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ABSTRACT: A strategically designed ternary nanohybrid (TNS-
PDA/CNT), consisting of titanate nanosheet (TNS) and polydop-
amine-modified multiwalled carbon nanotube (PDA/CNT compo-
site), was synthesized by the facile hydrothermal method and wet
impregnation method for removal of U(VI) from aqueous solution
and were characterized by transmission electron microscopy
(TEM), scanning electron microscopy−energy-dispersive X-ray
spectroscopy (SEM-EDS), X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), thermogravimetric analysis (TGA),
Raman spectroscopy, Brunauer−Emmett−Teller (BET), and X-ray
photoelectron spectroscopy (XPS). TNSs were introduced into the
PDA/CNT composite, which effectively averted the agglomeration of the CNT and further exposed more adsorption sites. PDA thin
layer exposing more active sites was conducive to enhance adsorption capacity and kinetic. The adsorption process was largely
influenced by pH values and weakly affected by ionic strength, indicating that the adsorption process was controlled by inner-sphere
surface complexes because of TNS-PDA/CNT with multiple functional groups, including imine, catechol, amine, and hydroxyl
groups. The isotherm data could be well described by the Langmuir model, and the monolayer maximum adsorption was determined
to be 309.60 mg/g at pH = 5.0 and temperature = 45 °C. Thermodynamic parameters (ΔG° < 0, ΔS° > 0, and ΔH° < 0) showed
that the nature of adsorption was endothermic and spontaneous. By XRD, FT-IR, and XPS analyses, the adsorption mechanism
mainly involved surface complexation and ion exchange. In summary, the TNS-PDA/CNT materials are fully qualified as a
satisfactory adsorbent for the purification and recovery of U(VI) from wastewater.

■ INTRODUCTION
With the global warming problem becoming increasingly
prominent, the proportion of conventional energy use is under
control, and new energy has gradually become a new star in the
global energy market, such as wind energy, solar energy, and
tidal energy.1 Nuclear energy has widely been perceived as the
most important component of modern energy system because
of low carbon, clean, sustainable, and stable power supply, and
generated about 10.6% of the world’s electricity in 2013 and
5.7% of the world’s energy. Radioactive uranium has dual
attributes, both an essential nuclear fuel and a significant
fraction of the wastewater.2 Thus, from resource recovery as
well as environmental protection, the preconcentration and
enrichment of uranium from nuclear effluent become
extremely imperative. In recent years, A diverse array of
technologies has been employed for the extraction of
radionuclides from water-based, such as oxidation/reduction,
coprecipitation,3 ion exchange,4 and electrodeposition.5 Of
varied methods, adsorption is perceived to be an extensively
used and financially viable strategy because of its simple
handling, wide adaptation range, and high removal rate.

Although a variety of adsorbents, including zero/two-dimen-
sional (0D/2D) C4N/C6N7 homostructure hybrids,6 layered
metal sulfides,7 multiwalled carbon nanotubes,8 montmor-
illonite,9 etc. have been developed for removal of various
pollutants, the adsorbents are subjected to its shortcomings
either poor adsorption selectivity or low adsorption capacity,
which greatly restrict its application. Therefore, it is imperative
to design economical and efficient U(VI)-retaining adsorbents
for coping with challenges in water remediation.
Carbon nanotubes, since their discovered by Iijima in

1991,10 have attracted a great deal of interest in multiple fields
and have been extensively studied as a promising adsorbent
alternative for the removal of heavy metals11,12 and radio-
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nuclides13,14 from polluted waters because of their prominent
thermal and radiation resistance and favorable chemical
stability in highly acidic media.15 However, owing to potent
van der Waals forces, unmodified carbon nanotubes exhibit
hydrophobic properties and are prone to forming bulky
aggregates in waterbody, and the adsorption capacity and
selectivity of carbon nanotubes are also poor because of lack of
functional groups.16 The inherent disadvantages greatly restrict
its application. Therefore, surface modification of carbon
nanotubes (CNT) by grafting functional groups or attaching
suitable nanostructures on the nanotubes will be a very wise
strategy to improve their application.17,18

Polydopamine (PDA), an eco-friendly biopolymer, has
garnered considerable attention in environmental preservation
due to its plethora of functional groups (such as imine/amine
and catechol), its strong adhesive properties (akin to adhesion
proteins secreted by mussels), and the simplicity of its
synthesis conditions.19 The merits, on the one hand, achieve
the tight connection and compatibility between PDA and
almost any solid material surface, on the other hand, provide a
great quantity of adsorption site to bind with heavy metal
ions.20,21 Consequently, PDA’s adaptability positions it as an
auspicious candidate for capturing U(VI) from contaminated
water. Nevertheless, PDA tends to aggregate into irregular
micro- or nanoscale clusters during the self-polymerization
process, which reduces the surface areas and permeability,
limits the accessibility of active sites,22,23 and ultimately limits
its application. To address this limitation, numerous strategies
have been employed to unveil more active sites and increase
the specific surface area through the application of PDA
coatings on substrates with large surface areas, such as α-MnO2
and activated carbon,24 and activated carbon25 and Aspergillus
niger microspheres.26

Titanate nanomaterial, first synthesized by German scientist
Kasuga,27,28 has attracted great interest due to its prominent
characteristics, including high surface area, unique layered
structure, and excellent ion exchange capacity, and be
extensively employed to remove organic pollutants and heavy
metals from complex natural water.29−31 For example, Liu et
al.29 reported an efficient adsorbent of multilayer titanate
nanotubes with satisfactory adsorption capacity. Sheng et al.32

explored the adsorption performance of titanate nanotubes for
capturing U(VI) ions and found the promoting effect of humic
acid on U(VI) ions adsorption. Moreover, titanate nanosheet
(TNS) as a metastable layered structure has the advantages of
larger specific area and thinner thickness than other
morphology, such as tubular, rod, and fibrous, which can
provide more binding sites for capturing U(VI). However,
TNSs have inherent shortcomings of easy-to-form aggregates
after hydrated and lack of functional groups, which greatly limit
their application. Therefore, attaching TNS to the CNT
surface can be expected.
Taking the advantages of CNT, PDA, and TNS, we

attempted to fabricate a hierarchical nanomaterial (TNS-
PDA/CNT) by a layer-by-layer (LBL) technique. Namely,
polydopamine coating layers were evenly distributed on CNTs
surface by a simple impregnation method, followed by in situ
growth of TNS on PDA-modified CNT via a mild hydro-
thermal method. In this study, TNS-PDA/CNT as a U(VI)
scavenger was employed to systematically evaluate the
influence of environmental conditions on adsorption perform-
ance, such as pH, humic acid (HA), ionic strength, reaction
time, temperature, coexisting ions, and initial concentration.

More so, the possible adsorption mechanism was carefully
explored by Fourier transform infrared (FTIR), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS).

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Multiwall carbon nano-

tubes (CNT: purity >95%, outer diameter 30−50 nm, length
10−30 μm) were purchased from the Chengdu Institute of
Organic Chemistry of the Chinese Academy of Science. Tris−
HCl and dopamine hydrochloride (purity >98%) were
purchased from Sigma-Aldrich Chem. Tetrabutyl titanate and
sodium hydroxide were obtained from Tianjin Kermel Reagent
Co., Ltd. All reagents and chemicals were of analytical grade
unless otherwise noted.
2.2. Synthesis of TNS-PDA/CNT. 0.5 g of CNT (0.5 g)

was added to 200 mL beakers containing 80 mL of absolute
ethanol and 60 mL of ultrapure water. The mixtures were
ultrasonicated for 30 min followed by 5 min of stirring at
ambient temperature. Subsequently, 300 mg of dopamine
hydrochloride was added to the mixture, and then 20 mL of 35
mM Tris was added dropwise with continuous stirring to the
above mixture. After a polymerization reaction of 6 h, the
precipitate resulted in collection by centrifugation and was
dried at 60 °C.
The TNS-PDA/CNT synthesis was performed in two steps.

In the first step, Ti(OH)x was uniformly attached to PDA/
CNT surfaces to form the nanocomposite Ti(OH)x-PDA/
CNT. Well-washed PDA/CNT was placed in 200 mL of
ethanol and 2 mL of distilled water and dispersed for 30 min
using an ultrasonicator, followed by 30 min of stirring at room
temperature to form a homogeneous mixture, denoted as A
solution. 8 mL of tetrabutyl titanate was dispersed well in 20
mL of ethanol and denoted as B solution. Then, B solution was
added dropwise into A solution under strong stirring at 80 °C.
After stirring for 100 min, the Ti(OH)x-PDA/CNT composite
was separated through centrifugation and rinsed with distilled
water. In the following stage, 1.2 g of the Ti(OH)x-PDA/CNT
composite was dispersed in 80 mL of a 10 M NaOH solution
and stirred continuously for 6 h.
2.3. Batch Adsorption of U(VI). U(VI) adsorption

experiments were performed in batch-shaking method and
were done concretely by mixing 0.01 g of adsorbents with 50
mL of U(VI) solution (20 mg/L). The mixture was then
shaken at 25 °C and 200 rpm. After adsorption, solid−liquid
separation was carried out through a syringe filter (0.22 μm),
and the solution obtained was analyzed by a visible
spectrophotometer (Thermo Evolution 300) at λ = 652 nm.
The adsorption capacity (qe, mg/g), removal percentage (R,
%), and solid phase distribution coefficient (Kd, mL/g) were
calculated by eqs 1−3.

= ×R
C C
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(%) 1000 e
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where C0 and Ce (mg/L) denote the initial and equilibrium
concentrations, respectively, qe (mg/g) represents the
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adsorbed radionuclide quantity per gram of TNS-PDA/CNT,
V (mL) indicates the solution volume, and W (g) refers to the
adsorbent weight.
2.4. Characterization Techniques. The crystal structure

of the TNS-PDA/CNT samples was analyzed by using X-ray
diffraction (XRD) patterns, acquired with a D8-advance X-ray
diffractometer (Bruker, Germany) using Cu Kα radiation. The
surface morphology and structure of the TNS-PDA/CNT were
recorded by scanning electron microscopy (SEM, JEOL
7800F, Japan) and transmission electron microscopy (TEM,
JEM-F200, Japan). Element composition and chemical state
alterations were examined by X-ray photoelectron spectrosco-
py (XPS) and C 1s signal at 284.8 eV served as a reference.
FTIR spectra of the TNS-PDA/CNT samples were recorded
on an Avatar 360 FT-IR spectrophotometer (Nicolet,
Waltham, MA) ranging from 4000 to 400 cm−1. The textural
properties of the adsorbents were identified by the N2
adsorption−desorption isotherms, and the pore size distribu-
tions were measured by Barrett−Joyner−Halenda (BJH). TGA
was characterized by STD 600 (TA Instruments) under a
nitrogen atmosphere from 25 to 1000 °C at a heating rate of
10 °C/min.
2.5. Adsorption Models. The pseudo-first-order and

pseudo-second-order models were used to study the
adsorption kinetic. The Langmuir, Freundlich, and Temkin
isotherm models were used to fit the experimental data for the
adsorption isotherm. And the specific information is presented
in Supporting Information Sections 1 and 2.

3. RESULTS AND DISCUSSION
3.1. Characterization of TNS-PDA/CNT. The TEM

images of CNT, Ti(OH)x-PDA/CNT, and TNS-PDA/CNT
are shown in Figure 1. The pure CNT appeared interwoven
and displayed a hollow tubular structure with an inner
diameter of ca. 5−6 nm and an outer diameter of 20−25 nm

due to strong van der Waals force (Figure 1a). The
agglomerated component attached to the surface of PDA/
CNT can also be observed in Figure 1b, which proves the
presence of the Ti-based layer. The TNS-PDA/CNT
composites present CNT embedded in irregular sheets of
TNS in the TEM and SEM (Figure 1c), in which the
nanotubular structure of CNT remains unchanged. Also, the
high-resolution TEM (HRTEM) image showed that the value
of the d-spacing was 0.81 nm in accordance with the d spacing
of the 020 planes in sodium titanate.33 The EDS line scanning
and face scanning results of TNS-PDA/CNT showed that the
material was composed of carbon, nitrogen, titanium, sodium,
and oxygen, which directly confirmed the successful hybrid-
ization of CNT, PDA, and TNS (see Supporting Information
Figures S1 and S2). However, the presence of U element in the
spectrum of U-TNS-PDA/CNT demonstrated that the U(VI)
ions were successfully trapped by TNS-PDA/CNT(see
Supporting Information Figure S3).
To discern the phase structure of the TNS-PDA/CNT

composite, the as-synthesized nanocomposites were charac-
terized by XRD (Figure 2a). For CNT, the intensive peaks at
2θ = 26.09 and 43.09° corresponded to the graphite structure
(002) and (100) planes of the CNT.34 After PDA coating, the
characteristic peaks of CNT remained, but the intensity of
peaks slightly decreased, which implied that PDA coating was
amorphous and the phase structure of the pristine CNT was
not destroyed during the PDA coating. In the XRD pattern of
Ti(OH)x-PDA/CNT, some new peaks were observed at 2θ =
38.0°, 48.0, and 54.2, which could be attributed to the
formation of intermediate components (Ti(OH)x). After the
alkaline hydrothermal reaction of Ti(OH)x-PDA/CNT, XRD
pattern exhibited the characteristic absorption bands of
Na2Ti3O7 at 2θ= 8.69, 24.7, 26.9, and 48.2°, corresponding
to crystal indexes of (200), (110), (310), and (020),
respectively, and implied the successful convention trans-
formation from Ti(OH)x to Na2Ti3O7.

35 In addition, the first
peak position at 8.69° reflected the interlayer space of
Na2Ti3O7, which was calculated to be d100 = 0.86 nm by
Bragg’s law.
For confirmation of CNT functionalization, FTIR analysis

was carried out and the recorded spectra are presented in
Figure 2b,c. For pure CNT, the adsorption peaks at 1634 and
1578 cm−1 were attributed to the stretching vibrations of C�
C.36 The strong band around 3432 cm−1 was associated with
the O−H stretching vibration. In the spectra of PDA/CNT,
some new peaks appeared at 1616 cm−1 (the stretching
vibration of aromatic ring and bending ring vibration of N−
H),6 1519 cm−1 (the shearing vibration of N−H),6 1395 and
1292 cm−1 (the C−OH stretching and bending vibration
respectively), 1120 cm−1 (the C−O vibration), and 1045 cm−1

(C−O vibrations),37 confirming the successful synthesis of
PDA coating, which was beneficial in binding to U(VI).
Regarding TNS-PDA/CNT, the additional bands at 458, 628,
and 889 cm−1, correspond to the crystal lattice vibration of
[TiO6] octahedron, vibrations of the Ti−O−Na bonds, and
the Ti−O symmetric vibration of the nonbridging oxygen
atoms, respectively, which corroborated the formation of
Na2Ti3O7.

38 For deep research into the surface chemical
properties of the composites, the samples were characterized
by XPS techniques (Figure 2d). Except C 1s (283.55 eV), the
O 1s core photoionization signal (531.84 eV) was observed in
CNT spectra, originating from contamination or/and surface
defects.39 In XPS spectra of TNS-PDA/CNT, however, the N

Figure 1. TEM images of (a) CNT, (b) Ti(OH)x-PDA/CNT, and
(c) TNS-PDA/CNT; (d) high-resolution TEM (HRTEM) images of
TNS-PDA/CNT.
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1s peak at 398 eV came from the PDA catalysis, while the
peaks at 1069.74 eV (Na 1s) and 456.86 eV (Ti 2p) revealed
the presence of TNS. The above analysis coincided with the
results of XRD and FTIR, which confirmed the materials were
successfully prepared.
TGA could provide more information about the modifica-

tion of CNT with PDA and TNS. As shown in Figure 3a, a

weight loss of 1.81% for pristine CNT was observed,
corresponding to physically adsorbed water, which implied
that the CNT was thermally stable and had a lack of functional
groups. For PDA/CNT and TNS-PDA/CNT, however, the
TGA profiles illustrated a weight loss of 7.92 and 21.59%,
respectively. Moreover, at temperatures above 730 °C, there
was a 3.21% weight loss for TNS-PDA/CNT, which was

Figure 2. (a) XRD patterns of as-synthesized CNT, PDA/CNT, Ti(OH)x-PDA/CNT, and TNS-PDA/CNT. The spectrum shown in the inset
corresponds to Ti(OH)x-PDA/CNT and TNS-PDA/CNT. (b) FT-IR spectra of pure CNT and PDA/CNT. (c) FTIR spectra of Ti(OH)x-PDA/
CNT and TNS-PDA/CNT. (d) XPS spectra of CNT and TNS-PDA/CNT.

Figure 3. (a) Thermogravimetric curves of pure CNT, PDA/CNT, and TNS-PDA/CNT composites. (b) Raman spectra of CNT, PDA/CNT,
Ti(OH)x-PDA/CNT, and TNS-PDA/CNT.
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probably related to the phase transformation.40 The significant
difference in the TGA profiles reflected the successful
attachment of PDA and TNS to the CNT surface.41,42

Raman spectroscopy is a useful tool for studying the
structural characteristics of the samples (Figure 3b). For CNT,
two distinct Raman channels appeared at about 1330 and 1586
cm−1, respectively. The first characteristic peak at 1330 cm−1,
known as the D band, corresponded to the characteristics of
disorder in the carbon system resulting from the defect of
carbon nanotube ends and bent sheets, and another character-
istic peak at 1586 cm−1 (G band) reflected the in-plane mode
of sp2 carbon atoms of the graphite structure. After
modifications, the G band had a slight shift from 1586 to
1583 cm−1 for PDA/CNT and 1580 cm−1 for TNS-PDA/
CNT, respectively, which proved the successful modification of
PDA and TNS. The ratio of the D band to G band intensity
(ID/IG) was employed for assessing the degree of structural
disorder. Compared with CNT (1.46), the ID/IG of CNT after
modification was found to increase slightly, reflecting the
formation of PDA and TNS on the surface of pure CNT. The
unconspicuous difference of ID/IG values of CNT, PDA/
CNTs, and TNS-PDA/CNT indicated that the structure of
multiwalled carbon nanotubes remained basically unchanged.
3.2. Effect of pH. Solution pH can impact not only the

U(VI) ion speciation and precipitation but also determine the
surface properties of the adsorbents.43,44 In Figure 4a, it could
be observed that the adsorption capacity climbed up with the
increase of pH at 2.0−5.0, reached the highest U(VI)
adsorption capacity at pH 5.0, and subsequently declined
when pH continued to increase. Such behavior could be
explained by analyzing the U(VI) species distribution at
different pH values. Figure 4b displayed the relative proportion
of U(VI) species as a function of solution pH, as determined
by Visual MINTEQ.45 As the solution pH increased, there was
an accumulation of negatively charged U(VI) species and a
reduction in positively charged ones. At pH < 5, UO2

2+ was the
major species in solution. When pH = 5−8, multiple uranium-
hydroxide species, such as (UO2)2(OH)22+, UO2OH+,
(UO2)3(OH)42+, (UO2)4(OH)7+, and (UO2)3(OH)5+, ap-
peared in solution. However, the negatively charged species
of UO2(OH)3− and (UO2)3(OH)7− were found to be the
dominating species as the solution pH exceeded 8.0.
The modes of interaction of U(VI) with TNS-PDA/CNT at

different pH values could be described by the following
reactions:

(1) At pH < 5, the dominant species is UO2
2+, thus the

important modes of action are as follows

+

+

+

+

UO 2NaO Ti O (UO )O

Ti O 2Na
2
2

3 7 2 2

3 7 (4)

(2) In the pH range of 4−8, multiple uranium-hydroxide
species ((UO2)2(OH)22+, UO2OH+, (UO2)3(OH)42+,
(UO2)4(OH)7+, and (UO2)3(OH)5+) become an
important existing form and possible modes of action
were expressed by eqs 5−9.

+

+

+

+

UO (OH) NaO Ti O UO (OH)O

Ti O Na
2 3 7 2

3 7 (5)

+

+

+

+

(UO ) (OH) 2NaO Ti O

(UO ) (OH) O

Ti O 2Na

2 2 2
2

3 7

2 2 2 2

3 7 (6)

+

+

+

+

(UO ) (OH) NaO Ti O (UO ) (OH) O

Ti O Na
2 3 5 3 7 2 3 5

3 7 (7)

+

+

+

+

(UO ) (OH) 2NaO Ti O

(UO ) (OH) O

Ti O 2Na

2 3 4
2

3 7

2 3 4 2

3 7 (8)

+

+

+

+

(UO ) (OH) NaO Ti O (UO ) (OH) O

Ti O Na
2 4 7 3 7 2 4 7

3 7 (9)

(3) At pH > 8, in the negatively charged species of
UO2(OH)3− and (UO2)3(OH)7−, electrostatic repulsion
makes ion exchange impossible, and the nitrogen and
oxygen functional groups of PDA layer play a certain
role in the adsorption process. The surface complexation
can be summarized as follows

+ = ++ +H Y UO UO Y 2H2
2

2
2

2
2 (10)

where H2Y2 represents the PDA molecules.
3.3. Effect of Adsorbent Dose. To compare the

adsorption capacity and the cost-effectiveness of CNT and

Figure 4. (a) Effect of pH on the U(VI) adsorption capacity. (b) Relative proportion of U(VI) species as a function of solution pH (initial U(VI)
=20 mg/L, adsorbent dose = 0.2 g/L, temperature = 298 K).
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TNS-PDA/CNT, we investigate the effect of adsorbent dose
on the U(VI) uptake amount at V = 20 mL, C0 = 50 mg/L, t =
60 min, and T = 298 K. In Figure 5, we could clearly observe
that the increase in adsorbent from 0.005 to 0.025 g led to a
decrease of the adsorption capacity from 157.67 to 34.84 mg/g
for TNS-PDA/CNT and from 15.25 to 6.65 mg/g for CNT,
respectively. This tendency was as expected because of the fact

that the distribution coefficient (Kd) decreased with the
increasing amount of adsorbent due to the solid effect.46,47

However, the removal rate of U(VI) on two adsorbents first
increased with adsorbent concentration from 0.1 to 0.3 g/L
because of the existence of additional available active sites, and
a further increase in the amount of adsorbent did not have a
significant improvement in removal rate because the remaining

Figure 5. Effect of adsorbent dosage on U(VI): (a) adsorption capacity and (b) removal rate by CNT and TNS-PDA/CNT (initial U(VI)=20 mg/
L, pH = 5.0, temperature = 298 K).

Figure 6. Balanced adsorption capacity of removing U(VI), intuitive comparison of surface areas, pore volume, and BJH average pore diameter of
synthesized samples (initial U(VI)=20 mg/L, adsorbent dose = 0.2 g/L, pH = 5.0, temperature = 25 °C).

Figure 7. Effect of (a) ionic strength and (b) HA on U(VI) adsorption by TNS-PDA/CNT (initial U(VI)=20 mg/L, adsorbent dose = 0.2 g/L, pH
= 5.0, temperature = 298 K).
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U(VI) ions in solution are less (since all U(VI) ions were
completely removed (100%) using 0.3 g/L).48,49 Moreover,
the adsorption amount of U(VI) by TNS-PDA/CNT (157.67
mg/g) was much higher than that of U(VI) by CNT(15.25
mg/g). This implied that (1) the participation of PDA created
binding sites (catechol and amine groups) for U(VI)
adsorption; (2) the introduction of TNSs supplied more ion
exchange sites (Na+) for interacting with U(VI). In summary,
the synergistic interaction of CNT, PDA, and TNS was
conducive to a much enhanced adsorption capacity as
compared with the counterparts. Figure 6 reveals the
relationship between the specific surface area (or pore volume)
and adsorption capacity. It could be seen that the decrease of
the specific surface area (or pore volume) of TNS-PDA/CNT,
as compared to that of CNT, did not lead to a decrease of
adsorption capacity, but led to a significant increase, which
confirmed that the PDA coating and TNS provided abundant
groups to compensate for the loss of adsorption capacity
caused by the specific surface area.
3.4. Effect of Ionic Strength and Humic Acid

Concentration. The adsorption performance of U(VI) by
TNS-PDA/CNT as a function of ionic strength was
investigated by launching experiments ranging from 0 to 0.1
mol/L NaCl solution. As plotted in Figure 7a, the removal rate
of U(VI) on TNS-PDA/CNT slightly declined with the
increase of NaCl concentration because (1) high ionic strength
resulted in aggregation of TNS-PDA/CNT by altering
electrostatic interaction, and thus inhibiting adsorption;50 (2)
high ionic strength intensified the competition of adsorption

sites between U(VI) and Na+ due to screening effect;51 (3)
high ionic strength altered the activity coefficient of U(VI),
and thus restrained U(VI) transfer from the solution to
adsorbent surfaces.52 However, no significant variation was
observed with NaCl concentration increasing, which revealed a
sign of inner-sphere surface complexation, indicating the
formation of chemical bonds between U(VI) and the surface
functional groups.53 Humic acid is a kind of macromolecular
organic matter widely existing in natural water, which plays a
significant role in the migration and transformation of heavy
metal in the waterbody. Therefore, the influence of humic acid
(HA) on adsorption capacity and removal rate was investigated
and illustrated in Figure 7b, respectively. HA had a slight
promoting effect on the U(VI) adsorption with an increase of
0.5% from 0 to 50 mg/L. The results were in line with Song et
al.’s findings.54 The positive effect could be explained by
changing surface properties (surface charge and functional
groups) of the adsorbent surface due to the presence of HA.55

3.5. Adsorption Kinetics. The U(VI) immobilization
performance of TNS-PDA/CNT was explored at 25 °C from 2
to 80 min, and the results are illustrated in Figure S4. With the
extension of contact time, the adsorbed amount of U(VI) onto
TNS-PDA/CNT increased dramatically and gradually
achieved adsorption saturation (see Supporting Information
Figure S4). However, the U(VI) uptake on TNS-PDA/CNT
fulfilled equilibrium at less than 20 min.
To clarify the kinetic mechanism, pseudo-first-order eq (S1)

and pseudo-second-order eq (S2) were applied to simulate the
kinetic data, respectively. The corresponding parameters are

Figure 8. (a) Adsorption isotherm of TNS-PDA/CNT for U(VI) at different temperatures. Linear plots of (b) Langmuir, (c) Freundlich, and (d)
Temkin isotherm models for U(VI) uptake by CNT and TNS-PDA/CNT.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05253
ACS Omega 2024, 9, 49108−49120

49114

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05253/suppl_file/ao4c05253_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05253/suppl_file/ao4c05253_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05253/suppl_file/ao4c05253_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05253/suppl_file/ao4c05253_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05253/suppl_file/ao4c05253_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05253?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05253?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05253?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05253?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tabulated in Table S1. As can be clearly seen in Table S1, the
pseudo-second-order model was more suitable to describe the
adsorption process according to the higher correlation
coefficients (R2 = 0.992 for TNS-PDA/CNT) (see Supporting
Information Table S1). In addition, a good agreement between
experimental values and calculated values derived from pseudo-
second-order also suggested that the rate-controlling step was
chemical adsorption through sharing or exchanging of
electrons between U(VI) and adsorbents.56

To further investigate the possibility of intraparticle
diffusion, the intraparticle diffusion kinetic models were also
used to describe the kinetic process, and it was expressed as eq
1157

= +q k t Ct di
0.5

(11)

where kdi (mg/(g·min0.5)) is the intraparticle diffusion rate
constant of stage i, t (min) is the contact time, and Ci (mg/g)
is the constant proportional to the extent of boundary layer
thickness. The values of kdi and C could be calculated from the
slope and intercept of the linear of qt against t0.5 and are
summarized in Table S1. In general, typically, the adsorption
process is governed by intraparticle diffusion if the Weber−
Morris plot (qt vs t1/2) aligns with a linear relationship with the
kinetic data (see Supporting Information Table S1). However,
if the fitting line of data points consists of two parts, two and
more steps control the adsorption process.58 From Figure S4d,
we could obviously find that the entire adsorption process was
composed of two linear plots (see Supporting Information
Figure S4). The initial sharper portion stood for instantaneous
adsorption, corresponding to the diffusion of adsorbates from
the solution phase to the adsorbent surface or boundary layer
diffusion of solute molecules. The second linear portion
gradually reached equilibrium with the decrease of available
active sites, corresponding to a coordination reaction between
U(VI) and active sites.30

3.6. Adsorption Isotherm Studies. To obtain more
information about the distribution of U(VI) between the
adsorbent surface (milligrams per gram) and the solution
phase (mg/L), we measured the adsorption isotherm (Figure
8). With the initial concentration increasing, the adsorption
capacity first increased and then progressively reached
adsorption saturation (310.28 mg/g at 45 °C). The tendency
toward U(VI) adsorption was a result of the driving force
generated by the concentration gradient.59 For interpretation
of the isotherm data, the Langmuir, Freundlich, and Tempkin
isotherm models were used to describe the equilibrium
data.48,60,61 The fitting plot of three models is illustrated in
Figure 8b−d, and the calculated parameters by eqs (S3−S5)
are summarized in Table 1. By comparing the correlation
coefficient of different models, the Langmuir model was more
suitable to describe adsorption data in three models, suggesting
the monolayer adsorption of U(VI) onto uniform surface with
energetically identical sites. Meanwhile, the theoretical
maximum adsorption capacity of CNTs@PDA@TNSs was
309.60 mg/g at 45 °C, which was much higher than that of
other advanced adsorbents listed in Table 2, such as
carbonaceous nanofibers,8 4-aminothiophenol-functionalized
graphene oxide composite,62 phosphate-functionalized gra-
phene oxide,53 multishelled Fe3O4@MnOx,

54 niobate/titanate
nanoflakes,33 sodium titanate nanospheres,63 amidoxime-
functionalized chitosan beads,64 AO-g-MWCNTs,65 and
polydopamine/graphene oxide.22 Therefore, it could be

concluded that CNTs@PDA@TNS was an excellent adsorb-
ent to meet the requirements of eliminating metal ions from
wastewater.
The dimension parameter RL can reflect the essential

characteristic of the Langmuir isotherm and is expressed by
eq 12

=
+

R
bC

1
1L

0 (12)

where C0 (mg/L) is the initial concentration of U(VI) and b
(L/mg) is the Langmuir constant. The dimension parameter
RL ranged from 0 to 1, which suggested that the U(VI)
adsorption by TNS-PDA/CNT could be identified as
favorable.66 Moreover, the RL value was close to zero with
increasing U(VI) initial concentration, suggesting that a high
initial concentration was beneficial for the irreversible
adsorption of U(VI) on TNS-PDA/CNT.
3.7. Thermodynamic Study. To obtain additional

information about the inherent energy change and adsorption
mechanism, thermodynamic parameters, i.e., standard entropy
ΔS° (J/(mol·K)), standard enthalpy ΔH° (kJ/mol), and
standard free energy ΔG° (kJ/mol) for U(VI) elimination

Table 1. Parameters of Langmuir, Freundlich, and Tempkin
Models of U(VI) Adsorption on TNS-PDA/CNT

TNS-PDA/CNT

equations parameters 25 °C 35 °C 45 °C
Langmuir model Qmax (mg/g) 283.27 288.18 309.60

KL (L/mg) 0.9778 0.9612 1.9
R2 0.999 0.999 0.999

Freundlich
model

KF
(mg(1−n)Ln/g)

128.858 132.587 173.797

n 4.6863 4.6867 6.8842
R2 0.817 0.829 0.712

Tempkin α (L/mg) 80.22 93.54 2158.25
bT (kJ/mol) 72.28 74.89 99.89
R2 0.849 0.863 0.724

Table 2. Comparison of the U(VI) Adsorption Capacity in
the Literature

adsorbents
experimental
conditions

adsorption
behavious

qmax
(mg/g) refs

carbonaceous
nanofibers

pH = 4.5,
T = 298 K

Langmuir
isotherm

125 8

4-aminothiophenol-
functionalized
graphene oxide
composite

pH = 5.5,
T = 298 K

Langmuir
model

281.69 26

phosphate-
functionalized
graphene oxide

pH = 4.0,
T = 303 K

Langmuir
model

251.7 53

multishelled Fe3O4@
MnOx

pH = 5.0,
T = 298 K

Langmuir
model

106.72 54

niobate/titanate
nanoflakes

pH = 5.0 Langmuir
model

298.5 33

amidoxime-
functionalized
chitosan beads

pH = 6.0,
T = 298 K

Langmuir
model

117.65 64

AO-g-MWCNTs pH = 4.5,
T = 298 K

Langmuir
model

145 65

polydopamine/
graphene oxide

pH = 4.0,
T = 293 K

Langmuir
model

145.39 22

CNTs@PDA@TNSs pH = 4.0,
T = 298 K

Langmuir
model

283.286 in this
study
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process, were calculated by eqs 13 and 14, and the results are
summarized in Table 3.

= +
° °

K H
RT

S
R

ln d (13)

=°G RT Kln d (14)

Specifically, the ΔH° value was positive (15.44 kJ/mol),
indicating that the adsorption was endothermic, which could
be illuminated by the following reasons: (1) Higher temper-
ature promoted the diffusion and migration of U(VI) through
the external boundary layer and internal pores of the
adsorbents.67 (2) U(VI) coordinated water needed to be
dehydrated for the complexation with surface sites of TNS-
PDA/CNT prior to adsorption. This process was endothermic
and more favorable at higher temperatures.68 (3) The
increasing temperature was propitious to the availability of
more active sites.69 The positive value of ΔS° (87.98 J/(mol·
K)) indicated the enhanced disorderliness at the solid−water
interfaces after adsorption.70 The ΔG° value was negative
(−10.808 kJ/mol) and shifted to a high negative value
(−12.572 kJ/mol) with the increase of temperature from 25 to
45 °C, and the high temperature was helpful to remove
U(VI).71

3.8. Adsorption Mechanisms. To investigate the
adsorption mechanisms from the perspective of spectral
analysis, TNS-PDA/CNT materials before and after adsorp-
tion were characterized by the XRD, FTIR, and XPS
techniques. Figure 9a exhibits the XRD patterns of TNS-
PDA/CNT and U-TNS-PDA/CNT. Apparently, the first
peaks, corresponding to the interlayer distance of TNSs,
showed a slight change from 8.69 to 8.33°, which reflected the
stretching of the interlayer structure due to the substitution of
Na+/H+ ions by the U(VI) ions.71 Simultaneously, other
characteristic peaks did not change significantly, suggesting

there was no distinct damage to TNS-PDA/CNT during the
U(VI) adsorption process.72,73 Moreover, in the FTIR spectra
of U-TNS-PDA/CNT (Figure 9b), a new characteristic
adsorption band (representing O�U�O antisymmetric
vibration) emerged at round 910 cm−1, which has a significant
red shift relative to the aqueous UO2

2+ species (960 cm−1),
suggesting the binding interaction between U(VI) and the
surface functional group of material.74,75 The disappearance of
the Ti−O−Na peak at 628 cm−1 suggested that ion exchange
has a certain contribution to the adsorption process,49 which
further confirmed the results of XRD.
To further verify the potential of the interaction mechanism

between U(VI) and TNS-PDA/CNT, XPS results of the
adsorbent before and after adsorption of U(VI) are presented
in Figure 10. Compared with CNTs@PDA@TNSs, the TNS-
PDA/CNT after the capture of U(VI) showed a new peak of U
4f, while the intensity of the Na 1s peak (1070.2 eV) became
weaker, which confirmed that ion exchange reaction
participated in sequestering U(VI) (Figure 10a,b). The core-
level N 1s spectrum of the TNS-PDA/CNT could be fitted
into three characteristic peaks at binding energy 397.90 (�
N−), 398.89 (−NH−), and 401.38 eV (−NH2), respectively
(Figure 10c). However, except for the �N− peak, the other
two peaks shifted to the higher binding energy after adsorption
(Figure 10d). Similarly, in the high-resolution O 1s spectrum,
the peaks at 528.41 eV migrated to a higher binding energy of
528.76 eV (Figure 10e). The shift to higher binding energy
implied the occurrence of the complex reaction, in which a
long pair of electrons in the O/N atom (electron donor) could
be provided to uranium atom (electron acceptors), resulting in
the reduction of electron cloud density around the O/N
atom.38,76 From the high-resolution U 4f spectrum, U 4f7/2 and
U 4f5/2 located at 382.08 and 393.08 eV were observed (see
Supporting Information Figure S5).
In Figure 10f, Ti 2p peaks center at 462.82 and 457 eV with

5.82 eV spin-energy separation were assigned to the spin−orbit
splitting of the Ti 2p components.71 After binding with U(VI),
the two peaks had a slight change, and the spin energy
remained the same, indicating the stability of the skeleton
trititanate structure in the adsorption process. Based on the
above results, we tentatively proposed the possible adsorption
mechanism of U(VI) and TNS-PDA/CNT involved ion
exchange interaction between U(VI) and the interlayered
Na+ ions as well as surface complexation from the plentiful

Table 3. Thermodynamic Parameters of U(VI) Adsorption
on TNS-PDA/CNT at 298, 308, and 318 K

T
(K)

ΔH°
(kJ/mol)

ΔS°
(J/(mol·K))

ΔG°
(kJ/mol)

TNS-PDA/CNT 298 15.44 87.98 −10.808
308 −11.603
318 −12.572

Figure 9. XRD patterns (a) and FTIR spectra (b) of TNS-PDA/CNT before and after the adsorption of U(VI).
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Figure 10. XPS spectra of (a) TNS-PDA/CNT and U-TNS-PDA/CNT. High-resolution XPS spectra of (b) Na 1s, (c and d) N 1s, (e) O 1s, and
(f) Ti 2p.

Figure 11. Conceptualized representation of the adsorption of U(VI) by TNS-PDA/CNT.
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catechol and amine functional groups, as illustrated in Figure
11.

4. CONCLUSIONS
TNS-PDA/CNT was fabricated by in situ growth of titanate
sheets onto a polydopamine-encapsulated CNT surface. The
as-synthesized adsorbent exhibited outstanding adsorption
capacity, which was approximately 10 times that of pure
CNTs. The optimum pH value was found to be 4.0, and the
U(VI) adsorption by CNTs@PDA@TNSs was slightly
inhibited by ionic strength. The good fitting of the adsorption
process to the pseudo-second-order kinetics indicated the
nature of the chemical. The Langmuir model was more suitable
for describing U(VI) adsorption by CNTs@PDA@TNSs,
implying the monolayer adsorption with a maximum
adsorption capacity of 309.60 mg/g at pH 5.0 and temperature
= 45 °C. The thermodynamic study confirmed that the
adsorption process was spontaneous and endothermic. The
analysis of XRD, FTIR, and XPS revealed the essence of
adsorption involved ion exchange between U(VI) and the
interlayered Na+ ions as well as surface complexation from the
plentiful catechol and amine functional groups. All findings
indicated that TNS-PDA/CNT had enormous potential for
capturing U(VI) from high salinity and the polyion coexisting
system.
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