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Abstract:
Constructed wetlands have proven their effectiveness for treatment of a variety of wastewaters,
however little practical information is available regarding the use of constructed wetlands (CW) in cold
climates. A study was initiated at Montana State University to assess the use of CW for treatment of
secondary wastewaters in a cold climate.

Eight bench-scale horizontal subsurface-flow wetlands were constructed in late 1995 and placed in a
climate-controlled greenhouse. Three each were planted with typha (cattail) and scirpus (bulrush) while
two remained unplanted. Application of a synthetic secondary wastewater was maintained to these flow
cells for nearly three years, beginning in April 1996. Samples of influent and effluent were analyzed for
parameters of concern, including chemical oxygen demand (COD), nitrogen, phosphorus, and sulfur. A
second research system consisted of 16 batch-mode CW columns, planted with typha, scirpus, or carex
(sedge), or left unplanted as controls. These were placed in the same greenhouse as the subsurface flow
wetlands in April 1997 and received an identical wastewater. Samples were extracted during each
20-day batch application and analyzed for COD. Greenhouse temperature was modulated between 4
and 24 °C on an annual cycle in increments of 4 °C lasting approximately one month each. COD data
from the columns were fitted to a first-order model, modified to include a nonzero asymptote.
Assessments of other data were performed using effluent-to-influent concentration ratios and moving
average plots of influent and effluent concentrations.

The modified model fit the data well. Plant effects on COD kinetics were noted in many cases, with
carex and scirpus generally producing better degradation than typha or control treatments. Effects of
temperature on kinetics were substantial, although the carex and scirpus treatments seemed less
sensitive. Plant effects on COD removal were less noticeable in the subsurface-flow wetlands, but
temperature effects were apparent. The subsurface-flow wetlands showed excellent removal of COD
and sulfate, Phosphorus removal was of short duration, and nitrogen removal results varied. The
behavior of both systems continued to change after several years of operation. 
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ABSTRACT

Constructed wetlands have proven their effectiveness for treatment of a variety of 
wastewaters, however little practical information is available regarding the use of 
constructed wetlands (CW) in cold climates. A study was initiated at Montana State 
University to assess the use of CW for treatment of secondary wastewaters in a cold 
climate.

Eight bench-scale horizontal subsurface-flow wetlands were constructed in late 
1995 and placed in a climate-controlled greenhouse. Three each were planted with typha 
(cattail) and scirpus (bulrush) while two remained unplanted. Application of a synthetic 
secondary wastewater was maintained to these flow cells for nearly three years, 
beginning in April 1996. Samples of influent and effluent were analyzed for parameters 
of concern, including chemical oxygen demand (COD), nitrogen, phosphorus, and sulfur. 
A second research system consisted of 16 batch-mode CW columns, planted with typha, 
scirpus, or carex (sedge), or left unplanted as controls. These were placed in the same 
greenhouse as the subsurface flow wetlands in April 1997 and received an identical 
wastewater. Samples were extracted during each 20-day batch application and analyzed 

for COD. Greenhouse temperature was modulated between 4 and 24 °C on an annual 

cycle in . increments of 4 °C lasting approximately one month each. COD data from the 
columns were fitted to a first-order model, modified to include a nonzero asymptote. 
Assessments of other data were performed using effluent-to-influent concentration ratios 
and moving average plots of influent and effluent concentrations.

The modified model fit the data well. Plant effects on COD kinetics were noted 
in many cases, with carex and scirpus generally producing better degradation than typha 
or control treatments. Effects of temperature on kinetics were substantial, although the 
carex and scirpus treatments seemed less sensitive. Plant effects on COD removal were 
less noticeable in the subsurface-flow wetlands, but temperature effects were apparent. 
The subsurface-flow wetlands showed excellent removal of COD and sulfate, 
Phosphorus removal was of short duration, and nitrogen removal results varied. The 
behavior of both systems continued to change after several years of operation.
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INTRODUCTION
f

The use of artificial wetlands to treat wastewater is gaining attention and 

acceptance in many parts of the United States. This relatively new technology is usually 

referred to as treatment wetlands or constructed wetlands (CW). Compared to

conventional treatment methods, constructed wetlands can offer simple design, low 

capital costs, minimal operation and maintenance concerns, and a variety of ancillary 

benefits, such as the provision of habitat for birds and other wildlife. These attributes 

have, made CW an attractive alternative for small and onsite wastewater treatment 

systems. In particular, CW may be appropriate for many farm wastewaters, which 

contribute over 65% of the total pollution to U.S. surface waters (USEPA, 1989).

Although CW systems have been used successfully in various applications for 

several decades, many projects have reported mixed results (Brix, 1994). Historically, 

CW design has relied upon rules of thumb and other empirical methods. Widespread 

application of the technology will require the development of more rational, process- 

based design criteria. The first step in this direction has involved the adaptation of 

performance criteria for conventional organic wastewater systems to the design of CW. 

Such criteria are generally based upon assumed first-order degradation of organic matter 

and nitrogen compounds via microbial pathways. These microbial processes are known 

to be strongly temperature-dependent, which has limited the use of CW systems outside 

of warm and temperate regions. The effective use of CW in colder climates is hindered 

by a lack of operational data, and of information about the physical and biological 

controls that regulate constructed wetlands behavior.
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Goals and Objectives

The goal of the present research is to contribute to the development of rational 

design approaches for constructed wetlands in cold climates. This contribution consists 

of quantification and modeling of the effects of a cold climate on the performance of 

constructed wetlands for the treatment of water pollutants associated with rural 

environments. Specific objectives of this project are: (a) to provide additional: 

information on the feasibility of using subsurface-flow wetlands to treat wastewater in 

cold climates, (b) to develop objective design and operational criteria for subsurface-flow 

constructed wetlands based on evaluation and modeling of seasonal and temperature 

effects, (c) document the water quality of effluent from model CW Wetlands. This 

research did not address mechanical operation in cold climates. This issue has been 

addressed elsewhere, with generally good results, as shall be discussed below.

The aim of this thesis is to report the results from two subsurface CW test systems 

operated for several years at Montana State University. Bench scale wetlands and 

wetland columns were constructed and placed in a climate-controlled greenhouse. Native 

wetland plants were tested for their possible effects on treatment rate and extent. 

Temperature and daylight conditions were varied on an annual cycle to approximate the 

environment of a field-scale subsurface CW system. A synthetic wastewater was 

designed to mimic critical attributes of secondary wastewater. Concentrations of several 

important parameters were measured, including chemical oxygen demand (COD), total 

organic carbon (TOC), several nitrogen species, phosphate, total phosphorus (TP) and
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sulfate. Results were analyzed to consider the effects of temperature, season, and plant 

type on wastewater treatment efficacy.

Approach

COD data from the wetland columns were fitted to a first-order model, modified 

to contain a non-zero asymptote to account for the background COD in the CW. A 

nonlinear mixed-effects -regression technique, was used to generate estimates of this 

background COD and the first-order rate constant. A separate modeling run was 

conducted for each of sixteen 20-day cycles, spanning a temperature range of 4 to 24 °C 

over fourteen months termed the kinetic study period. In addition to the modeling results, 

COD performance data from both flow cells and columns are presented and evaluated for 

seasonal, temperature, and plant treatment effects. TOC data from the flow cells are 

presented and compared to COD as a measure of organic matter content.

Although the emphasis here is on the kinetic study period, results are presented 

for the wastewater monitoring performed during the first three years of this ongoing CW 

project. These include hydrodynamics, COD, ammonium and total N, phosphate and 

total P, and sulfate. Data for each of the wastewater constituents are evaluated for the 

effects of season, temperature, plant treatment and influent wastewater strength.
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BACKGROUND

Definition of Natural. Created, and Constructed Wetlands

A wetland is generally defined as an ecosystem or land area that is partially or 

entirely flooded at least some of the time. A wetland may range from those areas that 

have saturated conditions existing below the soil surface to those that are deeply and 

permanently flooded. A wetland ecosystem gives way to an aquatic ecosystem where the 

depth or duration of flooding is such that the growth of emergent or submerged 

vegetation is prevented (Kadlec and Knight, 1996). The great majority of wetlands are 

natural, though their common proximity to bodies of water makes them prime targets for 

drainage and development.

A wetland that is man-made for non-wastewater purposes is generally termed a 

created wetland. Reasons for creation of wetlands include habitat improvement, aesthetic 

benefits, flood control, and wetland loss mitigation. Under the policy of “no net wetland 

loss” proclaimed by former U.S. President George Bush, many development concerns 

have been required to create wetlands in mitigation of those destroyed in development.

Constructed wetland is the term usually applied to systems specifically designed 

and built for the treatment of polluted water. These may also be referred to as treatment 

wetlands or artificial wetlands.

Historical Development of Constructed Wetlands

The association of wastewater and wetlands is. not a new one. For centuries, 

humans have disposed of their wastewaters into bodies of water or depressions in the
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landscape. In the latter case, a wetland was often present or else resulted from the 

disposal (Cooper and Boon, 1987). This practice continues today in developing nations 

and many rural portions of developed nations, with wastewater disposed into ditches, 

trenches, or shallow infiltration systems, often giving rise to wetland conditions. Though 

the recognition and classification of this practice as a treatment technology is relatively 

recent, there exists evidence that ancient Egyptians and Chinese cultures used wetlands 

for the disposal of municipal wastes (Brix, 1994).

North American experience includes various examples of wetland use for 

wastewater disposal, including the Great Meadows in Lexington MA, beginning in 1912; 

the Brillion Marsh in Wisconsin which has received municipal discharge since 1923; the 

Cootes Paradise natural wetland in Hamilton, Ontario, receiving treated effluent since 

1919, and a discharge to a natural cypress swamp in Waldo, FL since 1939. In 1983, the 

USEPA reported finding about 324 unmonitored and unregulated “swamp discharges” in 

the 14 states comprising EPA regions 4 and 5. When monitoring was initiated at some of 

these sites, the treatment potential of wetlands came to light. (Kadlec and Knight, . 1996).

The first scientific consideration of wetlands for treatment use is credited to Dr. 

Kathe Seidel of the Max Planck institute. Throughout the 1950s, ‘60s, and ‘70s, Dr. 

Seidel conducted experiments with CW for treatment of domestic wastes, industrial 

wastes, road runoff and heavy metals, using bulrushes and other higher plants (Brix 

1994). CW research expanded in Germany and other parts of Western Europe in the 

1960’s and 1970’s, leading most notably to the development of the “Root Zone Method” 

of wastewater treatment by Dr. R. Kickuth of Germany. This term referred to CW



systems planted in heavy soil or light clay, sometimes with amendments to improve the 

sorptive capacity. The common failure in such systems was due to the incorrect 

assumption that plant roots would increase the permeability over time, which often 

resulted in ponding and overland flow (Brix, 1994).

Usage of both natural and constructed wetlands for water treatment gained 

momentum in the 1970s and ‘80s in North America. Work by Spangler et al. (1976), 

Nichols (1983) Gersberg et al. (1984) and others led to the development of full-scale 

demonstration projects, such as the wetlands system at Areata, CA (Gearheart et al.,.

1989). Constructed wetlands have been used with modest to substantial success for
. - ■

wastewaters with various pollutants, including animal wastes (Szogi et al., 1997;

Zimmerman et al., 1994; Hill, 1998), phenanthrene (Machate et al., 1997), human waste 

(Pride, 1990) and metals (Tarutis and Unz, 1995).

Removal of Organic Matter and Nitrogen Compounds in CW

Performance Expectations

CW are designed to target the removal of organic matter (OM) more often than 

any other parameter, and good results may generally be expected (WPCF, 1990). It is 

thought that degradation of OM in CW occurs by primarily aerobic pathways, although 

concentrations of dissolved oxygen are usually less than I mg/1 (WPCF, 1990), and this 

assumption has been challenged (Burgoon, 1995). Some degree of OM production or 

cycling occurs in all wetlands, and this may result .in minimum attainable concentrations 

in the effluent. As a consequence, OM removal efficiency is often decreased at low
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influent concentrations (WPCF, 1990; Kuehn and Moore, 1995). Emergent plants affect 

metabolic pathways and overall removal efficiencies in some cases (Burgoon, 1991a) but 

not in others (Kuehn and Moore, 1995). Documentation of successful removal of OM 

using CW abounds (i.e. Wolverton, 1983; Tanner, 1995a). Excellent reviews may be 

found in Brix (1997) and Kadlec and Knight (1996).

The success of nitrogen removal in CW is more variable. Nitrogen may be stored, 

by adsorption and sedimentation processes or plant uptake, and may be removed from the 

system by denitrification. Since influent to many wetlands contains primarily NH3-N, a 

nitrification step is usually necessary to precede denitrification. The nitrification step 

often appears to be limiting, as nitrifying organisms do not compete well with 

heterotrophs for limited oxygen supplies (Blicker, 1997). Nitrogen removal by 

nitrification-denitrification has been observed in various cases, including the work of 

Wolverton et al: (1983) and Burgoon et al. (1995).

Modeling PM Degradation

As a . primary design target for reduction, organic matter has received the most 

attention with regard to degradation modeling. Most such efforts have involved 

adaptation of equations governing the performance of conventional treatment systems. 

For degradation of organic matter, often quantified using a bulk parameter such as BOD, 

COD, or TOC, the simple first-order model has been the most commonly accepted 

(WCPF, 1990; USEPA, 1988):

C e  _  -Ar7-IH

Co
(2.1)
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where Ce is the effluent concentration, C0 is the influent concentration, kT is a 

temperature-dependent rate parameter and tH is the hydraulic residence time in the 

wetland cell. Hydraulic residence time for a subsurface-flow wetland can be determined 

from:

_  Vn

• . f c =  7 • ( 2 - 2 )

where V is the gross volume of the wetland, n is the porosity of the rock media and q is 

the design flow rate. The temperature-dependent rate parameter kT can be described by 

the empirical modified Arrhenius relation (WPCF, 1990):

kT = k2o(l-06 f ' 20). (2.3)

where kzo is the degradation rate parameter at 20°C and T is temperature in °C.

Many authors have documented some success in fitting the first-order model to 

BOD data. For example, Tanner et al. (1995a) found that removal of total BOD in a 

subsurface wetland system treating dairy wastewater could be described by the above 

equations. Crites et al. (1994) supported use of the first-order model but suggested that 

kzo was between 0.8 d"1 and 1.1 d"1. Burgoon et al. (1991) fit the first-order model, to 

planted batch microcosms and noted that fitted values of kx decreased as the wastewater 

residence time in the microcosm was increased. Further work with a similar system led 

to the conclusion that the first-order model remained valid for only the first 18 to 24
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hours of the batch, after which time the degradation slowed markedly (Burgoon et al., 

1995). Similar results were obtained by Allen (1999) in the present research.

Initial investigation of COD data from batch microcosms in the present study 

indicated that COD degradation curves appeared to approach a nonzero asymptote, which 

was termed Cr. Kadlec and Knight (1996) have proposed the existence of such a non

zero asymptote for BOD degradation in constructed wetlands. They attribute this 

residual to a background inherent in the wetland system. Sources might include carbon 

fixation, degradation of plant materials or other storage compartments, such as litter. The 

first-order model was modified as follows to include the existence of a nonzero 

asymptotic value of COD:

C ~ C r  = _ - 4 t

C o -C r (2.4)

C = COD concentration, mg/1 

Co = initial COD concentration, mg/1 

Cr = residual COD concentration, mg/1 

k = first-order decay parameter, d"1 

t = time, days

A model of the same form was proposed by Kadlec and Knight (1996) for BOD 

degradation. Treatment of the residual Cr may be difficult. Though some residual values 

have been reported (Kadlec and Knight 1996), these are sparsely supported and thought 

to vary with many factors, including season, wetland age and ecology, and nutrient 

loading. Through a regression of data, Kadlec and Knight (1996) found only weak 

dependence of Cr upon influent load. However, there is evidence that Cr may be related
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to input OM and not just to wetland background levels. Orhon et al. (1993) conducted 

experiments on the biological treatability of COD from both dairy effluent and sucrose in 

model, complete-mix, activated sludge reactors. Although neither influent source 

contained an appreciable inert fraction, the effluent produced contained inert microbial 

products amounting to 6 to 7% of the influent COD.

Factors Affecting Wetland Performance

As pseudo-natural systems, constructed wetlands are subject to a greater variety 

of controls and influences than conventional engineered treatment technologies. Some of 

these factors, such as hydrology, can be understood in terms of traditional engineering 

assessments, whereas others require new research and perhaps contributions from other 

disciplines. The regulating factors most important, to this study are discussed below.

Hydraulic Format and Media

There are two common classifications of constructed wetlands: free water surface 

operation (shallow pond) and subsurface operation (water surface is maintained below 

that of the soil or other rooting medium). Free water wetlands are usually operated in a 

continuous flow mode, with one or more influent and effluent points. Subsurface 

wetlands may be operated in a variety of fashions, including batch, continuous horizontal 

flow (saturated) or continuous vertical flow (unsaturated). A discussion of some of these 

may be found in Kadlec and Knight (1996), Breen and Chick (1989) and Rogers et al. 

(1991). Subsurface-format CW (both continuous-flow and batch) were deemed more 

appropriate for operation in cold climates, so these were chosen for the present research.



A variety of porous media are used in constructed wetlands. After early failures 

with fine soils in the “Root Zone Method,” focus has shifted to the use of sands and 

gravels. These media are sufficient for most rooting wetland plants, and have lesser 

tendency to plug. One drawback is that coarse media have much lower surface-to- 

volume ratio, and therefore become saturated with sorbents much more quickly. It is 

recognized that sorption may aid removal of various wastewater constituents, and that it 

is the only net sink for phosphorus (WPCF, 1990).

Climate

The effects of cold-temperature operation on subsurface wetland performance are 

debated. Operational issues, such as freezing are of concern. However, several 

demonstration projects have functioned successfully without major operational problems 

(see review by Jenssen et al., 1993). It is well known that biological processes, such as 

those that accomplish breakdown of organic matter, may slow down or stop as 

temperatures decrease. However, examples of effective biological treatment at cold 

temperatures are not uncommon, (i.e. Margesin and Schinner, 1998). Excellent tertiary 

treatment of wastewater in CW was reported by Gubricht (1992) for a project in southern 

Sweden, and generally good results have been reported by Doku and Heinke (1995) for 

CW operating in the Northwest Territories, Canada. Little is known about the effects of 

temperature on breakdown kinetics of OM and nitrogen in constructed wetlands. Current 

information suggests that nitrogen kinetics may be strongly affected, but that OM kinetics 

are relatively insensitive to temperature (Kadlec and Knight, 1996).

11
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Plant Selection

Emergent or floating macrophytes (plants) are usually considered an important 

component of CW systems. Their role may include transport of oxygen into the 

wetland, filtration of solids, nutrient uptake, insulation against freezing in winter, and the 

provision of suitable habitat for microorganisms and larger species (Reddy et al., 1989a). 

In much of the earlier CW research, plants were given the majority of the credit for 

treatment (Wolverton, 1976; Bastian, 1979). In the 1980s, however, the major role of 

microorganisms was recognized (Wolverton, 1983; Gersberg et al., 1984), and some of 

the presumed benefits of plants were even called into question (Davis, 1984; Brix, 1987).

The enhancement of dissolved oxygen in the root zone is one of the primary 

reasons for using plants in CW systems (Armstrong et al., 1992; Reddy et al., 1989a), 

The ability to transport oxygen to roots from aerial parts has been observed in various 

plants whose rooting systems are submerged for part or all of the year. It is believed that 

this adaptation allows plants to supply respirational oxygen to roots and to combat the 

deleterious effects of an otherwise reduced environment (Armstrong, 1964, Sand-Jensen 

and Prahl, 1982; Moorehead and Reddy, 1988). Justin and Armstrong (1987) describe 

the physiological traits that represent this adaptation. If the oxygen transport to the root 

zone exceeds that required by the plant to satisfy its respiratory needs, then the excess 

may be available for release or “leakage” into the surrounding solution. It is thought that 

this oxygen may then become available for use by heterotrophs or by autotrophic 

nitrifiers. Burgoon et al., (1995) documented an apparent qxygen transport rate of 28.6 

g/m2 of wetland area per day by Scirpus pungens in a subsurface-flow wetland for BOD
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removal. Several authors have reported evidence of increased nitrification activity in the 

root zone of wetland plants (Bodelier, 1996; Engelaar, 1995). If the bulk solution 

remains largely anaerobic while the root zone is oxygenated, the situation might prove 

ideal for the sequential nitrification and denitrification necessary for permanent net 

nitrogen removal. Reddy et al. (1989b) introduced 15N-Iabeled ammonia into wetland 

microcosms and subsequently detected 15N in the air above planted columns, but not in 

the air above unplanted columns. This was taken as direct evidence of nitrification- 

denitrification in the root zone. Rogers et al. (1991) found that although dissolved 

oxygen was supplied from the roots of several wetland plants, nitrification-denitrification 

was not enhanced, and plant uptake accounted for the majority of nitrogen removal. 

Likewise, Farahbakhshazad et al. (1997) monitored, profiles of ammonia, nitrate, and 

dissolved oxygen in the root zone of Phragmites australis (common reed), and concluded 

that the plant influence on nitrification-denitrification had been overemphasized.

The beneficial effect of oxygen transport by plants in CW was generally, accepted 

for several decades after the oxygen-transport work of Armstrong (1964). However, the 

magnitude of the transport has been questioned and debated hotly in the last decade 

(Armstrong 1990,1992; Bedford et al. 1991,1994; Sorrel and Armstrong 1994). Some of 

the debate has focused on whether it is appropriate to measure dissolved oxygen or redox 

potential, and on the distance from the roots to take such measurements. Flessa and 

Fisher (1992) clearly demonstrated increased redox potential in the root zones of 

submerged rice plants. However, Howes and Teal (1994) showed that a net loss of 

oxygen from roots was absent in the salt marsh plant Spartina alterniflora even when
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respiration was inhibited, and that a net uptake of oxygen was in some cases noted in the 

uninhibited plants. The work of Gries and Kappen (1990) added evidence that 

temperature and season influenced such behavior. Though much of this work shed light 

on the fundamental nature of wetland plants, little of it could be directly applied to the 

constructed wetland environment.

The laboratory experiments of Reddy et al. (1989a) were accepted as evidence of . 

oxygen transport by plants in a wastewater treatment setting. The authors sealed the 

roots of several species of wetland plants into flasks of primary sewage effluent, leaving 

the aerial parts exposed, and calculated the transport of oxygen as follows:

O2 Transport = BOD5 (Initial -  Final) + DO (Final -  Initial) (2.5)

BOD5 = 5-day biochemical oxygen demand (mg/1)

DO = dissolved oxygen concentration (mg/1)

Use of this equation, however assumes that any decrease in BOD5 may be attributed to 

oxygen-consuming aerobic respiration. That assumption may be far from reasonable in a 

wetland environment. Burgoon et al. (1995) contended that methanogenesis was the 

major removal pathway for carbonaceous BOD in model constructed wetlands. If 

degradation of organic substances is accomplished through anaerobic or a mixture of 

aerobic and anaerobic pathways, then accurate kinetic modeling may be more complex 

than the current efforts. Also, the particular transport characteristics and suitability of a 

particular species may vary greatly from one setting to another. Augmentation of the
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oxidation status by plants should, in any case, be expected to affect treatment, and the 

redox depth profile data of Allen (1999) may shed additional light on this subject.

Uptake of nutrients from wastewater is thought to be another advantage to the use 

of plants in constructed wetlands. All plant species require both nitrogen and phosphorus 

for tissue development, and compounds containing these elements are often of concern as 

limiting nutrients downstream from waste treatment processes. Typical tissue: 

concentrations of above-ground biomass in Typha sp. and similar plants are 0.4 to 4.0% 

dry weight nitrogen and 0.1 to 1.0% dry weight phosphorus. Documented annual rates of 

uptake for these same plants range from about 30 to 60 g/m2 for nitrogen and from 8 to 

11 g/m2 for phosphorus (Cary and Weerts, 1984; Davis, 1984; Gopal and Sharma, 1988). 

These amounts are sufficient to impact annual effluent loads in lightly loaded wetlands 

(Brix, 1997). Unfortunately, plant uptake does not represent a steady, long-term sink for 

these nutrients. Upon the senescence and death of plant tissues, most nutrients are 

returned to solution (WPCF, 1990). The only net removal is the nutrient content of 

undegraded refractory organic residue (Brix, 1997). Removal of these nutrients by plant 

harvesting has been deemed impractical for several reasons. First, it is difficult to 

determine when the most efficient time for harvesting occurs. Plants actively redistribute 

nutrients among their above- and below-ground parts throughout the year. Graneli et al., 

(1992) found that Phragmites australis began to move, nutrients and carbohydrates from 

leaves into rhizomes as early as June, in the midst of the growing season. Davis (1984), 

however, reported higher leaf tissue nutrient concentrations in fall than in spring for 

Typha domingensis. A study of Typha elephantina in warm conditions found 35% of N



and 50% of P was translocated to rhizomes for winter storage and then reused in the 

spring (Gopal and Sharma5 1988). Harvesting may therefore be relatively ineffective 

during the senescent season, though harvesting during the growth season might interrupt 

other beneficial plant influences. Plant uptake is therefore considered an active storage 

compartment rather than a true removal mechanism (Brix5 1987).

Use of Batch Reactors to Mimic Plug-Flow CW

In ideal terms, a finite element of fluid in a plug-flow reactor may be considered a 

batch reactor that moves through space. For this reason, batch reactors have often been 

used to pilot the behavior of plug-flow reactors. This is true in treatment wetlands 

research, as many researchers have used batch-mode “microcosms” or “columns” to 

predict or understand continuous-flow CW or “flow cells” (Burgoon et al., 1991, 1995; 

Breen and Chick, 1989).

One aim of this project was to evaluate the comparability of flow cells and 

columns operated under similar conditions with the same wastewater. Several factors 

related to hydraulics should be considered when making this comparison. First, flow 

cells do not always operate in a true plug-flow fashion. Although water does enter at one 

end and leave at the other, mixing, dispersion, detention and short-circuiting may a ll. 

cause deviation from ideal behavior (Kadlec and Knight, 1996). Second, the two reactors 

are quite different from a microbial ecology standpoint. The flow cell, whether truly 

plug-flow or not, can be expected to contain gradients in microbial ecology in response to 

the steady-state gradients in chemical concentrations. That is, each region of the wetland
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is likely specialized in response to a certain suite of chemical concentrations generally 

found there. The microbes in batch-mode columns, on the other hand, see cycles of 

changing conditions over time. This scenario is likely to produce a mixed consortia of 

organisms, some of which are likely to be facultative, in order to respond to the rapidly 

changing chemical concentrations and redox status. There may be some spatial gradients 

in the column, but the data of Allen (1999) indicate that such columns are fairly well 

mixed. So, an element of wastewater. in a flow cell moves through various semi

permanent microbial niches, while one in a column may drift slowly through a fairly 

homogeneous, but temporally variable environment.

The plants introduce another major difference between the flow cells and 

columns. If the column is well mixed with regard to the batch duration, then most of the 

wastewater can be expected to pass through the immediate root zone. In flow cells,, the . 

possible reduction in porosity caused by the plant roots may cause preferential flow 

beneath the densest rooting zone, limiting root zone contact (Breen and Chick, 1989).



METHODS AND MATERIALS

Experimental Overview

Two experimental systems were designed. The first experiment consisted of eight 

bench-scale constructed wetlands with continuous horizontal subsurface flow, termed 

“flow cells”. This system was established in December 1995. Two planted treatments, 

termed “typha” and “scirpus” were compared to an implanted “control” treatment as the 

system was subjected to seasonal changes in photoperiod and ambient temperature. 

Influent and effluent samples were collected approximately once per hydraulic residence 

time (five days) and analyzed for various wastewater parameters. The second experiment 

involved the use of smaller, subsurface wetland microcosm columns operated in batch 

mode. This column experiment was located in the same greenhouse as the flow cells and 

experienced the same environmental conditions, but its operation started 16 months later 

(April 1997). The experiment involved implanted controls and the same plant treatments 

as the flow cells, with the addition of treatment planted to sedge, termed “carex”. Each 

treatment had four replicates, and the treatments were randomly placed in a rectangular 

array. A series of 20-day batches were conducted using the same wastewater as was 

applied to the flow cells. Time series data were collected from the columns for modeling 

of waste-degradation kinetics.

Both experimental systems were observed at different temperatures and stages of 

plant growth to assess seasonal variability and plant influence. The final 14 months of 

the study, termed the kinetic study period, were used to assess the effects of temperature
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modulation on each of the systems. Ambient temperatures were 4 °C in January and 

February 1998, increasing in 4 °C increments to a high of 24 °C in August, and 

decreasing again in 4 °C increments to reach 4 °C in January 1999. Relative humidity 

ranged from 30 to 70%, with no seasonal pattern. Supplemental lighting was not used; 

cumulative daily net solar radiation ranged from I to 8 MJZm2Zd and, due to greenhouse 

shading, was about 25% of locally recorded net solar radiation (Towler, 1999). The 

environmental conditions appeared to produce normal seasonal cycles of plant dormancy 

and growth.

Bench-Scale Flow Cells Constructed Wetlands 

Flow Cells Design and Construction

During late 1995, eight flow cells were constructed and placed in an 

environmentally controlled greenhouse at Montana State University’s Plant Growth 

Center. Each CW cell was 152 cm long, 76 cm wide, and 53 cm deep and filled with 

gravel (13-19 mm) to a depth of 47 cm (Figure I). Cells were constructed of 16-mm 

polypropylene and fitted with 0.75" (19 mm) PVC distribution and collection manifolds. 

The manifolds were constructed with 3-mm slots on the crown and were placed 

horizontally across the flow cell to ensure an even flow distribution. The distribution 

manifold was placed 41 cm, and the collection manifold 5 cm, above the bottom of the 

cell. The collection manifold led to a separate water surface-regulating tank to allow 

calibration of the wetland phreatic line. This was set at. 46 cm for the duration of the
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study. All cells were set on customized pallets so that they could be transported if 

necessary. Initial porosity was 0.40.

Flow D i r e c t i o n

WV i n p u t

-K

Figure I. Plan view schematic of a constructed wetland flow cell

Sampling port clusters were located on 25-cm width by 51-cm length centers within 

each cell . Each cluster was comprised of three individual ports to allow for monitoring 

of water quality at depths of 15 cm, 30 cm, and 41 cm measured downward from the 

gravel surface. Each port consisted of half-inch (13-mm) PVC pipe drilled at the 

appropriate depth and a length of 3-mm flexible tubing secured to the pipe. The former 

allowed insertion of probes while the latter allowed withdrawal of water samples using a 

standard Leur-slip syringe. One sampling port of each cell was fitted with a differential 

thermocouple at a depth of 36 cm from the upper gravel surface. Other than for
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temperature measurement, the flow cells sampling ports were not used during this study. 

Air and water temperatures, relative humidity, and net solar radiation were recorded 

every 30 minutes by a Campbell Scientific 21X with Multiplexer and SM 192 Storage 

module using thermocouples, a Campbell Scientific relative humidity probe (model 

HMP35C), and a Radiation Energy Balance Systems (model Q7.1) net radiometer. 

Figure 2 shows the temperature record for two days, one in summer and one in winter, 

and gives the reader an idea of the control possible in the greenhouse. To allow for 

periodic observation of plant roots and any required subsurface sampling, a 20-cm 

diameter removable wire basket was placed in each wetland cell. These baskets could be 

removed, sampled and replaced with minimal disturbance to the wetland plants. No 

quantitative data are provided regarding plant roots.

35 -i
---- Cells

30 September 5, 1997; set temp = 16 C

0.00 6.00 12.00 18.00 24.00
Time (hrs)

Figure 2. Greenhouse air and flow cells water temperature for 9/5/97 and 1/21/98



Flow Cells Planting

Three cells each were planted with Typha latifolia (broadleaf cattail) and Scirpus 

acutus (hardstem bulrush) on December 5, 1995, while two cells remained unplanted as 

treatment controls. These plants had been harvested from a native wetland near 

Bozeman, MT on October 25, 1995 and had been in cold (5 °C) storage during the 

interim. At planting, the senesced tops were cut and discarded. The rootstocks were 

planted on approximate 30-cm centers, at a depth of 7 cm, after as much soil as possible 

had been removed from them by pressure washing. Harvesting and replanting were 

accomplished during the natural dormant period of the plants. To facilitate 

establishment, the cells were initially filled with a commercial fertilizer solution, Peter’s 

50 PPM N 20-10-20 GP (The Scotts Company) and the greenhouse temperature was 

maintained at 24 °C for four months until March I, 1996. Basal density of the cattails 

appeared to have stabilized at approximately one stalk per 100 cm2 by the summer of 

1996, while bulrush density was more varied; many of the bulrush transplant plugs could 

still be distinguished nine months after planting. Both plant species were observed to 

enter a period of relative dormancy from November 1996 through May 1997, after which 

time vigorous re-growth began. Within a period of one month, both species achieved 

heights of 2 to 3 meters and very dense basal coverage of their entire respective wetland 

cells (more than one stalk per 25 cm2). This same pattern of dormancy and re-growth 

was observed during each year of the experiment. Data on plant growth, including 

estimates of the leaf area index, may be found in Towler (1999). Plants appeared healthy 

and vigorous throughout the duration of the study.
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Wastewater Source Selection

Several wastewater sources were characterized for potential use in the constructed 

wetlands experimental system. These, include: swine waste collected from indoor pits 

and lagoons, dairy waste, dry dog food or swine feed mixed with water, and a synthetic 

wastewater known as Friedman’s Formula (Peavy et al., 1979). Characteristics of the 

various wastewater sources are shown in Table I.

Table I. Results of the wastewater analysis (mg/1)

PH COD Tot. P TKN NH4 NO3 NO2 PO4

6GO

. Dairy Waste #1 7.2 3500 28 349 170 0 0 20 27

Dairy Waste #2 8.0 8500 8 1047 921 0 0 11 59

Dairy Waste #3 7.9 6000 33 868 512 0 0 10 59

PuppyChow (10:1) 5.0 5000 63 198 13 0 0 40 13

Iams (10:1) 5.0 4000 HO 419 10 0 0 90 14

Swine Feed (10:1) 4.5 14000 184 403 2 0 17 171 40

Swine Waste - MSU 5.6 30000 451 2274 1790 I 20 491 116

Swine Nursery* 7.3 24000 217 1746 1681 3 0 55 65 .

Swine Waste Lagoon* 7.7 7000 301 - - 3 48 173
I

216

39

Sow Bam Waste #1 7.6 10000 169 - - 3 0 96

Sow Bam Waste #2 7.6 8500 92 - - 4 0 108 72

Swine Finishing Room* 8.1 13000 207 2777 1862 3 0 85 182

* Sampled from a local swine producer in Logan, MT

Dissolved swine feed was initially selected as the waste source because of its low 

cost, availability, and high nutrient content. However, with use of the swine feed it was 

difficult to separate solids from liquids after mixing. The fat from the feed plugged the
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distribution lines, obstructing flow, and the greenhouse became malodorous from the fat 

turning rancid. The synthetic wastewater was finally selected for its convenient 

availability, ease and safety of handling, and reproducibility. This wastewater was mixed 

according to Table 2.

T a b le  2 . Synthetic wastewater composition (mg/1)
Reagent Low Strength Medium Strength High Strength

C12H22O11 50 100 .200
Peptone 55.5 111 222

FeCl3 0.1 0.2 0.4

MgSO4TH2O 31 62 62

K2HPO4 .22 44 44

NH4Cl 97 194 57.4

H3BO3 5 10 10
CuSO4 0.4 0.8 0.8

KI 0.95 1.9 1.9

MnSO4 3.9 7.8 7.8

Na2MoQ4 2.0 . 4.0 4.0

ZnSO4 3.9 7.8 7.8

CaCl2 0.95 1.9 1.9

Flow Cells Wastewater Application

Three polypropylene tanks (total volume 3000 I), connected in parallel, served as 

the reservoir for the wastewater. From the holding tanks, the water passed through a 

tubing into a manifold, which split the flow into eight tubing lines. Each line fed a 

separate wetland cell. Inflow was delivered to the eight cells using a Masterflex L/S
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variable-speed drive system equipped with a four-roller cartridge peristaltic pump head 

(Cole-Parmer Instrument Co., Niles, IL). Flow rates delivered by the pump showed 

considerable drift over time, necessitating pump head calibration at least every second 

day. Wastewater was mixed 3000 liters at a time and allowed to feed the distribution 

system continuously until nearly empty, about nine days.

The flow of synthetic wastewater into the eight wetland cells was initiated on 

April 5, 1996, at a rate of 30 ml/min ±5% with waste concentrations as shown for 

medium-strength in Table 2. This application was maintained continuously from April 5 

to August 16, 1996; at which time the concentration of all influent constituents was 

reduced by half while maintaining the 30 ml/min flow rate. This low-strength application 

was maintained until October 5, 1997, at which time the wastewater recipe was changed, 

to that under high strength in Table 2. These alterations of the recipe were designed to 

include the range of strength and constituent ratios typical of influent to the CW systems 

being modeled in this experiment. Data were collected for various wastewater sources 

(Tables 3 & 4) to determine a range of typical input concentrations and nutrient ratios. 

Table 5 shows these same data for the synthetic wastewater used in this experiment.

Flow Cells Establishment and Characterization

The system was stabilized and characterized during summer 1996. Data collected 

were used as performance benchmarks and for development of long-term experimental 

protocols. Various combinations of mixing and environmental conditions were applied to 

the 3000 L holding tank system and evaluated for optimum consistency in the wastewater 

delivered. Three different sets of conditions were tested during the period May 17 to



Table 3. Characteristics of treated wastewaters as typical candidates for influent to model constructed wetlands (mg/1)
Source COD" BOD5 TOC TN TKN NH4-N orgN N02,3 TotP P04-P S04-S COD/NH4 CODS 0Aorg-N C S C/P

Bozeman post
primary measured 

by authors
288 - - - - 21 - - - - - 13 - -

Belgrade Pond 3 
reported by city - 12 - 15 15 3 12 0 16 - - - I - -

Belgrade Pond 3 
measured by authors 149 - - - ■- 8 - - - 19 - -

Belgrade Pond 4 
reported by city - 4 - 9 9 2 6 0 12 - - I - -

Belgrade Pond 4 
measured by authors 124 - - 9 - - -. - '13 - -

typical septic tank 
effluent (Metcalf & 

■Eddy 1991)
320-450 140-200 25.60 25-60 20-60 0-5 0 10-30 - - 5-20 - - -

North Amercan SSF 
Treatment Wetlands 
influent (Kadlec & 

Knight 1995)

- - 41 22 8 14 109 - - - 0 - - ■

septic effluent I 
(Jones & Buls 

personal comm.)
229 - 50 4 3 , 43 32 11 0 6 4 - ■ 7 5 0 I 8

septic effluent 2 
(Jones and Buls 
personal comm.)

299 - 75 51 51 38 15 0 -- 8 - 8 . 6  0 I



Table 4. Various untreated wastewaters of interest in choosing an appropriate synthetic wastewater recipe (mg/1)
Source COD B0D5 TOC IN TKN NH4-N Org-N N02,3 TotP P04-P S04-S COD/NH4 COD/N 9 CZN CZP

swine wastewater 8141 - - 1848 1558 290 - - - - 5 - - - ' -

medium-strength
untreated domestic WW 5.00 220 160 40 40 25 15 0 8 30 20 13 0 4.0 20
(Metcalf & Eddy 1991)

low-strength untreated
domestic WW 250 110 .80 20 20 12 8 0 4 - 20 . 21 13 0 4,0 20

(Metcalf & Eddy 1991)

swine effluent 1100.0 4829 3412 1417 I 550 212 0 20(Stein & Hook 1995)
untreated household I
(Jones & Buls personal 50.6 - 14.0 52 51 18 33 I 7 5 - 28 10 I 2.7 21

comm.)
untreated household 2
(Jones & Buls personal 625 - 146 64 63 21 42 I - 7 - 29 10 I 2.3 -

comm.)

X

Table 5. Properties of the synthetic wastewater used in the CW experiments (mg/1)
Application strength COD BOD5 TOC TN TKN NH4 -N Org-N N02,3 TotP P04-P S04-S CODZNH4 CODZN %Org-N CZN C/P"

low-measured* 87 - 31 31 0.4 0 - 5 2 2.8 2.8 1% “
low-theoretical — — 44 33 33 29 4 0 3.8 4 6 13% 1.4 11.6
med-measured* 187 - 75 59 16 0 - 11.5 3.2 2.5 21%
med-theoretical 88 66 6,6 58 8 . 0 7.6 8 12 0.0 12% 1.3 11.6
high-measured* 423 140. 42 21 21 0 10 9 11 20.1 10 50% 3.3 14.0
high-theoretical 176 44 44 17.2 27 0 7.6 8 12 0.0 61% 4.0 23.2

♦Measured values represent averages from days 1 ,2,3, 5,7, and 9 of a nine-day tank-emptying period at the given strength

IO-O



June 12, 1996, with each set being maintained for one nine-day tank-emptying period. It 

was determined that the wastewater should be mixed from a dissolved concentrated feed, 

and that the wastewater should not be circulated among the tanks once the emptying 

period was begun. Even with operating conditions optimized for stability, the influent 

wastewater showed some variation over time. Freshly mixed wastewater was apparently 

subject to degradation by microbes residing in the holding tanks. Figure 3 shows the 

COD concentration in the influent during three different emptying periods.

600 n

500 □
A

I
B
U

400 - 

300 - 

200 -

100 -

♦ Sample Period I 
□ Sample Period 2 
A Sample Period 3

0
0 2 4

9

A

6

Day of Emptying Period

▲
□

♦□
A

8

Figure 3. Degradation of influent COD over the nine-day emptying period
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Accounting for the variation in influent wastewater was accomplished in either of 

two ways. The first method was the use of averaging over periods of time longer than the 

five-day residence time, as suggested by Kadlec and Knight (1996). For comparisons on 

a smaller time scale, effluent data were carefully paired with corresponding influent data 

from the previous sampling date, approximately five days earlier. Discussion of 

treatment efficiency and effluent-to-influent ratios are based upon such pairing.

Sampling patterns and frequency during this characterization phase reflect 

intensive efforts to characterize the influent stream as well as to establish baselines for 

effluent parameters. From April 22 to May 14, 1996, samples of both influent and 

effluent were collected on an average of every other day from one cell of each treatment 

type. In order to verify consistent influent quality among cells as well as over time, 

samples of the influent to all 8 cells were collected daily from May 17 to June 3 (two 

complete emptying periods). Effluent samples were collected daily from all eight 

wetland cells during the second period, May 26 to June 3. From June 4 to July 10, 

influent samples were collected daily from three cells selected randomly, while effluent 

samples were collected daily from each of the eight cells. When random selection called 

for replicate sampling of influent to a cell, this was done as an analytical check. Analysis 

of these data was used to establish the protocol for the remainder of the experiment, in 

which three random influent samples and all eight effluent samples were collected on the 

second and seventh day of each period. This frequency is close to the calculated 5-day 

hydraulic residence time for the 30-ml/min flow rate.
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Flow Cells Sampling and Analysis Procedures

All samples were collected in 15-ml glass test tubes. Care was taken to avoid 

collecting non-representative material such as large solid particles. dislodged from 

effluent structures by the sampling. Influent samples were gathered by disconnecting the
I

feed line from its juncture with a wetland inlet manifold and collecting flow from the 

line. Effluent samples were taken by allowing the effluent stream to drip into the 

collection vessel. Ten ml of each sample were filtered into sterile test tubes through a 0.2- ' 

micron cellulose acetate membrane filter and refrigerated at 5°C. The remaining 5 ml of 

sample were analyzed immediately for chemical oxygen demand (COD). All filtered 

portions were analyzed for concentrations of nitrate, phosphate, and sulfate by ion 

chromatography (Dionex Co.). Ammonium ions were measured in all samples 

colorimetrically using a modified Berthelot method. COD was measured by colorimetric 

determination following digestion in COD reagent vials (0-1500 mg/1; Hach Company, 

Loveland, CO). Nitrite concentrations were determined colorimetrically using a modified 

Garret-Nason method, but levels were consistently below the detection limit, so 

measurement was discontinued except for periodic verifications. pH was measured 

immediately after sample collection using a benchtop pH meter. pH values appeared 

stable and neutral enough initially to discontinue measurement except on a periodic basis. 

These measurements revealed pH values of 6 to I  throughout the duration of the 

experiment. Separate 15-ml samples were collected several times for analysis of total 

Kjeldahl nitrogen (TKN). The TKN samples were preserved by acidification to pH 2.0 

using sulfuric acid and analyzed by the Oscar Thomas Nutrition Lab at Montana State
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University. TKN was also measured on several occasions in-house using the persulfate 

digestion method. Total nitrogen (TN) was measured using a Hach persulfate digestion 

colorimetric kit. With oxidized nitrogen consistently absent from both influent and 

effluent wastewaters, the TN and TKN were considered to be equal. Total phosphorous 

(TP) concentrations were measured using a Hach persulfate digestion colorimetric kit. 

Separate samples were collected for total organic carbon (TOC). These were 

immediately acidified using 20% concentrated phosphoric acid and stored at 2°C. 

Preserved samples were purged with oxygen for five minutes and then analyzed in a 

Dorhmann model DC-80 carbon analyzer.

Wetland Columns

Columns Design and Construction

Thirty-two wetland microcosm columns, 60 cm tall, were constructed from 20 cm 

polyvinyl chloride (PVC) pipe and filled to a depth of 50 cm with washed pea gravel (1.5 

- 2.0 cm diameter). Of these 32, 16 were sampled for the present experiment while the 

other 16 were treated in like manner but not sampled. These may be used for destructive 

sampling or replacement in the future. Porosity was 0.27 with a resulting pore volume of 

4.3 L and did not differ significantly among plant treatments. Sample ports, of identical 

construction to those in the flow cells, were installed vertically with openings at depths of 

5, 15, and 30 cm. A water delivery system was used to replace evaporative losses and 

continuously maintain water levels at the gravel surface through the addition of tap water 

to the bottom of the columns (Figure 4.)
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Figure 4. Schematic of column design.
(Fresh tap water is continually supplied to the reservoir tube, maintaining water 
levels at the reservoir overflow. Taken with permission from Allen, 1999).
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Columns Planting

Typha latifolid and Scirpus acutus were collected near Norris and Three Forks, 

Montana, respectively. Plants were dormant when collected in early spring 1997. Shoots 

were cut 15 cm above rhizomes, which were placed in cold (5°C), dark storage for one 

month. After cold Storagei rhizomes were washed to remove sediment and planted in 

columns in April 1997. Also at this time, mature Carex rostrata (beaked sedge) plants 

were collected near Norris, Montana when minimal new growth was visible. Shoots 

were cut 15 cm above rhizomes, and the rhizomes were rinsed and planted directly in 

columns. Transplant success was nearly 100% for all species, with vigorous growth 

noted within one to two months.

Columns Establishment and Characterization

Columns were filled with the same standard nutrient solution as the flow cells for

a five-month plant establishment period, from April to early September 1997. Columns

were drained and filled with fresh nutrient solution an a monthly basis. Tap water was

used to maintain water level during the interim. After the plant establishment period,

high-strength wastewater was added to columns during a two-month wastewater 
.

acclimation. Data collected during this time were used to develop experimental and 

sampling protocols for the actual test period, which began in January 1998 (see below).

Columns Wastewater Application

The 20-day period required to collect data for one batch is referred, to as a cycle. 

To establish a consistent starting point, the columns were drained and filled with fresh



wastewater two to three days after a change in temperature. After three additional days, 

the columns were once again drained and filled with fresh high-strength synthetic 

wastewater, beginning the new cycle.

Columns Sampling and Analysis Procedures

Sampling of the bulk solution in the columns at depths of 5, 15, and 30 cm 

indicated that there were no measurable vertical gradients, so samples were subsequently 

drawn from 15 cm only. Samples were collected during each cycle on days 1,3, 6, 9, 14, 

and 20. Solution samples were collected with a 60 ml syringe after three sampling tube 

volumes (approximately 15 ml) had been withdrawn and discarded. Samples were 

subsequently processed using the same methods as described above for flow cell samples.

Wastewater concentrations were lower in samples taken immediately after filling 

the columns than in the influent, perhaps due to a combination of dilution from residual 

water and sorption processes.= A bromide tracer study determined that dilution accounted 

for an immediate 5% reduction of the influent concentration, with no difference among 

plant treatments. Values of initial concentration in the columns, usually termed Co, were 

corrected for this effect using the product of 0.95 and the influent concentration.

System Management and Operation

Figure 5 is a record of the greenhouse set temperature from initiation of the flow 

cells experiment until the beginning of the kinetic study at the end of 1997. The period of 

interest in the kinetic study extends from plant dormancy in January 1998 to the latter 

portion of the next dormancy in February 1999, about fourteen months. At the start of
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this period, the flow cells system was two years old while the column system was about 

ten months old. Both systems had been receiving high-strength wastewater for two 

months. Thereafter, data collection was organized into periods termed cycles, with each 

cycle representing a new greenhouse temperature setting. The duration of each cycle was 

27 days. During each cycle, the flow cells wastewater holding tanks would be filled and 

emptied three times, and the columns would be run through one 20-day batch period and 

several days of acclimatization. For a description of the temperature and start date of 

each cycle, please see Figure 6. Note that this study is comprised of cycles four through 

sixteen. The first three cycles were part of the characterization and stabilization period.
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Figure 5. Greenhouse set temperature schedule prior to the kinetic study period
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RESULTS AND DISCUSSION

This chapter is presented in three sections, beginning with the results of the COD kinetic 

modeling in the columns. Next, the COD removal performance of the columns and flow 

cells are compared during the kinetic study period. Finally, data are presented for flow 

cell performance with other wastewater parameters over the entire study period.

Results of COD Degradation in Columns 

Modeling Setup and Technique

COD degradation data from the CW columns were fitted to the k-Cr model 

(Equation 2.4). Data inspection suggested such a wide range of residual COD 

concentrations that it was deemed impractical to use a mean or otherwise fixed value for 

Cr throughout the study. Thus Cr was included in the model as a parameter to be fitted 

simultaneously , with k. Another decision in model development was the proper treatment 

of Co. Measurement of this “Day 0” concentration was derived from the same sampling 

and replication techniques as the remainder of the data, and was subject to the same error 

and uncertainty. Co was therefore also treated as a fitted parameter so that the Day 0 

concentration would not be given more weight than the other data points.

Least-squares nonlinear optimization of the data using this three-parameter (k, Cr, 

and Co) model proved frustrating. The seven data points representing the COD 

degradation within a single column during one cycle proved insufficient to produce stable 

results for the relatively large number of fitted parameters. Fitting the combined 

experimental replicates of each treatment type improved the number of data points to 28,

37
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but substantial and consistent differences in performance among treatment replicates 

confounded this approach. When some satisfactory parameter estimates were obtained 

from fits of the individual columns, it was unclear how these should be combined for the 

purpose of general comparisons across treatments and seasons. The variability in the 

goodness of model fit made it desirable to somehow weight the parameter estimates 

derived from each column, but a method for such weighting was not readily apparent.

A variety of statistical techniques were considered before it was decided to use a 

repeated measures technique known as nonlinear mixed effects regression (NLME). This 

technique was developed in the late 1980s and has seen application in the fields of 

pharmaceuticals and agriculture (Lindstrom, 1990). The power of NLME for this data set 

is its ability to track the unexplained but consistent bias of an individual experimental 

unit, and to account for this when generating parameter estimates for a treatment group.

For each fitted parameter, the NLME technique generated two types of estimates. 

The first type is the fixed effect, and one was generated for each treatment group. The 

second is the random effect estimate, and one was generated for every individual. The 

fixed effect is the best point estimate of the parameter for a given treatment, and the 

random effect accounts for differences among individuals within a treatment. The best 

estimate for an individual is obtained by summing that individual’s random effect with 

the fixed effect for the treatment. In this case, however, the primary interest was in 

determining the fixed effects; the mixed-effects model allowed this to be done with less 

associated error. Figure 7 provides a conceptual comparison of classical and mixed- 

effects regression techniques.
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□ error
Q random effects 
■ fixed effects

classical mixed effects

Figure 7. Comparison of classical and mixed effects regression techniques

COD data from the column reactors were fitted to the k-Cr model to obtain 

estimates of k and Cr. A statistical consultant performed the modeling runs using the 

NLME capabilities of the statistical package S+. A forward stepwise approach was used 

to model each cycle separately. Convergence was based on maximum likelihood.

The first modeling step was fitting of a general model, termed FIT, of the form 

shown in Equation 2.4 (page 9), with all 16 columns treated as replicates from the same 

population. Subsequent steps in model development involved partitioning the columns 

by treatment type with respect to each of the three model parameters. The final form of 

the model was termed FIT4 and included treatment effects for all three fitted parameters. 

This stepwise approach was used for several reasons. First, parameter estimates 

generated in a given step were used as starting values for the next step. Next, it was for
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several cycles not possible to achieve convergence with the most complex model, FIT4, 

in which case a less complex model was used. Finally, it was desirable to perform 

ANOVA tests comparing the most complex model achieved (usually FIT4) to the general 

model (FIT). This test was used to determine the significance of treatment in the overall 

model. Initial attempts to combine the data from different cycles having the same 

temperature (i.e. spring and fall) were abandoned when it was discovered that such cycles 

exhibited distinct characteristics and could not be treated as replicates.

Modeling Results With all Observed Data

The k-Cr model in most cases described the COD degradation data with several 

exceptions. A summary of modeling results is shown in Table 6. Features of this table 

include fixed-effects estimates of k and Cr for each cycle and the result of an ANOVA 

test for significance of the treatment effect. A low p-value indicates that the model was 

significantly improved by the addition of treatment information.

Table 6. Summary of fixed effects from COD modeling of all observed data
Estimate of k (d'1) Estimate of Cr (mq/l COD)

Cycle Temp
(C)

Carex Control Scirpus Typha Garex Control Scirpus Typha
p-value for 
treatment 

effect
4 4 ***0.68 0.68 0.68 0.68 132 282 166 215 ***
5 4 0.56 0.54 0.38 0.54 148 237 148 225 0.0145
6 8 1.22 2.17 0.94 1.20 201 268 206 250 0.3220
7 12 0.29 1.71 0.15 0.85 95 250 97 134 0.0000
8 16 0.80 1.31. 0.70 1.22 96 220 87 80 0.0003
9 20 0.32 0.38 0.38 0.75 58 127 45 57 0.0026
10 24 0.60 0.89 0.48 0.39 48 109 40 76 0.1208
11 20 0.80 0.33 0.56 0.46 29 65 38 72 0.0004
12 16 1.23 0.16 0.64 0.31 25 58 30 57 0.0000
13 12 1.05 1.33 0.88 0.34 34 195 41 85 0.0000
14 8 1.82 1.06 0.70 1.12 30 206 50 113 0.0000
15 4 2.21 1.46 1.67 1.55 27 199 46 134 0.0000
16 4 2.28 2.07 1.62 2.49 35 230 52 168 0.0000

***model could not distinguish the treatments with respect to the parameter k in cycle 4.
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In general, data from the earlier portion of the experiment, namely Cycles 4 to 9, 

exhibited more variability and less adherence to the form of the k-Cr model. Many 

columns, especially those of the control and typha treatments, showed a rapid decrease in 

COD concentration, then a slight increase, and finally a decrease for the remainder of the 

cycle. For example, consider the data from control column 3, Cycle 5 in Figure 8.

500 i
♦ Observed 
—  Predicted400

^  300

Q 200 -

Cycle Day

Figure 8. Predicted (k-Cr model using all data) and observed COD; Cycle 5 ,4C, 
control-3

COD concentration appears to increase between Day I and Day 3, shows little deviation 

between Days 3 and 6, and then displays the expected exponential decrease thereafter. 

This effect was not observed during the warmer period of Cycles 10 to 12, but reappears 

in the fall and is apparent from Cycle 13 onward. The effect of the hump shape on 

modeling results was to produce artificially large values for both k and Cr. The fitted 

curve would assume an L-shape, with a very steep initial portion followed by a horizontal 

portion for the remainder of the cycle. Other non-ideal behaviors were noted during the
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early portion of the kinetic study period (Cycles 4 to I), including a gradual rise in COD 

concentration after a small initial drop (Cycle 4, control column 2 shown in Figure 9) and 

failure to reach a steady asymptote before the end of the cycle (much of Cycle 7, for 

example typha column 4 in Figure 10). These deviations from what was otherwise a 

useful model, and the resulting difficulty in modeling, resulted in poor fits and poor 

estimates of the model parameters.

500
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i? 300
&
§  200
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---- Predicted

5 10
Cycle Day

j
Figure 9. Predicted (k-Cr model with all data) and observed COD; Cycle 4, 4C, 
control-2

Modeling Results With Day I Removed

In response to these problems, several possible modifications to the model were 

considered. It was ultimately decided to remove Day I from all data sets based upon the 

following arguments. First, the goal of this portion of the research was the determination 

of values for k and Cr and to establish whether these were dependent upon plant
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treatment and season. Without good model fitting, interpretation of these parameters was 

not possible. In the absence of both a concrete explanation for the hump and evidence 

that it is a common phenomenon, model modification seemed unwise. Second, lower- 

than-expected COD concentrations often measured on Day I are attributed to an artifact 

of the experimental system. It is hypothesized that the simple organic substrates 

comprising the input COD were rapidly sorbed or otherwise sequestered and then 

returned to solution later as the system began to return to a steady state, perhaps as 

microbial cells or cell products. Finally, the COD concentration on Day I was deemed of 

little importance for application of the results to design of CW systems or comparison to 

reported kinetic parameter values. Most systems are operated at residence times much 

longer than one day, and data from the first day are usually not available. For these 

reasons the removal of Day I was considered an acceptable data massage.

500 i ♦ Observed
-----Predicted
-----Pred. sans day I

O 200

Cycle Day

Figure 10. Predicted (with and without day I) and observed COD; Cycle 7, 12C, 
typha-4
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The outcome of modeling with the Day I data removed is summarized in Table 7. 

The two models were visually compared to the data points. The “sans Day 1” curves 

differ substantially from the earlier set in some cases and are similar in others. The largest 

differences were seen in those cycles that had previously proven difficult to fit such as 

Cycle 7 (i.e. Figure 10). Removal of Day I had little effect on the apparent quality of fit 

or the value of the parameters for most columns in the warm-temperature cycles (Cycles 

10-12). The major consequences noted in the affected cycles were a reduction in k values 

and an apparent improvement in fit of the remaining data points. The latter had the effect, 

of allowing the model to fit a Cr value lower than the predicted value on Day 20 for those 

columns in which the asymptote was not reached during the cycle. In other words, the 

sans Day I model was less apt to be forced to a horizontal asymptote (Figure 10). 

Further analysis and discussion of COD degradation modeling will exclude Day I.

Table 7. Summary of fixed effects from COD modeling with Day I removed
Estimate of k (d"1) Estimate of Cr (mg/I COD)

Cycle Temp
(C)

Carex Control Scirpus Typha Carex Control Scirpus Typha
p-value for 
treatment 

effect
4 4 0.30 0.98 0.21 0.36 103 295 114 204 0.0001
5 4 0.35 0.30 0 .23 0.36 133 225 125 216 0.0572

6# 8 0.92 5.09 0.80 1.03 200 275 205 250 0.0000
7 12 ***0.23 0.23 .0.23 0.23 70 . 223 84 98
8 16 0.28 0.13 0.37 0.57 57 136 67 67 0.0003
9 20 0.30 0.38 0.33 . 0.50 52 124 36 47 0.0367
10 24 0.46 0.53 0.38 0.30 38 100 . 31 62 0.0314
11 20 0.63 0.29 0.41 0.34 30 60 28 61 0.0001
12 16 0.71 0.27 0.42 0.27 20 108 17 46 0.0000
13 12 0.56 0.23 0.40 0.25 22 145 18 66 0.0000
14 8 0.79 0.37 0.40 0.37 22 189 40 95 0.0000
15 4 0.76 0.11 0.49 0.40 18 118 26 116 0.0000
16 4 0.69 0.12 0.48 0.47 24 129 32 131 o.oooo.

*** model could not distinguish the treatments with respect to the parameter k in cycle 7 
# Cycle 6 data were poorly fit by the model and little confidence is placed in the values
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The fixed effect values of Co for each treatment are shown by cycle in Figure 11. 

This parameter was fitted for statistical rigor as described above. Assuming consistency 

in the wastewater input over time and among the various treatments, the expected value 

of Co should be constant. Though some variation is apparent, the fitted values are more 

or less constant. Note that such variation results from differences in the entire curve fit 

and not just from differences in the measured Day 0 values.
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Figure 11. Fixed effects estimates of Co
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One of the primary goals of this research was to investigate the temperature 

dependence of organic removal kinetics in model constructed wetlands, measured as 

COD. Much of the debate on this topic has been based upon the temperature dependence
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of the first-order rate parameter (Gumbricht, 1992). A thorough understanding of 

performance expectations should involve both the rate parameter and the background 

levels or return flux of COD, as in the k-Cr model. Several authors have suggested that 

most CW systems are over-designed with respect to organic removal, in which case 

effluent values depend more upon Cr than upon the rate parameter (Kadlec and Knight, 

1996). The following discussion considers effects of treatment, season, temperature, and 

time since wetland initiation on k and Cr.

Estimates of the Rate Parameter k

Figure 12 shows the fixed-effect estimates of the rate parameters. This figure 

allows several interesting conclusions. However, small problems should be noted. First, 

poor fits were obtained in the earlier cycles, especially Cycles 6 and 7, resulting in erratic 

estimates of k during the first portion of the experiment. It is impossible to say whether 

the large variability in k values during Cycles 6 and 7 is representative of the variability 

in treatment or is purely a result of the poor model fit. However, it is clear that less 

confidence should be placed in the values obtained from poor fits. Second, note that it 

was not possible to obtain a fixed effect estimate of k as a function of treatment for Cycle 

7. The model was unable to converge to a rational solution, and the estimate of k for 

Cycle 7 displayed in Table 7 and Figure 12 is based upon all 16 columns without regard 

to plant treatment. Finally, it should be noted that the modeling approach utilized did not 

allow pair-wise comparisons for statistical differences among treatments. Instead, the 

ANOVA results displayed in Table 7 test whether the addition of treatment information 

to the model results in a significantly improved ability to fit the data. Pair-wise



47

comparison of parameter estimates for individual columns (fixed effect plus random 

effect) is possible, but did not make sense given the small sample size.
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Figure 12. Fixed effect estimates of k sans Day I. (Cycle 6 Typha k = 5.1 dA-l

Figure 12 shows a treatment effect upon the rate parameter. A general ranking of 

the k values obtained from Cycle 11 to Cycle 16 (fall and winter) would be carex > 

scirpus > typha > control. However, this order and the magnitude of these differences 

vary with season and over time. Results from Cycles 4 to 7 are difficult to interpret for 

reasons already discussed. Rate parameter values from the cycles 8 to 11 (spring and 

summer) suggest that treatment type may be less important during the growing season 

and/or for warm temperatures. In contrast, treatment type results in larger differences in 

k values during the latter part of the year and into the second winter (Cycles 12 to 16). 

The importance of treatment may vary with wetland age as well as over season and 

temperature, especially in planted columns, but this effect is difficult to ascertain with
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data from just one year. The strongest support for the time effect is seen in the 

differences between the k values for all planted columns obtained during Cycles 15 and 

16 as compared to Cycles 4 and 5. These pairs of cycles represent identical periods of 

consecutive years with nearly identical environmental conditions. Reasons for the 

treatment effect in k are best discussed in combination with the parameter Cr and will be 

covered below.

Study of Figure 12 also shows that some treatments were affected by season 

(including temperature). The simplest case to study is the control treatment, which can 

be expected to depend upon temperature but not upon season (i.e. stage of plant growth); 

microbial response to temperature should be rapid enough to preclude any effect of 

season except temperature. Again, the erratic estimates obtained during the earlier cycles 

prevent substantial interpretation. Values of the rate parameter k from the control 

treatment generally show expected behavior with variation in temperature from Cycle 8 

onward (WPCF, 1990). The maximum value (ignoring the poorly fit early cycles) of 

0.53 -day'1 is reached at the warmest temperature (Cycle 10, 24 °C) and the minimum of 

0:11 day"1 is found during one of the coldest periods (Cycle 15,4 °C). An Arrhenius fit 

to the control estimates of k for Cycles 8 to 16 was performed using k2o = 0.34 (the mean 

value of k in control columns from cycles 9 and 11,20 0C). This resulted in an estimated 

0 of 1.06 with an r2 of 0.68, which is in agreement with previously postulated values of 0 

for subsurface CW (WPCF, 1990). Attempts to fit such a relationship to the planted 

treatments were unsuccessful, as the effects of season and/or time apparently obscured 

those of temperature. Scirpus k values increased gradually throughout the experiment
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from 0.21 day"1 in Cycle 4 to a maximum of 0.49 day"1 in Cycle 15. Typha values did not 

show such a consistent pattern. The maximum value of k = 0.57 day"1 was achieved 

during the early growing season (Cycle 8), while the minimum value of 0.25 day"1 was 

observed at the beginning of dormancy (Cycle 13). This may suggest a seasonal effect 

for typha that produces higher rate parameters during early growth, but data from 

subsequent seasons are required to verify this assumption. As with scirpus, carex rate 

parameters generally increased over time. Rate parameters for all planted treatments were 

higher during the second winter than during the first, suggesting a time effect. It is likely 

that planted cells had not achieved a climax population of either plants or microbes at the 

beginning of the experiment, eight months after planting, and that further plant 

development served to increase COD degradation rate parameters over the course of the 

experiment. When available, data from the subsequent growth season should shed light 

on this subject.

Estimates of the Residual Cr

Figure 13 shows the effects of treatment, season, and time upon the parameter Cr, 

the residual COD. Interpretations from this figure are subject tot he same qualifiers . 

discussed for interpretation of k. Cycles 6 and 7 have relatively poor model fits 

compared to later cycles.. Although the estimates for Cr are not such dramatic outliers as 

they were for k, the rationale for excluding Cycle 6 is the same. Determination of pair

wise significant differences between treatments is limited by the sample size as described 

above for estimates of k. A significant treatment effect for the overall model was noted 

in all cycles excepting 6 and 10 (Table 7). The general ranking of Cr for the entire
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experiment is carex = scirpus < typha < control. This ranking maintains the same order 

throughout, though typha behaves sometimes like the other plant treatments and other 

times more like the control treatment. Overall, spread among the treatments is minimized 

during the warmer cycles which comprise the growing season, while both winters see 

greater treatment differences in Cr. It seems that the importance of treatment type 

increases over time, as the scirpus and carex cells continue to exhibit very low values of 

Cr into the second winter. Further data are required for investigation of this trend.
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Figure 13. Fixed effects estimates of Cr sans Day I

Effects of time and season are apparent in Figure 13. As was done with the rate 

parameter k, consider first the control treatment and assume that it is affected by 

temperature but not season. The minimum Cr attained in the control treatment was 61 

mg/1 during Cycle 11 at 20 °C. Values tended to increase at lower temperatures, reaching 

almost 300 mg/1 for Cycle 4 (4 °C) but only 130 mg/1 for Cycle 16 (4 °C). A local
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maximum of 190 mg/1 was reached during Cycle 14 (8 °C). Cr values for the sciipus 

treatment declined over time, without any discernible effect of temperature or season. 

The maximum value for scirpus was 125 mg/1 in Cycle 5 (4 °C) and the minimum was 17 

mg/1 in Cycle 12 (16 °C). Cr values rose just slightly to 32 mg/1 during the second 

winter (Cycle 16, 4 °C). Typha values of Cr were initially similar to those for the 

controls, but began to resemble those of the other treatments during the growing season 

(Cycles 7-11). With the onset of fall and the second winter, the Cr values for typha 

began to. rise above those of the other treatments, eventually returning to equal those of 

the controls. Carex Cr values were similar to those of the scirpus treatment for all cycles.

COD Removal in the Flow Cells and Columns 

Day 6 Performance in Columns

In addition to the kinetic modeling described above, the wetland column data were 

evaluated for COD removal efficiency on the sixth day of each cycle. This day was 

chosen for several reasons. First, this interval is typical of hydraulic residence times used 

in subsurface flow treatment wetlands (WPCF, 1990; Brix 1997). This time is also 

reasonably close to the five-day hydraulic residence time of the flow cells, allowing 

general comparison between the two experiments. Figure 14 shows the ratio (Cg/Co) of 

COD measured on Day 6 to the measured influent COD for the four replicates of each 

treatment. The data may be found in Table 11 in the Appendix. Although there is 

substantial variability in Figure 14, it is minimized during the summer. Control and 

typha columns follow a seasonal trend, as expected from first-order kinetics (Equations
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2.1-2.4). Performance of carex and scirpus treatments seems less dependent upon season. 

These perform better during the second winter (Cycles 15 and 16) than during the first 

(Cycles 4 and 5), suggesting the importance of time. This may reflect the difference 

between one and two growing seasons having elapsed since startup, or that the columns 

were not adapted to the wastewater at the start of the kinetic study.
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COD Performance in Flow Cells During the 
Kinetic Study Period ______________

The period of high-strength application is of primary interest, and it corresponds 

to the period of kinetic study in the column experiment. This period is characterized by a 

seasonal temperature cycle with minimum of 4 °C and maximum of 24 °C, encompassing 

the third growing season since flow cell system initiation. Though kinetic information 

may not be derived from the influent and effluent data collected in the flow cells, it is still 

possible to make performance comparisons across temperatures, seasons, and treatments.

During the high-strength operation, samples were collected every five days, about 

five times per cycle. Effluent data points were compared with influent data from the 

previous sampling date, approximately one residence time earlier. Effluent data were not 

collected on the first sampling day of a cycle, as this would represent water that had 

entered during the previous cycle, so that about four in-out pairs were available for each 

cell during each cycle. Mechanical failures and other practical considerations affected 

the number of pairs available for some cycles. The mean effluent-to-influent (Ce/Co) 

ratios for each cell and cycle were computed, and the results are presented in Figure 15. 

Data for the individual cells may be found in Table 12 in the Appendix.

Figure 15 shows similar trends to those seen in Figure 14. There is more 

variability between treatments and among replicates during operation at cooler 

temperatures than at warm temperatures. This fact is noteworthy in its implications for 

research into plant effects. Since the majority of CW research has been conducted at 

warm temperatures and in warm climates, the importance of plants to cold-climate 

operation may have been previously underestimated. One of the most important
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conclusions to be drawn from this research is that the treatment performance was still 

changing after three years of operation.
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Figure 15. Flow cell COD Ce/Co by treatment and cycle
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The substantial differences between the first winter of high-strength operation 

(Cycles 3-5) and the second winter (Cycles 14-15) show that the flow cells cannot yet be 

said to have reached a steady state of operation. Again, this may be a result of total 

system age or of the short, time (two months) that the cells were allowed for acclimation 

to high-strength wastewater. It is impossible to say whether these systems were gradually 

approaching a steady state or were instead undergoing what will prove to be permanent 

and erratic variability. In either case, this calls into question the reliability of CW 

research conducted over very short time periods.

Comparison of Performance in Flow 
Cells and Columns______________

The COD ratio data from columns and flow cells during high-strength application were 

investigated for both similarities and differences. Table 8 shows mean values of these 

ratios for each treatment in the two systems (also refer to Figures 14 and 15). Similarities 

include the seasonal pattern performance and the increased removal efficiency between 

the second and first cold seasons. Data from both systems indicate that scirpus may have 

improved performance during the second winter, and that there are minimal treatment 

effects evidenced by C/Co comparisons during the summer. Important differences 

between the two systems include less consistency in performance ranking of the 

treatments in the flow cells and greater variability among replicates in the columns. 

Treatment effects seem to be less in the flow cells, while they are substantial in the 

columns. This may be due to a lack of contact between wastewater and root zone in 

planted flow cells, dr to the minimal importance of kinetics to effluent COD
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concentration in the flow cells at warmer temperatures. The stability among flow cell 

replicates may be due to the greater age of the system, and to the averaging effects of 

using much larger reactors.

The flow cells’ 5-day performance Was in almost all cases better than the 6-day 

performance in the columns. This was evident in the controls at any temperature and, to a 

lesser degree, in the planted treatments at warmer temperatures. It is hypothesized that 

the uniquely adapted microbial zones of the flow cells may be lead to greater efficiency. 

The absence of this result in the winter months could be attributed to the greater 

importance of the plants during this time and the greater contact of the wastewater with 

plant roots in the columns (Breen and Chick, 1989).

Table 8. Comparison of flow cells Ce/Co to columns Ce/Co
Carex Control Scirpus Typha

Ce/Co
Cycle Temp flow cells

Ce/Co
colum ns

Ce/Co  
flow cells

C6ZCo
colum ns

Ce/Co 
flow cells

C6ZCo
colum ns

Ce/Co 
flow cells

C6ZCo
colum ns

4 4  C - . 0.41 0.45 0.74 0.48 0.52 0.58 0.60

5 4  C - 0.42 0.42 0.62 0.51 0.50 0.62 0.56  .

6 S C - 0.51 0.35 0.63 0.40 0.56 0.50 0.62

7 12 C - 0.41 0.16 0.62 0.21 0.55 0.23 0.35

8 16 C - 0.36 0.12 0.57 0.11 0.31 0.12 0.25

9 20 C - 0.30 0.09 0.33 0.10 0.24 0.11 0.14  ■

10 24  C - 0.17 0.05 0.30 0.07 0.18 0.07 0.31

11 20  C - 0.12 0.07 0.39 0.07 0.19 0.08 0.34

12 16 C - 0.08 0.07 0^47 0.05 0.15 0.06 0.34

13 12 C - 0.07 0.12 0.53 0.07 0.14 0.09 0 .40 .

14 8 C - 0.08 0.25 0.66 0.14 0.21 0:17 0.43

15 4  C - 0.07 0.26 0.68 0.19 0.18 0.21 0.41

16 4  C - 0.11 - 0.69 - 0.19 - 0.50
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Temperature and Seasonal Effects on 
COD Removal__________________

The temperature effect on the rate parameter k in the column controls was as 

expected (WPCF, 1990). Treatment and/or time effects probably obscured any effects of 

temperature on the rate parameter in the planted columns. COD removal rates in the 

carex and scirpus columns did not seem to be adversely affected by the diminishing 

temperatures in the fall and winter of 1998 (Cycles 11 to 16). The cause of plant 

enhancement of cold-temperature performance by the plants is unknown. It may be that 

the senescent portion of the plants’ annual cycle leads to greater oxygen leakage into the 

rhizosphere. This could be explained by the decreased respirational demands of the roots 

for the oxygen transported to them. This effect may also be enhanced by the increased 

solubility of oxygen during cold-temperature operation. Between 24 and 4 °C, the 

solubility of oxygen in water increases from about 8.5 to 13.0 mg/1.

In. the flow cells, there was little temperature dependence evident between 12 and 

24 °C. This does not mean that the kinetics weren’t affected over this range, but perhaps 

just that treatment was sufficient for the COD concentration to reach its minimum value 

during the five-day residence time for all of these temperatures. Interestingly, flow cell 

effluent values during warm-temperature operation were usually lower than the 

corresponding value of Cr from the k-Cr model (see Tables 7. and 8). This may suggest 

that Cr estimated using the model is not a true, minimum, or that background levels of 

carbon are different in the flow cells and columns. Flow cell effluent values were 

affected substantially by each decrease in temperature below 12 °C. This may mean 

either that significant biological limitation began below this temperature, or simply that
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the gradual limitation imposed by temperature became sufficient to prevent reaching the 

background level at 12 °C. Column data tend to support the latter conclusion, though 

profile data would be necessary to confirm it in the flow cells.

Seasonal differences are in part due to the effects of evapotranspiration (ET). The 

substantial removal of the solvent water during warmer months would increase the 

concentrations of all solutes in the wetland, and presumably in the effluent (Towler, 

1999). This concentration increase may also alter treatment rates in the wetland. If COD 

degradation were governed by first-order removal kinetics, then the removal of water by 

ET would increase the rate on a mass-per-volume basis. Although measurements of mass 

flux might reduce the error in estimating treatment rates, the great majority of researchers 

and regulatory authorities are committed to the use of concentration-based evaluation. 

Therefore, the use of concentration was maintained in this study.

In both columns and flow cells, the differences in performance between the first 

and second winters of the kinetic study confound the interpretation of seasonal effects. If 

the system was still approaching steady state, then the second winter is more 

representative of long-term behavior. If, on the other hand, the differences were due to 

normal year-to-year variability, then there may be no seasonal effects at all. This latter 

scenario is considered highly unlikely, though, due to the consistency of performance 

changes among experimental replicates. Note that the variability among replicates is 

seen in almost all measures of performance, whether kinetic or percentage-based, and is 

maximized during winter months and minimized during the summer. This is probably 

due to greater importance of kinetic limitation during colder-temperature operation.
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Plant Effects on COD Removal

Treatment effects were apparent in the column kinetic modeling, as evidenced by 

the ANOVA results in Table 7. Again, statistical pair-wise comparisons were not 

possible, due to the small sample size. A significant ANOVA result says only that the 

model was improved by the inclusion of treatment information, meaning that treatment 

type is an important predictor of performance. Qualitative statements regarding the 

relative performance of the treatments are possible. Carex was an excellent performer in 

the column study. It generally produced larger k values, smaller Cr values, and lower 

Ce/Co ratios than the other treatments. Perhaps most important to this study, the carex 

columns produced excellent treatment during the winter of 1998-99, with Day 6 COD 

remaining averaging less than 10% at 4 °C, as compared to an average of 70% in the 

control columns (Cycles 15 and 16, Figure 14). Scirpus columns also demonstrated 

relatively rapid and extensive treatment, and achieved Day 6 COD remaining averaging 

20% at 4 °C. Some effects of plant treatment on COD degradation in the flow cells may 

be visible in Figure 15, but determination is limited by the sample sizes and the probable 

failure of the kinetics to regulate effluent values at temperatures above 12 °C. Inspection 

of the data from the two winters bracketing the period of high-strength operation shows 

the plants decreasing performance during the first winter and possibly increasing it during 

the second. Whatever these effects, they are not evident during warm-temperature 

operation. This suggests that some authors did not find plant treatment effects because 

their systems were operated only at warm temperatures (i.e. Burgoon et al., 1991a).
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Additional Results of Wastewater Treatment in Flow Cells

In response to the research goals laid forth at the outset of this research, the 

constructed wetland flow cells were sampled and characterized extensively over a period 

of almost three years. Emphasis here has been placed upon the data relevant to modeling 

of organic removal in cold climates, such as COD. However, summaries of flow cell 

performance with respect to hydrodynamics and several secondary wastewater 

parameters are provided at the end of this section for the purpose of documentation. For 

each wastewater parameter, these summaries generally consist of moving average plots 

and, in some cases, effluent-to-influent ratio tables. The plots show five-point moving 

averages of influent concentration and the mean effluent concentration for each 

treatment. The moving average was utilized to facilitate the presentation of such 

extensive data in a comprehensible format. The Ce/Co ratio tables included in the 

appendices document removal efficiency for each flow cell under various conditions.

Flow Cells COD Performance Summary

The flow cells generally produced excellent treatment for the removal of COD. A 

moving average plot of the entire data set (July 1996 -  January 1999) is shown in Figure 

16. The kinetic study period (November 1997 -  January 1999) is emphasized in Figure 

17). Table 9 reports the mean Ce/Co ratio of each cell for each of the three application 

strengths. These strengths were maintained for different lengths of time, and hence the 

number of samples collected varies for each. Temperature cycling was conducted only 

during the high-strength application period, while the low- and medium-strength periods
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had consistently warm temperatures (Figure 5). For consistency in Table 9, data from the 

high-strength period were limited to those cycles with warm greenhouse set temperatures 

(Cycles 8 to 12). Time since system initiation may also influence the results, as the 

wastewater application was medium-strength from April to August 1996, low-strength 

from August 1996 to October 1997, and high-strength from October 1997 to January 

1999. The medium-strength application was used as a pilot period, and reliable data were 

not collected until July 1 ,1996, further limiting the data set for this period.

Table 9. Mean and standard deviation of C/Co in flow cells for three strengths
Influent

Strength typha 1 typha 2 typha 3 scirpus 1 scirpus 2 scirpus 3 control 1 control 2
sam ples, 
per cell

Low 0.18 0.16 0.18 0.13 0.14 0.12 0.16 0.16 33
87 mg/I (0.09) (0.06) (0.07) (0.06) (0.07) (0.07) (0.09) (0.08)
Medium 0.16 0.17 0.21 0.14 0.14 0.10 0.18 0.15 5
187 mg/I (0.03) . (0.04) (0.07) (0.04) (0.07) (0.06) (0.07) (0.07)

High 0.10 0.08 0.10 0.09 0.07 0.08 0.10 0.08 18
421 mg/I (0.04) (0.03) (0.03) (0.03) (0.04) (0.03) (0.04) (0.03)

COD removal was good throughout, and efficiency was not greatly affected by 

the. changes in the strength of applied wastewater. The slightly higher percentage 

removed at high strength is attributed to the existence of the background COD 

concentration in the wetlands cells. If this background concentration was independent of, 

or only weakly dependent upon, influent levels, and if the residence time was sufficient to 

reach this background, then higher efficiency may be expected for the high-strength 

application. This result suggests that the wetlands were not overloaded with respect to 

COD at any of the applications, and that any treatment limitations during the high- 

strength application were likely due to cold temperatures.
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Flow Cells Total Organic Carbon 
Performance Summary________'

Total organic carbon (TOC) was. measured for each flow cell with two in-out 

pairs per cycle, starting with Cycle 7. Results are displayed in Table 10 as the ratio 

Ce/Co. These data were collected to corroborate the information derived from COD. 

Figure 18 is a plot of all measured TOC raw data against the COD of the corresponding 

sample. A linear relationship between TOC and COD exists for most wastewaters . 

(Standard Methods, 1992), and the data verify this for the synthetic wastewater used in 

this study. The slope of the regression suggests that 3.2 mg of oxygen (or equivalent 

electron acceptor) are required to oxidize each mg of organic carbon in this wastewater, 

and that this ratio is not altered by treatment in the wetland. Allen (1999) has constructed 

a similar plot from the column experiment with less data clustering and similar results.

64

Table 10. TOC Ce/Co for flow cells during the kinetic study period.
(Note that ratios from two measurements for each cell and cycle are presented.) __________________

Cycle Temperature typha 1 typha 2 typha 3 scirpus 1 scirpus 2  scirpus 3 control 1 control 2

7 12 C
0.16 0.12 0.14

8 16 C
0.09 0.08 0.11

9 20 C
0.06

0.08
0.05

0.08
0.08

10 24  C
0.09
0.06

0.08
0.18

0.11
0.06

11 20  C
0.09
0.05

0.08
0.04

0.07
0.05

12 16 C
0.06
0.04

0.07
0.04

0.17
0.00

13 12 C
0.06
0.04

0.05
0.08

0.07
0.05

•4 A Q O 0.20 0.13 0.21\H O V
0.11 0.05 0.12

4C A Cs 0.20 0.21 0.27
IO H U

0.17 0.05 0.12

0.16 0.17 0.10 0.08 0.06

0.23 0.21 0.15 0.07 0.16

0.07 0.07 0.08 0.06 0.07
0.05 0.04 0.05 0.04 0.04
0.00 0.07 0.12 0.08 0.07
0.00 ' 0.04 0.08 0.04 0.04
0.10 0.07 0.08 0.08 0.08
0.06 0.04 0.06 0.04 0.03
0.07 0.06 0.06 0.05 0.05
0.05 0.03 0.04 0.03 0.03
0.06 0.07 0.05 0.05 0.10
0.04 . 0.07 0.04 0.04 0.11
0.13 0.21 0.16 0.27 0.33
0.07 0.14 0.06 0.07 0.20
0.20 0.27 0.21 0.17 0.43
0.21 0:11 0.08 0.08 0.25



65

700 H

y = 3.2x+ 8.0 
R2 = 0.98

S 400
Q 300

Figure 18. TOC vs. COD from influent and effluent of flow cells

Flow Cells Hydrodynamic Summary

The flow cells were designed to mimic the hydrodynamics of CW systems, which 

usually operate in a plug-flow mode. A bromide tracer test in January 1996 showed that 

the cells were partially mixed. Tracer response was between that expected from plug- 

flow and complete-mix reactors (Figure 19). Repeats of this test during summer 1997 and 

spring 1999, at the end of the kinetic study, found little change. A very small sample of 

these data was fitted to the convective-dispersion equation using the nonlinear least- 

squares optimization routine “CXTfit” (van Genuchten, 1974).

Rf

dC
dt

(4.1)

C = solute concentration [M/V] 
x = longitudinal distance in flow cell [L] 
Rf= retardation factor (unitless)

t = time [T]
D = dispersion coefficient [L2/T] 
v = pore water velocity [L/T]



Values of R ranged from 1.5 to 2.0, and D varied from 100 to 150. A fitted curve from a 

typha cell is shown with the data in Figure 19.

o 0.5
♦ observed 
—  fitted

E 0.2 -
CQ 0.1 -

D=131, R=1.82, typha I, 7/97, RA2=0.95

Residence Times
Figure 19. Convective dispersion equation fit to tracer data

Flow Cells Nitrogen Performance Summary

The nitrogen forms measured throughout the duration of flow cells operation were 

ammonium and nitrate. The latter was never found in measurable quantity, either in 

influent or effluent. This was not surprising, as no nitrate was added to the influent, and 

the reductive capacity of the wastewater probably precluded the existence of nitrate in the 

bulk solution. A 5-point moving average plot of ammonium data is presented in Figure 

20. The solid line denotes the theoretical total nitrogen (TN) content of the influent 

wastewater. Total nitrogen was measured consistently only during the latter three- 

quarters of the kinetic study period, during which the measured and theoretical input 

values corresponded very closely (+/- 2 mg/1). The high-strength period is emphasized in 

Figure 21, including TN data. Note that the total nitrogen measurements were made only
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twice per cycle, and so are not presented as a moving average. Throughout the time that 

it was measured, effluent TN was essentially equal to effluent ammonium nitrogen, 

indicating complete mineralization of organic nitrogen. If mineralization was complete 

for the high-strength application, it was likely complete at the low- and medium-strength 

applications as well. This assumption would allow us to approximate effluent TN with 

effluent ammonia nitrogen. In this case, all. treatments can be said to have removed 

substantial nitrogen during the low-strength application (August 1996 to October 1997). 

ment effects can be noted during the low- and medium-strength applications with typha, 

and eventually scirpus, removing up to 50% of the influent nitrogen. The typha 

treatments displayed more rapid initial growth during the 1996 growing season, while the 

scirpus reached a similar basal density during the 1997 season. These growth patterns 

may be related to a pattern of nitrogen storage via plant uptake. During high-strength 

application, the general trend is for some removal during the winter, spring and fall, with 

little to none during the summer. It is expected that by the third growth season, net 

nitrogen uptake by plants would have become much less as return fluxes increased. No 

major treatment effects are noted, which removes plant uptake from consideration as an 

important removal mechanism. Adsorption is not considered to be a major sink either, as 

the sorptive capacity for ammonia at these concentrations should have been more than 

satisfied after two years of operation (Brix, 1987). The remaining possibilities for the 

nitrogen removal are therefore sedimentation and sequential nitrification-denitrification. 

Sedimentation removes nitrogen when organic residues are deposited in an undegraded or 

only partially degraded state (Brix, 1987). This mechanism may be less effective during



summer, when warmer water temperatures are conducive to the breakdown of residues. 

In the case of nitrification-denitrification, it is possible that the decreased rates of 

heterotrophic activity and increased solubility of oxygen lead to enhancement of 

nitrification, which is usually the limiting step. The Ce/Co data for TN during high- 

strength application may be found in Table 13 in the Appendix.

Flow Cells Phosphorus Performance Sum m ary

Phosphate was monitored throughout the duration of the flow cells study, and 

total phosphorus (TP) was measured twice per cycle during the kinetic study period, 

beginning in July 1998. TP was generally equal to phosphate concentration within the 

margin of error of the analysis (+/- I mg/1). A moving average plot for phosphate is 

presented in Figure 22, with an expanded view of the kinetic study in Figure 23. Ce/Co 

tables are presented both for phosphate (Table 14) and TP (Table 15) in the Appendix. 

Some phosphate removal ̂ was seen early in the experiment, especially in the typha and 

scirpus treatments, but this removal was nonexistent during the kinetic study period. The 

major removal mechanism for phosphorus in wetland systems is thought to be sorption 

(Brix, 1987; Gale, 1994), a sink with finite capacity. The treatment effects noted during 

the early portions of the study suggest some plant uptake or influence on sorption, but 

this appears to have been of limited long-term importance.

Flow Cells Sulfur Performance Summary

The only sulfur species measured was sulfate, which was monitored for the 

duration of the experiment (Figure 24). Ce/Co data may be found in Table 16 in the
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Appendix. Sulfate was monitored partly as a pollutant of secondary importance and 

partly as an indicator of reduction-oxidation status within the flow cells. Note that most 

sulfate was removed, presumably by reduction to sulfide, for all of the medium-strength 

applications. During low-strength application, some sulfate remained, especially in the 

planted cells. Increased levels of sulfate in the effluent were seen again, especially in the 

schpus treatment, for high-strength operation after July of 1998. As was discussed above 

regarding nitrification, it is thought that the winter months may potentially see enhanced 

oxygen status or oxidation potential, which may inhibit sulfate reduction and lead to 

measurable sulfate in the effluent. Allen (1999) has documented the effect of scirpus on 

CW oxidation status.
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COD Removal During the Kinetic Study

COD Kinetics

The k-Cr modified first-order model fit the column COD data well with Day I 

removed. The modification to include a nonzero asymptote Cr was warranted, as the 

model fit Cr values well in excess of zero (Table 7). The nonlinear mixed-effects 

technique was useful in modeling this data set, particularly because of the consistent 

differences among replicates. In most cases, the model found that plant treatment was an 

important predictor of COD degradation performance in the CW columns.

Estimates of the first-order rate parameter k followed a seasonal pattern in the 

typha and control treatments, and those from the control treatment fit an Arrhenius 

relationship (Equation 2.3). Estimates for the carex and scirpus treatments were more 

dependent upon time, and remained high into the second winter of the study (Figure 12). 

Variability in this estimate was minimized during the summer (Cycles 9 to 11).

Estimates of the parameter Cr generally followed the ranking carex = scirpus < 

typha < control. As with k, the differences between treatments were minimized during 

the summer (Figure 13). Control and typha treatments responded to a seasonal pattern, 

with lowest Cr in the summer, whereas the carex and scirpus values decreased from the 

first winter to the summer, and then remained low into the second winter. Interpretation 

of Cr as background COD may be flawed. The level of seasonal variability would be 

hard to account for with this explanation, and it does not seem likely that control
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treatments should consistently have the highest background COD. This study indicates 

that modification of the first-order model to include a nonzero asymptote is justified, but 

that most current literature explanations for this phenomenon are insufficient

COD Performance Comparisons

The column and flow cell experimental systems were compared using the ratio of 

COD on Day 6 (columns) or COD leaving the CW (flow cells) to the influent wastewater, 

COD. Figures 14 and 15 demonstrate again that performance variability in these systems 

was minimized during the summer. Flow cells performance showed little dependence 

upon treatment type. In the columns, treatment effects were variable, but were definitely 

maximized during winter operation. Control and typha treatments followed seasonal 

trends, while the carex and scirpus treatments showed improved performance over time. 

This was attributed either to the effects of increasing system age, or to acclimation to the 

high-strength wastewater used during the kinetic study. Overall performance was 

generally superior in the flow cells, and effluent values from the cells were often less then 

the Cr predicted for the same treatment in the columns (Table 8). Background COD was 

either different in flow cells and columns, or was not actually what regulated Cr.

Flow Cells Performance During the Three-year Study

COD

Figure 16 shows that the flow cells removed the majority of influent COD for all 

data collected to date. Table 9 indicates that performance was not limited by the influent
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strength, even for the high-strength operation. Any treatment limitations are attributed to 

the effects of temperature on kinetics.

TOC

The TOC and COD data displayed in Figure 18 suggest that use of COD or TOC 

as measures of wastewater organic content should be equally valid. This figure shows an 

approximate COD/TOC ratio of 3.2 mg O2 per mg of TOC. Caution should be used with 

this number as the regression is through clustered data.

Hydrodynamics

The flow cells exibited partially-mixed hydrodynamics, which did not change 

appreciably over the course of the study. The one-dimensional convective-dispersion 

equation can be used to fit tracer test data (Figure 19).

Nitrogen
.

No oxidized forms of N were ever measured, suggesting a generally reduced 

environment. Assuming that ammonification is complete and effluent ammonia 

constitutes effluent TN, then the flow cells removed substantial amounts of N throughout 

the low-strength application (Figure 20, 9/96 to 10/97). Some N was also removed 

during the high-strength application, although not during the summer months (Figure 21). 

There were no differences among treatments during this time, so plant uptake had likely 

reached a net rate of zero. Removal was therefore attributed to sedimentation or 

denitrification, though these were not quantified.



Phosphorus

When it was measured, total phosphorus was always equal to phosphate (Figure 

23). Some removal of phosphate was noted during the earlier portions of the study, 

especially in planted treatments, but there was ho net removal by the third year (Figure 

22). Plant uptake and sorption mechanisms were likely responsible for the early removal, 

but these represent finite storage elements that may quickly reach capacity.

Sulfur

Sulfate was removed from most treatments throughout the study (Figure 24). 

However, some remained in the effluent from the scirpus cells at both low- and high- 

strength influent, indicating a more oxidized environment in these cells. This is 

circumstantial evidence of root-zone oxidation by the scirpus plants.

Recommendations Regarding This Research

o Collection of spatial profile data throughout the flow cells wetlands would allow 

kinetic modeling and would improve the information available about temperature, 

seasonal, and treatment effects.

o Redesign or retrofit of the flow cells to achieve better plug flow would make kinetic 

modeling more feasible and would improve extrapolation to field-scale systems, 

o Measurement of reduction-oxidation potential in flow cells could be used to further 

understanding of treatment mechanisms and plant influences.
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° Use of a wastewater with a realistic load of suspended solids might alter the results 

due to the different kinetics of solids degradation. This might also affect the 

hydrodynamic results.

Implications for CW Research and Design

' o Caution is warranted in assuming that steady state operation will be achieved in less 

than several years.

o The k-Cr model is better than simple first-order kinetics.

o The parameter Cr, and the perceived temperature effect on this parameter, warrant 

further investigation. Allowing an infinitely variable Cr can lead to good modeling 

results, but perhaps does not make sense conceptually.

o COD degradation rates are affected by temperature in batch reactors. Cold 

temperatures in continuous flow reactors may increase COD effluent values if the 

residence time is sufficiently short.

o There is strong evidence for plant treatment effects. These may not be important 

when the system is overdesigned for COD removal

o Plant effects may have been underestimated in the past due to a shortage of cold- 

temperature operational data.

o Carex (sedge) can probably improve treatment in CW, especially in cold climates, 

and deserves further attention.

o CW may perform well for COD removal with water temperatures as low as 4 °C, 

indicating that CW technology is feasible in cold climates.
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APPENDIX
PERFORMANCE RATIO TABLES FOR COLUMNS AND FLOW CELLS



Table 11. Cg/Co COD data for columns during the kinetic study period*

Cycle T carex
1

carex
2

carex
3

carex
4

control
1

control
2

control
3

control
4

scirpus 
. 1

scirpus
2

scirpus
3

scirpus
4

typha typha typha typha 
1 2 3 4

4 4  C 0.54 0.32 0.31 0,49 0.71 0.77 0.71 0.77 ’ 0.56 0.55 0.56 0.41 0:62 0.52 0,62 0.66

5 4  C 0.56 0,32 0,31 0,50 0.56 0.75 0.58 0.58 0.56 0.44 0,57 0.43 0.56 0.42^ 0.03 0.64

6 S C 0.5S 0.39 0.52 0,54 0.61 0.82 0.35 0.74 0.58 0.55 0,58 0.55 0.56 0.55 0,65 0,70

7 12 C 0.50 0.38 0,28 0.48 0,51 0,77 0.68 0.50 - 0.53 0.57 0.54 0.17. 0.25 0.53 0.44

8 16 C 0.47 0.37 0.20 0.41 0.60 0.68 . 0.47 0.55 0.24 0.37 0.37 ' 0.26 0.17 0.33 . 0.26 0,22

9 20 C 0.38 0,23 0.1.8 0,42 0,22 0.53 0.36 0,20 0.28 0.31 0.24 0,12 0.10 0.16 0.20 0,11

10 24 C 0.10 0.16 0,24 0.18 : 0.12 0.68 0:19 0.21 0.19 0.16 0.23 0.16 0,27 0.40 0.33 0,23

11 20 C 0.11 ' 0,10 0.1.2 0,17 0.19 ■ 0.76 0.23 0.39 0.25 0.20 0.19 0.11 0.36 0.26 0.34 0.42

12 16 C 0.08 . 0.06 0.1,0 - 0,30 0.65 0.41 0.52 0.18 0.22 0.14 0.05 0.42 0.22 0.39 0,31

13 12 C 0.07 0.04 0.11 0,07 0.47 0.63 0.49 0.51 0.18 . 0.19 0.11 0,08 0,45 0.31 0,36 Q.47

14 s c 0.06 0.03 0.1,6 0.07 0.61 0.73 0.64 0.66 0.19 0.33 0.24 0.10 0,52 0.32 0.37 0,51

15 4 C 0.03 0.03 0.17 0,04 0,54 0.80 0.72 0.65 0.15 0.30 0.23 0.05 0.50 0.30 0.56 0.26

16 4 C 0.08 0.06 0.24 0,07 0.67 0.73 . 0.56 0.82 0.15 0.37 0.17 0.07 0.62 0.25 0,63 0,51

♦high-strength wastewater; one measurement was taken for each column and cycle



Table 12; Mean and standard deviation o f  flow cells COD Ce/Co during kinetic study period*

Cycle Temperature typha 1 typha 2 typha 3 ■ scirpus 1 scirpus 2 scirpus 3 control 1 control 2
sam ples 
per cell

4 4  C 0.63 6 .5 5 0.56 0.43 0.55 0.47 0.47 0.43 7

(0.15) (0.06) (0-07) (0.06) (0.11) (0-07) (0.05) (0.08)

5 4  C 0.70 0,55 0.61 0.47 0.60 0.47 0.44 0,40 6

(0.14) (0.04) (0.07) (0.05) (0.06) (0.07) (0.06) (0.04)

6 S C 0,54 0.51 0.46 0.42 0.48 0.31 0.42 0.29 3

(0.04) (0,01) (0.16) (0.05) (0.13) (0.07) (0.18) (0.12)

7 12 C 0,27 0,22 0.21 0.21 0.24 0.17 0,17 0.15 5

(0.03) (0,02) (0.04) (0.05) (0.03) (0,03) (0.05) (0.03)

8 16 C 0,15 0,10 0.12 0.10 0.11 0.11 0.13 0,11 5

(0,02) (0.02) (0.02) (0.03) (0.03) (0.02) (0.04) (0.02)

9 20 C 0,13 0,10 0.12 0.09 0.10 0.10 0.10 0.09 4

(0.03) (0.01) (0.02) (0.01) (0.01) (0.00) (0.01) (0.01)

10 24 C 0.07 0,06 0.08 0.09 0.06 0.06 0.05 0.05 4

(0.03) (0.02) (0.03) (0.02) (0.02) (0.01) (0.02) (0-02)

11 20 C 0,08 0,09 0.09 0.10 0.06 0.06 0.07 0.08 3
(0,02) (0.02) (o.o i ) (0.04) (0.01) (0:02) (0.02) (0,03)

12 J 6 C 0,06 0,06 0.08 0,06 0,04 0,05 0.08 0,06 4

(0,01) (0,01) (0.01) (0.01) (0.01) (0.00) . (0.04) (0.01)

13 12 C 0.09 0,09 0,08 0.07 0.08 0.06 0,08 0,15 3
' (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.00) (0.01)

14 S C 0,19 0,12 0.21 0.11 ' 0.18 0.13 0.21 0,30 4

(0.05) (0.04) (0.06) (0.06) (0.06) (0.07) (0.11) (0.08)

15 4  C 0,26 0.14 0.22 0.20 0.21 0.17 0.16 0.36 4

(0.08) (0,06) (0.06) (0.09). (0.07) . (0.05) (0.05) (0.11) .

^high-strength, wastewater; data are means from all samples collected during the cycle



Table 13. Ce/Co total N  data for kinetic study period*

Cycle Temperature tvpha 1 typha 2 typha 3 scirpus 1 scirpus 2 scirpus 3 control 1 control 2
sam ples 
per cell

7 12.C 0.87 0.92 0.96 0.92 0.96 0.92 0.87 0.87 2

0.93 9.93 0.98 0.98 0.93 0,93 0.88 0.98

8 16 C 0.90 0.86 1.00 0:90 0.90 0.95 0.90 0..90 2

1.10 0.95 1.05 1.00 1.00 1.00 0.86 0.95

9 20 C 1.0.0 0.95 0.90 1.10 0.95 1.05 1.00 0.95 2

1.05 0.90 0.90 1.00 0.95 1.00 0.90 0.95

10 . 24  C 1.03 - 0.94 1.26 - - 1.12 1.12 2

1.09 - 0.91 1.09 .1.00 1.09 . 1.09 0.86

11 20 C 1.0,7 1.02 0.97 1.07 0.92 .1.02 1.07 0,92 2

1.00 1.00 0.90 1.05 0.95 1.14 1.00 0.86

12 1.6 C 0.97 1.05 0.89 1.05 0.95 1.00 1.05 0.89 2

S
1.04 1.04 0.94 1.04 0.94 0,99 1.04 0.94

13 12 C 1.05 1.00 0.95 1.00 0.95 1.0.0 1.00 0.95 2

I 0,88 - - 0.88 0.88 0.93 0.93 0.68

1.4 S C 1.19 1.19 1.26 1.26 1.19 1.26 1.19 1.26 2

0.93 0.88 0.88 0.93 0.88 0.93 0.93 0.93

* high-strength wastewater; two measurements are shown for each cell and cycle



Table 14. Mean and standard deviation o f  flow cells phosphate Ce/Co during kinetic study period*

Cycle Temperature tyhpa 1 T ypha2 typ h a3 scirpus 1 scirpus 2 scirpus 3 control 1 control 2
sam ples 
per cell

4 4  C 0.82 0.85 0.82 1.00 0.81 0.77 0.87 0.81 6

(0.09) (0.12) (0.08) (0.50) (0.11) (0.09) (0.15) (0.11)

5 4  C 0.88 0,90 0.90 0.86 0.93 0.83 0.93 0.92 6

(0.07) (0.07) (0.07) (0.06) (0.05) (0.13) (0.08) (0.07)

6 S C 0.86 0,94 0.90 0.89 0.92 0.89 0.97 0.97 . 3

(0.11) (0:07) (0.10) (0.08) (0.05) (0.11) (0.08) (0.01)

7 12 C 0.92 0.98 0.94 1,01 1.01 0.93 1.08 1.03 5

(0.09) (0.09) (0.08) (0.14) (0.11) (0,08) (0.08) (0,05)

8 20 C 0,89 0.96 0.96 1.10 1.02 1.05 1.14 1.09 5

(0.05) (0.08) (0.10) (0.24) (0.12) (0.29) (0.17) (0.17)

9 ^ 20 C 1.11 1.10 1.01 1.19 0.98 1.08 1.01 1,06 3
* (0.07) (0.11) (0.08) (0.14) (0.05) . (0.07) (0.12) (0.14)

10 24 C 1.18 1.35 1.29 - 1.17 1.09 1.19 1.12 2

(0.30) (0.32) (0.27) - (0.18) (0.23) (0.26) (0.25)

• 11 20 C 0.94 0.97 0.97 1.01 0.89 0.93 0.86 0.85 3

(0.23) (0.19) (0.18) (0.13) (0.24) (0.22) (0.16) (0,16)

12 16 C 1,05 1.09 1.03 0.99 0.89 1.00 1.01 0,95 4

(0:05) (0.03) (0.08) (0.11) (0.03) (0.08) (0.02) (0.03)

13 12 C 0,92 0.92 0.96 0.79 0.89 0.80 0.84 0.87 4

(0.16) (0.12) . (0.10) (0.12) (0.07) (0.11) (0.10) (0,08)

14 S C 0,94 0,95 0.96 0.78 1.00 0.94 0.82 0.96 4

(0,04) (0.09) (0.12) (0.10) (0.11) (0.09) (0.13) (0.12)

15 4  C 1.08 0.99 1.05 1.00 1.05 0.98 0.98 1.10 4

(0.14) (0:10). (0.12) (0.11) • (0.08) (0.09) (0.04) (0.09)

*high-strength wastewater; data are means from all samples collected during the cycle



Table 15. Ce/Co total P data for kinetic study period*
sam ples

Cycle Temperature tyhpa 1 typha2 typha3 scirpus 1 scirpus 2 scirpus 3 control 1 control 2 per cell

9 20 C 0.52 0.52 0.52 0.65 0.57 0.74 0.78 - 1

10 24  C 1.17 1.16 1.24 1.26 . .0 .00 1.55 • 1 2 5 2

0,92 - 0.87 1.07 0.94 1.00 1.08 0.73

11 20 C 1.14 1.25 1.04 1.16 1.08 1.14 1,18 1.01 2

0.88 0.94 0.79 0.86 0.83 0.86 0.84 0.71

12 16 C 1.18 ; 1.19 1.01 1.15 0.98 . 1.12 1.13 0.98 2

0.48 ... 0.9.5 0.86 0.96 0.80 0.90 0.89 0,76

13 12 C 1.21 '1.9.8 1.10 1.17 1.06 1.19 1.10 1.10 2

0,94 1,01 0.94 0.89 0.95 0.94 0.94 0,90

14 s c 1.25 1.3.8 1,23 1.27 1.54 1,35 1,65 1.44 2

0,84 0.84 0.83 0.89 0.94 0.85 0.89 0.88

*high-strength wastewater; two measurements are shown for each cell and cycle



Table 16. Mean and standard deviation of flow cells sulfate Ce/Co during kinetic study period* _________ ______
........................ .. sam ples

Cycle Temperature tyhpa 1 typha2 typha 3 scirpus 1 scirpus 2 scirpus 3 control 1 control 2 per cell

4 4  C 0.07 0.05 0.05 0.07 0.05 0.01 0.02 0.02 . 6

(0.11) ‘ (0,08) (0.03) (0.09) (0.04) (0.01) (0.01) (0.02)

5 4  C 0.06 0,01 0.04 0.01 0.08 0.02 0.02 0.01 6

(0.02) (0.01) (0.02) (0.02) (0.11) (0.02) (0.01) (0.02)

6 S C 0.06 0.01 0.04 0.00 0.01 0.02 0.04 0.03 3

(0.01) (0.02) (0.04) (0.00) (0.01) (0.03) (0.02) (0.03)

7 12 C 0.Q.6 0,02 0.09 0.03 0.04 0.03 0.05 0.02 4

(0.05) (0.02) (0.11) (0.02) (0.04) (0.04) (0.03) (0.02)

8 16 C 0,03 0,03 6.03 0.06 0.03 0.08 0.04 0.03 ' 5
(o,oi) (0.0.3) (0.03) (0.04) (0.03) (0.03) (0.03) (0.02)

9 20 C 0,0.4 0.02 0.02 0.05 0.02 0.02 0,03 0,03 3 .
(0.04) (0.00) (0.02) (0.03) (0.01) (0.02) (0.02) (0.02)

10 24 C -  A - - -  . - Q

11 20 C 0,26 0.14 0.14 0.36 0.39 0,53 0,24 0,14 3
(0,30) (0.12) (0.15) (0.43) (0.22) (0.32) (0.33) (0.11)

12 16 C 0.16 0,14 0.21 0,22 0.69 0.74 0.11 0.20 4

(0,0.8) (0.09) (0.04) (0.12) (0,38) (0,32) (0.11) (0,05)

13 12 C 0,00 0,12 0.00 0.29 0.29 0.47 0.05 0.27 4

(0.00) (0.18) (0.00) (0.21) (0.18) (0.21) (0.06) (0.53)

14 S C 0,00 o.oi
" (0.02)

0.00 0.08 0.05 0.10 0.00 0.00 4

(o.oo) (0.00) (0.13) (0.09) (0.14) (0.00) (0.0.0)

15 4  C 0,0.0 0,02 0:00 0.00 0.00 0,00 o.oo 0.00 4

(0.00) (0.04) (0.00) (0.00) (0,00) (0.00) (0.00) (0.00)

high-strength wastewater; data are means from all samples collected during the cycle




