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Preparation of efficient and
reusable lanthanum and iron co-
modified soda residue for selective
phosphate removal from domestic
sewage
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The selection of suitable raw materials as adsorbents is a key factor in effectively removing phosphorus
from water. As an industrial by-product, soda residue exhibits high porosity and surface area, which
can effectively adsorb pollutants. Magnetic lanthanum-iron soda residue (La-Fe-CSR) was synthesized
using the co-precipitation method, and its characterization and mechanism for removing phosphate
were thoroughly investigated. La-Fe-CSR exhibited good adsorption performance under acidic
conditions (3 <pH<7). A high concentration of HCO,™ (100 mg/L) reduced the adsorption performance
of La-Fe-CSR by 8.3% * 2.5%, whereas the presence of other coexisting ions had a smaller impact. The
adsorption of phosphate by La-Fe-CSR was controlled by chemisorption and reached saturation after
approximately 120 min. The phosphate adsorption by La-Fe-CSR was significantly higher than that

of soda residue (43.65 +3.39 mg/qg), reaching 74.87 +2.46 mg/g. Ligand exchange and inner-sphere
complexation constituted the primary mechanisms through which L-Fe-CSR removed phosphate.
After 5 consecutive cycles, La-Fe-CSR maintained a phosphate removal efficiency of 74.5+1.6%. It
demonstrated good performance in removing total phosphorus from real domestic sewage, with a
removal rate of 94.9 + 0.5%. These research findings demonstrated that La-Fe-CSR held significant
promise as a highly effective phosphate adsorbent in practical applications.
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Phosphorus, an essential nutrient in ecosystems, facilitates the growth of plants and microorganismsl. However,
excessive phosphorus inputs have emerged as a predominant cause of eutrophication in global freshwater
systems?. Eutrophication disrupts biodiversity and ecological balance in aquatic environments, resulting in
ecological issues like dissolved oxygen depletion and harmful algal blooms, which threaten water resource
sustainability and ecological health®. To control eutrophication in freshwater systems, reducing external
phosphorus sources (EPS) is important*. Previous studies have shown that the total phosphorus concentration
in runoff entering lakes and other enclosed water bodies should not exceed 0.05 mg/L°. EPS mainly consists of
domestic sewage, agricultural activities, and industrial wastewater®.

Recently, there has been increasing attention on using natural materials and industrial by-products as
adsorbents to control EPS, including phosphogypsum7, soda residue (SR)®, clay9 and red mud!®. SR, a potent
alkaline waste produced in industrial manufacturing, not only occupies significant land resources but also causes
land salinization, posing substantial pollution to the ecological environment'!. Consequently, the resource
utilization of SR has emerged as a pressing issue. Previous studies have demonstrated that SR effectively removes
heavy metals and organic pollutants from wastewater, and can also be utilized for flue gas desulfurization and
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soil remediation!'2. However, fewer studies have focused on SR as an adsorbent for controlling EPS. Currently,
studies investigating the phosphorus removal performance of SR primarily involve alkali modification!®, SR-
based geopolymer!?, calcination!®, and SR-modified straw biochar®. These modification methods have to some
extent improved SR adsorption capacity for phosphorus. However, these modified SR adsorbents are all non-
magnetic, meaning that it is difficult to recover them after adsorbing phosphorus. This not only increases the
risk of phosphorus release into the water, but these modified SRs may also produce alkaline sludge during
phosphorus removal, which can further pollute the water body!2. Therefore, it is crucial to find a feasible method
to utilize SR effectively.

Recent studies have found that the drawbacks of non-magnetic sorbents can be addressed by employing
magnetic sorbents!®. Adsorption-saturated magnetic adsorbents can be recovered and reused through magnetic
methods, a process that not only enhances resource utilization efficiency but also offers significant economic
benefits'”. However, magnetic adsorbents continue to encounter challenges, with the possibility of adsorbed
phosphorus being released back into the water under varying environmental conditions, such as in anoxic
environments'®. Lanthanum-based adsorbents are highly effective in removing phosphorus from water because
lanthanum (La) can form stable precipitates with phosphorus'. It has been shown that incorporating La into
magnetic adsorbents can further enhance their phosphorus removal capabilities, with adsorbed phosphorus
being less susceptible to release back into the water column amidst environmental changes®.

Based on this, the present study envisioned developing a new magnetic lanthanum-based adsorbent from the
industrial by-product SR. Previous studies have shown that following calcination, SR displays a porous structure
and an increased specific surface area'”, which are beneficial for impregnating active binding sites. Therefore, we
calcined the SR first and then loaded Fe and La through co-precipitation to obtain magnetic lanthanum-based
calcined SR (La-Fe-CSR). The study aimed to achieve the following objectives: (1) to synthesize La-Fe-CSR
for removal phosphate from domestic sewage; (2) to investigate how initial solution pH and co-existing ions
impact phosphate adsorption; (3) to determine adsorption kinetics and isotherm parameters; (4) to explore the
mechanisms of phosphate adsorption; (5) to investigate the recoverable and regenerative properties as well as the
ability to remove phosphate in real domestic sewage. This research sought to evaluate the potential of magnetic
La-modified SR as an adsorbent for mitigating eutrophication risks in water bodies and to provide guidance for
the rational utilization of SR.

Materials and methods

Materials and chemical

The SR was sourced from Lianyungang Alkali Industry Co., Ltd., China. In our previous study, we showed that
SR mainly consists of CaCO,, CaSO,, and small amounts of Mg salts, with particle sizes typically ranging from
0.01 mm to 0.07 mm?'. Before use, SR was washed with deionized water, dried in an oven (105 °C), ground, and
passed through a 0.15 mm sieve. A specific amount of the treated SR was then calcined at 800 °C for 2 h. Finally,
calcined SR was obtained and recorded as CSR.

FeCl,-6H,0 (99%), FeSO,-7H,0 (99%), KH,PO, (99.5%), La(NO,),-6H,0 (99.9%), HCI (36.0-38.0%), NaCl
(299.5%), NaOH (=98%), Na,NO, (99%), MgCl, (=98.0%), NaHCO, (=99.5%), CaCl, (=96.0%) and Na,SO,
(299.0%)were purchased from Shanghai National Pharmaceuticals Chemical Reagent Co., Ltd. (China). All
chemical reagents used were of analytical purity, and the experimental solutions were prepared with deionized
water.

Material preparation

Fe-CSR and La-Fe-CSR were synthesized using a co-precipitation method according to the previously reported
method with minor adjustments'é, and the preparation flowchart is depicted in Fig. 1. Initially, a 50 mL solution
of CaCl, (1 mol/L) was prepared, in which 5 g of CSR was added and shaken for 24 h (298 K, 150 r/min). Next,
the suspension was moved to a conical flask using deionized water (50 mL). Then, 50 mL of ferric chloride
hexahydrate solution (0.43 mol/L) and 50 mL of ferrous sulfate heptahydrate solution (0.215 mol/L) were
added. Stirred the solution with a constant-temperature magnetic stirrer until the temperature reached 343 K.
Subsequently, the pH was adjusted to 10.5 with NaOH (1 mol/L), and the solution was allowed to stabilize for
1 h. Finally, the resulting product was collected from the suspension via magnetic separation, washed with
deionized water, milled, and dried to obtain Fe-CSR (Fig. 1a).

The following describes a two-step preparation procedure for La-Fe-CSR (Fig. 1b). First, following the
synthesis procedure described above, a suspension containing Fe-CSR was prepared. To the suspension, 50 mL
of lanthanum nitrate solution (50 g/L) was added, and the pH (10.5) was adjusted using NaOH (1 mol/L). Then,
the suspension was allowed to stabilize for an additional hour. Finally, La-Fe-CSR was obtained using the same
collection method described earlier.

Characterization

A scanning electron microscope (SEM, SU8020, Hitachi High-Technologies Co, Japan) was used to analyze
the surface morphology of the samples. Samples were analyzed for their elemental composition using an X-ray
spectrometer (EDS, INCAENERGY350, UK). The relevant Brunauer-Emmet-Teller (BET) metrics of the
samples were measured using a MicromeriticsASAP2460 system at 77 K. A vibrating sample magnetometer
(VSM, MPMS-XL-7, Quantum Design, USA) was used to analyze the magnetic properties of the samples. The
mineralogical composition of the samples was determined using X-ray diffraction (XRD, Bruker D8 ADVANCE,
Germany). A zeta potential analyzer (Litesize DLS, Anton Paar, Austria) was employed to measure the surface
charge of the samples. A Fourier Transform Infrared (FTIR) Spectroscopy (Nicolet 5700, USA) was used to
analyze the chemical bonding of the samples. The binding energies of electrons in the samples were tested using
X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra, Kratos Analytical Ltd., Japan).
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Fig. 1. Preparation flow chart. (a) Fe-CSR; (b) La-Fe-CSR.

Batch adsorption experiments

A specific amount of adsorbent (1 g/L) was added to a triangular flask containing 50 mL of phosphate
solution. The pH was then adjusted using various concentrations of NaOH or HCI solutions (0.1-1 mol/L)
and subsequently placed in a thermostatic shaker for 24 h (25 °C, 150 r/min). At the end of the reaction, the
phosphate concentration was measured, and the phosphate uptake capacity (Q, mg/g) and removal rate (R, %)
were calculated using Eqs. (1-2). Each experiment was performed three times, and the error bars show +one
standard deviation from the mean of these three trials.

Qr =[(Co—=C) /m] x V (1)
R =[(Co — Cy) /Co] x 100% (2)

Where C;, (mg/L) and C, (mg/L) represent the initial concentration and the concentration at time t (min),
respectively, and m (g) and V (L) represent the adsorbent dosage and the solution volume, respectively.

The phosphate concentration in the solution was measured by adding adsorbent (1 g/L) to 50 mL of phosphate
solution (20 mg/L), shaking for 24 h, and sampling at fixed intervals (0-1440 min). Experimental data were fitted
using the pseudo-first (Eq. 3) and pseudo-second (Eq. 4) order kinetic model.

n(Qe — Q) = InQ. — krt (3)
t/Qr =1/k2Qc +1/Q. (4)

where Q, (mg/g) represents the adsorption capacity at equilibrium, k; (1/min) and k, (g/(mg min)) are the
adsorption rate constants.

The adsorbent was added to phosphate solutions of varying concentrations (10-120 mg/L) to conduct
adsorption isotherm experiments, with other conditions identical to those described previously. Langmuir
(Eq. 5) and Freundlich (Eq. 6) models were utilized to analyze the experimental data.

Qe = QmKLOe/(]- + KLCe) (5)
Qe = KrC.H/" ©6)

where Q,, (mg/g) is the maximum capacity, C, (mg/L) is the equilibrium concentration, and K, K r and 1/n are
constants.

The effect of initial pH (2.0-11.0) on phosphate adsorption (initial concentration of 60 mg/L) by the
adsorbent was investigated. The selectivity of the adsorbent for phosphate (initial concentration of 50 mg/L)
was investigated in the presence of coexisting ions (SO 2= HCO,, Cl, NO,, Ca?*, and Mg“) at different
concentrations (50 mg/L and 100 mg/L).

Scientific Reports | (2025) 15:3145 | https://doi.org/10.1038/s41598-025-87754-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The influence of temperature (288 K, 298 K, and 308 K) on the adsorbent’s capacity was examined. The initial
phosphate solution concentration was 50 mg/L. The equilibrium constant (K},), Gibbs free energy (AG® KkJ/mol),
enthalpy change (AH?, kJ/mol), and entropy change (AS’, J/(mol K)) were determined using Egs. (7-9), T refers
to the temperature in Kelvin (K), and R denotes the ideal gas constant (8.314 J/(mol K)).

Ko =& @)
AG® = —RTIn (Kp) (8)
0 0
In(Kp) = fAR}; + A]_ij &)

Adsorbent continuous regeneration performance

To examine the continuous regeneration performance of the adsorbent, we performed five cycle experiments.
50 mg of La-Fe-CSR was added to 50 mL of a phosphate solution with a concentration of 50 mg/L and then
reacted for 24 h. After each adsorption of phosphate, La-Fe-CSR was desorbed with NaOH (1 mol/L) solution??,
then washed with deionized water, dried (105 °C), and ground for reuse in subsequent cycles.

Removal of phosphates from real domestic sewage

To evaluate the removal efficiency of adsorbents for real domestic sewage, domestic sewage collected from the
dormitory building at Jiangsu Ocean University in Jiangsu Province was used as the test sample. 50 mg of La-Fe-
CSR was added to 50 mL of domestic sewage and reacted for 24 h. Finally, the La-Fe-CSR in the domestic sewage
was magnetically recovered, and the treated domestic sewage was analyzed for water quality.

Results and discussion

Characterization of materials

The materials were characterized using SEM, EDS, BET, XRD, and VSM. Figure 2 presents the SEM and EDS
images of SR, Fe-CSR, and La-Fe-CSR. As shown in Fig. 2a, a considerable number of lamellar crystals and
relatively large pores could be observed on the SR surface. After modification, the surfaces of both Fe-CSR and
La-Fe-CSR became very rough and possessed a large number of pores (Fig. 2b,c). We also found that both Fe-
CSR and La-Fe-CSR surfaces were loaded with a large number of spherical particles, which were hypothesized
to be related to the loading of Fe. Furthermore, compared with Fe-CSR, some short rods existed on the surface
of La-Fe-CSR in addition to the spherical particles. It was hypothesized that the appearance of these short rods
was related to the La modification®.

The EDS scan of SR revealed that the main component of SR was CaCO, (Fig. 2d), which was consistent with
the results of previous studies*%. Figure 2e confirmed the doping of Fe in Fe-CSR. Importantly, in La-Fe-CSR,
both Fe and La were detected simultaneously (Fig. 2f), indicating that Fe and La oxides had been loaded onto
the adsorbent, consistent with the SEM results. The total contents of La and Fe in La-Fe-CSR were 10.48% and
24.38%, respectively, which were lower than those reported in previous literature on La/Fe-based materials?.
Despite the low La content in La-Fe-CSR, the efficiency of La utilization can be improved. This is because the
distribution of La tends to be more homogeneous in adsorbents with lower La content, enhancing the interaction
with phosphate ions and leading to better phosphate uptake?.

The pore structure of the adsorbent was further investigated. As shown in Fig. 3, the isotherms of both SR
and La-Fe-CSR belong to the H,-type hysteresis loop isotherm in the type IV isotherm, and the isotherms of
adsorption and desorption of the two materials do not completely coincide with each other, suggesting that the
two materials have a porous structure?. This facilitates phosphate uptake as phosphate ions can be efficiently
transported within the adsorbent. The pore size distribution, shown in the inset in Fig. 3, indicated that pore
sizes of both SR and La-Fe-CSR were concentrated in the range of 2-75 nm, indicating a mainly mesoporous
pore structure for both materials.

The results of BET calculations for SR, CSR, Fe-CSR, and La-Fe-CSR are provided in Table 1. Compared to SR
(34.04 m?/g), CSR (42.35 m?/g) exhibited an increase of 8.31 m?/g in specific surface area (SSA) after calcination,
indicating that calcination improved the SSA of SR. The total pore volume increased slightly, but the average
pore size decreased to 15.19 m?/g, which may result from the removal of surface-active substances or structural
changes in SR during the calcination process. Compared to CSR, the SSA (120.98 m?/g) of Fe-CSR further
increased after Fe modification, suggesting that Fe can enhance the SSA of CSR. However, the average pore size
of Fe-CSR increased to 16.04 m?/g, possibly due to the formation of new pore structures or expansion of existing
pores during the Fe loading process. Notably, after La modification, the SSA of La-Fe-CSR reached 144.60 m?%/g,
suggesting that La modification significantly enhanced the SSA of Fe-CSR, thus providing more adsorption sites
for phosphate adsorption. In addition, the total pore volume of La-Fe-CSR (0.76 cm?/g) was significantly higher
compared to SR (0.15 cmz/g), attributed to the successful loading of Fe and La onto the surface of SR, followed
by agglomeration?”.

Figure 4 shows the XRD and VSM images of SR, Fe-CSR, and La-Fe-CSR. As shown in Fig. 4a, the peaks at
23.1°,29.4° 36.0° 39.4°, 43.2°, 47.4°, 48.5°, 57.5°, 60.4°, and 64.7° corresponded to CaCoO,, while peaks at 11.6°,
14.8°,20.8°, and 56.6° were attributed to CaSO, (CaSO4-O.5H20 and CaSO4-2H20)28. These results indicated that
SR primarily consisted of calcium-containing compounds, consistent with EDS analysis. Compared to SR, after
Fe modification, prominent characteristic peaks appeared at 35.5°, 43.7°, 56.9° and 62.8°, which corresponded
to the characteristic peaks of Fe,O,, indicating that Fe was successfully loaded onto the surface of Fe-CSR and
La-Fe-CSR. Remarkably, compared to Fe-CSR, distinct peaks were observed at 27.9° and 52.8°, consistent with
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Fig. 2. SEM of SR (a), Fe-CSR (b), and La-Fe-CSR (c); EDS of SR (d), Fe-CSR (e), and La-Fe-CSR (f).

the chare;cg:terlsnc peaks of La(OH),, suggesting that La on the surface of La-Fe-CSR existed in the form of
La(OH),”.

Mag131et1c field strength reflects the recyclability performance of magnetic adsorbents. The VSM test results of
Fe-CSR and La-Fe-CSR are shown in Fig. 4b. The magnetic forces were 20.9 emy/g for Fe-CSR and 17.2 emp/g
for La-Fe-CSR, respectively. Although the magnetic force of La-Fe-CSR exhibited some attenuation compared to
Fe-CSR due to the loading of La, its magnetic property remained superior and could meet the criterion for the
recycled magnetic force required for magnetic adsorbents. In the inset of Fig. 4b, it was evident that SR exhibited
no response to magnetic force, while La-Fe-CSR could be effectively recycled from water using magnetism.

Effect of pH and coexisting ion

The effect of pH on the adsorption of phosphate by adsorbents is crucial as it directly affects the ionic form of
phosphate and its chemical properties in aqueous solution. Figure 5a displays the morphology of phosphate ions
at different pH levels. When the pH is below 2.15, the primary species in the solution is H,PO,; between pH
2.15 and 7.20, it is predominantly H,PO,; and from pH 7.20 to 12.33, it is mainly HPO, >~ Flgure 5b illustrates
the effect of pH on phosphate adsorptlon by La-Fe-CSR. Specifically, at a pH of 2, there was a weak electrostatic
attraction between H,PO, and La-Fe-CSR, no ion exchange occurred, and the La loaded onto La-Fe-CSR was
prone to leaching, resultlng in poor adsorption efficiency®’. The adsorption of phosphate onto La-Fe-CSR
increased significantly with increasing pH. This is because, within the pH range of 2-7, La on the surface of
La-Fe-CSR undergoes a protonation reaction to form La-OH,* (Eq. 10). At this point, due to the interaction
between oxygen ions and anions, electrostatic attraction (Eq. 11) occurs between H,PO,” and La-OH,*
solution, thereby enhancing the adsorption of phosphate by La-Fe-CSR*.. However, beyond pH 7, there was
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Fig. 3. Absorption and desorption isotherms for SR and La-Fe-CSR (inset shows pore size distribution
curves).
Sample BET surface area (m?/g) | Total pore volume (cm?/g) | Average pore size (nm)
SR 34.04 0.15 20.31
CSR 42.35 0.20 15.19
Fe-CSR 120.98 0.57 16.04
La-Fe-CSR | 144.60 0.76 21.04
Table 1. The structural parameters of SR, CSR, Fe-CSR, and La-Fe-CSR.
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Fig. 4. (a) XRD of SR, Fe-CSR, and La-Fe-CSR; (b) VSM of Fe-SR and La-Fe-CSR (the inset displays the
results of magnetic separation of SR and La-Fe-CSR under an applied magnetic field).

a gradual decline in phosphate adsorption, likely due to the low affinity of La for HPO,*" and the presence of
numerous OH™ ions in solution, competing for adsorption sites with HPO 42’. In addition, Fig. 5¢ shows the
point of zero charge (PZC) of La-Fe-CSR is 6.25. This indicates that when the pH exceeds the PZC, the surface
of La-Fe-CSR shifts from positive to negative®?, generating an electrostatic repulsion effect. Consequently, the
electrostatic attraction (Eq. 12) weakens, resulting in a decrease in adsorption capacity™.

Furthermore, we observed an increase in solution pH after phosphate adsorption when the initial pH ranged
from 2 to 9. This phenomenon may be attributed to the generation of OH~ when phosphate interacted with
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Fig. 5. Species distribution of phosphate at different pH levels (a), effect of pH (b), zeta potential analysis (c)
and effect of coexisting ions on La-Fe-CSR (d).

protonated lanthanum hydroxide via ligand exchange (Eqs. 13-14). Conversely, when the pH was greater than
9, the pH of the solution decreased instead after the adsorption of phosphate, which may have been due to the
formation of LaO~, the deprotonated form of La, which released H* ions (Eq. 15), thereby lowering the overall
pH of the solution?*. In summary, it was hypothesized that electrostatic interactions (non-specific) and ligand
exchange (specific) were important mechanisms for phosphate removal by La-Fe-CSR. We will elaborate on the
La-Fe-CSR adsorption mechanism in “Adsorption mechanisms” section.

La—OH+H' < La— OHy (10)

La— OH; + HyPO; — (La— OHY') + (H2 POy (11)
La— OH; + HPO;™ — (La— OHJ) + (HPO;™) (12)
La— OH + HyPO; — La — HyPOy + OH ™ (13)
2La = OH + HPO,™ — Lay — HPO4 + 20H™ (14)
La — OH + H»0 — LaO~ + H30% (15)

Ca’" + 2H, PO} + H20 — Ca (H2POy), - H2O (16)
Mg** + 2H,PO; — Mg(H2PO4), (17)

High concentrations of competing ions may reduce adsorbent adsorption sites, thereby limiting phosphate
removal efficiency. Therefore, it is crucial to consider these factors when designing and operating the adsorption
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Fig. 6. Adsorption kinetic curves. (a) SR; (b) La-Fe-CSR (inset shows adsorption kinetic for the first 60 min).

Pseudo-first-order kinetic Pseudo-second-order kinetic
Absorbents | T (°C) | k, (1/min) | g, (mg/g) | R? k, (g/(mg-min)) | q, (mg/g) | R?
SR 25 0.0117 11.25 0.9240 | 0.0012 12.40 0.9707
La-Fe-SR 25 0.1632 19.24 0.9231 | 0.0152 19.94 0.9864

Table 2. Kinetic parameters of SR and La-Fe-CSR adsorption.

system to achieve the desired phosphate removal. Figure 5d illustrates the selectivity of La-Fe-CSR for varying
concentrations of coexisting ions (SO,*", HCO,", CI~, NO,", Ca®*, and Mg**) during adsorption. NO,™ and
ClI” ions exhibited minimal impact on phosphate removal by La-Fe-CSR. SO,*~ reduced phosphate removal by
approximately 4.1%, likely because SO,?~ belongs to the multivalent anions, which are more readily adsorbed
than monovalent anions*. However, HCO," significantly affected phosphate adsorption by La-Fe-CSR, reducing
removal efficiency by about 8.3%, likely because the adsorbent has a stronger attraction to HCO, ™ than phosphate
ions. Notably, Ca** and Mg?* did not negatively affect phosphate adsorption by La-Fe-CSR but instead enhanced
phosphate adsorption. This phenomenon may be attributed to the formation of a complex between phosphate
in solution and the adsorption sites on the adsorbent through ligand exchange, which carries anions and can
adsorb Ca?* and Mg?*. The adsorbed Ca?* and Mg?* also function as binding sites for phosphate ions (Eqgs. 16
and 17). In general terms, La-Fe-CSR could resist most coexisting ions and exhibited high adsorption selectivity
for phosphate, indicating that La-Fe-CSR holds promise for application in real sewage treatment. On this point,
we will verify this in “Reusability of La-Fe-CSR” section.

Adsorption kinetics

The adsorption equilibrium time can significantly affect the performance, economy, and sustainability of the
adsorption system, making it a crucial consideration in the design and optimization of the adsorption system.
The adsorption kinetic fitting models for SR and La-Fe-CSR demonstrated distinct adsorption behaviors and
efficiencies over time, as illustrated in Fig. 6. For SR, phosphate adsorption occurred primarily within the first
120 min, capturing 59.7% (6.98 mg/g) of the limit value. After this initial phase, the rate of adsorption slowed
down, eventually reaching saturation around 480 min.

In contrast, La-Fe-CSR displayed a much more rapid adsorption process, with 73.2% (14.50 mg/g) of the
adsorption limit value being achieved within the first 10 min. This indicated a significantly higher initial
adsorption rate compared to SR. Following this swift uptake, the adsorption rate decreased, presumably due
to the gradual filling of available adsorption sites on the La-Fe-CSR surface, with complete saturation reached
approximately at 120 min. It was evident that the adsorption time for phosphate was greatly shortened after SR
was modified. This could be attributed to the improvement of the electronic structure of La by Fe in La-Fe-CSR,
thereby facilitating more efficient utilization of the active sites of La for rapid adsorption kinetics®”.

The parameters of the adsorption kinetic fitting models for SR and La-Fe-CSR are shown in Table 2. The
results indicated that the pseudo-second-order kinetic model effectively described the adsorption data of SR and
La-Fe-CSR (R?=0.9707, R?=0.98864). Their theoretical adsorption limit values (12.40 mg/g, 20.03 mg/g) were
close to the measured values (11.82 mg/g, 19.70 mg/g). This indicated that chemical adsorption was the primary
process through which SR and La-Fe-CSR adsorb phosphate. In this process, the adsorbents and the adsorbate
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Fig. 7. Adsorption isotherms of SR (a) and La-Fe-CSR (b).

Freundlich isotherm
Langmuir isotherm model model
Absorbents | T (°C) | q,, (mg/g) | K; (L/mg) | R? K, 1/n R?
SR 25 43.65 0.0331 0.9715 | 3.9844 | 0.4808 | 0.9843
La-Fe-CSR |25 74.87 0.5736 0.9793 | 31.5289 | 0.2442 | 0.9117

Table 3. Isotherm parameters of SR and La-Fe-CSR adsorption.

interact through electron sharing or exchange, typically involving phosphate replacing surface hydroxyl groups
(-OH) and forming strong chemical bonds®.

Adsorption Isotherm

The adsorption isotherm is a crucial means for evaluating adsorbent performance and the adsorption behavior.
An isotherm study was conducted to determine the adsorption properties of SR and La-Fe-CSR. Figure 7 shows
the adsorption isotherm data for SR and La-Fe-CSR. The removal of phosphate by SR significantly decreased at
high concentrations, with an adsorption capacity of only 32.27 mg/g. In contrast, the adsorption limit value of
La-Fe-CSR was 75.12 mg/g, indicating that La/Fe incorporation effectively enhanced the adsorption capacity of
SR¥,

The Langmuir and Freundlich models describe the adsorption behavior of the adsorbents, and the fitting
results are shown in Table 3. The Langmuir model assumes that adsorption occurs on a homogeneous surface,
with adsorption limited to a monolayer, whereas the Freundlich model assumes that the energy distribution of
adsorption sites on the adsorbent surface is heterogeneous and that adsorption occurs in multiple layers. The R?
value of the Freundlich model for SR (0.9843) was higher than that of the Langmuir model (0.9715), indicating
that the Freundlich model better describes the removal of phosphate, with SR adsorbing phosphate through
a multilayer adsorption mechanism. This result was consistent with previous studies on SR!®. In contrast, the
Langmuir model for La-Fe-CSR exhibited a higher R? (0.9793), suggesting that its phosphate adsorption follows
a monolayer adsorption model, and the adsorption behavior was predominantly chemical rather than physical.
This is common in La-based materials®¢. Furthermore, based on the Langmuir model, the theoretical maximum
adsorption capacity of La-Fe-CSR was 74.87 mg/g, which is significantly higher than the saturation adsorption
capacities of many La-modified materials reported in previous studies (see Table 4). This indicates that La-Fe-
CSR demonstrates superior performance in phosphate adsorption. In addition, we evaluated the preparation
cost of La-Fe-CSR. Based on market prices, the cost of the primary raw material for synthesizing La-Fe-CSR
is approximately 60.69 USD/kg. This cost is relatively moderate compared to most La-based materials but still
higher than that of La/Fe oxide composites and SAILa@AB, which cost 23.85 USD/kg and 37.98 USD/kg,
respectively. Such a cost may limit the commercialization potential of La-Fe-CSR. Therefore, optimizing the
synthesis process of La-Fe-CSR to reduce costs will be a key focus of our future research.

Adsorption thermodynamics

The effect of temperature on the adsorption capacities of SR and La-Fe-CSR is presented in Fig. 8. The results
demonstrated that the adsorption capacities of SR and La-Fe-CSR increased as the temperature rose from
288 K to 308 K. This suggested that higher temperatures enhance the adsorption capacity of the adsorbent.
SR exhibited a greater temperature dependence, particularly at 288 K, where the adsorption capacity was only
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Materials Adsorption capacity (mg/g) | Initial concentration (mg/L) | Temperature (°C) | Dosage (g/L) | Cost USD/kg | References
La-Fe-CSR 74.87 10-120 25 1 60.69 This work
La/Fe oxide composites | 77.19 10-200 25 0.4 23.85 a7
Fe,0,/La(OH), 53.85 0.5-250 25 0.1 124 18
La,0,C0,/y-Fe,0, 134.82 5-100 25 02 99.29 g

LC-MC 34.20 10-200 25 1.5 79.96 0
SAILa@AB 21.30 10-1000 25 10 37.98 o1

60

Table 4. Comparison of La-based absorbents for phosphorus removal capacity.
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Fig. 8. Temperature influence on adsorption (a) and thermodynamic constants graph (b).

AG? (kJ/mol)
Absorbents | 288 K | 298 K | 308 K | AH® (kJ/mol) | AS° (J/(mol K))
SR 2.44 0.79 | -0.99 | 51.78 171.23
La-Fe-CSR | -3.63 | —6.41 | —8.49 | 66.50 243.90

Table 5. Isotherm parameters of SR and La-Fe-CSR adsorption.

13.25 mg/g. In contrast, the adsorption capacity of La-Fe-CSR slightly decreased to 41.02 mg/g at 288 K. The
adsorption thermodynamic data presented in Fig. 8b were further analyzed to derive the thermodynamic
parameters. From Table 5, it can be observed that the AG® values for SR were positive at 288 K and 298 K,
indicating a non-spontaneous adsorption process. However, at 308 K, the AGO value became negative, indicating
a spontaneous adsorption process for SR at higher temperatures. The AG® values of La-Fe-CSR were negative at
different temperatures, indicating that the phosphate adsorption process of La-Fe-CSR had a good spontaneous
response, which is a common behavior in La-based materials*’. The positive AH? values of SR (51.78 kJ/mol)
and La-Fe-CSR (66.50 kJ/mol) further indicated that the phosphate adsorption process of both materials was a
thermoabsorptive reaction, and the high temperatures helped the phosphate removal. In addition, the positive
values of AS° for SR (171.23 J/(mol K)) and La-Fe-CSR (243.90 J/(mol K)) indicate that the adsorption of
phosphate by these two materials is in the direction of entropy increase, i.e., the interfacial randomness between
the solids and the solution increases in the reaction process®.

Adsorption mechanisms

FTIR analysis

Figure 9 displays the FTIR spectra of the adsorbent. As shown in Fig. 9a, the peaks at 3410 cm™! and 1620 cm™!
correspond to the characteristic ~-OH stretching vibrational peaks??.. The O-C-O stretching vibrational bands
of SR at 1460 cm™ and 874 cm™ correspond to the presence of the CaCO, phase, and an O-S-O asymmetric
stretching band can be clearly observed at 1149 cm™, indicating the presence of the CaSO, phase in SR.
Compared with SR, the characteristic peaks of La-Fe-CSR at 3410 cm™! and 1620 cm™! were significantly
enhanced, indicating that the number of ~-OH groups coordinated to La and Fe in the interlayer of SR increased
after the loading of La and Fe, providing more adsorption sites for La-Fe-CSR. Characteristic peaks of Fe(OH),
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Fig. 9. FTIR spectra of SR, Fe-CSR, and La-Fe-CSR.

and Fe-O bonds were observed near 668 cm™ and 601 cm™, indicating that Fe was effectively loaded onto
Fe-CSR and La-Fe-CSR. In addition, compared to Fe-CSR, the peaks at 1496 cm™! and 1404 cm™! correspond
to La(OH),*, suggesting that La is loaded as La(OH), on the surface of La-Fe-CSR, consistent with the XRD
analysis. The small peak observed near 852 cm™ may have been attributed to La-O.

As shown in Fig. 9b, after phosphate adsorption, the peaks of Fe-CSR and La-Fe-CSR at 3410 cm™ and
1620 cm™! not only shifted to higher wavebands (3439 cm™! and 1638 cm™!) but also weakened, suggesting ~-OH
involvement in phosphate adsorption. The appearance of new asymmetric vibrational peaks near 1054 cm™
corresponded to P-O bonding (HPO 42’ or H,PO,”). This observation was consistent with previous results®’,
confirming that both adsorbents successfully adsorbed phosphate. The peaks at 646 cm™! and 553 cm™! for
La-Fe-CSR corresponded to the O-P-O bending vibration. In addition, the iron hydroxide and Fe-O peaks of
Fe-CSR and La-Fe-CSR disappeared at the end of the adsorption process, likely due to the involvement of Fe in
phosphate adsorption®!.

XPS analysis

To better understand the adsorbent-phosphate interactions, the adsorbent was analyzed by XPS (Fig. 10). Full-
size images of P, La, Fe, O, and C are provided in Fig. 10a. Before the adsorption of O, Fe, C, and La were present
in the XPS image of La-Fe-CSR, indicating that La and Fe were effectively synthesized on the surface of La-
Fe-CSR. After adsorption, P signals were found in the full-size images, confirming the effective adsorption of
phosphate by La-Fe-CSR. The P 2p peak spectra of La-Fe-CSR are shown in Fig. 10b. There is a distinct peak at
133.48 eV, referenced to the P 2p peak in KH,PO, (134 eV)*?, which is shifted toward the low-energy region.
This shift is attributed to the ligand exchange between the adsorbent and phosphate (Egs. 14-15). Additionally,
with reference to the peaks of LaPO,-xH,0 (132.88 eV) and FePO,-2H,0 (133.60 V), the P 2p peak (133.48 eV)
of La-Fe-CSR was very close to them. This confirmed the formation of Fe-P complexes or La-P complexes. Some
H,PO, analogs had been identified, which had been produced through the reaction of LaPO, via the absorption
of phosphate through ~OH bonds (Eq. 18). Therefore, it was inferred that precipitation was one of the pathways
for phosphate removal by La-Fe-CSR*.

La*t + PO}~ — LaPO, (18)
Fe — OH + H,PO; — Fe— H,PO; +OH™ (19)
2Fe = OH + HPO?™ — Fey — HPO4 4+ 20H™ (20)

Shifting towards the high-energy region, La 3d,,, and La 3d, , of La-Fe-CSR in Fig. 10c moved from 851.98 eV
and 835.18 eV to 852.36 eV and 835.52 eV after phosphate loading. This shift, frequently observed in La-based
materials, may be attributed to electron transfer within the La valence band*!. The Fe 2p;,, (724.98 eV) and Fe
2p.,, (711.38 eV) peaks of La-Fe-CSR shifted towards lower energies to 724.82 eV and 711.22 eV, respectively,
after phosphate adsorption, with a shift of only 0.16 eV. This further suggests that Fe also served as a site for
phosphate adsorption (Egs. 19-20). The O 1s photoelectron spectroscopy data of La-Fe-CSR were deconvoluted
based on oxygen binding energies to identify M—O, M-OH, and H,O peaks. The valence band area of the M-O
peak of La-Fe-CSR rose from 17.89 to 24.14% after phosphate loading, indicating that phosphate was adsorbed
and existed on the surface of the adsorbent in the form of M-~O-P*°. The valence band area of the M-OH
peak declined from 61.11 to 43.32%, demonstrating that La-Fe-CSR binds phosphate by displacing -OH groups
through ligand exchange. The ratio of the area of the M-OH valence band before and after the adsorption of
La-Fe-CSR was approximately 1.41, falling within the range of 0.5 to 2.0 We hypothesized that La-Fe-CSR may
form mononuclear monodentate and binuclear bidentate complexes in the course of phosphate sequestration.

Scientific Reports |

(2025) 15:3145 | https://doi.org/10.1038/s41598-025-87754-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

. La-Fe-CSR
(a) Wide scan —— La-Fe-CSR-P
018 == Fe-CSR
La3d —— Fe-CSR-P
Fe 2p
/'\——M ci1s
al ;o
- oIS B
= La3d
S Fe 2p P2
cis
: S 8
z 01s A
3
E Fe 2p
M cis
018
% o
cis t\
Al A
L L L L L
1200 1000 800 600 400 200 0
Bining energy (eV)
T T
(b) P 2 P2p (c) La3d I/ La 3d;, La 3dy), !
p 133.48 eV ! ~
851.98 eVl 1
835.18 V]
La-Fe-CSR /&\
FePO,2H,0 LaPO, xH,0
133.60eV 132.88eV

H;PO, analog
1343 eV

852.36 V.

Intensity (a.u.)
Intensity (a.u.)

La-Fe-CSR-P /2\

146 144 142 140 138 136 134 132 130 128 126 124

N 860 850 840 830
Binding Energy (eV) Binding Energy (eV)
T ! 531.20 eV
Fe 2 !
(d) Fe 2p : P s eV: P (&) O1s s238ey M-OH

724.98 eVl

A\ 61.11%
529.78 eV
I

La-Fe-CSR

724.82 eV

Intensity (a.u.)
Intensity (a.u.)

|
| La-Fe-CSR-P
|
I
I

740 735 730 725 720 715 710 705 700 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)

526

Fig. 10. XPS spectra of Fe-CSR and La-Fe-CSR before and after adsorption.

Combining all the obtained results, multiple adsorption mechanisms were involved in the phosphate uptake of
La-Fe-CSR. La-Fe-CSR relies primarily on La to adsorb phosphate, while Fe may react with a small amount of
phosphate to form complexes. Figure 11 illustrates the potential removal mechanisms involved in the phosphate
removal process of La-Fe-CSR.

Reusability of La-Fe-CSR
Evaluating the utility and cost-efficiency of adsorbents depends largely on their cyclic regeneration performance,
which was one of the focuses of La-Fe-CSR in this study. Figure 12a illustrates that La-Fe-CSR maintained
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a robust adsorption rate of 89.2% for phosphate after the initial cycling test. Even after 5 cycles, La-Fe-CSR
maintained an adsorption rate exceeding 74.5%. The decline in the phosphate adsorption capacity of La-Fe-CSR
may be attributed to the permanent occupancy of active sites during subsequent cycles®'. Figure 12(c-d) presents
SEM images of La-Fe-CSR before and after cycling. As shown in Fig. 12¢, compared to the SEM image taken
before cycling, the La-Fe-CSR surface exhibited an increase in crystal formation after several cycles (Fig. 12d).
Additionally, the pore structure appeared to become tighter. Based on these observations, we hypothesized that
the increased crystallization and pore closure resulted from the formation of stronger chemical bonds between
the phosphate and the lanthanide-based adsorbent. This process likely filled the pores and led to the permanent
loss of some of the adsorbent’s active sites. Furthermore, phosphate desorption efficiency consistently exceeded
70% across all five cycles. This indicated that La-Fe-CSR possessed the capability to recover phosphate despite
repeated usage.

Real domestic sewage adsorption experiments

To address river eutrophication, sewage facilities are mandated to meet stringent phosphate limits, such as
the environmental quality standard for surface water (Class IV =0.30 mg/L). We evaluated the ability of La-
Fe-CSR to treat domestic sewage. The parameters of the fresh domestic sewage were as follows: pH=6.85,
COD=380.16 mg/L, TN=28.52 mg/L, NH,*-N=19.85 mg/L, and TP=5.50 mg/L. Figure 12b illustrates the
concentrations of each pollutant in the sewage following treatment with La-Fe-CSR. The concentration of TP in
the actual sewage dropped from 5.50 mg/L to 0.28 mg/L, which falls below the Class IV environmental standard
(0.30 mg/L). La-Fe-CSR also had a certain purification effect on COD, TN, and NH,*-N in domestic sewage,
reducing their concentrations to 136.50 mg/L, 11.97 mg/L, and 8.52 mg/L, respectively. Although its performance
in treating actual sewage was marginally less effective compared to lab-prepared phosphate solutions, likely due
to the complexity of the sewage composition, the removal efficiency still reached 94.9%. These experimental
results demonstrated the substantial potential of La-Fe-CSR as a highly efficient and rapid phosphate adsorbent.

Conclusions

La-Fe-CSR materials were synthesized and applied for the adsorption and recovery of phosphate from water.
La-Fe-CSR exhibited superior phosphate removal within the pH range of 4-7. La-Fe-CSR had better resistance
to coexisting ions. The adsorption kinetics and isotherms indicated that the adsorption process of La-Fe-
CSR involved monolayer adsorption and chemisorption, respectively. The adsorption mechanisms of La-Fe-
CSR for phosphate removal involved precipitation, electrostatic attraction, ligand exchange and complexation
interactions. Moreover, La-Fe-CSR maintained over 74.5% adsorption efficiency and 70.0% desorption efficiency
after five cycles of phosphate adsorption-desorption. Following treatment with La-Fe-CSR, the TP concentration
in the domestic sewage was 0.28 mg/L, below the environmental quality standard for Class IV surface water
(0.30 mg/L). In conclusion, our results not only promote the use of La-based adsorbents but also provide new
ideas for the rational utilization of SR.

Limitations of the study

Although the La-Fe-CSR synthesized in this study demonstrates strong potential for phosphorus removal
from domestic sewage, there are several limitations. These include: (1) the focus of this study was solely on
phosphorus removal in domestic sewage, without examining its performance in more complex water bodies,
such as industrial wastewater; (2) the study only investigated the removal of phosphorus as a single pollutant;
and (3) the experimental conditions were confined to laboratory settings. As a next step, future research will aim
to optimize the preparation process of La-Fe-CSR, explore its ability to synergistically remove other pollutants,
and assess its long-term stability in various water bodies through pilot-scale experiments.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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