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Engineering of appropriate pore size combined
with sulfonic functionalization in a Zr-MOF with reo

topology for the ultra-high removal of cationic
malachite green dye from an aqueous mediumf

My V. Nguyen,

* Hung N. Nguyen, Tuyet A. T. Nguyen and Khang M. V. Nguyen

A Zr-based metal-organic framework with reo topology, denoted as Reo-MOF-1, was fabricated through

a solvothermal method capable of efficiently removing the cationic MG dye from an agueous medium. The

effect of pH solution, adsorbent content, adsorption isotherm, and kinetics on the MG capture was

observed to determine the optimal conditions. Accordingly, the maximum adsorption capacity of MG

over H" c Reo-MOF-1 reaches the value of 2532.1 mg g~ at neutral pH, which is much greater than the

published materials. Moreover, the results of the MG process on H* cReo-MOF-1 fit with the Langmuir
isotherm and pseudo second order kinetic model. Hence, MG removal is a chemical adsorption process.
Remarkably, H* ©Reo-MOF-1 can maintain the uptake for MG at about 94% over eight cycles. The MG
adsorption mechanism is interpreted via the incorporated analyses and experiments. In detail, Fourier

transform infrared spectroscopy (FT-IR), Raman spectroscopy, powder X-ray diffraction (PXRD), and
thermogravimetric analysis (TGA-DSC) of MGCReo-MOF-1 in comparison with H*cCReo-MOF-1
indicate that the electrostatic attraction and m—m stacking interaction are found via the interaction
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between the cationic MG ions and SOz~ moieties within MOF as well as the 7 electron clouds in the

benzene ring of the adsorbent and adsorbate, resulting in significant improvement the MG adsorption
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1. Introduction

Owing to the rapid growth of urbanization and industrializa-
tion, toxic dyes without prior and suitable treatment procedures
are directly released into the natural water environment,
causing serious consequences for human health and ecosys-
tems in water. Accordingly, these organic dyes cause drawbacks
to the photosynthetic process of aquatic life and intense
disorders of the human body's immune systems, heart, and
skin.’? Hence, solutions for removing toxic dyes from waste-
water before discharging are required. Nevertheless, releasing
organic dyes is not straightforward due to their complicated
structure, leading to research challenges. There are various
methods to purge toxic dyes, including advanced oxidation,*
membrane filtration,® catalysis,*” and flocculation.® Except for
the mentioned methods, adsorption is considered one of the
most effective techniques to eliminate toxic dyes from waste-
water because of its low cost, convenient operation, eco-friendly
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uptake. These data prove that acidified Reo-MOF-1 possesses promising application as an effective
absorbent of toxic dye in practical conditions.

and simple design.’** Different absorbents have been prepared
and utilized to remove organic dyes from wastewater, such as
fiber," orange peel,” metal oxide,” activated carbon,'® and
zeolite."”” However, there are many limitations to using these
absorbents for removing organic dyes in terms of complex
modification, low adsorption ability, slow kinetics, and lack of
effective interaction between the adsorption sites and guests.
Hence, it is necessary to find novel alternative absorbents for
purging toxic dyes and serving the demands in the market.
Recently, metal-organic frameworks (MOFs) have emerged as
a preeminent candidate for a significant purge of toxic dyes
owing to their unique properties such as high porosity, high
chemical, and thermal strength, low density, etc.'®* MOFs are
porous materials composed of metal clusters and organic
linkers to generate a three-dimensional structure in such a way
with diverse topologies. The architecture of MOFs allows the
facile modification of the functional groups on the linkers,
leading to a broad range of applications in adsorption,>**
sensing,**** catalysis,***® and among others.

Malachite green (MG) is a cationic organic dye extensively
employed as a precursor in antiseptic agents, antiprotozoal in
aquaculture, and fungicide.””*® An enormous danger for the
discharge of MG into water occurred and severely impacted the
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habitat of aquatic organisms, including gene mutation, cancer,
and cytotoxic.” Furthermore, MG possesses a large size and
bulky structure (4.3 x 11.4 x 11.4 A), driving a low MG uptake as
using the absorbents with inappropriate pore size and lack of
robust interaction between their intrinsic adsorption sites and
MG.**** Therefore, a strategy including the pore size engineering
combined with functionalized linker in MOFs to remarkably
enhance the MG adsorption capacity should be approached.
Besides, we published a series of sulfonic-functionalized Zr-
based MOFs with ultra-high adsorption levels of cationic meth-
ylene blue dye and Pb>* ions via the strong electrostatic attrac-
tion of their positively charged moieties with the negative
charged SO;™ sites inside Zr-MOF structure.*** With all of this
considered, we expect that Reo-MOF-1, owning a suitable pore
size and dense SO; moieties packed within the framework, will
be employed to eliminate MG from aqueous solution and reach
a high uptake of MG via efficient synergy.

In this work, we propose a research plan utilizing a Zr-MOF,
denoted as Reo-MOF-1, to effectively capture the cationic MG
dye through electrostatic interaction and convenient pore size
selectivity with the MG size. Consequently, H'CReo-MOF-1
indicated an ultra-high adsorption capacity of 2532.1 mg g~ * at
a neutral pH, with the uptake, retained without any significant
loss after eight cycles. Notably, the structural characteristics and
adsorption mechanism of the MG onto H"CReo-MOF-1 were
elucidated via the adsorption models incorporated with the
analysis techniques such as powder X-ray diffraction (PXRD),
Raman spectroscopy, Fourier transform infrared spectroscopy
(FT-IR), thermogravimetric analysis (TGA-DSC), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray (EDX), and
transmission electron microscopy (TEM). The obtained data
reveal that H' C Reo-MOF-1 is the potential candidate to solute
the severe threats of the MG dye causing to the water resource.

2. Experimental section
2.1 Materials and methods

All the starting chemicals such as zirconium chloride octahy-
drate (ZrOCl,-8H,0, 99%), fuming sulfuric acid (SO;z in H,SOy,,
25%), 2,6-napthalenedicarboxylic acid (H,NDC, 99%), hydro-
chloric acid (HCI, 37%), sulfuric acid (H,SO,, 98%), formic acid
(HCOOH, 96%), N,N-dimethylformamide (DMF, 98%), and
methanol (MeOH, 99%) were obtained from commercial sour-
ces without further purification. 4-Sulfonaphthalene-2,6-
dicarboxylic acid (H;SNDC) linker, and DUT-52 were prepared
like the reported literature (Section S17).2*>*

Powder X-ray diffraction (PXRD) analysis were measured on
a Bruker D8 Advance diffractometer using Ni filtered Cu Ka (A =
1.54718 A). Fourier transform infrared (FT-IR) spectra were
carried out on a spectrophotometer (FT/IR-6600, Jasco) with the
Attenuated Total Reflectance sampling method. Raman spectra
was collected on a spectrometer (XploRA ONE 532 nm, Horiba).
Thermal gravimetric (TG) analysis and differential scanning
calorimetry (DSC) curves were conducted using a thermal
analyzer at a rate of 10 °C min~" under dry air and argon with the
temperature range of 25-800 °C (Labsys Evo 1600 TGA,
SETARAM). Scanning electron microscope (SEM) images were
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obtained using a microscope (FESEM $-4800, Hitachi) combined
with energy-dispersive X-ray (EDX) mapping analyzed on an
instrument (EDX H-7593, Horiba). Transmission electron
microscopy (TEM) images was carried out on a microscope (Jeon
1010, Hitachi). "H-NMR spectra of linker and digested MOFs
were measured on an NMR spectrometer (Advance Neo-600 MHz,
Bruker). In particular, MOF materials were digested in 500 uL of
DMSO-dg solution containing 10 pL of HF. The mixture was then
sonicated for 10 minutes before 'H-NMR analysis. UV-Vis spectra
were analyzed on a spectrometer (Lambda 25, PerkinElmer).

2.2 Synthesis of DMA C Reo-MOF-1

According to the previously reported work,* a mixture of H;SNDC
(168 mg, 0.56 mmol) and ZrOCl, - 8H,0 (196 mg, 0.595 mmol) was
introduced to a 50 mL glass bottle containing 7 mL of formic acid
and 28 mL of DMF solvent. The mixture was ultrasonicated in
15 min and heated at 120 °C for 72 h. Then, the mixture was
cooled to room temperature and centrifuged to obtain a white
solid. The solid was washed with DMF for 48 h (30 mL per day) to
remove unreacted substances and exchanged with MeOH for 48 h
(30 mL per day). Finally, the product was centrifuged, dried, and
activated under vacuum at 80 °C for 24 h to acquire a pure sample,
namely pristine Reo-MOF-1 (DMACReo-MOF-1, DMA = dime-
thylammonium) (83% yield, based on Zr*"). "H-NMR (digested
DMA C Reo-MOF-1, DMSO-dg, 600 MHz): 6 = 9.52 (s, 1H), 8.62 (s,
1H), 8.47 (s, 1H), 8.19 (d, 1H), 8.03 (d, 1H), 2.51 (s, H in DMA) (see
ESI, Fig. S21). FT-IR (cm ™', ATR): 3566 (W), 2362 (m), 1648 (m),
1564 (s), 1413 (s), 1352 (s), 1286 (w), 1178 (s), 1045 (s), 991 (m), 925
(m), 845 (m), 767 (s), 648 (s), 621 (s).

2.3 Synthesis of H+ C Reo-MOF-1

The activated DMA C Reo-MOF-1 was immersed in a MeOH/H,O
(= 4/1, v/v) solution of H,SO, for 48 h (0.2 M H,SO,, 5 times per
24 h). The product was collected and washed to pH = 5 with an
excess amount of a MeOH/H,O (= 4/1, v/v) solution. Continu-
ously, the solid was exchanged with MeOH for 48 h (3 x 10 mL
per 24 h), centrifuged, and activated at 80 °C under vacuum for
24 h to obtain a pure H CReo-MOF-1 (85% yield, based on
Zr*"). "H-NMR (digested H" C Reo-MOF-1, DMSO-de, 600 MHz):
6 = 9.52 (s, 1H), 8.61 (s, 1H), 8.47 (s, 1H), 8.19 (d, 1H), 8.03 (d,
1H) (see ESI, Fig. S31). FT-IR (cm ™', ATR): 1604 (m), 1554 (m),
1413 (s), 1357 (s), 1285 (w), 1178 (s), 1047 (s), 996 (m), 925 (m),
844 (m), 766 (s), 651 (s), 620 (s).

2.4 Adsorption studies

The pH values of the MG solutions were adjusted by 0.1 M NaOH
and HCI solutions in pH range from 1 to 7 using a pH meter. The
MG adsorption experiments were conducted at room tempera-
ture with a constant stirring rate of 500 rpm. To find the pH point
of zero charge (pH,,) of H' C Reo-MOF-1, the material (120 mg)
was added to 100 mL of glass flasks containing 50 mL of 0.01 M
NaCl solutions with various initial pH ranges (pH;) from 2 to 11.
Next, the mixtures were stirred for 48 h and centrifugated to
collect the product. Finally, the final pH value (pHy) of solutions
after stirring was determined on a pH meter. The intersection
points between pH; and pHs values indicated the pHp, value.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The remaining concentration of the MG dye after adsorption
onto the materials was analyzed by a UV-Vis spectrophotometer
with a maximum wavelength of 617 nm. The uptake (%) and
adsorption capacity (mg g ) at equilibrium (g.) and intervals
(g¢) of the MG dye were calculated with the following equations:

Uptake = ﬁx 100 (1)
0
G — C.
= ey 2
q PR (2)
oGy 3)
m

where C,, C., C; (mg L") are the concentration of MG at initial
and equilibrium, ¢ time. m (mg) symbolizes the absorbent mass
and V (mL) is the solution volume.

The absorbent dosage (5-25 mg) of H' CReo-MOF-1 was
introduced into the MG solutions with a concentration of 50 mg
L~ to determine the optimal dosage. The adsorption isotherms
were carried out with the optimal dosage previously observed,
which was added to 100 mL of different initial concentrations of
the MG dye (100-1200 mg L") and stirred for 24 h. Additionally,
the adsorption kinetic models of the MG onto H' C Reo-MOF-1
were surveyed at different intervals from 5 to 120 min. Accord-
ingly, 15 mg of H" C Reo-MOF-1 was introduced to 50 mL of the
MG solution (100 mg L") at pH = 7.

2.5 Reusability

The regeneration of H' CReo-MOF-1 was performed by using
ethanol as the efficient desorption medium. In detail, the
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material after accomplished adsorption of the MG dye was
collected by centrifugation and immersed in ethanol with stir-
ring for 24 h. To further confirm the complete removal of the
MG dye from the material, the filtration was checked without
any MG signal indicated in the UV-Vis spectrophotometer. Next,
the material was centrifugated and exchanged with ethanol
many times. Finally, H' C Reo-MOF-1 was dried, activated at 80 ©
C under vacuum for 24 h, and utilized for the subsequent
experiments.

3. Results and discussion
3.1 Synthesis and characterization of Reo-MOF-1

To fully evaluate the effect of sulfonic moieties and pore size
within the material on the adsorption capacity of MG, we have
prepared two Zr-based MOF materials with exceptionally high
chemical stability, termed DUT-52 and Reo-MOF-1. Herein, the
structure of DUT-52 crystallizes in the cubic space group of
Fm3m with a fcu topology, constructed from 12-connected Zrs-
0,4(OH),(COO0);, clusters and unfunctionalized organic linker of
NDC?" .3 DUT-52 possesses the tetrahedral cage (7.6 A) and
octahedral cage (9.0 A) (Fig. S1t). Following this feature, DUT-52
material is not favorable for MG adsorption due to insufficient
pore window diameter and lack of negatively charged groups.
Whereas the framework of Reo-MOF-1 is generated by the
addition of defect moieties (bending ligand) into the DUT-52
structure with the connection of 8-connected ZrsOg(H,O)s(-
COO); clusters and sulfonic-functionalized SNDC*~.3* A
network of Reo-MOF-1 with reo topology, incorporating the
octahedral and cuboctahedral cages with 9.0 A and 16.9 A in
diameter, is formed (Fig. 1). It is realized that Reo-MOF-1

(@

8-coordinated
Zr,0,(H,0),(C00),

Octahedral cage

Cuboctahedral cage

Y 0'6 ~ 8bed aiod

Y L'z ~ abeod alog

Reo-MOF-1

Chemical structure
of Malachite green
(MG)

77
'\7/4
11.4A

43A
MG with space filling model

Fig. 1 The structure of H* CReo-MOF-1 is constructed from 8-connected reo topology and SNDC>~ linker (a); the pore window and cage
diameter of octahedral and cuboctahedra cage (b); the chemical structure and space filling model of MG (c). Atom colors: Zr, green polyhedra; C,

black; O, red; S, yellow; N, blue. Almost H atoms are omitted for clarity.
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contains the dense sulfonic groups and suitable pore window
size, capable of the effective anchoring of the cationic MG dyes
onto the structure via electrostatic interactions between the
positively charged MG" moieties and the negatively charged
SO;~ groups combined with pore size selectivity.

Herein, DUT-52 was fabricated by dissolving ZrCl, salt and
H,NDC linker into DMF solvent with acetic acid as a modulator
to form the crystal nucleation process, heated at 120 °C for
24 h>* The pristine Reo-MOF-1 was synthesized from the
mixture of ZrOCl,-8H,0 salt and H3;SNDC linker in DMF with
the presence of another modulator as formic acid, heated at 120
°C for 72 h, to create a defect structure of DUT-52 with reo net.*
The phase purity of the as-synthesized Reo-MOF-1 (DMA C Reo-
MOF-1) sample was confirmed by powder X-ray diffraction
(PXRD) analysis, which was in good correspondence with the
simulated Reo-MOF-1 (Fig. 2a). Interestingly, there are the
appearance of (CH3),NH," (DMA = dimethylammonium)
cations during the synthetic process by the decomposition of
DMF solvent. The sulfonate groups exist in the anionic forms in
Reo-MOF-1 to retain the charge balance with DMA" ions inside
the whole backbone. This led to a rigid structure capable of
maintaining the structural order.

To achieve the convenient space for the adsorption of MG
onto Reo-MOF-1, we conducted the ion exchange process
between DMA" ions and abundant H" ions to recover the SO;H
groups within the framework. Noteworthy, DMA C Reo-MOF-1
was immersed in an acidic medium (0.2 M of H,SO,) to
protonate the sulfonate groups entirely and washed with an
excess amount of MeOH/H,O solution to obtain a new freshly
made phase. The product was then dried and activated under
vacuum at 80 °C for 24 h to give the pure phase of MOF, denoted
as H' CReo-MOF-1.

To inspect whether the DMA ions are totally removed from
the structure of Reo-MOF-1, the activated DMA CReo-MOF-1

(@
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and H'CReo-MOF-1 were digested in DMSO-dg solution for
"H-NMR analyses. As expected, the DMA peak no longer appears
in the digested H'CReo-MOF-1 compared to the digested
DMA C Reo-MOF-1 sample (Fig. S2 and S37). It is noted that the
sulfonic moieties in H' C Reo-MOF-1 interact strongly with the
solvent molecules through the hydrogen bonding system. These
solvent molecules will leave the framework of H" C Reo-MOF-1
during the activation process, causing the loss of the struc-
tural periodicity within H'CReo-MOF-1 due to the high
pliability of SO;H groups. This situation is also found in the
reported studies.***** However, the crystallinity of the material
is recovered when this material is soaked in water (Fig. 2a).

Moreover, the chemical stability of H'CReo-MOF-1 was
affirmed by immersing in water. As a result, the structure of
H"CReo-MOF-1 still maintains after soaking in water for two
months, as indicated by the PXRD analysis (Fig. S47).

The Fourier transform infrared (FT-IR) spectra of
DMA C Reo-MOF-1, and H' C Reo-MOF-1 are performed. The FT-
IR spectroscopy of H' C Reo-MOF-1 reveals the presence of C-O
asymmetric and symmetric characteristic bands, appearing at
1604 and 1414 cm ', respectively (Fig. 2b). Furthermore, the
vibration of the sulfonic groups is also found by the broadened
peak at 1181 cm ™. In particular, the bands of C-O and SO;~
groups within DMA C Reo-MOF-1 emerged at lower vibrational
frequency ranges of 1598, 1411, and 1178 cm™ ', respectively.
This can be accounted for by the significant interaction between
the DMA" ions and SO;~ groups, leading to the decrease of the
wavenumber.

To further confirm the characteristics of the materials,
thermal gravimetric analysis incorporated with differential
scanning calorimetry (TGA-DSC), scanning electron microscopy
(SEM) connected with energy-dispersive X-ray (EDX) mapping,
and transmission electron microscopy (TEM) analysis were
performed on the activated materials. Consequently, TGA-DSC

(b)

Activated H* < Reo-MOF-1
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Fig.2 Powder X-ray diffraction analysis of as-synthesized DMA CReo-MOF-1 (red), activated H* € Reo-MOF-1 (blue), and resolvated H* CReo-
MOF-1 in water (green) in comparison with simulated Reo-MOF-1 (black) (a); Fourier transform infrared spectra of HzSNDC linker (black),

DMA CReo-MOF-1 (red), and H* CReo-MOF-1 (blue) (b).
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curves are carried out under argon and dry air, as demonstrated
in Section S5.7 The obtained results indicate that the framework
of H' CReo-MOF-1 and DMAC Reo-MOF-1 is thermally stable
up to 450 °C with reasonable specific exothermic and endo-
thermic peaks, even in argon and dry air medium. Subse-
quently, SEM and TEM images show that H'CReo-MOF-1
particles have a prism-like shape and are almost uniform,
with an average size of 100-150 nm (Sections S7 and S8t).
Especially, EDX spectrum and EDX-mapping are given in
Fig. 510, showing the uniform distribution of C, O, S, and Zr as
the elementary components.

To demonstrate the role of relevant pore size engineering
combined with SO;H-functionalized linker within MOFs to the
MG adsorption ability, we have conducted a series of complete
experiments. In detail, 10 mg each of DUT-52, and H' CReo-
MOF-1 are introduced into 50 mL of various MG solutions
(20-400 mg L™ "). As a consequence, the MG adsorption capacity
of H"CReo-MOF-1 reaches a value of 1685.1 mg g~ ' at the MG
initial concentration of 400 mg L~" (Fig. 3a). It is clear to note
that the ultra-high MG adsorption capacity onto H C Reo-MOF-
1 can be explained by raising the electrostatic interaction
between the negatively charged SO;~ groups inside the back-
bone and the positively charged MG" ions with a compatible
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pore diameter (Fig. 1b and c¢). Meanwhile, DUT-52 exhibits
a poor adsorption uptake for MG due to the lack of SO;™ sites
within the structure, as well as its inappropriate pore size in
comparison with the molecular size of MG (Fig. 3a). Therefore,
we select H' CReo-MOF-1 to study the following adsorption
experiments in this work.

3.2 Influence of pH

The pH value is an essential factor of the direct effect on the
formation of the ion species and surface charges of H' CReo-
MOF-1.>*3¢ Hence, the experiments have been performed to
determine the pHp,. value of the material (see Experimental
section). Fig. 3b indicates that the pH,,. value of H' C Reo-MOF-
1is 4.3. It is realized that there is a surface charge change from
the positive to the negative range with the increase of the
solution pH value around the pH,,. value. Next, the solution pH
ranges from 1 to 7, impacting the adsorption performance of
MG, were surveyed. As given in Fig. 3c, the uptake rate of MG
onto H' CReo-MOF-1 reveals a remarkable dependence on the
solution pH values. At the pH ranges from 5 to 7, being higher
than the pH,,., the anionic species of H' CReo-MOF-1 formed
by the deprotonation of SO;H groups can efficiently eliminate
the MG dyes from the aqueous solution through electrostatic

(b)
12 T T T T T

10

PH<pH_, pl-:lpzc pH>pH_,

0 CICICICICOXOXOI0X0)!

0 2 4 6 8 10 12

Uptake (%)

0O 1 1 1 1
0 5 10 15 20 25

Dosage (mg)

Fig. 3 Dependence of the sulfonic groups and pore size within the structures of DUT-52 and H* € Reo-MOF-1 on the MG adsorption capacity
(a); the effect of the initial pH on the final pH for determining pHy,c of H* CReo-MOF-1 material (b); influence of solution pH value on the
adsorption capacity of MG over H* CReo-MOF-1 (c); effect of H* CReo-MOF-1 content on the MG adsorption uptake (d).
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attraction, driving to the high adsorption capacities. Mean-
while, the low uptake levels of MG have occurred at the pH
regions from 1 to 4 (pH < pHy,), which can be attributed to the
protonation process of SO;H moieties, leading to the generation
of the new SO;H," species and driving the inner channel wall
and the surface of the material charged positively. This causes
a considerable repulsion of the cationic moieties such as MG,
H' ions, and H C Reo-MOF-1.2>%"38 The fact shows that the MG
ions will easily create the precipitation of the MG carbinol forms
and detach from the solution at pH > 7, which causes obstacles
to confirming whether the uptake process of MG onto the
material or the precipitation of MG has taken. Therefore, we
select the best pH value of 7 for the subsequent observations.

3.3 Effect of the material content

To investigate the optimum content of the material for
enhancing the interaction between the adsorption sites within
H'CReo-MOF-1 and the MG ions, the different dosages of
activated H' CReo-MOF-1 from 5 to 25 mg were added to 50 mL
of the MG solution (50 mg L™ ') at an optimal pH previously
surveyed and stirred for 24 h. As illustrated in Fig. 3d, the
adsorption uptake rises sharply from 79 to 92% as the adsor-
bent content increases from 5 to 25 mg, respectively. This can be
ascribed to the rise in the H' CReo-MOF-1 dosage, leading to
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more adsorption spaces and sites for MG removal. As the
material's content yields about 15 to 25 mg, the uptake of MG
changes inappreciably only by 0.2%, exhibiting the established
adsorption equilibrium. Thus, the material dosage of 15 mg is
permanently used for the following experiments.

3.4 Adsorption isotherms

To gain insight into the MG adsorption essence of H' CReo-
MOF-1, the adsorption isothermal models were employed to
elucidate the attraction between the MG ions and the adsor-
bent. Generally, the maximum adsorption capacity is reached
when it has insignificantly changed with the rise of the initial
adsorbate concentration. Fig. 4a displays the influence of the
initial content of MG on the adsorption capacity. It is found that
the adsorption quantity is rapidly improved as the initial
concentration of MG increases from 50 to 800 mg L. During
this period, the surface of H" C Reo-MOF-1 possesses adequate
active sites to capture the MG dyes. Besides, the driving force of
the mass transfer process is enhanced with the increase of the
MG concentration. When the MG concentration rises from 800
to 1200 mg L', the adsorption capacity of MG onto H" C Reo-
MOF-1 gains slowly until the equilibrium of the MG uptake is
obtained. Herein, the entire active sites within H" C Reo-MOF-1
are filled, driving a maximum adsorption level of MG.

(b)
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Fig. 4 Effect of the initial concentration of MG on the adsorption capacity of H* € Reo-MOF-1 (a); fitting results with the adsorption isotherm

models: Langmuir (b), Freundlich (c), and Dubinin—Radushkevich (d).
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To better interpret the adsorption mechanism of MG onto
the material, the adsorption isothermal models such as Lang-
muir, Freundlich, Dubinin-Radushkevich (DR), and Temkin
were utilized. Here, the Langmuir model describes the
adsorption equilibrium between the adsorbent and adsorbate
in which the sorption takes place on a uniform surface with one
adsorbate molecular layer. The Freundlich model supposes that

Table 1 The fitting data specified from the adsorption isothermal
models of MG onto H* CReo-MOF-1

View Article Online
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the adsorption happens at the heterogeneous surface with
a non-uniform distribution of the adsorption heat over the
surface. The DR isotherm is used to depict the adsorption
mechanism with the arrangement of the Gaussian energy onto
the heterogeneous surface. In comparison, the Temkin model
includes a factor with respect to the interaction between
adsorbent and adsorbate. This model implies that the adsorp-
tion heat of all molecules in the layer would decline non-
linearly. The non-linear types of the four isothermal equations
are exhibited in eqn (S1)—(S4).}

Fig. 4b-d and S157 indicate the nonlinear fitting plots of the
adsorption models for the MG adsorption onto H' C Reo-MOF-
1. The fitting data are exhibited in Table 1. The nonlinear

Isothermal models Parameters Value . > . ) .
fitting coefficient of the Langmuir model (R* = 0.995) is larger
Langmuir gm (mgg™) 2604.1 than those of the Freundlich (R* = 0.960), DR (R* = 0.984), and
Ky (L mg ™) 0.0098  Temkin (R*> = 0.965) models. Notably, the theoretical adsorp-
. R 0995 tion capacity of MG calculated from the intercept of the Lang-
Freundlich 1/n 0.353 o di . 1 which i h cl h
Ke (mgg ' (Lg ") 263.91 mu1r. lagram 1s 2604.1 mg g -, VZ ic .1s much close to the
R? 0960 experimental value (2533.1 mg g™ ). It is suggested that the
DR Kpr (mg g™ ") 0.181  adsorption monolayer of MG is generated at the boundary
_ R , 0.984  between the adsorbate and adsorbent. Also, the parameter
Temkin Iﬂ(T (Lmg™) Z';Z; derived from the Langmuir model is the separation factor of Ry,
R 0.965 (determined using eqn (S5)f), which is recognized as an
(a)
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Fig.5 The kinetic diagram for the adsorption of the MG dye over H* cReo-MOF-1 (a); data fitting with the adsorption kinetic model of pseudo

first order (b), and second order (c).
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important element in evaluating the adsorption favorability.*
Accordingly, the Ry, value is determined to be greater than zero
and less than 1 for the distinct initial concentration of MG. This
shows that the sorption process of MG onto H' C Reo-MOF-1 is
most likely to be beneficial and irreversible, which could be
attributed to the strong attraction of the active sites within
H'CReo-MOF-1 with the positively charged species and
electron clouds of the aromatic rings of the MG dye.**>*
Furthermore, the 1/n parameter calculated from the Freundlich
model reveals the favorable adsorption process of MG over
H'"CReo-MOF-1.

3.5 Adsorption kinetics

As given in Fig. 5a, the MG adsorption uptakes over H' CReo-
MOF-1 rise promptly during the first 30 min and reach the
equilibrium level after 60 min. This fast uptake rate is prom-
inent and wishes for real-life applications to overcome the
current limitations of traditional adsorbents. The factors can
influence the adsorption property of the material, such as
chemical reaction and dispersal rate. Hence, the investigations
on the adsorption kinetics were carried out by using the pseudo
first order, pseudo second order, and intra-particle diffusion
models (see eqn (S6)—(S8)7).

Herein, the hypothesis of the pseudo first order model is that
the adsorption rate is decided by the surface. Meanwhile, the
pseudo second order model assumes that the adsorption is
dominated by the interaction between the functional groups
within the material and the adsorbates. The fitting diagrams
and parameters are clearly indicated in Fig. 5 and Table 2. The
nonlinear fitting coefficient of the pseudo second order (R* =
0.999) for the MG adsorption onto H' CReo-MOF-1 is larger
than that of the pseudo first order model (R*> = 0.986). Thus, the
adsorption of MG over H' CReo-MOF-1 is a chemisorption
process governed by the exchange or sharing of valence elec-
trons via the electrostatic attraction between the positively
charged MG ions and the negatively charged SO;~ groups
within the framework as well as the mw-m interactions of the
electron clouds in the aromatic ring between the adsorbent and
adsorbate.*>**

Table 2 Pseudo first order, second order model, and intra-particle
diffusion model parameters for the MG uptake over H* CReo-MOF-1

Kinetic models Parameters Value
Pseudo first order Geexp (Mg g™ ) 313.0
Geca (Mg g™ ") 298.2
k; (min™") 0.273
R 0.986
Pseudo second order Gecal (Mg g™ ") 320.1
k, (g mg ' min ) 2300
R 0.999
Intra-particle diffusion
The first stage ki (g mg™' min™) 102.6
R 0.999
The second stage kir (g mg™" min™) 19.72
R 0.998
The third stage kiz (g mg™" min™) 6.667
R 0.995
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The results in Fig. S167 exhibit that the MG uptake onto
H' CReo-MOF-1 is happened through three stages, with the rate
constant values decreasing from k;; to ki3.**** This can be
explained by the difference in the MG diffusion rate during the
three steps. Accordingly, the MG molecules move rapidly from
the solution to the outer surface of H' CReo-MOF-1 material
until reaching the saturated state in the first stage. Then in the
second stage, the MG molecules enter the internal surface of
H"CReo-MOF-1 with an increase in the diffusion resistance.
Finally, in the third stage, the MG molecules diffuse slowly into
the pore of H' C Reo-MOF-1 and strongly interact with the active
sites of the framework until the equilibrium is established. It is
realized that the third step is slow, but it is not a controlling step
of the adsorption process because its straight-line type does not
go through the initial position.*®

3.6 Reusability study

The regeneration of the adsorbent is considered an economic
factor in decreasing material costs. Herein, the reusability of
H' CReo-MOF-1 in the MG uptake was conducted eight times.
The data in Fig. 6 shows that the MG adsorption uptake reaches
up to 94% after eight cycles. It is clear that H' C Reo-MOF-1 is
easily regenerated after the adsorption process without signifi-
cant loss of adsorption uptake.

Remarkably, the accomplished regeneration of H'CReo-
MOF-1 was confirmed by the FT-IR spectra, PXRD, and TEM
analyses. Noteworthy, the PXRD patterns of H' CReo-MOF-1
before and after the desorption of MG dye (Fig. S187) exhibit
a high correspondence. The characteristic bands of H' CReo-
MOF-1 after the MG desorption are insignificant difference in
comparison with the sample before the MG adsorption
(Fig. S177). Moreover, neither morphology nor nanometer-scale
changes are observed after recycling, as given in Fig. S11 and
S12.7 These achieved results demonstrated that H' € Reo-MOF-
1 material could be utilized as an effectively reusable material in
removing toxic dyes from wastewater.

100 -

80 - —

60 —

Uptake (%)

1 2 3 4 5 6 7 8
Cycle

Fig. 6 The reusability of H* CReo-MOF-1 in the MG uptake process.
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Table 3 Summary of the maximum MG adsorption capacity of
H* cReo-MOF-1 and the other adsorbents

Material Gmax (Mg g™ ") Ref.
GHBR activated carbon 259.5 30
NaX nanozeolites 347.0 31
Glyricidia sepium 230.5 48
Rice-bran 147.5 49
PMNPs 81.2 50
Coconut AC 91.2 51
Oyster mushroom 32.3 52
Wood apple 80.65 53
Cu-MOFs-2 185.4 54
Cu-MOFs/Fe;0, 113.7 55
MIL-53(Al)-NH, 164.9 56
MIL-68(Al) 153.8 57
NH,-MIL-101(Al) 274.4 58
ZIF-8 1667.0 59
DUT-52 20.9 This work
H' CReo-MOF-1 2532.1

To further estimate the highlight of this material, the
maximum MG adsorption capacity of H'CReo-MOF-1 was
compared with the other adsorption materials (Table 3). As

(@
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expected, H' C Reo-MOF-1 has the highest adsorption capacity
in comparison with the other materials. This can be confirmed
that the SO;~ groups combined with the suitable pore size
within H" CReo-MOF-1 play a vital role in the MG capture.

3.7 Proposed adsorption mechanism

Owing to the presence of SO;H groups packed densely within
the structure incorporated with a suitable pore diameter of
H'CReo-MOF-1, the adsorption mechanism of MG can be
considered through the interactions, including electrostatic
and m-7 interactions. To prove this hypothesis, we conducted
a series of additional analyses such as FT-IR spectra, Raman
spectroscopy, PXRD, and TGA-DSC.

In detail, the FT-IR spectrum of MG C Reo-MOF-1 reveals that
the characteristic vibrations of the C=0 and S=0 moved to the
lower frequency ranges at 1554 and 1166 cm ', respectively
(Fig. 7a). This result indicates the effective interaction between
the SO;~ moieties and the cationic MG ions, leading to the
formation of the chemical bond of the MG" ions with sulfonic
groups. This phenomenon is in good accordance with the
previous studies.”*** Furthermore, Raman spectroscopy of
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Fig. 7 Fourier transform infrared spectroscopy of MGC Reo-MOF-1 (red) as compared to H" € Reo-MOF-1 (black) (a); Raman spectroscopy of

MG C Reo-MOF-1 (red) in comparison with H* € Reo-MOF-1 (black) (b); powder X-ray diffraction analysis of MG C Reo-MOF-1 (MG solution with

CHCls) (blue), activated H* € Reo-MOF-1 (red) in comparison with simulated Reo-MOF-1 (black) (c); TGA diagram (black) and DSC curve (red) of

activated MGC Reo-MOF-1 (d).
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MG CReo-MOF-1 is measured and illustrated in Fig. 7b. The
new bands are also found at 1596, 1116, and 1032 cm™*, cor-
responding with the vibrational modes of C=0 and S=O,
which present in the MGCReo-MOF-1 spectrum, but are
appeared at different positions in the H'CReo-MOF-1 range.
This again proves the electrostatic attraction of the negatively
charged SO;™ sites with the positively charged MG ions.
Particularly, the signal derived from the C=C vibration in the
benzene ring of MG CReo-MOF-1 emerges at another position
of 1154 cm ™' compared to H' C Reo-MOF-1. It can be supposed
that the m-m interactions are generated by the attraction
between the conjugated planar of the MG molecules and the
channel wall of the material.**

To further demonstrate the w-m interactions within the
framework, H' CReo-MOF-1 is immersed in the MG solution
with chloroform as a non-polar solvent. Herein, we use chlo-
roform solvent for preparing the MG solution to facilitate the
generation of the neutral forms of the MG dye and Reo-MOF-1.
In fact, the structural order of the activated H'C Reo-MOF-1
sample is lost during activation by the high flexibility of
sulfonic groups.** Hence, we wish that if the MG molecules are
successfully entered into the framework of Reo-MOF-1, its
architecture will remain after activation. The PXRD analyses are
performed to evaluate whether the MG dyes are anchored inside
the structure of Reo-MOF-1. As a result, the PXRD pattern of
activated MG CReo-MOF-1 (soaked in the MG solution with
chloroform solvent) is in good agreement with the simulated
Reo-MOF-1. This can confirm that the neutral MG molecules are
absorbed onto the backbone of H' C Reo-MOF-1 via m-7 inter-
actions (Fig. 7c¢).

In addition, the presence of the MG molecules within
H' CReo-MOF-1 was inspected by the TGA curve under dry air.
As given in Fig. 7d, the TGA diagram and DSC curve exhibit
a weight loss of 5.1 wt% from room temperature to 200 °C,
corresponding to a maximum endothermic peak at 158.9 °C.
This is attributed to the release of coordinated water within
the clusters. From 200 to 650 °C, a steep drop appeared and
confirmed the loss of the MG molecules from the structure
and the framework decomposition, which are clearly illus-
trated by the considerable exothermic signals at 482.3, 503.4,
and 582.3 °C.

4. Conclusion

In summary, a Zr-based MOF with reo topology containing the
dense distribution of SO;H groups combined with relevant pore
window diameter was successfully synthesized and studied for
its adsorption property of the MG uptake. It is noted that the
maximum adsorption capacity for the MG dyes over H" C Reo-
MOF-1 is achieved to be 2532.1 mg g~ ' at a neutral pH. To
the best of our knowledge, this value is much higher than the
previously reported materials in the MG uptake. The data from
the adsorption isothermal and kinetic models reveal that the
MG removal is highly correlated with the Langmuir isotherm
and the pseudo second order models, which proposed a chem-
ical process during the MG uptake. Additionally, the recycling
experiments indicate notable adsorption in reusing the material
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for eight cycles. Especially the adsorption mechanism is eluci-
dated through the incorporated experiments and analyses. The
results show that the adsorption mechanism can be considered
via the electrostatic and m-m interactions. These findings
demonstrate that the Reo-MOF-1 material has a significant
promise to be used as a potential adsorbent for MG removal
from an aqueous medium.
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