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Abstract

Dye pollution is a significant environmental catastrophe, and it has so far proven to
be challenging to purify dye-contaminated water effectively. Metal-organic frame-
works (MOFs) have potential of removing dyes from wastewater but effectively
addressing the simultaneous removal of multiple dyes remains a challenging task.
In-MOF, synthesized in the round-bottom flask, sealed glass tubes, and under micro-
wave conditions, exhibits excellent adsorption for cationic dyes. The identification
and characterization of In-MOF were accomplished using several analytical tech-
niques, including Powder X-ray diffraction, Fourier-transform infrared spectroscopy,
Brunauer—Emmett-Teller analysis, Thermogravimetric analysis, Scanning electron
microscope, Energy-dispersive X-ray spectroscopy, Elemental analysis, and Den-
sity functional theory for structure elucidation. In-MOF exhibits outstanding dye
removal efficiency for Methylene Blue (MB: 98%; 18.6 mg/g), Azure A (AZA:
99%; 22.4 mg/g), Azure B (AZB: 98%; 17.2 mg/g), Toluidine Blue O (TOLO:
99%; 20.6 mg/g), Rhodamine B (RHB: 82%; 8.8 mg/g), and Congo red (CR: 93%;
14.2 mg/g) individually. Moreover, In-MOF demonstrates remarkable selectiv-
ity towards MB removal even in the presence of RHB. The kinetics of adsorption
and reusability tests for MB indicate consistent removal capacity for the initial three
cycles, but a significant decline of up to 52% is observed by the sixth cycle. These
findings establish In-MOF as a promising candidate for industrial applications due
to its high removal efficiency and practical synthetic approach.
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Introduction

Water pollution, a significant issue resulting from industrialization, has led to the
increasing importance of water purification as a key societal concern [1-4]. This
necessitates the implementation of sustainable development strategies to prevent the
depletion of current natural resources [5]. Among the various pollutants, organic
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dyes play a significant role in the degradation of water quality. Industries such as
textile, leather, paper, and printing make extensive use of organic dyes, however,
a majority of these dyes are discharged into water bodies as effluent [6, 7]. Dyes
such as Methylene Blue (MB), Azure A (AZA), Azure B (AZB), Toluidine Blue O
(TOLO), Rhodamine B (RHB), and Congo red (CR) (Fig. S1) are frequently used in
the textile, paper, and paint industries. Unfortunately, their discharge into water bod-
ies can cause significant harm to the ecosystem. In general, wastewater concentra-
tions of these dyes typically range from 1 to 50 ppm [8]. Studies have demonstrated
that these dyes possess carcinogenic, teratogenic, and mutagenic properties, hence it
is essential to remove them from water bodies to safeguard human health [9].

Removal of organic dyes from wastewater is a significant challenge in the field
of environmental remediation [10]. Various treatment methods have been proposed,
such as adsorption, precipitation, photocatalysis, electrochemical processes, oxida-
tion, ultrafiltration, ozonation, and membrane filtration [11-14]. Particularly, the
adsorption technique has been widely recognized as an efficient and practical method
for removing dyes from polluted water. Recent research has highlighted the efficacy
of various adsorbents [15, 16], including covalent organic frameworks (COFs) [17],
zeolites [18], activated carbon [19], biomass [20], and chitosan [21], in removing
dyes from wastewater. These materials possess high surface areas and demonstrate
selective adsorption of organic dyes, leading to their effective removal. However,
they suffer from certain limitations such as prolonged contact time, lengthy activa-
tion periods, low water stability, and complex synthesis routes [22-25]. In particular,
COFs are impractical for use as adsorbents due to their low quantity of production
[26], while zeolites and activated carbon suffer from low reusability and expensive
regeneration processes [27]. MOFs, on the other hand, are known for their extraordi-
nary properties, which include a large surface area, impressive selectivity, effective
dye removal capacity, exceptional thermal stability, and insolubility in water. These
characteristics have established MOFs as a widely recognized and commonly uti-
lized adsorbent for dye removal [14].

The field of Metal-organic frameworks (MOFs) has witnessed significant pro-
gress in synthesizing and employing them for the selective removal of dyes [28,
29]. The synthesis of MOFs offers a wide range of possibilities, resulting in diverse
structures [30-33]. These structures can vary from well-formed crystals with high
structural integrity to hollow structures, analogous structures, core—shell geometries,
or mixed structures lacking precise organization, leading to structural heterogeneity
[34-36]. Unconventional MOFs, including amorphous, disordered, glass, and liquid
MOFs, have also been reported, characterized by the absence of well-arranged crys-
tal structures while still being classified as MOFs [37, 38]. Computational chemistry
plays a pivotal role in unravelling the structures of these MOFs with unconventional
characteristics [39]. Recent studies have demonstrated the potential of the Three-
dimensional electron diffraction (3D-ED) and Continuous rotation electron diffrac-
tion (cRED) techniques in elucidating their structures by diffraction of microcrys-
tals. However, it is important to note that this method is still in the research phase
and not yet widely accessible [39, 40].

In this regard, the synthesized In-MOF [In,(BTA),u-NO5-8H,0] with its disor-
dered structure and microcrystalline nature emerges as an exceptionally effective
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and practical adsorbent for dye removal. Its outstanding attributes include straight-
forward synthesis, remarkable reusability, and facile regeneration processes, making
it a promising candidate for efficient dye adsorption. In-MOF microcrystals exhibit
high water stability, insolubility, and strong selectivity for dye removal, making
them a highly promising candidate for wastewater remediation applications. Nota-
bly, the In-MOFs green synthesis option further enhances its appeal for sustainable
wastewater treatment. The superiority of MOFs in dye removal over conventional
adsorbents has been extensively established in the literature [41, 42], with the first
study by Jhung et al. demonstrating the efficacy of MOFs in cationic dye removal in
2010 [43]. Since then, numerous research groups have validated the superior selec-
tivity and capacity of MOFs in dye removal, emphasizing their potential for prac-
tical application in wastewater treatment [44—49]. Notably, Morsali et al. reported
the synthesis of a multinuclear cluster-based Fe-MOF, which demonstrates efficacy
in removing cationic dyes while also exhibiting selective dye removal capabilities.
Their study highlighted the potential of Fe-MOF as a promising sorbent for dye
removal applications [50]. Furthermore, Sun et al. explored the use of JUC-210, a
specific MOF, for the removal of cationic dyes. The research demonstrated the effec-
tiveness of JUC-210 in removing cationic dyes from aqueous solutions [51]. These
studies provide valuable insights into the utilization of MOFs for dye removal,
emphasizing the importance of selective dye removal and the potential of MOFs as
effective sorbents in addressing dye contamination issues.

In this study, an In-MOF, specifically [In,(BTA),u-NO;-8H,0O] (In-MOF), was
produced using a simple synthetic method involving Indium salt and benzene-
1,2,4,5-tetracarboxylic acid in a sealed glass vial. The synthesis was also repeated
in RBF and microwave-assisted conditions, with similar results obtained. Compu-
tational chemistry techniques were utilized to elucidate the structure, and the results
provided strong confirmation that the proposed structure indeed belongs to the cat-
egory of MOFs. The synthesized In-MOF microcrystals were employed to remove
dyes from contaminated water, where typical concentrations ranged from 1 to 50
parts per million (ppm). The effectiveness of the process was evaluated through
kinetic and thermodynamic studies. The application of In-MOF microcrystals
presents a promising and effective remedy for treating water polluted with harm-
ful dyes. Through the elimination of these dyes, this innovative material has the
potential to safeguard the integrity of the natural environment and mitigate adverse
impacts on the ecosystem. The adsorption results reveal that In-MOF exhibits
remarkable selectivity towards MB, AZA, AZB, and TOLO, and even in the pres-
ence of RHB, it exclusively removes MB, indicating its high specificity for this
dye. Although the synthetic strategy for In-MOF shows promise for scaling up for
industrial dye removal, there may be obstacles to overcome before it can be practi-
cally implemented. Presently, In-MOF synthesis has only been demonstrated on a
gram scale and further research is needed to determine its feasibility for large-scale
production.
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Experimental section
Materials and methods

All of the chemical reagents and solvents utilized in this study were obtained
commercially and employed directly without further purification. The chemi-
cals used in this study include Benzene-1,2,4,5-tetracarboxylic acid (H,BTA),
Indium(Il)nitrate monohydrate (In(NO;);-H,0), Diethylformamide (DEF),
Nitric acid (HNO;), Methylene Blue (MB), Azure A (AZA), Azure B (AZB),
Toluidine Blue O (TOLO), Rhodamine B (RHB), and Congo red (CR) were
obtained from Sigma Aldrich (India), TCI and Spectrochem.

The phase structure of materials at room temperature was analyzed using
X-ray diffraction (XRD) patterns obtained on a PAnalytics X-ray diffractometer
with a Cu Kal radiation source (A=0.15406 nm) at an acceleration voltage of
40 kV and a current of 40 mA, over a 20 range of 5 to 80°. Fourier transform
infrared (FTIR) spectra were obtained using a SHIMADZU spectrophotometer
in the range of 4000 to 400 cm~!. The morphology and size of the materials
were studied using Field emission transmission electron microscopy (FE-SEM)
on a Mira3 Tascan-xmu instrument. The chemical composition of the materi-
als was analyzed using Elemental Analysis (Thermo Fisher Scientific) and the
presence of metal was determined using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) on an AVIO-200 (Perkin Elmer) instrument.
The specific surface area and pore size of the materials were determined using
N, adsorption—desorption isotherms and Brunauer—-Emmett-Teller (BET) tech-
niques on a BELSORPmini II surface area and a pore size analyzer. The thermal
stability of the materials was characterized using thermogravimetric analysis
(TGA) on a TA Module Q 600 instrument under an N, atmosphere at a heating
rate of 10 °C/min. The absorption spectra of the materials were obtained using a
UV-Vis spectrophotometer.

Synthesis of [In,(BTA),u-NO,-8H,0] in glass vial (1)

In-MOF was synthesized by dissolving In(NO;);-H,O (23 mg, 0.0764 mmol)
and H,BTA (10 mg, 0.0393 mmol) in the mixture of DEF (1 mL) and distilled
water (0.5 mL) with the addition of HNO; (3.6 M in DEF, 0.2 mL). The solu-
tion was then sealed in a 20 mL glass vial and sonicated for 30 min (Fig. S2).
The mixture was subsequently heated in an oil bath at 85 °C for 8 h to facilitate
crystal formation. The resulting white microcrystals were cooled to room tem-
perature and washed with DEF, acetone, and DI (Deionised) water to remove
any leftover impurities. The crystals were then activated by immersing them in
MeOH for 72 h at 60 °C, with fresh MeOH being replaced every 8 h. The final
step involved drying the product for 24 h under high vacuum conditions. Yield:
0.015 g, 47% (based on H,BTA).
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Synthesis of [In,(BTA),p-NO;-8H,0] in round bottom flask (RBF) and oil bath (2)

In order to synthesize In-MOF in RBF, a mixture of In(NO;);-H,O (1.18 g,
3.92 mmol) and H,BTA (0.500 g, 1.96 mmol) was dissolved in a mixture of DEF
(45 mL) and distilled water (22 mL) along with the addition of HNO; (3.6 M in
DEF, 8.7 mL). The resulting solution was then sonicated in RBF for 30 min and
heated in an oil bath at 85 °C for 8 h (Fig. S3). The resulting white microcrystals
were cooled to room temperature and subsequently washed with DEF, acetone,
and deionized water. The sample was then subjected to an activation procedure
by immersion in MeOH for 72 h at 60 °C, wherein MeOH was changed every
8 h. Finally, the product was dried in a high vacuum condition for 24 h. Yield:
0.858 g, 44% (based on H,BTA).

Microwave-assisted synthesis of [In,(BTA),u-NO;-8H,0] (3)

The synthesis of In-MOF using a microwave-assisted method involved trans-
ferring a solution of In(NO;);-H,O (1.18 g, 3.92 mmol) and H,BTA (0.500 g,
1.96 mmol), HNO; (3.6 M in DEF, 8.7 mL) to a 50 ml reaction vessel. The ves-
sel was then tightly sealed and placed in a microwave reaction system (Fig. S4).
Synthesis was conducted at 85 °C with a heating rate of 20 °C/min for a reaction
time of 30 min. Following the reaction, the extraction and activation processes
were carried out in the same manner as described in the previous method. Yield:
0.936 g, 48% (based on H,BTA).

Characterization of In-MOF

M.P.>250 °C; IR data (cm™"): 2990(b), 1550(s), 1375(s), 813(s), 705(s); elemen-
tal analysis caled (%) for C,yH,(In,NO,;: C, 25.66; H, 2.15; N, 1.50 found: C,
24.48; H, 2.81; N, 1.56; ICP-OES calcd (%) for In: In 24.53; found: In 25.00.

Stability of In-MOF (1 to 3)

The stability of In-MOF (1 to 3) in water is an important factor to consider in dye
removal. To evaluate the stability of In-MOF in water, a process was developed
that involved stirring 10 mg of In-MOF in 10 mL of water for 48 h at room tem-
perature. After 48 h, the mixture was centrifuged to isolate the supernatant, which
was then analyzed using ICP-OES to determine the concentration of indium and
precipitate of In-MOF was dried in an oven at 50 °C and used for the PXRD. The
results obtained from this analysis were used to evaluate the stability of In-MOF
in water over 48 h. It is important to note that the stability of In-MOF can be
influenced by various factors, including the solvent used, the temperature, and the
duration of exposure to the solvent. Overall, the process developed in this study
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provides a standard procedure for evaluating the stability of In-MOF in water,
which can be useful in designing and optimizing applications of this material.

Preparation of dye-adsorbate

A 1000 ppm dye stock solution was diluted to create solutions with concentrations
ranging from 10 to 50 ppm. For the purpose of kinetic analysis, the methylene blue
(MB) dye was also diluted to concentrations ranging from 10 to 50 ppm. Neutral pH
has been maintained for all the dye solutions.

Computational study

The geometries of the basic unit of In-MOF is optimized using the density functional
theorem (DFT) along with Becke, 3-parameter, Lee—Yang—Parr (B3LYP) hybrid
functional, and STO-3G* basis set. For the verification of stable geometry as well
as energy calculations, frequency calculation was also performed at the same level
of theory. All the optimizations and frequency calculations were performed using
the Gaussian 09 package [52]. Whenever an imaginary frequency was observed for
any geometry, the structure was again optimized using the tight convergence crite-
ria. In order to account for the long-range electron correlation effects arising out of
the non-covalent interactions, Grimme’s dispersion correction with Becke—Johnson
Damping (D3-BJ) was applied. Further, for studying the interaction of the cationic
dyes, MB and RHB with In-MOF, the structures of the dyes, In-MOF, and complex
were also optimized at DFT/B3LYP/3-21 G* level of theory. It is well established
that for ionic structures, calculations using the B3LYP functional are able to predict
energies accurately without any dispersion correction [53—57]. Hence, empirical dis-
persion correction was avoided. The MOF-dye interaction energy was calculated as:

AE = Ecomplex_(EMOF + Edye)

Results and discussion
Synthesis of In-MOF

This study successfully synthesized In-MOF microcrystals using three different
methods: Glass vial, Round bottom flask (RBF), and Microwave-assisted (Fig. 1).
While all three methods yielded desired results, the microwave-assisted approach
demonstrated significant advantages in terms of reaction time reduction. The micro-
wave method demonstrated its efficiency and rapidity in synthesizing In-MOF by
significantly reducing the synthesis time from 8 h to just 30 min. The effectiveness
of the microwave-assisted method can be attributed to its unique heating mecha-
nism, which ensures uniform and efficient heating throughout the reaction mix-
ture. This results in accelerated reaction kinetics, leading to shorter synthesis times.
Such a reduction in reaction time not only enhances productivity but also provides
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Fig. 1 Synthesis of In-MOF in different conditions

opportunities for scaling up the production of material. These results provide valu-
able insights into In-MOF synthesis and offer potential practical implications for the
development of new and improved methods.

Indeed, various synthesis methods were employed for In-MOF, but they consist-
ently resulted in the formation of microcrystals. Nevertheless, extensive efforts were
undertaken to cultivate pristine single crystals of In-MOF inside glass vials with the
ultimate goal of attaining a highly ordered and precisely defined crystalline struc-
ture. However, the outcome yielded a material with a microcrystalline nature char-
acterized by poorly formed or disordered crystals. Consequently, the comprehensive
characterization of the crystal structure was hampered. It is noteworthy that the syn-
thesis of MOFs encompasses a diverse range of possibilities in MOF preparation.
Different synthetic approaches can result in varied outcomes, including well-formed
crystals with high structural integrity, as well as structures exhibiting disorder. In the
specific case of the synthesized In-MOF, three different methods were employed,
leading to a disordered structure devoid of well-arranged crystal structures or precise
organizational patterns. Furthermore, Indium and H,BTA have been utilized to pre-
pare AUBM-1, MIL-117, and 3D In(III)-MOF using solvothermal and hydrothermal
methods with autoclave [58—60], but none of these studies have explored microwave
synthesis, gram-scale synthesis, or synthesis in an oil bath. Despite having the same
metal and ligand, these MOFs exhibit distinct structures. The structural proper-
ties of the synthesized In-MOF microcrystals were analyzed using PXRD analysis.
The analysis revealed a prominent and intense peak, which indicated its crystalline
nature (Fig. 2b). The comparison of the obtained diffraction peaks from In-MOF
with AUBM-1, MIL-117, and 3d In(III)-MOF (Fig. 2a) [58—60] indicates that In-
MOF exhibits some structural similarities with AUBM-1, despite having different
elemental compositions. To validate this, the PXRD data of In-MOF was processed
using the HighScore Plus software by Panalytical, which is widely acknowledged
for its proficiency in handling PXRD data. The analysis reveals that In-MOF shows
the closest match with AUBM-1, while the other MOFs exhibit significantly distinct
structural characteristics. Specifically, 17 out of 25 matching diffraction lines were
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Fig.2 a The PXRD data comparison of AUBM-1, MIL-117, 3D In(III)-MOF, and In-MOF synthesized
in a glass vial. b The PXRD data of In-MOF was synthesized in a glass vial

identified between In-MOF and AUBM-1, leading to a similarity score of 47 (with
100 representing a perfect match) (Fig. S12). These findings indicate both similari-
ties and notable differences between the PXRD patterns of In-MOF and AUBM-1,
suggesting a certain degree of structural similarity. However, based on the compre-
hensive comparison and data processing, it can be concluded that AUBM-1, MIL-
117, 3d In(II1)-MOF, and In-MOF do not possess identical structures. Additional
examination of the PXRD data also indicates the existence of a metal oxide (In-O)
linkage incorporated within the polymer framework of In-MOF, as evidenced by a
peak observed at 30-50° 20 in the PXRD pattern. Moreover, the similarities in the
PXRD patterns with AUBM-1 suggest that the structure of In-MOF may exhibit a
tetragonal crystal system. Comparing the PXRD patterns of synthesized In-MOF
using different methods, it is evident that they exhibit identical structures (Fig. S7).

FTIR data of an In-MOF material provide information about the different stretch-
ing modes in the structure of the material. The data have been used to compare the
characteristics of the In-MOF synthesized using each strategy, such as the pres-
ence of certain functional groups. The FTIR spectra of In-MOF (1 to 3) revealed
characteristic peaks of the carboxylate group of the MOF at 1580 cm™! (method-1)
1574 cm™, (method-2) 1550 cm™! (method-3) (Fig. 3). Notably, the spectra did not
exhibit the carboxylic acid ve_c, peak in the ligand at 1710 cm™'. This is likely due
to the formation of carboxylate anions, which results in the formation of a delocal-
ized electronic cloud and the appearance of typical carboxylate peaks in the range
of 1610 to 1550 cm™! and 1420—1300 cm™'. Additionally, peaks ranging from 880
to 730 cm™! observed in the In-MOF spectrum may indicate the presence of In-O
bonding [61]. These observations support that the desired coordination complex was
generated by the metal salt and organic ligand.

In adsorption processes, the surface area and shape of the adsorbent are crucial
factors that determine the efficiency of the adsorption. Scanning electron micros-
copy (SEM) is a technique used to observe the surface structure of materials at a
high resolution. The data obtained from SEM can provide information on the size,

@ Springer



Synthesis of microcrystalline indium (II)-MOF and adsorptive... 155

140

130 4 In-MOF-3

120 -

110

In-MOF-2
100
%T

1574
90 - 1381

80 + In-MOF-1

70 -+

60 -
1550

1375
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™1)

Fig.3 The FTIR spectroscopy data has been collected for an In-MOF material synthesized through three
distinct methods: 1 in a glass vial, 2 using a round-bottom flask (RBF), and 3 employing microwave-
assisted synthesis

shape, and distribution of the particles in a material. Hence, to understand further
the properties of the synthesized In-MOF, their morphology and microstructure
were determined using SEM. As seen in Fig. 4a (synthesized in sealed glass vials)
and S6 (synthesized in microwave conditions), these studies revealed that In-MOFs
obtained from different methods have similar morphology, consisting of nano-scale
crystals with a hollow needle-like shape (Fig. 4b). Moreover, additional images
obtained at different resolutions showed that the In-MOFs exhibit a fiber cluster
morphology, where small and long fibers combine to form clusters of small crystals
(Fig. 4a—d). Furthermore, the SEM images of the In-MOFs microcrystals reveal a
unique tubular structure formed by combining multiple microcrystals, allowing indi-
vidual tubes to act as separate containers. This tubular structure suggests that the
inner and outer surfaces of the tubes come into contact with dye molecules, which
may lead to efficient encapsulation of the dye. The In-MOFs microcrystals dem-
onstrate effective encapsulation of dye molecules within their tube-like structure,
showcasing their potential as functional materials for diverse applications such as
drug delivery and catalysis.

The elemental composition of the In-MOF was also determined using energy-dis-
persive X-ray spectroscopy (EDX), as shown in Fig. 4c. The results of this analysis
showed the presence of In, O, C, and N elements, and no other contaminating peaks
were detected. Overall, these results provide further insights into the properties of
the synthesized In-MOF, which may aid in understanding its adsorption behavior
and potential for practical applications.

The specific surface area, average pore diameter, and pore volume of In-MOF
were determined using nitrogen adsorption—desorption isotherm experiments.
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Hollow fiber likes
micro-crystals

Fig.4 A SEM images of In-MOF-1 synthesized in sealed glass vials. B Hollow needle-like microcrystals
of In-MOF-1. C) Energy-dispersive X-ray spectroscopy spectrum of In-MOF-1

The displayed isotherms indicate the presence of pores (3.37022 nm) within the
material, which corresponds to a BET-specific surface area of 67.100 m?> g=! for
the In-MOF. The low surface area observed could be attributed to the significant
interpenetration of frameworks or the external area stemming from the relatively
small crystal size. The presence of hysteresis during desorption, likely due to
irreversible sorption of gas molecules on pore surfaces, suggests the presence of
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highly aggregated structures (Fig. 5a). Before conducting the isotherm measure-
ments, the In-MOF-1 sample was degassed at 100 °C for 3 h. Furthermore, the
pore size distribution curve computed using the Barrett-Joyner—Halenda (BJH)
model. Figure 5d shows a slight curving trend with no distinguishable peaks. This
In-MOF pore size distribution plot suggests a single mode for both the adsorp-
tion and desorption processes, with pore diameters of about 29.7 and 27.0 nm,
respectively. Additionally, total pore volumes for adsorption and desorption are
0.26 cc/g and 0.25 cc/g, respectively. This curved pore distribution is caused by
a narrow or uniform pore size distribution, in which the majority of pores are the
same size. The BET isotherm exhibits type III behavior, indicating mesoporosity
(Fig. 5a).

A thermogravimetric analysis (TGA) was performed on In-MOF, using a
heating rate of 10 °C per minute within the temperature range of 30 to 800 °C.
The experiment was conducted in a continuous flow of nitrogen gas. The ther-
mogravimetric analysis (TGA) curve in Fig. 6a shows two major weight losses.
The first weight loss of 28 wt% up to 300 °C is attributed to the removal of
water and NO;~ from the [In,(BTA),u-NO;-8H,0] chemical formula. Theoreti-
cal calculations indicate that there is approximately 5.8 wt% of additional water
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adsorbed on the surface or trapped within the pores. The second weight loss of
33.5 wt% up to 500 °C is due to the decomposition of the benzenetetracarboxy-
late ligand and the removal of its fragments. The final residue of 33.83 wt% cor-
responds to indium oxide (In,O;). The calculated chemical formula from TGA
is [Iny,(BTA),u-NO;-8H,0] taking into account the first weight loss attributed to
trapped water species. The thermal characteristics of In-MOF synthesized using
three different strategies are found to be consistent or similar (Fig. 6b).

Furthermore, the elemental composition of the produced In-MOF was verified using
elemental analysis and inductively coupled plasma-optical emission spectrometry (ICP-
OES) was used for analyzing the composition of Indium (Table 1). By comparing the
percentage of the elements determined from the elemental analysis and their theoretical
values, the synthesized structures can be verified. Figure 8 displays a potential struc-
ture for In-MOF, where nitrate (NO;) serves as a bridging ligand connecting different
parts of the framework. Bridging ligands, are commonly found in many metal—organic
frameworks, where they contribute to the stability and functionality of the material.
There are several examples of MOFs that utilize bridging ligands, and some of these
have been cited in the literature [62—-65]. The computed values and the results of the
elemental analysis supported the synthesis of the MOFs’ structure. The slight imperfec-
tion of the experimental and theoretical values can be credited to the inaccuracy of the
synthesized structure or the deposit of water molecules in the pores of the In-MOF.

In order to investigate the structural geometry of the In-MOF unit, a Density Func-
tional Theory (DFT) study was conducted. This computational method was utilized to
analyze and understand the arrangement and configuration of atoms within the In-MOF
structure. The optimized geometry of the structural unit In-MOF is shown in Fig. 7.

Table 1 Elemental analysis and
Sampl % C
ICP-OES results ample o %H %N %0 %In

In-MOF  Theoretical 2566 215 150 46.15 24.53
Experimental 24.48 2.81 156 45.75 25.00
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Fig.7 Geometry of Indium —MOF optimized at DFT/B3LYP/3-21G* level of theory. For simplification
and clarity purposes, the hydrogen atoms are not shown for clarity purposes
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Fig.8 UV —vis absorption spectra of a MB, b AZA, ¢ AZB d TOLO e CR, and f RHB in water in the
presence of In-MOF at different time intervals

The geometric parameters such as bond lengths, bond angles, and dihedral angles are
summarized in Table S12. In the optimized structure, wherever water molecules are
concerned, all the In-O bond lengths are in the range of 2.13-2.23 10\, which indicates
strong interaction comparable to the In-O bond in Indium oxide [66]. Due to the small
structure of the water molecules, they show stronger interaction with the Indium ion
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leading to relatively shorter bond lengths ~2.13-2.15 A. On the other hand, the move-
ment of carboxylic O—atoms is more restricted as well as hindered due to steric fac-
tors, resulting in bond lengths of ~2.17-2.23 A. The nitrate ions present in the lat-
tice do not bind with the In(Ill) ions, however, they show weak interactions (bond
length~3.31-3.58 A). In conclusion, the optimized geometry obtained from the DFT
study aligns with the results from elemental analysis, PXRD, and ICP-OES data. Addi-
tionally, the structure of In-MOF exhibits certain similarities with AUBM-1, as con-
firmed by the processed PXRD data of these two materials.

Stability of In-MOF in water

In order to ensure the safety and effectiveness of technologies that involve the use of
indium, it is crucial to assess its stability and solubility in water. This study inves-
tigated the stability and solubility of In-MOFs in water using ICP-OES and PXRD
techniques. After 48 h of stirring in water, the In-MOFs were subjected to centrifu-
gation, and the supernatant was analyzed using ICP-OES to determine the amount
of indium remaining in the water. PXRD analysis was also performed on the precipi-
tate to examine any changes in the In-MOFs crystal structure. The results showed
that there was no residual indium in water after 48 h of stirring, indicating that the
In-MOFs are highly stable and insoluble in water (Table S4). Furthermore, the
PXRD analysis revealed that the crystal structure of In-MOFs remained intact (Fig.
S8), demonstrating their ability to maintain their effectiveness in dye removal appli-
cations. The absence of residual indium in water after 48 h also suggests that In-
MOFs do not dissolve in water, reducing the potential health risks associated with
indium release into the environment. Overall, these findings suggest that In-MOFs
are a safe and effective option for dye removal applications.

Batch dye adsorption experiment

The synthesised In-MOF has been explored for potential use in removing cationic
organic dyes due to the tubular structure of In-MOF micro crystals and high water
in-solubility and stability. Two critical elements that influence the selective dye
adsorption of MOFs are the charge and size of organic dyes. The zeta potential of
In-MOF refers to the surface charge of the material, and a negative zeta potential
indicates that the surface of the material has a net negative charge. In-MOF have a
negative zeta potential (—9.5, Fig. S9), and they can interact with positively charged
species, such as cationic dyes. The interaction between In-MOF and cationic dyes
can result in the removal of the dyes from the solution. The dyes can be physically
adsorbed onto the surface of the In-MOF. Overall, the negative zeta potential of In-
MOF makes them effective at removing cationic dyes from solution through elec-
trostatic interactions. The adsorption capacity of In-MOF was investigated using a
variety of organic dyes, including Methylene Blue (MB), Azure A (AZA), Azure
B (AZB), Toluidine blue O (TOLBO), Congo Red (CR), and Rhodamine B (RHB).
The adsorption ability of In-MOF was assessed by monitoring the concentration
changes of these dyes in water solutions at room temperature. In-MOF is highly
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Table2 Dye removal capacity of In-MOF over various cationic dyes

Adsorbent Adsorbent mass  Dye Dye concentra- Contact  Removal Removal after the
(mg) tion (mg/L) time percentage initial 15 min (%)
(min) (%)

In-MOF 10 mg MB 10 mg/L 45 98 71.87

AZA 45 99 81.19

AZB 45 98 75.81

TOLO 45 99 95.80

CR 240 93 80.95

RHB 1440 82 4.01

Table 3 Comparison of MB removal capacity and initial contact time for In-MOF and other Adsorbents
in recent studies

Adsorbent Initial MB removal Temperature pH References
contact time efficiency
(min) (%)
SMGO 5 min 40 RT - [69]
PAMAM-functionalized Fe304 @ 15 min 84 25-33 °C 8.4 [70]
MOF
OHC 10 min 42 s - [71]
Activated carbon developed from 20 min 82 RT 3 [72]
Rumex abyssinicus
Ce02-NPs/GO/PAM 15 min 45 RT - [73]
CuMn204/chitosan micro/nanocom- 10 min 50 RT 6.5 [74]
posites
In-MOF 15 min 80 RT Neutral This study

water insoluble which makes it easy to use in dye removal as well as provides prac-
tical applicability on an industrial scale. The adsorbent was stored in a desiccator
and dried overnight at 100 °C under vacuum before adsorption. It was precisely
weighed out and added to 10 mL of aqueous dye solutions with fixed dye concentra-
tions of 10 mg/L. The dye solutions containing the adsorbents were well mixed with
magnetic stirring and kept at room temperature for a predetermined amount of time
(5 min to 24 h). The UV-vis absorption spectra of dye solutions at various periods
throughout the adsorption process were noted.

The adsorption efficiency of In-MOF was evaluated using UV-vis spectro-
photometry for a range of dyes including MB, AZA, AZB, TOLO, CR, and RHB
which show characteristic absorption peaks at 664, 630, 640, 631, 497, and 550 nm,
respectively (Fig. 8a to f). The adsorption kinetics were monitored over a period of
5 min to 24 h and the results showed a significant decrease in the dye concentration
as well as a change in the color of the dye solutions and In-MOF microcrystals. The
adsorption capacity of In-MOF was found to be high, with more than 75% (except
RHB) removal efficiency of all dyes within 15 min (Table 2). Table 3 provides a
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comparison of the dye removal capacity and initial contact time for In-MOF and
other adsorbents in recent studies. Further, the pH-dependent adsorption behavior
of MB onto In-MOF was also investigated across a wide pH range (2 to 14) (Fig.
S12), revealing optimal removal efficiency within the pH range of 2 to 10 (~98%)
but a notable decline at highly alkaline [pH=12 (~37%) and pH=14 (~ 23%)]. This
decline can be attributed to a combination of factors, including pH-induced struc-
tural changes or degradation of In-MOF, competitive adsorption with hydroxide
ions (OH-) at high pH, and alterations in the speciation of MB molecules, such as
deprotonation, which results in reduced affinity for the MOF surface [67, 68]. These
findings underscore the importance of considering pH effects when employing In-
MOF for MB adsorption and have implications for optimizing their performance in
diverse environmental and industrial applications involving solutions of varying pH
levels.

Dye removal selectivity

Adsorption of mixed organic dyes onto In-MOF is observed using a method similar
to that described above in order to examine the selectivity of In-MOF for dye adsorp-
tion. 10 mL of solution containing five dyes (10 mg/L for each dye) and 10 mg of
as-synthesized In-MOF were combined. In the selectivity study, it was found that
the In-MOF does not exhibit any preference for the removal of specific dyes among
MB, AZA, AZB, and TOLO. When all four dyes were present in the same system,
the In-MOF removed them in equal quantities within 45 min (Fig. 9a and b). How-
ever, when other dyes were present in the system, the In-MOF selectively removed

—MIX
1.54 (a) ———MB FEED

——AZA FEED

~———AZB FEED
——TOLO FEEDJ

Absorbance
Absorbance

T - T = T -
300 400 500 600 700 800
Wavelenghth (nm)

;
®

After adsorption

T T T
300 400 500 600
Wavelength (nm)

Fig.9 a Dye removal of MB, AZA, AZB, and TOLO in one system b UV spectrum of mixed dye sys-
tem with In-MOF. ¢ Selectively removal of MB family. d UV spectra of selective removal of MB, AZA,
AZB, and TOLO
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only MB, AZA, AZB, and TOLO. This selectivity can be useful for removing the
MB family of dyes from wastewater. To further demonstrate this selectivity, a study
on a mixture solution of RHB with the MB family of dyes has been done, and the
results showed that the In-MOF selectively removed only the MB family of dyes
while leaving RHB unchanged (Fig. 10). The observed selectivity of the In-MOFs
is attributed to the strong interaction between the In-MOF and the MB, AZA, AZB,
and TOLO dyes, and the weaker interaction between the In-MOF and RHB.

Dye removal kinetics

The dye removal kinetics study is conducted to investigate the rate and mechanism,
of how specific dyes from an aqueous solution have been removed by the adsorbent
[75]. This study involves performing adsorption experiments at different initial con-
centrations of a dye and measuring the amount of dye removed over time [76-78].
By analyzing the data collected, it is possible to understand the mechanism of dye
removal and determine the kinetic parameters of the adsorption process. In this
study, 10 mL of an aqueous solution of MB with initial concentrations of 10 ppm
has been taken. The applied kinetic models include the Pseudo-first-order kinetics
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g %
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Fig.10 a Pseudo first order graph: ¢ vs in C,/C,. b Pseudo first order graph: ¢ vs g,. ¢ Pseudo second
order graph: ¢ vs t/q,. d Pseudo second order graph: ¢ vs g,
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and Pseudo-second-order kinetics to understand the mechanism of dye removal and
determine the kinetic parameters of the adsorption process [79, 80]. Other com-
monly used kinetic models in dye removal kinetics study are the Intraparticle diffu-
sion model, and the Elovich model [81, 82].

Pseudo-first-order kinetics

The pseudo-first-order kinetic model is a commonly used method to describe the
rate of adsorption [83, 84]. This model suggests that the adsorption rate is directly
proportional to the concentration of the dye in the solution [85]. By plotting the
graph of In (ge—qt) against time (t) and analyzing the slope and correlation coeffi-
cient (R?) of the data, the rate constant k, can be determined. A high R? value (close
to 1) indicates a good fit for the kinetic model, but it is important to remember that
this model assumes that the adsorption process is first-order and all adsorption sites
are similar [86]. Therefore, it is recommended to compare the results obtained from
the pseudo-first-order kinetic model with other kinetic models such as the pseudo-
second-order kinetic model for a more accurate understanding of the adsorption pro-
cess in real-world systems. The equation for the pseudo-first-order kinetic model is
given by:

In(g, — q,) = Ing, — k1

g, = Amount of dye adsorbed at equilibrium (mg/g), ¢, = Amount of dye adsorbed
at time ¢ (mg/g), k; = The pseudo-first-order rate constant (min™h

The calculated equilibrium adsorption capacities do not agree with experimental
values, because the R? value of the graph is not near the value of 1 (R2:0.76753;
Fig. 10a and b). This indicated that the adsorption of MB onto In-MOF is not an
ideal pseudo-first-order reaction.

Pseudo-second-order kinetics

Unlike the pseudo-first-order kinetic model, the pseudo-second-order kinetic model
assumes that the adsorption rate is directly proportional to the product of the con-
centration of the dye in the solution and the adsorbent surface area [87, 88]. The
equation for the pseudo-second-order kinetic model is given by:

k2tqe
T+ kyt

t

q, = Amount of dye adsorbed at equilibrium (mg/g), g, = Amount of dye adsorbed
at time ¢ (mg/g), k, = The pseudo-second-order rate constant (g/mg min)

The rate constant k, for adsorption kinetics can be determined by plotting #/g,
against ¢, as shown in Fig. 10c. The slope of this plot gives the value of k, and the
correlation coefficient (R?) can be used to determine how well the data fit with
the kinetic model (Fig. 10d). The adaptable pseudo-second-order kinetic model
is commonly used to analyze changes in the adsorbed amount over time. This
model can provide insight into the adsorption process and is particularly useful
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for comparing different adsorption kinetics. The parameters obtained from the
slope and intercepts of the plot has been represented in Table S1. It was observed
that the R? (0.99996) values for the pseudo-second order kinetics were greater
than those for the pseudo-first kinetic model, indicating that the pseudo-second
order kinetic model is more suitable for describing the adsorption process. This
suggests that the adsorption of the MB dye by the In-MOF adsorbent is controlled
by chemisorptions.

Adsorption isotherm

Adsorption isotherms are used to understand and plan the interaction between
adsorbent and adsorbate at equilibrium [89, 90]. These isotherm models are math-
ematical equations that describe the relationship between the adsorption capacity
of an adsorbent and the equilibrium concentration of the adsorbate, such as a dye,
in a solution [91]. These models are used to predict the adsorption behaviour of
a system under specific conditions. In this study, isotherms were determined by
adding 10 mg of In-MOF to 10 mL of a dye solution with varying concentrations,
ranging from 2 to 50 ppm. The mixture was then placed in stirring condition for
45 min and centrifuged before measuring the absorbance and the produced data
have been used to compute the isotherm models.

The Langmuir isotherm

The Langmuir and Freundlich models were utilized to design the adsorption of MB
onto In-MOF, and the corresponding parameters of each model were determined
through regression analysis [92]. In general, the Langmuir model is represented by:

K, xC,

=] X —
e = mex ™ (TR SC) M

q, = Dyeadsorbedpermassofadsorbent, ¢,,,, = Maximum dye adsorption capacity,
K, = Langmuirconstant, C, = Dye concentration at equilibrium

Linear transformation of Eq. (1) gives Eq. (2), which is employed to determine
the Langmuir isotherm constants g,,,, (mg/g) and b.

C, 1 C

(4

9. K, K, @

qmux

A graph was drawn between C/g, and C,, and the constants ¢,,,. and K; were
obtained from the slope and intercept (Fig. 11a). The data for the MB adsorp-
tion by In-MOF was modeled using the Langmuir isotherm (R*>=0.99981). The
maximum adsorption capacity (g,,,,) and the Langmuir constant were calculated
as 18.55 mg/g and 3.54, respectively (Table S2). The experimental adsorption
capacity (g,,,,) matched closely with the calculated ¢,,,, (18.62 mg/g; Fig. 11b).
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The Freundlich Isotherm

The Freundlich isotherm model, a nonlinear model, was utilized to evaluate the
interaction between the adsorbate and the active sites of the adsorbent over a broad
range of adsorbate concentrations [93]. This model enables the investigation of the
surface heterogeneity of the adsorbent. It is represented as:

q. = K,C)" 3)

K, = Freundlich constant.
The linearized form of (3) is represented in Eq. (4) which is used to estimate the
Freundlich isotherm constants.

I = logK, +
08q, = L08Ry nlogC, @)

The linearized form of the Freundlich model equation (Eq. 4) was used to esti-
mate the constants of the isotherm, K, and n. The plot of log g, vs. log C, resulted in
a straight line with a slope (1/n) and intercept (log Ky) (Fig. 11c). The estimated con-
stants, Kf and n, were presented in Table S2, and the fitted isotherm was shown in
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Fig. 11d. The value of the slope (1/n) ranges between 0—1 and is used to determine
the surface heterogeneity of the adsorbent. A low value of the slope indicates a high
degree of heterogeneity. In this study, the value of the slope obtained was 0.20684,
indicating that the surface of In-MOF is heterogeneous. Furthermore, the obtained
values of K, (10.42) and n (4.83) indicate that the adsorption of the organic dye over
In-MOF is heterogeneous.

These results of the dye removal study revealed that In-MOF exhibits a high
adsorption efficiency for the dyes, including methylene blue (MB), azure A (AZA),
azure B (AZB), toluidine blue O (TOLBO), congo red (CR) and rhodamine B
(RHB). The adsorption kinetics of the dyes were found to conform to the pseudo-
second-order kinetic model, indicating that the adsorption process is controlled by
chemisorption. The experimental data was also analyzed using the Langmuir and
Freundlich isotherm models, which revealed that the adsorption process followed
the Langmuir isotherm model, indicating that the adsorption process is monolayer
adsorption and the adsorption capacity of In-MOF increases with an increase in
the initial dye concentration. This suggests that In-MOF has a high potential as an
adsorbent for the removal of cationic organic dyes from wastewater. To enhance our
comprehension of the selectivity of MB (methylene blue) in the presence of RHB
(rhodamine B), supplementary analyses were conducted employing pseudo-first-
order and second-order kinetic models (Fig. S9), as well as Langmuir and Freun-
dlich isotherm models (Fig. S10).

Adsorption isotherms and dye removal kinetics for RHB adsorption over In-MOF

The outcomes of the kinetic investigation demonstrate that the adsorption of RHB
onto the In-MOF deviates from the pseudo-first-order and second-order models
(Fig. S10), as indicated by the R? values of 0.95121 and 0.97721, respectively. This
observation suggests that the adsorption of RHB onto the In-MOF material tran-
spires at a sluggish pace. Additionally, the isotherm examination (Fig. S11) reveals
that the adsorption of RHB adheres to the Langmuir isotherm model, substantiated
by the high R? value approximating 1. This finding implies that the adsorption pro-
cess of RHB onto the In-MOF material occurs as a monolayer adsorption process.
Moreover, the adsorption capacity of In-MOF augments with increasing initial dye
concentration, consistent with the predictions of the Langmuir model. Conversely,
the Freundlich model displays a relatively inadequate fit, with an R? value of
0.507094, suggesting its unsuitability in describing the adsorption behavior of RHB
on the In-MOF material. These findings provide valuable insights into the kinetics
and isotherm of RHB adsorption, emphasizing the gradual adsorption kinetics and
monolayer adsorption characteristics.

Proposed dye removal mechanism
Adsorption is a process in which molecules or particles like to adhere to a surface

[94]. The In-MOF dye removal mechanism exhibits several robust potential path-
ways. One possible explanation is that electrostatic interactions between the cationic
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dye and the negatively charged surface of the adsorbent play a vital role in the
adsorption. Additionally, other potential interactions, such as hydrogen bonding and
n-n stacking between the benzene ring of the adsorbent and the dye molecule, can-
not be ruled out. Another explanation involves the concept of host—guest interac-
tions in the context of dye removal. In this scenario, In-MOF acts as host, draw-
ing in and capturing dye molecules, which act as the guests. These interactions may
manifest through physical adsorption forces or chemical bonding, ultimately lead-
ing to the efficient elimination of dye from the MB solution. Overall, the adsorption
mechanism is intricate, and to provide a more in-depth explanation of the interaction
between cationic dyes MB and RHB with In-MOF, a computational study is utilized.

The optimized geometry of the In-MOF complexes with MB and RHB are shown
in Fig. 12a and b, respectively. The hydrogen bond interactions between the MOF
and the dyes are also shown in Fig. 12. It can be easily concluded that there are a

Fig. 12 Proposed mechanism of MB and RHB over In-MOF (single unit without NO;™ linkage) surface
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Table 4 Energy Table for the MOF-dye complex (E ), MOF (Ey;op) and dye (Egye)

‘complex.

Ecomplex (in Hartree units) Eyior (in Hartree Egyye (in Hartree units) AE (in Hartree AE (in kcal/mol)
units) units)

Eviopmp = —15,432.954442  —14,256.604027 Eyg= —1176.287606 —0.062787 —39.40

Eyiorrup = — 1568.899542 —14,256.604027 Egyg= —1412.310972  —0.015457 -9.70

lot of hydrogen bond interactions in the MB complex to that of the RHB complex
(Fig. 12). Furthermore, it is also clearly visible that the dangling benzoic acid moi-
ety in case of RHB hinders the approach of the cationic dye towards the In-MOF,
resulting in less interactions. Again, from the difference in interaction energy of the
two complexes (Table 4), it is quite evident that the In-MOF and RHB complex is a
weak complex when compared to the In-MOF and MB complex. The less negative
value (—9.70 kcal/mol) of the interaction energy for the In-MOF and RHB complex
indicates that the complex is less stabilized. Conversely, for the In-MOF and MB
complex, the theoretically calculated interaction energy is —39.70 kcal/mol which
also supports the multiple hydrogen bond interaction within the complex. In conclu-
sion, the computational study validates and elucidates In-MOF’s significant selectiv-
ity for MB while also demonstrating its comparatively lesser adsorption capability
for RHB.

Reusability of In-MOF in MB removal

A re-generable adsorbent can be cost-effective and in compliance with green chem-
istry. To do this, the dye was first removed from the exhausted adsorbent using 0.01
M HCI, and then the adsorbent was activated using MeOHI. The procedure was
repeated six times, and further dye removal investigations were carried out (Fig. 13).
After subjecting In-MOF to a 0.01 HCL wash, a PXRD analysis was conducted
which revealed that the structure of In-MOF remained unaffected (Fig. S5).

Even after the initial four successive regeneration trials, the percentage of dye
removal remained higher than 90%. Thus, the In-MOF can be regarded as a superior
reusable adsorbent in light of the findings.

Significance of using In-MOF as an adsorbent in dye removal
Some important significances of In-MOF use as adsorbent are listed below:

¢ In-MOF is relatively easy to synthesize, which makes it a desirable option for a
wide ranges of applications.

¢ In-MOF can be synthesized using microwave technology, which is a green chem-
istry approach that can reduce the use of harmful chemicals and energy con-
sumption.
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Fig. 13 Reusability of In-MOF for MB removal

e In-MOF has high removal efficiency for cationic dyes, making it useful for water
treatment applications.

e In-MOF is highly water-insoluble, which makes it easy to recover after adsorp-
tion, reducing waste and increasing the efficiency of the process.

e [t has high reusability, which makes it a cost-effective option for long-term use in
various applications.

Several adsorbents have been developed in recent years for dye separation and
purification, but some of them have limitations that can impact their effectiveness
and practicality in certain wastewater treatment. In-MOF is a new and promising
adsorbent with advantages such as high selectivity, good capacity, and good stabil-
ity. In-MOF can overcome the limitations of other adsorbents (Table S6).

Conclusion

A new environmentally non-toxic In-MOF microcrystals was synthesized using
three simple synthetic routes which have excellent adsorption capability for a vari-
ety of dyes, both individually and collectively in a solution. The adsorption results
of the study showed that In-MOF has excellent removal efficacy for various dyes
including Methylene Blue, Azure A, Azure B, Toluidine Blue O, Rhodamine B,
and Congo Red. Additionally, it selectively removes certain dyes when present in
a mixture. The adsorption kinetics and reusability of In-MOF studies suggest that
it is appropriate for industrial applications due to its higher removal efficiency and
adaptable synthetic pathway. In conclusion, while the synthetic strategy for In-MOF
appears to be a promising method for scaling up to bulk production for industrial
dye removal, it faces practical obstacles that need to be overcome. Currently, the
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synthesis of In-MOF has only been successfully demonstrated on a gram scale, and
further research is needed to determine its feasibility for large-scale production.
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