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a b s t r a c t
The interaction mechanism of U(VI) on pyrrhotite was demonstrated by batch, spectroscopic and modeling techniques. Pyrite was selected as control group in this study. The removal of U(VI) on pyrite and
pyrrhotite signiﬁcantly decreased with increasing ionic strength from 0.001 to 0.1 mol/L at pH 2.0–6.0,
whereas the no effect of ionic strength was observed at pH > 6.0. The maximum removal capacity of U(VI)
on pyrite and pyrrhotite calculated from Langmuir model was 10.20 and 21.34 mg g−1 at pH 4.0 and 333 K,
respectively. The XPS analysis indicated the U(VI) was primarily adsorbed on pyrrhotite and pyrite and
then approximately 15.5 and 9.8% of U(VI) were reduced to U(IV) by pyrrhotite and pyrite after 20 days,
respectively. Based on the XANES analysis, the adsorption edge of uranium-containing pyrrhotite located
between UIV O2 (s) and UVI O2 2+ spectra. The EXAFS analysis demonstrated the inner-sphere surface complexation of U(VI) on pyrrhotite due to the occurrence of U-S shell, whereas the U-U shell revealed the
reductive co-precipitates of U(VI) on pyrrhotite/pyrite with increasing reaction times. The surface complexation modeling showed that outer- and inner-surface complexation dominated the U(VI) removal
at pH < 4 and pH > 5.0, respectively. The ﬁndings presented herein play a crucial role in the removal of
radionuclides on iron sulﬁde in environmental cleanup applications.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
The safe disposal and treatment of radioactive wastes produced
from nuclear-related industries are a high-priority global environmental issue [1,2]. Uranium (U(VI), as UO2 2+ ions) presents high
solubility in aqueous solutions, which strongly affects its reactivity
and mobility in sub-aqueous environments. Therefore, it is mandatory to remove U(VI) under the allowed emission concentrations
(i.e., EPA’s MCL is 20 g/L of U and a MCLG of 0 g/L in drinking
water) before uranium-containing wastewater discharge into the
environment [3–5]. Recently, the removal of U(VI) on various adsorbents has been extensively investigated such as clay minerals[6–8],
nanomaterials [9–12], metal (hydr)oxides [13–19] and iron sulphide [20–23]. Pyrrhotite (Fe1-x S, 0 < X < 0.125) as an iron sulﬁde
mineral is a nonstoichiometric variant of FeS [24,25]. Owing to the
weakly magnetic and high redox potential, pyrrhotite has recently
been used as a promising adsorbent to remove a variety of environmental constants such as Cu(II) [26], Pb(II) [27], Hg(II) [28,29]
and Cr(VI) [30,31]. Cruz et al. found that the reactivity of pyrrhotite
was controlled by the formation of oxidation product layers that
coated and passivated the pyrrhotite surface [32]. To the authors
knowledge, the few studies on the removal of U(VI) on pyrrhotite
are available [33].
A variety of spectroscopic techniques (e.g., X-ray photoelectron
spectroscopy (XPS), X-ray absorption near edge structure (XANES),
Extended X-ray absorption ﬁne structure (EXAFS)) [34–40] and surface complexation modeling [2,7,41–44] have been widely used
to demonstrate the adsorption and redox of radionuclides at various water-mineral interfaces. Sun et al. used XANES and EXAFS
techniques to demonstrate that U(VI) was primitively adsorbed on
nanoscale zerovalent iron and then was reduced to U(IV) by Fe2+
dissolved from zerovalent iron [45]. However, few investigations
towards the interaction mechanism of radionuclides on pyrrhotite
and pyrite using the spectroscopic and modeling techniques have
been reported.
The objectives of this study are to (1) synthesize and characterize pyrrhotite by using SEM, XRD, FT-IR and XPS; (2) investigate the
effect of water chemistries (reaction time, pH, ionic strength, initial
concentration and temperature) on removal of U(VI) on pyrrhotite
and pyrite by batch technique; (3) determine the interaction mechanism between U(VI) and pyrrhotite and pyrite by using XPS, XANES
and EXAFS analysis; (4) simulate the removal of U(VI) on pyrrhotite
and pyrite using surface complexation modeling. The results are
helpful to understand the application of iron sulﬁde minerals in
nuclear waste management and to evaluate the physicochemical
behavior of hexavalent actinides in the natural environment.

2. Experimental
2.1. Synthesis and characterization of pyrrhotite
Pyrrhotite was synthesized by the calcinations of pyrite
(obtained from Lujiang Mine in Anhui Province, China) at 650 ◦ C
for 1.5 h in a N2 atmosphere [27]. Firstly of all, natural pyrite was
ﬁnely crushed and sieved to 0.45–0.90 mm using a laboratory mill.
The pyrite was puriﬁed by soaking it with 10% HCl for 2 h and then
washed with Milli-Q water for 4 times. Then, the puriﬁed pyrite
was placed into quartz glass tube under N2 atmosphere at 650 ◦ C
for 1.5 h. As summarized in Table S1 in Supplementary material, the
main chemical compositions were Fe 53.63%, S 40. 42%, Si 2.42%,
O 2.01% and other trace elements such as Mg 0.32%, Cu 0.25%, Ca
0.19% and Al 0.10%, which was comparable with the previous study
[46]. The morphology of pyrrhotite was characterized by SEM (FESEM, Sirion 200), whereas the identiﬁcations of pyrrhotite were
recorded by XRD (Dandonghaoyuan 2700, Cu target, electric ten-
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sion of 40 kV, electric current of 30 mA, scan rate of 4◦ /min). The
zeta potentials of pyrite and pyrrhotite were recorded by using
Zetasizer NanoZS (Malvern Instruments). The U(VI) stock solution
at 1.0 × 10−3 mol/L was prepared from UO2 (NO3 )2 (spectrographic
purity) after dissolution and dilution within 0.1 mol L−1 HClO4 solution. Other chemicals were used in this study directly without the
further puriﬁcation.
2.2. Removal experiments
Removal experiments were conducted at anaerobic box under
N2 conditions at 293 K in the presence of 0.001–0.01 mol L−1 NaCl.
The selected range of ionic strengths is comparable to what is
found in the natural setting during the removal of U(VI). Brieﬂy,
0.8 g L−1 pyrrhotite/pyrite and 10 mg L−1 U(VI) solutions was dropwise added into 10 mL polycarbonate tubes in order to avoid the
formation of uranium precipitates, and then the values of pH of
suspension were adjusted to be in the range 2.0–10.0 by adding
negligible volume of 0.01–1.0 mol/L HCl or NaOH solution. The
suspensions were shaken for 96 h, which was demonstrated to
adequate for the suspension to obtain sorption equilibrium by the
preliminary experiments. The solid phases were separated from liquid phases by centrifugation at 9500 rpm for 10 min, and then the
supernatant was ﬁltered through a 0.22-m membrane. The concentration of U(VI) in aqueous solutions was measured by a kinetic
phosphorescence analyzer (KPA-11, Richland, USA). The removal
percentage of U(VI) (adsorption (%)) and adsorption capacity (Qs ,
mg g−1 ) can be expressed as Eqns. (1) and (2), respectively:


Adsorption (%) =



Qs =



C0 − Ceq × 100%

V × C0 − Ceq



C0

m

(1)

(2)

where C0 (mg L−1 ) and Ceq (mg L−1 ) are initial concentration and
concentration after reaction, respectively. m (g) and V (mL) are
the mass of pyrite/pyrrhotite and the volume of the suspension,
respectively. All experimental data were the average of triplicate
determinations and the relative errors were within ±5%.
2.3. Analysis of XPS and EXAFS data
The surface functional groups of pyrrhotite were determined
by XPS (Thermo Escalab 250 electron spectrometer) using 150 W
Al-K␣ radiations. The XPS spectra were recorded in the constantpass energy mode at 20 eV with step size of 0.2 eV for the C 1s,
Fe 2p, S 2p and U 4f photoelectron lines. All binding energies
(BEs) were corrected by calibration on the graphitic carbon C 1 s
peak at BE 284.6 eV. The energy scale of C 1 s was 280–300 eV, 10
sweeps with count time 50 s/step. Uranium LIII -edge EXAFS spectra
were measured at Shanghai Synchrotron Radiation Facility (SSRF,
Shanghai, China) using Si(111) double-crystal monochromator. The
spectra of all samples were collected in ﬂuorescence mode with
high-throughput 30-element solid-state Ge detector. EXAFS spectra were extracted from the subtraction of background and the
correction of energy for raw EXAFS data. The k2 -weighted EXAFS
data were analyzed using Athena and Artemis interfaces to IFFEFIT 7.0 software [47]. The ﬁtting of paths (i.e., U-Oax , U-Oeq , U-Fe
and U-U) was generated from the crystal structures of deliensite
(FeUO2 (SO4 )2 (OH)2 (H2 O)7 ) [48]. The quantitative information on
the sample speciation is obtained by a linear combination ﬁt (LCF) of
XANES spectra with an aid of IFEFFIT package [49]. The more details
regarding the preparation and analysis of EXAFS were provided in
the Supporting information (SI).
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2.4. Surface complexation modeling

satisfactorily simulated by pseudo-second-order kinetic model and
pseudo-ﬁrst order kinetic model, respectively.

The distribution of U(VI) species in aqueous solutions, surface
acidity constants (log K+ and log K− ) of pyrite and pyrrhotite, and
pH-dependent U(VI) sorption were simulated with an aid of Visual
MINTEQ v. 2.6 mode [50]. The stability constants of U(VI) aqueous
speciation was obtained from previous studies [2,4,5,42,45,51,52].
The values of log K+ and log K− was obtained by ﬁtting the potentiometric titration data. More details on the ﬁtting of potentiometric
titration data were provided in the SI. The removal of U(VI) on pyrite
and pyrrhotite at different pH conditions was modeled by diffuse
double layer model (DLM).

3.3. Effect of pH and ionic strength
The effect of pH and ionic strength on the removal of U(VI) by
pyrrhotite and pyrite are shown in Fig. 3. It is observed that the
removal of U(VI) on pyrrhotite and pyrite signiﬁcantly increases
with increasing pH from 2.0 to 6.0, then high-level removal is
observed at pH 6–7.5 for pyrrhotite and pH 6–7.0 for pyrite,
whereas the removal of U(VI) on pyrrhotite and pyrite is decreased
at pH > 8.0. At pH 6.0, approximately 90 and 60% of U(VI) is removed
by pyrrhotite (Fig. 3A) and pyrite (Fig. 3B), respectively. The asprepared pyrrhotite derived from the decomposition of pyrite
possesses the larger surface area and more porous structure, which
provides more reactive sites and improves the adsorption capacity. The effect of ionic strength on the U(VI) removal by pyrite and
pyrrhotite is also observed in Fig. 3. One can see that the removal
of U(VI) on pyrrhotite and pyrite signiﬁcantly decreases with ionic
strength within the pH range of 2.0–6.0, whereas no effect of
ionic strength on the removal of U(VI) by pyrite and pyrrhotite is
observed at pH > 6.0.

3. Results
3.1. Characterization
Fig. 1A and B shows the SEM images of pyrrhotite and
pyrite, respectively. As shown in Fig. 1A, pyrrhotite displays
the honeycomb-like submicron particles, whereas the pyrite is
fragment-like particles with inhomogeneous and micro-grade
structures (Fig. 1B) [53]. As shown by XRD patterns in Fig. 1C, the
diffraction peaks of pyrite at 2 = 28.54, 33.08, 37.11, 40.81, 47.48,
56.33, 61.75, 64.35◦ are indexed to (111), (200), (210), (211), (220),
(311), (302), (321) plane of pyrite, respectively [54]. However, the
reﬂections of pyrrhotite at 2 = 30.08, 34.06, 44.12, 53.43, 57.74 and
65.76◦ are indexed to (100), (101), (102), (110), (103) and (004)
plane of monoclinic pyrrhotite, respectively [55,56]. The strong and
narrow reﬂection peaks reveal the good crystal structures of pyrite
and pyrrhotite. As shown by zeta potentials in Fig. 1D, the zero zeta
potentials of pyrite and pyrrhotite are observed at pH 2.1 and 2.2,
respectively, consistent with previous studies [57,58]. The results
of zeta potentials indicate that the negative charge of pyrrhotite
and pyrite surface is obtained at pH > 2.5. The speciﬁc surface areas
of pyrite and pyrrhotite determined by multi-points BET method
are 2.4 and 27.62 m2 /g, respectively. The increase of speciﬁc surface
area of pyrrhotite could be ascribed to the formation of micro-grade
structures with abundant inhomogeneous pores, which is further
evidenced by SEM analysis.

3.4. Removal capacity
Fig. 4A and B shows the removal capacities of U(VI) on pyrrhotite
and pyrite at different temperatures, respectively. The removal of
U(VI) by pyrrhotite and pyrite obviously increases with increasing reaction temperature, which shows that the reaction of U(VI)
with pyrite and pyrrhotite is promoted at higher temperature. The
increase of temperature accelerates the attachment of U(VI) to the
surface pyrite and pyrrhotite, therefore the removal of U(VI) on
pyrrhotite and pyrite increases with increasing temperature. The
removal data are ﬁtted by Langmuir and Freundlich model, and the
more detailed description of Langmuir and Freundlich model is provided in the SI. The Langmuir isotherm model describes monolayer
adsorption processes onto a surface, whereas Freundlich isotherm
model describes heterogeneous adsorption [59].
As shown in Fig. S2 and Table S3 in Supplementary material, the
removal behaviors of U(VI) by pyrite and pyrrhotite can be ﬁtted by
Langmuir model well with high correlation coefﬁcients (R2 > 0.996)
compared to Freundlich model (R2 < 0.985). As shown in Table 1, the
maximum removal capacities (Qm ) of U(VI) on pyrite and pyrrhotite
calculated from Langmuir model are 10.20 and 21.34 mg g−1 at
pH 4.0 and 333 K, respectively. Comparing to Qm in Table S4, the
pyrrhotite presents the higher capacity for U(VI) compared to the
other heavy metals due to its high chemical reactivity. Pyrrhotite
used in this study is synthesized by the calcinations of natural pyrite
at 650 ◦ C under N2 atmosphere, which could generate the abundant reactive sites at high temperature. Therefore, as-prepared
pyrrhotite presents the chemical reactivity compared to the natural
pyrrhotite.

3.2. Removal kinetics
Removal kinetics of U(VI) on pyrite and pyrrhotite pH 4.0 and
293 K are showed in Fig. 2A and B. The removal amount of U(VI) on
pyrrhotite were signiﬁcantly higher than that of pyrite. As shown in
Fig. 2A, the removal of U(VI) on pyrite and pyrrhotite signiﬁcantly
increased with increasing reaction time from 0 to 72 h, then slight
enhancement of U(VI) removal was observed at reaction time from
72 to 144 h. However, the removal of U(VI) on pyrite and pyrrhotite
linearly increased with increasing reaction time at more than 168 h
(Fig. 2B). The pseudo-ﬁrst-order and pseudo-second-order kinetic
models were employed to simulate the removal kinetic of U(VI) on
pyrite and pyrrhotite. The ﬁtting of pseudo-ﬁrst and pseudo-second
order kinetic models were summarized in SI. As shown in Fig. S1 and
Table S2 in Supplementary material, the removal kinetics of U(VI)
by pyrite and pyrrhotite within 144 h and more than 168 h can be

3.5. XPS analysis
Fig. 5 shows the XPS spectra of high resolution scans for U 4f
(A and D), Fe 2p (B and E) and S 2p (C and F) of pyrite (A, B and C)
and pyrrhotite (D, E, F) after reaction at different time. As shown

Table 1
Parameters of Langmuir and Freundlich model of U(VI) removed by pyrite and pyrrhotite at pH 4.0 T = 333 K.
Langmuir model

Pyrite
Pyrrhotite

Freundlich model

Qm (mg/g)

KL (L/mg)

R2

Kf ((mg/g)/(mg L)−n )

1/n

R2

10.20
21.34

0.2912
0.3607

0.9986
0.9997

3.3105
6.7920

0.3919
0.4025

0.9679
0.9705
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Fig. 1. Characterization of pyrite and pyrrhotite. A and B: SEM images of pyrrhotite and pyrite, respectively; C: FT-IR spectra; D: XRD patterns.

7

(A)

Pyrrhotite
Pyrrite

Pyrrhotite
Pyrrite

(B)

9
8

6

7

5

6
4

5
30

3

t/Qt

2
1

18

3

12

2

6
0

00

4

24

24

Qe (mg/g)

Qe (mg/g)

10

1
0

48

24

72

48

72

96

96 120 144

120

144168 192 216 240 264 288 312 336 360

Reaction time (h)

0

Reaction time (h)

Fig. 2. Removal kinetics of U(VI) by pyrrhotite and pyrite, A: 0-pH 4.0, m/V = 0.8 g/L, I = 0.01 mol/L NaCl, and T = 293 K, C0 = 10 mg/L.

in Fig. 5A and D, no peaks of U 4f spectra are observed for pyrite
at pH 4.0 after 0 and 96 h, whereas the U 4f lines are centered at
binding energy values of 382.08 (U 4f7/2 ) and 392.03 eV (U 4f5/2 )
for pyrite at pH 4.0 after 168 h and pyrrhotite at pH 4.0 after 96 h
and168 h (Table S5 in Supplementary material). The gradual shift
to the lower energy of the U 4f lines (e.g., 382.08 and 381.43 eV
for pyrrhotite after 96 and 168 h, respectively) could be due to the
change of oxidation state. The U 4f spectra of pyrite and pyrrhotite
can be assigned to U(IV) and U(VI) peaks by the deconvolution
method. In addition, the U 4f7/2 and U 4f5/2 bands of pyrrhotite
are shifted to the lower binding energy (∼1.1 and 0.9 eV for U 4f7/2
and U 4f5/2 after 96 h, respectively) as compared to pyrite. The ﬁtted U(IV) bands are closely matched U(IV) in non-stoichiometric
UO2 [52]. Interested enough, the relative intensities of U(IV) for

pyrrhotite are signiﬁcantly higher than those of pyrite (Table S5
in Supplementary material). As shown in Table S5 in Supplementary material, the ratio of U(IV)/U(VI) for pyrite after 168 h (0.013)
is signiﬁcantly lower than that of pyrrhotite after 168 h (0.0504),
indicating that more U(VI) is adsorbed for pyrrhotite compared to
pyrite. Fig. 5B and E shows the Fe 2p peaks of pyrite and pyrrhotite,
respectively. The peaks at ∼707.6 and 720.5 eV are responded to
the Fe 2p3/2 and Fe 2p1/2 peaks, respectively, typical of Fe2+ in the
FeS2 lattice [60]. According to deconvolution method, pyrrhotite
presents approximately 31% Fe(III) and 69% Fe(II), whereas 62%
Fe(III) and 38% Fe(II) is observed for pyrrhotite after 96 h. The Fe(II)
was more oxidized to Fe(III) with increasing reaction time such as
approximate 87.72% Fe(III) and 12.28% Fe(II) for pyrrhotite after
168 h. As shown in Table S5 in Supplementary material, the oxida-
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tion rate of Fe(II) for pyrrhotite is signiﬁcantly higher than that of
pyrite such as such as approximate 46.95% Fe(III) and 53.05% Fe(II)
for pyrite after 96 h and 54.05% Fe(III) and 45.95% Fe(II) for pyrite
after 168 h. Fig. 5C and F show the S 2p peaks at ∼163 eV of pyrite
and pyrrhotite, respectively. As shown by high resolution of XPS
spectra in Fig. 6, the bands of S 2p can be assigned to monosulphide
(S2− , at ∼161.25 eV), disulphide (S2 2− , at ∼162.2 eV), ploysulphide
(Sn 2− , at ∼163. 25 eV) and sulfate (SO4 2− , at ∼168.5 eV) [61,62].
The amount of SO4 2− signiﬁcantly increases with increasing reaction time (Table S5 in Supplementary material). In addition, the
binding energies of pyrite and pyrrhotite after U(VI) removal are
shifted to the high energies. As shown in Table S5 in Supplementary material, the ratio of U(IV)/U(VI) signiﬁcantly increases with
increasing reaction time, whereas the ratios of Fe(II)/Fe(III) and
S2 2− /SO4 2− decrease with increasing reaction time. The ratios of
S2 2− /SO4 2− for pyrite and pyrrhotite after 96 h are 1.18 and 1.10,
respectively, which are obviously higher than those of pyrite (1.06)
and pyrrhotite (0.86) after 168 h.
3.6. XANES and EXAFS analysis
Fig. 7A shows the XANES spectra of uranium standard (UVI O2 2+ ,
UIV O2 (s)) and U(VI)- containing samples (pyrrhotite 7, pyrite 7,
pyrrhotite 20 and pyrite 20 are the removal of U(VI) on pyrrhotite
and pyrite after 7 and 20 days, respectively). As shown in Fig. 7A,
the XANES spectra of pyrrhotite 7, pyrite 7, pyrrhotite 20 and

pyrite 20 locate between UIV O2 (s) and UVI O2 2+ spectra, moreover
the binding energies of pyrrhotite 20 and pyrite 20 are shifted to
UIV O2 (s). According to LCF results, approximately 4.8 and 15.5%
of U(VI) are reduced to U(IV) for pyrrhotite 7 and pyrrhotite 20,
respectively, whereas only 1.3 and 9.8% of U(VI) are reduced to U(IV)
for pyrite 7 and pyrite 20, respectively.
Fig. S3 in Supplmentary material and Fig. 7B shows the 2 weighted uranium LIII -edge EXAFS spectra and Fourier transforms
(FT, uncorrected phase shift) of standards (UO2 2+ , UIV O2 (s)) and
samples of pyrrhotite 7, pyrrhotite 20, pyrite 7 and pyrite 20,
respectively. As shown in Fig. S3 in Supplementary material
all adsorbed samples display distinct multiple periodic function
for all U(VI)-containing samples, whereas a poor signal-to-noise
ratio is attributed to a small amount of uranium adsorbed. As
shown in Fig. 7B, the signiﬁcant change in EXAFS spectra features
are observed at R + R > 2.0 Å. The ﬁtted parameters of U(VI)containing samples are tabulated in Table 2. As shown in Fig. 7B
and Table 2, the FT features of UO2 2+ , pyrrhotite-7, pyrrhotite-20,
pyrite 7 and pyrite-20 at 1.4 and 1.9 Å (Fig. 6B) can be satisfactorily ﬁtted by two axial oxygen atoms (U-Oax at 1.8 Å) and
– ﬁve equatorial oxygen atoms (U-Oeq at ∼2.3-2.5 Å), respectively
[2,4,63]. However, all paths of UIV O2 (s) include U-O shell (R = 2.35 Å,
CN = 8.0) and U-U shell (R = 3.87 Å, CN = 11.4) [64]. For all sorption
samples, the FT feature at ∼2.7 Å can be satisfactorily ﬁtted by US shell (R + R = 3.41 Å, CN = 0.7), whereas the other FT features of
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Fig. 6. The high resolution of S 2p XPS spectra for pyrite (A) and pyrrhotite (B) at different reaction times.

pyrrhotite 20 and pyrite 20 can be ﬁtted by U-U shell of UIV O2 (s)
at ∼3.87 Å.
3.7. Surface complexation modeling
Fig. 8A and B shows the surface complexation modeling of U(VI)
removal on pyrite and pyrrhotite at variable pH conditions, respec-

tively. The optimized stability constants are summarized in Table 3.
It is demonstrated that uranyl nitrate solutions generated a wide
variety of negatively charge ions (i.e., (UO2 )(OH)n (NO3 )m , n = 1–2,
m = 0–1) at high pH conditions [65–70]. Therefore, the hydroxyl
and nitrate-containing ions [UO2 (OH)2 NO3 2− ] was selected in the
surface complexation modeling. As shown in Fig. 8A and B, the
removal of U(VI) on pyrite and pyrrhotite can be satisfactorily ﬁtted
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Table 2
EXAFS results of reference samples and U(VI) -reacted pyrrite and pyrrhotite at
LIII -edge, pH 4.0, T = 293 K, I = 0.01 mol/L NaCl.
Samples

Shell

R(Å)a

CNb

2 (Å2 )c

UO2 2+

U-Oax
U-Oeq
U-O
U-U
U-Oax
U-Oeq
U-S
U-Oax
U-Oeq
U-S
U-U
U-Oax
U-Oeq
U-S
U-Oax
U-Oeq
U-S
U-U

1.826
2.577
2.35
3.87
1.825
2.535
3.411
1.826
2.514
3.416
3.872
1.824
2.554
3.414
1.787
2.514
3.410
3.871

2.0
5.6
8.0
11.4
2.0
4.9
0.72
2.0
4.0
0.69
12.6
2.0
5.1
0.68
2.0
4.5
0.67
12.7

0.0019
0.0053
0.0056
0.0074
0.00309
0.00834
0.00944
0.00393
0.00327
0.0554
0.02662
0.00366
0.00597
0.15744
0.00381
0.00592
0.00954
0.3157

UIVO2 (s)d
Pyrrhotite 7

Pyrrhotite 20

Pyrite 7

Pyrite 20

a
b
c
d

R is the bond distance.
CN is coordination numbers of neighbors.
 2 is the Debye-Waller factor.
Data is from Ref. [37].

by DLM assuming an outer-sphere surface complexes (SOHUO2 2+
species) and two inner-sphere surface complexes (SOUO2 + and
SOUO2 (OH)2 NO3 2− species). For pyrite and pyrrhotite, the U(VI)
removal to outer-sphere surface sites occurs at pH < 4.0 and
U(VI) removal to inner-sphere surface sites dominates after pH is
increased. Compared to pyrrhotite, 53.51 and 62.24% of SOHUO2 2+
species are observed for the removal of U(VI) on pyrrhotite and
pyrite at pH 4.0, respectively, whereas the relative amount of
SOUO2 + and SOUO2 (OH)2 NO3 2− species for pyrrhotite are significantly higher than that of pyrite such as 61.78 and 71.70% of
SOUO2 (OH)2 NO3 2− species for pyrite and pyrrhotite at pH 8.0,
respectively. As shown in Table 3, the log K values for U(VI) sorption to pyrrhotite are about 1-1.5 orders of magnitude higher than
pyrite, indicating the greater removal of U(VI) on pyrrhotite [71].

4. Discussion
4.1. Macroscopic analysis
As shown in Fig. 2, the removal kinetics indicated that the
removal of U(VI) on pyrite and pyrrhotite at a short term is
adsorption, whereas the linear removal of U(VI) at a long term
could be attributed to the slow reduction of U(VI) to U(IV) [45].
The pH-dependent adsorption can be interpreted by electrostatic
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Table 3
Surface complexation reactions and responding stability constants describing U(VI) removal to pyrite and pyrrhotite.
Reactions

Log K
pyrite

pyrrhotite

SOH + H+ = SOH2 +
SOH = SO− + H+
SOH + UO2 2+ = SOHUO2 2+
SOH + UO2 2+ = SOUO2 + + H+
SOH + UO2 2+ + 2H2 O + NO3 − = SOUO2 (OH)2 NO3 2− + 3H+

7.8 ± 0.04a
−8.9 ± 0.08
4.65 ± 0.09
−2.65 ± 0.11
−18.62 ± 0.19

7.9 ± 0.05
−8.6 ± 0.02
3.21 ± 0.08
−3.87 ± 0.17
−17.55 ± 0.23

a

Log K ± standard derivation (SD).

interaction. As shown in Fig. S4 and Table S6 in Supplementary material, the predominate species of U(VI) in aqueous
solution are UO2 2+ at pH < 5.0, and more positive or neutral
complex species (e.g., UO2 (OH)+ , (UO2 )2 (OH)2 2+ (UO2 )3 (OH)5 + ,
(UO2 )4 (OH)7 + ) and schoepite are observed at pH 5.0-8.0. The
main U(VI) species are negatively charged U(VI) species such
UO2 (OH)3 − and (UO2 )3 (OH)7 − species at pH > 8.0 [44,51]. Therefore, the increased removal of U(VI) by pyrite and pyrrhotite
at pH 2.0–6.0 could be attributed to the electrostatic attraction
between negative charged pyrrhotite/pyrite surface and positive
U(VI) species such as UO2 2+ or UO2 OH+ species. The high level
removal of U(VI) on pyrrhotite and pyrite at pH 6.0-7.0 could be
ascribed to co-precipitation of U(VI) such as schoepite precipitate.
As shown in Fig. 3A, the U(VI) blank experiment shows that the
high adsorption of U(VI) at pH 6.0-7.0 could be ascribed to the
formation of surface co-precipitate such as schoepite [52]. The
decreased removal of U(VI) at pH > 8.0 could be due to the electrostatic repulsion between negative charged pyrrhotite/pyrite and
negative U(VI) species [5].
The effect of ionic strength on U(VI) removal by pyrrhotite and
pyrite can be speculated according to outer- and inner-sphere surface complexation. It is demonstrated that the inner-sphere surface
complexation is independent of ionic strength, while the outersphere surface complexation is impressionable to the variations of
ionic strength obviously [72–77]. Therefore, the removal of U(VI) on
pyrrhotite and pyrite at such short time (i.e., 96 h) is outer-sphere
surface complexation at pH < 6.0, whereas inner-sphere surface
complexation dominates U(VI) removal by pyrite and pyrrhotite
at pH > 6.0.

bonded to sulphur, suggesting a Fe(III)-oxy-hydroxide to be the
species forming [81]. The results of high resolution Fe 2p spectra
indicate that the Fe(II) is gradually oxidized to Fe(III) with increasing reaction time, in addition, oxidized rate of Fe(II) for pyrrhotite is
faster than that of pyrite. For pyrite after 168 h, peaks at ∼170.8 eV
indicate the oxidation of S2 2− to sulfate (SO4 2− ) (Fig. 6) [81]. Mycrof
et al. demonstrated that monosulphide of pyrrhotite was oxidized
to disulphide and polysulphides primarily [82]. After U(VI) removal,
the shift of binding energies of S 2p for pyrite and pyrrhotite to
higher energies could be due to the larger amount of energies
needed to remove the surface electrons, which the surface groups
attached to the molecules of interest may be more electron withdrawing from the groups used to removed the electrons (e.g., C
1s of C H groups). Iron diffused from the interior to the surface
where it combined with oxide oxygen, hydroxide, and water to
form ferric (oxy)-hydroxides. Although Fe diffused from the interior to the surface, sulphur species did not migrate appreciably
from the subsurface giving rise to the sulphur-rich zone. Descostes
et al. demonstrated that a signiﬁcant amount of Fe(III)-O for pyrite
adsorbed with U(VI) [23], whereas almost no Fe(III)-oxide even
after 168 h could be attributed the the formation of new Fe2 (SO4 )3
species dissolved in aqueous solutions, which is consistent with
the leaching kinetics of total Fe for pyrite (Fig. S5 in Supplementary material). These results of XPS indicate that Fe(II) of pyrite and
pyrrhotite is oxidized to Fe(III) primarily due to the donation of
electron charge through Fe vacancies, and then Fe(III) is bonded
with oxygen to form ferric oxyhydroxides [83,84]. Then S2 2− of
pyrite and pyrrhotite is oxidized to disulphide and polysulphides
and sulfate [62,85–87].

4.2. Microscopic analysis

4.2.2. XANES and EXAFS analysis
The XANES spectra show that the adsorption edge and position of pyrrhotite 7, pyrite 7, pyrrhotite 20 and pyrite 20 locate
between UIV O2 (s) and UVI O2 2+ spectra, indicating that U(VI) is gradually reduced to U(IV) by pyrrhotite and pyrite with increasing
reaction time [88,89]. According to EXAFS analysis, the occurrence
of U-S shell indicates inner-sphere surface complexation to the
iron oxide surface primarily [63,90]. However, the FT feature of
pyrrhotite 20 and pyrite 20 can be ﬁtted by U-U shell of UIV O2 (s)
at ∼3.87 Å (Table 2), revealing the part reduction of U(VI) to U(IV)
for pyrrhotite and pyrite after 20 days. Therefore, the stoichiometric equations of sorption and reduction of U(VI) on pyrrhotite can
be described as Eqs. (3)–(6) [25,60,85,91]:
Sorption:

4.2.1. XPS analysis
XPS has been used to determine the interaction mechanism of
U(VI) at water-solid interface [11,45,78–80]. Compared to pyrite,
the high intensity of U 4f spectra for pyrrhotite after 168 h indicate that the more U(VI) is adsorbed on pyrrhotite. In additions,
the gradual shift to the lower energy of the U 4f lines for pyrrhotite
relative to pyrite (Table S5 in Supplementary material). The pyrite
displays the more positive charged compared to pyrrhotite at pH
4.0 (Fig. 1D), which could take more energy for removing the electron from U(VI) attached at the surface of pyrite compared to pyrite.
These ﬁndings reveal that surface sorption of U(VI) and subsequent reduction of more adsorbed U(VI) to U(IV) by pyrrhotite.
The decrease of relative intensities of Fe 2p3/2 and 2p1/2 peaks for
pyrrhotite and pyrite after 168 h while the occurrences of stronger
Fe-oxide peaks reveal that Fe(II) of pyrite and pyrrhotite is oxidized
to Fe(III) with increasing reaction time. In additions, the Fe(II) in the
pyrrhotite (Table S5 in Supplementary material) is more reactive
than the Fe(II) in pyrite, which could be ascribed to the micrograde pyrrhotite with abundant reactive sites. For pyrite after 168 h
(Fig. 5B), the presence of Fe-oxides weak peaks (at 712 eV) indicates
small amounts of Fe(III) in iron oxide. For pyrrhotite after 168 h
(Fig. 5E), Fe(III) was bonded to oxygen and most Fe(II) remained

SOH + UO2 2+ = SOHUO2 2+
SOH + UO2

2+

+

= SOUO2 + H

(3)
+

SOH + (UO2 )3 (OH)7 − = SO(UO2 )3 (OH)7 2− + H+

(4)
(5)

Reduction:
2Fe2+ + SOUO2 + = SOUO2 − (s) + 2Fe3+

(6)

S2 2− + SOUO2 + = SOUO2 − (s) + 2S(s)

(7)
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The leaching kinetics of Fe2+ and total Fe under anaerobic
conditions were traced during the reactions. As shown in Fig.
S5 in Supplementary material, the leaching amount of Fe2+ signiﬁcantly increases with increasing contact time of 0–24 h, and
then remains the plateau at 24–120 h. The ratio of U(IV)/U(VI) for
U(VI)-pyrite after 168 h is signiﬁcantly lower than that of U(VI)pyrrhotite after 168 h (Table S5 in Supplementary material). In
addition, the decreased extents of ratio of Fe(II)/Fe(III) for U(VI)pyrite and U(VI)-pyrrhotite are remarkably larger than those of
S2 2− /SO4 2− . These evidences of XPS and XAS spectra indicate that
U(VI) is adsorbed to pyrrhotite and pyrite surface primarily, and
then adsorbed U(VI) is partly reduced to U(IV) by Fe2+ and S2 2−
dissolved from pyrrhotite with increasing reaction times. However,
the extent of U(VI) removal on pyrite is signiﬁcantly lower than that
of pyrrhotite.
4.3. Modeling analysis
According to the analysis of DLM, the removal of U(VI) on
pyrite and pyrrhotite can be satisfactorily ﬁtted by using SOHUO2 2+
species (at pH < 4.0) and two SOUO2 + and SOUO2 (OH)2 NO3 2−
species (at pH > 5.0). The surface complexation modeling further
demonstrates that the removal of U(VI) on pyrite and pyrrhotite
occurs mostly through outer-sphere surface sites at pH < 4.0 while
inner-sphere surface sites dominate U(VI) removal at pH > 5.0. In
addition, the high stability constants reveal the greater removal of
U(VI) on pyrrhotite as compared to pyrite.
5. Conclusions
The macroscopic experiments showed that the removal of U(VI)
on pyrite and pyrrhotite signiﬁcantly decreased with increasing
ionic strength at pH 2.0–6.0, whereas the no effect of ionic strength
was observed at pH > 6.0, indicating that outer-sphere surface complexation dominated U(VI) removal by pyrite and pyrrhotite at
pH < 6.0 during the short reaction time of 96 h. The XPS analysis
indicated the U(VI) was primarily adsorbed on pyrrhotite and pyrite
and then U(VI) was reduced to U(IV) by Fe2+ and/or S2− . Approximately 4.8 and 15.5% of U(VI) are reduced to U(IV) for pyrrhotite 7
and pyrrhotite 20, respectively, whereas only 1.3 and 9.8% of U(VI)
are reduced to U(IV) for pyrite 7 and pyrite 20, respectively. Based
on the XANES analysis, the adsorption edge of uranium-containing
pyrrhotite located between UIV O2 (s) and UVI O2 2+ spectra. The
EXAFS analysis demonstrated the inner-sphere surface complexation of U(VI) on pyrrhotite due to the occurrence of U-S shell,
whereas the U-U shell revealed the reductive co-precipitates of
U(VI) (i.e., schoepite) on pyrrhotite/pyrite with increasing reaction
times. The pH-dependent adsorption of U(VI) on pyrrhotite/pyrite
can be satisfactorily ﬁtted by using SOHUO2 2+ species (at pH < 4.0)
and two SOUO2 + and SOUO2 (OH)2 NO3 2− species (at pH > 5.0), indicating that outer- and inner-surface complexation dominated the
U(VI) removal at pH < 4 and pH > 5.0, respectively. The ﬁndings presented herein play a crucial role in the removal of uranium on iron
sulﬁde in environmental cleanup applications. These observations
indicated that the investigation of the coexistence of multiple uranium valence states under anaerobic conditions exhibiting excess
reducing capacity plays an important role in evaluating the migration rates of uranium under repository conditions.
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