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Abstract

Herein, a biochar-based composite (Ti;C,T,@biochar-PDA/PEI) was constructed by decorating Ti;C, T, and polydo-
pamine on coconut shell biochar via electrostatic self-assembly method. Different characterization techniques were
applied to explore the structure, morphology and composition of the sorbents. It was found that the higher porosity
and diverse functional groups were conducive for Ti;C, T,@biochar-PDA/PEI to capture radionuclides, and the water
environmental conditions made a great contribution to the adsorption process. The process of removing U(VI)/Cs(l)
well complied with the Langmuir isotherm and Pseudo-second-order equations, which indicated that the single layer
chemical adsorption occurred on the solid liquid interface. Meanwhile, this produced composite exhibited superior
removal performance under complex co-existing ion environment, and the maximum adsorption amounts of U(VI)
and Cs(l) reached up to 239.7 and 40.3 mg g~ . Impressively, this adsorbent still exhibited good adsorption perfor-
mance after three cycles of regeneration. The spectral analysis and DFT calculation demonstrated that adsorption of
U(VI) might be a chemical process, while the adsorption of Cs(l) should be ion exchange or electrostatic attraction.
This study demonstrated the potential application of Ti;C,T,@biochar-PDA/PEIl as an effective remediation strategy for
radioactive wastewater cleanup.

Highlights

+ A coconut shell biochar-based composite was successfully constructed.

+ Modified biochar exhibited excellent adsorption ability for U(VI)/Cs(I).

+ Removal process of U(VI)/Cs(I) was mainly controlled by chemical adsorption.
« Elimination mechanism was associated with ion exchange and chelation.
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1 Introduction

With the rapid development of nuclear power, a large
number of radioactive wastewater is released into the
surrounding environment, which has caused a serious
threat to the environment and public health (Liu et al.
2019). Among various radionuclides, uranium (U) and
cesium (Cs) have attracted considerable research atten-
tion due to their high radioactivity, toxicity and solu-
bility (Hu et al. 2022). Thus, it is of vital significance to
adsorb and separate of U(VI) and Cs(I) from radioactive
wastewater. In response to the environmental problem,
many methods have been widely reported to remove
emerging pollutants from aqueous solutions, such as
liquid-liquid extraction (Xu et al. 2023), chemical pre-
cipitation (Yu et al. 2022), electrochemical treatment
(Liu et al. 2023) and adsorption (Zhu et al. 2022). Among
them, adsorption is deemed to be an effective method
for treating contaminated water due to its simplicity and
low power consumption (Zheng et al. 2021). Currently,
a wide range of alternative adsorbents have been inves-
tigated to eliminate these pollutant species, including
graphene oxide (Liu and Wang 2020), polymer (Zhang
et al. 2010), chitosan (Lu et al. 2021) and montmoril-
lonite (Xia et al. 2018). However, the above-mentioned
adsorbents exhibited some shortcomings under different
environmental conditions, such as time consuming, high
cost and complex process. Thus, it is very much essen-
tial to design and construct novel adsorption materials

for efficient separation and purification of radionuclides
from wastewater.

Biochars are a pyrogenic carbon material derived
from renewable biomass, which have attracted more
and more attention in the environmental field due to
their low cost, abundant source and environmental-
friendly (Han et al. 2022). However, pristine biochar
from pyrolysis or gasification is relatively poor in sur-
face functional groups and low in porosity, which
may affect its adsorption performance and reduce its
adsorption application value (Lu et al. 2022). To over-
come these problems, synthesis of novel functionalized
biochar with surface modification strategy to improve
its removal efficiency and potential applications in
environmental remediation has attracted much atten-
tion in recent years (Fang et al. 2022). For examples,
Wang et al. (2020a; b, c) reported that the grafting of
amino groups on porous biochar could enhance the
adsorption efficiency toward U(VI), and the complexa-
tion between U(VI) and amine groups contributed to
U(VI) adsorption. Guo et al. (2022) used 3D ZnO mod-
ified biochar-based hydrogels for U(VI) elimination,
which was easily regenerated and quickly separated
after adsorption. Asada et al. (2021) reported a biochar-
immobilized potassium nickel hexacyanoferrate adsor-
bent with excellent Cs(I) removal efficiency, which
could effectively extract Cs(I) from nuclear waste.
Tao et al. (2019) found that copper hexacyanoferrate
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nanoparticle-decorated biochar exhibited a good per-
formance on sedimentation and Cs(I) removal, and the
Cs(I) adsorption was homogenous, endothermic and
mainly controlled by chemical adsorption. Neverthe-
less, there are several weaknesses associated with these
biochar-based materials, such as low adsorption effi-
ciency, weak selectivity and poor regenerability. Thus,
effective modification of biochar-based materials with
excellent removal efficiency for radioactive contami-
nant is still necessary.

MXenes are an emerging class of 2D material and
composed of transition metals and carbides, nitrides,
or carbonitrides, which are synthesized from the parent
MAX phase by selectively removing “A” elements (Zhang
et al. 2023). Their specific structure brings about unique
and excellent physical and chemical properties, such as
high degree of physico-chemical stability, compositional
flexibility and ion exchange ability. More importantly,
MXenes exhibit a high specific surface area and have a
large number of -OH, -F and other oxygen-containing
groups on the skeleton. Thus, the theoretical calculations
and experiments demonstrated that MXenes exhibited
excellent adsorption properties for different contami-
nants due to its abundant active sites, which have been
widely used in the environmental-remediation field
(Wang et al. 2018). Dopamine is a biological molecule
containing catechol and amine functional groups in its
skeleton, and its special chemical structure will facili-
tate metal coordination and electron transport. More
importantly, the oxidative polymerization of the dopa-
mine would take place in aerated alkaline solution, and
the coating could be versatilely deposited onto a variety
of materials (Liu et al. 2021). Thus, combination of these
advantages may be an effective strategy to develop a
novel biochar-based sorbent for radioactive wastewater
remediation.

Herein, a biochar-based composite was developed by
convenient self-assembly for radionuclide elimina-
tion. The purpose of this research was (1) to determine
the structure, composition as well as morphology of the
as-prepared materials by different spectroscopic tech-
nologies; (2) to explore the influence of water environ-
mental condition on removal performance of Ti;C,T, @
biochar-PDA/PEI by batch techniques; (3) to understand
the relationship between structure and removal proper-
ties through classical kinetics, isotherms and thermody-
namic formulas; (4) to evaluate the regeneration ability
of Ti;C,T,@biochar-PDA/PEI by adsorption—desorption
cycle experiments; (5) to research in depth the capture
mechanisms of biochar-based composites for U(VI) and
Cs(I) through characterization analysis and theoreti-
cal calculation. The highlight of this study was to apply
this biochar-based composite to the adsorption and
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immobilization of radioactive pollutants in aqueous solu-
tion in actual environmental cleanup.

2 Materials and methods

2.1 Materials and chemicals

The coconut shell biochar, Ti;AIC, (98%), CsCl (99.9%),
UO,(NO;),.6H,0 (99%) and polyethyleneimine (PEI,
99%) were purchased from Beijing Daxiang Chemical
Reagent Factory. The HF (98%), tris (hydroxymethyl)
aminomethane (Tris, 99.8%), dopamine hydrochloride
(98%) and Arsenazo III (AR) were bought from Shang-
hai Aladdin Biochemical Technology Co., Ltd. All the
reagents were of analytical pure grade without further
purification.

2.2 Synthesis of Ti;C,@biochar-PDA/PEI

The synthetic route for Ti;C,T,@biochar-PDA/PEI
is illustrated in Fig. 1, and the detailed preparation pro-
cedure was according to references with minor modi-
fication (Gao et al. 2022; Zhang et al. 2022). Firstly, 5 g
of TizAlC, powder and 30 mL of HF solution (40 wt%)
were added into a 500 mL three-round bottom flash
under stirring for 48 h. Then, the mixture was washed
with ultrapure water several times until the pH reached
neutral to obtain the multilayer Ti,C,T, powder. Sub-
sequently, the resulting Ti;C,T, was centrifuged and
sonicated at room temperature to construct monolayer
Ti;C,T, nanosheets. Secondly, 2 g of dried biochar and
3 g of PEI were put together into a round bottom flask.
Thereafter, 400 mL of dopamine solution was added into
the above mixture, followed by vigorous stirring for 24 h
to achieve reddish brown precipitation (biochar-PDA/
PEI). Thirdly, a negatively charged Ti,C,T, suspension
was added into the positively charged amine functional-
ized biochar dispersion at pH=6, followed by ultrasoni-
cation for 6 h at room temperature. Finally, the obtained
sediment was freeze-dried for 24 h to get Ti;C,T,.@
biochar-PDA/PEL

2.3 Characterization

Surface morphologies and chemical composition of
all the adsorbents were observed by scanning electron
microscopy (SEM, Merlin Compact, Japan) and high-
resolution electron microscopy (TEM, Hitachi, Japan).
The pore structure and the specific surface of the sorb-
ents were characterized by nitrogen adsorption—desorp-
tion (Autosorb iQ instrument, Quan-tachrome, USA).
FTIR analysis was done using Thermo NICOLET 5700
spectrophotometer taking KBr as a reference. Powder
X-raydiffraction (WAXRD) patterns were recorded by D8
ADVANCE X-ray diffraction spectrometer (Bruker, Ger-
man). The X-ray photoelectron analysis was performed
by Thermo Scientific ESCALAB 250Xi spectrometer.
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Fig. 1 Schematic illustration for the synthesis process of Ti;C,T,@biochar-PDA/PEI

2.4 Batch removal experiments

A batch technique was used to study the applicability of
Ti;C,T,@biochar-PDA/PEI for adsorbing target metal
ions. In the removal system, a fixed amount (5 mg) of
Ti;,C,T,@biochar-PDA/PEI was immersed in the 50 mL
of U(VI) or Cs(I) containing solution, in which the pH
values were controlled by 0.1 M HCl and 0.1 M NaOH.
After adsorption equilibrium, the residual pollutant
concentration was quantified by atomic absorption

spectrophotometer and UV-vis adsorption spectrom-
eter. To understand the kinetics of the elimination pro-
cess, 5 mg of sorbent was added to 50 mL of U(VI) and
Cs(I) solution, and the liquid supernatant was taken out
and the absorbance was measured at different adsorp-
tion time. For adsorption isotherm studies, a moderate
amount of adsorbent was dropped into 50 mL of differ-
ent concentrations of radionuclide solution, which was
vibrated at constant temperature for a certain time. The
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adsorbents were regenerated for three cycles by the con-
secutive adsorption—desorption process described above.
Finally, the equilibrium absorption capacity (q, mg g™ )
and removal efficiency (R, %) were calculated in terms of
Eq. (1) and (2):

C, — COV
go = Lo =V )

m

Co — Ct

(o)

R, =

x 100% @)

where C, and C, (mg L") arethe initial and equilibrium
concentrations in clear liquor before and after sorption.
V represents the volume of pollutant solution (L), and m
is the mass of samples (mg).

3 Results and discussion

3.1 Adsorbent characterization

The change in different surface functional groups on all
the adsorbents was examined by FTIR spectra, and the
obtained results are showed in Fig. 2a. For original bio-
char, a moderate peak around at 3428 cm™! represented
the stretching vibration of O—H, and a band at 1638 cm™
was consistent with C=0O stretching vibration (Dong
et al. 2021). The peaks at about 1430 cm ™' and 1085 cm™
would be assigned to the C—H and C-O bending vibra-
tions, respectively. However, for biochar-PDA/PEI, it
was found that the intensity of peaks for —-OH and C=0
significantly increased after surface modification, which
may be due to the introduction of PDA and PEI on the
surface (Liu et al. 2022). The FTIR spectra of Ti,C,T,
exhibited two typical characteristic peaks at 3443 and
549 ¢cm ™!, which indicated that a large amount of -OH
and Ti—OH groups existed on the surface of MXenes (Hu
et al. 2021). It was noted that the Ti;C,T,@biochar-PDA/
PEI showed the characteristic peaks of biochar, PDA
and Ti;C,T,, such as the stretching vibration of C-Ti,
C=0 and —NH, matching with the peaks in the range
of 556 cm™'-1623 cm™!. These phenomena reflected that
this biochar-based composite was successful constructed
and it contained abundant amino and oxygen-containing
groups. In Fig. 2b, one can see that the peaks of Cls, Ols,
Al2p and Ti2p are found in Ti;AIC,, while the Ti;C,T,
mainly consists of Cls, Ols and Ti2p, which may be due
to the successful removal of Al elements by HF solution.
The obvious N1s signals were observed in the XPS spec-
tra of biochar-PDA/PEI compared with biochar, which
indicated that PDA/PEI was a good precursor to intro-
duce amino groups. More importantly, the survey scan
XPS profiles revealed the presence of Cls, Ols, N1s and
Ti2p elements in Ti;C,T,@biochar-PDA/PEI. Besides,
to analyze the surface functional groups of the samples
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in depth, the peaks of Cls were further deconvolved in
this work. In Fig. 2c, the biochar shows three Cls peaks
at 283.5 eV, 285.4 eV and 289.1 eV corresponding to C-C,
C-0 and C=0 groups. In comparison to biochar, a new
peak at 284.9 eV (C-NH,) was induced in the Cls spec-
tra of biochar-PDA/PEI (Fig. 2d), which may be caused
by the amine groups immobilized on the surface of bio-
char. In Fig. 2e, the Ti;C,T,@biochar-PDA/PEI exhib-
its five different Cls peaks at 284.2 eV (C-C), 286.1 eV
(C-0), 288.1 eV (C=0), 285.2 eV (C-NH,) and 283.1 eV
(C-Ti), and the existence of C-Ti and C-NH, implied that
MXenes and PDA/PEI were successfully anchored on
biochar. Besides, the XRD analysis was also carried out
to evaluate the crystal structure of the as-prepared sor-
bents. In Fig. 2f, the XRD patterns of biochar present
broad amorphous features and no peaks indicative of
crystalline phases. However, the XRD pattern of Ti3C2Tx
exhibited an obvious diffraction peak (002) at a lower
angle (20=5.93°), which was an indicative of enlarged
interlayer spacing and the layered structure appeared
without impurity phase (Peng et al. 2022). After electro-
static self-assembly, the (002) reflection peak disappeared
and the intensity of the (004) peak became weak, which
implied that the disorder of MXenes layers increased due
to some chemical reactions occurred in MXenes sheets.
The microstructures and surface morphologies of the
as-prepared adsorbent were further characterized by
means of SEM and TEM technologies. In Fig. 3a, one can
see that the coconut shell biochar exhibits fine granular
particles, and its surface is the smooth and porous in
structure (Sun et al. 2022). In contrast, the biochar-PDA-
PEI (Fig. 3b) presented a relatively rough surface that
had experienced obvious erosion, and substantial pore
channels were blocked by macromolecular organic mat-
ter. Interestingly, in Fig. 3c, some sheet structures that
distributed on the surface of Ti;C,T, @biochar-PDA/PEI
are found, which may be attributed to the attachment of
Ti;C,T, nanosheets onto the surface of biochar by elec-
trostatic self-assembly. Moreover, in Fig. 3d, the TEM
image of Ti;C,T,@biochar-PDA/PEI composite reveals
uniformly distributed flake-like nano-structures and
porous structures, which suggests the effectiveness of
the synthesis method herein to produce a biochar-based
composite. Figure 3e, f show the N, adsorption—desorp-
tion isotherms and pore size distributions of coconut
shell biochar and the corresponding samples function-
alized with PDA/PEI and MXenes. It was found that all
samples showed type-1V adsorption isotherm, which was
the typical characteristic of mesoporous materials (Cheng
et al. 2022). Additional file 1: Table S1 shows that the sur-
face areas of biochar, biochar-PDA-PEI and Ti,C,T,@
biochar-PDA/PEI were 778.1, 72.7 and 51.6 m* g,
respectively. The BET surface area of biochar-PDA-PEI
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Fig. 2 FTIR spectra (a), XPS survey spectra (b), high-resolution C1s (c—e) and XRD patterns (f) of biochar, Ti;C,T,, biochar-PDA-PEl and Ti;C,T,@
biochar-PDA/PEI

and Ti;C,T,@biochar-PDA/PEI was lower than that of pore diameter exhibited an increasing trend, which may
biochar, possibly because PDA/PEI and Ti;C,T, occupied  be due to that fact that small pores were firstly filled and
a great many of porous channels. However, the average then the large pores. It should be pointed out that the
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Fig. 3 SEM image (a—c), TEM photograph (d), N, adsorption—desorption isotherms (e) and pore size distributions (f) of biochar, biochar-PDA-PEI
and Ti;C, T,@biochar-PDA/PEI

residual BET surface area was beneficial to the adsorp-
tion and diffusion of target pollutants.

3.2 Influence of water environmental conditions

It is well known that water environmental conditions has
a marked impact on the elimination process, which may
affect the zeta potential of adsorption materials as well as
the species of radionuclides. In Fig. 4a, b U(VI) adsorp-
tion on Ti;C,T,@biochar-PDA/PEI increases with an

increase in pH from 2.0 to 5.0, and achieves consistent
adsorption at pH 6.0-8.0. Similar to U(VI), the Cs(I)
adsorption capacity gradually increased with increas-
ing pH from 2.0 to 4.0, and then the value remained at
a stable level as pH further increased to 8. This phe-
nomenon could be explained by the electrostatic inter-
action. In Additional file 1: Fig. S1, the zeta potential of
this adsorbent is 5.84, which implies that there would be
a negative charge when pH exceeds this value. At lower
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Fig. 4 Influence of water environmental conditions on adsorption of U(VI) and Cs(l) by Ti;C,T,@biochar-PDA/PEI

pH, the competition between H" and radioactive cation
prevented uranium or caesium ions from occupying
active sites, which led to a relatively low capture amount
(Yang et al. 2019). With the pH increasing, the negative
charge on the Ti,C,T @biochar-PDA/PEI was beneficial

to binding with positively charged ions through electro-
static attraction, which led to an increase in adsorption
capacity. Moreover, at higher pH, the decrease in uptake
amounts might be ascribed to the repulsive interac-
tion between the negatively charged composites and the
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negative radionuclides. In the actual adsorption process,
the content of adsorbent was another key factor affect-
ing the adsorption of metal ions. In Fig. 4c, d, it can
be observed that the adsorption amount of Ti,C,T.@
biochar-PDA/PEI gradually reduces with solid-to-liquid
ration increasing, which is owing to the lack of radionu-
clides in the solution compared to the amount of adsor-
bents (Ahmed et al. 20214, b). In Fig. 4e, f, one can see
that the adsorption can be accelerated by increasing the
reaction temperature, which indicates that high tempera-
ture would enhance the adsorption force between the
adsorbate and the active sites. Besides, the adsorption
performance of U(VI) and Cs(I) on different adsorbents
were also evaluated in this work. In Additional file 1: Fig.
S2, one can find that the adsorption amount of Ti;C, T, @
biochar-PDA/PEI is higher than that of biochar and bio-
char-PDA/PEL This is mainly attributable to the anchor-
ing of MXenes nanosheets and PDA/PEI on the biochar
surface, which provides abundant active sites for adsorp-
tion of U(VI) and Cs(I).

3.3 Isotherm and thermodynamic investigation

The adsorption isotherm provides valuable information
about the adsorption amounts, which is important for the
design and optimization of adsorption systems. In Fig. 5,
one can see the sharp increase in adsorption capacities at
the initial phase, which may be due to the stronger driv-
ing forces promoting the contact between radionuclides
and active sites. However, adsorption efficiency main-
tained at a constant-level with the adsorption proceed-
ing, which was probably due to the limited binding sites
of Ti,C, T, @biochar-PDA/PEI. To further understand
the adsorption behavior, several isotherm models were
adopted to fit the experimental data. Findings from the
isotherm equations are summarized in Additional file 1:
Table S2. Apparently, the Langmuir isotherm model
could better describe the adsorption behavior than the
Freundlich model as reflected by the highest determina-
tion coefficient (R?>0.99), and the maximum adsorption
amounts of U(VI) and Cs(I) were 239.7 and 40.3 mg/g,
which indicated that the elimination of radionuclides
onto Ti;C, T, @biochar-PDA/PEI was a monolayer
adsorption (Wang et al. 2020a, b, c). In addition, the
calculated R; values were all in the range of 0-1, which
further reflected that the favorable adsorption of U(VI)/
Cs(I) on Ti;C,T,@biochar-PDA/PEI. The Vantt Hoff
equation was also utilized to analyze thermodynamic
issues. In Additional file 1: Table S3, it is found that the
thermodynamic constants AG°<0, which implies that
the adsorption of U(VI)/Cs(I) was exothermic and spon-
taneous process. Both values of AH® and AS° were posi-
tive, reflecting the adsorption process was endothermic,
and the removal process increased randomly. Besides, In
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Additional file 1: Table S4, it is noteworthy that the max-
imal adsorption capacity of Ti;C,T,@biochar-PDA/PEI
surpasses that of most of reported materials. This may be
attributed to its unique physicochemical properties, such
as the large specific surface area, abundant functional
groups and high pore size, which facilitated the adsorp-
tion ability of biochar-based composites.

3.4 Kinetic studies of adsorption

It is generally acknowledged that an effective operational
period and the reaction mechanism can be appropriately
reveled by the adsorption kinetics. In Fig. 6, it is obvi-
ous that removal rate of U(VI)/Cs(I) is faster during the
initial stage due to a large number of vacant active sites
and porous structures. However, as the reaction time
increased, the adsorption sites were gradually occu-
pied, the limited active sites would make the adsorp-
tion reaction tend to equilibrium. To gain an insight into
the adsorption process, four kinetic equations models
were adopted for the simulation of radionuclide adsorp-
tion behaviors onto Ti;C,T,@biochar-PDA/PEI, and
the relevant formulas are displayed in Supplementary
information. According to Fig. 6 and Additional file 1:
Table S5, one can see that the R?> value of the pseudo-
second-order model was higher than that of the pseudo-
first-order model, which implied that the adsorption
behavior between the composites and U(VI)/Cs(I) was a
chemical adsorption. It was also found that the [} values
were less than 0.1, which implied that the rate-control-
ling step was not the diffusion of the target ions (Li et al.
2021). In addition, mass transfer in composites would be
a crucial factor in the adsorption process, therefore, the
Weber-Morris Model was applied to characterize dif-
fusion mechanism. The plots of qt vs. t'/? are shown in
Fig. 6e, £, in which it can be found that three straight-line
segments do not pass through the origin, which impli-
esthat the rate-limiting step was not only intra-particle
diffusion but also other steps. In this work, radionuclides
were first moved from the solution to outer surface of the
composite material (membrane diffusion). Subsequently,
these targeted contaminants diffused through the surface
to enter the intra-particle diffusion step. Finally, the equi-
librium stage was mainly controlled by chemical adsorp-
tion, which was corresponding to the low mass transfer
driving force.

3.5 Influence of interference ions and regeneration
property

Generally, natural water often contains some inorganic

background constituents, which may have a potential

adverse effect on the removal of U(VI)/Cs(I) by Ti,C, T, @

biochar-PDA/PEIL Thus, the adsorption selectivity was

investigated in this work. As illustrated in Additional
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Fig. 5 The nonlinear Langmuir and Freundlich model (a, b), Langmuir separation factor (R) plots (¢, d) and calculation of thermodynamic

parameters (e, f)

file 1: Fig. S3a, there was a significant reduction in
adsorption amounts in the simulated radioactive waste-
water owing to the competitive relationship between
U(VI) and coexisting cations. It was also found that the
interference ability of metal ions in high state was higher

than that in low state. This may be due to that fact that
the charge value of divalent cations was higher than
that of monovalent cation, so the complexation ability
of divalent cations with Ti;C,T @biochar-PDA/PEI was
stronger. In Additional file 1: Fig. S3b, this biochar based
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models

composite presents favorable selectivity for Cs(I) in the
systems with multiple ions. This may be due to the fact
that target Cs(I) ions were anchored in Ti;C,T @biochar-
PDA/PEI with aappropriate ion size, while other metal

ions had smaller radii than Cs(I), which made it diffi-
cult to form a stable chelating structure. Considering
the environmental safety and economic feasibility of an
adsorbent, we also evaluated the regeneration property of
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Ti,C, T, @biochar-PDA/PEI after adsorption saturation.
In Additional file 1: Fig. S3c, d, it is found that the adsorp-
tion capacities maintained is maintaine 82.5% for U(VI)
and 81.6% for Cs(I) after three cycles of regeneration,
which indicates that this adsorbent could be well regen-
erated by 1 M HCI solution. These results further proved
that Ti;C,T,@biochar-PDA/PEI was not only a stable and
reusable excellent adsorbent but also had a good adsorp-
tion effect on radionuclides in water environment.

3.6 Proposed adsorption mechanism

To further explain the adsorption mechanism, the fresh
and spent adsorbents were elucidated by the FT-IR,
SEM-EDS and XPS survey techniques. In Fig. 7a, com-
pared with the fresh composites, the FT-IR spectra of
Ti,C, T @biochar-PDA/PEI show a new peak at nearly
889 cm™! after U(VI) adsorption, which is primar-
ily attributed to the chemically coordinated uranyl ions
(Yin et al. 2020). Meanwhile, the band at 1623 cm™! was
shifted to higher frequency 1630 cm™! and this obvious
increment could be observed after adsorption of Cs(I).
These results demonstrated the interaction of hydroxyl
and amino groups of Ti;C,T ,@biochar-PDA/PEI with
U(VI)/Cs(I). Besides, there was another evidence shown
in Additional file 1: Fig. S4, in which the surface mor-
phology of Ti;C,T @biochar-PDA/PEI changed and
became rough after adsorption. More importantly, the U
and Cs elements were clearly observed in the SEM-EDX
images, and its existence verified the incorporation of
radionuclides onto the biochar-based composites.

The XPS technique was further utilized to explore the
changes in chemical bonding of Ti;C,T,@biochar-PDA/
PEI before and after capture of U(VI)/Cs(I). In Fig. 7b,
one can see that the typical peaks of U4f and Cs3d were
detected after the adsorption processes, indicating the
successful immobilization of uranium(VI) and cesium(I)
on the surface of Ti;C,T,@biochar-PDA/PEI, which
was consistent with the results of SEM—EDS and FT-IR.
Figure 7c shows the XPS spectra of U4f, the peaks at
392.8 eV and 381.7 eV were related to U(VI), which sug-
gested that the absence of U(VI) reduction to U(IV) dur-
ing U(VI) adsorption. In Fig. 7d, the typical peaks of Cs3d
at 737.7 eV and 723.8 eV were ascribed to Cs(I), which
implied that Ti,C,T,@biochar-PDA/PEI and Cs(I) were
connected by chemical bonds and there was no valence
variation (see Additional file 1: Table S6). It should be
pointed out that the surface of composites possessed a
large amount of oxygen-containing groups, which played
a vital role in the elimination process. In Fig. 7e—g, the
Ols spectrum is divided into four peaks, allocated to C—
OH, C=0, Ti-OH and C-O bonds at 531.1 eV, 532.6 eV,
530.6 eV and 531.8 eV, respectively. After adsorption, the
content of C—-OH and Ti—OH reduced to 28.77% and
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13.93% for uranium(VI), while it was decreased to 23.92%
and 14.72% for Cs(I). This phenomenon may be due to
the fact that when the targeted pollutants were adsorbed
by ligand exchange, the adsorption of radionuclides
reduced the -OH on the surface of composites, resulting
in a change in the content of C—OH and Ti—OH. Besides,
it was also found that binding energy of N1s shifted to a
lower one after adsorption (Fig. 7h), which implied that
amino groups also took part in adsorption of radionu-
clides on Ti;C, T, @biochar-PDA/PEIL

The DFT calculations were used to explore the
adsorption process of Cs* and UO,>" on deproto-
nated Ti;C,(OH), by Vienna ab initio simulation
package (VASP) (Kresse and Furthmiiller. 1996). The
projector augmented wave (PAW) method was applied
to describe the effect of core electrons on the valence
electron density (Blochl. 1994). The generalized gradi-
ent approximation (GGA) with the parametrization of
Perdew-Burke-Ernzerhof (PBE) was adopted to describe
the exchange correlation energy (Perdew et al. 1996). The
cutoff energy for the plane wave basis sets was 500 eV.
Brillouin zone was sampled by Monkhorst—Pack special
k-points mesh of 4x4x1 (Monkhorst and Pack. 1976).
Meanwhile, LDA + U correction was employed to bet-
ter describe the electronic properties of transition met-
als systems. The strong on-site Coulomb repulsion of
titanium (Ti) 3d electrons and uranium (U) 5f electrons
were calculated, respectively, using the formalism formu-
lated by Dudarev et al. (Dudarev et al. 1998). According
to reported theoretical investigations, U values of Ti and
U elements were both set to 3 eV during our calculations.
All the structures were optimized until the relaxation
computations reached the convergence threshold which
was set to 107 eV in energy and 0.02 eV/A in force. The
adsorption energy (E,,) was computed based on the fol-
lowing formula:

Euq = Ecomplex — (Eadsorbent + Eadsorbate) (1)

where the E,,,,, is the total energy of Cs* or UO0,**
adsorbed on the surface of deprotonated Ti;C,(OH),. The
E isorent 18 the total energy of deprotonated Ti;C,(OH),
and the E, ... is the total energy of Cs™ or UO,**
cations.

In present work, the computational model of hydroxy-
lated Ti;C, MXene material (Ti;C,(OH),) was built based
on the literature (Wang et al. 2020a, b, c). The hydroxyl
groups were introduced into the surface of bare Ti;C,
MXene to saturate under-coordinated Ti atoms. Accord-
ing to above experimental results, partial hydroxyl groups
on the surface of Ti;C,(OH), material were deprotonated
after the deprotonation process. Thus, considering the
computational cost, one and two deprotonated hydroxyl

groups were present to maintain electrical neutrality for
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Fig. 7 FTIR spectrum (a), XPS survey spectra (b), high-resolution U4f (c), Cs3d (d), O1s (e-g) and N1s (h) of Ti;C,T,@biochar-PDA/PEI before and

after adsorption
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cesium ion (Cs*) and uranyl (U022+) systems. The unit
cell parameters of bare Ti,C, MXene were a=b=3.07 A,
c=15.13 A, a=8=90°, y=120° as shown in Additional
file 1: Fig. S5a, b. A 4x4 X1 supercell for deprotonated
Ti;C,(OH), model is displayed in Additional file 1: Fig.
S5c—e. A vacuum space of 15 A was employed to avoid
the interaction between periodic images along Z-axis.
The optimized complex structures for Ti;C,(OH),-Cs
and Ti;C,(OH),-UO, are displayed in Additional file 1:
Fig. S5f, g. Firstly, the Cs™ firmly adsorbed on the top of
the deprotonated oxygen atom of hydroxyl group with a
Cs-O bond length of 2.84 A. The calculated adsorption
energy (E,;) of Cs* on the deprotonated Ti;C,(OH), was
-17.37 kJ/mol. Besides, in the Ti;C,(OH),-UO, complex,
there was strong coordination between U atom and O
atom, resulting in new U-O bonds with bond lengths
of 2.29 and 2.30 A. Meanwhile, the oxygen atoms of
UO,?* could also form stable hydrogen bonds (1.39 A)
with hydrogen atoms on the surface of Ti;C,(OH), to
further enhance the adsorption performance. Moreover,
the differential charge densities of Ti;C,(OH),-Cs and
Ti;C,(OH),-UO, complexes were also calculated. Close
inspection of Additional file 1: Fig. S5h, i revealed that
there was obvious charge transfer between the surface
of deprotonated Ti;C,(OH), and Cs* as well as UO,*".
Combined with the analysis of Bader charge, 0.66 and

Interaction
o

Ton exchange
o’. ' o/‘

Coordination| 0'

Interaction

Adsorption of U(VI)
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2.09 e~ charges were transferred from the deprotonated
Ti;C,(OH), to Cs* and UO,**, respectively. These DFT
results provided a theoretical insight into the underlying
adsorption mechanism of Cs* and UO,*". The adsorp-
tion processes of both Cs* and UO,*" on the surface of
deprotonated Ti;C,(OH), were dominated by electro-
static interaction and the hydrogen bond was another
important factor to facilitate the adsorption of UO,>*.
Based on the above analysis, elimination mechanisms
of U(VD)/Cs(I) on TizC,T,@biochar-PDA/PEI possibly
involved three aspects (Fig. 8). (1) Electrostatic interac-
tion. Once the targeted contaminants came into contacted
with the fresh composites, the positively charged U(VI)
or Cs(I) species were rapidly enriched on the surface of
Ti,C, T, @biochar-PDA/PEI by electrostatic interaction.
(2) Coordination interaction. In this process, the phenol
hydroxyl and amine groups were the main adsorption
sites. In the process of deprotonation, the donate elec-
trons from phenolic hydroxyl and amine groups were rap-
idly transferred to radionuclides, which could form stable
complexes in aqueous solution. (3) Ion exchange and
chelation in MXenes. A large number of Ti—-OH groups
existed on the surface of MXenes, which may make a great
contribution to the elimination process. This was because
Ti—OH groups could capture U(VI) and Cs(I) through ion
exchange and chelation. Thus, this new biochar-based

Chelation
’ K ranes lnumﬂo_ n
S o Tonex ‘ z
2o @ o9, :
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Interaction ,

Adsorption of Cs(I)

Fig. 8 Schematic diagram for proposed elimination mechanism of U(VI) and Cs(l) by Ti;C,T,@biochar-PDA/PEI
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composite material was an ideal and efficient adsorbent
for radionuclide separation and enrichment.

4 Conclusion

In summary, we have successfully constructed a new type
of biochar-based composite with excellent adsorption
performance by a facile and cost-effective method. The
characteristic results showed that the higher porosity and
diverse functional groups were conducive for Ti;C,T,@
biochar-PDA/PEI to capture radionuclides. Batch experi-
ment found that pH values and adsorption tempera-
ture normally strongly affected U(VI)/Cs(I) uptake on
this composite material, whereas adsorption was only
weakly inhibited by coexisting metal ions. The adsorp-
tion data were satisfactorily described by the Langmuir
and Pseudo-second-order kinetics models, and the dif-
fusion mechanism study manifested that the rate-lim-
iting step was not only intra-particle diffusion but also
other steps. Meanwhile, the maximum adsorption abil-
ity of Ti,C,T, @biochar-PDA/PEI was higher than that of
most of reported materials. Moreover, the immobilized
U(VI)/Cs(I) could be easily desorbed by 1 M HCI solu-
tion, and the as-prepared material still exhibited a desir-
able selectivity toward radionuclides under combined
system. Finally, the spectral analysis and DFT calculation
demonstrated that elimination of radionuclides mainly
depended on electrostatic interaction, ion exchange and
chelation. Thus, this novel biochar-based material was
important to the green and sustainable development of
nuclear energy and environmental protection.
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