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ABSTRACT 

Soil Aquifer Treatment (SAT) and Constructed Wetlands (CW) Applications 

for Nutrients and Organic Micropollutants (OMPs) Removals From Primary 

and Secondary Wastewater Effluents 

 

Ahmed Fahhad Hamadeh 

Constructed wetlands (CW) and soil aquifer treatment (SAT) represent natural 

wastewater treatment systems (NWTSs). The high costs of conventional 

wastewater treatment techniques encourage more studies to investigate lower cost 

treatment methods which make these appropriate for developing and also in 

developed countries. 

The main objective of this research was to investigate the removals of 

nutrients and organic micropollutants (OMPs) through SAT, CW and the 

CW-SAT hybrid system.  

CWs are an efficient technology to purify and remove different nutrients as well as 

OMPs from wastewater. They removed most of the dissolved organic matter 

(DOC), total nitrogen (TN), ammonium and phosphate. Furthermore, CWs 

aeration could be used as one of the alternatives to reduce CWs footprint by around 

10%.  The vegetation in CWs plays an essential role in the treatment especially for 

nitrogen and phosphate removals, it is responsible for the removal of 15%, 55%, 

38%, and 22% for TN, dissolved organic nitrogen (DON), nitrate and phosphate, 

respectively. CWs achieved a very high removal for some OMPs; they attenuated 

acetaminophen, caffeine, fluoxetine and trimethoprim (>90%) under different 

redox conditions. Moreover, it was found that increasing temperature (up to 36 C) 

could enhance the removals of atenolol, caffeine, DEET and trimethoprim by 17%, 
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14%, 28% and 45%, respectively. On the other hand, some OMPs, were found to 

be removed by vegetation such as: acetaminophen, caffeine, fluoxetine, 

sulfamethoxazole, and trimethoprim. Moreover, atenolol, caffeine, fluoxetine and 

trimethoprim, showed high removal (>80%) through SAT system. It was also 

found that, temperature increasing and using primary instead of secondary effluent 

could enhance the removal of some OMPs.  

The CWs performance study showed that these systems are adapted to the 

prevailing extreme arid conditions and the average percent removals are about, 

88%, 96%, 98%, 98% and 92%, for COD, BOD and TSS, ammonium and 

phosphate, respectively. 

Additionally, the natural hybrid system (CW-SAT) can provide an effective 

treatment technology of reclaimed water for replenishing aquifers and subsequent 

reuse. This hybrid system embodied the performance advantages of both processes 

and exhibits a high potential for removal of OMPs, nutrients, metals as well as 

pathogens, bacteria and viruses.  
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 1.1.Background  

There is a growing pressure on water resources resulting from increases in 

population and thus increasing water demands. Nowadays, treated 

wastewater is considered one of the important water resources in many parts 

of the world. Treated wastewater has the potential to become an important 

source for all domestic purposes, but the quality of the treated wastewater is a 

potential constraint, depending on the specific (re)use.  

The principal objective of wastewater treatment is generally to allow 

domestic and industrial effluents to be disposed of or reused without danger 

to human health or unacceptable damage to the natural environment. The 

high costs of conventional wastewater treatment methods encourage more 

studies to investigate lower-cost treatment methods which make these 

appropriate for developing countries and at the same time equally applicable 

in developed countries.  

A number of emerging organic micropollutants (OMPs) such as pharmaceutically 

active compounds (PhACs), personal care products (PCPs), and different levels of 

nutrients have been detected in treated wastewaters which may eventually impact 

surface and ground waters. It is estimated that worldwide consumption of PhACs 

amounts to some 100,000 tons or more per annum with about 3000 different 

substances being used in medicine in the European Union (Li et al., 2009). It is 

known that PhACs, which have human health and some toxicity effects, are not 

effectively removed by conventional wastewater treatment methods and have 

become a new aquatic environmental problem due to the widespread use of drugs 

in last decades. Conventional treatment techniques can effectively remove various 

organic compounds, however some OMPs (e.g. carbamazepine, fluoxetine, and 
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thiabendazole) are relatively refractory in terms of these technologies. PhACs and 

PCPs comprise a very broad, diverse collection of more than 8,000 chemicals, 

including prescription and over-the-counter drugs, fragrances, cosmetics, sun 

screen agents, diagnostic agents, and many other compounds. Furthermore, tools 

for detecting OMPs at very low concentrations have only recently been 

developed. Therefore, there is a need to develop an effective treatment technology 

that can reduce concentrations of OMPs, including PhACs and PCPs efficiently. 

Wastewaters normally contain organic matter and are high in different nitrogen 

species, phosphorous as well as fecal coliform bacteria. Most wastewater treatment 

plants usually focus on reducing organic matter and suspended solids loads to limit 

pollution of the environment. 

 Natural wastewater treatment systems (NWTSs); constructed wetlands (CWs) and 

soil aquifer treatment (SAT); are becoming more popular as a wastewater 

treatment alternative. They are simple and efficient methods to treat the wastewater 

produced by our societies compared to conventional techniques. Their extreme 

simplicity in construction, operation and maintenance make these natural systems 

competitive with conventional wastewater treatment methods. 

NWTSs rely on natural processes comprising a combination of physical, chemical 

and biological removal mechanisms for water quality improvement. These systems 

have been applied for wastewater treatment and reuse around the world. 

SAT is a sustainable removal method for impurities like PhACs in water, which 

requires low energy and no chemicals. It can also substitute for tertiary or 

advanced wastewater treatment which in turn minimizes use of chemicals and 

energy. Furthermore, CWs show better removal of some trace organic compounds 
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than conventional treatment systems. 

1.2. Literature review         

Wilson (1995) pointed out that a large fraction of dissolved organic carbon (DOC) 

is removed near the infiltration interface within a depth of 1 m and within days. 

Because easily biodegradable organic carbon is removed during SAT, the 

composition of the organic carbon present in product waters is primarily natural 

organic matter and soluble microbial products (Drewes and Fox, 2000). DOC and 

most of the anthropogenic compounds are removed during SAT (Fox, 2002). Fox, 

et al. (2005) demonstrated that soil aquifer treatment can remove organic carbon 

without any accumulation from adsorption that might eventually lead to 

breakthrough.  Drewes and Fox (1999) found that the dissolved organic carbon in 

reclaimed water is composed of easily biodegradable organic carbon, natural 

organic matter, soluble microbial products, and anthropogenic compounds. The 

mechanisms of removal of organic carbon during SAT have been characterized as 

a combination of biodegradation and adsorption (Rice and Bouwer, 1984).  

 Laboratory research has shown that SAT is a carbon-starved system and the 

additional organic carbon in the primary effluent is easily consumed by the soil 

bacteria (Lance, et al., 1980). In their research, Rice and Bouwer (1984) found that 

SAT of primary effluent is capable of producing renovated water of equal or better 

quality than when using secondary effluent, and the soil system can handle the 

higher organic carbon load of the primary effluent and provide adequate removal 

of bacteria and viruses. Rice (1974) demonstrated that infiltration rate is highly 

dependent on the suspended solids concentrations (SS). The dissolved organic 

carbon concentration decreased more than 90% during SAT according to Quanrud, 

et al. (2003). Sattler et al. (2005) found significant removals of DOC up to 75%, 
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and these DOC removals were accompanied by almost complete removal of DON; 

they mentioned that the SAT process can remove pharmaceutically active and 

endocrine disrupting compounds effectively by aerobic and/or anoxic 

biodegradation although some pharmaceutical active compounds (e.g. 

carbamazepine and primidone) have been shown to persist through SAT. SAT is 

considered to be a sustainable advanced wastewater treatment process that can play 

an important role in a multi-barrier, indirect potable reuse system.  The primary 

effluent would have a higher BOD and suspended solids content than secondary 

effluent, resulting in lower hydraulic loading rates for the SAT system and 

requiring more frequent basin cleaning (Rice and Bouwer 1984). However, 

elimination of the secondary (biological) step in conventional (pre)treatment of the 

effluent would result in very significant cost savings for the overall system. 

However, there is still the added complexity of needing an external primary 

sedimentation step and associated treatment/disposal of primary solids. In their 

study, Idelovitch et al. (2003) found that a high removal efficiency of organic 

components was obtained, which confirmed that the SAT process performs as a 

biological treatment process.  

Nitrogen species present in the treated water usually include various forms of 

inorganic and organic nitrogen. Nitrification is a two-step process: Nitrosomonas 

bacteria convert ammonium and ammonia to nitrite first, then, Nitrobacter 

bacteria convert nitrite to nitrate. The reactions are generally coupled and proceed 

rapidly to the nitrate form; therefore, nitrite levels at any given time are usually 

low.  

The biological reduction of nitrate (NO3
-
) to nitrogen gas (N2) by heterotrophic 

bacteria is called denitrification. Heterotrophic bacteria need a carbon source as 
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food to live. “Facultative” bacteria can get their oxygen by taking dissolved 

oxygen out of the water or by taking it off of nitrate molecules. Denitrification 

occurs when oxygen levels are depleted and nitrate becomes the electron acceptor. 

The process is performed under anoxic conditions, when the dissolved oxygen 

concentration is less than 0.5 mg/L, ideally less than 0.2. When bacteria break 

apart nitrate (NO3
-
) to gain the oxygen (O2), the nitrate is reduced to nitrous oxide 

(N2O), and, in turn, nitrogen gas (N2). Since nitrogen gas has low water solubility, 

it escapes into the atmosphere as gas bubbles.  

The formula describing the nitrification reaction follows: 

6NO3
-
 + 5CH3OH  3N2 + 5CO2 + 7H2O + 6OH

-
 

A carbon source (shown in the above equation as CH3OH) is required for 

denitrification to occur. 

In an SAT simulation study, Abel (2012) found that ammonium can be reduced to 

>95% under aerobic conditions, generating nitrate species.  It was also found that 

SAT systems removed about 60% and 70% of nitrate and total nitrogen in the 

treated water, respectively (Idelovitch et al., 2003).  

Depth-dependent
 
oxygen concentrations and aqueous-phase total ammonia and 

nitrate/nitrite ion concentrations
 
were measured in the field during the infiltration 

of wastewater
 
effluent. Measurements illustrated the dependence of nitrogen fate 

and transport
 

on oxygen availability. Infiltration basins were operated by 

alternating wet
 
(infiltration) and dry periods. During infiltration periods, ammonia 

was removed
 
within the top few feet of sediments via adsorption. Biochemical

 

activity rapidly eliminated residual molecular oxygen in the infiltrate, making
 
the 
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soil profile anoxic. During dry periods, oxygen reentered the
 
basin profile and 

sorbed ammonia was converted to nitrate via
 
nitrification. Oxygen penetrated to a 

depth of about 0.6 m (2 ft) within
 
the first few days of dry periods. At greater 

depths,
 
oxygen levels increased more slowly due to a combination of

 
slow 

transport kinetics and biochemical (nitrogenous) oxygen demand. During normal
 

wet/dry basin cycles consisting of about 4 wet and 4
 
dry days, the local vadose 

zone remained anoxic at depths
 
greater than about 1.5 m (5 ft) below land surface. 

As a consequence,
 
conditions for denitrification were satisfied in the deeper 

sediments. That
 
is, the nitrate nitrogen produced near surface sediments moved

 

freely downward with infiltrating water where it encountered an extensive
 
anoxic 

zone before reaching local monitoring or extraction wells. The
 
relative importance 

of dissolved organics and sorbed ammonia as electron
 
donors for denitrification 

reactions remains to be established (Miller et al., 2006). 

According to his report for US EPA, Renee Lorion (2001) reported that 

constructed wetlands can mimic the filtration processes of natural wetlands, 

effectively removing contaminants from wastewater. Successful applications 

for the treatment of municipal wastewater have led to the exploration of the 

technology for the treatment of other wastewater, including industrial, 

agricultural, acid mine drainage, storm water, landfill leachate, and urban 

and airport runoff.  Lorion (2001) also pointed that the cost for design, 

construction and implementation can be considerably lower than other 

wastewater treatment options. 

Constructed wetlands are an option for nitrogen removal from wastewater 

treatment plants and are highly acceptable as cleansing systems connected to 

ordinary wastewater treatment plants with insufficient biological treatment 
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(Woirman and Kronnas, 2005). Wastewater treatment in aquatic macrophyte 

systems occurs through several mechanisms, which include solid settling, 

plant uptake of contaminants, biotransformation, and physical and chemical 

reactions (Sooknah and Wilkie, 2004).  

 Nitrification and denitrification, which depend on different dissolved 

oxygen concentration environments, are considered to be the most important 

processes in about 90% of the nitrogen removed. In most conventional CWs, 

the limitation of nitrogen removal is the lack of sufficient nitrification due to 

the shortage of dissolved oxygen in the wastewater (Chen et al., 2008).  

Sediments in CWs are of great importance to living organisms and provide 

storage for many nutrients. Their permeability affects the wastewater flow 

through the CW in which chemical and biological transformations by 

microorganisms and plants occur (Calheiros et al., 2007).  

The growing volume of wastewater carries a wide array of chemicals, 

including PhACs and PCPs, which are used in ever increasing quantities by 

our society. The fate of OMPs in the environment is a complex issue. First, 

there are thousands of chemicals used during the manufacturing of PhACs and 

PCPs. Second; the different types of chemicals react differently in the 

wastewater treatment processes. Third, there are many different wastewater 

treatment processes employed to reduce nutrients, solids, and chemicals. 

Several studies have evaluated removal efficiency of OMPs by different 

treatment processes (Snyder et al., 2007; Miege et al., 2008). These include 

reverse osmosis, ozonation, membrane bioreactors, constructed wetlands, and 

riverbank filtration (Snyder et al., 2007; Drury et al., 2006; Kimura et al., 
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2005; Barber et al., 2006; Heberer et al., 2004, respectively). 

None of the processes evaluated has been found to remove 100% of all OMPs. 

Some treatment processes effectively reduce some pharmaceuticals down to 

very low levels, while other pharmaceuticals remain refractory to removal by 

conventional secondary or tertiary wastewater treatment. OMPs resistant to 

treatment include: carbamazepine, fluoxetine, clofibric acid, mefenamic acid, 

phenazone, diclofenac, and dimethylaminophenazone (Kinney et al., 2006; 

Kimura et al., 2005; Miege et al., 2008; Rounds et al., 2009; Ternes, 1998). 

1.3. Natural wastewater treatment systems (NWTSs): 

Wastewater treatment can be an effective way to protect the environment and 

public health, and reuse water safely. Serious interest in natural techniques 

for waste treatment has reemerged all over the world. Land application of 

wastewater was the first “natural” technology to be rediscovered. In the 19th 

century it was the only method for waste treatment, but it gradually faded 

from use with the invention of conventional techniques. 

Land treatment of wastewater became recognized and accepted by the 

engineering profession as a viable treatment concept during the recent 

decades and it is now considered routinely in project planning and design. 

Aquatic and wetland concepts are relatively new developments with respect 

to utilization of wastewaters and sludge.  

Treatment systems based on natural degradation processes, such as 

stabilization ponds and constructed wetlands, are particularly suited for 

domestic wastewater treatment where sufficient land is available, because 

they require little or no energy, are relatively simple to operate, and show 



 
 

 
 

28 

reliable treatment performance. 

Constructed wetlands (CWs) and managed aquifer recharge (MAR) 

including [aquifer recharge and recovery (ARR), river bank filtration (RBF), 

and soil aquifer treatment (SAT) - whereby the soil and aquifer act 

synergistically in a treatment process- are simple, cost-effective, robust, 

chemical-free, and efficient methods to further polish wastewater effluents.  

They can be applied to primary or secondary effluents (except RBF), 

allowing the removal of most bacteria and other microorganisms and the 

degradation of bulk organic matter. SAT can remove part of the nutrients and 

degrade different OMPs, while CWs are good in removing bulk organics 

(COD, BOD) and, suspended solids. NWTSs are used throughout the world 

for wastewater treatment – to enhance reclaimed water quality to be reused 

for different purposes such as groundwater recharge. RBF can be considered 

to be a robust treatment system able to maintain its active processes through 

extreme scenarios such as temperature changes, high contaminant 

concentration peaks, and shorter residence times due to flood events 

(Schmidt et al., 2007).  

The physical, chemical and, most importantly, biological processes that occur 

in CWs and SAT systems include settling, microbial oxidation, anaerobic 

decomposition, nitrification, denitrification, adsorption, desorption, and 

precipitation. CW systems use many plants such as cattails and bulrushes, with 

their associated bacterial populations, to break down contaminants into 

relatively innocuous byproducts. Thus, CWs can effectively treat domestic 

wastewater, industrial wastewater, animal wastewater, contaminated 
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groundwater, mine waste, urban runoff, and other contaminated waters (Kadlec 

and Wallace, 2008). 

CWs and SAT can be applied to primary or secondary effluents, allowing the 

removal of most bacteria and other microorganisms and the degradation of bulk 

organic matter. SAT can also remove part of the nutrients and a wide range of 

organic micropollutants (OMPs), while CWs are efficient in removing bulk 

organics and, suspended solids. It is likely that hybrid or integrated systems of 

different natural treatment systems are more effective for water reclamation and 

provides multiple barriers for different contaminants. 

1.3.1. Soil Aquifer Treatment 

SAT is a land treatment process in which wastewater is treated while it percolates 

through the soil matrix. Water quality is improved through different physical, 

chemical and, very importantly, biological removal mechanisms. Wastewater 

treatment using the soil profile during soil aquifer treatment has been practiced for 

over 100 years. SAT technology has been applied especially in places where 

groundwater resources have been overexploited in order to augment water supply. 

The use of SAT systems is becoming a common practice all over the world as a 

means of achieving additional water treatment benefits and storage of water to 

meet the growing water demand by reuse of wastewater. SAT systems have been 

in operation for more than 40 years, such as the Montebello Forebay project 

located in Los Angeles County, California, USA (Asano, 1998). On the other hand, 

water from the Rhine river pumped into forested recharge basins (65000 m
3
/d) has 

been in operation since 1920, which seems to be a unique practice (Ruetschi, 

2000). 
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The recharged water is stored in the aquifer and then recovered for reuse especially 

indirect portable reuse, an attractive water management concept. Treatment levels 

of municipal wastewater prior to soil aquifer treatment can be primary, secondary 

and advanced wastewater treatment. SAT removes organic materials, microbes 

(bacteria, viruses, and protozoa), nitrogen (ammonia and nitrate) and other 

impurities in impaired water (Sharma 2010). Some organic micropollutants 

including pharmaceuticals are also removed to some extent during SAT. 

Performance in water quality improvement is dependent on soil type and depth, 

hydraulic loading rate, and degree of pretreatment (Crites, 2000).  

During SAT, treated wastewater is intermittently ponded in the surface spreading 

basins to recharge groundwater. The ponded wastewater percolates through an 

unsaturated soil or vadose zone to an underlying, unconfined aquifer for storage. 

Then, the recharged water is available for reuse through recovery wells. Previous 

studies indicated that the performance of SAT systems is primarily controlled by 

soil type, effluent pretreatment and wet and dry cycle times (Quanrud, 1996; 

AWWA Research Foundation, 1998; Houston, 1999). Depending on these factors, 

significant improvements in water quality can be obtained. The major water quality 

concerns associated with reuse of wastewater subjected to SAT include dissolved 

organics, nitrogen species, and pathogens. These contaminants present in the 

wastewater effluent are removed or transformed by physical, chemical and/or 

biological processes in the vadose zone, primarily, and subsequently in the aquifer. 

SAT has proven very effective in removing total nitrogen and viruses when 

applying secondary effluent (Sattler et al, 2005).   

 Groundwater recharge with reclaimed water is considered one of the practical 

methods for replenishing aquifers used for domestic purposes, especially in arid 
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areas; also rapid infiltration from spreading basins is widely used as a recharge 

method (Bouwer et al., 1984), and sometimes direct injection for reclaimed water 

takes place when land is not available or the geology is inappropriate for spreading 

basins. Percolation through the unsaturated zone and subsequent groundwater 

transport and storage provide final treatment of the reclaimed water such that the 

extracted water can be used for non-potable as well as for potable purposes (Fox et 

al., 2005).   

A schematic representation of SAT is shown in Figure 1.1. A high degree of 

upgrading can be achieved by allowing partially treated sewage effluent to 

infiltrate into the soil and move down to the groundwater. The unsaturated zone 

then acts as a natural filter and can remove essentially all suspended solids, 

biodegradable materials, bacteria, viruses, and other microorganisms. Significant 

reductions in nitrogen, phosphorus, and heavy metals concentrations can also be 

achieved.  

 

Figure 0.1.1: Schematic layout of Soil Aquifer Treatment (Source: Fox et al., 

2005). 

 

After the sewage, treated in passage through the vadose zone, has reached the 

groundwater it is usually allowed to flow some distance through the aquifer before 
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it is collected. This additional movement through the aquifer can produce further 

purification (removal of microorganisms, precipitation of phosphates, adsorption 

of synthetic organics, etc.) of the sewage. It also has an aesthetic advantage over 

conventionally treated sewage in that water recovered from an SAT system is not 

only clear and odor-free but it comes from a well, drain, or via natural drainage to 

a stream or low area, rather than from a sewer or sewage treatment plant. Thus, the 

water has lost its connotation of sewage and the public sees it more as coming out 

of the ground (groundwater) than as sewage effluent. This could be an important 

factor in the public acceptance of sewage reuse schemes.  

Sewage water should travel a sufficient distance through the soil and aquifer, and 

residence times in the SAT system should be long enough to produce renovated 

water of the desired quality. Most of the quality improvement of sewage effluent 

moving through SAT system occurs in the top 1m of soil. However, longer travel 

is desirable because it gives more complete removal of microorganisms and 

"polishing" treatment. 

The best protection against breakthrough of pathogenic microorganisms in the 

renovated sewage water from SAT systems is to reduce bacterial levels in the 

sewage effluent before infiltration, to avoid coarse textured materials in the SAT 

systems, and to allow long underground travel distances and retention times 

(Bouwer,1985: Bouwer and Chaney,1974: Gerba and Goyal ,1985). 

1.3.2 Constructed Wetlands (CWs)      

CWs are engineered systems that have been designed and constructed to utilize the 

natural processes involving wetland vegetation, soils, and associated microbial 

assemblages to assist in treating wastewaters. Wetlands are essentially shallow wet 
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ponds; shallowness allows rooted wetland plants to flourish. Plants, algae, 

microorganisms, and the soil remove dissolved pollutants while suspended solids 

and attached pollutants settle. CWs have been increasingly used throughout the 

world because of their efficiency and low cost; they can be used for primary, 

secondary and tertiary treatment of wastewater and storm water as well, and their 

effluents can meet the high standards required for reclaiming the water if they well 

designed and maintained. Currently, they are about 8,000 subsurface constructed 

wetlands in North America being used to treat various waste streams (Kadlec, 

2003), and more than 1,500 CWs have been built in the last two decades in China 

only (Yin and Cui, 2006). 

Treatment wetlands are designed to take advantage of many of the same processes 

that occur in natural wetlands, but do so within a more controlled environment. 

Some of these systems have been designed and operated with the sole purpose of 

treating wastewater, while others have been implemented with multiple-use 

objectives in mind, such as using treated wastewater effluent as a water source for 

the creation and restoration of wetland habitat for wildlife use and environmental 

enhancement. 

Developing countries usually consider CWs to be one of the most promising 

technologies in wastewater treatment due to their low cost, simple operation and 

maintenance, low secondary pollution and agreeable environmental aspects (Chen 

et al., 2008). Constructed wetlands treatment systems, based on their hydrology are 

divided into two general categories: subsurface flow (SSF) systems and free 

water surface (FWS) systems. SSF systems are designed to create subsurface 

flow through a permeable medium, keeping the water being treated below the 

surface, thereby helping to avoid the development of odors and other nuisance 
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problems. Such systems have also been referred to as "root-zone systems," "rock-

reed-filters," and "vegetated submerged bed systems." The media used (typically 

soil, sand gravel or crushed rock) greatly affect the hydraulics of the system. FWS 

systems, on the other hand, are designed to simulate natural wetlands, with the 

water flowing over the soil surface at shallow depths. Both types of wetlands 

treatment systems typically are constructed in basins or channels with a natural or 

constructed subsurface barrier to limit seepage.  

CWs are attractive for wastewater treatment at a household or community level 

and at a larger scale also for the removal of nutrients to minimize the 

eutrophication potential of the receiving water bodies. They are an established 

technology in many water reuse schemes, and in addition also offer ancillary 

benefits such as biomass production, habitat provision and landscape improvement 

(Rousseau et al., 2008). The typical hydraulic loading rates for CWs range from 

10-20 m/year for secondary treatment and 50-100 m/year for tertiary treatment. 

Different hydraulic loading rates are applied depending on the type of CWs.  

The most widely used concept of constructed wetlands in Europe is that with 

horizontal sub-surface flow (Figure 1.2). The design typically consisted of a 

rectangular bed planted with the common reed (phragmites australis) and lined 

with an impermeable membrane. Mechanically pre-treated wastewater is fed in at 

the inlet and passes slowly through the filtration medium under the surface of the 

bed in a more or less horizontal path until it reaches the outlet zone where it is 

collected before discharge via level control arrangement at the outlet. 
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Figure 1.0.2: Sketch graph for the subsurface horizontal constructed wetlands 

 

During the passage of wastewater through the reed bed the wastewater makes 

contact with a network of aerobic, anoxic and anaerobic zones. Based on 

(Vymazal, 2005), K. Seidel developed this concept in the late1960s in Germany. 

Seidel designed the system with filtration material with high hydraulic 

conductivity. After that, Reinhold Kickuth, from Gottingen University, developed 

another system under the name of Root Zone Method. Kickuth’s system differed 

from Seidel’s system in the use of cohesive soils with high clay content. The first 

full-scale horizontal flow (HF) Kickuth’s type CWs for treatment of municipal 

sewage was put in operation in 1974, (Vymazal, 2005). 

Although a created wetland may be structurally similar to a natural wetland, its 

hydrology differs greatly from that of the natural wetland if the permeability of the 

substrates differ (O'Brien, 1986). In addition to differences in permeability, soils in 

CWs commonly have a smaller amount of organic matter than soils in similar 

natural wetlands. As water flows through a natural wetland, it slows down and 

many of the suspended solids become trapped by vegetation and settle out. Other 

pollutants are transformed into less soluble forms taken up by plants or become 
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inactive. Nutrients, such as nitrogen and phosphorous, are deposited into wetlands 

from the applied wastewaters, these excess nutrients are often absorbed by wetland 

soils and taken up by plants and microorganisms. Wetland microbes can convert 

organic nitrogen into useable, inorganic forms, which are necessary for plant 

growth, and into gases that escape to the atmosphere (EPA Bulletin, 2004). The 

problem in constructed beds, where soil is used as medium, is the low hydraulic 

conductivity, which results in surface flow and thereby a short retention time 

within the system.  

It has been known from decades of European and North American research that 

constructed and natural wetlands can be used to clean polluted waters through 

various physical, chemical and biological processes. These wetlands can remove 

nutrients, metals and other problematic substances from wastewater prior to 

discharge in the natural environment.  

The plants that are most often used in CWs are persistent emergent plants, such as 

bulrushes (Scirpus), spikerush (Efeocharis), other sedges (Cyperus), rushes 

(Juncus), common reed (Phragrnites australis), and cattails (Typha). Phragrnites 

australis are the most applicable plants for wetlands (USDA and USEPA et al. 

1995).  

However, there is no specific size of the CWs as it depends on different factors, for 

instance in tropics the conditions are good for the plants to grow rapidly so a small 

area would be needed to treat the same water quality, as is needed in temperate 

zones. 

1.3.3 OMPs removal by NWTSs  

Snyder et al. (2004) explained that many treatment types exist for removal of 
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PhACs. Drinking water treatment processes (e.g. advanced oxidation) are one of 

the efficient methods that are capable of removing a wide range of OMPs. PhACs, 

PCPs and EDCs are removed at different levels depending on the used treatment 

method.  

The main processes responsible for removal of these trace compounds are 

biodegradation and sorption processes that occur during the treatment.  

Despite their removal potential for PhACs, conventional or advanced water 

treatment processes use chemicals, require high energy, are not easy to operate, 

and need frequent operation and maintenance work. On the other hand, apart from 

contributing pollutant introduction to ground water during its application for 

aquifer recharge (Drewes et al. 2003; Hochstrat et al. 2010), SAT is a natural and 

sustainable removal method of impurities like PhACs in water which requires less 

energy. SAT could also substitute for tertiary or advanced wastewater treatment 

which in turn minimizes use of high chemicals and energy (Sharma, 2010). SAT is 

widely used in the world as a natural treatment for removal of trace organic micro 

pollutants like PhACs (Amy and Drewes, 2007; Baumgarten et al. 2010; Sharma, 

2010). Furthermore, CWs show better removal of OMPs than conventional 

treatment systems as shown in Figure 1.3.  The better removals of OMPs in natural 

systems is due to the long retention time through the natural systems in general and 

the plant uptake in CWs 
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Figure 1.0.3: comparison of OMPs removal through CWs and conventional 

treatment systems, (source Conckl et al., 2008). 

1.4 Problem Identification 

There is need for a clear understanding of the performance of different 

natural treatment systems (CW and SAT) for removal of different 

contaminants from wastewater (effluents). Removal mechanisms for 

different water qualities and process conditions are important for selection of 

a suitable wastewater treatment and reuse system. By combining the 

attributes of SAT and CW, shortcomings and constraints of either of these 

systems can be overcome and there can be synergy in achieving 

comprehensive, low-cost and sustainable wastewater treatment and reuse.  

The following are the main research questions that will be answered during 

the research: 

1) How, mechanistically, are bulk organic matter, nutrients and organic 

micropollutants removed from wastewater during soil passage (SAT) and CWs 

under different climatic (temperature) and redox conditions? 
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2) What are the options for footprint reduction of CWs systems while at the same 

time maintaining, or even further improving, their performance? 

3) What are the benefits of a natural hybrid treatment system (CW and SAT); 

which is the best sequence (CW before SAT) or (CW after SAT)? 

1.4.1 Research hypotheses and objectives 

1.4.1.1 Hypotheses 

Six hypotheses have been developed based on the literature survey. Each 

hypothesis is elaborated below along with brief statement supporting its 

development. 

(i) Soil aquifer treatment and constructed wetlands can remove 

effluent organic matter (EfOM), natural organic matter (NOM), 

nutrients (N and P), and a wide range of organic micropollutants 

(OMPs) under different redox conditions.  

 

Both EfOM and NOM show heterogeneity with respect to organic fractions and 

they can be characterized by molecular weight distribution, size exclusion 

chromatography, specific ultraviolet absorbance, fluorescence and carbon-13 

nuclear magnetic resonance spectroscopy (Drewes et al., 2006). EfOM has a 

greater biodegradable organic carbon fraction than that of drinking water NOM. 

Therefore, more viable biomass and a variety of microorganisms can enhance the 

degradation of bulk organic matter. Biodegradable dissolved organic carbon 

(BDOC) limits soil biomass growth during soil infiltration of conventionally 

treated effluents (Rauch-Williams and Drewes, 2006). The removal of different 

organic fractions (NOM, EfOM, and synthetic additives such as glucose and 
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glutamic acid) has shown a positive correlation with respect to total viable biomass 

in column studies (Rauch and Drewes, 2005). 

The biodegradable fraction of bulk organic matter will be a limiting factor in 

the biomass development, and total viable biomass will play an important role 

in degrading organic compounds such as estrogens (Ternes et al., 1999). 

Therefore, total viable biomass in soil may impact the organic matter 

degradation rate. Also, changes in redox conditions during SAT may 

significantly influence the degradation kinetics of organic compounds. Redox 

conditions may drive the fate of OMPs in the environment and impact both the 

rates and mechanisms of micropollutants transformation. 

A lake bank filtration study showed the effect of variable redox conditions on the 

behavior of a number of PhACs including cabamazepine, phenazone, and several 

phenazone-type PhACs. However it was found that phenazone is redox sensitive 

and was generally fully degraded as long as oxygen was present, and when 

conditions turned anaerobic, phenazone was not fully eliminated (Massmann et al., 

2006).  

Experiments on biodegradability of emerging OMPs under different redox 

conditions should be applied to advance the prediction of SAT systems and enable 

management of the risk of PhACs during artificial aquifer recharge.  

Redox conditions play an important role for phenazone-degrading bacteria in 

removing phenazone-type pharmaceuticals; for instance, phenazone-type 

pharmaceuticals are a redox sensitive and can be fully degraded during winter 

when oxygen concentration is high. Furthermore, in subsurface flow CWs used 

for domestic wastewater treatment, oxygen availability is one of the main rate-
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limiting factors for removal of carbonaceous and nitrogenous compounds 

(Nivala et al., 2012). Physical-chemical parameters (especially dissolved 

oxygen and redox potential) determine the dominant microbiological 

populations present in CWs and the metabolic pathways that will take place for 

OMPs.  

In CWs, it was found that artificial aeration had the strongest influence on oxygen 

availability, and increased nitrogen removal by 11% on average (Maltais-Landry et 

al., 2009).  

A positive linear correlation appeared between redox potential and ibuprofen, 

diclofenac, salicylic acid and carbamazepine removal efficiencies. High redox 

potentials are related to aerobic conditions and, therefore, aerobic metabolic 

pathways are deduced for the degradation of persistent OMPs. However, a 

negative correlation was detected for caffeine, methyl dihydrojasmonate, 

galaxolide and tonalide removal but only for low redox potential values 

(Hajosa-Villacorta, 2010).  

(ii) The presences of different concentrations of different nitrogen 

species (NO3 or NH4) as well as redox conditions affect the removal 

of OMPs during managed aquifer recharge. 

Occurrence of nitrogen in soil in the forms of ammonium and nitrate depends on 

the wetting and drying cycles during SAT operation. In the case of wet cycles, 

ammonium is adsorbed onto soil particles because of oxygen deficiency. During 

the dry cycle, as air penetrates into the soil, the adsorbed ammonium undergoes 

oxidation and is transformed to nitrate. Nitrate is more mobile and is transported 

with water to the unsaturated zone. In the presence of carbon, heterotrophic 
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microbes transform nitrate into nitrogen gas through the de-nitrification process 

(Fox et al. 2001). With sufficient organic carbon, nitrate is converted to nitrogen 

gas. According to Fox et al. (2001) anaerobic oxidation of ammonia 

(ANAMMOX) may exist in SAT systems due to the fact that the many systems are 

highly efficient in denitrifying ammonia without having sufficient C: N ratio 

required for heterotrophic denitrification. Most SAT systems have a C: N ratio of 2 

or less. 

Conn et al. (2009) conducted a field-scale test using sandy loam soil in Golden, 

Colorado, USA to understand the fate of selected trace organic compounds during 

soil treatment in the vadoze zone under conditions of different influent quality and 

different HLR.  

General performance aspects of SAT have been known for a long period of time. 

However, little is known about the effect of ammonium or nitrate on removal of 

pharmaceuticals through SAT processes. The current research aims to contribute 

its findings on these knowledge gaps. 

(iii) Plant (Phragmites Australis) availability enhances nutrients and 

organic micropollutants removals, and plant uptake may be one of 

the OMP removal mechanisms through constructed wetlands.  

The presence of plants is one of the most conspicuous features of wetlands and 

their presence distinguishes constructed wetlands from unplanted soil filters or 

lagoons. The macrophytes growing in constructed wetlands have several properties 

in relation to the treatment process that make them an essential component of the 

design (Brix, 1997). Plants are generally considered beneficial in CWs; they can 

take up and assimilate nutrients, act as an anchoring surface for biofilms, pump 
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and release oxygen to the bottom of CWs systems, and retain suspended particles 

and they insulate against low temperature (Tanner, 2001; Kyambadde et al., 2004). 

Zhang et al. (2010) demonstrated that the diversity and community-level 

physiological profiles of the microbial community in a full-scale VSSF CWs 

strongly depended on the presence or absence of plants in CWs. 

Most studies have shown that vegetated HF CWs systems achieve higher treatment 

efficiency than unplanted filters. The vegetation has mostly a positive effect, i.e., 

supports higher treatment efficiency for organics (BOD and COD) and nutrients 

such as TKN, NH4, TN and TP (Al-Omari et al., 2003). This could be due to plant 

uptake and increase of oxygen supply to the rhizosphere through plant roots as 

compared to unplanted filters. Maltais-Landry et al. (2009) found that plant uptake 

is responsible for around 20% of the removals of different nitrogen species in 

CWs. On the other hand, plants have usually no effect on removal of suspended 

solids indicating that retention of suspended solids is mainly through abiotic 

filtration processes (Vymazal, 2011).  

Moreover, the presence of plants favored the degradation of naproxen, ibuprofen, 

diclofenac, caffeine, galaxolide and tonalide. Phragmites Australis exhibited a 

better performance (especially in summer) than Typha angustifolia (Hijosa-Valsero 

et al., 2010).  

(iv) High temperatures can enhance nutrients and organic 

micropollutants removals through constructed wetlands and soil 

aquifer treatment. 

Water temperature plays an important role in the performance of CWs and SAT 

and is also often used as a tracer to estimate travel times. Temperature affects 
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bacterial production and abundance, and biodegradation is an important 

mechanism in removing bulk organic matter during RBF and SAT (Miettinen et 

al., 1996; Maeng et al., 2008). Massmann et al. (2006) found that reduced 

microbial activities from the low temperature of pond water during winter induced 

more oxic conditions below the ARR recharge basin at Lake Tegel. Miettinen et al. 

(1996) observed that the buffering effect of the ground on temperature for a lake 

BF site (Lake Kallavesi, Finland) with a short residence time (e.g., 1 week) was 

weak, resulting in high seasonal variation in microbial activity. Therefore, 

temperature variation is an important monitoring parameter for SAT systems.  

Temperature is a growth parameter for organisms and so water temperatures 

during summer may increase the growth activity of degrading bacteria. The 

solubility of oxygen in water is strongly temperature dependent, with high 

solubility at lower temperature. Several biogeochemical processes that regulate the 

removal of nutrients in wetlands are affected by temperature, thus influencing the 

overall treatment efficiency.  

While some studies have shown better PhAC removals during winter (e.g. 

phenazone-type pharmaceuticals), other studies (Vieno et al. ,2005) showed that 

cold seasons (low temperature) can severely increase the environmental risk of 

pharmaceuticals (ibuprofen, naproxen, ketoprofen, diclofenac, and bezafibrate) for 

contamination of drinking water resources. However, it was found that the 

elimination of the PhACs decreased significantly in a wastewater treatment plant 

in wintertime (an average of 25% compared to spring and summer) leading to 

increased concentrations of PhACs in the effluent water. 
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The rate of phosphorous adsorption in CWs is controlled by soil pH and Eh (redox 

potential), adsorptive surface area and temperature. It was also found that nutrients 

(N and P) removals could be enhanced when the ambient temperature increases. N 

species removal (NH4
+
-N and NO3

-
N) exhibited some seasonal trends; removal 

rates in the warm months were slightly higher than in cold months. However, 

lowest rates were observed in winter (Dzakpasu et al., 2011). Hill and Payton 

(1998) showed a weak correlation between water temperature with ammonia, 

nitrate and phosphorous removals through CWs. Ammonia, TKN and phosphorus 

removal efficiencies were higher when temperature increased, however, less 

temperature dependence was observed in case of BOD and COD (Akratos et al., 

2007).  

Significant linear correlations were observed  between some OMPs removal with 

high temperature in all types of CWs; in subsurface (SSF) CWs treatment: 

ibuprofen,  carbamazepine and  caffeine removals increased from winter to 

summer as following; 52% to 90% , 30% to 48% 62% up to 99% , respectively 

(Hijosa-Valsero et al., 2010).  

(v) Artificial aeration in constructed wetlands increases the treatment 

efficiency (especially for primary effluent), which reduces the 

needed surface area and subsequently the costs for domestic 

wastewater treatment.  

Available oxygen in CWs is an essential factor for bulk organic carbon degradation 

and transformation of ammonium-nitrogen, both of which are oxygen-limiting 

processes (Hiley and Peter, 1995; Vymazal, 2007). Cludiane (2006) pointed out that 

artificial aeration is a promising approach to improve nitrogen removal efficiency in 

horizontal subsurface flow (HSSF) CWs. It was also found that limited artificial 
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aeration of domestic wastewater in the CWs enhanced the removal of ammonium, 

total nitrogen and BOD by controlling the dissolved oxygen concentrations between 

0.2 mg/L and 0.6 mg/L, however, no effects was observed on total phosphorous 

removal (Zhang, 2010). Ammonium removal increased from 50% to 93% after 

aeration through a pilot scale CW (Jamieson et al., 2003). Even so, little knowledge 

is known about the effect of artificial aeration in HSSF CWs on nutrients and OMPs 

removals. 

(vi) The hybrid natural system (constructed wetlands-soil aquifer 

treatment) can be an attractive and promising technology. This 

combination will improve the overall efficiency of a wide range of 

organic micropollutants, nutrients as well as microorganisms to 

produce a better water quality for different reuse applications. 

Research have been conducted around the world, to study the efficiency and 

capability of SAT and CWs to remove wastewater derived contaminants (residual 

organic matter, nitrogen, phosphorous and pathogenic microorganisms) through 

the natural, chemical and biological, processes associated with soils and plants, 

where the effluent of primary or secondary treatment is pumped into wetlands 

and/or infiltration ponds and then extracted via recovery wells.  

Synergies between these natural systems, CWs and SAT, will enhance the 

capability of micropollutants as well as nutrients, bacteria and viruses removals 

from different types of wastewater in a sustainable way, which cannot be achieved 

by SAT nor CWs alone. Furthermore, a CW/SAT hybrid system is a cost-effective, 

sustainable and efficient treatment technology, which is likely to promote water 

reuse for different applications.  
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Moreover, the potential of integration of applying CWs/ SAT either into hybrid or 

integrated processes under different environmental conditions, different water 

qualities and different types of CWs types will be investigated.  

1.4.1.2. Objectives 

The main objective of this research is to investigate the removals of nutrients 

and organic micropollutants (OMPs) during two natural wastewater 

treatment systems (SAT and CWs) and a CWs/ SAT hybrid system. Both 

primary and secondary wastewater effluents will be used during this study 

under different environmental and processes conditions. 

During this study the following issues will be evaluated within the context of 

the general goal of natural wastewater treatment: 

1. To evaluate the changes in the character of bulk organic matter 

through soil columns and CW beds, to simulate the impact of 

wastewater effluent during SAT and CWs under different oxidation 

reduction (Redox) conditions. 

2. To assess the removal efficiency of nutrients and OMPs through 

biodegradation and sorption during SAT and CWs. 

3. To investigate the fate and transport of nutrients and selected 

groups of organic micropollutants (OMPs) during SAT and CWs.  

4. To understand the temperature effect on the removal of organic 

matter, nutrients and selected OMPs, through SAT and CWs. 

5. To identify the vegetation role on the removal of organic matter, 

nutrients and selected OMPs in CWs 
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1.5 Structure of the Dissertation 

Chapter 1 is an introductory part, which introduces the goal and objectives of this 

study. Hypotheses and research questions formulated in this chapter guide the rest 

of the research.  

Chapter 2 describes the laboratory scale constructed wetlands (CWs) set-ups: 

design, used media, layout, vegetation and operation conditions. It illustrates, also, 

the composition of the used feed waters and identifies the water quality. At the 

end, it evaluated the performance of the used set-ups for water treatment and their 

capability to remove, nutrients and organic micropollutants (OMPs), under 

different operation conditions and identified the vegetation role in the treatment 

process, before discussed the results  

Chapter 3 describes the laboratory scale soil aquifer treatment (SAT) set-ups: 

design, filter media, layout and operation conditions. It explains, also, both, 

composition and quality, of the used feed waters. At the end, it evaluated the 

performance of the used set-ups for water treatment and their capability to remove 

nutrients and organic micropollutants (OMPs) under different environmental 

conditions, and discussed the results. 

Chapter 4 is focused on the application of SAT system under different conditions. 

It described the effect of, oxidation-reduction (Redox) conditions, on the removal 

of a selected group of OMPs. It, also, explained the effect of presence of, different 

nitrogen species (NO3
-
 and NH4

+
), under different aerobic and anoxic conditions 

on the OMPs removal, it included also, the effect of anaerobic ammonium 

oxidation (Anammox) conditions on the OMPs removal. 
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Chapter 5 is based on the performance of the novel hybrid natural wastewater 

treatment system. It describes the importance of hybridization between SAT and 

CW and the potential reduction of nutrients and OMPs, based on previous studies. 

It also describes the synergy between CW and SAT to remove both, nutrients and 

OMPs, using laboratory scale set-ups   

Chapter 6 is based on the performance of CWs in arid-semi arid areas. It identifies 

the available CWs in Gulf cooperation council (GCC) countries and describes the 

performance of selected examples in GCC countries.  It illustrates the efficiency of 

these CWs in nutrients and bacteria reduction.   

Chapter 7 contains the main conclusions of this study and also recommendations 

for future studies. 
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Chapter TWO 

 

Redox conditions, and plant and temperature effects on nutrients 

and organic micropollutants (OMPs) removals through horizontal 

subsurface flow constructed wetlands (HSSF CWs) 
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2.1 Introduction 

Constructed wetlands (CWs) have been increasingly used as a low-energy and 

efficient technique for the treatment of wastewater, driven by the rising cost of 

fossil fuels and increasing concern about climate change. They are inexpensive, 

with low energy required and no chemicals needed; it has been demonstrated that, 

compared to more conventional tank-based systems, these natural systems have 

achieved >60% lower capital cost, >60% lower operation and maintenance costs, 

and >30% less energy use (Smith et al., 2011). They are also efficient wastewater 

treatment systems that remove organic matter and nutrients (Kantawanichkul et. 

al., 2009; Sleytr et al., 2009; Zhao et al., 2009). CWs are engineered systems that 

have been designed and constructed to utilize natural processes involving wetland 

vegetation, soils, and associated microbial assemblages to assist in treating 

wastewaters (Vymazal, 2010). CWs can be classified as surface flow or subsurface 

flow CWs. The subsurface flow CWs can be either vertical flow CW (VFCW) or 

horizontal subsurface flow (HSSF) CW. VFCWs were originally introduced by 

Seidel to oxygenate anaerobic septic tank effluents. However, the VFCWs did not 

spread as quickly as horizontal flow CWs probably because of the higher operation 

and maintenance requirements due to the necessity to pump the wastewater 

intermittently on the wetland surface (Vymazal, 2005). 

Wastewater treatment technologies have been designed and constructed to purify 

wastewater with discharge to the environment or safe reuse. Urban wastewater 

often contains a variety of organic and inorganic compounds of anthropogenic and 

natural origin. CWs are efficient in bulk organic matter degradation, total 

suspended solids (TSS) removal, nutrients attenuation, and removal of bacteria and 
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other microorganisms. In their study, Hijosa-Valsero et al. (2011) found that CWs 

removed the organic matter and nutrients. They also found that temperature and 

redox potential affected the removal of chemical oxygen demand (COD), 

biological oxygen demand (BOD) as well as nutrients.  

CWs can be applied to primary or secondary effluents and have become one of the 

best alternative technologies for wastewater treatment (Mthembu et al., 2013) and 

the prospect of reuse for a sustainable management of water resources. (Lofrano et 

al., 2008). 

In recent decades, it has been found that urban wastewaters contain a wide 

variety of organic micropollutants (OMPs) such as pharmaceuticals active 

compounds (PhACs), personal care products (PPCPs), and their metabolites, 

originating from direct human intake and other personal care use (Stumpf et al., 

1999; Kim et al., 2007) before disposal in the sewerage system. Furthermore, since 

wastewater treatment plants (WWTPs) are not designed for removing OMPs, many 

of them are released into surface waters (Joss et. al., 2006) and, despite their low 

concentrations, their toxicological effects are unpredictable because of the large 

number and mixtures of these OMPs (Daughton and Ternes, 1999).  

Since the1990s, OMPs such as PhACs and their metabolites have been normally 

detected in surface water (Kolpin et al., 2002; Metcalfe, Miao, Koenig, & Struger, 

2003; Stumpf, 

Ternes, Wilken, Rodrigues,   Baumann, 1999  Ternes, 1998), groundwater 

(Barnes et al., 2004  Bund L nderausschuss f r Chemikaliensicherheit (BLAC), 

2003; Eckel, Ross, 

& Isensee, 1993; Heberer et al., 2004), and sometimes in drinking water (Boyd, 
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Reemtsma, Grimm, & Mitra, 2003; Mittelstaedt, 2003; Stan, Heberer, & 

Linkerhagner, 

1994). These PhACs are mainly human pharmaceuticals, although veterinary 

pharmaceuticals from agricultural sources have also been detected in some 

environmental samples (Hirsch, Ternes, Haberer, & Kratz, 1999; Lissemore, Yang, 

Hao, & Solomon, 2005). However, it was found that CWs can efficiently remove a 

number of OMPs from wastewater (Hijosa- Valsero et al., 2011) and sometimes 

even better than conventional wastewater treatment techniques (Conkle et al., 

2008).   It was also found that OMPs removal is temperature-dependent and high 

and consistent removals have been achieved during summer periods through 

biodegradation and plant uptake mechanisms (Reyes-Contreras et al., 2011), as 

these mechanisms are more efficient at higher temperatures (Hijosa- Valsero et al., 

2010). 

CWs can treat domestic wastewater, industrial wastewater, agricultural 

wastewater, contaminated groundwater, mine wastewater, urban runoff, and other 

contaminated waters effectively (Kadlec and Wallace, 2008). Furthermore, they 

possess the ability to remove some OMPs (Park et al., 2009) and are often more 

efficient than conventional treatment (Conkle et al., 2008) but the involved 

removal mechanisms are largely unknown (Matamoros et al., 2010).  

CWs, as a natural wastewater treatment technique, are used throughout the 

world for wastewater treatment. They can potentially enhance reclaimed water 

quality for different reuse purposes. CWs are effective in removing bulk organics 

(COD, BOD), suspended solids, nutrients (nitrogen and phosphorous) and different 

organic micropollutants (OMPs). CWs show a high capacity to remove organic 

micropollutants, consuming little energy and with relatively low maintenance costs 
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(Matamoros et al., 2010). The removal efficiency from municipal wastewater 

depends on the nature and properties of the compound, temperature, plant presence 

and the available redox conditions.  

In this research, we studied a lab-scale HSSF CWs with a one-day hydraulic 

residence time (HRT) for each constructed wetland at two hydraulic loading rate 

(HLR): 4.6 and 7.2cm/d  

The research objectives were: 

 Study removal processes of nutrients (C, N, and P) through CWs under 

different redox conditions. 

 Assess the removal efficiency of nutrients and selected groups of OMPs 

through CWs. 

 Identify the plant’s role and temperature effects on wastewater treatment by 

CWs. 

2.2 Material and Methods 

2.2.1 Feed water 

In this experiment two types of feed water were used: 1) Synthetic secondary 

effluent (SySE), 2) synthetic primary effluent (SyPE), and 2) Augmented 

membrane bioreactor secondary effluent (ASE) with SySE.  

2.2.1.1. Synthetic wastewater  

2.2.1.1.1. Synthetic wastewater composition 

While there are recipes for synthetic raw domestic wastewater, there are no 

literature studies focusing on the composition of synthetic secondary effluent 

(SySE). However, it is known that conventional wastewater treatment plants 

remove 80-90% of the organic load from the primary effluent to produce the 
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corresponding secondary effluent. 

There is a recipe for primary wastewater composition (Jiang, 2009), which was 

used to create SySE. The synthetic primary composition (SyPE) was diluted 5 

times to achieve 80% removal of the organic load to simulate SySE. Furthermore, 

this recipe was augmented by nitrate and sulfate after dilution with the available 

tap water (items # 19 and 20); the concentrations are shown in Table 2.1. 

Table 2.0.1: Synthetic secondary effluent concentrations (assuming no suspended 

solids) 

# Material SySE Concentration  SyPE Concentration Unit 

1 NaAc-3H2O 1.755 8.776 mg/l 

2 Urea 1.223 6.116 mg/l 

3 NH4Cl 0.170 0.850 mg/l 

4 KH2PO4 0.312 1.560 mg/l 

5 CaCl2 2.246 11.228 mg/l 

6 FeSO4-7H2O 0.103 0.516 mg/l 

7 MgHPO4-3H2O 0.387 1.935 mg/l 

8 MgCl2-6H2O 1.066 5.332 mg/l 

9 Peptone 0.232 1.161 mg/l 

10 Starch 1.627 8.133 mg/l 

11 Milk Powder 1.549 7.746 mg/l 

12 Yeast 0.697 3.483 mg/l 

13 ZnCl2 2.8 14 g/l 

14 PbCl2 1.4 7 g/l 

15 MnSO4.H20 1.4 7 g/l 

16 NiSO4.6H2O 4.3 22 g/l 

17 CuCl2.2H2O 7.2 36 g/l 
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18 Cr (NO3)3.9H2O 10.2 52 g/l 

19 KNO3 as N 3.0 3.0 mg/l 

20 Na2SO4 as SO4 10.0 10.0 mg/l 

(Source: Modified after Jiang, 2007) 

2.2.1.1.2 Synthetic feed water quality 

The feed waters (influents) for CW1, both SySE and SyPE, were analyzed for 

DOC and various nutrients, and the concentrations are shown in Table 2.2. 

Table 02.2: Feed-water quality for the first constructed wetlands (CW-1) 

Parameter DOC TN NO3
- 
as N NH4

+ 
as N DON SO4

2-
 SUVA 

Unit mg/ l mg/ l mg/ l mg/ l mg/ l mg/ l l/mg. m 

SySE 9.61±1.5 8.35±

0.87 

3.63±0.2

5 

1.98±0.67 2.83±0.87 12.33±2 0.2±0.04 

SyPE 52.6±3.5 18.5±

0.9 

4.9±1.2 5.7±0.6 7.6±0.7 16.6±2 0.2±0.06 

 

2.2.1.2 Augmented MBR SE (ASE) water quality 

Secondary effluent (SE) was collected from the membrane bioreactor (MBR) 

WWTP at KAUST, MBR SE was spiked with the SySE water composition to 

increase the organic and nutrient contents and used as influent to CW-II. Both, 

MBR SE and ASE (CW-II influent), were analyzed for DOC and various nutrients. 

The concentrations are shown in Table 2.3. 

Table 2.0.3: Feed-water quality for the second constructed wetlands (CW-II) 

Paramet

er 

DOC TN NO3
- 
as 

N 

NH4
+ 

as N DON SO4
2-

 SUVA PO4
3-

 

Unit mg/ l mg/ 

l 

mg/ l mg/ l mg/ l mg/ l l/mg. m mg/ l 
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MBR 

SE 

1.5±0.5 12±

2.1 

10±2.15 0.1±0.1 0.1±0.05 50±5 3.3±0.2 2.31±0.7 

ASE 9±1.5 15±

2.3 

10±2.15 3.3±1.65 1.15±0.3 52±5 0.82±0.2 3.54±0.7 

 

2.2.1.3 OMPs spiking to the influent waters 

A selected group of OMPs were spiked into the feed water for both CW-I and CW-

II; feed water was spiked with around 0.5 g/l of OMPs in the case of SySE and 

augmented MBR SE and around 1 g/l of OMPs in the case of SyPE. Chemical 

properties for the selected group of OMPs are shown in Table 2.4.  

Table 2.0.4: List of the spiked OMPs and their properties 

No. Compound M. Wt. (g/mol) Log Kow pKa 

1 Acetaminophen  

“Paracetamol” 

151.2 

 

0.46 9.38 

2 Atenolol 266.34 0.16 9.6 

3 Atrazine 215.7 2.61 1.7 

4 Caffeine  194.1 - 0.07 10.4 

5 Carbamazepine 236.1 2.45 13.9 

6 DEET 191.1 2.18 0.67 

7 Dilantin 252.3 2.47 8.33 

8 Fluoxetine 309.1 4.05 10.3 

9 Sulfamethoxazole 253.3 0.89 5.5 

10 Trimethoprim 290.1 0.91 7.12 

 

2.2.2 CW set-up experiments  

In order to achieve the experiment goals, the following set-ups were installed. 
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2.2.2.1 Laboratory scale CW (CW-I) 

An indoor CWs setup was built; this setup includes four series. Series 1 and 2 

consist of three PVC boxes in a row; the dimensions for each box are: 70cm long x 

30cm wide x 30cm high with surface area of 0.21 m
2
 as shown in Figure 2.1. The 

hydraulic residence time (HRT) was one day for each CW while the hydraulic 

loading rate (HLR) was 4.6 cm/d. 

 

 Figure 2.0.1: Schematic of the lab-scale constructed wetlands setup. 

Only one of these series has continuous air injection (aeration) from the bottom to 

create aerobic conditions, and all the boxes have been planted with phragmites 

australis “PA” (or common reed) vegetation which was harvested from a local 

environment; light flux  (around 50 mol/m
2
. s) was provided to simulate outdoor 

environmental conditions (light was measured by MQ-200 series meter). Series 3 

and 4 consist of one box each; one aerated (AC1) and the other non-aerated 
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(NAC1); both boxes were left unplanted to act as controls. All of these boxes were 

filled by a media, the bottom 20cm were filled with 10mm rounded gravel while 

the top 10cm were filled with 0.8 to 1.2 mm washed silica sand. Each box in the 

setup was divided into two halves under the same conditions to duplicate the 

observations. Synthetic wastewater was used as influent for the indoor laboratory 

scale constructed wetlands (CW-I). All CW1 were fed from the same influent. 

Synthetic secondary wastewater (SySE) was used as influent before changing the 

feed water to primary synthetic wastewater (SyPE). The compositions of primary 

and secondary synthetic wastewater are shown in Table 2.1. Wastewater was fed to 

the first CW (CW1) while the second (CW2) and third (CW3) were fed by the 

effluents of CW1 and CW2, respectively, through overflow. 

2.2.2.2 Laboratory scale CW (CW-II) 

There were eight series of polyvinyl chloride (PVC) boxes, four of them (aerated 

planted with heat (APH), aerated control with heat (ACH), non aerated planted 

with heat (NAPH) and non aerated control with heat (NACH)) with heat 

exchangers; these boxes were made of metal as an inner layer while the external 

layer was made of PVC. The dimensions of each box are (L x W x H): 30x10x30 

cm with 0.03 m
2 
surface area as shown in Figure 2.2; running conditions are shown 

in Table 2.5. HRT was one day for each CW while HLR was 7.2cm/d. Each series 

consists of one box only; continuous air is injected from the bottom to four of them 

only (aerated planted (AP), aerated control (AC), APH and ACH). Four CWs have 

been vegetated with PA plant (AP, APH, (non aerated planted (NAP) and NAPH) 

that was harvested from the local environment while the other three have been left 

without plants as controls (AC, ACH, (non aerated control (NAC) and NACH) 

(Abbreviations: A: Aerated, NA: non aerated, P: planted, C: Control (not planted), 
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H: Running temperature is 36 °C).  

All boxes were filled with around 25 mm-rounded gravel size. HLR was 7.2 cm/d 

and 1 day HRT for each CW, fed from the same influent. This setup is connected 

to a continuous hot water source to run under control temperature (around 36 °C). 

Figure 2.0.2: Sketch graph for the top view of laboratory scale constructed 

wetlands setup (CW-II), (Abbreviations: A: Aerated, N: Non aerated, P: planted, 

C: Control (not planted), H: Running temperature is 36 °C) 

Table 2.0.5: CWs experimental conditions for laboratory scale CWs-II 

CWs # Abbreviation Redox status Temperature (°C) Planted 

1 AP Aerated Ambient Y 

2 AC Aerated Ambient N 

3 NAP Non aerated Ambient Y 

4 NAC Non aerated Ambient N 

5 APH Aerated 36 Y 

6 ACH Aerated 36 N 

7 NAPH Non aerated 36 Y 

8 NACH Non aerated 36 N 
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2.2.3 Analytical methodology 

All samples were collected and analyzed after filtration by 0.45 m filters. The 

concentration of dissolved organic matter (DOM) was determined as DOC by a 

total organic carbon analyzer (Shimadzu TOC-VCPN). The characteristics of 

DOM were elucidated by various analytical methods including fluorescence 

excitation-emission matrix (F-EEM) and specific ultraviolet absorbance (SUVA). 

In F-EEM, all samples were measured by a FluoroMax-3 spectrofluorometer 

(HORIBA Jobin Yvon, Edison, NJ, USA). F-EEM spectra were obtained at 

excitation wavelengths between 240 nm to 450 nm in 10-nm intervals and 

emission wavelengths between 290 nm and 500 nm in 2-nm intervals. UV 

absorbance was measured at 254 nm by a UV/Vis spectrophotometer (UV-2501PC 

Shimadzu), and SUVA was calculated by dividing UV254 absorbance by DOC 

concentration to represent the relative aromaticity of organic matter. Nutrients 

(NO3-, SO4
2-

 and PO4
3-

 ) were measured using Ion chromatography (Dionex-1200) 

while ammonium was analyzed by HACH spectroscopy kits. OMPs samples were 

prepared and measured based on the methodology of Alidina et al. (2014).  

2.3 Results and Discussion        

2.3.1 DOC and nutrients removals in CW-I  

2.3.1.1 SySE as an influent 

CW-I (all wetlands (CW1); aerated (A), non-aerated  (NA) and the controls (C)) 

was fed with SySE. The feed water quality for CW1, CW2 and CW3 are shown in 

Table 2.6.  
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Table 2.6: Feed water quality for CW1, CW2 and CW3 

Aerated influents Non-aerated influents 

 Influent DOC (mg/L) TN (mg/L)  Influent DOC (mg/L) TN (mg/L) 

CW1 9.6 8.35 CW1 9.6 8.35 

CW2 0.81 1.48 CW2 0.59 2.17 

CW3 0.82 0.9 CW3 0.74 1.34 

 

All three of the wetlands were connected in series and fed by overflow, as shown 

in Figure 2.1. The effluent from CW1 becomes influent to the next one (CW2) and 

the effluent of CW2 becomes influent to the last wetland (CW3).  Feed water 

quality for CW2 and CW3 is not similar, as shown in Table 2.6.  

The results showed that CW-I removed most of the DOC, as shown in Figure 2.3, 

under both aerated and non-aerated CWs. It was shown that the total DOC removal 

(total removal represents the effluent from CW3) is higher under non-aerated 

conditions. 
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Figure 2.3: Total percentage removal of DOC for both aerated and non-aerated 

CWs 

Contrary to expectations, CWs showed slightly higher DOC removals 

under non-aerated than aerated conditions; this could be due to two reasons: first 

evapotranspiration where chloride concentration, as one of the conservative anions, 

was found to be two times higher in the effluent than the influent (increased from 

around 52mg/l in the influent to 100mg/l in the effluent) while it only increased 

50% in the non-aerated effluent. Second, degradation of the plant’s roots led to 

release of humic/fulvic-like organic matter to a higher degree in aerated effluent as 

shown in Figure 2.4b and Figure 2.4c, although the influent did not contain any 

humic/fulvic-like organic matter as shown in Figure 2.4 a,b,c and in Table 2.7.  
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Figure 2.4: The organic matters fractions in (a) Influent (b) Effluent from aerated 

A.CW3 and (C) effluent from non-aerated (NA) CW3. 

 

Furthermore, it was found that both A.CW1 and NA.CW2 removed 85% of 

protein-like organic matter while AC1 removed 89% and NCA1 only removed 

69%. This indicates that aeration for CWs can enhance the protein-like organic 

matter fraction removal by around 20%. However, it was found that both A.CW3 

and NA.CW3 totally removed protein-like organic matter as shown in Table 2.7. It 

was found that the released humic- and/or fulvic-like organic matter from A.CW3 

is around two times more than that released from NA.CW3, as shown in Table 2.7. 

Table 2.0.7: FEEM results of CW-I influent and effluents 

 PEAK 1 (Fulvic like) PEAK 2 (Humic like) PEAK 3 (Protein like) 

Water 

source 

Ex./Em Intensit

y 

% 

Removal 

Ex./Em Intensit

y 

% 

Removal 

Ex/Em Intensit

y 

% 

Removal 

SySE  340/43 NA NA 240/44 NA NA 275/35 5.5x10 NA 
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0 5 5 
4
 

AC.W1 340/43

0 

5500 NA 240/44

5 

8250 NA 275/35

5 

8250 85 

NA.C

W1 

340/43

0 

5500 NA 240/44

5 

5500 NA 275/35

5 

8250 85 

AC1 340/43

0 

9375 NA 240/44

5 

9375 NA 275/35

5 

6250 89 

NAC1 340/43

0 

5750 NA 240/44

5 

8625 NA 275/35

5 

17250 69 

ACW3 340/43

0 

1.5x10
4
 

NA 240/44

5 

5.5x10
4
 

NA 275/35

5 

0 100 

NACW

3 

340/43

0 

2.8x10
4
 

NA 240/44

5 

2.1x10
4
 

NA 275/35

5 

0 100 

(NA: not available) 

 

Results showed that CW1, either aerated or non-aerated, achieved the highest 

removal compared to CW2 and CW3. It was found that most of the removals, 

around 90% of the DOC and total nitrogen (TN), were achieved for A.CW1 and 

NA.CW1 as shown in Figure 2.5a and Figure 2.5b.  

 

0

2

4

6

8

10

12

Influent CW1 CW2 CW3

C
o

n
ce

n
tr

a
ti

o
n

 (
m

g
/l

) 

DOC

TN

A 



 
 

 
 

72 

 

Figure 2.0.5: DOC and TN removal through CW1, CW2 and CW3: (A) A.CW, (B) 

NA.CW 

The vegetation growth (green biomass) in CW-1, as showed in Figure 2.6, reflects 

these findings. 

 

Figure 2.0.6: Photo of the plant growth in CW-I set-up 
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CWs (aerated or non-aerated) are highly efficient in pollutants removal as shown 

in Figure 2.7; they removed around 98% of ammonium (NH4
+
) in both A.CW3 and 

NA CW3. Moreover, CWs are removing also a hidden part of ammonium which is 

coming from dissolved organic nitrogen (DON) conversion to ammonium by 

ammonification. The ammonium concentration increased from 2.98 mg/l in the 

influent to 5.6 mg/l in the effluent of NAC1 (there is no vegetation). It was found 

that >91% of TN removed through A.CW3 while only 77% was removed occurred 

through NA.CW3, only.  Figure 2.7 also showed that nitrate can be removed 

through CW3; nitrate removals were 60% and 65% through A.CW3 and NA.CW3, 

respectively. Nitrite generated through CWs increased by 77% and 132% through 

A.CW3 and NA.CW3, respectively. Although the nitrite increasing percentages are 

high, the concentrations are low, between 2 to 4mg/l. It was also observed that the 

dissolved organic nitrogen (DON) was totally removed through A.CW3 and 

NA.CW3. 

 

Figure 2.0.7: Total percentage removal of TN, NO3
-
, NO2

-
 and NH4

+ 
through CW-I 
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-3
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NA. CWs achieved 11% less. This is may be due to phosphate sorption on the 

sediments which is normally higher under aerobic conditions (Li et al., 1972, 

Moore and Reddy, 1994, Nurnberg, 1988, Ann et al., 2000). It was also observed 

that sulfate achieved higher removal through NA.CW3 while it was around 9% 

through A.CW3; this was achieved although dissolved oxygen (DO) in the 

effluents ranged from 6.2±0.4mg/l in A.CW3 effluent to 3.3±0.8mg/l in NA.CW3 

effluent as shown in Figure 2.8. However, this could be because of the coexistence 

of several microenvironments in CWs which allows the availability of a variety of 

microbiological communities (Imfeld et al., 2009). Some of these variations may 

be generated by the organisms inhabiting the CW (Stottmeister et al., 2003). 

 

 

 

Figure 2.0.8: Total percentage removal of phosphate and sulfate through CW-I 

Specific ultraviolet absorbance (SUVA) increased substantially from 0.23 l/mg.m 

in the influent to about 4 l/mg.m in A.CW3 effluent while SUVA became 1.82 

l/mg.m in NA.CW3 effluent as shown in Figure 2.9. This indicted clearly the 
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removal of protein-like organic matter and the generation of humic/fulvic organic-

like organic matter, the highest degradation being through the aerated CWs. 

 

Figure 2.0.9: SUVA changes through CW-I 

The performance in non-planted CWs (controls) was also studied; it was observed 

that the controls could remove some pollutants in wastewater.  Both aerated and 

non-aerated controls achieved high DOC removal of >90%. NAC1 CW removed 

about 70% of nitrate through denitrification while AC1 CW generated nitrate, 

because of nitrification. At the same time, nitrate was totally removed through 

AC1 CW while its concentration increased by 89% because of ammonification 

through NAC1 CW. Furthermore, aeration enhanced phosphate removal by 23% 

through AC1 CW. However, plant uptake was not among the potential removal 

processes in the controls. 

2.3.1.2. SyPE as an influent 

CW-I, (all wetlands; aerated (A), non-aerated  (NA) and the controls), were fed 

with SyPE. The feed water qualities for CW1, CW2 and CW3 are shown in Table 

2.8.  

 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

SU
V

A
  (

L
/m

g.
m

) 



 
 

 
 

76 

Table 2.8: Feed water quality for CW1, CW2 and CW3 

Aerated influents Non-aerated influents 

 Influent DOC (mg/L) TN (mg/L)  Influent DOC (mg/L) TN (mg/L) 

CW1 52.5 18.53 CW1 52.5 18.53 

CW2 0.35 4.37 CW2 4.72 6.85 

CW3 0.32 2.44 CW3 0.74 3.91 

 

Results show that the highest removals were achieved for CW1 through both 

aerated and non-aerated CWs. However, A.CW1 showed a better removal due to 

the continuous aeration to this row which is the only major difference between the 

two rows. As illustrated in Figure 2.10, aeration enhanced the DOC removal by 

around 10% by comparing A.CW1 and NA.CW1 DOC concentrations in the 

effluents. This means that, aeration can reduce the need of land by 10% to treat 

primary wastewater effluent, especially in places where area is limited. In contrast 

to DOC, nitrate was generated in ACWs because of nitrification and plant 

degradation. ACWs achieved total removal for ammonium while it increased 

through NA.CWs because of ammonification; at the same time, NA.CWs are 

highly efficient in nitrate and sulfate removals (around 100% removed for both).  

It appears that the air through A.CWs leads to some degradation of vegetation 

which produced humics/fulvic-like organic matter and caused the high increment 

for SUVA values from 0.2 to 7.43 l/mg.m, while the SUVA increment through 

NA.CWs was mainly because of protein-like organic matter removal, as shown in 

Figure 2.11.  
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Figure 2.0.10: DOC and Nutrients removals through CW-I using SyPE 

 

 

Figure 2.0.11: SUVA changes through CW-I using SyPE 

 

2.3.2 DOC and nutrients removals through CW-II 

CW-II achieved high removals for DOC, DOC removal ranged from 70% in APH 

and NAPH effluents to 80% in AP effluent. AP achieved the highest DOC removal 

for all CWs, while both, NACH and ACH, achieved the highest DOC removal for 

CWs working under high temperature conditions (around 76%), because there is 

no plant degradation. It was also observed that APH and NAPH showed the lowest 
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removal because of the increase of the plant degradation under heat and aerated 

conditions. In general, temperature was not significantly enhancing the DOC 

removal as the removal was almost the same in NAC and NACH CWs where the 

working temperature is the only difference between them as shown in Figure 2.12. 

 

Figure 2.0.12: DOC removal through CW-II 

 

On the other hand, DON achieved high removal in all CWs from 80% in NAC CW 

to >97% through ACH CW. It was also observed that temperature enhanced DON 

removal by around 15% based on the removal difference between NAC and 

NACH CWs. However, TN achieved the highest removal for AP CW. However, 

the heat enhanced TN removal by around 5% based on the removal difference 

between NAC and NACH CWs, as shown in Figure 2.13. 
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Figure 2.0.13: DON and TN removals through CW-II 

 

 

High temperature increased nitrate removal from 25% through NAC CW to 38% 

through NACH CW with no difference in ammonium removal between them. 

However, it appears that nitrate and ammonium removals are controlled by the 

presence of the plant more than other factors. Nitrate and ammonium achieved the 

highest removals for AP, NAP, APH and NAPH CWs; nitrate removals were 

100%, 95%, 56% and 97%, while ammonium removals were 99%, 88%, 88% and 

91%, respectively, as illustrated in Figure 2.14 
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Figure 2.0.14: Nitrate and ammonium removals through CW-II 

 

Furthermore, phosphate achieved the best removal through AP CW (around 99%) 

because of plant uptake and aeration. Plant uptake is responsible for 55% of the 

phosphate removal compared to the removal through AC CW, as shown in Figure 

2.15.  Heat is also enhancing the phosphate removals as phosphate achieved >82% 

removal either under aerated, non-aerated, planted and/or non-planted as shown in 

the below Figure 2.15.  However, heat increased phosphate removal by 49%, based 

on the difference between NAC and NACH CWs performance. Sulfate also 

showed a better removal in planted CWs (from 30% in APH CW to 57% NAPH 

CW). Comparing sulfate removal between NAC and NACH CWs, sulfate removal 

can be enhanced by 15% because of heat. The above results are matching well with 

some studies which showed N species (NH4
+
-N and NO3

-
N) removal rates in the 

warm months were slightly higher than in cold months (Dzakpasu et al., 2011). 
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Figure 2.0.15: Sulfate and phosphate removals through CW-II 

 

2.3.3 OMPs removal through CW-I and CW-II 

OMPs can be removed through CW-I, with acetaminophen, atenolol, caffeine, 

fluoxetine and trimethoprim achieving very high removals (>90%) under both 

aerated and not aerated conditions except for caffeine which showed a slightly 

lower removal (75%) under aerated conditions; this could be due to the coexistence 

of several micro-environments in CWs allowing for a variety of microbiological 

communities which might provide different metabolic pathways leading to OMPs 

degradation. Sulfamethoxazole also achieved a good removal under aerated and 

non-aerated conditions of 66% and 78%, respectively, as shown in in Figure 2.16.  

Although CWs are generally efficient in removing the previous five OMPs 

(acetaminophen, atenolol, caffeine, fluoxetine and trimethoprim), other OMPs 

were more difficult to remove; atrazine and carbamazepine were removed 43% and 

33% through non-aerated CWs, respectively, with less removal through aerated 

CWs. DEET showed almost the same removal (38% and 41%) through aerated and 

non-aerated. Furthermore, dilantin showed the lowest removal (23%) through non-
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aerated CWs while showed no removal through aerated CWs, as shown in in 

Figure 2.16.  

 

Figure 2.0.16: Percentage removal of OMPs by CW-I under aerated and non-

aerated conditions   

The performance of CWs to remove the selected group of OMPs from SyPE was 

also investigated. CWs can remove OMPs efficiently; it was found that caffeine, 

fluoxetine, and trimethoprim were highly removed through both aerated and non-

aerated CWs by 90% or more, and most of the removals took place in the CW1. 

However, while atenolol, DEET and sulfamethoxazole showed high removals 

through aerated CWs of >90%, while they achieved less removals under NA.CWs, 

67%, 36 and 51%, respectively. There was a group of OMPs which were difficult 

to remove (achieved 30% removal or less) in all CWs; these compounds were 

atrazine, carbamazepine, dilantin and primidone, as shown in Figure 2:17. 
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Figure 2.0.17: OMPs removals by CW-I under aerated and non-aerated conditions 

from SyPE   

OMPs removal in un-planted CWs (controls) was also studied; it was observed that 

the controls could remove OMPs from wastewater through biodegradation and/or 

sorption processes.  AC1 CW achieved high removal (84%) for acetaminophen 

while it achieved only 29% through NAC1 CW.  In contrast to acetaminophen 

removal in AC1 CW, trimethoprim and sulfamethoxazole achieved removals, 39% 

and 12%, only through NAC1 CW. Atenolol, caffeine and fluoxetine achieved 

almost the same removal through both CWs: 69%, 55%, 61%, and 62%, 66%, 58% 

through NAC1 and AC1 CWs, respectively, as shown in Figure 2.18. Furthermore, 

DEET, dilantin, carbamazepine and atrazine were difficult to remove through both 

unplanted CWs 
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Figure 2.0.18: Percentage removal of OMPs by CW-I under aerated and non-aerated un-

planted CWs   

To evaluate temperature effects on OMPs removal, the OMPs removal through NAC 

(running at room temperature) and NACH CWs (running at 36 C) was compared where 

the only difference between them is the working temperature. Based on this comparison, 

it was found that heat could enhance some OMPs removal; it was found that heat 

enhanced the removals for atenolol, caffeine, DEET, and trimethoprim by 17%, 14%, 

28% and 45%, respectively. However, there was no significant temperature effect 

observed on the removals of acetaminophen, atrazine, carbamazepine, fluoxetine and 

sulfamethoxazole. Furthermore, it was found that temperature decreased dilantin removal 

by about 20%, as shown in the below Figure 2.19. These results match well with other 

studies (Vieno et al. ,2005) which showed that PhACs elimination  increased, 

significantly in summer, in a wastewater treatment plant effluent (an average increase of 

around 25% compared to winter). 
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Figure 2.0.19: Temperature effect on OMPs removal through CWs 

2.3.4Plant’sroleinwastewatertreatment through CWs 

To investigate the PA plant role in CWs, the effluent of non-aerated CW1 was compared 

with the effluent of NAC1 CW. It was found that the plant “ phragmites australis” in 

CWs plays an essential role during the treatment especially for nitrogen (nitrate, DON 

and ammonium), sulfate and phosphates removals; the plant removes 15% (TN), 55% 

(DON), 38% (NO3
-
), 11% (SO4

-2
) and (22%) of phosphate, as shown in Figure 2.20. 

 

Figure 2.0.20: Nutrients reduction by PA plant 
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Furthermore, it was found that the plant removed ammonium efficiently; it reduced both 

the ammonium in the influent water and the produced ammonium through 

ammonification as shown in Figure 2.21. 

 

Figure 2.0.21: Ammonium reduction by PA plant 

The plant also contributes effectively to the removal of some OMPs based on the 

performance comparing between NAC1 and NA.CW1. It was found that the removals of 

acetaminophen, atenolol, caffeine, fluoxetine, sulfamethoxazole, and trimethoprim were 

enhanced through NA.CW1. Their removals were enhanced by 70%, 20%, 37%, 39%, 

54% and 59%, respectively, as shown in Figure 2.22. The enhancement could be by 

either direct plant uptake or degradation enhancement by the extra available microbial 

biomass; this matches the findings of Tietz (2007) that the microbial biomass in planted 

subsurface CWs was high compared with data from soils. 
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Figure 2.0.22: OMPs reduction by PA plant 

 

2.4 Conclusions 

Results emphasized that CWs are an efficient technology to purify and remove different 

nutrients as well as OMPs from wastewater. Based on this study, the followings were 

found 

  High removals were achieved for, DOC, TN, NH4
+
, DON and PO4

-3
; their 

removals were, 95%, 75%, 99%, 98% and 73%, respectively.  

 Plants “e.g. phragmites australis” in CWs play an essential role in the treatment 

especially for nitrogen and phosphates removals: 15% (TN), 55% (Org. N.), 38% 

(NO3
-
), and phosphate (22%). 

 OMPs such as acetaminophen, caffeine, fluoxetine and trimethoprim achieved a 

very high removal (>90%) under both aerated and not aerated conditions.  
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 The plant also contributes effectively to removals of some OMPs such as: 

acetaminophen, caffeine, fluoxetine, sulfamethoxazole, and trimethoprim.   

 Caffeine, atrazine, carbamazepine and dilantin showed better removals through 

non- aerated CWs. 

 Humic- and fulvic-like organic matters were found in the effluents, although it 

was not present in the influent, because of plant degradation.     

 Aeration of CWs systems can enhance phosphate removal by around 11%. 

 Wetland aeration can reduce around 10% of the need for land to treat primary 

wastewater effluent. 

 It was found that heat can enhance the removals for atenolol, caffeine, DEET and 

trimethoprim by 17%, 14%, 28% and 45%, respectively. 

 Some OMPs showed resistance to removal through CWs such as atrazine, 

carbamazepine dilantin and primidone where they achieved lower removals 

(<30%).  

 It appears that nitrate and ammonium removals are controlled by the vegetation 

presence more than other factor such air and/or temperature. 
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                                                       Chapter THREE 

 

Redox conditions and temperature effects on nutrients and organic micropollutants 

(OMPs) attenuation through soil aquifer treatment (SAT) 
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3.1 Introduction 

Reclamation of wastewater and reuse has become an important issue, recently. The world 

population is growing and hence water demand and wastewater production are increasing 

all over the world as well. Furthermore, extraction of ground water for domestic and 

other purposes is much higher than natural or artificial recharge of the ground water. 

According to Aertgeerts et al. (2003), 40% of the population in the world will face water 

scarcity problems in the coming fifty years, which will cause some health and 

environmental problems. Hence, it is highly believed that the reuse of wastewater after 

treatment becomes a potential water resource and it may help respond to this threat.  

Managed aquifer recharge (MAR), including aquifer recharge and recovery (ARR) and 

soil aquifer treatment (SAT), are simple, cost-effective, robust, chemicals-free and 

efficient techniques to further polish of wastewater effluents. Their simplicity in 

construction, operation and maintenance make these natural systems competitive with 

conventional wastewater treatment methods (Sharma and Amy, 2010).  

SAT can be used in potentially applicable areas to treat and store reclaimed water in 

underground aquifers (Anane et al., 2007). It can be applied by spreading the reclaimed 

water (normally, a secondary effluent from a wastewater treatment plant (WWTP)) in 

surface basins in which water is percolated through the unsaturated (vadose) zone and 

flows to recharge the groundwater; during percolation and after a suitable time, water will 

be polished and considered clean enough to be reused. Depending upon its quality, the 

stored water in the aquifer could finally be extracted via extraction wells and used for 

potable or non-potable purposes (Fox et al., 2001).  
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SAT could be an attractive option to treat primary wastewater effluent (PE) for reuse in 

developing countries, the main limitations of using SAT to treat PE is the rapid clogging 

of the infiltration basin because of the presence of high suspended solids (Sharma, et al., 

2011). Some pre-treatment of PE before SAT can reduce this limitation and effectively 

improve SAT performance. PE can be pre-treated to attenuate solids by either 

sedimentation or coagulation processes (Sharma et al., 2011) or through constructed 

wetlands (Hamadeh et al., 2013). 

SAT can be applied to primary or secondary effluents; it can remove most of bacteria and 

other microorganisms and degrade some bulk organic matter. SAT can also remove 

nutrients through nitrification, dinitrification and/or sorption processes. Furthermore, 

SAT is widely applied in the world for organic micropollutants (OMPs) removal (Amy 

and Drewes, 2007; Baumgarten et al. 2010; Sharma, 2010).  

Maeng et al. (2010) explained that redox conditions play a paramount role in natural 

water treatments (bank filtration and artificial recharge) during OMPs removal. It was 

found that some OMPs such as phenazone, propyphenazone, and the transformation 

products formylaminoantipyrine and acetoaminoantipyrine showed better removal under 

aerobic conditions while some such as carbamazepine were found to be better removed 

under anoxic conditions. Baumgarten et al. (2010), also found that sulfamethoxazole 

achieved better removal under aerobic conditions while some OMPs (e.g. AMDOPH) did 

not show any removal in either condition. 

Temperature is a growth parameter for organisms and the solubility of oxygen in water is 

strongly temperature dependent. Water temperature plays an important role during the 

treatment, affecting the bacterial production and hence the organic matter biodegradation 
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during SAT (Miettinen et al., 1996; Maeng et al., 2008) and the overall treatment 

efficiency as well.  

Massmann et al. (2006) found that reduced microbial activities from the low temperature 

of pond water during winter conditions induced more oxic conditions below the ARR 

recharge basin at Lake Tegel. Miettinen et al. (1996) observed that the buffering effect of 

the ground on temperature for a lake bank filtration site (Lake Kallavesi, Finland) with a 

short residence time (e.g., 1 week) was weak, resulting in high seasonal variation in 

microbial activity. Therefore, temperature variation is an important monitoring parameter 

for SAT systems.  

In this research, SAT was simulated through lab-scale soil columns (SCs) and batch 

reactors. The followings have been studied: 

 The removal processes and efficiencies of organic matter, nutrients (C, N and P) and 

a selected group of OMPs through SCs under different redox conditions. 

 Temperature effect on wastewater treatment through SAT. 

3.2 Material and Methods 

3.2.1 Feed water 

In this experiment two types of feed water were used: 1) synthetic secondary effluent 

(SySE), 2) synthetic primary effluent (SyPE) and 2) Augmented membrane bioreactor 

secondary effluent (ASE) with SySE.  

3.2.1.1 Synthetic wastewater composition 

While there are recipes for synthetic raw domestic wastewater, there are no literature 

studies focusing on the composition of SySE. However, conventional wastewater 

treatment plants remove 80-90% of the organic load from the primary effluent to produce 
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the secondary effluent. 

There is a recipe for primary wastewater composition (Jiang, 2009), which was used to 

create SySE. The synthetic primary composition (SyPE) was SySE diluted 5 times to 

achieve 80% removal of the organic load. Furthermore, this recipe was supported by 

nitrate and sulfate after dilution with the available tap water (items # 19 and 20 in Table 

3.1); the concentrations are shown in Table 3.1. 

Table 3.0.1: Synthetic secondary effluent concentrations (assuming no suspended solids) 

# Material SySE Concentration  SyPE Concentration Unit 

1 NaAc-3H2O 1.755 8.776 mg/l 

2 Urea 1.223 6.116 mg/l 

3 NH4Cl 0.170 0.850 mg/l 

4 KH2PO4 0.312 1.560 mg/l 

5 CaCl2 2.246 11.228 mg/l 

6 FeSO4-7H2O 0.103 0.516 mg/l 

7 MgHPO4-3H2O 0.387 1.935 mg/l 

8 MgCl2-6H2O 1.066 5.332 mg/l 

9 Peptone 0.232 1.161 mg/l 

10 Starch 1.627 8.133 mg/l 

11 Milk Powder 1.549 7.746 mg/l 

12 Yeast 0.697 3.483 mg/l 

13 ZnCl2 2.8 14 g/l 

14 PbCl2 1.4 7 g/l 

15 MnSO4.H20 1.4 7 g/l 
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16 NiSO4.6H2O 4.3 22 g/l 

17 CuCl2.2H2O 7.2 36 g/l 

18 Cr (NO3)3.9H2O 10.2 52 g/l 

19 KNO3 as N 3.0 15.0 mg/l 

20 Na2SO4 as SO4 10.0 50.0 mg/l 

(Source: Modified after Jiang, 2007) 

3.2.1.2 Synthetic feed water quality 

The feed (influent) water quality, for both SySE and SyPE, are shown in the below Table 

3.2. These waters (SySE and SyPE) were used as an influent for laboratory soil columns 

(SC-I) while SySE was used for batch reactors, only. 

Table 3.0.2: SySE and SyPE water quality  

Parameter DOC TN NO3
- 
as N NH4

+ 
as N DON SO4

2-
 SUVA 

Unit mg/ l mg/ l mg/ l mg/ l mg/ l mg/ l l/mg. m 

SySE 10.44±1.18 7.95±1.95 3.2±0.55 1.68±0.54 2.83±0.87 15.3±3 0.22±0.06 

SyPE 50±3.5 15.9±2.64 4.3±0.5 5.3±1.2 6.3±1.15 17.3±3 0.25±0.05 

 

3.2.1.3 Feed water quality (ASE) 

Secondary effluent (SE) from the membrane bioreactor (MBR) WWTP at KAUST was 

collected. The influent for SC-II was analyzed for DOC and various nutrients. 

Furthermore, SE was spiked with the SySE water composition to increase the organic and 

nutrient contents as shown in Table 3.3. The ASE was used as an influent for laboratory 

soil columns (SC-II) (set-up details are below). 
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Table 3.0.3: Feed-water quality for MBR SE and ASE 

Parameter DOC TN NO3
- 
as N NH4

+ 
as N DON SO4

2-
 SUVA PO4

3-
 

Unit mg/ l mg/ l mg/ l mg/ l mg/ l mg/ l l/mg. m mg/ l 

MBR SE 1.5±0.5 12±2 11±2 0.1±0.1 0.1±0.05 50±5 3.3±0.2 3.5±0.7 

ASE 9±1.5 18±2 15±2 3.3±1.65 1.15±0.3 52±5 0.82±0.2 4±0.7 

 

3.2.1.4 OMPs spiked into the feed waters 

Generally, these feed waters are free of OMPs (except MBR SE) which contains low 

levels (around 1g/l) of acetaminophen (paracetamol) and caffeine as shown in Figure 

3.1.  

 

Figure 3.0.1: OMPs concentrations in the MBR SE of KAUST WWTP 

Hence, a selected group of OMPs were spiked into the feed waters after bioacclimation of 

the set-ups. Feed water was spiked with a cocktail with around 0.5 g/l concentration of 

OMPs in the case of SySE and augmented MBR SE while it was around 1 g/l of OMPs 
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in the case of SyPE. Table 3.4 shows the chemical properties of the selected group of 

OMPs. 

Table 3.0.4: Spiked OMPs and their properties 

No. Compound M. Wt. (g/mol) Log Kow pKa 

1 Acetaminophen “Paracetamol” 151.2 0.46 9.38 

2 Atenolol 266.34 0.16 9.6 

3 Atrazine 215.7 2.61 1.7 

4 Caffeine  194.1 - 0.07 10.4 

5 Carbamazepine 236.1 2.45 13.9 

6 DEET 191.1 2.18 0.67 

7 Dilantin 252.3 2.47 8.33 

8 Fluoxetine 309.1 4.69 10.3 

9 Sulfamethoxazole 253.3 0.89 5.5 

10 Trimethoprim 290.1 0.91 7.12 

 

3.2.2. SAT set-ups experiments 

SAT was simulated by the following set-ups: 

3.2.2.1 Batch experiments  

Batch reactors used in this experiment consisted of six one-liter glass bottles; (three under 

aerobic and three under anoxic conditions). The bottles were filled by 100 grams of 

washed and dry silica sand with 0.8 mm to 1.2 mm size and 5 days hydraulic residence 

time (HRT) was used. The bottles were put on a shaker that was set to rotate 100 

revolutions per minute (rpm) to ensure complete mixing of water samples, and covered to 

protect from the light. They were fed with 400 ml synthetic secondary effluent (SySE) 
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after feeding with MBR SE for around 3weeks to provide the reactors with a microbial 

community. After acclimation, the batch reactors were run under aerobic, anoxic and 

abiotic conditions. Aerobic conditions were created by keeping the bottle open and in 

contact with the ambient air, and anoxic conditions were created by purging the water in 

the bottle by a gentle nitrogen gas stream to remove all dissolved oxygen (DO). 

Three different concentrations (10 mM, 20 mM and 30 mM) of sodium azide were tested 

in the batch experiments to use the best concentration for abiotic SC; Table 3.5 shows a 

summary of abiotic conditions for this experiment.  

Table 3.0.5: Batch reactor for abiotic conditions 

Sodium azide 

concentration 

Influent Redox conditions Silica Sand (0.8-

1.2mm) 

10 mM SySE Aerobic Acclimated sand 

20 mM SySE Aerobic Acclimated sand 

30mM SySE Aerobic Acclimated sand 

0mM (no sodium 

azide added) 

SySE Aerobic Acclimated sand 

 

3.2.2.2 Soil Columns-I (SC-I) 

Three sets of polyvinyl chloride (PVC) pipes have been installed (SC1, SC2 and SC3), 

each 2 meter long (each set has two pipes of one meter length) and 75 mm internal 

diameter. The two pipes of each set were connected in series by means of plastic tubes as 

shown in Figure 3.2. Silica sand with particle sizes ranging from 0.8 mm to 1.2 mm were 

used as the filter media and five cm thick graded gravel was used as filter media support 

at the bottom of each pipe. All of SCs were operated under saturated conditions, the 
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applied hydraulic loading rate (HLR) was 1± 0.1 m/day with two days as hydraulic 

residence time (HRT) in each set of SCs. One set was performed under aerobic 

conditions (SC1), a second set worked under anoxic conditions (SC2), and a third set 

under abiotic conditions (SC3); aerobic conditions were created by continuous purging 

the feed water by air while anoxic conditions were generated by continues purging the 

feed water by a stream of nitrogen gas. Furthermore, 30mM of sodium azide (NaN3) (The 

best concentration from the batch experiment) solution feed water was used to create 

abiotic conditions.  

Five sampling points (SP1 to SP5) were created for each set of columns at 10, 20, 50, 150 

and 200 cm depths from the bottom of each column as shown in Figure 3.2.  

These columns were fed with SySE after feeding with ASE for 3-4weeks to provide SCs 

with a microbial community for acclimation. SySE was used as an influent in the 

beginning of the experiment before changing the feed water to SyPE.  
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Figure 3.0.2: Sketch layout for laboratory scale soil columns (SC-I) 

 

3.2.2.3 Soil Columns-II (SC-II) 

A set of doubled walled glass columns were set up, supported with heat exchangers, with 

1.5meter length and 50 mm internal diameter (one column of 30 cm and two columns of 

60cm length). The columns were connected in series by means of plastic tubes. Silica 

sand with particle sizes ranging from 0.8 mm to 1.2 mm was used as filter media; the 

hydraulic loading rate (HLR) is 1± 0.1 m/day with 1.5day, as overall hydraulic residence 

time (HRT). Three sampling points are created for each set of columns at 30, 90 and 
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150cm from the top of the column. 

This setup was connected to a continuous hot water source run under two different 

temperatures after bio-acclimation. Columns set was run at 22 C in the beginning for 

around one month, before being operated at 36 C, for another one month, to study 

temperature effects on the treatment and OMPs removals during SAT.  

3.2.3 Analytical methodology 

All samples were collected and analyzed after filtration by 0.45 m filters. The 

concentration of dissolved organic matter (DOM) was determined as dissolved organic 

carbon (DOC) by a total organic carbon analyzer (Shimadzu TOC-VCPN). The 

characteristics of DOM were elucidated by various analytical methods including 

fluorescence excitation-emission matrix (F-EEM) and specific ultraviolet absorbance 

(SUVA). In F-EEM, all samples were measured by a FluoroMax-3 spectrofluorometer 

(HORIBA Jobin Yvon, Edison, NJ, USA). F-EEM spectra were obtained at excitation 

wavelengths between 240 nm to 450 nm in 10-nm intervals and emission wavelengths 

between 290 nm and 500 nm in 2-nm intervals. UV absorbance was measured at 254 nm 

by a UV/Vis spectrophotometer (UV-2501PC Shimadzu), and SUVA was calculated by 

dividing UV254 absorbance by DOC concentration to represent the relative aromaticity 

of the DOM. OMPs samples were prepared and measured based on the Alidina et al. 

(2014) methodology.  

3.3 Results and Discussion        

3.3.1    DOC and nutrients removals from SySE 

SCs and batch experiment were bio-acclimated before investigating DOC and nutrients 

removals. DOC concentrations were measured before and after treatment, and the 
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removal was monitored to check the acclimation period. Acclimation in the batch reactor 

required around 2 months as shown in Figure 3.3. 

 

Figure 3.0.3: Acclimation period in the batch reactor 

Moreover, SCs required more than 2 months to be acclimated; Figure 3.4 shows the 

acclimation period through SC-I 

 

Figure 3.0.4: Acclimation period in SCs 
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After acclimation, the aerobic batch reactor showed slightly better DOC removal (97.4%) 

comparing to the anoxic reactor (94.4%), as shown in Figure 3.5. However, the aerobic 

reactor removes NH4 efficiently (98%), converting to nitrate, and hence, the nitrate 

showed an increase. At the same time, around 93% of nitrate was removed through the 

anoxic reactor. Furthermore, phosphate showed almost the same removal (23% and 25%) 

under both aerobic and anoxic conditions, respectively. 

 

Figure 3.0.5: DOC, NH4-N, NO3-N and PO4 percent removals through batch reactors 

After the acclimation period, sodium azide at 10, 20 and 30 mM was added to batch 

reactors; corresponding DOC removals after 5 days are presented in Figure 3.6. 

Adenosine tri-phosphate (ATP) can be used as an indicator of microbial biomass (Oades 

and Jenkison, 1979). Hence, sand ATP was measured to determine biomass 

concentrations in the batch reactors. ATP was also measured in acclimated sand; around 

2g was collected from the wet acclimated sand and suspended in 25ml autoclaved water. 

High-energy sonication (Branson, 40 W power, 5mm microtip) was applied for 2 minutes 

to detach the biomass. Then, the biomass concentration was measured as the 
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concentration of ATP in the suspended phase obtained after sonication (the ATP 

extraction procedure is explained in Magic-Knezeve and van der Kooij (2004) and 

Maeng et al. (2008)). ATP results in water and soil samples are shown in Figure 3.7. 

 

Figure 3.0.6: DOC % removals of effluent water from the aerobic batch reactors under 

different sodium azide concentrations  

  

Figure 3.0.7: ATP concentrations (g/l) in effluent water and soil samples of the aerobic 

batch reactors at different sodium azide concentrations  

Based on the above, it appears that most of the DOC is biodegradable (around 87%), and 

30 mM of sodium azide should be used to create abiotic conditions in SCs and inhibit the 

microbial biomass. 
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SCs (aerobic and anoxic) removed most of the DOC; around 90% of DOC was removed 

through the aerobic column (SC1) while 81% was removed through SC2 (the anoxic 

column). Moreover, SC1 was more efficient in total nitrogen (TN) and dissolved organic 

nitrogen (DON) removal than SC2, achieving 53% and 96%, respectively, while the 

removals were 33% and 82% through SC2, respectively. DO and DOC removals profiles 

follow similar trends along the depth of SC1, as shown in Figure 3.8. SC2 was highly 

efficient in NO3
-
 and SO4

2- 
removals, achieving >99% removal for both as shown in 

Figure 3.9. Denitrification and sulfate reduction are the removal processes for both nitrate 

and sulfate, respectively, under prevailing anoxic conditions. SC1 (aerobic column) 

showed low nitrate removal (around 34%) and no sulfate removal; nitrate removal could 

be due to aerobic denitrification (Gao et al. 2009). Moreover, phosphate showed better 

removal through SCs than batch reactors, this might be due to less phosphate sorption in 

batch reactor because of a limited quantity of sand compared to SCs. 

 

Figure 3.0.8: DO and DOC profiles along the depth of SC1 for SySE (HLR: 1m/d) 
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Figure 3.0.9: DOC, NH4-N, NO3-N and PO4 percent removals through SC1 and SC2 

F-EEM spectra for SCs effluent showed that SC1 achieved a slightly better removal than 

SC2 for protein-like organic matter, as shown in Figure 3.10. Specific ultraviolet 

absorbance (SUVA) for the SC1 effluent also showed a higher value (1.8 L/mg.m) than 

SC2 (1.0 L/mg.m), matching with the results that showed that SC1 achieved 75% 

removal of protein-like organic matter while 65% was achieved through SC2, as shown 

in Table 3.6.  

   

                  (a)                                                      (b)                                               (c) 

Figure 3.0.10: F-EEM spectra for SC-I ((a) SC1 eff., (b) SC-I (SC1 and SC2) Influent 

(SySE), (c) SC2 eff., HLR: 1m/day, HRT: 2days) 
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It was also observed that some humic-like organic matter was released in both columns 

while a low level of fulvic-like organic matter was released from SC1 only, as Table 3.6 

shows. 

Table 3.0.6: F-EEM results of SCs influent and effluents (NA: not available) 

 

 PEAK 1 (Fulvic like) PEAK 2 (Humic like) PEAK 3 (Protein like) 

Water 

source 

Ex./Em Intensit

y 

% 

Removal 

Ex./Em Intensit

y 

% 

Removal 

Ex/Em Intensity % 

Removal 

SySE  340/43

0 

NA NA 240/43

0 

NA NA 275/3

60 

8.5x10
4
 NA 

SC1 375/44

5 

9000 NA 240/44

0 

2.1 

x10
4
 

NA 275/3

55 

2.1x10
4
 75 

SC2 340/43

0 

NA NA 240/44

0 

2.6 

x10
4
 

NA 275/3

55 

3.06x1

0
4
 

65 

 

 

It was also found that ammonium increased with SCs depth as shown in Figure 3.11, due 

to ammonification. Ammonium increased more through SC2 than SC1. 
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Figure 3.0.11: Ammonium profiles along the depth of SCs for SySE (HLR: 1m/d) 

 

The increasing of ammonium through the SCs increases the pH as well as shown below 

in Figure 3.12. 

 

Figure 3.0.12: pH profiles along the depth of SCs for SySE (HLR: 1m/d) 
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(100mV) to (37mV), while for SC2 Eh<0, increasing from (-354mV) to (-250mV), as 

shown in Figure 3.13. 

 

Figure 3.0.13: Redox potential (Eh) profiles along the depth of SCs for SySE (HLR: 

1m/d) 

3.3.2    DOC and nutrients removals from synthetic primary effluent (SyPE) 

Figure 3.14 shows removals of DOC, NO3
-
 and SO4

2- 
in the SC-I experiment using SyPE 

as feed water. It was found that DOC achieved a slightly higher removal under anoxic 

condition than aerobic conditions, 98% of DOC was removed under anoxic conditions 

(SC2) while the removal under aerobic conditions was 89%. This could be because of 

prevailing anaerobic conditions in SC2 (Eh around -300 mV in this column).  At the same 

time, nitrate was totally removed in both columns as a result of denitrification, although 

the feed water for SC1 was aerated, DO was consumed in the first 50cm of SC1 and 

changed to anoxic environment. Sulfate also was reduced in SC2 while it did not show 

any removal in SC1.  
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Figure 3.0.14: DOC, SO4
2-

, PO4
3-,

 and NO3
-
 removals from SyPE through SC-I  

Phosphate was reduced, in SC1 effluents, by around 40%, while SC2 showed higher 

removal (around 48%). However, phosphate showed a better removal from SyPE than 

SySE due to the increase of microbial activity. However, ammonium was generated 

through ammonification process and conversion of, DON to ammonium, increasing by 

around 10% in SC1 and about, 35% in SC2.  

SUVA increased from 0.2 L/mg.m in the SyPE to 0.8 L/mg.m in SC1 effluent (aerobic) 

and to 2.14 L/mg.m in SC2 effluent (anoxic), indicating a better removal of protein-like 

organic matter. 

F-EEM spectra for SC-I effluent showed that SC1 is more efficient in removal of protein-

like organic matter; SC1 removed around 94% of protein-like organic matter compared to 

79% removed through SC2, as shown in Figure 3.15 (a), (b) and (c).  
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  (a)                                                                    (b)                                               (c) 

Figure 3.0.15: F-EEM spectra for SC-I ((a) SC2 eff. (b) SC-I (SC1 and SC2) Influent 

(SyPE with 5 times dilution), (c) SC1 eff. HLR: 1m/day) 

Fluorescence intensities and their removals are shown in Table 3.7. It was also observed 

that some humic- and fulvic-like organic matter generated and released with SCs 

effluents. As Table 3.7 shows, humic-like organic matter intensity was found to be 31% 

higher in SC2 effluent while the SC1 effluent showed three times, higher intensity of 

fulvic like organic matter comparing to SC2 effluent, because some organic matter could 

be released from the filter media.  

Table 3.0.7: F-EEM results of SC-I influent and effluents from SyPE (NA: not available) 

 

 PEAK 1 (Fulvic like) PEAK 2 (Humic like) PEAK 3 (Protein like) 

Water 

source 

Ex./Em Intensit

y 

% 

Removal 

Ex./Em Intensit

y 

% 

Removal 

Ex/Em Intensity % 

Removal 

SyPE  350/44

0 

NA NA 240/44

0 

NA NA 275/3

70 

38.5x1

0
4
 

NA 

SC1 eff.  350/44

0 

5 x10
4
 NA 240/44

0 

3 x10
4
 NA 275/3

70 

8 x10
4
 79 
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SC2 eff.  350/44

0 

1.69 

x10
4
 

NA 240/44

0 

3.94 

x10
4
 

NA 275/3

70 

2.25 

x10
4
 

94 

 

3.3.3 Temperature influence on DOC and other nutrients removals 

Figure 3.16 shows removals of DOC and PO4
3- 

in SC-II experiments at 22 and 36C. It 

was found that removal of DOC was enhanced at the higher temperature by 8%, 

increasing from 82% at 22 C to 90% at 36 C; at the same time, phosphate removal was 

slightly enhanced, increasing from 15% to 19% by increasing the temperature. The 

removals enhancement is due to the increased microbial activity and growth with an 

increase in temperature. However, temperature increasing showed higher influence on 

DOC removal based on (Abel et al., 2012), this due to the high DOC removals at lower 

temperature in this experiment.  

 

Figure 3.0.16: DOC and phosphate removals at different temperatures through SC-II 

(Influent: ASE, HLR: 1m/d)   
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concentration in the SC-II effluent decreased from 1.8mg/l to 0.6mg/l with increasing 

temperature; the DO decrease is because of the increase of the microbial activity.   

Furthermore, NH4
+
-N concentrations increased at both temperatures as a result of 

ammonification and DON biodegradation; ammonium concentration increased by 75% at 

22 C and 88% at 36 C in the effluent of SC-II.  

SUVA values were also influenced by temperature increase, increasing in SC-II effluent 

from 2.47 L/mg.m at 22C to 3.9 L/mg.m at 36C, indicating that increasing temperature 

enhanced protein like organic matter removal.  

F-EEM spectra for SC-II effluent showed that SC-II achieved a better removal at high 

temperature for fulvic-like organic matter as shown in Figure 3.17 (a), (b) and (c).  

 

(a)                                                          
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(b) 

 

                                                                  (c) 

         Figure 3.0.17: F-EEM spectra for SC-II ((a) SC-II eff. at 22C, (b) SC-II Influent 

(ASE) for both temperatures (22 C and 36 C), (c) SC-II eff. at 36C, HLR: 1m/day) 
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Fluorescence intensities and their removals are shown in Table 3.8. It was observed that, 

the humic-like organic matter showed low removal at both temperatures (22 C and 36 C), 

5% was removed at 22 C vrsus 2% only removed at 36 C. Furthermore, protein-like 

organic matter was totally removed at both temperatures. It was also found that the high 

temperature (36 C) is more efficient in fulvic-like organic matter removals, achieving 

30% of fulvic-like organic matter removal versus only 5% removed at 22C, only.  

Table 3.0.8: F-EEM results of SC-II influent and effluents (NA: not available) 

 PEAK 1 (Fulvic like) PEAK 2 (Humic like) PEAK 3 (Protein like) 

Water 

source 

Ex./Em Intensit

y 

% 

Removal 

Ex./Em Intensit

y 

% 

Removal 

Ex/Em Intensity % 

Removal 

Aug. 

MBR 

SE  

350/44

0 

5.25 

x10
4
 

NA 240/44

0 

6.125 

x10
4
 

NA 275/3

70 

7x10
4
 NA 

SC-II 

eff. 

@22C 

350/44

0 

5 x10
4
 5 240/44

0 

5 x10
4
 5.31 275/3

70 

0 100 

SC-II 

eff. 

@36C 

350/44

0 

3.7 

x10
4
 

30 240/44

0 

6 x10
4
 2 275/3

70 

0 100 

 

3.3.4 OMPs removal through SCs 

3.3.4.1 OMPs removal from SySE 

OMPs removal was investigated through SCs under different redox conditions. Figure 

3.18 shows the removal efficiencies in SySE for the selected group of OMPs under both 

aerobic and anoxic conditions. It was found that a group of OMPs showed high removal 

(around 80% and more) under both conditions; atenolol, caffeine, fluoxetine and 

trimethoprim, achieving removals of, 78%, 95%, 83%, 99% and 92%, 98%, 84%, 98%, 
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under aerobic and anoxic conditions, respectively.  Experimental results generally match 

the findings of Snyder et al. (2007). On the other hand, sulfamethoxazole showed high 

removal under aerobic conditions, achieving 84% removal in aerobic SC (SC1) while 

anoxic conditions reduced its removal to 36%; these results generally match the findings 

of, Baumgarten et al. (2010) who showed that aerobic conditions enhance 

sulfamethoxazole removal. The remaining group of OMPs, (atrazine, carbamazepine, 

DEET, Dilantin and primidone) showed high resistance to removal (<20% except DEET 

which showed 31% under anoxic condition) under both conditions, as shown 3.18. 

 

Figure 3.0.18: OMPs removal from SySE under different conditions (HLR: 1m/day) 

OMPs concentrations profiles through SCs were also investigated; Figure 3.19 shows 

OMPs concentrations profiles through SC1 (aerobic conditions), indicating that, atrazine, 

DEET, dilantin, primidone and carbamazepine passed through SC1 with almost stable 

concentrations with depth, showing low removals. Sulfamethoxazole showed poor 

removal in the top meter with some enhancement in the second meter. The remainder, 

atenolol, caffeine, fluoxetine and trimethoprim, showed continual and constant 

decreasing concentrations with SC1 depth, and hence showed the highest removals.   
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Figure 3.0.19: OMPs concentrations profiles along the depth of SC1 for SySE under 

(HLR: 1m/d) 

Figure 3.20 shows OMPs concentrations profiles through SC2 (anoxic conditions); these 

results show similar behavior to SC1, in that atrazine, DEET, dilantin, primidone and 

carbamazepine passed through SC2 almost without changes with depth. 

Sulfamethoxazole showed the highest removal through the last 50cm of depth. Like their 

behavior in SC1, atenolol, caffeine, fluoxetine and trimethoprim showed continual and 

constant decreasing concentrations with SC2 depth.   
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Figure 3.0.20: OMPs concentrations profiles along the depth of SC2 for SySE under 

(HLR: 1m/d) 

3.3.4.2 OMPs removal from SyPE 

Figure 3.21 shows the removal efficiencies in SyPE for the selected group of OMPs, 

under both aerobic and anoxic conditions. It was found that a group of OMPs showed 

very high attenuation (> 90%) under both conditions; atenolol, caffeine, and fluoxetine, 

achieving removals of, 92%, 91%, 96% and 98%, 92%, 97%, under aerobic and anoxic 

conditions, respectively. Sulfamethoxazole and trimethoprim achieved high attenuations 

under anoxic conditions (82% and 100%, respectively), while they achieved less removal 

under aerobic conditions (60% and 71%) respectively). It was observed that, 

sulfamethoxazole attenuation increased from 60% (in SySE) to 82%, from SyPE, under 

anoxic conditions because of the increase of microbial activity, however, its removal 

decreased from 84% (in SySE) to 35%, from SyPE, under aerobic conditions because 

sulfamethoxazole aerobic conditions converted to anoxic conditions after 50cm depth in 

SC1, which made sulfamethoxazole removal is not preferable 
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Similar to the attenuation from SySE, the remaining group of OMPs, (atrazine, 

carbamazepine, DEET, dilantin and primidone) showed high resistance to attenuation 

under both conditions, as shown in Figure 3.21. It was observed that the attenuation of 

four OMPs was enhanced in SyPE by with 8% to 18% removals under aerobic 

conditions; the removal of atrazine, carbamazepine, DEET and dilantin was enhanced 

from 13%, 11%, 10% and 18% in SySE to 31%, 21%, 18% and 28%, respectively, in 

SyPE. The reason behind this could be an increase of microbial activity and growth.    

 

Figure 3.0.21: OMPs removal from SyPE under different conditions (HLR: 1m/day) 

 

3.3.4.3 Temperature influence on OMPs removal from the augmented MBR SE  

OMPs removal at both temperatures, 22C and 36C, are shown in Figure 3.22. Increasing 

temperature increased the attenuation of atenolol and caffeine from 53% and 45% to 63% 

and 72%, respectively. Sulfamethoxazole also achieved a slight enhancement in removal 
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an increase in the microbial activity at higher temperature which can enhance the 
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biodegradation processes. Temperature variation did not show any influence on 

fluoxetine removal, achieving the same high removal (99%) at both temperatures. 

Temperature had a negative impact on dilantin removal, its removal decreasing from 30% 

to 14%. This suggests sorption is the major removal process for fluoxetine and dilantin 

attenuations. 

 

Figure 3.0.22: OMPs removal at different temperatures from ASE (HLR: 1m/d) 

 

3.3.4.4 OMPs removal under abiotic conditions 

Abiotic conditions were created in SC1 by feeding the column with 30mM sodium azide 

solution to deactivate the microbial activity, and run under aerobic/abiotic conditions. 

Figure 3.23 shows OMPs attenuation under aerobic biotic and abiotic conditions. It was 

found that the removals of atenolol, caffeine, sulfamethoxazole and trimethoprim, 

significantly decreased under abiotic conditions. This indicates that the major removal 

mechanism for this group of OMPs is biodegradation. Comparing their removals under 

biotic and abiotic conditions indicated that biodegradation is responsible for 70%, 69%, 
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60% and 70% of the removal of atenolol, caffeine, sulfamethoxazole and trimethoprim, 

respectively. Fluoxetine did not show any difference in removal between these 

conditions, attributed mainly to sorption as suggested by its high octanol-water partition 

coefficient (log Kow: 4.69), this finding matches that of Maeng et al. (2011).   

 

Figure 3.0.23: OMPs removal under abiotic/aerobic conditions (HLR: 1m/d) 

3.4 Conclusions 

This work lead to the following conclusions: 

 DOC achieved high removals in all set-ups, ranging from 81% to 97%, under 

different conditions. Biodegradation is the major removal process; it removed 

87% of the bulk organic carbon.  

 SCs can remove protein-like organic matter from 65% to 100% and release some 

humic-like and fulvic-like organic matters, especially under aerobic conditions. 

 DOC removal was enhanced, by increasing temperature from 22C to 36C, by 8% 

and phosphate removal was slightly enhanced by 4%. Increasing temperature also 

enhanced the removal of protein like-organic matter. 

 The following OMPs: atenolol, caffeine, fluoxetine and trimethoprim showed 

high removal (>80%) while low removals (<20%) were achieved for atrazine, 
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carbamazepine, DEET, dilantin and primidone, under both aerobic and anoxic 

condition from SySE. 

 The removal of atrazine, carbamazepine, DEET and dilantin was enhanced from 

13%, 11%, 10% and 18% from SySE to 31%, 21%, 18% and 28%, respectively, 

from SyPE, because of the increase of microbial activity. 

 Increasing temperature enhanced the removal of atenolol and caffeine by 10% and 

28%, respectively. 

 Biodegradation is responsible for the removal of 70%, 69%, 60% and 70% of 

atenolol, caffeine, sulfamethoxazole and trimethoprim, respectively, while 

fluoxetine was totally removed by sorption. 
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                                                Chapter FOUR  
 

Pharmaceutically active compounds (PhACs) and nutrients removal during 

soil aquifer treatment under different redox and nitrogen conditions 
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4.1 Introduction          

Soil Aquifer Treatment (SAT) systems are becoming more popular as a wastewater 

treatment alternative. These systems have been applied for wastewater treatment and reuse 

in different parts of the world. The use of SAT technology is becoming common practice 

in arid and semi-arid regions as means of achieving additional water treatment benefits; the 

recharged water is stored in the aquifer and then recovered to meet the growing water 

demand. The high costs of traditional wastewater treatment methods encourage more 

studies to investigate lower cost treatment methods, especially those appropriate for 

developing countries and, at the same time equally applicable to developed countries. 

Aquifer recharge and recovery (ARR) and SAT systems can remove multiple 

contaminants, and minimize the use of chemicals with low energy needs. These 

contaminants present in the wastewater effluent are removed or transformed by the 

combinations of physical, chemical and/or biological processes in the vadose zone 

primarily and subsequently in the aquifer.     

 Water quality improvement through recharge depends on many factors like quality 

of effluent from Wastewater Treatment Plants (WWTP), soil type and depth, redox 

conditions, availability of different types of nitrogen sources, hydraulic loading rate, and 

degree of pretreatment (Crites, 2000). Removal of Pharmaceutically Active Compounds 

(PhACs) from wastewater effluents is one of the main concerns for water reuse. 

Considering enormous amounts of PhACs discharging to the aquatic environment, it is 

important to pay attention to those groups that are consumed frequently, toxic in trace 

amounts for fauna and flora and persistent in the environment (Verliefde et al. 2007). 

The performance of SAT systems, including bulk organic matter, nutrients and PhACs 
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removals, depends on many factors such as feed water quality, soil type, redox conditions, 

available nitrogen species, hydraulic loading rate and residence time.  Furthermore, it was 

found that Anammox conditions sustain nitrogen removal in soil systems and enhanced 

the removal of some PhACs such as ibuprofen and metoprolol (Graaf et al., 2011). 

The understanding of PhACs potential removal under different redox conditions in 

the soil and in the presence of different nitrogen species (ammonia and nitrate) is still 

limited. The current research aims to contribute to the knowledge gap of understanding of 

the removal conditions of twelve selected PhACs during SAT under different redox and 

nitrogen conditions. The main goal of this study is to assess the potential of SAT for 

removal of pharmaceutically active compounds from a secondary effluent under different 

redox and nitrogen conditions for wastewater effluent reuse applications. The specific 

objectives of our study can be summarized as follows:  

1) Studying the effect of oxygen or redox conditions on the removal of selected PhACs 

from a secondary effluent (SE) during soil passage by conducting lab-scale soil column 

(SC). 

2) Analyzing the effect of different nitrogen conditions (NH4
+
 and NO3

-
) conditions on a 

selected group of PhACs removal from SE through lab-scale SC. 

3) Analyzing the effect of anaerobic ammonium oxidation Anammox) conditions on a 

selected group of PhACs removal from synthetic secondary effluent (SySE) through batch 

experiment. 
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4.2 Materials and methods 

4.2.1 Feed water quality for SCs  

In this experiment two types of feed water were used: 1) SE from Hoek van Holland 

WWTP for SCs experiments, and 2) Synthetic secondary effluent (SySE) for Anammox 

batch reactor experiment 

 4.2.1.1 SE water quality  

Feed water for SCs was SE collected weekly from the Hoek van Holland (HvH) WWTP, 

The Netherlands. The effluent was preserved at 4
o
C in the lab before spiking with a 

cocktail of pharmaceuticals and ammonium or nitrate depending on the specific objective 

of the experiment. The feed water was analyzed for many parameters; the most important 

parameters that were considered as background characterization for this research include 

pH, dissolved oxygen (DO), temperature, EC, DOC, BOD, COD, PO4
3-

-P, NO3
-
. NH4

+
-N, 

UV254 and the specific ultraviolet absorbance (SUVA). Average values (from November 

2010 to March 2011) with their respective standard variation are shown in (Table 4.1).  

Table 4.0.1: Average water quality parameters of SE from Hoek van Holland WWTP 

Parameter Unit Value 

pH 
 

7.2 ± 0.1 

DO  mg/L 5.9 ± 1.2 

Temperature 
0
C 11 ± 2.2 

EC μs cm 1079 ± 176.2 

DOC mg O2/L 12.8 ± 2.3 

BOD5 mg O2/L 6.2 ± 1.3 

COD mg O2/L 51.3 ± 14 

PO4
3—

P mg/L 3.9 ± 1.6 

NH4
+
-N mg/L 0.2 ± 0.1 

NO3
—

N mg/L 4.32 ± 1.27 

UV254 cm
-1

 0.5 ± 0.1 

SUVA L/mg. m 3.9 ± 0.08 
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The SE water was also analyzed for its background concentration of PhACs. The results 

are shown (Figure 4.1). Some PhACs were found up to μg L concentrations in the 

effluent water from the WWTP. 

 

Figure 4.0.1: Background concentration of PhACs in SE from Hoek Van Holland WWTP 

 

4.2.1.2 PhACs selection for SCs 

 

PhACs were chosen based on their frequency of consumption, toxicity in trace 

amounts to fauna and flora and their persistence in the environment (Mompelat et al. 2009; 

Verliefde et al. 2007; Yamamoto et al. 2009). Twelve relevant PhACs analyzed in the 

current research and their characteristics are shown in Table 4.2. For the soil column (SC) 

experiment, a cocktail solution of these twelve PhACs (each having 2 μg L concentration) 

was prepared. Concentration of 2μg L was used based on the knowledge that these 

compounds were detected in the environment from ng/L to mg/L concentrations (Bendz et 

al. 2005; Fisher and Scott, 2008; Focazio et al. 2008; Heberer and Thomas, 2002; 

Moldovan, 2006; Mompelat et al. 2009; Wu et al. 2009).  
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Table 4.0.2: Characteristics of PhACs analyzed in this research 

No. Compound Chemical 

Formula 

pKa log 

Kow 

Classification Drug Application 

1  Bezafibrate  C19H20ClNO4 3.61 4.25 HP-ionic Analgesics and anti-

inflammatory  

  
2 Caffeine  C8H10N4O2 10.4 0.07 HL-neutral 

3 Carbamazepine C15H12N2O 13.9 2.45 HL-neutral 

4 Clofibric acid  C10H11ClO3 3.0 2.57 HL-ionic 

5 Diclofenac  C14H11Cl2NO2 4.15 4.51 HP-ionic 

6 Fenoprofen C15H14O3 4.5  3.9 HP-ionic 

7 Gemfibrozil  C15H22O3 4.7 4.77 HP-ionic Anti-epileptic 

8 Ibuprofen C13H18O2  4.91 3.97  HP- ionic Blood lipid regulators  

9 Ketoprofen  C16H14O3 4.5 3.12 HL-ionic Blood lipid regulators  

10 Naproxen  C14H14O3 4.2 3.2 HP-ionic High Cholesterol 

Levels and Diabetes  

11 Pentoxifylline  C13H18N4O3 6.0 0.29 HL-ionic Blood viscosity 

affecting agent 

12 Phenacetine  C10H13NO2 2.2 1.94 HL-ionic Psychomotor stimulant 

(Source: Tran et al. 2009; Wu et al. 2009; Drewes et al. 2003) (Note: HL=Hydrophilic 

and HP=Hydrophobic (Note: HL=Hydrophilic (log KOW <3) and HP=Hydrophobic (log 

KOW 3))). 

 

4.2.2 Feed water quality for Anammox batch experiment 

 

4.2.2.1 Synthetic secondary effluent 

The feed waters (influents) for Anammox batch experiment was synthetic secondary 

effluent (SySE), (the composition of the synthetic secondary effluent was mentioned in 

chapter 2, section 2.2.1.1.1). SySE was augmented with some ammonium and nitrite to 

provide the requested Anammox conditions. SySE, after augmentation, was analyzed for 

DOC and various nutrients, and the concentrations are shown in Table 4.3. 

Table 4.0.3: Feed-water quality for Anammox batch experiment 

Parameter DOC NO2
- 
as N NO3

- 
as N NH4

+ 
as N SO4

2-
 pH 

Unit mg/ l mg/ l mg/ l mg/ l mg/ l Unit 

SySE 9.61±1.5 30±3.4 3.63±0.25 10±1.65 12.33±2 7.65±0.2 

 

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Oxygen
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4.2.2.2 PhACs spiking to SySE 

A selected group of PhACs was spiked into the feed water for Anammox batch 

experiment; SySE was spiked with around 0.5 g/l of PhACs. Chemical properties for the 

selected group of PhACs are shown in Table 4.4.  

Table 4.0.4: List of the spiked PhACs and their properties 

No. Compound M. Wt. (g/mol) Log Kow pKa 

1 Acetaminophen  

“Paracetamol” 

151.2 

 

0.46 9.38 

2 Atenolol 266.34 0.16 9.6 

3 Atrazine 215.7 2.61 1.7 

4 Caffeine  194.1 - 0.07 10.4 

5 Carbamazepine 236.1 2.45 13.9 

6 DEET 191.1 2.18 0.67 

7 Dilantin 252.3 2.47 8.33 

8 Fluoxetine 309.1 4.05 10.3 

9 Sulfamethoxazole 253.3 0.89 5.5 

10 Trimethoprim 290.1 0.91 7.12 

 

4.2.3 Anammox batch reactor experiment 

 

4.2.3.1 Anammox batch reactor installation 

A batch reactor consisted of six (one-liter glass) bottles. These bottles were filled with 

100 gm of clean dry sand (0.8 to 1.2 mm size) and 400 ml of synthetic secondary effluent 

(SySE) were added (fill-and-draw mode) every five days (HRT = 5 days). They were put 

on a shaker at 100 revolutions per minute (rpm) to ensure complete mixing of water 

samples as shown in Figure 4.2. The reactors and the shaker were totally covered by a 

black plastic sheet to protect from light.   
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Figure 4.0.2: A photo of the batch reactor experiment 

DOC concentrations were measured before and after to check the biofilms growth and 

monitor the repining period. The batch reactors were categorized into five groups as 

shown in Table 4.5. After a ripening period (which was achieved after 80 days), 

Anammox bacteria were added to the reactors, 4 and 5, only, to simulate Anammox 

conditions in these reactors, nitrite and ammonium were spiked into all reactors while 

PhACs were spiked to the reactors: 2, 3, 5 and 6 and reactors 1 and 6 were left as controls 

aerobic and anoxic-Anammox conditions, as shown in Table 4.5. Anaerobic conditions in 

the reactors were created by purging the reactors with a stream of nitrogen until the DO 

become <0.1mg/l before close them tightly. PhACs, 

Table 4.0.5: Working conditions for anammox batch experiment 

Batch 

reactor 

NH4
+
-N 

(mg/L) 

NO2
-
-N  

(mg/L) 
PhACs Dose 

(μg/L) 

Working conditions 

1 10 30 0 Aerobic 

2,3 10 30 0.5 Aerobic 

4  10 
30 

0 
Anoxic with 

Anammox
(*)

 bacteria 

5 10 
30 

0.5 
Anoxic with Anammox 

bacteria 

6 10 
30 

0.5 
Anoxic without 

anammox bacteria 

(*): Anammox bacteria were added to batch reactors and gene pyro-sequencing analysis 

was made to confirm the presence of ammonium bacteria  
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4.2.3.2 DNA extraction, PCR amplification and 16S rRNA gene pyrosequencing 
 

Soil samples were collected from different batch reactors, as described in Table 4.5, and 

Microbial genomic DNA was extracted from soil samples using PowerSoil DNA 

extraction kit (MO BIO Laboratories, inc., Carlsbad, CA) according to the 

manufacturer’s protocol. The quality, the concentration and the purity of the extracted 

DNA were assessed using a Nanodrop® 1000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA) and stored at -20
o
C until further analysis. For each DNA 

sample, triplicate PCR reactions was performed in a 25–μl reaction volume using the 

HotStarTaq Plus Master Mix (QIAGEN, Valencia, CA), 0.5 µM of each primer and 100–

200 ng of template DNA. Bacterial 16S rRNA genes were amplified using the fusion 

primer 341F (5'–Lib–L/A–Key–Barcode–CA Linker– CCTACGGGNGGCWGCAG–3') 

and reverse primer 805R (5'–Lib–L/B–Key–TC linker– 

GACTACHVGGGTATCTAATCC–3').  The primers used in this study targeted the V3–

V4 region of the 16S rRNA gene.  A unique 8–bp error–correcting hamming barcode was 

used to tag each PCR product.  PCR was performed using a C1000 Thermal Cycler (Bio-

Rad, Hercules, CA) with the following PCR conditions: initial denaturation at 95°C for 5 

min, 25 cycles of denaturation at 94°C for 1 min, annealing at 56°C for 1 min, and 

extension at 72°C for 1 min, and a final extension at 72°C for 5 min.  Triplicate PCR 

products from each sample were pooled and confirmed by gel electrophoresis and then 

purified using the Qiaquick gel extraction kit (QIAGEN, Valencia, CA) according to the 

manufacturer’s protocol.  The concentration of the PCR products was measured on 

Qubit® 2.0 Fluorometer using the PicoGreen® dsDNA quantitation assay (Invitrogen, 

Carlsbad, CA).  The purified barcoded amplicons from each sample were then pooled in 
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equimolar concentrations and the quality was checked by Bioanalyzer (Aligent 

Technologies, Santa Clara, CA) before pyrosequencing. Pyrosequencing was done on the 

Roche 454 FLX Titanium genome sequencer (Roche, Indianapolis, IN) at Macrogen, 

Seoul, Republic of South Korea using full-plate (two run), according to the 

manufacturer’s instructions.  

4.2.3.2.1 Processing of Pyrosequencing data  
 

Generated sequences from pyrosequencing of the 16S rRNA gene amplicons were 

processed using the Quantitative Insights Into Microbial Ecology (QIIME v1.8.0) 

pipeline (Caporaso et al., 2010b). Raw reads from two run pooled together and then 

demultiplexed to trim the barcodes and primers and then low quality sequence reads 

outside the bounds of 200 and 1000 bp, sequences containing more than 6 ambiguous 

base or 6 homopolymers and sequences with quality score less than 25 were removed. 

Sequences were clustered into operational taxonomic units (OTUs) using uclust (Edgar, 

2010) with 97% sequence identity threshold.  Representative sequences from each OTU 

were aligned using PyNAST (Caporaso et al., 2010a) and taxonomic identity was 

assigned by Greengenes 13_5 database.  Chimeric sequences were identified and 

removed from the aligned sequences using Chimera Slayer as implemented in QIIME.  

4.2.3.2.2 Diversity estimates  
 

To estimate sampling completeness and calculate the probability that randomly selected 

amplicon sequence from the pooled sample has already been sequenced  good’s coverage 

and rarefaction analysis was performed on the resulting OTU table. For alpha diversity 

measurements, we calculated the Shannon diversity index (H), phylogenetic diversity 

(PD_whole) and Chao1 species richness estimator for each pooled sample using rarefied 
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OTU dataset. Community dissimilarity in each category was estimated with weighted, 

unweighted UniFrac distance and visualized by principal coordinate analysis (PCoA). To 

remove inherent heterogeneity of sampling depth, we subsampled the dataset (normalized 

abundance values) to an even depth of 4000 sequences across the samples. This number 

was chosen, as it was slightly less than the pooled sample with lowest reads. Jackknife 

beta diversity and clustering analysis was performed to determine robustness of 

clustering of samples by the unweighted Pair Group Method with Arithmetic mean 

(UPGMA).  

4.2.3.2.3 Statistical analysis 
 

Variability in microbial community was analyzed by Nonmetric Multidimensional 

Scaling (NMDS) using unweighted UniFrac distance matrix generated in QIIME. To 

directly assess the influence of monitored operational parameters on temporal dynamics 

in bacterial community structure, we employed the direct gradient ordination method, 

distance based redundancy analysis (dbRDA) of UniFrac distance. dbRDA is supervised 

ordination technique designed to handle ecologically meaningful but non-Euclidean 

measures of dissimilarity (Dethlefsen & Relman, 2011). Both nMDS and dbRDA was 

performed using the statistical software PERIMER 6 (version 6.1.13) and 

PERMANOVA+ add on (version 1.0.3). 

4.2.4 Soil columns set-up  

 

Two sets of 5 meter long soil columns were used for SAT simulation in the lab; 

each set had two-2.5 meter length of PVC pipes with 57mm id, connected in series using 

plastic tubes as shown in Figure 4.3 with downward flow direction, each set has12 
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sampling points along with the PVC pipes.  Silica sand with particle sizes ranging from 0.8 

mm to 1.2 mm was used as filter media. A four days hydraulic retention time (HRT) and 

1.25 ± 0.1 m/day hydraulic loading rate (HLR) were applied. 

The ripening/acclimation of SCs have been accomplished before conducting any 

experiment. SE which was collected from the treatment plant was left outside the cold 

room for about 2 to 3 hours to bring its temperature to room temperature and aerated by an 

air diffuser. The SCs flow was checked at the outlet of the feed pumps and at the outlet of 

the SCs at least three times a week. The feed water was changed every four days. Influent 

and effluent DOC were measured to check the formation of a biofilm. The ripening of the 

SCs is achieved when the DOC removal efficiency is more or less constant, (around 2% 

variation); this can be considered as an indication for biofilm development. 

 

Figure 4.0.3: Schematic diagram for laboratory-scale SCs (SC1 and SC2) 
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4.2.5 Analytical methods 

 

The collected samples were filtered with a 0.45μm cellulose acetate filter before they 

were analyzed according to the following techniques in Table 4.6. 

Table 4.0.6: The used analysis techniques for water quality parameters 

Parameter Analysis Technique 

pH Metrohm 691 pH-meter 

DO WTW Oxi 340 portable DO meter. 

PhACs 
High performance liquid chromatography electrospray ionization mass 

spectrometry (HPLC-ESI-MS-MS) system 

EC WTW cond 330i portable conductivity meter 

DOC TOC-VCPN (Shimadzu) total organic carbon analyzer 

F-EEM FluoroMax-3 Horiba Jobin Yvon spectrofluorometer 

NH4
+
-N 

UV-2501 PC (Shimadzu) UV-VIS spectrophotometer using Salicylate and 

Dichloroisocyanurate reagents at 655nm. 

NO3
-
-N 

UV-2501 PC (Shimadzu) UV-VIS spectrophotometer amidosulfonic acid/H2SO4 

and 2, 6-dimethylphenol/acetic acid reagents at 324nm 

UV254 UV-2501 PC (Shimadzu) UV-VIS Recording spectrophotometer 

SUVA Expressed as the ratio of UV254 and DOC, expressed in (L/mg. m) unit 

Redox 

potential 

 Metrohm 691 pH-meter fitted with a platinium redox electrode. 

 

 

4.3 Experimental procedures for SCs 

After the ripening period, different process conditions, shown in Table 4.7, were 

applied. Aerobic conditions were maintained by aerating the influent water with air 

diffuser while diffusing nitrogen gas to purge the DO from the influent water created 

anoxic conditions.   

Table 4.0.7: Process conditions for the lab-scale SCs experiments 

 

Soil 

Column 

(SC) 

Experimental 

Conditions 

Aeration 

Conditions 

Nitrogen Doses 
PhACs 

Dose 

NH4
+
-N 

(mg/L) 

NO3
-
-N 

(mg/L) 
μg L 

SC1 (a) 

 

Aerobic/ 

without 

Continuous 

aeration for feed 
0.2 4.3 2 
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ammonium water  

SC1 (b) 
Aerobic/ with 

ammonium  

Continuous 

aeration for feed 

water 

20 4.3 2 

SC1 (c) 

Ammonium/ 

without 

aeration 

No aeration for 

feed water 
20 4.3 2 

SC2 (a) 
Aerobic/ low 

nitrate 

Continuous 

aeration for feed 

water 

0.2 4.3 2 

SC2 (b) 

Anoxic/ 

20mg/l 

Nitrate-N  

Continuous de-

aeration for feed 

water with N2 gas 

0.2 20 2 

 

4.4. Results and Discussion  

 

4.4.1. Soil columns performance under aerobic conditions 

 

During SAT systems, developed bio-films help to ensure bio-degradation of target 

compounds. For this research, DOC concentrations of the feed water varied from 10.5 

mg/L to 15.63 mg/l. In this experiment, DOC removal efficiencies of 17.1 ± 3.4% and 19.2 

± 2.6% for SC1 (a) and SC2 (a), respectively, were achieved in about 70 days; these results 

match with other researchers’ results where the removal was in the range of 11-22% over 

40 to 70 days (Al-Sakkaf, 2008; Caballero, 2010; Katukiza, 2006; Musabe, 2007; Sheriff, 

2009). The variation in DOC removal efficiency of the SCs was due to the fluctuation in 

DOC concentrations in the WWTP SE. 

After ripening, profiles of different parameters (DO, pH, redox potential, DOC, F-

EEM, UV254 and SUVA) along the depth of SCs were also developed as shown in Figure 

4.4. Both SCs showed more or less similar trends for the mentioned parameters along the 

SC. Through SAT system, DO as well as DOC decreased because of oxygen consumption 

during biological activities and carbon degradation happening inside the SCs. The average 
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effluent DO was 0.66 mg/L and 0.8 mg/L for SC1 (a) and SC2 (a), respectively. 

 

The pH of both SCs showed a slight decrease (0.4 units and 0.3 units for SC1 (a) 

and SC2 (b), respectively), which is due to the CO2 formation during the biodegradation 

processes and microbial activities inside the SCs. UV254 decreased on average by 12.2% 

and 11.1% in SC1 (a) and SC2 (b), respectively, while SUVA increased on average by 

2.3% and 7.5% in SC1 (a) and SC2 (b), respectively. This is because SAT systems 

preferentially remove biodegradable parts of non-humic substances. These findings are 

compatible with the works of Sharma et al. (2010) and Caballero (2010). The reduction of 

redox potentials reflected the decrease in the concentration of oxidants such as O2 and 

NO3
-
 or the formation of anoxic conditions along the SCs. This was due to DO depletion 

during the biodegradation process. The decrease in redox potential was higher in the first 

2.5 m of the SCs because the available oxidants were consumed in this region and anoxic 

conditions predominated.  
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Figure 4.0.4: Profiles of different parameters along duplicate SCs (SC1 (a) and SC2 (a)) 

after ripening condition (aerobic conditions, continuous aeration for feed water without 

ammonium or nitrate spiking, HLR: 1.25m/d) a) DO, b) pH, c) redox potential, d) 

UV254, e) DOC, f) SUVA) 

 

F-EEM was also monitored for the influent and effluent waters of SCs after the 

ripening period. The F-EEM spectra developed by MATLAB are shown in Figure 4.5. The 

results for the F-EEM showed that all of the three categories, humic/fulvic like, humic-like 

and protein-like organic components were reduced after passing through the SCs by 11%, 

11% and 31%, respectively, (average values for SC1 (a) and SC2 (a)), as shown in Table 

4.8. Results showed that SAT removes natural organic matter (NOM) with a higher 
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reduction for protein-like substances compared to humic-like organic matter fractions 

(Sharma et al. 2010). 

 

                             a) SC1 (a) influent  

                                           

 

 

              

                                                   

 

 

 

 

 

 

 

                     

                                                                     

 

 

 

 

 

 

 

 b) SC1 (a) effluent 
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          d) SC2 (a) effluent 

      

Figure 4.0.5: F-EEM for SCs after ripening period (a) SC1 (a) influent, b) SC1 (a) 

effluent, C) SC2 (a) influent, and d) SC2 (a) effluent (aerobic conditions, continuous 

aeration for feed water without ammonium or nitrate spiking, HLR: 1.25m/d). 
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Table 4.0.8: F-EEM results for SC1 (a) and SC2 (b) (aerobic conditions, continuous 

aeration for feed water without ammonium or nitrate spiking, HLR: 1.25m/d, HRT: 4 

days) 

 

Peak 
Sample 

source 

Excitation 

(nm) 

Emission 

(nm) 
Intensity 

Intensity 

reduction 

(%) 

P1 Humic/fulvic-like substances 

Influent 330 426 2.53 
11 

Effluent 330 426 2.25 

P2 Humic-like substances 

Influent 250 438 3.59 
11 

Effluent 250 438 3.19 

P3 Protein-like substances 

Influent 270 326 0.58 
31 

Effluent 270 326 0.40 

 

To assess oxygen impact on the removal of PhACs during SAT, aerobic conditions 

were maintained by continuous aeration of feed water with a gentle air stream and a 

cocktail of PhACs were spiked to SCs (SC1 (a) and SC2 (a)) feed water to meet the 

required 2 μg L influent concentration of each of the 12 selected compounds. Five 

samples were collected from influent, intermediate and effluent points; one sample at 0 

m depth, 2 samples at 2.5 m depth and 2 samples at 5 m depth for analysis of the target 

PhACs (all of these samples points were selected in each case). Both columns showed 

similar removal efficiencies for all compounds except ibuprofen, it was removed at 

45.3% and 6.8% in SC1 (a) and SC2 (a), respectively; this big variation can be 

attributed to sampling or analysis error. The average results and the profiles of removal 

efficiencies of both SCs (SC1 (a) and SC2 (a)) are shown in Figure 4.6 and Figure 4.7. 

The two hydrophilic ionic compounds, phenacetine and pentoxifylline, were removed 

at an average of 96.3% and 80.1%, respectively. Caffeine, a hydrophilic neutral 

compound, was removed at 77.9% (average value). Biodegradation is considered to be 

the main process for removal of hydrophilic groups. The highest removal among the 

hydrophobic groups of the selected PhACs was for bezafibrate, its average removal 
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efficiency was 62.9%. The other hydrophobic compounds; fenoprofen, diclofenac, 

naproxen, carbamazepine, ketoprofen, clofibric acid, and gemfibrozil; were removed in 

the range of 3.6-42.1%. The high removal of, bezafibrate, fenoprofen, diclofenac and 

ibuprofen (removals are: 63%, 42%, 33% and 31%, respectively), can be attributed 

mainly to sorption process on account of their high octanol-water partition coefficient 

(Kow), Kow values of, bezafibrate, fenoprofen, diclofenac and ibuprofen, are 4.25, 3.9, 

4.51 and 3.97, respectively. It can be seen in Figure 4.7 that naproxen, carbamazepine, 

ketoprofen, clofibric acid and gemfibrozil showed the highest persistence (<20%).  

These results agree with the findings of Abel (2009) and Caballero (2010). 

 
 

Figure 4.0.6: Average concentration of selected PhACs along the SCs (SC1 (a) and 

SC2 (a), aerobic conditions, continuous aeration of feed water without ammonium or 

nitrate spiking, HLR: 1.25m/d) 

  

Generally, it was observed that hydrophilic groups were better removed than 

hydrophobic groups of the 12 selected PhACs during aerobic conditions. Bezafibrate, 
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phenacetine, caffeine and pentoxyfilline exhibited better removal at the top 2.5 m depth 

of the SCs than the total removal of the hydrophobic compounds over the entire depth 

of the SCs. Phenacetine was removed >90% at 2.5 m depth of the SCs. This suggests 

that biodegradation of hydrophilic groups of PhACs takes place in the upper layers of 

the SAT.  

 

Figure 4.0.7: Average removal efficiency of SCs (SC1 (a) and SC2 (a)) for selected 

PhACs (aerobic conditions, continuous aeration for feed water without ammonium or 

nitrate spiking, HLR: 1.25m/d, HRT: 4days). 

 

4.4.2 Soil columns performance under anoxic conditions 

 

SC2 (b) was used for investigate the impact of anoxic conditions on the removal 

of PhACs during SAT. The DO in the feed water was purged by diffusing N2 gas until 

it reached <0.2mg/L, then continuous N2 gas at slower rate was applied to the influent 

tank to control DO level. Redox potential (109 mv average value) and pH (0.8 average 

value) were observed to be similar at the inlet and outlet points of the SC2 (b). The 

DOC concentration was found to be 14.47 mg/L and 12.69 mg/L at the inlet and outlet 

points, respectively.  At the same time, SUVA increased from 2.7 L/mg-m to 3.05 

L/mg-m. 
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Figure 4.0.8: Average concentration of selected PhACs along SC2 (b) (anoxic 

conditions, continuous de-aeration for feed water without ammonium or nitrate 

spiking, HLR: 1.25m/d, HRT: 4days) 

 

The analysis results for the 12 selected PhACs through the SC and total removal 

efficiency by the SC2 (b) for these compounds are depicted in Figure 4.8 and Figure 

4.9, respectively. Concentration profiles of hydrophilic compounds like caffeine and 

phenacetine showed better removal at the top 2.5 m depth of the SC2 (b), while no 

removal showed for hydrophobic compounds at the top half of SC2 (b). The average 

total removal efficiency of the SC2 (b) was 95.3%, 94.7% and 85.2% for caffeine, 

phenacetine and pentoxifylline, respectively. Naproxen showed the highest removal 

(60%) among the hydrophobic groups of the 12 selected PhACs. Ibuprofen, fenoprofen 

and bezafibrate were removed at 46.8%, 46.2% and 40.5%, respectively. The remaining 

5 compounds (carbamazepine, clofibric acid, diclofenac, gemfibrozil and ketoprofen) 

exhibited a relative persistence, their removal ranging from 6.8-21.9%. It was found 

that under anoxic experimental conditions of SAT, PhACs removals were variable. The 

highest percentage removal was observed for the hydrophilic groups of compounds 
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(95.3%) and the lowest percentage removal occurred for the hydrophobic groups of the 

12 selected PhACs (6.8%).  

 

Figure 4.0.9: Average removal efficiency of SC2 for selected PhACs (anoxic 

conditions: continuous de-aeration for feed water without ammonium or nitrate 

spiking) 

 

Removal of the 12 PhACs under different redox (aerobic and anoxic) conditions 

is shown in Figure 4.10. It was observed that, under both experimental conditions, 

hydrophilic compounds (caffeine, phenacetine and pentoxifylline) showed better 

removals than the hydrophobic compounds of the 12 compounds.  

 

Figure 4.0.10: Comparison of removal efficiency of SCs for selected PhACs under 

aerobic conditions (SC1 (a) and SC2 (a)) and anoxic conditions (SC2 (b)), HLR: 

1.25m/d, HRT: 4days). 
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It was also observed that PhACs achieved the same removal of most of the 

compounds under both, aerobic and anoxic, conditions. Caffeine and naproxen were 

removed better under anoxic conditions. Caffeine was removed at 95.3% and 77.9% 

and naproxen was removed at 60% and 21.2% under anoxic and aerobic conditions, 

respectively. On the other hand, bezafibrate was removed better under aerobic 

conditions. The better removal of diclofenac during aerobic conditions agrees with 

the results of Schmidt et al. (2004). The removal percentage for bezafibrate was 

62.9% and 40.5% under aerobic and anoxic conditions, respectively. The persistence 

of carbamazepine during the SCs test under both redox conditions supports the 

findings of other researchers including Abel (2009), Caballero (2010) and Drewes et 

al. (2003). 

4.4.3 Removal of PhACs through SCs under different nitrogen conditions  

 

SC1 was used for the experiments of ammonium conditions while SC2 was used for 

nitrate conditions. SC1 was used to analyze the impact of ammonium conditions 

under two different situations. First, 20 mg/L of NH4
+
-N was dosed and the feed water 

was aerated continuously to maintain 8-9 mg/L of DO in the influent (SC1 (b). In the 

second condition, 20 mg/L of NH4
+
-N was dosed but without any aeration SC1 (c). It 

was found that during the aeration condition, the influent ammonium was 

dramatically depleted in two days inside the feed tank (before reaching inlet point of 

the SC1 (b)). The reduction was attributed to the volatilization of ammonium under 

higher pH values (pKb is 4.75 @25C) and the oxidation of ammonium. The pH was 

around 8.3 during the experiment (about one log unit below the pKb , at this pH value 

about 10% of ammonium can be volatilized). Hence, to keep the influent 

concentration of ammonium at 20 mg/L of NH4
+
-N, the feed water was changed every 
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day. Though this problem was not observed during the non-aerated condition, the feed 

water was changed every day to make sure the influent ammonium concentration is 

within the required range. 

4.4.3.1 Removal of PhACs during SAT under ammonium conditions  

4.4.3.1.1. Feed water with continuous aeration (SC1 (b)) 
 

Quality parameters were measured before the commencement of collecting 

samples for PhACs analysis. The values are shown in Table 4.9. All of the 

parameters were measured after the ripening period. DOC and DO showed reduction 

while SUVA increased. The influent ammonium concentration was found to be 

around 19.6 mg/L of NH4
+
-N and the effluent concentration was reduced to 15.5 

mg/L of NH4
+
-N with 20.9% removal. Ammonium reduction could be due to 

nitrification. 

Table 4.0.9: Profiles for different quality parameters after PhACs and ammonium 

dosage with continuous aeration through SC1 (b), (aerobic conditions with continuous 

aeration and ammonium spiking, HLR: 1.25m/d) 

 

Sample 

source 

DO (mg/L) pH UV254 

(cm
-1

) 

DOC 

(mg/L) 

SUVA 

(L/mg. m) 

NH4
+
-N 

(mg/L) 

Influent 4 8.4 0.489 17.25 2.83 19.6 

Effluent 1 7.5 0.437 13.91 3.14 15.5 

 

Samples for PhACs analysis were collected at influent, intermediate and 

effluent points one week after the experiment was started. Concentration profiles of the 

12 selected PhACs through the SC and the average removal efficiency of the SC for 

these compounds are shown in Figure 4.11 and Figure 4.12, respectively. The three 

hydrophilic compounds (caffeine, pentoxifylline and phenacetine) and carbamazepine 

showed more or less similar removal at the 2.5 m depth and at the 5 m depth of the SC. 

Particularly, phenacetine reached its highest attenuation during the first 2.5 m depth 

(98%). The mentioned hydrophilic groups and bezafibrate were removed better than the 
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rest of compounds at the first 2.5 m depth of the SC. As shown in Figure 4.12, 

ibuprofen, naproxen and phenacetine were removed more than 90%. Fenoprofen, 

bezafibrate and caffeine were removed in the range of 75-90%.  

 

Figure 4.0.11: Average concentration of selected PhACs along SC1 (b) (aerobic 

conditions with continuous aeration and ammonium spiking, HLR: 1.25m/d, HRT: 

4days) 

 

The hydrophilic compound, pentoxifylline, was removed by 54.4%. The 

remainder of the compounds including carbamazepine, gemfibrozil, ketoprofen and 

diclofenac were removed in the range of 12.5-16.3% while no change of clofibric acid 

concentration was observed with SC depth. The reason could be linked to the mobility 

nature of the compound (Verstraeten et al. 2002).  
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Figure 4.0.12: Average removal efficiency of SC1 for selected PhACs (aerobic 

conditions with continuous aeration and ammonium spiking, HLR: 1.25m/d) 

 

4.4.3.1.2 Feed water without continuous aeration (SC1 (c)) 

 

This experiment was conducted to have understanding of the impact of 

ammonium during limited available DO on PhACs removal. Quality parameters were 

also measured along the SC before collecting samples for PhACs analysis, and results 

are shown in Table 4.10. Ammonium reduction was virtually nothing due to low DO 

availability (around 2%). The constant pH illustrated the limited biodegradation and 

lower CO2 production due to lower availability of DO in the SC.  

Table 4.0.10: Profiles for different quality parameters after PhACs and ammonium 

spiking without continuous aeration through SC1 (C) (HLR: 1.25m/d, HRT: 4days) 

 

Sample 

source 

DO 

(mg/L) 

pH Redox 

potential (mV) 

UV254 (cm
-1

) DOC 

(mg/L) 

SUVA 

(L/mg. m) 

NH4
+
-N 

(mg/L) 

Influent 2.7 7.6 147 0.554 18.5 3.05 19.9 

Effluent 0.5 7.6 142 0.494 16.09 3.07 19.5 

 

Five samples (from influent, intermediate and effluent) were collected for 

PhACs analysis one week after the experiment was started. The concentration profiles 

of the selected PhACs through the SC and the average removal efficiency of the SC for 
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these compounds are shown in Figure 4.13 and Figure 4.14, respectively. As depicted 

in Figure 4.14, phenacetin, exhibited the highest removal (>98%), its removal was 

achieved at 2.5 m depth of the SC. Caffeine, pentoxifylline and naproxen had more or 

less similar removal values at the first 2.5 m depth and at the 5 m depth. 

 

Figure 4.0.13: Average concentration of selected PhACs along SC1 (Ammonium and 

aerobic conditions without continuous aeration, HLR: 1.25m/d).  

 

Clofibric acid showed no removal through the first 2.5 m depth of the SC while 

caffeine showed the second best removal (77.5%). The hydrophilic drug, 

pentoxifylline, was attenuated less than the hydrophobic bezafibrate. The percentage 

removals for bezafibrate and pentoxifylline were 65% and 37.1% (average values), 

respectively. The remainder of the compounds including ibuprofen, gemfibrozil, 

diclofenac and clofibric acid showed higher persistence (<30% removed). 

Carbamazepine and fenoprofen showed an increase in concentration at the effluent 

point. The increase in carbamazepine could be due to its high persistence and its mobile 

nature (Verstraeten et al. 2002). The negative removal of the hydrophobic ionic 

compound, fenoprofen, can be attributed to sampling or analysis error. 
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Figure 4.0.14: Average removal efficiency of SC1 (c) for selected PhACs 

(Ammonium and aerobic conditions without continuous aeration HLR: 1.25m/d, 

HRT: 4days).  

 

Generally, PhACs showed higher removal under, ammonium and aerobic conditions 

with continuous aeration of feed water (SC1 (b), than ammonium and aerobic 

conditions without continuous aeration of feed water (SC1 (c). It was found that the 

continuous aeration (SC1 (b)), enhanced PhACs’ removals and achieved, 79%, 88%, 

75%, 93%, 91% and 53% for bezafibrate, caffeine, fenoprofen, ibuprofen, naproxen, 

and pentoxifylline, respectively, and this is corresponding to additional removals of, 

15%, 10%, 74%, 75%, and 79%, respectively, more than the same conditions but with 

continuous aeration. Moreover, carbamazepine, clofibric acid, diclofenac, 

gemfebrozil, and keteprofen, showed the lowest removals under both conditions, 

while phenacetine maintained the same removal (98%) under both conditions, as 

shown in Figure 4.15. 
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Figure 4.0.15: Average removal efficiencies of SC1 (b) and SC1 (c) for selected 

PhACs (SC1 (b): Ammonium and aerobic conditions with continuous aeration HLR: 

1.25m/d) and (SC1 (c): Ammonium and aerobic conditions without continuous 

aeration HLR: 1.25m/d and HRT: 4days).  

 

4.4.4. Removal of PhACs through SC2 under nitrate and anoxic conditions  

Anoxic conditions were created through de-aeration of the feed water of SC2 

(b).  Nitrogen gas was diffused until the DO became around 0.2 mg/L after spiked with 

PhACs and 20 mg/L of NO3
-
-N, then nitrogen gas was allowed to diffuse gently but 

continuously to keep the DO in the specified lower (near zero) range. Feed water was 

changed daily to make sure the influent NO3
-
-N concentration stayed constant all of the 

time.   

Profiles for different quality parameters for the influent and effluent points of 

SC2 (b) are shown in Table 4.11.  

Table 4.0.11: Profiles for different quality parameters after PhACs and nitrate dosage 

under anoxic conditions at SC2 (b), (anoxic conditions with continuous de-aeration 

and NO3
-
-N spiking, HLR: 1.25m/d) 

Sample 

source 

pH UV254 (cm
-1

) DOC 

(mg/L) 

SUVA  (L/mg. m) NO3
-
-N (mg/L) 

Influent 8.6 0.51 15.64 2.58 24.3 

Effluent 8.0 0.4 14.3 3.55 22.3 
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DOC removal for this experimental condition was (8.6%). Compared to ammonium 

conditions, redox conditions showed a higher impact on DOC removal of the SE 

during SC passage. This shows the importance of DO on the removal of DOC during 

SAT. UV254 was reduced from 0.51.cm
-1

 to 0.4.cm
-1

, while SUVA showed an 

increase from 2.58 L/mg-m to 3.55 L/mg-m. It was, also, found that nitrate was 

slightly removed by around 8% because of denitrification. Concentrations of the 12 

selected PhACs through the SC2 (b) and the average removal efficiency of the SC2 

(b) for these compounds are shown in Figure 4.16 and Figure 4.17, respectively.  

 

Figure 4.0.16: Average concentration of selected PhACs along SC2 (b) (anoxic 

conditions with continuous de-aeration and NO3
-
-N spiking, HLR: 1.25m/d) 

 

Among the considered PhACs; phenacetin and caffeine showed relatively better 

removal, than the remainder of the compounds, during the first 2.5 m depth of the 

SC2 (b). Yet, these two compounds continued attenuation along with SC2 (b) depth. 

Phenacetin achieved the highest removal (95.9%) while caffeine removal was 74.1%. 

The hydrophilic ionic compound, pentoxifylline, and the hydrophobic ionic 

compound, bezafibrate, were rejected at 57.2% and 51.6%, respectively, and less than 

25% removal for the remainder of the compounds were achieved. Analysis error 
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could be the reason behind the high variation in the total removal of the duplicate 

samples of fenoprofen and ketoprofen. 

 
 

Figure 4.0.17: Average removal efficiency of SC2 for selected PhACs through SC2 

(b) (anoxic conditions with continuous de-aeration and NO3
-
-N spiking, HLR: 

1.25m/d, HRT: 4days) 

 

Comparing the removal efficiencies of PhACs under different nitrogen conditions 

(ammonium with continuous aeration, ammonium without aeration and nitrate 

without aeration) in the SCs effluent (at 5m depth), it is clear that PhACs removals 

have been affected by different nitrogen species. Furthermore, the best removals were 

achieved in the presence of ammonium ion with continuous aeration as shown in 

Figure 4.18.  Those removal levels were not achieved under either continuous aeration 

(without ammonium) conditions or under ammonium without continuous aeration. 

This is due to the presence of nitrifying bacteria which is responsible for 21% 

ammonium removal as well. These findings are matching with other researchers 

results (Suarez et al., 2010; Batt et al., 2006; Shi et al., 2004).  

Furthermore, It was also observed that, some PhACs (caffeine and DEET), were 

removed efficiently, in the aerobic batch reactor (78% and 87%), respectively, as 

shown in Figure 4.21. On the other hand, analysis of ammonium oxidizing bacteria 

showed abundance of 14.66% and 1.98% under aerobic conditions versus 1.38% and 
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0.04% under anoxic conditions, for nitrospire and nitrosomonadaceae, respectively, 

as shown in Table 4.12. 

This is strongly suggested that the special PhACs removals under aerated ammonium 

conditions due to the presence of ammonium oxidizing bacteria. 

Table 4.0.12: Abundance percentage of ammonium oxidizing bacteria populations 

under aerobic and anoxic conditions. 

 

Population Aerobic Anoxic 

Nitrosomonadaceae 1.98 0.04 

Nitrospirae 14.66 1.38 

 
 

 

 

Figure 4.0.18: Comparison of removal efficiencies of selected PhACs: (ammonium 

with continuous aeration, ammonium without aeration and nitrate without aeration) at 

5 m SC depths 

 

4.4.5 PhACs and nutrients removal in anammox batch experiment 

 In Anammox batch experiment, the removals of, DOC, NH4
+
-N, NO2

-
 and NO3

-
, 

were monitored after acclimation of the batch reactors. It was found that most of, 

DOC and NH4
+
-N, were removed in the aerobic reactors, they removed 96% of DOC 
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and, 99% of NH4
+
-N. However, DOC was removed in all, anoxic batch reactors, by 

around 93%.  

Moreover, ammonium was attenuated through the anoxic‐anammox batch reactors by 

around 70%, and achieved (around 60%) through the anoxic without anammox bacteria 

reactor, unexpectedly, as shown in Figure 4.19. However, Nitrite oxidized to nitrate and 

totally disappeared, in aerobic batch reactors, which increased the nitrate 

concentrations, nitrite was also reduced in both batch reactors, the anoxic without 

anammox bacteria and anoxic-anammox bacteria batch reactor, by 24% and 30%, 

respectively. Nitrite was consumed in the anoxic-anammox bacteria reactor through 

the following anammox reaction: 

NO2
-
 +NH3

+
 + H

+
 _ N2 +2 H2O 

As a result of this reaction, pH value increased from 7.65 to 8.25 at the effluent of 

anoxic-anammox batch reactor, it, also, showed increase in the effluent of anoxic-

without anammox bacteria reactor (up to 7.99), while it decreased, down to 6.7, in the 

aerobic batch reactors as a result of CO2 formation and ammonium oxidation.  

 Around 10% of nitrate was removed at both anoxic reactors through denitrification 

while nitrate concentration increased in the aerobic batch reactors because of 

nitrification and nitrite oxidation.     

However, it was observed and after gen pyrosequencing that, the anoxic without 

anammox reactor contains anammox bacteria although no anammox bacteria was 

added, as shown in Figure 4.24, which explains the unpredicted ammonium and nitrite 

removals. It appears that, the anammox bacteria in this reactor might come from the 

secondary effluent which was used during the bioacclimation period, and grew under 

the anoxic conditions. 
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Figure 4.0.19: Average values removals of DOC, NH4
+
-N, NO2

-
 and NO3

-
 through 

anammox batch reactor experiment (aerobic, anoxic-anammox, and anoxic without 

anammox reactors)   

 Ammonium removals over time showed some fluctuations, as shown in Figure 4.20, 

this could be due to the microbial community fluctuations as shown in Figure 4.25 

 

Figure 4.0.20: Ammonium removal over time through anammox batch reactor 

experiment (aerobic, anoxic-anammox, and anoxic without anammox reactors)   

Regarding the PhACs removal, atenolol, fluoxetine and sulfamethoxazole showed the 

highest removals through the batch experiment under all conditions. Atenolol was 

totally removed (99%) from all reactors, fluoxetine and sulfamethoxazole showed the 

best second removal, they were removed by, 69%, 74%, 80% and 56%, 51%, 75%, 

through aerobic, anoxic-Anammox, and anoxic without Anammox reactors, 
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respectively. The remainder compounds showed high resistance to remove (<10), under 

all conditions, except caffeine and DEET which showed removals of 78% and 87%, 

respectively, through aerobic batch reactor, only, as shown in Figure 4.21, this removal 

might be because of the presence of nitrifying bacteria. This suggestion have been 

supported by the increasing of both ammonium oxidizing bacteria (AOB) and nitrite-

oxidizing bacteria (NOB), after PhACs spiking under anoxic and aerobic conditions, as 

shown in Figure 4.22, this increase is higher under aerobic conditions 

 

Figure 4.0.21: PhACs removal through anammox batch reactor experiment (aerobic, 

anoxic-anammox, and anoxic without anammox reactors)   

  

Figure 4.0.22: AOB and NOB before and after PhACs in aerobic and anoxic reactors 
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4.4.6 Microbial community gene pyro-sequencing  

Barcoded 454 pyrosequencing of 16S rRNA gene amplicons from 22 samples 

produced 1,480,795 reads after quality filtering, as shown in Table 4.13.  

Table 4.0.13: Barcoded 454 pyro-sequencing of 16S rRNA gene amplicons from soil 

samples 

 Run 1 Run 2 Total 

Raw Reads 933931 901482 1835413 

Filtered Reads 754036 726759 1480795 

 

The sequences were assigned to 11426 OTUs at a 97% sequence identity threshold. 

High average Good’s coverage of 0.95±0.05 in most of the samples indicates that 

these libraries represented the majority of bacteria 16S rRNA sequence, but samples 

from day 10 anoxic and day 15 aerobic samples were having low Good’s coverage of 

0.71±0.12 mainly due to low segueing depth for those samples. Rarefaction curves 

also revealed that the majority of 16S rRNA sequences were present in each sample 

(Figure 4.23).  

Temporal variation in richness of the species present was estimated by Shannon 

diversity index and Chao1 index on rarefied samples. The average Shannon index was 

high and range between 7.8-6.1 in aerobic and 6.7-6.2 in anoxic samples, respectively. 

In accordance with rarefaction analysis samples from day 10 anoxic and day 15 

aerobic samples had very low H-index due to lower sequencing depth and was 

excluded rom the H-index analysis, as shown in Figure 4.24. H-index was higher in 

anoxic reactors as compared to aerobic reactors (p <0.005 as determined by student’s 

t-test).   
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Figure 4.0.23: Rarefaction curves for all samples.  
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(B) 

Figure 4.0.24: Microbial diversity in aerobic (A) and anoxic (B) reactors as 

determined by the Shannon diversity index (H) with rarefied sub-samples. Histograms 

represent average values for the duplicate reactors with their respective standard 

errors. 
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(B) 

Figure 4.0.25: Relative abundance of different phyla in (A) Anoxic and (B) Aerobic 

samples. Abundance of Nitrosomonadaceae family also included while rest of the 

proteobacterial family presented as other proteobacteria. The dashed line separated 

samples before and after PhACs spiking. X-axis denotes the reactor number. 

Parenthesis on x-axis showing the day of sampling.  

 

 

Figure 4.25, shows the abundance of Nitrosomonadaceae family while rest of the 

proteobacterial family presented as other proteobacteria for all reactors. The dashed line 

separated samples before and after OMP spiking. However, Anammox bacteria appeared in 

all anoxic reactors although it was not added to anoxic reactor 3, the source of anammox 

bacteria in this reactor could be from the used SE during the bioacclimation. 

Aerobic samples are similar to each other and clustered together while anoxic samples 

are much more spreaded across the coordinate indicating rapid changes in the biomass. 

Sample from each anoxic reactor clustered separately while all three aerobic reactors 

are clustered together. There is a gradual succession in anoxic reactors. In anoxic 

reactors, all three different reactors ((Both reactors, 1and 2, anoxic with anammox 
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bacteria, while 3 anoxic without added anammox bacteria) are clustered separately, as 

shown in Figure 4.26. 

 

 

Figure 4.0.26: Nonmetric multidimensional scaling plots derived from unweighted 

Unifrac distance for aerobic and anoxic reactors.  

It was also observed that, ammonium and the DO has major effect in shaping the 

microbial community, as shown in Figure 4.27. 
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Figure 4.0.27: Distance-based redundancy analysis (dbRDA) of the relationship 

between operational and environmental parameters and bacterial community structure. 

The ordination was based on unweighted Unifrac distance matrix.  The lines represent 

significant variables (P˂0.05) constraining the pattern of bacterial community 

structure.  The length of the lines indicates the strength of the correlation.  The circle 

indicates the region of influence.  

4.5 Conclusions 

Performance assessment of an SAT system for PhACs removal, under different redox 

and nitrogen conditions, led to the following conclusions: 

  A SAT system has a high capacity to remove many PhACs although some 

persist.  Furthermore, the removal of some PhACs was affected by the process 

conditions (redox and nitrogen conditions). 

 All of the selected PhACs exhibited almost similar removals under aerobic 

and anoxic conditions except for caffeine and naproxen; they had higher 

removals under anoxic conditions, 95% and 60 %, respectively. However, 
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bezafibrate and diclofenace showed higher removal under aerobic conditions, 

63% and 34%, respectively. 

 It was also found that redox conditions affected DOC removal more than 

nitrogen conditions.  

 Phenacetin and caffeine were removed >90% under different redox and 

nitrogen conditions. Carbamazepine, clofibric acid, gemifibrozil and 

ketoprofen were found to be highly persistence (<30% removed) under 

different redox and nitrogen process conditions.  

 Nitrifying bacteria plays an essential role in PhACs removal; bizafibrate, 

fenoprofen, ibuprofen and naproxen achieved the best removals under 

ammonium with continuous aeration: 78%, 75%, 95% and 92%, respectively, 

while nitrate reducing conditions did not enhance the removal.  

 Anoxic reactor with Anammox bacteria did not show any additional PhACs 

removal, however, it removed 70% of the available ammonium  
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Chapter FIVE 

 

Enhancing organic micropollutants (OMPs) and nutrients removals through 

natural wastewater treatment techniques by integrating CWs and SAT  
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5.1 Introduction 

There is a growing pressure on water resources worldwide resulting from high 

population growth and thus increasing water demands. Nowadays, treated wastewater 

effluent is well accepted as one of the important water resources in many parts of the 

world. Treated wastewater has the potential to become an important water source for 

different purposes, but the quality of the treated wastewater is often a potential 

constraint, depending on the specific (re)use. Wastewater effluents normally contain 

different pollutants such as natural organic matter, effluent organic matter, toxic 

anions, and micro pollutants, which should be properly treated prior to the safe and 

efficient usage of these waters (Kim et al., 2008).  

Natural wastewater treatment systems; namely, constructed wetlands (CWs) and 

managed aquifer recharge (MAR) which comprises: Aquifer Recharge and Recovery 

(ARR), soil aquifer treatment (SAT), and river bank filtration (RBF); are simple, cost-

effective, robust, chemical-free, and efficient methods to further polish wastewater 

effluents. Their extreme simplicity in construction, operation and maintenance make 

these natural systems competitive with conventional wastewater treatment methods 

(Sharma and Amy, 2010).  

Bank filtration (BF) can be considered to be a robust treatment system able to 

maintain its active processes through extreme scenarios such as temperature changes, 

high contaminant concentration peaks, and shorter residence times due to flood events 

(Schmidt et al., 2007).  

CWs are engineered systems that have been designed and constructed to utilize the 

natural processes involving wetland vegetation, soils, and associated microbial 

assemblages to assist in treating wastewaters. They are designed to take advantage of 

many treatment mechanisms that occur in natural wetlands, but do so within a more 
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controlled environment. CWs for wastewater treatment may be classified according to 

the wetland hydrology (free water surface FWS and subsurface flow SSF systems). 

SSF CWs can be further classified according to the flow direction (horizontal (HF) 

and vertical (VF)) (Vymazal, 2010).  

The treatment mechanisms that occur in CW and MAR systems include settling, 

microbial oxidation, anaerobic decomposition, nitrification, denitrification, 

adsorption, desorption, and precipitation. CWs systems use many plants such as 

cattails and bulrushes, and their associated bacterial populations to break down 

contaminants into relatively innocuous byproducts. Thus, CWs can effectively treat 

domestic wastewater, industrial wastewater, animal wastewater, contaminated 

groundwater, mine waste, urban runoff, and other contaminated waters (Kadlec and 

Wallace, 2008) 

Natural wastewater treatment systems are used throughout the world for wastewater 

treatment to enhance reclaimed water quality to be reused for different purposes such 

as groundwater recharge. CWs and SAT can be applied to primary or secondary 

effluents, allowing the removal of most bacteria and other microorganisms and the 

degradation of bulk organic matter. SAT can also remove part of the nutrients and a 

wide range of organic micropollutants (OMPs), while CWs are efficient in removing 

bulk organics and suspended solids, but are less effective than SAT in removing 

nitrogen and phosphorus compounds. This is, due to, long hydraulic residence time 

(HRT) and redox conditions control during SAT and degradation of vegetation in 

CWs. 

Many studies have been carried out on constructed wetlands with respect to the 

control of organics, nutrients, and heavy metals, as well as organic micropollutants. 

When constructed wetlands have been used for the treatment of wastewater effluents, 
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they have generally exhibited high removal efficiencies for organic pollutants (60%–

99%), in terms of biochemical oxygen demand (BOD) and chemical oxygen demand 

(COD), and intermediate efficiencies for nutrients, in terms of ammonia, nitrate, and 

phosphate (Park et al., 2008). 

Organics are efficiently removed during SAT by a combination of filtration through 

the upper soil layer, biodegradation and adsorption. Nitrogen is efficiently removed 

by a combination of ammonia adsorption and biological nitrification–denitrification. 

Phosphorus is effectively removed by chemical precipitation and adsorption 

(Idelovitch et al., 2003).  

A number of emerging organic micropollutants (OMPs), such as pharmaceutically 

active compounds (PhACs), and different levels of nutrients have been detected in 

treated wastewaters which may eventually impact surface and ground waters, or 

restrict reuse. The occurrence, of PhACs in the receiving water bodies, depends on 

their resistance during wastewater treatment process, the water environment and the 

initial concentrations in the discharged water. However, it is known that PhACs, 

which may have human health and some toxicity effects, are not totally removed by 

conventional wastewater treatment methods and become a new environmental 

problem due to the widespread use of drugs in recent decades. Therefore, there is a 

need to develop an effective technology that can reduce concentrations of OMPs, 

including PhACs, very efficiently. Moreover, it is estimated that worldwide 

consumption of PhACs amounts to more than 100,000 tons annually with about 3000 

different substances being used in medicines in the European Union (Li et al., 2009).  

The utilization of constructed wetlands as pretreatment to UF membrane filtration, 

tested to control wastewater contaminants, exhibited high removal efficiency for 

nitrate and moderate for caffeine (Sarp et al., 2009). 
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A CW-SAT hybrid system could be an effective multi-barrier technology and the 

removal efficiencies for different contaminants can be maximized in such a hybrid 

system. Furthermore, practical studies are required to prove the benefits of this 

promising technology (Hamadeh et al., 2013). 

The main goal of this study was to investigate the removal of a selected group of 

OMPs in CW-SAT hybrid system for wastewater reuse applications. 

Hybrids that integrate different natural treatment systems are expected to be more 

effective for water reclamation and provide multiple barriers for different 

contaminants. 

This study consists of two parts; the first part discussed the performance of CW-SAT 

hybrid natural system based on a literature review while the practical performance of 

a CW-SAT hybrid system was investigated in the second part. 

5.2 Materials and Methods 

5.2.1 Theoretical Methodology   

Several research studies have been conducted through out the world to study the 

efficiency and capability of MAR and CWs to remove wastewater-derived 

contaminants (bulk organic matter, organic micropollutants, nitrogen, phosphorous 

and pathogenic microorganisms) from primary and secondary effluents through the 

natural, chemical and biological processes associated with soils and plants. 

This study is based on an extensive literature review, the performance data of more 

than 30 CWs and 20 MAR systems all over the world, pilot and field scale systems, 

were included. The collected data were used for the analysis of the removal 

efficiencies of OMPs (such as pharmaceutically active compounds (PhACs) and 

personal care products (PCPs)), nutrients (nitrogen and phosphorous), organic matter 
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and pathogenic microorganisms from MAR and CWs. Moreover, the potential 

integration of applying CWs and MAR either in hybrid or integrated processes under 

different environmental conditions, different water qualities and different types of 

CWs types, has also been investigated.  

Synergies between CWs and MAR are expected to enhance the removal capabilities 

of micropollutants, nutrients, bacteria, and viruses from different types of wastewater 

in a sustainable way, which cannot be achieved by MAR or CWs alone. The 

following sections summarize the performance of MAR, CWs and the potential 

combinations thereof for removal of different contaminants. However, the 

experimental works mainly focused on the removal of a selected group of OMPs. 

5.3 Results and Discussion 

5.3.1 Results and Discussion Work Based on Literature Survey 

5.3.1.1 Organic Matter and Suspended Solids Removals 

CWs and MAR are very effective in total suspended solids (TSS) removal (Table 

5.1), in both systems, most of the removal occurs within the first few meters of travel 

distance from the inlet zone. Adsorption and biodegradation are considered to be the 

dominant removal processes in these systems (Maeng et al., 2012). TSS in wastewater 

effluent is usually relatively fine and in organic form (sewage sludge, bacteria, floes, 

algal cells, etc.). The main constituent that must be removed from the effluent before 

it is applied to an SAT system is TSS due to infiltration basin clogging. However, a 

higher BOD content would also result in somewhat lower hydraulic loading rates 

(HLR) for the SAT system and would require more frequent basin cleaning. Thus 

using CWs as a pretreatment for ARR and SAT systems will not only reduce TSS 

from the influents but also avoid potential clogging and maintain the HLR. 
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Table 5.0.1: BOD5 and TSS removals through MAR and different types of CWs. 

System BOD5 % Removal  TSS % Removal Reference 

FWS CWs 73 73 Vymazal (2010) 

HF CWs 75 75 Vymazal (2010) 

VF CWs 90 89 Vymazal (2010) 

MAR 90 90 Oron (2001) 

 

Dissolved organic carbon (DOC) removal through bank filtration (BF), for Lake 

Tegel in Berlin (Germany), was 44% over 135 days of residence time as shown in 

Figure 5.1; this removal could be enhanced up to 80% for a longer distance as shown 

in Table 5.2. Chung et al. (2008) found that a 72% removal of DOC could be 

achieved within 5 days hydraulic residence time (HRT) through a subsurface flow 

horizontal CW.  

 

Figure 5.0.1: DOC removal through bank filtration for Lake Tegel in a Berlin 

(Source: Grunheid et al., 2005) 

Hybridization between these two systems will enhance the DOC removal and also 
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reduce the residence time Accumulative removal was calculated by applying actual 

80% DOC removal (DOC % removal based on Chung et al., 2008) through a CW 

(CW as pretreatment to BF) to the initial DOC concentration of BF study The 

estimated  OC concentration in CW’s effluent was used as initial concentration, for 

the same BF study, and percent removals (based on removals in Table 5.2) were 

applied for the new DOC concentrations. Then, the accumulative removals were 

calculated as shown in Figure 5.2.  

Table 5.0.2: DOC removal efficiency by bank filtration technology  

 

 

 

 

 

 

 

 

 

 

RBF Site 

location 

Distance 

well from 

river (m) 

Residence 

time (day) 

Influent 

conc. 

(mg/l) 

Effluent 

conc. 

(mg/l) 

Removal 

efficiency 

(%) 

Reference 

Lake 

Tegel  

Berlin 

(Germany) 

30 84 

7.5 

5.5 27 

Gruenheid 

et al., 2005 

25 90 5.6 25 

55 90 5 33 

77 117 4.7 37 

90 135 4.2 44 

Lake 

Tegel  

Berlin  

(Germany) 

100 135 7.5 1.5 80 

Jekel and 

Gruenheid, 

2005 
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Figure 5.0.2: DOC accumulative removal through CWs-MAR hybrid system 

 

5.3.1.2 Nitrogen and Phosphorous Removal 

Nitrogen species present in wastewater usually include various forms of organic and 

inorganic nitrogen (ammonium, nitrite and nitrate). Significant nitrification and 

subsequent denitrification normally occur and remove nitrogen through the treatment 

systems.  

Nitrogen removal has been observed through CWs and MAR systems. Table 5.3 

shows the removal efficiencies for different nitrogen species in a BF system.  

It was found that: 40-70 % removal could be achieved for different nitrogen species in 

different types of CWs, as shown in Table 5.3. VF CWs are more efficient in 

ammonia removal because they normally operate under oxic conditions which 

promote nitrification. The phosphorus is removed during SAT by adsorption to soil 

during reclaimed wastewater percolation through the soils and sediments and/or a 

chemical precipitation reaction with the calcium and magnesium ions present in the 

soil (Idolevitch et al., 2003). Plant uptake, in the case of CWs, tends to have a 

relatively small effect on removal (Vymazal, 2010). 
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Table 5.0.3: TN, NH4
+
-N and NO3

-
-N removals through MAR and different types of 

CWs (sources: Idelovitch et al., 2003; Vymazal, 2005; Vymazal, 2010). 

Treatment 

Technique 

NO3
-
-N % Removal 

Efficiency 

NH4
+
-N % 

Removal Efficiency 

TN % Removal 

Efficiency 

FWS CWs 61 47 51 

HF CWs 39 35 38 

VF CWs (-97) 73 43 

MAR 62 60 70 

The synergy between these two systems will be useful to enhance nitrogen removal, 

as shown in Figure 5.3. High ammonia removal can be achieved if VF CWs are used 

before MAR and generate nitrate. However, using HF CWs before MAR and after VF 

CWs will enhance the removal of all nitrogen and phosphorus species.  

  

Figure 5.0.3: TN, NH4
+
-N, NO3

-
-N, PO4

3-
, and TP removals through CWs and MAR 

systems 
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5.3.1.3 Organic Micropollutants Removal 

Municipal wastewater represents the main disposal pathway for PhACs and personal 

care products (PCPs) consumed in households, hospitals and industry. After passing 

through a wastewater treatment plant, the treated wastewater is often discharged into 

rivers and streams, which may percolate or infiltrate into groundwater or pass through 

riverbanks. Several OMPs such as bezafibrate, ketoprofen, iopromide, gemfibrozil, 

erythromycin, trimethoprim and fluextine appear to be removed effectively during 

MAR and/or CWs. The compounds, Ketoprofen, E2 and EE2, were found hard to be 

removed through CWs while they showed high removals through MAR (as shown in 

Figure 5.4), so the hybrid CWs-MAR system will guarantee the high removal for such 

compounds. Furthermore, OMPs removal will be enhanced through the CWs-MAR 

hybrid system, especially for some OMPs which show high resistance such as 

diclofenac, clofibric acid, carbamazepine and dilantin, as shown in Figure 5.4.  

 

Figure 5.0.4: OMPs removal through CWs and MAR systems (Sources: Conkle et al., 

2008; Matamoros et al., 2008; Snyder, 2008; Onesios, 2009; Valsero, 2010; Sharma 

et al., 2011; Hamadeh et al., 2012) 
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5.3.1.4 Metals Removal 

During water percolation through soil, trace elements such as iron, manganese, and 

various heavy metals are eliminated by filtration and sorption processes. In an aerobic 

environment, ion exchange processes at negatively charged surfaces can achieve 

removal, while in an anoxic environment; the removal of metal ions is dominated by 

precipitation reactions with sulfide. Plant uptake was also found to be an influential 

removal process in CWs (Cheng et al., 2002). 

Several metals show very high removals through BF such as iron and chromium while 

others show high removals through both systems such as zinc. Figure 5.5 shows that, 

metals such as, Zn, Pb, Fe and Cr, achieved high removals through CWs and MAR, 

individually, but a higher removal will be achieved through the CWs-MAR hybrid 

system. On the other hand, Cu achieved removal of 68% and 50%, through CWs and 

MAR, respectively, while Cd achieved removal of 50% and 75%, through CWs and 

MAR, respectively, but the CWs-MAR hybrid system will efficiently remove both 

metals. Generally, metals removals can be clearly enhanced through the combined 

system as shown in Figure 5.5, although some metals show some persistence for the 

CWs-MAR hybrid system such as selenium, tin and silver. 
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Figure 5.0.5: Metals removal through CWs and MAR systems (Sources: Laszalo et 

al., 2002; Kropfelova et al. 2009) 

5.3.1.5 Pathogen Removal 

Pathogenic bacteria, viruses and Cryptosporidium can be effectively reduced or 

eliminated during soil passage. Microorganisms may be removed from the aqueous 

phase primarily, during soil passage, by straining, inactivation, and attachment to the 

aquifer grains (in combination with inactivation), and may be for other not entirely 

understood reasons (Hiscock and Grischek, 2002). CWs have been found to reduce 

microbial pathogens with varying but significant degrees of effectiveness. As water 

passes through a CW system, pathogens are removed through a combination of 

physical mechanisms (filtration and sedimentation) and chemical mechanisms such as 

oxidation and adsorption to organic matter. CWs are highly efficient and remove 2-

logs of Giardia and around 1-log of Cryptosporidium. At the same time, MAR shows 

lesser removal for both organisms, as shown in Table 5.4. However, the hybrid 

MAR 
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system is expected to guarantee high reduction of both Giardia and Cryptosporidium 

as shown Figure 5.6. 

Table 5.0.4: Removal of Giardia and Cryptosporidium through CWs and MAR 

(Sources: Bosuben, 2007; Kadlec and Wallace, 2008). 

Bacteria CWs   Removal (log) MAR Removal (log) 

Giardia 2 1.6 

Giardia 2 1.9 

Cryptosporidium 1 0.5 

Cryptosporidium 1 1 

 

 

Figure 5.0.6: Giardia and Cryptosporidium removal through CWs and MAR systems 
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MAR and CWs systems are very efficient in bacteria removal, as shown in Table 5.5. 

The combination will substantially reduce their risk. Generally, MAR shows better 

removal for all types of viruses than CWs as shown in Table 5.6. Synergetic effect 

between the two processes will enhance virus removal and reduce risks.  

CWs and MAR are contrasted as shown in Figure 5.7, indicating high removal for 

FRNA bacteriophages; however this virus can be used as an indicator of the fate of 

human enteroviruses as they are very similar in physical size and structure and 

capable of surviving in many sewage treatment processes. 

Table 5.0.5: Bacteria removal through CWs and MAR (Sources: Gilbert et al., 1976; 

Laszlo and Literathy, 2002; Akber et al, 2003; Cameron et al, 2003; Garcia et al., 

2008; Kadlec and Wallace, 2008; Abidi et al., 2009). 

 

 

 

Bacteria FWS CWs Removal (log) 

 

SSF CWs Removal (log) 

 

MAR Removal (%) 

Fecal Coliform 2.5  2.6 100 

Total Coliform 2.74  2.48 100 

Fecal 

streptococci 
3.17 2.45 99.93 

E. Coli 0.20 1.45 100 

Salmonellae NA 3.84 100 
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Table 5.0.6: Reduction of viruses through gravel HF CWs and MAR (Sources: Harun, 

2003; Bosuben, 2007; Kadlec and Wallace, 2008). 

Organism HF CWs (log) MAR (log) 

FRNA Bacteriophage 3.07 6.2 

Fecal Streptococci 2.1 3.3 

Enteroviruses 0.69 2.3 

Somatic Coliphages 1.3 5.3 

Clostridium 2.8 4.7 

Poliovirus 4.1 4.6 

 

 

Figure 5.0.7: Virus log removals through CWs and MAR systems. 

5.4. Experimental Methodology  

SAT and CW have been simulated by laboratory scale soil columns (SCs) and 

vegetated laboratory-scale CW, respectively. The removal of a selected group of 

MAR 

log 

removal 
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OMPs as well as nutrients were investigated in this experiment.  

5.4.1 Constructed wetland set up 

Two identical, vegetated horizontal subsurface flow CW set-ups (horizontal 

subsurface flow (HSSF), Figure 5.10) were fabricated (dimensions are LxWxH: 

60x45x60 cm) to treat SE spiked with cocktails of a selected group of OMPs. A 

common reed, “Phragmites Australis”, was planted in these CWs. Both CWs were 

fed with SE after spiking with a cocktail of a selected group of OMPs.  

5.4.2 Soil columns set up  

Two sets of 5 meter long soil columns were used for the simulations of SAT in the 

laboratory of UNESCO-IHE, Delft, The Netherlands; each set had two-2.5 meter 

lengths of PVC pipes with a 57 mm internal diameter, connected in series using 

plastic tubes with a downward flow direction, and 12 sampling points along the 

length, as shown in Figure 5.9. Both columns were filled with silica sand to use as a 

filter media, the sizes particle of silica sand are ranging from 0.8 to 1.2 mm. The 

bottom of the filter media has been supported by 10 cm graded gravel layer (around 

10 mm diameter) in each pipe. Both of them, soil column 1 (SC1) and soil column 2 

(SC2)) were built to feed with different influent water qualities. SC2 was used for 

direct treatment of the secondary effluent (SE) of a wastewater treatment plant 

(WWTP), after acclimation period the SE was spiked with a cocktail of a selected 

group of OMPs, whereas SC1 was used for treating the pre-treated water from the 

CW. They were operated under different conditions for removal of different 

contaminants from the SE. The impacts of using CW as pre-treatment for SAT in 

order to improve the treated water quality during the (CW-SAT) hybrid system have 

been studied as well. Four days hydraulic retention time (HRT) was applied in the 

first stage for both CWs and SCs before the reduction of this HRT to the half.  
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Influent and effluent DOC were measured to check the formation of a biofilm on the 

filter media. The ripening (bioacclimation) of the SCs was achieved when the DOC 

removal efficiency was more or less constant, (around 2% variation). 

The secondary effluent (SE) in this study was collected weekly from Harnaschpolder 

WWTP, Delft, The Netherlands during the experiment period from Oct 2011 to 

March 2012. The SE collected water was stored at 4 °C before usage in the 

experiment to maintain its characteristics and minimize the biological activities. SCs 

and CWs were fed by the SE after its temperature recovered to room temperature. The 

SE was characterized by analyzing several water quality parameters as shown in 

Table 5.6.  

The SE was also analyzed for background concentrations of the selected PhACs. It 

was observed that most of these compounds were found in very low concentrations 

(<40 ng/l) such as clofibric acid, fenoprofen, keteprofen, paracetamol, pentoxifyline 

and phenacetine. However, high concentrations were found for some of the selected 

PhACs such as: carbamazepine, diclofenace and gemfibrozil 700, 490 and 340 ng/l, 

respectively, as shown in Figure 5.8.  

Table 5.0.7: Average water quality parameters of SE from Harnaschpolder WWTP, 

The Netherlands (from Oct 2011 to March 2012)  

Parameters Unit Value 

pH - 6.94 ± 0.18 

Dissolved Oxygen (DO) mg/L 7.3 ± 0.35 

Electrical conductivity (EC) μs cm 1020 ± 114.3 

Dissolved Organic Carbon (DOC) mg O2/L 11.08 ± 1.86 
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Figure 5.0.8: Background concentrations of the selected group of PhACs in the SE of 

Harnaschpolder WWTP 

5.4.3 PhACs selection  

PhACs were chosen based on their frequency of consumption, toxicity in trace 

BOD mg O2/L 6.1 ± 1.11 

COD mg O2/L 37.25 ± 13.8 

PO4
3—

P mg/L 0.34 ± 0.02 

NH4
+
-N mg/L 0.94 ± 0.21 

NO3
—

N mg/L 7.13 ± 2.43 

UV254 cm
-1

 0.296 ± 0.015 

SUVA L/mg. m 2.67 ± 0.81 

Temperature 
o 
C 14.25±1.12 
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amounts to fauna and flora, and their persistence in the environment (Mompelat et al. 

2009; Yamamoto et al. 2009). Thirteen relevant PhACs analyzed in the current 

research and some of their relevant properties are shown in Table 5.7. For SC and CW 

experiments, a cocktail solution of these thirteen PhACs (each having around 2 μg L 

concentration) was prepared. The target concentration of 2 μg L was selected based 

on the knowledge that these compounds have been detected in the environment from 

ng/L to mg/L concentrations (Mompelat et al. 2009; Wu et al. 2009). 

 

Figure 5.0.9: Schematic Diagram for 

Laboratory-Scale Soil Columns.                     

 

 

Figure 5.0.10: Schematic Sketch for 

Laboratory-Scale Constructed Wetland 

Setup

5.4.4 Soil columns and constructed wetlands acclimation 

Acclimation for both CWs and SCs were done in a continuous and parallel manner for 

about 80 days by feeding SE for both set ups. DOC was monitored for the influent 



 

 
 

195 

and the effluent for SCs and CWs until the DOC removal reaches the steady state 

conditions. This indicated that the biofilms were fully developed on the used silica 

sand media. The ripening periods for SCs and CWs are shown in Figure 5.11 and 

Figure 5.12. 
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Figure 5.0.11: DOC removal in SCs during the ripening period (Influent: SE, media: 

silica sand 0.8-1.2 mm size, HLR: 1.25 m/d, HRT: 4 days, aerobic conditions) 

 

 

 

Figure 5.0.12: DOC removal in CWs during ripening period (Influent: SE, media: gravel 

6-12 mm and 15-20 mm size, HLR: 4.35cm/d, HRT: 2 days) 

 

The CW was fed by SE water spiked with the selected group of OMPs (Table 5.8) and 

functioned as pre-treatment to SC2 (as shown in Figure 5.13). 
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Table 5.0.8: Physical and Chemical Characteristics for Selected Group of OMPs 

(Verliefde et al., 2007). 

Compound Chemical formula pKa log Kow Classification 

Ibuprofen C13H18O2 4.9 3.97 HP-ionic 

Fenoprofen C15H14O3 4.5 3.18 HP-ionic 

Naproxen C14H14O3 4.15 3.18 HP-ionic 

Ketoprofen  C16H14O3  5.94  0.97  HL-ionic 

Clofibric acid  C10H11ClO3  3.2  2.88 HL-ionic 

Carbamazepine  C15H12N2O  13.9  2.45  HL-neutral 

Phenacetine  C10H13NO2  2.2  1.94  HL-ionic 

Pentoxifylline  C13H18N4O3  6.0  0.29  HL-ionic 

Caffeine  C8H10N4O2  10.4  -0.07  HL-neutral 

Gemfibrozil  C15H22O3  4.7  4.77  HP-ionic 

Diclofenac  C14H11Cl2NO2  4.15  4.51  HP-ionic 

Bezafibrate  C19H20ClNO4  3.61  4.25  HP-ionic 

Acetaminophen  

(Paracetamol) 

C8H9NO2  9.38  0.46  HL-neutral 

(Note: HL=Hydrophilic (log KOW <3) and HP=Hydrophobic (log KOW 3)) 

 

To study the effects of hydraulic loading rate (HLR) on the treatment during CW and 

SAT, two different HLRs were applied, 4.35 cm/day and 1.25 m/d for CWs and SAT, 

respectively, which correspond to hydraulic residence times (HRT) of 2 and 4 days, 

respectively. The HLR for CWs and SAT was reduced, later, by 50%, which means that 

HRT was doubled for both processes. 
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Figure 5.0.13: Schematic Sketch of the Hybrid CW-SAT Laboratory-Scale Setup. 

5.5 Results and Discussion for Experimental Work 

5.5.1 CWs and SAT systems   

After SCs ripening, they reached steady sate in terms of DOC and DO along the columns 

depth. DOC concentrations decreased with depth, the DO decreased as a result of the 

microbial activities and biodegradation for DOC as shown in Table 5.9. 

Table 5.0.9: The average concentrations and percentage removals for different 

parameters through SCs (HLR is 1.25 m/d, HRT 4 days) 

 

Parameter Influent Effluent % Removal 

DOC 10.89 (mg/l) 8.66 (mg/l) 20.5 

DO 7.3 (mg/l) 3.95 (mg/l) 45.9 

UV254 0.29 (cm
-1

) 0.25 (cm
-1

) 14.6 

SUVA 2.7 (l/mg.m) 2.9 (l/mg.m) -(7.4) 
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Similar removals were observed in both SCs ranging from 20.6% in SC1 to 20.4% in 

SC2. In addition to DOC and DO, UV254 decreased also with depth ranging from 0.29 to 

0.25 cm
-1

 while specific ultraviolet absorbance (SUVA) increased from 2.7 to 2.9 l/mg.m 

as non-humic organic compounds were removed with depth. 

CWs showed slightly lower removals for DOC, DO consumption and UV254 compared to 

SCs, 18.3%, 36.1% and 11.5%, respectively. However, this is because of applying a 

lower HRT (2 days) in CWs comparing to 4 days in SCs as well as the organic matter 

release from the plants. Although the HRT is lower in CW, OMPs showed a very high 

removal for some compounds (as shown in Table 5.11) in both systems (>80%) such as 

phenacetine, pontoxyifllene, paracetamol, Naproxen and caffeine. However, SAT showed 

better removals than CW for ibuprofen, ketoprofen, fenoprofen, gemfibrozil and 

bezafibrate. It was also shown that some of these compounds are difficult to attenuate 

such as clofibric acid and carbamazepine. Moreover, CWs are more efficient in 

carbamazepine attenuation, which may be due to plant uptake. 

Table 5.0.10: The average concentrations and percentage removals for different 

parameters through CWs (HLR is 4.35 cm/d, HRT 2 days) 

Parameter Influent Effluent % Removal 

DOC 10.85 (mg/l) 8.86 (mg/l) 18.3 

DO 6.1 (mg/l) 3.95 (mg/l) 36.1 

UV254 0.295 (cm
-1

) 0.261 (cm
-1

) 11.5 

SUVA 2.7 (l/mg.m) 2.9 (l/mg.m) -(7.4) 
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Nutrients; nitrate, ammonium, phosphate and total phosphate; showed a higher removals 

through CWs than SCs although the HRT for SCs was twice that of the HRT of CWs, as 

shown in Table 5.11.  

Furthermore, the plant (phragmites australis in this study) is responsible for the 

additional removals of different nutrients in CWs.  

Table 5.0.11: The average percentage removals for different nutrients through SCs and 

CWs (HLR is 4 days for SCs and 2 days for CWs) 

Parameter SCs % Removal CWs % Removal 

DOC 20.5 18.3 

NO3
—

N 45.8 ± 2.7 85.4 ± 0.6 

NH4
+
-N 46.2 ± 0.5 88.6 ± 1.6 

PO4
3—

P 33.0 ± 2.2 35.6 ± 6.3 

TP 38.0 ± 1.6 58.8 ± 0.4 

 

Compared to the individual systems, the hybrid CW-SAT system (HRT 12 days) 

achieved the highest removal for nutrients; it removed around 36% of DOC and more 

than 90% of both ammonium and total phosphorous as well. These results emphasize the 

importance of the hybridization of these technologies to obtain the benefits from the 

synergy between them for pollutants removals. 

Table 5.0.12: The average percentage removals for OMPs through SCs and CWs (HLR is 

4 days for SCs and 2 days for CWs) 

Compound SCs % Removal CWs % Removal 
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Ibuprofen 98 75.9 

Fenoprofen 98 72.6 

Naproxen 98 84.2 

Ketoprofen  94.4  59 

Clofibric acid  17.9 21.3 

Carbamazepine  8.7 31  

Phenacetine  97.3  97  

Pentoxifylline  98.2  86  

Caffeine  93.4 91.7  

Gemfibrozil  94.4  64.1  

Diclofenac  38.1 43.5  

Bezafibrate  84.3 49.5 

Paracetamol 96.8  93.6  

 

Generally, most of the OMPs were removed according to high percentages in both CW 

and SAT systems, as shown in Figure 5.14. However, the SAT system showed a better 

removal than CWs, because of the longer HRT during SAT (4 days for SAT versus 2 

days for CWs). On the other hand, there were still some persistent compounds such as 

carbamazepine, clofibric acid and diclofenac, which showed low removals through both 

systems (CWs and SAT).  Furthermore, a synergy was observed between the two natural 

systems within the hybrid CW-SAT setup, enhancing OMP removals including the 

persistent compounds (their removals were enhanced by 10% to 20%), these results show 

good agreement with the previous review paper (Hamadeh et al., 2013). This hybrid 

technology is promising in that it enhanced the OMPs removals, especially for 
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compounds which are difficult to remove by the natural systems individually, as shown in 

Figure 5.14.  

 

Figure 5.0.14: Percentage Removals of the Selected Group of OMPs in CW, SAT, and 

Hybrid CW-SAT system (HRT: 2 days for CWs and 4 days for SAT) 

Reduction of the HLR increased the OMPs removals during the CW-SAT hybrid system; 

under this condition, most of the selected OMPs were almost totally removed (> 92%) 

except for the persistent compounds. However, a reduction of the HLR by 50% increased 

the removal of the persistent compounds; carbamazepine, clofibric acid, and declofenac; 

by 20% to 30% and achieved 65%, 57%, and 83%, respectively, as shown in Figure 5.15.  
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Figure 5.0.15: Percentage removals of the Selected Group of OMPs in CW, SAT, and 

Hybrid CW-SAT system ((HRT: 4 days for CWs and 8 days for SAT)). 

As shown in Figure 5.16, it is clear that that increasing the HRT of the hybrid CW-SAT 

system is enhancing the OMPs removals especially for resistant compounds. It was found 

that increasing the HRT from 6 to days increased the removal of bezafibrate, 

carbamezapine, clofibric acid and diclofenac from 88%, 45%, 32% and 52% to 98%, 

65%, 57% and 83%, respectively.    
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Figure 5.0.16: Effect of HRT on percentage removals of the selected group of OMPs in 

the hybrid CW-SAT system. 

5.6 Conclusions 

 The literature review study indicates that the hybrid system could be an effective 

multi-barrier technology and the removal efficiencies for different contaminants 

can be maximized in such hybrid systems. 

 This hybrid system embodies the performance advantages of both processes and 

exhibits a very good potential for removal of bulk organics, suspended solids, 

organic micropollutants, nutrients (nitrogen and phosphorus) as well as 

pathogens, bacteria and viruses. 

 It is expected that this technology can produce water of high quality meeting the 

direct potable reuse requirements, help to store and increase water in the aquifer 

and create a reliable water resource from wastewater effluent, overcoming the 

psychological barrier of water reuse. 

 The hybrid system can enhance the removal efficiencies for DOC, different 
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nutrients and guarantee high removals for bacteria and viruses.  

 A number of metals and organic micropollutants can be virtually completely 

removed while removal of some others can be improved especially for those that 

are persistent.   

 The hybrid CW-SAT system showed an effective treatment technology of 

reclaimed water and achieved a better performance than individual systems.  

 Using of this promising technology can produce water of high quality from 

reclaimed water and store underground to meet the water demand. 

 The removal of the most selected OMPs was enhanced and achieved around 98% 

except for bezafibrate (79%) and gemfibrozil (84%) through the hybrid system. 

Moreover, the removal of the persistent OMPs such as carbamazepine, clofibric acid 

and diclofenac increased up to 45%, 32% and 52%, respectively 

 The hybrid system removed more than 90% of both ammonium and total 

phosphorous while around 36% of DOC was removed at 12 days HRT.  

 The higher HRT for the hybrid system (12 days) increased the removal of the 

persistent OMPs; carbamezapine, clofibric acid and diclofenac up to, 65%, 57% 

and 83%, respectively.    

 Most of the selected OMPs were removed to high percentages in both CW and 

SAT systems. Generally, the SAT system showed a better removal for OMPs than 

CWs, because of the longer HRT during SAT. 

 The plant (phragmites australis) uptake in CWs is considered one of the removal 

processes for different nutrients. 
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Chapter SIX 

Constructed wetlands (CWs) for wastewater treatment in the Gulf cooperation 

council countries (GCC): performance analysis study  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: This work was done in the help of the Mizan Consultant office 

(www.mizanconsult.com) / Dubai, UAE 
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 6.1 Introduction 

The Arabian Peninsula or the Gulf cooperation council countries (GCC) is a peninsula of 

Western Asia situated northeast of Africa. It formed as a result of the rifting of the Red 

Sea between 56 and 23 million years ago, and is bordered by the Red Sea to the west as 

shown in Figure 6.1, the Arabian (Persian) Gulf to the northeast, and the Indian Ocean to 

the southeast ("http://en.wikipedia.org/wiki/Persian_Gulf,"). 

 

Figure 6.0.1: Map shows the geographical location of the GCC countries   

The Gulf Cooperation Council (GCC) countries; namely Bahrain, Kuwait, Oman, Qatar, 

Saudi Arabia, and the United Arab Emirates (U.A.E.); share common issues in water 

resources management. The dependency of these countries on water for their future 

development is particularly critical. GCC countries are within an extremely arid region with 
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high water scarcity and low levels of renewable water resources (Hamodah, 1996). The rainy 

season is irregular and limited; the annual rainfall varies between 75 and 140 mm, on average, in 

most areas (AlRukaibi, 2010). Moreover, temperatures range from 10°C to 50°C. In the last 

decade there has been a growing demand on water for various uses in the GCC countries.  

Agricultural water demand constitutes the largest portion of the total water demand in these 

countries. It represents about 75% of the total current water demand. Agriculture, therefore, 

depends primarily on groundwater for freshwater supplies. Excessive and uncontrolled 

withdrawal of groundwater for irrigation has created many environmental problems of which 

increased water and soil salinization are most serious.  

GCC countries are consuming high rates of water per capita; Saudi Arabia, for example, is the 

third-largest per capita water user worldwide and has addressed the disparity between its 

renewable water resources and domestic demand primarily through desalination and the 

abstraction of non-renewable groundwater (Kajenthira, Siddiqi, & Anadon, 2012). The total 

domestic demand for the water is 4070 MCM per year and the average consumption per 

capita in all GCC countries is around 400liters/ capita/ day (AlRukaibi, 2010). However, 

water demand will continue to increase across the region due to rising populations as well as 

increasing economic growth. The agricultural sector is by far the most demanding in terms of 

water withdrawal compared to any other sector.  Reuse of treated wastewater in irrigation 

appears to be a viable alternative to satisfy a portion of the water demand. Hence, water reuse 

can be considered as a renewable resource that increases with the increase in water use. 

Constructed wetlands (CWs) are simple, cost-effective, robust, chemical-free, and efficient 

methods to further polish wastewater effluents. CWs can be applied to primary or secondary 

effluents, allowing the removal of most bacteria and other microorganisms and the degradation of 

bulk organic matter. They became one of the best alternative technologies for wastewater 

treatment (Mthembu et al., 2013) and the prospect of reuse for a sustainable management of water 
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resources. (Lofrano et al., 2008). CWs are efficient in removing bulk organics and suspended 

solids. Moreover, CWs became attractive in eco-tourism and recreational areas, especially in arid 

areas (Ryan et al., 2012); they also introduce landscaping and establish a natural vegetation in the 

surrounding areas. Moreover, wetlands and ponds also provide a valuable habitat for migratory 

birds. 

CWs systems use many plants such as reed “phragmites australis”, cattails and bulrushes, 

with their associated bacterial populations, to break down contaminants into relatively 

innocuous byproducts. Thus, CW can effectively treat domestic wastewater, industrial 

wastewater, animal wastewater, contaminated groundwater, mine waste, urban runoff, 

and other contaminated waters (Kadlec and Wallace, 2008). 

Reed beds (constructed wetlands) for wastewater treatment are comprised of either subsurface 

vertical (VF) or horizontal subsurface flow (HSSF) through a gravel/sand media planted with an 

indigenous plant or free water surface (FWS) without media.  

The first experiment using wetlands for wastewater treatment was carried out in Germany 

in the early 1950s (Vymazal, 2010); since then, CWs techniques have evolved into a 

wastewater treatment process for different types of wastewater throughout much of the 

world, especially in temperate regions. However, CWs technology started to be used in 

GCC countries since only 15 years ago.  

GCC countries have unique set of climate and operating conditions, and there is a lack of 

information about the performance of the existing CW systems. 

 This study attempts to compile some performance data under these local environmental 

conditions, and increase the interest and experience in these systems. This work also will 

investigate the existing CWs in GCC countries and introduce this technology as a potentially 

efficient wastewater treatment process in the region. Moreover, it will provide local authorities 
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with more information about CWs performance and support them by providing evidence that 

CWs work, helping to pave the way for more CWs in the region. 

6.2 Materials and Methods 

There is a lack of information about the available CWs systems in the GCC counties, therefore, 

CWs were investigated in GCC countries in the help of the Mizan Consultant office 

(www.mizanconsult.com) / Dubai, UAE, with a summary shown in Table 6.1. 

Table 6.0.1: Information summary for the available CWs in the GCC countries 
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1 

Abu Butabul, 

Empty 

Quarter/ 

 Oman 

Raw 

Sewag

e 

35 200 Grinder 

Hybrid 

system; two 

planted reed 

beds in a 

sequence: 

1) VF CWs, 

sand 

media. 

2) HSSF 

CWs, gravel 

media 

1,800 Irrigation 2008 

2 
Jadaf 

workshop 

Dubai/ UAE 

Raw 

Sewag

e 

8 60 Septic tank 

Two planted 

VF CWs 

reed beds in 

parallel after 

septic tank 

195 Irrigation 2005 

3 
Recycling 

workshop/ 

Dubai/ UAE 

Oil 

contam

inated 

waste

water 

(Cars 

and 

boats 

wash 

water) 

1 N/A Oil separator 

Two hybrid 

planted VF 

CWs reed 

beds 

40 Boats washing 2005 

http://www.mizanconsult.com/
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4 
Jumeirah 

Beach/  

Dubai/ UAE 

Grey 

water 

from a 

shower 

N/A 2-300 
1. Septic tank 

2. Sand trap 

HSSF CWs, 

planted by 

reed 

 

20 Irrigation 2006 

5 
Mamzar 

Beach/  

Dubai/ UAE 

Toilet 

and 

shower 

water 

N/A 150 Septic tank 

Hybrid 

system; two 

planted reed 

beds in 

sequence: 

1) VF CWs, 

sand media. 

2) HSSF 

CWs, gravel 

media 

 

200 Irrigation 2007 

6 

Jadaf labor 

camp/ 

 Dubai/  

UAE 

Grey 

water 

(showe

r and 

hands 

wash) 

30 250 
No pre-

treatment 

HSSF CWs, 

planted by 

reed and 

filled by 

gravel media 

 

300 

1) Irrigation 

2) Road 

watering 

3) Car washing 

2005 

7. 
Al Awir 

 labor camp/  

Dubai/ UAE 

Grey 

water 

(showe

r and 

hands 

wash) 

25 250 Septic tank 

VF CWs, 

planted by 

reed plant 

 

450 

1) Irrigation 

2) Road 

watering 

3) Car washing 

4) Fish pond 

2005 

8 

Site camp, 

Sama Dubai/ 

Dubai/ 

 UAE 

Raw 

Sewag

e 

6 200 Septic tank 

VF CWs, 

planted by 

reed plant 

 

150 Irrigation 2006 

9 

Al Awir  

labor camp/ 

Dubai/  

UAE 

Raw 

Sewag

e 

25 250 Cutter pump 

Hybrid 

system; two 

planted reed 

beds in 

sequence: 

1) VF CWs 

2) HSSF 

CWs 

700 

1) Irrigation 

2) Road 

watering 

3) Car washing 

4) Fish pond 

2009 

10. 

a 

Site office, 

Sama Dubai/ 

Dubai/  

UAE 

Raw 

Sewag

e 

N/A 200 Septic tank 

VF CW 

planted by 

reed plant 

100 Irrigation 2006 

10. 

b 

Site office, 

Sama Dubai/ 

Dubai/  

UAE 

Grey 

water 
N/A 200 

Settlement 

tank 

VF CW 

planted by 

reed plant 

40 Irrigation 2006 
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10. 

C 

Site office, 

Sama Dubai/ 

Dubai/  

UAE 

Sludge 

minera

lizatio

n 

N/A 200 
Settlement 

tank 

VF CW, 

planted by 

reed plant 

10 N/A 2006 

11 

Al Awir car 

wash 

workshop/ 

Dubai/ 

 UAE 

Oil 

contam

inated 

waste

water 

(Cars 

wash 

water) 

1 N/A Oil separator 
HSSF reed 

planted CW 
15 Irrigation 2005 

12 
Private villa 

(1)/ Dubai/ 

UAE 

Raw 

Sewag

e 

0.5 4 Septic tank 
HSSF reed 

planted CW 
30 Irrigation 2007 

13 
Private villa / 

Ajman/ UAE 

Grey 

water 
1 10 Septic tank 

VF reed 

planted CW 
30 Irrigation 2007 

14 

 Floating bridge 

control room 

(Green roof)/ 

Dubai/  

UAE 

Raw 

Sewag

e 

N/A 4 Grinder 

VF and 

HSSF Reed 

planted CW 

15 Irrigation 2007 

15 
Alsifah/ 

 Oman 

Raw 

Sewag

e 

14 100 Cutter pump 

Hybrid 

system; two 

planted reed 

beds in 

sequence: 

1) VF CW 

2) HSSF 

CW 

1,400 Construction 2009 

16 

Ajman 

sewerage 

 from Ajman 

industrial  

  area / UAE 

Treate

d 

second

ary 

effluen

t  

 

30 N/A UASB* 
VF reed 

planted CW 
200 

Spreading the 

water over the 

surface to 

penetrate to 

the 

groundwater 

2009 
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17 

Anantara 

Hotel, 

Sir Bani Yas 

Island, Abu 

Dhabi/ UAE 

Raw 

sewage  
300 62.5 

1) Tanker 

discharge 

station 

2) Manual bar 

screen 

3) Macerator 

pump station 

4) Sludge 

Filtration & 

Mineralization 

Reed Bed 

Stage A 

 

Hybrid 

system; two 

stages of 

planted reed 

beds in 

sequence: 

Stage A: 

Four VF 

CWs in 

parallel. 

Stage B: 

Four VF 

CWs in 

parallel 

2,432 Irrigation 2011 

18 

Savannah 

Lodge, 

Sir Bani Yas 

Island, Abu 

Dhabi/ UAE 

Raw 

sewage 
90 18 

Macerator 

pump station 

1) Sludge 

Filtration & 

Mineralization 

Reed Bed 

Hybrid 

system; two 

stages of 

planted reed 

beds in 

sequence: 

Stage A: 

1) Two VF 

CWs in 

parallel. 

Stage B: 

2) Two VF 

CWs in 

parallel 

1,100 Irrigation 2011 

19 
Nimr/ 

Oman 

Brackish 

produce

d water 

generate

d from 

Petroleu

m 

Develop

ment of 

Oman 

oil 

industry 

fields 

N/A 
95,00

0 

Oil separation 

by vortex oil 

separator 

system 

(Removal for 

88% of the 

residual oil 

from the 

produced 

water) 

 

Hybrid 

system; Four 

stages of 

planted reed 

beds in 

sequence: 

 

7000,

000 

Evaporation 

and Salt 

crystallization 

to achieve zero 

effluent 

process 

2011 

20 
Ma’aden   

Ras Alkhair/ 

KSA 

Raw 

sewage 
125 N/A Septic tank 

Two parallel 

HSSF CWs, 

planted with 

reed and 

cattails 

plants 

5,665 

Internal reuse 

in the 

company 

2008 

21 
 Wadi Hanifh/ 

Riyadh/ 

 KSA 

Second

ary 

effluent 

N/A 

450,0

00 

(expe

cted 

to be 

doubl

ed in 

2021) 

Primary 

treatment 

FWS CWs 

through very 

long wadi  

Long 

wadi 

(71 

Km) 

1) Irrigation, 

2) 

Recreational 

area, 3) 

Preservation 

and utilization 

of heritage 

assists 

2001 
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22 
Zighy Bay, 

East cost/ 

Oman S
lu

d
g

e 

m
in

er
al

iz
at

io
n
 

1,40

0 
N/A Settling tanks 

VF reed 

planted CW 
350 Irrigation 2009 

23 
Alkhor/  

Qatar 

Sludge 

mineral

ization 

10,0

00 
N/A Settling tanks 

VF reed 

planted CW 
2,000 Irrigation 2008 

24 

Ghumda 

village/ 

Musandam/ 

Oman 

Raw 

sewage 

 

N/A 300 N/A 
Planted reed 

beds 
N/A N/A 2013 

(N/A: not available, * UASB: Up-flow anaerobic sludge blanket), Sources: (Mizan company 

files), (Smith et al., 2011), (Al-Samhouri et al., 2007), 

http://www.bauerenvironment.com/en/aktuelles/news/milestone.html, (www.mizanconsult.com) 

 

 

 

 

The performance of most of these CWs was monitored and the performance data were collected 

in help of Mizan Consultants/ Dubai during the last couple of years.  

Three CWs (CW number 2, 15, and 17 from Table 6.1) have been selected and studied, these 

CWs represent different areas, different configurations, and different pretreatments for CWs for 

the same type of water (raw sewage), as explained in Table 6.2. Moreover, they also have 

sufficient, comprehensive and long-term data to be analyzed. 

Table 6.0.2: Details of the selected CWs in this study. 

 

The 

infl

uent 

and 

effl

uent 

waters were analyzed for many chemical and biological parameters for this research, 

CWs # CWs Name CWs configuration 
HLR (cm/d) 

for stage A 

HLR (cm/d) 

for stage B 

I Jadaf  Septic tank VF       N/A 4.1 

II Alsifah VF  HSSF 5.6 4.4 

III Bani Yas VF VF 6.0 4.2 

http://www.bauerenvironment.com/en/aktuelles/news/milestone.html
http://www.mizanconsult.com/


 

 

218 

including pH, chemical oxygen demand (COD), biological oxygen demand (BOD), total 

suspended solids (TSS), total dissolved solids (TDS), metals (Cu, Zn, Ni, Cr, Pb, Mn and 

Cd), phosphate (PO4
3-_

P), ammonium (NH4
+
-N), nitrate (NO3

-
), sulfate (SO4

2-
), total 

Kjeldahl nitrogen (TKN), Escherichia coli (E. coli) and fecal coliforms. 

6.2.1 Analytical methods 

The collected water samples were analyzed according to the following parameters as 

shown in Table 6.3. 

Table 6.0.3: Analysis techniques for water quality parameters 

Parameter Analysis Method 

pH AWWA 4500-B&H 

TSS AWWA 2540-D 

TDS AWWA 2540-C 

COD AWWA 5220-B 

BOD AWWA 5210-B 

Metals (Cu, Zn, Ni, Cr, Pb, Mn and Cd) AWWA 3120-B 

NH4
+
-N Hach spectroscopy 

NO3
—

N Hach spectroscopy 

PO4
3-_

P Hach spectroscopy 

SO4
2-

 AWWA 4500-C 

TKN Hach spectroscopy 

E. Coli AWWA 9222-B&D 

Fecal coliform AWWA 9221 E.1 

 

6.3 Results and Discussion 

Based on the available information, there are 24 CW systems in GCC countries. 

However, the use of CWs for wastewater treatment only began in 2001 in the gulf region. 

It was also found that CWs exist in all GCC countries except Bahrain as shown in Table 

6.1. Furthermore, the largest GCC CW is in Oman (7Mm
2
) at Nimr, as shown in Figure 

6.2.  
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Figure 6.0.2: Photo of Nimer CW which is the largest CW in GCC countries (the photo 

from BAUER company files) 

CWs, in GCC countries, are used to treat municipal wastewater, grey water, industrial wastewater 

as well as sludge mineralization, as explained in Table 6.1. It is also shown that the treated 

effluent from CWs is using normally in irrigation and/or recreation as in Wadi Hanifa CW as 

shown in Figure 6.3.  

 

Figure 6.0.3: Photo of Wadi Hanifa CW/ Riyadh/ Saudi Arabia (Al-Samhouri et al., 

2007) 
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This practice supports the notion that the treated wastewater will become the best alternative 

water resource for eco-tourism and/or agricultural activities in the area. As shown in Table 6.1, 

the majority of these CWs were established by the private sector, and they are often harmonized 

with their surroundings, as shown in Figure 6.4. However, the public sector in UAE has recently 

started CWs installation for wastewater (not included in Table 6.1).     

 

 

 

 

 

                     

 

    Figure 6.0.4: Photo of CW in a private villa in Ajman/ UAE (CW# 13, Table 6.1) 

 

6.3.1 Acclimation (ripening) period for CWs 

Natural systems normally need some time to be acclimated and stabilized to the ecological 

conditions. The concentrations of organic matter (BOD and COD) in the effluent of CWs were 

monitored with time. It was observed that BOD, COD, TSS and NH4
+-N concentrations at CW 

effluent became stable after 5 to 6 weeks, as shown in Figure 6.5. During this interval, both COD 

and TSS decreased from around 120mg/l down to less than 20mg/l while the BOD was 6mg/l. 

CCW

W 
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Figure 6.0.5: Acclimation period at Alsifah CW 

 

6.3.2 Influent wastewater quality for the selected CWs 

The selected CWs are receiving raw sewage with different concentrations as shown in Figure 6.6. 

COD concentrations for the raw sewage are ranging from around 1g/l for both Jadaf and Alsifah 

CWs to about 0.2g/l for Bani Yas. BOD concentrations also are ranging in the same general trend 

from around 0.6 g/l in Alsifah to about 0.2g/l in Bani Yas while it is about 0.5g/l in Jadaf. The 

Alsifah CW is receiving the highest concentrations of TSS and TDS, 1125 and 1121mg/l, 

respectively, whereas, the Bani Yas CW is receiving the lowest TSS concentration (around 90 

mg/l). Regarding to nutrients, both Alsifah and Bani Yas CWs are receiving the highest NH4
+-N 

concentrations, 69.6 and 44 mg/l, respectively.  Fecal coliform bacteria were reduced 

from1.7x105 MPN/100ml to 9.0x104 MPN/100ml through the septic tank while being reduced 

from 9.0x104 MPN/100ml to 1.7x101 MPN/100ml through the VF CW at Jadaf and E. coli was 

not observed in the final effluent of the VF CW. Furthermore, Fecal coliform bacteria were 

reduced from1.2x102 MPN/100ml in the influent water of, the first wetland, to <1 MPN/100ml in 

the effluent of the final effluent, at Bani Yas CW. 
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Figure 6.0.6: Average influent concentrations of the selected CWs. 

6.3.3 CWs Performance evaluation 

6.3.3.1 CW-I: Jadaf 

The Jadaf CW, which includes a septic tank before the CW (as shown in Figure 6.7), is 

efficient in COD and BOD removals, 87% and 91%, respectively, in the septic tank. 

Furthermore, the VF CW is also high efficient in COD and BOD removals, it removed, 

89% and 94% of COD and BOD, respectively. The septic tank coped with CW and 

totally removed both BOD and COD, around 99%, as shown in Figure 6.8. 

 

Figure 6.0.7: Photo of Jadaf CW location in UAE (photo from Mizan company files). 

 

COD BOD TDS TSS NH4-N PO4-P

984.0 

577.5 

264.5 

510.5 

23.0 15.1 

1066.1 

409.6 

1121 1125 

69.6 6.9 
210 

155 

550 

92 44 
4.18 

Jadaf

Alsifah

Bani Yas
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At the same time, ammonium is increasing in the septic tank because of ammonification 

as part of the dissolved organic nitrogen (DON) was converted to ammonium. The CW 

removed all of the available ammonium, the original and that generated from 

ammonification, and produced nitrate through nitrification as shown in Figure 6.9. 

However, the nitrate concentration did not exceed 9mg/l. The CW was also efficient in 

phosphate removal; it removed about 89% while 44% was removed in the septic tank 

only. The vegetation is playing an essential role in ammonium and phosphate removals 

through CW. More than 51% of the TKN was removed through the CW. 

 

Figure 6.0.8: Percentage removals through the septic tank and CW in Jadaf. 

Ammonium and TDS built up through CW as shown in Figure 6.4, the main reasons for the 

increase being ammonification, nitrification and evapotranspiration. The evapotranspiration 

percentage can be calculated by comparing TDS concentrations before and after the CW based on 

the eq.1; evapotranspiration was found to be around 64% for the Jadaf CW.  

Evapotranspiration (%) = ((1-((TDS in CW in)/(TDS in CW out)))*100 ---------------eq.1 
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Figure 6.0.9: Percentage buildup of nitrate and TDS through the septic tank and CW at 

Jadaf. 

 

Long-term performance monitoring for CW effluent over five years (2005 - 2010) 

showed that the system is sustainably efficient: it achieved total removal for both NH4-N 

and TSS and kept phosphate concentrations at <2mg/l over the period. Furthermore, it 

removed organic matter efficiently (BOD normally was less than 5 while the BOD 

concentration ranged from 5 to 23mg/l) as shown in Figure 6.10.  

 

 

Figure 6.0.10: Concentrations for BOD, COD, NH4-N, PO4-P and TSS in Jadaf VF CW 

effluent over 5 years (2005-2010). 
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Over the period (2005-2010), it was shown that the Jadaf VF CW performance was 

consistent. It removed both BOD and COD by 80% or more (except one result which 

showed 70% BOD removal and 73 % removal for COD). Furthermore, ammonium 

removal was >95% while phosphate was removed by 70 to 99%, as shown in Figure 

6.11. 

 

 

Figure 6.0.11: Percentage removals for BOD, COD, NH4-N, PO4-P and TSS in Jadaf VF 

CW over 5 years (2005-2010). 

Metals can also be removed through CWs. It was found that the Jadaf CW achieved high 

removals for Cr and Cu >80%. Furthermore, good removals were achieved for Mn and 

Zn, 75% and 70%, respectively, while it was found that Ni was difficult to remove 

(17%), as shown in Figure 6.12.  
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Figure 6.0.12: Percentage removals for metals; Cu, Ni, Zn, Cr and Mn; in Jadaf VF CW 

 

 

6.3.3.2 CW-II: Alsifah 

The Alsifah CW includes two wetlands; raw water is feeding the VF CW (CW-A) 

followed by HSSF CWs (CW-B) in a sequence, as explained in Table 6.2 and shown in 

Figure 6.13.  

 

Figure 6.0.13: Photo of Alsifah CW location in Oman after 7 months operation (photo 

from Mizan company files). 
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The CW-A at Alsifah is efficient in COD, BOD and TSS removals, 93%, 94% and 95%, 

respectively. However, the total removal for COD, BOD and TSS (in both CWs (A and 

B)) were, 96%, 97% and 97%, respectively. Most of the organic matter removals took 

place in CW-A, as shown in Figure 6.14. CWs (both A and B) were also efficient in 

ammonification and nitrate generation; the generated nitrate was removed through 

denitrification and plant uptake, there is no nitrate removal in CW-B because it was had a 

lower organic load and predominantly aerobic conditions.  

 
 

Figure 6.0.14: Percentage removals through Alsifa CWs (both CW-A and CW-B)  

 

 

The long-term performance monitoring for CW-B effluent over two years (2010 - 2011) 

showed that the CW was efficient in removal of BOD, COD and TSS, their 

concentrations always being 45mg/l or less. Furthermore, nitrate did not exceed 10mg/l 

during this period while ammonium and phosphate fluctuated from 0.5 to 39mg/l for 

ammonium and from 1 to 8mg/l for phosphate, as shown in Figure 6.15.  
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Figure 6.0.15: Concentrations of BOD, COD, NH4-N, PO4-P and TSS in Alsifah HSSF 

CW-B effluent over 2 years (2010-2011). 

 

Over the period (2010-2011), it was shown that BOD and COD removal was consistent 

through the Alsifah HSSF CW. It removed both BOD and COD by 90% or more (except 

one result which showed 88% BOD removal and 84 % removal for COD). Furthermore, 

it achieved moderate to high removal of nutrients; ammonium removal was 67% to 99% 

while phosphate was removed by 70 to 100%, as shown in Figure 6.16. 

 

Figure 6.0.16: Percentage removals for BOD, COD, NH4-N and PO4-P by Alsifah CW-B 

over the 2 years (2010-2011) 
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TDS increased through both CWs as shown in Figure 6.8, due to evapotranspiration. 

Evapotranspiration percentage was calculated in both CWs based on the eq.1. It was found that 

evapotranspiration was around 14% for CW-A, 8% for CW-B, and 21% as total 

evapotranspiration. 

6.3.3.3 CW-III: Bani Yas 

Bani Yas CW (shown in Figure 6.17) includes two VF CW in sequence, as shown in 

Table 6.2. CW-A represents the first VF CW, which receives the raw sewage, while CW-

B represents the second VF CW which discharges the final effluent to the environment.  

 

Figure 6.0.17: Photo of Bani Yas CW location in UAE (photo from Mizan company 

files). 

The CW-A at Bani Yas is efficient in COD, BOD and TSS removals, 69%, 87% and 

91%, respectively. The total removals for COD, BOD and TSS (in both CWs) were, 78%, 

94% and 98%, respectively. Most of the BOD and COD removals were in CW-A. Both 

CWs (A and B) are also efficient in nutrients removal, with ammonium and phosphate 

removals of 99% and 92, respectively, as shown in Figure 6.18. 
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Figure 6.0.18: Percentage removals through Bani Yas CWs (both CW-A and CW-B). 

 

The long-term performance monitoring for Bani Yas CW-B effluent over about one year 

(2012 - 2013) showed that the CW was very consistent and efficient in the BOD, TSS 

and NH4-N removals, their concentrations were always being around 10mg/l or less while 

the average COD in the effluent was around 40mg/l, as shown in Figure 6.19. The 

average dissolved oxygen was the lowest in the raw sewage influent (around 1.7mg/l), 

increasing to 5.3mg/l in the effluent of CW-A and to 6.2mg/l in the final effluent. Nitrate 

concentrations fluctuated in the effluent from around 80 to less than 1 mg/l. because of 

predominantly aerobic conditions. It was also found that the temperature of the effluent 

did not exceed 30 °C over the period. 
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Figure 6.0.19: Concentrations of BOD, COD, NH4-N and PO4-P in Bani Yas VF CW 

effluent over the period (June, 2012 to Jan, 2013). 

 

The long-term performance over the period (June, 2012 to Jan, 2013) showed that this 

system is working well, and that TSS and NH4-N were totally removed. Moreover, it was 

shown that BOD and COD removals are consistent through the Bani Yas CW, as shown 

in Figure 6.20. These results support the notion that hybrid systems of different CW 

systems are more effective for water reclamation and provide multiple barriers for 

different contaminants. 

 

 

Figure 6.0.20: Percentage removals for BOD, COD, TSS and NH4-N at Bani Yas VF CW 

over the period (June, 2012 to Jan, 2013). 
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Evapotranspiration percentage was calculated in both CWs based on eq.1, it was found 

that evapotranspiration was around 45% in CW-A, 32% for CW-B, and 62% as total 

evapotranspiration. 

Under these, extreme arid conditions, CWs showed special performance and achieved 

high reduction of organic load and more efficient than the removal of European CWs as 

shown in Figure 6.21. However, CWs are suffering from evapotranspiration loss up to 

64% but it is match with the evapotranspiration values (up to 60%) in CWs in developing 

countries under semi-arid conditions (Kivaisi, 2001).  

These results support the idea that hybrid systems of different CW systems are more 

effective for water reclamation and provide multiple barriers for different contaminants. 

The quality of effluents satisfied requirements for reuse to irrigate fodder crops, pasture 

grass, trees and landscaping.  

 
 

Figure 6.0.21: Average percentage removals for BO , CO  and TSS of GCC’s CWs and 

European’s CWs, Sources (Haberl et al., 1995) 
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6.4 Conclusions 

 In GCC countries, there are 24 CW systems for different wastewater types. CWs 

technology started to be used in the GCC region since 15 years ago. Most of these 

systems were built for private customers. However, the public sector in UAE 

started constructing two systems recently. The largest CW in GGC countries is in 

Oman (7Mm
2
) at Nimr location. 

 CWs are one of the promising technologies for all types of wastewater in the GCC 

countries. They are very efficient in organic matter, TSS and nutrients removal 

with very low maintenance and operation costs. 

 Based on the available results, both VF and HSSF CWs are working efficiently in 

this arid environment.    

 It is interesting that the effluent water temperature didn’t exceed 30 °C although 

the air temperature exceeded 50 °C during some periods.  

 The effluent water from these systems may become one of the best options for 

non-potable water reuse and irrigation specifically. 

 Metals can also be removed through CWs. It was found that one CW achieved 

high removals for Cr and Cu >80%. Furthermore, good removals were achieved 

for Mn and Zn, 75% and 70%, respectively, while it was found that Ni was 

difficult to remove (17%). 

 Evapotranspiration percentage was calculated through different CWs and ranged 

from 21% at the Alsifah CW to 64% at the Jadaf CW. 

 CWs need around 6 weeks to be acclimated and work efficiently and stable.  
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 Among the three studied examples, both the Jadaf CW (septic tank followed by 

VF CW) and the Bani Yas CW (VF followed by VF) showed almost similar 

performance in organics removals, removing COD, BOD and TSS by, 97%, 97%, 

98% and 78%, 94%, 98%, respectively. Furthermore, the Bani Yas CW showed 

better removals for both ammonium (98%) and phosphate (92%). 

 Generally, the best configuration is VF followed by VF CW. It is expected that 

hybrid systems of different CWs are more effective for water reclamation and 

provide multiple barriers for different contaminants. Moreover, the water quality 

for the effluents is within required standards for irrigation reuse.  
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Chapter SEVEN 

 

Conclusions and Recommendations 
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7.1.   Natural wastewater treatment systems: potential and challenges 

Constructed wetlands (CW) and soil aquifer treatment (SAT) represent natural 

wastewater treatment systems (NWTSs) for reclaiming wastewater. The high costs of 

conventional wastewater treatment methods encourage more studies to investigate lower 

cost treatment methods which make these appropriate for developing countries and at the 

same time equally applicable in developed countries. 

A number of emerging organic micropollutants (OMPs) such as pharmaceutically active 

compounds (PhACs), personal care products (PCPs), and different levels of nutrients 

have been detected in treated wastewaters which may eventually impact surface and 

ground waters. Conventional treatment techniques can easily treat various organic 

compounds, however some OMPs (e.g. carbamazepine, fluoxetine, and thiabendazole) 

are relatively untreated by these technologies. Therefore, there is a need to develop an 

effective technology that can reduce concentrations of OMPs including PhACs and PCPs 

efficiently. 

The main objective of this research was to investigate the removal capabilities of 

nutrients and OMPs during natural wastewater treatment systems (SAT and CW) and the 

hybrid CW-SAT system (CW as pretreatment for SAT). This study focused on the 

following objectives: (1) To evaluate the changes in the character of bulk organic matter 

through soil columns and CW beds, to simulate the impact of wastewater effluent during 

SAT and CWs under different oxidation reduction (Redox) conditions. (2) To assess the 

removal efficiency of nutrients and OMPs through biodegradation and sorption during 

SAT and CWs. (3) To investigate the fate and transport of nutrients and selected groups 

of organic micropollutants (OMPs) during SAT and CWs. (4) To understand the 

temperature effects on the removal of organic matter, nutrients and selected OMPs, 

through SAT and CWs, and (5) To identify the vegetation role on the removal of organic 

matter, nutrients and selected OMPs in CWs. 

 

7.2. Redox conditions, and plant and temperature effects on nutrients and organic 

micropollutants (OMPs) removals through horizontal subsurface flow constructed 

wetlands (HSSF CWs) 

 

Constructed wetlands (CWs) are an efficient technology to purify and remove different 

nutrients as well as OMPs from wastewater. CWs removed most of the dissolved organic 

matter (DOC), total nitrogen (TN), ammonium and phosphate. Wetlands aeration could 

be used as one of the alternatives to reduce the need for land to treat primary wastewater 

effluent by around 10%.  The vegetation “phragmites australis” in CWs plays an 

essential role in the treatment especially for nitrogen and phosphate removals, it is 

responsible for the removal of 15%, 55%, 38%, and 22% for TN, dissolved organic 

nitrogen (DON), nitrate and phosphate, respectively.  

CWs achieved a very high removal for some OMPs, attenuating acetaminophen, caffeine, 

fluoxetine and trimethoprim (>90%) under different redox conditions. However, some 

OMPs showed some resistance to removal through CWs such as atrazine, carbamazepine 

and atrazine. Moreover, it was found that increasing temperature (up to 36C) could 
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enhance the removals for atenolol, caffeine, DEET and trimethoprim by 17%, 14%, 28% 

and 45%, respectively. On the other hand, some OMPs, were found to be removed by the 

plant “phragmites australis” such as: acetaminophen, caffeine, fluoxetine, 

sulfamethoxazole, and trimethoprim.   

7.3. Redox conditions and temperature effects on nutrients and organic 

micropollutants (OMPs) attenuation through soil aquifer treatment (SAT) 

Soil aquifer treatment (SAT) is an efficient technique to purify and remove different 

nutrients and a wide range of OMPs from wastewater. SAT attenuated most of the bulk 

organic carbon, DON and TN. DOC removal was enhanced by increasing the temperature 

from 22C to 36C by 8%, and phosphate removal was slightly enhanced by 4%.  

The following OMPs; atenolol, caffeine, fluoxetine and trimethoprim; showed high 

removal (>80%) through the SAT system, while low removals (<20%) were observed for 

atrazine, carbamazepine, DEET, dilantin and primidone under different redox conditions. 

The removal of some OMPs could be enhancing by increasing temperature; in this 

research, increasing temperature (from 22C to 36C) enhanced the removal of atenolol and 

caffeine by 10% and 28%, respectively. Moreover, the removal of atrazine, 

carbamazepine, DEET and dilantin was enhanced through SAT by 18%, 10%, 8% and 

10%, respectively, by using primary effluent instead of secondary effluent because of the 

increase of microbial activity. 

Biodegradation is one of the main processes for OMPs removal, it is responsible for the 

removal of 70%, 69%, 60% and 70% of atenolol, caffeine, sulfamethoxazole and 

trimethoprim, respectively, and however, fluoxetine was totally removed by sorption. 
 

7.4. Pharmaceuticals active compounds (PhACs) removal during soil aquifer 

treatment under different redox and nitrogen conditions 

Performance of SAT system for DOC and OMPs removals can be affected by different 

redox and nitrogen conditions; DOC showed different removal under different redox 

and/or nitrogen conditions. Furthermore, it was found that some of the selected OMPs 

exhibited similar removals under aerobic and anoxic conditions such as pentaxofylline, 

phenacetine and phenoprofen while caffeine and naproxen had higher removals under 

anoxic conditions; at the same time, some OMPs like, bezafibrate and diclofenace, 

showed higher removal under aerobic conditions. Nitrogen conditions also affected 

OMPs removal as well, it was found that phenacetin and caffeine were removed >90% 

under different redox and nitrogen conditions, while carbamazepine, clofibric acid, 

gemifibrozil and ketoprofen were found to be highly persistence (<30% removed) under 

different redox and nitrogen conditions. However, bezafibrate, fenoprofen, ibuprofen and 

naproxen achieved the best removals under conditions of ammonium with continuous 

aeration: 78%, 75%, 95% and 92%, respectively, while nitrate reducing conditions did 

not enhance the removal. It was observed that an anoxic reactor with anammox bacteria 

did not show any additional OMPs removal, while it removed around 70% of the 

available ammonium by Anammox bacteria.  
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7.5. Enhancing organic micropollutants (OMPs) and nutrients removals through 

natural wastewater treatment techniques by integrating CWs and SAT  

A natural hybrid system (CW-SAT) can provide an effective treatment technology of 

reclaimed water for replenishing aquifers and subsequent reuse. This hybrid system 

embodies the performance advantages of both processes and exhibits a very good potential 

for removal of bulk organics, suspended solids, organic micropollutants, nutrients 

(nitrogen and phosphorus), metals as well as pathogens, bacteria and viruses. 

Furthermore, a CWs-SAT hybrid system is a cost-effective, sustainable and efficient 

treatment technology, which can promote water reuse for different applications. It is 

expected that the use of this promising technology can produce water of high quality 

meeting the indirect potable reuse requirements, helping to store and increase water in the 

aquifer and create a reliable water resource from wastewater effluent, overcoming the 

psychological barrier of water reuse. 

In this study, it was observed that the hybrid system removed more than 90% of both 

ammonium and total phosphorous and around 36% of DOC at 12 days of hydraulic 

residence time (HRT). However, it was found that, the removal of the most selected OMPs 

was enhanced and achieved around 98% through the hybrid system. The hybrid system 

(HRT, 6 days) also enhanced the removal of some persistent OMPs such as carbamazepine, 

clofibric acid and diclofenac of 45%, 32% and 52%, respectively, however, the higher HRT 

for the hybrid system (12 days) increased the removal of the previous persistent OMPs; 

up to 65%, 57% and 83%, respectively.    

7.6. Constructed wetlands (CWs) for wastewater treatment in the Gulf cooperation   

council countries (GCC): performance analysis study  

CWs are one of the promising technologies for all types of wastewater in the GCC 

countries. They are very efficient in organic matter, TSS, metals and nutrients removal 

with very low maintenance and operation costs. 

CWs technology has started to be used in the GCC region since 15 years ago. Most of 

these systems were built for private customers. However, the public sector started 

constructing some systems for wastewater treatment recently.  CWs were investigated in 

GCC countries; it was found that there are 24 CW systems for different wastewater types 

in GCC countries, and they are working efficiently. Normally, the effluent water from 

available CWs in the area is used for non-potable water reuse, irrigation specifically. 

The CWs performance study showed that these systems are adapted to the prevailing 

extreme arid conditions and the average percent removals are about, 88%, 96%, 98%, 

98% and 92%, for COD, BOD and TSS, ammonium and phosphate, respectively. 

7.7. Recommendations and further future research 

 

Based on the findings of this study, CWs, SAT and CW-SAT hybrid system are effective 

techniques for removing nutrients and a wide range of organic micropollutants.  

For further future research: 

   GCC countries need two pilot scale CWs (one horizontal subsurface flow 

(HSSF) CW and a second vertical subsurface flow (VSSF) CW). These systems 
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should be operated in parallel at the first stage before hybridizing them (1.VSSF 

after HSSF and 2. HSSF after VSSF) at the second stage. Both primary and 

secondary effluents should be used, to conduct a comprehensive study as a 

background for CWs in extreme arid areas.  

 It appears that the CW-SAT hybrid system is a promising low cost technology for 

wastewater treatment, however, further research is required to focus on nutrients, 

organic micropollutants and microorganism removal and life cycle analysis. 

Hence, it is recommended to scale up the study from bench scale to pilot scale for 

further investigation using primary effluent as feed water.  

 Many plants can be used for CWs vegetation; based on the findings of this 

research, the “phragmites australis” plant which was used in this study showed 

high efficiency in nutrients and OMPs removals. So, it is recommended to repeat 

the laboratory scale experiment using another vegetation like “Typha” to 

investigate the plant effect on the removal of the same group of OMPs and 

compare the performance. 

 It is recommended to study the effect of higher temperature (e.g. 45 C, which is 

normal temperature in some extreme arid areas like GCC countries) on the same 

group of OMPs using laboratory scale CWs and SAT columns and comparing the 

performance.  


