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Abstract: 

 

Tatum, Katie. Masters Environmental Assessment. The Use of Constructed Wetlands as 

Secondary Wastewater Treatment for the Removal of Pharmaceuticals and Personal Care 

Products: A Review 

 

Pharmaceuticals and Personal Care Products (PPCPs) are emerging contaminants of concern. 

PPCPs enter our surface waters through Waste Water Treatment effluents, as traditional WWTP 

are not equipped to efficiently remove these contaminants. As a result, secondary treatments are 

needed in order to reduce or eliminate these contaminants in waste water effluents. Constructed 

Wetlands (CWs) show promising removal efficiencies for current and future use. CWs depend 

on the complex interactions between wetland design parameters (flow type, feeding strategies, 

the presence and type of plants, etc.) and natural variables (redox potential, temperature, etc.) to 

remove PPCPs from waste water. This review aims to identify and summarize the design 

parameters that show the best removal efficiencies for the most commonly detected compounds 

(ibuprofen, diclofenac, naproxen, caffeine, and carbamazepine).  
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1. Introduction 

 

Pharmaceuticals and personal care products (PPCPs) represent pollutants of emerging 

concern, originating in surface and drinking waters largely from their persistence in wastewater 

effluent (Oulton et al., 2010.) These pharmaceutical metabolites, conjugates, and the parent 

compound are excreted with urine and feces into sewage systems (Li et al., 2014). The presence 

of pharmaceutically active compounds in waste water, ground and surface water, drinking water, 

and soils and sediments is continuously reported (Camacho-Munoz et al., 2012). Although 

research has yet to establish a concrete link between the presence of these compounds with 

adverse effects to humans, numerous studies have demonstrated the negative effects these 

compounds have on aquatic organisms (Conkle et al., 2012). The long term effects of human 

exposure to trace levels of pharmaceuticals is not known. Therefore, applications of the 

precautionary principle is required to give rise to more stringent controls on treatment of PPCPs 

in wastewater (Li et al., 2014). 

Municipal wastewater treatment plants (WWTPs) receive wastewaters that contain a lot 

of different trace polluting compounds, for which conventional treatment technologies have not 

been specifically designed (Dordio et al., 2010). Thus, the removal of pharmaceuticals in 

WWTPs seem incomplete, and removal depends on the properties of the individual substances 

(Kotyza et al., 2010). Primary treatment and ultraviolet light disinfection showed limited ability 

to remove most PPCPs (Zhu and Chen, 2014). For some pharmaceuticals, environmental 

contamination of those compounds may be due to the large inputs of those drugs into the 

WWTPs rather than attributed to the low efficiency removal of the conventional treatment 

processes (Dordio et al., 2010). PPCPs are entering the WWTP in such large volumes that the 

time the waste water spends in a traditional WWTP does not allow for sufficient removal (for 

example compounds that can be photodegraded).  

To help address the problem of these emerging pollutants (PPCPs, antibiotics, veterinary 

drugs etc.) more researchers are turning to constructed wetlands (CWs) to help mitigate the 

problem. Constructed wetlands consist of shallow ponds, beds or trenches that contain floating or 

emergent rooted vegetation in which aerobic and anaerobic degradation take place (Camacho-

Munoz et al., 2012). CWs can vary based on design configuration and other factors that will 

influence PPCPs removal. Factors including the nature of feeding wastewater, the pattern of 

water flow, hydraulic retention time (HRT), redox conditions, and temperature can affect the 

removal efficiency of pollutants in CWs (Zhu and Chen, 2014). This review addresses CW 

design parameters that are most efficient at removing the most common PPCPs found in 

wastewaters.  

 

2. Methods 

The review utilized the North Carolina State University libraries online search engine for 

journal articles. The searched key terms were “constructed wetlands” and “pharmaceutical 

removal” and the key phrase “using constructed wetlands to remove pharmaceuticals” to yield 

articles that focused on CWs that remove PPCPs. For background information on the removal 

pathways of CWs the search phrase “removal pathways in constructed wetlands” was used. For 

cost effectiveness and limitations of CWs the search phrase “how effective are constructed 

wetlands” and “cost efficiencies of constructed wetlands” was used. Articles were selected for 

review if abstract described constructed wetland studies that focused on the removal efficiencies 

of PPCPs, removal pathways within CWs, and cost effectiveness and limitations. A total of 
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thirty-one articles were reviewed. This articles were grouped into removal efficiencies (studies 

that investigated removal efficiencies of PPCPs within CW) and supporting material (articles that 

discussed removal pathways, cost effectiveness etc.).  

There was a wide range of PPCPs that authors investigated within the articles selected for 

review. However, there where a few PPCPS that could be found in all articles. These compounds 

were ibuprofen, diclofenac, caffeine, carbamazepine, and naproxen. Some studies investigated 

all five while other studies had one to four of the compounds listed above as well other 

compounds (i.e. fragrances, antibiotics). Table 1a and 1b summarize the various compounds 

researched by the authors in this review. As highlighted, the frequency of the compounds 

ibuprofen, diclofenac, caffeine, naproxen, and carbamazepine made these compounds the most 

researched for their removal in CWs. Authors of these articles sited these five compounds’ wide 

use and occurrence in natural waters as reason to study removal efficiencies within constructed 

wetlands. Matamoros and Bayona (2006) noted that analgesics and anti-inflammatory 

compounds (i.e. salicylic acid, ibuprofen, and diclofenac) are the most abundant in raw sewage. 

Camacho-Munoz et al. (2012) noted that ibuprofen had the highest concentrations levels in 

influent wastewater, and ibuprofen and naproxen are most frequently detected. In addition to 

varying compounds studied, the CW parameters (flow, type of vegetation etc.) varied between 

studies as well. Because of the differences in wetland parameters between studies, different 

removal efficiencies of identical compounds varied. This means that in one study the removal 

efficiencies for ibuprofen were different based on the wetland parameters studied (i.e. type of 

plant used of each study, HRT of each study etc.). 

This review focused on the five commonly studied PPCPs (ibuprofen, diclofenac, 

caffeine, naproxen, and carbamazepine) removal rates between the wetland parameters studied in 

the literature outlined in Figure 1. As these articles were reviewed relationships between wetland 

parameters (i.e. HRT, flow type, operational mode, presence of plants etc.) and removal 

efficiencies (for ibuprofen, diclofenac, caffeine, carbamazepine, and naproxen) were identified.  

The objective of this review was to identify the most efficient wetland parameters to remove 

these compounds. Camacho-Munoz et al. (2012) observed that the efficiency of different waste 

water treatments in the removal of pharmaceutical compounds cannot be extracted by 

comparison of the results in the literature because different compounds were monitored and 

studies were carried out in different regions (citing climate differences). The mention of the 

different compounds monitored is reason for focusing on studies that all included one or more of 

the four compounds mentioned (ibuprofen, diclofenac, caffeine, and naproxen). 
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Table 1a: Frequency of selected PPCPs for this review (ibuprofen, diclofenac, carbamazepine, 

caffeine, and naproxen) in articles reviewed. 

Author PPCPs Studied  

Camacho-Munoz et al. (2012) diclofenac ibuprofen ketoprofen 

  salicylic acid sulfamethoxazole trimethoprim 

  propranolol caffene estrogens 

  gemfibrozil estriol estrone 

  naproxen carbamazepine clofibric acid 

     17α-ethinyl estradiol 17β-estradiol 

Conkle et al. (2012) carbamazepine ibuprofen   

  DEET gemfibrozil   

Dordio et al. (2010) carbamazepine ibuprofen clofibric acid 

Hijosa-Valsero et al. (2010)a ketoprofen naproxen ibuprofen 

  salicylic acid clofibric acid furosemide 

  diclofenac caffeine   

  methly dihydrojasmonate   

Hijosa-Valsero et al. (2010)b ketoprofen naproxen ibuprofen 

  salicylic acid carbamazepine caffeine 

  diclofenac methly dihydrojasmonate 

  galaxolide tonalide   

Kotyza et al. 2010 ibuprofen diclofenac acetaminophen 

Langenhoff et al. (2013) ibuprofen diclofenac   

Lee et al. (2013) tri(2-chloroethyl) phosphate atenolol 

  diclofenac glimepiride ibuprofen 

  carbamazepine paraxanthine sulfamethoxazole 

  naproxen acetaminophen caffeine 

Li et al. (2014) diclofenac ibuprofen ketoprofen 

  naproxen salicylic acid   

Matamoros et al. (2009) ibuprofen naproxen   

Matamoros and Bayona 

(2006) 
caffeine salicylic acid tonalide 

  ibuprofen naproxen ketoprofen 

  methyl dihydrojasmonate galaxolide 

  diclofenac     

Matamoros et al. (2005) clofibric acid ibuprofen carbamazepine 
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Table 1b: Frequency of selected PPCPs for this review (ibuprofen, diclofenac, carbamazepine, 

caffeine, and naproxen) in articles reviewed. 

Author PPCPs Studied  

Matamoros et al. (2007) caffeine salicylic acid   

  ibuprofen galaxolide tonalide 

  methly dihydrojasmonate oxybenzone 

  carbamazepine naproxen diclofenac 

  hydrocinnamic acid   

Ruhmland et al. (2015) diclofenac carbamazepine venlafaxine 

  desmethylvenlafaxine trimethoprim 

  tramadol acyclovir codeine 

  erythromycin atenolol bezafibrate 

  clarithromyciin metoprolol   

Zhang et al. (2015) naproxen carbamazepine diclofenac 

  salicylic acid clofibric acid caffeine 

  ibuprofen ketoprofen   

Zhang et al. (2012)a ibuprofen diclofenac naproxen 

  carbamazepine     

Zhang et al. (2012)b ibuprofen diclofenac naproxen 

  caffeine salicylic acid clofibric acid 

  carbamazepine ketoprofen   

Zhu and Chen (2014) trimethoprim penicillin potassium salt 

  ibuprofen diclofenac sulfamethoxazole 

  caffeine carbamazepine triclosan 

  sodium salt triclocarbon naproxen 
 

 

3. Pharmaceuticals and Personal Care Products in the Environment  
PPCPs are not routinely monitored in wastewater treatment, nor is their occurrence in 

effluent regulated. Public perception and concerns over possible adverse health and and 

ecosystems effects associated with exposure to PPCPs and PPCP mixtures have resulted in 

increased scrutiny of their fate during waste water treatment (Oulton et al., 2010). Upon entering 

the water environment, the pharmaceutical compounds and their metabolites become potential 

risks to the health of aquatic life and human beings even at trace levels in the water environment 

(Li et al., 2014). The potential ecotoxicological effect of pharmaceuticals metabolites is not 

known; thus, further study is needed on the fate of pharmaceutical metabolites in various 

wastewater treatment processes (Lee et al., 2013). PPCPs ecotoxicological effects are 

unpredictable because of the large number of compounds possibly present and their design as 

biologically active compounds (Hijosa-Valsero et al., 2010). 
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Table 2: Summary of the scope of study for the wetland parameters in literature. 

Author Scope of study 

Camacho-Munoz et al. 

(2012) 

Activated sludge, Oxidation ditches, trickling filter beds, anaerobic 

lagooning, and constructed wetlands. 

Conkle et al. (2012) 
Wetland sediments incubated under aerobic and anaerobic 

conditions. 

Dordio et al. (2010) 
Microcosm constructed wetlands using LECA as the solid matrix 

and planted with Thpha spp plants. 

Hijosa-Valsero et al. 

(2010)a 

Three hybrid CWs with different subsystems (ponds, SFCW, and 

HSSFCW) 

Hijosa-Valsero et al. 

(2010)b 

Seven mesocosm-scale CW with different configurations of presence 

of plants, type of plants, type of flow and presence of gravel bed. 

Kotyza et al. 2010 
in vitro experiments testing Armoracia rusticana, Linum 

usitissimum, Lupinus albus, Hordeum vulgaris, Phragmites australis.  

Lee et al. (2013) WWTP and free surface water flow Constructed Wetlands 

Li et al. (2014) Type of substrate, plants and microbes 

Matamoros et al. 

(2009) 

vertical flow CW, horizontal flow CW, a sand filter and activated 

sludge.  

Matamoros and Bayona 

(2006) 
2 SSFCW at different depths (0.3m and 0.5m) 

Matamoros et al. 

(2005) 
2 SSFCW at different depths (0.3m and 0.5m) 

Matamoros et al. 

(2007) 
Pilot VFCW and a sand filter 

Ruhmland et al. (2015) SSFCW, a pond, and a pond with floating plants 

Zhang et al. (2015) 
HSSF (with and without vegetation, operational mode, and different 

HRT). 

Zhang et al. (2012)a Batch versus continuous feeding to SSFCW and sand filters. 

Zhang et al. (2012)b Continuous versus batch feeding. 

Zhu and Chen (2014) WWTP and multistage CW. 

 
The adverse effects on aquatic communities include the feminization of male fish, 

impairment of renal, gill and liver in fish, development of pathogen resistance, and decrease in 

plankton diversity (Li et al., 2014). Toxic impacts on humans include, inflammatory reactions in 

liver (exposure to diclofenac) (Li et al., 2014) and inhibition of growth of human embryonic cells 

(Zhang et al., 2014). 

 

4. Background on Constructed Wetlands 

The most basic definition of the environmental function of a wetland is a natural water 

filter. In smaller communities or areas where the costs of construction and maintenance of 

elaborate wastewater treatment facilities are not feasible, wetlands are often used to decrease 

nutrients and “polish” wastewater before it is discharged into the environment (Conkle et al., 

2012).  
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Constructed Wetlands are a potential economic solution to removal of PPCPs in waste 

water. A constructed wetland relies on biological, chemical, and physical process in a natural 

environment to treat the wastewater (Matamoros et al., 2006). Figure 1 outlines the various 

natural processes within a CW that contribute to PPCP removal. These processes of root uptake, 

translocation from root to shoot, plant metabolisms, microbial degradation, photodegradation, 

sedimentation, and sorption will be discussed below. 

 

 
 

 

Fig 1: Natural Processes within a CW that contribute to PPCP removal. 

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0269749113004806 (photo 

source) 

 

 

 

 

4.1 Plants 

Plants may contribute to the removal of micropollutants in different ways, either by 

directly taking up and assimilating contaminants, or by creating conditions favorable for their 

removal within these systems (Verlicchi et al., 2014). For example, one study found that 

microbial degradation was very possibly associated with the biofilms on the surface of plant 

roots (Li et al., 2014). After being taken up into plant tissues, the internal pharmaceutical 

compounds might be degraded via the metabolism process (phytodegradation) (Li et al., 2014). 

The type of plant in a CW can vary but the most commonly used and investigated species are: 

Phragmites australis and Typha (Verlicchi and Zambello, 2014). 

 

4.2 Microbial Degradation  

http://www.sciencedirect.com.prox.lib.ncsu.edu/science/article/pii/S0269749113004806
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Microbes in constructed wetlands usually play the main role in the processes of 

transformation and mineralization of nutrients and organic pollutants (Li et al., 2014). Most 

researchers have always known that microbes play large roles in removal, and it has only been in 

most recent years that focus has turned to other parameters (operational mode, type of flow etc.). 

These parameters influence redox-potential which is related to the diversity and density of 

microbial populations within a CW. Both biological and chemical functions of wetlands are 

controlled to a large degree by oxidation-reduction chemical reactions (Vepraskas and Faulkner, 

2001). During biodegradation, pharmaceutical compounds may undergo: i) mineralization; ii) 

transformation to more hydrophobic compounds, which partition into the solid phase; iii) 

transformation to more hydrophilic compounds, which remain in the liquid phase (Zhang et al., 

2014) Microbial density and diversity can be enhanced by the presence of plants. Wetland plants 

transfer oxygen to their root system and release a fraction of this oxygen into the rhizosphere 

(Faulwetter et al., 2009). Microbial diversity is important; this is because certain microbes will 

use use certain compounds as an energy source. So far, little is known about the bacteria that 

degrade these pharmaceuticals and the involved biodegradation pathways (Langenhoff et al., 

2013).  

 

4.3 Photodegradation 

Photolytic Degradation is chemical degradation induced by light or other radiant energy. Direct 

photolysis and indirect photodegradation may be important processes for most pharmaceuticals, 

as they generally contain aromatic rings or other functional groups that can directly absorb solar 

radiation (Verlicchi et al., 2014). Organic pollutants can undergo direct photolysis by absorbing 

photons which are then able to induce a chemical transformation (Calisto et al., 2011). Some 

compounds are sensitive to photodegradation, like ketoprofen and naproxen (Hijosa-Valsero et 

al., 2010). PPCPs that photodegrade can also be degraded in a standard WWTP, however, HRT 

and the amount of PPCPs within the WWTP lowers the removal efficiency within the WWTP. 

The efficiency of photolytic degradation for pharmaceutical elimination in aquatic systems 

depends on several factors such as the seasonal variation (i.e. sunlight availability) for 

photolysis, light intensity and light attenuation by water depth (Zhang et al., 2014). 

Photodegradation plays a minor role in the removal of caffeine and carbamazepine, but a major 

role for naproxen (Verlicchi and Zambello, 2014). 

 

 

4.4 Sorption 

Sorption processes play a major role in determining the environmental transport and fate 

of organic chemicals (Wen et al., 2012). Sorption is the process by which one substance takes up 

or holds another substance. Whether or not a PPCP will adsorb to the substrate is related to the 

compounds sorption distribution coefficient (Kd) and the properties of the substrate present. For 

example, compounds that are moderately hydrophilic tend not to bind to organic matter (Hijosa-

Valsero et al., 2010). Some PPCPs can sorb to sediments within the wetland bed as well as plant 

roots. Sorption is a mechanism that depends on many factors, including compound’s properties 

(e.g. hydrophobic characteristics, chemical structure, water solubility, and acid/base properties 

etc.) and soil characteristics (e.g. composition of soil organic matter, redox potential, 

temperature, pH etc.) (Zhang et al., 2014). Since suspended particles from wastewater are 

retained in a wetland bed, sorption of dissolved organic contaminants on soil, organic carbon, 

mineral surfaces and biofilms coating the gravel bed can be a significant mechanism for their 
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removal (Zhang et al., 2014). The HRT also influence sorption. Wen et al. (2012) described that 

for some compounds sorption may require weeks to many months to reach equilibrium.      

 

5. Constructed Wetland Parameters that Influence the removal efficiency of PPCPs  

The physical features of natural wetlands vary (i.e. mangrove forest compared to a salt 

marsh). The physical features of a natural wetland are indicative of their geographic location. As 

with natural wetlands, the physical features of a constructed wetland can vary (i.e. type of plants 

planted, the type of water flow through the wetland) and these variations may influence the CWs 

removal efficiencies. The complexity of such processes make it difficult to understand the 

primary removal mechanisms for each class of contaminants, and design parameters are usually 

based on empirical approaches (Anderson et al., 2005). Removal efficiencies in wetlands is also 

affected by the age of the wetland and seasonality. These two variables (seasonality and age) 

affecting even a very efficient wetland (Anderson et al., 2013).  

The physical features and parameters of the constructed wetland discussed in the 

literature and to be discussed following include: type of flow, feeding strategies, planted vs. 

unplanted, type of planted plants, type of substrate, HRT, and hydraulic loading rates (HLR). In 

addition to the design parameters, other variables also influence the removal efficiencies of 

constructed wetlands. These variables include; temperature, season, pH, amount of sunlight, type 

and number of microbes present etc. which vary depending on geographical location. Removal 

percentages are mainly dependent on temperature, HRT and loading rate, and are highly variable 

between systems (Rousseau et al., 2008). This phenomenon is interesting because two CWs with 

the same design parameters located in different regions have the potential to have different 

removal efficiencies because of temperature variations. Therefore, wetland type selection will 

depend on regional practices, climatic considerations, the nature of the pollutants and their loads, 

aesthetics, health and wildlife concerns, land and topographical limitations etc. (Hussain et al., 

2011) 

 

5.1 Type of Flow 

Several types of flow were addressed in the literature, surface flow (SF), horizontal 

subsurface flow (HSF, HSSF), vertical subsurface flow (VSF), and free water flow (FW). 

Systems with above-ground flow are referred to as surface-flow and ones with below-ground 

flow as subsurface-flow (Rousseau et al., 2008). The flow type within the CW also influences the 

physic-chemical parameters (e.g. redox potential and insolation). This again stresses the fact that 

the removal efficiency of a CW depends on complex interactions.  

The surface flow wetland (Figure 2) is constructed of shallow channels or basins planted 

with vegetation in which free waste water flows at relatively shallow depth over the impermeable 

bottom liner or packed substrate layer (Li et al., 2014). The depth of the water within a SSFCW 

influences PPCPs removal. In the horizontal subsurface flow wetland (Figure 3) wastewater is 

fed into the wetland at the inlet zone and flows horizontally through the substrate under the 

surface of wetland bed which is planted with vegetation (Li et al., 2014). Wastewater is 

infiltrated through vegetated gravel beds confined by a liner (Matamoros and Bayona, 2006). In 

the vertical subsurface flow wetland (Figure 4) wastewater is doused onto the surface of wetland 

bed and then flows vertically from the planted layer down through the substrate until it reaches 

the outlet zone (Li et al., 2014). Some studies elected to study hybrid systems in which a 

combination of free flow, VF and HSSF etc. were combined.  
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5.2 Feeding Strategies  

Feeding strategies, also called the operational mode of the CW, discussed in the literature 

were batch loading and continuous feeding. With batch loading a certain volume of wastewater 

are feed into the wetland at a time. Giving the wastewater time in the CW without adding any 

new influent of waste water until next batch time. In a continuous feed CW, wastewater flows 

into the CW continuously. The feeding strategy influences redox-potential which influences 

microbial activity. However, batch loading can be a limitation for larger CWs for larger 

communities as the volume of water leaving the WWTP would have to go to the CW reducing 

the HRT. Section 5.5 defines HRT and HLT which are related to the type of feeding strategy 

used. 

 

5.3 Plants 

Plants in CWs play a significant role in direct uptake of many organic pollutants in 

wastewater (Li et al., 2014). Direct uptake, accumulation and translocation of micro-

contaminants by plants have been considered as important mechanisms for phytoremediation 

technology (Zhang et al., 2014). The properties of individual compounds will determine if a 

plant will uptake the chemical. For example, some studies have shown that highly polar 

compounds will not be taken up by plants, and the more hydrophilic compounds have a high 

potential to be taken up by a plant. Following plant uptake, organic pollutants may undergo 

partial or complete degradation, or they may be metabolized or transformed to less toxic 

compounds and bound in plant tissues in unavailable forms (Zhang et al., 2014). Once taken up 

and translocated, organic chemicals generally undergo three transformation stages: i) chemical 

modification (oxidations, reductions, hydrolysis); ii) conjugation (with glutathione, sugars, 

amonio acids) iii) sequestration or compartmentation (conjugates are converted to other 

conjugates and deposited in plant vacuoles or bound to the cell wall and lignin) (Zhang et al., 

2014). After being taken up into plant tissues, the internal pharmaceutical compounds might be 

degraded via the metabolism process (phytodegradation) (Li et al., 2014). The better oxidized 

condition in the planted beds appears to enhance the biodegradation process by transferring 

oxygen down to the root system, which in turn stimulates the density and diversity of the 

microbial community, and enhances the microbial activities associated with the rhizosphere 

(Zhang et al., 2014). This is another example of the complex interactions and how one variable 

relates to another. A better oxidized condition can come from water depth, operational mode, 

type of plants, quantity of plants, etc.  

The presence of plants seems to favor the removal of pharmaceuticals and recent studies 

have shown the removal of pharmaceuticals can be significantly enhanced in planted beds 

compared to unplanted beds (Zhang et al., 2014). To add to the complexity of interactions within 

a CW, the type of vegetation also influences removal efficiencies. For example, Phragmites 

australis was more efficient than Typha angustifolia at removing ibuprofen, diclofenic, and 

caffeine. (Zhang et al., 2014). 

 

5.4 Type of Substrate 

As water containing suspended particles and dissolved contaminants passes through a 

wetland, the contaminants may be physically retained and hence removed from the water flow as 

the suspended particles settle under gravity or become trapped (e.g. by vegetation) or the 

dissolved chemicals are sorbed to the bed sediment via phase partitioning (Conkle et al., 2012). 

Adsorption of a compound onto a soild matrix depends on its chemical nature and is correlated to 
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Kow and Kd, pH, ionic strength and the presence of cations in the medium (Verlicchi and 

Zambello, 2014). The type of substrate and depth of substrate influences the efficiency of the 

process of sorption. The substrate is an important component of the CW. The substrate in CWs 

not only provides support for the growth of plants and microorganisms, but also interacts directly 

with contaminants through the sorption process (Li et al., 2014). Some soils have higher relative 

hydraulic conductivity which have more water movement, therefore allowing greater soil-to-

contaminant interaction. Therefore, it becomes imperative to select a medium that maximizes 

retention time while ensuring that they flow can be maintained on a sustained basis (Hussain and 

Patel, 2011)  

 

5.5 HRT and HLR 

Hydraulic Residence Time (HRT) is the length of time during which pollutants are in the 

CW and in contact with the substrate, plants, etc. Conkle et al. (2012) suggest that long HRT 

would be essential for maximizing the retention of PPCPs by wetland sediments. Hydraulic 

Loading Rate (HLR) is the volume of wastewater applied to a CW during a period of time. This 

is closely related to the HRT as residency time decreases as loading rate increases.  

 

5.6 Redox Potential 

Oxygen concentrations and redox potential conditions are important when degradation 

follows microbiological pathways (Hijosa-Valsero et al., 2010). The occurrence and relative 

contributions of a particular pathway is strongly related to oxygen and electron acceptor 

concentrations, availability and distribution in space and time (Hijosa-Valsero et al., 2010). 

The coexistence of aerobic and anaerobic conditions in natural systems would allow for the 

degradation of different kinds of PPCPs (Hijosa-Valsero et al., 2010). The supply of oxygen has 

been considered to be a primary rate-limiting step for the removal effectiveness of 

pharmaceutical removal in HSSF CWs (Zhang et al., 2015). The enhanced oxidizing conditions 

in the planted beds may stimulate microbial growth and increase the diversity of the microbial 

community associated with the rhizosphere (Zhang et al., 2015) 

 CW design parameters (type of flow, operational mode etc.) will influence redox 

potential. The VFCW is considered to be a highly aerobic system and evidence suggest that 

VFCW have high redox potentials (Faulwetter et al., 2009). High redox potentials favor aerobic 

microbial processes, which is a primary removal pathway in CWs.  

 

5.7 Microbes 

Microbes in CWs usually play the main role on the processes of transformation and 

mineralization of nutrients and organic pollutants (Li et al., 2014). Physico-chemical parameters 

(especially DO and redox potential) determine the dominant microbiological populations present 

inside a CW and the metabolic pathways that PPCPs will take (Hijosa-Valsero et al., 2010). For 

those organic compounds with simple structures possessing high water solubility and low 

adsorptivity, they could be readily degraded by microorganisms (Li et al., 2014). Physico-

chemical parameters (such as temperature, insolation, pH or redox potential) influence many 

abiotic processes (Hijosa-Valsero et al., 2010). Microorganisms play a central role in the 

degradation of organic contaminants, and this microbial activity is often stimulated in the 

rhizosphere of plants (Zhang et al., 2012). As mentioned above, the physical parameters and 

operational mode of a CW is only a part of the complexity of the CW system. Other variables 
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also influence the removal efficiency. These variables include temperature, season, pH, sunlight, 

type and number of microbes present, etc.  

 

6. Using Constructed Wetlands as Secondary Waste Water Treatment in the Removal of 

PPCPs 
Traditional WWTPs were designed to remove solid waste. Conventional WWTPs are 

generally not equipped to deal with pharmaceutical compounds, as they were designed with the 

principal aim of removing easily or moderately biodegradable compounds (Zhang et al., 2014). 

However, some PPCPs can be removed during traditional wastewater treatment. For example, 

ibuprofen is a PPCPs that is known to degrade in a WWTP. However, the WWTP cannot handle 

the mass amounts of ibuprofen, so although ibuprofen is being degraded somewhat, mass 

amounts can be found in waste water affluent. Therefore, secondary treatments are needed to 

reduce if not eliminate the concentrations of PPCPs in WWTP effluent.  

The extent of removal [of PPCPs in CWs] depends on the concentration of the pollutant 

in question (Verlicchi and Zambello, 2014). Just as compounds that can be removed in a 

traditional WWTP are entering the WWTP at such high concentrations the time the waste water 

spends in the treatment plant is not adequate. The same applies to a CW. If wastewater is 

entering the CW with large concentrations of a compound, then there will likely be 

concentrations of that compound in the CW effluent.  

The CW approach is at current the most cost effective method to mitigate the problem of 

PPCPs entering the environment through WWTP effluent. To date, detailed investigation of 

removal processes such as sorption, plant uptake and biological degradation are scarce, and a 

better understanding of the removal pathways of PPCPs in CW systems is sorely needed (Zhang 

et al., 2014). Most literature only examines the CW influent and effluent concentrations of 

compounds, but do not examine the actual removal pathway. There is not extensive literature on 

the actual pathways within a CW that PPCPs and other compounds are removed, however, few 

studies have investigated removal pathways. For example, Kotyza et al. (2010) conducted in 

vitro phytoremediation experiments with diclofenac, ibuprofen, and acetaminophen using 

Armoracia rusticana and Linum usitatissimum cell cultures. They found total removal of 

diclofenac with Linum usitatissimum after 6 days. Another study by Matamoros and Boyona 

(2006) found it took weeks for diclofenac to biodegrade in a CW whereas most other chemicals 

only take days. Matamoroas and Boyona’s (2006) study was carried out with CWs whereas 

Kotyza et al. (2010) conducted their experiment in a laboratory setting, thus each study showing 

different removal efficiencies for diclofenac [weeks versus 6 days, respectively].  For ibuprofen, 

diclofenac, and naproxen research has described actual removal pathways within a CW. Table 3 

summarizes Zhang et al. (2012) suggestions on removal pathways of ibuprofen, diclofenac, and 

naproxen. 

There are knowledge gaps in several aspects including removal efficiencies of 

pharmaceuticals in CWs, the removal mechanisms involved, the toxicity to CWs caused by 

pharmaceuticals, and the influences of certain important parameters (configuration design, 

hydraulic mode, temperature and seasonality, pH, oxygen and redox potential etc.) (Li et al., 

2014). Because the removal efficiencies in a CW are dependent on the complex interactions 

between many different parameters, some studies showed poor removal for the same PPCPs that 

other studies showed higher removal efficiencies for.  
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Table 3: Removal pathways of ibuprofen, diclofenac, and naproxen as summarized by Zhang et 

al. (2012). 

Compound Removal Pathway 

Ibuprofen 
removal can be explained by microbial degradation and adsorption to 

particles due to its high hydrophobicity.  

Diclofenac 
studies suggested that the presence of Cl in its structure and its high 

hydrophobicity make it highly recalcitrant to biodegradation. However, 

at longer HRT removal efficiency for diclofenac increases.  

Naproxen 

microbial pathways appear to be the most likely degradation route. The 

presence of plants increased naproxen removal (when compared to 

plant presence for the removal of ibuprofen and diclofenac) and this 

may be because of the stimulation of microbial activity by the plant 

rhizosphere.   

 

Because of these complex interactions and variations with removal efficiencies, some 

studies do not fully support the use of CWs as the answer to removing PPCPs from wastewater 

effluent. For example, Zhu and Chen (2013) researched a CW constructed with three subsystems. 

The first subsystem was a SSF planted with Cyperus alternifolius and Thalia dealbata. The 

second subsystem was a combination of SSF and a free water system with different plants within 

each phase of the subsystem. The third subsystem was a free water system that again had 

different plants than subsystems one and two of this CW. In this study, Zhu and Chen (2013) 

concluded that CWs could only reduce the risk of a few kinds of selected pharmaceuticals from 

WWTP effluent and that other advance technologies should be considered. The statement that 

CWs could only reduce the risk of selected PPCPs can be conferred with other studies; however, 

currently CWs are the best solution to addressing the problem of PPCPs now, while other 

advance technologies are developed.  

With this in mind, this review attempts to find relationships between studies in regards to 

the design parameters (described in section 5). Since the removal efficiencies of CWs are a result 

of complex interactions between differing variables, there will be some mention of other design 

parameters in discussion of certain design parameters.  

 

6.1 Type of Flow 

As described in section 5 there are four main types of flow that have been studied: FF, HSSF, 

VSF, and HSF. HSSF CWs have been the most frequently employed aquatic plant-based systems 

as secondary treatment for removal of pharmaceutical compounds, although VSSF CWs and 

hybrid CWs have also shown good removal efficiencies for pharmaceuticals in some studies 

(Zhang et al., 2014). 

While open water surface CWs are favorable for an enhanced removal of photosensitive 

compounds, other systems providing a high contact time with microbially active surfaces such as 

plants, roots or sediment might be beneficial for removal by biodegradation processes 

(Ruhmland et al., 2015). A study by Marsik et al. (2015), which used a planted hybrid CW (HF 

followed by VF followed by HF) found that ibuprofen, diclofenac, ketoprofen and naproxen 

were degraded/accumulated mostly after passing horizontal flow units and only traces were 

found in vertical flow units. In the HFCW, organic matter is mostly removed via anaerobic 
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pathways (i.e. denitrification, sulphate reduction and methanogenesis), whereas the aerobic 

environment prevails in the VFCW (Matamoros et al., 2009). 

Diclofenac seems to be more easily removed by SF-CWs and hybrid systems (Hijosa-

Valsero et al., 2010). Ruhmland et al. 2015 found diclofenac to be most susceptible to 

photodegradation in an open pond. Diclofenac, a compound that has been extensively reported as 

recalcitrant in a variety of wastewater treatment technologies showed a removal efficiency of 

73% in the VFCW (Matamoros et al., 2007). Matamoros et al. found diclofenac to be moderately 

removed (removal rate between 70%-90%) in a vertical flow wetland. VFCWs are more efficient 

because they operate under aerobic conditions and require smaller surface area (Matamoros et 

al., 2007). The aerobic conditions in a VFCW favor microbial processes, allowing for greater 

removal potential of PPCPs.  

 

6.2 Feeding Strategies 

In batch mode, drain and fill operation mimics that of “tidal flow constructed wetlands”, 

a recent evolution in practical treatment wetland technology whereby the artificial cycle of wet 

and dry periods works as a passive pump to repeatedly replenish oxygen to the wetlands (Zhang 

et al., 2012). Batch operational mode outperformed the continuous operational mode for the 

removal of all pharmaceutical compounds (carbamazepine, diclofenac, ibuprofen, caffeine, 

salicylic acid, ketoprofen, and clofibric acid) except for naproxen (Zhang et al., 2015) This study 

showed batch mode worked best for the removal of ibuprofen.  

Zhang et al. (2015) studied three HSFCWs with or without the presence of vegetation, 

operational mode, and HRT. They found that batch feeding had a positive effect on diclofenac’s 

removal. Removal efficiencies for naproxen were relatively high (81-93%) for both batch and 

continuous modes at both HRTs (2-day and 4-day), but there was no significant differences 

between batch and continuous modes at either 2-day or 4-day HRTs (Zhang et al., 2012). The 

batch feeding regime for most pharmaceuticals does attain its highest removal efficiency faster 

than continuous-fed systems (Zhang et al., 2012) Batch operational mode was significantly and 

positively correlated to the removal of diclofenac and ibuprofen (Zhang et al., 2015). Long HRT 

(4 days compared to 2 days) on the removal ibuprofen and caffeine is significant (Zhang et al., 

2015). The hypothesis as to why the batch mode had better removal efficiency (rather than the 

continuous feeding) is that there was an enhancement of biodegradation by the drain and fill 

cycles which result in introduction of air within the soil and gravel mix (Zhang et al., 2015). 

The precise mechanism of the treatment effects conferred on pharmaceutical elimination by 

batch operation versus the role of the higher aquatic plants is not clear (Zhang et al., 2012). 

 

6.3 Planted versus Unplanted Beds 

Plants in CWs play a significant role in direct uptake of many organic pollutants in waste 

water (Li et al., 2014). The ability of a plant to enhance pollutant removal depends not only on 

the typical species characteristics, but also on many other factors like microbial communities 

related to them, wastewater nature and climate conditions (Hijosa-Valsero et al., 2010). Many 

authors have attributed the enhanced effect of the presence of the higher aquatic plant on organic 

compound removal to the stimulatory effects of oxygen introduced into the subsurface of CWs 

by the higher aquatic plant (Zhang et al., 2012). The planted VFCW generally performed better 

than the SF when flooded (Matamoros et al., 2007). The presence of plants improves the 

degradation of naproxen, ibuprofen, diclofenac and caffeine, with P. australis displaying better 

performance than Typha (Verlicchi and Zambello, 2014). The presence of plants contributed to 
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the removal of naproxen, ibuprofen, diclofenac, and caffeine (Hijosa-Valsero et al., 2010). P. 

australis proved more efficient than T. angustifolia in summer for the removal of ibuprofen, 

diclofenac, and caffeine (Hijosa-Valsero et al., 2010). 

PPCP removal is due to complex interactions including the physio-chemical properties of 

the PPCP. In a Hijosa-Valsero et al. (2010) study of hybrid CW only diclofenac and caffeine 

showed high removal efficiencies in planted beds. Table 4 summarizes the findings.  

 

Table 4: Removal efficiencies in Hijosa-Valsero et al. (2010) study on three hybrid CW utilizing 

planted versus unplanted beds.  

Compound 
Removal (%) Unplanted 

Bed 

Removal (%) Planted 

Bed (septic Tank prior to 

Pond) 

Removal (%) Planted 

Bed (Bar Screen prior to 

Pond) 

Naproxen 85 82 73 

Ibuprofen 99 42 89 

Diclofenac 65 78 87 

Caffeine 83 95 96 

 

 These results clearly support the use of planted beds for the removal of diclofenac and 

caffeine. This study utilized two hybrid CW with planted beds. The first consisted of a primary 

treatment through a bar screen and a septic tank. The second utilized a primary treatment of a 

settlement basin and bar screen. The later [settlement basin and bar screen] showed higher 

removal efficiencies for diclofenac and caffeine. Since diclofenac has been classified as a 

recalcitrant compound, this hybrid system should be taken into account, as it removed over 85% 

of diclofenac from the wastewater.   

Zhang et al. (2012) investigated the removal efficiencies of planted versus unplanted beds 

with batch and continuous loading. The plant used in this study was Typha Angustifolia (cattail). 

The results of the study (Figure 5) are as follows: Ibuprofen: higher removal efficiencies in 

planted beds (83% batch 72% continuous) 2 day HRT Naproxen: higher removal efficiencies in 

planted beds (52% batch 78% continuous) 4 day HRT Diclofenac: higher removal efficiencies in 

planted beds (55% batch 44% continuous) 4 day HRT The authors found no significant 

difference in a planted bed versus non planted bed at the 2 day. Figure 5 shows that the presence 

of plants exerts a stimulatory effect on pharmaceutical removal in batch or continuous mode 

(Zhang et al., 2012). 

In a T. latifolia SF planted CW was the most efficient sub system for the removal of 

caffeine (Hijosa-Valsero et al., 2010). Matamoros et al. (2007) advocate for planted VFCWs as 

an appropriate treatment option because they require lower HRTs and achieve better removal 

than horizontal flow configurations (Oulton et al., 2010). Their study stated that the VFCW was 

more efficient in terms of removal efficiency and loading rate for most of the PPCPs studied in 

comparison to CWs of other configurations (i.e. horizontal surface flow) and SF (nonplanted) 

(Matamoros et al., 2007).   
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Figure 5: Results from Zhang et al. (2012) on removal efficiencies for carbamazepine, ibuprofen, 

diclofenac, and naproxen for planted versus unplanted beds.  

 

6.4 Type of Substrate 

The most frequently used substrate for PPCP removal in CWs is gravel. The gravel 

substrate was found efficient for sorption removal of the pharmaceuticals which are refractory to 

biodegradation but with relatively high hydrophobicity, for example, carbamazepine (Li et al., 

2014). Higher removal efficiency was observed for the sandy soil when compared with the sandy 

loam soil (Li et al., 2014) and Hussain and Prasher (2011) found a higher sorption potential for 

sandy clay loam. Studies have shown ibuprofen to have low sorption to mineral sedimants 

(Conkle et al., 2012) In a study by Conkle et al. (2012) carbamezapine displayed the highest 

sorption potential among the compounds studied (DEET, ibuprofen, gemfibrozil, and 

carbamezapine). Ibuprofen appeared to be the least persistent under aerobic conditions 

(compared to carbamazepine) (Conkle et al., 2012). Other studies have shown that light 
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expanded clay aggregates (LECA) are able to remove by sorption ibuprofen and carbamazepine 

from wastewater (Dordio et al. 2010). The pH of substrate materials could play an important role 

in the sorption capacity of substrate for pharmaceutical removal (Li et al., 2014). Dordi et al. 

(2010) found that a lower pH had a negative effect on the sorption of ibuprofen and 

carbamazepine to the LECA substrate.  

  

6.5 Hydraulic Residency Time (HRT) 

HRT is well known to be a crucial controlling factor in determining the removal 

efficiency of contaminants (Zhang et al., 2014). The longer wastewater is allowed to stay in the 

CW there will be more interactions between the contaminants and the substrate, plants, time 

exposed to sunlight etc. The HRT is closely related to the Hydraulic Loading Rate HLR. The 

HLR is the volume of wastewater applied to the CW per time period. The higher the HLR the 

lower the HRT. When the HLR is high, wastewater passes rapidly through the CW to the outlet 

reducing contact time between the wastewater and the CW. Some CWs have HRT as short as 4-

10 hours. Short HRT may be too short for PPCPs to reach partition equilibrium between the 

water column and the wetland sediment (Conkle et al., 2012). This supports an argument for 

longer HRT times and lower HLRs. The actual phase distribution increases with contact time, 

suggesting that a long HRT would be essential for maximizing the retention of PPCPs by 

wetland sediments (Conkle et al., 2012).  

The shorter HRT in VFCW compare to that in other CW configurations ranging from 

days to weeks makes VFCWs a very appropriate wastewater treatment option in space-limited 

areas (Matamoros et al., 2007). Longer HRT can improve removal efficiency (Zhang et al., 

2015). Longer HRT for improved removal efficiency is apparent in a 2008 study by Conkle et al. 

(Table 5). In this study a nontraditional WWTP that utilizes CWs followed by a natural wetland. 

Wastewater in this study had an HRT of >30 days. First the wastewater is treated for 27 days in a 

constructed wetland and is then pumped into a forested wetland. The wastewater eventually 

discharges into Lake Pontchartrain. In this study naproxen and ibuprofen were reduced below 

detection limits, and caffeine was nearly reduced below detection.  

 

Table 5: Removal efficiencies after a >30 day HRT. Conkle et al. (2008) 

Compound Removal Rate (%) 

Ibuprofen 99 

Naproxen 99 

Caffeine >99 

 

These removal efficiencies are ideal, however, this nontraditional treatment plant utilizes natural 

wetlands that cover a large area in addition to the three 61x183x3m constructed surface flow 

wetlands that provide initial treatment. The authors were unable to define the time the 

wastewater spends in the natural wetlands prior to discharging into Lake Pontchartrain.     

 

6.6 Hydraulic Loading Rate (HLR) 

Matamoros et al. (2007) conducted a study with sedimentation tanks and found that when 

HLR increased, then HRT in the sedimentation tank decreased which lead to an increase of 

PPCP concentration in sedimentation tank outlet. Studies have shown the removal of caffeine 

and ibuprofen decreased at high HLR (160mm day-1 compared to 13, 30, and 70mm day-1) 

(Zhang et al., 2015). Matamoros et al. (2007) had the following results for loading rate on 



 17 

removal: Ibuprofen: nearly complete removal at all loading rates in VFCW (99%) but removal 

decreased in a SF at highest load rates (49%). Naproxen: removed more efficiently in VFCW 

(89%) compared to SF (80%) particularly at highest loading rate. Diclofenac was poorly 

removed at all loading rates (73%) Carbamazepine was very poorly removed but had a higher 

removal rate in the VFCW (23%) compared to the SF (11%). For very large communities with 

high effluent volumes, the need to have low HLR into the CW may not be feasible. 

 

6.7 Seasonality and Temperature 

High temperature has been shown to have significant positive impact on the removal of 

certain pharmaceuticals, most possibly due to the increased rates of biodegradation, volatilization 

and photodegradation (Zhang et al., 2014). Photodegradable compounds (e.g. ketoprofen and 

diclofenac) were removed least efficiently in November and March, coinciding with the period 

of shortest daylight hours, while biodegradable compounds (e.g. ibuprofen, naproxen and 

oxybenzone) were less affected by seasonality (Zhang et al. 2014) Microbial activity is linked to 

temperature, with bacterial growth and metabolic rates strongly reduced with decreasing 

temperatures (Faulwetter et al., 2009). 

Summer, with its high global radiation and high temperatures, has been described as the 

most efficient season for the removal of micropollutants (Rumland et al., 2015). This is a 

downside of using constructed wetlands as secondary waste water treatment as facilities will see 

a reduction in removal efficiencies in the winter. Therefore, during the winter months there will 

be a large amount of PPCPs being released into the environment. During the summer, the higher 

transpiration rates lead to a rapid uptake of the compounds which is most evident in the higher 

removal efficiencies obtained in the planted bed (Dordio et al., 2010) High temperatures had a 

significant positive effect on the degradation of caffeine and naproxen (Hijosa-Valsero et al., 

2010). Summer conditions (e.g. warmth, plant activity and sunlight) enhance the removal of 

PPCPs, instead of just attributing this fact to temperature (Hijosa-Valsero et al., 2010). Dordio et 

al. 2010 observed that the increased removal of ibuprofen in the warm season was probably due 

to more efficient biodegradation of the compound caused by the enhanced microbial activity at 

higher wastewater temperatures.  

Ruhmland et al. (2015) found that during the summer months’ diclofenac had an 80% 

removal rate versus a 45% removal rate in winter. Given that Ruhmland et al. 2015 also 

conducted an in situ experiment and found photodegradation to be the main removal route for 

diclofenac, the seasonality experiments support this. A significant removal of ibuprofen could be 

observed, especially in the summer period (Dordio et al., 2010). Caffeine, which is supposed to 

be removed by microbial degradation or plant-mediated process tended to be eliminated more 

rapidly in summer than in winter (Zhang et al., 2014). A study by Llorens et al. (2009) indicated 

that diclofenac was relatively efficiently eliminated with high HRT (1 month) and sunlight 

exposure of the water, and therefore photodegradation was suggested to be the most plausible 

mechanism for diclofenac removal in a FWS CW.  

The effect on removal efficiencies because of lower temperatures was more evident in 

surface flow systems than in HSSF systems for ibuprofen and carbamazepine (Verlicchi and 

Zambello, 2014). Low temperatures decrease biodegradation kinetics and low sun irradiation 

decreases the photodegradation rate (Zhang et al., 2014). Naproxen removal efficiencies varied 

somewhat among CWs, with values of 27-66% in winter and 27-83% in summer (Hijosa-Valsero 

et al., 2010). Seasonal variations cannot be manipulated during CW design and construction. In  
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Fig 6: Mass Removal Efficiencies of selected compounds for winter and summer (Hijosa-

Valsero, M. et al., 2010) 
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some regions SFCWs can freeze during the winter months. Therefore, other design parameters 

should be considered to ensure that a CW has consistent removal rates year round.   

 

6.8 Water Depth 

The best removal efficiency was found with a shallow bed due to its less negative redox 

potential, leading to more efficient biodegradation of the organic matter (Matamoros and 

Boyona, 2006). More oxidized conditions in the shallow SSF can promote more energetically 

favorable biochemical reactions, leading to higher removal efficiency of the organic matter 

(Anderson et al., 2005). Ibuprofen removal was 81% in the shallow SSF and 48% in the deep 

SSF; differences in removal efficiency could be explained by the less anaerobic environment of 

the shallow wetland (Matamoros et al. 2005). However, carbamazepine showed a more efficient 

removal in the deep wetland (Matamoros et al., 2005). 

 

6.9 Redox Potential and Oxygen 

A positive linear correlation appeared between redox potential and ibuprofen and 

diclofenac removal efficiencies (Hijosa-Valsero et al., 2010). Redox potential can be reduced as 

a result of clogging which is a result of flooding. During flooding periods and redox potential 

reduction was a corresponding drop in caffeine, ibuprofen, and naproxen removal efficiency 

(Verlicchi and Zambello, 2014). High redox potentials are related to aerobic conditions and, 

therefore, aerobic metabolic pathways are deduced for the degradation of ibuprofen, diclofenac, 

salicylic acid and carbamazepine (Hijosa-Valsero et al., 2010). High oxygen concentrations 

significantly aided the degradation of diclofenac, whereas low ones favored caffeine (Hijosa-

Valsero et al., 2010).  

Conkle et al. (2012) found that aerobic conditions favored the removal of ibuprofen. 

Figure (7a,b) summarizes the removal efficiencies of ibuprofen under aerobic versus anaerobic 

conditions. In this study Conkle et al. (2012) incubated CW sediment under aerobic and 

anaerobic conditions. The results support that an aerobic environment in CW soils favor 

microbial degradation. The removal of ibuprofen through predominantly aerobic conditions that 

favor microbiological pathways was also concurred by Hijosa-Valsero et al. (2010).   

 

 
Figure (7a) Ibuprofen removal in aerobic conditions (Conkle et al. 2012). 
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Figure (7b) Ibuprofen removal in anaerobic conditions (Conkle et al. 2012). 

 

7. Cost Effectiveness and Limitations of Constructed Wetlands  
There are methods that a WWTP can utilize to treat waste water for PPCPs removal. 

These methods include ozonation, reverse osmosis, advanced oxidation, and process 

optimization. However, these methods are costly at the large scale that is needed to treat waste 

water influent. Therefore, many are looking to constructed wetlands as a cost effective 

alternative. Because, constructed wetlands are low cost in construction, operation and 

maintenance (Li et al., 2014). The passive treatment approach of CWs hold the advantage of 

operating at low energy and cost, and do require sludge or brine removal (Oulton et al., 2010). 

Phytoremediation techniques are relatively manageable and allow fast adaptation to a specific 

area (Kotyza et al., 2010). Furthermore, they are cost friendly as that are able to remove several 

pollutants at once (Kotyza et al., 2010).  

A main limitation of CWs is the large surface area generally required, which limits their 

application to the sanitation of small populations or tertiary treatments (Matamoros et al., 2007) 

This review has a focus on the use of CWs as secondary treatment, however, the amount of land 

needed or HRT needed limits CWs as tertiary treatment for large populations.  Major cost 

usually land acquisition, earth moving, plastic liner to prevent groundwater contamination or 

infiltration and the matrix material (sand or gravel) in case of SSF (Rousseau et al., 2008). 

Maintenance and operation of CWs are fairly easy due to the virtual absence of mechanical 

and/or electrical parts (Rousseau et al., 2008) However, it is important to monitor larger systems 

and to make sure flow stays consistent. In addition, maintenance issues can arise if a CW was 

poorly designed or poorly built. One uncertain cost is the ‘removal’ cost of the system after its 

functional life, now estimated at around 20 years (Rousseau et al., 2008) 

There is concern about the feasibility of wetlands to become a cost effective method 

because wetlands typically require a low HLR and a long HRT to achieve efficient pollutant 

removal (Fountoulakis et al., 2009) For example, diclofenac which many authors described as 

recalcitrant had good removal efficiencies when the HRT was significant (weeks). Holding 

wastewater in a CW for weeks is not very feasible if land is limited. The longer HRT restricts 

CWs use to situations where a large footprint can be accommodated or where wastewater volume 

is small (Oulton et al., 2010). Due to high surface/equivalent-inhabitant ratio required to achieve 

wastewater quality parameters, CWs are only feasible in small urban communities or as tertiary 

treatments dealing with a small, diverted fraction of conventional WWTP effluents (Hijosa-

Valsero et al., 2010). The 2008 Conkle et al. study that showed removals below detection for 
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some compounds and had a HRT of 27 days, was a treatment plant for a rural community of just 

over 12,000 people.  

The main disadvantage of CWs is the large surface area per inhabitant needed, but the 

low operational and maintenance cost and easy exploitation make this technology very attractive 

to small communities (Hijosa-Valsero et al., 2010). Matamoros et al. (2008) concluded that CWs 

are feasible technologies to remove a broad spectrum of contaminants including PPCPs from 

domestic waste water in sparsely populated areas.  

 

8. Conclusion 
PCPPs in the environment is of growing concern, and treatment wetlands may reduce 

concentrations of PPCPs before treated effluent enters rivers and streams (Conkle et al., 2012). If 

well designed and maintained, CW effluents can meet the high standards required for reclaiming 

the water (Rousseau et al., 2008). In addition to the design parameters of CWs reviewed in this 

project, one should keep in mind that the physical-chemical properties of the PPCPs compounds 

also influence the efficiency of CWs to remove these pollutants.   

The complexity of the wetland environment also determines to efficiency of a CW to remove 

PPCPs. In aquatic plant-based systems, complex physical, chemical and biological processes 

may occur simultaneously, including volatilization, sorption and sedimentation, 

phytodegradation, plant uptake and accumulation, as well as microbial degradation (Zhang et al., 

2014).    

Research suggested that a planted VSSF-CW with a HRT of at least 4 days and batch 

feeding operation mode will show the best removal efficiencies for carbamazepine, ibuprofen, 

diclofenac, naproxen, and caffeine. The longer the HRT the greater the removal efficiencies. The 

VSSF-CW and longer HRT supports greater redox potentials and microbial degradation. Longer 

HRTs also support sorption of the organic pollutants to the substrate. More research is needed to 

fully understand how constructed wetlands are used to remove PPCPs. Most research only 

measures the concentration of chemicals in the influent and effluent and not much focus on what 

exactly in the wetland is causing a decrease in the concentration (Zhang et al., 2012). 
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Figure 2: Surface Flow Wetland 

 http://www.naturalsystemsutilities.com/treatment-wetlands/ (Photo Source) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.naturalsystemsutilities.com/treatment-wetlands/


 24 

  
Figure 3: Horizontal Subsurface Flow Wetland 

 http://www.naturalsystemsutilities.com/treatment-wetlands/ (Photo Source) 
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Figure 4: Vertical Subsurface Flow Wetland 

http://www.ideassonline.org/innovations/brochTesti.php?id=101&brId=20 (Photo Source) 
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