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Abstract The present work assessed the impact of aeration dis-
turbances on sediment-bound phosphorus fractions and their
algae growth potential from a typical malodorous river.
Phosphorus was sequentially extracted by a modified version
of Hedley fractionation method. It was found that the mean con-
tents of TPwas 1476.1 ± 60.3 mg/kg, consistingmainly of dilute
HCl-extractable P (52.6%) and NaOH-P (19.2%). The algae
growth potential tests demonstrated that algae growth had varied
P-level requirements for different P speciation and NaOH-P pro-
moted algae growth remarkably and its promoting effect was
positively related to its concentration. Additionally, intermittent

overlying water aeration modes were recommended, and run 1
(7.0 mg/L, 12 h) was deemed as the optimized aerated mode in
terms of its relatively low ecological risk and high P retention. It
was noted that NaOH-Pwasmost affected by aeration disturbance
and exhibited marked increase with the elevated dissolved oxygen
(DO) level whether for intermittent overlying water or sediment
aeration. This research helps to gain improved understanding of
the ecological risk on sediment P, and NaOH-P is recognized as
one ecologically important P fraction in the sediments considering
its relatively high proportion and bioavailability.

Keywords Endogenous phosphorus . Fractionation . Algae
growth potential . Aeration disturbances . NaOH-P .

Malodorous river sediment

Introduction

Phosphorus (P) has long been considered as an essential nutrient
limiting the primary production for aquatic ecology (Rydin 2000;
Jiang et al. 2006; Jin et al. 2006; Katsaounos et al. 2007; Zhu et
al. 2013; Tang et al. 2014). Eutrophication is driven by anthro-
pogenic P inputs from phosphorus fertilization practices in agri-
cultural areas and discharges from urban wastewater treatment
plants (Martins et al. 2014). Sediments of malodorous river act as
a sink of intense anthropogenic P inputs and thus will become a
major source of phosphorus after the effective interception of
pollutants discharged into the river systems (He et al. 2013;
Cao et al. 2015a). Although sulfur is widely recognized as the
crucial element directly related to the “malodor” of rivers, the
phosphorus control has become a big challenge even after mal-
odor is effectively reduced. It is well recognized that phosphorus
release from the sediments can exert a significant impact on the
quality of overlying water and accelerate the eutrophication
(Wang et al. 2006a; Katsaounos et al. 2007; Gao et al. 2015).
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A striking phenomenon associated with eutrophication is
algal blooms. Algae growth potential (AGP) can be consid-
ered excellent indicators of eutrophication risk. However, P in
sediments exists in many complex chemical forms, which
differ markedly in their behavior, mobility, and bioavailability.
And not all the forms of P can be utilized by algae growth.
Knowledge about the quantity and characteristics of P as well
as the availability of P fractions are of high importance for the
prediction of P behavior and the estimation of the potential
risk of eutrophication.

Previous related studies are mainly centered on the distri-
bution of different P forms in lake or wetland sediment (Rydin
2000; Jin et al. 2006; Wang et al. 2006b; Zhang et al. 2007;
Zan et al. 2011; Leote et al. 2014; Gao et al. 2015), and little
information is available regarding the bioavailability of P frac-
tions especially for the intensely anthropogenic perturbedmal-
odorous river sediments.

As one of the most effective technologies in treating mal-
odorous rivers, artificial aeration can regulate resuspension of
sediments and anaerobic-anoxic-oxic distribution, which are
critical for phosphorus fate at sediment-water interface (Lu
et al. 2010; He et al. 2013). Some related investigations have
been conducted mainly focusing on the effects of aeration on
different P fractions without considering the availability of
each P fraction to algae growth (Lin et al. 2005; Peng et al.
2004; Sun et al. 2012), and most of these studies were done in
a monotonous aeration mode and failed to allow a more pre-
cise description of P dynamics in response to various aeration
(Li and Huang 2012; Wang and Li 2014).

The objectives of this study were (1) to investigate concen-
trations and proportions of P forms in the malodorous river
sediments by a modified Hedley fractionation scheme, (2)
differentiate various phosphorus fractions for their potential
as nutrients for algae growth, and (3) establish general differ-
ences in P forms influenced by aeration disturbances.

Materials and methods

Sediment sampling

All samples in this study were collected from a typical mal-
odorous river Gongye, a small broken-ends streamlet with a
length of 864 m and depth of 1–2m, located in Taopu Town of
Shanghai, in which the water quality was worse than the Class
Vof National Surface Water Quality Standard.

Surface sediments (0–5 cm) were sampled using a
prismatical sampler from the river in May 2014. All the sed-
iment samples were taken to the laboratory in air-sealed plas-
tic bags and stored at 4 °C. The main physicochemical prop-
erties of sediments are as follows: pH, 7.92; total phosphorus
(TP), 1.49 g/kg; and moisture content, 87.23%.

Phosphorus fractionation

P fractions in the sediments were analyzed using a modified
Hedley fractionation method (Tiessen and Moir 1993; Fu and
Zhou 1999; Wang et al. 2006a; He et al. 2008; Qu et al. 2012).
The sediment-derived phosphorus was sequentially extracted
and classified into six fractions including resin-P, NaHCO3-P,
NaOH-P, dilute HCl-extractable P (D.HCl-P), concentrated
HCl-extractable P (C.HCl-P), and residual-P, respectively.

Resin-P was considered as the most labile and freely ex-
changeable inorganic phosphorus. NaHCO3-P represented in-
organic and organic P forms which loosely sorbed on the
surfaces of Fe and Al oxides as well as some microbial P.
NaOH-P included secondary inorganic phosphorus bound to
Fe andAl compounds and organic phosphorus associatedwith
fulvic and humic acids (Wang et al. 2006b). D.HCl-P was
deemed as inorganic P associated with Ca. C.HCl-P represent-
ed very stable residual inorganic P. Residual-P was occluded
phosphorus in the residue.

Algal source and inoculation

The strains of Chlorella were obtained from freshwater algal
species pool, wildlife species quality library, Chinese
Academy of Sciences. Chlorella was precultured with steril-
ized selenite enrichment (SE) medium for a week (Ni et al.
2015). Subsequently, algal samples were washed with 15 mg/
L of NaHCO3 after centrifugation at 5000 rpm. Algae were
diluted with sterile water and prepared for inoculation.

Determination of algae growth potential of different P
fractions

In order to examine various phosphorous fractions for their poten-
tial as nutrients for the cultivation of algae, the algae growth pro-
fileswith each P fraction of 0.05mg/L and the algal kinetic growth
characteristics under different P fraction concentrations (0.02, 0.05,
0.10, and 0.20 mg/L) were investigated. A 100 mL volume of the
modified SE medium was put into 250-mL flasks and inoculated
with algae. Immediately after this, algae were separately exposed
to different P fractions, control 1 (pure water), and control 2 (the
diluted river water of 0.20 mg/L TP, for the TP level is the legis-
lative threshold of Class V of National Surface Water Quality
Standard). A ratio of nitrogen to phosphorus (N/P > 80:1) was
controlled to maximize the function of P as the limiting nutrient
contributing to algae bloom (Feng et al. 2008a), and NaNO3 was
added as an additional nitrogen source (Yu andWang 2005 ; Vidal
et al. 2015). The cultivationwas carried out at 26 °C and pH 7–7.5
with a light intensity of 2000 lx on a 14:10 h (light/dark) light
cycle.

Residual-Pwas not involved in theAGP assays, in view that it
was recognized as occluded P with no bioavailability by many
researchers (Wang et al. 2006b; Qu et al. 2012;Wang et al. 2015)
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as well as only a minimal portion among the extracted P speci-
ation. In addition, resin-P was replaced with K2HPO4 in the
cultivation, considering that resin-P was defined as freely ex-
changeable inorganic P (Zhang et al. 2009) and its content in
the extraction was very low.

Algal samples were taken from the culture media ev-
ery day for measurement of absorbance as the indicator
of biomass for algae (Wang et al. 2010; Jena et al. 2011).
Algae growth curve was plotted based on the absor-
bance. The average specific growth rate (μ) was calcu-
lated by fitting the absorbance to an exponential function
(Chen et al. 2011; Bährs and Steinberg 2012; Cao et al.
2015b):

μ ¼ ln Χt2−Χt1ð Þ
t2−t1

where Xt = absorbance at time t, t1 = the start of the experi-
ment, and t2 = the end of the experiment.

The Monod equation was applied to characterize the algae
growth potential with different P fractions (Feng et al. 2011),

μ ¼ μmax
S

Ks þ S

where μmax = the maximum growth rate for algae, S = the
limiting substrate concentration for algal proliferation, and
Ks = the constant that characterizes the effectiveness of sub-
strate to algae growth. μmax and Ks are two key kinetic param-
eters derived from this model that quantify algae growth re-
sponses to different P fractions.

Aeration experimental setup

Experiments were performed in homemade organic glass reac-
tors with dimensions 0.14 m long, 1 m high, and a volume of
15.39 L. The bottom of the reactors was laid sand and fresh
sediments with the thickness of 0.05 and 0.30 m, respectively.
Additionally, the overlying water from the river was siphoned
into the reactors to avoid disturbance to the sediments as much as
possible. The outer flank of the column reactor was covered with
a gabo in order to prevent light penetration. The microporous
aerators were positioned 0.02 m above the water-sediment

interface for overlying water-aerated modes and 0.02 m below
the interface for sediment-aerated modes, respectively.

All the aeration experiments were operated at ambient tem-
perature, and the operational conditions throughout the study are
shown in Table 1. Runs 1, 2, 3, and 4 and runs 5, 6, 7, and 8
separately represented the overlying water-aerated and sediment-
aerated modes, whereas run 0 was unaerated condition and acted
as the control. Runs 1, 2, 3, 5, 6, and 7 were operating intermit-
tently (12 h), while runs 4 and 8 were continuously (24 h) oper-
ated. The time-controlling switches and the glass rotor flow me-
ters were used to control aeration time and flow. Dissolved oxy-
gen in the overlying water was measured by dissolved oxygen
(DO) meter. Enough time was allowed to achieve a stable oper-
ation at each run. The variation rates of each P fractions were

defined as VR ¼ Ct−Ci
Ci

� 100%, where VR is the variation rates

of P fractions and Ct and Ci are the contents of each P fraction at
time t and the initial stage, respectively.

Additionally, velocity gradient value (G) was used to char-
acterize fluid turbulence and is shown in Table 1. To be more
specific, the difference in velocity between adjacent layers of
the fluid is known as a velocity gradient and is given by the
ratio of the velocity difference to the distance between the
fluid layers. A greater G is often referred to as stronger distur-

bance. G is calculated as G ¼
ffiffiffiffiffi

P
μV

q

where G = velocity gra-

dient value, P = power consumption of fluid flow, μ = kinetic
viscosity, and V = fluid volume.

Statistical analysis

Each of the measured parameters was used for statistical anal-
ysis via ANOVA, and the results in this study are expressed as
means ± standard deviation. The precision for all analysis was
within 5% by relative standard deviation of duplicates by re-
peated measurements.

Results and discussion

Characteristics of malodorous river sediment-derived P
fractions

Figure 1 demonstrates the averaged levels of different P specia-
tion from themalodorous river sediments. Each value is themean

Table 1 Operation conditions for
overlying water and sediment
aerations in this study (average
value)

Control Overlying water aerations Sediment aerations

Run 0 1 2 3 4 5 6 7 8

Time (h) 0 12.0 12.0 12.0 24.0 12.0 12.0 12.0 24.0

DO (mg/L) 0.2 7.00 1.00 4.00 4.00 – – – –

Flow (L/min) – – – – – 1.10 2.10 0.10 1.10

G (s−1) 0 218.08 120.55 192.33 218.08 427.06 592.91 354.33 427.06
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of four randomly selected sediment samples, and there are no
significant differences among four samples in P fraction distribu-
tion (P > 0.01). The mean contents of TP for the four sediment
samples was 1476.1 ± 60.3 mg/kg, whereas resin-P, NaHCO3-P,
NaOH-P, D.HCl-P, C.HCl-P, and residual-P was 34.4 ± 1.4,
191.6 ± 5.2, 283.6 ± 8.2, 777.0 ± 12.5, 80.7 ± 2.4, and
108.8 ± 4.3 mg/kg, respectively. Accordingly, their respective
proportions in TP are 2.3, 13.0, 19.2, 52.6, 5.5, and 7.4%
(Fig. 2). The P speciation distribution in the sediments was
ranked as follows: D.HCl-P > NaOH-P > NaHCO3-P >
residual-P > C.HCl-P > resin-P and moderately labile P > labile
P > residual P > stable P.

Knowledge of total P concentration is not always adequate to
assess the risk associated with its presence in natural waters. The
distribution of P species in sediments is drawingmore attention. In
the literature, fairly similar observations are found concerning dis-
tribution characteristics of freshwater sediment P speciation. Zan
et al. (2011) found that HCl-P dominated among the extracted
sediment P fractions from Lake Chaohu, while Zhang’s (2007)
work demonstrated that NaOH-P and D.HCl-P were the main

fractions in sediment-derived P speciation of Lake Taihu.
Wang’s (2008) experiments indicated that dilute HCl-extractable
inorganic Pwas the predominant form in wetland sediment-bound
P fractions. Our research showed that moderately labile P includ-
ing D.HCl-P and NaOH-P predominated in the sediment-derived
P from a malodorous river Gongye, which could be crucial in
regulating endogenous P behaviors.

D.HCl-P is defined as apatite or Ca-bound P and mainly
represents the co-precipitation of phosphate with Ca. This P spe-
ciation is dominant in the calcareous sediment-derived P, and a
neutral or alkaline environment (pH 7–8) favored its formation.
NaOH-P is deemed as P associated with Fe and Al through
physical and chemical adsorption to the surface of Fe and Al
oxides, hydroxides, as well as humic compounds (Norton et al.
2008; Jan et al. 2013). The sediment from river Gongye was
relatively abundant in Fe, Ca, and humic substances, and phos-
phate wasmore labile to be boundwith them and act as sink of P.
The alkaline condition (pH 7.6–8.2) also promotes the formation
ofD.HCl-P andNaOH-P. These geochemical backgrounds could
explain the predominated role of D.HCl-P and NaOH-P in the
sediment-associated P fractions. Additionally, the reason for this
speciation profiles is also related to the sources of P or the
anerobic/anoxic P release mechanisms occurring in the sediment
as a function of the redox conditions.

It should be noted that the TP level (Fig. 1) in the sediment
was about twofold greater than the critical level of 0.6 mg/g for
polluted sediments described by Katsaounos et al. (2007), which
indicated that the river was intensely disturbed by human activ-
ities and heavily contaminated. Additionally, NaOH-P was sen-
sitive to redox conditions of the sediment-water interface and
easily causes release from sediment to overlying water under
anoxic environment (Zan et al. 2011).However, little information
was available to differentiate the contributions of NaOH-P and
other P forms to algal bloom.

Kinetic analysis of algae growth

In order to gain improved understanding of the ecological risk of
sediment-derived P, the comparisons of algae growth potential
were done among different P forms in the sediments. The profiles
of algae growth exposed to different P speciation are shown in
Fig. 3. No lag phases were presented in the growth curves for
resin-P, NaHCO3-P, and NaOH-P, which illustrated that algae
could adapt themselves well to these three P fractions as nutrients.
Similar growth patternswere observed for resin-P,NaHCO3-P, and
NaOH-P, with exponential phases in the initial 9 days followed by
stationary phases. The average specific growth rates (μ) in the
exponential phases were 0.335, 0.318, and 0.242 day−1 for resin-
P, NaHCO3-P, and NaOH-P, respectively.

Comparatively, algae growth was minimal or relatively slow
for control 1 andC.HCl-P (μ 0.056 day−1), which is far below the
growth from control 2 (μ 0.104 day−1). Additionally, a lag phase
was observed in the initial 5 days and then an exponential phase

Fig. 1 Distribution of different P fractions in four sediment samples.
Error bars represent average ± SD

Fig. 2 The average percentage of different P fractions in TP of the
sediments
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followed by a stationary phase in the growth pattern for C.HCl-P
Different from resin-P, NaHCO3-P, and NaOH-P, the algae
growth was slower than that of control 2 initially and then in-
creased sharply close to that of NaOH-P. The average specific

growth rate (μ) for D.HCl-P was 0.145 day−1, which was obvi-
ously higher than that of control 2 and C.HCl-P (P < 0.05).

To further differentiate the sediment P pool and allow a more
precise description of the potential for P bioavailability, different
contents of P fractions (resin-P, NaHCO3-P, NaOH-P, D.HCl-P)
were correlated with algae growth potential (Fig. 4). C.HCl-P
was ignored in this test due to its unavailability for algae.
Algae growth was evidently promoted with the increased con-
tents of resin-P from 0.02 to 0.10 mg/L and then decreased with
resin-P of 0.20 mg/L. Similarly, algae growth for NaHCO3-P
was not positively related to the increased concentration, and
0.05 mg/L was deemed as the relatively optimal level. On the
contrary, algae growth for NaOH-P and D.HCl-P exhibited a
gradual increased tendency within the contents from 0.02 to
0.20 mg/L. These results indicated that algae growth had varied
P-level requirements for different P speciation, which confirmed
the necessity to differentiate the sediment P pool.

The Monod equation was applied to provide more valuable
information for the kinetic algae growth of different P forms.
Based on the non-linear least squares method, the kinetic param-
eters for different P fractions were estimated (Table 2). Ks in the
Monod equation is often referred to as the affinity constant of

Fig. 3 Profiles of algae growth with different P form at 0.05 mg/L. Pure
water (control 1); diluted river water (control 2). Error bars represent
average ± SD

Fig. 4 Comparisons of algae growthwith varied P levels (0, 0.02, 0.05, 0.10, and 0.20mg/L) of different P fractions (Resin-P,NaHCO3-P,NaOH-P, and
D.HCl-P). Error bars represent average ± SD
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substrate. In contrast, the half saturation constants (Ks) were
lower for algae growing on resin-P (0.0007) and NaHCO3-P
(0.0009) and were two order of magnitude higher for algae
growth on NaOH-P (0.0140) and D.HCl-P (0.0111), suggest-
ing a higher affinity of algae for resin-P and NaHCO3-P.
Additionally, the algae also exhibited comparable maximum
specific growth rates (0.343 or 0.205 day−1), when supplied
resin-P or NaHCO3-P as a sole source of P. It was thus con-
cluded that resin-P and NaHCO3-P were highly available to
algae, which was consistent with the studies of Fan et al.
(2014) and Xie et al. (2010).

It was worth noting that NaOH-P exhibited a high maxi-
mum specific growth rate of algae (μmax 0.299 day

−1) despite
its relatively low half saturation constant. As for D.HCl-P,
both growth kinetic parameters (Ks and μmax) showed that it
was of relatively low availability for algae, which supported
the results of previous studies by Peng et al. (2007) and Tang
et al. (2014). Hence, D.HCl-P was deemed as potential P
source for algae. To sum up, availability of different P speci-
ation for algae was ranked according to the order resin-P >
NaHCO3-P > NaOH-P > D.HCl-P.

Phosphorus with high bioavailability was recognized to
stimulate algae growth significantly within short time (Cross
and Schlesinger 1995). Resin-P and NaHCO3-P could be
grouped into highly bioavailable P and might act as an impor-
tant role in initiating algae growth despite their relatively low
percentage among the six fractions (2.3 and 13.0% for resin-P
and NaHCO3-P, respectively). Although D.HCl-P was
regarded as potential bioavailable P source for algae, it was
likely available to algae during bloom maintenance when
resin-P and NaHCO3-P were exhausted. Hence, the contribu-
tion of D.HCl-P to algae bloom cannot be neglected especially
in the context of its largest proportion (52.6%) among the
sediment-associated P fractions.

Importantly, as a secondly largest P speciation among all the
extracted P forms, NaOH-P promoted algae growth remarkably
and its promoting effect was positively related to its concentra-
tion. Similar results had been reported that NaOH-P was avail-
able for algae in a short time and a significant contributor to algae
bloom (Jiang et al. 2006; Jin et al. 2013). Taken together, NaOH-

P was a crucial P fraction in the sediments due to its relatively
high proportion and bioavailability.

Variations of P fractions with different aeration
disturbances

To elucidate how different P fractions respond to aeration distur-
bances, variations of P fractions with different aeration distur-
bances including overlying water-aerated and sediment-aerated
modes were investigated in this study. As shown in Table 1, stron-
ger aeration turbulence was presented for sediment-aerated than
overlying water-aerated conditions (G from 354.33 to 592.91 s−1

and 120.55 to 218.08 s−1 correspondingly). Figure 5 illustrates the
variation rates of different sediment-derived P speciation with dif-
ferent aeration modes. Each column is the mean of the steady
operation for each condition. As for run 0, resin-P and NaHCO3-
P presented release tendencywith the corresponding variation rates
of −36.90 and −25.60%,while the other P forms altered little. This
observation was mainly due to resin-P and NaHCO3-P as labile
fractions prone to release from the sediments in anoxic environ-
ment (Tiessen and Moir 1993; Qu et al. 2012).

By comparison of overlying water-aerated conditions (runs 1,
2, 3), NaOH-P exhibited a marked increase (VR from 3.62 to
21.30%) with the elevated level of aeration disturbances (G from
120.55 to 218.08 s−1). One exceptionwas observed that NaOH-P
was reduced by 25.1% with DO of 4 mg/L and continuous
aeration of 24 h (run 4), which is mainly due to relatively high
and constant aeration disturbance provokingmore transformation
and release of the strongly bound chemisorbed P. Although the
variation of NaHCO3-P was similar to that of NaOH-P, its fluc-
tuation was smaller (VR from 8.87 to 12.54%). Notably, for all
the overlying water-aerated conditions, resin-P was markedly
reduced up to 80.6% and the variation rates were positively
related to the DO level and aeration time. However, the

Fig. 5 Variation rates of P fractions with different aerated conditions.
Error bars represent average ± SD

Table 2 Characteristic parameters of the algae growth with different P
fractions

P fractions Monod equation μmax (day
−1) Ks (mg/L) R2

Resin-P μ= 0.343c/(c+ 0.0007) 0.343 0.0007 0.993

NaHCO3-P μ= 0.205c/(c+ 0.0004) 0.205 0.0004 0.999

NaOH-P μ= 0.299c/(c+ 0.014) 0.299 0.0140 0.997

D.HCl-P μ= 0.190c/(c+ 0.0111) 0.190 0.0111 0.996

The maximum specific growth rate (μmax) and the half saturation constant
(Ks) for each P fraction were calculated according to the Monod model
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fluctuations of D.HCl-P, C.HCl-P, and residual-P were within a
narrow range and could be ignored.

As for sediment-aerated conditions (runs 5, 6, 7), NaHCO3-P
and NaOH-P presented obvious increase (maximum VR 47.40
and 25.70%, respectively) with the enhanced aeration turbulence
(G from 354.33 to 592.91 s−1), whereas resin-P was cut down
significantly (maximum VR −61.8%). Different from those of
overlying water aerations, D.HCl-P was reduced for all the
sediment-aerated modes. The variations of C.HCl-P and
residual-P could still be neglected. Specifically, for the continu-
ous sediment aeration (run 8), a large pool of P fractions, i.e.,
resin-P, NaHCO3-P, NaOH-P, andD.HCl-P, decreased drastically
with the corresponding variation rates of −74.80, −28.30,
−21.54, and −29.64%. The observation further showed that con-
tinuous aeration could promote the release of sediment-derived P,
which corresponded to the increase of TP in overlying water.

In order to further evaluate the behavior of sediment-derived
P, the total P differences were compared before and after aeration
for each run (Fig. 6). As shown in Fig. 6, the contents of TP in the
sediment decreased notably at run 4 and run 8, indicating that
continuous aeration modes were adverse to controlling sediment
P release. Additionally, it was observed that the levels of TP in
the sediment increased for intermittent overlying water aeration,
whereas the TP variations of the sediment could be ignored for
intermittent sediment aeration. This observation showed a clear
transformation of D.HCl-P to highly bioavailable NaHCO3-P
and NaOH-P occurred for intermittent sediment aerations and
thus increased the ecological risk of algal bloom. Taken together,
intermittent overlying water aeration modes were recommended,
and run 1 (7.0 mg/L, 12 h) was regarded as the relatively opti-
mized aeration condition in terms of its relatively low ecological
risk and high P retention.

The behavior of sediment-bound P is involved in an inte-
gration of complicated physical, chemical, and biological pro-
cesses. As an important river in situ remediation technology,
artificial aeration has dual effects on the endogenous P behav-
ior. On one side, oxygenation via aeration facilitates

transformation of different P forms. For example, increasing
DO level promotes more production of NaOH-P and
NaHCO3-P, and thus alters the fate and bioavailability of
sediment-associated P; on the other side, disturbance via aer-
ation can provoke resuspension of sediments in localized en-
vironments and thus facilitate release of endogenous phospho-
rus. Additionally, aeration disturbance can increase the depth
of DO penetration and then manipulate the P transformation
pathway.

Some studies have been conducted to explore the effects of
aeration on the endogenous P behavior. Li et al.’s (2007) work
indicates that phosphorus adsorption by sediments can be promot-
ed greatly by aerating to the sediments rather than to the overlying
water. Our research shows that overlying water-aerated modes
were better than sediment aerations in terms of its low risk of P
release and relatively high P retention. This disparity can bemainly
attributed to the difference in aeration modes as well as their dis-
regard for the differences of bioavailability among P forms. For
example, the transformation of P to more bioavailable forms, e.g.,
NaHCO3-P and NaOH, will promote algal bloom potential for
intermittent sediment-aerated modes. Hence, it is necessary to dif-
ferentiate the sediment P pool for assessing the risk associatedwith
its presence in natural waters.

Additionally, our research supports the results of previous
studies in which high DO level is helpful for controlling endog-
enous P release from the sediments (Feng et al. 2008b; Li and
Huang 2013). The phenomenon indicates that high-level DO in
the overlying water is essential to control the P release from
sediments. Specifically, among the six fractions, NaOH-P ismost
affected by aeration disturbance and increases markedly with the
increased DO level whether for the intermittent overlying water
or sediment aerations. One explanation is that increased DO
concentrations will stimulate transformation of Fe2+ into Fe3+,
and Fe3+ can bind with phosphate to form Fe2(PO4)3 precipitat-
ing to the sediments. Moreover, dissolved P in the overlying
water can be absorbed by oxides and hydroxides of Fe and Al
in the sediments to further form Fe(OH)-P or Al(OH)-P

Fig. 6 Comparisons of sediment-
derived TP contents before and
after aeration at each run
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complexes that are classified intoNaOH-P (Jiang et al. 2008; Sun
et al. 2012; Jin et al. 2013). However, under anaerobic condi-
tions, Fe3+ is reduced to Fe2+ and SO4

2− to S2−, which will result
in the liberation of endogenous phosphate due to the decompo-
sition of Fe2(PO4)3 and the formation of more stable FeS2. To
sum up, NaOH-P is recognized as one ecologically important P
fraction in the sediments.

Conclusions

These results presented in this study showed that D.HCl-P and
NaOH-P predominated in the sediment-derived P from a mal-
odorous river Gongye. Resin-P and NaHCO3-P might act as an
important role in initiating algae growth and D.HCl-P was likely
available to algae during bloom maintenance. NaOH-P was a
major contributor to algal bloom considering its relatively high
percentage and bioavailability. High-level DO in the overlying
water was essential to control the P release from sediments, and a
clear transformation of D.HCl-P to highly bioavailable
NaHCO3-P and NaOH-P was observed for intermittent
sediment-aerated modes. Specifically, NaOH-P exhibited a
marked increase with the elevated DO level for intermittent over-
lying water and sediment aeration. Taken together, intermittent
overlying water aeration modes were recommended, and run 1
(7.0 mg/L, 12 h) was regarded as the optimized aeration condi-
tion in terms of its relatively low ecological risk and high P
retention. NaOH-P was also recognized as one ecologically im-
portant P fraction in the sediments.
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