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A B S T R A C T   

Phosphorus induced eutrophication of freshwaters is one of the great global challenges. As the critical threshold 
concentration for eutrophication is very low, there is a strong need for development of phosphate sorbents with 
high affinity and selectivity. Single sheet iron oxide (SSI), a nanomaterial prepared from oxidation and exfoli-
ation of layered iron(II)-iron(III) hydroxide (green rust), is a fast reacting and promising sorbent. Phosphate 
sorption affinity and selectivity may be improved by incorporation of lanthanum (La) in the structure. 
Lanthanum was added during SSI synthesis resulting in La-SSIs with 0 to 22.5 wt% of La content. XPS and EXAFS 
showed all La was present as La(OH)3 nanoclusters between iron hydroxide layers and on the surface of SSI. The 
sorbent showed fast phosphate sorption with 90% completion within 30 min and high stability with minimal La 
leaching. All La-SSI nanomaterials showed better sorption affinity than non-doped SSI, and the La-SSI with the 
highest La content showed an extreme affinity with Kd of 105 L/kg at solution concentration of 0.1 mg P/L. The 
sorption affinity was not seriously affected by pH. The La-SSIs showed high selectivity for phosphate with<10% 
reduction in phosphate sorption in presence of co-existing solutes (Cl–, NO3

–, SO4
2-, HCO3

– and humic acid). Similar 
high affinity and selectivity was seen for phosphate sorption in real natural waters. The main phosphate sorption 
mechanism is attributed to inner sphere Fe-O-P and La-O-P surface complexation. In conclusion La doping turns 
SSI into a high-affinity and selectivity sorbent that has potential for polishing low-phosphate yet eutrophying 
natural waters such as drainage and lake waters.   

1. Introduction 

Phosphorus (P) is an essential element and an important nutrient for 
the growth of organisms [1], while excessive use of phosphorus con-
taining fertilizers, detergents and other products resulting in discharge 
of drainage and wastewater with high P concentrations cause eutro-
phication of fresh waters, and thus poor water quality [2]. A phosphorus 
concentration of 0.1 mg P/L has been proposed as a regulatory threshold 
concentration for eutrophication in the US and EU [3,4]. Globally, a 
high percentage of freshwaters and coastal waters exceed this concen-
tration [5], making removal of phosphorus from wastewater an impor-
tant and urgent priority. 

Among various wastewater treatment methods, sorption may over-
come the disadvantages existing with chemical precipitation and bio-
logical treatment methods which may be slow, and rather demanding 

with respect to operating and control systems [6–9]. Sorption is an 
alternative but efficient and cost effective process for sustainable 
removal of contaminants, such as phosphate (Pi), from wastewater [10]. 
The sorbent materials should have high affinity and selectivity for Pi, 
should show fast sorption, high stability, and scale-up of production 
should be easy [6]. In the past decades, a variety of iron (hydr)oxide 
based materials (from now on called iron oxides) have been developed 
as sorbents for Pi removal for which inner-sphere surface Fe-O-P 
complexation is the main sorption mechanism [11]. Nanostructured 
iron oxides, such as ferrihydrite [12], magnetite [13,14] and lep-
idocrocite [15], have been synthesized via facile coprecipitation pro-
cesses. The materials show maximum Pi sorption capacities in the range 
of 4.3 to 20 mg P/g at equilibrium solution Pi concentrations of 1 mg P/L 
at pH 7. The presence of solutes such as SO4

2- and HCO3
– competes with 

sorption of phosphate [16]. Recently, a single sheet iron oxide (SSI) was 
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synthesized via oxidation and exfoliation of green rust, a layered FeII- 
FeIII double hydroxide (LDH) with the general formula 
[FeII

(1–x)FeIII
x(OH)2]x+ [(x/n)An–, mH2O]x–) [17–19]. The obtained 2D 

SSI has high specific surface area (185 m2/g) and sufficient chemical and 
physical stability to make it a promising sorbent for Pi removal [17,19]. 
The sorption capacity is similar to ferrihydrite, but the material shows 
much faster and non-biphasic P sorption kinetics, with a pseudo-second 
order rate constant k2 of 5.2 × 10− 4 g (μmol− 1 min− 1) at pH 7 (Table S1) 
[16]. Hence, the material has potential as a fast-reacting sorbent in 
stirred reactors, e.g. with the SSI particles used as part of magnetic 
sorbents. 

Eutrophication and algal blooms are triggered at critical threshold 
concentrations of 0.10 mg P/L [20]. Thus, Pi sorbents should have high 

sorption affinity and capacity at low and environmentally relevant so-
lution Pi concentrations, while sorbents with high sorption capacities 
which are not realized until at high Pi concentrations are not of much 
relevance. The sorption capacity of SSI is around 3.1 mg P/g at Pi so-
lution concentrations of 0.1 mg P/L which is similar to many other Pi 
sorbents [12,21]. Improvement of both Pi sorption affinity, capacity and 
selectivity may make sorbents more cost-efficient. Doping with metal 
ions such as Zr [22,23], La [24,25] and Mn [26,27] is one solution to 
increase the sorption affinity. Among those metal ions, La is considered a 
promising dopant due to its excellent affinity and selectivity towards 
phosphate [28–30]. The most well-known La containing sorbent is 
Phoslock, which is a bentonite clay where the sodium and calcium ions 
have been exchanged by La [31], and where Pi is immobilized by pre-
cipitation of rhabdophane (LaPO4⋅nH2O, n ≤ 3) [32]. Many other La- 
doped materials have been studied for Pi removal (Table 1). 
Lanthanum containing composites such as γ-Fe2O3, Fe3O4, rice husk 
biochar and MgAl LDHs [30,33–35], show high sorption affinities and 
selectivity to achieve low Pi concentrations (0.1 mg P/L) while keeping a 
decent sorption capacity. Recent studies demonstrate that the primary 
mechanism for Pi removal on La doped sorbents is via formation of 
diprotonated bidentate mononuclear La-PO4 surface complexes [28,36]. 
However, the exact coordination of La in the structure of the LDH sor-
bent materials is still under investigation [34]. The ideal doping ratio of 
La should be considered due to the high price of La, but so far has only 
been sparsely considered. The evidence so far shows no proportionality 
between La content in the sorbent and Pi sorption capacity or affinity 
(see e.g. Table 1). 

Motivated by these concepts, the development of La doped SSI (La- 
SSI) with high specific surface areas may increase its Pi sorption affinity 
and selectivity. The doped La atoms may be built into the SSI structure or 
form La-OH complexes which can substitute between the layers of SSI. 
Thus, the main objectives of this study have been to develop a La doped 
SSI sorbent for Pi removal, identify the coordination of the doped La 
atoms in the iron oxide sheets, investigate the Pi sorption kinetics, ca-
pacity, affinity and selectivity to achieve low Pi concentration for use in 
cleaning low-Pi waste waters. Sorption properties and further solid-state 
characterization were used to throw light on the Pi sorption mechanism 
(Scheme 1). 

Table 1 
Phosphate sorption properties of La doped sorbents.  

Material La 
content 
(%) 

pH Max. Pi 

sorption 
capacity 
(mg P/g) 

Pi sorption 
capacity at 
0.1 mg P/L 
(mg P/g) 

Ref 

Magnetite/ 
Lanthanum 
hydroxide 

34.9 7 52.7 1.5 [21] 

La-modified ZSM-5 
zeolite beads 

5.8 6 34.3 2.7 [37] 

La(OH)3 loaded 
γ-Fe2O3 

42.2 7 54.2 5 [38] 

La(OH)3/Fe3O4 

nanocomposites. 
27.8 7 83.5 10 [33] 

Nano-La(OH)3 

modified rice 
husk biochars 

12.9 6 45.6 5 [35] 

La@MgAl 
nanocomposites 

33 6 32.8 6.5 [34] 

Phoslock 4.4 7 10.5 9 [39,40] 
LaFe (oxy) 

hydroxides 
31 10 124 – [41] 

La-doped 
mesoporous 
hollow silica 
spheres 

22.4 7 47.9 10 [42] 

La modified wheat 
straw biochar 

43.8 5 92.5 25 [43] 

La loaded biochar 44 3 15 – [44] 
La loaded 

vesuvianite 
21.8 7 22.6 3 [45]  

Scheme 1. Synthesis of La-SSI P sorbents and hypothesized structural model of the obtained La-SSI sorbent.  
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2. Experiment and materials 

2.1. Materials 

All chemicals in the experiment were purchased from Sigma Aldrich 
and used without further purification (details in SI 1). Ultrapure water 
(resistivity of 18.2 MΩ⋅cm, ELGA Veolia Purelab Chorus 1) was used for 
preparation of all aqueous solutions and is referred to as “water” in the 
following. All synthesis was conducted in an anoxic chamber (95% N2 
and 5% H2, Coy Laboratories, Michigan, USA). 

2.2. Synthesis and characterization of La-SSI 

Lanthanum doped SSIs with different contents of La were synthesized 
starting with a previous method [18] for the synthesis of SSI modified by 
adding La3+ to the synthesis solution (Scheme 1, details in SI 2). In short, 
La doped green rust (La-GR) with La contents varying from 0 to 22.5 wt 
% were synthesized by using a glycine buffer synthesis method [17] and 
replacing part of the Fe3+ with La3+ in the synthesis mixture. The 
samples are referred to as La-GR-0, 0.1, 0.2, 0.5, 0.8 and 1, where the 
number represent the ratio between La3+ and the total content of 
trivalent metal ions (M3+) in the synthesis solution. In addition the 
synthesis solution contains Fe2+ and for all syntheses the Fe2+:M3+ ratio 
was 10:1.5. The resulting layered La-GR was intercalated with dodeca-
noate (abbreviated C12) to obtain La-GRC12. The La-GRC12 was then 
freeze dried and oxidized by air to prepare the corresponding oxidized 
form, La-oxGRC12. These solids were exfoliated by dispersion in 0.1 M 
NaOH for 24 h to get the final La doped SSIs. The samples are refered as 
La-SSI-0, 0.1, 0.2, 0.5, 0.8 and 1. The sample in each step were examined 
by powder X-ray diffraction (XRD) to follow structural changes during 
the synthesis process and to identify new crystalline phases. Surface 
functional groups were characterized by Fourier transform infrared 
spectroscopy (FT-IR). Scanning electron microscopy (SEM), atomic force 
microscopy (AFM) and transmission electron microscopy (TEM) were 
used to study the morphology of the final La-SSI materials. The O, Fe, La 
and P bonding in the solids were analyzed by X-ray photoelectron 
spectroscopy (XPS). The Brunauer–Emmett–Teller (BET) surface area, 
zeta potential and composition of the material were also measured. 
Extended X-ray absorption fine structure analysis (EXAFS) at the La K 
edge was carried out at Balder beamline MAXIV Laboratory (Lund, 
Sweden) [46] to determine the La bonding in the material before and 
after Pi sorption. The La(OH)3, LaPO4 and LaFeO3 reference materials 
for EXAFS fitting were prepared via coprecipitation [47–49]. More de-
tails are listed in SI 3. 

2.3. Kinetics of phosphate sorption to La-SSI-1 

In order to study the Pi sorption kinetics, La-SSI-1 (the sample with 
the highest La content) was dispersed at a concentration of 0.5 g/L in 
aqueous solution in the presence of 50 mg P/L and 10 mmol/L KNO3 (as 
electrolyte), while the pH was controlled at 7 (±0.1 pH unit) using a 
Metrohm 719 Titrino pH stat with 1 M NaOH or HCl solutions as titrants. 
At various time intervals (30 s, 1 min, 2 min, 5 min, 10 min, 30 min, 1 h, 
2 h, 3 h, 6 h, 12 h and 24 h), 2 ml of the suspension was sampled, filtered 
through a 0.2 μm regenerated cellulose filter (Mikrolab Aarhus A/S) and 
stored at 4 ℃ until determination of Pi. At the same time pH in the 
suspension was measured. The Pi concentration in solution was 
measured using the molybdenum-blue method [50]. 

Fitting of sorption kinetic data were evaluated with different models. 
A pseudo-second-order model was found the best [51]: 

qt =
k2q2

e t
1 + k2qet

(1)  

where qe and qt refer to Pi sorbed (mg P/g) at equilibrium and at time t 
(min) respectively, and k2 is the pseudo-second-order rate constant (g/ 

mg P∙min− 1) for Pi sorption. Non-linear fitting was performed using 
OriginPro 9.1. 

2.4. Phosphate sorption isotherms and effect of pH 

La-SSI was dispersed in aqueous solution at a concentration of 0.5 g/ 
L in presence of 10 mM KNO3 electrolyte, at initial Pi concentrations of 
1, 2, 5, 10, 20, 50, 100, 200, and 300 mg P/L prepared from KH2PO4, 
with pH controlled at 7 using a Metrohm 719 Titrino pH stat with 1 M 
NaOH or HCl solutions (±0.1 pH unit) as titrants. The effect of pH (5, 7, 
9 and 11) on Pi sorption was studied for La-SSI-1 using the same pro-
cedure. In order to study the sorption affinity at low Pi solution con-
centrations, Pi was sorbed to La-SSI-1 at pH 7, using initial Pi 
concentrations of 0.1, 0.2, 0.5, 1, 2 and 5 mg P/L, using the same setup 
as described above. However, the particle concentration was kept at 0.1 
g/L because a higher particle concentration would lead to complete Pi 
removal. 

All suspensions were shaken on a shaking table (250 rpm) for 24 h. 
The suspensions were separated through a 0.2 μm regenerated cellulose 
filter (Mikrolab Aarhus A/S) and stored at 4 ℃ until P determination. 

The best fitting of the Pi sorption data were obtained using the 
Langmuir sorption model: 

qe =
qmaxKLCe

1 + KLCe
(2)  

where qe and qmax is the amount and the maximum amount of phosphate 
absorbed per gram of the sorbent (mg P/g) respectively. Ce (mg P/L) is 
the residual phosphate concentration in solution at equilibrium, and KL 
is the Langmuir constant (L/mg P). Non-linear fitting was performed in 
OriginPro 9.1. 

The Pi sorption efficiency (%) is calculated by: 

Sorption efficency =
C0 − Ce

C0
× 100% (3)  

where C0 is the initial Pi concentration (mg P/L) and Ce the Pi concen-
tration (mg P/L) at equilibrium. 

The distribution of Pi between solid and solution phases is expressed 
by the distribution coefficient (Kd, L/kg), as a measure of P sorption 
affinity [51]: 

Kd = 1000 ×
qe

Ce
(4)  

where qe refers to Pi adsorbed (mg P/g) and Ce is the corresponding Pi 
solution concentration (mg P/L). The Kd value should be specified at a 
specific solution Pi concentration. 

2.5. Effects of co-existing solutes on phosphate removal 

The effect of co-existing solutes for competition with Pi for sorption 
to La-SSI-1 was tested. In this experiment, La-SSI-1 was dispersed in 
aqueous solution at a concentration of 0.5 g/L in presence of 10 mM 
KNO3, an initial Pi concentration of 10 mg P/L, with pH controlled at 7 
using Metrohm 719 Titrino pH stat with 1 M NaOH solution (±0.1 pH 
unit). Before adding the sorbents, five typical anions and competing 
substances (i.e. NO3

–, SO4
2-, CO3

2–, Cl- and humic acid) and their mixtures 
were introduced into the solution with initial concentrations at 100 mg/ 
L for each kind of solutes. All suspensions were shaken on a shaking table 
(250 rpm) for 24 h. The suspensions were separated through a 0.2 μm 
regenerated cellulose filter (Mikrolab Aarhus A/S) and the filtrates 
stored at 4 ℃ until determination of Pi. Pi in solution was determined 
spectrophotometrically using the molybdenum-blue method [50]. 

Last, a Pi sorption experiment was performed with natural waters to 
test the stability and sorption properties of the La-SSI under natural 
conditions. Thus, a Pi sorption isotherm experiment for La-SSI-1 was 
carried out by using ground water (Kalundborg, Denmark, alkalinity 
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2.88 mmol/L and TOC 2.4 mg/L), creek water (Båstad, Sweden, alka-
linity 0.34 mmol/L and TOC 4.82 mg/L) and household wastewater 
(Båstad, Sweden, alkalinity 0.25 mmol/L and TOC 4.09 mg/L) (detailed 
composition in Table S11). The waters were first filtered by using 0.2 μm 
regenerated cellulose filter (Mikrolab Aarhus A/S) and spiked by using 
potassium phosphate to the same initial phosphate concentrations as 
descried above for isotherm experiments (section 2.4). In order to test 
the impact of possible calcium and magnesium phosphate precipitation 
in natural waters, controls with the same phosphate concentrations but 
without addition of La-SSI-1 were performed (control samples). After 
reaction for 24 h, the suspensions were separated through a 0.2 μm re-
generated cellulose filter (Mikrolab Aarhus A/S) and stored at 4 ℃ until 
Pi determination. The Pi sorption data were fitted by the Langmuir 
sorption model as described above (Eq. (2)). The possible formation of 
calcium and magnesium phosphate precipitates and the resulting solu-
tion Pi concentrations in controls were calculated using Visual MINTEQ 
equilibrium speciation software ver 3.1[52] (SI 5). 

3. Results and discussion 

3.1. Structural and surface characterization of La-SSI 

The final La-SSI samples have La content ranging from 0 to 22.5 wt%. 
The XRD patterns of the as-synthesized green La-GR (Fig. 1a) demon-
strate typical and well crystallized green rust (LDH) structures [53]. The 
d(003) increased from 0.77 nm to 0.91 nm (Table S2) when La doping 
increased from La-GR-0 to La-GR-1 which may be attributed to the 
presence of 4.3 Å La(OH)3 nanoclusters in the interlayer of two 4.8 Å 
thick single FeII-FeIII hydroxide layers [17,18], similar to what have 
been reported for Zr doped MgFe LDH and MgAl LDH [23]. The basal 
spacing of non-La containing sample La-GR-0 was 0.78 nm (Eq. S1) and 
its crystallite size along the c-axis was estimated via the Scherrer 
equation to 12.7 nm, corresponding to 16 coherent hydroxide layers 
(Table S3). A similar number of layers were present in the La containing 
samples (Table S3). After exchange with dodecanoate (C12), d(003) 
increased from around 0.7 ~ 0.91 nm to 2.7 ~ 2.8 nm for all the La-GR 
samples (Fig. 1b and Table S4), reflecting successful intercalation of 
dodecanoate into the interlayer, as also demonstrated by FTIR (Fig. S2). 
After air oxidation and exfoliation, the XRD patterns demonstrated 
delamination of the oxidized green rust layer structure (Fig. 1d) [18]. All 
basal reflections disappeared for La-SSI-0, La-SSI-0.1 and La-SSI-0.2 

reflecting delamination, while La-SSI-0.5, La-SSI-0.8 and La-SSI-1 sam-
ples were not completely delaminated as seen by the 003 and 006 basal 
reflections of the La-oxGRC12 still being present after delamination 
treatment (Fig. 1d and S1d) in line with the observation in La-SSI-1 HR- 
TEM showing layered structure with the layer distance at 2.5 nm 
(Fig. S5). The incomplete exfoliation was further corroborated by FTIR, 
where La-SSI-0.5, 0.8 and 1 (Fig. S2c) still showed the presence of 
dodecanoate anions, demonstrating the strong bonding between La and 
dodecanoate anions. 

The O1s XPS spectra of La-SSI (Fig. S3) showed that the O atomic 
ratio between La-O bond and total metal (Fe and La)-O bonds did not 
increase proportionally with the increase in La content (Table S7), 
indicating the presence of O vacancies in the La(OH)3 phase, similar to 
what has been reported for La/Zr bimetallic [25] and LaFe (oxy)hy-
droxide materials [41]. This observation could explain the higher sur-
face potential of the high-La sample (Table S8). The EXAFS spectra of La- 
SSI-1 at La K-edge (Fig. S11) demonstrated that La in La-SSI-1 is present 
as La(OH)3, as the spectra matched well with the La(OH)3 reference 
(Fig. S11). In addition, the second shell in the La(OH)3 reference EXAFS 
spectrum around 3.8 Å is attributed to La - La distances at 3.86 Å and 
4.25 Å and O at 4.03 Å, which is much stronger than the second shell in 
the La-SSI-1. This indicates that the La phase in La-SSI-1 lacks atomic 
order from the second shell of the central La atoms, demonstrating the 
presence of O vacancies, consistent with the O1s XPS results (Fig. S3 and 
Table S7) and previous reports [25,41]. Furthermore, the La3d5/2 XPS 
spectra (Fig. S4) demonstrated the increase of the La3d5/2cf0 peak at 
835.1 eV compared to the La3d5/2cfl peak at 841 eV with increasing La 
content, demonstrating more La(OH)3 phase had formed [54,55], which 
again is in line with the La-EXAFS of the La-SSI-1 (Fig. S12). 

The TEM image of La-SSI-0 and 0.1 (Fig. 2a and b) showed sheet-like 
nanostructures with a 2D dimension around 200 to 400 nm, in line with 
morphologies of previously reported SSI material [17,18]. Small dark 
particles with an average diameter of 20 nm demonstrates oxidation of 
green rust and the formation of magnetite. The La-SSI-0.2 and 0.5 ma-
terials (Fig. 2c and d) showed smaller plate dimensions (100 to 200 nm) 
compared with samples with less La doping. Samples with the highest La 
content, La-SSI-0.8 and La-SSI-1 (Fig. 2e and f), showed layered struc-
tures with very small plate lateral sizes around 40 nm but higher 
thickness of about 20 nm demonstrating the in-complete exfoliation 
with higher amount of La doping, in line with XRD results (Fig. 1d; 
Table S4). The AFM images of La-SSI sample (Fig. S5b, c and Fig. 2g) 
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Fig. 1. XRD patterns of synthesized (a) La-GR, (b) La-GRC12, (c) oxidized La-GRC12, and (d) exfoliated La-SSI sample with different extents of La doping (Full traces, 
see Fig. S1; the digits to the right denote the sample number and extent of La doping. The (003) and (006) refer to the (003) and (006) basal reflections from the 
green rust (JCPDF 40–0127) structure [53]). 
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Fig. 2. TEM images of (a) La-SSI-0, (b) La-SSI-0.1, (c) La-SSI-0.2, (d) La-SSI-0.5, (e) La-SSI-0.8, (f) La-SSI-1 and (g) AFM image and the corresponding height profile 
of the marked line in the image for La-SSI-1. 
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show well established layered structure consist of iron hydroxide sheets. 
The minimum layer thickness of La doped SSI layer increased from 1 nm 
to 5.2 nm with the La content increasing from 0 to 22.5 wt% (Table S7). 
The layer thickness of La-SSI-1 was 5.2 nm (Fig. 2g) which is much 
thicker than 1 nm for pure SSI [56], demonstrating the in-complete 
exfoliation with higher amount of La doping. Furthermore, the La-SSI- 
1 sample showed 0.16 nm lattice fringe distances corresponding to the 
(110) crystal plane, and the angle between these two fringes was 60◦ in 
agreement with the hexagonal crystal structure (Fig. S5a). Moreover, the 
TEM images of La-SSI-0.8 and La-SSI-1 (Fig. 2e and f) did not show 
separate La(OH)3 particles or aggregates, demonstrating the La(OH)3 
nanoclusters were homogeneously distributed between the SSI layers. In 
conclusion the doped La atoms are not incorporated into the SSI struc-
ture, but are present as separate La(OH)3 nanoclusters located at the 
surfaces and between SSI layers. 

3.2. Pi sorption kinetics and isotherms 

The Pi Sorption reaction is fast (Fig. 3), where equilibrium is reached 
within 3 h with more than 90% of the sorption completed within the first 
30 min, which is similar to observations for other La doped sorbents, 
such as biochar [57]. The Pi sorption kinetics was well fitted by pseudo 
second-order kinetics (Eq. (1), R2 = 0.98) with a rate constant of 2.1 ×
10-2 g/mg P min− 1 corresponding to a sorption half-life of 33 min, and 
the initial Pi sorption rate was calculated to 52.5 mg P/g min− 1 (Eq. S4). 
The sorption isotherms were well fitted by the Langmuir isotherm 
model. Materials tend to show higher sorption capacities and affinities 
with increasing La doping (Fig. 4a; Table S8). The maximum Pi sorption 
capacities increased from 65.7 mg P/g (La-SSI-0) to 88.6 mg P/g (La-SSI- 
0.8) when the La content increased from 0 to 17.1 wt% (Tables S7, S8). 
Unexpectedly, the sample with the highest La content showed lower 
sorption capacity than La-SSI-08 (Table S8). We attribute this to the in- 
complete exfoliation of the La-oxGRC12 (Fig. 1d) leading to a smaller 
specific surface area (132 m2/g) compared with other SSIs with less La 
content (surface arear ranging from 173 to 364 m2/g, Table S8) [17]. 

A dramatic transition of sorption isotherms was seen going from La- 
SSI-0 to La-SSI-0.1 (0.99 wt% of La) demonstrating that even a small 
content of La has a strong effect on affinity (Fig. 4a). The KL value 
increased more than 130 times from La-SSI-0 to La-SSI-1 (Table S8) 
further demonstrating the huge impact that La has on Pi bonding 

affinity. Moreover, it is worth to mention that the Pi sorption capacity at 
Pi solution concentration of 0.5 mg P/L is linearly correlated with the 
amount of La doping (Fig. S10, R2 = 0.95), and the La-SSI-1 has almost 6 
times higher Pi sorption capacity than La-SSI-0, demonstrating the 
excellent sorption affinity and importance of La doping. As expected, pH 
had a marked effect on Pi sorption. Thus Pi sorption of La-SSI-1 
decreased by almost 50% when pH increased from 5 to 11 (Fig. 4b), 
while the sorption affinity decreased from 4.35 L/mg P to 0.14 L/mg P 
(Table S9). These results can be explained by the electrostatic repulsion 
between the more negatively La-SSI surface and phosphate anions at 
increasing pH (Fig. S6) [58]. The decrease in Pi sorption with increasing 
pH is however much less than seen for iron oxides where usually no 
sorption is seen at pH 11 [59]. Moreover, the La-SSI showed excellent 
stability during Pi sorption with minimal La leaching and morphology 
changes (Table S10, Fig. S8). The La concentrations in the solution after 
Pi sorption ranged from 1.44 to 2.51 µg/L (Table S10), which is much 
lower than La leaching from other La products such as Phoslock [60]. 

In summary, the synthesized La-SSI materials show higher Pi sorp-
tion capacity and affinity (65.7 mg P/g at 20 mg P/L) compared with 
other reported La related sorbents, such as La doped biochar (46.4 mg P/ 
g at 100 mg P/L) [44] and vesuvianite (67 mg P/g at 300 mg P/L) [45] 
(Table S1). In order to clean Pi from natural waters below the critical 
threshold for eutrophication of around 0.1 mg P/L, sorbents should 
show very high affinity for Pi. The La-SSI-1 sorbent sorbed 10 mg P/g at 
a Pi solution concentration of 0.1 mg P/L (Fig. 4c) resulting in a Kd of 105 

L/kg which is better than many other La containing sorbents, such as La 
modified biochar and La doped γ-Fe2O3 (Table 2, Table S8) [36,43]. 

3.3. Effect of co-existing solutes 

Due to the complexity of natural water bodies and industrial 
wastewaters, many co-existing solutes may interfere with Pi sorption 
due to competition [67,68]. Selective sorption is highly desirable for 
practical applications to avoid spending sorption capacity for other 
solutes and thus to minimize the use of sorbent material, and potentially 
to recover high-purity phosphate products [68]. Hence, sorption ex-
periments were performed in the presence of five anions commonly 
present in wastewater (i.e. Cl-, NO3

–, SO4
2-, HCO3

– and humic acid) at a 
concentration 10 times higher than the Pi concentration. The presence of 
co-existing anions showed only little influence on Pi bonding by La-SSI-1 
sorbent as the sorbent maintained greater than 90% of removal effi-
ciency when competing solutes were present (Fig. 5a). Furthermore, the 
sorbent showed 80% removal efficiency even in the mixture of those 
anions where the total co-existing anion concentration was up to 500 
mg/L. The Pi sorption isotherms using natural waters as matrix (Fig. 5b) 
showed similar sorption capacity and affinity as for the isotherms pro-
duced using clean laboratory waters (Fig. 4a), demonstrating that the 
coexisting solutes such as Ca2+, Mg2+, bicarbonate and DOC (Table S11) 
in natural water does not affect the sorption properties of the La-SSI-1. 
These results implies that La-SSI-1 has strong selectivity for Pi, due to 
the strong bonding between La and Pi [28,43], and that the selectivity of 
La-SSI material is superior compared with iron oxides [69] and LDH 
[23], for which the Pi sorption capacity and affinity can be seriously 
suppressed by the presence of carbonate and humic matters [70]. 

In order to study the effect of Ca2+ and Mg2+ on Pi removal, Visual 
MINTEQ calculations were carried out (SI 5) to estimate the formation of 
calcium and magnesium phosphate precipitates. The calculated solution 
Pi concentrations and the observed concentrations are very similar, and 
both are lower than the initially added Pi concentrations (Fig. S15a). The 
ground water samples, which have the highest Ca2+ and Mg2+ concen-
trations, show the lowest solution Pi concentrations. Further calculation 
demonstrates that fraction of precipitated Pi of the initially added Pi 
increased with the increasing of initial Pi concentration up to 25 ~ 50 
mg P/L and then decreased (Fig. S15b). This result demonstrates that the 
presence of the Ca2+ and Mg2+ causes Pi retention by precipitation of Ca 
and Mg phosphates, in line with the previous report [71]. 
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Fig. 3. Pi sorption kinetics of La-SSI-1 (solid concentration 0.5 g/L, initial Pi 
concentration 50 mg P/L, pH 7, room temperature) and resulting fitting ac-
cording to Eq. (1). The insert is the expanded region for the first 60 mins. 
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3.4. Sorption mechanism 

The O1s XPS of La-SSI-1 after Pi sorption (Fig. 6a) shows decreasing 
intensity of the C = O bond, demonstrating the release of dodecanoate 
anions from the surface and interlayer of La-SSI-1 on sorption of Pi. 
Similarly, the FTIR spectra of La-SSI-1 sample showed the disappearance 
of the dodecanoate sorption bands at 1538 cm− 1, 1439 cm− 1, 2922 cm− 1 

and 2851 cm− 1 after Pi sorption, while a new sorption band at 1044 
cm− 1 appeared attributed to P-O vibration (Fig. 6b). The release of 
dodecanoate is likely due to Pi substituting for dodecanoate bonding to 
La. After Pi sorption, the binding energies of the La3d5/2 shifted from 
836.58 eV to 837.38 eV with a noticeable decrease of the satellite peak 
at 839.6 eV after Pi sorption (Fig. 6c), demonstrating possible electron 
transfer in the valence band of La3d and the formation of a La-O-P inner- 
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Fig. 4. a) Pi sorption isotherms and corresponding Langmuir fits (dashed lines) at pH 7 for La-SSI materials with different extent of La doping (solid concentration 
0.5 g/L, pH 7, 24 h, room temperature), b) La-SSI-1 Pi sorption isotherms and corresponding Langmuir fits at different pH (solid concentration 0.5 g/L, 24 h, room 
temperature), and c) Pi sorption isotherms of La-SSI-1 at low Pi concentration (equilibrium Pi concentration < 1 mg P/L, solid concentration 0.1 g/L, pH 7, 24 h, room 
temperature). 

Table 2 
Distribution coefficient (Kd, L/kg) for phosphate sorption to La and Fe containing 
sorbents (solution concentration of 0.1 mg P/L; 25 ◦C).  

Material Kd (L/kg) Ref 

Magnetite/lanthanum hydroxide composite  1.83*104 [51] 
Lanthanum modified biochar  4.24*103 [43] 
Ferrihydrite-coated and lanthanum-decorated magnetite  1.78*103 [61] 
Iron-zirconium/activated carbon nanofiber  1.15*103 [62] 
Silica-free superparamagnetic ZrO2@Fe3O4  3.56*104 [63] 
Bimetallic La/Zr Sorbent  1.30*103 [25] 
MIL-101(Fe)  3.40*104 [64] 
MIL-100(Fe)  8.97*104 [65] 
Zirconium ions/chitosan beads  8.00*103 [66] 
La-SSI-1 in this work  1.00*105 –  
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Fig. 5. a) Phosphate removal efficiency of La-SSI-1 in the presence of different competing solutes (particle concentration 0.5 g/L, initial Pi concentration 10 mg P/L, 
concentration of each co-existing solutes 100 mg/L; the mixture was the solution containing all these solutes with the concentration of each solutes at 100 mg/L, pH 
7, 24 h, 25 ◦C, error bars are graphical representations of the standard deviation of removal efficiency), and b) La-SSI-1 Pi sorption isotherms and corresponding 
Langmuir fits (parameters in Table S9) at different natural waters (pH after sorption 6.6 ~ 6.8 for all samples, room temperature, contact time 24 h, error bars 
represent standard deviation). 
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sphere complex [33,72–74]. Furthermore, the La K-edge EXAFS spectra 
of La-SSI-1 after Pi sorption (Fig. S12) demonstrated the presence of a La- 
O-P bond, which is well in line with the LaPO4 reference spectrum. This 
observation is also in agreement with previously reported La(OH)3 
nanorods [28], La(OH)3/Fe3O4 composite [33] and La modified wheat 
straw sorbents [75]. After Pi sorption, the binding energies of the Fe2p 
shifted from 713.1 to 712.6 eV (Fig. S11), demonstrating the formation 
of Fe-O-P inner-sphere complex [76,77]. The P2p XPS spectrum of La- 
SSI-1 after Pi sorption (Fig. S13) further confirms the hypothesis of Pi 
sorption to La-SSI-1 via inner-sphere Fe-O-P complexation (133.7 eV) 
[17,78] and La-O-P (132.4 eV) [79] complexation. The P2p XPS spectra 
of La-SSI-1 after Pi sorption (Fig S13) exhibits a P atomic ratio between 
La-O-P and Fe-O-P complex around 4.66, which demonstrates that La 
containing sites were the dominate sites for Pi sorption. Moreover, the P 
atomic ratio between La-O-P and Fe-O-P complex in all La-SSI material 
after Pi sorption also showed a proportional linear relationship (R2 =

0.96) with the amount of La in the solids (Fig. S14), and the result 
suggests that only 5 wt% of La doping would result in 50% of the sorbed 
Pi is bound to La, demonstrating the significance of La doping for P 
bonding. In conclusion, Pi was sorbed to La-SSI via inner sphere Fe-O-P 
and La-O-P complexation (Fig. 7). 

4. Conclusion 

In this study, a novel La-SSI nanocomposite developed from previ-
ously reported SSI and with the La content up to 22.5 wt% was syn-
thesized. The La-SSI showed 2D plate dimensions ranging from 40 to 
400 nm which was negatively correlated with the La content. The doped 
La atoms were in the form of separate La(OH)3 nanoclusters, which were 
homogenously distributed in the interlayer and on the SSI surface, with 
the presence of O vacancies in La(OH)3 nanoclusters. The La-SSI showed 
excellent Pi removal properties with very high sorption affinities and 
selectivity compared with previously reported La containing Pi sorbents. 
The sorption affinity increased with the La content in La-SSI and the 
whole system was stable during all the experiments without La leaching. 
The La-SSI-1 showed both a hyper-high sorption affinity with sorption of 
10 mg P/g at 0.1 mg P/L solution concentration corresponding to a Kd of 
105 L/kg (Fig. 4a and Table S8), and a fast Pi sorption kinetics with 90% 
sorption within 30 min (rate constant 2.1 × 10-2 g/mg P min− 1). The La- 
SSI-1 also shows promising selectivity towards phosphate even in 
presence of high concentration of co-existing solutes. The XPS, EDS, 
EXAFS and FTIR results indicated that Pi bonding toke place via inner 

sphere Fe-O-P and La-O-P surface complexation. The P2p XPS spectra of 
La-SSI after Pi sorption demonstrated that La sites contributed mostly to 
sorption. These findings illustrate that La-SSI is a promising material for 
phosphate removal to achieve low Pi concentrations (<0.1 mg P/L) in 
outlet waters to meet the critical Pi concentration for eutrophication 
without use of high masses of sorbent material. 
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