
water

Article

Effects of Lanthanum Modified Bentonite and Polyaluminium
Chloride on the Environmental Variables in the Water and
Sediment Phosphorus Form in Lake Yanglan, China

Ling Su 1, Chen Zhong 2, Lei Gan 1, Xiaolin He 3, Jinlei Yu 4 , Xiumei Zhang 4 and Zhengwen Liu 1,4,*

����������
�������

Citation: Su, L.; Zhong, C.; Gan, L.;

He, X.; Yu, J.; Zhang, X.; Liu, Z.

Effects of Lanthanum Modified

Bentonite and Polyaluminium

Chloride on the Environmental

Variables in the Water and Sediment

Phosphorus Form in Lake Yanglan,

China. Water 2021, 13, 1947. https://

doi.org/10.3390/w13141947

Academic Editor: Gang Pan

Received: 21 May 2021

Accepted: 8 July 2021

Published: 15 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Hydrobiology and Department of Ecology, Jinan University, Guangzhou 510632, China;
m15521219256@163.com (L.S.); ganleigaoan@163.com (L.G.)

2 China Gezhouba Group Water Operation Company LTD, Wuhan 430033, China; chenzhong@cggc.cn
3 Beisun Environmental Technology Company LTD, Guangzhou 510623, China; hexiaolin@belsun.org
4 State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology,

Chinese Academy of Sciences, Nanjing 210008, China; jlyu@niglas.ac.cn (J.Y.);
zhangxiumei13@mails.ucas.ac.cn (X.Z.)

* Correspondence: zliu@niglas.ac.cn

Abstract: The application of lanthanum modified bentonite (Phoslock®) and polyaluminium chloride
(PAC) is popular in the restoration of European temperate lakes; however, the effects of the application
on the concentrations of phosphorus (P) in both the water and the sediments have been poorly
evaluated to date. We studied the effects of the application of Phoslock® + PAC on the concentrations
of total phosphorus (TP), particulate phosphorus (PP), soluble reactive phosphorus (SRP), total
suspended solids (TSS) and chlorophyll a (Chla) in the water, and different P forms in the sediments,
in an isolated part of Lake Yanglan. The results showed that the concentrations of TP, PP, SRP, TSS
and Chla decreased significantly after the addition of Phoslock® + PAC. Moreover, the concentrations
of labile-P, reductant-soluble-P and organic-P in the sediments were also significantly decreased
after the Phoslock® + PAC application. However, the concentrations of both the stable apatite-P
and residual-P in the sediments after application of Phoslock® + PAC were much higher than the
pre-addition values, while the concentrations of metal-oxide-P did not differ significantly between the
pre- and post- application conditions. Our findings imply that the combined application of Phoslock®

and PAC can be used in the restoration of subtropical shallow lakes, to reduce the concentrations of P
in the water and suppress the release of P from the sediments.

Keywords: lake restoration; lanthanum-modified bentonite; polyaluminium chloride; sediment
phosphorus forms; water quality

1. Introduction

Eutrophication is the primary water quality issue for numerous aquatic ecosystems
worldwide [1]. The most straightforward measure in mitigating eutrophication is the
excessive reduction in external nutrient loading [2], however, lakes often show hysteresis
in response to changes in nutrient loading [3]. This may be due to the persistent internal
nutrient loading from the sediments to the water column, especially for phosphorus
(P) [4,5]. Internal P loading derives from a pool accumulated in the sediments during the
high external loading period. Considerable amounts of P in lake sediments may be bound
to redox-sensitive iron compounds or fixed in relatively labile organic forms [6], which are
potentially mobile and may eventually be released to the lake water [4].

Many techniques have been developed to control the internal P loading in lakes.
Physical measures such as sediment dredging can directly remove the P-enriched sediments
from the lake [7,8]; however, this is relatively expensive [9,10]. The application of chemicals
enhances the sorption capacity of the elements in the sediments, e.g., the application of
iron (Fe), alum and calcium [2,11]. The most commonly used chemicals for lake restoration
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are solid-phase P sorbents, mainly modified clays enriched with aluminium (Al), Fe or
lanthanum (La) [12–14]. The modified clays can be beneficial in driving P in the water to
settle onto the lake bottom [13,15,16]. Lürling and van Oosterhout [17] showed that the
most promising method in controlling in-lake P concentrations is the combination (Flock &
Lock) of a flocculent (Flock) and a phosphate fixative (Lock). In this method, the flocculent
strips the total P from the water column while a modified clay acts as both a sinking ballast
and phosphate fixative to chemically inactivate the legacy P stored in lake beds.

Polyaluminium chloride (PAC) has strong flocculation, water-clearing properties [18]
and P sorption abilities [19]. The lanthanum-modified bentonite, Phoslock®, as a ballast
and P-fixative, is effective in hampering the release of P in the sediments in European
temperate lakes [20,21]. Upon interacting with free P forms, Phoslock® forms a highly
stable mineral rhabdophane (LaPO4·nH2O) [22]. Phoslock® has a strong binding affinity
to ortho-phosphate [23–25]. Some studies confirmed that the application of Phoslock®

reduces P release from the sediments by transferring potentially mobile P (Pmob, NH4Cl-P,
BD-P and Org-P) into refractory fractions (e.g., apatite-bound P) [20,26–28]. However, the
effects of the application of PAC + Phoslock® on the concentrations of P in both the water
and the sediments were poorly evaluated.

We applied the combination of flocculent and lanthanum-modified bentonite to an
isolated part of Lake Yanglan, China, to study the changes in concentrations and forms of P
in both the water and the sediments. We predicted that (1) the concentrations of different P
forms would decrease substantially in the water, while (2) the concentrations of refractory
P in the sediments would increase remarkably after the combined application of PAC and
Phoslock® to the water.

2. Materials and Methods
2.1. Study Site

Lake Yanglan (30◦00′ N–30◦06′ N, 114◦32′–115◦05′ E) is situated in Hubei Province,
China (Figure 1a). It has a surface area of 369.7 ha and a mean depth of 1.7 m. Although the
external nutrient loading of the lake has been reduced, the lake remains highly eutrophic,
and total phosphorus (TP) concentrations can exceed 150 µg L−1 [29]. It is, therefore, likely
that internal P loading plays an important role in maintaining the trophic status of Lake
Yanglan. A 4 ha experimental area was isolated from the lake using water-proof enclosures
to conduct the restoration experiment (Figure 1b). From 31 August to 8 September 2017,
500 g m−2 Phoslock® (5% La; supplied by Phoslock® Water Solutions Ltd., Shanghai, China)
and 50 g m−2 PAC (Aln(OH)mCl3n _ m, ρ = 1.37 kg L−1, 8.9% Al, 21.0% Cl) was added to
the water in the experimental area through a spray manifold after mixing with lake water.
The amount of Phoslock® required to inactivate phosphorus in the system was calculated
based on a 1:1 molar ratio of La/P (100 kg Phoslock®/1 kg P), where P was the sum of
TP measured in the water column and potentially releasable P in the 0–5 cm layer of the
sediment (Pmob, NH4Cl-P, BD-P and Org-P) [20,30].

2.2. Sample Collection and Measurements
2.2.1. Water Samples

Water samples were taken at three sites (Figure 1b) in the experimental area before
(August 16) and after (October 24) the addition of PAC and Phoslock®. In each sampling
event, the transparency (SD) was observed using a Secchi disc. Then, the integrated water
samples were pooled from different depths (0.5, 1.0 and 1.5 m) at each site using a modified
Van Dorn water sampler, and a 15 L subsample for each site was brought back to the
laboratory. The concentrations of TP, particulate phosphorus (PP), and soluble reactive
phosphorus (SRP) in the water were analyzed according to the methods described in
Wei [31]. Total suspended solids (TSS) and chlorophyll a (Chla) in the water were analyzed
using the analytical method described in Huang [32]. These methods are similar to the
US standards (APHA 1998) [33]. We took 200 mL water subsamples to determine TP, PP
and SRP via colorimetry after digestion with potassium persulfate (K2S2O8) and sodium
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hydroxide (NaOH) solution. In order to determine the TSS, 500 mL water was filtered using
pre-weighted GF/C filters (Whatman, nominal pore size 1.2 µm), which were subsequently
dried at 108 ◦C for 24 h and weighted again. Chla was measured spectrophotometrically
from the matter retained on a cellulose acetate membrane (0.45 µm, 200 mL water) after
extraction with 90% (v/v) acetone for 24 h.
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2.2.2. Different Forms of Phosphorus in the Sediments

One sediment core was collected at three sampling sites (Figure 1b) using a gravity
corer (core internal diameter 85 mm, length 320 mm) on August 16 (pre-application) and
October 24 (post-application). The top 10 cm of each sediment core were extruded and
sectioned into 2 cm slices. The sediment samples were then stored at 4 ◦C in the dark and
transported to the laboratory for further analyses. The concentrations of labile-P (NH4Cl-P),
reductant-soluble-P (BD-P), organic-P (Org-P), metal-oxide-P (NaOH-RP), apatite-P (HCl-
P), residual-P (ref-P) and TP in each layer of the sediments were measured according to
Pettersson et al. [34] and Ribeiro et al. [35]. NH4Cl-P was extracted from 1 g wet sediment
by NH4Cl solution; BD-P was extracted with BD reagent (bicarbonate-dithionite); Org-P
and NaOH-RP were extracted with 0.1 M NaOH; HCl-P was extracted with 0.5 M HCl;
ref-P was extracted with 1 M NaOH; TP was calculated as the sum of each form of P. The
concentrations of La and Al in the sediments were extracted with HClO4 and determined
using an inductively coupled plasma optical emissions spectrometer (Thermo ICP 7000
Series) [31].

2.3. Statistical Analyses

The concentrations of TP, PP, SRP, TSS and Chla in the water, and contents of different
P forms (NH4Cl-P, BD-P, Org-P, NaOH-RP, HCl-P, ref-P and TP), La and Al in the sediments
were tested with the Student’s t-test between the pre-application and post-application
of PAC and Phoslock®. All statistical analyses were conducted in SPSS 18.0 software,
NY, USA.

3. Results
3.1. Changes in Physico-Chemical Variables and Chla in the Water

After the application of PAC and Phoslock® to the experimental area of the lake, the
concentrations of TP (Figure 2a), PP (Figure 2b), SRP (Figure 2c), TSS (Figure 2d) and
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Chla (Figure 2e) in the water column were all significantly lower than that before the
application (p < 0.05, Table 1). In comparison with the pre-application of chemicals, the
concentrations of TP, PP, SRP and TSS in the water were reduced by 89%, 80%, 93% and
86%, respectively, after the application of PAC and Phoslock®. Water transparency (SD)
increased significantly from a mean of 40 cm (before addition) to a mean of 186 cm (after
addition) (Figure 2f).
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Figure 2. Changes in the concentrations of total phosphorus (TP) (a), particulate phosphorus (PP) (b), soluble reactive
phosphorus (SRP) (c), total suspended solids (TSS) (d) and chlorophyll a (Chla) (e) in the water, and Secchi depth (SD) (f), in
the experimental area of Lake Yanglan in pre- to post- application of PAC and Phoslock® periods (n = 3). * represents the
significant difference (p < 0.05) between treatments using Student’s t-test.

Table 1. Results of the Student’s t-test for the concentrations of total phosphorus (TP), particulate
phosphorus (PP), soluble reactive phosphorus (SRP), total suspended solids (TSS), chlorophyll a
(Chla) and Secchi depth (SD) of the water in the experimental area of Lake Yanglan between pre- and
post- application of PAC and Phoslock®.

Variables F p

TP 9.277 0.002
PP 2.516 0.003

SRP 13.074 0.001
TSS 1.149 <0.0001
Chla 0.058 0.032
SD 16.000 <0.0001

Significant values (p < 0.05) are shown in bold.
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3.2. Changes in Sediment P Fractions

After the application of PAC and Phoslock® to the experimental area of the lake, the
concentrations of NH4Cl-P (Figure 3a), BD-P (Figure 3b), and Org-P (Figure 3c) in the
0–2 cm and 2–4 cm layers of the sediments were significantly lower than that before the
application (p < 0.05, Table 2). However, the concentrations of NaOH-RP (Figure 3d) and
TP (Figure 4a) showed no significant differences between the pre- and post-application.
The concentrations of HCl-P (Figure 3e) in the 0–2 cm and 2–4 cm layers and ref-P
(Figure 3f) in the 0–2 cm layer of the sediments increased significantly after the appli-
cation of PAC and Phoslock® (p < 0.05, Table 2).
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Figure 3. The concentrations of labile-P (NH4Cl-P) (a), reductant-soluble-P (BD-P) (b), organic-P (Org-P) (c), metal-oxide-P
(NaOH-RP) (d), apatite-P (HCl-P) (e) and residual-P (ref-P) (f) in different depths of the sediments in the treatment area of
Lake Yanglan in pre- (open circle) and post- (closed circle) application of PAC and Phoslock® (n = 3).



Water 2021, 13, 1947 6 of 10

Table 2. Results of the Student’s t-test for the concentrations of labile-P (NH4Cl-P), reductant-soluble-P (BD-P), organic-P
(Org-P), metal-oxide-P (NaOH-RP), apatite-P (HCl-P), residual-P (ref-P), total phosphorus (TP), Lanthanum (La) and
Aluminium (Al) in the sediment in the treatment area of Lake Yanglan in pre- and post- application of PAC and Phoslock®.

Variables
0–2 cm 2–4 cm 4–6 cm 6–8 cm 8–10 cm

F p F p F p F p F p

NH4Cl-P 2.745 0.010 4.308 0.045 4.095 0.878 0.037 0.240 0.024 0.359
BD-P 0.097 0.032 0.735 0.008 6.155 0.282 2.799 0.765 0.482 0.126
Org-P 0.002 0.023 12.458 0.004 3.072 0.581 1.650 0.933 0.553 0.950

NaOH-RP 0.397 0.082 1.613 0.588 0.305 0.321 1.485 0.366 1.469 0.436
HCl-P 8.980 0.048 0.289 0.007 0.139 0.501 0.041 0.965 3.047 0.087
Ref-P 0.388 0.031 5.339 0.994 4.077 0.292 0.262 0.483 0.972 0.341

TP 2.133 0.791 0.749 0.192 0.509 0.170 4.079 0.316 6.682 0.149
La 6.301 0.004 11.215 0.043 10.097 0.006 2.508 0.003 0.692 0.023
Al 0.518 0.005 0.425 0.003 0.028 ≤0.0001 1.227 0.010 7.273 0.022

Significant values (p < 0.05) are shown in bold.

3.3. Changes in La and Al Concentrations of the Sediments

The concentrations of La and Al in all layers of the sediments (0-2, 2-4, 4-6, 6-8
and 8-10 cm layers) increased significantly after the application of PAC and Phoslock®

(Figure 4b,c, p < 0.05, Table 2).
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Figure 4. The concentrations of total phosphorus (TP) (a), Lanthanum (La) (b) and Aluminium (Al) (c) in different depths of
the sediments in the treatment area of Lake Yanglan in the pre- (open circle) and post- (closed circle) application of PAC and
Phoslock® (n = 3).
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4. Discussion

Our results showed that the addition of PAC and Phoslock® to the experimental area
of Lake Yanglan resulted in a significant reduction in the concentrations of TP, PP, SRP, TSS
and Chla in the water, and a substantial increase in water transparency (SD). Moreover,
the concentrations of the potentially releasable P in the post-application sediments at
the end of the experiment were much lower than at the beginning (before the addition
of the chemicals). However, the application of the chemicals significantly increased the
concentration of refractory P (HCl-P and Ref-P). Therefore, the combined addition of
flocculent and lanthanum-modified bentonite to the water improves the water quality by
both reducing the P concentrations in the water and suppressing the P release from the
sediments in this subtropical shallow lake.

Phoslock® has P inactivation properties, where a reaction between La3+ and PO4
3−

forms a highly stable mineral rhabdophane (LaPO4·nH2O) that is thought to remove the P
by precipitation in the water column [15,36,37]. This was confirmed by Reitzel et al. [27],
who found that Phoslock® can reduce the P concentrations in the overlying water column
by transforming SRP into highly recalcitrant P forms in the sediments. PAC also has
P-binding properties which reduce the P concentrations in the water column [19]. In
our study, the percentage of TP removal in the water column after the application of
PAC and Phoslock® was 89%, higher than that in Gan et al. [38] (45%), indicating that
applying a combination of PAC and Phoslock® was more effective than the application
of Phoslock® alone. In our study, the reduction in Chla and TSS concentrations may be
attributed to the strong flocculation ability of PAC [18]. Kim [39] showed that TSS is
removed by PAC driving hydrolysis of the sulfate, generating insoluble Al species and
aluminum hydroxide precipitates. The combined application of PAC and Phoslock® has
been proven to effectively aggregate phytoplankton and sink them with a ballast out of
the water column, improving the water transparency [17,40,41]. Thus low phytoplankton
biomass was determined after the application of PAC and Phoslock® in our study.

We found that the changes from releasable P fractions to residual forms in the top
layers of sediments were in line with the previous studies, where only Phoslock® was
applied [27,30,38,42]. The NH4Cl-P can be easily released and then used by phytoplank-
ton [35,42,43]. The BD-P is sensitive to redox changes and can be released under anoxia
or low redox conditions [44,45]; thus, it is considered as a bioavailable P pool [46]. The
release-sensitive P species (e.g., NH4Cl-P, BD-P and Org-P) lead to the release of P under
appropriate conditions [4,47]. A study by Wang et al. [48] showed that the BD-P was the
main source of P released from the sediments, and the main source of P for the overly-
ing water. Thus, the reduction of release-sensitive NH4Cl-P, BD-P and Org-P content in
our study indicated that the combined application of flocculent and lanthanum-modified
bentonite can reduce the P release from the sediments in Lake Yanglan.

The study by Meis et al. [20] showed that, due to the application of Phoslock®, the
HCl-P fraction increased, and thus the P-binding capacity increased in the sediments. The
increase in the mass of more refractory fractions (HCl-P and Ref-P) likely reduces the
magnitude of P cycling between the sediments and the water-column [20,27], resulting in a
reduction in sediment P release. Our study showed a similar result, i.e., significantly more
HCl-P and Ref-P was observed in the top 2 cm of the sediments after the application of
PAC and Phoslock®. In our study, the non-significant change in TP concentration indicated
that the Pmob fraction was transformed into refractory P-fractions, including HCl-P and
Ref-P, in the top 2 cm of sediments after the application of PAC and Phoslock®.

A significant increase in sediment La and Al content was observed after application in
the upper 10 cm of sediments in our study. Sediment P-binding capacity was, therefore,
higher in post-application sediments due to an increase in La and Al-P-binding sites. This
was similar to the finding by Bishop et al. [30] and van Oosterhout et al. [49] that sediment-
associated La did increase above background in Laguna Niguel Lake (742 mg kg−1 DW
post-treatment vs. 27 mg kg−1 pre-treatment) and Lake Rauwbraken (Berkel-Enschot, The
Netherlands) (7–6702 mg kg−1 DW post-treatment vs. 0.5–7.0 mg kg−1 pre-treatment)
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in the upper 20 cm of sediments. The phosphate-binding capacity of La is not affected
by anoxic events and is effective over a much wider pH range and variable lake factors
than Fe and Al salts [23,36,50]. Therefore, the application of La produces more efficient
P sorption than Al alone [51]. Thus, the application of PAC and lanthanum-modified
bentonite increased the P-binding in the sediments by La and Al.

Our results show that the combined application of PAC and Phoslock® can signif-
icantly improve water quality by precipitating P in the water column and binding P in
the sediments by changing mobile P into refractory forms. Bishop and Richardson [28]
found that Phoslock® significantly decreased the water column’s total P levels and shifted
mobile sediment P fractions (i.e., labile, reductant-soluble, organic) to the residual fraction
after 2 years of the Phoslock® application. Araújo et al. [52] evaluated the effect of PAC
in turbidity and total phosphorus, and found that PAC reduced total P concentrations
and turbidity. However, there are no long-term published studies in subtropical regions.
Further studies are needed to monitor the long-term changes in both water column and
sediment P in order to evaluate the effectiveness of the combined application of PAC and
Phoslock® in restoring ecological status of subtropical eutrophic lakes.
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