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Zinc/cobalt metal-organic skeleton/carbon nanotubes (Zn/Co-ZIFQCNTS) were prepared by solvothermal
method using Zn/Co-ZIF as the main raw material and CNTs as the carrier. The results showed that Zn/Co-
ZIFQCNTSs retained the high specific surface area and large porosity of ZIFs while exhibiting a stable cubic
crystal structure. At the optimal initial dye concentration, the removal rates for methyl orange (MO) and
methylene blue (MB) reached over 85%. When the dosage of Zn/Co-ZIFQCNTs was 30 mg in a 30 mL
solution, the removal of MO and MB reached the maximum. The MO removal rate in mixed solution was
generally lower than that in unmixed solution, and the removal rate of MB was the opposite. The
second-order kinetic model was the most suitable for describing the adsorption of MO and MB by Zn/

Co-ZIF@QCNTs, and it was dominated by chemisorption. The reaction isotherms for the adsorption of MO
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Accepted 5th February 2025 were well fitted by the Langmuir model. The adsorption process for MB was consistent with the
Freundlich adsorption isotherm model. The adsorption mechanism for MO and MB was mainly

DOI: 10.1039/d4ra07021f electrostatic interactions and w—m stacking; moreover, competitive adsorption and synergistic adsorption
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1. Introduction

The rapid development of the global economy and growing
industrial demand have enabled the textile, leather, paper,
printing, paint and other industries to achieve rapid develop-
ment. Dyes, as important raw materials in these industries,
have increased significantly in terms of demand and volume
used. The production and use of dyes causes a large amount of
dye wastewater discharge. This has become one of the main
environmental pollution problems.* Most of the dyes with
complex structures are toxic,>* carcinogenic® and mutagenic.®
Moreover, they are resistant to digestion, stable to light, heat
and oxidants, and are refractory pollutants.”® To achieve the
desired color effect in the practical application of printing and
dyeing technology, two or more dyes are usually chosen for
combined dyeing. Therefore, finding effective methods to
effectively remove dyes with complex components from waste-
water is crucial. Dyes can be divided into anionic, cationic and
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non-ionic according to the charge characteristics when dis-
solved in water.” The studies to date have mainly focused on
anionic and cationic dyes. Physical adsorption, coagulating
sedimentation, ion exchange and photocatalytic oxidation are
commonly used in the treatment of dye wastewater.'” Among
them, the adsorption method is widely used in the decoloriza-
tion and degradation of dye wastewater due to its advantages of
a wide range of adsorbents and materials, simple process, good
decolorization effect and strong anti-pollution ability."* Methyl
orange (MO), a typical anionic dye, is used in the printing and
textile industry and is highly carcinogenic.”” Methylene blue
(MB) is a typical representative cationic dye. MB is used for
dyeing silk, cotton and wood. MB occurs frequently in textile
wastewater and is a serious hazard to humans and other
organisms."

The development and application of nanomaterials has
driven advances treatment technology,
providing new solutions for dealing with complex and difficult
to degrade pollutants. Manoj et al. reported that hydroxyapa-
tite and hydroxyapatite/tantalum (HAp/Ta) core-shell nano-
structured particles can be effectively used as a catalyst
material for the treatment of industrial dye wastewater.™
Alorku et al. reported that a nanomixture of 0-D ternary metal
oxides (TiO,-Sn0,-Al,03) cooperating with 1-D hydroxyapatite
(HAp) nanorods achieved 98% RhB degradation in acidic
media with 20 ppm RhB in 90 min after UV irradiation. The
adsorption method is widely used in dye wastewater treatment

in wastewater
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due to its low cost, simple operation, green environmental
protection, high selectivity and wide application range.'
Currently, the commonly used adsorbents are activated
carbon, bio-based, graphene, metal-organic framework
(MOFs), etc. Among them, MOFs are coordination polymers
with a three-dimensional stable structure formed by connect-
ing metal ions or metal clusters with organic compounds
through coordination bonds.'® MOFs have the advantages of
low mass density, high porosity, large specific surface area and
controllable microporous structure in the field of adsorbing
organic pollutants in water.””'® Zeolitic imidazolate frame-
works (ZIFs) are a class of MOFs that are composed of
imidazolate-bridged tetrahedral metal ions (such as Zn, Co).
Compared with other MOFs, ZIFs feature the topological
morphology of zeolites in structural and coordination factors,
showing excellent permanent porosity, stability and adsorp-
tion capacity.” The properties, types and structures of ZIFs
mainly depend on the different combinations of imidazole
ligands and metal ions. The most representative ZIFs are ZIF-8
and ZIF-67 with rhombic dodecahedron structures synthesized
by coordination of Zn>" and Co>* with dimethylimidazole
ligands, respectively. They have high thermal and chemical
stability and adjustable zero-type topology.”® Nazir et al
prepared ZIF-67 nanocomposite doped with recycled metal Ni,
which exhibited a good removal rate for methyl orange in
water.” Nawz et al. reported a unique crystalline MoS,@ZIF-67
nanocomposite adsorbent prepared using an in situ synthesis
technique for the efficient removal of methyl MO dye from an
aqueous medium.* Jiang et al. synthesized ZIF-8 via a hydro-
thermal method and found that its maximum adsorption
capacity for Congo Red was 1250 mg g~ '.>> Mahmoud et al.
prepared a polysulfone/ZIF-8 nanocomposite ultrafiltration
membrane and achieved removal rates of up to 95.1% and
89.65% for methyl blue and crystal violet dyes.>* Therefore,
ZIFs have potential as adsorbents.

Carbon nanotubes (CNTs) are one-dimensional tubular
nanomaterials with excellent physical properties, large specific
surface area, easy functionalization and high mechanical
strength; the tubes consist of multiple interconnected carbon
atoms.>®?® With the deepening of research, the application of
carbon nanotubes is no longer limited to its inherent proper-
ties. Ma et al. successfully synthesized high specific surface area
and mesoporous activated carbon nanotubes by an alkaline
method, which exhibited excellent adsorption properties for
anionic and cationic dyes in aqueous solution, especially
methyl orange and methylene blue.”” Single-walled CNTs
showed a higher adsorption capacity (585 mg g~ ) for acid red B
(ARB) than muti-walled CNTs.*® ZIF-8 as a metal-organic skel-
eton was hybridized with CNTs and gave greater removal of
malachite green than the MOF alone.” This demonstrated that
adsorbents based on the combination of CNTs and ZIFs have
good potential for the removal of dyes from aqueous solutions.
CNTs and ZIFs adsorb dye molecules through their porous
structure, thereby achieving the physical removal of these
molecules. During the adsorption process, the noticeable
fading of the dye solution's color served as a visual indication of
the decolorization process. The extent of decolorization can be
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quantitatively analyzed by measuring the absorbance of the
clear supernatant solution. The adsorption of dye molecules not
only realizes their physical removal but is also accompanied by
a decolorization effect.

Based on the above advantages, future research should focus
on the combination of carbon nanotubes with other materials to
synthesize new composite materials, thereby further improving
the performance of the materials and achieving multifunctional
applications. In recent years, in order to further explore materials
with higher adsorption performance, excellent synergistic
adsorption performance was achieved by mixing MOFs materials
with other components to prepare composites to effectively
adsorb dye pollutants in wastewater. Single-component dyes are
often adsorbed using adsorbents, but the problem of adsorption
of two-component dyes in wastewater is less studied. There is
a lack of comprehensive understanding of the mechanism of
adsorption of dye components by MOFs composites.

In this study, Zn/Co-ZIF bimetallic MOFs were prepared by
solvothermal method and successfully compounded with CNTs
to design Zn/Co-ZIF@CNTs. Zn/Co-ZIF@CNTs were used as an
adsorbent to explore the effects of different factors on the
adsorption performance under single-component and two-
component dye systems. The interaction mechanism between
Zn/Co-ZIF@CNTs and dyes was thoroughly investigated by
combining some characterization methods and establishing
a reaction kinetic model. The adsorbent material produced in
this study can effectively adsorb the dye molecules and reduce
the dye concentration in aqueous solution; it is not just a color
change. The new material holds potential for treating dye
wastewater with complex components.

2. Materials and methods
2.1 Chemicals

2-Methylimidazole, cobalt nitrate (Co(NO3),-6H,0), zinc nitrate
(Zn(NO3),-6H,0), methyl alcohol (CH;OH), multi-wall carbon
nanotubes (MWCNT) (purity >95 wt%, with outer diameter of 8-
15 nm and length of 3-12 pm, D50 < 7 um, specific surface area
=250 m” g~ '), methyl orange, and methylene blue. All reagents
and chemicals were of analytical grade and did not require
further purification before use.

2.2 Synthesis of Co-ZIF

0.546 g of cobalt nitrate hexahydrate was dissolved in 15 mL of
methanol to form a homogeneous solution. Separately, 0.616 g
of 2-methylimidazole was also dissolved in an equal volume of
methanol. After the cobalt nitrate solution was fully dissolved, it
was mixed with the 2-methylimidazole methanol solution under
ultrasonic assistance. The mixture was centrifuged twice at 11
000 rpm, and the resulting supernatant was redispersed in
15 mL of methanol. The cobalt nitrate methanol solution was
then added to the separated solution, and the mixture was
transferred to a Teflon-lined stainless steel autoclave. The
autoclave was heated at 120 °C for 1 h. After the reaction, the
solution was removed from the autoclave, and the reaction
mixture was centrifuged again at 11000 rpm. The washed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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product was dispersed in a methanol solution for subsequent
experimental analysis.

2.3 Synthesis of Zn-ZIF

0.71 g of zinc sulfate hexahydrate and 0.81 g of 2-methyl-
imidazole were individually dissolved in 50 mL of methanol.
The solutions were mixed and stirred for 5 min to ensure
a homogeneous mixture. The combined solution was allowed to
age at room temperature for 24 h, which resulted in a milky
white suspension. Repeated centrifugation was performed at 9
500 rpm, followed by the addition of methanol and ultrasonic
treatment for redispersion. Finally, the obtained white crystals
were placed in a vacuum oven and dried overnight at 60 °C. The
sample was then sealed in a sample vial for storage.

2.4 Synthesis of Zn/Co-ZIF@CNTs

At room temperature, 0.546 g of Co(NOs),-6H,0, 0.558 g of
Zn(NO3),-6H,0, and 0.616 g of 2-methylimidazole were dis-
solved in 7.5 mL, 7.5 mL, and 15 mL of methanol, with ultra-
sonication for 5 min. The cobalt nitrate methanol solution was
mixed with the 2-methylimidazole methanol solution under
ultrasonic treatment for 10 min. Subsequently, the zinc nitrate
methanol solution and a certain amount of CNTs were added to
the mixed solution, which was again sonicated for 10 min. The
resulting suspension was then transferred to a Teflon-lined
stainless steel autoclave and heated at 120 °C for 4 h. Finally,
fresh methanol was added, and the mixture was centrifuged at
11 000 rpm for 5 min. The Zn/Co-ZIF@CNTs product was ob-
tained after repeated washing and drying with methanol (Fig. 1).

2.5 Characterization

Scanning electron microscopy (SEM, Phenom, China) was
employed to meticulously examine the morphological features
of the samples. Furthermore, Fourier transform infrared spec-
troscopy (FT-IR, NEXUS-670, USA) was employed to investigate
the chemical bonds and functional group structures within the
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Fig. 1 The synthetic schematic diagram for preparing Zn/Co-ZIF@CNTs
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samples. The wave number range spanned from 400 cm ™' to
4000 cm™'. Additionally, X-ray diffraction (XRD, Bruker D8
Advance, Germany) technology was utilized to determine the
crystal structure of Zn/Co-ZIF@CNTs with the scanning
parameters set at a rate of 2° per minute and a step size of 0.02°.

2.6 Adsorption experiments

The standard solutions of methyl orange and methylene blue
were diluted to different concentration gradients. The concen-
tration gradient of the standard curve for methyl orange was 2.5,
5,7.5,10,12.5 and 15 mg L. The concentration gradient of the
standard curve for methylene blue was 1, 2, 3,4, 5and 6 mg L.
A UV-vis spectrophotometer was used to measure the absor-
bance of the solutions at their specific absorption wavelengths
(the maximum absorption wavelength of methyl orange was
464 nm, and the maximum absorption wavelength of methylene
blue was 664 nm), with distilled water as the reference solution.
Based on the measurements, standard curve equations were
established.

The experiment was conducted under natural light condi-
tions. The composite material Zn/Co-ZIF@CNTs served as
a decolorizing agent for the decolorization of dye solutions. Zn/
Co-ZIF@CNTs could be separated from the effluent solution
after the adsorption of dyes by simple means of centrifugation
and filtration. The adsorption capacity, ¢, at time ¢, the satu-
rated adsorption capacity (g.), and the removal rate (R) of
methyl orange and methylene blue dyes for the Zn/Co-
ZIF@CNTs adsorbent were calculated according to the
following equations:

(co—c)V

-7 1
q - (1)
(co—ce)V
= 2
q p” (2)
R= "% 100% 3)
Co

Zn/Co-ZIF/CNTs

RSC Adv, 2025, 15, 4681-4692 | 4683


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07021f

Open Access Article. Published on 12 February 2025. Downloaded on 3/12/2026 3:52:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

In the equations: ¢, represents the initial mass concentration of
the dye before adsorption, in mg L™'; ¢, represents the mass
concentration of the dye at time ¢ during adsorption, in mg L™;
c. represents the equilibrium mass concentration of the dye
after adsorption, in mg L™"; V represents the volume of the dye
solution to be adsorbed, in L; and m represents the amount of
adsorbent used, in g.

2.7 The fitting of the adsorption kinetics curve

The relationship between contact time and adsorption capacity

in the process of Zn/Co-ZIF@CNTs adsorbing MO and MB was

investigated in this study. Pseudo-first-order kinetic and

pseudo-second-order kinetic models were employed to analyze

and describe the kinetic process of dye adsorption.****
Pseudo-first-order kinetic model:

In(ge — ¢,) =Inge — kit (4)

Pseudo-second-order kinetic model:

t 1 Lt )
g kgl qe

In the equations: g. represents the equilibrium adsorption
capacity, in mg g~ '; g, represents the adsorption capacity at
time ¢, in mg g '; ¢ represents the adsorption time, in min; &, is
the reaction rate constant of the pseudo-first-order kinetic
equation, in min~'; and k, is the reaction rate constant of the
pseudo-second-order kinetic equation, in g (mg min) "

2.8 The fitting of adsorption isotherm

To further investigate the adsorption behavior of Zn/Co-
ZIF@CNTs towards MO and MB, the adsorption isotherm
models, specifically the Langmuir adsorption isotherm model
and the Freundlich adsorption isotherm model,*** were
established using the adsorption equilibrium data.
Langmuir adsorption isotherm model:
Ce Ce 1

-2y ©

qe qm qm K L

Freundlich adsorption isotherm model:
1
Ing. =1In K¢ + ;ln Ce (7)

In the equations: c. represents the equilibrium concentration of
the dye in the solution after adsorption by the adsorbent,
in mg L™; ¢. represents the equilibrium adsorption capacity of
the adsorbent for the dye, in mg g '; ¢m represents the
maximum adsorption capacity of the adsorbent, in mg g™ *; K,
represents the Langmuir adsorption constant, in L mg™'; K
represents the Freundlich adsorption constant, in mg (L mg)™";
1/n represents the adsorption intensity, and a larger value of n
indicates a more favorable adsorption process.
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2.9 Investigation of the effect of the initial concentration of
the solution on the removal rate

MO and MB solutions with different concentration gradients
were prepared (400, 500, 600, 750, 1000, 1250, 1500 and
2000 mg L™"). 0.015 g of Zn/Co-ZIF@CNTs was added to 30 mL
of the solution. The absorption was carried out in a thermo-
static oscillator at 150 rpm. Multiple samples were taken over
a period of time (10 min, 20 min, 30 min, 40 min, 50 min, 1 h,
2 h, 3 h, 4 h). The samples underwent centrifugation at
8000 rpm for a duration of 10 min to facilitate the separation
from the residual adsorbent. Subsequently, the residual
concentrations of MO and MB were determined spectrophoto-
metrically at wavelengths of 464 nm and 664 nm, respectively,
employing a UV-vis spectrophotometer. Considering the
adsorption properties of the material for the mixed dye solu-
tion, five representative sets of dye solutions were selected for
mixing. The concentration ratio of the components in the dye
mixtures was 1 : 1. The other operations were the same as above.
The absorbance of the solution was measured at different
wavelengths. The studies were performed at room temperature.

2.10 Investigation of the effect of adsorbent quality on
removal rates

Under the initial conditions, the MO and MB solution concen-
trations were 2000 mg L' and 50 mg L™". The volume of the
water sample was 30 mL. A mass gradient of adsorbent was
established and added into the water sample (5, 10, 15, 20, 25,
30 and 35 mg), and they were adsorbed in a thermostatic
oscillator at 150 rpm. Multiple samples were taken at intervals.
The adsorption process was concluded within a period of 1 h.
Subsequent to this, the samples were subjected to centrifuga-
tion at a speed of 8000 rpm for a duration of 10 min. The
absorbance was measured by UV spectrophotometry and con-
verted into concentration. The studies were performed at room
temperature. Similarly, the influence of the amount of adsor-
bent applied on the adsorption performance for the two-
component dye system was explored. Representative concen-
trations of MO and MB solutions were mixed to obtain a 30 mL
water sample. The same adsorbent mass gradient as for the
individual components was established. All other operations
were the same as the above. The studies were performed at
room temperature.

3. Results and discussion

3.1 Analysis of material morphology and structure
characteristics

3.1.1 Morphological characteristics of Zn/Co-ZIF@CNTs.
As depicted in Fig. 2, SEM characterization was conducted on
Zn/Co-ZIF@CNTs, yielding clear images of the crystal
morphology at various magnifications. In Fig. 2a, it was
demonstrated that the synthesized Zn/Co-ZIF crystals maintain
a well-defined dodecahedral structure, characterized by regular
geometric shapes and stable crystal structures. Zinc and cobalt
atoms serve as metal-centered nodes, engaging in coordination
with imidazole ligands to assemble a Zn/Co-ZIF framework,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The SEM of Zn/Co-ZIF@QCNTSs (a) 20 um, (b) 2 um, (c) 500 nm, (d) 200 nm.

which constitutes the active site. The imidazole layer supplied
nitrogen atoms for metal ion coordination and was crucial for
constructing the porous structure of the MOF. In Fig. 2b, the
CNT clusters are uniformly adhered to the surface of the Zn/Co-
ZIF crystal particles, which may contribute to enhancing the
mechanical properties and stability of the material. With an
increase in magnification in Fig. 2¢ and d, it can be observed
that the surface of the synthesized Zn/Co-ZIF material is
extensively wrapped by a multitude of linear structures, which
were identified as carbon nanotubes. CNTs serve as physical
supports in the MOF composites and were integrated into the
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Fig. 3
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MOF crystals to form interpenetrated structures. Fig. 2d reveals
that the carbon nanotubes are tightly entwined around the
surface of the Zn/Co-ZIF crystal particles, preliminarily con-
firming the successful fabrication of the Zn/Co-ZIF@CNTs.
Relevant literature suggests that the unique morphological
features of the surface might exert a certain influence on its
performance.**** The Zn/Co-ZIF@CNTs material has been
optimized with respect to its structural and functional attri-
butes through the integration of the metal-organic framework
and carbon nanotubes.

(b)
=
)
-
= Zn-ZIF
7]
=
9
-
=
3 Co-ZIF
A Zn/Co-ZIF@CNTs
Jowrnianh,
" L L L 1 s 1 L
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(a) FT-IR spectra for Zn/Co-ZIFQCNTs and Co-ZIF and Zn-ZIF. (b) XRD patterns for Zn/Co-ZIFQCNTs and Co-ZIF and Zn-ZIF.

RSC Adv, 2025, 15, 4681-4692 | 4685


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07021f

Open Access Article. Published on 12 February 2025. Downloaded on 3/12/2026 3:52:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

3.1.2 Structural characteristics of Zn/Co-ZIF@CNTs. Fig. 3a
show the FT-IR spectra of Zn-ZIF, Co-ZIF and Zn/Co-ZIF@CNTs.
The FT-IR spectra of all three materials show distinct absorp-
tion peaks at 1681 and 1584 cm ', indicating that all three
contain N-H bonds, and the two peaks correspond to the tensile
and bending vibration modes of the N-H bonds, respectively.*®
Meanwhile, the peaks at 1635 cm™ ' and 1584 cm ™' indicate the
stretching vibration of the C=N bond in addition to the
bending vibration of the N-H bond.*” The FT-IR spectra of three
ZIFs in the range of 1350-1500 cm~ ' show a series of strong
spin bands that are related to the stretching of the imidazole
ring and the bending vibration of its C-H bond.*® The upward
peaks of Co-ZIF and Zn-ZIF at 500-750 cm™ ' contrast with the
downward peaks of Zn/Co-ZIF@CNT, likely due to the CNTs
altering the imidazole ring’'s chemical environment and modi-
fying the infrared absorption properties, thus affecting the peak
direction in FT-IR spectra.*® The absorption peak observed at
422 cm™ " was attributed to the stretching vibrations of the Zn-N
and Co-N bonds. The lack of discernible metal-oxygen bond
absorption peaks suggests that the material exhibits metallic
characteristics and was not present in its oxide form. The
detection of characteristic Zn-N and Co-N peaks confirmed the
successful coordination of metal ions with 2-methylimidazole.
The nitrogen atom on the imidazole ring formed coordination
bonds with cobalt and zinc metal ions, which is a key feature in
MOF structures. In summary, the characteristic peaks of Zn-ZIF
and Co-ZIF were successfully retained in the FT-IR spectra of the
experimentally prepared Zn/Co-ZIF@CNTs. This result suggests
the synthesis of a novel composite material by combining Zn-
ZIF and Co-ZIF with CNTs. The prepared material not only
inherited the chemical properties of the original ZIFs but also
exhibits new physicochemical properties owing to the intro-
duction of carbon nanotubes. The surface modification with
CNTs was achieved by forming carboxyl and other functional
groups, which improved their surface properties and thereby
enhanced their interaction with ZIFs.

To deeply analyze the internal crystal structure characteris-
tics of Zn/Co-ZIF@CNTs, XRD analysis was conducted on Zn/
Co-ZIF@CNTs, Co-ZIF, and Zn-ZIF. In Fig. 3b, Co-ZIF and Zn-
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ZIF exhibit sharp diffraction peaks, and the relative positions
and intensities of the diffraction peaks are consistent with the
reported literature, indicating the successful synthesis of the
materials with high purity and crystallinity.*® Clear character-
istic diffraction peaks of Zn/Co-ZIF@CNT appear near 20 =
26.67° and 27.70°, respectively corresponding to the (134) and
(044) crystal planes, which show the chaotic structure with low
crystallinity.*»*> This implies that the atomic arrangement of
the material is less ordered than that of highly crystalline
materials, resulting in a potentially heterogeneous structure.
This was deduced from C=C stretching vibrations, and favored
the adsorption of dye molecules.* The XRD pattern showed
characteristic diffraction peaks of metal-organic frameworks,
and hence the prepared material possesses metallic properties.

3.2 Analysis of influencing factors

3.2.1 The effect of different dye concentrations on removal
rates. Fig. 4 illustrates the effects of the initial concentrations of
MO and MB on the adsorption properties of Zn/Co-ZIF@CNTs
(absorbent: 30 mg; solution: 60 mL). As the MO concentration
increases from 800 mg L' to 3500 mg L~ ", the adsorption
capacity constantly increases in Fig. 4a. The maximum
adsorption capacity of 8425.65 mg g ' was achieved with an
initial MO concentration of 3500 mg L™'. When the initial MO
concentration was below 1500 mg L', the removal rate
increased with increasing concentration. The MO removal
peaked at 94% at an initial concentration of 1500 mg L™ ", and
then decreased with increasing concentration. Fig. 4b indicates
that the adsorption capacity increased continuously when the
initial MB concentration increased from 100 mg L' to
1300 mg L. The maximum adsorption capacity reached at an
initial MB concentration of 1300 mg L™ is 203.91 mg g~ *. The
removal rate of MB decreased with increasing initial concen-
tration. The maximum removal rate of 86% was reached at
a concentration of 100 mg L™, During the initial phase of MB
adsorption, the removal rate decreased, potentially due to
competition for available adsorption sites. As the dye concen-
trations increased, the adsorptive sites became progressively
occupied, necessitating competition among newly added dye
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Fig. 4 Effects of the initial concentration of single-component dyes on the adsorption capacity of Zn/Co-ZIF@CNTs: (@) MO and (b) MB.
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molecules and those already adsorbed for the remaining sites.
By comparison, it was found that with the increase of the initial
concentration, the removal rate of both dyes showed a down-
ward trend. The adsorption capacity showed an increasing
trend. This was mainly because a certain amount of adsorption
sites on the adsorbent were limited and relatively stable. The
disparity in the removal efficiencies of MO and MB by the
adsorbents can be ascribed to the variations in their molecular
interactions with the adsorbents, which are influenced by the
distinct molecular structures and chemical properties of these
dyes. When the dye reached a certain concentration, the
adsorption sites of the adsorbent were saturated, and the
adsorption capacity for the dye decreased.** Simultaneously, an
increase in the initial dye concentration resulted in an increase
in the amount of unadsorbed dye, leading to a decrease in
removal efficiency. When the dye concentration was high, the
opportunity for dye molecules to come into contact with the
adsorbent surface increased. This fully utilized the adsorption
sites of the adsorbent. Higher concentrations could promote
electrostatic and non-electrostatic attraction between the dye
and the adsorbent, thereby adsorbing more dye.** After multiple
cycles, the adsorption performance of Zn/Co-ZIF@CNTs did not
show a significant decrease, demonstrating its excellent recy-
clability and stability.

Fig. 5a-f shows the effect on the adsorption properties of Zn/
Co-ZIF@CNTs under mixed dye fractions. The adsorption of
MO by Zn/Co-ZIF@CNTs in the mixed solution is shown in
Fig. 5a-c. Typical initial concentrations of mixed MO and MB
(red line) were selected and compared to the removal rates of
unmixed MO and MB (green line) at the same concentrations.
The results show that the removal rate of MO in the mixed
solution was generally lower than that in the unmixed solution.

110%
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This might be due to the competition of MB with MO for the
adsorption sites, which affects the MO adsorption efficiency. In
addition, the data in Fig. 5d-f reveal the adsorption perfor-
mance of Zn/Co-ZIF@CNTs for MB in mixed solutions. The
results show that the MB removal rate in the mixed solution is
generally higher than that in the unmixed MB solution.
Therefore, Zn/Co-ZIF@CNTs showed better adsorption perfor-
mance in treating mixed dye wastewater containing MB.

3.2.2 The effect of adsorbent mass on removal rates. The
effects of different adsorbent masses on the adsorption of MO
and MB under the single-component dye system are shown in
Fig. 6. The results show that the removal of both MO and MB by
Zn/Co-ZIF@CNTs increased with the increase of the adsorbent
content. The increase in the adsorbent content provided more
adsorption active sites and increased the contact area between
the adsorbent and the dye, which is favorable for adsorption.
When the adsorbent dosage was 30 mg, the removal of dyes
reached the maximum in both cases. The maximum removal
efficiency was 98% for MO and 83% for MB. However, when the
adsorbent dosage was more than 30 mg, the removal of dyes was
almost unchanged. This was because the adsorption system
reached adsorption equilibrium. The increased adsorption sites
were in an unsaturated state. It was observed that the adsorp-
tion capacity of both MO and MB showed a decreasing trend
with the increase of the adsorbent content. This was due to the
fact that too much adsorbent caused the effective adsorption
sites on the surface to overlap. Fewer effective adsorption sites
were available per unit mass of adsorbent.* This led to a longer
diffusion path for MO and MB to reach the adsorbent surface
and decreased adsorption capacity.

In Fig. 7a and b, the MO and MB removal efficiency reached
the maximum value when the adsorbent dosage of 30 mg was
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Fig. 5 Removal rate of Zn/Co-ZIFQCNTSs for different mixed concentrations of MO and MB:

(a) MO 1000 mg L™, (b) MO 1500 mg L%, (c) MO

2000 mg L%, (d) MB 400 mg L%, (e) MB 500 mg L™, and (f) MB 1000 mg L%,
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Fig. 6 Effect on the adsorption capacity of Zn/Co-ZIFQCNTs for
a single component dye: MO and MB.

added to the solution for both mixed and unmixed dye solutions.
The removal of dyes remained almost constant after adsorbent
addition of more than 30 mg. The removal efficiency of MO
changed from 98% to 91% and the removal efficiency of MB
increased from 83% to 88%. This result was similar to the change
in the removal efficiency observed before and after dye mixing in
Fig. 5. In summary, the effect of adsorbent addition for the mixed
dye solution on the adsorption performance of Zn/Co-ZIF@CNTSs
was similar to that for the unmixed solution. The maximum
adsorption effect was reached at an adsorbent dose of 30 mg. The
amount of adsorbent added changed the removal efficiency of
MO and MB both before and after dye mixing. Both results
showed better adsorption performance of Zn/Co-ZIF@CNTs for
treating MB in mixed dye wastewater.

3.3 Adsorption kinetics

The adsorption process consists of three stages: initially, the
solute molecules come into contact with and are integrated
onto the surface of the adsorbent. Subsequently, the solute
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Fig. 7 Removal rate of Zn/Co-ZIFQCNTs for different sorbent content:
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molecules diffuse into the pores of the Zn/Co-ZIF@CNTs.
Finally, solute molecules are bound at specific adsorption
sites of the adsorbent to complete the adsorption process.*” To
further investigate the mass transfer, diffusion, and adsorption
processes in dye removal, the experimental data were fitted to
the pseudo-first-order kinetic and pseudo-second-order kinetic
models using eqn (4) and (5). The results are presented in Fig. 8
and Table 1.

In Table 1, the pseudo-first-order kinetic model coefficient R>
for the adsorption of MO onto Zn/Co-ZIF@CNTs was 0.405. The
pseudo-second-order kinetic model coefficient R* was 0.999. For
the adsorption of MB onto Zn/Co ZIF/CNTs, the pseudo-first-
order kinetic model coefficient R> was 0.973. The pseudo-
second-order kinetic model coefficient R* was 0.998. Addition-
ally, the calculated equilibrium adsorption capacities from the
pseudo-second-order kinetic models for MO and MB were close
to the actual values. These data indicate that the adsorption
processes of MO and MB onto Zn/Co-ZIF@CNTs follow the
pseudo-second-order kinetic model more closely, which
suggests that the interaction between the material and the dyes
is the rate-controlling step. The results show that this is
a chemical adsorption process.*®

3.4 Adsorption isotherms

The data for the adsorption of MO and MB by Zn/Co-ZIF@CNTs
were fitted according to the Langmuir and Freundlich adsorp-
tion isotherm models. The isotherms were plotted as shown in
Fig. 9, and the corresponding parameters are listed in Table 2.
As shown in Table 2, the R®> in the Langmuir isothermal
adsorption model for the adsorption process of Zn/Co-
ZIF@CNTs on MO was more than 0.99, and higher than the
R? for the Freundlich adsorption isotherm model. The adsorp-
tion of MO by Zn/Co-ZIF@CNTs was more consistent with the
Langmuir isothermal model, primarily exhibiting monolayer
adsorption characteristics.* According to the Langmuir
adsorption isotherm fitting, the adsorption of MO and MB
exhibited values of 0 < Kj, < 1, suggesting a relatively facile
adsorption process. From the Freundlich adsorption isotherm
fitting data, it was observed that the R*> for MB was closer to 1.
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Fig. 8 The adsorption kinetics of MO and MB: (a) pseudo-first order kinetic and (b) pseudo-second-order kinetic.

Table 1 Pseudo-first order and pseudo-second-order kinetic parameters of Zn/Co-ZIF@QCNTs for different initial dye concentrations

Pseudo-first-order

Pseudo-second-order

Experimental value

Samples K; (10° min™) ge (mg g™ R? K, (10> min™) ge (mgg™) R* g (mgg™
MO 23.03 154.56 0.405 0.24 3333.33 0.999 2901
MB 33.39 2.20 0.973 21.21 18.52 0.998 18.45

Therefore, the adsorption process of MB onto Zn/Co ZIF/CNTs
follows the Freundlich adsorption isotherm model, with
multilayer physical adsorption as the primary mechanism.*
Additionally, for both dyes, the 1/n values were within the range
of 0-1. For MO adsorption, Ky = 843.872 > 2.687, indicating that
the adsorption process of Zn/Co-ZIF@CNTs for dyes was rela-
tively facile. The adsorption capacity for MO was more than that
for MB. Zn/Co-ZIF@CNTs have certain advantages as a dye
adsorbent.

3.5 Dye removal comparison

Table 3 presents the rates of removal of MB and MO by various
adsorbents. The dye removal by Zn/Co-ZIF@CNTs was very
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promising when compared with various adsorbents used to
remove MO and MB from wastewater solutions, as shown in
Table 3. The high adsorption capacity of Zn/Co-ZIF@CNTs and
its comparison with the aforementioned materials suggested
that the method of preparing composites using Zn-ZIF, Co-ZIF,
and CNTs could provide superior dye removal.

3.6 Study of adsorption mechanism

ZIF-67 and ZIF-8 were identified as a class of novel porous
materials with zeolite-like three-dimensional topological struc-
tures, abundant carbon-nitrogen ligands, and high metal ion
content. Among various nanostructures, the nanotube structure
is characterized by clear internal channels and a large specific
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Fig. 9 Adsorption of (a) MO and (b) MB by Zn/Co-ZIFQCNTs. The Langmuir and Freundlich adsorption isotherm models were compared.
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Table 2 Adsorption isothermal parameters for MO and MB on Zn/Co-ZIFQCNTs

Langmuir Freundlich
Samples Ky (Lmg ™) gm (mgg™) R Kp (g mg™ ' min ™) 1/n (mgg ) R
MO 0.0172 5000 0.995 843.872 0.2612 0.556
MB 0.0022 357.143 0.519 2.687 0.6809 0.961
Table 3 Comparison of dye removal capacity of different adsorbents
Adsorbent Preparation method Dye Concentration (mg L") Reaction time (min) Removal rate (%) Reference
MOF-525(Co) Metalation MO 100 60 90.5 51
CS/MOF-235 Solvo-thermal MO 1500 20 87 52
Mn@ZIF-8 Hydrothermal MO 50 300 91.71 53
MOF-199 Solvo-hydrothermal MB 4.5 16 80 54
SnoO, Co-precipitation MB 25 60 60 55
Cu-MOF Ultrasonication MB 70 720 50.71 56
Zn/Co-ZIF@CNTs Hydrothermal MO 2000 120 93.16 This study
Zn/Co-ZIF@CNTs Hydrothermal MB 1500 120 81.42 This study

surface area. Through the determination of the experimentally
obtained XRD patterns matching the standard patterns of ZIF-67
and ZIF-8, the structure of Zn/Co-ZIF@CNT was confirmed to
possess the characteristics of both ZIF-67 and ZIF-8. SEM was
employed to observe the specific morphologies of the synthe-
sized material, thereby ascertaining the presence of ZIF-67 and
ZIF-8 structures within the Zn/Co-ZIF@CNT composite. Under
illumination conditions, the material may be excited to generate
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electron-hole pairs.”” The high removal efficiency of MO and MB
by Zn/Co-ZIF@CNTs was attributed to the synergistic effect of the
two metals, which formed a three-dimensional structure with
a high surface area and large pore capacity. The incorporation of
CNTs endowed the material with a higher surface area and more
adsorption sites.”® This rendered the synthesized composite with
a pronounced adsorption tendency. During the adsorption
process, the dye molecules may interact with the active sites of

n-m stacking

\\ — \\V _________________
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Fig. 10

4690 | RSC Adv, 2025, 15, 4681-4692

The possible adsorption mechanism of Zn/Co-ZIF@QCNTs for MO and MB.
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the Zn/Co-ZIF@CNTs. The adsorption efficacy of the adsorbent
was also related to the type of dye. Experiments indicated that the
removal efficiency of MO was more than that of MB. MO, as
a typical anionic adsorbate, and MB, as a typical cationic
adsorbate, are distinguished by their charge characteristics. The
charge distribution in the materials was determined by the
coordination interactions between metal ions and organic
ligands. In these structures, metal ions carried a positive charge,
while organic ligands bore a negative charge. Under non-
illuminated conditions, Zn/Co-ZIF@CNTs primarily rely on
physical and chemical adsorption mechanisms for the removal
of dyes. MO was attracted to the positively charged ZIF-67 under
experimental conditions due to electrostatic interactions.
Conversely, MB was repelled by ZIF-67 under the same condi-
tions.> MB has a small molecular size to diffuse into the interior
of Zn/Co-ZIF@CNTs and exhibited a strong adsorption capacity.
In the Zn/Co-ZIF@CNTs material, hydrogen bonding is possible,
especially in the layered structure, where hydrogen bonds act as
a connecting force. m-m stacking is also a reason for dye
adsorption. Both MO and MB dye molecules contain aromatic
components, such as benzene rings, which allow - stacking
with the imidazole ring in the adsorbent to promote adsorption.
Although the aromatic ring structures of MO and MB theoreti-
cally formed 7 stacking with the imidazole rings in the ZIF-67
framework, the experimental results showed that the adsorption
effect of ZIF-67 on MB was not ideal. This suggested that elec-
trostatic interactions between opposite charges were the decisive
dominant factors in the adsorption process.

In the binary dye system, competitive adsorption and
synergistic adsorption effects were observed.® Owing to
competitive adsorption, the removal rate of MO in the mixture
of dyes was lower than the removal rate of single-component
MO. The removal rate of MB in the mixture of dyes increased.
Under the mixed system, MB was more likely to interact with the
adsorption active sites of Zn/Co-ZIF@CNTs than MO. The
coexisting MO molecules increased the removal efficiency of
MB. MO molecules were adsorbed by various mechanisms, such
as electrostatic attraction and m-m stacking, which promoted
the movement of MB toward the adsorbent to complete the
adsorption.®* A synergistic adsorption process between MO and
MB was achieved (Fig. 10).

4. Conclusions

In this study, Zn/Co-ZIF@CNTs were prepared by solvothermal
method. Zn/Co-ZIF@CNTs maintained a robust stereostructure,
which retained the advantages of large specific surface area and
high porosity of ZIFs and CNTs. Zn/Co-ZIF@CNTs showed
strong adsorption capacity for MO and MB. Zn/Co-ZIF@CNTs
showed optimal adsorption with initial MO and MB concen-
trations of 1500 mg L' and 100 mg L™ ", respectively. Zn/Co-
ZIF@CNTs showed the highest removal efficiency for MO and
MB with a 30 mg dose of adsorbent in 30 mL of solution. In the
mixed dye system, Zn/Co-ZIF@CNTs showed better MB
adsorption than the dye alone, with the opposite result for the
MO. The kinetics of Zn/Co-ZIF@CNTs for MO and MB were
consistent with the pseudo-second-order model. The reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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isotherms of MO were well fitted by the Langmuir model. The
adsorption process of MB conformed to the Freundlich
adsorption isotherm model, which was dominated by multi-
layer adsorption. The adsorption mechanism of MO and MB
mainly depended on electrostatic interactions and -7 inter-
actions. Competitive and synergistic adsorption effects may
exist in mixed dye systems.
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