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• We studied mechanisms of PO4 removal
by La2(CO3)3 and other La-containing ma-
terials.

• PO4 removal occurred primarily by pre-
cipitation of LaPO4.

• PO4 removal rates increased with decreas-
ing solution pH.

• La2(CO3)3 selectively removed PO4 from
wastewater.

• Low solubility of La2(CO3)3(s) minimizes
release of soluble La into the environment.
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Removing phosphorus (P) from water and wastewater is essential for preventing eutrophication and protecting envi-
ronmental quality. Lanthanum [La(III)]-containing materials can effectively and selectively remove orthophosphate
(PO4) from aqueous systems, but there remains a need to better understand the underlyingmechanism of PO4 removal.
Our objectiveswere to 1) identify themechanismof PO4 removal by La-containingmaterials and 2) evaluate the ability
of a new material, La2(CO3)3(s), to remove PO4 from different aqueous matrices, including municipal wastewater. We
determined the dominant mechanism of PO4 removal by comparing geochemical simulations with equilibrium data
from batch experiments and analyzing reaction products by X-ray diffraction and scanning transmission electron mi-
croscopy with energy dispersive spectroscopy. Geochemical simulations of aqueous systems containing PO4 and La-
containing materials predicted that PO4 removal occurs via precipitation of poorly soluble LaPO4(s). Results from
batch experiments agreed with those obtained from geochemical simulations, and mineralogical characterization of
the reaction products were consistent with PO4 removal occurring primarily by precipitation of LaPO4(s). Between
pH 1.5 and 12.9, La2(CO3)3(s) selectively removed PO4 over other anions from different aqueous matrices, including
treated wastewater. However, the rate of PO4 removal decreased with increasing solution pH. In comparison to
other solids, such as La(OH)3(s), La2(CO3)3(s) exhibits a relatively low solubility, particularly under slightly acidic con-
ditions. Consequently, release of La3+ into the environment can be minimized when La2(CO3)3(s) is deployed for PO4

sequestration.
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1. Introduction

Phosphorus (P) is a critical, nonrenewable resource that is essential for
global food production. Excessive P discharge to aquatic ecosystems is not
only wasteful but can also cause eutrophication and harmful algal blooms,
diminishing water quality and potentially threatening wildlife and human
health (Conley et al., 2009; Mayer et al., 2016). In aquatic environments,
P can exist in a variety of forms, including orthophosphate (PO4, including
H3PO4, H2PO4

− and HPO4
2−, and PO4

3−), polyphosphate, and organic P. Or-
thophosphate is the form that is most readily assimilated by plants and is
therefore the target of many efforts to remove and recover P from water
(Weiner, 2008).

One approach to capture P from water is to develop materials that have
a high affinity for PO4. In this context, lanthanum (La)-containingmaterials
are receiving considerable attention (Zhi et al., 2020). Materials that have
been tested include La-modified (alumino)silicates (Copetti et al., 2016;
Douglas, 2002; Douglas et al., 1999; Huang et al., 2015; Huang et al.,
2014b; Lai et al., 2016; Reitzel et al., 2013; Robb et al., 2003; Waajen
et al., 2016; Xie et al., 2014; Yang et al., 2011, 2012; Zhang et al., 2011),
carbonaceous materials (e.g., graphene, activated carbon fiber, biochar)
(Chen et al., 2016; Liu et al., 2011; Rashidi Nodeh et al., 2017; Shin et al.,
2005; Zhang et al., 2012b), polymers (Dong et al., 2017; He et al., 2015;
Wu et al., 2007; Zhang et al., 2016), iron oxides (Fang et al., 2018; Lai
et al., 2016; Wu et al., 2017), and aluminum hydroxide (Xu et al., 2017).
La-containing materials exhibit remarkable PO4 removal capacities (up to
2.91 mmol PO4 g−1 estimated from Langmuir model fits to isotherm
data, Dong et al., 2017) across a wide pH range (2.5–11) (Dong et al.,
2017; Xie et al., 2014). Additionally, La-containing materials possess high
selectivity for PO4 anions in the presence of competing anions and ligands
(e.g., Cl−, NO3

−, F−, SO4
2−, SO3

2−, HCO3
−, SiO4

4−, and Br−), even when
molar concentrations of competing ions exceeded that of PO4 by up to 50
times (Chen et al., 2016; Dong et al., 2017; Huang et al., 2014a; Rashidi
Nodeh et al., 2017; Wu et al., 2007, 2017; Zhang et al., 2011, 2016). Phos-
phate capture efficiency is also high in complex aqueous matrices such as
surface water (Dithmer et al., 2016; Reitzel et al., 2013; Waajen et al.,
2016), seawater (Mucci et al., 2020; Wu et al., 2007), wastewater (Wu
et al., 2007), and brackish water (Reitzel et al., 2013). The high affinity
of La-containing materials for PO4 has been confirmed in short- and long-
term laboratory-, mesocosm-, and field-scale studies (Dithmer et al.,
2016; Waajen et al., 2016). As a result, commercially-available products,
such as La-modified bentonite clay (Phoslock®), have been developed for
PO4 sequestration (Copetti et al., 2016).

Although La-containing materials have been widely studied, there are
conflicting reports about the underlying PO4 removal mechanism. In
peer-reviewed articles, most previous studies concluded that removal of
PO4 is an adsorption phenomenon (Table S1) (Chen et al., 2016, 2018;
Cheng et al., 2018; Dong et al., 2017; Du et al., 2018; Emmanuelawati
et al., 2013; Fang et al., 2018; Huang et al., 2014a; Huang et al., 2014b;
Huang et al., 2015; Jia et al., 2019; Kong et al., 2018; Lai et al., 2016; Lin
et al., 2019; Liu et al., 2011, 2013; Rashidi Nodeh et al., 2017; Shin et al.,
2005; Tang et al., 2019; Wu et al., 2017; Wu et al., 2019b; Xie et al.,
2014; Xu et al., 2017; Yang et al., 2011, 2012; Yu et al., 2019; Yuan et al.,
2018; Zhang et al., 2011, 2012a, 2016, 2018). Evidence is often provided
by describing data from batch tests with adsorption isothermmodels; how-
ever, such an approach cannot differentiate between adsorption and other
removal mechanisms (Sposito, 2004). For example, Veith and Sposito
showed that the Langmuir isotherm model (Eq. S1), which is a classic ad-
sorption model, could describe equally well both adsorption and precipita-
tion phenomena (Veith and Sposito, 1977). It has been speculated that
mechanisms of PO4 adsorption by La(OH)3(s) or La2O3·xH2O(s) include elec-
trostatic interactions (Dong et al., 2017; Wu et al., 2017), ion exchange
(Park et al., 2020; Xie et al., 2014), ligand exchange (Dong et al., 2017;
Fang et al., 2017; Wu et al., 2017, 2019a, 2019b; Xie et al., 2014; Xu
et al., 2017; Zhang et al., 2012b), and Lewis acid-base interactions
(Huang, 2011; Zhang et al., 2012b). However, some studies have attributed
PO4 removal by La-containing materials, such as La3+ or La(OH)3(s), to

LaPO4(s) precipitation (Dithmer et al., 2015; He et al., 2015; Qiu et al.,
2017), lending uncertainty to the dominant mechanism of PO4 removal
by La-containing materials.

One concern about La-containing materials is their dissolution, poten-
tially leading to the release of La3+ into the environment (Copetti et al.,
2016; Reitzel et al., 2017; Zhi et al., 2021). Dissolution of La was observed
in previous studies, especially at low pH (pH < 4.5–5.6) (Shin et al., 2005;
Wu et al., 2017) or under high salinity (Douglas et al., 2000). Among aque-
ous La species (e.g., La3+ and LaOH2+), La3+ is considered to be the most
toxic (Das et al., 1988). However, no regulatory standards for La concentra-
tions and discharges to the environment have been set because of a lack of
risk characterization data. A predicted no effect concentration (PNEC)
based on Daphnia carinata assays (Barry and Meehan, 2000) of 4 μg L−1

(2.9 × 10−8 M) has been proposed as a water quality criterion
(Herrmann et al., 2016). Additionally, introducing soluble La species into
aquatic environments may lead to a range of ecotoxicological effects
(Copetti et al., 2016; Gonzalez et al., 2014). Despite the potential risks, La
dissolution data from solids designed for PO4 removal are scarce, and few
comparisons across different La-containing materials have been made
(Wu et al., 2019a, 2019b; Zhi et al., 2020, 2021).

Objectives of our research were to 1) determine the mechanism of PO4

removal by La-containing materials and 2) evaluate the effectiveness of a
new material, La2(CO3)3(s), for PO4-removal from complex aqueous matri-
ces, including wastewater effluent. We selected La2(CO3)3(s) because it is
less soluble at circumneutral pH than other La-containing salts (Table S5)
(Gustafsson, 2011), and thus we hypothesized that La2(CO3)3(s) would en-
able PO4 removal without significant release of La to the aqueous phase.
We conducted batch experiments, geochemical simulations, and solid-
phase characterizations to: (1) compare the stability of La2(CO3)3(s) and
La(OH)3(s) in purewater andmunicipalwastewater as a function of solution
pH; (2) identify the dominant mechanism of PO4 removal; and (3) assess
the selectivity of La2(CO3)3(s) for PO4 in wastewater effluent. We character-
ized startingmaterials and reaction products byX-ray diffraction (XRD) and
scanning transmission electronmicroscopywith energy dispersive spectros-
copy (STEM-EDS) analysis to provide insights into the dominant mecha-
nism of PO4 removal.

2. Materials and methods

2.1. Materials

Experiments were conducted using La2(CO3)3·8H2O(s) (99.99%, Alfa
Aesar, Thermo Fisher Scientific MA, USA), La(OH)3(s) (99.9%), and
LaCl3·7H2O (64.5–70.0%, LaCl3 basis, both from Sigma-Aldrich). Sodium
phosphate monobasic monohydrate, NaOH (1 N) and HCl (1 N) were sup-
plied by Fisher Scientific (NH, USA). Tertiary-treatedmunicipal wastewater
was collected from a local wastewater treatment plant. The wastewater
sample was filtered through a series of glass fiber and polyvinylidene fluo-
ride (PVDF) membrane filters (down to 0.1 μm PVDF) prior to use. Waste-
water composition data are available in the Supporting Information
(Table S2).

2.2. Material characterization

Zeta potential and size distribution of La2(CO3)3(s) particles were mea-
sured in pH-adjusted (pH 5.8–12.6) suspensions (1 g L−1) in ultrapure
water (UPW) using dynamic light scattering (DLS, Zetasizer Nano ZS,
Malvern Instruments Ltd.). Brunauer, Emmett, and Teller (BET) surface
area was determined by N2 gas adsorption (Autosorb IQ-MP/XR,
Quantachrome Instruments, FL, USA). The morphologies of La2(CO3)3(s)
and products formed after contact with PO4 were determined by scanning
transmission electron microscopy (STEM) on a Titan 60–300 G2 micro-
scope (FEI) equipped with a dedicated energy dispersive spectroscopy
(EDS) detector (SuperX), using an acceleration voltage of 200 kV. X-ray dif-
fraction (XRD) measurements were performed using Cu Kα radiation
(PANalytical Empyrean X-ray diffractometer equipped with a PIXcel1D
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detector, Almelo, Netherlands) at a 2θ range of 5–70°, using a step size of
0.01° and a count time of 200 s/step. Phase identification was done using
the software HighScore Plus 3.0e (PANalytical B.V., Almelo, Netherlands).

2.3. Analysis of aqueous species

Major ions in wastewater were analyzed using ion chromatography (IC,
Dionex ICS-6000 and ICS-2000, Thermo Scientific) with a detection limit of
0.5 mg L−1 for all ions. Trace metals, including La3+, were measured by in-
ductively coupled plasma optical emission spectrometry (ICP-OES, iCAP
7600, Thermo, Bremen, Germany). The detection limit for La was
0.025 mg L−1. Concentrations of dissolved PO4 between 1 and 100 mg
PO4 L−1 were analyzed with the molybdovanadate method (Hach High
range reactive phosphorus Test’N Tube vials with a Hach DR500 spectrom-
eter). Samples containing<1mg PO4 L−1 were analyzed by ICP-OESwith a
reporting limit of 0.025 mg L−1.

2.4. Batch experiments

The same general procedures were used for both batch kinetic and equi-
librium experiments to evaluate PO4 removal as a function of pH. Phosphate
solutions were prepared by dissolving NaH2PO4 ·H2O in CO2-free UPW. The
initial pH was adjusted to target values for the experiment with 1 N solu-
tions of NaOH or HCl. The volume of acid/base added was <1% (v/v) of
each experiment. Experiments evaluating PO4 uptake between pH 0.4 and
12.5 were performed as follows: 1) 0.100 g of La2(CO3)3·8H2O(s)

(3.23mMLa)was added to 100.0mL of phosphate solution (initial PO4 con-
centration: 1.62 mM) in HDPE bottles; 2) the bottles were capped immedi-
ately and shaken horizontally on a reciprocating shaker at 250 rpm and
25 °C from 1 to 44 days; 3) at each sampling time, an aliquot was collected
from each bottle and centrifuged at 31,000 relative centrifugal force (RCF)
for 20 min and the supernatant filtered (0.2 μm, PVDF membrane) before
analysis; and 4) the pH of the remaining suspension was measured and ad-
justed back to the target pH (ΔpH < 0.1 when pH = 4 or > 10, ΔpH =
0.01–0.8 prior to adjustment at pH 7 and pH 8.5) after each sampling.
Our results show that ΔpH of 0.01–0.8 is negligible in shifting the dissolu-
tion of La2(CO3)3·8H2O(s). (Figs. 1a and 2b).

In equilibrium experiments, 0.050 g of La2(CO3)3·8H2O(s) (3.23 mM of
La) was added to 50.0 mL of phosphate solution with an initial concentra-
tion from 1 to 800 mg PO4 L−1 (0.01–8.42 mM) in polypropylene centri-
fuge tubes. Samples were equilibrated on a platform shaker at 25 °C for
2–3 days beyond the equilibrium time established in prior kinetic experi-
ments. Detailed contact time information is given in Table S3. To compare

the performance of different La-containing materials, equilibrium experi-
ments were conducted with La2(CO3)3(s) and LaCl3. The dosage of La was
identical (3.23 mM La) in all systems. To evaluate the selectivity of La2
(CO3)3(s) for PO4, kinetic and equilibrium experiments were carried out in
tertiary-treated wastewater in the same manner as in UPW. The raw PO4

concentration in the wastewater was low (0.3 mg PO4 L−1, Table S2), so
PO4 was added to reach a working concentration equivalent to the UPW ex-
periments (1.62 mM, 153 mg PO4 L−1).

2.5. Chemical equilibrium modeling

The chemical equilibriummodel Visual MINTEQ (version 3.1) was used
to simulate the stability of La-containing materials and their interactions
with PO4 under varying pH and ionic conditions relevant to our samples.

Fig. 1. Speciation of aqueous and solid La following addition of (a) 1.62 mM La2(CO3)3(s) or (b) 3.25 mM La(OH)3(s) to UPW at 25 °C. Lines represent Visual MINTEQ results
and symbols data from batch experiments. TOTLa(aq) – total aqueous La. VisualMINTEQwas executed for each condition by sweeping pH from 0 to 14 at 25 °C. Model inputs
included (a) 1.62 mM of La2(CO3)3(s) as a finite solid and La(OH)3(s) as possible solid or (b) 3.25 mM of La(OH)3(s) as a finite solid. Detailed model inputs and equilibrium
constants are listed in Tables S4-S5.

Fig. 2. Equilibrium data (green triangles) describing PO4 association with a
solid phase following addition of La2(CO3)3(s) (starting PO4 concentrations:
0.01–8.42 mM, La2(CO3)3(s) dose: 1.62 mM, experimental conditions: UPW,
pH 7, 25 °C). Visual MINTEQ results indicating LaPO4(s) precipitation and
the best fit of the Langmuir isotherm model are shown as dotted and solid
lines, respectively. Visual MINTEQ was executed by sweeping PO4

concentrations from 0.01–8.42 mM at pH 7 and 25 °C. Model inputs included
1.62 mM of La2(CO3)3(s) as finite solid, La(OH)3(s) and LaPO4(s) as possible
solids. Detailed model inputs and equilibrium constants are listed in
Tables S4-S5.
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Underlying model assumptions were: 1) aqueous equilibrium is estab-
lished; possible solids precipitate such that no supersaturated species are
present at equilibrium; and 2) the system is closed and at 25 °C. Model in-
puts and solubility product constants are listed in Tables S4-S5. Visual
MINTEQ was executed for each condition by sweeping pH and model pre-
dictions were validated by batch experimental and spectroscopic data.

3. Results and discussion

3.1. Surface properties and chemical stability of La solids

The zeta potential of La2(CO3)3(s) varied from 38.6 mV at pH 6 to a min-
imum of−47.2mV at pH 11 (Fig. S1). The isoelectric point (IEP) was at pH
8.5, which is within the range of metal carbonates (5.8–9.0) (Pokrovsky
and Schott, 2002). The IEP value is higher than that reported for materials
modified with La(OH)3/La2O3(s) (5.2–5.8) (Chen et al., 2016; Wu et al.,
2017), but lower than that reported for pure La2O3(s) (9.6) (Roy and
Sengupta, 1988). The hydrodynamic diameter of particles measured by
DLS was 1400 ± 70 nm at the point of zero charge (PZC), and 307 ±
41 nm above or below the PZC (Fig. S1). The Brunauer, Emmett, and Teller
(BET) surface area of La2(CO3)3(s)was 5.2m2 g−1 as determined fromnitro-
gen (N2) adsorption data.

To compare the stability of La solids, dissolution of La2(CO3)3(s) and pre-
cipitation of La3+ as La(OH)3(s) in the absence of PO4 was assessed as a
function of pH both experimentally and through geochemical equilibrium
simulations. Following equilibration of La2(CO3)3(s) or La(OH)3(s)
(3.23 mM La) in UPW, total aqueous La concentrations (TOTLa(aq)) deter-
mined in batch experiments were consistent with model simulations
(Fig. 1). For La2(CO3)3(s), ≥90% of the added La was predicted to remain
as La2(CO3)3(s) between pH 5.5 and 10.7. At pH <5.5, La3+ increased,
and at pH>10, La2(CO3)3(s) was predicted to convert to La(OH)3(s) (Fig. 1a).

For La(OH)3(s), ≥90% of the added La was predicted to remain as
La(OH)3(s) at pH >8, while at pH <7.5, >90% of La(OH)3(s)
dissolved (Fig. 1b). Over the environmentally relevant pH range
of 6.0–8.5, TOTLa(aq) in equilibrium with La2(CO3)3(s), ranged from
9.5 × 10−5 M at pH 6 to 1.7 × 10−6 M at pH 8.5. This range
was 1–2 orders of magnitude lower than that in equilibrium
with La(OH)3(s), which ranged from 3.2 × 10−3 M at pH 6 to
1.3 × 10−5 M at pH 8.5 (logarithmic results shown in Fig. S2a).

3.2. PO4 removal by La2(CO3)3(s) at pH 7

To evaluate PO4-removal by La2(CO3)3(s), equilibrium experimentswith
varying initial PO4 concentrations (0.01–8.42 mM) and a fixed concentra-
tion of La2(CO3)3(s) (3.23 mM La) were conducted in UPW at pH 7. Based
on prior studies suggesting that adsorption drives the removal of PO4 on
La-containing materials and our equilibrium model predictions that La2
(CO3)3(s) is a stable solid at pH 7 (Fig. 1a), we fit the data of equilibrium ex-
perimentswith the Langmuir isothermmodel (Eq. S1). This model provides
a good fit to the data (Fig. 2, with Langmuir isotherm model parameters
given in Table S6). However, it is worth noting that the sorption maxima
in Fig. 2 translate to a theoretical surface loading of about 500 PO4 anions
nm−2, a physically unrealistic number that exceeds by >200-fold estimates
of typical surface site densities of minerals (2.3 sites nm−2) (Davis, 1990;
Dzombak and Morel, 1990; Field et al., 2019).

Alternatively, previous studies have suggested that PO4 removal by La-
containing materials occurs by precipitation (Dithmer et al., 2015; Douglas
et al., 2000; He et al., 2015; Qiu et al., 2017; Slade and Gates, 1999). Equi-
librium solubility calculations conducted in Visual MINTEQ can be used to
predict soluble PO4 concentrations observed in our batch tests (Fig. 2). Vi-
sual MINTEQ predicted that precipitation of LaPO4(s) would occur, and
model results effectively described the batch equilibrium data shown in
Fig. 2.

Importantly, our data in Fig. 2 approach a 1:1M ratio of P:La in the solid
phase once the molar PO4 concentration exceeded the molar La concentra-
tion. This result is indicative of the formation of a solid with a 1:1

stoichiometry, consistent with the precipitation of LaPO4 or one of its hy-
drated forms. Interestingly, a re-evaluation of previously published data
(n=35, including studies that describe PO4 removal as an adsorption phe-
nomenon (Chen et al., 2016, 2018; Cheng et al., 2018; Dong et al., 2017; Du
et al., 2018; Emmanuelawati et al., 2013; Fang et al., 2018; Huang et al.,
2014a; Huang et al., 2014b; Huang et al., 2015; Jia et al., 2019; Kong
et al., 2018; Lai et al., 2016; Lin et al., 2019; Liu et al., 2011, 2013;
Rashidi Nodeh et al., 2017; Shin et al., 2005; Tang et al., 2019; Wu et al.,
2017; Wu et al., 2019b; Xie et al., 2014; Xu et al., 2017; Yang et al.,
2011, 2012; Yu et al., 2019; Yuan et al., 2018; Zhang et al., 2011, 2012a,
2016, 2018)) reveals a 1:1 stoichiometry of P removal by La-containingma-
terials (Table S1).

PO4 uptake, on amolar basis, when plotted against themolar La content
of the studied materials [La3+, La2(CO3)3(s), or La(OH)3(s)-containing]
largely describes a 1:1 line, consistent with the stoichiometry of LaPO4(s)

(Fig. S3a). This result would require every La atom to bind a PO4, a concep-
tual model that is not consistent with adsorption to a mineral surface. It is
worth noting that maximum PO4 adsorption by a diverse range of iron-
bearing phases found variable and much lower molar ratios of P:Fe (0.3
to 0.02) (Rentz et al., 2009), further highlighting that the 1:1 stoichiometry
observed for the La-containing materials differs from that expected for ad-
sorption. Although deviations from the 1:1 stoichiometric ratio for La-
containing materials in Fig. S3a could indicate other mechanisms, it may
also reflect experimental differences such as contact time (some studies
used contact times as short as 25 min (Chen et al., 2016), while others
did not report contact time), carrier materials with intrinsic P-binding ca-
pacity (e.g. iron oxides (Wu et al., 2017)). Furthermore, PO4 removal was
independent of the specific surface of the starting material (Fig. S3b),
which would be expected to be an important control on sorption maxima
if adsorption were the dominant removal mechanism (Field et al., 2019;
Sowers et al., 2017). Overall, observations of reaction stoichiometry in
Figs. 2 and S3 suggest that PO4 removal by La-containing materials occurs
by precipitation, although additional solid phase characterization (vida
infra) is required to document the presence of LaPO4(s) precipitates (see
Section 3.4).

3.3. pH-dependent PO4 removal by aqueous La3+ and La2(CO3)3(s)

We next explored PO4 removal by La2(CO3)3(s) over a wider pH range
(0–14) (Fig. 3a). In the presence of La2(CO3)3(s), the geochemical equilib-
rium model predicted that PO4 precipitates as LaPO4(s) between pH 1.0
and 13.5, with low TOTPO4(aq) that increases below and above this pH
range (Fig. 3a). For pH < 10, experimental results were in agreement
with Visual MINTEQ predictions for the sum of all aqueous PO4 species
(TOTPO4(aq)) and TOTLa(aq).

Measured TOTPO4(aq) between pH 10 and 12 (after 168 h of contact)
did not agree with Visual MINTEQ predictions. To determine if the discrep-
ancy was attributable to non-equilibrium conditions, we conducted an ad-
ditional experiment for 1048 h at pH 12 (dark blue circles in Fig. 3a). At
the end of that experiment, TOTPO4(aq) was in close agreement with the Vi-
sual MINTEQ prediction (Fig. 3a). The latter result indicates that 168 h was
insufficient to establish equilibrium at pH > 10. To further verify Visual
MINTEQ predictions, we initially reacted PO4 with La2(CO3)3(s) for 120 h
without pH control (initial pH ~5, final pH ~7, Fig. S4), at which point
TOTPO4(aq) decreased to below detection; then, the solution pH was ad-
justed to 12 to test if TOTPO4(aq) would increase (i.e., LaPO4(s) dissolution).
Following base addition, no PO4was released to solution, even after 1048 h
(Fig. S4), which further validated equilibrium model results (Fig. 3a).

Additionally, our experimental TOTLa(aq) concentrations were consis-
tent with Visual MINTEQ equilibrium calculations (Fig. 3b). It is worth not-
ing that calculations predicted that: 1) between pH 0.5 and 4, PO4 addition
stoichiometrically converted aqueous La3+ released from La2(CO3)3(s) to
LaPO4(s); 2) between pH 5.5 and 11, La2(CO3)3(s) and LaPO4(s) co-existed
and controlled La solubility; 3) between pH 11 and 13.5, La(OH)3(s) and
LaPO4(s) co-existed and controlled La solubility; and 4) at pH >13.5, La
(OH)3(s) controlled La solubility and LaPO4 dissolved (Fig. 3b).
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We also conducted experiments with LaCl3, a salt that is soluble at pH
<7.5, thus not precipitating to provide surfaces for adsorption (Fig. 1b).
In Fig. 3c, measured TOTPO4(aq) between pH 0.3 and 12.6 was similar to
the corresponding La2(CO3)3(s) system and consistent with model predic-
tions of LaPO4(s) precipitation. In Fig. 3d, a decrease in the experimentally
determined TOTLa(aq) between pH 6 and 12 suggests that excess La
(molar P:La = 1:2 in our experiments) precipitated as La(OH)3(s) and co-
existed with LaPO4(s), consistent with the thermodynamic prediction of
both solids co-existing at pH ≥ 8. In the presence of PO4, TOTLa(aq) was
three orders of magnitude lower over the environmentally relevant pH
range of 6.0–8.5 in the system containing La2(CO3)3(s) (2.0 × 10−6 M -
1.4 × 10−8 M) than in the system containing La3+/La(OH)3(s) (1.6 ×
10−3 - 1.7 × 10−5 M) (Fig. S2b). This result indicates a lower potential
for La dissolution in systems containing La2(CO3)3(s) at environmentally rel-
evant pH.

3.4. Direct evidence of LaPO4(s) formation

Results from batch tests and Visual MINTEQ suggest PO4 removal by La-
containing materials occurs by formation of LaPO4 precipitate. To provide
evidence of LaPO4(s) precipitation, samples from batch equilibrium experi-
ments were analyzed by XRD to identify solid phases formed during reac-
tion with PO4. The XRD pattern of the La2(CO3)3·8H2O(s) starting material
(Fig. 4, trace a) was compared to XRD patterns of the products after La2
(CO3)3(s) reacted with PO4 (molar P:La = 1:2) in UPW at pH 7 and pH 12,
as well as in wastewater (Fig. 4, traces b-d; see also Section 3.6). Phase iden-
tification of the peaks in Fig. 4, traces b-d confirmed the presence of both
La2(CO3)3·8H2O(s) and LaPO4·nH2O(s) after reaction with PO4, which is con-
sistent with model results (Fig. 3a-b). Excess La2(CO3)3·8H2O(s) was stable
under these experimental conditions. In Fig. 4, traces b-d, the broad regions

at 2θ values of ~29° and ~ 31° that are not present in Fig. 4, trace a provide
direct evidence for the formation of LaPO4·nH2O(s) (XRDpeaksmarkedwith
green stars). Because major La(OH)3(s) peaks appear at similar 2θ as peaks
from La2(CO3)3·8H2O(s) and LaCO3OH(s) (Fig. 4, trace c), it is difficult to
confirm by XRD the presence of La(OH)3(s) in the high pH sample as pre-
dicted by thermodynamic modeling. Interestingly, XRD revealed that the
starting material contained a LaCO3OH(s) phase (Fig. 4, trace a) that
persisted after reactions with PO4 (Fig. 4, traces b-e). LaCO3OH(s) is not in-
cluded in the Visual MINTEQ database, and thermodynamic parameters are
absent from the literature. We assume that LaCO3OH(s) was not an impor-
tant phase in our system because experimental data from batch tests closely
matched modeling predictions.

To further confirm LaPO4(s) as a reaction product, an additional equilib-
rium batch experiment was performed with La2(CO3)3·8H2O(s) at an initial
molar P/La =2:1. As shown in Fig. 4, trace e, La2(CO3)3·8H2O(s) was de-
pleted in the system with excess PO4, and the resultant product was
LaPO4·nH2O(s), which confirms that PO4 removal occurred predominantly
by precipitation. It is consistent with previous studies describing PO4 re-
moval by La-exchanged bentonite (Dithmer et al., 2015; Slade and Gates,
1999) and La(OH)3-modified polyacrylonitrile nanofibers (He et al.,
2015) and wheat straws (Qiu et al., 2017). Due to the similarities in XRD
peak positions for hydrous and anhydrous LaPO4, it was not possible to
rule out of the presence of anhydrous LaPO4(s) in these products; however,
the pattern of peak intensities most closely resembles LaPO4·0.5H2O(s). The
XRD pattern of LaPO4(s) synthesized from La2(CO3)3·8H2O(s) exhibited
broad peaks (Fig. 4, trace e), suggesting that this phase has a small particle
size and/or low crystallinity.

To provide further insight into the PO4-removal process, the formation
and growth processes of LaPO4(s) during our kinetic experiment (Fig. 5)
were investigated by characterizing particles formed at different contact

(s)

(s)

Fig. 3. Solution pH-dependent equilibrium concentrations of PO4 and La species following addition of 1.62mM La2(CO3)3(s) (panels a and b) or 3.23 mMLaCl3 (panels c and
d) to reactors containing 1.62 mM NaH2PO4 at 25 °C (La:P = 2:1). Lines: Visual MINTEQ results, symbols: experimental data. Equilibration time: 168 h, except dark-blue
points and arrow in (a), which show a decline in PO4 between 0 and 1048 h at pH 12. Only species with concentrations >10−3 mM are shown. Visual MINTEQ was
executed for each condition by sweeping pH from 0 to 14 at 5 °C. Model inputs for panels a and b include 1.62 mM of La2(CO3)3(s) as finite solid, and La(OH)3(s) and
LaPO4(s) as possible solids; 1.62 mM of PO4 and 1.62 mM of Na. Model inputs for panels c and d include 1.62 mM of PO4, 1.62 mM of Na, and 3.23 mM of La; and La2
(CO3)3(s), La(OH)3(s) and LaPO4(s) as possible solids. More details on model inputs and equilibrium constants are listed in Tables S4-S5.
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times using STEM-EDS. The starting La2(CO3)3(s) material possessed a rod-
like morphology, with La evenly distributed along the rod (Fig. S5). When
exposed to PO4, the surface of the La2(CO3)3(s) particle became etched, with
P distributed at the edges (Fig. 5b-c). The inner rod structure began to col-
lapse, but the particles still maintained their outer shape. As the reaction
progressed, smaller particles with less well-defined shape were found ad-
hering to the surface of the particles, and La2(CO3)3(s) was disappeared
(Fig. 5d-e). Meanwhile, small, villous LaPO4(s) particles appeared in the so-
lution (Fig. 5a; shown at higher magnification after equilibrium is reached
in Fig. 5f-g). Within the newly formed particles, La and P were distributed
homogenously. STEM images of intermediate states (Fig. 5a) suggest that
LaPO4(s) was formed on the surface of La2(CO3)3(s) particles as well as in
the solution. Thus, both heterogeneous nucleation [LaPO4(s) formation on
the surface of La2(CO3)3(s)] and homogeneous nucleation [LaPO4(s) forma-
tion by reaction of PO4 with La3+ in bulk solution] appear to play a role.
The latter reaction may become more important as pH decreased with con-
comitantly increased reaction rates, as demonstrated by the kinetic data
(Fig. 6).

3.5. pH-dependent PO4 removal rates with La2(CO3)3(s)

Lack of consistency between measured TOTPO4(aq) and model predic-
tions between pH 10–12 displayed in Fig. 3a was attributed to pH-
dependent kinetics; thus, we further explored PO4 removal kinetics with
La2(CO3)3(s). Batch kinetic experiments conducted between pH 4 and 12 in-
dicated that the rate of PO4 removal was pH-dependent (Fig. 6). The time
required for La2(CO3)3(s) to remove TOTPO4(aq) to below the reporting

limit increased by two orders of magnitude from 11 h at pH 4 to ~1000 h
at pH 12. Across this pH range, the ligands PO4

3−, CO3
2−, and OH− compete

for La3+. We hypothesize that the high rate of PO4 precipitation with La3+

contributed to enhanced dissolution of La2(CO3)3(s) in the pH 4–7 range. As
the pH increased, the concentration of both OH− and CO3

2− increased, de-
creasing the rate of La2(CO3)3(s) dissolution and thus the reactant concen-
tration for LaPO4(s) formation.

3.6. Phosphate removal from wastewater

We conducted equilibrium experiments in wastewater (pH 7 and 25 °C,
same conditions as in UPW) to assess the selectivity of La2(CO3)3(s) for PO4

in a complex matrix (Fig. S14). Equilibrium experiments with different ini-
tial PO4 concentrations in UPW largely overlapped with the wastewater ex-
periments, suggesting negligible matrix effects when equilibrium
conditions are reached (Fig. S14). Kinetic data shown in Fig. S15 suggested
that even though the reaction rate was retarded in wastewater relative to
UPW, PO4 was removed to below the reporting limit. The effect of interfer-
ing ions (e.g., SO4

2−, NO3
−, CO3

2−, and dissolved organic matter) on reduc-
ing the overall rate constant for PO4 removal by a La-containing resin was
observed in previous studies (Zhang et al., 2012a, 2016). One possible rea-
son for changes in removal rates is that competing ions delay formation of
LaPO4(s) nanocrystals (Zhang et al., 2016).

Visual MINTEQ results showed that major ions (e.g., SO4
2−, Ca2+, Mg2

+, NO3
−, Cl−, Na+, K+ and F−) in wastewater have a negligible impact

on LaPO4(s) precipitation at equilibrium (Fig. S16), which is consistent
with prior studies using La-containing materials (Chen et al., 2016; Dong
et al., 2017; Huang et al., 2014a; Wu et al., 2007, 2017). The selectivity
of La for PO4 can be attributed to the low solubility of LaPO4(s) relative to
other possible La-based solids containing ligands other than PO4. As indi-
cated in Fig. S16, the presence of Ca2+ (0.40 mM) may improve PO4 re-
moval in systems containing La because hydroxyapatite [Ca5(PO4)3OH(s)]
forms at pH > 12.3 (conditions, at which PO4 removal by La is kinetically
hindered; Fig. 4) and binds additional PO4. Conversely, a negligible impact
was predicted forMg2+, F−, and Cl− (results not shown) over the entire pH
range. Even though Ca2+ and Mg2+ can precipitate PO4, and F− can react
with La3+ to form LaF3(s), model results illustrated that La3+ preferentially
reacts with PO4 at environmentally relevant pH values.

In a separate scenario (model results shown in Fig. S17), carbonate
(5 mM of CO3

2−) enhances the stability of La2(CO3)3(s) over a wider pH
range (pH 5.3–11.3) than in the absence of CO3

2− (Fig. S17a). In an open sys-
tem (atmospheric CO2 pressure, 0.00038 atm), dissolution of La2(CO3)3(s)
commences at pH 6.5, compared to pH 5.5 in a closed system (Fig. S17b).
The latter results also illustrate that the carbonate system impacts the pH-
dependent solubility of La, as discussed below.

3.7. Minimizing release of soluble La during PO4 sequestration

As shown in Fig. 1, dissolution of La2(CO3)3(s) and La(OH)3(s) in UPW oc-
curred at pH < 5.5 and < 8.0, respectively. To further investigate La solubi-
lization under different scenarios, we predicted TOTLa(aq) in equilibrium
with La(OH)3(s), La2(CO3)3(s), and LaPO4(s) as a function of pH, initial dis-
solved inorganic carbon (DIC) to reflect alkalinity, and initial dose of the
La-containing material. TOTLa(aq) results in UPW (pH 6.0–8.5 range) are
shown in Fig. 7. TOTLa(aq) in equilibrium with the La-containing solids in-
creased in the order LaPO4(s)< La2(CO3)3(s)< La(OH)3(s). Compared to a con-
centration that has been deemed acceptable from an ecotoxicity perspective
(2.9× 10−8M) (Herrmann et al., 2016), TOTLa(aq) concentrations exceeded
that level with both La2(CO3)3(s) and La(OH)3(s) for pH 6.0–8.5. In the pres-
ence of DIC (1 or 10 mM), La leaching from La(OH)3(s) and La2(CO3)3(s) de-
creased because of La2(CO3)3(s) precipitation. Predicted TOTLa(aq) in
equilibrium with La2(CO3)3(s) was below the PNEC for pH 7.2–9.3 with
10 mM of DIC. In the presence of PO4, model predictions of TOTLa(aq) in
equilibrium with excess LaPO4(s) remained below the PNEC for pH > 4.5.
However, La solubilization fromLaPO4(s) can increase inwaterwith elevated
DIC as a result of La(CO3)2−, LaCO3

+, and LaHCO3
2+ complex formation,

Fig. 4. X-ray diffraction patterns (traces a-f) of (a) the La2(CO3)3·8H2O(s) starting
material; (b) and (c) products formed by reacting La2(CO3)3·8H2O(s) with PO4 at a
molar P:La ratio of 1:2 in UPW at pH 7 and 12, respectively; (d) products formed
by reacting La2(CO3)3·8H2O(s) with PO4 in wastewater at a molar P:La ratio of 1:2;
(e) LaPO4(s) formed by reacting La2(CO3)3·8H2O(s) with PO4 in UPW at pH 7 at a
molar P:La ratio of 2:1, (f) LaPO4(s) formed by reacting LaCl3·7H2O with PO4 in
UPW at a molar P:La ratio of 2:1. Note that colored dots indicating peaks
corresponding to the La2(CO3)3·8H2O(s) and LaCO3OH(s) are omitted from (b), (c),
and (d) for clarity. The reference patterns obtained from powder diffraction files
are plotted below for La2(CO3)3·8H2O (card no. 04–010-3609), LaCO3OH (card
no. 00–049-0981), LaPO4 (card no. 00–004-0635), LaPO4 0.5 H2O (card no.
00–046-1439), and La(OH)3 (card no. 01–083-4962).
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especially in the pH 8–12 range. The concentration of the dosed La-
containing material (0.001 mM - 8 mM of La) had a negligible effect on
TOTLa(aq) for LaPO4(s), but TOTLa(aq) increased when pH is <7 for La2
(CO3)3(s) and < 8.5 for La(OH)3(s) (Fig. S18).

3.8. Study limitations

Our study determined that La2(CO3)3(s) removed PO4 from solution by
precipitation of LaPO4 solids. The 1:1 P:La solid phase ratio seen in this
study is also observed inmany other studies. Although it is tempting to sug-
gest that precipitation is the dominant mechanism in all of these studies as
well, other removal mechanisms are possible. For example, advancedmate-
rials may be generated such that all La atoms in the solid are available for
sorption (Min et al., 2019). In many cases, revisiting the specific

experimental systemwith spectroscopic, microscopic, or scattering interro-
gation of the solid phase may be required for definitive assignment of
mechanism.

An additional limitation of this study is that we could not directly deter-
mine LaPO4(s) formation at low dissolved PO4 concentrations because the
quantity of LaPO4(s) formed would have been insufficient for our character-
ization techniques. It is possible that adsorption may predominate over pre-
cipitation at very low dissolved PO4 concentrations. However, Visual
MINTEQ calculations showed that in the presence of La2(CO3)3(s), LaPO4(s)

can be formed at PO4 concentration as low as 10−14 M, even when La2

Fig. 5. TEM images for a system, in which La2(CO3)3(s) (1.62 mM) reacted with NaH2PO4 (1.62 mM, La:P = 2:1) at pH 7 and 25 °C. EDS mapping and morphologies of
particles in the system: (a) intermediate state of PO4-removal by La2(CO3)3(s) (contact time: 5.5 h), (b) and (c) upper half of a single La2(CO3)3(s) particle in a PO4 solution
(contact time: 2 min), (d) and (e) La2(CO3)3(s) particles in a PO4 solution (contact time: 5.5 h), (f) and (g) LaPO4(s) particle (contact time: 50.5 h). To confirm that
particles are representative, corresponding EDS mapping and spectra are provided in Figs. S6 - S13.

Fig. 6. Solution pH-dependent PO4 removal kinetics in batch reactors containing
1.62 mM La2(CO3)3(s) and 1.62 mM of NaH2PO4 at 25 °C. Arrows indicate
sampling times for Fig. 5 (5.5 h at pH 7 for Fig. 5a and 50.5 h at pH 7 for Fig. 5f
and g).

Fig. 7.Dependence of TOTLa(aq) on solution pH. VisualMINTEQ results for solutions
dosedwith 3.24 mM of La(OH)3(s) or LaPO4(s), or 1.62 mMof La2(CO3)3(s) as a finite
solid as a function of pH (6–14) and dissolved inorganic carbon (DIC) addiction of 0,
1 or 10 mM (simulated by adding CO3 to the system) at 25 °C. The green line
represents the La3+ concentration that is considered to have no ecotoxicological
effect in freshwater systems (2.88 × 10−8 M). Shaded green region highlights the
environmentally relevant pH range of 6.0–8.5.
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(CO3)3(s) is dosed at μM concentrations (Fig. S19) suggesting that precipita-
tion is possible even in waters with low dissolved P.

In addition, it has been reported that the presence of dissolved organic
matter (DOM) interferes with LaPO4(s) formation (Zhi et al., 2020, 2021).
DOM contains relatively strong acidic (pKa of 3.3–4.0) and weak acidic
groups (pKa > 6), as well as a few bidentate sites (pKa of 4–16) that may
act as major competitor ligands for La (Sonke and Salters, 2006; Tipping
and Hurley, 1992). Therefore, in wastewater containing high concentra-
tions of DOM, the PO4 removal efficiency by La-containing materials may
be reduced.

4. Conclusion and environmental implications

Numerous La-containing materials have been developed for capturing
aqueous PO4 species in complex matrices. Based on results from geochemi-
cal simulations, batch equilibrium and kinetic experiments, and reaction
product characterization, our results indicate that precipitation of LaPO4(s)

was the primary mechanism of PO4 removal in our systems. Such under-
standing is critical for the development of La-containing materials for PO4

removal. Based on the precipitation mechanism, the maximum PO4 uptake
follows the stoichiometry of P:La= 1:1. Importantly, from an ecotoxicolog-
ical perspective, our results suggest that La3+ solubilization is lower with
La2(CO3)3(s) than with La(OH)3(s), especially in low-alkalinity water. This
study also highlights the high affinity of La2(CO3)3(s) for PO4 in the presence
of competing anions in wastewater. Nevertheless, due to the insoluble na-
ture of LaPO4(s), recovery and reuse of PO4 or La from LaPO4(s) is expected
to be difficult; future research is needed to explore an efficient and effective
way to extract PO4 from La materials.
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