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A metal-organic framework containing metal sites of chromium, termed BUT-8(Cr), was successfully
fabricated via a solvothermal procedure, which is capable of excellent uptake of the Rhodamine B (RhB)
dye from the solution. The removal of the RhB dye using BUT-8(Cr) was studied in terms of solution pH,
material content, adsorption isotherms, and kinetics to identify the most favorable conditions.
Accordingly, the maximum adsorption capacity of 811.7 mg g™t is well-fitted by the Langmuir isotherm
model, which is much higher than those of previously reported MOF materials. Furthermore, the kinetic
data for the RhB adsorption fit with the pseudo-second order model. This indicates that RhB uptake is a
chemical process. The recycling test result shows that an efficiency of 94.5% is retained over seven
recycles. The comparison of the results of FT-IR and Raman spectroscopy, and PXRD, and TGA-DSC
analyses of RhB=BUT-8(Cr) reveals the presence of electrostatic and n—rn interactions between the
RhB™ ions and negatively charged SO;~ moieties within the MOF architecture, leading to RhB removal
with an ultra-high adsorption capacity. These findings show that the sulfonic-functionalized Cr-based
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1. Introduction

To date, various treatment techniques have been developed to
find solutions for organic dye elimination in wastewater. These
dyes are popular colorants used in textile, paint, cosmetics,
leather, visualizing microplastics, and related industries,'™
released directly into the natural water environment. Rhoda-
mine B (RhB) is a toxic cationic dye of the xanthene class. The
presence of RhB in water sources brings negative effects on
human health and ecosystems. Particularly, it causes skin and
eye irritation, neurotoxicity, and serious problems to the photo-
synthetic process of aquatic plants and is a cancer-causing
agent.*”® Herein, the aromatic rings in the structure of RhB
make it more stable and harder to be biologically oxidated or
eliminated photocatalytically.” Hence, dye-effluent treatment
techniques and their developments turn out to be research
challenges. Generally, the removal of organic dyes can be
performed using various methods, including precipitation—-
deposition, electrocoagulation, membrane filtration, advanced
oxidation, and electrochemical techniques.'®"® Apart from the
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MOF could be a promising candidate for removing organic dyes in a real polluted environment.

stated procedures, adsorption is considered the most
effective treatment method because of its economic feasibility,
easy operation, simplicity, and high efficiency.”*>* Recently,
adsorbents have been utilized to separate organic dyes
from wastewater, such as activated carbon,>® fibers,>® metal
oxides,*® biosorbents,””*° clay,>® graphene oxide,>® and
zeolites.>® However, these materials still have disadvantages
in the adsorption applications due to their low capacity, slow
kinetics, complex processes, and being economically unattrac-
tive in some cases. Therefore, preparing and employing alter-
native adsorbents for organic dye elimination from
wastewater is highly desirable. Among the recently discovered
adsorbents, metal-organic frameworks (MOFs) are known for
their porous morphology with adjustable pore size and mod-
ification of functional groups on the ligand, resulting in
remarkable advantages such as large surface area, low density,
and high thermal and chemical stability.>**® Interestingly,
the MOF structure can be controlled, allowing the generation
of effective interactions between guest molecules and the
adsorption sites, opening unique applications related to
adsorption.**™** Noteworthily, chromium-based MOFs have
emerged as ultra-high water stable materials because of
their robust metal-carboxylate bonds and rigid frameworks,
leading to many applications of adsorption under practical
conditions.*>*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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It should be noted that the molecular size of RhB exhibits
unsimilarity with the pore size of traditional absorbents and a
lack of strong attraction with the adsorption sites of the
materials, resulting in a low adsorption efficiency of RhB.*”*
Thus, it is necessary to incorporate negatively charged adsorp-
tion sites and achieve appropriate pore sizes within MOFs for
significantly enhancing the adsorption capacity of the cationic
RhB ions through efficient interactions. In addition, we
reported a series of Zr-based MOFs containing densely packed
SO;™ groups within the framework with an excellent adsorption
capacity of Pb®>" and the cationic methylene blue dye via the
effective electrostatic interaction between the positively
charged moieties and anionic sulfonic sites.'>"! Nevertheless,
these materials possess an unsuitable pore size compared to
the size of RhB molecules, leading to an insufficient adsorption
capacity of RhB (ca. 42 mg g~ ). With this in mind, we expect
that the BUT-8(Cr) material with high water stability, appro-
priate pore size and effective electrostatic interaction between
the guest molecules and the functional groups can be a
potential candidate for achieving high efficiency in RhB
removal from wastewater. This is a new approach to overcome
the mentioned obstacles of the adsorption uptake using the
previously established adsorbents.

In this study, we perform a research study using a sulfonic-
functionalized Cr-based MOF, denoted as BUT-8(Cr), to effec-
tively uptake the RhB dye via the electrostatic attraction
between the positively charged RhB ions and the negatively
charged SO; moieties. As a consequence, BUT-8(Cr) showed a
maximum experimental adsorption capacity of 811. 7 mg g~*
for RhB at pH = 3 and could be recycled at least seven times.
Remarkably, the structural characteristics and adsorption
mechanism of RhB onto BUT-8(Cr) were interpreted via the
adsorption models combined with the methods such as Fourier
transform infrared (FT-IR) spectroscopy, Raman spectroscopy,
powder X-ray diffraction (PXRD), and thermogravimetric analy-
sis (TGA). These obtained data demonstrate that the BUT-8(Cr)
material has potential applications as an effective absorbent to
capture RhB dyes from an aqueous medium.

2. Experimental section
Materials and general procedures

All the utilized chemicals, including 2,6-napthalenedicarboxylic
acid (H,NDC, 98%), chromium nitrate (Cr(NO3);-9H,0, 98%),
oleum (SO; in concentrated H,SO4 20%), N,N-dimethyl-
formamide (DMF, 98%), hydrochloric acid (HCl, 37%), hydro-
fluoric acid (HF, 47%), and methanol (MeOH, 99%) were
purchased from commercially available sources and used with-
out further purification. Herein, the 4,8-disulfonaphthalene-
2,6-dicarboxylic acid (H,SNDC) linker and MIL-101-NDC were
prepared according to the previously reported works.*%41:49:5
Raman spectroscopy analysis was performed on a spectro-
meter (XploRA one 532 nm, Horiba). Fourier transform infrared
(FT-IR) spectra were obtained on a spectrometer with the
Attenuated Total Reflectance sampling method (FT/IR-6600,
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Jasco). Powder X-ray diffraction data were obtained on a dif-
fractometer (D8 Advance, Bruker) using a Ni filtered Cu Ko
source (/. = 1.54718 A). The 20 range was 3-50° with a step size
of 0.02° and a fixed counting time of 0.5 s/step. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) diagrams were obtained on a thermal analysis system
(Labsys Evo 1600 TGA, SETARAM) under dry airflow and in the
temperature range of 25-800 °C at a rate of 10 °C min .
Solution "H-NMR spectra were analyzed on an NMR spectro-
meter (AVANCE Neo 600 MHz, Bruker). Accordingly, H = BUT-
8(Cr) was digested in DMSO-d, solution containing 10 pL of HF.
Then, the mixture was sonicated for 10 minutes before "H-NMR
measurement. Low pressure N, adsorption analyses were per-
formed on a surface characterization analyzer (3Flex, Micro-
meritics). Helium was used for the estimation of dead space. A
liquid N, bath was employed for measurements at 77 K. Before
N, sorption measurements, the material was activated at 80 °C
under vacuum (102 kPa) for 48 h. Scanning electron micro-
scopy (SEM) images were acquired utilizing a microscope
(FESEM S-4800, Hitachi) with an accelerating voltage of 10 kv
connected to energy-dispersive X-ray (EDX) mapping analyzed
on an instrument (EDX H-7593, Horiba). Transmission electron
microscopy (TEM) was carried out using a microscope (Jeon
1010, Hitachi) with a high voltage of 80 kV. UV-Vis spectra were
obtained on a spectrometer (Lambda 25, PerkinElmer). Nota-
bly, the surface area was determined using Materials Studio 7.0
software with a grid interval of 0.25 A and a solvent diameter of
3.68 A. The accessible solvent surface for a unit cell was
indicated in the analysis tab and used for counting the value
of surface area per gram (Table S1 and Fig. S10, ESIY).

Synthesis of DMA — BUT-8(Cr)

According to the previously reported work,*” a mixture of
Cr(NO;3)3-9H,0 (0.400 g, 1 mmol) and H,SNDC (0.376 g;
1 mmol) was dissolved in a 20 mL vial containing 6 mL of
DMF solvent. The mixture was then transferred into a 20 mL
Teflon-lined stainless-steel autoclave and 110 uL hydrofluoric
acid was added. The autoclave was heated at 190 °C for 24 h,
and then slowly cooled to room temperature. Subsequently, the
obtained solid was washed with the DMF solvent and then
continuously soaked in hot DMF (80 mL) and deionized water
(200 mL) for 24 h, respectively. After washing three times with
distilled water, the mixture was immersed in MeOH for 24 h
(10 mL per 4 h). Finally, the sample was collected by centrifuga-
tion and dried under dynamic vacuum at 80 °C for 24 h to yield
a pure material, termed pristine BUT-8(Cr) (DMA — BUT-8(Cr),
DMA = dimethylammonium) (88% yield, based on Cr*"). FT-IR
(cm™', ATR): 3404 (w), 3073 (w), 2794 (w), 2461 (w), 1701 (W),
1608 (m), 1464 (w), 1412 (s), 1362 (s), 1213 (W), 1171 (s), 1032 (s),
791 (w), 768 (m), 628 (w).

Synthesis of H'  BUT-8(Cr)

The activated DMA =« BUT-8(Cr) was further soaked in 100 mL of
a sulfuric acid solution (0.3 M) for 48 h (5 times per 24 h). The
mixture was washed with distilled water, centrifuged, and
exchanged with MeOH for 24 h (5 times per 24 h). The final
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product was collected and dried under dynamic vacuum at
80 °C for 24 h to obtain a pure green powder, termed H" = BUT-
8(Cr) (80% yield, based on Cr**). "TH-NMR (digested H" < BUT-
8(Cr), DMSO-dg, 600 MHz): & = 9.57 (s, 2H), and 8.48 (s, 2H),
(see ESLf Fig. S1). FT-IR (cm™', ATR): 1694 (w), 1614 (s),
1416 (s), 1368 (s), 1216 (W), 1159 (s), 1030 (s), 919 (w), 791 (W),
768 (m), 628 (w).

Adsorption experiment

All experiments were carried out under a constant stirring rate
(300 rpm) and at room temperature. The influences of vari-
ables, including the pH, adsorbent dosage, adsorption kinetics,
and isotherms, were determined in batch mode. The initial pH
was adjusted from 2 to 10 by adding 0.01 M NaOH or HCI
solutions using a pH meter. The amount of adsorbent dosage
(5-25 mg) was surveyed with the initial concentration of RhB
(200 mg L") to identify the optimal dosage. The adsorption
isotherms were determined by observing optimal dosage with
different initial concentrations of the RhB dye (25-175 mg L™ 1).
The RhB concentrations remaining in the solution after 24 h
were analyzed. To investigate the adsorption kinetics, the
mixture was continuously stirred with specific intervals from
5 to 150 min. In each experiment, the adsorbent was separated
via centrifugation to collect the filtrate for determining the
remaining RhB concentration using UV-Vis spectrophotometer
analysis at a maximum wavelength of 553 nm. The concen-
tration of RhB was confirmed by using a calibration curve made
from the standard solutions (Fig. S2, ESIT).

The RhB removal percentage (R%), the equilibrium (g.) and
interval adsorption capacity (g,) were determined using the
following equations:

Co —C.

fe=———xV @)
m

q,:ﬁxy/ (2)
m

Co—C

R% = ——x 100 (3)

Co

where C,, C., and C, are the RhB concentrations at initial,
equilibrium time and ¢, respectively. V (mL) is the volume of the
dye solution, and m (mg) is the mass of the used adsorbent.

Reusability

To evaluate the regeneration of H' = BUT-8(Cr), the adsorption-
desorption cycles were performed. In detail, the adsorbed
RhB < BUT-8(Cr) material was immersed in ethanol (pH = 7)
with constant stirring for 24 h followed by centrifugation to
separate the solid from the aqueous medium. The obtained
solution was analyzed using a UV-Vis spectrophotometer to
inspect if any RhB signal appeared at a wavelength of 553 nm.
Then, the separated solid was soaked in ethanol. This process
was repeated many times until no signals of RhB were pre-
sented. Finally, the desorbed material was collected before
vacuum-drying at 80 °C for 24 h and then tested for continuous
adsorption studies.
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3. Results and discussion
Synthesis and structural characterization of BUT-8(Cr)

In order to confirm the influence of the sulfonic groups within
BUT-8(Cr) on the adsorption capacity of RhB, we have fabri-
cated two Cr-based MOF materials, namely MIL-101-NDC and
BUT-8(Cr). Accordingly, the structure of MIL-101-NDC crystal-
lizes in the cubic space group of Fd-3, generated by trimeric
{Cr3(OH)(H,0)2(13-0)} units and unfunctionalized ligand of
NDC?>~.>° MIL-101-NDC contains two kinds of pore windows
with diameters of approximately 13.5 and 18.2 A, respectively.
With this feature, MIL-101-NDC is unsuitable for RhB adsorp-
tion with ultra-high capacity because of the lack of negatively
charged moieties to efficiently uptake the cationic RhB ions.
Meanwhile, the structure of BUT-8(Cr) is constructed from the
Cr3(p3-O) clusters and SO;H-functionalized linkers with a cage
window of 12.4 A (Fig. 1). Noteworthily, BUT-8(Cr) adopts
densely packed SO;H moieties and an appropriate cage window
diameter, capable of effectively capturing the positively charged
RhB molecules over the framework through robust electrostatic
attraction.

The pristine BUT-8(Cr) was fabricated by heating the the
mixture of Cr(NO3);-9H,O salt and H,SNDC linker in DMF
solvent in the presence of hydrofluoric acid as a modulator at
190 °C for 24 h. The phase purity of the as-synthesized BUT-
8(Cr) product was demonstrated by powder X-ray diffraction
(PXRD) analysis with the typical peaks indexed to (2—10),
(2—11), (30—2), and (6—30), which is in good agreement with
the simulated BUT-8(Cr) (Fig. 2a). Notably, the dimethylammo-
nium (DMA) ions appeared due to the decomposition of DMF
during the reaction process. However, the SO;H groups func-
tionalized within BUT-8(Cr) with the anionic forms can effec-
tively balance the positively charged sites of the DMA" ions,
resulting in the generation of a rigid backbone capable of
retaining the structural order.

To recover the sulfonic groups inside BUT-8(Cr) for facilitat-
ing the formation of perfect uptake space for RhB adsorption,
we performed the exchange of the DMA" ions with an excess
amount of H' ions by immersing the pristine BUT-8(Cr) in
0.3 M H,SO, solution. The material was washed with an
abundant amount of distilled water until pH = 5 and then
dried under vacuum at 80 °C for 24 h to acquire a new product,
denoted as H' = BUT-8(Cr). To demonstrate whether the DMA"
ions are fully released out of the MOF structure, the activated
H'=BUT-8(Cr) was digested by the HF medium and dissolved
in a de-DMSO solution for "H-NMR measurement. As a result,
the DMA signals are no longer present in the digested
H'<BUT-8(Cr) sample (Fig. S1, ESIf). From this, it can be
concluded that the exchange process of protons onto BUT-
8(Cr) has been successfully conducted. Significantly, the acti-
vated H' <BUT-8(Cr) has a low crystallinity with broadened
diffraction peaks because of the high flexibility of the sulfonic
groups (Fig. 2a). This can clearly explain that the guest solvent
molecules strongly interact with the sulfonate moieties via the
hydrogen bonding networks. These solvent molecules will be
released from the structure of H' = BUT-8(Cr) after activation,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a)

BUT-8(Cr)

(b) BUT-8(Cr) with space filling model

Chemical structure of Rhodamine B (RhB)

RhB with space filling model (6.7 x 11.3 x 16.1 A)

Fig. 1 The structure of H* =BUT-8(Cr) constructed from the Crz(uz-O) clusters and SNDC*~ linker (a); the pore window of BUT-8(Cr) with the space
filling model (b); the chemical structure and space filling model of RhB (c). Atom colors: Cr, green polyhedra; C, black; O, red; S, yellow; N, blue. Almost H

atoms are omitted for clarity.
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Fig. 2 Powder X-ray diffraction analysis of the as-synthesized DMA < BUT-8(Cr) (red), activated H* = BUT-8(Cr) (blue), and resolvated H* = BUT-8(Cr) in
water (green) in comparison with simulated BUT-8(Cr) (black) (a); Fourier transform infrared spectra of the H4SNDC linker (black), DMA<BUT-8(Cr) (red),

and H* < BUT-8(Cr) (blue) (b).
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leading to a structural order loss. This is also in line with the N,
adsorption analysis for the H =BUT-8(Cr) (Fig. S8 and S9,
ESIT); the BET and Langmuir surface areas of the activated
H"=BUT-8(Cr) (61.41 and 66.77 m*> g, respectively) are much
lower than the theoretically predicted value (2751 m* g™, see
Fig. S10 and Table S1, ESIf). H" =BUT-8(Cr) possesses high
flexibility upon activation, leading to a significant decrease in
the surface area. This situation is also observed with the
sulfonic-functionalized MOF materials in the previous
reports.'>*%*14931 [nterestingly, the PXRD signals appear simi-
lar to the simulated structure when the activated H' < BUT-
8(Cr) is resolvated in water. To demonstrate the promising
application under practical conditions, the chemical stability
of H =BUT-8(Cr) was tested by immersing it in an aqueous
medium. Accordingly, the structural order of the material is
retained after being soaked in water for 30 days, as evidenced
from the PXRD analysis results (Fig. S11, ESIT).

Next, the FT-IR spectra of DMA<BUT-8(Cr) and H = BUT-
8(Cr) (Fig. 2b) show the signals at 1178 cm ™' and 1190 cm ™’
which can be assigned to the presence of the SO;~ functional
group in the H,SNDC linker and both types of BUT-8(Cr). This
result indicates the SO;~ functionalization into the BUT-8(Cr)
materials. Furthermore, the bands of C-O in the carboxylate
group of DMA < BUT-8(Cr) and H' = BUT-8(Cr) are at 1614 cm ™'
and 1608 cm ', respectively, reflecting the lower vibrational
frequency of this band in the carboxylate group of H,SNDC
(1687 cm™ ). It is realized that the resonance in the carboxylate
group causes the bond multiplicity to decrease. Thus the
wavenumber tends to be lower than the initial signals. The
peaks at 2461 cm ' and 1464 cm ' recorded for the
DMAcBUT-8(Cr) sample are attributed to the presence of
-NH," and -CH; groups in (CH;),NH,’, which are absent in
the sample of H' = BUT-8(Cr).

Additionally, the EDX-mapping data of H = BUT-8(Cr) have
also revealed the absence of nitrogen element, showing that all
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of the DMA" ions are completely removed. In fact, both the H"
and DMA" ions can freely diffuse inside and outside the pores
of the material (Fig. S3, ESIf). The surface morphology of
H'<BUT-8(Cr) is characterized by SEM and TEM images
(Fig. S4 and S5, ESIT), which show that H' = BUT-8(Cr) crystal-
lizes as globular particles with a size of approximately 2 pm and
possess a high agglomeration of the particles. This leads to the
difficult observation of the porous texture of the MOF particles
from the TEM data.

For further studies on the thermal stability of the material,
thermal gravimetric analysis (TGA) was also conducted on the
activated samples, including the DMA < BUT-8(Cr), H = BUT-
8(Cr), and RhB<BUT-8(Cr) samples. The TGA curves are mea-
sured under dry air and are illustrated in Fig. 3a. In detail, two
weight losses can be observed from these three samples, before
300 °C and between 300 and 700 °C, respectively. The first step,
with approximately 5 wt% weight loss, can be assigned to the
evaporation of the coordinated and absorbed water molecules.
The second step with significant weight loss (ca. 57-60 wt%)
can be attributed to the release of the RhB molecules and the
decomposition of the framework of all samples. As a result,
BUT-8(Cr) has high thermal stability up to 300 °C, which opens
promising adsorption applications under practical conditions.

In order to gain deeper insight into the influence of the
number of sulfonic moieties within the MOF backbone on the
RhB uptake capacity, a series of experiments were performed.
Consequently, 10 mg of each, MIL-101-NDC, DMA < BUT-8(Cr),
and H'<BUT-8(Cr), is introduced into 100 mL of various
RhB solutions with an initial concentration range of 20 to
160 mg L' at a pH value of 3. As a consequence, the RhB
adsorption capacities at 160 mg L™ " concentration on MIL-101-
NDC, DMA < BUT-8(Cr), and H' = BUT-8(Cr) are 98.3, 318.6, and
756.9 mg g~ ', respectively (Fig. 3b).

It is realized that the increase in the RhB uptake in the
presence of a large amount of SO;H groups within the structure
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(a) TGA curves of activated H* =BUT-8(Cr) (black), activated DMA<=BUT-8(Cr) (red), and activated RhB<BUT-8(Cr) (blue); (b) dependence of the

sulfonic groups within the structures of MIL-101-NDC, DMA =BUT-8(Cr) and H* =BUT-8(Cr) on the RhB adsorption capacity.
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of H = BUT-8(Cr) can be ascribed to the increased electrostatic
interaction between the cationic RhB ions and the formation of
SO;~ in the pores of the material. DMA < BUT-8(Cr) displays a
lower adsorption capacity of RhB than H' < BUT-8(Cr) due to
the presence of DMA" ions preventing the entry of the RhB
molecules into the pores. Meanwhile, MIL-101-NDC exhibits
the lowest adsorption capacity for RhB because of the lack of
sulfonic moieties within its framework. Following the gained
data, we choose the H' = BUT-8(Cr) material to study the further
adsorption experiments of RhB in this work.

Influence of pH and ionic strength

To explore the effect of pH on the RhB capture from the
soulution, initial pH values ranging from 2 to 10 affecting the
uptake performance of RhB were surveyed. It can be under-
stood from Fig. 4a that the highest RhB adsorption capacity was
recorded at pH = 3 and it decreased when the pH values
increased. This tendency can be explained through efficient
electrostatic interaction between the SO;~ groups and the
positively charged RhB' ions. At low pH values, two main
processes occur in the solution such as the ionization of RhB
to form the cationic RhB ions and the protonation process of
SO; ™ moieties to generate the SO;H or SO3H," species.>” These
transformation processes lead to the repulsion force or weak
interaction between the cationic RhB dye and the protonated
forms. However, at higher pH values, the neutral form of RhB is
formed through the zwitter ion equilibrium;>*> meanwhile SO;~
components still existed in this form, which leads to less
occupation between the active sites and the adsorbent, result-
ing in the low uptake of the RhB dye. At pH = 3, a balanced
point between these contradictory circumstances is achieved.
With all of this considered, the pH value of 3 is selected as an
optimal pH value for the subsequent studies. Also, the RhB
adsorption onto H' =BUT-8(Cr) is weakly dependent on the
ionic strength with different solutions of 0.1 M and 0.01 M
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NaCl. Thus it can be concluded that the adsorption of RhB over
the material depends on the inner-sphere complexation via the
electrostatic attraction between the sulfonate groups and RhB*
ions rather than the outer-sphere surface complexation.*

Effect of adsorbent dose

To determine the optimal dosage of the adsorbent for enhan-
cing the interaction between the adsorption regions within
H'"=BUT-8(Cr) and the RhB molecules, different amounts of
activated H' = BUT-8(Cr) (5-25 mg) were added to 100 mL of
Pb*>* solution (100 mg L") at pH = 3 and stirred for 24 h. As
shown in Fig. 4b, the adsorption capacity strongly increased
from 530 mg g ' to 630 mg g ', approximately, as the
H' =BUT-8(Cr) content increased from 5 to 10 mg, respectively.
It is clear to note that the larger mass of the material has
opened up more available adsorption space with more effective
interaction through adsorption sites. However, the data on
adsorption capacity do not show any significant increase when
the H' = BUT-8(Cr) mass varies from 15 to 25 mg. This circum-
stance reveals that the adsorption process has reached the
equilibrium point. Hence, the adsorption content of 10 mg is
selected as the optimum condition of the material content.

Adsorption isotherms

To elucidate the RhB adsorption properties of H' = BUT-8(Cr),
the adsorption isotherm models were used to illustrate the
attraction between the RhB' ions and the adsorbent specifi-
cally. On varying the RhB concentration in the range of 25 to
175 mg L', the adsorption uptake of RhB promptly increases
with an increase in the initial concentration of RhB. It
approaches a maximum adsorption capacity (¢m) of 811.7 mg g™ %,
as shown in Fig. 5a. This is attributed to the appearance of more
dense adsorption sites available on H' = BUT-8(Cr). The obtained
results reveal that the active ranges of H' < BUT-8(Cr) are the limiting
components for the uptake process of RhB.

(b)
700 ] | T

S
NS

600

500

400

300

200

Adsorption capacity (mg g)

100

0 A | | | 1
0 5 10 15 20 25
Dosage (mg)

Fig. 4 Influence of solution pH value and ionic strength on the adsorption capacity of RhB over H* < BUT-8(Cr) [m = 10 mg, C, = 200 mg L™, Vs =
50 mL, t = 24 h] (a); Effect of H* = BUT-8(Cr) content on the RhB adsorption uptake [m: 5-25 mg, Co = 200 mg L%, Vrpg = 100 mL, pH = 3, t = 24 h] (b).
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To interpret the adsorption mechanism of RhB over the
material, the adsorption isotherm models such as Langmuir,
Freundlich, and Temkin were employed. The linear forms of
these models are displayed in the eqn (S1)-(S3) (ESIt). For
further application of Langmuir adsorption isotherm models,
uniform surface area and monolayer adsorption with limited
active sites are assumed. The Freundlich model is applied with
the assumption that adsorption processes happen on hetero-
geneous surfaces generated from the existence of functional
groups and interactions between the adsorbent and adsorbate.
The Temkin model is applied with the assumption that adsorp-
tion heat of all molecules is not involved in a straight line.>*

As shown in Fig. 5b-d and Table 1, the calculated R* value
for fitting in the Langmuir model (0.999) is higher than those in
the Freundlich model (0.991) and Temkin model (0.988). The
theoretical adsorption capacity of RhB estimated from the
compatible model is 833.3 mg g ', which is much more
appropriate than the experimental value of 811.7 mg g "
previously. It can be extrapolated that the material H' < BUT-
8(Cr) has a uniform distribution of various active sites and

2642 | Mater. Adv, 2023, 4, 2636-2647

Table1l The parameters calculated from isotherm models for the adsorp-
tion of RhB onto H =BUT-8(Cr)

Isotherm models Parameters Value
Langmuir gm (mgg™) 833.3
K (Lmg™") 1.201
R* 0.999
Freundlich 1/n 0.114
Ke (mg gt (L g H)") 501.2
R* 0.991
Temkin Kr (L mg™") 788.5
B 33.51
R* 0.988

monolayer adsorption proves to be more powerful. Besides, the
separation factor of Ry, value (determined using the eqn (S4),
ESIY), is obtained to be greater than zero and smaller than 1.
These results are appropriate with the chemical adsorption,
which is caused by the electrostatic interaction between
negatively charged SO;~ moieties and the cationic RhB dye
and n-n interaction between the aromatic rings of the structure
of the organic ligand and the RhB molecules.*>*!>">3

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Adsorption kinetics

As illustrated in Fig. 6a, the ultra-fast RhB capacity is confirmed
through a contact time of 15 minutes to be approximately
620 mg g '. It is noted that fast removal is promising for
overcoming the limitations of traditional adsorbents, leading to
a possibility of effectively working in a real aqueous medium.
The chemical interaction and diffusion rate are two main
elements responsible for the adsorption properties of
H' = BUT-8(Cr). Consequently, the adsorption capability of this
material was surveyed at specific times, with optimum condi-
tions chosen from the previous examination. The gained data
were analyzed through pseudo first order, pseudo second order,
and intra-particle disffusion models.

In general, the pseudo first order model assumes that the
adsorption rate is decided by the surface, which can be illu-
strated in a linear form as follows:

In(ge — q) = Inge — kqt (4)

where ¢, and ¢. are the RhB adsorption capacity at ¢ and
equilibrium of H'<BUT-8(Cr) and k; (g mg~' min~") is the
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rate constant of pseudo first order. If In(g. - g, and t are
relevant in a linear form with the R* value being approximately
1, the adsorption process can be considered to fit this
model.*>** The pseudo second order model is supposed to
show that the adsorption is caused by the interactions between
the functional groups of the material and the adsorbates. The
rearrangement shows the original relationship of the rate law to
obtain a linear form as follows:

t 1 . t 5)
a kgl g
The linear equation of the intra-particle diffusion model can
be written as follows:

|
g=ky2+¢ (6)

Where k; (g mg™ " min ') and ¢ (mol L") are the rate constant
of intraparticle diffusion and the initial RhB concentration,
respectively.>**

As shown in Fig. 6b, ¢ and Table 2, it is clear to note that the

pseudo first order model is not acceptable for studying the RhB

8 | I I
Pseudo first order model
q R2=0.933

In(a,-q,)

150
(d)

800 T T T T T T
700

600 -

First stage
Second stage
Third stage

| | |
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t'2 (min'2)

Fig. 6 The kinetic curve for the adsorption of RhB onto H* = BUT-8(Cr) [m = 10 mg, Vgns = 100 mL, C, = 100 mg L%, pH = 3] (a); data fitting with the
adsorption kinectic models: pseudo first order (b), pseudo second order (c) and intra-particle diffusion model (d).
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Table 2 The parameters of the removal kinetics and adsorption capacities
of H* = BUT-8(Cr) for the RhB adsorption

Kinetic models Parameters Value
Ge,exp (Mg g ) 811.7
Pseudo first order Gecal (Mg g ") 266.1
k; (min™) 0.014
R* 0.933
Pseudo second order Gecat (Mg g™ ") 769.2
k, (g mg " min") x10~* 3.131
R* 0.999

adsorption kinetics onto H*=BUT-8(Cr) (R*> = 0.933). Mean-
while, the correlation coefficient of R? is calculated as 0.999
while fitting to the pseudo second order model, obviously
suitable for this adsorption process. Also, the calculated RhB
adsorption capacity at equilibrium is 769.2 mg g™, approxi-
mately, which is closely correlated with the experimental
value of 811.7 mg g~ '. Therefore, the RhB adsorption onto
H'<BUT-8(Cr) is a chemisorption process through two main
interactions: the electrostatic attraction between the RhB" ions
and SO;~ components within the framework and the n-n
stacking.>>™>”

According to Fig. 6d, the adsorption process can be divided
into three stages, with the rate constant values growing from k;;
to k3. It should be noted that the difference in the RhB
diffusion rate was the cause of this decreasing trend. In detail,
at the first stage, the RhB molecules diffuse very fast from the
solution to the outer surface until becoming fully soaked. Next,
the adsorbate molecules turn to move to the inner space
surface with an increase in the diffusion resistance. Then, the
RhB molecules move inside the pores of H' =« BUT-8(Cr) at a
lower speed, and simultaneously have electrostatic and n-n
interaction with the functional groups of the framework until
the equilibrium point is reached.*’

Regeneration study

The reusability of the material is considered one of the deter-
mining factors for better performance. Herein, the reusability
of H' =BUT-8(Cr) in the RhB adsorption was investigated for
seven cycles. The result in Fig. 7 indicates that the RhB uptake
only decreases to 94.5% after seven cycles.

In particular, the successful regeneration of H' = BUT-8 was
proved using the FTIR spectra and PXRD analysis. Accordingly,
there is good agreement in the PXRD patterns of H" = BUT-8(Cr)
products before and after the desorption of RhB (Fig. S6, ESIt).
The characteristic bands of H'<BUT-8(Cr) after desorption
are almost unchanged in comparison with the activated
H'<BUT-8(Cr) (Fig. S7, ESI{). These findings illustrated that
the H'=BUT-8(Cr) material could be utilized as a reusable
material to eliminate toxic organic dyes from wastewater.

To verify the feasibility of the material, the maximum RhB
adsorption capacity of H = BUT-8(Cr) was compared with those
of other MOF materials (Table 3). The data reveal that
H' = BUT-8(Cr) has a larger adsorption capacity than the other
materials despite not having a rigid structure via the effective

2644 | Mater. Adv., 2023, 4, 2636-2647
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Table 3 Summary of the maximum RhB adsorption capacity of H* = BUT-
8(Cr) and other related MOF materials

Material Gmax (Mg g~ ) Ref.
Zn-MOF 3.8 58
Fe;0,/MIL-100(Fe) 28.4 59
MgFe,0,@MOF 219.8 60
USTC-1 13.4 61
POM®@UiO-66 28.4 62
MIL-125(Ti) 59.9 63
In-MOF@GO 267.0 64
MIL-101-NDC 98.3 This work
DMA < BUT-8(Cr) 318.6

H'<=BUT-8(Cr) 811.7

interaction of the cationic RhB ion with the SO;~ moieties
inside H' =BUT-8(Cr). This indicates that the SO;~ groups at
the internal surface and channel wall of the H' = BUT-8(Cr) play
a vital role in the RhB capture.

Possible adsorption mechanism

The excellent adsorption performance inspired us to gain a
further understanding of the interaction between the active
sites within the MOF and the RhB molecules via the analyses of
the FT-IR spectra, Raman spectra, PXRD patterns, and TGA-DSC
curves.

The FT-IR spectrum of RhB<BUT-8(Cr) indicates that
the characteristic bands of the C-O and S-O shifted to the
lower wavenumber ranges at 1604 and 1153 cm™ ', respectively
(Fig. 8a). These data show efficient attraction between the SO;~
groups and the RhB' ions, driving the generation of the strong
ionic bonds of the RhB with sulfonic groups. This situation is
in good accordance with the previous studies.'®***'

Moreover, Raman spectra of RhB<BUT-8(Cr) are analyzed
and are shown in Fig. 8b. The new vibrational modes are also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fourier transform infrared spectra of RhB<BUT-8(Cr) (blue) as compared to those of H* = BUT-8(Cr) (red) (a); Raman spectra of RhB<BUT-8(Cr)
(red) in comparison with those of H* = BUT-8(Cr) (black) (b); TGA diagram (red) and DSC curve (blue) of activated RhB<BUT-8(Cr) (c); powder X-ray
diffraction analysis of RnB<=BUT-8(Cr) (RhB solution with CHCls) (blue), activated H* =BUT-8(Cr) (orange) in comparison with simulated BUT-8(Cr)

(black) (d).

observed at 1453 and 1124 cm™ ", relating to the characteristic

frequencies of C-O and S-O, which appear in the RhB< BUT-
8(Cr) spectrum, but are found at other positions in the
H'<BUT-8(Cr) sample. This result again demonstrates the
effective electrostatic interaction of the positively charged
RhB ions and anionic SO;~ sites (Scheme 1). In addition, the
band derived from the vibration of C—C in the benzene ring of
RhB < BUT-8(Cr) appears at 1566 cm ™' in comparison with that
of H" =BUT-8(Cr). This can be accounted for the formation of
the n-m stacking attraction via the interaction between the
conjugated planar of the benzene rings of the ligands within
MOFs and the RhB molecules (Scheme 1).*"%

Besides, the appearance of the RhB dyes inside H = BUT-
8(Cr) was verified using the TGA-DSC curve recorded under dry
air. As illustrated in Fig. 8c, the TGA-DSC diagram indicates a
weight loss of 6.5 wt% from 25 to 250 °C with a specific
endothermic peak at 161.1 °C. This is assigned to the loss of
coordinated water inside the MOF clusters. From 250 to 700 °C,
a huge weight loss is observed and identified for the release of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the RhB dyes from the material and the structural decomposi-
tion, which are verified using the exothermic peaks appearing
at 325.2 and 505.1 °C.

To further prove the mentioned n-n interactions, H' « BUT-
8(Cr) is soaked in the RhB solution containing a non-polar
solvent such as chloroform (CHCl;). Here, using the CHCl;
solvent can support the formation process of the neutral states
within BUT-8(Cr) and the RhB molecules. In general, the
crystallinity of the activated H' = BUT-8(Cr) material disappears
after activation. Therefore, we expect that if the RhB dyes are
loaded into the structure of BUT-8(Cr), the structural order of
the material will retain upon activation. Consequently, the
PXRD patterns are collected to inspect whether the RhB mole-
cules have entered into the architecture of BUT-8-Cr. As
expected, the PXRD analysis of activated RhB<BUT-8(Cr)
(immersed in CHCl;) is in good accordance with the simulated
BUT-8(Cr). This can demonstrate that the neutral RhB dyes are
anchored over the structure of H'=BUT-8(Cr) through n-n
stacking interactions (Fig. 8d).

Mater. Adv., 2023, 4, 2636-2647 | 2645
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4. Conclusion

In summary, a sulfonic-functionalized Cr-based metal-organic
framework was successfully synthesized and studied for its
adsorption performance in the RhB capture process. It is clear
to note that the maximum adsorption capacity for the RhB dye
over H' < BUT-8(Cr) is gained to be 811.7 mg g . This obtained
result is much higher than those of the previously reported MOF
materials. The data from the adsorption isotherm and kinetic
investigations indicate that the RhB adsorption is a chemical
process and can be described using the Langmuir isotherm and
the pseudo second order models. Moreover, the regeneration
experiments show a high removal rate in recycling the material
for at least seven cycles. Notably, the adsorption mechanism is
elucidated by the experimental analyses. The result reveals that
the adsorption mechanism can be depicted in the formation of
the chemical bonds via electrostatic attraction between the
negatively charged sulfonate moieties and the cationic RhB ions
and -7 stacking interaction of the conjugated m planar in the
system of benzene rings. This exploration demonstates that the
Cr-sulfonic-based MOF exhibits remarkable potential for employ-
ment in the removal of the RhB dye from wastewater.
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