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raphene oxide and GO@MXene
hydrogels: enhanced adsorption performance and
stability for methylene blue removal†

Xiaojing Chen,‡ab Jia Li,‡a Caojie Zhao,a Wen Zhou,a Jin Yang,ab Qingjun Liu *a

and Wenshuai Jiang *abc

Ion cross-linking is often used to prepare graphene hydrogels, but the effects of different ion introductions

on the properties of graphene hydrogels need to be further explored. In this study, graphene oxide (GO) and

GO@MXene non-spherical hydrogels were prepared by introducing different ions, and their adsorption

effects on methylene blue (MB) were discussed to determine their feasibility in water treatment. The

adsorption efficiencies were significantly variable because the introduction of different ions had different

effects on the internal structure and molding process of the hydrogels. The GO and GO@MXene

hydrogels crosslinked with Ca2+ demonstrated superior MB adsorption performance compared to those

prepared with K+ and Al3+, achieving 85.2% and 85.8% MB removal efficiencies within 9 hours,

respectively. Interestingly, the morphology of the hydrogel can be changed by adjusting the drop height,

which in turn affects the MB adsorption. The results showed that hydrogels had faster MB removal by

preparing them from a higher height (3.5 cm). The results demonstrated that hydrogels prepared from

a higher droplet fall height (3.5 cm) exhibited accelerated MB removal, with a 10–20% enhancement in

removal efficiency. In addition, the effects of pH and contact time on the adsorption performance of the

hydrogels were investigated. The results showed that the best removal effect was achieved under neutral

conditions, and the adsorption process was consistent with the pseudo-quadratic kinetic model (R2 >

0.97). In addition, we found that the introduction of MXene enhanced the water stability of the

hydrogels, which increased with the metal ion valence number. Furthermore, our study demonstrated

that Ca2+-crosslinked GO and GO@MXene hydrogels exhibit excellent selective adsorption of cationic

dyes, achieving MB removal efficiencies of 96.6% and 98.3% in mixed dye systems, respectively. This

study not only confirms that the introduction of ions can affect the properties of hydrogels by

modulating their morphology, but also provides potential candidates for MB adsorption.
1. Introduction

A hydrogel is a polymer system with a three-dimensional
network structure containing a large amount of water formed
by a simple reaction of one or more monomers.1–5 In recent
years, GO, as a two-dimensional carbon nanomaterial, has
received extensive attention from the scientic community for
its unique structure and properties.6–9 GO hydrogel is a three-
dimensional structure composed of GO cross-linked by self-
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assembly.10–12 Attributed to the excellent physical, chemical,
mechanical properties, abundant oxygen-containing functional
groups, and good water dispersibility, GO hydrogels have been
widely used in the elds of wastewater treatment,13,14

catalysis,15–17 biomedical applications,18–20 energy storage
devices,21,22 supercapacitors23,24 and sensors.25,26

To meet the needs of these applications, the assembly of GO
into three-dimensional gel-like networks is the main issue that
should be considered. Commonly used methods and strategies
for the preparation of GO hydrogels are chemical modication,
graing GO, and acidication or addition of organic molecules,
polymers, or ions as cross-linking agents, which can cross-link
them through covalent and supramolecular interactions such
as hydrogen bonding, ligand interactions, and hydrophobic
interactions.27–29 Among the previously reported hydrogels
prepared by ionic cross-linking, divalent cation (Ca2+, Mg2+ and
Cu2+) solutions were mostly used as cross-linking agents,30–32

and other ion-modulated preparations of GO hydrogels have
been rarely reported to the best of our knowledge. In addition to
RSC Adv., 2025, 15, 16597–16606 | 16597
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this, our previous study showed that the introduction of
different ions alters the electrical, luminescence and microwave
radiation properties of GO membranes.33 Therefore, it is
necessary to investigate the effects of different ion introductions
on the preparation of GO hydrogels and their properties.

In recent years, materials for the removal of organic dye
molecules have been extensively explored.34,35 Among these,
MXene, which possesses excellent electrical, mechanical,
chemical, and thermal properties,36 has found extensive appli-
cations in various elds including energy storage, optoelec-
tronics, biomedical engineering, communications, and
environmental remediation. Since its discovery, MXene has
been recognized as a potential adsorbent material. The surface
of MXene is rich in functional groups (e.g., –OH, –F, –O),37,38

which can interact with dye molecules through both physical
adsorption (van der Waals forces) and chemical adsorption
mechanisms (such as hydrogen bonding and acid–base reac-
tions). This gives MXene strong affinity for dye molecules and
enables effective adsorption of various dyes.

In this study, we investigated GO and GO@MXene hydro-
gels regulated by different ions and found that the introduc-
tion of different ions affects their stability in water and
adsorption of MB. Among them, Ca2+-crosslinked hydrogels
showed the best adsorption of MB. The kinetic results showed
that the adsorption of MB conformed to the pseudo-secondary
kinetic model. In addition, the height of the droplets falling
into different ionic solutions affects the morphology of the
prepared hydrogels, which in turn affects the adsorption of
MB. Furthermore, Ca2+ cross-linked hydrogels were used for
selective adsorption experiments to verify their feasibility in
practical applications.
Fig. 1 Schematic of the preparation of GO and GO@MXene hydrogels (

16598 | RSC Adv., 2025, 15, 16597–16606
2. Materials and methods
2.1. Materials

GO solution (5 mg mL−1) was purchased from Angxing New
CarbonMaterials Co., Ti3C2 (MXene, 5mgmL−1) was purchased
from Beike 2D Materials Co. Ltd; MB was purchased from
Tianjin Yongda Chemical Reagent Co. Ltd; methyl orange (MO)
was purchased from Shanghai Aladdin Biochemical Technology
Co.; sodium chloride (NaCl), potassium chloride (KCl) and
calcium chloride (CaCl2) were purchased from Tianjin Damao
Chemical Reagent Factory, aluminum sulfate (Al2(SO4)3) was
purchased from Shanghai Eon Chemical Technology Co. Ltd; all
chemicals and materials were not subjected to any additional
purication, and ultrapure water was used for all experiments.
2.2. Preparation of GO and GO@MXene hydrogels

GO hydrogels were prepared using the cationic cross-linking
technique. Briey, the GO solution was continuously dripped
into the salt solution (saturated KCl solution, 2% CaCl2 solu-
tion, 4% Al2(SO4)3 solution) by slowly pushing the syringe, and
the formed GO hydrogels were placed in the salt solution for 1
hour to complete the cross-linking. Aer that, they were washed
ve times with ultrapure water for further use. With the mouth
of the tube 0.5 cm away from the surface of the liquid. The GO
hydrogels prepared by different ion cross-linking were named
GO-M (M: Na, K, Ca, Al). The GO hydrogels prepared at different
heights (0.5 cm and 3.5 cm) were named GO-M-L and GO-M-H,
respectively.

Similarly, a mixed solution of GO with MXene (VMXene : VGO=

1 : 4) was used to prepare GO@MXene hydrogels through the
same method. The GO@MXene hydrogels prepared by different
a). Self-assembly diagram of GO and GO@MXene hydrogels (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ion cross-linking were named GO@MXene (M: Na, K, Ca, Al).
The GO@MXene hydrogels prepared at different heights
(0.5 cm and 3.5 cm) were named GO@MXene-M-L and
GO@MXene-M-H, respectively.
2.3. Characterization

Ultraviolet-visible Spectrophotometer (UV-vis, TU-1810 PC,
China) was used to investigate the change in the absorbance of
MB before and aer adsorption. The microstructures of GO and
GO@MXene hydrogels were characterized by eld emission
scanning electron microscope (SEM, Hitachi SU5000, Japan),
and the elemental species of the hydrogels were analyzed by
energy dispersive spectrometer (EDS, FEI TeN-Cai G2 f20 s-twin,
200 kV, USA). In addition, the X-ray photoelectron spectroscopy
(XPS) results were obtained using a Thermo Fisher K-alpha
spectrometer (EscaLab 250Xi, USA). Finally, the specic
surface area and pore size of the hydrogels were measured using
a specic surface and porosity analyzer (Micromeritics 3Flex,
USA).

Fig. 1a illustrates the preparation process of GO and
GO@MXene hydrogels. In this study, 2 mL of GO solution is
rst sucked into the syringe; subsequently, the GO solution is
dripped continuously into the salt solution (NaCl, KCl, CaCl2
and Al2(SO4)3) by slowly pushing the syringe. When the droplets
fall into the solution, GO-M hydrogels are obtained under the
action of metal cations; nally, the prepared GO-M hydrogels
was ushed by ultrawater in order to remove excess metal ions.
Fig. 1b shows the cross-linking plot of GO and GO@MXene
droplet assembly. Similarly, GO@MXene-M hydrogels can also
be prepared by this method. In the pre-experiments, since GO-
Na hydrogels underwent decomposition due to prolonged
Fig. 2 SEM images of the surface (a–c) and cross-sectional (d–f) morpho
Ca, Al).

© 2025 The Author(s). Published by the Royal Society of Chemistry
immersion in pure water, we focus on GO-M hydrogels modu-
lated by potassium, calcium and aluminium ions.
3. Results and discussion
3.1. Characterisation

SEM was used to investigate the morphology of GO-M hydro-
gels, as shown in Fig. 2. According to Fig. 2a–c, the surface of
GO-M hydrogels showed a non-homogeneous texture structure,
implying an increase in surface roughness. The interior of the
GO-M hydrogel exhibits an irregular porous structure (Fig. 2d–
f). Besides, the SEM results in Fig. 2 also showed the
morphology of the prepared hydrogels surfaces varied as
a result of the introduction of different metal ions. The EDS
mapping results in Fig. 2g–i also showed the distribution of
different K, Ca, Al and O elements in GO-M hydrogels, indi-
cating the successful preparation of GO-M hydrogels.

XPS of the GO-M hydrogels was performed to study their
chemical states and compositions. As shown in Fig. 3a, the XPS
survey spectra of GO-M indicate the presence of C and O. The
corresponding GO hydrogels also contained K, Ca, and Al
because of the different cross-linking cations. These results
indicate the successful preparation of the GO-M hydrogels.

Fig. 3b–d show the nitrogen adsorption–desorption curves of
the ion-crosslinked GO-M hydrogels. The analysis reveals that
the isotherms of the GO hydrogels belong to Type IV with an H3-
type hysteresis loop in the medium-to-high pressure region,
indicating the presence of a mesoporous structure. From
Fig. 3b–d it can be seen that the energy required for desorption
is higher than that required for adsorption for all three samples.
Comparing Fig. 3b–d, it can be seen that the difference in N2

adsorption of GO-M at higher relative air pressure is not large,
logy of the GO-M hydrogel. (g–i) EDS results of GO-M hydrogels (M: K,

RSC Adv., 2025, 15, 16597–16606 | 16599
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Fig. 3 XPS results of GO-M (a). Nitrogen adsorption and desorption profiles of ion-crosslinked GO-M hydrogels (b–d).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 8
:5

7:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
indicating that the difference in specic surface area is not
signicant (Table 1). From the pore size distribution, it can be
seen that the pore size distributions of GO-M samples are all
concentrated in 2–10 nm, and all of them show mesoporous
structure, and have smaller pore size distributions and uniform
pore structures. The high specic surface area (>800 m2 g−1)
and uniform pore size distribution provide abundant active
sites, which are more favorable for MB adsorption, while the
open pore structure facilitates rapid diffusion, consistent with
the pseudo-second-order kinetic model.
3.2. Effect of droplet falling height on GO-M

Further, the shapes of GO-M samples prepared in this study
were also affected by the droplet drop height and the ionic
species in the solution (Fig. 4b). As shown in Fig. 4a, it was
found that the shapes of GO-M-L samples prepared in different
solutions were bullet-shaped when the droplet falling height
Table 1 Pore structure analysis

Sample BET (m2 g−1) Pore volume (cm3 g−1) Pore diameter (nm)

GO-K-L 819.4074 0.890888 3.2557
GO-Ca-L 825.0751 0.879001 3.3545
GO-Al-L 864.0964 0.894537 3.5718
GO-Ca-H 833.7923 0.923487 3.2436

16600 | RSC Adv., 2025, 15, 16597–16606
was 0.5 cm. However, when the droplet falling height was
3.5 cm, the shape of the prepared GO-M-H samples was jellysh-
like in KCl solution and the shape of the prepared GO-M-H
samples was cap-like in CaCl2 and Al2(SO4)3 solutions
(Fig. 4a). The results indicate the shapes of the prepared GO-M
can be regulated by adjusting the height and the type of metal
ions in the solution.
3.3. MB adsorption based on GO-M

Considering the excellent performance of GO in MB removal,39

it was hypothesized that changes in morphology and shape may
affect the adsorption performance of GO-M. In addition, our
previous studies have shown that the introduction of alkali and
alkaline earth metal ions also alters the electrical, luminescence
and microwave reduction properties of GOmembranes.33 Based
on this, the effectiveness of methyl bromide removal based on
GO-M was investigated, and the results were showed in Fig. 5. In
this study, 2 mL GO solution was used to prepare GO-M;
subsequently, the prepared samples were added into 20 mL
MB solution with the concentration of 50 mg L−1 for investi-
gating the removal of MB. The whole process was carried out at
ambient temperature for a certain period. The change of MB
concentration was determined by an UV-vis spectrophotometer.
The removal rate was calculated using eqn (1):40

R% ¼ 100%� C0 � Ct

C0

(1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Physical images of hydrogels with three shapes (a). The effect of droplet fall height and ionic species in solution on prepared samples (b).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 8
:5

7:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where, C0 and Ct are the initial concentrations and the
concentrations of MB at time t, respectively.

Fig. 5 shows the removal results of MB for GO-M prepared
with different ion modulation. According to Fig. 5a, when the
heights were the same, the samples prepared with different ion
modulation showed obvious variations for MB removal, and the
samples prepared with Ca2+ modulation showed a faster MB
removal effect. It is hypothesized that the introduction of
different ions has different effects on the internal structure and
molding process of hydrogels. According to the SEM results in
Fig. 2, the surfaces of GO-Ca prepared by Ca2+ modulation
showed more folds, which could provide more reaction contact
sites, thus improving the removal effect of MB. The poor MB
removal effect of GO-Al may be due to the accumulation of GO
in the crosslinking process of Al3+ (Fig. 2c), which reduces the
reaction contact site.

However, the specic surface area of hydrogels tends to
increase with the elevation of ionic valence as can be seen from
Table 1. The specic surface area of Al3+ crosslinked hydrogels
is the largest, but the adsorption capacity is weak. This may be
related to the layer spacing, GO-Al has a large layer spacing and
is lled with more water molecules. The results of Che-Ning Yeh
et al. showed that the layer spacing of the Al3+ crosslinked
Fig. 5 Removal effect of MB based on GO-M-L (a) and GO-M-H (b). L i
height of 3.5 cm (M: K, Ca, Al).

© 2025 The Author(s). Published by the Royal Society of Chemistry
membranes became larger aer drying and rehydrating.41 Our
previous study also showed that the layer spacing of GO-Al
membranes was larger than that of GO-Ca membranes.42

Since hydrogels were used in this study, it is hypothesized that
the pre-adsorption may involve the exchange of positions
between water molecules andMBmolecules and the occupation
of reaction sites. Therefore, it will lead to the phenomenon that
GO-Al hydrogels have large specic surface area but slow
adsorption efficiency.

Further, we found that the removal of MB by GO-M-H
(Fig. 5b) was signicantly better than that of GO-M-L (Fig. 5a),
and the conclusion is conrmed by the discolouration results of
the MB solution in Fig. S2.† Comparison of Fig. S1b and c†
shows that the N2 adsorption of GO-Ca-H is larger than the N2

adsorption of GO-Ca-L at higher relative air pressure, indicating
that the adsorption capacity of GO-Ca-H is stronger. It may be
attributed to the increase in specic surface area, and the
results of Table 1 also showed the GO-M-H had a larger specic
surface area than GO-M-L, and lager specic surface area
provides more contact sites for reaction, thus enhancing
removal effect of MB. Besides, the signicant enhancement of
MB removal by GO-K-H may be attributed to the fact that
ndicates a preparation height of 0.5 cm and H indicates a preparation

RSC Adv., 2025, 15, 16597–16606 | 16601
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jellysh-like samples have a larger specic surface area than
bullet-like or cap-like samples.
3.4. Effect of solution pH on adsorption of MB

Fig. 6a–c show the removal of MB by the GO-M hydrogels at
different pH values. The pH of the solution signicantly inu-
enced the MB removal efficiency of the adsorption process. As
shown in Fig. 6a–c, the best removal of MB was achieved under
neutral conditions, and both acidic and alkaline conditions
were unfavourable for MB adsorption. MB is a cationic dye with
a positive surface charge, which is more easily adsorbed when
the adsorbent surface is negatively charged, which can be
explained by the existence of electrostatic attraction between
Fig. 6 Effect of solution pH on MB removal by GO-M hydrogels (data fo
model (d) and pseudo-second-order model (e) for GO-M adsorbed MB

16602 | RSC Adv., 2025, 15, 16597–16606
the two.43 Carboxylic acid functional groups on the surface of
the material under acidic conditions undergo protonation,
which is detrimental to MB adsorption. Under alkaline condi-
tions, positively charged sites may have been generated on the
surface of the hydrogels, leading to electrostatic repulsion
between these sites and the MB molecules, weakening the
adsorption of MB. It can be seen that the pH of the solution
affects the adsorption process.
3.5. Adsorption kinetic study

In order to explore the adsorption kinetics and investigate the
relationship between the adsorption process and the contact
time, 20 mL of MB solution (50 mg L−1) was added to 10 mg of
r the 12 h reaction of the adsorption system) (a–c). Pseudo-first-order
. Intraparticle diffusion model for GO-M (f) (M: K, Ca, Al).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Absorption kinetic modeling correlation coefficients for MB adsorption on ion-modulated GO hydrogels

Absorbent

Pseudo-rst-order kinetic Pseudo-second-order kinetic Linear relation

k1 h
−1 qe

1 mg g−1 R1
2 k2 g (mg−1 h) qe

2 mg g−1 R2
2 R1

2 R2
2

GO-K 0.18 98.93 0.994 0.0017 117.22 0.973 0.937 0.984
GO-Ca 0.21 96.88 0.997 0.0023 111.92 0.981 0.921 0.994
GO-Al 0.16 93.04 0.998 0.0015 111.88 0.994 0.955 0.996
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adsorbent, which was allowed to stand at room temperature for
36 h. The pseudo-primary and pseudo-secondary kinetic models
were used to analyze and simulate the adsorption process,
denoted as:44

logðqe � qtÞ ¼ log qe � k1

2:303
t (2)

t

qt
¼ 1

k2qe2
þ 1

qe
t (3)

where qe (mg g−1) is adsorption capacity at equilibrium. qt (mg
g−1) is the adsorption capacity at time t (h). t (h) is the contact
time, k1 (h

−1) is the rate constant of pseudo-rst-order model, k2
(g (mg−1 h)) is the rate constant of pseudo-second-order model,
respectively. Linear plots of log(qe− qt) versus contact time t and
t/qt versus contact time t were plotted as shown in Fig. 6d and
e.

The tted data are shown in Table 2, both the tted primary
kinetic model and the tted secondary kinetic model have high
R2 values, but only the tted secondary kinetic model ts well
with the adsorption process aer transforming into a linear
model. The results indicate that the whole adsorption process is
mainly inuenced by the chemisorption mechanism.

In order to further explain the adsorption mechanism and
the control steps of adsorption rate, the adsorption process was
analyzed by using the intraparticle diffusion model, which was
expressed as:45

qt = Kt0.5 + C (4)

where K (mg g−1 h−0.5) is Weber–Morris rate constant, which
represents intraparticle diffusion rate. C (mg g−1) is the inter-
cept which responses the thickness of adsorption boundary
layer.

As shown in Fig. 6f, the entire adsorption process can be
divided into three stages, including the initial stage of adsorp-
tion with a high slope, the mid-stage of adsorption with
a signicantly lower slope, and the equilibrium stage.
Table 3 Parameters for modeling intraparticle diffusion for MB adsorpti

Absorbent

Stage I Stage I

K1 C1 R1
2 K2

GO-K 42.39 −36.64 0.996 14.65
GO-Ca 42.1 −29.86 0.999 11.89
GO-Al 32.96 −22.38 0.98 17.67

© 2025 The Author(s). Published by the Royal Society of Chemistry
Combined with Table 3, it can be seen that the K value of the
rst stage is the largest, the adsorption rate is faster, the
adsorption mainly occurs on the outer surface, and the external
diffusion is the main step limiting the adsorption rate. In the
second stage, the adsorption rate decreases, and MB molecules
diffuse into the interior of the adsorbent, causing a series of
chemical adsorption, and the adsorption rate is mainly
controlled by internal diffusion. The third stage has a lower K
value and the adsorption process reaches equilibrium with
a slow increase in adsorption. The results show that the
multistage tting results are more consistent with the actual
adsorption process, and the whole adsorption process is
controlled by both external and internal diffusion.
3.6. GO@MXene hydrogels

3.6.1. The stability of GO-M and GO@MXene-M hydrogels.
Considering the excellent performance of MXene in removing
MB,46,47 GO@MXene hydrogels were prepared by combining GO
materials with MXene materials, and their adsorption capacity
was investigated. According to Fig. S4d–f,† the interior of the
GO@MXene-M hydrogel exhibits an irregular porous structure.
The insets of Fig. S4g–i and S5a† suggested that metal ions (K+,
Ca2+ and Al3+) were able to be introduced into the prepared
GO@MXene-M samples in this way. Fig. S5b† showed the survey
scan of titanium (Ti) in GO@MXene-M, conrming the pres-
ence of MXene in the prepared GO@MXene-M samples.

Furthermore, the mechanical stability of different GO-M and
GO@MXene-M hydrogels was studied in water, as shown in
Fig. 7. It can be seen from Fig. 7a that the colour of the water in
which the GO-Na hydrogels are immersed gradually turns
yellow as the immersion time increases, which means that the
GO-Na hydrogels decompose, and the results indicated GO-Na
hydrogels had poorer stability compared to other GO-M
hydrogels. It should be emphasised that increasing the
concentration of Na ions also did not inhibit the decomposition
of GO-Na hydrogels. Moreover, the results in Fig. 7 also showed
the introduction of MXene could improve the stability of
on on ion-modulated GO hydrogels

I Stage III

C2 R2
2 K3 C3 R3

2

37.88 0.997 1.48 89.32 0.84
47.23 1 1.79 86.82 0.89
16.24 0.98 3.64 72.41 0.93
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Fig. 7 The stability of GO-M (a) and GO@MXene-M (b) hydrogels in water (M: Na, K, Ca, Al).

Fig. 8 Removal effect of MB based on GO@MXene-M-L (a) and GO@MXene-M-H (b). L indicates a preparation height of 0.5 cm and H indicates
a preparation height of 3.5 cm (M: K, Ca, Al).
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prepared hydrogels. In addition, our study also shows that
GO@MXene hydrogels can be prepared without introducing
metal ions, but their stability is also poor, as shown in Fig. S3.†

3.6.2. MB adsorption based on GO@MXene-M. Fig. 8a and
b show the removal results of MB for GO@MXene-M-L and
GO@MXene-M-H prepared with different ion modulation. As
can be seen from Fig. 8a, GO@MXene-Ca hydrogels adsorbed
MB more efficiently, although the specic surface area of
GO@MXene-Al hydrogels was greater than that of GO@MXene-
K and GO@MXene-Ca hydrogels (Table S1†). This may be due to
the high roughness of the surface of GO@MXene-Ca hydrogels
with more folds (Fig. S4†), which can provide more reaction
sites. Comparing Fig. 8a and b, the removal rate of MB by
GO@MXene-M-H hydrogels was higher than that of
GO@MXene-M-L hydrogels. As shown in Fig. S1c and d,† the N2

adsorption–desorption isotherms of the GO/MXene hydrogels
16604 | RSC Adv., 2025, 15, 16597–16606
also exhibit Type IV curves with H3-type hysteresis loops, while
the hysteresis loop of GO/MXene-Ca-H is more pronounced,
suggesting a possible expansion of interlayer spacing, thereby
enhancing adsorption performance. Additionally, the N2

adsorption capacity of GO@MXene-Ca-H was higher than that
of GO@MXene-Ca-L, indicating stronger adsorption capability.
This is hypothesized to result from morphological changes in
the hydrogels, which inuence their specic surface area (Table
S1†).

Furthermore, the effects of solution pH and contact time on
adsorption were also investigated. Fig. S6a–c† show the removal
of MB by the GO@MXene-M hydrogels at different pH values.
The results show that when the pH of the solution was increased
from 4 to 10, only neutral conditions showed the best removal of
methyl bromide, while both acidic and basic conditions were
not favorable for the adsorption of methyl bromide. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Selective adsorption of GO-Ca-H (a) and GO@MXene-Ca-H (b).
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kinetics results of the tted GO@MXene-M-adsorbed MB are
shown in Fig. S6d–f.† The tted data are shown in Table S2,† the
R2 of the pseudo-rst-order kinetics is larger than the R2 of the
pseudo-second-order kinetics, but aer transforming into
a linear model, R2

2 is larger than R1
2, which indicates that the

adsorption process is more consistent with the proposed
secondary kinetics model. The results of intraparticle diffusion
showed that GO@MXene-M hydrogels also belong to the typical
three-stage adsorption (Table S3†).

3.7. Selective adsorption

In order to evaluate the potential practical applications, selec-
tive adsorption experiments based on GO-Ca-H and
GO@MXene-Ca-H hydrogels were performed. In this study, MO,
an anionic dye widely used in the printing and dyeing industry,
was used as a competing dye, and the selective adsorption
properties of GO-Ca-H and GO@MXene-Ca-H in single and
mixed dye solutions were investigated as shown in Fig. 9.
According to the results of Fig. 9a, the removal rate of MB and
MO by GO@MXene-Ca-H was respectively 98.91% and 18.2% in
the single dye solution, and GO@MXene-Ca-H remained high
removal rate of MB (98.3%) in a mixed system. Like
GO@MXene-Ca-H, GO-Ca-H also showed good selective
adsorption in single and mixed dye solution, as shown in
Fig. 9b. Fig. S7† shows the discolouration results of MB and MO
in single and mixed systems, which also identied that GO-Ca-
H and GO@MXene-Ca-H have good selective adsorption for
cationic dyes MB.

4. Conclusions

In summary, different ion modulated GO and GO@MXene
hydrogels were prepared and investigated, and the introduction
of different ions not only improve the stability of GO and
GO@MXene hydrogels in solution, but also affect the adsorp-
tion property of GO and GO@MXene hydrogels on MB. Due to
the change of specic surface area caused by morphology, GO
and GO@MXene hydrogel prepared by Ca2+-modulated showed
better adsorption properties of MB than GO and GO@MXene
hydrogel prepared by K+ and Al3+ modulated. Besides, the
height at which the droplets fall also leads to a change in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
shape of the hydrogel, which in turn leads to a change in its
specic surface area, and it also affects the removal effective-
ness of the hydrogel on MB. And GO-M-H and GO-MXene-M-H
showed better adsorption properties of MB than GO-M-L and
GO-MXene-M-L. These different ions regulated hydrogels also
have good selectivity and are expected to be adsorbents for the
removal of cationic dyes from textile dye wastewater. The study
of adsorption kinetics showed that the adsorption of MB by ion-
modulated hydrogels was more in line with the pseudo-
secondary kinetic model, and the results of intraparticle diffu-
sion indicated that the whole adsorption process received dual
control by both internal and external diffusion.
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