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Abstract The research investigated the nitrification

characteristics of two different immobilization meth-

ods: nitrifier encapsulation in polyethylene glycol

(PEG) gel pellets and nitrifier biofilm attachment on

elastic plastic filler. The two carriers were placed in

identical reactors. They reached a maximum nitrifi-

cation rate of 39 and 25 mgN/L�h 30 days after start-

up. The results showed that the nitrification efficiency

in the PEG reactor was higher than in the biofilm

reactor under the same conditions. Variations in

temperature decreased the nitrification rate by

approximately 55% in the PEG reactor from 28 to

8�C, while 74.2% in the biofilm reactor. When the

COD loading rate was increased to 0.8 kg/m3 day,

the nitrification efficiency in the biofilm reactor

dropped sharply to 23%, and that of PEG reactor

remained over 80%. PEG pellets with a high nitri-

fication rate under all conditions showed promise as

an immobilization medium, and are likely to be

utilized in the nitrification of high-strength ammonia

and COD wastewater during long-term operation.

Keywords Immobilized nitrifiers �
PEG � Biofilm � Nitrification rate

Introduction

The biological nitrogen removal process is the most

common method of removing ammonium from

wastewater. The oxidation of ammonia to nitrate is

a two-stage reaction. Firstly, there is the oxidation of

ammonia attributed to ammonia oxidation bacteria

(AOB) such as Nitrosomonas. Secondly, there is the

oxidation of the ensuing nitrite attributable to nitrite

oxidation bacteria (NOB) such as Nitrobacter (Bock

et al. 1986; Rittmann and McCarty 2001). Neverthe-

less, nitrifiers grow slowly, and have a low yield.

Hence, without long retention times they would be

washed out of a continuous reactor unless they are

immobilized. Immobilizing the microorganisms

either on a support carrier as a fixed biofilm process,

or by encapsulating the organisms within a matrix,

would ensure that the nitrifiers would be highly

concentrated within the treatment system. Thus,

volumetric efficiency would be greatly increased.

Because of immobilization, relatively small reactors

could be used, thus affording protection from extreme

conditions. Thus, immobilization would help main-

tain year-round treatment (Morita et al. 2007).

A fixed biofilm is a viscoelastic layer of microor-

ganisms attached to a solid surface of the support

Z. Li (&) � Z. Zhang � Z. Zhang

School of Environmental Science & Engineering,

Shanghai Jiaotong University, 200240 Shanghai, China

e-mail: lizr210@hotmail.com

J. Li

School of Municipal and Environmental Engineering,

Shenyang Jian Zhu University, 110168 Shenyang, China

123

Biodegradation (2009) 20:859–865

DOI 10.1007/s10532-009-9273-z



media. Fixed biofilm systems have generally been the

preferred method of immobilization in wastewater

treatment because of their simple, reliable and stable

characteristics and ease of use in small-scale treat-

ment (Zhu and Chen 2002). The examples of fixed-

film reactors including trickle filters (Kamstra et al.

1998), submerged biological aerated filters (Rother

et al. 2002), rotating biological contactors (Chen et al.

2006a, b), fluidized bed reactors (Pruden et al. 2003)

and suspended carrier biofilm reactors (Wang et al.

2005) have been investigated to remove nutrients and

other pollutants from both household and industrial

wastewater.

The encapsulation of biomass in polymers results

in high cell density and viability. Considerable

researches have been conducted using alginate,

carrageenan (Kim et al. 2000) and polyvinyl alcohol

(PVA) (Cao et al. 2002), and so on. However, such

polymers are not sufficiently robust for use in

wastewater treatment because the carrier material is

required to have low solubility and biodegradability,

high stability and diffusivity, and of course, to cost

less (Leenen et al. 1996). At present, Encapsulation in

polyethylene glycol (PEG) is the only encapsulation

immobilization to be used at full-scale (Antonina

et al. 1996). Some studies (Qiao et al. 2008; Isaka

et al. 2007) on treating ammonia wastewater at high

loading rate and low temperature using PEG immo-

bilized nitrifiers has also demonstrated at lab-scale.

Nitrification in immobilization system involves

physical, chemical and biological processes that are

governed by a variety of parameters such as substrate

concentration, hydraulic retention time (HRT),

organic matters, temperature, pH and other conditions

(Chen et al. 2006a, b). The nitrification characteristics

of two different microorganisms immobilization

methods of attachment on a support carrier and

encapsulation in a polymer matrix applied in two

similar reactors have seldom been reported. Little

information is available to qualify the effects of

operational parameters on the nitrification of two

immobilization methods.

In this study, the environmental factors that affect

the nitrification characteristics of two types of immo-

bilized cells were investigated. This study presents the

results from the nitrification of synthetic ammonia

wastewater using both PEG encapsulated nitrifiers and

biofilms attached to elastic plastic filler. The aim of

the work was to determine whether encapsulation

conferred an advantage on reactor operation, and

which of the immobilization media tested performed

better under ammonia and COD loading conditions

and various temperatures.

Materials and methods

Immobilization materials

Artificially immobilized cells and naturally attached

cells (biofilms) were used in this research. Two

immobilization media were chosen. One was encap-

sulated nitrifier pellets (Fig. 1a) supplied by Hitachi

Plant Engineering and Construction Co., Ltd. The gel

carrier contained 10% (w/v) PEG, 0.5% (w/v)

promoter, 0.25% (w/v) initiator, and 2% (w/v)

microorganisms (Hashimoto and Sumino 1998). The

resulting polymerized gel carrier was cut into

3 mm 9 3 mm 9 3 mm cubes (density 1.02 g/cm3).

The other carrier was elastic plastic filler with specific

surface area of about 250 m2/m3 (Fig. 1b) attached to

active sludge biofilm. Threads made of polyolefins

and polyamide were attached to a strong rope and

spaced evenly in 3-dimensions. Thus, the biofilm was

able to attach to each piece of thread and came into

complete contact with both air and liquid.

Description and operation of the reactors

In order to compare the effects of the two immobi-

lization methods, two identical reactors were used, as

shown in Fig. 2. 18L reactors made of acrylic glass

Fig. 1 Carriers of the two reactors. a PEG encapsulated

nitrifiers; b elastic plastic filler
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were fed with synthetic ammonia wastewater by

variable diaphragm pumps (Pulsafeeder, LD54,

USA). An inner circulation tube with two open sides

was set in the center. Air was supplied through a

sintered glass ball at the base of the reactor. Mesh

(1 mm 9 1 mm) placed at the reactor outlet was used

to separate the immobilized particles from the

outflow of the treated water. pH was 7.6–7.8 in

stable operation. The water temperature was main-

tained at 27 ± 1�C, except in the experiment inves-

tigating the influence of temperature on nitrification.

The first reactor was filled with 10% PEG pellets

by volume. Aeration caused the pellets to float

through the central tube to the top of the reactor,

and then gravity caused them to sink to the bottom. In

the second reactor, elastic plastic filler with the

attached biofilms was wound around the central tube.

Thus, inner circulation occured in both reactors,

ensuring the complete mixing and contact between

the liquid and immobilized nitrifiers.

The synthetic wastewater (40 mgN/L) per liter

contained: NH4Cl, 153 mg; NaHCO3, 468 mg; Na2H-

PO4 � 12H2O, 46.4 mg; NaCl, 20.5 mg; KCl, 9.6 mg;

CaCl2 � 2H2O, 9.6 mg; and MgSO4 � 12H2O,

33.6 mg. COD in the form of glucose was added.

The reactor was operated until stability was

achieved, which occurred after 30 days. Then a batch

experiment was carried out to check the maximum

nitrification rate of each reactor. Glucose was added

to the feed to investigate whether heterotrophs would

grow and inhibit the nitrifiers. Also, the temperature

was changed in steps from 32 to 8�C, and each step

was kept for 10–15 days at each temperature until

deviation of nitrification rate was less than 5% in

3 days. Subsequently, the reactors were operated for

10 days at 32�C to reactivate the biomass. Finally, we

investigated the nitrification efficiency during a long-

term continuous operation.

Reactor pH, DO, temperature and flow rate were

monitored daily, while the effluent was analyzed for

ammonia, nitrite, nitrate and COD using standard

methods (APHA 1995) at least every other day.

Results and discussion

Startup of the reactors

Before the experiment, the encapsulated cell pellets

in PEG reactor were black and malodorous because

they had been immersed in water and hermetically

sealed under room temperature for a long period; thus

the initial nitrification activity of the PEG pellets was

relatively low.

In the biofilm reactor, seed sludge [mixed liquid

suspended solid (MLSS) was 2,000 mg/l] from the

anoxic/oxic process of a sewage treatment plant was

added. In the early days of cultivation, the ammonia

loading was 0.1 kgN/m3 day, and was enhanced to

0.2 kgN/m3 day when the nitrification rate of each

reactor reached over 80%. However, the nitrifiers

could not tolerate a higher concentration, which lead

to a sharp decrease in the nitrification rate, as shown

in Fig. 3. The nitrification rate gradually returned to
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Fig. 2 Schematic diagram of the reactor system. 1, Influent

bank; 2, Pump; 3, Aeration pump; 4, Heater and temperature

controller; 5, Effluent
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the maximum. After 3 weeks’ cultivation, the encap-

sulated pellets turned brown and the nitrification

activity remained over 93%. This implied the

successful cultivation. After the first 24 h, a brown

biofilm appeared on the carrier. Thirty days later, the

nitrification rate reached 82%. As the ammonia

loading rate increased, nitrification remained stable,

which indicated that the startup period of each reactor

was over.

Batch experiment

The initial ammonia concentration of both reactors

was 250 mg/l. Concentrations of different forms of

nitrogen were checked at regular intervals (Fig. 4). In

Fig. 4, the nitrification rate of the PEG reactor at

39 mgN/L h was higher than that of the biofilm

reactor at 25 mgN/L h. Nitrification is a zero-stage

reaction, i.e., ammonia strength is not the limiting

factor in nitrification. Therefore, the ammonia con-

centration will reduce linearly with time if microor-

ganisms can endure the initial concentration. In this

experiment, it was difficult to keep the two reactors at

the same biomass. However, each reactor eventually

achieved its optimal efficiency. Thus, the different

nitrification rates reflected the difference between the

two immobilization methods, that is, encapsulated

nitrifiers were superior to attached biofilm in

nitrification.

It can be seen from Fig. 4 that nitrite accumu-

lation took place in each reactor when ammonia

concentrations decreased. When ammonia concentra-

tion was close to zero, nitrite concentration began

falling. Some researches (Anthonisen et al. 1976;

Abeling and Seyfried 1992) has revealed that the

inhibition concentration of free ammonia (FA) to

NOB is 0.1–1.0 mg/l, and that the inhibition concen-

tration of FA to AOB is 10–40 mg/l. In this exper-

iment, the concentration of FA was 20–30 mg/l,

according to the following formula:

FA ¼ 17

14
� ½NH4

þ � N� � 10pH

Kb=Kw þ 10pH

in which Kb dissociation constant of ammonia and Kw

is the ionization constant of water. FA inhibits NOB,

while AOB could metabolize and reproduce nor-

mally. This is why nitrite accumulation occured even

when DO was sufficient.

However, accumulation of nitrite in the PEG

reactor was more obvious than in biofilm reactor. In

the encapsulated pellets, diffusing resistance was

from double block of penetrating through the

biomass and the carrier. Nitrobacter with a lower

cell yield (0.042 mg cells/mgN) than that of Nitros-

omonas (0.142 mg cells/mgN), may grow in the

inner layer (Wiesman 1994). Also the NOB used

the products of the AOB as its substrate. Thus, the

double resistance in mass transfer blocked contact

between most NOB and the substrates, while there

was little effect on AOB. In the biofilm reactor,

microorganisms grew on the surface of the carrier

and liquid flew passing the biofilm like a film

(Montràs et al. 2008), so that substrates were blocked

only by biofilm from surface to inside. Over time,

more NOB were bred and hence involved in the

metabolization process converting nitrite into nitrate

(Montràs et al. 2008).

During the nitrification process, there were some

discrepancies between the influent ammonia and the

total effluent nitrogen levels. These nitrogen losses

could have been due to nitrogen being incorporated

into the biomass during growth, absorbed on the

surface of the carrier or biofilm and ammonia

stripping at high pH. Otherwise, the reaction in each

reactor was heterogeneous and there must have been

a mass transfer limitation. Low DO concentration and

poor turbulent flow existed inside the biofilm where

aerobic denitrifiers may have breed to reduce nitro-

gen or to release nitrogen in gaseous forms (NO and

N2O) before conversion into nitrate.
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Influence of temperature on nitrification

Nitrifying bacteria are known to be sensitive to

temperature, and nitrification is sometimes consid-

ered impossible at low water temperature (Zhu and

Chen 2002).

As seen in Fig. 5, the PEG reactor had a higher

nitrification rate than the biofilm reactor. Maximum

activity appeared at 28�C. A decrease in nitrification

of approximately 55% was seen in the PEG reactor

from 28 to 8�C, while nitrification decreased 74.2%

in the biofilm reactor. Likewise, a decrease of

nitrification of 2.5% was seen in the PEG reactor

from 28 to 32�C, while nitrification decreased 19.4%

in the biofilm reactor. Nitrification rate in biofilm

reactor decreased sharply when temperature was

below 13�C while in PEG reactor diffusion continue

to mask the microbiological rates down to about

10�C. PEG reactor seemed to be superior to biofilm

reactor between 10 and 32�C, although below 10�C

both reactors are losing performance at a similar rate.

Several parameters changed with temperature,

including diffusivity, KLa, the kinetics of nitrification,

and equilibrium DO concentration. Each parameter

will influence the reaction rates, especially in immo-

bilized systems. All parameters should be considered

when attempting to explain temperature effects. There

are several reports in the literature of immobilized

biomasses being immune to adverse temperatures

(Leenen et al. 1997; Asano et al. 1992). Substrate

diffusion limitation was the probable reason for this

(Zhu and Chen 2002; Isaka et al. 2007). Zhu and Chen

(2002) concluded that although the diffusion coeffi-

cient itself increases as temperature increases, the

diffusion process limited the mass flux into the

immobilized biomass and thus DO can become a

limiting factor within the biomass. It seems that

diffusion through the matrix or biofilm can help make

biomasses immune to adverse conditions by creating

micro-environments within the gel matrix.

Influence of organic substances on nitrification

Wastewater is always composed of nitrogen com-

pounds and organic substances (measured with

COD). Even with pretreatment of COD removal,

the residual COD will influence the nitrification

activity of autotrophic nitrifiers in traditional treat-

ments (Ling and Chen 2005).

At the operational HRT of 10.5 h glucose was

added to the feed in order to investigate whether

heterotrophs would grow and inhibit the nitrifiers

(Fig. 6). COD loading hardly affected the nitrification

activity of the PEG reactor obviously, but it did affect

the biofilm reactor. When the COD loading rate

increased to 0.8 kg/m3 day, the nitrification effi-

ciency of the biofilm reactor dropped sharply to

23%, whereas that of the PEG reactor remained over

80%. This may be explained by the following. After

the long-range acclimation with high strength ammo-

nia wastewater, the majority of the pores of encap-

sulated pellets were filled with nitrifiers. When COD

was added, there was no space for heterotrophs to

grow. Most would be washed out of the reactor.
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Meanwhile, more heterotrophs would be attached to

the surface of the biofilm formerly composed of

nitrifiers. As heterotrophs reproduce much faster than

nitrifiers and have a strong affinity with oxygen, after

a period of operation with COD feed, the nitrifiers in

the biofilm reactor were greatly inhibited.

Reactor performance

The PEG reactor had greater nitrification efficiency

than the biofilm reactor. This was probably because

the PEG reactor supported more biomass and/or the

encapsulated bacteria were better protected from

substrate inhibition effects. After a long period of

operation, part of the biofilms in the biofilm reactor

regularly fell off the carrier, thus increasing the

turbidity of the effluent. The nitrification in this

research compares favorably with those reported in

Table 1. The encapsulated pellets were mechani-

cally stable. At present, PEG is the only encapsu-

lation immobilization media to be used at full-scale

(Antonina et al. 1996). The rates achieved in the

PEG reactor could be further improved with particle

and reactor optimization to improve mass transfer.

The use of biomasses immobilized in PEG appears

very promising in treating wastewater of higher

ammonia and COD loading rate in long-term

operation.

Conclusions

Nitrifier encapsulation and biofilm attachment to

elastic plastic filler are efficient methods in the

nitrification process. Each exhibited good nitrification

activity and operational stability. The reactors using

these two immobilization methods took 30 days to

reach their respective maximum nitrification rates of

39 and 25 mgN/L h.

Nitrite accumulation occurred in each reactor. The

PEG reactor yielded more nitrite due to the cell yields

of Nitrosomonas and Nitrobacter and the substrate

transfer mechanism. Nitrogen loss indicated that

there was probably a denitrification reaction inside

the carrier and biomass.

Temperature variations affected nitrification activ-

ity: going from 28 to 8�C resulted in approximately a

55% decrease in the PEG reactor from and a 74.2% in

the biofilm reactor. PEG reactor seemed to be

superior to biofilm reactor between 10 and 32�C,

although below 10�C both reactors are losing perfor-

mance at a similar rate. It seems that diffusion

through the matrix or biofilm offers protection from

adverse conditions by creating micro-environments

within the gel.

The impact of COD and ammonia loading hardly

affected nitrification in PEG reactor, while the

nitrification rate of the biofilm reactor dropped to

23% after a period of operation with a COD feed.

Heterotrophs reproduced easily on the biofilm surface

and consumed most of the oxygen, which restrained

the ability of the nitrifiers.

The PEG encapsulated pellets showed high nitri-

fication ability and more stability over the long term,

thus promising to be a preferred immobilization

method for treating wastewater of higher ammonia

and COD loading rate in long-term operation and

achieving quick start-up.

Table 1 Nitrification rates with immobilized biomasses reported in the literature

Nitrification rate

(mgN/L h)

Wastewater Immobilization method Reference

27.1 Seawater 40 mgN/L Porous cellulose carrier Antonina et al. (1996)

10 Synthetic wastewater (lab scale) 20 mgN/L Suspended carrier (biofilm) Wang et al. (2005)

8.3 Synthetic wastewater (lab scale) 35 mgN/L Membrane aerator (biofilm) Brindle and Stephenson (1996)

10.4 Synthetic wastewater (lab scale) 50 mgN/L Calcium alginate (encapsulation) Van Ginkel et al. (1983)

29.2 Synthetic wastewater (lab scale) 500 mgN/L PVA (encapsulation) Rostron et al. (2001)

22.5 Wastewater from a sludge drying plant

(full-scale)

PEG, 3 mm cubes (encapsulation) Tanaka et al. (1994)

29.6 Landfill leachate (lab scale at 10�C)

200 mgN/L

PEG, 3 mm cubes (encapsulation) Isaka et al. (2007)
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Montràs A, Pyke B, Boon N, Gòdia M, Mergeay M, Hendrickx
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