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1. Introduction

Engineering of efficient functionalization in a
zirconium-hydroxyl-based metal—organic
framework for an ultra-high adsorption of Pb?*
ions from an aqueous medium: an elucidated
uptake mechanismf

Hang M. N. Pham, Anh V. N. Phan, Anh N. T. Phan, Vi P. Nguyen,
Khang M. V. Nguyen, Hung N. Nguyen, Thai M. Nguyen and My V. Nguyen {2/ *

Metal-organic framework (MOF) adsorbents have been proven to possess an effective Pb2* uptake
property in recent years. However, their abilities are inadequate for industrial and real-life situations due
to their ineffective adsorption capacity and lack of modified engineering. To overcome these
disadvantages, a new hydroxyl-functionalized Zr-based-MOF, denoted as HCMUE-2, was successfully
synthesized through the solvothermal method. The Pb?* adsorption onto HCMUE-2 was completely
observed under optimal conditions, including solution pH, MOF content, adsorption isotherms, and
kinetics. Consequently, the maximum Pb2* adsorption capacity over the OH-modified HCMUE-2 is
1115.9 mg g‘1 at a pH value of 5.5, which is one of the highest values compared with the previously
reported MOFs. Additionally, the obtained data for Pb2* uptake is fitted with the Langmuir isotherm and
pseudo-second-order models, indicating that the removal of Pb®* onto HCMUE-2 is a chemical
adsorption process. Notably, HCMUE-2 can maintain the adsorption efficiency of Pb%* by about 93%
after seven consecutive cycles. Furthermore, the Pb?* uptake mechanism is elucidated by systematically
incorporated analyses. Accordingly, Fourier transform infrared and Raman spectroscopies, thermogravi-
metric analysis combined with differential scanning calorimetry, energy-dispersive X-ray, and X-ray
photoelectron spectroscopy of PbcHCMUE-2 show that the chemical bonds are formed via the
electrostatic interaction and electron sharing between hydroxyl moieties within the MOF architecture
and the Pb?* species. It is noteworthy that HCMUE-2 is a potential material for removing Pb?* from
wastewater.

mining and smelting, aircraft transportation, and the fertilizer
industry have caused secondary lead release into ecosystems.*®

With the rapid growth of various industries, a huge amount of
toxic pollutants are purged to water sources without treatment,
resulting in severe water surrounding contamination. Hence,
wastewater containing heavy metal ions such as mercury,
copper, chromium, and lead with high content has received
much attention in many studies to minimize their harmful
effects on the environment and human health."> Among these,
lead has been classified as a highly poisonous ion with a long
biological half-life of up to 30 years in aquatic media. Particu-
larly, the prompt developments of lead-acid batteries, metal
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The exposure and presence of lead in organisms have posed
irreversible damage to the human body, including kidney and
liver failure, accumulation, rickets, anemia, and cancer.>”
The maximum allowable amount of Pb>* in freshwater is
0.01-0.015 ppm according to the Environmental Protection
Agency (EPA) and World Health Organization (WHO). Various
methods such as precipitation,”® ijon exchange,>'® ultra-
filtration,"'* and adsorption™®"® have been employed for
lead-contaminated water treatment. It is noteworthy that the
procedures, including precipitation, ion exchange, and ultra-
filtration, have several advantages in terms of user-friendliness
and economic efficiency. However, there are disadvantages to
using these adsorbents, such as low selectivity, poor flexibility,
and slow rate. Besides these methods, adsorption has been
widely used owing to its high efficiency, low cost, rapid treatment,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high selectivity, and adaptability."®'® Many traditional materials
such as chitosan, graphite oxide, zeolite, and active carbon are
used to eliminate heavy metal ions from aqueous media.'*>*
Nevertheless, these materials possess several drawbacks, includ-
ing prolonged adsorption rate, poor functionalization, and low
uptake capacity, because they lack strong attractions between the
active sites of absorbents and adsorbates. Therefore, it is urgent
to seek novel alternative absorbents to effectively remove the
Pb>" ions from wastewater under practical conditions. Recently,
metal-organic frameworks (MOFs) have attracted numerous
studies in the efficient purging of heavy metal ions from waste-
water due to their extraordinary properties, such as high specific
surface area, versatile structure with high crystallinity, and easy
post-synthetic modification.*** To date, MOFs have been
reported with potential applications in many fields, including
catalysis,”®> *® separation,>*® sensor,”'** energy storage,**** and
adsorption.*>® Noteworthily, the MOF architecture can be
adjusted by functional groups to enhance the interactions
between the adsorption sites and guest moieties, driving new
promising approaches with respect to adsorption. In particular,
zirconium-based MOFs are well known as highly water-stable
materials due to their rigid backbone and stable metal-carbox-
ylate bonds, opening excellent applications in real-life situations.
In fact, the most common MOFs are found to have low capacity
and efficiency for Pb®" uptake. This limitation can be attributed
to the lack of efficient electrostatic attraction of active sites with
positively charged species of the Pb>* ions. Thus, engineering
MOFs with specific modified groups containing unpaired elec-
trons, such as amino, sulfonic, thiol, and hydroxyl, to improve
electrostatic interactions with Pb®" is a potential pathway for
overcoming the stated disadvantages. Accordingly, amino-
functionalized Zr-MOF was fabricated by Yin et al., indicating a
Pb** uptake of 135.0 mg g~ ".*° In our previous work, we prepared
a Zr-MOF containing sulfonic moieties, termed VNU-23, exhibit-
ing a high Pb®" adsorption ability of 617.3 mg g~ * at pH = 5.5.%°
It is noteworthy that hydroxyl groups (-OH) have lone pair
electrons, which are known as Lewis bases that can support
the generation of strong coordination bond with the Pb** ions.
Moreover, the presence of -OH groups within the MOF archi-
tecture could obtain many advantages to meet the criteria for
boosting the fast adsorption kinetics and greater uptake capacity
of Pb*>": (i) providing chelation and hydrogen-bonding sites
inside the aromatic and nonpolar linkers; (ii) forming three-
dimensional flexible crystal structure and electron-donating
ability of specific atoms of functional groups with guest
species.”’ This engineering strategy is sucessfully applied to
Ui0-66-OH and UiO-66-(OH),, which indicate effective adsorp-
tion capacities for Cr(vi) and Co(u) ions of 39.0 mg g ' and
133.3 mg g ', respectively.*>** Inspired by these aspects, we
expect that if the combination of OH-modified linkers and
zirconium clusters to create a new MOF class is successfully
performed, it enhances the Pb®>" removal level from an aqueous
medium via the available interactions of hydroxyl groups inside
MOF with the Pb** ion. This is a new direction for coping with
the mentioned limitations in terms of the uptake capacity and
adsorption rate of Pb** in the previously reported literature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this contribution, a new hydroxyl-functionalized Zr-based-
MOF, denoted as HCMUE-2, was successfully synthesized via a
solvothermal procedure with an ultra-high Pb** adsorption capa-
city of 1115.9 mg g~ ' at pH = 5.5. Notably, complete structural
characterizations and the Pb*>" adsorption mechanism onto
HCMUE-2 were interpreted through the adsorption models com-
bined with the analytical procedures. Furthermore, the cost-
effectiveness of the synthesized material is relatively low and
acceptable for practical applications. These findings indicate that
HCMUE-2 is a potential candidate for efficiently eliminating Pb>*
ions from wastewater.

2. Experimental section
Starting reagents and procedures

All chemicals were purchased from commercial suppliers and
directly used for further investigation. Zirconium(v) oxy-
chloride octahydrate (ZrOCl,-8H,0, 99%), 2,6-naphthalene
dicarboxylic acid (H,NDC, 98%), oleum (SO; in concentrated
H,S0,, 20%), N,N-dimethylformamide (DMF, 98%), hydrochlo-
ric acid (HCl, 37%), methanol (MeOH, 99%), and acetonitrile
(99%) were supplied from local vendors. The linker of 4,8-
disulfonaphthalene-2,6-dicarboxylic acid (H,SNDC) was pre-
pared through the sulfonic-modified process described in a
previous work.*

Powder X-ray diffraction (PXRD) data were recorded on a
Ni-filtered Cu Ka source (4 = 1.54718 A) using a diffractometer
(D8 Advance, Bruker). The 26 range was 3-50° with a step size of
0.02° and a fixed counting time of 0.3 s per step. Fourier
transform infrared spectroscopy (FT-IR) measurements were
performed on a spectrometer using the attenuated total reflec-
tance (ATR) sampling method (FT/IR-6600, Jasco). Thermogra-
vimetric analysis (TGA) combined with differential scanning
calorimetry (DSC) was conducted on a thermal analysis system
(LabSys Evo 1600 TGA, SETARAM) under dry airflow and in
the temperature range of 25-800 °C at a constant rate of
5°C min~'. "H-NMR and "C-NMR spectra were collected using
an NMR spectrometer (AVANCE Neo 600 MHz, Bruker). Chro-
matographic measurement of the 4,8-dihydroxynapthalene-2,6-
dicarboxylic acid linker was carried out on a chromatograph
system (Acquity UPLC"™ H-Class Plus, Waters) with the Acquity
UPLC®BEH C18 column (1.7 um, 2.1 x 50 mm). This system
was incorporated with a Waters SQ Detector for mass spectro-
scopy (MS) and controlled by Masslynx V4.2 software. X-ray
photoelectron spectroscopy (XPS) was analyzed using an X-ray
photoelectron spectrometer (PHI 5000, Chigasaki) with a mono-
chromatic Al K, source operating at 50 W and 15 kV. The N,
adsorption isotherm was performed using a surface charac-
terization analyzer (3Flex, Micromeritics). Raman spectroscopy
was collected using a spectrometer (XploRA One 532 nm,
Horiba). Scanning electron microscopy (SEM) image was mea-
sured using a microscope (FESEM $-4800, Hitachi) with an
accelerating voltage of 10 kV incorporated with energy-
dispersive X-ray (EDX) mapping recorded on an instrument
(EDX H-7593, Horiba). Transmission electron microscopy
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(TEM) was conducted using a microscope (Jeon 1010, Hitachi)
with a high voltage of 80 kV. An atomic absorption spectro-
photometer (AAS) was performed using a spectrometer (iCE 300
Series, Thermo Scientific) to quantify the Pb*>* ion with an
absorption wavelength of 217 nm.

Synthesis of 4,8-dihydroxynapthalene-2,6-dicarboxylic acid
(H,NDC(OH)) linker

According to a previously published procedure,**> a mixture of
H,SNDC linker (0.300 g, 0.798 mmol) and NaOH (0.750 g,
18.8 mmol) was well-mashed in a crucible and then heated at
350 °C with a rate of 5 °C per min for 90 min. At the end of the
reaction, the mixture was cooled to room temperature, then dis-
solved in distilled water, filtered, and precipitated by adding excess
concentrated HCl (37 wt%, 120 mL). A bright yellow product was
collected, washed with acetonitrile, and dried upon vacuum for
12 h at 70 °C. "H-NMR (DMSO-ds, 600 MHz): § = 10.75 (s, 2H);
8.28 (s, 2H); and 7.43 ppm (s, 2H) (Fig. S1, ESIf). C-NMR
(DMSO-ds, 600 MHz): § = 167.47 (s, 2C); 154.36 (s, 2C); 129.32
(s, 2C); 127.06 (s, 2C); 115.27 (s, 2C); and 107.93 ppm (s, 2C)
(Fig. S2, ESIt). ESI(—) MS (1000 ppb, cone voltage of 30 V): m/z =
247.02) (Fig. S3, ESIY).

Synthesis of HCMUE-2 material

A mixture of ZrOCl,-8H,0 (0.0393 g, 0.122 mmol) and H,NDC(OH),
(0.0327 g, 0.132 mmol) was ultrasonically dissolved in a 20 mL
Pyrex vial containing DMF solvent (6 mL) and formic acid (1.5 mL)
for 15 min. Then, the mixture was heated at 120 °C for 72 h. After
cooling to room temperature, the sample was centrifuged and
washed with DMF for 48 h (20 mL) and methanol for 48 h (20 mL).
During the solvent exchange, each solvent was decanted and
refilled four times per day. The brown product was dried and
evacuated under vacuum at 120 °C for 24 h to yield the brown
guest-free sample, denoted as HCMUE-2 (80% yield, based on Zr*").

HCMUE-2

2r,0,(H,0),(CO,),

H,NDC(OH) linker

Zr,O4(H,0),(H,NDC(OH)), 4
\&o'v
o“q‘
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Batch adsorption investigations

All the experiments were conducted at room temperature with a
constant stirring rate and repeated at least three times for
further tests. To demonstrate the effect of the pH value on
the adsorption ability, 250 mg L™ of Pb** (100 mL) was selected
as the initial concentration with 10 mg of HCMUE-2 after
stirring for 24 h. The pH range from 1 to 5.5 was adjusted by
0.01 M HNO; and 0.01 M NaOH solutions with a pH meter to
avoid the generation of precipitation states of Pb>".**™*® The
content of the material was carefully surveyed with an optimal
pH studied previously. In detail, the dosage (2-25 mg) of
HCMUE-2 was introduced to 100 mL of the Pb>" solution with
an initial concentration of 100 mg L™" at an optimal pH value.
Herein, the concentration of Pb>* was determined using the
atomic absorption spectroscopy (AAS) method after appropriate
adsorption intervals with a calibration curve derived from the
standard solutions (Fig. S4, ESIf). The adsorption capacity
(mg g7 ") at ¢ (g;) and equilibrium (g.) times as well as the
removal percentage (R%) were respectively calculated by apply-

ing eqn (1)-(3):

C,—C)V
g GG 1)
C, — Ce V
qe = %7 (2)
m
R(%) = % % 100, 3)

where C,, Cy, and C. (mg L") are the concentrations of Pb*" at
initial, # and equilibrium times, respectively. V (mL) and m (mg)
are the solution volume and a certain amount of adsorbent,
respectively.

Next, the adsorption isotherms of the Pb>" adsorption over
HCMUE-2 were conducted. Accordingly, 15 mg of HCMUE-2

l Space filling model l

v§o

Fig. 1 Structure of the HCMUE-2 backbones is constructed from the ZrgOg(H,0)s(CO,)g SBUs with H,NDC(OH). Atom colors: Zr polyhedra, blue; C,

black; O, red. All H atoms are omitted for clarity.
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was added to 100 mL of the Pb** solution with a concentration
range of 50-1000 mg L™ at pH = 5.5 and stirred for 24 h. The
remaining concentrations of Pb®" in each solution were
determined.

To investigate the adsorption kinetics of Pb**, HCMUE-2
(5 mg) was introduced to 50 mL of the Pb>" solution (50 mg L™ )
at pH = 5 and stirred at various intervals from 1 to 60 min.
Noteworthily, the dosage and pH value are chosen to be 5 mg
and 5, respectively, to observe the kinetics because the adsorp-
tion rate of HCMUE-2 is fast at dosages over 5 mg and pH = 5.5,
causing incorrect analyses in a short time.

Recycling experiments

To test the reusable ability of HCMUE-2, regeneration was
performed by immersing the material in a 1% HNOj; solution

View Article Online
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as the desorption solvent upon stirring for 24 h. Herein, to prove
the complete desorption of Pb*" from HCMUE-2, filtration after
the soaking process was checked without the Pb*" trace found in
the AAS spectrum. Continuously, the sample was collected by
centrifugation, washed with distilled water until pH = 7, and
exchanged in MeOH for 48 h (15 mL per 24 h). The solid was then
centrifugated, activated at 120 °C upon vacuum for 24 h, and
utilized for the following adsorption studies.

3. Results and discussion
Full characterization of hydroxyl-modified Zr-based MOFs

To evaluate the influence of hydroxyl groups within the back-
bone of the material on the Pb*>" adsorption performance, we
fabricated two Zr-based MOF materials with the same structure,

(a) (b)
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LY e 446.9 °C
. 23.16% ! 1 54
Resolvated HCMUE-2 in water /‘\
. A A 80 - | 42 -
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L ; g < < £
= Activated HCMUE-2 Se60| g %0:
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S 2 ' 418 =
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Fig. 2 Powder X-ray diffraction analysis of as-synthesized HCMUE-2 (red), activated HCMUE-2 (blue), resolvated HCMUE-2 immersed in water (green)
compared with the simulated Zr-bcu-NDC (black) (a); TGA diagram (red) and DSC curve (blue) of activated HCMUE-2 (b); SEM images of HCMUE-2
at various scale bars of 2.00 um (c), and 1.00 um (d); TEM images of activated HCMUE-2 at different scale bars of 50 nm (e), and 20 nm (f).
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namely Zr-bcu-NDC and HCMUE-2. The architectures of Zr-bcu-
NDC and HCMUE-2 are clearly depicted by the incorporation of
organic linkers, such as NDC>~, NDC(OH)*", and ZrsOg(H,0)s(-
COO); SBUs (Fig. 1 and Fig. S5, ESIT). Consequently, the Zr-bcu-
NDC material was prepared by combining ZrOCl,-8H,0 salt
and a non-OH-functionalized H,NDC linker in DMF.*° Mean-
while, HCMUE-2 was fabricated from ZrOCl,-8H,O salt and OH-
rich H,NDC(OH) linker in DMF in the presence of formic acid
as a modulator to form a three-dimensional structure with bcu
topology, similar to the Zr-bcu-NDC backbone (Fig. 1). Notably,
HCMUE-2 adopts the densely packed -OH moieties within the
backbone, leading to the efficient enhancement of the inter-
action with the positively charged Pb** species via the electron
transport process from the unpaired electrons of oxygen atoms
on the ~OH groups to the empty d orbitals of Pb*>". The phase
purity of HCMUE-2 is confirmed by PXRD measurement
(Fig. 2a), which is in good accordance with the simulated
structure of Zr-bcu-NDC. Nevertheless, the activated HCMUE-
2 sample has a poor structural order with almost imperceptible
diffraction peaks because of the high flexibility of the hydroxyl
moieties inside the MOF structure after activation. This can be
accounted for by the release of guest solvents, which strongly
interact with the hydroxyl groups through a hydrogen bonding
system, from the MOF structure, driving the loss of architec-
tural order. Interestingly, the crystallinity recovered after soak-
ing in water (Fig. 2a). This is also affirmed by the N, adsorption
isotherm at 77 K of the HCMUE-2 material. Accordingly, the
value of the surface area (BET) of the activated HCMUE-2 is
much smaller than that of the theoretical data. This situation is
observed in the previously published works.*”*° Next, Raman
spectra of HCMUE-2 and H,NDC(OH) linker are indicated in
Fig. S6 (ESIt). The new signals located at 1364, 1418, and
1583 cm ' are related to the characteristic bands of C=0
and C—=C, respectively, in the HCMUE-2 material but shifted
to other frequency ranges for the H,NDC(OH) linker. Particu-
larly, the vibrational mode of the Zr-O bond appeared at
564 cm™ ' in the HCMUE-2 spectrum. In addition, the FT-IR
spectra of H,NDC(OH) and HCMUE-2 are illustrated in Fig. S7
(ESIT). In detail, the new signals that emerged at 639, 1426, and
1599 cm ' represent the vibrations of Zr-O, symmetric C-O,
and asymmetric C-O, respectively, which appear in the
HCMUE-2 spectrum but are absent in the H,NDC(OH) spec-
trum. Additionally, the vibrational modes originating from
C—=C stretching at 1554 cm ' and aromatic O-H bending at
1365 cm™ " are present in both samples.

To further confirm the thermal and architectural robustness
of HCMUE-2, a TGA-DSC diagram was performed on the
activated sample under dry air (20% O, and 80% N,). In detail,
the weight loss of 23.16 wt% in the first stage can be ascribed to
the release of the absorbable surface and coordinated water
molecules in the HCMUE-2 cavities from room temperature to
300 °C, corresponding to a specific endothermic peak at
108.6 °C. The second stage, with a significant weight loss
(44.69 wt%) from 300 to 600 °C, can be assigned to the
decomposition of the MOF framework with an exothermic
peak at 446.9 °C to form the final product as ZrO, residue

5122 | Mater. Adv,, 2024, 5, 5118-5133

View Article Online

Paper
(@)
Element | Atomic %
C 36.53
[o) 55.79
= (27 Zr 7.68
8 Total: 100.00
> ©
‘B
c
9
C
= (27
(C]
0 1 2 3 4 5 6 7
Energy (KeV

Elemental mapping

Fig. 3 EDX spectrum of activated HCMUE-2 (a); elemental mapping by
SEM-EDX of activated HCMUE-2 (b).

(31.47 wt%) (Fig. 2b). Consequently, the HCMUE-2 architecture
is determined to be thermally up to 300 °C. This reveals that
HCMUE-2 possesses promising properties for many practical
applications. The morphology of HCMUE-2 is recorded by the
SEM and TEM images (Fig. 2c-f), which display that the
morphologies of HCMUE-2 are prism-like particles with high
agglomeration and possess an average size of 15-20 nm. In
addition, the EDX-mapping spectrum of HCMUE-2 is indicated
in Fig. 3. Accordingly, the complete distribution of the C, O,
and Zr elements in HCMUE-2 shows the successful synthesis of
the material at a high single-phase level. Furthermore, the XPS
analysis exhibits the uniform presence of the elements (C, O,
and Zr) inside the HCMUE-2 sample (Fig. 4a). High-resolution
spectra were employed to prove the constituents on the surface
of HCMUE-2 (Fig. 4b-d). Consequently, the C 1s curve displays
the peaks at 283.8 eV, 285.2 €V, 286.0 eV, and 287.5 eV, which
are attributed to the bonds of C—C/C-C, C-O, C—O0, and
COO-, respectively, within the MOF material.>**" The O 1s
spectrum can be deconvoluted into three peaks at 529.1 eV,
530.9 eV, and 531.7 eV, relating to the Zr-O-Zr, C-O, and Zr-O-
H, respectively.>>*® These gained data are similar to the men-
tioned Raman and FT-IR spectra. Notably, the Zr spectrum can
be divided into peaks at 181.6 eV and at 184.0 eV, which are
assigned to the Zr 3ds, and Zr 3d;, respectively.54 All the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS measurement of HCMUE-2: the XPS survey of HCMUE-2 (red) (a); high-resolution spectrum of C 1s in HCMUE-2 (b); high-resolution
spectrum of O 1s in HCMUE-2 (c); and high-resolution spectrum of Zr 3d in HCMUE-2 (d).

above affirmations, gained from PXRD, Raman, FT-IR, TGA-DSC,
SEM-EDX-mapping, TEM, and XPS analyses, reveal that HCMUE-2
is successfully fabricated with extraordinary properties for real-life
situations.

To gain insight into the effect of the amount of hydroxyl
groups inside HCMUE-2 on the Pb*>* adsorption ability, a series
of uptake investigations were conducted. In detail, 10 mg of
each material was added to 100 mL of the Pb*>" solutions with
different initial concentrations (50-500 mg L™ ') at pH = 5. As a
result, the Pb>" uptake capacities of Zr-bcu-NDC and HCMUE-2
are 54.7 and 740.5 mg g ', respectively, at an initial Pb>*
concentration of 500 mg L™ (Fig. 5a). It is noteworthy that
the Zr-bcu-NDC material displays a poor adsorption capacity for
Pb*" due to the absence of -OH moieties within the framework,
whereas the significant increase in the Pb*" uptake onto
HCMUE-2 can be explained by the dense distribution of hydro-
xyl groups within the backbones of HCMUE-2, resulting in the
formation of robust chemical bonding between the hydroxyl
moieties and Pb*>" via the convenient electron transfer from
unpaired electrons of oxygen atoms to the Pb*>* d orbitals.

Effects of pH and adsorbent dose

The solution pH value is considered essential in evaluating the
generation of the charged moieties within the material. Thus,

© 2024 The Author(s). Published by the Royal Society of Chemistry

investigations were conducted to determine the pH point of
zero charge (pHp,.) of HCMUE-2 (Fig. S8, ESIt). Accordingly,
the HCMUE-2 material possesses a pHp,. value of 4.2. It is
interesting to note that the surface charge of the material could
change around pHp,.. Subsequently, the solution pH regions
from 1 to 7 were performed to inspect the considerable depen-
dence of the pH values on the Pb*" uptake over HCMUE-2
(Fig. 5b). Consequently, a poor uptake level of Pb*" is exhibited
in the pH ranges from 1 to 4 (< pHy,). This can be attributed to
the protonation process of hydroxyl groups on the linkers and
p-OH moieties located at the clusters in MOFs, driving the
internal and external channel walls of HCMUE-2 to turn
more positively charged species. They can generate remarkable
repulsion forces between the copious H' ions, positively
charged forms within HCMUE-2, and the Pb*" species from the
solution.*®”> Interestingly, with the pH regions from 5 to 5.5
(>pHp,c), the Pb>" adsorption capacity significantly increases
compared with the low pH values. Herein, the negatively
charged moieties within HCMUE-2 formed by the deprotona-
tion of ~-OH groups at higher pH ranges effectively interact with
the Pb*>" ions via electrostatic attraction and sharing electron
mechanism to create the stable complexation of Pb-O. It is
important to note that the hydroxide precipitation forms of the
Pb*>* ions can be generated at the pH range to be greater than or
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46748 which detaches from the solution and causes

equal to 6,
the obstacles to confirm whether adsorption or precipitation
appeared. Therefore, we select the optimal pH value of 5.5 to
conduct the subsequent adsorption experiments.

To assess the ideal dosage of adsorbent used for the Pb**
elimination, various doses of the HCMUE-2 material from 2 to
25 mg were studied during the adsorption process of Pb>" at
pH = 5.5. As depicted in Fig. 5c, the removal of Pb*" rapidly
increased from 61.7% to 91.2% as the adsorbent dosage rose
from 2 to 25 mg. This improvement can be attributed to the
higher content of HCMUE-2, which led to an increase in more
active sites and pores for the Pb** uptake. As the material
content reaches about 15-25 mg, the adsorption uptake of Pb>" is
recorded with no significant change, indicating that the adsorp-
tion equilibrium has been established. Therefore, the optimum
adsorbent dosage of 15 mg is chosen for the following studies.

Adsorption isotherms

For a more detailed explanation of the adsorption essence
between HCMUE-2 and the Pb*" ions, isothermal adsorption
experiments were studied. It is found that a significant increase
in the adsorption capacity was recorded with an increase in
Pb>" initial concentration from 50 to 1000 mg L' (Fig. 6a).
The maximum Pb*" adsorption capacity (g,,) of HCMUE-2 is
1115.9 mg g~ '. This is attributed to the presence of densely
packed adsorption regions within HCMUE-2, leading to a

5124 | Mater. Adv, 2024, 5, 5118-5133

considerable enhancement of electrostatic attraction and
donor-acceptor electron transport between the hydroxyl active
sites and Pb*' species. The obtained data show that the
essential active sites of HCMUE-2 are the inhibition compo-
nents for the Pb*>* removal.

To further explore the uptake process, the models of Lang-
muir, Freundlich, Temkin, Dubinin-Radushkevich (DR), and
separation factor (R;) were employed to admit the adsorption
mechanism onto HCMUE-2. The non-linear types of the men-
tioned models and R; values are clearly displayed in the
following eqn (4)-(8):

qm KL . Ce
=2 = ° 4
©TTYK ¢ 4)
ge = Ke-C", (5)
RT
4e = —ln(kTCe) (6)
de = qm e_KDR-Szv (7)
J— ®)
L= 1+ KLC07

where g. (mg g7'), C. (mg L"), and g, (mg g~") are the
Pb>" adsorption capacity, the concentration at equilibrium
and the theoretical maximum capacity of Pb**, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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K, (L mg™), Kp (mg g (L g7 )"), Kr (L mg™), and Kpg
(mg g ") represent the constants of Langmuir, Freundlich,
Temkin, and DR, respectively. The 1/n and ¢ values represent
the adsorption capacity index of the Freundlich isotherm and
the constant of the DR model, respectively. The R, T, and b
values are the constant of gas, the temperature in Kelvin, and
the adsorption heat in the Temkin model, respectively.

As illustrated in Fig. 6b-e and Table 1, the non-linear plots
of the aforementioned models for the removal of Pb** over
HCMUE-2 are elucidated. The obtained results indicate that the
equilibrium parameters fitted by applying the Langmuir model
are greater than those of the remaining models. In detail, the
non-linear fitting coefficients of the Freundlich (R* = 0.980),
Temkin (R> = 0.929), and DR (R> = 0.981) models are much
lower than those of the Langmuir model (R* = 0.995).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Additionally, the theoretical Pb®>" adsorption capacity (qn,) is
1309.3 mg g ', which is relatively close to the experimental
capacity (1115.9 mg g~ '). Based on the achievable data, it is
proposed that the adsorption of Pb>" onto HCMUE-2 appears
only as an adsorption layer of Pb*" formed at the boundary of
the active regions within HCMUE-2. Furthermore, the separa-
tion value (Ry) determined from the Langmuir model plays an
important role in evaluating the convenience of the uptake
process. Accordingly, the R; factor shows the value to be
smaller than 1 and larger than 0, implying that the Pb**
removal over HCMUE-2 is a chemical adsorption process. This
can be depicted by the electrostatic attraction and electron
transfer between the cationic Pb*>* ions and hydroxyl active sites
inside HCMUE-2. This phenomenon has also been observed in
previously reported works.***®
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Table 1 Fitting data calculated from the Pb%* uptake isothermal models
onto HCMUE-2

Isotherm models Parameters Value
Langmuir gm (mg g7 ) 1309.3
Ky (L mg ™) 0.0040
R* 0.995
Freundlich 1/n 0.449
Kp (mg g™t (L g HY") 58.409
R* 0.980
Temkin b 10.891
Kp (L mg™) 0.129
R* 0.929
DR Kpr (mg g™) 0.290
R* 0.981

q,(mgg”)

q,(mgg”)

sl Pseudo second order kinetic model
R?=0.998

o0 1 1 1 1 1
0 10 20 30 40 50 60

View Article Online

Paper

Adsorption kinetics

To understand the relationship between adsorption ability and
contact time, further adsorption kinetic experiments were
conducted. Herein, to prevent imprecise measurements in
short-time contact intervals due to the rapid removal rate of
HCMUE-2, the MOF content of 5 mg and the solution pH value
of 5 were used. As a consequence, the Pb>" uptake rate onto
HCMUE-2 increases promptly during the original 10 min
because of the great number of available adsorption sites at
the original periods. It gains the adsorptive equilibrium level
after 20 min (Fig. 7a). It is observed that the rapid removal of
Pb>" over HCMUE-2 is a promising point to cope with the stated

------- Pseudo first order kinetic model

30 -
R2=0.990
0 (/ 1 1 1 1 1
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(d)
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Fig. 7 Kinetic data for the Pb?* adsorption onto HCMUE-2 capacity [m = 5 mg, V = 50 mL, Co: 50 mg L™, t = 1-60 min, and pH = 5] (a), fitting results
with the adsorption kinetic models: pseudo-first-order (b), pseudo-second-order (c), and intra-particle diffusion model (d). Regenerration of HCMUE-2

in the Pb2* uptake (e).
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Table 2 Parameters of the adsorption kinetics of Pb?* onto HCMUE-2

Kinetic models Paramaters Value

Pseudo first order Geexp (Mg g™ h) 147.2

Ge,cal (Il’lg gil) 134.3

ky (min™?) 0.606

R 0.990

Pseudo second order Gecal (Mg g ) 144.7
k, (g mg " min™") 1629.8

> 0.998

disadvantages of the traditional materials, thereby opening the
potential applications of HCMUE-2 for the treatment of heavy
metal ions in practical environments. The truth reveals that the
diffusion rate and interactions are vital criteria for identifying
the adsorption performance of HCMUE-2. Thus, the kinetic
models of pseudo-first-order, pseudo-second-order, and intra-
particle diffusion (eqn (S1)-(S3), ESI{) were utilized to demonstrate
the adsorption mechanism of Pb>". As shown in Fig. 7b and ¢ and
Table 2, it can be observed that the non-linear fitting coefficient of
the pseudo-first-order model (R* = 0.990) is smaller than that of
the pseudo-first-order model (R* = 0.998). Particularly, the experi-
mental Pb*>" adsorption capacity (147.2 mg g~ ') is much closer
to the theoretical value (144.7 mg g~ '). Hence, the Pb®>" uptake
over HCMUE-2 is chemical adsorption performed by the electron

(@

T T T T

HCMUE-2 immersed in water
after desorption

P L

Activated Pbc HCMUE-2

Intensity (a.u.)

HCMUE-2 immersed in water
before adsorption

26 ()

Before adsorption
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exchange or sharing to form a strong interaction between the
positively charged Pb*" ions and hydroxyl-containing moieties
within MOF.

Remarkably, the removal process of Pb*" onto HCMUE-2 can
be clarified into three steps, as illustrated in Fig. 7d. Accord-
ingly, in the first step, the Pb>" ions diffuse rapidly from the
solution to the external surface of the material until the surface
is filled with guest species. In the second stage, the uptake rate
is lower and attributed to the entry of the Pb** jons into the
internal surface of HCMUE-2. In the final step, the Pb*>" ions
travel sluggishly into the cavities and interact with the available
active regions of the MOF until the adsorption equilibrium is
accomplished. It is noteworthy that the third stage is the
decision stage of the removal stage even though it is slow. This
can be explained by the fact that the straight line does not go
through the initial position.

Reusable investigation

The reusability of the absorbent is one of the important factors
to consider in the economic efficiency of the material in
terms of decreasing product costs. Herein, regeneration was
addressed seven times with the experimental data, as illu-
strated in Fig. 7e. It is achieved that the uptake percentage

(b)

HCMUE-2 after desorption

Intensity (a.u.)

HCMUE-2 before adsorption

1750 1550 1350 1150 950 750 550

Wavenumber (cm™)

(d)

Fig. 8 PXRD pattern of HCMUE-2 before adsorption (black), and PbcHCMUE-2 (red) compared to the PXRD pattern of HCMUE-2 after desorption
(blue) (a); FT-IR spectrum of HCMUE-2 before adsorption (blue) and after desorption (brown) (b); TEM images of HCMUE-2 before adsorption (c) and

after regeneration (d) at scale bar of 20 nm.
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Table 3 The maximum uptake capacity of Pb>* over HCMUE-2 com-
pared to the other adsorbents

View Article Online

Paper

Pb>" elimination show high agreement, proving the good
architectural stability of HCMUE-2 after the removal. The

Material Gomax (Mg 27 pH Ref. FT-IR spectrum of HCMUE-2 after regeneration reveals that
- the vibrational signals in HCMUE-2 remain in comparison with
Active carbon 43.85 5.68 56 . .
MosS,biochar 189 5.0 57 the HCMUE-2 spectrum before adsorption (Fig. 8b). Further-
Activated sludge 131.6 4.0 58 more, the surface morphology of the material is insignificantly
Tb-MOFs 547.0 5.5 46 different after recycling, as shown in Fig. 8c and d. These
MIL-101(Fe)/GO 128.6 6.0 59 o .
MIL-101(Cr)-NH, 38.0 6.0 60 findings affirmed that HCMUE-2 could be used as a promising
Ui0-66-(COOH), 420.2 4.8 61 adsorbent in removing Pb** from wastewater.
O-TMU-40 215.0 6.5 62 To elucidate the dominant benefit of the HCMUE-2 material,
T™MU-5 251.0 10 62 . . 2+
{[Zn(ADB)Ly.5 1.5DMF]}, 463.5 6.0 63 the maximum uptake capacity of Pb*" onto HCMUE-2 was
VNU-23 617.3 5.5 40 compared with the other materials (Table 3). The obtained
TMU-31 909.0 5.0 64 data show that HCMUE-2 has a much greater capacity than the
TMU-32 909.0 5.0 64 . .
Zr-beu-NDC 54.7 5.5 This work  Other adsorbents. To the best of our knowledge, this value is
HCMUE-2 1115.9 one of the highest for the Pb*>" adsorption capacity compared to

reaches 93% after seven consecutive cycles. This shows the
extraordinary advantages of HCMUE-2 in application on an
industrial scale and in real-life situations.

Notably, the effective recycling of the HCMUE-2 material was
evidenced by the PXRD, FT-IR, and TEM analyses. As depicted
in Fig. 8a, the PXRD patterns of HCMUE-2 before and after the

other porous materials. This demonstrates that the hydroxyl
groups existing in the structure in terms of -OH moieties on the
linker and in the clusters play an important role in the Pb**
uptake.

Plausible adsorption mechanism: The unique adsorption
property of Pb®>" over HCMUE-2 boosted us to obtain a deeper
insight into the correlation between the Pb>" species and
hydroxyl moieties through additional measurements, including
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Fig. 9 FT-IR of Pboc HCMUE-2 (green) compared to HCMUE-2 (red) (a); Raman spectroscopy of PbcHCMUE-2 (blue) in comparison with HCMUE-2
(red) (b); TGA-DSC curve of the Pbc HCMUE-2 sample (c); and EDX analysis for Pbc HCMUE-2 (d).
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Fig. 10 The XPS analysis of HCMUE-2 before and after the Pb?* removal: (a) the XPS survey; (b) high-resolution spectrum of O 1s in HCMUE-2; (c) high-
resolution spectrum of O 1s in Pbc HCMUE-2; (d) the Pb 4f XPS spectra of Pbc HCMUE-2 (red) sample in comparison with pure Pb(NOs), solution

(green).

FT-IR, Raman, TGA-DSC, EDX, and XPS analyses. It is observed
that the FT-IR of Pbc HCMUE-2 reveals that the new absorption
frequencies appeared at 1389, 1331, and 589 cm ' features
for the vibrations of C-O, O-H, and Pb-O, respectively, in
HCMUE-2 (Fig. 9a). These observations confirm robust attrac-
tion, leading to the formation of stable chemical bonds
between the oxygen atoms of the -OH groups and p-OH in
the clusters and Pb*>" and shifting the bonding vibrations to
lower frequency ranges. This phenomenon is also found in the
reported works.’®*° Additionally, the Raman spectroscopy of
PbcHCMUE-2 was recorded and compared with the HCMUE-2
spectrum (Fig. 9b). The characteristic bands of C—=C, C-O,
Pb-0O, and Zr-O move to different frequencies at 1557, 1417,
1383, 568, and 543 cm ', respectively, indicating the efficient
incorporation of the Pb*>* ions onto the framework of HCMUE-
2. To further confirm the appearance of Pb components in
HCMUE-2 after uptake, the TGA-DSC curve of Pbc HCMUE-2

© 2024 The Author(s). Published by the Royal Society of Chemistry

was performed, as illustrated in Fig. 9c. Consequently, there are
two apparent exothermic peaks at 538.9 and 598.9 °C, which are
assigned the oxidation of lead into PbO,, but absent in the TGA-
DSC diagram of HCMUE-2 (Fig. 2b). Remarkably, the weight
percentage of the residue (66.17 wt%) for the Pbc HCMUE-2
sample is greater than the fresh HCMUE-2 material with the
residue of 31.47 wt%. This is acceptable due to the remaining
components of Pb c HCMUE-2 after annealing at 800 °C, invol-
ving the oxide compounds, such as ZrO, and Pb0,.** Subse-
quently, as shown in Fig. 9d, the EDS spectrum of Pb c HCMUE-
2 indicates the emergence of new peaks confirmed as Pb
signals appearing in HCMUE-2. These findings point to the
existence of Pb moieties inside the backbone of HCMUE-2 after
the removal process.

In particular, the uptake mechanism was further proved
using the XPS procedure. As demonstrated in Fig. 10a, the XPS
spectrum of Pb c HCMUE-2 shows the uniform presence of the

Mater. Adv, 2024, 5, 5118-5133 | 5129
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elemental components of C, O, and Zr, similar to the HCMUE-2
spectrum. Particularly, the new peaks originated at 643.1,
434.1, 413.2, 138.2, and 21.7 eV, corresponding to Pb 4p, Pb
4d, Pb 4f, and Pb 5d, respectively. Consequently, the HCMUE-2
material effectively loaded the Pb>* ions onto its framework.
Continuously, the O 1s curve of Pbc HCMUE-2 is deconvolu-
ted into four peaks that appeared at 532.1, 531.1, 529.9, and
529.3 eV, which are attributed to the Zr-O-H, C-O, Pb-O, and
Zr-O-Zr bonds, respectively (Fig. 10c). Herein, almost these
signals are shifted to the higher binding energy regions com-
pared with the pristine HCMUE-2 (531.7 eV for Zr-O-H, 530.9
eV for C-0, and 529.1 eV for Zr-O-Zr) (Fig. 10b).*>®" Besides,
the Pb-O signal is not found in the O 1s spectrum of HCMUE-2.
This can be explained by the effective attraction of the Pb**
species and the active uptake sites inside MOFs. Noteworthily,
the Pb 4f high-resolution spectrum in the PbcHCMUE-2
sample is divided two peaks at 142.6 and 137.8 eV featuring
for Pb 4f5,, and Pb 4f,,, signals, respectively, which are located
at different positions compared to those in pure Pb(NOj3),
solution (144.5 eV for Pb 4f;, and 139.6 eV for Pb 4f,,)
(Fig. 10d).°™> This is caused by the O components derived
from the hydroxyl, carboxylate groups, and the p-OH-
containing clusters that can effectively interact with the Pb**
species to form the Pb-O bonds.

4. Conclusion

In this study, a new OH-modified Zr-based MOF, termed
HCMUE-2, was prepared by applying a solvothermal method,
and its Pb*>" uptake property was observed. The achieved results
show that the maximum adsorption capacity of Pb®>" onto
HCMUE-2 reaches a value of 1115.9 mg g ' at pH = 5.5.
To the best of our knowledge, this value is one of the greatest
Pb?" uptake capacities compared with those of previous stu-
dies. Furthermore, the removal of Pb®>" is a chemisorption
process in high accordance with the Langmuir isotherm and
pseudo-second-order kinetic models. Moreover, the reusable
investigations indicate that the Pb>" removal level is retained
for at least seven cycles without a considerable decrease.
In particular, the adsorption mechanism is interpreted via a
series of combined analytical procedures. All obtained evidence
reveals that the uptake mechanism can be proposed by the
generation of robust chemical bonds through the electrostatic
attraction and electron sharing of oxygen atoms in the hydroxyl
moieties present in the MOF structure and the Pb*" ions.
Additionally, theoretical calculations should be performed in
subsequent studies to clarify further adsorption mechanisms.
These discoveries prove that HCMUE-2 is a promising candi-
date as an efficient adsorbent in eliminating Pb** from an
aqueous medium.
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