
https://doi.org/10.1007/s11356-022-22525-8

RESEARCH ARTICLE

Resin‑based iron‑manganese binary oxide for phosphate selective 
removal

Jie Wang1 · Yongcan Jiang2 · Musheng Xu1 · Cong Han1 · Lichao Zhang3 · Guanglong Liu1

Received: 23 March 2022 / Accepted: 9 August 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Adsorption technology can effectively remove phosphorus from water and realize phosphorus recovery. Hence, it is used 
to curb the eutrophication of water and alleviate the crisis caused by the shortage of phosphorus resources. Resin has 
been attracting increasing interest as an ideal adsorption material; however, its practical application is greatly affected by 
environmental factors. To solve the competitive adsorption and pore blockage caused by humic acid and coexisting ions 
during the removal of phosphorus by ion-exchange resin, this study has developed an iron-manganese oxide–modified resin 
composite adsorbent (Fe/Mn-402) based on the nanoconfinement theory. The structural characterization results of XRD, 
FT-IR, SEM, and XPS showed that the iron-manganese binary oxide was successfully loaded on the skeleton of the strongly 
alkaline anion resin and showed good stability under both neutral and alkaline conditions. The batch adsorption experiments 
showed that the maximum adsorption capacity of Fe/Mn-402 for phosphorus can reach up to 50.97 mg  g−1 under the optimal 
raw material ratio (Fe:Mn = 1:1). In addition, Fe/Mn-402 shows good selectivity for phosphorus removal. Fe/Mn-402 can 
maintain good adsorption performance for phosphate even under high concentrations of  SO4

2−,  HCO3
−, and humic acid. The 

regenerated Fe/Mn-402 can be recycled without any obvious change in its treatment capacity. Hence, it is suitable for stable, 
long-term usage. In general, this work puts forward a new idea for the development of phosphorus-removal adsorbents for 
the treatment of wastewater containing coexisting ions and HA.
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Introduction

Phosphorus (P) is an essential material for living beings. It is 
also an indispensable element in the natural environment and 
social production activities such as mining and agriculture. In 
modern agricultural, phosphorus-containing fertilizer is used 
as an effective means to improve crop production. However, 
ore mining, various industrial activities, and agricultural and 
sewage discharge release phosphorus into water resources, 

where it gets accumulated (Wickramasinghe et al. 2004). 
Phosphorus is the main limiting factor for water eutrophi-
cation (Schindler 2006; Ortiz-Reyes and Anex 2018; Ulrich 
et al. 2016). Excessive phosphorus in the water bodies such 
as rivers and lakes leads to mass reproduction of algae and 
plankton, resulting in decreased dissolved oxygen content, 
degradation of water quality, and a decline in the number of 
aquatic animals such as fish and shrimp. Hence, it is neces-
sary to reduce the discharge of phosphorus to water bodies to 
prevent eutrophication (Schindler et al. 2016; Xu et al. 2018).

Various methods have been developed to remove phos-
phorus from water, such as precipitation (Barbosa et al 
2016), ion exchange (Assuncao et al. 2011), adsorption 
(Jozwiak et al. 2019), membrane separation (Loganathan 
et al. 2014; Nir et al. 2018), and the biological method 
(Jozwiak et al. 2017). Phosphorus removal by adsorption 
is widely used because of its simplicity of operation and 
low cost (Li et al. 2012; Wu et al 2020). This method is also 
attractive because desorption of adsorbents can help in rela-
tively easy recovery of phosphorus (Bacelo et al 2020). The 
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United Nations has also advocated the use of the adsorption 
technology as a sustainable approach for removing phos-
phorus from water bodies (Trimmer et al 2019). Resin is 
one of the most ideal adsorbents. It has a high adsorption 
capacity and good mechanical strength and chemical stabil-
ity (Loganathan et al. 2014; You et al. 2018; Xu et al. 2010; 
Liu and Zhang 2015). However, in practical use, resin is 
often susceptible to degradation by multiple environmental 
factors commonly found in the sewage. Various ions (such 
as  SO4

2− and  HCO3
−) will compete with phosphate ions for 

adsorption sites, thereby reducing the adsorption efficiency 
of phosphate ions (Acelas et al. 2015; You et al. 2016; Bui 
et al. 2018; Zhang et al. 2012). In addition, the common 
humic acid (HA) present in sewage clogs the resin channel 
and hinders the migration of phosphate inside the resin, thus 
reducing the adsorption capacity of the resin.

Recently, new materials based on a nanospatial domain 
structure have received increasing attention for enhancing 
the phosphorus-removal selectivity of the adsorbent (Zhang 
et al. 2007). Li’s (2012) research used the high adsorp-
tion capacity of iron-manganese dioxide to load  Fe3+ and 
 MnO4

− to anion-exchange resin D201 to make a resin-based 
adsorbent material containing an iron-manganese oxide and 
to improve the adsorption performance for arsenic (Li et al. 
2012; Blaney et al. 2007). In their study, iron oxide and man-
ganese oxide were loaded on the resin in two steps, not the 
theoretical combination of iron and manganese symbiotic 
crystallization. The symbiotic crystalline iron-manganese 
glue core has been shown to have good phosphorus fixation 
properties. Inspired by this observation, we herein used IRA-
402, a chlorine-type alkaline anion-exchange resin, as the 
main material for ferromanganese oxide film wrapping. We 
prepare a resin composite adsorbent containing ferromanga-
nese dioxide by optimizing the loading order of ferroman-
ganese oxide on the resin and synchronously realizing the 
symbiosis of ferromanganese oxide crystals on the surface 
and interior of the resin and explore the adsorption removal 
of phosphorus. The investigation of the adsorption process 
and the influence of environmental parameters of the mate-
rial provided theoretical support for its practical application.

Materials and methods

Materials

Analytically pure-grade  FeCl3·6H2O,  KMnO4, NaOH, 
NaCl, HCl, ammonium molybdate tetrahydrate 
((NH4)6Mo7O24·4H2O, ≥ 99%), ascorbic acid, and HPLC-
grade acetonitrile were purchased from Sinopharm Chemi-
cal Reagent Co. (Shanghai, China). IRA-402 was used as a 
strong base anion-exchange resin.

Synthesis of Fe/Mn‑402 resin

Briefly, when Pan’s team prepared the D201-Fe/Mn com-
posite adsorbent, the anion  FeCl4

− was first absorbed 
with D201, and formed in situ hydrated ferric oxide, after 
which it was heat-dried for 12 h. Mn was then loaded with 
 KMnO4 in a similar manner. We improved this process by 
synchronizing the loading of iron-manganese oxide in the 
reactor; the detailed operations are as follows:  FeCl3·6H2O 
was used as an iron source and  KMnO4 was used as a man-
ganese source. The IRA-402 resin (10 g) was stirred in ace-
tonitrile (200 mL). After the resin was fully mixed, similar 
molar amounts of HCl reagent and  FeCl3·6H2O (0.57 g) 
were added to the solution, and the resulting solution was 
stirred at 30 °C for 12 h. Next, iron was adsorbed to the 
IRA-402 resin as a  FeCl4

−, and then the  KMnO4 reagent 
(0.17 g) was added to the solution, and the stirring was 
continued for 12 h. After the above stage is completed, 
the pH of the resin is repeatedly adjusted to about 8, iron 
and manganese are hydrolyzed to form an iron-manganese 
binary oxide, and then air-dried to make the composite 
resin Fe/Mn-402. To clarify the effect of the iron-man-
ganese content ratio on the phosphorus-removal proper-
ties of the adsorbent, different amounts of  FeCl3·6H2O 
and  KMnO4 were added to obtain the Fe/Mn-402 adsor-
bent with different iron-manganese ratios. In addition, the 
adsorbent prepared without adding  KMnO4 or  FeCl3·6H2O 
were labeled Fe-402 and Mn-402, respectively, to be used 
as a control to evaluate the phosphorus-removal properties 
of Fe/Mn-402.

The main chemical equations involved in the mechanism 
of formation of iron-manganese double-layer oxide on resin 
are as follows:

1. Iron is loaded on anionic resin:

2. Manganese is loaded onto anionic resin:

3. Formation of oxides of Fe and Mn on resin under weakly 
alkaline conditions:

Characterization of the resin

The particle size and surface morphology of the Fe/Mn-402 
composite resin loaded with iron-manganese oxide were 
measured by scanning electron microscopy (SEM) and 
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X-ray energy spectroscopy (EDS). The loading degree of 
Fe and Mn in the composite resin was determined by atomic 
absorption spectrometry (AAS; Agilent AA 240Z and 
240FS). The phosphate concentration was measured by the 
ammonium molybdate method using a UV/vis spectrometer 
(UV-1600PC, Mapada, China) at a wavelength of 700 nm. 
The morphology of Fe and Mn in the composite resin was 
analyzed by a Fourier transform infrared (FT-IR) spectrom-
etry analyzer and X-ray photoelectron spectroscopy (XPS).

Adsorption experiments

Adsorption experiments were started in a water solution con-
taining 40 mg  L−1 P. The composite resin was placed in the 
solution, and its adsorbent content was maintained at 0.5 g 
 L−1. The solution was vibrated in a rotator at 180 rpm. To 
explore the reaction kinetics, the phosphate concentration 
in the solution was determined at 5, 10, 20, 30, 60, 90, 120, 
150, and 180 min. To understand the effects of pH, HCl and 
NaOH were used to determine the initial pH to a preset value 
of the system.  SO4

2− and  HCO3
− were injected into the reac-

tion bottles to reach an initial concentration of 0–10 mM. 
The effect of HA was investigated under HA concentrations 
of, 0, 1, 10, 20, and 40 mg  L−1.

After completing the above experiments, the composite 
resin was studied. The Fe/Mn-402 composite resin involved 
in the reaction was filtered and collected in a 5% NaOH-
NaCl mixed solution to obtain the regenerated resin. The 
regenerated resin was recycled several times to measure the 
amount of phosphorus removed in each reaction. Finally, the 
fixed bed adsorption experiment was performed in the glass 
column, and 5 mL each of composite adsorbent Fe/Mn-402 
and IRA-402 was added to an organic glass adsorption col-
umn (diameter: 12 mm; length: 200 mm). The phosphorus-
containing wastewater was flown from the top of the adsorp-
tion column to control the reaction temperature and flow 
rate. The adsorption penetration phosphorus concentration 
was set to 0.5 mg  L−1; the phosphorus concentration of the 
effluent was lower than this value.

Results and discussion

Structure and morphology

Figure 1 shows the XRD pattern of Fe/Mn-402 and IRA-
402, both of which clearly showed peaks at 20.1°, which are 
the characteristic crystallization peaks of the resin skeleton. 
Compared to IRA-402, Fe/Mn-402 shows weaker absorption 
peaks at 30.8°. In addition, Fe/Mn-402 did not show any 
obvious sharp diffraction peak in its XRD pattern. How-
ever, two broadening peaks were observed, which indicate 
that the iron-manganese dioxide is amorphous with poor 

crystallinity. These results are similar to those reported pre-
viously (Pan et al. 2009; Fang et al. 2021).

To examine the effect of iron-manganese oxide loading 
on resin morphology, we conducted a contrast study of the 
micromorphology of IRA-402 and Fe/Mn-402 by SEM. The 
particle size of IRA-402 and Fe/Mn-402 is between 0.40 
and 0.50 mm, and the volume of the resin increased signifi-
cantly after loading it with iron-manganese oxide; however, 
no structural change was observed before and after loading 
the resin with the iron-manganese oxide (Fig. 2). When the 
electron microscope scanning was magnified to 100,000 
times, many irregular particles were observed on the surface 
of Fe/Mn-402 (Fig. 2, b3). These nanosized particles may 
be the iron-manganese dioxide formed by the hydrolysis of 
iron and manganese elements loaded onto the resin structure.

The EDS results of Fe and Mn elements (Fig. S1) show 
that Fe and Mn elements present on the resin surface pro-
duce high secondary X-ray energy. The similar peak strength 
of the Fe and Mn elements matches that measured by the 
digestion of Fe/Mn-402, which proves that the Fe and Mn 
elements are uniformly loaded on the resin surface. Uniform 
distribution of quaternary ammonium groups in the styrene 
polymer on the IRA-402 resin helps realize in situ hydrolysis 
of iron and manganese oxides formed on the resin by ion 
exchange.

The changes in the chemical groups of the resin during 
loading were assessed through FT-IR spectroscopy. As 
shown in Fig. 3, the O–H bond scalation vibration corre-
sponds to those of water molecules at 3435 and 3419  cm−1 
(Luo et al. 2021; Song and Li 2019). The absorption band 
at 1614  cm−1 corresponds to the O–H tensile vibration 
caused by the deformation and vibration of the adsorbed 
water molecules (Ajmal et al. 2018). After loading Mn, 
Fe, and Fe/Mn on IRA-402, the O–H expansion bond 
peak at 1614  cm−1 shifted to 1635, 1624, and 1639  cm−1, 
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Fig. 1  XRD images of IRA-402 and Fe/Mn-402
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respectively. The peaks at 1125 and 1021  cm−1 signifi-
cantly flattened because of the O–H tensile vibration and 
the load of the iron-manganese ion. This result indicates 
that the original resin completely modified the iron-man-
ganese complex. The two peaks at 1021 and 991   cm−1 
disappeared upon material modification and moved to 

979  cm−1, probably because of the bending vibration of 
the absorption bands of Fe–OH and Mn–OH (Xu et al. 
2019a, b). The peak at 630  cm−1 corresponds to the Fe–O 
stretch vibration of magnetite, and peak disappearance 
after load completion may be related to the Mn–O stretch 
pattern at the tetrahedral site. Hence, the FT-IR spectra 

Fig. 2  Comparison of the morphology of IRA-402 (a) and Fe/Mn-402 (b)

4000 3500 3000 2500 2000 1500 1000

3419

1614

3435
1125

1021

991

630

979

e
c

n
a

br
os

b
A

wave number /(cm-1)

Fe/Mn-402 Fe-402 Mn-402 IRA-402

Fig. 3  FT-IR images of IRA-402, Fe-402, Mn-402, and Fe/Mn-402
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provide evidence for the formation of iron and manganese 
oxides (Bhatnagar et al. 2009).

XPS analysis was conducted to understand the combined 
valence state of the hydration oxide loaded on the resin by 
(a) Fe and (b) Mn elements in Fe/Mn-402 in the adsorption 
reaction (Xiong et al. 2017). Figure 4a shows the XPS Fe 2p 
pattern of Fe/Mn-402, dividing Fe 2p into Fe 2p3/2 and Fe 
2p1/2 (710.99 and 724.37 eV) when iron ions form  Fe2O3 
during resin loading; a peak at 719.09 eV indicates the pres-
ence of other forms of  Fe3+ (Shen et al. 2019). In addition, 
the peaks at 713.49 and 727.21 eV indicate the presence 
of  Fe2+ in the load. The peak area shows that  Fe3+ is still 
the main form in the adsorbed material. Figure 4b shows 
the XPS Mn 2p pattern of Fe/Mn-402, along with the 
level-split Mn 2p into Mn 2p3/2 and Mn 2p1/2 (642.54 eV 
and 654.15 eV, respectively) and two smaller  Mn7+ peaks 
(645.68 and 657.51 eV). The manganese loaded on the resin 
occurs mainly in the form of  Mn2O3.

The stability of the loaded material in Fe/Mn-402 is criti-
cal. Figure 5 shows the attrition rate of the Fe and Mn ele-
ments at different pH values in the loaded state. The loss of 

Fe was more severe at pH 2, reaching 1.43%. When the pH 
rose to 3, the attrition rate of Fe decreased to 0.18%, and 
thereafter the loss of Fe with pH was negligible. At pH 5, 
the loss of Mn was severe, the rate reaching 0.42%. At pH 
6, the attrition rate became 0.14%, and thereafter, the loss 
of Mn elements in medium and alkaline environments was 
negligible. Hence, the Fe/Mn-402 adsorbent is more suitable 
for both neutral and alkaline environments.

Effect of environmental factors on phosphate 
adsorption

Effect of Fe/Mn content on phosphate adsorption

To determine the optimal combination of Fe and Mn 
load ratio, a series of Fe–Mn binary oxide synthesis and 
adsorption of phosphorus were investigated. The ratio was 
measured by digestion using atomic absorption equipment. 
The results obtained an iron loading ratio of 50–100% 
are shown in Fig. 6. At 50% Fe, the peak was obtained at 
33.6 mg  L−1. However, when Fe < 50%, the phosphorus-
removal efficiency of the composite resin significantly 
decreased as the proportion of Mn increased. The lack of 
iron reduced the utilization rate of the adsorption site and 
significantly reduced the adsorption effect (Martinson and 
Reddy 2009). Different manganese oxides have different 
charges and adsorption properties. The variable negative 
surface charge size will also vary according to the structure 
type of manganese oxide (Xu et al. 2019a, b). Because of 
the differences in the iron and manganese oxide content 
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and the structure and aggregate morphology, the oxida-
tion properties of the rubber film formed on the resin vary 
depending on metal ions, which in turn affects the adsorp-
tion capacity of synthetic materials. The composite resin 
synthesized using 50% each of Fe and Mn was used in the 
subsequent experiments.

The phosphorus-removal dynamics of IRA-402, Fe-402, 
Mn-402, and Fe/Mn-402 are shown in Table 1 and Fig. 7 

(a for pseudo-first-order model; b for pseudo-second-order 
model). The adsorption reaction was performed for 3 h 
with an initial phosphate concentration of 40 mg  L−1. In 
general, the adsorption capacity obtained by the pseudo-
first-order is lower than that obtained by the pseudo-
second-order reaction, although both have a good fitting 
effect. The absorption capacity of the original IRA-402 
resin was 16.41/21.00 mg  g−1. After treating it with the 
three types of resin, the adsorption capacity increased; 
Fe/Mn-402 showed the largest adsorption capacity, 
reaching 32.34/34.98 mg  g−1. The removal of phosphate 
was achieved in the first 60  min of the adsorption 
reaction, after which the removal rate slowed down and 
the adsorption of each group reached equilibrium after 
approximately 120 min. The adsorption reaction first goes 
through a rapid adsorption phase, followed by a long slow 
adsorption phase, which may last for several hours; there 
is no significant time limit between the two phases (You 
et al. 2016; Zhou et al. 2020; Luan et al. 2021).

Pseudo-first-order and pseudo-second-order models were 
employed to reveal the adsorption kinetic mechanism. A math-
ematical expression for the model can be expressed as follows:
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Fig. 6  Effect of Fe and Mn content on adsorption

Table 1  Adsorption kinetic 
parameters of Fe/Mn-402, 
Fe-402, Mn-402, and IRA-402

Composite Pseudo-first-order Pseudo-second-order

qe/mg  g−1 k1 R1
2 qe/mg  g−1 k2 R2

2

Fe/Mn-402 32.34 0.0953 0.9822 34.98 0.0044 0.9978
Fe-402 30.90 0.1150 0.9430 32.80 0.0063 0.9822
Mn-402 23.85 0.0635 0.9863 26.76 0.0030 0.9781
IRA-402 16.41 0.0238 0.9935 21.00 0.0011 0.9862

Fig. 7  Pseudo-first-order (a) 
and pseudo-second-order (b) 
models of phosphate sorption 
by Fe/Mn-402, Fe-402, Mn-402, 
and IRA-402
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where qe indicates the adsorption capacity at adsorption 
equilibrium, qt indicates the adsorption capacity of the 
adsorbent at time t (min), and k (k1 and k2) is the associated 
adsorption constant.

Effect of pH

The initial pH in the reaction environment greatly affects 
the removal of phosphate by Fe/Mn-402 (Fig. 8). When 
P = 40  mg  L−1, the pH of Fe/Mn-402 in the reaction 
environment is 9.0–11.0 when the adsorption amount of 
the composite resin is > 30 mg  L−1. When the pH < 4.0, 
the phosphorus-removal performance of Fe/Mn-402 is 
greatly limited, with only 13.5 mg  L−1 of phosphorus 
adsorption. The adsorption by Fe/Mn-402 increases from 
pH 4.0 to 9.0. As the Fe and Mn metal oxides have posi-
tive charge, they repel the positive charge from the resin, 
thereby resulting in partial shedding of the loaded Fe and 
Mn metal oxides. As a result, the adsorption capacity 
of Fe/Mn-402 decreases (Zhou et al. 2020; Fang et al. 
2021). The maximum adsorption capacity of Fe/Mn-402 
(33.8 mg  L−1) was observed when the pH was between 
8.0 and 10.0. Under alkaline conditions, the adsorp-
tion capacity of Fe/Mn-402 gradually decreased with 
the increase in pH, indicating an ion-exchange reaction 
between  OH− and  Cl− during the adsorption of phosphate 
(Pan et al. 2009). Overall, the composite resin has better 
adsorption properties in an alkaline environment. The 
binary oxides of iron and manganese on the resin can 
precipitate with the adsorbed phosphate in the form of 

(5)
t

qt
=

1

k
2
q2
e

+
1

q
e

t

“Fe/MnO(OH)–” under alkaline conditions, which is the 
ideal adsorption form with the best adsorption effect.

Effect of the coexisting ions

SO4
2− and  HCO3

− were selected as co-competing ions to 
explore their effects on the phosphorus-removal properties 
of Fe/Mn-402. As shown in Fig. 9, when the concentrations 
of  SO4

2− and  HCO3
− were 88.69%, the phosphate-removal 

rates were 88.69% and 88.49% at 0.1 mM, respectively, 
indicating that Fe/Mn-402 still has good adsorption prop-
erties. When the competing-ion concentration was fur-
ther increased, the phosphate-removal rate of Fe/Mn-402 
gradually decreased. In contrast,  HCO3

− exerted only minor 
effects on the Fe/Mn-402 adsorption properties; as a result, 
the phosphate-removal rate was 78.11% at a concentration 
of 10 mM. When the concentration of competing ions is 
increased, the adsorption sites are gradually occupied by Fe/
Mn-402. As a result, the number of adsorption sites available 
for phosphate removal reduces, which in turn decreases the 
adsorption. The charge amount of different competing ions 
and the effect on the adsorption process vary (Qian et al. 
2020). However, our results indicate that Fe/Mn-402 still 
has a better phosphorus-removal selectivity in the presence 
of coexisting competing ions.

Effect of HA

In practical applications, nanocomposites prepared by 
loading functional nanoparticles onto supporting matrices 
with sizes ranging from microns to millimeters are better 
suited to solve more problems than using nanoparticles 
directly. Therefore, the structure, properties, and internal 
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environment of the host material may affect phosphorus 
removal (Qian et al 2020). These effects of nanoscale-con-
fined spaces provided by the supporting matrix on the pol-
lutant-removal process are referred to as nanoscoping (Yan 
et al 2018). To explore the effect of soluble organic matter 
in an aqueous solution on the phosphorus-removal perfor-
mance of Fe/Mn-402, we selected HA as the distractor to 
test the phosphorus-removal performance. As can be clearly 
observed from Fig. 10, the phosphorus-adsorption effect of 
the raw IRA-402 resin was significantly negatively associ-
ated with the HA concentration; the phosphorus-removal 
rate was only 45.63% when the HA concentration was 
40 mg  L−1. However, the adsorption effect of the Fe/Mn-402 
resin was not affected at HA concentrations < 10 mg  L−1; 
only a downward trend was observed under high concen-
trations of HA, and the phosphorus-removal rate reached 
79.83% at the highest HA concentration. This comparison 
shows that the modified resin after completing the load can 
alleviate the negative effects of HA. The loading of the iron-
manganese oxide based on the nanospace restriction effect 
can effectively interrupt the entry of HA macromolecules 
into the resin skeleton and relieve the blockage of the resin 
(Lin et al. 2020; Shuang et al. 2013).

Stability of Fe/Mn‑402 and phosphate removal 
from simulated wastewater

Adsorption isotherm

The adsorption effects of untreated raw resin IRA-402 
with pH and composite resin Fe/Mn-402 were observed 
at 9 and 30 °C for 4 h, respectively. As shown in Fig. 11, 

the adsorption efficiency of Fe/Mn-402 was significantly 
higher than that of IRA-402. The loading of the Fe–Mn 
binary metal oxide can significantly improve the resin 
adsorption capacity. Isothermal adsorption lines were fit-
ted using Langmuir model (6) and Freundlich model (7).

ce is the equilibrium concentration (mg  L−1), qmax is the 
maximum saturated adsorption amount (mg  g−1), and b 
is the strength of the adsorption capacity of the constant 
reaction.

where k indicates the size of adsorption and the size of 
adsorption driving force of n reaction. The adsorption reac-
tion is preferential adsorption when n > 1.

As shown in Table 2, both fitted models have good 
correlation coefficients. The Langmuir isothermal model 
assumes adsorption on a uniform surface. All adsorption 
sites are identical, and the adsorbed particles are com-
pletely independent (Naushad et al. 2018). In contrast, 
the Freundlich isothermal adsorption model reflects dif-
ferent adsorption capabilities of the adsorption heteroge-
neous surface of the adsorbent in the adsorption process.

According to the Langmuir isothermal model, the maxi-
mum adsorption capacities of Fe/Mn-402 and IRA-402 for 
P were 50.97 and 30.98 mg  g−1, respectively, at 30 °C and 
pH = 9. This results show that the loading of iron-manga-
nese binary oxides is effective in improving the efficiency 
of resin (Kumar et al. 2021).
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Fig. 10  Effect of HA on phosphorus adsorption by Fe/Mn-402
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Fig. 11  IRA-402 and Fe/Mn-402 adsorption isotherms
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The saturated adsorption capacity of phosphorus for 
some existing materials under different conditions is 
shown in Table 3. It can be seen that Fe/Mn-402 shows 
better phosphorus-adsorption performance. In compari-
son with other adsorbents, the modified Fe/Mn-402 has 
high mechanical strength and strong selective adsorption 
capacity for phosphate, is less affected by the environment, 
and can achieve phosphorus recycling. Although the raw 
material cost of resin is slightly higher, it can be reused 
to reduce the cost.

Stability of Fe/Mn‑402 resin

To evaluate the reuse of the Fe/Mn-402 composite resin, six 
cyclic regenerative adsorption experiments were performed 
in environments with an initial phosphorus concentration of 
40 mg  L−1 at pH = 9. The first cycle used a fresh composite 
resin with an adsorption capacity of 38.6 mg  g−1 for phos-
phorus. When Fe/Mn-402 was regenerated, its adsorption 
capacity for P decreased; however, the adsorption capac-
ity remained at approximately 33.0 mg  g−1 in both the 2nd 
and 6th cycles, with no significant downward trend. These 
results in Fig. 12 indicate that treatment of Fe/Mn-402 by 
NaOH-NaCl solution enables regeneration and has good 
reuse performance.

Adsorption experiment of fixed bed

The phosphorus-removal performance of Fe/Mn-402 
and IRA-402 in a fixed bed was studied using simu-
lated wastewater. According to the urban wastewater 
treatment plant discharge standard (China, GB18918-
2002), the total phosphorus level (1A) discharge is 
0.5 mg  L−1. From Fig. 13, Fe/Mn-402 can effectively 
purify the phosphorus-containing wastewater within 
500 BV (bed volume), while the effective removal range 

of the IRA-402 original resin is only 300 BV. During 
the adsorption reaction, after the simulated effluent is 
flown through IRA-402, the phosphorus content of the 
effluent exceeds the phosphorus content of the incoming 
water (2 mg  L−1). The IRA-402 resin lacks selectivity in 
adsorption. When the phosphate is replaced by competi-
tive ions with stronger affinity, it causes detachment of 
the phosphate from the resin and the phosphorus concen-
tration of the water exceeds that of the incoming water. 
When the adsorption reaches equilibrium, the wastewater 
treated by the two adsorbed materials remains stable near 
the initial concentration. The wastewater treated using 
the composite resin increased by 66.7% compared with 
that of the original resin, indicating that the modifica-
tion performance of IRA-402 effectively improved its 
adsorption capacity.

Table 2  Adsorption isotherm 
parameters

Adsorption isotherm Langmuir model Freundlich model

qmax/mg  g−1 b R2 K (L/mg) n R2

Fe/Mn-402 50.97 0.013 0.9983 4.298 1.994 0.9502
IRA-402 37.98 0.020 0.9995 3.989 2.190 0.9531

Table 3  Phosphorus adsorption 
by different materials

Adsorbent qm/mg  g−1 Condition Reference

Granular iron hydroxide 8.99 0.1–1.2 g  L−1 Pepper et al. (2018)
Ferrihydrite 21.7 pH = 7; 10 g  L−1 Ajmal et al. (2018)
Magnetite 18.8 pH = 7; 10 g  L−1 Pepper et al. (2018)
Iron-manganese oxide 18.4 pH = 7; 2.5 g  L−1; 35 °C Du et al. (2017)
Cerium-doped ferrite 41.6 1 g  L−1; 25 °C Gu et al. (2017)
Fe/Mn-402 resin 50.97 pH = 9; 0.5 g  L−1; 30 °C In this article
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Fig. 12  Recycling experiment of phosphate removal by Fe/Mn-402
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Conclusions

The following main conclusions can be reached based on the 
results of this work:

1. The material appearance and composition of the Fe/
Mn-402 resin were investigated using a series of char-
acterization methods. IRA-402 realized synchronous 
modification of Fe–Mn binary oxides and formed uni-
formly distributed Fe–Mn oxides on the resin surface.

2. At pH 9, the maximum adsorption capacity of Fe/
Mn-402 reaches 50.97  mg P/g, and the adsorption 
reaches equilibrium at about 2 h. It has good phospho-
rus-removal ability and stability.

3. The results of static adsorption experiment and column 
experiment show that Fe/Mn-402 can maintain a good 
adsorption performance for phosphorus when  SO4

2−, 
 HCO3

−, and HA (large molecular organic matter) exist 
in high concentrations. The recycled Fe/Mn-402 can be 
reused with no significant change in its treatment capac-
ity, which is suitable for long-term and stable use.
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