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During the chemical weathering of the uranium mill tailings, released uranium could be immobilized
by the newly formed secondary minerals such as oxyhydroxides. A deeper understanding of the inter-
action between uranium and common oxyhydroxides under environmental conditions is necessary. In
this work, uranium sorption behaviors on Al-, Mn- and Fe-oxyhydroxide minerals (boehmite, manganite,
goethite, and lepidocrocite) were investigated by batch experiments. Results showed that the uranium
sorption on Al-oxyhydroxide behaved significantly differently from the other three minerals. The sorption
edge of the Mn- and Fe-oxyhydroxides located around pH 5, while the sorption edge of boehmite shifted
about 1.5 pH unit to near neutral. The sorption isotherms of uranium on manganite, goethite and lepi-
docrocite at pH 5.0 could be well fitted by the Langmuir model. Instead of surface complexation, sorption
on boehmite happened mainly by uranium-bearing carbonates and hydroxides precipitation as illustrated
by the characterization results. Both carbonate and phosphate strongly affected the uranium sorption
behavior. The removal efficiency of uranium by boehmite exceeded 98% after three sorption-desorption

cycles, indicating it may be a potential material for uranium removal and recovery.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Uranium has been used as an important resource for scientific
research, nuclear energy development, and weapon production for
several decades [1]. The start of uranium milling dates back to
more than a hundred years ago [2], and a large amount of the ex-
cavation waste from the uranium mining and the byproducts from
the reaction between uranium ores and added reagents during the
leaching process has been generated [3]. These wastes, also known
as uranium mill tailings, are stored at the mining sites, posing po-
tential risks such as uranium pollution to the environment [4].
Therefore, identifying the key parameters that govern the sorption
behaviors of uranium at the mill tailing disposal sites is important
for understanding the migration of pollutants and designing the
suitable measures for remediation.

Uranium is redox sensitive, and its most stable oxidation state
in the oxidizing environments is U(VI), mainly exists as the soluble
uranyl (U0,2) species. Migration of uranium from the solid phase
waste to the aqueous system mainly through the chemical weath-
ering process [3,5,6], leading to the contamination of soils and
groundwater [7-9]. Except for reducing the U(VI) to barely solu-
ble U(IV) by reductants such as zero valent iron [10,11] or reducing
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bacteria [12,13], sorption by minerals and organic matters in soils
and sediments is another essential route for uranium immobiliza-
tion [14,15]. Recently, novel materials such as carboxyl functional-
ized MXene nanosheets [16], nanoporous zeolitic mineral [17] and
graphene oxide nanosheets [18] have been developed for uranium
removal with high sorption capacities.

The uranium deposits in northern China are mainly sandstone
type [19,20], while in southeastern China are mainly granite type
[21-23]. Due to the differences in mineralization and climate, the
composition and weathering process of uranium mill tailings are
considerably distinct from each other. However, the presence of
Al, Mn and Fe are found in most of the uranium deposits, with
only variations in the percentage and species [24,25]. It is ob-
served that the migration of uranium is usually accompanied by
the weathering of associated minerals [26-28], therefore it is of
great importance to investigate the uranium sorption behavior
on the secondary minerals such as metal oxyhydroxides, which
has been found to play an important role in uranium retention
[4,29,30].

Boehmite (y-AlOOH), manganite (y-MnOOH), goethite (c-
FeOOH) and lepidocrocite (y-FeOOH) are model minerals to study
the effect of Al-, Mn- and Fe-oxyhydroxides on uranium retention.
In addition to being present in the uranium mill tailings as the
secondary phase [31], these minerals are found in a variety of geo-
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logical settings. Boehmite is assumed to be one of the most preva-
lent aluminum-bearing solids at Hanford site [32]. Manganite is
the most stable and abundant Mn(Ill) oxyhydroxides [33], it was
found in several nuclear waste sites [34]. Goethite is ubiquitous all
over the world in soils, ores, and sediments since it is the most
stable iron oxyhydroxides [35]. Lepidocrocite is the polymorph of
goethite with less stability and often occurs in redoxomorphic en-
vironments [35]. These four minerals are all reported to be good
adsorbents for heavy metal pollutants [36-40], but the uranium
sorption behaviors on these minerals were not fully investigated
except for goethite [41].

The electrostatic properties and the reactivity of uranium are
influenced by its species. Factors such as pH of the solution and
the co-existing anions that affect the species distribution should
be considered when discussing uranium sorption behavior. The pH
of the solutions around the tailings widely range from 2 to 10 since
both acid and alkaline leaching are adopted in the uranium milling
process based on the composition of the minerals [42-44]. Further-
more, anions such as (bi)carbonate, silicate, and sulfate are com-
monly seen in the in situ leaching of uranium milling [45] and the
seepage of the tailings [46]. Phosphate is also found in several ura-
nium tailings sites [29], and it is an effective chelating ligand used
in the uranium immobilization treatment [47,48]. These anions,
common in the groundwater systems [49,50], affect the species of
uranium by forming stable complexes with uranyl [51-53].

Therefore, in the following work, a systematic investigation of
uranium sorption behavior on the oxyhydroxide minerals (with
boehmite, manganite, goethite and lepidocrocite as examples) un-
der various solution conditions will be given by means of batch
experiments. In addition, the key factors mentioned above, such
as pH and anions including carbonate, phosphate, and silicate are
considered.

The uranium stock solution (0.01 mol/L) used in this work was
prepared by dissolving UO,(NOs3),°6H,0 (A.R. grade, Sinopharm
Chemical Beijing Reagent Co., Ltd) in deionized MilliQ water (18.2
MSQcm). Other chemical reagents are of analytical grade and were
used without further purification. Al-, Mn- and Fe-oxyhydroxides
were synthesized referring to Zhang et al. [54], Frierdich et al. [55],
Schwertmann and Cornell [56], accordingly. The structure, surface
property and morphology of the products before and after sorption
experiments were recorded. Details of synthesis processes, charac-
terizations, and batch experiments were listed in Supporting infor-
mation.

The XRD patterns of the synthesized minerals are shown in
Fig. 1. In Fig. 1a, there is no sign of the diagnostic peaks of gibb-
site (i.e. (002), (110), and (200)) and bayerite (i.e., (131)) after 80 h
of hydrothermal reaction, proving that the gel precursor trans-
formed completely to boehmite. During the synthesis process of
lepidocrocite, once carbon dioxide was removed from the air be-
fore oxidation, the proportion of goethite in the final product is
negligible, as shown in Fig. 1d, the (110) and (130) peak of goethite
did not appear in the diffraction pattern [57].

The surface characters and structures of these synthesized min-
erals are detailed by SEM and TEM images in Fig. 2. The stacked
boehmite nanoplates have a typical rhombic shape with a size be-
tween 50 nm to 120 nm as shown in Figs. 2a and b. In Figs. 2d
and e, the synthesized manganite has a rod-like structure with
a length of about 100-500 nm and a width of about 15-20 nm.
In Fig. 2g, the aggregated goethite exhibits an acicular structure
with a length around 0.9-1.3 pm and a width around 30-60 nm.
The synthesized lepidocrocite is spindle-like as shown in Fig. 2j,
the size of which is around 200-700 nm and the length/width
ratio is around 8. The specific surface area (SSA) and the point
of zero charge (PZC) of the synthesized minerals are listed in
Table 1.
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Fig. 1. XRD patterns of the synthesized minerals, all of them are in good agreement
with the corresponding standard card. (a) boehmite, No. 00-021-1307, (b) mangan-
ite, No. 01-088-0649, (c) goethite, No. 00-029-0713, (d) lepidocrocite, No. 00-044-
1415.

Fig. 2. SEM, TEM, and HR-TEM images of the synthesized minerals. (a-c) boehmite,
(d-f) manganite, (g-i) goethite, (j-1) lepidocrocite.

To determine the suitable ratio of solid to solution for the fol-
lowing experiments, the sorption experiments of uranium on syn-
thesized minerals were conducted with a sequential solid/solution
ratio from 0.1 g/L to 1.5 g/L at pH 5.0. As can be seen in Fig. 3a,
the sorption percentage of uranium ascended with the increasing
solid/solution ratio except boehmite, which showed no significant
effect on uranium sorption with its increasing solid/solution ratio.
In order to clearly observe the sorption behavior of uranium on
these four synthesized minerals, the solid to solution ratio was se-
lected as 0.5 g/L according to the experimental results.

Solution pH is another important parameter to uranium sorp-
tion behaviors since it changes not only the uranium speciation in
aqueous systems but also the surface binding sites of the adsor-
bents. The sorption edges of uranium on four synthesized minerals
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Table 1

The specific surface area and the point of zero charge of the synthesized minerals.
Synthesized minerals SSA (m?/g) PHpzc
Boehmite 51.19 + 0.40 6.2
Manganite 57.27 + 0.34 52
Goethite 40.22 + 0.17 6.0
Lepidocrocite 72.92 + 0.05 6.9

Fig. 3. Effect of solid ratio (a) and pH (b) on uranium sorption behavior on the
synthesized minerals (I = 0.01 mol/L NaClOy4, c(U)iyi. = 11.9 mg/L, (a) pH 5.0 £+ 0.1,
(b) m/v = 0.5 g/L).

Fig. 4. The sorption isotherms of uranium on (a) boehmite, (b) manganite, (c)
goethite and (d) lepidocrocite, (pH 5.0 + 0.1, m/v = 0.5 g/L, I = 0.01 mol/L NaClO,).
Solid line: Langmuir model, dash line: Freundlich model, dot line: the average Q..

are shown in Fig. 3b. It was detected that uranium sorption per-
centage on boehmite increased slowly from 8% to 18% with the pH
varying between 3.0 and 5.8. The sorption edge was between pH
6.2 to 7.1 as the sorption percentage increased rapidly from 31%
to 96%. After that, the sorption percentage remained almost con-
stant at high pH. Comparing to boehmite, the sorption edges of
uranium on manganite, goethite, and lepidocrocite were at around
pH 4 to 7. For manganite, the sorption percentage rose gradually
from 26% to 93% as pH increased from 4.5 to 6.3. The sorption edge
on manganite was comparable to the previous studies about ura-
nium sorption on manganese oxides [58-60]. For goethite, between
pH 4.6 and 7.3, the sorption percentage increased from 5% to 95%,
similar to the results mentioned in published papers [61,62]. As
for lepidocrocite, the sorption edge was within pH 4.3 and 6.3,
with the sorption percentage between 21% and 95%. When the pH
reached 7, all four synthesized minerals have a sorption percent-
age near 95%, showing an excellent sorption capacity towards ura-
nium. This phenomenon proved the importance of pH on the ura-
nium sorption behaviors on the synthesized minerals. Comparing
to boehmite, Mn- and Fe-oxyhydroxide minerals might play a more
essential role in uranium immobilization under acid conditions.
The sorption isotherms of uranium on the synthesized minerals
are shown in Fig. 4, the corresponding fitting parameters of Lang-
muir (Qe = K QmaxCe/(1 + K.Ce)) and Freundlich (Qe = KgCel/M)
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Fig. 5. Effect of anions (molar ratio) on uranium species distribution (a, c, ) and
sorption behavior (b, d, f). (a, b) carbonate, pH 10.5, (c, d) phosphate, pH 5.0, (e, f)
silicate, pH 5.0 (m/v = 0.5 g/L, I = 0.01 mol/L NaClOy4, c(U);p;;. = 11.9 mg/L).

isotherm models were obtained and listed in Table 2. Herein, Qe
(mg/g) is the uranium concentration on the adsorbent, C. (mg/L)
is the corresponding uranium concentration in the supernatant; Kj
is the Langmuir sorption constant, Qmax (mg/g) is the maximum
sorption capacity; Kg is the Freundlich sorption constant, and n is
a correction factor. Due to the low sorption ability of boehmite to
uranium at pH 5.0, the isotherm curve of uranium on boehmite
showed a plateau across the investigated uranium concentrations
as in Fig. 4a, with the average Q. of 2.78 mg/g. However, at pH 6.7,
almost all uranium in the solution was adsorbed by boehmite with
the initial uranium concentration from 2.38 mg/L to 71.4 mg/L. Af-
ter sorption, the concentration of uranium in the supernatant was
less than 3 mg/L. The sorption mechanism of uranium on boehmite
might be attributed to surface precipitation rather than complexa-
tion, and it is discussed in the following section.

As depicted in Figs. 4b-d, the sorption of uranium on the syn-
thesized minerals can be better fitted by the Langmuir model. The
maximum sorption capacity of uranium on manganite, goethite,
and lepidocrocite is 25.8, 27.9 and 60.9 mg/g, respectively. If nor-
malized by SSA, the maximum sorption density of these three min-
erals is 0.450, 0.694 and 0.835 mg/m2. Therefore, the sorption ca-
pacity of uranium on the surface sites of the synthesized minerals
follows the order of lepidocrocite > goethite > manganite.

The relative concentration of co-existing anions and uranyl is
another essential factor in aqueous uranium speciation. Figs. 5a,
c and e depict the relevant uranium species distribution with the
presence of carbonate (pH 10.5), phosphate, and silicate (pH 5.0),
calculated with Visual Minteq 3.1. These specific pH values were
selected to ensure a higher composition of the species of interest.
U0,(C0O3)3* takes over as the main species when the C/U molar
ratio reaches 10. For phosphate, the predominant species becomes
UO,HPO4 when P/U > 0.75. Although the percentage of UO,PO4~
and UO,H,PO4* increases as phosphate concentration increases,
the total amount remains less than 5%. As for silicate, the percent-



J. Wang, W. Zhou, Y. Shi et al.

Table 2
Parameters of sorption models for uranium on synthesized minerals at pH 5.0.

Chinese Chemical Letters 33 (2022) 3461-3467

Adsorbent Langmuir model Freundlich model

Ki Qmax (mg/g) R? K¢ n R?
Boehmite - - - - - -
Manganite 0.118 + 0.242 25.85 + 0.05 0.977 3.27 £ 0.58 1.95 + 0.11 0.916
Goethite 0.166 + 0.232 27.91 + 0.05 0.990 5.57 + 0.45 2.45 + 0.07 0.977
Lepidocrocite 0.0299 + 0.0634 60.94 + 0.06 0.969 2.04 £ 0.30 1.30 + 0.06 0.971

age of UO,SiO(OH)3* gradually rises as silicate concentration in-
creases. The uranium sorption behavior varies with the anion con-
centration since the affinity of different uranium species with min-
eral surfaces is not the same.

Fig. 5b shows that the uranium sorption percentage on man-
ganite, goethite, and lepidocrocite decreased almost linearly with
the increase of carbonate concentration, which might be explained
as that uranyl prefers to form soluble complexes with carbonate
rather than surface binding sites. The sorption behavior of uranium
on boehmite was another story, when the C/U was between 5 and
10, the sorption percentage dropped abruptly from 81% to 29%.
This may be attributed to the dissolution of surface precipitation
to soluble carbonate species. Fig. 5d indicates that a small amount
of phosphate could enhance the sorption behavior of uranium to a
great extent. When the P/U ratio reached 1.5, almost all uranium
could be removed from the solution. Fig. 5f indicates that the ef-
fect of the silicate concentration on the uranium sorption was not
apparent for the minerals other than boehmite. A control exper-
iment without adsorbent was conducted to figure out the possi-
ble sorption mechanism. The Si concentrations in the supernatant
of the control experiments remained nearly the same as it was in
the initial solution, thus there were no colloids formed during the
sorption experiment. Therefore, the decrease of uranium concen-
tration in the supernatant of the control experiments was due to
uranyl silicate precipitation, which was also the reason for the in-
creased sorption percentage on boehmite. As for the minerals other
than boehmite, it was the surface complexation rather than uranyl
silicate precipitation that accounted for the main part of uranium
removal, thus the effect of silicate on sorption was only obvious at
higher silicate concentration.

Considering the studied conditions, including pH, co-existing
anions and sorption isotherms, boehmite exhibited a specific be-
havior on uranium sorption, and quite different from the other
three synthesized minerals. In the near neutral to sub-alkaline so-
lutions, uranium could be strongly retained by boehmite. However,
the sorption of uranium on boehmite was easily influenced by the
solution conditions such as pH and concentration of the co-existing
anions. Especially once the solution was acid or with the pres-
ence of high concentration bicarbonate, the sorption capacity of
boehmite decreases significantly. Thus boehmite could be a pos-
sible candidate for uranium removal and recovery materials. Com-
paring to boehmite, the Mn- and Fe-oxyhydroxide minerals could
be effective adsorbents for the uranium immobilization in the ura-
nium tailings disposal sites since the surface complexation is rela-
tively stable against pH and anions.

The mechanism of uranyl interacting with the synthesized min-
erals was further investigated by XPS. Samples for the XPS mea-
surements were prepared at pH 6.7 for boehmite, and at pH 5.0
for manganite, goethite, and lepidocrocite, with the initial uranium
concentration of 11.9 mg/L. In Fig. 6a, the peak at 73.8 eV is as-
signed to Al 2p, in agreement with previous studies [63,64]. The
U 4f;, peak and U 4fs); peak can each be fitted by three peaks
as shown in Fig. 6b. For U 4f;p,, the binding energies of three
peaks are 380.2, 381.2 and 382.1 eV, respectively, and the corre-
sponding proportions are 17%, 56% and 27%. The binding energies
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Fig. 6. XPS spectra of synthesized minerals after uranium sorption, (a, c, e, g) total
survey, (b, d, f, h) high-resolution spectra of U 4f.

of U 4f;, are in accordance with metaschoepite or Na-substituted
metaschoepite [65], while the main component shifted to a lower
binding energy, which might due to the dehydration of the uranyl-
hydroxy-hydrates [66]. In Fig. 6¢, the splitting energy of Mn 3s
doublets is regarded as the reference of Mn oxidation states [67].
Before and after uranium sorption experiments, the splitting en-
ergy of Mn 3s doublets remained unchanged at 5.5 eV. There-
fore, the oxidation state of Mn in manganite was Mn(Ill) [68], and
there were no redox reactions involved in the sorption experi-
ments. Also, no difference in Fe 2p peaks was observed for goethite
and lepidocrocite before and after uranium sorption. The binding
energies of U 4f in manganite, goethite and lepidocrocite samples
are above 381.7 eV as in Table 3, suggesting that uranyl was not re-
duced in the sorption process. In conclusion, the main mechanism
for uranium sorption on boehmite was surface precipitation while
on the other three synthesized minerals was surface complexation
and no redox reaction was involved in the sorption process.

In consideration of the specific uranium sorption mechanism
on boehmite from the other minerals, SEM and XRD were con-
ducted to analysis the morphology and structure of the uranium-
bearing precipitate on boehmite surface. Samples were prepared
with a higher initial uranium concentration of 71.4 mg/L at pH 6.7.
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Fig. 7. (a, b) SEM images of boehmite induced uranium precipitation at pH 6.7 with
the initial uranium concentration of 71.4 mg/g. (c-f) SEM-EDS element mappings of
the precipitate.

Fig. 8. XRD pattern of the precipitates on boehmite. The reference patterns are
boehmite (No. 00-021-1307), schoepite (No. 00-050-1601) and sodium uranate hy-
drate (No. 00-012-0112).

In Figs. 7a and b, precipitate flakes formed flower-like clusters with
a size of about 1 um, covered by boehmite nanoplates. The element
mapping results of the clusters are shown in Figs. 7c-f, suggesting
that the precipitate might contain uranyl carbonates. In the mean-
time, only a small amount of uranium clusters was observed in
the sample of the control experiment without minerals. The sorp-
tion percentage reached 99% for the sample with boehmite, while
for the one in the control experiment was 29%. Thus, boehmite in-
duced the effective removal of uranium from the aqueous solution
by precipitation at pH 6.7.

Fig. 8 is the XRD pattern of the precipitates. Except for the diag-
nostic peaks of boehmite at 14.52°, 28.25° and 38.39°, the peaks at
11.89°, 23.86°, 25.32°, and 35.11° are attributed to uranyl-hydroxy-
hydrates such as schoepite and sodium uranate hydrate [69], and
they also contribute to the increase in the intensity of the peak at
28.25°.

Allard et al. investigated the uranium sorption behaviors on the
Si/Al-rich gels generated from the weathering of a uranium de-
posits and proposed the possible mechanism of uranyl polymers
co-precipitation based on the EXAFS (extensive X-ray adsorption
fine structure) results [70]. They also mentioned that the sorption
structure of uranium on Fe-rich gels was not the same as on the
Si/Al-rich gels. The surface structure of uranium sorption on gibb-
site was further discussed by Froideval et al. [71] and Hattori et al.
[72] that the existence of uranyl polymers was proved by the EX-
AFS spectroscopy and DFT simulations. Boehmite has limited sur-
face reactivity if well crystallized and the surface adsorptions via
ligand exchange reactions are not likely to occur [73]. In conclu-
sion, uranium removal by boehmite at pH 6.7 is mainly by surface
precipitation rather than surface complexation, and the precipitate
might comprise a mixture of uranyl-hydroxy-hydrates and uranyl
carbonates. This surface precipitation mechanism makes it possi-
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Fig. 9. Effects of desorption conditions on the reusability of boehmite. Each ex-
periment contained three cycles of sorption and desorption with the red bar indi-
cating the sorption efficiency and the blue bar indicating the desorption efficiency
(m/v = 0.5 g/L, I = 0.01 mol/L NaClOy4, c(U)ip;;, = 71.4 mg/L).

Fig. 10. Uranium removal efficiency of boehmite in a simulated wastewater solution
(pH 6.7 £ 0.1, m/v = 0.5 g/L, c(U)ipic. = 5.9 mg/L).

ble to reuse boehmite, by switching the condition to get rid of the
precipitated uranium.

Five desorption conditions including acid solutions with pH val-
ues between 3.0 and 5.0 and alkaline solutions with two bicar-
bonate concentrations were applied to investigate the reusability
of boehmite. Each cycle consisted of a 24-h sorption process and
a 12-h desorption process. At the end of each process, the sus-
pension was centrifuged and the supernatant was discarded af-
ter recording the uranium concentration. The solution pH in the
sorption process was maintained at 6.7 + 0.1 during the sorption
process. As shown in Fig. 9, boehmite showed high sorption effi-
ciency towards uranium with a sorption percentage of about 98%
at 6.7 £+ 0.1. Both acid and alkaline solutions could effectively re-
cover uranium from the precipitates with a desorption efficiency
higher than 97%. However, the desorption efficiency for the acid
solution at pH 5.0 was about 57%, and for the alkaline solution
with 0.001 mol/L NaHCO3 was less than 6%. In view of these re-
sults, one can suggest boehmite as a uranium removal and recov-
ery material since the uranium removal efficiency remained at a
high level at 6.7 + 0.1 and the uranium in the solid phase could
be easily recovered by acid or alkaline solutions.

According to the concentrations of cations and anions in the
uranium polluted wastewater samples [26,74-76], we prepared
simulated samples to investigate the effects of co-existing cations
and anions on the uranium removal efficiency by boehmite. The
anion was chloride for the simulated cation wastewater sam-
ples and the cation was sodium for the simulated anion samples.
The effects of each cation and anion were investigated separately,
and uranium removal efficiencies by boehmite in the simulated
wastewater samples with mixed ions (SIMU-Cat & SIMU-An) were
also discussed in Fig. 10. The concentrations of the cations and an-
ions in the simulated wastewater samples are listed in Table 4. The
pH 6.7 £ 0.1 of the simulated wastewater and the uranium concen-
tration (5.9 mg/L) were also comparable to the polluted wastew-
ater samples. Mg+ and Ca?* reduced uranium sorption percent-
age to about 50% possibly through the formation of ternary uranyl
carbonates. Fe3*, Mn2* and AP increased the sorption percent-
age to more than 95% because the hydrolyzation precipitation of
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Table 3
U 4f binding energy of synthesized minerals after uranium sorption.

Binding energy (eV)

U 4f;p, U 4fy), sat. U 4fs5p, U 4fs), sat.
Manganite 382.1 384.0 393.0 394.7
Goethite 381.7 383.0 392.6 395.6
Lepidocrocite 381.9 383.8 392.7 394.2

Table 4
The concentrations of cations and anions in the simulated wastewater samples.

Cation Concentration (mg/L) Anion Concentration (mg/L)
Mg?* 98 HCO5~ 63

Ca%t 15 PO43~ 5

Fe3+ 23 S04%~ 352

Mn2+ 23 NO3~ 2

At 53 Cl- 33

the cations at pH 6.7 increased sorption surfaces. In the simulated
wastewater with mixed cations, the sorption percentage exceeded
98%. For anions, only phosphate had the promotion effect towards
uranium removal with a sorption percentage of 97%. Bicarbonate
decreased the sorption percentage to less than 30%. However, the
removal efficiency in the simulated wastewater with mixed anions
was more than 97%. Boehmite showed excellent uranium removal
efficiency in the simulated wastewater samples.

In the current work, with a systematic investigation of uranium
sorption on four synthesized minerals (manganite, goethite, lep-
idocrocite and boehmite), it was unveiled that under acid con-
ditions, the retention ability of Mn- and Fe-oxyhydroxides ex-
ceeded Al-oxyhydroxide. Surface complexation was proposed as
the predominant mechanism of uranium sorption on manganite,
goethite, and lepidocrocite. As for boehmite, surface precipitation
of uranyl carbonates and hydrates is the main reason for uranium
removal from solution. Moreover, at pH 10.5, carbonate reduced
the uranium sorption as the uranyl preferred the soluble carbon-
ate species over surface complexation and precipitation. At pH 5.0,
equivalent amount of phosphate could effectively enhance uranium
sorption, while the effect of silicate was not apparent unless its
concentration was relatively high. Owing to the specific uranium
sorption mechanism, boehmite was discovered to be an effective
uranium removal material that can be reused by treating with both
acid and alkaline solutions. Furthermore, in the simulated wastew-
ater, boehmite also showed outstanding removal efficiency for ura-
nium.

In environment, secondary minerals such as oxyhydroxides ex-
hibit excellent sorption capacity towards uranium when the so-
lution pH was near neutral to sub-alkaline. Uranium sorption on
Al-oxyhydroxides is easily influenced by environmental conditions
such as pH and the concentration of the co-existing anions, but
the uranium surface complexes on Mn- and Fe-oxyhydroxides are
relatively stable. Thus, the secondary minerals can play essential
roles in the uranium retention at the disposal sites. This work of-
fers critical data of uranium retention in oxyhydroxides, and pro-
poses boehmite as a potential candidate for uranium removal and
recovery.
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