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The presence of synthetic dyes in water leads to health and ecological concerns due to their toxic and car-
cinogenic effects. For the remediation of coloured wastewater, we have fabricated a Ce-
MOF@Fe3O4@activated carbon composite. The composite showed a �97–98% removal of indigo carmine
and methylene blue at pH 7, whereas it was �83–85% for activated carbon. The adsorption and kinetic
data followed the Temkin and Elovich models, respectively. Which suggested the involvement of physic-
ochemical forces in the adsorption process. The thermodynamic study confirmed the adsorption process
to be endothermic, where the adsorption performance improved with the increasing temperature. The
increased intensity of the band at 824 cm�1 (CAH) and 1004 cm�1 (aromatic C@C) in the Raman spectra
confirmed the adsorption of dyes onto the adsorbent. Dye adsorption was further confirmed by the N 1s
peak at 400 eV for CAN@C in the dye-adsorbed composite. The shift in the binding energy of Fe 2p and Ce
3d peaks by 0.3–0.4 eV concluded the involvement of electrostatic and cation-p interactions in the
adsorption process. A �90–98% dye removal capacity of the adsorbent even in the fourth cycle made it
a highly stable and reusable adsorbent for remediation of coloured wastewater.

� 2021 Published by Elsevier B.V.
1. Introduction

Water pollution is a global challenge [1]. Coloured wastewater
produced in cosmetic, textile, and paint industries harms socio-
environmental sustainability and human health [2]. Organic dyes
have toxic and carcinogenic effects, which cause permanent health
damage after prolonged exposure [3]. Dye pollution causes severe
loss of water transparency and dissolved oxygen, which have detri-
mental effects on aquatic flora and fauna. The decreased photosyn-
thetic activity due to poor sunlight penetration through water
leads to oxygen deficiency and alters the biological cycles of aqua-
tic biota [4,5]. Different treatment technologies like photocatalysis
[6], adsorption [7], precipitation [8], electrochemical techniques
[9], and membrane filtration [10] have been explored for the
removal of organic pollutants from wastewater. Among these,
adsorption is the most preferred technique due to its simplicity,
affordability, and efficiency for dye removal [2].

Metal-organic frameworks (MOFs) are crystalline microporous
coordination polymers composed of metal ions/clusters (nodes)
and organic ligands (linkers). MOFs for wastewater treatment have
gained momentum due to their high adsorption capacity, relatively
high water stability, and fine-tuning for specific host–guest inter-
actions [11]. Cerium-based MOFs are known to have a high adsorp-
tion capacity for organic dyes [2]. To further improvement in the
adsorption performance, carbon-rich adsorbents such as activated
carbon (AC) are used to modify MOF-based adsorbents. AC/metal
oxide composites are reported as efficient adsorbents for organic
dye removal [12–14]. Altintig et al. reported excellent adsorption
performance for malachite green over Fe3O4-AC [12]. Similarly,
Tuzen et al. reported an adsorption capacity of 324.6 mg g�1 for
rhodamine B with a magnetic AC-CeO2 nanocomposite [14]. Mag-
netic composites are highly recommended for an easy recovery
of dye-loaded adsorbent using an external magnetic field [15],
whereas AC provides additional binding sites for the adsorptive
removal of organic dyes. These studies provide a great deal of
information on the adsorption capacity, parameters optimizations,
and probable mechanisms. But, many of these studies lack detailed
investigation on the adsorption mechanism and the reusability of
the materials. The effect of regeneration on the material structure
and functionalities are also not explored in these published works.

In this work, a new magnetic Ce-MOF@Fe3O4@AC composite
was synthesized for the adsorptive removal of organic dyes. The
composite was characterized by multiple analytical techniques to
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evaluate its structural and functional characteristics. The adsorp-
tive performance was evaluated using two organic dyes, i.e., a
cationic dye (methylene blue) and an anionic dye (indigo carmine).
The adsorption kinetics, isotherms, thermodynamics, and reusabil-
ity of the Ce-MOF@Fe3O4@AC were also studied. Moreover, the
adsorption process was tested using spectroscopic techniques.
The reusability of the adsorbent was evaluated over multiple
cycles. The study confirmed that the synthesized composite is
highly stable and suitable for the treatment of dye-rich
wastewater.

2. Materials and method

2.1. Chemicals and reagents

Indigo carmine (IC) and methylene blue (MB) were supplied by
MERCK, USA. Iron chloride hexahydrate (FeCl3�6H2O, purity � 99%),
iron sulphate heptahydrate (FeSO4�7H2O, purity � 99.0%), sodium
hydroxide pellets (NaOH, purity � 97.0%), Activated Carbon (AC),
trimesic acid (H3BTC, purity 95%), and anhydrous dimethylfor-
mamide (DMF, purity 99.8%) were supplied by Sigma-Aldrich, Ger-
many. Methanol and ethanol were purchased from Baker� and
Mayer�, respectively. The reagents were used without further
purification.

2.2. Synthesis of adsorbents

Magnetite nanoparticles (Fe3O4): Fe3O4 nanoparticles were syn-
thesized by the co-precipitation method. A 4.53 g of FeCl3�6H2O
was dissolved into 100 mL of acidified water under N2 bubbling
for 0.25 h. Then, a solution of FeSO4�7H2O (2.78 g in 100 mL of dis-
tilled water) was added. To it, 300 mL of NaOH solution (1.25 mol
L�1) was added under N2 bubbling. The entire process was carried
out with constant stirring and constant flow of N2 for an inert
atmosphere. After 1 h, the black precipitate was separated magnet-
ically, washed with water until pH 7, and dried under vacuum for
24 h at 50 �C [16].

Magnetite-activated carbon composite (Fe3O4@AC): The previous
procedure (co-precipitation) was employed for the synthesis of
Fe3O4@AC, but modified by adding 0.5 g of activated carbon in
FeSO4�7H2O solution. After 1 h of N2 bubbling, the mixture was
aged for 24 h in the dark at room temperature. The solid obtained
was separated magnetically, washed 6 times with water and 3
times with ethanol, and dried at 50 �C for 24 h.

Ce-MOF: Exactly 2.6 g of Ce(NO3)3�6H2O and 1.68 g of H3BTC
were dissolved in 40 mL of DMF under sonication. The solution
Scheme 1. Schematic representation of t
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was heated in an oven at 120 �C for 24 h. The supernatant solid
was washed with DMF (three times) and methanol (three times),
followed by drying at 50 �C for 24 h.

Ce-MOF@Fe3O4@AC: For the nanocomposite formation, 1.0 g of
Ce-MOF and 0.5 g of Fe3O4@AC were uniformly dispersed in
50 mL of deionized water by sonication, which was followed by
stirring for 3 h. The product was separated magnetically, washed
three times with water, and dried at 50 �C for 24 h. Scheme 1
shows a representation of the synthesis of Ce-MOF@Fe3O4@AC.

2.3. Analytical instruments

Detailed information on analytical instruments is available in
Section S1.

2.4. Experimental procedure

Detailed information on the experimental procedure is avail-
able in Section S2. In general, a known mass of the adsorbent
was added to a dye solution with a specific pH value and stirred
for 3 h. After 3 h of stirring, the adsorbent was separated with an
external magnet, and the aqueous phase was analyzed by spec-
trophotometry. The spectra were recorded in a range of 200–
800 nm, and the dye concentration was determined by monitoring
the absorbance at k = 615 and 664 nm for IC and MB, respectively.
Duplicate readings were taken for each sample. The reusability of
the synthesized Ce-MOF@Fe3O4@AC composite was studied for
four adsorption–desorption cycles. The dye-loaded Ce-
MOF@Fe3O4@AC composite was washed with methanol (99%) for
1 h, dried at room temperature, and tested for the next cycle.

3. Results and discussion

3.1. Characterization of adsorbents

The Fourier-transform infrared (FTIR) spectra of adsorbents are
shown in Fig. 1A and assignments are available in Table S2. For AC,
bands in the range of 3200–3650 cm�1 were assigned to the OAH
stretching of phenols and water molecules. The CAH asymmetric
stretching vibration was associated with the band at 2908 cm�1.
The bands at 1635 and 1552 cm�1 were related to the bending
mode of H2O and stretching mode of aromatic AC@C, respectively.
The band at 1150 cm�1 can also be associated with the ether CAO
stretching vibrations (ACAOACA ring) [17,18]. For Fe3O4 nanopar-
ticles, an intense band at 544 cm�1 was observed for Fe–O stretch-
ing vibrations [19]. The characteristic bands of Fe3O4 and AC
he synthesis of Ce-MOF@Fe3O4@AC.



Fig. 1. (A) FTIR, (B) Raman spectra, and (C) XRD patterns of adsorbents.
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remained intact in the Fe3O4@AC. The Ce-MOF spectrum has a
broad band at 3377 cm�1 for OAH stretching of the coordinated
water molecules. Characteristics peaks related to the carboxylate
groups appeared at 1613 cm�1 (asymmetric) and 1440 and
1385 cm�1 (symmetric). The absence of a band at 1714 cm�1

(tC=O, the vibration of carboxylic groups in the free H3BTC ligand)
indicated the formation of Ce–carboxylate bonds in the MOF. The
bands at 1554 and 1529 cm�1 were attributed to the C@C stretch-
ing vibrations from the aromatic ring of ligands [20,21]. The peak
at 530 cm�1 was assigned to the stretching vibration of CeAO
[22]. The characteristic bands of Fe3O4@AC and Ce-MOF were
observed in the Ce-MOF@Fe3O4@AC composite.

Raman spectra are shown in Fig. 1B. All samples with AC exhib-
ited two characteristic bands at 1295 and 1590 cm�1, denoted as
the D-band and G-band, respectively. The G-band (vibrational
modes having E2g symmetry) originating from the stretching vibra-
tion of all sp2-bonded pairs. The D-band (lattice breathing mode
having A1g symmetry) was associated with the sp3 defect sites,
indicating the presence of disorder [23]. For Fe3O4, three bands at
368, 495, and 674 cm�1 were observed. The bands at 368 and
495 cm�1 were attributed to the Eg and T2g(2) modes for the sym-
metric and asymmetric bending of oxygen with respect to iron in
the tetrahedral void, respectively. The band at 674 cm�1 was
assigned to the A1g mode for the symmetric stretching of the oxy-
gen atoms in the tetrahedral FeO4 group [24]. Raman spectrum of
the Ce-MOF showed a band at 824 cm�1 assigned to the out-of-
plane CAH bending vibration. The bands at 1004 and 1617 cm�1

were ascribed to the C@C stretching modes of the benzene ring.
The bands at 1450 and 1550 cm�1 were assigned to the symmetric
and asymmetric modes of the carboxylate units, respectively. The
band at �430 cm�1 was assigned to the symmetric stretching
vibrations (IF2g) mode of CeO2 lattice [25,26]. The final composite
has the active modes for the Fe3O4@AC and Ce-MOF. The results
corroborated the synthesis of the final magnetic composite, Ce-
MOF@Fe3O4@AC.

The crystallinity and phase purity of AC, Ce-MOF, Fe3O4, Fe3-
O4@AC and Ce-MOF@Fe3O4@AC were investigated using powdered
3

X-ray diffraction (XRD) (Fig. 1C). The pattern of AC revealed
amorphous features with a peak at 26� for 002 Bragg reflection
[27]. In the XRD pattern of Fe3O4, the diffraction peaks at
2h = 30.12�, 35.48�, 43.12�, 57.02�, and 62.62� were assigned to
the 220, 311, 400, 511, and 440 reflections of Fe3O4 (JCPDS #88-
0866), respectively [28]. The Fe3O4@AC composite retained the
amorphous feature of AC and the crystalline Bragg reflections of
Fe3O4. The diffraction peaks of synthesized Ce-MOF matched well
with the simulated pattern for Ce(1,3,5-BTC)(H2O)6 (Fig. S2). The
principal peaks at 11.2� and 17.4� confirmed good MOF crys-
tallinity. The diffraction peaks of Ce-MOF@Fe3O4@AC showed the
characteristic diffraction peaks of Ce-MOF and Fe3O4@AC.

The thermal stability of Fe3O4@AC, Ce-MOF, and Ce-
MOF@Fe3O4@AC was evaluated by thermogravimetric analysis
(TGA) (Fig. 2A). The Fe3O4, AC, and Fe3O4@AC were characterized
by three weight loss regions in the temperature range of 30–200,
200–400, and 400–600 �C (Fig. S1A, Table S3). The first region in
Fe3O4@AC was due to the evaporation of water molecules. The sec-
ond region was assigned to the destruction of the labile oxygen-
containing functional groups. The third region was due to the com-
plete AC oxidation at 550 �C [29,30]. For Ce-MOF, the structure
obtained was consistent with the literature. The loss of adsorbed
water and DMF was observed over a temperature range of 150–
250 �C. Beyond 370 �C, the MOF structure collapsed due to the
decomposition of the framework [20]. The Ce-MOF@Fe3O4@AC
composite showed an initial �13% weight loss due to the removal
of water molecules around 100 �C. The decomposition of the final
composite started at 470 �C as opposed to 370 �C for Ce-MOF,
which demonstrated an improvement in the thermal stability of
the final composite.

The magnetic properties of materials were measured at 5 K
(Fig. S1B) and 300 K (Fig. 2B). The hysteresis curves showed a
superparamagnetic behaviour for all samples with a sigmoidal
form, where the remanence and coercivity were close to zero at
room temperature. Tables S4 and S5 showed values of the satura-
tion magnetization (ms), coercivity (Hc), and remanence magnetiza-
tion (mr). The saturation magnetization of Fe3O4 (69.30 emu g�1)



Fig. 2. (A) TGA and (B) VSM of adsorbents.
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was found to be lower than the bulk Fe3O4 (80.0 emu g�1) [31]. The
saturation magnetization of Fe3O4@AC (28.77 emu g�1) and Ce-
MOF@Fe3O4@AC (21.39 emu g�1) was even lower than the Fe3O4.
Thus, the magnetic property of Fe3O4@AC and Ce-
MOF@Fe3O4@AC decreased due to the incorporation of non-
magnetic mass in composites. The superparamagnetic properties
of Ce-MOF@Fe3O4@AC made it a potential adsorbent for aqueous
systems with excellent recovery.

The surface elemental composition and the oxidation states of
constituent elements were studied by X-ray photoelectron spec-
troscopy (XPS). The XPS survey profiles confirmed C, O, Fe, and
Ce in different samples (Fig. 3A and Table S6). The high-
resolution C 1s spectrum of Ce-MOF@Fe3O4@AC was deconvoluted
into four contributions at 284.8, 286.1, 289.0, and 291.2 eV
(Fig. 3B). The first peak was assigned to the aromatic C@C/CAC of
trimesate linkers and graphitic carbon in AC [32]. The peaks at
286.1 and 289.0 eV were assigned to CAO and C@O, respectively.
The low-intensity peak at 291.2 eV was ascribed to the p-p* bond-
ing moieties [33]. The O 1s spectrum has four peaks at 530.3, 531.5,
532.3, and 533.4 eV for CeAO/FeAO, C@O, CAOH, and adsorbed
H2O molecules, respectively (Fig. 3C) [32,34]. The high-resolution
Fe 2p2/3 spectrum from the high-spin Fe3+ compound was fitted
using the Gupta and Sen multiplets [33,35]. The resulting fit for
Fe2p3/2 in Ce-MOF@Fe3O4@AC suggested the presence of Fe3O4

and oxy-hydroxide components (Fig. 3D, Table S7). The Fe3+/Fe2+

ratio of 2.1:1 was close to the expected ratio of 2:1 in the Fe3O4

phase [35]. The high-resolution Ce 3d5/2 spectrum was deconvo-
luted into four peaks (Fig. 3E). The results suggested that Ce was
present as Ce3+ and Ce4+ ions. The peaks at 883.2 and 885.6 eV
were assigned to the Ce3+, whereas the peaks at 881.7 and
887.5 eV were ascribed to the Ce4+ sites [32,36,37]. Therefore, Ce-
MOF@Fe3O4@AC has Ce3+ and Ce4+ oxidation states as metal
centres.

3.2. Stability of Ce-MOF

The stability of the Ce-MOF at different pH values was evalu-
ated by FTIR and XRD (Fig. 4). Fig. 4A shows the FTIR spectra of
Ce-MOF before and after soaking in the pH range of 2–14. In the
pH range of 2–12, similar Ce-MOF spectra were observed with
slight variation in the 3450 cm�1 band due to variable water con-
tent. At pH 14, the bands corresponding to the asymmetric and
symmetric stretching of the CeAcarboxylate bonds disappeared.
Moreover, the peak at 525 cm�1 for CeAO increased due to the for-
mation of CeO2. The MOF structure remained intact in the pH range
of 1–12, implying high chemical stability of Ce-MOF (Fig. 4B). The
4

MOF structure deteriorated at pH 14 with the appearance of new
diffraction peaks at 28.2�, 32.9�, and 47.4� for the reflections,
111, 200, and 220 from the cubic phase of CeO2, respectively
(JCPDS #34-0394). Ce-MOF was transformed to CeO2 at pH 14 with
the destruction of the MOF structure [38,39] therefore, Ce-MOF
was stable in the pH range of 2–12.

3.3. Effect of parameters

The effect of adsorbent dosage was studied by varying the
adsorbent mass in the range of 3–50 mg (Fig. 5A). The dye removal
efficiency improved with the increasing adsorbent mass until
20 mg due to the addition of new adsorption sites. After 20 mg
dosage, the removal performance saturated due to the unavailabil-
ity of dye molecules for adsorption. The optimal adsorbent dosage
was 20 mg for both dyes, where �100% removal was achieved. The
effect of initial dye concentration was tested in the range of 10–
90 mg L�1 (Fig. 5B). The removal efficiency of >99% for a 10 mg
L�1 dye solution decreased slightly with the increasing concentra-
tion. It was due to the saturation of all adsorption sites at a higher
concentration and the unavailability of adsorption sites for the
remaining dye molecules in the aqueous phase. Nevertheless, the
removal efficiency was above 90% in the entire concentration range
for MB and IC.

Ce-MOF@Fe3O4@AC was tested in a wide pH range of 2–10
(Fig. 5C). The adsorbent showed removal efficiency > 80% for both
IC and MB in the entire pH range. The pH variation did not affect
the IC removal process, whereas the MB adsorption efficiency
improved at a higher pH. The isoelectric point of the composite
was pH 5 therefore, the surface was positively charged below pH
5 and negatively charged above it [40]. In the pH range of 2–4,
the positively charged adsorbent surface repulsed MB molecules
(cationic dye), leading to a low removal efficiency. Above pH 5,
the negatively charged composite interacted with the MB dye
through electrostatic forces, which enhanced the adsorption per-
formance (�100% MB removal). Meanwhile, IC is an anionic dye,
which is favourably adsorbed on the positively charged adsorbent
surface via electrostatic interaction below pH 5. However, at
pH > 5, an insignificant drop in the adsorption performance sug-
gested the involvement of other binding forces like cation-p and
p-p interactions. The removal performance of AC and Fe3O4@AC
was compared with the Ce-MOF@Fe3O4@AC (Fig. S3). The study
revealed that the MOF@Fe3O4@AC exhibited the highest dye
removal efficiency therefore, the magnetic composite, MOF@Fe3-
O4@AC, was a superior adsorbent for IC and MB dyes in a wide
pH range. The effect of contact time on the adsorption performance



Fig. 3. (A) Element quantification from survey spectra of AC, Fe3O4, Fe3O4@AC, Ce-MOF, and Ce-MOF@Fe3O4@AC, high-resolution spectra of Ce-MOF@Fe3O4@AC in the (B) C
1s, (C) O 1s, (D) Fe 2p, and (E) Ce 3d regions.
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is shown in Fig. 5D. The dye removal efficiency increased with the
increasing agitation time as the adsorbate-adsorbent interactions
improved with time. A �100% removal was observed after 3.5 h
of agitation for both dyes. These results concluded that 20 mg of
adsorbent, 3 h of agitation time, and a pH range of 5–7 are the opti-
mal conditions for the maximum dye removal efficiency.

3.4. Adsorption kinetics

The pseudo-first-order (PFOM), pseudo-second-order (PSOM),
Elovich, and Intra-particle diffusion (IPD) [41] models were
employed to study the adsorption kinetics (Fig. 6). The equations
and derived parameters for these models are listed in Table S8.
Based on the correlation coefficient (R2), the kinetic data for IC
and MB fit the PFO (R2 � 0.98) and the Elovich model (R2 � 0.95),
respectively (Table S9). Moreover, the qe value from the PFO model
was in close agreement with the experimental qe value for IC. For
MB, the qe value from the Elovich model agreed with the experi-
mental value. Since the synthesized composite is a porous mate-
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rial, diffusion could influence the adsorption process. For this
reason, the kinetic data were fitted to the IPD model to study the
role of diffusion in the dye adsorption process. The data were fitted
in three regions, which were regarded as three adsorption pro-
cesses for IC and MB (Fig. 5G and 5H)). The rate constant (Kip)
was in the order of Kip2 > Kip1 > Kip3 for both IC and MB dyes
(Table S9). In the first step (Kip1), dye molecules rapidly migrated
from the bulk aqueous phase to the composite surface until the
surface saturated. In the second step (Kip2), dye molecules entered
the pores of the composite with increasing resistance to diffusion.
In the last step (Kip3), dye molecules diffused into the pores until
the equilibrium was achieved [42]. The dye molecules interacted
with the binding sites on the surface and in the pores via physico-
chemical forces like electrostatic, cation-p, and p-p interactions.

3.5. Adsorption isotherm

The nature of the adsorption process was predicted by fitting
the experimental data to the Langmuir, Freundlich, Temkin, and



Fig. 4. (A) FTIR spectra and (B) XRD patterns of Ce-MOF soaked in aqueous solutions of different pH values for 12 h.
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Dubinin–Radushkevich models (Fig. 7, Table S10) [43]. The Lang-
muir model applies to adsorbents with monolayer adsorbate cov-
erage over homogenous adsorption sites. For both IC and MB, the
Langmuir model provided a good fit. The maximum adsorption
capacity was 85.5 and 84.9 mg g�1 for IC and MB, respectively
(Table S11). The separation factor (RL) remained between 0 and
1, suggesting a favourable adsorption process for IC and MB. The
adsorption intensity or Langmuir coefficient (KL) indicates the
strength of adsorbate-adsorbent interaction. For both dyes, the cal-
culated KL was relatively small due to the involvement of weak
physicochemical forces. Also, the free Gibbs energy values were
6

negative, suggesting that the adsorption process was spontaneous.
The Freundlich model is suitable for adsorbents with multilayer
adsorbate coverage over heterogeneous adsorption sites. Due to
the heterogeneity of the composite, experimental data also fit the
Freundlich model. Therefore, the adsorption process was governed
by physicochemical forces. The Temkin model considers the effects
of indirect adsorbate/adsorbate interactions during the adsorption
process. The heat of adsorption (B) provides information about the
adsorption process. For B < 1 kcal mol�1, the adsorption occurs
mainly by physical interactions, whereas for B > 20 kcal mol�1,
the process is governed by chemical forces. For both IC and MB,



Fig. 5. Effect of (A) Adsorbent dosage; (B) Dye concentration; (C) pH; (D) Contact time on Indigo carmine (IC) and Methylene blue (MB) removal efficiency over Ce-
MOF@Fe3O4@AC. Conditions (unless specified): Time = 3 h, pH 7, T = 298 K, C0: 50 mg L�1 of dye, 20 mg of adsorbent.
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the heat of adsorption was less than 1, which suggested physical
interactions of dye molecules with the adsorbent surface. Based
on the closeness of the correlation coefficient (R2) with 1, the Tem-
kin isothermmodel was suitable for describing the adsorption pro-
cess of IC (R2 = 0.98) and MB (R2 = 0.96) dye. It indicated the
involvement of physical forces in the adsorption of IC and MB
molecules over Ce-MOF@Fe3O4@AC.

3.6. Effect of temperature

The effect of temperature on the adsorption of IC and MB was
studied in the range of 300–343 K. Removal efficiency of IC and
MB increased slightly with the increasing temperature (Fig. 8A
and 8B) due to the endothermic nature of the adsorption process.
Thermodynamics parameters are important for understanding the
nature of the adsorption mechanism. The Vańt Hoff equation
(Eq. (1)) was used to evaluate the thermodynamic parameters for
IC and MB dye (Fig. 8C and D). The change in free energy (DG�),
change in enthalpy (DH�), and change in entropy (DS�) were calcu-
lated employing Eqs. (1) and (2) [43].

ln Kcð Þ ¼ DS
�

R
� DH

�

RT
ð1Þ

DG
� ¼ DH

� � TDS
� ð2Þ

where Kc (Kc = Qe/Ce) is the equilibrium constant, R (8.314 J mol�1

K�1) is the gas constant, and T (K) is the adsorption temperature.
The thermodynamic parameters and the correlation coefficient
value are listed in Table S12. The values of DH� and DS� were deter-
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mined from the slope (DH/R) and the intercept (DS/R) of the plot
between ln(Qe/Ce) and 1/T, respectively. The positive DH� value
indicated the endothermic nature of the adsorption process. On
the other hand, the positive value of DS� suggested an increase in
randomness at the solid-solution interface during the adsorption
process [44]. The negative value of DG� indicated the spontaneous
nature of the adsorption process. The increase in the absolute value
of free energy with temperature suggested that the adsorption is
improved at a higher temperature, resulting in higher removal
efficiency [45]. These results may be related to the increase in the
diffusion potential of the dye molecules at a higher temperature,
facilitating dye molecules near the adsorption sites.
3.7. Adsorption mechanism

The dye adsorption mechanism over Ce-MOF@Fe3O4@AC was
studied using Raman and XPS spectroscopy (Fig. 9). Raman spectra
of adsorbent before and after dye adsorption are illustrated in
Fig. 9C. The band at 824 cm�1 for CAH increased after IC and MB
adsorption. The intensity of 1004 cm�1 for C@C improved due to
the presence of benzene rings in the adsorbed IC and MB mole-
cules. The N atoms of IC and MB dyes (Fig. 9A and B) were studied
through HRXPS N 1s analysis (Fig. 9D). Since there was an absence
of N in the adsorbent, the dye adsorption was confirmed by the N
1s peak at 400 eV for the CAN@C in MB and IC dyes [46]. The two
peaks in the Ce 3d HRXPS spectrum of the newmagnetic composite
at 886.3 and 904.6 eV were assigned to the Ce 3d5/2 and Ce 3d3/2,
respectively (Fig. 9E). After the adsorption of MB and IC dyes, the
binding energy of the peaks reached 885.9 and 904.3 eV, respec-



Fig. 6. Kinetic models for Indigo carmine (IC) and Methylene blue (MB) adsorption onto Ce-MOF@Fe3O4@AC. Conditions: pH 7, T = 298 K, C0: 50 mg L�1 of dye, 20 mg of
adsorbent.
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tively. The shift in the binding energy of Ce 3d peaks by 0.3–0.4 eV
was due to the increase in the electron density around the Ce ions.
This increase in the electron density was due to cation-p interac-
tions between Ce-sites and p-electrons in the benzene ring of
8

organic dyes [47]. The HRXPS Fe 2p spectrum of composite showed
peaks at 711.2 and 724.9 eV for Fe 2p3/2 and Fe 2p1/2, respectively.
The binding energy of Fe 2p peaks also shifted by 0.3–0.4 eV after
dye adsorption, due to the contribution of electron density from



Fig. 7. Langmiur, Freundlich, and Temkin fits for (A) Indigo carmine (IC); (B) Methylene blue, and Dubinin-Radushkevich fit for (C) Indigo carmine (IC); (D) Methylene blue.
Conditions: Time = 3 h, pH 7, T = 298 K, 20 mg of adsorbent.

Fig. 8. Effect of temperature on (A) Indigo carmine (IC); (B) Methylene blue adsorption, and the standard free energy change of adsorption for (C) Indigo carmine (IC); (D)
Methylene blue adsorption. Conditions: Time = 3 h, pH 7, C0: 50 mg L�1 of dye, 20 mg of adsorbent.
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Fig. 9. Molecular structure of (A) Indigo carmine (IC); (B) Methylene blue; (C) Raman spectra; (D) N 1s; (E) Ce 3d; (F) Fe 2p high-resolution signals for Ce-MOF@Fe3O4@AC
before and after dye adsorption.
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dye molecules to Fe ions in the Fe3O4 (Fig. 9F). It was therefore con-
cluded that cation-p interaction was one of the main mechanisms,
apart from p-p and electrostatic interactions between charged
dyes and metal sites.

3.8. Regeneration and reusability

The regeneration of the adsorbent is critical for further large-
scale applications to reduce the overall cost of the water treatment
procedure. The reusability of Ce-MOF@Fe3O4@AC was investigated
for four adsorption-regeneration cycles using methanol as the des-
orbing agent (Fig. 10). The removal efficiency of IC and MB using
Ce-MOF@Fe3O4@AC was 99.5% for both dyes in the first cycle.
The desorption with methanol was poor in the first cycle, probably
due to insufficient contact time. In the fourth cycle, the adsorption
10
performance decreased slightly and reached 96.0 and 86.8% of IC
and MB, respectively. Interestingly, the desorption efficiency
started improving with each cycle. Although desorption was only
partially successful, the composite showed remarkable adsorption
capacity for both dyes even after four cycles. This demonstrates its
potential for the removal of organic dyes over multiple cycles.

The material stability after the regeneration process was
assessed by FTIR and XRD (Fig. 11). As observed in FTIR spectra
(Fig. 11A), the final magnetic composite (Ce-MOF@Fe3O4@AC)
was partially stable after four cycles of MB adsorption. However,
no variations were observed in the FTIR spectrum of the adsorbent
for IC removal. This result was consistent with the XRD patterns
(Fig. 11B). For IC removal, major peaks in the diffraction pattern
were intact after four cycles, whereas for MB, a complete loss in
the MOF crystallinity was observed. The loss in the MOF



Fig. 10. Regeneration and reusability tests of Ce-MOF@Fe3O4@AC for removal of (A) Indigo carmine (IC); (B) Methylene blue (MB). Conditions: Time = 3 h, pH 7, T = 298 K, C0:
50 mg L�1 of dye, 20 mg of adsorbent.

Fig. 11. (A) FTIR spectra and (B) XRD Ce-MOF@Fe3O4@AC after reusability tests in the removal of Indigo carmine (IC) and Methylene blue (MB).
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crystallinity was probably due to the interference of cationic MB
dye in the coordinative interaction between Ce nodes and trime-
sate linkers. Overall, the MOF@Fe3O4@AC composite presented
excellent adsorption performance for multiple cycles.

A comparison of the present work with the reported studies on
the adsorption of MB is available in Table S13. The removal perfor-
mance or adsorption capacity of Ce-MOF@Fe3O4@AC supersedes
many of the reportedMOF-based adsorbents. Moreover, some stud-
ies have reported high adsorption capacity at a high basic pH value,
which is difficult to attain for real wastewater (pH 6.5–7.5). In some
studies, the regeneration ability of adsorbent was insufficient for its
judicious use in the wastewater treatment facility. Therefore, we
have found that the material developed in this study is highly effi-
cient in a wide pH range with exceptional reusability.
4. Conclusion

In this study, we have reported on the fabrication of a magnetic
MOF@Fe3O4@AC composite for the adsorptive removal of cationic
11
and anionic dyes. FTIR, Raman, XRD, and XPS analysis confirmed
the formation of the composite. The composite showed a higher
adsorption efficiency compared to its constituents in a wide pH
range. The adsorbent showed a �98–99% dye removal at pH 7,
20 mg dosage, and 3 h of contact time, which was higher than Fe3-
O4@AC (83–85%). The adsorption data for IC and MB fit well with
the Temkin and Langmuir isotherm models, respectively. The
kinetic data fitted to the Elovich model. The thermodynamics of
adsorption confirmed the process to be spontaneous and endother-
mic with an increase in entropy. Moreover, a slight increase in the
adsorption efficiency with temperature suggested the minor influ-
ence of chemical forces in the process. The presence of dye in the
adsorbent was confirmed by the increased intensity of CAH and
C@C bands in the Raman spectra. Moreover, the peak for CAN@C
in the HRXPS N 1s spectra confirmed the presence of organic dyes
in the spent adsorbent. The involvement of electrostatic and
cation-p interactions was confirmed by the shift in the binding
energies of Ce and Fe sites. The adsorbent showed 90% removal
capacity even after four cycles, making it a suitable adsorbent for
the remediation of dye-contaminated wastewater.
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