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Environmental significance

Experimental and theoretical calculation
investigation on efficient Pb(i) adsorption on
etched TizAlC, nanofibers and nanosheets+

Pengcheng Gu,? Jinlu Xing,? Tao Wen,*® Rui Zhang,? Jian Wang,? Guixia Zhao, @2
Tasawar Hayat,”® Yuejie Ai,*® Zhang Lin ©¢ and Xiangke Wang @ *a°¢

Layered 2D etched TizAlC, nanofibers and nanosheets with different morphologies (named as e-TACFs
and e-TACSs) were successfully synthesized by a simple hydrothermal treatment. The adsorption of Pb(i)
on e-TACFs and e-TACSs under various conditions was found to be strongly dependent on pH and ionic
strength. Thermodynamic parameters calculated from temperature-dependent isotherms showed that the
adsorption of Pb(i) on both samples was spontaneous and endothermic. Specifically, due to their enhanced
specific surface area and complexation affinity with Pb(i), the maximum adsorption capacity of Pb(i) on
e-TACFs at pH 5.0 was 285.9 mg g%, which was higher than that of Pb(i) on e-TACSs (218.3 mg g 3. The
interaction mechanisms of Pb(i) with e-TACFs and e-TACSs were mainly attributed to cation exchange and
outer-sphere surface complexation, which synergistically promoted the adsorption kinetics and enhanced
the adsorption capacity. The DFT computational results were in good agreement with the batch experi-
mental observations. Such a fluoride-free hydrothermal synthesis method and excellent heavy metal re-
moval capacity demonstrate that 2D etched TizAlC, nanomaterials are promising materials for the efficient
removal of Pb(i) in environmental pollution remediation.

Lead (Pb), one of the most toxic metal ions, has aroused worldwide concern due to its high toxicity and carcinogenicity. Two-dimensional (2D) MXene ma-
terials exhibit not only hydrophilic surfaces but also excellent structure characteristics and chemical stabilities and are widely applied in the water decon-
tamination field. This work evaluates the adsorption behavior of Pb(u) ions on etched Ti;AIC, nanofibers and nanosheets, which are synthesized by an envi-
ronmentally friendly fluoride-free treatment. The findings highlight the fluoride-free production of well-structured etched Ti;AlC, and open a new

perspective for the preparation of other functional 2D MXene materials for environmental pollution clean-up.

Introduction

With the rapid development and operation of modern indus-
try, environmental ecosystems and the health of human be-
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ings are seriously threatened by heavy metal pollution due to
their high toxicity and carcinogenicity. Lead (Pb) has been
regarded as one of the most toxic metal ions which could
cause nervous system damage and functional degradation of
neurons even at trace concentrations.’® In China, over 150
tons of Pb(u) are discharged into aqueous systems per year.”
Considering its hazardous impact on the ecological environ-
ment and bioorganisms, developing an effective technology
to remedy Pb(u)-bearing wastewater is of great practical
importance.

Over the past few years, significant advances have been ap-
plied in Pb(u) pollution treatment with the development of
various techniques, including adsorption,®'® membrane fil-
tration,"* chemical precipitation,'> and so on. Specifically,
the adsorption method has been widely applied to heavy
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metal ion clean-up by virtue of its low cost, high efficiency
and easy operation."* Two-dimensional (2D) materials, such
as graphene oxide and its derivatives which guarantee unique

This journal is © The Royal Society of Chemistry 2018
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morphologies, chemical structures and excellent adsorption
capacities, have attracted multidisciplinary considerable at-
tention. Zhao et al.'* reported few-layered graphene oxide
nanosheets as remarkable adsorbents for the removal of
Cd(u) and Co(u) ions. Furthermore, graphene oxide-supported
polyaniline composites were successfully synthesized and
they showed high efficiency in removing radionuclides.'® Un-
fortunately, the polydispersity of graphene oxide causes a real
problem to its large scale application in wastewater remedia-
tion and becomes the prime challenge throughout the world.

Nowadays, a new family of 2D materials with graphene-
like morphology labeled “Mxene” has received special atten-
tion due to their unique structural characteristics and hydro-
philic surface."®'” The most studied members of the “Mxene”
family (i.e., TizC,T,) produced by extraction of the Al layers
from the 3D precursor Ti;AIC, using hydrofluoric acid (HF)
have found widespread applications in lithium-ion batte-
ries,'® supercapacitors,’® and catalysts.>* Meanwhile, benefit-
ing from its unique layered structure and abundant hydroxyl
functional groups, exfoliated Ti;C,T, exhibits superior ad-
sorption performance. Ying and coworkers®® reported 2D
TizC,T, (T = OH or F) as a novel adsorbent for toxic Cr(vi)
with high efficiency. In addition, Ti;C,T, nanosheets also
showed an outstanding adsorption capacity for Ba(u)
(9.3 mg g ') because of the formation of barium hydroxide or
barium fluoride between the surface functional groups (intro-
duced by exfoliation using HF) and Ba(u) ions.>* To date, the
hydrofluoric acid etching method is the most used strategy
with respect to the strong metallic and covalent bonds
among the layers.*> However, the high toxicity of procedures
involving fluoride to the environment somehow restricts its
scope of potential applications. Therefore, developing an ef-
fective fluoride-free method towards the synthesis of a well-
layered structured and functionalized Ti;AlIC, is technologi-
cally important for wastewater purification.

Herein, we studied the structural evolution of Ti;AlC, by
etching Al layers via a facile hydrothermal alkaline reaction
(Scheme 1). Interestingly, two different morphologies of
nanofibers and nanosheets were obtained using varying alka-
line medium solution concentrations (5 M NaOH for e-TACFs
and 15 M NaOH for e-TACSs). By modifying the pristine
Ti;AIC, with this facile method, multi-functional oxygen-
containing groups were introduced without the risk of fluo-
rine pollution. Thus, the increased functional groups to-
gether with the enhanced specific surface area make the as-
prepared nanomaterials an ideal platform for environmental

5 M NaOH 15 M NaOH

e-TACFs Pristine Ti;AIC, e-TACSs

Scheme 1 Schematic of formation of etched TizAlC, (nanosheets and
nanofibers).
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pollution clean-up. In consideration of the perniciousness of
heavy metal ions, Pb(u) was selected as the representative po-
tentially toxic metal ion to evaluate the adsorption ability of
the etched Ti;AlC, nanomaterials. The adsorption mecha-
nisms of Pb(u) on e-TACFs and e-TACSs were investigated by
conducting various batch experiments under different condi-
tions (i.e., pH, ionic strength, contact time, temperature and
spectroscopy). This study provides a “green” approach for
fabricating 2D layered materials and broadens their applica-
bility in wastewater clean-up.

Materials and methods
Preparation of e-TAC nanostructures

All chemical reagents were purchased from Sinopharm
Chemical Reagent Co. (China). Ti;AlC, powders (~98% pu-
rity), sodium hydroxide (NaOH), sodium nitrate (NaNO3),
nitric acid (HNO;) and Milli-Q water (18.2 MQ cm™) were
used in the experiments. 100 mg Ti;AlC, powders were dis-
persed and immersed in 40 mL 5 M (8.0 g) and 15 M (24.0 g)
NaOH solutions, respectively. After successive magnetic stir-
ring for 1 h, the resulting homogeneous suspensions were
transferred into a 50 mL Teflon-lined stainless steel autoclave
and then hydrothermally treated at 200 °C for 12 hours. After
cooling them down naturally to room temperature, the ac-
quired sediments were collected through centrifugation at
8000 rpm for 10 min. Using a centrifugation-redispersion
method, the sediments were washed with ethanol and deion-
ized water ten times until a neutral pH value was achieved.
The final products were dried in a vacuum at 60 °C for 20 h.

Physicochemical characterization

The microstructures and morphologies of the pristine
TizAlC,, as-prepared e-TACFs and e-TACSs were characterized
using a scanning electron microscope (SEM, Hitachi S-4800)
operated at a beam energy of 5 kVv. TEM imaging and X-ray
spectroscopy elemental mapping analyses were performed
using a JEOL-2010 microscope with an accelerating voltage of
200 kv. The X-ray diffraction (XRD) data pattern was recorded
on a diffractometer with Cu-Ka radiation (1 = 1.5418 A) with
a scanning speed of 3° min~'. Raman spectroscopy was car-
ried out using an inVia microscope with a confocal Raman
spectrometer (Horiba) using a 532 nm laser beam. X-ray
photoelectron spectroscopy (XPS) spectra were measured
using a VG Scientific ESCALAB Mark 1I spectrometer, which
was equipped with two ultrahigh vacuum (UHV) chambers.
The pore size distribution and Brunauer-Emmett-Teller
(BET) surface area were obtained by using a Micromeritics
ASAP 2010 system at 77 K. Zeta potential values were mea-
sured using a ZETASIZER 3000 HSA system.

Adsorption experiments

The adsorption experiments were performed by using a batch
technique in polyethylene centrifuge tubes. The stock aque-
ous suspensions of e-TACFs and e-TACSs (1.2 g L"), NaNO;
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(1 M) and Pb(u) (200 mg L") were added into the tubes to
achieve the desired concentrations of various components. A
negligible volume of 0.1 M/0.01 M HNO; or NaOH solution
was used to adjust the pH of the mixture. The mixture sus-
pension was shaken for 24 h to ensure adsorption equilib-
rium and the solid phase was separated from the liquid
phase by centrifugation at 10000 rpm for 10 min. The con-
centration of Pb(u) in the supernatant was determined by in-
ductively coupled plasma (ICP) spectroscopy. The amounts of
adsorbed Pb(n) (g.) were calculated from the variance be-
tween the initial concentration C, (mg L) and the equilib-
rium concentration C. (mg L") in the supernatant after sepa-
ration, which was derived from eqn (1), and the adsorption
(%) was calculated using eqn (2).

L x(6=c) )
m
c,-C
Adsorption% = (OC—E) x100% (2)

0

where m (mg) and V (mL) represent the dosage of the adsor-
bent and the total volume of the suspension, respectively.

DFT computational details

Periodic plane-wave-based DFT calculations have been
performed by using the standard projector augmented wave
(PAW) potentials which were incorporated into the Vienna ab
initio simulation package (VASP) code.”**® In the present
work, the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional was applied to the
exchange correlation.”® The kinetic cut-off energy was consid-
ered to be 500 eV. The convergence criteria for energy and
force were set at 10 eV and 0.01 eV A", respectively. The
k-point mesh of 4 x 4 x 1 within the Monkhorst-Pack scheme
was chosen to sample the Brillouin zone.”®

Results and discussion
Characterization

Microstructure characterization. The typical SEM and TEM
images of the as-prepared e-TACFs and e-TACSs are illus-
trated in Fig. 1. The pristine Ti;AlC, showed the typical char-
acteristic of a 3D bulk structure with a random surface and
an irregular edge (Fig. S1f). After being hydrothermally
treated with 5 M NaOH, the pristine Ti;AlC, was converted
into nanofiber structures (labeled e-TACFs) with an average
size of approximately 1 um (Fig. 1a and c). Meanwhile, nano-
sheets with a smooth surface and a regular edge (denoted as
e-TACSs) were formed in 15 M NaOH (Fig. 1b and d). The
morphology evolution of the pristine Ti;AlC, confirmed the
successful modification on the surface. In order to identify
their composition and inner architectures, the spatial distri-
bution of different elements in e-TACFs and e-TACS was mea-
sured by elemental mapping. The EDX results (Fig. 2) re-
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Fig. 1 SEM images of e-TACSs (a) and e-TACFs (b); TEM images of
e-TACSs (c) and e-TACFs (d).

vealed that the component elements Ti, Na, C and O were
homogeneously distributed over the nano-sized structure sur-
faces. However, the presence of partially dispersed Al element
was observed, which might come from the etching of Al be-
tween the layers.

The crystallographic structures of the pristine Ti;AlC, and
the post-etching samples were characterized by XRD. As
shown in Fig. 3a, the diffraction peaks at 9.62°, 19.2°, 34.6°
and 39.0° correspond to the typical representation of Ti;AlC,
crystal phases.>® Notably, the typical representative peak
intensities were obviously lower than those of the pristine
TizAlC, after the alkaline immersion treatment, suggesting a
slight decrease in the degree of crystallinity. The XRD pat-
terns of the resulting e-TACFs and e-TACS clearly revealed
that the intensity of the (104) peak at 39.0° became weak
(Fig. S27), indicating the partial extraction of Al species,
which was consistent with the result of EDX element map-
ping. However, the Al signal peaks manifested the residual

Fig. 2 Elemental mapping images of Ti, Na, O, C, and Al for e-TACFs
(a) and e-TACSs (b).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) XRD patterns of pristine TizAlC,, e-TACFs and e-TACSs; (b)
Raman spectra of pristine TizAlC,, e-TACFs and e-TACSs; N, adsorp-
tion-desorption isotherms of e-TACFs (c) and e-TACSs (d); XPS spectra
of C 1s (e) and O 1s (f) of pristine TizAlC,, e-TACFs and e-TACSs.

traces of Al species in the layered structure due to the strong
chemical bonds existing in the Ti;AIC, phase. The Raman
spectra of TizAlC, before and after NaOH treatment are
shown in Fig. 3b. Peaks I, II, and III are assigned to the
merged, broadened and shifted vibrations of Al-Ti, respec-
tively.”” The broadened and shifted peaks confirmed the de-
struction of Al-Ti bonding after etching. This phenomenon is
in good agreement with the weakened XRD profiles.

The N, adsorption-desorption isotherms of e-TACFs and
e-TACSs are shown in Fig. 3c and d. According to BET mea-
surements, the specific surface areas of the nanofibers and
nanosheets were calculated to be 16.4 m”> ¢ and 1.6 m> g™,
respectively, which were higher than that of pristine Ti;AIC,
(1.2 m? g™),*® further confirming the evolution of the struc-
ture and morphology. Therefore, the difference between the
specific surface areas of e-TACFs and e-TACSs can signifi-
cantly influence their performance in pollution management.

Further details about the chemical structures of the sur-
face were characterized by XPS. The XPS spectra revealed that
titanium (Ti), aluminum (Al), and carbon (C) were the pre-
dominant elements on the surface of Ti;AlC,. Compared with
the pristine Ti;AlC,, an apparent decrease in Al 2p intensity
and the appearance of a distinct Na 1s peak were recorded
from the e-TACF and e-TACS samples (Fig. S31), demonstrat-
ing the successful removal of the Al component and introduc-
tion of Na* during the alkalization process.”® The specific
surface elemental contents of the pristine TizAlC,, e-TACFs,
and e-TACSs are summarized in Table S1.f It was found that

This journal is © The Royal Society of Chemistry 2018
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the oxygen contents of e-TACF and e-TACS samples sharply
increased. In other words, after the alkaline treatment, abun-
dant oxygen-containing functional groups were incorporated
into the layered nanostructures, which would provide plenti-
ful binding sites for the target ions. As shown in Fig. 3e, the
C 1s spectrum of TizAlC, can be divided into three compo-
nents: C-C (~284.4 eV), C-O (286.6 eV), and C=0 bonding
(288.8 eV). After alkaline treatment, the relatively strong C-O
and C=0 bonding appeared in the C 1s spectra of e-TACFs
and e-TACSs, indicating the formation of Ti;C,(OH),.>"°
From the high resolution Ti 2p spectra, the predominant
peaks of Ti-O (2p3) and Ti-C (2p3) bonds were evidently ob-
served.® The fact that the intensities of Ti-C and Ti-O bonds
were enhanced further confirmed the formation of
TizC,(OH), on the surfaces of e-TACFs and e-TACSs. Such a
phenomenon was reported by a previous report as well.>*

The FT-IR spectroscopy technique was carried out to have
a better understanding of the variation of functional groups
(Fig. S41). The absorption peaks of pristine Ti;AlC, at 500-
700 cm™ could be assigned to the deformation vibration of
the Ti-O bond. The sharp peaks at ~1632 and ~3418 cm™*
were ascribed to the strongly bound H,O and -OH.>° Obvi-
ously, a new peak near 904 cm ™' was observed in the etched
products, which was ascribed to the vibration of Ti-
O(ONa),.** The transformation of the bonding characteristics
of TizAlC, before and after etching further confirmed the suc-
cessful surface modification.

Based on the above results, it was clear that the Ti;AlC,
structure successfully evolved during the rapid alkalization
treatment. This strategy resulted in the surface etching of Al
from the bulk Ti;AIC, and the formation of Ti;C, covered
with a mixture of functional groups (-ONa and -OH)
(Scheme 2). The activation mechanism between alkali hydrox-
ide and Ti;AlC, might be expressed by the following
reactions:

Ti;AlIC, + (1 - x)NaOH + H,0 = Ti;AL.C,

+ (1 - x)NaAlO, + 3/2(1 - x) + H,! (a)
Tiz;ALC, + 2H,0 = TizAl,C,(OH), + H,! (b)
Ti3AGC2 + 2NaOH = TigAGCZ(ONa)z + HzT (C)
90 9 0 0
(a) (b) —oH
A A T | ———
— OH
A TS I
NaOH treatment v OH
e
— OH
= P |
T A | — OH
i i |
| Po——= (A — OH

Scheme 2 Schematic of the etching process of TizAlC,: (a) TizAlC,
structure; (b) etching Al from bulk TizAlC, and introduction of -ONa
and -OH after reaction with NaOH.
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Adsorption capacity studies

The adsorption isotherms of Pb(u) on e-TACSs and e-TACFs
were obtained under three different temperatures at pH 5.0.
As shown in Fig. 4a and b, the maximum values (Q.) in-
creased along with the temperature (i.e., 298 K < 313 K <
328 K), indicating that a higher temperature was preferred by
the Pb(u) adsorption. Langmuir and Freundlich models were
applied to simulate the adsorption isotherms, which are
presented as:*?

. K0, C
Langmuir model: = _Lemi e 3

£ “T1vk.C 3)
Freundlich model: Q. = K¢C.'" (4)

where Q. (mg g™') is the amount of Pb(n) adsorbed on the
solid phase, C. (mg L™) is the equilibrium concentration of
Pb(u), Qmax is the adsorption capacity after equilibration (mg
g™"), b (L mol™) is a constant related to the adsorption heat,
K; (mg g™") represents the adsorption capacity when the equi-
librium concentration is equal to 1 and n is the degree of ad-
sorption dependence.

The parameters calculated from the two models are listed
in Table 1. From the regression coefficients (R”), the Lang-
muir model displayed a preferable fitting result compared to
the Freundlich model, suggesting the homogeneous distribu-
tion of active sites on e-TACSs and e-TACFs.** In comparison,
the maximum values (Qp,ax) of Pb(u) adsorption on e-TACFs
were much higher than those of Pb(u) on e-TACSs. For in-
stance, the Qpax values of Pb(u) on e-TACFs and e-TACSs cal-
culated from the Langmuir model at pH 5.0 and 298 K were

a - 300 b
= _250
o0
?300 ? 200
& = 298K &150
150 ® 33K 100 ® 313K
A 328K A 328K
- - Freundlich modle 50 -~ Freundlich modle
0 — Langmuir modle o — Langmuir modle
0 10 20 30 40 50 60 10 20 30 40 50 60 70
Ce (mg/L) Ce (mg/L)
60 c 160 d
=) "
> 50 /
= VA 120
z 40 / ~
= ol
= 30 # o 80
E / £
g 204 f 3
P S w]
§ 104 gpstioss-wsn ug a2
(I ] 0
0 1000 2000 3000 4000 b

12 3 4 5

Cycle number
Fig. 4 The adsorption isotherms of Pb(i) on e-TACFs (a) and e-TACSs
(b) obtained at different temperatures. Conditions: pH = 5.0 + 0.1, m/V
=01gL? and /= 0.01 M NaNOs. (c) Treatment capacity of e-TACFs
for simulated drinking water containing Pb(i) ions with an initial con-
centration of 100 pg L™ Conditions: Ca(i) = 40 mg L™, Mg(i) = 80 mg
L%, Na() =100 mg L™, and pH = 6.8-7.2. (d) Recycling of e-TACFs for
the removal of Pb(i) ions. pH = 5.0 £ 0.1, C(Pb)initiat = 20 mg LY m/v =
0.1gL™ /=0.01MNaNOsand T = 298 K.

Uptake capacity (Kg water/Kg e-TACFs)
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285.9 mg g~ and 218.3 mg g, respectively. The higher Qpax
of Pb(u) on e-TACFs can be ascribed to the higher surface
area and the abundant oxygen-containing functional groups,
which synergistically promoted the Pb(u) adsorption. Com-
pared with previous reports, the adsorption of Pb(u) (Table
S21) on e-TACFs and e-TACSs exhibited a higher adsorption
capacity than on many other materials. Thus, the studied
samples etched from Ti;AlC, were suitable materials for the
efficient removal of Pb(u) from aqueous solutions.

In order to investigate the thermodynamic feasibility of
the adsorption process, the thermodynamic parameters (i.e.,
standard free energy change AG®, standard enthalpy change
AH®, and standard entropy change AS°) were calculated from
the temperature-dependent adsorption isotherms (Fig. S5t).
The thermodynamic parameters were derived from the plots
of InK° vs. 1/T using the following equations:*’

AG® = -RTInK° (5)
0 0

where K° represents the adsorption equilibrium constant, T
is the absolute temperature in Kelvin and R (8.314 J mol™*
K™") is the gas constant.

The thermodynamic values calculated from eqn (5) and
(6) at different temperatures are tabulated in Table 2. The
positive AH® values of 15.26 k] mol™ for e-TACFs and 8.84 k]
mol™ for e-TACSs revealed that the adsorption process was
endothermic. In addition, the positive AS® values confirmed
the feasibility and high affinity of Pb(u) on e-TACFs and
e-TACSs. The negative AG® values also indicated the sponta-
neous nature of the adsorption process, and the AG® values
of Pb(un) on e-TACFs were more negative than those of Pb(u)
on e-TACSs, suggesting that the adsorption on e-TACFs was
more spontaneous than that of Pb(u) on e-TACSs. The ther-
modynamic parameters reflected that both samples exhibited
excellent adsorption potential towards Pb(u) in aqueous
solutions.

In order to evaluate the adsorption performances of etched
TizAlC, products in a real water environment, we further exam-
ined the treatment capacity of etched Ti;AlC, nanofibers in simu-
lated lead-spiked drinking water. As illustrated in Fig. 4c, e-TACFs
presented an outstanding Pb(u) adsorption performance and the
average water treatment capacity is 2500 kg of water per kg of
e-TACFs. The value of the Pb(u) content in the effluent was ap-
proximately 8 pg L™, which meets the drinking water standard
recommended by the World Health Organization (10 pug L™"). The
free-standing e-TACF membrane can be further used as an adsor-
bent for advanced Pb(u)-contained water treatment (Fig. S67).
The experimental results show that e-TACFs and e-TACSs are suit-
able adsorbents for the decontamination of Pb(u) for simulated
lead-contaminated drinking wastewater. Moreover, their outstand-
ing properties in solid-liquid separation during the Pb(u) removal
process were observed in a short time (20 min), which is defi-
nitely beneficial to their potential applications (Fig. S7+).

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8en00029h

Published on 14 2018. Downloaded by Fail Open on 07/05/2025 10:18:37 .

View Article Online

Environmental Science: Nano Paper
Table 1 Parameters calculated from the Langmuir and Freundlich models
e-TACFs e-TACSs
Adsorbents Parameters 298 K 313 K 328 K 298 K 313 K 328 K
Langmuir Q. (mg g™ 285.9 380.3 549.1 218.3 286.2 373.3
R? 0.98 0.99 0.99 0.95 0.98 0.99
Freundlich 1/nF 0.39 0.41 0.50 0.43 0.43 0.46
R? 0.89 0.96 0.97 0.91 0.92 0.95
Regeneration models, respectively. ¢, (mg g') and ¢. (mg g ') refer to the

Considering feasibility and economic efficiency, the cycling
performance of e-TACFs was explored through adsorption-de-
sorption cycles. As shown in Fig. 4d, the adsorption capacity
of e-TACFs decreased from 147.5 mg g to 141.5 mg g~ for
Pb(u) after five cycles of the regeneration/reuse process,
suggesting that e-TACFs exhibit excellent utilization for long-
term usage.

Kinetics studies

Kinetics experiments were performed to evaluate the adsorption
rates of Pb(u) on as-etched Ti;AlC,. Fig. 5 shows the Pb(u) ad-
sorption curves of e-TACFs and e-TACSs under different contact
times. It was clear that Pb(u) adsorption occurred in two distinct
steps: a relatively fast adsorption step followed by a slow uptake
tendency until equilibrium. The adsorption capacities of Pb(xu)
on e-TACFs and e-TACSs were 164.8 mg g ' and 145.3 mg g*
within the initial contact time of 120 min, whereas only small
amounts of Pb(un) were further adsorbed on e-TACFs
(2.5 mg g™') and e-TACSs (8.1 mg g) in the following reaction
time. The occurrence of a rapid adsorption step can be attrib-
uted to numerous binding sites at the solid particle surfaces,
and then the active binding sites on the surface of e-TACFs and
e-TACSs were gradually occupied by Pb(u) ions, which resulted
in a slower adsorption step.*®

To study the underlying adsorption kinetics in detail, the
pseudo-first-order model and pseudo-second order model
were exploited to simulate the experimental data. The kinetic
models are presented as follows:*’

In(ge - g¢) = Inge ~ kyt (7)
t 1 t
R 4+ 8
9 k' 4. ©)

where k; (min™) and %, (g mg™ min™") represent the rate
constant of the pseudo-first order and pseudo-second order

Table 2 Thermodynamic parameters for Pb(i) adsorption on e-TACFs
and e-TACSs

Parameters AH® (k] mol™) AS° (Jmol™ K) AG° (k] mol™)

Adsorbents 298 K 313 K 328K
e-TACFs 15.26 74.6 -6.94 -8.31 -9.56
e-TACSs 8.84 48.8 -5.22 -6.32 -7.28

This journal is © The Royal Society of Chemistry 2018

adsorption capacity at time ¢ (min) and the amount of Pb(u)
adsorbed at equilibrium, respectively.

The k; and g, values of the pseudo-first order model were
obtained from the linear plot of In (g. — q.) versus t (min) (fig-
ure not shown). Meanwhile, the plot of ¢/q, versus t (min) was
linear fitted to calculate the pseudo-second order correlation
parameters (insets of Fig. 5a and b). According to the correla-
tion coefficients (R*) from Table S3,} it can be concluded that
the pseudo-second order model fitted the kinetic data better
than the pseudo-first order model. Moreover, the k, of Pb(u)
adsorption on e-TACFs was 5.8 x 10 g mg " min ', which
was much higher than that on e-TACSs (k, = 1.1 x 107 g
mg ' min™), indicating that the adsorption of Pb(u) on
e-TACFs was faster than that of Pb(u) on e-TACSs. This phe-
nomenon further suggested that the rate determining mecha-
nism for Pb(u) adsorption on e-TACSs and e-TACFs was the
chemisorption.

Effect of pH and ionic strength

Generally, the pH value and the ionic strength play a critical
role in the migration and transformation behavior of heavy
metal ions. Thus, the effects of pH and ionic strength were
studied to investigate the adsorption mechanism. As illus-
trated in Fig. 6, it can be seen that the solution pH displayed
a significant influence on the adsorption of Pb(un) onto
e-TACSs and e-TACFs, which could be divided into three re-
gions (Fig. 6a and b). Specifically, the adsorption of Pb(u) on
e-TACSs and e-TACFs increased gradually as the pH increased
from 2.0 to 7.0, and maintained a high level in the pH range
of 7.0-9.5. Subsequently, the removal percentage declined at
pH > 9.5. The adsorption process was proposed to be greatly

200
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Fig. 5 The time-dependent adsorption of Pb(i) on e-TACFs (a) and
e-TACSs (b). Conditions: pH = 5.0 + 0.1, C(Pb)initiat = 20 mg LY, m/V =
01 g L™ /=001MandT =298 K. The inserted curves are the
pseudo-second order kinetic plots of Pb(i) adsorption on e-TACFs and
e-TACSs.
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affected by both the existent form of the adsorbate and the
surface property of the adsorbent. Thus, the zeta potentials
of the as-prepared products and the species distribution of
aqueous Pb(u) were further studied. At pH < pHpyc, the
strong electrostatic repulsion and the competition with H"
were the main constraints for the adsorption of Pb**. As the
pH increased from pHpyc to 7.0, the negatively charged sur-
face and the reduced competition with H" can facilitate the
effective interaction of Pb>" with e-TACFs and e-TACSs, lead-
ing to a remarkable increase in the removal percentage. In
the pH range of 7.0-9.5, the adsorption was mainly con-
trolled by the ion-exchange between [Ti-O] Na" and Pb** or
Pb(OH)" (ref. 38 and 39) because of the ignorable competition
effect of H'. As a result, the removal percentage was strongly
dependent on pH and thereby maintained at a high level. At
pH > 9.5, the Pb(OH), and Pb(OH),” species were formed
and difficult to adsorb on the negatively charged solid,
resulting in a negative effect on the ion exchange reaction,
which was the main reason for the reduction of removal per-
centage. Considering the realistic lead-containing effluent,
we further investigated the effect of solid content on adsorp-
tion percentage under acidic conditions. As illustrated in Fig.
S8,f the adsorption percentage increased from 60.2% to
92.9% as the e-TACFs content increased from 0.1 g L™ to 1.0
g L even at pH = 2.0, demonstrating their potential applica-
tion in Pb(u) wastewater disposal.

The effect of ionic strength on Pb(u) adsorption onto
e-TACSs and e-TACFs was investigated in 0.001, 0.01, and 0.1
M NaNO; solutions, respectively. As shown in Fig. 6a and b,
it was found that the adsorption of Pb(u) on both samples
was remarkably dependent on ionic strength. The uptake per-
centage of Pb(u) displayed an increasing tendency with the
decrease in salt concentration at the experimental pH values,
which demonstrated that the adsorption process might be
dominated by ion exchange or outer-sphere surface complex-
ation.”® As the ionic strength decreased, the available active
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sites for Pb(u) increased due to the weak competition between
Na' and Pb(n). This may be explained by the following rea-
sons: firstly, the activity coefficient of Pb(n) was negatively af-
fected by the enhanced ionic strength, which restricted the
movement from the solution to the solid surfaces.*** Sec-
ondly, the solid particles tended to aggregate together at high
ionic strength, which largely lowered the amount of potential
binding sites for ion exchange and thereby diminished the
adsorption of Pb(i) on e-TACFs and e-TACSs.*® Finally, the
amplified electrical double layer thickness subdued the
electrostatic attraction, and thereby reduced the Pb(u) adsorp-
tion on e-TACFs and e-TACSs at a high salt concentration.**
Thus, the interaction mechanisms can be described by ion-
exchange reaction accompanied by outer-sphere surface com-
plexation. On the basis of the above discussion, the as-etched
samples are considered to be promising materials for Pb(i)
removal from wastewater due to their excellent ion exchange
performance in a wide pH range.

Nanomaterial-pollutant interaction
mechanism
Zeta potential and XPS analysis

The interaction mechanism between Pb(u) and e-TAC was in-
vestigated by zeta potential and XPS analysis. As illustrated in
Fig. 6¢, the pHpzc (point of zero charge) values of e-TACFs
and e-TACSs were approximately 3.0. The zeta potential of
the samples could explain the highly efficient capture of
Pb(u) at pH > pHpzc. Obviously, the electrostatic attraction
provided driving forces to facilitate the diffusion of Pb(u) ions
from solution to e-TACF and e-TACS solids.

The XPS technique was further introduced for the charac-
terization of the samples before (denoted as e-TACSs and e-
TACFs) and after adsorption (denoted as e-TACSs-Pb and e-
TACFs-Pb), and the corresponding results of surface element
analyses are listed in Table S4.f As shown in the XPS wide
scan survey (Fig. 7a), the dramatic decrease in Na 1s peaks af-
ter adsorption was accompanied by the appearance of Pb 4f
peaks, which reasonably indicated that ion exchange between
Pb** and Na* might be the major adsorption mechanism
(Fig. 7b and c). The high-resolution spectra of Pb 4f were
obtained to investigate the chemical state of the adsorbed
Pb(n). It was found that the binding energy of Pb 4f;, was
centered at 139.1 eV, which was lower than that of Pb(NO;),
(139.5 eV),* indicating the strong interaction between the
loaded Pb** and the active sites.”® The high-resolution O 1s
spectra were also studied to reveal the bonding interaction
between oxygen-containing groups and Pb** (Fig. 7d and e).
It can be seen that the O 1s spectra of e-TACFs and e-TACSs
before Pb(u) adsorption displayed two peaks at 530.0 and
532.0 eV, which could be ascribed to the [Ti-O] Na* and Ti-
OH surface sites, respectively.*”*® After the loading of Pb*",
the binding energy values of the two peaks of e-TACFs and
e-TACSs remarkably shifted by 0.6 and 0.3 eV, respectively
(summarized in Table S57), which implied the alteration of
the local bonding surroundings. Similar shifts were also

This journal is © The Royal Society of Chemistry 2018
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observed in the Ti 2p spectra, further demonstrating the
strong complexation affinity of Ti-O surface sites with Pb>"
ions.

It is well accepted that electrostatic attraction is the domi-
nant interaction between the hydrated sodium ion
(Na'(H,0),) and the charged surface site [=Ti-O] . Thus, the
surface charge was distributed mainly on the O atom of
[=Ti-O] sites. When Pb*>" was adsorbed through the ion-
exchange reaction with Na'(H,0),, the electron-rich orbitals
of O 2p would hybridize with the empty orbitals of Pb 6p,
leading to electron migration from O to Pb. After accepting
the coordinated electron, the Pb nucleus would weaken its re-
striction on the electrons in the 4f orbits so that they are able
to be excited by X-ray with lower energy. As a result, the
photoelectron binding energy of the adsorbed Pb was red
shifted. In contrast, the O nucleus will strengthen its restric-
tion on the electrons in the 1s orbital so that their photoelec-
tron binding energy was blue shifted. Furthermore, the com-
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plexation effect of oxygen would force the shared electrons of
the Ti-O bond to move away from Ti, leading to a blue shift
of the Ti 2p photoelectron binding energy. The same reason
can be used to explain the changes in the =Ti-OH site. In
addition, it was calculated that the area fraction of [=Ti-O]
was much larger than that of =Ti-OH (Table S57), indicating
that ion-exchange reaction was the major mechanism while
surface complexation reaction also made a certain contribu-
tion. Notably, it was easy to find that the bonding shift of
e-TACFs (0.6 eV) was greater than that of e-TACFs (0.3 eV).
Such a difference in bonding shift might be attributed to the
stronger interaction force between Pb(u) and Ti-O of e-TACFs
compared to that of e-TACSs, which was beneficial to the for-
mation of strong surface complexes with Pb(n) which
exhibited a superior adsorption capacity.

DFT calculations

To gain a better insight into the structures and binding ener-
gies and understand the adsorption behavior between Pb(u)
and e-TACFs or e-TACSs at the molecular level, geometric op-
timizations for Pb(u) adsorbed on the etched Ti;AIC, have
been carried out using periodic plane-wave-based DFT calcu-
lations. For the model construction, we built the Ti;AIC,
model based on the crystal structure of Ti;AIC, whose space
group is P6;/mmc (No.194); see Fig. 8a. The unit cell parame-
ters are @ = b = 3.07530 A, ¢ = 18.57800 A, o= f=90°, and y =
120°. According to the aforementioned results, a 2 x 2 super
cell along the (0 0 1) surface with ~-OH functional groups was
then established for the subsequent calculations. Since the
adsorption process mainly occurred on the upper surface,
therefore, considering the computational cost, the inner sec-
ond layer was fixed during the geometric optimizations. To
neutralize the positively charged Pb**, two nitrate ions were
added into the system, as shown in Fig. 9a. The optimized
structure for the Pb(u) adsorbed on the surface of Ti;AlC, is
depicted in Fig. 9b.

As shown in Fig. 9, Pb(u) formed a strong bond with the O
atom on the surface, and the Pb-O bond length was

()

Fig. 8 (a) The unit cell for the crystal structure of TizAlC,. The
optimized structure for the etched TizAlC, from a side view (b) and a
cross-sectional view (c).

Environ. Sci.. Nano, 2018, 5, 946-955 | 953


https://doi.org/10.1039/c8en00029h

Published on 14 2018. Downloaded by Fail Open on 07/05/2025 10:18:37 .

Paper

calculated to be 2.550 A. The binding energy of this process
was then calculated to be 30.90 kcal mol™*, which indicated a
strong chemical adsorption behavior. The adsorption energy
(Eaq) was measured according to the following formula: E,q =
Epnix — Epbix), where X represents the etched Tiz;AIC, and Pb/
X represents the complex of Pb(un) adsorbed on the etched
Ti;AlC,. The Pb+X system stands for the separated adsorbent
X and the Pb ion, in which the ion is placed far away from
the etched TizAlC, surface to eliminate possible mutual inter-
action. Therefore, from a theoretical perspective, the Pb(u)
ion was mainly interrelated with functional oxygen atoms on
the surface and the etched Ti;AlC, has a strong adsorption
capacity towards Pb(u).

Based on the above XPS spectra and DFT calculations, the
adsorption of Pb(u) on e-TACFs and e-TACSs can be explained
by the following reactions. At pH < 7, Pb®>" was the only aque-
ous species (Fig. 6d), so the ion-exchange reaction and the
surface complexation reaction can be described as eqn (9)
and (10), respectively. Under strong acid conditions, the com-
petitive reaction of H" was also considered and is described
as eqn (11).

2[=Ti-O] Na" + Pb>" = Pb*'([=Ti-0]), + 2Na* 9)
2=Ti-OH + Pb>" = (=Ti-0),Pb + 2H" (10)
[=Ti-O] Na" + H" = [=Ti-O] H" + Na" (11)

At 7 < pH < 9.5, different species of lead-hydroxylated
complexes were formed, thus the ion-exchange reactions took
place in the form of eqn (12) and (13), while the surface com-
plexation reactions can be described as eqn (14) and (15).

[=Ti-O] Na" + Pb(OH)" = Na' + [=Ti-O] Pb(OH)"  (12)

2[=Ti-O] Na" + Pb3(OH),** = ([=Ti-0]),Pb;(OH),>*
+2Na’ (13)

=Ti-OH + Pb(OH)" = H' + =Ti-OPb(OH) (14)
2=Ti-OH + Pb;(OH),** = (=Ti-0),Pb;(OH), + 2H"  (15)

At pH > 9.5, Pb(OH);~ became the dominant species; eqn
(16) might be the possible reaction mechanism.

=Ti-OH + Pb(OH);” + OH™ = H,0 + (=Ti-O)Pb(OH);*" (16)

Conclusions

In summary, etched Ti;AlC, nanofibers and nanosheets were
synthesized by a fluoride-free and simple one-step hydrother-
mal method. The characterization results demonstrated that
the etched TizAlC, samples obtained by varying the NaOH
concentration presented different morphologies (nanofibers
and nanosheets) and specific surface areas. The as-
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Fig. 9 The optimized structures for Pb(i) adsorbed on etched TizAlC,;
the representative bond length is in A.

synthesized materials exhibited a high adsorption capacity
for Pb(u) in solution. The adsorption processes were strongly
dependent on pH and ionic strength and the thermodynamic
studies showed spontaneous and endothermic adsorption
processes. In particular, the XPS analysis revealed the under-
lying interaction mechanism with Pb(u), which was mainly
dominated by outer-sphere surface complexation and cation
exchange. Compared with the e-TACSs, the e-TACFs showed a
higher adsorption capacity for Pb(u), which was attributed to
the remarkably enhanced specific surface area and stronger
surface complexation affinity with Pb(u). The DFT calcula-
tions further manifested that the etched Ti;AlC, had a strong
adsorption capacity towards Pb(u). The findings herein not
only highlight the fluoride-free production of well-structured
etched Ti;AIC, but also open a new perspective for the prepa-
ration of other functional 2D-MXene materials for environ-
mental pollution clean-up.
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