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Abstract In this study, the effect of the addition of
natural (AT) and purified attapulgite (PAT) on the
migration and transformation of phosphorus (P) in
mariculture ponds sediments under static and hydro-
dynamic disturbance conditions was studied using
sediment core incubation experiments. Whether
under static or disturbance condition, the AT/PAT
amendment suppressed the release of dissoluble
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reactive phosphorus (SRP) from sediments into the
overlying seawater. The results showed that the addi-
tion of AT/PAT decreased the concentration of SRP
in overlying seawater (maximum reduction rate: R,
= 76.82%), the concentration of SRP in pore seawa-
ter (R,.x = 62.62%) and the diffusion flux of SRP at
the sediment-water interface (SWI) (R, = 34.22%).
Furthermore, adding AT/PAT to the top sediments
(0-1 cm) not only reduces the content of Mobile-P
in the added layer, but also reduces Mobile-P in the
sediments (1-2 cm) below the added layer. In addi-
tion, under the condition of disturbance, the reduction
rate of Mobile-P in the PAT added layer (42.16%)
was higher than that of AT (21.12%). The reduction
of Mobile-P in the top sediment, SRP in the pore sea-
water as well as the diffusion flux of SRP from the
pore seawater to the overlying seawater across the
SWI played a key role in the control of SRP release
from sediments to the overlying seawater by the AT/
PAT amendment. Results of this work indicate that
the AT and PAT are very promising amendment for
the control of SRP release from mariculture ponds
sediments under static and hydrodynamic disturbance
conditions.

Keywords Purified attapulgite - Static -
Hydrodynamic disturbance - Mariculture ponds
sediment - Phosphorus migration and transformation -
Regulation
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1 Introduction

Human activities have produced a series of nega-
tive effects on marine ecosystems, among which
the increasing problem of eutrophication in coastal
waters is prominent particularly (Wang et al., 2021).
Phosphorus is the key nutrient for plankton growth,
and its high concentration level is one of the main
factors causing eutrophication in coastal waters (Wu
et al., 2017). Mariculture wastewater from inshore
pond aquaculture, as an important point-source dis-
charge, plays a crucial role in the transport of nutri-
ents from surface runoff (Lang et al., 2020). There-
fore, controlling the phosphorus concentration in the
overlying seawater of the mariculture pond is help-
ful to control the occurrence of seawater eutrophi-
cation. When exogenous phosphorus is effectively
controlled, controlling the release of endogenous
phosphorus in sediments is an important means to
reduce the phosphorus concentration in the overly-
ing seawater of mariculture ponds. So far, research-
ers at home and abroad have developed a variety of
techniques to control the release of endogenous phos-
phorus from sediments, including sediment dredging
(Cheng et al., 2016), capping (Yin et al., 2020), and
amending (Yin et al., 2016). Among them, the sedi-
ment amending technology, that is, the solid passi-
vator is directly added to the sediment, can not only
enhance the adsorption capacity of the sediment to
the phosphorus in the overlying water, but also reduce
the release risk of the phosphorus in the sediment to
the overlying water, which has been widely studied in
recent years (Fan et al., 2017; Yin et al., 2017; Wu
et al., 2022). At present, researchers have carried out
some beneficial exploration on lanthanum-modified
bentonite clay (Spears et al., 2013), iron/aluminum
co-modified calcite (Lei et al., 2022), heat-treated
attapulgite (Gan et al., 2009), drinking water treat-
ment residue (Wang et al., 2022) and other solid
phosphorus deactivators.

Attapulgite is widely used to control the release
of endogenous phosphorus in sediments as an in-situ
phosphorus inactivation material, because it is char-
acterized by high viscosity and surface area, porous
structure, moderate layer charge and a large number
of silanol groups on its surface (Gan et al., 2009). The
adsorption capacity of natural attapulgite is relatively
low (Kim et al., 2018; Fan et al., 2021). Through the
purification and refinement of attapulgite, we have
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preliminarily investigated the feasibility of the puri-
fying attapulgite to adsorb phosphorus in eutrophic
seawater, and the effect of adding attapulgite on phos-
phorus adsorption characteristics, occurrence forms
and release characteristics of phosphorus in sedi-
ments (Xu et al., 2022a; Xu et al., 2022b). However,
previous studies have found that the hydrodynamic
disturbance caused by wind wave disturbance and
water flow can make sediment resuspending, and then
have a significant impact on the phosphorus migra-
tion and transformation process in the sediment (Wu
& Hua, 2014; Kang et al., 2022). Therefore, revealing
the influence of attapulgite addition on phosphorus
migration and transformation in sediments at differ-
ent depths under static and hydrodynamic disturbance
conditions is helpful to determine the control effect of
attapulgite addition on phosphorus release from sedi-
ments of mariculture ponds, which is very important
for applying attapulgite amending technology to con-
trol phosphorus release from sediments of maricul-
ture ponds.

Therefore, in this paper, the sediment of mari-
culture pond is taken as the research object, and the
hydrodynamic disturbance process of mariculture
pond is simulated by stirring. The effects of natural
and purified attapulgite addition on SRP in overlying
seawater and pore seawater at different depths, SRP
diffusion flux at the SWI and phosphorus occurrence
forms in sediments at different depths were inves-
tigated under static and hydrodynamic disturbance
conditions. Finally, the effects of attapulgite addi-
tion on phosphorus migration and transformation in
the sediments of mariculture ponds under static and
hydrodynamic conditions were revealed, so as to pro-
vide theoretical and practical basis for the application
of attapulgite as a passivator to control the release of
endogenous phosphorus in mariculture ponds.

2 Materials and Methods
2.1 Experimental Materials and Reagents

The natural attapulgite clay used in this experi-
ment came from a deposit in Xuyi County. It was
dried at 105 °C for 2 h and mechanically pulverized
to ©<0.150 mm. In addition to attapulgite, the raw
ore is mainly composed of quartz, albite, calcite,
and muscovite and other trace components. Raw
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sediment (RS) cores were collected from the Litope-
naeus vannamei aquaculture pond on the East China
Sea coast of Shanghai using a Perspex core sampler
(50 cm long, 8.8 cm in diameter). The sediment is
passed through 50-mesh and 100-mesh sieves in turn
(Yu et al., 2019), and the impurities are removed by
sieving and fully mixed, and then stored at low tem-
perature for future use. The KH,PO,, HCl, NaOH,
NaCl, NH,Cl, and other chemical reagents used in the
experiment are all produced by China National Phar-
maceutical Group Chemical Reagent Co., Ltd. and
are analytical pure.

2.2 Preparation of Purified Attapulgite

Because the raw ore contains calcite and other car-
bonate minerals and some colored impurities (e.g.,
Fe and Ti), it is difficult to remove by using the tra-
ditional method of gravity separation and purifi-
cation with dispersant. Therefore, referring to the
research method of Jin et al. (Jin et al., 2005; Tang
et al., 2003; Zuo et al., 2005), the natural attapulg-
ite clay was purified and the product with purity of
99.93% was obtained. Briefly, the first-step purified
attapulgite (PAT-1st) was prepared by ultrasonic
hydrothermal method, and then used 4% hydrochloric
acid to remove the acid soluble matter in PAT-1st and
activate attapulgite to obtain the second-step puri-
fied attapulgite (PAT-2nd). Finally, a reducing agent
(sodium hydrosulfite) was added to PAT-2nd for com-
plexation-reduction iron removal and bleaching, and
the third-step purified attapulgite (PAT-3rd) can be
obtained.

2.3 Long-term Sediment Phosphorus Control Core
Incubation

In order to study the long-term control efficiency of
phosphorus in sediment by adding AT/PAT under
static and hydrodynamic disturbance conditions, the
indoor columnar sediment culture experiment was
carried out in a circular plexiglass container (d=8 cm,
h=40 cm). The overlying seawater is prepared manu-
ally, with salinity of 35 psu, pH = 8.0-8.2 and tem-
perature of 25+2 °C. The experiment is divided into
two stages. The first stage is the experimental prepa-
ration stage. Six circular plexiglass containers were
set up, each two containers in a group, and the experi-
ments were conducted under static and disturbed

conditions respectively. The containers that only add
RS were marked as the control group, and the con-
tainers that both add RS and AT or PAT were marked
as the addition group (Fig. 1). The two containers
of the control group were added with 5 cm high RS
respectively, while the four containers of the addition
group were added with 4 cm high RS first, and then
1 cm high AT or PAT. Then, slowly add 1500 mL of
configured overlying seawater to the reactor to avoid
sediment suspension during water addition. After the
sediment column is ready, it will enter the second
stage, namely the sediment culture stage. In order to
resuspend the sediment, a constant speed mixer was
used to intermittently disturb the overlying seawater
of one reactor in the control group and in the addi-
tion group, and the whole experimental process was
carried out in an aerobic state (cycle 30 days). The
propeller of the agitator is placed 0.5 cm below the
water surface. The stirring speed is 120 rpm, stir-
ring for 2 hours each time, and standing for 70 hours
after stirring (Yu et al., 2019), and then the sampling
test is carried out. A total of 10 times were stirred in
this experiment. The dissolved oxygen (DO) and pH
of the overlying seawater (10 cm above SWI) in the
reactor were measured at regular intervals (72 h), and
50 mL of overlying seawater 10 cm above the SWI
was collected for the determination of SRP, and then
50 mL of overlying seawater was slowly added along
the pipe wall (Yu et al., 2019). The sediment was
divided into 5 layers with a thickness of 1 cm after
the culture experiment, and the layers were taken out
and centrifuged in sequence. The resulting pore sea-
water was used for SRP analysis, and sediment sam-
ples were used for chemical extraction of P fractions.

2.4 Chemical Extraction of P Fractions

In this study, phosphorus fractions in raw and AT/
PAT-amended sediments were extracted according
to the method proposed by Rydin and Welch (Rydin
& Welch, 1998). One gram of sample was put into a
50-mL centrifuge tube. Extract it successively with
NH,CI solution (I mol/L), NaHCO5/Na,S,0, solu-
tion (0.11 mol/L), NaOH solution (1 mol/L, nor-
mal temperature), HCl solution (0.5 mol/L), and
H,SO, solution (1 mol/L, 358 K). The volume of the
extract is 25 mL, and the specific steps are shown in
Table 1. After each step of extraction, the centrifuge
was at 4500 rpm for 15 min, and the solution was
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Fig. 1 Long-term sediment
core incubation under a
static and b hydrodynamic
disturbance conditions
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immediately filtered through a 0.45-pm microporous
membrane, and the phosphorus content was deter-
mined by molybdenum blue colorimetry. Mobile-P
is the sum of Labile-P, BD-P and Org-P, and Total-P
is the sum of phosphorus measured by all extraction
fractions.

2.5 Data Processing and Material Characterization

The collected overlying seawater and pore seawater
were filtered by Oa .45-pm microporous membrane,
and the SRP content in the filtrate was determined by
molybdenum blue colorimetry. The average rate of
phosphorus release from sediment to overlying seawa-
ter can be calculated according to the change of phos-
phorus concentration in overlying seawater during

@ Springer

30cm

30cm

30cm

C A g A
. v Scm
A
30cm
v
¥ lecm
N _fcm
Disturbance Disturbance
(AT) (PAT)

sediment culture experiment [J, mg-(mz-day)_l] (Zil-
ius et al., 2015):

V(C-Cy)
J=—= ey
Aot
where V is the volume of overlying seawater (L).
t is the time of sediment culture experiment (d). C,
and C, are the mass concentration of phosphorus
(mg-L7!) in the overlying seawater at time 7 and ini-
tial time, respectively. A is the area of the interface
between sediment and overlying seawater (m?).

Using Fick’s first diffusion law and according to
the mass concentration of phosphorus in overlying
seawater and pore seawater, calculate the phosphorus
diffusion flux at the interface between sediment and
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Table 1 Tk.le . Step P species Reagents Concentration ~ Condition
morphological continuous
extraction process of I Labile-P(NH,CI-P) ~ NH,Cl 1 mol/L pH=7, for 2 h
phosphorus I BD-P(Fe-P) NaHCO;-Na,$,0,  0.11 mol/L for 1 h
Il  NaOH-rP(Al-P) NaOH 0.1 mol/L for 16 h
v Org-P(NaOH-nrP?) Digestion, NaOH-TP
\% HCI-P(Ca-P) HCI 0.5 mol/L for 16 h
??}?-;rP:NaOH-TP- VI Res-P(Residual-P)  H,SO, 1 mol/L 550 °C ashing, 2 h, for | h
a -T

water [F, mg-(m>-day)~'] (Yu et al., 2017 (Yu et al.,
2017)):

Jc
F=-0D, =7~ @)

where @ is the porosity of sediment, and the value in
this experiment was 0.8. Dy is the phosphorus diffu-
sion coefficient of sediment (cm?s™"), which can be
calculated and determined according to the follow-
ing formula. 3—;| 7—o 18 the mass concentration gradi-
ent of phosphorus at the sediment water interface
[mg-(L-cm) ~!]. This experiment is obtained by divid-
ing the mass concentration difference between sedi-
ment pore seawater and overlying seawater by 1 cm.

D,=eD, ¢ <0.7 3)

D, =¢*D, ¢>0.7 4)

where D, is the diffusion coefficient of ions in the
ideal dilution solution (cm?s™!), and D, is taken as
7.0x10°% cm*s~! in this study.

For all sampling steps, field blanks for the analysis
of the water properties were prepared using ultra-pure
water and treated as the original water samples. In the
laboratory, all samples were measured in parallel for
3 times. Excel 2007 software was used for data sort-
ing, Origin software for mapping, SPSS 17.0 software
for statistical analysis, and one-way ANOVA was
used to compare the differences between the control
group and the treatment group.

The pH and DO were measured by a dual-probe
multiparameter meter (HQ40d, HACH, USA). The
morphology and composition of materials were char-
acterized by SEM, XRF, XRD, etc. The ASAP2020
specific surface area analyzer was used to analyze
the N, adsorption and desorption, pore size distri-
bution and specific surface area of the material. The
particle size of attapulgite was analyzed by using the

Masterizer 2000 laser particle size detector. The cat-
ion exchange capacity (CEC) of attapulgite was deter-
mined by ammonium acetate method.

3 Results and Discussion

3.1 Physical and Chemical Properties of Natural and
Purified Attapulgite

The mineral and chemical composition (determined by
XRF and XRD) of AT and PAT are shown in Table 2
and Fig. 2. The physico-chemical properties such as
specific surface area, pore volume, cation exchange
capacity (CEC), and particle size (dy,) are shown in
Table 3. After the natural attapulgite was purified by
steps, a high-grade product with attapulgite purity
of 99.93%, ultra refine and easy to be re-dispersed in
water was obtained. The specific surface area and pore
volume of natural attapulgite were small, 152.076 m*/g
and 0.212 cm?®/g, respectively. After purification, the
specific surface area and pore volume were increased
to 203.254 m*g and 0.395 cm?/g, respectively, which
were significantly improved (P<0.05) (Table 3). The
octahedral structure in attapulgite was not only not
damaged, but also weakens the bonding force between
the structural layers (Fig. 2). The pores in the structure
were loosely expanded, the pore volume was greatly
increased, and the surface activity was enhanced.
Thus, the adsorption performance of attapulgite was
improved, which provided the possibility for subse-
quent adsorption of phosphorus by attapulgite.

3.2 Changes in DO Concentration and pH Value in
Overlying Seawater

The changes of DO concentration and pH value

in the overlying seawater of the reactor dur-
ing sediment culture are shown in Fig. 3. DO
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Table 2 Minerals and

- T Minerals composition % Chemical compo- AT % PAT %
chemical compositions of sition
the natural and purified
attapulgite Natural attapulgite (AT) Sio, 59.43 58.18
Attapulgite 40.5 Al O, 14.56 19.32
Quartz 35-45 CaO 12.24 5.33
others 24.5-14.5 Fe,04 5.23 2.83
Loss on ignition (LOI, 900 °C) 8.69 K,0 3.05 3.82
Purified attapulgite (PAT) MgO 2.90 5.69
Attapulgite 99.93 TiO, 1.22 0.50
LOI 12.32 Na,O 0.83 3.32
MnO 0.22 0.13
others 0.32 0.88
Q
At - Attapulgite
(© Q- Quartz
C - Calcite
A - Albite
M - Muscovite

At At Natural attapulgite

Purified attapulgite]
10 20 30 40 50 60 70
2-Theta/degree

Fig. 2 The SEM images of a natural and b purified attapulgite. ¢ The XRD patterns of natural and purified attapulgite

Table 3 Physico-chemical properties of natural and purified
attapulgite

Physico-chemical properties AT PAT
Specific surface area/m>.g~! 152.076 203.254
Pore volume/cm?>-g ™! 0.212 0.395
CEC / meq-100g™! 43 10.2
dgo/pm 8.2 4.7

concentrations are greater than 4.0 mg/L, which
indicates that the overlying seawater in vari-
ous reactors in this study is in an aerobic state.
When the sediment culture time was short (1-10

@ Springer

days), there was little difference (P>0.05) in the
concentration of DO in the overlying seawater of
the control group or the addition group under the
two conditions of static and disturbance. When
the sediment was cultured for a long time (15-30
days), the DO concentration of overlying seawater
in a disturbed condition was significantly higher
than that in a static condition. It can be seen that
when the sediment culture time is long, the hydro-
dynamic disturbance tends to increase the DO
concentration of overlying seawater. During sedi-
ment culture, the pH value of overlying seawater
in various reactors had little difference and was in
the range of slightly alkaline.
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Hm Static (RS)
B Disturbed (RS)

Static (AT) HE Disturbed (AT)
Static (PAT) ®m Disturbed (PAT)

r8.3
r8.2
r8.1
8.0
7.9
r7.8
1.7

DO/ mgL"!

a ab
. bb, b c
d c‘ d ‘l
10 15 B

Time /d

20 30

Fig. 3 Change in DO and pH of overlying seawater during
sediment incubation period. Different lowercase letters repre-
sent significant differences between different culture conditions
at the same time (P<0.05)

3.3 Changes in SRP Concentration in Overlying
Seawater

As shown in Fig.4 a, the sediments used in this study
released SRP into the overlying seawater under both
static and hydrodynamic disturbance conditions.
Moreover, hydrodynamic disturbance and the addi-
tion of AT/PAT significantly changed the exchange
behavior of SRP between sediment and overlying sea-
water (P<0.05). For the control group at static condi-
tion, the SRP concentration in the overlying seawater
increased significantly from 0 to 0.157 mg/L during
sediment culture. For the disturbed control group,
the SRP concentration in the overlying seawater first
increased and then decreased and reached equilib-
rium. When the culture time was 15 days, the SRP
concentration reached the maximum (0.104 mg/L).
In addition, when the sediment culture time was in
the early stage (< 15 days), the SRP concentration in
the overlying seawater in the disturbed condition was
higher than that in the static condition. This is because
when the sediment is disturbed and resuspended, a
large amount of SRP is released into the pore seawa-
ter, resulting in the rapid increase of SRP concentra-
tion in the overlying seawater. When the sediment
culture time was long (15-30 days), the SRP concen-
tration in the overlying seawater in the disturbed con-
dition was significantly lower than that in the static

(a) 0.20
3 Static (RS)

_ [ Disturbance (RS) a
3 0.16- 3 Static (S/AT20) T
80 [ Disturbance (S/AT20)

= =3 Static (S/PAT20) a

\8 0.12- [0 Distugbance (S/PAT20)

.§ . a

§=

8 008 % oo

2 b

3 b bl < o

& 0.04 i

72

0.00 t t t T
1 5 10 15 20
Time / days

(b) 6.0

- 3 Static (RS)

=) 5.0 1 [ Disturbance (RS)

S [ Static (S/AT20)

\.% 4.0 [ Disturbance (S/AT20)
oy b a 3 Static (S/PAT20)

E b [ Disturbance (S/PAT20)
8 3 0 T c g

b= (T

—

2 204

<

(]

©

~ 1.0

0.0 t 1 1

0-5 0-10 0-15 0-20 0-25 0-30
Time / days

Fig. 4 a Changes in SRP concentration of overlying seawater
in control and amendment columns. b Average release rates of
SRP from sediments to the overlying seawater in control and
amendment columns. Different lowercase letters represent sig-
nificant differences between different culture conditions at the
same time (P<0.05)

condition. It shows that multiple intermittent distur-
bances can inhibit the migration of phosphorus form
sediments to the overlying seawater. This is because
with the extension of culture time, disturbance accel-
erates the reoxygenation process and increases the
DO concentration of the seawater (Fig. 3). Originally,
the reduced iron manganese oxide in the suspended
solids oxidized and transformed into oxidized iron
manganese oxide with strong phosphorus adsorp-
tion capacity, which enhanced the adsorption of sus-
pended solids on SRP in the overlying seawater and
settled into the sediment with the action of gravity
(Zheng et al., 2013). In this study, after multiple gap
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disturbances, the amount of SRP in the overlying
seawater adsorbed by the suspended solids are obvi-
ously greater than the amount of SRP released from
the pore seawater, resulting in a significant decrease
in the concentration of SRP in the overlying seawater
after the disturbance.

As can also be seen from Fig. 4 a, in the static
condition, the SRP concentrations in the overlying
seawater of the AT and PAT addition groups were
0.038-0.058 mg/L and 0.036-0.048 mg/L respec-
tively, which were significantly lower than that of the
control group (0.048-0.157 mg/L), and the reduc-
tion rates were 3.26-70.46% and 20.24-76.82%
respectively. This shows that the addition of AT/
PAT can greatly reduce the release of phosphorus
from sediment to overlying seawater. In addition, in
the hydrodynamic disturbance condition, the SRP
concentrations in the overlying seawater of AT and
PAT addition groups were 0.044-0.062 mg/L. and
0.038-0.052 mg/L respectively, which were also sig-
nificantly lower than 0.075-0.104 mg/L in the control
group, and the reduction rates were 27.02-49.21%
and 40.26-57.81% respectively. This shows that the
addition of AT/PAT in the hydrodynamic disturbance
condition can also significantly reduce the migration
of phosphorus from sediments to overlying seawater.
Furthermore, for the addition group, the SRP con-
centration in the overlying seawater in the disturbed
condition was higher than that in the static condition.
This shows that the disturbance reduces the efficiency
of AT/PAT addition to controlling the release of sedi-
ment phosphorus to the overlying seawater. It should
be noted that although the disturbance has a certain
negative impact on the effect of AT/PAT addition
on controlling phosphorus release in sediments, AT/
PAT addition can still keep the SRP concentration in
overlying seawater at a very low level under the dis-
turbance condition. Moreover, the addition of AT and
PAT can significantly reduce the release rate of phos-
phorus from sediment to overlying seawater under
both static and hydrodynamic disturbance conditions
(Fig. 4b).

3.4 Changes in SRP Concentration in Pore Seawater
In the control group, the sediments at different depths
release a certain amount of phosphorus into the pore

seawater, and the SRP concentration in the pore sea-
water increases with the increase in depth (Fig. 5).

@ Springer

The penetration depth of O, in sediments is usually
less than 1 cm (Liu et al., 2018). In the simulation
experiment, most sediments are in an anoxic state.
Ferric oxide or hydroxide is reduced to ferrous oxide
or hydroxide, while phosphorus adsorbed by ferric
oxide or hydroxide is easily released into pore sea-
water (Meis et al., 2013). The deeper the sediment,
the lower the redox potential is expected, which may
cause more phosphorus to be released into the pore
seawater through the dissolution of ferric oxide or
hydroxide, resulting in the increase of SRP concentra-
tion in the pore seawater with the increase in depth.
Actually, the process of phosphorus release from
sediment to overlying seawater includes phosphorus
release from sediment to pore seawater and phospho-
rus diffusion from pore seawater to overlying seawa-
ter. The distribution of phosphorus was controlled
by transport and reaction processes and the phospho-
rus diffusion should be one of the major reasons for
the above results. In addition, under hydrodynamic
disturbance, the contact opportunity between AT/
PAT and SRP in pore seawater is increased, and the
adsorption of SRP in pore seawater by AT/PAT is
promoted. At the same time, the disturbance leads to
the increase of O, penetration depth and redox poten-
tial in the sediment, which transforms Fe>* to Fe’*,
and then forms iron phosphorus compounds, which
reduces the concentration of SRP in the pore seawater
of surface sediment (0-2 cm).

SRP concentration / mg-L™!

0.0 0.5 1.0 1.5 2.0 2.5
T T T T
a
0-1 '%‘ ¢ 3 Static (RS)
[ Disturbance (RS)
a 3 Static (S/AT20)
1-2 4 b [ Disturbance (S/AT20)
= le 3 Static (S/PAT20)
2 ja [ Disturbance (S/PAT20)
< 2-34 Ib
o lc
[*)
Q I M‘ a
3-4 = b
———Hic
H b
4-5 { |a
H
HC

Fig. 5 The effect of AT/PAT addition on SRP concentration of
pore seawater. Different lowercase letters represent significant
differences between different culture conditions at the same
depth (P<0.05)
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Furthermore, the addition of AT/PAT reduced the
concentration of SRP in pore seawater in the depth
range of 0—4 cm under static and hydrodynamic dis-
turbance conditions (Fig. 5). Under the static condi-
tion, at the depth of 0-1, 1-2, 2-3, and 3—4 cm, the
SRP concentration in pore seawater of the control
group (Static, RS) were 0.466, 0.593, 0.898, and
1.398 mg/L, respectively. The SRP concentration in
pore seawater of the AT group decreased by 50.06%,
35.12%, 45.27%, and 62.62% respectively, and that of
the PAT group decreased by 57.99%, 49.88%, 50.47%,
and 60.53% respectively. Under the disturbance con-
dition, at the depth of 0-1, 1-2, 2-3, and 3—4 cm, the
SRP concentration in pore seawater of the control
group (disturbance, RS) were 0.340, 0.389, 0.941,
and 1.460 mg/L, respectively. The SRP concentra-
tion in pore seawater of the AT group decreased by
34.34%, 2.50%, 46.31%, and 13.45% respectively, and
that of the PAT group decreased by 45.79%, 26.54%,
50.44%, and 59.94% respectively. This means that the
addition of AT/PAT can effectively inhibit the release
of phosphorus from sediments to pore seawater,
whether at static or under disturbance.

3.5 The Effects of Attapulgite Addition on SRP
Diffusion Flux at the Sediment-Water Interface

Under static and hydrodynamic disturbance condi-
tions, the SRP diffusion fluxes at the SWI in the con-
trol group were 1.470 mg/(m*-day) and 1.423 mg/
(m?.day), while those in the AT addition group were
1.073 mg/(mz-day) and 1.297 mg/(mz'day), and those
in the PAT addition group were 1.051 mg/(m?>day)
and 0.936 mg/(m?-day), respectively. Obviously, the
addition of AT/PAT reduced the diffusion flux of
phosphorus at the SWI. Considering that the consist-
ent influence trends of AT/PAT addition on SRP con-
centration in overlying seawater, SRP concentration
in pore seawater and phosphorus diffusion flux at the
SWI. The reduction of SRP concentration in pore sea-
water and phosphorus diffusion flux at the SWI play a
very important role in controlling the release of sedi-
ment phosphorus to overlying seawater by AT/PAT
improved technology (Yu et al., 2019). It is worth
noting that although the hydrodynamic disturbance
reduces the SRP diffusion flux at the SWI in the addi-
tion group, the disturbance slightly increases the SRP
concentration in the overlying seawater of the addi-
tion group and the rate of SRP release from sediments

to the overlying seawater (Fig. 4b). This may because
of the resuspension of sediments caused by the dis-
turbance and the release of some weakly adsorbed
phosphorus in suspended solids and SRP in pore sea-
water, resulting in the increase of SRP concentration
in overlying seawater to a certain extent.

3.6 The Effects of Attapulgite Addition on
Phosphorus Speciation in Sediment

As shown in Fig. 6 a, after long-term incubation
experiment, the content of Labile-P in sediment was
very small and can be ignored. Compared with the
control group, when AT/PAT was added to the surface
0-lcm sediment in the static and disturbance condi-
tions, the content of BD-P in the surface 0—1cm sedi-
ment of the AT addition group decreased by —20.19%
and 25.12%, respectively, and the content of BD-P
in the O-lcm sediment of the PAT addition group
decreased by 16.84% and 60.29% respectively. Except
for the static group (AT), other experimental groups,
whether disturbed or not, led to the decrease of BD-P
content in the added layer. This may be because after
the combination of Fe and P in AT, a large part of
them exist as BD-P. In addition, the content of Org-P
in O-1cm surface sediments of the addition group also
decreased to a certain extent. On the contrary, under
static and disturbance conditions, compared with the
control group, the content of NaOH-rP in 0-1lcm sur-
face sediments of the AT addition group increased
by 1.16% and 2.46%, respectively, and the content
of NaOH-rP in 0-1 cm surface sediments of the PAT
addition group increased by 4.63% and 7.99% respec-
tively. At the same time, the contents of HCI-P and
Res-P in the addition layer also increased to a certain
extent. For the AT addition group, the increase rates
in the static condition were 1.42% and 8.81%, respec-
tively, those in the disturbance condition were 0% and
4.41% respectively. For the PAT addition group, the
increase rates in the static condition were 1.42% and
4.41% respectively, and those in the disturbance con-
dition were 8.48% and 17.61% respectively. Moreo-
ver, adding AT/PAT to the 0-1 cm sediment on the
surface layer will also increase the contents of NaOH-
rP and Res-P in the 1-2cm sediment below the addi-
tion layer to a certain extent.

To sum up, the addition of AT/PAT to O-lcm
surface sediment results in the decrease of Mobile-
P (Labile-P, BD-P, and Org-P) content and the

@ Springer



137 Page 100f 12

Water Air Soil Pollut (2023) 234:137

Phosphorus fractions content / mg-kg™!

(a)
0 200 400 600 800 1000
T I T
T L }—\‘—:_':l—:_H
0-1 e i
T O T
T b T
1-2 L WT Wmﬁn[ L
E Im TH T L ]
o  — = S— m—y - ] Org-P
~ T =5l T T 7]
< 23 —i =t T [ NaOH-rP
g" @ nﬂ Hm—< :«:‘ |VN MM o BD'AP
o) T — 5 [ Labile-P
Im }_HH—( ! T - I:“ ]
34 Imm »&H W:‘ mmmlmw
H—{n H—i}_Hm : 1 Mw :
= = =
il T T -
(b) Phosphorus fractions percentage / %
0 20 40 60 80 100
)l—H - - i - il ]
il i = =i
0-1 = = =
T — I &l - L = T
i L =
. 1-2 mw ng =
g ;H £ H{N I
': i) 1L T
T —— —
a I T T
3.4 i T =
mm H;{ mm
Im mw I
4-5 i =ia
2= ==
L i 12 S

[J Res-P 3 HCI-P 3 NaOH-rP = Mobile-P

Fig. 6 The effect of AT/PAT addition on a P speciation and b
P species to total extractable P in sediments at different depths

increase of NaOH-rP, HCI-P, and Res-P contents in
the added layer. At the same time, it also changes
the occurrence form of phosphorus in the sediment
1-2cm below the addition layer, and transforms into
a more stable form of phosphorus. This is further
proved in the proportion of different forms of phos-
phorus in the total extractable phosphorus (Fig. 6b).
For the Mobile-P content in the AT addition layer, it
is reduced by 18.39% and 21.12% under static and
hydrodynamic disturbance conditions, respectively.
For the Mobile-P content in the PAT addition layer,
it is reduced by 12.71% and 42.16% under static and
hydrodynamic disturbance conditions, respectively.
This means that the addition of AT/PAT lead to the
conversion of Mobile-P to stable phosphorus (NaOH-
rP, HCI-P, and Res-P) in the sediment of the addition
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layer, whether at static or hydrodynamic disturbance
conditions. At the same time, the downward migra-
tion of AT/PAT in the addition layer also promotes
the same transformation of phosphorus forms in the
sediments 1-2cm below the addition layer to a certain
extent. This further confirms that the addition of AT/
PAT to O—lcm surface sediments reduces the poten-
tial mobility of phosphorus in the added layer and the
sediments immediately adjacent to the added layer.
Obviously, this is conducive to the release control of
phosphorus in sediments by AT/PAT improved tech-
nology. In deep sediments (2-5 cm), the proportion of
different forms of phosphorus in the total extractable
phosphorus has almost no changes, which means that
adding AT/PAT to 0—1cm surface sediments can only
regulate the distribution of phosphorus forms in the
added layer and the sediments adjacent to the added
layer. It has little effect on the distribution of phos-
phorus forms in deep sediments, which may be due
to the limited ability of AT/PAT to migrate downward
in the addition layer (Yin et al., 2016; Rydin et al.,
2017).

4 Conclusion

Under static and hydrodynamic disturbance condi-
tions, the addition of AT/PAT reduces the SRP con-
centration in the overlying seawater and pore seawater
at different depths, and the diffusion flux of SRP at
the SWI. The addition of AT/PAT to the top sedi-
ments (0—1 cm) promotes the great transformation of
Labile-P, BD-P, and Org-P to NaOH-rP, HCI-P, and
Res-P in the added layer, which not only reduces the
Mobile-P in the added layer, but also in the sediments
(1-2 cm) below the added layer. Compared with
the static condition, hydrodynamic disturbance can
enhance the passivation effect of AT/PAT on SRP in
the pore seawater of top sediments and the reduction
effect of SRP diffusion flux at the SWI. The reduction
rate of Mobile-P in the PAT added layer (42.16%) is
higher than that of AT (21.12%), indicating that the
purified attapulgite has a better practical application
prospect. The reduction of Mobile-P in the top sedi-
ment, SRP in the pore seawater as well as the diffu-
sion flux of SRP from the pore seawater to the over-
lying seawater across the SWI play a key role in the
control of SRP release from sediments to the overly-
ing seawater by the AT/PAT amendment.
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