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Removing actinide from wastewater to render it potable is an active and important area of research. Herein,
using TiB; as an inexpensive and green precursor, we synthesized 100 g-scale hierarchical structures composed of
ion-exchangeable one-dimensional lepidocrocite (1DL) titanate nanofilaments for efficient actinide capture.
These new and unique titanate hierarchical structures (THSs) are stable at pH > 2.0 and have a considerable U
(VI) adsorption capacity of 424 mg/g at pH 4.0. The THSs also exhibit outstanding selectivity and high removal
efficiency for U(VI) when excess competing ions (such as Ca’t, Mg2+, transition metal and lanthanide ions)
coexist. The applicability assessment further demonstrates their superb purification ability (>25 ton/kg adsor-
bent) for U-contaminated drinking water. The uranium concentration can be reduced from 2500 ppb to 1 ppb in
60 s, which meets the drinking water interim standard recommended by World Health Organization. Besides, the
used adsorbents can be regenerated by binary acid and salts mixtures for at least five cycles. Spectroscopic
analysis confirmed that TMA™' and Li™ in the THSs are replaced by U(VI) through ion exchange at the initial stage
of adsorption. The underlying microscopic removal mechanism was predominantly bidentate inner-sphere
complexation, accompanied by a small amount of reductive immobilization. The overall results in this work
provide new insight into the large-scale, low-cost and highly efficient applications of these 1DL THSs in envi-
ronmental remediation and water purification.

1. Introduction

Nanostructured materials usually exhibit quite distinct physical and
chemical properties when compared to their bulk counterparts owing to
their small size and concomitant high specific surface areas (SSAs),
unique morphologies and customizable terminations. Their applica-
tions, in turn, is widespread in energy, catalysis, environmental and
sensing fields. In the aspect of environmental remediation, nano-
adsorbents with different structures are promising candidates for effi-
cient removal of various environmental pollutants in recent years due to
their high SSAs, controllable defects, numerous active adsorption sites
and connected pore structures [1-3].

One-dimensional (1D) carbon nanotubes [4,5], two-dimensional
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(2D) graphene [6,7] and transition metal carbides, MXenes [8-12], as
well as porous metal organic framework materials [13], etc., have been
widely explored for the removal of heavy metal ions, radionuclides, dye
molecules and organic pollutants from water in relatively short times.
These results have strongly promoted the rapid development of water
purification/treatment related research using these nanomaterials.
However, the latter have yet to find traction as nano-adsorbents
compared with mature processes such as industrial membrane separa-
tion technology. The reasons are several and include selectivity, and the
high cost of large-scale production. Therefore, there is an urgent need to
develop new and advanced adsorption materials for water purification.

Titanium dioxide or titania (TiO2) has often served as a stable model
substrate for experimental sorption studies of environmental
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contaminants such as radionuclides and humic acid [14-16], but its
adsorption performance is limited by the low number of surface active
sites. Other studies have shown that the adsorption performance of
various TiOy adsorbents is related to their crystallographic phase,
morphology, grain size, SSA, surface charges and surface impurities
[16]. For instance, the experimental uranium (U) uptake capacity of
crystalline TiO5/ZrO, porous beads and defective TiO2 are only 40.2
mg/g and 65.4 mg/g, respectively [14,15]. It is worth noting that
another type of titania-based materials featuring ion-intercalation,
namely titanates, have also been evaluated as promising adsorbents
for the enrichment and separation of radionuclides such as Sr, Cs, U and
Th due to their higher ion-exchange capacity [17-22]. However, the
literature indicates that the adsorption of U(VI) on multilayer, (ML),
titanate nanotubes is significantly suppressed in the presence of
competing ions such as Ca(Il) [23], suggesting that the selectivity of
titanate adsorbents still needs to be improved. At present, the related
studies mainly focus on the functionalization and hybridization of tita-
nate materials to improve their selectivity and uptake capacity [24,25].
Another potential problem with titanates is how to scale up, inexpen-
sively, their green synthesis.

In search of a scalable protocol to prepare nanomaterials we devel-
oped a bottom-up synthesis approach that enables the low-cost, large-
scale — in the kilogram range — production of metal oxide low-
dimensional nanostructures [26,27]. For example, aqueous solutions
of tetramethylammonium hydroxide (TMAH) — a common organic base
with a variety of roles as reaction agent, intercalating agent, as well as a
templating agent — was reacted with 6 different binary and ternary
manganese (Mn) oxides and borides. The reaction transformed them
into crystalline 2D birnessite flakes that are 2-3 atomic layers-thick and
up to 500 nm across [27]. The electrochemical performances of these
flakes in electrocatalysis and supercapacitor applications were found to
be in line with other reports in the literature. In contrast to the latter —
mostly prepared through top-down techniques — ours is significantly
cheaper, simpler and starts with non-toxic, earth-abundant precursors
[27,28].

Following the same synthesis method, but starting with water-
insoluble Ti-containing compounds such as TiC, TiN, TiBy and TiSis,
we produced 1D lepidocrocite titanate nanofilaments (NFs), henceforth
referred to as 1DL NFs [26,29]. These 1DL NFs grow along the [100]
direction and are truly one-dimensional in that their minimal cross
sections are of the order of 5 x 7 A2 [29,30]. These extreme dimensions,
in turn, appear to result in quantum confinement that blue-shifts the
band gap energy, Eg, to 4 eV from ~ 3.2 eV for rutile/anatase [26,31]. To
date, the 1DL NFs have shown promise in energy storage applications
such as lithium-ion and lithium-sulfur batteries [32], photocatalytic
hydrogen production [69], biomedical cancer therapy [26], as well as in
polymer nanocomposites [70].

Since TiB, powders can be fully converted to 1DL NFs in 3 to 5 days
(d), we converted 100 g of commercial TiB; powders into 1DL NFs by
reacting them with a TMAH aqueous solution at 80 °C for 5 d in a
temperature-controlled shaker [30]. The as-synthesized entities are 5 —
30 um across titanate hierarchical structures, THSs, with a sponge-like
morphology — but at a much finer scale (see Fig. S1). In all cases, and
regardless of the final morphology, the building unit, remains 1DL NFs
[30,33]. In our first report, after neutralizing the product with ethanol,
(EtOH), to pH ~ 7, it was washed with a LiCl solution to exchange the
TMA cations with Li". This was carried out to rid the system from TMA™"
cations and reduce the C-concentration. More recently we showed that if
we simply allow the EtOH to evaporate after neutralizing the reaction
products with EtOH, THSs were obtained [30]. To probe the importance
of the exchangeable cations on the effectiveness of U adsorption, we
started with ones of that had either TMA™ (as processed) or Lit (LiCl
washing) ions in the interfilamentous gallery space. These will hence-
forth be referred to as THS-T or THS-L, respectively.

This work’s impetuous was our realization that our 1DL NFs are
readily cation exchangeable where the TMA™ cations — present in the
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interfilamentous gallery space after reaction — can be readily replaced
with various mono- and divalent cations including H/H30™, Li*, Na*,
Mg, Mn?*, Fe?*, Co?*, Ni®*, and Zn?" ions [30]. This fact together
with theoretical SSAs in the 1000 m?/g range suggested that these 1DL
NFs could also be quite effective in adsorbing dangerous actinide
cations.

Here, U is selected as a representative actinide for removal mainly
because of its important role in the nuclear fuel cycle and the long-term
environmental hazards of this radiotoxic, chemically toxic and highly
mobile element [34,35]. With the increase of nuclear industrial activ-
ities such as uranium ore mining, discarded tailing and uncontrolled
discharge of nuclear waste [36,37], a large amount of U-containing
wastewater is produced, which urgently needs to be treated to avoid
large-area environmental pollution. In this work, the physicochemical
properties of the 1DL THSs and their dispersion stability in water were
carefully evaluated, and the U(VI) adsorption behavior of the materials
and their practical application of water purification were systematically
investigated. We find that our THSs have considerable U(VI) adsorption
capacity, excellent selectivity, and ultrafast purification ability for low
and medium concentrations of U-contaminated radioactive wastewater.
In addition, the underlying microscopic adsorption mechanism between
U(VD) and 1DL titanate was explored by advanced spectral techniques.
This work demonstrates the first case of this 1DL ion-exchangeable THSs
for the environmental remediation applications of typical radioactive
contamination.

2. Results and discussions

2.1. Characterization of 1DL-based titanate hierarchical structures
(THSs)

The experimental details can be found in the materials and methods
section (see Supplementary Material). In brief, the 1DL-based THSs were
prepared by shaking TiB, precursor powders in 25% TMAH aqueous
solution at 80 °C for 5 d. THS-T and THS-L powders were, respectively,
obtained either by only EtOH washing, or by EtOH washing followed by
a LiCl treatment. Typical X-ray diffraction (XRD) pattern of THS-T (red
line in Fig. 1a) is characterized by a set of 0kO reflections along the
stacking or b-axis with a b lattice parameter (b-LP) of 11.5 A (calculated
based on 020 peak centered at 26 angle value of 7.7°), which is in good
agreement with that of 2-Ti-atom-thick 1DL NFs assembly in our pre-
vious work [26,29]. It is important to note that in our previous work we
indexed the low angle peaks as 00l peaks; more recent work suggests
that they are 0kO peaks instead and that the NFs configuration is -ABAB-
which renders the peak located at 7.7° a 020 reflection[29,30]. In this
case, the 1DL NFs are characterized by four peaks — (110), (130),
(200), and (002) denoted in red in Fig. 1a. The latter two are not
functions of the nature of the cations surrounding the NFs. These peaks
are crystallographic in origin and can be used to calculate both the c-
and a-lattice parameters of our 1DL NFs. The (130) and (1 10) peaks are
a weak function of the nature of the cation between the NFs. In addition
to these peaks, small peaks of unreacted TiB; (denoted by asterisks in
Fig. 1a) were observed. After washing in a LiCl solution, the b-LP of THS-
Tat ~ 11.5 A decreased to ~ 9.3 A as a result of the Li™ cations replacing
their TMA™ counterparts (Fig. 1a). Similar to other reports in the liter-
ature, Li ions intercalation favors an -AAA- type stacking, that slightly
shifts the 110 peak position and vanishes the 130 peak [71,72]. X-ray
photoelectron spectra (XPS) spectra in the N 1 s and C 1 s regions
(Fig. 1h and 1i) and EDX analysis (Fig. S2) clearly show that the TMA™
cations concentrations are significantly reduced after washing with LiCl
solution. This was further confirmed when calcining the THS-L powders,
at 800 °C, resulted in a mixture of Li; 33Ti; 704 phase and rutile
(Fig. S3). Calcining the THS-T, on the other hand, resulted in anatase
and rutile (Fig. S3).

Typical scanning electron microscope (SEM) images of THS-T and
THS-L powders shown in Fig. 1b-c and le-f, respectively, depict that
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Fig. 1. Characterization of 1DL-based THSs. (a) Powder XRD patterns of THS-T and THS-L. (b-d) SEM and TEM images of THS-T. (e-g) SEM and TEM images of THS-
L. (h, i) XPS spectra of THS-L and THS-T powders in (h) C 1s, and (i) N1s regions. TMA™ cations show characteristic C — N and N — C bonds, and the C — C, C — O, and
C = O peaks in (h) are attributed to adventitious carbon contamination. (j) Thermogravimetric results of THS-T and THS-L. (k) Zeta potentials vs. solution pH of THS-

T and THS-L powders.

both have flower- or sponge-like morphologies with some particles
being > 10 pm in lateral dimensions. The former has a looser structure
than the latter. High magnification transmission electron microscope
(TEM) images (Fig. 1d and 1 g) and SEM images (Fig. S1) indicate that,
like in our previous work [29,30], the hierarchical structures of both
materials are comprised of quite fine NFs.

From adsorption-desorption measurements of nitrogen, N, gas
(Fig. S4), we estimated the SSAs to be 31.9 and 32.3 m?/ g for THS-T and
THS-L powders, respectively. The isotherms exhibit type IV curves with
H3 hysteresis loop, revealing the existence of irregular slit-pores, which
probably stem from NF aggregation. Notably, these SSAs are far from the
theoretical SSAs of the 1DL NFs that are — assuming a 5 A thickness to the
NFs — in the 1000 m?/g range. We attribute the lower measured SSAs
compared to the theoretical value to the dense self-assembly of struc-
tural building units (1D NFs) in THSs and the occupation of inter-
filamentous space by the intercalated ions such as TMA' and Li*, both of
which may prevent Ny molecules from adsorbing to the internal surface
of the NFs in THSs. This is not unique to our materials, but other 2D
materials like MXenes as well [38-40]. It should also be noted that the
low SSA obtained does not imply that there are few available adsorption
sites in our THS adsorbents for water purification applications, since, as
shown here, the intercalated ions surrounding the 1D NFs are capable of
rapid exchange and release in aqueous solutions.

Thermogravimetric analysis, TGA, (Fig. 1j) of the THS-T and THS-L
powders showed them to lose 23% and 13% of their weight when
heated up to 700 °C, respectively. The main weight loss stage at <
350 °C, corresponds to the release of interlayer water, hydration shells of
intercalated ions, and/or a dehyroxylation process. The higher weight
loss for THS-T can be attributed to the decomposition of TMA™ cations
during heating [26,30].

Zeta potential ({) measurements as a function of pH (Fig. 1k) indicate
that the two sets of powders have similar zero charge points around pH
4.0. Like other titanate materials, their { become more negative with

increasing pH due to the presence of Ti — O™ groups on the sorbent
surface for pH > 4.0 [41].

2.2. Stability of THSs in aqueous solutions

Before investigating the adsorption behavior, it is important to
evaluate the stability of the THSs in water in order to understand their
dispersion and structural evolution. Since the THS powders are syn-
thesized in high alkali conditions, and are thus known to be stable at
high pH, our stability assessment was carried out mainly under neutral
and acidic conditions. XRD patterns obtained after exposing the THS-T
and THS-L powders to different pH solutions are shown in Fig. 2a and
2b, respectively. In both cases, the fundamental (110), (200) and (002)
peaks are preserved for powders dispersed in deionized, DI, water.
Under acidic conditions (Fig. 2a), the intensity of (020) diffraction
peaks reduce significantly, with a low angle peak position shift to higher
20 angles, implying that the order of THS-T along this stacking b-di-
rection decreases and that the TMA ™ cations in the interlayer space were
replaced by hydronium, H30" cations. The unchanged peak position of
the (110)/(130) pair and (200) planes indicate that the THS-T’s basic
structural units, viz. 1DL NFs, are preserved after dispersion in water
[26,29]. By contrast, the XRD patterns of the THS-L powders (Fig. 2b),
appear to be undisturbed by the pH of the soaking solution. It is thus
reasonable to conclude that replacing the TMA™ with Li" results in
better structural retention of the THSs. This conclusion is further
confirmed by the morphological characterization of the dispersed sam-
ples (Fig. S5): the NFs of THS-T are rearranged to form thin films, while
the flower-like hierarchical structure of THS-L remains unchanged. The
structural evolution/instability of the THS-T powders most probably
originate from the weak interlayer interaction between the TMA™ ions
and NFs. The importance of washing with LiCl on THS stability was first
documented in Ref. [30].

Fig. 2c plots the weight of powders before and after soaking in the



L. Wang et al.

Chemical Engineering Journal 474 (2023) 145635

100
(a) ——THS-T «TiB, (b) ——THS-L =« TiB, (C) [ THS-T
—— Water —— Water 904 B THS-L
——pH3.0 —— pH3.0
pH2.0 — pH2.0 804
———pH1.0 ——pH1.0
J 70
5 LA_.AA‘.A‘U_,,. 5 N £ 60
s s e
z 2z 8 50l
c < (&) 4
IS = 2w
g * \ A * *
W 304
\W J\.._._... N V).. AN ]
5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65 water pH3 pH2 pH1

2 Theta (degree)

2 Theta (degree)

Solution conditions

Fig. 2. Structural stability of THSs in low pH solutions. (a) XRD patterns for THS-T. (b) same as a, but for THS-L. (c) Weight loss of THS-T and THS-L powders

dispersed in aqueous solutions under different pH conditions indicated on panel.

various pH solutions indicated on figure. The pH was varied using nitric,
HNOs acid. At pH 2.0 and 3.0, the weight losses of the THS-T and THS-L
powders are ~ 20 wt% and 10 wt%, respectively. These values are
comparable to losses in neutral DI water and are probably related to the
release and exchange of intercalated ions. Soaking experiments under
0.1 M and 1 M nitric acid showed that the low pH leads to the dissolution
of the THSs (Fig. 2¢ and Fig. S6). Based on these results, we confined our
adsorption study to solutions with pH > 2.0 and mostly 4.0 and 5.0.

2.3. Batch sorption experiments of THSs for actinide ion removal

Fig. 3a plots adsorption capacities of 1DL-based THSs for U(VI) as a
function of contact time at pH 4.0. The adsorption equilibrium times of
THS-T and THS-L powders are ~ 4 h and ~ 12 h, respectively. Although
these rates are not too fast, nevertheless, 90% and 70% of the

equilibrium adsorption capacities are reached - within 600 s - for the
THS-T and THS-L powders, respectively. We ascribe the faster adsorp-
tion kinetics of the THS-T powders to the dispersion of the NFs in
aqueous solutions. In the THS-L case, the more stable, and larger THSs
present longer diffusion paths, slowing down the kinetics. To better
understand the adsorption process, two kinetic models were employed
to fit the adsorption data (Fig. S7) [42]. The fitting parameters are listed
in Table S1. From the results it is obvious that a pseudo-second-order,
PSO, kinetic model is a better fit and, not surprisingly, the THS-T ki-
netics are faster.

The adsorption behavior of another representative actinide ion, Th
(IV), was also studied and the results (Fig. S8) showed that, here again,
the THS-T powders provide faster adsorption kinetics. Moreover, it is
quite interesting that the adsorption performances of the two 1DL-based
THSs for Th(IV) and U(VI) are different. The adsorption capacity of THS-
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Fig. 3. U(VI) adsorption behavior of THS powders. (a) U(VI) removal kinetics of THS-L and THS-T. (b) Effect of pH on U(VI) removal. (c) Influence of ionic strength
on U(VI) removal. (d) U(VI) adsorption isotherms of THS-L and THS-T powders. (e) Effect of temperature on adsorption of U(VI). (f) Selective adsorption experiments

of U(VI) from solutions containing nine competitive metal cations.
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T for Th(IV) is significantly higher than that of THS-L, while for U(VI) at
pH 4.0, the adsorption capacity of THS-T is slightly lower than that of
THS-L. It is noted that Th(IV) adsorption was performed at pH 2.5 (to
avoid the hydrolysis of Th** ions), which corresponds to a high con-
centration of H' (~3.2 mmol/L) in the solution. A reasonable expla-
nation is that the high concentration of H' plays the role of competing
ion and inhibits the adsorption of Th(IV) onto THS-L, since the bonding
strength of this kind of 1DL-based THSs for actinide ions is not as strong
as that of THS-T (see below).

Fig. 3b shows that the THS-L and THS-T powders have similar U
adsorption edges in the 2.5 to 4.0 pH range, where the rapid increase of
U(VI) removal is consistent with the change of surface charge of 1DL-
based THSs from positive to negative (see Fig. 1k). The positively
charged surfaces, at low pHs, not surprisingly, repulse the cationic
uranyl ion that, in turn, suppresses U(VI) uptake. When the solution pH
is > 4.0, the negatively charged surface favors U(VI) adsorption, thereby
resulting in up to almost 100% removal (Fig. 3b). In addition, it is well
known that uranyl ions tend to hydrolyze and form positive species such
as UO,0HY, (U05),(OH)3", and (UO)3(OH)E with increases in solution
pH [43,44], and neutral uranyl hydroxides may also precipitate in pH
ranges of 6.0-8.0. These factors probably also contribute to the high
removal rate of U. In contradistinction, the dramatic decrease in U(VI)
removal at pH > 9.0 can be ascribed to the formation of anionic U(VI)
species such as hydroxides and carbonate complexes [45,46], which are
also unfavorable for adsorption on a negatively charged surface. Note
that in the 4.0 to 8.0 pH range, THS-L has a slightly higher removal
performance than THS-T, but its removal rate of U(VI) decreases more
obviously under more acidic and alkaline conditions. This suggests that
the adsorption of U by THS-L is more susceptible to environmental
conditions.

To evaluate the influence of ionic strength on U(VI) removal,
adsorption experiments were conducted at different concentrations of
NaClO4. The results are shown in Fig. 3c. With increasing salt concen-
tration, the adsorption capacities of THS-L and THS-T decrease by 23%
and 5%, respectively, reflecting that the latter has a higher affinity for U
(VD) at high salinity.

In general, macroscopic adsorption mechanisms can be classified
into two categories: inner-sphere and/or outer-sphere coordinations. In
the former, the interaction is strong and is not affected by ionic strength.
For the latter, it is mainly electrostatic attraction that belongs to weaker
interactions where adsorbed ions can be readily exchanged in concen-
trated salts, resulting in significant decreases in uptake capacities. Based
on the results shown in Fig. 3c, it is reasonable to conclude that the
adsorption of U(VI) on THS-T is dominated by the stable inner-sphere
coordination, while both inner- and outer-sphere complexes are
formed on the THS-L surfaces. This conclusion can also explain why the
adsorption performance of THS-L for Th(IV) is significantly decreased
compared with that of THS-T in the presence of a high concentration of
Hs0™", as described previously.

Fig. 3d shows adsorption isotherms of 1DL-based THSs. With in-
creases of U(VI) concentration, the uptake capacities increase accord-
ingly. The isotherms were fitted assuming the Langmuir and Freundlich
models (see Supplementary Material). Fitting parameters are summa-
rized in Table S2. The former resulted in higher correlation coefficients,
suggesting that this homogeneous adsorption model can describe the
adsorption quite well. The maximum sorption capacities of THS-T and
THS-L, at pH 4.0, are calculated to be 424 mg/g and 332 mg/g,
respectively, outperforming most of the state-of-the art inorganic
adsorbent materials (Table S3) including GO [47,48], MXene [49-51],
titanate [23-25], metal oxides [15,52], layered metal sulfides [53,54],
and others.

The effects of temperature on U(VI) adsorption are plotted in Fig. 3e,
where it is obvious that higher temperatures favor U(VI) adsorption by
both materials. When the data shown in Fig. 3e are replotted as Van’t
Hoff plots (Fig. S9), fitting the latter results in the calculated parameters
listed in Table S4. From these results it is obvious that the enthalpy
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change (AH) is positive. Said otherwise, the adsorption process is
endothermic [55-57]. Not surprisingly, the positive entropic change,
AS, is what renders /\G negative, leading to spontaneous adsorption.

To evaluate the ion selectivity of our materials, adsorption experi-
ments were conducted in mixed solutions containing 0.5 mmol/L U(VI)
and nine other cations, including transition metal and rare earth cations
(see Supplementary Material). As shown in Fig. 3f, the uptake capacity
of THS-L and THS-T for U(VI) is as high as 0.95 mmol/g (226 mg/g) and
1.03 mmol/g (246 mg/g), respectively. The adsorption capacities for the
other competing cations is < 0.10 mmol/g. It follows that competing
ions have little influence on U(VI) adsorption by our THSs. To further
quantify our adsorbents’ selectivity, the selectivity coefficient (Sy,m),
defined as the ratio of distribution coefficients of U(VI) and competing
ions, was extracted and compared. Table S5 lists the results — together
with many others in the literature — that show that Sy, of THS-L and
THS-T are > 30 and 50, respectively, demonstrating high selectivity
values. Here again these values are significantly higher than other
inorganic adsorbents such as MXene [49,50], graphene oxide [58],
functionalized mesoporous silica [59], mesoporous carbon [60], and
metal oxides [61]. These findings apparently indicate that 1DL-based
THSs, especially THS-T, have quite attractive application potential in
the selective separation of U.

In addition, THS-T and THS-L were regenerated using eluents con-
taining 0.01 M HCl and 1 M tetramethylammonium chloride or 1 M LiCl
in order to assess their reusability. According to the results shown in
Fig. S10, U(VI) adsorption decline slowly with increasing numbers of
cycles. For example, the U(VI) removal rate of THS-T remained at 82%
after the third cycle, which is about 9% lower than that of the fresh
adsorbent. We attribute the decline in the adsorption performance to the
occupation of some adsorption sites by U(VI) in the regeneration process
due to their strong binding. Nevertheless, after five sorption/desorption
cycles, THS-T and THS-L still exhibited high U(VI) uptake capacities of
185 mg/g and 163 mg/g, with corresponding regeneration efficiency of
81% and 75%, respectively. A comparison of removal and regeneration
efficiency between our THS materials and other reported adsorbents is
summarized in Table S6. The results show that THS-T and THS-L have
acceptable reusability in terms of regeneration efficiency and adsorption
capacity.

2.4. U removal from simulated radioactive wastewater by THSs

On the basis of batch adsorption experiments, we further evaluated
the performance of our THSs for U(VI) removal in the field of water
purification. The bivalent Ca®" and Mg?" are ubiquitous, and sometimes
at high concentrations in natural water and environmental wastewater
have a significant negative impact on the removal efficiency of heavy
metal ions [11]. Therefore, the selective removal ability of 1DL-based
THSs for U(VI) from water with different concentrations of Ca®>" and
Mg?* was evaluated and compared with a common commercial ion
exchange resin (IR 120). The results (Fig. 4a and 4b) show that the
removal rates of U(VI) by THS-T and THS-L only slightly decrease with
the increase of the concentration of competing ions; while for the non-
specific electrostatic adsorbed IR 120, U(VI) removal percent is sup-
pressed to < 15% in the presence of 4 mmol/L Ca®" or Mg?". At a
relatively high Ca/U and Mg/U molar ratios of 1523 (128 mmol/L Ca>*/
Mg2+), THS-T remove 81.5% and 90.7% U(VI), respectively. The cor-
responding distribution coefficients (Ky) are 2.2 x 10* and 5.4 x 10*
mL/g, respectively. For THS-L, at the same Ca/U and Mg/U ratios, the
removal rates are 80.8% and 76.5%, respectively. The corresponding K4
values are 2.1 x 10* and 1.6 x 10* mL/g, respectively. Higher K4 values
implies a stronger binding affinity between adsorbate and adsorbent and
materials with K4 > 5 x 10% mL/g are generally considered to be
excellent adsorbents [62,63]. Based on that criteria it is reasonable to
conclude that our THS powders exhibit outstanding enrichment selec-
tivity for U(VI) against Ca®* and Mg?* competing cations.

Further purification experiments dealing with simulated U-
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contaminated potable water containing 60-fold (molar ratio) Ca®*, 100-
fold Mg?" and 200-fold Na™ show that the THS-T powders can reduce
the concentration of U(VI) from 2,500 pg/L to around 1 pg/L in one
minute and eventually to 0.6 ug/L (Fig. 4c). This value is far below the
drinking water interim standard (15 pg/L) of U-concentration recom-
mended by the World Health Organization, WHO. Despite the fact the
THS-L’s U-removal kinetics are slower than those of THS-T (Fig. 4c),
nevertheless, the U(VI) concentration drops from 2500 pg/L to < 15 pg/
Lin 1 h (Fig. 4c). The residual concentrations, at equilibrium, are as low
as 0.9 pg/L. The K4 values extracted from the purification experiments
—2.1 x 107 and 1.0 x 10’ mL/g for THS-T and THS-L powders,
respectively — are amongst the highest reported U adsorbents.

Moreover, THSs have shown both remarkable treatment capacity
and high removal efficiency for U-contaminated wastewater. Fig. 4d
indicates that 1 kg THS-T or THS-L powders can treat >25 tons and
about 15 tons of U-contaminated potable water without exceeding the
limit WHO concentration standard. The corresponding U(VI) removal
rates are higher than 99.7% and 99.4%, respectively. The THSs can also
efficiently remove U in other environmental media including humic acid
and simulated groundwater, as shown in Fig. 4e. The above results
firmly demonstrate that our 1DL-based THSs, especially THS-T, have
promising application prospects in the purification of low and medium
concentration U-containing drinking water and environmental
wastewater.

2.5. Uranium elimination mechanism by 1DL-based THSs

To better understand U speciation and underlying removal mecha-
nisms, XRD patterns, SEM images, X-ray absorption fine structure

(XAFS) and XPS of U-adsorbed samples were acquired and carefully
examined. The d-spacing of THS-L increased from 9.3 A to 11.7 A after U
(VI) adsorption (Fig. S11), clearly indicating the successful intercalation
of uranyl ion into the inter-filament space. The shift is observed in 4.0
and 5.0 pH solutions. In the THS-T case, the (020) peak almost disap-
pears (Fig. S11), indicating that the order along the stacking direction is
mostly lost. Interestingly, the d-spacing does not change for TMA™
intercalated THS-T after U(VI) adsorption.

High resolution XPS spectra in Cls and N1s regions are shown in
Fig. S12a and S12b, respectively. After U-adsorption, the N-signal dis-
appears (Fig. S12b). Concomitantly, a strong U signal is detected for
both powders (Fig. S13), suggesting that the guest intercalated ions are
fully exchanged with uranyl ions. Thus, at the initial stages of adsorp-
tion, Li* or TMA™ in the both THSs are replaced by uranyl ions through
ion exchange.

At the SEM level (Fig. S14), the morphologies of the THS-L particles
retained their shape whereas those of their THS-T counterparts
collapsed after U adsorption. These results are fully consistent with the
results of our stability evaluation for the two materials in water (Fig S5).
It is reasonable to assume at this time that the structural rearrangement
of the NFs exposes more THS-T active sites to fully interact with U(VI) in
aqueous solution in quite short times, resulting in outstanding adsorp-
tion capacity and ultra-fast water purification performance.

The U L3 edge XAFS spectra of adsorbed samples and references
(UOy, uranyl nitrate hexahydrate, UNH-solid, and its aqueous solution,
UNH-aq) were collected to identify the uranium speciation. The X-ray
absorption near edge structure (XANES) white line shapes and peak
positions for all U-loaded samples were consistent with the reference of
uranyl ion in aqueous solutions (Fig. 5a), indicating the U is mainly
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adsorbed in the U(VI) oxidation state. The local U coordination envi-
ronments were further probed by analysis and fitting of the k3-weighted
extended XAFS (EXAFS) data (Fig. 5b) and their Fourier transforms, FTs
(Fig. 5¢). The shape, and amplitude, of the oscillation periods of the
three samples in the 6-13 Al k-space range are similar to each other,
but notably different from the reference, UNH-aq, (Fig. 5b), reflecting
changes in the equatorial coordination of the uranyl ions.

The FT fitting results of U-adsorbed samples (Fig. 5¢c and Table S7)
suggest that there are two O atoms at 1.78-1.79 A and five O atoms at
2.37 A, which can be ascribed to the axial uranyl O atoms (U — Ogy) and
equatorial coordinated O atoms (U — Ogg), respectively. The average U
— Ogq distance of U in adsorbents is ~ 0.05 A less than that of UNH-aq
(2.42 A), which confirms the strong coordination interaction of 1DL-
based THSs for uranyl ions. More importantly, a U — Ti interaction at
3.43-3.44 A is fitted as the second equatorial shell of U(VI), which is
consistent with the EXAFS results (3.37-3.54 10\) of U-adsorbed titanates
and Ti;CTx MXene [17,64]. The presence of a U — Ti interaction with the
aforementioned distance also reflects that the uranyl ion may bond with
the two adjacent O atoms around the Ti atoms in both THS-L and THS-T
to form a stable bidentate inner-sphere coordination complex. Since the
first equatorial shell of U(VI) with a bidentate fashion is usually
comprised of two bonded O atoms (U — Op) and three coordinated water
(U — Oy) [65-68], an estimate has been conducted based on two U — Oy,
with distances of 2.29 A and 2.33 A extracted from a BaUO3TiO4 crystal
structure and U — O,, with distance of 2.42 A (U — Ogq of hydrated
uranyl ion, Table S7). The calculated average distance of U — Ogq (2.38
[D\) is quite close to the XAFS fitting result (2.37 A), once again demon-
strating the rationality of assuming a bidentate coordination configu-
ration between the uranyl ions and the THSs powders. Additionally, at
pH 4.0, the THS-L samples have a smaller coordination number (CN) of

U — Ti than their THS-T counterparts (Table S7). This implies a rela-
tively reduced contribution of inner-sphere coordination adsorption,
which is consistent with the experimental results of ionic strength
(Fig. 3c). As the pH increased from 4.0 to 5.0, the CN of U-Ti for THS-L
increased from 0.6 to around 1.1, suggesting that higher pHs are more
favorable for the formation of stable uranyl surface complexes.

Fitting of high resolution XPS spectra in the U 4f region further re-
veals that besides the main U(VI) U4f;,, and U4fs,, peaks centered at
381.8 and 392.6 eV [64], a U(IV) component — centered at 380.2 and
391.0 eV — with a fraction of about 15% also exists in U-adsorbed THS-L
and THS-T samples (Fig. 5d and 5e). Since this adsorption experiment
was carried out under ambient air, with no special protection, it is not
surprising that ~ 15% of the adsorbed U species is in a lower oxidation
states. Concomitant by the adsorption and reduction of U, it is found that
the Ti 2p and O 1 s peaks of the 1DL-based THSs shift to higher binding
energy, BE, regions (Fig. S15 and S16), with the BE of THS-T changing
more. The literature reveals that the oxygen vacancies in TiOyx can
provide high chemical activity to trap U(VI) in the defective sites, which
in turn lowers the BEs of U [14]. Our previous studies reported the
presence of Ti in an unsaturated oxidation state and the presence of
sufficient defects in 1DL-based NFs [26]. Combined with the findings of
this study, it can be deduced that these two factors will enhance the
adsorption affinity of both powders and achieve partial U(VI) reduction
fixation, thus achieving high selectivity and efficient removal of U.

Adsorption experiments under anaerobic conditions were also car-
ried out to further verify the above conclusions. The XPS results (Fig. 5f
and 5 g) show that under Ar protection, the fractions of U(IV) in THS-T
and THS-L powders increase significantly to 67.6% and 42.9%, respec-
tively. Although XPS is a surface probing technique, these results clearly
show that the THS-T powder possess more reductive active sites than
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THS-L. It is this capability that we invoke to explain the superior U
selectivity and removal capability of THS-T compared the THS-L.

3. Conclusions

In summary, two 1DL-based titanate hierarchical structures (THS-T
and THS-L) with TMA™" and Li" cations in the interfilamentous space
were synthesized and deployed for the removal of actinides from
aqueous solutions. It is found that the adsorption of U(VI) onto both
THSs is a spontaneous and entropy-increasing ion-exchange process, and
the adsorption kinetics and isotherms can be well described by POS and
Langmuir models, respectively. Compared with THS-L, the disaggrega-
tion of THS-T powders in water results in faster adsorption kinetics,
higher adsorption capacities, better U-selectivity and more tolerance in
the presence of environmental interferents. Further spectroscopic ana-
lyses unveil that the efficient U adsorption by the THS powders is real-
ized through complex mechanisms that includes inner-sphere
complexation, reduction fixation and electrostatic interactions.

There have been many studies on materials for the removal of acti-
nide and other heavy metal cations from water. What renders this work
unique and impactful are three factors. The first two include the near
record adsorption capacity coupled with near record selectivity co-
efficients of our THS adsorbents. The most impactful, however, has to be
the ease and simplicity of making kilogram scale 1DL powders starting
with relatively inexpensive, ubiquitous, non-toxic, earth abundant pre-
cursors powders such as TiBy, TiC, TiN among others. From the
perspective of practical applications, our THS adsorbents show excellent
removal efficiency for U(VI) in the wide pH range of 3.0-10.0, and their
performance is hardly affected by high salinity and/or complex envi-
ronmental media. As for the treatment of U-contaminated drinking
water, THS-T exhibits ultra-fast water purification efficiency (3 orders of
magnitude reduction of U-concentration in 60 s) and ultra-high purifi-
cation capacity (>25 ton/kg of adsorbents), and the residual concen-
tration of U(VI) in the treated water is far below the WHO drinking
water standard. In addition, our THSs retain acceptable regeneration
efficiency and high U(VI) removal capacities after five cycles. As a result,
we strongly believe that our THSs materials have broad application
prospects in the enrichment of radionuclides and other heavy metal ions,
purification of drinking water, and elimination of environmental pol-
lutants with high oxidation states.
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