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Abstract:

Free water surface constructed wetlands (FSCWs) can be used to complement conventional waste
water treatment but removal efficiencies are often limited by a high ratio of water volume to biofilm surface
area (i.e. high water depth). Floating treatment wetlands (FTWs) consist of floating matrices which can
enhance the surface area available for the development of fixed microbial biofilms and provide a platform for
plant growth (which can remove pollutants by uptake). In this study the potential of FTWs for ammoniacal
nitrogen (AN) removal was evaluated using experimental mesocosms operated under steady-state flow
conditions with ten different treatments (two water depths, two levels of FTW mat coverage, two different
plant densities and a control, all replicated three times). A simple model was constructed as a framework for
understanding N dynamics in each treatment. The model was calibrated using data obtained from one
treatment and validated independently for the other treatments. Specifically, we hypothesized that the
nitrification and volatilization rate constants are inversely proportional to water depth and proportional to
mat surface area. This allowed the relative magnitude of different removal mechanisms to be estimated. The
model was able to predict steady-state concentrations of AN and total oxidized nitrogen (TON) across the
different treatments well (values for correlation in the regression between measured and predicted steady-
state concentrations and RMSE were 0.88 and 0.40 mg N L™ for AN, and 0.63 and 1.75 mg N L™ for TON).
The results confirm that nitrification is the principal AN removal process, with maximum removal occurring
in shallow systems with high matrix cover (i.e. a high ratio of biofilm surface area to water volume). Plant
uptake was a relatively minor loss process compared to nitrification. Integrated experimental and model-
based approach was found to be a useful tool to improve mechanistic understanding AN dynamics in FSCWs
and system performance.

Key words: Ammonia, Continuously stirred tank reactor, FTW, csRemoval kineti, System dynamics
modelling

Introduction:

Constructed wetlands are being increasingly increasing desire to replicate natural systems,
used for water quality improvement during minimize energy and resource consumption and
wastewater treatment (1-3). This is, in part, a result ~ enhance treatment sustainability.  Free surface
of increasingly strict water quality standards which constructed wetlands (FSCWs) are the simplest
mean that conventional secondary treatment may  constructed wetland design and basically consist of
not always be sufficient to comply with targets in one or more shallow basins, which usually contain
receiving waters. However, it also reflects an plants, through which wastewater is directed.
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However, limited surface area for growth of fixed
microbial biofilms and the lack of direct contact
between plant roots in the sediment and the water
column often limit FSCW performance (4, 5). In
order to overcome these issues, floating treatment
wetlands (FTWSs) have been proposed (6, 7). These
consist of floating islands constructed from
synthetic or natural materials which possess a high
submerged surface area that can facilitate the
development of microbial biofilms (8). They also
provide a platform for the growth of plants which
can enhance nutrient removal via uptake and
introduce carbon-rich exudates and oxygen via their
roots which can facilitate microbially-mediated
transformations of pollutants. Their performance
has been evaluated in a number of experimental (9-
11) and operational (12-14) settings and they have
been shown to effectively enhance the removal of
total suspended solids (TSS), zinc and copper by 41,
40 and 39 % (15); total phosphorus and
orthophosphate by 47 and 79 % (16) and total
nitrogen by 72 % (17). However, most of these
studies have adopted “black-box” (input — output)
approaches, in which inherent system complexity
and the relative contributions of different potential
removal mechanisms have been neglected (18).
FSCWs containing FTWSs are complex multimedia
environments in which a number of physical,
chemical and biological processes interact (19). It
is, therefore, critical to understand and evaluate
these interactions, in order to understand and
optimize system performance. This can be done
most effectively via the application of numerical
models which can provide a useful framework for
integrating the combined effects of several different
interacting processes. This study aims to
investigate the dynamics of inorganic nitrogen in
experimental FSCW mesocosms operated under
different design criteria, with special emphasis on
the removal of ammoniacal nitrogen (AN).
Ammoniacal nitrogen (AN) is used here to denote
the total nitrogen present as either ammonium
(NH4") or free (unionized) ammonia (NHs). The
ratio of the two forms is pH- and temperature-
dependent (e.g. (20). Only NH; is considered to
have toxic effects on organisms living in receiving
waters (21). For reference, a predicted no-effect
concentration (PNEC) for NH; of 10 mg L™ was
reported by (22) based on a species sensitivity
distribution and a value of 25 mg L™ was reported
by Alabaster and Lloyd (23) for the protection of
freshwater salmonids. Specifically, we looked at the
role of the following factors under steady-state flow
conditions:
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o Water depth (z). We assume that reactions
occur principally at the interfaces between
water and solids (24, 25). Reaction rate
constants should, therefore, be inversely
proportional to the water volume to solid
surface area ratio (which can often be
approximated by the water depth);

Fraction of water surface covered with
FTW matrix (fy). The synthetic matrix from
which FTWs are typically constructed is
assumed to function as a habitat for
nitrifying bacteria in mixed biofilms which
convert NH," to NO, and NOs; (26, 27).
We hypothesise that the overall reaction
rate constant will increase with increasing
f;

Plant density. Uptake of mineral nitrogen
(as both NH,” and NOs3) should be
proportional to the number of plants per
unit area of wetland.

A simple model was constructed in order to
disentangle the relative contribution of different
processes to overall treatment performance. Such
approaches have been employed previously in
agriculture (28-30) and stormwater management
(31-33).

Material and Methods:
Experimental

Thirty experimental mesocosms were
established at a campus location (52.3814° N,
1.0754° W) in Leicestershire, UK. Each mesocosm
consisted of an 80 L polyethylene tank (length 58
cm x width 38 cm x height 48.5 cm) which was
placed uncovered outdoors (i.e. open to rainfall and
evapotranspiration). The experimental design is
summarized in Table 1. Briefly, half the mesocosms
had shallow water depths (0.2 m, volume 36 L) and
half were deep (0.4 m, volume 72 L). For each
depth (shallow or deep) there were two control
treatments which contained no floating island (C;
and C,). All remaining treatments contained
floating mats at either full coverage of the water
surface (100 %) or 50% coverage. The mats were
constructed from an open matrix of extruded plastic
injected with polystyrene foam to support buoyancy
and were obtained from Frog Environmental, UK.
The mats were either vegetated with soft rush
(Juncus effuses) or unvegetated. Vegetated mats
were drilled with 7 cm diameter holes to
accommodate pots containing plant seedlings in a
bed of sawdust to support plant establishment. Plant
roots were washed carefully to remove all attached
soil before insertion. All the macrophytes had the
same growth history and maturity and originated
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from the same batch at a local nursery. Vegetated
mats contained two plants per mat for 50%
coverage or four plants per mat for 100% coverage.

Each treatment was replicated three times and

organized using a randomized block design (Fig. 1).

Table 1. Summary of experimental treatment characteristics and treatment codes. In all cases three

replicates were used.

Treatment Description Treatment Code

Water depth (m)

Mat cover (%) Plants per mat

Shallow Control C1
Deep Control Cc2
Shallow Mat 50% M1
Deep Mat 50% M2
Shallow Mat 100% M3
Deep Mat 100% M4
Shallow Veg Mat 50% V1
Deep Veg Mat 50% V2
Shallow Veg Mat 100% V3
Deep Veg Mat 100% \Z:

0.2 0 0
0.4 0 0
0.2 50 0
0.4 50 0
0.2 100 0
0.4 100 0
0.2 50 2
0.4 50 2
0.2 100 4
0.4 100 4

Shallow

Figure 1. lllustration of the three types of treatment. Top: Control (C), Middle: Mat only (M) and
Bottom: Mat + vegetation (V) for Left shallow and Right deep mesocosms. Not show are variations in

mat cover and number of plants.

All treatments were subjected to a steady
state continuous flow regime in which an influent
containing a relatively high concentration of AN
was pumped into each mesocosm at a rate of 5.1 +
0.2 L d™* for the shallow treatments and 10.3 £ 0.5 L
d™ for the deep treatments. Each mesocosm was
allowed to overflow via an outlet tube which could
be sampled periodically. This established a nominal
hydraulic residence time of approximately 7 days in
each mesocosm. Since the concentration of the
influent water was always the same (approximately
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10 mg N L) for each treatment the mass loading
rate (MLR) of AN was 48.2 + 0.5 mg N d* for the
shallow treatments and 96.4 + 1.1 mg N d™ for the
deep treatments.

Prior to the experimental phase, each
mesocosm was operated under steady state
conditions for two months using water supplied
continuously from an on-site stormwater retention
pond, in order for biofilms to be established and for
plants to take root in the FTW matrices. During the
experimental phase, influent water was obtained
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from the domestic supply and de-chlorinated using
an activated carbon filter prior to pumping into a
central holding tank (~210 L) where it was spiked
with an ammonium stock solution (6.2 g NH,CI L™)
daily to create a constant initial concentration of 9.4
mg AN L. This was routed to each mesocosm via
three intermediate reservoirs using a system of eight
dosing pumps, calibrated to achieve the required
flow rates. The average air temperature at the
research site during the experimental phase was
13.3 °C, the average rainfall rate was 89 mm month’
! (local rain gauge), and the average
evapotranspiration (ET) rate was 79 mm month™
(estimated using the Penman-Monteith model: (34).
Since the rainfall rate exceeded the estimated ET
rate by approximately 0.33 mm d, net water losses
due to ET were assumed to be negligible and the
inflow was assumed to be equal to the outflow for
the majority of the time.

During the experimental phase, agqueous
samples (50 mL) were periodically collected (every
3 days) from the outflow of each tank over a six
week period. Samples were transported to the
laboratory in a dark cool box and stored in a cold
room at 4 °C. The following day they were filtered
into clean plastic containers using syringe-mounted
0.45 um disk filters. Samples for AN and NOs-N
analyses were preserved by acidifying to pH < 2
using concentrated sulfuric acid (H,SO,) and
cooling to 4 °C (35). Samples for NO,-N analysis
were frozen at -20 °C until analysis (36). All
analyses were performed within two weeks of
sampling. Concentrations of AN and NO,-N were
analyzed according to established protocols using
an automated discrete colorimetric instrument
(AQ2: SEAL Analytical, UK). Concentrations of
NOs-N were determined on the AQ2 using an ultra-
violet spectrophotometric screen method (37).

Plant uptake was calculated by measuring the
total N concentration and dry mass in plant tissue at
the start and end of the experimental phase. Root
and shoot tissues of random samples at the start and
end of the study were dried and weighed for dry
biomass. Dried tissues were ground in a ball mill,
weighed (3 mg per sample) and analysed for TN
content using an elemental analyzer: SERCON
ANCA GSL according to established protocol.
Reference samples (wheat flour standard-OAS-
SERCON Ltd.) were analysed in parallel to ensure
quality control.

Model

A conceptual model was constructed to
represent mineral N dynamics in the experimental
systems. Each mesocosm was assumed to behave
as a continuously stirred tank reactor (CSTR) with
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loss processes occurring via first-order Kkinetics
(31). The AN MLR (mg N d™) in the influent was
assumed to be the product of the inflow rate (Qin: L
day™) and the influent AN concentration (mg N L
1. The mass balance for AN can be written as:

dCan _

V.
dt

Jin = kvou- frree- Can-V — knit- Can- V —
kup- CAN- V- Qout- CAN (1)

where Cpay is the AN concentration (mg N
L™, ke is a first order rate constant for the mass
transfer of free ammonia across the air-liquid
interface by volatilization (day'l), feree IS the
fraction of AN which is present as free NH;3
(dependent on pH and temperature), V is the
operational volume of liquid in the mesocosm (L),
kqit IS a rate constant for nitrification (day™), Kup IS @
rate constant for AN uptake by plants (day™), and
Qout is the discharge in the outflow (L day™). Since
ET was assumed to have a negligible effect on the
net water balance, Qo Was assumed to be equal to
the inflow rate (Qi,). Nitrification was represented
as a single step process (i.e. no distinction was
made between the oxidation of ammonium and the
oxidation of nitrite, which implicitly assumes that
the rate constant for nitrite oxidation is higher than
that for ammonium oxidation, such that nitrite does
not accumulate). Note that mineralisation of organic
nitrogen to AN and immobilization of AN and TON
in the microbial biomass were assumed to be zero
here. This is because organic N was not introduced
in the influent, although clearly some ON could
have built up in the system from root litter and
exudates, from autotrophic microbial biomass and
from photosynthate derived from algae. Since there
was no explicit consideration of organic N, there
was also no representation of the sedimentation
process.
The NH3:NH," ratio at equilibrium was calculated

from
1
frrEE = TogmRapm) )

where pKa was estimated to be 9.56 at a
mean system temperature of 15 °C. For a mean pH
over the course of the experiment of 6.4, frree Was
calculated to be 0.00068.

The rate constant for volatilization (k)
was estimated as the combined mass transfer
coefficient for volatilization derived using two-film
resistance theory (27) divided by the water depth
(20, 38):

Vaw

®)
zZ
where v,, is the combined mass transfer
across the air-water interface (m d) and z is the
water depth (m) which is simply a surrogate for the

kyor =
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ratio of water volume to the surface area of the air-
water interface. v, is calculated as

Gt

where v, and v, are the partial mass transfer
coefficients for water and air (assumed to be 0.01
and 1 m h™*, respectively: Mackay, 2001) and Kay is
the dimensionless air: water partition coefficient for
ammonia (assumed to be 0.00071 which is
equivalent to a Henry’s law constant of 1.76 Pa m®
mol™: (39). These assumptions result in a value of
Vo 0f 0.016 m d* and kvol values equivalent to 0.08
and 0.04 d* for the shallow and deep mesocosms,
respectively. It is assumed that floating mats do not
interfere  with volatilization. Although this is
probably not realistic, the overall rate constant for
AN is very low in any case because frree is low
(even for the highest pH of 8.2 observed in one of
the control mesocosms freree IS only 0.04 which
gives an overall AN rate constant for the shallow
systems of 0.003 d™ equivalent to a dissipation half-
life of 213 days).
The mass balance for nitrate can be written as

dc
V-% = V.knit- Cron — kup-Cron-V —

Qout- CTON (5)

where Cron is the concentration of total
oxides of nitrogen (mg N L) and Kyp 1S a first order
rate constant for nitrate and nitrite uptake by plants
(day™). Plant uptake is assumed to occur for both
AN and NO;. Opinions vary as to which is
preferentially utilized and this will undoubtedly
depend on plant species. In soil, reference DeKock
(40) observed short term uptake of ammonium in
excess of that of nitrate in tobacco plants, but equal
amounts at the end of the growing season.
Reference Barraclough, Geens (41) suggest that
ammonium is preferentially utilised but that the rate
of nitrate uptake exceeds that of ammonium when
soil ammonium concentrations are high — possibly
due to the fact that high surplus ammonium
concentrations can be toxic to plant cells whereas
excess nitrate can simply be stored in cell tissue.
Note that denitrification and nitrate ammonification
were also assumed to be zero in the application
described here.  Since these processes occur
predominantly under anaerobic conditions, they are
assumed to be of negligible importance in the
experimental system which is open to the
atmosphere and flowing continuously.

The measured average net N uptake in the
V, treatment (full mat cover with four plants) was
calculated to be 25 mg N day™ (112 mg N m™ water
surface day™). This is within the range of plant
uptake rates of 0.0015 - 2.8 g N m™ day™ reported
by (42) and with experimental data obtained by

(4)

vaW
Va.Kaw
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Lynch, Fox (43) and by McAndrew and Ahn (33),
suggesting N uptake rates between 0.011 and 0.1 g
N m? day® in mesocosm-based FTWSs. In our
system, the shoot system accounted for most of the
plant biomass with a shoot : root ratio of 0.69+0.05.
Since there was no analytical indication of the
preference of the plants for either NH;" or NO3', the
assimilation rate constants (ky) for NHs" or NOg
were assumed to be equal. This assumption allows
kypp to be derived independently by solving the

following simultaneous equations for average
uptake:

Ur —Uron = kup- V.Can (6)
Uron = kup-V- Cron (7)

where Ut (=Uron + Uay) is the average total
N uptake rate over the course of the experiment (25
mg N day™), Uron is the average daily uptake of
TON, Cay is the average observed concentration of
AN over the course of the experiment (mg N L™)
and Croy Is the average observed concentration of
TON over the course of the experiment (mg N L™).
Here, there are two unknowns (Uron and k) and
two equations. By substitution we can eliminate
Cron and derive a value for k,, = 0.0603 d?.
At steady state, Equation (1) can be rearranged to
give

Cov = JIN
AN — ]
(kuol-fFREE-V+kmt-V"'kup-V"'Qout)

(8)

Similarly, at steady state Equation (5) yields
knit.V.Can

Cron = G+ oue) ©)
Except for ki, all terms in Equation (8) can
be estimated independently for the “calibration”
treatment V4 (see above). We can, therefore, use
the measured steady state concentrations of Cy and
Cron in the V4 treatment to give an estimate for kp;
as follows:

CTON-(kup.V"'Qout) (10)

V.Can

In the other treatments values of k.: were
then adjusted via simple scaling, based on the
hypothesised effects of water depth and mat surface
area. The adjustments were as follows: (1) kn; was
assumed to be inversely proportional to water depth
(27) where depth is a surrogate for the ratio of water
volume to biofilm surface area.. Specifically, for
shallow systems, k,i; was assumed to be twice Ky
for deep systems based on the assumption that
nitrification only occurs on the bed of the
mesocosm and in the FTW matrix i.e. at the
surface); (2) knir was assumed to be proportional to
mat area (i.e. kq;; for full mat cover was assumed to
be twice k,: for 50% cover, based on a similar
rationale that most nitrifiers inhabit the mat
material). Uptake was also scaled in proportion to

knit -
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the number of plants present, i.e. ky, was assumed
to be proportional to the number of plants in the
system such that uptake rates for systems containing
four plants were twice those in systems containing
two. Following these simple adjustments, the
model predictions were compared with the observed
concentrations in the independent treatments. This
can be regarded as a validation of the model since
no further parameter optimisation was performed
for these treatments.

Results:
Experimental Data
Changes in mean AN and TON

concentrations over time in each treatment are
shown in Fig. 2, grouped by control data (top
panels), data for mesocosms with mats but without
vegetation and data for mesocosms with mats and
vegetation. For most treatments, the concentrations
of both AN and TON remain relatively constant
over time, confirming that the systems were
approximately in steady state. Two notable
exceptions are the control treatments (without
mats). At the start of the monitoring period, AN
concentrations were initially high (ANOVA, Fg 15 =
41.018; P < 0.05) and TON concentrations were
|n|t|a“y low (ANOVA, FlO,lSZ = 42.790, P < 005)
in both the shallow and deep mesocosms. However,
after Day 10 there was a systematic decrease in AN
concentrations and a simultaneous increase in TON.
This is consistent with conversion of AN to TON
via nitrification and suggests that a competent
nitrifier community developed in these vessels
between Days 10 and 20. After approximately Day
20 for the shallow systems (C1) and Day 30 for the
deep systems (C2) AN and TON concentrations
appear to reach a steady state. AN appears to be
removed more effectively in the shallow (r* = 0.60;
p = 0.05) vessels which is consistent with our
hypothesis that microbial processing is primarily
occurring in fixed biofilms on solid surfaces. Data
on changes in dissolved oxygen (DO)
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concentrations and pH over time are shown in Fig.
3. These data support the explanation that changes
in AN and TON in the control plots are driven by
the development of a competent nitrifying
population. The decline in DO concentrations to
approximately Day 20 for the shallow system (C1)
and Day 28 for the deep system (Fig. 3a) (r* = 0.28;
p = 0.05) is consistent with the utilization of oxygen
in the microbially-mediated oxidation of AN to
TON. According to Guisasola, Jubany (44), 4.57
mg O; is required to oxidise each mg of NH,*-N to
NOjs', so nitrification represents a very powerful DO
sink. The higher steady state DO concentration in
C1 is expected as DO is only replenished at the
surface and hence the rate of reaeration will be
proportional to depth as well as to the oxygen
deficit. The depression in pH seen in the control
systems (Fig. 3d) is also likely to be related to the
release of protons as ammonium is oxidized (2
moles of H" are generated for every mole of NH,"
converted to NOs™: e.g. Alzate Marin, Caravelli (45)
and Thakur and Medhi (46).

Concentrations of AN for the other
treatments range between approximately 0.5 and 3
mg N L™. For both the vegetated and unvegetated
treatments, concentrations were systematically
lowest in the shallow vessels (dashed lines in Fig.
2). TON concentrations in the treatments with
unvegetated mats (Fig. 2e) were all similar
(approximately ranging between 7 and 9 mg N L™?).
These were higher than the steady state TON
concentrations in the treatments containing
vegetation (Fig. 2f) which ranged between
approximately 1 and 6 mg N L™. This suggests that
a TON sink process was operating in the vegetated
systems probably plant uptake, although
denitrification is also a possible nitrate loss process.
Anomalously low TON concentrations were
observed in all the mesocosms in treatment V3
(shallow water depth with full mat cover and four
plants). This may have been due to a high rate of
plant uptake or denitrification.
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Figure 2. Changes in mean observed AN concentrations (left panels) and TON concentrations (right
panels) over time in each treatment. (a) and (d) data for control mesocosms; (b) and (e) data for
mesocosms with mats without vegetation; (c) and (f) data for mesocosms with mats and vegetation.

Error bars show standard deviations.

Mean DO concentrations and pH in the M
and V treatments (Fig. 3) changed relatively little
over most of the experiment, which is consistent
with the idea of a system in steady state. DO
concentrations were slightly higher in the shallower
treatments compared with the deeper ones which,
again, is consistent with physical expectations. DO
concentrations were lowest in the deep unvegetated
mesocosms (M2 and M3) with mean concentrations
only about 1.1 and 1.5 mg L™, respectively, over the
period between Day 20 and Day 40. In the
vegetated treatments (Fig. 3c) DO concentrations
were generally between 2 and 3 mg L™ with
concentrations in the deeper treatments consistently
lower than in the shallow treatments. Higher DO
concentrations in the vegetated treatments may have
been maintained by the radial release of
photosynthetic oxygen via the rhizosphere (47, 48).
Nitrification is a strong sink for DO but can itself be

259

limited by low DO concentrations (49). Reference
Guisasola, Jubany (44) showed that the second step
in nitrification (NO; to NOg) is more sensitive to
depressed DO concentrations and reported a half-
saturation constant for this process of 1.75 mg O, L
', This means that nitrification may be partially
inhibited below about 2 mg O, Lt although this
was not obviously the case in the TON data
reported here (Fig. 2e). Mean pH ranged between
approximately 6.5 and 6.6 in the unvegetated
treatments (Fig. 3e) and between approximately 6.3
and 6.4 in the vegetated systems (Fig. 3f), between
Days 20 and 40. The slightly lower pH in the
vegetated system may have been due to the release
of organic acids by the plants or due to a slight
elevation in CO, concentration caused by either
CO, diffusion through the roots or by the
degradation of organic matter introduced into the
water column.
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Figure 3. Changes in mean observed dissolved oxygen (DO) concentrations (left panels) and pH (right
panels) over time in each treatment. (a) and (d) data for control mesocosms; (b) and (e) data for
mesocosms with mats without vegetation; (¢) and (f) data for mesocosms with mats and vegetation.

Error bars show standard deviations.

Steady state model performance

Values of ky, and feree Were estimated
independently from the two film resistance model
(Equations 3 and 4) and the influence of pH and
temperature on the theoretical partitioning of AN
into NH," and NH; (Equation 2). A value of ky,
(assumed to be the same for both AN and TON)
was derived from the uptake data in treatment V4.
The main unknown is, therefore, knit, which was
derived from Equation 10 using the average
measured AN and TON data from treatment V4
during steady state (i.e. between Days 20 and 40).
The steady state solutions for AN and TON
concentrations (Equations 8 and 9) were then used
to estimate the AN and TON concentrations for the
other treatments with K, kvor and ky, adjusted from
their calibrated (V4) values a priori by factors
reflecting the predictive hypotheses outlined in the
introduction. In the case of the mat-free controls,
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there is clear evidence that a nitrifier community
developed in the system over the first half of the
monitoring period with both the deep and shallow
systems appearing to reach an approximate steady
state between Days 30 and 40. This means that K
could not be simply scaled from the V4 data.
Instead a value of 0.3 d™ was obtained by trial and
error optimization for AN in C2 and the value of kp;
for C1 was assumed to be 1.64 x 0.3 = 0.49 d7,
where 1.64 is the ratio of the submerged container
surface area in the deep mesocosm to that in the
shallow systems. The values for the rate constants
adopted in each treatment and the measured and
predicted steady state concentrations are shown in
Table 2. The correlation coefficients between
measured and modelled steady state concentrations
were 0.88 and 0.63 for AN and TON respectively.
The RMSE for AN was 0.4 mg N L™ and the RMSE
for TON was 1.75mg N L™
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Table 2. Main N process parameters used in the steady state model. Also shown are the mean
measured (Days 20 - 40) and modelled AN and TON concentrations (mg N L™).
Treatment Kvol X frree Kep ( dY) ke (@) Measured Modelled Measured Modelled

(dl) CAN CAN C:TON CTON
C1 5.4 x10° 0 0.49 1.26 1.80 7.42 7.60
(67 2.7x10% 0 0.3 3.04 3.03 7.79 6.36
M1 5.4 x10% 0 1.55 0.46 0.79 8.19 8.61
M2 2.7x10% 0 0.78 2.21 1.46 8.03 7.94
M3 5.4x10° 0 3.11 0.44 0.41 7.97 8.99
M4 2.7x10°% 0 1.55 1.27 0.79 751 8.61
V1 54x10° 0.0302 1.55 0.67 0.77 5.66 6.98
V2 2.7x10% 0.0302 0.78 1.36 1.42 5.61 6.35
V3 5.4 x10° 0.0603 3.11 0.38 0.40 1.30 6.19
V4 2.7x10% 0.0603 1.55 0.77 0.70 5.36 5.36

The steady state measured and modelled noticeable outliers for treatments Cl1 and M2
AN and TON concentrations are compared in Fig. (highlighted). For TON (Fig. 4b) the data alss sit
4. Also shown in Fig. 4 are the 1:1 lines and the best ~ close to the 1:1 line for most treatments but the
fit regression lines constrained to go through the linear fit is less strong with an insignificant r? value
origin and the associated equations and r? values. (in part, caused by the constraint to fit the
For AN (Fig. 4a) the data group well along the 1:1 regression line through the origin). However, the
line (with an r? value of 0.75) and the slope of the slope of the regression is still close to unity, despite
best fit line is close to unity. There are two  the obvious outlier V3, which is highlighted.

35 - 10

(a) AN " . (b)TON

2.5

Modelled Concentration (mg N / L)
Modelled Concentration (mg N /L)
w

0 0.5 1 1.5 2 2.5 3 35 0 1 2 3 4 5 6 7 8 9 10
Measured Concentration (mg N /L) Measured Concentration (mg N / L)

Figure 4. Measured versus modelled steady state concentrations for (a) AN and (b) TON. The dashed
lines show the 1:1 relationship. Solid grey lines show the best fit linear regression constrained to fit
through the origin.

There are four principal AN loss processes: 32%) (Table 3). There appeared to be a substantial
volatilization, nitrification, plant uptake and  conversion of AN to TON even in the absence of
advection. The relative contribution of each floating mats, which resulted in an estimated 68%

processes to AN 10ss (ferocess) Was quantified by contribution in the deep control (C2) and 78%
contribution in the shallow control (C1). This was
Forocpss = GPROCESS (11) confirmed by systematic decreases in pH and DO

concentrations which were consistent with the
development of a nitrification capacity in these
where Gprocess (L d?) is the respective  vessels. This is likely to have been in fixed biofilms
volumetric loss term for each process i.e. (kvol.  rather than in freely suspended microbial colonies.
fFREE. V) for volatilization; (knit.V) for  AIl other things being equal, the overall
nitrification; (ky.V) for uptake and Qox for  contribution of nitrification to AN loss was higher
advection. in the shallow treatments than the equivalent deep
Nitrification is made by far the largest  ones (Table 3). Similarly, in the presence of mat
contribution to total AN loss in the experimental  material, the contribution of nitrification was higher
system (68 — 96 %), followed by advection (4 —  when more mat material was present (cet. par.).

(kvol-fFREE-V+knit-V+kup-V+Qout)
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This confirms the postulate that nitrification
is occurring in microbial biofilms attached to the
mat material. The good agreement for outlet TON
concentrations confirms the plausibility of this
explanation (which is also supported by studies by
Marimon, Xuan (31) and Pavlineri, Skoulikidis
(50), who reported increased TN reduction in FTWs
when surface coverage increased). All of these
observations support our central hypothesis, that
treatment performance will be proportional to the
solid surface area submerged which is available for
biofilm formation. Volatilisation made a negligible
contribution in all cases. Ammonia volatilization is
generally insignificant below a pH of 7.3, but can
account for nearly 10% of the total AN loss in

aquatic systems with higher pH (51, 52). Uptake
was also a fairly insignificant loss process when
plants were present (1.8 — 3.4 %). That said, cet.
par. total removal did increase with plant density
and we should point out that the planting density
used here was quite low. Reference Garcia-Lledo,
Ruiz-Rueda (53) reported that removal rate
constants for AN and TON were higher in the
presence of dense vegetation than when vegetation
was sparse. In operational FTWs, the number of
plants utilized per unit area will vary. We might
expect uptake to be approximately proportional to
the number of plants grown, although this will only
be an effective sink during the growing season.

Table 3. Relative contribution of the different loss processes to the total steady state AN loss rate. All

values expressed as percentages.

Treatment Volatilisation Uptake Nitrification Advection
C1 <0.01 0 77.6 22.4
Cc2 <0.01 0 67.7 32.3
M1 <0.01 0 91.6 8.4
M2 <0.01 0 84.5 15.5
M3 <0.01 0 95.6 4.4
M4 <0.01 0 91.5 8.4
V1 <0.01 1.8 90.0 8.2
V2 <0.01 3.2 81.8 15.0
V3 <0.01 1.8 93.9 4.3
V4 <0.01 3.4 88.4 8.2

Although the experimental system appeared
to be in approximate physical and biogeochemical
steady state (especially in the last ten days of the
experiment), there were fluctuation in the monitored
variables (e.g. an apparent increase in AN
concentrations for several treatments on Day 14)
which could reflect variations in treatment
performance, sample treatment or analytical errors.
Variations in treatment performance may have been
due to variations in pumping rate, variations in
temperature, evaporation rates, rainfall and the
physical stability of the attached biofilms.

Discussion:

In this study, nitrification rates were the highest
in treatments with shallow water depths supporting
our initial hypothesis. An inverse relationship
between the nitrification rate coefficient and water
depth was also proposed byKadlec and Wallace
(54). Observed overall ammonia removal
efficiencies were 57, 93, 88, 93 and 94 % for
shallow treatments: C;, My, V1, M3z and V3, and 39,
77, 83, 85 and 91 % for deep treatments C,, My, V5,
M, and Vi, Where C series represents controls
(without mats), M series are treatments with mats
only, and V series are treatments with mats plus
vegetation.  Nitrification is a surface-limited
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process, e.g., the organisms which mediate it live
predominantly in fixed biofilms on solid surfaces
(55, 56). Shallow systems are characterized by a
higher surface area of bed (and, where present, of
mat material) per unit volume of water. These
surfaces are available for microbial biofilm growth
and hence can contribute to increase reaction rates.
In addition, redox potential may be higher in
shallower systems because the ratio of the air-water
interface area to water volume is higher, which
facilitate reaeration by diffusion exchange with the
air (57, 58). Here, the dissolved oxygen
concentrations were higher in the shallower systems
than in the deeper ones (by typically 1 mg O, L™?)
over the course of the study. Differences in DO
between two systems may be also be explained due
to the competition between O, consumption by
microbial activity and O, supplement by
atmospheric diffusion. However, this is unlikely to
have affected ammonia removal by nitrification
because DO concentrations were always > the
threshold for nitrification inhibition (0.2-0.5 mg O,
L™ (59, 60). Ammonia volatilization is also likely
to be more important in shallow water systems
because of the higher ratio of air:water interface to
volume. Volatilization is also a diffusion process
across the air:water interface.
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Nitrification rates were higher in treatments
where mat area was 100% surface area coverage
compared to 50% and no mat treatments. This
reinforces the idea that biofilm development (onto
the floating mat material and roots) enhances
nitrification (8, 61). Observed NH, removal
efficiencies increased from 93 and 77 % in M; and
M, to 93 and 85 % in M3 and M.. Reference
Pavlineri, Skoulikidis (50), also reported increased
N oxidation in FTWs when surface coverage
increased. The idea that the enhanced reduction of
ammonia concentrations observed when mat area
increased was due to increased microbial activity
was also supported by the microbial biomass
analysis. Bacterial biomass and growth rates on
floating mat underwater surfaces were significantly
higher than in control treatments. Growth rates of
bacterial population was 0.18+0.01 Log10 CFU g™
day™® compared to the unplanted treatments and
controls (0.13+0.01 and 0.015+0.002 Log10 CFU g
! day™, respectively). High surface area available
for microbial growth in the FTWs (e.g., submerged
mat material and hydroponic roots) could explain
high production of microbial biomass, however
microbial biomass in the controls reflected
microbial density in the water column only as there
is no mat or plant were introduced. Physicochemical
changes observed in the mesocosms such as a
decline in pH and dissolved oxygen can also be
attributed to nitrification in the FTW treatments.
Overall losses of NH; via volatilization are believed
to have had relatively little effect on ammoniacal-N
losses, due to the relatively low pH in the
experimental system and, hence, the low fraction of
free ammonia.

Ammonia removal was the highest in
treatments with vegetation than without and
increased with increasing plant density. The
hypothesis posed was that a linear relationship of
ammonia removal would be observed with plant
density due to direct uptake of NH,". When plant
density increased from 2 individual plants to 4,
removal efficiencies increased from 88 and 83 % in
V; and V, cells to 94 and 91 % in V3 and V, cells,
respectively.

As well as increased uptake, plants can
influence the removal of ammonia via nitrification
by providing additional surfaces for biofilm
development (62, 63). Some wetland plants can also
enhance dissolved oxygen levels by transferring air
through their root systems (64). Finally, plants can
enhance microbial activity via root exudates. Plants
roots can release a variety of dissolved organic
compounds (DOC) to the rhizosphere, which can be
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used by microbial populations as a carbon source
for their activity (65).

Overall results support the idea that shallow
depth, full mat coverage and a higher plant density
promote optimal operational ammonia removal.
Application of the numerical model to the
mesocosms suggested that nitrification in fixed
biofilms is the principal ammonia removal process
(responsible for 59-95%). Losses of NH; via
volatilization is estimated to be negligible of
removed NHx Where plants were present their
contribution was estimated to be in the range (16 -
40 %) of overall removal.

The model was useful and was able to make
good quantitative predictions of  effluent
concentrations in all treatments, after calibration on
one treatment and making adjustments for water
depth, mat coverage area, and plant density based
on a priori hypotheses (e.g., simple linear
adjustment for rate constants as depth or mat area
changed). The deviation between the measured and
predicted concentrations of for ammonia and total
oxidized N was low in general, although there were
occasional samples and treatments replicates could
have been better. For instance, a poor model
performance for NO, dynamic was observed in V;
and to a lesser extent in the V; treatment. This could
be explained as a result of some competitive
processes such as denitrification, and nitrate
immobilization, which they are assumed to be of
negligible importance as the system was open to the
atmosphere and flowing continuously and, therefore
should be aerobic as well as because organic N was
not introduced in the influent. Sensitivity analysis
confirmed that the most important loss process was
nitrification associated with fixed microbial
biofilms on mat surfaces. Good model performance
suggests that this type of modeling approach is
useful as a framework to improve understanding of
N dynamics in experimental wetland systems.

Overall, experimental-based data associated
with modelling approach findings indicated that a
treatment system operated under shallow water
depth with high surface area for microbial biofilm
and high plant density is a critical design for
ammonia removal from wastewater. Therefore, such
design could be applicable at full scale to improve
ammonia removal from domestic sewage in
wastewater treatment system.

Conclusions:

In this paper, we explored the factors
controlling AN removal from experimental FSCW
mesocosms under steady state conditions. In
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particular, we investigated the potential of FTWs to
enhance treatment performance for AN. Findings
presented in this research suggest that FTWs have
the potential to enhance AN treatment performance
in FSCWs, principally via the promotion of
nitrification fixed biofilms. Treatment should also
be improved by shallow depth and higher plant
abundance, although this will depend on planting
density and growth stage. Model-based analysis
indicates reasonable agreement between the
modelled steady state AN and TON concentrations
and the measured data suggests that the model
provides a good description of the experimental
system and that our hypotheses, expressed
guantitatively via the a priori adjustment of the rate
constants are valid. This is particularly remarkable
considering the deliberately simplistic nature of
process representation and the fact that some
processes (like organic N  mineralization,
denitrification and anaerobic ammonia oxidation)
are not represented. The most important loss
process in all treatments is nitrification, followed by
advection associated with fixed microbial biofilms
on mat surfaces.

The work demonstrates the value of a
systems modelling framework for understanding
complex wetland systems with multiple loss
processes, which could be used for design purposes.
Future developments could attempt to explore the
potential role of omitted processes (e.g.
mineralization and immobilization, denitrification
and ANAMOX) and explicitly represent
interactions with environmental variables (e.g.
temperature, pH and DO concentrations).
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