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u–Fe-ZIF-8/g-C3N4

nanocomposites for the adsorption of tetracycline
hydrochloride from water

Yibo Zhao, abc Yueyang Li,b Lu Chang,a Wenjing He, *a Keling Liu,a Minjie Cui,d

Shengnan Wang,a Yujia Zhaoa and Xinyu Tana

Bimetal doped Cu–Fe-zeolitic imidazole framework-8 (ZIF-8)/graphitic carbon nitride (GCN) (Cu–Fe-ZIF-

8/GCN) nanocomposites were prepared via one-pot and ion-exchange methods. The main influencing

factors, such as adsorbent concentration, TC concentration, initial pH, and coexisting ions, were

evaluated in detail. Due to the suitable pore structures and the presence of multiple interactions on the

surface, the nanocomposite showed a high adsorption capacity up to 932 mg g−1 for tetracycline

hydrochloride (TC), outperforming ZIF-8 by 4.8 times. The adsorption kinetics and adsorption isotherm

were depicted in good detail using pseudo-second-order kinetic and Langmuir models, respectively.

Thermodynamic calculation revealed that the adsorption of the nanocomposite under experimental

conditions was a spontaneous heat absorption process, and was primarily driven by chemisorption. After

four cycles of use, the nanocomposite retained 87.2% of its initial adsorption capacity, confirming its

high reusability and broad application prospects in removing tetracycline-type pollutants from wastewater.
Introduction

Antibiotics can effectively inhibit and kill bacteria and are
widely used in medicine and animal husbandry. Tetracycline
hydrochloride (TC) is a common antibiotic that has strong
hydrophilicity and structural stability, and it cannot be easily
degraded or removed by conventional sewage treatment plants.
Therefore, TC is difficult to biodegrade in natural environ-
ments.1,2 The accumulation of antibiotics in the ecosystem over
a long period of time has led to signicant negative impacts on
the ecological environment as well as on human health.3 A
variety of approaches for TC removal from water have been
widely investigated, such as biological degradation,4

membrane-based treatment,5 photocatalytic degradation,6

chemical oxidation,7 and adsorption.8 In particular, adsorption
is believed to be a prospective approach for tetracycline hydro-
chloride (TC) removal due to its great efficiency, cost-
effectiveness, simplicity, and green features.9 Hence, devel-
oping adsorbents with good performance and low cost for
treating TC pollution has signicant application prospects.
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Graphitic carbon nitride (g-C3N4 or GCN) is nitrogen-
containing carbon material with a planar structure and excel-
lent stability. The functional groups (–NH2/–NH–/]N–) and p-
conjugated planar layered structure10 of GCN are capable of
providing abundant active sites for adsorbing organic pollut-
ants. For example, GCN has been found to effectively adsorb
methylene blue,11 and it also shows good potential in removing
heavymetal ions.12 In practical applications, however, pure GCN
has not been widely used for adsorption due to its low specic
surface area (SSA).13

Metal–organic frameworks (MOFs), typically made up of self-
assembled metal ions and organic ligands, are a highly repre-
sentative crystalline porous material.14 Zeolite imidazole
framework-8 (ZIF-8), which has a three-dimensional zeolite
structure, is typically synthesized with Zn2+ and 2-
methylimidazole.15

ZIF-8 provides the advantages of simple synthesis, remark-
able stability, abundant pore structure, and certain adsorption
capacity.16,17 Choi et al. investigated the thermal stability of ZIF-
8 and found that the material can be structurally stabilized at
300 °C in an inert atmosphere.18 Li et al. prepared ZIF-8 with
a large specic surface area of 1158.2 m2 g−1, but the adsorption
capacities of tetracycline and oxytetracycline were only 122 mg
g−1 and 149.3 mg g−1, respectively.19 Obviously, such low
adsorption performance greatly limits the application of ZIF-8.

Recently, several studies have demonstrated that doping
transition metals into MOFs can enhance their adsorption
capacity. Han et al. showed that UiO-66 could signicantly
enhanced the adsorption capacity of organic dyes aer Ti-
RSC Adv., 2024, 14, 4861–4870 | 4861
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doping.20 Yang et al. showed that doping Cu, Co, Ni, and other
elements into ZIF-8 can effectively enhance its adsorption
performance toward dibenzothiophene.21 The pore structure of
MOFs can be improved by transition metal doping modica-
tion. Moreover, the doped metal can provide valence electrons
that allow the material to better combine the target contami-
nant, thereby providing more adsorption active sites.22 The ease
of transition metal doping modication and the ability to
signicantly improve the performance of doped materials make
MOFs more promising for environmental remediation
applications.

In this work, a bimetal doped adsorbent, namely, Cu–Fe-ZIF-
8/GCN nanocomposite, was prepared using the one-pot and ion-
exchange methods for the adsorption performance study of TC.
This nanocomposite is designed to improve the adsorption
properties by utilizing the abundant adsorbing sites of GCN and
the synergistic effect of bimetal doping. The main inuencing
factors evaluated were adsorbent concentration, TC concentra-
tion, initial pH of the solution, and coexisting ions. An under-
standing of the adsorption mechanism of the nanocomposite
was also discussed.

Experimental
Materials

Cyanuric acid was purchased from Meryer (Shanghai, China).
Zinc acetate dihydrate was purchased from Xilong Scientic
(Guangdong, China). Copper nitrate trihydrate was purchased
from 3AChem (Shanghai, China). Ferric nitrate nonahydrate
was purchased from Fuchen (Tianjin, China). Ethanol was
purchased from Keao (Tianjin, China). TC was purchased from
Aladdin (Shanghai, China). 2-Methylimidazole was purchased
from Kemiou (Tianjin, China). The above reagents were
analytically pure and were not subjected to secondary
treatment.

Synthesis of GCN

The synthesis of GCN was a thermal polycondensation process,
which is a common technique to produce this type of material.
Typically, melamine powder was put in a quartz boat (with a lid)
and loaded into a muffle furnace. The powder was heated at
a speed of 4 °C min−1 until it reached 550 °C, and it was then
maintained at that temperature for 4 h.

Synthesis of ZIF-8

In 25 mL deionized (DI) water, ZnAc2$2H2O (1.1 g) and 2-
methylimidazole (3.28 g) were separately dissolved to form two
solutions. Aer that, the solutions were mixed using a magnetic
stirrer for 2 h, followed by leaving the mixture to settle for 1 day.
Finally, the as-prepared white precipitate was washed with
water by centrifugation and dried thoroughly at 70 °C.

Synthesis of ZIF-8/GCN

ZnAc2$2H2O (1.1 g) was dissolved with DI water (25 mL), while
GCN (0.1 g) was dispersed in the solution to form a milky white
suspension by ultrasonication for 1 h. Thereaer, 2-
4862 | RSC Adv., 2024, 14, 4861–4870
methylimidazole (3.28 g) and DI water (25 mL) was mixed
thoroughly to give a crystal-clear solution. The organic solution
wasmixed with the sonicated suspension. Themixture was then
agitated with a magnetic stirrer for 2 h and allowed to rest for 1
day. In the end, the resulting powder was centrifuged and dried
thoroughly at 70 °C.
Synthesis of Fe-ZIF-8/GCN

GCN (0.1 g), ZnAc2$2H2O (1.04 g), and Fe(NO3)3$9H2O (0.1 g)
were mixed with DI water (25 mL). The mixture was then treated
with sonic waves for 1 h tomake it well dispersed. Subsequently,
2-methylimidazole (3.28 g) was mixed with another DI water (25
mL). Aer nishing the above work, the two solutions were
stirred together for 2 h, and then le to settle for 1 d. To obtain
the product, the fully reacted suspension was subjected to
centrifugation, followed by washing and drying at 70 °C.
Synthesis of Cu–Fe-ZIF-8/GCN

Cu(NO3)2$3H2O (0.24 g) and Fe-ZIF-8/GCN (0.5 g) were mixed
with 40 mL of ethanol and stirred for 1 h. The mixture was then
subjected to centrifugation, washing, and drying (70 °C, 8 h) to
yield the Cu–Fe-ZIF-8/GCN.
Evaluation of coexisting ions

In order to evaluate the effect of coexisting ions on the
adsorption of TC by Cu–Fe-ZIF-8/GCN, NaCl, NaNO3, and
Na2SO4 were selected as additives. Specically, the additive
(0.01 mol) was added to 100 mL of TC solution (100 mg L−1).
Aer fully dissolved, the solution was poured into a conical ask
containing 10 mg of adsorbent, and the adsorption capacity was
measured aer stirring for 7 h.
Characterization

The samples were characterized using various techniques.
Scanning electron microscope (SEM, Regulus 8100, Hitachi,
Japan) was used to investigate the micromorphology, and
energy dispersive X-ray spectrometry (EDS) elemental mapping
was conducted simultaneously. Wide-angle XRD (X'pert pro
MPD, Panalytical, UK) was employed to determine the material
structure. The N2 adsorption/desorption studies were carried
out by a fully automated ultra-microporous specic surface
area and pore size detector (BSD-PM1, BSD Instrument, China)
following the Brunauer–Emmett–Teller (BET) method. FT-IR
spectroscopy (Nicolet iS-10, Thermo Fisher Scientic, USA)
was recorded to analyze the molecular structure. X-ray photo-
electron spectroscopy (XPS) was utilized to obtain the
elemental composition of the adsorbent surface. The XPS
analysis was conducted using equipment from Thermo Fisher
Scientic (USA). The surface potential of the adsorbent at
various pH was investigated by NanoZS90 (Malvern Instru-
ments, UK). The TC calibration curve obtained with an
ultraviolet-visible (UV-vis) spectrophotometer (L8, INESA
Analytical Instrument, China) was referred to obtain the
concentrations of the TC solutions.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Adsorption experiment

To prevent the photodegradation of TC, the adsorption experi-
ment was performed in the dark. Typically, the adsorbent and
TC solution were mixed in a sealed conical ask and stirred at
100 rpm for 7 h. TC samples (3 mL) were taken at several set
time points during the adsorption process and ltered with
a disposable needle lter. Aerwards, the clear solution ob-
tained by ltration was tested at 357 nm by a UV-vis spectro-
photometer. Finally, the TC concentrations were calculated
according to the TC calibration curve. According to the eqn (1),
the amount of the absorbed TC can be obtained:

qt ¼ ðC0 � CtÞV
m

(1)

where qt is the adsorption capacity (mg g−1) at a time t (min); C0

is the initial concentration of TC (mg L−1); Ct is the concen-
tration of TC (mg L−1) at a given time t (min); V is the volume of
the TC solution (L); and m is the mass of the adsorbent (mg).
The initial pH of the adsorption system was adjusted to 4 with
0.1 mol per L NaOH solution or HCl solution.
Results and discussion
Characterizations of adsorbents

SEM studies were performed to determine the morphology and
elemental distribution of the samples. It is evident from Fig. 1a
that ZIF-8 presents a regular morphology of diamond-shaped
dodecahedron and its average diameter is about 1 mm. Fig. 1b
Fig. 1 SEM images of (a) ZIF-8, (b) GCN, (c) ZIF-8/GCN, (d) Fe-ZIF-8/
GCN, and (e) Cu–Fe-ZIF-8/GCN, and their corresponding elemental
mapping images (C, N, Fe, Zn, Cu).

© 2024 The Author(s). Published by the Royal Society of Chemistry
shows the typical layered and closely stacked morphology of
GCN. In Fig. 1c, the ZIF-8 and GCN composite exhibits an
enlarged particle size and surface wrinkles. In Fig. 1d, Fe-ZIF-8/
GCN appears as a smooth block-like agglomerate owing to the
agglomeration of GCN. This was caused by the incomplete
growth of the crystal due to the Fe doping, resulting in the
substitution of several Zn ions during the synthesis.23 The
morphology of Cu–Fe-ZIF-8/GCN, shown in Fig. 1e, shows
a relatively rougher surface than that of Fe-ZIF-8/GCN. More-
over, a large number of small Cu–Fe-ZIF-8/GCN particles were
formed, which might be owing to the substitution of several Fe
and Zn ions by Cu.24 The EDS element mapping shown in Fig. 1e
indicates that the element mapping of Cu, Fe, Zn, N is evenly
distributed, which means that Cu and F elements are indeed
doped into the ZIF-8 crystals.

Fig. 2a shows that the peaks of ZIF-8 and GCN are well in
accordance with the previous reports, thereby validating the
successful preparation of ZIF-8 and GCN.25,26 The GCN exhibits
two peaks located at 2q = 13° and 27.4°, representing its (100)
and (002) crystal planes, respectively.27 The ZIF-8 pattern shows
peaks at 7.3°, 10.4°, 12.7°, 14.7°, 16.4°, 18°, 22.1°, 24.5°, 26.6°,
and 29.7°, representing (011), (002), (112), (022), (013), (222),
(114), (233), (134), and (044) crystal faces, respectively.28 ZIF-8/
GCN possesses the main characteristic peaks of both GCN
and ZIF-8. However, owing to the low GCN content, the inten-
sities of its characteristic peaks are weak.29 In the XRD peaks of
Fe-ZIF-8/GCN, the intensity of the characteristic peaks
belonging to ZIF-8 was signicantly reduced, which may be
owing to the crystal-structure defects caused by the coordina-
tion of Fe ions with 2-methylimidazole.30 For Cu–Fe-ZIF-8/GCN,
it has an increase in the intensities of XRD characteristic peaks
belonging to ZIF-8. This is because Cu ions have ion sizes and
coordination properties that are similar to those of Zn ions in
tetrahedral coordination, and the doped material has a crystal
structure that is quite similar with ZIF-8.31

In Fig. 2b, a broad peak is observed near 3400 cm−1 for ZIF-8,
which can be attributed to the stretching vibration of –OH
groups. The peak at 2930 cm−1 corresponds the stretching
vibration of C–H bonds in the imidazole rings, whereas the peak
at 1580 cm−1 indicates the stretching vibration of C]N in GCN
and ZIF-8. In addition, the peaks around 1150 and 993 cm−1 are
associated with stretching vibrations of C–N in imidazole rings
and N–H-related peaks, respectively. The peak positions
mentioned above agree with those reported in the literature.32
Fig. 2 (a) XRD patterns and (b) FT-IR spectra of different adsorbents.

RSC Adv., 2024, 14, 4861–4870 | 4863
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Table 1 The structural parameters of different samples

Samples SSA (m2 g−1)
Pore size
(nm)

Pore volume
(cm3 g−1)

ZIF-8 975 2.38 0.58
ZIF-8/GCN 937 2.32 0.54
Fe-ZIF-8/GCN 327 3.12 0.26
Cu–Fe-ZIF-8/GCN 519 3.39 0.44
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In GCN, the bending vibration of triazine rings is represented by
the peak at 808 cm−1, while the C–N heterocycles can be
conrmed by the peaks at 1640 and 1240 cm−1.33 All nano-
composites exhibit the characteristic peaks of ZIF-8 and GCN,
indicating that ZIF-8 and GCN are present in these composites.
Moreover, the spectra of the three nanocomposites are very
similar, indicating that doping of small amounts of Cu and Fe
ions has little effect on the molecular structure of the ZIF-8.

In Fig. 3a, all the products display type IV isotherms and H3
hysteresis loops, implying their mesoporosity.17 In Fig. 3b, it is
demonstrated that metal doping can signicantly increase the
proportion of mesoporous structure. The data in Table 1 indi-
cate that compounding ZIF-8 with GCN results in a slight
reduction of the parameters. As for ZIF-8/GCN, although the SSA
was slightly reduced by the Fe ion doping, the increase in pore
size is advantageous for the improvement of the adsorption
performance.34 Aer Cu ion doping, the parameters of Fe-ZIF-8/
GCN are signicantly increased. This phenomenon has been
reported in several studies.17,35,36 It can be concluded that the
doping of ZIF-8 with metal ions may result in the formation of
structural defects due to the changes of the chemical coordi-
nation environment, which are benecial for increasing the
adsorption active sites and enlarging the pores of the material.
Overall, Cu–Fe-ZIF-8/GCN not only has the largest pore size, but
also exhibits relatively higher SSA and pore volume indicating
that this material has good potential for the application of TC
adsorption.

The XPS survey scan presented in Fig. 4a provide evidence
that Fe-ZIF-8/GCN and Cu–Fe-ZIF-8/GCN have achieved
successful doping of Fe and bimetal doping of Cu and Fe,
respectively. Fig. 4b shows the C 1s XPS spectrum of the nano-
composite which has three peaks at 284.7, 286.0, 288.1 eV for
C]C/C–C, C]N, and N–C]N, respectively.17,37 It is noted that
the N–C]N here belongs to the sp2 hybridized carbon in the
aromatic ring of GCN. In Fig. 4c, all three samples have peaks of
pyrrole nitrogen (Py-N) and pyridine nitrogen (Pyr-N). In
particular, the Py-N and Pyr-N peaks of the Cu–Fe-ZIF-8/GCN
sample are located at 398.7 eV and 401.0 eV, respectively. In
comparison with ZIF-8, Fe-ZIF-8/GCN shows a Fe–N peak at
399.2 eV and Cu–Fe-ZIF-8/GCN exhibits a Fe/Cu–N peak at
399.5 eV.38 Fig. 4d shows the peaks of Zn 2p3/2 and Zn 2p1/2 at
1021.7 and 1044.9 eV, respectively, indicating that there is Zn2+

in Cu–Fe-ZIF-8/GCN, Fe-ZIF-8/GCN and ZIF-8.39 Fig. 4e illus-
trates the Fe 2p XPS spectrum of Cu–Fe-ZIF-8/GCN. The LMM
Fig. 3 (a) N2 adsorption–desorption isotherms and the (b) pore size
distribution curves of different adsorbents.

4864 | RSC Adv., 2024, 14, 4861–4870
Auger peak of Cu (located near 719.5 eV) overlaps with the Fe 2p
peak, which cause an abnormal increase of the Fe 2p peak near
that position.40 The characteristic peaks of Fe2+ 2p3/2, Fe

2+ 2p1/2,
Fe3+ 2p3/2 and Fe3+ 2p1/2 are centered at 711.7, 722.6, 714.3 and
726.2 eV, respectively. In addition, two satellite peaks can be
observed at 718.6 and 733.0 eV. The results reveal the existence
of Fe2+ and Fe3+ in Cu–Fe-ZIF-8/GCN.41 In Fig. 4f, two separate
peaks observed at 934.5 and 954.5 eV correspond to the Cu2+

2p3/2 and Cu2+ 2p1/2 peaks, respectively. The broad satellite
peaks at 941.5–943.6 eV and 962.3 eV are other typical features
of Cu2+. These results indicate that copper primarily exists in
the form of Cu2+ in Cu–Fe-ZIF-8/GCN.42
Effect of the adsorbent concentration

It is well-known that the study of the effect of adsorbent
concentration is important for understanding and optimizing
Fig. 4 (a) XPS survey scan, XPS spectra of (b) C 1s, (c) N 1s, (d) Zn 2p, (e)
Fe 2p, and (f) Cu 2p in ZIF-8, Fe-ZIF-8/GCN and Cu–Fe-ZIF-8/GCN.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Adsorption capacities of Cu–Fe-ZIF-8/GCN at different TC
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the adsorption process. Fig. 5 presents experiment results of the
single-factor experiment for Cu–Fe-ZIF-8/GCN adsorbent
concentration. As the concentration of Cu–Fe-ZIF-8/GCN goes
from 100 to 250 mg L−1, the adsorption capacity drops sharply
from 932 to 397 mg g−1. This is because at lower adsorbent
concentration, the adsorption sites can be used more effec-
tively, thus improving the adsorption efficiency.43 Furthermore,
increasing the adsorbent concentration can signicantly reduce
the time to equilibrium.
concentrations (adsorbent concentration = 100 mg L−1; pH = 4; T =

298.15 K).
Effect of the TC concentration

TC concentration is one of the crucial factors that directly affect
the amount of active adsorption sites on Cu–Fe-ZIF-8/GCN,
thereby inuencing the adsorption rate and capacity. In
Fig. 6, the adsorption capacity of the nanocomposites increases
gradually with the TC concentration. This is due to the
enhanced mass transfer driving force at higher TC concentra-
tions.44 In addition, the adsorption rates of the nanocomposite
are at their highest in the rst 10 min, and gradually decrease
aerwards. This is mainly caused by the decline of diffusion
driving force and the reduction of active sites on the adsorbent.
Effect of initial pH value

In general, the initial pH value can have a signicant impact on
the adsorption capacity since it can affect the surface charge of
both adsorbents and adsorbates.45 Fig. 7 shows the adsorption
capacities and zeta potentials of Fe-ZIF-8/GCN and Cu–Fe-ZIF-8/
GCN at different initial pH values. The zeta potentials of the two
samples possess the same trend, but it is obvious that Cu–Fe-
ZIF-8/GCN has a higher zeta potential. The introduction of Cu
ions could be the reason for the changes in the material's
adsorption properties. This is because Cu ions can alter the
overall charge distribution of the material, which affects its
surface charge characteristics.46

According to the literature, TC molecules at pH < 3.3, 3.3 <
pH < 7.7 and pH > 7.7 are positively charged, electrically neutral
and negatively charged, respectively.35,47,48 Considering this fact,
most TC molecules possess positive charges at a pH of 2.
Simultaneously, the surface of Cu–Fe-ZIF-8/GCN also carries
positive charges. As a result, the adsorption capacity becomes
signicantly lower because of the repulsive electrostatic forces
between Cu–Fe-ZIF-8/GCN and TCmolecules. At a pH of 4, most
Fig. 5 Adsorption capacities of Cu–Fe-ZIF-8/GCN at different
adsorbent concentrations (initial TC concentration = 100 mg L−1; pH
= 4; T = 298.15 K).

© 2024 The Author(s). Published by the Royal Society of Chemistry
TC molecules are uncharged, which eliminates the additional
electrostatic repulsion and signicantly enhances the adsorp-
tion capacity of adsorbent. When the pH increases to 6,
a signicant portion of TC cations become neutral or even
negatively charged, while the adsorbent surface remains posi-
tively charged, resulting in the maximum adsorption capacity.
As the pH increases to 8, more TC molecules are negatively
charged. Therefore, although the potential of Cu–Fe-ZIF-8/GCN
decreases, it can maintain a relatively high adsorption capacity.
When the pH is 10, the Cu–Fe-ZIF-8/GCN with negative charges
pushes away the TC molecules that are also negatively charged,
resulting in a much lower adsorption capacity. At a pH of 12, the
potential of Cu–Fe-ZIF-8/GCN is much lower and all TC ions are
negatively charged, which causes the adsorption capacity to
drop even more.
Adsorption kinetics

In order to gain insights into the adsorption mechanism, the
adsorption kinetics of different adsorbents were investigated.
Fig. 8a shows the adsorption equilibrium curves of several
adsorbents. The equilibrium adsorption capacities of ZIF-8, ZIF-
8/GCN, Fe-ZIF-8/GCN, and Cu–Fe-ZIF-8/GCN are 193, 272, 759,
and 932 mg g−1, respectively. This study employed two widely
known models, i.e., the pseudo-rst-order kinetic model and
the pseudo-second-order kinetic model, to explore the rela-
tionship between adsorption capacity and time. The following
equations are used for these two models:

ln(qe − qt) = ln qe − k1t (2)
Fig. 7 Adsorption capacities and zeta potentials of (a) Fe-ZIF-8/GCN
and (b) Cu–Fe-ZIF-8/GCN at different initial pH values (initial TC
concentration = 100 mg L−1; adsorbent concentration = 100 mg L−1;
T = 298.15 K).
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Fig. 8 (a) Adsorption equilibrium curves of TC on different adsorbents
and the results fitted by (b) pseudo-first-order kinetic and (c) pseudo-
second-order kinetic models (initial TC concentration = 100 mg L−1;
adsorbent concentration = 100 mg L−1; pH = 4; T = 298.15 K).
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t

qt
¼ 1

k2qe2
þ t

qe
(3)

where t is the adsorption time; qe is the equilibrium adsorption
capacity (mg g−1); and k1 and k2 represent the rate constants
(min−1) of the pseudo-rst-order kinetic and pseudo-second-
order kinetic models, respectively.

The tting results are presented in Fig. 8b and c, while Table
2 lists the corresponding tting parameters that were calcu-
lated. There are two symbols in this table that need to be clar-
ied: qe,exp is the experimentally measured adsorption
equilibrium capacity (mg g−1), while qe,cal is the adsorption
equilibrium capacity (mg g−1) calculated from the model. The
higher accuracy of the pseudo-second-order kinetic model, as
deduced from the regression coefficients (R2) obtained from the
two models, is indicative of the occurrence of chemisorption
during the adsorption process.49
Fig. 9 (a) Adsorption isotherm of TC on Cu–Fe-ZIF-8/GCN at
different temperature and the results fitted by (b) Freundlich, (c)
Langmuir and (d) Temkin models.
Adsorption isotherm

To interpret the adsorption mechanism of TC molecules on Cu–
Fe-ZIF-8/GCN, their interactions need to be studied by the
adsorption isotherm. For this purpose, we measured the equi-
librium adsorption capacity and adsorption equilibrium
concentration of TC on Cu–Fe-ZIF-8/GCN at different
Table 2 Kinetics model parameters for the adsorption of TC using ZIF-

Sample qe,exp (mg g−1)

Pseudo-rst-order kinetic mo

qe,cal (mg g−1) k1 (min−

ZIF-8 194 194 0.006
ZIF-8/GCN 272 170 0.007
Fe-ZIF-8/GCN 759 608 0.009
Cu–Fe-ZIF-8/GCN 932 693 0.011

4866 | RSC Adv., 2024, 14, 4861–4870
temperatures and different pollutant concentrations. The ob-
tained data were subjected to Freundlich, Langmuir, and
Temkin models, which correspond to eqn (4)–(6), respectively:50

lnqe ¼ lnkF þ 1

n
lnCe (4)

Ce

qe
¼ 1

kLqmax

þ Ce

qmax

(5)

qe = kT ln f + kT lnCe (6)

where Ce is the equilibrium concentration of TC (mg L−1); n is
the constant related to the nonuniformity of the adsorbent
surface; kF is the Freundlich constant; kL is the Langmuir
constant related to the adsorption energy; qmax is the maximum
adsorption capacity (mg g−1); kT is the Temkin constant; and f is
the Temkin correlation constant (L mg−1).

In Fig. 9a, qe tends to rise with the elevated Ce, but the
increasing trend diminishes gradually aerwards. Fig. 9b–d are
the tted results for the three models, while Table 3 presents
the calculated parameters for the different models. The Lang-
muir model (R2 = 0.996,0.987,0.991) clearly provides a more
accurate t than the other two models. This nding suggests
that TC primarily undergoes single-layer adsorption on Cu–Fe-
ZIF-8/GCN.51
8, ZIF-8/GCN, Fe-ZIF-8/GCN and Cu–Fe-ZIF-8/GCN

del Pseudo-second-order kinetic model

1) R2 qe,cal (mg g−1) k2 (g mg−1 min−1) R2

0.821 194 2.8 × 10−4 0.993
0.945 280 1.1 × 10−4 0.993
0.991 833 2.5 × 10−5 0.996
0.989 1000 3.2 × 10−5 0.999

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Isotherm parameters of TC adsorption on Cu–Fe-ZIF-8/GCN

T (K)

Freundlich Langmuir Temkin

kF n R2 qm (mg g−1) kL R2 f (L mg−1) kT R2

298.15 450.97 2.907 0.887 1070 0.685 0.996 7.949 218.18 0.961
308.15 491.26 2.789 0.880 1104 0.816 0.987 7.534 239.48 0.909
318.15 571.13 2.492 0.886 1181 1.000 0.991 10.369 258.71 0.963
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Thermodynamic analysis

Thermodynamic analysis provides another perspective to
understand the process of TC adsorption on Cu–Fe-ZIF-8/GCN.
The three thermodynamic parameters involved here are stan-
dard Gibbs free energy (DG0, kJ mol−1), standard enthalpy
change (DH0, kJ mol−1), and standard entropy change (DS0, J
mol−1 K−1), which can be determined by the following
equations:

K ¼ qe

Ce

(7)

DG0 = −RT lnK (8)

lnK ¼ �DH0

RT
þ DS0

R
(9)

where T is the temperature (K), and R is the molar gas constant
(8.314 J mol−1 K−1).

The value of K (i.e., adsorption isotherm constant) is ob-
tained by substituting the adsorption equilibrium amount and
adsorption equilibrium concentration of the material at
different temperatures into eqn (7). The DG0 at different
temperatures can then be calculated by using eqn (8). A Van't
Hoff plot, as shown in Fig. 10, can be obtained by linearly tting
ln K to the data points of 1/T, and then DG0 and DH0 can be
obtained by combining the intercepts and slopes of the plot
with eqn (9).

Based on the data provided in Table 4, it can be concluded
that the adsorption process is spontaneous since all the DG0

values are negative. Furthermore, the positive value of DH0

suggests that the adsorption of TC on Cu–Fe-ZIF-8/GCN is an
endothermic reaction. Notably, the calculated DH0 is quite large
(>40 kJ mol−1), which further conrms the dominant role of
chemisorption.52 According to the Gibbs equation, the increase
in temperature favors spontaneous adsorption since both DH0
Fig. 10 The Van't Hoff's plot of Cu–Fe-ZIF-8/GCN.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and DS0 are positive. This means that the adsorption efficiency
can be effectively enhanced by increasing the temperature.53

Possible adsorption mechanisms

To further comprehend the adsorption mechanism, a molec-
ular structure perspective was discussed to show the advantages
of TC adsorption on Cu–Fe-ZIF-8/GCN. A graphical illustration
of the adsorption mechanism is presented in Fig. 11. The
imidazole rings belonging to ZIF-8 and aromatic structures of
GCN can form p–p interactions with the benzene rings of
TC.10,17,19 The abundant hydroxyl groups in TC molecules are
able to form hydrogen bonds with the N-donor sites of Cu–Fe-
ZIF-8/GCN.19,54 In addition, the doped Fe ions and Cu ions may
form more coordination bonds with the N and O atoms in TC
molecules.17,55 The discussion in Section 3.4 reveals that the
surface charges of TC and Cu–Fe-ZIF-8/GCN vary with the pH. As
a result, the adsorption capacity of the nanocomposites is
affected, highlighting the signicant role of electrostatic forces.
Overall, the synergy effects of p–p interaction, hydrogen bond,
coordination bonds and electrostatic force are the key factors
that govern the adsorption process, and contribute signicantly
to the outstanding performance of the nanocomposites.

Effect of coexisting ions

A variety of ions are commonly present in wastewater along with
TC, which highlights the importance of evaluating their inu-
ence on the adsorption performance of an adsorbent. Fig. 12
shows that Cu–Fe-ZIF-8/GCN can adsorb TC with capacities of
1004, 946, and 876 mg g−1 in the presence of Cl−, SO4

2−, and
NO3−, respectively. For comparison purposes, the adsorption
capacity of Cu–Fe-ZIF-8/GCN without any coexisting ions is
932 mg g−1. The ndings reveal that Cl− and SO4

2− can slightly
promote the adsorption, while NO3

− weakly inhibits the
adsorption. To summarize, the presence of the three ions only
slightly impacts the adsorption capacity of the nanocomposite,
resulting in a variation of less than 8% in the adsorption
capacity. Therefore, the nanocomposite has a strong resistance
to ion interference and good environmental adaptability.
Table 4 The thermodynamic parameters of TC adsorption on Cu–Fe-
ZIF-8/GCN

DG0 (kJ mol−1)
DH0 (kJ
mol−1)

DS0 (J
mol−1K−1) R2298.15 K 308.15 K 318.15 K

−10.84 −12.64 −14.45 43.05 180.70 0.996
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Fig. 11 Possible mechanism for TC adsorption onto Cu–Fe-ZIF-8/
GCN.

Fig. 12 Adsorption capacities of Cu–Fe-ZIF-8/GCN in the presence of
different coexisting ions (initial TC concentration = 100 mg L−1;
adsorbent concentration = 100 mg L−1; pH = 4; T = 298.15 K).

Table 5 Adsorption capacities of reported adsorbents

Adsorbent
Adsorption capacity
(mg g−1) Ref.

Ag/BN 358 58
SFZIF-8 433 59
UiO-66/ZIF-8/PDA@CA beads 291 60
NHPC 518 61
ZIF-8/PDA/PAN bers 478 16
Fe3O4@ZIF-8@ZIF-67 356 62
ZIF-67/PANI/RCA 410 63
ZrO2 nanoparticles 526 64
Cu–Fe-ZIF-8/GCN 932 This work
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Reusability of Cu–Fe-ZIF-8/GCN

From a cost perspective, the reusability of Cu–Fe-ZIF-8/GCN is
an important indicator of its feasibility for large-scale applica-
tion. The desorption of the used Cu–Fe-ZIF-8/GCN is succes-
sively washed with NaOH solution (0.01 mol L−1) and DI water.
The Fig. 13 shows that even aer four cycles, the adsorption
capacity of Cu–Fe-ZIF-8/GCN remains at 87.2% of its initial
value, indicating its excellent reusability. The decreases of
adsorption capacity may be due to the blockage of the pore
structure and the reduction of adsorption sites.56,57 Therefore,
Cu–Fe-ZIF-8/GCN has a great potential for TC adsorption.
Adsorption capacities of reported adsorbents for TC removal

Table 5 provides a summary of TC adsorption capacities on
reported adsorbents. It is evident that Cu–Fe-ZIF-8/GCN
Fig. 13 Reusability of Cu–Fe-ZIF-8/GCN for TC adsorption (initial TC
concentration = 100 mg L−1; adsorbent concentration = 100 mg L−1;
pH = 6; T = 298.15 K).

4868 | RSC Adv., 2024, 14, 4861–4870
exhibits the best adsorption capacity among the adsorbents,
demonstrating its superior potential for TC removal.

Conclusions

In conclusion, bimetal doped Cu–Fe-ZIF-8/GCN was fabricated
through a combination of one-pot and ion exchange methods.
Aer doping with Fe ions, Cu ions and GCN, ZIF-8 showed no
obvious changes in its crystal structure and its TC adsorption
capacity was signicantly improved. The adsorption kinetic
analysis of Cu–Fe-ZIF-8/GCN proved that the adsorption of TC
followed the pseudo-second-order kinetic model, implying the
major role of chemisorption. In addition, Langmuir model
provided a suitable t for the adsorption isotherm of Cu–Fe-ZIF-
8/GCN, which suggests that TC molecules is mainly adsorbed as
a monolayer on the nanocomposite. According to the thermo-
dynamic analysis, the TC adsorption on Cu–Fe-ZIF-8/GCN was
an exothermic and spontaneous process, which further
conrms the dominance of chemisorption. Cu–Fe-ZIF-8/GCN
showed a remarkable adsorption capacity of 932 mg g−1,
which was 4.8 times larger than that of ZIF-8. The excellent
performance of the nanocomposite is highly related to two
aspects. Firstly, the optimized pore structures of Cu–Fe-ZIF-8/
GCN ensure effective diffusion of TC molecules. Secondly,
multiple interactions between Cu–Fe-ZIF-8/GCN and TC mole-
cules, such as coordination bonds, electrostatic interactions,
hydrogen bonds and p–p interactions, enhance the TC
adsorption capacity of the nanocomposite. In addition, Cu–Fe-
ZIF-8/GCN exhibited good resistance to ionic interference (no
more than 8% change) and reusability (87.2% adsorption
capacity aer four cycles). These excellent properties suggest
that Cu–Fe-ZIF-8/GCN has good potential applications in
wastewater treatment.
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