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ABSTRCT: Lanthanum-bearing materials have been widely used to remove
phosphorus (P) especially orthophosphate in water treatment. However, its binding
ability and interaction mechanism to other P species in natural waters such as organic
phosphate and condensed phosphate are not well understood. Here, a
lanthanum/aluminum-hydroxide (LAH) composite was used to investigate its
adsorption efficiencies and mechanisms to myo-inositol hexakisphosphate (IHP) and
pyrophosphate (Pyro-P) with the contrast of orthophosphate (Ortho-P). The maximum
IHP and Pyro-P adsorption capacities by LAH were 36.4 mg P g and 21.8 mg P g7,
respectively. Zeta potential, *!P solid-state nuclear magnetic resonance (NMR)
spectroscopy and P K-edge X-ray absorption near edge structure (XANES) analyses
possibly indicated that the interaction between LAH and P species was surface
adsorption by the formation of inner-sphere complexes. Liner combination fitting
results of XANES showed that IHP and Pyro-P were preferentially bonded with
La-hydroxide in LAH under alkaline conditions (pH 8.5). This work elucidates the
adsorption properties and mechanisms of IHP and Pyro-P on lanthanum bearing
compounds at the molecular level, indicating that LAH was a promising material for
eutrophication control.
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1. INTRODUCTION

Phosphorus (P) is an essential nutrient for biological organisms, but excessive P
input is a main factor to trigger eutrophication in freshwater and coastal ecosystem.!:2
Over recent decades, great efforts have been made in developing ecologically benign
and cost-effective P removal materials.® In particular, lanthanum (La) bearing
materials have been considered as a useful tool to control P enrichment in lake
restoration, owing to its superior P adsorption capacity, low P release rate, and wide
applied pH range.*” Previous studies of P removal using La-bearing materials
primarily focused on locking inorganic phosphate i.e. orthophosphate (Ortho-P),
which is one of the most predominant P species in aquatic ecosystem and can be used
by bacteria, algae, and aquatic plants directly.10

In addition to bioavailable Ortho-P, there are several other species of dissolved P
existed in water bodies, such as organic phosphate and condensed phosphate (pyro-,
meta-, and polyphosphate).’* Myo-inositol hexakisphosphate (IHP) is the most
abuntant organic phosphate in lake sediments.'® 13 It can be released into waters under

anaerobic conditions and can be used by aquatic organims indirectly.!* Condensed

phosphate for example sodium pyrophosphate (Pyro-P) is widely applied as fertilizers
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in soils and may enter waters through leaching and surface runoff.’® Furthemore,
organic phosphate and condensed phosphate can be hydrolyzed to Ortho-P by
extracellular phosphatase or phytases and then may be used as potentially bioavailable
P pool for aquatic organisms.*> 16 17 Such accumulation of various P species may
finally increase the environmental risk of eutrophication.'® Hence, it is necessary to
focus on different P species except for Ortho-P to mitigate eutrophication in
geo-engineering for lake restoration.

The binding properties of P species on the adsorption materials possibly dominate
their behaviors in water bodies. It has been reported that organic phosphate and
condensed phosphate are adsorbed on Fe- (hydro)oxide, Al- (hydro)oxide, and
titanium dioxide by forming inner-sphere complexes.**2* However, little information
is available about the fate of organic phosphate and condensed phosphate after
La-bearing materials application in aquatic environments. Such lacking of P binding
properties with lake restoration materials is not beneficial to understand the potential
influence of La-bearing materials and P migration process in water bodies.

Solid state nuclear magnetic resonance (SSNMR) spectroscopy is a versatile
technique to study the binding mode of different P species on environmental materials,
for instance P bonded on iron oxyhydroxides,?? gibbsite and kaolinite,?® and
amorphous aluminum hydroxide.?* X-ray absorption near edge structure (XANES)
spectroscopy can provide detail information on local chemical environment of the
specific element, which has been widely used to distinguish various P species in soils
and sediments.?> 26 By using the element-specific and in situ techniques of 3P
SSNMR and P K-edge XANES, we can obtain the molecular level information of
different P species associated with La-bearing materials and predict their performance

when application in aquatic environments
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Our recent study has demonstrated that lanthanum/aluminum hydroxide composite
(LAH) exhibited highly effective adsorption capacity of Ortho-P.}° These observations
promote the hypothesis that LAH may also show an affinity to IHP and Pyro-P existed
in water bodies. The objective of this study is to investigate the removal properties of
LAH to IHP and Pyro-P and illustrate their adsorption mechanisms at the molecular
level. The properties of three P compounds associated with LAH, including potassium
dihydrogen phosphate, inositol hexakisphosphate acid sodium salt, and sodium
pyrophosphate, were studied by batch experiments and multiple characterization
techniques. The experiments of adsorption isotherm, desorption behavior, and
adsorption kinetics were conducted to determine the macroscopic binding properties
of three P species on LAH. 3P SSNMR and P K-edge XANES techniques were used
to explore the microstructures of P bonded on LAH. Liner combination fitting (LCF)
analysis was used to investigate the P distribution proportions with La-hydroxide and
Al-hydroxide in LAH. The results of our study has demonstrated the interaction
mechanism of IHP and Pyro-P with LAH, which is important to design and implement
La-bearing materials for eutrophication control.

2. MATERIALS AND METHODS
2.1. Materials.

Three species of P were used in this study, including potassium dihydrogen
phosphate (KH2POs, Ortho-P), inositol hexakisphosphate acid sodium salt
(CeHoNagO24Ps, IHP), and sodium pyrophosphate (NasP207-10H20, Pyro-P). All
reagents were obtained from sigma-aldrich (Saint Louis, MO, USA). The commercial
product Phoslock was purchased from Phoslock Water Solutions Ltd., Australia.

2.2. Preparation of LAH.

LAH was synthesized using the same method described in our previous study.*



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

Amounts of analytical grade LaCls-7H20 and AICIs were dissolved in 200 mL
deionized water to obtain a La/Al molar ratio of 1:10 and followed by adding 2 mol
L' NaOH solution at 60 °C until pH 9.0. Then the mixture was stirred at 60 °C for
another 2 h. Precipitates were aged for 24 h, then separated by centrifugation, washed
with deionized water, and freeze-dried for 24 h. The La mass proportion of LAH was
13.1%.%° Powders of La(OH)s and AI(OH)s were synthesized by the same process to
act as controls.!® The detailed characterizations of LAH were published in our
previous studies.°

2.3. Adsorption and desorption experiments.

The P adsorption experiments were conducted in 50 mL polypropylene tubes at
25 °C. LAH (1 g LY was mixed with various concentrations of P solutions in 0.01
mol L NaCl background. The solution pH was adjusted to 8.5 + 0.05 with 0.10 mol
L HCI and 0.10 mol L™* NaOH and shaken at 170 rpm at 25 °C for 48 h. Zeta ()
potentials of LAH samples after P adsorption were measured by a Zetasizer Nano ZS
potential analyzer (Malvern, United Kingdom). The P adsorption capacities of LAH
and Phoslock were also determined with initial P concentration 1 mmol L™ at pH 8.5
+ 0.05 under 0.01 mol L* NaCl background.

In order to explore P desorption capacity of LAH, the desorption experiments were
conducted. Adsorbents (1 g L) were added to 50 mL polypropylene tubes with initial
P concentration 1 mmol L in 0.01 mol L NaCl background. The solution pH was
adjusted to 8.5 £ 0.05 and shaken at 25 °C for 48 h. After the adsorption equilibrium
was reached, the exhausted solutions were centrifuged to preserve 10 mL suspension
at the bottom, and 0.01 mol L NaCl solution was added to keep the same ionic
strength. The experimental conditions of desorption experiments were carried out the

same as former adsorption studies.



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

The concentrations of Ortho-P were measured by ascorbic acid method using a
UV-756 PC spectrophotometer at 880 nm (Shanghai Sunny Hengping Scientific
Instrument CO. Ltd., China). IHP and Pyro-P were hydrolyzed to inorganic phosphate
by persulfate acid digestion and then determined using the same method as Ortho-P.?"
28
2.4. Adsorption kinetic experiments.

The adsorption kinetic experiments were carried out with initial P concentration 1
mmol L™ in 0.01 mol L* NaCl background. The solution pH was maintained at 8.5 +
0.05 and the contact time was from O h to 48 h. The samples were taken over a period
of time and filtered through a 0.45 pm syringe nylon-membrane filter. The P
concentration was determined as the former method in adsorption and desorption
experiments.

2.5. Solid-state 'P nuclear magnetic resonance measurements.

Solid-state 3P nuclear magnetic resonance (NMR) spectra of LAH adsorption
samples were obtained on a 600 MHz JNM-ECZ600R/M1 spectrometer (14.1 T) at
ambient temperature (22 °C). The 3P operating frequency was 242.95 MHz. Samples
were contained in 3.2 mm (0.d.) ZrO:z rotors at a spinning rate of 10 kHz. The 3P
spectra were obtained with an excitation 40° pulse of 0.1 us with a 2 s relaxation
delay. The pulse delay was optimized at 2 s to obtain an optimal signal-to-noise ratio.
2.6. P K-edge XANES data collection and analysis.

All XANES spectra were obtained in fluorescence yield mode at Beamline 4B7A at
the Beijing Synchrotron Radiation Facility (BSRF), China. Measurements were
conducted at energy ranging from —30 to +90 eV relative to P K-edge energy at 2152
eV with a minimum step size of 0.2 eV between 2140 and 2180 eV. Each spectrum

was baseline corrected and normalized by ATHENA program.?® The proportions of
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Ortho-P, IHP, and Pyro-P bonded on La- and Al- hydroxides in LAH samples were
determined by liner combination fitting (LCF) analysis. Samples of three P
compounds bonded on contrast adsorbents La(OH)s and AI(OH)s with Ortho-P (30.9
mg P g La/15.7 mg P g* Al), IHP (30.8 mg P g La/18.7 mg P g Al) and Pyro-P
(13.0 mg P g La/14.7 mg P g* Al) were used as standards in LCF analysis,
respectively.

3. RESULTS

3.1. Phosphate adsorption and desorption.

The IHP and Pyro-P adsorption isotherms for LAH were L-curves (Figure 1) and
were fitted to Langmuir equation with r? values of 0.999 and 0.999, respectively
(Table S1). The maximum IHP and Pyro-P adsorption capacities by LAH were 36.4
mg P g* and 21.8 mg P g%, respectively. The ratio of Qm (Ortho-P)/Qm (IHP) was 1.9,
suggesting that IHP may bind on LAH surface through two of its six phosphate groups
and with the other four phosphate groups free and dissociated. Compared to
commercial product Phoslock, the Ortho-P, IHP, and Pyro-P adsorption capacities of
LAH were 2.7, 1.1, and 3.0 times higher than those of Phoslock at initial P

concentration 1 mmol Lt at pH 8.5, respectively (Figure S1).

50

Q(mgPgh

® [HP
4 Pyro-P
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Figure 1. Langmuir adsorption isotherms of IHP and Pyro-P on LAH. The
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experimental condition: temperature =25°C, adsorbent dosage =1 g L™, pH =8.5, and
reaction time =48 h.

The ¢ potentials of LAH samples after P adsorption all showed a decreasing trend
with increasing P adsorption amounts (Figure 2). Additionally, LAH samples with IHP
bonded had relatively lower { potentials than those of Ortho-P (Figure 2). The P
desorption on LAH was also conducted at initial P concentration 1 mmol L at pH 8.5
(Figure S2). The results showed that the desorption rates of Ortho-P, IHP, and Pyro-P

of LAH were 0.16%, 0.28%, and 0.40% (Figure S2), respectively.
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Figure 2. The ¢ potentials of LAH after Ortho-P, IHP, and Pyro-P adsorption as a
function of total P bonded amounts. Regression fits to the data are shown as solid
lines.

3.2. Phosphate adsorption Kinetics.

The adsorption kinetic studies of LAH with Ortho-P, IHP, and Pyro-P were shown in
Figure 3. The P adsorption capacities of LAH all increased with contacting time and
then kept equilibrium. Ortho-P, IHP, and Pyro-P bonded on LAH reached equilibrium
after 24 h, 20 h, and 24 h at initial P concentration 1 mmol L (Figure 3a),
respectively. The adsorption of Ortho-P, IHP, and Pyro-P followed the pseudo-second
order kinetics with r? values of 0.999, 0.999, and 0.997 (Table S2), respectively. The

rate constants (K) of LAH with Ortho-P, IHP, and Pyro-P were 0.052, 0.064, and

9
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189  Figure 3. Kinetic studies for Ortho-P, IHP, and Pyro-P adsorption on LAH (a) and its
190  pseudo-second-order fitting plots (b). The experimental condition: temperature =25°C,
191  adsorbent dosage =1 g L%, pH =8.5, and reaction time =48 h.

192 3.3. Solid-state *'P NMR.

193 The 3P SSNMR spectra for P bonded on LAH were shown in Figure 4. The 3P
194  NMR spectrum of Ortho-P bonded on LAH had two major resonances with chemical
195  shifts at Sp-31 = 2.00 and -1.95 ppm. The 3P NMR spectrum of IHP bonded on LAH
196  exhibited a main peak at 8p-31 = -0.76 ppm with a shoulder at dp-31 = -3.47 ppm. The
197  spectrum for Pyro-P bonded on LAH showed two major peaks at dp-s1 = -4.33 and

198  -5.74 ppm.

10
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Figure 4. Solid-state 3P NMR spectra of Ortho-P, IHP, and Pyro-P bonded on LAH
with initial P concentration 2 mmol L™* at pH 8.5.
3.4. P K-edge XANES.

Normalized P K-edge XANES spectra for Ortho-P, IHP, and Pyro-P bonded on LAH
were shown in Figure S3. The full width at half-maximum height (fwhm) of
white-line peaks of XANES spectra for P bonded on LAH as a function of P adsorbed
amounts were shown in Figure 5. The trends indicated that there were no positive
correlations between the fwhm and Ortho-P, IHP, and Pyro-P due to the low r? values

(0.58, 0.26, and 0.20, respectively) for linear regressions.

11
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Figure 5. The fwhm of the white-line peaks of XANES spectra for Ortho-P (a), IHP\
(b), and Pyro-P (c) bonded on LAH as a function of P adsorbed amounts. Regression
fits to the data are shown as solid lines.

According to our previous study, LAH were mainly composed of AlI(OH)s and
La(OH)3.° The distribution proportions of Ortho-P, IHP, and Pyro-P bonded on
La-hydroxide and Al-hydroxide were determined using LCF analysis.®® 3 LCF results
showed that the proportions of Ortho-P bonded with La-hydroxide (La-P) were 51.4%
- 91.2%, which were higher than those with Al-hydroxide (Al-P) of 48.6% - 8.8%
(Figure 6 al-a4). For LAH samples with IHP bonded, the proportions of IHP
associated with La-hydroxide (La-P, 74.5% - 94.5%) were much higher than those
with Al-hydroxide (Al-P, 25.5% - 5.5%) (Figure 6 b1-b4). Additionally, the

proportions of Pyro-P bonded with La-hydroxide (La-P, 59.1% - 89.3%) in LAH were

also higher than those with Al-hydroxide (Al-P, 40.9% - 10.7%) (Figure 6 c1-c4).

12

Commented [PG2]: Only 4 points, may be a problem.

Consider move to SI?




223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

= T
(al) Q=97mgPg" (22) Q=295mgPyg’ (43) Q=473 mgPy" (4) Q=617 mgPg
o XANES data o XANLS data o XANES data o XANES data
Fit (¢ =0.027) Fit (' =0.005) Fit (f =0.004) Fit ( =0.040)

'R - - - La-P (91.2%)
—ime AL (8.8%)

=== La-P(561%) - - — La-P (51.4%) Lo - La-P(54.6%)

—eoms ALP (43.9%) AL-P (45.4%)

o ALP (48,6%)

c = w s oa

Noe =W e

2140 2150 21600 2170 2180 2190

~

40 2150 2160 2170 2180 2190

1) Q=7.6mg Py’ (2) Q=153 mgp g’ ®3) Q=302mgPg’ (b4) Q=355 mg P ¢*
o XANES data o XANES data o XANES data
Fit (4 =0.003) Fit (' =0.007) Fiit (' =0.022)
-~ La-P (745%) == - LaP(915%) - = - La-P(93.9%)

- ARP (25.5%)

== ALP (8.5%) = ARP(6.1%)

5
6
5
4
3
2
1
o
140 2150 2160 2170 2180 2190 2140 2150 2160 2170 2180 2190
6
E
4
3
2
1
[
2

140 2150 2160 2170 2180 2190 2140 2150 2160 2170 2180 2190 2140 2150 2160 2170 2180 2190

Normalized absorption
B N T N . |

= ALP (36.8%)

(1) Q=100 mgP g 6] (@) Q=184 mgry! 6] (€3 0=207mgpg’ (c4) Q=219mgPg’
o XANES data o XANES data H o NANFS data o XANES data
Fit ¢ =0.007) Fit (7 =0.030) i Fit ( =0.039)
- - - La-P (89.3%) - - - LaP (59.1%) : - - - La-P (68.4%) - - - La-P (63.2%)
2

6

s

Fit (o =0.031) 4
o ALP (316%) 3
2

1

T
6
5
4
3
2
1
o
2140 2150 2160 2170 2180 2190
7
6
5
4
3
2
1
0

5
4
—me AP (10.7%) 3 B - ALP (40.9%)
2
1
13

2140 2150 2160 2170 2180 2190 2140 2150 2160 2170 2180 2190 2140 2150 2160 2170 2180 2190 2140 2150 2160 2170 2180 2190

Energy (eV)
Figure 6. Linear combination fitting for LAH samples after Ortho-P (a), IHP (b), and
Pyro-P (c) adsorption with weighted components of La-P and Al-P.
4. DISCUSSION
4.1. Phosphate adsorption on LAH

Compared to the positive ¢ potential of pristine LAH (+10 mV) at pH 8.5, the ¢
potentials of LAH samples with Ortho-P, IHP, and Pyro-P bonded all decreased with
increasing P adsorbed amounts (Figure 2). The results might suggest that three P
species were bonded on LAH surfaces by forming inner sphere complexes.®? % The ¢
potentials of LAH samples with Ortho-P, IHP, and Pyro-P bonded were linearly
related to the total P adsorbed amounts with r? values of 0.932, 0.998, and 0.994
(Figure 2), respectively. Such trends of { potentials indicated that the process of
surface adsorption occurred in the reaction between LAH and three P species.®*
Because if surface precipitation dominated in the interaction process, there would be
no significant change in the surface groups responsible for surface charge i.e.
potentials.®* Additionally, the adsorption Kinetics of Ortho-P, IHP, and Pyro-P were all
fitted to the pseudo-second-order model (Table S2), possibly suggesting that the
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process of P adsorption on LAH might be chemisorption.®® For the 3P SSNMR
spectra, it was reported that the chemical shifts of nonreacted Ortho-P, IHP, and
Pyro-P appeared at dp-31 = 1.31, -0.5, and -4.65 ppm, respectively.?* % In this study,
the peaks in the 3P SSNMR spectra of Ortho-P, IHP, and Pyro-P bonded on LAH at
dp-31 = 2.00, -0.76, and -4.33 ppm could thus be assigned to the free phosphate groups
adsorbed on LAH. While the peaks at dp-31 = -1.95, -3.47, and -5.74 ppm could be
attributed to the phosphate groups bonded on LAH (Figure 4), respectively.?® 7 38
Some studies have demonstrated that surface precipitates was shifted to high negative
field (8p-31 = -11 to -30 ppm) and signals appearing between 0 and -11 ppm were due
to inner-sphere complexes.®” Hence, the results of 3P NMR analysis further indicated
that the formation of inner-sphere P surface complexes was the dominant mechanism
on LAH surfaces.

In order to illustrate the mechanism of surface adsorption at the molecular level, we
have determined the P K-edge XANES spectra (Figure S3) and calculated the fwhm
of white-line peaks of XANES spectra for samples of Ortho-P, IHP, and Pyro-P
bonded on LAH (Figure 5). The fwhm values of spectra for Ortho-P, IHP, and Pyro-P
bonded on LAH showed no positive correlations with the total P sorbed amounts
(Figure 5), respectively. It was reported that surface precipitate of Al-phosphate was
formed on the basis of the evidence that the fwhm of the white-line peaks in XANES
spectra for Ortho-P bonded on boehmite, non-xI Al-hydroxide or goethite-boehmite
mixtures positively correlated with increasing total Ortho-P sorbed amounts.®* The
XANES information possibly provided strong evidence that it is surface adsorption
not precipitation played a role in the adsorption of Ortho-P, IHP, and Pyro-P by LAH.
In our previous study, we have found that there were oxygen defects on LAH surfaces,

which might provide special adsorption sites to Ortho-P.1° Hence, we could infer that
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these oxygen defects might also present as active adsorption sites for IHP and Pyro-P.
Adsorption isotherm results showed that IHP could bond on LAH surfaces through

two of its six phosphate groups (Table S1), thus resulting in more negative surface
charge of LAH with adsorbed IHP than those of Ortho-P (Figure 2). Owing to the
much stronger negative surface charge of IHP,* it could be removed a little faster (20
h, Figure 3) via stronger electrostatic attraction compared to Ortho-P and Pyro-P (24 h,
Figure 3). However, because IHP had a larger molecule size and stronger steric
hindrance than Ortho-P,*% 4! the maximum IHP binding capacity of LAH (36.4 mg P
g, Table S1) was less than that of Ortho-P (70.4 mg P g').2 Moreover, LAH had the
lowest adsorption capacity of Pyro-P (21.8 mg P g?, Table S1), which possibly
because that Pyro-P had a weaker metal-complexing power owing to its cyclic
structure.*?
4.2. P distribution on LAH

The distribution proportions of Ortho-P, IHP, and Pyro-P bonded on La-hydroxide
and Al-hydroxide in LAH were obtained by LCF analysis.?> “® The proportion of
Ortho-P associated with La-hydroxide were 10.4 times higher than that with
Al-hydroxide when total Ortho-P adsorbed amount was 9.7 mg P g* at pH 8.5 (Figure
6al). With increasing Ortho-P adsorbed amounts (29.5, 47.3, and 61.7 mg P g?,
respectively), the proportions of Ortho-P bonded with La-hydroxide were 1.3, 1.1, and
1.2 times higher than those with Al-hydroxide (Figure 6a2-a4). The fitting data about
Ortho-P indicated that the adsorption active sites on La-hydroxide might tend to
become saturated compared to lower Ortho-P adsorbed amount (9.7 mg P g). For
IHP, it was reported that IHP was initially adsorbed on amorphous Al-hydroxide and
then transformed to surface precipitates from pH 3.5 to pH 7.0.2* In this study,

according to P K-edge XANES and 3P SSNMR analyses, our work demonstrated that
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IHP always showed a more preferable distributions on La-hydroxide (74.5% - 94.5%,
Figure 6b) than those with Al-hydroxide (25.5% - 5.5%, Figure 6b) in LAH via
surface adsorption at alkaline condition pH 8.5. Additionally, Pyro-P was
preferentially bonded with La-hydroxide at pH 8.5 depending on the higher Pyro-P
proportions associated with La-hydroxide (59.1% - 89.3%, Figure 6c¢) than those of
Al-hydroxide (40.9% - 10.7%, Figure 6c). The LCF analysis showed that
La-hydroxide had a remarkable P binding ability to different P species at the
molecular level. The preferences of Ortho-P, IHP, and Pyro-P on La-hydroxide and
Al-hydroxide might provide a theoretical guidance to synthesize novel P locking
materials for various P species removal in water treatment.

4.3. Environmental implications

The interfacial reactions between different P species (e.g. inorganic phosphate,
organic phosphate, and condensed phosphate) and lake restoration materials can
greatly influence the transformation, mobility, and dynamics of P and the chemistry of
materials in natural systems, thus affecting the biomass production of ecosystems.*
Our study is the first to determine the adsorption properties and interaction
mechanisms of different P species such as Ortho-P, IHP, and Pyro-P on
La/Al-hydroxide composite. It advances the knowledge of using La-bearing materials
for effective adsorption of different P species. Our previous studies have demonstrated
that LAH had the highest Ortho-P adsorption capacity at pH 4.0 and relatively lower
Ortho-P adsorption capacity at pH 8.5.2° In this study, all the experiments were
conducted at pH 8.5. The results showed that LAH also has excellent adsorption
capacities to IHP and Pyro-P compared to commercial available Phoslock (Figure S1),
which could significantly control the concentration of total P in water bodies and

block excessive P source for aquatic organisms growing. Owing to higher P binding
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ability to La-hydroxide (Figure 6), LAH exhibited low P desorption rates at typical
lake pH 8.5 (Figure S2). Our work has demonstrated that P was bonded on LAH
surface via adsorption mechanism not surface precipitation, which might be a stable P
storage from the view of P recycling. To better understand the environmental behavior
of LAH when using in geo-engineering lake restoration, further studies with respect to
the interaction between LAH and different P species dissolved from sediments should
be taken into account.*® According to LCF analysis, we can exactly determine the
contribution of La-hydroxide versus Al-hydroxide to different P species in LAH. Such
molecular level information could also provide a guide to develop new
multifunctional P removal materials in the future.
5. Conclusions

In this study, the removal efficiencies and adsorption mechanisms of IHP and
Pyro-P with the contrast of Ortho-P by LAH composite were investigated. The
maximum IHP and Pyro-P adsorption capacities by LAH were 36.4 mg P g* and 21.8
mg P g7, respectively. The { potentials of LAH samples with Ortho-P, IHP, and
Pyro-P bonded all decreased with increasing P adsorbed amounts. For the 3P SSNMR
spectra, the peaks at dp-31 = -1.95, -3.47, and -5.74 ppm could be attributed to the
phosphate groups bonded on LAH, respectively. The trends of fwhm indicated that
there were no positive correlations between the fwhm and Ortho-P, IHP, and Pyro-P
due to the low r? values (0.58, 0.26, and 0.20, respectively) for linear regressions. The
LCF analysis showed that La-hydroxide had a remarkable P binding ability to
different P species at the molecular level. Zeta potential, NMR spectroscopy and P
K-edge XANES analyses possibly indicated that the interaction between LAH and P
species was surface adsorption by the formation of inner-sphere complexes.
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Supporting Information

More detailed information about (1) Langmuir isotherm parameters of LAH (Table
S1); (2) pseudo-second-order model constants and correlation coefficients of LAH
(Table S2); (3) P adsorption capacities of LAH and Phoslock (Figure S1); (4) P
desorption rates to LAH (Figure S2); and (5) normalized XANES spectra of LAH
with bonded Ortho-P, IHP, and Pyro-P (Figure S3).
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