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Abstract The influences of suspended particles (SPs) on
NH,* adsorption and nitritation occurring in the water
system of the Three Gorges Reservoir (TGR) were eval-
vated in this study. The results indicated that the
adsorption of NH,* was significantly affected by the SPs
concentration under the conditions typically present in the
TGR. The amount of ammonia adsorbed per unit weight
of suspended particles was inverse proportional to the
concentration of suspended particles. However, the influ-
ences of the particle size and the organic matter con-
centration existing in SPs were insignificant under the
experimental conditions. The effects of suspended parti-
cles on nitritation were determined by the use of ammo-
nia-oxidizing bacteria (AOB) strain SW16, identified as
Nitrosomonas nitrosa, which was isolated from sediment
samples of the TGR. Suspended particle concentration in
water—sediment solution played an important role in the
nitritation process. The rate of nitritation enhanced with
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the increase of the suspended particle concentration. It
was found that the critical factor controlling ammonia
oxidizing rate was the AOB biomass resulting from the
AOB growth rate. Moreover, results demonstrated that
both particle size and organic matter content showed little
effect on the nitritation process under the experimental
conditions.
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Introduction

The Three Gorges Reservoir (TGR) is located on the mid-
downstream Yangtze River, China. Despite its benefits in
terms of power generation and flood control, the TGR has
attracted attention for its potential impact on ecosystems
and socioeconomic stability (Wu et al. 2004). Since the
construction of the TGR began, eutrophication has occur-
red frequently in recent years, due to the changes of aquatic
ecosystem of TGR in the Yangtze River (Wang et al.
2008a).

It is known that eutrophication, as a consequence of
hyper-nutrification by N and P loads, is greatly influenced
by the N and P cycling in aquatic environment (Jergensen
and Richardson 1996; Nixon 1995; Paerl 1997). Nitrifica-
tion, microbially mediated oxidation of ammonia to nitrate,
is a key process in the N cycling in freshwater. It is a two-
step process, first, an ammonia-oxidizing stage that trans-
forms NH," to NO, by ammonia-oxidizing bacteria
(AOB), and second, the nitrite-oxidizing stage that trans-
forms NO,~ to NO3™ by nitrite-oxidizing bacteria (NOB),
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in which the ammonia-oxidizing stage is the critical stage
controlling the nitrification (Bodelier et al. 1996; Costa
et al. 2006). Nitrification is routinely included in water
quality models because of its importance in mediation
contents of dissolved oxygen and ammonia- and nitrate-
nitrogen (Deb and Bowers 1983; DiToro and Connolly
1980). In developing a model framework, it is often
assumed that nitrification occurs in the water column and
that the process follows first-order kinetics with rates cal-
culated as a function of water column ammonia contents
(Ambrose et al. 1993; McCutcheon 1987; Scott and Abu-
moghli 1995). However, nitrification in freshwater is
known to take place mainly on suspended particles (SPs)
and bed sediments (Bonnet et al. 1997; Gresikowski et al.
1996; Pauer and Auer 2000). Consequently, the investi-
gation of the relationship between SPs and nitrification rate
in aquatic environment is of importance for developing the
ecosystem model of nitrogen biogeochemical cycling
(Kittiwanich et al. 2007).

Ammonium ion (NH,'), an electrically positive ion
species, is very easy to be adsorbed onto the solids. Thus,
the adsorption of ammonia on SPs and sediments is also a
critical factor to influence the ammonia ion fluxing into the
water body. In this context, SPs and sediments play
important roles in the sequestration and biogeochemical
process of nitrogen (Liu et al. 2007). Hence, analysis of the
effects of SPs and sediments on the ammonia adsorption
and nitrification in water body is of great importance for
assessing transport, transformation, and fate of nitrogen on
aquatic systems.

Previous studies have separately investigated the
adsorption of ammonium ion onto the sediments (Simon
and Kennedy 1987) and nitrification taking place on sedi-
ments (Magalhaes et al. 2005). However, no research has
focused on simultaneous ammonia adsorption and nitrifi-
cation. The construction of the TGR has changed the
characteristics of SPs in water body, and consequently the
adsorption of ammonia and nitrification taking place on
the SPs (Yang et al. 2002). The effects of SPs on the
adsorption and nitrification of nitrifier in water column
were poorly understood till now. The project of this study
is to systematically evaluate the influences of suspended
particles on the two ammonia biogeochemical processes
occurring in the TGR: adsorption and nitrification. As the
nitrifiers are composed of two kinds of bacteria species
(AOB and NOB), the commonly controlling-rate step
namely ammonia-oxidizing stage induced by AOB is used
to reflect the nitrification rate. At a constant temperature
and with the use of sediments prepared with different
treatments, the study aims to explore the influences of
various factors including sediment concentration, particle
size fraction and organic matter content of sediments on the
ammonia adsorption and oxidation.
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Materials and methods
AOB strain and preparation of inocula

The culture medium used for the AOB contained 3.8 mM
(NH4),S04, 10 mM NaCl, 1 mM KCI, 0.2 mM MgSO,,
0.1 mM KH,PO4, 1 mM CaCl,, and 1 ml trace elements
solution (Koops and Moller 1992) per liter deionized water
(Millipore: MilliQ). The sediment samples from which
AOB was isolated were collected from the TGR. The
preparation stages of the sediment suspension followed
those described by Satoh et al. (2003). The AOB in a pure
form was isolated subjected to the following process: the
sediment suspension (10 ml) and freshwater were inocu-
lated into a 300-ml Erlenmeyer flask containing 100 ml of
AOB culture medium. Shaking (120 rpm) of the medium
was continued at 28°C for 10 days. Five milliliter of liquor
from each culture that produced more than 100 pg ml~' of
nitrite was inoculated to each flask containing 100 ml of
AOB medium and subcultured for 7-10 days. Subculturing
was repeated five times. The final subculture was diluted
and plated on gellan gum plates and incubated at 28°C for
10 days. On the plates at dilutions of 10™* and 107>
CFU ml™', colony formation was noted after 14 days of
incubation at 28°C. The colonies from each plate were
inoculated into a test tube containing 5 ml of the medium
and shaken at 120 strokes min~'. After 10-15 days incu-
bation, the isolate that showed the highest growth was
noted as SW16. The purification of the strain SW16 was
conducted using three types of heterotrophic mediums. The
identification process of the strain SW16, including DNA
extraction, PCR amplification, the sequencing of amplified
16S rRNA genes and data analysis for construction of a
phylogenetic tree, was performed in the previous report
(Takahashi et al. 2001).

Cells of the strain SW16 were harvested in the late
growth phase from cultures grown in standard media for
AOB (Koops and Moller 1992). Cell suspensions of strain
SW16 were obtained by centrifugation, followed by
washing and resuspension in sterile saline solution.

Sample preparation

Sediments were collected from the Three Gorges Reservoir
with a van Veen stainless steel grab sampler (Eijkelamp,
Netherlands) in 2007. These freeze-dried sediment samples
were ground, homogenized and stored at —20°C prior to
analysis. To test the effect of particle size distribution on
ammonia oxidation, the sediments were size fractionated
using wet-sieve method in the following fractions: >200,
125-200, 63-125, 25-63, and <25 pm. The dependency of
ammonia oxidation on the contents of organic matter
deposited on sediments was evaluated. Sediments with
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different organic matter contents were prepared by mixing
the raw sediments and the organic-removed sediments
according to the given mixing ratios of 0:3, 1:2, 2:1 and
3:0, yielding sediments with organic matter contents of
0.33, 0.45, 0.56 and 0.68%, respectively. The organic
matter was removed from original sediments using H,O,
removal method previously described by Wang et al.
(2008b). After slow addition of 10 ml 30% H,O, solution,
20 g sediment sample was incubated at 40°C with inter-
mittent agitation followed by evaporating to dryness. To
remove organic matter thoroughly, the above steps were
repeated for three times.

Analysis and enumeration

Total organic carbon (TOC) was determined in sediment
samples that were acidified with 1.6% HCI and stored at
—20°C (Liqui TOC analyzer, Elementar, Hanau, Germany)
(Feng et al. 2007). Ammonia and nitrite were determined
with reagent kits for photometric analysis (Merck-Spec-
troquant®, Merck, Darmstadt, Germany). AOB densities
were estimated in water systems with the most-probable-
number (MPN) techniques (5 test tube test) using micro-
titer plates (Lipponen et al. 2002). Although the MPN
methodology has been criticized for underestimating bac-
teria population (Belser 1979), it enables a comparison of
the potential for nitrite oxidization in different water
samples.

Experimental approach

Adsorption experiments of ammonium chloride (NH4Cl) on
sediment samples were firstly measured. Surface water used
in this study was filtered through 0.45 pm microvoid filter
film to remove suspended particulate matter and plankton.
A series of conical flasks (100 ml) were added with a given
mass of sediment samples and 30 ml of NH4Cl solutions in
concentrations of 0.5, 1.0, 2.0, 5.0, 10.0 and 20.0 mg/l.
Flasks were then sealed, and shaken at 150 rpm in a con-
stant temperature shaker (7 = 20°C). Aliquots of 1.0 ml
were collected in an interval of 10 min until the equilibrium
was obtained. The suspensions were centrifuged at
4,000 rpm for 20 min, and the NH,4Cl concentration in
supernatant was measured with photometric analysis.

To investigate the influence of suspended particles on
the nitrification, rates of ammonia oxidizing were calcu-
lated by observing changes in concentrations of NO, ™ over
time. The original NH4CI concentration in treated surface
water was ~3 mgN/l. After adding a given mass of sedi-
ment samples and 300 ml water sample in 500 ml of
conical flasks, the microcosms were inoculated with 2.5 ml
of inoculum and incubated at 180 rpm in a constant tem-
perature shaking incubator (7 = 27°C) in the dark for

8 days. In preliminary experiments, inspection of the
ammonia and nitrite data indicated that nitrification
resulting from physicochemical reaction was negligible.
Six milliliter of aliquots was removed from the microcosms
once daily, in which 1 ml was used to analyze the density
of AOB cells, and 5 ml underwent nitrite-nitrogen content
determination after centrifuging. The centrifuged sediment
pellet was flushed with equal deionized water and added to
the microcosms replacing the removed water to maintain a
constant volume of water and sediment.

Results and discussion
Ammonia adsorption in sediments

Influence of suspended particle concentration
on ammonia adsorption

As NH,4* is an electrically positive ion species, it is very
easy to be adsorbed onto the SPs which are negatively
charged. The dependence of ammonia adsorption on dif-
ferent concentrations of SPs was evaluated. The pre-
liminary experiments revealed that the adsorption of NH,"
onto SPs was very fast and approached equilibrium within
30 min, so that in this test the measure of supernatant
NH," was conducted after 1 h of adsorption reaction.
Figure 1 shows the adsorption of NH," at a range of sus-
pended particle concentrations varying from 1.0 to 10 g/l
The variations of SPs used here are typically occurring in
water systems of the Three Gorges Reservoir (Yangtze
River Water Resources Commission 2000). At four sus-
pended particle concentrations, the ammonia adsorption
linearly increased with the increase in initial ammonia
concentrations (R2 = 0.98-0.99), but the increasing rate
and the amount of ammonia adsorbed per unit weight of
suspended particles were greater at lower concentrations of
suspended particles. Under the experimental conditions
of different suspended particle concentrations and initial
ammonia concentrations, the ammonia adsorption was
quite effective. Specifically, the transfer rate of ammonia
from solution to sediments reached 99% at 2.0 mg/l of
NH, =N irrespective of the SPs concentrations. Even with
ammonia loading increasing to 20 mg/l of NH, N, the
adsorption efficiency still approached 92% for four SPs
concentrations, resulting in the residual ammonia concen-
trations of 1.24-1.56 mg/l of NH,"-N in supernatant
solution. The high adsorption efficiency of ammonia under
the experimental conditions may also explain the linear
relationship between the ammonia adsorption and the
initial ammonia concentrations.

According to the above observation that ammonia
loading up to 20 mg/l of NH,T™-N was quickly and
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Fig. 1 Effect of suspended particle content on the ammonia adsorp-
tion (T = 25°C)

effectively fixed by the suspended particles with typical
concentrations present in the TGR, it can be expected that
once the external ammonia at a given concentration enters
the water body of the TGR, it should be firstly adsorbed by
the SPs. As thus, the ammonia adsorption by SPs may have
significant effect on biological transformations of nitrogen
cycling, such as nitrification/denitrification. This research
result is in consistent with the observation previously made
that the nitrification in Ems estuary, Onondaga Lake
mainly took place on SPs and bed sediment (Bonnet et al.
1997; Gresikowski et al. 1996; Pauer and Auer 2000).
Moreover, the ammonia fixed by the SPs will become an
important internal nitrogen pollution source as a conse-
quence of sedimentation of suspended particles in the TGR.

Ammonia adsorption with different particle sizes
and organic matter contents in the SPs

The size distribution of suspended particles broadly fluc-
tuated as a result of the change of the hydrodynamic con-
ditions in various water bodies. The organic matter content
of suspended particulate originated from various sources is
different. The adsorption of ammonia on suspended parti-
cles with different sizes and organic matter contents was
investigated, as shown in Figs. 2 and 3. At five suspended
particle sizes and four organic matter contents, the
ammonia adsorption linearly increased with the increase in
initial ammonia concentration (R2 = 0.99). Neither the
particle size nor organic matter content of SPs showed
significant effect on ammonia adsorption under the exper-
imental conditions. This suggests that the variation of
particle size and organic matter content will not change the
adsorption capacity of ammonia under the typical envi-
ronmental conditions in the TGR. However, the two factors
may influence the nitrogen biological transformation
occurring on SPs, and they were investigated in the fol-
lowing chapters.
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Fig. 2 Ammonia adsorption on suspended particles with different
sizes (T = 25°C, sediment concentration = 2 g/l)
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Fig. 3 Effect of organic matter containing in suspended particles on
the ammonia adsorption (7 = 25°C, sediment concentration = 2 g/l)

Ammonia nitritation

Because the nitrification involves two kinds of nitrifiers,
AOB and NORB, it is difficult to evaluate the individual
contribution of AOB and NOB during the nitrification
process. The step controlling the nitrification rate, namely,
ammonia-oxidizing stage induced by AOB was chosen to
reflect the nitrification rate. As thus, an AOB strain SW16
was isolated from sediments collected from the TGR. An
almost-complete 16S rRNA gene sequence of strain SW16,
containing less than 1% undetermined positions, was
obtained. NCBI BLAST, the Basic Local Alignment
Search Tool (BLAST), is a suite of programs designed to
search all available sequence databases for similarities
between a protein or DNA query and known sequences. In
this study, BLAST was used to match the sequence rela-
tionships, providing scores that can distinguish real mat-
ches from background hits with a high degree of statistical
accuracy. The result of BLAST program indicated that the
isolate possessed a 16S rRNA gene sequence with 98%
similarity to that of the species Nitrosomonas nitrosa in
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GenBank; hence, AOB strain SW16 was classified as
Nitrosomonas nitrosa. Cell suspensions of strain SW16
used in this study were diluted to concentration approxi-
mately 2.3 x 10% cells per milliliter of solution (SE
0.063 x 10%).

Influence of suspended particle concentration on nitritation

The nitritation experiments under different suspended
particle concentrations were carried out using AOB strain
SW16. The preliminary experiments revealed that the
ammonia completely depleted within 8 days under typical
environmental condition in the TGR (suspended particle
concentration was 2 g/l and ammonia concentration in
supernatant was 0.2 mgN/l), so that in this test the nitri-
tation experiment was performed for 8 days. Figure 4
depicts the nitrite productions coupled with the ammonia
oxidation. At the first 2 days there was no nitrite produc-
tion, whereas in the following 6 days the nitrite production
dramatically increased. The biological transformation was
completed in 8 days with the presence of sediments, but
only 34% of ammonia was transferred to nitrite with the
absence of sediments. The rate of nitrite production
enhanced with the increase of the suspended particle con-
centrations (Fig. 4). For example, the transformation rate
of ammonia to nitrite in 6 days approached 40, 52, 76 and
91% with the suspended particles of 1, 2, 5 and 10 g/l,
respectively. This suggests that the presence of suspended
particle facilitates the nitrogen biological transformation,
and the increasing SP concentration accelerates the nitri-
tation process.

The AOB cell concentrations in sediment—water solu-
tions were audited during the 8-day nitritation process, as
shown in Fig. 5. The initial AOB densities, ca.
1.2 x 10° cells ml_l, were similar in solutions with dif-
ferent suspended particle concentrations with the addition
of strain SW16 inoculum (1 ml). After the lag phase of

3.0

—e— 00g/

Nitrite (mgN/1)

Time (days)

Fig. 4 Effect of suspended particle content on the nitritation
(T = 28°C, initial NH,"-N concentrations = 2.63 mg/l)

2-day, the AOB growth entered into the logarithmic phase,
and then reached the stationary phase with the consumption
of ammonia. Figure 5 exhibits that the growth rates of
AOB were higher under the higher suspended particle
concentrations. Specifically, after 6-day ammonia oxida-
tion, the AOB densities reached to 3.20 x 106, 9.13 x 106,
10.5 x 10°% 12.6 x 10° and 13.6 x 10° cells ml~" at SP
concentrations of 0, 1, 2, 5 and 10 g/l, respectively. This
can explain the observation made above that the rate of
nitrite production improved with the increase in suspended
particle concentrations. Moreover, it can be seen from
Figs. 4 and 5 that there is a significant correlation (¢ test,
P < 0.05) between the ammonia oxidizing rate and the
AOB growth rate.

Many groups of bacteria have been shown to exist pre-
dominantly as attached colloids onto surfaces in contact
with liquids (Davies 2000; Palmer et al. 2007). The
advantages gained by the living bacteria attached to a sur-
face are thought to improve growth rate and activity of the
microorganisms by the higher concentration of nutrients
close to a surface and promoted genetic exchange (Donlan
2001). Moreover, there are many claims that surface
attachment appears to protect nitrifying bacteria from a
range of inhibitors (Foppen et al. 2008; Marina et al. 2000;
Ng and Stenstrom 1987; Park et al. 2003). Marina et al.
(2000) and Ng and Stenstrom (1987) reported that the
addition of powdered activated carbon to activated sludge
wastewater treatment process enhanced nitrification by
adsorbing inhibitory compounds. Park et al. (2003) reported
that the enhanced nitrification efficiency of activated sludge
with the addition of powder activated carbon or zeolite was
accomplished by the attached growth of nitrifier on-the-
surface of carriers. The mechanism of the improvement in
nitrification rate with the addition of nitrifier carriers is still
not well understood, but the surface growth of nitrifier may
be a factor affecting the nitrification efficiency. Previous

1.6e+7
—— 0 g/l
—o— 1.0 g/l
—a— 50 g/l

1.4e+7 4
1.2e+7
1.0e+7 +
8.0e+6 1
6.0e+6

AOB cells (MPN/ml)

4.0e+6 1

2.0e+6 1

0 2 4 6 8
Time (days)
Fig. 5 The counts of ammonia-oxidizing bacteria (AOB) with

different concentrations of suspended particles (T = 28°C, initial
NH,"—N concentrations = 2.63 mg/l)
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researches have found that the nitrifying bacteria in water
column of the lake and river were low with low or even no
observed nitrification in water column (Cirello et al. 1979;
Hall 1982; Pauer and Auer 2000). This is attributed to the
low nitrifier biomass concentrations and the low growth
rates of AOB in water column, probably as a result of low
level of SPs, which was considered as a main habitat for the
biological nitrification in water body (Bonnet et al. 1997;
Gresikowski et al. 1996; Pauer and Auer 2000).

Influence of particle size and organic matter
content on ammonia oxidation

To investigate the influences of suspended particle size and
organic matter content on microbially nitrogen cycle under
the typical Yangtze River conditions, the experiments of
nitration in water-SP solution with different particle sizes
and organic matter content SPs were performed. Figure 6
plots the nitrite production under different particle sizes,
elucidating that the influence of particle size is not obvious
under the experiment conditions. Specifically, for sus-
pended particle size fractions of >200, 125-200, 63-125,
25-63 and <25 pm, the nitrite production was 1.73, 1.76,
1.77, 1.75 and 1.82 mgN/l, respectively, in 6 days. Previ-
ous studies (Ling et al. 2002; Muirhead et al. 2006; Oliver
et al. 2007) found that bacteria (E. coli) would associate
with soil particles and furthermore, cells would preferen-
tially attach to a particular soil particle size fraction. It was
found that E. coli preferentially attached to the soil particle
size fraction of 30—16 um when the observation was made
with the soil particle size fractions of >31, 30-16, 15-4,
2-3 and < 2 pum, respectively. However, in this study, the
discrimination of nitritation resulting from AOB attach-
ment on the different size fractions was negligible to be
observed. The mechanism involved in the discrepancy
between this study and previous reports is not clear, pro-
viding a further issue to be concerned.

3.0
e D25um L
254 © 2563 um §
v 63-125 um
= 204 & 125-200 um
Eﬁ = >200 pm [
~ 1‘5 4
2
= L]
2 1.0 :
L]
0.5 H
]
0.0 - . . :
0 2 4 6 8
Time (days)

Fig. 6 Effect of suspended particle size on the nitritation (7' = 28°C,
sediment concentration = 2 g/l, initial NH, —N concentrations =
2.84 mg/l)
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Fig. 7 Effect of organic matter containing in suspended particles on
the nitritation (7 = 28°C, sediment concentration = 2 g/l, initial
NH,4-N concentrations = 2.26 mg/l)

Figure 7 indicates the nitritation process of AOB under
different organic matter contents containing in suspended
particles. The ammonia oxidizing rates of AOB under
different organic matter content sediments were not sig-
nificant. Nevertheless, other researchers found that organic
matter is frequently cited as factors that limit nitrification
in activated sludge (Abeliovich 1992; Foppen et al. 2008;
White and Gosz 1987). This may be due to the fact that
under the experiment conditions the organic matter content
containing in SPs is low, and their discrimination is not
sufficient to cause the change of nitritation process.

Conclusion

Laboratory microcosm experiments were used to estimate
the influences of suspended particles on the ammonia
adsorption and the nitritation process. The adsorption of
NH, " was quite effective under the conditions of different
suspended particle concentrations and initial ammonia
concentrations, which were typically occurred in water
systems of the Three Gorges Reservoir. Even with
ammonia loading increasing to 20 mg/l of NH, N, the
adsorption efficiency still approached 92% for four SPs
concentrations (1.0, 2.0, 5.0 and 10 g/1). For four studied
suspended particle sizes and four experimented organic
matter contents, the reflected influences on the adsorption
of ammonia were not obvious under the experimental
conditions. The quick and effective adsorption of ammonia
under the experimental conditions implied that the
ammonia pollution inflowing into water body would firstly
be fixed on the suspended particles and consequently be
loaded into the sediments.

AOB strain SW16, identified as Nitrosomonas nitrosa,
was used to determine the nitritation process. Results
showed that the suspended particles played an important
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role in the nitritation, and the ammonia oxidizing rate
enhanced with the increase of suspended particle concen-
tration. The significant improvement of nitritation under the
high SP concentrations is attributed to the high nitrifier
biomass concentrations resulting from the fast growth rates
of AOB caused by the high level of SPs, which were con-
sidered as the main habitats for the biological nitrification in
water body. Under the experimental conditions, no obvious
changes in nitrite production were observed in nitrification
process with the different particle size fractions and the
organic matter concentrations loaded on sediments.
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