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ABSTRACT: The extraction of uranium (U)-related minerals from raw ore sands via a
leaching procedure would produce enormous amounts of tailings, not only causing
radioactivity contamination to surroundings but also wasting the potential U utilization.
Effective recycling of U from U tailings is propitious to the current issues in U mining
industries. In this study, the influence of the composite oxidation of Fe(III) and Mn(VII)
intensified by microwave (MW) irradiation on the acid leaching of U from tailings was
comprehensively explored in sequential and coupling systems. The U leaching activities
from the tailing specimens were explicitly enhanced by MW irradiation. The composite
oxidation caused by Fe(III) and Mn(VII) further facilitated the leaching of U ions from the
tailing under MW irradiation in two systems. Maximum leaching efficiencies of 84.61,
80.56, and 92.95% for U ions were achieved in the Fe(III)-, Mn(VII)-, and Fe(IIl)—
Mn(VII)-participated coupling systems, respectively. The inappropriateness of the
shrinking core model (SCM) demonstrated by the linear fittings and analysis of variance
(ANOVA) for the two systems explained a reverse increase of solid cores in the later stage of leaching experiments. The internal
migration of oxidant ions into the particle cores enhanced by MW accelerated the dissolution of Al, Fe, and Mn constituents under
acidic conditions, which further strengthened U extraction from tailing specimens.

1. INTRODUCTION

The average concentration of U in the crust of Earth is 2—4
ppm (i.e., parts per million), ranking the S1st element in order
of abundance. The utilization of uranium has been closely
linked to human society since the industrial age, such as to fuel
nuclear power plants in the civilian sector and to make high-
density penetrators in the military counterpart.'™> U is
normally extracted from the U-bearing ores by grinding and
leaching (e.g., biotic and abiotic) techniques in combination
after the mining activities." ® U tailings are produced after U-
related minerals and separated from raw ore sands via
leaching.”~"" The U tailings are commonly stored or stacked
in huge impoundments, which retains up to 85% of the
radioactivity of original U ores emitting to surroundings due to
the residual existences of some contained radioactive nuclides
such as uranium-238 (***U), uranium-235 (**3U), thorium-230
(*¥*Th), and radium-226 (***Ra).'*'* In China, most of the U
tailings are stored in the open air at present. Although the
environmental hazards posed by the U tailings have attracted
more attention, the old reservoir way is still maintained in
some stockpiling regions due to the blurred responsibilities and
the shortage of funds.">™"” Therefore, the radionuclides and
some coexisting heavy metals (HMs) contained in the tailings
can be potentially migrated into groundwater from the surface
by heavy rains and carried great distances by strong winds,
finally entering the biological terminals through the food chain
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and threatening the ecosystem operations.””~>* The residents
can be exposed to uranium and its radioactive daughters by
ingesting contaminated food and water and even by inhaling
sand dust in the air. Furthermore, long-time uranium exposure
will cause severe damage to the normal functioning of some
organs (e.%., heart, liver, and kidney) and the nervous
system.”> ™

Until now, the treatment technologies mentioned for the U
tailings include physical segregation (e.g., backfilling and soil
covering), biohydrometallurgy, phytoremediation, solidifica-
tion/stabilization (S/S), chemical leaching, etc.”*™** Specifi-
cally, the physical segregation method can effectively reduce
the land area occupied by U tailings and obstruct the radiative
emittance into the air within a short period. However, the
segregation technique makes the accumulation and further
infiltration of radionuclides easier during long-term weathering
processes.”** The recent progress in biohydrometallurgy for
mining has been reported in several reviews.”> More other
enhancements are necessarily put forward for the microbe-

Received: April 17, 2022
Accepted: June 29, 2022
Published: July 6, 2022

https://doi.org/10.1021/acsomega.2c02392
ACS Omega 2022, 7, 24574—24586


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingxiang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lulu+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c02392&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02392?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02392?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02392?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02392?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02392?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
https://pubs.acs.org/toc/acsodf/7/28?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c02392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Sequential system (control)

Acid solution 4= Tailing samples

2

/Acid leaching

Sequential system with oxidants
‘Acid solution + Tailing samples

Oxidants-participated acid leaching '

Coupling system with two oxidants

Oxidant solutions + Tailing samples

!

Acid leaching

Figure 1. Flow diagram of the microwave irradiation-participated leaching process for treating uranium tailing samples.

related activities to overcome the inapplicability of biohy-
drometallurgy to the refractory U tailings.***® The phytor-
emediation method utilizes some plants to effectively adsorb
radionuclides from contaminated aquifers or soils, reducin§ the
migration and diffusion of radionuclides on the surfaces.””~*’
However, the contaminated plants need real-time monitoring
and timing harvesting and postdisposal. Some radionuclides
can be rashly brought into the biosphere through the
intermediary role of some plants. The solidification/stabiliza-
tion (S/S) can immobilize the relevant radionuclides and
correspondingly lower the bioavailability in a relatively safe
way, while its application is severely limited by the insufficient
cost and storage spaces.”'~*> Moreover, the S/S reduces the
possibility of the secondary recycling of U tailings and the
recovery of some radionuclides. Therefore, it is necessary to
explore a more reliable method to extract U from U tailings,
which is not only beneficial to the resource utilization of
tailings but also conducive to achieving better treatment
performances using the current technologies.

Commonly, the low content percent of carbonate minerals
means that the acid lixiviants combined with some surfactants
and oxidants are used to treat the U tailings in
preference.'”'**® However, the refractory characteristics of U
tailings caused by the gangue compositions and the residuals in
all links will consume much higher acid concentrations or more
complexing agents, trying to elevate the efficiency levels during
the leaching process. """~ Correspondingly, the costs will
be surprisingly increased, and more engineering legacy issues
such as secondary pollution and ecological remediation will be
produced. Some appropriate pretreatments and enhancements
should be explored to avoid the dependence on higher acid
concentrations. The microwave (MW) irradiation technique
has been widely applied in intensifying the chemical activities
of materials.”' ~>® MW can change the mineral microstructures

and accelerate the dispersion of chemical reagents in the pores
and fissures by intensely activating the vibrations of polar
molecules in a very short time.”* MW irradiation has achieved
remarkable results for the fabrication and synthesis of different
functionalized materials.”>*® However, the comprehensive
employment of MW in mining engineering has been rarely
studied, especially for the hydrometallurgical engineering of
refractory mineral ores.

In this study, the MW irradiation coupling with the oxidants
of Fe(Ill) and Mn(VII) was exploratorily employed in the
conventional sulfuric leaching process in two different forms to
enhance the acid leaching of U ions from the low-degraded
tailing samples. The influence of MW irradiation and the
relevant mechanisms have been comprehensively investigated.
Generally, there are several main aims of this study: (i) to
study the effects of hydrometallurgical parameters on the
leaching efficiencies of U in a sequential system, (ii) to
optimize the coupling system and quantitively analyze the
significances of variables, (iii) to simulate kinetic modeling for
two leaching systems, and (iv) to explore the reaction
mechanisms and discuss on the leaching behaviors in MW
irradiation. The study will supply data support for the broader
application of MW in mining and recycling and propose an
alternative to the treatments of environmental issues caused by
U tailings.

2. METHODS AND MATERIALS

2.1. Chemicals and Sampling Materials. Three kinds of
strong acid solutions, including nitric acid (HNO;, ACS, 70%),
hydrofluoric acid (HF, AR, >40%), and perchloric acid
(HCIO,, AR, 70.0—72.0%), were purchased from Aladdin
Industrial Corporation and used to prepare the digestion
solution for the microwave digestion process. Sulfuric acid
(H,SO, 98%) and sodium hydroxide pellets (NaOH, AR)
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Table 1. Orthogonal Design with the Experimental Results (Analyzed using ANOVA)“

no. AP B c

1 2 (4) 2 (0.5) 5(0.3) 1 (10)
2 5 (10) 5 (2.0) 2 (0.15) 1

3 3 (6) 4 (1.5) S 2 (30)
4 S 2 4 (0.25) 3 (60)
5 1(2) 5 5

6 5 3 (1.0) 5

7 2 1 (0.1) 4 5

8 3 2 3(0.2) 5

9 3 1 2 4

10 1 1 1 (0.1) 1

11 4(8) 1 5 3

12 4 2 1 4

13 2 5 3 4

14 1 4 4 4

15 5 1 3 2

16 3 3 4 1

17 4 4 3 1

18 1 3 3 3

19 3 5 1 3

20 1 2 2 2

21 2 4 2 3

22 4 3 2 5

23 2 3 1 2

24 5 4 1 5

25 4 5 4 2

5 (120)

ES
—~

\O

=}
=

leaching efficiencies of U ions (%)

B Fe(I1I) Mn(VII) Fe + Mn
2 (25) 52.94 47.62 5823
5 (40) 81.07 78.96 90.44
1 (20) 66.42 63.95 79.92
1 78.34 76.23 88.26
3 (30) 65.18 62.67 81.63
4 (35) 74.93 72.55 85.73
4 60.59 56.63 73.82
s 57.46 52.48 68.55
2 54.49 49.83 62.48
1 42.68 38.75 49.73
5 56.74 43.56 66.39
3 76.82 74.29 87.69
1 71.36 67.35 82.46
5 64.15 60.37 78.14
3 58.83 54.69 70.46
3 75.39 73.58 86.24
4 82.36 78.94 90.89
2 63.72 59.27 76.83
4 72.57 71.42 84.52
4 62.35 57.59 75.49
3 80.39 7823 89.36
1 83.46 79.34 91.54
5 70.52 65.88 82.97
2 84.61 80.56 92.95
2 79.72 77.48 88.94

“Experimental conditions: the ratio of solid to liquid of 0.1 mg/L, the leaching time of 120 min, the temperature of 30 °C, and the oxidant ratio of
Fe(III) to Mn(VII) of 3. “Microwave time (min). “H,SO, concentrations (M). “Oxidant concentrations (M). “Leaching time (min). "Leaching

temperatures (°C).

obtained from SINOPHARM were used to adjust pH in
solutions during the experiments. Uranium (V, VI) oxide
(U304, AR) applying for the preparation of uranium standard
solution was procured from DINGTIAN Chemical Co., Ltd,,
Xi’an, China. The oxidants including ferric sulfate (Fe,(SO,)s,
AR) and potassium permanganate (KMnO,, GR) were
purchased from GAIQI Reagent Factory, Jiangsu, China.
Deionized (DI) water was used to prepare solutions and
conduct experiments. All of the glass containers and gadgets
were rinsed three times with DI water and dried before
experiments. The tailing samples used in this study were
sampled from a uranium tailing-stacking area in Hunan
Province, China, stocked, and managed according to two
national standards (i.e., EJ/T983 and EJ/T1121). The samples
were thermally dried at 105 °C for 12 h, mechanically milled at
160 rpm over 2 h, sifted through a sieve (pore diameter: 75
um), and packed in waterproof nylon cloths for the further
leaching experiments.

2.2. Leaching Procedures and Experimental Designs.
For the conventional acid leaching procedure, the tailing
samples were added to H,SO, solutions (200 mL) at a ratio of
solid to liquid of 0.1 (g/mL). H,SO, concentrations were
adjusted ranging from 0 to 1.5 M. The mixtures were
magnetically stirred at 160 rpm and temperatures of 20—40
°C over 120 min. Two milliliters of the mixture was taken out
from the reactor using a syringe (10 mL) every 20 min and
centrifuged at 8000 rpm over 5 min by a centrifuge. The
supernatants separated from the mixtures were used to
monitor the changes in the leaching concentrations of uranium
during the whole experimental process. Fe(III) and Mn(VII)

solutions (0.01—0.3 M) were prepared by dissolving some
certain masses of Fe;(SO,), and KMnO, using 1.0 M H,SO,
solutions, respectively. The oxidant solutions consisting of
Fe(III) and Mn(VII) solutions (i.e., Fe + Mn) were used for
microwave irradiation-enhanced experiments. In terms of
leaching experiments with oxidants, the tailing samples were
added to oxidant solutions with the experimental conditions
being maintained as the conventional leaching process. The
participation of microwave irradiation in the oxidant-assisted
leaching process is shown in Figure 1. The microwave-
participated treatments were carried out in a microwave
reactor (MULTIWAVE PRO, Anton Paar GmbH, Austria).
The microwave irradiation experiments were categorized into
two different systems by the module combination: (i) the
sequential system including microwave pretreatment and
sequential oxidant-participated leaching experiments and (ii)
the coupling system of the microwave irradiation combined
with the leaching experiments with oxidants. Specifications of
the sequential system are listed in detail in Table SI in the
supporting information (SI). The experiments for the coupling
system were arranged by an orthogonal design with five
variables and five levels. The variables are correspondingly
illustrated in Table S2 in the SI. The orthogonal design with
the experimental results (i.e., leaching efficiencies) is shown in
Table 1. The shrinking core model (SCM) was used to analyze
the mechanism of U release for both sequential and coupling
systems and describe the specific reaction pathways for the
kinetic leaching process. The corresponding formula or
equations and parameters are specified in the SI (eqs S1—S3).
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Figure 2. Leaching efficiencies affected by the changes in hydrometallurgical parameters, including the microwave times (a), H,SO, concentration
(b), the oxidant concentrations of Fe(III) (c), the oxidant concentrations of Mn(VII) (d), and the oxidant ratios of Fe(III) to Mn(VII) (e) in the

sequential system.

2.3. Calculations and Analytical Methods. The tailing
samples were chemically digested at a temperature of 30 °C
following a Chinese National Standard (EJ/T550-2000). The
total concentration (mg/L) of U in the digestion solution and
the leaching concentration (mg/L) of U in the leachate were
determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Agilent 7500). The detection process
was conducted in triplicate with the standard deviations being
maintained at less than 5%. The leaching efficiency (r, %) of U
from the tailing samples was calculated by eq 1

XV
r,= "L x 100%
. X V. (1)

where ¢, and c, are the leaching concentration (mg/L) of U in
the leachate at time ¢ and the total concentration (mg/L) of U
in the digestion solution, respectively, V; and V_ represent the

24577

corresponding volumes (L) of leachate and digestion solution,
respectively. The significance of variables on the leaching in the
orthogonal design was analyzed using the analysis of variance
(ANOVA). The significance probabilities (Sig.) were calcu-
lated by the type III sum of squares, mean squares, and F
values in a sequence. The marginal means affected by each
variable were evaluated using Tukey’s test (p < 0.0S, default a
= 0.05).

2.4. Characterization Strategies and Methods. The
elemental composition of the raw uranium tailing samples was
measured using an X-ray fluorescence spectrometer (XRF,
MXF-2400, SHIMADZU, Japan). The results are correspond-
ingly listed in Table S3 in the SI The chemical speciation of U
in the tailing specimens was determined by a modified BCR
method,** fractionating into four partitions, including acid
extractable (P1), reducible (P2), oxidizable (P3), and residual
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(P4). The morphologies of specimens before and after the
leaching experiments were assessed by a scanning electron
microscope (SEM, Carl Zeiss AG, Germany). Meanwhile, the
elemental compositions in the selected area of specimens were
determined by an energy-dispersive spectrometer (EDS, Carl
Zeiss AG, Germany). The changes in minerals were analyzed
by an X-ray diffractometer (XRD-6000, SHIMADZU, Japan)
with Cu Ka radiation over 26 ranging from 5 to 80°. The
minerals were identified and matched by MDI Jade 6.0
equipped with the JCPDS PDF-2 database. The FTIR spectra
and TGA curves were obtained by a Fourier transform infrared
spectrometer (Thermo Electron Co. 380 FTIR) over the
wavenumber range of 400—4000 cm ™" at every step of 4 cm™!
and a TGA analyzer (STA 449F3, NETZSCH, Germany) over
the temperature range of 25—1500 °C at a heating rate of 10
°C/min, respectively, to assist with the analysis on the changes
in the minerals and elements before and after the leaching
experiments.

3. RESULTS AND DISCUSSION

3.1. Effects of Hydrometallurgical Parameters in a
Sequential System. The leaching efficiencies of U of the
tailing samples influenced by the changes in hydrometallurgical
parameters in the acid leaching experiments are shown in
Figure 2. A control run was set with the specimens only being
stirred in DI water over time and used to eliminate the
influence of dissolvable uranyl ions adsorbed on the tailing
particles from the evaluations of WM irradiation, acid
dissolution, and oxidant participation on the sequential
running performances. The operating time for MW irradiation
treating the specimens before the leaching procedures was
adjusted ranging from 3 to 12 min. It was clear that the MW
treatment enhanced the leaching activities of specimens for U
species and correspondingly brought higher leaching efficien-
cies compared with that of the control counterpart. MW
irradiation with 3 and 6 min was beneficial to the cumulative
increases in the leaching efficiencies of specimens over the
whole leaching process. However, a longer MW time such as 9
and 12 min would gradually reduce the extraction efficiencies
of U using 0.1 M of sulfuric solution in the middle and later
stages of leaching experiments (Figure 2a), which was
attributed to the imbalance between the MW caused fissure
expansion and the microstructural collapse in the tailing
specimen.”’ Differently, after 6 min of WM treatment, the
increases in H,SO, concentrations (M) steadily elevated the
extraction of U from tailing samples (Figure 2b). The
participation of the Fe(III) oxidant explicitly further
strengthened the acid leaching (1.0 M) for the U tailings
after WM irradiation. The addition of 0.1—0.2 M Fe(III) to the
solutions facilitated the dissolution acceleration of U species
from some minerals in the tailing particles, achieving steady
increases in the leaching efficiencies over time. However, too
many Fe(III) ions (e.g, 0.25 and 3 M) existing in the acid
solutions would play a negative role in promoting U
dissolution. The decreasing leaching trends shown in the
later phase of experiments directly reflected the readsorption of
dissolved U ions (Figure 2c), which was possibly associated
with the electrostatic adsorption caused by the formation of
some iron species.””” Similar to Fe(III) oxidants, Mn(VII)
attended leaching processes and obtained higher extraction
results in contrast to that of pure acid experiments. It was
noteworthy that Mn(VII) showed stronger adsorption
characteristics compared to Fe(IIl) species with a typical

inverted U-shaped leaching curve being obtained at the
concentration of 3.0 M (Figure 2d). The coexistence of the
two kinds of oxidants in the acid leaching solutions performed
more excellent features in boosting the extraction of U from
the solid samples (Figure 2e). The oxidant ratio of Fe(Ill) to
Mn(VII) of 3 was most conducive to getting the high leaching
efficiencies of U among the four ratio choices. The joint use of
Fe(III) and Mn(VII) at specific ratios after the MW irradiation
not only enhanced the leaching performances of the sequential
system but also relieved the reabsorption drawback to some
extent.

3.2. Significance of Variables and Orthogonal
Optimization in the Coupling System. The tests of
intersubjective effects based on the leaching efficiencies of U
obtained in the orthogonal design in the coupling systems
(default a: 0.05) are shown in Table S4 in the SI. The marginal
means of variables calculated by the sum of squares (type III)
are correspondingly displayed in Figure S1 in the SI. The R-
squares (i.e, R*) for the three sources including Fe(III),
Mn(VII), and Fe(1II) + Mn(VII) were 0.978, 0.997, and 0.956,
respectively, with all three adjusted R* (i.e, Adj. R*) being
higher than 0.7, indicating that the significance analysis was
reliable for the optimal determination. Considering the Fe(III)
source, the significance probabilities (i.e., Sig.) of variables
were 0.012, 0.005, 0.096, 0.610, and 0.345, respectively, which
indicated that both the microwave time (min) and H,SO,
concentrations (M) had a significant effect on the leaching
efficiencies of U ions in the coupling system. The significance
order for the parametrical variables in the orthogonal design
descended as H,SO, concentrations (B, M) > microwave time
(A, min) > oxidant concentrations (C, M) > leaching
temperatures (E, °C) > leaching time (D, min). In terms of
the Mn(VII) source, the Sig. values of three variables including
A (min), B (M), and C (M) were all lesser than the default ¢,
meaning the changes in the mentioned three variables
significantly influenced the U extraction from the tailing
particles after the coupled treatments by the oxidant Mn(VII)
and MW irradiation. The influence order for variables was
sorted as the same as that of source Fe(IIl). Similarly, for the
source of Fe(III) + Mn(VII), the significance order was still
maintained with only the variable of B (M) impressively
dominating the leaching process in the coupling system and
the variable of A (min) having an impact on the whole process.
The synergy between the oxidants and MW had been
intensified in the coupling system according to the analysis
results in the orthogonal experiments. The sulfuric concen-
trations among the five variables played a prerequisite role in
influencing the significance of the other four variables in the
whole process. As shown in Figure S1 in the SI, for the source
Fe(III), the maximum r, values were attained at the microwave
time (min) of 8 (A,), H,SO, concentrations (M) of 1.5 (B,),
oxidant concentrations (M) of (C,), leaching time (min) of 60
(D3), and leaching temperature of 30 °C (E;). Correspond-
ingly, for the sources of Mn(VII) and Fe(III) + Mn(VII), the
maximum r, values were obtained at the parametrical
combination of A;B,C,DE; and AB,C,DE;, respectively.
The marginal mean obtained at the fourth level of A (min) was
close to the fifth counterpart referring to all three sources.
Similar situations were pinpointed in the third and fifth levels
of D (min). Therefore, the optimal combination of variables
for the coupling system was finally determined as A,B,C,D;E;.
Generally, unlike the sequential system, A (min) and B (M)
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Figure 3. SCM fittings affected by the participation of oxidants in the sequential (a) and coupling (b) systems.

showed a more remarkable impact on the operation of the
coupling system compared with the other three variables.
3.3. Kinetic Modeling for Two Leaching Systems. The
SCM fittings affected by the participation of oxidants in
sequential and coupling systems are shown in Figure 3. The
parametrial results of SCM obtained from the fitting analysis
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are correspondingly listed in Table SS in the SI. As known, the
desired minerals are dissolved in the liquid phase while
undesired constituents remained during the leaching process,
which further causes varying degrees of shrinkage to the
diameter of the unleached core.*™®* The SCM model is
commonly used to mathematically describe this process. As
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Figure 4. Changes in mineral compositions characterized by FTIR spectra, TGA curves, and XRD: (a) Raw uranium tailing sample, (b) mixture of
tailing specimen and Fe(III)—Mn(VII) oxidants, (c) mixture of the tailing specimen and Fe(III)—Mn(VII) oxidants after microwave irradiation,
(d) specimen obtained from the leaching experiments, (e) specimen obtained from the Fe(III)—Mn(VII)-participated leaching experiments, (f)
specimen obtained from the sequential system, and (g) specimen obtained from the coupling system.

seen, in terms of the whole leaching period (i.e., 120 min), the
SCM model including two reaction cases (SI) was generally
inappropriate for quantitively illustrating the leaching processes
for sequential and coupling systems with the participation of
different oxidants and oxidant concentrations.””** The Adj. R*
values in the parametrical results (Table SS, SI) chimed with
the fitting curves for the most part. Notably, the fittings were
excellent at the Fe(IIl) concentration of 0.1 M, which
indicated that the low concentration of the oxidant Fe(III)
hardly influenced the acid leaching pathways of U tailings and
by which the applicability of the SCM model was still
acceptable. The whole leaching process was dynamically
controlled by the pore diffusion (eq S1, SI) and the
heterogeneous surface reactions (eq S2, SI) at the early stage
of experiments, rather than the pore diffusion or the
heterogeneous reactions at a certain time. However, the
appropriateness of the SCM model sharply deteriorated in the
middle and late stages of the leaching experiments (ie.,
particularly after 60 min) with the increase of Fe(IIl)
concentrations and the participation of Mn(VII). The
unleached solid cores in the U tailing particles had endured
a reverse increase after the first shrink process over time, which
may be subjected to the re-desorption and surface covering
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caused by the formation of some new Fe—Mn species during
the experiments.®>%°

3.4. Explorations of Reaction Mechanisms.
3.4.1. Changes in Mineral Compositions. The changes in
the mineral compositions of U tailing specimens before and
after different leaching experiments characterized by FTIR,
TGA, and XRD are shown in Figure 4. The peaks at
wavenumbers of about 470, 537, 698, 779, 789, 914, 944, 1034,
1092, 1304, 1626, 3622, and 3697 cm™! were observed in the
spectrum curve of the raw U tailing sample. The peak at 779
ecm™! was directly attributed to the existence of (UQ,)*
stretching vibration in the mineral constitution,zg‘w’68 which
was further proved by the XRD pattern of the raw uranium
tailing sample (Figure S2, SI). The bands at 470, 1304, 1626,
3622, and 3697 cm™' had barely changed after different
leaching experiments, which were directly assigned to the
gangue or inert constituents contained in the mineral, such as
Si—O-Si bending vibration and Si—O and P—O symmetric
and asymmetric stretching.””~”" The band at 1083 cm™" in the
spectrum of the mixture specimen was ascribed to SO,
asymmetric and symmetric stretching, which verified the
addition of ferric sulfate to the tailing particles.”””"* After
MW irradiation, the raw band at 537 cm™ was shifted left to
the band at 516 cm™!, which reflected the transformation of
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SEM

Figure 5. Morphological and elemental changes characterized by SEM and EDS: (a) raw uranium tailing sample, (b) mixture of the tailing
specimen and Fe(III)—Mn(VII) oxidants, (c) mixture of the tailing specimen and Fe(III)—Mn(VII) oxidants after microwave irradiation, (d)
specimen obtained from the leaching experiments, (e) specimen obtained from the Fe(III)—Mn(VII)-participated leaching experiments, (f)
specimen obtained from the sequential system, and (g) specimen obtained from the coupling system.
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crystalline silicate to the partial amorphous phase.”’~"> The
emergence of the peak at 516 cm™" for the specimen obtained
from the sulfuric leaching revealed the substitution of AI** in
the octahedral lattice by H' ions. The result demonstrated the
dissolution of some minerals from the specimen by the sulfuric
solution. Some bands at 576, 617, 887, and 1290 cm™* were
formed after the sequential experiments, which explained the
participation of oxidants and the generation of derived Fe and
Mn species.”””>’° Fewer peaks were found in the spectrum of
specimens acquired from the coupling experiments. The MW
combined with oxidant participation was more conducive to
strengthening the effect of acid leaching on the U extraction
from the U tailing specimens. The widths of peaks distributed
in the 20 range of 41—52° in the XRD patterns gradually
narrowed from specimen a to specimen g (XRD a—g, Figure
4), which echoed with the FTIR results, indicating that the
employment of Fe(III)-Mn(VII) oxidants and MW irradi-
ation facilitated the U extraction from the tailing in the acid
leaching conditions, and the coupling system was preferable in
obtaining higher U leaching results compared with the
sequential counterpart (Figure 2). Mass losses of around 4,
20, 8, 8, 30, 16, and 20% were achieved after the thermal
decomposition over 1500 °C for specimens of a—f, respectively
(TGA a—g, Figure 4). Moreover, the changes in the
exothermic and endothermic peaks reflected the relative
contents of thermally active constitutions in the specimens.
After 700 °C, the mass rebound accompanied by an obvious
exothermic peak explicitly verified the formations of some new
constituents in the specimens obtained from the coupling
system (TGA g, Figure 4), which explained the potentially
oxidant-participated chemical reactions in the MW atmosphere
and the activation of more unleached constituents in the U
tailing particles in the coupling system.

3.4.2. Morphological Characterization. Morphological and
elemental changes characterized by SEM and EDS for the
different specimens are shown in Figure S. The elemental
compositions (wt %) of different tailing specimens are
correspondingly listed in Table S6 in the SI. Granular- and
sulcus-like morphologies were observed for the raw U tailing
particles, which visually reflected the gangue wrapping to the
as-leached mineral constituents (SEM a, Figure S). Some small
cracks and clefts were formed in the mixture of tailing
specimens and Fe(III)—Mn(VII) oxidants (SEM b, Figure S).
The participation of oxidants preliminarily activated the tailing
specimen. After the MW activation, more macropores were
formed in the tailing particles with the participation of oxidants
(SEM c, Figure S), indicating the enhancement to the mineral
activation brought by MW. Some regular polyhedrons were
seen in the specimen obtained from the leaching experiments
(SEM d, Figure S), which further supported the existence of
the unleached gangue constituents in the raw U tailings and
also verified the analysis accuracy of mineral compositions
(Figure 4). Differently, tubercular and lamellar morphologies
were determined after the oxidant-participated leaching
experiments (SEM e and f, Figure 5). The Fe(III)—Mn(VII)
oxidants had experienced dissolution and regeneration in the
acid leaching environment. Larger rifts and contrarily smaller
particles were observed in the specimen obtained from the
coupling system (SEM g, Figure 5), directly demonstrating the
dissolution of more mineral constituents and proving the
rationality of kinetic analysis mentioned in the SCM fittings
(Figure 3). The elements containing O, Al, Si, S, K, Fe, and U,
etc.,, were matched in EDS, which was consistent with the

elemental compositions of raw U tailing specimens determined
by XRF. As shown in Table S6 in the SI, after the leaching
experiments, the weight percentages (wt %) of Si in the
specimens coming from the Fe(III)—Mn(VII)-participated
leaching (EDS e, Figure S), sequential system (EDS f, Figure
5), and coupling system (EDS g, Figure S) were 24.20, 32.00,
and 34.85%, respectively. Undoubtedly, the EDS results
echoed the morphological characterization of the three kinds
of specimens (SEM, e—f). The extraction of U in the coupling
system was related to the dissolution of Al, Fe, and Mn
constituents in the specimen.

3.5. Discussions on the MW-Affected U Leaching
Behaviors. U ions were released from the tailing specimen
into the dissolution under the influence of pH, oxidants,
leaching time, temperatures, and MW in the sequential and
coupling systems (Figures 2 and S1, SI). Although more
excellent leaching performance for U ions was obtained (Table
1) and verified in the coupling system (Figure 2), the
determination of the rate-limiting step for the U extraction was
still obscure (Figure 3). The MW irradiation significantly
enhanced the Fe(IIl)—Mn(VII)-participated activation of the
mineral dissolution in the tailing specimen in the coupling
system (Table S6, SI). Generally, the changes in the mineral
compositions and micromorphologies demonstrated that the
MW treatment promoted more Fe(III)—Mn(VII) ions to
penetrate deeper into the reaction core along with the original
pores and cracks distributing on the tailing particles, which
facilitated the dissolution of Al, Fe, and Mn constituents in the
specimen and left more gangue compositions (i.e., SiO,) in the
particles. The chemical speciation of U in the two treatment
systems is shown in Figure 6. Compared with the sequential

12 min
9 min
6 min
3 min

12 min
9 min

6 min

Sequential system Coupling system

3 min

Acid leaching

Raw specimen

0 20 40 60 80 100
Speciation percentage (%)

Figure 6. Chemical speciation of U in the sequential and coupling
systems (the chemical speciation of U in the tailing specimens was
fractionated into four partitions, including acid extractable (P1),
reducible (P2), oxidizable (P3), and residual (P4)).

system, higher residual fractions (P4) were obtained in the
coupling counterpart with the increases in the MW time. The
chemical speciation results supported the mineral and
morphological analyses. U jons with more potential mineral
constituents were leached from the tailing particles, corre-
sponding to the decreases in the fractions of P1—P3 (Figure
6). The internal migration of oxidant ions into the particle core
has strengthened the electron circulation between Fe(III)—
Mn(VII) species and the metastable minerals, which further
accelerated the dissolution of Al-, Fe-, and Mn-loaded
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constituents in the acid conditions (Figure S). However, the
inappropriateness of SCM fittings (Table S5, SI) indicated that
some U ions had been reabsorbed to tailing specimens and the
particle cores were not shrinking over the whole leaching time
in the sequential or coupling system. A contrary increase for
the particle core was anticipated in the later stage of
experiments (Figure 2).

4. CONCLUSIONS

Although Fe(III) and Mn(VII) showed some degree of
adsorption characteristics for U ions, the oxidant-participated
leaching experiments in sequential and coupling systems
achieved explicitly higher extraction results for U ions
compared with those of pure acid processes. Furthermore,
the composite oxidants at a ratio of Fe(III) to Mn(VII) of 3
achieved better leaching performance than the single oxidant.
In the coupling systems with different oxidants, the significance
order of the parametrical variables in the orthogonal design
followed as H,SO, concentrations (B, M) > microwave time
(A, min) > oxidant concentrations (C, M) > leaching
temperatures (E, °C) > leaching time (D, min). The H,SO,
concentrations dominatingly affected the leaching processes in
the coupling systems with the MW irradiation having a
significant influence on the whole process. A,B,C,D;E; was
quantitively determined by ANOVA as the optimal combina-
tion of variables for the coupling system. With the increase of
Fe(III) and the participation of Mn(VII), the suitability of the
SCM model for the leaching process precipitously declined in
the middle and late stages, indicating that the unleached solid
cores in the U tailing particles had experienced a reverse
increase after the first shrink process over time. Moreover, the
characterizations of mineral compositions and morphologies
before and after leaching experiments in the two systems
supported the internal migration of oxidant ions into the
particle cores, which caused the enhancement of U leaching by
further accelerating the dissolution of Al, Fe, and Mn
constituents in the acid conditions.
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