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In this study, an unsaturated Cu-based MOF, HKUST (Cus(BTC),), was fabricated and modified with
sulfonate groups in two steps, leading to the construction of a novel sulfo-functionalized MOF. The
prepared framework was utilized in the adsorption and separation of various organic dyes (MB, Er, FS,
and MV). The adsorption process represented intriguing features due to the introduction of the SOzH
functional groups into the framework. Such an attractive feature has rarely been depicted in previous
works. In addition to the substantially increased adsorption capacity of the modified framework
compared with that of pristine MOF, a reverse and selective phenomenon was perceived in the cases of
FS and MV. The sulfo-functionalized MOF could adsorb MV with high adsorption capacity but barely
adsorbed FS, and the opposite condition was observed for pristine MOF. In addition, the prepared
framework showed high selectivity in a mixed solution of dyes. On the other hand, the modified
framework had no role in the first step of the adsorption and separation process and showed the same
behavior as pristine MOF. Furthermore, the sulfonate functional groups could not be directly

incorporated into HKUST. The experimental data followed the pseudo-second-order kinetics and the
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Langmuir Thermodynamic studies demonstrated an exothermic spontaneous

mechanism for the dye adsorption process. The prepared adsorbents were capable of being recycled for

DOI: 10.1039/c9ra10840h four sequential cycles. Hereupon, this study presents a notably efficacious approach for the reverse
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Introduction

Nowadays, dyes are applied in various industries, such as
leather, paper, pharmaceutical, textiles, cosmetics and food.'
Despite the great applications of these compounds in the
industry, they have some disadvantages: they are highly stable,
non-degradable, toxic and carcinogenic.* Even a small amount
of these compounds in wastewater can lead to serious hazards
to the environment and human health. Accordingly, finding an
appropriate treatment method to eliminate these toxic
compounds from contaminated water is significantly impera-
tive. There are numerous methods for the removal of dyes from
wastewater, including biodegradation,> oxidation,” adsorp-
tion,® and filtration.”* Among these widespread methods,
adsorption is the most commonly implemented technique for
the removal of dyes from effluent water due to its advantages,
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performance of frameworks for the dye adsorption and separation process.

such as the simplicity of the operation process, easy seques-
tration, regeneration, and low cost.

Various kinds of adsorbents, such as activated carbon,'***
montmorillonite,” chitosan,'** clay minerals,'® zeolites,"”'®
and metal-organic frameworks'?' (MOFs), have been applied
to eliminate dye molecules from aqueous media. Among the
aforementioned adsorbents, MOFs have gained significant
attention in recent years owing to their unique characteristics.”
MOFs are a new class of porous crystalline structures, which
constitute metal clusters and multifunctional organic ligands.
They have attracted much attention among other porous
structures due to their intriguing and unique properties,
including high porosity and surface area, diverse accessible
sites, high thermal stability, and tunable pore size.”*** These
features make MOFs good candidates for various applications,
such as adsorption,®®*” catalysis,*®*** drug delivery,*®*' separa-
tion,* and sensing.** Although various methods have been
applied to enhance the dye adsorption capacity of MOFs, the
effect of functional groups on the reverse and selective
adsorption and separation of dyes has rarely been investi-
gated.*** Post-synthetic modification (PSM) is one of the
impressive methods to increase the performance of the
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framework. Overall, PSM methods for the functionalization of
MOFs include PSM on the organic linker, PSM on the unsatu-
rated metal centers (UMC) and encapsulation within the cavi-
ties of the structure (Scheme S11). Various ligands can adhere to
the unsaturated metal centers and improve the properties of
these structures.

In this regard, the adsorption and separation properties of
some dyes, including Methylene Blue (MB), Methyl Violet (MV),
Fluorescein sodium (FS), and Erythrosine (Er), over MOFs have
been investigated in this work. For this purpose, HKUST was
synthesized and modified with SO;H functional groups. By
introducing SO;H groups into the framework, intriguing
features were introduced in the structure. The functionalized
MOF triggered not only a substantial increment in the adsorp-
tion capacity of the above-mentioned dyes but also a reversible
and selective state for the adsorption towards MV and FS. The
details of the adsorption isotherms and kinetic characteristics
are discussed.

Experimental methods
Materials and instrumentation

Materials and instrumentation are explained in the ESIL

Synthesis of adsorbents

Synthesis of Cuz(BTC), (HKUST - Hong Kong University of
Science and Technology). The preparation of HKUST was
carried out by a previously reported method.*® In a typical
procedure, copper(u) nitrate trihydrate (875 mg, 3.6 mmol) was
dissolved in 12 mL of deionized water, and trimesic acid
(420 mg, 2 mmol) was dissolved in 12 mL of ethanol. The
solutions were mixed and transferred to a 50 mL Teflon-lined
steel autoclave and heated at 120 °C for 12 h. The resulting
blue crystals were separated and washed with a mixture of
deionized water and ethanol. To activate the as-synthesized
compound, the solid was heated at 150 °C for 24 h under
vacuum, and the color changed from turquoise blue to violet-
blue.

Synthesis of HKUST-AMP. Activated HKUST (400 mg) was
suspended in 15 mL toluene. 4-Aminopyridine (100 mg; 1.06
mmol) dissolved in 20 mL dichloromethane was added to the
HKUST solution. The resulting mixture was refluxed for 16 h.
The solid obtained was filtered and washed with dichloro-
methane to remove the excess ligand and dried at 100 °C for 3 h.

Synthesis of HKUST-AMP-SO;H. 530 mg of HKUST-AMP was
added to a solution containing 1,3-propanesultone (340 mg,
2.78 mmol) in chloroform (30 mL) and stirred at room
temperature for 24 h followed by refluxing for 3 h. The resulting
precipitate was filtered and soxhleted for 2 days in chloroform
and dried at 120 °C for 24 h.

Dye adsorption experiments. The removal of dyes, including
MB, MV, FS, and Er, from aqueous solutions was performed by
using a batch technique in the presence of the prepared HKUST
and HKUST-AMP-SO;H frameworks (Scheme 1). Typically,
10 mg of the freshly prepared adsorbent was added to 20 mL of
a dye-containing solution with diverse initial concentrations
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(20-200 mg L"), and the mixture was stirred at room temper-
ature. After the completion of the dye adsorption process, the
adsorbent was separated by centrifugation and the concentra-
tion of the residual dye in the solution was monitored by means
of a UV-Vis spectrophotometer. In addition, the temperature,
pH and adsorption time were optimized. The adsorbed amount
of the dyes at the equilibrium (g.) was computed by the
following equation:
v(co — ¢.)

qe = — )

Dye separation experiments. To perform the separation
process, 10 mg of the prepared adsorbent was added to 20 mL of
a mixed aqueous solution of FS and MV with different initial
concentrations, and the mixture was stirred at room tempera-
ture for 30 min. The residual dye in the solution was monitored
by a UV-Vis spectrophotometer.

The competitive adsorption of MV over FS and that for FS
over MV was calculated by the adsorption selectivity constants
(evvyrs and apsv), as given by eqn (2) and (3), where Qs and
Qwmv are the adsorption capacities for FS and MV, respectively,
and CFS and CMV are the initial concentrations of FS and MV in
the two-component solutions, respectively.

Ors _ Cwmy
= 2
OFS/MV Owv X Crs ( )
Omv _ Crs
= —_— 3
AMV/FS Ors * Cumy G)

Results and discussion
Characterization of adsorbents

The FT-IR spectra of the as-synthesized compounds are pre-
sented in Fig. S1.T In the FT-IR spectrum of HKUST (Fig. S1at),
the characteristic bands, which appeared at 1378 and
1642 cm™ ', were assigned to the symmetric and asymmetric
stretching vibrations of the carboxylic acid functional group,
respectively.** Moreover, the bands at 728 and 762 cm ™' could
be ascribed to the out-of-plane vibration of the C-H groups in
the phenyl rings.*® The FT-IR spectrum of HKUST-AMP is shown
in Fig. S1b.T The band related to the stretching vibration of the
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Scheme 1 Synthesis of HKUST-AMP-SOzH.
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Fig.1 N; adsorption—desorption isotherms of (a) HKUST and HKUST-
AMP-SOzH (b) before and (c) after dye adsorption.

C=N groups within the pyridine ring overlapped with the
asymmetric COO stretching vibrations owing to the high
intensity of the relevant band. In contrast, the band at
3364 cm™ ' was attributed to the N-H stretching vibration of 4-
aminopyridine, which affirmed the presence of NH, groups in
the framework."” The FT-IR spectrum of HKUST-AMP-SO;H is
shown in Fig. Slc.t As shown in this figure, the peaks man-
ifested at 1039 and 1200 cm ' could be assigned to the
stretching vibrations of the SO;~ and S=O bonds, respec-
tively.** These relevant bands indicated the successful modifi-
cation of the framework with the SO;H functional group.

The XRD patterns of the synthesized compounds can be
observed in Fig. S2.1 According to the main diffraction peaks, it
could be seen that the XRD patterns of stimulated (Fig. S2at)
and as-synthesized HKUST (Fig. S2bt) were thoroughly identical
and in agreement with previous reports, confirming the purity
and crystallinity of the framework.*® Furthermore, the XRD
pattern of HKUST-AMP-SO;H (Fig. S2ct) indicated that the
modification had caused no changes in the pattern, which
confirmed the maintenance of topology and structural stability
throughout the modification process.

To determine the thermal and structural stability of the
compounds, thermogravimetric analysis (TGA-DSC) was con-
ducted, and the results are illustrated in Fig. S3.1 Fig. S3a and
bt represent the HKUST and HKUST-AMP-SO;H frameworks,
respectively. The TGA curves revealed a two-step weight loss for
each framework. As observed in Fig. S3a, the first weight loss of
only 6% up to 125 °C was related to the removal of solvent
molecules from the framework, which was in agreement with
the endothermic peak in the DSC curve. The other weight loss of
about 52% was due to the thermal decomposition of MOF. This

Table 1 Textural parameters of HKUST and HKUST-AMP-SOzH
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Fig. 2 SEM images of (a and b) HKUST and (c and d) HKUST-AMP-
SOzH.

Table 2 The dye removal ability of the synthesized frameworks

Dye removal%, (adsorption capacity)

Adsorbent MB MV FS Er
HKUST 64 (238.09) 3 (14) 81 (243.90) 46 (200)
HKUST-AMP-SO;H 97 (833.33) 85 (714.28) 9 (33) 72 (833.33)

weight loss occurred at 335 °C and was accompanied by
exothermic peaks in the DSC curve. For the modified framework
(Fig. S3bt), a weight loss of 11% was observed as a result of the
loss of solvent molecules from the framework. As an endorse-
ment of the above, an endothermic peak could be observed. The
degradation and collapse of MOF occurred at 300 °C, along with
an exothermic peak with 60% weight loss. The residual weights
of 42% and 29% could be attributed to the formation of CuO.

To confirm the modification of the framework with SO;H
groups, the amount of sulfur was measured using a carbon-
sulfur analyzer. Based on the results, the amount of sulfur in the
framework was 0.28%. Therefore, according to the molecular
weight of sulfur, the amount of SO;H groups loaded in the
framework was 1.1%.

Moreover, to affirm the successful modification of the
framework, N, adsorption-desorption analysis at low tempera-
tures was accomplished. This analysis determines the pore size
distribution, surface area, pore volume and the porosity of
a compound. The N, adsorption-desorption isotherms for the

Pore volume Pore diameter

Entry Sample Sger (m* g™ ") (em® g™ (nm)
1 HKUST 1363 0.5773 1.6942
2 HKUST-AMP-SO;H 895.59 0.33 1.4739
3 HKUST-AMP-SO;H after MB adsorption 7.5583 0.019 1.045

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effect of contact time on dye removal over (a) HKUST and (b)
HKUST-AMP-SOzH.

' +l=>

FS MV
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Fig.5 Adsorption capacity of HKUST and HKUST-AMP-SOsH for (a) FS
and (b) MV in two-component solution.

as-synthesized and modified HKUST and the textural parame-
ters are shown in Fig. 1 and Table 1, respectively. The N,
adsorption isotherms of both pristine and modified HKUST
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Fig. 6 The adsorption selectivity of (a) HKUST and (b) HKUST-AMP-
SOszH with different initial dye concentrations.

exhibited type I/IV isotherm (Fig. 1). As a result, Table 1 shows
a substantial decrease in the surface area from 1363 to 896 m>
g ' is owing to the modification of the framework. Further-
more, after modification, the pore volume and pore diameter
reduced from 0.58 to 0.33 cm® g ' and 1.69 to 1.47 nm,
respectively. The aforementioned results clearly confirmed the
presence of the SO;H functional groups and the successful
modification of the framework. Moreover, after dye adsorption,
a remarkable decrease in the surface area from 896 to 7.55 m>
¢ ! and pore volume from 0.33 to 0.01 cm® g™, as well as pore
diameter from 1.47 to 0.05 nm could be observed due to the
presence of dye molecules within the structure. Furthermore,
the N, adsorption isotherm displayed a type II isotherm
(Fig. 1c). The reduction in the textural parameters and the
change in the isotherm type confirmed the adsorption of the
desired dye on the structure.

Scanning electron micrographs of HKUST and HKUST-AMP-
SO;H are presented in Fig. 2a-d. The as-synthesized HKUST
showed an octahedral morphology with an average diameter of
around 6 micrometers (Fig. 2a), and the modification of the
compound caused no changes in the morphology of the struc-
ture (Fig. 2c).

Dye adsorption study of the synthesized compounds

To investigate the adsorption efficiency of the synthesized
compounds, the adsorption of dyes, including MB, MV, FS, and
Er, was studied using HKUST and HKUST-AMP-SO;H as the
adsorbents. Moreover, the effects of reaction time, dye
concentration, pH, and temperature on the adsorption perfor-
mance were also evaluated.

Dye removal ability of the synthesized compounds

Dye removal from contaminated water was calculated by the
following equation:

(co =)

DR.(%) = =
0

x 100 (4)

The adsorption capacity and the average amounts of dyes
removed at an optimized time are shown in Table 2. For MB and
Er, high dye removal percentages and adsorption capacities
were observed owing to the introduction of SO;H groups into

This journal is © The Royal Society of Chemistry 2020
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Table 3 The ability to adsorb diverse adsorbates using HKUST and HKUST-AMP-SOsH as adsorbent
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Adsorbent
Entry Dye Structure HKUST HKUST-AMP-SO;H
N\
1 Methylene Blue \T/C[sp\,r/ v v
2 Methyl Violet X v
K T
NaO. | . te]
3 Fluorescein Sodium 4 4 X
S N
PG ed
4 Erythrosine I\Jj\ v v
E I ‘ONa

Scheme 2 The plausible mechanism for adsorption process of (a)
HKUST (b) HKUST-AMP-SOzH.

the framework compared with those of the pristine framework,
whereas the reverse status could be seen for MV and FS. In this
regard, HKUST could adsorb FS, but hardly adsorbed MV. On
the contrary, HKUST-AMP-SO;H could adsorb MV but rarely
adsorbed FS. The reasons for these phenomena are discussed
subsequently.

Effect of contact time on dye adsorption

The removal of MB, MV, FS, and Er was evaluated by HKUST and
HKUST-AMP-SO;H at room temperature. As seen in Fig. 3, an
increase in the reaction time increased dye adsorption.
However, after a certain time, the amount of adsorption did not

This journal is © The Royal Society of Chemistry 2020

increase and remained constant (Fig. S4t). This time was
referred to as the equilibrium time for the reactions. The
adsorbent could not adsorb the desired dye anymore beyond
this time due to the saturation of active sites. Based on the
results in Fig. 3, the equilibrium time for HKUST (Fig. 3a) and
HKUST-AMP-SO;H (Fig. 3b) was obtained as 30 min. The fast
adsorption of various dyes indicated the presence of vacant or
suitable sites for adsorption.

Dye concentration effect on the adsorption of dye

Table S17 shows the amount of dye removed using HKUST and
HKUST-AMP-SO;H as adsorbents with different initial dye
concentrations. It is obvious from the results that dye removal
reduced on increasing the initial dye concentration, which
might be due to the occupation of active sites of the adsorbent.
This was true for both frameworks.

Influence of pH on dye adsorption

It is acknowledged that the solution pH, which is a vital factor
during the adsorption process, can influence the ionization
degree and the structure of the adsorbate molecules, as well as
the active site charge of the adsorbent.’® Nevertheless, in this
study, the pH of the solution was investigated in the range of 3-
11. The solution pH was adjusted using 0.1 M HCI or 0.1 M
NaOH, and the results are presented in Fig. S5.f It could be
observed that the adsorption capacity and subsequently, dye
removal were enhanced on increasing the solution pH from 3 to
7 and decreased upon increasing the solution pH further.
Therefore, the favorable pH value for the adsorption process
using HKUST and HKUST-AMP-SO;H was 7.

Effect of temperature on dye adsorption

To elucidate the effect of temperature, adsorption experiments
were performed at diverse temperatures in the presence of
HKUST and HKUST-AMP-SO;H as the adsorbents, and the
results are shown in Table S2.1 The results indicated that dye

RSC Adv, 2020, 10, 9369-9377 | 9373
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Table 4 The comparison of the adsorptive activities of some previously reported adsorbents

Entry Adsorbent Adsorbate Adsorption capacity (mg g~ ") Ref.
1 UIO-66-0.75(COOH), MB 291 37
2 MIL-100(Cr) MB 645.3 39
3 NH,-MIL-125(Ti) MB 400 40
4 [Zn(phenDIB)(AOBTC)0.5] MB 139.4 41
5 Fe;0,@AMCA-MIL53(Al) MB 325.62 42
6 ZnMOF MB 30.14 19
7 GO/PAM MB 292.84 43
8 MOF-235 MB 252 44
9 POM®@MIL-101 MB 371 45
10 HKUST-AMP-SO;H MB 833.33 Present work

removal reduced upon increasing the temperature from 298 to
323 K. Thus, the room temperature was the appropriate
temperature for the adsorption process. Adsorption isotherms
with respect to the temperature are discussed later.

Effect of adsorbent dosage

Table S31 shows the amounts of dye removed with different
adsorbent dosages. It was clear from the results that dye
removal increased upon increasing the adsorbent dose from 3
to 10 mg and remained constant with a further increase up to
20 mg. Therefore, the best results were obtained with 10 mg of
adsorbents.

Adsorption kinetics

Adsorption kinetics is one of the important factors to under-
stand the adsorption process better."* Adsorption kinetics is
mainly used to examine the effect of time on the removal of
adsorbates, as well as the diffusion mechanism. Two adsorption
kinetic models were used for this purpose, including pseudo-
first-order and pseudo-second-order equations, which are
explained in the ESL{

The adsorption kinetics of HKUST and HKUST-AMP-SO;H
were evaluated through the adsorption of the desired dyes at
different contact times, and the results are presented in Fig. S4,
S6 and S7.f The investigation of adsorption kinetics was per-
formed at various concentrations. Moreover, the correlation
coefficient values (R,) obtained from the fitting line (Fig. S6 and
S77) and the kinetic adsorption parameters are listed in Tables
S4 and S5.1 As observed in Fig. S6, S7, Tables S4 and S5,7 the
results fitted the pseudo-second-order kinetics model well,
showing higher R, values for the pseudo-second-order model
compared with those of the pseudo-first-order model. Accord-
ingly, the pseudo-second-order model, the most appropriate
model to express the adsorption behavior of the dyes over the
desired adsorbent, represented chemisorption as the mecha-
nism of the adsorption process.

Adsorption isotherms

Adsorption isotherms are used to illustrate the equilibrium
state of the adsorbates between the solid and liquid phases and
understand the interactions between the adsorbent surface and

9374 | RSC Adv, 2020, 10, 9369-9377

adsorbate molecules. There are several isotherm models for dye
adsorption, of which Langmuir and Freundlich's models have
been investigated and explained in the ESL

In order to evaluate the adsorption isotherms, the adsorp-
tion of desired dyes was carried out over the adsorbents at three
different temperatures (298, 308, and 318 K) in the initial
concentration range of dyes from 20 to 200 mg L. According to
the results presented in Fig. S8, S9, Tables S6 and S7,f the
correlation coefficient R, values for the adsorption of MB, FS,
and Er over HKUST fitted the Langmuir isotherm model. The
same results were obtained for HKUST-AMP-SO;H. Langmuir's
theory demonstrates that the adsorption process occurs
uniformly and in a monolayer form.

Adsorption thermodynamics

The study of the thermodynamic parameters of the adsorption
mechanisms is necessary in order to evaluate the desirability of
the adsorption process. The values of thermodynamic param-
eters are explained in the ESL{

To study the thermodynamic parameters, adsorption exper-
iments were performed at three different temperatures (298,
308, and 318 K) in the presence of the adsorbents, and the
results are presented in Tables S8 and S9.f The negative AG
values represented the spontaneity of the dye adsorption
process. The absolute value of AG was in accordance with the
adsorption capacity and enhanced with increasing adsorption
capacity. The high absolute value of AG confirmed that the
modification of the framework was efficacious in improving the
performance.

Dye separation process

HKUST and HKUST-AMP-SO;H were employed with a mixed
solution of FS and MV. According to Fig. 4, the brown mixture
turned pink and fluorescent green in the presence of HKUST
and HKUST-AMP-SO;H, respectively. Therefore, the incorpora-
tion of SO;H functional groups into the framework caused
a reversal in the dye separation process. This feature is very
different from previously reported works on dye separation. The
adsorbance of MV and FS by HKUST and HKUST-AMP-SO;H
from the mixed solution are represented in Fig. S10,f which

confirmed the aforementioned feature. Furthermore, the

This journal is © The Royal Society of Chemistry 2020
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adsorption capability of HKUST and HKUST-AMP-SOz;H to
adsorb MV and FS at the equilibrium concentration are shown
in Fig. 5, from which the reversal process in dye adsorption can
be observed.

Furthermore, the adsorption selectivity constants obtained
from the competitive experiments in two-component solutions
with different initial concentrations are shown in Fig. 6. As
shown in Fig. 6, HKUST preferentially showed selective
adsorption of FS over MV in all the two-component solutions.
On the other hand, with the introduction of SO;H groups into
the framework, reverse selectivity was observed, and the
framework preferentially exhibited selective adsorption of MV
over FS in all the two-component solutions. Moreover, the
selectivity constant ags/\y of HKUST decreased with an increase
in the initial concentrations, while under the same condition,
the selectivity constant ayyrs of HKUST remained at a very low
value, and for HKUST-AMP-SO;H, opposite selectivity could be
observed.

The plausible mechanism of the adsorption process

Various mechanisms have been presented below to determine
the process of adsorption and removal of dyes in different
reports.'****” As mentioned above, in our work, two states were
observed in the dye adsorption process after the modification of
the framework.

(i) A remarkable increase in the adsorption capacity and dye
removal was observed owing to the modification of the frame-
work with SO;H groups in the case of MB and Er (Table 3,
entries 1 and 4).

(if) A marvelous feature of reverse adsorption was observed
via the introduction of SO3H groups into the framework in the
case of MV and FS (Fig. 4 and Table 3, entries 2 and 3).

The aforementioned features can be explained as follows.

Overall, the adsorption process can be carried out by m-7
interactions, electrostatic interactions, or hydrogen bonding.*®

In the case of MB, it could be seen that both HKUST and
HKUST-AMP-SO;H adsorbed the desired dye. HKUST and
HKUST-AMP-SO;H have the zeta potentials of —4.03 and
—17.8 mV, respectively. According to the zeta potential, when
HKUST is applied as the adsorbent, both - and electrostatic
interactions drive the adsorption process (Scheme 2a, pathway
I). However, upon the application of HKUST-AMP-SO;H as the
adsorbent, in addition to -7 interactions, more electrostatic
interactions occur, which is an effective factor in the adsorption
process. After the modification of the framework with sulfo-
propyl groups, negatively charged sulfonate and positively
charged ammonium groups exist in the zwitterionic form of the
MOF. This negative charge increases the electrostatic interac-
tions between the framework and the cationic dye molecules
(Scheme 2b, pathway I), and thus, increases the adsorption
capacity compared with that of the pristine MOF. On the other
hand, the surface charge becomes more negative upon modi-
fication, which is in accordance with the zeta potential of
HKUST-AMP-SO;H. Therefore, the zeta potential measurement
confirmed that electrostatic interactions play an important role
in the adsorption process and increase the adsorption capacity.

This journal is © The Royal Society of Chemistry 2020
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In entries 2 and 3 of Table 3, inverse situations are observed
for MV and FS. For MV, HKUST-AMP-SO;H is the appropriate
adsorbent since it is capable of adsorbing the MV dye molecules
with a high adsorption capacity. On the contrary, HKUST can
hardly adsorb MV (Fig. 4). This phenomenon can be attributed
to the positive charge on the surface of the dye molecules, which
facilitates adsorption on HKUST-AMP-SO3;H (Scheme 2b,
pathway II). Therefore, the higher negative charge on the
surface of HKUST-AMP-SO;H improves the adsorption process,
which is in accordance with the zeta potential of the modified
framework. On the other hand, the Fluorescein dye showed the
reverse condition. It could be adsorbed by HKUST but only
scarcely by HKUST-AMP-SO;H. The more negative zeta potential
of HKUST-AMP-SO;H causes the reduction in the adsorption of
FS.

When Er is used as the dye, both frameworks showed the
ability to adsorb the dye, and a considerable increase in the
adsorption capacity could be observed after the modification of
the framework with the SO;H functional groups. In this case, in
addition to m-7 interactions in both frameworks, hydrogen
bonding due to the presence of iodide atoms on the surface of
the dye molecules played a significant role in increasing the dye
adsorption on HKUST-AMP-SO;H (Scheme 2b, pathway IV). FS
and Er molecules have the same structures, and the only
difference between these two molecules is the presence of
iodine atoms on the Er structure, which caused Er to be
adsorbed easily on HKUST-AMP-SO;H, while FS was rarely
adsorbed. Therefore, the introduction of the SO;H functional
groups into the framework causes the reversal of the perfor-
mance of MOF toward dye adsorption.

Reusability of the synthesized adsorbent and its activity

One of the most challenging issues during the adsorption
process is the reusability of adsorbents, which makes them
good candidates for commercial applications. For this purpose,
the reusability of the prepared adsorbents was investigated
through consecutive adsorption experiments under the same
conditions. After each cycle, the relevant adsorbent was sepa-
rated, dispersed in a 0.1 M HCl/methanol (1 : 9, v/v) solution to
remove the trapped and adsorbed dyes, washed with ethanol,
dried at 120 °C, and then used for the subsequent experiment.
The results reported in Fig. S11f show that the prepared
adsorbent can be reused for four times without any consider-
able loss in the adsorption efficiency of the pristine MOF. The
FT-IR spectra and PXRD patterns (Fig. S12 and S137) confirmed
these findings. Therefore, the prepared adsorbents presented
good regeneration ability.

To investigate the activity of the prepared adsorbent
(HKUST-AMP-SO;H), the synthesized compound and previously
reported MOFs were compared in terms of their adsorption
capacity, and the results are summarized in Table 4. It could be
observed that our adsorbent was remarkably different and had
a high adsorption capacity compared to others.

Furthermore, the adsorption and separation behavior of the
modified framework in the first step was also investigated. The
results showed that the adsorption behavior of the modified
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framework in the first step was quite similar to that of the
pristine MOF, except that the amount of adsorption was lower
due to the blockage of unsaturated metal centers by the amine
functional groups. In addition, 1,3-propanesultone was added
directly to HKUST to identify the coordination capability of the
sulfonate groups. The amount of sulfur was measured using
a carbon-sulfur analyser, and no sulfur was detected in the
framework, which confirmed that sulfonate functional groups
did not directly incorporate into the HKUST structure.

Conclusion

In summary, a metal-organic framework with an unsaturated
metal center, denoted as HKUST, was constructed and
successfully modified by the introduction of SO;H groups into
the framework. The desired framework was applied as an
effective adsorbent in the removal and separation of dye
molecules from contaminated water. The modification of the
framework with SO;H groups caused intriguing features in the
composition. In addition to the substantial enhancement in the
adsorption capacity compared with that of the pristine MOF,
a reverse trend was observed in dye adsorption and separation
due to the introduction of SO;H groups into the framework.
This is a completely different feature and has rarely been
observed in previously reported adsorbents. Notably, selective
adsorption was seen toward cationic dyes owing to the presence
of the anionic SO;~ groups in the framework. The experimental
data agreed well with the pseudo-second-order kinetics and the
Langmuir isotherm model. The thermodynamic parameters
indicated a spontaneous process for dye adsorption. Moreover,
the synthesized adsorbents could be recycled for four sequential
cycles. Ultimately, these unique characteristics of the desired
adsorbent make it a good candidate for applications in dye
adsorption and separation processes.
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