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A B S T R A C T

Lanthanum-modified-bentonite(LMB) has been applied for eutrophication management as a phosphate(P)- 
binding agent in many lakes. However, re-eutrophication took place several years or decades later after the 
first practice of capping due to dynamic environmental factors in the plateau lake. Here, we investigated the 
effect of long-term capping and integrated environmental factors in the plateau lake including alkalinity, organic 
matter, disturbance and photodegradation to the LMB immobilization. Long-term LMB immobilization exhibited 
C accumulation(82.3%), La depletion(53.5%) and lager size effect in the sediment particle, indicating the 
breakage of La-O-P bonds and the formation of La-O-C bonds over immobilization time. Additionally, pH(8–10) 
in the plateau lake could enhance the P desorption and decrease P adsorption through electrostatic repulsion 
enhancement with the zeta potential reduction(7.2 mV). Further disturbance experiment indicated a significant 
releasing trend of active P and DGT-labile P from the solid phase, pore water to the overlying water after dis
turbances due to resuspended releasing, particle size and amorphous Fe, Mn and Al’s redistribution. Moreover, 
31P NMR and EPR results indicated photodegradation after disturbance converted diester phosphate into 
orthophosphate with long-term LMB immobilization via the oxidation of ⋅OH in the sediment of the plateau lake. 
Therefore, management issues for Xingyun Lake may apply to other plateau lakes with low external P input, 
intermediate depth and intense disturbance.

1. Introduction

Lake eutrophication has become a long-lasting issue that plagues 
freshwater ecosystems and drinking water safety around the world 
(Zawiska et al., 2023; Graeber et al., 2024). Internal phosphorus(P) 
releasing from sediments to the overlying water could aggravate the 
eutrophication due to the excessive P loading in the lake even after the 
exogenous P inputs have been controlled efficiently (Ding et al., 2023; 
Moyle et al., 2024). Multiple sediment remediation technologies have 
been developed to prevent sedimentary P release, such as dredging, 
in-situ immobilization technique, chemical injection, and bio-treatment 
technology (Yin et al., 2020). Taking into consideration the fast and safe 
interception and binding of P released from internal sediment 

inventories, in-situ immobilization using P-sorbent as a capping material 
is considered to have great potential among the numerous endogenous P 
remediation technologies (Lin et al., 2023; Zhan et al., 2023). The in-situ 
P-immobilization could not only reduce the TP concentration in over
lying water at the initial stage, but also promote the transformation of 
the exchangeable P to the stable fraction in the surface sediment (Copetti 
et al., 2016). To date, various P-immobilization materials have been 
developed and several of them have been applied extensively in labo
ratory and field experiments ascribed to their superior affinity for P, 
including aluminum, calcium, lanthanum hydroxides and carbonate, 
clay minerals, modified clay minerals (iron-modified zeolite, 
zirconium-modified bentonite, iron-modified attapulgite, lanthanum 
modified bentonite (LMB)), etc. (Yin et al., 2017; Yin et al., 2020; He 
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et al., 2022; Guo et al., 2024). However, as widely recognized, the 
immobilization is not long-lasting and needs repeating. 
Re-eutrophication took place several years or decades later after the first 
practice of capping due to dynamic environmental factors.

According to previous studies, the efficacy of in-situ immobilization 
agents might be impaired significantly over time by both intrinsic (such 
as anoxia conditions and organic substance accumulation) and extrinsic 
(like high water temperature, disturbance-induced resuspension and 
reinforced hydrodynamic velocity, etc.) conditions of the lake environ
ment. Münch and his group reported that re-eutrophication of Terra 
Nova Lake (the Netherlands) two years later after the covering of FeCl3, 
might be ascribed to the excessive organic matter competition and 
frequent sediment mixing (Münch et al., 2024). Similarly, 
re-eutrophication of Barleber Lake (Germany) even 30 years later after 
the covering of Al2(SO4)3 might be attributed to the combined factors of 
loss of aluminum-P adsorption capacity, anoxia condition and high 
water temperatures (Dadi et al., 2023). Another investigation in the six 
Danish lakes treated with poly-Al chloride in 9 years disclosed that the 
translocation of Al by resuspension and furious bottom-currents might 
explain the intensified re-flocculation of Al-P from the sediments 
(Egemose et al., 2013). Recently, due to superior adsorption capacity, 
low cost, facile preparation and environmental friendliness, there has 
arisen a growing interest in adopting commercialized LMB as the 
capping materials for lake eutrophication remediation in 200 waters (e. 
g. Otterstedter See, Silbersee, Rauwbraken, H. G. Eiland, Mere Mere and 
Hatchmere) (Dithmer et al., 2016) and achieved various success due to 
ion exchange in the interlayer structure of the bentonite and surface 
adsorption of La3+ to HnPO4

n-3(n=0, 1, 2 and 3). However, given the 
shorter application time, better stability and insolubility in nature of 
LMB compared to iron and aluminum salts, whether re-eutrophication 
would happen to these real practices is still doubtful.

In other words, the effects of intrinsic and extrinsic environmental 
factors on P releasing from the surface sediment treated by LMB in real 
scenarios need further concern. Moreover, previous investigations on 
the long-term effects of in-situ internal-P-immobilization focus on the 
lakes located in plain rather than plateau areas. Owning to the lower 
atmospheric pressure and more furious wind disturbance caused by high 
altitude in contrast to the plain lakes, the physical active barrier of the 
sediment in plateau lakes is more likely to be destroyed (Wang et al., 
2017) with the change of redox potential at the sediment water interface 
(SWI) (Wu and Hua 2014; Jalil et al., 2017), not to mention the 
photochemical reaction of organic phosphate (OP) triggered by the 
higher level of solar irradiation (Guo et al., 2020). This paper focused on 
Xingyun Lake, a hypertrophic shallow lake (with an average depth of 6 
m) at the Yunnan-Guizhou Plateau within the southwestern border area 
of China. LMB was added in the strength of 144 g/m2 in May 2019, 
November 2019 and June 2020 (http://www.phoslock.cn/post/ 
208468/) which resulted in the increase of total La concentrations in 
the solid phase among the top 10 cm sediment (Fig. S1a) and conse
quential decrease of TP concentration of overlying water from 0.322 
mg/L (inferiority Class V) to 0.077 mg/L (Class III) in a short period 
(Fig. S2). It was not the end of the story. An explosive growth of algal 
blooms happened again with the deterioration of water quality in 2023 
and 2024, which prompted immediate investigations into the potential 
causes of the re-eutrophication (TP, SRP concentration and release flux 
in Fig. S2,S3). It is well recognized that Xingyun Lake was featured as 
high alkalinity and COD (especially humic acid and algae-derived 
organic matter, AOM) due to long water exchange cycles (Zhou 2016; 
Zeng et al., 2022b). It has been reported that HCO3

− , humic acid and 
AOM could weaken the removal performance of adsorbent in the natural 
water (Wang et al., 2022a; Wang et al., 2023; Wen et al., 2023). High 
alkalinity leads to relatively high pH(8–10) and HCO3

− concentration 
(200–400 mg/L), which possibly tends to weaken the removal perfor
mance of P. Studies so far remain two questions that have as yet no clear 
answer: Could environmental factors of plateau lake (like Xingyun Lake) 
affect LMB immobilization and what are the potential changes in the 

sediment after the long-term immobilization? The ability of researchers 
and governments to anticipate, mitigate, and restore eutrophic fresh
waters in a cohesive, integrated manner suffers from key uncertainties in 
our understanding.

Hereby, the goal of this study was to evaluate how the immobiliza
tion time and plateau lake factors affect the P-immobilization of sedi
ment with LMB. Specifically, we methodically explored and elucidated 
the underlying mechanisms: i)phase dynamics of the surface sediment 
with the long-term LMB capping by SEM, XRD and XPS; ii)effects of 
alkalinity ions (OH− , HCO3

− ), humic acid and algae-derived organic 
matter (AOM) on immobilization by zeta potential; iii)effects of different 
disturbances on the immobilization in the sediment vertical profile with 
long-term LMB capping associated with the particle size distribution and 
amorphous Fe, Al, Mn in the vertical profile of the sediment; iv)irradi
ations on the immobilization effect in the sediment with long-term LMB 
capping after disturbance by 31P NMR and EPR. Therefore, our work 
provides theoretical support for reevaluating the feasibility of LMB 
application to control internal P pollution in high-altitude lakes with 
long immobilization time, intermediate depth and strong disturbance.

2. Results and discussion

2.1. Immobilization time effect and mechanism

To examine the surface morphology and element distribution 
changes of sediment over immobilization time, SEM and EMI charac
terizations of LMB treated sediment after short-term immobilization 
(LSS) and LMB treated sediment after long-term immobilization (LSL) 
were employed. Fig. 1(a,b) showed the lamellar banded morphology in 
both LSL and LSS samples. However, LSS exhibited a plain fine structure 
with more pores and a rougher surface with higher crystallinity, whereas 
LSL revealed more significant agglomerations and smoother surfaces, In 
addition, elemental images also indicated C(Fig. 1g,1h) more evenly 
distributed after the long-term immobilization. Above phenomenon 
probably derived from long-term organic matter and carbonate accu
mulation from the lake. La(Fig. 1c,1d) and P(Fig. 1e,1f) content signif
icantly reduced and confirmed the scarcity of La (the bonding sites of P) 
and explained one of the reasons why immobilization capability was 
impaired and SRP/TP of LSL tended to release to the overlying water 
compared with that of LSS (Fig. S4).

To further elucidate the evolution of phase composition and chem
ical bonding, XRD and XPS analyses of LSS and LSL were conducted. As 
shown in Fig. 1i, the LSS and LSL samples exhibited the dominant 
content of SiO2 and distinct crystal structures of LaCl3 and 
Mg.064Ca.936CO3 (Copetti et al., 2016), respectively. It was worth noting 
that LaCl3 peak of LSL vanished while peaks of calcium carbonate and 
calcium magnesium carbonate gradually emerged along the extension of 
the immobilization time, which might be attributed to the soil formation 
related carbonate under karstic landforms (Jin et al., 2021; Peng et al., 
2021). These findings were consistent with the XPS full-spectrum 
semi-quantitative analysis, which showed an 82.3% increase in the C 
atomic ratio, 53.5% decrease in the La atomic ratio in LSL samples 
compared to LSS samples (Table S1). The La 3d orbital fine spectrum 
analysis revealed a decrease in the integration area and the changes of 
chemical bonds of La after long-term immobilization (Fig. 1k). The four 
peak positions of the La 3d orbital after long-term immobilization 
changed in different degrees compared to that in LSS, with the corre
sponding peak binding energy (BE) shifted from 855.65, 852.31, 838.88 
and 839.23 eV in LSS to 856.36, 852.84, 839.23 and 835.82 eV in LSL. 
The C 1 s orbital fine spectrum (Fig. 1o) also indicated that the C inte
gration area of LSL was significantly larger than that of LSS, with the 
proportion of carbonate increasing from 8.2% to 12.9%, and the pro
portion of C–O bonding rising from 17.2% to 44.4%. The P 2p orbital 
fine spectrum (Fig. 1n) demonstrated that the relative area at P 2p3/2 
decreased from 43.8% in LSL to 36.6% in LSS, probably derived from the 
decomposition of OP and the release of inorganic phosphorus after 
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long-term immobilization. With a comparison of the 132.9 eV peak 
assigned to NaH2PO4⋅2H2O (Mallet et al., 2013) in LSS and LSL samples, 
we speculated that the adsorbed HnPO4

n-3 in LMB was released to the 
overlying water during the long-term immobilization process, which 
was in a good agreement with the evidence of breakage of the La-O-P 
bond from O1s orbitals spectrum. According to Fig. 1m, metal hydrox
yl in the adsorbed oxygen was reduced from 36.2% in LSS to 24.2% in 
LSL and replaced with La-O-C bonds due to the stronger carbonate’s 
binding capacity for La(Ksp(La2(CO3)3=3.98×10− 34≪ Ksp(LaPO4)=
10− 24.7~10− 25.7)) and the ligand exchange in La complexion between 
CO3

2− /HCO3
− and HnPO4

n-3 during the aging process (Zhan et al., 2023). 
Overall, our study confirmed that the breakage of La-O-P bonds and the 
formation of La-O-C bonds in the long-term LMB immobilization, which 
was in line with the evidence of P decrease and C increase demonstrated 
in EMI.

In addition, it was found that the particle size distribution of the LMB 
treated sediment changed over the immobilization time, which possibly 

influenced the capping performance and explained the related effect 
mechanism. According to the particle size analysis of LSS and LSL in the 
depth of 0–2 cm below the SWI, the particle size(D50) of LSL was about 
2.561 μm more than 20 times larger than that of LSS, while S/V (specific 
surface area) of LSL was 22.9% smaller than LSS after long-term LMB 
immobilization. Furthermore, the percentage of particle size above 63 
μm increased by 3.9%, with that below 8 μm decreased by 4.2% 
(Table S3), indicating the downsize of contact area between LSL and the 
water above the capping layer and in pore water. The size effect of 
sediment particle explained another reason why SRP(0.06 mg/L) and TP 
(0.09 mg/L) of LSL were higher than SRP(0.03 mg/L) and TP(0.05 mg/ 
L) of LSS in the overlying water (Fig. S4). It was also responsible for a 
higher passivation effect in LSS compared with LSL under the same 
minor disturbance due to smaller particle size and larger contact area 
(S/V).

Fig. 1. Scanning electron microscopy (SEM) images of LSS (a) and LSL(b) and elemental mapping images (EMI) of La(c, d), P(e, f) and C(g, h); XRD of S, LSS and LSL; 
XPS of survey spectra(a), La 3d(k), O 1s(m), P 2p(n), and C 1s(o); LMB treated sediment after short-term immobilization(LSS), LMB treated sediment after long-term 
immobilization(LSL), untreated sediment(S).
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2.2. Alkalinity and organic matter effect

To explore the pH-dependent effect of raw sediment(S), LSS and 
LSL’s immobilization performance to P, adsorption, desorption amount 
and zeta potential under different pH were determined (Abdellaoui 
et al., 2021). As shown in Fig. 2(a, b), there exhibited a similar tendency 
for all three samples of S, LSS and LSL with their P adsorption amount 
decreased and the desorption amount increased with pH rising from 4 to 
12, especially obvious at the pH range of 9–12. With the pH ranging 
from 8 to 10 (the regular pH range of Xingyun Lake), the P adsorption 
amount of LSL, S and LSS decreased by 9.5%, 7.1% and 3.3%, respec
tively, while the P desorption amount raised by 107.9%, 42.2% and 
50.0%. On the other hand, in the pH range of 4–12, S, LSS and LSL were 
all negatively charged with their ζ potentials declining with the increase 
of pH value (Fig. 2c), ascribing to the pH-independent negative charges 
associated with isomorphous substitution of Si4+ with the cation of 
lower valence like Al3+ and Fe3+ and pH-dependent negative charges 
from deprotonation of Si-O-H on the clay surface. With the pH adjust
ment from 8 to 10, the zeta potential of S, LSS and LSL decreased 4.0, 7.2 
and 6.8 mV respectively. Such a decline in the alkaline microenviron
ment would cause more surface negative charges, stronger electrostatic 
repulsion and weaker ions exchange toward HnPO4

n-3 of LMB treated and 
untreated sediment. The values of ζ potential of S <LSL <LSS colloidal 
system also indicated less stability in the untreated sediment and LSL 
than LSS. Therefore, it was the elevated pH that increased the negative 
charge of the colloid surface strengthened the electrostatic repulsion and 
ions exchange between HnPO4

n-3 and LSL, leading to the impaired 
P-adsorption on LSL compared to LSS under high pH.

As we know, the presence of carbonates and organic ligands 
(including HA and AOM) in natural waters may hinder the removal 
performance of adsorbent to P. We further explored the influence of 
concentrations fluctuation of HCO3

− , AOM and humic acid on P 
adsorption on LMB under pH range of 8–10 to simulate the alkaline 
environment in Xingyun Lake. The results showed that high concen
trations of HCO3

− and AOM(Fig. 2d,2f) had a significant inhibition effect 
on raw LMB’s adsorption of P in comparison to humic acid (Fig. 3e). As 
the concentrations of HCO3

− increased from 0 to 1000 mg/L and AOM 
rose from 0 to 36 mg/L, the adsorption rate of LMB dropped from 99.8% 
to 38.6% and 39.8%, respectively. In comparison, the adsorption rate of 
P fluctuated up and down slightly between 95.7% and 79.0% with the 
concentration of HA ranging from 0 to 36 mg/L. The inhibition effect of 

HCO3
− was related to Ksp[La2(CO3)3]<<Ksp[LaPO4] at the temperature 

of 25◦C (Reitzel et al., 2017). Plus, as mentioned above, the upward 
adjustment of pH value attributed to the increase of HCO3

− concentration 
gave rise to the stronger electrostatic repulsion to anion, which syner
gistically fortified the inhibition to P adsorption. Regards to AOM and 
HA, it was probably due to the less homogeneity of the organic carbon in 
AOM-associated co-precipitates that happened a labile complexion of 
AOM with P but an inhibition to P adsorption (Wen et al., 2023). Spe
cifically, the organic carbon in the AOM-Fe-P co-precipitates was not 
homogeneous with more carboxyl groups and greater electrostatic 
repulsion than that in HA-Fe-P, which led to an unstable bonding of 
AOM with P and therefore an inhibition of P adsorption to some degree. 
Based on observed values of overlying water in Xingyun Lake in April 
2023, the concentrations of HCO3

− , AOM and humic acid were 218.7, 9.1 
and 4.3 mg/L, respectively. Therefore, there were two predominant 
factors in alkalinity and AOM that could contribute to the P inhibition 
effect of LMB: electrostatic repulsion and competitive adsorption, which 
was also applicable for other plateau rift lakes with high alkalinity and 
organic matter accumulation.

2.3. Disturbance dynamics

Disturbances play a key role in the P diffusion from SWI because 
solid-phase active P could be replenished into the pore water and be 
released into the overlying water due to due to solid-liquid mass transfer 
and resuspension caused by disturbances (Yang et al., 2023). Further
more, resuspension caused by disturbances could remold vertical 
redistribution of amorphous Fe, Mn and Al due to the subsequent 
redistribution of particle size in the sediment vertical profile (Wang 
et al., 2022b). As a typical high-altitude lake in China, the main factors 
leading to disturbances in Xingyun Lake are subjected to frequent wind 
(with an average linear velocity of 0.95 m/s) and hydraulic processes 
(with an average linear velocity of 0.40 m/s) according to the empirical 
equations in Text S3 (Liu et al., 2021). Therefore, the following dis
cussion would be focused on P diffusion on the SWI of LSS and LSL in the 
water phase, sediment solid phase and pore water phase under the major 
(MA) and minor(MI) disturbances.

LSL no matter under major disturbance (LSL-MA) and minor 
disturbance (LSL-MI) showed releasing trends of SRP and TP into the 
overlying water (Fig. 3a, 3c) with SRP and TP of LSL-MI increased 0.020 
and 0.026 mg/L, and those of LSL-MA increased 0.033 and 0.031 mg/L 

Fig. 2. Adsorption amount(a), desorption amount(b) and zeta potential(c) of S, LSS and LSL to P, HCO3
− (d), HA(e) and AOM(f) effect on LMB adsorption rate of P.
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Fig. 3. SRP(a), TPP(b) and TP(c) in overlying water after minor/major disturbance; Amorphous Fe(d), Mn(e), Al(f) and DGT-labile P and S(j) in the vertical profiles 
of LSL after minor/major disturbance; Active P fractions in the vertical profiles of sediments with long-term LMB immobilization after the no(g)/minor(h)/major(i) 
disturbance: LMB treated sediment after long-term immobilization with the minor disturbance(LSL-MI), LMB treated sediment after long-term immobilization with 
the major disturbance(LSL-MA).
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compared with non-disturbed groups, respectively. In terms of kinetics, 
SRP and TP in all the disturbance groups of LSL were released quickly 
during the initial stage followed by a relatively slow process with SRP 
stabilized at 0.08 mg/L (increased by 33.3% compared to the initial 
concentration) in LSL-MI and over 0.09 mg/L(56.7%) in the LSL-MA, TP 
stabilized at 0.11 mg/L (22.2%)in LSL-MI and 0.12mg/L(34.3%) in the 
LSL-MA. Interestingly, LSL-MA had identical TP while higher SRP and 
lower TPP compared with LSL-MI (Fig. 3b), implying major disturbance 
could accelerate the transfer rate of TPP to SRP by improving interaction 
frequency between the sediment and overlying water. The SRP of LSL- 
MA reached the equilibrium after 72 min, while LSL-MI reached the 
equilibrium within 60 min. Therefore, compared with minor distur
bances, major disturbances could cause higher contact frequency and 
longer resuspension time of the sediment particles in the overlying 
water, which provided a longer window period for P in the solid state to 
release into water-phase before the settlement.

The presence of DGT-labile-P in the sediments with long-term LMB 
immobilization (Fig. 3j) implied that P still can be leached from the 
sediment or pore water to compensate for the relatively lower concen
tration of dissolved P in the overlying water (Ding et al., 2010). Ac
cording to the color variations which represent the differences of 
accumulated DGT-labile-P, a significant diffusion gradient of the 
DGT-labile-P could be found in the control group and the MI group, but 
not in the MA group. The DGT-labile-P cumulative flux of LSL-MA was 
higher in the overlying water and much lower than those of LSL-MI in 
the pore water, suggesting the resuspension caused by major distur
bance promoted DGT-labile-P homogenous redistribution and aggra
vated risk of phosphorus release from the pore water in the 
two-dimensional sediment plane. Although there demonstrated release 
of the DGT-labile-P in the depth of 0–4 cm below the SWI under both 
levels of disturbance, it was more evident in LSL-MA, which was 
consistent with the SRP and TP releasing trend into the overlying water 
in LSL-MA. The concentration of DGT-labile-P in LSL-MA was higher 
than that of LSL-MI in the depths range of 0–4 cm, which implied that 
the DGT-labile-P releasing rate from LSL-MA was higher than that of 
LSL-MI and both exceeded the passivation rate of LSL. It was found that 
the major disturbance gave rise to increased P-releasing flux with P 
releasing spectrum even extended to 8 cm below the SWI. As far as S2−

was concerned, the concentration of LSL-MA decreased significantly 
along the depth under SWI due to its more sensitive nature to dissolved 
oxygen and Eh (Lin et al., 2023). Lower S2− concentration in LSL-MA 
further implied that major disturbance promoted the increase of ORP 
throughout the whole vertical sediment profile (Table S2). However, 
higher ORP ought to decrease the DGT-labile-P release (Li et al., 2019), 
which was opposite of the observed DGT-labile-P distribution. It 
demonstrated that the P releasing effect of disturbance surpassed the 
immobilization impact of increased ORP in this study. Thus, the varia
tion of ORP was not the main reason for the DGT-labile-P change in the 
vertical profile of sediment after disturbance in this study.

To further explore the reason of DGT-labile-P release in the vertical 
profile of sediment, active P in the sediment phase (mainly includes 
labile-P, reductant-P and metal oxide-SRP) was determined according to 
Hupfer’s fractionations (Hupfer et al., 1995). Above P contents 
increased with the rise of depth in all groups (Fig. 3g,3h,3i), manifesting 
a certain concentration diffusion gradient (p < 0.05) while the principle 
of inert P was the opposite (Fig. S5). The content of active P was 
dramatically changed by the disturbance in the vertical profiles, espe
cially in the depths 0–4 cm below the SWI. The active P content in the 
sediments with long-term LMB immobilization presented the following 
rules: LSL-MI was lower than that of LSL-MA but higher than that of LSL. 
Specifically, the labile-P, reductant-P and metal oxide-SRP of LSL-MI 
increased by 17.5%, 10.7% and 11.2% compared to LSL, respectively. 
The labile-P, reductant-P and metal oxide-SRP of LSL-MA increased by 
24.8%, 17.8% and 29.1% compared to LSL, respectively. Meanwhile, C. 
V of all P fraction content lessened after minor and major disturbance 
and that of major disturbance was lowest. Especially for C.V. of the 

metal oxide-P, it decreased from 0.164(LSL) to 0.112(LSL-MI) and 0.059 
(LSL-MA) in the depth of 0–4 cm below the SWI, indicating the distur
bance and resuspension promoted P fraction distribution homogeniza
tion. Relatively high active P homogenization in LSL-MI and LSL-MA 
suggested the low passivation rate of active P and the high diffusion rate 
of active P from the bottom to the upper sediment. Active P would be 
released to compensate for the deletion of pore water after the distur
bance when the content of dissolved P in pore water diminished (Pan 
et al., 2019).

The vertical distributions of amorphous Fe(Fig. 3d), Mn(Fig. 3e) and 
Al(Fig. 3f) in sediments could reflect the solidification capability of 
sediments to pollutants (Li et al., 2023). The results demonstrated that 
the above distributions had the following characteristics. The content of 
amorphous Fe, Mn and Al and their C.V at different depths of the sedi
ment gradually decreased with the reinforcement of the disturbance. In 
detail, the average amorphous Fe content of LSL-MI and LSL-MA shrank 
by 7.0% and 16.6%, the average amorphous Al content of LSL-MI and 
LSL-MA shrank by 32.6% and 41.1%, the average amorphous Mn con
tent of LSL-MI and LSL-MA shrank by 9.0% and 10.0% in the whole 
vertical profile. It was related to the redox potential change and the 
increase of the interaction frequency between the bottom and the top of 
sediment phases (Table S2) (Wang et al., 2022b).

To explore the reasons of amorphous Fe, Mn and Al distribution 
under disturbance, the particle size distribution in the whole vertical 
sediment profile was determined in Table S3. The value of D50 in LSL-MI 
(2.56 μm) was lower than that of LSL-MA(3.84 μm) after resuspension 
while higher than that of LSL-MA(2.72 μm) in the depths of 0–2 cm 
below the SWI. The value of S/V in LSL-MI(0.356 m2/cm3) and LSL-MA 
(0.258 m2/cm3) increased compared with LSL(0.405 m2/cm3) in the 
depths of 0–2 cm below the SWI, indicating less contact area between 
surface sediment and overlying water body after the disturbance. In 
addition, the proportion of particle size below 8 μm and S/V decreased 
while the proportion of D50 and >63 μm increased in the shallow sedi
ment (0–6 cm below the SWI) with the rise of disturbance, which was 
conforming to the principles of resuspension. According to the statistical 
correlation analysis (Fig. S4), S/V exhibited a negative correlation with 
depth and particles >63 μm, but a positive correlation with amorphous 
Mn. Our results confirmed that there is a positive correlation between 
<8 μm clay and Fe distribution while a negative correlation between 
>63 μm clay and Fe and Mn distribution (Wang et al., 2022b). Consid
ering the vertical pH results, disturbance can lead to the resuspension of 
sediment solid granules and sediment homogenization from bottle to 
top, which can cause variations in particle size and a shift in pH towards 
alkalinity, which can affect the levels of amorphous Fe, Al and Mn in the 
sediment.

Therefore, disturbance affected the distribution of amorphous Fe, Mn 
and Al in sediment solid phase particles over vertical profiles for two 
main reasons: redistribution of particle size and broadening of the 
alkaline microenvironment. As it was well known that the screening 
effect resulting from the frequent wind or hydraulic disturbances might 
lead to size redistribution, the larger particles tend to be buried at the 
surface sediment along the duration of immobilization (lower C.V in 
Table S3), which resulted in low amorphous Fe, Mn and Al loading and 
DGT-labile-P increase (Shen et al., 2023). As a result, the relatively more 
anaerobic environment on the bottom facilitated the release of amor
phous Fe and Mn in those larger particles, which was confirmed by the 
variation of vertical profile of amorphous Fe, Mn, Al in LSL under major 
and minor disturbance compared with those in LSS (Fig.3 and Fig. S4) 
(Wang et al., 2022b). Furthermore, the vertical pH gradient caused by 
disturbance was narrowed, disrupting the acidic microenvironment at 
the sediment’s bottom (Table S2) and leading to an increase in alkalinity 
and the reinforcement of electrostatic repulsion between the sediment 
and phosphate (He et al., 2022). The decrease in these key substances in 
the surface sediment can weaken the binding of active P in the sediment 
solid phase and promoted the DGT-labile-P release, allowing it to diffuse 
into the pore water and even into the overlying water body.
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2.4. Photochemical effect with disturbance

The SRP and DOP curves of the dark group were approximately 
parallel, and the concentration was relatively stable at 0.0400 mg/L 
(Fig. 4a). Both weak illumination and strong illumination showed a 
trend of SRP release in LSL within 70 min, SRP and DOP of the whole 
groups remained during the stage of 70–90 min, indicating the photo
degradation rate was higher than LSL passivation rate. The stronger the 
illumination, the more the releasing rate of SRP and the greater the 
degradation amount of DOP. The kinetic curves were all S-shaped, 
which can be roughly divided into three stages (initial, logarithmic and 
stable stages). SRP of the weak illumination group increased fast during 
the stage of 30–70 min by 0.0225 mg/L (Fig. 4c) and that of the strong 
illumination group increased quickly during the stage of 20–70 min by 
0.0373 mg/L compared with the initial concentration (Fig. 4b). The DOP 
of the weak illumination group was reduced by 0.0237 mg/L and that of 
the strong illumination group was reduced by 0.0372 mg/L compared 
with the initial.

To characterize the changes of OP components in the aquatic envi
ronment, 31P NMR spectrums of the surface sediment before and after 
the illumination were determined. It can divide the extracted P by 
NaOH-EDTA into four forms (Kong et al., 2020), including orthophos
phate(a), monoester phosphate(b), diester phosphate(c) and pyrophos
phate(d) as shown in Fig. 4g. The chemical shifts of orthophosphate and 
monoester phosphate which were bound with the high electronegativity 
groups were in the low field, and the chemical shift of diester phosphate 
and pyrophosphate were bound with the low electronegativity were in 
the high field. The proportion of orthophosphate before and after illu
mination was the highest, orthophosphate monoester and pyrophos
phate were next, and the lowest was orthophosphate diester. Four 
groups of characteristic peaks all appeared before and after photolysis, 
in which the monoester phosphate and diester phosphate decreased by 
3.8% and 7.6% after photolysis, and the orthophosphate and pyro
phosphate increased by 7.6% and 1.3% after photolysis. The surface 
agglomeration phenomenon before photolysis was more obvious, and 
the fine structure after photolysis was gradually opened and the smooth 
structure was destroyed. This indicated that carboxyl or hydroxyl groups 
may be generated on the surface after photolysis. As shown in the SEM 
(Fig. 4i,4j), the surface agglomeration was more pronounced before the 
irradiation, while the fine structure gradually unfolded and the smooth 
structure was destroyed after the irradiation. In the mapping image 
(Fig. 4k-o), the distributions of the C and P elements became sparser 
after the irradiation, suggesting there may exist the degradation of 
organic phosphorus.

Prior to photochemical effect, microbiological factors were consid
ered to play a possible role in degrading OP. C.V of APA enzyme 
decreased with the extension of illumination time, indicating the sys
tems gradually tended to be stable and the microorganisms gradually 
adapted to the light environment (Fig. 4d-f). Nevertheless, there were 
also following differences in the two groups. APA enzyme activity 
gradually declined with the increment of illumination intensity, 
concurrently elevating C.V of APA and the inherent instability of 
enzyme activity. It was reported that Fenton-like reaction on the surface 
of iron-bearing minerals produces a large amount of hydroxyl radicals 
(Wang et al., 2024), which inhibited the activity of the APA enzyme 
(Sheng et al., 2023). Therefore, the biological contribution of APA 
enzyme to DOP decrease in the sediment was excluded in the irradiation 
experiments.

To further clarify electron transferring and reactive oxygen species 
during the photochemical process, EPR of resuspend sediment after 0, 
10 and 30-min illumination was tested. The typical plot of hydroxyl 
radicals(⋅OH) bound with DMPO was a four-line spectrum at the in
tensity ratio of 1:2:2:1 with the hyperfine splitting constants of 14.89 G 
(Wang et al., 2024). As shown in Fig. 4h, EPR for 0 min was basically 
signal noise which had no signal peak corresponding to ⋅OH. In com
parison, it was obviously observed that four DMPO–OH symmetrical 

peaks appeared in the 10 min and 30 min curves, indicating ⋅OH 
attacked the ester bond of monoester phosphate and diester phosphate 
as reactive oxygen species during the photodegradation. The ratio of the 
DMPO peak integral area of the 10 min and 30 min EPR curves in the two 
photolysis processes was approximately 1:2, indicating that the number 
of ⋅OH and oxidative degradation performance gradually decreased as 
time went on. ⋅OH had a wide range of sources in the aquatic environ
ment, where nitrite, nitrate and DOM contributed 0.2–24.8%, 0.1–8.8% 
and 70.0% of ⋅OH formation in the water, respectively (Xu et al., 2020). 
Fe-smectite in the sediment also occupied ⋅the considerable portion in 
the ⋅OH formation related Fe(II) species (Du et al., 2021). Additionally, 
3CDOM* could yield ⋅OH, H2O2, 1O2, and O2

− through a series of re
actions in the photodegradation process, whose effects were also cannot 
be ignored (Sharpless and Blough 2014) due to high COD in Xingyun 
Lake, which were similar with other trophic lakes (Xu et al., 2020; Du 
et al., 2021; Guo et al., 2023).

3. Materials and method

3.1. Sampling and preparation

The overlying waters and top 10 cm sediments below SWI (surface 
sediments) were collected using a water sample and a grab sampler in 
April 2023 from Xingyun Lake, located in the Yungui Plateau 
(N3:102◦47.07′ E, 24◦21.96′ N and S7:102◦46.31′ E, 24◦20.82′ N, sam
pling sites and La content shown in the Fig. S1c), southwestern China. As 
follows, the samples were stored in a polytetrafluoroethylene bucket and 
then moved to the refrigerator at 4 ◦C until use. The sediment located at 
N3 and S7 were viewed as LMB treated sediment after long-term 
immobilization(LSL) and blank sediment because of the current La 
content (Fig. S1a), prevailing wind direction and hydrological charac
teristics (Liu et al., 2021). LMB was purchased from Phoslock Water 
Solutions Limited, Australia. The sediment of N3 was homogenized, 
sieved through a 0.6 mm sieve and then backfilled into Perspex tubes. 
The sampled water was filtered through a cellulose acetate membrane 
with the pore size of 0.45 μm and the permeate was aerated at the 
temperature of 25 ◦C. It was added to the sediment core to balance the 
amount of water evaporated daily during 25-day pre-incubation. The 
overlying water of the sediment core was sampled every day for the 
determination of SRP and TP.

To mimic real conditions in the Xingyun Lake, the sediments of N3 
and S7 were backfilled into Perspex tubes to form a series of small 
sediment cores (h = 28 cm; Ø=10 cm), with 18 cm of sediment and 10 
cm of water. For LMB treated sediment after short-term immobilization 
(LSS), 0.68 g of Phoslock® was mixed with 100 mL of lake water and 
added to each core of S7 as slurries on day 0 based on the actual LMB 
dosage in Xingyun Lake, followed by 30 days’ immobilization. Similarly, 
they were aerated at constant temperature and added with the appro
priate amount of overlying water to balance the amount of water 
evaporated daily.

3.2. Microcosm experiment

3.2.1. Disturbance experiment
The Perspex tubes were connected to an electric stirrer after a 25-day 

pre-incubation to form the disturbed groups, whose paddles were placed 
1.5 cm above the SWI (Funes et al., 2021). On the 26th day, the sediment 
cores with minor disturbance(MI) were exposed to the rotational speed 
of 133±5 rpm (linear velocity: 0.4 m/s) for 15 min. According to the 
empirical equations and published methods (Text S1) (Jalil et al., 2017; 
Funes et al., 2021), the major disturbance groups(MA) were exposed to 
the rotational speed of 315±5 rpm (linear velocity: 0.95 m/s) for 15 
min. Then the pH, ORP and temperature of the overlying water were 
immediately determined by the electrode methods. TP, SRP and DTP of 
the overlying samples were sampled and determined at the corre
sponding time points using ammonium molybdate spectrophotometry. 
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Fig. 4. SRP and DOP in the microcosm groups at the dark(a), strong(b) and weak(c) illumination; APA in the microcosm groups with long-term LMB immobilization 
at the dark(d), strong(e) and weak(f) illumination; 31P-NMR spectra of NaOH-EDTA extracts of the resuspended sediments (0–2 cm) before and after illumination(g) 
orthophosphate(a), monoester phosphate(b), diester phosphate(c) and pyrophosphate(d); EPR spectra for the detection of ⋅OH in the presence of 0.14 M DMPO(h); 
Scanning electron microscopy(SEM) images and elemental mapping images (EMI) of suspended sediment before irradiation(i, k, n) and after irradiation(j, m, o).
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Once the disturbance finished, the double-sided flat DGT (Zr-Oxide and 
AgI gel) was inserted into sediment cores for 24 h to obtain the accu
mulated concentration of DGT-labile P and S in the pore water of sedi
ment profiles (Ding et al., 2010). Meanwhile, the soil pH meter(PH368) 
was used to determine the pH, temperature and relative humidity in the 
sediment. The sediments at a depth of 10 cm below the SWI were cut into 
five sections at a resolution of 2 cm and freeze-dried for 3 days. The 
pre-treatment procedures of the amorphous Fe, Al and Mn were referred 
to Shen’s methods (Shen et al., 2023): 1g of freeze-dried sample was 
added with oxalic acid-ammonium oxalate solution at a soil-water ratio 
of 1:50(g/mL), and the supernatant was filtered after shaking for 8 h in 
dark. Then, the supernatant’s amorphous Fe, Mn and Al concentrations 
were determined by AAS and ICP-OES. The subsequent extracted P 
fractionation steps were according to Hupfer’s method (Hupfer et al., 
2009). The coefficient of variations(C.V) was used to compare the var
iations in particle size of different sediments in the vertical direction 
(Text S2).

3.2.2. Photodegradation experiment
After the pre-incubation period, three groups of columnar sediments 

were divided into three groups: dark control group, weak light group 
and strong light group. The visible light exposure was applied after a 2- 
hour minor disturbance, which was a xenon lamp and the light intensity 
was adjusted to 40,000 and 85,000 Lux with the 2-hour illumination 
(Guo et al., 2020; Guo et al., 2023). The overlying water was sampled 
according to the time gradient before and after illumination (0–2 h) to 
determine SRP, TDP and TP in the overlying water. 2 g of air-dried sieve 
samples before and after illumination were extracted with 40 mL of 0.25 
M NaOH and 0.05 M EDTA mixed solution for 16 h, and the supernatant 
was centrifuged at 4 ◦C for 15 min (Yin et al., 2020). Subsequently, 2 mL 
was taken to determine TDP and SRP in the supernatant by molybdate 
spectrophotometry. The remaining filtrated solutions were frozen at 
− 80 ◦C and then stored in a refrigerator at − 20 ◦C.

Determination of alkaline phosphatase activity: 0.5 g of air-dried 
sieved sample was placed in a centrifuge tube, added with 0.1 mL of 
toluene and 2 mL of phosphate buffer, and then added with 0.5 mL of 
disodium p-nitrophenyl phosphate. After shaking well, it was covered 
and cultured in an incubator at 36–37 ◦C for 1 h After the culture was 
completed, the centrifuge tube was taken out and 0.5 mL CaCl2 and 2 mL 
NaOH solution were added. After shaking, it was quickly filtered and 
determined at 420 nm wavelength using a microplate reader.

Electron paramagnetic resonance(EPR) was deployed to determine 
the reactive oxygen species in the photodegradation process. 0.1 M 5,5- 
dimethyl-1-pyrroline N-oxide (DMPO) was used to capture •OH in 0, 10 
and 30 min after the illumination (Song et al., 2019) whose spectra were 
recorded by a Bruker spectrometer (Bruker EMXplus-6/1, Germany), 
with the resonance frequency and the sweep width of 9.8 GHz and 200 
G, respectively (Zeng et al., 2022a).

3.3. Batch adsorption experiments

The effect of pH on the adsorption amount of sediment(S), LSS and 
LSL: 0.5 g of freeze-dried above samples were placed in a series of 25 mL 
P solutions (1.0 mg/L) with different pH (adjusted to 4–12 with 0.1 M 
HCl and NaOH). The effect of pH on the P desorption amount of LSS and 
LSL: freeze-dried samples after P adsorption were placed in 25 mL of 
pure water with different pH(4–12). After shaking for 2h(180 rpm), the 
supernatant was filtered by a 0.45-μm microporous filter membrane and 
the P content was determined. Adsorption efficiencies and amounts were 
calculated according to the equations in Text S3.

0.5 g LMB was added into a series of 25 mL mixed solution con
taining P(1 mg/L) at different concentrations(HA: 0, 1, 2, 3, 9, 18 and 36 
mg/L and HCO3

− (in the form of NaHCO3: 0, 50, 100, 200, 800 and 1000 
mg/L)(pH=8–10). After shaking for 2h(180 rpm), the supernatant was 
filtered by the 0.45-μm microporous membrane filter and the P content 
was determined.

Based on Wen’s methods, the algae samples in Xingyun Lake were 
rinsed with deionized water and placed in a − 80 ◦C refrigerator for 
freezing and thawing at room temperature three times. After the algae 
cells were lysed, they were freeze-dried and then dissolved in the 
deionized water at the water-mass ratio of 100:1(25 ◦C). After centri
fugation, the stocked solution of AOM can be obtained and then a mixed 
solution with different concentrations (AOM: 0, 1, 2, 3, 9, 18 and 36 mg/ 
L) containing 1 mg/L P (pH=7) can be prepared. Two replicates for each 
concentration were agitated in a constant temperature oscillator (180 
rpm) at 25 ◦C, followed by filtration using 0.45-μm microporous mem
brane filters. The concentration of HA and AOM in the Xingyun Lake was 
determined by UV–visible spectrophotometry at 254 nm (Zhang et al., 
2023).

3.4. Characterization

After the microcosm experiment, sediment(S), LSS and LSL samples 
in a depth of 0–2 cm below the SWI were freeze-dried. The surface 
morphology and elemental distribution of the LSL and LSS were 
observed using the thermal field emission SEM (Zeiss, Sigma 300, Ger
many) and EDS (Oxford Xplore 30). The crystal phase and chemical 
composition of samples were determined by deploying the XRD (Rigaku 
SmartLab SE, Japan). The surface composition survey and chemical 
states of the elements of samples were examined by XPS (ESCA
LAB250Xi, Thermo Fisher Scientific, USA). Zeta potentials of sediment, 
LSS and LSL at different pH values(4–12) were tested by Malvern Zeta 
sizer Nano ZS90. Sediment particle sizes were determined by a particle 
size analyzer (Mastersizer 2000; Malvern, England) to investigate ver
tical distribution characteristics of D50, S/V, and proportion of <8, 8–63 
and >63 μm particles.

4. Conclusion

Immobilization time and environmental factors in the high-altitude 
lake could affect the P releasing of sediment, including high alkalinity, 
organic matter, disturbance and irradiation. Our study demonstrated 
long-term LMB immobilization caused C accumulation and La depletion 
in the sediment. HnPO4

n-3 gradually lost its advantages in the process of 
competing with CO3

2− /HCO3
− and carboxyl groups for the adsorption 

sites of La during the immobilization time. High pH and alkalinity ion in 
the plateau lake has been identified to enhance the P desorption amount 
and decrease P adsorption amount of the sediment through the zeta 
potential reduction and electrostatic repulsion enhancement. High 
concentration of algal-derived organic matter (AOM) could also block 
the adsorption performance of LMB to P due to looser complexation than 
humic acid. Further microcosm experiment demonstrated there was a 
releasing trend of active P contents with the long-term LMB immobili
zation after major disturbance, while those of the sediment with short- 
term LMB immobilization after minor disturbance showed a passiv
ation trend related to resuspend particle size’s redistribution. Further
more, 31P NMR and EPR results indicated monoester and diester 
phosphate photodegraded into orthophosphate and pyrophosphate in 
the sediment with long-term LMB immobilization via the oxidation of 
⋅OH after the disturbance. Our work emphasized the urgent need for 
long-term monitoring after the LMB field application and LMB (particle 
size and dosage) reassessment considering the resuspension caused by 
disturbance and organic P photodegradation. However, our study was 
still lack of continuous in-situ aging observation and microbial com
munity analysis in the sediment core.
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