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Removal Efficacy of Nursery Tail-Water Nitrogen and Phosphorus using Ferric aided Zeolite 

Sieves with or without Bioreactors 

 

Anna Christine Paulk Birnbaum 

 

Nitrogen (N) and Phosphorus (P) runoff from containerized nurseries contributes to 

eutrophication in impaired US waterways. Best management practices (BMPs) have been in 

development for much of the agricultural sector to help combat this problem.  Unfortunately, 

the only approved BMP for the containerized nursery industry is >95% runoff containment of 

>19 mm rainfall through the use of retention ponds. This study aimed to evaluate the 

effectiveness of ferric aided zeolite sieves with or without bioreactors as a potential BMP for N 

and P removal of containerized nursery production tail-water. A continuous flow of nursery tail-

water was pumped through nine treatment trains for twelve weeks along with a 4.5 mg·L
-1 

injection of iron using ferric sulfate.  Aqueous nutrient samples were collected weekly and 

electrochemical properties were measured in situ. The ferric aided zeolite sieve without 

woodchip bioreactor achieved an average P removal efficiency of 29.8% with no effect on N 

removal.  Woodchip bioreactors preceding zeolite had a net increase of P (-3.3%), but was 

effective for N removal with an average rate of 14.3%. Higher N removal was expected by the 

denitrification bioreactors; however, retention times, presumably >24hrs, and high sulfur 

concentrations led to dissimilatory nitrate reduction to ammonium (DNRA) as opposed to the 

desired denitrification which results in the product of innocuous dinitrogen gas.  Results 

indicate that ferric aided zeolite+woodchip bioreactor treatment trains may be effective for N 
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and P reduction in nursery tail-water if designed properly to avoid excessive retention times in 

the denitrification bioreactors.  

 

1.0 Introduction 

1.1 Agricultural Runoff  

Nitrogen (N) and phosphorus (P) are major sources of contaminants to United States waterways 

including the Chesapeake Bay watershed, Gulf of Mexico, Long Island Sound, and Great Lakes, 

leading to eutrophication (Howarth 2010).  Agriculture in Virginia, including the container 

nursery industry, contributes to 20% of the total P and 42% of the total N deposited into the 

Chesapeake Bay (USEPA 2015).  Fertilizers are responsible for 34% of N and 38% of the P 

contributions by agriculture (Majsztrick et al. 2013).  Joyce (2000) reports nursery and 

greenhouse producers are the largest users, per unit area, of fertilizers and pesticides in the 

agricultural sector. Nitrate N (NO3-
-N) and phosphate P (PO4-

-P) effluent concentrations in 

nursery waters can range from 0.1 to 135 mg·L
-1

 and 0.01 to 20 mg·L
-1

, respectively (White et al. 

2011).  

 

1.2 Regulations and Best Management Practices  

Nutrient loss reduction goals have been developed by the EPA for several regions with impaired 

waterways including the Chesapeake Bay watershed (USEPA 2015). Much of nutrient pollution 

by the nursery industry is from surface runoff and is considered non-point source (NPS). Total 

maximum daily loads (TMDL), an estimate of the maximum daily amount of a specific pollutant 

that a water body can receive and still meet water quality standards (Majsztrick et al. 2013), 
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have been established in accordance with USEPA water quality standards to help regulate NPS 

pollution. The end goal is to reduce the pollutant load in the Chesapeake Bay to a level that 

warrants removal from the 303(d) list of impaired waters (U.S. EPA 2010b). A variety of best 

management practices (BMPS) for nutrient and metal runoff have been developed and 

implemented to allow for the adherence to these regulations in the agricultural sector 

(Majsztrick et al. 2013, Scholes et al. 2008).  A complete list of International BMPs for 

stromwater management can be found through the International Stormwater BMP Database 

(2014) and a list specific to the state of Virginia can be found online through The Virginia 

Department of Environmental Quality (DEQ 2012). BMPs such as controlled-release fertilizers, 

retention ponds, grass buffer strips, drip irrigation, and cyclic irrigation are available for use in 

the nursery industry. However, ≥95% containment, through the use of tail water recovery 

ponds, is the only nutrient management tool in the containerized nursery industry currently 

accepted by EPA or DEQ (Fulcher et al. 2016, Mack et al. 2017, Mayeager et al. 2010). Mack et 

al. (2017) found cost to be the most frequently reported barrier to BMP implementation as 

reported by Virginia nursery growers. Cost share programs or conservation payments are used 

by state and local governments along with the EPA as incentives for growers to implement 

BMPs.  Unfortunately, the majority of the dollars set aside by the EPA have been allocated for 

other agricultural sectors and not for the nursery industry (Majsztrick et al. 2013). 

 

Green infrastructure treatment trains are becoming popular in the treatment of stormwater 

runoff and include: wetlands, retention ponds, bioretention basins, swales, and sedimentation 

ponds. Implementing many treatment measures in a series, allows for enhanced nutrient 
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removal of multiple nutrients (Jayasooriya et al. 2016). The agricultural sector is only beginning 

to develop treatment train technology for agricultural runoff and drainage. Hua et al. (2016) 

found woodchip bioreactors followed by steel industry byproduct for filtration to be an 

effective treatment train for removal of N and P from agricultural subsurface drainage. In a 

similar study conducted in columns, Christianson et al. (2017) evaluated the effectiveness of 

woodchip bioreactors followed by either acid mine drainage treatment residuals or steel slag. 

The Christianson et al. (2017) study found both P-sorbing filter treatment trains effective for 

removing N and P and the acid mine residuals had greater P removal than the steel slag (25-133 

verses 9-45 g P·m-
3
·d

-1
). Christianson et. al (2017A) reported a treatment train approach is more 

desirable than mixing of the woodchips and P-sorbing materials (PSMs) because it reduces the 

risk of creating preferential flow paths due to different media sizes, eliminates the need for 

homogenous mixing, and allows for replacement of the PSM when it becomes saturated.  This 

study will look at the effectiveness of ferric aided molecular zeolite sieves, with or without the 

treatment train effect of woodchip bioreactors, as a BMP for treating N and P in nursery tail-

water.  

 

1.3 Woodchip Bioreactors 

Denitrifying bioreactors are an already well established BMP, most commonly used for the 

treatment of NO3-
 in agronomic tile drainage. These bioreactors are used as a low cost 

technology to help combat increasing levels of reactive N present in farm leachate and runoff. 

Woodchip bioreactors are a long lasting treatment technology as they have been shown to 

remove NO3- 
 for 10 or more years while requiring minimal maintenance (Christianson et al., 
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2012; Schipper et al., 2010).  Woodchip denitrification bioreactors use wood as the carbon 

source to supply energy for denitrifying bacteria who use organic electron donors to convert 

NO3-
 to dinitrogen (N2) gas. Studies on agronomic woodchip bioreactors have found that they 

have NO3-
 removal efficiencies ranging from 33 to 100% or 2-22 g N·m-

3
·d

-1
 (Schipper et al. 

2010). Hydraulic retention time (HRT) is important to woodchip bioreactor remediation efficacy.  

As HRT increases, NO3-
 removal increases; however, overly long retention times, in N-limited 

environments, promote sulfate reduction and the formation of hazardous methyl mercury 

(Lepine et al. 2016).  Lepine et al. (2016) recommends an optimum HRT of 24 hrs for 65% NO3-
-

N removal while avoiding the formation of hazardous water chemistries. No significant 

differences have been found in NO3-
 removal rates when utilizing softwood verses hardwood as 

a woodchip source (Abby et al. 2016). Ilhan et al. (2011) found woodchip denitrification systems 

provide the added benefit of strong adsorption for four commonly used herbicides and 

antibiotics including enrofloxacin, monensin A, atrazine, and sulfamethazine.  

 

1.4 Ferric Salts 

Traditional wastewater treatment for removal of P is either carried out by biological or chemical 

methods. The biological approach uses polyphosphate accumulating organisms and requires 

alternating cycles of anoxic and oxic environments (Zhnag 2011). The need for alternating 

cycles of anoxic and oxic conditions make the biological approach impractical for low cost and 

on-farm treatment trains. Chemical precipitation of PO4-
 using varying formulations of ferric 

salts has been long used in traditional chemical water treatment (Hsu 1973).  The most 

commonly used of these is ferric chloride (FeCl3) (Hammer 1986), but others such as ferric-
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calcium complexes (Qiu et. al 2015), ferric sulfate [Fe2(SO4)3] (Jang et. al 1998), and amorphous 

ferric oxyhydroxide [am-Fe(OH)3] (Zhang 2011) have also proven to be effective. Ferric sulfate 

was utilized in this study as a chemical coagulant because of its availability and to avoid 

potential chlorine phytotoxicity if water post treatment was reused to irrigate nursery crops. 

Chlorine becomes a phytotoxicity hazard in nursery production when levels exceed 71 mg·L
-1

 in 

irrigation water (Bailey et al. 1999).  

 

1.5 Phosphorus Sorbing Materials 

Relatively new research has begun to look at various forms of PSMs for NPS water remediation. 

A variety of PSMs have been evaluated for their efficacy in treating wastewater.  These 

materials include; natural material sorbents: shale (Al), limestone (Ca), iron oxides (Fe); 

synthetic filtration products: expanded calcinated clay aggregates (Ca), synthetic analogs of 

zeolite (Al); by-products from industrial activities: steel slag (Ca), fly ash (Al, Fe) and drinking 

water treatment residuals (Fe, Al)(Buda et al., 2012). Phosphorus sorbing materials should have 

a high affinity for P and be able to sorb phosphorus quickly and strongly even when P 

concentrations in wastewater are low (Lyngsie et al., 2010, Penn et al., 2014). Ideal and 

practical PSMs should be cost effective, have physical properties conducive to good hydraulic 

conductivity, and be replaceable after the material reaches its saturation point (Penn et al. 

2014).   
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1.6 Zeolite 

Zeolite (Figure 1.1) is an aluminosilicate mineral with an open lattice structure formed by a 

tetrahedral framework of silicon (Si
4+

) and aluminum (Al
3+

) resulting in a permanent net 

negative charge and subsequent high cation exchange capacity (CEC)(Figure 1.1).  Zeolite has 

the ability to hydrate, dehydrate, and exchange cations with little structural change (Boettinger 

et al. 2000, Dubey et al. 2013). Silicon, Al
3+

, and oxygen (O) are within the framework of zeolite 

while cations, water, and/or other molecules are located within the interconnected channels 

and pores (Dubey et al. 2013). The negative charge on the framework is balanced by  

monovalent or divalent cations (Na
+
, K

+
, Ca

2+
) bound by water. These cations are weakly held 

and exchangeable with certain other cations in solution including Fe
3+

, Fe
2+

 and NH4+
 (Dubey et 

al. 2013).  

 

 

 

 

 

 

 

Many different kinds of zeolite are found worldwide. Clinoptilolite, along with heulandite 

zeolite are the two most abundant zeolites. Both are also the most selective of the zeolites for 

metal cations and NH4+
 (Dubey et al. 2013).  

 

Figure 1.1. Basic structure of zeolites (Dubey et al. 2013). 
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The high ion exchange capacity, high surface area, and low cost of zeolite makes it an excellent 

candidate for nutrient sorption for nursery tail-water remediation; however, its inherent net 

negative charge makes it unsuitable for PO43-
 removal on its own (Dubey et al. 2013). This has 

led to the development of surface modified zeolites (SMZs).  Surface modified zeolites (SMZs) 

combine the cation sorption properties of unmodified zeolite with the additional ability to sorb 

numerous anionic species of metals and polar organic molecules including: arsenic, chromium, 

iodide, N, P, antimony and perchlorate (Dubey et al. 2013). Zeolite modification with Fe and Al 

oxides are two of the most commonly used methods to improve the anion exchange capacity of 

zeolites (Guaya et. al. 2015). Guaya et al. (2015) successfully modified clinoptilolite zeolite with 

Al
3+ 

by incorporation of hydrated Al oxide (HIAO) to increase P removal from 0.6 mg·g
-1

 natural 

zeolite to 7.0 mg·g
-1

 modified zeolite. There was negligible decrease in NH4+ 
sorption from 33 

mg·g
-1

 Z to 30 mg·g
-1

 from naturally occurring to modified with Al zeolite. Sorption capacities for 

P and N were only slightly reduced (less than 5%) when other common ions found in secondary 

waste water effluents were added to the solution. Sodium chloride (NaCl) modified zeolites 

have also been shown to be effective sorbents for NH4+ 
and PO43-

. A study by Cheng et al. (2017) 

found NaCl modified zeolite to have a maximum removal efficacy of 92 % for both NH
3+ 

and 

PO43-
. Mikhak et al. (2016) synthesized a nano Fe(OH)3 coated zeolite [Fe(OH)3-zeolite ].  Results 

of a column study showed maximum phosphate adsorption capacities, at a pH of 2 ± 1, of 90% 

by Fe(OH)3-zeolite versus 75% by Fe coated zeolite nano particles.  Cationic (organic) 

surfactants are also used to modify the surface structure of natural zeolite. They form positively 

charged exchange sites for sorption of anions. Large molecules of the surfactants do not enter 
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the zeolite channels, but remain on the surface leaving the channels negatively charged for 

continual sorption of inorganic cations (Northcott 2010).  

 

Unfortunately, all of the SMZs mentioned above have only been synthesized on the lab scale for 

column studies and are not available for consumers. In this study, ferric sulfate solution was 

injected into the system to theoretically generate SMZ and act as a cation bridge to increase P 

retention. Further, the zeolite also retained excess aqueous Fe and precipitated Fe phosphates.  

 

1.7 Research Purpose 

The objective of this study is to examine the efficacy of ferric aided zeolite filled molecular 

sieves in conjunction with or without preceding woodchip bioreactors for removal of N and P 

from container nursery runoff on a pilot scale as a potential BMP for container nurseries.  More 

specifically, the researchers hoped to bind iron-phosphate and/or phosphate with a molecular 

zeolite sieve, remove excess iron from the influent, and determine the impact of the sieves on 

water electrochemical properties and subsequent zeolite sorption effectiveness. Current 

research shows zeolite is effective for removing N and P from wastewaters, but the research 

knowledge has not been tested on a field scale.  

 

2.0 Materials and Methods 

2.1 Site Description 

Treatment systems were installed for comparison of treatment efficacy at Virginia Polytechnic 

University’s Hampton Roads Agricultural Research and Extension Center located in Virginia 
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Beach, Virginia (36.863140, -76.015778) to treat approx. 15,552 L·d
-1

  latent tail-water from a 

research nursery tail-water recovery basin (TRB) for N and P removal. Four-inch liners (Spring 

Meadow Nursery Inc., Grand Haven, MI) of Spirea nipponica ‘SMNSNFID’ Wedding Cake®, 

Exochorda ‘Niagara’ Snow Day Surprise®,  Weigela florida ‘VUKOZGemini’ Czechmark Trilogy®,  

Itea virginica ‘SMNIVDFC’ Scentlandia®, Vitex agnus-castus ‘SMVACBD’ Blue Diddley®, and Rosa 

‘EKvossutono’ Julia Child®, with 140 plants per taxa, were planted on 01 May 2018 in 11.36 L 

(C1200; Nursery Supplies, Chambersburg, PA) containers using a pH adjusted, ≤ 12.7 mm, 

stabilized loblolly pine (Pinus taeda) bark (PM2; Pacific Organics Inc., Henderson, NC) soilless 

substrate. Plants were top-dressed on 02 May 2018 with 37 g 8-9 month 19N-1.748P-6.64K 

controlled release fertilizer (19-4-8 + minors, Harrell’s LLC, Lakeland, FL) immediately following 

planting and placement on a 1-mm thick ethylene propylene diene monomer rubber (EDPM) 

ground cover (PondGard Rubber Liner; Firestone Specialty Products, Indianapolis, IN). Plants 

were also continually fertigated at a rate of 48 mg·L
-1

 N using a 24N-3.70P-13.28K water soluble 

fertilizer (24-8-16 + minors; Agricultural Insecticides, Inc., Hendersonville, NC) and piston 

injector (D8RE2 at 1:500; Dosatron Intl. Inc., Clearwater, FL).  The TRB was recharged for 60 min 

daily (0500-0600 HR) from an overhead irrigated (13 mm/hr; 3- and 4-123PC Sprinkler #8 and 

#11 nozzle; Senninger, Clermont, FL) 12.2 x 24.4 m open air-nursery and directly filled post 

injection for 3 hr each day from 0330 to 0500 HR and then again 1700 to 1830 HR. Water was 

continually delivered via a 19 mm polyvinylchloride (PVC) pipe from the TRB using a submerged 

wet rotor pond pump (F40-5500 566727; Little GIANT, Oklahoma City, OK).  
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2. 2 Treatment System Design 

Three open-air treatment systems were constructed for each of the three treatments: (1) 

zeolite only, (2) zeolite reactor, preceded by woodchip bioreactor, and a (3) water blank 

control. Each system was replicated three times in a randomized block design. Each system was 

designed to adjust inflow and outflow and to facilitate the collection of samples of influent, 

effluent, and a third post woodchip reactor sample for the woodchip coupled system. Samples 

were collected for metal or ion analysis. A 8.0% ferric sulfate solution was injected into the 19-

mm diam. PVC influent line using a diaphragm chemical metering pump (Pulsatron LB02SA-

PTC1-G19; Pulsafeeder, Punta Gorda, FL) at a rate of 4.5 mg·L
-1

 Fe (50% ferric sulfate solution, 

Altivia Chemicals, Houston, TX). Following the ferric sulfate injector, influent piping transitioned 

from 19.0 mm to 3.2 cm diameter PVC loop in which the delivery side header was elevated 132 

cm above grade to facilitate ease of leveling and influent delivery into the center top of each 

treatment system. Influent was delivered to each treatment system via a 64-cm long, 12.7-mm 

diameter PVC nipples and flow controlled by inline brass ball valves (Everbilt 116-2-12-EB, The 

Home Depot, Atlanta, GA) connected to the elevated 2.54-cm header supported and leveled by 

adjustable, wooden, 5 x 5 x 10 cm crosses. The influent ball valves were used to maintain a flow 

of ≈1200 ± 100 mL/min.  Influent flow rate was maintained at a flow rate of 25% above the 

volume moving through the reactors to provide a buffer for influent flux. Excess water 

overflowed from the top of the reactors via overflow holes at a rate of ≤ 400 mL/min. At the 

end of each system, a bulkhead tank fitting (Banjo Corporation, Crawfordsville, Indiana) was 

reduced from 3.18 cm to 1.9 cm polyvinylchloride (PVC) all followed by a 1.9 cm female 

threaded brass gate valve (ProFlo Inc., North Haven, CT) to control effluent flow at a constant 
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rate ≈800 ± 80 mL/min. Influent and effluent flow was checked and calibrated daily. The 3.18-

cm effluent piping included a 3.18 X 1.9 cm tee and had a 2.54 cm diam. section of 1.9-cm PVC 

connected to a 1.9 cm PVC ball valve (American Valve, Greensboro, NC). The 1.9 cm PVC  

ball valve was installed for sampling within the treatment chain (Figure 2.1, Appendix B B.1).  

 

 

Temperature and electrochemical properties including electrical conductivity (5560, YSI Inc., 

Yellow Springs, OH), oxidation-reduction potential (1002, YSI Inc., Springs, OH) and pH (1001, 

YSI Inc..), of each tank and the tail-water basin were measured in situ weekly with a multi-probe 

meter (YSI Professional Plus, YSI Inc.).  Measurements were taken by placing the probe 20.3 cm 

below the surface of the water for each treatment in the center of each of the tanks.  

 

Influent Flow Direction  
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The zeolite only treatment Z, consisted of one 378.5-L structural foam stock tank (Product 

4242-88; Rubbermaid, Atlanta, GA) filled with 0.23 cubic meters of 7-14 mesh clinoptilolite 

zeolite with a CEC of 147-250 meq/100 g (Ida-Ore Zeolite LLC., Nampa, ID). The zeolite had a 

mean (n=3) total elemental concentration of 105.1 ± 35.4 mg·kg
-1 

P, 6,689 ± 310.2 mg·kg
-1 

Ca, 

445.9 ± 11.5 mg·kg
-1 

Mg, 27,329.5 ± 142.2 kg·L
-1 

  K, 1,858.6 ± 103.0 kg·L
-1 

  Fe, 25.1 ± 4.7 kg·L
-1 

  

Mn, and 18,944.6 ± 578.1 kg·L
-1 

 Al (S002, Brookside Laboratories, New Bremen, OH, USA) 

(Table A.3. Appendix A). A 20-cm diameter (0.5 cm wall) PVC ring was inserted 10 cm into the 

top of the zeolite, emptied of zeolite, and used as a sampling well for weekly measurements of 

electrochemical properties. In the center, 5.48 cm from the bottom of the tank opposite of the 

influent (east facing), a bulkhead fitting (Banjo Corporation, Crawfordsville, Indiana) was 

inserted.  Prior to filling the tank with zeolite, a 34-cm length piece of corrugated drain pipe 

perforated with a 10.2 cm inner diameter (Cortex # 04010050, The Home Depot), was covered 

in jersey mesh fabric and placed at the bottom of the interior of the tank over the bulkhead to 

allow water to exit the tank without zeolite clogging the effluent outflow.  

 

The zeolite tank, preceded by woodchip bioreactor, treatment WZ, consisted of five 378.5-L 

structural foam stock tanks in sequence. The first four were filled with 0.23 cubic meters of 

woodchips. Woodchips were composed of primarily pine, but also with small amounts of tulip 

poplar, maple, privet, and forsythia. Woodchip mean (n=3) particle size distribution (percent by 

weight), as determined by a 5-minute mechanical agitation with oven-dried substrate, was as 

follows: > 15% ±6% >19.0mm, 37%±0% 12.5-19mm, 17%±7% 4mm-12.5mm, 25% ± 10% 1.4mm-

4mm, 6% ± 1%< 1.4mm. The original woodchip had a mean of 39,333±4923.7 mg/kg mineral 
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matter, 5623.3 mg/kg ± 827.1 N, 466.67 ± 57.72 mg/kg P, 366.67±57.73 mg/kg S, 157.3 ± 64.60 

mg/kg Fe, 35.94±5.566 mg/kg Mn, and a C:N ratio of 81.33:1±12.41 (Z004, Brookside 

Laboratories)(Table A.4. Appendix). The fifth reactor was filled with 0.23 cubic meters of the 

previously mentioned 7-14 mesh clinoptilolite zeolite. Treatment WZ was designed to have a 

hydraulic retention time (HRT) of approximately 4 hours. The tanks were connected using 45.7-

cm sections of 3.2 cm diam. polyvinylchloride(PVC) pipe and bulkhead fittings (Banjo 

Corporation). The connections were staggered flowing out the bottom of tank one to the 

bottom of tank two, out the top of tank two to the top of tank three, out the bottom of tank 

three to the bottom of tank four, out the top of tank four, to the top of tank five (Figure 2.2). 

The joining 45.8-cm PVC sections were intersected in the middle with a PVC Tee, which was 

fitted with a 1.9 cm PVC ball valve. These ball valves were installed for sampling and unclogging.  

Before filling with woodchip, each bottom bulkhead of the four woodchip tanks was fitted 

internally with a 3.18 cm male threaded by female slip PVC adaptor which held a 30.5-cm 

section of 3.2-cm diam. PVC that had been drilled with 40 evenly distributed 1.6-cm holes and 

covered with jersey mesh fabric to prevent woodchip from entering the bottom conjoining 

pipes between tanks.  

 

The water blank control (C) consisted of one 378.5-L structural foam stock tank.  A 3.2-cm 

female slip PVC adaptor held 30.5-cm of 3.2-cm diameter PVC that was drilled with 40 evenly 
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distributed 1.58 cm holes. An elbow was added to the end, followed by a 12.7-cm linear 

section, followed by another elbow coupled to the 30.5-cm section of perforated PVC that was 

covered with a jersey mesh fabric.  The U-shaped PVC structure allowed for greater surface 

area from effluent drainage.  A 30.5-cm section of holed PVC section alone, such as in the 

woodchip tanks, was rapidly coated in iron phosphate sludge leading to implementation of the 

U-shaped drain pipes added on 28 June 2018.  The 1.9 cm brass gate valve to control effluent 

flow was modified to a 1.27 cm brass gate valve on 17 July 2018 to allow for greater drainage 

surface area to prevent clogging of the valve by iron sludge while maintaining desired flow rate.   

 

2.3 Bioreactor acclimation 

Unfertilized pond water was pumped through the bioreactors for 33 days, from 29 March 2018 

to 01 May 2018, to allow for colonization by native microorganisms. Influent ran through the 

system intermediately and ferric sulfate dosing occurred sporadically starting on 01 May 2018 

to 5 June 2018 for system testing and calibration. Constant influent flow began 06 June 2018 

and marked experiment initiation (0 days after initiation; DAI).  The experiment was terminated 

78 DAI on 23 Aug 2018.   

 

2.4 Bioreactor regular maintenance 

Ball valves between woodchip tanks of treatment two were opened and flushed weekly to 

prevent clogging of the woodchip systems. The top 15.2 cm of the zeolite tanks were stirred by 

hand approximately every 10 days starting on week five to break up hydrophobic iron 

phosphate “sludge” and allow for water to infiltrate the zeolite reactors.  
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2.5 Monitoring nutrient and iron concentration 

To compare N, P, and Fe removal efficacy, 22 samples were collected weekly in 30-mL HDPE 

bottles (Nalgene, Thermo Fisher Scientific, Waltman, MA) for 12 weeks. Effluent and influents 

samples were collected five hours post daily calibration to give the system time to equilibrate.  

Additionally, an aliquot from the pond and the point between last woodchip tank and the 

zeolite tank in the zeolite preceded by woodchip bioreactor treatment were sampled. An 

aliquot of each sample was filtered (0.2 micron) Thermo Scientific Target2 PVDF Syringe Filters 

(Target2, Thermo Scientific) and analyzed for ammonium (NH4+
), nitrite (NO2-

), and nitrate (NO3-

) on an ICS-1600 ion chromatography system (Thermo Scientific, Madison, WI) equipped with a 

4 x 250 mm (i.d. x length) AS22 anion-exchange column, a 4 x 250 mm CS12A cation-exchange 

column and an AS-AP auto-sampler on a 25 μL sample loop driven by an isocratic pump.  The 

remaining sample was filtered using .45 micron Syringe Filters (Thermo Scientific Target2 PVDF) 

into clean 30-mL HDPE bottles. The filtered 30-mL bottles were sent to Brookside Laboratories 

(New Bremen, OH) for analysis of total dissolved Fe and P (analyses W150 and W190) using an 

inductively coupled plasma mass spectrometer. Hydrophobic iron phosphate sludge was 

removed from the water blank control treatment and sent for compost nutrient analysis 

(analysis Z004, Brookside Laboratories). 
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2.6 Gas Analysis  

A portable gas analyzer (Gasmet DX4040 Helsinki, Finland) was used on 13 August 2018, week 

11, to analyze gas emissions (CO2, CH4, N2O, SO2)  from each of the 21 tanks.  Samples were 

collected by waving the sampling probe across the entire top surface of the tanks 16 cm above 

the surface of substrate or water.  The sampling time was one minute followed by an one 

minute purge with ambient air between samples.  

 

2.7 Hydraulic Retention Time 

Hydraulic retention time through WZ was estimated on 24 August 2018, the day following final 

nutrient sampling. A visible concentrate of yellow/green xanthene dye (Bright Dyes, 

Miamisburg, OH) was injected via the diaphragm chemical metering pump that was previously 

used for iron. Each of the five tanks in WZ were visually inspected every 30 minutes for twelve 

hours and visual intensity of dye was recorded. Influent and effluent samples for each tank 

were collected every 30 minutes for 10 hours.  Samples were filtered (0.45 micron), as was 

previously described for total dissolved Fe and P analysis. Samples were analyzed for color 

saturation by flow injection analysis at 880nm (Lachat Instruments, Loveland, CO).  

 

2.8 Data Analysis 

Nitrogen values are reported individually as NH4+
-N,  NO2-

-N, NO3-
-N or in sum as dissolved 

inorganic nitrogen (DIN = NH4+
-N + NO2—

N + NO3-
-N). Reported P and Fe are as total 

phosphorus (TP) and total iron (TFE).  SAS JMP® Pro 13.0.0 (SAS Institute Inc. Cary, NC, USA) was 

used to perform statistical analyses. Normality assumptions were tested both visually using the 
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histogram and residuals as well as the Shapiro-Wilk goodness-of-fit test, and SAS suggested 

guidelines for skew and kurtosis.  Weekly nutrient data and electrochemical were analyzed 

using a MONAVA for repeated measures.  Analysis of variance (p≤0.05) and Tukey's HSD 

(p≤0.10) was utilized between treatments per week when appropriate. Dunnett's (p≤0.10) to 

compare to control. Analysis of zeolite and woodchip was performed similarly with product 

collected prior to experiment initiation and tested via Dunnett’s (p≤0.10).  An asterisk (*) 

represents p≤0.10 in Dunnett's means separation unless otherwise noted. Cumulative means 

across twelve weeks were analyzed using Tukey's HSD. All values are reported as mean ± 

standard error unless otherwise noted.  

Week three was excluded from the data analysis, except for when calculating cumulative 

removal.  There were technical difficulties resulting in poor flow that arose during week three.  
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3.0 Results and Discussion 

3.1 Tail-water Properties 

The 12 week mean concentrations of TP and DIN in the nursery tail-water retention pond were 

8.3 ± 0.9 mg·L
-1

 and 81.3 ± 9.8 mg·L
-1

, respectively. These numbers fall within the typical N and 

P ranges for nursery runoff (White et al. 2011). Mean 12 week electrochemical properties for 

the retention pond were as follows; EC 462.5 ± 30.0 uS/cm, ORP 154.5 ± 63.7 mV, pH 5.91 ± 

0.18, and temperature 25.6 ± 1.3˚C 

 

3.2 Phosphorus Removal 

The mean TP removal over 12 weeks averaged 124.3 ± 27.4 g for zeolite only treatment (Z), -2.2 

± 17.2 g for zeolite preceded by woodchips treatment (WZ), and 10.1 ± 1.2 g for water blank 

control treatment (C) (Table 3.1). The removal efficiencies for TP by week over the study period 

are shown in Table A.1 (Appendix A). There were no differences in weekly TP removal 

efficiencies between treatments C and WZ, 2.8% ±10.5 and -3.3% ± 44.6, respectively.  

Treatment Z had increased weekly removal efficacy of 26.9% ± 19.6 (Figure 3.1). 
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Figure 3.1. (A) Mean percent TP removal and (B) mean cumulative TP flux as a function of 

weeks after initiation (WAI).  Treatments are represented by C (water blank control), WZ 

(woodchip preceding zeolite), and Z (zeolite only).  Each error bar is constructed showing one 

standard deviation from the mean.  
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The one unit lower pH in Z as compared to WZ, 5.3 vs 6.3, may partially explain the differences 

in removal efficiencies between Z and WZ.  Mean weekly electrochemical properties per 

treatment are shown graphically in figure 3.2 and in Table A.2.  Mikhak et al. (2016) determined 

that PO43-
 removal by[Fe(OH)3-zeolite increased as the pH decreased. As pH increases, hydroxyl 

ions concentration increases and compete with PO43-
 for binding sites on the adsorbent (Liu et. 

al 2016). Differences between mean ORP values may also partially explain the differences in P 

removal between Z versus WZ, 166 ± 21 mV and -220 ±26 mV, respectively.  Andres et al. (2018) 

reported a 10% increase in PO43-
 sorption onto zeolite when ORP increased from less than -

50mV to greater than +50mV. Christianson et. al (2017) hypothesized that highly reduced 

conditions, ORP values less than -150mV, may cause a release of P from Fe-based P-sorbing 

filter media and provide less than optimal conditions for sorption. 

 

Christianson et al. (2017) suggests Fe based P-sorbing filters placed downstream of highly 

reduced (ORP less than -150 mV) may result in desorption of P from the filters, also 

Christianson et al. recommends adding P-sorbing filters before the woodchips in a highly-

reduced treatment train system to optimize P-sorption.  

 

Week 12 zeolite analysis (Table A.3) shows Z contained three times as much Fe as WZ.  This 

provides further evidence that treatment WZ removed less P than treatment Z due to Fe 

sorption.  Less Fe bound to the zeolite leads to the assumption that there were less cation 

bridges to bind the PO43-
 to the zeolite.  
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The inherent nature of woodchips pre-experiment with a P concentration of 466.7 ± 57.7 mg 

P·kg
-1

 as opposed to natural zeolite having of 105.1±35.4 mg·kg
-1

 P (Table A.4, A.3) could also 

explain the reduced TP removal in treatment WZ.  Sharrer et al. (2016) found the most rapid 

period of P leaching from woodchip denitrification bioreactors to occur within the first 24 hours 

of operation with a P-leaching potential of 20-30 mg·kg
-1

. Sharrer et al. (2016) reported an 

initial net export of P from woodchip bioreactors, but after the initial start-up period woodchips 

consistently removed 15% to 54% of the P from influent aquaculture waste water. The results 

of Sharrer et al. (2016) suggest that the reduced P removal efficacy of WZ was likely not due to 

P leaching from the woodchips.  

 

Week nine saw a sharp increase of TP removal for Z (-3.56 mg·L
-1

, -28.71 g) and WZ (-3.21 mg·L
-

1
, -25.91 g) as compared to the weekly means as shown in Table A.1.  This sharp increase in 

removal rates could be due to the open research vessels and open-air container nursery 

receiving over 127 mm of rain over two weeks leading up to the sampling date and thereby 

diluting the reactors. 

 

Table 3.1. Cumulative removal for P and Fe by mean nutrient concentration (mean ± 

standard deviation) (n=3 for each treatment). Treatment types are represented by C 

(water blank control), WZ (woodchip preceding zeolite), and Z (zeolite only). 

 

Treatment TP (g) TFe(g) 
Z 124.3 ± 27.4 B 56.8 ± 0.7  C 

WZ -2.2 ± 17.2    A 12.3 ± 2.2  A 

C 10.1 ± 1.2     A 20.9 ± 2.6  B 

Means with different letter differ significantly from other means with the same 

concentration at p<0.05. 



24 
 

 

 

 

 

 

Figure 3.2. Mean electrochemical properties by treatment type as a function of experimental 

week. Each error bar is constructed showing one standard deviation from the mean. 

Treatments are represented by C (water blank control), WZ (woodchip preceding zeolite), and Z 

(zeolite only). 
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3.3 Nitrogen Removal  

The mean DIN removal over 12 weeks averaged -225.8 g ± 42.3 for Z, 465.6 ± 99.1 g for WZ, and 

11.6±16.4 g for C with all treatments having differences in overall removal as shown in table 

3.3. The weekly removal efficiencies for DIN over the study period are shown in table A.1.  

There was no difference in weekly DIN removal efficiencies between treatments C and Z, -1.3% 

± 6.8 and -11.5% ± 23.5, respectively. WZ had increased weekly DIN removal efficacy of 14.3% ± 

27.7 (Figure 3.3).   

 

 

Table 3.3. Cumulative removal for N (mean ± standard deviation) (n=3 for each treatment). 
Treatment types are represented by C (water blank control), WZ (woodchip preceding 

zeolite), and Z (zeolite only).  Treatment types are represented by C (water blank control), 

WZ (woodchip preceding zeolite), and Z (zeolite only). 

Treatment DIN(g) NO3-(g) NH4+-N(g) NO2-N(g) 
Z -225.8 ± 42.3 A -37.80 ± 16.0  A 34.58 ± 31.6   B -222.6 ± 24.6 A 

ZW 465.6 ± 99.1  C 1393.6 ± 3.9   C -949.9 ± 95.2 A 21.8 ± 0.0       B 

C -11.6 ± 16.3   B 41.73 ± 14.1   B -44.36 ± 4.0    B -8.99 ± 4.4      B 

Means with different letter differ significantly from other means with the same 

concentration at p<0.05. 
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Figure 3.3. (A) Mean percent DIN removal and (B) mean cumulative DIN flux as a function of 

weeks after initiation (WAI).  Treatments are represented by C (water blank control), WZ 

(woodchip preceding zeolite), and Z (zeolite only).  Each error bar is constructed showing one 

standard deviation from the mean. 
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3.3.1 Nitrate 

The NO3-
-N removal over 12 weeks averaged 37.8 ± 16.0g for treatment Z, 1,393.6 ± 3.9 g for 

treatment WZ, and 41.7 ± 14.1g for treatment C. Table 3.1 reports differences in overall 

removal between treatments. The NO3-
-N removal efficiencies by week over the study period 

are shown in table A.1. All treatments, C, Z, and WZ varied in weekly percent NO3-
-N removal 

efficiencies with rates of 2.5% ± 6.2 -2.4% ± 9.8, and 99.7% ± 0.8 respectively (Figure 3.4).   

 

An average of 99.7% ± 0.8 of the weekly influx NO3-
-N influx was removed by treatment WZ.   

NO3-
-N removal at this rate would typically indicate a well functioning denitrifying bioreactor.  

Typical woodchip bioreactors have removal efficiencies of 33 to 100% (Schipper et al. 2010). 

However, treatment WZ saw a net increase in NH4+  
of  949.9 ± 95.2 g over the 12 week period.  

The woodchip reactors pre-zeolite were responsible for this net increase of NH4+ 
(Table 3.4) 

presumably due to incomplete denitrification, or more specifically, dissimilatory nitrate 

reduction to ammonium (DNRA).   

 

DNRA occurs as a result of anaerobic respiration by chemoorganoheterotrophic microbes using 

NO3-
 as an electron acceptor for respiration (Burgin et al. 2007). In anaerobic conditions, 

microbes, which undertake DNRA, oxidize organic matter and use nitrate, rather than oxygen, 

as an electron acceptor reducing it to NO2-
, then to ammonium (NO3-®NO2-®NH4+

).  DNRA acts 

as way to conserve bioavailable nitrogen in the NO3-
-N limiting system by producing soluble 

ammonium as opposed to unreactive dinitrogen (N2) gas (Burgin et al. 2007).  The FeSO4+
 

solution injected into the system increased the concentration of sulfur (S) in the reactors.  
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Chemolitoautotrophic, S mediated, DNRA occurs in environments with high S concentrations as 

the oxidation of sulfate (SO42-
) acts as an electron donor to the reduction of nitrate driving the 

conversion (Burgin et al. 2007). In contrast, Hua et al. (2016) suggests that sulfide (S
2-

)  inhibits 

denitrification by blocking the enzyme which drives this reaction. DNRA occurs in high carbon 

environments.   

 

Table 3.4. Treatment WZ (woodchip preceding zeolite) mean cumulative removal for N by 

mean nutrient (n=3) concentration (mean ± standard deviation). 
Treatment DIN(g)1 NO3--N(g) NH4+-N(g) NO2-N(g) 

Wood pre Z -1478.52±95.2  1349.6±311.25 -2842.±86.5  14.33±7.28 

Just Z 1892.3±99.1 44.247±3.92 1944.13±99.1 7.540±0 

Zeolite + Wood 465.6 ±99.1  1393.6±3.92  -949.9±95.2  21.85±0        
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Figure 3.4. (A) Mean percent NO3-

-N removal and (B) mean cumulative NO3-
-N flux as a function 

of weeks after initiation (WAI).  Treatments are represented by C (water blank control), WZ 

(woodchip preceding zeolite), and Z (zeolite only).  Each error bar is constructed showing one 

standard deviation from the mean. 
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3.3.2 Ammonium 

Removal of NH4+
-N over 12 weeks averaged 34.6 g ± 31.6  for Z, -949.9 g ± 95.2 for WZ, and -

44.36 g ±4.02 for C. More NH4+
-N was contributed by WZ than the other two treatments as 

shown in Table 3.1. The NH4+
-N removal rates by week are reported in table A.1. All treatments, 

C, Z, and WZ varied in weekly NH4+
-N removal efficiencies with rates of -4.6% ± 7.9, -3.9% ± 

48.3, and -81% ± 56.3, respectively (Figure 3.5).  

 

Some but not all of this NH4+
-N

 
created by the woodchips was removed by the zeolite sieves 

post woodchip. Sixty-eight of NH4+
-N created by the woodchip was removed by zeolite (Table 

3.4). Zeolite does not lose its ability to sorb NH4+ 
-N as it does PO43-

-P  under reduced conditions 

(Andres et al. 2018.). 

 

The increase in NH4+ 
following WZ (Table 3.4) might suggest that this increase is the cause for 

reduced P-sorption on the zeolite as NH4+ 
has a high affinity for zeolite (Dubey et al. 2013).  

However, Andres et al. (2018) explained that there is no competition between NH4+ 
and PO43-

 

for adsorption sites on zeolite. The porosity of zeolite allows the small NH4+ 
ion to occupy the 

smallest pore spaces on the zeolite while larger, remaining spaces are filled by the PO43-
 

complexes.   

 

In addition, Andres et al. (2018) reported no significant difference in sorption of NH4+ 
-N when 

ORP went below the 50 mV threshold. However, Saltali et al. (2007) reported that temperature 

to affects NH4+ 
removal efficiency of Turkish clinoptilolite zeolite.  As temperatures increased 
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above 21˚C, NH4+ 
removal efficiency declined and NH4+ 

began to desorb from the zeolite.  WZ 

was ≥ 1˚C warmer than Z for most of the experiment (Table A.2).  

 

 Zeolite was effective for the removal of NH4+
-N for the first five weeks of the experiment with 

maximum removal rates during week one, 80.3% ± 0.6 and steadily declining until -2.7% ± 25.8 

reduction occurred during week 6 (Figure 3.5). After week six, the zeolite began to desorb NH4+
-

N resulting in negative reduction efficiency.  Over the 12 week study, Z did not cumulatively 

reduce NH4+
-N , but resulted in a net increase of 37.8 ± 31.6 g. We suspect this increase 

beginning at week six is a result of the zeolite reaching maximum cation sorption capacity 

(Dubey et al. 2013).  This was not an issue observed in WZ, as much of the Fe was filtered out 

by the woodchips prior to reaching the zeolite tank (Table A.4).  The Fe in the Z may have begun 

to compete with the NH4+
-N for binding cation binding sites.  During the acclimation period, the 

zeolite had an increase in NH4+
-N sorbed to the surface compared to the unused zeolite, 

88.1±14.7 mg·kg
-1

 and 1.86±0.12 mg·kg
-1

, respectively (Table 3.5).   

 

 

 

 

 

 

 

 

Table 3.5. Total plant available zeolite nitrate and nitrite content 

determined by extraction with DTPA.	
WAI Treatment NO3--N (mg·kg-1) 

(mg/kg) 

NH4+-N(mg·kg-1) 
    

0 Original 1.3 ± 0.3 1.9 ± 0.1 

    

1 WZ 0.9 ± 0.4 133.8 ± 48.7 

 Z 100.2 ± 10.2 88.1 ± 14.7 

    

12 WZ 7.1 ± 5.8 585.9 ± 52.0 

 Z 34.2 ± 18.2 428.3 ± 46.5 

 

     



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. (A) Mean percent NH4+
-N

 
removal and (B) mean cumulative NH4+

-N
 
flux as a function 

of weeks after initiation (WAI).  Treatments are represented by C (water blank control), WZ 

(woodchip preceding zeolite), and Z (zeolite only).  Each error bar is constructed showing one 

standard deviation from the mean. 
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3.3.3 Nitrite Removal  

Removal of NO2-
-N over 12 weeks was -222.6 g ± 24.6 for Z, 21.8 g ± 0 for WZ, and -8.9 g ± 4.4 

for C.  Zeolite only contributed more NO2-
-N than the other two treatments as shown in table 

3.1. The NO2-
-N removal rates by week over the study period are shown in Table A.1 and in 

Figure 3.6.  

  

Figure 3.6. Mean cumulative NO2-
-N flux as a function of weeks after initiation (WAI).  

Treatments are represented by C (water blank control), WZ (woodchip preceding zeolite), and Z 

(zeolite only).  Each error bar is constructed showing one standard deviation from the mean. 
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Nitrite-N is responsible for the net increase of cumulative DIN observed in Z (Table 3.1). The 

origin of this NO2-
-N is unknown however, two potential explanations are: (1) a portion of the 

increase could be a result of desorption of NO2-
-N or (2) sorbed NH4+

-N converting to NO2-  

through bacteria mediated nitrification processes. Table 3.5 shows a decrease in the plant 

available NO2- 
sorbed to Z decreasing from 100.2 ± 10.2 mg·kg

-1
 on week one to 34.2 ± 18.2 

mg·kg
-1

 on week twelve supporting idea #1.  

 

3.4 Iron Removal  

Iron (Fe) influent from the pond was 0.18 ± 0.10 mg·L
-1

.  Approximately 1646 g of Fe
3+

 was 

injected into the 9 bioreactors or 182.8 g per reactor over the 12 weeks. Twelve-week 

cumulative effluent for the Z, WZ, and C treatments were 19.7 ± 1.7 g, 61.6 ± 3.4 g, and 58.1 ± 

2.5 g, removing approximately 89.3%, 66.5%, 68.2% of the iron injected into the systems, 

respectively.   

 

We believe all the injected Fe did not reach the influent pipes and instead formed precipitates 

within the PVC line following the injector.  Maintenance of the reactors became difficult 

starting week five due to build-up of iron sludge on the surface of Z and in the bottom third of 

C.  It was suspected this sludge was primarily iron-phosphate complexes.  However, to support 

this theory, we would expect to see net TP removal from treatment C as it bound to the sludge 

(Table 3.1); however, this was not the case. Compost nutrient analysis indicated the iron sludge 

was composed of 9.8 ± 0.0 mg·kg
-1 

N, 5.3 ± 0.0 mg·kg
-1 

P, .03 ± 0.0 mg·kg
-1 

S, and 39.8 ± 2.2 

mg·kg
-1  

 Fe.  We theorized the lack of P-sorption to the sludge to be a function of pH. 
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Treatments C and Z had mean weekly pH values of 5.6 ± 0.4 and 5.5 ± 0.3, respectively.  Song et 

al. (2011) saw a decrease in P-adsorption to ferric sludge at a pH above 5.5.  As the pH 

increased, the surface charge of the ferric sulfate became more negative thereby strengthening 

the repulsion between the exchange sites and the incoming phosphate ions (PO43-
, HPO42-

).  

Song et al. (2011) saw max adsorption to ferric sludge at pH of 5.5.  When only considering pH, 

we should have seen P-sorption to the ferric sludge in C.  Other factors that could explain the 

lack of P-sorption to Fe sludge in C include; P concentration, adsorbent dose, and time (Song et 

al. 2011).  
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Figure 3.7. (A) Mean percent Fe

 
removal and (B) mean cumulative Fe

 
flux as a function of weeks 

after initiation (WAI).  Treatments are represented by C (water blank control), WZ (woodchip 

preceding zeolite), and Z (zeolite only).  Each error bar is constructed showing one standard 

deviation from the mean. 
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3.5 Zeolite Analysis 

Zeolite (Z) had a net increase of P-sorption over the 12-week study unlike WZ zeolite (Table 

A.3). Zeolite only treatment (Z; 3643.3 mg·kg
-1

) ended the study with 18-fold increase in P when 

compared to WZ (175.5 mg·kg
-1

)
 
that remained under reduced conditions for most of the study. 

Fe-sorption increased for both treatments; however, Z sorbed almost three times as much Fe as 

WZ, 12766.2 mg·kg
-1 

and 4512.5 mg·kg
-1

, respectively. Lower observed sorption to the reduced 

zeolite in WZ may be due to the formation of highly dehydrogenated carbonaceous species or 

"coke" onto the surface of the zeolite. We suspect the formation of coke due to transformation 

of the zeolite from beige to black during the course of the study (Figure 3.8). Coke can form in 

the zeolite's pores, channels or over the external surface. The coating of coke onto zeolite leads 

to the deactivation of binding sites on the zeolite and decreases the zeolite cavity volume and 

available surface area (Bibby et al. 2016). The levels of Fe and P sorbed to the zeolite after 12-

weeks correlates with the total cumulative removal of these elements by mass. 

  

 

 

 

 

 

 

 

 

 

Figure 3.8. Treatment WZ 

(woodchip preceding zeolite) 

zeolite with suspected coke 

formation resulting in blackening.  
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3.6 Woodchip analysis 

Twelve-week analysis found the woodchips retained influent mineral matter, working as a 

filtration system for suspended solids (Table A.4).  The first tank in series had the greatest 

increase in mineral matter.  Mineral matter decreased with tank succession from 55833.3 

mg·kg
-1

 in tank 1 to 33800 mg·kg
-1 

in tank 4. Similarly, tank one captured more P than the 

following three tanks, most likely as a function of retaining associated total suspended solids 

with 2333 mg·kg
-1 

for tank 1 and 500 mg·kg
-1 

. Sulfur concentration doubled from week one to 

week twelve, 1041.6 mg·kg
-1  

to 2116.6 mg·kg
-1

,  with no difference between tanks. Iron more 

than doubled over the 12 week period in tanks one and two, 1760.5 mg·kg
-1 

to 6779.0 mg·kg
-1 

 

and 1033.3 mg·kg
-1  

to 2222.7 mg·kg
-1

, respectively.   

 

 
3.7 Gas Emissions 

Gas emissions of, carbon dioxide (CO2), Methane (CH4+
), nitrous oxide (N2O), and sulfur dioxide 

(SO2), were measured from all tanks during WAI 12 (Table 3.6).  No differences in CO2 or N2O 

emissions were seen between the three treatments.  Methane emissions were greatest leaving 

WZ. The woodchip tanks off gassed an average of 2.7 mg·L
-1

 CH4+
, a 50% increase from C and Z. 

Little research has been conducted measuring off gassing from woodchip bioreactors. Previous 

studies have focused on dissolved gases in solution. Elgood et al. (2010) found CH4+ 

concentrations in woodchip reactor solution to increase as NO3-
 becomes limiting as seen in this 

experiment. The strong rotten egg smell emitted by the woodchip bioreactors in this study led 

researchers to believe the that the woodchips had high hydrogen sulfide (H2S) emissions, an 

extremely toxic gas to humans and the environment. Unfortunately, the infrared gas analyzer 
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used did not have the capacity to measure H2S.  Sulfur dioxide concentrations in the emissions 

were greatest in the woodchip bioreactors; however, they did not exceed the SO2 primary air 

quality standard of 75 ppb/hr
 
daily maximum (USEPA 2010). Sulfur dioxide occurs in the natural 

environment through conversion of H2S by hydroxyl radical (Figure 3.9). Hydrogen sulfide 

remains in the air for one day during the summer months before it is converted to SO2 

(Rubright et al. 2017).  This provides further evidence that the woodchip reactors were emitting 

H2S.  

 

 

 

 

 

 

 

 

 

 

 

Table 3.6.  Gas emissions recorded week after initiation (WAI) 12.  

Treatment  
Carbon 
dioxide(mg·L-1) 

Methane 
(mg·L-1) 

Nitrous Oxide 
(mg·L-1) 

Sulfur 
dioxide(ug·L-1)  

Water only (control)  371.7 1.8 0.3 0.0 

Woodchip  reactors  371.2 2.7 a* 0.3 15.8 a* 

Zeolite post woodchip  368.5 2.1 ab 0.3 0.0 b 

Zeolite only  380.3 1.8 b 0.3 0.0b 

p-value  0.3558 0.0249 0.2143 0.0258 

 

Figure 3.9. Sulfur cycle illustrating combustion of hydrogen 

sulfide to sulfur dioxide (Rubright et al. 2017). 
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3.9 Hydraulic Retention Time  

A visual estimate of hydraulic retention time in WZ found retention times >12 hrs.  Dye was 

present in tank one starting at hour 01:00 after injection and remained visible until hour 07:00.  

Dye become visible in tank two, three, four, and five during 04:00, 04:30, 05:30, and 07:30 

hours, respectively.  Visible dye remained in tanks two, three, four, and five at 12:00 hours after 

injection indicating a HRT of >12hrs.  The general trend was for the intensity of the dye to 

decrease over time and as it moved from tank one from tank five.  There were pockets of bright 

dye remaining in tanks one and two during hr12:00+ indicating the presence of stagnation 

zones. Due to the 97% mean reduction in NO3-
 , ORP values less than -150mV, sulfate reduction, 

and the presence of stagnation zones we estimate the HRT for WZ to be potentially greater 

than 24hrs (Christianson et al. 2017). Properly engineered bioreactors are needed to ensure 

effective HRTs.  Lepine et al. recommends a HRT ≤24hrs for up to 65% NO3-
 while avoiding 

highly-reduced conditions.  

 

4.0 Conclusions 

This study evaluated the effectiveness of zeolite filled molecular sieves with or without 

preceding woodchip bioreactors for removal of N and P as a potential practical BMP (best 

management practice) for specialty crop nurseries.  Neither treatment, zeolite with ferric 

sulfate (Z) or zeolite preceded by woodchip bioreactors with ferric sulfate (WZ), was effective in 

the removal of both N and P simultaneously.  Treatment Z performed the best in terms of P 

removal, with an average removal efficiency of 27.0% in the tail-water.  The reduced conditions 

created by the woodchip bioreactors are the likely cause for a negative net P removal rate of -
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3.3% in WZ. Dissolved inorganic nitrogen removal occurred only for treatment WZ with a 

removal rate of 14.3%.  Unfortunately, due to the highly-reduced conditions present, much of 

the NO3-
 was converted to NH4+ 

through the process of DNRA as opposed to the preferred off-

gassing as N2 by denitrification.  The reduced zeolite was able to function as an effective 

molecular sieve for most of this NH4+
.  Excess Fe2(SO4)3 was removed most effectively by 

treatment Z removing 89.3% of the Fe injected into the system; while treatment WZ removed 

68.2%.  Once zeolite reaches sorption capacity it has the potential to be reused by the nursery 

industry as a controlled release fertilizer substrate amendment (Ramesh et al. 2011).  

 

Results of this study suggest that ferric-aided zeolite sieves (Z) are an effective BMP for P 

removal from nursery tail-water. Christianson et al. (2017) and Goodwin et al. (2015) suggest 

that under highly reduced conditions as we experienced, optimum DIN and TP removal in a 

treatment train system is best achieved with a P-sorbing filter (zeolite sieve) preceding 

woodchips to sorb the PO4- 
and then another zeolite sieve post woodchips for DIN sorption. 

However, greater DIN sorption is achieved in a properly designed system that avoids highly 

reduced conditions with a single sorbing filter post woodchip to sorb DIN and P simultaneously 

(Christianson et al. 2017, Goodwin et al. 2015).  

 

A properly engineered ferric aided zeolite molecular sieve with preceding woodchip bioreactors 

for removal of N and P may be an effective BMP for the container nursery industry; however, 

further research will need to be conducted.   
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Table A.1 Mean weekly aqueous nutrient concentration and mass  for N, P, and Fe by treatment and week.  
                            

WAI Treatment  

Fe    ∆ Fe   TP   ∆ TP   NH4-N    

(mg•L1)    (mg•L-1)   (g)    
 

(mg•L-1)    (mg•L-1)   (g)    (mg•L-1)    
                            
                            
1 Control (water only)  0.20   -0.02 -0.19   6.72   -0.43 -3.47   16.41   
                            
  Wood preceding zeolite 0.52 * 0.32 2.58 * 5.87   -1.18 -9.57   49.70 * 

  Wood + Zeolite 0.45 * 0.25 2.01 * 4.93 * -2.12 -17.12 * 6.05 * 
                            
  Zeolite only  0.00 * -0.26 -2.07 * 5.35 * -1.79 -14.41 * 3.04 * 
  Zeolite followed by wood  0.45 * -0.07 -0.57   4.93 * -0.94 -7.55   6.05 * 
  p-value  <0.0001 0.0001   0.3862 0.1195   0.0027 
                            
2 Control (water only)  0.47   0.04 0.35   2.69   -0.08 -0.65   11.43   
                            
  Wood preceding zeolite 0.78 * 0.06 0.51   3.49   0.20 1.61   39.50 * 
  Wood + Zeolite 0.40   -0.32 -2.53 * 2.57   -0.72 -5.75   13.51   
                            
  Zeolite only  0.19 * -0.28 -2.23 * 1.83   -1.34 -10.81   3.89 * 
  Zeolite followed by wood  0.40   -0.38 -3.04 * 2.57   -0.92 -7.37   13.51   
  p-value  0.0492   0.2670   0.1044   0.2972   0.0021   
                            
4 Control (water only)  0.96   -0.10 -0.83   4.89   0.10 0.78   14.15   
                            
  Wood preceding zeolite 1.10   -0.15 -1.21   4.71   -0.23 -1.80   45.70 * 
  Wood + Zeolite 0.93   -0.32 -2.58   3.40   -1.54 -12.42   25.08 * 
                            
  Zeolite only  0.31 * -0.75 -6.07 * 3.80   -1.13 -9.14   8.29   
  Zeolite followed by wood  0.93   -0.17 -1.37   3.40   -1.31 -10.62   25.08 * 
  p-value  0.0058   0.0073   0.7010   0.8628   0.0051   
                            
5 Control (water only)  0.97   -0.54 -4.38   5.72   -0.54 -4.33   14.59   
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  Wood preceding zeolite 0.99   -0.42 -3.44   6.19   -0.19 -1.48   42.12   
  Wood + Zeolite 0.87   -0.54 -4.38   5.08   -1.30 -10.48   31.27   
                            
  Zeolite only  0.33   -1.76 -14.22   4.61   -2.03 -16.34   12.40   
  Zeolite followed by wood  0.87   -0.12 -0.94   5.08   -1.11 -9.01   31.27   
  p-value  0.0109   0.0002   0.6559   0.3988   0.0073   
                            
6 Control (water only)  0.68   -0.47 -3.79   3.34   -0.70 -5.64   12.05   
                            
  Wood preceding zeolite 1.38 * 0.32 2.55 * 4.69 * 0.68 5.48 * 33.58 * 
  Wood + Zeolite 1.10 * 0.04 0.30 * 6.83 * 2.82 22.69 * 23.60 * 
                            
  Zeolite only  0.25 * -0.74 -5.97 * 3.29   -0.75 -6.02   12.01   
  Zeolite followed by wood  1.10 * -0.28 -2.26   6.83 * 2.14 17.20 * 23.60 * 
  p-value  0.0006   0.0057   0.0016   0.0034   0.0016   
                            
7 Control (water only)  0.73   -0.04 -0.30   5.10   0.18 1.42   12.74   
                            
  Wood preceding zeolite 1.21 * 0.40 3.25 * 5.35   0.26 2.10   39.77 * 
  Wood + Zeolite 0.95   0.14 1.10   5.67   0.58 4.73   25.19   
                            
  Zeolite only  0.26 * -0.56 -4.49 * 3.24 * -1.79 -14.41 * 13.85   
  Zeolite followed by wood  0.95   -0.26 -2.15   5.67   0.32 2.64   25.19 * 
  p-value  0.0001   0.0035   0.0170   0.0270   0.0001   
                            
8 Control (water only)  0.90   -0.04 -0.32   4.91   0.07 0.59   12.26   

                           
  Wood preceding zeolite 1.20   0.35 2.79   4.09   -0.18 -1.48   35.89 * 
  Wood + Zeolite 0.76   -0.09 -0.75   4.80   0.53 4.30   25.86 * 
                            
  Zeolite only  0.28 * -0.78 -6.32 * 2.58 * -2.39 -19.30 * 16.78 * 
  Zeolite followed by wood  0.76   -0.44 -3.55   4.80   0.71 5.78   25.86 * 
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  p-value  0.0007   0.0025   0.0182   0.0057   <0.0001   
                            
9 Control (water only)  0.22   -0.80 -6.42   5.76   -0.61 -4.92   14.31   
                            
  Wood preceding zeolite 0.45 * 0.02 0.16 * 2.45 * -3.54 -28.57 * 34.60 * 
  Wood + Zeolite 0.38   -0.05 -0.40 * 2.78 * -3.21 -25.91 * 23.03 * 
                            
  Zeolite only  0.16   -0.54 -4.33 * 2.63 * -3.56 -28.71 * 18.06   
  Zeolite followed by wood  0.38   -0.07 -0.56 * 2.78 * 0.33 2.66   23.03 * 
  p-value  0.0159   0.0010   0.7440   0.0008   0.0178   
                            

10 Control (water only)  0.24   -0.03 -0.22   4.70   0.09 0.75   15.42   
                            
  Wood preceding zeolite 0.37   0.01 0.03   5.00   0.34 2.79   50.03 * 
  Wood + Zeolite 0.25   -0.11 -0.94   5.88 * 1.22 9.86 * 31.52 * 
                            
  Zeolite only  0.25   -0.14 -1.16   4.94   0.24 1.96   19.74   
  Zeolite followed by wood  0.25   -0.12 -0.97   5.88 * 0.88 7.07   31.52 * 
  p-value  0.9749   0.8506   0.0603   0.1551   0.0015   
                            

11 Control (water only)  0.54   0.19 1.56   5.35   -0.11 -0.86   14.36   
                            
  Wood preceding zeolite 0.37   -0.18 -1.40 * 5.12   -0.51 -4.17   46.80 * 
  Wood + Zeolite 0.41   -0.14 -1.08 * 6.41   0.78 6.24   28.31 * 
                            
  Zeolite only  0.15 * -0.21 -1.67 * 4.40   -1.11 -8.95   21.25 * 
  Zeolite followed by wood  0.41   0.04 0.32   6.41   1.29 10.40   28.31 * 
  p-value  0.0650   0.0797   0.0448   0.0260   0.0002   
                            

12 Control (water only)  0.32   -0.14 -1.13   3.24   0.03 0.27   13.68   
                            
  Wood preceding zeolite 0.29   -0.33 -2.69   3.72   0.42 3.33   34.96 * 
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  Wood + Zeolite 0.59   -0.03 -0.30   5.00   1.70 13.65   25.66 * 
                            
  Zeolite only  0.03   -0.55 -4.46   3.19   -0.07 -0.59   20.77 * 
  Zeolite followed by wood  0.59   0.30 2.39   5.00   1.28 10.32   25.66 * 
   p-value  0.0884   0.0262   0.1945   0.3094   0.0035   

Table A.1 Mean weekly aqueous nutrient concentration and mass  for N, P, and Fe by treatment and week.    
                                    

∆ NH4-
N      N02-N    ∆ N02-N    N03-N    ∆ N03-N    DIN    ∆ DIN   

(mg•L-
1)   (g)    (mg•L-1)    (mg•L-1)   (g)    (mg•L-1)    

(mg•L-
1)   (g)    

(mg•L-
1)    

(mg•L-
1)   (g)    

                                    
                                    

-1.13 -9.15   0.07   0.02 0.14   11.41   -0.94 -7.60   27.89   -2.06 -16.61   
                                    

32.64 263.24 * 0.00   -0.08 -0.66   0.00 * -11.55 -93.17 * 49.70 * 21.01 169.41 * 
-11.01 -88.76 * 0.00   -0.08 -0.66   0.00 * -11.55 -93.17 * 6.05 * -22.64 -182.59 * 

                                    
-12.48 -100.61 * 0.34   0.11 0.85   14.38   2.67 21.51   17.76 * -9.70 -78.25 * 
-43.65 -352.00 * 0.00   0.00 0.00   0.00 * 0.00 0.00   6.05 * -43.65 -352.00 * 

<0.0001   0.1037 0.5505   0.0026 0.2821   0.0056 <0.0001   
                                    

0.22 1.79   0.00   0.00 0.00   15.44   -0.35 -2.81   26.86   -0.13 -1.02   
                                    

28.24 227.71 * 0.00   0.00 0.00   1.60 * -14.30 -115.34 * 41.10 * 13.94 112.37 * 
2.25 18.19   0.00   0.00 0.00   0.00 * -15.91 -128.26 * 13.51 * -13.65 -110.08 * 

                                    
-7.20 -58.04 * 1.89 * 1.89 15.26 * 16.94   1.54 12.41   22.72   -3.77 -30.37   

-25.98 -209.53 * 0.00   0.00 0.00   0.00 * -1.60 -12.92   13.51 * -27.59 -222.45 * 
0.0002   0.0014   0.0014   <0.0001   0.0087   0.0037   <0.0001   

                                    
0.24 1.96   0.17   -0.05 -0.40   14.83   0.00 -0.03   29.15   0.19 1.53   
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32.67 263.43 * 0.00   -0.20 -1.62   0.16 * -14.38 -115.98 * 45.86 * 18.08 145.83 * 
12.04 97.10 * 0.00   -0.20 -1.62   0.16 * -14.38 -115.97 * 25.23   -2.54 -20.49   

                                    
-5.27 -42.54   2.33 * 2.11 16.98 * 15.68 * 0.91 7.34 * 26.31   -2.26 -18.22   

-20.62 -166.32 * 0.00   0.00 0.00   0.16 * 0.00 0.01   25.23   -20.63 -166.32 * 
0.0071   0.0020   0.0029   <0.0001   0.0475   0.7590   0.0049   

                                    
0.84 6.74   0.71   -0.03 -0.25   16.72   -2.86 -23.05   32.01   -2.05 -16.56   

                                    
27.57 222.34   0.00   -0.66 -5.31   0.00   -19.28 -155.51   42.12   7.63 61.52   
16.72 134.82   0.00   -0.66 -5.31   0.34   -18.94 -152.75   31.61   -2.88 -23.25   

                                    
-1.66 -13.37   4.44   3.79 30.53   18.33   0.47 3.83   35.17   2.60 20.98   

-10.85 -87.53   0.00   0.00 0.00   0.34   0.34 2.75   31.61   -10.51 -84.77   
0.0704   0.0087   0.0151   0.0004   0.9412   0.5329   0.0660   

                                    
0.59 4.75   0.18   0.02 0.19   14.04   -0.30 -2.38   26.27   0.32 2.55   

                                    
21.98 177.27 * 0.00   -0.18 -1.47   0.00 * -14.34 -115.66 * 33.58 * 7.46 60.15 * 
12.00 96.77 * 0.00   -0.18 -1.47   0.00 * -14.34 -115.66 * 23.60   -2.53 -20.36 * 

                                    
0.24 1.97   3.17 * 2.97 23.96 * 14.37 * -0.24 -1.93   29.55   2.98 24.00   

-9.98 -80.51 * 0.00   0.00 0.00   0.00 * 0.00 0.00 * 23.60 * -9.98 -80.51 * 
0.0026   0.0001   0.0002   <0.0001   0.0216   0.0100   0.0006   

                                    
0.91 7.34   0.06   0.06 0.49   12.78   -0.05 -0.38   25.58   0.92 7.44   

                                    
27.78 223.99 * 0.00   0.00 0.00   0.00 * -12.88 -103.88 * 39.77 * 14.89 120.11 * 
13.20 106.46   0.00   0.00 0.00   0.00 * -12.88 -103.88 * 25.19   0.32 2.58   

                                    
1.56 12.54   2.48 * 2.47 19.95 * 13.73 * 0.46 3.72   30.05 * 4.49 36.22 * 
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-14.58 -117.53 * 0.00   0.00 0.00   0.00 * 0.00 0.00   25.19   -14.58 -117.53 * 
<0.0001   <0.0001   <0.0001   0.0077   0.1944   0.0077   <0.0001   

                                    
0.10 0.80   0.32   0.04 0.31   13.64   -0.40 -3.24   26.22   -0.26 -2.13   

                                    
23.72 191.31 * 0.00   -0.27 -2.17   0.00 * -14.03 -113.12 * 35.89 * 9.43 76.02 * 
13.69 110.40 * 0.00   -0.27 -2.17   0.00 * -14.03 -113.12 * 25.86   -0.61 -4.89   

                                    
4.76 38.39 * 2.83 * 2.42 19.50 * 14.31 * 0.38 3.04 * 33.92 * 7.56 60.93 * 

-10.03 -80.91 * 0.00   0.00 0.00   0.00 * 0.00 0.00   25.86   -10.03 -80.91 * 
<0.0001   0.0005   0.0009   <0.0001   0.2450   0.0002   <0.0001   

                                    
0.28 2.24   0.53   0.05 0.44   17.57   -0.14 -1.13   32.42   0.19 1.55   

                                    
20.82 167.92 * 0.00   -0.46 -3.73   0.00 * -17.75 -143.16 * 34.60   2.60 21.03   

9.25 74.62 * 0.00   -0.46 -3.73   0.00 * -17.75 -143.16 * 23.03 * -8.96 -72.28 * 
                                    

3.55 28.64   2.76 * 2.29 18.44 * 17.97 * 0.16 1.29 * 38.78 * 6.00 48.37 * 
-11.57 -93.30 * 0.00   0.00 0.00   0.00 * 0.00 0.00   23.03 * -11.57 -93.30 * 

0.0003   0.0055   0.0106   <0.0001   0.1584   0.0006   0.0004   
                                    

0.99 7.95   0.41   0.24 1.95   14.09   0.40 3.24   29.92   1.63 13.14   
                                    

35.48 286.07 * 0.00   -0.16 -1.30   0.00 * -13.69 -110.40 * 50.03 * 21.62 174.37 * 
16.97 136.87 * 0.00   -0.16 -1.30   0.00 * -13.69 -110.40 * 31.52   3.12 25.17   

                                    
4.37 35.28   2.87 * 2.58 20.80 * 13.06 * -1.60 -12.91 * 35.68   5.35 43.17   

-18.50 -149.20 * 0.00   0.00 0.00   0.00 * 0.00 0.00   31.52 * -18.50 -149.20 * 
0.0001   0.0047   0.0070   <0.0001   0.0001   0.0439   <0.0001   

                                    
1.52 12.23   0.50   0.27 2.20   12.19   0.08 0.68   27.04   1.87 15.10   
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33.65 271.39 * 0.00 * -0.22 -1.80 * 0.00 * -12.32 -99.33 * 46.80 * 21.11 170.26 * 
15.16 122.23 * 0.00 * -0.22 -1.80 * 0.00 * -12.32 -99.33 * 28.31   2.62 21.09   

                                    
8.05 64.88 * 2.39 * 2.17 17.47 * 11.91   -0.33 -2.65   35.55 * 9.88 79.70 * 

-18.50 -149.16 * 0.00   0.00 0.00   0.00 * 0.00 0.00   28.31   -18.50 -149.16 * 
<0.0001   0.0007   0.0010   <0.0001   0.0328   0.0002   <0.0001   

                                    
1.35 10.91   0.94   0.49 3.92   11.12   -0.34 -2.78   25.75   1.50 12.06   

                                    
22.63 182.53 * 0.00 * -0.47 -3.81 * 0.00 * -11.44 -92.24 * 34.96 * 10.72 86.48 * 
13.33 107.54 * 0.00 * -0.47 -3.81 * 0.00 * -11.44 -92.24 * 25.66   1.42 11.49   

                                    
8.45 68.17 * 3.19 * 2.72 21.90 * 10.71 * -0.73 -5.93 * 34.66 * 10.43 84.14 * 

-9.30 -74.99 * 0.00 * 0.00 0.00 * 0.00 * 0.00 0.00 * 25.66   -9.30 -74.99 * 
<0.0001   0.0001   0.0002   <0.0001   0.0007   0.0011   <0.0001   
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Table A.2. Weekly aqueous in situ electrochemical properties.    

WAI Treatment  

Spec. 
Conductivity  

(uS/cm) 

Oxidation-
Reduction 
Potential 

(mV) pH                     
Temperature 

(C) 

   

             

1 W 446.0  91.7  6.4  29.2     

 WZ 605.3 * -181.9 * 6.2  28.8     

 Z 485.7   118.2   4.9 * 29.6      

 p-value 0.0330  0.0064  0.0046  0.1189     

             

2 W 510.7  134.9  5.7  31.1     

 WZ 643.0 * -216.9 * 6.5 * 32.2 *    

 Z 508.0   166.2   5.8   29.6 *    

 p-value <0.0001  0.0004  0.0070  0.0059     

             

4 W 510.7  134.9  5.7  31.1     

 WZ 643.0 * -216.9 * 6.5 * 32.2 *    

 Z 508.0   166.2   5.8   29.6 *    

 p-value <0.0001  0.0004  0.0070  0.0059     

             

5 W 510.0  162.7  6.1  31.4     

 WZ 609.7 * -248.0 * 6.5 * 33.6 *    

 Z 507.3   168.7   6.0   29.3 *    

 p-value 0.0025  <0.0001  0.0143  0.0028     

             

6 W 466.0  193.6  5.2  30.2     

 WZ 522.0 * -213.1 * 6.5 * 30.0     

 Z 462.3   170.5   5.4   29.0 *    

 p-value 0.0051   0.0001  0.0008  0.0379     

             

7 W 473.7  184.7  5.1  28.3     

 WZ 572.3 * -255.1 * 6.4 * 28.3     

 Z 470.3   193.1   5.2   27.3 *    

 p-value 0.0008  <0.0001  0.0003  0.0086     

             

8 W 460.3  153.0  5.4  30.9     

 WZ 514.0 * -259.5 * 6.3 * 30.6     

 Z 463.0   152.9   5.4   31.0      

 p-value 0.0153  <0.0001  0.0001  0.7145     

             

9 W 498.3  173.9  5.3  29.0     
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 WZ 487.0  -210.1 * 6.4 * 29.8 *    

 Z 492.7   175.6   5.4   28.2 *    

 p-value 0.8263 
 

<0.0001 
  

<0.0001 
 

0.0048 
    

             

10 W 497.0  146.2  5.5  31.2     

 WZ 614.3 * -231.1 * 6.5 * 31.8     

 Z 495.7   161.1   5.4   30.9      

 p-value 0.0002   0.0001  0.0002  0.2224     

             

11 W 465.0  135.1  5.9  32.6     

 WZ 558.7 * -209.8 * 6.4 * 33.5     

 Z 457.7   165.0   5.7 * 31.5      

 p-value 0.0002   0.0001  0.0002  0.0631     

             

12 W 430.3  199.7  5.4  28.9     

 WZ 474.3 * -196.7 * 6.4 * 29.2     

 Z 437.3   188.4   5.6 * 30.2      

 p-value 0.0003  <0.0001   0.0001  0.1516     
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Appendix B. Additional Figures 

 


