and household chemicals, are still detected 

after wastewater treatment.  Where the presence of these contaminants is a concern, 

advanced treatment processes need to be applied to achieve removal of these trace 

organic chemicals (TOrCs). Processes, such as ozonation and reverse osmosis provide 

removal of several of those compounds. However, the high cost for running these 
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processes makes it difficult to apply them on a large scale especially in economically 

stressed regions.  

On the other hand, natural treatment systems, such as aquifer recharge and 

recovery (ARR), provide attenuation of pathogens, turbidity, bulk organic carbon, 

nitrogen, as well as several TOrCs (Amy and Drewes, 2007). ARR is a low-cost and 

environmentally-friendly treatment technology which uses conventionally treated 

wastewater for groundwater recharge and subsequent recovery. It has been used for many 

decades.  However, a more comprehensive understanding of the mechanisms through 

which ARR provides treatment is still lacking.  There are many advantages for using 

ARR in water reuse treatment trains and the future prospects for this technology are 

numerous. Considering these features, ARR can contribute to the UN millennium goal for 

water supply (Dillon, 2005). 

Several removal pathways, such as sorption, photolytic decay, and microbial 

biotransformation, are responsible for the removal of TOrCs during ARR.  However, 

several studies indicated that microbial biotransformation is the main removal pathway 

during ARR (Rauch-Williams et al., 2010). The microbial communities within the soil 

obtain their required energy by metabolizing different carbon sources in the infiltrated 

water, such as DOC. Therefore, ARR can be utilized as a method for removing TOrCs 

and DOC from water. In this study, the parameters affecting the efficiency of microbial 

biotransformation of TOrCs were studied. The composition of DOC and the amount of 

biodegradable DOC in the infiltrated water were found to play an important role in the 

removal of TOrCs. Higher concentrations of humic-like DOC triggered more efficient 
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microbial biotransformation of TOrCs. In addition, pre-exposure to TOrCs and DOC 

increased their removal efficiency. Findings of the study revealed that longer exposure to 

TOrCs chemicals enhances their removal over time.  
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Chapter 2: Theory 

2.1 Managed Aquifer Recharge 

Natural treatment systems, such as managed aquifer recharge (MAR) present a 

viable alternative for treatment of certain contaminants to achieve water quality that is 

suitable for reuse. MAR systems are different types of systems that can be employed for 

advanced water treatment. In many cases, they are used for drinking water augmentation 

to replenish groundwater resources (Hoppe-Jones et al., 2010). The advantages of such 

systems include storage and recharge of groundwater, reliable attenuation of turbidity, 

bulk organic matter, pathogens and certain pesticides (Hoppe-Jones et al., 2010, Drewes 

et al., 2003a). Underground storage also decreases the exposure of water resources to 

evaporation losses which is major source of water loss in arid environments (Díaz-Cruz 

and Barceló, 2008).  

2.2 How Managed Aquifer Recharge works 

During MAR, intentional banking and treatment of water in aquifers occurs. 

Many sites demonstrated effective removal of contaminants such as pathogens and trace 

organics through MAR (Grünheid et al., 2005). However, one issue of concern with 

MAR is the possible introduction of new pathogens or trace organic chemicals from the 

soil to the water (Grünheid et al., 2005).  

2.2.1 River Bank Filtration 

MAR includes River Bank Filtration (RBF), Aquifer Recharge and Recovery 

(ARR), and the use infiltration ponds as well as many other examples (Dillon, 2005). 

RBF proved to be a reliable treatment system over the years. It has been applied for more 
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than 100 years in different places in Europe, where many cities make use of RBF as one 

of the main steps of drinking water treatment (Maeng et al., 2010, Heberer et al., 2004). 

In RBF (Figure 2.1), supply wells are drilled within short distances from rivers or lakes 

where water is subject to aquifer treatment during the travel from the riverbed to the 

supply wells (Heberer et al., 2004).  

 

Figure 2.1: River Bank Filtration 

(http://www.wrrc.hawaii.edu/bulletins/2000_08/filtration.html) 

2.2.2 Aquifer Recharge and Recovery 

ARR, on the other hand, is an engineered system where water is introduced into 

the ground for infiltration and subsequent movement to aquifers to augment groundwater 

sources (Bouwer, 2002). Consequently, the infiltrated water is withdrawn for reuse after 

residence within the aquifer (Figure 2.2). Several techniques exist for the injection of 

water into the subsurface such as surface spreading. All of these techniques aim at 

providing the maximum water contact surface area with the soil (Díaz-Cruz and Barceló, 

2008).  

http://www.wrrc.hawaii.edu/bulletins/2000_08/filtration.html
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The concept of groundwater recharge doesn’t provide an infinite capacity for the 

removal of contaminants. For the contaminants where sorption is the main source of 

removal, if the retained contaminants do not break down, they will accumulate in the 

aquifer which may have long-term implications on the treatment capacity of that aquifer 

(Díaz-Cruz and Barceló, 2008). One of the main problems in the infiltration systems is 

clogging of the soil of the infiltrating surface such as basin bottoms. Therefore, pre-

sedimentation is one of the main pretreatment steps for ARR (Bouwer, 2002). However, 

pretreatment that includes chlorination before recharge is problematic due to the potential 

for formation of disinfection byproducts (DBP). 

 
Figure 2.2: Aquifer Recharge and Recovery (A type of MAR) 

2.3 Occurrence of Trace Organic Chemicals (TOrCs) in water 

2.3.1 Reasons for concern with TOrCs occurrence in water 

The recent developments in the production, use, and disposal of several chemicals 

increased concern of their potential adverse effects on human health. These emerging 

chemicals resulted from improvements in industry, agriculture, and medical treatment in 

recent years (Kolpin et al., 2002, Maeng et al., 2011). Research results suggest that these 

chemicals can enter the environment, disperse and persist in it. The concern stems from 
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the little knowledge available about the occurrence, transport, and fate of these 

compounds (Kolpin et al., 2002). They are expected to enter the environment through the 

common wastewater pathways and are used in significant quantities (Kolpin et al., 2002). 

A study conducted on 139 US streams showed that at least one of the studied TOrCs is 

found in 80% of the studied streams. The most detected compounds in that study came 

from a wide variety of uses and origins (Kolpin et al., 2002). The study also detected 

several metabolites of these TOrCs which highlights the necessity of understanding the 

fate and biotransformation pathways of TOrCs.  

2.3.2 Adverse health effects of organic water contaminants 

TOrCs can be pharmaceuticals (PhAC), Personal Care Products (PCP), or 

Endocrine Disrupting Chemicals (EDC). Research showed that low concentration levels 

of individual PhAC in water (ng/L) do not pose a direct risk to human health (Maeng et 

al., 2010). However, possible harmful effects can occur from mixtures of these 

compounds in the aquatic environment and long-term exposure to them (Mansell et al., 

2004). The way some of these compounds can interfere with the endocrine system is a 

major source of concern. For example, some of these compounds can mimic natural 

hormones resulting in an excessive response from the human body (Mansell et al., 2004). 

Another study has shown that steroidal hormones, such as 17β-estradiol, which already 

occurs in surface water, causes reproductive deformations in fish and mice at 

concentrations less than 5 ng/L (Mansell and Drewes, 2004). Currently, all the possible 

risks of these contaminants are unknown, especially since new chemicals enter the 

environment at a very rapid rate (Maeng et al., 2010).  
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2.3.3 Occurrence of TOrCs in reclaimed water, and possible treatment technologies 

Reclaimed water from municipal and industrial wastewater treatment plants 

(WWTPs) is the main source of water used for ARR (Díaz-Cruz and Barceló, 2008). This 

water is considered an important source of contamination with compounds such as flame 

retardants, plasticizers, PhAC and Personal Care Products (PCP) (Scheytt et al., 2001). 

The current wastewater treatment techniques used in most municipalities are not able to 

remove these trace organics (TOrCs) (Ternes et al., 2003). Therefore, more advanced 

treatment technologies such as advanced oxidation processes (AOPs) are needed to 

remove these trace organic pollutants (Ternes et al., 2003). However, economic 

feasibility of applying such processes is a significant challenge. On the other hand, the 

use of natural treatment systems such as MAR for removing TOrCs proved to be a 

reliable technique (Mansell et al., 2004). However, a number of compounds were 

detected in water even after soil aquifer passage (Díaz-Cruz and Barceló, 2008). This 

highlights the importance of studying the mechanisms of TOrCs removal during MAR 

and the different parameters that affect it. Table A1 in the appendix lists some of the most 

frequently detected TOrCss in surface waters (Díaz-Cruz and Barceló, 2008). 

2.4 Transformation of Trace Organic Chemicals 

2.4.1 TOrCs Occurrence and removal pathways  

The increase in use of pharmaceuticals and prescription drugs as well as other 

chemicals on a daily basis resulted in their occurrence in different water streams at 

increasing frequencies (Maeng et al., 2011). The concentrations of these compounds vary 

around the world due to different consumptions and application rates in different 

countries. These compounds comprise a wide range of TOrCs which can have a negative 
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effect on the environment. TOrCs have a high potential to migrate into groundwater and 

are not expected to be adsorbed on porous media (Rauch-Williams et al., 2010).  

There are different pathways for the removal and biotransformation of these 

compounds. Dilution can result in decreasing the concentration of some compounds 

during MAR such as Carbamazepine (Heberer et al., 2004). On the other hand, a study 

indicated that the observed removal of EDC, such as steroidal hormones, takes place due 

to adsorption during MAR (Mansell and Drewes, 2004). Generally, adsorption and 

biotransformation are the two predominant forms of removal during MAR (Heberer et al., 

2004). 

2.4.2 TOrCs removal during MAR 

Studies revealed that many pharmaceuticals and other TOrCs can be efficiently 

removed by MAR (Heberer et al., 2004). Factors such as the depth of the water table, 

sediment porosity and permeability of the soil are very influential in controlling how fast 

and to what extent these contaminants are removed or decreased (Drewes et al., 2003b, 

Díaz-Cruz and Barceló, 2008). For example, EDC are effectively removed over medium 

to long-term MAR while they are detected after shorter term MAR (Amy and Drewes, 

2007). However, MAR is not capable of removing all TOrCs present in water streams. 

The detection of some compounds, such as carbamazepine and sulfamethoxazole, after 

MAR indicates the difficulty of their removal under soil-aquifer treatment (Díaz-Cruz 

and Barceló, 2008). Studies demonstrated that these compounds were not removed under 

both aerobic and anaerobic conditions (Patterson et al., 2011). On the other hand, 

iopromide is biotransformed under both aerobic and anaerobic conditions (Amy and 

Drewes, 2007). Caffeine also is not detected in most samples after MAR suggesting that 
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it is a poor indicator for MAR performance (Amy and Drewes, 2007). In general, it can 

be concluded that additional pre or post treatment is needed to compliment natural 

treatment via MAR (Patterson et al., 2011). 

2.4.3 The Effect of Redox conditions on TOrCs transformation during MAR  

Aerobic processes seem to be responsible for the high elimination degree of 

trihalomethanes and phenoxy pesticides (Díaz-Cruz and Barceló, 2008). Other TOrCs 

and EDCs such as iohexol, Bpa and E2 are also rapidly biotransformed under aerobic 

geochemical conditions. Under anaerobic conditions, iopromide is only partially de-

halogenated, while it is completely degraded under aerobic conditions (Amy and Drewes, 

2007). However, some compounds, such as iodipamide (half life <1 day), demonstrate 

rapid biotransformation under anaerobic conditions (Patterson et al., 2011). It is generally 

believed, however, that aerobic conditions enhance TOrCs removal.  

2.4.4 The Role of DOC in the biotransformation of TOrCs during MAR 

Biotransformation of TOrCs during MAR occurs in association with DOC 

removal under either aerobic or anaerobic conditions suggesting a possible role of co-

metabolism (Amy and Drewes, 2007). According to one study, TOrCs are removed more 

efficiently than bulk DOC during MAR (Drewes et al., 2003b). Removal of PhAC was 

shown to increase under biotic conditions and the presence of biodegradable organic 

carbon (Maeng et al., 2011). The role of carbon is therefore a vital factor in the microbial 

biotransformation during MAR.  

Previous studies indicated the role of biodegradable DOC in increasing the soil 

biomass and it was suggested that higher biodegradable DOC content limited the 

diversity of the microbial community (Rauch-Williams and Drewes, 2006).  
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Organic carbon in wastewater can be divided into three main categories; colloidal 

organic carbon, hydrophobic acids, and hydrophilic carbon (Rauch-Williams et al., 

2010). Studies demonstrated that the presence of hydrophobic acids (non-easily 

degradable DOC) results in a faster removal of TOrCs when compared with other types 

of carbon substrates (Rauch-Williams et al., 2010). This observation suggests that some 

microorganisms can grow on refractory organic carbon substrates where TOrCs would 

act as co-substrates. Hydrophilic neutral PhAC, such as acetaminophen and caffeine , are 

removed in conditions of low biodegradable carbons which suggests that they have been 

used as carbon sources (Maeng et al., 2011). Ketoprofen is also partially mineralized as a 

sole source of carbon (Quintana et al., 2005). On the other hand, other studies have 

indicated that higher amounts of biodegradable DOC content would increase NDMA 

removal (Nalinakumari et al., 2010).  

2.4.5 The role of acclimation in TOrCs transformation 

For the microbial biotransformation of TOrCs to occur, adaptation of the 

microorganisms to the environmental conditions is necessary (Howard and Banerjee, 

1984). Many studies revealed that the increase of residence time in the soil for 

acclimation during MAR provides better removal results for some compounds such as 

gemfibrozil (Maeng et al., 2011). The prolonged residence time is necessary for the 

adaptation of the microbial community. It could take years for some microorganisms to 

allow for their adaptation and thus increased removals of poorly degradable compounds 

such as sulfamethoxazole (Baumgarten et al., 2011).  
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2.4.6 Fate of select TOrCs 

A study suggests that naproxen and ibuprofen can be fully metabolized while 

more stable metabolites occur in ketoprofen and bezafibrate transformation (Quintana et 

al., 2005). Metabolites for ibuprofen were identical to human metabolites. For some 

hormones such as 17β-estradiol, aerobic biotransformation showed more than 95% of it 

to disappear. However, its metabolite estrone increased by the same percentage (Mansell 

and Drewes, 2004). Studying the possible pathways for biotransformation of TOrCs is 

therefore necessary to determine the type of metabolites that could be found in water after 

ARR and assess their environmental impact. 

2.4.7 Other pathways for TOrCs removal 

Evidence was shown for biotransformation, sorption and volatilization as 

potential pathways for TOrCs removal (Bouwer et al., 1981). In addition, photolytic 

decay of some trace organics was demonstrated in some studies as a possible removal 

mechanism (Mansell and Drewes, 2004). The hydroxyl radicals (OH) and O2 can react 

with some of these compounds especially hormones such as 17β-estradiol. A study 

reported 95% removal of 17β-estradiol after 100 hours of sunlight exposure. The half life 

of 17β-estradiol was predicted to be around 3.5 days (Mansell and Drewes, 2004).  

2.4.8 The effect of temperature on TOrCs removal 

During the summer months, the concentration of TOrCs such as naproxen, 

ibuprofen and gemfibrozil was decreased to less than 50 ng/L after 5 days of soil travel. 

During the winter months, on the other hand, attenuation of these compounds occurred 

within 5 days of travel in the soil. Additional travel time was needed to further reduce the 

concentrations of TOrCs (Hoppe-Jones et al., 2010). Therefore, temperature and flow 

variation played an important role in the attenuation of TOrCs. It was observed that MAR 
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in temperatures less than 10°C didn’t significantly affect DOC removal but resulted in 

decreasing the TOrCs removal rates (Hoppe-Jones et al., 2010). However, removal of 

these TOrCs increased after more travel time in the winter. It was also observed that RBF 

systems are able to remove DOC, nitrogen and some TOrCs given that enough retention 

time is given in the winter months. 

2.5 Dissolved Organic Carbon removal during ARR 

2.5.1 Occurrence of organic carbon in water 

Domestic wastewater effluents contain a large number of organic substances of 

which less than 20% are identifiable (Drewes et al., 2006). Collectively, these organic 

substances form the Total Organic Carbon (TOC) which is removed during ARR by a 

combination of physical, chemical, and biological processes (Rauch and Drewes, 2005, 

Hiscock and Grischek, 2002). TOC is a potential surrogate for monitoring the quality of 

water, where the concentration of TOC of reclaimed water should not exceed 0.5 mg/L in 

proposed regulations (Drewes et al., 2003b).  

2.5.2 Removal of organic carbon from water 

Several studies report that biodegradation is the primary mechanism of Dissolved 

Organic Carbon (DOC) removal (Zhao et al., 2007). Studies suggest that biodegradable 

factions of DOC (BDOC) are preferentially removed during ARR in comparison with the 

refractory ones. The most significant removal of DOC occurs in the initial 0.5m of soil 

infiltration (Zhao et al., 2007, Drewes et al., 2003b). Different factions of the organic 

carbon in water show significantly different behaviors. Hydrophilic and colloidal organic 

matter, are subject to biological removal during the initial part of soil infiltration. Also, 

the colloidal organic matter can be partially removed by physical adsorption (Rauch and 
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Drewes, 2004). On the other hand, refractory hydrophobic acids show less removal by 

biological processes. However, studies showed that the presence of humic acids can still 

support biomass growth (Filip and Tesařová, 2004). The utilization of humic acids ranged 

between 9% and 62.7% where it increased when it served as the sole carbon source (Filip 

and Tesařová, 2004). 

Different studies suggested that MAR decreases DOC concentration, but on the 

other hand, increases its aromaticity (i.e. humic organic matter) (Drewes et al., 2003b). 

The preferred removal of non-humic organic matter is confirmed by studies using size 

exclusion chromatography (Drewes et al., 2006). The character of bulk organics changes 

during MAR resembles the character of Natural Organic Matter (NOM) in drinking 

water.  

The redox conditions also play an important role in DOC removal via 

biodegradation since more rapid DOC removal is observed under aerobic conditions in 

ARR systems (Grünheid et al., 2005). Recent findings suggested that the concentrations 

and character of DOC present in the effluent affects the biotransformation of TOrCs. 

High removal efficiencies of TOrCs are observed during the presence of low BDOC 

concentrations (Rauch-Williams et al., 2010).  

2.5.3 The effect of Biodegradable DOC on soil biomass 

Studies have supported that biodegradable organic carbon has a positive effect on 

increasing the total soil biomass (Rauch-Williams and Drewes, 2006). The extensive 

infiltration of wastewater effluents into the soil introduces nutrients and carbon sources 

during groundwater recharge which increases soil biomass levels. Studies have also 
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supported that humic and fulvic acids supported soil biomass growth in certain cases 

(Rauch-Williams and Drewes, 2006).  

2.6 The Role of the microbial community in TOrCs Biotransformation 

2.6.1 Survival of microorganisms under extreme conditions 

The increased removal of TOrCs under biotic conditions confirms that 

biotransformation is an important removal mechanism in MAR (Maeng et al., 2011). 

Until recently, microbiological studies assumed that nutrient-poor environments lack any 

life since most of the bacterial cells observed were either dead or dormant (Thomas, 

2010). Recent studies, however, found that these microbes are alive and performing 

metabolism. They are capable of growth whenever given the chance after adapting to 

these severe conditions (Thomas, 2010).  

For microorganisms to survive under extreme conditions, two strategies were 

demonstrated by some studies. One strategy is to develop an ability to metabolize 

different sources of organic carbon, where the microorganisms can metabolize different 

substrates simultaneously. The other strategy is to minimize their maintenance 

requirements whereby they would need to metabolize less carbon (Thomas, 2010).  

2.6.2 The microbial response to the introduction of TOrCs 

The microbial community responds to any chemical contaminant introduced in 

one of the following scenarios (Howard and Banerjee, 1984)  

 Attenuation of the chemical contaminant starts instantaneously since one or more 

microorganisms present in the soil possess the required enzymes to degrade the 

chemicals. 
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 Attenuation of the contaminant starts after some time since acclimation of the 

microorganism is necessary in order to start producing the enzymes capable of 

degradation. Therefore, a lag phase between the introduction of the chemical and 

the start of biotransformation is observed. 

 Attenuation doesn’t occur at all since the microbial community present in the soil 

cannot degrade the contaminants and cannot develop a mechanism to remove 

them with time.  

2.6.3 Co-metabolism 

Until recently, it was hypothesized that a chemical would be biotransformed only 

if it provides carbon to the microbial population responsible for degrading it (Howard and 

Banerjee, 1984). However, recent studies have demonstrated that some chemicals can be 

biotransformed without contributing to the growth of the microbial community. This 

process, which is called co-metabolism, involves the biotransformation of a compound 

which derives neither carbon nor energy for the microbes (Bouwer, 2002). Although the 

physiological basis for this process is not well studied, it provides a great importance for 

environmental applications (Howard and Banerjee, 1984). Therefore, the microbial 

community can biotransform a chemical contaminant according to two biotransformation 

pathways.   

 The microbial population would biotransform the contaminant (TOrCs) to obtain 

carbon and energy 

 The microbial community wouldn’t necessarily derive energy nor carbon from 

biotransformation of the compound (Co-metabolism) 



28 
 

2.6.4 The different types of microorganisms in the soil 

The types of microorganisms present in the soil can belong to different categories 

based on their ability to function under different environmental conditions (Howard and 

Banerjee, 1984).  

Eutrophs are active at high concentration of organic carbon but they do not form 

at low organic carbon content. On the other hand, oligotrophs are active at low 

concentration of organic carbon. These microorganisms can be subdivided into two 

groups. Obligate oligotrophs which cannot tolerate high carbon content and facilitate 

oligotrophs which are dormant at high concentration of organic carbon. However, they 

become active under low organic carbon content (Howard and Banerjee, 1984).   

2.7 Scope of work 

The physical, chemical, and biological removal processes during MAR are still 

not well understood (Grünheid et al., 2005). Current research demonstrated that 

biotransformation is the main process responsible for contaminants removal during 

MAR. It is therefore necessary to understand the mechanism of biotransformation and the 

different parameters that influence it. It is also important to note the behavior of different 

TOrCs when introduced to microbial communities for MAR.  

There are several studies that show that bioavailability and the type of organic 

matter in the effluent are necessary for microbial community growth and 

biotransformation during MAR (Rauch and Drewes, 2004, Rauch and Drewes, 2005). 

However, studies of the mechanisms and boundaries for the transformation of wastewater 

TOrCs during ARR are lacking. The role of biodegradable DOC in the removal of TOrCs 
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is the main focus of this study where columns are setup receiving different types of DOC. 

The role of acclimation in the enhanced removal of certain TOrCs will also be studied. 

This study aims at elucidating some of the biological parameters that influence the 

removal of contaminants. Synthetic wastewater, which is used for this study, provides the 

ability to control the composition of DOC which would provide a better understanding of 

the effect of DOC makeup on TOrCss removal. The TOrCs identified for the study, on 

the other hand, have a high potential to migrate into groundwater and are not expected to 

be adsorbed on porous media. Therefore, they demonstrate the different pathways for 

TOrCs removal. 
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Chapter 3: Equipment and Methods 

3.1 The Field Site 

The field site used for this study was the aquifer at Wadi Wajj, north of Taif, KSA 

(Figure 3.1). It received urban runoff, as well as, tertiary treated effluent from the Taif 

WWTP. Dry soil was collected from the wadi and sieved with two sieves (Retsch) of 

sizes 200 µm and 2 cm to retain soil with grain sizes between 0.2 and 2 cm. The sieved 

soil was also washed with DI water to remove retained organic matter and other debris. 

The soil was wetted with water prior to filling the columns, then it was transferred rapidly 

to the columns to eliminate porosity.  

 

Figure 3.1: The field site near Taif, KSA 
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3.2 Soil columns setup 

The complexity of natural systems makes it difficult to observe the effect of certain 

parameters on MAR in the field. Thus, laboratory-scale column studies were used since 

experimental conditions can be better controlled. However, column studies can be 

irrelevant if designed or operated inappropriately (Baumgarten et al., 2011). In order to 

investigate TOrCs biotransformation in managed aquifer recharge (MAR), a series of 

eight soil columns were set up to be exposed to different parameters. Four of these soil 

columns were setup using GE Healthcare XK 50/30 glass columns (Sweden), while the 

other four soil columns were setup using spectrum chromatography glass columns 

(Product# 12403, Houston, TX). 

Each one of the eight soil columns setup consisted of four columns (height 30 cm, 

internal diameter 5 cm) connected in series as shown in Figure 3.2. The columns were all 

covered with aluminum foil in order to protect the soil and the water going through it 

from algae growth, as well as, to prevent photolytic decay of TOrCs. The columns were 

operated in an up-flow mode. The hydraulic residence time (HRT) within each column 

was determined using a conservative tracer (KBr). The average HRT was determined to 

be about 6.5 hours per column, providing a total HRT of one day per series of 4 columns 

(one soil column setup). 

Black Viton tubing was used for connecting the columns in series and to deliver the 

influent solutions to the columns. The black tubing prevented light from reaching the 

solutions to minimize any photolytic degradation of TOrCs and to prevent the growth of 

algae. The tubing was connected in such a way that it allows sampling at the following 
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positions: 0 cm (influent), 30 cm (after the 1
st
 column), 60 cm (after the 2

nd
 column), 90 

cm (after the 3
rd

 column), and 120 cm (Effluent) as shown in Figure 3.2. 

 

Figure 3.2: Soil Columns Setup 

3.3 Cleaning the Influent Tubes 

Cleaning of the influent tubes was performed on a biweekly basis. The influent tubes 

were disconnected from the columns, and were flushed with high force MilliQ water. 

Consequently, the tubes were flushed with sodium hypochlorite, then MilliQ water 

followed by an ascorbic acid solution (50 mg/L). Finally, the tubes were flushed with 

MilliQ water again. This cleaning process was intended to limit the back-growth of 

bacteria inside the tubes, so as to prevent the degradation of organic carbon within the 

tubes and in the feed containers. 
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3.4 Columns Feed  

The soil columns were fed with synthetic wastewater in order to mimic actual 

wastewater effluent quality discharged to an MAR facility. The DOC concentration is 

targeted at 3 mg/L for all the column setups. The sources of organic carbon are humic 

acid and peptone yeast, which were mixed with different proportions according to the 

following chart. 

Table 3.1: Columns Feed Water Qualities  

Label 1 2 3 4 5 6 7 8 9 

Peptone Yeast 100% 100% 66% 66% 33% 33% 0% 0% 33% 

Humic acid 0% 0% 33% 33% 66% 66% 100% 100% 66% 

Receives TOrCs 

(Y/N) Y N Y N Y N Y N Y 

Start Date (2011) 8-Oct 

13-

Oct 

11-

May 

12-

May 

13-

May 

14-

May 

23-

Nov 8-Oct 

31-

Aug 

End Date 

ongoi

ng 

ongoi

ng  

ongoi

ng  

ongoi

ng  

ongoi

ng  

ongoi

ng  

ongoi

ng  

ongoi

ng 

22-

Nov 

 

The humic acid and peptone-yeast stock solutions were stored at 4°C. The 

concentration of each stock solution was measured on a weekly basis to determine the 

mixing proportions of peptone-yeast and humic acid.  

3.4.1 Peptone-yeast Preparation 

Peptone-yeast represents the easily degradable organic matter present in treated 

wastewater. The stock solution was prepared using BD Bacto
TM

 Peptone (Becton, 

Dickenson & Co.) and BD BactoTM Yeast extract (Becton, Dickenson & Co.). It was 

prepared at a concentration of 3 g/L with a ratio of two parts of peptone to one part of 

yeast. 
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3.4.2 Humic acid Preparation 

Humic acid represents the non-easily biodegradable carbon present in wastewater. 

The humic acid used was obtained from Sigma-Aldrich and prepared at a concentration 

of 500 mg/L. The solution was placed in a sonicator bath for one hour, and then filtered 

using glass microfiber (GF/C 47 mm circles Cat No 1822-047 Whatman
TM

) to remove 

suspended solids.  

3.4.3 Salt Buffer Solution Preparation 

The columns also received a mixture of salts from a salt buffer solution which 

simulated salt compositions representative of the tertiary effluent discharged into the 

Wadi. The solution was prepared by the addition of several salts to 18 Liters of DI water. 

The salts concentration was high at first which caused the precipitation of colloidal 

particles in the influent (prior to reaching the soil columns). Therefore, the salts 

concentration was decreased on September 17
th
, 2011. Table 3.2 summarizes the final salt 

concentrations currently used for the columns feed. 

Table 3.2: Salt concentrations in column feed 

Chemical  

Concentration in the columns' 

feed (mg/L) 

CaCl2.2H2O 12 

NaCl 50 

MgSO4 10 

Na2SO4 0 

KNO3 8 
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K2HPO4 3.5 

KH2PO4 0.7 

FeCl3 0.5 

ZnSO4.7H2O 4.5 

MnCl2.4H2O 1 

H3BO3 1 

Na2MoO4.2H20 0.4 

CuSO4.5H2O 0.3 

CoCl2.6H2O 0.3 

KI 0.1 

 

3.4.4 The Final Mixture 

The humic acid/ peptone-yeast mix (2 Liters) was stored inside a fridge and fed to 

the columns using an IPC 8 channel Ismatech pump (ISM 936, IDES Health & Science, 

Wertheim, Germany). The salt buffer solution (18 Liters) was also fed using an IPC 8 

channel Ismatech pump. Therefore, humic acid, peptone-yeast and the salt buffer solution 

were all mixed prior to reaching the columns resulting in a 10 times dilution of the humic 

acid/ peptone-yeast mix. It was important to maintain the DOC feed solution in the fridge 

at a concentration of 30 mg/L in order to achieve 3 mg/L after mixing and dilution. 

3.4.5 TOrCs preparation 

The selected TOrCs for this study (Table 3.3) have a high potential to migrate into 

groundwater and biotransformation is believed to be their main removal pathway. Their 
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degree of degradability during MAR is also different providing a wide array of removal 

profiles.  

Table 3.3: TOrCs analyzed in this study and some of their properties 

Name Type Structure Log D 

at pH 

7.4 

Source 

Atenolol Drug (Beta 

blocker)  

-0.16 (Alimuddin et al., 2008) 

Caffeine Drug 

(Stimulant) 

 -0.13 (Alimuddin et al., 2008) 

Carbamazepine Drug 
(Anticonvulsant

) 

 1.6 (Nishimura et al., 2009) 

  

 Four of the eight columns received TOrCs which were prepared as a mixture in 

methanol at a concentration of 50 mg/L. The solution was used to prepare a TOrCs stock 

solution in water at a concentration of 40 µg/L. 10 mL of this stock solution was added 

weekly to the 18 L salt buffer tank feeding the four columns achieving a target 

concentration for each compound of 500 ng/L.  

3.5 Sampling 

Samples were collected weekly from both the influent and the effluent of each 

column setup in 100 mL amber glass bottles. Additionally, samples were collected after 

the first column for the columns receiving TOrCs. The sample bottles were preserved 

with few drops of phosphoric acid for the DOC analysis to prevent microbial degradation, 

while samples for TOrCss analysis were preserved with one or two drops of sodium 

omadine. The sampled water was filtered using pre-rinsed cellulose acetate filters (0.45 
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µm) (28 mm Syringe Filters 0.45µm SFCA membrane Corning® 431220) or cellulose 

nitrate filters (0.45 µm, Whatman 7184-004). No preservatives were added to the samples 

for UV 254 analysis. All samples were then stored at 4°C prior to their respective 

analyses. 

3.6 Analysis Techniques 

3.6.1 DOC Analysis 

DOC analysis was performed using a Shimadzu TOC-V CPH Total Organic Carbon 

Analyzer. The device gave the measurement of the dissolved fraction of TOC since the 

filtration excluded non-dissolved organic carbon. The analysis was performed according 

to the EPA standards (EPA/600/R-09/122).  

Standards were prepared using potassium hydrogen phthalate (KHP), recommended 

by the manufacturer. The solution was prepared at 1,000 ppm and further diluted into 

different flasks to obtain the concentrations required for calibration (0.5-5 ppm). 

The 20 mL DOC vials were washed using DI water then placed in the muffle furnace 

at a temperature of 450°C for four hours to remove any residual organic carbon in the 

vials.  

3.6.2 Quality Assurance and Quality Control 

A calibration curve was created weekly using the prepared standards within the 

range of 0.5-5 ppm. Further to the calibration curve, five standards were inserted within 

each DOC run for quality control. In the event that standard readings were different form 

their expected measurements, manual correction was performed to all samples. In 
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addition, blank samples were inserted at different intervals to overcome samples 

carryover and contamination. 

3.6.3 Ultraviolet Absorbance Measurements 

Ultraviolet absorbance (UVA) measurements were carried out at 254 nm according 

to EPA/600/R-09/122 using a 1-cm path length quartz cell (Shimadzu UV-2550 

Spectrophotometer, Japan). A zero absorbance standard was established with MilliQ 

water. The specific UV absorbance (SUVA) was calculated as the ratio of UVA to DOC. 

3.6.4 Nitrate analysis 

Nitrate analysis was performed on a monthly basis using the dimethylphenol method 

(Hach). 1 mL of the sample was transferred into TNT 835 Nitrate vials, consequently 0.2 

ml of manufacturer provided solution A was added, and then the tube was inverted 2-3 

times for mixing. The vials were then left for 15 minutes. Subsequently, the nitrate 

concentration in the samples was measured using a DR2800 Hach Spectrophotometer 

(Germany) and obtained as NO3-N. 

3.6.5 Solid-Phase Extraction (SPE) 

Solid-phase extraction was performed using a Dionex AutoTrace 280 SPE 

workstation (Sunnyvale, CA). The samples were extracted using 500 mg hydrophilic-

lipophilic balance (HLB) cartridges from Water Corp (Millford, MA).  

Extraction started with preparing exactly 50 ml of the sample, followed by spiking 

the 50 mL of the sample with 100 µL of 100 ppb isotope stock solution. The use of 

isotope dilution for each compound was to correct for matrix suppression, as well as SPE 

losses and instrument variability (Vanderford and Snyder, 2006). Suction tubes from the 

SPE workstation were then inserted into the sample to start the automated SPE process. 
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SPE started with preconditioning the cartridges with 5 ml of MTBE, 5 ml of 

methanol, and 5 ml of MilliQ water. The 50 ml samples were then loaded onto the 

cartridges using the suction tubes, and then the cartridges were rinsed with 5 ml of MilliQ 

water. The cartridges were then dried for 60 minutes using nitrogen. After the drying of 

the cartridges, they were eluted with 5 ml of 10% ethanol in MTBE, followed by 5 ml of 

methanol in 15 ml calibrated centrifuge.  

The extracts were concentrated using a TurboVap®LV evaporation system (Biotage, 

Charlotte, NC) with a gentle stream of nitrogen to a volume of about 500 µl. The 

concentrated extract was then mixed using a vortex mixer to ensure any residual on the 

sides of the centrifuge tube were brought into solution. The concentrated extract was then 

brought to a final volume of 1 ml using LC-MS grade methanol. Dedicated glass pipettes 

were then used to transfer the extracts from the centrifuge tubes to 1.5 ml liquid 

chromatography vials.  

3.6.6 Liquid chromatography/ Mass Spectrometry LC/MS-MS 

An Agilent Technology 1260 Infinity Liquid Chromatography unit was used for all 

analyses. The LC unit consisted of a degasser, a binary pump, an auto sampler and an LC 

column. A sample injection volume of 10 uL was used for all samples. 

The mobile phase used in Electro-Spray Ionization (ESI) positive mode s 4mM 

ammonium formate in water containing 0.1% formic acid (A), and 4mM ammonium 

formate in methanol containing 0.1% formic acid (B). The mobile phases were delivered 

by a binary gradient at a flow rate of 800 uL/min as follows: 90% A held for 0.5 minutes, 

then stepped down to 50% at 0.51 minutes and decreased linearly to 5% at 8 minutes. It 
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was held at 5% for 6 minutes, then stepped up to 90% A for an equilibration step of 4 

minutes, giving a total run time of 18 minutes. 

In  ESI negative mode, the mobile phase used was 2 mM ammonium acetate in water 

(A), and 2mM ammonium acetate in methanol (B). The binary gradient delivering the 

mobile phases at flow rate of 800 uL/min was programmed as follows: 90% A held for 

0.5 minutes, then stepped down to 60% at 0.51 minutes and decreased linearly to 5% at 8 

minutes. It was held at 5% till 11 minutes, then linearly to 90% A in 3 minutes followed 

by a 4 minute equilibration step at 90% A, resulting in a total run time of 18 minutes. 

Mass spectrometry was performed using an AB SCIEX QTRAP 5500 mass 

spectrometer (Applied Biosystems, Foster City, CA). The ionization source used in the 

MS was limited to ESI, while optimum polarity used for each compound was selected 

based on previous work done by Teerlink et al. (in press). Individual compounds were 

prepared at a concentration of 100 ppb using the established optimal ionization polarity 

for each compound. Individual compounds were injected directly into the mass 

spectrometer. Manual tuning was carried out on MS as follows. A Q1 scan was 

performed to confirm the presence of the parent ion either by inputting the molecular 

weight of the parent ion and looking in a window of 5-10 around this peak, or by 

scanning between 200-400 amu and searching for the most intense peak for the parent 

ion. If the intensity of the peak was too low, the concentration of the analyte was 

increased. 

Optimization of compound-dependent parameters was performed automatically by 

the instrument and the six most intense product ion peaks were displayed. Two of the 
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product ions were selected based on the work done at Colorado School of Mines (CSM). 

Source-dependent optimization parameters for declustering Potential (DP), collision 

energy (CE), collision cell exit potential (CXP), were also selected based on the previous 

work done at CSM. A summary of the final parameters for each compound is presented 

in the appendix (Tables A2 and A3).  

3.6.7 3D fluorescence spectroscopy 

Excitation-emission matrix (EEM) fluorescence was measured using a 

spectrofluormeter (FluoroMax-4, Horiba Scientific, Japan). EEM profiles were conducted 

from 200 to 600 nm (5 nm increments) with 10 nm slit width and a 290 nm cutoff filter. 

A blank sample (MilliQ water) fluorescence was subtracted from all spectra.    

3.6.8 Size Exclusion Chromatography - Liquid Chromatography/ Organic Carbon Detection 

(LC-OCD) 

Size exclusion chromatography (SEC) with UV and online organic carbon 

detection (OCD) was used for the characterization of the organic carbon in the samples. 

The system used was a liquid chromatography (LC)–OCD (manufacturer DOC-

LABOR Dr. Huber, Karlsruhe, Germany). The system consists of size exclusion 

chromatography columns in order to separate organic molecules according to their 

molecular size. The column used was a HW-55S (GROM Analytik+HPLC GmbH, 

Herrenberg, Germany). The separated compounds were detected by UV absorption at 

254 nm (WellChrom fixed wavelength detector K-200, Knauer, Berlin, Germany) 

followed by dissolved organic carbon (DOC) detection. In order to eliminate inorganic 

carbon, phosphoric acid was added to the samples. The samples were also purged with 

nitrogen for 15 minutes in order to remove CO2. The organic carbon was oxidized in a 

Gräntzel thin-film reactor by radiolytically produced oxygen radicals. The produced 
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carbon dioxide was detected by non-dispersive infrared absorption with an Ultramat 6 

from Siemens, Munich, Germany (Huber and Frimmel, 1991). 

The first peak at the organic carbon detector was shown at about 38 minutes after 

sample injection. It is called the polysaccharide peak. Proteins and organic colloids also 

eluted in this peak. It was followed by the humic substances peak at 61 min. After which, 

neutral compounds may show. Everything was eluted after the salt boundary at 

approximately 70 min was interacting with the column resin. DOC concentrations are 

calculated by integrating the area below the peaks. 

The UV chromatograms showed similar distributions with one exception: 

polysaccharides were not detectable with UV because they do not have double bonds 

necessary for the absorption of light with a wavelength of 254 nm. 

  



43 
 

Chapter 4: Results and Discussion 

4.1 DOC content and its effect on DOC degradation 

The microbial community in subsurface systems plays a major role in water 

treatment during ARR. Therefore, it is important to investigate the different parameters 

that influence the growth of the microbial community and its performance with regards to 

contaminant attenuation. 

Previous studies indicated a positive correlation between biomass growth and 

biodegradable DOC content (Rauch-Williams and Drewes, 2006). In addition, studies 

revealed that although humic fractions of DOC are removed during ARR, their removal is 

more difficult than other fractions of DOC, such as protein-like DOC (Zhao et al., 2007). 

During this study, columns were fed with different DOC compositions and concentrations 

(Table 4.1). The DOC in the columns feed was prepared by mixing peptone-yeast (PY) 

and humic acid (HA), where peptone yeast simulates protein-like fractions of DOC and 

humic acid is the humic fraction of DOC.  

Table 4.1: Columns Feed DOC and average BDOC 

DOC composition 

in the feed 

Steady State Period Average DOC 

(mg/L) in the feed 

during steady state  

Average BDOC 

(mg/L) during 

steady state 

100:0 Peptone-

yeast/Humic acid 

22/10-31/12 1.03±0.24  0.55±0.13 

60:40 Peptone-

yeast/Humic acid 

26/6-18/12 1.80±0.36 1.16±0.37 

40:60 Peptone-

yeast/Humic acid 

26/6-15/10 1.27±0.3 0.38±0.32 

0:100 Peptone-

yeast/Humic acid 

27/11-29/1 4.07±0.66 0.4±0.54 
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Studies of DOC removal during ARR, which used size-exclusion chromatograms, 

demonstrated removal of humic and non-humic fractions of DOC (Drewes et al., 2003b). 

However, the removal of humic fractions of DOC was more difficult than the removal of 

non-humic DOC fractions. This is supported by a study which proved that hydrophobic 

acids such as humic and fulvic acids can support biomass growth to a certain degree 

(Rauch-Williams and Drewes, 2006). Other DOC removal pathways such as sorption 

may have also played a role in the attenuation of humic-only DOC (0:100 PY/HA 

column).  

Results from this experiment (Figure 4.1) confirmed higher relative DOC removal 

occurrs with the presence of more peptone-yeast (protein-like) DOC. The average DOC 

removal was highest in the columns receiving 60:40 and 100:0 PY/HA where it was 63% 

and 52%, respectively. For columns receiving feed water with higher relative amounts of 

humic acid; 40:60 and 0:100 PY/HA, the average DOC removal was 20% and 25%, 

respectively. 



45 
 

 

 

Figure 4.1: Removal of DOC in relation to the makeup of the DOC content in the feed 
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4.2 DOC transformation within the soil columns 

Several studies demonstrated that the most significant removal of DOC occurs 

during the initial phase of soil infiltration (Zhao et al., 2007, Drewes et al., 2003b). 

During the course of this study, the removal of DOC was monitored for 4 weeks (29/1-

18/2) after 30 cm of travel within the columns and after 120 cm. With the exception of 

the column receiving only peptone-yeast (100:0 PY/HA), on average, approximately 94% 

of DOC removal in all columns occurred during the initial 30 cm of column travel 

(Figure 4.2) confirming previous findings regarding a rather rapid removal of DOC 

during ARR.  

In the 100:0 PY/HA column, 53% of the DOC removal occurred during the first 

30 cm, while the remaining 47% occurred during the travel from 30 to 120 cm. Previous 

studies suggested that easily biodegradable DOC content results in a less diverse 

microbial community (Rauch-Williams and Drewes, 2006). Therefore, the presence of 

only peptone-yeast in this column likely limited the diversity of the microbial 

community, which resulted in increasing the travel distance needed for a more complete 

biodegradation of DOC (Li et al. in review). 
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Figure 4.2: DOC concentrations in columns fed with different feed water qualities at 0 

(influent), 30, and 120 cm (effluent) depth 

4.3 Transformations in DOC structure 

4.3.1 Specific UV absorbance (Aromaticity) 

DOC structure can be assessed using SUVA, which indicates the aromaticity of 

DOC. Previous studies demonstrated that SUVA values increased after MAR (Zhao et 

al., 2007). It was hypothesized that the increase in SUVA after treatment is due to the 

higher degree of removal of the protein-like DOC, in contrast with aromatic (humic-like) 

carbon (Zhao et al., 2007). Non-aromatic organic matter, which is not expected to 

contribute to UV absorbance, is responsible for most of the DOC removal. Therefore, the 

increase in SUVA after ARR only indicates an increase in the percentage of aromatic 

carbon fractions in the remaining DOC, due to the loss of non-aromatic DOC.      

In this study, aromaticity was found to increase after ARR in the columns 

receiving peptone-yeast with varying amounts. On the other hand, the column receiving 

0 

1 

2 

3 

4 

5 

6 

100:0 PY/HA 60:40 PY/HA 40:60 PY/HA  0:100 PY/HA 

D
O

C
 (

m
g

/l
) 

Period (29/1/12- 18/2/12) 

Influent 

After 30 cm 

Effluent 



48 
 

only humic acid (0:100 PY/HA) demonstrated a decrease in aromaticity, i.e. SUVA 

decreased after ARR (Figure 4.3). Biodegradation of humic like carbon in this column is 

believed to result in a decrease in SUVA. The absence of easily biodegradable protein-

like DOC resulted in a decrease in the overall aromaticity of DOC. Therefore, these 

findings further support that humic fractions of DOC can be biodegraded during ARR 

especially in the absence of an easily biodegradable DOC fraction (peptone-yeast).  

 

Figure 4.3: SUVA across the different columns influents and effluents 

4.3.2 Excitation-Emission Spectra (EEMs) 

EEM contour plots are drawn as a function of excitation wavelength (ordinate) 
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indicates protein-like organic matter (Amy and Drewes, 2007). Therefore, EEM spectra 

can be divided into four typical zones (Figure 4.4), where zones A and B represent 

protein-like materials and zones C and D represent humic-like materials (Drewes et al., 

2006). Comparing EEM spectra across the different columns demonstrates the dynamics 

of DOC removal during ARR by showing the changes that occur to the different DOC 

fractions. Therefore, fluorescence EEM spectra were analyzed for samples from the 

influent, after 30 cm, and after 120 cm (effluent) of column travel. 

 

Figure 4.4: EEMs zones (Drewes et al., 2006) 

In this study, EEMs diagrams demonstrated the dynamics of DOC removal across 

the different columns. For the column receiving only peptone-yeast, the spectra were 

dominated by fluorescence signals in zone A, which is typical for protein-like material 

(Figure 4.5). The EEM spectra at 30 and 120 cm showed a significant removal of this 

protein-like material (peptone-yeast). Therefore, biodegradation of peptone-yeast is the 

main driver for DOC removal in this column which confirms it is easily biodegradable.  

Analyzing the fluorescence spectra for the columns receiving mixtures of 

peptone-yeast and humic acid (40:60, 60:40 PY/HA) demonstrates better removal of 

protein-like materials (Figure 4.6, 4.7). In these columns, the fluorescence in zone D 
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(humic like materials) decreased with travel time within the columns. However, 

fluorescence in zone D still existed even after 120 cm of column travel confirming the 

transformation of humic acids is neither as easy nor as fast as the biodegradation of 

protein-like materials. 

For the column receiving only humic acid (0:100 PY/HA), fluorescence signals 

were observed in zone D (humic-like materials) as expected (Figure 4.8). The 

considerable decrease of fluorescence in zone D suggests that the starvation of the 

microbial community, coupled with the absence of easily degradable protein-like DOC, 

triggered better biodegradation of humic-like materials. However, the microbial 

community didn’t degrade all the humic-like materials in this column as evidenced in the 

EEM spectrum after 120 cm of column travel (Figure 4.8C).   
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Figure 4.5: 100:0 PY/HA EEM for (A) influent (B) 30 cm (C) 120 cm samples 
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Figure 4.6: 60:40 PY/HA EEM for (A) influent (B) 30 cm (C) 120 cm samples 
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Figure 4.7: 40:60 PY/HA EEM for (A) influent (B) 30 cm (C) 120 cm samples 
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Figure 4.8: 0:100 PY/HA EEM for (A) influent (B) 30 cm (C) 120 cm samples 

4.4 The role of DOC composition in biotransformation of TOrCs 

Several studies indicated that the presence of DOC can enhance the attenuation of 

biodegradable TOrCs (Grünheid et al., 2005). The composition of DOC is also believed 

to influence the removal of TOrCs by altering the diversity of the microbial community 

and its capability for metabolizing or co-metabolizing TOrCs. It was demonstrated that 

higher removal efficiency of TOrCs occurred with the presence of low BDOC 

concentrations (Rauch-Williams et al., 2010).  
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In this study, better removal of certain TOrCs, such as atenolol and caffeine (95% 

removal), was observed in the presence of low BDOC concentrations and with the 

absence of easily degradable DOC (Figure 4.9E). Some compounds, however, were 

subject to very little biotransformation, such as carbamazepine (<15% removal), 

regardless of BDOC levels (Figure 4.10).  

For the column receiving only easily biodegradable DOC (100:0 PY/HA), the 

removal of atenolol was relatively low (60% removal). The removal of atenolol 

decreased to 44 % when the BDOC concentration increased from 0.55 to 1.16 mg/L and 

humic acid was added in the feed solution (60:40 PY/HA). However, the removal of 

caffeine remained high at around 78% for both columns (Figures 4.9A and 4.9B). The 

DOC makeup (60:40 PY/HA) had a negative effect on the removal of atenolol and 

triggered a high degree of variability in its removal. These findings suggest that 

increasing the BDOC concentration reduces the removal of TOrCs.  

On the other hand, the columns receiving more difficult to degrade humic-like 

DOC (40:60, 0:100 PY/HA), experienced high removal of atenolol (>65% removal) and 

very high removal of caffeine (96% removal) (Figures 4.9C and 4.9D). The removal of 

atenolol increased to 96% when no protein-like DOC was added in the feed solution 

(0:!00 PY/HA). These two columns had a relatively low concentration of BDOC 

(approximately 0.4 mg/L) due to the presence of difficult to degrade humic acids at high 

concentrations. In addition, the column receiving only peptone-yeast (100:0 PY/HA) had 

a similar BDOC concntration of 0.5 mg/l. Therefore, at the same level of BDOC 

concentration, the presence of more humic-like DOC triggered a more efficient co-
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metabolism of TOrCs, hence exhibiting higher removal efficiencies (Table 4.2, Figure 

4.9E). 
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(E) 

Figure 4.9: BDOC content, Atenolol and Caffeine removal in columns (A) 100:0 PY/HA 

(B) 60:40 PY/HA (C) 40:60 PY/HA (D) 0:100 PY/HA (E) All columns 

Table 4.2: The average BDOC and the corresponding atenolol and caffeine removal 

efficiencies for each column 

DOC Make-up BDOC (mg/L) Atenolol removal % Caffeine removal % 

100:0 PY/HA 0.55 60.3 76.7 

60:40 PY/HA 1.16 44.2 78.7 

40:60 PY/HA 0.38 67.1 96.3 

0:100 PY/HA 0.4 96.4 96.2 

 

The results from this experiment reveal that lower BDOC content enhances the 

attenuation of TOrCs. However, the make-up of DOC content and the absence of easily 

biodegradable content, such as peptone-yeast, were found to be the main parameters 
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subject to biotransformation regardless of the DOC make up and the amount of BDOC in 

the feed. For example, carbamazepine was found to have the same low removal profile in 

all columns (<15% removal) (Figure 4.10). Therefore, the biodegradability of TOrCs is 

another essential parameter that influences TOrCs removal during ARR and its 

applicability on different chemicals of emerging concern. 
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(B) 

Figure 4.10: Carbamazepine removal in columns (A) 100:0, 0:100 PY/HA (B) 60:40, 

40:60 PY/HA 

4.5 The Role of Pre-adaptation in the Removal of TOrCs 

4.5.1 The use of soil pre-exposed to TOrCs and DOC  

The acclimation of the microbial community to TOrCs and DOC is expected to 

have a significant effect on the biotransformation of TOrCs. Studies revealed that the 

increase of residence time in the soil during MAR, which results in acclimation of the 

microbial community, provides better removal for some TOrCs (Maeng et al., 2011). It is 

expected that the microbial community would evolve in response to the organic content 

in the feed water to become capable of metabolizing it.  
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In this experiment, wet soil was used from Wadi Wajj in Taif (Fig 3.1) to fill one 

column (Acclimated Column). The soil used for this experiment was already exposed in 

the field to tertiary effluent from a nearby Wastewater Treatment Plant (WWTP). 

Therefore, this soil and its microbial community were exposed to low levels of DOC and 

very low concentrations of TOrCs which is expected to have influenced its microbial 

community’s evolution and adaptation to TOrCs removal.  

The acclimated column’s performance was compared to another column receiving 

40:60 PY/HA where both columns received the same DOC make-up. However, the main 

difference was the soil used for the non-acclimated column which was dry soil from 

Wadi Wajj in Taif, not pre-exposed to DOC or TOrCs. It was, therefore, expected to 

observe enhanced removal of TOrCs in the acclimated column.  

The results of these experiments revealed a relatively higher degree of DOC 

removal in the case of the acclimated column (Figure 4.11) (approximately 48% removal, 

in comparison to 20% removal in the non-acclimated column), which confirms that pre-

exposure and adaptation to DOC enhanced its biodegradation in the acclimated (pre-

exposed) environment. 

Regarding TOrCs removal in these columns, findings suggest that removal of 

atenolol was very high in the acclimated column (99% removal), while it was lower in 

the non-acclimated column (67% removal on average). It is important to note that the 

removal of atenolol in the non-acclimated column was increasing with time (Figure 

4.12A) suggesting that exposure to atenolol over a longer period of time gradually 

enhances its degree of removal during simulated ARR.  
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For some compounds, this prolonged exposure was not necessary. For example, 

caffeine experienced the same high degree of removal (>95%) regardless of pre-exposure 

(Figure 4.12B). This indicates that the microbial community was already capable of 

metabolizing caffeine even when it was not pre-adapted to its occurrence in water. This 

also demonstrates that likely different enzymes are involved in the biotransformation of 

these compounds since adaptation resulted in better removal of atenolol over time. 

On the other hand, compounds which are not easily biodegradable, such as 

carbamazepine (Figure 4.12C), didn’t exhibit any change in the degree of their removal 

(<15%) between the two columns. For carbamazepine, neither pre-adaptation nor long 

residence times increased the degree of removal. 

 

Figure 4.11: DOC Removal % in the acclimated and the non-acclimated columns 
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(C)  

Figure 4.12: TOrCs Removal % in the acclimated and the non-acclimated columns (A) 

Atenolol (B) Caffeine (C) Carbamazepine 

4.5.2 Column spiking experiment (Acclimation Experiment) 

As demonstrated in the previous section, continuous exposure to some TOrCs is 

expected to enhance the degree of their removal during ARR. In order to test this 

hypothesis on soils from the same origin and exposed to identical parameters, one column 

was setup to receive TOrCs from the initiation of the experiment, while another column 

was not exposed to TOrCs at all, but received the exact same feed water composition 

(just without TOrCs). The soil used to fill both columns was from the same batch of dry 

soil collected from wadi Wajj in Taif, KSA. The DOC feed for both columns was mixed 

simultaneously at a concentration of 60:40 (Peptone-yeast/Humic acid). As expected, the 

removal of DOC (approx 67% on average) was identical in the two columns (Figure 

4.13).  
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After several weeks of operation, TOrCs were introduced to the non-exposed 

column for 3 weeks in order to compare its removal capability with the removal of the 

continuously exposed column at steady state. The removal of atenolol was higher (99%) 

in the column not continuously exposed to TOrCs (Figure 4.14A). However, it started to 

decrease towards the end of the 3-week period to the same values of the continuously 

exposed column after reaching steady-state conditions (approximately 60%) suggesting 

that the initial high removal of atenolol in the non-exposed column was likely due to 

sorption. In addition, the removal of caffeine was higher in the non-exposed column 

(>95%) (Figure 4.14B), while its removal in the continuously exposed column was 78% 

on average. It is possible that some degree of sorption, in addition to biotransformation 

triggered the high removal degree of caffeine in the non-exposed column. Once the 

sorption sites became saturated, removal of caffeine only slightly decreased since it is an 

easily biodegradable compound. TOrCs that are not subject to biotransformation, such as 

carbamazepine, experienced the same low removal (<15%) in both columns (Figure 

4.14C), which confirms that continuous exposure to the difficult to degrade TOrCs, such 

as carbamazepine, does not enhance their removal. 
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Figure 4.13: DOC removal % in the column continuously exposed to TOrCs, and the 

column suddenly exposed to TOrCs 
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(B) 
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Figure 4.14: TOrCs removal % in the column continuously exposed to TOrCs, and the 

one suddenly exposed to TOrCs (A) Atenolol (B) Caffeine (C) Carbamazepine   
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Chapter 5: Conclusion 

Water reuse is a viable option for overcoming water scarcity in different regions 

around the world. ARR is one of the treatment barriers that can be used, together with 

other treatment techniques, to accomplish water reuse. The concern with the occurrence 

of different trace organic chemicals of emerging concern in reclaimed water stems from 

the potential adverse health effects they pose. Therefore, studying the fate and transport 

of TOrCs during ARR is essential to determine the applicability of this treatment 

technique. In this study, the effect of several parameters was studied in order to provide 

more insight into the mechanisms of TOrCs removal during ARR. Several studies 

indicated that microbial biotransformation is the main removal pathway of DOC and 

TOrCs, although other removal pathways can play a role in removing some TOrCs. 

In this investigation, only 3 of the analyzed TOrCs were selected for detailed 

study since they represented varying biodegradability. 

 Atenolol was subject to microbial biotransformation which varied according to 

the composition of DOC in the feed water. The attenuation of the group of 

compounds it represents was also affected by long exposure and pre-adaptation of 

the soil.  

 Caffeine represented a group of compounds that were affected by the composition 

of DOC in the feed water. However, the biotransformation of this group of 

compounds was neither affected by long exposure nor pre-adaptation of the soil. 
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 Carbamazepine represented a group of non-biodegradable compounds which were 

not subject to biotransformation regardless of the different parameters that were 

simulated in this study. 

Studying the removal of DOC indicated that the composition of DOC in the 

infiltrated feed water plays an important role in shaping the soil microbial community 

and its ability to degrade different chemicals. It was demonstrated that the presence of 

more protein-like DOC enhances DOC removal to about 63% since it is an easily 

biodegradable DOC component. However, other fractions of DOC, such as humic acid, 

were also subject to microbial degradation. The results of this study suggest that the 

presence of more humic fractions in the DOC composition decreases the degree of 

removal of DOC in the water to about 20-25%. Characterization of the components of 

DOC indicated that the microbial ability to degrade humic-like DOC increased when 

other DOC fractions, such as protein-like DOC, were absent. During this situation, the 

microbial community developed a capability to obtain energy from humic acids in order 

to survive under the extreme conditions where there was no availability of easily 

degradable organic carbon.  

In the conditions where easily biodegradable organic carbon was absent, the 

microbial community was able to metabolize different TOrCs more efficiently. It was 

found that the ability of the microbes to attenuate several TOrCs increased when more 

humic acid was available in the DOC, at the same level of BDOC. The highest removal 

of compounds, such as atenolol and caffeine (>95%), was reported in the columns where 

the DOC feed was only composed of humic acid. These findings suggest that the 
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starvation of the microbial community eventually leads to better co-metabolism of 

TOrCs.  

Findings of this study also indicated that long exposure to DOC and TOrCs 

enhances the microbial community’s ability to attenuate them. An experiment using soil 

that was pre-exposed to DOC and TOrCs demonstrated that long pre-exposure to TOrCs, 

such as atenolol and caffeine, enhanced their removal to about 99%. The removal of 

DOC in the pre-exposed soil was also more efficient due to long exposure to DOC prior 

to starting the experiment. In general, exposure to TOrCs and DOC for long periods 

resulted in better removal due to adaptation which was demonstrated after several months 

of running some columns under the same conditions. 

The biodegradability of the chemicals is another important factor that should 

influence the decision to use ARR as a treatment method. Different TOrCs, such as 

carbamazepine, were not subject to biotransformation regardless of the DOC 

compositions and the different parameters that were simulated in this study. It was also 

demonstrated that long exposure to these chemicals did not enhance the ability of the 

microbial community to attenuate them.  

The findings of this study revealed that most of the DOC removal occurs in the 

initial zone of feed water infiltration, where approximately 96% of the DOC removal 

occurred during the first 30 cm of column travel. This confirmed previous field studies 

which indicated that the most significant removal of DOC occurs during the initial 0.5 m 

of soil infiltration (Zhao et al., 2007, Drewes et al., 2003b). For DOC that was composed 

of only protein-like fractions, only 53% of the DOC removal occurred during the first 30 
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cm of column travel. The low removal of DOC during the initial 30 cm suggests that 

protein-like DOC limited the diversity of the microbial community which resulted in 

increased retention time to achieve complete biodegradation of DOC (Li et al. in review) 

Several challenges were faced during the course of this study such as maintaining 

the same conditions of the columns over a long period of time. In addition, the 

applicability of the results of this study to the field still needs to be tested since many 

other parameters would affect the performance of TOrCs removal in the field. For 

example, redox conditions were demonstrated in other studies to play an important role in 

TOrCs removal during ARR. Generally, ARR is considered a suitable low-cost and 

environmentally-friendly treatment method that can remove several chemicals of 

emerging concern. The findings of this study suggest that several parameters can be 

altered when applying ARR in order to obtain better removal of TOrCs. Eventually, other 

treatment techniques have to be used in order to produce water of drinking quality after a 

multi-barrier treatment system. After all, better understanding of the removal mechanisms 

during ARR enables us to determine which contaminants can be targeted during this step 

of water recycling. 
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Appendix 

Table A1: Mean concentrations (ng/L) of organic micropollutants in surface, infiltrated 

and supply waters when surface water is used for artificial groundwater recharge in 

drinking water production (Díaz-Cruz and Barceló, 2008). 
Compound Conc. surface water Conc. infiltrated water Conc. supply water 

A. Pharmaceuticals    

Diclofenac 135 NR 10 

Clofibric acid 20 NR 5 

Propyphenazone 120 NR 40 

AMDOPH 455 NR 1570 

Carbamazepine 470 NR 210 

Primidone 135 NR 100 

Indometazine 20 NR ND 

Bezafibrate 20 NR <5 

Iopromide 737 81 (AR) NR 

Sulfamethoxazole 463 118 (AR) NR 

B. Pesticides    

Bentazone 15  10 

Mecoprop 15  15 

pp0-DDA <5  5 

op0-DDA ND  ND 

Deethylatrazine 850  850 

Deisopropylatrazine 480  410 

Atrazine amide-I <200  <200 

Hydroxyatrazine 610  410 

Hydroxydeethylatrazine 200  130 

Hydroxydeisopropylatrazine 120  110 

Didealkylatrazine 260  210 

Cyanazine 1360  1150 

Deethylcyanazine <10  <10 

Cyanazine amide 150  500 

Deethylcyanazine amide <10  <10 

Cyanazine acid 130  270 

Deethylcyanazine acid <10  270 

Propazine 120  110 

Simazine 50  30 

C. Industrial chemicals    

N-(phenylsulfonyl)-

sarcosine 

10  95 

tris(2-chloroethyl)-

phosphate 

525  215 

tris(2-chloroisopropyl)-

phosphate 

1800  350 

1,5- naphthalenesulfonic 

acid 

90-96  77-90 

1,7- naphthalenesulfonic 

acid 

350-368  172-191 

2,7- naphthalenesulfonic 102  38-47 
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acid 

Table Key: NR: not reported, BF: bank filtration, AR: artificial recharge, nd: not 

detected. 

Table A2: Summary of target TOrCss and compound specific mass spectrometry tuning 

parameters for negative ionization mode. 
ESI- Compounds Q1 Mass (Da) Q3 Mass (Da) RT (min) DP (volts) CE (volts) CXP (volts) 

Bisphenol A 1 227.073 212 7.7 -130 -24 -13 

Bisphenol A 2 227.073 133 7.7 -130 -36 -13 

Diclofenac 1 293.854 249.8 8.3 -50 -16 -13 

Diclofenac 2 293.854 213.9 8.3 -50 -26 -13 

Gemfibrozil 1 249.034 121.1 10.4 -75 -24 -9 

Gemfibrozil 2 249.034 127 10.4 -75 -14 -17 

Ibuprofen 1 205.078 161.1 8.6 -30 -10 -9 

Ibuprofen 2 205.078 159 8.6 -30 -10 -9 

Naproxen 228.954 168.9 6.5 -45 -44 -11 

Triclocarban 1 312.874 159.8 11.2 -130 -24 -9 

Triclocarban 2 312.874 126.1 11.2 -130 -34 -7 

Ketoprofen 1 252.987 209 6.5 -50 -12 -9 

Triclosan 1 286.772 34.9 11.2 -80 -36 -17 

Sucralose 1 396.919 360.8 4.8 -120 -16 -17 

Sucralose 2 394.922 358.8 4.8 -140 -14 -19 

Acesulfame 1 161.872 82.1 4 -50 -20 -7 

Acesulfame 2 161.872 77.9 4 -50 -42 -5 

Methylparaben 150.995 92.1 6 -95 -28 -9 

Propylparaben 179.084 92 7.9 -100 -32 -7 

02d4 Acesulfame 165.915 86 4 -60 -20 -9 

02d4 Diclofenac 297.921 217 8.3 -65 -28 -9 

02d6 Gemfibrozil 255.146 121 10.4 -100 -22 -7 

02d3 Ibuprofen 208.15 164 8.6 -35 -10 -9 

02d4 Methylparaben 155.107 96.1 6 -95 -24 -19 

02d3 Naproxen 232.06 173.1 6.5 -35 -22 -7 

02d4 Propylparaben 183.095 96.1 7.9 -110 -28 -9 

02d6 Sucralose 402.944 35.1 4.8 -120 -72 -15 

02d4 Triclocarban 316.959 159.9 11.2 -100 -18 -7 

02d16 Bisphenol A 241.147 142 7.7 -115 -36 -13 

 

Table A3: Summary of target TOrCss and compound specific mass spectrometry tuning 

parameters for positive ionization mode. 

ESI+ Compounds Q1 Mass (Da) Q3 Mass (Da) RT (min) DP (volts) CE (volts) CXP (volts) 

Acetaminophen 1 152.24 110 4.5 46 21 10 

Acetaminophen 2 152.24 65 4.5 71 23 10 

Amitriptyline 1 278.23 233 7.3 81 11 12 

Amitriptyline 2 278.23 117 7.3 56 31 12 

Atenolol 1 267.22 145 3.8 101 35 12 

Atenolol 2 267.22 74 3.8 101 31 8 

Atrazine 1 216.17 174 8.8 71 25 12 

Atrazine2 216.17 103.9 8.8 71 39 14 

Benzophenone 1 183.21 105 9.8 96 21 10 

Benzophenone 2 183.21 77 9.8 96 43 12 

Caffeine 1 195.22 138 5 56 25 10 
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Caffeine 2 195.22 110.1 5 56 31 10 

Carbamazepine 1 237.18 165 7.8 96 61 12 

Carbamazepine 2 237.18 179 7.8 96 47 12 

DEET 1 192.27 119 8.6 71 23 10 

DEET 2 192.27 91 8.6 71 39 10 

Dilantin 1 253.17 181.9 7.6 106 23 14 

Dilantin 2 253.17 104 7.6 106 45 12 

Diphenhydramine 1 256.24 167 6 36 19 12 

Diphenhydramine 2 256.24 152 6 36 51 12 

Fluoxetine 1 311.13 44 7.5 91 57 6 

Fluoxetine 2 311.13 220.9 7.5 91 21 16 

Oxybenzone 1 229.18 151 10.7 56 27 10 

Oxybenzone 2 229.18 104.9 10.7 56 25 10 

Primidone 1 219.1 161.9 6.1 51 19 12 

Primidone 2 219.1 138.9 6.1 76 41 14 

Sulfamethoxazole 1 254.14 156 5.2 86 21 12 

Sulfamethoxazole 2 254.14 108 5.2 86 33 10 

Trimethoprim 1 291.18 261 4.1 96 35 18 

Trimethoprim 2 291.18 230 4.1 96 33 16 

TCPP 1 329.01 98.9 9.5 81 29 10 

TCPP 2 329.01 80.8 9.5 81 89 12 

TDCPP 1 432.85 98.8 10.6 136 37 16 

TDCPP 2 432.85 80.8 10.6 136 105 12 

Norfluoxetine 1 296.17 134.1 7.7 51 9 10 

Norfluoxetine 2 296.17 149 7.7 51 25 10 

02d6 Amitriptyline 284.3 233.2 7.3 71 25 14 

02d7 Atenolol 274.28 144.9 3.8 101 35 12 

02d5 Atrazine 221.25 178.9 8.8 76 25 14 

02d10 Benzophenone 193.3 110 9.8 86 23 10 

02d9 Caffeine 204.29 144 5 201 27 10 

02d10 

Carbamazepine 

247.25 204.1 7.8 101 29 16 

02d3 Cimetidine 256.23 94.9 3.9 51 37 14 

02d7 DEET 199.32 126 8.6 96 25 10 

02d5 Diazepam 290.17 198 9.6 91 45 14 

02d10 Dilantin 263.17 192.1 7.6 111 25 14 

02d5 

Diphenhydramine 

261.28 172.1 6 46 19 12 

02d10 Fluoxetine 315.18 44 7.5 71 61 6 

02d3 Hydrocodone 303.2 199 4 161 41 14 

02d5 Norfluoxetine 301.16 139 7.6 41 9 10 

02d5 Oxybenzone 234.22 150.9 10.8 71 27 12 

02d5 Primidone 224.26 167 6.1 106 17 12 

02d4 

Sulfamethoxazole 

258.17 159.8 5.2 76 21 12 

02d9 Trimethoprim 300.25 234 4.1 76 35 18 

 

Tables Key 

RT = Retention Time  CE = Collision Energy  

DP = Declustering Potential  CXP = Collision Cell Exit Potential  

 

 


