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a b s t r a c t
The mesoporous goethite synthesized by the hydrothermal method was employed to remove 
selenate (Se(VI)) and selenite (Se(IV)) from wastewater. The adsorption data of kinetics and iso-
therms were determined and fitted with different models, and the potential adsorption mechanism 
was discussed according to X-ray photoelectron spectroscopy (XPS) analysis. The maximum adsorp-
tion capacities of Se(IV) and Se(VI) on the mesoporous goethite are 71.07 and 21.07 mg/g at 25°C, 
respectively, which are about two orders of magnitude higher than the natural goethite. The XPS 
results revealed that the Se(IV) was adsorbed on the surface of the mesoporous by the formation 
of the inner-sphere complex, but the outer-sphere complexes are formed with Se(IV). The meso-
porous goethite is expected to be a potential adsorbent for Se removal from industrial selenium- 
containing wastewater on a large scale for its properties of easy-preparation and less cost compared 
with classic nanomaterials.
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1. Introduction

Selenium is an essential trace element and plays a key 
role in the health of the human body at low levels [1]. 
However, selenium pollution has become an increasingly 
severe environmental problem due to the extended- release 
of Se-containing wastewater into the natural environment 
derived from anthropogenic activity [2]. Selenium mainly 
exists in four oxidation states (–II, 0, IV, VI). As high bio-
availability and potential toxicity, selenate (Se(VI)) and sel-
enite (Se(IV)) have attracted increasing attention in waste-
water treatment [2]. It has been noted that adsorption tech-
nology has been documented as the prior way to remove 
heavy metals wastewater due to its highly efficient and 
regenerative nature [2–9]. For instance, carbon materials 

with a high specific surface area such as carbon nano-
tubes, activated carbon have shown excellent applications 
for Se removal [10,11]. Meanwhile, several recent studies 
have documented that Se(IV) can be readily adsorbed on 
metal oxides by the formation of surface complexes [12–
15]. However, for the removal of Se(VI), the adsorption 
process has failed to reach a satisfactory result [11–17]. 
Despite recent advances in the Se(VI) and Se(IV) adsorp-
tion behaviors, kinetics, thermodynamics on the men-
tioned-above sorbents, there remain numerous challenges 
that limit their practical use, such as the high-cost and the 
preparation complexity of sorbents [18–20]. Recent stud-
ies have demonstrated that iron oxides or oxy-hydroxides 
were especially useful adsorbents in the field of pollution 
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removal as their strong affinity for anion species [11–
17,21–26]. More importantly, they are widely distributed 
in nature and can be synthesized readily on a large scale. 
For example, goethite is the most stable iron oxyhydrox-
ide in the natural environment and has excellent surface 
activity. So, natural goethite or synthetic goethite have 
been extensively employed to remove heavy metals such 
as As(V), Se(IV), and Se(VI) from wastewater [15,16,21,23]. 
However, the comparison of adsorption characteristics 
of Se(IV) and Se(VI) onto goethite and the adsorption 
mechanism seems to remain poorly understood [3,27].

In this work, the mesoporous goethite was applied 
to remove Se(IV) and Se(VI) from water, and the adsorp-
tion kinetics, isotherms, thermodynamic analysis, and 
mechanism were investigated. This study aimed to pro-
vide a simple and low-cost method for mesoporous 
goethite synthesis and to compare the adsorption perfor-
mance and mechanism of Se(VI) and Se(IV) on the meso-
porous goethite. The research results are expected to pro-
vide some useful information in the future for industrial 
selenium-containing wastewater treatment on a large scale.

2. Experimental

2.1. Materials

FeSO4·7H2O, H2O2 (30%), KBH4, NaOH, and HCl were 
obtained from Aladdin Reagent (China). Na2SeO4 and 
Na2SO3 were purchased from Sinopharm Chemical Reagent 
Co., Ltd., (China). Selenium stock solutions (500 mg/L) were 
prepared by dissolving Na2SeO4 and Na2SO3 into ultrapure 
water, respectively. The mesoporous goethite was synthe-
sized by the oxidation of ferrous sulfate heptahydrate with 
hydrogen peroxide following the method reported by Xiao 
et al. [28], and the reaction equation is described as follows:

2Fe2+ + 2H+ + H2O2 → 2Fe3+ + 2H2O (1)

2Fe3+ + 2H2O → α-FeOOH + 3H+ (2)

2.2. Characterization

The crystal structure of mesoporous goethite was 
characterized by X-ray diffraction (XRD) (Bruker D8 
ADVANCE, Germany). The transmission electron micro-
scope (TEM; Tecnai G220, USA) was used to observe the 
surface morphology of mesoporous goethite. The chem-
ical species of the surface O and Fe elements on the mes-
oporous goethite were determined before and after Se(VI) 
and Se(IV) adsorption by an X-ray photoelectron spec-
trometer (Thermo Scientific 250Xi, USA). The Se(IV) and 
Se(VI) concentrations were detected with the hydride 
generation-atomic fluorescence spectrometry (Jinsuokun 
SK-2003AZ, China) [27].

2.3. Adsorption experiments

The batch adsorption experiments were carried out 
as a function of the mesoporous goethite dosage, initial 
pH value of the Se solution. The effect of the mesoporous 
goethite dosage on the Se(IV) or Se(VI) adsorption capacity 

was studied with the Se solution concentration of 10 mg/L 
at ambient temperature and pH of 6.0. The effect of the ini-
tial pH value of the Se solution was investigated when the 
pH varied in the range of 4.0–9.0 at 25°C. The concentra-
tion of Se(IV) or Se(VI) in the filtrate was determined by a 
hydride generation-atomic fluorescence spectrometry.

2.4. Adsorption kinetics experiments

0.195 g mesoporous goethite was added to a beaker 
flask containing 750 mL Se(VI) or Se(IV) solution (ini-
tial Se concentration of 10 mg/L). The initial pH of the Se 
solution was adjusted to 6.0. The mixture was shaken for 
5 h at ambient temperature. An aliquot of the supernatant 
was taken out from the suspensions at certain intervals 
throughout the experiment, and then the Se(IV) or Se(VI) 
concentration was analyzed immediately.

2.5. Isothermal adsorption experiments

In each experiment of adsorption isotherms, 0.26 g/L 
of mesoporous goethite was used. Se(IV) or Se(VI) solu-
tions prepared at five concentrations (10, 50, 100, 150, and 
200 mg/L) were used. The initial concentration from 10 to 
200 mg/L was prepared, and the pH of the Se solution was 
pre-adjusted to 7.0 before adsorption tests. The adsorption 
isotherms of Se(VI) or Se(IV) on the mesoporous goethite 
at different temperatures (25°C, 35°C, and 45°C) were 
investigated. After the adsorption equilibrium was reached, 
the suspensions were taken out, filtered immediately, and 
analyzed.

3. Results and discussion

3.1. Characterization

Fig. 1 shows the XRD patterns of prepared mesoporous 
goethite. 1. The peaks appearing in Fig. 1 can be well 
indexed to orthorhombic α-FeOOH (JCPDS No. 29-0713) [28].

Fig. 1. XRD patterns of the mesoporous goethite.
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The transmission electron microscope image of mes-
oporous goethite (Fig. 2) showed the typical morphology 
composing of dispersed rod-like particles with roughly 
5 nm in diameters and about 30 nm in length.

3.2. Effect of dosage

Fig. 3 illustrates the effect of adsorbent dosage on 
Se(VI) and Se(IV) removal rates at the initial Se solution 

pH 6.0. The removal rate rose obviously with the increase 
of the adsorbent dosage. And the removal rates of Se(IV) 
were much higher than Se(VI) under the same goethite 
dosage. The difference in removal rate can be explained 
based on the higher relative affinity of mesoporous goethite 
surface sites for Se(IV) compared to Se(VI) [16–18]. More 
details on the Se(VI) and Se(IV) adsorption capacity on 
the mesoporous goethite are discussed in the subsequent 
adsorption isotherms section. For comparison, the same 
adsorbent dosage (0.26 g/L) has been employed in all the 
following cases.

3.3. Effect of initial pH

The effects of the initial pH on the Se removal rate on 
the mesoporous goethite is shown in Fig. 4. When the 
pH varied from 4.0 to 9.0, the removal rates of Se(IV) and 
Se(VI) were gradually decreased with the increasing of 
pH, which is similar to the trends for anions adsorption 
on the metal oxides (or oxy-hydroxides) [16,17]. Many 
studies have explored that the speciation of Se(VI) and 
Se(IV) under different pH has a significant impact on Se 
removal rate. As we know, Se(VI) generally exists as SeO4

2−, 
whereas HSeO3

− is the primary species Se(IV) at neutral 
conditions [2]. So, it may be associated with the increase 
in positive surface charge with the decrease of pH [21].

3.4. Adsorption kinetics

Fig. 5 shows the Se(VI) and Se(IV) adsorption kinet-
ics curves on the mesoporous goethite, respectively. 
The adsorption capacities of Se(VI) and Se(IV) increased 
with the increase of contact time. Furthermore, Fig. 5 pres-
ents the adsorption capacity of Se(IV) was much higher 
than that of Se(VI). This finding is in accordance with the 
present results.Fig. 2. Transmission electron micrograph of the mesoporous 

goethite.

Fig. 3. Effect of adsorbent dosage on the Se(VI) or Se(IV) removal 
rate. (Initial Se(IV)/(VI) concentration: 10 mg/L; initial pH: 6.0; 
T: 25°C).

Fig. 4. Effect of initial pH on the Se(VI) or Se(IV) removal rate. 
(Initial Se(IV)/(VI) concentration: 10 mg/L; adsorbent dose: 
0.26 g/L; T: 25°C).



223S. Li et al. / Desalination and Water Treatment 218 (2021) 220–229

The adsorption kinetics data were fitted by the pseudo- 
first-order and the pseudo-second-order kinetic models 
[1,29–33]. Fig. 6 shows the linear repressions of kinetics 
data. The kinetics process can be evaluated by the kinetic 
parameters such as rate constant (k) and correlation coef-
ficients (R2), and the results are listed in Table 1. It can be 
seen from data in Table 1 that the R2 of the pseudo- second-
order model (>0.999) are higher than those of the pseudo- 
first-order model (R2 = 0.8369–0.9489), which indicated 
that the adsorption kinetics data could be described well 
by the pseudo-second-order model. Moreover, the theo-
retical equilibrium adsorption capacity (Qe,cal) calculated 
by the pseudo-second-order model coincides with the 
experimental data (Qe,exp). The model-fitting results indi-
cated that the adsorption processes of Se(IV) and Se(IV) 
on the mesoporous goethite were controlled by chemical  
process [18].

Due to the mesoporous structure of the mesoporous 
goethite, diffusion is also considered to influence the 
adsorption kinetics. The Elovich and the intraparticle dif-
fusion kinetic models were also employed to describe 
the kinetics data [34–36]. As presented in Figs. 6c and d 
and Table 1, the R2 of the Elovich model (R2 = 0.85 to 0.97) 
is lower than that of the intraparticle diffusion kinetic 
models (0.91–0.98). Notably, as shown in Fig. 6d, the first 
linear portion with the higher slope is assigned to film 
diffusion and, and the second stage is attributed to sur-
face diffusion, which presents that the intraparticle diffu-
sion to the sorbent surface is the rate-limiting step during 
the Se(VI) and Se(IV) adsorption process.

3.5. Adsorption isotherms

The adsorption isotherms at different temperatures 
were determined to compare the adsorption capacity of 

Se(IV) and Se(VI) on the mesoporous goethite (Figs. 7a 
and 8a). And the Langmuir, Freundlich and Temkin models 
were employed to analyze the isotherm data, respectively 
[37–42]. The linear plots of the Langmuir, Freundlich, and 
Temkin are shown in Figs. 7b–d and 8b–d. The calculated 
parameters models are listed in Table 2. Table 2 shows the 
correlation coefficients of the Langmuir model (R2 > 0.993) 
are higher than those of the Freundlich model (R2 = 0.9518–
0.9806) and the Temkin model (R2 = 0.9282–0.9857), which 
presented that the thermodynamic adsorption data were 
fitted well into the Langmuir model and the adsorp-
tion process were monolayer [18]. Moreover, the maxi-
mum adsorption capacities of Se(IV) were 24–32 times 
higher than those of Se(VI). The findings are consistent 
with that of Sun et al. [18] who believed that the affin-
ity of iron oxy-hydroxides with Se(IV) was much higher 
than Se(VI). The results may be explained by the fact that 
iron oxy-hydroxides form inner-sphere complexes with 
Se(IV), while the outer-sphere complexes are formed  
with Se(IV).

The comparisons of the maximum adsorption capac-
ity of Se(VI) and Se(IV) between the mesoporous goethite 
and other Fe-based sorbents are summarized and listed 
in Table 3. Table 3 shows the mesoporous goethite exhib-
its excellent adsorption capacities of Se(IV) and Se(VI) 

Table 1
Kinetics model fitting parameters for Se(VI) and Se(IV) adsorp-
tion on mesoporous goethite

Kinetics models and  
parameters

Adsorbate

Se(VI) Se(IV)

Qe,exp 10.46 35.02

Pseudo-first-order

k1 (1/min) 0.0330 0.0323
Qe,cal (mg/g) 15.34 68.74
R2 0.9489 0.8369

Pseudo-second-order

k2 (g/(mg min)) 0.0130 0.0060
Qe,cal (mg/g) 10.61 35.46
R2 0.9993 0.9999

Elovich

a 5.06 20.78
b 0.99 2.72
R2 0.9686 0.8419

Intraparticle diffusion

kp1 5.07 17.26
C1 (mg/g) 0.64 2.43
R2 0.9191 0.9784
kp2 8.30 31.12
C2 (mg/g) 0.13 0.24
R2 0.9837 0.9089

Fig. 5. Se(IV) and Se(VI) adsorption kinetics by the mesoporous 
goethite. (Initial Se(IV)/(VI) concentration: 10 mg/L; adsorbent 
dose: 0.26 g/L; initial pH: 6.0; T: 25°C).



S. Li et al. / Desalination and Water Treatment 218 (2021) 220–229224

than most of the Fe-based adsorbents reported in the lit-
erature. Notably, the adsorption capacities of Se(IV) and 
Se(VI) on the mesoporous goethite are about two orders 
of magnitude higher than the natural goethite or natural 
hematite, and 3–10 times as high as other Fe-based sorbents.

Meanwhile, the changes of thermodynamic parame-
ters, such as Gibbs free energy (ΔG), enthalpy (ΔH), and 
entropy (ΔS) of the Se(VI) and Se(IV) adsorption on the 
mesoporous goethite can be obtained by the following 
equations [18,31,46,47]:

∆G RT K= − ln  (3)

lnK S
R

H
RT

= −
∆ ∆  (4)

where the solid–liquid distribution coefficient K (L/g) can 
be calculated by plotting ln(Ce/Qe) vs. Ce. The enthalpy 

change (ΔH) and the entropy change (ΔS) can be calcu-
lated from Eq. (2). The results are shown in Fig. 9 and 
listed in Table 3. Table 4 shows the calculated enthalpy 
change (ΔH) and the entropy change (ΔS) during the Se(VI) 
adsorption on the mesoporous goethite at 298.15–308.15 K 
are 38.16 kJ/mol and 201.85 J/(mol K). Furthermore, the 
adsorption enthalpy change of Se(VI) is higher than those 
of Se(IV). The positive values of ΔH suggest that the Se(VI) 
and Se(IV) adsorption processes are endothermic, and the 
positive values of ΔS reflect the randomness of the solid–
liquid interface between the mesoporous goethite and the 
Se solution. The negative Gibbs free energy (ΔG) indi-
cates that the adsorption of Se(VI) or Se(IV) on the meso-
porous goethite is a spontaneous process. Moreover, the 
ΔG decreases with the increase of the temperature from 
298.15 to 308.15 K, suggesting that adsorption of Se(IV) or 
Se(VI) on the mesoporous goethite is unfavorable at high  
temperature [18].

Fig. 6. (a) Pseudo-first model, (b) pseudo-second model, (c) Elovich model, and (d) intraparticle diffusion model plots of 
Se(VI) and Se(IV) adsorption on the mesoporous goethite.



225S. Li et al. / Desalination and Water Treatment 218 (2021) 220–229

3.6. Adsorption mechanism

The X-ray photoelectron spectroscopy (XPS) character-
ization of the mesoporous goethite before and after Se(IV) 
and Se(VI) adsorption was employed to clarify the poten-
tial adsorption mechanism. The high-resolution scans of 
Fe 2p, and O 1s for the mesoporous goethite before and 
after Se(VI) and Se(IV) adsorption were shown in Fig. 10. 
It can be seen that there are no apparent changes in the 
peak positions of Fe 2p after Se(VI) or Se(IV) adsorption. 
In Fig. 9a, the high-resolution XPS spectrum of Fe 2p pres-
ents two peaks at approximately 711.6 and 724.0 eV, which 
can be assigned to Fe 2p3/2 and Fe 2p1/2 of Fe3+, respectively 
[28]. As shown in Fig. 10b, the O 1s spectra of the meso-
porous goethite can be deconvoluted into three peaks at 
about 529.9, 531.2, and 532.0 eV, respectively. And the peak 
at 529.9 eV can be assigned to the lattice oxygen binding 
with Fe (denoted as Fe–O). The peak at 531.2 eV can be 
ascribed to the lattice hydroxyl groups (denoted as Fe–OH). 
The peak at 532.0 eV can be ascribed to the adsorbed water 
(denoted as H2O) [24,28]. Fig. 10c shows the content of 

Fe–OH apparently decreased from 44.1% to 39.1% and the 
M–O content increased from 38.0% to 43.9% after adsorp-
tion of Se(IV), which show that the hydroxyl groups on 
the mesoporous goethite were partially placed by Se(IV) 
through inner-sphere complexation [18,23]. However, after 
Se(VI) adsorption, the decreasing of the Fe–OH content on 
the mesoporous goethite was not observed, and the M–O 
content was nearly unchanged. Therefore, Se(VI) can be 
adsorbed onto the mesoporous goethite surface through 
electrostatic attraction, that is, outer-sphere complexation. 
The results indirectly support previous findings, which 
showed the iron oxy-hydroxides form inner-sphere com-
plexes with Se(IV), while the outer-sphere complexes are 
formed with Se(IV) [23,48,49].

4. Conclusion

In the present work, the mesoporous goethite syn-
thesized by the hydrothermal method was employed to 
remove Se(VI) and Se(IV) from simulated wastewater. The 

Fig. 7. Se(VI) adsorption isotherms (a) Langmuir model, (b) Freundlich model, (c) Temkin model, and (d) plots of Se(VI) adsorption 
on the mesoporous goethite.
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Fig. 8. Se(IV) adsorption isotherms (a) Langmuir model, (b) Freundlich model, (c) Temkin model, and (d) plots of Se(IV) 
adsorption on the mesoporous goethite.

Table 2
Isotherm model fitting parameters for Se(VI) and Se(IV) adsorption on mesoporous goethite

Model and  
parameters

Se(VI) Se(IV)

Temperature (K)

298.15 303.15 308.15 298.15 303.15 308.15

Langmuir

Qmax (mg/g) 21.07 21.83 21.97 71.07 76.69 80.00
b (L/mg) 0.49 0.42 0.30 0.0938 0.0966 0.1072
R2 0.9993 0.9994 0.9994 0.9959 0.9949 0.9932

Freundlich

Kf 6.69 7.19 8.51 24.89 25.97 27.72
n 4.55 4.67 5.39 5.05 4.86 4.91
R2 0.9599 0.9557 0.9518 0.9806 0.9753 0.9564

Temkin

a 3.36 4.15 9.77 5.67 5.34 6.61
b 775.83 780.21 876.04 251.86 234.34 233.54
R2 0.9857 0.9785 0.9711 0.9690 0.9584 0.9282
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Table 3
Comparison of the maximum adsorption capacity of Se(VI) and Se(IV) among mesoporous goethite and other Fe-based  
adsorbents

Adsorbents pH Adsorption capacities (mg/g) References

Se(VI) Se(IV)

Natural goethite 6.0 – 8.14 [14]
Hematite 4.4 0.86 2.46 [17]
Fe3O3@hematite 7.0 – 25.0 [12]
Fe3O3-graphene oxide 6.0–9.0 15.1 23.8 [43]
α-Fe2O3 6.0 – 17.9 [44]
CuFe2O4 7.4a 5.97 14.1 [18]
MnFe2O4 4.0 0.77 6.57 [45]
Goethite 3.0 – 6.62 [15]
Natural goethite 4.0 0.17 0.52 [16]
Natural hematite 4.0 0.24 0.39 [16]
Mesoporous goethite 6.0 21.07 71.07 This work

aequilibrium pH.

Fig. 9. Van’t Hoff plots for the adsorption of (a) Se(VI) and (b) Se(IV) onto the mesoporous goethite.

Fig. 10. XPS peaks for Fe 2p (a) and O 1s of the mesoporous goethite before (b) and after adsorption of Se(IV)
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mesoporous goethite showed an excellent Se(IV) removal 
capacity than Se(IV). The batch experiment results show 
Se(IV) and Se(VI) adsorption kinetics data on the meso-
porous goethite were fitted well to the pseudo-second-order 
model, and the maximum adsorption capacities of Se(VI) and 
Se(IV)on mesoporous goethite calculated by the Langmuir 
isotherm model were 21.07 and 71.07 mg/g at 25°C. The 
positive values of ΔH and the negative Gibbs free energy 
(ΔG) suggest that the adsorption process is endothermic and 
a spontaneous process. Inner-sphere complexation existed 
on the mesoporous goethite with Se(IV), and outer-sphere 
complexation may be the dominant adsorption mechanism.
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