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Defect-engineered metal—organic frameworks
(MOF-808) towards the improved adsorptive
removal of organic dyes and chromium (vi) species
from waterf
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Nam T. S. Phan, ©22° Phuoc H. Ho (2 *¢ and Ha V. Le*®

In this work, two defective zirconium-based metal-organic frameworks (Zr-MOFs), MOF-808-OH and
MOF-808-NH,, were synthesized by partially replacing the 1,3,5-benzenetricarboxylate building block
with 5-hydroxyisophthalate and 5-aminoisophthalate, respectively. The structural features of the
defective materials were analyzed by powder X-ray diffraction (PXRD), scanning electron microscopy
(SEM), nitrogen physisorption at 77 K, and thermogravimetric analysis (TGA). Importantly, the number of
defect sites determined via proton nuclear magnetic resonance (*H-NMR) analysis of the digested
materials was approximately 7 mol% for MOF-808-OH and 3 mol% for MOF-808-NH,. The presence of
the defect sites increased the number of acidic centers on Zr-clusters originating from missing-linker
nodes which accounted for a remarkable adsorption capacity towards various anionic organic dyes and
chromium (vi) species. Compared to standard MOF-808, the defect-engineered ones showed significant
increments by 30-60% in trapping capacity for anionic contaminants including sunset yellow, quinoline
yellow, methyl orange, and potassium dichromate, while they exhibited modest improvements by 5-15%

rsc.li/njc

Introduction

Metal-organic frameworks (MOFs) are crystalline materials,
constructed by linking metal-containing clusters and organic
ligands, yielding open and robust frameworks. Owing to the
diversity in pore size and function, exceeding porosity along
with high thermal and chemical stability, MOFs have been
utilized in a wide range of applications such as gas separation,
storage, adsorption, catalysis, drug delivery, other therapeutic
purposes, sensors, materials for electrodes, carriers, and
membranes.'™ Among a large number of MOFs, zirconium-
based MOFs (Zr-MOFs) stand out with significant advantages.
These MOFs not only originate from abundant and inexpensive
metal sources but also possess superior chemical stability and
show excellent activity in adsorptive and catalytic applications,
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in the removal of cationic dyes, namely malachite green and methylene blue.

especially for ion trapping thanks to the existence of Zr-nodes
with great ionic affinity.®™®

One of the recent concepts to enhance the performance of
Zr-MOFs is defect engineering, in which structural disorders
have been reported to be decisive in improving their properties
and functions.’™** These defect-induced active sites, along with
high porosity, make defective Zr-MOFs an ideal candidate for
decontaminating applications such as dealing with chemical
warfare agents, adsorbing organic dyes, organo-arsenic compounds,
and gas pollutants.”*™® Amino-modified Zr-MOFs, UiO-66-D-NH,
(UiO = Universitetet i Oslo), were effectively applied to remove
low-concentration oxo-arsenic species in water. The combi-
nation of defect generation with amino modification provided
more Zr-OH active sites and promoted the formation of As-O-
Zr coordination, which led to enhanced adsorption behavior of
UiO-66-D-NH, in simulated wastewater, with the adsorption
affinity 3.8 times higher than that of original Ui0-66."* Clark
et al. reported highly defective UiO-66 materials by varying the
amount of concentrated HCI in solvothermal synthesis. This
series of Zr-MOFs exhibited substantial adsorption capacities
and fast adsorption rates to contaminants due to the increase
in not only pore sizes and internal surface but also coordina-
tively unsaturated Zr sites that can bind to the guest sulfonate
groups. They also showed high selectivity for perfluorooctane
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sulfonate (n-CgHF;,05S) in the presence of competitive anionic
species such as Cl~, SO,>7, and Cr (vi).™*

While UiO-66 with coordinatively saturated Zr-clusters is
probably the most common Zr-MOF engaged in the defect
engineering approach, both through de novo synthesis and
post-synthetic treatment,'>* the performance of Zr-MOFs
may still be further improved by reducing their connectivity.
In fact, MOF-808, a representative 6-connected Zr-MOF based
on a trimesate ligand (1,3,5-benzenetricarboxylate), could be
considered a more promising candidate than the Zr-MOFs built
with 12-connected zirconium clusters due to the inherent active
centers generated by the modulated synthesis approach.>>*’
To the best of our knowledge, although there have been several
studies on MOF-808 with deliberated introduced defects, most
of them aimed for water adsorption, phosphate sequestration,
and catalytic applications,'>*>*”7% while the employment of
defective MOF-808 for the removal of contaminants in aqueous
solution is still rare in the literature.*”*> Recently, original
MOF-808 turned out to be an effective adsorbent to capture
organic dyes and oxometallate compounds, namely sunset
yellow, quinoline yellow, and the Cr (vi) anion, with impressive
performances as compared to traditional materials, such as
activated carbon or mesoporous silica materials.>® Although
this finding provided a comprehensive overview regarding the
impact of the MOF-808 morphology, including particle size and
crystallinity on its anion trapping ability, the effect of defective
sites, which could also serve as effective active centers, was not
mentioned. In fact, introducing additional defects on MOFs
constructed with trimesate linkers, such as Cu- and Ru-MOFs,
could be simply conducted by the mixed-linker approach.*3*
In this work, a ditopic ligand (5-hydroxyisophthalic acid or
5-aminoisophthalic acid) was used to partially replace the original
tritopic ligand (1,3,5-benzenetricarboxylic acid) in the construc-
tion of MOF-808 under hydrothermal conditions. The additional
appearance of adsorptive sites resulted in a significant improve-
ment in the adsorption performance of MOF-808 for various
organic dyes and Cr (vi) anionic species, which might encourage
further research on its application for water treatment.

Experimental section
Materials and instrumentation

All reagents and starting materials, including zirconium ()
oxychloride octahydrate (ZrOCl,-8H,0 - 97.0%), 1,3,5-benzene-
tricarboxylic acid (H3;BTC - 98.0%), 5-aminoisophthalic acid
(H,BTC-NH, - 94.0%), 5-hydroxylisophthalic acid (H,BTC-OH -
97.0%), deuterium chloride (DCl - 99.0 atom% D), cesium
fluoride (CSF - 99.0%), potassium dichromate (K,Cr,O, -
99.5%), quinoline yellow (C;sHoNNa,OgS, - 95.0%), sunset yel-
low (C;6H;oN,Na,0;S, - 90.0%), methyl orange (C;,H;,N;NaO;S -
85.0%), malachite green (C,3H,5CIN, — 90.0%), and methylene
blue trihydrate (C;6H,4,CIN3;03S — 90.0%), were purchased from
commercial suppliers (Sigma-Aldrich, Acros Organics, and
Fisher Scientific). They were used as received without further
purification.
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Synthesis of MOF-808 analogues. In a typical procedure for
the synthesis of pristine MOF-808, ZrOCl,-8H,0 (0.81 g,
2.51 mmol) and H;BTC (0.18 g, 0.86 mmol) were dissolved
separately using 75 mL of a mixture of DMF and formic acid
(1:1 v/v) in total.>® The obtained solutions were then mixed and
heated in an oven at 80 °C for 72 h. After cooling to room
temperature, the solid was collected and washed with DMF
(30 mL x 3) and acetone (30 mL x 3). The solid product was
then dried under vacuum at 120 °C for 5 h.

The synthesis of defective MOF-808 followed the same
protocol as the synthesis of MOF-808 but used a mixture of
linkers. In detail, 25 mol% of the total amount of H;BTC was
replaced by H,BTC-NH, (0.0388 g, 0.215 mmol) or H,BTC-OH
(0.0391 g, 0.215 mmol). The resulting materials were hence-
forth denoted as MOF-808-NH, and MOF-808-OH, respectively.

Characterization of MOF-808 analogues. Powder X-ray dif-
fraction (PXRD) patterns were recorded using a D8 Advance
Bruker powder diffractometer with Cu-Ka, radiation (/ = 1.5418 A).
The instrument was equipped with a Ni filter and was operated at
40 kv and 40 mA. The measurements were performed at room
temperature in the scanning range of 20 = 2-30°, at a step size of
0.01° and a scan rate of 0.60° per minute. The crystallite size (t)
and cell parameter (a) were calculated for five main reflections
(111), (311), (222), (400), and (331) from the XRD patterns using
eqn (1) and (2), respectively.”® The input information on the
diffraction angle (26) and full width at half maximum (FWHM) of
each peak was derived from single peak fitting mode using FullProf
software.

09
" BcosO

@
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VI +k*+ 7 (Cubic structure) )

a:2sin9

where 1 is the X-ray wavelength, § is the FWHM, 6 is the Bragg
angle, and (hkl) are the Miller indices of planes.

Morphology of the samples was analyzed by field emission
scanning electron microscopy (FESEM) using a Hitachi SU 8010
microscope with the magnification ranging from x5000 to
%20 000 at an accelerating voltage of 10 kV. The average particle
size was determined by measuring the sizes of more than 100
particles using Image] software.

Nitrogen physisorption measurements were carried out on a
Micromeritics ASAP 2020 volumetric adsorption analyzer system.
The samples were activated at 150 °C under vacuum for 5 h
before the adsorption/desorption isotherm was measured at 77 K
using a high-purity nitrogen gas. Surface areas calculated using
the Brunauer-Emmett-Teller (BET) model were determined
within a relative pressure range of 0.01-0.10 p/p°. The pore size
distribution was assessed using the density functional theory
(DFT) method.

Thermogravimetric analysis (TGA) was investigated using a
Mettler Toledo TGA/DSC Star® System interfaced with a PC
using Star® software. In each experiment, the sample was
loaded in an alumina pan and heated at a rate of 5 °C min ™"
from 30 °C to 850 °C under air flow.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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For proton nuclear magnetic resonance (‘H-NMR) studies,
the activated samples were digested in 5 drops of deuterated
hydrochloric acid (DCl, 20%) with 15 mg of CsF in 6 h.
Deuterated DMSO (DMSO-ds) was added to the obtained
solution prior to measurement. A Bruker spectrometer was
employed to record 'H-NMR spectra at 600 MHz. Chemical
shifts (ppm) were referenced to tetramethyl silane (0.00 ppm).

A Thermo Scientific G10S UV-Vis device was utilized to
measure UV-Vis absorbance. The concentration of K,Cr,0,
and the dye solution was determined based on the calibration
curves which depicted the relationship between the concen-
tration and the corresponding absorbance recorded at its
wavelength of maximum absorbance. It was noted that the
adjustment of pH to approx. the initial value was conducted
prior to UV-Vis measurement.

Adsorption studies

Cr,0,”~ adsorption. K,Cr,0, adsorption experiments were
conducted under ambient conditions in an aqueous phase. In a
typical procedure, 10 mg of activated MOF-808 was added into
15 mL of the K,Cr,0- solution with a concentration of 500 ppm
(500 mg of K,Cr,0,/L, pH ~ 4.6). The obtained mixture was
then stirred at 1000 rpm for 120 min at room temperature. After
adsorption, the solid material was separated by centrifugation
(3000 rpm for 30 min).

The concentration of K,Cr,O, after the adsorption was
determined based on the calibration curve which was estab-
lished from a linear regression of the concentration versus its
corresponding absorbance at 351 nm. The adsorption capacity
(mg g~ ') was calculated based on a decrease in the K,Cr,O,
concentration after the adsorption. Because the pH-dependent
equilibrium of Cr,0,%> /CrO4>~ could immensely affect the UV-
Vis spectrophotometric result, the pH value of post-adsorbed
solutions was adjusted to a pH of ~ 4.6 using diluted acetic
acid or ammonia solutions prior to UV-Vis absorbance
measurements.

Dyes adsorption. Zr-MOFs were used for the adsorptive
removal of both anionic and cationic dyes. The anionic dyes
included quinoline yellow, sunset yellow, and methyl orange
while the cationic dyes were methylene blue and malachite
green. The dye adsorption experiments were carried out similarly
for the study of K,Cr,05, in which 10 mg of activated MOF-808
was added into 15 mL of the 500 ppm solution of a single dye.
The resulting mixture was subsequently stirred for 120 min
under ambient conditions. The pH of the clear dye solution,
obtained after the removal of solid materials by centrifugation,
was adjusted with diluted acetic acid or ammonia solution to
eliminate the effect of pH on the UV-Vis absorbance results. The
wavelength of maximum absorbance for each dye is presented in
Table S1 (ESIt).

For comparison purposes, the adsorption experiments of
dyes and Cr,0,>~ were also performed on UiO-66, SBA-15, and
activated carbon (AC). UiO-66 was synthesized by the protocol
reported by Cirujano and Xamen."® SBA-15 was synthesized as
reported elsewhere.’® Activated carbon was purchased from

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Sigma Aldrich. The specific surface area was 908 m> g~ ' for
Ui0-66, 1120 m* g~ * for SBA-15, and 1050 m> g~ * for AC.

Adsorption kinetics. Two models, namely pseudo-first-order
and pseudo-second-order (eqn (3) and (4)) formula, were also
employed to investigate the kinetic models of adsorption that
occurred onto defective MOF-808 structures:*’

In(Qe — Q) =InQ. — ky x t (3)
t t
=Xt 4
0. k07" “
in which Q. is the adsorption capacity at equilibrium (mg g™ %),
Q. is the adsorption capacity at an interval time ¢ (mg g~ '), and
k, and k, are the rate constants (L min~").*’

Besides, the adsorption mechanism of adsorbates that took
place onto the surface structure of the defective MOF-808 was
also studied by utilizing the Langmuir and Freundlich adsorp-
tion isotherm models (eqn (5) and (6)):*®

. 6
Qe KLXQ Qo
1
In Q. =—In C. +In Kg (6)
n

in which Q. is the adsorption capacity at equilibrium (mg g~ %), C. is
the equilibrium concentration in solution (mg L™"), and Q, is the
maximum amount of adsorption (mg g™ ). The K, and K values
are Langmuir and Freundlich constants, related to the energy of
adsorption.*®

Recycling test. For the recycling test, the defective MOF-808
adsorbent was separated by centrifugation from an aqueous
solution. The collected material was then washed five times
with dimethylformamide (DMF) and acetone containing 2 wt%
of HCIl to remove adsorbates and re-drying under vacuum
conditions at 105 °C for 4 h. The activated materials were then
reused for the next adsorption experiment.

Results and discussion

Material synthesis and characterization

In this work, defective MOF-808, including MOF-808-OH and MOF-
808-NH,, were synthesized by the solvothermal method.***® The
reaction of ZrOCl,-8H,0 and organic building blocks (H;BTC and
H,BTC-OH/H,BTC-NH,) proceeded at 80 °C for 72 h (Fig. 1). This
procedure was slightly modified from the previous reports,**™*'
which employed a higher temperature of 120 °C for 24 h. The
experiments at a lower temperature with a prolonged reaction time
were selected to promote the selective formation of highly crystal-
line Zr-MOFs and facilitate the access of guest linkers into the
MOF-808 structure to form crystals containing expected defects of
the missing linkers.*>**

Fig. 2 presents the PXRD patterns of pristine MOF-808 and
defective MOF-808. The most intensive peak at 20 = 4.35°
observed for MOF-808 was indexed to the (111) plane of the
octahedral crystal, while two other reflections at 20 = 8.33° and
8.70° were assigned to the (311) and (222) planes,
respectively.*>** 1t is noted that the narrow width and high

New J. Chem., 2023, 47, 6433-6447 | 6435


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nj05693c

Open Access Article. Published on 28 February 2023. Downloaded on 11/6/2025 5:03:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

HO._O
HO. OH
2rOCI, 8H,0 + o) o] DMF : HCOOH (1:1v/v)
80°C,72h
HO OH
o] o]

Fig. 1 Synthesis of defective MOF-808-OH and MOF-808-NH,.
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Fig. 2 PXRD patterns of simulated MOF-808 (a), pristine MOF-808 (b),
MOF-808-OH (c), and MOF-808-NH (d).

30

intensity of the reflections indicated the disciplined arrangement
of crystal planes, resulting in a high degree of crystallinity.*” The
PXRD patterns of both MOF-808-OH and MOF-808-NH, were
similar to that of pristine MOF-808, suggesting that the presence
of asymmetric linkers did not significantly affect the molecular
geometry of MOF-808-OH and MOF-808-NH,, crystals. However, a
modest drop in the relative intensity of some diffraction peaks in
their pattern compared to the original MOF-808 phase indicated
the loss of crystallinity, which could be derived from the for-
mation of missing defect sites in the frameworks.*® In more
detail, standard MOF-808 had a lattice parameter of the unit cell
of around 35.36 + 0.02 A which was close to the values reported in
the literature.***** MOF-808-OH showed similar cell parameters to

Table 1 Physical properties of MOF-808 and defective MOF-808 materials

Defective MOF-808
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Missing
connection

e +~— Dboint

@7zr ©c @0 @ -OHor-NH, group

MOF-808 while MOF-808-NH,, exhibited a smaller size of unit cell
(35.27 £ 0.06 A). A slight contraction of the lattice parameter
increased the crystal size of MOF-808-NH, by 35% compared to
bare MOF-808 (Table 1).

Fig. 3 shows the SEM images of pristine MOF-808 and its
analogues. As expected, no remarkable differences were
observed between the defective and original materials. They all
indeed showed well-shaped octahedral crystals, which was in
good agreement with the previous reports.>>*®*° These high-
quality crystals were obtained as a result of employing formic
acid as a modulator, which would compete with organic building
blocks, thereby slowing down the reaction rate and nucleation
process, and supporting the self-repair of the network.>**”*®
Besides, defect inducers, including 5-hydroxyisophthalic acid or
5-aminoisophthalic acid, could also act as additional modulators
since they were ditopic linkers containing only two carboxylic acid
groups instead of three connecting points as 1,3,5-tricarboxylic
acids.*! Consequently, the particles of MOF-808-OH and MOF-
808-NH, could be facilitated to reach the size of approximately
800 nm, slightly bigger than that of pristine MOF-808 with a size
of about 600 nm under the same synthesis conditions. A sig-
nificant difference in the size of crystals calculated from the XRD
data using the Scherrer equation and the particle size recorded
from SEM pictures implied the imperfection of MOF-808 crystals,
which could be derived from the formation of defective sites in
their structure.”>>

"H-NMR (proton nuclear magnetic resonance) analysis has
been considered as a powerful technique to confirm the
presence of missing linkers in the structure of MOF-808
because of a significant difference in the spectral characteristics
of the primary linker (1,3,5-tricarboxylate, BTC) in pristine MOF-
808 and the two secondary linkers, namely, 5-hydroxyisophthalate
(BTC-OH) or 5-aminoisophthalate (BTC-NH,).">*' Moreover, the

Average pore V total pore volume”

Sample name Cell parameter” (A) Crystal size” (nm) BET surface area (m> g ) diameter” (A) (em® g™
MOF-808 35.36 + 0.02 65 £ 2 1910 15.0 0.76
MOF-808-OH 35.40 £+ 0.01 66 + 3 2611 17.0 0.87
MOF-808-NH, 35.27 + 0.06 88 + 6 3085 17.0 0.95

“ Cell parameters were calculated from XRD analysis. ” Average pore diameter and pore volume were calculated from N, physisorption data using

the DFT method.
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Fig. 3 SEM images of pristine MOF-808 (a), MOF-808-OH (b), and MOF-808-NH (c).

'H-NMR method also allowed quantifying the ratio of defective
linkers in the MOF structure. The "H-NMR spectrum of pristine
MOF-808 showed three chemical shifts at 8.54 ppm, 8.09 ppm,
and 7.86 ppm, which were assigned to the non-acidic protons in
1,3,5-tricarboxylate, formic acid, and dimethylformamide (-CHO),
respectively (Fig. 4).°>>* On the other hand, the "H-NMR spectrum
of MOF-808-OH showed the additional appearance of two proton
signals at 7.51 ppm and 7.92 ppm, corresponding to three
aromatic protons of asymmetric BTC-OH linkers. Although these
peaks slightly shifted to higher chemical shifts compared to the
NMR spectrum of the original BTC-OH linker (from 7.92 ppm to
7.87 ppm and 7.51 ppm to 7.50 ppm), the integration ratios
remained approximately 1:2, which matched with two equivalent
protons out of three.>' The amount of mixed linkers incorporated
into MOF-808-OH was then calculated to be around 7% mol of the
total amount of two linkers based on "H NMR signal integration
of the characteristic peaks of BTC and BTC-OH. Consequently,
the formula of MOF-808-OH could be considered as [ZrsO4(OH),-
(BTC)1.566(BTC-OH)g 134(HCOO)o]. Similarly, the "H NMR spec-
trum of MOF-808-NH, shows two additional proton peaks at
7.89 and 8.25 ppm, which were characteristic of the aromatic
protons in the 5-aminoisophthalate moiety. This organic building
block accounted for about 3% of the total molar amount of linkers
in the MOF-808-NH, structure, and the molecular formula of
MOF-808-NH, was determined to be ZrsO4(OH)4(BTC);.9475(BTC-
NH,)o.05825(HCOO)s.

However, no significant changes were observed between the
thermogravimetric analysis (TGA) profiles of MOF-808 and
MOF-808-OH/MOF-808-NH, (Fig. S1, ESIf). This could be
because the percentages of the secondary linkers are small
(7 and 3%) and the molecular weights of the three linkers were

NH,
v H, Hy Hy
HOOC COOH
e JL/ H, , H,

) )

OH
" Hy, H,
N
< HOOC COOH
H,
H, H
b) L _J Jr L
COOH
" H, / Formic acid H, H,
r DMF HOOC COOH
a) T J T T 1 H"
9 8.5 8 7.5 7

ppm

Fig. 4 NMR spectra of MOF-808 analogues.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

also quite similar, which led to no difference in the weight loss
from the TGA measurements. The generated defect percentage
was much lower than the used number of defective linkers.
Even a significant increase in the amount of defect inducers up
to 50 mol% did not generate more defects, which was con-
firmed by the NMR spectrum (Fig. S2, ESIf). This might be
because the number of defects, which could be additionally
introduced into MOF-808, was limited by its stable structural
nature. It should be noted that MOF-808 with 8-connected
Zr-clusters could be also considered as a defective structure
of the idealized 12-connected Zr-MOFs. Generating additional
defects by employing bidentate ligands instead of tritopic
linkers could decrease the quantity of the ‘“struts” in their
structure and MOF-808 would be more vulnerable.'*>*

Infrared spectroscopy (IR) was also employed to clarify the
presence of the functional groups of the defect inducers in
MOF-808 (Fig. 5). The FT-IR spectrum of pristine MOF-808
exhibited three intensive bands at approximately 1606, 1380,
and 650 cm ™', which respectively corresponded to the carbonyl
vibrations (asymmetric and symmetric stretching) and Zr-O-Zr
bonds.*® These characteristic vibrations were also present in the
spectra of both defective MOF-808. Moreover, two additional weak
IR signals at 3676 and 3292 cm™ ' were observed in the spectra of
MOF-808-OH and MOF-808-NH,, respectively. The former was
assigned to the phenolic ~-OH stretching vibration,>*>” while the
latter was ascribed to the free N-H stretching of amino groups.’®
These vibrations belonged to the functional groups of the BTC-OH
and BTC-NH, linkers and therefore it confirmed the successful
incorporation of these secondary linkers in the structure of
defective MOF-808.

V5 COO

Zr-O-Zr

\ > .
~-"Phenolic -OH stretch
)

e
*~-’Amino —NH, stretch

2500 2000 1500 1000 500

‘Wavenumber/ cm!
Fig. 5 FT-IR spectra of pristine and defective MOF-808: (a) MOF-808, (b)
MOF-808-OH, and (c) MOF-808-NH,.

4000 3500 3000
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Fig. 6 Adsorption behavior of MOF-808 (a), MOF-808-NH (b) and MOF-
808-OH (c).

The nitrogen physisorption isotherms of pristine MOF-808
and modified MOF-808 showed typical type I of the IUPAC
classification with no further N, adsorption at p/p, > 0.1,
indicating that the highly microporous structure of MOF-808
was maintained.>® However, the presence of defective sites
induced a significant increase in nitrogen uptake. Indeed, the
specific surface areas of MOF-808-OH and MOF-808-NH, were
found to be 2611 and 3085 m® g ', respectively, which
increased by 36-62% as compared to the value of pristine
MOF-808 (1910 m> g~ ') (Fig. 6). The partial substitution of
the standard linker with asymmetric ones could boost the pore
volume and surface area. As mentioned in recent reports, the
formation of defective sites caused by defect inducers such as
modulators or asymmetric linkers in the framework could
expand inherent pores.*®>>® This proposal was supported by
the pore size distribution result. The average pore size of MOF-808
was around 15 A while the pore of defective MOFs was slightly
increased to 17 A for both MOF-808-OH and MOF-808-NH,
(Fig. 7). Moreover, the total pore volume of both defective MOFs
was 0.9 ecm® g™, increasing by approximately 18% compared to
that of MOF-808. The increments in both pore size and total pore
volume of porous materials provide more accessible storage
spaces which would subsequently induce a significant increase

1
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=
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Fig. 7 The pore size distribution of MOF-808 (a), MOF-808-NH (b) and

MOF-808-OH (c).
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in trapping guest molecules.”’ Therefore, it is expected that
MOF-808 having defect sites would be an efficient adsorbent for
removing organic dyes from an aqueous solution.

Adsorption studies. Aside from the improvement in acces-
sible pore spaces, the nature of adsorptive sites, e.g. functional
groups or charged sites in frameworks, was also a key factor
impacting the adsorption capacity of porous materials.®” In the
case of Zr-MOFs, the acidic centers derived from coordinatively
unsaturated zirconium clusters acted as efficient active sites in
various applications.®*®* However, it was difficult to find these
open centers in the well-known 12-connected Zr-MOFs, such as
the UiO-66 family.>® Therefore, introducing additional defects
in Zr-MOFs with reduced Zr-cluster connectivity might offer as
many acidic centers as possible, which could significantly
improve the catalytic activity of the host materials.’>>" The
addition of these acidic active sites could also upgrade the
removal performance for anionic contaminants, such as
organic dyes and oxometallic compounds. To take advantage
of the effectiveness of these active centers in MOF-808-OH and
MOF-808-NH,, a series of adsorption experiments were inves-
tigated towards removing anionic dyes (quinoline yellow, sun-
set yellow, methyl orange), cationic dyes (malachite green,
methylene blue) and an oxometallate (K,Cr,O;) (Fig. 8 and
Table S1, EST}).

The effects of time (0-300 min) and initial concentration
(0-1500 ppm) on the trapping capacity of MOF-808-OH and
MOF-808-NH,, were investigated. As shown in Fig. 9a and b, the
ion adsorption of both defective Zr-MOFs proceeded rapidly in
the first 30 min, and then slowed down gradually before
reaching a plateau after about 60 min. No further improve-
ments in the adsorption capacity were observed over a pro-
longed time. It was found that the trapping capacity of both
materials for each dye was similar and the uptakes for anions
were considerably higher as compared with cationic dyes.
Specifically, the anion species capturing capacity of MOF-808-
OH could reach up to 633 mg g~ * for sunset yellow, 702 mg g~ *
for quinoline yellow, 714 mg g ' for methyl orange, and
164 mg g~ ' for the chromium (v1) anion, while the values
for cationic dyes were 291 mg g~ ' for malachite green and
217 mg g ' for methylene blue (Fig. 9a). The adsorption
capacity of MOF-808 for organic anions was about four-fold
higher than that of the inorganic chromium (vi) anion. This
might be related to the larger size of the organic anion than the
inorganic one, which perhaps enhanced the confinement of the
former in the pore of MOF-808-OH. Besides, the defective
materials clearly showed impressive performances towards
removing anionic species versus cationic ones, in which the
adsorption capacity for organic anions was about 3-fold higher
than that for organic cations. This could be rationalized that
the additional appearance of acidic sites significantly improved
the affinity between MOF-808 and negatively charged ions,
subsequently inducing high capturing capacities. A similar
adsorption trend was observed for MOF-808-NH,, in which
the adsorption performance for anion dyes was also higher
than that for cationic species. The uptake values for sunset
yellow, quinoline yellow, methyl orange, chromium (vi) anion,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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malachite green, and methylene blue were 626, 702, 690, 153,
273, and 208 mg g~ ', respectively (Fig. 9b).

Fig. 9c and d present the equilibrium adsorption capacity of
various adsorbates with different initial concentrations on
MOF-808-OH and MOF-808-NH,. In terms of the adsorbate
concentration, a similar trend was observed in the trapping
capacity of both defective analogues when changing the initial
solution. While the removal efficiency gradually decreased as the
solution became more concentrated, the adsorption capacity experi-
enced a steady rise until reaching the saturation state (Fig. 9c and d).
Specifically, the adsorption capacity of MOF-808-OH could reach up

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

to 170, 613, 708, 805, 249, and 298 mg g ' for chromium (vi)
anions (Fig. 9¢), sunset yellow, quinoline yellow, methyl orange,
methylene blue, and malachite green while the values for MOF-
808-NH, were 153, 624, 702, 740, 245, and 278 mg g~ ' (Fig. 9d),
respectively. In general, when the initial concentration
becomes higher, the ratio of the adsorbate molecules to avail-
able adsorption sites increases, resulting in a stronger driving
force behind the trapping process.*® Since the amount of MOFs
was kept at 10 mg, the number of active sites was limited.
Therefore, once the active centers were occupied and the lack of
available sites emerged, the capture process would slow down
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and reach a plateau even when the solution concentration was
further increased.

To further interpret the adsorption process that occurred in
defective MOF-808 structures, the time-dependent adsorption
profile was employed based on the pseudo-first-order and
-second-order models (eqn (3) and (4)). Generally, the determi-
nation coefficients (R*) were found to be close to 1.00 for the
latter and approximately 0.25-0.79 for the former. Moreover,
the equilibrium uptake capacity (Qeca) estimated by the
pseudo-second-order model was also closer to the experimental
data than those predicted by the pseudo-first-order model
(Table 2 and Fig. 10 and Fig. S3-S7, ESIt). Therefore, it would
be concluded that the adsorption of both anionic and cationic
organic dyes onto the defective MOF-808 structure followed the
pseudo-second-order model in which the rate-determining step
was involved in both physical and chemical adsorption pro-
cesses. The trapping capacity of MOFs for organic dyes was
found to rely not only on the MOF structure, n-n interactions
between the benzene rings of the organic dyes and the aromatic
backbones of the ligands, but also on the electrostatic attrac-
tion, which would be strongly improved by the presence of
positively or negatively charged centers.>®*® Increasing the
appearance of defective sites in MOF-808 structures provided
more adsorptive sites for capturing anionic organic compounds
with higher uptake (Qe, ca1 - mg g~ ") and faster adsorption rate
constants (g mg~' min~') than cationic ones (Table 2 and
Fig. 10 and Fig. S3-S7, ESI¥).

Furthermore, the distribution of adsorbates onto defective
Zr-MOF structures was investigated based on the initial
concentration-dependent adsorption data via utilizing Lang-
muir and Freundlich models (eqn (5) and (6)). The Langmuir
formula describes the process taking place on a uniform surface
with one adsorbate molecular layer, while the Freundlich equa-
tion refers to reversible adsorption on the heterogeneous surface
with the multi-layer distribution of adsorbates.>®*®*%%%” It was
found that the isotherm data fit with both the Langmuir and
Freundlich models as the determination coefficients were
recorded at high values (R* > 0.9 Table S2 and Fig. 11 and
Fig. S8-S12, ESIt). However, the theoretical adsorption capacities
of both anionic and cationic compounds based on the Langmuir
equation were significantly higher than the experimental ones. It
means that this formula was not suitable to describe the
interaction between the adsorbates and the adsorptive sites, or
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the adsorption process was not conducted on a uniform adsorb-
ing surface. The accidental appearance of defect sites in the
MOF-808 structures could result in the non-uniformity of
adsorptive surfaces with different affinities to adsorbates. The
Freundlich model was, therefore, likely more appropriate to
describe the adsorption of anionic and cationic compounds
onto the defective MOF-808 structures. Besides, the n values
(Table S2, ESIt) for trapping anions were higher than that of
cation adsorption, suggesting that the adsorbing surface was
more favorable to the negatively charged ions versus the posi-
tively charged species.’® In fact, the missing-linker defects in
Zr-MOF structures would lead to the formation of acidic centers
which caused a strong pulsive force on cations and thus this
decreased the adsorption performance (Fig. 12).

A further experiment was executed to emphasize the intro-
duced defects in removing organic dyes and chromium (vi)
anionic species from aqueous solutions. As expected, the
removal efficiency of defective MOF-808 compared to the pris-
tine one on all anionic dyes and K,Cr,0, increased by over 30%
and almost doubled in the case of quinoline yellow and sunset
yellow. This proved that the presence of additional defects in
the MOF-808 structure even in low quantities (e.g. only 7% and
3% defective sites for MOF-808-OH and MOF-808-NH,) pro-
moted significantly the adsorption performance (Fig. 13).
While these acidic centers led to a decrease in the adsorption
performance towards cationic dyes due to the strong pulsive
force (Fig. 12). Besides, a change in the pore texture toward
enhancing accessible pore spaces due to missing linker defects
could contribute to better performance. In particular, linker
vacancy defects altered the porosity of the frameworks by
enlarging the pore size along with the pore window.>>*' The
pore diameter of defective samples was extended to 17 A in
comparison with 15 A of standard MOF-808 (Fig. 7). The pore
volume was also increased to 0.87 cm® g~ for MOF-808-OH and
0.95 cm® g~ for MOF-808-NH, compared to 0.76 cm® g~ * for
MOF-808. The larger pore diameter with a sparser structure is
expected to promote the diffusion process of adsorbates into
the pore cavity and facilitate the exposure of active centers.'”
These alterations could be a rational reason for the modest
improvement in the removal of cationic dyes, which usually
offered weak affinities to acidic positive sites. The capture
efficiency of defective MOF-808 was respectively increased to
around 5% for malachite green and 20% for methylene blue.

Table 2 Kinetic parameters of pseudo-first-order and -second-order models for the adsorption processes of MOF-808-OH and MOF-808-NH,

Pseudo-first-order model

Pseudo-second-order model

MOF-808-OH MOF-808-NH, MOF-808-OH MOF-808-NH,

Qe,cal k x 1072 Qe,cal k x 1072 Qe,cal k x 1072 Qe,cal k x 1072
No. Sample (mgg™) (min") R? (mgg™ (min') R (mgg™") (gmg ' min") R? (mgg™) (gmg ' min") R?
1 CI‘(VI) anion 25.9 8.3 0.296 41.7 6.3 0.521 164.9 0.8 0.998 151.5 1.5 0.998
2 SY 124.8 7.8 0.345 66.6 7.8 0.248 637.4 0.2 0.999 625.7 0.4 0.999
3 QY 171.3 10.5 0.531 126.8 12.1 0.476 704.0 0.2 0.999 718.9 0.2 0.999
4 MO 155.9 9.1 0.559 114.4 11.0 0.685 713.8 0.3 0.999 701.6 0.4 0.999
5 MB 86.6 11.7 0.794 40.1 8.7 0.711 245.5 0.4 0.999 237.6 1.3 0.999
6 MG 45.4 7.5 0.409 29.7 5.9 0.257 284.7 1.0 0.999 266.5 2.3 0.999
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Fig. 10 Pseudo-first-order and -second-order models of quinoline yellow adsorption processes as employing MOF-808-OH (a and b) and MOF-808-

NH> (c and d).
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Fig. 11 Quinoline yellow adsorption isotherms of MOF-808-OH (a and b) and MOF-808-NH, (c and d) fitting by the Langmuir model and Freundlich

model.

Compared to the well-known 12-connected Zr-based MOFs,
the capture efficiency for anionic dyes and Cr,0,”~ of MOF-808
was around 15-40% higher than the results of UiO-66. On the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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other hand, the abundance of acidic centers in the MOF-808
structure could exhibit a stronger repulsive force to cationic
dyes than UiO-66 and result in lower performance for
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methylene blue (length x width = 13.6 A x 5.8 A), which was
recorded at 179 mg g~ for MOF-808 and 274 mg g~ * for UiO-66.
However, with a bulkier molecule such as malachite green
(length x width = 13.5 A x 10.4 A), the dense structure and
small pores in UiO-66 (with an average pore size of 8.6 A)
hindered the adsorption process, resulting in slightly lower
capture capacity in comparison with MOF-808 (229 mg g~ ' for
Ui0-66 and 260 mg g~ for MOF-808). The formation of strong
acidic centers derived from defect sites offered strong electro-
static interactions and boosted the capture efficiency for anio-
nic species.®®

To gain a deep understanding of the role of additional acidic
centers in MOF-808, typical adsorption experiments were car-
ried out by employing two popular adsorbents, including
SBA-15 and activated carbon. Both materials have high specific
surface areas, namely, 1120 m* g~ * for SBA-15 and 1050 m* g~ *
for activated carbon. Although the specific area surface of these
materials was significantly lower than that of defective MOF-
808, their performance for the removal of the cationic dyes was
remarkable. Specifically, the trapping capacities of activated

6442 | New J. Chem., 2023, 47, 6433-6447

carbon for methylene blue and malachite green were 513 and
718 mg g~ (entry 5 in Table 3), respectively, which were around
2.5 times higher than that of defective MOF-808 samples. SBA-
15 exhibited lower adsorptive performance than activated car-
bon, in which the adsorption capacity for methylene blue and
malachite green was determined to be 281 and 319 mg g/,
respectively. However, SBA-15 was inactive for the adsorption of
anionic dyes and Cr (v) solutions while the activated carbon
showed low uptake for sunset yellow (92 mg g '), quinoline
yellow (95 mg g~ '), and methyl orange (86 mg ¢~ ') (entry 6 in
Table 3). Also, the adsorption of activated carbon for K,Cr,0, was
negligible. A contrast behavior of the adsorption between SBA-15/
activated carbon and MOF-808 was likely due to the difference in
surface charge. The absence of positively charged centers in SBA-
15 and activated carbon structure lowered the repulsive forces
towards cationic species,®*® and consequently, this improved the
removal capacity for cationic dyes. However, the absence of
positively charged centers on SBA-15 and activated carbon also

Table 3 Comparison of potassium dichromate and dye trapping perfor-
mance of defective MOF-808 analogues with other adsorbents. The
experiments in this work were carried out in 15 mL of the 500 ppm dye
solution in the presence of 10 mg of activated MOF-808

Adsorption capacity (mg g~ ")

No. Sample K,Cr,0, SY QY MO MB MG Ref.

1 UiO-66 81 299 311 454 274 229 This work
2 MOF-808 96 412 446 529 179 260 This work
3 MOF-808-OH 164 612 701 659 218 284 This work
4  MOF-808-NH, 153 626 702 690 208 273 This work
5 Activated carbon 0 92 95 86 513 718 This work
6 SBA-15 0 0 0 0 281 319 This work
7  Ui-66-NH, 34.4 — — 96.5 29.0 — 70,71

8  Ui0-66-(OH), 755 — — — —  — 70

9 JLU-MOF60 149 — — — — — 72

10 Cu-MOFs 223 — — — — — 73

11 MOF-199 — — 65.4 — 944 — 74

12 MIL-101 — 81.3 — 114 — — 75,76

13 MOF-235 — — — 477 187 — 77

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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caused a lack of strong adsorption sites, resulting in poor
performances for the anionic dyes and Cr,0,”~ compared to Zr-
MOFs.

For the removal of Cr (vi) anions from aqueous solutions, the
ideal 12-connected zirconium-based metal-organic frame-
works, such as Ui-66 and its relatives, usually exhibited quite
modest performances (entries 1, 7 and 8 in Table 3).”° One
popular approach was employing tri- or tetradentate linkers as
organic building blocks in designing novel MOFs to further
reduce the connectivity of Zr-clusters or increase the number of
adsorptive sites. The 4-connected Zr-MOF (JLU-MOF60), which
was synthesized from tetradentate pyrazine linkers, is a repre-
sentative example of when their adsorption capacity for Cr (vi)
anions could reach up to 149 mg g~ ' (entry 9 in Table 3),”>
while this value of the previously functionalized 12-connected
Zr-MOFs only remained approximately 80 mg g~ *.”® This strat-
egy could be also applied to other Cu-MOFs for improving their
K,Cr,0, trapping capacity. Li and coworkers used a tetracar-
boxylate linker, namely 1,1'-bis(3,5-dicarboxyphenyl)-4,4'-
bipyridinium chlorine, to prepare a novel Cu-MOF, and its
trapping capacity could be recorded to be about 223 mg g~*
(entry 10 in Table 3).”® Although employing multidentate
linkers offers undeniable benefits in introducing new metal-
organic frameworks with ultra-high adsorption capacities, the

View Article Online
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design and synthesis of such organic building blocks as well as
materials have always been a real challenge.®®’® Therefore,
improving the formation of defective sites on typical 8-conn-
ected Zr-MOFs, such as MOF-808, by a simplified mixed-linker
approach could be suitable for practical applications. Similarly,
defective MOF-808 analogues also exhibited impressive perfor-
mances in comparison with some popular MOFs containing
open metal sites, which could serve as adsorptive centers.”” For
instance, MOF-199, a typical metal-organic framework containing
open copper centers, could efficiently remove quinoline yellow at
65.4 mg g~ ',”* while the capturing capacity of MIL-101 and its
composite with graphene oxide with coordinatively unsaturated
chrome sites was recorded at approximately 114 mg g ' for
methyl orange and 81.3 mg g~ ' for sunset yellow, respectively
(entries 10 and 11 in Table 3).”>”® MOF-235 containing open iron
centers also showed high adsorption capacity for methyl orange of
about 477 mg ¢~ (entry 12 in Table 3). Although these uptake
values were generally more impressive than those of the saturated
12-connected UiO-66 and its analogues,®***""7° they were still
significantly lower than the performances of defective 8-conn-
ected MOF-808, including MOF-808-OH and MOF-808-NH,.
Obviously, a MOF-808 with a 6-connected Zr-cluster exhibits
superior adsorption capacity for anion trapping in an aqueous
solution. The additional defect sites in the MOF-808 structure
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played a crucial role since they offered an effective platform for
the selective removal of anionic dyes and Cr (IV) in water.
Another key factor for the practical application is the reusa-
bility of the absorbents after the adsorption processes.>'® In
this study, the recycling tests of defective MOF-808 analogues
were performed for 4 cycles. After the first run, the MOF-808
adsorbent was separated from the aqueous solution by centri-
fugation. The collected material was subsequently washed five
times with dimethylformamide (DMF) and acetone containing
2 wt% of HCI to remove adsorbates. After that, it was dried
under vacuum conditions at 105 °C for 4 h. Activated MOF-808
was consequently employed for the next adsorption cycle. The
adsorption capacity of defective MOF-808 materials generally
dropped only below approximately 5.0% for anionic organic
dyes, while this value for capturing the Cr (vi) anion was 7.9%
for MOF-808-OH and 9.2% for MOF-808-NH,, respectively
(Fig. 14a and Table S3, ESIT). However, a significant decrease
was observed in the result of nitrogen adsorption at 77 K from
approximately 648 cm® g ' to 395 cm® g~ ' for MOF-808-NH,
and from 569 to 294 cm® g~ ! for MOF-808-OH (Fig. 14b). Their
BET surface areas were respectively reduced to 1827 m> g~ " and
1611 m” g~ *. This result could be rationalized that the positive
centers of the MOF-808 structure could be incompletely regen-
erated from anionic adsorbates, including K,Cr,O,, sunset
yellow, quinoline yellow, and methyl orange or a part of acidic
sites became inactive after three cycles of the recycling adsorp-
tion process due to their strong interactions.>”®® Besides, the
crystallinity of the reused materials only showed a modest
decline as the diffraction peaks were broadened in comparison
with the respective profiles of the as-prepared defective struc-
tures (Fig. 14c). It means that the structures of the defective
MOF-808 analogues were stable enough to be recovered and
reused at least three times with only a minor decrease in anion

trapping.

Conclusions

In this study, the mixed linker method was applied to generate
defective sites in the MOF-808 structure, a 6-connected Zr-
based MOF with extraordinary adsorption capacity along with
excellent stability. The resulting materials contained approxi-
mately 3% of mixed linkers in the structure for MOF-808-NH,
and around 7% for MOF-808-OH. The presence of defects
improved the porosity of MOF-808 materials; for example, the
specific surface areas were 3085 and 2611 m* g~ * for MOF-808-
NH, and MOF-808-OH, respectively, which were considerably
higher than that of standard MOF-808 (1910 m” g~ !). However,
the presence of defects did not alter significantly the molecular
geometry, morphology, and thermal stability. Standard MOF-
808 and defective MOF-808 were applied for the adsorptive
removal of K,Cr,0, and various organic dyes (cationic and
anionic). Defective MOF-808 showed remarkable adsorption
capacity for anionic dyes. Specifically, defective MOF-808 mate-
rials were capable of removing over 80% of anionic dyes, about
20% of K,Cr,05, and around 30% of cationic contaminants in
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aqueous solution within 2 h of exposure (at an initial adsorbate
concentration of 500 ppm) due to the strong affinities between
the positive charge of defective MOF-808 towards negatively
charged species of the anionic dyes. The advantages of defective
MOF-808 as adsorbents were also compared with UiO-66, SBA-
15, and activated carbon. The introduction of defects in MOF-
808 was a facile and effective strategy to further decrease the
connectivity of the unsaturated Zr-cluster and boost the selec-
tive removal of anionic contaminants in aqueous solution,
showing the great potential of defective materials for waste-
water treatment.
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