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WASTEWATER TREATMENT USING VEGETATED SUBMERGED BED CONSTRUCTED

WETLANDS FOR NITROGEN REMOVAL

Abstract

By Gilbert K. Gaboutloeloe, Ph.D.
Washington State University
-December 2006

Chair: Claudio Q. Stockle

Vegetated submerged bed (VSB) constructed wetlands are engineered, low operation and
maintenance cost wastewater and stormwater treatment technologies primarily designed for
small facilities. The objectives of this disscrtuti’oﬁ were to evaluate the processes responsible for
spatial distributfon of nitrogen in VSB constructed wetlands in order to improve the nitroge;n
removal performance of this technology and present a model on direct atmospheric oxygen-
transfer into VSB constructed wetlands for rational system design. A design criterion for

| enhancing nitrogen removal in VSB formulated from reported studies was also suggested,

Results from the nitrogen spatinl distribution study conducted using a laboratory scale VSB
constructed  wetland demonstrated that there was vertical variation in nitrogen content in the
water column of the VSB wetland system. The distributions of ammonium and nitrate nitrogen
'suggestﬂ;d that there was higher nitrification rate near the air/water interface than deeper into the
water column, coﬁtrary to the assumption in p]l;g flow and completely mixed tank 'react.or

; models currently used f;or modeling VSB wetlands. The distributions may be attributed to direct

v



- atmospheric oxygen diffusion and/or plant supply in upper level and longer retention time .

associated with flow resistance in the deeper zone caused by high root density.

The direct atmoépheric oxygen transfer accountable for nitrification in VSB was modeled using
the modified two-film theory. The model satisfactorily predicted the vertical dissolved oxygen
(DO) profiles when compared observed data Oxygen fluxes predicted fom this model ranged

from 0.027 to 0.32 g m™ day™. These are on the lower end of the range reported in literature and

therefore can be used for conservative system design.

Several emerging technologies for the enhancement of VSB geration for improved nitrification
were reviewed. The technologies reviewed demonstrated pmmisi'ﬁg potential for nitrification and
denitrification. However the net accumulation of nitrate nitrogen _gencrntcd from the nitrification
process was found to be the most limiting factor. This resulted from the depletion of organic
carbon necessary for denitrification during_ gerobic respiration phase qt‘ the system. A design
criterion to alleviate the accumulation of nitrate nitmgcn was suggested. Further development of

these technologies to alleviate the nitrate nitrogen accumulation is recommended.
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CHAPTER ONE .

INTRODUCTION -

Constructed wetlands are engineered wastewater end stormwater treatmentl techne]ogles
de31gned primarily for small facilities requiring ]ew operation and maintenance eests Nltmgen,
phosphorus, total suspended solids and carbon are the pnnc:pal conten.unnnts of mummpal and
agricultural wesfetvater usually treated in constructed wetlnnds.' Carbon and nitrogen are
removed through bacteria medinted oxidation-reduction processes that usually limit the trem:ment
perfonnanee of these systems. Carbon removal in these systems is usually adequnte but In most
cases nl;tmgex_l remeval is not suﬁielent to meet discharge limits (Zhu and Sikora, 1995; US EPA,

2000; Vymazal, 2005; Behrends et al., 2006).

Wastewater eerbon and mtregen are treated in twe basic types uf‘ constructed wetlands munely
the free water surfnce (F WS) wetland und subsurfuce flow (SSF) wetland also knew as vegetated
submerged bed (VSB) wetland (US EPA, 1993; 2000). VSB wetlands are documented to
| perform better thnn the FWS wet]nnds in carbon and mtregen removu! from wastewnter (US
EPA, 1993) As a more premismg technelegy the performance enhnncement of VSB wetl:md s
evaluated in this study Nltrogen remnvul by eunstructed wetlands ﬁ'om various forms of
wastewater mcludmg mume:pal and agncultura] wnstewater nutlgntes eutmphlcatmn of open
water bocilee Ammomn mtmgen- rcmeval rates are often ilmv becauee the amount of dlseelved
oxﬁwgen (DO) avellable for bncterlel oxidatlnn of amineelum is usuully limited (Hnmmer and

nght, 1994 US EPA, 2000 Wu et al, 2001) The lumted amount of DO avalluble for



autotrophic bacteria that nitrify ammonium nitro gen inherent in most wastewater types (Sharma
-and Ahlert, 1977; Grady and Lim, 1980). Becaﬁse of low DO in wetlands, nitrification is
considered a rate limiting step for nitrogen removal and therefore this process drives the design
of constructed wetlands, Other less important temporary documented pathways of nitrogen

removal in constructed wetlands are plant uptake and sorption of ammonium onto wetland

medium (Sikora et al., 1995: Zhu and Sikora, 1993).

Design criteria and analysis methods for constructed wetlands have evolved from relationships
derive;i from a technical database quantifying nutrient removal (NATWD, 1993) to advanced
models (Mashauri and Kayombo, 2000: Wynn and Liehr, 2001: Kincanon and McAnally. 2004
Langergraber and Simunek, 2005); The carly design approach was based upon empirical
equations derived only from the relationship between input and output nutrient levels with no
consideration for intrasystem processes responsible for the interaction between processes that
affect nitrogen removal (Martin and Reddy, 1997). Recent advanced models are useful tools for
explaining the complexity of hydraulics in porous medium coupled. with many processes
involved in contaminant removal (Marsili-Libelli and Checchi, 2005). However, mode]
complexity does not produce proportional insight into the factors affecting contaminant removal
due to the difﬁcx;lty of estimating a large number of pmrﬁeters inherent in contaminant removal
prﬁcess (Rousseau et al., 2004; Marsili-Libelli and Checchi, 2005). There is the need to conduct
- studies on constructed wetlands to improve understanding of the system internal factors affecting

contaminant removal processes and enhance predictive ability of models.



atmospheric oxygen diffusion is the dominant pathway (Brix, 1990 and Wu et,.al., 2001).

The goal of this dissertation is to evaluate the mechanistic processes in VSB constructed
wetlands for rational system design with specific emphasis on spatial nitrogen dism'bt.{tiun,
- modeling of atmospheric oxygen diffusion and assessment t_:}f enhanced passive aeration in VSB
constructed wetlands. In the second chapter of this dissertation, spatial ammonium nitrogen
distribution as a function of pH, chemical oxygen demand, dissolved oxygen and water
temperature is investigated in 0&1&1‘ to better understand physical and biological processes and
~ their impact on nitrogen removal. The th@ chapter presents an atmospheric oxygen diffusion
model for VSB constructed wetlands. is presented. The f’durth chapter reviews the feasibility of
performance enhancement of subsurfacé constructed wetland through enhanced passive a.eration

and proposes a design criterion. The overall result of this work is a collection of investigations

intended to improve the performance of VSB wetlands.
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INTRA-SYSTEM SPATIAL VARIATIONS OF AMMONIUM AND NIT RATE
NITROGEN IN HORIZONTAL FLOW VEGETATED SUBMERGED BED
CONSTRUCT ED WETLANDS

" ABSTRACT

The spatial distributions of ammonia and nitrate nitrogen, dissolved oxygen (DO), cheﬁical
oxygen demand (COD), temperature, and pH and the associated variation in tréatment
performance within a horizontal flow vegetated-submerged bed (HF VSB) constructed wetland
were investigated. Syntﬁetic wastewater consisting of sucrose and ammonium chloride as carbon
and nitrogen sources, respectively, was used. The evaluations were made at three cross sections
along thé. longitudinal axis of the wetland with respect to the inlet. Water samples were collected

from six depths below the air/water interface at each cross section.

Analysis of covariance of the data fur the first two cmss-scctluns closest to the uﬂet .mdlcated
that the shallowest depths exhibited sugmf’ cuntly (p <(, 05) ]ower ammonia mtmgen and thher |
nitrate nitrogen concentrations cnmpared to the other de'pths Therc was no stntlsncal difference
of aﬁunonla- and n‘ltl.'ute-nltmgen mnccntrntmnﬁ bctwccn dei::ths at the third cmss-secti'on.
However there wns s[ighﬂy lower ammonia nitm'gen- ]éﬁcl at the last cmss-sect.iun. For the two
cmss-sectmns .the dlstn'butmns 1n ammomﬁ and mtrnte mtmgeﬁ concentratlc;ns were caused by
higher ammonia mtrugén uxldatlun near the 1alr/wrn;t'e1.'- mierfacé due.tﬁ uhnmphe;-ic oxygen

dlfﬁlsmn and longer rﬂtentmn tune rcsultlng from ﬂnw re515tance cnuscd by hlgh root densny

- {

--------

sm;lller Results alsn mdlcatcd that there were hlgher relatlve mtnﬁcntlun nnd COD removals at



little or no oxygen diffusing to the deeper layers. The most active part of the VSB system
responsible for nitrogen and organic matter removal is shallow depths near the air water

interface. Therefore the design of these systems should be based on area required for adequate

atmospheric oxygen transfer.

INTRODUCTION

Cost-effective removal of ammonia and nitrate from wastewater discharge continues to be a
challenge particularly for small treatment systems. Constructed wetlands are often suggested as a
possible low cost treatment alternative to lagoons and sand filters. Sustainable nitrogen removal
in horizontal flow vegetated submerged bed (HF VSB) constructed wetlnnds, as identified by
most treatment wetland studies, is a two step process consistirig of nitrification by autotrophic
bacteria and respiratory denitrification b.y eithee anaerobic or facultative heterotrophic bacteria.
Other potential removal mechanisms .such as plant Uptake, sediment adsorption and ammonia
volatilization are generally able to nemunt for only a fraction ef nitrogen removal (Kadlec and
Knight, 1996). Nitrification, wﬁieh iS an oxygen requiring process, is believed to be the pnmary
rate-limiting step m nitrogen removal because HF VSB' environments are predominantly
anaerobic (Tenner et al, 2002). The limited availability of dissolved oxygen for nitrification in

these organic-rich environments is nttributed to rapid consumption of oxygen by fest-gro_wing



heterotrophic bacteria, which out compete slow-growing nitrifiers (Reddy and Patrick, 1984).
Apart from limited oxygen initially dissolved within the influent {w‘lstewater, the main sources of
oxygen in HF VSB wetlands are diffusion from the atmosphere through the water surface and
through actively growing plant shoots into root-zone. However, the latter is subject to question as

reported in several studies (Stein and Hook, 2005; Wu et al, 2001; Brix and Schierup, 1990).

Ammonia nitrogen removal in HF VSB wetlands is believed to be accomplished -through
nitrification in the aerobic layer near the air-water interface resulting from atmospheric oxygen
diffusion (Wu et al, 2001). The ammonium nitrified in this aerobic layer results in a
concentration gradient that causes ammonium in the anaerobic layer to diffuse upward (Patrick
and Reddy, 1976; and Hammer and Knight, 1994). In an HF VSB study by Garcin et al. (2003),
it was concluded that diffusion and plant su'pply mechanisms involved in water oxygenation that
occur mainly at the top of the gravel beds were the main cause of the decrease in oxidation-
reduction potentinl \i.rith dcptﬁ. Other parameters such as COD and ammonia nitrogen increased.
'However, in several other HF VSB studies (Bowmer, 1987; Brceﬁ and Chick, 1995; and Rash
and ‘Lier,. 1'999), it was derﬁonstmtcd througﬁ tracer tests that iherc was prcfcrgﬁtiul buttﬁm flow
caused by highef root dehs&jr induced flow reﬁistance in the upper zones. This flow fégiﬁe
resulted in longer retentiinln fimes ﬁud carresponding higher contaminant remu?lﬂl in the upper
Zones. Cantrury to these findings, the current HF VSB désign criterion on dcpth is such that the
media doe:.s ndt 'hnve'to. be deeper than thé rooting depth (Crites andh Tcﬁubunoglous, 1993;
Kadlec and Knight 1996), thﬁs attributing oxygen avaiinbilﬁ}r to plant aeration ﬂﬁx and not

direct atniosphcric_: oxygen diffusion.



The gradients of dissolved 0Xygen shuﬁld also be im.;estigut-ed to better understand intra-system
ammonia removal .dynnmics in HF VSB (Wu et al, 2001) and to reconcile the two
aforementioned contrasting findings regarding the causes of ammonia gradients in .VSB. To
improve nitrogen removal design and thus performance of constructed wetlands it is essential to
~ Investigate the intra-system environment effects on ammomnia and nitrate nitropen removal. The
objective of this study is to investigate variations of ammonia and nitrate nitrogen as functions of

dissolved oxygen, COD, temperature, and pH across the length and depth of VSB treatment

wetland.

MATERIALS AND METHODS

IVetland system description

A constant flow-through laboratory scale HF VSB treatment wetland constructed inside a
greenhouse at Washington State University (Pullman, WA) was used in this study. As illustrated
in Figures 2.1 and 2.2, the dimensions of the VSB"system were 0.9i m wide, 1.22 m deep and
3.66 m long. The wetland was lined with PVC, The wetland was filled with approximately 0.005
m dinmeter gravel to a depth of 0;55 m from the bottom of the wetland. The pore fraction of the l
gravel was 0.22, The inlet and outlet consisted of perforated f’VC pipes to distribute nﬁd collect
the influent and effluent flow uniformly over the widths of the entry and exit zdnes respectively.
The outlet was located n‘t the bottom of the médiﬁm anﬂ was connectéd to an adjustable-level
outlet pipe tok mainﬂtair'n'_'the water level at -011 m below the gravel surface resulting in a water
depth of 0.45. m from the bottom of the wetland. Sumplé ‘ﬁccess tubes were installed at three
cross-sections located at longitudinal distances 0.64 m, 1.89 m and 3.14 m from the wetland inlet

as illustrated in Flgure 2.2. At each cross-section, six 5 mm inner dmmeter nenprcnf: tubes were
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installed vertically to access sampling depths 0.05 m, 0.1 m, 0.15 m, 0.20 m, 0.25 m and 0.30 m

below the air water interface. Locally harvested cattails (Typha latifolia) adapted to saturated soil

conditions were planted in the wetland as shown in Figure 2.3.

To provide steady-state flow conditions for the measurement of ammonium nitrogen and
dissolved oxygen gradients, a peristaltic 'pum;) was used to supply synthetic wastewater influent

ﬁ‘om. a 906 L storage and mixing tank at approximately 1.9 ml/sec flow rate to achieve a 2 day

hydraulic retention time.

[ 2 PVCpme

. Ball valve |
— Water Flow line & direction
O Inlet distribution pipe
0O Outlet collection pipe
' ro—
Snmplc _ /

Wetland (l zit”‘bly . '
Feed line

‘\

\.;r\/
1

-

| B 66 m &——
; : Waste line
- . Peristaltic pump Continuous flow line from mixing |
and storage tank

Figure 2.1. Schematic cross-sectional view of HF VSB wetland. -
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Sample access tubes

AR talled at varying depths
Inlet distribution pipe - 5
placed on gravel surface Outlet collection pipe
placed at the base of the
system
o
o 0O : =
(o] o &

o.64
—— 189m ——‘
— 5um ———]

Figure 2.2. Schematic plan view of the HF VSB wetland.

Two of'the six .
d sample access  [PFUF
V4

tubes /

7

Figure 2.3. HF VSB wetland in April 2005 planted with Typha Latifolia.
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Nitrogen, Dissolved oxygen, Temperature and pH profile test

Synthetic wastewater consisting of 30 mg-C/L of sucrose (Ci2H»On) and 50 mg-N/L of
ammonium chloride (NH;Cl) as carbon and nitrogen sources respectively was supplied at a
- constant flow rate between April 2005 and June 2005. Sodium sulfite and éuba]t chloride were
used according to American Society of Civil Engineers standard (1992) to reduce DO'

concentrations in the test water to approximately 1.5 mg/L. in order to represent the low DO

conditions typically found in wastewater.

The sampling interval at the beginning of the experiment was 2 days and was later increased to 4
then to 8 days to accommodate gradual changes in ammonia nitrogen concentration profiles, It
took 50 days from commencement of sampling for the system to reach steady state in terms of

- ammonia nitrogen concentration after which the sampling interval was adjusted back to 4 days.

A sampling kit consisting of a vacuum hand pump, conical flask, nnd'plﬁstic tubing as illustrated -
in Figure 2.4 was used to extract the samples. Approximately 200 ml o_f sample 'wx‘s.s collected at
each sampling point and 60 ml of sample was stored in nn ice chest before being transferred to';in
US EPA approved laboratory where the samples w;:rc stored frozen awaiting anﬁlysis as
recommended by Standard Methods APHA (1995). The rerﬁnining 140 m] sample was then used
for on site measurement of dissolved oxygen and tempcrhhife by Extech® DO meter (uéciu*acy: +
0.4 mp/L and = 0.8 -D-C. réSpectivély). The stored sﬂmplés Wére nnulyz“edh for ammonia and nitrate -
nitmgén 5y US EPAl f.nlurimetric nﬁtomniéd pﬁenﬁté- and calorir'nét%ic ul:lfnnﬁtéd cﬁdiﬁiﬁm
reduétioh metl;udé 350,1 and 353.2, lréspectively (U Si EPA, .'1983). The stored snﬁples were also

ﬁsed fof nﬁnl&sisinf COD by closed reflux colurimeific staﬁﬂnrd method 5220 D (Srandarc?
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. Methods APHA, 1995) and measurement of pH by Fisher Scientific accumet portable AP5® pH

meter (accuracy £ 0.01 pH).

Plastic tube

Sample access

tube \ .

acuum

Figure 2.4. Schematic sample extraction kit assembly.

Statistical analysis

Analysis of covariance (ANCOVA) was used to determine if ammonia and nitrate nitrogen,
COD, DO, pH and temperature varied significantly between the six depths, It is essential that the
slopes of the variables’ response as a function of depth are equal so that comparison between any
two depths thmiigh time can Bc'rﬁcaﬁingﬁll. This would imply that time docs ‘not affect the
responses differently between depths and therefore eliminates time as a ‘possible cause of
vanancc A significant interaction between time and depth means the slopes of depths versus
time are not the same and thus ﬁp]lifying cm_nparisnns; The first step of the NACOVA pi'dcé'dufe |
was then to determine the equality of the slopes of fespunse versus time for tiv: different depths
for all variables. The second step was to determine if there wzi‘; significant difference between
responses at different dépths. For the significant differences the Lc;ust Squared Means (LSM)

|
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multiple comparison procedure was used to determine befween wlueh depths the dlﬂ’erenees

existed (Dean and Voss, 1999),

RESULTS AND DISCUSSION

- Ammonia and Nitrate nitrogen spatial variations

The overall system performance in ammonia nitrogen removal as lustrated in Figure 2.5 show
that the system reached o steady state flow condition after 50 days from the beginning of
sampling. The increase in ammonium concentration prior to reaching steady state condition is
aeceunted for by adsorption to the‘meclia until saturation. The slight fluctuation in ammonia
nitrogen concentration after steady state is reached can be attributed to adsorption and desorption
cycles of ammonium nitrogen on gravel and roots surfaces as demenstrat‘ed in a ehnilnr study

(Nakano, 1999).The nitrogen spatial distribution is therefore nnalyzed from data collected after

steady state condition was reached.

The spatial distribution results from this study showed the ;.rertical distribution of both ammonia
and nitrate nitrogen can be categorized into top, middle, and bottom zones. As demonstrated in
Figure 2.6, the two shallowest depths tend to best represent trends near the wetlnnd surface and
the middle two represent middle zone and the remaining deeper depths represent the bottom
zone. The top zone experienced higher decrease in ammonia nitrogen and higher consequent

nitrate nitrogen levels compared to the other two zones. Ammonia nitrogen level in the bottom

zone is lower than in the middle zone.
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Figure 2.5. VSB break through curve illustrating duration to steady state
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Ammonia-N (mg/L)
20 30 40 50 60 70

—o— (,64m from inlet ~#—1,.89m from inlet —4&— 3.14m from from inlet

Figure 2.6. VSB pore water profiles of Ammonium-N cbncentmtinn at the three snmpling sites
along the longitudinal axis

——
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, Nitrate-N (mg/L) -
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Figure 2,7. VSB pore water profiles of Nitrate-N concentration at the three simpling sites along
the longitudinal axis

In addition to the described general nitrogen distr?'bution trcnds, the three cross sections
displayed statistically different levels of non-uniformity in vertical ammonia- and nitrate- N
concentratiqn' profiles as shown in Tables 2.1 and 2.2, The values shown in the tables reflect the
average of samples analyzed after steady state was reached. Values with the same superscript
letters under each &oss section and each depth are nut significantly dlﬂ‘crent at alpha level of
0. 05 The mean concentration for 0.05 m depth, the shallowest depth, at the cross section located
0.64 m from inlet, was the only observation that was statistically lower for ammonia-N and

]ﬁghér for nitmté-N (p < 0.05) than mean concentration observed for all other deﬁths at the same
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section. At this cross section, the top zone experienced statistically lower ammonia-N and higher
nitrate-N levels than the other two zoges. The results for the third cross section demonstrated no

significant differences between depths for both ammonia-N and nitrate-N levels.

From the above description of the vertical distribution of nitrogen, it is clear that the top z0ne
exﬁeri'enced the highest decrease in ammonia nitrogen followed by the bottom zone and lastly
the middle zone. The top zone nitrate-N distribution corresponds to that ﬁf ammonia-N
indicating that ammonia-N trends can be explained by nitrification. Thcrc are several studies on
similar systems that explain tilmugh tracer tests, the distribution as seen between top and middle
Zones (Bo;.vmer, 1987; Breen and Chick, 1995; Garcia et al, 2003; Headley ct al., 2005).rThe:se
will be discussed in more detail In;er in &is section. Th-crc ur':_: no reported sti;dies_on nitrogen

\ ’ # * | * -' .
distribution demonstrating the results for the bottom zone similar to those found in this study.
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_—-\\'_-____.T_—
Sample depth, m Ammonia-N, mg/L (Standard deviation)
-_———— )

Cross Section Distance from inlet: m
0.64 1.89

3.14

0.05 40.3* (2.8) 38.1%(2.6) 37.0%% (3.0)
0.10 56.0" (2.8) 32.4°(2.6) 30.9 ¥ (3.0)
0.15 58.8" (2.8) 55.6™ (2.6) 42,78 (3.0)
0.20 60.7° (2.8) 53.7% (2.6) 34.7%(3.0)
0.25 54.4" (2.8) 47.4¢ (2.6) 28.4 1(3.0)

58.4°(2.8)

46.9¢ (2.6)

| 313 1(3.0)
____—'—'——__—_f—_'.___

Table 2.2. Mean Nitrate-Nitrogen concentration at the six sampling depths along the length of

the pilot vegetated submerged bed constructed wetland.

Sample depth, m

Nitrate-N, mg/L (Standard deviation)
Cross Section Distance from inlet: m
0.64 1.89 3.14 -

0.05 5.60°(0.79)  0.95°(0.18) 0.41 ©(0.12)
0.10 0.53(0.79)  1.17°(0.18)  1.08€(0.12) .
0.15 031°(0.79)  036°(0.18)  0.31°(0.12)
0.20 0.37°(0.79) 0.32%(0.18) 0.31°(0.12)
0.25 . 0.70°(0.79) ~ 0.34"(0.18) 0.39°(0.12)
0.30 0.57°(0.79)  0.34%(0.18

0.38"(0.12)

'
r L ]
r
1 1 . ¢ .
' L]

Compared to the middle zone, there is an indication of higher nitrification rate in the bottom:

zone demonstrated by the distribution of ammonia-N between the two zones. If the interstitial

water vélucity were the same between the two zones, higher nitrification rate would be expected

in the middle zone than the bottom zone because the middle zone is closest to both the higher-

root density and the air/water interface which are responsible for wetland oxygen supply. Since

the opposite trend is observed, other possible causes of this phenomenon need to be explored.
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One altemqtive possibility is that a residence time difference exists between the two zones. For
higher nitrification to occur in the bottom zgpe than in the middle zope the residence time in the

bottom zone has to be longer. This implies lower interstitin] water velocity in the bottom zone

placed at the base of the wetland. Due to this configuration the inet and outlet experience

bottom zone.

The differences in nitrogen levels between the top and middle zones can be explained in part
through exﬁnﬁnntinn of similar studies listed in Tables 2.3 and 2.4. In Table 2.3, the factors
considered in comparing other studies with this study include system dimensions; sampling
design (investigated distances from the inlet along the system length and sampled depths); pravel
size; porosity; and nominal interstitial water velocity. It should be noted that the plants grown in
this study were cattails compared to common reed for Garcia et al. (2003) and soft bulrush for
the other studies. The nitrogen vertical disfributiun and tracer test study results listed in Table 2.4
.wertr: evaluated to explain the cause of observed distributions in this stu;iy.:The top, middle, and
bottom depths listed in Table 2.4 correspond to the two or three study depths listed in Table 23
Superscript 1 in Table 2.4 represents no difference in tracer residence time between depths while

t

2]



superscripts 2 and 3. represent bottom and mi’d. zones preferential flow as reflected by shorter
tracer residence time respectively. Nominal hydraulic residence time (nHRT) in Table 2.4 is
calculated from theoretical interstitinl water flow velocity and distance of the monitored cross
section from the inlet. The relative magnitude of the physical features of this study and literature
data were considered when making comparisons because differences between the study scales
can have an impact on the distribution of nitrogen. The investigated distances from the inlet and
corresponding interstitial water velocity dictate residence time and thus the concentrations of

ammonia and nitrate nitrogen. Therefore actual and fractional distances expressed ns nHRT are

used for comparisons between the studies. _

There was a consistent increase in ammonia nitrogen with depth between the top and middle
zones in this study and the same trend was observed in studijes (2) and (3) (Table 2.4). Study (2),
desPite being operated under higher nominal interstitial flow velocity and influent concentration
conditions and monitored at longer actual and fractional distances than in the current study,
- demonstrated systematically lower concentrations at the top compared to the middle zone for all
monitored intermediﬁte ciistnnces. In study (2) tracer test rcsglts showed no evidence of vertical
preferential water flow at the first two inlcnnedinté distances from the inlet but bottom
pref'erential ﬂo;v was demunstrated at the lnst intelrmediate distance. The ias( three iﬁtermediate
distances from the inlet in study (3) demonstrate nitrogen distribution and water flow patterns
similar to study (2). Therefore the vertical nitrogen distribution pattern in studies (2) aﬁd (3) do
not correspond to vemcn] water flow pattern because along the wetland length nitrogen
distribution pattem is the sﬁ:ﬁc xl;'hether there is ﬁ;ertical prefercntm] x;utcr flow or not. Lack of

evidence of preferential flow effect on nitrogen distribution demonstrated in .studies:(Z) and (3)
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atmospheric oxygen diffusion was probably accountable for increase in nitrogen level with
depth. The bottom preferential flow at the second intermediate distance from the inlet in study
(4) was attributed to a decrease in root density with depth but there was no nitrogen gradient to
demonstrate the effect of this flow pattern on nitrogen removal. The root density distribution as

illustrated in Figure 2.8 suggests that the same conclusion as in study (4) could be drawn for the

current study.

.........
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Figure 2.8. Root density distribution in the HF VSB wetland.
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Table 2.3. Physical features of the current study and literature studies.

System
Dimensions
Length x width x
‘water depth
~ (m)

3.66 x 0.91 x 0.45

10.49 x 5.24 x 0.5

5.5 1.6 x0.9
S30x 2 x 0.4

50x2 x (.4

Investigated distances
from inlet (m)

0.64, 1.89, 3.14
2.62,5.2,7.86
0.92, 1.83, 2.75, 3.67,
4.58

17, 34

12,5, 25, 37.5

—

Investigated
depths below
gir/water interface

(cm)

5, 10, 15, 20, 25,
30
0,25, 45
17, 50, 83
0, 30

0, 30

3 (1) The current study; (2) Garcia et al., 2003; (3) Headley et al., 2005; (4) Bowmer, 1987; (5) Bree

Water | Gravel size
level
below
gravel

surface

(m)

type

5 basaltic
10 granitic

10 basaltic

20-30

5-10
crushed
quartz

(mm) and | Porosity

Flow
velocity

(m/day)

Gravel

(V)

22
39-40
40
n/a

n/a

n and Chick, 1995; 1999,



- Table 2.4. Ammonia Nitrogen gradients retrieved from literature.

Source’ Fractional Inflow VSB ammonia-N concentration

' Tracer Flow pattern
distance fromthe Ammonia  ge function of depth (mg/L) |
inlet expressed s Nitrogen'

nHRT (hrs) (mg/L) Top Middle Bottom . |
(1) 8.30 47.4 37.2 48.2 44.5 n/a

24.8

15.6 352 254 n/a
41.2 10.7 15.7 9.0 n/a
(2) 26.2 61.5 39.2 48.8 512 No preferential flow !
52 33.6 44.4 50.6 Bottom flow 2
78.6 30.6 41.0 48.0
(3) 36.8 36.8 .33 31.9 33.8 n/a
73.2 32.7 30.2 33.2 Mid-depth flow 3
110 28.4 31.8 32.4 Mid-depth flow
146.8 26.0 27.9 31.0 No preferential flow
183.2 17.8 22.1 26.4 No preferential flow
(4) 17" 1055  107.9 n/a 107.3  No preferential flow
34° 105.7 n/a 106.8 - Bottom flow
(5) 42,2 57.3 53.6 n/a 54.9 No preferentinl flow
84.5 39.2 n/a 49.6 Bottom flow
126.8 41.6 n/a 54.6 Bottom flow

3 (1) The current-study; (2) Garcin et al., 2003; (3) Headley et al., 2005: (4) Bo\wner,

1987; (5) Breen and Cthk, 1995,

" Absolute dxstances ﬁ'om mlet No sufficient mfnnnutton to calculate nHRT

Study (5), however, shows a different trend from studles (") and (3) in that there was l@s

difference between the top and bottom zone mtmgen levels thﬂt correspends to no

evidence of pref’erential flow at the first intermediate distance ﬁ'qm the inlet, At the last

two monitored distances furthest from the inlet in study (5), there were higher ammonia

nitrogen levels at the bottom than at the top. This trend seems to correspond to

20
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preferentml bottom flow. The difference In ammonia nitrogen distribution pattern
demonstrated by study (5) compared to studijes (7) and (3) can be accounted for by
dxﬁ‘erences in interstitial water velocity as shuwn in Table 2.3. Interstitial flow velocity
~for study (5) was nppruximately three and twelve fold larger than in studies (2) and (3)
respectively. This large difference in velocity could have led to higher influence of
velocity on nitrogen distribu;;ion in study (5) whereby higher nitrogen levels in ‘the

bottomn zone can be attributed to relatively shorter residence time compared to top zone.

Due to the cdmplexity of the factors dictating performance between these systems, the
cause of the ‘ummnnia nitrogen gradients in the current study was incodclusive éven
though there is strong reason to believe that the system behaves dmrc like studies (2) and
(3) than other studies. The size of systems and water velocity in studies (2) and (3) arethe
most similar to that of the current study. The mnjdr differenc;:s between the current study
dnd studies (2) and (3) as noted ﬁ'md Table 2.3 were the gravel size and the associated
pbmsfty. The gm?el used in studics (2) and (3) are twice the s'izc of g}ﬁvél used ihe
current study. This difference m gravel size and pdmsit} could be the éausc.nf the
different nitrogen distribution Ectiveen the middle and bottom zones in the curfeni study
compared to studles (2) and (3). Thls suggests that in the durrent study, the dltmgen
‘distribution between the top and middle zone was most likely due to n:l:),rgf:nutit:.n~ process

near the air/water interface whereas between the middle and bottom zones it was due to

! £

head difference between the inlet and outlet.

27



COD spatial varigtion

Due to the distributions of COD shown in Table 2.5 and Figure 2.9, the vertical profile

nitrogen distribution discussion in that, the difference in head between inlet and outlet

could be held accountable for the discrepancy in COD distribution between rn_idﬂle and

bottom zones. The COD levels observed in the top zone of all cross secﬁons could be a
result of rapid consumption of cm'bon by aerobic heterutrophlc bacterm in res.,ponse to
oxygenation by atmospheric oxygen dlfﬁtsmn .near the air/water interface or a reflection
of resistance to flow due to higher root density, This trend corresponded to ammonia and

nitrate nitrogen gradients discussed earlier. This result is also in agreement with a VSB
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study by Garcia et g, (2003) who attributed the increase in COD and ammonia nitrogen
concentration to observed decrease in oxidation-reduction potential as depth increased.
The apparent decrease in COD concentration difference between 20 em depth and other
depths along the length of the VSR as demonstrated In Table 2.5 and Figure 2. 9 can be
attributed to higher COD consumption near the middle zone than top and bottom zones.
Diffusion of nitrate nitrogen from the top zone into the middle zone as a result of nitrate
nitrogen concentration gradient as illustrated in Figure 2.7 could be a cause of increase in
COD consumption along the System length at the middle zone. The COD distribution
therefore mainly serves to reinforce the trends demonstrated by ammonia and nitrate

nitrogen and the associated reasons for higher contaminant removal in the bottom zone of

the system relative to the middle zone.



020 30 40 50 60

——0.64m frominlet —®—1.89m frominlet —&—3.14m from from inlet

Figure 2.9. VSB pore water vertical profiles of chemicat oxygen demand (COD) at the
three investigated sites,

Table 2.5. Mean COD concentration at the six sampling depths along the leﬁgth of the

pilot vegctateqd submerged bed constructed wetland.

Sample depth, m COD concentration, mg/L (Standard deviation)

Cross Section Distance from inlet, m

0.64 1.89 3.14

0.05 17.3.*%(5.6) 18.1°P (3.6) 15.0° (2.9)

0.10 28.3 * @ (5.6) 23.5*™ (3.6) 19.8° (2.9)

0.15 31.5°® (5.6) 26.2*® (3.6) 21.5%(2,9)

0.20 50.5°® (5.6) 26.9° ®)(3,6) 19.68* ®(2.9)
0.25 - 363v@(56) - 19.6°®(3.6  1528°®(@29) -
0.30 22.2* @ (5,6) 21.6* ) (3.6) 14.0* ® (2,9)

W -
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- Oxygen and pH variations

The values shown in Table 2.6 reflect the average of fifteen samples per depth. Values
with the same superscript iettem under each cross section in Table 2.6 gre not
significantly different at o level of 0.05. The values in the table with the same superscript
letters in parenthesis represent no significant difference in DO concentration between
cross sections at a given depth. The cross section closest to the inlet demonstrated some
marginal differences in DO between the depths indicating that the near surface interstitial

water was slightly more aerobic than deeper down the profile (Table 2.6 and Figure
2.10). The profiles for the second and third cross sections from the inlet did not
demonstrate any difference in DO between the depths. This lack of significant difference
in dissolved oxygen is probably caused by oxygen utilization for nitrification upon
diffusion into the system at the air/water interface with very little excess oxygen
penetrating to deeper depths. In SUppDI't‘ of the sbove postulate, DO decx.'easedl with
increasing distance from the inlet at the top and middle zones as demonstrated by the first
and second cross sections in Table 2.6 and Figure 2,10 indicating that there is no
ndequate oxygen replenishment along the system length to satisfy contaminant oxygen

demand and subsequent saturation concentration of about 9 mg/L.

Wetland water chemistry and biology are affected by pH. Many treatment bacteria are not
able to exist outside the range 4.0 < pH < 9.5 (Kadlec and Knight, 1996). Nitrification is
PH sensitive and rates decline significantly at pH values below 6.8. Optimal nitrification
ncéurs in the 7.5 to 8.0 pH range. Denitrifiers operate best in the range 6.5 < pH <175

(Metcalf and Eddy, 2003). The pH distribution is also important for determining the
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T——= = - 2.1
[NH, J+|NH; | 1+ ]NES NH,|] 1+[H*[K 1)

Where [NH;], [NHs'] and [H'] are ammonia gas, ommonium and hydrogen ion

concentrations respectively and K, is acid ionization (dissociation) constant.

NH, ||H*
K =[ N;:](I (2.2)

Un-ionized ammonia is relatively volatile and can be removed from solution to the

atmosphere by diffusion through the water column Upwurﬂ to the surface and through

mass transfer from the water surface to the atmosphere (Kadlec and Knight, 1996).
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Table 2.6. Intra-system DO concentration at the six sampling depths along the length of

the VSB wetland

Sample depth, m DO concentrations, mg/L (Standard deviation)
- Cross Section Distance from inlet, m
—_— i ottlion Uistance fromimlet, m

0.64 1.89 3.14
0.05 2.4 (0,05) 2.1°™(0.06) 227 (0,05) -
0.10 23290,05)  22°® (006 2.2 (0,05)
0.15 23=W0.05)  2.1°®(0.06)  2.1°®(0.05)
0.20 220 005)  21°®@006) 2.0 (0.05)
- 0.25 21290.05)  2.1°®(0.06 2.0 (0.05)
0.30 2.19® (0.05) 2.1°9(0.06)  2.17%(0.05)

0.4

——0.64m from inlet —%—1,89m from inlet —a—3.14m from from inlet

Figure 2.10. VSB pore water vertical profiles of dissolved oxygen (DO).

The pH values in this study were around 7.9£0.07. Table 2.7 contains the average values
2s o function of depth based on fifteen samples per depth. Values with the same
superscript letters under each cross section and depth represent no significant pH

diﬁ;‘erence at o level of 0,05. The pH conditions are within the optimal pH range for
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nitrification and close to optimal conditions for denitrification. Under these pH conditions
ammonium jons and ammonia gas account for approximately 95% and 5'% of total
ammonia nitrogen respectively. The system ammonia nitrogen distribution discussions
are therefore justified to be on the basis of ammonium ions as the dominant ammonia

species. There is no significant pH difference (p > 0.05) between the depths as shown in
Table 2.7 for all the cross sections and therefore pH does not account for nitrogen

concentration variation between the depths.

Table 2.7. Intra-system pH at the six sampling depths along the length of the VSB

constructed wetland.

Sample depth, m Average pH values (Standard deviation)
Cross Section Distance from inlet, m
0.64 1.89 3.14
0.05 7.8 * (0.06) 7.97 (0.07) 8.0% (0.08)
0.10 8.0° (0.06) 7.9%(0.07) 8.0" (0.08)
0.15 8.1" (0.06) 7.9%(0.07) 7.9%(0.08)
0.20 8.0" (0.06) 7.8%(0.07) 7.9%(0.08)
0.25 7.9% (0.06) 7.9*(0.07) 8.1%(0.08)
0.30 7.8 (0.06) 7.9 (0.07) 7.8%(0.08)

Temperature variations

Sofne biochmﬁiéal processes, notably tﬁe microbiatly mediated nitrogen pmcessesF are
temﬁemtilrc,_ sensitive (Kadlec and Knight, 19965. Therefore assessment of spatinl
variation in nitrogen treatment performance cannot be complete without investigation of
spatial temperature distribution. The values with the same superscript letters under each

cross section and depth in Table 2.8 represent no significant water temperature difference
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ot c level of 0.05. The water temperature ranged from 18.3 to 20.8 °C with an averape of

19.7+ 0.1 °C. There were no significant differences (p > 0.05) in average water -

temperature either between different depths or between cross sections as shown in Table

2.8.

Table 2.8. Intra-system temperature at the six sampling .defaths along the length of the

pilot vegetated submerged bed constructed wetland.

Sample depth, m Water Temperature, °C (Standard deviation)
| Cross Section Distance from inlet, m

| 0.64 1.89 3.14
0.05 20.0 * (0.1) 19.4% (0.1) 19.4%(0.1)
0.10 20.0% (0.1) 19.77(0.1) 19.5% (0.1)
0.15 19.8% (0.1) 19.7° (0.1) 19.67%(0.1)
0.20 19.82 (0.1) 19.7% (0.1) 19.7% (0.1)
0.25 19.9% (0.1) 19.7%(0.1) 19.5% (0.1)
0.30 19.7° (0.1) 19.7* (0.1) 19.5%(0.1)

—_—_—— -sr e _— e N 2 W)

These findings are in'agreement with studies by Brix (1990) and Kadlec (2001), who
reported little temperature variation with depth in submerpged beds. Temperature

therefore, did not account for nitrogen variation between depths and cross sections.

CONCLUSIONS AND RECOMMENDATIONS

The VSB wetland ammonia- and nitrate-nitrogen, COD intra-system distribution results
of the current study indicated that there were higher nitrification and COD removal near
the surface than decper down in the water column. The DO distribution results show that

DO is consumed upon diffusion into the water column near air/water interface with no or
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little oxygen diffusing to deeper depths. This DO distribution suggest that the level of
nitrification as reflected by the detected levels of both ammonium and nitrate nitrogen
near the surface could have been achieved through nitrification near the surface and
diffusion of ammonium nitrogen into this zone from deeper down the water column in |
.response to concentration gradient. The, distributions of nitrogen, COD and DO are a

result of predominantly direct atmospheric oxygen diffusion and longer retention time

assumed vertical uniformity in the plug flow model. The results of this study indicate that
there is higher relative nitrification and COD removal at the bottom than the middle

zones most probably due to longer retention time caused by hydraulic head difference

between the inlet and the outlet.
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CHAPTER THREE

MODELING OXYGEN TRANSFER INTO VEGETATED SUBMERGED BED
CONSTRUCTED WETLAND.,

ABSTRACT

Modeﬁng the transfer of oxygen into constructed wetlands is essential for understanding
BODs and nitrogen removal mechanisms and for improvement of system design.” A
mechanistic model for atmospheric oxygen transport into vegetated submerged bed
constructed wetlands was developed based on the two-layer model theory of a gas-liquid
interface and associnted molecular mass transport equations. Data from batch submcrge;.i
bed constructed wetland microcosms were used to parameterize the model. The model
satisfactorily predicted the vertical dissolved oxygen (DO) profiles. The model DO
profile predictions were insensitive to changes in &c unsaturated zone diffusion
coefficient, This was due to the fact that resistance to oxygen flow in the unsaturated
zone is negligible relative tr.; the resistance in the saturated zone. The model DO profile
predictions were however sensitive to the diffusion coefficient inside the saturated zone
ﬁs well as to the oxygen consumption rate constant. However the model' atmospheric
m'cj;gen flux was sensitive to chﬁnges in both the unsaturated and saturated zones. The
.predi'cted o;cygen fluxes range from 0.027 to 0.32 g m? day™ and are on the lower end of

the range 0.077 to 7.92 g m™ day™ reported in literature,
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INTRODUCTION

The use of Vegétnted Submerged Bed (VSB) constructed wetlands for treatment of
municipal waste streams continues to expand as more emphasis is placed on
economically viable technologies for nutrient removal The cost effectiveness of VSB
. constructed wetlands is driven by the level of treatment necessary to meet HSpeciﬁ'c
discharge water quality objectives. Although pfnperly designed VSB constructed
wetlands adequately remove organic matter from typical waste streams, nitrogen removal
in these systems is generally limited (US EPA, 2000a; US EPA, 2000b; Vymazal, 2005).
Oxygen (O2) availability is one of the most limiting factors in determining contaminant
removal by bacterin mediated processes in_VSBs (Marsili-Libelli and Checchi, 2005),
with typical values of dissolved oxygen (DO) usually below 1.0 mg/L (US EPA, 2000a).
Ammonium nitrogen and organic carbon (OC) are the two principal components of
oxygen demand. Nitrogen exerts nearly 90% of the oxygen demand using about 4.3 mg/L
O for each mg/L of ammonium nitrogen while organic carbon utilizes approximately
0.44 mg/L. O per mg/L of OC (Metcalf and Eddy, 2003). 'I’hcrcfnrc, in an oxygen limited

microbial mediated process, nitrification is considered to be the rate limiting step for

nitrogen removal process, is best suited for an anacrobic environment coupled with an
adequate carbon supply prevalent in most wastewaters (US EPA, 1993; Tanner et al,
2002; Vymazal, 2005). Thus oxygen availability is the key to overnll VSR wetland -

performance and modeling the supply of Oz delivery is crucial for wetland design.
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To develop an oxygen transfer model it i essential to explore ahnosPher.ic oxygen
transfer pathways into VSB wetlands. Two main pathways of oxygen transfer from the
atmosphere into the wetland are documented: 1) direct atmospheric oxygen diffusion and
2) plant root oxygen release (Knldlec. and Knight; 1995). There are limited research
findings concerning the quantitative magnitude of direct atmospheric oxygen diffusion
into VSB }vetlands, essentially consisting of only three studies (Brix and Schierup, 1990;

Nakano, 1999; Wu et al.,, 2001). The reported direct utrnuépheric oxygen diffusion fluxes
range from 0.077 to 7.92 O, g/m*/day.

There are several reports on plant root oxygen release because this pathway was
onginally believed to exclusively account for oxygen supplies in wetlands. Early reports
suggested that plants’ were responsible for enhanced constructed wetland 'perfunnance
(US EPA, 1_983, US EPA, 1993). The reported plant root release fluxes mngéﬁ'om 0to
28.6 O; g/m*/day (Kadlec and Knight, 1996: Wu et al. 2001). This wide range of fluxes
can be mainly attributed to differences in measurement methods (Bedford et al., 1991;

' Sorrell and Armstrong, 1994), plant type, root type, root density, the root internal oxygen
| concentration, oxyg;n demand of the surrounding medium and the permeability of the

root walls (Sorrell and Armstrong, 1994). However further research indicated poor
oxidation of reduced nit}ngén'compounds (Wood, 1995; Kadlec and Knight, 1996; Brix,
1997; Whitney et al., _2003) thus suggesting that early studies overestimated the nxygen
| lmnsfcr by wetland plants (Stein and Hook, 2005). Stein and Hook (2005) summanzmg
their series of greenhouse and ]abomtory studies (Al]en et al.,, 2002; Hook et al., 2003;

Stein et al., 2003 and Riley et al., 2005), concluded that plant root respiration rates varied
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in response to the seasonal dormancy of wetland plant species and that lower temperature
permitted ihcreased oxygen transfer via the root zone. They further concluded that the
- potential for plants to enhance aerobic treatment processes 1s more limited during periods
of active plant growth and associated higher temperatures when plant root respiration is
highest. The contribution of plant root oxygen relegse during this créti'cal time is minimal
leaving direct atmospheric oxypen diffusion & probable dominant oxygen supply

pathway.

Despite the apparent importance of direct atmospheric oxygen supply existing models on
contaminant removal in VSB wetlands either do not adequately account for oxygen flux
through this pathway (Schwager and Boll, 1997; Langergraber and Simunek, 2005) or
assume that oxygen supply through this pathway is negligible with the dominant pafhxvuy
being plant roots release (Kayombo et al,, 2000; Wynn and Lier, 2001: Marsilli-Libelli
and Checchi, 2005).The goal of this work is to develop a model that include direct
atmospheric oxygen transfer into subsurface constructed wetlands thereby improving our -

ability to accurately design wetlands based on the required level of wetland performance.
MATERIALS AND METHODS
.Mad'el develdpmenr

-~ Overview
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Contrary to earlier assumptions, the contribution of aeration via root system in VSB
wetlands is limited and direct diffusion of atmospheric oxygen is the dominant oxygen
transfer pathway (Brix and Schierup, 1990; Wu et al, 2001; Stein and Hook, 2005).
Various formulations have been used to describe the air-water gas exchange process, but

the two most common are the “stagnant two-flm” model (Lewis and Whitman, 1924)

and the “surface renewal” model (Dankwerts, 1951).

In the first approach, an instantaneous equilibrium is implied at the air-water interface,
and concentration gradients are assumed in the two stagnant thin boundary layers residing

at each side of the interface. In the second approach, bulk “parcels” of water and air are |
constantly delivered to the interface as o consequence of local turbulence in both fluids,
Upon arrival at the interface, an instantaneous interfacial equilibrium is assumed between
liquid and gaseous parcels and diffusion procceds inside these small fluid elements
during their residence time at the vicinity of the surface. In this case, the model

parameters include the molecular diffusion coefficients in both phases and the contact

time,

‘Since the transport of O, through the lnyer system 1s a one dimensional molecular
difﬁ':siunl process in both cases, the one dimensional form of Fick’s First Law (with z as
the verti'cal directiun), as tllustrated in Figure 3.1 and shown in Equatlon 3.1, 18 used for

the computatlon of ﬂux (Liss and Slater, 1974).
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Figure 3.1. Modified Stagnant Two-Layer model of a gas-liquid interface (Lewis and

Whitman, 1924) for Vegetated Submerged Bed.

T}w terms C, and C',g represent oxygen concentrations [g m™] in the bulk air and in tﬁe
unsaturated gravel layer adjacent to the air/water interface, respectively, while the terms
Ciy and C'_,r,r;-qr represent oxygen concentrations adj’acent to the hydrﬁgen-boﬁded water.
ﬁlm/bulk water interﬁzge, and in the saturated layer adjacent to the atr/water interface in
that order. The term z represcﬁt the distance [m] from the gmvelfalr interface into the

reactor and Z, and z,, represent the thickness of the usaturated zone [m] and the hydrogen

| bqnded molecules layer [pm].
e naC -
. F=-D 'Az (3.1)
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Where F is the oxygen flux through the layer [g m™ day™), D is the coefficient of
molecular diffusion of oxygen in layer materinl [m? day™], Cis the oxygen concentration

[g m”] and z is the vertical distance [m].

The more commonly used oxygen flux expression at an air-water interface of the two
layer boundary system is given by:

F=kAC | (3.2)

and & is the corresponding exchange constant commonly known as mass transfer
coefficient [m day™]. Dobbins (1956) presented some calculations where he defined
transfer across an unbroken film based on the two-film theory. This author derived an
expression for & by solving Fick’s Second Law and demonstrated that & could be

reasonably approximated with only a very small error by:

k= %Z | | (3.3)

Where Az is the thickness of the layer across which oxygen flux is determined. When
applying Equation 3.2 to the two-layer situation shown in F igure 3.1, and assuming that

the tmnspoﬁ of gas across the interface is a steady state process, it follows that:
F=k(c,-C,)=k,(Cu ~Cp) (3.4)

Where %; and ky, are the mass transfer coefficients for the gas and li;:luid phases,

| ' respectively. Since oxygen tmnsf‘ér obeys Henry's Law, then:

- C.r; =H C.tﬂq | | | (3'5)
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where H is the Henry’s Law constant defined as the ratio of the equilibrium concentration

in gas phase [g m™ air] and the equilibrium concentration of dissolved oxygen in liquid

phase [g m™ water] (Metcalf and Eddy, 2003).

Even though the abrupt discontﬁluity near the interﬁme,_ shown in Figure 3.1, is
physica]]y unrealistic, the film model is useful in visualizing the processes at the interface
and for simplifying the theoretical calculations of gas exchange rates (Liss and Slater,
1974). Furthermore, predictions based on film approach often show little or no difference

from those derived from more complex models (Danckwerts, 1970).

The “stagnant two film” mode! was initially developed for turbulent flow conditions In
both the bulk gas and the liquid phases (Lewis and Whitman, 1924). A study by Pedersen
(1993) suggested a modification of the two-film theory to account for oxygen transport
across the air/water interface under quiescent conditions in both the air and the water
'layers. In Pedersen's (1998) study, purc oxygen or air bubbles maintained at a gas nozzle
were submerged in a water-bath at 50 mm depth. Vertically upward water flow towards
the bubble was induc:éd by a water nozzle at various flow velocities while measuring the
relative water ﬂo.w velocity using a Laser Doppler Anemometer (LDA)., The LDA
véloc-ity data was used to determine the mass transfer coefficient & and film thickness. A
threshold velocity of 0.0Smm s was set to determi_ne the boundary betwelen”ﬂuw zone
and stagnant zone and thus stagnant film thickness, The main ndvantage of LDA is that it
does not disturb _the flow field. Results of Pedersen's study indicated ihnt there is a

hydrogen-bonded structure of water molecules at and near the air/water interface. Under
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calculated values from Equation 3.3, in this study, strongly indicated that the equation is
valid thus reinforcing findings by Dobbins (1956). The interstitial water flow velocity in
constructed wetlands 1s within the above velocity range. Therefore the modified two-film -

model is used in the current study for flow conditions in VSR constructed wetlands,

System configuration and process governing equations

wetland (depth z = L) where L is the total wetlnnd depth. Furthennore, the air/water
interface is at z = z;, the depth z = 0 to z=L is filled with gravel and the'gmvel/z_l_ir

interface is at z = 0.
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Figure 3.2, Schematic batch reactor conf gurations.

According to the law of conservation of mass, the change in the amount of oxygen in the
volumetric unit of gravel pore space per unit of time for one dimensional flow is equal to
change in flux minus the consumption of oxygen in the gravel under steady state

conditions. This expression for the unsaturated zone is shown in Equation 3.6.
—7'-=-—--'-k',c, =D, —'-kC =0, 0<z<z, (3.6)

where C| is oxygen cbncentmtinn [g m™], D, is diffusion coefficient [m’ day™'] and k, 1s

volumetric first order biochemical oxygen utilization rate constant [day"] in. the
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unsaturated zone denoted by subscript 1. It is ussumed that oxygen consumption in the

unsaturated zone lS negllgfble relative to the amount diffusing into the system from the

Upper boundury (Kowalik, 1985).

C(t,0)= Co (3.7)

where C, is utmosphﬁc OXxygen concentration [g m"] and t 1s time [day].

——r-_=—-—r—-sz'2 = Z_E-_klcz =0, Il “:.-.""‘:L (31.8)

Where C; is oxygen concentration (g m”), D, is diffusion coefficient [m’ d;ly"] and £, is
volumetric first order biochemical oxygen utilization mmte constant [day™], in the

saturated zone denoted by subscript 2, The term L 1s the total height of the reactor.

Equation 3.9 is the required boundary condition used in Equation 3.8 to ensure there is no

flux out through the bottom of the reactor.

—==0, z=L S | - (3.9

The mﬂuence of tempcruture on thc reactlnn mte is modeled wa an Arrhemus'
relatmnshlp shuwn in Equatlnn 3 10 (Mashnun and I{nyombo 2002 Rnusseau et nl.

2004),
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ky = kyjp) 817-2) (3 10)

where %; and ka@20) are the rate of OXygen utilization [day™] in the saturated zone at the

operating water temperature (7) and at a temperature of 20 °C and 4 is the dimensionless

temperature coefficient for oxidation Which is estnrnated at 1.06 from most studieg (Reed

and Brown, 1995; Tanner et al., 1995)

.JThe concentration profile in the unsaturated zone is obtained by solving Equation 3. 6 for

C) to obtain a linear relationship of the form expressed in Equation 3.11 (Dillon, personal

comrnumeatmn, 2005; Cussler, 1997).
Clz)=az+b 0<z<: (3.11)

Where a is an oxygen concentration gradient in the unsaturated zone [g/m /rn] andbisa.

constant of interception [g/m’ ).

'The constant b can be found by solving Equation 3.11 for 2= 0 and applying boundary
condition in Equation 3.7 to obtain Equation 3.12,
Clz)=az+C, 0<z<: - (3.12)

The general solutim; for the saturated zone is derived from Equations 3.8 and 3.9, In
E:quation 3.8, we seek a function that describes oxygen mass transfer in water with the
property that the second derivative of the function is the same as the function itself, This'
condition is necessary because close examination of Equation 3.8 shows that the second
derivative of the oXygen concentration pmﬁle is equated to the function of the oxygen
_concentration profile. The exponential functions y(t) = &' eqd y(t) = ¢* and their censtant-

multiples satisfy this condition. Any sum of the exponential function solutions are also a
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solution (Boyce and DiPrima, 2001). Therefore, an exponential finction was used to find

a solution for the saturated zone. The oxygen concentration function can therefore be

expressed in the form:
C,(z)=¢e"*? | (3.13)
‘Where r s the oxygen mass transfer coefficient [m'I].

Substituting ¢"* from Equation 3.13 for C; in Equation 3.8 results in Equation 3.14 which

gives the solution for the mass transfer coefficient r:

cC,
a: =D,r'e"* —k,e"”* =D,r* =k, =0
therefore | -

(3.14)

L B /k—’—)r_,r_,_
b, D,

From Equations 3.13 and 3.14, the steady state solution for oxygen concentration profile
is: |

| C'l(z)_: Ae™ + Be™"* . (3.15)
where 4 and B are constants. The derivative of equation 3.14 with respect to z is:

__a_CBZ£Z) = r[Ae” —Be"”] (3.16)

‘Applying a boundary condition in Equation 3.9 on Equation 3.16 yields the solution of

Equation 3.15 with substitution of constant A for B as follows:
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de™ = Be ™™ ~ B = 4o

(3.17)
resulting In
C,(z)= 4 [e“ + e""te"""]

In this system configuration, the two boundary conditions at the air/water interface

derived from Equations 3.4 and 3.5 are as follows:

¢ (:1)=ch (-"-'t) | (3.18)
acl(:l)_ ac:(:l)
D, - =D, = (3.19)

where H is Henry's Law constant as described earlier.

Literature values for the diffusion coefficients D; and D;, ns shown in Table 3.1, were
used in this model. General solutions for oxygen concentration profiles in the unsaturated
and saturated zones depicted in Equations 3.11 and 3.16 and coupled with boundary

conditions in Equations 3.17 and 3.18, were then solved.

| A quasi-Newton numerical ﬁlguﬁﬁun in thc: Microsoft Excel solver pncﬁuge was used to

optmuzc the predicted -ﬁrst nrdt;:r dxygeﬁ ﬁtilizatian rate constant aguiﬁst observed dutn
' thmugh the résidunl error analysis. Detnils of observed data collcptiun are diséuqsed ina
ht?r sédiom Nﬁnn‘nlizedfmpt rnéan squz.ue: error (NRMSE) as shnwh in Equation 3.?.0

was used as the optimization criterion (Loague and Green, 1991).
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| - : 100
NRMSE = [:Z;(R_O‘) /:]x—.a_— (3.20)

where P is predicted values, O, is observed values, n is number of observed values and

ais the mean of the observed values.

Direct atmospheric oxygen flux into wetlands was then predicted using Equations 3.2 and

3.3 for k; values representative of field scale VSR constructed wetland conditions

extracted from the literature.

Sensitivity analysis

A éensitivity analysis was conducted by varying the diffusion coefficients in the saturated
and unsaturated zones within a range representative of the different conditions nas
extracted from liternture. When one diffusion coefficient was varied the other was held

constant at a value equivalent to free water or air condition extracted from literature.

Oxygen profile determination experiment

Five wetland batch reactors of dimensions 0.62 m width x 0.62 m length x 0.46 m depth
were constructed in a gréenhu‘usc on the Pullman 'campus of Washington State
University., Four of the five wetland reactors were sub-surface flow (SSF) batch reactors

vegetated with locally harvested cattails (Typha latifolia) and the fifth was the same as

the dthcr four but without vegetation. Two of the {'_c:ur vegetated SSF reactors contained
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gravel with a grain size of 39 mm, while the other twq contained gravel size of 5§ mm.

The remaining unvegetated batch reactor contajned 32 mm gravel and was used as

Two of the four vegetated reactors, one for each gravel size, were fed with g
dcoxy_genﬁted solution of 10 mg/lL NH;-N concentration, representing secondary
municipal wastewater. The NH4-N was prepared from N'thL These reactors were
seeded with bacteria laden effluent extracted from fish ponds. The remaining two
' fegetated reactors were fed with deoxygenated tap water only. The control reactor was

also fed using only deoxygenated tap water. All wetlands were made anaergbjc by the

addition of sodium sulfite and cobalt chloride to the feed wastewater according to the
ASCE Standard (1992), The DO of the tap water was measured prior to commencement
of experiments and DO was removed to below 0.4 mp/L. The configuration of the tanks

was as shown in Fipure 3.3.
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Figure 3.3, Schematic representation of the experiment setup

Sample access pipes were installed at depths-20, 30 and 40 cm below the pravel/air
interface. An Extech® DO meter wué used to measure the dissolved oxygen of the water
| at the three different depths, At each sampling point, water was extracted to draw in a.
representative sample at the depth of sampling point. The drawn water was temporarily
stored in. an air tight container and later put back into. the ﬁccéss pip.e after DO
n.le;suren;cnts were made at each sampling point. The pipes were purged with ni&ogm
gas after each measurement and pipe caps were used to t;lpse_the_ top endiof the pipes.

Data was collected using daily time steps for seven days.

-



RESULTS AND DIS CUSSIONS

Model parameterization

Piffusion meﬁi;ients (D) suitable for the Systems under investigation were. not
experimentally dgtermined. Therefore, studies on gas diffusion in porous media such as
soil were assessed and compared to the conditions of the current study system (Smith,

1980; Sallam et. al, 1984; Kowalik, 1985; Erickson and Tyler, 2000). Literature data

shown in Table 3.1 cover a range of conditions that encompass the current study system

conditions.

The diffusion coefficient is a function of several porous media parameters including
water condition. Oﬁe important factor that influences D is the amount of large pores in
the media; increasing the amount of large pores leads to an inﬁme in D. This is the case
because sﬁxall pores increa:r,c tortuosity t-hus increasing resistance to mass tfansport. The
amount of lm‘-ge pores in a porous media is a reflection of the size and éhnpc of the porous
media panicics (Erickson and Tyler, 2000). Bﬂsed on this reasoning, gravel sized
particles (>2 mm) would have n greater D than sand sized particles (0.05-2 mm). Free -
water and air as well as waterlogged soils were evaluated to set the upper and lower
oxygen diffusion limits for the system under investigation. As depicted in Table 3.1, the
-oxygen.difﬁ.lsion coefficient in air is four orders of magnitude higher than in water
-rrl:gar_dlless of ihe media under which diffusion takes place., There are slight differences in
the Table 3.1 values reported by different authors however, within egf:h media type, all

diffusion coefficients are within the same order of magnitude, Diffusion coefficients in
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dry and waterlo ggt_rd soils are generally one order of magnitude less than in free air and

water respectively.

- Table 3.1. Literature values of oxygen molecular diffusion in air and water under 1

different situations.

‘Medin ~ O,Diffusion ____ Somce
‘ Coefficient '~
(mlfdaz)
Free water *"1.73x 10 Campbell and Norman (1998)
Free air 1.73
Waterlogged soil *2.16 x 10 Kowalik (1985)
Free water *1.76 x 107 Kadlec and Knight (1996)
~ Free water *1.81 x 107 Crites and Tchobanoglous (1998)
Free water *1.61 x 107 Metcalf and Eddy (2003)
Free air 1.65 Smith (1980)
Very dry soil 6.6x 10
Waterlogged soil 6.6x 107
Free water *2.05% 107 Millington (1955)
Waterlogged soil *3,2x 107

*Measured at standard temperature and pressure (101.3 kPa, 293.16 K )

Model Prédfc{ians -

Variance bem;'et;:n model and observed data ranged from as high as 15% to as low as 5%
RMSE as shown in Table 3.2, There was a better model ﬁ_t for the 5 mm gravel reactors
than the 32 mm gravel reactors. Ammonia dosed r;:actnrs expeﬁenced better model fit
than tap water dosed reactors. The oxygen utilization rate constants for the 5 mm gravel
reactors were slightly lower than those for the 32 mm gravel reactors. The oxygen
utiliznﬁon rate constant for the exPeﬁment control is one order of mngnﬂitude. less than in

all other reactors as shown in Table 3.2. This difference was expected since the
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experiment control reactor gravel was washed to minimize oxygen demand prior to

commencement of the experiment.

Table 3.2, Opti;nized decay constants and error margins for five microcosm batch

reactors.

_—mmm

Reactor Type

. Water type Tap* Tap" Ammonia® Ammonia® Control*
Gravel size (mm) 32 5 32 5 32
Reaction rate
constant (day™) 0.0085  0.0076 0.0084 0.0079 0.00082
NRMSE (%) 15 11 0 5 5

" Vegetated batch reactors

* Tap water without vegetation

In general, the model overestimates O concentrations for shallow depths and
underestimates O; concentrations for deeper depths in all reactors as shown in Figﬁres 3.4
to 3.7. The best fit was attained ot the 0.3 m depth. The best model fit in terms of error

margin and graphical fit was for the 5 mm ammonia dosed reactor as illustrated in Figure

3.6 and Table 3.2,
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Figure 3.4. Dissolved oxygen profile in a2 32 mm diameter gravel vegetated subsurface
batch microcosm dosed with tap water.
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—— predicted
®m observed

Figure 3.5, Dissolved oxygen profile in a 5 mm diameter gravel vegetated subsurface
batch microcosm dosed with tap water.

DO (mg/L)
0 1 2 3 4 5

— predicted
® observed

Figure 3.6. Dissolved oxygen profile in a 32 mm diameter pravel vegytnted subsurface
| batch microcosm dosed with 10mg-N/L ammonia solution.
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Figure 3.7. Dissolved oxygen profile in a 5 mm diameter gravel veggtatcd subsurface
| batch microcosm dosed with 10mg-N/L ammonia solution.
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The predicted oxygen fluxes in this study as shown in Table 3.3 range from 0.027 to 0.32.
g O; /m’/day and are on the lower end of the range 0.077 to 7.92 g O, /m’/day values
reported in literature (Brix and Schierup, 1990; Nakano, 1999: and Wu et al.,, 2001). This

range is more in agreement to the 0.077 g O, /m’/day flux reported by Nakano (1999).

Table 3.3. Predicted direct atmospheric oxygen flux for different first order reaction rate

constants extracted from literature.

Predicted O; Flux (g O,/m*/d) Literature k (d") Sotirce

0.018 0.008 The current study
0.12-0.14 0.8-1.1 Crites, 1994

0.06 0.22 Tanner et al. 1995

0.14 - 1.104 Reed and Brown, 1995
0.17 - - 1.84 Wood, 1995

0.15 1.35 Wood, 1995

0.12 0.86 Wood, 1995

0.07-0.32 0.3-6.11 Kadlec and Knight, 1996

0.027-0.14 | 0.1-1.2 Mashauri and Kayombo, 2002

From predicted (Table 3.3) and reported mclasurcd -oxyéen fluxes, it is inconclusive
whetﬁer the model can accurately represent direct atmospheric oxygen fluxes in VSB
t;qnstmcted wetlands, Huwever since the modeled fluxes concur with the lower end of the
i‘epnrt_ed range it can be safely used as conservative design tool provided the reported

fluxes were accurately measured and representative of different conditions.
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Sensitivity analysis

Model sensitivity aﬁalysis was conducted to test the effect of changing model parameters
on predicted oxygen fluxes as shown in Table 3.4. Changing the unsaturated zone
diffusion coefficient over the rﬁnge of values between free air and dry soil shown in
Table 3.1 caused 'un approximate 63 % Increase in oxygen flux. The model is also _
: sensitive to changes in the diffusion coefﬁcieﬁt of the saturated zone such that a change
in the diffusi"nn coefficient between free water and waterlogged soil leads to about a 53 %
decrease in oxygen flux. The uncertainty in muﬁel parameters can lead to erroneous
prediction of fluxes. However the results of the sensitivity analysis show that regardless
of the accurﬁcy of the assumed diffusion coefficient, predicted oxygen fluxes are

maintained at the lower range of the reported values. Therefore the model can be used for

conservative system design.

Table 3.4. Dissolved oxygen flux response to changes in diffusion coefficients and

reaction rate constants, |
- | Flux (g Oz/m’/d) |
k (d) Unsaturated zone oxygen Diffusion Saturated zone oxygen Diffusion
: " Coefficients (m%/d) Coefficients (m*/d)
1.73 0.66 0.000173 0.000066
022 0.06 0.098 0.06 . 0.028
1.84 0.17 0.28 0.17 0.082
.35 - 0.15 . 0.24 0.15 - 0.07
0.86 o 0.12 0.19 0.12 0.056
- 0.3-6.1. 0.07-0.32 0.11-0.52 0.07-0.32 0.033-0.15
0.1-1.2 0.04-0.14 0.07-0.23 0.027-0.14 0.019-0.066
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CONCLUSIONS AND RECOMMENDATIONS

A mechanistic model for atmospheric oxygen transport into VSB constructed wdlaudg
was developed based on the two-layer model theory of a gi-;-liquid interface and
molecular mass transport eqluﬁtions. The model satisfactorily predicts oxygen distribution
in constructed wetland. The model predictive capability of oxygen ‘ﬂux into constructed
wetland is inconclusive since it represents low fiuxes contrary to limited literature values,
The predicted fluxes therefore may be suitable ﬁ;r conservative system design. The
accuracy of diffusion coefficients Withil'; practical limits does not have an impact on
improving fluxes to represent the upper range of the reported values. There is a need to

increase the data base for measured direct atmospheric oxygen diffusion to test model

validity.
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CHAPTER FOUR

A REVIEW OF VEGETATED SUBMERGED BED CONSTRUCTED
WETLANDS PERFORMANCE FOR NITROGEN REMOVAL

ABSTRACT

Removal of nitrogen (N) in constructed wetlands is rate limited by anoxic/anaerobic
conditions. Nitrogen removal in wetlands is achieved through two pathways: (i) N
cycling and (ii) sfo.mge, N cycling is a permanent re_rnniral pathway. The N cycling stages
of importance for nitrogen removal in wetlands are ammonification, nitrification and
denitrification. Stomg; is achieved by assimilation into plant and microbial biomass and
ﬁdsorptiﬂn. Stbmga is a temporary process since wetlands have a finite storage capacity
and the stored N can be mineralized back into solution or undcrgal desorption. There has
been an increasing interest in the development of technologies to alleviate nitrogen

removal limitation in constructed wetlands by ensuring prevalence of conditions

enhancing N cycling.

The purposé of thils study 1S :to review emcrglglg tech'nt;lo gl.cs of vegetated submerged bed
| (VSB) constructed wetland systems aimed at improving mtroéen removal in wetlands
through ratlnn-nl system design. The deméﬁ and performance of these systems are
reviewed. The oxygen tr;:lnsfer cnpacity and nitrogen removal mechunisms on system
perfofmﬁncﬁ are evuluated Constructed wctlund most cnmmonly consist of vertical flow
(V F) nnd honmntn] ﬂnw (HF) beds cumbmutlons, and HF beds w:th pulsmg water lcvel

where VF and HF are aimed at nitrification and dcmtnﬁcutmn resPectwely Nitrate
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nitrogen accumulation is the most limiting factor in typical VF based systems and future

research to address removal of nitrate nitrogen is highly recommended. Nitrogen

treatment design criterion is presentéd,

INTRODUCTION

‘Vegetated submerged bed (VSB) constructed wetlands are low cost engineered
wastewater treatment systems (Kadlec and Knight, 1996). There are two major types of
VSB systems depending on flow regime. The most common systems have been designed
with horizontal subsurface flow (HF) over the past 30 years (Cooper, 1999) but vertical
flow (VF) systems are gaining popularity at present (Vymaza), 2005). It has been widely
reported that the performance of both systems has been satisfnc‘tnry where the standard
level of treatment only requires removal of the 5-day Ibinlnrgical oxygen demand (BODjs)
and total suspended solids (TSS) (USEPA, 1988, 1993; Cooper, 2001, Vymazal, 2005_).
However, there is a growing interest to achieve effluents low in nitrogen (Cooper, 1999),
The removal of inorganic nitrogen is obf major concern because of its toxicity to infants,
fish and other aquatic unimﬁls and added oxygen demand (US EPA, 1988; 1993; Myrold,

1998). VF systems have been found to be more effective in removing nitrogen than

conventional HF éystems (Cooper, 2001; 2005). .
. Nitrogen in wastewater is present in particulate and dissolved qrganic and inorganic

forms; the relative proportions of which depends on the type of waste and level of

‘pretreatment  (Jamieson, 2003). The primary inorganic forms of nitrogen entering
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wetlands are ionized and unionized ammonia (NH;"/NH3) and nitrate (NOs’) nitrogen

(Kadlec and Knight, 1996). The organic forms of nitrogen present in wetland are

proteins, urea, uric acid, amines, purine, and pyrimides (Jamieson, 2003). The removal of
particulate nitrogen is effected through settling and burial within the sediment while
dissolved inorganic forms are removed by storage and through N cycling. Storage is only
a temporary process because wetlands have a finite capacity and N assimilated to plant
and microbial biomass or adsorbed to sediment can mineralize back into solution or
undergo desorption. Removal of N through N cycling in wetlands is more permanent.
Various forms of N in N cycling are converted into gaseous forms that are expelled into
the atmosphere as nitrogen gas (N2) or nitrous oxide (N;O) in a two step process that
involves nitrification and denitrification. Nitrification is an oxygen driven process which
involves the transformation of NHs" to nitrite (NOy) then nitrate (NO;). This process is
5ub5tantially reduced at dissolved oxygen levels less than 1-2 mg/L in the water CO]UI;'III
(Hamﬁler and Knight, 1.994; Whitney et al, 2003). Denitrification is responsible for
completing nitrogen removal by further transformation of NO; to gaseous forms N2Oor

N; which in turn volatilize out of the system.

The motivation for developing interest in VF and other variants of conventional HF
wetlands .is_ the desire to achieve fully nitrified effluents through sufficient oxygen
transfer, an achievement not realized through use of the predominantly anaerobic HF |
systems . (Cooper, 1999). In light of the concerns surrounding nitrogen treatment
effectiveness in conventional VSB designs, new technologies have been and are still

being developed to improve system performance while maintaining a cost campetiti}re



edge over conventional mechanical wastewater treatment systems. In this study, oxygen
transfer ra‘tes, nitrogen removal performance, and operation and maintenance costs
between the different variants of VSB based treatment systems are reviewed for the
ﬁ_:unnﬁlation of design critenia. Tl_le effectiveness of alternating aerobic and anaerobic
conditions in different treatment systems is also reviewed to formulate a proposal for
optimizing total inorganic nitrogen removal. 1 believe that if properly designed
alternating VF beds with conventional HF beds in series such that alternate aerobic and
anaerobic conditions prevail for progressive removal of nitrate nitrogen in HF as it
continues to be produced at VF siag&s will better regulate BOD removal. This approach
will ensure that exogenous BOD contributes towards supporting denitrification in HF

beds to improve overall nitrogen removal.

VEGETATED BED CONSTRUCTED WETLANDS

Background

There are two types of constructed wetlands that share many characteristics but are
distinguished by the location of the hydraulic grade line; namely the free water surface

(FWS) (also kriown os surface flow) and vegetated submerged bed (VSB) (also known as

subsurface flow) wetlands. FWS resemble natural wetlands in appearance because they
are populated with aquatic plants “ooted in a soil layer on the bottom of the bed and

hydraulic grade line exposed to the atmosphere. VSB do not resemble natural wetlands

because they have no standing water, that is, their hydraulic grade line is submer_ggd.
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They contain a bed of media such as crushed rock, small stones, gravel, sand or soil, sea
shells and plastic media which have been planted with aquatic plants (US EPA, 2000x; |
1993; White, 1995). The common plants used in constructed wetlands are cattail (Typha

spp), reeds (Phragmites spp), and Bulrush (Scirpus spp) because they are adopted to

saturated conditions typical of constructed wetlands.

VSB wetlands heve several advantages and disadvantages when compared to FWS
ﬁetlunds and activated sludge systems. Some advantages of interest in this study are that
VSBs: 1) provide effective treatment in a passive manner and minimize mechanical
equipment, energy, and skilled operator attention; 2) are very effective and rel-inble for
removal of BOD, TSS, and metals; 4) minimize odors, mosquitoes and similar insect
vector infestations and contact by children and pets (US EPA, 1993, 2000b); and 5)
provide greater available surface area for bacterin growth and subsequent treatment than
FWS so the treatment responses may be faster and more sustainable. VSBs can therefore

be smaller in land area than FWS systems designed for the same wastewater conditions

(US EPA 1993),

r'l;he dmad;fantages of VSB systems are that they' 1) require large land area compared to
f_ eonveqtzenﬂl mechanical treatment processes; 2) rerneval of BOD, COD and mtmgen are
Lpertially temﬁemry precessee beeuuse there is cyclic release from system flora and fauna
‘adding to system load; 3) water is anoxic thus limiting the petentiul. for nitrification
pfecessee, 4) ultheugh VSB are smaller than FWS for the removal of most constituent

. contaminants, the high cost of the gravel medin in the VSB systems can rese]t in higher
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construction costs (US EPA, 2000b); and 5) removal of nitrogen to low levels is possible
but requires longer detention times (US EPA, 2000b). Increasing the wetland size and
detention time compensates for this limitation, but this may not be cost effective
(USEPA, 2000z, 2000b) Therefore there hos been research interest in further

development of VSB to.mainly improve system aeration for the removal of nitrogen.

Oxygen transfer

There are two main documented pathways of okygen transfer between the wetland water
column nnd the atmosphere; plant roots oxygen release and direct atmospheric oxygen
diffusion (Kadlec and Knight, 1996). Several attempts have been made to quantify

oxygen transfer by the two pathways as shown in Table 4.1.

Table 4.1. Literature Oxygen transfer rates into V3B

£
- (g/m*/dan | | " Root release
Plants determination
release diffusion

Author '

: Method --
0.02 3.78 P australis | Mass balance
--- respiration-culm flux) |-
1991) | | Z marina R |
1086)

N/A
Gries et al. (1990 lm-m--m
Nokono et al. (1999) | 0.016 | 0.077 | T.latifolia | Ti(lI) buffer

Wu et al. (2000) 0.6 - N/A | Spectinata Ti (I0) buffer -
- | 0.04 ‘N/A . T latifolia | Ti(111) bufter |
Wu et al. (2001) 7T latifolia_ | Ti(UDbuffer |

Brix (1990)

Ll
-
+

*
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The quantification of plant-root oxygen release into VSB has remained a subject of

debate (Bedford et al. 1991; Sorrel and Armstrong, 1994: Brix, 1997). As shown in Table

(1) buffer solution scavenge OXygen as it is released preventing it from being reabsorbed
- and this process is similar to natural sediments response to the release of plan:t root
oxygen. Data from titanium (ill) buffer solution method show that the amount of oxygen
expec'ted to be released by the plants is generally nominal in most VSB syst:crns' for all
wetland plants as démonstrated in Table 4.1. Wu et al. (2000) observed that the amount
of oxygen required to account for the observed nitrification indicated that release by both
T fatg'fah‘a and S pectinata was very limited. Therefore it was concluded that the high
nitrogen removal rate could have been a result of gravel sorption coupled with
nitrification at the air-water interface. Two other studies by Brix (1990) and Wu et al
(2001) indicated that atmospheric oxygen diffusion into VSB was one order of magnitude
higher than most reported plant root oxygen release, However passive oxygen transfer by
both difecf atmospheric oxygen diffusion and plant r;:Jot release are inndequate éumparcd
to the amounts required for nitrogen removal in conventional VSB (US EPA, 2000a).
However there is an indication that direct atmospheric oxygen diffusion provides a
promising potential for oxygenation of constructed wetlands and research to explore this

potential is necessary, Emerging technologies should thercfore be formulated to improve
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. OXxygenation of VSB systems through the promotion of direct atmospheric oxygen
. transfer. | .

TECHNOLOGIES BASED ON PRINCIPLES OF CONVENTIONAL VSB

In the last ten years a new trend of research focusing on conventional VSB derived
technologies aimed at enhnn-cing oxygenation to achieve higher rates of nitrogen removal
has emerged. These technologies comprise vertical flow VSB, horizontal VSB wzth
pulsing water level and hybrids of honzontal and vertical flow VSB wetlands (Couper
1995, 2001; Vymazal, 2005, Behrends, 2006). In the current study, these technologies are
reviewed on the basis of the mode of oxygenation enhancement: nitrogen and ca;bon
removal performance, capital, operation and maintenance cosis to formulate design

criteria.
Horizontal Flow V5B with pulsing water levels

VSB technologies based on ﬂuctunti’oln of the water levels at varying frequencies in
horiz.pntul flow wetlands have been developed since the mid 1990s (Bchrends, 1999).
The oxygenation prof:ess was enhanced through automated pumping of wastewater back
and forth inehveen two adjacent wetland bed cells such that each cell was partially dmiﬁed
and filled on recurrent cycles. The drain stage of this reciprocating (ReCip) water
treatnient technology allows for atmospheric oxygen to diffuse intp the bioﬁlnls"qttnched
- to both plant roots and wetland substrate to promote nerobic pmégﬁse's as Intinosl.iht;ric air
replaces water in the v;:lid Spnces.r The fill stage promotes anaerobic processes since these

systems are poor ot oxygenating the bulk water column. Alternating these aerobic and

-
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anaerobic environments was expected to promote both nitrifying and denitrifying bacteria

populations such that no particular bacterial consortia dominated the biofilm.

Several studies based on this principle with similar trends of ammonia-N; nitrate-N; and

carbon removal perﬁ)rman_ce were conducted (Behrends, 1996:; Behrends, 2005 and
Behrends et al, 2006). The most recent of these studies with the influent wastewater
strength equivalent to an altemnative technology reviewed lﬁter' in this chapter'is used in

the current study to evaluate the treatment potential of this technology (Behrends, 2006).

In the current study, long term treatment performance of the integrated wetland treatment
systems (IWTS) consisting of ReCip coupled with conventional constructed wetland beds
In series was monitored for a period of 28 montﬁs. The first system consisted 6f surface
flow (SF) constructed wetland followed by a ReCip bed and the second consisted of a

ReCip bed followed by a subsurface flow (SSF) wetland. These systems treated clarified l

wastewater from recirculating aquaculture system.

Table 4.2. Performance data for two Integrated Wetland Treatment System (IWTS)

where reciprocating bed is operated in series with conventional HF beds (Behrends et al.,

2006),

IWTST “TWTS I

Parameters Influent SF  ReCip |Influent ReCip . SSF
Conc. Effluent Effluent | Conc. Effluent Effluent

) o S (me/L) (mp mp m mg m
COD 172 107 28 182 46 24
TAN - 509 . 459 3.8 51.4 6.0 3.9
TKN 72,2 = 58.2 3.9 66.3 = 104 34

- NOsy-N 0.16: + 0.65 27.91 0.16 8.79 3.4

DO 0.7 - 1.4 1.7 1.0 1.4 1.0
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Results in Table 4.2 demonstrate a typical treatment performance of ReCip. The removal
of total nitrogen was promising as demonstrated in Table 4.2, Despite the low level of
dissolved oxygen (DO) in the bulk water, the removal of both total nitrogen and COD
was adequate. This ubservatmn demonstrate that the sufficient transfer of oxygen lnto
biofilms during the drain stage of the reciprocation process lead to the oxidation of
carbon and nitrogen without carbon mhibltmy effects on ammonia oxidation ryplcal of
convcntlunnl VSB treating low DO wastewater In conventmnal VSB it has been
observed that COD/N ratio >=1 tagether with low DO caused thc inhibition of nitropen
oxidation by carbon because the heterotrophic bacteria responsible for carbon oxidation
grows faster and out compete autotrophic bacteria that oxidize ammonia nitrogen fﬁr
limited DO (Hanaki et al., 1990: Williums1et al, 1994 and Nakano, 1999). Therefore in
the current study the authors’ claim of enhanced oxygen transfer into the bio ﬁlnm instead
of bulk water for providing alternate aerobic and anaerobic conditions was justifiable as
evidenced by adequate removal of both nitrogen and cari::nn at low water column DO.
With respect to nitrate nitrogen removal, t_h'c authors of this work concluded that the
efficient removal of suspendeﬂ solids and associated organic carbon in the surface flow
(SF) wetland of IWTS | deprived the downstream reciprocating bed of organic carbon

necessary for nitrate nitrogen removal. Furthermore this conclusion was appropriate

'because COD removal of 79 mg/L accounted for 37 mg/L of carbon utilized in removing

15 mé/L nitrate nitrogen at a rate of 2.47 mg/L organic carbon per 1 mg/L of nitrate
nitrogen (Kadlec and Knight, 1996; Lin, 2001). The remaining 42 mg/L carbon can be

accounted for by aerobic respiration. The carbon utilized for nitrate nitrogen removal was
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approximately half of the total carbon removed. This was an indication that aerobic

en*rim111;1ent intended for the promotion of nitrification has a negative effect of depleting

organic carbon necessary for subsequent denitrification.

Moreover, as demonstrated in IWTS II system (Table 4.2), when the influent COD
concentration was fﬁgh?r there was better removal of generated nitrate nitrogen at a
similar influent nitrogen loading rate as in IWTS L Therefore o higher COD/N ratio in
system IWTS II led to better removal of nitrate-N, Therefore wastewater COD/N rati’ok
can be used to predict expected system performance. However there is need to mnduct

studies on varying levels of COD/N ratios to find threshold values appropriate for

effective total nitrogen removal.

It can also be concluded that under low influent COD/N ratio there is a need to design’
systems that can slnw' down carbon oxidation under aerobic envimnmentrby providing
longer retention time for anaerobic than aerobic environment, This can be achieved
through a conﬁgumtlon sumlnr to IWTS II in Table 4.2 where nitrate nitrogen generated '
from a reclprocatmg bcd can bc removed by a predominantly anaerobic SSF or SF bed.
An altematwe to explore is thc use of the ReCip bed together with a reservoir of smaller
footprint than a constructed wetlnnd to 'pr.twide longer retention time in an annerobic

environment for the removal of nitrate nitro gen.

When selecting a low cost wastewater and stormwater treatment technology the treatment
pcrformnnce assessment must be done together with cost effectiveness evaluation of the

,
}
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technology. In light of this consideration, when compared to a hybrid technology that
utilizes a similar principle of operation discussed later in this Chapter, {hc ReCip
technology has higher operation and maintenance cost due to pumps necessary for the
reciprocation process between contiguous bed cells. However, this technology offers an

alternative to hybrid systems. that require more land for the same level of treatment.

Vertical and horizontal flow V3B hybrids

Under this type of system, there are cpmf::inatiuns of two types of VSB beds utilized to
achieve enhanced total nitrogen removal through nitrification and denitrification. The
vertical flow (VF) VSB beds are predominantly aerobic and used for nitrification while
conventional horizontal flow VSB beds are ;nnirﬂy anaerobic and therefore suitable for
denitnfication. These two types of VSB are used in series and various combinations. In o
VF bed, water 15 distributed by pipes on the surface of the gravel apd allowed to trickle
down by gravity without saturating the substrate. The water is collected at the base of the

bed.

Case studies of this type of tcchnulﬁ gy are used to _revie.w the performance of this system.
Data in Tab];: 4.3 show tﬁc different VF and HF hybrid systems’ BOD_; _nnd nitrogen
rcmbval ﬁerformance and oxygen transfer rates. Under each system the.b-ed types are
placed in sﬁw in the order they are armnged'in Table 4.3.‘The hybrid"systems’ are
catcgorized according to the sequence of the VF aﬁd HF stuges in seﬁeé SyStems (1) to
(4) in Table 4.3 represent pcrf’armance of hybnd systems where VF beds precede HF
bcds and systems (5) and (6) rcprescnt systems where HF beds precedc VF beds, System

(7) rcprcscnts a system whcre HF beds are alternated w1th a VF bed The arrangement of
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the bed types in the different hybrid systems dictates the system carbon and nitrogen
removal performance. VF beds support predominantly aerobic autotrophic and
heterotrophic bacteria mediated oxidation of nitrogen and carbon in that order while HF

beds mainly supports annerobic heterotrophic oxidation and reduction of carbon and

nitrate nitrogen respectively.

In systems (1) to (4) despite differences in system hydraulic loading rates (HLR) and
influent carbon and nitrogen concentration, the treatment performance patterns in terms
of BOD;s and nitrogen removal are similar between systems in that there is satisfactory
removal of BODs while nitrification is high but incomplete. A BOD; and nitrogen mass
balance of system (1) is analyzed to assess the treatment trends and corresponding
implications on system performance demonstrated by hybrid systems (1) to G). In this
system the removal of BOD;s did not inhibit nitriﬁcatiup ns demonstrated by decrease in
" NH;*-N concentration from 50.5 mg/L to 14 mg/L through the VF stages. This is an

indication of highly efficient wastewater oxygenation by the VF beds compared to HF

" beds. In the two VF stages the increase in NO;-N and the corresponding decrease of

ammonium-N demonstrate nitrification in these two stages even though this was not
enough to achieve full nitrification. This might be caused by undersized VF beds and
madequnte retention time. In addition tn this mass balance analysis, an assessment of the
VF stages of systc;ns (3) and (4) where system (4) performs relntively better in
nitrification and BOD:s removal than system (3) by virtue of being lr.trger in surf_uce areq
and thus lower HLR suggcsts that bed sizing at this stage of trcatment hns an lmportunt

eﬁ'ect on thc mugmtude cf mtnﬁcut:on and BOD, remmrul nclueved These are crucial
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- observations that Suggest systems can be designed to regulate aerobic processes through

VF bed sizing ﬁ)r rationed carbon remova] between aerobic angd anaerobic stages of g

hybrid system.

beds. This obsewatinn show that there was insufficient €xogenous carbon left in the

System to support complete denitrification in the predominantly anaerobic HF stages. In .

System (1) for example NO;-N decreased from 22.5 mg/L to 7.2 mg/L, a decrease in
r_;oncentmtiop of 15.3 mg/L despite only 7 mg/L BOD;s decrease through the HF stages, -
Since a concentration of 2.47 mg/L BODjs is required to remove 1 mg/L of NO;-N

therefnre a BODs reduction of 7 mg/L only accounted for 2.8 mg/L of NO;-N removal.

The remaining 12.5 mg/L NO; -N decrease through the HF stages can be accounted for

by demtnﬁcutlon supported by endogenous carbon supply and longer retention tm:ze This

added udvantage of endogmous carbon supply can be further augmented by exo genuus

carbon supply to complete NO; -N removal. This observation shows that there is a need

to provide a system design where alternate aerobic and annercbic environments are

regulated for rationed removal of exogenous carbon between the two environments to

improve NOj;-N removal and thus overall nitrogen removal efficiency.

Systems '(5) and (6) further demonstrate that even though the level of nitrification and

BODs removal achieved was 'satisfactory there was a net accumulation of NO;-N

through this type of system. The accumulated NO; -N in systems (5) and (6) in terms of .
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roportio ] ' i |
p po_ n of system influent NH;-N concentration to cfiluent NO;-N concentration

was rglatively higher than in system type represented by systems (1) to (4). This
observation is evidence of the need to use an HF bed to remove NO;-N generated in VF

bed stage of a hybrid system. System (7) was the most balanced of the seven evaluated

systems in terms of nitrification and denitrification. System (7) demonstrated hiéhfﬂ'

nitrification and satisfactory BODs removal while maintaining lower levels of NO;-N. -

However this system despite being opemtgd at a similar magnitude of influent carbon and
nitrogen concentration compared to the other six systems was relatively liphtly loaded at
6.2 cm/day HLR cnmpﬁred to up to between 9-75 cm/day and this could have ley
accounted for this system’s better performance but also showed the promising treatment

- potential of alternating VF beds with HF beds in overall nitrogen removal.

Itlpan be con:?_ludcd that the nitrogen and carbon removal performance trends in this |
technology was si;nilar to that of ReCip system and that the most limiting factor of the
two systemns was nitrate nitrogen accumulation mainly caused by the depletion of carbon
during the aerobic phase of the two systems. Therefore the main deficiency of these
technologies that lrequire more future attention is the optimization of nitrate nitrogen
removal. This can be achieved by rational partitioning of exogenous organic carbon

oxidation between aerobic and anaerobic environments.
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Table 4.3. Performance data for hybrid systems consisting of diffcrcnt combinations of VF and HF beds in series.

Source? _f | Wastewater constituent concentration (g m™)
System System Surface HLR Influent Effluent Influent Effluent Influent Effluent
No. configuration Argu (cmdny') BODs BOD; NH! NH? NO; NO;

| (m°)
(1) . VF 8 nfa 285 57 50.5 29.2 1.7 10.2
VF 5 n/a 57 14 29.2 14 10.2 22.5
HF 8 n/a 14 15 14 15.4 22.5 10.0
| - "HF 20 n/a 15 7 15.4 11.1 10.0 7.2
(2) VF 16 75.0 269 171 45 28 0.5 21.3
VF 30 40.0 171 43 28 16 21.3 17.2
. HF . 60 20.0 43 27 16 15 17.2 12,3
3) VF 6.3 31.7 150 40 86 65 n/a 30
| HF 60 3.0 40 35 65 40 30 8
HF 40 5.0 35 20 40 25 8 0
(4) VF 25 8.0 105 20 70 25 n/a n/n
: | HF 110 1.8 20 10 25 15 n/a n/a
(5) HF 140 7.9 67 - 25 32 27 0.2 0.4
| VF 121 9.1 25 2 27 0.1 0.4 27
(6) "HF 456 3.1 423 53.5 18 14.7 1.3 2.5
-~ VF 30 46.7 53.5 40.5 14.7 2.9 2.5 0.8
(7) HF . 1050 1.8 . 273 140.2 67.1 51.2 032 0.36
- VF 300 6.2 140.2 48.5 51.2 15.9 0.36 5.14
HF 500 3.7 48.5 . 20.4 15.9 5.9 5.14 2.21

OTR
(g m” day™)

n/a
n/a
n/a
n/a

32
28
1.64

67
3.22
3.23

n/a
n/a

5
29

11.6
27

2.87
10
1.60

* (1) Cooper, 2001; (2) O’ Hogain, 2003; (3) Mzhlum nnd Stﬁlnackc,lQQD (4) Mzzhlum and Stﬁlnuckc,1999 (5) Laber et. al., 2003; -

_ (6) Brix ct al., 2003 (7) Obarska and Gu_]cwskn, 2003.7 Unavailable data.



Vertical and horizontal flow VSB hybrid design prapa.;'al
Tl:‘ﬁs type of technology offers lower operation and maintenance cosf of the two reviewed .
system types and yet it is the less developed in terms of optirnizin‘g treatment potential.
As a first step towards enhancing the potential of the VF aﬁd HF based treatment

technology, an oxygen transfer rate based design together with necessary future réearch

work are suggested.

Oxygen transfer rates (OTR) for VF stages of the systems are es'timated from Equation

4.1 formulated by Cooper (1999). The calculated OTR is an estimate because it does not

take into consideration the BOD removal by settlement and filtration; NH;-N lost to
plant uptake and to the air through ammonia volatilization; and NH{-N gained thrn'ugh

ammonification of influent organic nitrogen. However BOD;s adjustments for oxygen

recovered during denitrification are estimated from the nitrogen mass balance between
NO;-N and NH; -N at a rate 0of 2.47 mg BOD;s utilized per 1 mg NO;-N rcmoved, The

objective of estimating OTR is to find a typical OTR for design purposes.

(BOD, in—BOD, out)+4.3(NH{ = Nin—NH} — N out
total surface area of beds

OTR= (4.1)
The oxygen transfer rates of the VF beds as shown in Table 4.3 are for most systems
around 30 ¢ m™ day™ and arc independent of the HLR a feature that suggestﬁ this transfer

rate 15 representative of VF beds. Other similar studies also reported an oxygen transfer

rate averaging 30 g m? day” (Brix et al,, 2002; Weedon, 2003;-Cooper and Cooper,
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2005) The high transfer rate of 6? g m* day”! in system (3) is most likely an over

estimation caused by BOD;s and/or NHf-N removal by other pathways other than
oxidation. The relatively low tr:msfer rate of 10 g m* day! in system (7) is achieved
‘uuder relatively low HLR however it is iﬁconclusive as to whether HLR caused this low
relative rate of oxygen transfer rate. It can therefore be concluded that a design oxygen

transfer rate of 30 gm day is represmtntwe of VF stage:s of the hybrid system.

The design criterion presented in the current study is based on the need tu‘ achieve
| eﬁlueﬁts low in both ammonium-N and total oxidized nitrogen (TON). The total surface
uréa (TSA) of VF beds required for nitriﬁcﬁtiun can be detern.ﬁnf.;d by rearfang'mg
rEquaFinn 4.1 and setting the B}ODS and ammonium-N discharpe limits as shown in
Equ'utit.J-n 4.2. This nrenl should be adjusted for the expected nitﬁﬁcation and BOD;

removal in HF beds of n hybrid system.

)+ 4.3\NH} =Nin—=NH; =N limit
OTR

Flowx|(BOD, in- BOD, limit

TSAof VF beds= (4.2)

The recommended OTR as discussed before for VF beds is 30g m * day "l This first step
of the design ensures that there is sufficient oxidation potential in the system. The second
step is' to divide the total VF bed surface area into a number of smaller beds to attain the

desired HLR for rationed carbon removal while achieving incremental nitrification as

show in Equation 4.3.
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(4.3)
No of beds = IS4 of VF beds
Individual VF bed surface areq

. There is no clear relationship between HLR and BOD/NH; -N removal ratio in the

reported studies but hydraulic loading rate in the region of 70 cm/day seem to result in a
satisfactory nitrogen and low carbon removal, This loading rate is subject to debate since

it is based on only one study (study 2), therefore there is need to conduct studies to find
an HLR range for suitable stepwise BOD/NH} -N removal ratio for varying waste

strengths, The third and final step is to decide on the system configuration. In this step a
small HF bed should precede the first VF bed for total suspended sn]id§ (TSS) removal
since VF beds are reported to be pmn.e to clogging by suspended solids (Platzer and
Mauch 1997; Langergraber et al. 2003; Kay and Kunst 2005; Cooper, 2005). The

subsequent HF and VF beds should be alternated.

CONCLUSIONS AND RECOMMENDATIONS

VSB syst_eni with pulsing water level demonstrated promising nitrogen femnvul potentinl
through effective provision of aerobic environment for the adequate removal of
ammonium nitrogen. The system also provided anaerobic environment for partial
removal of nitrate nitrogen. The most limitiﬁg treatment ﬁﬁ:tor’ in this type of system is
the net accumulation of nitrate nitrogen. The accumulation of nitrate nitrogen is caused

by the depletion of organic carbon during acrobic respiration phase leaving limited
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placed before HF beds in serjes they deplete organic carbon necessary for denitrification

in HF beds. However HF beds demonstrated promising potential for intemal carbon

supply to enhance denitrification even though nitrate removal is not complete, When HF

beds from clogging while the final HF would polish off nitrate-N generated in the final
- “VFbed.

. The presented VF-HF hybrid wastewater treatment system design based on the

performance of existing systems is the first step towards achieving rational design criteria
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use this information in the refinement of the design criteria of the hybrid system by-

'pmperly adjusting for the total oxidation required at VF stages of the system.
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