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ABSTRACT 

Optimizing Managed Aquifer Recharge Systems for Removal of Trace Organic 

Chemicals (TOrCs) 

Mazahirali Alidina 

 

Managed aquifer recharge (MAR) is a low-energy subsurface water treatment 

system with the potential of being an important component of sustainable water 

reuse schemes. Alongside common wastewater contaminants, MAR systems have 

been shown to attenuate a range of trace organic chemicals (TOrCs). Despite several 

factors being possibly important for TOrC attenuation, many have not been 

investigated in depth. This research effort investigated three factors affecting 

attenuation of the moderately degradable TOrCs: primary substrate, adaptation of 

the microbial community to presence of TOrCs, and groundwater temperature. The 

overall goal was to optimize TOrC attenuation using different MAR configurations 

considering how these factors affect TOrC attenuation. 

The primary substrate composition and concentration significantly impacted 

attenuation of the moderately degradable TOrCs. Lower primary substrate 

concentrations and more refractory carbon generally resulted in better TOrC 

transformation, a more diverse microbial community in the infiltration zone and 

more diverse capabilities for TOrC degradation. The enzyme group cytochrome 

P450 may be important for TOrC transformation since its genes were more 

abundant under carbon-starving primary substrate conditions. Adaptation of the 

microbial community by pre-exposure to TOrCs was not required in order to 
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degrade them. However, adaptation to the primary substrate was necessary for 

TOrC biotransformation due to its effect on the microbial community. Attenuation of 

most TOrCs was unaffected by changes in temperature. Some moderately 

degradable TOrCs, however, were better attenuated at higher temperatures likely 

due to increased microbial activity. Others were better degraded at lower 

temperatures likely due to favorable sorption conditions. 

In the context of applying MAR systems to potential water reuse schemes within 

Saudi Arabia, a reconnaissance study of TOrC occurrence in treated wastewater 

effluents was undertaken. Most of the TOrCs targeted were detected at similar 

concentrations to US effluents at comparable plants. One of the plants studied, 

however, displayed a significantly different TOrC footprint from the other treatment 

plants due to the large number of international visitors in its sewershed. Findings 

from this occurrence study as well from other tasks provided inputs to a risk 

assessment framework to compare the effectiveness of MAR systems as part of a 

multiple-barrier water reuse scheme.  
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1.1.  The Water Crisis and Water Reuse 

As the world population increases, water scarcity is becoming an increasingly 

pressing issue. Even though the total amount of water resources in the world are 

large, most of the earth’s water (97.5%) comprises of saltwater in the oceans and 

hence is not directly usable as potable water (Shiklomanov, 1999). Of the freshwater 

resources, a large portion is held in glaciers and as permanent snow cover, leaving a 

very small percentage as accessible and usable freshwater. 

In regions where freshwater is available, pristine sources such a surface water and 

groundwater are often insufficient to sustain the current population. The result has 

been increased reuse of municipal wastewater which is commonly practiced in 

many places worldwide for irrigation in agriculture (Winpenny et al., 2010), as well 

as for urban reuse (Asano, 2005). Even where reclaimed water is not directly used, 

many surface water bodies are impacted directly or indirectly with wastewater 

discharge which has been characterized as de facto water reuse (NRC, 2012). Hence, 

it is important to manage water reuse and explore treatment processes that are 

capable of providing appropriate water qualities for potable and non-potable 

applications, while being mindful of the overall carbon and energy footprint. 

1.2.  Relevance of Trace Organic Chemicals  

A range of constituents in wastewater are considered important for various reasons 

when water reuse is considered. Pathogens are of concern due to the health risks 

they pose, organic matter inhibits effectiveness of treatment processes, some 

inorganic constituents are designated as pollutants, dissolved solids deteriorate 
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quality of the groundwater and nutrients contribute to microbial and algal growth 

(Asano et al., 2007). In addition to these, another group of constituents which are 

becoming increasingly  important due to their known or suspected effects on human 

health and aquatic life (Daughton and Ternes, 1999) are trace organic chemicals 

(TOrCs), also referred to as chemicals of emerging concern (CECs) or organic micro-

pollutants (OMPs). These contaminants are not currently regulated or included in 

routine monitoring programs, but may be candidates for future regulations 

considering their potential adverse health effects, public perception towards them, 

and widespread occurrence in various environmental compartments (Jones-Lepp, 

2007). In this study, TOrCs are defined as pharmaceuticals, personal care products, 

household chemicals, endocrine disrupting chemicals, pesticides, and emerging 

disinfection by-products.  

The adverse health effects of many of these compounds to human health and aquatic 

ecosystems are only partially known. Potential concerns reported include 

estrogenic effects in fish, birds and mammals (White et al., 1994), sexual disruption 

in wild fish (Jobling et al., 1998), developmental effects in rats (Henck et al., 1998) 

and congenital abnormalities in humans (Samrén et al., 1999).  Most of the studies 

reporting human health effects of TOrCs investigate exposure at therapeutic or sub-

therapeutic doses. Human health risk assessments carried out in the UK, USA and 

Australia reported that adverse health impacts to humans are unlikely with 

exposure to trace concentrations of pharmaceuticals (AwwaRF, 2008; DWI, 2007; 

NRMMC EPHC & NHMRC, 2008). 
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However, the environmental and human health risk posed by these compounds is 

still under discussion since safety threshold values have been defined only for a 

limited number of compounds and acute rather than chronic effects are reported 

(Verlicchi et al., 2012). Furthermore, where water is recycled intentionally or 

unintentionally in partially closed water cycles, concentrations of recalcitrant TOrCs 

may build up, with the danger of concentrations reaching levels which may impact 

human health.  

Despite low TOrC concentrations of separate compounds which may not 

individually elicit any effects in humans and other terrestrial organisms, there is 

concern regarding compound mixtures (Daughton and Ternes, 1999). The 

concentration addition concept when mixtures of chemicals are considered has 

been demonstrated by several studies. Binary mixtures of four strong and weak 

estrogenic chemicals for example were seen to exhibit additive effects (Kang et al., 

2002). When a much larger mix of compounds was considered, another study 

reported concentration addition effect in mixtures of 13 – 17 chemicals in human 

cell-based assays (Evans et al., 2012). The combined effect of low concentrations of 

compounds which produce similar effects in cells (such as estrogenic compounds) 

would hence have an additive effect when occurring together.   

The possibility of synergistic effects of mixtures, whereby effects are observed at 

concentrations several orders of magnitude lower than predicted by concentration 

addition, is still under question. A study published in 1996 claiming that 

combinations of chemicals could activate the estrogen receptor several orders of 
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magnitude greater than that produced by the individual chemicals (Arnold et al., 

1996) was later retracted (McLachlan, 1997), though the issue has not been put to 

rest (Daughton and Ternes, 1999). Whether or not synergistic effects occur, the 

demonstrated concentration addition concept is itself of concern. Removal of TOrCs 

occurring at low concentrations during water and wastewater treatment is hence 

necessary to remain protective of ecological and human health. Many times effective 

removal of these compounds is also necessary for public acceptance of water reuse 

schemes. 

1.3.  Removal of TOrCs by Advanced Treatment Systems 

Several advanced treatment processes, such as reverse osmosis (RO) membranes, 

nanofiltration (NF) membranes and ozonation, are capable of removing a wide 

range of TOrCs (Snyder et al., 2007; Ternes et al., 2003; Xu et al., 2004). Despite their 

ability to lower TOrC concentrations, advanced treatment processes are associated 

with high capital and operating costs and a significant carbon footprint. Another 

technology sometimes also considered an advanced treatment process is managed 

aquifer recharge (MAR) (Amy and Drewes, 2007). MAR is a collective term referring 

to different configurations of natural soil-based infiltration systems such as soil 

aquifer treatment (SAT), riverbank filtration (RBF), aquifer recharge and recovery 

(RBF), aquifer storage and recovery (ASR) and aquifer storage, treatment and 

recovery (ASTR).  

MAR systems provide subsurface treatment by infiltration of water through the 

vadose and saturated zones as depicted in Figure 1.1. These systems are capable of 
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attenuating both humic and non-humic components of effluent organic matter and 

dissolved organic nitrogen (Amy and Drewes, 2007), total coliforms (Weiss et al., 

2005), giardia and cryptosporidium (Irmscher and Teerman, 2002) and a range of 

viruses (John and Rose, 2005). Numerous studies have also demonstrated the 

benefits of these low-energy systems as multi-objective treatment processes for 

removal of TOrCs (Hoppe-Jones et al., 2010; Maeng et al., 2010a; Rauch-Williams et 

al., 2010).  

 

Figure. 1.1. Illustration of a typical setup of a MAR scheme involving aquifer recharge and recovery 
(adapted from Massmann et al., 2006). 

 

1.4.  Local Relevance of Managed Aquifer Recharge 

Saudi Arabia is a water scarce country and has limited freshwater resources, but is 

the third largest per capita water consumer worldwide with a consumption of 

around 250 L per capita per day (KICP, 2012). While seawater desalination 

currently is a major source of potable water, it is unlikely to provide sufficient 
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supplies to meet the increasing freshwater demand in the near future (Drewes et al., 

2012). To augment water supplies, water reuse is being considered within Saudi 

Arabia and other Middle Eastern and North African (MENA) countries (Drewes et al., 

2012; Hamoda, 2004).  

Due to the numerous benefits associated with aquifer recharge, MAR has the 

potential of being part of a sustainable water reuse scheme within the country. In 

the context of this dissertation, the effectiveness of such a scheme with regards to 

attenuation of TOrCs is important in order to make a strong case for implementation 

of MAR systems which are protective of human health and acceptable to the public.  

As a benchmark of the TOrC input concentrations expected to a potential aquifer 

recharge system in Saudi Arabia, occurrence data of TOrCs in effluents of 

wastewater treatment plants is necessary. Numerous studies have reported 

occurrence of TOrCs in effluents in North America, Europe, Australia and Asia (Batt 

et al., 2007; Bueno et al., 2012; Comeau et al., 2008; Scheurer et al., 2009; Watkinson 

et al., 2009; Xu et al., 2007). However, occurrence patterns  have been reported to be 

region-specific (Pal et al., 2010) and in the absence of local data regarding TOrC 

occurrence in wastewater effluents, results from studies in other countries cannot 

be generalized to Saudi Arabia.  

A reconnaissance study was hence undertaken to document concentrations of 

TOrCs in effluents of four wastewater treatment plants within western Saudi Arabia, 

to provide a regional benchmark for TOrC inputs into potential MAR systems which 
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would assist in determining whether these systems are capable of attenuating 

TOrCs to desired levels [Chapter 3, (Alidina et al., 2014a)].  

Full-scale MAR facilities are operational in different parts of Europe and the United 

States (Heberer et al., 2011; Hoppe-Jones et al., 2010; Laws et al., 2011). With the 

potential application of MAR systems in water reuse schemes, the effect of vastly 

different climatic conditions between Saudi Arabia and other regions where MAR 

has been applied is important to investigate. In the context of a water reuse scheme, 

which is protective of public health, data on the effect of  temperature on MAR 

performance (particularly on TOrC attenuation) can inform decision-makers on 

whether additional advanced treatment options are required in regions like Saudi 

Arabia as compared to more moderate climate regions. Additionally, where MAR 

systems are already in operation, it is necessary to investigate whether varying 

temperatures as a function of changing seasons have an effect on TOrC attenuation. 

A controlled laboratory study investigating the role of temperature on TOrC 

attenuation in MAR systems was hence undertaken and is reported in Chapter 7.  

1.5.  TOrC degradability during Managed Aquifer Recharge 

Based on recent field and laboratory studies, TOrCs travelling through MAR systems 

can be classified as: easily degradable, moderately degradable or recalcitrant.  The 

easily degradable compounds like caffeine and acetaminophen do not generally 

persist following subsurface travel and are hence not usually of concern. Caffeine for 

example was shown to be well degraded with attenuation to non-detect levels at a 

field site following a retention time of two weeks (Drewes et al., 2003). Caffeine and 
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acetaminophen, however, are also easily degradable during the biological step of 

conventional wastewater treatment with average removals of >80% and 99%, 

respectively reported at five WWTPs in Spain (Bueno et al., 2012).  

The moderately degradable compounds tend to exhibit intermediate removal 

during MAR though reported removals vary from one study to another. Removal of 

these compounds is affected by several factors which if carefully controlled can 

potentially increase biotransformation efficiency. This group, encompassing a range 

of TOrC is typically of concern because they are not entirely removed by 

conventional wastewater treatment.  

The moderately degradable antibiotic trimethoprim exhibited intermediate removal 

at a surface spreading aquifer recharge site, ranging between 20 and 52% for a 

travel time of <3 days, but a much higher removal exceeding 90% when a longer 

travel time of 60 days was reported (Laws et al., 2011). This suggests the 

importance of sufficient retention time to achieve adequate attenuation of 

moderately degradable TOrCs. Conventional treatment only partially removes 

trimethoprim with a rather low average removal of 11% reported at seven 

conventional wastewater treatment plants (WWTPs) (Karthikeyan and Meyer, 

2006). Advanced treatment, however, effectively decreased trimethoprim 

concentrations as shown in another study where median concentrations of 80 ng/L 

in reverse osmosis (RO) feed was reduced to 5 ng/L in the RO permeate (Watkinson 

et al., 2007). 
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The lipid regulator, gemfibrozil, is another moderately degradable TOrC whose 

removal in MAR is depended upon operational conditions. Gemfibrozil exhibited an 

attenuation of 17% during a laboratory-scale study simulating MAR in a soil column 

receiving high acetate concentration as the primary substrate, but displayed almost 

complete removal under low acetate conditions (Onesios and Bouwer, 2012). In this 

case, the primary substrate concentration was seen to be the important factor 

affecting attenuation. When removal by conventional biological wastewater 

treatment is considered, moderate removal of around 50% was observed (Bueno et 

al., 2012) 

Atenolol – a beta blocker generally exhibits moderate to high biotransformation in 

MAR depending on site conditions. Atenolol was well degraded (>80%) at three 

riverbank filtration sites where the prevailing redox conditions varied from aerobic, 

to anoxic and anaerobic (Schmidt et al., 2007). Another study reported atenolol 

removal of 98% during field investigations following a travel time of 12 hours at a 

surface spreading aquifer recharge site (Laws et al., 2011) and during which no 

nitrate reduction was observed. Conventional treatment only partially removes 

atenolol with close to 50% removal reported for five WWTPs (Bueno et al., 2012). 

Since the moderately degradable TOrCs generally persist through conventional 

treatment and are normally detected in the effluent, attenuation during MAR avoids 

the need for the other more costly advanced treatment options. Optimizing their 

removal is hence an important treatment objective for integrating MAR into water 

reuse schemes.  
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The third group of compounds captures the recalcitrant compounds which exhibit 

minimal removal through MAR systems regardless of environmental conditions and 

for example include compounds such as some anticonvulsants, artificial sweeteners 

or perfluorinated chemicals.  

The anticonvulsant carbamazepine for example exhibited no removal at a 

groundwater recharge site (Drewes et al., 2003). Another anticonvulsant primidone 

exhibited minimal removal except at a well at a retention time of roughly 2 years 

(Drewes et al., 2003). This reduction, however, could be due to dilution or an 

increasing use of this pharmaceutical with time. Carbamazepine and primidone 

were also seen to exhibit minimal attenuation at a bank filtration site where 

concentrations of both compounds detected in the lake were also seen in monitoring 

wells along a transect (Heberer and Mechlinski, 2004). As with aquifer recharge 

systems, the anticonvulsants are also not easily attenuated through conventional 

biological wastewater treatment. A comparison of removal of carbamazepine during 

wastewater treatment from a range of studies indicated that most of the time either 

no removal or removal of <10% was observed (Zhang et al., 2008). 

The artificial sweeteners have also been reported to be recalcitrant in MAR systems. 

Acesulfame exhibited only a slight reduction in concentration from the percolation 

basin at a soil aquifer treatment facility to a monitoring well at a retention time of 

1.5 years (Scheurer et al., 2009). The same study also measured acesulfame 

concentrations in the influent and effluent of two wastewater treatment plants in 

Germany, both employing conventional mechanical and biological treatment. 
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Similar concentrations were detected in the influent and effluent indicating similar 

persistence through wastewater treatment (Scheurer et al., 2009). Low 

degradability of the artificial sweetener sucralose was demonstrated through 

wastewater treatment with no sucralose attenuation in aerobic and anaerobic 

bioreactors (I. Torres et al., 2011).  UV radiation, chlorine and ozone resulted in only 

low sucralose degradation (I. Torres et al., 2011). 

When considering these three classes of TOrCs in the context of MAR, the easily 

degradable compounds like caffeine are usually completely degraded through 

wastewater treatment and are often not detected in aquifer recharge sites (Drewes 

et al., 2003; Heberer et al., 2011; Laws et al., 2011). When they are detected in MAR 

systems, they are usually quickly degraded during subsurface travel and are hence 

not of great concern. The recalcitrant compounds on the other hand are not 

degraded through wastewater treatment and are hence often detected in aquifer 

recharge sites and surface waters. Even though degradation of these compounds is 

desirable, the microbial communities present in conventional MAR systems do not 

appear to produce enzymes capable of degrading them.  

The moderately degradable TOrCs are only partially degraded in wastewater 

systems and are hence typically detected in MAR systems as well as in surface water 

bodies which may be used for riverbank filtration. The intent of optimizing MAR 

systems for TOrC removal should focus on removal of these moderately degradable 

compounds since they are the most susceptible to changes in environmental 

conditions and therefore adaptations of the microbial community. It is the focus of 
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this dissertation to identify factors which affect TOrC removal and investigate 

influences to both the microbial community and attenuation of TOrCs (particularly 

the moderately degraded ones) by adjusting operational conditions. 

1.6.  Factors affecting TOrC removal efficiency during MAR 

Representing a natural treatment process, MAR systems are characterized by 

complex subsurface conditions such as depth to groundwater, predominant soil 

type, sediment porosity and hydraulic conductivity changing from one site to 

another. Many of these conditions affect subsurface fluid transport and contaminant 

attenuation and may not easily be controlled or altered.  

Fate and transport of TOrCs in MAR systems are affected by processes such as 

advection, diffusion, adsorption and microbial degradation (Benotti and Snyder, 

2009), with the most important attenuation mechanisms being adsorption and 

microbial transformation (Maeng et al., 2011b; Snyder et al., 2004).  

Attenuation of TOrCs by adsorption is governed by physiochemical properties such 

as their chemical structures and functional groups present, which affect the degree 

of partitioning between soil and water phases (represented by Kow or KD values). 

TOrCs have a wide range of affinities for soil surfaces as demonstrated by KD values 

ranging over several orders of magnitude between <9 and >5400 L/kg for a group of 

TOrCs studied (Barron et al., 2009). Often, varying sorption capacities for TOrCs are 

reported in different studies. Soil-water partition (KD) coefficients for atenolol of 

1.13 – 3.1 L/kg were reported in one study (Ramil et al., 2010) and 15 L/kg in 

another (Barron et al., 2009). Similarly trimethoprim was reported to have a KD 
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value of 7.4 L/kg in one study (Lin and Gan, 2011) and 26 L/kg in another (Barron 

et al., 2009). This is not unexpected since many additional factors such as soil type, 

pH, amount of organic carbon etc. affect the degree of sorption to soil. Attenuation of 

TOrCs by adsorption is hence often site-specific and more research is still required 

to elucidate the role of relevant factors determining sorption of TOrCs in MAR. 

Microbial transformation of TOrCs in MAR systems is another important 

attenuation mechanism. Numerous physical parameters such as the organic carbon 

content, pH, nutrients, temperature, water content, availability of oxygen etc. affect 

the microbial community composition and diversity. The role of soil pH was 

elucidated in a study and microbial diversity was seen to be higher in acidic soils 

when compared to alkaline soils (Fierer and Jackson, 2006). The role of other 

parameters like substrate availability, redox potential, temperature, salinity and 

light intensity on the microbial community composition have also been 

demonstrated (Buckley and Schmidt, 2002; Horner-Devine et al., 2004; McArthur, 

2006).  

Since the microbial community present in the soil produces enzymes which degrade 

TOrCs during MAR, any physical parameters which affect the microbial community 

composition and diversity are also expected to affect TOrC attenuation. Many 

(though not all) of these parameters can be controlled during MAR infiltration, 

hence a potential for optimizing TOrC attenuation exists by varying key operational 

conditions of MAR. 



31 
 

Many studies have investigated the direct effect on TOrC attenuation of several of 

these physical parameters like temperature, organic carbon content and 

predominant redox condition (Baumgarten et al., 2011; Massmann et al., 2006; 

Onesios and Bouwer, 2012; Rauch-Williams et al., 2010). Few (if any), however, 

have looked at their effect both on the microbial community and TOrC attenuation. 

This research effort aims to investigate the effect of two of these parameters on 

microbial community composition and diversity and link these changes to TOrC 

attenuation. The role of the primary substrate composition and concentration on 

TOrC attenuation and microbial community is covered in Chapters 4 and 5, while 

the role of adaptation of the microbial community on TOrC attenuation due to pre-

exposure to TOrCs in addressed in Chapter 6. 

1.6.1.  Role of the Primary Substrate on Microbial Community and TOrC 
Attenuation 

Organic carbon has been reported to be a major contributing factor to microbial 

community diversity in the natural environment. The significance of carbon for 

microbial diversity was investigated at agricultural sites receiving various carbon 

inputs (burned or incorporated rice straw). The microbial diversity measured by 

Biolog analysis was seen to be strongly impacted by field level carbon inputs (Bossio 

and Scow, 1995). Another study investigated the key factors that drive microbial 

community structure in surface, vadose and saturated zones. This study revealed 

that the soil organic carbon content was an important factor affecting microbial 

diversity and that microbial diversity changes with depth (Zhou et al., 2002).  
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Another study investigated the relationship between soil biomass and organic 

carbon removal during the infiltration of conventionally treated effluents used for 

groundwater recharge at both field-scale MAR sites and in laboratory columns. The 

results showed a strong positive correlation between total viable soil biomass and 

organic carbon removal (Rauch-Williams and Drewes, 2006).  

The effect of organic carbon (which serves as the primary substrate for 

microorganisms in MAR systems) specifically on TOrC attenuation has also been 

investigated in previous studies. Rauch-Williams et al. (2010) isolated three organic 

carbon fractions present in secondary effluent to study the role of biodegradable 

organic carbon (BDOC) on TOrC removal. These three fractions, colloidal organic 

carbon, hydrophobic acids (HPO-A), and hydrophilic carbon (HPI), were fed into 

separate laboratory-scale soil columns. Results for the HPI and organic colloid 

columns revealed that for some TOrCs, a lower BDOC content supported lower 

biomass growth and consequently limited the transformation of TOrCs. Although 

the column fed with the HPO-A fraction (consisting of humic like carbon) supported 

less biomass growth indicating a lower BDOC content, there was equal or faster 

removal for all degradable TOrCs (Rauch-Williams et al., 2010). These findings 

suggest that the lower BDOC content likely affected the composition of the microbial 

community resulting in an improved attenuation of TOrC.  

Nalinakumari et al. (2010) investigated the role of BDOC on biodegradation of N-

Nitrosodimethylamine (NDMA) using a soil column acclimated to dechlorinated tap 

water. The column was fed with increasing fractions of tertiary effluent added to tap 
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water (0%, 10% and 25% tertiary effluent fractions investigated). The findings 

indicated that an increase in the BDOC content resulted in an increased NDMA 

removal. It was suggested that a minimal primary substrate concentration is 

necessary to stimulate microbial growth for NDMA degradation. The authors 

concluded that the microbial population capable of NDMA degradation was 

proportional to the DOC content (Nalinakumari et al., 2010), suggesting that a 

higher BDOC content would result in higher NDMA removal. 

While organic carbon has been recognized in different soil settings to be an 

important factor affecting the microbial community, its exact role on TOrC 

attenuation in MAR settings still remains unclear. A controlled laboratory study was 

hence designed to investigate the effect of primary substrate composition and 

concentration on TOrC attenuation in MAR [Chapter 4, (Alidina et al., 2014c)]. An in-

depth look into the effect of the primary substrate on the microbial community 

makeup and diversity was also undertaken [Chapter 5, (Li et al., 2014a)]. 

1.6.2.  Role of Adaptation of the Microbial Community to Transform TOrCs 
during MAR 

Increased attenuation of TOrCs by microbial communities which are pre-exposed to 

them has been suggested. A study investigated adaptation of microbial communities 

to degradation of xenobiotic compounds after exposure to the compound using 

ecocores. Microbial communities in pre-exposed cores from a number of freshwater 

sampling sites adapted to degrade p-nitrophenol faster though a threshold 

concentration of 10 ppb was observed below which no adaptation was detected 

(Spain and Van Veld, 1983). At higher concentrations of 20 to 100 ppb, 
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biodegradation rates in pre-exposed cores were much higher than rates in control 

cores and were seen to be proportional to the concentration of the compound. When 

another three compounds were studied to investigate the need for adaptation, only 

2,4-dichlorophenoxyacetic acid exhibited an increased removal with adaptation. 

Microbial communities did not adapt to trifluralin, while p-Cresol was rapidly 

degraded by both pre-exposed and non-exposed microbial communities (Spain and 

Van Veld, 1983). More recently, while investigating the fate and transport of N-

nitrosamines in full-scale groundwater recharge operations, a study reported that 

an adapted bio-community was necessary for the complete removal of N-

nitrosamines. These adapted bio-communities were reported to take several weeks 

or months to get established (Drewes et al., 2006).  

Baumgarten et al. (2011) conducted column studies to investigate sulfamethoxazole 

(SMX) removal under different conditions. A relatively similar removal of DOC and 

SMX was noted in the aerobic columns. The removal of DOC increased gradually 

then stabilized after 9 months. SMX removal, however, increased continuously with 

the authors concluding that established microbial communities adapted to SMX 

removal. A similar finding was reported in batch studies where better SMX removal 

(20-30%) was observed using sand from an infiltration site rather than pristine 

‘technical’ sand.  The higher removal again was attributed to bacteria having 

adapted to the presence of trace organic chemicals (Baumgarten et al., 2011). 

Similarly, Rauch-Williams et al. (2010) conducted spiking studies in columns 

receiving different organic carbon fractions. Improved removal efficiency was noted 
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for ketoprofen, phenacetine, gemfibrozil and naproxen in subsequent spiking 

studies suggesting that the microbial community adapted to metabolizing these 

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

The concentrations at which the above studies investigated adaptation to TOrC is 

important. The adaptation effects noted by Spain and Van Veld (1983) were 

observed at rather high environmental concentrations exceeding 10 ppb. At these 

concentrations, it is possible that the TOrCs were degraded as the primary or 

secondary substrate, in which case the need for adaptation is plausible. However, 

TOrCs are typically not detected at such high concentrations in MAR systems so 

these results might not be directly applicable.  

Other studies were carried out at environmentally relevant concentrations. Drewes 

et al. (2006) used TOrC concentrations of 100-250 ng/L, Baumgarten et al. (2011) 

investigated concentrations of 250 – 4200 ng/L and Rauch-Williams et al. (2010) 

utilized maximum TOrC concentrations of 1500 ng/L. At these concentrations co-

metabolism is the most likely mechanism for TOrC degradation (Ryoo et al., 2000; 

Sharp et al., 2007), in which degradation occurs by enzymes or co-factors produced 

to catalyze primary substrate degradation. With co-metabolism, adaptation to the 

presence of TOrCs is not necessary since presence or absence of TOrCs does not 

affect the amount of enzyme produced, which is instead a function of the primary 

substrate. We hence undertook an in-depth laboratory study to investigate the 

hypothesis that adaptation of the microbial community to the presence of TOrCs at 
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ng/L concentrations is not necessary for their transformation [Chapter 6, (Alidina et 

al., 2014b)]. 

1.6.3.  Temperature Effects on TOrCs Attenuation during MAR 

Bank filtration systems have been identified as being vulnerable to climate change 

(Sprenger et al., 2011), with the two main impacts of climate change being 

increasing temperatures and increased occurrence of weather extremes  (IPCC, 

2007). In the local context, Saudi Arabia experiences very high temperatures during 

the summer months and much cooler temperatures during winter months, 

representing a wide annual variation in temperature. 

Thus, it is important to consider the effect of temperature on performance of MAR 

systems. Investigating this effect will indicate whether TOrC attenuation is affected 

by seasonal temperature changes, by geographic location - since some regions 

experience cold winters (parts of the US and Europe) or very hot summers (as in 

Saudi Arabia), and if TOrC attenuation is affected by the temperature gradient which 

exists through the infiltration process. 

Maeng et al. (2010) cited the importance of temperature variation on soil-aquifer 

treatment processes due to its effect on bacterial production and abundance. The 

two field sites investigated in moderate climates exhibited temperature variations 

between 15OC and 25OC in shallow monitoring wells and variations between 12OC 

and 20OC in the deep monitoring wells. These temperature profiles indicated 

prevalence of large temperature variations at a single site. Findings of the study 

revealed that during high temperatures in the summer, dissolved oxygen (DO) and 
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DOC concentrations were low, and higher microbial activity was observed (Maeng et 

al., 2010a). 

The effect of temperature particularly on removal of TOrCs at field sites in a 

moderate climate experiencing summer and winter conditions was investigated by 

Hoppe-Jones et al. (2010). The field results revealed that in the winter extended 

travel times were required to achieve similar degrees of attenuation as compared to 

summer months, and average temperatures of less than 10OC resulted in lower 

attenuation of TOrCs (Hoppe-Jones et al., 2010). Another study demonstrated that 

the redox conditions below a recharge basin at a MAR site were largely dependent 

on seasonal temperature changes in the infiltrate which varied between 0 and 24OC 

(Massmann et al., 2006). Attenuation of several TOrCs was seen to be sensitive to 

these redox changes (Massmann et al., 2006) indicating the important role of 

temperature on TOrC attenuation.  

Despite studies reporting MAR processes being affected by changes in temperature, 

an in-depth understanding of which classes of TOrCs are temperature sensitive and 

if any threshold temperatures exist below which TOrC attenuation reduces greatly is 

absent. We hence undertook a controlled laboratory study to investigate how 

changes in temperature affected attenuation of different classes of TOrCs and to 

investigate the role of a threshold temperature (Chapter 7) in order to provide an 

indication of MAR performance regarding TOrC attenuation in Saudi Arabia where 

temperature extremes are common. 
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1.7.  Objectives 

The overall aim of this research was to investigate some key factors which 

potentially affect performance of MAR systems specifically for TOrC attenuation, in 

the context of optimizing a MAR system into an integrated water reuse scheme in 

Saudi Arabia which is protective of human health and the environment.  

This was achieved by completing the following specific objectives: 

1. Evaluating the occurrence of TOrCs at four representative wastewater 

treatment plants (WWTPs) in Saudi Arabia (Chapter 3) 

2. Determining the role of the primary substrate concentration and 

composition on attenuation of TOrCs and on the microbial community 

(Chapters 4 & 5) 

3. Investigating the need for adaptation of the microbial community to degrade 

TOrCs (Chapter 6) 

4. Determining the effects of changes in temperature on attenuation of TOrCs 

(Chapter 7) 

5. Relevance of these findings in optimizing the use of MAR systems for TOrC 

attenuation (Chapter 8) 

1.8.  Overview of Dissertation 

This dissertation is organized into eight chapters.  

 Chapter 1 provides an introduction to the topic, presenting the objectives 

in light of gaps identified in the literature regarding application of MAR 
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systems for TOrC attenuation, particularly as part of a potential water 

reuse scheme in Saudi Arabia. 

 Chapter 2 provides an outline of common methodology and analysis 

techniques used throughout the research. Since each experimental setup 

was different, specific details are presented separately in each chapter. 

 Chapters 3 – 7 cover the main objectives of this research individually in 

separate chapters (as identified in Section 1.7. above). Each of these 

pieces of work are either published or are being submitted for review to 

peer-review journals. 

 Chapter 8 summarizes the key findings and conclusions for this research, 

and presents a risk assessment framework developed to compare 

different configurations for potable reuse schemes, providing some 

practical application for the research conducted. 
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CHAPTER 2: METHODOLOGY 

 

 

 

 

_________________________________________________________________________________________________ 

 

Collaboration:  

Dr. Dean Heil (Colorado School of Mines) provided assistance in developing the 

method for TOrC analysis at KAUST presented in this chapter. Dr. Christiane Hoppe-

Jones led the effort to obtain limits of detection and limits of quantification for the 

TOrC analysis method.  

 

Publication: 

The TOrC analysis method presented in this chapter has been accepted for 

publication in Science of the Total Environment. The full reference for the article is:  

Alidina, M., Hoppe-Jones, C., Yoon, M., Hamadeh, A., Li, D., Drewes, J.E. (2014). The 

occurrence of emerging trace organic chemicals in wastewater effluents in Saudi 

Arabia. Science of the Total Environment 478, 152-162. 
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2.1. Experimental Setup 

2.1.1. Soil Column Setup 

The laboratory-scale column set-ups used during the course of this research 

consisted of glass columns, 30 cm in length and with an internal diameter of 5 cm. 

Multiple columns were connected in series to increase the travel time. The columns 

used were either:  

 GE Healthcare XK 50/30 glass columns (Sweden), or 

 Spectrum Chromatography glass columns (Product# 12403, Houston, 

TX). 

All columns were filled with native soil from Wadi Wajj - a wadi receiving urban 

run-off north of Taif, Saudi Arabia. Dry soil was collected from the wadi and sieved 

to retain the fraction below 2 mm. The soil was then washed with deionized water 

and transferred into the columns totally submerged in water to minimize 

introduction of any air bubbles. The columns were operated fully saturated in up-

flow mode with feed solutions fed at a constant flow rate using IPC 8 channel 

Ismatec pumps (ISM 936, IDES Health & Science, Wertheim, Germany).  

Grain size analysis on the native soil revealed that it was mainly sand (94.8%), with 

small fractions of gravel, silt and clay. The soil was characterized as having a low 

organic carbon content with an foc of 0.10 ± 0.01 %. Hydraulic conductivity and 

porosity were determined to be 41.2 m/day and 0.32, respectively. 
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2.1.2. Hydraulic Residence Time Determination 

For each experiment, the hydraulic retention time was determined by conducting a 

tracer test with the conservative tracer potassium bromide (KBr). KBr at a 

concentration of 65 mg/L was fed into a single column for several hours, following 

which the feed was changed to DI water. Effluent samples were continuously 

collected from the beginning of the KBr spike and for several hours after the change 

to DI feed. Samples were analyzed using a Dionex Ion Chromatography ICS-1600 

variable wavelength detector (VWR) system (Sunnyvale, CA) according to Standard 

Method 4110C to obtain a breakthrough curve for bromide. The hydraulic residence 

time was then calculated for the column using the method of moments.  

2.1.3. Primary substrate composition 

Feed solutions to the soil columns comprised a synthetic wastewater prepared in 

the laboratory, the composition of which varied based on the experiment. The 

primary substrate consisted of one or more of the following organic carbon sources: 

 Peptone (BD BactoTM Peptone, Becton, Dickenson & Co.) and Yeast 

(BD BactoTM Yeast Extract, Becton, Dickenson & Co.) mixed in a ratio 

of 2:1 

 Humic substances (humic acid sodium salt, Sigma Aldrich).  

Peptone and yeast mimicked the easily degradable organic matter (Zimbro et al., 

2009) present in treated wastewater effluents, while humic substances represented 

the more refractory carbon fraction (Filip and Tesarova, 2004).  
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The synthetic wastewater also contained the following mix of salts at concentrations 

ranging between 3.5 mg/L and 50 mg/L representing levels observed in a typical 

secondary treated effluent: CaCl2∙2H2O NaCl, MgSO4, KNO3, K2HPO4, and 

ZnSO4∙7H2O. In addition small quantities of the following micronutrients with 

concentrations of 1 mg/L and less were added: KH2PO4, FeCl3, MnCl2∙4H2O, H3BO3, 

Na2MoO4∙2H2O, CuSO4∙5H2O, CoCl2∙6H2O and KI as described in Dantas et al. (2008).   

2.1.4. TOrCs in feed solution  

The columns were also fed with a mix of selected TOrCs at environmentally relevant 

concentrations typically in the range of 300-500 ng/L each. A TOrC mixture in 

methanol at a concentration of 50 mg/L was used to prepare a 1 mg/L aqueous 

stock of TOrCs. This aqueous stock solution was diluted into the feed solution tanks 

to achieve the target concentration.  

2.1.5. Cleaning Procedures 

A rigorous cleaning procedure of the feed lines was carried out biweekly to 

minimize back-growth of bacteria into the feed container. This involved flushing 

with sodium hypochlorite solution, followed by MilliQ water, then ascorbic acid and 

a final flush with MilliQ water. New feed containers were used whenever the feed 

solution batch was changed  

2.1.6. Batch Sorption Experiment 

Batch sorption tests were carried out in order to assess the role of sorption of TOrCs 

onto the soil, and where possible to obtain distribution coefficient (Kd) values. The 

following procedure was used for the batch experiment: 
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 5 g of the soil used to fill the columns was hydrated with 10 mL of a synthetic 

wastewater mix containing a mix of peptone-yeast, humic acid and salts, plus 

1g/L sodium azide in 15 mL conical tubes.  

 A soil to water ratio of 1:2 was used in all experiments likely in the range of 

what managed aquifer recharge systems would experience. The soil/water 

systems were spiked in triplicate with the TOrC mix at concentrations 

ranging between 500 ng/L to 50 µg/L (ensuring that regardless of spiking 

level, each tube received the same amount of methanol). 

 Control samples (no soil) were also included to account for any losses, 

including sorption of the TOrCs to the tubes. The batch tubes were placed in 

an orbital shaker for a period of 24 hours, during which sorption equilibrium 

has been shown previously to be achieved (Karnjanapiboonwong et al., 

2010). Following equilibration, solutions were centrifuged for 10 mins at 

4000 rpm and the supernatant analyzed by LC-MS/MS for the TOrCs.  

 The amount sorbed to the soil was calculated as the difference between the 

initial and final concentration of the TOrCs in solution. The data was fitted 

with a linear fit to obtain sorption isotherms for each compound from which 

the sorption coefficients Kd were extracted.  

 

2.2.  Analytical Procedures 

The following section summarizes the main analytical procedures and equipment 

used during the course of this research.  
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2.2.1. Bulk Parameter Analyses 

The following standard procedures were employed for analyses on samples. 

2.2.1.1. Dissolved Organic Carbon 

Dissolved organic carbon (DOC) analysis was carried out according to Standard 

Method 5310B using one of the following equipment: 

 TOC-V CPH Total Organic Carbon Analyzer (Shimadzu, Japan)  

 Fusion Total Organic Carbon Analyzer (Teledyne Tekmar; Mason, OH 

Samples were pre-filtered with a 0.45 µm cellulose nitrate or glass microfiber filter. 

Each set of samples analyzed on the TOC analyzers was accompanied by a set of five 

standards ranging between 0.5 ppm and 7 ppm at the beginning of the batch. 

Standards were also included in the middle and at the end of the batch for Quality 

Assurance (QA). In the event that the TOC analyzer provided different readings than 

expected for the standards – a manual correction was performed to all sample 

results to account for this deviation, providing good Quality Control (QC). Standards 

were prepared by dilution of the manufacturer provided standard solution. 

Numerous MilliQ blanks were also run with every batch to minimize carry-over of 

sample residues. 

Prior to use for analysis, DOC vials were washed with DI water and placed in the 

muffle furnace at a temperature of 550°C for at least 4 hours exceeding the 

requirements outlined by in USEPA Method 415.3 (USEPA, 2009), to get rid of any 

residual organic carbon on the vials. The vials were stored in aluminum foil prior to 

use.  
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2.2.1.2. Ultraviolet Absorption 

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

Shimadzu UV-2550 Spectrophotomoter (Japan) according to Standard Method 

5910B. Samples were pre-filtered with a 0.45 µm cellulose nitrate or glass 

microfiber filter. The specific UV absorbance (SUVA) was calculated as the ratio of 

the UVA and DOC.  

2.2.1.3. Nitrate 

Nitrate analysis was performed using the Dimethylphenol method (Hach).  1mL of 

sample was transferred into a TNT 835 Nitrate vial, followed by 0.2 mL of 

manufacturer provided Solution A and then mixed by inverting the tube 2-3 times. 

The vials were allowed to sit for 15 mins after which nitrate levels in the sample 

were measured using a DR2800 Hach Spectrophotometer (Germany) and obtained 

as NO3-N.  

2.2.1.4. Anions 

A Dionex Ion Chromatography ICS-1600 variable wavelength detector (VWR) 

system (Sunnyvale, CA) was used to analyze: F, Cl, Br, SO4, PO4, NO3-N and NO2-N; 

according to Standard Method 4110C. Every batch was accompanied by a full 

calibration curve and sufficient blanks, to ensure minimal carryover of sample 

residues. Quality control standards were also run with the batch to verify that the 

calibration was maintained to the end of the batch.  
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2.2.1.5. Fluorescence Spectrophotometry 

Excitation-emission matrix (EEM) fluorescence was measured using a FluoroMax-4 

spectrofluorometer (Horiba Scientific, Japan). EEM profiles were measured from 

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

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

Samples were adjusted using UV254 scans to normalize for the different DOC levels, 

and to allow comparison between samples. Care was taken to ensure that sample 

were at room temperature prior to fluorescence measurements.  

2.2.2.  TOrC Analyses 

The analytical method used to analyze TOrCs during this study was developed based 

on previous work published by Vanderford and Snyder (2006) and Teerlink et al. 

(2012) utilizing LC-MS/MS with isotope dilution and solid phase extraction. The 

isotope dilution method ensured that any loss of analyte during sample processing 

was compensated for considering similar losses of corresponding isotope of the 

particular compound. Ion suppression during mass spectroscopy is also 

compensated for using this method.  

2.2.2.1. Solid-Phase Extraction (SPE) 

Samples were extracted using 500-mg hydrophilic-lipophilic balance (HLB) 

cartridges from Waters Corp. (Millford, MA). Extractions were performed on an 

automated Dionex AutoTrace 280 SPE workstation (Sunnyvale, CA). The following 

method was utilized during solid-phase extraction (SPE): Exactly 50 mL of every 

sample was measured into a glass bottle using a volumetric flask and spiked with 
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100 µL of 100 µg/L isotope stock solution. The SPE cartridges were sequentially 

preconditioned with 5 mL of MTBE, 5 mL of methanol, and 5 mL of MilliQ water. The 

cartridges were then loaded with the 50 mL samples, rinsed with 5 mL of MilliQ 

water, and subsequently dried for 60 min under a stream of nitrogen. After the 

drying step, the cartridges were eluted with 5 mL of 10% methanol in MTBE (v/v), 

followed by 5 mL of methanol into 15-mL calibrated conical tubes.  

The resulting 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 and 

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

pipettes were then used to transfer the extracts from the conical tubes into 1.5 mL 

liquid chromatography vials.  

2.2.2.2. Liquid Chromatography coupled tandem Mass Spectrometry (LC-
MS/MS) 

An Agilent Technology 1260 Infinity Liquid Chromatography (LC) unit was used for 

all analyses. The LC unit consisted of a degasser, binary pump, autosampler and an 

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

The mobile phase used in the positive electrospray ionization (ESI) mode was 4 mM 

ammonium formate in water containing 0.1% formic acid (A) and 4 mM 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 µL/min as follows: 90% A held 

for 0.5 min, then stepped down to 50% at 0.51 min and decreased linearly to 5% at 
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8 min. It was held at 5% for 6 min, then stepped up to 90% A for an equilibration 

step of 4 min, giving a total run time of 18 min. 

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

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

the mobile phases at a flow rate of 800 µL/min was programmed as follows: 90% A 

held for 0.5 min, then stepped down to 60% at 0.51 min and decreased linearly to 

5% at 8 min. It was held at 5% till 11 min, then increased linearly to 90% A in 3 min 

followed by a 4 min equilibration step at 90% A, resulting in a total run time of 18 

min. 

Mass spectrometry (MS) 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. (2012). Using the 

established optimal ionization polarity for each compound, individual compounds 

were injected directly into the mass spectrometer. Optimization of compound-

dependent parameters was performed automatically by the instrument and the six 

most intense product ion peaks were displayed. Two of the product ions were 

selected. A summary of the source-dependent optimization parameters selected for 

Declustering Potential (DP), Collision Energy (CE) and Collision Cell Exit Potential 

(CXP) are presented in Table 2.1. 
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Table 2.1. Compound-specific MS optimization parameters (arranged according to retention time) 

Compound Structure 
Retention 

time 
(min) 

Precursor 
ion (m/z) 

Product 
ion 

(m/z) 

DP 
(V) 

CE 
(eV) 

CXP 
(V) 

 ESI Positive 

Atenolol 

 

3.8 267 
145 101 35 12 

74 101 31 8 

Atenolol-d7  3.8 274 145 101 35 12 

Trimethoprim 

 

4.1 291 

261 96 35 18 

230 96 33 16 

Trimethoprim-d9  4.1 300 234 76 35 18 

Caffeine 

 

5.0 195 

138 56 25 10 

110 56 31 10 

Caffeine-d9  5.0 204 144 201 27 10 

Sulfamethoxazole 

 

5.2 254 
156 86 21 12 

108 86 33 10 

Sulfamethoxazole-d4  5.2 258 160 76 21 12 

Diphenhydramine 

 

6.0 256 

167 36 19 12 

152 36 51 12 

Diphenhydramine-d5  6.0 261 172 46 19 12 

Primidone 

 

6.1 219 

162 51 19 12 

139 76 41 14 

Primidone-d5  6.1 224 167 106 17 12 

Amitriptyline 

 

7.3 278 

233 81 11 12 

117 56 31 12 

Amitriptyline-d6  7.3 284 233 71 25 14 

Fluoxetine 

 

7.5 311 

44 91 57 6 

221 91 21 16 

Fluoxetine-d10  7.5 315 44 71 61 6 

Dilantin 

 

7.6 253 

182 106 23 14 

104 106 45 12 

Dilantin-d10  7.6 263 192 111 25 14 

Carbamazepine 

 

7.8 237 

165 96 61 12 

179 96 47 12 

Carbamazepine-d10  7.8 247 210 101 29 16 
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DEET 

 

8.6 192 
119 71 23 10 

91 71 39 10 

DEET-d7  8.6 199 126 96 25 10 

Atrazine 

 

8.8 216 
174 71 25 12 

104 71 39 14 

Atrazine-d5  8.8 221 179 76 25 14 

Benzophenone 

 

9.8 183 
105 96 21 10 

77 96 43 12 

Benzophenone-d10  9.8 193 110 86 23 10 

Oxybenzone 

 

10.7 229 
151 56 27 10 

105 56 25 10 

Oxybenzone-d5  10.8 234 151 71 27 12 
 
 
 

       

 ESI Negative 

Acesulfame 

 

4.0 162 
82 -50 -20 -7 

78 -50 -42 -5 

Acesulfame-d4  4.0 166 86 -60 -20 -9 

Sucralose 

 

4.8 397 

361 -120 -16 -17 

359 -140 -14 -19 

Sucralose-d6  4.8 403 35 -120 -72 -15 

Methylparaben 

 

6.0 151 92 -95 -28 -9 

Methylparaben-d4  6.0 155 96 -95 -24 -19 

Naproxen 

 

6.5 229 169 -45 -44 -11 

Naproxen-d3  6.5 232 173 -35 -22 -7 

Bisphenol A 

 

7.7 227 
212 -130 -24 -13 

133 -130 -36 -13 

Bisphenol A-d16  7.7 241 142 -115 -36 -13 

Propylparaben 

 

7.9 179 92 -100 -32 -7 

Propyparaben-d4  7.9 183 96 -110 -28 -9 

Diclofenac 

 

8.3 294 

250 -50 -16 -13 

214 -50 -26 -13 

Diclofenac-d4 
 
 
 
 

 8.3 298 217 -65 -28 -9 
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Ibuprofen 

 

8.6 205 

159 -30 -10 -9 

161 -30 -10 -9 

Ibuprofen-d3  8.6 208 164 -35 -10 -9 

Gemfibrozil 

 

10.4 249 

121 -75 -24 -9 

127 -75 -14 -17 

Gemfibrozil-d6  10.4 255 121 -100 -22 -7 

Triclocarban 

 

11.2 313 
160 -130 -24 -9 

126 -130 -34 -7 

Triclocarban-d4  11.2 317 160 -100 -18 -7 

Triclosan 

 

11.2 287 35 -80 -36 -17 

 

2.2.2.3.  Limits of detection (LOD) and limits of quantification (LOQ)  

Limits of detection (LOD) and limits of quantification (LOQ) were determined in 

MilliQ water. Twelve samples each were fortified with 0.1 ng, 0.2 ng, 0.5 ng, and 1.0 

ng in 100 mL MilliQ water. Prior to solid phase extraction, isotopically labeled 

standards were added and the previously described protocol was followed. The LOD 

was calculated by multiplying the standard deviation and student’s t- test for n=11 

degrees of freedom. LOQ were determined to be generally three times larger than 

the LOD, however, the signal-to-noise ratio had to be at least 11. The LOD and LOQ 

values are listed in Table 2.2. The recoveries for the target compounds were within 

80 to 130% after correcting them by the recovery of the isotopically labeled 

standards.  
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Table 2.2. Limits of Detection and Limits of Quantification in Milli-Q water 

Compound Milli-Q water 
 LOD (ng/mL extract) LOQ (ng/mL extract) LOQ (ng/L) 
Acesulfame 1.0 3 30 
Amitriptyline 0.3 1 10 
Atenolol 0.3 1 10 
Atrazine 0.2 0.6 6 
Benzophenone 10 30 300 
Bisphenol A 0.5 2 20 
Caffeine 2.0 6 60 
Carbamazepine 0.2 0.6 6 
DEET 1.0 3 30 
Diclofenac 0.3 1 10 
Dilantin 0.5 2 20 
Diphenhydramine 0.6 2 20 
Fluoxetine 0.3 1 10 
Gemfibrozil 0.2 0.6 6 
Ibuprofen 0.3 1 10 
Methylparaben 1.0 3 30 
Naproxen 0.2 0.6 6 
Oxybenzone 1.0 3 30 
Primidone 0.1 0.3 3 
Propylparaben 0.5 2 20 
Sucralose 0.5 2 20 
Sulfamethoxazole 0.2 0.6 6 
Triclocarban 1.0 3 30 
Triclosan - 25* 250 
Trimethoprim 0.3 1 10 
*Estimated LOQ based on isotope recovery of triclocarban and smallest quantifiable standard 
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CHAPTER 3: THE OCCURRENCE OF EMERGING TRACE ORGANIC CHEMICALS IN 
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3.1.  Abstract 

Emerging trace organic chemicals (TOrC) released into the environment via 

discharge of wastewater effluents have been detected in rivers and lakes worldwide, 

raising concerns due to their potential persistence, toxicity and bioaccumulation. 

This study provides the first reconnaissance of TOrC occurrence in wastewater 

effluents within Saudi Arabia. Four wastewater treatment plants (WWTP 1 – 4) 

located in Western Saudi Arabia were sampled hourly over twelve-hour periods, for 

a total of six sampling events. All samples were analyzed for a wide range of TOrC 

encompassing pharmaceuticals, personal care products and household chemicals. 

Treatment and capacities of the plants varied from non-nitrifying to full biological 

nutrient removal providing a representative cross section of different types of 

plants operational within the country. A comparison of TOrC occurrence in effluents 

in Saudi Arabia with respective effluent qualities in the United States revealed 

similar levels for most TOrC. Overall, occurrence of TOrC was higher at two of the 

plants. The higher TOrC concentrations at WWTP 1 is likely due to the non-nitrifying 

biological treatment process. The unique TOrC occurrence observed in the WWTP 3 

effluent was unlike any other plant and was attributed to the influence of a large 

number of international visitors in its sewershed. Occurrence of TOrC in this plant 

was not expected to be representative of occurrence elsewhere in the country. 

Bimodal diurnal variation expected for a range of TOrC was not observed, though 

some hourly variation in TOrC loading was noted for WWTP 3. Since water 

reclamation and reuse has received increasing interest in Saudi Arabia within the 

last few years, results from this study provide a good foundation in deciding 
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whether advanced treatment is necessary to attenuate TOrC deemed to be of 

concern in effluents, or if natural treatment such as managed aquifer recharge 

provide sufficient protection to public health.  

3.2.  Introduction 

A wide range of emerging trace organic chemicals (TOrC) encompassing 

pharmaceuticals and personal care products, pesticides, household chemicals and 

artificial sweeteners have been detected in streams in different parts of the world 

(Glassmeyer et al. 2005). The common pathway into the environment for most TOrC 

is via discharge from wastewater treatment plants (WWTPs), since many of these 

compounds are not entirely removed by conventional biological wastewater 

treatment processes) (Stasinakis et al., 2013; C. I. Torres et al., 2011; Verlicchi et al., 

2012). 

Occurrence of many of these chemicals is a concern primarily due to their 

persistence, bioaccumulation, widespread detection in water bodies (Bueno et al., 

2012) and potential adverse ecological and human health effects (Batt et al., 2006). 

Numerous studies have been undertaken in the recent past to characterize the 

presence of TOrC in surface waters and wastewaters in Europe, North America, Asia 

and Australia (Bendz et al., 2005; Metcalfe et al., 2003; Pal et al., 2010; Watkinson et 

al., 2009; Xu et al., 2007). However, very little is known regarding the occurrence of 

TOrC in wastewater and surface waters within Saudi Arabia. Since occurrence of 

TOrC has been found to be region-specific (Pal et al., 2010) with notable variations 

between countries due to variations in prescription practices, water consumption 

patterns and treatment processes employed, it is not possible to generalize results 
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from other studies to estimate occurrence patterns within Saudi Arabia. In addition, 

whereas in many developed countries databases exist which report quantities of 

drugs and chemicals manufactured and imported annually such as the Toxic 

Substances Control Act (TCSA) Chemical Substance Inventory in the United States 

(US) or the European Chemical Substances Information System (ESIS – Europe), 

such information is not readily available in Saudi Arabia making it difficult to 

estimate quantities of TOrC expected to occur in wastewater effluents. 

Currently, only 37% of the wastewater generated in Saudi Arabia is sewered (Qadir 

et al., 2009) though a target of achieving sewerage coverage of 100% by 2025 has 

been set for all cities with populations greater than 5,000 people (KICP, 2012). 

Coupled with the increased wastewater generation expected in the near future, 

water reuse is being considered within Saudi Arabia and other Middle Eastern and 

North African (MENA) countries to augment groundwater supplies (Drewes et al., 

2012; Hamoda, 2004). Within Saudi Arabia, water reuse has been increasing 

steadily over the years with amounts of 123 million m3/year of reused wastewater 

in 2006 increasing to 219 million m3/year in 2010 (Drewes et al., 2012). In a 

country where almost 83% of potable water is used for agriculture (MOWE, 2010) 

and groundwater resources have been overexploited, agricultural irrigation and 

groundwater recharge provide a large potential for water reclamation. A 

reconnaissance of occurrence of various TOrC within wastewater effluents can 

assist in the assessment of reclaimed water qualities and the selection of 

appropriate treatment technologies to establish safe reclamation and reuse 

programs.  
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The aim of this study is to provide the first reconnaissance of TOrC occurrence in 

treated wastewater in Western Saudi Arabia by collecting discrete hourly samples 

over the course of a 12-hour period from four different wastewater treatment plants 

(WWTPs). Some of the plants were sampled twice to investigate if any changes in 

TOrC concentrations were noted with time. In addition, the results of this study 

allow a comparison of TOrC occurrence in wastewater effluents in Saudi Arabia with 

other countries around the world. 

3.3.  Hypotheses  

The hypotheses for this study are as follows: 

1. The occurrence footprint of selected TOrCs in treated wastewater effluents in 

Saudi Arabia is similar to occurrence patterns reported in the US for facilities 

providing the same degree of treatment due to similar per capita water 

consumption in these two countries. 

2. Treated effluent from a wastewater treatment facility serving a large city 

frequented by international visitors exhibits a distinct occurrence pattern 

due to the contributions of TOrCs that are most prevalent in municipal 

wastewater in different parts of the world. 

3.4.  Materials and Methods 

3.4.1.  Treatment Plant Selection 

Four treatment plants in Western Saudi Arabia were selected for this study. The 

choice of treatment plant encompassed a range of service areas (large cities to gated 

communities, both prevalent within the country) and treatment processes 
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employed. Due to limited access to these facilities, influents to the plants could not 

be sampled. However, since the aim of this study was to provide a reconnaissance 

without considering TOrC removal efficiency, a single sampling location per plant 

was considered to be appropriate. Furthermore, in contrast to wastewater 

treatment plant operations in major cities in developed countries, the facilities 

sampled during this study did not employ auto-samplers and had limited 

information regarding online flow data, hydraulic or solids retention times, and 

other operational parameters that are commonly measured on- or offline. The 

sampling strategy employed, though not comprehensive, was the first attempt to get 

an initial assessment of occurrence of TOrC in wastewater effluents in Western 

Saudi Arabia.  

Two independent sampling campaigns were planned for each WWTP but due to 

access restrictions, the second sampling campaign was only carried out at WWTPs 1 

and 2. Average flow rates in the plants ranged from around 4,000 m3/day to around 

80,000 m3/day. Treatment processes employed at each plant are detailed below and 

summarized in Table 1. 

WWTP 1 serves a large city and at the time of sampling received an average flow 

rate of approximately 80,000 m3/day. The treatment plant comprised solids 

screening, biological treatment with no nitrification, clarification, flocculation, 

multimedia filtration and chlorination. WWTP 1 utilizes several buffer tanks with 

relatively long retention times. One of the retention tanks following the clarifier had 

a residence time of close to 11 hours, while the primary and secondary reservoirs 
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for the final effluent at the end of the treatment train had retention times of 43 and 

21 hours, respectively. Considering the degree of blending that occurs in these 

retention basins, collection of water samples at the very end of the treatment train 

would lose any resolution displaying hourly water quality variation. Thus, hourly 

samples were collected prior to the first of these large tanks (i.e. after the secondary 

clarifier) to assess how TOrC loading changes during the course of the day. A single 

sample was also collected at the end of the treatment train, after the secondary 

retention tank to provide an indication of the quality of the final effluent.  

WWTP 2 serves a gated community within the country and is hence much smaller in 

scale compared to the other treatment plants with flow rates of less than 4,000 

m3/day. Treatment within the plant comprises the following components: fine 

screens, flow equalization tank, biological nutrient removal using a membrane 

bioreactor (MBR) (nitrifying/denitrifying), and final disinfection with chlorine. 

Hourly samples were collected at the effluent of the MBR prior to chlorination. 

WWTP 3 serves a major city which is visited by a large number of international 

visitors throughout the year. It began operation in 2010 and was treating 

approximately 74,000 m3/day on the day it was sampled. Treatment at the plant 

comprises coarse and fine screens, grit removal, biological nutrient removal 

(nitrifying/denitrifying) including biological-P removal, secondary clarification, and 

UV disinfection. Hourly samples were collected from WWTP 3 after UV disinfection. 

WWTP 4 is a mid-scale plant located in a large city with a design capacity of 19,700 

m3/day. Treatment steps at the plant comprised solids screening, biological nutrient 
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removal (nitrifying/denitrifying), secondary clarification followed by chlorination. 

Hourly samples were collected at this treatment plant following chlorination.  

3.4.2.  Sampling Protocol 

The wastewater effluent at each plant was sampled every hour during a 12-hour 

period from morning to evening (starting between 6 and 7 AM). This allowed an 

assessment of hourly variations in loading during daylight hours of the day. The 

average hourly temperature during sampling at each plant together with the general 

climatic condition in the area during the sampling period are reported in Table 3.2. 

For consistency, a common sampling protocol was established and followed during 

collection of samples. Since none of the WWTPs had automatic samplers installed, 

grab samples were collected at all locations. Three sets of twelve bottles were 

prepared for each sampling event. Phosphoric acid was added to one set of bottles 

as a preservative for dissolved organic carbon (DOC). Sodium omadine and ascorbic 

acid were added as preservative and oxidant quenching agent, respectively 

(Teerlink et al., 2012), to the second set of bottles which were used for TOrC 

analysis. The third set of bottles did not contain any preservative and were used for 

UV absorbance (UV254nm) measurement, analysis of anions, nitrate, ammonia and 

conductivity. Collected samples were stored in a cooler until transported to the 

laboratory where they were stored at 4ºC pending analysis. All individual hourly 

samples were analyzed within 48 hours of receipt of the samples (during which no 

changes were anticipated in any of the parameters). 
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3.4.3.  Target Compounds 

The compounds selected for this study were representative of a wide range of TOrC 

commonly present in municipal wastewater (Ternes, 1998; Kinney et al., 2006; 

Pedrouzo et al., 2007; Spongberg and Witter, 2008; Teerlink et al., 2012), including 

antibiotics, anti-epileptic drugs, anticonvulsants, lipid blood regulators, artificial 

sweeteners, and a stimulant. 

3.4.4.  Analytical Methods 

The bulk parameters: DOC, UVA254nm, nitrate and anions were analyzed according to 

methods defined in Section 2.2.1. TOrCs were analyzed according to methods 

defined in Section 2.2.2. 

3.4.5.  Comparison to reported US effluent TOrC concentrations  

In order to provide some context to TOrC concentrations detected at the various 

plants, results were compared with concentrations reported in a comprehensive 

study carried out in the US where seven WWTPs were sampled at various 

geographical locations employing similar treatment trains for a wide range of TOrC 

(Salveson et al., 2012). This reference study also utilized a similar analytical method 

to quantify TOrC allowing a direct comparison with results reported here. 

Furthermore, since each plant targeted in this study was compared to matching 

sampling locations of a corresponding US facility, which carried out similar 

treatment, an overall comparison between TOrC occurrence in Saudi Arabia and the 

US could be made. A brief description of the US facilities selected for comparison 

follows.  
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Facility C: Treatment consisted of primary clarification, biological wastewater 

treatment (with no nitrification/denitrification), and secondary clarification. 

Disinfection at this plant consisted of chlorination. Concentrations in samples from 

WWTP 1 are compared to samples collected after the primary clarification tank in 

Facility C.  

Facility E: This plant employed pre-screening followed by biological nutrient 

removal using a membrane bioreactor (nitrifying/denitrifying) followed by UV 

disinfection. The pre-chlorinated effluent of WWTP 2 is compared with the pre-UV 

disinfected sample collected from Facility E. 

Facility G: Facility G employed primary clarification followed by a biological nutrient 

removal (nitrifying/denitrifying) including biological-P removal. UV irradiation was 

used at this facility for disinfection. Final effluents collected at WWTP 3 (also post-

UV) are compared to final effluents from Facility G.  

Facility A: This WWTP utilized primary clarification followed by biological nutrient 

removal process (nitrifying/denitrifying) without achieving biological-P removal. 

The final effluent was chlorinated. Post-chlorination effluent sample collected at 

WWTP 4 are compared to similar samples collected at Facility A. 

3.5.  Results  

3.5.1.  Occurrence levels of DOC, Ammonia and Nitrate 

Wastewater effluents from four wastewater plants in Western Saudi Arabia, which 

differed in size and treatment process, were sampled and analyzed for bulk water 

quality parameters and trace organic chemicals.  
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Average DOC concentrations in plant effluents (averaged over the 12 hour sampling 

period) varied between 1.94 and 7.34 mg/L as summarized in Table 3.1. DOC was 

lowest in the effluent of WWTP 2 serving a gated community with average 

concentrations ranging between 1.94 and 2.31 mg/L during the two sampling 

events. DOC concentrations in WWTP 3 and 4, both employing full biological 

nutrient removal were slightly higher averaging 3.34 and 4.18 mg/L, respectively. 

Average DOC concentrations were highest at the hourly sampling location of WWTP 

1, between 6.89 and 7.34 mg/L, though DOC concentrations were reduced during 

the remaining treatment at this plant resulting in final effluent DOC concentrations 

of 5.42 - 5.53 mg/L (Table 3.1).  

No significant hourly variations were noted in DOC concentrations in any of the 

effluents of the wastewater plants studied despite all sampling events being 

conducted during the middle of the working week.  

Ammonia and nitrate concentrations in the treated effluents confirm the expected 

degree of biological nutrient removal achieved by each facility. Low ammonia 

concentrations (< 0.2 mg N/L) were noted for all treatment plants except WWTP 1 

where elevated ammonia concentrations of 26 – 27 mg-N/L and nitrate 

concentrations of less than 1.6 mg-N/L were observed in the final effluent. Nitrate 

concentrations for the other three facilities varied between 10.5 and 17 mg-N/L 

confirming efficient biological nitrogen removal. 

Other parameters (pH, UVA254nm and SUVA) measured in hourly samples are 

presented for each sampling campaign in Table 3.2.  
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Table 3.1. Plant operational parameters and bulk water quality of the sampled effluent 

Plant ID Plant Parameters Effluent Quality at the Sampling Location 

 
Average 

flow 
(m3/day) 

Treatment Process 
Sampling 
Location 

DOC (mg/L) TDS (mg/L)2 
NH4

+ -N 
(mg/L) 

NO3
- -N 

(mg/L) 
Cl- 

(mg/L) 

WWTP1-1 N/A 
Primary clarification; 
biological treatment 

(non-nitrifying), 
secondary clarification; 
multi-media filtration; 

chlorination 

Pre-
chlorination 

 
(Final 

Effluent) 

7.34 ± 0.72 
 

(5.53) 

464 ± 4 
 

(463) 

30.5 ± 1.4 
 

(25.9) 

< 0.2 
 

(0.89) 

69.8 ± 0.5 
 

(90.48) 

WWTP1-2 80,919 
6.89 ± 0.36 

 
(5.42) 

569 ± 4 
 

(624) 

31.2 ± 2.5 
 

(26.8) 

< 0.2 
 

(1.54) 

86.8 ± 0.7 
 

(127) 

WWTP2-1 3,827 Screening; membrane 
bioreactor 

(nitrifying/denitrifying); 
chlorination 

Pre-
chlorination 

2.31 ± 0.31 378 ± 5 < 0.01 16.1 ± 0.1 88.0 ± 2.1 

WWTP2-2 3,983 1.94 ± 0.25 520 ± 8 < 0.01 13.1 ± 0.2 155 ± 4 

WWTP 3 73,670 

Primary clarification; 
biological nutrient 

removal 
(nitrifying/denitrifying) 

including Bio-P; UV 
disinfection 

Post UV-
disinfection 

3.34 ± 0.41 412 ± 42 0.13 ± 0.01 10.5 ± 1.3 64.0 ± 7.7 

WWTP 4 19,7001 

Primary clarification; 
biological nutrient 

removal 
(nitrifying/denitrifying); 

chlorination 

Post-
chlorination 

4.18 ± 0.28 2535 ± 43 0.17 ± 0.06 17.0 ± 2.8 1040 ± 83 

1 Design Flow Round up 

2 Conductivity converted to TDS using, (TDS) ppm = Conductivity µS/cm x 0.64. (Rollins, 2007) 

NB. Italicized Row provide values for final effluent concentrations of the single grab sample collected at WWTP 1 
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Table 3.2. Climatic conditions during sampling at various plants together with other parameters measured 

 

  
WWTP 1-1 WWTP 1-2 WWTP 2-1 WWTP 2-2 WWTP 3 WWTP 4 

Average Temperature (oC) 32.4 ± 2.8 20.3 ± 5.2  32.3 ± 5.1  25.6 ± 4.6 35.2 ± 3.6 32.4 ± 1.6 

General Climatic Condition 
Clear, Some 

clouds 

Haze & 
partly 
cloudy 

Clear 
Clear, Some 

blowing 
sand 

Clear, Some 
clouds 

Clear, Some 
clouds 

Average pH N/A 7.44 ± 0.05 6.98 ± 0.34 7.17 ± 0.07 7.28 ± 0.14  7.35 ± 0.07 

Average UVA254nm (1/m)  17.15 ± 0.97 15.85 ± 0.39 7.18 ± 0.28 6.20 ± 0.70 9.57 ± 1.98 8.90 ± 1.36 

Average SUVA (L/(mg.m)) 2.25 ± 0.43 2.30 ± 0.10 3.12 ± 0.13 3.23 ± 0.51 2.87 ± 0.50 2.13 ± 0.29 
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3.5.2.  Analysis of trace organic chemicals 

Results for TOrC are presented under the following categories: food additives 

(stimulant and artificial sweeteners), pharmaceutical residues, personal care 

products and household chemicals. A summary of mean concentrations during each 

sampling event in the effluents of the various plants are presented in Table 3.3. 

Detailed statistical data for TOrC concentrations including mean, median, 90th 

percentile, minimum and maximum values are presented in Table 3.4.  

Food Additives 

A large variance was noted in the occurrence of caffeine among the treatment plants 

as illustrated in Figure 3.1(a). Low caffeine concentrations averaging less than 100 

ng/L were detected in the effluents of WWTPs 2 and 4. Much higher caffeine 

concentrations averaging 16,500 and 2,590 ng/L were detected in WWTP 1 during 

the first and second sampling events, respectively. During the first sampling event at 

WWTP 1, caffeine concentrations detected during the twelve-hour sampling period 

ranged between 3,260 and 28,800 ng/L. The second sampling event at WWTP 1 

yielded lower caffeine values between 1,110 and 3,720 ng/L. The average caffeine 

concentration in WWTP 3 was found to be 975 ng/L. 

Among the artificial sweeteners, acesulfame was more prevalent than sucralose in 

all treated effluents (Figure 3.1(a)). Mean concentrations of acesulfame exceeded 

3,000 ng/L in effluents of all plants except WWTP 3 which had a slightly lower mean 

concentration of 1,430 ng/L. Sucralose was detected at lower levels in effluents of 

all plants, with a maximum mean concentration of 1,410 ng/L in WWTP 2.  
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Table 3.3. Mean effluent concentrations at plants sampled during this study and at comparable US treatment plants 

  
 

LOQ 
(ng/L) 

(WWTPs 
1-4 only) 

WWTP  
1-1 

WWTP  
1-2 

US 
FACILITY 

C* 
WWTP  

2-1 
WWTP  

2-2 

US 
FACILITY E 
(SUMMER)* 

WWTP 
3 

US 
FACILITY G 

(LOW 
SRT)* 

WWTP 
4 

US 
FACILITY A 
(SUMMER)* 

    
Post-

Clarifier 
Post-

Clarifier 
Post-

Clarifier 
Post-
MBR 

Post-
MBR Post-MBR 

Post-
Bio P Post Bio-P 

Final 
Effluent 

Final 
Effluent 

Caffeine 60 16500 2590 5700 < 60 91 10 975 15 64 < 5 

Acesulfame 30 3390 4270  -  3300 4270  -  1430  -  3600  -  

Sucralose 20 415 475 28000 880 1410 28000 1200 36000 1250 8900 

Carbamazepine 6 1200 830 350 57 62 380 865 130 240 140 

Dilantin 20 60 46  -  < 20 < 20  -  440  -  38  -  

Primidone 3 15 < 3 170 < 3 17 16 645 130 7 52 

Sulfamethoxazole 6 730 305 1300 245 145 940 345 2500 160 220 

Trimethoprim 10 44 41 830 < 10 < 10 66 785 620 < 10 130 

Diclofenac 10 1260 760  -  31 64  -  345  -  140  -  

Ibuprofen 10 460 930 1200 < 10 < 10 < 10 325 53 15 < 10 

Naproxen 6 40 105 2000 10 7 23 310 300 31 36 

Amitriptyline 10 62 34  -  39 12  -  365  -  33  -  

Fluoxetine 10 11 16 56 32 13 23 295 27 69 38 

Atenolol 10 2550 2210 2200 15 32 160 1870 980 105 510 

Diphenhydramine 20 295 755 1600 52 59 82 540 880 230 100 

Gemfibrozil 6 390 215 3200 9 6 6.5 430 470 26 100 

DEET 30 110 89 840 < 30 46 24 415 180 94 270 

Benzophenone 300 890 870 < 500 5710 950 84 595 170 < 300 180 

Oxybenzone 30 89 62  -  57 < 30  -  380  -  < 30  -  

Triclocarban 30 81 36 330 495 34 260 260 43 75 79 

Triclosan 250 2370 530 870 2220 < 250 33 845 150 < 250 12 

Methylparaben 30 535 < 30  -  175 < 30  -  920  -  < 30  -  

Propylparaben 20 < 20  < 20  -  < 20 < 20  -  585 -   < 20  -  

Atrazine 6 8 < 6  -  30 < 6  -  27  -  < 6  -  

Bisphenol A 20 890 450 430 < 20 < 20 < 5 430 < 5 n/a < 50 

*Source: Salveson et al. (2012) 
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Table 3.4.  Detailed TOrC Occurrence Values 

   WWTP effluents 
Use Compound  WWTP1-1 WWTP1-2 WWTP2-1 WWTP2-2 WWTP3 WWTP4 

S
ti

m
u

la
n

t 

Caffeine 

Mean ± STDEV 16500 ± 10000 2590 ± 860 < 60 91 ± 23 975 ± 1560 64 
Median 18000 2600 < 60 < 60 495 < 60 
90th Percentile 28200 3660 < 60 93 1610 < 60 
Min 3260 1110 < 60 < 60 155 < 60 
Max 28800 3720 < 60 111 5740 64 

A
rt

if
ic

ia
l 

S
w

e
e

te
n

e
r Acesulfame 

Mean ± STDEV 3390 ± 465 4270 ± 385 3300 ± 480 4270 ± 510 1430 ± 750 3600 ± 1190 
Median 3440 4180 3350 4230 1180 3590 
90th Percentile 3940 4580 3880 4970 2330 4770 
Min 2560 3740 2720 3460 690 1790 
Max 3980 5220 4040 5000 3380 6080 

Sucralose 

Mean ± STDEV 415 ± 120 475 ± 90 880 ± 40 1410 ± 170 1200 ± 1580 1250 ± 360 
Median 345 510 890 1320 520 1120 
90th Percentile 585 545 910 1620 2140 1710 
Min 310 265 820 1220 320 860 
Max 685 565 960 1660 5840 1850 

A
n

ti
co

n
v

u
ls

a
n

ts
 

Carbamazepine 

Mean ± STDEV 1200 ± 140 830 ± 110 57 ± 6 62 ± 6 865 ± 345 240 ± 235 
Median 1200 805 57 63 700 130 
90th Percentile 1360 830 63 70 1450 565 
Min 985 770 46 53 630 19 
Max 1420 1150 67 70 1630 670 

Dilantin 

Mean ± STDEV 60 ± 6 46 ± 5 < 20 < 20 440 ± 450 38 ± 34 
Median 60 44 < 20 < 20 255 27 
90th Percentile 68 54 < 20 < 20 1090 33 
Min 50 42 < 20 < 20 100 25 
Max 69 56 < 20 < 20 1490 145 

Primidone 

Mean ± STDEV 15 ± 6 < 3 < 3 17 ± 31 645 ± 945 7 ± 6 
Median 17 < 3 < 3 < 3 360 5 
90th Percentile 23 < 3 < 3 6 1230 8 
Min 6 < 3 < 3 < 3 81 < 3 
Max 26 < 3 < 3 80 3400 23 

A
n

ti
b

io
ti

cs
 

Sulfamethoxazole 

Mean ± STDEV 730 ± 110 305 ± 35 245 ± 41 145 ± 45 345 ± 125 160 ± 54 
Median 790 295 240 135 280 165 
90th Percentile 835 340 295 190 510 210 
Min 560 265 195 96 250 65 
Max 860 390 295 240 660 255 

Trimethoprim 

Mean ± STDEV 44 ± 6 41 ± 11 < 10 < 10 785 ± 1180 < 10 
Median 44 39 < 10 < 10 320 < 10 
90th Percentile 50 55 < 10 < 10 1690 < 10 
Min 35 23 < 10 < 10 64 < 10 
Max 55 55 < 10 < 10 4140 < 10 

N
S

A
ID

s 

Diclofenac 

Mean ± STDEV 1260 ± 245 760 ± 110 31 ± 18 64 ± 5 345 ± 240 140 ± 155 
Median 1220 770 17 64 235 60 
90th Percentile 1710 850 49 69 545 68 
Min 980 580 < 10 57 145 < 10 
Max 1710 930 60 73 995 310 

Ibuprofen 

Mean ± STDEV 460 ± 110 930 ± 250 < 10 < 10 325 ± 335 15 ± 6 
Median 415 855 < 10 < 10 245 14 
90th Percentile 595 1220 < 10 < 10 655 20 
Min 255 645 < 10 < 10 85 10 
Max 610 1520 < 10 < 10 1235 27 

Naproxen 

Mean ± STDEV 40 ± 14 105 ± 18 10 ± 3 7 ± 1 310 ± 330 31 ± 9 
Median 35 105 < 6 < 6 215 28 
90th Percentile 54 120 11 6 700 38 
Min 25 75 < 6 < 6 65 20 
Max 76 130 13 8 1170 52 

A
n

ti
d

e
p

re
ss

a
n

t 

Amitriptyline 

Mean ± STDEV 62 ± 22 34 ± 8 39 ± 34 12 365 ± 455 33 ± 51 
Median 55 33 14 < 10 170 10 
90th Percentile 89 37 62 < 10 1020 18 
Min < 10 26 < 10 < 10 53 < 10 
Max 101 54 107 12 1430 135 

Fluoxetine 
Mean±STDEV 11 16 ± 6 32 ± 15 13 295 ± 365 69 
Median < 10 < 10 < 10 < 10 150 < 10 
90th Percentile 10 14 24 < 10 755 < 10 
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   WWTP effluents 
Use Compound  WWTP1-1 WWTP1-2 WWTP2-1 WWTP2-2 WWTP3 WWTP4 

Min < 10 < 10 < 10 < 10 53 < 10 
Max 11 23 49 13 1210 69 

B
e

ta
-

b
lo

ck
e

r 

Atenolol 

Mean ± STDEV 2550 ± 200 2210 ± 200 15 ± 1 32 ± 4 1870 ± 1635 105 ± 42 
Median 2520 2140 15 32 1155 100 
90th Percentile 2680 2400 17 37 2760 160 
Min 2220 2020 13 25 950 55 
Max 3000 2740 17 39 6680 190 

A
n

ti
-

h
is

ta
m

in
e

 

Diphenhydramine 

Mean ± STDEV 295 ± 33 755 ± 80 52 ± 3 59 ± 5 540 ± 385 230 ± 115 
Median 290 730 52 61 410 170 
90th Percentile 345 815 55 64 1170 360 
Min 230 700 48 50 245 < 20 
Max 350 980 58 65 1300 400 

L
ip

id
 

R
e

g
u

la
to

r 

Gemfibrozil 

Mean ± STDEV 390 ± 37 215 ± 28 9 6 430 ± 380 26 
Median 385 210 < 6 < 6 345 < 6 
90th Percentile 420 250 < 6 < 6 775 8 
Min 340 185 < 6 < 6 120 < 6 
Max 465 270 9 6 1440 43 

In
se

ct
 

R
e

p
e

ll
a

n
t 

DEET 

Mean ± STDEV 110 ± 10 89 ± 10 < 30 46 ± 10 415 ± 350 94 ± 7 
Median 110 86 < 30 44 325 92 
90th Percentile 110 96 < 30 62 970 105 
Min 92 78 < 30 36 140 85 
Max 125 115 < 30 64 1210 110 

U
V

 B
lo

ck
e

r 

Benzophenone 

Mean ± STDEV 890 ± 540 870 ± 690 5710 ± 4780 950 ± 89 595 ± 130 < 300 
Median 620 440 4950 990 565 < 300 
90th Percentile 1220 1710 11000 1040 665 < 300 
Min < 300 < 300 880 795 400 < 300 
Max 2200 1930 11200 1050 940 < 300 

Oxybenzone 

Mean ± STDEV 89 ± 58 62 ± 8 57 ± 23 < 30 380 ± 295 < 30 
Median 40 63 49 < 30 285 < 30 
90th Percentile 120 69 85 < 30 830 < 30 
Min < 30 50 31 < 30 135 < 30 
Max 195 78 112 < 30 1010 < 30 

A
n

ti
m

ic
ro

b
ia

l 

Triclocarban 

Mean ± STDEV 81 ± 17 36 ± 7 495 ± 620 34 ± 5 260 ± 100 75 ± 33 
Median 82 < 30 160 < 30 220 68 
90th Percentile 100 41 1160 33 385 99 
Min 56 < 30 105 < 30 120 < 30 
Max 115 45 2080 42 390 150 

Triclosan 

Mean ± STDEV 2370 ± 2160 530 ± 185 2220 ± 625 < 250 845 ± 490 < 250 
Median 1830 520 2055 < 250 656 < 250 
90th Percentile 4250 790 2720 < 250 1630 < 250 
Min 265 280 1280 < 250 374 < 250 
Max 7630 855 3850 < 250 1700 < 250 

P
re

se
rv

a
ti

v
e

s 

Methylparaben 

Mean ± STDEV 535 ± 64 < 30 175 ± 6 < 30 920 ± 945 < 30 
Median 535 < 30 89 < 30 730 < 30 
90th Percentile 625 < 30 180 < 30 1870 < 30 
Min 450 < 30 < 30 < 30 280 < 30 
Max 640 < 30 180 < 30 3520 < 30 

Propylparaben  

Mean ± STDEV < 20 < 20 < 20 < 20 585 ± 540 < 20 
Median < 20 < 20 < 20 < 20 465 < 20 
90th Percentile < 20 < 20 < 20 < 20 1310 < 20 
Min < 20 < 20 < 20 < 20 165 < 20 
Max < 20 < 20 < 20 < 20 1920 < 20 

P
e

st
ic

id
e

 

Atrazine 

Mean ± STDEV 8 ± 2 < 6 30 ± 30 < 6 27 ± 25 < 6 
Median 8 < 6 9 < 6 19 < 6 
90th Percentile 10 < 6 58 < 6 45 < 6 
Min < 6 < 6 < 6 < 6 8 < 6 
Max 10 < 6 92 < 6 100 < 6 

P
la

st
ic

iz
e

r 

Bisphenol A 

Mean ± STDEV 890 ± 315 450 ± 62 < 20 < 20 430 ± 300 n/a 
Median 880 445 < 20 < 20 340 n/a 
90th Percentile 1300 535 < 20 < 20 895 n/a 
Min 490 375 < 20 < 20 155 n/a 
Max 1460 575 < 20 < 20 1120 n/a 
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Pharmaceutical Residues 

Anti-convulsants 

Three common anti-epileptic drugs, carbamazepine, primidone and dilantin, were 

detected during this study as illustrated in Figure 3.1(b). Mean carbamazepine 

concentrations ranged between 240 and 1,200 ng/L in effluents of WWTPs 1, 3 and 

4. Levels in WWTP 2 during both sampling campaigns were notably lower around 

60 ng/L. Primidone was detected at the highest concentration in effluent of WWTP 3 

with an average concentration of 645 ng/L, though the maximum concentration 

exceeded 3,000 ng/L. Dilantin occurred in this plant at slightly lower concentrations 

than primidone ranging between 100 and 1,490 ng/L. The highest mean 

concentrations of primidone and dilantin in effluents of the other plants were 17 

and 60 ng/L, respectively.  

Antibiotics 

There was an obvious difference in occurrence of the two commonly used 

antibiotics, sulfamethoxazole and trimethoprim, in treated effluents sampled during 

the study. Sulfamethoxazole was detected at all the treatment plants (Figure 3.1(c)) 

with mean concentrations ranging between 145 and 730 ng/L. The antibiotic 

trimethoprim was detected at significant levels only in WWTP 3 with a mean 

concentration close to 800 ng/L. Mean concentrations in the effluent of WWTP 1 

were 41-44 ng/L, while no detections of trimethoprim were noted at the other 

treatment plants.    
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Non-steroidal anti-inflammatory drugs (NSAIDs) 

A number of NSAIDs were analyzed during the study. Diclofenac and ibuprofen were 

detected in effluents of WWTP 1 in the same order of magnitude during both 

sampling events, with mean concentrations ranging between 460 and 1,260 ng/L. 

Both drugs also exhibited similar mean concentrations in effluent of WWTP 3 of 325 

– 345 ng/L. Concentrations in effluents of WWTP 2 and 4 were lower and did not 

exceed 140 ng/L for either drugs. The occurrence pattern of naproxen, however, 

differed from the above two compounds (Figure 3.1(d)) with mean concentrations 

below 110 ng/L in effluents of all plants except WWTP 3 which had a mean effluent 

concentration of 310 ng/L.  

Anti-depressant Drugs 

Amitriptyline and fluoxetine are two anti-depressant drugs, which were quantified 

in the collected effluents. Both anti-depressants occurred primarily in WWTP 3 

effluent as illustrated in Figure 3.1(e), with mean concentrations ranging between 

295 and 365 ng/L. The highest mean concentration of fluoxetine and amitriptyline 

in effluents of the other treatment plants was 69 ng/L.  

Other pharmaceuticals 

The beta-blocker atenolol was detected in effluents of all the treatment plants 

(Figure 3.1(f)) though concentrations measured in effluents of WWTPs 1 and 3 

(1,870 – 2,550 ng/L) were an order of magnitude larger than concentrations 

recorded at WWTP 4 (105 ng/L), and two orders of magnitude larger than 
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concentrations at WWTP 2 (15 – 32 ng/L). Diphenhydramine (an anti-histamine) 

was also detected in effluents of all treatment plants sampled, though 

concentrations were higher in effluents of WWTPs 1, 3 and 4 ranging between 295 

and 755 ng/L compared to lower concentrations of  < 60 ng/L in effluent WWTP 2. 

The lipid-regulator gemfibrozil was detected at significant concentrations only in 

effluents of WWTP 1 and 3 with mean values ranging between 215 and 430 ng/L 

(Figure 3.1(f)).  

Personal Care Products 

Insect-repellent  

The insect repellent DEET was detected during five of the six sampling campaigns, 

with the highest mean concentration of 415 ng/L recorded in the effluent of WWTP 

3 (Figure 3.1(g)). DEET effluent concentrations during the remaining sampling 

campaigns at WWTP 1, 2 and 4 were significantly lower at levels of 110 ng/L and 

less.  

UV blockers 

Benzophenone and oxybenzone are used as UV blockers in sunscreens and other 

products. Benzophenone was detected at a higher mean concentration of 5,710 ng/L 

during the first sampling campaign at WWTP 2, compared to 950 ng/L during the 

second sampling campaign (Figure 3.1(h)). Mean concentrations of benzophenone 

however, remained consistent over the two sampling periods at WWTP 1 at levels of 

870 – 890 ng/L, thought the median values varied between 440 and 620 ng/L. The 
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difference in effluent concentrations during the two sampling events at WWTP 1 

may have been a seasonal variation since UV blockers are typically used more 

regularly during summer months, though further sampling events are needed to 

verify this hypothesis. Oxybenzone occurred at much lower average concentrations 

compared to benzophenone with the highest mean concentration of 380 ng/L 

observed in the effluent of WWTP 3. Mean concentrations at the other WWTP 

effluents were at levels < 90 ng/L. 

Anti-microbials 

Both anti-microbial compounds triclocarban and triclosan targeted in this study, 

were detected in treated effluents though concentrations observed at the different 

facilities varied significantly (Figure 3.1(i)). Triclocarban was detected in effluents 

of all treatment plant with mean concentrations ranging between 34 and 495 ng/L. 

Triclosan was detected at much higher concentrations in effluents of WWTP 1 and 3, 

and during the first sampling event at WWTP 2 with mean values ranging between 

530 and 2370 ng/L. Triclosan was not detected in the effluent of WWTP 4 and 

during the second sampling campaign at WWTP 2.  

Preservatives 

Among the preservatives, methylparaben was detected in effluents of three plants 

compared to propylparaben which was detected in only one effluent (Figure 3.1(j)). 

Effluents from WWTPs 1, 2 and 3 all contained methylparaben with the highest 

concentration of 920 ng/L observed in effluent of WWTP 3. Propylparaben was only 

detected in WWTP 3 with a mean effluent concentration of 585 ng/L.  
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Household Chemicals 

Pesticide  

The commonly used pesticide atrazine was detected in effluents of WWTP 1 and 2 

(both during the first sampling campaigns only) and WWTP 3 (Figure 3.1(g)). 

During all sampling campaigns, mean concentrations were low and did not exceed 

30 ng/L. 

Plasticizer 

The common plasticizer bisphenol A (BPA) was only detected in effluents of WWTPs 

1 and 3 (Figure 3.1(j)). Mean effluent concentrations were highest at WWTP 1 

during the first sampling event (890 ng/L), almost double the values observed 

during the second sampling event at the same plant and at WWTP 3 (430 - 450 

ng/L).  
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g)  h)   

 

i)  j)  

 

 

Figure 3.1. TOrC effluent concentrations by compound class for individual treatment facilities. All 
values shown in ng/L (Notes: Graph is drawn in log scale. The boxes represent the 25th and 75th 
percentiles, line within box represents median, black box represents average, whiskers extend to 1.5 
of the standard deviation) 
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Hourly TOrC Variation 

The concentrations of most TOrC exhibited a loading variation during the sampling 

at WWTP 3 as illustrated for a group of four TOrC in Figure 3.2. A similar pattern 

was observed where high effluent concentrations were observed in the first sample 

(7 AM) at the beginning of the day, followed by a decrease in concentration till 9 AM 

after which concentrations stayed fairly constant till mid-day when a spike was 

noted, followed by a reduction till the end of the sampling period. Most of the TOrC 

did not exhibit large variations in concentration during the sampling period in the 

remaining plants, though some TOrC such as diclofenac and sulfamethoxazole 

displayed some variation (Figure 3.2). 
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Figure 3.2.  Hourly variation of four TOrC during the sampling campaigns at WWTP 1 – 4 
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3.6.  Discussion 

3.6.1.  Occurrence Patterns 

Overall, effluent concentrations of TOrC were lower in samples collected at WWTPs 

2 and 4 compared to samples from WWTPs 1 and 3 resulting in a smaller ‘TOrC 

footprint’ in samples from WWTPs 2 and 4 as illustrated for a group of 17 TOrC in 

Figure 3.3. WWTP 2 serves a gated community receiving a highly diluted 

wastewater and samples collected after the MBR exhibited lower effluent 

concentrations for most TOrC. Samples were collected post-disinfection at WWTP 4 

and chlorine has been shown previously to be effective in attenuating a range of 

TOrC (Salveson et al., 2012), resulting in lower overall effluent occurrence.  

The final effluent at WWTP 1 had a smaller ‘TOrC footprint’ compared to the average 

values of the hourly samples collected after clarification (Figure 3.3) due to large 

reductions in concentrations of some TOrC like atenolol and diclofenac which are 

amenable to biotransformation during the treatment process. Other compounds 

which also showed large reduction between the hourly sampling location and the 

final effluent were: BPA, caffeine, diphenhydramine and ibuprofen. Despite this 

large reduction observed for some TOrC, the same did not hold true for all 

compounds, many of which remained unchanged or decreased only slightly between 

the hourly sampling location and the final effluent. The artificial sweeteners 

(acesulfame and sucralose) and the anti-convulsants (carbamazepine, dilantin and 

primidone) all exhibited minimal or no reduction between concentrations at the 

post-clarifier sampling location and the final effluent. This is consistent with 

previous studies which have reported similar results  for these refractory TOrC 
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during wastewater treatment (Scheurer et al., 2009; C. I. Torres et al., 2011; Zhang 

et al., 2008).  

 

Figure 3.3. Chemical footprint for a selection of 17 TOrC in effluents of the four wastewater 
treatment plants sampled (all concentrations in ng/L) 

 

Other compounds which also displayed minimal removal between the two sampling 

locations were DEET, dilantin, benzophenone, oxybenzone, gemfibrozil, and 

triclosan.  

The final effluent concentrations at WWTP 1 were still generally higher than 

average values observed in effluents from WWTPs 2 and 4 (Figure 3.3) likely due to 

the non-nitrifying biological treatment process at this plant and the short solids 

retention time.  
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3.6.2.  Impact of International Visitors 

Occurrence of TOrC in the effluent of WWTP 3 seems unlike any of the other plants. 

WWTP 3 serves a major city which experiences a large influx of international 

visitors throughout the year. Official figures for 2006 reported numbers in excess of 

two million pilgrims during the year (73% of whom were from outside the country) 

who are spending time in the service area of WWTP 3 (MOH, 2006). Detections of 

some TOrC exclusively in effluents from this plant (propylparaben) or at elevated 

levels (primidone, dilantin, trimethoprim, fluoxetine, amitriptyline, DEET) 

compared to other plants, are attributed to the presence of these visitors. 

Furthermore, elevated concentrations of the pharmaceuticals among these TOrC 

suggest that these are not routinely prescribed within the country. 

Among the anti-convulsant drugs, primidone and dilantin occurred at much higher 

concentrations in effluents of WWTP 3 compared to any of the other plants. 

Considering that the anti-convulsant drugs have been reported to be persistent 

during wastewater treatment (Heberer, 2002), coupled with our findings from the 

two sampling locations in WWTP 1 confirming their recalcitrant nature – 

occurrence levels of primidone and dilantin in the effluents indicate comparable 

occurrence levels in the influents of respective plants. This strongly suggests that 

both these drugs are largely imported into the country by visitors. Carbamazepine 

on the other hand appears to be prescribed widely throughout Saudi Arabia with 

detections in effluents of all treatment plants, consistent with previous research 

placing it as the most common anti-convulsant in the environment (Nikolaou et al., 

2007).  
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Among the two antibiotics sampled, trimethoprim exhibited a similar occurrence 

pattern as primidone and dilantin with high concentrations occurring only in WWTP 

3 effluent (very low concentrations also noted at WWTP 1) suggesting introduction 

into the sewershed by external sources. Sulfamethoxazole on the other hand was 

detected in effluents of all the plants and is likely widely prescribed and used 

throughout the country. Previous studies have reported co-occurrence of 

sulfamethoxazole and trimethoprim due to treatments containing a combination of 

the two antibiotics (Karthikeyan and Meyer, 2006), however, our results did not 

confirm such a pattern, with trimethoprim being absent in effluents of most plants.  

Similarly, both anti-depressants (fluoxetine and amitriptyline) displayed a similar 

pattern of higher occurrence in effluent of WWTP 3 likely indicating a significant 

contribution by international visitors. Furthermore, effluent amitriptyline 

concentrations were generally higher than those of fluoxetine matching the trends 

reported during an occurrence study carried out at seven WWTPs in the UK, where 

frequency of detection of amitriptyline of 100% with median concentration of 66 

ng/L was much higher than the 57% detection frequency of fluoxetine with a 

median concentration of 16 ng/L (Baker and Kasprzyk-Hordern, 2013).  

Other than the pharmaceuticals whose occurrence within the country is closely 

linked to prescription practice, two TOrC frequently present in personal care 

products, DEET and propylparaben, also seem largely introduced into the 

sewershed of WWTP 3 by international visitors. DEET occurred at concentrations at 

least three times larger in WWTP 3 than any of the other plants, while 
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propylparaben occurred exclusively in effluent of WWTP 3. Since most pilgrims to 

the city served by WWTP 3 are in the country for a short period of time, it is 

expected that they would bring personal care products with them from their home 

countries.  

The wastewater received by WWTP 3 hence contains a unique composition, very 

different from effluent qualities observed for the other WWTPs sampled. The TOrC 

concentrations in the effluent of this plant are also likely to be highly variable since 

visitors from different parts of the world arrive at different times of the year 

introducing a wide range of compounds. Despite the large influx of pilgrims being a 

unique phenomenon to Saudi Arabia, other similar events (albeit not at the same 

scale) may be seen in other cities receiving large number of international visitors 

particularly during large sporting events such as the Olympics or football world 

cups.  

Most of the TOrC observed to be elevated in the effluent of WWTP 3 are not readily 

degradable during wastewater treatment. Our findings hence suggest that changes 

in occurrence of TOrC in effluents of plants under the influence of a large number of 

international visitors are evident mainly with regards to TOrC, which are moderate-

to-difficult to degrade and which therefore generally persist after treatment.  

3.6.3.  Diurnal variations 

The wastewater plants were sampled for twelve-hour periods during the daytime 

during which loading variations are expected for a large range of compounds which 

have been reported to exhibit daily cycling with different degrees of variation 
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(Nelson et al., 2011).  WWTP 3 displayed changes in TOrC loading during the 

sampling period. This loading pattern was not, however, bimodal in nature, and was 

very different to the diurnal patterns reported by Nelson et al. (2011). In the 

absence of flow data, it is difficult to determine whether this increase in TOrC 

loading is due to higher flows or result due to an upset in the treatment train.  

With the exception of a few TOrC (such as diclofenac and sulfamethoxazole), effluent 

concentrations in the remaining plants showed minimal hourly variation for most 

TOrC. Furthermore none of TOrC exhibited the bimodal pattern reported in Nelson 

et al. (2011).  This general lack of diurnal variation is unexpected and may certainly 

be due to the use of holding tanks providing flow equalization, though it may also be 

influenced by local work and social cultures (e.g. relating to work times which often 

run late into the night, or the relatively small portion of female population working) 

which are unique to Saudi Arabia and distinct to other parts of the world, or other 

factors such as the widespread use of wastewater tankers serving unsewered parts 

of cities, and discharging the collected sewage to the wastewater treatment plants.  

3.6.4.  Comparison with US TOrC Occurrence  

TOrC effluent occurrence at each of the treatment plants sampled was compared 

with occurrence at comparable treatment plants in the US considering observed 

concentrations at similar sampling locations. 

WWTP 1 comparison with Facility C 

Most TOrC were recorded at higher concentrations in the effluent of US Facility C 

when compared to WWTP 1 as illustrated by a higher TOrC footprint for Facility C in 
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Figure 3.4(a). Sucralose occurred at a concentration of 28,000 ng/L in Facility C 

compared to an average of 415 - 475 ng/L in WWTP 1. Diphenhydramine, DEET, 

gemfibrozil, naproxen, sulfamethoxazole, triclocarban and trimethoprim also 

occurred at significantly higher concentrations at Facility C. Concentrations of some 

TOrC, however, like atenolol, BPA and ibuprofen, were within range of each other at 

the two plants. Of the TOrC, which occurred at higher concentration at WWTP 1, 

carbamazepine exhibited concentrations ranging between 830 – 1,200 ng/L 

compared to 350 ng/L at Facility C, while benzophenone occurred at concentrations 

of 870 – 890 ng/L at WWTP 1, but was below the LOQ of 500 ng/L at Facility C. 

Since caffeine concentrations were highly variable between the two sampling events 

at WWTP 1 (2,590 – 16,500 ng/L), the concentrations reported at Facility C of 5,700 

ng/L seem to be within range of levels observed for the equivalent WWTP in Saudi 

Arabia. The same was true for triclosan which also exhibited large variation 

between the two sampling events.  

WWTP 2 comparison with Facility E 

Between WWTP 2 and US Facility E, neither of the respective TOrC footprints was 

found to be significantly larger than the other as illustrated in Figure 3.4(b), though 

different groups of TOrC were elevated at each plant. Sucralose effluent 

concentrations at WWTP 2 ranging between 880 and 1,410 ng/L during the two 

sampling events were an order of magnitude lower than effluent concentrations of 

28,000 ng/L at the US Facility E. Based on higher occurrence levels of 3,390 – 4,270 

ng/L, acesulfame seems more widely used than sucralose in the sewershed of 
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WWTP 2 (and in general at the other treatment plants in Saudi Arabia as well). 

These levels could not be compared to the US Facility E since acesulfame was not 

measured. Atenolol, carbamazepine, sulfamethoxazole and trimethoprim also 

occurred at lower concentrations in WWTP 2 compared to Facility E. Conversely, 

benzophenone was detected at higher concentrations in effluent of WWTP 2 

compared to Facility E. Other TOrC occurred within the same order of magnitude at 

both plants. A difference in LOQ for some TOrC (such as bisphenol A) between 

sampling at WWTP 2 and at Facility E, seem to indicate a higher footprint at the 

plant with the higher LOQ even though this may not be true. 

WWTP 3 comparison with Facility G 

WWTP 3 has on overall larger TOrC footprint than Facility G as seen in Figure 3.4(c). 

Twelve TOrC occurred at higher effluent concentrations in WWTP 3 compared to 

Facility G. Of these, DEET, fluoxetine, primidone and trimethoprim have likely been 

imported into the sewershed of WWTP 3 and may not reflect actual occurrence 

levels representative of the rest of Saudi Arabia. On the other hand, sucralose 

detected at effluent concentration of 36,000 ng/L was significantly higher at Facility 

G compared to 1,200 ng/L at WWTP 3. Effluent concentrations of sulfamethoxazole 

were also significantly higher at 2,500 ng/L in Facility G compared to 345 ng/L at 

WWTP 3. Gemfibrozil, naproxen and trimethoprim occurred at similar effluent 

levels at both plants. 
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Figure 3.4. TOrC footprint for sampled WWTPs and corresponding US facilities (all concentrations in ng/L. Where concentration is below 

the LOQ, LOQ is marked on graph) 
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WWTP 4 comparison with Facility A 

Most TOrC occurred at concentrations within the same order of magnitude at US 

Facility A and WWTP 4 resulting in similar TOrC footprints for the two plants 

(Figure 3.4(d)). Atenolol and sucralose however, were notably higher in the effluent 

of Facility A. The generally low TOrC concentrations at WWTP 4 and Facility A 

compared to the  effluents of the other plants , is attributed to the oxidation effect of 

chlorination which has previously been shown to be effective for attenuation of 

several TOrC (Salveson et al., 2012).  

Overall, most TOrC in wastewater effluents in Saudi Arabia occurred at lower or 

similar ranges to those reported from equivalent treatment facilities within the US. 

Sucralose and sulfamethoxazole seem to be exceptions, with consistently higher 

concentrations recorded in US effluents. A comparison with an occurrence study 

carried out in Europe which sampled five WWTPs, revealed similar sucralose 

effluent concentrations of 440 – 1,530 ng/L (Scheurer et al., 2011) to what we 

observed in effluent sampled in this study. Similarly, concentration levels of 

sulfamethoxazole observed in this study were closer to the ranges reported from 

studies in Europe (90 - 790 ng/L) as compared to higher ranges (up to 2,800 ng/L) 

reported from studies in North America (Pal et al., 2010). 

3.7.  Conclusions 

A wide range of TOrC commonly detected in wastewater effluents in the US and 

Europe was also detected in effluents from four full-scale WWTPs in Saudi Arabia 

during this study. We had hypothesized that considering comparable treatment 
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processes, occurrence patterns of selected TOrC in treated wastewater effluents in 

Saudi Arabia would exhibit a similar occurrence pattern to those in the US due to 

their similar per capita water consumption. Results from this study confirmed that 

this was true for most TOrC which were detected at comparable concentrations to 

reported levels in US effluents at plants employing similar treatment processes. The 

exceptions to this rule were sulfamethoxazole and sucralose which were 

consistently detected at higher concentrations in US effluents, likely due to higher 

per capita consumption of these compounds, one being an antibiotic and the other 

an artificial sweetener.  

As hypothesized, the effluent quality of WWTP 3 serving a city receiving a large 

number of international visitors displayed a significantly different occurrence 

pattern from the other treatment plants. Results indicated that presence and 

concentrations of some moderate and difficult to degrade TOrC seemed most 

affected by the influx of international visitors. The occurrence pattern of TOrC at 

this WWTP is not representative of the rest of the country and is expected to vary 

with time as the demographics of the visiting population change.  

Despite some hourly variation in TOrC loading noted in one of the plants (WWTP 3), 

bimodal diurnal variations reported by Nelson et al. (2011) for a range of TOrC were 

not observed in this study. This may be due to large equalization flow tanks present 

is some plants but may also be influenced by local work and social culture regarding 

work timings or demographics of the working population and other factors like the 
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widespread use of wastewater tankers discharging to the wastewater treatment 

plants at different times of the day.   

The effect of chlorination on attenuation of select TOrC was also confirmed in this 

study and was more effective than UV disinfection for TOrC attenuation. Findings of 

this study highlight the important TOrC in effluents within Saudi Arabia allowing 

decision makers to select whether advanced treatment technologies, such as reverse 

osmosis, ion-exchange, activated carbon filtration, ozonation, are necessary for 

water reuse or if natural treatment processes such as managed aquifer recharge 

provide sufficient protection to public health.  
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CHAPTER 4: ROLE OF PRIMARY SUBSTRATE COMPOSITION AND 

CONCENTRATION ON ATTENUATION OF TRACE ORGANIC CHEMICALS IN 

MANAGED AQUIFER RECHARGE SYSTEMS 
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4.1.  Abstract 

This study was undertaken to investigate the role of primary substrate composition 

and concentration on the attenuation of biodegradable emerging trace organic 

chemicals (TOrCs) in simulated managed aquifer recharge (MAR) systems. Four sets 

of soil columns were established in the laboratory, each receiving synthetic feed 

solutions comprising different ratios and concentrations of peptone-yeast and 

humic acid as the primary substrate to investigate the effect on removal of six TOrCs 

(atenolol, caffeine, diclofenac, gemfibrozil, primidone, and trimethoprim). Based on 

abiotic control experiments, adsorption was not identified as a significant 

attenuation mechanism for primidone, gemfibrozil and diclofenac. Caffeine, atenolol 

and trimethoprim displayed initial adsorptive losses, however, adsorption 

coefficients derived from batch tests confirmed that adsorption was limited and in 

the long-term experiment, biodegradation was the dominant attenuation process. 

Within a travel time of 16 hours, caffeine - an easily degradable compound exhibited 

removal exceeding 75% regardless of composition or concentration of the primary 

substrate. Primidone – a poorly degradable compound, showed no removal in any 

column regardless of the nature of the primary substrate. The composition and 

concentration of the primary substrate, however, had an effect on attenuation of 

moderately degradable TOrCs, such as atenolol, gemfibrozil and diclofenac, with the 

primary substrate composition seeming to have a larger impact on TOrC attenuation 

than its concentration. When the primary substrate consisted mainly of refractory 

substrate (humic acid), higher removal of the moderately degradable TOrCs was 

observed. The microbial communities in the columns receiving more refractory 
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carbon, were noted to be more diverse and hence likely able to express a wider 

range of enzymes, which were more suitable for TOrC transformation. The effect of 

the primary substrate on microbial community composition, diversity and gene 

expression potential confirmed its influence on TOrC degradation. 

4.2.  Introduction 

Reclaimed water is becoming an important source of alternate water supply, 

especially in regions where conventional freshwater resources are insufficient to 

meet growing water demands. Whether the reclaimed water is intended for direct 

or indirect potable reuse, it is necessary to select treatment processes capable of 

achieving drinking water quality goals, while being mindful of the overall carbon 

and energy footprint (National Research Council, 2012). 

Riverbank filtration, soil aquifer treatment and artificial recharge and recovery, 

collectively referred to as managed aquifer recharge (MAR) systems, are soil-based 

natural treatment processes involving infiltration of water through vadose and 

saturated zones. Previous research has demonstrated that these systems are 

capable of attenuating total organic carbon and pathogens, as well as select trace 

organic chemicals (Maeng et al., 2010b; Quanrud et al., 2003a; Weiss et al., 2003), 

representing reliable natural water treatment systems with the advantage of little 

input of chemicals or residual generation and generally exhibiting a low energy and 

carbon footprint (Hoppe-Jones et al., 2010; Irmscher and Teermann, 2002). These 

systems have been used in the US, Europe and other parts of the world to recharge 

groundwater using stormwater, impacted surface water and reclaimed water, with 
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the aim of supplementing drinking water supplies (Drewes and Khan, 2011; 

Missimer et al., 2011; Ray et al., 2008). 

Emerging trace organic chemicals (TOrCs), encompassing pharmaceuticals, personal 

care products, endocrine disrupting chemicals, household chemicals, and emerging 

disinfection by-products, are not completely removed by conventional wastewater 

treatment (Glassmeyer et al., 2005). Thus, many TOrCs have been detected in 

freshwater resources worldwide which are directly or indirectly impacted by 

wastewater discharge, combined sewer overflows or other non-point sources 

(Ashton et al., 2004; Focazio et al., 2008). Hence, the ability of treatment systems to 

attenuate TOrCs is important for water reuse schemes.  

In order to utilize MAR systems effectively for the removal of TOrCs, a fundamental 

understanding of factors affecting TOrC attenuation is needed. Since TOrCs usually 

occur at ppt-levels in MAR systems, it is unlikely that these compounds provide the 

primary energy source for microbes present. We hypothesize that the primary 

substrate represented by the biodegradable portion of bulk organic carbon 

occurring in the mg/L range shapes the microbial community structure in MAR 

systems where TOrC degradation occurs. The role of the primary substrate in the 

attenuation of different TOrCs has been studied previously for riverbank filtration 

and aquifer recharge systems (Maeng et al., 2011a; Nalinakumari et al., 2010; 

Onesios and Bouwer, 2012; Rauch-Williams et al., 2010), however, these findings 

were inconclusive as to the exact effect of the primary substrate on TOrC removal.  

This study used controlled laboratory-scale column experiments to investigate the 

role of the primary substrate on TOrC attenuation. A group of six indicator TOrCs 
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was selected to represent different degrees of biodegradability. Primary substrate 

solutions that differed in concentration and composition were fed to the columns 

along with TOrCs. In addition, the microbial communities established as a result of 

the different feed water compositions were characterized in a parallel study by 

phylogenetics and metagenomics (Chapter 5, Li et al., 2014).  

4.3.  Hypotheses 

We hypothesize that: 

1. Lower primary substrate concentrations are expected to result in increased 

transformation of biodegradable TOrCs during MAR. 

2. A primary substrate that is composed of more refractory organic matter will 

result in a microbial community that is capable of an increased attenuation of 

TOrCs. 

4.4.  Materials and Methods 

4.4.1.  Soil Column Setup 

Four laboratory-scale column set-ups were established, each consisting of four glass 

columns connected in series. Setup and operational parameters of the columns are 

described in Section 2.1.1.  

The composition of the primary substrate was varied by providing four different 

ratios of peptone-yeast and humic acid to the columns as illustrated in Table 4.1.  
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Table 4.1. Properties of feed composition to the columns 

  

Label 
100:0 

peptone:humic 
acid 

60:40 
peptone:humic 

acid 

40:60 
peptone:humic 

acid 

0:100 
peptone:humic 

acid 

  Peptone-yeast content 100% 60% 40% 0% 

Humic Acid Content 0% 40% 60% 100% 

P
E

R
IO

D
 1

 

Influent DOC 1.21 ± 0.42 1.80 ± 0.36 1.54 ± 0.68 3.91 ± 0.81 

Effluent DOC 0.66 ± 0.39 0.64 ± 0.12 0.92 ± 0.18 3.15 ± 0.53 

Degraded DOC (BDOC) 0.55 ± 0.15 1.16 ± 0.37 0.69 ± 0.60 0.67 ± 0.16 

P
E

R
IO

D
 2

 Influent DOC 2.81 ± 0.68 2.56 ± 0.69 3.06 ± 0.73 3.49 ± 0.68 

Effluent DOC 1.14 ± 0.43 1.20 ± 0.43 2.06 ± 0.78 2.05 ± 0.61 

Degraded DOC (BDOC) 1.67 ± 0.44 1.54 ± 0.64 1.56 ± 0.52 1.53 ± 0.44 

   Influent NO3
--N 0.77 ± 0.07 0.88 ± 0.05 0.95 ± 0.04 1.09 ± 0.14 

 Effluent NO3
--N ND 1.32 ± 0.80 1.09 ± 0.37 0.96 ± 0.19 

Redox Condition Oxic-Anoxic Oxic Oxic Oxic 

 

Primary substrate feed stock solutions were prepared weekly at a 10X 

concentration and stored at 4°C to minimize degradation in the feed container. The 

columns were also fed with a mix of selected TOrCs at environmentally relevant 

concentrations of 300-500 ng/L each. To achieve this target concentration, a stock 

solution of 50 mg/L TOrC mixture in methanol was used to prepare a 1 mg/L 

aqueous stock of TOrCs which was further diluted into separate feed tanks (kept at 

room temperature) containing the mixture of salts.  

The primary substrate feed solution was delivered using an IPC 8-channel Ismatec 

pump (ISM 936, IDES Health & Science, Wertheim, Germany). A second IPC 8-

channel Ismatec pump drew the salt buffer solution containing the TOrCs. Tubes 

from the two pumps were joined using a 3-way connector to achieve in-line mixing 

of the dissolved organic carbon (DOC) feed solution and salt buffer plus TOrC 
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mixture, as illustrated in Figure 4.1. The flow rates were controlled to provide a 10X 

in-line dilution of the DOC solution prior to delivery to the columns, achieving a 

loading rate of 1.44 m/d. Influent samples to the columns were collected from a 

sampling port installed after in-line mixing. Rigorous cleaning of the feed lines using 

sodium hypochlorite solution (10,000 dilution of a 5.25% NaOCl solution), ascorbic 

acid (50 mg/L), and MilliQ water was conducted bi-weekly to minimize back-growth 

of bacteria into the feed containers. 

 

Figure 4.1. Setup of one column system comprising four columns in series and fed with synthetic 

wastewater spiked with TOrCs. 

 

The experiments for each set of four columns were carried out over two periods, 

ranging between 6 and 26 weeks, where different organic carbon concentration 
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levels were delivered, while TOrC concentrations remained constant (Table 4.1). 

The ratios of peptone-yeast and humic acid in the influent of each column always 

remained constant allowing a study of the effect of primary substrate concentration 

between the two periods. The effect of primary substrate composition was 

investigated by comparison of TOrC attenuation between the four column sets 

which received distinct organic carbon compositions.  

In order to assess the role of adsorption, a short-term abiotic experiment was 

conducted in a separate single soil column (30 cm length), where 2 mM sodium 

azide was added to the feed. The feed consisted of DOC with a composition similar 

to that received by the 40:60 peptone:humic acid column, potassium bromide as a 

conservative tracer, and the mixture of TOrCs at a concentration of 50 µg/L. The 

column was operated with this feed for a period of 6 hours, after which the feed was 

switched to deionized water with 2 mM sodium azide for another 15 hours. Effluent 

was collected continuously by a fraction collector to generate breakthrough curves 

for the conservative tracer (potassium bromide), as well as the TOrCs of interest. 

Batch adsorption tests were also conducted to obtain distribution coefficient (Kd) 

values for the TOrCs which did not breakthrough during the abiotic column 

experiment as described in Section 2.1.6. 

4.4.2.  Analytical Procedures 

The amount of primary substrate delivered was operationally defined as the 

quantity of bioavailable organic carbon removed by the microbial community 

established in the soil columns (120 cm) and referred to as biodegradable dissolved 

organic carbon (BDOC). BDOC was monitored on a weekly basis by measuring DOC 
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and UV absorbance (UVA254) in column influent and effluent samples according to 

the standard procedures outlined in Section 2.2.1. TOrCs were quantified in influent 

and effluent samples according to procedures described in Section 2.2.2. 

4.5.  Results 

Our previous research has demonstrated that the biodegradable portion of DOC, 

representing the amount of substrate available and metabolized by microorganisms 

shapes the microbial community composition and diversity in MAR systems (Li et 

al., 2012, Li et al., 2013). Since microbial transformation is one of the dominant 

attenuation mechanisms for TOrCs in MAR systems, we hypothesize that the BDOC 

which shapes the composition and diversity of the community also directly affects 

TOrC attenuation. While this chapter investigates how BDOC concentration and 

composition affects the degree of TOrC attenuation, the impact of BDOC on the 

microbial community structure and function in these systems is described in 

Chapter 5.  

4.5.1.  Adsorption behavior of TOrCs 

A short-term abiotic column experiment was used to assess whether adsorption to 

porous media was a significant removal mechanism for the targeted TOrCs. Three of 

the six TOrCs:  diclofenac, gemfibrozil, and primidone, exhibited no significant 

retardation compared to the conservative tracer potassium bromide, as illustrated 

by Rf values close to 1 (Table 4.2). In contrast, atenolol, caffeine and trimethoprim 

were retained and did not breakthrough during the 21-hour experiment, indicating 

adsorptive losses to the soil. Calculated distribution coefficient (Kd) values for 
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diclofenac, gemfibrozil, and primidone were obtained from the abiotic column 

experiment and are presented in Table 4.2.  

 

Table 4.2. Structures, uses and degradability of TOrCs Selected 

Compound Structure Use 
Expected 

Degradability‡ 
Log 
Kow* 

Log D 
(pH 
7.4)† 

Kd 
(L/kg)

§ 
Rf 

Atenolol 

 

Beta- blocker 
Moderate – well 

degraded2,3 
-0.03 -1.76 2.32 n/a 

Caffeine 

 

Simulant Well degraded1 0.16 -0.63 11.34 n/a 

Diclofenac 

 

Non-sterodial 
anti-

inflammatory 
agent 

Relatively 
persistent4 

4.02 1.44 0 0.99 

Gemfibrozil 

 

Lipid regulator 
Moderately 
degraded4 

4.77 1.69 0.003 1.01 

Primidone 
 

 

Anti-convulsant Recalcitrant1 0.91 0.83 0 1 

Trimethoprim 

 

Antibiotic 
Moderately 
degraded2 

0.73 0.47 0.95 n/a 

1 (Drewes et al., 2003) 

2 (Laws et al., 2011) 

3 (Schmidt et al., 2007) 

4 (Onesios and Bouwer, 2012)  

‡  Based on previous MAR studies  

* Predicted Log Kow values from the EPISuite™ obtained from Royal Society of Chemistry (RCS) website: http://www.chemspider.com  

† Predicted Log D values from the ACD/Labs’ ACD/PhysChem Suite obtained from the RCS website: http://www.chemspider.com 

§ Kd values for diclofenac, gemfibrozil and primidone from abiotic column study, while atenolol, caffeine and trimethoprim from batch 
experiment (fluoxetine was included in the batch system as a positive control for a strongly sorbing compound and yielded a Kd value of 163, 
primidone was included as a control for a non-sorbing compound and yielded a Kd value of 0.019)   

 

Kd values for the three compounds (atenolol, caffeine and trimethoprim) which did 

not breakthrough initially, were calculated from sorption isotherms obtained from 

batch experiments. Based on these Kd values, atenolol, caffeine and trimethoprim 

are seen to display some degree of adsorption, although to a much lower degree 

http://www.chemspider.com/
http://www.chemspider.com/
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than more strongly adsorptive compounds like fluoxetine which yielded a Kd value 

of 163 L/kg in the same adsorption batch test, and which has been reported 

previously to have strong adsorption with Kd values ranging between 785 and 

12,546 L/kg for different soil types (Kwon and Armbrust, 2008).  

4.5.2.  Utilization of the Primary Substrate 

The average amount of DOC biodegraded in each column set (BDOC) for the two 

periods of study ranged in period 1 between 0.55 and 0.69 mg/L for three of the 

columns (100:0, 40:60 and 0:100 peptone:humic acid columns), while the 60:40 

peptone:humic acid column received a slightly higher average BDOC level of 1.16 

mg/L during this period (Figure 4.2). The BDOC during period 2 was, on average, 1 

mg/L higher than the BDOC in period 1 and ranged between 1.5 and 1.67 mg/L in all 

four columns (Table 4.1). Two BDOC levels were considered during this study to 

examine different scenarios which may arise at groundwater recharge sites 

receiving either conventionally (secondary) or advanced treated effluents. Period 1 

represents feed water which is more highly treated with lower BDOC concentrations 

or carbon starving conditions during the initial phase of infiltration, while period 2 

is representative of a feed water quality with higher concentrations of BDOC.  

Nitrate was measured periodically and did not change significantly during either 

study period.  Reduction of nitrate to non-detect levels was only observed in the 

column set fed with the 100:0 peptone:humic acid feed solution (Table 4.1), 

indicating a change to sub-oxic conditions in deeper zones of this column. 
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Figure 4.2. Average BDOC levels during low (period 1) and high (period 2) primary substrate 

conditions (n represents the number of sampling events). 

 

4.5.3.  TOrC Attenuation  

The six TOrCs selected for this study encompass a range of trace organic chemicals 

with varying degrees of degradability (Table 4.2). Five of the compounds, atenolol, 

caffeine, diclofenac, gemfibrozil and trimethoprim, were attenuated in the columns. 

Primidone was included as a negative control compound since it is known for its 

conservative behavior during MAR (Drewes et al., 2003). Unlike DOC attenuation, 

which occurs primarily in the infiltration zone, only partial removal of the TOrCs 

was noted during the initial 30 cm of infiltration. Significant additional removal was 

observed during longer travel times (120 cm) as illustrated for atenolol in all 

columns (Figure 4.3).  
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Figure 4.3. Average percent removal for atenolol in the different columns during periods 1 & 2 at 

depths of 30 cm and 120 cm (PY denotes peptone-yeast, HA denotes Humic Acid) 

 

A summary of average percent removal (along with median, 25th, and 75th 

percentiles) for each of the six TOrCs during the two periods of study are illustrated 

in Figure 4.4. Response to change in composition and concentration of the primary 

substrate differed for the targeted TOrCs.  

Intermediate atenolol removal ranging between 42 and 60% was noted during both 

low and high primary substrate concentrations with humic acid contents of 40% or 

less. Removal under these conditions was not affected by changes in either the 

primary substrate composition or concentration. Average atenolol attenuation 

decreased from 65 to 32% by increasing the BDOC concentration during period 2 

for the column receiving 40:60 peptone:humic acid. Atenolol removal of 86% in the 

0:100 peptone:humic acid column, improved to 98% during period 2 after the BDOC  
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concentration for this 100% humic-derived carbon blend was increased from 0.67 

mg/L to 1.53 mg/L. 

During a travel time of 16 hours, caffeine exhibited removal exceeding 75% under 

all primary substrate conditions, with the exception of 30% removal observed in the 

60:40 peptone:humic acid column during period 2 (which is considered an 

anomaly). This high removal of caffeine observed in most columns confirmed its 

character as an easily degradable compound. Neither changes in the composition 

nor concentration of the primary substrate had a significant effect on caffeine 

removal. 

Attenuation of diclofenac increased linearly during period 1 as the humic acid 

content in the feed increased, with removal exceeding 50% observed in the column 

fed with 0:100 peptone:humic acid. An increase in the primary substrate 

concentration reduced the removal efficiency for diclofenac. These results indicate 

much better diclofenac attenuation under conditions that are characterized by 

higher humic content and lower primary substrate concentration.  

Gemfibrozil exhibited removal of less than 23% for the two peptone/yeast-rich 

columns during period 1. Increased gemfibrozil attenuation of 68 and 71% was 

exhibited during this period in the two columns fed with primary substrate 

comprised mainly of humic acid (40:60 and 0:100 peptone:humic acid columns). 

When the primary substrate concentration was increased during period 2, removal 

of gemfibrozil decreased in both columns fed with a carbon source comprised 

mainly of humic acid. Removal also decreased during period 2 to less than 3% in the 

column fed with 100:0 peptone:humic acid. 
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Primidone exhibited no detectable removal under any primary substrate 

composition or concentration confirming its recalcitrant nature in MAR systems. 

Low-to-intermediate trimethoprim removal, ranging between 6 and 69%, was 

observed regardless of primary substrate composition. Trimethoprim attenuation 

decreased to less than 10% in the 60:40 and 40:60 peptone:humic acid columns 

after the primary substrate concentration was increased in period 2. However, for 

the 100:0 and 0:100 peptone:humic acid columns average trimethoprim attenuation 

increased with an increase in primary substrate concentration. 
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Figure 4.4. Box and whisker plots showing percent removal for each compound in the different 

columns for period 1 and period 2 (120 cm) (PY denotes peptone-yeast, Humic denotes Humic Acid) 
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4.6.  Discussion 

4.6.1.  Role of sorption and biodegradation 

Diclofenac, gemfibrozil, and primidone exhibited no adsorption to the soil and hence 

attenuation observed for these compounds is attributed solely to biodegradation. 

Atenolol, caffeine, and trimethoprim on the other hand, exhibited adsorptive losses 

during the short-term abiotic experiment, indicating that attenuation in the columns 

is a combination of adsorption (at least initially) and biotransformation.  

Our finding of no initial breakthrough for compounds which adsorbed, was also 

noted while investigating adsorption processes for two β-blockers, where atenolol 

did not exhibit breakthrough from 25 cm soil columns until about 4 pore-volumes of 

the feed solution were eluted (Schaffer et al., 2012). For the abiotic experiment 

conducted in this study, the compound mass delivered in the feed solution to the 

columns was not large enough to exhaust the soil’s adsorption capacity for atenolol, 

caffeine, and trimethoprim, and hence column breakthrough was not observed for 

any of these compounds. 

The limited role of adsorption for certain TOrCs in systems where both adsorption 

and biodegradation are occurring has been proven in experiments where the effect 

of adsorption-only was compared with adsorption-biodegradation for caffeine (Lin 

et al., 2010). The concentration of caffeine in the adsorption-only batch system 

decreased by 76% within 13 days and subsequently remained stable indicating an 

exhaustion of adsorption sites. On the other hand, all of the caffeine in the combined 

adsorption-biodegradation system was consumed by the fourth day, emphasizing 

the greater role of biodegradation in these systems. A similar finding was reported 
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during a column study where limited caffeine attenuation of 17% was observed in 

an abiotic column treated with sodium azide, compared to 94 – 97% attenuation 

observed in three biotic columns (Maeng et al., 2011a). Based on prior studies and 

the Kd values derived here, adsorption occurs for these compounds but is limited, 

and attenuation is dominated by biodegradation during long-term experiments.  

All the three compounds which displayed some adsorption (atenolol, caffeine and 

trimethoprim) are not characterized as strongly hydrophobic and have lower log D 

(pH-specific octanol-water partition coefficient) values at pH 7.4 - approximately 

equal to the operational pH for the columns, compared to the other three 

compounds investigated. Adsorption by hydrophobic interactions is hence unlikely 

and is therefore not related to the total organic carbon content of the soil. Instead, 

adsorption likely occurs via one or more of the following processes: cation 

exchange, cation bridging at clay surfaces, surface complexation, ligand exchange 

and hydrogen bonding (Kwon and Armbrust, 2008; Schaffer et al., 2012), which are 

more related to the soil mineralogy and texture than to the organic content of the 

soil. The Kd values for these compounds, therefore, rather than log D, provide a 

suitable measure to assess the degree of TOrC adsorption.  

4.6.2. Relationship between Primary Substrate, Microbial Community and 
TOrC Attenuation 

Bulk organic carbon is mostly degraded during passage through the initial 

infiltration zone (sometimes referred to as schmutzdecke), as has been reported in 

both laboratory- and field-scale studies (Li et al., 2013; Grünheid et al., 2005).  In 

contrast, however, we noted significant TOrC degradation both in the infiltration 
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zone as well as at deeper depths of 30 – 120 cm (Figure 4.3). This indicates a 

significant contribution to TOrC degradation by microbial communities that occur at 

deeper zones of the aquifer and which were observed to be more diverse than the 

infiltration zone microbial community during microbial investigations on two of the 

column sets studied here (Li et al., 2014b). Better removal reported for some TOrCs 

with increased travel time at MAR field sites (Laws et al., 2011; Grünheid et al., 

2005) is hence likely attributed to exposure of infiltrating water to more diverse 

microbial communities at deeper depths. The role of changing redox conditions with 

travel time cannot be excluded in field settings, though the role of a more diverse 

microbial community present at deeper depths on TOrC removal was evident in this 

study where redox conditions were mostly unchanged. 

4.6.3. TOrC Biotransformation under different Primary Substrate 
Compositions 

Of the six TOrCs studied, the easily degradable TOrC – caffeine, exhibited little 

response to the composition or concentration of the organic carbon substrate 

present in the feed water. The enzymes responsible for the degradation of labile 

compounds, are likely expressed ubiquitously by organisms present at both low and 

high BDOC conditions. As expected, the recalcitrant TOrC - primidone exhibited no 

removal under any primary substrate composition or concentration, implying the 

absence of enzymes within the microbial community needed to degrade this TOrC.  

The moderately degradable TOrCs exhibited a noticeable response to changes in 

primary substrate composition and concentration. Shifting the organic carbon 

composition to a more humic-like character resulted in improved removal of 



111 
 

atenolol, gemfibrozil, and diclofenac. When the bulk organic carbon only consisted 

of humic acid, removal of atenolol improved to >86%, suggesting that enzymes 

capable of enhanced atenolol transformation were expressed by a more specialized 

microbial group whose abundance was likely determined by the nature of the 

primary substrate. The highest removal rates for gemfibrozil and diclofenac were 

also noted in columns receiving high humic acid feed (>60%), indicating that a more 

refractory primary substrate composition resulted in a microbial community make-

up that was capable of expressing more favorable enzymes for transformation of 

these moderately degradable TOrCs. The microbial groups responsible for 

degradation of these TOrCs are likely slow growing and unable to compete against 

other microorganisms when the primary substrate consists largely of easily 

degradable carbon, but appear to flourish under more refractory carbon conditions. 

Concurrent pyrosequencing results revealed that certain microbial classes like 

Actinobacteria, Bacilli, Deltaproteobacteria, Nitrospira, Planctomycetacia, and 

Verrucomicrobiae, increased in abundance under higher humic acid conditions (Li et 

al., 2014b), suggesting their possible role in degradation of some of these 

moderately degradable TOrCs. 

Previous studies investigating TOrC attenuation at field sites reported >90% 

atenolol removal after travel times of 3 days at a surface spreading aquifer recharge 

site (Laws et al., 2011). The feed water was a tertiary treated effluent characterized 

primarily by humic- and fulvic-like organic matter, which – similar to conditions of 

the humic-rich column, may have stimulated growth of more specialized microbial 

communities along the flow path resulting in higher removal rates. Another study 
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reported >80% atenolol attenuation at three riverbank filtration sites (Schmidt et 

al., 2007), although the nature of the feed water was not characterized.  

In a recent study investigating the effect of primary substrate concentration on TOrC 

removal, gemfibrozil exhibited better removal (>99%) under low primary substrate 

conditions (~50 µg/L) as compared to higher (1,000 µg/L) primary substrate 

concentrations (17% removal) (Onesios and Bouwer, 2012). This study, however, 

used only a single easily degradable carbon source (acetate) as the primary 

substrate and TOrC at very high concentrations (10 µg/L), which may not be 

representative of real wastewater and only considered differences in substrate 

concentration without considering the role of substrate composition. The same 

study also reported minimal (<6%) diclofenac attenuation under both low and high 

acetate conditions.  For the 100:0 peptone:humic acid column (receiving only 

peptone-yeast which is also easily degraded like acetate), we obtained a similar 

outcome where almost no diclofenac removal was observed, at both low and high 

primary substrate concentrations. However, diclofenac attenuation significantly 

increased when the composition of the feed consisted of more refractory carbon, 

suggesting that the primary substrate composition plays a greater role than the 

concentration in shaping the microbial community, and hence, in affecting removal 

of TOrCs.  

Trimethoprim exhibited low-to-intermediate removal, not exceeding 69% under all 

primary substrate conditions, with no obvious correlation to either composition or 

concentration of the primary substrate. Removal may have been limited by the short 

travel time offered in the columns, because in previous studies, better trimethoprim 
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removal has been noted with greater travel time. For a travel time of <3 days, Laws 

et al. (2011) reported that trimethoprim removal ranged between 20 and 52%, but 

with a longer travel time of 60 days much higher removal (>90%) was observed, 

confirming the influence of travel time on trimethoprim attenuation.  

4.6.4. Response to Change in Primary Substrate Concentrations 

Net changes observed in attenuation of the different TOrCs following the change 

from lower to higher BDOC conditions were also different. This is likely due to the 

structural differences between the degradable TOrCs, which result in distinct attack 

sites for biotransformation. The specific enzymes responsible for biotransformation 

of different TOrCs are expected to be compound-specific, and belonging to different 

enzyme families as shown previously for three TOrCs (Kagle et al., 2009). These 

enzymes are produced by a range of microbes present which are not affected in the 

same ways by the increase in primary substrate concentration. 

The microbial communities found in two of the columns characterized were seen to 

change significantly as BDOC concentration increased between periods 1 and 2 

(Chapter 5, Li et al., 2014). Betaproteobacteria, for example, were seen to be 

positively correlated to the BDOC concentration while Deltaproteobacteria were 

observed to be negatively correlated to the BDOC concentration (Chapter 5, Li et al., 

2014). The increase in BDOC between period 1 and 2 hence resulted in a change in 

relative abundance of different microbial groups and hence the enzyme pool 

present, which could explain why removal of some TOrCs increased, while others 

decreased, with the same change in BDOC.  
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Differences in response to a change in the primary substrate concentration between 

TOrCs has been reported previously for gemfibrozil and caffeine (Maeng et al., 

2011a), when the feed solution was changed from a higher BDOC concentration 

(river water) of 1.5 mg/L to a lower BDOC concentration (tap water) of 0.5 mg/L. 

Attenuation of gemfibrozil decreased from 36% to 7% with this change in feed 

water, while caffeine attenuation remained largely unchanged between 94 - 97% 

(Maeng et al., 2011a). We also noted only minor changes in caffeine attenuation with 

a change in primary substrate concentration (except for the anomaly in the 60:40 

peptone:humic acid column). Gemfibrozil, however, was better attenuated in most 

of our columns under lower BDOC conditions, although the role of primary 

substrate composition seemed to play a larger role than BDOC concentration. 

Concurrent metagenomics results for two of the columns from this study 

demonstrated a significant increase in the microbial community’s potential to 

express genes related to xenobiotics biodegradation under primary substrate 

conditions characterized by lower BDOC and higher humic acid content (Chapter 5,  

Li et al., 2014). Particularly, an increase in potential to express genes related to 

metabolism by cytochrome P450 - a monooxygenase able to catalyze the oxidation 

reaction of numerous chemicals including lipids, steroidal hormones, and xenobiotic 

substances such as drugs and other toxic chemicals (Ortiz De Montellano and De 

Voss, 2005) was noticed. 

However, because all of the TOrCs did not respond uniformly to changes in BDOC 

level and humic acid content, cytochrome P450 is likely not responsible for 

degradation of all TOrCs studied. Caffeine and trimethoprim, for example, are likely 
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not degraded by this enzyme since they were not substantially affected when the 

composition and concentration of the primary substrate was changed, despite 

documented differences in the  microbial community’s potential to express 

cytochrome P450. 

Due to the unique chemical structures of the different TOrCs, enzymes required for 

their degradation are largely specific, and belong to different enzyme families as 

shown previously for three TOrCs (Kagle et al., 2009). Indeed, a canonical 

correspondence analysis revealed that attenuation of each target TOrC in this study 

was correlated with certain microbial groups as well as certain enzyme groups 

(Chapter 5, Li et al., 2014).  

4.7. Conclusion 

Overall, the results of this study better elucidate the role of primary substrate 

composition and concentration on TOrC degradation in MAR systems. Despite being 

verified in many cases, our initial hypothesis that lower primary substrate 

concentrations would result in increased transformation of biodegradable TOrCs, 

was not confirmed for all the TOrCs considered. The composition of the primary 

substrate seemed to have a larger impact than concentration on TOrC attenuation, 

with the more refractory carbon substrate (represented by humic acid in this study) 

resulting in greater attenuation of most of the moderately degradable TOrCs. 

Attenuation of both the easily degradable TOrC (caffeine) and the recalcitrant TOrC 

(primidone) were not affected by primary substrate composition or concentration. 

These results suggest that different families of enzymes are responsible for the 

degradation of various TOrCs. A deeper understanding, however, of the enzymes 



116 
 

which are expressed when certain TOrCs are degraded is necessary to provide 

greater insight into which operational conditions can be altered to maximize 

attenuation of specific groups of TOrCs in MAR systems. 

The presence of more refractory carbon (represented by humic acid in this study) 

was seen to enhance attenuation of most of the degradable TOrCs confirming our 

second hypothesis. Concurrently obtained microbial data showed that the presence 

of a more refractory carbon substrate resulted in a more diverse biocommunity. 

Furthermore, under primary substrate conditions characterized by lower BDOC and 

higher humic acid contents, a significant increase in the potential for microbial 

communities to express genes related to xenobiotics biodegradation was observed. 

The effect of the primary substrate on microbial community composition, diversity 

and gene expression potential confirm its influence on TOrC degradation.   
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CHAPTER 5: ROLE OF PRIMARY SUBSTRATE COMPOSITION ON MICROBIAL 

COMMUNITY STRUCTURE AND FUNCTION AND TRACE ORGANIC CHEMICAL 

ATTENUATION IN MANAGED AQUIFER RECHARGE SYSTEMS 
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5.1. Abstract  

This study was performed to reveal the microbial community characteristics in 

simulated managed aquifer recharge (MAR), a natural water treatment system, 

under different concentrations and compositions of biodegradable dissolved organic 

carbon (BDOC) and link these to the biotransformation of emerging trace organic 

chemicals (TOrCs). Two pairs of soil-column set-ups were established in the 

laboratory receiving synthetic feed solutions composed of different peptone/humic 

acid ratios and concentrations. Higher BDOC concentration resulted in lower 

microbial community diversity and higher relative abundance of 

Betaproteobacteria. Decreasing the peptone/humic acid ratio resulted in higher 

diversity of the community and higher relative abundance of Firmicutes, 

Planctomycetes, and Actinobacteria. The metabolic capabilities of microbiome 

involved in xenobiotics biodegradation were significantly promoted under lower 

BDOC concentration and higher humic acid content. Cytochrome P450 genes were 

also more abundant under these primary substrate conditions. Lower 

peptone/humic acid ratios also promoted the attenuation of most TOrCs. These 

results suggest that the primary substrate characterized by a more refractory 

character could increase the relative abundances of Firmicutes, Planctomycetes, and 

Actinobacteria, as well as associated cytochrome P450 genes, all of which are 

expected to play important roles in the biotransformation of TOrCs in this natural 

treatment system. 
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5.2. Introduction 

Over the past decade, a plethora of studies have been published documenting the 

occurrence of emerging trace organic chemicals (TOrCs) of anthropogenic origin in 

waste, surface, ground, and drinking waters, including pharmaceuticals, personal 

care products, household chemicals, endocrine disruptors, and emerging 

disinfection by-products (Barnes et al., 2008; Kolpin et al., 2002). Since certain 

TOrCs have been associated with potential adverse health effects, such as endocrine 

disruption, reproductive impairment, increased cancer risk and development of 

antibiotic resistance (Benotti et al., 2009; Halden, 2010), attenuation of TOrCs 

through wastewater and water treatment processes to concentration levels 

protective of human and ecological health is desired. Conventional water treatment 

processes do not provide a complete barrier to TOrCs present in municipal 

wastewater (Westerhoff et al., 2005). Where additional removal is desired, various 

advanced water treatment processes are effective in removing a wide range of 

TOrCs (Jones et al., 2007). However, the major drawback is their high-energy 

demand which represents a potential disadvantage of using these processes as 

compared to natural treatment techniques like managed aquifer recharge (MAR). 

MAR systems have been widely used all over the world for either storm water, 

impaired surface water, or reclaimed water to replenish groundwater supplies 

(Dillon, 2005). MAR systems include riverbank filtration, soil-aquifer treatment, 

aquifer recharge and recovery, and direct injection into a potable aquifer (Missimer 

et al., 2011). MAR utilizes the natural infiltration of water through aquifer sediments 

to achieve removal of pathogens, nutrients, total organic carbon, and TOrCs (Amy 
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and Drewes, 2007; Drewes and Fox, 1999). Many MAR systems exhibit remarkably 

similar removal efficiencies for certain TOrCs. The stimulant caffeine and the 

analgesic acetaminophen were consistently removed across different sites, while 

the anticonvulsant primidone and the artificial sweetener sucralose are notorious 

for their poor removal (Buerge et al., 2009; Heberer, 2002). The removal of other 

TOrCs, in particular moderately degradable chemicals, seems to be rather site-

specific (Amy and Drewes, 2007), pointing to the fact that many factors might 

influence the attenuation of TOrCs during the infiltration process. These can include 

geochemical and hydrogeological conditions, physicochemical properties of the 

chemicals, as well as the capability of the microbial community to degrade TOrCs. 

Demonstrated long-term, sustainable operation of MAR systems suggest that 

microbial transformation has played the dominant role in the attenuation of TOrCs. 

Several environmental factors like the presence of a primary substrate identified as 

biodegradable dissolved organic carbon (BDOC) have been linked to TOrCs removal 

in MAR systems (Onesios and Bouwer, 2012; Rauch-Williams et al., 2010). Our 

previous studies have suggested that the primary substrate concentration directly 

determines the microbial community structure including composition and diversity 

in MAR systems (Li et al., 2013, 2012). Although pure cultures of bacterial strains 

degrading individual TOrCs have been isolated and reported (Dantas et al., 2008; 

Ogunseitan, 2002; Prior et al., 2010), to the best of our knowledge no research has 

been conducted in MAR systems linking the role of environmental conditions such 

as the make-up of the primary substrates shaping the microbial community with the 

biotransformation of TOrCs. Thus, in this study we utilized laboratory-scale soil 
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columns fed with different concentrations and compositions of primary substrate to 

elucidate the influence on microbial community and removal of TOrCs during 

simulated MAR. The microbial community phylogenetic structure was determined 

by pyrosequencing of 16S rRNA genes. The metabolic capability of the microbiome 

was revealed by metagenomic analysis and possible microbial groups were 

identified that might be responsible for the transformation of targeted TOrCs. 

5.3.  Hypotheses 

As described in Chapter 4, the composition and concentration of the primary 

substrate can have a direct impact on the attenuation of TOrCs. How the 

composition of the primary substrate also shapes the microbial community is 

investigated in this chapter. We hypothesize that: 

1. Lower primary substrate concentrations and a composition that is primarily 

comprised of refractory carbon create carbon-starving conditions that can 

result in a more diverse microbial community. 

2. A microbial community under carbon-starving conditions is capable of 

expressing enzymes that result in enhanced removal of TOrCs. 

5.4.  Materials and Methods 

5.4.1.  Laboratory-scale soil columns 

A duplicate set of laboratory-scale column set-ups were established, each consisting 

of four glass columns connected in series. Setup and operational parameters of the 

columns are described in Section 2.1.1.  
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To evaluate the influence of primary substrate concentration and composition on 

microbial community structure, the soil column systems were exposed to synthetic 

BDOC feed solutions that differed in concentrations and peptone-yeast/humic acid 

ratios. The composition of the primary substrate fed to one pair of column set-ups 

comprised a 60:40 blend of peptone-yeast/humic acid, while the feed to the second 

pair of column set-ups comprised a 40:60 blend of peptone-yeast/humic acid. Two 

operational periods of administering lower primary substrate concentrations in 

period 1 and higher concentrations in period 2 were applied to the columns. During 

period 1, the BDOC concentration in the feed solution ranged between 0.69±0.6 

mg/L and 1.16±0.37 mg/L. During period 2, the BDOC concentration increased to 

1.55±0.6 mg/ L. The increase in BDOC concentration was achieved by adding more 

organic carbon sources in the feed solution while maintaining the ratios of peptone, 

yeast extract and humic acid unchanged. 

Feed stock solutions were prepared weekly at a 10X concentration and stored at 4°C 

to prevent degradation in the feed container. The columns were also fed with a mix 

of selected TOrCs at environmentally relevant concentrations of 300-500 ng/L each 

(Chapter 4). The feed solution was delivered using an IPC 8 channel Ismatec pump 

(ISM 936, IDES Health & Science, Wertheim, Germany). A second IPC 8 channel 

Ismatec pump drew salt buffer solution (kept at room temperature). Tubes from the 

two pumps were connected using a 3-way connector to achieve in-line mixing of the 

dissolved organic carbon (DOC) solution and salt buffer plus TOrC mixture. The flow 

rates were controlled to provide a 10X in-line dilution of the DOC prior to delivery 

to the columns achieving a loading rate of 1.44 m/d. Influent samples to the columns 
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were collected from a sampling port installed after in-line mixing. The hydraulic 

retention time for the four columns in series was determined to be 16 hours. 

Microbial analysis was performed on sediment samples collected under sterile 

conditions after 4-5 months of operation in each period from depths of 1 cm, 30 cm, 

60 cm, 90 cm and 120 cm of each column system. We have previously demonstrated 

that the microbial community in the infiltration zone of MAR systems reached 

steady-state conditions with no significant changes in microbial community 

composition, diversity and biomass observed approximately 3-4 months after 

adjusting feed water compositions (Li et al., 2013). Following collection, sediment 

samples were kept at -20°C pending DNA extraction. Water samples from the 

columns were also collected and analyzed immediately or stored at 4°C prior to 

chemical analysis which occurred within 48 hours. A sketch illustrating the 

experimental setup together with sampling locations is presented in Figure 5.1. 

5.4.2.  DNA extraction and 454 pyrosequencing of 16S rRNA genes 

The DNA extraction, pyrosequencing and sequence analysis procedures were the 

same as described in Li et al., 2012. Briefly, DNA was extracted in duplicate from 

sediment samples using the PowerSoil kit (MO BIO laboratories, Carlsbad, CA) and 

pooled together. For each DNA sample, the 16S rRNA gene was amplified using a 

primer set universal for nearly all bacterial and archaeal taxa. The 12-bp error-

correcting Golay barcode was inserted to the forward primer to tag each PCR 

product. The PCR amplification products were gel purified before mixing and 

processed by the Genomics Core Laboratory at KAUST for pyrosequencing on a 454 

Genome Sequencer FLX Titanium (Roche). 
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Figure 5.1. Experimental setup comprising four columns connected in series. Sediment sampling 
locations in the columns are marked on the sketch. 

 

16S rRNA gene sequences generated from pyrosequencing were processed using 

the Quantitative Insights Into Microbial Ecology (QIIME v1.3.0) pipeline with default 

settings (Caporaso et al., 2010). The minimum length of sequence was set to 200 

base pairs (bp). Sequences were assigned to individual samples according to the 

barcode sequence and then grouped into operational taxonomic units (OTUs) at 

97% sequence similarity. Representative sequences for each OTU were picked and 

taxonomic data were assigned using the RDP classifier. Possible chimeric sequences 

were checked with ChimeraSlayer wrapper in QIIME. The Shannon Index was 

calculated in QIIME. The raw pyrosequencing data for 16S rRNA gene sequences are 
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deposited in the NCBI Sequence Read Archive with the accession number 

SRR1106900. 

5.4.3. Quantitative real-time PCR (qPCR) 

The quantity of the total Bacteria and Archaea were determined using SYBR Green I 

dye chemistry and the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) as 

previously described (Li et al., 2012). The primer set 341F and 518R was used for 

the bacterial quantification and 516F and 806R was used for Archaea. The qPCR 

solution and protocol were all following the instruction of iQ SYBR Green Supermix 

(Bio-Rad). To generate the standard curves, the primer sets 27F and 1492R as well 

as 20F and 1492R were utilized to amplify the 16S rRNA gene fragment of Bacteria 

and Archaea, respectively. The PCR products were transformed to the TOPO TA 

cloning vector pCR2.1 and standard curves were generated by serial dilutions (102 

to 109 copies per microliter) of the plasmids. The threshold cycle values of unknown 

samples were plotted on the standard curves to determine the copy numbers of 

target sequences. 

5.4.4. Metagenomic analysis of microbiome in laboratory-scale columns 

Two soil samples collected from 1 cm depth of both column systems receiving lower 

and higher peptone/humic acid ratios in the feed solution during period 1 were 

subjected to metagenomic analysis. Five replicate extractions of DNA were 

performed for each sample using the PowerSoil kit and the DNA obtained was 

pooled together. The two DNA samples (5 g for each sample, quantified using a 

Nanodrop-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE)) were 
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prepared by nebulization and tagged with GS-FLX-Titanium Rapid Library MID 

Adapters Kit (454 Life Sciences, Branford, CT, USA) before submitting to the 

Genomics Core Laboratory at KAUST for pyrosequencing. The run yielded 241 Mbp 

of data, 0.55 million reads in total, with an average read length of 436 bp. 

Metagenomic sequences were demultiplexed, quality filtered and functionally 

assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology using 

MG-RAST Version 3.2 (http://metagenomics.nmpdr.org). Only those reads that 

matched at least one KEGG Ortholog group were included in downstream statistical 

analyses. Percentages of assigned sequences per sample assigned to each group 

were generated for normalization between two samples. The biodegradation 

pathways and related enzymes for TOrCs targeted in this study were predicted 

using the University of Minnesota Biocatalysis/Biodegradation Database (UM-BBD) 

(Gao et al., 2010). The raw pyrosequencing data for these two metagenomic 

libraries are deposited in the MG-RAST database with ID numbers 4491529 and 

4491530. 

5.4.5.  Statistics 

Statistical analyses including Wilcoxon matched-pair test, Kendall’s W matched-pair 

test, Mann-Whitney U test, and Pearson correlation were all performed using the 

SPSS package (version 16.0). P values less than 0.05 were considered as statistically 

significant. Canonical correspondence analysis was performed using PAST (Hammer 

et al., 2001). 

http://metagenomics.nmpdr.org/
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5.5.  Results 

5.5.1.  Primary substrate utilization and removal of TOrCs 

During two operational periods, the column systems received feed solutions with 

different primary substrate concentrations and compositions (Figure 5.2(a)). Each 

period was examined for 4-6 months during which each column exhibited steady-

state performance regarding removal of DOC, UV absorbance and TOrCs. During 

period 1, the BDOC concentration in the feed solution containing a higher 

peptone/humic acid ratio of 60:40 (as carbon) was 1.16±0.37 mg L-1, about two 

times higher than the BDOC observed in columns receiving a blend of 40:60 

(0.69±0.6 mg L-1). During period 2, the primary substrate feed solutions were 

altered resulting in similar BDOC concentrations for both column systems (1.55±0.6 

mg L-1) while still maintaining different peptone/humic acid ratios.  

The column system receiving a lower peptone/humic acid ratio during period 1 

achieved significantly higher removal of trimethoprim compared to the column fed 

with a higher peptone/humic acid ratio (P<0.05) (Figure 5.2(b)). The increase in 

BDOC concentrations during period 2 resulted in lower removal of trimethoprim in 

both columns (both P<0.05). The column receiving a higher humic acid content 

(40:60 peptone/humic acid ratio) however still exhibited better trimethoprim 

removal (both P<0.05). Similar trends were also observed for the other four TOrCs 

targeted in this study (caffeine, atenolol, diclofenac, gemfibrozil) when BDOC 

composition comprising lower and higher peptone/humic acid ratios are considered 

(see Chapter 4.5). When different BDOC concentrations are considered, higher 

removal was achieved under lower BDOC concentration for most of the target 
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compounds, particularly in the column system fed with a lower peptone/humic acid 

ratio. 

 

Figure 5.2. BDOC concentrations (a) and the removal ratios of trimethoprim (b) in soil columns 
during two periods. 

 

5.5.2. Microbial quantity in soil columns 

The amounts of the total Bacteria and Archaea in soil columns spiked with TOrCs 

were quantified by qPCR and are presented as 16S rRNA gene copy number per 

gram solid sample in Table 5.1. The bacterial quantity decreased significantly along 

the depth of both columns receiving lower and higher peptone/humic acid ratios. 
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The biomass quantity measured at 1 cm depth was significantly higher than 

quantity at the other depths (30-120 cm) in both columns. During period 1 - as 

expected, the bacterial quantity at each depth of columns receiving higher 

peptone/humic acid ratio feed solutions was higher than the quantity at the same 

depth of columns receiving lower ratios. The increase of BDOC during period 2 

resulted in a significant increase of bacterial quantity in both columns, particularly 

at a depth of 1 cm. The bacterial quantities in period 2 were generally similar at the 

same depth of both columns, likely due to the same BDOC concentrations 

administered. Similar trends were also observed for Archaea, but biomass 

quantities were generally 10-1,000 fold less than those of Bacteria. 

Table 5.1. Quantities of the Total Bacteria and Archaea in TOrCs Spiking Columns Evaluated by 16S 
rRNA Gene Copy Number per Gram Solid Sample Using qPCR 

Sediment Sampling Depth 1cm 30cm 60cm 90cm 120cm 

COLUMN 60:40 Peptone/Humic Acid  

Bacteria 
Period1 9.70E+08 2.20E+07 1.00E+07 6.60E+06 3.90E+06 

Period2 1.10E+09 3.80E+07 9.40E+06 5.70E+06 4.20E+06 

Archaea 
Period1 5.40E+06 2.00E+05 1.60E+05 1.10E+05 1.00E+05 

Period2 6.70E+06 2.90E+05 1.90E+05 1.30E+05 9.80E+04 

COLUMN 40:60 Peptone/Humic Acid  

Bacteria 
Period1 3.60E+08 2.00E+07 9.50E+06 5.10E+06 3.50E+06 

Period2 1.20E+09 3.60E+07 8.50E+06 7.60E+06 4.10E+06 

Archaea 
Period1 3.50E+06 2.20E+05 1.70E+05 1.20E+05 9.90E+04 

Period2 7.50E+06 2.80E+05 2.00E+05 1.40E+05 1.10E+05 
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Figure 5.3. The relative abundance (%) of microbial groups on phylum (a and b) and class (c and d) levels in TOrCs spiking columns fed with a higher 
peptone/humic acid ratio (a and c) and a lower peptone/humic acid ratio (b and d) during two periods. The labels P1 and P2 of x-axis represent period 
1 (P1) and period 2 (P2), respectively. Furthermore, 1 cm, 30 cm, 60 cm, 90 cm, and 120 cm stand for the depth of which each pair of microbial 
communities in period 1 and period 2 were obtained from. 
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5.5.3. Microbial community structure in soil columns 

The microbial community composition was revealed using pyrosequencing of 16S 

rRNA genes. In total, for 20 samples collected from the two column set-ups spiked 

with TOrCs during two periods, 173,483 sequences were obtained and passed 

through quality control of QIIME. The microbial community compositions at phylum 

and class levels are depicted in Figure 5.3(a)-(d). Proteobacteria was the dominant 

phylum in almost all column samples, followed by Bacteroidetes. At the class level, 

Betaproteobacteria, Alphaproteobacteria, Sphingobacteria, and Bacilli were 

generally the most abundant groups.  

Microbial community change with depth 

With increasing depth in both columns, the relative abundance of Proteobacteria 

decreased from 36-64% at 1 cm depth to 28-31% at 120 cm depth. Simultaneously, 

the relative abundances of several other phyla increased along the depth, such as 

Firmicutes (from <1% to 4-15%), Acidobacteria (from <1% to 4-9%) and 

Actinobacteria (from <2% to 3-7%). Several microbial classes decreased with depth 

in their relative abundance, such as Betaproteobacteria (from 19-48% to 10-16%). 

In contrast, the relative abundances of Deltaproteobacteria (from <1% to 2-4%), 

Planctomycetacia (from <0.6% to 0.7-2%), Bacilli (from <1% to 4-14%), and 

Actinobacteria (from <2% to 2-7%) generally increased with depth. Overall, the 

microbial community compositions for both periods at 1 cm depth in both columns, 

were significantly different from all other depths (30-120 cm) at both phylum and 
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class levels (most P<0.05). However, the microbial community compositions at 30 to 

120 cm depths were generally similar for each column in each period (all P>0.17). 

Microbial community differences with BDOC composition and concentration  

During period 1, the relative abundance of Firmicutes, Planctomycetes and 

Actinobacteria were significantly lower in the column fed with a higher 

peptone/humic acid ratio compared to the column receiving a lower ratio (both 

P=0.04). The increase of BDOC from period 1 to period 2 resulted in a significant 

increase of Proteobacteria and decrease of Firmicutes in columns fed with lower 

peptone/humic acid ratios (both P=0.04). During period 2, several microbial phyla 

were more abundant in columns fed with lower peptone/humic acid ratios 

compared to higher ratios, such as Firmicutes, Nitrospira and Planctomycetes (all 

P=0.04).  

Considering microbial classes, during period 1 the relative abundance of 

Betaproteobacteria and Flavobacteria were higher in columns fed with higher 

peptone/humic acid ratios (both P=0.04), whereas Deltaproteobacteria, 

Planctomycetacia, Bacilli and Actinobacteria were more abundant in columns fed 

with lower peptone/humic acid ratios (all P=0.04). The increase of BDOC resulted in 

a significant increase of Betaproteobacteria (P=0.04). During period 2, the microbial 

classes Bacilli, Actinobacteria, Nitrospira, Planctomycetacia and Verrucomicrobiae 

increased in relative abundance in columns fed with lower peptone/humic acid 

ratios compared to the higher ratio columns (all P=0.04). Pearson correlation 

analysis indicates that Proteobacteria was positively linked with BDOC 
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concentration (r=0.946, P=0.05). Betaproteobacteria exhibited a highly positive 

correlation (r=0.987, P=0.01), while Deltaproteobacteria was negatively correlated 

(r= 0.964, P=0.03). 

Microbial genera abundant in both columns were almost the same, exhibiting 

genera with a relative abundance above 1% including Sediminibacterium, 

Janthinobacterium, Gemmatimonas, Methylophilus, Nitrospira, Novosphingobium, 

Acinetobacter, Chitinophaga, Sphingomonas, and Sphingobium. Planomicrobium 

spp. belonging to Bacilli exhibited a negative correlation with BDOC concentrations 

(r= -0.977, P=0.02), while Methylophilus spp. affiliated with Betaproteobacteria 

exhibited a highly positive correlation (r=0.998, P=0.002). 

Microbial Community Diversity 

Microbial community diversities of all column samples were further evaluated by 

comparing Shannon indices (Figure 5.4). The variation in Shannon index values 

were all less than 2%. Microbial community diversity increased along the depth of 

each column (from 5.18-6.46 at 1 cm depth to 8.27-8.68 at 120 cm depth). 

Diversities at 1 cm depth were distinctly lower compared to other depths (30-120 

cm) (P<0.001). During both periods, microbial community diversity at each depth of 

the columns fed with higher peptone/humic acid ratios was lower than that in 

columns fed with lower ratios. The increase of BDOC concentrations during period 2 

resulted in the decrease of diversity in both columns, especially significant at 1 cm 

depth. 
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Figure 5.4. Microbial community diversities evaluated by Shannon index for all depths (1, 30, 60, 90 
& 120 cm) in both columns.  

 

5.5.4.  Metabolic capacities of microbiomes by metagenomic analysis 

The metabolic potential of microbiomes in columns fed with lower and higher 

peptone/humic acid ratios during period 1 were elucidated by metagenomics. As 

illustrated in Figure 5.5, more diverse metabolism pathways were observed in 

metagenomic libraries for the lower peptone/humic acid ratio when contrasted 

with the higher peptone/humic acid ratios. In particular, the microbiome under 

lower peptone/humic acid ratio harbored more diverse xenobiotic biodegradation 

pathways.  

 



135 
 

 

Figure 5.5. Metabolic network analysis generated by KEGG Mapper. The pathways detected only in column samples under higher peptone/humic acid 
ratio condition are highlighted in red and those only in samples under lower peptone/humic acid ratio condition are highlighted in blue. 
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Furthermore as illustrated in Figure 5.6(a), by assigning metagenomic sequences to 

KEGG, “metabolism” was the dominant ortholog group with the most abundant 

sequences (60-62%). In the group of “metabolism”, amino acid metabolism was the 

most abundant, followed by the energy, cofactors and vitamins, and carbohydrate 

metabolism groups. The ratios of sequences in these groups were quite stable when 

comparing two columns receiving different ratios of peptone/humic acid. In 

contrast, the ratio of sequences falling in the group “xenobiotics biodegradation” 

increased by approximately 22% when comparing columns under lower and higher 

peptone/humic acid ratios (Figure 5.6(b)). This result indicated that the metabolic 

capacity of “xenobiotics biodegradation” carried by the microbiome significantly 

increased under primary substrate conditions characterized by a higher humic acid 

content and lower BDOC concentration.  

In addition, as illustrated in Figure 5.6(c), the ratios of sequences related to 

degradation pathways distinctly increased in columns fed with lower 

peptone/humic acid ratios compared to higher ratios for most refractory 

compounds listed in KEGG ortholog groups. This was true even though these 

compounds (such as DDT, fluorobenzoate, caprolactam, polycyclic aromatic 

hydrocarbons and aminobenzoate) were not spiked in this study. 
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Figure 5.6. Metabolic profiles of two samples collected from 1 cm depth of columns spiked with 
TOrCs and fed with lower and higher peptone/humic acid ratios in period 1. Percentage depicted 
represents relative metagenomic sequences grouped in KEGG ortholog groups: (a) ortholog groups; 
(b) metabolism; (c) xenobiotics biodegradation. 
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It should also be noted that approximately 0.3-0.6% of total metagenomic sequences 

were affiliated with the group “drug metabolism by cytochrome P450”. The ratio of 

sequences grouped in “drug metabolism by cytochrome P450” increased 

significantly by 87% in columns fed with a higher humic acid content. This result 

suggests that cytochrome P450, which is a large group consisting of numerous 

monooxygenases, among others might play an important role for degrading 

xenobiotics including a diverse group of TOrCs under primary substrate conditions 

characterized by a higher humic acid content and lower BDOC concentrations. 

5.6.  Discussion 

The microbial groups present in the column systems investigated during this study 

were typical soil and sediment residents and the dominance of Proteobacteria and 

Bacteroidetes was also consistent with our previous research (Li et al., 2013, 2012). 

The comparison of two columns receiving lower and higher peptone/humic acid 

ratios over the course of two periods, suggested that Betaproteobacteria was 

positively correlated with BDOC concentrations while Firmicutes, Planctomycetes, 

Actinobacteria, Deltaproteobacteria, as well as Verrucomicrobiae were positively 

linked with humic acid content which is less degradable. Betaproteobacteria is likely 

the major group assimilating BDOC present in MAR systems.  

Methylophilus spp. affiliated with Betaproteobacteria also exhibited a highly 

positive correlation with BDOC concentrations. The carbon source of this genus is 

usually restricted to methane, methanol, glucose, fructose and possibly some other 

C1 compounds (Jenkins et al., 1987). In contrast, the correlation between humic acid 
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content and Firmicutes, Planctomycetes, and Actinobacteria indicates that these 

groups are able to metabolize more refractory carbon sources. These bacterial 

groups have been reported to generally harbor versatile capacities in chemical 

compound utilization including a wide range of natural organic compounds as well 

as man-made refractory environmental contaminants (Wackett, 2006). Overall, the 

above results suggest that the concentration and composition of the primary 

substrate shape the make-up of the microbial community, which also seems to be 

correlated with enhanced removal of TOrCs. A composition of primary substrate 

characterized by a higher ratio of humic acid could promote the diversity of the 

microbial community and increase the relative abundances of Firmicutes, 

Planctomycetes, and Actinobacteria. Since the removal of biodegradable TOrCs 

increased under these conditions, the prevalent microbial groups may harbor 

stronger biodegradation capabilities for TOrCs. 

Only a limited number of studies have identified certain bacterial degraders for the 

TOrCs targeted in this study. Actinoplanes sp. ATCC 53771 belonging to 

Actinobacteria has been associated with degradation of diclofenac (Prior et al., 

2010) while Rhodococcus spp. bacteria also affiliated with Actinobacteria has been 

associated with degradation of caffeine (Madyastha et al., 1999). These studies 

further support the potential importance of Firmicutes, Planctomycetes, and 

Actinobacteria for biotransformation of TOrC. It is interesting that three 

Gammaproteobacteria genera strains have been reported to degrade caffeine 

(Mazzafera, 2004; Ogunseitan, 2002), which might explain the generally high 



140 
 

removal of caffeine regardless of concentration and composition of the primary 

substrate as seen in Chapter 4.5. 

Firmicutes, Planctomycetes and Actinobacteria were significantly more abundant in 

the microbial community during period 1 at a depth of 1 cm in columns fed with 

lower peptone/humic acid ratio compared to the corresponding abundance in the 

community from 1 cm depth of columns fed with higher peptone/humic acid ratio. 

However, almost all the metabolic potentials between the two microbiomes are 

similar, except for “xenobiotic biodegradation” capability as illustrated by 

metagenomic analysis. The microbiome fed with lower peptone/humic acid ratio 

and lower BDOC concentration harbored stronger and more diverse capabilities for 

xenobiotic biodegradation. Despite the fact that metagenomic results reflect the 

metabolic potentials rather than the real capability expressed by the microbiome, 

and that only a limited number of xenobiotics have been documented in the KEGG 

database for degradation pathways (most of which were not spiked in this study), 

the significant increase of xenobiotic biodegradation potential still confirms that 

several microbial groups such as Firmicutes, Planctomycetes and Actinobacteria 

have stronger biotransformation capabilities for xenobiotics, including TOrCs 

compared to Betaproteobacteria. 

Cytochrome P450 is able to catalyze the oxidation reaction of numerous chemicals 

including lipids, steroidal hormones, and xenobiotic substances such as drugs and 

other toxic chemicals (Ortiz De Montellano and De Voss, 2005). Cytochrome P450 

was also reported to be expressed by Actinoplanes sp. ATCC 53771 to perform the 
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degradation of diclofenac (Prior et al., 2010), together with the transformation of 

other TOrCs like carbamazepine, a highly persistent anticonvulsant drug in the 

environment (Golan-Rozen et al., 2011). These reports support the possible 

importance of cytochrome P450 in the degradation of TOrCs, particularly under 

conditions characterized by a higher humic acid content and lower BDOC 

concentration. Considering the microbial community composition under this 

condition, the genomes of Firmicutes, Planctomycetes and Actinobacteria are 

expected to contain more abundant cytochrome P450 genes compared to 

Betaproteobacteria. This was indeed confirmed by the bacterial cytochrome P450 

sequence assignment to taxonomic group available at: (http://drnelson.uthsc.edu/ 

bact.abund.html). A total of 339 cytochrome P450 sequences are found in 

Firmicutes, Planctomycetes and Actinobacteria genomes, accounting for the 

majority of cytochrome P450 sequences observed in bacteria (a total of 501 

sequences) and were much higher than those found in Betaproteobacteria (less than 

38 sequences). 

The biodegradation pathways of the target TOrCs predicted in UM-BBD suggested 

that cytochrome P450 was responsible for most of the potential degradation 

pathways (data not shown). Some other enzymes have also been found to increase 

significantly under a higher humic acid content and lower BDOC concentration and 

were suggested to be possibly involved in the biotransformation of target TOrCs by 

UM-BBD, such as amidase, vanillate monooxygenase, trimethylamine 

dehydrogenase, 4-cresol dehydrogenase, as well as carboxylesterase (data not 

shown). Amidase has already been reported to be capable of degrading atenolol by 

http://drnelson.uthsc.edu/%20bact.abund.html
http://drnelson.uthsc.edu/%20bact.abund.html
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mixed bacterial cultures from activated sludge (Helbling et al., 2010) and 

carboxylesterase was also found be able to transform diverse pesticides (Sogorb 

and Vilanova, 2002). These enzymes could also contribute to the biotransformation 

of TOrCs. 

The microbial community compositions and diversities in both column systems of 

this study demonstrated depth dependent variations. Several microbial groups, such 

as Firmicutes, Planctomycetes and Actinobacteria, were more abundant in the deeper 

depths of the columns, in contrast to Betaproteobacteria which were more abundant 

at shallow depths of the columns. A more diverse community resided in deeper 

depths of the columns compared to the immediate zone of infiltration. Similar 

phenomena have been observed previously (Li et al., 2013, 2012) likely due to the 

fast consumption of easily degradable carbon sources, such as peptone and yeast 

extract at the shallow depth of the columns by microbial groups like 

Betaproteobacteria. More refractory carbon sources like humic acid hence persist to 

deeper depths of the columns and favor growth of more diverse microbial groups 

including Firmicutes, Planctomycetes, Actinobacteria. Correspondingly, more diverse 

metabolic capabilities of the microbial community are anticipated in the deeper 

zones of the columns compared to the shallow depth, which was supported by 

results of the metagenomic analysis. Although metagenomic libraries were only 

available for 1 cm depth samples of both columns in this study, further 

investigations of metabolic capabilities of microbial community in deeper depth of 

the columns are ongoing. 
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5.7.  Conclusion 

This study provided insight into the microbial communities present in sediments of 

columns fed with primary substrates that differed in composition and 

biodegradability, with an attempt to link these to observed changes in TOrC 

attenuation. As hypothesized, under carbon-starving conditions characterized by 

low BDOC concentrations and higher humic content, a more diverse microbial 

community resulted. This increased microbial diversity under carbon-starving 

conditions, however, was most prominent in the infiltration zone, with diversity of 

all microbial communities observed to be similar at deeper depths.  

One microbial group – Betaproteobacteria; which is likely the major group 

assimilating labile BDOC in MAR systems, was seen to be positively correlated to 

BDOC concentrations. Other microbial groups; some of which have been reported to 

harbor versatile capacities in chemical compound utilization including a wide range 

of man-made refractory environmental contaminants, were seen to be positively 

correlated to humic acid content.  

Metagenomic results revealed that while other metabolic potentials between the 

microbiome receiving higher peptone content and the microbiome receiving higher 

humic content were noted to be similar, the microbiome fed with refractory carbon 

exhibited more diverse capabilities for xenobiotic degradation. This verified the 

second hypothesis that the microbial community under carbon-starving conditions 

was capable of expressing enzymes that result in enhanced removal of TOrCs. In 

particular, cytochrome P450 genes were noted to be more abundant under carbon-
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starving primary substrate conditions and is hence possibly important for 

degradation of xenobiotics. However, additional work is required to verify the role 

of cytochrome P450 in TOrC degradation.  

Overall, results from this study suggest that primary substrate characterized by a 

more refractory character increase the relative abundances of Firmicutes, 

Planctomycetes, and Actinobacteria, as well as associated cytochrome P450 genes, 

all of which are expected to play important roles in the biotransformation of TOrCs 

in a natural treatment system. 
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6.1  Abstract 

This study was undertaken to investigate whether adaptation by pre-exposure to 

trace organic chemicals (TOrCs) was necessary for microbial transformation during 

managed aquifer recharge (MAR). Two pairs of laboratory-scale soil columns, each 

receiving a different primary substrate, were utilized to simulate the dominant bulk 

organic carbon present in MAR systems receiving wastewater effluent of varying 

quality and having undergone different degrees of pre-treatment, as well as organic 

carbon prevalent at different stages of subsurface travel. Each pair of columns 

consisted of duplicate set-ups receiving the same feed solution with only one pre-

exposed to a suite of eight TOrCs for approximately ten months. Following the pre-

exposure period, a spiking experiment was conducted in which the non-exposed 

columns also received the same suite of TOrCs. TOrC attenuation was quantified for 

the pre- and non-exposed columns of each pair during the spiking experiment. The 

microbial community structure and function of these systems were characterized by 

pyrosequencing of 16S rRNA gene and metagenomics, respectively. 

Biotransformation rather than sorption was identified as the dominant removal 

mechanism for almost all the TOrCs (except triclocarban). Similar removal 

efficiencies were observed between pre-exposed and non-exposed columns for most 

TOrCs. No obvious differences in microbial community structure were revealed 

between pre- and non-exposed columns. Using metagenomics, biotransformation 

capacity potentials of the microbial community present were also similar between 

pre- and non-exposed columns of each pair. Overall, the pre-exposure of MAR 

systems to TOrCs at ng/L levels did not affect their attenuation and had no obvious 
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influence on the resulting microbial community structure and function. Thus, other 

factors such as bioavailability of the primary substrate play a greater role regarding 

biotransformation of TOrCs. These results indicate that MAR systems adapted to a 

primary substrate are capable of degrading TOrC without necessarily being pre-

exposed to them, making MAR a robust treatment barrier for biodegradable TOrCs. 

6.2.  Introduction  

Emerging trace organic chemicals (TOrCs) including household chemicals, 

pharmaceuticals and personal care products, hormones, industrial chemicals, 

pesticides, as well as disinfection by-products have been observed in the aquatic 

environment raising concerns due to potential adverse effects on ecological and 

human health (Schwarzenbach et al., 2006). TOrCs often enter the environment via 

wastewater discharge. Since some TOrCs are persistent during conventional 

biological wastewater treatment processes, they are detected in surface water, 

groundwater, and drinking water (Barnes et al., 2008; Benotti et al., 2009). Although 

advanced oxidation processes and use of activated carbon during water treatment 

can remove many of these chemicals efficiently, managed aquifer recharge (MAR) is 

an appealing choice considering the much lower energy requirement of MAR as a 

natural water treatment process (Ray et al., 2008).  

Aquifers used as a drinking water source can be recharged using MAR by infiltrating 

unconventional water sources such as storm water, impaired surface water and 

reclaimed water. During infiltration, these systems are capable of removing organic 

and inorganic compounds, nutrients, pathogens, and many TOrCs. However, 

performance of MAR systems can vary with some TOrCs, such as carbamazepine, 
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dilantin, primidone, sulfamethoxazole and chlorinated flame retardants being 

persistent to biotransformation, while others like diclofenac, gemfibrozil, ibuprofen, 

trimethoprim and N-nitrosodimethylamine (NDMA) exhibiting site-specific removal 

efficiencies (Amy and Drewes, 2007). Thus, in order to enhance the removal of 

TOrCs in MAR systems, it is necessary to investigate which factors affect their 

removal. 

Among the factors which have been suggested as being important for attenuation of 

TOrCs is the adaptation of the microbial community (Drewes et al., 2006). A 

previous study reported that after some months of operation, TOrC attenuation 

increased – suggesting a lag or adaptation phase (Baumgarten et al., 2011). In 

another study where subsequent spiking studies were undertaken, higher removal 

of some TOrCs was also reported, with the authors suggesting that the microbial 

community adapted to metabolizing TOrCs (Rauch-Williams et al., 2010). The 

necessity of pre-exposure as suggested by these studies, however, implies that MAR 

systems receiving new TOrCs would require some period of adaptation to acquire 

the ability to biotransform them, raising concerns about performance of these 

systems with regards to the wide range of new chemicals introduced annually. 

Better removal after pre-exposure to TOrCs implies a metabolic mechanism where 

microbial degraders benefit directly by obtaining energy from TOrCs as a secondary 

substrate. In such a situation the microbial community would adapt to the presence 

of TOrCs and produce the appropriate enzymes for their attenuation.  

Alternatively, the TOrCs can be degraded by co-metabolism which is a process in 

which certain organic compounds (such as TOrCs) are metabolized by 
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microorganisms in the presence of a primary substrate which serves as the main 

energy source, and mainly caused by the enzyme or cofactor produced during 

microbial utilization of degradable substrates (Spain and Van Veld, 1983). Co-

metabolism has been suggested to be an important biodegradation mechanism for 

organic pollutants, particularly synthetic organic compounds, by numerous studies 

using both pure bacterial cultures as well as consortia (Ryoo et al., 2000; Sharp et 

al., 2007; Benner et al., 2013). With co-metabolism, presence or absence of the 

TOrCs has no effect on their degradation since the enzymes or co-factors 

responsible are expressed due to microbial degradation of the primary substrate 

rather than due to the presence of the TOrCs themselves. 

The need for adaptation was investigated using two pairs of laboratory-scale soil 

column set-ups fed with synthetic wastewater effluent containing different primary 

substrates. These simulated varying degrees of pre-treatment applied to the effluent 

and also simulated the effluent at different stages of the MAR infiltration process. 

Each pair of columns consisted of a duplicate set-up comprising the same feed 

solution. The only difference between duplicate set-ups was that only one was pre-

exposed to a group of eight TOrCs for a period of ten months, while the second set-

up received no TOrCs during this period. Following the pre-exposure period, a 

spiking experiment in the non-exposed columns allowed a comparison of TOrC 

removal between corresponding pre- and non-exposed columns. In addition, a 

comparison of the microbial community structure and function by pyrosequencing 

of the 16S rRNA gene and metagenomics was conducted. Results of this study will 

provide an assessment of whether pre-exposure to TOrCs is necessary for their 
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biotransformation and will elucidate the dominant biodegradation mechanism of 

TOrCs in MAR systems.  

6.3. Hypotheses 

We hypothesize, that since TOrCs typically occur in MAR systems at trace (ng/L) 

levels (Barnes et al., 2008; Rauch-Williams et al., 2010), in the presence of much 

higher (mg/L) levels of dissolved organic carbon (DOC):  

1. Adaptation to the presence of TOrCs is not required in order to degrade 

them. 

2. Co-metabolism rather than secondary substrate utilization is the major 

mechanism for biotransformation of TOrCs. 

6.4. Materials and Methods 

6.4.1. Soil Column Setup 

Two pairs of column set-ups (each pair consisting of one pre-exposed and one non-

exposed set-up) were established. Each individual set-up consisted of four glass 

columns (Spectrum Chromatography, 305 cm I.D.) connected in series. The 

columns were filled with native soil from Wadi Wajj in Saudi Arabia collected 

upstream of a tertiary treated wastewater effluent discharge point. Dry soil from the 

wadi was sieved to retain the fraction below 2 mm and rinsed with deionized water 

prior to transfer into the columns. The columns were operated in saturated up-flow 

mode with a hydraulic loading rate of 0.183 m/day. Grain size analysis on the native 

soil revealed that it was characterized as sand (94.8%) with small fractions of 

gravel, silt and clay. The soil was characterized as having a low organic carbon 
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content with an foc of 0.10 ± 0.01% and a porosity of 0.32 ± 0.03. A sketch of the 

experimental setup is presented in Figure 6.1. 

 

Figure 6.1. A sketch of the experimental setup used to investigate the role of adaptation on TOrC 
attenuation 

 
 

A tracer test was performed by feeding a conservative tracer (KBr) through a single 

column for a period of 6 hours, after which the feed was switched to DI water for an 

additional 10 hours. Effluent samples were collected every 10 mins using a fraction 

collector and analyzed using a Dionex Ion Chromatography ICS-1600 variable 

wavelength detector (VWR) system (Sunnyvale, CA) according to Standard Method 

4110C. The hydraulic retention time was then calculated using the method of 
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moments and was determined to be 4 hours per column, giving a total retention 

time of 16 hours for each set-up (four columns in series).  

6.4.2. Feed Composition 

Each pair of column set-up received a unique feed solution differing in the type of 

bulk organic carbon provided referred here as the primary substrate. One pair of 

columns received synthetic treated wastewater comprising of a 2:1 blend of easily 

degradable peptone (BD Difco) and yeast extract (BD Difco) referred to as ‘PY 

columns’.  Feed to the second pair of columns comprised entirely of more refractory 

humic substances (as humic acid sodium salt, Sigma Aldrich) referred to as ‘HA 

columns’. Effluent organic matter comprises both easily degradable and refractory 

carbon. The amount of easily degradable carbon present in wastewater effluents 

depends on the efficiency of the biological treatment process, while the refractory 

materials comprising mainly natural organic matter of drinking water origin 

(Drewes et al. 2006b) and depends on the source of drinking water used in the 

sewershed of a wastewater treatment plant. The two column set-ups hence 

represent treated effluent of varying quality and having undergone different 

degrees of pre-treatment. They may also represent the dominant substrate being 

degraded during different stages of MAR, since the easily degradable substrate is 

preferably degraded during the initial infiltration stage while the refractory 

substrate is more prevalent during the later stages of MAR. 

Since humic acid is more difficult to degrade than peptone-yeast, higher DOC levels 

were delivered to the HA columns to provide a similar amount of biodegradable 
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organic carbon to all columns. The synthetic wastewater also contained the 

following mix of salts at concentrations ranging between 3.5 mg/L and 50 mg/L 

representing levels found in a typical secondary treated effluent: CaCl2∙2H2O NaCl, 

MgSO4, KNO3, K2HPO4, and ZnSO4∙7H2O. In addition, small quantities of 

micronutrients with concentrations of 1 mg/L and less were added of KH2PO4, FeCl3, 

MnCl2∙4H2O, H3BO3, Na2MoO4∙2H2O, CuSO4∙5H2O, CoCl2∙6H2O and KI as described in 

Dantas et al. (2008).  Additionally, the pre-exposed columns continuously received a 

mixture of the following eight TOrCs: bisphenol A, carbamazepine, gemfibrozil, 

ibuprofen, methylparaben, oxybenzone, sulfamethoxazole and triclocarban, 

representing TOrCs of different biodegradability based on prior studies (Maeng et 

al., 2011b). Each of the TOrCs was provided at environmentally relevant 

concentrations of 300-500 ng/L representing concentrations three orders of 

magnitude lower than the primary substrate. The non-exposed columns were not 

exposed to any TOrCs until the execution of a spiking experiment as detailed below. 

A rigorous cleaning procedure of the feed lines using sodium hypochlorite solution, 

ascorbic acid, and MilliQ water was conducted bi-weekly to minimize regrowth of 

bacteria. 

6.4.3. Spiking Experiment and Chemical Analyses 

After all columns were in operation for a period of 310 days and similar DOC 

attenuation was observed in corresponding pre- and non-exposed columns (Table 

1), a spiking experiment was carried out in each of the non-exposed columns. For a 

period of 8 weeks, the non-exposed PY and HA columns received the same feed as 

their corresponding pre-exposed counterparts containing TOrCs in addition to the 
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primary substrate. Influent and effluent samples were collected weekly, prior to and 

during the spiking experiment from both the pre-exposed and non-exposed 

columns. DOC was determined using a Shimadzu TOC-V CPH Total Organic Carbon 

Analyzer according to Standard Method 5310B. Ultraviolet absorbance at 254 nm 

(UVA254) was detected using a Shimadzu UV-2550 Spectrophotometer according to 

Standard Method 5910B. Samples for DOC and UVA254 were pre-filtered using a 0.45 

µm cellulose nitrate filter. Dissolved oxygen was determined using a Thermo 

Scientific Orion 4-Star Plus meter, while nitrate was analyzed using Nitrate TNTplus 

835 vials in a Hach DR 2800 Spectrophotometer.  

Concentrations of the selected TOrCs were quantified by LC-MS/MS using the 

isotope dilution method as described in detail elsewhere (Alidina et al., 2014a). The 

isotope dilution method ensured that any loss of analyte during sample processing 

was compensated for considering similar loss of corresponding isotope of the 

particular compound. Ion suppression during mass spectroscopy is also 

compensated for using this method. Briefly, 50 mL of each water sample was spiked 

with 100 L of 100 g L-1 isotope internal standard prior to extraction by solid 

phase extraction (SPE) using a 500 mg Waters HLB cartridge with an automated 

Dionex AutoTrace 280 SPE workstation. The extracts were brought to a final volume 

of 1 mL using methanol for the subsequent LC/MS-MS analysis using an Agilent 

Technology 1260 Infinity Liquid Chromatography unit with tandem MS 

spectroscopy (AB Sciex 5500 Q-Trap).  
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After the spiking experiment, soil samples were collected at depths of 1, 30, 90 and 

120 cm from the column inlet position from all the columns for further microbial 

analysis.  

 

Table 6.1. Structures, uses and chemical properties of TOrCs targeted in this study 

Compound Structure Use 
Log 
Kow* 

Log D 
(pH 7.4)† 

Kd (L/kg) 

Bisphenol A 

 

Plasticizer 3.32 3.64 0.522 

Carbamazepine 

 

Anti-convulsant 2.45 1.90 0.0843 

Gemfibrozil 

 

Lipid regulator 4.77 1.69 0.003 

Ibuprofen 
 

 

Anaelgesic 
 

3.97 
 

0.58 
 

0.190 
 

Methylparaben 
 

 Prservative 1.96 1.83 0.328 

Oxybenzone 

 

UV blocker 3.79 3.77 5.91 

Sulfamethoxazole 

 

Antibiotic 0.89 -0.54 0.0498 

Triclocarban 
 

Antimicrobial 4.90 6.07 33.1 

* Predicted Log Kow values from the EPISuite™ obtained from Royal Society of Chemistry (RCS) website: 
http://www.chemspider.com  

† Predicted Log D values from the ACD/Labs’ ACD/PhysChem Suite obtained from the RCS website: http://www.chemspider.com 

 

http://www.chemspider.com/
http://www.chemspider.com/
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6.4.4. Sorption Experiment 

Batch sorption tests were carried out to determine if sorption was an important 

mechanism for TOrC attenuation. Glass tubes (15 mL) were prepared with 5 g of soil 

hydrated with 10 mL of synthetic wastewater, 1g/L sodium azide and the TOrC mix 

ranging between 500 ng/L to 50 µg/L. The tubes were rotated continuously for 24 

hours to reach sorption equilibrium, centrifuged and the supernatant was 

subsequently analyzed for TOrCs by LC-MS/MS. The amount sorbed to the soil was 

calculated as the difference between the initial and final concentration of the TOrCs 

in solution. Data was fitted with a linear fit to obtain sorption isotherms for each 

compound from which sorption coefficients Kd were derived (Table 6.1).  

6.4.5. DNA extraction, pyrosequencing, and quantitative real-time PCR (qPCR) 

The DNA extraction, pyrosequencing and sequence analysis procedures have been 

described previously (Li et al., 2012, 2013). Briefly, for each sample, replicate DNA 

extractions were performed using the PowerSoil kit (MO BIO laboratories) and 

extracts were pooled together. A primer set proposed by Caporaso et al. (2011) was 

utilized for amplification of the 16S rRNA gene. The 12-bp error-correcting Golay 

barcode was used to tag each PCR product (Fierer et al., 2008). For each sample, 

triplicate PCR amplifications were performed and the products were combined, gel 

purified, and then processed by the Genomics Core Laboratory at KAUST for 

pyrosequencing on a 454 Genome Sequencer FLX Titanium (Roche). The obtained 

16S rRNA gene sequences were processed using the Quantitative Insights Into 

Microbial Ecology (QIIME v1.3.0) pipeline with default settings (Caporaso et al., 

2010). The minimum length of sequence was set to 200 base pairs (bp). To quantify 
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the total Bacteria, SYBR Green I dye chemistry was applied using the CFX96 Touch 

Real-Time PCR Detection System and CFX Manager Software (Bio-Rad) as described 

previously (Li et al., 2012, 2013). All qPCR reactions were performed in triplicate.  

6.4.6. Metagenomic Analysis of the Microbiome in Soil Columns 

For the metagenomic analysis of the microbiome, approximately 5 g DNA for each 

soil sample was processed by nebulization and tagged with GS-FLX-Titanium Rapid 

Library MID Adapters Kit (454 Life Sciences) before pyrosequencing. The run 

yielded 0.272 Gb of data, 0.68 million reads in total, with an average read length of 

395 bp. Metagenomic sequences were demultiplexed, quality filtered and 

functionally assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

Orthology (http://www.genome.jp/kegg/) using MG-RAST Version 3.2 with default 

settings (Meyer et al., 2008). After passing a quality control pipeline, 0.58 million 

reads were obtained in total. Percentages of assigned sequences per sample 

assigned to each group were generated for normalization among all samples. 

Statistical analyses of this study were performed using the SPSS package (version 

16.0). P values less than 0.05 were considered as statistically significant. 

6.5. Results  

6.5.1. Utilization of the Primary Substrate 

The primary substrate fed to the pre-exposed and non-exposed PY columns had 

DOC values ranging from 1.70 ± 0.90 to 1.90 ± 0.95 mg/L, while the influent to the 

HA columns had higher DOC values ranging between 3.15 ± 1.70 and 3.60 ± 0.70  

mg/L, respectively. The biodegradable DOC (BDOC), defined here as the difference 

http://www.genome.jp/kegg/
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between the column influent and effluent DOC, was similar for all four columns and 

ranged between 1.00 ± 0.65 and 1.35 ± 1.10 mg/L, respectively (Table 6.2).  

The feed to all columns was oxic as indicated by dissolved oxygen (DO) 

concentrations above 8 mg/L in the influents (Table 6.2). Accurate effluent DO 

concentrations could not be obtained due to re-aeration of the effluent during the 

DO measurement. Based on influent and effluent nitrate concentrations (Table 6.2), 

redox conditions of the infiltrating water in the pre-exposed PY column changed to 

slightly nitrate-reducing. Since the soil was low in organic carbon, denitrification in 

this column likely resulted from rapid degradation of the easily degradable peptone-

yeast substrate causing increased microbial respiration and oxygen depletion. It 

remains unclear why the same was not observed in the non-exposed PY column 

despite continuously receiving a feed with similar primary substrate and containing 

the same low organic carbon soil. Both HA columns remained oxic during column 

travel as no nitrate reduction was observed. 

The 16S rRNA gene copy number of total Bacteria was quantified and used to 

represent the biomass of microorganisms in soil columns using qPCR (Table 6.2). 

The soil sample acquired at a depth of 1 cm from the inlet to the columns contained 

the highest gene copy number among all samples from the columns. With increasing 

depth, the copy number gradually decreased. Similar gene copy numbers were 

obtained at the same depth of pre-exposed and non-exposed columns of each pair 

(P<0.05). Furthermore, no significant difference in gene copy numbers were 

observed between the PY and HA columns at the same sampling depth (P<0.05). 

These results suggest that the biomass present in both systems is similar at the 



159 
 

same depth of pre-exposed and non-exposed columns of each pair and a similar 

amount of BDOC delivered to the PY and HA columns resulted in comparable 

biomass at the same depth regardless of the different makeup of primary substrate. 

 

 

Table 6.2. Operational parameters and biomass (represented by 16S rRNA gene copy number of 
total Bacteria by qPCR) for the two pairs of column set-ups 

 

 

PY Pre-Exposeda PY Non-Exposed HA Pre-Exposed HA Non-Exposed 

Feed Composition 100% Peptone Yeast 100% Humic Acid 

Continuous TOrC in Feed Yes No Yes No 

TOrC Spike Period 370 days 
60 days (after 310 

days of no exposure) 
370 days 

60 days (after 310 

days of no exposure) 

Influent DOC (mg/L)c 1.90 ± 0.95 1.70 ± 0.90 3.15 ± 1.70 3.60 ± 0.70 

Effluent DOC (mg/L) 0.85 ± 0.45 0.70 ± 0.40 1.80 ± 1.05 2.45 ± 0.75 

BDOC (mg/L) 1.00 ± 0.65 1.00 ± 0.70 1.35 ± 1.10 1.15 ± 0.55 

Influent Dissolved Oxygen 

(DO) Conc.(mg/L) 
8.38 ± 0.28 8.64 ± 0.36 8.43 ± 0.27 8.73 ± 0.27 

Influent Nitrate Conc. 

(mg/L) 0.77 ± 0.07 1.07 ± 0.19 1.09 ± 0.14 1.25 ± 0.18 

Effluent Nitrate Conc. 

(mg/L) ND 0.90 ± 0.26 0.96 ± 0.19 0.99 ± 0.06 

Biomassb (copy/g soil)     

1 cm 2.9E+09-5.3E+09 2.4E+09-6.0E+09 1.9E+09-6.5E+09 1.7E+09-8.1E+09 

30 cm 7.8E+08-1.2E+09 9.5E+08-1.3E+09 6.6E+08-1.3E+09 1.2E+09-1.6E+09 

90 cm 1.5E+08-3.9E+08 1.4E+08-3.3E+08 1.9E+08-2.7E+08 2.1E+08-3.0E+08 

120 cm 8.6E+07-1.9E+08 7.7E+07-1.0E+08 9.1E+07-1.9E+08 1.1E+08-1.3E+08 

a PY stands for the columns fed with 100% peptone and yeast extract mixture as primary substrate; HA stands for 
the columns fed with 100% humic acid as primary substrate 
b Sampled at the end of the spiking experiment 
c Limit of detection for DOC measurements was 0.05 mg/L 
DOC, DO and nitrate concentrations presented are for the pre-exposure period where each column received its own 
feed. During the spiking experiment, corresponding PY and HA columns received the same feed. 

 

 



160 
 

6.5.2. Microbial Community Structure 

In total, 187,859 sequences for 16 soil samples were obtained through high 

throughput pyrosequencing, which provided sufficient coverage to reveal the 

microbial community structure in column samples. The distribution of major 

bacterial groups in soil samples is illustrated in Figure 6.2. For the PY columns, the 

microbial community structure at 1 cm depth from the inlet to the columns was 

distinctly different from the communities at deeper depths (30 cm, 90 cm, and 120 

cm). Furthermore, no significant difference was revealed among the microbial 

community structures from depths of 30 cm to 120 cm due to consumption of most 

of the easily assimilated substrate in the first 30 cm of column travel. Conversely, 

the microbial communities at different depths of the HA columns were more similar 

due to the refractory nature of humic acid and its gradual degradation along the 

travel path. Highly similar microbial communities at phylum, class, order, family and 

genus levels were observed for pre- and non-exposed column samples taken from 

the same depth of each pair of columns (almost all P>0.05), indicating that similar 

communities established regardless of the presence or absence of TOrCs in the feed 

water.  
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Figure 6.2. Microbial community structure in all column samples. The left half samples were taken 
from PY columns and the right half samples from HA columns. P-1, P-30, P-90, and P-120 represent 
samples taken from depths of 1, 30, 90 and 120 cm in the pre-exposed columns; while N-1, N-30, N-
90, and N120 represent samples taken from depths of 1, 30, 90 and 120 cm in the non-exposed 
columns. 

 

Furthermore, similar microbial community diversities expressed as Shannon indices 

(calculation method reported in Li et al., 2012) were obtained between pre-exposed 

and non-exposed columns of each pair at every depth sampled in this study (Table 

6.3). The community diversity gradually increased along the depth of each column, 

confirming an increasing degree of microbial diversity with diminishing primary 

substrate availability and increasing relative amount of refractory substrates with 

column travel. Overall, the above results suggest that the presence or absence of 

TOrCs at ng/L levels in MAR systems have no obvious influence on the microbial 

community phylogenetic structure. 
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Table 6.3. Shannon diversity indices of microbial community in all column samplesa 

Sampling Site PY Pre-Exposed PY Non-Exposed HA Pre-Exposed HA Non-Exposed 

1cm 5.11 5.18 5.26 5.35 

30cm 5.52 5.56 5.62 5.65 

90cm 5.64 5.95 6.65 6.71 

120cm 6.66 6.42 7.36 6.93 

a Sampled at the end of the spiking experiment. 

6.5.3. Trace Organic Chemicals Attenuation 

Batch sorption tests were used to assess whether sorption to porous media was a 

significant attenuation mechanism for the TOrCs targeted. Sorption was determined 

not to be significant for six of the eight TOrCs (bisphenol A, carbamazepine, 

gemfibrozil, ibuprofen, methylparaben and sulfamethoxazole) as illustrated by low 

Kd values (Table 6.3). Two of the TOrCs, oxybenzone and triclocarban, exhibited 

sorptive losses to the soil and the observed attenuation in the columns is likely a 

combination of sorption and biotransformation.  

Despite the limited role of sorption expected for oxybenzone due to its moderate Kd 

value of 5.91 L/kg, attenuation was significantly different between the non-exposed 

and pre-exposed PY columns. This variation is unlikely due to sorptive differences, 

since higher sorption would have been expected in the non-exposed column (having 

more unoccupied sorption sites) which is contrary to what was observed (Figure 

6.3). The same phenomenon was also not observed in the HA columns where 

removal was similar in both pre-exposed and non-exposed columns (Figure 6.4). 

Furthermore, sorption was not identified previously as being a major removal 

mechanism for oxybenzone in a pilot constructed wetland and sand filter system 
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(Matamoros et al., 2007). Hence, biotransformation is likely the more important 

removal mechanism for oxybenzone during long-term studies.  

 

Figure 6.3. Summary of removal of TOrCs in pre- and non-exposed columns during the spiking 
experiment receiving PY as primary substrate. 

 

Triclocarban has a Kd value of 33.1 L/kg and attenuation is likely to be dominated by 

sorption. This is consistent with previous research revealing a high tendency for 

triclocarban to sorb to both sludge and soil (Barron et al., 2009). Sorption does not 

seem to be exhausted in either of the pre-exposed columns, since they both 

exhibited similar removal as the corresponding non-exposed columns (Figures 6.2 

and 6.3). Overall, with the exception of triclocarban, sorption is not a dominant 

attenuation mechanism for the TOrCs targeted in this study.  
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Figure 6.4. Summary of removal of TOrCs in pre- and non-exposed columns during the spiking 
experiment receiving HA as primary substrate. 

 

Both the PY and HA pre-exposed columns exhibited biotransformation of TOrCs 

prior to the spiking experiment. During the spiking experiment, percent removal 

was determined for each compound by comparing the concentrations in the effluent 

(120 cm) and influent. A summary of the average and medians along with the 25th 

and 75th percentiles of the removal percentages in the pre- and non-exposed PY and 

HA columns are presented in Figures 6.3 and 6.4 for the period of the TOrC spiking 

experiment.  

For the PY columns, no significant differences were revealed for the removal of 

bisphenol A, carbamazepine, gemfibrozil, ibuprofen and triclocarban between the 

pre- and non-exposed set-ups (P<0.05), with the variance of percent removals 
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between both columns all less than 5%. The remaining three compounds 

(methylparaben, sulfamethoxazole and oxybenzone) behaved differently between 

the pre- and non-exposed columns. Average percent removal of methylparaben was 

higher in the non-exposed than the pre-exposed column (49% and 32%, 

respectively). On the other hand, higher removals were observed in the pre-exposed 

column compared to the non-exposed column for sulfamethoxazole (57% and 40%, 

respectively), and oxybenzone (83% and 48%, respectively).  

Although removal of TOrCs in the HA columns was more variable as shown in Figure 

6.4, no significant differences (P<0.05) in percent removal existed between the pre- 

and non-exposed columns for all TOrCs, including methylparaben (27% and 28%, 

respectively), sulfamethoxazole (7% and 10%, respectively) and oxybenzone (29% 

and 34%, respectively). Hence, with the exception of removal of methylparaben, 

sulfamethoxazole and oxybenzone in the PY columns, all other compounds exhibited 

similar removals in pre- and non-exposed columns regardless of the make-up of the 

primary substrate. 

An analysis comparing removal of individual TOrCs receiving different primary 

substrate concentrations is not provided here (but has been investigated in detail 

elsewhere (Alidina et al., in review.; Li et al., 2014) and was seen to affect both TOrC 

removal and microbial community), rather the aim of this study was to reveal the 

role of pre-exposure to TOrCs for MAR systems receiving different primary 

substrates.  
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6.5.4. Metabolic Capacities of Microbiomes 

Metabolic capacities of microbiomes were illustrated using metagenomics in this 

study. The biodegradation potentials of microbiomes in column samples were 

reflected by the relative abundance of metagenomic sequences grouped into the 

category of “xenobiotic biodegradation and metabolism” in KEGG. Overall, 2.67% 

and 2.72% of total metagenomic sequences were grouped in the category of 

“xenobiotic biodegradation” in the PY pre- and non-exposed columns, respectively, 

and 2.84% and 3.05% of total sequences were grouped in this category in the HA 

pre- and non-exposed columns, respectively. The comparable abundance of 

sequences in the “xenobiotic biodegradation” category between pre- and non-

exposed columns of each pair suggested similar degradation capabilities of the 

microbial community in corresponding columns, regardless of their pre-exposure to 

TOrCs. Furthermore, for about 20 different xenobiotics listed in this category (most 

of which were not spiked in this study), the relative abundances of degradation 

genes were highly similar between pre- and non-exposed columns of each pair (both 

P>0.13) as depicted in Figure 6.5. Cytochrome P450 comprised of 0.28% and 0.30% 

of total sequences in the PY pre- and non-exposed columns, respectively, as well as 

0.35% and 0.39% in the HA columns. These results suggest that acclimation of 

microbiomes to TOrCs is not necessary and microbiomes harbor similar capabilities 

for degrading TOrCs after adapting to similar primary substrate conditions.  
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Figure 6.5. Metabolic potentials of microbiomes for xenobiotic biodegradation by assigning 
metagenomic sequences to KEGG Orthology. PY-P, PY-N, HA-P and HA-N represent samples taken 
from PY pre-exposed column, PY non-exposed column, HA pre-exposed column, and HA non-exposed 
columns, respectively. 

 

It is also noteworthy that no significant variance was observed for xenobiotic 

biodegradation capabilities of microbiomes in non-exposed columns before and 

after the spiking experiment (Figure 6.6), indicating that the biodegradation 

capabilities of microbiomes were determined by the primary substrate, which 

remained unchanged before and after the spiking experiment. 
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Figure 6.6. Metabolic potentials of microbiomes for xenobiotic biodegradation by assigning 
metagenomic sequences to KEGG Orthology. Non-exposed column samples were taken before and 
after spiking experiment. 

 

6.6. Discussion 

The necessity of adaptation of the microbial community for degrading chemical 

pollutants has been suggested previously (Baumgarten et al., 2011; Drewes et al., 

2006; Rauch-Williams et al., 2010). Results from this study, however, demonstrate 

that adaptation of the microbial community is not required for biotransforming 
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TOrCs occurring at ng/L levels in MAR systems that are adapted to degrade different 

primary substrates. Immediate transformation of most TOrCs was observed in both 

non-exposed columns of this study with no adaptation phase noted at the start of 

the spiking experiment. Furthermore, most TOrCs exhibited similar removal 

between corresponding pre- and non-exposed columns fed with approximately 1 

mg/L of BDOC provided by two different primary substrates. Exceptions to this 

result were noted for methylparaben (which exhibited higher removal in the non-

exposed PY column compared to the pre-exposed PY column), sulfamethoxazole and 

oxybenzone (both of which displayed higher removal in the pre-exposed PY column 

compared to the non-exposed PY column). None of these three TOrCs, however, 

displayed significant differences in removal between the pre-exposed and non-

exposed HA columns. Furthermore, since pre-exposure in the PY columns did not 

consistently increase removal for all three TOrCs as would have been expected if 

adaptation was indeed necessary (methylparaben removal was lower in the pre-

exposed column), the differences noted are not attributed as being a result of 

adaptation to the presence of the TOrCs.  

Based on nitrate reduction between influent and effluent samples (Table 1), the only 

column in which conditions changed to slightly anoxic was the pre-exposed PY 

column. Despite having the same primary substrate composition, the non-exposed 

PY column exhibited no nitrate reduction and redox conditions remained oxic. This 

difference in redox conditions could potentially be responsible for the observed 

differences in removal of the three TOrCs in the PY columns, since sulfamethoxazole 
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has been shown to be sensitive to redox conditions in previous studies (Baumgarten 

et al., 2011). However, further experiments are needed to probe this further.  

Microbial results of this study also confirmed that adaptation to TOrC did not play a 

role in their removal. The microbial characteristics were similar between pre- and 

non-exposed columns, suggesting that none of the major bacterial groups utilized 

TOrCs as a secondary substrate or benefited directly from their biotransformation.  

The minute concentrations of TOrCs in MAR systems, usually at ng/L levels, which 

are typically much lower than threshold concentrations, significantly impede 

utilization of TOrCs by microorganisms directly. In general, for microorganisms to 

degrade xenobiotic chemicals like TOrCs, certain threshold concentration levels may 

be needed to trigger the expression of corresponding degrading operons under the 

strictly regulated control of microbial cells (Cerniglia, 1993). For low levels of TOrCs 

in MAR systems, the presence or absence of TOrCs occurring at the ng/L-level has 

no obvious influence on microbial community structure and function, as observed 

here.  

While adaptation to TOrCs is not required in order for the microbial community to 

degrade them, adaptation to the primary substrate strongly affects composition and 

diversity of the microbial community (Li et al., 2014a). In this experiment, both pre- 

and non-exposed columns, received the primary substrate equally for the duration 

of the TOrC pre-exposure and spiking experiment periods. Corresponding columns 

are hence expected to have adapted relatively equally to degradation of the primary 

substrate. Conversely, if a comparison was made between TOrC attenuation in a 

column fully adapted to the primary substrate and another column lacking such an 
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adaptation phase, a difference in TOrC attenuation is likely, given that the microbial 

community would not be similar.  

Metagenomic results of this study also demonstrated that the metabolic potentials 

for biotransformation remained stable regardless of presence or absence of TOrCs. 

Although the expression of these degrading genes could not be verified using 

metagenomics, research is ongoing using transcriptomics in order to provide direct 

evidence for this metabolism.  

Results from this study also shed some light on the predominant degradation 

mechanism for TOrCs in MAR systems. Since adaptation did not play a role in 

degradation of TOrCs, utilization of TOrCs as a secondary substrate by 

microorganisms seems unlikely. As hypothesized, co-metabolism emerges as the 

most probable mechanism for TOrC degradation in MAR systems. A previous study 

using the bacterial strain Rhodococcus jostii RHA1 reported co-metabolism of NDMA 

by propane monooxygenase in the presence of propane (Sharp et al., 2007). Our 

findings expand this result from a pure bacterial strain to the microbial community 

and broaden findings of another study where co-metabolic degradation was 

reported for one TOrC (i.e. NDMA) present three orders of magnitude lower than 

the primary substrate (Nalinakumari et al., 2010), to a wide range of TOrCs.  

With co-metabolism being identified as the dominant mechanism for 

biotransformation of TOrCs, optimizing operational conditions to enhance co-

metabolism might have merit for the overall removal of TOrCs. A range of factors 

which may influence the microbial community such as the nature of the prevalent 

carbon source, pH, redox condition, salinity, nutrients including nitrogen and 



172 
 

phosphorus, and trace elements (Chakraborty et al., 2012; Löffler and Edwards, 

2006; Lovley, 2003), may hence indirectly affect TOrC attenuation in MAR systems. 

Where these factors can be controlled by upstream treatment to induce more 

diverse microbial communities in MAR systems, enhanced TOrC attenuation by co-

metabolism would be expected.  

6.7. Conclusion 

Despite previous research suggesting the need for adaptation of a microbial 

community for degradation of TOrCs, we found that TOrC attenuation remained 

largely similar in pre-exposed and non-exposed soil columns under two different 

primary substrate conditions, confirming our hypothesis that adaptation to the 

presence of TOrCs was not required to degrade them. Immediate degradation of 

most TOrCs in the non-exposed column during the spiking experiment further 

verified the hypothesis. Whereas adaptation to the presence of TOrCs was not found 

to be necessary to degrade them, adaptation to the primary substrate was deemed 

to be necessary for TOrC degradation since the primary substrate directly affects the 

composition and diversity of the microbial community which in turn affects TOrC 

degradation.  

The biomass, microbial community structure and function, and biotransformation 

metabolic potential in pre- and non-exposed columns receiving the same primary 

substrate were also noted to be similar, suggesting that none of the major bacterial 

groups utilized TOrCs as a secondary substrate. As hypothesized, co-metabolism 

hence emerged as the most likely biotransformation mechanism for TOrCs.   
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The finding that TOrC attenuation in MAR systems is independent from pre-

exposure to the TOrCs implies that these systems are robust in dealing with new 

contaminants or with spike events such as a failure in upstream processes or 

rainfall events causing pesticide or other chemical load variations. Furthermore, 

since this finding was confirmed under both labile (PY) and recalcitrant (HA) 

primary substrate conditions, biotransformation of TOrCs in treated effluent having 

undergone varying degrees of above-ground biological treatment and both at the 

initial and later stages of MAR are unaffected by pre-exposure.  
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CHAPTER 7: EFFECT OF TEMPERATURE ON REMOVAL OF TRACE ORGANIC 

CHEMICALS IN MANAGED AQUIFER RECHARGE SYSTEMS 
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7.1.  Abstract 

This study was undertaken to investigate whether changes in temperature 

experienced in MAR systems affect attenuation of trace organic chemicals (TOrCs). A 

set of laboratory-scale soil columns were placed in a temperature controlled 

environmental chamber and operated at five different temperature set-points (30, 

20, 10, 8 and 4°C) covering the range of typical groundwater temperatures in cold, 

moderate and arid climate regions. Removal of bulk organic carbon both in the 

infiltration zone as well as during deeper infiltration was seen to be independent of 

temperature. Of the 22 TOrCs investigated, only six chemicals exhibited changes in 

attenuation as a function of temperature. Attenuation of four of the compounds: 

diclofenac, gemfibrozil, ketoprofen and naproxen, decreased as the temperature was 

reduced from 30°C to 4°C, likely due to decreased microbial activity at lower 

temperatures. As the temperature was decreased, however, attenuation of 

oxybenzone (during the transition between 20°C to 10°C) and trimethoprim (during 

all temperature transitions) were noted to increase. This increased attenuation was 

likely due to more efficient sorption at lower temperatures, though possible changes 

in the microbial composition as the temperature decreased may also have 

contributed to this change. Kinetic experiments conducted at each temperature set-

point allowed the derivation of rate constants of attenuation (ka) for the 

biotransformed TOrCs. Changes in rate constants of attenuation with temperature 

suggested the existence of a critical temperature at 10°C for three of the four 

biotransformed TOrCs, where significant changes to rates of attenuation occurred. 

Results from this study indicated that for most TOrCs, changes in temperature do 
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not impact their attenuation. However, a few compounds are impacted by changes 

in temperature. TOrCs whose attenuation is dominated by biotransformation are 

expected to exhibit increased attenuation at higher temperatures due to higher 

microbial activity, though this may not be true in all cases since expected changes in 

the microbial community with temperature may decrease attenuation with 

increasing temperature. On the other hand, TOrCs which exhibit strong sorption are 

expected to exhibit increased attenuation as temperature decreases. Overall, 

seasonal changes in temperature are not considered to be a major concern for 

attenuation of most TOrCs in MAR systems.  

  

7.2.  Introduction 

Greater water demands globally due to increasing populations and limited water 

resources in many regions, has led to managed aquifer recharge (MAR) becoming an 

important method to sustain groundwater resources. MAR including processes such 

as riverbank filtration (RBF), soil aquifer treatment (SAT) and aquifer recharge and 

recover (ARR) have been in use for many years in different parts of Europe and the 

United States (Irmscher and Teermann, 2002; Laws et al., 2011; Missimer et al., 

2011) either as a pre-treatment step in drinking water schemes or as a post-

treatment step in wastewater reuse schemes. MAR is also being considered in water 

scarce regions such as Saudi Arabia as part of a multiple barrier approach for water 

reclamation schemes (KICP, 2012). MAR systems have been shown to be capable of 

removing organic carbon, total nitrogen, pathogens such as bacteria and viruses and 
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even a range of trace organic chemicals (Amy and Drewes, 2007; Maeng et al., 

2011b; Quanrud et al., 2003b) .  

Trace organic chemicals (TOrCs) encompassing pharmaceuticals and personal care 

products, pesticides, household chemicals, endocrine disrupting chemicals have 

been detected both in wastewater effluents and surface water reservoirs around the 

world (Benotti et al., 2009; Focazio et al., 2008; Pal et al., 2010). They typically occur 

at very low concentrations and human health risk assessments have reported that 

adverse health impacts with exposure to these concentrations are unlikely 

(AwwaRF, 2008; DWI, 2007). Nevertheless, TOrC removal is desired since their 

presence in surface water and groundwater indicate wastewater impact.  

Although only a few TOrCs in water are regulated currently, others may be 

candidates for future regulation considering their potential adverse health effects 

and widespread occurrence in various environmental compartments (Jones-Lepp, 

2007). Employing multiple expensive advanced treatments processes such as 

ozonation, membranes and activated carbon specifically for TOrC removal may be 

effective (Asano and Cotruvo, 2004), but usually come at higher capital and O&M 

costs. MAR systems often considered as an advanced treatment process (Amy and 

Drewes, 2007) stand out due to their ability to attenuate a range of TOrCs with 

much lower cost, energy consumption, chemical usage and carbon footprint. 

Numerous processes have been reported to affect fate and transport of TOrCs in 

MAR systems such as advection, diffusion, adsorption and microbial degradation 

(Benotti and Snyder, 2009). Of these, microbial transformation is the dominant 
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process for most TOrCs especially for compounds which exhibit little or no sorption. 

The microbial community in the soil is subject to many subsurface and operational 

conditions such as nature of the primary substrate, redox conditions, wet-dry cycles 

as well as external factors such as ambient temperature (Maeng et al., 2011b).  

It is important to consider the effect of temperature since Europe, Australia, the 

Middle East and the United States where MAR is implemented regularly, experience 

large seasonal variations of temperature. Climate change has resulted in impacts on 

weather with the greatest impacts being rising temperatures and an increased 

occurrence of weather extremes (IPCC, 2007). Temperature and precipitation in 

particular have been identified as being the two main climatic factors affecting bank 

aquifer recharge performance (Sprenger et al., 2011). Vulnerability to changes in 

temperature is expected for a natural system like MAR, justifying an in-depth study 

into how this affects its performance particularly in relation to TOrC attenuation.  

Field studies in different locations investigating TOrC attenuation during managed 

aquifer recharge, often report varying removal efficiencies for different compounds 

(Drewes et al., 2003; Heberer and Mechlinski, 2004). This is not entirely unexpected 

since ambient and subsurface conditions can vary considerably from one site to 

another and dilution effects may be difficult to quantify. Laboratory studies where 

many operational conditions can be kept constant provide useful insights into the 

effects of certain variables on TOrC attenuation. A controlled laboratory approach 

was hence undertaken in this study utilizing soil columns to investigate effect of 

temperature changes on TOrC attenuation.  
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7.3. Hypotheses 

For MAR systems, it is hypothesized that: 

1. As the temperature is lowered, removal efficiency of TOrCs during MAR 

decreases due to a reduction in microbial activity.  

2. A threshold temperature can be identified below which TOrC attenuation will 

be greatly decreased.  

7.4. Materials and Methods 

7.4.1. Soil Column Setup 

The column setup consisted of eight columns (GE Healthcare XK 50/30 glass 

columns, Sweden; length: 30 cm, internal diameter: 5 cm) connected in series. The 

columns were in operation for more than 15 months prior to commencement of this 

experiment representing an active microbial community. Pre-treated native soil 

collected upstream of a wastewater discharge from Wadi Wajj in Saudi Arabia and 

sieved to retain the fraction below 2 mm had been used to fill the columns. The soil 

was washed with deionized water and transferred into the columns totally 

submerged in water to minimize introduction of any air bubbles. The soil filled in 

the columns has been previously characterized (Alidina et al., 2014c) as having low 

organic matter content with foc of 0.10 ± 0.01 %. The hydraulic conductivity was 

determined to be 0.070 ± 0.006 cm/s, while the porosity was 0.32 ± 0.03. 

The columns were operated in saturated up-flow mode. A tracer test was performed 

at room temperature by feeding a conservative tracer (potassium bromide, KBr) 

through a single column for a period of 6 hours, after which the feed was switched 

to DI water for an additional 44 hours. Effluent samples were collected every 30 



180 
 

mins using a fraction collector and analyzed using a Dionex Ion Chromatography 

ICS-1600 variable wavelength detector (VWR) system (Sunnyvale, CA) according to 

Standard Method 4110C. The hydraulic retention time calculated using the method 

of moments was determined to be 19.7 hours per column, giving a total hydraulic 

retention time through the series of eight columns of 158 hours (6.5 days). 

The column setup was placed inside a Thermo Scientific Forma Environmental 

Chamber (Model 3940; Marietta, OH) with an operating range of 0 – 60°C. The 

environmental chamber fitted with a digital electronic controller allowed 

temperature transitions of 0.1°C. The columns were operated at five temperature 

set-points (30, 20, 10, 8 and 4°C) with a minimum duration of 9 weeks at each 

temperature set-point. These temperature set-points covered the entire range of 

temperatures typically expected in groundwater and spanning the extremes of 3°C 

and 26°C observed in shallow and deep groundwater monitoring wells (Lee and 

Hahn, 2006). A temperature of 30°C was selected as the upper temperature set-

point in order to minimize any sustained damage on enzymes due to denaturation at 

elevated temperatures. 

The temperature set-point was defined as the temperature in the effluent collected 

after flow through the columns. Achieving the target temperature required some 

adjustment from the displayed temperature of the environmental chamber. Weekly 

temperature readings of the effluent were taking to ensure minimal deviation from 

the set-point. Flow rate measurements were carried out at each temperature set-

point. The maximum difference in flow rate of 3% observed between the different 
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temperature set-points was not deemed to be significant, and hence no changes in 

pump flow rates were implemented. Additionally, tracer tests were performed with 

KBr at the two temperature extremes of 4°C and 30°C, verifying that the changes in 

water viscosity with a change in temperature did not affect the retention time.  

7.4.2. Feed Composition 

Feed to the columns was a synthetic wastewater blend comprising peptone (BD 

BactoTM Peptone, Becton, Dickenson & Co.), yeast (BD BactoTM Yeast Extract, Becton, 

Dickenson & Co.) and humic substances (humic acid sodium salt, Sigma Aldrich). A 

2:1 ratio of peptone and yeast provided 40% of dissolved organic carbon (DOC) 

delivered to the columns and represented the easily degradable fraction of effluent 

organic matter (EfOM). Humic substances comprised 60% of the DOC provided to 

the columns and represented the refractory portion of EfOM. Stock solutions of 1.5 

g/L peptone-yeast and 500 mg/L humic acid were used to prepared influents to the 

columns. Bi-weekly DOC measurements of the stock solutions were used to 

determine the amount of each ingredient to be added to the 5 L influent to obtain a 

target influent DOC concentration of 2.5 mg/L.  

In typical wastewater effluent, the amount of easily degradable carbon present is 

dependent on the efficiency of the biological treatment process, while the content of 

refractory materials comprising mainly natural organic matter of drinking water 

origin (Drewes et al. 2006) is dependent on the source of drinking water used in the 

sewershed of a wastewater treatment plant. 
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The synthetic wastewater also contained the following mix of salts at concentrations 

ranging between 3.5 mg/L and 50 mg/L representing levels found in a typical 

secondary treated effluent: CaCl2∙2H2O NaCl, MgSO4, KNO3, K2HPO4, and 

ZnSO4∙7H2O. In addition, small quantities of micronutrients with concentrations of 1 

mg/L and less were added of KH2PO4, FeCl3, MnCl2∙4H2O, H3BO3, Na2MoO4∙2H2O, 

CuSO4∙5H2O, CoCl2∙6H2O and KI as described in Dantas et al. (2008).  

In addition to the primary substrate present in the feed, the columns also 

continuously received a mixture of 22 TOrCs each spiked at environmentally 

relevant concentrations of 300 ± 100 ng/L, several orders of magnitude lower than 

the primary substrate. The following 22 TOrCs were spiked into the influent to the 

columns: acesulfame, amitriptyline, atenolol, atrazine, bisphenol A, carbamazepine, 

DEET, diclofenac, dilantin, diphenhydramine, fluoxetine, gemfibrozil, ibuprofen, 

ketoprofen, naproxen, oxybenzone, primidone, propylparaben, sucralose, 

sulfamethoxazole, triclosan and trimethoprim. 

The synthetic wastewater feed was prepared bi-weekly and stored in a refrigerator 

at 4°C to minimize degradation of the primary substrate during delivery into the 

columns. Feed lines were cleaned regularly with sodium hypochlorite solution, 

ascorbic acid and Milli-Q water to minimize back-growth of bacteria. A sketch 

showing the experimental setup is presented in Figure 7.1.  
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Figure 7.1. Experimental Setup to Investigate effect of temperature on TOrC attenuation 

7.4.3. Water Analyses 

Influent and final effluent samples (following travel through 8 columns) were 

collected weekly for analyses. The samples were filtered using a 0.45µm glass 

microfiber filter and analyzed for DOC using a Fusion Total Organic Carbon Analyzer 

(Teledyne Tekmar; Mason, OH), and UVA254 using a UV-2550 Spectrophotometer 

(Shimadzu, Japan). The specific ultraviolet absorbance (SUVA) calculated as the UV 

absorbance at 254 nm normalized by the DOC provided an indication of the 

aromaticity of the organic matter. Column influent and effluent pH and nitrate were 

also measured at each temperature set-point to provide an indication of prevailing 

redox conditions in the columns.  

TOrC concentrations were quantified using LC-MS/MS with isotope dilution 

subsequent to solid phase extraction (SPE) using a method detailed in Alidina et al. 

(2014). In summary, 50 mL of each water sample was spiked with 100 L of 100 g 
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L-1 internal isotope standard and extracted using a 500 mg HLB cartridge (Waters, 

MA) using an automated Dionex AutoTrace 280 SPE workstation (Sunnyvale, CA). 

The extract was brought to a final volume of 1 mL using methanol for the 

subsequent LC/MS-MS analysis using an Agilent Technology 1260 Infinity Liquid 

Chromatography unit with tandem MS spectroscopy (AB Sciex 5500 Q-Trap). Details 

of mobile phases utilized in ESI positive and negative modes together with detailed 

LC/MS-MS parameters (product ions, retention time, declustering potential, 

collision energy, and collision cell exit potential) are provided in Alidina et al. 

(2014). 

7.4.4. Kinetic Experiment 

At each temperature set-point, a kinetic experiment was carried out to determine 

degradation rate constants for the various TOrCs. Water samples were collected at 

the effluent and then backwards at intervals of every two columns till the influent as 

follows:  240 cm (final effluent), 180 cm, 120 cm, 60 cm and 0 cm (influent). 

Individual samples were analyzed for DOC, UVA254, nitrate and TOrCs.  

7.4.5. Abiotic Experiment 

A short-term abiotic column experiment carried out at room temperature (21OC) 

was used to assess whether sorption to porous media was a significant removal 

mechanism for the TOrCs targeted. To minimize the effect of biotransformation 

during this experiment, the column was flushed with 2 mM sodium azide for several 

days. Influent comprising KBr and the mix of 22 TOrCs in DI water was then fed into 

the column for 6 hours and then switched to DI water for an additional 12 hours. 



185 
 

Retardation factors (Rf values) indicating retardation of each compound with 

respect to the conservative tracer potassium bromide were calculated for each TOrC 

using the method of moments.  

7.5. Results  

7.5.1.  Bulk parameters  

At all temperature set-points, the amount of DOC delivered to the column remained 

similar ranging between 2.24 ± 0.31 mg/L to 2.70 ± 0.54 mg/L (Table 7.1). The 

biodegradable organic carbon (BDOC) defined as the amount of DOC attenuated 

following passage through the eight columns exhibited only minor differences as the 

temperature changed (Table 7.2), ranging between a minimum of 1.27 ± 0.50 mg/L 

at 30°C and a maximum of 1.65 ± 0.16 mg/L at 10°C.  

Table 7.1. Bulk parameter values at the different temperature set-points 

    
DOC  

(mg/L) 
UVA254  
(1/m) 

SUVA 
(L/mg.m) 

Nitrate - 
N (mg/L) 

pH 
BDOC 

(mg/L) 

30oC 
Influent 2.61 ± 0.44 15.1 ± 6.7 6.10 ± 3.24  1.18 6.39 

1.27 ± 0.50 
Effluent 1.33 ± 0.27 9.1 ± 3.2 6.84 ± 2.52 1.48 7.93 

20oC 
Influent 2.70 ± 0.54 11.6 ± 3.7 4.24 ± 0.65 1.06 6.49 

1.39 ± 0.88 
Effluent 1.31 ± 0.38 8.4 ± 0.7 6.75 ± 1.42 1.27 7.29 

10oC 
Influent 2.51 ± 0.20 18.2 ± 0.6 7.31 ± 0.55 1.15 6.97 

1.65 ± 0.16 
Effluent 0.86 ± 0.09 6.2 ± 0.5 7.27 ± 1.04 1.32 7.44 

8oC 
Influent 2.24 ± 0.31 17.2 ± 4.0 7.70 ± 1.78 1.07 6.42 

1.36 ± 0.34 
Effluent 0.88 ± 0.13 6.4 ± 1.0 7.46 ± 1.62 1.15 7.36 

4oC 
Influent 2.22 ± 0.51 18.4 ± 1.5 8.33 ± 0.78 1.07 6.41 

1.32 ± 0.17 
Effluent 0.90 ± 0.10 7.9 ± 0.7 8.76 ± 0.78 1.22 7.42 

 

Influent and effluent UV absorbance at 254 nm, SUVA, nitrate and pH values are also 

presented in Table 7.1. The UVA254 in the influent varying between 11.6 ± 3.7 m-1 
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and 18.4 ± 1.5 m-1 decreased in the effluent to values ranging between 6.2 ± 0.5 m-1 

and 9.1 ± 3.2 m-1. With the exception of the significant increase in SUVA value from 

4.24 ± 0.65 L/mg.m in the influent at 20°C to 6.75 ± 1.42 L/mg.m in the effluent, only 

minor changes were observed between corresponding influent and effluent values 

at the other temperature set-points indicating no preferred degradation of aliphatic 

or aromatic organic matter. SUVA values, however, were noted to generally increase 

in both influent and effluent as the temperature decreased from 30°C to 4°C. This 

change observed, particularly in the influent (which was held at 4°C regardless of 

the temperature set-point of the columns), was due to an increase in the amount of 

humic acid added as the experiment progressed, from the 500 mg/L stock solution 

into the 5 L influent to obtain the target influent DOC concentration. Some 

degradation of organic carbon likely occurred in the humic acid stock solution 

warranting this increase in added volume to maintain a constant DOC concentration 

in the influent.  

The redox condition remained oxic during flow through all columns with no nitrate 

reduction noted between influent and influent (Table 7.1). At all temperatures, pH 

increased slightly between influent and effluent.   

7.5.2. Trace Organic Chemicals (TOrCs) Sorptive Losses 

Of the 22 TOrCs targeted, 15 chemicals exhibited no significant retardation 

compared to the conservative tracer potassium bromide, illustrated by Rf values 

ranging between 0.95 and 1.22 (Table 7.2). Some sorption was observed for 

triclosan (Rf = 1.39). Oxybenzone exhibited much stronger sorption with an Rf value 
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of 2.24. The remaining five TOrCs: amitriptyline, atenolol, diphenhydramine, 

fluoxetine and trimethoprim were retained and did not breakthrough during the 18-

hour experiment, indicating significant sorptive losses to the soil.  

7.5.3. Trace Organic Chemicals (TOrCs) Attenuation 

Following passage through the columns, a range of attenuation efficiencies were 

exhibited for the various TOrCs as summarized in Table 7.2. Of the 22 TOrCs 

investigated, eight exhibited high attenuation exceeding 70% with no significant 

change observed in attenuation as the temperature changed. Another eight TOrCs 

exhibited low attenuation below 30% with no significant differences in removal 

between temperature set-points. Attenuation of the remaining six TOrCs 

(diclofenac, gemfibrozil, ketoprofen, naproxen, oxybenzone and trimethoprim) 

changed with temperature.  

The experiments conducted in this study did not differentiate between removal by 

different attenuation processes. The results hence summarize effect of temperature 

on attenuation by biotransformation and adsorption, both of which play a role in 

TOrC removal in MAR systems (Snyder et al., 2004). Attenuation of TOrCs, which 

exhibited no sportive losses in the abiotic experiment (Rf values close to 1), is 

primarily due to biotransformation. For the remaining TOrCs (amitriptyline, 

atenolol, diphenhydramine, fluoxetine, triclosan, oxybenzone and trimethoprim), 

attenuation is either due to sorption alone or is a combination of sorption and 

biotransformation. 

 



188 
 

Table 7.2. Summary of temperature dependence of TOrC attenuation together with respective 
retardation (Rf) values 

  
Temperature Independent 

Attenuation 

Temperature 
Dependent 

Attenuation 

Good 
Attenuation  
(70-100%) 

Amitriptyline (n/a) 
Atenolol (n/a) 

Bisphenol A (1.22) 
Diphenhydramine (n/a) 

Fluoxetine (n/a) 
Ibuprofen (0.98) 

Propylparaben (1.12) 
Triclosan (1.39) 

 
 
 
 

Diclofenac (0.99) 
Gemfibrozil (1.01) 
Ketoprofen (0.98) 
Naproxen (0.99) 

Oxybenzone (2.24) 
Trimethoprim (n/a) 

Moderate 
Attenuation  

(30-70%) 
  

Poor 
Attenuation 

 (0-30%) 

 
Acesulfame (0.98) 

Atrazine (1.03) 
Carbamazepine (1.10) 

DEET (1.02) 

Dilantin (1.08) 
Primidone (1.00) 
Sucralose (0.95) 

Sulfamethoxazole (0.98) 

* Rf values presented in parenthesis beside each TOrC (n/a for TOrCs which did not breakthrough) 

 

Figure 7.2 illustrates attenuation of the six temperature dependent TOrCs at the 

different temperature set-points between 4°C and 30°C. Four of the TOrCs 

(diclofenac, gemfibrozil, ketoprofen and naproxen) exhibited higher attenuation at 

temperatures of 20°C and 30°C compared to significantly lower attenuation at 

temperatures of 10°C and below (Figures 7.2a – 7.2d). The highest attenuation for 

diclofenac, gemfibrozil and naproxen was observed at a temperature of 30°C while 

ketoprofen exhibited highest attenuation at 20°C. 
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Figure 7.2. Summary of attenuation percentages for the six TOrCs as a function of temperature 
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Oxybenzone exhibited attenuations of 62% and 70% at temperatures of 30°C and 

20°C, respectively.  A critical temperature of 10°C was noted where the highest 

attenuation of 94% was observed. The attenuation decreased below this critical 

temperature to 89% at 8°C and 72% at 4°C (Figure 7.2e). Trimethoprim exhibited 

attenuation of 28% at 30°C which increased almost linearly as temperature 

decreased to a maximum of 93% at 4°C (Figure 7.2f).  

Results of the tracer tests carried out at 30°C and 4°C indicated very similar 

retention time at these two temperature set-points as illustrated in Figure 7.3. The 

difference in retention time of 5.4 %, due to the change in water viscosity with 

temperature, was not deemed to be significant. Increased attenuation of 

trimethoprim and oxybenzone at lower temperatures is hence not a result of 

hydrodynamic changes within the porous media. 

 

Figure 7.3. Potassium Bromide (KBr) breakthrough curves used to calculate retention time at 4°C 

and 30°C. 
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7.5.4. Kinetics of Attenuation 

At each temperature set-point a kinetic experiment was carried out by collecting 

water samples along the flow path at different depths of the column. Travel through 

the first 60 cm of column travel represented the largest drop in feed DOC 

concentration with attenuation ranging between 40 and 60 % at all temperature 

set-points. A maximum additional attenuation of 20 % was achieved between 60 cm 

and 240 cm. An increase in SUVA values was observed along column travel, with the 

highest SUVA values mostly observed at the 60 - 120 cm sampling position, followed 

by a slight decrease till the final effluent.  

In order to obtain attenuation rate constants for the temperature dependent TOrCs, 

normalized concentrations from the kinetic experiments were fitted to the first-

order kinetic model (C = Coe-kat) utilizing the solver tool in an Excel©-based model 

(http://www.jkp-ads.com) using least squares regression. This equation has been 

used previously as one possible equation for degradation of polyaromatic 

hydrocarbons (Thiele-Bruhn and Brümmer, 2005). For each of the TOrCs which 

were attenuated primarily by biotransformation (diclofenac, gemfibrozil, 

ketoprofen and naproxen), attenuation rate constants (ka) were plotted against 

temperature (Figure 7.4).  
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Figure 7.4. Plots of changes in attenuation rate constants (ka) with temperature for the 

biotransformed TOrCs, modeled with two linear graphs below and above 10°C. 

 

Rate constants for diclofenac, gemfibrozil, ketoprofen and naproxen, all exhibited a 

positive correlation with temperature. With rate constants close to zero, gemfibrozil 

and naproxen were not transformed at the lowest temperature set-point of 4°C. 

Diclofenac and ketoprofen were attenuated at 4°C with rate constants between 0.05 

d-1 and 0.08 d-1. The plots of rate constant against temperature were best modeled 
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with two linear graphs for the periods: 4 - 10°C and 10 - 30°C as illustrated by r2 

values ranging between 0.83 and 0.99 for the four TOrCs (Figure 7.4).  

7.6. Discussion 

7.6.1.  Transformation of Bulk Organic Carbon 

The amount of DOC attenuated during column travel remained fairly consistent 

ranging between 50 and 65 % of the original DOC in the feed, with slightly higher 

attenuation efficiency noted at the lower temperatures (Table 7.1). While 

investigating the effect of temperature on attenuation of bulk organic carbon, 

(Grünheid et al., 2008) also reported fairly consistent BDOC attenuation between 

column influent and effluent of 35 – 53 %, though in contrast to our results, the 

authors observed more BDOC attenuation at higher temperatures (Grünheid et al., 

2008). The large decrease in DOC concentration during the initial travel 

independent of temperature in this study was also reported by Grünheid et al. 

(2008) in column studies as well as Hoppe-Jones et al. (2010) at a riverbank 

filtration (RBF) site. Despite operating columns at similar retention times to 

Grünheid et al. (2008) of 6 days, our kinetic results did not support their findings 

that during longer infiltration (1 – 6 days) removal of organic substances was more 

efficient at higher temperatures.  

The independence of DOC degradation on temperature was observed during field 

studies at an operational artificial recharge site. Massmann et al. (2006) reported 

that despite changes in ambient temperature between 0 and 24°C, DOC attenuation 

between the recharge pond and two monitoring wells remained constant 
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(Massmann et al., 2006). This field-scale study, however, reported that redox 

conditions were highly temperature dependent, with aerobic conditions prevailing 

under low temperature conditions and anaerobic conditions being more prevalent 

when temperatures exceeded 14°C (Massmann et al., 2006). This redox dependency 

on temperature is in contrast to our findings since we observed no nitrate reduction 

between column influent and effluent regardless of the operating temperature, 

suggesting predominant aerobic conditions at all investigated temperatures. Due to 

difficulty in preventing re-aeration of column effluents to obtain accurate dissolved 

oxygen (DO) concentrations, reliable DO measurements were not available for this 

study. It is possible, however, that oxygen concentration in the columns varied at 

the different set-points. 

The highest SUVA values noted at sampling positions of 60 - 120 cm indicate that 

there is preferred degradation of non-humic (peptone-yeast in this case) over humic 

carbon (Amy and Drewes, 2007) during initial infiltration. The subsequent decrease 

in SUVA value between sampling positions of 120 cm and 240 cm indicates that the 

humic substances are degraded in the latter part of subsurface travel. An increase 

followed by a decrease in SUVA value was also observed at subsequent monitoring 

wells at a RBF site during summer sampling (Hoppe-Jones et al., 2010). These 

changes in SUVA values are consistent with expected degradability of the primary 

substrate components, and based on previous studies we can infer a more diverse 

microbial community at deeper depths of travel (Li et al., 2013).  



195 
 

7.6.2. TOrC attenuation 

Attenuation of 16 of the 22 TOrCs investigated in this study did not exhibit a 

temperature dependency. Eight of these TOrCs exhibited high attenuation exceeding 

70 % at all temperature set-points (Table 7.2). Some of these TOrCs have been 

shown previously to be well attenuated. Ibuprofen was attenuated from 

concentrations  exceeding 3300 ng/L to non-detect levels at a MAR site after travel 

time of two weeks (Drewes et al., 2003), while bisphenol A was attenuated from 

concentrations exceeding 800 ng/L to less than 10 ng/L at another MAR site (Laws 

et al., 2011). Atenolol was transformed by more than 80 % at RBF sites along the 

Rhine, Elbe and Ruhr rivers (Schmidt et al., 2007), with transformation likely being 

a combination of biodegradation and sorption due to a KD value for atenolol of 2.32 

L/kg (Alidina et al., 2014c). Fluoxetine exhibited attenuation of  more than 99% at a 

riverbank site (Snyder et al., 2007), with sorption being the likely attenuation 

mechanism due to its high KD value of 163 L/kg (Alidina et al., 2014c). 

Another eight TOrCs exhibited low attenuation of less than 30 % regardless of 

changes in temperature (Table 7.2). With Rf values close to 1, none of these poorly 

attenuated TOrCs exhibited any sorptive losses. Most of the TOrCs captured in this 

group have been shown to be poorly degraded in MAR systems. Numerous studies 

have shown that the anti-convulsants carbamazepine, dilantin and primidone are 

recalcitrant during subsurface travel (Cordy et al., 2004; Drewes et al., 2002; 

Heberer and Adam, 2004; Snyder et al., 2007). The artificial sweeteners, acesulfame 

and sucralose, have also been reported to persist to some extent during MAR 

(Scheurer et al., 2009). Additionally, due to their persistence, both anti-convulsants 
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and artificial sweeteners have been identified as suitable markers for anthropogenic 

impact in groundwater (Buerge et al., 2009; Clara et al., 2004).  

Attenuation of the remaining six compounds (diclofenac, gemfibrozil, ketoprofen, 

naproxen, oxybenzone and trimethoprim) exhibited a temperature dependency 

(Figure 7.2). Sorption to the soil was not a significant attenuation mechanism for 

diclofenac, gemfibrozil, ketoprofen and naproxen, which had Rf values between 0.98 

and 1.01 (Table 7.2).  Trimethoprim and oxybenzone on the other hand exhibited 

sorptive losses to the soil.  

The three non-steroidal anti-inflammatory drugs (NSAIDs) - diclofenac, ketoprofen, 

and naproxen, and the blood lipid-regulator - gemfibrozil were better attenuated at 

higher temperatures, likely due to increased microbial activity as the temperature 

increased (Qiu et al., 2005). Gemfibrozil and naproxen both exhibited a significant 

loss in attenuation as the temperature decreased from 20°C to 10°C (Figures 7.2b. 

and 7.2d). Both these compounds exhibited minimal attenuation at 4°C, likely 

resulting from effects to the microbial groups responsible for their degradation due 

to reduced activity or changes in composition of the microbial community at this 

temperature. Diclofenac and ketoprofen did not exhibit a significant change in 

attenuation when the temperature was changed from 20°C to 10°C, though 

attenuation of both compounds was significantly reduced at 4°C (Figures 7.2a. and 

7.2c).  

Since this group of three NSAIDs exhibited different changes in attenuation with 

temperature, it suggests that different microbial groups are responsible for their 
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biotransformation. Furthermore, these distinct microbial groups seem to be affected 

in different ways to changes in temperature. This is supported by the fact that 

ibuprofen, another NSAID exhibited high removal of more than 90% regardless of 

the temperature. The group of enzymes responsible for transforming ibuprofen 

seems uninhibited by temperature, the enzymes responsible for the degradation of 

naproxen (and the lipid regulator gemfibrozil) seem significantly inhibited at 

temperatures below 10°C, while the group degrading diclofenac and ketoprofen 

seem inhibited at temperatures below 4°C. Our findings regarding temperature 

dependent attenuation of gemfibrozil and naproxen were confirmed by a study 

which reported better attenuation along a transect at a RBF site during the summer 

compared to the winter (Hoppe-Jones et al., 2010). That study, however, also noted 

a temperature dependency of ibuprofen which we did not observe. 

The remaining two temperature dependent TOrCs, trimethoprim and oxybenzone, 

exhibited changes with temperature different to what was observed for the NSAIDs 

and gemfibrozil. Attenuation of the antibiotic trimethoprim sequentially increased 

every time the temperature was reduced (Figure 7.2f). Oxybenzone, a UV blocker on 

the other hand exhibited a decrease in attenuation as the temperature decreased 

from 30°C to 20°C. A threshold temperature existed where a large increase in 

attenuation was observed at 10°C as the temperature was lowered from 20°C, but 

decreased as the temperature was decreased further to 8°C and 4°C (Figure 7.2e).  

The continuous increase in attenuation of trimethoprim as the temperature 

decreased from 30°C to 4°C and the large increase in oxybenzone attenuation as the 
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temperature was reduced from 20°C to 10°C, could be a result of increased sorption 

at lower temperatures, since these were the only two temperature-dependent 

TOrCs which exhibited sorption to the soil. It is possible, however, that 

biotransformation also contributed to this increase. Despite a decrease in microbial 

activity expected with decreasing temperatures (Qiu et al., 2005), a study provided 

evidence using molecular techniques for a shift in function and composition of the 

microbial communities with changing temperatures (Zogg et al., 1997). Rather than 

being a response to a change in microbial activity, the increase in attenuation of 

trimethoprim and oxybenzone with decrease in temperature could hence also have 

been affected by increased abundance of the respective degraders at lower 

temperatures.  

A similar trend of better attenuation at lower temperatures was reported at a field 

artificial recharge site where phenazone exhibited slightly better attenuation in the 

winter compared to the summer (Massmann et al., 2006). The authors in this case 

attributed the higher attenuation in the winter to the prevailing redox conditions 

(since oxygen was present in the groundwater in the winter but not in the summer), 

rather than to differences in temperature itself (Massmann et al., 2006). In our 

experiment since no nitrate reduction was observed, the redox conditions were not 

anoxic at any of the temperature set-points. However, there could have been 

differences in oxygen concentrations which may have played a role in attenuation of 

the TOrCs as suggested by Massmann et al., (2006). Higher sorption at lower 

temperatures could also have played a role in the observed increased attenuation of 

phenazone at the field site.  
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For all the temperature dependent TOrCs which were biotransformed, rates of 

degradation were fitted to the first-order kinetic equation C = Coe-kat. This first order 

kinetic equation has been used as a suitable model representative of biodegradation 

processes not linked to growth of the organisms  (Thiele-Bruhn and Brümmer, 

2005). Since co-metabolism is the most likely degradation mechanism for TOrCs in 

MAR systems present several orders of magnitude lower than the bulk organic 

carbon (Ryoo et al., 2000; Sharp et al., 2007), the equation conceptually matches our 

attenuation mechanism.  

The first-order kinetic equation used to obtain the rate constants of attenuation 

(plotted in Figure 7.4), provided an acceptable fit for the four TOrCs modeled and 

was hence considered an appropriate model to fit the kinetic data. Other more 

complex equations proposed for modelling processes not linked to growth of 

organisms  (Thiele-Bruhn and Brümmer, 2005) and which contained more 

parameters were not deemed appropriate to model the degradation due to the 

limited number of data points available.  

The rate constant plots (Figure 7.4) graphically represent the change in rate of 

attenuation with temperature. These plots were best fitted with two linear graphs 

for the temperature ranges of 4 - 10°C and 10 – 30°C, suggesting existence of a 

critical temperature of 10°C where a change in rate of attenuation occurs. Further 

work is required to verify existence of this critical temperature and to investigate 

what microbial changes occur that result in changes to rates of attenuation at this 

temperature. 
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7.7. Conclusion 

While investigating the effect of temperature on TOrC attenuation, it was noted that 

removal of only a few compounds (six from the 22 investigated here) were sensitive 

to changes in temperature. Attenuation of four of the compounds (diclofenac, 

gemfibrozil, ketoprofen and naproxen) decreased as the temperature was lowered 

from 30°C to 4°C. As the temperature was decreased, however, attenuation of 

oxybenzone (during the transition between 20°C to 10°C) and trimethoprim (during 

all temperature transitions) were noted to increase. The hypothesis that a reduced 

attenuation of all TOrCs expected as temperature decreased was hence rejected. 

Higher attenuation of diclofenac, gemfibrozil, ketoprofen and naproxen with 

increasing temperature resulted either from higher microbial activity or greater 

abundance of microbial groups responsible for their degradation. Being the only 

two temperature-dependent TOrCs which exhibited sorptive losses to the soil, the 

increased attenuation noted for trimethoprim and oxybenzone at lower 

temperatures were likely a result of greater sorption. It is possible, however, that 

change in the composition and diversity of the microbial community resulting from  

changes in temperature also contributed to this increased attenuation.  

No threshold temperature was observed below which a large drop in attenuation of 

all TOrCs was noted. In fact, for oxybenzone the opposite was observed with a 

threshold temperature of 10°C where a sharp increase in attenuation was noted as 

the temperature decreased.  Significant declines in attenuation were observed for 

gemfibrozil and naproxen at 10°C and for diclofenac and ketoprofen at 4°C. None of 

the other 16 temperature independent TOrCs exhibited a threshold temperature 
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resulting in lower attenuation for a range of 4 to 30°C. Hence, contrary to what was 

hypothesized, no threshold temperature was observed for any of the targeted 

TOrCs.  

Kinetic data obtained during this experiment was fitted to a first-order kinetic to 

obtain rate constants of attenuation (ka). Plots of rate constants against temperature 

were best modeled with two linear curves fitted to temperatures above and below 

10°C, suggesting existence of a critical temperature at 10°C where significant 

changes to rates of attenuation occurred.  

Results from this study indicate that for most TOrCs changes in temperature do not 

impact their attenuation. A few TOrCs, however, exhibit a temperature dependency. 

TOrCs whose attenuation is dominated by biotransformation are expected to exhibit 

increased attenuation at higher temperatures due to higher microbial activity, 

though this may not be true in all cases since expected changes in the microbial 

community with temperature may decrease attenuation with increasing 

temperature. On the other hand, TOrCs which exhibit strong sorption are expected 

to exhibit increased attenuation as temperature decreases. Overall, seasonal 

changes in temperature are not considered to be a major concern to achieve a 

consistent attenuation of many TOrCs in MAR systems.  
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8.1. Summary of Research Findings 

With increasing global population and water scarcity issues globally, water reuse is 

being practiced in many regions such as Europe and the Unites States and being 
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considered in other countries like Saudi Arabia. Aside from common concerns in 

water quality during reuse such as pathogens, nutrients and organic matter, trace 

organic chemicals are important to consider due to their known or suspected effects 

on human health and aquatic life.  

Even though several advanced treatment processes, such as RO, NF and ozonation, 

effectively attenuate a wide range of TOrCs, managed aquifer recharge stands out 

due to lower capital and operating costs and carbon footprint. MAR systems, 

however, exhibit varying removal capacities for different TOrCs and the goal of this 

research was to identify dominant factors affecting TOrC removal, in the context of 

applying MAR systems to potential water reuse schemes within Saudi Arabia as well 

as other locations.  Conclusions drawn from this research are presented below. 

8.1.1.  Occurrence of TOrCs in Saudi Wastewater Effluents 

A wide range of TOrC commonly detected in wastewater effluents in the US and 

Europe was also detected in effluents from four full-scale WWTPs in Western Saudi 

Arabia.  A comparison to occurrence patterns at comparable plants in the US 

revealed that with the exception of sulfamethoxazole and sucralose (which were 

consistently detected at higher concentrations in US effluents) most other TOrCs 

investigated were observed at comparable concentrations.  

 

One of the WWTPs studied, however, displayed a significantly different occurrence 

pattern from the other treatment plants. The occurrence pattern of TOrC at this 

WWTP is not representative of the rest of the country due to the large number of 
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international visitors in the city which this WWTP serves. Occurrence of some 

moderately and poorly degradable TOrC was most affected by the influx of 

international visitors.  

Some hourly variation in TOrC loading were observed in one of the plants, but no 

bimodal diurnal variations were noted, possibly due to large flow equalization 

tanks, discharge of sewage through wastewater tankers or differences in local work 

and socio-cultural patterns regarding daily work periods.   

Implications for Implementing MAR in Saudi Arabia 

The important TOrCs in effluents within Saudi Arabia were identified allowing 

decision makers to select whether advanced treatment technologies, such as reverse 

osmosis, ion-exchange, activated carbon filtration and ozonation, are necessary for 

water reuse or if natural treatment processes such as managed aquifer recharge 

provide sufficient protection to public health.  

Where results from previous MAR field and laboratory studies were utilized for 

modeling possible MAR system designs in Saudi Arabia, the occurrence results from 

this study provided input concentrations for various TOrCs into such a model to 

obtain outputs such as distance to extraction wells etc. Similarly, in the context of a 

risk assessment, TOrC concentrations obtained during this study provided input 

parameters for deciding how alternative treatment trains compare for TOrC 

attenuation (see risk exemplar in Section 8.2). 
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Occurrence data from this study also provide a good basis for deciding which plants 

are appropriate for implementation of a water reuse scheme. The large variation 

expected at WWTP 3, caused by different load variations by international visitors 

likely justify a more robust advanced treatment process if water reuse is considered. 

In other plants, where overall occurrence footprints were much lower – use of MAR 

would be justified as an appropriate component of a multiple barrier scheme. 

8.1.2. Role of the Primary Substrate    

The concentration and composition of the primary substrate was identified to have 

a significant impact on attenuation of moderately degradable TOrCs. The easily 

degradable and recalcitrant TOrCs did not seem to be affected by changes in 

concentration and composition of the primary substrate. In most cases, better 

transformation of the moderately degradable TOrCs was observed under lower 

primary substrate concentrations. The presence of more refractory carbon was also 

seen to enhance attenuation of most of the degradable TOrCs. 

Carbon-starving conditions resulted in a more diverse microbial community, 

although this was most prominent in the infiltration zone. Microbial diversity 

became similar at deeper depths. Betaproteobacteria (likely the major group 

assimilating labile BDOC in MAR systems) were positively correlated to BDOC 

concentrations. Other microbial groups, some of which have been reported to 

harbor versatile capacities in chemical compound utilization including a wide range 

of man-made refractory environmental contaminants, were seen to be positively 

correlated to humic acid content.  
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Metabolic potentials between the microbiomes receiving easily degradable and 

refractory carbon were noted to be similar, except for xenobiotic degradation in 

which more diverse capabilities were observed for the microbiome fed with 

refractory carbon. Hence the microbial community experiencing carbon-starving 

conditions was capable of expressing enzymes which could enhance removal of 

TOrCs. The enzyme group cytochrome P450 in particular was observed to possibly 

be important for degradation of xenobiotics since its genes were more abundant 

under carbon-starving primary substrate conditions. 

Optimizing TOrC attenuation using primary substrate control  

Higher TOrC attenuation was observed with lower primary substrate 

concentrations and more refractory carbon. Optimizing MAR systems for TOrC 

attenuation can hence be achieved by controlling organic carbon loading in feed 

water with the goal of establishing carbon-starving conditions in the subsurface. 

Where water reuse is being practiced using aquifer recharge with wastewater 

effluent, minimizing presence of labile organic carbon in the effluent would likely 

increase TOrC attenuation during aquifer recharge and recovery (ARR). Less control 

is possible for the source water in riverbank filtration (RBF) schemes since the 

water source is often a river or lake. Enhanced TOrC attenuation can still be 

achieved, however, using configurations such as Sequential - Managed Aquifer 

Recharge (Seq-MAR), which provide carbon starving conditions during a second 

infiltration stage. Seq-MAR involves a RBF step followed by water extraction and 

subsequent ARR. The RBF step is designed with a short retention time, in which 
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extraction wells can be positioned not too far from the riverbank, with the primary 

goal being DOC attenuation. Since DOC is typically degraded rapidly in the initial 

infiltration zone, a short retention time for the RBF suffices to achieve this goal.  

Following the RBF step, water is extracted and pumped into a surface spreading 

basin for aquifer recharge. Extraction wells in the ARR portion of Seq-MAR are 

positioned to provide a longer retention time with the aim of achieving maximum 

TOrC attenuation. Since DOC is already degraded during the RBF step, carbon 

starving conditions during the ARR step are optimal for TOrC attenuation.  

In the context of a risk assessment, attenuation rate constants can be derived as a 

function of the primary substrate makeup. Different feed water conditions can 

hence be considered in a risk assessment where appropriate rate constants are 

applied (see risk exemplar in Section 8.2). 

8.1.3. Role of adaptation to the presence of TOrCs    

Adaptation of the microbial community to the presence of TOrCs was not required 

in order to degrade them since TOrC attenuation was found to remain largely 

similar in pre-exposed and non-exposed soil columns under two different primary 

substrate conditions. Whereas adaptation to the presence of TOrCs was not 

necessary to degrade them, adaptation to the primary substrate was deemed to be 

necessary for TOrC degradation since the primary substrate directly affects 

composition and diversity of the microbial community which in turn affects TOrC 

degradation.  
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Co-metabolism was deemed to be the most likely biotransformation mechanism for 

TOrCs.  None of the major bacterial groups seemed to utilize TOrCs as a secondary 

substrate since biomass, microbial community structure and function, and 

biotransformation metabolic potential were observed to be similar in pre- and non-

exposed columns receiving the same primary substrate. 

Implications for TOrC independence from pre-exposure in MAR Systems 

Since attenuation is independent from pre-exposure to TOrCs, MAR systems are 

robust in dealing with new contaminants or with spike events such as a failure in 

upstream processes or rainfall events causing pesticide or other chemical load 

variations. It is important, however, to operate multiple barrier pre-treatment steps 

by controlling the amount of organic carbon these systems receive. Pre-adaptation 

to the primary substrate was deemed to be important for TOrC attenuation due to 

their impact on the microbial community, hence retaining organic carbon 

concentrations at low levels ensures that a diverse microbial community is 

maintained which provides efficient TOrC attenuation. This can be achieved as 

described in Section 8.1.2., resulting in cost effective solution for the entire setup. 

8.1.4. Temperature effect on TOrC attenuation  

Most TOrCs exhibited attenuation which was unaffected by changes in temperature. 

Only a few compounds exhibited a temperature dependency. Attenuation of four of 

the compounds – diclofenac, gemfibrozil, ketoprofen and naproxen decreased as the 

temperature was lowered from 30°C to 4°C likely due to decreased microbial 

activity, while attenuation of oxybenzone (during the transition between 20°C to 
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10°C) and trimethoprim (during all temperature transitions) was noted to increase, 

likely due to higher sorption at lower temperatures. No threshold temperature was 

observed that resulted in a significant decrease in TOrC attenuation. 

Rate constants (ka) of attenuation were obtained for the temperature dependent 

TOrCs. The compounds exhibited different trends of change in rate constants with 

temperature, which if interpolated could provide rate estimates for temperatures 

not considered in this study.  

Implications of temperature effects on TOrC attenuation 

Since only a few TOrCs exhibit temperature-dependent attenuation, changes in 

temperature seasonally or due to varying climate in different geographic locations, 

are not expected to affect attenuation of most TOrCs, making MAR systems 

attractive for application in different parts of the world.  

Controlling temperature of the infiltrating water in MAR systems is not possible due 

to the large volume of water involved. However, being aware of the effect which 

temperature has on attenuation of the few compounds identified as being 

temperature dependent allows prediction of worst-case scenarios (where least 

attenuation is expected due to temperature effects). If any of the compounds 

identified as being temperature-dependent are of specific concern, additional 

barriers for attenuation could be implemented. Temperature-dependent rate 

constants of attenuation obtained can be utilized in a risk assessment when 

assessing MAR implementation in a multiple barrier approach as outlined in the risk 

exemplar below. 
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8.2.  The Risk Exemplar 

A risk assessment is an example of a technique in which results from many of the 

tasks undertaken in this research can be brought together to assess how different 

MAR configurations in combination with other advanced treatment processes can 

be considered as part of a multiple barrier approach in potable water reuse 

schemes. An outline for such a quantitative chemical risk assessment model used to 

assess three scenarios for potable water reuse is presented in this section based on 

a framework outlined in the National  Research Council report assessing water 

reuse of municipal wastewater (NRC, 2012). Microbial risks associated with 

pathogens are expected to be more of concern than chemical risks associated with 

TOrCs and has to be included in a comprehensive risk assessment. In the context of 

this dissertation, however, only an outline for carrying out a chemical risk 

assessment for TOrC is presented to illustrate the broader impacts of findings from 

this research. 
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8.2.1.  Scenarios considered implementing MAR 

Three scenarios were considered in which MAR is part of the potable reuse scheme 

summarized in Figure 8.1. These scenarios are described in more detail below. 

 

Figure. 8.1. Flow chart summarizing all possible configurations from the three treatment scenarios 
considered for a risk assessment. 

 

8.2.1.1. De facto Reuse with a Natural Barrier 

In the first scenario, wastewater effluent from a secondary treatment facility is 

discharged into a river from which riverbank filtration; with a long retention time is 

used to draw water, as illustrated in Figure 8.2. 
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Figure. 8.2. Process Summary for de facto reuse with a natural barrier 

 

8.2.1.2. Advanced Treatment:  

In the second scenario, several advanced treatment processes are implemented 

prior to the MAR treatment consisting of microfiltration, reverse osmosis and 

advanced oxidation processes as illustrated in Figure 8.3.  
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Figure. 8.3. Process Summary for advanced treatment option 

8.2.1.3. Re-engineered MAR Option:  

The third scenario focusses on optimization of the MAR system coupled with 

minimal additional advanced treatment steps while still being protective of human 

health. The MAR employed in this scenario is Sequential-MAR (Seq-MAR) involving 

two-step subsurface travel. The initial step provided has a short retention time in 

which organic carbon degradation is the goal. The effluent is then extracted and 

transferred into a surface spreading basin for a slightly longer retention time 

subsurface travel where enhanced TOrC attenuation is desired.  
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Optional advanced treatment steps are either implemented before or after Seq-MAR, 

and involve processes such as ozonation, granular activated carbon (GAC) or 

membrane filtration (NF or RO), as illustrated in Figure 8.4.  

 

Figure. 8.4. Process Summary for re-engineered MAR option 

For each of the TOrCs considered, occurrence data in wastewater effluents 

(reported in Chapter 3 for the Saudi Arabian context) are used as inputs to the risk 

assessment. Percent removals for the various advanced treatment processes are 

extracted from findings reported in the literature. For the natural treatment system, 

the main input parameter for each TOrC is the rate constant of attenuation which is 
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calculated considering several variables (e.g., feed water DOC level, subsurface 

temperature). 

Kinetic experiments carried out while investigating the role of the primary substrate 

and role of temperature on TOrC attenuation (Chapters 4 and 7), provided data for 

appropriate rate constants to be utilized for calculating TOrC attenuation during 

MAR. The TOrC effluent concentrations and rate constants were applied to the 

sample model illustrated in Figure 8.5. in which the various scenarios outlined 

above are considered by including the appropriate treatment processes in the 

calculation.  

In the example illustrated in Figure 8.5., gemfibrozil is considered as model 

compound in the quantitative chemical risk assessment. The ‘Natural Barrier 

Conditions’ are inserted into the model based on what is expected at a potential field 

MAR site. Results from Chapters 4 and 7 were used to determine the appropriate 

rate constant (i.e., 0.25 d-1 for gemfibrozil under oxic conditions at a temperature of 

20OC and at a DOC level of greater than 1 mg/L). Gemfibrozil concentrations for one 

of the plants sampled in Chapter 3 are inserted as input for the wastewater 

concentration (430 ng/L in WWTP 3). In the example illustrated, Seq-MAR is the 

only unit process considered, however, other configurations can be considered by 

inserting appropriate removal efficiencies to investigate whether any significant 

differences are noted by inclusion or removal of a certain process.  
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Figure 8.5. Risk assessment sample model developed to assess risks when different scenarios are considered  

COMPOUND UNDER STUDY: Scenario 3b
SCENARIO Comments
Scenario considered Scenario 3b

DEFINE NATURAL BARRIER OPERATING CONDITIONS Comments
MAR Process Sequential Short-term MAR (Seq MAR)
Dominant Redox Condition Oxic
Temperature Range (oC) 15.5 - 25
Retention Time (days) 10
DOC Level (mg/L) > 1
Rate Constant (d-1) 0.25 Calculated from temp.control kinetic experiments

Percent 

removal (%)

Rate 

Constant

(d -1 ) #

Tracking 

Concentrations 

(ng/L)

Raw Wastewater Concentration
Wastewater Treatment Process Secondary Treatment 0 430 Effluent concentration at WWTP 3 in Occurrence Study

Advanced (Pre-Natural Treatment) None 0 430

430

430

430

Natural Treatment Sequential Short-term MAR (Seq MAR) 0.25 1 35 C = C o e (-kt)

Advanced (Post-Natural Treatment) None 0 35

35

35

Number of Processes in Treatment Train 1

END CONCENTRATION 35

Risk Based Action Level (ng/L) : Gemfibrizol 140000000 Source: NRC (2012)

Margin of Safety Achieved 4000000 MOS = RBAL / Conc.DW

Gemfibrizol 

ACTIVATE
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In the example, Seq-MAR alone is expected to drop the concentration of gemfibrozil 

from 430 ng/L to 35 ng/L with a retention time of 10 days. Based on whether the 

margin of safety achieved with only Seq-MAR is acceptable from a risk assessment 

point of view can inform decision makers, whether additional treatment steps are 

required or if more retention time will lower concentrations to acceptable levels in 

order to achieve the desired margins of safety.  

The model presented here is still being developed and requires a database of rate 

constants and removal efficiencies for different TOrCs from the various processes 

considered to be fully functional. Data provided in earlier chapters are useful in 

creating this database which the model uses to function. Additional data will be 

included using reported literature values. Overall, this risk assessment framework 

provides a practical method in which results from previous chapters are utilized in 

an applied context.   

8.3.  Recommendations for Future Work 

Based on findings of this research, the following areas were identified as requiring 

further research: 

 In the local context, bimodal diurnal variations for TOrCs were not observed 

in wastewater effluents (Chapter 3). Many factors were proposed as possibly 

causing this effect, though the exact reason was unclear. Further research is 

warranted to investigate what factors are affecting wastewater loading in 

Saudi Arabia, since this will be important when potable water reuse schemes 

are implemented. 
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 Finding from Chapters 4 and 5 revealed that the microbial community 

experiencing carbon-starving conditions was capable of expressing enzymes 

which could enhance removal of TOrCs. Further work is required to identify 

which enzymes are expressed during carbon-starving conditions and identify 

which TOrCs are affected by these enzymes. 

 Cytochrome P450 was recognized as possibly being responsible for 

degradation of some TOrCs in Chapter 6. Further work is required to confirm 

the role of cytochrome P450 and to identify attack sites for this enzyme, 

which would allow prediction of which TOrCs are likely degraded by this 

enzyme. Additionally, it would be prudent to identify which microbial groups 

are responsible for producing cytochrome P450. 

 Chapter 7 revealed that between 4OC and 30 OC, temperature had a positive 

correlation with attenuation of some TOrCs and a negative correlation with 

others. One TOrC (oxybenzone) exhibited a critical temperature within this 

range where the positive correlation changed to a negative correlation. 

Further work is required to investigate whether such a critical temperature 

also exists for the other temperature-dependent TOrCs outside this 

investigated range. 

  Several conditions were noted as having an effect on attenuation of various 

TOrCs. In every case, however, disappearance of the parent compound was 

identified as attenuation. Since most TOrCs have complex molecules, 

degradation occurs via a series of steps which may potentially produce stable 

metabolites (daughter compounds). Further work is required to identify 
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metabolites of TOrC degradation to better understand how degradation 

proceeds and which enzymes are involved in degradation pathways. 

 Only a few factors affecting TOrC attenuation (primary substrate in Chapters 

4 and 5, adaptation in Chapter 6 and temperature in Chapter 7) were 

investigated in this research, of which only some were identified as being 

important for TOrC attenuation. Further research is needed to identify other 

dominant factors affecting TOrC attenuation, in order to design MAR systems 

which take all these factors into consideration to optimize TOrC attenuation.  

 Chapters 5 and 6 utilized metagenomic tools to characterize the microbial 

community composition, diversity and function in controlled laboratory 

columns. It is expected that due to analogous conditions prevalent in the 

field, similar microbial communities are present. Further work is required, 

however, to verify this and to confirm that the microbial communities which 

were established in the laboratory columns are also a true representation of 

field conditions. Collecting subsurface soil samples from the field has obvious 

practical challenges, but engineering a method to collect small quantities of 

soil samples at extraction or monitoring wells could be envisioned.  
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