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to undertake contaminant removal efficiently. Moreover, fixed 
biofilm can contain a higher concentration of active biomass 
in which the substrate gradients of the biofilm can be resulted 
from the development of variant microbial populations (Safwat, 
2018). Therefore, as the film builds up, diverse habitats are pro-
vided for different transformation processes of contaminants 
(Shahot et al., 2014). Biofilm kinetics can be complex. The sub-
strate supply into the layer-like aggregation of bacterial film is a 
diffusion-controlled process driven by the concentration gradi-
ent across the biofilm (Chen et al., 2006). The increase of biofilm 
surface area enables the contaminant to pass over the media and 
increase the volume of substrate that can be adsorbed from the 
influent (Maksimova, 2014). This increases the removal efficien-
cy of contaminants.

Floating matrix is fundamental in floating treatment wetland 
(FTW), as most biochemical processes take place within the mo-
saic structure of the aerobic and anaerobic zones (Tanner, Head-
ley, 2011). The floating matrix is usually constructed of recycled 
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Laboratory experiments were conducted under controlled conditions to quantify the potential of microbial transformation associated with floating 
matrix of floating treatment wetland (FTW) in ammonia removal and nitrification kinetics. The effect of different design parameters on ammonia 
removal from synthetic medium was investigated to optimize system performance. Effects of surface area of mat material, range of ammonia concen-
trations, and aeration on ammonia removal kinetics were studied using microcosm systems. A simple dynamics model of mineral nitrogen transfor-
mation was used as a framework for interpreting the experimental results. The results revealed that ammonia removal was enhanced in FTWs, and 
the magnitude of removal was controlled by the design factors examined. Removal by nitrification was directly proportional to mat surface area. The 
higher ammonia removal efficiency was caused by a larger surface area, which could support the growth of more microbes. Removal rate constants 
for treatments were 0.011, 0.015, 0.026, 0.035, and 0.033 day–1 for T1, T2, T3, T4, and T5, respectively. There was also a clear inhibitory effect of NH3 
on second-stage nitrification manifested as low production of NO3–. Quantitative index of optimized knit/calibrated knit indicated high inhibition 
effects of NH3 at high concentration of total ammonia (60 mg N L–1). There was no major effect of oxygen saturation on NHx removal using aerated 
and nonaerated conditions. Better mechanistic understanding of the fundamental processes operating in FTWs should provide the basis for improv-
ing FTW design and efficacy.
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Introduction

Ammonia is one of the most common contaminants discharged 
into aquatic environments. Removal of ammonia from pollution 
sources is potential. A number of approaches to remove am-
monia have been adopted with varying degrees of success (Cer-
vantes, 2009; Karri et al., 2018). Biological ammonia removal can 
be accomplished in two types of systems, including suspended 
and attached growth.

In the environment, most microbes, including nitrifiers, are 
often found in close-knit communities encased in an extracel-
lular matrix and attached to a surface, forming what are known 
as microbial biofilms (Park et al., 2015). Therefore, the micro-
bial biomass tends to grow as fixed biofilm more than suspended 
flocs (Headley, Tanner, 2006). In an attached growth system, this 
process is also called a fixed film process in which the individ-
ual bacteria are immobilized (Chen et al., 2006). In this way, it 
is possible to obtain a greater microbial biomass in the system 
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materials and often has a high surface area, which encourages 
accelerated growth of bacteria (including nitrifiers) (Borne et al., 
2013; Allami et al., 2021). A number of studies have investigated 
FTW performance in removing nitrogen, including ammonia, us-
ing different removal pathways (Faulwetter et al., 2011; Ijaz et al., 
2015; Vázquez-Burney et al., 2015). However, most of these stud-
ies have adopted black-box approaches to quantify overall removal 
rates without specifically investigating the relative contribution of 
different removal processes. Information is often unavailable about 
the effect of biofilm surface area associated with floating matrix on 
ammonia removal and nitrification kinetics. There is limited if any 
information on the role of surface area as a design parameter to 
optimize system performance in removing ammonia.

The aim of this study was to quantify the key factors on am-
monia removal in FTW systems, including different surface 
areas of floating mat, range of ammonia concentrations, and 
aeration: (a) the effect of different biofilm surface areas, (b) the 
effect of ammonia concentration, and (c) the effect of aeration. A 
simple model of mineral nitrogen transformation was used as a 
framework for interpreting the experimental results. We hypoth-
esize that nitrification rate is directly and linearly proportional 
to the mat surface area (i.e., that nitrifiers predominantly inhabit 
fixed biofilms attached to the mat). We also hypothesize that 
nitrification rate will be inhibited at higher free ammonia con-
centrations and that nitrification will be enhanced by aeration 
(i.e., that oxygen will limit nitrification in unaerated systems). 
Better mechanistic understanding of the fundamental processes 
operating in FTWs should provide the basis for improving FTW 
design and efficacy.

Material and methods

Experimental

Prior to the experimental phase, floating mat material consist-
ing of extruded plastic (obtained from Frog Environmental, UK) 
was precut into pieces approximately 2 cm2 and weighing 0.570 
± 0.054 g. The cut mat materials were incubated for 4 weeks in 
5000-mL conical glass flasks containing 4000 mL of mineral me-
dium, and approximately 200 g of sediment collected from a lo-
cal pond. Substrate media contained 0.272 mM MgSO4, 0.6 mM 
CaCl2, 0.24 μM FeSO4, 0.174 μM EDTA, 3 mM K2HPO4, and 1.4 
μM phenol red and prepared in deionized water (Chapman et 
al., 2006). The sediment was used as a mixed culture of micro-
organisms to allow biofilms to develop. The flasks were covered 
with foil to maintain dark conditions for microbial growth and 
to prevent algal growth. Stock cultures were fed on a daily basis 
by adding 4 mL of 1 M NH4HCO3 to encourage nitrifier growth 
and biofilm establishment (Al Obaidy et al., 2017). Cultures pH 
were readjusted daily to pH 7.4, depending on the phenol red 
color change, using 0.1 M Na2CO3. All flasks were capped with 
a rubber bung fitted with a tube for aeration via an air stone at-
tached to an aquarium pump. Gas venting of the headspace was 
achieved via a water trap (brewers’ trap) containing a disinfect-
ant. The temperature was maintained at 29°C using thermostats. 
pH, temperature, and dissolved oxygen (DO) were monitored 
daily using a Hanna HI 8711E pH meter (Hanna Instruments 
Inc.) and YSI Professional Plus multi-probe meter (Yellow 
Springs International Inc. Ohio, USA).

Two microcosm experiments were established. Experiments 
1 investigated the effect of mat area on ammonia removal. For 
this, 1000-mL amber Duran glass bottles were used at room 
temperature (20–21°C). The same volume of synthetic mineral 
media spiked with ammoniacal nitrogen was used in all treat-
ments. pH was maintained (between 7.3 and 7.4) by adding 0.1 
M Na2CO3. All treatments were established in triplicate. The 
treatments were as follows: T1 (4 cm2 mat material), T2 (8 cm2 
mat material), T3 (12 cm2 mat material), T4 (16 cm2 mat mate-
rial), T5 (20 cm2 mat material), and control (no mat material). 
The initial concentration of ammonia–N in each treatment was 
72 ± 2 mg N L–1. The bottles were gently shaken daily.

Experiment 2 investigated the influence of different concen-
trations of ammonia under aerated and nonaerated conditions 
on nitrification kinetics. The treatments were as follows: T1 (15 
mg N L–1 without aeration), T2 (15 mg N L–1 with aeration), T3 
(30 mg N L–1 without aeration), T4 (30 mg N L–1 with aeration), 
T5 (60 mg N L–1 without aeration), and T6 (60 mg N L–1 with aera-
tion). All treatments used a mat area of 20 cm2. All treatments 
were aerated using aquarium air pumps (50 L hr–1). Airflow rate 
in each reactor was monitored using a bubble flow meter.

In each experiment, aqueous samples (15 mL) were collected 
from each bottle for nine sampling intervals over a 2-week pe-
riod. Samples for total ammoniacal N (NHx) and total oxidized 
N (NOx) analysis were immediately preserved by adding 0.025 
mL of concentrated sulfuric acid (98%) and cooling to 4°C (EPA, 
1993). Samples for nitrite analysis were either analyzed directly 
or frozen at –20°C until analysis (Cheeseman et al., 1989). Con-
centrations of NHx, NO2

–, and NOx were analyzed according to 
established protocols (SEAL Analytical, 2011, 2013, 2015) us-
ing an automated discrete colorimetric instrument (AQ2: SEAL 
Analytical, UK). Unionized NH3 concentration was calculated 
assuming full and instantaneous thermodynamic equilibrium 
between NH3 and NH4

+. DO, pH, EC, and temperature were 
measured at the time of each sampling using portable probes 
(see inoculation phase).

Ammonia removal in the two experiments was assumed to 
follow first-order kinetics. In first-order kinetics (Finnegan et al., 
2009; Lin et al., 2002):

                      ,                              (1)

where Ct is the concentration at time t (mg N L–1), Ci is the initial 
concentration (mg N L–1), k is the removal rate constant (kamo, knit, 
and kdenit, day–1), and t is the reaction time (day).

Removal rate constants for ammonia (knit) for different treat-
ments were calculated as follows:

                                 ,                   (2)

where k is the removal rate constant for NHx (day–1), Cinit/fin is 
the initial or final concentration (mg N L–1), and t is the reaction 
time (day). The reaction time for these experiments was simply 
the time from initiation to sampling.

The half-life (day) of the N-forms dynamic in the system was 
calculated as follows (Finnegan et al., 2009):

                   ,                                 (3)
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where T1/2 is the half-life (day) and k is the removal rate constant 
for NHx (day–1).

The losses of ammonia–N via volatilization of unionized 
ammonia was estimated, assuming full and instantaneous ther-
modynamic equilibrium between NH3 and NH4

+ (Whelan et al., 
2010):

                                     ,                        (4)

where CNHx is the concentration of total ammonia N (mg L–1) and 
fFREE is the fraction of NH3, which is

                                                .             (5)

In which, pKa is the temperature-dependent dissociation con-
stant, which was set at 9.24 (for system temperature of 25°C) 
(Finnegan et al., 2009). 

A combined mass transfer coefficient –kT (m h–1) can be cal-
culated using the two-film resistance model (Kadlec, Wallace, 
2009) as follows:

                                    .                         (6)

In which kA and kW are partial mass transfer coefficients for the 
air side (m h–1) and water side of the air–water interface (m h–1), 
respectively, and kAW is the air: water partition coefficient for NH3 
(dimensionless Henry’s law constant: 0.0007). Values for kA and 
kW were set at 1 and 0.01 m h–1, respectively (Mackay, 2001).

The volatilization rate coefficient (kvol, day–1) was estimated 
by dividing kT by water depth (. The rate constant for the loss of 
ammonia–N by volatilization of NH3 is therefore (Whelan et al., 
2010)

                              .                               (7)

Model

A simple numerical model was developed to describe NHx and 
NO2

– behavior in each experiment. Experimental data obtained 
from one treatment (T5) in experiment 1 were used for model 
calibration (Table 1). The model fit to the measured NHx con-
centration data was optimized by minimizing the root mean 
square error (RMSE) between the simulated and measured con-
centrations in a trial-and-error optimization of the parameter knit 
(Rousseau et al., 2004). The model was run over 14 days and em-
ployed Euler’s method of integration with a time step of 0.25 day.

The mass balance equation for the total ammonia N is ex-
pressed as follows:

                                                                              ,    (8)

where kvol is the mass transfer coefficient of free ammonia 
across the air–liquid interface by volatilization (day–1), fFREE is the 
fraction of total ammonia that is present as free NH3 (dependent 
on pH and temperature), knit is a first-order rate constant for ni-
trification (day–1), [NHx] is the total ammonia–N concentration 
in the treatment (mg N L–1), and V is the vessel volume (L).

	 The calibrated value for knit was then adjusted in pro-
portion to the mat area for other treatments after subtracting the 
background control value for k (kcontrol). This represents the 
background nitrification rate due to biofilm on the surfaces of 
the vessel. A specific rate constant (kspec) per unit mat area (A) 
was estimated for T5 by dividing knit by the total surface area of 
the mats. kspec of T5 (0.0015), mat surface area (A), and k control 
were used to calculate predicted overall rate constants (kindep) for 
other treatments.

                                                                   ,                               (9)

Since adjustment to the rate constants for the other treat-
ments was made only using the surface area, these predictions 
can be considered to be an independent validation.
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STELLA symbol Description Initial value/Units Source
State variables
NHx ini NH3+NH4

+ mass 72.25 mg N
NO2

- ini NO2
- mass mg N

Volatized NH3 Free ammonia volatilization mg N
Flow variables
Jnit Nitrification rate mg N day-1 Calculated using data in T5
Jvol Volatilization rate mg N day-1 (Whelan et al., 2010)

Parameters/coefficients
[NHx] NHx concentration mg N L-1

knit Nitrification rate constant 0.033 day-1 Calculated using data in T5
kvol Mass transfer coefficient of NH3 0.08 day-1 Estimated using data in T5
NH3 f Concentration of NH3 gas 0.015 mg N Estimated using data in T5
V volume L

Table 1. Description of symbols used in the microcosm model. T5 is treatment number 5 (containing 20 cm2 mat material).
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The calibrated value of knit derived from experiment 1 was 
also applied to other treatments from experiment 2 to compare 
ammonia loss in both experiments and to illustrate the extent of 
the inhibition effect of free NH3 on nitrification. Then, the cali-
brated knit value was optimized for each treatment to get best fits 
between simulated and measured concentrations. Optimized knit 
were compared with calibrated knit from experiment 1. The ratio 
of optimized knit to calibrated knit was regarded as a quantitative 
index of the extent of nitrifier inhibition by free NH3.

A statistical comparison between observed and simulated 
datasets of the concentration of different N species in each ex-
periment was made to assess the accuracy of the model. Linear 
regression was used to determine the significance of the relation-
ship between simulated and measured concentrations. The coef-
ficient of determination (R2), slope of the linear regression, and 
RMSE were employed to compare actual and modeled data sets 
(Abadi et al., 2015).

                                              ,                          (10)

where Oi and Si are the observed and simulated values of the 
variable under consideration for a time step and n is the number 
of observations.

Two-way analysis of variance (ANOVA) and linear regres-
sions were employed (Field et al., 2012). Three replicates were 
always used for each variable, and the data presented represent 
averages unless otherwise stated. Error bars represent standard 
deviations. The Shapiro-Wilk test for homogeneity of variances 
and normality was performed to test the distribution of the data. 
In cases of significant differences in ANOVA, Tukey’s post hoc 
test was used to analyze any significance between samples means 
(Rohatgi, Saleh, 2015). The level of significance was set at p < 
0.05. Correlations between variables were assessed using Pear-
son correlation analysis. All statistical analysis was performed 
using Microsoft Excel and R (R-Studio v. 099.489).

Results 

Effect of mat area (experiment 1)

Changes in the concentration of ammonia, nitrite, and total oxi-
dized N over time for each treatment are shown in Fig. 1. NHx 
reduction was observed in all treatments soon after the introduc-
tion of the mat material, which continued over the 14-day ex-
perimental period. NHx removal differed significantly between 
treatments (ANOVA; F5, 54 = 9.276; P < 0.05).

Higher ammonium removal was observed as mat surface 
area increased indicating higher biofilm activity associated 
with high surface area than with those with low surface area. 
Consistently, higher rate constants were observed in T4 and T5 
treatments compared to T1, T2, and T3, respectively. In contrast, 
removal half-lives for NHx concentrations within T4 and T5 treat-
ments were shorter than T1, T2, and T3, respectively (Table 2).

The observation of an increased rate of nitrification with an 
increase in the mat area is consistent with the expectation that 
microbial processes are closely associated with solid surfaces 
(Kadlec, Wallace, 2009). The rate constants for NHx are plotted 
against mat surface area in Fig. 2.

Table 2. Net removal (mg N L-1), rate constant (k, day-1), and half-
lives (T1/2, day) for the NHx concentrations in the treatments.

Fig. 1. Changes in the concentration of (a) NHx, (b) NO2
-, (c) NOx 

over time (mean ± standard deviation). Control (without mat); T1 (4 
cm2 mat material); T2 (8 cm2 mat material); T3 (12 cm2 mat material); 
T4 (16 cm2 mat material); T5 (20 cm2 mat material).

Net removal
(mg N L-1)

k
(day-1)

T1/2
(day)

Control 3.47 0.003 198.73
T1 10.78 0.011 61.85
T2 14.03 0.015 45.59
T3 21.57 0.026 26.43
T4 28.46 0.035 19.31
T5 26.63 0.033 20.73
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Rate constant was positively correlated with the increase of 
mat area (r2 = 0.96; p = 0.05). These results are in good agreement 
with those obtained by Wang et al., (2015), who reported higher 
removal efficiency of NHx (89–91%) when the surface area of 
floating mat was increased by adding a biological grid that allows 
for larger bacterial populations.

In parallel, nitrite concentrations increased over time. The 
rate of NO2

– production was initially low and then increased af-
ter 3–6 days. The rate of NO2

– production was consistent with 
the rate of NHx loss and was highest in T4 and T5, which had the 
highest mat surface area (Fig. 1b). Initial delay of nitrification ac-
tivity in the treatments at the start of the experiment (lag phase) 
could be attributed to acclimatization of the microbial popula-
tion to the high concentration of ammonia in this system. The 
most prolonged lag phase was observed in the treatments with 
smaller mat area (T1, T2, and T3). A possible explanation is that 
higher microbial biofilm is metabolically capable of tolerating 

and nitrifying high concentration of NHx faster than those with 
a smaller amount of biofilm (Costerton et al., 1994). Treatments 
with higher mat area had higher accumulated concentrations of 
NO2

– (ANOVA, F5, 54 = 10.088; p < 0.05). The net production of 
NO2

– concentration were 7.27, 11.3, 19.36, 25.5, and 27.1 mg N 

Table 3. Average concentrations of NH3 in the treatments during the experiment

Treatments
Control T1 T2 T3 T4 T5

NH3
(mg N L-1) 1.1±0.06 1.06±0.08 1.01±0.09 0.96±0.11 0.92±0.16 0.92±0.11

Fig. 2. Removal rate constants of NHx at different area of floating 
mats.

Fig. 3. Concentration of NH3 in treatments under different areas 
of mat material

Fig. 4. Changes in the (a) DO; (b) pH and (c) EC over time (mean ± 
standard deviation). Control (without mat); T1 (4 cm2 mat material); 
T2 (8 cm2 mat material); T3 (12 cm2 mat material); T4 (16 cm2 mat 
material); T5 (20 cm2 mat material).
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L–1 in T1, T2, T3, T4, and T5, respectively. NO2
– concentration in 

the control treatment remained very low (0.001 mg N L–1). 
Total oxidized N concentrations in all treatments were simi-

lar to those of nitrite suggesting that there was very little produc-
tion of nitrate (Fig. 1c). This indicates that the growth and activity 
of Nitrobacter spp. responsible for the conversion of NO2

– to NO3
– 

was inhibited in this experimental system. The most likely expla-
nation for this is that the concentration of NH3 was high. There is 
a general agreement that Nitrosomonas are less sensitive to high 
NH3 concentrations than Nitrobacter (Park et al., 2010). Inhibition 
of Nitrosomonas is usually reputed in the range of 10–150 mg N 
L–1, whereas for Nitrobacter, it can start in the concentration range 
0.1–1.0 mg N L–1 (Anthonisen et al., 1976). The dynamics of NH3 
alongside with average concentrations in the treatments through-
out the experiment are presented in Fig. 3 and Table 3. The range 
of NH3 concentrations observed (0.9–1.1 mg NH3 L

–1) are consist-
ent with those reported earlier, which might explain the inhibition 
effect of free ammonia on Nitrobacter spp., thereby depressing the 
conversion of NO2

– to NO3
–.

DO concentrations differed between treatments (ANOVA, 
F5, 54 = 18.864; P < 0.05). There was an exponential decrease in 
DO concentrations in T4 and T5 from time zero to an asymptote 
at almost 9 days. Decreases in DO concentrations were also seen 
in the other treatments containing mat material, but the rate of 
change here was initially slow and increased progressively in T1 
and T2 over the course of the experiment (Fig. 4a). In T3, DO 
concentration also reached an asymptote at 9 days. The rate of 
change in DO concentration appeared to be proportional to the 
nitrification rate. In control, there was very little DO depression. 
Nitrifying bacteria are obligate aerobes and require oxygen to 
derive energy from reduced ammonia (Hargreaves, 1998).

The observation of an increased rate of nitrification with the 
decreased DO concentration is consistent with the expectation 
that ammonia oxidation is correlated with DO and can be re-
garded as the primary sink of the DO. The rate constants for NHx 
are plotted against DO concentration in Fig. 5. A negative corre-
lation was observed between removal rate constant of ammonia 
and DO concentration (r2 = 0.99; p = 0.05).

Although there was a clear reduction in the DO concentra-
tion in the treatments with mat materials over the course of the 
experiment, the measured O2 levels in the media were not limiting 
to the microbial activity (e.g., >2 mg O2 L

–1). Since media pH dur-
ing the experiment was maintained between 7.3 and 7.4 (Fig. 4b), 
volatilization was calculated to be low in all treatments. The loss of 
ammonia via volatilization of NH3 was found to be 0.001 day–1. In 

Table 4. Calibrated knit for T5 and calculated kinde for independent 
treatments.

knit
(day-1)

kinde 
(day-1)

T5 Control T1 T2 T3 T4

0.0333 0.0035 0.0095 0.0155 0.0215 0.0274

Fig. 5. Removal rate constants of NHx versus DO concentrations in 
the treatments.

Fig. 6. Measured time series of mean NHx and NO2
- concentrations 

in the T5 treatment (symbols) and simulated values (lines) produced 
using the calibrated parameters. Error bars shows standard devia-
tions.

NHx NO2
-

R2 Slope
(mg N L-1)

RMSE
(mg N L-1)

R2 Slope
(mg N L-1)

RMSE
(mg N L-1)

Control 0.39 0.69 1.99 0.45 0.0006 1.84
T1 0.63 0.68 2.78 0.88 0.65 2.67
T2 0.71 0.62 3.98 0.91 0.69 3.72
T3 0.81 0.96 5.88 0.93 0.98 3.28
T4 0.95 1.13 3.07 0.98 1.22 2.46

Table 5. Statistical analysis for model performance.
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all treatments, there was a progressive increase in electrical con-
ductivity over the experiment (Fig. 4c). This was probably due to 
the increase of NO2

– concentration in all the treatments.

Model performance (experiment 1)

Observed and modeled (calibrated) concentrations of NHx and 
NO2

– for the T5 treatment are shown in Fig. 6. Optimized RMSE 
values were 4.06 and 0.98 mg N L–1 for NHx

 and NO2
–, respec-

tively. The good fit demonstrates that the model was able to re-
produce the concentrations of N species well and that the rate 
of nitrite accumulation was consistent with the rate of ammonia 
loss (i.e., nitrification was the principal process). 

Calibrated value of knit for T5 alongside with the calculated 
values for independent treatments kinde (T1, T2, T3, and T4) are 
presented in Table 4.

Measured and simulated time series for NHx and NO2
– in the 

other treatments are shown in Fig. 7. R2, slope regression line, 

Fig. 7. Changes in average measured and predicted values of NHx 
and NO2

- in the validation exercise: (a) control (without mat); (b) T1 
(4 cm2 mat material), (c) T2 (8 cm2 mat material), (d) T3 (12 cm2 mat 
material) and (e) T4 (16 cm2 mat material). Error bars show standard 
deviations for measured concentrations.
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and RMSE values between the mean observed and predicted 
concentrations are shown in Table 5. Overall, there is a good 
agreement between model prediction and measured data for 
most treatment. This suggests that the mat area provides an ad-
equate scaling factor for the experimental system and supports 
the hypothesis that nitrifier biomass and activity are proportion-
al to mat surface area.

Although the trends of NHx and NOx concentrations were 
generally captured well, the model performed poorly in some 
points in some treatments. For example, the initial rate of in-
crease in NO2

– concentrations was overpredicted for T1, T2, and 
T3. This is due to the apparent lag phase in the observed data for 
these treatments, which was not taken into account in the model.

The results suggest that the submerged surface area provided 
by operational FTWs will support the growth of microbes and 
could significantly increase N removal compared with conven-
tional free surface constructed wetlands (Stewart et al., 2008). 
The results support the findings reported by Zhang et al. (2016), 
of significant promotion of nitrification (82%) in the presence 
of floating islands in an experimental system containing syn-
thetic wastewater. The final measured concentrations are plotted 
against modeled values in Fig. 8. Overall, there is a good agree-
ment in final concentrations for both NHx and NO2

– (R2 = 0.88 
and 93; slopes = 1.14 and 0.75 mg N L–1, respectively).

Overall, the good agreement between the modeled and 
measured data of NHx and NO2

– concentrations suggests that the 
model well described different treatment investigated under dif-
ferent mat surface areas. Keeping other factors controlled and no 
limits to the microbial activity (e.g., O2 limitation), these results 
support our hypothesis that the mat area can be used as a design 
parameter to optimize system performance in removing ammo-
nia. Ammonia removal is directly proportional to the increase in 
mat area and therefore established microbial biofilm.

Effect of ammonia concentrations and aeration 
(experiment 2)

The similarity between the total oxidized N and nitrite concen-
trations observed in experiment 1 suggested that the second 
stage of nitrification was inhibited (i.e., that Nitrobacter type 
organisms were unable to grow and or operate efficiently). This 
could be due to high NH3 concentrations, which are known to af-
fect Nitrobacter more. We also hypothesized that aeration could 
enhance nitrification rates through increased DO concentration 
available for nitrifier biosynthesis and activity. To test these ide-
as, the performance of the experimental system was examined 
under different total ammonia concentrations with and without 
aeration. Changes in NHx, NO2

–, and NOx concentrations over 
time for the different treatments are shown in Fig. 9. NHx

 loss 
differed between treatments. There was an apparent lag phase in 

Fig. 8. Final average measured and simulated concentrations of (a) 
NHx and (b) NO2

- in the validation treatments. Error bars show 
standard deviation for measured concentration.

Table 6. Net removal (mg N L-1), rate constant (k, day-1), and half-
lives (T1/2, day) for the NHx concentrations in the treatments.

Net removal
(mg N L-1)

k
(day-1)

T1/2
(day)

T1 15.74 0.53 1.29
T2 15.67 0.57 1.21
T3 29.03 0.17 4.12
T4 28.05 0.17 4.07
T5 31.85 0.05 13.33
T6 36.90 0.07 10.34

Table 7. Average concentrations of NH3 in the treatments throughout the experiment.

Treatments
T1 T2 T3 T4 T5 T6

NH3
(mg N L-1)

0.1±0.09 0.09±0.09 0.27±0.15 0.26±0.15 0.7±0.17 0.66±0.20
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Fig. 9. Changes in the concentration of (a) NHx, (b) NO2
-, (c) NOx 

in the treatments during experimental time (mean ± standard devia-
tion). T1 (15 mg N L-1); T2 (15 mg N L-1, aeration); T3 (30 mg N L-1); T4 
(30 mg N L-1, aeration); T5 (60 mg N L-1); T6 (60 mg N L-1, aeration).

Fig. 10. Concentration of NH3 in treatments under different am-
monia N concentrations with and without aeration.

Fig. 11. Changes of (a) DO; (b) pH and (c) EC in the treatments 
during experimental time (mean ± standard deviation). T1 (15 mg 
N L-1); T2 (15 mg N L-1, aeration); T3 (30 mg N L-1); T4 (30 mg N L-1, 
aeration); T5 (60 mg N L-1); T6 (60 mg N L-1, aeration).
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Fig. 12. Changes in average measured and predicted values of NHx and NO2
- in the validation exercise: (a) T1 (15 mg N L-1); (b) T2 (15 mg N 

L-1, aeration); (c) T3 (30 mg N L-1); (d) T4 (30 mg N L-1, aeration); (e) T5 (60 mg N L-1) and T6 (60 mg N L-1, aeration). Error bars show standard 
deviations for measured concentrations.

NHx loss in all treatments up to day 5, but the lag appeared to be 
more pronounced in the treatments with the highest initial NHx 
concentrations.

First-order rate constants fitted to the NHx data show that the 
overall loss was higher in the treatments with the lowest initial 
NHx concentrations and lowest in those treatments with high 

initial NHx concentrations (Table 6). Consistently, higher net 
removal was observed in the treatments with low NHx concen-
trations than with high. However, T1/2 values were low in treat-
ments treated with low NHx concentration (T1 and T2) compared 
to those treated with high concentrations (T3, T4, T5, and T6). No 
significant differences were observed in the NHx between treat-

Ekológia (Bratislava) 2021: 40(2): 101–114



111

ments with and without aeration (p < 0.05) despite the marked 
differences in DO concentrations (see Fig. 10). 

Lower rate constants in treatments with high initial ammo-
nia–N concentration suggest that the nitrifiers may have been 
inhibited by high NH3 concentrations in the treatments. It has 
been well documented that NH3 have toxic impacts on nitrifica-
tion (Daalkhaijav, Nemati, 2014; Ruiz et al., 2003; Vadivelu et al., 
2007). Partially for NO2

–, ammonia oxidizing bacteria (AOB) are 
known to be more tolerant to NH3 than nitrite oxidizing bacteria 
(NOB) in activated sludge systems (Qiao et al., 2010).

Nitrite concentrations gradually increase in all treatments 
over the study period (Fig. 9b). Rates of NO2

– production were 
consistent with rates of NHx loss. Significant differences in NO2

– 
production between treatments were observed (ANOVA, F5, 54 = 
6.576; P < 0.05). The net production of NO2

– were by 18.48, 17.53, 
27.82, 28.59, 28.41, and 29.95 mg N L–1 in T1, T2, T3, T4, T5, and T6 
treatments, respectively. NO2

– concentrations stopped increasing 
in T1 and T2 (lowest NHx concentration) at 15 days, which is co-
incident with the exhaustion of NHx supply in their treatments.

Like the findings of experiment 1, obtained data showed that 
the total oxidized N was characterized by NO2

– concentrations, 
but no analytical evidence of NO3

– generation (Fig.9c).
Free ammonia generation alongside with their average con-

centrations in the treatments over the course of the experiment 
are presented in Fig. 10 and Table 7. Higher concentration of 
NH3 was observed in the treatments with high concentration of 
total ammonia (T5 and T6) compared to those exposed to low 
NHx levels (T1, T2, T3, and T4).

The differences of the metabolic responses to the toxic ef-
fects of NH3 on the nitrifying population have been proposed 
as the primary cause resulting in NOB elimination (Sun et al., 
2015). For instance, Vadivelu et al. (2007) found that the growth 
of Nitrobacter was decreased by 12% when NHx concentration 
increased from 0 to 9 mg N L–1, indicating inhibitory effects on 
the respiratory capacity of the genus. Also, Philips et al., (2002) 
reported that the NH3 inhibition threshold for Nitrobacter in the 
range of 0.02–0.82 mg NH3-N L–1. This could explain the higher 
accumulated rates of NO2

– in the treatments as the NH3 concen-
tration is increased in the present study.

Treatments that were aerated had DO concentration close 
to the equilibrium level for the system temperature (8.5 mg L–1). 
However, in treatments that were not aerated, DO concentrations 
declined progressively due to oxygen consumption in nitrifica-
tion (Fig. 11a). However, even the lowest oxygen level observed 
in the nonaerated treatments (an average of 3.96 ± 0.76 mg DO 
L–1), nitrification was observed to be proceeded (i.e., DO not 
limit). A notable recovery of DO concentration in T1 treatment 

at the end of the experiment was probably due to the oxygen con-
centration in this treatment was able to return to saturation levels 
once this sink was switched off. NHx depletion in this treatment 
and a consequent decline in nitrification (the main sink for dis-
solved O2).

Although blowing air in the system could encourage vola-
tilization through the stripping process, however, the first-order 
NH3 volatilization rate constant at pH range between 7.3 and 7.4 
(Fig.11b) was calculated to be 0.001 day–1. Generally, all treat-
ments showed a gradual increase in EC over the course of the 
experiment (Fig. 11c). Such increase was consistent with the ex-
tent of NO2

– concentrations produced in the treatments during 
the experiment.

Model performance (experiment 2)

Modeled and measured concentrations of NHx and NO2
– for T5 

model from experiment 1 against treatments from experiment 
2 are shown in Fig.12. RMSE values between the measured and 
predicted concentrations are shown in Table 8.

Although measured and observed time series for NHx and 
NO2

– concentrations in the T6 and T5 were generally captured 
well, the model performed poorly in other treatments. This is due 
to the apparent inhibition effect of free NH3 on the nitrifiers at a 
high level of ammonia N concentrations. 

Table 9 compares best fits from all treatments. The ratio of 
optimized knit to calibrated T5 model (T5-knit) was used as a quan-
titative index of the extent of nitrifiers inhibition by NH3.

These results suggest different extents of inhibition effects of 
free NH3 on nitrification as a consequence of nitrifiers activity 
depression. High ratio of the optimized knit to calibrated knit were 
observed in the treatments treated with low NHx concentrations, 
while low ratio was associated with treatments with high concen-

Table 8. Statistical analysis for model performance.

NHx NO2
-

R2 Slope
(mg N L-1)

RMSE
(mg N L-1) R2 Slope

(mg N L-1)
RMSE

(mg N L-1)
T1 0.95 2.81 7.14 0.95 3.08 9.51
T2 0.92 2.67 7.63 0.90 3.04 10.27
T3 0.94 2.29 8.70 0.96 2.14 8.29
T4 0.95 2.34 8.95 0.95 2.21 8.81
T5 0.89 1.30 4.34 0.96 1.13 2.07
T6 0.93 1.54 6.30 0.96 1.25 3.34

Table 9. Statistical analysis for model performance.

Treatment Optimised knit (day-1) Optimised knit /T5 knit

T1 0.16 4.8
T2 0.17 5.3
T3 0.09 2.8
T4 0.08 2.5
T5 0.04 1.2
T6 0.05 1.5
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tration of NHx. High index indicates low inhibition effect of NH3 
on nitrification at low concentration of ammonia, but low index 
indicates higher inhibition with higher concentration.

Discussion

The results of this study provide clear evidence that an increased 
amount of biofilm (introduced as an increased area of the mat) 
can increase ammonia removal rates. The relationship between 
ammonia removal and increase in surface area for microbial 
growth suggested that T5 was best design for treatment perfor-
mance. Microbial removal pathways, particularly nitrification, 
are mediated by fixed biofilms that occur on solid surfaces such 
as bed sediment, plant roots, and floating mats (Boltz et al., 2017; 
Stepanova et al., 2021). The results are broadly comparable with 
the findings obtained by Stewart et al. (2008). These authors 
looked at ammonia removal in water containing a high concen-
tration of 200 mg N L–1 under full cover of a floating matrix. 
They found a reduction in ammonium concentration of ~70% 
compared to controls over 16 days. In the experiments reported 
in this study, increased NO2

– concentrations in the treatments 
suggests that (i) nitrification was the most plausible cause of 
ammonia removals, and (ii) microbial capacity for converting 
NO2

– to NO3
– was inhibited. This was probably due to the toxic 

effect of unionized ammonia (NH3) on Nitrobacter. Philips et al. 
(2002) showed that NOB organisms could be inhibited at an NH3 
concentration of 0.6 mg N L–1 in the batch reactors (i.e., total 
ammoniacal concentration of 13 mg N L–1 at 20°C and pH 7.8). 

The explanation of ammonia loss by accelerated nitrification 
rates by increasing attachment surface area for the microbial bio-
film (via increased submerged mat material) was also supported 
by the reduction of DO. Oxygen concentration was negatively 
correlated with the apparent nitrification rate (i.e., higher DO 
consumption by the increased microbial activity). The loss of 
oxygen was proportional to the loss rate of ammonia and the 
rate of NO2

– + NO3
– production.

There was a reasonable agreement between observed and 
predicted N dynamics in different treatments. Calibrated data 
from the T5 treatment was validated on the other treatments with 
rate constants adjusted in accordance with specific hypotheses, 
for example, nitrification rate constant will be directly propor-
tional to mat surface area and therefore with the amount of es-
tablished biofilm.

Nitrification rates were higher in treatments subjected to 
lower ammonia concentrations, which is in agreement with other 
published studies, for example, Andersson (2005) who reported 
lower nitrogen removal in free water surface wetland receiving 
a concentration of 37 mg N L–1 of ammonia–N such as munici-
pal or domestic wastewater. Slower nitrification rates observed 
at high initial concentrations might be due to the toxic effect of 
NH3 on nitrifiers’ growth. There is a general agreement that free 
ammonia has an inhibitory effect on both AOB and NOB (Ciu-
dad et al., 2005; Sun et al., 2015). NOB tends to be more sensi-
tive than AOB (Al Obaidy, Lami, 2014; Park et al., 2015). Initial 
inhibiting concentrations of NH3 for Nitrosomonas and Nitro-
bacter activity are typically between 10−150 and 0.1−1.0 mg L–1, 
respectively (Anthonisen et al., 1976). Here, NHx oxidation was 
slower in the treatment with an initial concentration of 60 mg N 
L–1, compared with an initial concentration of 15 mg N L–1. Ni-

trite accumulation was also high when NHx concentrations were 
high, which Nitrobacter growth inhibited. Peng and Zhu (2006) 
found that NH3 concentrations higher than 3.5 mg NH3-N L–1 
were sufficient to inhibit NO2

– oxidation. The results did not 
suggest an important role for aeration in ammonia removal (i.e., 
removal rates were not significantly different in aerated and non-
aerated treatments). This was probably due to the fact that DO 
concentrations were generally >1 mg L–1. Nitrification is known 
to be inhibited only at DO concentrations <1 mg L–1 (Van Hulle 
et al., 2010). Nitrification was clearly a sink for DO. DO concen-
trations decreased in unaerated treatments in a classical “oxygen 
sag” but recovered in treatments where ammonia was exhausted.

Conclusion

The findings presented in this chapter suggest that the changes 
in the surface area of floating mat matrix can affect ammonia 
removal via nitrification. There was an approximately linear re-
lationship between the removal rate constant and mat surface 
area. The higher ammonia removal efficiency was caused by a 
larger surface area, which could support the growth of more mi-
crobes. There was also a clear inhibitory effect on second-stage 
nitrification in experiment 1 manifested as low production of ni-
trate. This is probably due to very high ammonia concentrations. 
This was further investigated in experiment 2 in which ammonia 
concentration was varied. Here, there appeared to be an effect 
of increased NHx concentration on nitrification (with a higher 
rate of nitrification in treatments with lower initial NHx concen-
trations), which confirms the free ammonia toxicity hypothesis. 
However, NO3

– production was still not observed. There was no 
major effect of oxygen saturation on NHx removal using aerated 
and nonaerated conditions.

Understanding of mineral N dynamics in the experiments 
described here was facilitated using a simple dynamic model. 
In experiment 1, the model was calibrated using experimental 
data from one treatment (T5) and validated on the other treat-
ments after simple linear adjustments reflecting a priori hypoth-
eses about the contribution of mat surface area. Considering the 
relatively simple nature of process representation, the model did 
a fairly good job in predicting N concentration dynamics and 
removal efficiencies. The findings also support the hypothesis 
underpinning the conversion of rate constants obtained via cali-
bration in treatment T5.

Overall, the findings show that increasing surface area of the 
floating mat improves the efficiency of ammonia removal and 
that high free ammonia concentrations can depress nitrification. 
The work demonstrates the use of a simple dynamic model as 
a framework to improve a mechanistic understanding of NHx 
removal under different experimental conditions. Upscaling the 
knowledge of ammonia behavior obtained from well-controlled 
lab experiment to less-controlled field studies has the potential 
to improve understanding of the ammonia behavior at different 
experimental conditions.
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