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• Modified bentonite, zeolite and alumin-
ium salts bound phosphate (SRP).

• Langmuir isotherm model fitted the
phosphate binding process adequately.

• Phosphate binding onto P sorbents (PS)
was exothermic and spontaneous.

• Effects of pH and temperature on SRP
binding performance differed among
PS.
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Phosphorus sorbents (PS) are viewed as a powerful tool to manage eutrophication. Here, we tested three com-
mercially available PS - lanthanum-modified bentonite (LMB), aluminium-modified zeolite (AMZ) and alumin-
ium salts (Al) on their capacity to chemically inactivate soluble reactive phosphorus (SRP) at six different
temperatures (5 to 35 °C) and five pH values (6 to 10). We also evaluated if the SRP bound at a neutral pH
would be released if pH increases to pH 10. Results showed that temperature affected the SRP binding behavior
differently for each PS. For instance, the highest SRP binding capacities of LMB, AMZ and Al were 14.0, 29.9 and
251.1 mg P g−1 at 30 °C, 35 °C and 30 °C, respectively; and the lowest was at 35 °C for LMB, 25 °C for AMZ and
20 °C for Al (6.3, 4.0 and 205.2 mg P g−1, respectively). The pH also affected the SRP binding differently. When
pH increased from pH 6 to pH 10, LMB and Al decreased their binding capacity from 10.0 to 4.9 and from
571.7 mg P g−1 to 21.3 mg P g−1, respectively. The SRP adsorption capacity of AMZ was similar at pH 7 and 10
(6.3 and 6.2 mg P g−1). We observed that in high pH, LMB did not release the SRP precipitated. In contrast,
AMZ and Al desorbed around 39%, and 71% of the SRP adsorbed when pH changed from 7 to 10. Abiotic factors
such as pH should be considered when selecting the most promising material in lake restoration.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Anthropogenic activities have led to significant water quality deteri-
oration in lakes worldwide, in which eutrophication is the most preva-
lent water quality issue (OECD, 2017; Smith and Schindler, 2009). The
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most hazardous effect of eutrophication is the extensive biomass of
phytoplankton, especially cyanobacterial blooms. These blooms in-
crease water turbidity, shade submerged aquatic plants, smother
aquatic animals due to nighttime hypoxia/anoxia, and present a danger
to wildlife, pets and humans from the toxins several cyanobacteria spe-
cies may produce (Paerl and Paul, 2012). Consequently, eutrophication
impairs important ecosystem services. In Europe, 57% of the rivers and
44% of the lakes failed to meet the 2015 requirements set by the
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European Water Framework Directive (WFD) (Poikane et al., 2019). In
the Netherlands, between 2011 and 2013, 60% of the WFD waterbodies
were assessed as eutrophic (Fraters et al., 2017), and in a recent survey,
still, 50% of the WFD waterbodies failed to meet the nitrogen
(N) standard or the phosphorus (P) standard (van Galen et al., 2020).
In China, 57.5% of freshwater lakes have become eutrophic or hypertro-
phic (Jin et al., 2005). Suchwidespread eutrophication affects important
services that freshwater ecosystemsprovide to society, increasing thefi-
nancial burden and causing substantial economic losses (Sanseverino
et al., 2016). The estimated annual cost of freshwater eutrophication
in OECD countries is approximately $1100 billion (OECD, 2017). Thus,
it is key to manage eutrophication and mitigate its negative effects.

Generally, reducing external nutrient input is crucial to achieve sus-
tainable restoration of eutrophic lakes and to prevent harmful
cyanobacterial blooms (Hamilton et al., 2016; Paerl, 2014; Paerl et al.,
2016). In most OECD countries, point source nutrient pollution has
been tackled, while diffuse nutrient pollution remains a challenge
(OECD, 2017). In addition, nutrients legacies from the past, accumulated
and periodically recycled from the sediment, may hamper rapid recov-
ery after external, point-source nutrient control (Fastner et al., 2016;
Søndergaard et al., 2013). This internal nutrient load has prompted re-
search into methods that effectively mitigate nutrient release from sed-
iments and includes a plethora of techniques ranging from sediment
removal, hypolimnetic water withdrawal, and oxygenation to chemical
treatments (Lürling et al., 2020).

In particular, P-sorbents (PS) are promising candidates to reduce P
as an important building block for cyanobacterial biomass (Douglas
et al., 2016; Lürling et al., 2016; Spears et al., 2013). Reducing P suffi-
ciently with PS may minimize the effects of eutrophication (Lürling
and van Oosterhout, 2013). The use of PS tomanipulate biogeochemical
processes is known as geo-engineering, which has been recognized as a
powerful tool to manage eutrophication and control cyanobacteria
blooms in water bodies where the internal load is high (Lürling et al.,
2020). Those PS must be effective, easy to manufacture and use, rela-
tively inexpensive and safe.

The most commonly used PS is aluminium salts, such as aluminium
sulphate (alum), due to their wide application range, relatively low
price and ubiquitous availability. Aluminium sulphate is a white crystal-
line solid and it is commonly composed of two atoms of aluminium, 3
sulfur and 12 atoms of oxygen (Dionisio et al., 2018). Once added, Al
salts will form flocks (Al(OH)3) adsorbing available phosphate (SRP)
and, due to their coagulating properties will also instantaneously
improve water transparency (Cooke et al., 2005; Gibbs and Hickey,
2018; Lürling et al., 2020). Alum is often applied with a buffer such as
sodium aluminate to avoid large pH changes. A ballast compound can
also be added together with alum to enhance the settlement of
Al-flocs, ensuring that flocs and cyanobacteria end up on the sediment.
The ballast can be natural soils (Noyma et al., 2016) or a solid phase P
sorbent (SPS), but SPS compounds can also be used alone (Lürling
et al., 2020). The most abundantly used SPS is Phoslock®, a lanthanum
modified bentonite (LMB) (Copetti et al., 2016; Douglas, 2002) that can
effectively precipitate the SRP from thewater column and intercept and
capture SRP released from the sediments (Douglas et al., 2016).
Phoslock is manufactured via an ion exchange process whereby lantha-
num ions displace sodium ions within the bentonite matrix (Fig. S1).
The bentonite structure contains two basic blocks, i.e. the aluminium
octahedral sheets and silica tetrahedral sheets and due its high ions ex-
change capacity the cations (e.g. Na+) between the blocks can be easily
replaced by lanthanum (Hebbar et al., 2014; Ross and Shannon, 1926).
The removal of SRP by LMB is attributed to 5% lanthanum (La), which
binds phosphate molecules and forms rhabdophane (LaPO4∙nH2O), a
mineral with highly stable low solubility (Ksp = 10–24.7 to 10–
25.7 mol2 L−2) (Johannesson and Lyons, 1994). Thus, when La in LMB
comes in contactwith phosphate, the chemical bonding leads to precip-
itation of an insoluble mineral. Another promising SPS is Aqual-P™, an
aluminium modified zeolite (AMZ). Zeolites are natural and synthetic
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silicoaluminates characterized by a microporous crystal structure
which is based on twomain structural units constituted by silicon or al-
uminium atoms or other elements bonded to four oxygen atoms, and
oxygen being bonded to two tetrahedral atoms (Busca, 2014). AMZ is
an aluminium-based P-inactivator that uses zeolite as an aluminium
carrier and does not require buffering to avoid acidification of the lake
water. AMZ differs from Al in both physical and chemical properties,
with a higher density and a lower weight-specific P-binding capacity
(Gibbs and Özkundakci, 2011). AMZ was tested and applied as a sedi-
ment capping agent in Lake Okaro, New Zealand (Gibbs and Hickey,
2018) and so far it is the only known commercially available sediment
capping agent that inactivates both P and N (Gibbs and Özkundakci,
2011). Hence, Al andAMZ chemically inactivate phosphorus via adsorp-
tion and LMB via precipitation (Fig. S1).

The SRP binding efficacy of PS may depend on the prevailing condi-
tions related to the binding mechanism, such as pH, redox state and
temperature (Lürling et al., 2014; Mucci et al., 2018; Noyma et al.,
2016). For instance, increasing temperature improves the bond energy
of phosphorus binding in the soil, increasing the rate of P transfer to
strongly bound forms. Thus P retention ability is enhanced at a higher
temperature (Reddy and DeLaune, 2008). It is common knowledge
that water temperature changes temporarily and dailywith the air tem-
perature. As the average global temperature has risen by about 0.8 °C
since 1980, warming waters may also stimulate P release from the sed-
iment, likely as a response to the lower oxygen concentrations and thus
iron-bound P release increases from the sediment as well as enhanced
mineralization of organic matter (Jeppesen et al., 2009). Similarly, pH
may influence the efficacy of PS. The ligand exchange between SRP
and OH− can desorb SRP at high pH values because the ligands of
OH− in solution may replace the complexed HPO4

2− or H2PO4
− ions

(Du et al., 2016). Each PS may act differently under different pH values.
For instance, LMB showed excellent SRP removal when tested in the pH
range of 6 to 9 (Li et al., 2019; Mucci et al., 2018; Ross et al., 2008). The
maximumadsorption capacity of AMZwas highest at pH 9 (Mucci et al.,
2018), while the optimum SRP removal of alum occurs between pH 5 to
7 (Georgantas and Grigoropoulou, 2007).

Although water bodies have different water temperatures within
the season,which influence the system, none or a few studies have con-
sidered a realistic temperature range as a possible factor influencing PS
binding efficiency (Georgantas and Grigoropoulou, 2007). Thus, here
we determined the SRP binding capacity of LMB, AMZ and Al at six tem-
peratures (from 5 to 35 °C) to test the hypothesis that more SRP will be
immobilized at warmer temperatures. Moreover, in a previous study
(Mucci et al., 2018), both LMB and AMZ were tested in the pH range 6
to 9; however, depending on their acid-neutralizing capacity, pH values
of 10 can be reached in shallow lakes (Kragh and Sand-Jensen, 2018).
Hence, the present study elaborated on this, including pH 10.We tested
the hypothesis that high pHwill hamper the SRP binding capacity in all
the PS tested due to competitionwith hydroxyl ions for binding sites (Li
et al., 2019). In natural waters, pH can change within different seasons;
however, little is known about SRP desorption caused by pH changes.
Thus we also evaluated if a change in pH, from 7 to 10, would cause
SRP release, testing the hypothesis that more SRP will be desorbed at
a higher pH.

2. Methods

2.1. P sorbents

Three common P sorbents were selected: 1) La-modified bentonite
Phoslock® (LMB), 2) Al-modified zeolite Aqual-P™ (AMZ), and 3) alu-
minium (Al) as combined aluminium sulphate (alum) and sodium alu-
minate. The La-modified bentonite Phoslock® (LMB), which size is
0.2– 5 mm, was obtained from Phoslock® Europe GmbH (Zug,
Switzerland). Before use, Phoslock was ground and sieved through a
0.5 mm mesh. Five different batches of LMB (“Open Luchtmuseum”,
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and batches no. 20050922, no. 20050929, no. 20060727, no. 20060708)
were destructed with a nitric acid/hydrochloric acid mixture (Aqua
Regia) in the Chemical Biological Soil Laboratory of the Department of
Soil Sciences (Wageningen University) and subsequently analyzed on
Hg (AAS-cold vapour), Al, Fe, Mn, P, Zn (ICP-AES, IRIS Intrepid II;
Thermo Electron Corporation, Franklin, MA, USA), and As, Cd, Cr, Cu,
La, Pb (ICP-MS, Thermo Element 2; Thermo Fisher Scientific). LMB con-
tains no detectable Hg (all below LOD <0.03 mg kg−1), 49,707 (1925)
mg Al kg−1, 43,656 (1568) mg La kg−1,17,354 (660) mg Fe kg−1, 161
(30) mg Mn kg−1, 211 (44) mg P kg−1, 44 (3) mg Zn kg−1, 1.3 (0.3)
mg As kg−1, 0.12 (0.01) mg Cd kg−1, 12.1 (0.7) mg Cr kg−1, 6.6 (0.6)
mg Cu kg−1, and 18 (2) mg Pb kg−1. The Al-modified zeolite Aqual-
P™ (AMZ), which size is < 0.5 mm, was obtained from Blue Pacific
Minerals (Tokoroa, New Zealand), AMZ composition was analyzed by
ICP-OES (Thermo iCAP 6500 DV; Thermo Fisher Scientific) at the
Chemical Biological Soil Laboratory of the Department of Soil Sciences
(Wageningen University). Before using ICP-OES, AMZ were digested
using a nitric acid/hydrochloric acid mixture (= Aqua Regia). AMZ
contained 26,458 mg Al kg−1, 10,131 mg Fe kg−1, 15,290 mg Na kg−1,
8484 mg K kg−1, 8200 mg Ca kg−1, 2503 mgMg kg−1, 2295 mg S kg−1,
1081 mg P kg−1, 629 mgMn kg−1, 63 mg Zn kg−1, 4 mg Cr kg−1, 4 mg
Cu kg−1, and 1.9 mg Ni kg−1. We combined two aluminium salts (Al),
aluminium sulphate (alum) and sodium aluminate, as a buffer, which
is a common procedure in lake restoration (e.g. Cooke et al., 2005;
Smeltzer et al., 1999). Alum (aluminium sulphate, Al2(SO4)3•nH2O,
sulfuric acid and aluminium salt 3:2, tetradecahydrate 80%–100%, size
is below 5 mm) was obtained from Kemira (Helsinki, Finland), and so-
dium aluminate (Al2O3: 50–56%, Na2O: 37–45%, size is below 0.5 mm)
was acquired from Sigma-Aldrich (Darmstadt, Germany). Both alum
and sodium aluminate were obtained as solid materials.

2.2. Effect of temperature on SRP binding capacity

Eight different phosphate (SRP) solutions (0, 5, 10, 20, 40, 80, 120
and 140 mg P L−1) were prepared by dissolving KH2PO4 in nanopure
water. The SRP solution (50 mL) was transferred into 50 mL screw-
cap centrifuge tubes and pH adjusted to pH 7 by adding HCl (0.1 M)
or NaOH (0.1 M). Samples of the initial P solutions were stored at
−20 °C for further SRP analysis. To each of the eight different P solu-
tions, 80 mg of AMZ or LMB were added. A stock solution from alum
and sodium aluminate (both concentrations are 3158 mg Al L−1)
was prepared, and their addition was intercalated to avoid large pH
change while adding the aluminium salts. pH was measured when-
ever a proportion of Al (alum or sodium aluminate) was added to
the tubes. In the end, a total of 6.32 mg Al, half from alum and half
from sodium aluminate, was added to each of the eight P solutions
(Table S1). Once the materials were added, the tubes were placed
for 24 h in an incubator under different temperatures (5, 10, 15, 20,
25, 30 and 35 °C) and continuously mixed (180 rpm) to keep the
PS suspended. The experiment was run in triplicate. After 24 h, the
tubes were centrifuged for 5 min at 2500 rpm (Heraeus sepatech
centrifuge), and the supernatant was filtered through unit filters
(Aqua 30/0.45 CA, Whatman, Germany). SRP concentrations of the
filtrates and the initial solutions were determined using a Skalar SAN+

segmented flow analyzer (Detection limit was 10 μg P L−1), which fol-
lows the Dutch standard NEN 6663 (NNI, 1986). The final pH of the su-
pernatant was also measured using a WTW pH meter equipped with a
Sentix 61 electrode.

2.3. Effect of pH on SRP binding capacity

ThemaximumSRP binding capacity of the three PSwasmeasured at
pH 6, 7, 8, 9 and 10, following the samemethod described in Section 2.2.
The pH of the SRP solutions with LMB or AMZ was adjusted with HCl
(0.1 M) or NaOH (0.1 M) to attain the desired pH. In the Al experiment,
pH was adjusted by changing the alum and sodium aluminate ratio
3

(Table S1). After the pH adjustment and material addition, the tubes
were shaken (180 rpm) for 24 h at 20 °C. After 24 h, SRP and pH were
measured as previously described.

2.4. Effect of changes in pH on SRP release

A SRP binding experiment, as described in Section 2.2, was con-
ducted for each of the PS at pH 7 (Phase I). Per PS (LMB, AMZ and Al),
6 replicates were used for each of the eight SRP concentrations (0, 5,
10, 20, 40, 80, 120 and 140 mg P L−1), yielding 48 experimental units
per PS. The test tubes were incubated at 20 °C and constantly shaken
(180 rpm). After 24 h, from each tube 15mL solution was collected, fil-
tered through unit filters and stored in the freezer for further SRP anal-
ysis, as described previously. Subsequently, for each compound, the six
tubes per SRP concentration were split into two series of three repli-
cates. In one series, the pH was changed to pH 10 by adding NaOH
(0.1 M), and the conductivity was adjusted by using NaCl to make
sure all the incubationshad similar conductivity,while the second series
remained at pH 7 (Phase II). The tubes were incubated again and after
another 24 h, the pH was measured, tubes were centrifuged, and
30mL solutionwas collected and analyzed for SRP concentration as pre-
viously described. SRP release was calculated based on the difference
between maximum SRP concentrations of Phase I and Phase II.

2.5. Data analysis

To calculate the maximum SRP binding capacity, the Langmuir and
Freundlich models were used. The amount of SRP bound to PS at equi-
librium Qe (mg P g−1) was calculated using Eq. (1) based on the initial
concentration of SRP in solution C0 (mg P L−1), the SRP concentration
at equilibrium Ce (mg P L−1) from the adsorption/precipitation experi-
ment, the volume of SRP solution V (L) and the weight of PS M
(g) (Jalali and Peikam, 2013):

Qe ¼
C0 − Ceð ÞV

M
ð1Þ

The Langmuir isothermwas expressed in Eqs. (2) and (3).Maximum
binding capacity Qm (mg P g−1), the Langmuir adsorption/precipitation
constant KL (L mg−1) was calculated using Eq. (2) based on plotting
versus Ce (Langmuir, 1918; Mucci et al., 2018):

Ce

Qe
¼ 1

QmKL
þ Ce

Qm
ð2Þ

In order to evaluate the reaction rate and the binding affinity of
phosphate of each PS, the Michaelis-Menten constant (Km), which was
defined as the SRP concentration at equilibrium at half of themaximum
binding capacity (Qm), was calculated by Michaelis-Menten kinetics
Eq. (3) (Mosier and Ladisch, 2009):

Qe ¼
QmCe

Km þ Ce
ð3Þ

The Freundlich model is expressed in Eq. (4), KF and n were the
Freundlich constants, the Freundlich isotherm does not yield a
maximum SRP binding capacity according to Eq. (4) (Qiu et al., 2012):

lnQe ¼
lnCe

n
þ lnKF ð4Þ

To evaluate phosphate binding capacity onto the PS based on ther-
modynamics, enthalpy ΔH (kJ mol−1) and entropy ΔS (kJ mol−1 K−1)
were calculated using the Van't Hoff Eq. (5), Plotting ln KL versus -1T,

slope was ΔH
R and intercept was ΔS

R make it possible to calculate ΔH and
ΔS, R was the gas constant (8.314 J mol−1 K−1) and T was the water



Fig. 1. SRP binding capacity for (a) LMB, (b) AMZ and (c)A1 at different temperatures (5 °C
to 35 °C).The colored lines indicate the Langmuir isotherms, errors bars indicate standard
deviation (n = 3).
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temperature (K) (Guerra et al., 2008; Gupta and Bhattacharyya, 2012;
Huang et al., 2011):

lnKL ¼ ΔS
R

−
ΔH
RT

ð5Þ

The Gibbs free energy ΔG (kJ mol−1) was calculated as Eq. (6):

ΔG ¼ ΔH− TΔS ð6Þ

All data were expressed as the mean values of the three replicates.
The maximum binding capacity at different temperatures, or pH, and
the SRP desorption were compared for each product using one-way
ANOVA or Kruskal–Wallis One-way Analysis of Variance on Ranks
when the normality test (Shapiro–Wilk) or Equal Variance test
(Brown–Forsythe) failed using the program SigmaPlot version 14.0. A
Tukey or Dunn's post hoc test was performed to identify which means
or medians were significantly different from each other (p = 0.05
level). AWilcoxon Signed Rank Test was used to compare the difference
between pH unchanged and changed in the SRP release part Phase II.
SigmaPlot version 14.0 was used to fit isotherms of the phosphorus
binding data using the Langmuir and Freundlich models.

3. Results

3.1. PS binding capacity and thermodynamic parameters under different
temperatures

All of the three materials (LMB, AMZ and Al) showed favorable SRP
binding capacity under the six different temperatures (5, 15, 20, 25,
30 and 35 °C) employed (Fig. 1). Isotherm models revealed that the r2

from the Langmuir isotherms were higher than those obtained for the
Freundlich isotherms for LMB andAMZ (Table 1). Therefore, the binding
equilibrium of phosphate on LMB and AMZ can best be described with
the Langmuir isotherm (Fig. 1 (a) and (b); Table 1). SRP binding capac-
ity of LMBwas significantly impacted by temperature (H5= 12.53; p=
0.028). ThemaximumSRPprecipitation capacity of LMBvaried between
6.3 mg P g−1 at 35 °C and 14 mg P g−1 at 30 °C. A Tukey post hoc com-
parison revealed that only the precipitation capacities at 30 °C and 35 °C
were significantly different from each other (p = 0.02). Likewise, tem-
perature affected the SRP sorption capacity of AMZ (H5 = 18.22; p =
0.003) that varied between 4 mg P g−1 at 25 °C and 29.9 mg P g−1 at
35 °C (Table 1). A Tukey post hoc comparison showed that the adsorp-
tion capacities at 15 °C and 25 °C (p=0.011), and 25 °C and 35 °C (p=
0.002) were significantly different from each other. Although LMB and
AMZ had their maximum P binding capacity at 30 °C and 35 °C, respec-
tively, the Km values at these temperatures were higher than those at
other temperatures, which indicates that the SRP binding affinity of
LMB and AMZ was lower than at other temperatures. Also, for Al, the
Langmuir model fitted better than the Freundlich isotherm, but the ac-
curacy of fits was lower than those for LMB and AMZ (Table 1). A
Kruskal-Wallis one-way ANOVA on ranks indicated that the maximum
SRP adsorption capacities in the Al treatments were not different from
each other at the different temperatures tested (H5 = 1.07; p = 0.96).
Measured Qm values ranged from 205 to 251mg P g−1, with a relatively
large standard deviation varying between 11 and 16% (Table 1).

The pH in the LMB and Al treatments remained rather stable during
the experiment and ranged between pH 6.47–7.91 in LMB treatments
and between pH 6.94–7.51 in Al treatments (Table S2). In contrast, in
AMZ treatments pH had dropped from the initial pH 7 to pH 4.65–5.73.

The ΔH values calculated were −81.27 (LMB), −45.58 (AMZ)
and −19.92 (Al) kJ mol−1, while ΔS were −0.26, −0.18 and
−0.05 kJ mol−1 K−1, for LMB, AMZ and Al, respectively (Table 1).
The ΔG ranged from −9.69 to −1.97 kJ mol−1 in LMB, from −7.38
to −1.01 kJ mol−1 in AMZ and from −5.07 to −3.47 kJ mol−1 in Al
when the temperature rose from 5 °C to 35 °C.
4

3.2. Effect of pH on SRP binding capacity

The SRP binding capacities from LMB and Al were influenced by pH,
while AMZwas not. For all the compounds, the highest maximumbind-
ing capacities were found at pH 6 (Table 2). The isotherm models re-
vealed that the r2 from the Langmuir isotherms were higher than
those obtained for the Freundlich isotherms for LMB (Table 2). LMB
had the highest binding capacity at pH 6 (10mg P g−1), the SRP binding
capacity of LMB decreased gradually with increasing pH. The SRP



Table 1
Maximum SRP binding capacity (Qm), estimated parameters for phosphorus binding at different temperatures of each PS using Langmuir isotherm and Freundlich adsorption isotherms.

Material Temperature Qm

(mg P g−1)
Langmuir isotherm Freundlich isotherm Thermodynamic

r2 p-Value t-Value KL

(mg P L−1)
Km

(mg P L−1)
r2 KF n−1 ΔH

(kJ mol−1)
ΔS
(kJ mol−1 K−1)

ΔG
(kJ mol−1)

LMB 5 °C 278 K 8.5 (0.2) 0.96 <0.0001 53.07 50 (0.01) 0.02 (0.01) 0.69 1.80 (0.19) 0.10 (0.05) −81.27 −0.26 −9.69
15 °C 288 K 8.7 (0.3) 0.91 <0.0001 35.29 20 (0.01) 0.05 (0.01) 0.65 1.78 (0.23) 0.09 (0.06) −7.12
20 °C 293 K 8 (0.3) 0.85 <0.0001 26.88 33.33 (0.01) 0.03 (0.01) 0.72 1.75 (0.16) 0.08 (0.04) −5.83
25 °C 298 K 10.1 (0.4) 0.86 <0.0001 24.13 2.63 (0.01) 0.38 (0.10) 0.61 1.59 (0.31) 0.17 (0.09) −4.54
30 °C 303 K 14 (1.2) 0.75 <0.0001 11.54 0.10 (0.01) 9.98 (4.53) 0.63 1.65 (0.30) 0.19 (0.08) −3.25
35 °C 308 K 6.3 (0.3) 0.78 <0.0001 21.31 33.33 (0.01) 0.03 (0.01) 0.53 1.56 (0.28) 0.07 (0.07) −1.97

AMZ 5 °C 278 K 6.2 (0.3) 0.83 <0.0001 25.03 3.23 (0.12) 0.31 (0.12) 0.84 1.31 (0.14) 0.13 (0.04) −45.58 −0.18 −7.38
15 °C 288 K 15.2 (0.7) 0.95 <0.0001 22.98 0.07 (2.66) 13.98 (2.66) 0.80 1.38 (0.20) 0.25 (0.05) −5.26
20 °C 293 K 8.0 (0.4) 0.88 <0.0001 20.23 0.17 (1.57) 5.98 (1.57) 0.61 1.18 (0.33) 0.19 (0.09) −4.19
25 °C 298 K 4.0 (0.2) 0.77 <0.0001 23.45 106.38 (0.01) 0.01 (0.01) 0.55 1.41 (0.26) −0.03 (0.07) −3.13
30 °C 303 K 9.2 (0.6) 0.88 <0.0001 16.28 0.09 (3.19) 11.29 (3.19) 0.73 0.08 (0.20) 0.47 (0.06) −2.07
35 °C 308 K 29.9 (2.6) 0.95 <0.0001 11.71 0.02 (11.08) 49.04 (11.08) 0.78 1.46 (0.23) 0.30 (0.07) −1.01

Al 5 °C 278 K 239 (28.7) 0.37 <0.0001 8.35 7.84 (11.2) 0.13 (0.09) 0.14 103.02 (1.35) 0.17 (0.08) −19.92 −0.05 −5.07
15 °C 288 K 244.5 (27.1) 0.44 <0.0001 9.03 6.49 (12.03) 0.15 (0.08) 0.15 94.15 (1.39) 0.20 (0.10) −4.54
20 °C 293 K 205.2 (32.9) 0.19 <0.0001 6.24 8.46 (12.28) 0.11 (0.08) 0.16 130.11 (1.17) 0.11 (0.05) −4.27
25 °C 298 K 223.5 (28.1) 0.33 <0.0001 7.95 10.6 (18.24) 0.09 (0.05) 0.14 93.13 (1.38) 0.19 (0.10) −4.00
30 °C 303 K 251.1 (33.6) 0.29 <0.0001 7.47 3.50 (6.02) 0.28 (0.16) 0.20 85.71 (1.36) 0.21 (0.09) −3.73
35 °C 308 K 232.4 (28.5) 0.34 <0.0001 8.14 10.4 (19.01) 0.09 (0.05) 0.18 97.38 (1.34) 0.19 (0.09) −3.47

Note: Qm is the P maximum binding capacity calculated via Langmuir isotherm; KL is the Langmuir constant, Km is Michaelis-Menten constant; KF is Freundlich isotherm constant; n is an
empirical constant; Values inside brackets are the standard error (SE); ΔH is apparent heat of sorption; ΔS is entropy change; ΔG is the change of Gibbs free energy.
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precipitation capacity of LMB at pH 10 was about 2 times lower than at
pH 6 (H4 = 29.27; p < 0.001) (Fig. 2 (a); Table 2). Both the Langmuir
isotherm and the Freundlich isotherm fitted well the SRP binding data
for AMZ. The SRP binding capacities of AMZ were similar from pH 6 to
pH 10 (H4 = 9.98; p > 0.05), the maximum binding capacity reached
up to 7.6 mg P g−1 at pH 6 (Fig. 2 (b); Table 2). Nonetheless, a decrease
of 30% was observed at pH 9 (5.3 mg P g−1) compared to pH 6.

Similar to LMB, for Al, the r2 from the Langmuir isotherms were
higher than those from Freundlich isotherms, although the r2 was still
low (0.03 to 0.78). The highest binding capacity was found at pH 6
(572 mg P g−1) (Table 2). The SRP binding capacity dropped sharply
with increasing pH (Fig. 2 (c)). Kruskal-Wallis one-way ANOVA on
Ranks indicated significant differences (H4 = 35.18; p < 0.001) and a
Tukey post hoc test revealed that the SRP binding capacity at pH 6
was significantly higher than the SRP binding at pH 10.

At the end of the experiment, the pH values measured in the LMB
treatments ranged frompH6.86 to pH 9.54 (Table S3). In the AMZ treat-
ments pH values were reduced compared to the initial pH values, and
they ranged from pH 5.28 to pH 7.59, while pH values in the Al treat-
ments had remained rather stable, ranging from pH 6.98 to pH 10.04
(Table S3).
Table 2
Estimated parameters for SRP binding at different pH of each PS using Langmuir isotherm and F
Menten constant; KF is Freundlich isotherm constant; n is an empirical constant; Values inside

Material pH Qm (mg P g−1) Langmuir isotherm

r2 p-Value t-Value KL (m

LMB 6 10.0 (0.4) 0.86 <0.0001 26.91 3.57
7 9.0 (0.3) 0.80 <0.0001 23.11 1.27
8 8.8 (0.6) 078 <0.0001 15.71 0.23
9 8.3 (1.7) 0.47 <0.0001 5.01 0.04
10 4.9 (0.7) 0.24 <0.0001 7.57 2.44

AMZ 6 7.6 (0.4) 0.82 <0.0001 19.64 0.43
7 6.3 (0.2) 0.85 <0.0001 25.57 1.45
8 5.7 (0.2) 0.87 <0.0001 23.59 0.41
9 5.3 (0.2) 0.84 <0.0001 25.91 2 (5.
10 6.2 (0.2) 0.90 <0.0001 25.67 0.28

Al 6 571.7 (38.7) 0.78 <0.0001 14.78 2.13
7 205.1 (33.2) 0.15 <0.0001 6.18 8.45
8 89.2 (28.8) 0.05 0005 3.10 2.14
9 38.8 (12.5) 0.03 0.005 3.10 8.75
10 21.3 (12.3) 0.044 0.1 1.73 9.42
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3.3. Effect of pH on phosphate release

In Phase I, the Langmuir isotherm fitted slightly better than the
Freundlich isotherm (Table 3). LMB was able to precipitate 9.4 mg P
g−1 in Phase I at pH 7. In Phase II (release phase), LMB showed a slight
increase in its binding capacity from 9.4 to 10.6 mg P g−1 in the series
with unchanged pH 7, but this difference was not significant (H2 =
0.05; p = 0.98). In the series in which pH was changed from pH 7 to
pH 10, the performance of LMB increased less; from 9.4 mg P g−1 in
Phase I to 9.7 mg P g−1 in Phase II (Table 3; Fig. 3 (a)). Km was lowest
in Phase I and largest in Phase II in the series with elevated pH
(Table 3). Wilcoxon Signed Rank Test revealed no difference between
LMB binding capacity in Phase I and II (Z-Statistic (based on positive
ranks) = −1.568; p = 0.121).

AMZ adsorbed 8.8 mg P g−1 in Phase I of the adsorption experiment
at pH 7. In Phase II, in the series with unchanged pH (pH 7) the SRP ad-
sorption capacity of AMZwas somewhat reduced to 7.7mg P g−1 (Fig. 3
(b); Table 3). When pH was raised to pH 10, AMZ adsorption capacity
significantly decreased to 5.4 mg P g−1 (H2 = 6.36; p = 0.042) (Fig.3
(b)). A Dunn's Method test revealed that the adsorption capacities signif-
icantly differed betweenphase I and IIwhen pHwas changed (p=0.037).
reundlich isotherms. Qm is the SRP bindmaximum in Langmuir isotherm; Km is Michaelis-
brackets are the standard error (SE).

Freundlich isotherm

g P L−1) Km (mg P L−1) r2 KF n−1

(14.93) 0.28 (0.07) 0.71 4.90 (0.05) 0.11 (0.02)
(3.45) 0.79 (0.29) 0.001 3.82 (0.07) 0.02(0.02)
(0.57) 4.28 (1.74) 0.001 3.32 (0.06) 0.01(0.02)
(0.06) 23.1 (15.41) 0.031 3.25 (0.07) 0.03 (0.02)
(2.44) 0.41 (0.41) 0.28 1.27 (0.26) 0.23 (0.07)
(1.15) 2.34 (0.87) 0.89 4.06 (0.04) 0.14 (0.01)
(4) 0.69 (0.25) 0.94 3.46 (0.03) 0.15 (0.01)
(1.45) 2.44 (0.69) 0.79 2.59 (0.07) 0.18 (0.02)
56) 0.50 (0.18) 0.81 3.19 (0.05) 0.13 (0.01)
(1.16) 3.63 (0.86) 0.92 2.59 (0.04) 0.19 (0.01)
(6.25) 0.47 (0.16) 0.001 484.54 (796.32) 8.33 (0.19)
(12.5) 0.12 (0.08) 0.03 8000 (3.64E+6) −0.39 (0.1)
E+09 (12.5) 4.67E-10 (0.08) 0.001 197.95 (4.35) −0.82 (0.88)
(2.56) 0.11 (0.39) 0.001 43.38 (1.28) −8.33 (8.33)
(0.92) 0.11 (1.09) 0.001 43.82 (1.28) 3.45 (3.13)



Fig. 2. The SRPmaximum binding capacity of (a) LMB, (b) AMZ and (c) A1 at different pH
calculated by using Langmuir isotherms (fitted lines). Error bars indicate standard
deviation (n = 3).
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Similarly, the binding capacity between phase II changed pH and the un-
changed pH was significantly different (Z-Statistic (based on positive
ranks) =−4.015; p ≤ 0.001).

Al was able to adsorb 238.3 mg P g−1 in Phase I at pH 7. In Phase II
(release phase), Al showed a slight increase in its sorption capacity to
245.6 mg P g−1 in the series in which pHwas not changed, but this dif-
ference was not significant (H2 = 12.69; p = 1) (Table 3; Fig. 3 (c)).
However, when pH was raised to pH 10, Al binding capacity
6

significantly decreased to 68.3 mg P g−1 (H2 = 12.69; p = 0.002). The
pH changed caused a desorption of 169.9 mg P g−1, resulting in a SRP
concentration of about 21.5 mg P L−1 desorbed (Table 3). A Signed
Rank Test showed a significant difference in the binding capacity
between pH unchanged and pH changed to 10 in Phase II from Al
(Z-Statistic (based on positive ranks) = −3.657; p ≤ 0.001).

4. Discussion

In this study, we evaluated the performance of threematerials (LMB,
AMZ andAl) on their SRP binding capacity at different temperatures and
pH. We also compared Langmuir and Freundlich isotherms on their
suitability to describe phosphorus binding capacity; and similar to
other studies, we found that the Langmuir isothermal model was
more suitable (Liu et al., 2016;Mucci et al., 2018; Xu et al., 2017). There-
fore, our maximum binding capacity calculated for LMB, AMZ and Al
under different abiotic conditions were discussed using Langmuir
results.

Several studies have determined the influence of environmental fac-
tors like pH, DOC, anoxic condition and salinity on SRP binding capacity
of LMB and alum (Copetti et al., 2016; Li et al., 2019; Zamparas et al.,
2015). Yet, temperature, a critical environmental factor, has been stud-
ied less. In contrast to our hypothesis, warmer temperatures did not
lead to more SRP being immobilized by LMB. LMB precipitated SRP in
all the 6 temperatures testedwithout a clear pattern among the temper-
atures, although the maximum binding capacity dropped significantly
when the temperature exceeded 30 °C (Table 1, Fig. 1 (a)). Contrary to
our findings, He et al. (2017) showed that lanthanum-modified zeolite
increased its P precipitation capacity from 14.8 mg g−1 to 17.2 mg g−1

when temperature increased from 20 to 40 °C. Haghseresht et al.
(2009) reported that the maximum SRP binding capacity of LMB
(10.5 mg g−1) was reached at 35 °C, but with four runs (9.5 mg g−1 at
10 °C, 9.5 and 10.2 mg g−1 at 23 °C and 10.5 mg g−1 at 35 °C) no conclu-
sions on a temperature effect can be drawn from that study. It is known
that when temperature increases, the kinetic energy increases, so the
particles move faster which allows higher chances of interaction be-
tween PS and SRP. However, in our experiment, we used a shaker that
already increased the chances of collision between SRP and the PS,
thus, the shaker could have hampered the temperature effect. As for
LMB, there are hardly any articles about the influence of temperature
on the adsorption performance of AMZ. The efficiency of applying AMZ
at a high temperature (35 °C) was 654% higher than that at medium
temperature (25 °C) and was 375% higher than that of applying LMB at
the same temperature (35 °C). Although, at 35 °C it seems that the equi-
librium for AMZ was not completely achieved, thus it can be that the
maximum adsorption capacity for this temperature was overestimated
and might never be achieved under realistic SRP concentrations. High
temperatures favor the formation of monomeric and small polymeric
Al (Wanget al., 2003), and thus higher SRP adsorption could be expected
at warmer temperatures. Georgantas and Grigoropoulou (2007) ob-
served increased SRP removal by Al-hydroxideswith increasing temper-
ature and attributed this to breaking of Al(OH)3 polymers into smaller
particles creating a larger adsorption surface. In our study, no effect of
temperature on the SRP adsorption capacity of alum was observed.
The use of a shaking device may have overruled more subtle tempera-
ture effects that undoubtedly will play a role in situ, where, for instance,
at 5 °C the Al hydrolysis, polymerization, dispersion and floc settlingwill
be lower than at 30 °C (Georgantas and Grigoropoulou, 2007).

Most of the PS have been applied before the growing season (winter,
autumn or early spring in temperate systems) when algae have not yet
taken up the SRP released from the sediment. This is largely due to the
mechanism by which the modified clays works, which, different from
Al salts, are not a coagulant and thus only decreases phosphate and
not particulate P. However, even for Al salts, the best P adsorption re-
sults are achieved when more phosphate is available in the system be-
cause alum flocs decrease their binding capacities over time if dosed



Table 3
Estimated parameters for SRP binding capacity at different pH of each PS using Langmuir and Freundlich isotherms.

Material Phase series Langmuir isotherm Freundlich isotherm

Qm (mg P g−1) r2 p-Value t-Value Km (mg SRP L−1) SRP-release (μg P L−1) r2 KF n−1

LMB Phase I 9.4 (0.4) 0.72 <0.0001 24.43 0.06 (0.03) <LOD 0.75 6.05 (0.04) 0.11 (0.01)
Phase II a (pH unchanged) 10.6 (1) 0.46 <0.0001 10.77 0.17 (0.07) <LOD 0.30 1.22 (0.27) 0.27 (0.08)

b (pH changed) 9.7 (0.5) 0.78 <0.0001 19.21 0.26 (0.10) <LOD 0.67 1.71 (0.24) 0.13 (0.07)
AMZ Phase I 8.8 (0.3) 0.85 <0.0001 25.69 6.42 (0.01) <LOD 0.9 3.29 (0.04) 0.2 (0.01)

Phase II a (pH unchanged) 7.7 (0.4) 0.82 <0.0001 7.02 4.21 (1.38) 1744 0.65 1.27 (0.26) 0.16 (0.07)
b (pH changed) 5.4 (0.3) 0.79 <0.0001 18.74 1.99 (0.71) 5504 0.58 0.93 (0.36) 0.16 (0.10)

Al Phase I 238.3 (19.6) 0.34 <0.0001 12.17 0.11 (0.01) <LOD 0.15 117.92 (0.20) 0.19 (0.06)
Phase II a (pH unchanged) 245.6 (27.1) 0.36 <0.0001 9.05 0.25 (0.11) <LOD 0.14 106.7 (0.29) 0.22 (0.10)

b (pH changed) 68.3 (9.7) 0.04 <0.0001 7.04 0.07 (0.06) 21,466.82 0.10 55.63 (1.11) 0.11 (0.03)

Note: Qm is themaximumP binding capacity in Langmuir isotherm; Km isMichaelis-Menten constant; SRP-releasewas calculated based on SRP concentrations difference between phase I
and phase II series a or b; <LOD= below detected limit (10 μg SRP L−1); KF is Freundlich isotherm constant; n is an empirical constant; Values inside brackets are the standard error (SE).
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when little or no phosphate is available (Berkowitz et al., 2006; de
Vicente et al., 2008). This factor seems to be more important for effi-
ciency than temperature; however, additional studies will be needed
to develop a complete picture.

The ΔH during the SRP binding of three materials was
−81.27 kJ mol−1,−45.85 kJ mol−1 and -19.92 kJ mol−1 (Table 1), sug-
gesting that the binding of phosphate onto PS was exothermic. Yet,
there appeared to be no clear pattern in the SRP binding capacity of
the three PS for temperature. It might be that also the use of a shaker
in our study, overruled a temperature effect. As in our study, Qian
et al. (2017) did not find increased phosphate removal at warmer tem-
peratures using boehmite (aγ-AlO(OH))mineral) as PS.ΔS<0 showed
that the randomness at the solid-liquid interface decreases during the
binding process. The calculated enthalpy ΔH and entropy change ΔS
on the three products were negative, which indicated that the binding
process was enthalpy-driven rather than entropy-driven, since only
the negative sign ofΔH (but not the negative sign ofΔS) leads to the re-
action being favorable (Adamson and Gast, 1967). In addition, the ΔG
for LMB (−9.69 ~ −1.97 kJ mol−1), AMZ (−7.38 ~ −1.01 kJ mol−1)
and Al (−5.07 ~ −3.47 kJ mol−1) were negative, which demonstrated
a spontaneous process whereby the binding force was sufficient to
pass the energy barrier required for the reaction between the adsorbent
and the adsorbate (Liu et al., 2011).

In agreement with our hypothesis, we found that at the highest pH,
LMB had a lower SRP binding capacity (Fig. 2 and Table 2). In several
studies, SRP binding efficiency of LMB has been tested under different
pH values ranging from pH 4.6 to pH 9 (e.g., Gibbs et al., 2011; Mucci
et al., 2018; Noyma et al., 2016; Ross et al., 2008; Zamparas et al.,
2015). The LMB maximum binding capacity (9 mg P g−1) at pH 7 in
our study was higher than reported by Ross et al. (2008), who found
4.36mg P g−1, however, it was similar to values (10–12.3mg P g−1) re-
ported in other studies (Haghseresht et al., 2009; Zamparas et al., 2015;
Noymaet al., 2016;Mucci et al., 2018). Importantly, few studies have in-
vestigated the precipitation capacity at pH 10. In our study, LMB still
could precipitate SRP at pH 10, although themaximumprecipitation ca-
pacity was reduced by 50% compared to pH 6. The reduced removal ca-
pacity at pH 10 is a result of competition with hydroxyl ions for binding
sites. Similar observations have been made for SRP removal by
lanthanum-modified copper tailings (Jin et al., 2021). Li et al. (2019)
also observed lower LMB efficiency at higher pH, with a 30% reduction
in efficiency at pH 9 and a reduction of 80% at pH 10. It can, however,
be expected that the hindrance by hydroxyl ions will only cause a
delay in the formation of rhabdophane, but that over timemost lantha-
num will precipitate with phosphate. Such temporal hampering in SRP
removal has also been observed in the presence of humic substances
that delayed the formation of rhabdophane, but did not block it
(Dithmer et al., 2016).

Similar to LMB, we found that the adsorption capacity of Al salts de-
creased when pH increased (Fig. 2), which is consistent with another
study (Yang et al., 2006). When pH increased from 4.3 to 9.0, the P-
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adsorption capacity decreased from 3.5 to 0.7 mg P g−1 sludge (Yang
et al., 2006). The addition of alum may cause the pH to drop in lakes
with low alkalinity (Churchill et al., 2009), and at a low pH (below
pH 5.5) and pH higher than 8, Al might occur predominantly as Al3+

and Al(OH)4− (Georgantas and Grigoropoulou, 2007). These Al species
are unable to adsorb phosphate, which might explain the relatively
poor Langmuir fits in the experiment with pH higher than 8
(r2 < 0.04). In addition, these Al species can be toxic to aquatic
organisms (Yang et al., 2006). Therefore, Al salts should not be applied
when the pH falls outside the safety range (6 to 8). For instance,
Cooke et al. (2005) and Wagner et al. (2017) have mentioned fish kill
as a result of an aluminium treatment due to pH change. In field
applications, buffers such as the one we used here (sodium
aluminate) are commonly applied to avoid drastic pH change and
adverse consequences as fish kills (Jacoby et al., 1994; Nogaro et al.,
2013). Within the safe pH range (6 to 8), alum seems to perform
better at pH 6, as shown in our experiment and also by Georgantas
and Grigoropoulou (2007).

Contrary to our hypothesis, AMZ did not reduce its efficiency under
high pH. Our study revealed no significant difference in the SRP adsorp-
tion capacity of AMZ from the pH range pH 6 to pH 10, but the effect
AMZ exerted on pH probably had a main impact on these results. The
pH in our experiment had dropped from pH 9 and pH 10 at start to
pH 7.2 and pH 7.6, respectively (see Table S3), and thus the pH lowering
effect of AMZ may likely have prevented competition with hydroxyl
ions. Hence, AMZ has an effect on pH (lowering it by 1.8 and 2.4 units
at start pH 9 and 10), and was also found to decrease pH in sediment
by 0.3–0.5 pH units (Vopel et al., 2008). In our SRP release experiment
pH was elevated after 24 h of incubation compensating for acidity re-
leased from AMZ and effects of elevated pH became prominent. Few
other studies have investigated the influence of pH on the maximum
SRP adsorption capacities of AMZ. For instance, one study reported an
AMZ adsorption of 21.5 mg of P g−1 in lake water with pH 6 and 7,
which was reduced to 11.6 mg P g−1 at pH 8.9 (Gibbs et al., 2011),
while another study found adsorption capacities between 4.3 and
7.6 mg of P g−1 in the pH range from pH 6 to pH 9 without any clear re-
lation between its adsorption capacity and pH (Mucci et al., 2018).

There is less information on the effects of environmental factors on
AMZ ability to remove phosphate than for LMB and Al. AMZ has also
been used only occasionally in field applications, except for some trials
in New Zealand, AMZhas not yet been applied inwhole lake restoration
projects (Gibbs and Hickey, 2018; Tempero and Paul, 2015). Nonethe-
less, AMZ has great potential for phosphorus removal in the water col-
umn and in reducing the SRP release from the sediment (Li et al., 2017;
Mucci et al., 2018), and in lowering ammonium release (Gibbs and
Özkundakci, 2011), while no adeverse effects on freshwater fish,
crayfish, or mussels have been found (Clearwater et al., 2014). How-
ever, more information about AMZ efficacy at high pH is required as
well as potential the release of Al from the zeolite matrix under such
conditions.



Fig. 3. Effect of changes in pH on the SRP release of (a) LMB, (b) AMZ and (c) A1. Phase I is
the result at pH 7 after shaking 24 h; Phase II-pH unchanged is the result for keeping pH=
7 after shaking 48 h; Phase II-pH changed is the result of adjusting pH to 10 after shaking
48 h. Error bars indicate standard deviation (n = 3).
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Contrary to our hypothesis not all of the products tested released P at
higher pH (pH 10) (Fig. 3; Table 3). When pH changed from 7 to 10,
AMZ desorbed approximately 39% of its adsorbed P, and alum desorbed
approximately 71% of adsorbed P, while there was no release from LMB.
Oppositely, LMB slightly improved its precipitation capacity when pH
was changed to 10 (Phase II); however, this improvement was less
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than in incubations kept at pH 7, demonstrating ongoing SRP binding
but also competition with hydroxyl ions as mentioned before. The
higher SRP binding capacity in Phase II compared to Phase I at un-
changed pH is caused by the contact time; in Phase I, LMBwas in contact
with SRP for 24 h, while at the end of Phase II the contact timewas 48 h.
Once the active ingredient of LMB, La precipitates with phosphate, it
forms minerals with low solubility (i.e. rabdophane and monazite),
which will not be solubilized at pH 10 (Firsching and Brune, 1991).

Differently from LMB, Al does not bind phosphate via precipitation,
but via adsorption (Fig. S1); thus the SRP release at pH 10 in AMZ and
Al treatments is likely a result of the higher solubility and thus the dis-
solution of amorphous Al(OH)3. Hence, Al salts and AMZ should be
avoided in shallow lakes where pH can go up to pH 10. This has been
mentioned by Reitzel et al. (2013) about aluminium salts, but for
AMZ, such a study has never been done. AMZ differs from alum in phys-
ical and chemical properties, with higher density and lower weight-
specific P binding capacity (Clearwater et al., 2014). In AMZ the added
aluminium is in the formof poly-aluminium chloride, whichwould sug-
gest the phosphate removal mechanism to be similar to that of alum.
Although our results indicated a relatively lower impact of elevated
pH on AMZ than on Al, the earlier mentioned effect AMZ had on lower-
ing pH seems a plausible confounding factor that warrants further
investigation. In alum, the binding capacity not only decreases with
pH, but also with the aging of the formed aluminium hydroxide flocs
(Berkowitz et al., 2006; De Vicente et al., 2008). For instance,
Berkowitz et al. (2006) found for alum added to Big Bear Lake water
that the maximum sorption capacities decreased with increasing alum
floc age, a maximum binding capacity of 30 mg P g−1 Al(OH)3
for freshly-formed, amorphous material to about 15 mg P g−1 Al(OH)3
after 180 days. If an aging effect will occur in AMZ needs to be
determined.

The Km value provides insights into the speed of the reaction
between PS and SRP, while also considering the amount of saturation
required (Mosier and Ladisch, 2009). A lower Km value indicates that
the PS requires only a small amount of phosphate to reach itsmaximum
binding capacity, while a higher Km value indicates that a higher
concentration is required (Mucci et al., 2018). In this study, the overall
Km value of LMB and Al was lower than that of AMZ in all conditions,
which means LMB and Al needed lower phosphate concentrations to
achieve their maximum binding capacity than AMZ, suggesting better
performance under realistic phosphate concentrations (Tables 1 and
2). Although the binding capacity of LMB and AMZ was the largest at
30 °C and 35 °C, respectively, both of the reaction rateswere the slowest,
which means that a high concentration of phosphate was required to
reach the maximum binding capacity at these temperatures.

In recent decades, the need for cost-effective and eco-friendly PS has
increased to mitigate eutrophication nuisance via in-lake reduction of
SRP and lowering the internal P load. Thesematerials will be considered
based on safety, costs, availability and efficacy (Douglas et al., 2016;
Lürling et al., 2020; Lürling et al., 2016). All three compounds tested
are capable of reducing the SRP concentration in water, yet only two
of them (LMB and Al) have been applied widely in hundreds of water
bodies up to now (e.g. Copetti et al., 2016; Huser et al., 2016). Inasmuch
as AMZwill settle to the sediment rapidly, AMZmight be an alternative
for sediment injection with Al salts (Schütz et al., 2017). From a safety
perspective, a large number of studies have shown that LMB is not
toxic to non-target organisms (Copetti et al., 2016; Van Oosterhout
and Lürling, 2011; Waajen et al., 2016). The active ingredient in LMB
(lanthanum) was elevated after LMB applications in macrofauna and
(cray) fish, but no detrimental effects were noted (van Oosterhout
et al., 2014; Waajen et al., 2016). Hence, LMB is a powerful PS to be
used in lakes that suffer from internal load issues. Likewise, laboratory
assays revealed that AMZ has no side effect on the survival or growth
of crayfish, mussels or fish (Clearwater et al., 2014). Thus, AMZ may
also be a good candidate for P control in surface water that experiences
a strong impact from internal P load.
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Given that AMZ is based on a zeolite, simultaneous reduction of SRP
and ammonium release of sediments could be achieved (Gibbs and
Özkundakci, 2011), which may attract the attention of water quality
managers. These two solid phase P sorbents may be an alternative to al-
uminium salts in reducing sediment P release, mainly in places where
aluminium addition is prohibited. However, Al salts also have coagulat-
ing properties, and therewith water column clearing potential besides
being cheaper than AMZ and LMB (Lürling et al., 2020). Overall, which
compoundor combination of compoundswill bemost suitedwill follow
from a proper diagnosis of the problem, taking into account not only
policy, cost, safety, availability, and efficacy, but also abiotic factors
such as pH.

5. Conclusion

Lanthanum-modified bentonite (LMB), aluminium modified zeolite
(AMZ) and aluminium salts (Al) all showed good SRP binding capacities
at different temperatures and pH. Langmuir isotherm model provided
better fits than Freundlich isotherm model; LMB reached its maximum
binding capacity at relatively low phosphate concentrations compared
to AMZ and Al; the adsorption of phosphate onto PS was exothermic.
LMB and Al did not show any clear pattern in their binding capacity at
different temperatures, AMZ seems to perform better at 35 °C. All the
three products performed better at pH 6, while AMZ efficiency was
not affected by an increase in pH, LMB and Al decreased their efficiency
under high pH. AMZ and Al desorbed P when pH changed to 10, while
LMBwas not affected. Therefore, pH and temperature have different ef-
fects on each PS material. Abiotic factors, specifical pH, should be taken
into consideration while defining the most suitable PS.
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