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Abstract
In this study, the in situ restoration of urban landscape water through the combined application of sponge iron (SI) and calcium
nitrate (CN) was conducted in the Xi’an Moat of China. The combination effect of SI and CN on the phosphorus (P) control was
explored through laboratory and field experiments. Results showed that the optimum mass ratio of SI and CN was 4:1, and the
optimum dosage of combined SI and CN was 1.4 g/L for controlling eutrophication in the water body at Xi’an Moat. The field
experiment demonstrated that SI and CN efficiently controlled P concentration in overlying and interstitial water and obtained a
maximum efficiency of 88.6 and 65.2% in soluble reactive P locking, respectively. The total P, organic P, and Ca-bound P
contents in sediment simultaneously increased by 7.7, 15.2, and 2.4%, respectively, after 56 days. Therefore, the combined
application of SI and CN achieved the goal of transferring the P from overlying and interstitial water to the sediment. Considering
the environmental effect and economic investment, the combined application of SI and CN at a mass ratio of 4:1 and dosage of
1.4 g/L is an excellent choice for the in situ rehabilitation of eutrophic water with a high internal P load.
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Introduction

The severity of eutrophication is measured in both nutritional
factors and biological factors, the latter being affected by the
former. Among nutritional factors, nitrogen (N) and phospho-
rus (P) are the most critical factors that cause eutrophication
(Smith and Schindler 2009). Increasing concentrations of N
and P in the water body leads to a higher algal and chlorophyll
a (chla) concentrations correspondingly, which eventually de-
crease the water transparency and dissolved oxygen (DO)
concentration. The Organization for Economic Co-operation
and Development (OECD) found that among 200 investigated
lakes in the world, 80% are P-controlled type eutrophic lakes.
Unsurprisingly, most of eutrophic lakes in China are

controlled by their P concentration. Thus, P plays the most
important role in water eutrophication (Kopácek et al. 2005).
Although sufficiently reducing the P loading is important for
controlling eutrophication, the remains of P loading in sedi-
ments may maintain waters in a eutrophic state for decades,
thereby hampering the recovery of eutrophic environments
(Søndergaard et al. 2007). Thus, even if no additional external
P sources are introduced, the self-purification process and re-
covery from heavily eutrophic status in an urban landscape
water system would remain a big challenge for an environ-
mental scientist. Therefore, how to degrade the remains of P
concentration in eutrophic waters has gotten the attention of
experts worldwide.

In recent decades, several approaches have been developed
to control eutrophication and recover the water body.
Sediment dredging, an ectopic treatment, is one of the physi-
cal methods for removal of internal nutrients, particularly P,
from the water body. The application of the sediment dredging
in a system, however, is limited by its high labor and mechan-
ical costs. Moreover, the sediment dredging process exposes
the surrounding environment to the risk of new hazards (Jing
et al. 2013; Liu et al. 2015a) if its follow-up treatment and
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disposal process are conducted improperly. In addition, the
transportation of dredged sediment can also cause traffic prob-
lems when the landscape water body is in urban districts.
Therefore, the in situ treatment of sediment has become highly
popular in recent years. This treatment method is character-
ized by its low cost and high efficiency of P removal or at least
P locking in severely eutrophic water (Hansen et al. 2003;
Meis et al. 2013) and is particularly effective in the treatment
of urban landscape waters when the accumulated sediment is
not large enough for dredging, but the P load has already
caused damage to the water environment.

In situ treatment with specific chemical reagents, such as
aluminum and iron salts, is effective for controlling internal
nutrient load (Cooke et al. 1993; Hansen et al. 2003; Hong
et al. 2008; Liu et al. 2009; Meis et al. 2013). However, alu-
minum salt can be toxic to aquatic organisms (Pessot et al.
2014), and iron salt may be sensitive to the redox and pH
conditions of waters (Burley et al. 2001; Immers et al.
2013). Recent research has shown that the addition of nitrate
eliminates the malodors of black and anoxic water, suppresses
the internal P loading of contaminated sediment, and improves
the redox condition of waters (Hemond and Lin 2010; Ripl
1976; Wang et al. 2017; Xu et al. 2014; Yamada et al. 2012).
At the same time, sponge iron (SI), an inorganic material used
for P adsorption, can significantly, stably, and persistently lock
soluble P in waters (Cheng et al. 2013; Wang et al. 2017). The
effect of treatment with only the use of SI or calcium nitrate
(CN), individually, on P levels of eutrophic water has been
confirmed by our previous studies (Wang et al. 2017).
However, the combination effect of SI and CN on eutrophic
water is unclear. In this study, the pollution or eutrophication
control was implemented in Xi’an Moat via in situ restoration
through the combined application of SI and CN. Xi’an Moat
was selected as a typical urban landscape water body where
external P-sources are mostly controlled.

As a historical scenic spot located in the center of Xi’an,
China, Xi’an Moat is presently used to control urban flooding
and store rainwater. Xi’an Moat was historically used for
600 years to guard the city against military offense. Severe
pollution and eutrophication have become the most important
problems for the management of Xi’an Moat. The severe eu-
trophication of Xi’an Moat during summer causes the water
body to become strongly oxygen-deficient, which results in
blackish water, strong odors, massive death of fish, and dis-
appearance of other aquatic organisms. The Xi’an Municipal
Bureau had conducted several dredging works before 1998.
Maintaining the water quality of Xi’an Moat via dredging has
become more arduous in recent years, however, given rapidly
increasing urban populations and growing traffic congestions
in Xi’an. Thus, the discovery of another suitable method for
the water rehabilitation in Xi’an Moat is urgent. The in situ
rehabilitation is a potential water rehabilitation method to be
applied in Xi’an Moat.

This study aims to explore the combination effect of SI and
CN on the P control in Xi’an Moat. A laboratory experiment
was first conducted to study the effect of the mass ratio of SI
and CN (MSI:MCN) on the P concentration in the water body.
In this experiment, P was released fromXi’anMoat sediments
through a turbulent motion process. Then, to explore the op-
timal application dosage of SI and CN for controlling eutro-
phication, a field experiment was conducted in a severely
eutrophic section of Xi’an Moat. Furthermore, the cost-
benefit ratio of this combined treatment was compared with
that of the popular lanthanum-modified bentonite Phoslock®
treatment (Miquel and Frank 2013). This study is particularly
important for the rehabilitation of similar urban landscape
waters, like Xi’an Moat, whose treatment is limited by the
geological locations.

Materials and methods

Sampling point and study site

The sediment used in the laboratory experiment were collect-
ed from a section of Xi’an Moat (34° 16′ 37.68″ N, 108° 55′
13.81″ E) wherein the sediment was easy sampled and fertile.
In this section, the mean water depth was approximately 1.0 m
with a total area of approximately 58.8 ha. A stainless-steel
grab sampler was used to collect the surface sediment at a
depth of 10 cm. The collected sediment samples were imme-
diately sealed in polyethylene bags, while squeezing air out to
preclude sediment oxidation. Then, the samples were taken
back to the laboratory and sieved with a filter of 15 mesh
coarse to remove large particles such as stones and sand im-
mediately. The sediment was used for the P-locking test after
homogenization.

The field experiment (mesocosm) was carried out upstream
Moat of Xi’an to avoid flood strikes on the experiment in
summer. Three similar cylindrical stainless enclosures were
installed in the same region of Xi’an Moat, as shown in
Fig. 1. The main indicators of water and sediment samples
in Xi’an Moat include the total P (TP), soluble reactive P
(SRP), organic P (OP), Fe/Al-bound P (Fe/Al-P), and Ca-
bound P (Ca-P) content. The corresponding values for the
sediment and water samples in mesocosm are shown in
Table 1.

P-locking materials

The SI is a rough, porous, and spongy inorganic product made
from the carbon-reduced iron mineral under a melting temper-
ature. The SI used in this experiment had the iron content of
96.6%, density of 2.62 g/cm3, and size of less than 500 μm.
The CN used in this study was a colorless and transparent
crystal with the chemical purity of more than 99%. The CN
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was procured from Tianli Chemical Reagent Co., Ltd. of
Tianjin, China.

Laboratory experimental design

The laboratory experiment (microcosm) was performed to
study the combination effect of SI and CN on the water quality
and sediments of Xi’an Moat. It was conducted to determine
the optimal mass ratio of SI and CN (MSI:MCN).

Four columnar glass vessels with an effective volume of
10 L each were used in parallel. The vessels were 23 cm in
diameter, 38 cm in height, and had rubber lids that were 10 cm
in diameter. Three glass tubes of 6 mm in diameter were
installed on the lids. The tube for water sampling was 26 cm
long, that for N2 agitation was 31 cm, and that for the exhausts
was 5 cm. All vessels were covered with package foil to pre-
vent the light exposure.

At the beginning of the experiment, the bottom of each
vessel was filled with 2.5 L of fresh sediments (~ 500 g dry
sediment). Subsequently, 100 g of SI and CN were added to
the three vessels at MSI:MCN = 9:1, 4:1, and 1:1, respective-
ly. Then, the sediments were gently mixed with SI and CN.
The fourth vessel, which did not contain SI and CN, was
used as the control group. Finally, the total volume of each
vessel was brought up to 10 L by adding distilled water via
the siphon method. To simulate the DO of the moat water,
the DO concentration of each vessel was adjusted to less
than 1 mg/L by pumping N2 into the vessel at the beginning
of the experiment. The nitrogen was also used for mixing
during the experiment. All vessels were maintained at room
temperature in a static and dark state. The overlying water
sample of each vessel was collected near the water–sedi-
ment interface on the 1st, 5th, 10th, 15th, 20th, 30th, and
40th day after SI and CN were introduced.

Field experimental design

The field experiment (mesocosm) was performed to study the
combination effect of SI and CN on water quality and sedi-
ments in Xi’an Moat. It was conducted to identify the optimal
dosage of SI and CN during the summer season from July to
September of 2016, when the seasonal temperature ranges
from 21 to 27 °C.

Three days before the experiment, three similar cylin-
drical stainless enclosures were installed upstream of
Xi’an Moat, as shown in Fig. 1. No fish were present
inside and outside of the enclosures during the experi-
ment. The enclosures were hollow at both ends with a
diameter of 1.2 m and a height of 1.6 m. The effective
water depth and wet sediment depth in the enclosures
were 1.05 and 0.2 m, respectively, which were equivalent
to 1.2 m3 of water and 0.23 m3 of wet sediment. Both the
inner and outer walls of the enclosures were coated with
the epoxy resin to prevent corrosion.

A dosage (2.8 g/L) of combined SI and CN used in the
mesocosm experiment was based on the dosage applied in
the microcosm experiment. The P stock in the enclosures
was estimated from 1.2 m3 of water and 0.23 m3 of wet sed-
iment as mentioned above.

One cylindrical enclosure without SI and CN addition
was used as the control group. The combined SI and CN
were added at dosages of 1.4 and 2.8 g/L at MSI:MCN =
1:4 to the other two cylindrical enclosures. The water and
sediments in the three enclosures were mixed completely
by mechanical stirring at the beginning of the experiment.
Water and sediment samples were taken at 50 cm below
the water surface and on the surface of the water and
sediment.

The sediment and water were sampled from the three en-
closures on the 1st, 7th, 14th, 21st, 35th, and 56th days in the

Table 1 P concentration in water
and P content in sediment of
Xi’an Moat in mesocosm

Overlying water (mg/L) Interstitial water (mg/L) Sediment (mg/g)

TP SRP TP SRP TP OP Fe/Al-P Ca-P

0.15 0.1 2.2 1.26 2.44 0.49 0.51 0.85

Fig. 1 Photos of the field
experiment device
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56 days of operation. The samples were collected and
transported to the laboratory for the further investigations.

Analytical methods

The wet sediment was centrifuged at 7000 rpm for 4 min to
obtain the interstitial water and then freeze-dried. The sedi-
ment was sieved with a 100-mesh screen after freeze-drying
process. All analyses for the overlying water, interstitial water,
and sediment from both the microcosm and mesocosm exper-
iments were performed in the Key Laboratory of Ministry of
Education, China.

Water samples

The water samples were analyzed for TP, pH, turbidity, chla,
and algal cell density. The TP concentration was determined
via ascorbic acid-molybdate method. The pH was determined
via glass electrode method. The turbidity was determined via
spectrophotometric method. The chla concentration was de-
termined using the phytoplankton delayed fluorescence spec-
trometer (TDF-3DC). The Algal cell density was counted un-
der a microscope (ECLIPSE90i, Nikon, Japan) from 1 ml of
water sample that was collected and immediately preserved in
Lugol’s iodine solution for 24 h.

To determine the dissolved nutrient concentrations, water
samples were filtered through 0.45-μm cellulose acetate mem-
branes. The SRP concentration was calculated via ascorbic
acid–molybdate method. The nitrate concentration was mea-
sured via UV spectrophotometry method. The nitrite concen-
tration was obtained via N-(1-naphthalene)-diaminoethane
method. The sulfate concentration was tested via anion chro-
matography method. All analytical results were obtained in
accordance with standard methods (EPAC 2002).

Sediment samples

The TP content in sediment was tested via sodium hy-
droxide melt-Mo-Sb colorimetry. The P fraction, IP, OP,
Fe/Al-P, and Ca-P in sediments were measured by contin-
uous extraction in reference to the standard measurement
and test (SMT) procedure of P forms in freshwater sedi-
ments (Hupfer et al. 1995, Ruban et al. 2001, Ruttenberg
1992). The sediment oxidation-reduction potential (ORP)
was measured in situ using a pressed ORP meter. The
total organic carbon (TOC) content in the sediment was
tested via potassium dichromate oxidation–spectrophoto-
metric method. The elemental C and S composition in the
sediment was measured with an isotope ratio mass spec-
trometer (Isoprime 100).

Results

Laboratory experiment

The variation in the P and N concentrations of the overlying
water that was treated with differentMSI:MCN at the same total
dosage was presented in Fig. 2. As seen from Fig. 2a, com-
pared with the control, the addition of SI and CN at different
ratios obviously reduced SRP concentration in the overlying
water. Moreover, SRP concentration was maintained below
0.09 mg/L from the beginning to the end of the experiment.
On the 40th day and with MSI:MCN of 9:1, 4:1, and 1:1, the
SRP concentrations of the overlying water were 0.09, 0.01,
and 0.02 mg/L, which were 88.3, 98.7, and 97.4% lower than
those of the control group, respectively. These results indicat-
ed that adding SI and CN into the system had locked the
majority of the SRP in the overlying water. However, the
different ratios of MSI:MCN had exhibited different SRP
locking efficiencies in overlying water as follows:
MSI:MCN = 4 > MSI:MCN = 1 > MSI:MCN = 9, although the
difference was not so significant statistically.

As seen in Fig. 2b, the addition of SI and CN at different
ratios evidently increased the nitrate concentration of the over-
lying water at the beginning of the experiment when com-
pared with the control group. The nitrate concentration of
the overlying water increased with the increasing ratio of
CN. On the first day, nitrate concentration was 68.08,
152.05, and 449.35 mg/L at the corresponding MSI:MCN of
9:1, 4:1, and 1:1, respectively. Then, the nitrate concentration
gradually decreased over time after treatment with combined
SI and CN. By the end of the experiment, the nitrate concen-
tration in overlying water decreased to 0.27, 23.24, and
111.8 mg/L at the corresponding MSI:MCN of 9:1, 4:1, and
1:1, respectively. These results indicated that although the
combined application of SI and CN clearly increased nitrate
concentration in overlying water at the beginning of the ex-
periment, the nitrate concentration in the overlying water
would gradually decrease eventually.

The nitrite concentrations in the overlying water would also
inevitably increase with the combined application of SI and
CN, as shown in Fig. 2c. However, the time course of nitrite
concentration in the overlying water varied with different ra-
tios of the mass of SI and CN, although the nitrite concentra-
tion was first increased tomaximum values and then gradually
decreased. The nitrite concentration decreased to 0.01, 0.69,
and 10.12 mg/L from the corresponding maximum values of
3.54, 10.61, and 29.74 mg/L at the ratios of mass of SI and CN
of 9:1, 4:1, and 1:1, respectively.

Considering the toxic effect of nitrite on aquatic organ-
isms (Liu et al. 2015b) and the efficiency of the SRP
locking in overlying water, the optimum mass ratio of
4:1 for SI and CN was chosen to control P concentration
in a water body in this study.
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Field experiment

Effect of different dosages of combined SI and CN
on overlying water

Change in pH and turbidity of overlying water The variation
in pH and turbidity of the overlying water that was treated with
different dosages of combined SI and CN at MSI:MCN = 4 is
presented in Fig. 3. As seen from Fig. 3a, the pH values of the
overlying water that was treated with the combined SI and CN
method at the doses of 1.4 and 2.8 g/L were higher than those
of the control group during the whole experimental period.
Concurrently, the pH value of the water treated with 2.8 g/L
combined SI and CN was always higher than that of the water
treated with 1.4 g/L combined SI and CN. Therefore, the treat-
ment with the combination of SI and CN increased the pH
value of the overlying water, and the higher doses lead to a
higher pH value. As seen from Fig. 3b, the turbidity of the
overlying water treated with the combined SI and CN method
at the doses of 1.4 and 2.8 g/L respectively, distinctly lowered
during the first 21 days of the operation compared with that of
the control group. The turning point occurred at the 21st day
when the turbidity of the treated overlying water was higher
than that of the control group. From then on, the turbidity in the
water treated with the combined SI and CN method at the dose
of 1.4 g/L was similar to that of the control group. However, in
the water that was treated with 2.8 g/L combined SI and CN,
the turbidity sharply increased on the 35th day when the tur-
bidity reached a maximum value of 100.27 NTU, which was
almost 1.6 times higher than that of the control. Turbidity then
decreased to 65.22 NTU and finally reached the same level as
of the control group. Therefore, treatment with 2.8 g/L com-
bined SI and CN brought a higher pH value and destabilized
the turbidity of the water compared with treatment with 1.4 g/L
combined SI and CN.

Change in TP and SRP concentrations of overlying water The
variation in TP and SRP concentration in overlying water that
was treated with different dosages of combined SI and CN at
MSI:MCN = 4:1 is presented in Fig. 4. As seen from Fig. 4, both
the TP and SRP concentrations in the overlying water decreased
under treatment with 1.4 and 2.8 g/L combined SI and CN.
During the entire experiment, the TP concentration decreased
by 54.2–69.2% in overlying water when treated with 1.4 g/L
combined SI and CN method and by 32.4–74.4% in overlying
water when treated with 2.8 g/L combined SI and CN. The TP
concentration reached the minimum value on the 14th day for
both the samples treated with 1.4 and 2.8 g/L combined SI and
CN. At the end of the experiment, the TP concentrations in the
overlying water decreased to 0.11 and 0.09 mg/L, respectively,
for the different treatment with 1.4 and 2.8 g/L combined SI and
CN, whereas TP concentration in the control group remained
stable at 0.24 mg/L. Similarly, SRP concentration decreased by
62–88.6% in the overlying water when treated with1.4 g/L com-
bined SI and CN and by 72.9–90.5% in the overlying water
when treated with 2.8 g/L combined SI and CN doses. The
SRP concentration in both samples reached the minimum value
on the 14th day when treated with 1.4 and 2.8 g/L combined SI
and CN. On the 56th day of the experiment, the SRP concen-
trations were 0.05 mg/L and 0.03 mg/L in the overlying water
treated with 1.4 and 2.8 g/L combined SI and CN, respectively,
whereas the corresponding concentration for the control group
remained constant at 0.13 mg/L. Therefore, the treatment with
the combined SI and CNmethod at MSI:MCN = 4 and dosage of
1.4 and 2.8 g/L obviously controlled both the concentration of
TP and SRP in the overlying water. Given that the TP and SRP
concentrations in the overlying water were similar at the end of
experiment for both samples treated with 1.4 and 2.8 g/L com-
bined SI and CN doses, respectively, the treatment dosage of
1.4 g/Lmay be more effective for P control in terms of choosing
the reagent dose.
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Change in the nitrate and nitrite concentrations of overlying
water The variation in the nitrate and nitrite concentrations of
the overlying water that was treated with different dosages of
combined SI and CN at MSI:MCN = 4:1 is presented in Fig. 5.
As seen from Fig. 5a, compared with the control group, the
treatment with combined SI and CN substantially increased
nitrate concentration in the overlying water at the beginning of
the experiment. When the experiment continued, the nitrate
concentration in the overlying water considerably increased
with increasing treatment dosages of combined SI and CN.
The nitrate concentrations reached 54.06 and 106.54 mg/L on
the first day of the experiment with 1.4 and 2.8 g/L combined
SI and CN doses, respectively. The nitrate concentration grad-
ually decreased until the 35th day of the experiment when the
nitrate concentration in the overlying water treated with both
1.4 and 2.8 g/L combined SI and CN doses were close to the
control group and with a value below 1.0 mg/L. By contrast,
the nitrite concentrations in the overlying water gradually in-
creased at the beginning of treatment and then decreased at the
end of the experiment, as shown in Fig. 5b. The maximum
nitrite concentration in the overlying water occurred on day
14. The maximum nitrite concentration was 0.98 mg NO2

−/L
in the overlying water when treated with 1.4 g/L combined SI

and CN and 1.11 mg NO2
−/L in the overlying water when

treated with 2.8 g/L combined SI and CN.

Change in sulfate concentration of overlying water The vari-
ation in sulfate concentration of the overlying water that was
treated with different dosages of combined SI and CN at
MSI:MCN = 4:1 is presented in Fig. 6.

As seen from Fig. 6, the sulfate concentration of the over-
lying water obviously increased when treated with the com-
bined SI and CNmethod, while the control group remained at
a stable level of sulfate concentration during the entire exper-
iment. The sulfate concentration of the overlying water
reached the maximum value on the 14th day of the experi-
ment. The maximum sulfate concentration was 121.5 and
139.2 mg/L when treated with 1.4 and 2.8 g/L combined SI
and CN, respectively. The sulfate concentration was 1.75 and
2 times higher than that of the control group on the 14th day
during the experiment. Then, the sulfate concentration gradu-
ally decreased and stabilized after 35 days of the experiment.
By the end of the experiment, the sulfate concentrations in the
overlying water were 92.6, 84.2, and 66.6 mg/L for the 1.4
and 2.8 g/L combined SI and CN and control group (no treat-
ment), respectively. The treatment with combined SI and CN
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enhanced the sulfate concentration of the overlying water.
Moreover, a higher treatment dosage increased sulfate concen-
tration in the overlying water of Xi’an Moat.

Change in algal cell density and chla concentration of overly-
ing water The variation in the algal cell density and chla
concentration in overlying water that was treated with
different dosages of combined SI and CN at MSI:MCN =
4:1 is presented in Fig. 7. As seen from Fig. 7, both the
algal cell density and chla concentration in the overlying
water that was treated with combined SI and CN de-
creased before the 14th day of the experiment compared
with the control. From the 21st day onwards, both the
algal cell density and chla concentration in the overlying
water in the samples that were treated with the combined
SI and CN were higher than in the control group.
However, the treatment with different dosages of com-
bined SI and CN resulted in different variation trends in
both the algal cell density and chla concentration in the

overlying water. The algal cell density and chla concen-
tration exponentially increased under the treatment with
2.8 g/L combined SI and CN dose, whereas the treatment
with 1.4 g/L combined SI and CN dose caused fluctua-
tions in both the algal cell density and chla concentration
of the overlying water. At the end of the experiment, the
algal cell density of overlying water was 256 × 103 and
373 × 103 cells/mL under treatment with 1.4 and 2.8 g/L
combined SI and CN, respectively, which were 1.23 and
1.79 times higher than that in the control group.
Meanwhile, the chla concentration in the overlying water
in the experiment was 53.68 and 109.61 μg/L under treat-
ment with 1.4 and 2.8 g/L combined SI and CN doses,
respectively, and were 2 and 4.16 times higher than that in
the control group, respectively. Consequently, the treat-
ment with combined SI and CN inhibited algal growth
within the first 14 days but promoted algal growth after-
wards during the experiment. Moreover, although a high
treatment dosage evidently inhibited algal growth within
the first 14 days, the high treatment dosage also promoted
algal growth in overlying water afterwards.

Effect of different dosages of combined SI and CN
on sediment

Change in TP and SRP concentrations in interstitial water
from sediment The variation in TP and SRP concentrations
in the interstitial water from sediments treated with differ-
ent dosages of combined SI and CN at MSI:MCN = 4:1 was
presented in Fig. 8. As seen from the figure, both the TP
and SRP concentrations in the interstitial water decreased
except for on the 7th day of the experiment when the
combined SI and CN was added into the samples. The
TP locking efficiency in the interstitial water of the com-
bined SI and CN reached maximum values on the 14th
day of the experiment. The TP locking efficiency was
54.6 and 70.5% under treatment with 1.4 and 2.8 g/L
combined SI and CN methods, respectively. At the end
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of the experiment, TP concentrations in the interstitial
water were 1.35 and 1.01 mg/L under treatment with1.4
and 2.8 g/L combined SI and CN methods, respectively,
with locking efficiencies of 41 and 55.9% corresponding-
ly. Similarly, on the 14th day of the experiment, the max-
imum efficiencies for locking SRP also reached their
highest point, which were 65.2 and 80.4% under the treat-
ment with 1.4 and 2.8 g/L combined SI and CN methods,
respectively. By contrast, on the 56th day of the experi-
ment, the SRP concentrations in the interstitial water were
similar, which were 0.40 and 0.38 mg/L under treatment
with 1.4 and 2.8 g/L combined SI and CN methods,
respectively.

Change in C and S contents and ORP of sediment The mass
percentages of carbon (C) and sulfur (S) in the sediment also
changed after treatment with combined SI and CN at
MSI:MCN = 4:1, as shown in Table 2 and Fig. 9a.

As seen from Table 2, the C and S content of sediment
obviously decreased upon treatment with the combined SI
and CN method. However, the C and S contents in the sed-
iment decreased distinctly more under treatment with 2.8 g/

L combined SI and CN than under treatment with 1.4 g/L
combined SI and CN. After 56 days, compared with the
control, the C and S contents in the sediment decreased by
30.9 and 60.4%, respectively, under treatment with 2.8 g/L
combined SI and CN, and by 28.3 and 55.8%, respectively,
under treatment with 1.4 g/L combined SI and CN. The
change in the TOC contents of the sediments also indicated
that the C content decreased, as shown in Fig. 9a. The treat-
ment with 1.4 and 2.8 g/L combined SI and CN method
decreased the TOC contents in the sediment during the en-
tire experiment. By the end of the experiment, the TOC
content in the sediment was 63.77 and 61.54 mg/g under
treatment with 1.4 and 2.8 g/L combined SI and CNmethod,
respectively, indicating that the TOC content decreased by
24.9 and 27.6%, respectively. These values were consistent
with the aforementioned 28.3 and 30.9% reduction in the C
content in the sediment.

The treatment with combined SI and CN also changed the
ORP in the sediment, as shown in the Fig. 9b. The addition of
combined SI and CN increased the ORP in the sediment.
Moreover, the ORP increased with increasing treatment dos-
age. In addition, the treatment with combined SI and CN
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caused visibly fluctuations in the ORP of the sediment during
the whole experiment.

Change in P content in sediment The variation in different P
forms in sediment that was treated with different dosages of
combined SI and CN atMSI:MCN = 4:1 is presented in Fig. 10.

As shown in Fig. 10a, compared with the control group, the
treatment with combined SI and CN method increased the TP
content. Moreover, the TP content increased with increasing
treatment dosage. On the 7th day of the experiment, the TP
content was 2.30 and 2.37 mg/g in the sediment treated with
1.4 and 2.8 g/L combined SI and CN doses, respectively, and
were 1.22 and 1.26 times higher than that of the control group,
respectively. Both values then remained relatively stable value
until the end of the experiment. At the end of the experiment,
the TP content was 2.23 and 2.30 mg/g in the sediment that
was treated with 1.4 and 2.8 g/L combined SI and CN, respec-
tively, whereas in the control group the TP content was
2.07 mg/g.

As shown in Fig. 10b, at the initial stage of the experiment,
the OP content remained relatively stable in the treated sedi-
ment compared with that of the control sediment. From the
14th day onward, the OP content was higher in the sediments
which were treated with the combined SI and CN than in the
control sediment. The maximum OP values were observed on
the 21st day and were 0.56 and 0.52 mg/g in the sediments
treated with 1.4 and 2.8 g/L combined SI and CN, respective-
ly. These values were 1.27 and 1.18 times higher than that of
the control sediment. On the 56th day, the OP content was

0.53 and 0.52 mg/g in the sediment that was treated with 1.4
and 2.8 g/L combined SI and CN, respectively, which were
1.15 and 1.13 times higher than that of the control sediment.
Therefore, the treatment with the combined SI and CNmethod
increased the OP content in the sediment. Moreover, the OP
content in the sediments increased with increasing treatment
dose.

Fe/Al-P, a potential bioavailable form of P in sediment, has
a high potential for releasing phosphate into water (Wang et al.
2009). As seen from Fig. 10c, treatment with the combined SI
and CN increased Fe/Al-P contents in the sediment to a max-
imum point on the 7th day. Fe/Al-P content then decreased
gradually until the end of the experiment. Fe/Al-P content
increased with increasing treatment dosages. Meanwhile, Fe/
Al-P content in the treated sediment was always higher than
that of the control sediment except on the 56th day of the
experiment. This deviation may be attributed to the increased
Fe/Al-P content in the control sediment and the decreased Fe/
Al-P content in the treated sediment. Given that Ca-P is re-
fractory (Kaiserli et al. 2002), with a lower potential for re-
leasing P, Ca-P is a relatively stable form of P in sediment. As
seen from Fig. 10d, during the entire experiment, Ca-P content
was higher in the treated sediment than in the control sedi-
ments. A higher treatment dosage led to a higher Ca-P content
in sediments. By the end of the experiment, the Ca-P content
was 0.85 and 0.89 mg/g in the sediment that was treated with
1.4 and 2.8 g/L combined SI and CN, respectively. These
values were 102.4% and 107.2% higher than the Ca-P content
in the control sediment.
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Table 2 Effect of treatment with
combined SI and CN on the mass
percentage of C and S in sediment
before and after the field
experiment (%)

Element Mass percentage in sediment before
experiment

Mass percentage in sediment on 56th day

Control Dosage of 1.4 g/
L

Dosage of 2.8 g/
L

C 10.27 10.23 7.34 7.07

S 1.63 1.76 0.778 0.697
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Discussion

Comprehensive effect of combined SI and CN
on the water body

The treatment with combined SI and CN doses increased the
pH value of eutrophic water (Fig. 3). The increased pH is
beneficial for the formation of FePO4 when Fe3+ and PO4

3−

coexist (Immers et al. 2013), thus promoting the fixation of P
in water (Fig. 4). Meanwhile, the iron ions from SI were dis-
solved in the water, thus promoting the flocculation of the
suspended solids and colloids (Wang et al. 2008). Therefore,
the application of the combined SI and CN method reduced
the turbidity and increased the transparency of the water body
during the first 14 days of the experiment (Fig. 3b). However,
the aquatic algae could use CN as a N source, which might
cause the persistent growth of the algae even though the am-
monia N is deficient (Li et al. 2016). Therefore, the turbidity
increased and destabilized during the first 14 days when treat-
ed with the combined SI and CN. Moreover, the turbidity later
increased after the first 14 days, when a high treatment dosage
of combined SI and CN was used.

A relatively high nitrate concentration (> 12mgN L−1) was
observed in the overlying water at the beginning of the field
experiment (Fig. 5a). The higher nitrate concentration is an
unavoidable consequence of adding CN to control P in water.
A comprehensive review of nitrate toxicity data revealed that
the observed aqueous nitrate concentration exceeded the rec-
ommended safety level of 10 mg N L−1 (Camargo et al. 2005)
for freshwater species. This result implied a potential risk of
incurring intolerable nitrate toxicity to sensitive aquatic

organisms when CN is introduced into the water body.
Fortunately, although a slightly higher nitrate concentration
occurred in the initial stage of the experiment, the nitrate con-
centration remained at a safe level for the majority of the
experiment (Fig. 5a).

Nitrite is a common intermediate product of denitrification
and nitrate reduction to ammonium in an anoxic environment.
On the 14th day of the study, the nitrite concentrations in the
overlying water increased and reached the maximum values of
0.30 and 0.34 mg N/L at the treatment dosages of 1.4 and
2.8 g/L, respectively (Fig. 5b). This result, in terms of the
aqueous nitrite concentration, coincides with that observed
in a previous study on the toxicity of CN addition (Liu et al.
2015b; Yamada et al. 2012) and provided evidences that this
level of nitrite concentration may be toxic to sensitive fresh-
water invertebrates and fishes (Camargo and Alonso 2006).
Based on the water quality criteria for protecting freshwater
aquatic life from short-term toxicity, the recommended con-
centration of nitrite concentration is 0.1 mgN/L (Yamada et al.
2012). Therefore, for a short period, e.g., 14 days, in this
experiment, the nitrite concentration in the overlying water
for both dosages was higher than the established guideline
(Fig. 5b).

Certain concentrations of nitrate and nitrite are toxic to
living aquatic species (Camargo and Alonso 2006, Liu et al.
2015b). However, these toxic effects could become weaker
and weaker or even disappear completely with time
(Yamada et al. 2012). Given that CN can damage the aquatic
ecosystem, the severity of pollution should be evaluated be-
fore applying CN to control eutrophication. In this experi-
ment, the tested sites in Xi’an Moat were severely eutrophic
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and contained limited aquatic life, and were dominated by
phytoplankton. In this case, the application of combined SI
and CN to decrease eutrophication was appropriate.

Adding the combined SI and CN into the water increased
sulfate concentration in the overlying water (Fig. 6) and at the
same time decreased total carbon and sulfide in the sediment
(Table 2). This result indicated that the sulfides and organic
carbon in the sediment could be oxidized to sulfate and CO2,
whereas additional NO3

− was reduced by the indigenous mi-
croorganisms into N or N oxides via denitrification.
Therefore, the addition of the combined SI and CN could
improve the current blackish color and foul odor of water in
Xi’an Moat when no additional external sources of pollution
were introduced into this system.

Adding both doses (1.4 and 2.8 g/L combined SI and CN)
into eutrophic water was very effective in terms of controlling
the algal growth within the first 14 days period (Fig. 7). This
result likely occurred because nitrite concentration in overly-
ing water exceeded the threshold within the first 14 days (Fig.
5b), thus decreasing algal biomass. Nitrite toxicity gradually
decreased below the threshold after 21 days. Moreover, nitrate
is a N source for algal growth (Bradley et al. 2010; Cochlan
et al. 2008), thus increasing algal cell density and chla con-
centration in overlying water after 21 days. In addition, the
algal growth was evidently promoted when a high dosage of
combined SI and CN was applied. Therefore, both the back-
ground of the aquatic system and the duration of treatment
should be considered when using the combined SI and CN
method to control water quality. In this study, 1.4 g/L com-
bined SI and CN is recommended for controlling algal growth
in Xi’an Moat, and the treatment should be limited to within
14 days in the summer when the water temperature was about
25 °C (23~27 °C). The combination of SI and CN under the
dosage and mass ratio in our paper was proposed as an effec-
tive approach for controlling the water quality in the summer
in Xi’an Moat. However, this is not a method that can be
completed once for all, but as an alternative method for emer-
gency eutrophication eruption in the summer. In terms of the
other seasons, the application dosage of this treatment de-
pends on the algae density in the water.

Effect of combined SI and CN on P concentration
in eutrophic water and P forms in sediment

The maximum efficiency of locking SRP reached 88.6 and
90.5% in the overlying water (Fig.4b), and 65.2 and 80.4%
in the interstitial water (Fig. 8b) when treated with 1.4 and
2.8 g/L combined SI and CN, respectively. Thus, the addition
of combined SI and CN obviously decreased P concentration
in eutrophic water.

SI, a P-locking material, was used to fix P from water into
sediments in this study. SI can stably and persistently lock P in
eutrophic water (Wang et al. 2017). In addition, given that

Fe2+ oxidation is mediated by microorganisms, and floccula-
tion and precipitation are chemically dominated by Fe3+, a
strong synergy and mutual promoting effect on P fixation
may exist between SI and microorganisms (Wang et al. 2015).

CN has been reported numerous times as a P-locking com-
pound in previous literature (Lin et al. 2015; Wang et al. 2017;
Wauer et al. 2005; Yamada et al. 2012). The main mechanism
of P-locking is as follows: nitrate acts as an electron acceptor,
resulting in the oxidation of organic matter and other reduced
substrates, such as sulfides and iron compounds. In turn, these
oxidized compounds may oxidize Fe2+ into Fe3+ and further
enhance iron oxide to absorb more P into the sediment. By
contrast, calcium phosphate precipitates when the Ca2+ and
PO4

3− combine together in water, eventually increasing Ca–P
content in the sediment (Fig. 10d), and inhibiting P release
from the sediments.

The addition of combined SI and CN increased TP, OP, and
Ca-P contents in the sediment to a certain extent. Under the
treatment, however, the Fe/Al-P content in the sediment was
higher than that in the control group before the 35th day of the
experiment and was lower than that in the control at the end of
the experiment (Fig. 10). P-locking in the overlying and inter-
stitial water increased the different P forms in the sediment.
Meanwhile, the higher concentrations of N available for usage
stimulated the growth of microorganisms in the sediment and
transformed parts of the bioavailable Fe/Al-P into OP
(Hemond and Lin 2010; Wang et al. 2017; Xu et al. 2014;
Yamada et al. 2012). However, a previous study (Lin et al.
2015) showed that at 66 days after the addition of CN to
control P in the sediment, Fe/Al-P increased and OP only
slightly increased in sediment. By contrast, Ca-P content did
not markedly change. The difference between this result and
that of the current study could be related to the background
environment of the sediment, as well as to the dosage and
types of P-locking materials. Overall, the addition of com-
bined SI and CN changed the chemical environment of the
aquatic system, evidently decreased the P levels in the over-
lying and interstitial water, and increased TP, OP, and Ca-P
contents in the sediment.

Comparison of SRP locking efficiency among CN, SI,
and the combination of SI and CN

In our field experiment, when treated with 1.4 g/L combined
SI and CN, the efficiency of SRP locking was 62.2% in the
overlying water and 62.3% in the interstitial water after day
56. The results of our previous experiment in the laboratory
(Wang et al. 2017) showed that the dosage of 15 g/L CN had
an obvious effect on lowering the phosphorus concentration in
the overlying water and interstitial water. The phosphorus-
locking efficiency for SRP in the overlying water and intersti-
tial water was 99.1 and 95.5%, respectively, after the treatment
of 68 days. Under the same conditions, the phosphorus-
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locking efficiency of SRP in the overlying water and intersti-
tial water with the SI treatment at 15 g/L was 78.5 and 77.9%,
respectively.

Although there were differences for SRP locking efficiency
among CN, SI, and SI+CN as described above, the difference
actually depended on not only the reagent type but the appli-
cation dosage. It is obvious that high P-locking efficiency was
based on the large dosage applied. However, harmful effects
may occur when excessive amounts of calcium nitrate and
sponge iron are applied to control the phosphorus concentra-
tion in eutrophic water. Toomuch calcium nitrate may be toxic
to sensitive aquatic organisms, whereas too much sponge iron
would increase the total mass of the sediment. Thus, from
considerations based on the environmental effect and the eco-
nomic investment required, the dosage of 1.4 g/L combination
of SI and CN is a better choice for the in situ restoration of a
water body with high internal P loading.

Optimal dosage of combination agent and its
cost-effect analysis

The efficiency of SRP locking was only slightly higher at the
dosage of 2.8 g/L than that at 1.4 g/L. Moreover, both dosages
significantly, stably, and persistently locked P in eutrophic
water. However, the application dosage of 2.8 g/L substantial-
ly promoted algal growth, further aggravating the eutrophica-
tion of the water body. In addition, the application dosage of
2.8 g/L is double the cost of using 1.4 g/L instead.
Considering the environmental effect and economic invest-
ment, the combination dosage of 1.4 g/L and MSI:MCN = 4:1
are recommended for the in-situ restoration of eutrophic water
with high internal P loads.

In this study, the costs of our combination agent and the P-
locking material were calculated and compared based on the
present market price of SI, CN, and Phoslock®. Lürling and
Oosterhout (2013) used Phoslock® (Phoslock®:Preleasable =
100:1) to control releasable P in overlying water and in sedi-
ment from the 5-cm layer of a eutrophic lake in Rauwbraken,
Netherlands. In their study, Phoslock® cost approximately
¥18,300 per ton, indicating that the cost per unit mass of P
locked by Phoslock® was approximately ¥1.83/g P. To com-
pare the economic benefits of Phoslock® and combined SI
and CN (MSI:MCN = 4:1) and to calculate releasable P, the
overlying water and 5-cm layer sediment were similarly se-
lected as research objects in the present study. In our experi-
ment, the total releasable P in the overlying water and 5-cm
layer sediment was approximately 6.7 g, and the total dosage
of combined SI and CN used was approximately 2 kg based
on a 1.4 g/L dosage, thus providing a combined agent to
releasable P mass ratio of 300:1. Given the mass ratio of the
combination agent (MSI:MCN = 4:1) dosage and the releasable
P was 300:1, the cost of industrial CN was approximately
¥1800 per ton and that of SI was approximately ¥4500 per

ton. Thus, the cost per unit mass of P that was locked by the
combined SI and CN in our experiment was approximately
¥1.19/g P.

The cost to lock the samemass of P by the combined SI and
CN was approximately 35% cheaper than that by Phoslock®.
Thus, the economic benefit of the combined SI and CN in P
locking in a eutrophic water system was competitive com-
pared with Phoslock®.

Conclusions

The laboratory and field experiments were successively per-
formed to study the combination effect of SI and CN on water
and sediment quality of Xi’an Moat. The following conclu-
sions were drawn:

In the laboratory experiment, different combinations of SI
and CN at different ratios of mass obviously decreased P con-
centration in the overlying water. However, considering the
toxicity of nitrate and nitrite to aquatic organisms, the opti-
mum MSI:MCN = 4:1 was proposed for P control in water
bodies.

In the field experiment, the addition of 1.4 and 2.8 g/L
combined SI and CN to eutrophic water increased the pH
value of the water body for the entire duration of the experi-
ment and decreased the turbidity of the water body within the
21 days. In addition, the treatment with 2.8 g/L combined SI
and CN increased pH but destabilized turbidity in the water
compared with the treatment with 1.4 g/L dose. The addition
of combined SI and CN temporarily increased nitrate and
nitrite concentrations in the overlying water. Certain levels
of nitrate and nitrite concentrations may exert toxic effects
on the sensitive freshwater species. In this study, nitrate and
nitrite concentrations quickly lowered to safe levels over time.
Meanwhile, the addition of 1.4 and 2.8 g/L combined SI and
CN to eutrophic water inhibited algal growth within the first
14 days of the experiment. The treatment with 2.8 g/L com-
bined SI and CN, however, evidently promoted algal growth
after 14 days. Therefore, treatment with 1.4 g/L combined SI
and CN is recommended for controlling algal growth in Xi’an
Moat. Moreover, the effective duration of application should
be limited to within 14 days during the summer.

Considering the environmental effect and economic invest-
ment required, the dose of 1.4 g/L combined SI and CN is a
better choice for the in situ restoration of a water body with
high internal P loads. At the dose of 1.4 g/L combined SI and
CN, the efficiency of SRP locking was 62.2% in the overlying
water and 62.3% in the interstitial water after 56 days of the
experiment. Under this treatment, TP, OP, and Ca-P contents
in sediment increased by 7.7, 15.2, and 2.4%, respectively.
Meanwhile, sulfides and organic carbon in sediment were
oxidized into sulfate and CO2 as a result of improved redox
conditions in the sediment. The economic benefit of the
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combination agent was competitive when compared with that
of Phoslock® in terms of P-locking in a eutrophic water
system.

Despite the temporary negative biological impacts ob-
served in both laboratory and field experiments, the results
of this study indicated that the combined application of SI
and CN at MSI:MCN = 4:1 and dosage of 1.4 g/L is an excel-
lent approach to transfer P from eutrophic water to the sedi-
ments, a more stable form. Therefore, the combined applica-
tion of SI and CN is a promising technology for the remedia-
tion of significantly polluted water bodies such as Xi’anMoat.

Despite the temporary negative biological impacts ob-
served in both laboratory and field experiments, the results
of this study indicated that the combined application of SI
and CN at MSI:MCN = 4:1 and dosage of 1.4 g/L is an excel-
lent approach to transfer P from eutrophic water to the sedi-
ments, a more stable form. Therefore, the combined applica-
tion of SI and CN is a promising technology for the remedia-
tion of severely polluted water bodies such as Xi’an Moat.
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