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ABSTRACT

This study investigated the performance of bio-filters immobilized nitrifying bacteria,
ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). In particular, it was
to assess the consumption of ammonia-nitrogen (NH3-N) by the AOB. The experiment was
conducted in a one litre reactor.The reactor consisted of bio-filters with NH3-N as the
substrate for the nitrifying bacteria.Low concentration of NH3-N (between 5 and 25 mg/L)
and high concentrations (between 35 and 100 mg/L) were used in this batch culture
experiment.Simultaneously, the production of nitrate-nitrogen was also evaluated by the
consumption of nitrite-nitrogen by the NOB.The results showed that the nitrifying bacteria in
the bio-filters were able to reduce the NH;-N rapidly between 5 and 15 mg/L of NH3-N.It was
also found that the highest removal rate of NH3-N was in 100 mg/L.
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1. INTRODUCTION

Recent concerns on the existence of nitrogen in the forms of ammonia and nitrate has brought
a significant impact on the quality of surface water. The existence of nitrogen in water has
increased due to the rapidly growing population [1]. The ammonia-nitrogen in the water leads
to poor water quality which will harm aquatic organisms especially fish [2]. Hence, a
stringent water quality standard has been introduced in developed countries, especially in the
United Kingdom [3] to limit the existence of pollutants in the river. However, the high cost of
treatments to improve water quality remains a major challenge [4].

In search of a cost effective treatment, the attached growth system using bio-filter has been
attempted and known to have been suitable for sustainable water management [5]. The
reduction of ammonia-nitrogen to nitrite—nitrogen and nitrate-nitrogen (nitrification) by
biological degradation process of nitrifying bacteria (AOB and NOB) can be determined
using bio-filter [1]. Hence, this research investigated the use of different ammonia-nitrogen
concentrations to identify the removal rate of ammonia-nitrogen in an attached growth system
(or a bio-filter).

It is commonly known that the oxidation of ammonia-nitrogen and nitrite-nitrogen are
performed by Nitrosomonas species and Nitrobacter species. Nevertheless, there are also
other types of nitrifying bacteria in the fish effluent, i.e. ammonia oxidizing organisms which

can consume the ammonia-nitrogen [1].

2. MATERIALS AND METHOD

2.1. Chemicals and Materials

The AOB and NOB used in this study was collected from the fish effluents provided by the
Centre for Sustainable Aquatic Research, College of Science, Swansea University. The
chemicals were purchased from Sigma Aldrich Co. Ltd, the United Kingdom.

2.2. Design of Batch Culture

The batch experiments were performed to assess ammonia-nitrogen concentrations and the
effects of nitrifying bacteria using fish effluent culture as the substrate. There is consensus
that ammonia oxidation by groups of nitrifying bacteria is to follow Michaelis-Menten

kinetics [6-7]. The ammonia-nitrogen concentrations up to 100 mg/L ammonia-nitrogen were
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used, and assays were conducted at 30°C in an incubator. It was performed at the optimum pH
8 with a dosing of sodium hydroxide (NaOH) and/or hydrochloric acid (HCIl). The choice of
temperature and pH were made according to [8]. The K2 AnoxKaldnes bio-filter was selected
to be the most suitable bio-filter in a batch culture.

A one litre culture bottle was employed as the reactor of the batch culture. It contained one
litre of nitrification medium shown in Table 1 [1]. The medium had been autoclaved for
fifteen minutes. Then it was added to the reactor with 100 mL of an enrichment culture of fish
effluent following the [1], serial batch reaction. The reactor was aerated through a pumice
stone using an aeration pump connected by a silicone tubing through a hole made on the top
of the cap of the reactor. The dissolved oxygen was closely monitored with a dissolved
oxygen probe on a daily basis so that the dissolved oxygen in the reactor was maintained
above 6 mg/L.

Table 1.Nitrification medium

Formulation Weight (g)
Na,HPO,4 13.5
KH,PO4 0.7
NaHCOs3 0.5
M¢gS0,.7H,0 0.1
FeCls.6H,0O 0.014
CaCl,.2H,0, 0.18

The dissolved oxygen (DO) has to be relatively high as this is the limiting factor in biofilm
processes and in an immobilized reactor system [9]. A high driving force in the form of DO
concentration across the biofilm is therefore required. Typically, for an immobilized system of
moving particles with a suspended carrier, the operation of the system demands a high DO
concentration which is between 5-7 mg/L [10]. The conditions regarding the oxygen transfer
rate for an immobilized system with moving suspended particles is similar to those achieved
in conventional aeration tanks by fine bubble aeration, although coarse bubble aeration can be
used in an immobilized system with moving suspended particles. On the other hand, the
biofilm on thebio-filter becomes thinner at higher loading rates because of the mixing

intensity in aerated or stirred tanks compared to attached growth systems using
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trickling filters or rotating biological contactors [9]. The bottles were capped to prevent
spillage of the medium and to ensure that the aeration in the reactor containing the K2
AnoxKaldnes bio-filter provided a constant motion of the bio-filter in the submerged stage.
The experiments in one litre reactors were operated for more than two weeks. Fig. 1 shows a

diagram of the batch culture using K2 AnoxKaldnes bio-filter in the reactor.
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Fig.1.Batch culture
2.3. Instrument
The levels of ammonia-nitrogen, nitrite-nitrogen and nitrate-nitrogen were determined on a
daily basis. The pH was monitored using a pH probe and the chemical oxygen demand was

determined by the standard methods[11].

3. RESULTS AND DISCUSSION

Two stages of the experiments were conducted to assess the effect of different substrate
concentrations on ammonia oxidation using a moving bed batch reactor with nitrifying
bacteria on the K2 AnoxKaldnes bio-filter. Stage 1 involved low concentrations of
ammonia-nitrogen which were between 5 mg/L to 25 mg/L, while Stage 2 involved higher

concentrations between 35 mg/L and 100 mg/L.
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3.1. Low Substrate Concentration of Ammonia-Nitrogen (5-25mg/L)

Fig. 2 shows the occurrence of the nitrification process in the three concentrations of
ammonia-nitrogen. The ammonia-nitrogen was found to have decreased rapidly within a short
incubation period while the nitrate-nitrogen increased in the concentrations of 5 mg/L and 15
mg/L ammonia-nitrogen respectively. On the hand, the ammonia oxidation required a longer

incubation period of nearly 12 days to complete the nitrification process in 25 mg/L

ammonia-nitrogen.

30 45
—B— NH3-N —6—NO3-N
+ 40 ~
25 o —6—NO2-N =)
2 T 35 3
en
£ 20 30 %
g S
*a G
£ 125 E
5 15 2
s + 20 g
o 5
10 A 15 =
=}
O
+ 10
5 0
M> 3
L
00 A4 M_H 0
0 1 2 3 4 5
Day

Fig.2A. The effect of 5 mg/L on nitrification in batch reactor experiments using the K2

AnoxKaldnes bio-filter
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Fig.2B. The effect of 15 mg/L on nitrification in batch reactor experiments using the K2

AnoxKaldnes bio-filter
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Fig.2C. The effect of 25 mg/L on nitrification in batch reactor experiments using the K2
AnoxKaldnes bio-filter

3.2. High Substrate Concentration of Ammonia-nitrogen (35-100 mg/L)

Fig. 3A and 3B show the concentrations of nitrate-nitrogen increasing steadily at 35 mg/L
ammonia-nitrogen and 65 mg/L ammonia-nitrogen (as the ammonia oxidiser bacteria
consumed the ammonia-nitrogen). The amounts of nitrite-nitrogen of all concentrations
decline sharply as the nitrate-nitrogen increases. This condition is presumed to be caused by
the nitrite oxidisers converting the nitrite-nitrogen to nitrate-nitrogen. Fig. 3D shows a high
amount of nitrite-nitrogen, 100 mg/L of ammonia-nitrogen concentration which is nearly 950

pg/L nitrite-nitrogen on Day 3. However, this decreases rapidly by Day 5 to almost zero by

the end of the incubation period.
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Fig.3A. The effect of 35 mg/L on nitrification in batch reactor experiments using the K2

AnoxKaldnes bio-filter

120

100 +

Concentration (mg/L)

20 T

—HB8—NH3-N
—6—NO2-N

—6—NO3-N

1000
T 900
T 800
T 700
1 600
P 500
T 400
T 300
T 200

T 100

Concentration of NO, -N (pg/L)

Fig.3B. The effect of 65 mg/L on nitrification in batch reactor experiments using the K2

AnoxKaldnes bio-filter
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Fig.3C. The effect of 85 mg/L on nitrification in batch reactor experiments using the

AnoxKaldnes bio-filter
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Fig.3D. The effect of 100 mg/L on nitrification in batch reactor experiments using the K2

AnoxKaldnes bio-filter

The AOB and NOB are thought to exist in the attached growth batch culture on the K2

AnoxKaldnes bio-filter. The nitrite-nitrogen does not accumulate in large concentrations

under stable conditions because the maximum growth rate of the NOB is significantly higher

than that of the AOB. As a result, the growth rate of AOB generally controls the overall rate of

nitrification [10, 12]. This can be observed in Fig. 2 and Fig. 3, as all the nitrite-nitrogen

concentrations achieved maximum values at intermediate incubation periods before the levels

declined sharply as nitrate-nitrogen built up. In the nitrification process, the nitrite-nitrogen
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oxidation occurs faster than the ammonia-nitrogen oxidation; therefore, the nitrite-nitrogen
rarely increases in the environment. This condition is very likely due to a minimum substrate
concentration and the relatively high substrate consumption rate of nitrite oxidizers [10, 13].
A low dissolved oxygen concentration could affect the specific growth of AOB and NOB,
depending on the saturation constant [14-15]. The population structure of nitrifiers changes
when the concentration of dissolved oxygen is low. This condition could affect the
nitrite-nitrogen accumulation rate [16]. By providing a high level of dissolved oxygen in the
batch culture system, i.e. above 6 mg/L, this should increase the population of nitrifiers such
that the complete process of nitrification can be achieved [10].

The immobilized system adapted in the batch culture also contributed to a high density of
nitrifiers. The nitrifiers can easily attach to the support media and the large surface area
provided by the media increases the growth of the nitrifying bacteria. Further, the reactor
volume in the immobilized reactor with a moving suspended carrier is totally mixed with
dissolved oxygen, so new bacteria can increasingly occupy the surface area [5]. Consequently,
there is no dead or unused space in the reactor system, so the reactor can function at a full
capacity. In addition to that, the immobilized system has a small head loss and there is no
need to recycle the biomass or sludge back into the system due to the high density of
nitrifying bacteria that can be grown on the support media [17].

Fig. 4A shows a comparison of ammonia-nitrogen at different concentrations between 5 mg/L
and 100 mg/L for a specific incubation period. The rate of ammonia-nitrogen removal was
directly related to the initial concentration of ammonia-nitrogen. In all cases, the
ammonia-nitrogen level reduced from <2 mg/L to undetectable levels. At low concentrations,
the ammonia-nitrogen was generally reduced in less than a week, while at high concentrations
it took up to two weeks of incubation. The results indicated that an enhanced rate of ammonia
oxidation was proportionate to the length of time needed for the nitrifying bacteria to
consume the ammonia-nitrogen.

However, in response to the changes of the ammonia-nitrogen concentration introduced in the
batch culture system, a long incubation time was needed for the nitrifying bacteria to consume
high concentrations of ammonia-nitrogen. On the other hand, the experimental observations

showed that with an initial concentration of 100 mg/L ammonia-nitrogen, the nitrifying
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bacteria could utilize the ammonia-nitrogen in one week’s time. The incubation time for
nitrifying bacteria with 100 mg/L ammonia-nitrogen was shorter compared to the other initial
concentrations of the ammonia-nitrogen. This situation could be explained that the enrichment
culture of the nitrifying bacteria was previously grown with an ammonia-nitrogen
concentration of 100 mg/L [1]. Under these conditions, the nitrifying bacteria were already
adapted to this ammonia-nitrogen concentration (100 mg/L), so these bacteria could
assimilate ammonia-nitrogen faster compared to the conditions with different
ammonia-nitrogen concentrations.

The ammonia-nitrogen (NH3-N) removal rate (mg/L.day) was calculated according to the

geometric average calculation with respect to time:

NH ; — Nremoval rate L
L.day

Z ((nitial of NH,— N)-(NH, - N remain ))(ngJ M

Sums of days

The percentage of the ammonia-nitrogen being removed with respect to time was calculated

using the following equation:

%NH3 — N removal rate =

NH ; — N removal rate ( " j
day

x100 @

The highest value of NH,— N removal rate e
L.day

Fig. 4B shows the removal rate of ammonia-nitrogen that was calculated according to the
percentage of maximum removal of the ammonia-nitrogen by Equation (1) and Equation (2).
For all investigated concentrations, the removal rates of ammonia-nitrogen increased steadily
with the highest removal rate at 100 mg/L. This shows that the nitrifying bacteria were
capable of nitrifying the ammonia-nitrogen up to a concentration of 100 mg/L in the batch
reactor with an attached growth system on the K2 AnoxKaldnes bio-filter.

The graphs in Fig. 4A and 4B were used to obtain data to determine the results in Fig. 5. A

further explanation of the ammonia-nitrogen removal rate versus substrate concentrations
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(ammonia-nitrogen concentrations of 5 mg/L to 100 mg/L) is illustrated in Fig. 5.
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Fig.4A. The effect of ammonia-nitrogen concentrations in the K2 AnoxKaldnes bio-filter
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Fig.4B. The removal rate of ammonia-nitrogen vs. the ammonia-nitrogen concentration by
Equation (1) and Equation (2)
The rate of ammonia-nitrogen removal is shown to follow the Michaelis-Menten kinetics by
replotting the results on a double-reciprocal plot [18] (Fig. 5). The derivation of the

double-reciprocal plot [18] is shown in the following equation:
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v_ S

V= max (3)
Ky +S
I_Ks+S Kol 1y
v Vmax + S Vmax S vmax
where V =reaction rate, Vmax = maximum rate, Ks = Michaelis-Menten half saturation

constant and S = substrate concentration.

The value used to plot the x-axis is 1/S and that for the y-axis is 1/v in a double-reciprocal
plot [18]. The experimental results of the double-reciprocal plot showed the effect of the
substrate concentration on the ammonia-nitrogen removal rate (nitrification process). Fig. 5
shows that the obtained maximum rate, Vmax and half saturation constant, Ks are 76.92 mg
NH3-N/L.day and 49 mg NH3-N/L respectively.

The results of the double-reciprocal plot [18] in Fig. 5 were then fitted to the best linear
equation to determine the maximum rate, Vmax and the half saturation constant, Ks. However,
the graph of the double-reciprocal plot in Fig. 5 tended to curve in the beginning of the plot.
Yet, the results plotted is important to obtain the optimum value for the calculation of the
intercept for the maximum rate, Vmax and the slope to verify the half saturation constant, Ks.
Data points restricted to the lower and upper portions of the double-reciprocal plot [18] gave
the half saturation constant, Ks. In spite of that, to obtain a high substrate removal rate, the Ks
value has to be low. The experiment showed that the half saturation constant, Ks, was very

high with a value of 49 mg NH3-N/L.
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Fig.5. A double-reciprocal plot showing the effect of the substrate concentration on the
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The inhibition of nitrification in nitrifying bacteria in this experimental investigation was high
compared to other reported values obtained by other studies. The value of the half saturation
constant for the two-step process of AOB and NOB in aerobic nitrifying granules was found
to be 9.1 mg NH3-N/L. this low value was achieved using granulation of nitrifying sludge in a
sequencing batch reactor [19]. The nitrifying granule-based sequencing batch reactor is a very
complex biological system with numerous internal interactions among process variables and
sludge characteristics. Further, the biological processes in the granules are governed by the
concentration gradients of oxygen and diverse substrates and these parameters greatly
influence the overall performance of the system [5, 20].

In the activated sludge model proposed by [21] the half saturation constant, Ks had a value of
0.07 mg NH3-N/L. This value is lower compared to the investigation done by [19] for the
nitrifying granular system. This half saturation constant was obtained regardless of the model
verification approach used with the activated sludge [21]. Other studies done on the
nitrification kinetics of activated sludge in a biofilm system using a mathematical approach
provided a Ks of 0.27 mg NH3-N/L. However, this activated sludge-biofilm reactor was
operated at a high temperature (35 + 20C) with a low pH which was between 4.3 to 4.5and
with the biomass recycling back into the system. This was a continuous reactor with
ammonia-nitrogen feeding in the range of 16 to 17 mg NH3-N/L [22].

Research was performed by [23] using a high ammonia-nitrogen concentration with an initial
amount of 100 mg NH3-N/L in a fluidized bed reactor system. A range of 300 to 1000 mg
NH3-N/L were prepared consecutively and stirred in a tank reactor system, and the half
saturation constant value, Ks, was calculated to be 540 mg NH3-N/L. To compare, the
saturation constant obtained by [23] was much higher than what found in the present study.
So, did several other studies on activated sludge enrichment culture obtaining the Ks in the
range of 0.3 to 0.7 g NH4-N/L at a temperature of 20°C [6].

There is considerable variation in the Ks values of the nitrifying bacteria, and there is no clear
correlation among the type of culture of the nitrifying bacteria, the reactor system used or the
dissolved oxygen, pH and temperature. In spite of that, these factors do contribute to the
different of half saturation constant values [24].

However, in this study, a possible reason for the high measured value of the half saturation
constant, Ks that as obtained was is due to the enrichment culture. The enrichment culture of
the nitrifying bacteria was maintained with a non-limiting supply of ammonia-nitrogen at an
initial level of 100 mg/L [1]. Hence, the efficiency of the mechanism to consume the

ammonia-nitrogen by nitrifying bacteria in the reactor may have been reduced. Since these
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cultures were not permitted time to acclimatise to the experimental ammonia-nitrogen
concentrations, the half saturation constant in this experimental study was high.

The result showed that the use of an immobilized system with the K2 AnoxKaldnes bio-filter
could retain a high density of nitrifying bacteria to perform the ammonia oxidation by
converting the ammonia-nitrogen to nitrite-nitrogen and nitrate-nitrogen. This microbial
community of nitrifying bacteria was able to adapt to the changing ammonia-nitrogen levels
while maintaining the nitrification activity. In the same light, as there is possibility of other
types of bacteria present in the sample effluent, the observed growth constants in this

experiment may have been shown by a mixed population of AOB and NOB.

4. CONCLUSION

It can be concluded that the AOB and NOB in the present study’s batch culture reactor were
tolerant to ammonia-nitrogen concentrations between 5 mg/L and 100 mg/L. In the presence
of an optimum amount of dissolved oxygen, temperature and pH in the given environment,
the nitrifying organisms could survive and attach themselves to the immobilized suspended

carrier system.
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