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a b s t r a c t

Stream sediments play an important role in the transport and storage of phosphorus in the stream ecosys-
tems. This research investigated the sorption and fraction of P in the sediments of a long-term seriously
contaminated river, the Daliao river system, using isotherm sorption and selective sequentially extrac-
tion tests. Results indicated that the total content of P in the sediments was 479–1202 mg kg−1, depending
on iron content in the sediments. The content of potential bioavailable P, including soluble and loosely
bound P, Al bound P, Fe bound P, and reductant soluble P was only 10–20% of total P in the sediments of
the Hun river and Taizi river, while it was 40–55% in the sediments of the Daliao river, the downstream
of the river system. Equilibrium phosphorus concentration without net P sorption (EPC0) was from 0.05
to 0.54 mg L−1, with an increasing trend from upstream to downstream, indicating increasingly release
potential. On the other hand, the upstream sediment generally sorbed more P than the downstream sed-
iment for each river at the same equilibrium P concentration. The binding energy constant of P on the

−1 −1
strong sites of the sediments generally decreased from 2.24 to 2.65 L mg at upstream to 0.41 L mg at
downstream or estuary, suggesting that the strong binding sites have been occupied and partly saturated
by the phosphate added by point and diffuse sources along the river. On the other hand, molar ratio of Fe
to TP contents in the sediments showed sorption capacity of the sediments to P might be under-saturated.
The added or sorbed P by the isotherm test was primarily bound to Fe oxides and secondly to Al oxides.
Long-term pollution of the river lead to the decrease of P sorption capacity of the river sediment and the

ntial.
increase of P release pote

. Introduction

Worldwide, the increased loading of rivers with phosphorus has
een a severe problem starting in the 1960s because P has mostly
een the limiting nutrient in streams and rivers [1–3]. The transport
nd storage of P in the river is important to understand impact of
oint and nonpoint sources in catchments and subsequently estu-
ries and coastal waters [4]. The sediments downstream of sewage
nflows from urban are generally rich in phosphorus, due to strong
nteracting of dissolved inorganic P with sediments through its
dsorption on mineral surfaces and/or its precipitation with Al, Fe
nd Ca [5–8].

Stream sediments have the ability to sorb dissolved P from the
ater column or release P to overlying waters depending on the
quilibrium P concentration (EPC0) [9]. The sediment EPC0 is the
oncentration in the aqueous phase at which net adsorption or des-
rption of dissolved P from the benthic sediment does not occur
10,11]. The sediment EPC0 concept is often used to determine if
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benthic sediments are a potential source or sink to the overlying
waters in streams and estuaries [8,12–16].

On the other hand, phosphorus can be found in the sediment
matrix in the forms of calcium, iron, aluminum complex salts and
organic species, or sorbed onto the surface minerals [17]. Chemical
extractions, especially selective sequential extractions, designed to
quantify discrete chemical or mineralogical compounds of P in the
sediments, are relatively simple and can estimate the potentially
bioavailable P in the sediments [18–20]. Therefore, they have been
widely used to determine P species in sediments [17,21–25].

The Daliao river watershed in the Liaoning province has been
an urban-, industry-, and agriculture-intensive area in China since
1950s. Leading industries include mining and metallurgy, petro-
chemicals, beer, pharmacy, electronics and telecommunications,
and machinery etc. Big industrial cities include Fushun, Shenyang,
Benxi, Anshan, Liaoyang, Panjin, and Yingkou, with population of
2.24, 6.98, 1.56, 3.47, 1.82, 1.25 and 2.30 million in 2005, respectively

[26] (Fig. 1). The Daliao river system consists of the Daliao river, Hun
river, and Taizi river, with 94, 415, and 413 km in length, draining
1390, 11500 and 13900 km2 of land area, respectively. The water-
shed is located in the temperate monsoonal zone (E122◦–125◦10′,
N40◦30′–42◦20′), characterized by long cold winter, hot and rainy

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:c.lin@bnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.04.102
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Fig. 1. Schematic graph of the Daliao river system

ummer, and dry windy spring, with annual average temperature
nd precipitation of 7 ◦C and 800 mm, respectively. The aver-
ge annual water discharge to Liaodong Bay is 6.3 km3 through
he Daliao river system, which receives about 1200 million ton of
ndustrial and domestic wastewater annually. Annually average
oncentration of total P in the water of the Hun river near Shenyang
ity was 0.33, 0.55, 0.63 and 0.24 mg L−1 in 2002, 2003, 2005 and
006, respectively [27], while it was 0.31 mg L−1, in the range of
.08 to 0.93 mg L−1 for the Taizi river near Anshan city in 2005 [28].
ence, the Daliao river system has been one of the most contami-
ated rivers in China, resulting in increasing occurrence, duration
nd extent of red tide events in the period of July–September in the
ast 20 years [29,30]. Therefore, it is necessary to investigate the
otential sorption and release of phosphorus to/from the sediments
f the Daliao river system to understand transport and storage of
hosphorus in the seriously contaminated river on the world.

The objectives of this paper were to study the variations in phos-
horus sorption and fraction characteristics of the sediment along
he river system and assess the effects of long-term pollution on
he P retention characteristics of the river sediments.

. Materials and methods

.1. Sediment sampling and analyses

In August 2006 (flood season), six surface sediment samples
c.a. 0–15 cm depth) were collected in the Daliao river system
Fig. 1), using cable operated sediment samplers – Van Veen grabs
Eijkelkamp), put into the plastic bags, and bring back to laboratory,
here these sediment samples were freeze-dried, slightly crushed,
assed through 2 mm sieve, and stored in glass bottles.

The content of organic matter (OM) in the sediment was deter-
ined by potassium bichromate-dilution heat colorimetric method

31]. The granularity of the sediment samples was measured by a

S 230 laser diffraction particle analyzer (Beckman Coulter) and
ercent contents of clay (<2 �m) and silt (2–20 �m) were cal-
ulated. The pH value of sediment samples was analyzed in the
uspension of 1:10 solid:liquid ratio by using combination pH elec-
rode (Orion, U.S.). Aliquots of the sediment samples were digested
ao river, Hun river, Taizi river) and sampling sites.

with HNO3–HF–HClO4 and concentrations of P, Al, Fe and Ca in
the extracts were measured by ICP-OES (IRIS Instrepid II, Thermo
Electron) [32]. Four reference materials (GSS1, GSS2, GSS3, GSS4),
provided by Institute of Geophysical and Geochemical Exploration,
Chinese Academy of Geological Sciences, were also digested and
analyzed to check the analytical quality. Average relative errors of
P, Al, Fe and Ca in the four reference materials were −2.40% to 0.95%,
−0.21% to 3.92%, −0.29% to 8.16% and −1.40% to 10.71%, respectively.

2.2. Sorption isotherm measurement

Accurately weighed duplicate samples (∼1 g soil each) were
mixed with 25 mL solution with varying concentrations of
KH2PO4·2H2O. The initial concentration of phosphate in the solu-
tion was varied in the range of 0 (blank)–100 mg L−1 of P. The
suspensions were gently shaken for 7 days at 25 ± 1 ◦C. At the end of
this equilibration period, suspension pH was measured using com-
bination pH electrode. Then the suspensions were centrifuged at
12,000 rmp for 10 min using Xiang Yi centrifuge (H-1650, China).
The supernatant was decanted and filtered through 0.45 �m filter.
Phosphorus in the solution was measured employing the Malachite
green method [33]. The total and net sorbed P was calculated by

qt = (Ci − (C − C0)) × V/Ws (1)

qn = (Ci − C) × V/Ws (2)

where qt and qn are total and net sorbed amount of P, respectively
(mg kg−1); Ci is the initially added concentration of P (mg L−1); C0
is the measured concentration of P in the equilibrium solution at
Ci = 0; C is the measured concentration of P in the equilibrium solu-
tion, V is solution volume, L, Ws is oven-dried (105 ◦C) soil weight
(kg). The isotherm data, qt = fun (C − C0), were fitted by the linear
form of the Langmuir equation:

1
(

1
)

1 1

qt

=
qmaxk C

+
qmax

(3)

where qmax is the maximum sorbed amount of P (mg kg−1), and
k is a constant related to the binding strength (L mg−1), and the
respective adsorption parameters were calculated. Noting two
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Fig. 2. Relationship between total phosphorus (TP) and Fe contents in the surface
sediments of the Daliao river system.
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inear segments were generally observed in the isotherm, the step-
ise qmax and k parameters were calculated for each segment

eparately.

.3. Phosphorus fractionation

To investigate the partition of native and added P into various
inerals, selective sequential fractionation of P was performed in

he native sediment samples and P-added sediment samples imme-
iately after 7 days of sorption isotherm test. Following stepwise
xtraction was performed: soluble and loosely bound P (S/L-P),
l bound P (Al–P), Fe bound P (Fe–P), reductant soluble P (RS–P),
nd Ca bound P (Ca–P) were selectively extracted, respectively, by
H4Cl, NH4F, NaOH, Na2S2O4, and H2SO4 solutions [34]. Residual
hosphorus (RES–P) is given by the difference between the total
hosphorus content (TP) and the sum of reactive (inorganic) frac-
ions and mainly consists of organic phosphorus. Phosphorus in the
upernant was measured employing the same method as sorption
sotherm test. Average detection limits were 0.72, 2.93, 0.33, 0.46
nd 0.32 mg kg−1 for S/L-P, Al–P, Fe–P, RS–P and Ca–P, respectively,
stimated by five blank analyses without sediment. All reagents are
nalytical grade.

. Results and discussion

.1. Sediment properties and phosphorus partition in the native
ediment

The pH values of the sediments generally were higher than 7.5,
hile it was only 6.9 at H6 site (Table 1). The contents of sediment

rganic matter (SOM) were in the range of 0.23–7.57%. Sediment
exture was sandy loam for D1 and D2 sites, and loamy sand for H1,
6, T1, T7 sites. The contents of Al, Fe, and Ca were in the ranges of
.77–7.35%, 1.67–4.60%, and 1.09–2.16%, respectively, similar to Al
7.20%) and Fe (4.10%) contents, but lower than Ca (6.60%) content
n the world sediment [35]. The total content of P ranged from 479
o 1202 mg kg−1, while the mean content of P in the world sediment
s 670 mg kg−1 [35]. TP was positively correlated to the content of Fe
n the sediments of the Daliao river system, with R2 = 0.841 (Fig. 2).

The content of S/L-P was very low, less than 1% of TP (Table 1,
ig. 3). RS–P was about 7–14% of TP. The sum of Ca–P and RES–P was
bout 80–90% of TP in the sediment of the Hun river and Taizi river,
hile it was only 45–60% in the sediment of the Daliao river. On

he other hand, the contents of Fe–P and Al–P were much higher in
he sediment of the Daliao river than the Hun river and Taizi river,
ossibly because most part of the Daliao river is in the tidal zone of
stuary with more reactive clay content in the sediment.

.2. The sorption isotherms
The isotherms generally showed two-step sorption process: an
nitial steep increase in sorption at low equilibrium concentra-
ions and moderate increase approaching a steady state sorption
t high equilibrium concentrations (Fig. 4). This shape of the sorp-
ion isotherm suggests an initial surface adsorption/complexation,

able 1
roperties and chemical composition of the studied sediments.

ite pH SOM (%) Clay (%) Silt (%) Al (%) Fe (%) Ca (%) TP
(mg kg−1)

1 7.55 7.57 5.5 15.7 6.77 2.69 1.42 529
6 6.86 1.73 4.5 11.1 7.35 1.67 1.31 479
1 7.94 1.79 5.2 14.7 7.06 4.60 2.16 1202
7 7.56 0.23 4.8 2.9 6.87 2.83 1.43 621
1 7.45 1.61 13.1 33.1 7.04 4.13 1.10 976
3 8.12 1.40 15.1 32.7 7.18 3.62 1.09 675
Fig. 3. P fractionation in the surface sediments of the Daliao river system.

followed by solid-state diffusion of adsorbed phosphate and/or sur-
face precipitation [9,36]. The pH values of equilibrium solutions
generally decreased from about 7.0 to 6.5 for H1, T1, T7, and D1 site,
while it decreased from 6.2 to 5.7 for H6 site and from 8.0 to 6.5 for
D3 site. This was due to lower pH value of the sediment at H6 site
and higher pH value of the sediment at D3 (Table 1). Increase of pH
value generally decreases sorption of P on the surface of inorganic
minerals, due to competition of OH anion with phosphate anion
[37,38]. However, higher pH values of equilibrium solutions for sed-
iment H1 and T1 relative to sediment H6 and T7, respectively, did
not lead to less sorption of phosphate on sediment H1 and T1, indi-
cating other factors, such as Fe and P content etc., overpowered pH
effect on the sorption. For each river, upstream sediment generally
sorbed more P than downstream sediment at the same equilibrium
concentration of P.

To estimate the binding strength constant and maximum

adsorption capacity of the sediments, the isotherm data were
fitted with the linearized Langmuir equation (Eq. (3), Fig. 5).
Noting that isotherms showed two parts, the linearized plots of
the sorption data exhibit two linear segments (Fig. 5). Previous

S/L-P
(mg kg−1)

Al–P
(mg kg−1)

Fe–P
(mg kg−1)

RS–P
(mg kg−1)

Ca–P
(mg kg−1)

RES–P
(mg kg−1)

0.5 13.1 27.4 74.9 229.3 183.8
0.2 8.1 30.9 68.2 93.4 278.2
0.0 3.0 18.0 79.2 356.6 745.3
0.8 10.9 41.5 50.8 469.4 47.7
1.2 53.8 370.2 112.6 237.0 201.2
5.3 66.5 127.2 71.5 228.1 176.3
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ig. 4. Sorption isotherms of phosphate by the sediments from the Daliao river sys
f C and C0 in the text).

tudies reported similar results for P adsorption on soils and
ome minerals [15,16,39–41]. Stepwise binding strength constants
nd maximum adsorption capacities for the initial concentration
anges of 1–10 mg L−1 and 10–100 mg L−1 of P were calculated
Table 2). The data were well fitted in the initially added P con-
entration of 1–10 and 10–100 mg L−1, separately, with regression
oefficients of 0.7926–0.9991. On the other hand, at low initially
dded concentrations of P, desorption of P occurred due to release
f P originally present in the sediments. This will be discussed
urther below. The binding energy constant of P on the strong
ites ranged from 0.41 to 2.65 L mg−1, while it ranged from 0.03
o 0.11 L mg−1 for the weak sites. Thus, the strong sites had a

ery much higher (between 4.4 and 58.4 times) binding energy
onstant than the weak sites. However, maximal sorption by the
trong sites was only between 17% and 44% of the total maximal
orption (Table 2), indicating the concentration of the strong sites
as lower than that of the weak sites. The total maximal sorption
d pH change with equilibrium phosphate concentration (Ce = C − C0, see definition

of P ranged from 204 to 714 mg kg−1 for the sediment of the Daliao
river system. The binding energy constant of P on the strong sites
was reported to be 0.01–0.05 L mg−1 for calcareous soils [42],
0.17–0.23 L mg−1 for iron coated sorbents [43], and 4.7–10.9 L mg−1

for the clayey soils with clay content of 16–80% [39]. Lin and
Banin [44] reported 0.25–0.26 and 0.02–0.05 L mg−1 of the binding
energy constants on the strong sites and weak sites, respectively, in
the clayey sand with 0.02–0.32% of carbonate content. Therefore,
the values we measured roughly fall within the same magnitude as
those for clayey soils and clayey sand, but much higher than those
for calcareous soils. Fox et al. [5] indicated that the bonding of P is
weaker in calcareous compared to iron-containing sediments.
The strong sites are mainly strongly reactive sites on amorphous
iron oxides in the sediments, while the weak sites may include
reactive sites on the surface of other minerals. The binding energy
constant of P on the strong sites generally decreased gradually from
2.24 to 2.65 L mg−1 at upstream to 0.41 L mg−1 at downstream or
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ig. 5. Adsorption isotherms of P plotted according to the linearized form of the
angmuir equation. Calculated isotherm parameters are given in Table 2.

stuary, while it did not show such changing trend for the weak
ites. This indicated that phosphate added by point and diffuse
ources along the river appears to have occupied and partly satu-
ated the strong binding sites having the highest binding constant.

hereas maximal sorption of P for each river was higher in the
pper reach sediment than in the down reach sediment, the maxi-
al sorption of P in the sediment of the Daliao river was generally

igher than that of the Hun river and Taizi river. The high sorption
aximal of P in the sediment of the Daliao river may be due to its

igh clay, Al and Fe contents.

.3. Sorption/desorption equilibrium

The net sorbed P was plotted against P concentration in equi-
ibrium solution (Fig. 6). Simple linear regression of net sorbed P
gainst P concentration in the equilibrium solution was used to
stimate sediment EPC0 (the x intercept) and NAP (native sorbed
hosphorus, the y intercept). The slope of this line was used as
measure of the ability of stream sediments to absorb P at low

oncentration, e.g., <1.0 mg L−1 of initial P concentration in this

esearch. For each river, the slope of this line was higher for the
pper reach sediment than for the down reach sediment, indicating
hat the upper reach sediments had a stronger ability to sorb P than
he down reach sediment at lower equilibrium P concentration.

able 2
tepwise and overall maximum isotherm adsorption capacity (qmax) and binding strength

ediment Linear segment Ce range (mg/L) Linearized Langmu

1 (I) 0.83–4.80 (1/q) = 0.0042(1/C)
(II) 4.80–83.95 (1/q) = 0.0479(1/C)
Overall

6 (I) 0.40–8.84 (1/q) = 0.0132(1/C)
(II) 8.84–88.93 (1/q) = 0.0648(1/C)
Overall

1 (I) 0.21–6.13 (1/q) = 0.0049(1/C)
(II) 6.13–84.18 (1/q) = 0.0506(1/C)
Overall

7
(II) 7.10–86.50 (1/q) = 0.0823(1/C)
Overall

1 (I) 0.34–2.97 (1/q) = 0.0043(1/C)
(II) 2.97–71.00 (1/q) = 0.0124(1/C)
Overall

3 (I) 0.64–4.63 (1/q) = 0.011(1/C) +
(II) 4.63–79.87 (1/q) = 0.0215(1/C)
Overall
aterials 170 (2009) 278–285

Sediment EPC0 ranged from c.a. 0.05 mg L−1 at H1, T1 and T7
site to 0.54 mg L−1 at D3 site (Table 3). EPC0 was generally higher
than the dissolved P concentration in overlying water for flood
season, indicating possible release of sediment P to water col-
umn. Especially, EPC0 at the estuarine D3 site was much high
that its overlying water P concentration. In addition, soluble and
loosely bound P was much higher at D3 site than the other sites
(Table 1). The sediment EPC0 of eight samples at same site of
the Blackwater river (UK) for various seasons, six sediments in
the Taihu lake (China), six sediments in Three-Gorges reservoir
(China), and 22 selected Ozark streams in northwest Arkansas
(US) was 0.09–0.61 mg L−1, 0.02–0.12 mg L−1, 0.04–0.67 mg L−1, and
0.001–0.33 mg L−1 [8,12,13,16], roughly in the same magnitude
as those of the Daliao river system. However, Wang et al. [25]
reported 30.1–634.1 mg L−1 of EPC0 for trophic lake sediments with
441–2275 mg kg−1 of total P.

Previous researches showed that EPC0 was positively correlated
to the exchangeable P content (Pexch) in the sediments [14,45].
Change of EPC0 as function of Pexch in the sediments of the Daliao
river system is shown in Fig. 7. Quantitative relationships between
EPC0 and exchangeable P content in the sediments of the Florida
Bay [14] and Nansi lake in China [45] are also shown in the Fig. 7.
It is clearly shown that the relationships are different, with high,
moderate, and low ratios of EPC0 to Pexch for the sediments from
the Daliao river system, the Florida Bay, and Nansi lake, respec-
tively. Hence, the sediments of the Daliao river system might have
relatively high potential of P release, whereas it contained relatively
low Pexch.

On the other hand, degree of P saturation (DPS) is generally
accepted as a good indicator for the risk of P loss from soils
[46]. Although DPS is generally determined by extracting the
soil/sediment with an acid oxalate solution and then calculating
molar ratio of P to (Al + Fe) [47], Jensen et al. [48] directly used the
molar ratio of Fe to TP in the sediments to estimate the P release
potential from the sediments. He found that freshwater sediments
with molar Fe:P ratios above 8.5 were capable of retaining phos-
phate in the oxidized surface layer while phosphate released when
the ratio was below 8.5. The molar ratio of total Fe to total P generally
was 17.32–29.71 in the sediment samples of the Daliao river sys-
phosphate in the sediments of the Daliao river system was under-
saturated. Noting that DPS estimated by the molar ratio of Fe to TP
is dependent on both Fe content and TP content in the sediments,
it did not show decreasing trend from upstream to downstream.

constant (k) of phosphorous estimated by linearized Langmuir isotherm plots.

ir equation R2 K (L mg−1) Stepwise qmax (mg kg−1)

+ 0.0094 0.9858 2.24 106.38
+ 0.0019 0.9650 0.04 419.93

526.32

+ 0.0143 0.9508 1.08 69.93
+ 0.0049 0.7926 0.08 134.15

204.08

+ 0.013 0.9753 2.65 76.92
+ 0.0023 0.9471 0.05 357.86

434.78

+ 0.0025 0.9715 0.03 328.57
400.00

+ 0.004 0.8951 0.93 250.00
+ 0.0014 0.9908 0.11 464.29

714.29

0.0045 0.9991 0.41 222.22
+ 0.002 0.9718 0.09 277.78

500.00
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Fig. 6. EPC0 values of the sediments. EPC0, measured concentration of P when net
sorbed P (qn) = 0 and signifies the point at which no sorption nor desorption occurs.

Fig. 7. EPC0 as function of Pexch for the sediments of the Daliao river system, Florida
Bay [14] and Nansi lake in China [45]. S/L-P is defined as Pexch.

Table 3
Calculated EPC0 and NAP of the sediments and measured P concentration in overlying wa

Sediment Ce range (mg L−1) Linearized regression equation R2

H1 0.05–0.11 q = 168.28Ce − 8.75 0.81
H6 0.10–0.20 q = 93.56Ce − 11.29 0.97
T1 0.05–0.21 q = 132.29Ce − 6.69 0.88
T7 0.05–0.15 q = 97.27Ce − 6.06 0.97
D1 0.08–0.11 q = 426.95Ce − 35.73 0.89
D3 0.41–0.53 q = 78.03Ce − 41.98 0.97
Fig. 8. The fractionation of the native sediment (NS) and P-added sediment imme-
diately after 7 days of sorption isotherm experiment at D1 site. Ci is added initial
concentration of P in the sorption isotherm experiment.

Whereas the sediments of the Daliao river system were under-
saturated for P sorption, P sorption or release to/from the sediments
directly depends on EPC0 and the concentration of P in the water
column. In addition, the decrease of P sorption capacity of the sedi-
ments, caused by the long-term pollution, can be further indicated
by binding strength constant.

Sediment NAP of the Hun river and Taizi river ranged from 6.1
to 12.3 mg kg−1, while it was 35.7–42.0 mg kg−1 for the Daliao river.
Sediment NAP in more serious eutrophic and moderate eutrophic
areas of the Taihu lake was 44–380 mg kg−1 and 12–15 mg kg−1,
respectively [13]. Hence, the Daliao river’s sediments and the Hun
river and Taizi river’s sediments had slightly lower NAP than the

serious eutrophic and moderate eutrophic area in the Taihu lake,
respectively. In addition, sediment NAP of the Daliao river system
was significantly correlated to the Al–P content in the sediment.

ter of the Daliao river system.

EPC0 (mg L−1) NAP (mg kg−1) Water column (mg L−1)

13 0.05 8.75 0.008
88 0.12 11.29 0.126
89 0.05 6.69 0.009
98 0.06 6.06 0.015
73 0.08 35.73 0.011
91 0.54 41.98 0.029
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.4. Partition of the added P into the various minerals

The sediment of D1 site by the isotherm batch experiment
as fractionated into the S/L-P, Al–P, Fe–P, RS–P, Ca–P, and RES–P.

he concentrations of each fraction were plot as against the ini-
ial P concentration added in the isotherm experiment (Fig. 8).
esults indicated that added or sorbed P was primarily bound to Fe
xide minerals and secondly bound to Al oxide minerals at higher
reatment concentration. Only small amount of the P-added was
lassified as reductant soluble (occluded-bound) P fractions. And
xtremely low amount of the P-added was bound to carbonate min-
rals, whereas separate calcite can remove phosphate from solution
49]. In addition, at relatively low treatment concentration, RES–P
nd Ca–P in the sediment might transform to Fe–P, RS–P and Al–P.

. Conclusion

The content of P in the sediments of the Daliao river system was
79–1202 mg kg−1 and depended on iron contents in the sediments.
he content of potential bioavailable P, including S/L-P, Al–P, Fe–P,
nd RS–P was only 10–20% out of total P in the sediment of the Hun
iver and Taizi river, while it was 40–55% in the sediment of the
aliao river, the downstream of the river system. In addition, the
PC0 generally increased from upstream sediment to downstream
ediment, indicating increasingly release potential.

On the other hand, the upstream sediment generally sorbed
ore P than the downstream sediment for each river at the same

quilibrium P concentration. The maximal sorption capacity was
04–714 mg kg−1. The binding energy constant of P on the strong
ites of the sediments generally decreased from 2.24 to 2.65 L mg−1

t upstream to 0.41 L mg−1 at downstream or estuary, suggesting
hat the strong binding sites have been occupied and partly satu-
ated by the phosphate added by point and diffuse sources along
he river. The added or sorbed P in the isotherm test was primarily
ound to Fe oxides and secondly to Al oxides. The molar ratio of
e to TP in the sediments indicated that sorption capacity of the
ediments to P was under-saturated.

Generally, long-term pollution of the river lead to the decrease
f P sorption capacity of the river sediment and the increase of P
elease potential. This might further result in a lagging restoration
f overlying water quality.

cknowledgements

This research was financially supported by the National Basic
ey Research Program of China (2004CB418502) and the National
atural Science Foundation of China (40671002). Financial support
y the Scientific Research Foundation for the Returned Overseas
hinese Scholars, State Education Ministry and by Beijing Normal
niversity to C.L. is gratefully acknowledged.

eferences

[1] W.K. Dodds, Eutrophication of streams and rivers, Limnol. Oceanogr. 51 (2006)
671–680.

[2] R.B. Alexander, R.A. Smith, Trends in the nutrient enrichment of US rivers during
the late 20th century and their relation to changes in probable stream trophic
conditions, Limnol. Oceanogr. 51 (2006) 639–654.

[3] S.Y. Li, W.Z. Liu, S. Gu, X.L. Cheng, Z.F. Xu, Q.F. Zhang, Spatio-termporal dynam-
ics of nutrients in the upper Han River Basin, China, J. Hazard. Mater. (2008),
doi:10.1016/j.jhazmat.2008.06.059.

[4] W.A. House, Geochemical cycling of phosphorus in rivers, Appl. Geochem. 18
(2003) 739–748.
[5] I. Fox, M.A. Malati, R. Perry, The adsorption and release of phosphate from
sediments of a river receiving sewage effluent, Water Res. 23 (1989) 725–732.

[6] W.A. House, F.H. Denison, Phosphorus dynamics in a lowland river, Water Res.
32 (1998) 1819–1830.

[7] P.D. Bedore, M.B. David, J.W. Stucki, Mechanisms of phosphorus control in urban
streams receiving sewage effluent, Water Air Soil Pollut. 191 (2008) 217–229.

[

aterials 170 (2009) 278–285

[8] B.E. Haggard, D.R. Smith, K.R. Brye, Variation in stream water and sedi-
ment phosphorus among select Ozark catchments, J. Environ. Qual. 36 (2007)
1725–1734.

[9] P.N. Froelich, Kinetic control of dissolved phosphate in natural rivers and estuar-
ies: A primer on the phosphate buffer mechanism, Limnol. Oceanogr. 33 (1988)
649–668.

[10] A.W. Taylor, H.M. Kunishi, Phophate equilibria on stream sediment and soil
in a watershed draining an agricultural region, J. Agric. Food Chem. 19 (1971)
827–831.

[11] N.J. Barrow, A mechanistic model for describing the sorption and desorption of
phosphate by soil, J. Soil Sci. 34 (1983) 733–750.

[12] W.A. House, F.H. Denison, Exchange of inorganic phosphate between river
waters and bed-sediments, Environ. Sci. Technol. 36 (2002) 4295–4301.

[13] A.M. Zhou, H.X. Tang, D.S. Wang, Phosphorus adsorption on natural sediments:
modeling and effects of pH and sediment composition, Water Res. 39 (2005)
1245–1254.

[14] J.Z. Zhang, X.L. Huang, Relative importance of solid-phase phosphorus and
iron on the sorption behavior of sediments, Environ. Sci. Technol. 41 (2007)
2789–3279.

[15] S.R. Wang, X.C. Jin, Q.Y. Bu, X.N. Zhou, Effects of particle size, organic matter and
ionic strength on the phosphate sorption in different trophic lake sediments, J.
Hazard. Mater. 128 (2006) 95–105.

[16] Y. Wang, Z.Y. Shen, J.F. Niu, R.M. Liu, Adsorption of phosphorus on sediments
from the Three-Gorges Reservoir (China) and the relation with sediment com-
positions, J. Hazard. Mater. (2008), doi:10.1016/j.jhazmat.2008.05.013.

[17] K. Pettersson, B. Boström, O.S. Jacobsen, Phosphorus in sediments – speciation
and analysis, Hydrobiologia 170 (1988) 91–101.

[18] S.C. Chang, M.L. Jackson, Fractionation of soil phosphorus, Soil Sci. 84 (1957)
133–134.

[19] J.D.H. William, J.K. Syers, D.E. Armstrong, F. Harris, Fractionation of inorganic
phosphate in calcareous lake sediments, Soil Sci. Soc. Am. Proc. 35 (1971)
250–255.

20] A.H.M. Hieltjes, L. Lijklema, Fractionation of inorganic phosphates in calcareous
sediments, J. Environ. Qual. 9 (1980) 405–407.

[21] B. Boström, K. Pettersson, Different patterns of phosphorus release from
lake sediments in laboratory experiments, Hydrobiologia 92 (1982) 415–
492.

22] M. Søndergaard, J. Windolf, E. Jeppesen, Phosphorus fractions and profiles in
the sediment of shallow Danish lakes as related to phosphorus load, sediment
composition and lake chemistry, Water Res. 30 (1996) 992–1002.

23] J.Z. Zhang, C.J. Fischer, P.B. Ortner, Potential availability of sedimentary phos-
phorus to sediment resuspension in Florida Bay, Global Biogeochem. Cycles 18
(2004) GB4008, doi:10.1029/2004GB002255.

24] C.Z. Katsaounos, D.L. Giokas, I.D. Leonardos, Speciation of phosphorus fraction-
ation in river sediments by explanatory data analysis, Water Res. 41 (2007)
406–418.

25] S.R. Wang, X.C. Jin, H.C. Zhao, F.C. Wu, Phosphorus release characteristics of dif-
ferent trophic lake sediments under simulative disturbing conditions, J. Hazard.
Mater. (2008), doi:10.1016/j.jhazmat.2008.05.004.

26] Liaoning Provincial Population and Family Planing Commission, Popula-
tion of Liaoning province in 2005 (2007), http://www.lnrkjsw.gov.cn/site/
content.asp?id=1576.

27] J.J. Wang, X. Zhong, D.F. Zhang, L.Y. Kang, Water pollution survey in
Shenyang section of Liaohe river, J. Shenyang Med. Coll. 10 (2008) 238–240
(in Chinese).

28] N.Y. Zhang, Correlation analysis of major pollutants in the water of Taizi river
near Anshan city, Liaoning Urban Rural Environ. Sci. Technol. 25 (2005) 17–19
(in Chinese).

29] L.M. Huang, X.P. Huang, X.Y. Song, Y.H. Tan, H.K. Wang, Frequent occurrence
areas of red tide and its ecological characteristics in Chinese coastal waters,
Ecol. Sci. 22 (2003) 252–256 (in Chinese).

30] L.M. Qu, D. Yao, P.F. Cong, Inorganic nitrogen and phosphate and potential
eutropication assessment in Liaodong Bay, Environ. Sci. 27 (2006) 263–267 (in
Chinese).

[31] S.D. Bao, Measurement of organic matter content in soil, in: S.D. Bao, R.F. Jiang,
C.G. Yang (Eds.), Analysis of Agri-Chemistry in Soil, 3rd ed., Chinese Agricultural
Science and Technology Press, Beijing, China, 1999, pp. 34–35.

32] C. Lin, M.C. He, Y.X. Zhou, W. Guo, Z.F. Yang, Distribution and contamination
assessment of heavy metals in sediment of the Second Songhua River, China,
Environ. Monit. Assess. 137 (2008) 329–342.

33] A.S. Rao, K.S. Reddy, P.N. Takkar, Malachite green method compared to ascorbic
acid for estimating small amounts of phophorus in water, 0.01 M calcium chlo-
ride, and Olsen soil extracts, Commun. Soil Sci. Plant Anal. 28 (1997) 589–601.

34] H. Zhang, Phosphorus Fractionation, in: Pierzynski (Ed.), Methods of
Phosphorus Analysis for Soils, Sediments, Residuals, and Waters, North Car-
olina State University, 2000, pp. 50–59, http://www.soil.ncsu.edu/sera17/
publications/sera17-2/pm cover.htm.

35] H.J.M. Bowen, Environmental Chemistry of the Elements, Academic Press, Lon-
don, 1979, pp42.

36] J.S. Freeman, D.L. Rowell, The adsorption and precipitation of phosphate onto

calcite, J. Soil Sci. 32 (1981) 75–84.

[37] D.L. Sparks, Environmental Soil Chemistry, 2nd ed., Academic Press, London,
2003, pp. 175.

38] Y. Arai, D.L. Sparks, ATR-FTIR spectroscopic investigation on phosphate adsorp-
tion mechanisms at the ferrihydrite-water interface, J. Colloid Interface Sci. 241
(2001) 317–326.

http://www.lnrkjsw.gov.cn/site/content.asp?id=1576


ous M

[

[

[

[

[

[

[

[

[

[48] H.S. Jensen, P. Kristensen, E. Jeppesen, A. Skytthe, Iron:phosphorus ratio in sur-
face sediment as an indicator of phosphate release from aerobic sediments in
C. Lin et al. / Journal of Hazard

39] J.K. Syers, M.G. Browman, G.W. Smillie, R.B. Corey, Phosphate sorption by soils
evaluated by the Langmuir adsorption equation, Soil Sci. Soc. Am. Proc. 37 (1973)
358–363.

40] J.A. Mead, A comparison of the Langmuir, Freundlich, and Temkin equations to
describe phosphate adsorption properties of soils, Aust. J. Soil Res. 19 (1981)
333–342.

41] W. Yao, F.J. Millero, Adsorption of phosphate on manganese dioxide in seawater,
Environ. Sci. Technol. 30 (1996) 536–541.

42] I.C.R. Holford, G.E.C. Mattingly, The high- and low-energy phosphate adsorbing
surfaces in calcareous soils, J. Soil Sci. 26 (1975) 407–417.
43] N. Boujelben, J. Bouzid, Z. Elouear, M. Feki, F. Jamoussi, A. Montiel, Phospho-
rus removal from aqueous solution using iron coated natural and engineered
sorbents, J. Hazard. Mater. 151 (2008) 103–110.

44] C. Lin, A. Banin, Effect of long-term effluent recharge on phosphate sorption
by soils in a wastewater reclamation plant, Water Air Soil Pollut. 164 (2005)
257–273.

[

aterials 170 (2009) 278–285 285

45] W.C. An, X.M. Li, Phosphate adsorption characteristics at the sediment-water
interface and phosphorus fractions in Nansi Lake, Chian, and it main inflow
rivers, Environ. Monit. Assess. 148 (2009) 173–184.

46] V.D. Nair, K.M. Portier, D.A. Graetz, M.L. Walker, An environmental threshold
for degree of phosphorus saturation in sandy soils, J. Environ. Qual. 33 (2004)
107–113.

47] V.D. Nair, D.A. Graetz, Phosphorus saturation in spodosols impacted by manure,
J. Environ. Qual. 31 (2002) 1279–1285.
shallow lakes, Hydrobiologia 235–236 (1992) 731–743.
49] K. Karageorgiou, M. Paschalis, G.N. Anastassakis, Removal of phosphate species

from solution by adsorption onto calcite used as natural adsorbent, J. Hazard.
Mater. A139 (2008) 447–452.


	Phosphorus sorption and fraction characteristics in the upper, middle and low reach sediments of the Daliao river systems, China
	Introduction
	Materials and methods
	Sediment sampling and analyses
	Sorption isotherm measurement
	Phosphorus fractionation

	Results and discussion
	Sediment properties and phosphorus partition in the native sediment
	The sorption isotherms
	Sorption/desorption equilibrium
	Partition of the added P into the various minerals

	Conclusion
	Acknowledgements
	References


