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Abstract: Metal-organic frameworks (MOFs) have been observed to exclusively eliminate dyes con-
fined within their respective pores. In this investigation, the synthesis of a breathable MOF structure,
MIL-88B(Fe), was pursued with the objective of circumventing restrictions on pore size to enhance its
adsorption capabilities. The synthesis of MIL-88B(Fe) was carried out via the assisted solvothermal
method at 373 K using inexpensive yet environmentally benign FeCl3-6H,0O, 1,4-benzenedicarboxylic
acid, and DMF as a metal precursor, linker, and solvent, respectively. Furthermore, the MOF was
subjected to extensive analytical characterisation using XRD, FT-IR spectroscopy, N, gas sorption,
TGA, and SEM. The experimental data showed that the utilisation of MIL-88B(Fe) with a dose
level of 5 mg for 180 min at a pH of 9 led to the highest levels of adsorption for both dyes, with
162.82 mg g*1 for methylene blue (MB) and 144.65 mg g*1 for rhodamine B (RhB), as a result of the
contrast in the molecular size between each dye. The Langmuir and Freundlich models demonstrated
a correlation with isotherms, while the thermodynamic analysis demonstrated that MIL-88B(Fe)
exhibits distinct endothermic and breathable properties. The efficacy of MIL-88B(Fe) adsorbent for
MB and RhB in aqueous solutions indicated exceptional performance, stability, and noteworthy
reusability performance.
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1. Introduction

The residual dyes from the textile, pharmaceutical, pulp, and paper industries have
caused serious problems for the environment and the health of living beings due to their
toxicity and carcinogenicity. In the textile industry, organic dyes are frequently used to
create a variety of colours and textures. These reactive, non-degradable dyes, including
methylene blue, Congo red, and rhodamine B, often lose 10-20% of their concentration
in wastewater [1,2]. A variety of methodologies have been employed for the elimination
of organic dye effluent from aqueous solutions, including, but not limited to, chlorination,
electrochemical treatment, photodegradation, coagulation, and adsorption [3-7]. Among
the various techniques available for the elimination of organic colourants from large-scale
aqueous environments, adsorption using a range of adsorbent materials is highly regarded
due to its numerous advantages. These benefits include ease of preparation and operation,

Chemistry 2024, 6, 283-298. https:/ /doi.org/10.3390/chemistry6020015

https://www.mdpi.com/journal /chemistry


https://doi.org/10.3390/chemistry6020015
https://doi.org/10.3390/chemistry6020015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemistry
https://www.mdpi.com
https://orcid.org/0000-0003-2991-6859
https://orcid.org/0000-0003-2235-2800
https://orcid.org/0000-0002-3490-0643
https://orcid.org/0000-0003-0839-5011
https://orcid.org/0000-0003-0264-2739
https://orcid.org/0000-0002-2753-5596
https://doi.org/10.3390/chemistry6020015
https://www.mdpi.com/journal/chemistry
https://www.mdpi.com/article/10.3390/chemistry6020015?type=check_update&version=1

Chemistry 2024, 6

284

high economic value, remarkable efficiency, and suitability for a wide range of dyes. Studies
imply that adsorption using diverse adsorbents works as an alternative for the elimination of
organic colourants from large water bodies [8-10]. Materials such as clay, zeolites, activated
carbons, and metal-organic frameworks (MOFs) have demonstrated their efficacy in the
adsorption of both pollutants and organic dyes, as evidenced by previous studies [11-16].

Organic ligands and metal ions that play roles as linkers and metal node precursors,
respectively, in the synthesis of porous-material MOFs have been employed for diverse
applications like catalysis, gas separation, and environmental remediation [1,17-20]. MOFs
have been extensively researched owing to their exceptional features, including their out-
standing surface area as a result of their porous features with regulated pores and huge
cavity sizes that are structured in an orderly manner [5-8]. The features and qualities of
MOFs are influenced by the framework design and various synthesis techniques. As re-
ported by Li et al., MIL-53 has exhibited a strong adsorption capacity in the elimination of
malachite green and methylene blue dyes [21]. Reactive hazardous dyes like reactive yellow
15 and red 25 have been effectively removed by MIL-101 [1]. NH,-MIL-88(Fe) has been
reported to be an effective adsorbent for removing Congo red via chemisorption [22], while
He et al. used NH,-MIL-88B(Fe) as a peroxide-like catalyst for the Fenton-like degradation
of methylene blue, with both studies demonstrating outstanding adsorption stability and a
straightforward regeneration process [23].

The thermal stability of MOFs is a consequence of the robust nature of the metal ions
and ligand-bonding interactions. Numerous metallic ions in MOFs have been investigated
in research concerning the adsorption and elimination of organic dyes, including AI-MOF,
Zn-MOF, Cu-MOF, Cr-MOF, Y-MOF, Co-MOF, and Fe-MOF [1,24-31]. Based on our earlier
findings, several transition-metal-based MOFs have been described. For instance, high-
thermal-stability Co-MOF and high-surface-area Y-MOF crystalline demonstrated excellent
performance as adsorbents for rhodamine B and methylene blue, respectively [32,33].
Transition metals have been reported to enhance the physicochemical properties of the as-
synthesised MOF. However, many transitional metals, including noble metals, are relatively
expensive and do not meet the requirements for use on an industrial scale. Therefore, we
are keen to report the synthesis of MOFs using abundant and inexpensive transition metals.
The semiconductor characteristics, strong catalytic activity, and stability of iron (Fe) have
generated a great deal of attention. It is also non-toxic, and is the cheapest and one of the
most abundant metals. The oxidation number of metal ions also contributes to the force of
electrostatic attraction, which holds the whole structure of the MOF together. The ligands
in MOF structures are said to form strong connections with trivalent metal ions [34]. In a
prior publication, we described a single-step process for replacing the Cr** ions in MIL-101
with Fe** and Sc*, which produced the polymorphic MOF MIL-88B with a somewhat
low-stability structure [35].

MOFs have been identified as a potential technology for dye adsorption in water
treatment. However, recent studies by Uddin et al. revealed that the inconsistent and stable
trait of the pore size in MOFs presents a significant obstacle to the efficient utilisation of
MOFs in this context [24]. MOFs typically only apply to dyes with particle sizes smaller
than the MOF’s pore size and volume. Large-particle dyes cannot be effectively removed
from aqueous solutions by MOFs with relatively low pore sizes, while MOFs with large
pore sizes are not selective enough to remove small-particle dyes from aqueous solutions.
Numerous MOFs have been thoroughly developed with flexible and dynamic features to
enhance their potential applications. The one-dimensional channels as a building block
of the MOF may reversibly lengthen or shorten depending on thermodynamic variables
like temperature, pressure, or trapped molecules [36,37]. Volringer et al. and Chaplais et al.
described how the flexibility feature, known as the breathing effect, depends on the metal
centre of MOFs [38,39]. For instance, MIL-53(M) MOFs, denoted by M as metals such as
Al, Ga, Fe, Cr, Sc, and In, can breathe due to their flexible diamond-shaped scaffolds [36].
Meanwhile, Surblé et al. developed a series of MIL-88 metal-organic frameworks that
consist of hexagonal, six-connected breathable network structures [40].
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The current work involved the replacement of Cr®* in MIL-101 with inexpensive
and environmentally benign Fe®*, which produced MIL-88B(Fe). Eco-friendly metal Fe
and BDC ligands were used in a one-step solvothermal synthesis process with DMF. The
MIL-88B(Fe) material was then subsequently employed as an adsorbent to eliminate dyes
from aqueous solutions. Cationic dyes with differences in particle size, including MB
(methylene blue) and RhB (thodamine B), which are larger-molecular-size dyes, as depicted
in Figure 1, were employed as model compounds to signify the flexibility properties of
the as-synthesised MOEF. The optimal adsorption environments, including the initial dye
dose, contact time, pH, and adsorption-related variables such as isotherms, kinetics, and
thermodynamics, were investigated. Furthermore, the reusability and selectivity against
two cationic dyes of MIL-88B(Fe) were investigated.

\T " \N~/

cr

Figure 1. Chemical structure of MB (a) and RhB (b).

2. Materials and Methods
2.1. Materials

The chemicals utilised in this report were all purchased from Sigma Aldrich (St. Louis,
MO, USA), including iron (III) chloride hexahydrate (FeCl;-H,O, ACS reagent, 97%), tereph-
thalic acid (1.4-benzenedicarboxylic acid, 98%), DMF (N,N-dimethylformamide, anhydrous,
99.8%), MB (methylene blue, >95%), and RhB (thodamine B, >95%), as well as sodium
hydroxide (NaOH, pellets EMPLURA®), acetic acid (CH3COOH, glacial, ReagentPlus®,
>99%), and ethanol absolute (CH3CH,OH, for analysis EMPARTA® ACS). All substances
were utilised in their original form without any purification. The solvent employed for the
adsorption experiments was distilled water.

2.2. Synthesis of MIL-88B(Fe)

The synthesis of the MIL-88B(Fe) MOF was carried out using the methodology re-
ported by Zhu et al., with some modifications [7]. Mixtures of 4.9 mmol and 2.5 mmol of
iron (III) chloride hexahydrate and 1,4-benzenedicarboxylic acid, respectively, were ob-
tained by dissolving the reagents in 30 mL of dimethylformamide (DMF) with continuous
stirring for 30 m. Subsequently, the mixture was crystallised for 20 h in the oven using a
50 mL autoclave lined with Teflon at 373 K. The resultant product was subjected to two
rounds of ethanol washing at 333 K for a duration of 3 h each to eliminate any unreacted
material. Subsequently, it was heated at 333 K for 24 h.

2.3. Characterisation of MIL-88B(Fe)

Fourier-transform infrared (FI-IR) spectrometry was performed on an Alpha Bruker
(Rheinstetten, Germany) under the KBr method (4 cm! resolution) to analyse the functional
groups within the MOF. A PANanalytical (Malvern, UK): X'Pert Pro XRD was utilised to
record the XRD patterns under the radiation of Cu-K«x at 40 kV and 30 mA (A = 1.54184 A).
The surface area of the MOF was evaluated using the Brunauer-Emmett-Teller (BET)
method on a Surface Area Analyzer (SAA) Quantachrome-Evo Surface Area and Pore Size
Analyzer (Boynton Beach, FL, USA) with N, at 77 K. The t-plot method was applied to
determine the external surface area and micropore volume. The total pore volume was
measured from the amount of Ny adsorbed at P/Py = 0.99. The Quanta 650 Scanning
Electron Microscope (Hillsboro, OR, USA.) was used at 20 kV to examine the morphologies
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of the MOFE. Thermogravimetric Analysis (TGA) was carried out using Thermogravimetric—
Differential Thermal Analysis LINSEIS STA Platinum Series instruments (New Castle, DE,
USA) at a 10 °C/min heating rate with Nj flow.

2.4. Adsorption Experiments

MB and RhB, two organic cationic compounds that varied in molecular size, were
chosen as the models to evaluate the efficacy and breathing impact of MIL-88B(Fe) ma-
terials. Here, 5 mg of MIL-88B(Fe) was applied to 5 mL of 5 mg L™! MB and RhB. The
adsorption experiments were conducted for 120 min at room temperature. The respective
concentrations of MB and RhB dyes were then ascertained by an ultraviolet-visible (UV-Vis)
spectrophotometer (T92+, PG Instruments) (Leicestershire, UK) at Amax = 554 and 664 nm.
The adsorption capacity at a certain time (g;, mg g™') and equilibrium (g,, mg g™!) was
determined from the following equation:

R )
go = =W @

where Cy, Ct, and C, are the initial dye concentrations (mg L‘l) at equilibrium and certain
time ¢, respectively. m is described as the adsorbent mass (g), and V is the volume of dye
solution (L).

3. Results and Discussion
3.1. Synthesis and Characterisation of MIL-88B(Fe)

The synthesis of MIL-88B(Fe) is based on our prior study with the idea of replacing the
Cr* ions in MIL-101 with Fe®* as an inexpensive yet environmentally benign metal [35].
Therefore, to improve the stability of the as-synthesised MIL-88B(Fe), the synthesis was
carried out using the method disclosed by Zhu et al., with some modifications via the
assisted solvothermal method at 373 K [7]. Figure 2a depicts the XRD pattern of the resulting
MIL-88B(Fe). According to the study conducted by Zhu et al. on their synthesis of MIL-
101(Fe), which is the method followed with modifications in this paper, MIL-101 possesses
characteristic diffraction peaks at 20 = 3.3°, 6.9°, and 7.3° (CCDC No. 605510) [7]. While the
as-synthesised MOF XRD pattern exhibited diffraction peaks at 20 =9.0°, 9.7°, 10.0°, 16.5°,
and 16.8°, some new phases also appeared at 20 = 9.4°, 12.5°, and 18.6°, corresponding
to MIL-88B, which is the framework isomer of MIL-101 [35]. The Rietveld refinement
approach was carried out for the reference (CCDC No. 1892483), and the experimental XRD
patterns of MIL-88B(Fe) with the structural formula of [Fe3O(OH)(BDC)3(H,0);], based on
a triclinic structure with a P-1 space group (Figure S1), revealed a goodness of fit (defined
by G = x?) of 1.068. These results indicate the effective creation of MIL-88B(Fe), which is
supported by the well-fitted diffraction of the reference and experimental data [1,41]. The
modifications to the synthesis technique, such as raising the temperature, extending the
reaction time, and altering the ratio of the precursors in comparison to MIL-101, may have
an impact on these alterations in the framework structure [42].

Figure 2b presents the FT-IR spectra of the resulting MOF, with FeCl;-6H,0 as the
metal precursor and 1,4-benzenedicarboxylic acid as the linker. The MOF exhibits absorp-
tion peaks at 3520 and 2950-2935 cm™!, relating to the functional group of O-H stretching
and C-H sp?, respectively. Adsorption peaks at 1672 and 1380-1450 cm™ correspond to C—
H bending as well as asymmetric and symmetric C-O stretching of carboxylate groups [43].
Furthermore, absorption peaks were observed at 600-500 cm™ owing to Fe-O band vi-
brations with metal precursors. A slight shift of the C=O peaks of the organic linker, both
asymmetric and symmetric vibrations, to the lower wavenumber at 1672 cm™ indicated
the bond between the linker and metal of MIL-88B(Fe), confirming the XRD results.
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Figure 2. XRD patterns (a) and FT-IR spectra (b) of MIL-88B(Fe).

According to the SEM analysis, MIL-88B(Fe) exhibits an octahedral structure
(Figure 3a,b) similar to that of a conventional crystalline and porous Fe-based MOF re-
ported by Zhu, T. et al. and Taylor-Pashow et al. [7,17,44]. The EDX spectrum of MIL-88B(Fe)
(Figure S2) reveals the existence of peaks of C, O, Fe, and Cl elements, which are detailed
in Table 1. Moreover, the SEM elemental mapping images (Figure 3c) confirm the homoge-
neous dispersion of each element in MIL-88B(Fe). Figure S3 illustrates the N, physisorption
isotherm and BJH pore size distribution of the resulting MIL-88B(Fe), which shows a very
low BET surface area of 28.37 m? g™}, a pore volume of 0.248 cm® g™, and an average pore
diameter of 6.2 nm (Table 1). These results are similar to those of our previous study (BET
surface area of 16 m? g™1) and other reported studies of MIL-88B(Fe), such as Rahmani et al.
and Vuong et al., with a BET surface area of 23 m? g™! and 30 m? g™}, respectively [35,45,46].

Figure 3. SEM images (a,b) and corresponding elemental mapping images (c) of MIL-88B(Fe).
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Table 1. Physicochemical properties of MIL-88B(Fe).

Sper M2 g2 Vg (cm® g P Avg. Pore GAALh
BET g Total 8 Diameter (nm) © C o Fe cl
28.37 0.248 6.20 61.8 25.4 10.8 2.0

2 Determined using the BET method. P Determined at p/pg = 0.99. © Determined using the BJH method. ¢ Determined
using EDX.

MIL-88B(Fe) was evaluated for thermal stability using TGA from 25 °C to 750 °C
(Figure 4a). Five plateaus were detected in the TG curve. Here, 16.9% of the weight loss
at 90-120 °C indicates the evaporation of H,O molecules, while the second minor plateau
between 120 °C and 300 °C may be attributed to DMF solvent evaporation. Finally, the latter
plateaus between 300 °C and 700 °C are linked to the breakdown of an organic framework
with a mass loss of 40%, which corresponds to two BDC linkers used in the synthesis, which
leads to the fabrication of iron oxide at 750 °C. The mass reduction is in agreement with the
original formula of the crystal as [Fe;O(OH)(BDC)3(H20);], which is consistent with earlier
findings by [11]. The DTA analysis in Figure 4b reveals an endothermic peak below 120 °C
with minor weight loss. The significant weight loss corresponds well with the DTA results
by the appearance of two exothermic peaks at around 360 °C and 680 °C as a result of the
loss of organic fragments and confirms the stability of MIL-88B(Fe) up to 300 °C.

(@)
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10 o[ 16.9%
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8.9%
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Figure 4. (a) TGA and (b) DTA profile of MIL-88B(Fe).

3.2. Adsorption Experiments

MIL-101(Cr), the original MOF framework in which Cr** ions were substituted with
Fe®* to produce MIL-88B(Fe), is a poor MB and RhB adsorbent [35]. As a result, several mod-
ifications, such as the inclusion of mineralising agents, morphological changes, and MOF
hybridisation into composites, have been reported with the aim of improving the adsorp-
tion performance of MIL-101(Cr) [47-50]. However, none of the aforementioned methods
demonstrated better adsorption towards both MB and RhB, while amino-functionalised
MIL-101(Cr) has been shown to provide better adsorption towards RhB than MB [51].
Therefore, the as-synthesised MIL-88B(Fe), which is known for its breathable structure, was
evaluated as an adsorbent in the removal of two distinct-size dyes, MB and RhB.
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3.2.1. Effect of pH

The impact of initial pH on the MIL-88B(Fe) adsorption of MB and RhB was investigated
in the pH range of 3 to 12. The findings are presented in Figure 5a. The adsorption capacity
of MIL-88B(Fe) towards MB and RhB increased gradually when the pH was altered from 3 to
9 and decreased at pH 12. The optimum adsorption capacity of MIL-88B(Fe) was observed
at pH 9. This could be due to the electrostatic interaction that regulates the adsorption of
MB and RhB. The positive charge density of MIL-88B(Fe) increased at an acidic pH, which
reduced the adsorption of cationic dyes, as explained by electrostatic repulsion. In addition,
excess H* ions in the solution were observed to compete with cationic dyes for the active
sites of MIL-88B(Fe), causing a decrease in adsorbed dyes [21]. On the other hand, at pH 9,
the negative charge density of MOF expanded due to the deposition of OH™ ions on the MIL-
88B(Fe) surface. It showed high adsorption capacity for the positively charged cationic dyes
through electrostatic interaction. At a basic pH, the hydroxyl groups (O-H) and carbonyl
groups (C=0) on the external area of the MOF attracted the cationic dye compounds [52].
Furthermore, at pH >9, the adsorption capacity decreased significantly. Previous research
also reported that the optimum pH of Co-MOF and Fe-MOF with the succinic acid linker
to absorb MB is pH 9 [33]. This condition was necessary because MIL-88B(Fe)’s structure
might disintegrate and begin to hydrolyse in a strongly basic solution [21].
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Figure 5. Effect of pH (a), contact time (b), and initial dye concentration (c) on the adsorption capacity
of MIL-88B(Fe) towards MB and RhB.

3.2.2. Effect of Contact Time

Figure 5b demonstrated the impact of contact time on the adsorption of dyes by MIL-
88B(Fe), which was examined at 60 to 360 min time intervals at pH 9. The adsorption profile
was observed to be similar for both cationic dyes and comprised two phases. The first
phase occurred at 60-180 min, owing to the adsorption of MB and RhB with an initial dose
of 5 mg L~! to reach the equilibrium adsorption state. The adsorption capacity, g value,
expanded rapidly over time due to a tremendous number of active sites on the external area
of MIL-88B(Fe). The second adsorption phase started once the binding between the dyes
(MB and RhB) and MIL-88B(Fe) adsorbent was complete and achieved the equilibrium state
where the surface of MOF became fully occupied and saturated. However, the adsorption
capabilities significantly decreased after 180 min of contact time, indicating the leaching

of dye molecules over time due to a weakening of the interaction between the dyes and
the MOE.

3.2.3. Effect of Initial Dye Concentration

Figure 5c¢ illustrates the increments in the adsorption capacity of MIL-88B(Fe) towards
both MB and RhB dyes as the initial dye concentration increased and became saturated at
250 mg L. Due to a lack of active sites, an increase in dye concentration would result in a
reduction in dye removal [52]. According to the findings under optimum circumstances, the
optimal MOF capacity on MB and RhB was 162.82 mg g and 144.65 mg g™}, respectively.
This suggests that the molecular size of the dyes also affects the adsorption process. Since
RhB possesses a greater molecular size (~1.77 nm) compared to MB (~1.40 nm), it might
limit the penetration process of RhB into the pores on the MIL-88B(Fe) surface.
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3.2.4. Adsorption Isotherms

The MB and RhB adsorption isotherms on MIL-88B(Fe) under the ideal adsorption
conditions of pH 9, contact period of 180 min, and starting dye concentration of 250 mg L~!
are depicted in Figure 6a,b. The Langmuir and Freundlich models were fitted as the typical
models for liquid-phase adsorption.

1
. @)
de Kr.qmax Jmax

Equation (3) represents the Langmuir isotherm equation, with C, (mg L~!) denoting
the equilibrium solute concentration, g.x denoting the maximum amount of adsorption,
and K; (L mg~!) denoting the Langmuir adsorption constant related to the adsorption
binding energy [21]. Adsorption is thought to be a monolayer process, according to the
Langmuir model. The nonlinear fitting of C./g. vs. C, (Figure 6a) may be used to determine
the values of R?, the adsorption capacity (gmay), and Langmuir constants (K; ), where a large
K}, value indicates a favourable adsorption process. The adsorption isotherm constants
are listed in Table 2. Both MB and RhB exhibit an R? value of >0.99 when the Langmuir
isotherm model is fitted. At concentrations between 1 and 9 mg L, the Gmax value of RhB
was found to be higher than that of MB, but decreased as the concentration increased.
Furthermore, it was observed that the adsorption capacity of MB was higher than RhB, as
depicted by the higher gyuqx value of MB (218.94 m g™!) than RhB (167.67 m g™!).
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Figure 6. Nonlinear fitting of Langmuir and Freundlich isotherm models (a), linear-fitting kinetics
by pseudo-first-order (b) and pseudo-second-order (c), and intraparticle diffusion models (d) of MB
and RhB.

Table 2. Langmuir and Freundlich isotherm constants of MIL-88B(Fe).

Dyes Langmuir Model Freundlich Model
Gmax (mg g™l K; (Lmg™) R? 1/n Kr R?
MB 218.94 0.0807 0.9975 0.5583 22.36 0.9953

RhB 167.67 0.1870 0.9935 0.4392 31.46 0.9895




Chemistry 2024, 6

291

Furthermore, the adsorption isotherm results were also fitted with the Freundlich
model (Figure 6a), as follows:

e = KFCE% (4)

where K is the Freundlich constant, and # is correlated with the adsorption strength [27].
The Freundlich isotherm presumptively includes both monolayer and multilayer adsorp-
tion in heterogeneous adsorption. Both MB and RhB adsorption are well fitted to the
Langmuir model, as evidenced by the higher R? value. Therefore, it is proposed that MB
and RhB adsorption are confined to a monolayer and the adsorption sites are homogeneous.
The adsorption of MB on the surface of Fe-MOF (succinic acid ligand) has also been studied
in the past to fit the Langmuir model [33]. However, the R? of the Freundlich model concurs
with the experimental findings of MB and RhB adsorption (R? > 0.98), suggesting that
the bond between both cationic dyes and the external area of MIL-88B(Fe) is not entirely
monolayer adsorption. A small number of heterogeneous adsorptions may also exist, and
the driving force may come from chemical adsorption [33].

3.2.5. Adsorption Kinetics

The adsorption process and behaviour of the dyes were examined by fitting the
kinetic experimental data to pseudo-first-order and pseudo-second-order kinetic models
(Figure 6¢,d) [53]. The rate constants of pseudo-first-order (k;) and pseudo-second-order
(ky) kinetics may be obtained from the fitted data [54]. The pseudo-first-order kinetic model
(Figure 6¢) presupposes that adsorption is a diffusion-controlled process, with the adsorption
rate being defined as the difference between the equilibrium and time-dependent adsorption
capacities [55]. The pseudo-first-order formula is as follows:

In(g. — q¢) = Inge — kqt (5)

where g; (mg g™!) is the quantity of the adsorbent that was adsorbed at time # (min), and
ge (mg g7!) is the amount of adsorption that was present at equilibrium. In contrast, the
pseudo-second-order model (Figure 6d) postulates that adsorption occurs because of electron
sharing or transfer between adsorbents or is simply referred to as chemical adsorption [54].
The pseudo-second-order kinetic model formula is:

t 1 t

- - _ - 6
q koq? g ©)

Table 3 displays the kinetic parameters as well as the correlation coefficients (R?). The
pseudo-second-order kinetic model provides the best fit based on linear fitting in comparison
to nonlinear fitting (Figure S4) for the adsorption of the dyes MB and RhB, indicating that
the rate-determining step is chemisorption based on the higher correlation coefficient values
of the pseudo-second-order compared to the pseudo-first-order and the value of the second
dynamic adsorption (q.,;), which is not far from the experimental value (gexp) [56].

The intraparticle diffusion was also studied to analyse the adsorption process by fitting
the kinetics data to the formula: )

qr =kit2 +¢ (7)

where k; is the intramolecular diffusion constant and ¢ (mg g~ !) is a constant. The multilin-
ear graphs, as shown in Figure 6d, reveal that the adsorption of MB and RhB occurred in
two-step stages. The initial phase is the film diffusion model, which describes how dye
molecules distribute from a mixture to the interlayered external area of the adsorbent. The
second phase is the intraparticle diffusion phase, which is the diffusion of dyes into the
porous system of the adsorbent [57,58]. The intraparticle diffusion model is suitable for
the analysis of both MB and RhB adsorption on MIL-88B(Fe), and the strong correlation
coefficient demonstrates that the rate-controlling step for MB and RhB is the diffusion of
dyes into the adsorbent pores [59].
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Table 3. Adsorption kinetics parameters of MB and RhB adsorption.

D
Dyes Parameters MB yes RhB
qeal E;(mg g’ll) 4.70 3.40
. _ Gexp (mgg™) 5.44 2.76
Pseudo-second-order model b (g mg‘l min‘l) 199 % 10-2 178 w 10-2
R? 0.9951 0.9808
Gea * (mg g™) 0.3324 44.456
Pseudo-first-order model kq (min™1) 1.6 x 1073 6.0 x 1074
R? 0.213 0.0971
ki1 (mg g‘1 min‘l/z) 0.10 0.13
Cp (mgg™) 4.04 2.44
2
Intraparticle diffusion models R 0.9491 0.7908
kiz (mg g™! min~1/2) 0.12 0.17
Cy (mgg™) 7.05 6.55
R? 0.8981 0.9906

2 Geexp is the equilibrium adsorption capacity in accordance with the experiments. ® g,y is determined in
accordance with the linear fitting from the kinetic models.

3.2.6. Adsorption Thermodynamics

The thermodynamic study was conducted at temperatures of 298, 308, and 318 K, with
the findings shown in Table 4, to further analyse the adsorption behaviour of MB and RhB
on MIL88(Fe). The thermodynamic parameters analysed were the adsorption enthalpy
change (AH®), the Gibbs free energy change (AG®°), and the entropy (AS°), where each is
indicative of the system’s heat content, the reaction spontaneity, and the disordered degree
of the adsorption process, respectively, calculated by [55]:

g\ AH® | AS°
ln<C6) - A 88 (8)
AG®° = AH®° — TAS® 9)

where the absolute temperature and the universal gas constant are denoted as T (K) and R
(8.314 ] mol~! K1), respectively. The positive value of AH® reveals that the adsorption pro-
cess of MB and RhB is endothermic, where the performance of the adsorption is especially
influenced by an elevation in temperature. The positive value of AS° implies an increase
in entropy reduction and system chaos reduction in the adsorption processes of MB and
RhB. The degree of freedom of the system was raised by the adsorption of additional
solute molecules [54]. Meanwhile, the AG® value of MB (AG® < 0) and RhB shows a slight
difference, as RhB only possessed AG® > 0 at T = 318 K, which implies that the adsorption
of MB is spontaneous even under ambient conditions, unlike the adsorption of RhB that
happens spontaneously at T = 318 K or higher. These results are supported by the fact
that the molecular size of RhB (~1.77 nm) is larger than that of MB (~1.40 nm). However,
the adsorption still happens spontaneously at T > 318 K, which confirms the breathable
characteristic possessed by MIL-88B(Fe) due to the flexibility of the pores (6.2 nm) to
expand and accommodate RhB molecules.

Table 4. Thermodynamic parameters of MB and RhB adsorption.

Dyes T (K) AG° (kJ/mol) AH® (kJ/mol) AS° (J/mol/K)
298 242

MB 308 -3.95 4298 152.30
318 -5.47
298 1.65

RhB 308 0.76 28.17 88.95

318 -0.12
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3.2.7. Reusability

Reusability is an important factor for an effective adsorbent in large-scale applications.
The mixture of solvent elutions was adopted from previous research [33]. MIL-88B(Fe)
was regenerated by a simple process for 30 min until the solution became completely clear.
The reusability of MIL88B(Fe) was analysed under the conditions of 50 mg L', pH 9, and
a contact time of 180 min. In this study, three-cycle experiments were conducted using
regenerated MIL-88B(Fe). The effect of the regeneration cycle is depicted in Figure 7a. In
comparison with fresh MIL-88B(Fe), the adsorption capacity on MB decreased by <10% in
the second cycle, and after three cycles, the adsorbent capacity was reduced by 11.46%, but
remained at a high value (82.76%). This reveals an enhanced stability of MIL-88B(Fe) on
MB adsorption. The adsorption capacity of MIL-88B(Fe) on RhB decreased by 10.37% from
82.76% to 72.41% in the second cycle, and it decreased significantly from 72.41% to 41.47%
in the third cycle. The results showed that the reusability of MIL-88B(Fe) towards MB
adsorption was greater than for RhB adsorption. The molecule size effect and bond strength
between MIL-88B(Fe) and RhB may restrict the leaching process. The addition of strong
acid, such as HC], to the solvent may be required to remove RhB. According to the report in
the literature, a high desorption efficiency of RhB-loaded Fe3O4/MIL-100(Fe) was achieved
using methanol as the solvent with the addition of HCI (0.001 mol L~1) [60]. Nevertheless,
it can be suggested that MIL-88B adsorption capacities towards both organic dyes are still
good after regeneration, which indicates that the as-prepared MOF is completely recyclable.

(a) I Methylene Blue (b) — \|lcm_\ lene Blue
- Rhodamine B B Rhodamine B

e 100 4 5@ 97.7 976 9727
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Figure 7. (a) Reusability and (b) adsorption capabilities of MIL-88B(Fe).

3.2.8. Selective Adsorption Capability

Another crucial aspect of the process of treating dye wastewater was the selective
adsorption of the particular dye. The experimental findings in Figure 7b demonstrate that
competitive adsorption took place at low concentrations of both cationic dyes. Due to the
interaction potency and breathing behaviour of MIL-88B(Fe), RhB was more adsorbable
than MB. However, at high concentrations, there was no discernible difference between
MB and RhB adsorption. The interaction between the positive and negative charges of the
respective dyes and MIL-88B(Fe), which happens electrostatically, affects the adsorption
process. The anionic charge on MIL-88B (Fe) influences the adsorption selectivity of cationic
dyes. Dyes in binary systems will not conflict with one another while adhering to the MOFE.

3.2.9. Comparison with Other Adsorbents

Table 5 summarises several studies on the adsorption of MB and RhB on porous
solid materials reported by other research groups. As shown, MIL-88B(Fe) is an applicable
adsorbent for the elimination of MB and RhB from aqueous solutions. Compared with
other reported MOF materials and conventional adsorbents, the synthesised material has
a medium BET surface area value and organic functional groups within the framework,
which could be attractive due to its rapid and effective adsorption.
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Table 5. Comparison of MB and RhB removal.
No. Adsorbent BET S“rﬁ“e Adsorbate Reaction Conditions
Area (m*/g) Ref
Co H Time Temp Gmax * et
(mg/L) P (min) (O (mg/g)
1 MIL-88B(Fe) 28.37 MB 250 9 180 25 218.94 This work
2 NH,-MIL-88B(Fe) 163.9 MB 20 3-11 45 35 61.46 [23]
3 MIL-101(Fe) 54.71 MB 200 9 500 25 58.82 [28]
4 Fe30y-activated 147.92 MB 120-1000  7.37 25 20 106.38 [15,16]
montmorillonite
5 MIL-88B(Fe) 28.37 RhB 250 9 180 25 167.67 This work
6 MIL-68(Al) 976 RhB 15 6.45 9.9 25 29.32 [29]
7 MIL-125(Ti) 845 RhB 10 7 180 25 59.92 [30]
8 Zirconium-based MOFs - RhB 10 7 240 25 67.73 [31]

* gmax of Langmuir adsorption isotherm parameter.

3.2.10. Plausible Adsorption Mechanism

The dye adsorption behaviour at various pH levels reflects the adsorption mechanism
on the surface of MIL-88B(Fe). At basic pH, the adsorption capacity of MIL-88B(Fe) is higher
than under acid conditions for both dyes. Since MB and RhB are basic cationic dyes, they
form cations (C*) and reduced ions (CH*) in water [61]. While the dyes possess a positive
charge, the density of the negatively charged MIL-88B(Fe) increases in the basic solution.
The electrostatic interaction between opposite charges (positive and negative) promotes
the adsorption of dyes on the external area of MIL-88B(Fe). Binding is also ascribed to the
7i—71 interaction of the aromatic ring on MB and the MIL-88B(Fe) structure, whereas it does
not form on RhB due to steric hindrance [27,61]. The plausible adsorption mechanism is
depicted in Figure 8.

Dye Adsorbate Adsorption phenomena Adsorbent

MIL-88B(Fe)
N
L
+)F)F)(*
N N \N/
| o

Methylene Blue

Electrostatic
() (+)(3) (%) interaction
erac
\+/ ~\+,/ \+/ \+

|

effect

Rhodamine B

Figure 8. Plausible mechanism of MB and RhB dye adsorption on the surface of MIL-88B(Fe).

Due to the surface-active sites, functional groups, and intraframework interactions that
control the flexibility of MIL-88B(Fe), the high adsorption capacity for both cationic dyes
was made possible [62]. Firstly, the number of -OH and C=O functional groups in MIL-
88B(Fe) plays a crucial role in the adsorption process [27,63]. However, although MIL-88B(Fe)
exhibits a larger adsorption capacity of MB in comparison to RhB, their adsorption does not
compete with each other in a binary mixture (Figure 8). The high surface area of MIL-88B(Fe)
leads to the high adsorption of a binary mixture of MB and RhB. Furthermore, the change in
the AG® value of RhB at T > 318 K confirms the flexibility of the MIL-88B(Fe) framework,
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which is in line with the report by Surble et al. The structural flexibility, known as ‘the
breathing effect’, is referred to as a third-generation material by Kitagawa [64,65]. However,
the structural breath of the synthesised MOF should be characterised further. Due to the
bistable characteristics of MOFs under thermodynamic conditions (such as temperature,
pressure, and chemical inclusion), MOFs could exhibit breathable characteristics that could
greatly expand their framework, showing their guest-induced feature [37,66]. Furthermore,
after three cycles of regeneration, the adsorption capacity of MIL-88B(Fe) for MB remains
high, while that for RhB decreases. Based on the plausible mechanism shown in Figure 8,
there is a chemical interaction between MIL-88B(Fe) and cationic dyes that is difficult to
break by a simple washing method. Although it is quite effective to remove dyes using the
simple solvent mixture, a more severe method is needed to separate dyes and MIL-88B(Fe).
Therefore, this breathable feature of MIL-88B(Fe) is considered useful to overcome the pore
size limitation often faced by adsorbents.

4. Conclusions

The replacement of Cr3* in MIL-101 by Fe3* led to the creation of an MIL-88B(Fe) ad-
sorbent with good crystallinity and a high surface area. MB and RhB adhere to MIL-88B(Fe)
in accordance with the Langmuir model, which predicts the one-layer chemisorption of
the dyes on the MOF surface. However, the Freundlich model also concurs with the ex-
perimental findings of MB and RhB adsorption, suggesting that the bond between both
cationic dyes and MIL-88B(Fe) is not entirely monolayer. Due to the breathing effect of
the framework, MIL-88B(Fe) demonstrated high adsorption selectivity for both MB and
RhB even in mixtures with small concentrations of dye. MIL-88B(Fe) can be reused as an
effective adsorbent for removing MB after the third adsorption-desorption experiment, as
evidenced by a slight reduction in efficiency. In contrast, due to the significant decrease
in RhB adsorption after three cycles, the reusability of MIL-88B(Fe) for RhB adsorption
is limited.
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