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Ex-situ treatment of black and odorous sediments using chemical oxidation
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ABSTRACT

The treatment of sediments is a key challenge with regards to the treatment of black and odorous
water. At present, the sediments of black and odorous water bodies are mostly treated using dredging,
and the sediments need to be effectively treated to reduce the secondary pollution to the environment.
Chemical process is widely used in the treatment of black and odorous sediments due to its obvious
and fast treatment effect. In this study, three chemical reagents, namely sodium persulfate, calcium
oxide and hydrogen peroxide, were selected to find their optimal dosages to treat the sediments. The
results show that persulfate had the most favorable treatment effect on sediments, and exhibited the
optimum removal effect for water content, organic matter, total nitrogen, ammonia nitrogen, total
phosphorus and heavy metal content of sediments. The optimal dosage of sodium persulfate and
calcium oxide was 6 g/L each, while that of hydrogen peroxide was 30 mL/L. For the combination of
different reagents, the combined effect of sodium persulfate and hydrogen peroxide was the most
favorable. When the dosages of sodium persulfate and hydrogen peroxide were 4.5 g/L and 7.5 mL/L,
respectively, the removal rates of total nitrogen, ammonia nitrogen, total phosphorus, cadmium,
chromium, nickel, lead, water content and organic matter in sediments reached the values of 69.53%,

74.58%, 77.23%, 39.21%, 41.01%, 43.72% and 21.74%, 21.33% and 2.4%, respectively.
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1. Introduction

Nowadays, the existence of black and odorous water
bodies is a huge challenge for the improvement of urban
water environment [1]. China has put forward stringent
requirements to mitigate the problem of black and odor-
ous water bodies. These requirements include the “Water
Pollution Prevention and Control Action Plan” and “Water
Ten Articles” issued by China in 2015 and clearly state that
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black and odorous water bodies in urban built-up areas will
be eliminated completely by 2030. As endogenous pollution
of black and odorous water bodies, the bottom sediments
is imperative to be treated. In this regard, sediment is often
dredged [2] and need to be stabilized and harmless to avoid
secondary pollution to the environment.

At present, the common treatment methods of sediment
are divided into in-situ and ex-situ treatment methods [3].
Although ex-situ treatment is undertaken at large scale and
has high cost, it is still widely used because of the advantages
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of obvious and quick treatment effect [4]. Ex-situ treatment
mainly includes physical separation method, stable curing
method, biodegradation method, leaching method, pyrolysis
method, ultrasonic degradation method, electrodialysis and
advanced oxidation process [5-8]. The most effective way to
stabilize sediments is the chemical process [9]. Among var-
ious chemical processes, the most common application is
the redox method. Chemical reagents such as calcium per-
oxide [10], hydrogen peroxide [11], potassium permanga-
nate [11,12] and nitrate are commonly used to oxidize and
remove pollutants in sediments. In recent years, more and
more attention has been paid to persulfate-based oxidation
technology [13,14], which has been widely used in sediments
treatment [13] and soil remediation [14]. It is generally rec-
ognized that, persulfate has a certain degree of oxidation
due to the peroxygen, and free radicals or other active oxi-
dizing substances produced after activation further enhance
its oxidizing ability [15]. Zhen et al. [13] found that the floc
structure of sediments changed after the addition of persul-
fate, and the dewatering effect of sludge was significantly
improved. Do et al. [14] used persulfate to treat diesel-con-
taminated soil, and activated persulfate through ferrous iron
in the soil significantly removed organic pollutants from soil.

In order to explore the effect of persulfate and common
chemical reagents on the treatment of black and odorous
sediments and to find the optimum dosage of combined
reagents, this study took the black and odorous sediments of
a river in Wuhan (China) as the research object, and explored
the treatment effect of individual reagents and composite
reagents (consisting of calcium oxide, hydrogen peroxide,
and sodium persulfate) on the sediments of black and odor-
ous water. At the same time, the dosage of chemical reagents
was varied, and the changes in water content, organic mat-
ter, total nitrogen, total phosphorus, ammonia nitrogen
and heavy metal content in sediments were studied. Based
upon the results, the optimum chemical reagent type and
its corresponding dosage were determined, which provide
theoretical guidance for the effective disposal of black and
odorous water sediments.

2. Materials and methods
2.1. Sediment source and properties

The sediments used in the experiments was obtained
from a river in Wuhan, China, which was seriously polluted
and the water body was black and odorous. The sediment
sampling depth was about 40 cm. In order to eliminate the
influence of overlying water on sediments as much as possi-
ble, it is necessary to concentrate the samples using gravity
sedimentation, so that the impurities mixed in the sediment
samples could be removed. The sediment samples were
sealed, refrigerated, and stored at 4°C. The properties of the
sediments are summarized in Table 1.

2.2. Experimental device and method
2.2.1. Experimental device

In order to simulate the treatment process of black and
odorous sediments in the actual project, a 10-mm thick
acrylic plexiglass plate was used to make a micro sediment
disposal site as an experiment device, as shown in Fig. 1.

2.2.2. Experimental methods

In this experiment, different individual chemical
reagents and composite reagents were used to simulate the
stabilization process of chemical reagents on the sediments
of black and odorous water bodies in practical engineering.
By studying the dynamic changes of various substances
in the sediments of black and odorous water bodies under
different reagent dosages, the optimal reaction conditions
were determined, which are useful for practical engineering
applications.

1 L of the sediments after gravity sedimentation and con-
centration treatment was put in six experimental apparatus,
respectively. 0 (control group), 1, 2, 4, 6, and 8 g/L of sodium
persulfate were then added to each of samples. After 6 h of
static reaction at ambient temperature of 24°C, the water con-
tent, organic matter content, total nitrogen (TN), ammonia
nitrogen (NH,-N), total phosphorus (TP) and heavy metal
(Cd, Cr, Ni, and Pb) in the sediments were measured. The
experimental steps for various reagents, namely calcium
oxide, hydrogen peroxide and composite reagents, were the
same as mentioned above, wherein the calcium oxide dosage
was varied through values of 0, 1, 2, 4, 6, and 8 g/L, whereas
the hydrogen peroxide dosage was varied through values of
0, 10, 20, 30, 40, and 50 mL/L. The composite reagents con-
sisted of sodium persulfate + hydrogen peroxide and sodium
persulfate + calcium oxide. The composition of the com-
posite reagent is presented in Table 2.

2.2.3. Experiment reagents

According to previous research, properties of the
reagents and the preliminary experimental results, the
chemical reagents of sodium persulfate, calcium oxide and
hydrogen peroxide were selected for the current work.
Sodium persulfate and calcium oxide were added in solid
form and the concentration of hydrogen peroxide was 30%.
The detailed information is shown in Table 3.

2.3. Analysis methods

The main detection indices of sediments included water
content, organic matter content, TN, NH,-N, TP and heavy
metals. The extraction method for nitrogen and phosphorus

Table 1
Properties of experimental sediment

Index Experimental sediment
properties

Moisture content (%) 64.21

Organic matter content (%) 10.24

TN (mg/L) 63.25

NH,-N (mg/L) 52.97

TP (mg/L) 1.36

Cd (mg/kg) 2.83

Cr (mg/kg) 103.50

Ni (mg/kg) 34.83

Pb (mg/kg) 75.33
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Fig. 1. Schematic of the experimental set-up (a) schematic diagram of the experimental device and (b) actual picture of the experi-

mental device.

Table 2
Dosages of various composite reagents

Group number Reagent combination Reagent dosage ratio

0% - -

1# Na,S,0, + H,0, 3g/L+15mL/L

24 Na,S,0, + H,0, 1.5g/L+22.5 mL/L
34 Na,S,0, + H,0, 45g/L+75mL/L
44 Na,S,0, + CaO 3+3g/L

5 Na,5,0, + CaO 45+15¢g/L

o Na,5,0, + CaO 1.5+4.5g/L

from the sediments was as follows. First, a certain amount of
sediments was taken in a 100-mL centrifugal tube. The super-
natant was obtained by centrifugating the sample at a speed
of 5,500 rpm for 15 min using a high-speed centrifuge. The
contents of organic matter and water were measured using
the weight difference method [16]. TN was measured using
potassium persulfate oxidation-ultraviolet spectrophotom-
etry [17]. Moreover, NH-N was measured using Nessler
reagent spectrophotometry [18]. Furthermore, TP was mea-
sured using ammonium molybdate spectrophotometry [19].
Heavy metals were measured using inductively-coupled
plasma spectrometry [20,21].

3. Results and discussion
3.1. Effect of single chemical reagent on the treatment of sediments
3.1.1. Effect of different dosages of sodium persulfate

After adding Na,S,0, and reacting for 6 h, the changes
in the contents of water and organic matter of sediments
were analyzed, and the corresponding results are shown in
Fig. 2a. It can be seen from Fig. 2a that, with the gradual
increase in the dosage of Na,5,O,, the water and organic
matter contents of the sediments gradually decreased from

60.25% and 9.98% to 57.45% and 9.02%, respectively. When
the dosage of Na,S,0, reached the value of 6 g/L, the water
and organic matter contents of the sediments stabilized.
This is probably because the oxidative capability of Na,S,0,
destroys the floc structure in the sediments, releases the
water and organic matter, and improves the dehydration
capability of the sediments. At the same time, Na,S,O, can
also degrade organic matter, thereby improving the stability
of sediments [22].

The changes in TN, NH,-N and TP contents of sediments
are shown in Fig. 2b. It can be seen from Fig. 2b that, with
the gradual increase of Na,5O, dosage, the removal rates
of TN, NH,-N and TP in the sediments gradually increased
from 2.86%, 5.97%, and 2.94% to 27.21%, 32.64%, and 34.52%,
respectively. When the dosage of Na,S,0, reached the value
of 6 g/L, the removal rate gradually stabilized. This is prob-
ably because, after adding Na,S,0,, the oxidative capability
of the reagent could crack the microorganisms in the sedi-
ments, and promoted the release of nitrogen, phosphorus
and other substances from sediments to interstitial water of
the sediments [23]. Moreover, the interstitial water flowed
along the device, thus reducing the contents of TN, NH,-N
and TP in the sediments.

The changes in heavy metal content in sediments are
shown in Fig. 2c. It can be seen from Fig. 2¢ that, with the
gradual increase of Na,50O, dosage, the removal rates
of heavy metals, including Cd, Cr, Ni, and Pb gradually
increased from 2.47%, 2.18%, 2.04%, and 1.01% to 18.14%,
24.72%, 26.96%, and 8.13%, respectively. When the dosage
reached the value of 6 g/L, the removal rates of Cd, Cr, and
Ni in the sediments stabilized, while the removal rate of Pb
tended stabilize and was lower than other heavy metals when
the dosage reaches the value of 4 g/L, indicating that the
removal effect of Na,S,O, for Pb was significantly lower than
those of Cd, Cr and Ni. This is probably because the oxida-
tive capability of Na,S,0O, can cause some metals or their com-
posites in the sediments to undergo a redox reaction, which
is transformed into ionic state, dissolves into the interstitial
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Table 3
Chemical stabilizing reagent

Name Molecular formula Purity Manufacturer
Sodium persulfate Na,S,0, Analytically pure Sinopharm Chemical Reagent Co., Ltd.
Calcium oxide CaO Analytically pure Sinopharm Chemical Reagent Co., Ltd.
Hydrogen peroxide H,0, Analytically pure Sinopharm Chemical Reagent Co., Ltd.
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Fig. 2. Changes of in various indices of sediments for different Na,S,0, dosages. (a) Changes of water content and organic matter
content in sediments for different Na,S,0, dosages, (b) effects of different Na,S,0, dosages on TN, NH,-N and TP in sediments and
(c) effect of different Na,S,0, dosages on heavy metals in sediments.

water of the sediments [24] and leaches away with the inter-
stitial water. For Pb, one possibility is that, SO 42‘ appear in the
sediments after the addition of Na,S,0, which reacts with
part of Pb ions released in the interstitial water of the sedi-
ments to form stable PbSO, precipitates [24], thus restricting
the transfer of Pb ions discharge with the interstitial water.
Based on the changes in water content, organic mat-
ter content, TN, NH~N, TP and heavy metals for different
Na,S,0, dosages, the Na,5,O, dosage of 6 g/L. produced
the most favorable dewatering effect on the sediments.
Meanwhile, it has a good removal effect for the organic
matter, TN, NH~N, TP and heavy metals in the sediments.
This conclusion is similar with the previous studies [25].

3.1.2. Effect of different dosage of calcium oxide

After adding CaO and reacting for 6 h, the changes in
moisture and organic matter contents of sediments were ana-
lyzed and the corresponding results are shown in Fig. 3a. It
can be seen from Fig. 3a that, with the increase of CaO dos-
age, the water and organic matter contents of sediments
decreased from 60.29% and 10.21% to 58.71% and 9.47%,
respectively. This is probably because the CaO can consume
water in the sediments, and due to the exothermic reaction,
the evaporation of the sediments increased, which further
reduced the water content in the sediments. Meanwhile, CaO
can also react with some organic substances in the sediments
and convert them into inorganic calcium salts [26], thus
resulting in a decrease in the organic matter content of the
sediments.

After adding CaO and reacting for 6 h, the changes in
TN, NH,-N and TP contents in the sediments were analyzed
and the corresponding results are shown in Fig. 3b. It can

be seen from Fig. 3b that, with the increase of CaO dosage,
the removal rates of TN, NH,-N, and TP in the sediments
gradually increased from 3.76%, 7.57%, and 3.68% to 25.09%,
31.09%, and 34.23%, respectively. When the dosage reached
the value of 6 g/L, the removal rates of TN, NH,-N and TP in
the sediments stabilized. This may be because the addition of
CaO promotes the release of nitrogen-containing substances
in the sediments into the interstitial water of sediments [26],
which flow away with the leached interstitial water. In addi-
tion, the added CaO reacts with water to produce Ca(OH),
that increases the pH value in the sediments and promotes
the release of NH,-N in the sediments [27]. With regards
to TP in the sediments, one possibility is that, the calcium
ions (Ca*") produced by the reaction of CaO with water inter-
act with part of the phosphate ions (POY") released into the
interstitial water and form stable Ca,(PO,),OH precipitates
[28], which reduce the phosphorus content in the inter-
stitial water of sediments.

After adding CaO and reacting for 6h, the changes in the
contents of Cd, Cr, Ni and Pb were analyzed and the cor-
responding results are shown in Fig. 3c. With the increase
of CaO dosage, the removal rates of Cd, Cr, Ni and Pb in
the sediments fluctuated within the ranges of 0.42%—4.05%,
0.53%—4.83%, 0.25%-5.33%, and 0.90%-3.82%, respectively.
This shows that there is no obvious correlation between the
dosage of CaO and the removal rate of heavy metals in the
sediments, whereas CaO has no significant removal effect
for the heavy metals in the sediments. This conclusion is
similar with the previous studies [29].

Based on various dosages of CaO, when the dosage of
CaO was 6 g/L, the water content of sediments was low.
Meanwhile, it has a good removal effect for the organic
matter, TN, NH,-N and TP in the sediments.
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3.1.3. Effect of different dosage of hydrogen peroxide

After adding H,O, and reacting for 6 h, the changes in
the contents of water and organic matter of the sediments
were analyzed and the corresponding results are shown in
Fig. 4a. It can be seen from Fig. 4a that, after adding H,O, to
the sediments, the water content of the sediments increased
slightly from 60.18% to 61.68%. This is probably because
the oxidation capability of H,O, can destroy the floc struc-
ture of sediments and release water in them. However, due
to the addition of H,O, as a liquid, the water content in the
sediments will increase accordingly with the increase in the
dosage of H,O,. At the same time, H,0, is partially decom-
posed into H,O, due to which the reduction in water content
becomes less obvious. With the increase of H,O, dosage, the
content of organic matter in sediments gradually decreased
from 10.05% to 8.91%. This phenomenon was similar with the
previous studies [30]. This may be due to the strong oxida-
tion of H,O,, which oxidized and decomposed the organic
matter in the sediments into inorganic matter [31], resulting
in a continuous decrease in the content of organic matter in
the sediments.

After adding H,O, and reacting for 6 h, the changes in
TN, NH,-N and TP in the sediments were analyzed and
the corresponding results are shown in Fig. 4b. It can be
seen from Fig. 4b that, with the increase of H,O, dosage, the

removal rates of TN, NH,-N and TP in sediments increased
from 2.75%, 5.17%, and 2.21% to 29.07%, 33.28%, and 36.93%,
respectively. When the dosage of H,O, reached the value of
30 mL/L, the removal rates of TN, NH,~N and TP stabilized.
After adding H,O,, the oxidative capability of H,O, will crack
the bacteria and other microorganisms in the sediments [32],
which promotes the release of nitrogen, phosphorus and
other substances in the sediments into interstitial water of
the sediments. These substances then flow away with the
leached interstitial water, thus reducing the contents of TN,
NH,-N and TP in the sediments.

After adding H,O, and reactions for 6 h, the changes in
the contents of Cd, Cr, Ni and Pb in the sediments were ana-
lyzed and the corresponding results are shown in Fig. 4c.
It can be seen from Fig. 4c that, with the increase of H,0,
dosage, the removal rates of Cd, Cr, Ni, and Pb in the sed-
iments gradually increased from 1.41%, 1.73%, 1.92%,
and 1.13% to 22.38%, 1.13%, 27.31%, 28.03%, and 19.15%,
respectively. When the dosage of H,O, reached the value
of 30 mL/L, the removal rates of heavy metals in the sedi-
ments gradually stabilized. This phenomenon was similar
with the previous studies [33]. Because of the strong oxi-
dation capacity of H,0,, the exchangeable and carbonate
heavy metals in the sediments, as well as the relatively stable
organic matter bound to heavy metals and their sulfides can
be oxidized and dissolved into the interstitial water of the
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sediments [34], thus reducing the heavy metal content in the
sediments.

Based on the changes of moisture content, organic mat-
ter content, TN, NH-N, TP and heavy metal content in
the sediments for different H,O, dosages, the H,O, dosage
of 30 mL/L exhibited the most favorable removal effect for
organic matter, TN, NH,-N, TP and heavy metals in the
sediments.

In general, Na,5,0,, CaO and H,O, have a stabilizing
effect on black and odorous sediments, and can reduce the
contents of organic matter, nitrogen and phosphorus in the
sediments. The optimum individual reagent was found to be
the Na,5,0O,. Moreover, Na,50, and CaO can significantly
reduce the water content of sediments, while H,O, has no
obvious effect on reducing the water content of the sedi-
ments. However, H O, has the most favorable effect on the
removal of Cd, Cr, Ni and Pb. In addition, Na,S,0, exhib-
its good removal of Cd, Cr and Ni; however, the removal
of Pb was not extraordinary. Furthermore, CaO has no sig-
nificant removal effect for heavy metals in the sediments.

3.2. Effect of different composite reagents on the black and odorous
sediments

In order to further improve the treatment effect, reagents
were combined into composite reagents. Based on the opti-
mal dosage of each reagent determined in Section 2.1 —
Sediment source and properties, the composite reagent was
produced with different percentages of the optimal dosages
of each reagents.

The removal effects for the contents of water and organic
matter in sediments treated by different groups of compos-
ite reagents are shown in Fig. 5a. It can be seen from Fig. 5a
that the water and organic matter contents were lower in
case of treatment using composite reagents than those of
the control group. The reduction effects for various com-
posite reagents for water and organic matter contents were
not much different from each other. Among them, the high-
est water content reduction was observed for the compos-
ite reagent 5#, which exhibited water content of 54.07%.
Moreover, the highest organic matter reduction was observed
for the composite reagent 3#, for which the organic matter
content was 8.71%. Compared with the individual reagents,
the composite reagents of Na,5,0, + H,0, and Na,5,0, + CaO
showed better performance for reducing the water and
organic matter contents than the individual reagents. For the
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was the composite reagent 3#. After the reaction, the water
content was reduced to 54.87%, whereas the organic matter
content was reduced to 8.71%. For the composite reagent
of Na,5,0, + CaO, the optimum dosage was the composite
reagent 5#. After the reaction, the water and organic matter
contents were reduced to 54.07% and 8.93%, respectively.

The removal effects for TN, NH,-N and TP are shown in
Fig. 5b. It can be seen from Fig. 5b that the removal effects of
six groups of composite reagents for TN, NH -N and TP in
sediments were all better than those of the control group, and
the removal effect of the composite reagent Na,S O, + H,0,
was better than that of the composite reagent Na S O, + CaO.
This may be due to the reason that both Na S O, and H,0O,
have good oxidative capability, which makes the oxida-
tion capability of the composite reagent (Na,S,0, + H,0,)
stronger than the composite reagent Na,5 O, + CaO. At the
same time, there were significant differences in the removal
effects of TN, NH,-N and TP in the sediments for each
group of composite reagents. For the Na,5,0, + H,0, com-
posite reagent, the optimum dosage for the removal of TN,
NH,-N and TP in the sediments was the composite reagent
3#, and after the reaction, the corresponding removal rates
were 32.44%, 42.86% and 45.2%, respectively. For the com-
posite reagent of Na_S,0, + CaO, the optimum dosage for the
removal of TN, NH,-N and TP was the composite reagent 5%,
in which after the reaction, the corresponding removal rates
reached 31.06%, 41.72% and 42.84%, respectively.

The removal effects of Cd, Cr, Ni and Pb in sediments
are shown in Fig. 5c. It can be seen from Fig. 5c that the
removal effects of the six groups of composite reagents for
heavy metals in the sediments were better than those of
the control group, and the removal effects of the compos-
ite reagents in each group for different heavy metals were
significantly different from each other. Among them, for the
composite reagent Na,5 O, + H,0O,, the optimum dosage for
the removal of Cd, Cr and Ni in the sediments was obtained
for the composite reagent 3#, in which after the reaction, the
corresponding removal efficiencies were 21.54%, 27.03%
and 29.3%, respectively. However, the removal effect of this
composite reagent for Pb was the worst. The most favorable
reagent ratio for the removal of Pb was obtained in the com-
posite reagent 2#, in which, after the reaction, the removal
rate was 18.60%. This is probably because, Na,S,0, will
react with some free Pb ions in the sediments to form lead
sulfate precipitates, which is not conducive to the removal
of Pb. However, the removal effect of H,O, for Pb was bet-

composite reagent of Na,5,0, + H,0,, the optimum dosage ter than that of Na,S,O,. For the Na,S,0, + H,O, composite
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Fig. 5. Changes in the contents of water and organic matter in sediments. (a) Changes in water and organic matter contents in
sediments, (b) changes in TN, NH,-N and TP removal rates in sediments and (c) change in heavy metal contents in sediments.
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reagent, the highest proportion of Na,50O, was observed
in the composite reagent 3#, and the highest proportion of
H,O, was found in the composite reagent 2#. Therefore, the
composite reagent 3# exhibited the highest removal effect for
the Pb, whereas the composite reagent 2# was the worst. For
the Na_S,0, + CaO composite reagent, the optimum dosage
ratio for the removal of Cd, Cr, Ni, and Pb in the sediments
was the composite reagent 5#, for which, the corresponding
removal rates reached the values of 19.28%, 24.29%, 27.07%
and 12.62%, respectively.

According to the changes in sediment water content,
organic matter content, TN, NH,-N, TP and heavy met-
als content under different concentrations of two groups of
composite reagents, the optimum dosage for the composite
reagent Na,5,0, + H,0, was found in the composite reagent
3#, which was 4.5 g/L Na,5,0, + 7.5 mL/L H,O,. The opti-
mum dosage for Na,S,O, + CaO was found in the compos-
ite reagent 54, with 4.5 g/L. Na,5,O, + 1.5 g/L CaO. The opti-
mum composite reagent for stabilizing the sediments was
Na,S,0, + H,0,. Although its effect on reducing the moisture
content was not as good as Na,5,O, + CaO, the difference
between the two reagents was not that obvious.

4. Conclusions

In this study, the stabilization effect of individual chem-
ical reagents and composite reagents on the sediments of
black odorous water was studied. Based upon the changes
in water content, organic matter content, TN, NH_-N, TP and
heavy metal content of black and odorous water’s sediments
under different reagent types and reagent dosages, following
conclusions are drawn.

¢ Na,5,0,, CaO and H,0, have a certain stabilization effect
on black odorous sediments. The optimum dosage of
Na,S,0, and CaO was 6 g/L, whereas the optimum dos-
age of HO, was 30 mL/L. The most favorable single
reagent for sediments’ stabilization was Na,S,0,.

¢ The optimum dosage ratio of Na,S,0, + H,0O, was 4.5 g/L
Na,S,0, + 7.5 mL/L H,0,, whereas the optimum dosage
ratio of Na,5,0, + CaO was 4.5 g/LL Na,5,0, + 1.5 g/L. CaO.
The optimum composite reagent for sediments’ stabiliza-
tion was Na,S,0, + H,0,. Although its effect on reducing
the water content was not as good as Na 5,0, + CaO, the
difference between the two composite reagents was not
obvious.
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