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a b s t r a c t
In this study, La(OH)3-loaded Juncus effusus (La-JE) with a three-dimensional structure was pre-
pared via an in-situ precipitation and then wrapped in a cellulose membrane. The La-JE not only 
avoided the leakage of La(OH)3 but also was separated from solution easily. The optimal pH for 
phosphate removal by the La-JE was 6. The removal rate of phosphate was positively correlated 
with adsorption time, La-JE dosage and reaction temperature, and negatively correlated with phos-
phate concentration. The adsorption process conformed to pseudo-second-order kinetic model 
and was better fit by Freundlich model. At 25°C, the maximum adsorption capacity of the La-JE 
was 22.75 mg·P/g. The influence of SO4

2–, Cl–, NO3
–, NH4

+, HCO3
– and CO3

2– on phosphate removal 
was negligible, suggesting that the La-JE had good anti-interference ability. Mechanism analysis 
showed that the removal process of phosphate was related to both ligand exchange and surface pre-
cipitation. The application in real water environment exhibited that the La-JE had good potential 
for advanced dephosphorization of sewage treatment plant and natural waterbody remediation.
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1. Introduction

Phosphorus (P) is essential for the growth of animals 
and plants. However, due to excessive release of phospho-
rus in the rivers or lakes, about 30%–50% of water sources 
are facing the eutrophication [1]. Eutrophication of the 
water bodies could destruct water ecosystems and threaten 
human health [2]. The minimum margin concentration 
of phosphate to induce eutrophication is 0.02 mg/L [3]. 
Therefore, the effective removal of phosphate has become 
an urgent issue for the protection of natural waters.

Various methods including biological treatment, chem-
ical precipitation, ions exchange, membrane process and 
adsorption, have been employed to reduce phosphorus in 
water and wastewater [4–7]. However, biological treatment 
and chemical precipitation are not applicable to the removal 
of low-concentration phosphate, while ion exchange and 

membrane process need high technological equipment 
and operation costs [8,9]. By contrast, adsorption method 
has the appealing advantages of simple operation, high 
efficiency, cost-effective and low sludge production [10,11].

Many adsorbents like metal oxide and metal hydrox-
ide [12], bentonite [13], activated carbon [14] and metal–
organic frameworks [15] have been reported. In particular, 
Lanthanum (La)-containing absorbents stand out due to 
their high affinity for phosphate and low solubility constant 
(pKsp = 26.15) of the formed lanthanum phosphate in a rel-
atively acidic environment [16,17]. However, the reported 
La-containing active species commonly had a nanostruc-
ture, which are not only easy to agglomerate but also dif-
ficult to separate from aqueous solution [18]. In addition, 
the leakage of nanoparticles into water will pose great 
challenge in practice [19]. Hence, some studies have tried 
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to load nano-lanthanum oxide or hydroxide on different 
matrixes such as magnetic particles, carbon materials and 
polymers [20–22].

Juncus effusus (JE) is a type of natural cellulose that is 
extensively cultivated in various regions of China. One of 
its unique characteristics is the three-dimensional (3D) net-
work structure, which consists of interconnected channels, 
being a promising polymer carrier [23]. However, due to 
the strong hydrophobicity of JE fibers, the introduction 
of active groups is obstructed. Our previous work demon-
strated that its hydrophobicity can be overcome by means 
of ethanol/aqueous solution [24]. Herein, La3+ was rapidly 
introduced into the 3D structure of the JE in ethanol/water 
system and then transformed into La(OH)3 in situ via react-
ing with ammonia in the present study. Afterward, a layer 
of cellulose film was coated outside of the JE to obtain the 
La(OH)3-loaded Juncus effusus (La-JE). The morphology 
and structure of the La-JE were characterized by scan-
ning electron microscopy (SEM), X-ray diffraction (XRD) 
and Fourier-transform infrared spectroscopy (FTIR). Batch 
experiments were done for investigating the adsorption 
potential of the La-JE for phosphate. At the same time, the 
anti-interference ability and reusability of the La-JE were 
assessed, and the adsorption mechanism was elucidated.

2. Materials and methods

2.1. Materials

JE was obtained from Guangxi Golden rabbit Ecological 
Agriculture Co., Ltd., China. LaCl3·7H2O, ammonium 
molybdate and ascorbic acid were bought from Aladdin 
Biochemical Technology Co., Ltd., China. Ammonia, ethanol, 
KH2PO4, HCl and NaOH were provided by Chengdu Kelong 
Chemicals Co., Ltd., China. All reagents were AR grade.

2.2. Preparation and characterization of the La-JE

The preparation of La-JE was done according to the pro-
cedure presented in Fig. 1. Briefly, 0.2 g of JE was immersed 

in 50 mL of 20 g/L LaCl3 ethanol/water solution with 1:1 for 
ethanol and water volume ratio. After 10 min, the JE was 
transferred onto a polyethylene (PE) web. When the surface 
moisture was dried out, the sample was put in an ammonia 
ethanol/water solution with 1:3 for ammonia and ethanol/
water volume ratio and 1:1 for ethanol and water volume 
ratio for 60 min. Subsequently, it was transferred onto the 
PE web again for drying out the surface moisture. Later, the 
material was soaked in a 2% cellulose solution for 5 s, and 
then it underwent a process of regeneration in deionized 
water. The resulting sample was labelled as La-JE.

The physical morphologies, crystal structure and 
functional groups of the samples including JE, La-JE and 
P-loaded La-JE were characterized by JSM-7001F SEM 
(Japan), Bruker D8 XRD (Germany) analysis and Nicolet iS50 
Infrared Spectrometer , America (FTIR), respectively.

2.3. Batch adsorption experiments

La-JE (0.4–3.6 g/L) was dispersed in 50 mL phosphate 
working solution of known concentrations (10–50 mg·P/L) at 
various pH 2–10. The mixture was shaken for different time 
(5 min–6 h) at the predetermined temperature (15°C–45°C). 
For each experiment, the residual concentrations of phos-
phate in the aqueous samples were quantified by molyb-
denum blue spectrophotometric analysis. The percentage 
of phosphate removal (%) and the adsorption capacity 
(mg·P/g) of the La-JE were computed using Eqs. (1) and (2), 
respectively.
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where C0, Ce and Ct are the phosphate concentrations at ini-
tial, equilibrium and time t, respectively, and their units are 

 
Fig. 1. Synthetic scheme for the preparation of the La-JE.
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mg/L; m is the La-JE mass (g), and V is the volume of phos-
phate solution (L).

2.4. Influence of coexisting ions and regeneration experiment

SO4
2–, Cl–, NO3

–, NH4
+, HCO3

– and CO3
2– were chosen as the 

coexisting ions for assessing the anti-interference ability of 
the La-JE. The concentration of phosphate and each coex-
isting ion were set at 10 mg·P/L and 250 mg/L, respectively.

Reusable study was performed by suspending 0.05 g 
of La-JE in 10 mg·P/L of phosphate solution at 25°C. When 
adsorption equilibrium was reached, the P-loaded La-JE 
was desorbed using 1 mol/L NaOH solution. Afterward, it 
was reused in the next cycle.

3. Results and discussion

3.1. Characterization of the samples

The cross-section morphologies of the JE and La-JE are 
displayed in Fig. 2. It was clear that the JE had a 3D net-
work structure, and its surface was relatively smooth. When 
La(OH)3 was loaded, the 3D structure was completely pre-
served and the JE fiber was coated by many lamellas. At 
the same time, the regenerated cellulose was observed 
to form a dense film on the La-JE surface, which can 
prevent the leakage of La-containing species.

The XRD patterns of the JE and La-JE are shown in 
Fig. 3a. Compared with the JE, some new diffraction peaks 
appeared at 15.6°, 27.2°, 28.0°, 39.4° and 48.6° for the La-JE, 
which proved that the La-containing species loaded on 
the JE were La(OH)3.

The FTIR spectra of the JE, La-JE and P-loaded La-JE 
are shown in Fig. 3b. The new peaks appearing at 3,445 
and 670 cm–1 in the FTIR spectrum of the La-JE belonged 
to the La-OH vibration of La(OH)3 [25,26]. Due to the exis-
tence of a large amount of hydroxyl group, the adsorption 
band at 3,340 cm–1 gave a red shift and became stronger. 

These further confirmed to the successful introduction of 
La(OH)3. As for the disappeared adsorption peaks at 1,600 
and 1,510 cm–1, it was related to the lignin removal on the 
JE during soaking in ammonia ethanol/water.

3.2. Effect of initial pH

For phosphate adsorption on the La-JE, pH is the most 
important factor. Hence, the influence of solution pH (2–10) 
on phosphate adsorption was done by dispersing La-JE 
(2 g/L) in a phosphate solution (10 mg·P/L) and shaking 
for 240 min at 25°C. From the result shown in Fig. 4a it is 
clear that with solution pH rising from 1.8 to 9.8, phosphate 
removal rate firstly gave an increase and then decreased. 
The optimal pH was found to be 6. The reason is that phos-
phate exists different species including H3PO4, H2PO4

–, 
HPO4

2– and PO4
3– with solution pH varying [27,28]. When pH 

is below 2.1, the form of relatively stable H3PO4 dominates, 
but the interaction between H3PO4 and the adsorbent is 
weak. With pH increases from 2.1 to 12.3, H2PO4

– and HPO4
2– 

became the main species in turn. Because the adsorption free 
energy of H2PO4

– was lower, its adsorption on the adsorbent 
was easier than HPO4

2– [28]. After that, PO4
3– becomes the 

major specie. In addition, the decline of phosphate removal 
rate in strong acid condition was related to the leaking of 
lanthanum ions. According to Chen et al. [29], a signif-
icant leaking of La (>60%) was observed under the condi-
tion of pH 3.0, but the leaking of La was negligible with 
pH ≥ 4.0. Under strong alkaline condition, the decreased 
percentage was also ascribed to the inhibitory effect of OH– 
on the formation of LaPO4 [30].

3.3. Effect of adsorption time

Influence of adsorption time (5 min–6 h) on phos-
phate removal was carried out via dispersing La-JE (2 g/L, 
pH = 6) in a phosphate solution (10 mg·P/L) and shaking 

 
Fig. 2. Scanning electron microscopy images of the JE (a,b), La-JE (c,d) and P-loaded La-JE (e,f) cross-section.
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for 240 min at 25°C. The result is displayed in Fig. 4b. It is 
evident that the removal rate of phosphate rapidly rose at 
the initial stage of adsorption (5–30 min). Then, the incre-
ment gradually decreased and reached the adsorption equi-
librium after 180 min. It is due to the fact that there existed 
more adsorption sites on the La-JE for phosphate binding at 
the beginning stage. In addition, the higher concentration 
gradient also caused the stronger adsorption force. While 
the reaction time was prolonged, the adsorption poten-
tial decreased because of the fewer adsorption sites and 
lower phosphate concentration. Accordingly, the adsorp-
tion rate also decreased. Finally, the adsorption–desorption 
equilibrium was reached.

3.4. Effect of La-JE dosage

By dispersing La-JE (2 g/L) in a phosphate solution 
(10 mg·P/L, pH = 6) and shaking for 240 min at 25°C, the 
effect of La-JE dosage (0.4–3.6 g/L) on phosphate removal 
was performed. The result is presented in Fig. 4c. As the 
dosage of La-JE increased from 0.4 to 3.6 g/L, the removal 
rate of phosphate steadily rose from 59% to 99%. Meanwhile, 
the adsorption capacity of the La-JE gradually reduced from 
14.8 to 2.7 mg/g. The phenomenon was because increasing 
the dosage of La-JE, the available active sites increased. Thus, 
more phosphate can be adsorbed by the La-JE, improv-
ing the removal rate. However, more adsorption sites were 
not effectively utilized due to the fixed phosphate concen-
tration, so the adsorption capacity dropped. Considering 
the removal rate and economy, the La-JE dosage was fixed 
2 g/L in subsequent experiments.

3.5. Effect of initial phosphate concentration

With dispersing La-JE (2 g/L) in a phosphate solution 
(pH = 6) and shaking for 240 min at 25°C, the effect of ini-
tial phosphate concentration (10–50 mg·P/L) was investi-
gated. The result was shown in Fig. 4d. With phosphate 
concentration varying from 10 to 50 mg/L, the removal rate 
decreased from 93% to 75%. At the same time, the adsorp-
tion capacity of the La-JE increased from 4.6 to 18.9 mg/g. 
The reason is that when the initial phosphate concentration 

was low, almost all of phosphate was adsorbed by the La-JE, 
so the removal rate was high. However, because of the too 
low phosphate concentration, some active sites on the La-JE 
were still in idle state, causing that the adsorption capac-
ity was relatively low. As the phosphate concentration 
increased, the idle adsorption sites were gradually occupied, 
and the adsorption capacity also increased.

3.6. Effect of reaction temperature

By dispersing 2 g/L La-JE in a phosphate solution with 
10 mg·P/L, solution pH = 6 and reaction time of 240 min, the 
influence of reaction temperature (15°C–45°C) on phosphate 
removal was studied. It was obvious from Fig. 4e that when 
reaction temperature rose from 15°C to 45°C, the removal 
rate of phosphate increased from 91.56% to 98.37%, and the 
adsorption capacities increased from 4.5 to 4.9 mg/g. However, 
the increment was small, suggesting that the influence 
of reaction temperature on phosphate removal was slight.

3.7. Adsorption kinetics

To study the potential rate controlling step and adsorp-
tion mechanism, pseudo-first-order and pseudo-second- 
order kinetic equations were employed to analyze the 
kinetic data, respectively. The fitting results are provided in 
Fig. 5 and Table 1.

It is obvious that the pseudo-second-order kinetic model 
had the higher R2 values (R2 > 0.99) than the pseudo-first- 
order kinetic model. Moreover, the adsorption capaci-
ties (qe,cal) calculated by the former were also closed to the 
experimental results (qe,exp). So, the phosphate adsorption on 
the La-JE complied with the pseudo-second-order kinetic 
model, suggesting that the adsorption process was mainly 
chemisorption.

3.8. Adsorption isotherms

To evaluate the adsorption performance of the La-JE for 
phosphate, the adsorption equilibrium data were analyzed 
by Langmuir and Freundlich isotherm models, respec-
tively. The fitting curves are demonstrated in Fig. 6, and the 
corresponding parameters are listed in Table 2.

Fig. 3. X-ray diffraction patterns (a) and Fourier-transform infrared spectra (b) of the JE, La-JE and P-loaded La-JE.
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Fig. 5. Pseudo-first-order (a) and pseudo-second-order (b) kinetic models for phosphate adsorption on the La-JE.
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The results demonstrate that two models had a good 
correlation with the equilibrium data. However, the R2 val-
ues obtained by the Freundlich model were slightly greater 
(>0.99) than that of the Langmuir model, suggesting that 
the phosphate adsorption on the La-JE was more consis-
tent with the Freundlich model. Similar result was reported 
for phosphorus adsorption on the La(III) loaded granu-
lar ceramic [31]. In addition, n > 1 displayed that the La-JE 
had a good affinity for phosphate. At 25°C, 35°C and 45°C, 
the La-JE displayed the maximum adsorption capacities of 
22.75, 23.21 and 23.60 mg/g, respectively. It was not as high 
as that of some La-loaded powdered sorbents (Table 3), 
but had a macroscopic size and was easily separated from 
aqueous solution.

3.9. Thermodynamic study

To further comprehend the adsorption mechanism, 
three thermodynamic parameters (ΔG, ΔH, ΔS) were com-
puted according to the van’t Hoff equation.

From the results listed in Table 4, it can be seen that all 
of the calculated ΔG° were negative, which revealed the 
spontaneity of the phosphate adsorption on the La-JE. The 
positive ΔH° confirmed the endothermic nature of adsorp-
tion, which was consistent with the result obtained from 
Fig. 2e. The positive ΔS° suggested that the disorder at 

 
Fig. 6. Langmuir (a) and Freundlich (b) isotherms for phosphate adsorption on the La-JE.

Table 1
Parameters of two kinetic models for phosphate adsorption on the La-JE

C0 (mg/L) qe,exp (mg/g)

Pseudo-first-order kinetic Pseudo-second-order kinetic

qe,cal (mg/g) k1 (min–1) R2 qe,cal (mg/g) k2 (g/mg·min) R2

10 4.68 4.28 0.0248 0.9892 5.02 0.0094 0.9979
20 8.56 9.84 0.0314 0.9548 9.15 0.0053 0.9972
40 15.53 16.90 0.0171 0.9671 18.28 0.0010 0.9922

Table 2
Fitting parameters of two adsorption isotherms at different temperatures

T (°C) Langmuir isotherm model Freundlich isotherm model

Qm (mg/g) KL (L/mg) R2 KF (mg1–1/n·L1/n·g–1) n R2

25 22.75 1.4728 0.9865 11.1766 2.9991 0.9972
35 23.21 1.9339 0.9880 12.3507 3.0340 0.9976
45 23.60 4.0574 0.9951 15.8259 3.1810 0.9969

Table 3
Comparison of the adsorption capacities of the La-JE and 
other La-loaded adsorbents for phosphate

Adsorbent T (°C) Qmax (mg/g) References

Phoslock® 35 10.5 [17]
La-BC 25 31.94 [20]
Mag-MSNs-42%La 30 54.2 [29]
PVA-SA-LH 25 7.89 [32]
NT-25 La 25 14.0 [33]
La-JE 25 22.75 This work
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the solid/solution interface increased with the progress of 
the adsorption reaction.

3.10. Anti-interference ability and reusability of the La-JE

The effects of coexisting ions including SO4
2–, Cl–, NO3

–, 
NH4

+, HCO3
– and CO3

2– on phosphate adsorption on the La-JE 
were investigated. According to the results shown in Fig. 7a, 
the fluctuation range of phosphate removal rate was only 
±4% compared with the absence of coexisting ion. Hence, 
the coexistence of SO4

2–, Cl–, NO3
–, NH4

+, HCO3
– and CO3

2– had 
no significant influence on the phosphate adsorption, indi-
cating that the La-JE had good anti-interference ability. 
In contrast, the presence of CO3

2– exerted a negative influence 
on phosphate removal in quite a few literatures [34–36].

To study the reusability of the La-JE, the desorption 
experiment was done. Compared with the first adsorption, 
the removal rate of phosphate sharply reduced from 93.48% 
to 70.19% for the second adsorption, and then to 44.12% for 
the third adsorption. In the fourth cycle, the removal rate 
only reduced by 0.77%. This meant that the P loaded on 
the La-JE was not completely reversible. The similar con-
clusions have been reported by Chen et al. [31] and Yao et 
al. [37]. The reason was attributed to the different interac-
tions between La-loaded adsorbents and P-containing spe-
cies. When ion exchange and electrostatic attraction are the 
main mechanisms of phosphate adsorption, the adsorbed 
P can be desorbed; but chemical precipitation is dominant, 
the adsorbed P cannot be desorbed [31].

3.11. Application of the La-JE in real water samples

For assessing the practice application of the La-JE, 
river water, campus lake water and the effluent from sew-
age treatment plant were employed as the representative 
samples. The initial P concentrations in the three samples 
were 0.09, 0.04 and 0.2 mg·P/L, respectively. Their pH val-
ues were in range of 7.35 to 7.68. For every sample, after 
spiked 0.5 and 1 mg/L of phosphate solution, 2 g/L of La-JE 
was dispersed in the samples and shaken for 4 h at 25°C 
according to the above-mentioned method. Finally, all of 
the effluents displayed a lower phosphate concentrations 
than 0.02 mg/L which was regarded as the concentration 

boundary of phosphorus causing to eutrophication [38]. 
This meant that the La-JE had good potential for advanced 
dephosphorization of sewage treatment plant and natural 
waterbody remediation.

3.12. Adsorption mechanism of phosphate on the La-JE

To explore the adsorption mechanism of phosphate on 
the La-JE, the P-loaded La-JE was analyzed by SEM, XRD 
and FTIR. From Fig. 2e and f, it can be seen that a lot of amor-
phous particles appeared on the surface and the gap of the 
JE fibers, indicating that the phosphate in the solution had 
entered the La-JE and reacted with the loaded La(OH)3. 
However, the 3D structure and the coated cellulose film 
were not damaged, demonstrating that the structure of the 
La-JE had good stability. From the XRD pattern of P-loaded 
La-JE (Fig. 3a), the diffraction peaks of La(OH)3 displayed 
an obvious decrease after adsorbing phosphate. The peaks 
belonging to LaPO4 were found at 19.8°, 27.2°, 28.6°, 31° 
and 42.0° [20], demonstrating that phosphate reacted with 
La(OH)3 and formed LaPO4.

In the FTIR spectrum of the P-loaded La-JE, the adsorp-
tion peaks of La(OH)3 disappeared while the bending 
vibration of O–P–O in PO4

3– was found at 615 and 540 cm–1 
[39]. The asymmetric stretching vibration of P–O at 
1,055 cm–1 overlapped with the C–OH deformation vibration 
and/or C–O stretching vibration in cellulose. These further 
proved that the reaction between the La(OH)3 and phos-
phate had happened.

Based on the above results, the removal mechanism of 
phosphate by the La-JE could be involved in ligand exchange 
and surface precipitation. For the former, the negatively 
charged phosphate species exchanged with the hydroxyl 

Table 4
Thermodynamic parameters of phosphate adsorption on 
the La-JE

ΔG (kJ/mol) ΔS (J/(mol·K)) ΔH (kJ/mol)

25°C 35°C 45°C

–18.08 –19.38 –21.97 193.28 39.74

      
Fig. 7. Influence of co-existing ions on phosphate removal (a) and the reusability of the La-JE (b).
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groups of La(OH)3, releasing –OH to the solution. For the 
latter, it was attributed that phosphate reacted with La(OH)3 
followed with the formation of LaPO4 and the release of 
–OH. This can be further confirmed by the pH change of 
the reaction medium. According to the results shown in 
Fig. 2a, it was clear that the final pH values after adsorption 
gave an increase with the initial pH varying from 2 to 8.

4. Conclusion

La(OH)3-loaded Juncus effusus (La-JE) was prepared via 
an in-situ precipitation followed with wrapping a layer of 
cellulose film. It entirely retained the 3D structure of the JE, 
which reduced the agglomerate of the active species and 
was easily separated from aqueous solution. Meanwhile, 
the introduction of the cellulose film avoided the leakage 
of La-containing species. According to XRD analysis, the 
La-containing species loaded on the JE was conformed to be 
La(OH)3. The optimal pH was found to be 6. The removal 
rate of phosphate was positively correlated with adsorption 
time, La-JE dosage and reaction temperature, and negatively 
correlated with phosphate concentration. The adsorption 
process complied with pseudo-second-order kinetic model 
and was better fitted by Freundlich model. The calculated 
maximum adsorption capacities were 22.75, 23.21 and 
23.60 mg·P/g at 25°C, 35°C and 45°C, respectively. Coexisting 
ions including SO4

2–, Cl–, NO3
–, NH4

+, HCO3
– and CO3

2– only 
caused efficiency losses of ±4% for phosphate removal, 
suggesting that the La-JE had good anti-interference abil-
ity. After 4 cycles of adsorption–desorption, the removal 
rate of phosphate reduced from 93.48% to 43.35%, indicat-
ing that phosphate removal on the La-JE was involved in 
multiple mechanisms. For the chosen water samples, all of 
the effluents displayed a lower phosphate concentrations 
than 0.02 mg/L after treatment.
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