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a b s t r a c t

A porous lanthanum (La) carbonate-carbon composite (LaCC) was prepared by vacuum-freeze-drying and

pyrolysis techniques to remove phosphorus (P) from wastewater. Using polyethylene glycol as a carbon

skeleton template, and the organic ligands are removed during pyrolysis, resulting in the creation of many

pore structures. The LaCC showed excellent P removal performance and selectivity over a wide pH range

(3–10). It exhibited a rapid adsorption rate and could hold up to 119.5mg P/g. Fixed-bed column experi-

ments showed that under dynamic conditions, just 1 g of LaCC effectively treated 60 L of P-contaminated

wastewater with an initial concentration of 2mg/L, meeting the primary discharge standard of <0.5mg/L

according to the comprehensive sewage guidelines of China. Bacterial experiments showed that the LaCC

could inhibit the growth of Escherichia coli, indicating that it has both P removal and bacterial inhibition

effects, which can greatly improve the application range of adsorbents.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To prevent the eutrophication of water bodies, it is critical

to carry out deep removal of phosphorus (P) from sewage and

wastewater to reduce the total P load in surface water bodies,

such as lakes and reservoirs [1]. At present, there are strict global

restrictions on the concentration of P in discharged sewage, and

the Comprehensive Sewage Discharge Standard of China (GB 8978–

2002) requires that the mass concentration of phosphate (in terms

of P) should be ≤0.5mg/L [2]. In nature, P can be categorised as

organic or inorganic, according to its chemical nature. Most or-

ganic P is produced in chemical plants, and although it is highly

toxic, it cannot be directly utilised by organisms [3]. Inorganic P is

the most dominant form of P in aquifers because almost all P ex-

ists in its pentavalent form, which becomes orthophosphate when

dissolved in the aquifer. Orthophosphate, including PO4
3-, HPO4

2-,

and H2PO4
-, is the only form of P that can be assimilated by au-

totrophic organisms and microorganisms in water; therefore, it is

an important research target [4].

Common wastewater P removal technologies include: biological,

chemical precipitation, membrane, electrochemical, and adsorption

∗ Corresponding author.

E-mail address: guangzhihu@ynu.edu.cn (G. Hu).
1 These authors contributed equally to this work.

[5]. Adsorption is widely accepted as a cost-effective means of

deep P removal because of its simplicity of operation, effective re-

moval of P at low concentrations, and potential for the recovery

of non-renewable P resources [6]. Adsorption is primarily used to

remove orthophosphates from wastewater. Currently, metals such

as iron, aluminium, calcium, magnesium, lanthanum (La), and zir-

conium are widely used for phosphate removal from water [7].

First, La ranks 28th in abundance in the Earth’s crust, higher than

common metals, such as lead and cobalt [8]. Therefore, La is not

only commercially readily available and relatively inexpensive but

also effectively removes low levels of P from water. This capabil-

ity surpasses what traditional adsorbents like iron and aluminium

can achieve. Secondly, the solubility product constant of the LaPO4

precipitate generated by La ions and phosphate is extremely small,

ranging from 10-24.7 to 10-25.7, making it the most insoluble of

the known phosphate compounds [9]. Therefore, La-based mate-

rials offer significant advantages in terms of their P removal per-

formance. Again, La has low-to-medium toxicity and is therefore

biologically safe. It has been reported that the bioavailability of La

in animals is less than 0.7‰, and the limiting utilisation rate in the

human body is only 1.27‰±0.8‰. Even when used orally, the vast

majority of La compounds are excreted in faeces and do not ac-

cumulate in organs, such as the kidneys or bone structures [10]. In

addition, La carbonate chewable tablets (fosrenol), which can effec-
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Fig. 1. (a) N2 adsorption-desorption curves and (b) pore size distribution of LaCC. (c) XRD, (d) FTIR, and (e-i) XPS spectra of LaCC and LaCC+P.

tively reduce the P concentration in the human blood, have been

successfully developed and applied in the clinical treatment of hy-

perphosphatemia in patients with chronic renal failure [11]. In con-

clusion, lanthanide-based adsorbents are safe for removing excess

P from aqueous solutions.

Since there is a strong binding capacity between La ions and

phosphate, it can be assumed that the La-doped adsorbent can ef-

fectively adsorb P in solution. On the other hand, the organic lig-

ands in polymers are shed during pyrolysis thereby creating a large

number of pore structures. Therefore, if the polymer is used as a

carbon skeleton template, it can be assumed that the pore struc-

ture of the adsorbent will increase after pyrolysis, which will in-

crease the diffusion rate of P on the adsorbent. In this study, ad-

sorbent (LaCC) with honeycomb structure was prepared by vacuum

freeze-drying and pyrolysis technique. The technique is easy to op-

erate and the product is highly crystalline. The main functional

component of LaCC is La carbonate oxide (La2CO5). Meanwhile, this

study reported for the first time that lanthanum carbonate com-

pounds were prepared by this method and used for adsorption

to remove excess P from water. The influencing factors, reaction

processes, and adsorption removal mechanisms of LaCC for P re-

moval from aqueous solutions were explored. Through the above

research, the P removal reaction system of the La-based carbonate

adsorbent was finally established, to maximally reduce the P load

into the surface water environment and provide a theoretical basis

and technical support for the deep treatment of low-concentration

P-containing tailwater, such as secondary effluent.

Fig. 1a shows the N2 adsorption-desorption isothermal curve of

the LaCC adsorbent, which conforms to the characteristics of the

type IV curve specified by IUPAC with H3-type hysteresis loops, in-

dicating that the synthesised adsorbent contains slit pores formed

by the accumulation of banded particles [12]. The pore size dis-

tribution diagram of LaCC (Fig. 1b) shows that it has both meso-

porous and macroporous multilevel structures. The phase com-

position of the adsorbent LaCC was analysed by X-ray diffraction

(XRD) technique, and the results are shown in Fig. 1c. The positions

of the corresponding diffraction peaks of the LaCC were in good

agreement with the XRD standard diffraction pattern of La2CO5

(JCPDS card No. 23–0320), indicating that La2CO5 was synthesised

via freeze-drying and pyrolysis. The functional groups contained in

the adsorbent were identified by Fourier transform infrared spec-

trometer (FTIR) (Fig. 1d). The strong absorption bands at 1500

and 1367 cm-1 correspond to the asymmetric stretching vibrational

peaks of C=O in CO3
2- [13], and the bending vibrational peaks

of CO3
2- appear at 852 cm-1 [14]. The X-ray photoelectron spec-

troscopy (XPS) of LaCC before and after adsorption of P are shown

in Fig. 1e. The characteristic peaks of P 2p appeared after adsorp-

tion of P. Figs. 1f-i show the XPS high-resolution maps of C, O, La,

and P, respectively.

Fig. S2 (Supporting information) shows the microscopic mor-

phology of the adsorbent. PEG provides the organic carbon skele-

ton structure, and the addition of La does not change the mor-

phology of the adsorbent. The elements C, O, and La are uniformly

distributed in the reticulated structure of the LaCC, indicating that

La2CO5 is uniformly encapsulated in the organic skeleton structure

provided by PEG pyrolysis. Figs. 2a and b are the transmission elec-

tron microscope (TEM) and high-resolution transmission electron

microscope (HR-TEM) image of LaCC, respectively. The lattice spac-

ing maps (Fig. 2c) of La2CO5 were derived from the conversion of

Fig. 2a by the "Digital Micrograph" software. The spacing of Fig. 2c

1©- 3© is 1.950, 0.903, and 0.574nm, representing 5, 3, and 2 lat-

tices, respectively. Thus the spacing between neighbouring lattices
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Fig. 2. (a) TEM image of LaCC. (b) HR-TEM image of LaCC. (c) Lattice spacing of La2CO5. (d) HAADF images of LaCC. (e) Crystal lattice model of La2CO5.

is 0.390, 0.301, and 0.287nm, respectively. The lattice spacings of

the 101, 103, and 110 crystal surface showed in the XRD standard

card (JCPDS card No. 23–0320) of La2CO5 are 0.388, 0.302, and

0.287nm, respectively, which corresponds essentially to the values

of lattice spacings obtained from Fig. 2c. In the high-legged annu-

lar dark field image (HAADF) mode, the atom-sized bright spots

in the lattice stripes in Fig. 2d should be La atoms, and the dis-

tance between adjacent bright spots on the lattice line was approx-

imately 3.90 Å and this result aligns with the La-La distance within

the crystal cell of La2CO5 (Fig. 2e, 3.86 Å). These results above fur-

ther verify that the crystal structure on LaCC is La2CO5.

When the solution’s pH changes, there are differences in the

form of P and surface properties of the adsorbent, which may di-

rectly affect the binding between the adsorbent and P. The pKa

values of phosphoric acid in aqueous solutions are 2.1, 7.2, and

12.3 [15]. When the pH of the solution is <2.1, it is mainly in the

form of H3PO4 molecules, which are not subject to electrostatic at-

traction; when the pH is in the range of 2.1–7.2, H2PO4
- in the

form of divalent mainly exists, and at this time, the LaCC’s sur-

face becomes positively charged due to protonation. This can pro-

duce electrostatic attraction effect with the negative ions of phos-

phate and thus promote the phosphate removal (Fig. 3a) [16]. At

pH>7.2, HPO4
2- gradually replaced H2PO4

- as the most dominant

form. At this time, the amount of positive charge carried on the

LaCC surface gradually decreased, resulting in weakening of the

electrostatic attraction and inhibition of phosphoric acid removal

by adsorption. As the solution’s pH continues to rise, surpassing

the isoelectric point of LaCC at 10.1 (pHpzc) (Fig. 3b), the surface of

the LaCC starts to be negatively charged by deprotonation, which

can produce electrostatic repulsive action with the equally nega-

tively charged phosphate and inhibit the adsorption removal of P

[17]. In contrast, OH- increased with increasing pH, thereby inhibit-

ing the adsorption of phosphate by the LaCC.

The leaching of La of the adsorbent LaCC was examined un-

der different pH conditions. When the pH value was below 3, the

La concentration in the solution was higher than 29.3mg/L, in-

dicating a higher risk of La leakage in the LaCC under strongly

acidic conditions. When the pH rises, less La was released. When

the pH exceeds 5, the leaching of La is minimal, measuring only

126μg/L. This concentration falls below the maximum allowable

limit of 150μg/L for total La in freshwater according to Dutch regu-

lations [18]. Given that the typical pH range for natural or domes-

tic wastewater lies between 6.5 and 8.5 [14], there is no need to

overly concerned about La leakage.

Figs. 3c and d show the fitted model plots for kinetics and

isotherms, respectively. Table S2 (Supporting information) shows

that the Langmuir model exhibits higher correlation coefficients

compared to the Freundlich model. This suggests that the Langmuir

model provides a better fit, implying a uniform monolayer adsorp-

tion process for P by LaCC. This conclusion is similar to those of

related studies on other lanthanide-based adsorbents [19].

Table S3 (Supporting information) shows that the correlation

coefficient (R2) for the pseudo-second-order model was notably

high. Furthermore, the maximum adsorption capacities predicted

by the pseudo-second-order model (97.9, 108.4, and 112.5mg P/g)

closely matched the experimental values (99.9, 110.9, and 116.7mg

P/g) across various P concentrations. Thus, it can be hypothe-

sised that the process of phosphate adsorption by LaCC is mainly

chemisorption, which produces strong chemical bonds through lig-

and exchange [20].

Australia’s Commonwealth Scientific and Industrial Research Or-

ganisation (CSIRO) has developed La-modified bentonite, which

finds extensive use in real-world water treatment projects [21].

Unfortunately, the adsorbent has a limited adsorption capacity, ap-

proximately 10mg P/g. Therefore, it is essential to improve the

adsorption capacity of P adsorbents. The adsorption capacities of

the LaCC and previously reported P adsorbents of the same type

were compared (Table S4 in Supporting information). The P ad-

sorption capacity of LaCC has a clear advantage, indicating that it

has great potential for practical applications. The fixed-bed experi-

ment was conducted to evaluate the removal efficiency of LaCC on

low concentration P in continuous flow, and the device diagram

was shown in Fig. 4a. Fig. 4b showed that 1020 BV of P-containing

solution was effectively treated in the initial fixed-bed experiment.
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Fig. 3. (a) Effect of pH on the adsorption of P by LaCC (T: 298K; dosage of LaCC: 1/3 g/L; C0: 50mg P/L; adsorption time: 5h). (b) Zeta potential of LaCC. (c) Adsorption

kinetics of P-adsorption on LaCC. (d) Adsorption isotherms of P-adsorption on LaCC (C0: from 20mg P/L to 150mg P/L; reaction time: 5h). (c, d) T: 298K; dosage: 1/3 g/L).

Fig. 4. (a) Fixed bed device diagram. (b) Breakthrough curves of LaCC. (c) Effects of coexisting ions on the adsorption of P by LaCC. (d, e) Inhibition of E. coli at different

concentrations of LaCC.

Remarkably, just 1 g of LaCC could treat approximately 60 L of P-

containing wastewater. Following breakthrough, the fixed bed filler

was desorbed in place using NaOH (1mol/L). In the next two cy-

cle experiments, 840 and 750 BV of water were effectively treated,

which were 82.4% and 73.5% of the initial treated water volume,

respectively, verifying that the LaCC adsorbent has a higher poten-

tial for the application of P adsorption in real wastewater.

Common anions in the water column, such as Cl-, F-, SO4
2-,

CO3
2-, and NO3

-, were selected to explore the anti-interference

ability of LaCC. Fig. 4c shows that Cl-, F-, SO4
2-, and NO3

- hardly af-

fected the adsorption of P by LaCC even when their concentration

(200mg/L) was much higher than that of P. However, the inhibition

of CO3
2- was more pronounced and the inhibition rate was 9.69%.

This may be because the addition of CO3
2- increases the pH of the

solution, which is unfavourable for phosphate removal [22]. How-

ever, La2(CO3)3 has a lower solubility than LaPO4, which makes it

easier to generate [23]. However, even in this case, LaCC adsorption

still reach 91.8mg P/g, suggesting that LaCC are highly selective for

phosphate ions and have great potential for practical applications.

If an adsorbent can achieve both P removal and sterilisation in

wastewater, its application range will increase. Figs. 4d and e show

that the growth of E. coli added to the LaCC was inhibited when

the inoculum concentration of the strain was kept the same, and

the inhibition effect was gradually obvious with increasing LaCC
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Fig. 5. Adsorption mechanism of P by LaCC.

dosing. Based on colony counts, the inhibition rates for E. coli were

72.5%, 79.5%, 86.6%, and 99.2% at dosages of 50, 100, 200, and

400mg/L, respectively. Some metal ions such as silver, copper, zinc,

iron [24], and La [25] exhibit antibacterial properties. When the La

ions reached 100μg/L, it killed ∼39% of E. coli in only one minute

[26]. The pH of the medium was around 7.4, and under these

conditions, when LaCC was dosed at 50, 100, 200, and 400mg/L,

the amount of La leached from the solution was 32, 61, 108, and

173μg/L, respectively, thus inhibited the growth and reproduction

of E. coli. In addition, the adsorbent LaCC adsorbents may inhibit

the uptake of nutrients such as carbon, nitrogen, and P by bacte-

ria, resulting in their inability to grow properly [27].

Fig. 5 shows the reaction mechanisms involved in the adsorp-

tion of P by the LaCC, including electrostatic attraction, hydrogen

bonding, and ligand exchange interactions [28]. During the increase

in solution pH from acidic to the isoelectric point of LaCC, posi-

tively charged adsorbent surfaces rapidly attract P through electro-

static forces, forming stable inner complexes via ligand exchange

(Eqs. 1–3) [13,29]. At neutral pH, phosphate anions (H2PO4
- and

HPO4
2-) can interact with the adsorbent as both hydrogen-bond

acceptors and donors [30]. Although the electrostatic gravitational

effect continued to weaken with increasing solution pH, the dom-

inant ligand exchange mechanism was sufficient to counteract this

negative effect. When the pH of the solution continued to increase,

OH- competed with phosphate for the CO3
2- sites. Therefore, the

desorption of P can be achieved by placing the LaCC into a strongly

alkaline solution.

The adsorption mechanism was further elucidated by compar-

ing the LaCC sample characterisation results before and after P ad-

sorption. The positions of the diffraction peaks of the LaCC after

the adsorption of P were in good agreement with the XRD standard

diffraction pattern of LaPO4 (JCPDS Card No. 32–0493), indicating

that the phosphates bound to La in the LaCC. Fig. 1d shows that

the peaks located at 1632 and 1056 cm-1 correspond to the -OH

stretching vibrational peak in H2PO4
- and the symmetric stretching

vibrational peak of P-O, respectively [13]; and the peaks located at

616 and 539 cm-1 correspond to the phosphate groups’ vibrational

peaks of v4 [31]. In addition, the intensities of all the CO3
2- peaks

of the LaCC after the adsorption of P decreased significantly, indi-

cating that CO3
2- plays a crucial role in the adsorption process.

The XPS total spectra showed that a P 2p signal peak was de-

tected in the LaCC after the adsorption of P (Fig. 1e). The fitting re-

sults of the C 1s signal peak show that the position of the O–C=O

bond belonging to CO3
2- shifts from 289.6 eV to 288.7 eV, and the

content decreases from 18.1% to 10.8% (Fig. 1f). In addition, no

characteristic peaks belonging to CO3
2- were fitted on LaCC after

adsorption of P (Fig. 1g), indicating that CO3
2- participates in the

reaction and ligand exchange is the main adsorption mechanism.

The double split peaks at 835.5 and 852.1 eV correspond to the

La 3d5/2 and La 3d3/2 eigenpeaks (Fig. 1h), these peaks exhibit a

spin-orbit splitting energy of 16.6 eV After P were adsorbed, the

La 3d characteristic peak moved to a higher binding energy of ap-

proximately 0.7 eV, suggesting a possible electron transfer between

phosphate and LaCC to form complexes containing La–O–P chemi-

cal bonds [32].

La2CO5 +2H2PO4
- → La2O2(H2PO4)2 +CO3

2- (1)

La2CO5 +HPO4
2- → La2O2(HPO4)+CO3

2- (2)

La2CO5 +PO4
3- → La2O2(PO4)

- +CO3
2- (3)

This study reports for the first time the growth of La2CO5 on

carbon skeletons using vacuum freeze-drying and carbonisation

techniques and its use for the removal of excess P from wastew-

ater. PEG has a carbon skeleton that allows La2CO5 to be uniformly

distributed inside the adsorbent. The carbonation process gener-

ates gases and gas spillage creates a rich pore structure, and this

structure enhances the active sites. The LaCC exhibited a remark-

ably high P adsorption capacity, reaching 119.5mg P/g. This value

significantly surpassed that of a similar type of P adsorbent. The

dynamic experiment showed that LaCC has an excellent P removal

effect, which is attributed to its rapid adsorption kinetics. In ad-

dition, the LaCC adsorbent inhibited the growth of E. coli during

P removal, making this multifunctional adsorbent more promis-

ing for practical applications. This study confirms the safety of the

LaCC adsorbent and its practical viability for treating sewage and

wastewater. It establishes a theoretical foundation and offers tech-

nical backing for the efficient removal of P from these environmen-

tal sources.
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