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Abstract 

 Emerging contaminants have been identified in detectable quantities in wastewater 

effluents around the world.  These emerging contaminants include pharmaceuticals, 

personal care products, industrial and household chemicals, as well as endocrine 

disrupting compounds that are not removed through traditional wastewater treatment 

processes.  A small-scale novel bioreactor was designed and optimized to remove these 

contaminants from tertiary treated wastewater effluent from a water reclamation plant in 

Tucson, Arizona.  More specifically, this bioreactor was designed to treat 15 liters of 

effluent by circulating it through a hydroponic media bed bioreactor.  Four hydroponic 

media— 25.4-mm lava rock, 12.7-mm (small) fractured rock, 25.4-mm (large) fractured 

rock and 12.0-mm expanded clay pebbles (LECA)—underwent hydrodynamic tests to 

determine which provided optimal flow conditions for maximizing dispersion and mixing 

within the bioreactor.  Tracer tests were performed for each media with a sodium chloride 

tracer and used to determine the mean residence times (MRT) and vessel dispersion 

numbers at two different flow rates (6.9 and 9.7 L min-1) and two water levels (11.8-12.8 

and 20-20.8 cm).  In the low water level treatments, expanded clay had a 16-29% longer 

MRT (148.7±8.0 s) than the other media (small rock - 128.1±17.3 s; large rock - 114.±14.1 

s; lava rock -121.0±1.4 s) in the low flow condition and a significantly longer MRT 

(115.7±8.3 s) than the small fractured rock ( 89.7±0.6 s) and the lava rock (95.0±7.1 s) in 

the high flow condition but not the large fractured rock (108.0±21.5 s).  In the high-water 

level treatments, the small fractured rock had a significantly longer MRT (203.1±13.4 s) 

than the other media (LECA -  135.7±9.9 s; Large rock - 137.8±12.4 s) in the low flow 

condition but only a longer MRT (138.7±2.3 s) than the expanded clay pebbles (118.9±13.8 

s) in the high flow condition, not the large fractured rock (152.3±16.3 s).  The estimated 

axial water velocity at the high-water level with low flow was the slowest of all treatments 

tested (0.32 – 0.38 cm s-1), but interestingly, only the small fractured rock’s MRT was 

significantly correlated to the estimated water velocity.  While the MRT of the bioreactor 

with small fractured rock decreased as the velocity increased, the MRTs in the expanded 

clay treatments did not show any significant differences between flow rates or water 

volumes.   

 The vessel dispersion number (low flow - 14.0±2.5 and high flow - 15.3±10.6), and 

hence the dispersion through the LECA was greater than the other media tested (small rock 

– 2.6±0.6 and 4.2±0.3; large rock - 4.3±0.4 and 8.9±2.3; lava rock - 6.6±2.2 and 5.2±0.8) at 

the low water level, but statistical significance was only achieved under the low flow 

condition.  Vessel dispersion numbers for bioreactors with the LECA and large fractured 

rock were not affected by flow rate or water volume.  However, dispersion in the small 

fractured rock treatment was significantly greater at the lowest estimated water velocity 

tested (0.38 cm s-1) than the other three (0.54 cm s-1, 0.61 cm s-1, 0.86 cm s-1).   Tracers 

were also used to determine the mixing times within bioreactors with the four media.  

Mixing time (low flow – 267±157 s and high flow 318±2 s) was significantly shorter with 

LECA in the low water level treatments (small rock – 336±17 s and 782±147 s; large rock – 
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854±227 s and 809±175 s; lava rock – 1835±617 s and 390±21 s).  In the mixing tests, 

small fractured rock was comparable to the LECA at the low volume, low flow treatments 

but mixed 59% slower than in bioreactors with LECA at the higher flow rate.  Overall, LECA 

performed better than the other substrate media tested, while the small fractured rock only 

performed well at the lowest estimated water velocities (which occurred at the high-water 

level). The large fractured rock was substandard to both of those media and the lava rock 

was inconclusive for mixing tests due to the tracer getting caught up in its convoluted 

channels as it passed through the bioreactors.  In the second experiment, bioreactors filled 

with LECA were planted with high and low densities of sorghum (Sorghum bicolor), 

switchgrass (Panicum virgatum) and Bacillus thuringiensis (BT) cotton (Gossypium sp.) in 

addition to three unplanted bioreactors.  After an acclimation period with hydroponic 

nutrients, the bioreactors were drained and rinsed, then filled with tertiary wastewater 

effluent.  Water samples were taken at time zero and then after one, two, five and 10 days 

and analyzed using LC-MS/MS to determine the concentrations of emerging contaminants 

present.  Sixteen emerging contaminants were found at detectable quantities in the 

effluent—Atenolol, Benzotriazole, Carbamazepine, DEET, Diclofenac, Diphenhydramine, 

Hydrochlorothiazide, Ibuprofen, Iohexol, Iopamidol, Iopromide, Primidone, Simazine, 

Sucralose, Sulfamethoxazole and TCPP.  After one day, both the planted and unplanted 

bioreactors were able to remove at least 97% and 89% (below detection limits) of 

ibuprofen and diphenhydramine, respectively compared to a control with no media or 

plants that had zero removal.  Atenolol was shown to be significantly removed in all 

bioreactors after two days and removed below detection limits after five days compared to 

only 50% removal in the control.  After five days, both planted and unplanted bioreactors 

were able to remove nearly 80% or more of benzotriazole, carbamazepine, 

hydrochlorothiazide, Iohexol, Iopamidol, Iopromide, Primidone, Simazine, 

Sulfamethoxazole and TCPP compared to nearly zero percent removal in the control.  After 

10 days, DEET was removed below detection limits and nearly 60% of sucralose was 

removed.  Also, after 10 days, diclofenac, iopromide, primidone, simazine were all removed 

below detection limits with still near zero percent removal in the control.  The planted 

bioreactors showed significantly more removal of benzotriazole than the unplanted 

bioreactors after five and 10 days by roughly 15%.   Bioreactors planted with cotton had 

significantly more removal of sulfamethoxazole than unplanted bioreactors by 16-19% 

after five days and 18-20% more removal after 10 days.  Overall, the bioreactors were able 

to successfully reduce levels of all emerging contaminants found in tertiary wastewater 

effluent.  Based on the experiment, the plants in two cases served as a major mechanism for 

removal of emerging contaminants.  For the other 14 cases, where plants did not serve as 

the major removal mechanism, the most likely mechanism involved was sorption to media, 
degradation by the microbiome within the bioreactors, or both.   

 The hydrodynamics were improved within the bioreactors, two baffle 

configurations were then examined using tracer tests at two flow rates.  A split baffle 

configuration proved to have a longer mean residence time (176.9±14.8 s) and significantly 

greater vessel dispersion number (11.6±3.4)  than a serpentine configuration (134.0±4.1 s 
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and 6.4±0.3) and a no baffle configuration (122.9±0.7 s and 5.6±0.1) at the low flow level.  

At the high flow rate however, the mean residence times were not significantly different 

between any of the configurations (split – 105.5±0.4 s; serpentine – 100.5±2.1 s; no-baffle 

114.78.0± s) but there was significantly more dispersion in the no-baffle configuration 

(12.8±2.8) compared to the split baffle (3.9±0.1) and serpentine baffle (4.9±0.2) 

configurations.  Therefore, it is concluded that a hydroponic bioreactor with a split baffle 

configuration, filled with LECA will maximize the removal of emerging contaminants when 

used to treat tertiary-treated wastewater effluent if the estimated water velocity is not too 

high.  Although cotton appeared to outperform the other two plants tested, more research 

needs to be done focusing on the removal by different plants.  Future research should focus 

on the specific pathways of contaminant removal within a hydroponic media bed 

bioreactor and how those pathways can be optimized for maximum removal of emerging 
contaminants. 
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Introduction 

 
 Effluents from wastewater treatment facilities around the world contain significant 

and trace amounts of an assortment of compounds.  These compounds or “emerging 

contaminants” as they are often referred, include pharmaceuticals and personal care 

products (PPCPs), various steroids and hormones, disinfection byproducts (DBPs), 

herbicides and pesticides, household chemicals, industrial compounds, and PFCs (Ashton et 

al., 2004; Kümmerer, 2009; Le-Minh et al., 2010; Li and Zhang, 2011; Matamoros et al., 

2009; Sultana et al., 2017; Watkinson et al., 2007; Wells et al., 2010; Wintgens et al., 2008).  

While some of the contaminants are known carcinogens and endocrine disrupting 

compounds (EDCs), for others, little is known about the long-term effects on humans and 

the environment.   

 Traditional wastewater treatment processes use physical, chemical and biological 

methods to make the water safe enough to release back into the environment.   To remove 

many of these contaminants would typically require much more expensive treatment 

methods such as reverse-osmosis, carbon filtration, ozone or ultraviolet light (UV) (Le-

Minh et al., 2010; Watkinson et al., 2007).  However, constructed wetlands (CWs) which 

have been used in wastewater treatment for decades have been shown to greatly reduce 

and even eliminate many of these contaminants (Kivaisi, 2001; Langergraber, 2008; Li et 

al., 2014; Maine et al., 2007; Özengin and Elmaci, 2016; Verlicchi and Zambello, 2014; 

Vymazal, 2014; Xu et al., 2007).   Various types of CWs have been used for wastewater 

treatment including those with surface flow and subsurface flow.  However, surface flow 

CWs were shown to have poor removal (<25%) for many contaminants commonly found in 

wastewater effluent (Verlicchi and Zambello, 2014).  Interestingly, numerous methods  

have been identified for various contaminant removal which include photolysis, hydrolysis, 

biodegradation and substrate adsorption (Abou-Elela et al., 2013; Birkigt et al., 2018; Yang 

et al., 2018). Thus, it has been reported that plants are not solely responsible for removal of 

all emerging contaminants, but it is a combination of the biotic and abiotic processes 

occurring within the CWs.  However, it has already been established that aquatic plants 

enhance bacterial activity in wastewater treatment as seen when water hyacinth was 

added to facultative wastewater treatment lagoons (Wolverton and McDonald, 1979) and 
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when an anaerobic reed filter was compared to an unplanted anaerobic filter (Wolverton, 

1982).  Furthermore, removal of heavy metals from wastewater by plants has been well 

documented (Bhatia and Goyal, 2014). 

 Several pathways have been identified for effectively removing contaminants from 

wastewater.  Contaminants adsorb onto plant roots in a process called phytostabilization 

(Gil-Loaiza et al., 2016).  Contaminants are also removed by rhizofiltration, which involves 

the roots acting as a physical filter trapping the contaminants (Dushenkov et al., 2002).  

Plants can also take up the contaminants in a process called phytoextraction, where they 

are then stored in the shoots or leaves (Salt et al., 1998).  Going a step further, plants can 

break down some contaminants in a process referred to as phytodegradation which can 

happen inside or outside the plants (Razzaq, 2017).   Plants have a keen ability to release 

molecules from their roots called exudates, which are capable of breaking down a number 

of complex molecules, toxic or otherwise (Zhang et al., 2016).  This concept, also referred to 

as rhizosecretion, was first explored in depth by Gleba et al. (1999), where they found 

hydroponically-grown plants could secrete biologically active compounds based on the 

presence of a strong root-expressed promoter and a secretory targeting signal leader 

peptide.  Raskin et al. (1997) also noted that plants could secrete metal-chelating 

compounds into the root zoon to make soil-bound metals soluble or by making the root 

zone more acidic with Hydrogen ions (H+).  In some instances, contaminants may be 

volatilized during transpiration from the leaves in a technique referred to as 

phytovolatilization(Razzaq, 2017). 

 While it may not be possible to build a subsurface flow constructed wetland to treat 

the effluent at every wastewater treatment plant due to space, climate and other 

restrictions, it may be possible to recirculate batches of wastewater through a much 

smaller, and possibly mobile, hydroponic media bed.  One could also refer to this system as 

a recirculating hydroponic bioreactor.    

 In designing this theoretical hydroponic bioreactor, it is important to consider both 

the growing media and types of plants.  To determine a suitable media, various factors need 

to be considered, including cost, ease of use, mixing and dispersion.  It is especially 

important that the media allows the influent to be quickly mixed, so there must be enough 

spacing to allow for movement of contaminants throughout the bioreactor without being so 
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big that there is no dispersion.  The idea is to maximize the likelihood and frequency that 

contaminants encounter plant roots with every pass through the media bed so that they 

will have the greatest opportunity of being removed from the wastewater.  Therefore, 

assessment of various hydroponic media is a crucial step before even selecting plants for 

the bioreactors.   

 In most subsurface flow constructed wetlands; gravel is used as the substrate 

medium (USEPA, 2000).  In hydroponics, media range from gravel or crushed rock to lava 

rock and expanded clay (LECA).  Coconut coir, perlite and various other organic media are 

also used in hydroponics, but they do not hold up as well over time or provide the root 

support that is needed to support larger crops.  Therefore, we selected two sizes of 

fractured rock, lava rock and expanded clay media for testing the hydrodynamics in the 

bioreactors. 

 One approach to conceptualizing the hydrodynamics within a given bioreactor is to 

estimate the residence time within it.  This can be accomplished with injection of a 

measurable tracer.  A water-soluble tracer of known concentration or intensity is injected 

at the inlet and measured at the outlet of the bioreactor.  Common tracers include 

rhodamine WT (Crohn et al., 2005; Giraldi et al., 2009), fluorescein (Uranine) (Birkigt et al., 

2018; Okhravi et al., 2017; Seeger et al., 2013) and sodium chloride (Chazarenc et al., 2003; 

Kotyza et al., 2010), which have all been used as tracers in constructed wetlands.  

Rhodamine and Uranine are both fluorescent dyes that are easily measured with a 

fluorometer and can be detected at very low concentrations.  Sodium chloride is a very 

inexpensive and soluble tracer that can be measured with an electrical conductivity (EC) 

meter.  Since an EC meter and data logger were readily available, the sodium chloride 

tracer was chosen as the tracer for this study.  The EC for each test could be recorded every 

second after injection by the data logger to generate a concentration versus time curve for 

each run, which gives a distribution of residence times for the tracer molecules.  From the 

curves, the mean residence times (MRT) could be calculated for each run and then 

compared between the different treatments, which included two flow rates and two water 

levels (volumes).  While the MRT can be a useful tool for assessing how long the average 

particle stays in a bioreactor, it does not necessarily describe the flow or dispersion that is 

occurring as a tracer moves through the bioreactor.  For this we needed to calculate the 
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vessel dispersion number, which is the ratio of the rate of transport by dispersion to the 

rate of transport by convection.  This dimensionless value is also equivalent to one over the 

product of the Reynold’s number (Re) and the Schmidt number (Sc), which are used to 

predict and characterize flow patterns, respectively.  The higher the vessel dispersion 

number, the greater the dispersion.  Fortunately, there is an easy way to calculate the 

vessel dispersion number by first calculating the variance of the measured data from the 

MRT. 

 While mean residence times and vessel dispersion numbers are good tools for 

characterizing the flow through the different media within the proposed bioreactor, 

calculating the time it takes for a tracer to become completely mixed within the bioreactor 

is also very beneficial.  The mixing time not only indicates how quickly mixing occurs 

within a bioreactor, but how proficient the dispersion is.  A tracer that can mix faster 

indicates that it is spreading out through the media more rapidly.  Therefore, I believe a 

combination of these tests will help determine which media type is most ideal for use in a 

hydroponic bed bioreactor.   The medium with the better overall hydrodynamic 

characteristics should enhance contaminant removal when scaled-up since the dispersion 

of contaminants will also be maximized, encountering a greater amount of media, 

microbiota and roots.  Once the optimal media is selected for the bioreactor, it was 

important to shift focus to the potential plants that could be grown in it. 

 Another factor to consider is alternative, subsequent, and industrial uses of the 

plants in the bioreactor.  After wetland plants take up contaminants from wastewater, they 

need to be removed and disposed of, creating additional issues for the environment.  We do 

not want to solve one problem by creating another.  Therefore, selecting plants that can be 

used for biofuel, fiber or other non-food uses, eliminates environmental waste.  Ultimately, 

three plants were selected to aid in contaminant removal.  Initially, five plants with 

documented phytoremediation capabilities and non-food, commercial uses -- switchgrass 

(Panicum virgatum); common sunflower (Helianthus annuus); cotton (Gossypium sp.); 

sorghum (Sorghum bicolor); and camelina (Camelina sativa) -- were acquired and 

germinated from seeds in flood-and-drain trays (Halecki and Klatka, 2018; Kaur et al., 

2018; Li et al., 2011; Murphy and Coats, 2011; Soretire et al., 2009; Soudek et al., 2014).  

The three plants with the best initial germination rates were selected for the experiment.  
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While there was interest in using other plants besides the ones listed, their availability 

and/or legality prevented them from being candidates for this experiment. 

 Finally, different baffle configurations within the bioreactor needed to be examined 

to both maximize hydraulic retention time and mixing within.  Two baffle configurations, 

one that directed water in a serpentine fashion and one that split the water as it flowed 

through were tested against a bioreactor without internal baffles.  I believe that at least one 

of these configurations will show improved hydrodynamic characteristics over a 

configuration with no baffles.  I will know this to be true if the baffles have a longer mean 

retention time and higher vessel dispersion number than those found for the bioreactor 

without baffles.  The baffle design that achieved the highest mean retention time and which 

also had a significantly greater vessel dispersion number was deemed optimal and should 

be considered in future, commercial-scale hydroponic bioreactors. 

 Emerging contaminants are an issue that needs to be dealt with and there is an 

opportunity here to solve this problem on a relatively small scale for a relatively low cost.  

By taking the concept of a subsurface flow constructed wetland, which has already been 

highly successful at contaminant removal, every attribute can be optimized for peak 

performance in a heavily scaled-down version.  Dispersion within this hydroponic 

bioreactor can be maximized by choosing the appropriate substrate medium, flow rate and 

baffle configuration, which in turn will insure that contact time with media, microbials and 

plant roots within the bioreactor are also maximized.   I believe that this hydroponic 

bioreactor will be able to significantly remove detectable emerging contaminants from 

tertiary wastewater effluent.  I will know this to be true when measured levels of each 

contaminant in the effluent are shown to decrease after spending time in the bioreactors.  

This hydroponic bioreactor can have wide usage for removing emerging contaminants 

from various effluents, including small-scale wastewater treatment plants, septic systems, 

agriculture operations, and rural communities with contaminated water, among other uses. 
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 Abstract – The hydrodynamics of four hydroponic substrate media were assessed in a small-scale 

hydroponic media bed bioreactor using tracer tests and mixing tests. Four media commonly used 

in media beds, including 12.7-mm (0.5 in) fractured rock, 25.4-mm (1.0 in) fractured rock, 25.4-

mm (1.0 in) lava rock and 12.0-mm light expanded clay aggregate (LECA) were selected and 

placed into identical rigid plastic containers to test the mean hydraulic residence time (mean 

residence time (MRT)) and vessel dispersion numbers ( dispersion numbers) at two water levels 

and two flow rates.  Sodium chloride tracers were used in these tracer tests and 

electroconductivity (EC) was measured every second with an EC probe at the outlet to generate 
residence time distribution curves for each bioreactor under each set of conditions. Expanded clay 

had a 16-29% longer mean residence time in the low water level, low flow treatment compared to 

the other media.  It was also the most consistent overall and did not show any significant 

differences between flow rates or water levels. The mean residence times of the small fractured 

rock treatments got longer as the water velocity decreased, with the highest mean residence time 

achieved at an estimated water velocity of 0.38 cm/s.  Dispersion through the expanded clay or 

large fractured rock was not affected by flow rate or water level. Dispersion in the small fractured 

rock treatment only appeared to be greater at the lowest water velocity tested.  Mixing time was 

also significantly shorter in expanded clay treatments at the lower water level.  In the mixing tests, 

small fractured rock was comparable to the expanded clay at the low water level, low flow 

treatments but mixed 59% slower than in expanded clay treatment when the velocity increased.  

Overall, expanded clay performed better than the other substrate media tested, while the small 

fractured rock only performed well at lower estimated water velocities. The large fractured rock 

was substandard to both of those media and the lava rock was inconclusive but appeared to slow 

the movement of the tracer due to its intricate structure. 

 

 

1. Introduction  

 Media selection is an important consideration for flow dynamics in a hydroponic 

media bed or “hydroponic bioreactor.”  The structure, size and type of media all affect the 

flow of water through the bed and thus influence nutrient uptake and availability for 

plants.   While hydrodynamics have been modeled for subsurface flow constructed 

wetlands, few published studies have been completed for hydroponic media beds (Bodin et 

al., 2013; Crohn et al., 2005; Garcia et al., 2004; Giraldi et al., 2009; Guo et al., 2017).  By 

understanding the hydrodynamics of water flow through a small-scale bioreactor at 
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different flow rates and water levels, we can determine efficiency under various flow 

regimes as well as reach a conclusion about the best type(s) of media to select.  If mixing in 

the hydroponic bioreactor is slow or poor, then nutrients will not be distributed evenly.  

Similarly, if nutrient-rich water entering the bed is not dispersed throughout the bed as it 

flows through, then plants may not receive adequate nutrients or could experience uneven 

growth.  Studying the hydrodynamics will also help model hydroponic media beds so they 

can be scaled up without sacrificing performance and select the appropriate flow rates 

based on bed dimensions.  The bioreactor designed for this study was intended for use in 

treatment of wastewater and for removing contaminants.  Therefore, the hydrodynamics 

may be an even more important consideration than cost which may be the case for 
someone just building a hydroponic media bed to grow vegetables.   

 One method that is commonly used to characterize and evaluate the dispersion 

within a bioreactor is the residence time distribution (RTD).  Simply put, the RTD is the 

distribution of times it takes for suspended particles to move through a continuous-flowing 

‘reactor’, which in this case is the hydroponic media bed.  The RTD particles will take 

various paths through a reactor, and each corresponding path will take a specific time to 

travel from inlet to outlet.  The average time a particle spends in the reactor is known as 

the hydraulic residence time (HRT).  The mean HRT can be obtained from the RTD function 

(Gao et al., 2012; Garcia et al., 2004): 

 𝜏 = ∫ 𝑡 𝐸(𝑡) ⅆ𝑡
∞

0
         (1) 

Where τ = the MRT and E(t) represents the RTD function as a function of time and equates 
to: 

𝐸(𝑡) =
𝑄(𝑡)𝐶(𝑡)

∫ 𝑄(𝑡)𝐶(𝑡) ⅆ𝑡
∞

0

         (2) 

 Where C(t) = the concentration at time t and Q(t) = the flow rate at time t  

Models for continuous flow reactors typically assume ideal flow in either plug flow (PFR) 

or continuously-stirred (CSTR) reactors.  However, we know that most bioreactors are 

non-ideal and experience both axial (up and down) and radial mixing (side to side).  The 

axial dispersion model was developed to better describe flow in tubular PFR (Kovo, 2008; 

Mayer et al., 1996; Mills and O’Connor, 1992).  Horizontal subsurface flow wetlands, which 

are similar to hydroponic media beds, are generally characterized as plug flow and can be 

modeled with the axial dispersion model, also referred to as the dispersion plug flow model 

(DPFM) (Chazarenc et al., 2003).  The Peclet number, Pe, is a dimensionless number that 
describes the mixing in a reactor and is represented by: 

 𝑃𝑒 = 𝑢𝐿/𝐷           (3) 

Where Pe is the Peclet number, u is the mean fluid velocity (m s-1), L is the length of the 

reactor (m) and D is the dispersion coefficient (m2 s-1).  Therefore, a high Peclet number 

would indicate lower dispersion.  The vessel dispersion number (Nd) is simply the 
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reciprocal of the Peclet number (D/ 𝑢𝐿) and is more commonly used as a measure of axial 

dispersion.  Therefore, a higher vessel dispersion number indicates greater dispersion.  The 

normalized variance can be used to calculate the dispersion coefficient (D) which in turn 

can be used to ultimately determine the vessel dispersion number: 

 𝜎𝜃
2 =

∫ (𝑡−𝜏)2𝐸(𝑡) ⅆ𝑡
∞

0

𝜏
           (4) 

Where 𝜎𝜃
2 is the normalized variance: 

  𝜎𝜃
2 = 2(

𝐷

𝜇𝐿
) − 2(

𝐷

𝜇𝐿
)2 (1 − 𝑒𝑥𝑝 (

−𝜇𝐿

𝐷
))      (5) 

 In order to determine the RTD curve for a given reactor, a tracer must be used to 

measure particle residence time.  Tracer tests involve injecting a measurable tracer of 

known concentration and volume at the inlet of the reactor and continuously measuring its 

concentration at the outlet.  Common tracers include dyes, radioactive molecules and other 

nonreactive chemicals (Gao et al., 2012; Newell et al., 1998).  Tracers must be easily 

measurable and should be soluble in the reactor so that they do not settle out (Fogler, 

2006).   One substance that works well in a hydroponic reactor is sodium chloride.  Sodium 

chloride is highly soluble in water, is cheap and can be easily measured in real time using 

an electrical conductivity (EC) meter.   The resulting graph of effluent concentration over 

time is known as the ‘C curve’ and can be integrated to get the ‘E curve’ or RTD curve 

(Fogler, 2006).   From the RTD, we can determine the Peclet number and vessel dispersion 

number. 

 Since the water in a hydroponics system will be continuously circulated, we can also 

characterize the mixing by measuring the total mixing time in the reactor.  To do this, a 

tracer is injected at the input of the reactor and continuously measured at the output 

(submersible pump intake) until the reactor becomes completely mixed or the tracer is 

uniformly distributed throughout the growbed.  Faster mixing times will also indicate 

greater dispersion within the reactor and therefore better distribution of nutrients. 

 

2. Materials and methods 

 

2.1. Bioreactor construction 
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Figure 1.1. Schematic diagram of hydroponic bioreactor in side view (a) and top view (b)  

 In order to model the hydrodynamics of a hydroponic bed bioreactor, a physical 

model was developed.  Rubbermaid® 53-Liter Brute® storage containers (70 cm x 42.5 cm 

x 27.3 cm) were used as the bioreactors.  Screens were positioned in the containers 13 cm 

from the outlet in order to hold the media in place while leaving space near the outlet for a 

pump and electrical conductivity (EC) probe. Screens were constructed using 0.64 cm mesh 

stainless steel hardware cloth fastened to contoured frames made of nonreactive plastic 
and aluminum (Fig. 1.2 - Left).    
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Figure 1.2. Bioreactor construction showing internal screen (Left), outlet (Middle), and inlet (Right) 

 

• Inlet holes were drilled at the horizontal center of the front of each 

bioreactor to create 1.27-cm inlet with a Uniseal®.  

• A 1.27-cm polyvinyl chloride (PVC) tee fitting was connected to the inside of 

the container facing up and down and a pipe connected to the bottom so that 

the ½” pipe would deliver incoming water at 5-cm off the bottom of the 

container.   

• A 1.27-cm flexible vinyl hose was connected to the outside of the container 

with appropriate fittings which allowed for easy connection to a pump (Fig. 

1.2 - Right).  

• Outlet holes were centrally drilled using a 7.6-cm hole saw (21.25-cm from 

each edge and 5-cm off the bottom) for 5.1-cm Uniseals® at the bottom of the 

outlet end of the containers (Fig. 1.2 – Middle).   

• 90-degree elbows were attached on the outside of the containers so water 

volume could be controlled externally by varying the length of the connected 
standpipe (Fig. 1. 2 – Middle).  

 

2.2. Experimental Parameters 

 Four substrate media were selected for this experiment based on availability and 

current use in hydroponics: expanded clay pebbles; 12.7-mm fractured rock; 25.4-mm 

fractured rock; and 25.4-mm lava rock.  Each substrate medium was rinsed until the rinsate 

appeared clear and free of visible particulates and then loaded into each bioreactor and 

filled with municipal water. Two different flow rates were achieved using submersible 

pumps:  Hydrofarm Active Aqua AAPW250, rated at 946 L h-1 (high flow) and Aquaneat SP-

180, rated at 606 L h-1 (low flow).  Actual pump flow rates were measured by capturing and 

measuring the overflow from each bioreactor over one minute and were monitored over 



20 
 

time to ensure efficiency was not lost.   The high flow pump generated a flow of 9.7 L min-1 

out of the reactor and the low flow pump generated an average flow of 6.9 L min-1.  Two 

different water levels were also examined by adjusting the heights of the external 

standpipe.  At both water levels, the water was completely drained and captured so 

accurate measurements could be determined for each media type.  Three runs were 

performed for each set of conditions for RTD tests and two runs were initiated for each 

mixing test.  The experimental design for both tracer tests and mixing tests is summarized 

in Table 1.1.   

 

Table 1.1. Experimental design for tracer tests and mixing tests 

 
 

Media type 

Low Water Level High Water Level 

Low Flow High Flow Low Flow High Flow 

Expanded Clay 3 replicates 3 replicates 3 replicates 3 replicates 

Small Fractured Rock 3 replicates 3 replicates 3 replicates 3 replicates 

Large Fractured Rock 3 replicates 3 replicates 3 replicates 3 replicates 

Lava Rock 3 replicates 3 replicates 3 replicates 3 replicates 

 

 

2.3.  Tracer Tests 

 

 

Figure 1.3. Schematic diagram of tracer test 

 A sodium chloride tracer was used for the hydrodynamic experiments.  The tracer 

was prepared by mixing 100 g of laboratory-grade sodium chloride in 1-L of deionized 
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water to create a solution with a total dissolved solids (TDS) of 100,000 mg/L.  A pump was 

placed in a separate, adjacent container and connected via the nylon hose attached to each 

bioreactor inlet.  A garden hose was left in the adjacent container with the water running to 

maintain constant water pressure throughout each run.  An EC probe was placed in the 

external standpipe outlet and directed into the flow.  The probe was connected to an EC 

meter (Hanna HI 98143 pH/EC transmitter) which was connected to a CR23x data logger 

programmed to record every second. 

 Each tracer volume was measured at 1% of the total bioreactor water volume and 

injected via syringe into the inlet standpipe.  Immediately upon injection, the inlet was 

capped and power to the pump and EC meter was restored.  Trials continued until the EC 

reading returned to the original EC for at least one minute.  After each run, the bioreactor 

was rinsed and drained multiple times to remove any residual tracer.  Tests were repeated 

for each substrate medium, water level and flow rate for a total of 3 runs.  The individual 

reactor characteristics and estimated mean water velocities for each flow rate are 

summarized in Table 1.2 and the set up can be seen in Figure 1.4.   The estimated mean 

velocities were calculated by dividing the measured outflow rate by the height and the 

width of the water in the reactor and multiplying it by the media’s porosity. 

 

Table 1.2. Bioreactor parameters 

 Expanded Clay Small Rock Large Rock Lava Rock 

Porosity (ε) 44.5% 42% 44% 48.5% 
Reactor width 
(cm) 

37.5 cm 

Reactor Length 
(cm) 

56.0 cm 

     
Water Level Low High Low High Low High Low High 

Water height (cm) 12 19.5 12 19 11.7 19 12 19.5 

Measured Water 
Volume (L) 
 

12.0 
 

20.0 12.8 20.5 11.8 20.0 12.5 20.8 

Low Flow Rate  6.9 L min-1 

High Flow Rate  9.7 L min-1 

Low Flow 
Estimated Mean 
Velocity (cm/s) 

0.57 0.35 0.61 0.38 0.59 0.37 0.53 0.32 

High Flow 
Estimated Mean 
Velocity (cm/s) 

0.81 0.50 0.86 0.54 0.84 0.52 0.74 0.46 

 

 



22 
 

 

Figure 1.4. Tracer Test Setup 

 

2.4. Mixing Tests 

 

 

Figure 1.5. Schematic diagram of mixing test 

  

 

 The purpose of the mixing test is to assess how long it takes for an injected tracer to 

become uniformly distributed throughout a bioreactor, which is a good indicator of 

dispersion. The procedure was to (1) use sodium chloride as the tracer (at the same 

concentration and volume as in the tracer tests) and (2) measure the amount of time it took 

for the EC to level off, signaling that the injected tracer had become uniformly distributed 

throughout the bioreactor.  For this procedure, the pump was placed in the open-water 

section near the outlet and the EC probe was placed in front of the pump inlet (Fig. 1.5).  

The tracer was injected at the inlet in the same manner as the tracer tests.  The resulting 

concentration versus time curves were graphed, and the average times for 90% mixing 
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were calculated.  Complete mixing (100%) acts like a limit that goes to infinity, so the time 

it takes for a bioreactor to become 90% mixed allowed for better comparisons between 

treatments. 

 

2.5. Statistical Analysis 

  

 All statistical tests were performed using SAS 9.4 statistical software (Cary, NC, 

USA).  Mean residence times (MRT) were calculated using Equation (1), and an analysis of 

variance (ANOVA) test was conducted using a Tukey post hoc analysis to determine 

significant differences in MRT between media types with both water level and flow rate as 

factors.  Dispersion Numbers (ND) were also calculated using equations (3), (4) and (5).  

Vessel dispersion numbers were compared using ANOVA with Tukey post hoc analysis to 

determine significance differences between the different media types with the same two 

factors as in the tracer tests, flow rate and water level.  The ANOVA test was also used to 

determine significant differences within the different factors for each media type.  Mixing 

time for each treatment was calculated as the time it took a reactor to become 90% mixed, 

that is, the time it took for the reactor to reach 90% of the final EC.  The 90% mixing times 

were compared using ANOVA with a Tukey post-hoc test as well. 

 

 

3. Results and Discussion 

 

3.1.  Residence Time Distribution 

 

Three runs for each treatment were completed.  However, for the high volume, high flow 

tracer tests with the large rock media, one run was very different than the other two, so a 

fourth run was conducted.  The EC data for each run were normalized against the 

background EC to determine the mean residence times.  Resulting mean residence times 

with standard deviations can be seen in Table 1.3 with significant differences between 

treatment conditions identified by differing subscript letters.  While lava rock was initially 

included in the full experimental design, the physical properties made it very difficult to 

flush the system and eliminate residual tracer between tests. Therefore, only two runs 

were done for tracer tests at the low water level.  At the high-water level (high volume) for 

the tracer tests, the EC readings fluctuated up and down during the test and never went to 

zero which made the results non-comparable.   It appeared that pockets of salinity flowed 

into the convoluted channels of the lava rock and then were just slow to mix back out, 

which is why the EC was not observed to go back to zero.  As noted by Giraldi et al. (2009), 

desorption can lead to a slowed tracer breakthrough curve.  As mentioned before, this 

property could have made it extremely difficult and very time-consuming to rinse the 

media between replicates. Thus, tracer tests were only conducted for lava rock at the low 

water level, which was slightly easier to rinse.  Graphs for each treatment can be seen in 
Appendix A. 



24 
 

 The mean residence time was overall significantly longer at the higher water level 

and longer at the lower flow rate as might be expected (p < 0.05), but there was no 

significant difference between media types overall.  Through a one-way ANOVA, it was 

determined that there were significant differences between groups (p<0.001), and using 

Tukey post-hoc analysis (p < 0.05), it showed that for the low water level and low flow rate 

(Table 1.3 – column 2), expanded clay media had a significantly longer mean residence 

time than the large fractured rock and the lava rock, but all of them were significantly 

indistinguishable from the small fractured rock.  For the low water level with the high flow 

rate (Table 1.3 – column 3), the expanded clay media had a significantly longer mean 

residence time than the small fractured rock and the lava rock, but the large fractured rock 

was not significantly different from the other three media types.  For the high water 

volume and low flow rate (Table 1.3 – column 4), the small fractured rock had a 

significantly longer mean residence time than the large fractured rock and the expanded 

clay media, which were not significantly different from one another.  However, for the 

treatment with high water volume and the high flow rate (Table 1.3 – column 5), both the 

small and large fractured rock had significantly longer mean residence times than the 
expanded clay media. 

 

Table 1.3. Mean hydraulic residence times in seconds 

 
 

Media type 

Low Water Level High Water Level 

Low Flow High Flow Low Flow High Flow 

Expanded Clay 148.7 ± 8.0a 115.7 ± 8.3a 135.7 ± 9.9b 118.9 ± 13.8b 

Small Fractured Rock 128.1 ± 17.3ab 89.7 ± 0.6b 203.1 ± 13.4a 138.7 ± 2.3a 

Large Fractured Rock 114.6 ± 14.1b 108.0 ± 21.5ab 137.8 ± 12.4b 152.3 ± 16.3a 

Lava Rock 121 ± 1.4b 95 ± 7.1b X X 

*subscripts indicate significant differences within columns only 

  

 It was statistically determined that the treatment levels of flow rate and water level 

had a greater impact on mean residence time than did the media type itself.  Therefore, 

ANOVA was used again to evaluate those effects.  In terms of the flow rates’ effect on the 

mean residence time, the lower flow rate had a significantly longer mean residence time for 

small fractured rock and expanded clay media (p < 0.05) but not for the large rock at the 

low water volume (p = 0.988).  In contrast, there was no significant difference between low 

and high flow rates at the high water volume for large fractured rock and expanded clay 

media, while the low flow rate in the small fractured rock treatment produced a 

significantly longer mean residence time than with the high flow rate.   
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 The expected effects of water level were a bit more interesting and less predictable 

than the flow rate effects as seen in Table 1.3.  A higher water level should theoretically 

increase the mean residence time if the flow is kept the same, because the average water 

velocity decreases.  However, only the bioreactor with the small fractured rock behaved 

that way at both levels.  Perhaps this could be attributed to the relatively small volume of 

the test bioreactor.  The high volume treatment for large fractured rock also had a 

significantly longer mean residence time at the high flow rate than it did in the low volume 

treatment.  While the flow rate through the bioreactor is kept constant by the pump itself, 

the water velocity is affected by the width and depth of the water as well as the porosity of 

the media.  Therefore, it could be a better variable by which to model hydrodynamics 

through each medium.  However, water velocity only had a significant effect on mean 

residence times for the small fractured rock.   Mean water velocity did not have a 
significant effect on mean residence time for large fractured rock or expanded clay media.  

 Other factors that might have played a role in the bioreactor hydrodynamics are the 

slightly higher density and temperature of the tracer relative to the water.  While every 

effort was made to keep the tracer temperature as close to the incoming water temperature 

as possible, it still might have been slightly higher.  However, the greenhouse was kept at a 

constant temperature during the trial period, so all conditions would still be comparable.  

The density of the tracer might have affected the dispersion in the bioreactors, especially at 

the higher water levels since the higher density liquid tracer might have been more 

inclined to flow along the bottom of the reactor.  However, it might only be slight because 

the density of the tracer solution was 1.049 g/cm3 compared to the water flowing through 

the bioreactors which had a density estimate of 0.998 g/cm3.  Analogous to freshwater 

rivers flowing into oceans to create areas of brackish water (indicating mixing, not 

layering), the density difference between the tracer and the flow into the bioreactor would 

not be significant enough to cause layering.  The difference in density between the tracer 

and water source would only have an appreciable effect when comparing the different 

water levels and would not affect comparisons between different flow rates and media 

types at each water level.  However, they could be compared if using water velocity. 

 While mean residence time can identify how long an average particle spends in a 

bioreactor, it does not give a full picture of the dispersion of particles within.  For that, one 

needed to look at the vessel dispersion numbers, Nd, which were calculated from residence 

time distributions and mean residence times.  The calculated vessel dispersion numbers 

can be seen in Table 1.4 with significant differences between columns noted by subscript 

letters and significant differences between rows with numbers.  In the low water level, low 

flow treatment, expanded clay had significantly higher dispersion than large rock (p = 

0.0029), small rock (p = 0.0011) and lava rock (p = 0.0222).  Water level was the most 

significant predictor of dispersion number overall.  However, there were no significant 

differences in vessel dispersion number across all levels for expanded clay media or large 

fractured rock.  There was a significant difference in vessel dispersion number for small 

fractured rock, which increased when the volume increased but not just when the flow 
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decreased.  Therefore, the vessel dispersion number for small fractured rock appeared to 

increase as the estimated water velocity decreased.  This makes sense because the spaces 

between the small fractured rock are narrower and more variable than other media tested.  

Slower moving water will infiltrate through the cracks more easily, while faster moving 

water could create backchanneling and cause the water to actively seek the path of least 

resistance.   Hydraulic conductivity (or K value), which is the ease with which water moves 

through the pore spaces, typically goes down over time as noted in several hydraulic 

studies on constructed wetlands (Chazarenc et al., 2003; Judge, 2013; Okhravi et al., 2017).  

When designing a subsurface flow constructed wetland, the design is typically based on 

10% of the clean K value, where “clean K” denotes the hydraulic conductivity of water 

before sediment, bacteria, roots, etc. have begun to fill the void space.  In other words, the 

design has to account for the porosity between the media decreasing by 90% over time 

(Licciardello et al., 2019).  This design consideration would be even more important for an 

aquaponic media bed which has a constant influx of sediment and fine solids in addition to 
the bacteria and roots which are present in a hydroponic media bed. 

 

Table 1.4. Vessel dispersion numbers 

 
 

Media type 

Low Water Level High Water Level 

Low Flow High Flow Low Flow High Flow 

Expanded Clay 14.0 ± 2.5 a,1 15.3 ± 10.6 c,1 10.0 ± 3.5 d,1 12.4 ± 5.8 e,1 

Small Fractured Rock 2.6± 0.6 b,2 4.2 ± 0.3 c,2 14.2 ± 4.8 d,3 9.4 ± 3.4 e,23 

Large Fractured Rock 4.3 ± 0.4 b,5 8.9 ± 2.3 c,5 4.4 ± 1.3 d,5 8.0 ± 4.4 e,5 

Lava Rock 6.6 ± 2.2 b 5.2 ± 0.8 c X X 

 

3.2. Mixing Tests 

 

 Mixing took much less time in the low volume treatments.  In the high-volume 

treatments, almost all the trials took over 6000 s (100 min).   The tests were stopped once 

the EC appeared to level off (the EC did not change for one minute).  However, the graphs 

for the high-volume treatments (Appendix B) showed that the EC was continuing to 

increase even after tests were stopped, albeit the slope of the graph was nearly horizontal.  

Therefore, only data for the low volume treatments were analyzed.  The ANOVA analysis 

showed that there was a significant difference in 90% mixing times between media types 

(p = 0.0092).  In addition, the ANOVA showed that flow had a significant effect on 90% 

mixing time among media types (p = 0.0036), but not overall.   

 For the low flow regime, the expanded clay and small fractured rock mixed 

significantly faster than the large fractured rock, which had a significantly faster mixing 



27 
 

time than the lava rock.  This gave further reason to believe that the tracer was getting 

trapped in the convoluted matrix of the lava rock medium.  Under high flow conditions, the 

expanded clay and lava rock mixed significantly faster than the small and large fractured 

rock, which were not significantly different from each other. 

 The mixing tests showed that the tracer was able to disperse through the expanded 

clay media much quicker than it could through either size of fractured rock.  While the lava 

rock appeared to be good at mixing under high flow conditions, it did not mix well under 

low flow.  This could be due to the porous nature of the lava rock which allowed for matrix 

diffusion of the tracer, causing a significant delay in mixing.  Furthermore, since the inlet 

water is entering close to the bottom (within 5 cm of the bottom) and flowing horizontally, 

it makes sense that vertical dispersion would take a bit longer when the height of the water 

is increased, especially since the tracer has a higher density than the water flowing through 

the bioreactors.  Mixing times were ultimately abandoned at the high water level 

treatments because tests often resulted in errors or did not reach a completely mixed state 

after several hours. 

 

Table 1.5. 90% mixing times in seconds 

 
 

Media type 

Low Water Level High Water Level 

Low Flow High Flow Low Flow High Flow 

Expanded Clay 267 ± 157 a1 318 ± 2 a1 X X 

Small Fractured Rock 336 ± 17 a1 782 ± 147 b2 X X 

Large Fractured Rock 854 ± 227 b1 809 ± 175 b1 X X 

Lava Rock 1835 ± 617 c2 390 ± 21 a1 X X 

 

 
4. Conclusions 

 This experiment helped to better understand the flow dynamics through four 

substrate media that are commonly used in hydroponic and aquaponic media beds.  The 

results of this experiment identified which media substrate may be better suited for 

hydroponic plant growth by allowing for greater dispersal of incoming nutrient flows and 

showed the effect of water volumes and pumping rates on flow through various media.  

Mean residence times are standard design parameters for flow-through media beds and 

constructed wetlands. However, MRT’s do not always account for the mixing occurring in a 

media bed or constructed wetland.  The actual water velocity, which is dependent on the 

height and width of the constructed wetland or growbed, must also be examined.  For 

recirculating hydroponic beds, the time it takes for a tracer to become completely mixed 

must also be assessed.   
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 Expanded clay (LECA) appeared to be the ideal substrate medium for hydroponic 

bioreactors among the substrate media tested based on the faster mixing time and slightly 

higher dispersion numbers that were consistent across both flows and volumes.  This was 

possibly due to the more uniform spacing within the media matrix compared to other 

media tested.  Total water volume in the hydroponic bioreactor and water velocity through 

it had varying effects on the flow patterns through each media. However, the low water 

volume had faster velocities, with both the high and low flow pumps, than the same pumps 

did in the high water volume treatments.   

 The small fractured rock showed significantly higher dispersion at the high volume 

low flow treatment, which also exhibited the lowest estimated water velocity tested (0.38 

cm/s) and appeared to decrease as estimated velocity increased up to 0.54 cm/s.  Mean 

residence time was also significantly longer at the lowest velocities tested.  Small fractured 

rock may be a suitable substrate medium if the desired flow rate is somewhere between 

0.38 cm/s and 0.54 cm/s but would likely need to be closer to 0.38 cm/s or even less to 

account for plant roots, biofilm and sediment accumulation that would typically be in a 

growbed.  Many studies noted that the hydraulic conductivity goes down considerably over 

time, which is why most subsurface flow constructed wetlands are designed with a 
hydraulic conductivity that is 10% of the clean bed value (Vymazal, 2018). 

  The large fractured rock also exhibited a short hydraulic retention time with low 

dispersion and was only slightly better when the flow velocity was at its lowest.  The tracer 

mixed relatively slowly and moved through the bed with little dispersion. 

 Lava rock was difficult to assess because of its permeability, which slowed mixing 

and trapped or stalled the tracer as it moved through the hydroponic bioreactor.  This also 

affected many of the tests, especially in the high water volume treatments, which caused 

the results to be inconclusive.  However, neither the mean residence time nor vessel 

dispersion number for lava rock were significantly better than the other media tested. 

 Expanded clay and small fractured rock caused a significantly shorter mixing time 

than the large fractured rock and lava rock in the low volume low flow treatment.  

However, the expanded clay also caused significantly shorter mixing time than the small 

and large fractured rock in the low volume high flow treatment. 

 Overall, expanded clay appeared to be the most suitable substrate medium because 

mixing and dispersion were less effected by different volumes or flow rates.  Small 

fractured rock appeared suitable only at lower water velocities.  More studies should be 

performed to determine exact conditions for using small-fractured rock as a hydroponic 

substrate medium. 
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 Abstract – Tertiary effluent from a municipal wastewater treatment plant in Tucson, AZ, was 

added to light expanded clay aggregate (LECA)-filled hydroponic bed bioreactors for 10 days.  

These bioreactors were planted with high densities and low densities of sorghum (Sorghum 

bicolor), switchgrass (Panicum virgatum) and Bacillus thuringiensis (BT) cotton (Gossypium sp.).  

The experiment also included a non-planted bioreactor treatment and a control bioreactor with 

neither plants nor substrate medium.  All treatments were aerated to provide aerobic conditions 

throughout and recirculated with a low-flow pump.  Prior to effluent treatment, all bioreactors 

were filled with a nutrient solution and acclimated for 30 days.  Once the tertiary effluent was 

added to the reactors, samples were taken at 0, 1, 2, 5 and 10 days and 46 potential emerging 

contaminants levels were assayed in a laboratory with LC-MS/MS.   Overall, 16 contaminants were 

identified at detectable levels.  After one day in the bioreactors, Ibuprofen and Diphenhydramine 

were removed below detection limits in all treatments.  After five days, initial concentrations of 

Atenolol, Benzotriazole, Carbamazepine, Hydrochlorothiazide, Iohexol, Iopamidol Iopromide, 

Primidone, and Tris (chloropropyl) phosphate (TCPP) were reduced by greater than 80% in all 

treatments, while the control exhibited little to no removal.  Diclofenac, Simazine and Sucralose 

exhibited more variable removal rates among treatments and ranged from 44-84% after five days.  

After 10 days, concentrations of N,N-diethyl-m-toluamide (DEET), Diclofenac, Iopromide, 

Primidone and Simazine were all below detection levels, while there was close to zero removal in 

the control.  Bioreactors planted with cotton had significantly more removal of sulfamethoxazole 

than unplanted bioreactors by 16-19% after five days and 18-20% more removal after 10 days. 

The percentage uptake of Benzotriazole by every planted treatment was significantly higher than 

the non-planted treatment after five and 10 days.  While there appeared to be some uptake of 

TCPP, Diclofenac and Primidone by either cotton and/or sorghum treatments, it was not 

significant and most of the contaminant removal appeared to be occurring in the media substrate.  

Adsorption to the LECA was a possible pathway for contaminant removal due to the negative 

charge of clay, but another likely mechanism is the breakdown by microbiota such as bacteria and 

fungi that would have developed on the surface of the media during the acclimation period prior 

to the experiment.  More research is needed to examine the pathways of degradation and removal 

by various microbials as well as root exudates which may be present in the root substrate of 

subsurface flow constructed wetlands and hydroponic media beds. 
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1. Introduction 

 

 Every day, people use and discard billions of gallons of water through activities such 

as showering/bathing, washing dishes, doing laundry, and flushing toilets, not to mention 

the effluents from industrial applications and hospitals.  All the chemicals, toxins and other 

compounds used and discarded through these activities make their way to a sewage 

treatment plant where the wastewater is treated.  Figure 2.1 depicts the processes of a 

typical wastewater treatment plant.   While municipal wastewater is effectively treated 

through various processes to remove coliforms, solids, organic compounds and heavy 

metals, considerable levels of contaminants are still left behind and remain in the effluent 

(Chen et al., 2006; Jennifer et al., 2017; Sultana et al., 2017).  These lingering compounds 

are often referred to as “emerging contaminants” or contaminants of emerging concern 

(CECs), which encompasses further defined terms such pharmaceuticals and personal care 

products (PPCPs), pharmaceutically-active compounds (PhACs), endocrine disrupting 

compounds (EDCs), and disinfection byproducts (DBPs), all of which have been frequently 

found in significant amounts in wastewater effluents (Li et al., 2014; Mompelat et al., 2009; 

Sultana et al., 2017; Tijani et al., 2016; Wells et al., 2010; Wintgens et al., 2008).   Kostich et 

al. (2014) measured 56 active pharmaceutical compounds from 50 different wastewater 

treatment plants across the U.S. and found low quantities of many of the compounds in all 

treatment plant effluents.  Since many wastewater treatment plants, also known as water 

reclamation facilities (WRFs), recharge their water into the ground, many of these 

contaminants make their way into underground aquifers. A study in Alberta, Canada, 

documented the occurrence of many of these PhACs in the drinking water supply (Chen et 

al., 2006).  Wastewater treatment plants also discharge effluent directly into rivers or 

smaller waterways, which can have effects on aquatic life  (Ashton et al., 2004; Gomes et al., 

2003; Kostich et al., 2014).  Emerging contaminants present in effluents discharged to 

waterways can also make their way into reservoirs and other bodies of water that serve as 

drinking water supplies for millions of people around the world (Burian et al., 2000; Fent et 

al., 2006; Kostich et al., 2014).  Perhaps the biggest issues with these CECs is that little is 

known about their potential hazardous effects, and they remain unregulated by the EPA in 

the United States and other regulatory authorities around the world.   
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Figure 2.1. Wastewater Treatment Process Diagram, as found in Wikimedia Commons by Josefpm 

  

 Like the human gut, wastewater treatment plants rely on the activity of bacteria to 

breakdown and consume organic compounds.   These bacteria are not able to effectively 

metabolize many of these emerging contaminants which persist through wastewater 

treatment processes.  Table 2.1, provides a list of contaminants found in the tertiary 
effluent from a wastewater treatment plant in Tucson, AZ. 

Table 2.1. List of contaminants that have been detected in tertiary effluent of Tucson, AZ 

Category Compounds Application 

Pharmaceuticals (16) Acetaminophen pain and fever reducer 
 Atenolol treats high blood pressure (beta blocker) 
 Carbamazepine treat seizures and neuropathic pain 
 Clofibric acid lowering cholesterol 
 Diclofenac anti-inflammatory (NSAID) 
 Diphenhydramine antihistamine 
 Diltiazem treats hypertension (calcium channel blocker) 

 Fluoxetine antidepressant 
 Gemfibrozil treats high cholesterol 
 Hydrochlorothiazide treats high blood pressure and edema (diuretic) 
 Ibuprofen anti-inflammatory (NSAID) 
 Meprobamate anti-anxiety 
 Primidone treats seizures 
 Propranolol Treats high blood pressure (beta blocker) 
 Sulfamethoxazole antibiotic 
 Trimethoprim antibiotic 
   
   

Steroids/Hormones (4) Dexamethasone treats arthritis, immune system disorders, etc. (corticosteroid) 
 Hydrocortisone treats a variety of skin conditions 
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 Norgestrel birth control   
 Prednisone anti-inflammatory and immunosuppressant 
   
   

Household Chemicals (4) Acesulfame artificial sweetener 
 Bisophenol A (BPA) Food packaging; plastic water bottles; epoxy lining of metal food cans 
 Caffeine stimulant 
 Sucralose artificial sweetener 
   
   

Personal Care Products (6) Benzophenone UV blocker in makeup; flavorings and perfumes 
 DEET mosquito repellent 
 TCEP gel electrophoresis 
 TCPP flame retardant; plasticizer 
 Triclocarban antibacterial in soaps and lotions 
 Triclosan Antibacterial/antifungal in soaps, detergents, toys 
   
   

Herbicides (2) Atrazine herbicide 
 Simazine herbicide 
   
   

Industrial/Commercial Chemicals (5) Benzotriazole corrosion inhibitor; drug precursor 
 Iohexol contrast agent (x-ray imaging) 
 Iopamidol contrast agent 
 Iopromide contrast agent 
 Propylparaben preservative (cosmetics) 
   
   

Perfluorinated Compounds (8) PFBA  
(PFCs) PFBS  

 PFDA  
 PFHpA  
 PFHxA  
 PFOA  

 PFOS  
 PFpeA  

 

  

 Without regulatory enforcement there exists little incentive for wastewater 

treatment plants, agricultural operations or other industries to remove CECs from their 

effluents.  Quaternary treatment processes such as ozone, UV, carbon filtration and reverse 

osmosis (RO), although effective, are expensive treatment methods on a large scale (Ghosh 

and Singh, 2005; Le-Minh et al., 2010; Verlicchi and Zambello, 2014).  One promising 

technology for removing CEC’s is constructed wetlands.  Constructed wetlands have been 

used in wastewater treatment for decades (Ávila et al., 2013; Cole, 1998; Gude et al., 2014; 

Langergraber, 2008; Vymazal, 2014; Wendong et al., 2014).  Many studies have already 

shown that wetlands are capable of significantly reducing levels of many of these CECs 

(Ávila et al., 2014; Bhatia and Goyal, 2014; Maine et al., 2007; Özengin and Elmaci, 2016; 

Verlicchi and Zambello, 2014).  Constructed wetlands occur in a variety of configurations 

(Fig. 2.2).  Wetlands are good remediators for a variety of reasons and contaminants can be 

removed by a variety of processes that do not occur in traditional wastewater treatment 

plants (Fig. 2.3).    
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Figure 2.2. Types of Constructed Wetlands 

 Phytoremediation, the use of plants to accumulate, and in some cases neutralize 

hazardous contaminants, is an effective method for treating soil, air and water (Arthur et 

al., 2005).  Various literature reviews have been conducted on the topic, including an 

overview of remediation of contaminated soils by “green plants” or photosynthetic plants  

(Cunningham and Berti, 1993), a review of phytoremediation of organic contaminants in 

soils (Alkorta and Garbisu, 2001) and various other reviews that focused on 

phytoremediation of heavy metal contaminated soils  (Ghosh and Singh, 2005; Tangahu et 

al., 2011).  A general review of phytoremediation was also published (Arthur et al., 2005).  

The most common focus has been on remediating contaminated soils, particularly 

regarding heavy metals.  Much of the existing research and information on 

phytoremediation stems from the need to treat contaminated soils left behind from mining 

operations or other industrial processes.  Consequentially, phytoremediation has been 

developed to remove contaminants rather than used as an opportunity to protect natural 

resources.  Only more recently has phytoremediation been explored as a way to clean 

water of pharmaceuticals (Kotyza et al., 2010) and has continued to be explored for 

removal of heavy metals (Calijuri et al., 2011; Hafeznezami et al., 2012).  Fortunately, in 

many advanced wastewater treatment plants, heavy metals in effluents are of little concern 

and will not be part of this study. 
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Figure 2.3. Mechanisms of contaminant removal by plants, as found in Griepsson S. Copyright 2011 by Nature Education 

 Constructed wetlands have shown effectiveness in removing PPCPs and other 

compounds, but space or funding to build a large, multi-acre treatment wetland to meet 

these needs is often lacking.  Removal of many contaminants has been studied and led to a 

general consensus that subsurface flow wetlands (see Fig 2.2) have outperformed surface 

flow wetlands when it comes to removal of many emerging contaminants (Auvinen et al., 

2017; Llorens et al., 2009; Matamoros et al., 2009; Verlicchi and Zambello, 2014).  

Furthermore, it has been suggested that vertical flow subsurface wetlands provide a more 

aerobic environment and thus have a higher redox potential, which can promote the 

degradation of some contaminants (Auvinen et al., 2017; Zhang et al., 2016). Therefore, a 

small-scale hydroponic bioreactor was proposed in this study to assess removal of 

contaminants found in tertiary effluent from a Tucson, AZ, wastewater treatment plant.  
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The plant bioreactor was modeled after a horizontal subsurface flow constructed wetland 

(see Fig. 2.2), but instead of single pass treatment, the effluent was continuously circulated 

and aerated in batch treatments. Removal capabilities by various non-food crops were 

analyzed and assessed for their potential contribution to removal within the bioreactors. 

  

2. Objectives 

 The purpose of this study was to evaluate the capacity of various non-food plants to 

aid in removal of emerging contaminants in a hydroponic bed bioreactor.  While 

constructed wetlands typically are designed and operated using wetland plants, using an 

industrial crop that can be grown for oil, ethanol, fiber or another non-food use could be 

more economically viable and therefore sustainable.  The hypothesis tested was that a 

recirculating hydroponic bioreactor can significantly reduce the concentration of emerging 

contaminants found in tertiary effluent from a wastewater treatment plant over a series of 

days.   Planted versus unplanted bioreactors will be examined to assess if the media and 

microbes in the bioreactor influence removal or if a specific plant species or plant density 
has a positive effect. 

3. Materials and Methods  

 Twenty-one hydroponic bed bioreactor units were constructed and placed on four 

leveled tables in a greenhouse at The University of Arizona, Tucson, AZ.  Each bioreactor 

was filled with hydroponic medium and randomly selected to be planted with treatments 

of various plants at high and low densities.  Each bioreactor was drained and filled with 

appropriate nutrient solutions upon transplant of seedlings.  Once plants were established 

after a few weeks, bioreactors were drained and flushed until the electrical conductivity 

(EC) reading was the same as the available municipal water.  Each bioreactor was then 

filled with tertiary effluent from a local wastewater treatment plant and monitored for 10 

days.  Samples were collected (5-mL each) and analyzed for selected days and statistical 

analyses was performed as appropriate.  Specific details are found below under the 

different subheadings. 

 

3.1. Plant Selection and Growth 

 Five plants -- switchgrass (Panicum virgatum) from Roundstone Native Seed LLC; 

common sunflower (Helianthus annuus) from Native Seed Search, Tucson, AZ; Bacillus 

thuringiensis (BT) cotton (Gossypium sp.) by Deltapine®; sorghum (Sorghum bicolor) Caña 

Ganchado varietal from Native Seed Search; and camelina (Camelina sativa) from Strictly 

Medicinal LLC -- were germinated from seeds in flood-and-drain seed trays with growing 

media (Oasis Rootcubes® 104 cell count; 3.175-cm square).  BT cotton is a genetically 

modified insect-resistant varietal commonly grown in the United States. These plants were 

selected for their documented remediation capabilities (Halecki and Klatka, 2018; Kaur et 

al., 2018; Li et al., 2011; Soretire et al., 2009; Soudek et al., 2014) and three species were 
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ultimately selected (based on germination rate) for the plant bioreactors.  BT cotton, 

sorghum and switchgrass had the highest germination rates and were grown in the seed 

trays until all plants were at least 2-3” tall and had at least 3-4 leaves.  After four weeks, the 

plants were ready to be transplanted into the bioreactors.  This allowed enough time for 

roots of each plant to grow through the bottom of the growth media to help insure 

successful transplanting.   

 

3.2. Bioreactor Design 

 Twenty-one bioreactors were constructed using 53-L (Rubbermaid Brute® Tote) 
storage bins.  Screen barriers were made using 6.35-mm hardware cloth to serve as a 
barrier to substrate medium and to enclose submersible pumps and air stones (Fig. 2.4).  

Screens were fastened into the bins with glue 
and silicone.  An inlet hole was drilled with a 
1.905-cm hole saw and fitted with a 1.27-cm 
Uniseal®.  The inlet was plumbed using 1.27-cm 
PVC pipe and fittings so that water was injected 
into the growbed 7 cm off the bottom.  Flexible 
tubing was connected from the inlet to a 600 L/h 
submersible water pump (Aquaneat).  A 1.91-cm 
PVC standpipe was also plumbed to the opposite 
end of the media bed with a 1.91-cm Uniseal®, 
all of which can be seen in Figure 2.5. The 
standpipe was used to allow quick draining of 
the growbed as well as provide a more accurate 
means for measuring water levels in each 
bioreactor.  Accurate water level monitoring was 

done by placing a Styrofoam ball with a toothpick in it and marking the desired water level 
at the top of the standpipe (Fig. 2.6).  A silica air stone was placed in the pump end of each 
bioreactor and was connected via airline tubing to a 60 L/m air pump (Vivosun, 32 watt).  
Each air pump could supply air to six bioreactors.  Each bioreactor was filled with 
expanded clay as the substrate medium, which was selected based on its hydrodynamic 
qualities and common use in hydroponics. 

Figure 2.4. Bioreactor screen 
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Figure 2.5. Assembled bioreactor 

 

Figure 2.6. Transplanted bioreactors with newly transplanted plants 

 

3.3. Transplanting and Treatment Design 

 Each bioreactor was randomly assigned a treatment so that there were three high-

density and three low-density treatments for each of the three plant species and three 

control units (no plants). There was also an additional control that was not filled with 

plants or substrate medium.  Plants were then randomly selected and placed into 

bioreactors accordingly.  High-density treatments for sorghum and cotton were planted 

with eight plants, while low density treatments were planted with four plants.  Switchgrass, 

which was growing slightly slower, was planted into bioreactors with 12 and six plants 

respectively. 

 

 

 



40 
 

3.4. Nutrient Solutions 

 A hydroponic nutrient solution was prepared with 15.0 L for each bioreactor, using 
a modified Hoagland’s solution for early stage tomatoes obtained from the University of 
Arizona.  After two weeks, yellowing of the leaves appeared in the sorghum and 
switchgrass treatments, and it was clear that the initial nutrient solution was no longer 
appropriate for the switchgrass or sorghum, so those bioreactors were completely drained 
and refilled with a modified ½ strength Hoagland’s solution that was more appropriate for 
those plants (which also happened to be C4 plants). The pH was also adjusted to 6.0 using 
sulfuric acid.   

 

3.5. Tertiary Effluent 

 Municipal tertiary-treated and chlorinated effluent from the Tucson metropolitan 

area was obtained from The University of Arizona’s Water & Energy Sustainability 

Technology (WEST) Center, adjacent to the Agua Nueva Water Reclamation Facility, 

Tucson, Arizona.  The water was transported in a clean and sterilized Intermediate Bulk 

Container (IBC tote) to a temperature-controlled greenhouse at The University of Arizona 

Controlled Environment Agriculture Center (CEAC) where the 21 plant bioreactors were 

located.   

 

3.6. Contaminant Removal Experiment 

 Each plant bioreactor was completely drained and flushed with tap water to remove 

residual nutrient solution from the roots and substrate media.  A bioreactor was 

considered clean when the EC reading was equivalent to the EC of the tap water being used 

to flush it.  Buckets were then filled to 15.0 L with 

tertiary effluent and randomly added to each 

bioreactor.  A bucket with treated effluent and an air 

stone served as a second control to account for 

potential substrate media effects.  Within one minute 

of adding effluent, a 5-mL sample was collected from 

each bioreactor via disposable pipette tip and 

deposited in a sterile sample jar with a lid.  The initial 

water level in each bioreactor was also marked via an 

external standpipe so that water losses due to 

evapotranspiration could be measured each day.  Total 

ammonia nitrogen, pH and dissolved oxygen were 

monitored throughout the experiment to note any 

inconsistencies that might occur between bioreactors. 

Plants in each bioreactor were also examined each day 

and any pests found on leaves were removed.  Pictures Figure 2.7. High-density cotton treatment 
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were also taken each day for record keeping. An example can be seen in Figure 2.7.  The 

dissolved oxygen (DO) and pH fluctuated with temperature as expected. The afternoon 

ranges and averages are listed in Appendix C.  EC was also measured each day and appears 

in Appendix C. 

 After the first 24 hours of the experiment, deionized (DI) water was added to each 

bioreactor up to the initial marked water level and the amount was recorded as the water 

lost to evapotranspiration.  The DI water was given 10 minutes to mix into the reactor 

before a 5-mL sample was taken with a pipette and stored in a sterile jar as was done on 

day zero.  Evapotranspiration levels were measured every 24 hours and DI water was 

added back into each bioreactor to make up for losses.  Water samples, 5-mL each, were 

also collected after 48, 120 and 240 hours after the experiment commenced.  All samples 

were stored at 4°C.  Table 2.2 shows the amount of DI water that was added back into each 

bioreactor each day. 

 After the 10-day experiment was completed, the water samples were transported to 

the Snyder Research Group laboratory at the BIO5 Institute, University of Arizona, for 

assays by liquid chromatography - tandem mass spectrometry (LC-MS/MS).  The plants 

were then harvested from each bioreactor and weighed, separating the roots from the 

shoots, stems and leaves.  The roots from each bioreactor were weighed collectively as well 

as the shoots, stems and leaves.  They were then deposited in paper bags and placed in a 

large dryer at 40°C.  When the plants were completely dried to a constant weight, the dry 

weight in each bag was determined and compared to the wet (harvested) weight. 

3.7 LC- MS/MS  

 The samples were assayed for 32 different contaminants that had been previously 

identified in the City of Tucson wastewater effluent. The samples are arranged by type 
along with their applications in Table 2.2. 

 

Table 2.2. List of Tested and Present Contaminants 

Category Compounds Application 
Pharmaceuticals (15) Atenolol  treats high blood pressure (beta blocker) 
 Carbamazepine treat seizures and neuropathic pain 

 Clofibric acid lowering cholesterol 
 Diclofenac anti-inflammatory (NSAID) 
 Diphenhydramine antihistamine 
 Diltiazem treats hypertension (calcium channel blocker) 
 Fluoxetine antidepressant 
 Gemfibrozil treats high cholesterol 
 Hydrochlorothiazide treats high blood pressure and edema (diuretic) 
 Ibuprofen anti-inflammatory (NSAID) 
 Meprobamate anti-anxiety 
 Primidone treats seizures 
 Propranolol treats high blood pressure (beta blocker) 
 Sulfamethoxazole antibiotic 
 Trimethoprim antibiotic 
   
   

Steroids/Hormones (2) Dexamethasone Treats arthritis, immune system disorders, etc. (corticosteroid) 
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 Hydrocortisone treats a variety of skin conditions 
   
   
Household Chemicals (4) Acesulfame artificial sweetener 
 Bisophenol A (BPA) food packaging; plastic water bottles; epoxy lining of metal food 

cans 
 Caffeine stimulant 
 Sucralose artificial sweetener 
   
   
Personal Care Products (4) Benzophenone UV blocker in makeup; flavorings and perfumes 
 DEET mosquito repellent 

 TCEP gel electrophoresis 
 TCPP flame retardant; plasticizer 
   
   

Herbicides (2) Atrazine herbicide 
 Simazine herbicide 
   
   
Industrial/Commercial Chemicals (5) Benzotriazole corrosion inhibitor; drug precursor 
 Iohexol Contrast agent (x-ray imaging) 

 Iopamidol contrast agent 
 Iopromide contrast agent 

 Propylparaben preservative (cosmetics) 
 

3.8 Data Analysis 

 SAS 9.4 (Cary, NC, USA) was used to perform all statistical analyses.   A randomized 

complete block design with three replicates was used for each treatment.  ANOVA was used 

to compare contaminant concentrations and percent removal among treatments for each 

contaminant.  Removal rates were also compared to root and plant weight using ANOVA 

with differences between means determined using a Tukey post-hoc test with a 

significance of p=0.05. 

4. Results and Discussion 

4.1. Contaminant Removal Overview 

 Of the 32 contaminants that were tested, 19 of them were found to be present at 

detectable levels and of those, 15 appeared to be free of abnormalities--small or shifted 

peaks or a peak shape that is outside of its acceptable range in the chromatogram.  Caffeine 

and acesulfame had inconsistent results peak output results and thus were not included in 

the analysis.  It is important to note the possibility that anyone in proximity to the samples 

that drank a diet or caffeinated beverage could have caused false readings for these 

contaminants. Benzophenone was also not included in the analysis because it is very prone 

to contamination and did not yield reliable results.  The average initial concentrations of 

the 16 detected contaminants with their ranges are listed in Table 2.3.  The list of detected 

contaminants includes eight pharmaceutical compounds, one household chemical, two 

compounds found in personal care products, one pesticide and four industrial/commercial 
chemicals. 
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Table 2.3. Average concentrations of detected contaminants with ranges 

  Concentration (ng/L) 

Contaminant  Average Range 

Pharmaceuticals (8) Atenolol 120 102 – 153  

 Carbamazepine 374 321 – 463  

 Diclofenac 310 146 – 1142  

 Diphenhydramine 217 199 – 238  

 Hydrochlorothiazide 3892 2421 – 5471  

 Ibuprofen 3986 272 – 7410  

 Primidone 179 142 – 233  

 Sulfamethoxazole 961 789 – 1096  

    

    

Household Chemicals (1) Sucralose 32680 18509 – 51153  

    

    

Personal Care Products (2) DEET 88 77 – 122  

 TCPP 1866 1096 – 2435  

    

    

Herbicides (1) Simazine 454 257 – 617  

    

    

Industrial/Commercial Chemicals (4) Benzotriazole 8350 6273 – 13629  

 Iohexol 5689 4876 – 6923  

 Iopamidol 38284 36406 - 42625 

 Iopromide 5432 3834 -25079 

 

 Raw data for the concentrations of each contaminant by day can be found in 

Appendix D, while daily evapotranspiration can be found in Table 2.4.  It was noted on Day 

6 that the base of the standpipe in reactor 3 had some water droplets on it so a bucket was 

placed underneath the leak to catch the water, which was then measured the next day to be 

420 mL.  A 2.8% correction factor was added to the data for bioreactor 3 to account for the 

lost water leakage. 
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Table 2.4. Evapotranspiration in bioreactors each day, mL  

 

*Highlighted cells indicated a leak estimated at 420 mL per day or 2.8% of the total bioreactor water volume 

  

 Plants were harvested immediately after the last samples were taken on day 10 of 

the experiment.  Roots were carefully separated from the rest of the plants and any 

substrate medium that they had adhered to, weighed and then placed in paper bags in a 

dryer for a minimum of 48 h or until no weight difference was found.   Similarly, stems and 

leaves were harvested, weighed and then placed into paper bags and dried until no 

difference in weight was observed. The wet and dry weights as well as percent dry weight 

for each bioreactor can be found in Table 2.5. 

 

Plant High/Low Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Average

1 Sorghum High 1275 1000 1000 1000 830 1000 955 850 1000 985 989.5

2 Cotton Low 1800 1650 1855 1510 1500 1530 1415 1680 1530 1565 1603.5

3 Cotton High 2410 3000 3300 2735 2600 2900 1800 2250 2000 1980 2497.5

4 Cotton Low 2190 1735 2150 2800 1730 1950 1500 1970 1555 1750 1933

5 Sorghum High 2950 2500 3200 2780 2550 3000 2150 2800 2615 1800 2634.5

6 Cotton High 2750 2150 2800 2300 2300 2300 1965 2300 2090 2225 2318

7 None 700 500 550 500 420 650 455 500 375 460 511

8 Switchgrass High 740 650 760 720 800 890 680 730 570 700 724

9 Switchgrass Low 1030 700 750 740 650 920 550 680 650 680 735

10 Sorghum Low 1400 1130 1250 1040 950 1150 1150 1000 1125 1110 1130.5

11 Cotton High 2720 2280 2455 2380 2250 2290 2080 2350 2050 2000 2285.5

12 Sorghum Low 1270 1000 1010 905 750 1000 650 935 890 840 925

13 Sorghum Low 1300 1350 1300 1130 1100 1250 1040 1080 990 930 1147

14 Sorghum High 1700 1190 1670 1000 1230 1400 1280 1300 1190 1300 1326

15 Switchgrass Low 710 650 750 650 650 820 650 650 620 630 678

16 Switchgrass Low 1000 635 700 670 730 940 600 650 800 720 744.5

17 Switchgrass High 960 540 750 660 650 770 625 610 735 590 689

18 None 610 500 440 280 400 500 330 350 500 440 435

19 None 700 530 500 500 400 630 490 410 440 500 510

20 Cotton Low 1650 1270 1500 1500 1330 1460 1400 1540 1395 1485 1453

21 Switchgrass High 790 530 530 500 500 640 540 520 405 500 545.5

Control 150 80 120 110 90 100 90 70 90 75 97.5
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Table 2.5. Plant and root weights (plants included above ground parts of plant only) 

 
*Highlighted cells were used in statistical analysis  

 It should be noted that the switchgrass exhibited significantly less growth than the 

other two plant species.  While it otherwise looked healthy, it does not appear to reach the 

Plant High/Low Plants Roots Plants Roots Plants Roots

1 Sorghum High 474 87 44.1 8.86 9.30% 10.18%

2 Cotton Low 386 54 71.5 6.23 18.52% 11.54%

3 Cotton High 572 66 112 8.01 19.58% 12.14%

4 Cotton Low 374 50 75 6.43 20.05% 12.86%

5 Sorghum High 1766 383 184 35.8 10.42% 9.35%

6 Cotton High 596 71 122 7.84 20.47% 11.04%

7 None

8 Switchgrass High 10 14 3.07 2.64 30.70% 18.86%

9 Switchgrass Low 12 24 3.01 4.58 25.08% 19.08%

10 Sorghum Low 312 41 33.7 3.86 10.80% 9.41%

11 Cotton High 500 61 104 8.74 20.80% 14.33%

12 Sorghum Low 372 67 38.5 8.13 10.35% 12.13%

13 Sorghum Low 270 54 30.7 5.6 11.37% 10.37%

14 Sorghum High 564 108 62 11.07 10.99% 10.25%

15 Switchgrass Low 2.6 4.2 0.68 1.07 26.15% 25.48%

16 Switchgrass Low 3.5 5.2 0.94 1.47 26.86% 28.27%

17 Switchgrass High 5.6 9.7 1.54 2.39 27.50% 24.64%

18 None

19 None

20 Cotton Low 270 27 51.5 3.57 19.07% 13.22%

21 Switchgrass High 7.4 12.5 1.9 2.69 25.68% 21.52%

Control

Wet weight (g) Dry weight (g) Biomass %
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phase of exponential growth as can be seen in figure 2.8. 

 

Figure 2.8. Switchgrass 

 For statistical purposes, any contaminant whose concentration fell below the limit 

of detection was assigned a value of half the detection limit in accordance with the 

protocols of the United States Environmental Protection Agency (United States 

Environmental Protection Agency, 2000). The limits of detection can be found in Table 2.6.  

Contaminants in red had initial concentrations that were below the limit of detection in the 
effluent. 

Table 2.6. Detection limits for measured contaminants 

 

 

 For the 16 contaminants detected in the effluent that produced reliable results, the 

bioreactors were shown to remove significant amounts of all but one (i.e., the personal care 

product DEET) after just five days retention in planted or unplanted treatments.  This 

agrees with Cardinal et al. (2014) who concluded that a wetland mesocosm with or without 

plants could effectively remove pharmaceuticals in the same time period.  Two of the 

contaminants, Ibuprofen and Diphenhydramine, measured below detection limits in all 

bioreactors within 24 hours, which exceeded 97% and 89% removal, respectively.  This is 

consistent with previous studies which showed Ibuprofen to be readily degraded in 

microcosm constructed wetlands even without plants (Dordio et al., 2010; Matamoros et 

al., 2009).  However, the recirculation and aeration in the bioreactor appeared to have 

aided in the removal because it was much quicker than in earlier studies without flow 

(Dordio et al., 2010; Zhang et al., 2016).   Elimination of Diphenhydramine below detectable 

levels in this study was also consistent with, if not better than, a collection of previous 

Atenolol Benzotriazole DEET Diclofenac Diphenhydramine Ditiazim Gemfibrozil Ibuprofen Primidone Simazine TCPP

40ppt 50ppt 50ppt 50ppt 50ppt 50ppt 50ppt 200ppt 20ppt 20ppt 200ppt

Atrazine Clofibric acid Dexamethasone Fluoxetine Hydrocortisone Meprobamate Propranolol Propylparaben Trimethoprim

20ppt 20ppt 50ppt 50ppt 50ppt 50ppt 50ppt 50ppt 50ppt

Contaminants initially below limit of detection in experiment:
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studies which reported an overall removal between 65 -90 % (Verlicchi and Zambello, 

2014).   Some of the other contaminants showed significant removal in the bioreactors 

after just two days (Table 2.7).  Only Atenolol experienced significant removal in the 

control which was not significantly different than all other treatments. 

  

Table 2.7. Two-day mean percent removal of contaminants with significant removal in bioreactors (%) 

Plant Plant Atenolol Benzotriazole Carbamazepine Hydrochlorothiazide Iopromide Simazine 

Cotton High 51.3 ± 9.1a 31.8 ± 8.5abc 35.6 ± 7.9a 78.0 ± 19.3a 45.5 ± 7.9a 69.2 ± 
14.8a 

Low 31.8 ± 
12.3a 

32.8 ±4.7abc 43.4 ± 2.9a 73.5 ± 8.4a 39.2 ± 1.3a 68.5 ± 4.6a 

Sorghum High 59.5 ± 
19.0a 

68.3 ± 20.7a 36.3 ± 5.0a 80.9 ± 2.2a 51.3 ± 7.4a 66.4 ± 7.4a 

Low 60.2 ± 
17.1a 

48.3 ± 5.6ab 39.8 ± 6.7a 80.8 ± 4.4a 48.4 ± 0.1a 68.9 ± 5.7a 

Switchgrass High 36.7 ± 8.6a 0.9 ± 7.1bc 36.1 ± 7.7a 59.5 ± 6.8a 40.4 ± 0.5a 74.4 ± 2.8a 

Low 21.4 ± 
13.8a 

6.1 ± 6.1bc 35.6 ± 1.7a 67.7 ± 12.0a 39.2 ± 5.6a 67.9 ± 7.1a 

No Plants  34.4 ± 
34.2a 

-5.3 ± 8.2c 42.7 ± 3.8a 77.5 ± 2.7a 41.4 ± 5.8a 60.9 ± 
17.1a 

Control  41.8a 18.7abc 0b 0b 8.8b 0b 

 

 While there were instances where treatments with plants appeared to remove more 

contaminants than bioreactor treatments without plants, the trends were not always 

statistically significant and thus it made it difficult to make too many inferences about plant 

removal of contaminants.  This was in agreement with Dordio et al. (2010)  and Özengin 

and Elmaci (2016) who also found significant uptake of contaminants in unplanted 

treatments using a LECA medium.   However, two contaminants were taken up at a 

significantly greater percentage in planted versus unplanted treatments, Benzotriazole and 

Sulfamethoxazole. 

 

4.2 Benzotriazole 

   After five days, Benzotriazole in the low-density and high-density BT cotton 

treatments took up 19.8-28.4% more mass than unplanted treatments and took up a 

significantly greater percentage (p<0.0001, p=0.0002).  The low and high-density sorghum 

treatments also removed a significantly greater percentage than the unplanted treatments 

(p=0.0057, p=0.0003).   When extended to 10 days, Benzotriazole removal by the low and 

high cotton treatments was 26.9-36.2% greater than unplanted treatments and removed a 

significantly higher percentage (p<0.0001, p<0.0001).  Both cotton treatments had a 

significantly higher percentage removal than unplanted treatments (p<0.0001).  The 

switchgrass treatments both low- and high-densities also removed a significantly higher 

percentage of Benzotriazole than the unplanted treatments (p=0.0123, p=0.0423).  
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Furthermore, after 10 days, only treatments with cotton and sorghum were able to reduce 

Benzotriazole levels below detection limits.  

 

4.3 Sulfamethoxazole 

 After five days, Sulfamethoxazole had a 36-41% greater removal in the cotton 

treatments than the unplanted treatment.  The high-density cotton treatment took up a 

higher percentage of Sulfamethoxazole than the low-density sorghum treatment, both 

switchgrass treatments and the unplanted treatment (p=0.0140, p=0.0065, p=0.0450, and 

p=0.0079). Similarly, the low-density cotton had a significantly greater removal than the 

unplanted treatment (p=0.0273) but was only significantly greater than the high-density 

switchgrass treatment (p=0.0258).   After 10 days, Sulfamethoxazole removal was 43.9-

47.6% better in cotton treatments than in treatments without plants.    After 10 days, the 

high-density cotton treatment removed a significantly higher percentage of 

Sulfamethoxazole than the unplanted treatment (p=0.0068) and the low-density 

switchgrass treatment (p=0.0220).  The low-density cotton treatment also removed a 

significantly greater percentage than the unplanted treatment (p=0.0157) and the low-

density switchgrass treatment (p=0.05).  In all plant treatments, the amount of 

sulfamethoxazole removed was greater than the treatment with no plants, but the percent 

removals were only statistically significant for the cotton treatments.   These findings agree 

with Xian et al. (2010) who concluded that plants play an important role in the removal of 
sulfamethoxazole.    

 

4.4 Five-Day Removal Overview 

 In all, twelve of the contaminants had greater than 70% removal after 5 days not 

including Ibuprofen and Diphenhydramine, which were reduced below detection limits 

after just one day (Table 2.8).   There was significant removal of contaminant levels in both 

planted and unplanted bioreactors indicating that adsorption to the clay media, 

degradation or uptake by the microbiome was occurring.  Atenolol was removed below 

detection limits in all treatments and degraded by just over 50% in the control.  A previous 

study by Kotyza et al. (2010) determined that diclofenac could be removed to varying 

degrees with different plants grown on Murashige and Skoog (MSO) medium.  Similarly, 

results varied in the different treatments but were also removed in the non-planted 

treatment.  This indicated the plants may not have been entirely responsible for removal of 

diclofenac, which simply degraded in the media.  Facey et al. (2018) examined degradation 

of diclofenac by soil microorganism and were met by varying results as well.  However, 

they did note that high bicarbonate concentration inhibited microbial degradation of 

diclofenac.  Hence, degradation below detection limits in all treatments may be partly 

explained by significant aeration which allowed the bicarbonate to be degassed when it 

formed carbon dioxide.  
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4.5 Carbamazepine 

 Carbamazepine is one of the most frequently monitored contaminants due to its 

limited removal capabilities during wastewater treatment (Navon et al., 2011).  It was also 

perhaps the most surprising result from this experiment because removal in this study was 

significantly higher (83.9-88.9%) than in previous studies: 39% removal in a surface flow 

wetland (Llorens et al., 2009), 26-28% in a subsurface flow constructed wetland (Zhang et 

al., 2012), 36% in a surface flow and 23-25% in a subsurface flow constructed wetland 

(Verlicchi and Zambello, 2014).  The greater removal can possibly be attributed to 

adsorption to the clay medium, the continuous recirculation, the microbiome, aeration, or a 

combination of all.  After 30 days exposure to a hydroponic nutrient solution during the 

acclimation period, there could be adequate time for an established microbiome to develop 

in all bioreactors, which could have led to the enhanced removal.  Adsorption to clay soil 

substrate was also studied by Navon et al. (2011) who suggested that pre-adsorption of 

dissolved organic matter to the substrate fostered a stronger chemical interaction between 

Carbamazepine and the clay which reduced its desorption capacity.  Malakootian et al. 

(2009) also found that LECA was a good adsorbent of heavy metals cadmium and lead, 
which indicates that the clay maintained its negative charge after expansion at 1200°C. 

 

4.6 Hydrochlorothiazide 

 The pharmaceutical diuretic, hydrochlorothiazide, is found in the effluent of just 

about every wastewater treatment plant (Kostich et al., 2014; Vymazal et al., 2017), and it 

is a highly persistent compound. However, bioreactors in this experiment were able to 

remove well over 80% after just 5 days compared to  studies by Vymazal et al. (2017) 

which found an average removal of 61% and Verlicchi et al. (2013) which observed an 
average removal of 63% in a horizontal subsurface flow constructed wetland. 

  

4.7 Contrast Agents 

 Two contrast agents, Iopamidol and Iopromide which have also been detected in 

drinking water (Webb et al., 2003) had over 80% and 94% removal in the bioreactors after 

five days, respectively.  Iopromide is considered a moderately persistent contaminant due 

to its dissipation half-life (DT50) between 15-54 days (Jennifer et al., 2017), but its removal 

is improved in the presence of oxygen (Rühmland et al., 2015).  Contaminants that do not 

break down or degrade in the environment quickly are said to be persistent and more 

likely to negatively affect humans or other organisms.   Removal of Iopromide in a 

subsurface flow constructed wetland examined by Rühmland et al. (2015) was similar to 

the percent removal found in this experiment.  A third contrast agent, Iohexol, experienced 

a mean removal of 86.4% in the reactors after five days with and without plants, while 
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there was no removal in the control.  Zhang et al. (2017) also experienced >80% removal of 

Iohexol in constructed wetlands mesocosms and determined that the substrate 

degradation was the main removal mechanism.  This also supports why such high removal 

in the non-planted bioreactors was observed. 

4.8 Other Contaminants 

 Primidone, Simazine, Sucralose and TCPP also experienced no significant difference 

in uptake between planted and unplanted bioreactors after five days, suggesting that 

degradation of contaminants was mostly occurring in the substrate medium.  However, 

TCPP has been seen to concentrate in leaves and seeds (Eggen et al., 2013; Mohapatra et al., 

2016).  Looking at actual mass uptake of TCPP, the cotton treatments took up 4-10% more 

than the non-planted treatment, while the high-density sorghum treatment took up 13.5% 

more TCPP. However, the variability was high enough within treatments that there were no 

significant differences in percent uptake between any treatment or the control.    Simazine 

was shown by George et al. (2003) to have about 20% greater removal in subsurface flow 

constructed wetlands with plants than without plants over a similar time frame.  Contrary 

to their study in which they suggested that the lower dissolved oxygen conditions in the 

planted wetlands led to greater removal of Simazine, we had high oxygen in all treatments.  

One might suggest that the microbiome in both planted and non-planted treatments 

contributed to the removal and not the plants themselves.  Primidone had slightly greater 

uptake in both cotton treatments and the high-density sorghum treatment than other plant 

treatments but not more than the non-planted treatment, suggesting substrate media 
degradation or removal predominated plant uptake and sorption. 

  

Table 2.8. Mean Removal of contaminants after five days (%) 

Plant Plant Atenolol Benzotriazole Carbamazepin
e 

DEET Diclofenac  Hydrochlorothiazid
e 

Iopamidol 

Cotton High <LODa 93.4 ± 1.4a 84.8 ± 2.3a 14.6 ± 13.5a 67.0 ± 16.9a 81.5 ± 2.9a 82.1 ± 2.0a 

Low <LODa 89.7 ± 1.2ab 86.0 ± 1.2a 19.3 ± 20.7a 46.3 ± 1.4a 76.5 ± 2.5a 79.2 ± 1.9a 

Sorghum High <LODa 95.1 ± 2.2a 86.0± 1.7a 17.4 ± 22.0a 69.0 ± 18.0a 85.9 ± 0.8a 80.5 ± 0.9a 

Low <LODa 95.2 ± 0.3a 85.0 ± 3.6a 27.9 ± 35.6a  69.9 ± 22.0a 86.4 ± 1.8a 81.6 ± 2.0a 

Switchgrass High <LODa 84.4 ± 0.6bc 83.9 ± 1.2a 9.0 ± 15.5a 48.1 ± 9.0a 78.5 ± 6.6a 79.1 ± 1.5a 

Low <LODa 86.6 ± 3.0bc 85.5 ± 1.5a 22.6 ± 19.7a 66.4 ± 7.7a 80.6 ± 2.5a 82.9 ± 2.1a 

No Plants  <LODa 80.7 ± 1.4c 84.6 ± 0.8a 1.2 ± 2.1a 37.5 ± 9.7a 81.5 ± 2.3a 81.4 ± 0.1a 

Control  53.6b 23.3d 8.7b 17.2a 14.5a 17.6b 6.7b 

Plant Plant Iohexol Iopromide Primidone Simazine Sucralose Sulfamethoxazole TCPP 

Cotton High 87.9 ± 2.0a 94.9 ± 0.9a 77.8 ± 5.6a 84.0 ± 3.5a 77.2 ± 7.0a 91.8 ± 0.7a 82.4 ± 
14.0a 

Low 84.7 ± 2.4a 93.3 ± 0.7a 78.7 ± 0.9a 78.0 ± 6.1a 49.2 ± 7.5b 88.8 ± 4.0ab 85.3 ± 6.1a 

Sorghum High 86.9 ± 1.7a 94.1 ± 0.8a 78.9 ± 0.8a 72.1 ± 13.2a 66.5 ± 11.6ab 81.1 ± 3.2abc 85.8 ± 9.2a 

Low 87.5 ± 2.5a 94.8 ± 0.5a 73.6 ± 5.1a 68.8 ± 30.6a 73.7 ± 3.9a 75.9 ± 6.7bc 82.9 ± 8.6a 

Switchgrass High 83.8 ± 3.2a 93.1 ± 1.5a 76.4 ± 1.8a 77.1 ± 10.5a 57.4 ± 11.1ab 74.2 ± 1.2c 79.5 ± 8.4a 

Low 88.5 ± 1.2a 94.9 ± 0.3a 81.0 ± 2.0a 82.1 ± 3.4a 76.7 ± 3.9a 78.4 ± 3.7bc 90.0 ± 8.3a 

No Plants  85.2 ±2.3a 93.5 ± 0.0a 76.5 ± 0.9a 74.3 ± 20.1a 58.2 ± 5.2ab 72.6 ± 1.8c 78.6 ± 5.1a 

Control  0b 1.2b 0b 0b 0c 6.9d 0b 
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4.9 Removal after 10 Days 

 All contaminants experienced greater than 70% mean removal in the bioreactors 

after 10 days except for sucralose and TCPP which had more variability (Table 2.9).  After 

10 days, DEET, diclofenac, iopromide, primidone and simazine were all below detectable 

levels in all treatments.  DEET was the only contaminant that took longer than five days to 

show significant removal.  However, on day two, DEET concentrations were observed to 

increase by an average of 460% across treatments, while the control did not experience an 

increase.  One reasonable for this could be that someone in the area must have used DEET 

and it drifted into the greenhouse.  This is further corroborated by the fact that the 

concentration in the control did not increase which had been covered with a lid.  It is 

entirely possible that without contamination on day 2, DEET may have degraded before ten 

days as was observed. 

 Benzotriazole, hydrochlorothiazide and sulfamethoxazole were almost completely 

removed, and all had mean removals over 90% after ten days.  Iopamidol, Carbamazepine 

and iohexol had a mean removal of over 85% but were not significantly different than after 

five days.   Additionally, removal of sucralose and TCPP were not significantly different 

than after the five-day treatments.  However, TCPP for two of the three replicates for the 

high-density sorghum treatment were below detectable limits.   

 

Table 2.9. Mean removal of contaminants after 10 days (%) 

Plant Plant Atenolol Benzotriazole Carbamazepin
e 

DEET Diclofenac  Hydrochlorothiazid
e 

Iopamidol 

Cotton High <LODa 99.7 ± 0.0a 88.8 ± 1.8a <LODa <LODa 94.3 ± 0.8a 87.6 ± 3.4a 

Low <LODa 95.7 ± 1.3ab 87.6 ± 2.0a <LODa <LODa 93.3 ± 1.6a 84.9 ± 0.8a 

Sorghum High <LODa 98.1 ± 1.7a 88.6 ± 2.1a <LODa <LODa 94.7 ± 0.5a 87.5 ± 1.5a 

Low <LODa 99.8 ± 0.0a 88.7 ± 0.8a <LODa <LODa 95.2 ± 0.9a 87.6 ± 1.9a 

Switchgrass High <LODa 91.7 ± 1.0b 88.2 ± 2.7a <LODa <LODa 94.5 ± 1.1a 86.2 ± 0.7a 

Low <LODa 90.7 ± 2.1b 88.9 ± 3.0a <LODa <LODa 94.3 ± 0.6 87.8 ± 3.7a 

No Plants  <LODa 85.4 ± 2.1c 85.9 ± 0.3a <LODa <LODa 94.7 ± 0.9a 84.4 ± 1.4a 

Control  64.7b 27.2d 0b 50.0b 7.9b 36.4b 14.9b 

Plant Plant Iohexol Iopromide Primidone Simazin
e 

Sucralose Sulfamethoxazole TCPP 

Cotton High 88.9 ± 
1.6a 

<LODa <LODa <LODa 60.8 ± 5.5a 96.0 ± 0.4a 69.5 ± 12.0ab 

Low 84.5 ± 
2.4a 

<LODa <LODa <LODa 52.0 ± 5.8ab 94.0 ± 1.9ab 75.2 ± 3.9a 

Sorghum High 84.9 ± 
1.1a 

<LODa <LODa <LODa 67.5 ± 15.9a 81.7 ± 7.9abc 89.3 ± 10.2ab 

Low 87.3 ± 
0.7a 

<LODa <LODa <LODa 69.1 ± 6.3a 84.2 ± 3.0abc 68.9 ± 4.1a 

Switchgrass High 84.3 ± 
3.9a 

<LODa <LODa <LODa 58.1 ± 15.2ab 82.0 ± 3.8abc 57.1 ± 29.6ab 

Low 86.1 ± 
1.3a 

<LODa <LODa <LODa 74.8 ± 7.3a 78.8 ± 5.1bc 79.6 ± 12.1a 

No Plants  81.8 ± 
4.1a 

<LODa <LODa <LODa 46.6 ± 28.9ab 76.0 ± 3.7c 63.9 ± 10.9ab 

Control  0b 11.8b 10.2b 0b 0b 6.9d 15.4b 
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5. Conclusions 

 Our hypothesis that a recirculating hydroponic bed bioreactor can significantly 

reduce the concentration of emerging contaminants found in tertiary effluent from a 

wastewater treatment plant was correct.  Sixteen detectable emerging contaminants in 

tertiary effluent from a municipal wastewater treatment were significantly reduced with a 

recirculating hydroponic bed bioreactor over a five-day treatment period.  While there was 

evidence that plants were taking up some of the contaminants to varying degrees, it 

appeared to be only a minor pathway for removal.  Furthermore, switchgrass did not grow 

as well as the other two plants and should be repeated to gain a fairer assessment of its 

true contaminant removal capabilities.  Removal rates of the 16 detectable contaminants 

except DEET were above 80% in all treatments, with or without plants, after five days.  In a 

control with no LECA media or plants, removal rates were near zero after five and ten days 

for nearly all contaminants.  Only atenolol appeared to significantly degrade on its own 

after five days.  It is possible that in planted treatments, root exudates contributed to 

contaminant removal in addition to sorption to roots as suggested by previous literature.  

However, it is more likely that removal can be most attributed to the properties of the 

media substrate, LECA, as well as the microbiome that was able to form on it after 30 days 

acclimation in a hydroponic nutrient solution.  The rich media environment developed pre-

experiment coupled with optimal aerobic conditions and continuous water flow likely 

allowed for microbiota to maximize their removal capabilities when compared to similar 

studies.  It is possible that the LECA was able to adsorb some of the positively charged 

contaminants since clay carries a negative charge, and that needs to be investigated 

further.  The mutual symbiosis of the plants and the substrate media microbiome need to 

be further examined to optimize contaminant removal rates on a larger scale and select 

plants that will significantly impact removal rates.   Different water temperatures should 

also be tested to see how removal of emerging contaminants by the microbiome as well as 
by plants will be affected. 

 

References 

Alkorta, I., Garbisu, C., 2001. Phytoremediation of organic contaminants in soils. Bioresour. Technol. 
79, 273–276. https://doi.org/10.1016/S0960-8524(01)00016-5 

Arthur, E.L., Rice, Pamela J., Rice, Patricia J., Anderson, T.A., Baladi, S.M., Henderson, K.L.D., Coats, 
J.R., 2005. Phytoremediation—An Overview. CRC. Crit. Rev. Plant Sci. 24, 109–122. 
https://doi.org/10.1080/07352680590952496 

Ashton, D., Hilton, M., Thomas, K. V., 2004. Investigating the environmental transport of human 
pharmaceuticals to streams in the United Kingdom. Sci. Total Environ. 333, 167–184. 
https://doi.org/10.1016/j.scitotenv.2004.04.062 



53 
 

Auvinen, H., Havran, I., Hubau, L., Vanseveren, L., Gebhardt, W., Linnemann, V., Oirschot, D. Van, Du, 
G., Rousseau, D.P.L., 2017. Removal of pharmaceuticals by a pilot aerated sub-surface flow 
constructed wetland treating municipal and hospital wastewater. Ecol. Eng. 100, 157–164. 
https://doi.org/10.1016/j.ecoleng.2016.12.031 

Ávila, C., Garfí, M., García, J., 2013. Three-stage hybrid constructed wetland system for wastewater 
treatment and reuse in warm climate regions. Ecol. Eng. 61, 43–49. 
https://doi.org/10.1016/j.ecoleng.2013.09.048 

Ávila, C., Matamoros, V., Reyes-contreras, C., Piña, B., Casado, M., Mita, L., Rivetti, C., Barata, C., 
García, J., Maria, J., 2014. Attenuation of emerging organic contaminants in a hybrid 
constructed wetland system under different hydraulic loading rates and their associated 
toxicological effects in wastewater. Sci. Total Environ. 470–471, 1272–1280. 
https://doi.org/10.1016/j.scitotenv.2013.10.065 

Bhatia, M., Goyal, D., 2014. Analyzing Remediation Potential of Wastewater Through Wetland 
Plants: A Review. Environ. Prog. Sustain. Energy 33, 9–27. https://doi.org/10.1002/ep 

Burian, S.J., Nix, S.J., Pitt, R.E., Rocky Durrans, S., 2000. Urban Wastewater Management in the 
United States: Past, Present, and Future. J. Urban Technol. 7, 33–62. 
https://doi.org/10.1080/713684134 

Calijuri, M.L., Da Fonseca Santiago, A., Moreira Neto, R.F., De Castro Carvalho, I., 2011. Evaluation of 
the ability of a natural wetland to remove heavy metals generated by runways and other 
paved areas from an airport complex in Brazil. Water. Air. Soil Pollut. 219, 319–327. 
https://doi.org/10.1007/s11270-010-0709-1 

Cardinal, P., Anderson, J.C., Carlson, J.C., Low, J.E., Challis, J.K., Beattie, S.A., Bartel, C.N., Elliott, A.D., 
Montero, O.F., Lokesh, S., Favreau, A., Kozlova, T.A., Knapp, C.W., Hanson, M.L., Wong, C.S., 
2014. Macrophytes may not contribute significantly to removal of nutrients, pharmaceuticals, 
and antibiotic resistance in model surface constructed wetlands. Sci. Total Environ. 482–483, 
294–304. https://doi.org/10.1016/j.scitotenv.2014.02.095 

Chen, M., Ohman, K., Metcalfe, C., Ikonomou, M.G., Amatya, P.L., Wilson, J., 2006. Pharmaceuticals 
and endocrine disruptors in wastewater treatment effluents and in the water supply system of 
Calgary, Alberta, Canada. Water Qual. Res. J. Canada 41, 351–364. 

Cole, S., 1998. The Emergence of Treatment Wetlands. Environ. Sci. Technol. 218–223. 
https://doi.org/10.1021/es9834733 

Cunningham, S.D., Berti, W.R., 1993. Remediation of Contaminated Soils with Green Plants : An 
Overview Author ( s ): Scott D . Cunningham and William R . Berti Published by : Society for In 
Vitro Biology Stable URL : http://www.jstor.org/stable/4293003 REMEDIATION OF 
CONTAMINATED SOILS WITH. In Vitro 29, 207–212. 

Dordio, A., Carvalho, A.J.P., Teixeira, D.M., Dias, C.B., Pinto, A.P., 2010. Removal of pharmaceuticals in 
microcosm constructed wetlands using Typha spp. and LECA. Bioresour. Technol. 101, 886–
892. https://doi.org/10.1016/j.biortech.2009.09.001 

Eggen, T., Heimstad, E.S., Stuanes, A.O., Norli, H.R., 2013. Uptake and translocation of 
organophosphates and other emerging contaminants in food and forage crops. Environ. Sci. 
Pollut. Res. 20, 4520–4531. https://doi.org/10.1007/s11356-012-1363-5 

Facey, S.J., Nebel, B.A., Kontny, L., Allgaier, M., Hauer, B., 2018. Rapid and complete degradation of 



54 
 

diclofenac by native soil microorganisms. Environ. Technol. Innov. 10, 55–61. 
https://doi.org/10.1016/j.eti.2017.12.009 

Fent, K., Weston, A.A., Caminada, D., 2006. Ecotoxicology of human pharmaceuticals. Aquat. Toxicol. 
76, 122–159. https://doi.org/10.1016/j.aquatox.2005.09.009 

George, D., Stearman, G.K., Carlson, K., Lansford, S., 2003. Simazine and Metolachlor Removal by 
Subsurface Flow Constructed Wetlands. Water Environ. Res. 75, 101–112. 
https://doi.org/10.2175/106143003x140881 

Ghosh, M., Singh, S.P., 2005. Asian Journal on Energy and Environment A Review on 
Phytoremediation of Heavy Metals and Utilization of It’s by Products. As. J. Energy Env 6, 214–
231. https://doi.org/10.1007/s10681-014-1088-2 

Gomes, R.L., Scrimshaw, M.D., Lester, J.N., 2003. Determination of endocrine disrupters in sewage 
treatment and receiving waters. TrAC - Trends Anal. Chem. 22, 697–707. 
https://doi.org/10.1016/S0165-9936(03)01011-2 

Gude, V.G., Magbanua, B.S., Truax, D.D., 2014. Natural Treatment and Onsite Processes. Water 
Environ. Res. 86, 1217–1249. https://doi.org/10.2175/106143014X14031280667615 

Hafeznezami, S., Kim, J.-L., Redman, J., 2012. Evaluating Removal Efficiency of Heavy Metals in 
Constructed Wetlands. J. Environ. Eng. 138, 475–482. 
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000478 

Halecki, W., Klatka, S., 2018. Long term growth of crop plants on experimental plots created among 
slag heaps. Ecotoxicol. Environ. Saf. 147, 86–92. 
https://doi.org/10.1016/j.ecoenv.2017.08.025 

Jennifer, A., Abdallah, M.A., Harrad, S., 2017. Pharmaceuticals and personal care products ( PPCPs ) 
in the freshwater aquatic environment. Emerg. Contam. 3, 1–16. 
https://doi.org/10.1016/j.emcon.2016.12.004 

Kaur, R., Bhatti, S.S., Singh, Sharanpreet, Singh, J., Singh, Satnam, 2018. Phytoremediation of Heavy 
Metals Using Cotton Plant: A Field Analysis. Bull. Environ. Contam. Toxicol. 101, 637–643. 
https://doi.org/10.1007/s00128-018-2472-8 

Kostich, M.S., Batt, A.L., Lazorchak, J.M., 2014. Concentrations of prioritized pharmaceuticals in 
effluents from 50 large wastewater treatment plants in the US and implications for risk 
estimation. Environ. Pollut. 184, 354–359. https://doi.org/10.1016/j.envpol.2013.09.013 

Kotyza, J., Soudek, P., Kafka, Z., Vaněk, T., 2010. Phytoremediation of Pharmaceuticals—Preliminary 
Study. Int. J. Phytoremediation 12, 306–316. https://doi.org/10.1080/15226510903563900 

Langergraber, G., 2008. Modeling of Processes in Subsurface Flow Constructed Wetlands: A Review. 
Vadose Zo. J. 7, 830–842. https://doi.org/10.2136/vzj2007.0054 

Le-Minh, N., Khan, S.J., Drewes, J.E., Stuetz, R.M., 2010. Fate of antibiotics during municipal water 
recycling treatment processes. Water Res. 44, 4295–4323. 
https://doi.org/10.1016/j.watres.2010.06.020 

Li, C., Wang, Q.H., Xiao, B., Li, Y.F., 2011. Phytoremediation potential of switchgrass (Panicum 
virgatum L.) for Cr-polluted soil. ISWREP 2011 - Proc. 2011 Int. Symp. Water Resour. Environ. 
Prot. 3, 1731–1734. https://doi.org/10.1109/ISWREP.2011.5893582 



55 
 

Li, Y., Zhu, G., Jern, W., Keat, S., 2014. Science of the Total Environment A review on removing 
pharmaceutical contaminants from wastewater by constructed wetlands : Design , 
performance and mechanism. Sci. Total Environ. 468–469, 908–932. 
https://doi.org/10.1016/j.scitotenv.2013.09.018 

Llorens, E., Matamoros, V., Domingo, V., Bayona, J.M., García, J., 2009. Water quality improvement in 
a full-scale tertiary constructed wetland : Effects on conventional and specific organic 
contaminants. Sci. Total Environ. 407, 2517–2524. 
https://doi.org/10.1016/j.scitotenv.2008.12.042 

Maine, M.A., Suñe, N., Hadad, H., Sánchez, G., Bonetto, C., 2007. Removal efficiency of a constructed 
wetland for wastewater treatment according to vegetation dominance. Chemosphere 68, 
1105–1113. https://doi.org/10.1016/j.chemosphere.2007.01.064 

Malakootian, M., Nouri, J., Hossaini, H., 2009. Removal of heavy metals from paint industry’s 
wastewater using Leca as an available adsorbent. Int. J. Environ. Sci. Technol. 6, 183–190. 
https://doi.org/10.1007/BF03327620 

Matamoros, V., Hijosa, M., Bayona, J.M., 2009. Assessment of the pharmaceutical active compounds 
removal in wastewater treatment systems at enantiomeric level . Ibuprofen and naproxen. 
Chemosphere 75, 200–205. https://doi.org/10.1016/j.chemosphere.2008.12.008 

Mohapatra, D.P., Brar, S.K., Surampalli, R.Y., 2016. Application of Wastewater and Biosolids in Soil : 
Occurrence and Fate of Emerging Contaminants. Water. Air. Soil Pollut. 227, 1–14. 
https://doi.org/10.1007/s11270-016-2768-4 

Mompelat, S., Le Bot, B., Thomas, O., 2009. Occurrence and fate of pharmaceutical products and by-
products, from resource to drinking water. Environ. Int. 35, 803–814. 
https://doi.org/10.1016/j.envint.2008.10.008 

Navon, R., Hernandez-Ruiz, S., Chorover, J., Chefetz, B., 2011. Interactions of Carbamazepine in Soil: 
Effects of Dissolved Organic Matter. J. Environ. Qual. 40, 942. 
https://doi.org/10.2134/jeq2010.0446 

Özengin, N., Elmaci, A., 2016. Removal of Pharmaceutical Products in a Constructed Wetland. Iran. J. 
Biotechnol. 14, 221–229. https://doi.org/10.15171/ijb.1223 

Rühmland, S., Wick, A., Ternes, T.A., Barjenbruch, M., 2015. Fate of pharmaceuticals in a subsurface 
flow constructed wetland and two ponds. Ecol. Eng. 80, 125–139. 
https://doi.org/10.1016/j.ecoleng.2015.01.036 

Soretire, A.A., Mafe, O.F., Adesodun, J.K., Atayese, M.O., Osadiaye, B.A., Agbaje, T.A., 2009. 
Phytoremediation Potentials of Sunflowers (Tithonia diversifolia and Helianthus annuus) for 
Metals in Soils Contaminated with Zinc and Lead Nitrates. Water. Air. Soil Pollut. 207, 195–
201. https://doi.org/10.1007/s11270-009-0128-3 

Soudek, P., Petrová, Š., Vaňková, R., Song, J., Vaněk, T., 2014. Accumulation of heavy metals using 
Sorghum sp. Chemosphere 104, 15–24. https://doi.org/10.1016/j.chemosphere.2013.09.079 

Sultana, T., Murray, C., Hoque, M.E., Metcalfe, C.D., 2017. Monitoring contaminants of emerging 
concern from tertiary wastewater treatment plants using passive sampling modelled with 
performance reference compounds. Environ. Monit. Assess. 189, 1–19. 
https://doi.org/10.1007/s10661-016-5706-4 

Tangahu, B.V., Sheikh Abdullah, S.R., Basri, H., Idris, M., Anuar, N., Mukhlisin, M., 2011. A review on 



56 
 

heavy metals (As, Pb, and Hg) uptake by plants through phytoremediation. Int. J. Chem. Eng. 
2011. https://doi.org/10.1155/2011/939161 

Tijani, J.O., Fatoba, O.O., Babajide, O.O., Petrik, L.F., 2016. Pharmaceuticals, endocrine disruptors, 
personal care products, nanomaterials and perfluorinated pollutants: a review. Environ. Chem. 
Lett. 14, 27–49. https://doi.org/10.1007/s10311-015-0537-z 

United States Environmental Protection Agency, 2000. Practical methods for data quality 
assessment. Guid. data Qual. Assess. 1–219. 

Verlicchi, P., Galletti, A., Petrovic, M., Barceló, D., Al Aukidy, M., Zambello, E., 2013. Removal of 
selected pharmaceuticals from domestic wastewater in an activated sludge system followed by 
a horizontal subsurface flow bed - Analysis of their respective contributions. Sci. Total 
Environ. 454–455, 411–425. https://doi.org/10.1016/j.scitotenv.2013.03.044 

Verlicchi, P., Zambello, E., 2014. How efficient are constructed wetlands in removing 
pharmaceuticals from untreated and treated urban wastewaters? A review. Sci. Total Environ. 
470–471, 1281–1306. https://doi.org/10.1016/j.scitotenv.2013.10.085 

Vymazal, J., 2014. Constructed wetlands for treatment of industrial wastewaters : A review. Ecol. 
Eng. 73, 724–751. https://doi.org/10.1016/j.ecoleng.2014.09.034 

Vymazal, J., Dvořáková Březinová, T., Koželuh, M., Kule, L., 2017. Occurrence and removal of 
pharmaceuticals in four full-scale constructed wetlands in the Czech Republic – the first year 
of monitoring. Ecol. Eng. 98, 354–364. https://doi.org/10.1016/j.ecoleng.2016.08.010 

Webb, S., Ternes, T., Gibert, M., Olejniczak, K., 2003. Indirect human exposure to pharmaceuticals v 
ia drinking water 142, 157–167. https://doi.org/10.1016/S0378-4274(03)00071-7 

Wells, M.J.M., Bell, K.Y., Traexler, K.A., Pellegrin, M., Morse, A., 2010. Emerging Pollutants. Water 
Environ. Res. 82, 2095–2171. https://doi.org/10.2175/106143010X12756668802292 

Wendong, T., Bays, J.S., Meyer, D., Smardon, R.C., Levy, Z.F., 2014. Constructed Wetlands for 
Treatment of Combined Sewer Overflow in the US: A Review of Design Challenges and 
Application Status. Water 6, 3362–3385. https://doi.org/10.3390/w6113362 

Wintgens, T., Salehi, F., Hochstrat, R., Melin, T., 2008. Emerging contaminants and treatment options 
in water recycling for indirect potable use. Water Sci. Technol. 57, 99–108. 
https://doi.org/10.2166/wst.2008.799 

Xian, Q., Hu, L., Chen, H., Chang, Z., Zou, H., 2010. Removal of nutrients and veterinary antibiotics 
from swine wastewater by a constructed macrophyte floating bed system. J. Environ. Manage. 
91, 2657–2661. https://doi.org/10.1016/j.jenvman.2010.07.036 

Zhang, D.Q., Gersberg, R.M., Zhu, J., Hua, T., Jinadasa, K.B.S.N., Tan, S.K., 2012. Batch versus 
continuous feeding strategies for pharmaceutical removal by subsurface flow constructed 
wetland. Environ. Pollut. 167, 124–131. https://doi.org/10.1016/j.envpol.2012.04.004 

Zhang, Y., Lv, T., Carvalho, P.N., Arias, C.A., Chen, Z., Brix, H., 2016. Removal of the pharmaceuticals 
ibuprofen and iohexol by four wetland plant species in hydroponic culture: plant uptake and 
microbial degradation. Environ. Sci. Pollut. Res. 23, 2890–2898. 
https://doi.org/10.1007/s11356-015-5552-x 

Zhang, Y., Lv, T., Carvalho, P.N., Zhang, L., Arias, C.A., Chen, Z., Brix, H., 2017. Ibuprofen and iohexol 
removal in saturated constructed wetland mesocosms. Ecol. Eng. 98, 394–402. 



57 
 

https://doi.org/10.1016/j.ecoleng.2016.05.077 

 

  



58 
 

Chapter 3 
Optimization of Baffle Configurations in a Hydroponic Bed Bioreactor 

 Matthew S. Recsetara, Joel L. Cuelloa 

 Department of Biosystems Engineering, University of Arizona, Tucson, AZ, USA 
 

 Abstract- Various baffle configurations were examined within a hydroponic bed bioreactor: split 

baffle, serpentine and no baffles.  A polyethylene container was filled with light expanded clay 

aggregate (LECA), a common substrate media used in hydroponics and aquaponics.  In order to 

understand the hydrodynamics of each baffle configuration, tracer tests were performed using a 

sodium chloride tracer injected at the inlet end of the container.  Water was then continuously 

pumped into the inlet and the electroconductivity was measured at the outlet to generate a 

retention time distribution (RTD) curve which was then used to calculate the mean retention time 

(MRT) and estimate the dispersion for each treatment.  A control with no baffles was compared to 

a serpentine configuration and a split baffle configuration to determine which was the best.  Each 

configuration was tested at two different flow rates, measured at 6.9 and 9.7 liters per minute.  

The split baffle configuration had a 43% longer MRT than the no-baffle configuration in the low 

flow treatment, which itself was not significantly different than the serpentine configuration.  

However, in the high flow treatment, none of the configurations were significantly different from 

each other based on MRT.  Vessel dispersion numbers, which estimate the amount of dispersion 

within a bioreactor, were calculated for each treatment and the split baffle configuration 

experienced significantly more dispersion than the serpentine and no-baffle configurations in the 

low flow treatment.  In the high flow treatment, the no-baffle configuration had significantly more 

dispersion than the baffled configurations.  Since the goal of baffling is to increase mean residence 

time and mixing within a bioreactor, the split baffle configuration was best.  This configuration 

maximized the dispersion within the bioreactor and will allow for the greatest amount of nutrient 

or contaminant removal by plants, the microbiome and through adsorption to substrate.   

 
 

1. Introduction  

 There are various ways to control the flow of water in a bioreactor, one of which is 

to use baffles.  Baffles are often used to direct the flow of liquids and for reducing short-

circuiting in ponds, raceways and other vessels with moving water (Coggins et al., 2018).  

Baffles are also used to increase mean retention time in bioreactors, including subsurface-

flow constructed wetlands (Cui et al., 2015, 2013; Slavnić et al., 2017).  In order to improve 

the hydrodynamics in a hydroponic bioreactor, baffle configurations were tested for their 

effect on the mean residence time using a tracer test.  The goal of this project was to 

determine the best configuration to use in a commercial-scale bioreactor by understanding 

the hydrodynamics of water flow through a small-scale hydroponic bioreactor with 

different baffle configurations at different flow regimes.  If water does not completely mix 

throughout the hydroponic bioreactor, then nutrients will not be distributed evenly.  

Similarly, if water entering the bed does not experience good dispersion throughout the 

bed as it flows through, then plants could become nutrient deficient or experience 
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disproportionate growth.  Studying the hydrodynamics will also help model hydroponic 

media beds so that baffles may be appropriately used to increase their size and scale 
without sacrificing performance. 

 The residence time distribution (RTD) method was used to characterize and 

evaluate three different baffle configurations.  The distribution of the times it takes for 

suspended particles to move through different baffle configurations would indicate 

optimization.   The average time a particle spends in the reactor is known as the hydraulic 

residence time (HRT).  The mean HRT can be obtained from the RTD function (Gao et al., 

2012; Garcia et al., 2004): 

 𝜏 = ∫ 𝑡 𝐸(𝑡) ⅆ𝑡
∞

0
         (1) 

Where τ = the mean hydraulic residence time (MRT) and E(t) represents the RTD function 
as a function of time and equates to: 

𝐸(𝑡) =
𝑄(𝑡)𝐶(𝑡)

∫ 𝑄(𝑡)𝐶(𝑡) ⅆ𝑡
∞

0

         (2) 

 Where C(t) = the concentration at time t and Q(t) = the flow rate at time t  

 Plug flow was assumed for the bioreactor in this experiment and was demonstrated 

by the axial dispersion model as described by Chazarenc et al. (2003).   This bioreactor in 

this experiment is non-ideal and will experience both axial (up and down) and radial 

mixing (side to side) as water flows through the expanded clay media.  The Peclet number, 

Pe, is a dimensionless number that describes the mixing in a reactor and is represented by: 

 𝑃𝑒 = 𝑢𝐿/𝐷           (3) 

Where Pe is the Peclet number, u is the mean fluid velocity (m s-1), L is the length of the 

reactor (m) and D is the dispersion coefficient (m2 s-1).  The reciprocal of the Peclet number 

(D/ 𝑢𝐿)  is the vessel dispersion number (Nd) and is more regularly used as a measure of 

axial dispersion.  A higher vessel number indicates greater dispersion.  In order to calculate 
the vessel dispersion number, the normalized variance must be calculated using: 

 𝜎𝜃
2 =

∫ (𝑡−𝜏)2𝐸(𝑡) ⅆ𝑡
∞

0

𝜏
           (4) 

Where 𝜎𝜃
2 is the normalized variance.  The normalized variance can then be used to 

calculate the vessel dispersion number for instances with a small extent of dispersion 

(<0.01): 

 𝜎𝜃
2 = 2

𝐷

𝑢𝐿
          (5) 

or with a large extent of dispersion: 

  𝜎𝜃
2 = 2

𝐷

𝑢𝐿
− 2(

𝐷

𝑢𝐿
)2 (1 − 𝑒𝑥𝑝 (

−𝑢𝐿

𝐷
))      (6) 
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 In order to determine the RTD curve for a given reactor, a tracer must be used to 

measure particle residence time.  Tracer tests involve injecting a measurable tracer of 

known concentration and volume at the inlet of the reactor and continuously measuring its 

concentration at the outlet.  Common tracers include dyes, radioactive molecules and other 

nonreactive chemicals (Gao et al., 2012; Newell et al., 1998).  Tracers must be easily 

measurable and should be soluble in the reactor so that they do not settle out (Fogler, 

2006).   One substance that works well in a hydroponic reactor is sodium chloride.  Sodium 

chloride is highly soluble in water, is cheap and can be easily measured in real time using 

an electrical conductivity (EC) meter.   The resulting graph of effluent concentration over 

time is known as the ‘C curve’ and can be integrated to get the ‘E curve’ or RTD curve 
(Fogler, 2006).   From the RTD, we can determine the Peclet number. 

 The RTD curve can be generated by using a sodium chloride tracer of known 

concentration and volume.   With an electroconductivity (EC) probe placed at the outlet 

and the tracer injected at the inlet of the reactor the EC can be continuously measured to 

generate a graph of effluent concentration over time (‘C curve’).  Integration of the ‘C curve” 
will yield the ‘E curve’ or RTD curve and determine the MRT (Fogler, 2006). 

2. Materials and methods 

 

2.1. Bioreactor baffle configurations 

       

Figure 3.1. Schematic of different bioreactor configurations (a) No Baffles (b) Snake Configuration (c) Split Baffle 
Configuration 
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 The container utilized in Recsetar et al, (unpublished manuscript, 2019) was used in 

this baffle configuration experiment to improve upon its performance.  The bioreactor 

consisted of a 53-L polyethylene storage container with 1.27-cm inlet and 5.1-cm outlet.  

The media was held in place with a 0.64-cm mesh screen fixed to the sides of the container, 

13-cm from the outlet wall.  Baffles were constructed of a rigid polyethylene plastic and cut 

to fit the sides of the container (Fig. 3.1).  Baffles were held in place with hot glue and then 

filled with expanded clay media (LECA).  Baffle configurations consisted of 5 levels of 

baffles spaced equidistant apart (~9 cm) and utilized the same surface area of baffling. The 

openings at each level allowed for the same flow through each level, such that, the openings 

on the sides of the first, third and fifth baffles in the split baffle configuration were equal to 

the single opening at the second and fourth baffle level as well as the side openings in the 

serpentine or snake baffle configuration. See figures 3.2 and 3.3.  

 

Figure 3.2. Serpentine baffle configuration left – construction; right – completed bioreactor 
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Figure 3.3. Split-baffle configuration left – construction; right – completed bioreactor 

 

2.2. Experimental Parameters 

 Two different configurations were tested in addition to a bioreactor with no baffles: 

split and serpentine.  Two different flow rates were achieved using submersible pumps.  

For the high flow rate a Hydrofarm Active Aqua AAPW250, rated at 946 L h-1 and for the 

low flow rate an Aquaneat SP-180, rated at 606 L h-1 pumps were used.  Actual pump flow 

rates were measured by capturing and measuring the overflow from each bioreactor over 

one minute and were monitored over time to ensure efficiency was not lost.   The high-flow 

pump generated a flow of 9.7 L min-1 out of the reactor and the low-flow pump generated 

an average flow of 6.9 L min-1.  Three replicates were performed for each configuration for 

RTD tests.  The experimental design for tracer tests is summarized in Table 3.1.   

 

Table 3.1. Experimental design for tracer tests  

 Low Flow High Flow 

No Baffles 3 replicates 3 replicates 

Serpentine Baffle Configuration 3 replicates 3 replicates 

Split Baffle Configuration 3 replicates 3 replicates 
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2.3.  Tracer Tests 

 Figure 3.4 is a schematic diagram of the tracer test. 

 

Figure 3.4. Schematic diagram of tracer test 

 A sodium chloride tracer was used for the hydrodynamic experiments.  The tracer 

was prepared by mixing 100 g of lab grade sodium chloride in 1-L of deionized water to 

create a solution with a total dissolved solids (TDS) of 100,000 mg L-1.  A pump was placed 

in a separate container and connected via a nylon hose attached to each bioreactor inlet.  A 

hose was left running in the separate container to maintain constant water pressure 

throughout each run.  An EC probe was placed in the external standpipe outlet and directed 

into the flow.  The probe was connected to an EC meter (Hanna HI 98143 pH/EC 

Transmitter) which was connected to a CR23x Data logger programmed to record every 

second. 

 Each tracer volume was measured at 1% of the total bioreactor water volume and 

injected via syringe into the inlet standpipe.  Immediately upon injection, the inlet was 

capped and power to the pump and EC meter were restored.  Trials continued until the EC 

reading returned to the original EC for at least one minute.  After each run, the bioreactor 

was rinsed and drained multiple times to remove any residual tracer.  Tests were repeated 

for each configuration and flow rate for a total of three runs.  The bioreactor characteristics 

and mean water velocities for each configuration are summarized in Tables 3.2 and 3.3.  

The estimated flow velocities were calculated by dividing the flow rate by the water depth 

and average width of the flow channel.   
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Table 3.2. Bioreactor parameters 

Parameters Measurements 

Media Porosity (ε) 44.5% 

Reactor width 37.5 cm 

Reactor Length  56.0 cm 

Water height  12.0 cm 

Measured Water Volume 12.0 L 

Low Flow Rate  6.9 L min-1 

High Flow Rate  9.7 L min-1 

 

 No Baffles Serpentine Configuration Split Configuration 

Low Flow Estimated 
Mean Velocity 
(cm/s) 

0.57 2.39 1.20 

High Flow 
Estimated Mean 
Velocity (cm/s) 

1.24 3.36 1.68 

Shortest Distance 
Traveled (cm) 

56 206 158 

Low Flow Time 
Estimate (s) 

98 86 132 

High Flow Time 
Estimate (s) 

45 61 94 

 

 

2.4. Statistical Analysis 

  

 All statistical tests were done using SAS 9.4 statistical software (Cary, NC, USA).  

Mean residence times (MRT) for each baffle configuration were calculated using Equation 

(1) and an analysis of variance (ANOVA) test was done using a Tukey post-hoc analysis to 

determine significant differences in MRT between configurations with flow rate as a factor.  

ANOVA was also used to determine significant differences between vessel dispersion 

numbers. 

 

 

3. Results and Discussion 

 

3.1.  Residence Time Distribution 

 

 Three tracer test runs for each baffle configuration were completed and graphed 

(Appendix E).  EC data for each run was normalized against the background EC to 

determine the mean residence times.  Resulting mean residence times with standard 

deviations can be seen in Table 3.3 with significant differences between treatment 
conditions identified by differing subscript letters.    
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 Through a one-way ANOVA, it was determined that there were significant 

differences between treatments (p < 0.001), and using Tukey post-hoc analysis (p < 0.05), 

it showed that for the low flow rate (Table 3.3 – column 2), the split baffle configuration 

had a significantly higher mean residence time than the serpentine baffle configuration (p = 

0.0014)  and the no-baffle configuration (p = 0.0005).  There was no significant difference 

between no-baffle and serpentine baffle configurations (p = 0.4166).   This makes sense, as 

the split baffle configuration extends the average distance a water particle must travel 

through the bioreactor nearly threefold while only doubling its velocity.  In contrast, the 

serpentine baffle configuration increased the average distance the water must travel just 

over three and a half times the no-baffle configuration, but at the cost of increasing the 
average velocity by over four times.   

  For the high flow rate (Table 3.3 – column 3), there were no significant differences 

between the baffle configurations.  However, at the p < 0.10 level, the no-baffle 

configuration experienced a significantly longer mean residence time than the serpentine 

baffle configuration (p = 0.0575).  The much greater velocity through the baffled 

configurations greatly limited dispersion, which led to much lower mean residence times 

than at the low flow rate. 

 

Table 3.3. Mean hydraulic residence times (s) 

Baffle Configuration Low Flow High Flow 

None 122.90 ± 0.7a 114.7 ± 8.0c 

Serpentine 134.00 ± 4.1a 100.5 ± 2.1c 

Split 176.85 ± 14.8b 105.5 ± 0.4c 

*subscripts indicate significant differences within columns only 

  

 It was statistically determined that the treatment level flow, had a significant effect 

on mean residence time.  Therefore, ANOVA was used again to evaluate that effect.  In 

terms of the flow rates’ effect on the mean residence time, the lower flow rate had a 

significantly higher MRT for the split baffle configuration (p < 0.0001) and the serpentine 
baffle configuration (p = 0.0029) but not for the no-baffle configuration (p = 0.8693).   

 Water velocity had a significant effect on mean residence times, particularly when it 

came to baffle directed flow.   Mean water velocity did not have a significant effect on mean 

residence time for the no baffle configuration.   Other factors that may have played a role in 

the hydrodynamics of different baffle configurations include back mixing in the baffled 

configurations.  For example, while the average velocity through the split baffle 
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configuration in the low treatment was 1.2 cm/s, there would be an increase as the water 

converged going past each baffle.  Also, at baffle levels 2 and 5, water from two directions 

would converge to fit through the center gap.  Both occurrences could create turbulence 

and thus aid in mixing. 

3.2. Vessel Dispersion Numbers 

 

 The vessel dispersion numbers were also calculated and appear in Table 3.4 with 

significant differences noted by subscripts.  The split baffle configuration produced the 

greatest amount of dispersion under the low flow condition while the no baffle 

configuration produced the greatest dispersion in the high flow condition.  Both of those 

treatments had significantly more dispersion than all other conditions, which themselves 
were not significantly different than one another.  

Table 3.4. Vessel dispersion numbers (higher numbers indicate greater dispersion) 

Baffle Configuration Low Flow High Flow 

None 5.6 ± 0.1a 12.8 ± 2.8b 

Serpentine 6.4 ± 0.3a 4.9 ± 0.2a 

Split 11.6 ± 3.4b 3.9 ± 0.1a 

  

 

4. Conclusions 

 This experiment helped to better understand the flow dynamics through different 

baffle configurations within a hydroponic bed bioreactor.  The results of this experiment 

identified that a split baffle configuration under low flow conditions can significantly 

increase the mean residence time in a hydroponic bioreactor as well as the dispersion.  

Based on the findings, the split baffle configuration used in this experiment will improve 

nutrient dispersion within a hydroponic media bed using expanded clay media.  In 

addition, utilizing baffles to direct flow throughout a hydroponic media bed should enhance 

plant growth as well maximize nutrient uptake.   In an aquaponic media bed or hydroponic 

bioreactor, the use of a split baffle configuration, as demonstrated in this experiment, could 

also improve water purification and waste elimination.  Hydraulic retention times are 

standard design parameters for flow-through media beds and constructed wetlands.  

However, increasing the mean residence time will show that dispersion can increase the 

time the average particle stays in the system.  MRT’s can also show potential short 

circuiting that is occurring within, and baffles could minimize this while maximizing flow 

distribution throughout.  Particularly if used for wastewater treatment, we would want the 

influent to experience maximum dispersion throughout the bioreactor, and baffling will 

certainly improve this.  However, the estimated water velocity through the hydroponic 
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bioreactor appeared to greatly affect the mean residence time and dispersion, with faster 

velocities negating or greatly reducing the positive effects of baffling.  Therefore, it will be 

important to determine the exact range of estimated water velocities for a given baffle 

configuration that improve the hydrodynamic characteristics within a hydroponic bed 
bioreactor. 
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Overall Conclusions 

 This research examined various design parameters of a hydroponic bed bioreactor 

designed to be able to scale-up the reactor to remove emerging contaminants from 

municipal wastewater treatment plants and other contaminated point source effluents.  

The first experiment studied the hydrodynamic properties of four substrate media and 

light expanded clay aggregate (LECA) was found to be the best medium across the 

treatment factors of flow rate and water level in terms of mean residence time (MRT) and 

vessel dispersion number.   LECA also allowed for faster mixing than the other substrate 

media, which indicated greater dispersion within the bioreactor.   

 The second experiment used LECA filled bioreactors to treat tertiary wastewater 

effluent to remove quantifiable emerging contaminants with the help of various plants.  

Compared to a control treatment, all bioreactors, planted or unplanted were able to 

significantly reduce levels of benzotriazole, carbamazepine, hydrochlorothiazide, Iohexol, 

Iopamidol, Iopromide, Primidone, Simazine, Sulfamethoxazole and TCPP by over 80%, 

compared to nearly zero percent removal in the control after five days.  After 10 days, 

DEET was removed below detection limits and nearly 60% of sucralose was removed.  

Diclofenac, iopromide, primidone, and simazine were also removed below detection limits 

after 10 days, with still near zero percent removal in the control.  While there was some 

significant uptake of Benzotriazole and Sulfamethoxazole by sorghum and BT cotton when 

compared to the unplanted treatment, it was not a substantial amount compared to the 

amount of each that was removed in the substrate media.  The two most likely reasons for 

this are that the expanded clay was able to adsorb positively charged contaminants and the 

microbiome present in the media was able to degrade many of the contaminants.  

Additional removal mechanisms that likely occurred in the planted treatments were 

adsorption to roots, physical uptake, and perhaps most significant, degradation by root 

exudates.   It is also likely that the adequate aeration and water flow contributed to all 

possible removal pathways by providing the best conditions possible for each, which 

included a higher redox potential within the beds (Auvinen et al., 2017; Li et al., 2014).  So, 

while all bioreactors, when seeded with hydroponic nutrients, removed significant 

amounts of emerging contaminants, ones planted with cotton plants performed the best 
and sorghum was not far behind. 

 The third experiment focused on improving the residence time and dispersion in the 

bioreactor for scaled-up versions, using three baffle configurations.  Overall, in low flow 

conditions, a split baffle configuration increased the mean residence time and dispersion 

compared to the serpentine baffle configuration and the no-baffle configuration.  In a high-

flow condition, baffling had no effect on the MRT.  Based on the research findings of these 

experiments, a commercial version of the bioreactor would be appropriate for a pilot study. 

The overall conclusion is that a LECA bed with split baffle design planted with 

cotton or sorghum, with an estimated recirculated water velocity between 0.57 and 1.20 



69 
 

cm s-1 should perform most efficiently to remove the typical list of emerging contaminants 

within the parameters tested.  

This hydroponic bioreactor is preferable to a constructed wetland because it takes 

up less space, is movable, has more manageable crops maintenance and harvesting and will 

cost less to build.  It is also significantly cheaper than other treatment options out there, 

including activated carbon, reverse osmosis, ion exchange, ozone and UV.  However, this 

system can also be designed to utilize UV from the sun to add another potential 

contaminant removal pathway in photolysis.  While reverse osmosis creates a perfectly 

purified stream of water, it also creates a brine solution consisting of everything that has 

been removed from the effluent.  In other words, you still have contaminants to deal with, 

which makes it far less sustainable practice.  Activated carbon filtration, would also be 

effective at removing emerging contaminants but the amount needed would be very costly, 

and it has a much shorter life span than a constructed wetland or this hydroponic 

bioreactor. Ion exchange, which has been used in water softening, is effective at 

removing charged compounds only, so some of the emerging contaminants would not be 

removed by this method.  In addition, it can be extremely expensive.  Lastly, ozone can be a 

very effective water treatment technology, especially for disinfection because it kills living 

organisms and even viruses.  However, ozone is just an oxidizer and will not necessarily 

remove emerging contaminants in their entirety.   It will degrade various contaminants to 

some degree but will also inhibit the activity of bacteria and plants which are more natural 

and sustainable pathways of contaminant removal.  Overall, this recirculating hydroponic 

bioreactor can be the most efficient, cheapest and sustainable option out there for 

removing emerging contaminants from wastewater effluent.  In addition, the plants can 

even be harvested for biofuels and fiber.  It also may have the widest range of applications 

and can even be used in accordance with septic systems, in agricultural operations and in 

developing nations where clean water is in scarce supply.   I believe that this novel 

hydroponic bioreactor has so much potential that I secured a patent on it through Tech 

Launch Arizona.   As the problem of emerging contaminants gets worse, an affordable way 

to remove them will become paramount, and I believe this hydroponic bioreactor could be 

the answer.   

Future Research and Recommendations 

 Future research should focus on different types of plants or a mixture of plants that 

might improve contaminant removal within a similarly designed bioreactor.  Significant 

removal of benzotriazole and sulfamethoxazole were seen to occur in the cotton treatments 

and to some extent the sorghum treatments.  Additional study of the pathways utilized by 

the plants for removing these specific contaminants and how their removal rate could then 

be improved would be most valuable. This could be done in a simple experiment where a 

specific contaminant or contaminants are injected into a system and various parts of a 

plant (roots, shoots, leaves, fruits) are looked at to see where each contaminant is 

concentrating.  This can potentially be done by drying each part after the experiment and 
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then grinding it into a powder and It would also be important to identify potential 

conjugates of each contaminant to determine if any of them are getting degraded but not 
completely broken down.        

 In addition, a detailed study should be conducted on the microbiome present in the 

media after an acclimation period with both hydroponic and aquaponic nutrient solutions.  

This can be done through genomic sequencing of the microbial organisms present and 

comparing them to one another as well as to the microbiome present in wastewater 

treatment plants.   This could also help explain why they are not getting removed there. 

Once genomic sequencing has been completed, the microbes should be cultured with 

different emerging contaminants to see which bacteria are metabolizing each contaminant.  

Going further, if specific microbes are responsible for degrading more contaminants, 

studies can be done to find optimal conditions for growing those microbes, which would 

involve altering the pH, temperature, carbon dioxide and dissolved oxygen among other 

water quality parameters.  This would allow for a greater understanding of the role various 

microbes play in contaminant degradation and removal.  It would also be appropriate to 

study the effects of a biofilm if a significant one can be developed on the media in the 

hydroponic bioreactors prior to introduction of contaminated effluent.    

 Lastly, it is an important next step to study the adsorption capabilities of LECA for 

the various contaminants present in tertiary-treated wastewater effluent.  While clay is 

negatively charged and there is documented evidence of adsorption in clay soils (Navon et 

al., 2011),  the adsorption behavior or capacity by each contaminant to expanded clay is not 

as well known.   This may be accomplished by dosing specific contaminants into an 

unseeded LECA bed and measuring removal rates over a set number of days.  It might also 

be beneficial to have a biochemist analyze the structural composition of the LECA and the 

various emerging contaminants to determine the strength and type of bonds that can form 
between each. 

  The system can successfully be scaled up by ensuring that the flow rate selected 

allows the water velocity in the bed to be between 0.57 and 1.20 cm s-1 based on the 

dimensions of the growbed.  While a more specific range of estimated water velocities has 

not been tested, selecting for an estimated water velocity in this range should at least 

provide similar results to those achieved in this study, which gave the highest amount of 
dispersion in the models tested. 

 If I was to repeat this experiment, I would have made sure to have larger 

switchgrass plants for the experiment.  I would also try to make the differences between 

high and low-density treatments much more pronounced, although that would be difficult 

in such a small space.  However, I would use just one or two different plants and have 

seeded and unseeded bioreactor treatments.  This would allow me to get a clearer picture 

about the role of the microbiome in the bioreactors.  I would also fill half of the bioreactors 

with a gravel of similar size to the expanded clay.  This would help flush out how much 

sorption to media was occurring in the LECA treatments.  With one plant, this type of setup 
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would require 60 bioreactors, which unfortunately was not possible.  There is much that 

can and should still be done to combat the problem of emerging contaminants, but this is a 
good starting point. 
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Appendix A – Residence Time Distribution Curves for Tracer Tests 
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Appendix B – Mixing Tests 

 

 

Figure B1. Mixing Time -Low Volume Low Flow 
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Figure B2. Mixing Time - Low Level High Flow 

 

 

Figure B3. Mixing Time - High Volume Low Flow 
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Figure B4. Mixing Time - High Volume High Flow 
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Appendix C – Water Parameters for Contaminant Removal Experiment 

 

Table 1.  Dissolved Oxygen, Temperature and pH Ranges in Hydroponic Bioreactors 

 Low High Average 

pH 6.37 8.54 7.49 

Dissolved Oxygen (mg/L) 6.8 7.2 7.0  

Afternoon Temperature (°C) 25.7 31.2 28.8 

 

Table 2. EC levels in each bioreactor (mS/cm) 

 
 

  

Plant High/Low Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10

1 Sorghum High 1.0 0.9 0.9 0.9 0.9 0.9 0.8 0.8 0.7 0.7

2 Cotton Low 1.1 1.0 1.0 0.9 0.9 0.8 0.8 0.8 0.7 0.7

3 Cotton High 1.1 0.9 0.8 0.7 0.6 0.6 0.6 0.5 0.5 0.5

4 Cotton Low 1.1 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.8 0.7

5 Sorghum High 0.9 0.8 0.7 0.7 0.7 0.6 0.6 0.5 0.5 0.5

6 Cotton High 1.2 1.1 1.0 1.0 1.0 0.9 0.8 0.8 0.8 0.7

7 None 1.1 1.0 1.1 1.0 1.1 1.1 1.0 1.0 1.0 1.0

8 SwitchgrassHigh 1.0 0.9 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.8

9 SwitchgrassLow 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.9

10 Sorghum Low 1.1 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.7 0.7

11 Cotton High 1.0 1.1 1.0 0.9 0.9 0.8 0.8 0.7 0.7 0.7

12 Sorghum Low 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.7

13 Sorghum Low 0.9 0.9 0.8 0.8 0.7 0.7 0.7 0.7 0.6 0.6

14 Sorghum High 1.0 1.0 0.9 0.9 0.9 0.8 0.9 0.8 0.8 0.7

15 SwitchgrassLow 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.9

16 SwitchgrassLow 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

17 Switchgrass High 1.0 1.0 1.1 0.9 1.0 1.0 1.0 1.0 1.0 0.9

18 None 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.0 1.0

19 None 1.0 1.1 1.1 1.1 1.1 1.1 1.1 1.0 1.0 0.9

20 Cotton Low 1.0 1.0 1.0 1.0 0.9 0.9 0.8 0.8 0.8 0.7

21 SwitchgrassHigh 1.0 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.9

Control 1.0 1.0 1.1 1.1 1.1 1.1 1.0 1.0 1.0 1.0
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Appendix D -Raw data for contaminant concentrations 
Table 3. LC-MS/MS raw contaminant concentration data (ng/L) 

 

  

Day Treatment Atenolol Benzophenone Benzotriazole Carbamezapine DEET Diclofenac Diphenhydramine Hydrochlorothiazide Ibuprofen Iohexol Iopamidol Iopromide Primidone Simazine Sucralose Sulfamethoxazole TCPP 

1-A S1H 103 123 6459 357 89 1142 202 5471 3959 5731 36626 4692 151 455 23451 981 2347

2-A C1L 105 120 9048 374 108 207 212 3955 4709 5308 39123 4401 166 356 20117 1096 1849

3-A C1H 102 123 9020 328 90 695 199 3603 3779 5107 37888 4133 233 513 34054 939 2435

4-A C1L 109 128 8324 463 85 222 219 3964 4612 5348 38729 3943 179 440 23985 922 1749

5-A S1H 107 119 8397 353 76 178 233 4546 4318 5238 36926 4339 163 407 38976 997 1824

6-A C1H 117 110 7609 326 82 205 227 3903 4597 6007 39487 5007 174 399 45726 1056 1915

7-A None 112 105 7817 411 84 195 225 4125 4348 5728 38220 4532 170 388 30511 912 1971

8-A S2H 106 123 8300 341 81 241 212 4889 4636 5890 37371 4726 151 447 41414 957 2426

9-A S2L 108 118 6981 381 82 217 209 3788 3865 6082 38016 4612 202 435 51153 968 1828

10-A S1L 117 108 8283 375 82 208 210 4339 3062 5517 38398 5137 166 414 37833 1039 1404

11-A C1H 130 149 7496 390 113 189 238 4771 5771 6923 42625 5757 190 482 34713 1060 1698

12-A S1L 120 126 9230 440 107 784 233 4694 3273 5965 38315 4763 176 525 32518 886 2233

13-A S1L 128 126 7900 342 76 184 225 4169 3806 5750 39222 4740 180 430 38335 923 1836

14-A S1H 122 122 7768 353 84 200 236 4210 3180 5434 37642 4627 183 425 43199 1040 2003

15-A S2L 124 100 6273 380 74 181 207 3315 3030 6052 36964 4806 173 466 40177 845 1292

16-A S2L 107 104 9577 333 103 195 214 3082 2495 5970 38051 3834 189 353 30761 878 2051

17-A S2H 132 132 7369 411 71 194 205 2421 2416 5230 36406 4186 181 597 25624 942 1961

18-A None 117 118 6608 331 88 862 211 2757 2272 6533 39163 4858 205 404 29728 789 1982

19-A None 131 131 9289 394 83 166 221 4465 5284 5442 37870 3933 202 584 28376 992 1685

19-A rerun None 138 126 7731 394 81 162 230 3509 4702 4876 39270 4508 206 617 20151 921 1777

20-A C1L 132 139 9601 415 83 146 216 3101 2172 4996 36468 3991 165 448 29152 1024 2081

21-A S2H 144 126 9334 385 78 185 210 3703 7410 4904 37873 4324 142 601 18509 864 1096

A Control Control 153 66 13629 321 122 165 205 2743 52464 6822 39888 25079 177 257 33189 1071 1485

1-B S1H 133 7359 310 90 178 <LOD 6594 <LOD 4410 39089 1543 300 253 58407 1399 2244

2-B C1L 130 6651 248 91 259 <LOD 2756 <LOD 5097 40554 1617 197 251 48167 1022 3339

3-B C1H 95 9043 280 139 214 <LOD 6424 <LOD 4305 36960 1462 282 317 34640 967 2585

4-B C1L 131 7383 312 133 244 <LOD 2703 <LOD 4649 39347 1776 247 237 40578 1097 2543

5-B S1H 75 1276 218 104 165 <LOD 5189 <LOD 4148 37659 1415 318 110 30045 993 3804

6-B C1H 117 9187 323 102 194 <LOD 7006 <LOD 5364 41480 1706 289 231 41390 783 4078

7-B None 45 11034 328 87 224 <LOD 6177 <LOD 5079 35657 1743 234 240 56386 1476 2443

8-B S2H 115 14945 264 101 280 <LOD 7229 <LOD 5476 37451 1825 277 146 42598 1167 3814

9-B S2L 138 7496 237 85 192 <LOD 1714 <LOD 5972 39303 1911 291 301 43849 1501 2883

10-B S1L 129 7785 348 83 212 <LOD 4034 <LOD 5411 40005 1921 230 287 36658 1322 1943

11-B C1H 113 7537 263 116 220 <LOD 2864 <LOD 6654 41162 2525 290 299 36788 1125 2453

12-B S1L 197 11492 389 211 297 <LOD 4613 <LOD 10712 59771 3659 366 261 28780 2318 3224

13-B S1L 82 7177 241 106 194 <LOD 1657 <LOD 4755 36968 2154 226 172 45200 1471 1878

14-B S1H n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

15-B S2L 150 9804 275 96 219 <LOD 3203 <LOD 6360 37198 2217 180 194 24939 1672 1571

16-B S2L 87 9883 285 125 175 <LOD 2539 <LOD 6306 34527 2107 207 224 32536 1229 2159

17-B S2H 126 8758 284 101 230 <LOD 1568 <LOD 6585 39500 2343 173 238 22174 1584 1944

18-B None 161 10201 332 76 220 <LOD 1619 <LOD 6692 37812 2409 248 193 41801 1372 1910

19-B None 150 7605 277 214 207 <LOD 977 <LOD 5778 38046 2478 344 203 26601 1384 4325

20-B C1l 134 8361 303 130 205 <LOD 1368 <LOD 6745 38851 2772 239 193 40645 1178 4368

21-B S2H 117 11112 288 130 186 <LOD 3975 <LOD 6117 38279 3080 202 169 34248 1264 1430

B Control Control 94 84 13236 330 158 192 210 2308 2789 8001 34563 22584 165 268 36414 1087 1724

1-C S1H 67 3286 238 448 223 <LOD 877 <LOD 4759 34170 2134 196 173 40640 1331 3033

2-C C1L 76 6393 203 442 199 <LOD 1071 <LOD 6781 35914 2613 201 120 51161 841 3951

3-C C1H 48 5145 181 806 208 <LOD 1705 <LOD 6415 36340 2579 277 79 35312 765 4780

4-C C1L 88 6497 281 492 184 <LOD 1447 <LOD 5667 34721 2466 263 152 73570 1030 3765

5-C S1H < LOD 250 200 391 96 <LOD 923 <LOD 5784 34368 1810 154 102 33566 1617 2684

6-C C1H 71 5303 243 437 200 <LOD 712 <LOD 6108 37735 2333 178 179 35995 746 3846

7-C None <LOD 7815 240 402 275 <LOD 922 <LOD 6110 36701 2617 178 224 27902 1173 2885

8-C S2H 58 8810 244 366 177 <LOD 1894 <LOD 6643 37110 2793 161 123 39875 1495 4357

9-C S2L 90 7711 237 321 160 <LOD 1794 <LOD 6443 37176 2862 179 170 32173 1448 4606

10-C S1L 62 4896 217 389 167 <LOD 1087 <LOD 6699 34434 2654 147 127 50086 1615 2947

11-C C1H 50 5840 247 420 154 <LOD 23 <LOD 5281 37056 n/a 177 155 41339 1085 3521

12-C S1L 61 4220 235 511 166 <LOD 863 <LOD 5360 36042 2461 149 134 18437 1358 6378

13-C S1L <LOD 3963 237 504 173 <LOD 595 <LOD 6403 34114 2436 161 159 37454 1142 5099

14-C S1H 46 3201 239 532 174 <LOD 879 <LOD 6637 36627 2724 186 160 42734 1225 2553

15-C S2L 115 6379 246 557 181 <LOD 598 <LOD 6972 36032 2567 123 151 31380 935 2931

16-C S2L 64 6668 221 651 206 <LOD 975 <LOD 7028 36308 2568 152 88 30562 1298 4105

17-C S2H 95 6781 231 428 212 <LOD 816 <LOD 6740 33518 2515 199 141 46789 1108 3601

18-C None 112 7724 203 562 203 <LOD 715 <LOD 6075 36166 2598 127 142 31811 1364 4521

19-C None 115 7664 206 649 198 <LOD 675 <LOD 6525 36549 2343 171 150 25926 2161 4712

20-C C1l 68 5814 227 402 160 <LOD 492 <LOD 5695 36632 2409 198 117 49111 1154 3378

21-C S2H

C Control Control 89 67 11086 425 97 156 184 2799 2355 7361 36468 22868 202 329 31233 978 1493

1-D S1H <LOD 461 57 80 66 <LOD 822 <LOD 704 7609 322 32 193 10719 227 559

2-D C1L <LOD 807 49 90 114 <LOD 828 <LOD 709 7431 295 34 74 11938 85 192

3-D C1H <LOD 426 49 66 74 <LOD 620 <LOD 562 6508 248 39 81 9222 69 181

4-D C1L <LOD 847 61 50 115 <LOD 905 <LOD 741 7802 234 40 73 11422 83 210

5-D S1H <LOD n/a 42 44 71 <LOD 596 <LOD 596 6920 213 33 68 12527 154 <LOD

6-D C1H <LOD 614 59 68 76 <LOD 880 <LOD 896 8149 276 38 78 12153 96 226

7-D None <LOD 1394 60 113 103 <LOD 665 <LOD 718 7134 292 41 155 11639 233 492

8-D S2H <LOD 1362 57 97 95 <LOD 725 <LOD 767 7176 235 38 145 12368 234 279

9-D S2L <LOD 1072 63 52 79 <LOD 853 <LOD 805 7528 249 39 86 11938 185 253

10-D S1L <LOD 433 69 26 39 <LOD 670 <LOD 849 7999 300 52 275 10208 180 <LOD

11-D C1H <LOD 519 49 157 97 <LOD 752 <LOD 714 6831 220 53 61 5116 87 570

12-D S1L <LOD 499 44 106 83 <LOD 665 <LOD 771 7102 246 47 62 9719 294 479

13-D S1L <LOD 356 57 65 112 <LOD 463 <LOD 534 6252 222 38 66 8491 202 415

14-D S1H <LOD 206 50 126 94 <LOD 601 <LOD 844 7097 275 40 104 9783 188 264

15-D S2L <LOD 1102 53 83 75 <LOD 638 <LOD 655 6133 223 36 65 7817 227 204

16-D S2L <LOD 1066 43 71 45 <LOD 509 <LOD 632 5635 204 32 70 8362 166 10

17-D S2H <LOD 1135 64 72 108 <LOD 739 <LOD 1018 8344 361 39 69 12794 240 552

18-D None <LOD

19-D None <LOD 1600 64 78 117 <LOD 730 <LOD 835 7283 293 47 71 9169 269 316

20-D C1l <LOD 1136 65 116 79 <LOD 833 <LOD 934 8523 303 35 128 13206 172 451

21-D S2H <LOD 1395 71 57 112 <LOD 714 <LOD 904 7790 310 34 148 8888 237 240

D Control Control 71 93 10454 293 101 141 153 2260 2707 8027 37231 24776 178 297 49411 997 1498

1-E S1H <LOD 232 51 <LOD <LOD <LOD 310 <LOD 930 5028 n/a <LOD <LOD 11865 281 <LOD

2-E C1L <LOD 224 50 <LOD <LOD <LOD 179 <LOD 920 5682 n/a <LOD <LOD 9983 41 427

3-E C1H <LOD <LOD 30 <LOD <LOD <LOD 168 <LOD 508 3276 n/a <LOD <LOD 14659 42 408

4-E C1L <LOD 386 45 <LOD <LOD <LOD 286 <LOD 652 6264 n/a <LOD <LOD 12656 55 512

5-E S1H <LOD n/a 35 <LOD <LOD <LOD 206 <LOD 817 3861 n/a <LOD <LOD 10353 94 <LOD

6-E C1H <LOD <LOD 44 <LOD <LOD <LOD 263 <LOD 797 6664 n/a <LOD <LOD 19032 44 691

7-E None <LOD 934 59 <LOD <LOD <LOD 240 <LOD 777 5323 n/a <LOD <LOD 10386 257 495

8-E S2H <LOD 670 53 <LOD <LOD <LOD 203 <LOD 664 4790 n/a <LOD <LOD 10670 133 640

9-E S2L <LOD 794 58 <LOD <LOD <LOD 243 <LOD 1088 6636 n/a <LOD <LOD 11607 237 584

10-E S1L <LOD <LOD 46 <LOD <LOD <LOD 167 <LOD 643 3852 n/a <LOD <LOD 12546 140 416

11-E C1H <LOD <LOD 43 <LOD <LOD <LOD 269 <LOD 693 4961 n/a <LOD <LOD 11418 37 658

12-E S1L <LOD <LOD 45 <LOD <LOD <LOD 279 <LOD 789 5598 n/a <LOD <LOD 11604 178 624

13-E S1L <LOD <LOD 39 <LOD <LOD <LOD 189 <LOD 761 4965 n/a <LOD <LOD 9095 129 655

14-E S1H <LOD <LOD 35 <LOD <LOD <LOD 237 <LOD 736 5047 n/a <LOD <LOD 8812 174 450

15-E S2L <LOD 632 31 <LOD <LOD <LOD 163 <LOD 596 3723 n/a <LOD <LOD 7854 118 <LOD

16-E S2L <LOD 624 33 <LOD <LOD <LOD 175 <LOD 830 3503 n/a <LOD <LOD 10300 221 442

17-E S2H <LOD 534 40 <LOD <LOD <LOD 168 <LOD 794 5158 n/a <LOD <LOD 11221 161 496

18-E None <LOD 1135 47 <LOD <LOD <LOD 219 <LOD 1144 6017 n/a <LOD <LOD 11232 152 720

19-E None <LOD 1129 54 <LOD <LOD <LOD 228 <LOD 1151 6832 n/a <LOD <LOD 17443 226 832

20-E C1l <LOD 547 59 <LOD <LOD <LOD 263 <LOD 853 5312 n/a <LOD <LOD 12098 86 460

21-E S2H <LOD 892 39 <LOD <LOD <LOD 200 <LOD 1018 5477 n/a <LOD <LOD 10368 199 845

E Control Control 54 76 9927 457 61 152 131 1744 2418 7837 33947 22130 159 302 46253 1069 1257
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Appendix E – Residence Time Distribution Curves for Baffle Configuration 

Experiment 
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