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a b s t r a c t
In this study, two Fe–Mn binary oxide sorbents with a same Mn:Fe molar ratio of 1:3 were prepared 
using two methods (coprecipitation and mechanical mixing), and they are denoted as cFe–Mn and 
mFe–Mn, respectively. Both mFe–Mn and cFe–Mn are amorphous and have similar structure with 2-line 
ferrihydrite. The cFe–Mn has a much higher specific surface area than the mFe–Mn. Selenite sorption 
on both mFe–Mn and cFe–Mn is pH dependent, decreasing with an increase in pH value. The estimated 
maximal sorption capacity of Se(IV) on the mFe–Mn and cFe–Mn is 48.6 and 70.5 mg/g at pH 7.0, respec-
tively. In addition, the Fe–Mn binary oxide is able to adsorb selenite in the presence of competing 
anions and across a wide range of pH values. Among the co-existing anions, phosphate is the greatest 
competitor for adsorptive sites on the surface of oxide. Selenite may be sorbed onto the surface of the 
Fe–Mn binary oxide by formation of inner-sphere surface complexes. The high sorption capacity, low 
cost and environmental friendliness of the Fe–Mn binary oxide make it a potentially attractive sorbent 
for the removal of Se(IV) from water.
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1. Introduction

Although selenium is an essential micronutrient for ani-
mals and humans, it will lead to serious health risks if taken 
in excess [1–3]. Some studies showed that excessive amounts 
of selenium could damage body tissues and organs, and 
consequently cause deleterious effects such as lower repro-
duction rates and an increase in birth defects over time [4,5]. 
Food is the most important route of humans’ exposure to 
selenium [2], but ingestion of Se from drinking water can-
not be neglected even at low concentrations [3,6]. To abate 
health problems associated with selenium in drinking water, 
the World Health Organization (WHO) recommended a limit 

of 10 µg L–1 as the maximum permissible selenium level. 
Recently, this standard has been employed by European 
Commission and China. Taking into account the evidence of 
increased risk of chronic disease due to long-term exposure, 
a much more stringent standard of 1 µg L–1 has recently been 
proposed [7].

Selenium occurs predominantly in two inorganic forms 
as oxyanions of selenate (SeO4

2–) and selenite (HSeO3
–, SeO3

2–) 
in water [8]. Selenite is present in mildly oxidizing and 
neutral pH environments, and more toxic and mobile than 
selenate [5,9]. Various treatment techniques such as mem-
brane filtration, anion exchange, adsorption and chemical 
oxidation/reduction have been used for selenium removal 
from contaminated waters [5,6,10–13]. Among them, adsorp-
tion is regarded as one of the most promising methods for 
selenium removal from water, due to its simplicity, high 
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efficiency and cost-effectiveness [5]. A large number of adsor-
bents including natural and synthetic ones have been tested 
to remove selenium from water or wastewater [6,14–16]. 
Recently, adsorbents of metal (hydr)oxides have attracted 
increasing attention. For examples, various iron oxides [17], 
aluminum oxide [18], titanium oxide [19], manganese oxide 
[20], MnFe2O4 [21] and magnetite [22], have been examined 
for selenium adsorption.

Compared with individual metal (hydr)oxides, 
bimetal and trimetal (hydr)oxides usually demonstrate 
more-attractive adsorptive properties [23] and have 
recently been gaining popularity in water and wastewater 
treatment [24–27]. In our previous studies [28,29], a novel 
Fe(III)–Mn(IV) binary oxide was developed to adsorb arse-
nic from water. Our studies indicated that the Fe–Mn binary 
oxide was more effective in arsenic immobilization than 
either the pure Fe oxide or Mn oxide. In addition, the Fe–Mn 
binary oxide exhibited high performance in removing oxyan-
ions of phosphate and antimony [30,31]. It can be anticipated 
that the Fe–Mn binary oxide may be also effective for sele-
nium adsorption due to the similarity of molecular struc-
ture between selenium and arsenic. However, to our best 
knowledge, few studies have been reported in literatures 
on selenium sorption by Fe–Mn binary oxides. Szlachta et 
al. [23] synthesized a Fe–Mn oxide adsorbent via a hydro-
thermal approach, which showed a high adsorptive capac-
ity towards selenite (up to 29.0 mg/g). This adsorbent was 
composed of MnCO3 and Fe2O3 crystalline phases as well 
as amorphous phases of Fe(III) and Mn(III) hydrous oxides 
[23]. However, high temperature and high pressure are 
required in hydrothermal synthesis, which will increase the 
fabrication cost of sorbents. Hence, from economic point of 
view, some simple synthesis methods which can be carried 
out at ambient conditions, for example, coprecipitation and 
mechanical mixing, are also more desirable. The adsorption 
performance of an adsorbent is usually determined by its 
surface morphology and surface charge, which are signifi-
cantly affected by synthesis method. Therefore, it is neces-
sary to fully characterize the Fe(III)–Mn(IV) binary oxides 
synthesized via different methods.

Hence, in this study coprecipitation and mechanical 
mixing were employed to synthesize Fe–Mn binary oxides, 
which can be easily operated in kilogram-scale or ton-scale. 
The main objectives of this research were (1) to characterize 
the prepared Fe–Mn binary oxides with a variety of tech-
niques; (2) to evaluate their selenite adsorption capacity and 
investigate sorption kinetics as well as the influences of solu-
tion pH and co-existing ions, and finally (3) to analyze the 
change of surface after selenite sorption.

2. Materials and methods

2.1. Materials

All chemicals are analytical grade and used without fur-
ther purification. Reaction vessels (glass) were cleaned with 
1% HNO3 and rinsed several times with deionized water 
before use. Se(IV) stock solution was prepared with deion-
ized water using Na2SeO3. Se(IV) working solutions were 
freshly prepared by diluting selenite solutions with deion-
ized water.

2.2. Fe–Mn binary oxide preparation

The Fe–Mn binary oxide with a Mn:Fe molar ratio of 
1:3 was prepared at ambient room temperature, according 
to a slightly modified method reported by Zhang et al. [28]. 
Potassium permanganate (KMnO4, 0.015 mol) and iron(II) 
sulfate heptahydrate (FeSO4·7H2O, 0.045 mol) were dissolved 
in 200 mL of deionized water, respectively. Under vigorous 
magnetic stirring, the FeSO4 solution was added into the 
KMnO4 solution simultaneously with 3 M NaOH solution to 
keep the solution pH in a range between 7 and 8. After addi-
tion, the formed suspension was continuously stirred for 1 h, 
aged at room temperature for 4 h then washed repeatedly 
with deionized water until no sulfate could be detected. The 
suspension was then filtrated and dried at 65°C for 24 h. The 
dry material was crushed and stored in a desiccator for later 
use. The obtained Fe–Mn binary oxide is denoted as cFe–Mn 
oxide. In addition, a mixture of amorphous Fe-oxide and 
Mn-oxide with a Mn/Fe molar ratio of 1:3 was obtained by 
a mixing process. The amorphous iron oxide was prepared 
using the following method: contacting 0.5 M FeCl3 with 1 M 
NaOH, the formed suspension was continuously stirred for 
1 h, aged at room temperature for 2 h. Suspension of MnO2 
was prepared according to the procedure described by 
Murray [32]. The obtained MnO2 suspension was then treated 
in the same way as that of the amorphous iron oxide. After 
that, the iron oxide suspension and MnO2 suspension were 
combined by rapid mixing and were continuously stirred for 
1 h. The following treatment steps were the same as those 
of cFe–Mn oxide preparation processes. The obtained Fe–Mn 
binary oxide is denoted as mFe–Mn oxide. The average parti-
cle size of the crushed adsorbents was about 30 µm.

2.3. Characterization

X-ray diffraction patterns of powder samples from Fe–Mn 
binary oxides were obtained using a D/Max-3A diffractom-
eter with Ni-filtered copper Kα radiation. Specific surface 
area, pore volume and pore size distribution were mea-
sured by nitrogen adsorption–desorption isotherm using the 
Brunauer–Emmett–Teller (BET) method with an ASAP 2000 
surface area analyzer (Micromeritics, USA). The morphology 
of the particles was characterized by a high-resolution trans-
mission electron microscope (TEM, JEM-2100, JEOL, Japan). 
X-ray photoelectron spectra were collected on an ESCA-Lab-
220i-XL spectrometer with a monochromatic Al Kα X-ray 
source (1,486.6 eV). C1s peaks were used as an inner standard 
calibration peak at 284.7 eV. For wide scan spectra, an energy 
range of 0 to 1,100 eV was used with pass energy of 80 eV and 
step size of 1 eV. The high-resolution scans were conducted 
according to the peak being examined with pass energy of 
40 eV and step size of 0.05 eV. The XPS results were collected 
in binding energy forms and fitted using a nonlinear least-
square curve fitting program (XPSPEAK41 Software).

A Zeta potential analyzer (Zatasizer 2000, Malvern, UK) 
was used to analyze the Zeta potential of Fe–Mn binary 
oxide before and after selenite adsorption. The content of 
the Fe–Mn binary oxide in the solution is about 0.2 g L–1 and 
Se(IV) concentration is 10 mg L–1. 0.01 M NaNO3 was used 
as background electrolyte to maintain an approximately con-
stant ionic strength. After adsorption equilibrium, 20 mL of 
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Fe–Mn binary oxide suspension was transferred to a sample 
tube. Zeta potential of the suspension was then measured by 
electrokinetic analysis.

2.4. Batch adsorption

For sorption kinetics, defined amount of selenite stock 
solution was added in a 1,000-mL glass vessel containing 
1,000 mL 0.01 M NaNO3 solution, to make 7.4 mg/L of ini-
tial selenite concentration. The solution pH was adjusted to 
7.0 ± 0.1 by adding 0.1 M HNO3 and/or NaOH and then the 
Fe–Mn binary oxide was added to obtain a 0.2 g/L suspen-
sion. The suspension was mixed by magnetic stirring for 36 h, 
and the pH was maintained at 7.0 ± 0.1 throughout the exper-
iment by addition of the acid and base solutions. In the whole 
process, only several drops of acid or base were added into 
the solution and the total volume was no more than 0.5 mL, 
which did not significantly influence the selenite sorption. 
Approximately 5 mL aliquots were taken from the suspension 
at certain time intervals. The samples were filtered through a 
0.45 µm membrane filter and analyzed for selenium.

Adsorption isotherms of selenite on two Fe–Mn binary 
oxides were obtained using batch experiments at pH 7.0. 
Initial selenite concentration varied from 5 to 40 mg/L. In 
each test, 10 mg of the adsorbent sample was loaded in the 
150-mL glass vessel and 50 mL of solution containing dif-
ferent amounts of selenite were then added to the vessel. In 
order to keep the pH level around 7.0, 0.1 M of NaOH or 
HNO3 was added, accordingly. The vessels were shaken on 
an orbit shaker at 140 rpm for 36 h at 25°C ± 1°C. After the 
reaction period, all samples were filtered by a 0.45 µm mem-
brane filter and analyzed for selenium.

To investigate the influence of pH and ionic strength on 
the selenite sorption, experiments were carried out by adding 
10 mg of the adsorbent sample into 150-mL glass vessels, con-
taining 50 mL of 7.4 mg/L selenite solution. The ionic strength 
of the solutions varied from 0.005 to 0.5 M by adding NaNO3.
The pH of the solutions was adjusted every 4 h with dilute 
HNO3 or/and NaOH solution to designated values in the 
range of 3–11 during shaking process. The equilibrium pH 
was measured and the supernatant was filtered through a 
0.45 µm membrane after the solutions were mixed for 36 h. 
Then, the residual selenite concentration in the supernatant 
solutions was determined.

The influence of commonly co-existing anions in water 
such as chlorine, fluoride, sulfate, bicarbonate, silicate and 
phosphate on the removal of selenite was investigated by 
adding sodium chlorine, sodium fluoride, sodium sulfate, 
sodium bicarbonate, sodium silicate and sodium phosphate 
to 0.094 mmol/L of selenite solution, respectively. The anion 
concentrations ranged from 0.1 to 5 mmol/L. The solution pH 
was adjusted to 7.0 ± 0.1. A defined amount (10 mg) of Fe–Mn 
binary oxide was added and the solutions were agitated at 
140 rpm for 36 h at 24°C ± 1°C. After filtration by a 0.45 µm 
membrane filter, the concentration of residual selenium was 
analyzed using ICP–AES.

2.5. Analytical methods

Selenium concentrations were determined using an 
inductively coupled plasma atomic emission spectroscopy 

(ICP–AES, Optima 7100 DV, PerkinElmer Co., USA) machine. 
Prior to analysis, the aqueous samples were acidified with 
concentrated HNO3 in an amount of 1%, and stored in acid-
washed glass vessels.

3. Results and discussion

3.1. Characterization of Fe–Mn binary oxide

The chemical analysis of synthesized Fe–Mn binary oxide 
showed that the Mn:Fe molar ratio of the bulk was 0.336, 
which is very close to the theoretical value of 1:3. Fig. S1 
demonstrates the X-ray diffraction patterns of the synthetic 
Fe–Mn binary oxides. The pattern of cFe–Mn is almost iden-
tical to that of the mFe–Mn. Obviously, the two Fe–Mn binary 
oxides synthesized via coprecipitation or mechanical mixing 
exist mainly in amorphous phase. Their patterns are very 
similar to these of poorly ordered 2-line ferrihydrite which 
has two broad peaks at 34.4° and 62.1°, according to d spacing 
of 0.260 and 0.149 nm, respectively [33,34].

The results of BET specific surface area of the two syn-
thesized Fe–Mn binary oxides are summarized in Table S1. 
The specific surface area of pure amorphous FeOOH and 
MnO2 is 247 and 121 m2 g–1, respectively. And the specific 
surface area of the mFe–Mn is 219 m2 g–1, which is very close 
to the theoretically calculated value of 216 m2 g–1 based on 
their weight ratio. However, the cFe–Mn has a higher specific 
surface area than the mFe–Mn, being 265 m2 g–1. This indi-
cates that coprecipitation creates smaller particles and extra 
aggregated pores in Fe–Mn binary oxide, which may benefit 
its adsorption capacity. The TEM images of the cFe–Mn and 
mFe–Mn are shown in Fig. 1. Obviously, the cFe–Mn grains 
are aggregated of smaller nanosized particles with uniform 
shape, and the average size of these nanoparticles is around 
20–30 nm. However, the image of mFe–Mn is remarkably dif-
ferent from that of cFe–Mn. It seems that the MnO2 nanopar-
ticles cover mostly the surfaces of amorphous FeOOH 
nanoparticles.

3.2. Sorption kinetics

Fig. 2(a) depicts the change of adsorbed selenite as a 
function of contact time. Selenite adsorption process can be 
divided into two steps as shown in Fig. 2(a). In the first step, 
the adsorption is rather rapid and over 92% of the equilib-
rium adsorption capacity is achieved within 2 h. However, 
the adsorption becomes very slow after 2 h in the second step. 
To ensure a complete sorption, the contact time was there-
fore maintained as 36 h for all batch experiments. Sorption 
solely due to electrostatic processes is usually very rapid, in 
the order of seconds [35]. The adsorption of selenite on the 
Fe–Mn binary oxide takes several hours, indicating that a 
specific adsorption may occur between the selenite and the 
surface of the oxide [24].

Both pseudo-first-order model and pseudo-second-order 
model were used to fit the kinetic data of selenite 
sorption onto the Fe–Mn binary oxide. The mathematical 
representations of the models are given in Eqs. (1) and (2), 
respectively:

ln ln ( )q q q ke t e−( ) = − 1t linear form  (1)
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where qe and qt are the adsorption capacities (mg/g) of the 
adsorbent at equilibrium and at any time, t (h), respectively; k1 
(h–1) and k2 (g mg/h) are the related adsorption rate constants.

The fitting results are shown in Figs. 2(b) and (c), 
respectively. In addition, the determination coefficients (r2) 
and rate constants obtained from pseudo-first-order and 
pseudo-second-order models are listed in Table 1. It can be 
clearly seen that the pseudo-second-order model better fits 
the experimental data than the pseudo-first-order model. 

A larger adsorption rate constant usually represents a quicker 
adsorption. From Table 1, it is evident that the sorption rate 
of selenite on cFe–Mn is much higher than that of mFe–Mn. 
This quicker removal of selenite by cFe–Mn may be ascribed 
to the availability of more adsorptive sites on the surface of 
cFe–Mn, evidenced by the fact that the cFe–Mn has a higher 
specific surface area.

Fig. 1. TEM images of cFe–Mn (a) and mFe–Mn (b).
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Fig. 2. Sorption kinetics of Se(IV) sorption on cFe–Mn and 
mFe–Mn. (a) Amount of sorbed Se(IV) vs. contact time, (b) fitted 
with pseudo-first-order linear equation and (c) fitted with 
pseudo-second-order linear equation. [Se(IV)] initial = 7.4 mg/L, 
adsorbent dose = 200 mg/L, pH = 7.0 ± 0.1, T = 25°C ± 1°C.
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To examine the applicability of cFe–Mn for trace selenite 
removal from water, sorption kinetic of selenite was also 
investigated at an initial concentration of 150 µg/L. Fig. S2 
demonstrates the residual concentration of Se(IV) with the 
increase of treatment time. It was found that the cFe–Mn was 
rather effective for trace selenite removal. The residual Se(IV) 
concentration dropped to less than 10 µg/L within 4 min 
treatment, meeting the WHO standard for Se in drinking 
water. This suggested that the cFe–Mn was feasible to be used 
for Se removal in real water treatment.

3.3. Sorption edges and ionic strength influence on Se(IV) 
sorption

From Figs. 3(a) and (b), it can be found that Se(IV) sorption 
is strongly dependent on pH and decreases with an increase 
in solution pH. Typically, adsorption of acid anions by metal 
oxides and hydroxides decreases with an increasing pH [36]. 
Similar phenomena were also observed for the sorption of 
Se(IV) onto iron oxides [37,38]. This can be explained by a com-
bination of both chemical and electrostatic effects [39]. Under 
the tested pH range (3–11), HSeO3

– and SeO3
2– are major Se(IV) 

species in the solution. Lower pH benefits for the protona-
tion of metal oxide surface. Increased protonation is thought 
to increase the positively charged sites, which enlarges the 
attraction force existing between the sorbent surface and sele-
nite anions and therefore increases the amount of sorption in 
the lower pH region [24]. With the increase in solution pH, the 
negatively charged sites gradually dominate so that the repul-
sion effect increases, which inhibits the adsorption of Se(IV). 
Moreover, there is still a significant amount of Se(IV) sorbed 
onto Fe–Mn binary oxide at pH values greater than the pHIEP 
(6.1), where the surface is negatively charged. This indicates 
that the chemical interaction is involved and dominates the 
adsorption of Se(IV) at pH above the value of the pHIEP.

Anions adsorbed through outer-sphere association are 
strongly sensitive to ionic strength and their adsorption is 
obviously suppressed by competition with weakly adsorb-
ing anions such as NO3

– [24]. Conversely, anions adsorbed by 
inner-sphere association either show little sensitivity to ionic 
strength or respond to higher ionic strength with greater 
adsorption [40]. Ionic strength increase from 0.005 to 0.5 M 
had no significant effect on Se(IV) sorption (Figs. 4(a) and (b)). 
Similar observations have also been reported for maghemite 
[3], hematite [41], goethite and amorphous iron oxyhydrox-
ides [42]. This indicates that Se(IV) is mainly adsorbed by 
inner-sphere complexation.

3.4. Sorption isotherm

Fig. 4 shows the sorption isotherms of Se(IV) on the cFe–Mn 
and mFe–Mn. It can be clearly seen from the figure that both 

cFe–Mn and mFe–Mn have high Se(IV) sorption capacity and 
the former is much more effective for Se(IV) sorption than the 
latter. This suggests that Se(IV) sorption performance of the 
Fe–Mn binary oxide is significantly influenced by preparation 
method. Both Freundlich and Langmuir models were used to 
describe the experimental data of sorption isotherms. The 
Freundlich equation is represented as follows:

q K Ce F e
n=  (3)

Table 1
Adsorption rate constant obtained from pseudo-first-order model and pseudo-second-order model

Adsorbent Pseudo-first-order model Pseudo-second-order model
k1 (h–1) qe (mg/g) r2 k2 (g/mg·h) qe (mg/g) r2

mFe–Mn 0.172 6.2 0.802 0.102 32.4
cFe–Mn 0.153 10.7 0.810 0.237 34.2
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Fig. 3. Selenite sorption edges onto cFe–Mn (a) and mFe–Mn (b) at 
three different ionic strengths in NaNO3 (0.005, 0.05 and 0.5 M). 
[Se(IV)] initial = 7.4 mg/L, adsorbent dose = 200 mg/L, T = 25°C 
± 1°C.
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where qe is the amount of selenite adsorbed on the solid 
phase (mg/g), Ce is the equilibrium selenite concentration 
in solution phase (mg/L), KF is roughly an indicator of the 
adsorption capacity and n is the heterogeneity factor which 
has a lower value for more heterogeneous surfaces.

The Langmuir equation can be written in the following 
form:

q
q bC
bCe

e

e

=
+

max

1
 (4)

where qe and Ce are previously denoted, b is the equilibrium 
adsorption constant related to the affinity of binding sites 
(L/mg) and qmax is the maximum amount of the selenite per 
unit weight of adsorbent for complete monolayer coverage.

Table 2 lists the sorption constants obtained from the 
isotherms. Obviously, the experimental data are better fit-
ted by Freundlich model than Langmuir model, with high 
correlation coefficients (R2 > 0.95). The Langmuir isotherm 
assumes that sorption occurs on a homogeneous surface, 
while Freundlich equation describes adsorption where the 
adsorbent has a heterogeneous surface with adsorption sites 
that have different energies of adsorption [24]. For the Fe–Mn 
binary oxide systems, the presence of manganese dioxide in 
the adsorbent might result in a heterogeneous surface, espe-
cially for the mFe–Mn. Consequently, the Langmuir isotherm 
fails to describe the sorption behavior of Se(IV) on the Fe–Mn 
binary oxides. The estimated maximal sorption capacity of 
Se(IV) on the mFe–Mn and cFe–Mn is 48.6 and 70.5 mg/g, 
respectively. In addition, the n value for mFe–Mn is less 
than that of cFe–Mn, indicating that the former has a more 
heterogeneous surface. The higher Se(IV) sorption capacity 
of cFe–Mn may be due to its larger surface area. A compar-
ison has been made between the prepared Fe–Mn binary 
oxide and previously reported sorbents for selenite sorption 
(Table 3). It can be seen that the cFe–Mn outperforms remark-
ably many other sorbents, suggesting that the cFe–Mn is a 
rather promising alternative for selenite removal.

3.5. Effect of co-existing anions

Anions such as chloride, fluoride, sulfate, bicarbonate, 
silicate and phosphate are generally present in the natural 
waters, and could compete with selenite for sorptive sites. 
The effects of these anions at three concentration levels (0.1, 
1.0 and 5 mM) on selenite sorption were therefore examined 
at pH 7.0 ± 0.1.

Fig. 5 shows the experimental results. For the cFe–Mn, the 
co-existing chloride, fluoride and bicarbonate have no signifi-
cant influence on Se(IV) sorption. The present sulfate slightly 
decreases the Se(IV) removal, whereas the co-existing silicate 
and phosphate suppress greatly the Se(IV) sorption, particu-
larly at high concentration level. Truche et al. [45] observed 
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7.0 ± 0.1 and T = 25°C ± 1°C.

Table 2
Langmuir and Freundlich isotherm parameters for Se(IV) 
adsorption on Fe–Mn binary oxide at pH 7.0 ± 0.1

Adsorbent Langmuir model Freundlich model

qm  

(mg/g)
KL  
(L/mg)

R2 KF  
(mg/g)

n R2

mFe–Mn 45.3 2.39 0.897 28.2 0.173 0.961
cFe–Mn 66.8 2.63 0.906 41.8 0.185 0.959

Table 3
Comparison of maximum selenite adsorption capacities for different adsorbents

Adsorbent Equilibrium Se(IV)  
concentration range (mg/L)

pH Maximum Se(IV)  
sorption capacity (mg/g)

Ref

cFe–Mn 0-30 7.0 70.5 Present study
mFe–Mn 0-30 7.0 48.6 Present study

Fe-Mn hydrous oxide 0-500 6.0 29.0 [23]

WMNLR 0-100 5.0 54.6 [43]

Fe-GAC 0-1.4 5.0 2.5 [15]

FeOOH 0-8 5.0 26.3 [5]

Nano-TiO2 0-16 5.0 7.7 [19]

AICB 0-8 6.7 11.1 [44]

Nano-Al2O3 0-8 6.0 10.9 [44]
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similar phenomenon when they studied nitrate sorption to 
stainless steels. Sulfate has no impact on the nitrate sorption 
while phosphate significantly hindered nitrate sorption. S 
and Se are located in the same main group in element peri-
odic table, and the structure of sulfate ion is similar to that 
of selenite ion. The structures of silicate and phosphate ions 
are also close to selenite. Thus, the present sulfate, silicate 
and phosphate ions inevitably compete with selenite ions for 
adsorptive sites on the surface of Fe–Mn binary oxide. For the 
mFe–Mn, similar phenomenon was observed.

From above, it is concluded that the sorption behavior of 
Se(IV) on the mFe–Mn is very similar to that of the cFe–Mn, 
except that the latter exhibits a higher Se(IV) sorption capac-
ity. Therefore, the investigations are focused on the Se(IV) 
sorption onto the surfaces of the cFe–Mn in the following 
sections.

3.6. Zeta potential measurement

The zeta potentials of the cFe–Mn before and after 
Se(IV) sorption were measured and shown in Fig. S3. 

The isoelectric point (IEP) (defined as the point at which 
the electrokinetic potential equals zero) of the cFe–Mn was 
found to be at pH 6.0. After reaction with Se(IV), this pHIEP 
value decreased to about 4.4. Specific adsorption of anions 
makes the surface of oxides more negatively charged, 
which results in a shift of the isoelectric point of adsorbent 
to a lower pH value [46]. Specific adsorption rather than a 
purely electrostatic interaction is further confirmed from 
the drop of isoelectric point at the aqueous selenite/cFe–Mn 
interface.

3.7. XPS analysis

To confirm the presence of selenium and determine the 
oxidation state of adsorbed Se, XPS spectra of the cFe–Mn 
before and after Se(V) sorption were collected. The survey 
spectra are depicted in Fig. 6(a). It can be obviously seen the 
presence of SeLMMa and Se3p peaks, which indicates the 
sorption of Se(IV) onto the solid surface of sorbent.

Fig. 6(b) demonstrates the Se3d core level of the cFe–Mn 
before and after the sorption of Se(IV). Obviously, a new Se3d 
peak appeared after Se(IV) sorption. The Se3d binding energy 
is found to be 59.1 eV. The values of binding energy of Se3d 
core level for Se(IV) and Se(VI) in Na2SeO3 and Na2SeO4 were 
reportedly 59.1 and 61.6 eV, respectively [47]. Thus, it can be 
deduced that the selenium species adsorbed on surface of the 
cFe–Mn remained as Se(IV) species. Namely, the oxidation 
state of Se(IV) is not changed during the adsorption process. 
Similar result was also observed for Se(IV) adsorption on the 
Fe–Mn hydrous oxide [23], in which the Se3d binding energy 
of adsorbed selenite was found to be 58.8 eV. In addition, 
Scott and Morgan [48] also found that Se(IV) was not oxi-
dized to Se(VI) by pure birnessite at pH 7.0 until 96 h. They 
believed that the small driving force of the redox reaction 
between HSeO3

– and δ-MnO2(s) makes it barely thermody-
namically possible (ΔE° = +0.004 V). This indicates that the 
Fe–Mn binary oxide is hard to oxidize Se(IV) to Se(VI), in 
spite of containing MnO2. Furthermore, O(1s) narrow scans 
of the Fe–Mn binary oxide before and after selenite sorption 
were collected and shown in Fig. 6(c).

The O(1s) spectra are composed of three overlapped 
peaks of oxide oxygen (O2–), hydroxyl (OH–) and adsorbed 
water (H2O). The spectra were fitted using a nonlinear least-
square curve fitting program (XPSPEAK41 Software) and the 
fitting results are shown in Fig. 6(c) and Table S2. For ori-
gin cFe–Mn, the OH– and O2– species are dominant, occupy-
ing 51.43% and 45.28%, respectively. After selenite sorption, 
the percentage of OH– decreased slightly (from 51.43% to 
46.59%); correspondingly, the O2– species became relatively 
more abundant (from 45.28% to 51.17%). This might be 
explained that the OH– on the surface of the cFe–Mn was par-
tially replaced by the HSeO3

– and subsequently inner-sphere 
surface complexes were formed. Similar phenomenon was 
also observed by Wen et al. [49] when they studied arsenic 
sorption by ordered mesoporous iron manganese bimetal 
oxides.

From the above-mentioned results, it can be reasonably 
deduced that the FeOOH in the cFe–Mn system is mainly 
responsible for the uptake of selenite, not only because of its 
higher content but also because of its greater affinity for sele-
nium than manganese dioxide [20]. The manganese dioxide 
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in the cFe–Mn system makes the particles smaller and thus 
results in a synergistic effect on selenite sorption.

4. Conclusions

Both mFe–Mn and cFe–Mn are amorphous and have 
similar structure to 2-line ferrihydrite. The cFe–Mn has a 
much higher specific BET surface than the mFe–Mn. The 
pseudo-second-order equation is more suitable to describe 
the kinetic data. Se(IV) sorption on both mFe–Mn and cFe–Mn 
is pH dependent, decreasing with an increase in pH value. 
The experimental data of isotherm are well fitted by the 
Freundlich model and the estimated maximal sorption capac-
ity of Se(IV) on the mFe–Mn and cFe–Mn is 48.6 and 70.5 mg/g, 
respectively. The Fe–Mn binary oxide is able to adsorb sele-
nite in the presence of competing anions and across a wide 
range of pH values. Among the co-existing anions, phos-
phate is the greatest competitor with selenite for adsorptive 
sites on the surface of oxide. Selenite is sorbed onto the sur-
face of the Fe–Mn binary oxide by formation of inner-sphere 
surface complexes. The desirable properties of high sorption 

capacity, low cost and environmental friendliness make  
Fe–Mn binary oxide a promising adsorbent for the removal 
of Se(IV) from water or wastewater.
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ICP-AES —  Inductively coupled plasma atomic emis-

sion spectroscopy
IEP —  Isoelectric point
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rium time = 72 h, T = 25°C ± 1°C.

Table S1
BET specific surface area and porosity measurements of different 
adsorbents

Adsorbent Specific surface 
area (m2 g–1)

Average pore 
diameter (Å)

Average pore 
volume (cm3 g–1) 

FeOOHa 247 40 0.25
MnO2 121 109 0.33
mFe–Mn 219 42 0.23
cFe–Mna 265 71 0.47

aThe data has been published in our previous study [50].

Table S2
O(1s) peak parameters for cFe–Mn before and after selenite 
 sorption

Sample Peaka B. E. (eV) Percent (%)b

cFe–Mn O2– 529.89 45.28
OH– 531.10 51.43
H2O 532.88 3.29

cFe–Mn–Se O2– 529.85 51.17
OH– 531.15 46.59
H2O 532.88 2.24

aSurface species: O2–: oxygen bonded to metal; OH–: hydroxyl bonded 
to metal; H2O: sorbed water.
bThe percentage represents the contribution of each peak to the total 
amount of the O(1s) peak.


