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ABSTRACT

Extensive subsidence and submergence of agricultural land has been caused by coal mining
activities in the Huainan Coal Mine Area, China. Considering the site-specific regional water
chemistry, we investigated the influence of ion solutions on phosphorus (P) adsorption
behavior in the sediments of a 20-year-old body of water. The P isothermal adsorption was
measured in four different types of ion solutions, prepared through additions of sodium
chloride (NaCl), calcium chloride (CaCl,), sodium bicarbonate (NaHCQO;3), a mixture of
sodium bicarbonate and calcium chloride (NaHCO; + CaCl,), and ultra pure water (deionized
water with specific resistivity reaching the value of 18 MQ c¢m) as a control. The sediments
parameters analyzed included P-fractions, organic matter (OM), iron oxides, clay, and others,
with the aim of analyzing their individual effects on P adsorption. Cationic calcium (Ca**)
was to found to enhance P adsorption ability, while a weakly alkaline environment (simu-
lated through NaHCO; addition) reduced it. The effects of ion solutions on P adsorption
potential were in the order CaCl,>NaHCO;+ CaCl,>NaCl>ultra pure water >NaHCO;.
The two-dimensional structure of lake sediments overlying inundated agricultural soil could
be responsible for the observed differences between sediment properties and P adsorption

features in different layers of sediments.
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1. Introduction

Extensive land subsidence has been caused by coal
mining activities in China. In plains with locally high
groundwater levels, these subsided pockets of land
can be seasonally or permanently flooded. As a result,
it generally lends itself to the formation of unique
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types of water bodies, which can be classified as col-
lapsed ponds, reservoirs, or lakes, according to their
shapes and scales. These types of water bodies are
widely distributed in the coal mining areas of the
Huang-Huai-Hai Plain in China. For instance, it has
led to the formation of a subsidence area of 150 km?,
with one-third of it covered by water in the Xuzhou
Coal Mine Area, Jiangsu Province. The subsided land
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area is more than 250 km? in the Huainan and Huaibei
Coal Mine Area, Anhui Province, with 100 km? being
submerged permanently [1]. In addition, these areas
of subsidence display a trend of expansion, increasing
in area by 3-5% per year due to continuous mining
activities.

Due to the subsidence and flooding of agricultural
land, traditional agricultural ecosystems have been
completely transformed into freshwater systems in the
forms of collapsed ponds, reservoirs, or lakes. The
sedimentary environment of this water area originated
from agricultural soil, which is typically rich in nutri-
ents due to long histories of fertilization and cultiva-
tion activities. The potential for nutrient release from
the soil to the overlying water is one of the important
and interesting issues for the site-specific research into
such ecosystems. Of particular importance is phospho-
rus (P) internal loading and its contribution to the
eutrophication status of lakes, rivers, or estuaries,
which have been widely researched [2—4]. Even if
small amounts of P migrate from the cultivation layer
to the overlying water column, it would result in a
significant increase in water P concentration, and fur-
thermore, impact the overall nutrient status of the
freshwater system.

Submerged soils undergo more reductive condi-
tions, with an apparently higher P release potential
from the P-pool of the cultivation layer. The primary
mechanisms for P migration are generally considered
to be coupled with the reduction of Fe (III) hydroxides.
As Fe (I) production occurs, phosphate anions chemi-
cally associated with Fe (III) oxides are desorbed and
released [5,6]. The transfer of appreciable P-pools to
soil or sediment solutions could play an important role
in P bioavailability in many ecosystems such as wet-
lands, reservoirs, inundated forests, or cultivation soils
undergoing cyclical dry and wet conditions [7-9].

After the submergence of agricultural land in the
studied area, the original unsaturated zone of the soils
became saturated with water, and the relationship
between groundwater and surface water became
active through the sediment interface. Accordingly,
the ion movement caused by water exchange may
have an important influence on P transport and on
other trace elements as well, particularly on those that
are generally involved in active surface behaviors, e.g.
adsorption, ion exchange, sedimentation, etc. How-
ever, there are a few studies of the effects of ion solu-
tions on P mobility at the interface of the solid phase
(sediment) and its ambient solution. The bicarbonates
of the local water are high with a slightly alkaline pH
[10]. Major cationic ions include Na*, Ca**, and Mg*".
On the one hand, alkaline conditions are likely to
desorb P bound with metal hydroxides [11]. On the

other hand, Ca®" can enhance the effect of P immobili-
zation on the surface of the soils or sediments. Phos-
phate could be adsorbed and partitioned on calcite
surfaces or precipitated with calcium ions [12]. For
instance, in lake restoration practices, Ca(OH), treat-
ment led to lower P flux in sediments [13]. CaCO;
was also found to be effective in decreasing the
soluble P content of pore water in wetland soil [14].

The impact of sediments on dissolved forms of P
can be assessed by performing sorption experiments.
A variety of protocols exist for conducting such experi-
ments, and the specific methods used can greatly influ-
ence results [15]. Generally, the Langmuir and the
Freundlich equations are the most widely used in envi-
ronmental applications to characterize sorption param-
eters (e.g. P sorption maxima, kinetic equilibrium
constant, and equilibrium P concentration) [16]. How-
ever, for low concentrations, the P adsorption equation
was typically linear, allowing these characterized
parameters to be obtained via linear regression [17].
There are three characterized parameters in the linear-
fit equation, the zero equilibrium P concentrations
(EPCy), the slope of the fit curve (k constant), and the
y-axis intercept (b). The EPCy (mg/L) is a measure of
the P concentration at which sediment is neither
adsorbing nor desorbing P. When the dissolved P con-
centration of ambient sediments is bigger than EPC,,
net adsorption occurs. When it is smaller than EPC,,
desorption occurs. k (L/kg) constant reflects the bond-
ing energy at sorption affinity. b value (mg/kg) is the
native adsorbed phosphorous (NAP) that had been
adsorbed on the sediment prior to the experiments.

When concerning P behaviors, such as adsorption
or release, past studies placed greater emphasis on
controlling factors, such as pH or redox potentials,
but few discussions were related to the actual effects
of the ambient ion solution on P adsorption. There-
fore, there are two objectives in this paper: (1) to dis-
cuss the potential for P migration in sediments based
on their properties and the chemical P-fraction in the
specific research site and (2) to determine the effect of
ion solutions on P adsorption behavior, in order to
uncover the crucial factors ultimately determining P
mobility or immobilization.

2. Materials and methods
2.1. Site description

The Panxie Coal Mine Area is located on the flood
plain of the Huai River Watershed, which is one of
the seven biggest watersheds in China. It covers an
area of 865km? with a maximum width of 6km and a
maximum length of 25km. Due to about 50years of
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continuous and intensive resource exploitation, a
pocket of subsided land with an area of 150km? has
formed, of which, two-thirds is submerged. The water
body selected for research is located in the eastern
part of the Panyi Coal Mine and has a surface area of
approximatley 4km? (Fig. 1). Twenty years ago, before
subsidence and submergence, it existed as cropland.
The local soil genus is classified as the yellow
fluvo-aquic soil, a common soil species in the flooding
plain. It is used primarily for aquaculture, without
fish feed addition, by local farmers. This water body
is connected with the Ni River, which receives effluent
from coal mine drainage, pollutants from rural non-
point sources, and domestic sewage from surrounding
villages. If the annual deposition rate of sediments is
estimated to be 1-4mm, based on analogies of lake
sedimentation, the original cultivation layer is proba-
bly covered by significant sediment layers of 2-8 cm.

2.2. Water sampling and analysis

Annual investigations into water quality parame-
ters were conducted in the spring (May) and summer
(August) 2011. Surface water samples were taken, and
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water parameters, including pH, dissolved oxygen
(DO), Secchi disc transparency (T), chemical oxygen
demand (COD), total nitrogen (TN), total phosphorus
(TP), soluble reactive phosphate (SRP), chlorophyll-a
(Chl-a), and constant ions (bicarbonate, chloride, sul-
fate, sodium, magnesium, and calcium), were exam-
ined, according to a previously published method
[18,19]. Means of the water parameters in nine
sampling sites (Fig. 1) and their viabilities in the
investigated water bodies are summarized in Table 1.
Water chemistry parameters for local shallow ground
waters and coal mine effluents were obtained from a
local geological survey report [10].

The average depth of the studied water body is
3.0m, resembling a shallow lake. It is rich in DO with
a weakly alkaline pH caused by local water chemistry.
It also receives drainage water from deep coal mines,
which is of high salinity (containing NaCl), and exhib-
its a fairly complex array of dissolved ions (Table 1).
The water quality exhibits a eutrophic status with
relatively low transparency, high nutrient content, and
high Chl-a content according to the trophic state index
for lakes proposed by Carson [20].
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Fig. 1. Location of the Panxie Coal Mine Area and sampling

sites of the subsided water body at the Panyi Coal Mine.
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Table 1

Characteristics of the studied water body and local water chemistry

SO~ Na* K* Ca** Mg**

Cl”

3.05+0.19 3.67+0.19

HCO;™

Major ions (meq/L)

Researched water body®

1.69£0.05
SRP

1.71+£0.07

TP

0.12+0.00

TN

1.91+£0.05 4.19+0.11

T¢(m)

Chl-a

CODcr

DO

pH

Nutrients status (mg/L)

(ng/L)

0.14+044 0.003+0.002 32.0+5.1

0.80+0.1 32.8+58 2.0+0.44

123+1.3

8.9+0.2

K. Xie et al.

Na* K* Ca®* Mg?*
0.12+0.00 2.28+0.41

S0z~

Cl™

6.60+0.69 0.66+0.22

HCO;™

Major ions (meq/L)

Local shallow ground water?

244 +0.72
1.64+0.41

0.27+£0.07 2.76+0.95

1.51+0.75

713+£092 2148+537 3.40+0.82 28.60+4.79 0.20+0.01

Discharge of coal mine®
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“Mean of values observed in 2011 during the spring and summer of nine sampling sites.

PData from local geological survey.

“Secchi disc transparency.

2.3. Sediment sampling and analysis

Sediment sampling in the studied area was
conducted in April 2011 using a corer sampler. Undis-
turbed sediment/interface cores were extruded and
extended down through the entire cultivation layer
(around 20 cm deep). Cores were obtained in nine dif-
ferent sites (marked as “S1-S9” sampling sites in
Fig. 1). Sediments cores collected from the sample
sites were averagely sliced into five thick layers from
top to bottom after overlying water was partially
drained. These sub-samples of each sediments core
were labeled as “Layer 1, Layer 2, Layer 3, Layer 4,
and Layer 5” from the top to the bottom, in order to
assist with the description of the vertical profile of dif-
ferent parameters of sediments. A total of 45 sub-sam-
ples of sediments were sealed in plastic bags, kept
cool in the field, and after being transported to the
laboratory, they were air-dried at room temperature,
homogenized, and size-fractionated to less than
100 pm using stainless steel sieves. The sediment
samples were analyzed for pH, size fraction, organic
matter (OM), P-fractions, TN, TP, Fe and Mn hydrox-
ides, and cation exchange capacities (CEC).

Particle size distributions were determined by the
traditional method of wet-sieving and sedimentation,
as performed for general soil texture assessment, since
the main part of the obtained sediments were com-
posed of submerged agricultural soils. This method
also ensured consistency of results with those of the
local soils survey which was used in the study. Partic-
ulates less than 63 pm fraction was distinguished as
silts and clays of the sediments after the removal of
OM with hydrogen peroxide and dispersion with
sodium metaphosphate. The OM represents the
oxidizable matter remaining after the treatment of the
sample with chromic acid/H,S50O, according to
the Walkey-Black method [21,22]. Concentrations of
TP, iron, and manganese were determined after wet
digestion with HCI, HNO;, HF, and HCIO, sequen-
tially [21]. The CEC was determined after extraction
with 1M CH3COONH, [21,22]. Iron and manganese
in amorphous or poorly crystalline constituents were
extracted using acidic ammonium oxalate (respec-
tively, named as Fe, and Mn,). Iron and manganese
in crystalline forms were extracted from dithionite—cit-
rate-bicarbonate (namely, Fey). Extracted Fe and Mn
were measured by flame atomic absorption spectros-
copy (FAAS).

The method of sequential extraction, which was
proposed by Psenner et al. [23] with slight modifica-
tions by Hupfer et al. [24], was used to determine the
P-fractionation of sediments. Sub-samples were
subjected to sequential chemical extraction with 1M
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NH4C1, 0.11M NaHCO3+NaZSZO4, 1M NaOH, and
0.5M HCIL The extracts were centrifuged and the
supernatants were filtered through a 0.45um cellulose
acetate membrane. The SRP in each fraction was
determined by the molybdenum blue/ascorbic acid
method [18]. This extraction procedure fractionates
sedimentary P into loosely sorbed P (NH4CI-P),
reductant soluble phosphorus (BD-P), metal oxide
bound phosphorus (NaOH-P), and calcium bound
phosphorus (HCI-P). Organic P was determined by
calculating the difference between TP and inorganic
phosphorus (IP), which was determined by extracting
sediments with 1.0M H,SO,; before and after
combustion at 500°C for two hours.

2.4. P isothermal adsorption experiments

Sediment samples from sites S1, S3, S5, S7, and S9
were selected for P isothermal adsorption experi-
ments. Sub-samples in layers 1, 3, and 5 from the
above sites were analyzed to represent the surface,
middle, and bottom layers of sediments, respectively.
A sample of 0.25g of sediment was mixed with a
25mL solution of eight different initial P concentra-
tions in a 50ml polypropylene centrifuge tube. The
P-solutions were prepared in four types of different
solutions, namely, NaCl, CaCl,, NaHCO;, and
NaHCO; +CaCl, using the pure water (deionized
water with specific resistivity of 18MQcm) as a
control (Table 2). The NaHCO; + CaCl, solution group
was assumed to reflect a local actual ion solution
while other groups were measured to investigate the
individual effects of ion solutions of Na*, Ca®*, and
HCO;5™ (weakly alkaline) on P adsorption behavior on
the surfaces of sediments. In each group, solutions
with initial P concentrations were prepared as follows:
0.00, 0.01, 0.02, 0.04, 0.08, 0.10, 0.16, and 0.20mg/L (P
content was adjusted using KH,PO,).

For P isothermal adsorption experiments, the tubes
were shaken at 25+1°C for 24h. The suspensions
were then centrifuged (2000 g x 30 min) and the super-
natants were filtered through 0.45um cellulose acetate
membranes. The pH values of the equilibrated

Table 2
Ion solution groups for P isothermal adsorption experiments
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solutions were recorded. The P concentrations in the
solutions were determined spectrophotometrically
using the molybdenum blue method. The adsorbed P
was then calculated based on the difference between
the initial amount of P added and the amount in the
equilibrium solution. All of the above analyses were
conducted in duplicate with the data presented as
arithmetic means. In all, 600 data-sets were obtained
from five groups multiplied by eight discrete P con-
centrations and 15 sub-samples of three layers of cores
from five sites. Therefore, the statistical analysis was
robust and is assumed to be reasonably accurate.

As discussed in the introduction, we used the
program SPSS12.0 for mathematical descriptions of
sorption isotherms, by fitting data-sets with linear
functions: Q=kC.+b, where Q is the P sorption
amount (mg/kg). k (slope) is the sorption constant
(L/kg), reflecting the bonding energy at sorption
affinity. b (insect, mg/kg) is the NAP.

The EPC, was determined graphically as the
x-intercept of the plot of the zero amount of P
absorbed at the y-axis against the C. concentrations at
the x-axis. Correlation analyses of sediment properties
and adsorption parameters were performed by calcu-
lating Pearson correlation coefficients at a confidence
level of 95 (p<0.05) and 99% (p<0.01) to investigate
significant differences within different parameters.

3. Results and discussion
3.1. Sediment properties and P-fraction characteristics

The statistical summaries of P-fractions and the
selected parameters of sediments are summarized in
Table 3 and 4. Furthermore, the profiles of P-fractions
along core depths are indicated in Fig. 2. Almost all
the P-fractions displayed an increasing trend from the
bottom layers to the surface layers.

The mean TP concentration was 204.9mg/kg
across the bottom layer of sediments, and averaged
343.7mg/kg in the sediments of surface layers. The IP
ranged from 163.9 to 257.2mg/kg, accounting for
73.3-81.5% of TP. The OP ranged from 16.2 to

Group settings Concentration (meq/L)

Pure water group - 6.9
NaCl group 4.0 7.1
CaCl, group 4.0 7.0
NaHCO; group 4.0 7.8
NaHCO; +CaCl, group  4.0+4.0 7.7

Equilibrium pH

Solution characteristics

Control

Cationic sodium

Ca2+

Cationic sodium in weakly alkaline environment
Representing actual ion solution in the lake
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66.4mg/kg, accounting for 18.5-24.7% of TP. For IP
species, the ranked order was NaOH-P > HCI-P > BD-
P>NH,CI-P, and their respective values were in the
range of 85.0-100.1mg/kg (28.6-41.3% of total IP),
63.6-959mg/kg (27.4-30.9%), 16.2-66.4mg/kg (7.9-
19.9%), and less than 1mg/kg, from the bottom to top
layers, respectively.

Overall, TP was measured to be at moderate levels
compared to the values reported in other studies on
lakes [2]. However, BD-P and NaOH-P content was
higher than HCI-P, which usually typifies the envi-
ronmental conditions in eutrophic lakes [4,25]. The
NaOH-P represents P bound to metal oxides, mainly
Al and Fe, which can be again desorbing in basic
solutions. Measurement of NaOH-P can be used for
the estimation of both short-term and long-term avail-
able P in sediments. This fraction could be released,
increasing the likelihood of phytoplankton blooms,
which are accompanied by an increase in pH values
[3] or an increase in anoxia at the sediment-water
interface [26].

The contents of OM, Fe, and Mn oxides are listed
in Table 4. Mean OM content ranged from 0.69 to
2.04% from the bottom to surface layers, displaying
the same trends as TP. Total Fe concentration ranged
from 4.37 to 6.10%. Mean dithionite-extractable iron
(Feq) was 1.1%, while oxalate-extractable iron (Fe.)
ranged from 0.38 to 0.65% with an Fe,/(Feq—Fe,) ratio
of 0.78-2.26. This indicates that Fe oxidation-reduction
reactions probably take place in the sediments, given
that the proportion of amorphous or poorly crystalline
constituents exceeds that of the crystalline forms.
Total Mn concentrations ranged from 0.053 to 0.078%
in different layers. The mean Mny content was 0.034%
while Mn, ranged from 0.039 to 0.045%, accounting
for 80% of Mng content in the sediments.

It appears that the active redox behavior for Fe
and Mn influences P migration from the bottom to the
top layers, which can be verified by decreases in BD-
P or NaOH-P proportions (Fig. 2) with increasing
depth, as their abundance. The specific mechanisms of
P transport and transformation in this studied area
have been discussed by Xie et al. [19] in details.

3.2. Effect of ion solutions on P adsorption

Under natural conditions, the P concentration of
the ambient solution (overlying water or pore water)
is generally not as high as the several to tens of mg
per L as reported in many studies [26,27], in which
data-sets usually fit well with Langmuir or Freundlich
isotherm models under high P concentrations. The
data-sets obtained in our research fit well with the
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Fig. 2. Profiles of P composition in the sediment cores
along vertical profiles.

linear model of isothermal adsorption. The adsorption
equation, characterized parameters (k, EPCy, and b),
and statistical features (+* for correlation coefficient
and p for judging significant correlation) within differ-
ent groups of ion solutions are summarized in Tables
5-9, while the isotherm curves (Q vs. C,) are shown in
Figs. 3-7. For ease of comparing and characterizing
criteria between different groups and different layers,
all figures have been plotted on the same scale.

As shown in Table 5 and Fig. 3, for the group of
distilled water solutions, there was an obvious differ-
ence of the distribution of P adsorption isotherms
between data-sets obtained from the surface and mid-
dle-bottom layers. Most isotherms are highly linear.
The data-sets for the surface layers were concentrated
in the lower left corner of the plot. However, for the
middle-bottom layers, the data-sets were concentrated
in the upper right corner with better correlations.

Mean k values (slopes) in the three layers were
118.8, 84.8, and 109.1 L/kg, respectively. They were at
rather low ranges and did not show significant differ-
ences (comparing means between different layers),
indicating relatively weak sorption abilities in this
group. Mean EPC, values of different sampling sites
were 0.32, 0.08, and 0.07mg/L for the three layers,
from the surface to the bottom, respectively, exhibiting
significant differences between the surface and mid-
dle-bottom layers (p<0.01). For b values, representing
NAP in the sediments, their surface values were big-
ger than for the other two layers. Obviously, the
difference between the middle and bottom layers was
not significant since both of them originated from the
same submerged soil. The surface sediments
presented higher P-releasing potential than the other
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Table 5

Parameters for P adsorption isotherms within the pure water group in sediments from different sites

Layer No. Q=KC.+b K b R? [4 EPC, Mean EPC,

Surface S1 Y =68.3826x—34.363 68.3826 —34.363 0.458 0.140 0.50 0.32

53 Yy =139.897x—47.849 139.897 —47.849 0.512 0.110 0.34
S5 y=122.809x—33.957 122.809 —33.957 0.797 0.003** 0.28
57 y=125.489x—28.742 125.489 —28.742 0.824 0.012* 0.23
59 y=137.514x—36.463 137.514 —36.463 0.697 0.010** 0.27
Middle S1 Yy =79.8881x—4.4950 79.8881 —4.4950 0.644 0.017* 0.06 0.08
S3 Yy =78.2862x—6.0808 78.2862 —6.0808 0.920 0.000** 0.08
S5 Yy =63.2052x—7.8795 63.2052 —7.8795 0.792 0.003** 0.12
57 Yy =97.9403x—2.0988 97.9403 —2.0988 0.930 0.000** 0.02
59 y=104.565x—12.141 104.565 —12.141 0.904 0.000** 0.12
Bottom S1 y=122.51x—4.4016 122.51 —4.4016 0.9378 0.000** 0.04 0.07
S3 Yy =65.4896x—3.4812 65.4896 —3.4812 0.925 0.001** 0.05
S5 Yy =43.2064x—9.7054 43.2064 —9.7054 0.642 0.05* 0.22
57 Yy =209.459x—6.7160 209.459 —6.7160 0.646 0.054 0.03
59 y=105.018x—4.6761 105.018 —4.6761 0.961 0.000** 0.04
Note: * indicates significance correlation at a level of 95% while ™ for a level of 99%.
20 20 20
15 $1 ® Surface layer 15 S3 ® Surface layer 15 ] S5 ® Surface layer
o : e || w0 : e . v e

§ 5 o © ’ ° ° § 5 v & ° xa 5 o o

D01 oo B 01 wova®® 2 %9 ° v

E % . E 5] o . E 5| 8.5 7 v A

O 10 v O 10 . O -104 ’ Lo e
-15 : s 15 . 15 o
20 * . -20 < . -20 |
-25 ° -25 ° . .25
-30 . . . . -30 . . . . . -30 . . . . .

00.00 0.05 0.10 0.15 020 0.25 0.30 00.00 0.05 0.10 0.15 0.20 0.25 0.30 00.00 0.05 0.10 0.15 020 0.25 0.30
Ce (mg/L) Ce (mg/L) Ce (mg/L)
20 20 20
15 s7 e Surface layer 15 {1 S9 ® Surface layer 15 | Total ® Surface layer
10 : e || 1o V e || 0 o bt

9 5 vV o o 9 5 v o 2 51 V.o VVOVO% %o

< 0 CBOV . v . %‘n 0 VV v o —\;) o0 | OW;“;‘ZOOO Y vm .

g 5 . ° g -5 v &S ° e o’ E 5] %Eéo&ogoo v e °’° .

T 10 el ot g 10 °. T -0 o w o o0 .
15 °e 15 °.. 154 ey, 0,
-20 -20 -20 S "

-25 25 -25 * e
-30 . . . . . -30 : . . . . -30
00.00 005 010 045 020 025 0.30 00.00 005 0.0 0.5 020 025 0.30 00.00 0.05 0.0 0.15 020 025 0.30
Ce (mg/L) Ce (mg/L) Ce (mg/L)

Fig. 3. P adsorption isotherms for the pure water group in the sediments from different sites.

two layers, which was indicated by the characterized
parameters of EPCj and b as well.

For adsorption experiments in the NaCl solution
group, the linear correlation was greatly higher (see p
values in Table 6). Significant differences in data-sets

between the surface layer and the middle-bottom lay-
ers exist, but these were smaller than those observed
in the distilled water group (Fig. 4). Mean k values
within these three groups were 168.2, 165.2, and
270.3L/kg, respectively. No significant difference
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Table 6
Parameters for P adsorption isotherms within the NaCl solution group in the sediments from different sites
Layer No. Q=KC.+b K b R? p EPC, Mean EPC,
Surface S1 Yy =75.8924x—-15.065 75.8924 —15.065 0.797 0.003** 0.20 0.16
S3 Yy =268.082x—36.821 268.082 —36.821 0.987 0.000** 0.14
S5 y=171.997x—-24.743 171.997 —24.743 0.843 0.001** 0.14
S7 y=185.429x—20.775 185.429 —20.775 0.836 0.001** 0.11
S9 y=13.9569x—3.0015 139.569 —3.0015 0.012 0.070 0.22
Middle S1 y=137.047x—6.5978 137.047 —6.5978 0.525 0.042* 0.05 0.08
S3 y =84.688x—2.7087 84.688 —2.7087 0.539 0.059 0.03
S5 Yy =226.968x—13.832 226.968 —13.832 0.860 0.001** 0.06
S7 y=254.022x—10.120 254.022 —10.120 0.838 0.001** 0.04
S9 y=123.325x—17.192 123.325 —-17.192 0.838 0.001** 0.14
Bottom S1 y=416.495x—-16.327 416.495 —-16.327 0.811 0.002** 0.04 0.06
S3 y=164.243x—-10.079 164.243 —10.079 0.978 0.000** 0.06
S5 y=120.099x—11.304 120.099 —11.304 0.951 0.000** 0.09
S7 y=438.095x—20.961 438.095 —20.961 0.787 0.003** 0.05
S9 y=212.771x-12.040 212.771 —12.040 0.872 0.001** 0.06
Note: *indicates significance correlation at a level of 95% while ™ for a level of 99%.
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Fig. 4. P adsorption isotherms for the NaCl solution group in the sediments from different sites.

exists between k values of three layers, though they
were slightly higher in the distilled water group than
in other groups, and showed an improved ability to
“buffer” dissolved phosphorus. Mean EPC, values in
different sampling sites were 0.16, 0.08, and 0.06 mg/L

for

the

three

layers,

respectively

(Table

6).

Nevertheless, the adsorption potential of P on the
surface sediments was still weaker than that for the
other two layers.

Regarding isotherms in the CaCl, solution group,
much smaller differences were observed between the
data-sets of the three layers. All data-sets were
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clustered in the upper right zone (Fig. 5). k values
were larger compared with those in the groups of dis-
tilled water and NaCl solutions, with their mean val-
ues of 342.7, 652.3, and 807.5 L/kg, respectively. It
suggested the sediment’s ability to “buffer” dissolved
P by sorbing most of the added P, with steeper iso-
therms signifying a higher buffering ability. Averaged
EPCy values were 0.05, 0.02, and 0.02mg/L for the
three layers (Table 7), respectively. All of them were
significantly lower than those in the above two
groups. It is without doubt that the P adsorption abili-
ties of the sediments were enhanced by the addition
of CaCl..

Solutions of NaHCO; are weakly alkaline, distin-
guishing them from other treated samples within this
study. Most data-sets appeared to cluster or even to
overlap in some sites (Fig. 6). The k values suggested
smaller slopes compared with those in the above three
groups, with mean values of 65.1, 53.6, and 51.2 L/kg,
indicating their weaker “buffering capacity” for
increasing P concentration. Averaged EPC, values
were 0.19, 0.17, and 0.12mg/L for the three layers,
respectively (Table 8). Apparently, an alkaline envi-
ronment can significantly decrease the ability for P to
adsorb on to surface sediments, regardless of which
layer the sediments originated from.

The NaHCO; + CaCl, solution group approximates
the water chemistry in the researched area. Based on
the data-sets and their cluster distribution, it can be

K. Xie et al. | Desalination and Water Treatment 50 (2012) 423439

observed that this group is intermediate between the
CaCl; and NaHCO; solution groups, namely, closer to
the upper right zone in CaCl, solutions but smaller
slopes of these curves (Fig. 7). Mean k values were
186.2, 385.6, and 363.0 L/kg for the three layers,
respectively. Their EPC, values were still small with
values of 0.06, 0.04, and 0.02mg/L (Table 9), indicat-
ing that CaCl, has a more dominant effect than
NaHCOj; or other weakly alkaline salts.

In order to observe the different solutions’ individ-
ual effects on P adsorption, the figures were redrawn
to assist in an overall comparison between the effects
of different solutions on the sediments of the surface
and bottom layers (Fig. 8). For surface sediments,
data-sets were classified into three zones, whereby the
group with distilled water exhibited the weakest P
adsorption, followed by the zones with solutions
containing NaCl or NaHCO;, and finally by the zones
containing CaCl, or NaHCO;+CaCl,. The last zone
witnessed the best effects in terms of increasing P
adsorption.

For the middle-bottom sediments (Fig. 9 only indi-
cates data from the bottom layers), which originated
from submerged soil, the effect is slightly different,
with the sequence CaCl,>NaHCO;+ CaCl,>NaCl
> pure water > NaHCO;.

We evaluated the relationship between the adsorp-
tion parameters and the selected soil properties to
obtain further information about the main soil proper-
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Fig. 5. P adsorption isotherms for the CaCl, solution group in the sediments from different sites.
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Table 7
Parameters for P adsorption isotherms within the CaCl, solution group in the sediments from different sites
Layer No. Y=QC.+b K b R? p EPC, Mean EPC,
Surface S1 Yy =268.962x—13.360 268.962 —13.360 0.732 0.007** 0.05 0.05
S3 y=334.377x—-15.924 334.377 —15.924 0.894 0.001** 0.05
S5 y=230.843x—11.957 230.843 —11.957 0.967 0.000** 0.05
S7 Yy =572.088x—24.047 572.088 —24.047 0.886 0.000** 0.04
S9 y=307.362x—17.389 307.362 —17.389 0.984 0.000"* 0.06
Middle S1 y=975.758x—4.4394 975.758 —4.4394 0.550 0.056 0.00 0.02
S3 Yy =354.655x—1.8074 354.655 —1.8074 0.883 0.002** 0.01
S5 Yy =555.742x—6.5496 555.742 —6.5496 0.852 0.001** 0.01
S7 y=1080.02x—37.157 1080.02 —37.157 0.723 0.032* 0.03
S9 Yy =295.156x—10.404 295.156 —10.404 0.858 0.001** 0.04
Bottom S1 Yy =843.299x—-9.2356 843.299 —9.2356 0.830 0.004** 0.01 0.02
S3 y=780.588x—12.509 780.588 —12.509 0.922 0.001** 0.02
S5 y=417.214x—14.241 417.214 —14.241 0.831 0.004** 0.03
S7 y=1331.03x—32.310 1331.03 —32.310 0.539 0.096 0.02
S9 Yy =665.464x—16.327 665.464 —16.327 0.798 0.007** 0.02
Note: * indicates significance correlation at a level of 95% while ™ for a level of 99%.
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Fig. 6. P adsorption isotherms for the NaHCO; solution group in the sediments from different sites.

ties responsible for determining P adsorption as well
as P fractionation characteristics. The correlation anal-
ysis for different parameters is summarized in Table 10
with BD-P, NaOH-P, and HCI-P as well. Here, we
placed emphasis only on P isotherm parameters and
selected sediment properties. In most cases, EPC,

presented significant correlations with BD-P, HCI-P,
IP, HCI-P, TP, and OM, but not with OP. However,
caution needs to be applied when interpreting the
individual effects of these sediment properties on P
adsorption due to their significant correlations among
one another [27,28]. Considering OM and P-specific
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Table 8
Parameters for P adsorption isotherms within the NaHCO; solution group in the sediments from different sites
Layer No. y=KQC.+b K b R? p EPC, Mean EPC,
Surface S1 y=61.2458x—-10.011 61.2458 -10.011 0.857 0.001** 0.16 0.19
S3 y=60.9924x—-14.762 60.9924 —14.762 0.815 0.014~ 0.24
S5 y=72.0020x—-12.690 72.0020 —12.690 0.926 0.002** 0.18
S7 y=70.6388x—7.9458 70.6388 —7.9458 0.952 0.000™* 0.11
S9 y=60.8096x—9.9233 60.8096 —9.9233 0.814 0.002** 0.16
Middle S1 y=51.4420x—5.7587 51.4420 —5.7587 0.770 0.004™* 0.11 0.17
S3 y=37.9167x—7.2183 37.9167 —7.2183 0.901 0.000™* 0.19
S5 Yy =33.7685x—8.7306 33.7685 —8.7306 0.818 0.002** 0.26
S7 Yy =76.3416x—8.2898 76.3416 —8.2898 0.725 0.007** 0.11
S9 Yy =68.8207x—13.309 68.8207 —13.309 0.718 0.008™* 0.19
Bottom S1 y =40.4887x—2.4902 40.4887 —2.4902 0.683 0.0117 0.06 0.12
S3 Yy =46.8586x—4.4358 46.8586 —4.4358 0.796 0.003** 0.09
S5 y=40.5575x—10.346 40.5575 —10.346 0.529 0.064 0.26
S7 y=61.0005x—4.7318 61.0005 —4.7318 0.533 0.040" 0.08
S9 Yy =67.4510x—7.9061 67.4510 —7.9061 0.903 0.000™* 0.12
Note: * indicates significance correlation at a level of 95% while ™ for a level of 99%.
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Fig. 7. P adsorption isotherms for the NaHCO; + CaCl, solution group in the sediments from different sites.

fractions as individual variables, it appears that the P
desorption potential can be mainly attributed to OM
content and inorganic phosphorus. This can also be
partly verified by the negative correlation observed
between k values and the inorganic proportion of

P-pools. Therefore, the two characterized parameters
in the linear equations describing P adsorption at low
P concentrations of aquatic phase, k and EPCy, can
well indicate P release potential and risk. k indicates
the buffer capacity to the added P concentrations
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Table 9
Parameters for P adsorption isotherms within the NaHCO; + CaCl, solution group in the sediments from different sites
Layer No. y=KC.+b b R? EPC, Mean EPC,
Surface S1 y=234.823x—12.925 —12.925 0.817 0.06 0.06

S3 y=204.487x—13.917 —-13.917 0.887 0.07

S5 y=199.887x—11.230 —11.230 0.846 0.06

S7 y=129.394x—5.5327 —5.5327 0.850 0.04

S9 y=162.252x—-11.716 -11.716 0.736 0.07
Middle S1 y=277.422x—4.9721 —4.9721 0.925 0.02 0.04

S3 Yy =367.947x—-17.761 —17.761 0.942 0.05

S5 y=367.103x—19.117 -19.117 0.926 0.05

S7 Yy =653.300x—22.884 —22.884 0.890 0.04

S9 Yy =262.148x—10.754 —10.754 0.973 0.04
Bottom S1 y=460.932x—8.0811 —8.0811 0.906 0.02 0.02

S3 Yy =2333.368x—3.5342 —3.5342 0.928 0.01

S5 y=166.723x—5.8112 —5.8112 0.939 0.03

S7 y =2314.803x—0.0802 —0.0802 0.964 0.00

S9 y=>539.241x—25.456 —25.456 0.867 0.05
Note: ™ indicates significance correlation at a level of 99%.
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Fig. 8. Comparison of P adsorption isotherms on the surface layer of sediments within different ion solution groups.

while EPC, gives the thresholds of P concentration,
whether sorbing or desorbing P, by the sediments at a

given P solutions.

In resembling previous study which closely resem-
bles this research [29], it was found that EPC, and k

have a significantly negative correlation. However,
they were usually site-specific based on soil or sedi-
ments properties. k values were determined to have
ranges from those smaller than 100L/kg to greater
than 1,000 L/kg, while EPC, values were determined
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Fig. 9. Comparison of P adsorption isotherms on the bottom layer of sediments in different ion solution groups.

to vary from smaller than 1pg/L to bigger than
1mg/L. In the five various ion solutions studied in
this research, both k and EPC, showed significant dif-
ferences, emphasizing the influence of the ambient
environment solutions on P adsorption characteristics
as well as soils/sediments characteristics.

The local soil texture is a clay loam with a clay
content of 20-40% according to the analysis of its par-
ticle size distributions. Soils or sediments are a com-
plex of OM and clay soil particles; their proportions
and the structure of this complex are important in
determining the transport of P and other micronutri-
ents [30]. Clay particles have a larger total surface
area while OM indicates that more active sites are
available for anions to interact. During lake sedimen-
tary processes, the OM content and active site number
in the sediments are probably higher than those in
inundated soils. Naturally, the adsorbed P can be eas-
ily desorbed to the ambient solution, resulting in
higher observed values of EPC, in the surface sedi-
ments. This is particularly the case under weak alka-
line conditions, where the solid phase tends to be
negatively charged, and where OH competes with
phosphate anions at active adsorption sites and causes
P adsorption potential to be decreased.

In studies involving lake sediments or wetland
soils, the ratio of Fe: P [31] or FeO,: Fe-P is usually
used to estimate the P-releasing risk [8]. The total iron
content in the studied area was determined to be

rather high, with a Fe: P ratio as high as 122-155.
Moreover, the FeO,: Fe-P ranged from 68 to 164 in the
sediments of different layers. Both of them greatly
exceeded the ratio of 15 of total Fe to P, which was
recommended in the literature [31] for indicating less
P-releasing risk below this value. Therefore, it can be
concluded that the presence of abundant iron oxides,
determined by local geological conditions, indicates
stronger P adsorption potentials (EPC, values were
observed to be as low as 0.02ug/L). This also can be
verified by the P-fraction features, where the sum of
BD-P and NaOH-P exceeded HCI-P.

Under the actual conditions of the local water
chemistry, the positive effects of Ca”>* ions on P
adsorption prevailed over the negative effects of
weakly alkaline conditions. The CEC of the sediments
was estimated to be around 20cmol/kg, supplying
enough cationic ions for exchange or pH buffer capac-
ity with the ambient solution. If there is water
exchange between the shallow ground water and sur-
face water, Ca?* ion movement between the interfaces
probably enhances phosphate adsorption through
co-precipitation or partition of phosphates on calcite
surfaces.

4. Conclusions

The P adsorption behavior in the sediments of the
studied water bodies, which originated from
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subsidence and submergence of agricultural land by
coal mine activities in the Huaibei Plain Area, was
well documented in this study, with special consider-
ations given to the local water chemistry. The key con-
clusions can be summarized as follows:

(1) In water bodies with relatively long histories
spanning several decades, significant quantities of sed-
imentary matter accumulated on the submerged soil
layers, ultimately leading to differentiation of the sedi-
ments’ properties and adsorption features, such as
OM and TP and its fractions, EPC,, k values, etc.

(2) Ion solution effects on P adsorption are impor-
tant. Usually, Ca?* can enhance P adsorption on sedi-
ment surfaces, while weakly alkaline conditions
caused by bicarbonates are unfavorable for its adsorp-
tion. As a comprehensive effect, the positive effect of
the former is greater than the negative effect of the
latter, probably due to cationic exchange or buffer
capacities supplied by the sediment surface.

(3) The presence of abundant Fe oxides and
dynamic redox conditions could result in low EPC,
values and a high proportion of TP that is bound to
metal oxides. However, further emphasis should be
placed on the risk of P release if the sediment surfaces
suffer anoxic or anaerobic transformation caused by
heavy OM pollution, fish feeding, or external pollu-
tant drainage.
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