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Immobilized pellets obtained by means of entrapping activated sludge in waterborne
polyurethane were successfully adapted in ammonium (NH4

+–N) synthetic wastewater. Its
physicochemical characteristics were determined using scanning electron microscope,
pyrosequencing, and microelectrodes, and its influence on the nitrification process in
sequencing batch reactors (SBRs) at low temperatures was evaluated. A large number of
rod-shaped bacteria were observed on the surface of the immobilized pellet, in which
Rudaea spp. (Xanthomonadaceae family) was an important bacterial component (23.44% of
the total bacteria). The oxygen uptake rate of immobilized pellets reached 240.83 ±
15.59 mg O2/(L·hr), and the oxygen was primarily consumed by the bacteria on the pellet
surfaces (0–600 μm). The dosing of the pellets (30 mL/L) into an SBR significantly improved
the nitrification efficiency at low temperatures of 7–11 °C, achieving an average NH4

+–N
removal of 84.09%, which is higher than the removal of 67.46% observed for the control
group.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Ammonium (NH4
+–N) in wastewater is derived from the

enzymatic breakdown of urea, proteins, and other nitrogen-
containing materials. It is widely accepted that NH4

+–N is toxic
to several fish species in an aqueous solution even at low
concentrations (0.1 mg/L) (Eshchar et al., 2006) and can be
transformed into nitrite (NO2

−–N) andnitrate (NO3
−–N) indrinking

water, which can confer risks to human health, such as
infant methemoglobinemia and gastric cancer (Bruning-Fann
om (Li Yan).

o-Environmental Science
and Kaneene, 1993; Ward et al., 2005). Thus, NH4
+–N must be

removed from wastewater before being discharged into a water
body.

As an efficient and economical technology for NH4
+–N

removal, biological treatment is widely applied in wastewater
treatment plants (WWTPs), but low temperatures (<15 °C)
would sharply reduce the activity of microorganisms, such as
nitrobacteria, leading to poor NH4

+–N removal (Fdz-Polanco et al.,
1994; Sudarno et al., 2011). Therefore, feasible methods to
enhance NH4

+–N removal at low temperatures are desired.
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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Traditional practices have been carried out to improve NH4
+–

N removal by adjusting operating parameters, such as sludge
load, return sludge, aeration rate, and hydraulic retention
time (HRT) (Salem et al., 2003; Wu et al., 2007), but it is still
difficult to achieve high treatment efficiency or reduced
operation costs in biological systems at low temperatures.
Another alternative method is bio-augmentation to enhance
the nitrification process in a biological system via psychro-
trophs (Ben et al., 2009; Chevalier et al., 2000; Huang et al.,
2015), granular sludge (de Kreuk et al., 2005) or bacterial
immobilization (Isaka et al., 2007, 2008). Due to the slow
growth of microbes at low temperatures, it is hard to maintain
responsible psychrotrophs as the predominant species or takes a
long time to form stable granular sludge in biological systems.
Therefore, a simpler and more effective method is still desired.

The immobilization technique entraps microorganisms in
the interior of a porous material and has several advantages
(Hashimoto and Sumino, 1998; Sumino et al., 1992; Qiao et al.,
2010), such as easy preparation, a long biomass retention time
and resistance to shock load, which are especially beneficial
for the slow growth of nitrifying activated sludge. Thus, im-
mobilizationmight be an effectivemethod for enhancing NH4

+–N
removal at low temperatures. Isaka et al. (2007) reported using
nitrifying bacteria entrapped in a polyethylene glycol gel carrier
to obtain stable nitrification rates at 10 °C for high concentrations
of NH4

+–N in landfill leachates. Dong et al. (2011) also used
entrapment of activated sludge pellets in waterborne polyure-
thane for the continuous treatment of micro-polluted water and
achieved an NH4

+–N removal rate of over 80%. Unfortunately,
oxygen profiles and oxygen uptake rate have not been well
characterized in these pellets. Recently, microelectrode mea-
surements have been known as themost reliable techniques to
directly measure the microenvironment and activity of micro-
organisms in their habitats with a high spatial and temporal
resolution (Xiao et al., 2013; Hou et al., 2014; Ali et al., 2015).
Furthermore, little work has been done to evaluate the nitrifica-
tion activity for domestic sewage using immobilized pellets at
low temperatures.

Hence, the aim of this work is to reveal the physico-
chemical characteristics of pellets obtained from entrapped
activated sludge in waterborne polyurethane by means of
scanning electron microscopy (SEM), pyrosequencing and
microelectrode measurements. Furthermore, immobilized pel-
lets were added to a sequencing batch reactor (SBR) to evaluate
the performance in increasing nitrification for the treatment of
artificial wastewater at low temperatures.
1. Materials and methods

1.1. Immobilized pellets

Elastic gel immobilized pellets (cubes with 3-mm-long sides,
black, unscented, density of 1.02 g/cm3) were obtained by
means of entrapping activated sludge (20 g/L) in waterborne
polyurethane, as described in previous reports (Dong et al.,
2011, 2012). Artificial wastewater was used for acclimation of
immobilized pellets in order to activate and produce more
nitrobacterium. The compositions contained (per liter) NH4Cl,
306.0 mg; NaHCO3, 936.0 mg; KCl, 18.9 mg; NaCl, 41.0 mg;
Na2HPO4·12H2O, 92.6 mg; CaCl2·2H2O, 18.9 mg and MgSO4·2-
H2O, 67.2 mg. The acclimation experiments were conducted
in an up-flow inner circulation aerated reactor (Dong et al.,
2011). The working volumes of the reactor and pellets were
18 L and 1.8 L, respectively (packing ratio of 10%). To ensure
sufficient dissolved oxygen (DO: 3–4 mg/L) and mixing, air
was supplied from the bottom of the reactor using a stone air
diffuser. The initial pH was in the range of 7.2–7.4, and the
temperature was 18 °C in the reactor during the acclimatiza-
tion period. The HRT was controlled at 4 hr by adjusting
the feed flow rate. About 15 days, the acclimatization was
deemed to finish when the average NH4

+–N concentrations in
the effluents were less than 5 mg/L.

1.2. Morphological observation by SEM

The surface and cross-sectional morphological characteristics
of the immobilized pellets were examined by SEM (S-3000N
SEM, Hitachi, Japan). Pellets sampled from the up-flow inner
circulation aerated reactor on day 0 and day 20 represent
un-acclimated pellets and acclimated pellets, respectively.
The collected samples were rinsed with 0.1 mol/L phosphate
buffer three times, fixed with 2.5% glutaraldehyde solution for
12 hr at 5 °C, dehydrated through a graded ethanol series up
to 100%, and dried with a critical point dryer (K850, Quorum
Technologies Ltd., UK). These samples were cut in half with a
sterile scalpel for observing cross-sectional images, and the
preparative surfaces and cross sections of the immobilized
pellets were sputtered with gold for SEM observations.

1.3. Microbial community analysis by pyrosequencing

Microbial communities in un-acclimated and acclimated im-
mobilized pellets were analyzed by pyrosequencing. Sample
pretreatment and DNA extraction were performed according
to a report by Isaka et al. (2012). Sequences of the 16S rRNA
gene including the variable V3 region were amplified with
two primers: tP2 (5′-acgtacatATTACCGCGGCTGCT-3′) and tP3
(5′-acgtacatCCTACGGGAGGCAGCAG-3′) (Zhang et al., 2011). Poly-
merase chain reaction (PCR) amplificationwas performedusing a
thermal cycler PCR system (PCR Sprint, Thermo electron, UK).
The PCR products were evaluated by 1.2% (W/V) agarose gel
electrophoresis and purified with a Gel/PCR DNA Fragment
Extraction Kit (Geneaid, UKAS). Amplicon libraries were prepared
using a mixture of three independent PCR products for each
sample. The concentration of the PCR amplicons was measured
using a Fluoroskan Ascent with a Quant-iT PicoGreen dsDNA
reagent (Invitrogen, USA). Samples for 454 pyrosequences were
sent to theChineseNationalHumanGenomeCenter inShanghai,
which performed amplicon pyrosequencing using a standard
Roche 454/GS-FLX Titanium (McKenna et al., 2008).

Sequences obtained from pyrosequencing reads were proc-
essed to remove short sequences with lengths less than 100
nucleotides, primer mismatches, or average quality scores lower
than 25. The sequences were verified in Ribosomal Database
Project II (RDP Release 10) using Chimera Check (http://rdp.cme.
msu.edu/index.jsp), and all chimeric sequences were discarded.
The taxonomic identities of sequences were assigned using the
Classifier program of the RDP-II at a confidence level of 80%
(Zhong et al., 2014).
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1.4. Oxygen uptake rate measurement

The oxygen uptake rate (OUR) is defined as the amount of
oxygen consumed per unit time and per unit volume of
pellets. A micro-respiration system (Unisense, Denmark) was
used for measuring the rate of decrease of the DO concen-
tration. This high-precision test system mainly includes an
oxygen micro-respiration sensor, micro-respiration cham-
bers, a micro-respiration rack, a picoammeter, etc. The detailed
process of the OUR measurement is as follows. First, the micro-
respiration sensor was calibrated at two points: the zero value
(achieved by an anoxic alkaline ascorbic acid solution) and the
saturation value (obtained by bubbling with air). Second, feed
water and 0.50 mL of pellets (the actual volumes measured by
drainage) were added into a micro-respiration chamber. Third,
the chamberswereplacedona submerged rack in a temperature-
regulated water bath. Finally, the sensor was put into the
chamber, and the signals of the DO concentration were recorded
by micOx software.

Specific oxygen uptake rate (SOUR) of activated sludge in
SBRs during the aeration phase is determined by mixed liquor
suspended solids (MLSS) and the rate of decrease of the DO
concentration (d[DO]/dt) of the mixed liquor in the micro-
respiration chamber, which is calculated using Eq. (1):

SOUR ¼ 1
MLSS

d DO½ �
dt

ð1Þ

1.5. Microsensor profiles

Oxygen profiles are obtained using a Clark-type microelec-
trode with a tip diameter of 10–20 μm (Unisense, Denmark).
The microelectrode was calibrated as the micro-respiration
system mentioned above. During the calibration procedure,
the temperature and salinity in the solutions should be the
same as that of the feed water for accurate measurement. Due
to the minute tip size, excellent response time and insignif-
icant stirring sensitivity, the oxygen microelectrode could
provide reliable and fast measurements with a high spatial
resolution. In this test, 0.25-mm acupuncture needles were
used for fixing pellets into a homemade foam box. The fixed
pellets were immersed in the oxygen-saturated water, and
they were not allowed to touch the box surface. The entire
foam box was installed at the Unisense lab stand LS18. The
precise test position of the microelectrode was controlled
by a motorized micromanipulator (model MM-33, Unisense,
Denmark).

1.6. SBR apparatus and operating conditions

Two SBRs with a working volume of 100 L (length 78.5 cm ×
width 40.5 cm × height 39 cm) were applied, in which SBR-1
and SBR-2 were used for the experimental group and blank
group, respectively. Artificial wastewater was used for SBR
experiments. The compositions contained the following (per
liter): NH4Cl, 126 mg;NaHCO3, 386 mg;KCl, 7.8 mg;NaCl, 16.9 mg;
Na2HPO4·12H2O, 38.2 mg; CaCl2·2H2O, 7.8 mg; MgSO4·2H2O,
27.7 mg and glucose, 270 mg. To discharge activated sludge and
prevent immobilized pellet loss, a hole with mesh was made at
the bottom of the SBRs. Air was introduced through stone air
diffusers to maintain the DO in a range of 2 to 3 mg/L during the
aeration phase. The SBRs were inoculated with activated sludge
from the aerobic tank of aWWTP inWenzhou, China. Sludge con
centrations in the reactors were maintained at 4000–4600 mg/L.
The operating cycle of the SBRs comprised four phases lasting
1 hr each: the first phase involved feeding in stirred conditions,
the second phase was aeration, the third phase was settling, and
finally, treated water discharge was released in the fourth phase.
To determine whether the nitrification would be enhanced in
SBR-1, acclimated immobilized pellets were added after the
removal rate of chemical oxygen demand (R-CODCr) and NH4

+–N
remained constant at low temperatures. This experiment was
performed over 180 cycles at temperatures of 7 to 11 °C in water.

NH4
+–N, NO2

−–N, NO3
−–N, total nitrogen (TN), CODCr, sludge

volume (SV30) and MLSS were determined according to the
standard methods (CEPB, 2002).
2. Results and discussion

2.1. Characteristics of immobilized pellets

2.1.1. SEM observation
Fig. 1 shows bacteria spatial distributions on un-acclimated
pellets and acclimated pellets. It was observed that un-
acclimated pellets contained an embedding matrix with a
large pore space framework (Fig. 1a). These pores were necessary
for substance transportation into and out of pellets. In this study,
both the peripheral surface and the cross-sectional surface were
compared between un-acclimated and acclimated pellets. In
Fig. 1a and c, few spherical, rod-shaped and irregular particles
were observed on the two surfaces of un-acclimated pellets. In
contrast, there were large amounts of rod-shaped microbes
covering the pellet surfaces. In the picture of the cross-sectional
surface (Fig. 1e), these rod-shaped microbes were primarily
distributed on the outer layer, whereas microbes on the inner
layer were very limited (Fig. 1f). These microbes were tightly
arranged and formed a dense biological film on the pellet
surfaces. The thickness of the biological film was approximately
80–120 μm. Thus, the decreasing concentrations of NH4

+–Nduring
acclimation periods should be ascribed to the formation of a
biological film on the pellet surfaces.

2.1.2. Determination of bacterial species in immobilized pellets
In the experiment of 454 pyrosequencing, the total number of
effective sequences that passed quality control was 1796 and
2820 in un-acclimated and acclimated pellets, respectively.
Table 1 summarizes the bacterial compositions at the phylum
and class levels. At the phylum level, Proteobacteria was the
predominant microorganism in both the un-acclimated and
acclimated pellets, accounting for 38.04% and 49.43% of the
total bacteria, respectively. At the class level, Anaerolineae,
classified in the Chloroflexi phylum, was the dominant
microorganism in the un-acclimated pellets (18.22%), but it
was very limited in the acclimated pellets (<1%). In contrast,
Gammaproteobacteria, which belongs to the Proteobacteria
phylum, was the dominant microorganism in the acclimated
pellets (26.24%), and its abundance was much higher than the
percentage in the un-acclimated pellets (4.51%). In addition,
due to the limited detection techniques, several bacterial
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Fig. 1 – Scanning electron microscopy (SEM) images of the immobilized pellets. (a) Peripheral surface of the un-acclimated
pellets. (×8000) bar length: 5 μm; (b, c) cross-sectional image of un-acclimated pellets. (×1500) bar length: 30 μm and (×80) bar
length: 500 μm, respectively; (d) peripheral surface of the acclimated pellets. (×9000) bar length: 5 μm; (e, f ) cross-sectional
image of the acclimated pellets. (×1500) bar length: 30 μm and (×50) bar length: 1000 μm, respectively.
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sequences could not be classified into any phylum, account-
ing for 23.56% and 17.41% of the total bacteria in the
un-acclimated and acclimated pellets, respectively.

The community structures between un-acclimated pel-
lets and acclimated pellets were further classified at the
family level. As shown in Fig. 2, the bacteria of the un-acclimated
pellets and the acclimated pellets could be classified into
48 and 43 families, respectively. Several bacterial species
related to the nitrification process, including Xanthomonadaceae,
Chitinophagaceae,Nitrospiraceae, Comamonadaceae, Cystobacteraceae,
Nitrosomonadaceae and Planctomycetaceae, were observed in the
acclimated pellets (Fitzgerald et al., 2015; Gomez-Alvarez et al.,
2013; Khardenavis et al., 2007), whereas these bacteria were
sparse in the un-acclimated pellets. Additionally, at the genus
Table 1 – Percentages of sequences identified to different phylo

Phyla Class

Actinobacteria Actinobacteria
Bacteroidetes Sphingobacteria
Proteobacteria Deltaproteobacteria

Betaproteobacteria
Alphaproteobacteria
Gammaproteobacteria

Nitrospira Nitrospira
Gemmatimonadetes Gemmatimonadetes
Acidobacteria Acidobacteria_Gp4

Acidobacteria_Gp6
Acidobacteria_Gp16

Firmicutes Clostridia
Bacilli

Planctomycetes Planctomycetacia
Chloroflexi Anaerolineae

Minor class ⁎

Unclassified Unclassified

⁎ Rare class with less than 1% abundance were grouped as “Minor class
level, a bacterial species named Rudaea spp. was the dominant
microorganism in theacclimatedpellets, accounting for 23.44%of
the total bacteria. Rudaea spp. was first classified as an aerobic,
rod-shaped bacterium in the Xanthomonadaceae family in 2009
(Weon et al., 2009). To our best knowledge, this microbe has not
been identified as being to the nitrification process; however, it
may play an important role based on the results of this study.
Thus, a further identification experiment about the nitrification
function of this single species is worth to be carried out.

2.1.3. Respiratory intensity and oxygen distribution in immobilized
pellets
The activity of bacteria can be reflected by the respiratory
intensities of immobilized pellets. Fig. 3 shows the DO
genies.

Un-acclimated pellets Acclimated pellets

4.68% 4.01%
1.50% 7.94%
4.12% 5.67%
21.50% 10.78%
7.91% 6.74%
4.51% 26.24%
3.84% 5.53%
– 3.05%
– 1.70%
1.06% –
– 1.35%
2.73% –
– 3.16%
– 2.59%
18.22% –
6.35% 3.83%
23.56% 17.41%

”.
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Fig. 2 – Relative phylotype frequency at the family level.
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concentration changes for un-acclimated pellets (line a) and
acclimated pellets (line b). DO (initial concentration of 8.5 mg/L)
in the micro-respiration chamber was exhausted after an
inoculation of 15 hr, with an average OUR of 5.53 mg O2/(L·hr) of
un-acclimated pellets. In contrast, the DO can be absolutely
consumed within 1 min, and the average OUR of acclimated
pellets reached 239.63 mg O2/(L·hr), which was 43-fold higher
than that of un-acclimated pellets (Fig. 3, line b). These data
indicate that the microorganisms on the surface of acclimated
pellets have high aerobic activity, consistent with rapid oxygen
consumption during the nitrification process.

The distribution of oxygen in immobilized pellets can reflect
the exact positions at which the oxygen consumption process
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Fig. 3 – Respiratory intensity of the immobilized pellets. Line
a: un-acclimated pellets; Line b: acclimated pellets; Line
c: partial enlarged sectional view of Line b.
occurs. Fig. 4 shows the differences in the oxygen distributions
between the un-acclimated pellets and the acclimated pellets.
The distribution of oxygen on un-acclimated pellets resulted in a
V-shaped graph, of which the minimum DO concentration
occurred at the center of the pellets and its value remained
above 7.2 mg/L. The average descent gradient of oxygen from
the surface to the center was only 0.002 mg O2/(L·μm). These
data demonstrate that the efficiency of oxygen transfer in
the embedding medium was very high, whereas the oxygen
consumption by microorganisms was very limited in the
un-acclimated pellets. In contrast, the oxygen on acclimated
pellets showed a U-shaped distribution. In Fig. 4, the distribution
of oxygen shows a drastic decline from the surface to a depth of
300 μm, and to a depth of 600 μm, the oxygen concentration
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Fig. 4 – Oxygen microprofiles of immobilized pellets. (Depth
zero is the pellet surface, mean ± SE, n = 3).
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was close to 0 mg/L. The average oxygen descent gradient of
0–300 μm reached 0.035 mg O2/(L·μm) in the acclimated
pellets, which was 17-fold higher than that of the un-acclimated
pellets. The results suggest that the consumption of oxygen was
mainly focused on the surface of acclimated pellets, which was
consistentwith themicroorganismdistributions and community
compositions.

2.1.4. Nitrification performance of immobilized pellets
Fig. 5 shows the changes in the OUR values and the NH4

+–N
removal rate during acclimation periods. During initial periods
(0–10 days after inoculation), the values of OUR were very low
(only in the range of 4.11 to 26.62 mg O2/(L·μm)), consistent with
low efficiencies (0.02%–28.57%) of NH4

+–N removal. These data
indicate that the biological films on the surface of immobilized
pellets are not well formed 10 days after inoculation. In contrast,
the values of OUR and NH4

+–N removal efficiency sharply
increased after 15 days of inoculation, achieving an OUR of
240.83 ± 15.59 mg O2/(L·μm) and an NH4

+–N removal efficien-
cy of 90%. Similarly, the values of OUR and NH4

+–N removal
efficiency remained relatively constant during the latter
periods (15–30 days). This indicates that the biological film
is fully formed on the pellet surfaces on the 15th day after
inoculation. Throughout the whole operational period, there
was a significant positive correlation (R2 = 0.976) between
OUR and the NH4

+–N removal efficiency, indicating that the
oxygen consumption mainly resulted from nitrification.

2.2. SBR experiments

2.2.1. Effects of immobilized pellets on NH4
+–N removal

The enhancement in the nitrification performance due to the
addition of acclimated pellets was evaluated, including the
operation in SBR-1 and the control group (only using single
activated sludge) in SBR-2. Fig. 6 presents the differences in
NH4

+–N removal between SBR-1 with immobilized pellets and
the control group in SBR-2. The effluent NH4

+–N concentrations in
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Fig. 5 – Variations of oxygen uptake rate (OUR) and
the two reactors increased during the initial phase (1–3 days)
because the inoculated activated sludgewas not readily available
for the intermittent operation mode in the SBR systems at low
temperatures. With the two reactors operating until the 6th–
8th day, the NH4

+–N and CODCr concentrations in the effluents
remained relatively stable, indicating that the activated sludge
had adapted to the operation mode. Thus, the immobilized
pellets were first added into SBR-1 on the 8th day after
activated sludge inoculation. However, there were no significant
differences in the effluent NH4

+–N concentrations between SBR-1
and SBR-2, which is due to the low quality of the pellet additions
(10 mL/L). Therefore, more acclimated pellets were added on the
10th and 12th day such that the total addition of acclimated pel
lets was 30 mL/L. As a result, the effluent NH4

+–N concentrations
in SBR-1 began to decline, and the mean value was 5.67 mg/L,
which was below the discharge standard (8 mg/L) of WWTPs in
China at low temperatures (<12 °C). In contrast, the averageNH4
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N concentration in the effluents from SBR-2 reached 11.59 mg/L,
which was obviously higher than that of SBR-1 and did not meet
the discharge standard of WWTPs in China. With the help of
immobilized pellets, the average removal efficiency of NH4

+–N in
SBR increased to 84.09%, whereas without immobilized pellets,
NH4

+–N removal was only 67.46%. These data show that the
addition of immobilized pellets can enhance nitrification perfor-
mance in SBRs and ensure that the effluent NH4

+–N concentra-
tions are below the discharge standards at low temperatures
(<12 °C). It is worth noting that the immobilized pellets were
acclimated at 18 °C for the purpose of quick acclimation, but the
temperature in the SBR was lower (7–11 °C), which may cause a
short-term activity of nitrobacteria in the pellets. Fortunately, the
results of NH4

+–N removal efficiency in SBR-1 show that the
change of temperature does not reduce the nitrification of the
pellets significantly, which indicated that the pellets have a
strong resistance to lower temperatures.

2.2.2. Analysis of nitrogen-containing compounds in the SBRs
To evaluate the effects on the concentrations of nitrogen-
containing compounds due to the addition of immobilized
pellets into the SBR, NO2

−–N and NO3
−–N and TN were analyzed

in the effluents during the stable phase. The average NO2
−–N

concentration of the effluents in SBR-1 and SBR-2 were 1.99
and 1.91 mg/L, respectively. The average effluent NO3

−–N
concentration in SBR-1 (3.58 mg/L) was slightly higher than
that in SBR-2 (3.12 mg/L). Therefore, the effluent NO2

−–N and
NO3

−–N concentrations were not significantly different in the
two SBRs. The average TN concentration of the effluents was
12.01 mg/L in SBR-1, which was lower than 16.96 mg/L in
SBR-2. Thus, not only did the addition of immobilized pellets
enhance the nitrification performance in the SBR, but it also
helped with the removal of TN. The removal of TN is com-
pleted by nitrification and denitrification processes and/or the
synthesis of biomass. In this present study, the enhancement
of nitrification might supply more substrates for the process
of denitrification at low temperatures.

2.2.3. Analysis of activated sludge in the SBRs
To exclude the effects of the differences in activated sludge on
the nitrification process, the characteristics of active sludge in
the two SBRs were evaluated, including SV30, MLSS, SOUR and
R-CODCr. As shown in Table 2, the characteristics of activated
sludge were very similar between the two SBRs. This indicates
that the enhancement of nitrification performance mainly
results from the addition of acclimated pellets rather than
Table 2 – Characteristics of activated sludge in the SBRs.

Reactors Parameters

0 2

SBR-1 SV30 (%) 28 38
MLSS (mg/L) 4616 3309
SOUR (mg O2/(g MLSS·hr)) 4.80 2.27
R-CODCr (%) 77.60 15.06

SBR-2 SV30 (%) 31 44
MLSS (mg/L) 4634 3447
SOUR (mg O2/(g MLSS·hr)) 4.67 2.56
R-CODCr (%) 75.97 13.14

SV30: sludge settling ratio; MLSS: Mixed liquor suspended solids; SOUR: S
from changes in activated sludge characteristics. In addition,
although the R-CODCr in the two SBRs approached 90%, the SOUR
valueswere consistently lower than 5.00 mgO2/(gMLSS·hr) in the
two SBRs, which was much lower than the values reported in
other studies (Chen et al., 2001; Gikas and Livingston, 1998),
indicating that low temperatures had a serious effect on the
sludge activity. In view of the average NH4

+–N concentration, the
effluents from SBR-2 did not meet the discharge standard of
WWTPs in China, and it could be speculated that nitrifying
bacteria in the SBRs were limited by the low temperature. Thus,
at low temperatures, the addition of acclimated pellets into the
SBR was necessary to achieve effective nitrification.
3. Conclusions

The SEM images revealed that large amounts of rod-shaped
bacteria covered the surfaces of immobilized pellets, and
Rudaea spp. (Xanthomonadaceae family) was important
bacterial species (23.44% of the total bacteria). The mean
OUR value of immobilized pellets reached 240.83 ± 15.59 mg
O2/(L·hr); the oxygen was consumed by the bacteria on the
pellet surfaces (0–600 μm). The SBR experiments demonstrat-
ed that the addition of immobilized pellets (30 mL/L) signifi-
cantly improved nitrification efficiency at low temperatures
of 7 to 11 °C, removing 84.09% of the total NH4

+–N from
wastewater.
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