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1. Introduction

Enhancing Cr(vi) removal performance of TizC,T,
through structural modification by using a spray
freezing method

Linjie Yi,® Hongwei Wang,? Xianliang Ren,® GaoBin Liu,® Hongen Nian,®
Zhigin Zheng*®®" and Fang Wu © *2°

Structural modification is expected to be a facile way to enhance the adsorption performance of MXene. In
this work, the structural modification of TizC,T, was carried out by a spray freezing method, and two kinds
of nano-structure (spherical and flaky) of TizC,T, were prepared by adjusting the solution concentration of
TizC,T,. Then the Cr(vi) adsorption capacity and removal efficiency of the spherical and flaky TizC,T, was
investigated, respectively. It is found that flaky TizC,T, was produced with a TizC,T, concentration of
3 mg mL™%, while spherical TisC,T, was obtained with a concentration of 6 mg mL™. The long diameter
of flaky TizC,Ty is about 8-=10 um, and the specific surface area is 17.81 m? gfl. While spherical TizCoTy
had a diameter of about 1-4 um and a specific surface area of 17.07 m? g~ L. The optimized structure of
flaky and spherical TizC,T, improves the maximum adsorption capacity by 97% and 33%, respectively,
compared with the few-layer TisC,T,. The maximum adsorption capacity of flaky TizC,T, was 928 mg
g~% while that of spherical TisC,T, was 626 mg g~*. The adsorption capacity of both TisC,T, structures
decreased with the increase of pH, and reached the maximum value at pH = 2; meanwhile, the
adsorption capacity of both TisC,T, structures increased with the increase of Cr(vi) concentration. The
adsorption of Cr(vi) on flaky TizC,T, was very fast, reaching equilibrium in 3 min, while spherical TizC,T,
took 5 min. The adsorption of Cr(vi) on both TisC,T, structures belonged to the monolayers, heat-
absorbing chemical adsorption, and the diffusion process of Cr(vi) was regulated by the external diffusion
and internal diffusion of particles. Its adsorption mechanism was the combination of reductive
adsorption and electrostatic adsorption.

electroplating, and tanning, a large amount of wastewater
containing Cr(vi) has been produced.? Cr(vi) is not only toxic and

Heavy metal ions pose a great threat to human health because
of their toxicity and high migration and enrichment in living
organisms." With the rapid advancement in metallurgy,
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carcinogenic, but it also causes a variety of health problems,
including liver damage,® vomiting,* and lung congestion.?
Therefore, effective removal of Cr(vi) from water is essential. In
modern industry, the standard treatment method for waste-
water containing Cr(vi) consists of two steps: reducing Cr(vi) to
Cr(m) using a chemical agent such as sodium bisulfite or sulfur
dioxide gas, and then adjusting the pH to promote the precip-
itation of Cr(m).® However, the process is complex and requires
the use of large amounts of acids and bases, which can lead to
serious secondary wastewater problems. In addition, other
treatment methods have also been widely reported, such as
electrolysis,” ion exchange,’ membrane separation,” chemical
precipitation,'® adsorption," photocatalysis,"* etc., among
which the adsorption method has attracted much attention due
to its low cost and simplicity of operation.

The selection of adsorbent is key to the removal of heavy
metal ions by adsorption. Compared with other adsorbent
materials, two-dimensional materials have the advantages of
large specific surface area and abundant active centers, and are
ideal adsorbents.” Typical 2D carbon nanomaterials such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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graphene," graphene oxide” and their derivatives'® show
excellent properties in ion adsorption and organic pollution
treatment. However, the disadvantages such as high cost and
single surface functional groups greatly limit their practical
application.”” MXene is a novel two-dimensional material
composed of transition metal carbides or nitride, which has
many similar properties to graphene. Simultaneously, it has the
advantages of large layer spacing, abundant surface functional
groups, large specific surface area, strong affinity with metal
ions, and good hydrophilicity, etc.,'® which shows unique
advantages in the treatment of heavy metal ion wastewater by
photocatalysis*® and adsorption. It is considered to be an ideal
material for removing heavy metal ions.

Ti;C,T, is the earliest MXenes material prepared due to its
relatively simple preparation method, stable mechanical prop-
erties and excellent physical and chemical properties, TizC,Ty
has become a widely studied and applied material. Ti;C,T, and
its composites demonstrated excellent adsorption properties on
Cr(vi) treatment. In 2018, Tang et al. prepared organ-like
multilayer Ti;C,T, solution by HF etching, with a maximum
adsorption capacity (MAC) of 80 mg g~ for Cr(vi).2° In 2019, He
et al. prepared Ti;C,T, with zero-valent iron intercalation
nanoparticles, its MAC for Cr(vi) is 194.87 mg g~ *.2* The MAC of
Ti3C,T, for Cr(vi) obtained using trifluoroacetic acid (TFA)
etching by Zhu et al. in 2022 was 351 mg g > Howerver,
despite exhibiting remarkable adsorption capabilities for heavy
metal ions, MXene is not immune to the inherent self-stacking
problem of two-dimensional materials.>® This self-stacking
significantly reduces the accessible specific surface area of
MXene, thereby limiting its adsorption capacity.*

To solve the problem of self-stacking in MXene, a common
approach involves the introduction of interlayer “pillars” such
as polymers,* nanoparticles,*® nanotubes,” and nanosheets.”®
These pillars ensure adequate spacing between the layers.
Gogotsi and colleagues also proposed a templatie method to
build three-dimensional structures from 2D materials to
synthesize MXene with a large specific surface area.>® However,
these methods are highly complex. Therefore, it is highly
necessary to explore simple and efficient methods to prevent the
self-stacking.

In our previous work, the heavy metal ion Cr(vi) have been
tried to be removed by 2D material, such as LDH*® or Ti;C,T,
(ref. 4) or Ti,CT, (ref. 31) and we found that the Cr(vi) adsorption
capacity can be further enhanced by adjusting the functional
groups or modifying the structure of TizC,T.

In this paper, a simple spray freezing technique has been
used to prepare spherical and flaky structures of Ti;C,Ty, both
of which effectively increase the specific surface area. The
adsorption performance of these two structures was investi-
gated, and the adsorption process of Cr(vi) on TizC,T, was
analyzed using adsorption kinetic models, isotherm models,
and intraparticle diffusion models. Additionally, the effects of
temperature, pH and other parameters on the adsorption
characteristics were also discussed. The changes of binding
energy before and after adsorption were also analyzed using
XPS, shedding light on the adsorption mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental methods
2.1 Chemicals

The raw materials for this study are used directly after purchase
without further treatment. TizAlC, (>98 wt%, 200 mods) was
bought from Fussman, lithium fluoride (LiF, 99%), hydro-
chloric acid (HCl, 9 M), sodium hydroxide (NaOH, 5 M), nitric
acid (HNOj3, 70%) and potassium dichromate (K,Cr,05, 99.9%)
from Shanghai Aladdin Co., LTD.

2.2 Preparation of few-layer Ti;C,T,

The few-layer of Ti;C,T, were obtained by etching the precursor
TizAIC, with a mixture of HCI and LiF. TizAlC, : HCI: LiF was
mixed according to the ratio of 1 g:20 mL:1.6 g, stirred
magnetically at 50 °C with 1000 rpm for 24 h, and then the
mixture was washed and centrifuged multiple times with
deionized (DI) water until the pH of solution reached 6. After
ultrasonic treatment for 3 h, the upper layer solution was
collected by further centrifugation at 3500 rpm for 30 min. The
collected solution turned green after dilution and formed
a stable and uniform suspension, indicating successful prepa-
ration of Ti;C,T, with few layers. A solution sample (20 mL) was
filtered, dried, and weighed to determine a concentration of
6 mg mL~" before being stored in the refrigerator.

2.3 Preparation of spherical and flaky TizC,T,

1 L of liquid nitrogen was added to the beaker, and few-layer
Ti;C,T, with a density of 6 mg mL ™" was sprayed evenly into
the liquid nitrogen using a sprayer. The ejected droplet was
instantly frozen into a ball in the liquid nitrogen at —160 °C,
and the two-dimensional Ti;C,T, sheet was also frozen into
a TizC,T, ball under the action of the droplet freezing stress.
The preparation process of flaky Ti;C,T, is similar to that of
spherical Ti;C,T,, except that the concentration of few-layer
Ti;C,T, changes from 6 mg mL ™" to 3 mg mL™". The prepara-
tion process is shown in the Fig. 1.

2.4 Characterization

The crystal structure of the samples was analyzed by an X-ray
diffractometer (XRD, X'Pert Powder X, PANalytical) with the
testing angles of 5-80° and a scanning speed of 2° min~ ', the
morphology was examined by an scanning electron microscope
(SEM, JSM-6800F, JEOL), the surface charge was assessed by the
zeta potential analyzer (NanoBrook Omni, Brookhaven), the
binding energy and valence change were measured by an X-ray
photoelectron spectroscope (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific), the nitrogen adsorption and desorption
isotherms were determined with a fully automatic multi-station
specific surface and aperture analyzer (BELSORP-max II), and
the concentration of Cr(vi) solution was determined by a UV-vis
spectrophotometer (UV-3600, Shimadzu).

2.5 Cr(vi) adsorption experiments

The K,Cr,0, powder was dissolved in DI water to obtain Cr(vi)
solutions with different concentrations. During the adsorption

RSC Adv, 2024, 14, 28320-28331 | 28321
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Table 1 Experimental parameters for Cr(vi) adsorption by TizC,T,
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(a) Preparation process of the few-layer TizC,T,; (b) preparation of the flaky and spherical TizC,T, by spray freezing method.

Category pH Adsorption time (min) Adsorbent concentration (mg L) Temperature (K)
pH 1/2/4/6/8 60 120 298

Adsorption time 2 0.5/1/2/5/10/20/30/60 150/200/250; 175/250/300 298

Adsorbent concentration 2 60 100/125/150/175/200/225/250/275 298
Temperature 2 60 200 298/313/328

process, 100 mL of K,Cr,0; solution was used and the pH of the
solution was pre-adjusted with nitric acid or sodium hydroxide.
Except for the pH effect study, the pH value of other adsorption
experiments was maintained at 2. The mass of Ti;C,T, used in
all experiments was 20 mg. The prepared adsorbent solution
was dropped into the K,Cr,0, solution at a magnetic stirring
rate of 600 rpm. The experimental temperature was maintained
at 25 °C. After different adsorption time, the middle part of the
mixed solution was extracted and filtered to test the

28322 | RSC Adv, 2024, 14, 28320-28331

concentration of residual Cr(vi) in the solution. The adsorption
capacity g. (mg g~ ') and removal rate R (%) at different times
were calculated using the equations as follows (1)-(3):*
(Go—C)V

m

(1)

;=

(Co—C)V
m

e = (2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CO_ Ce

R% =
h= o

(3)
where g, (mg g™') is the adsorption capacity at time ¢, g. (mg
g 1) is the adsorption capacity at equilibrium moment, R is the
removal efficiency, Co (mg g~ ") is the initial concentration of the
solution, C, (mg g~ ") is the solution concentration at time ¢, C.
(mg g ") is the concentration of the solution at equilibrium
moment, V (L) is the volume of the solution, m (g) is the mass of
the adsorbent used. The specific experimental parameters of
this work are shown in the Table 1.

3. Results and discussion
3.1 Structure and morphology characterization

The XRD patterns of precursor TizAlC,, few layer, flaky and
spherical Ti;C,T, are shown in Fig. 2(a). It is found that before
etching, the diffraction peaks of the precursor Ti;AlC, were
distributed in 9.5° (002), 34° (100), 38.8° (006) and 52.3° (106).
After 24 h of etching, the diffraction peak of (002) moved to
a smaller angle, from 9.5° to 7.6°, and the remaining diffraction
peaks disappeared. It can be proved that the Al layer were
completely etched away. After spray freezing in liquid nitrogen,
compared with that of few-layer Ti;C,T,, the (002) diffraction
peak of the prepared spherical Ti;C,T, continues to move to
a smaller angle, (6.3°). The prepared flaky Ti;C,T, has the
smallest (002) diffraction peak with an angle of 5.5°. The shift of
the diffraction peak to a smaller angle indicates that the lattice
spacing of the sample increases after liquid nitrogen spray
freezing.

The N, adsorption-desorption isotherms of few-layer
Ti;C,Ty, spherical Ti;C,T, and flaky Ti;C,T, are given in
Fig. 2(b). The specific surface area of few-layer Ti;C,T,, spherical
Ti;C,T, and flaky Ti;C,T, is 6.05 m> g~ *,17.07 m®> g ' and 17.81
m?® g™, respectively. The results show that the specific surface
area of spheroidal Ti;C,T, and flaky Ti;C,T, increased by 1.82
times and 1.94 times, respectively, compared with few-layer
Ti;C,T, after spray freezing. A larger specific surface area
means that more active sites can be exposed, which is more
conducive to adsorption.

(a)

T
|
’\L_/\‘ Flaky Ti,C,T,
Bl
o | Spherical Ti;C,T,
| A
ZIN8 sgge |
S h\® 8 8 8 5 FewlayerTi;C,T,
=l ‘
- |
. J Ti,AIC,
: . ! SRS B B
10 20 30 40 50 60

2 Theta (degree)

Fig. 2
the few-layer TisC,T,, spherical TizC,T, and flaky TisC,T,.
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The morphology and microstructure of the samples were
characterized by scanning electron microscopy (SEM). As dis-
played in Fig. 3(a), the precursor Ti;AlC, is a tightly packed
massive structure. Fig. 3(b) shows that after etching, few-layer
Ti;C,T, with an average diameter of about 16 um is obtained.
Then few-layer Ti;C, Ty was spray frozen in liquid nitrogen with
differnet Ti;C,T, concentrations and freeze-dried at low
temperature. Fig. 3(c) shows that spherical Tiz;C,T, was
successfully prepared by spray freezing technology with
a TizC,T, concentration of 6 mg mL ™. After spray freezing,
TizC,T, basically formed a very regular round sphere with
a diameter of 1-4 pum, and the sheet structure was almost
invisible. Fig. 3(d) exhibits that the surface of the sphere is as
smooth as that of Ti;C,T,. Because the spray is not uniform, the
size of the prepared sphere is also not uniform. Fig. 3(e) shows
that flaky TizC,T, with better dispersion was successfully
prepared with low concentration (3 mg mL ") Ti;C,T, spray.
From Fig. 3(f) it can be seen that the flaky Ti;C,T, of 3 x 3 um
distribute in a gauzy manner, and the dispersion of the flaky
TizC,T, after spray freezing is significantly higher than that of
the few-layer Ti;C,T,. It indicates that the low concentration of
Ti3;C,T, dispersion can effectively disperse Ti;C,T, by spray
freezing treatment and prevent the stacking of TizC,Ty.

3.2 Adsorption capacity

The time dependent adsorption performance of the spherical
and flaky Ti;C,T, are exhibited in Fig. 4(a) and (b), respectively.
It can be seen that the spherical and flaky Ti;C,T, solution
reached the adsorption equilibrium at about 5 min and 3 min
respectively. In order to discuss the effect of Ti;C,T, structures
on the adsorption performance of Cr(vi), The adsorption prop-
erties of 20 mg untreated few layer, spherical and flaky Ti;C,T,
for 100 mL Cr(vi) solution at 250 mg L~ were studied. The
adsorption capacity at equilibrium was compared and shown in
Fig. 4(c). It is found that the MAC of 20 mg few-layer, spherical
and flaky Ti;C,T, at equilibrium reached 472, 626 and 928 mg
g~ ', respectively, means that the adsorption capacity of spher-
ical and flaky Ti;C, T, was 33% and 97% larger than that of few-
layer Ti;C,Ty, respectively. The reason for this phenomenon is

(b)
D40 Few-layer Ti,C,T, 6.05 m/g §
g Spherical Ti,C,T, 17.07 m/g *
e Flaky Ti,C,T, 17.81m/g 2
2201 % adsorption ;
2 e desorption 9 ¥
o P Y |
< 2 33:**
[} 4 o
£ 10 $ 8 2 : S
% R : g Wa
g 0** 22300000000“"“0

0.0 0.2 0.4 0.6 0.8 1.0

Relative Presure (P/P)

(a) XRD patterns of precursor TizAlC,, few-layer TisC,T,, spherical and flaky TizC,T,; (b) N, adsorption—desorption isotherm diagram of
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Fig. 3 SEM images of (a) precursor TizAlC,, (b) few-layer TizC,T,, (c and d) spherical TizC,T,, and (e and f) flaky TizC,T,.

that the specific surface area of flaky Ti;C,Ty is larger than that
of spherical structures, and the flaky ones are more dispersed.

3.3 Adsorption kinetics

The pseudo-first-order kinetic model* is as follows:

k
Ig(qe — ¢:) = lg qc — ﬁ X t (4)

28324 | RSC Adv, 2024, 14, 28320-28331

Paper
The pseudo-second-order kinetic model** is:
t 1 t
_— 4 — 5
4 kgl ge G)
The in-particle diffusion model® is:
1
q:r = kiﬁ + Ci (6)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The change of adsorption capacity and removal rate of spherical TizC,T, with time; (b) the change of adsorption capacity and removal rate of

flaky TisC,T, with time; (c) comparison diagram of Cr(vi) maximum adsorption capacity of the few-layer TizC,T,, the spherical TizC,T, and the flaky

TizCoTy.

where k; and k, are the constants of the corresponding kinetic
model respectively, and k; is the coefficient of stage i in the
intra-particle diffusion model. In this study, 20 mg spherical
Ti;C,T, and flaky Ti;C,T, were used as adsorbents, and the
adsorption results of Cr(vi) at different initial concentrations
were fitted according to the above three models. As shown in
Fig. 5a and b, the fitting results show that the correlation
coefficients of the pseudo-second-order kinetic model for Cr(vi)
adsorption by spherical and flaky Ti;C,T, are closer to 1. By
comparing the fitted parameters of kinetic model in Table 2, the
theoretical equilibrium adsorption capacity calculated by
pseudo-second-order kinetic model is closer to the experi-
mental results. Therefore, the pseudo-second-order kinetic
model is more consistent with the adsorption process of Cr(vi)
by the spherical and flaky Ti;C,T,. The pseudo-second-order
kinetic model indicates that the adsorption rate is controlled
by the bonding rate of the chemical bond between the adsor-
bent and the adsorbed object, which also indicates that the
adsorption of Cr(vi) by the spherical and flaky Ti;C,T, belongs
to chemical adsorption.

The intraparticle diffusion model holds that adsorption is
a complex multi-stage process, namely external diffusion, in-
particle diffusion, and adsorption at the adsorption site
within the adsorbents. As shown in Fig. 5(e), the first stage of
the adsorption of Cr(vi) by spherical Ti;C,T, occurred within
10 min after the adsorption began. At this stage, Cr(vi) rapidly
diffuse to the outer surface of Ti;C,T,, and the adsorption
reaction occurs on the outer surface. 10 to 30 min is the second
stage of adsorption. With the progress of adsorption, the
adsorption on the outer surface of Ti;C,T, reaches saturation,
Cr(v1) enters the TizC,T, sphere, and the particles are diffused
and adsorbed in the layer. After 30 min, the third stage of
diffusion, adsorption and desorption reach dynamic equilib-
rium, the adsorption amount no longer increases. Fig. 5(f)
shows the diffusion model of TizC,T, on Cr(vi) particles. The
three stages occurred within 2 min, 2 to 10 min and 10 min after
the adsorption began. The fitting lines of the intragranular
diffusion models of both spheres and Ti;C,T, do not intersect
with the origin, indicating that both of them are the internal
and external diffusion that jointly governs the adsorption
process.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.4 Adsorption isotherm

The adsorption properties were closely related to the concen-
tration of the adsorbent. In order to analyze the interaction
between the adsorbent and Cr(vi), this study tested the MAC
after 20 mg Ti;C,T, adsorbed 100 mL Cr(vi) with different
concentrations at 308 K and pH 2. As shown in (Fig. 6), with the
increase of the initial concentration of Cr(vi), the MAC of
spherical and flaky Ti;C,T, at equilibrium also increases grad-
ually. When the initial concentration of Cr(vr) was 300 mg L™,
the MAC of spherical and flaky Ti;C,T, at equilibrium reached
629 and 928 mg g™, respectively, and the removal efficiency was
reduced to 64% and 62%, respectively. In order to analyze the
adsorption mechanism, the single layer isothermal adsorption
Langmuir model and the Freundlich isotherm model based on
isomeric surface adsorption were established. The adsorption
data were fitted with two models respectively to find the best.
The linear equation of the Langmuir isotherm model®® is:

Ce 1 C.
+

4 Kigm  4m

(7)

The linear equation of the Freundlich isotherm model*” is:

1
Ing. =In Kg +—1In C, (8)
n

where C. (mg L") is the concentration of adsorbent at equi-
librium, g. (mg g~ ') is the adsorption capacity of adsorbent at
equilibrium time of a certain concentration, g, (mg g~ ") is the
theoretical maximum adsorption capacity in Langmuir model,
and n represents the adsorption strength of Freundlich model.
Ky, and Ky are the equilibrium adsorption constants of the two
models respectively. The Langmuir isotherm models of spher-
ical and flaky Ti;C,T, are more consistent with the experimental
data, indicating that the adsorption of Cr(vi) by spherical and
flaky Ti;C,T, is monolayer adsorption.

3.5 Adsorption thermodynamics

For 100 mL Cr(vi) at a concentration of 250 mg L', MAC of
20 mg spherical and flaky Ti;C,T, solutions with adsorption
temperature is shown in Fig. 7(a) The MAC increases with the
increase of temperature, indicating that the adsorption process

RSC Adv, 2024, 14, 28320-28331 | 28325
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0 1 2 3 4 5 6 7 8

t1/2(min1l2)

is endothermic. The thermodynamic parameters include
enthalpy change (AH, k] mol™') and entropy change (AS, ]
mol ™" K ') were calculated by Van't Hoff equation:**

(Co—C)V

Ky = ———F—7F—
d mC,

AS AH

In Kd R — ﬁ
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(a—d) Kinetic models of spherical TizC,T, and flaky TizC,T,; (e and f) Weber—Morris intraparticle diffusion model of spherical TisC,T, and flaky
TizCoT,.

Gibbs free energy change (AG, k] mol ™ *) was calculated from
the following equation:

AG=AH - T x AS

(11)

where Ky is the distribution coefficient (mL g~'), T stands for
absolute temperature (K), and R is the ideal gas constant (8.314 ]
(mol K) ). The linear fitting relationship between In K4 and 1/T
is shown in Fig. 7(b), and the relevant parameters are list in
Table 3. AH is greater than zero, which proves that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Fitting results of pseudo-first-order kinetics and pseudo-second-order kinetics

Pseudo-first-order model

Pseudo-second-order model

CO (mg Lil) qe exp. (mg gil) Ge cal. (mg gil) kl R2 Ge cal. (mg gil) kz RZ
S-Ti;C,Ty 100 535 131 0.057 0.90 538 0.0018 0.99
125 626 177 0.067 0.86 602 0.0017 0.99
175 705 202 0.076 0.71 613 0.0030 0.99
F-TizC,Ty 175 804 81 0.054 0.97 850 0.0012 0.99
250 884 177 0.102 0.55 863 0.0012 0.99
300 928 253 0.156 0.96 899 0.0011 0.99
(a) (b)
800+ 900
o 700+ "o 800-
o (o))
E E
o o
600 - Spherical Ti,C, T, 700 - Flaky Ti;C,T,
= Experimental = Experimental
— Langmiur Model — Langmuir model
s00d *® - - - Freundlich Model e00d * 0 - Freundlich model
20 40 60 80 100 120 0 20 40 60 8 100 120
Cymg L) Co(mg L)
Flaky Ti,C,T, Spherical Ti,C,T,
(c) 1000 100 d 100
. 3 @ 600- 3
\ |, S s E
750 N [P 6 450 4 \ S
-~ \ 5 - § 5
o [ 3 ™ % 5
2 500- | 50 & 2 566 \ Lso &
= S S I 3 S
& - & \ -
\ © ®
250 - N 25 3 150 4 25 3
¥ £ =
N [} [}
\ o 4
0 . I 1o 0 0

150 260 2%0
Cr (V) (mg L")

100 300

150 200 250

Cr (VI) (mg L")

100 300

Fig. 6 Langmuir and Freundlich isotherm models of (a) spherical TizC,T, and (b) flaky TizC,T,; (c and d) The removal efficiency and maximum
adsorption capacity of spherical TizC,T, and flaky TizC,T, as a function of Cr(vi) concentration.

adsorption process is endothermic. Positive entropy indicates
that randomness between interfaces increases during adsorp-
tion. Negative AG indicates that the adsorption of Cr(vi) by
spheres and Ti;C,T, is a spontaneous chemical reaction
process.

3.6 Effect of pH

Adsorption tests were carried out on 100 mL, 300 mg L™ Cr(vi)
solution with 20 mg spherical and flaky Ti;C,T, at 308 K, and
the effect of different pH on the adsorption of Cr(vi) solution
was investigated. The pH value of the solution has a great
influence on the existence mode of Cr(vi) and the protonation/
deprotonation of Ti;C,T,. As shown in Fig. 8(a), the adsorp-
tion process of Cr(vi) by spherical and flaky Ti;C,T, solutions is

© 2024 The Author(s). Published by the Royal Society of Chemistry

highly dependent on pH value. The adsorption ability of the
adsorbent for Cr(vi) is very strong at low pH, and the adsorption
capacity decreases rapidly with the increase of pH value. The
result may be attributed to the fact that the presence of Cr(vi)
varies with different pH, and potassium dichromate is a strong
oxidizing agent in low pH or neutral solution. The reduction
reaction equation is as follows:

Cr,0777(aq.) + 14H" + 6~ — 2Cr**(aq.) + 7TH,O  (12)

So the removal of Cr(vi) is significantly dependent on pH. In
addition, the effect of solution pH on the adsorption result is
also affected by the surface charge condition of Ti;C,T, solu-
tion. The test results of the zeta potential as shown in Fig. 8(b)
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Fig. 7
spherical TizC,T, and flaky TizC,T, at different temperatures.

Table 3 Thermodynamic parameters of Cr(vi) adsorption by spherical
and flaky TizC,Ty

AG (k] mol™)

AH AS

(kymol™)  (mol "K' 298K 308K 318K
S-Ti;C,T,  12.42 64.85 -6.91 —7.55 —8.20
F-TisC,T, 6.05 44.90 -7.33 -7.78 —822

can well explain the pH dependent adsorption behavior. The
point of zero charge (PZC) of spherical and flaky Ti;C,T, solu-
tion exists at pHpzc = 2.49 and pHpzc = 2.66, respectively. In
solutions with pH less than pHpyc, the more positively charge
on the adsorbent surface of Ti;C,T, solution, the greater the
electrostatic attraction of the positive charge on the surface of
the adsorbent to the electronegative Cr,0,”~ in the solution. In
solutions with pH greater than pHp,c, as the more negative
charge on the surface of the adsorbent of Ti;C,T, solution, the
electrostatic repulsion of the negative surface of the adsorbent
on the negative Cr,0,>" in the solution will become greater,
resulting in a decrease in adsorption performance. The varia-
tion trend of zeta potential is consistent with that of adsorption
properties at different pH.

View Article Online
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(b)
34+
L 324
X
=
3.0
o Spherical Ti,C,T, >~
284 = Flaky Ti,C,T,
279 370 3'1 3‘2 3‘3
1T(x10°K™)

(a) Graph of adsorption capacity of spherical TizC,T, and flaky TizC,T, with temperature; (b) van der Waals equation fitting graphs of

3.7 Adsorption mechanism

In order to further investigate the adsorption mechanism, the
binding energy of Cr, Ti and C elements was tested by XPS to
investigate the chemical bond changes before and after the
flaky Ti;C,T, adsorbed Cr(vi). As shown in Fig. 9(a), the full-
spectrum scanning results revealed that peaks of Ti, C, O and
F existed in flaky Ti;C,T, before adsorption, and peaks of Cr 2p
appeared in Ti;C,T, after adsorption.*® Fig. 9(b) shows the
high-resolution XPS spectra of Cr 2p before and after adsorp-
tion. Cr 2p in potassium bichromate before adsorption is
composed of Cr(vi) 2py/, (588.6 eV) and Cr(vi) 2p3, (579.4 eV).*
Cr 2p in TizC,T, after adsorption is composed of Cr(ur) 2p;/,
(587.2 eV) and Cr(m) 2ps, (577.6 eV). After adsorption, Cr(vi) was
completely reduced to Cr(m).** The high-resolution XPS spectra
of Ti 2p before and after adsorption is given in Fig. 9(c). It is
evident that, prior to adsorption, the Ti 2p consists of 2py,
(459.9, 460.0, 461.9 eV) attributed to C-Ti-Ty, 2ps/, (458.2 V)
attributed to Ti-O, 2p3, (454.1, 455.1, 456.3 €V) attributed to C-
Ti-T,. After adsorption, 2p (458.6 eV) and 2p;/, (464.6 eV) peaks
of Ti-O are added to Ti 2p,,,, which proves that Ti is oxidized to
TiO, during the adsorption process. Fig. 9(d) shows the high-
resolution XPS spectra of C 1s before and after adsorption.* It
can be seen that before adsorption, C 1s consisted of C-C (284.8

(a) 1000 (b)
a—a 10 1 —e— Spherical Ti,C, T,
—s=— Flaky Ti,C, T,
800 Yy Halaly
§) A
2 600+ T
o
o
400 A
®
—e— Spherical Ti;C,T, .
2001 _s—Flaky Ti,C,T, $
0 2 4 6 8 2 4 6 8 10
pH pH
Fig. 8 (a) Maximum adsorption of Cr(v) by spherical and flaky TizC,T, at pH 1, 2, 4, 6, 8 (b) zeta potentials of spherical and flaky TisC,T, at
different pH.
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Fig. 9 Comparison of XPS spectra of TizC,T, before and after adsorption: (a) full spectrum, (b) Cr 2p, (c) Ti 2p, (d) C 1s.

eV) and Ti-C (282.3 eV), and after adsorption, in addition to the
two existing peaks of C 1s, new peaks C-O (288.6 eV) and C-Cr
(286.5 eV) appeared, indicating that the C and Cr complexation
reaction of Ti;C,T, occurred during the adsorption process
(Fig. 10).

The adsorption of Cr(vi) by Ti;C,T, can be divided into three
stages. In the first stage, Cr(vi) exists in the form of Cr,0,”~
before adsorption. In the second stage, the acid is added to the

potassium dichromate solution, under acidic conditions,
Cr,0,%> and H' quickly form HCrO,~ with strong oxidation,*
and the positively charged Ti;C,T, is easy to adsorb the nega-
tively charged HCrO, .** On the one hand, due to electrostatic
attraction, a small amount of HCrO,  physically adsorbs with
the O or F terminal on Tiz;C,. On the other hand, due to the
reducibility of Ti;C,T,, most HCrO,~ will be rapidly reduced to
Cr(m) by Ti;C,T,. In the third stage, part of Cr(ur) forms a Ti-O-

s i F
H+) 0—?—& o — b‘?‘O — Cr3+
Cr,0.% HCrO4- 5
?Eoox&;f{ l"f%%;% Ti'gp"x&;ﬂ
c Jéjo c (gg c (gé)
Ti,C,T, Ti,C,T, Ab_,-"é.o Ti,C,T,
HCrO4-

Fig. 10 Schematic diagram of adsorption mechanism of Cr(v) on TizC,T,.
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Table 4 Comparison of adsorption properties between this work and existing reports on Mxene adsorption of Cr(vi)
Initial Cr(vi) concentration Equilibrium time Maximum adsorption

Adsorbent (mgL ™ (min) (mgg™) References
Ti;C,T, powder 400 480 250 45
Multi-layer TizC, Ty 100 720 80 20
ZVI-AIK-Ti;C, T, 100 360 198 21
Ti;C,T,/Pdmm 100 240 540 46
1CTAB-Ti5C, 200 360 206 47
Ti;C,@IMIZ 30 80 184 48
Ti;C,/TiO, 50 240 516 49
Spherical Ti;C,T, 250 50 626 This work
Flaky TizC, T, 300 20 928 This work

Cr bond with the O terminal, which is anchored to the surface of
TisC,T,.

The MAC of Ti;C,T, solution for Cr(vi) was compared with
the previous reports related to MXene-based absorbent, and the
results are listed in Table 4. It can be found that Ti;C,T, sample
obtained by spray freezing treatment in this work has a very
high adsorption capacity and the fastest adsorption rate, the
adsorption properties and equilibrium time of the flaky TizC,T,
are found to be better than that of the spherical Ti;C,T,.

4. Conclusion

In this work, spherical and flaky Ti;C,T, were successfully
prepared using spray freezing method. BET analysis shows that
the specific surface areas of spherical Ti;C,T, and flake Ti;C,T,
are 17.07 m*> g~ " and 17.81 m”> g, respectively, which are 1.81
and 1.94 times larger than that of few-layer Ti;C,T,. The opti-
mized spherical and flaky structures effectively mitigate the
stacking issue of Ti;C,Ty, thereby providing more adsorption
sites. Under the condition of pH 2, the MAC of 20 mg spherical
and flaky Ti;C,T, for 100 mL, 250 mg L™ " Cr(v1) solution are 626
and 928 mg g ', respectively. Compared to the few-layer
TizC,Ty, MAC increased by 33% and 97%, respectively. The
adsorption process of spherical and flaky Ti;C,T, is controlled
by chemical adsorption and monolayer adsorption. Thermo-
dynamic experiments have shown that the adsorption reaction
is endothermic. By comparing the XPS results before and after
adsorption, the adsorption mechanism was discussed in depth.
During the adsorption process, unsaturated Ti(u) was oxidized,
while Cr(vi) was reduced to Cr(m), indicating that the adsorption
of Cr(vi) onto Tiz;C,T, is primarily reductive adsorption. In brief,
by optimizing the structure of two-dimensional Ti;C,T,, the
stacking issue of Ti;C,T, was effectively alleviated, and the
adsorption capacity was significantly improved in this study.
Moreover, the exceptional adsorption capacity and rapid
adsorption rate of the flaky TizC,T, adsorbent for Cr(vi) make it
a promising candidate for practical applications in emergency
treatment of Cr(vi) wastewater.
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