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a b s t r a c t

Lanthanum-modified bentonite (LMB) is a widely used phosphorus-inactivating agent in lakes. However,
dissolved organic carbon (DOC) exists ubiquitously in lakes, and its influence on phosphate binding is still
not adequately understood. Our results showed that both phosphate and DOC can be adsorbed by LMB.
The Langmuir adsorption maxima of phosphate and DOC were 9.06 mg P/g and 5.31 mg C/g, respectively,
generating a C/P molar ratio ~1.5. When phosphate and DOC coexisted at this ratio, the adsorption of
phosphate was not influenced by DOC and vice versa. However, the phosphate capture by LMB was
significantly reduced by raising the ratio above ~9, and the reduction was increased with increasing the
ratio. Once adsorbed by LMB, phosphate was essentially not desorbed by DOC, while adsorbed DOC can
be mostly liberated by phosphate. It is deemed that phosphate can interact preferentially with La on LMB.
However, DOC can still be adsorbed by LMB, even after LMB was saturated with phosphate, which was
attributed to (i) the high coordination capacity of La; (ii) the interaction of DOC with the hydroxyl
group(s) of the adsorbed phosphate via hydrogen bonding; and (iii) the interaction of DOC with the La
sites unoccupied by phosphate. We proposed that LMB can be applied in the season (time) when the
DOC/P ratio in lakes is low enough to facilitate the adsorption of phosphate, which will no longer be
released into water, even after the C/P ratio is raised later.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus inactivation agents (PIAs) have been utilized for
about half a century to suppress the internal phosphorus loading in
eutrophic lakes (Douglas et al., 2016). The early PIAs were soluble
metal salts, and, among them, alum has been used for phosphorus
and algae control in more than 200 lakes, especially in lakes of
North America and Europe (Jensen et al., 2015; Welch, 2005).

Although the application of soluble metal salts, particularly
alum, is still one of the most effective measures for the control of
the internal phosphorus loading in deep-water lakes, the use of
insoluble solid PIAs has attracted increasing attention in recent
years (Berg et al., 2004; Copetti et al., 2015; Gibbs et al., 2011; Lin
et al., 2019; Lürling et al., 2016; Wang and Jiang, 2016; Wang
et al., 2017, 2019). The lanthanum-modified bentonite (LMB)
developed by the Australian Commonwealth Scientific and
Industrial Research Organization (CSIRO) is the most investigated
solid PIA and has been shown to be very promising for lake resto-
ration (Copetti et al., 2015; Dithmer et al., 2015; Egemose et al.,
2010; Lürling and Faassen, 2012; Lürling and Tolman, 2010; Mucci
et al., 2018; Reitzel et al., 2013; Ross et al., 2008; Spears et al.,
2016; Waajen et al., 2016; Yin et al., 2018). It has been success-
fully used in approximately 200 water bodies for large-scale prac-
tical applications (Copetti et al., 2015). The main advantages of this
PIA can be summarized as follows: i) LMB exhibits an excellent
efficiency. Lanthanum has a high affinity for phosphate, and the
solubility of the formed lanthanumphosphate product is the lowest
among rare earth elements (Firschlng and Brune, 1991). In addition,
the coordination capacity of lanthanum is strong. For example, the
characteristic coordination number of iron and aluminium is 6,
while that of lanthanum can reach 12 (Wu et al., 2007). ii) The
inactivated product exhibits a high stability. Unlike other PIAs, the
interaction of phosphate with LMB produces rhabdophane min-
erals (LaPO4 � nH2O) (Dithmer et al., 2015), which is highly stable
under the common pH range and redox conditions found in natural
waters (Copetti et al., 2015). iii) LMB is ecologically safe. Ecological
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Table 1
Chemical compositions of bentonite and LMB (%).

Item Bentonite LMB

SiO2 71.70 64.15
Al2O3 13.93 16.08
Fe2O3 2.32 3.43
CaO 0.08 4.05
MgO 3.11 3.45
Na2O 8.20 0.58
K2O 0.28 1.22
TiO2 0.15 0.33
ZrO2 0.02 0.07
La2O3 N.D.a 5.86
Moisture 10.23 7.86
LOIb 4.38 8.63

a Not detectable.
b Loss on ignition.
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impact tests show that LMB is safe for aquatic life (Lürling and
Tolman, 2010). To date, there have been no indications of the
long-term negative impact of using LMB on the ecosystem (Spears
et al., 2016). iv) LMB is cost-effective. Lanthanum is not only the
most abundant among the rare earth elements but also the
cheapest (Taylor andMcClennan,1985). Taking Rauwbraken Lake in
the Netherlands as an example, the cost of using LMB to control the
endogenous phosphorus load in the lake is estimated to be only one
tenth of the cost of dredging (Lürling and Faassen, 2012).

Assuming that LaPO4 � nH2O was formed, the theoretical
binding ratio for lanthanum and phosphate is 1:1. However, it has
been widely reported that the removal of phosphate by LMB was
not proportional, and the interference from the water parameters
was thus documented (Egemose et al., 2010; Lürling and Faassen,
2012; Reitzel et al., 2013; Ross et al., 2008; Wang et al., 2017). For
instance, a negative relationship between alkalinity and the phos-
phate binding capacity of LMB was observed and the higher
phosphate binding capacity of LMB in lakes with lower alkalinity
could be attributed to a more pronounced dispersion of LMB
(Reitzel et al., 2013, 2017). Dissolved organic carbon (DOC) is
another important water parameter to influence the binding of
phosphate by LMB (Dithmer et al., 2016; Lürling et al., 2014; Spears
et al., 2016). DOC exists ubiquitously in lake water and in the pore
water of lake sediments (De Lange, 2000; de Vicente et al., 2008). In
particular, eutrophic lakes tend to have higher DOC concentrations
(on average, 10e30 mg/L) than oligo/mesotrophic lakes (on
average, 2e3 mg/L) (Li et al., 2019; Thurman, 1985). Furthermore,
DOC is often found in higher concentrations in pore water
compared to lake water (Dithmer et al., 2016). LMB is usually
applied to the surface lake water, where it can capture dissolved
phosphorus and, once settled onto the surface of the sediment bed,
LMB can inactivate the phosphorus in sediment by sequestering
phosphorus from the pore water. Hence, the effect of DOC on the
efficacy of LMB for eutrophication control is of the utmost
importance.

Thework by Lürling et al. (Lürling et al., 2014) was the first study
to understand the influence of DOC, and their results showed that
less phosphate was removed in the presence of humic substances.
Laboratory tests by Dithmer et al. (Dithmer et al., 2016) also
revealed the negative effects of twomodel DOC compounds, humic
acid and phthalate, on the phosphate binding capacity of LMB.
Furthermore, using lake water samples from 16 Danish lakes, a
significant negative relationship was found between the natural
DOC concentration (and colour) and the phosphate binding ca-
pacity of LMB. Similarly, Spears et al. (Spears et al., 2016) examined
the effectiveness of LMB across a wide range of lake conditions and
found that the phosphorus concentrations following LMB applica-
tions varied across the lakes and were correlated positively with
the DOC concentrations, indicating that DOC interfered with the
phosphorus removal by LMB. However, the effect of DOC on the
phosphate adsorption by LMB is still not adequately clarified. For
instance, although the maximum adsorption capacity of phosphate
by LMB can be expressed by the La/P molar ratio of 1:1 because the
formation of LaPO4�nH2Owas confirmed, themaximum adsorption
capacity of DOC by LMB has still not beenmeasured before. In other
words, the ratio of the adsorptionmaxima of DOC versus phosphate
(C/P molar ratio or C/La molar ratio) is still unknown. Under-
standing the adsorption behaviour of DOC by LMB would help
determine how DOC influences phosphate adsorption by LMB. In
addition, although the removal of phosphate by LMB in the pres-
ence (at different concentrations) and absence of DOC was inves-
tigated previously and negative effect of DOC on phosphate
removal was shown (Dithmer et al., 2016; Lürling et al., 2014), the
experiments were done when phosphate and DOC coexisted. It is
still not clarified if phosphate previously adsorbed on LMB is stable
when exposed to DOC later and if DOC previously adsorbed on LMB
is stable when exposed to phosphate later. This information is
important to understand, for the binding of phosphate and DOC by
LMB, which solute has higher affinity towards the adsorption sites,
and which solute can be more strongly retained by LMB.

In this study, to better understand the efficacy of LMB for
phosphate removal in the presence of DOC, the adsorption behav-
iours of both phosphate and DOC were first evaluated. Second, the
phosphate immobilization by LMB was examined as a function of
the DOC concentration in both deionized water and DOC-spiked
lake water taken from Lake Taihu, which is located in the Yangtze
Delta Plain and is the third largest freshwater lake in China. Lake
Taihu has an area of 2250 km2 and an average depth of 2 m. Third,
the reversibility of the adsorption of both phosphate and DOC on
LMB was determined. Finally, the implication of the results for the
inactivation of phosphorus in lakes was discussed.
2. Materials and methods

2.1. Materials

The LMB sample used in this study was provided by the
Shanghai PhoslockWater Solutions Ltd. For comparison purposes, a
natural bentonite sample was obtained from the Linshou Heng-
chang Mining Co., Ltd., Hebei Province, China. The samples were
ground to pass through an 80-mesh sieve prior to use. The chemical
composition of bentonite and LMB are presented in Table 1. The
elemental compositions of the materials were determined by X-ray
fluorescence (Axios X, PANalytical Company), while the moisture
and loss on ignition were measured from the weight loss at 105 �C
and 900 �C, respectively.

The phosphate solutions were prepared with KH2PO4. Humic
acid has been widely used as a model DOC compound and was also
used in this study. Humic acid was supplied by Aldrich Chemical in
the form of humic acid sodium salt, which was extracted from
waters draining from an open pit mine in Oberhessen, Germany.

The natural lake water sample was obtained on August 24th,
2018 from the Gonghu Bay of Lake Taihu (31�2102300N,119�5903500E).
The concentrations of some of the soluble components are given in
Table S1. Among them, the total P and soluble reactive P (SRP)
concentrations were determined using the molybdenum blue
colorimetric method (Chinese Environmental Protection
Administration, 2002). DOC was measured using a CHNOS
elemental analyser (model Vario ELIII, Germany) after the water
had been filtered through a 0.45 mm membrane filter. The total
alkalinity (in CaCO3) was determined to be 87.8 mg/L by the titra-
tion method (Chinese Environmental Protection Administration,
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2002). All other common ions were determined by inductively
coupled plasma-atomic emission spectroscopy (ICAP 6000 Radial,
Thermo, USA) and ion chromatography (METROHM, MICI,
Switzerland). The water sample had a pH of 7.5, as measured by a
Hach Sension þ pH meter.

2.2. Methods

2.2.1. Adsorption isotherm studies
The adsorption isotherm experiments were conducted using

aqueous solutions containing either phosphate or DOC. The initial
phosphate and DOC concentrations ranged from 5 to 100 mg/L and
from 2.5 to 300 mg/L, respectively. All the solutions contained
0.01 M NaCl as the background electrolyte. First, stock solutions of
KH2PO4 with the concentration of 1000 mgP/L and humic acid
sodium salt with the concentration of 1000 mgC/L were separately
prepared using 0.01 M NaCl solution. The working solutions of
phosphate and DOC were then obtained by dilution of the stock
solutions with 0.01 M NaCl solution. The use of 0.01 M NaCl was to
keep the ionic strength roughly constant, independently of the
amount of KH2PO4 or humic acid sodium salt added. The experi-
ments were performed by adding 40 ml of the aqueous solutions to
centrifuge tubes containing 0.1 g of LMB or the bentonite sample.
The tubes were then shaken at 180 rpm and 25 �C for 48 h. An
adsorption time of 48 h was found to be sufficient for both phos-
phate and DOC to achieve equilibrium in our adsorption kinetics
studies (Fig. S1). Specifically, under our experimental conditions,
the amount of adsorbed phosphate and DOC increased sharply at
the initial stage and then continued to increase slowly, but the
adsorption amount reached equilibrium at 24 h, since there was no
statistically significant increase in the amount adsorbed between
the adsorption time of 24 h and 48 h (Duncan multiple compari-
sons, p > 0.05). After 48 h, the suspensions were centrifuged, and
the phosphate concentrations in the supernatants were deter-
mined by the molybdenum blue-ascorbic acid method (Chinese
Environmental Protection Administration, 2002), and DOC was
evaluated directly at a wavelength of 218.5 nm with a Unico spec-
trophotometer (Model UV-2102PCS, China). The amount of adsor-
bed phosphate or DOC at equilibrium (qe) was calculated using the
following equation:

qe ¼VðC0 � CeÞ
m

(1)

where V is the volume of the solution (L), C0 and Ce are the initial
and equilibrium concentrations of phosphate or DOC (mg/L),
respectively, and m is the dry mass of LMB or bentonite (g).

Adsorption isotherm experiments using aqueous solutions
containing both phosphate and DOC were also carried out. In this
case, the phosphate concentration varied from 5 to 100 mg/L, while
the DOC concentrationwas set to achieve a constant C/Pmolar ratio
of 1.5:1. This ratio was adopted since the C/P molar ratio when the
adsorption capacity of phosphate and DOC on LMB attained satu-
ration was ~1.5:1. The DOC concentration in the supernatant was
directly measured spectrophotometrically, while the phosphate
concentration was determined after the supernatant was digested
with a potassium persulfate solution, because our preliminary
experiment confirmed that the colour of DOC can influence the
quantification of phosphate when the DOC concentration exceeded
~20 mg/L.

2.2.2. Adsorption of phosphate as a function of the DOC
concentration

Forty millilitres of a phosphate solution with different DOC
concentrations was added to 50 ml centrifuge tubes containing
2.48 mg of LMB. This dose corresponds to the LMB/P mass ratio of
100:1 which was used in previous studies (Dithmer et al., 2016;
Lürling et al., 2014; Reitzel et al., 2013;Waajen et al., 2016; Yin et al.,
2018). To accurately add small amount of LMB, a stock suspension
was first prepared by the continuous mixing of 2.48 g of LMB with
1 L of deionized water. Subsamples of 1 mL were taken from this
suspension and were transferred to centrifuge tubes. The phos-
phate concentration of 0.62 mg/L was adopted, as it is represen-
tative of the pore water concentrations in Danish eutrophic lakes
(Reitzel et al., 2013). The DOC concentrationwas set to 0, 0.5, 2, 4, 8,
12, 20, 40, 60, 80, and 120 mg/L. This range of DOC concentrations
can represent the natural DOC concentration level in Danish lakes
(de Vicente et al., 2008; Dithmer et al., 2016). Furthermore, the
solutions were prepared with a 0.01 M ammonium chloride-
ammonia buffer solution instead of pure water to achieve a con-
stant pH of 7.5 and an ionic strength equal to that of 0.01 M NaCl.
After being shaken at 25 �C and 180 rpm for 48 h, the mixture was
filtered through a 0.45 mm cellulose acetate membrane filter, and
the filtrate was then digested with a potassium persulfate solution.
The phosphate concentration in the digested filtrate was measured.
2.2.3. Adsorption of phosphate from natural lake water spiked with
DOC

Before the experiment, the lake water was spiked with KH2PO4
to achieve an SRP concentration of ~0.62 mg/L. Furthermore, an
aliquot of this lake water was spiked with humic acid to achieve a
DOC concentration of 14.21 mg/L, i.e., increasing the DOC concen-
tration by 10 mg/L. Forty millilitres of the lake water with or
without the adjusted DOC concentration was added to 50 ml
centrifuge tubes, and 2.48 mg of LMB was added. For comparison
purposes, experiments using a phosphate solution with a concen-
tration of 0.62 mg/L, which was prepared from pure water, were
also conducted. The tubes were shaken at 25 �C and 180 rpm. After
1, 2, 4, 8, 14, 20, and 28 days, the suspensions were filtered through
a 0.45 mm membrane filter, and the SRP concentration of the fil-
trates were determined.
2.2.4. Reversibility of phosphate and DOC adsorption
To evaluate the reversibility of phosphate adsorption, the first

step was to prepare phosphate-loaded LMB. For this purpose, 0.1 g
of LMB was weighed and placed in 50 ml centrifuge tubes. Then,
40 ml of a phosphate solution whose concentration was 50 mg/L
was added. This phosphate concentration was adopted to reach
nearly themaximum amount of phosphate adsorption based on the
isotherm studies. The solution contained 0.01 M NaCl as the back-
ground electrolyte. After being shaken at 25 �C and 180 rpm for
48 h, the tubes were centrifuged, and the phosphate concentration
and amount of phosphate adsorbed by LMB (qe) were calculated
with the supernatants. The solid in the tube was rinsed five times
with deionized water to remove any residual phosphate that was
not adsorbed by LMB.

The second stepwas tomeasure the adsorption isotherm of DOC
on the phosphate-loaded LMB, which was performed according to
the method described in section 2.2.1. However, the phosphate
concentration in the equilibrium solution was additionally
measured, and the amount of phosphate desorbed from LMB (qd)
was calculated as follows:

qd ¼
Cd � V

m
(2)

The desorption efficiency was calculated using the following
equation:



X. Li et al. / Water Research 181 (2020) 1159414
h0 ¼ qd
qe

� 100% (3)

where Cd is the phosphate concentration in the supernatant after
desorption (mg/L), V is the volume of the DOC solution added as the
desorption reagent (L), and qe is the amount of phosphate adsorbed
(mg/g).

To further illustrate the reversibility of phosphate adsorption,
the phosphate-loaded LMB was also repeatedly washed with the
DOC solution. That is, the DOC solution, which had a concentration
of 50mg/L and used 0.01MNaCl as the background electrolyte, was
added to the tubes containing phosphate-loaded LMB. This DOC
concentration was used because DOC can nearly reach its
maximum adsorption amount based on the isotherm studies. The
tubes were shaken at 25 �C and 180 rpm for 48 h to desorb the
adsorbed phosphate. After centrifugation, the phosphate concen-
tration in the supernatant wasmeasured. After this desorption step,
a fresh DOC solution was again added, and the desorption experi-
ment was repeated three times in total.

The reversibility of DOC adsorption was evaluated in the same
manner by measuring the desorption of DOC previously adsorbed
on LMB and using the phosphate solution as the desorption agent.

2.2.5. Data analysis
The phosphate and DOC concentrations were expressed in

elemental P and C, respectively. All the experiments were under-
taken in triplicate, and the mean value and the standard deviation
are reported. Whenever necessary, data were also analysed using
one-way analysis of variance by comparing the treated groups and
the control and/or comparing the different treated groups using the
Student-Newman-Keuls multiple range tests. The homogeneity of
variance was tested using Bartlett’s test. The statistical analysis was
performed using the Statistical Analysis System (SAS 8.2; SAS
Institute, Cary, NC, USA). All the significance levels mentioned in
the text are p < 0.05.

3. Results and discussion

3.1. Adsorption isotherms

The results of the separate adsorption isotherms of phosphate
and DOC on LMB and a bentonite sample are presented in Fig.1a. The
Fig. 1. Adsorption isotherms of phosphate and DOC on the materials. Left: separate adsorpt
data are the mean values and standard deviations of triplicate experiments.
affinity of LMB for phosphate was high, causing a vertical isotherm
shape at the low initial phosphate concentrations. This means that,
at low phosphate concentrations, LMB can exhaust or uptakemost of
the phosphate in the water, leaving a very low residual phosphate
concentration. Specifically, when the initial phosphate concentration
was lower than 10 mg/L, >99% of the phosphate in the water can be
sequestered by LMB. The results in Fig. 1a also showed that LMB has
the capability to adsorb DOC. However, it appeared that the affinity
of LMB for DOCwas lower than that of LMB for phosphate, since only
~40% of the DOC in thewater can be captured by LMB, evenwhen the
DOC concentrationwas low (<30mg/L). The complex formation of La
with humic substanceswas previously predicted at 5mg/L (Tang and
Johannesson, 2003) and experimentally demonstrated, for example,
at 10 mg/L (Sonke and Salters, 2006; Tang and Johannesson, 2003,
2010). Our results suggested that the fixation of DOC by the La on
LMB can occur at a concentration as low as 2.5 mg/L (removal effi-
ciency ~40%).

At high concentrations, however, the amount of both phosphate
and DOC adsorbed by LMB levelled off, indicating that the
adsorption sites are limited, and the adsorption ability reached
saturation. Nevertheless, as seen in Fig. 1a, the bentonite sample
exhibited a very low adsorption capacity for both phosphate and
DOC. This is expected, however, since both the bentonite surface,
the phosphate ion and DOC are negatively charged, and repulsion
between the bentonite surface and the two adsorbate species must
take place. Therefore, although the bentonite sample used in this
study is different from that used for the preparation of LMB (the
latter bentonite is not available), it is reasonable to conclude that
both phosphate and DOC are fixed by the lanthanum on LMB.

The adsorption isotherm data were fitted using the common
Langmuir and Freundlich models, which were given below:

Langmuir model: Qe ¼QmaxKL
Ce

1þ KLCe
(4)

Freundlich model: Qe ¼KFC
1=n
e (5)

where Ce is the adsorbate concentration at equilibrium (mg/L); KL is
a Langmuir constant related to the affinity of the binding sites (L/
mg); Qmax is the maximum adsorption capacity (mg/g); KF is a
Freundlich constant related to the adsorption capacity ((mg/g)/
(mg/L)1/n); and 1/n is a constant related to the adsorption density.
ion of phosphate and DOC; right: co-adsorption of phosphate and DOC. The presented
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The fitting results are given in Table 2. From the correlation
coefficients (R2 values), it can be concluded that the Langmuir
model gave a better fit than the Freundlichmodel, with R2 values all
exceeding 0.995. From the Qmax value of phosphate shown in
Table 2 and the La content of LMB shown in Table 1, the La/P molar
ratio was estimated to be 1.23:1, which was slightly higher than the
1:1 binding ratio theoretically determined by assuming that LaPO4
� nH2O formed, meaning that a small part of Lawas not available for
phosphate binding.

The lanthanum speciation depends on the hydrolysis of the La
ion. Because the pH condition used in this study was not regulated
and was measured to be 7.3 ± 0.4, the dominant La species would
be mostly trivalent La ions (La3þ) with a small proportion of diva-
lent hydroxyl La ions (LaOH2þ), while the existence of the species
La(OH)2þ, La(OH)3 and La(OH)4- is unlikely (Kawahigashi et al., 2005).
On the other hand, the predominant phosphate species at a pH
7.3 ± 0.4 would be a mixture of H2PO4

� and HPO4
�, because these

two species are exclusively present at pH values ranging from 5 to
10 (Bouyer et al., 2006). Therefore, the surface species present due
to the inner-sphere complex formation of phosphate with LMB can
be inferred as follows (Guan et al., 2020):

≡La þ HPO4
2� 4 ≡LaeHPO4 (6)

≡La þ H2PO4
� 4 ≡LaeH2PO4 (7)

≡LaeOH þ HPO4
2� 4 ≡LaePO4 þ H2O (8)

≡LaeOH þ H2PO4
� 4 ≡LaeHPO4 þ H2O (9)

From the Qmax values of phosphate and DOC, it was calculated
that the adsorption capacity of phosphate and DOC had a C/P molar
ratio of ~1.5:1 when their adsorption reached saturation. Compared
with the small inorganic phosphate anion, which can come close to
the surface for binding, the size of DOCmacromolecules is large. For
instance, the diameter of humic acid is approximately 2e7 nm
(Rahnemaie et al., 2007). Therefore, although most of the phos-
phate ions can be bound to La, a large part of the DOC has to be
positioned beyond the adsorption sites, and only a small part of the
carboxylate groups (RCOOe) can interact with La to form an inner
sphere complex, according to the ligand exchange reaction similar
to that occurring for phosphate (Hiemstra et al., 2013; Weng et al.,
2012):

≡La þ RCOOe / ≡LadOOCR (10)

≡LaeOH þ RCOOH / ≡LadOOCR þ H2O (11)
Table 2
Parameters of the Langmuir and the Freundlich models for the adsorption of phosphate

Material Solute Langmuir model

Qm (mg/g) KL (L/mg)

LMB P 9.06 3.91
LMB P (þDOC) 9.35 5.74
LMB DOC 5.31 0.19
LMB DOC (þP) 5.23 0.53
Bentonite P 0.37 0.16
Bentonite DOC 0.49 3.53
DOC-loaded LMB P 9.09 7.53
P-loaded LMB DOC 5.22 0.18
3.2. Co-adsorption of phosphate and DOC

The results of the co-adsorption isotherms of phosphate and
DOC coexisting in water at a C/P molar ratio of 1.5:1 are given in
Fig. 1b, and the fitting results of the adsorption isotherm data to the
two adsorption models are listed in Table 2. It can be seen that the
adsorption of both phosphate and DOC was essentially not influ-
enced by one another, and their adsorption maxima differed little
from their adsorption maxima obtained when they presented in
water as a single adsorbate. This phenomenon was surprising and
may be explained by the great coordination capacity of La. Although
both the solutes can be coordinated with La, the small phosphate
ion would be more competitive than DOC (this will be described in
more detail in section 3.4) and would interact first with La. How-
ever, even after phosphate was adsorbed, the characteristic coor-
dination number of 12 for La still renders the adsorption of DOC
possible. In addition, the interaction of the abundant O, N and S
atoms of DOC with the hydroxyl group of the phosphate adsorbed
via hydrogen bonding may also contribute to the adsorption of DOC
after phosphate adsorption. One more explanation is that phos-
phate did not occupy all the La sites (as abovementioned, the La/P
molar ratio was 1.23:1, which was larger than 1:1) and the inter-
action of DOC with these unoccupied La sites scattered on the
bentonite surface may be still possible. In this case, due to the large
size of DOC, the interaction of each carboxyl group can add
adsorption forces to the DOC macromolecule, rendering the
adsorption of large DOC particles possible. In each case, however,
the hydrogen bonds can occur both intra- and inter-molecularly
between the adsorbed DOC, which would certainly facilitate
adsorption.

3.3. Adsorption of phosphate in the presence of DOC at different C/P
molar ratios

As abovementioned, the adsorption of phosphate was not
influenced by the presence of DOC (and vice versa) at the low C/P
molar ratio of 1.5:1, which was relevant to the ratio of their Qmax
values. However, it should be noted that the C/P molar ratio in
natural lakes would be much higher. For instance, Dithmer et al.
(Dithmer et al., 2016) measured the SRP and DOC concentrations in
both lake water and sediment pore water obtained from 16 Danish
lakes and found that the C/P molar ratio in the lake water and pore
water was as high as 165 and 70, on average, respectively. Even
assuming that the phosphorus concentration reached 0.62 mg/L,
which is the representative phosphorus concentration level in the
pore water of sediments of eutrophic lakes (Reitzel et al., 2013), the
and DOC on the materials studied.

Freundlich model

R2 n ((mg/g)/(mg/L)1/n) KF R2

0.9997 6.11 5.31 0.8827
0.9999 4.92 4.98 0.8285
0.9964 2.42 1.17 0.7219
0.9990 3.66 1.69 0.8072
0.9946 3.31 9.92 0.8136
0.9994 6.39 3.29 0.7417
0.9998 4.49 5.42 0.6413
0.9977 2.53 1.11 0.6965



Fig. 3. Capture of SRP from pure water, lake water and DOC-spiked lake water. The
dotted line depicts the initial SRP concentration. The presented data are the mean
values and standard deviations of triplicate experiments.
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C/P molar ratio was still as high as ~32 in the lake water and 48 in
the pore water, respectively. Similarly, de Vicente (de Vicente et al.,
2008) measured the average DOC concentration in lake water ob-
tained from 31 Danish lakes to be 7.5 mg/L, while Spears et al.
(Spears et al., 2016) determined the DOC concentration of 18 lakes
across a wide range of lake conditions in Europe and Canada to be
9.95mg/L, on average. The DOC concentrations of 7.5 and 9.95mg/L
will result in C/P molar ratios of 32 and 42, respectively, assuming
that the phosphorus concentration is 0.62 mg/L. Considering that
the SRP concentration would be lower than 0.62 mg/L in most
cases, the C/P molar ratio would be higher than estimated above.
Therefore, understanding the adsorption of phosphate as a function
of the DOC concentration (C/P molar ratio) is of great importance.
The results in Fig. 2 showed that the phosphate amount absorbed
by LMB depended greatly on the DOC concentration (C/P molar
ratio). Although DOC did not influence the phosphate uptake
significantly at concentrations <2 mg/L, i.e., C/P molar ratios <9
(Duncan multiple comparisons, p < 0.05), a further increase in the
DOC concentration (C/P molar ratio) caused a linear increase in the
residual phosphate concentration after phosphate was adsorbed by
LMB (Fig. 2). The residual phosphate concentration continued to
increase when the DOC concentration exceeded ~40 mg/L (C/P
molar ratio ~167), but the growth rate decreased. This phenomenon
can be explained readily by the law of mass action, which states
that the rate of a reaction is proportional to the product of the
concentrations of the two reactants for a bi-reactant reaction,
because the collision frequency increases with increasing concen-
trations. For the adsorption of phosphate and DOC, the concen-
tration of LMB as a “reactant” is the same, and therefore, at the
same phosphate concentration, the higher the DOC concentration,
the higher the adsorption amount of DOC via formula (10) and (11)
when compared with the phosphate adsorption amount obtained
via formulas (6) to (9).

The results of the 28-day incubation experiments shown in
Fig. 3 further supported the abovementioned conclusion. In pure
water, the capture of phosphate by LMB was completed within two
days, because there was no statistically significant decrease in the
residual phosphate concentration at incubation times longer than
Fig. 2. The performance of LMB to sequester phosphate as a function of the DOC
concentration. The top horizontal axis shows the C/P molar ratio calculated from the
initial concentrations of phosphate and DOC. The dotted line depicts the initial
phosphate concentration. The presented data are the mean values and standard de-
viations of triplicate experiments.
two days (Duncanmultiple comparisons, p > 0.05). The coexistence
of soluble components in the lake water, including a DOC concen-
tration of 4.21 mg/L (corresponding to a C/P molar ratio of ~18),
greatly reduced the performance of LMB for SRP capture (Fig. 3).
However, this decrease cannot be attributed solely to DOC, since a
number of other components in the lake water may also influence
SRP adsorption, although we believe that DOC played a dominant
role based on the results shown in Fig. 2. Similar results on the
importance of the DOC concentration in influencing the LMB per-
formance for phosphorus inactivation was recently pointed out by
Spears et al. (Spears et al., 2016), who reported that the phosphorus
concentrations following LMB applications varied across the lakes
and were correlated positively with the dissolved organic carbon
concentrations. Spiking DOC by adding humic acid into the lake
water to achieve a concentration of 14.21 mg/L further decreased
the performance of LMB (Fig. 3), which indicated that an increase in
the DOC concentration alone can reduce the sequestration of SRP
by LMB. In addition, the existence of DOC not only decreased the
adsorption amount of SRP (increased the residual SRP concentra-
tion) but also lowered the rate of the SRP adsorption process. The
adsorption process occurring in both the lake water and DOC-
spiked lake water was much slower than that occurring in the
pure water, in which phosphate adsorption reached equilibrium
within two days. In fact, a statistically significant decline in the
residual SRP concentration continued until day 14, fromwhich time
on there was no significant decrease in the residual SRP concen-
tration (Duncan multiple comparisons, p > 0.05).

After being applied in lakes, LMB will eventually settled onto
lake bed where it can continuously adsorb phosphorus from pore
water in sediment, i.e., inactivate phosphorus in lake sediments.
The adopted phosphate concentration in this study was 0.62 mg/L,
which was representative of phosphorus concentration in pore
water of eutrophic lake sediments and was also used in other
studies (Dithmer et al., 2016; Lürling et al., 2014; Reitzel et al.,
2013). However, this concentration is far higher than that of the
water sample taken from the Lake Taihu (Table S1). LMB can
scavenge dissolved phosphorus from the water column during the
settling process which may takes weeks to months under natural
conditions (Spears et al., 2013) or when settled LMB is re-
suspended into water column by wind-induced waves and cur-
rents. For the inactivation of phosphorus in water column of lakes
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such as the Lake Taihu, further studies usingmuch lower phosphate
concentration may be required. However, the results in laboratory
experiments in this study could be really applied for the phosphate
binding fromwater column in heavily eutrophic lakes with relevant
high phosphate concentrations. For instance, Lake Dianchi
(24�400e25�020 N, 102�360e102�470 E) is one of the most eutro-
phicated lakes in China, and high phosphorus concentration in the
lake has been reported, reaching 0.4 mg/L in the Caohai section and
0.2 mg/L in the Waihai section (Yan et al., 2019). Similarly, Xie et al.
(2013) found that phosphorus concentration reached 0.32 mg/L in
the Caohai section and varied from 0.12 to 0.18 mg/L in the Waihai
section. Li et al. (2019) collected water samples from the Waihai
section for the experiments of phosphorus removal by ferric chlo-
ride and determined the initial phosphorus concentration to be
0.19 mg/L.
3.4. Reversibility of the adsorption of phosphate and DOC

To determine whether phosphate or DOC is more strongly
adsorbed by LMB, the adsorption isotherm of phosphate on LMB
that was previously saturated with DOC and the adsorption
isotherm of DOC on LMB that was previously saturated with
phosphate were measured, and the results are displayed in Fig. 4.
Fig. 4 clearly revealed that, regardless of the presence of DOC on
LMB, the phosphate adsorption amount can reach an adsorption
amount maximum as high as that of the original LMB (Fig. 4,
Table 2). At the same time, phosphate can replace most of the DOC
that was previously adsorbed on LMB (Fig. 4). On the other hand,
the adsorption of DOC on phosphate-loaded LMB also attained
nearly the same adsorption maximum as the original LMB, but DOC
displaced little phosphate that was previously adsorbed on LMB
(Fig. 4, Table 2). This clearly shows that phosphate is more
competitive than DOC for the La sites. Recently, Dithmer et al.
(Dithmer et al., 2016) conducted a long-term (400 days) laboratory
study, suggesting that the negative effect of DOC on SRP adsorption
by LMB is obvious in the short term but probably not permanent,
i.e., SRP will eventually be sequestered by LMB. Our results pro-
vided solid proof to support that the consideration of Dithmer et al.
(Dithmer et al., 2016) is very likely, since the adsorption of DOC is
reversible in the presence of phosphate.

However, although phosphate adsorption attained the adsorp-
tion maximum, DOC was not totally desorbed (Fig. 4a). Possible
reasons are that (i) displaced DOC can be re-adsorbed on the
phosphate-loaded LMB due to the high coordination capacity of La;
(ii) the O, N or S atoms of DOC interact with the hydroxyl group(s) of
Fig. 4. Stability of the adsorbed phosphate or DOC on LMB. (a). adsorption of phosphate on
phosphate. The presented data are the mean values and standard deviations of triplicate e
the phosphate adsorbed via hydrogen bonding and (iii) DOC in-
teracts with the La sites that were not occupied by phosphate (note
that the La/P molar ratio was higher than 1:1, evenwhen phosphate
reached saturation, as described in section 3.1). These reasons may
also explain why the adsorption of DOC essentially reached its
adsorption maximum without the displacement of the phosphate
that was previously adsorbed on LMB (Fig. 4b).

To further confirm the reversibility of the adsorption of phos-
phate or DOC in the presence of DOC or phosphate, the phosphate-
saturated LMB or DOC-saturated LMB was desorbed with repeated
washing using a DOC solution or phosphate solution. The concen-
tration of either the DOC solution or phosphate solution can assure
that the solutes reach their adsorption maxima, provided that DOC
or phosphate were present in the water as a single adsorbate. The
results shown in Table 3 indicated that both the adsorption of DOC
on the phosphate-saturated LMB and the adsorption of phosphate
on the DOC-saturated LMB virtually achieved their adsorption
maxima by the first washing step, and further washing only
resulted in little adsorption.What is themost important is that DOC
desorbed little phosphate that was pre-adsorbed on LMB, but most
of the DOC pre-loaded on LMB can be displaced by phosphate.
Therefore, once the phosphate was adsorbed by LMB, it is stable
and will not be released into the water, even in the presence of high
DOC concentrations. These results observed in our present study
showing that phosphate adsorption is advantageous at low C/P
ratios and the adsorbed phosphate is stable in the presence of high
DOC concentrations have important implications for phosphorus
inactivation in lakes using LMB. That is, LMB can be applied during
the season (time) when the C/P ratio in lakes is low, facilitating the
adsorption of phosphorus, which will no longer be liberated into
water, even after the C/P ratio is increased later. Avoiding the
application of LMB when the C/P ratio is high is especially impor-
tant in soft (low alkalinity) water lakes because of the high La
dissolution in soft (low alkalinity) water with high DOC concen-
tration (Reitzel et al., 2017). For instance, the bloom of algae in lakes
can not only increase the DOC level via metabolic excretion, which
is the autolysis of cells or death from an external factor (e.g., virus
attack) in aquatic and artificial ecosystems (Henderson et al., 2008;
Hertkorn et al., 2002; Li et al., 2019) but also decrease the SRP
concentration by algal uptake (Li et al., 2019). Therefore, the season
in which the high chlorophyll a concentration would lead to a high
C/P ratio should be avoided for LMB application. In addition to the
autochthonous material derived from algal or microbiological
productivity, allochthonous organic matter from terrestrial inputs
also contributes to the DOC in lakes and often dominates the
LMB previously loaded by DOC; (b). adsorption of DOC on LMB previously loaded by
xperiments.



Table 3
Results of the desorption of the adsorbed phosphate or DOC by DOC or phosphate, respectively. Presented data are the mean values and standard deviations of triplicate
experiments.

Item Time Amount adsorbed (mg/g) Desorption efficiency (%)

Desorption of adsorbed P 1st time 5.48 ± 0.05 1.12 ± 0.65
2nd time 0.20 ± 0.47 1.49 ± 0.43
3rd time 0.03 ± 0.49 1.68 ± 0.63

Desorption of adsorbed DOC 1st time 9.78 ± 0.26 58.77 ± 1.54
2nd time 0.26 ± 0.36 9.47 ± 4.05
3rd time 0.72 ± 0.40 13.81 ± 1.78
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organic carbon balance in most freshwater systems located in
temperate climates (Mash et al., 2004; Onstad et al., 2000).
Allochthonous organic matter, which is derived from the decom-
position of terrestrial plant debris and the humification of soil
organic matter, enters aquatic systems mainly from the subsequent
runoff of overland water flow during rainfall events (Mash et al.,
2004; Onstad et al., 2000). To achieve a good removal efficiency
of phosphate by LMB, it would be better to avoid this season.
However, because our experimental results revealed that the rela-
tive concentration of DOC versus phosphorus determines the effi-
ciency of the phosphorus removal by LMB, it would be important to
realize the dynamics of the C/P ratio in a lake rather than the dy-
namics of the DOC concentration or phosphorus concentration
alone prior to the internal phosphorus load management using
LMB.

Humic substances such as humic acid and fulvic acid form the
major fraction of DOC in aquatic systems, typically compose about
60% of the DOC (Antelo et al., 2007; Stevenson, 1994), and humic
acid is thus used as a model DOC in this study and many other
studies (e.g., de Vicente et al., 2008; Dithmer et al., 2016; Hiemstra
et al., 2013; Lürling et al., 2014). However, DOC consists of a com-
plex mixture of compounds as a result of its variety of sources and
continual reworking by photochemical and microbial degradation
processes (Scully et al., 2004). As an example, autochthonous and
allochthonous DOCs are substantially different. Terrestrial, or
allochthonous material, tends to be higher in lignin content with
high aromatic content and lower nutrient (N, P) inclusion (Mash
et al., 2004). In contrast, autochthonous material derived from
algal or microbiological productivity, tends to be more aliphatic
with much higher nutrient inclusion (Mash et al., 2004). Therefore,
future studies are needed to investigate how these kinds of com-
plex DOC in lakes under environmental concentration affects
adsorption of phosphate by LMB.
4. Conclusions

LMB is a widely used phosphorus-inactivating agent in lakes. In
our present study, both phosphate and DOCwere shown to interact
with the La on LMB. The influence of DOC on the phosphate uptake
depended greatly on the relative concentration of DOC versus
phosphate, which can be expressed as the C/P molar ratio. A sig-
nificant reduction in the phosphate amount captured by LMB took
place at C/P molar ratios exceeding ~9, below which phosphate
adsorption was not influenced significantly by DOC. On the other
hand, once fixed by LMB, phosphate was essentially not desorbed
by DOC, while adsorbed DOC was mostly re-released into water by
phosphate. It is presumed that phosphate can interact preferen-
tially with La through stronger binding forces than DOC, but DOC
can be adsorbed on LMB, even after it was saturated with phos-
phate. The results obtained in this study have important implica-
tions for the inactivation of phosphorus in lakes using LMB,
showing that LMB should be applied in lakes when the C/P molar
ratios are low. That is, it is a good strategy to understand the
dynamics of the concentration ratio of DOC and phosphate in a lake
prior to the use of LMB to achieve a better performance.
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