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A B S T R A C T   

The elevation of environmental phosphate levels can negatively impact both the natural environment and human 
health. To address this issue, a series of MnO2 sorbents were investigated in this study. A facile one-pot synthesis 
method was employed to fabricate distinct morphologies and crystalline structures by controlling the hydro
thermal duration. As the hydrothermal duration was prolonged, the samples demonstrated a pronounced 
enhancement of stability and crystalline phases, along with a corresponding increase in structural oxygen va
cancies. A series of sorption performance tests were conducted, including pH effect, sorption isotherm, sorption 
kinetics, co-existing ions and sorption–desorption cycles experiments. It was revealed that manganese dissolu
tion, the surface charge of the sorbents, and the phosphate species at different pH values collectively influenced 
the sorption process. The sorbent α-MnO2-120 h, with the highest oxygen vacancy ratio, exhibited the best 
sorption performance towards phosphate ions, with the maximum sorption capacity at pH 7. The highest removal 
rate and kd value were 82.63 % and 2.29 × 103 mL g− 1, respectively, at the initial concentration of 30.7 mg PO4 
g− 1. The α-MnO2-120 h sorbent exhibited excellent selectivity in the presence of NO3

− , SO4
2− , CO3

2− , and SiO3
2− . 

Furthermore, the regenerated material exhibited only a 6 % decrease in phosphate removal efficiency after five 
cycles, with no structural changes observed. A novel mechanism was proposed, highlighting the dominance of 
covalent chemical reactions in the sorption process. In particular, the participation of oxygen vacancies in sor
bents contributed to enhancing the effective removal of phosphate ions. Overall, this study successfully 
demonstrated that synthesized α-MnO2 is a promising sorbent for phosphate removal.   

1. Introduction 

Phosphates, essential in biology, chemistry, and agriculture, are key 
contributors to environmental pollution. Uncontrolled human activities, 
such as waste disposal and industrial wastewater release, contaminate 
urban sewage with phosphates [2]. Excessive agricultural phosphate use 
leads to phosphorus accumulation in soils and water bodies, causing 

eutrophication and cyanobacterial blooms, which harm aquatic plants 
and pose health risks [3]. Direct or indirect exposure to cyanotoxins 
from cyanobacteria can cause gastrointestinal disorders, skin irritations, 
and potential carcinogenic risks [4]. To address the ecological threat of 
high phosphate levels, countries worldwide have set strict discharge 
standards. For example, various U.S. states restrict phosphate emissions 
from 0.1 to 0.5 mg/L, and the emission limit for phosphate ions in 

* Corresponding authors at: Department of Radiation Oncology, Fujian Medical University Union Hospital, Fuzhou 350001, China (Y. Chen). Geological Survey of 
Finland, P.O. Box 96, FI-02151, Espoo, Finland (J. Xu). 

E-mail addresses: 2000cyg@fjmu.edu.cn (Y. Chen), junhua.xu@gtk.fi (J. Xu).  

Contents lists available at ScienceDirect 

Separation and Purification Technology 

journal homepage: www.elsevier.com/locate/seppur 

https://doi.org/10.1016/j.seppur.2024.127497 
Received 10 February 2024; Received in revised form 27 March 2024; Accepted 11 April 2024   

mailto:2000cyg@fjmu.edu.cn
mailto:junhua.xu@gtk.fi
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2024.127497
https://doi.org/10.1016/j.seppur.2024.127497
https://doi.org/10.1016/j.seppur.2024.127497
http://creativecommons.org/licenses/by/4.0/




�6�H�S�D�U�D�W�L�R�Q �D�Q�G �3�X�U�L�ç�F�D�W�L�R�Q �7�H�F�K�Q�R�O�R�J�\ ������ ������������ ������������

��

concentration testing. 
The sorption capacity (qe), removal efficiency, and distribution co

efficient (Kd) were calculated using Eqs. (1)–(3), respectively: 

qe =
(C0 − Ce) × V

m
(1)  

removal efficiency =
(C0 − Ce)

Ce
⋅100% (2)  

Kd =
(C0 − Ce) × V

Ce × m
(3)  

where qe (mg PO4 g− 1) is the equilibrium sorption capacity, C0 (mg PO4 
L− 1) is the initial concentration of PO4

3− ions, Ce (mg PO4 L− 1) is the 
equilibrium concentration of PO4

3− ions, V (L) is the volume of the so
lution, and m (g) is the mass of the synthesized manganese dioxide. The 
distribution coefficient (Kd) describes the distribution of PO4

3− ions be
tween the solution and the ion exchanger. 

2.4.2. Sorption isotherm 
Initially, 50 mg of the sorbent was added to 20.0 mL of phosphate 

solution with different initial concentrations from 30.7 to 1535 mg PO4 
L− 1 at pH ~7.0 and mixed for 72 h on a shaker to attain the sorption 
equilibrium. After phase separation by centrifugation, the supernatants 
were subjected to ICP-AES measurement. 

2.4.3. Sorption kinetics 
The kinetic sorption experiments were conducted at room tempera

ture and pH ~7.0. A series of 50 mg samples of synthesized MnO2 were 
added to solutions containing 61.4 mg PO4 L− 1 of phosphate. Following 
rotation durations of 1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 4 h, 7 h, 12 
h, 18 h, 24 h, 48 h, and 72 h, the concentration of PO4

3− in the super
natant was measured. 

2.4.4. Effect of co-existing ions 
The effects of co-existing ions NO3

− , SO4
2− , CO3

2− , and SiO3
2− at 

different concentrations were investigated. The concentration of phos
phate ions was fixed at 61.4 mg PO4 L− 1, and the following molar 
concentration ratios of PO4

3− to the interfering anions were utilized: 1:0, 
2:1, 1:1, and 1:2. Typically, a 50 mg quantity of synthesized MnO2 was 
equilibrated for 72 h with 20 mL of PO4

3− solution at pH ~7.0. After 
phase separation, the supernatants were analyzed by ICP-AES. 

2.4.5. Sorption–desorption cycles 
The reusability of sorbent materials is a critical factor in assessing 

their effectiveness. Following a 72-hour sorption period, the phosphate- 
ion-sorbing material was filtered, dried, and collected. Subsequently, 
desorption of phosphate ions was achieved using a 0.5 M NaOH solution, 
followed by washing with distilled water and a 0.05 M HCl solution. The 
material was then dried for subsequent sorption cycles. This sorp
tion–desorption cycle was repeated continuously for 5 cycles. 

3. Results and discussion 

3.1. Structural analyses 

The crystal structures of the synthesized MnO2 were characterized by 
X-ray diffraction and are presented in Fig. 1a. Structural transformation 
was observed between the hydrothermal reaction times of 12 h and 24 h. 
According to Fig. 1a, the MnO2 materials prepared using the hydro
thermal reaction times of 6 h and 12 h displayed characteristic diffrac
tion peaks at 12.61◦, 37.29◦, and 66.36◦, which correspond to a layered 
structure of the δ-MnO2 type with a hollandite structure 
(K0.46MnIV1.54MnIII0.46O4⋅1.4H2O JCPDS No.80–1098) [26]. No other 
significant impurity peaks were detected, but both samples had rela
tively low crystallinity due to their relatively short synthesis time. For 
the MnO2 materials with a synthesis time of 24 h, 48 h, 72 h, 96 h, and 
120 h, the products obtained correspond to α-MnO2, as indicated by the 

Fig. 1. a) The XRD pattern of all materials (2θ angle from 5◦ to 80◦. The gray lines in the figure have been fitted to the data, the black sections of the pie diagrams in 
the top right corners indicate the proportion of δ-MnO2, and the purple sections represent the proportion of α-MnO2). b) TG curves of the obtained MnO2. c) FT-IR 
spectra of the MnO2 samples. d–e) SEM images of MnO2 produced with different synthesis times. 
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PDF card with PDF#44–0141 [27]. Their XRD patterns display several 
main characteristic diffraction peaks at 12.40◦, 17.64◦, 29.8◦, and 
38.40◦ (Fig. 1a). These diffraction peaks possess strong intensity without 
any additional impurity peaks, indicating good crystallinity. The crys
talline phases were identified by MDI Jade 9.0 software. A shorter 
duration of hydrothermal treatment results in the material predomi
nantly exhibiting the δ-MnO2 crystal phase, whereas prolonged hydro
thermal treatment leads to the gradual formation of the α-MnO2 phase 
(Fig. 1a, Table S1). 

Thermogravimetric analyses were conducted to investigate the 
thermal stability of the synthesized MnO2 materials (Fig. 1b, Figure S1, 
S2). As illustrated in Fig. 1a, two groups of curves can be seen for 
δ-MnO2 and α-MnO2 samples. The δ-MnO2-6 h and δ-MnO2-12 h samples 
produce similar TG curves, with weight loss in the temperature range of 
30 ◦C to 165 ◦C, which corresponds to the removal of surface adsorbed 
water [16]. Their weight loss in the range of 165 ◦C to 470 ◦C suggests a 
lattice condensation dehydration [1,28], while that in the temperature 
range of 470 ◦C to 800 ◦C corresponds to the reduction of manganese 
from the tetravalent to the trivalent state, accompanied by the release of 
oxygen, ultimately forming Mn3O4 [29]. Similarly, α-MnO2 samples 
obtained from hydrothermal reaction times of 24 h to 120 h exhibit 
weight losses of 2.17 % in the temperature range of 30 ◦C to 165 ◦C and 
2.75 % in the range of 165 ◦C to 470 ◦C, which were less than the weight 
losses of δ-MnO2 in the first two temperature ranges, indicating that the 
crystalline structure formed under longer hydrothermal times is more 
stable. In addition, weight losses of 7.72 % in the range of 470 ◦C to 
800 ◦C were detected. 

The functional groups on the synthesized MnO2 were characterized 
by their FTIR spectra, as illustrated in Fig. 1c. The sharp bands around 
469.39 cm− 1 and 526.53 cm− 1 correspond to the vibration of Mn-O 
bonds in [MnO6] octahedra [30,31]. The bands at 726.53 cm− 1 and 
1410 cm− 1 can be ascribed to the characteristic vibration of O-Mn-O 
bonds [32]. The band at 885.71 cm− 1 indicates the bending vibration of 
–OH on the vacant position of the [MnO6] octahedra [33]. The broad 
spectral band in the range of 1000 cm− 1 to 1100 cm− 1 corresponds to the 
vibration of –OH bonded to manganese atoms [34]. The broad band at 

1626.53 cm− 1 represents the bending vibration of –OH from physically 
sorbed water molecules [33]. It should be noted that the weak band at 
2375.51 cm− 1 indicates the stretching vibration of CO3

2− , which might 
be due to the measurement process being conducted in air, leading to 
exposure to CO2 [31]. The broad vibrational bands in the range of 3073 
cm− 1 to 3444 cm− 1 can be attributed to the stretching and flexing vi
brations of –OH groups in H3O+ formed through physical sorption of 
water molecules or ion exchange reactions [33]. 

The morphologies of the obtained samples were obtained using SEM. 
The SEM images of the synthesized materials are presented in Fig. 1d–e. 
δ-MnO2-6 h was observed as aggregated small balls with a diameter of 
approximately 300–500 nm, with randomly oriented needle-like nano- 
rods having a length of 300–400 nm (Fig. 1d). Increasing the synthesis 
time to 12 h led to longer rods on the surface of δ-MnO2-6 h, but without 
significant changes in shape. Only some stick-shaped objects started to 
form a sheet-like structure, resembling rolled dough (Fig. 1d). For 
α-MnO2-24 h, distinct alterations can be seen in Fig. 1d, with many wire- 
like nanofibers forming clusters resembling bird’s nests. No significant 
change was observed for the morphologies from α-MnO2-48 h to 
α-MnO2-120 h in the shape of the nanowires, but they became longer 
and wider, as can be seen in Fig. 1d–e. 

The surface properties of the synthesized MnO2 were investigated by 
BET and XPS measurement and analysis. Fig. 2a presents the N2 
adsorption isotherms of seven different synthesized materials. In the 
high-pressure region, all samples exhibit sharp N2 gas absorption curves. 
Specifically, the δ-MnO2-6 h sample exhibits a typical Type IV adsorp
tion isotherm accompanied by a H4 hysteresis loop, without a distinct 
saturation adsorption plateau [35]. This indicates an irregular porous 
structure. Conversely, the curves of the other six materials conform to 
the typical Type II adsorption isotherm. Figure S3 illustrates that all 
seven materials demonstrate a certain pore size distribution within the 
range of 0–50 nm, suggesting the presence of mesoporous and micro
porous structures (Table S2). According to Table S2, among these seven 
materials, the sample obtained after 6 h of hydrothermal treatment 
displays the highest specific surface area and pore volume, with pore 
sizes concentrated between 5–9 nm. 

Fig. 2. a) N2 adsorption–desorption isotherms. b) XPS full spectra of several materials. c) XPS analysis of Mn2p of synthesized MnO2. d) Schematic representation of 
the morphological and structural changes of the material. e) Change in the ratio of Mn3+ to Mn4+ and variation in the vacancy content. 
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The XPS spectra of the synthesized manganese oxide are presented in 
Fig. 2b–c. The XPS spectra of all seven samples were similar (Fig. 2b). 
The binding energies at 83.39, 284.8, 531.06, and 641.39 eV correspond 
to Mn3s, C1s, O1s, and Mn2p, respectively [36]. Further investigation of 
the oxidation states of manganese Mn2p is presented in Fig. 2c. The 
peak-fitting software XPSPEAK41 was used for peak decomposition 
analysis. The peaks corresponding to Mn2p1/2 and Mn2p3/2 were 
located at 653.86 ± 0.2 eV and 642.23 ± 0.2 eV [37], respectively. 
Mn2p3/2 and Mn2p1/2 were decomposed into three peaks, corre
sponding to Mn (II), Mn (III), and Mn (IV) [38]. 

The crystal phase of manganese dioxide transitions from δ-MnO2 to 
α-MnO2 was observed from the above XRD results. A longer synthesis 
time implies the crystalline growth to be a more stable lattice structure, 
which was verified by the SEM images of rod-shaped nanomaterials 
growing into long nanowires with an increase in the hydrothermal re
action time. Additionally, during this process, the proportion of Mn (IV) 
in MnO2 decreases, while the proportion of Mn (III) increases (Fig. 2e 
and Table S3). The higher proportion of Mn(III) may be associated with 
a higher content of surface oxygen vacancies based on Eq. (4) (the ox
ygen vacancies are denoted as □) [39]. The longer the hydrothermal 
reaction time continues, the more the surface oxygen lattice will be 
displaced. Consequently, the α-MnO2-120 h material exhibits the highest 
proportion of oxygen vacancies [40]. When oxygen vacancies are 
generated, oxygen atoms will leave by taking two outermost electrons. 
This process results in the lattice becoming positively charged [41]. In 
the sorption process, these positively charged vacancies can attract 
negatively charged phosphate ions.  

Mn4+ − O2− − Mn4+ → Mn3+ − □ − Mn3+ + 1/2 O2↑                      (4) 

Finally, according to the XPS data, the TGA and FTIR results, and the 
oxygen vacancies concept [35,42], the formulas of each synthesized 
MnO2 were calculated and are presented in Table 1. 

3.2. Batch sorption experiments 

3.2.1. Effects of initial pH 
The influence of pH on the sorption of phosphate ions was investi

gated at an initial concentration of 61.4 mg PO4 g− 1 with a pH range 
from 1 to 10 using synthesized MnO2. The phosphate species from pH 
1–10 were plotted using Visual MINTEQ (Fig. 3a). According to Fig. 3a, 
the dominant phosphate species is H3PO4 when the pH is less than 2, 
H2PO4

− is the main species from pH 2–7, and the dominant species 
gradually transforms to HPO4

2− after pH 7. 
These seven materials exhibit good sorption capacities within a wide 

pH range from 2 to 8, but with a decreasing trend (Fig. 3b). Among these 
materials, α-MnO2-24 h displays the highest sorption capacity of 25.66 
mg PO4 g− 1 at pH 2. At this point, the removal rate and the distribution 
coefficient kd of phosphate ions are 85.62 % and 2392.83 mL g− 1, 
respectively (Fig. 3c, d). The sorption capacity of MnO2 gradually de
creases as the pH increases from 2 to 10. However, it is interesting to 
note that peaks in sorption capacity enhancement are observed in a 
weak alkaline environment for the samples α-MnO2-72 h, α-MnO2-96 h, 
and α-MnO2-120 h. The maximum sorption capacity of 23.08 mg PO4 
g− 1 is achieved by α-MnO2-120 h at pH ~7 (Fig. 3b), which might be due 

to the highest ratio of oxygen vacancies occurring in α-MnO2-120 h, 
providing a positive electrostatic attraction to attract phosphate ions. 
After pH 8, the equilibrium pH of the solution has a significant effect on 
the sorption capacity. 

The dissolution of Mn at various pH values is illustrated in Fig. 3e. 
The amount of Mn released by the synthesized sorbents decreased 
rapidly with an increase in the pH value. The overall trend of manganese 
(Mn) dissolution is closely related to the trend in the sorption amount in 
the acidic solution, consistent with the previous findings [37]. We pro
posed that the Mn2+ ions released into the solution may combine with 
the Mn4+ sorption sites on the synthesized MnO2 (Eq. (5) [43]. The 
dissolved manganese ions compete with phosphate ions for surface 
sorption sites.  

≡MnIVOH + Mn2+ + H2O → ≡MnIVOMnOH + 2H+ (5) 

Manganese dissolution, the surface charge of the sorbents, and the 
phosphate species at different pH values collectively influence the 
sorption process. In a solution at pH 1, the phosphate ions primarily exist 
as H3PO4, with limited electrostatic interactions, leading to a compar
atively low sorption efficiency of the synthesized materials. However, at 
pH 2, the material surface possesses a positive charge and the phosphate 
species in the solution mainly exist as H2PO4

− (Fig. 3a), leading to a 
strong electrostatic attraction between the material surfaces and the 
phosphate ions in the solution. At pH values of 3 and 4, the material 
surface carries a positive charge but with a reduced charge density 
(Fig. 3f). Within this pH range, the prevailing form of phosphate ions is 
H2PO4

− . As a result, the electrostatic attraction between the material 
surface and the phosphate ions weakens. Therefore, the sorption effi
ciency is slightly decreased compared to pH 2. At pH values of 5 and 6, 
the material surface possesses a negative charge and the main form of 
phosphate ions is still H2PO4

− . Nevertheless, the dissolution of manga
nese significantly decreases from 32 mg/L to 3 mg/L (Fig. 3g), and the 
competitive sorption of Mn ions relative to H2PO4

− becomes almost 
negligible. Consequently, the sorption capacity is improved compared to 
pH 3 and 4. At pH ~7, the surface charge of the material is approxi
mately zero and the zeta potential slightly increases compared to pH 5 
and 6 (Fig. 3f). The phosphate species persist in the form of H2PO4

− . 
Compared to pH 5 and 6, the electrostatic repulsion between the ma
terial and the phosphate species in the solution can be negligible. 
Furthermore, at pH ~7, the dissolution of manganese in the solution 
decreases close to zero. As a result, the sorption capacity of the material 
is increased compared to pH 5 and 6. However, above pH 8, the sorption 
amount qe rapidly drops to 6 mg PO4 g− 1 at pH 9 and finally decreases to 
below 4 mg PO4 g− 1 at pH 10. Fig. 3a shows that over 88 % of the 
phosphate species are HPO4

2− at pH 8–10. As OH− becomes dominant, it 
competes with the limited number of sorption sites on the synthesized 
manganese oxide surface, resulting in a sharp decrease in the quantity of 
sorbed phosphate ions. 

3.2.2. Sorption kinetics 
The sorption kinetics was investigated for the synthesized manga

nese dioxide to test the variation in the sorption capacity over time. 
Pseudo-first-order and pseudo-second-order kinetic models are 
commonly used to fit sorption kinetics data. The pseudo-first-order ki
netic equation represents a proportional relationship between the 
sorption rate and the concentration of vacant sites on the synthesized 
manganese oxide surface [44,45]. The equation is given by: 

qt = qe(1 − e− k1×t) (7) 

Here, qt represents the sorption at time t (mg PO4 g− 1), qe represents 
the sorption at equilibrium (mg PO4 g− 1), t is the sorption time (h), and 
k1 is the pseudo-first-order sorption rate constant (h− 1). 

The pseudo-second-order kinetic model assumes that the sorption 
rate is controlled by a chemical sorption mechanism [46]. The equation 
is given by: 

Table 1 
The calculated formulas of all MnO2 samples.  

Hydrothermal 
time (h) 

Calculated formula 

6 (Mn2+
0.106 Mn3+

0.304 Mn4+
0.668) □0.030 O1.653⋅(OH)0.520⋅0.295H2O 

12 (Mn2+
0.063 Mn3+

0.405 Mn4+
0.612) □0.031 O1.651⋅(OH)0.518⋅0.301H2O 

24 (Mn2+
0.096 Mn3+

0.450 Mn4+
0.598) □0.043 O1.777⋅(OH)0.423⋅0.081H2O 

48 (Mn2+
0.050 Mn3+

0.622 Mn4+
0.475) □0.135 O1.831⋅(OH)0.339⋅0.104H2O 

72 (Mn2+
0.078 Mn3+

0.678 Mn4+
0.378) □0.327 O1.838⋅(OH)0.352⋅0.129H2O 

96 (Mn2+
0.080 Mn3+

0.830 Mn4+
0.244) □0.340 O1.813⋅(OH)0.338⋅0.077H2O 

120 (Mn2+
0.089 Mn3+

0.832 Mn4+
0.220) □0.417 O1.793⋅(OH)0.385⋅0.110H2O  
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qt =
q2

e × k2 × t
1 + qe × k2 × t

(8) 

Here, k2 is the pseudo-second-order sorption rate constant, with units 
of mg− 1 g PO4 h− 1. 

The kinetic experiments in this study were conducted at room tem
perature with a phosphate concentration of 61.40 mg PO4 g− 1 at pH ~ 7. 
The sorption rate rapidly reached 21.47 mg PO4 g− 1 at 30 min, which 
corresponds to 96 % of the equilibrium sorption capacity (qe). The 
sample reached equilibrium after 12 h, and the sorption capacity 
remained nearly constant thereafter. In addition, it can be observed that 
the pseudo-second-order kinetic model better describes the sorption of 
phosphate ions on the sample compared to the pseudo-first-order kinetic 
equation (Fig. 3i and Table 2). The experimental data exhibited a high 
correlation coefficient (R2 > 0.991), and the fitted theoretical qe value 
was 21.52 mg PO4 g− 1, which closely matched the experimental value of 
21.61 mg PO4 g− 1. This indicates good agreement between the experi
mental data and the model, confirming that the sorption of phosphate 
ions on the sample is a chemical sorption process [47]. 

3.2.3. Sorption isotherm 
The sorption isotherm reflects the sorption capacity and affinity of 

the synthesized manganese oxide α-MnO2-120 h at different equilibrium 
concentrations [23]. The sorption isotherm experiment in this study was 
conducted with the concentration of phosphate ions ranging from 30.70 
mg PO4 g− 1 to 1535 mg PO4 g− 1 at room temperature and pH ~ 7 
(Fig. 4a). The sorption capacity (qe) of phosphate ions for α-MnO2-120 h 
increased with an increase in the initial concentration of phosphate ions, 
approximately reaching equilibrium at a concentration of 614 mg PO4 
g− 1 (Fig. 4a). The maximum sorption capacity of 31.12 mg PO4 g− 1 was 
achieved at an initial concentration of 1535 mg PO4 g− 1. The phosphate 

Fig. 3. a) forms of phosphate ions at different ph values. b) Effect of the initial solution pH on the sorption capacity of phosphate ions. c) The impact of pH on the 
phosphate removal rate. d) The influence of pH on the distribution coefficient. e) The influence of pH on manganese solubility. f) The zeta potential of α-MnO2-120 h 
as a function of pH. g) Comparative manganese dissolution profiles of α-MnO2-120 h sorbent in the presence and absence of phosphate ions. h) Sorption kinetics data. 
i) The corresponding curves fitted via the pseudo-first-order kinetic model and pseudo-second-order kinetic model. 

Table 2 
Fitted pseudo-first-order and pseudo-second-order models for phosphate 
sorption.  

Sample Pseudo-first-order kinetics Pseudo-second-order kinetics 

α-MnO2 kl 

(h− 1) 
qe 

(mg PO4 

g− 1) 

R2 k2 

(mg− 1 g PO4 

h− 1) 

qe 

(mg PO4 

g− 1) 

R2 

120 h 2.31 21.42 0.919 0.18 21.52 0.991  

L. Wang et al.                                                                                                                                                                                                                                   
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removal rate and the kd value share the same decreasing trend with an 
increase in the initial concentration of phosphate ions (Fig. 4b, c). The 
highest removal rate and the highest kd value were 82.63 % and 
2290.87 mL g− 1, respectively, at the initial concentration of 30.7 mg 
PO4 g− 1. 

Two commonly used sorption isotherm models, the Langmuir and 
Freundlich sorption isotherms, were used to describe the sorption pro
cess in aqueous solutions. The Langmuir isotherm theory assumes the 
existence of a specific number of uniformly distributed sorption sites on 
the synthesized manganese oxide surface, where each site can accom
modate one molecule. It considers sorption as monolayer sorption 
without any interaction between the sorbed molecules [24,31]. The 
equation is given as follows: 

qe =
qmKLCe

1 + KLCe
(9) 

where qe represents the sorption at equilibrium (mg PO4 g− 1), qm is 
the maximum sorption capacity of the synthesized manganese oxide (mg 
PO4 g− 1), KL is the Langmuir sorption constant (L mg− 1), and Ce is the 
concentration of phosphate in the solution at equilibrium (mg PO4 L− 1). 

The Freundlich sorption isotherm model assumes multilayer sorption 
occurring between different surface sites, where the sorption sites are 
not equivalent or independent and exhibit significant differences in solid 
surface properties [48]. The equation is given as follows: 

qe = KFCe
1/n (10) 

Here, KF is the Freundlich sorption constant related to the sorption 
capacity, and 1/n is an indicator of sorption strength or surface het
erogeneity, with 0 < 1/n < 1. Specific data were obtained by fitting a 
linear regression line. The Langmuir model was found to provide a better 
fit to the data, with a correlation coefficient (R2) of 0.999, compared to 
the Freundlich equation (Fig. 4d, Figure S4, and Table 3). This suggests 
that the sorption of phosphate ions onto the material surface occurs as 
monolayer sorption, with a uniform and limited distribution of sorption 
sites [49]. Furthermore, the theoretical calculation for the maximum 
sorption capacity of phosphate ions was found to be 31.23 mg PO4 g− 1, 
as the experimental data yielded a maximum sorption capacity of 31.20 
mg PO4 g− 1, demonstrating close agreement with the simulated values 

[22]. 

3.2.4. Effect of co-existing ions 
An experiment examining the effect of co-existing ions was per

formed using the interfering ions NO3
− , SO4

2− , CO3
2− , and SiO3

2− [50]. The 
concentration molar ratios of phosphate over the interfering ions tested 
were 1:0, 2:1, 1:1, and 1:2. As illustrated in Fig. 4e, the presence of NO3

−

had a minimal impact on phosphate sorption. However, when the molar 
ratio of PO4

3− over NO3
− ions was 1:1, the interfering effect led to a 

decrease in the sorption efficiency of phosphate ions by 9.5 %. SO4
2−

exhibited a slight inhibitory effect on phosphate sorption. The removal 
rate showed a decreasing trend from 78.8 % to 70.6 % when the molar 
ratio of PO4

3− over SO4
2− ions was 1:2. In the presence of CO3

2− , when the 
molar ratio of PO4

3− over CO3
2− ions was 1:2, the removal rate dropped 

from 78.8 % to 63.5 %. Furthermore, a decline of 12.5 % was observed 
when the molar ratio of PO4

3− over SiO3
2− was 1:2. In summary, the 

α-MnO2-120 h sorbent exhibited excellent selectivity in the presence of 
NO3

− , SO4
2− , CO3

2− , and SiO3
2− . Among the four anions, the interfering 

impact followed the order SiO3
2− > CO3

2− > NO3
− > SO4

2− . Silicate and 
carbonate ions exhibited a greater impact and similar inhibitory effects 
on the sorption of phosphate ions, which could be attributed to the 
similarity in their chemical forms present in aqueous solution, as both 
are hydrogen-bearing oxygen-containing anions [38,51]. 

3.2.5. Sorption–desorption cycles 
To assess the reusability of the synthesized sorbent, we conducted 

sorption–desorption cycles experiments using the α-MnO2-120 h mate
rial at room temperature. The phosphate sorption rates from the first 
cycle to the fifth cycle using α-MnO2-120 h sorbent are shown in Fig. 5a. 

Fig. 4. a) the effect of the initial solution concentration on the sorption capacity of phosphate ions. b) the impact of the initial solution concentration on the 
phosphate removal rate. c) the influence of the initial solution concentration on the distribution coefficient. d) the removal isotherms of phosphate and the langmuir 
and Freundlich models fitted to the experimental data. e) The effect of coexisting ions (NO3

− , SO4
2− , CO3

2− , and SiO3
2− ) on the phosphate removal rate. 

Table 3 
The Langmuir and Freundlich model parameters for phosphate sorption.  

Sample Langmuir  Freundlich 

α-MnO2 KL 

(L/mg) 
qmax 

(mg PO4 g− 1) 
R2  KF (L/mg) 1/n R2 

120 h 0.06 31.23 0.999  16.59 0.09 0.998  

L. Wang et al.                                                                                                                                                                                                                                   
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