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• Nanotubular and nanowire-like TNMs
both own excellent Tl(I) adsorption
ability.

• The morphology of TNMs has insignifi-
cant effect on Tl(I) adsorption behav-
iors.

• The order of inhibition effect on Tl
(I) removal is Pb(II) N Cu(II) N Cd
(II) N Zn(II).

• The αM
Tl value of wire-like TNMs is up to

8.63, indicating a high Tl(I) selectivity.
• The adsorption mechanisms are similar
but different in adsorption
configurations.
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Thallium (Tl) pollution has attracted environmental attention due to its high toxicity, thus the cleanup of Tl from
the environment is of significance. Titanate nanomaterials (TNMs) with different morphologies can be synthe-
sized via a hydrothermal reaction under different conditions but the knowledge of the Tl(I) removal by them
is limited. Our results indicated that TNM prepared at 130 °C exhibited a nanotubular appearance and a longer
reaction time resulted in the formation of perfect nanotube, while that prepared at 180 °C exhibited a
nanowire-like arrangement. The nanotubular and nanowire-like TNMs possessed approximately excellent Tl
(I) adsorption capacities, wide pH, and temperature application ranges but different adsorption kinetics. Inor-
ganic ions influenced the Tl(I) removal and the inhibiting effect of heavy metal ions followed the sequence Pb
(II) N Cu(II) N Cd(II) N Zn(II). The anti-interference ability and selectivity of wire-like TNMs for Tl(I) removal
were higher than those of tubular TNMs. High Tl(I) uptakes of tubular and wire-like TNMs were driven by the
electrostatic attraction, ion exchange with Na+/H+, and complexation with –ONa functional groups in the inter-
layers and Ti–OH on the surfaces of TNMs as well as microprecipitation; while their adsorption configurations
were different. TNMs are promising for potential applications in Tl(I) elimination from wastewater due to the
high adsorption capacity and regenerability. This work indicates that TNMs synthesized under different condi-
tions have the similar Tl(I) adsorption performances and the preparation of TNMs used for Tl(I) removal has
an undemanding synthesis condition.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Thallium (Tl), a toxic and non-essential tracemetal to organisms, oc-
curs widely in the natural environment, although it presents low con-
centrations in the natural hydrosphere and lithosphere (Xiao et al.,
2003; Xiao et al., 2007; Tatsi et al., 2015; Belzile and Chen, 2017). The
large release of Tl into the environment are primarily the result of indus-
trial activities, including the emissions and solid waste from ferrous/
nonferrous smelting operations, combustion of fossil fuels, and cement
production (Xu et al., 2019). Toxicity studies have verified that Tl is
highly toxic to humans and many other aquatic organisms, since Tl+

has biogeochemical properties similar to K+ and can be indiscriminately
assimilated and bioaccumulated (Xiao et al., 2004;Madejón et al., 2007;
Krasnodębska-Ostręga et al., 2012; Li et al., 2012). Tl can affect the respi-
ratory, cardiovascular, gastrointestinal, peripheral, and central nervous
systems; in addition, Tl exposure can lead to accidental, occupational
or therapeutic poisoning or even death (Xiao et al., 2012; Rodríguez-
Mercado and Altamirano-Lozano, 2013). Therefore, Tl has been added
to the list of priority metallic pollutants by many governments (Jia
et al., 2013). Although Tl is widely considered to be more acutely toxic
than many other heavy metals, such as Hg, Cd and Pb (Twining et al.,
2003; Law and Turner, 2011; Tatsi et al., 2015), and the awareness of
the risk to human health and ecosystem safety resulted from Tl pollu-
tion is increasing, Tl has received only a small amount of attention. Cur-
rently, Tl contamination incidents are being successively reported and
are an ongoing matter of concern, especially in China (Liu et al., 2019;
Xu et al., 2019). Thus, there is an urgent need to establish safe Tl dis-
charge standards and develop the Tl pollution control technology.

Tominimize health risk arising fromTl, the stringent standards for Tl
concentration have been established worldwide. For example, the
United States Environmental Protection Agency (USEPA) has suggested
the maximum permissible level at 2/140 μg/L in drinking water/indus-
trial wastewater, while the more stringent limit of 0.1/5 μg/L was
adopted in China (Liu et al., 2019; Xu et al., 2019). Tl mobilizes in an
aquatic environment in the form of monovalent Tl(I) and trivalent Tl
(III), while Tl(I) is usually the predominant specie in natural water
and industrial wastewater due to the stronger thermodynamic stability
(Sadowska et al., 2016; Jia et al., 2018). Thus, Tl(I) removal reaches a
lower efficiency than other heavymetals because of the strongermobil-
ity and lower permissible level. This poses a great technological hurdle
for Tl(I) effective removal from solutions.

To date, various techniques, such as solvent extraction (Hassanien
et al., 2017), ion exchange (Li et al., 2017a), oxidation/coagulation
(Huangfu et al., 2017; Liu et al., 2017) and adsorption (Zhang et al.,
2018) have been developed to remove Tl(I) from water/wastewater.
Among these technologies, adsorption is considered as a leading treat-
ment technique due to its high efficiency, low cost, convenient opera-
tion, and suitable for the removal of trace heavy metal (Carolin et al.,
2017). So far, various adsorbents have been developed to remove Tl
(I) from water/wastewater (Liu et al., 2019; Xu et al., 2019). It has
been reported that titanate nanotube can exert higher adsorption ability
for Tl(I) than many other adsorbents (Supplementary Material
Table S1) because of the excellent characteristics such as large surface
area to volume ratio, high chemical stability, strong interfacial reactivity,
and cost-effectiveness (Sun and Li, 2003; Kanazawa et al., 2019; Simović
et al., 2019; Liu et al., 2019; Xu et al., 2019). In addition, for titanate
nanotube, there is no security risk produced from the dissolution of
Ti4+ during the adsorption. This is a prominent advantage over other
metal oxide, for example, manganese-based absorbents can produce
Mn2+ owing to the oxidation reaction between Tl(I) and Mn(IV),
which generates a new pollutant (Chen et al., 2017). Thus, titanate
nanotube has a great application potential in the removal of toxic pol-
lutants from water/wastewater. Previous studies have shown that tita-
nate nanotube, prepared at 130 °C for 72 h after pre-stirring for 24 h,
possess high efficiencies for the removal of Cd, Pb, Cr, Cu, U and Tl
from solutions (Liu et al., 2013; Liu et al., 2014b; Liu et al., 2016).
However, the morphology and crystal phase of titanate
nanomaterials (TNMs) synthesized by the hydrothermal treatment of
TiO2 and an alkali solution largely depended on the synthesis conditions
(Wu et al., 2006). For example, Lee et al. (2008) reported that synthesis
temperature induced a significant change in the phase structure of tita-
nate compounds, and TNMs transformed from nanotube into nanorod
with the higher synthesis temperature. Liu et al. (2014a) revealed that
the morphology of the TNMs successively presented as nanogranules,
nanoplates, nanotubes, nanosheets, and nanoblocks; moreover, the
crystal phase changed from mixed to pure phase with increasing
NaOH concentration. Li et al. (2015) observed that anatase was gradu-
ally transformed into titanate and TNMs changed from nanosheet to
nanotube with increasing the hydrothermal reaction time. These stud-
ies also reported a higher removal efficiency of heavy metal for titanate
nanotube rather than nanogranules, nanoplates, and nanosheets (Liu
et al., 2014a; Li et al., 2015). Thus, the long-accepted and widely-used
TNMs is titanate nanotube, synthesizing by heating TiO2 and 10 M
NaOH solution under 130 °C for 72 h after pre-stirring for 24 h, which
is a bit time-consuming.

Currently, little information is available on Tl removal by tubular and
wire-like TNMs. Liu et al. (2014b) just used titanate nanotubes, synthe-
sized by the long-accepted method mentioned above, to achieve effec-
tive removal of Tl(I) and Tl(III), and reported that the adsorption
mechanisms were ion-exchange and co-precipitation for Tl(III) while
only ion-exchange for Tl(I). However, whether the changes of the mor-
phology and crystallinity of TNMs prepared at different synthesis condi-
tions can affect the Tl(I) adsorption performances, whether the Tl
(I) adsorption behaviors of tubular and wire-like titanate are much dif-
ferent or similar, and whether the underlying mechanisms of Tl
(I) removal change with the structural changes, these still remain un-
clear. A clear understanding of Tl(I) adsorption behaviors and mecha-
nisms at molecular level is critical to assess the transport and fate of Tl
(I) in treating wastewater. And the exploration about the differences
of TNMs with different structures in Tl(I) removal efficiency serves to
expand the application potential of TNMs.

Therefore, in this study, one wire-like and two tubular TNMs were
prepared to remove Tl(I) from synthetic and natural water samples.
Firstly, the characteristics of TNMswith different morphology and crys-
tallinitywere investigated and compared. Secondly, the Tl(I) adsorption
properties of TNMs with different structures were compared to deter-
mine the effect of structure on the removal efficiency. Thirdly, the dom-
inant mechanisms of TNMs with different morphology and crystallinity
for Tl(I) removalwere further explored anddeduced. Lastly, the feasibil-
ity of regeneration and reuse and the treatment effects of natural waters
were tested to evaluate the application of TNMs. The outcomes of this
study will assist in understanding the effect of morphology of TNMs
on Tl(I) removal and developing the feasible titanate nanomaterials
for use in practical applications.

2. Experimental section

2.1. Materials

TiO2, with a purity over 99%, was purchased from the Kermel Chemical
Reagent Co., Ltd. (Tianjin, China) andused to synthesize TNMswithout fur-
ther purification. NaOH,NaNO3, KNO3, Ca(NO3)2, andHNO3were obtained
from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). TlNO3

(Sigma-Aldrich Co., USA), Pb(NO3)2, Cd(NO3)2, Ni(NO3)2, and Zn(NO3)2
(Adamas Reagent Co., Ltd., Basel, Switzerland) were used to investigate
the competitive adsorption relationships between Tl(I) and heavy metal
ions. All reagents were of analytical grade and directly used.

2.2. Synthesis of TNMs

The tubular and wire-like TNMs were synthesized via the alkaline
hydrothermal method. To save time, we shortened the pre-stirring
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time from24h to 2 h. Typically, 0.65 g of TiO2wasfirst added to 65mLof
10MNaOH solution, after fully stirring for 2 h at room temperature, the
reagent was transferred into a sealed Teflon autoclave (100 mL) and
reacted at a certain temperature for several hours. When the reaction
was finished and restored to room temperature, the precipitate was
harvested and rinsed with ultrapure water until the washing solution
pH was neutral. Then, the products were dried and ground for use.
The nanomaterials prepared at 130 °C for 6 h, 130 °C for 72 h, and
180 °C for 30 h are referred to as TNM-6, TNM-72, and TNM-30, respec-
tively. Herein, the TNMprepared at 180 °C for 30 h (TNM-30)was set as
the control group, comparedwith the TNMs prepared at 130 °C (TNM-6
and TNM-72).

2.3. Analytical methods

Samples for solid-phase analysis were collected by centrifugation
and dried when used for analysis. Changes in microstructure, morphol-
ogy, elemental composition, crystal phase and chemical structure were
examined by TEM (transmission electron microscopy), HRTEM (high
resolution transmission electronmicroscopy), SEM-EDS (scanning elec-
tron microscopy-energy dispersive X-ray spectroscopy), XRD (X-ray
diffraction), XPS (X-ray photoelectron spectroscopy), FTIR (Fourier
transform infrared spectroscopy), and BET (the N2 Brunauer-Emmett-
Teller theory). The detail analytical methods are shown in the Supple-
mentary Material.

All solution samples after reaction were filtered through 0.45 μm
polyether sulfone (PES) filter membranes for the determinations of Tl
(I) and other metal ions. The concentrations of heavy metals were ana-
lyzed by an atomic absorption spectrometer (AAS, 900T, PerkinElmer
Co., USA) equipped with the corresponding metal hollow-cathode
lamps and air-acetylene flame.

2.4. Adsorption experiments

All batch experiments were conducted in 50 mL conical tubes with
20 mL of solution and 5 mg of TNMs, shaking in a thermostatic shaker
at 180 rpm and 25 °C for 12 h (unless otherwise specified). In order to
obtain the exact adsorption ability−impact factor curves, laboratory ad-
sorption studies usually use a considerably higher adsorbate concentra-
tion than that expected in natural aqueous media. Thus, the
experiments in this study were conducted with a concentration of sev-
eral hundredmilligrams per liter. And the experiments were performed
at the optimal pH value, atwhich point the removal efficiencywasmore
excellent, but apart from the batch experiment of the effect of solution
pH. Each experiment was conducted in triplicate, and the average
values were calculated with the standard deviations, which are indi-
cated as error bars in the graphs below. The adsorption capacities of
TNM-6, TNM-72, and TNM-30 for Tl(I) were compared under the
same conditions. The Tl(I) adsorption capacity qe (mg/g) and removal
efficiency R (%) were calculated according to Eqs. (1) and (2), respec-
tively:

qe ¼
c0−ceð ÞV

m
ð1Þ

R ¼ c0−ce
c0

� 100% ð2Þ

where c0 and ce are the initial and equilibrium concentrations of Tl(I),
respectively; V (mL) is the volume, and m (g) is the mass of TNM. The
specific experimental conditions are described in the following sections.

2.4.1. Adsorption kinetics
The adsorption kinetics of Tl(I) on TNM-6, TNM-72, and TNM-30

were examined with a 200 mg/L Tl(I) solution (pH = 8.0 ± 0.2) and
0.25 g/L adsorbent. The samples were taken at specific time intervals,
with a maximum interval of 24 h to research the perfect adsorption
equilibrium. The experimental data were fitted with the pseudo-first
order (PFO), pseudo-second order (PSO) and intraparticle diffusion
models given below (Wang et al., 2016; Yin et al., 2017):

ln qe−qtð Þ ¼ ln qeð Þ−k1t ð3Þ

t
qt

¼ 1
k2q2e

þ 1
qe
t ð4Þ

qt ¼ kidt
0:5 þ Cid ð5Þ

where qt (mg/g) is the adsorption capacity of TNMs at any time t (h), k1
(1/h) and k2 (g/mg·h) are the PFO and PSO rate constants, respectively;
kid (mg/g·h) is the intraparticle diffusion rate constant and Cid (mg/g) is
the intercept at different diffusion stages, representing the boundary
layer effect.

2.4.2. Adsorption isotherms
To determine the maximal Tl(I) adsorption capacities of TNM-6,

TNM-72, and TNM-30, batch tests were performed with various initial
Tl(I) concentrations ranging from 25 to 600 mg/L at 25, 35, and 45 °C
(pH = 8.0 ± 0.2) for 12 h. To explain the experimental data, the Lang-
muir adsorption model (Eq. (6)), Freundlich model (Eq. (7)), and
Temkin model (Eq. (8)) were employed (Wang et al., 2016; Zhang
et al., 2018).

ce
qe

¼ 1
KLqm

þ ce
qm

ð6Þ

log qe ¼ log KF þ 1
n

log ce ð7Þ

qe ¼
RT
b

lnaþ RT
b

lnce ð8Þ

where qm (mg/g) is themaximumadsorption capacity, KL (L/mg) andKF

(mg/g) are the Langmuir and Freundlich coefficients, respectively; n
represents a heterogeneity factor (a lower value indicates amore homo-
geneous surface), b (kJ/mol) is the Temkin constant related to the ad-
sorption heat and a (L/mg) is the Temkin isotherm constant.

2.4.3. Effects of the solution pH and coexisting ions
The pH value of Tl(I) solution (200 mg/L) was adjusted with dilute

HNO3 and/or NaOH solution to a target pH value between 2.0 and
11.0. The corresponding equilibriumpHwasmeasured after adsorption.
Metal cations such as K(I), Na(I), and Ca(II) largely exist in natural wa-
ters and industrial wastewaters. The coexistence of these ionsmight in-
terfere with the removal of target metal ion. Thus, the effects of these
coexisting ions on the Tl(I) adsorption of TNMs were examined by
adding a determined amount of NaNO3, KNO3, and Ca(NO3)2 into a
200 mg/L Tl(I) solution, to maintain an ion concentration in the range
of 0.01 to 2.0 M. The corresponding pH was fixed at the optimal pH
value determined by the result of solution pH batch experiment, largely
close to the value of natural water.

2.4.4. Competitive adsorption of Tl(I), Pb(II), Cu(II), Cd(II), and Zn(II)
In addition, heavy metal cations such as Pb(II), Cu(II), Cd(II), and Zn

(II) coexist commonlywith Tl(I) in industrial effluents. The understand-
ing of the competition for the active sites of TNMswith Tl(I) and the ad-
sorption selectivity of TNMs to Tl(I) is important for evaluating the
application feasibility of TNMs in the wastewater treatment. Therefore,
two competitive adsorption experiments were performed: 1) competi-
tive adsorption in a binary system experiments were conducted by
mixing Tl(I) with another heavy metal ion, e.g. Tl/Pb, Tl/Cu, Tl/Cd, and
Tl/Zn. Herein, the concentration of Tl(I) was fixed at 200 mg/L, and
the concentrations for the other heavy metal ions varied from 5 to
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100 mg/L; 2) a quinary adsorption system was obtained by mixing five
heavymetal ions (Tl/Pb/Cu/Cd/Zn system)with identical initial concen-
trations varied from 1 to 100 mg/L.

To further evaluate the adsorption preference of TNMs in the pres-
ence of two different heavy metal ions in the binary system, the separa-
tion factor αM

Tl was calculated and analyzed:

αTl
M ¼ qe;Tlce;M

qe;Mce;Tl
ð9Þ

where qe,Tl and qe,M (mg/g) are the adsorption capacities of Tl(I) and an-
other heavy metal ion at equilibrium, respectively; ce,Tl and ce,M (mg/L)
are their corresponding equilibrium concentrations.

2.5. Efficient removal of Tl(I) from spiked Pearl River water

The water samples were collected from the Pearl River in South
China, according to the national standard sampling method, and then
the determined exogenous thallium nitrate was added to obtain Tl
(I) concentrations of 141.5, 5512.3, and 27,384.1 μg/L, eventually used
to investigate the ability of TNMs to effectively remove trace and
macro levels of Tl(I) from natural wastewater. Herein, 5 mg of TNM-6,
TNM-72, and TNM-30 were added into 20 mL of the abovementioned
Tl(I) solutions and shaken at 180 rpm for 12 h at room temperature.
The residual concentrations of Tl(I) and othermetal(loid) ions in the su-
pernatants were measured using inductively coupled plasma-mass
spectrometry (ICP-MS, NexION 300×, PerkinElmer Inc., USA).

3. Results and discussion

3.1. Characteristics of the three TNMs

Elemental analyses indicated that the prepared TNM-6, TNM-72,
and TNM-30 all have the same elementary composition, including O,
Ti, and Na, whereas the marked differences in morphology were ob-
served among these three TNMs (Fig. 1 and Fig. S1). TNM-6 and TNM-
72 prepared at 130 °C both appear as anfractuous nanotubes aggregated
in clusters, which contributes to the settlement of nanostructured tita-
nate material; whereas TNM-30 prepared at 180 °C exhibits a wire-
like scattered arrangement (Fig. S1), then it owns a better dispersion
than nanotubular TNMs in the solution, which was accordance with
the experimental phenomena. As seen in the TEM and HRTEM images
(Fig. 1), TNM-6 prepared with 6 h is characterized by uniformly hollow
and open-ended tubes with a small inner diameter of 3.8 nm and outer
diameter of 8.8 nm, while the boundary between the layers of the tubes
was not clear and the lamellar structureswere also observed on the sur-
face of the tubes. A longer reaction time (72 h) makes the nanotubes
more perfect with an inner diameter of 4.8 nm and outer diameter of
9.8 nm, which were larger than those of TNM-6. These nanotubes pre-
sented a distinct multiwalled tubular structure with an interlayer dis-
tance of 0.6 nm, but the multiwalled structure was asymmetric, i.e., it
contained five layers on one side and three layers on the other side.
Thisfinding indicated that the tubeswere formed by scrolling conjoined
multilayer nanosheets (Wu et al., 2006). However, TNM-30 (Fig. 1c)
presents a scattered arrangement of filled nanowires with an inhomo-
geneous size distribution for both the length and width; and the two
sets of lattice fringes of these well-crystallized nanowireswere resolved
with spacings of 1.5 nm and 0.6 nm. At higher temperatures, the thick-
ness of the lamellar structures quickly increased, and then these thick
layers split between the (100) planes of Na2TinO2n+1 to form nanowires
instead of nanotubes. To decrease the free energy, the thin lamellar
structures also condensed themselves by folding to form thickwires, ac-
companying with the sharp decrease in the titanate interlayer spacing,
specific surface area, and pore volume (Wuet al., 2006). The BET specific
surface areas of TNM-6, TNM-72, and TNM-30were 174.85, 203.37, and
38.52 m2/g with corresponding pore volumes of 0.87, 1.13, and
0.24 cm3/g, respectively. It appears that the obvious differences in sur-
face area and pore volume of the three TNMs are related to their mor-
phology which itself is dependent on the synthesis conditions.

According to the XRD patterns (Fig. 2a), TNM-6, TNM-72, and TNM-
30 are characterized by the intense characteristic peaks at approxi-
mately 10°, 24°, 28°, and 48°, which are assigned to the (001), (002),
(003) and (020) facets of Na2Ti3O7, indicating a successful synthesis
with the structure of titanate (Thorne et al., 2005; Liu et al., 2013; Liu
et al., 2014a; Liu et al., 2014b; Yin et al., 2017). The nanowire-like
TNM shows well resolved peaks compared to nanotubular TNMs.
There was less obvious crystalline rutile and anatase phases in TNM-
72 than in TNM-6 and TNM-30. The characteristic peak at approxi-
mately 10° was stronger for TNM-30 than for TNM-6 and TNM-72, indi-
cating the larger proportion of the interlayer spacing of titanate. This
means the higher exchange potential of Tl(I) with Na+/H+. The diffrac-
tion peaks at approximately 24° and 28° were more intense for TNM-6
and TNM-72 than for TNM-30, which implied a larger proportion of so-
dium titanate nanotubes in TNM-6 and TNM-72. The typical synthetic
process including hydrothermal and washing processes can be
expressed as follows (Thorne et al., 2005; Liu et al., 2014a):
2NaOH + nTiO2 + xH2O → Na2TinO2n+1·xH2O + xH2O → (Na, H)
2TinO2n+1·xH2O + xNaOH. Herein, the corrugated ribbons of edge-
sharing [TiO6] octahedrons and Na+/H+ situated in the interlayers
were composed of the universal structure of (Na, H)2TinO2n+1.

The FTIR spectra of all three TNMs also confirmed that they owned
similar typical adsorption bands (Fig. 2b), including the broad intense
peaks at 3430 and 1634 cm−1 ascribed to the characteristic vibration
of O-H and the stretching vibration of Ti-OH band, the band around
905 cm−1 characterized by the stretching vibration of non-bridging ox-
ygen atoms (TiO(ONa)2), which was strongly affected by the interlayer
ions, and the wide peak at 475 cm−1 attributed to the Ti-O vibration in
[Ti-O6] octahedra (Yin et al., 2017). However, wire-like TNM-30 had
more active –OH based on the blunt peak at approximately
3200 cm−1, whereas tubular TNM-6 had fewer TiO(ONa)2 groups, as in-
dicated by the incomplete peak at approximately 905 cm−1. Therefore,
the types of adsorption site on the three TNMs synthesized under differ-
ent conditions are approximately same, but these TNMs owned differ-
ent morphologies. This is attributed to the differences in the contents
of functional groups and the arrangement of lamellar structures caused
by the change of surface energy (Wu et al., 2006).
3.2. Tl(I) adsorption

3.2.1. Adsorption kinetics of Tl(I) by TNMs
As shown in Fig. 3a, the Tl(I) adsorption capacity remarkably in-

creased within the first 15 min for TNM-6 and TNM-72, while the
same phenomenon was observed within 2 h for TNM-30. In longer tri-
als, i.e., up to 2 and 12 h, all adsorption reactions slowly reached equilib-
rium. Although the nanotubular structure of TNM-6 was imperfect,
compared with that of TNM-72, there was no obvious difference in
the adsorption equilibrium time. However, the nanowire-like TNM-30
had a significantly longer equilibrium time than the nanotubular
TNMs. This difference might be due to their different structures. The
larger specific surface areas and pore volumes were endowed to the tu-
bular TNMs rather than the wire-like TNM-30, which could provide
more opportunities for Tl(I) to contact with the binding sites.

Model parameters for the adsorption kinetics are presented in Fig. S2
and Table S1. The PSOmodel demonstrates an excellent fit to the exper-
imental data compared to the PFOmodel, as indicated by the higher cor-
relation coefficients (R2 = 1). This result indicated that chemical
adsorption played an important role in the Tl(I) uptake process. The
low K2 values imply the high affinity of Tl(I) for the adsorbent active
sites and the fast uptake process of Tl(I) on TNMs. The Tl(I) initial ad-
sorption rate v0 (v0 = K2qe

2) on TNMs was in the order of TNM-
6 N TNM-72 N TNM-30. These results combined with the adsorption



Fig. 1. TEM and HRTEM images of (a) TNM-6, (b) TNM-72 and (c) TNM-30.
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equilibrium time results showed that TNM-6 has a time advantage,
which is of significant practical importance.

The PSOmodel successfully revealed the driving force of the adsorp-
tion reaction but failed to describe the whole adsorption process; thus,
the intraparticle diffusion model was also employed to fit the experi-
mental data. The plots (qt versus t0.5) of Tl(I) adsorption on TNM-6,
TNM-72, and TNM-30 (Fig. S2c) all presented multilinear correlations,
i.e., three stages occurred during the adsorption process: fast external
surface adsorption (film diffusion), intraparticle diffusion, and absorp-
tion equilibrium. The kid,i values shown in Table S1 remarkably de-
creased from kid,1 to kid,3 while the Cid values exhibited an opposite
trend, indicating that both film and intraparticle diffusion played



Fig. 2. XRD (a) and FTIR (b) patterns of TNM-6, TNM-72, and TNM-30.
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important roles in the Tl(I) adsorption process. The tubular TNMs has a
higher boundary layer effect than the wire-like TNM.

3.2.2. Adsorption isotherms of Tl(I) by TNMs
Fig. 3b shows the effect of the initial Tl(I) concentration on the Tl

(I) adsorption capacity of TNMs at 25, 35, and 45 °C. The Tl(I) adsorption
capacities of TNMs at different temperatures significantly increased at
low initial concentrations, then slowly increased and finally remained
constant in the high concentration range. These results indicated the ef-
fectiveness of the as-prepared TNMs for Tl(I) removal.

The Langmuir, Freundlich, and Temkinmodelswere employed to re-
veal the interaction between Tl(I) and TNMs (Fig. S3). According to the
correlation coefficient R2 values (Table S2), the Langmuir isotherm
(R2 = 1) better described the TNMs adsorption behaviors than the
Freundlich and Temkin models, indicating a monolayer chemical ad-
sorption site and homogeneous adsorption energy. This result was fur-
ther proven by the values of bT, i.e., approximately and/or over 40 kJ/
mol, which are in the bonding energy range of chemisorption. The n
values were N1, implying a feasible adsorption process with favorable
binding adsorption. The maximum adsorption capacities of Tl(I) on
TNM-6, TNM-72, and TNM-30 were 609.756, 657.895, and
710.400 mg/g, respectively, which were identical to the experimental
results. The gap of Tl(I) adsorption ability of TNM-6/TNM-72 and
TNM-72/TNM-30 was equal and only close to 50 mg/g. This indicated
Fig. 3. Effects of (a) adsorption time and (b) initial concentration on Tl(I) adsorp
that the Tl(I) removal efficiency was insignificantly dependent on the
morphology and crystal structure of TNMs.

The thermodynamic calculation (Table S4) indicated that the ad-
sorption capacity of Tl(I) slightly increased with increasing tempera-
ture. The negative values of △G implied that the Tl(I) adsorption on
the three TNMs was naturally spontaneous. The positive △H values in-
dicated that the adsorption process was endothermic, since the com-
plexation of Tl(I) with the surface sites of TNMs was a dehydration
process. The structural disorder at the solid/water interfaces after Tl
(I) adsorption was enhanced according to the positive △S values. The
△H and △S values of nanowire-like TNMs were higher than those of
nanotubular TNMs, indicating a larger inherent energetic change during
the Tl(I) adsorption process. Thus, Tl(I) adsorption capacity of
nanowire-like TNMs was slightly higher than those of nanotubular
TNMs.

3.2.3. Effects of the solution pH and coexisting ions
The effect of pH on Tl(I) adsorption by TNMs was examined in the

range of 2 to 11. Herein, no buffer solutions or other efforts were used
to maintain the solution pH. Fig. S4a indicated that Tl(I) adsorption on
TNM-6, TNM-72, and TNM-30 had the same tendency with pH increase
and owned a broad pH application range. The pHpzc values of TNM-6,
TNM-72, and TNM-30 were between 3 and 4 (Fig. S4b). Tl+ is the pre-
dominant species ofmonovalent thallium in awide pH range. Therefore,
tion by TNM-6, TNM-72, and TNM-30 (pH 8.0, adsorbent dosage 0.25 g/L).



Fig. 4. Effects of coexisting K+, Na+, and Ca2+ ions on Tl(I) adsorption by TNM-6, TNM-72, and TNM-30 (pH 8.0, adsorbent dosage 0.25 g/L, Tl(I) concentration 200 mg/L, 25 °C).
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the lower Tl(I) adsorption ability occurred at pH b 4, due to the compet-
itive effect of excessH+ and Tl+ and the electrostatic repulsion between
the positively-charged TNMs and Tl+ caused by the favorable proton-
ation reaction. When the pH increased over 4, TNMs became
negatively-charged and the coexisting H+ ions in solution dramatically
dropped, corresponding to a continuous increase in Tl(I) adsorption ca-
pacity. Moreover, the final pH increased within the initial pH range of
3–6 and decreased when the initial pH exceeded 7. Considering the in-
crease in the Na+ concentration in solution after adsorption (data not
shown), the above phenomenon was attributed to a preferential Na+

exchange and a subsequent H+ exchange. H+ participated in the pro-
tonation of hydroxyl groups on TNMs under acid conditions, while an
ion exchange reaction with Tl+ occurred under alkaline conditions.

Given the effects of coexisting K+, Na+, and Ca2+ ions, the Tl
(I) adsorption capacity of the three TNMs decreased with increasing
Fig. 5. Effects of coexisting Pb(II), Cu(II), Cd(II), and Zn(II) on Tl(I) adsorption by TNM-6, TN
200 mg/L, 25 °C).
concentrations of metal ions as a whole (Fig. 4). The effect of K+ on Tl
(I) adsorption by the tubular and wire-like TNMs was similar. This
was because that (i) K+ and Tl+ ions possess similar ionic radii and
chemical properties, and (ii) the tubular and wire-like TNMs owned
similar adsorption sites, then K+ identically interferedwith the reaction
between Tl(I) and binding sites on the surface of tubular and wire-like
TNMs. For Na+, Tl(I) removal was promoted at a lowNa+ concentration
while slightly inhibited at the higher concentration. During the Tl
(I) adsorption process, monovalent Na+ largely existed in the interlayer
spacing of titanate served as the ion exchange sites. The wire-like TNMs
owned a larger proportion of the interlayer spacing than tubular TNMs,
therefore, the ability of TNMs to resist Na+ interference followed tita-
nate nanotubes N titanate nanowires. However, the ability to resist
Ca2+ interference exhibited an opposite order. Thiswas due to the affin-
ity of bivalent Ca2+ to TNMs, based on the different valence states and
M-72, and TNM-30 (original solution pH, adsorbent dosage 0.25 g/L, Tl(I) concentration



Fig. 7. Separation factorsαM
Tl (M=Pb, Cu, Cd or Zn) of Tl(I) on TNM-6, TNM-72, and TNM-

30 in binary systems.

Fig. 6. Effects of Tl(I) on coexisting Pb(II), Cu(II), Cd(II), and Zn(II) adsorption by TNM-6, TNM-72, and TNM-30 (original solution pH, adsorbent dosage 0.25 g/L, Tl(I) concentration
200 mg/L, 25 °C).
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ionic radii of the cations, the presence of Ca2+ exerted a stronger inhibi-
tion to the complexation interaction between Tl(I) and TNMs rather
than ion exchange reaction with Na+.

Ion adsorption through the cation exchange and/or outer-sphere
complexation is driven by electrostatic forces and is sensitive to ionic
strength variations, then the adsorption capacity will decrease with in-
creasing ionic strength;while adsorption by forming inner-sphere com-
plexes is less sensitive to changes in the ionic strength, thus the uptake
percentagewill increase or keep constantwith increasing ionic strength
(Zhang et al., 2018). According to this rule, Tl(I) adsorption on the three
TNMs is mainly attributed to the formation of inner-sphere complexes,
and the simultaneous formation of outer-sphere complexes plays a
minor role. Thus, the underlying removalmechanisms of TNMswith dif-
ferent morphologies for Tl(I) might be consistent.

3.2.4. Selectivity of Tl(I) adsorption on TNMs
Considering the effects of coexisting heavy metals, competitive ad-

sorption experiments among Tl(I) and Pb(II), Cu(II), Cd(II), Zn(II)
were performed for four binary systems and one quinary system. The
adsorption capacity (removal efficiency) of Tl(I) on TNM-6, TNM-72,
and TNM-30 (Fig. 5) decreased as the concentration of the coexisting
heavy metal ion increased in each binary system, indicating that all
four heavy metals suppressed the adsorption of Tl(I) on TNMs to some
extent, following the sequence of Pb(II) N Cu(II) N Cd(II) N Zn(II). Over-
all, there was insignificant difference in the anti-interference ability to
coexisting heavy metal ions for the tubular and wire-like TNMs. As
depicted in Fig. 6, for Cu(II), Cd(II), and Zn(II), the adsorption capacity
firstly increased and then decreased as the initial concentration in-
creased. The removal efficiency also sharply decreased from approxi-
mately 100%. In contrast, the adsorption capacity of Pb(II) kept
increasing and its removal efficiency was always over 90%. The
adsorption capacities of coexisting heavy metals on wire-like TNMs
were lower than those on tubular TNMs, indicating the relatively higher
selectivity of wire-like TNMs.

To determine the reasons for the abovementioned phenomena, the
separation factors αM

Tl (M = Pb, Cu, Cd or Zn) for all binary systems
were introduced and calculated, as shown in Fig. 7. When αM

Tl was N1,
Tl(I) was preferentially adsorbed on TNMs in the binary system. In our
study, the αPb

Tl values of TNMs were invariably smaller than 1 and grad-
ually decreased with an increasing initial Pb(II) concentration,
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indicating that TNMs had a stronger preference for Pb(II) than for Tl(I).
However, the αCd

Tl , αCu
Tl and αZn

Tl values remarkably increased with in-
creasing Cu, Cd or Zn concentrations and were N1 at high concentra-
tions. This result indicated that Tl(I) was preferentially adsorbed by
TNMs in these binary systems. The order of αZn

Tl N αCu
Tl N αCd

Tl indicated
the affinity order of Cd(II) N Cu(II) N Zn(II) to TNMs and the selectivity
order of wire-like TNM-30 N tubular TNM-6/TNM-72. These might be
dependent on the physicochemical properties of heavy metals such as
ionic radius, hydration energy, hydrated radius, and electronegativity.
In the quinary system (Fig. S5), the adsorption capacity of Tl
(I) significantly decreased while that of Pb(II) steadily increased, and
the adsorption amounts of Cd(II), Cu(II), and Zn(II) only slightly de-
creased. These properties of TNMs are conducive for practical applica-
tions in removing heavy metal ions from wastewater.

3.3. Adsorption mechanism

Themapping images and EDS spectra (Fig. 8 and Fig. S6) of the three
TNMs before and after Tl(I) adsorption confirmed that ion exchange be-
tween Na+ and Tl+ was an important driving force in Tl(I) adsorption,
due to the disappearance of Na accompanied by the emergence of Tl.
The survey XPS results (Fig. S7) revealed that the Na 1s characteristic
peak was significantly weakened after Tl(I) adsorption, whereas the Tl
4f characteristic peak appeared. This result was in accordance with the
EDS analyses.
Fig. 8. SEM and EDS-mapping images of (a) TNM-6, (b) TNM
The spectra (Fig. 9) of tubular and wire-like TNMs had two peaks at
approximately 464 eV and 458 eV, corresponding to Ti 2p1/2 and Ti 2p3/
2, respectively. After Tl(I) adsorption, the Ti 2p characteristic peaks of
TNM-30 insignificantly shifted, confirming that Ti(IV) did not partici-
pate in the Tl(I) adsorption reaction (Yin et al., 2017), while TNM-6
and TNM-72had the opposite result. In the high-resolutionO 1s spectra,
the peaks at approximately 530.10 eV and 529.50 eV corresponded to
crystal lattice oxygen in [TiO6] octahedrons and Ti-O in Na3TinO2n+1,
and the shoulder peak at 531.40 eV was assigned to Ti–OH/Na (Liu
et al., 2013; Liu et al., 2016). After Tl(I) adsorption, these peaks were al-
most consistent with the original ones, since the ion-exchange reaction
did not alter the chemical composition of O;whereas the shoulder peaks
of tubular.

TNMs appeared, due to the formation of Ti–O–Tl caused by the com-
plexation. These results indicated that Na+/H+mainly existed in the in-
terlayers, and ion exchange occurred in the interlayerswithout affecting
the basic skeleton [TiO6] of TNMs.

Additionally, the Tl 4f energy spectra (Fig. 10a) of TNMs consistently
presented four symmetrical peaks with a spin-orbital splitting of ap-
proximately 4.4 eV, corresponding to Tl 4f7/2 and Tl 4f5/2 (Deng et al.,
2016). The Tl4f2/7 peaks at approximately 118.55 eV and 119.10 eV
are characteristic of Tl2O and Tl(I), respectively. These results implied
that Tl(I) was absorbed on the surface of TNMs in its original valence
state and partly transformed into Tl2Omicroprecipitation,which depos-
ited on the adsorbent surface (Fig. S8). This could be indirectly proved
-72 and (c) TNM-30 before and after Tl(I) adsorption.



Fig. 9. XPS high-resolution spectra of Ti 2p and O 1s of TNM-6, TNM-72, and TNM-30 before and after Tl(I) adsorption.
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by the changes of specific surface areas of TNM-6, TNM-72, and TNM-30
before and after Tl(I) adsorption, which markedly decreased from
174.85 to 87.72, 203.37 to 121.58 and 38.52 to 11.36m2/g, respectively.

As depicted in Fig. 10b, the broad peak at approximately 3430 cm−1

and the sharp peak at 1634 cm−1 were significantly weakened after Tl
(I) adsorption. This was due to the dehydration process that the com-
plexation of Tl(I) with the surface sites of TNMs occurred. Due to the re-
placement of H+ in –OH and the ion exchange of Tl+ with Na+ in -ONa
group, thepeak at 3200 cm−1 completely disappearedwhile a newpeak
at 1383 cm−1 appeared, and the peaks around 905 cm−1 also shifted to
918 cm−1. The new small peaks that appeared at 1159 and 1281 cm−1
were associated with inner-sphere complexation on the tubular TNMs
(Li et al., 2017b), while the new peaks at 997 and 870 cm−1 indicated
the formation of Ti–O–Tl on the surface of wire-like TNM-30 due to
the disappearance of the peaks at 3200 and 910 cm−1. This might
imply that tubular TNMs and wire-like TNMs had different adsorption
configurations. Moreover, the peaks in the range of 760–660 cm−1

that emerged after adsorption might be due to the microprecipitation
of Tl(I) on the TNMs surface.

XRD characterization (Fig. 11) was used to further identify the po-
tential binding modes of Tl(I) on TNMs. After the adsorption of Tl(I),
the diffraction peak at 2θ ≈ 10° of the three TNMs completely



Fig. 10. (a) XPS high-resolution Tl 4f spectra and (b) FTIR spectra of TNM-6, TNM-72, and TNM-30 before and after Tl(I) adsorption.
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disappeared. This was due to the strong ion exchange between Tl(I) and
Na+/H+ in the interlayer of TNMs, which resulted in a reduction in the
basal spacing, and also because the adsorbed Tl(I) caused disorder or
even the breakage of the basic layered structure (Liu et al., 2014b; Yin
et al., 2017). Furthermore, several other diffraction peaks were remark-
ably weakened or absent after Tl(I) adsorption, which were attributed
to the effective replacement of Ti–O–Na by Ti–O–Tl and their participa-
tion in the adsorption reaction. The strong interaction between Tl
(I) ions and negatively charged layers led to the significant decrease in
(002) and increase in (003) diffraction intensities. The emergence of
new peak at 32° assigned to Tl2O (JCPDS card no. 28-1320) indicated
the formation of Tl(I)-microprecipitation, which was consistent with
the results of XPS and FTIR analyses.

According to the aforementioned analyses, there were insignificant
differences in Tl(I) adsorption capacity and adsorption behaviors be-
tween tubular and wire-like TNMs, although there were some differ-
ences in the structures of three TNMs caused by the different
synthesis conditions. Due to the similar types of functional groups on
the three TNMs, the route of Tl(I) removal by tubular and wire-like
TNMs is potentially consistent, except for the slight differences in
Fig. 11. XRD patterns of TNM-6, TNM-72, and TNM-30 before and after Tl(I) adsorption.
adsorption configurations. Overall, the mechanism can be reasonably
summarized as follows: first, Tl(I) ions moved to the surface of TNMs
from the solution, driving by the electrostatic attraction; and then oc-
curred the ion exchange reaction between Tl(I) and Na+/H+, followed
the surface complexation through the dehydration process; whereafter,
the formed complexes acted as nucleation sites for the further Tl
(I) binding; eventually, they partly transformed into the
microprecipitation and deposited on the surface of TNMs.

3.4. Potential applications of TNMs for removing metal(loid)s from natural
water

Excellent adsorption capacity and regenerability are two important
parameters used to evaluate the application feasibility of an adsorbent.
For the as-prepared TNMs, the former had been confirmed, and the de-
sorption experiments (data not shown) also indicated that Tl(I) could
be readily eluted fromTNMs by 0.1MHNO3with desorption efficiencies
over 90%. After regeneration with dilute NaOH solution and washing
with water, the Tl(I) re-adsorption capacities of nanotubular and
nanowire-like TNMs were approximately 85% and 80% of the corre-
sponding original Tl(I) removal ability, respectively, which was higher
than those regenerated by water. And the adsorption capacities of Tl
(I) on as-prepared nanotubular and nanowire-like TNMs after the
third adsorption-desorption cycle were maintained at the similar level
as the former cycles. Furthermore, the specific surface areas of regener-
ated TNM-6 (161.39 m2/g), TNM-72 (185.33 m2/g), and TNM-30
(29.04 m2/g) were slightly smaller than those of the original TNMs.
The results indicated that the as-prepared TNMs can serve as a promis-
ing candidate for Tl(I) removal from water.

The Pearl River water samples spiked with different Tl
(I) concentrations were used to assess the application potential of the
as-prepared TNMs for removing metal(loid) ions from actual water
samples. The pH value and turbidity of the water were 6.8–6.9 and
9.71 NTU, respectively. The residual concentrations of metal(loid) ions
are summarized in Table 1. Tl(I) at initial concentrations of 141.45,
5512.26, and 27,384.13 μg/L was effectively removed by 0.25 g/L
TNM-6, TNM-72, and TNM-30 with removal efficiencies over 98%; the
concentrations of As, Cu, Cd, Pb, Ni, Zn, and Fe also decreased. These re-
sults indicated that the as-prepared TNMs can feasibly be used for the
removal of trace and macro levels of metal(loid) ions from natural
water, especially for Tl(I), which contributes to the security of water.
Furthermore, the Na+ concentration after adsorption by TNMs signifi-
cantly increased, which further confirmed that ion exchange was one
of the adsorption mechanisms.



Table 1
Metal(loid) ion concentrations of the spiked Pearl River waters before and after adsorption by TNMs.

Metals Tl As Cu Cd Pb Ni Zn Fe Ba Na K

c0 (μg/L) 141.45 5.89 1.25 0.05 0.05 2.85 2.70 9.12 28.76 11,989 4378
TNM-6 ce (μg/L) 3.21 2.46 0.60 0.01 0.02 1.20 1.52 4.17 0.14 29,697 3856
TNM-72 1.24 2.51 0.65 0.01 0.02 1.06 1.26 3.62 0.19 27,296 3528
TNM-30 1.54 3.77 0.73 0.00 0.03 2.38 1.71 5.06 0.33 26,841 3740

c0 (μg/L) 5512.26 5.38 1.23 0.06 0.05 2.84 2.97 8.79 29.57 12,108 4392
TNM-6 ce (μg/L) 22.78 2.77 0.85 0.00 0.03 1.21 2.81 4.44 0.24 26,623 3891
TNM-72 14.12 2.48 0.85 0.01 0.02 1.25 2.05 3.71 0.25 27,220 3615
TNM-30 17.34 3.46 0.81 0.00 0.01 2.37 1.84 5.41 0.39 26,702 3817

c0 (μg/L) 27,384.13 5.48 1.39 0.05 0.04 2.93 2.72 8.59 28.89 11,767 4357
TNM-6 ce (μg/L) 361.89 2.87 0.74 0.00 0.02 1.12 1.22 4.59 0.46 25,591 4300
TNM-72 98.80 2.47 0.72 0.00 0.03 1.09 1.21 4.40 0.45 22,271 3970
TNM-30 166.73 3.71 0.73 0.00 0.02 2.36 0.98 6.16 1.31 27,455 4183
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4. Conclusions

In this study, we observed that titanate nanomaterials (TNMs) pre-
pared under different synthesis conditions possessed different struc-
tural characteristics. The morphology of TNMs was significantly
influenced by the temperature, due to the change of surface free energy.
The tubular TNMs prepared at 130 °C and wire-like TNMs prepared at
180 °Cwere similar in the elementary composition and types of adsorp-
tion sites but different in the content and location of functional groups.
Experimental results indicated that the tubular and wire-like TNMs
both owned excellent Tl(I) removal efficiency over wide pH and tem-
perature ranges; and the inhibition effects of heavy metals on Tl
(I) removal and the adsorption preference of TNMs all followed the
order of Pb(II) N Cu(II) N Cd(II) N Zn(II) and Pb(II) N Tl(I) N Cu(II) N Cd
(II) N Zn(II), respectively. Tl(I) adsorption performances of tubular and
wire-like TNMs were not mainly dependent on the morphology and
crystal structure of TNMs. Tl(I) ions were effectively removed by
TNMs under the action of electrostatic attraction, ion exchange, surface
complexation, and microprecipitation. The regeneration tests indicated
TNMs can be used as the promising candidate for Tl(I) removal in prac-
tical applications.

Our study directly demonstrated that the morphology (tubular and
wire-like) of TNMs exhibited an unremarkable influence on the Tl
(I) removal, and that the adsorption mechanisms were similar but the
adsorption configuration had a slight difference. However, the special
adsorption configurations and the changes in molecular and electronic
structures as well as special energies upon adsorption, which are the
driving forces underlining the Tl surface chemistry, are not fully under-
stood. This fundamental knowledge about Tl chemistry at the TNMs-
water interface is significantly important to grasp the transport and
fate of Tl in the environment, which will contribute to the development
of appropriate remediation and management strategies for Tl-
contaminated waters and soils.
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