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a b s t r a c t
The modified iron manganese oxide modified mulberry biochar (IMOM-BC) sorbent was pre-
pared by chemical oxidation and coprecipitation. Scanning electron microscope, Fourier-transform 
infrared spectroscopy, X-ray diffraction, and X-ray photoelectron spectroscopy were employed to 
analyze the adsorption mechanism of IMOM-BC for phosphorus. The effects brought by different 
pH values, adsorbent dosages, contact time, and coexisting ions on the adsorption were investi-
gated. The results show that IMOM-BC with pH 2.0 can adsorb phosphorus best, and with a dosage 
of 2.0 g/L, the removal rate of phosphorus can reach 99.85%. Here the adsorption effect for coex-
isting ions of phosphorus is CO3

2– > SO4
2– > NO3

–. The Langmuir isotherm adsorption model can be 
referred to explain the adsorption process of phosphorus by IMOM-BC. At 25°C, 35°C, and 45°C, 
the maximum adsorption capacity for phosphorus were 23.09, 25.32, and 26.34 mg/g, respectively. 
The iron, manganese oxide, surface hydroxyl, and phenolic hydroxyl groups of IMOM-BC are found 
to be involved in the adsorption, and the adsorption of phosphorus by IMOM-BC is considered to 
be mainly chemical adsorption.
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1. Introduction

Phosphorus is an essential nutrient in the water envi-
ronment, but excessive phosphorus in the water causes 
eutrophication in the reservoirs, lakes, and coastal areas 
[1,2]. Eutrophication is a global environmental issue. 
The phosphorus in water mainly comes from industrial 
wastewater, domestic sewage, and farmland drainage. 
The removal methods of phosphorus-containing wastewa-
ter primarily include chemical methods, biological meth-
ods, and physical methods [3]. Metal oxides such as iron 

and manganese are reported to be used in the adsorption 
and removal of arsenic, volatile organic compounds, and 
heavy metals [4,5] in water. Iron oxide is superior in adsorb-
ing arsenic and phosphorus, and is simple to prepare and 
environmentally friendly [6]. In addition, manganese oxide 
shows a better affinity for heavy metals than iron oxide, 
which provides an effective route for removing many heavy 
metals [7]. To overcome disadvantages of lower specific 
surface area and easy agglomeration of pure iron-manga-
nese oxides, metal oxides are often loaded onto inexpensive 
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dielectric materials using simple methods [8–10]. Therefore, 
the loading of metal oxides is beneficial to increase the 
positive charge on the surface of the modified biochar, 
and facilitate the adsorption of negative electron elements 
such as phosphorus [11]. Through loaded or modified 
metal oxide materials onto inexpensive dielectric materials, 
the effective specific surface area of the obtained material 
increases, making them promising functional materials for 
the removal of contaminant from water.

As a major sericulture province, Guangxi produced 
378,000 tons of cocoon in 2016, whereas in 2017, it increased 
by 4.8% [12]. While bringing economic benefits, a large 
number of discarded mulberry rods demand an effective 
exploitation urgently and thus need immediate attention. 
Phosphate is a typical contaminant in the waste water. The 
current study was aimed to prepare a novel cost-effective 
biochar sorbent for phosphate removal. To reduce the cost 
of biochar preparation, mulberry rods are used as the raw 
material. Because the surfaces of most of the biochar are 
predominantly net negatively charged [13], their sorp-
tion efficiency to aqueous phosphorus which is in anionic 
forms, is relatively low [14]. Several methods have thus 
been developed to modify biochar to enhance its sorption 
of phosphorus. Biochar modified with iron oxide magnetic 
showed a strong ability to remove phosphorus from aque-
ous solution [15].

Iron manganese oxide modified mulberry biochar 
(IMOM-BC) was prepared by the combined modification 
of mulberry biochar (M-BC) with potassium permanganate, 
ferrous chloride, triethylenetetramine, and epichlorohydrin. 
Scanning electron microscope (SEM), Fourier-transform 
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and 
X-ray photoelectron spectroscopy (XPS) were used to char-
acterize the structural differences between the M-BC and the 
IMOM-BC. The sorption of phosphorus by the IMOM-BC 
and the companion M-BC were compared, and the adsorp-
tion mechanism of IMOM-BC for phosphorus was carefully 
analyzed.

2. Materials and methods

2.1. Reagents

The employed potassium dihydrogen phosphate and 
concentrated sulfuric acid are Guaranteed reagent; potas-
sium permanganate, ferrous chloride, triethylenetetramine, 
epichlorohydrin, ascorbic acid, ammonium molybdate, and 
bismuth potassium tartrate are analytical grade. All reagents 
were purchased from Shanghai Guoyao Group Chemical 
Reagent Co. Ltd., China. All solutions were prepared by 
ultrapure water.

2.2. Analytical instruments

The following analytical instruments were utilized in 
the analysis of samples. NICOLET 6700 Fourier infrared 
spectrum analyzer (Japan Hitachi Company, Japan); X’Pert 
PROX diffractometer (PANalytical, Netherlands); SDTQ600 
synchronous thermogravimetric analyzer (TA company, 
USA); JSM-7900F SEM (JEOL, Japan); NOVA 2000e auto-
matic surface ratio analyzer (Quantachrome, USA).

2.3. Preparation of IMOM-BC

The peeled and broken Mulberry rods were placed in 
a muffle furnace and calcined at 500°C for 3 h, and passed 
through a 100 mesh sieve to get M-BC. Three grams of M-BC 
was placed in a 200 mL beaker, and 100 mL of a mixed 
solution of 0.1 mol/L of ferrous chloride and 0.025 mol/L 
of magnesium chloride was added and stirred for 10 min. 
After immersion for 3 h, 1 mL of polyethylene glycol (PEG), 
100 mL of potassium permanganate solution with a con-
centration of 0.05 mol/L, 20 mL of 10% sodium hydroxide 
solution, and 10 mL of epichlorohydrin were added to the 
beaker in turn, and were heated at 60°C for 3 h. Then, 5 mL 
of triethylenetetramine was added, and the reaction was car-
ried out at 80°C for 6 h. The obtained IMOM-BC was then 
cooled and filtered and passed through 100 mesh for use [16].

2.4. Batch experiments

Phosphorus-containing simulated solutions with differ-
ent concentrations were prepared by dissolving potassium 
dihydrogen phosphate in ultrapure water, and the pH val-
ues of phosphate solutions was adjusted to a required pH 
value with diluted NaOH (0.1 mol/L) or HCl (0.1 mol/L), 
0.1 g of adsorbent was added to 100 mL polyethylene plastic 
centrifuge tube, and 50 mL phosphorus-containing simu-
lated solution adjusted to the required pH was then added to 
the tube. After the centrifuge tube was oscillated at 200 r/min 
in a constant temperature water bath oscillator for a set time, 
the centrifuge tube was removed, and the supernatant was 
filtered through a 0.45 mm filter. The aqueous phosphorus 
concentration was determined by the Mo-Sb molybdenum 
blue spectrophotometry method.

3. Results and discussion

3.1. Characterization of biochar and IMOM-BC

3.1.1. BET surface area

The BET surface area and pore volume of the M-BC 
were 175.391 m2/g and 0.143 cm3/g, respectively, which were 
larger than the BET surface area and pore volume of the 
IMOM-BC were 74.734 m2/g and 0.094 cm3/g, respectively. 
The pore diameter of M-BC was 3.259 nm, whereas the pore 
diameter of IMOM-BC was 5.042 nm, and the pore diame-
ter of IMOM-BC was 35.4% higher than that of M-BC. This 
may be the reason for the decrease in the specific surface 
area and pore volume after modification [17]. It is indicated 
that the pore diameter of M-BC can be improved by modi-
fication, which is beneficial to the entry of macromolecular 
phosphorus into the pores of biochar.

3.1.2. Zeta potential

The zeta potential of IMOM-BC (Fig. 1) illustrates that the 
point of zero charge value (pHzpc) of IMOM-BC is 7.6. When 
the pH is less than 7.6, the surface of the adsorbent is pro-
tonated, and the surface of IMOM-BC is positively charged, 
which is beneficial for electrostatic attraction between 
the surface groups and phosphorus species might occur. 
When the pH is greater than 7.6, the surface of IMOM-BC is 
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negatively charged, and the adsorption effect for total phos-
phorus becomes poor. Compared with IMOM-BC, the pHzpc 
of M-BC is 2.19. After modification, the loading of metal 
oxides is beneficial to increase the positive charge on the 
surface of the biochar, and increase its pHzpc, which is bene-
ficial to the adsorption of phosphorus.

3.2. Major factors affecting the adsorption of phosphorus

3.2.1. Effect of initial pH on the adsorption of phosphorus

The pH value of the solution is usually considered to be 
an essential factor in affecting the adsorption of ions [18]. 
As shown in Fig. 2, the adsorption amount of phosphorus 
gradually decreases with an increase in pH value. When 
pH is 2.0, the adsorption capacity is the largest, which is 
consistent with the findings of Liu [19] and Zong [20]. This 
phenomenon is related to the mechanism of adsorption of 
phosphorus by IMOM-BC, which includes ion exchange, 
van der Waals force, and acid-base reaction. Due to the 
differences in the pH values of the solution, the form of 
phosphorus also changes. Significant differences in the 
adsorption effects that were dependent on the pH range 
were noted, which could be attributed to the form of phos-
phorus. At pH < 2.2, phosphate in water is mainly in the 
form of H3PO4; at 2.2 < pH < 7.2, H2PO4

–; at 7.2 < pH < 9.0, 
HPO4

2–; and at pH > 9.0, PO4
3–. When pH is lower than the 

zero point of charge (pHzpc = 7.6) of the IMOM-BC, the sur-
face of the IMOM-BC is protonated and becomes positively 
charged. Under this condition, the phosphate is adsorbed 
on the surface of IMOM-BC under electrostatic attraction 
and ion exchange. When pH is higher than the pHzpc of the 
IMOM-BC, causing a large amount of OH– to accumulate 
on the surface of the adsorbent and is negatively charged, 
therefore the aqueous phosphorus concentration increases 
with a gradual increase in the pH. Phosphate is present 
as an anion form (phosphate ion) in the solution, which 
produces electrostatic repulsion and leads to a decrease 
in the amount of phosphorus adsorption capacity. At the 
same time, the concentration of OH– in the solution occu-
pies a part of the active adsorption sites on the surface 
of the adsorbent, which competes with the phosphate 

in the adsorption. It further reduces the adsorption of 
phosphorus on the adsorbent [21].

3.2.2. Effect of contact time on the adsorption of phosphorus

As shown in Fig. 3, the amount of phosphorus adsorbed 
by IMOM-BC gradually increases during the adsorp-
tion experiment in the first 10 h, then it tends to be stable. 
Which was typical of ion adsorption from dilute aque-
ous solutions and indicative of favor interactions between 
IMOM-BC and phosphorus. Results in Fig. 3 also show that 
the amount of phosphorus adsorption reached a saturation 
at 12 and 20 h at the initial phosphorus concentration of 10 
and 20 mg/L, respectively, under experimental condition of 
25°C and pH 2.0. It was observed further that phosphorus 
was adsorbed within the first 5 h at an average adsorption 
rate of 0.0133 mg/g per minute when the initial phospho-
rus concentration was 10 mg/L, temperature at 25°C and 
pH 2.0. A similar trend for initial phosphorus concen-
tration of 20 mg/L was also observed. There were reports 
that adsorption reaction occurred rapidly during the initial 
stage, which was followed by a slow reaction till equilibrium 
[22]. The presence of a large number of vacant sites at the 
initial stage may be the cause of initial uptake of adsorbate 
species [23].

3.2.3. Effect of dosage on the adsorption of phosphorus

The effect of dosage (Fig. 4) indicates that the removal 
rate of phosphorus tends to increase significantly with 
the increase of IMOM-BC dosage, but the unit adsorption 
amount of phosphorus by IMOM-BC gradually decreased. 
When the dosage of IMOM-BC was 0.4 g/L, the removal 
rates of IMOM-BC for the initial concentration of 10 and 
20 mg/L of phosphorus solution were 37.13% and 25.31%, 
respectively. When the dosage of IMOM-BC was increased 
to 2.0 g/L, the removal rate of phosphorus by IMOM-BC 
increased to 99.85% and 95.23%, respectively.

As the dosage continued to increase, the rate of removal 
of phosphorus is increased mildly, and the unit adsorption 
amount is reduced significantly. The main reason could be 

Fig. 1. Zeta potential of IMOM-BC and M-BC. Fig. 2. Effect of pH on the phosphorus by IMOM-BC.
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that the adsorption rate is increased with the increase of 
dosage, leading to an increase in the removal rate. But the 
adsorption per unit amount of the adsorbent is decreased. 
Considering the removal effect and the adsorption amount 
of the adsorbent, 2.0 g/L adsorbent was selected as the 
optimum dosage.

3.2.4. Coexisting anions

A large number of inorganic anions exist in the solu-
tion, for example, NO3

–, CO3
2–, SO4

2–, etc. They compete with 
phosphorus for adsorption, which reduces the adsorption 
capacity of the adsorbent for phosphorus. Different con-
centrations of NO3

–, CO3
2–, and SO4

2– have different effects on 
the removal of phosphorus (Fig. 5). The order of inhibition 
in the adsorption process is: CO3

2– > SO4
2– > NO3

–, wherein the 
negative effect of CO3

2– on the removal of phosphorus by the 
IMOM-BC is relatively large, and the adsorption amount of 
phosphate is reduced from 9.44 to 6.20 mg/g, which may be 
attributed to the hydrolysis of carbonate in aqueous solu-
tion, resulting in an increase in the amount of anions in the 
solution. Phosphate and other anions can form endosphere 

complexes with metal oxides [8], so that coexisting anions 
and phosphate ions can compete to the active adsorption 
sites for adsorption. Different anions have different degrees 
of inhibition on the adsorption of phosphorus, which may be 
caused by the differences in the affinity between the anions 
and IMOM-BC [24,25].

3.3. Adsorption isotherm

The adsorption isotherm of phosphorus by IMOM-BC 
was shown in Fig. 6. It can be seen from Fig. 6 that the 
adsorption amount of phosphate by IMOM-BC is signifi-
cantly improved as compared to the adsorption amount 
of phosphate by M-BC, which increased from 5.02 to 
23.09 mg/g. As the temperature increased from 25°C to 
45°C, the amount of adsorption of phosphate increased from 
23.09 to 26.34 mg/g, indicating that the amount of adsorp-
tion was positively correlated with temperature. IMOM-BC 
exhibited a phosphorus adsorption capacity of 23.26 mg/g, 
which was higher than 9.62 mg/g of nano-zero-valent iron 
modified pomelo peel biochar [26] and 12.86 mg/g of KOH 
modified activated sludge biochar [27], slightly higher than 
15.46 mg/g of ZnCl2 modified sesame straw biochar [28] and 
17.04 mg/g of magnesium-supported taro straw biochar [29]. 
However, the phosphorus adsorption density of IMOM-BC 
was much greater than 5.02 mg/g of M-BC at 25°C.

The Langmuir and Freundlich adsorption model equa-
tions were cited to fit the experimental data of IMOM-BC for 
phosphorus and to obtain adsorption isotherms, as shown 
in Eqs. (1) and (2), respectively. And results for their fitting 
curves were plotted (Fig. 7).

Langmuir: 

C
q K q

C
q

e

e L

e= +
1

max max

 (1)

where qmax is the maximum adsorption capacity of the adsor-
bent (mg/g) and KL (L/mg) is the Langmuir constant, which 
is related to the energy of adsorption, the values of qe, KL, and 
R2 are presented in Table 1.

Fig. 3. Effect of contact time on the adsorption of phosphorus by 
IMOM-BC.

Fig. 5. Effect of coexisting anions on the adsorption of phospho-
rus by IMOM-BC.

Fig. 4. Effect of dosage on the adsorption of phosphorus by 
IMOM-BC.
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Freundlich: 

ln ln lnq K
n

Ce F e= +
1  (2)

where KF (L/g) is the Freundlich constant related to the 
adsorption capacity of the adsorbent and 1/n is a constant 
related to the adsorption intensity, the values of KF, 1/n, and 
R2 are presented in Table 1.

From Table 1, the correlation coefficients (R2) of the 
Langmuir model equation fitting at 25°C, 35°C, and 45°C are 
0.999, 0.998, and 0.999, respectively, which confirms the exis-
tence of a better correlation. The maximum adsorption capacity 
of phosphorus at 25°C, 35°C, and 45°C are 23.09, 25.32, and 
26.34 mg/g, respectively. Langmuir model best describes the 
adsorption process, which shows monolayer adsorption of 
phosphorus by IMOM-BC [18]. Lai et al. [30] reported a sim-
ilar conclusion by treating phosphorus-containing wastewa-
ter with magnetic Fe-Zr oxide. Zhang et al. [31] used benton-
ite as a raw material to adsorb phosphorus in wastewater by 
hydrazine modification, and a similar outcome was noted. 
At 25°C, 35°C, and 45°C, R2 fitting by Freundlich equation 
are 0.863, 0.848, and 0.819, respectively, which indicates a 
weak correlation. This adsorption process cannot be accu-
rately represented. By comparing the two fitting equations, 
IMOM-BC is more in line with the Langmuir equation for the 
removal of phosphorus. It was observed further that increas-
ing the temperature is beneficial to increase the removal 
of phosphorus. This may be attributed to that an increase 
in temperature reduces the viscous forces in the solution. 
This accelerates the rate of diffusion of ions, and may also 
increase the degree of activation of the adsorbent, which is 
beneficial to the progress of the chemical adsorption [32].

3.4. Dynamic adsorption

The effect of influent phosphorus concentration on the 
breakthrough curves (Fig. 8) illustrated that the adsorption Fig. 6. Adsorption isotherms of phosphorus with IMOM-BC.

(a) (b)

Fig. 7. Isotherm fit (a) Langmuir Isotherm and (b) Freundlich Isotherm.

Table 1
Adsorption isotherm parameters at different temperatures

Temperature 
 (°C)

qe,exp  

(mg/g)
Langmuir Freundlich

R2 KL qe (mg/g) R2 KF 1/n

25 23.09 0.999 1.105 23.26 0.863 17.473 0.357
35 25.32 0.998 1.213 25.41 0.848 19.043 0.359
45 26.34 0.999 1.226 26.39 0.819 26.102 0.362
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process reached saturation faster and the breakthrough 
time decreased with increasing influent phosphorus con-
centration. A decrease in phosphorus concentration gave a 
later breakthrough curve, and the treatment time was the 
greatest at the lowest influent concentration. As the initial 
concentration of phosphorus increases, the driving force 
for adsorption (C0–Ce), and hence the rate of adsorption 
increases, so that the time for adsorption to reach satura-
tion is relatively shortened. With progress in the adsorption 
time, the adsorption zone in the adsorption column also 
moves. When the adsorption zone moves to the end of the 
adsorption column, the effluent concentration increases 
sharply. To further analyze its dynamic adsorption behav-
ior, the dynamic adsorption was fitted using the Thomas 
and Yoon–Nelson models, which have been expressed in 
Eqs. (3) and (4), and their fitting curves are shown in Fig. 9.

Thomas model: 

ln
C
C

K q m
Q

K C
t

t0
01−









 = −TH

TH  (3)

where qt is the amount of total phosphorus adsorbed per 
gram of IMOM-BC (mg/g). The values of KTH (Thomas rate 
constant) and qt were determined by plotting Ct/C0 against t 
using linear regression analysis [33].

Yoon-Nelson model: 

ln
C

C C
K t K tt

t0
1
2−









 = −YN YN  (4)

where KYN is the Yoon–Nelson rate constant; t1/2 is the time 
required for 50% adsorbate breakthrough (min), and t is the 
breakthrough time (min). The parameters KYN and t1/2 are 
determined by plotting ln[Ct/(C0–Ct)] vs. time (min) [34].

It can be noted from Fig. 9 that when the initial concen-
tration is 5 mg/L, the total concentration of phosphorus in 
the effluent within 200 min of the initial stage of adsorp-
tion is close to zero. After 540 min of adsorption, the total 
concentration of phosphorus in the effluent gradually 
increased to 92.2% of the influent concentration. When the 
initial concentration of the solution was 10 mg/L, the total 
concentration of phosphorus increased to 91.6% of the influ-
ent concentration after 420 min. It indicates that as the ini-
tial total phosphorus concentration increases, the driving 
force (C0–Ce) for the adsorption increases gradually, and the 
rate of adsorption increases so that the time to reach satura-
tion is relatively shortened. At 5 and 10 mg/L, R2 fitting by 
Thomas was 0.934 and 0.927, respectively; R2 of the Yoon–
Nelson fitting at 5 and 10 mg/L was 0.937 and 0.944, respec-
tively; Yoon–Nelson fitting is closer to 1 than that fitting by 
Thomas, which is more suitable for describing the dynamic 
adsorption process of phosphorus by IMOM-BC.

3.5. Stability of adsorbent

The concentrations of iron and manganese in the 
adsorption equilibrium of IMOM-BC for the adsorption of 
phosphorus-containing water (phosphorus concentration 
of 20.0 mg/L) were determined under different initial pH 
values. At the initial pH of 2.0–11.0 (balanced pH of 2.1–
10.4), manganese ions were not detected in the solution. It 
indicates that manganese in the adsorbent was present in 

Fig. 8. Effect of influent phosphorus concentration on the 
breakthrough curve of phosphorus adsorption on IMOM-BC. 
Conditions: bed depth 1.0 cm; flow rate 5.0 mL/min; pH = 2.0.

  

(a) (b)

Fig. 9. Linear fitting (a) Thomas model and (b) Yoon–Nelson model.
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a relatively stable form. At an initial pH of 2.0 (balanced 
pH of 2.1), the concentration of iron in the solution was 
0.056 mg/L. When the pH > 2, iron was not detected in the 
solution, which shows that the adsorbent has excellent sta-
bility under the experimental pH conditions.

4. Chemical interaction of phosphorus with IMOM-BC

4.1. Scanning electron microscopy

SEM/EDS (energy dispersive spectroscopy) analy-
sis results of IMOM-BC and M-BC (Fig. 10) show differ-
ent pores structure, IMOM-BC has more and better pore 
structures than M-BC. It may be attributed to that after 
IMOM-BC was calcined at 500°C, the oxidized and modified 
pores of the M-BC did not collapse or was not broken. 
Fe, Mn, and Mg are found being oxidized into granular 
oxides and then attached to the surface of the pores of the 
M-BC (Fig. 10a). This proves the success in the modifica-
tion of M-BC. It can be observed further that P peak pres-
ents in pattern of IMOM-BC after phosphorus adsorption 
(Fig. 10b), confirming phosphorus adsorption on IMOM-BC.

4.2. X-ray diffraction

The X-ray diffraction pattern of IMOM-BC before and 
after phosphorus adsorption were measured (Fig. 11). It 
shows that the natural charcoal does not have any appar-
ent crystal structure before phosphorus adsorption, and 
IMOM-BC exhibits an amorphous structure. The X-ray dif-
fraction analysis showed an obvious structural change in 
the IMOM-BC after phosphorus adsorption. The diffrac-
tion peaks of MnP (Reference code 00-007-0384) and FeP4 
(Reference code 00-034-0995) were recognized after phos-
phorus adsorption. It indicates that phosphorus may react 
with iron and manganese on the surface of IMOM-BC during 
the adsorption process.

4.3. Fourier-transform infrared spectroscopy

FTIR spectra results of M-BC and IMOM-BC (Fig. 12) 
indicate that FTIR adsorption peak position of M-BC was 
unchanged, but modifies lightly the intensity of FTIR 
adsorption peaks. Strong and broad bands at 3,400 cm–1 indi-
cates that IMOM-BC contains a large number of hydroxyl 

groups. The absorption peak at 1,619 cm–1 is attributed 
to the stretching vibrations of –C=C and –C=O [35]. After 
adsorption of phosphorus by IMOM-BC, two new adsorp-
tion peaks appear at around 1,058 and 1,385 cm–1, the 
absorption peak at 1,058 cm–1 is the characteristic absorption 

  

(b)(a)

Fig. 10. SEM/EDS micrograph of IMOM-BC and M-BC. (a) M-BC and (b) IMOM-BC.

Fig. 11. XRD spectrum of IMOM-BC before and after adsorption 
of phosphorus.

Fig. 12. FTIR spectra of IMOM-BC and M-BC. (a) IMOM-BC after 
adsorption, (b) IMOM-BC, and (c) M-BC.
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peak of P–O vibration. The above indicates the formation 
of an inner spherical surface complex between phosphate 
and metal oxide [36]. It could be noted that the absorption 
peak at 3,400 cm–1 attenuates, indicating that the surface 
hydroxyl and phenolic hydroxyl groups of the adsor-
bent participate in the adsorption. Therefore, the surface 
hydroxyl group (M–OH) of the adsorbent might exchange 
with the phosphate. Combined with the FTIR spectra, the 
functional groups on the surface of the adsorbent confirm 
its adsorption characteristics and proves the improvements 
in its adsorption capacity [37,38].

4.4. X-ray photoelectron spectroscopy

The results of Full-scan XPS spectra of the IMOM-BC 
and the IMOM-BC after phosphorus adsorption are shown 
in Fig. 13. The corresponding orbital binding energy data are 
listed in Table 2. The observed photoelectron signals were 
carbon C1s (284.01–284.05 eV), O1s (530.56–530.81 eV), Fe2p 
(710.01–710.48 eV), and Mn2p (125,640.33–640.59 eV) were 
presented in Fig. 13a and b, since phosphor constitutes only 
2.32% (Table 2) of the IMOM-BC after phosphorus adsorp-
tion chemical composition and its XPS sensitivity factor is 
relatively low. The positional binding energy of iron and 

Table 2
Binding energy (eV) and composition (%) of the most intense photoelectron peaks of IMOM-BC before and after adsorption 
phosphorus as determined by XPS

Binding energy (eV) Composition (%)

Sample C1s O1s Fe2p Mn2p P2p C1s O1s Fe2p Mn2p P2p

IMOM-BC 284.05 530.56 710.01 640.33 – 71.68 23.07 4.24 1.00 –
IMOM-BC After phosphorus adsorption 284.01 530.81 710.48 640.59 132.87 67.77 25.43 3.51 0.52 2.32

  
Fig. 13. Full-scan XPS spectra of IMOM-BC before and after phosphorus adsorption.

Fig. 14. XPS spectra of Fe and Mn before and after phosphorus adsorption.
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manganese atoms of the IMOM-BC and the IMOM-BC 
after phosphorus adsorption are shown in Fig. 14. It could 
be seen that the binding energy of Fe2p of IMOM-BC shift 
from 710.01 to 710.48 eV after phosphorus adsorption. The 
binding energy of Mn2p of IMOM-BC shifts from 640.33 
to 640.59 eV, which indicates that iron and manganese 
oxides in the IMOM-BC involved in the adsorption process. 
The peak center at 132.87 eV (Fig. 13a) is attributed to the 
P2p. This further indicates that phosphorus is chemisorbed 
on the surface of the IMOM-BC. This is consistent with 
the results obtained from FTIR analysis.

5. Conclusion

IMOM-BC was mainly composed of Fe, Mn oxides, 
and has a microporous structure with a specific surface 
area of 74.734 m2/g and the pHzpc values of the IMOM-BC 
was 7.6. Major oxygen-containing functional groups and 
hydroxyl groups were present abundantly on the surfaces of 
IMOM-BC. The optimum phosphorus adsorption occurred 
in the pH 2.0. Different anions have different effects on the 
removal of phosphorus by IMOM-BC, and the order of inhi-
bition is: CO3

2– > SO4
2– > NO3

–. At 25°C, 35°C, and 45°C, the 
maximum adsorption capacities of phosphorus were 23.09, 
25.32, and 26.34 mg/g, respectively. The iron oxide, manga-
nese oxide, surface hydroxyl group, and phenolic hydroxyl 
group in IMOM-BC participate in the adsorption. The 
adsorption of phosphorus by IMOM-BC is mainly attributed 
to a chemical reaction, and the IMOM-BC has good stability 
during adsorption.
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