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In this work, we introduce a novel defective analogue of the representative 6-connected zirconium-based
metal-organic framework (MOF-808), by employing 5-sulfoisophthalic acid monosodium salt (H,BTC-
SOzNa) as a defect inducer via a mixed-linker approach. The structural integrity and different
physicochemical properties were investigated by various characterization techniques, including powder
X-ray diffraction (PXRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and
nitrogen physisorption at 77 K. Additionally, proton nuclear magnetic resonance (*H-NMR), energy-
dispersive X-ray (EDX), and inductively coupled plasma optical emission spectroscopy (ICP-OES) were
employed to confirm the presence of 6.9 mol% of the 5-sulfoisophthalate ligand within the highly

crystalline MOF-808 structure. The defective material exhibited significant enhancements in the removal

iizggfe% 11?&?23 gg;j efficiency of various organic dyes, including approximately 64% and 77% for quinoline yellow and sunset
yellow, and 56% and 13% for rhodamine B and malachite green, compared to its pristine counterpart.

DOI: 10.1039/d4ra02803a Importantly, the defective MOF-808 showed a remarkable selectivity toward anionic species in binary-
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1 Introduction

Water is a fundamentally crucial element for the survival and
development of living organisms. However, the rapid industri-
alization of many sectors has caused the increased discharge of
synthetic organic dyes in wastewater."* These dyes have
intrinsic toxicity, low biodegradability, and hinder sunlight
penetration, leading to numerous detrimental impacts on both
aquatic ecosystems and living bodies.>® Hence, the need for
effective treatment of wastewater effluent containing dye
molecules has drawn considerable attention in science and
technology.”® Among the available remediation techniques,
adsorption stands out as a simple operation and cost-effective
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component dyes comprising both anionic and cationic dyes.

method to remove organic dyes from water as compared with
other pathways such as chemical coagulation, membrane
separation, electrolysis, biological methods, and advanced
oxidation.®™ One of the key factors responsible for the efficacy
of the adsorption process is the rational design of novel
adsorbents with high sorption capacities and selectivity.***
Metal-organic frameworks (MOFs), as inorganic-organic
hybrid materials characterized by a remarkable internal surface
area and high porosity, have been intensively investigated in
a myriad of fields, including adsorption, catalysis, and gas
storage.”** Recently, many attempts have been focused on
using water-stable MOFs to remove hazardous contaminants
from aqueous solutions.*®"” The adsorption capacity of MOFs is
associated with their specific surface area and functional group
density. In addition to their large specific surface area, incor-
porating modified organic ligands at the molecular level to
introduce functional groups into the pore channels of MOFs is
recognized as an effective approach to design the functionalities
of channels and pore sizes. These modifications can enhance
the adsorption capability by maximizing functional density on
a finite surface area.®' Notably, MOF-808, a Zr(w)-
carboxylate-based MOF, possesses intriguing properties,
namely remarkable water stability, high surface area, and large
pore aperture. MOF-808 is constructed based on Zrg oxo-clusters
which acquires six active nodes to link with 1,3,5-benzene-
tricarboxylic acid (H;BTC) ligands. This coordination mode
results in six unsaturated metal sites accessible for interactions
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with targeted guest molecules, along with its versatile func-
tionalization capabilities tailored to specific needs, making
MOF-808 a promising candidate for environmental
purposes.”**® Several studies have explored its selective
adsorption properties in both aqueous and gaseous phases,
including CO, capture from off-gas using ethylamine-
functionalized analogues,* recovery of Pd(n) ions in acidic
solutions,” and Hg(u) removal from wastewater with thiol-
functionalized MOF-808.%° The selective adsorption of organic
dyes has been also reported in several studies, in which MOF-
808 showed clear affinity towards anionic dyes.'>'”*” Addition-
ally, a recent study has highlighted the effectiveness of defect-
engineered MOF-808 derivatives, functionalized with -NH,
and -OH groups, as adsorbents for the uptake of anionic dye
molecules in aqueous solutions, exhibiting a substantial
improvement up to 60% compared to pristine MOF-808, while
showing negligible enhancement in the case of cationic
molecules.™

Although MOF-808 and its derivatives have demonstrated
efficacy as selective adsorbents for anionic species, the investi-
gation concerning their utilization in binary dye mixtures
remains limited. Therefore, in the present work, we introduced
a functionalized variant of MOF-808 material, denoted as MOF-
808-S, by directly introducing 5-sulfoisophthalic acid sodium
salt (H,BTC-SO;3Na) into the MOF-808 structure via a one-pot
solvothermal approach. This method aimed to integrate more
positively-charged binding centers in the MOF-808 structure to
enhance the dye adsorption process. We investigated the
adsorption performance of the sulfonate ligand-defected MOF-
808 for both cationic and anionic dyes by screening the influ-
ence of the exposure time and initial dye concentration. Addi-
tionally, the selective adsorption of the defective material in
binary dye mixtures was evaluated in comparison to pristine
MOF-808.

2 Materials and methods
2.1 Materials and reagents

All chemicals including zirconium(v) oxychloride octahydrate
(zrOCl,-8H,0 - 97.0%), 1,3,5-benzenetricarboxylic acid (H;BTC
- 98.0%), 5-sulfoisophthalic acid sodium salt (H,BTC-SO;Na —
98%), N,N-dimethylformamide (DMF - 99.8%), formic acid
(HCOOH - 88% in water), acetone (C,H¢O - 99.7%), acetic acid
(CH3COOH - 99.5%), ammonia (NH; - 25% in water), quinoline
yellow (denoted as QY, C;3sHoNNa,0gS, — 95.0%), sunset yellow
(denoted as SY, C;6H;oN,Na,0,S, - 90.0%), malachite green
(denoted as MG, C,3H,5CIN, - 90.0%), and rhodamine B
(denoted as RhB, C,gH3;CIN,0; — 90.0%) were purchased from
commercial suppliers (Sigma-Aldrich, Acros Organics, and
Fisher Scientific) and utilized in their original form without
further purification.

2.2 Synthesis of the sulfonate ligand-defected MOF-808

The synthesis of sulfonate ligand-defected MOF-808 was con-
ducted according to the previous report.” In a typical procedure,
1,3,5-benzenetricarboxylic acid (H;BTC; 0.135 g, 0.645 mmol) 5-
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sulfoisophthalic acid sodium salt (H,BTC-SO;Na; 0.058 g, 0.215
mmol) and ZrOCl,-8H,0 (0.81 g, 2.51 mmol) were dissolved
using 75 mL of the mixture of dimethyl formamide (DMF) and
formic acid (1:1 v/v) in total. The mixture was then mixed and
put in the oven for 72 h at 80 °C. The solid was collected and
washed with DMF (3 x 30 mL) and acetone (3 x 30 mlL),
respectively at room temperature. The obtained product was
eventually activated at 120 °C for 5 h under a reduced pressure,
yielding a white powder, which was denoted as MOF-808-S.

To compare defective material in the capture of organic dyes,
the original MOF-808 was synthesized by employing the modi-
fied procedure.” A mixture of ZrOCl,-8H,O (0.81 g, 2.51
mmol) and 1,3,5-benzenetricarboxylic acid (0.18 g, 0.86 mmol)
was dissolved in 75 mL of the mixture of DMF and formic acid
(1:1 v/v). The resulting mixture was kept at 80 °C. A white
powder of MOF-808 was observed after 72 h. The product was
collected and washed with DMF (3 x 30 mL) and acetone (3 x
30 mL), respectively. MOF-808 was activated under a reduced
pressure at 120 °C for 48 h before employing as an adsorbent.

2.3 Characterization of the prepared materials

Powder X-ray diffraction (PXRD) analyses were conducted on
a Bruker Advance D8 diffractometer (Bruker AXS, Germany),
which was equipped with monochromatized Cu-Ke. radiation (A
= 1.5418 A), operated at 40 kv and 40 mA, room temperature.
The data were collected in the 26 range of 2-30° with a scan rate
of 0.5° min~ " and a step size of 0.01°. The cell parameters and
crystallite size were determined based on five reflections (1 1 1),
(311),(222),(400), and (3 3 1) from the obtained XRD
patterns.'>?

Prior to scanning electron microscopy/energy-dispersive X-
ray spectroscopy analysis (SEM/EDX), the sample was
prepared on holey carbon grids. The measurements were per-
formed on a Hitachi SU 8010 FESEM with a magnification of
250 00x at an accelerating voltage of 10 kv.

Nitrogen physisorption measurements were conducted on
a Micromeritics ASAP 2020 volumetric adsorption analyzer
system. The sample was activated at 120 °C under vacuum for
5 h before the isotherm adsorption/desorption was carried out
at 77 K using high-purity nitrogen gas. Surface area of the
sample was determined based on the Brunauer-Emmett-Teller
(BET) model within the relative pressure range of 0.01-0.10 p/p,.
And, the density functional theory (DFT) method was employed
to investigate the pore size distribution of the prepared
materials.

Thermalgravimetric analysis (TGA) was investigated using
a Mettler Toledo TGA/DSC Stare System that was interfaced with
a PC through Stare software. The sample was placed in an
alumina pan and heated at a rate of 5 °C min~" in an air envi-
ronment from 30 to 850 °C.

The UV-Vis absorbance was measured using a Thermo
Scientific G10S UV-Vis instrument. The standard curves were
used to determine the dye concentration in aqueous solutions.
These curves showed the correlation between concentration
and absorbance measured at the maximum absorbance wave-
length of the organic dyes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For proton nuclear magnetic resonance (1H—NMR) analysis,
the activated sample was digested using 5 drops of deuterated
hydrochloric acid (DCl, 20 wt% in D,0) and 15 mg of CsF in a 5-
mL polypropylene vial at room temperature for 6 h. Deuterated
DMSO (DMSO-ds) was added to the obtained solution prior to
each NMR measurement. A Bruker spectrometer was employed
to record "H-NMR spectra at 600 MHz. Chemical shifts (ppm)
were referenced to tetramethyl silane.

2.4 Adsorption studies

The MOF-808-S was used for the adsorptive removal of cationic
dyes (rhodamine B and malachite green) and anionic dyes
(quinoline yellow and sunset yellow) (Table S17). In a typical
procedure, 10 mg of activated MOF-808-S was added to 15 mL of
a single-dye solution. The resulting mixture was stirred at room
temperature for 300 min. After centrifugation, the pH of the
obtained solution was adjusted to the initial value by adding
a diluted acetic acid or ammonia solution to avoid the effect of
pH on the UV-Vis absorbance data. To investigate the factors
affecting the performance of the MOF-808-S material, the
adsorption conditions, including time and concentration of
organic dyes, were varied. Furthermore, the adsorption capac-
ities and selectivity of MOF-808 and MOF-808-S in an aqueous
mixture of organic dyes were compared upon time-dependent
UV-Vis analysis for the solution.

For the recycling test, the adsorption experiment was carried
out in the single-dye solution with an initial concentration of
1000 ppm. The MOF adsorbent was separated from the mixture
by centrifugation, washed three times with pure ethanol and
acetone containing 5 vol% HCI, and subsequently rinsed three
times with pure acetone. The activation procedure was per-
formed at 100 °C in 5 h before the material was reused for the
next adsorption cycle.

Based on the results of the time-dependent adsorption, the
adsorption kinetics was investigated using first-order and
second-order kinetic models (eqn (1) and (2), respectively). The
first-order model describes the physical adsorption process and
the diffusion stage, which governs the adsorption rate. In
contrast, the quadratic model is based on the assumption that
chemisorption is the primary step determining the rate of the
adsorption process.?®

In(Q. — Q) =In Q. — kit 1)

t 1 1 ; )

0 koo ®
where Q. is the adsorption capacity at the equilibrium (mg g~ ),
Q. is the adsorption capacity at time ¢ (mg g~ '), k; and k, are the
rate constants of first and second-order adsorption models
(L min™").

The design of adsorption systems depends on the adsorption
isotherm. The data provide helpful information on the inter-
actions between solutes and adsorbents as well as the quantity
of adsorbent required to remove a unit mass of a pollutant
under specific circumstances. The empirical Langmuir
isotherm is acceptable when the surface adsorption takes place
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in a monolayer and a homogenous state. It is stated mathe-
matically as eqn (3).>%

L B
Qc QmKLCc Qm

where g, (mg g~ ') is the monolayer sorption capacity of the
adsorbent. K, (L mg ") is the Langmuir constant related to the
adsorption energy. C. is the pollutant concentration in the
liquid phase at equilibrium (mg L™%).

Adsorption of adsorbents on heterogeneous surfaces, which
is considered to involve multilayer and reversible adsorption on
the active sites of the adsorbent, is the foundation of the
Freundlich isotherm model.** The linear Freundlich equation is
expressed by eqn (4).

(3)

In(Q.) = %ln Ce + In K¢ (4)

where Kr is the Freundlich constant. n is the experimental
parameter.

3 Results and discussion
3.1 Material synthesis and characterization

In this study, the synthesis of MOF-808 and its defective analogue
(MOF-808-S) was carried out using the solvothermal method at
80 °C in 72 h. The reaction scheme for the formation of these
materials is presented in Fig. 1. The procedure proved high
effectiveness in forming high-quality MOF-808 crystals and
enhancing the accessibility of guest linkers into MOF-808.">"7
The recorded XRD patterns of the pristine and sulfonate-defected
MOF-808 materials provided insight into the crystalline structure
(Fig. 2). The XRD patterns of the pristine MOF-808 are similar to
the previously reported MOF-808 structure with the peaks at 20 =
4.34, 8.35, 8.6, 10.1, and 10.9°, corresponding to the crystal
planes of (111), (311), (222), (400), and (331), respectively. Sharp
and well-defined shape of these peaks indicated the high crys-
tallinity and phase purity of the MOF-808 framework, in good
accordance with the literature.>*** The PXRD patterns of the
sulfonate-defected MOF-808 are similar to that of the pristine
counterpart, suggesting that this defective MOF-808 also
possessed high crystallinity. However, a slight left shift to lower
angles about 0.1° was observed on the PXRD pattern of the
defective MOF-808 in comparison to the pristine material. This
reflected a cell expansion from 35.28 to 35.36 A for the cell
parameter and 43 912 to 44 212 A® for the cell volume (Table 1),
which could be caused by the introduction of functionalized
ligands in the framework.'>**** In fact, the cell expansion by the
appearance of defect inducers located close to Zre-clusters might
lead to a significant crystallinity decrease for the material.
However, the observed sharp and high-intensity peaks in the
PXRD profile of the defective sample could imply that the pres-
ence of sulfonate groups with a modest amount just gave
a negligible effect on the crystallinity of the MOF-808 framework.
On the other hand, the steric effect of the sulfonate groups could
also result in missing-cluster defects to remain a highly ordered
and stable structure in the framework (Fig. 1). SEM images of the
pristine and defective MOF-808 materials (Fig. 3) revealed

RSC Adv, 2024, 14, 16389-16399 | 16391
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Fig. 1 Synthesis of pristine MOF-808 and its defective analogue (MOF-808-S).
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Fig. 2 PXRD patterns of calculated MOF-808 (a); as-prepared MOF-
808 (b) and as-prepared MOF-808-S (c). * The single crystal data was
referred from ref. 23.

a similar morphology. Both samples involved well-defined octa-
hedral crystals, which is a morphological result of the formic
acid-modulated synthesis procedure.*>*® In fact, simple mono-
carboxylic acids, including formic acid, acetic acid, and benzoic

acid are commonly utilized to slow down the nucleation rate and
facilitate the framework self-repair, thereby leading to the
formation of high-quality MOF-808 crystals.*”*® The average
crystal size was observed to be around 1000 nm for the pristine
MOF-808 and 950 nm for the defective one. Evidently, intro-
ducing the sulfonate linker in the synthesis procedure did not
significantly alter the octahedral morphology of MOF-808 crys-
tals, consistent with previous reports employing various mixed
linkers at low quantities.”>* The additional EDX analysis showed
the presence of S (0.2 to 0.4 wt%), confirming the incorporation
of the sulfonate group with the content of 4.3-8.6 mol% in the
defective MOF-808 structure (Fig. 4).This obtained content was
generally low, leading to the absence of sulfonate based signals
in the FT-IR spectra of the defective sample (Fig. S1+).

To further confirm the presence of sulfur derived from the
defective inducer in the MOF-808 structure, ICP-OES analysis
was conducted. As expected, the sulfur element, indicative of
the presence of 5-sulfoisophthalic acid sodium salt ligand in the
digested defective sample, was recorded at approximately
7.7 mol% (0.36 wt%) consistent with the EDX-based sulfur
content while the sodium element was detected at a negligible
percentage (below 0.01 wt%). This observation can be explained
by the fact that despite the use of the defective linker in

Table 1 Cell parameters and textural properties of MOF-808 and its defective analogue

Cell parameter® Cell volume* Crystal size® Surface area” Pore volume*® Pore diameter®
sample @) @) (nm) (m?g ) (em’ g ) @)
MOF-808 35.28 £ 0.02 43912 £ 75 1065 £ 5 1411 14.2 17
MOF-808-S 35.36 £ 0.02 44212 £ 75 952 + 5 1628 16.2 17

“ Cell parameters were calculated for five reflections (11 1), (31 1), (2 2 2),

(400),and (3 3 1) on the XRD patterns. ” Surface area was based on the

BET formula and N, adsorption data in the range of P/P, from 0.08 to 0.24. © Pore volume and pore diameter were determined via the DFT method.
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Fig.3 SEMimages of MOF-808 (a and b) and defective MOF-808-S (c
and d).

Fig. 4 EDX elemental mapping of MOF-808-S.

a monosodium salt form (H,BTC-SO3;Na), the acidic environ-
ment in the synthetic phase might promote the protonation of
the sulfonate linker, yielding its acid form.

The appearance of the defective inducers in the MOF-808
framework was also investigated by 'H-NMR spectroscopy.
The amount of the defective linker was determined upon the
signal assigned to protons directly attached to the specific
positions of the benzene ring.*»* In the "H-NMR spectrum for
the MOF-808-S sample (Fig. 5), additional proton signals were

OH Hc OH

B Formic acid

u A DMF
|
| H, H, A

855 845 835 825 815 805 7.95 7.85 7.75 7.65 1.5
1 (ppm)

0.81

885 875 8.65

Fig. 5 'H-NMR spectrum of digested MOF-808-S.
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observed due to the asymmetrical structure of H,BTC-SO;H
compared to that of MOF-808, which contained only the
symmetrical tricarboxylate linker (Fig. S21). The largest signal
(61a ~8.63 ppm) represented the three aromatic protons (H,) of
H;BTC while other two signals were assigned to those of H,BTC-
SO3;H. Namely, two protons denoted as Hy, (0yp ~8.32) were
attached to the ortho-carbons while the last proton denoted as
H. (6y ~8.38) was linked to the para-carbon of H,BTC-SO3H.
The Hy: H, integration ratio of 1:2 completely matched with
the corresponding proton number in its molecular formula.
Notably, based on the integration of characteristic proton peaks
in H;BTC and H,BTC-SO;H species, it was determined that the
sulfonate linker incorporated into the defective MOF-808
occupied 6.9 mol%. It should be noted that the number of
defects remained nearly unchanged in the case of further
increasing the sulfonated linker amount during the synthesis
phase. This result closely resembled previous reports involving
the introduction of additional detective sites into MOF-808 and
other Zr-based MOFs by mixed-linker methods, where achieving
higher defect levels was proven to be challenging and could
potentially result in the structural collapse."*° In fact, the MOF-
808 was built from typical 6-connected Zr-clusters, which could
be considered as a reduced connectivity form of the idealized
12-connected Zr-nodes. In other words, introducing additional
defects by employing bidentate linkers instead of tritopic
ligands (H;BTC) could further decrease the coordination of Zr-
clusters, leading to the formation of less stable frameworks.
Both pristine MOF-808 and MOF-808-S showed the typical
type-1 nitrogen physisorption isotherms, characterized by the
rapid adsorption of N, at p/p, < 0.1 followed by a plateau at p/p,
> 0.1 (Fig. 6). This behavior indicates highly microporous
structures, with an average pore size of 17 A for the samples
(Fig. 7). While the partial replacement of the original H;BTC
linker with an asymmetric one had no notable impact on the
pore size distribution, the presence of defective sites signifi-
cantly enhanced the nitrogen uptake and surface area of the
MOF-808 material. Particularly, the BET surface area of
sulfonate-defected MOF-808 was determined to be 1628 m* g™,
showing a 15% increase compared to that of the pristine MOF-

600

400

Quantity adsorbed / cm*/g STP

200
--MOF-808-S
--MOF-808
0 T T T T T T T T T
0 0.2 0.4 0.6 0.8 1

Relative pressure / p/p,

Fig. 6 Nitrogen physisorption isotherms at 77 K of MOF-808 and
MOF-808-S.
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Fig. 7 Pore size distributions of MOF-808 and MOF-808-S.

100

808 (1411 m> g '). Moreover, the total pore volume was
improved by approximately 10% (from 14.7 cm?® ¢~ in pristine
MOF-808 to 16.2 cm® g~ ' in MOF-808-S). These findings were in
line with recent reports on the incorporation of linkers of lower
connectivity in MOFs,'>*® and the increase in pore volumes may
contribute to the generation of more accessible open sites
within the material, enhancing its efficiency in removing
organic dyes from aqueous solutions.

Thermogravimetric analysis (TGA) was conducted to inves-
tigate the thermal behavior of MOF-808 and MOF-808-S
(Fig. S3t). An approximately 5% weight loss below 100 °C was
due to the removal of free solvent molecules (formic acid,
acetone, and water) caused by air humidity and potentially
suboptimal evacuation during the activation step. Subse-
quently, the removal of the bound solvent molecules from the
framework pores was completed up to 300 °C. Gradual
decomposition of the organic components of both MOF-808
and MOF-808-S was observed from around 350 °C, leaving
ZrO, as a residue at 550 °C."”*" Interestingly, the final residual
weights in the case of MOF-808-S were determined to be
approximately 47.7%, it was higher than that value of the MOF-
808 sample by about 2.5%, which can be assigned to the pres-
ence of the sulfate salt-based residues, which could be formed
from the oxidation of the defective inducer. In a recent study,
incorporating defective linkers could be also observed by
changes in TGA profiles as there was a clear difference in the
nature and molecular weights of the used linkers.*” In general,
the generated defects in this work had no major impacts on the
thermal behavior of the material due to only a small amount of
the defective inducer incorporated into the MOF-808 structure.

3.2 Adsorption studies

The adsorption behavior of MOF-808-S was investigated by
adding 10 mg of the material into 15 mL of the 500-ppm
aqueous solution containing either a cationic or anionic dye
(Table S11). The experiment was first carried out at 25 °C in
different interval contacting times from 5 to 300 min. The
adsorption capacity increased rapidly within the initial 5 min,
then slowed down and reached the equilibrium at approxi-
mately 120 min afterwards, indicating the efficient removal of
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Fig. 8 Effect of contact time on adsorption capacity of MOF-808-S
(Experimental conditions: activated MOF-808-S 10 mg, dye solution
500 ppm 15 mL, pH 6.5).

the organic dyes from the aqueous solution (Fig. 8). It could be
explained by the vast availability of adsorptive sites promoting
the rapid uptake process. Once those binding centers were
occupied by dye molecules, the diffusion into the internal
channels of the material was required, which resulted in
a slower adsorption rate until an equilibrium was reached. The
trapping capacity for anionic dyes was significantly dominant as
compared with those of cationic dyes. In particular, the uptake
capacities with respect to quinoline yellow (QY), sunset yellow
(SY), rhodamine B (RhB), and malachite green (MG) were 722,
650, 182, and 259 mg g ', respectively. No further improve-
ments in the adsorption capacity were achieved with the
extension of time. It should be noted that the defective mate-
rials exhibited outstanding selectivity towards removing anionic
species versus cationic ones. This could be rationalized that the
presence of engineered acidic sites contributed to the enhanced
attraction between MOF-808-S and negatively-charged dye
molecules. The observations were in good agreement with the
results of selective adsorption using acid-modified UiO-66,*>*
as well as our recent report on MOF-808 analogues incorporated
with amino- and hydroxyl-functionalized linkers."

The impact of initial dye concentrations on the dye adsorp-
tion performance of MOF-808-S varied from 0 to 2000 ppm was

~
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<
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=
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0 400 800 1200 1600
Concentration / ppm
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Fig. 9 Effect of initial dye concentration on adsorption capacity of
MOF-808-S (experimental condition: activated MOF-808-S 10 mg,
contact time 120 min, dye solution 15 mL, pH 6.5).
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carried out. As can be seen in Fig. 9, the uptake efficiency
significantly enhanced, particularly approx. up to 5 times from
150 to 722 mg g~ " in the case of QY, with the increase of initial
dye concentration, indicating the dependence of the adsorption
performance on the dye concentration. The concentration
gradient was the driving force for the mass transfer of the
organic dyes to proceed from the solution towards the adsor-
bent framework. However, there was no significant improve-
ment in the trapping capacity for QY and MG at concentrations
higher than 500 ppm or for SY and RhB at concentrations
higher than 1000 ppm, suggesting that the binding sites could
possibly no longer be available and the adsorption process
reached a plateau. The maximum values of 722 and 259 mg g~ *
for QY and MG, respectively, were obtained at the initial dye
concentration of 500 ppm while the maximum uptakes of 755
and 247 for SY and RhB, respectively, were reached at the initial
dye concentration of 1000 ppm.

The adsorption interaction between MOF-808-S and organic
dye molecules adsorption data was investigated by applying the
time-dependent adsorption results to the pseudo-first-order
and second-order kinetic models (eqn (1) and (2)). The deter-
mination coefficients (R?) of the pseudo-second-order model of
the adsorption experiments were calculated to be higher than
0.99, whereas those of the pseudo-first-order model were in the
range of 0.57-0.88 (Fig. S4 and S57). Furthermore, the equilib-
rium uptake capacity (Qeca) estimated by the pseudo-second-
order model closely matched the experimental data compared
to predictions by the pseudo-first-order one (Table S27).
Therefore, it could be concluded that the adsorption of the dyes
onto MOF-808-S proceeded in the pseudo-second-order model
and the rate-limiting step involved a combination of physical
and chemical adsorption mechanisms. This might be related to
not only physical adsorption and penetration of dye molecules
into the porous structure but also other adsorption mecha-
nisms, such as m-m stacking interactions between aromatic
structures of dye molecules and the ligand backbones,
hydrogen bonding interactions between the polar functional

View Article Online
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groups of dye molecules and the surface of MOF-808-S, and
electrostatic attraction, which could be significantly enhanced
by the presence of positively or negatively charged centers in the
frameworks (Fig. 10).>*>*>** The addition of sulfonate-
functionalized linker in the preparation of MOF-808, thereby
introducing more acidic sites into the structure, facilitated
higher uptake and faster adsorption rate in anionic compounds
than cationic ones.

Besides, the concentration-dependent adsorption results
were fit to the Langmuir and Freundlich models (eqn (3) and
(4)) to investigate the distribution of adsorbates in the MOF-808-
S structure. While the Langmuir isotherm describes monolayer
adsorption on a uniform surface, the Freundlich isotherm is
associated with the adsorption on a heterogeneous surface with
multilayer adsorbate distribution.”*** The experimental data
was found to have higher determination coefficients (R*) upon
fitting with the Langmuir model (Fig. S6 and S77). This result
suggested that the Langmuir model was more suitable to
describe the interaction between dye molecules and the defec-
tive MOF material, in which the adsorptive sites of MOF-808-S
could be located on a uniform surface and the trapped dye
molecules formed a monolayer. According to the Langmuir
model, the maximum adsorption capacities were calculated to
be 770, 784, 301, and 383 mg g ' for QY, SY, RhB, and MG,
respectively (Table S371), which were only slightly higher than
the experimental data. Besides, the Langmuir binding constant
K;, indicates interaction between the adsorbates and the
adsorptive surface.*® These values were significantly higher for
QY and SY in comparison to RhB and MG, suggesting stronger
interaction between anionic dye molecules and MOF-808-S,
which was in line with the fact that MOF-808 has positively
charged centers and the formation of additional acidic defective
sites would lead to increased affinity to anions and repulsive
force towards cations.

The adsorption capacity of MOF-808-S was compared to that
of MOF-808 under the same conditions (solution volume,
adsorbent dosage, and time). It can be seen from Fig. 11 that the

T interaction

trostatic
repulsion

Electrostatic
attraction

Fig. 10 Proposed interactions between defective MOF-808-S and quinoline yellow (a); sunset yellow (b); rhodamine B (c); malachite green (d).
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120 min, dye solution 15 mL, initial concentration 1000 ppm, pH 6.5).

defective analogue performed better than its pristine form,
especially with anionic dyes. MOF-808-S showed improvements
of around 66 and 74% in the uptake of the anionic dyes QY
(742 mg ¢ ') and SY (755 mg g "), respectively. It should be
noted that MOF-808, being a 6-connected Zr-MOF, has inherent
positively charged centers and therefore is more attracted to
anionic than cationic species.””** By introducing additional
defects through ditopic linker substitution, hence further
increasing the positive charge of the material, a significant
improvement in anionic dye removal was expected.** This
performance of defective MOF-808 with sulfonate ligand was
better than those of the analogues employed -NH, and -OH
groups as defect inducers which were previously reported.”
Furthermore, a notable enhancement in adsorption result was
also observed in the case of RhB, with an increased capacity of
up to 56% (247 mg g '), while this value was small at about 13%
(271 mg g~ ') for MG uptake. It can be suggested that two types
of adsorptive sites involved in the defective MOF-808-S might be
responsible for the interaction with the dye molecules. This
material exhibited remarkably enhanced uptakes for anionic
dyes but only minor adsorption improvements for cationic
ones. The favorable affinity to negatively-charged dyes such as
QY and SY can be related to the increasing open Zr-centers by
incorporating an asymmetric inducer in the framework. On the
other hand, the electron-rich oxygen atoms in the sulfonate
groups potentially attracted positively-charged dye species, for
example, RhB and MG (Fig. 10). Furthermore, the increases in
both surface area and pore volume via the introduction of
missing-linker defects could contribute to the boosted perfor-
mances for the adsorption of dye molecules.”**** Notably, in
terms of cationic dyes, the trapping improvement for RhB was
much more significant as compared to the case of MG. It should
be noted that unlike a typical cationic dye, RhB includes acid
and amine groups, thereby existing in both the neutral and
cationic form depending on the solution pH condition.***® This
feature might be an advantage for promoting the interaction of
the RhB species with the defective MOF-808 possessing
different adsorptive sites, which was not observed in the
case of MG.”

To further demonstrate the practical application of MOF-
808-S as an efficient adsorbent, its reusability was tested over
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Fig. 12 Recycling test of MOF-808-S (experimental conditions:
adsorbent 10 mg, contact time 120 min, dye solution 15 mL, initial
concentration 1000 ppm).

4 cycles. It should be noted that the recovery of the spent
material was challenging due to chemisorption between dyes
and the MOF. In fact, a single solvent, such as water, ethanol, or
acetone exhibited poor removal of the dye species from the MOF
framework. To improve the washing efficiency, a minor amount
of HCI (5 vol%) was added to acetone. The flexible protons from
the acid source could not only force the anionic dye species to
migrate from the adsorbent but also competitively replace the
cations in binding with the negatively-charged site in the MOF
framework. In addition, the proton-rich environment was able
to prevent the sulfonate groups and metal sites from the re-
adsorption of the dyes during the washing step.">** Subse-
quently, the material was re-activated under a reduced pressure
at 100 °C before being utilized in the next adsorption cycle. As
can be seen in Fig. 12, the adsorption capacity of the recovered
MOF-808-S for the tested dyes exhibited minor decreases (0.5-
3%) in the second cycle and the activity loss was more signifi-
cant (5-15%) in the subsequent cycles, which was possibly
attributed to the incomplete removal of the dye species from the
material and the collapse of the MOF framework."”*” The
presence of these dye molecules could be detected on the FTIR
spectra of the recovered MOF-808-S (Fig. S87).

Furthermore, a substantial decrease in the nitrogen adsor-
bed amount at 77 K was observed for the material after the forth
use (Fig. 13a); therefore, the surface area of MOF-808-S declined
from 1351 to 764 m> g~ '. However, the XRD patterns (Fig. 13b)
showed that the crystallinity of the reused materials only
experienced a modest decline, evidenced by the slight broad-
ening of diffraction signals, while the average pore width
remained in the range 17-18 A (Fig. S91). These results indi-
cated that the structure of MOF-808-S analogue remained
sufficiently stable for at least three recycling times.

To further investigate the selectivity, adsorption experiments
with binary anionic-cationic dye mixtures, including quinoline
yellow and rhodamine B were carried out. At a low concentration
(200 ppm of each dye), pristine MOF-808 just showed a slight
selectivity towards the anionic dye, with the removal of 53% and
31% of QY and RhB after 15 min, respectively. The equilibrium
was achieved after 120 min, affording 94% QY and 68% RhB
removal (Fig. S10at). In the case of MOF-808-S, approximately
99% of QY was rapidly trapped while 51% of RhB was remained

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Nitrogen physisorption isotherms at 77 K (a) and PXRD patterns (b) of fresh and reused MOF-808-S.

in the solution after 5 min of the adsorption course
(Figure S10bt). It was clear that at this concentration, where the
pore accessibility of MOF-808-S was capable of trapping all the
dye molecules, including both QY and RhB molecules (Fig. 9),
the adsorption took place with a high selectivity to the anionic
species. This result could be rationalized based on the increased
positive sites derived from the substitution of sulfonate linkers
playing as barriers to limit the accessibility of cationic species
into the pore. Consequently, MOF-808-S would tend to prioritize
trapping negative counterparts of quinoline yellow and only
capture cations of rhodamine B after all the anions were adsor-
bed. This also meant that if the number of QY molecules was
enough to fulfill the pore space, the RhB could not be trapped in
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0.3 QY S min
10 min

15 min

—30min
~——60 min
——120 min

2
¥
L

—— 180 min
——240 min
——300 min
——420 min

Absorbance

0.1 +

350 400 450 500 550 600 650
Wavelength / nm

Fig. 14 UV-Vis spectra of quinoline yellow-rhodamine B mixtures in
the presence of 500 ppm for each dye at various time intervals
employing MOF-808 as adsorbents.
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Fig. 15 UV-Vis spectra of quinoline yellow-rhodamine B mixtures in
the presence of 500 ppm for each dye at various time intervals
employing MOF-808-S as adsorbents.
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the MOF-808-S structure. To confirm this hypothesis, a specific
experiment employing higher concentrations of QY and RhB
(500 ppm of each dye) was investigated. Expectedly, while the
pristine analogue showed poor selectivity as both anionic and
cationic chromophores tended to adsorb almost simultaneously
and reach the removal efficiency of 53 and 67% for QY and RhB,
respectively, after 420 min (Fig. 14), MOF-808-S, in contrast,
showed clear preference towards QY, as 90% QY and just 20%
RhB was removed after only 120 min. And the capture efficiency
of QY reached approximately 95% while this value was only 23%
for RhB after 420 min (Fig. 15). Obviously, the appearance of
additional positive centers in the MOF-808 structure delayed the
adsorption of RhB molecules, thereby significantly promoting
the selectivity toward QY compounds. Nevertheless, it can be
seen from the obtained results that MOF-808-S demonstrated
superior selective adsorption of anionic dye molecules over
cationic ones. This not only proved the higher adsorption effi-
ciency of MOF-808-S in dye mixtures but also the stronger
selectivity towards anionic species, which were in good agree-
ment with some previous literature employing MOF-808 for
selective adsorption of dye mixtures.'>*"*

4 Conclusions

In summary, a defect-engineered analogue of MOF-808 was
successfully prepared via the mixed-linker strategy. The ditopic
defect-inducing linker 5-sulfoisophthalic acid was incorporated
into the framework at an approx. 6.9 mol% content. The ob-
tained material showed a specific surface area of 1628 m> g~
with a 15% improvement compared to pristine MOF-808. The
introduction of defect sites significantly enhanced the adsorp-
tion capacity of MOF-808-S, with increases of up to 64% (SY),
77% (QY), 56% (RhB), and 13% (MG) observed in the single-dye
removal experiments. When utilized as an adsorbent in binary
dye mixtures containing quinoline yellow and rhodamine B, the
defective material exhibited the notable selectivity for anionic
dyes, especially at a high dye concentration (500 ppm for each
dye). The study demonstrated that the incorporation of the
sulfonate linker even in a small quantity could generate addi-
tional positively charged sites in MOF-808, thereby significantly
improving the affinity of the material towards anionic species.
This approach was proved to be straightforward and effective in
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enhancing the efficiency and selectivity of MOF-808 in anionic
dye removal, highlighting its potential for the application in the
water purification.
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