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A B S T R A C T   

Fe(III)-(hydr)oxides can be formed by the oxidation-hydrolysis of Fe(II) minerals, its initial state is usually 
amorphous, which can form dense flocs quickly with a high specific surface area, resulting in widely used in the 
field of water treatment. However, the rate and path of oxidation-hydrolysis lead to the difference in the crystal 
structure of the precursor, which are directly determined by the crystallinity and adsorption activity of the final 
oxidized hydrolysate. Therefore, this study investigated the phase transition of siderite under different oxidation- 
hydrolysis paths. The results suggested KMnO4 could first oxidize the surface layer Fe(II) of siderite; and then Mn 
(II), hidden in the crystal lattice of siderite, was continuously exposed to the surface of siderite; after that, Mn(II) 
was oxidized by KMnO4 to form MnO2, which acts as an ion channel to allow internal Fe(II) of siderite further 
hydrolysis to form crystalline Fe(OH)2 and then further oxidation to form crystalline two-line ferrihydrite 
(δ-Keggin). Although Fe(OH)2 as transient precursor will disappear with the continuation of oxidation, its 
presence will greatly reduce the nucleation barrier of two-line ferrihydrite. These mineral phase transitions 
resulted in the low concentration of KMnO4 (0.03 mmol/L) could substantially enhance the ability of siderite to 
remove phosphate, with the maximum adsorption capacity (13.04 mg/g, Langmuir). However, H2O2 could only 
oxidize Fe(II) on the surface of siderite to form amorphous Fe(OH)3, while Mn(II) in the siderite lattice could not 
be oxidized. The surface coverage of amorphous Fe(OH)3 and exposed Mn(II) formed a dense passive film, 
resulting in the termination of the oxidation and showed a low adsorption activity (3.28 mg/g).   

1. Introduction 

Among the consequences of pollution, eutrophication represents one 
of the most severe environmental problems, which results from the 
excess discharge of phosphorus and nitrogen to environmental water 
bodies. Phosphorus is one of the important essential elements for the 
normal functioning of ecosystems [1]. However, excessive use of phos-
phorous fertilizers has led to serious eutrophication, which poses a 
serious threat to ecological restoration and human health [2–10]. 
Furthermore, phosphate as a non-renewable resource, its recovery and 
recycling is becoming increasingly necessary in the future [11]. 
Adsorption is a surface phenomenon through electrostatic interactions, 
hydrogen bonding and covalent bonding resulting in the adhesion of an 
adsorbate on the surface of an adsorbent[12]. Thus, adsorption is not 
only a useful method to remove and recover phosphate in waste streams, 

but also an important factor affecting phosphorus migration in the 
natural environment. 

Iron-bearing minerals generally exist in soil and water. The redox 
reaction between their different valence states is an important reaction 
in the natural environment [13,14]. Because of many surface adsorption 
sites, Fe(III)-(hydr)oxides have an important influence on the 
geochemical cycle of phosphorus. The adsorption activity of Fe(III)- 
(hydr)oxides is affected by its size and crystallinity. Therefore, it is of 
great significance to reveal the basic characteristics of Fe(III)-(hydr) 
oxides and its potential oxidation-hydrolysis paths. 

Normally, the initial state of Fe(III)-(hydr)oxides is amorphous, 
which can form dense flocs quickly with a high specific surface area, 
resulting in widely used in the field of water treatment [15,16]. When Fe 
(III) in the system is locally supersaturated, [17] or induced by micro-
organisms [18] or organic matter [19], Fe(III)-(hydr)oxides will 
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gradually crystallize to form magnetite (Fe3O4), epidocrocite (γFeOOH), 
goethite (α-FeOOH), and hematite (α-Fe2O3) [20–25]. Usually, ferrihy-
drite is present as a precursor during the transformation of these min-
erals, which has high adsorption activity. Our previous study found that 
in the absence of organic matter induction, Fe(III) would form amor-
phous spherical Fe(OH)3, while Fe(II) would form crystalline lamellar 
γ-FeOOH [26,27]. With the increasing of Fe(II) oxidation rate, the 
product morphology would change from lamellar to spherical, which 
might be related to the transient precursor Fe(OH)2. Therefore, when Fe 
(III)-(hydr)oxides form during the oxidation-hydrolysis of Fe(II) min-
erals, such as siderite and pyrite, the composition, size and crystallinity 
of the products should vary greatly, resulting in the different adsorption 
activity of the products in each stage of the Fe(II) oxidation-hydrolysis 
process. Therefore, the hydrolysis process of Fe(III) and Fe(II) may 
produce completely different crystal products due to the difference of 
transient precursor. Despite the oxidation-hydrolysis of Fe(II) minerals 
that has been investigated for decades, the capture and identification of 
transient precursors needs further confirmation. 

The crystal structure of natural siderite (FeCO3) determines its low 
adsorption activity for phosphate, which can be greatly improved by 
oxidation [27–31]. Because the atomic radius of Mn is close to that of Fe, 
natural siderite often contains a small amount of Mn(II), which is uni-
formly distributed in crystal lattice of siderite in the form of MnCO3 
[29,30]. In the process of oxidation-hydrolysis, the direction of Mn(II) 
[32–37] will directly affect the dissolution and adsorption activity of 
siderite. In this study, we compared the precursor and products 
composition, size, crystallinity and corresponding adsorption activity of 
siderite in hydrogen peroxide (SHP) and potassium permanganate (SPP) 
oxidation-hydrolysis paths. The natural siderite, SHP and SPP, were first 
characterized by X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM) and transmission 
electron microscope (TEM). Then, a thorough investigation of the effect 
of the experimental conditions, including oxidant concentration, reac-
tion time, adsorbent content, pH, initial phosphate concentration and 
temperature, on the adsorption of phosphate by SHP and SPP was un-
dertaken. Finally, the adsorption mechanism was investigated by 
element mapping of TEM and Fourier transform Infrared (FTIR) spec-
troscopy. The results of the experiments will reveal the potential 
oxidative hydrolysis pathway and mechanism of Fe(II)-bearing min-
erals. Further, it provides valuable information that will help guide the 
future application of siderite to control eutrophication. 

2. Experimental 

2.1. Materials characterization 

Natural siderite (particle size: 0.05–0.1 mm) was obtained from 
Tongling city, Anhui province, China. Field emission scanning electron 
microscopy (SEM, SU-8020, HITACHI, Japan) was used to observe and 
analyze the morphology of SHP and SPP. An X-ray diffractometer (XRD, 
X’Pert PRO MPD, PANalytical, Netherlands) was utilized to analyze the 
phase composition of SHP and SPP with 40 kV and 40 mA at a scan speed 
of 4◦/min. Phase identification was carried out by comparison with 
those included in the International Centre for Diffraction Data (ICDD). 
X-ray photoelectron spectroscopy (XPS, PHI Quantera II, ULVAC, Japan) 
measurements were conducted with a Thermo Escalab 250 electron 
spectrometer using 150 W Al-Kα radiations. A field emission trans-
mission electron microscope (TEM, JEM-2100F, JEOL, Japan) was used 
to observe and analyze the lattice fringes and the crystallinity of SHP 
and SPP. Each sample was mixed with alcohol and deposited on a Cu 
grid. Fourier transform infrared spectrometry (FTIR, Spectrum Two, 
PerkinElmer, USA) was used to analyze the surface functional groups of 
SPP. The measurement resolution was set at 4 cm− 1 and the spectra was 
collected in the range of 600 ~ 4,000 cm− 1. 

2.2. Batch experiments 

All reagents were analytical grades. The Phosphate-enriched solution 
was prepared by adding 0.2197 g KH2PO4 (CAS: 7558–80-7) into 0.8 L 
deionized water; the desired phosphate concentration (5 mg/L and 50 
mg/L, expressed as P element) was obtained by diluting the phosphate- 
enriched solution, pH value was adjusted to the neutral condition with 
0.1 mol/L NaOH (CAS: 1310–73-2). Batch adsorption experiments were 
carried out at a fixed siderite concentration of 0.5 g/L (siderite/solu-
tion). The adsorption flasks were placed on a magnetic stirrer (300 rpm) 
with a temperature controller. After the reaction and separation of 
siderite by centrifugation (6,000 rpm) for 5 mins, the remaining phos-
phate concentration in solution was determined by the molybdenum 
blue method with a spectrophotometric detection at 700 nm (UV-2600, 
Shimadzu, Japan) [30]. 

Pre-treatment: natural siderite was activated (oxidation-hydrolysis) 
by different concentrations (0, 0.01, 0.02, 0.03 and 0.06 mmol/L) of 
hydrogen peroxide and potassium permanganate with 5 min before use 
as adsorbent to remove phosphate from aqueous solution. The concen-
tration of phosphate was regulated to 5 mg/L by addition of the phos-
phate solution with a pH value of 7. The effects of pH value (from 3.0 to 
11.0) and the presence of co-existing anions (100 mg/L, including Cl− , 
HCO3

− , NO3
− , and SO4

2− ) on the phosphate adsorption were investi-
gated. Adsorption kinetics, isotherm, and thermodynamic studies were 
performed. To ensure repeatability of results, all batch experiments were 
conducted in triplicate. Also, the surface water samples were collected 
from the lake water of the Black Bamboopark in Beijing to verify 
experimental work. The concentration of phosphate was regulated to 5 
mg/L by addition of the phosphate solution with a pH value of 7. 

3. Results and discussion 

3.1. Structural characteristics and adsorption activity of SPP and SHP 

As reported, crystallinity is a dominant factor affecting mineral 
adsorption activity [17,24,25,38]. Therefore, the morphology and 
crystallinity of products were characterized first, the microtopography 
of siderite was sheet-like (Fig. 1a). After oxidation-hydrolysis reactions, 
a large number of spherule substances (about 20 nm in size) were 
observed on the surface of the SHP (Fig. 1b) and SPP (Fig. 1c) in the SEM 
images with higher magnification. In addition, extensive larger spheres 
(about 50–100 nm in size) were observed on the surface of the SPP 
(Fig. 1c). The crystallinity of natural siderite (A in Fig. 1d), SHP (B in 
Fig. 1d), and SPP (C in Fig. 1d) were characterized by XRD. The main 
XRD diffraction peaks located at 2θ = 24.5◦, 32◦, 38◦, 42◦, 46◦, 51◦, 
52.5◦, 61.5◦ were ascribed to siderite (ICDD (29–0696)); there were 
other diffraction peaks located at 2θ = 17.8◦, 21.2◦, 33.2◦, 34.6◦, and 
36.6◦ (Fig. 1d), which corresponded to goethite (ICDD (29–0713)), and 
the remaining diffraction peaks at 2θ = 21.3◦, 26.6◦, 50.5◦, 60.1◦

belonged to quartz (ICDD (46–1045)). The XRD results revealed that the 
natural siderite contained siderite, goethite and quartz, and the intensity 
of the XRD diffraction peaks of siderite decreased after reacting with 
H2O2 and KMnO4, while there was no changing of the diffraction peaks 
of goethite and quartz. It was noted that the intensity of the XRD 
diffraction of widely spaced lattice planes ((012), (104), (110), (113), 
greater than 2 Å) decreased firstly after the oxidation hydrolysis reac-
tion, while the narrow spaced lattice planes ((202), (024), (018), 
(116), less than 2 Å) were not significantly affected. It indicated that the 
iron atoms located on the lattice planes with a larger spacing (greater 
than 2 Å) were more easily shed and oxidized. No new diffraction peaks 
were observed in the XRD spectra, indicating that SHP and SPP were 
amorphous or weak crystallinity. 

Phosphate adsorption was used to measure any change in adsorption 
activity. The influence of hydrogen peroxide and potassium permanga-
nate concentration on the adsorption of phosphate onto siderite is 
summarized in Fig. 1e and 1f, respectively. The results showed that SHP 
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(Fig. 1e) and SPP (Fig. 1f) had a higher equilibrium adsorption capacity 
(Qe) than natural siderite with dissolved oxygen (DO, 1 mg/L), and 
increased with contact time. Thus, the largest adsorption capacity (SHP: 
0.06 mmol/L H2O2, 3.28 mg/g; SPP: 0.03 mmol/L KMnO4, 5.51 mg/g) 
was achieved with a contact time of 48 h. It was observed that the 
adsorption capacities of SHP and SPP increased with increasing con-
centration of the oxidant (0 to 0.03 mmol/L H2O2; 0 to 0.03 mmol/L 
KMnO4), which was attributed to the increase of surface adsorption sites 
due to an increasing Fe(III)-(hydr)oxides in the solution (2FeCO3 +

H2O2 + 6H+ = 2Fe3+ + 2CO2 + 4H2O; 5FeCO3 + MnO4
- + 3H+ + 6H2O 

= 5Fe(OH)3 + 5CO2 + Mn2+). Two other phenomena were evident from 
the results: Firstly, as the dose of oxidizing agent increased from 0.03 to 
0.06 mmol/L, the adsorption capacities of SHP and SPP had no signifi-
cant increase. This could be explained by the different degree of Fe 
release, which was greater at low oxidant concentrations, with the 
slower oxidation giving an increase in the activity of SHP and SPP, 
whereas, if the oxidation-hydrolysis reaction was too intense (at higher 
concentrations), the siderite would be coated with products, preventing 
it from further releasing Fe ions. Secondly, during the initial reaction 
period, and particularly 12 h-24 h, the SPP exhibited an accelerated rate 
of adsorption, which was not observed in the SHP system. Again, this 
may be related to their different oxidation-hydrolysis paths (spherule 
and larger spheres substances), and will be discussed in detail later. 

3.2. Microstructure, Composition, and crystallinity of SPP and SHP 

The previous experimental results indicated that the oxidation- 
hydrolysis products of SHP and SPP might be different, even though 
their products were both amorphous (or weak crystallinity) spherulitic 
substances. To determine the composition and crystallinity of these, SHP 
and SPP were carefully examined by transmission electron microscopy 
(TEM, Fig. 2). The spherule substances of SHP (Fig. 1b) appeared to have 
aggregated to form flocs (Fig. 2a), which were more compact than the 
SPP system (region B in Fig. 2e). The composition of the SHP spherule 
substances was carefully investigated with element mapping (Fig. 2c, 
2d, and S1). The Fe (Fig. 2c) and Mn (Fig. 2d) elements were observed in 

most regions, probably because natural siderite is often associated with 
other coexisting elements (e.g., Mn, Mg and Ca), and the Mn atom 
mainly exists in the lattice of siderite [29]. Therefore, the element dis-
tribution of Fe and Mn was almost the same. However, it should be noted 
that the distribution of Fe and Mn in the upper part of region A was 
inconsistent (Fig. 2a, 2c, and 2d), which were observed in the high- 
resolution TEM image (Fig. 2b). It was evident that the spherule sub-
stances were also formed by nanoparticles (size was 4 nm), but no lattice 
fringe was observed, which suggested that the spherule substances of 
SHP were the amorphous state oxidation-hydrolysis product. The inac-
tivated siderite has almost no adsorption capacity for phosphate in an 
anaerobic environment [27,30], and the distribution of element P 
(Figure S1f) was basically the same as that of element Fe (Fig. 2c and 
S1a). This indicated that the major mineralogical component respon-
sible for the phosphate adsorption was amorphous Fe(OH)3, and the 
inactivated siderite was equally covered by Fe(OH)3, which was 
consistent with the above analysis. 

In contrast, the spherule substances (about 20 nm in size) and larger 
spheres (about 50–100 nm in size) of SPP were observed (Fig. 2e), which 
was consistent with the size of SPP observed in the SEM image (Fig. 1c). 
In addition, the high-resolution TEM showed that the resolved inter-
planar spacings in region B (Fig. 2e) were 2.21 Å and 2.62 Å, which 
corresponded to the (022) and (013) lattice planes of two-line ferri-
hydrite, respectively (Fig. 2f). The calculated (022) and (013) lattice 
planes and the angle between them coincided with the schematic dia-
gram of a two-line ferrihydrite unit cell structure (the inset of Fig. 2f), 
which indicated that the spherule substance (region B in Fig. 2e) was a 
single crystal of two-line ferrihydrite [39]. The Fast Fourier transforms 
(FFT, inset of Fig. 2f) in the square region of Fig. 2f shows the corre-
sponding crystal face spot, which corresponded to the (013), 
(____________122), and (022) lattice planes of two-line ferrihydrite, 
respectively. The elements along the regions B (line L1) were investi-
gated by the TEM-EDS line scan (Fig. 2g). The relative ratio of Fe/O 
(about 3.25) suggested that the substance composition in region B was 
relatively uniform. Combining with the above analysis, it is suggested 
that the composition of region B is two-line ferrihydrite. 

Fig. 1. The representative SEM images of the natural siderite (a), SHP (b) and SPP (c). The XRD patterns (d) of siderite (A), SHP (B), and SPP (C) with the XRD peaks 
labeled as siderite (S), goethite (G), and quartz (Q). The effect of H2O2 (e) and KMnO4 (f) concentration on the adsorption of phosphate. The experimental parameters 
of the sample in Figure a-d: the average particle size of natural siderite was 0.1 mm, the initial concentration of siderite was 0.5 g/L, the initial concentration of H2O2 
was 0.03 mmol/L, and the initial concentration of KMnO4 was 0.03 mmol/L, the reaction time was 48 h, the initial pH was 7, and the final pH values range from 6.6 
to 6.9. (T = 298 K). 
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In addition, the larger spheres (region C in Fig. 2e) were investigated 
by HRTEM, the results showed that the resolved interplanar spacing was 
2.49 Å (Fig. 2h), which corresponded to the (040) lattice planes of 
MnO2. The FFT result (the inset of Fig. 2h) was consistent with that of 
HRTEM. The calculated (040) lattice planes coincided with the unit cell 
structure of MnO2 (Fig. 2i), which indicated that the larger spheres 
(region C in Fig. 2e) was a single crystal of MnO2. It is worth noting that 
the only part of the position of elements Fe and C trend appears obvi-
ously opposite relationship (Fig. 2g), and elements Mn and C contrary 
trend is more obvious (Fig. 2e). We came to similar conclusions based on 
one of our previous studies [27] that carboxylic substances in natural 
siderite induced the polymerization and growth of two-line ferrihydrite 
and MnO2, and then the organic matters were gradually discharged with 
the growth of crystals. 

Above all, the results showed that siderite has different oxidation- 
hydrolysis products and pathways from exposure to either H2O2 and 
KMnO4: the former forms amorphous Fe(OH)3 and the latter forms 
weakly crystalline two-line ferrihydrite and MnO2, which resulted in 

different adsorption activities (Fig. 1e and 1f). Our previous research 
[27,29,30] investigated the action mechanism of dissolved oxygen on 
siderite in water, the results suggested the oxidation-hydrolysis path for 
the transformation of siderite from Fe(II) into the amorphous state Fe 
(III)-(hydr)oxides. These results are consistent with the action mecha-
nism of hydrogen peroxide. However, potassium permanganate can 
induce Fe(II) to form crystalline Fe(III)-(hydr)oxides particles with a 
high adsorption activity in a short time. To reveal the action mechanism 
of KMnO4, the oxidation-hydrolysis pathway of potassium permanga-
nate will be investigated further, as described in the following section. 

3.3. Oxidation-Hydrolysis pathway of siderite by KMnO4 

To provide details of the oxidation-hydrolysis pathway of siderite by 
KMnO4 and its influence on adsorption activity, the phosphate-adsorbed 
SPP was carefully investigated by means of selected area electron 
diffraction (SAED), TEM (Fig. 3), element mapping (Fig. 3), and XPS 
(Fig. 4) analyses. To distinguish different structures of SPP, three 

Fig. 2. Representative TEM and HRTEM images of SHP (a and b) and SPP (e, f, and h). Element mapping (c: Fe, d: Mn) of the SHP. Schematic diagram of the (the 
inset of Figure f) two-line ferrihydrite (a: 5.928 Å, b: 5.928 Å, c: 9.126 Å; 90◦, 90◦, 120◦; P63mc) and (i) MnO2 (a: 4.396 Å, b: 4.396 Å, c: 2.871 Å; 90◦, 90◦, 120◦; P4- 
2/mnm) unit cell structure, which was drawn by VESTA software (National Museum of Nature and Science, Japan). The FFT of the corresponding region (the inset of 
f and h). The TEM-EDS line scan of region B (g) and region C (j) in Fig. 2e. The average particle size of natural siderite was 0.1 mm, the initial concentration of siderite 
was 0.5 g/L, the initial concentration of H2O2 was 0.03 mmol/L, and the initial concentration of KMnO4 was 0.03 mmol/L, the reaction time was 48 h, the initial pH 
was 7, and the final pH were 6.8 (H2O2) and 6.9 (KMnO4), respectively. (T = 298 K). 
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regions, denoted as A to C, were selected in Fig. 3a. Firstly, the layered 
structure substances at the edge of region A (Fig. 3a) are evident in the 
HRTEM image (Fig. 3b). The resolved interplanar spacings (Fig. 3b) 
were 1.93 Å and 2.81 Å, which corresponded to the (202) and (104) 
lattice planes of siderite, respectively. The calculated lattice planes and 
the angle between them coincided with the unit cell structure of the 
siderite (Fig. 3c). Combining the analysis of the SAED spots of region A 
(Fig. 3d), the results suggested region A was polycrystalline siderite. 

Secondly, a large number of nanopores at the edge of region B (Fig. 3a) 
were observed by the HRTEM images (Fig. 3e). All of the resolved 
interplanar spacings were 2.27 Å to 2.29 Å, and it corresponded to the 
(330) lattice planes of MnO2, which coincided with the unit cell struc-
ture of MnO2 (Fig. 3f). 

Furthermore, to distinguish the Mn in the product from the siderite 
or the KMnO4, element mapping of regions A and B were investigated, 
and the Fe element (Fig. 3h) presented in regions A and B (especially 

Fig. 3. Representative TEM (a, b, and e) images and SAED (d and g) of the phosphate-adsorbed SPP. The schematic diagram of (c) siderite (a: 4.689 Å, b: 4.689 Å, c: 
15.373 Å; 90◦, 90◦, 120◦; R-3c) and (f) MnO2 (a: 4.396 Å, b: 4.396 Å, c: 2.871 Å; 90◦, 90◦, 120◦; P4-2/mnm) unit cell structure, were drawn by VESTA software 
(National Museum of Nature and Science, Japan). Element mapping (h: Fe, i: O, j: Mn, k: Al, l: Si, m: P) of the region in Fig. 3a. The average particle size of natural 
siderite was 0.1 mm, the initial concentration of siderite was 0.5 g/L, the initial concentration of P was 5 mg/L, and the initial concentration of KMnO4 was 0.03 
mmol/L, the reaction time was 48 h, the initial pH was 7, and the final pH was 6.9. (T = 298 K). 
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Fig. 4. High-resolution XPS spectra of the phosphate-adsorbed SPP. (a: Fe 2p; b: O 1 s; c: Mn 2p (red line: after reaction, blue line: before reaction); d: P 2p; the initial 
concentration of P was 5 mg/L). (e) Curve-fitting analysis of FTIR spectrum B (Figure S3a) with 5 mg/L phosphate under pH 7 conditions; (f) Curve-fitting analysis of 
FTIR spectrum C (Figure S3a) with 50 mg/L phosphate under pH conditions. The average particle size of natural siderite was 0.1 mm, the initial concentration of 
siderite was 0.5 g/L, and the initial concentration of KMnO4 was 0.03 mmol/L, the reaction time was 48 h, the initial pH was 7, and the final pH was 6.9. (T = 298 K). 
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region A), while the Mn element (Fig. 3j) was found in regions A and B 
(especially region B). As the Mn element exists mainly in the lattice of 
siderite, when the iron atoms at the lattice surface of siderite reacted 
with potassium permanganate, the Mn atoms were exposed to the sur-
face of siderite, which suggested that the major mineralogical compo-
nents of region A were polycrystalline siderite, SPP and a small amount 
of MnCO3. It should be noted that large amounts of Mn and small 
amounts of Fe were concentrated in region B, and the SAED spots 
(Fig. 3g) of region B (Fig. 3a) demonstrated that the major phase of the 
region B surface was MnO2 (the spots calculation was consistent with 
(021) and (032) lattice planes, respectively), which suggested that it 
produced by the following reaction: 2MnO4

- +3Mn2+ +2H2O = 5MnO2 
+ 4H+. This analysis indicated that the Mn in SPP arose in two ways, one 
(MnO2 in region B) was mainly from KMnO4, and the other (MnCO3 in 
region A) was mainly from the natural siderite lattice. The oxidation- 
hydrolysis product of siderite by H2O2 was amorphous Fe(OH)3, it 
cannot oxidize Mn in the lattice of siderite to MnO2, which differs from 
KMnO4. Hence, the results implied that MnO2 might induce free iron 
polymerization and crystallization into 2-line ferrihydrite. 

To further determine its mineral composition, the detailed Fe 2p XPS 
spectra of the SPP were investigated (Fig. 4a). The Fe 2p peaks, which 
were assigned to FeCO3, displayed broad Fe 2p3/2 and Fe 2p1/2 lines 
located at 709.7 ± 0.2 eV and 723.9 ± 0.2 eV, respectively. The peak at 
712.1 ± 0.2 eV was assigned to the formation of ferrihydrite (Fig. 4a) 
[40,41]. Furthermore, the detailed O 1 s XPS spectra of the SPP are 
shown in Fig. 4b, which was assigned to FeCO3 located at 530.1 ± 0.2 
eV. The peak of MnO2 located at 529.2 ± 0.2 eV, was attributed to the 
oxidation product of KMnO4. The O 1 s peak located at 531.7 ± 0.2 eV 
was assigned to ferrihydrite, while the peak at 532.5 ± 0.2 eV was 
attributed to SiO*2 in quartz (clay). The detailed Mn 2p XPS spectra of 
SPP are shown in Fig. 4c. No Mn peak was found in the natural siderite, 
but Mn peaks were found in the SPP. The Mn 2p peaks were assigned to 
MnCO3, which displayed broad Mn 2p3/2 and Mn 2p1/2 lines located at 
640.2 ± 0.2 eV and 651.2 ± 0.2 eV, respectively. In addition, the Mn 2p 
peaks, located at 642.4 ± 0.2 eV and 652.6 ± 0.2 eV, were assigned to 
MnO2, which confirmed that the substance in region B (Fig. 3a) was 
MnO2. The XPS spectra of Mn confirmed that natural siderite was acti-
vated by the oxidation of KMnO4 (MnO4

- + 3FeCO3 + 4H2O + H+ = 3Fe 
(OH)3 + 3CO2 + MnO2), and that the Mn in the siderite lattice was 
exposed to the siderite surface, so the substance in region A (Fig. 3a) 
contained MnCO3. The XPS results are consistent with the above analysis 
(HRTEM and element mapping). 

Moreover, the resolved interplanar spacings of the sheet substance at 
the edge of region A (Fig. 3a) was 4.29 Å (Fig. 3b), which corresponded 
to the (010) lattice plane of SiO2. The elements Al and Si (Fig. 3k and 3 
L) presented in region C (Fig. 3a), which implied that the major 
mineralogical component of region C was clay. The distribution of 
element P (Fig. 3m) was consistent with the element Fe (Fig. 3h), which 
indicated that the major mineralogical component of phosphate- 
adsorbed SPP was Fe(III)-(hydr)oxides, via the reaction: MnO4

- +

3FeCO3 + 4H2O + H+ = 3Fe(OH)3 + 3CO2 + MnO2. It could be seen 
from the analysis above that the Fe(OH)3 further crystallized to form 
two-line ferrihydrite, which provided a number of adsorption sites on its 
surface [39]. This result showing the adsorption of phosphate on the 
surface of SPP was in good agreement with previous reports of phos-
phate adsorption on hematite [20]. Since both two-line ferrihydrite and 
MnO2 had a high adsorption capacity for phosphate (Fig. 3m), SPP 
displayed an accelerated adsorption during the reaction period of 12 h- 
24 h (Fig. 1f), which was not observed in the SHP system (Fig. 1e). 

In conclusion, the results showed that the oxidation-hydrolysis paths 
of KMnO4 are divided into three steps: (i) The Fe(II) in the surface layer 
of siderite was oxidized to Fe(III) and detached from its surface to form 
Fe(OH)3. (ii) The Mn inside the siderite lattice was exposed to the crystal 
surface and oxidized to form MnO2. (iii) As an ion channel, MnO2 can 
not only exchange Fe(II) out of siderite, but also induce Fe(OH)3 in-situ 
heterogeneous nucleation, accelerating the formation of two-line 

ferrihydrite to a certain extent. The action mechanism of MnO2 and 
whether it contains the transient precursor need further experimental 
investigation. 

3.4. Performance of phosphate adsorption and its type of complex on the 
surface of SPP 

The above experimental results showed that KMnO4 could enhance 
the adsorption capacity of siderite, so the adsorption performance of SPP 
was evaluated in terms of its adsorption kinetics (Fig. 5a and Table S1), 
isotherms (Fig. 5b, S2a, and Table S2), and thermodynamics (Fig. 5c and 
Table S3). A pseudo-second-order kinetic model (R2 = 0.996, pH 3 and 
R2 = 0.924, pH 7) was found to describe the adsorption kinetics of 
phosphate on SPP better than a pseudo-first-order kinetic model (R2 =

0.993, at pH 3 and R2 = 0.901, at pH 7), which indicated that ion ex-
change or chemical adsorption might be the main paths in the instan-
taneous adsorption [42]. The results of the isotherm experiments 
indicated that the adsorbents closely fitted the Langmuir model (R2 =

0.994, pH 7, 318 K), suggesting a monolayer adsorption process. The 
maximum removal capacity (qm) of phosphate by SPP, as calculated 
from the Langmuir model, was 13.04 mg/g (pH 7.0 and 318 K, 
Table S2). The thermodynamics results revealed that the standard Gibbs 
free energies (ΔG0) of the adsorption by SPP were − 1.113, − 1.297, and 
− 1.465 kJ/mol at 298, 308, and 318 K, respectively. The negative 
values of ΔG0 indicated that the adsorption process was spontaneous in 
nature, and the decrease of ΔG0 (increasingly negative) with increasing 
temperature indicated that the adsorption of phosphate on SPP was 
more favorable at higher temperatures. The positive ΔH0 value in 
Table S3 suggested that phosphate adsorption on SPP was an endo-
thermic process. In addition, the positive ΔS0 values suggests a higher 
degree of freedom of the solute molecules with the increase of temper-
ature [43]. Further detailed analysis is given in the supporting 
information. 

Subsequently, the effect of pH on the adsorption was investigated 
(Fig. 5d and 5e). It was found that decreasing pH favored the adsorption 
of phosphate, possibly as a consequence of the dissolution of siderite 
(5FeCO3 + 10H+ = 5Fe2++5H2O + 5CO2), with decreasing pH, which 
leads to the rapid formation of Fe(III)-(hydr)oxides 
(MnO4

-+5Fe2++11H2O = 5Fe(OH)3 + 7H++Mn2+). At pH 3, the 
maximum adsorption capacity was 9.928 mg/g after a contact time of 
48 h, with the adsorption reaching equilibrium from approximately 24 
h. Samples where the initial pH was from 5 to 11 reached an ultimate pH 
of approximately 7. When the initial pH ˃ 7, the value of pH decreased 
within the first 2 h, and then gradually increased. This phenomenon was 
ascribed to the chemical reaction (A), MnO4

-+5Fe2++11H2O = 5Fe 
(OH)3 + 7H++Mn2+, which occurred before the subsequent chemical 
reaction (B), 5FeCO3 + 10H+ = 5Fe2++5H2O + 5CO2. In contrast, the 
pH value for samples with an initial pH from 3 to 5 increased within the 
first 2 h, which was ascribed to chemical reaction B occurring before 
reaction A. The distributions of P (Figure S2b) and Fe (Figure S2c) ion 
species in the water at different pH were considered to help explain the 
phenomena. In the case of P, it was likely that the dominant species was 
H2PO4

- at pH less than 7, while above 7 the dominant species was 
HPO4

2-. In the pH range from 7 to 8.5, the dominant iron forms were Fe 
(OH)2

+ and Fe(OH)3, and thus sufficient to correctly predict the pre-
cipitation of amorphous Fe(III)-(hydr)oxides. Under lower pH condi-
tions (pH 5–7), it is speculated that Fe3(OH)4

5+, the intermediate of the 
hydrolysis of Fe3+, was the dominant phase in the reaction, which 
eventually led to the formation of the two-line ferrihydrite. Finally, it 
was assumed that common coexisting anions (including Cl− , NO3

− , 
HCO3

− , and SO4
2− ) will compete with phosphate for the adsorptive sites 

on SPP in natural water (Fig. 5f). This was demonstrated in the cases of 
HCO3

− and SO4
2− , where the adsorption capacities of SPP decreased 

with increasing anion concentration from 0 to 100 mg/L, indicating 
anion competition. However, in contrast, there was no significant effect 
in the presence of Cl− and NO3

− . 
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To reveal the phosphate complexes on the surface of SPP, the natural 
siderite (spectrum A in Figure S3a) and phosphate-adsorbed SPP (5 mg/ 
L P (spectrum B in Figure S3a) and 50 mg/L P (spectrum C in Figure S3a) 
at pH 7, respectively) were carefully investigated using FTIR (Figure S3). 
The P–O–Fe stretching vibration (1,015 cm− 1) was observed in 
Figure S3d, and the peak fitting of the IR spectra (800–1,200 cm− 1) was 
performed (Fig. 4e and 4f). The different pronounced shapes of the two 
products indicate the uneven content of each configuration. The two 
spectra of phosphate-adsorbed SPP (spectra B and C in Figure S3a) were 
well reproduced with six Gaussian v3 peaks and two v1 peaks (Fig. 4e and 
4f), which implied that the phosphate species on the surface of SPP were 
different. The vibration intensity of P-(OH)2 symmetrical stretching 
(920–940 cm − 1) was higher than the P-OH asymmetric stretching 
(885–920 cm− 1) in Fig. 4f. However, the vibration intensity of P-(OH)2 
in Fig. 4e was slightly lower than the P-OH. It suggested that the 
diprotonated complex was the main type on the surface of SPP (50 mg/L 
P element at 298 K). The adsorption reaction products (5 mg/L P 
element at 298 K) were also revealed by XPS (Fig. 4d). The P 2p peaks, 
located at 133.4 ± 0.2 eV and 131.8 ± 0.2 eV, were assigned to Fe-O- 
PHO3 and Fe-O-PH2O3, respectively. It is suggested that the main 
phosphate species on the surface of SPP was a monoprotonated complex 
for the phosphate concentration of 5 mg/L. Further, the intensity be-
tween P-O-Fe and Fe-O-P-O-Fe stretching vibrations of SPP was different 
by two concentrations of phosphate (Fig. 4e and 4f). The bidentate 
binuclear complex was the main adsorption mode when the phosphate 
concentration was 5 mg/L (Fig. 4e), while at the higher phosphate 
concentration of 50 mg/L, the main phosphate species changed to the 
monodentate mononuclear complex (Fig. 4f) [18,20,44]. Further 
detailed analysis is given in the supporting information. 

3.5. Oxidation-Hydrolysis mechanism of siderite by KMnO4 and H2O2 

The experimental results described in this study showed that siderite 
has different oxidation-hydrolysis pathways and mechanisms by 
different oxidants: the H2O2 system forms amorphous Fe(OH)3 and the 

KMnO4 system forms weakly crystalline two-line ferrihydrite and MnO2. 
The above experiments suggest that the difference between them is that 
H2O2 cannot oxidize Mn(II) in the lattice of siderite to form MnO2, 
whether this is the reason for the difference in oxidation-hydrolysis 
products needs further investigation. Our previous study found that in 
the absence of organic matter induction, Fe(III) would form amorphous 
spherical Fe(OH)3, while Fe(II) would form crystalline lamellar 
γ-FeOOH. With the increasing of Fe(II) oxidation rate, the product 
morphology would change from lamellar to spherical, which might be 
related to the Fe(OH)2, as transient precursor [26,27]. 

Therefore, the reason for the formation of crystal 2-line ferrihydrite 
in KMnO4 system may be that transient precursor Fe(OH)2 is preferen-
tially formed. To further reveal the oxidation-hydrolysis mechanism of 
siderite by KMnO4, the products after 30 min of reaction (SPP-30 min) 
were characterized by SEM (Fig. 6a) and TEM (Fig. 6b). The tabular 
cleavage of siderite (the inset of Fig. 6a) was first observed, and then a 
large number of leaf-like structures (Fig. 6a) were observed inside the 
section of siderite, which was very similar to the previous observation of 
γ-FeOOH [26]. The leaf-like structures were further amplified and 
identified by HRTEM (Fig. 6b), and intermittent lattice fringes were 
observed on its surface. The resolved interplanar spacings (Fig. 6b) was 
2.78 Å, which corresponded to the (010) lattice planes of Fe(OH)2. The 
stacking mode of Fe(OH)2 unit cell is layered (Fig. 6c), which may be the 
reason for the formation of the leaf-like structure in the KMnO4 system. 
With the continuous oxidation of KMnO4, the leaf-like structure dis-
appeared and formed weakly crystalline two-line ferrihydrite and MnO2. 
However, no similar phenomenon was observed in the H2O2 system. The 
only difference is MnO2, whose unit cell structure was shown in Fig. 6d. 
Its vertical view shows a large number of nanopores, and the minimum 
inside diameter is 5.10 Å. Hence, MnO2 can act as an ion channel 
(Fig. 6d), allowing ions and even Fe(OH)2 unit cells (d(010) = 2.82 Å, 
Fig. 6c) to travel through it, and similar results have been observed in 
the field of adsorbents [32–37]. 

In this study, SPP had a stronger ability to adsorb phosphorus (Fig. 1e 
and 1f), and SPP had a tendency for accelerated adsorption during the 

Fig. 5. (a) Kinetics curves, (b) Langmuir isotherm and (c) linear plots of ln Kd vs. Ce for the adsorption of phosphate on SPP. Effect of pH (d and e) and coexisting 
anions (f) on the adsorption of phosphate by SPP. The average particle size of natural siderite was 0.1 mm, the initial concentration of siderite was 0.5 g/L, the initial 
concentration of P was 5 mg/L, and the initial concentration of coexisting ions was 0–100 mg/L, the initial concentration of KMnO4 was 0.03 mmol/L, the reaction 
time was 48 h (T = 298 K, 308 K and 318 K, pH 3–11, C0 = 5, 10, 20, 50, 100 mg/L). 
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reaction period of 12 h-24 h (Fig. 1f), which was not observed in the SHP 
system (Fig. 1e). The results suggested H2O2 oxidized Fe(II) on the 
surface of siderite to form amorphous Fe(OH)3, which was easier to 
cover the surface of siderite. After surface passivation, it was difficult to 
continue oxidation-hydrolysis to form Fe(OH)3 by H2O2, which showed 
a low adsorption activity. Further, H2O2 cannot oxidize Mn(II) in the 
lattice of siderite, it is difficult to completely oxidize and hydrolyze 
siderite (Graphic Abstract). However, KMnO4 could oxidize Fe(II) and 
Mn(II) in the siderite lattice at the same time. Even if the formed MnO2 
covered the surface of siderite, the internal Fe(II) could still come out 
through the ion channel. It should be pointed out that the reason why 
the KMnO4 system could form two-line ferrihydrite was probably 
because this ion channel allowed the hydrolysis of Fe(II) first to form Fe 
(OH)2 and then further oxidation to form two-line ferrihydrite (Graphic 
Abstract). Although the transient precursor Fe(OH)2 will disappear with 
the continuation of oxidation, its presence will greatly reduce the 
nucleation barrier of two-line ferrihydrite [23,26,27,45–53]. In situ 
heterogeneous nucleation will also reduce the nucleation barrier of the 
crystal, so whether the newly generated MnO2 can induce Fe(OH)3 to 
form two-line ferrihydrite (Graphic Abstract) needs further experi-
mental investigation. 

The structure of two-line ferrihydrite (δ-Keggin) is very similar to 
Al13 (ε-Keggin) [54], which can provide a number of adsorption sites on 
its surface. Therefore, under neutral or alkaline conditions, SPP had a 
strong ability to adsorb phosphate. In addition, the experiment also 
revealed that under the low surface load of phosphate (5 mg/L), the 
monoprotonated bidentate binuclear complex was the main phosphate 
species, while at higher phosphate concentrations (50 mg/L), the main 
phosphate species changed to diprotonated monodentate mononuclear 
complex. 

4. Conclusions 

Fe(III)-(hydr)oxides generally exist in soil and water, its size and 
crystallinity directly determines the adsorption activity, which have 
considerable importance in the geochemical cycling of phosphate. When 
Fe(III)-(hydr)oxides form from the oxidation-hydrolysis of Fe(II) min-
erals, it will have different oxidation and hydrolysis pathways and 
corresponding adsorption activity. In this study, the results suggested 
when H2O2 rapidly oxidized Fe(II) to Fe(III), the corresponding Fe(III)- 
(hydr)oxides was amorphous Fe(OH)3. Further, the surface coverage of 
amorphous Fe(OH)3 and exposed Mn(II) formed a dense passive film, 
resulting in the termination of the oxidation. However, KMnO4 could 
oxidize the Mn(II), the product of MnO2 acts as an ion channel to allow 
internal Fe(II) of siderite further oxidation and hydrolysis. Meanwhile, 
the ion channel of MnO2 provided a slow oxidation pathway, it allowed 
the hydrolysis of Fe(II) first to form crystalline Fe(OH)2 and then further 
oxidation to form crystalline two-line ferrihydrite (δ-Keggin). The Fe 
(OH)2 as transient precursor will greatly reduce the nucleation barrier of 
two-line ferrihydrite. This study suggests that the different oxidative 
hydrolysis pathways of Fe(II)-bearing minerals lead to the production of 
Fe(III)-(hydr)oxides with different adsorption activity of phosphorus. 
Further, it provides valuable information that will help guide the future 
application of siderite to control eutrophication. 
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average particle size of natural siderite was 0.1 mm, the initial concentration of siderite was 0.5 g/L, the initial concentration of P was 5 mg/L, and the initial 
concentration of KMnO4 was 0.03 mmol/L, the reaction time was 30 min, the initial pH was 7, and the final pH was 6.5. (T = 298 K). 
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Appendix A. . Supplementary data 

The supporting information contains 4 Figures and 3 Tables, as 
follows: 

Element mapping (a: Fe, b: O, c: Mn, d: Al, e: Si, f: P) of the 
phosphate-adsorbed siderite-H2O2 (Figure S1); 

Variation of Freundlich isotherms with temperature (a) for the 
adsorption of phosphate on SPP, the distribution of P (b) and Fe (c) ion 
species with pH (Figure S2); 

FTIR spectra (a) and enlarged selected sections (b, c, and d) of nat-
ural siderite (A) and phosphate-adsorbed SPP (B: 5 mg/L phosphate; C: 
50 mg/L phosphate) (Figure S3); 

Effect of KMnO4 concentration on the adsorption of phosphate in the 
surface water by SPP (a), the concentration of ions before and after the 
reaction (b) (Figure S4); 

The kinetics parameters for removal of phosphate by SPP (Table S1); 
Adsorption isotherm parameters of Langmuir and Freundlich models 

(Table S2); 
Thermodynamic parameters for the adsorption of phosphate on SPP 

(Table S3). 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2021.133358. 
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