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Abstract
To study the effect of free cells (suspended bacteria) on performance of entrapped bacteria system (i.e. polyethylene glycol (PEG)-pellet reactor) to treat NH4-N contaminated groundwater, two PEG-pellet reactors
with a lot of free cells - Reactor A containing PEG-pellet and Reactor B containing PEG-pellet and supporting material - and the another control reactor without free cells (Reactor C) were set-up. Three reactors were
operated under various NH4-N concentrations (40-60 mg/L) and various temperatures (5-25ºC). The results
show that the free cells effected on the NH4-N removal efficiency significantly. The free cells developed to
be a biofilm layer on the pellet surface for Reactor A, the biofilm layer caused the decreasing NH4-N diffusion and incomplete nitrification eventually. On the other hand, most free cells attached to the supporting
material for Reactor B. Although the NH4-N could diffuse properly, the free cells consuming acetate caused
the added acetate was insufficient for complete denitrification. However, the results suggest that the supporting material could reduce the effect of free cells on the reactor performance at low temperature as indicated by 1) higher efficiency and 2) lower activation energy (Ea) for nitrification and denitrification in Reactor B than Reactor A.
Keywords: NH4-N removal, Nitrification and Denitrification, Groundwater Purification, Polyethylene Glycol
(PEG)-Pellet, Supporting Material, Free Cells

1. Introduction
Ammonium-nitrogen (NH4-N) is one of the most commonly found contaminations in groundwater in addition
to Fluoride (F), Arsenic (As) and Iron (Fe) [1,2]. Although NH4-N does not directly affect heath, NH4-N is
oxidised to nitrate-nitrogen (NO3-N) easily if exposed to
oxygen (in air) for a long time. Furthermore, the consumption of high NO3-N can cause methemoglobinemia
[3], and it has been known to be a risk factor for the development of gastric and intestinal cancer [4]. Therefore,
NH4-N is a major concern in groundwater and the NH4-N
contaminated groundwater needs to be purified.
There have been several methods published for removing NH4-N from the groundwater, such as swim-bed bioreactor [5], biofilter [6] and clinoptilolite zeolite [7]. Although the swim-bed bioreactor and biofilter could remove the NH4-N around 95-100%, the high NO3-N still
Copyright © 2011 SciRes.

remained in the treated water because both systems were
designed for only nitrification (NH4-N converts to NO3-N
under oxic condition). Therefore, another denitrification
system (NO3-N converts to N2 under anoxic condition) is
needed to complete NH4-N removal to N2 when using the
swim-bed bioreactor and biofilter. In contrast, less NO3-N
was found in the zeolite adsorption system [7], however
the efficiency of 66.3-86.3% could not provide the safe
drinking water (requiring < 1.5 mg/L of NH4-N in accordance with WHO standard [8]) when the groundwater
contaminates high NH4-N (i.e. 62 mg/L as reported in
Kathmandu’s groundwater [9]). Regarding the advantages
of biological system involving low cost and simplicity, the
biological NH4-N removal is really appropriated for
groundwater purification in all areas including developing
country that cannot afford high cost system.
One of biological NH4-N removal technologies is using an entrapped bacteria system. In the entrapped bacteJWARP
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ria system, the bacteria (i.e. nitrifying bacteria, denitrifying bacteria) are entrapped within polymer (pellet or
bead shape). The significant advantage of the entrapped
bacteria system is that nitrification and denitrification
can be achieved in a single reactor. As suggested by
Pochana et al. [10], the oxygen gradient within the pellet/bead leads to both nitrification and denitrification
occurred simultaneously on the pellet surface and core.
Furthermore, other advantages are following: 1) dense
bacteria in the system, 2) high removal capacity (gram
NH4-N removed per day), 3) no sludge wash-out, 4) no
settling system required and 5) less sensitivity to substrates shock-loading [11-14]. However, when the entrapped bacteria system is applied for treating high
NH4-N water containing organic carbon, suspended bacteria (further referred as free cells) which possibly affect
on the efficiency are found easily in the system [15].
Although much effort has been invested in the NH4-N
removal using the entrapped bacteria system [16-18], it
appears no explanations for nitrification and denitrification
under free cells occurrence. Moreover, the efficiency of
entrapped bacteria system under free cells occurring has
not been studied. Therefore, the aim of this research was
to examine the effects of free cells on efficiency, nitrification and denitrification in the entrapped bacteria system.
Furthermore, the addition of supporting material in the
system to reduce the free cells effect was also studied.
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% Efficiency =

13

 Influent NH 4  N  Effluent Total N  100
Influent NH 4  N

(1)

2.2. Supporting Material Characteristic
Figure 1(a) shows a photograph of the supporting material used in this research. The supporting material was
made from textile with polyester warp thread, which has
high tensile strength. The weft was made of special acryl
yarn, which has the most hydrophilic character among
synthetic fibres. The supporting material was kindly
supported by the Networking of Engineering and Textile
Processing (NET) Company, Japan.

2.3. Synthetic Groundwater Preparation
According to the groundwater quality analysis by ENPHO (Environment and Public Health Organization) of
Nepal in 2007 and 2008, the concentration levels (mg/L)
of various water quality parameters are summarised in

2. Materials and Methods
2.1. Polyethylene Glycol (PEG)-Pellet
Preparation and Bacteria Cultivation
The 1.8 L of PEG-pellet from the previous research [19]
was cultivated in three 3 L open tanks operating 6 hours
for aeration and 6 hours for non-aeration. The definitions
of aeration and non-aeration are clarified by following: 1)
aeration - air was supplied continuously to maintain dissolved oxygen (DO) in 5-6 mg/L, and 2) non-aeration no air supply resulted in the decreasing DO value to zero
by 2 hours. Other factors (i.e. temperature, pH, carbon
addition) were same as the operating condition reported
by Khanitchaidecha et al. [19]. For all tanks, approximately 2.2 L water (effluent) was replaced with fresh
synthetic groundwater (influent) at daily interval until the
total nitrogen (sum of NH4-N, NO2-N and NO3-N) removal efficiency reached to 90%. The preparation of
synthetic NH4-N groundwater is explained subsequently.
Since no chemicals for NO2-N and NO3-N were included
in the synthetic groundwater (as listed in Table 1), the
influent NO2-N and NO3-N were negligible. Therefore,
the total nitrogen (N) removal efficiency can be calculated as (1).

Copyright © 2011 SciRes.

(a)

(b)

(c)

Figure 1. Representative the entrapped bacteria system: (a)
supporting material, (b) schematic diagram of Reactor B
containing PEG-pellet and supporting material and (c) operating condition for all reactors.

JWARP

W. KHANITCHAIDECHA

14

Table 1. Raw groundwater quality in Chyasal area, Nepal
and synthetic groundwater quality.
Parameter
NH4-N
2+

Ca
Mg2+
K+
Na+
ClSO42NO2-N
NO3-N
PO4-P
Inorganic carbon
Organic carbon

Concentration (mg/L)
Synthetic
Raw groundwater
In April, 2007
In August, 2008 groundwater
16.09

15.12

31.01
10.82
21.59
29.81
39.34
27.68
0.00
0.02
0.01
32.29
1.81

34.57
10.43
20.14
29.97
41.60
29.97
0.09
0.17
0.00
N/A
N/A

40 (low)
60 (high)
30
10
25
161
76
82
0
0
2
385
0

Table 1. The groundwater samples were collected from a
dug well in Chyasal area in Lalitpur, Nepal; which is the
case study site for this research. The synthetic groundwater was prepared based on the quality parameters reported by ENPHO by mixing the following chemicals
(g/L): 0.48 of NaHCO3, 0.05 of KCl, 0.11 of CaCl2·2H2O,
0.10 of MgSO4·7H2O, 0.02 of Na2HPO4·12H2O and
various (NH4)2SO4. The concentration of K+, Ca2+ and
Mg2+ in the synthetic groundwater was same as that in
the raw groundwater; however the NH4-N concentration
was set as 40 and 60 mg/L because some areas have
higher NH4-N than the value reported by ENPHO [1,9].
Since the phosphorus (PO4-P) and inorganic carbon
(HCO3-) concentrations in the raw groundwater are quite
low for NH4-N removal by biological process, the 2
mg/L of PO4-P and excess inorganic carbon were prepared in the synthetic groundwater as suggested by Sumino et al. [20].

2.4. PEG-Pellet Reactor Set-up and Operation
A schematic diagram of lab-scale NH4-N removal system
is shown in Figure 1(b), the whole system consists of an
entrapped bacteria reactor, a synthetic groundwater (influent) tank, an acetate solution tank, an effluent tank and
three peristaltic pumps. Three simply entrapped bacteria
reactors consisting of a 3 L cylindrical container and a
sparger on the reactor base were set-up; two reactors (as
named Reactor A and C) contained the 0.6 L of cultivated PEG-pellet, and another reactor (as named Reactor
B) contained the 0.6 L of cultivated PEG-pellet and together with the 15 g of supporting material on the top
(shown in Figure 1(b)). Reactor A and B were operated
under high free cells, while Reactor C was set-up as the
control reactor with no free cells.
In the beginning, all reactors were filled with the synthetic groundwater to the full working volume of 3 L, and
Copyright © 2011 SciRes.
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the reactors were operated under 6 hours for aeration and
6 hours for non-aeration. Regarding the operating condition in Figure 1(c), at the beginning of aeration period,
the fresh synthetic groundwater of 2.2 L was fed into the
reactors in 5 min; and the same amount of water was left
the reactors in 15 min at the end of non-aeration period.
Therefore, a hydraulic retention time (HRT) of this system was approximately 12 hours. Due to the organic carbon required for denitrification and no organic carbon in
the synthetic groundwater, the 20 mL of acetate solution
(C2H3O2Na) was added into the reactors in 10 min prior
to the non-aeration period. Therefore, the added acetate
was completely mixed in the reactors with no agitation.
To maintain the C/N ratio of 1.5 for all experiments [19],
the concentration of acetate solution was 6.6 g-C/L for
low NH4-N of 40 mg/L and the acetate concentration increased to 9.9 g-C/L for high NH4-N of 60 mg/L. The
C/N ratio was calculated following equation.
C N ratio 

Acetate solution  mg  C L  Acetate feeding  L
Influent NH 4  N  mg L  Influent feeding  L

(2)

2.5. Experiment Set-up
The experiments consist of Start-up (free cells increment
in Reactor A and B), Experiment 1 (room temperature
operation) and Experiment 2 (low temperature operation),
the details of experiments are following:
Start-up. Reactor A, B and C were fed with the 40
mg/L of synthetic NH4-N groundwater and the 6.6 g-C/L
of acetate solution. After a month, less free cells were
found in Reactor A and B; therefore, the acetate solution
was increased to 9.9 g-C/L and fed to both reactors (Reactor C kept feeding at 6.6 g-C/L). The increasing acetate
concentration resulted that the amount of free cells increased immediately in Reactor A and B. This phenomenon reflected that the free cells might be heterotrophic bacteria. In the end of Start-up, the free cells in Reactor A and B were approximately 1.0 g-TSS/L and less
free cells were found in Reactor C (< 0.05 g-TSS/L).
Experiment 1. All reactors (A, B and C) were fed with
40 mg/L of synthetic NH4-N groundwater representing
low NH4-N concentration and 6.6 g-C/L of acetate solution. The effluent was analysed for NH4-N, NO2-N and
NO3-N every day. After the total N removal efficiency
was stable for a week, the synthetic groundwater increased to 60 mg/L representing high NH4-N concentration. In the meantime, the acetate solution for all reactors
increased to 9.9 g-C/L to keep the C/N ratio of 1.5. During Start-up and Experiment 1, the temperature was controlled at 25°C. After getting the stable total N removal
efficiency at high NH4-N feeding, the experiment 2 was
JWARP
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started continuously.
Experiment 2. The temperature of Reactor A, B and C
was step-wise decreased from 25°C to 20°C, 15°C, 10°C
and 5°C. The temperature for the next step was decreased after getting the stable total N removal efficiency
for a week. For this experiment, the concentration of
NH4-N in synthetic groundwater and acetate solution was
fixed at 40 mg/L and 6.6 g-C/L respectively.

2.6. Free Cells Measurement
The free cells in Reactor A and C were measured by analysing total suspended solid (TSS) in the bulk [21]. For
Reactor B, some supporting material was taken and the
free cells were removed from the supporting material by
washing. After that the washing water was analysed for
TSS and the supporting material was weighted after drying
at 105°C for a night. Moreover, the TSS concentration of
Reactor B’s bulk was also analysed. The total free cells in
reactor B was estimated by sum of TSS concentration in
the bulk and that in 15 g of supporting material.

2.7. Analytical Methods
The NH4-N, NO2-N and NO3-N concentrations in both
influent and effluent were measured using the phenate,
colorimetric and ultraviolet spectrophotometric screening
methods, respectively in accordance with the standard
method for the examination of water and wastewater [21].
The carbon concentration in acetate solution was analysed using a total organic carbon analyser (Shimadzu
TOC-5050A). The intermittent aeration was controlled by
a timer. The DO concentration was measured by DO
meter (Hiriba OM-51) and the temperature was controlled by incubator.
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nitrification, k is reaction rate coefficient (1/h) and t is
time (h).
Moreover, the k value is associated with temperature
(T) and activation energy (Ea), as given in (4) [23]:
 1000 
R  ln kT  R  ln A  Ea 

 T 

(4)

where kT is reaction rate coefficient at temperature T
(1/h), A is pre-exponential factor, Ea is activation energy
(kJ/mol), R is ideal gas constant (8.314 J/mol-K), and T
is temperature (K).
Both the kT and Ea values were used to explain the rate
and the process of nitrification and denitrification at
various temperatures in this research.

3. Results and Discussion
3.1. Free Cells Occurrence
Figures 2(a)-2(d) present the photographs of Reactor A
and Reactor B before and after Start-up. There were no
free cells in the beginning as shown in Figures 2(a) and
2(c), however the amount of free cells increased to 1.0
g-TSS/L in the end as shown in Figures 2(b) and 2(d).
The authors observed that in Reactor A, plenty of free
cells were suspended and covered on the PEG-pellet
surface as a biofilm layer. In contrast, most free cells
attached to the supporting material in Reactor B. The
free cells occurred by expending the entrapped bacteria
near the pellet surface. Due to high concentration of substrates (i.e. oxygen, acetate, NH4-N) in the bulk, the bacteria near pellet surface increased rapidly and released

2.8. Reactor Performance Analysis Using
Reaction Rate Coefficient (k)
In the PEG-pellet reactor, the NH4-N contaminated
groundwater was removed by nitrification and denitrification processes via the intermittent aeration [19]. The
rate of both processes can be explained using a reaction
rate coefficient (k) as suggested by Schroth et al. [22].
The relation between k and substrate concentration (i.e.
NH4-N) in the first-order function is given in (3) [23]:
ln

Ct
 kt
C0

(b)

(c)

(d)

(3)

where Ct and C0 represent the NH4-N concentration
(mg/L) at time t and 0 in the aeration period for nitrification and they represent the sum of NO2-N and NO3-N
(mg/L) at time t and 0 in the non-aeration period for deCopyright © 2011 SciRes.

(a)

Figure 2. Representative photographs of (a)-(b) reactor A
before and after Start-up, and (c)-(d) reactor B before and
after Start-up.

JWARP

16

W. KHANITCHAIDECHA

from the pellet into the bulk [24]. To identify the bacteria
type of free cells and their roles in the NH4-N removal
system, the further analysis using microbial techniques is
needed. However, the free cells possibly were aerobic
heterotrophic bacteria requiring organic carbon (i.e. acetate) and oxygen because of these following reasons: 1)
less free cells were found in Reactor C which low acetate
feeding, 2) a lot of free cells were found in Reactor A
and B after increasing the acetate concentration in
Start-up, 3) the higher growth rate of aerobic heterotrophic bacteria than the nitrifying and denitrifying bacteria
[25] leads to a rapid increase in density and an easy release from the pellet, and 4) the absence of pure cultures
of nitrifying and denitrifying bacteria in the pellet preparation, therefore various types of bacteria including nitrifying, denitrifying and other bacteria were possibly
presented within the pellet.
In general, the aerobic heterotrophic bacteria have no
important role for nitrification and denitrification, and in
the meantime they are competitive with nitrifying and
denitrifying bacteria for oxygen and acetate consumption.
Therefore, the reactor performance under a lot of free
cells would be studied further. Moreover, the addition of
supporting material was a proposed option to reduce the
free cells effect in the PEG-pellet reactor.

3.2. Reactor Performance at Room Temperature
The performance of PEG-pellet reactor under a lot of
free cells was indicated by the total N removal efficiency
of Reactor A and B, as shown in Figures 3(a) and 3(b);
and the effluent NH4-N and sum of effluent NO2-N and
NO3-N are shown in Figures 3(c)-3(f). The performance
was compared to the control reactor with no free cells,
Reactor C. In practical, there were a few free cells in
Reactor C, however, they were removed frequently to
keep the no free cells condition. At 40 mg/L of synthetic
NH4-N groundwater feeding (or NH4-N feeding), there
were no difference in the total N removal efficiency as
all reactors could achieve 95-100%. Although the Reactor A’s pellet was covered by the free cells layer, which
resists the NH4-N diffusion [24]; the aeration period of 6
hours in this research was long enough to allow the complete nitrification by slowly NH4-N diffusing. For Reactor B, it had no free cells layer covering the pellet, the
NH4-N could diffuse into the pellet properly. Regarding
the bacteria cultivation in the PEG-pellet preparation
(Subsection 2.1), the high total N efficiency of 90% was
reached, reflecting the nitrifying and denitrifying bacteria
were cultivated and rich within the pellet. Therefore,
under low NH4-N feeding, the nitrifying and denitrifying
bacteria could use NH4-N in their metabolism to generate
N2 gas properly even though there were lots of free cells

Copyright © 2011 SciRes.
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in the reactors.
To explore the evidence of resistance to NH4-N diffusion when the free cells were forming as biofilm layer,
the nitrogen time course of Reactor A, B and C at 40
mg/L of NH4-N feeding was determined and the results
are shown in Figures 4(a)-4(c). Based on the first-order
kinetic equation (in (3)), the change in NH4-N is presented in logarithm function in Figures 5(a)-5(c). From
Figures 5(a)-5(c), the fact that the reaction rate coefficient for NH4-N removal (kNH), representing the nitrification rate, of 0.25 h-1 for Reactor A was smaller than the
0.40 h-1 for Reactor B; this result illustrates the effect of
the biofilm layer on the decreasing NH4-N diffusion.
However, the free cells attaching to the supporting material also affected the nitrification rate, as indicated by a
bit lower kNH of 0.40 h-1 for Reactor B than the 0.43 h-1
for Reactor C. However, there was no difference in overall performance of PEG-pellet reactors, operating under
1) the free cells covering on pellet, 2) the free cells attaching to supporting material and 3) no free cells, at low
NH4-N feeding (i.e. 40 mg/L). Therefore, the authors decided to increase the NH4-N feeding to 60 mg/L to study
the effect of free cells at high NH4-N concentration.
After increasing the NH4-N concentration in synthetic
groundwater to 60 mg/L, the total N removal efficiency
of Reactor A and B slightly decreased to 90-95%, while
the Reactor C’s efficiency is a bit higher than Reactor A
and B (as shown in Figure 3(b)). In addition, Figures
3(d) and 3(f) indicate that the major reason for decreasing efficiency in Reactor A was incomplete nitrification
(high NH4-N remained), and that in Reactor B and C was
incomplete denitrification (NO2-N and NO3-N remained).
However, the sum of NO2-N and NO3-N for Reactor B
was gradually increasing over time (day) and the concentration was much higher than that for Reactor C (control reactor). These differences might cause the free cells
effect in term of biofilm layer and acetate consumption.
Therefore, the points of biofilm layer of free cells and
acetate consumption by free cells would be deeply discussed as following:
1) Biofilm layer of free cells:
As the earlier discussion, the biofilm layer reduced the
diffusion of substrate (i.e. NH4-N) into the pellet. Moreover, the NH4-N removal (nitrification) was mainly occurred in the aeration period as suggested by Khanitchaidecha et al. [19]. Therefore, the longer period of
aeration (> 6 hours) is required to complete all NH4-N
when the pellet was covered with biofilm layer, especially high NH4-N in the system. The NH4-N remained in
Reactor A fed with 60 mg/L in Figure 3(d) supported
this explanation. Due to low NH4-N concentration and
long enough aeration period of 6 hours, the incomplete
nitrification was not found at 40 mg/L of NH4-N feeding.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. Representative (a)-(b) total N removal efficiency, (c)-(d) effluent NH4-N and (e)-(f) sum of effluent NO2-N and
NO3-N at 40 and 60 of NH4-N feeding (at 25°C).

2) Acetate consumption by free cells:
Due to the presence of free cells in the bulk and their
high growth rate (free cells were mentioned to be heterotrophic bacteria in the earlier discussion), the added acetate was quickly consumed by the free cells. The small
acetate was allowed to diffuse into the pellet core, where
the denitrifying bacteria presented, resulting the comCopyright © 2011 SciRes.

plete denitrification could not occur in the system. The
NO2-N and NO3-N remained in Reactor B fed with 60
mg/L in Figure 3(f) supported this explanation. However,
this phenomenon did not occur in Reactor A because less
NO2-N and NO3-N from the incomplete nitrification
could be removed completely using the small acetate diffused. In Reactor B, although the C/N ratio was controlled
JWARP
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(a)

(a)

(b)

(b)

(c)

Figure 4. Representative nitrogen time course for (a) Reactor A; (b) Reactor B and (c) Reactor C at 40 mg/l of NH4-N
feeding (at 25°C).

at 1.5 C/N ratio for all experiments (i.e. 40 and 60 mg/L of
NH4-N feeding), the increasing free cells over time (day)
was significant reason for insufficient acetate in only the
later experiment (60 mg/L of NH4-N feeding); the free
cells increased from ~1.0 g-TSS/L after Start-up to ~1.2
g-TSS/L after Experiment 1. From all above results,
Copyright © 2011 SciRes.

(c)

Figure 5. Representative logarithm function of NH4-N removal in the aeration period for (a) Reactor A, (b) Reactor
B and (c) Reactor C (from Figure 4).

the free cells had small effects on the total N removal
efficiency as indicated by a bit lower efficiency of the
free cells reactors (Reactor A and B) than the no free
cells reactor (Reactor C). It should be noted that the reactors were operated at room temperature (~25°C) for
JWARP
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above experiments. However, the drastic effects of the
free cells on the total N removal efficiency could be seen
at low temperature, as discussed below.

3.3. Reactor Performance at Low Temperature
Figure 6(a) shows the total N removal efficiency of Reactor A (free cells covered on pellet), B (free cells attaching to supporting material) and C (no free cells) as a
function of temperatures. The decrease in efficiency with
decreasing temperature, as exemplified over the range
5-25°C, causes of the suppression of bacterial process
and biochemical mechanism at low temperature [26].
However, the dramatic decrease in efficiency was found
in only Reactor A, this phenomenon is likely due to the
affect of free cells covering the pellet on nitrification and
denitrification processes.
From Figure 6(b), the increasing NH4-N in Reactors
A and B with decreasing temperature was not much different, approximately 2 mg/L. The lower NH4-N in Reactor B reflects that the nitrification was more effective
under the additional supporting material system. This is
because the NH4-N diffused into the PEG-pellet properly
when there was no biofilm layer. However, the free cells
(both attaching to material and covered on pellet) affect
on the NH4-N removal as indicated by the higher NH4-N
for Reactor A and B than Reactor C at all temperatures.
This is because the free cells, identified as heterotrophic
bacteria, suppress the nitrifying bacteria activity, due to
the competition of substrate consumption (i.e. oxygen)
[25,27]. It can be summarised that the free cells have
some effects on nitrification at low temperature.
Besides in Figure 6(c), the much higher NO3-N in Reactor A in comparison with Reactor B and C indicates that
the biofilm layer of free cells strongly effected on the denitrification. In Reactor A, the long-term biofilm layer
covering on the pellet results that the denitrifying bacteria
presenting in the pellet core were inactive because of acetate absence [28]. Two possible reasons were suggested
for no acetate in the core: 1) the acetate diffusion decreased due to the resistance of biofilm layer [24], and 2)
some acetate was consumed by free cells forming as biofilm layer. On the other hand, this phenomenon did not
appear in Reactor B because most free cells attached to the
supporting material. Although some acetate was consumed
by these free cells, some acetate could diffuse into the
pellet core under no biofilm resistance. This diffusion allowed the denitrifying bacteria in the pellet core to work
properly. Therefore, the incomplete denitrification at low
temperature for Reactor C caused the decrease in bacteria
activity only; while that for Reactor A and B caused both
the decrease in bacterial activity and free cells affect,
particularly in Reactor A the inactive denitrifying bacteria might be another cause. Due to the difference in overall
Copyright © 2011 SciRes.

(a)

(b)

(c)

Figure 6. Representative (a) total N removal efficiency, (b)
effluent NH4-N concentration and (c) sum of effluent NO2-N
and NO3-N concentration as a function of temperatures for
Reactor A, B and C.

performance between free cells covering on pellet, free
cells attaching to supporting material and no free cells
reactors could be seen clearly at 40 mg/L of NH4-N
feeding, the reactors performance at high NH4-N (i.e. 60
mg/L) at low temperature would not be studied.
The authors summarise that the supporting material
JWARP
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could reduce the effect of free cells on the decreasing
efficiency by preventing the free cells covered on the
pellet surface. This phenomenon allows the entrapped
nitrifying and denitrifying bacteria to behave normally.
Furthermore, the explanation for nitrification and denitrification processes during decreasing temperature would
be discussed via the reaction rate coefficient analysis in
the following section.
Reaction rate coefficient analysis
To explore further the evidence of reducing free cells
effect on nitrification and denitrification processes by
additional supporting material, the activation energy (Ea)
of both processes for Reactor A and B during decreasing
temperature was compared in Figures 7(a) and 7(b). The
figures show the plot of (4) and the Ea value for nitrification and denitrification. For the nitrification, the Ea value
of Reactor B (36.79 kJ/mol) was slightly lower than that
of Reactor A (40.45 kJ/mol). This result reflects the idea
that the nitrification in Reactor B was less sensitive to
low temperature than Reactor A, because the NH4-N
diffusion and the nitrification process could occur properly in Reactor B which the free cells attached to sup-

ET

AL.

porting material. Furthermore, the Ea value for the denitrification in Reactor A (182.52 kJ/mol) was more than
three times higher than that in Reactor B (59.87 kJ/mol).
The higher energy requirement for Reactor A caused that
some denitrifying bacteria work improperly due to the
lack of acetate and inactive denitrifying bacteria. These
results support that the supporting material could prevent
the free cells effect on the decreasing performance of
PEG-pellet reactor. However, the lowest Ea value of Reactor C insisted that the occurrence of free cells in the
reactor affect to the performance significantly.

4. Conclusions
A lot of free cells in the entrapped bacteria system (i.e.
PEG-pellet reactor) affected on the NH4-N removal by 1)
reducing the diffused NH4-N and acetate when the free
cells formed as biofilm layer on the PEG-pellet surface,
and 2) consuming acetate when the free cells attached to
the supporting material. Both phenomena result in the
incomplete nitrification and denitrification and the decrease in NH4-N removal efficiency. However, the addition of supporting material in the reactor could reduce
the effect of free cells on nitrification and denitrification
suppression, especially when the reactor was operated at
low temperature.
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