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Abstract Excessive heavy metals in the water constitute a health hazard to humans, yet it may be
efficiently purified using adsorbents. Herein, for the first time, UiO-66-NH, was modified by Gly-
cidyl methacrylate (GMA) via microwave heating method to investigate its potential for adsorption
of Pb(Il) and Cd(II) metal ions. Synthesized MOF was characterized by TGA, XRD, BET, FE-
SEM-EDX, and FTIR. The MOF has a huge surface area of 1144 m?/g, a mean pore diameter
of 2.84 nm, and a total pore volume of 0.37 cm®/g. The effect of UiO-66-GMA performance was
evaluated by investigating the impact of pH (1-9), contact time (0-200 min), initial metal ions con-
centration (20-1000 mg/L), temperature (25-55 °C), adsorbent dosage (0.5-3 g/L), and co exis-
tences of other metals was investigated on Pb(II) and Cd(II) percentage removal. Following an
analysis of the adsorption isotherms, kinetics, and thermodynamics, the Temkin isothermal model
showed an excellent fit with the adsorption data (R> = 0.99). The adsorption process was a spon-
taneous endothermic reaction and kinetically followed the pseudo-second-order kinetics model.
Microwave heating method produced highly crystalline small Zr-MOF nanoparticles with a short
reaction time. It promoted the simple yet highly efficient synthesis of Zr-based MOFs, as shown
by the reaction mass space-time yield. The adsorption capability of Pb to the presence of several
polar functional groups, including as primary and secondary amines, ester, alkene, and hydroxyl
groups. This adsorbent is a potential candidate for wastewater treatment due to its outstanding
structural stability in acidic and basic solutions, high removal efficiency, and recyclability.
© 2022 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Heavy metals are a group of pollutants that significantly threaten
human health and the environment when their concentrations exceed
acceptable levels (Zhang et al., 2020). Heavy metal ion discharge into
water bodies has become a major environmental problem all over the
globe. Water pollution has recently become a serious issue for many
environmental activists and scientists. Trace metal ions have drawn a
lot of attention from an environmental perspective due to toxicity, irre-
versible damages, accumulation in organisms, and non-biological
degradation. Trace metals must be removed from water and wastewa-
ter before it may be transported and cycled into nature. (Kobielska
et al., 2018; Qin et al., 2011). Even though many physicochemical
and biological methods for metals adsorption from the contaminated
water have been developed (Roushani et al., 2017; Soltani et al.,
2021; Wang et al., 2017). Adsorptions superiority over other
approaches in the removal of hazardous pollutants, water purification,
and the storage of gases is gaining more and more attention each year.
Due to the fact that adsorption may be performed at low temperatures,
it is less energy-intensive and hence relatively cost-effective (Mahmoud
et al., 2021). In recent years, several adsorbent materials for the
adsorption of metals have been investigated, including sewage sludge
(Phuengprasop et al., 2011), activated carbons (Li Wang et al.,
2010), peat (Kalmykova et al., 2008), resins (Liyuan Wang et al.,
2010), clays (Bhattacharyya & Gupta, 2007), and biopolymers
(Rezakazemi et al., 2014; Roushani et al., 2017; Younas et al., 2020).
These adsorbents, in particular, have several basic shortcomings and
are suspected to be ineffective at removing trace metals from polluted
water in the event of unintentional heavy metal pollution.

MOFs have emerged in the recent decade as a unique form of
highly crystalline porous material built by linking ligands with metal
ions or metal ion clusters (Mahmoud & Mohamed, 2020; Roushani
et al., 2017; Shi et al., 2018; Wang et al., 2015). MOF materials have
piqued researchers interest due to its simple and direct ability to mod-
ify pore size and shape from microporous to mesoporous scales (Hasan
etal., 2016; Liuet al., 2021; Wang et al., 2017). As a result of their wide
range of applications, MOFs have recently gained a great deal of inter-
est, including gas adsorption/storage and separation, the catalysis and
adsorption of organic molecules, and drug delivery luminescence and
electrode materials for nanomaterials (Chavan et al, 2012;
Mohamed & Mahmoud, 2020; Nong et al., 2020; Sanchez et al.,
2011; Truong et al., 2015; Omar M. Yaghi et al., 1995). As stated pre-
viously, MOFs have very promising physical and chemical characteris-
tics for various applications; moreover, their properties may be
enhanced via various methods. A few of them include active groups
grafting (Hwang et al., 2008), organic linkers modification (Yaghi
et al., 2003), impregnating appropriate active materials (Thornton
et al., 2009), post-synthetic modification, and ion exchange (Kim
et al., 2012).

In 2008, a new family of zirconium (Zr) MOFs, known as UiO
MOFs, was developed with unprecedented stability and received much
attention. Up to 450 °C, UiO MOFs are thermally inert and chemically
resistant to a broad range of organic solvents (Cavka et al., 2008; Feng
et al., 2012; Wang et al., 2018; WiBmann et al., 2012). So far,
solvothermal methods have been used to synthesize MOFs, which
require a long reaction time and a lot of energy. As a result, developing
more cost-effective and environmentally friendly synthesis routes is of
great interest to the scientific community. Another method for synthe-
sizing MOFs is microwave-assisted synthesis. In this method, dielectric
heating produces heat internally inside the reaction medium rather
than transported to the medium from outside sources (Klinowski
etal., 2011; Tannert et al., 2018). As a result, homogeneous and intense
heating can be initiated under microwave irradiation, enabling MOF
nucleation and crystal formation.

To make MOFs applicable in various industries, a rapid and inex-
pensive synthesis process that reduces reaction time and adjusts crys-
talline size is needed (Atia et al., 2005). UiO-66 MOF was recently

synthesized using a microwave heating approach with a 120 minute
of reaction time and a yield of about 90%. Further research revealed
that the rapid nucleation caused by microwave irradiation often
reduced crystal size. UiO-66 nanoparticles synthesized (100 nm) via
microwave heating were four times smaller than that produced by tra-
ditional heating (about 400 nm).

In recent years, polymers have been employed to increase MOF
porosity, and enhance MOF performance in specific applications
(Lin Wang et al., 2010; Xiong et al., 2018). MOF-polymers have
received much attention as polymers materials are promising for their
high uptake capacity, excellent selectivity, and better stability (Dou
et al., 2013). Glycidyl methacrylate is a polymer with excellent mechan-
ical strength, acid and basic resistance, and a high epoxy group reactiv-
ity (Atia et al., 2005). Additionally, its epoxy group may covalently
react with a ligand in a single chemical step (Yin et al., 2017; Yuan
et al., 2017). To increase the range of uses for ordinary polymers, a
chelating group must be added. Thus, in the present study, the amino
group of UiO-66-NH, was post synthetically modified and functional-
ized with GMA as presented in Fig. 1.

The parent MOF’s polarity and porosity structure may be altered
by adding functional groups like hydroxyl, alkene, and ester to the
GMA structure. In addition, the alkene group on the UiO-66-GMA
surface allows for post-synthetic alterations by radical polymerization
techniques. For the first time in this study, Ui0-66-GMA was synthe-
sized at different reaction times (5, 10, 15, and 30 mins) via the micro-
wave heating method, and removal efficiency for the adsorption of
metals was investigated. The microwave heating method produced
MOF crystals only after 5 min of reaction time, whereas the conven-
tional approach, i.e., (solvothermal) requires 24 h and 30 min to have
high-quality crystals. It is an easy method to produce highly crystalline
small Zr-MOF nanoparticles with a short reaction time. This heating
method has addressed the key limitation of conventional synthesis
methods and has environmental solid application potential for the
remediation of waste effluent-containing metals. To date, UiO-66-
GMA removal efficiency for metal adsorption has not been investi-
gated. Synthesized MOF was characterized by BET, SEM-EDX,
TGA, XPS, FT-IR, and XRD to examine the structural properties.
The UiO-66-GMA was used as an adsorbent to remove Pb(II) and
Cd(I1) metal ions from water. The effects of contact time, pH, adsor-
bent dosage, initial metal ions concentration, and temperature were
carefully examined. In addition, structural stability, selectivity,
reusability, adsorption kinetics, isotherms, and adsorption mechanisms
were investigated. Overall, this research presents that synthesized
MOF has the advantages of high selectivity and a large adsorption
capacity.

2. Experimental

2.1. Chemicals

All reagents used in this research, including Dimethylfor-
mamide 99 % (DMF), 2-aminoterephthalic acid (99 %,) and
Zirconium chloride (ZrCly), were acquired from Sigma-
Aldrich. Moreover, Lead nitrate (Pb(NO3),), Cadmium nitrate
Cd(NO3),, Copper nitrate Cu(NO;),, Chloroform (99 %),
Tetrahydrofuran (THF, 99.5 %), and Glycidyl Methacrylate
(GMA, 97 %) were acquired from Merck and used without
further purification.

2.2. MOF Synthesis

Microwave synthesis of UiO-66-GMA MOF nanoparticles
was conducted in a microwave oven for reaction times of 5,
10, 15, and 30 min (Glanz P70D20SP-DE, Shenzhen, China).
In all experiments, the microwave output power was kept con-



Post synthetic modification of NH,-(Zr-MOF) via rapid microwave-promoted synthesis for effective 3

A
o o. o ON He
+  HC—C CH, o, =, _o. |L|
A Illl e, ¢ SCHy
CH, > ll
33 °C ’
NH:-UlO-66 Glycidyl methacrylate GMA-UI0-66

Fig. 1

stant at 800 W. UiO-66-NH, (60 mg) nanoparticles were dis-
solved in a solvent THF (5 mL) and sonicated for 20 min.
After that, 0.22 mL GMA was added and placed in a
200 mL boiling flask. After that, the crucible was placed in a
microwave oven. Following microwave irradiation for the
desired reaction time (5 min for sample A, 10 min for sample
B, 15 min for sample C, and 30 min for sample D), the
nanoparticles were collected by centrifugation at 4000 rpm
for 10 min, repeatedly washed with THF, and then sonicated
in chloroform for 10 min to remove any unreacted GMA
before being soaked in chloroform for two days. Finally, the
yellowish nanoparticles (UiO-66-GMA) were vacuum-dried
for one day at 50 °C (Molavi et al., 2018a; Molavi et al.,
2018d). Based on Zr, the yield of Ui0-66 GMA MOF for sam-
ples A, B, C, and D was calculated to be 59.22 %, 63.31%,
74.92 %, and 82.77%, respectively. Characterization analysis
of Ui0-66-GMA, including XRD, TGA, FE-SEM, and FT-
IR, are present in Section 3.1.

2.3. Adsorption Performance Evaluation

2.3.1. Stock Solution Preparation

Stock solutions were prepared to imitate typical aqueous solu-
tions containing Pb(I1), and Cd(II) metal ions by dissolving the
required quantity of metal salts i.e., lead nitrate, and cadmium
nitrate in a 1L of distilled water. A 1000 ppm stock solution
for both metals and varied concentrations (20—1000 ppm) were
obtained by serial dilution to investigate the effects of initial
metal concentration on removal efficiency.

2.3.2. Adsorption Study

In all the batch tests, adsorption of Pb(IT) and Cd(II) was stud-
ied by varying the contact time, adsorbent dose, temperature,
initial metal ion concentration, and pH of the solution. Synthe-
sized MOF nanoparticles were added to a Pb (II) and Cd(II)
solution (25 mL). All batch tests were performed on a hot plate
with a magnetic stirrer and a beaker with 50 mL of solution.
The solution pH was adjusted by adding 0.1 M NaOH or
0.1 M HCI. The samples were maintained at 25 + 1 °C using
a 220 rpm stirrer. Following the stirring procedure, samples
were collected, filtered using a 0.45 m syringe filter (Whatman
No.1, 0.45 um), and then analyzed using Atomic absorption
spectrophotometer (Spectra model AA-20) determine the
adsorbed metals concentration. The percent removal efficiency
(R%) of the adsorbed metal ions at time t (min) was deter-
mined by Eq.1.

G -G
%R = WX \% (1)
where, C; and C, denote the initial and final concentrations of
Pb(I1) and Cd(II) respectively.

UiO-66-NH, PSM with GMA (Molavi et al., 2018a).

W = amount of the adsorbent (mg).
V = volume of solution (mL).

2.4. Kinetic Study

Pseudo-first order (PFO), pseudo-second-order (PSO), and
intraparticle diffusion kinetic models were used to evaluate
the adsorption mechanism of Pb(II) and Cd(II) metal ions
by UiO-66-GMA. In batch experiments, UiO-66-GMA
(40 mg) was dissolved in 50 mL of metal ion solutions
(100 mg/L). After stirring for a particular time period (20—
360 min), the adsorbent nanoparticles were removed using a
centrifuge machine (Ahmadijokani et al., 2020).The results of
each kinetic adsorption experiment were verified three times
to ensure accuracy (Molavi et al., 2018e).

2.5. Isotherm Study

The Langmuir, Freundlich, and Temkin isotherm models were
used to analyse experimental data from adsorption equilibrium
investigations. The adsorption of Pb (IT) and Cd(II) onto UiO-
66-GMA have been investigated by dissolving 8 mg MOF in
metal ion solution (10 mL) with varying concentrations at dif-
ferent temperatures. Isotherms at various temperatures are
essential for assessing adsorbent adsorption behavior toward
adsorbate molecules and predicting the favourability of the
adsorption process.

Isotherm models acquired by fitting experimental results to
Freundlich, Langmuir, and Temkin are presented in Egs. (2),
(3), and (4), respectively.

qmaxb(:‘le
= max_—q¢ 2
g =7 +bC,q )

whereas, geq is uptake metal capacity at equilibrium, Ceq con-
centration of the metal ion.

Qeq = Kfcéq (3)

where n and Ky are the Freundlich constants linked to the sor-
bent’s adsorption capacity and intensity, respectively.
qe:EanT—i—ElnCe (4)
b b

where b represents the Temkin constant which is related to the
heat of sorption (Jmol™'), and KT(Lg ") is the Temkin iso-
therm constant.

PFO (Eq. (5)), PSO (Eq. (6)) and intraparticle diffusion
(Eq. (7)) kinetic models are used to express the mechanism
of metal ions removal by Ui0-66-GMA.

log(q, — q,) =log(q,) — Kit (5)
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where ge and gt represent uptake of metal uptake at time?
respectively, and k1 is the constant.

t 1 1

R —¢ 6
qt qek2+qe ©)

where, ge and gt represent uptake of adsorbate at equilibrium
and at time ¢ respectively, and K2is the constant.

qt = Kdr™? (7

where qt is the amount of adsorbent on the surface of the
adsorbent at time t (mg g~'), Kd is the intraparticle rate con-
stant (mg (g min0.5)""), and t is the time (min).

2.6. Multi-Metal-lons Adsorption Study

The removal effectiveness of UiO-66-GMA for each metal ion
in a combination of the two and three metal ions were exam-
ined to analyze the impact of metal ion coexistence. Metal ions
in binary and ternary solutions were removed by adding
GMA-UiO-66 (8 mg) to a 10 mL solution containing
100 mg/L of various metal ions. The mixes were mixed for
6 h at room temperature. The residual amount of each metal
ion in the mixture was measured using atomic absorption spec-
troscopy, and removal efficiency was calculated using Eq.1.

2.7. Stability Study

A MOF nanoparticles capacity to withstand acidic and basic
solutions is essential for long practical applications. The struc-
tural stability of the samples was tested over 24 h in the pres-
ence of HCI (pH 1) and NaOH (pH 14) solutions. In brief,
100 mg UiO-66-GMA nanoparticles were mixed with 50 mL
of acidic or basic solutions and stirred at room temperature
for 24 h. Following that, the nanoparticles were collected,
washed with chloroform, and dried at 60 °C. Finally, the
XRD diffractograms of acid/base treated adsorbents were
compared to assess structural stability (Ahmadijokani et al.,
2021; Molavi et al., 2018b).

3. Results and Discussion

3.1. Uio-66-GM A Structural Characterization

GMA nanoparticles were synthesized by microwave irradia-
tion method for different reaction times of 5, 10, 15, and
30 min as shown in Fig. 2. The XRD patterns of Ui0-66-
GMA MOF show four distinctive peaks at 20 values of
roughly 7.42°, 8.5°, 12.1° and 25.7. The crystalline structure
of the synthesized MOF matches well with the previously
reported patterns in the literature, as shown in Fig. 2 (Kopinke
et al., 2018). Microwave irradiation produces crystals only
after 5 min of reaction time, whereas the conventional
approach requires 24 h and 30 min to produce high-quality
crystals. Compared to conventional heating methods, the
MOF crystals synthesized by this method are substantially
smaller, ranging from 150 to 200 nm in size (Chavan et al.,
2012). Surface area of the UiO-66-GMA MOF is not affected
when compared with the conventional heating method. Fur-
thermore, MOF nanoparticles have no obvious change with
increasing the irradiation time from 5 to 30 min. It is an easy,
low-cost, and environmentally friendly approach to producing

Intensity (a.u)

0 10 20 30 40 50
Angle (20)

Fig.2 XRD patterns of the synthesized (a) Ui0-66-GMA sample
(a—d) for 5, 10,15 and 30 min.

highly crystalline Zr-MOF nanoparticles. Also, XRD patterns
of the samples showed broad Bragg reflections, indicating the
presence of small-sized crystals, which is consistent with the
FE-SEM and TEM results. Yield of Ui0-66-GMA MOF crys-
tals for samples A, B, C, and D were calculated to be 69.84%,
78.34%, 88.12%, and 93.94%, respectively, based on Zr.

The average crystallite size of the UiO-66-GMA was calcu-
lated according to the Debye Scherer formula, using Eq. (8)
and shown in Table 1.

Ksh

L= (cos )T ®)

FT-IR plots represent the chemical composition of UiO-66-
GMA and UiO-66-NH, as shown in Fig. 3. In the UiO-66-
GMA spectra, the peak observed at 3389 cm ™! is associated
with the —NH, group and the 2-aminoterephthalic acid
(Abid et al., 2013; Rallapalli et al., 2011; Saleem et al.,
2016). The principal characteristic peaks of UiO-66-GMA
belong to C—H stretching vibrations (2883-2937 cm™!), Zr
metal clusters coordinated through the organic ligand, and
C—O—C bond stretching vibrations of the terephthalic acid
ligand (at 1584 cm™'), benzene ring’s vibration (at
1400 cm ™). The peaks observed at 566 cm ™' was assigned to
Zr—O bond absorption, indicating the coordination between
the ZrCl, and 2-ATA. The bands at 1039 cm~! correspond
to C—O stretching (Dennis et al., 2016). The characteristic
peak at 1715 cm ™!, which is connected to the ester carbonyl
stretching of UiO-66-GMA and indicates that GMA has been
successfully bonded to the MOF, is one of the most distin-
guishing and immediately recognizable peaks in an IR spec-
trum. The FT-IR data represented the literature well.

Thermogravimetric analysis (TGA) and differential ther-
mogravimetric analysis (DTG) were used to study the thermal
stability of Ui0-66-GMA. A heating rate of 10 °C/min was
used for the TGA and DTG analyses at temperatures between
28.89 and 793.28 °C, as shown in Fig. 4. Ui0-66-GMA MOF
shows three stages of weight loss followed by three endother-
mic peaks in the DTG curve. Decomposition of GMA may
begin at lower temperatures than MOF and thus results in a
wide DTG peak. The first noticeable weight loss step at
100 °C corresponds to dehydration (J. Zhu et al., 2019). The
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Table 1 Structural properties of the synthesized UiO-66-GMA.
Sample 20 FWHM d-spacing (nm) Crystallite size (nm)
Ui0-66-GMA 25.7,12.1, 8.5,7.4 0.1279 3.16426 66.94

4 = Ui0-66-NH, == Ui0-66-GMA

3389

655 1384

500 1000 1500 2000 2500 3000 3500 4000
Wave length (cm™)

Fig. 3 FTIR spectra of the synthesized UiO-66-NH, and UiO-
66-GMA.

second loss of around 285 °C may be due to the loss of solvent
(DMF) molecule residues, which were not exchanged by chlo-
roform (Molavi et al., 2018a; Molavi et al., 2018d). The third
board DTG peak at 530 °C and corresponding weight-loss in
the T.G. curve is attributed to the GMA group degradation
grafted on the MOF surface and probably to the decomposi-
tion of the MOF framework (Abid et al., 2013; Molavi
et al., 2018d). From the TGA analysis, it is evident that synthe-
sized MOF, is thermally stable up to 530 °C. The ultimate resi-
due ash value of UiO-66-NH, at temperatures over 600 °C is
greater than that of UiO-66-GMA, principally owing to the
inclusion of GMA in the modified MOF. As a result, the dif-
ference in residue ash between MOFs is due to the degree of
GMA functionality.

Field emission scanning electron microscopic (FE-SEM)
and transmission electron microscopy (TEM) were used to
examine the microstructure of synthesized UiO-66-GMA. As
shown in Fig. 5 (a), UiO-66-GMA images have the same mor-
phology and surface roughness. The morphology of this mate-
rial is similar to that found in the literature (Molavi et al.,
2018d; Yang et al., 2019; Ramezanzadeh et al., 2021a). TEM
images are shown in Fig. 5 (b). The obtained nanocrystals reg-
ularly have spherical microcrystals with 150-200 nm sizes.

XPS measurements have been carried out to ascertain the
surface chemical state of the synthesized MOF. As presented
in Fig. 6a, the XPS survey spectrum confirms the existence
of C, O, N, and Zr in the synthesized MOF, which corresponds
to the analysis of EDS indicating full Zr, Cls, Nls, and Ols
spectra scan. In XPS spectra of UiO-66-GMA MOF, notably
carbon and oxygen peaks were much higher which corresponds
to analysis of EDS. The Zr 3d spectrum peaks at 182.7 eV were
attributed to Zr—0O bond and the peak at at 400.3 eV correse-
ponds to N1s was possibly assigned to the interaction between
the proton and the amidogen (eNH;3 ) (Chen et al., 2015; He

= = = DTG of Ui0-66-NH,
= = = DTG of Ui0-66-GMA

Weight loss (%)
B
1
Derivative weight (%/min)

e TGA of UiO-66-NH,
= TGA of UiO-66-GMA

T T T T T T T T T T T T T T T -6
0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4 TGA and DTG analysis of Ui0-66-NH, and UiO-66-
GMA.

et al., 2019). Fig. 6(b) shows the curve fitting results for Ols
binding energy at 530 and 536.57 ¢V were given to C—O,
and carboxyl oxygen functional groups. As shown in Fig. 6c,
the C 1s spectrum can be divided into four peaks: C—C,
C—N, C—C, and C=O0, corresponding to 284.5, 285.2,
285.9, and 288.8 eV, respectively (Sarker et al., 2018).

The chemical composition of the synthesised UiO-66-GMA
was confirmed by EDX analysis as shown in Fig. 5(c) and the
data presented in Table 2. The presence of oxygen (O), carbon
(C), nitrogen (N), and Zirconium (Zr) prominent diffraction
peaks are confirmed in Fig. 5C, which are basic building units
of UiO-66- and similar to the result reported by the previous
literature (Fiaz & Athar, 2020; Mansouri et al., 2021). Due
to their exceptional purity and single-phase development, these
samples had no additional impurity peak in image. Further-
more, the Zr concentration estimated by ICP-OES reduces
when GMA is introduced to UiO-66-NH,.

The specific surface area, mean pore diameter, and total
pore volume of the synthesized MOFs were evaluated by
BET through N, adsorption/desorption isotherms at 77 K.
The obtained results in comaprsion with the previous studies
are summarized in Table 3. The surface area, mean pore diam-
eter, and total pore volume of 1144 mz/g, 2.84 nm, and
0.37 cm®/g were calculated for the UiO-66-GMA NPs, respec-
tively. The BET surface area of UiO-66-GMA is the same as,
or slightly larger than, the value previously reported (Tian
et al., 2018; J. Zhu et al., 2019). Surface modification of
UiO-66-NH, may have partially blocked the pores due to
the introduction of bulky GMA groups on the surface. The
parent MOF, which had a pore diameter of 3.95 nm, exhibited
a shift of 2.84 nm after functionalization with GMA, with a
difference of 1.1 nm. MOFs with an increased surface area ver-
ify small materials, a significant number of pores, and pore
volume. On activation, solvent plays a significant role in elim-
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inating impurities, which results in a large surface area. UiO-
66-GMA had pore diameters less than 2 nm, indicating meso-
porous structures.

3.2. Adsorption study

3.2.1. Effect of pH

For metal adsorption, the initial pH value of the adsorbent is
an important parameter because it affects the chemical specia-
tion of the metal ions in the adsorbate and the protonation of
polar functional groups on the adsorbent surface. Conse-
quently, investigating the impact of solution pH on the
removal efficiency of UiO-66-GMA for Pb(II) and Cd(II) ions
is worthwhile. For all adsorbate ions, the removal effectiveness
of the UiO-66-GMA is lower at low pH values and increases
with increasing pH, as shown in Fig. 7(a). The presence of
many hydrogen ions in highly acidic conditions causes the
amine groups of adsorbents to be protonated, as illustrated
in Scheme 1. Total surface charge becomes positive, preventing

Spectrum 1

12 14 16 18

keV

Ui0-66-GMA (a) FE-SEM (b) TEM and (c) EDX.

the formation of bonds between positively charged metal ions
and the adsorbents’ surface. Moreover, under acidic condi-
tions, H;O " ions compete with other adsorbate ions for active
sites that are unoccupied. For these phenomena, the removal
efficiency of metal ions at low pH values declines significantly.
The charge state of the UiO-66-GMA was investigated further
using zeta potential measurements across a broad pH range, as
shown in Fig. 6(b). The MOF showed positive zeta potential in
the acidic pH range, which flipped to negative zeta potential at
pH values greater than 5.5. This supports the hypothesis of
protonated MOF cages at acidic pH and the formation of neu-
tral to negatively charged particles in neutral/basic pH. The
electrostatic repulsion between the positively charged adsor-
bent and metal ions increased when the pH of the metal ions
solution was lower than the isoelectric point of the adsorbent,
resulting in a decrease in the removal efficiency of metal ions.
In other words, as shown in Scheme 1. when the pH of the
metal ions solution is greater than the isoelectric point of the
adsorbent (pH > isoelectric point of UiO-66-GMA), the
adsorbent’s surface charge or zeta potential becomes negative,
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Table 2 Elemental analysis of the synthesized UiO-66-NH,, and UiO-66-GMA.
MOFs Atomic (%)
C O N Zr
Ui0-66-NH, 25.28 46.60 8.54 19.58
Ui0-66-GMA 54.31 33.14 4.49 8.06
Table 3 BET analysis comparison for UiO-66-NH, and UiO-66-GMA.
MOFs BET Surface Area (m?/g) Total pore volume (cm®/g) Mean pore diameter (nm) Reference
UiO-66-NH, 576 0.42 2.99 (Molavi et al., 2018a)
710 0.12 2.64 (Wu et al., 2018)
987 0.51 - (Zhu et al., 2019)
971 0.57 - (Tian et al., 2018)
822 0.23 0.214 (Cao et al., 2018)
963.8 0.442 — (Mansouri et al., 2021)
826 0.31 0.45 (Nik et al., 2012)
650 0.24 0.51 (Nik et al., 2012)
1127 0.48 3.95 This study
Ui0-66-GMA 568 0.40 2.85 (Molavi et al., 2018a)
1144 0.37 2.84 This study
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removal efficiencies onto UiO-66-GMA (b) on the zeta potential
of Ui0-66-GMA.

and the electrostatic attraction between the negatively charged
adsorbent and metal ions rises, increasing the removal effi-
ciency of metal ions. Since metal ions are more readily
adsorbed to surfaces with high pH values, electrostatic attrac-

tion enhances the effectiveness of metal ion removal. Another
factor that increases the effectiveness of these metal ions
removal is the precipitation of metal hydroxides at higher
pHs (Carpio et al., 2014; Demiral & Gilingor, 2016; Nyairo
et al., 2018; Yan et al., 2018). Furthermore, these findings
show that treating the adsorbents with acidic solutions allows
UiO-66-GMA nanoparticles to regenerate (Badruddoza et al.,
2013). Based on the findings, the ideal solution pH for Pb(II)
and Cd(IT) removal was predicted to be 6; thus, all further
adsorption experiments were performed at this pH value.
Below pH 7 Pb (II) and Cd(II) ion, the dominant species
was free and primarily involved in the adsorption process.
Above pH 7, lead and Cd ions began to precipitate as Pb
(OH),, and Cd(OH),, which was confirmed by Stephenson
and Mishra (Hussain Qaiser et al., 2019; Mishra et al.,
2013). At higher pH (>pH 7), the adsorption decreases due
to the formation of soluble hydroxy complexes. The pH of
the solution had the greatest impact on the adsorption of Pb
(IT) and Cd (II) ions.

3.2.2. Effect of time

Fig. 8 shows the adsorption capacity of Pb(II) and Cd(II) ions
to adsorb on UiO-66-GMA as a function of contact time. The
removal efficiency of all metal ions was found to be enhanced
when the contact time increased. Pb(II) and Cd(II) ions were
quickly adsorbing onto the surface of UiO-66-GMA owing
to its number of empty adsorption sites and the high concen-
tration gradient. Adsorption capacity increased slowly over
time because of the fast mobility of metal ions inside the
MOFs structure, which caused limited intra-specific diffusion.
It was observed that increasing contact time enhanced the
removal efficiency of all metal ions. The adsorption of Pb(II)
and Cd(II) ions was rapid in the first stage due to the abun-
dance of unoccupied adsorption sites on the surface of UiO-
66-GMA and the strong concentration gradient. This hap-
pened because of the rapid movement of metal ions inside
MOFs structure and has a great impact on adsorption capacity
to increase slowly with time, resulted in low intra-particular
diffusion (Molavi et al., 2018c; Yan et al., 2018). The second
step was rather slow due to adsorbate ions occupying a frac-
tion of active sites. It’s worth noting that equilibrium states
were attained after the saturation of active sites (Badruddoza
et al., 2013). The adsorption rate was Cd(Il) > Pb(Il), as
shown in Fig. 4, which might be related to differences in
hydrated radius, electronegativity, acid-base characteristics,

Electrostatic repulsion
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+

UiO- 66-GMA

Electrostatic attraction

> 5 &

'
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Low pH
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Scheme 1

Schematic impact of solution pH on the UiO-66-GMA surface charge.
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and affinity of UiO-66-GMA. According to the hard-soft-acid-
base (HSAB) theory, the amine group acts as a soft base, the
Cd(II) ions act as a soft acid, and the Pb(II) ions act as inter-
mediate acids (Hur et al., 2015; Jiao et al., 2016; Zhang et al.,
2020).

3.2.3. Effect of dose

Another important parameter that influences the removal effi-
ciency is the adsorption dose. Fig. 9 presents Pb(IT) and Cd(II)
adsorption at the adsorbent dose, ranging from 0.5 to 3 g/L.
Adsorption capacity values first increased and then reduced
with an increase in adsorbent dose. By increasing the adsor-
bent dose, gradually the adsorption sites declined between
adsorbent and metal ions, and therefore the removal efficiency
increases. However, at higher adsorbent dosages, a decrease in
removal efficiency may be expected due to the aggregation of
adsorbent particles, leading to a reduction in the available
vacant sites. Therefore, finding the optimal adsorbent dosage
is important to maximize adsorption efficiency. The results
showed that increasing the UiO-66-GMA dose significantly
increased removal efficiency owing to a larger ratio of active
sites to metal ions.

3.2.4. Effect of initial metal ions concentration

The adsorption of Pb(II) and Cd(II) metal ions onto UiO-66-
GMA was investigated in the range of 20-1000 mg/L, as
shown in Fig. 10. By increasing the initial concentration of
Pb(II), and Cd(II) metal ions concentration, the adsorbents
capacity to chelate with the metal ions was increased, making
it clear that the metal ions adsorption rate was increased. As
metal ions concentrations increased, the active sites in the
Ui0-66-GMA adsorbent became saturated, however this had
only a small impact on the adsorption capacities of Pb(II)
and Cd(II) from aqueous solution (Jamshidifard et al., 2019).

3.2.5. Effect of temperature

The adsorption of Pb(I) and Cd(II) was investigated under
various temperatures ranging from 25 to 55 °C. It is obvious
from Fig. 11 that Pb(II) have the greatest capacity for a
GMA-functionalized MOF at 30 °C. At lower temperatures
(25-30 °C), capacity values first increased and later decreased
(30-55 °C), which signifies the endothermic nature of the
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Fig. 9  Effect of adsorbent dose on the removal efficiency of Pb
(IT), and Cd(II) onto UiO-66-GMA.

adsorption process due to chemical interactions between the
Pb(II) and Cd(II) metal ions and the MOF. The weakening
of adsorptive forces between the activities of the adsorbent
and Pb(II) ions might explain the reduction in adsorption as
temperature rises (Akpomie et al, 2012; Guilane &
Hamdaoui, 2016; Wang et al., 2017). The capacity of Cd(II)
changed with temperature, initially rising significantly (20—
30 °C) and then dropping somewhat (30-35 °C) as the temper-
ature increased. From 35 to 55 °C, the Cd(II) capacity
increased. However, the decrease in adsorption capacity with
the increase in temperature is pointing towards desorption at
a higher temperature. In addition, it also indicates that it
requires less heat to transfer the Cd(II) ions from the aqueous
solution to the solid surface. This resulted in ratifying the
metal adsorption mechanism on UiO-66-GMA as a physical
process. A similar study was reported by K. Wang et al.
(2017) for the adsorption of Pb(II) and Cd(II) ions onto MOF.

3.3. Adsorption kinetics

The adsorption of Pb(II) and Cd(II) metal ions onto UiO-66-
GMA is investigated using the PFO, PSO, and Temkin kinetics
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Fig. 11  Effect of temperature on the removal efficiency of Pb
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models with varying contact times. Fig. 12(a) and (b) shows
linear plots of the linearized forms of the PFO, PSO and Tem-
kin along with the correlation coefficients and adsorption
capabilities; listed in Table 3. The observed (qe) and predicted
(qt) values for Pb(II) and Cd(II) metal ions adsorption and
PFO show that the limited phase of the adsorption process is
not well connected with its reversibility. PFO models show
how ions are physically absorbed and how many active sites
are available on the adsorbant’s surface. Therefore, the results
indicate that the PFO model is not appropriate for determin-
ing the kinetic mechanism of adsorption of Cd(II) and Pb(II)
ions onto UiO-66-GMA. In this study, the PSO kinetic model
has a high R? value, which is compatible with the adsorption
results for Pb(Il) and Cd(II). This implies that valency forces
and electron sharing or exchange between adsorbent and
adsorbate may be the rate-limiting phase in chemical sorption
or chemisorption. Several studies in the literature have
revealed that the PSO kinetics model offered the best fit for

experimental data, including the adsorption of Cd(II) and Pb
(IT) ions (Vasconcelos et al., 2007; Wu et al., 2001). With a
low adsorbent concentration, a pseudo-first-order model is
an acceptable adsorbate. The observed (qe) and predicted
(qt) values for Pb(II) and Cd(II) metal ions adsorption and
PFO show that the limited phase of the adsorption process is
not well connected with its reversibility. PFO models show
how ions are physically absorbed and how many active sites
are available on the adsorbant’s surface. As a result, chemical
adsorption is predicted to be the rate-controlling step in the
adsorption removal of Pb(II) and Cd(II) ions onto UiO-66-
GMA(Zhang et al., 2020). Chemical adsorption is often dom-
inated by covalent interactions between active sites and metal
ions and electron exchange and sharing. In this study, the PSO
kinetic model has a high R? value of 0.99, which is compatible
with the adsorption results for Pb(IT) and Cd(II).This implies
that valency forces and electron sharing or exchange between
adsorbent and adsorbate may be the rate-limiting phase in
chemical sorption or chemisorption. The intraparticle diffu-
sion model for the adsorption of Pb(II) and Cd(II) onto
UiO-66-GMA MOF is presented in Fig. 12Sc. The line
between uptake (qt) and the square root of time (t0.5) shows
that intraparticle diffusion is the rate-controlling step in
adsorption systems, as shown in Fig. 12c. Thus, intraparticle
diffusion is the primary adsorption process while ion diffusion
is the rate limiter (Kopinke et al., 2018; Wang et al., 2008).
Four mechanisms are involved in the transport of porous
adsorbents: solution-phase transport, film diffusion, intra-
particle diffusion, and adsorption attachment. The majority
of the time, solution-phase transport occurs swiftly. Hydrody-
namic boundary layer/membrane or pore wall diffusion trans-
ports the absorbate to the adsorbent’s surface or pores. The
abundance of binding sites on the MOF surface increases the
adsorption rates of Pb(IT) and Cd(II). The exchange and shar-
ing of electrons, as well as covalent interactions between metal
ions and adsorbent surfaces, impact the chemical adsorption
process.

3.4. Adsorption Isotherms

In the current study, isothermal models i.e., Langmuir, Fre-
undlich, Temkin and isotherms were employed to analyze
experimental data to better anticipate adsorption removal
behaviour and quantify the adsorbent’s metal ion adsorption
capacity. At a certain temperature, adsorption isotherms
describe the relationship between the amount of adsorbate
on the adsorbent and the amount of adsorbate in solution at
equilibrium. The relevant findings are shown in Fig. 13, and
the parameters are listed in Table 5, which unfold that the
Langmuir isotherm model agrees with the experimental find-
ings. By comparing the determination coefficient values of
both models, Pb(IT) and Cd(Il) adsorption follow the Lang-
muir model, which is based on a monolayer sorption onto
the surface and a limited number of similar binding sites.
The presence of monolayers suggests that pollutants are chem-
ically bonded to the UiO-66-GMA nanoparticles surface (Zhu
et al., 2020). Oxygen functional groups on the material’s sur-
face resulted in ion-exchange or surface complexion, which
led to the formation of chemical bonds with other materials
(Zhou et al., 2017). The maximum adsorption capacities for
Pb(I) and Cd(II) on UiO-66-GMA were found to be 238.90
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kinetics models.

and 208.33 mg/g, respectively, using the Langmuir isotherm
model. Cd(IT) ions have a higher adsorption capacity than
Pb(II) ions, which may be owing to variations in hydrated
radius, electronegativity, acid-base properties, and affinity of
UiO-66-GMA nanoparticles.

In the Langmuir adsorption model, RL is an essential
parameter showing linear adsorption. The RL parameter has
the following criteria: RL greater than 1 indicates unfavour-
able adsorption, 0 < RL < 1 indicates favourable adsorption,
and RL = 0 indicates irreversible adsorption. The calculated
RL value is smaller than one, indicating that adsorption is
favourable (Khan et al., 2017).

The Temkin adsorption isotherm model studies the rela-
tionship between adsorbent and adsorbate, and it is based on
the assumption that adsorption heat would not remain con-
stant. The interaction between the adsorbent and the adsor-
bate reduces it throughout the adsorption process.

Adsorption is endothermic, and the negative B values for Pb
(I1) and Cd(II) imply that chemical sorption is advantageous
(Patrulea et al., 2013).

The adsorption process is not represented by the commonly
used isotherm models i.e., Langmuir and Freundlich. To do
this, the equilibrium data of Pb(II) and Cd(II) ions adsorption
onto UiO-66-GMA was examined using the Dubinin-
Radushkevich isotherm model (D-R isotherm. It is used to
determine the adsorption energy, which indicates the behavior
of the adsorption process, either physical or chemical. The
non-linear D-R isotherm can be calculated by Eq.(9),(10),
and (11).

InQ, = InQ,, — KE?

1
14+ —
)

©)

E:RTln( (10)
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1
V2K

(11)

where Q. represents the amount of solute adsorbed, Qm is the
maximum adsorption capacity. k and R represent the D-R and
gas constant respectively and ¢ is the Polanyi potential, T (K)

is Kelvin temperature and Ce is the equilibrium concentration.

The analyzed parameters are listed in Table 4. The Lang-

muir model provided the best fit for the experimental data,

according to an analysis of the R? values obtained using iso-
therm models. This is due to the fact that the Langmuir model
is based on mono molecular layer adsorption, which occurs
only on the adsorbent’s outer surface, while the D-R model
is based on the assumption that the adsorbent pores fill with

solute. In Table 6, the mean adsorption free energy (E) values
for Pb(II) and Cd(II) ions are more than 8 kJ/mol-1, which
suggests that the influence of chemical adsorption will be the
dominant factor in the adsorption process of Pb(II) and Cd
(II) ions onto the UiO-66-GMA.

Table 4 The kinetic factors for the adsorption of Pb(II) and

Cd(IT) onto Ui0-66-GMA.

Kinetic models Metal ions R? K
Pseudo-first-order Pb(II) 0.86 0.0158
Cd(IT) 0.87 0.005
Pseudo-second-order Pb(II) 0.99 0.00011
Cd(IT) 0.99 0.00024
Intra-particle diffusion Pb(II) 0.87 1.795
Cd(1T) 0.89 3.149

3.5. Adsorption Mechanism

Mass transfer occurs by physisorption or chemisorption dur-
ing the adsorption process. The Pb(IT) and Cd(II) ions adsorp-
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Table 5 Isotherm parameters for the adsorption removal of Pb(I) and Cd (II) onto the UiO-66-GMA.
Metals Freundlich Langmuir Temkin D-R
K n R®> KL (L/ Qm(mg/ R*> RL R*> B KT R> E K (mol?
mg) 2) (J/mol) (KJ/mol) kI ?)
UiO-66- Pb(I) 1090 0.41 0.89 0.356 238.80 091 024 099 -—1.64 1.06 0.97 409.576 2.98124E-06
GMA CddI) 1090 0.4 0.96 0.112 208.45 098 0.31 099 -—1.64 1.04 0.96 401.345 2.7874E-06

Table 6 Thermodynamic parameters for Pb(II) and Cd(I)adsorption onto UiO-66-GMA MOF.

Adsorbent Heavy Metals Température (K) AG®° (KJ/mol) AH° (KJ/mol) AS° (J/mol K)
UiO-66-GMA Pb(1I) 25 —7.364 229.4 1065.335

35 —11.258

45 —16.069 —63.45 150.76

55 —19.046

Cd(II) 25 1.615 73.44 278.56

35 2.937

45 3.678

55 4.978

tion onto UiO-66-GMA followed pseudo-second-order, and
the adsorption process had the characteristic of monolayer
adsorption, and the adsorption mode belonged to chemisorp-
tion. The adsorption mechanisms for UiO-66-GMA MOF
were based on electrostatic interactions, with strong coordina-
tion between the Pb(II) and Cd(II) ions and the functional
binding groups (e.g., hydroxyl). The binding mechanism
between the functional groups and metal ions should be che-
late interactions (Wu et al., 2001). Due to electrostatic interac-
tion between the MOF and metal ions fast and maximum Pb
(II) and Cd(II) ions adsorption takes place and adsorption
mechanism is illustrated in Scheme 2.

By sharing electrons with Pb(II) and Cd(II), the O of the
hydroxyl group and the N of NH; increased the electron den-
sity of nearby carbon atoms and decreased the binding energy
of carbon. As a result, the hydroxyl group also played an
active role in the electrostatic interaction. Therefore, the inter-
action of hydroxyl/nitrogen-containing groups with Pb(II) and
Cd through electrostatic forces was the mechanism for adsorp-
tion. According to the literature, the Zr-MOF operate as a
proton donor to encourage strong interactions that bind the
metals together (Jamshidifard et al., 2019).

Analysis of the standard free energy (AG®°, kJ-mol™"), stan-
dard enthalpy (AH®, kJ- mol™'), and standard entropy (AS°,
J-mol™"K™") parameters were evaluated using Eq. (12) and
(13) for adsorption process inherent energetic changes.

ge AS° AH°
In— =22 12
"Ce™ R RT (12)
AG® = AH’ — TAS" (13)

where R (8.314 J/mol K) is the gas constant, and T (K) is the
temperature in Kelvin.

The negative G° value, as shown in Table 6, indicates that
the adsorption process is spontaneous. When the temperature
is below 40 °C, the H° and S° values for Pb(Il) ions are posi-
tive. But at higher temperatures, both H® and S° values nega-
tively show the exothermic adsorption process. As a result, the

entropy changes S° at the solution MOF interface increases,
which is reflected in the positive entropy value. The results pre-
sented In Table 3 demonstrate a negative G°, indicating that
the adsorption process is spontaneous. The positive values of
H° and S° for Cd(II) indicate an endothermic and entropy-
driven adsorption process. When the temperature is below
40 °C, both the H° and S° values for Pb(II) ions are positive.
However, above 40 °C, both H® and S° values are negative,
suggesting that adsorption processes are exothermic. Further-
more, the positive value of entropy change S° indicates that the
unpredictability of Pb(II) ions at the MOF interface has
increased. Endothermic reactions between metal ions and the
UiO-66-GMA’s active sites have been shown to occur, which
might also be referred to as the chemical adsorption process.

An Temkin isotherms model was used to better understand
the adsorption process of Pb(Il) and Cd(I) onto UiO-66-
GMA. The reaction is endothermic, as shown in Fig. 13(c),
and it is followed by chemical adsorption.

3.6. UiO-66-GM A structural stability

Adsorbent stability is an essential factor to consider while
selecting the most cost-effective and acceptable adsorbents
for heavy metal ion removal. UiO-66-GMA was tested in
HCL (pH = 1) and NaOH (pH = 14) solutions at room tem-
perature to determine its chemical stability. After 24 h of
immersion in acidic and basic solutions, XRD patterns reveal
good stability, in the both acidic and basic medium as shown
in Fig. 14. Wang et al. (2016) identified few MOFs with excel-
lent stability across such a large pH range in aqueous solu-
tions. The Zrg cluster is one of the most stable building
blocks for MOF synthesis in zirconium. As Zr*" has a high
charge density (Z/r) and may polarise the O atoms to produce
strong Zr—O bonds with considerable covalent interaction.
UiO-66-GMA structure seems to remain nearly unchanged
up to pH 14. Due to high structural and chemical stability,
the synthesized MOF is well suited for removing metal ions
from wastewater.
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3.7. Multi-Metal Adsorption

The removal effectiveness of UiO-66-GMA in binary (Pb/Cd,
Pb/Cu, and Cu/Cd) and ternary (Pb/Cd/Cu) solutions were
studied to assess the influence of other metal ions coexisting,
as seen in Fig. 15. In binary and ternary solutions, UiO-66-
GMA'’s removal efficiency for all metal ions was reduced.
UiO-66-GMA had a removal efficiency of 92.816, 94.81, and
96.87% for Pb(Il), Cd(II), and Cu(I]) ions in single solutions,
respectively. In the ternary solution, the removal efficiency of
Pb(II), Cd(II), and Cu(II) are 78.83, 82.123, and 89.2% respec-
tively. Therefore, during adsorption the selectivity of material
followed a trend of Cu (II) > Cd (II) > Pb(II) in binary, tern-
ary, and single solutions (II). The ionic radius of the metal ions
might be used to explain adsorption trends. Cd(II), Pb(II), and
Cu(II) have ionic radii of (0.97 A), (1.20 A), (0.73 A), respec-
tively which indicates that the lower the ionic radius of a metal
ion, the higher the adsorption rate. The higher the adsorption
rate, the smaller the ionic diameter. Thus, in this study, Cu (II)
ions, which have the shortest ionic radii, exhibited the maxi-
mum adsorption capacity, followed by Cd (II) and Pb (II) ions
(Igwe & Abia, 2007). The hydration energies of the metal ions
(DHhyd), which are —2100KJ mol-1 for Cu(II), —1806 KIJ
mol~! for Cd(II), and —1480 KJ mol~" for Pb(Il), also affect
the adsorption tendency.

Fig. 15 Effect of multi metal adsorption on the removal
efficiency of UiO-66-GMA.

Furthermore, the metal ions hydrolysis reaction could be
represented by the equation below; (14).

M* +2H,0 2 M(OH), + 2H" (14)

The equation above is a general equation for a two-step
reaction, which can be written as;

M+ H,02 MOH" + H' (15)

MOH" + H)0 2 M(OH), + H* (16)

Adsorption of metal ions on the adsorbent will follow these
processes in aqueous solutions. As a consequence, a heavy
metal that has been most hydrolyzed will be the least adsorbed.
Based on the hydration enthalpies of the metal ions listed
above, Pb>" to be hydrolyzed more than Cd>"* then Cu®>"
and hence Pb>" to be the least adsorbed and Cu®>" to be the
most adsorbed on the surface of UiO-66-GMA nanoparticles.
The.

3.8. Reusability Study

The reusability of metal-loaded adsorbent was investigated,
and the findings are presented in Fig. 16. Regeneration exper-
iments to UiO-66-GMA can use NaOH as the desorbent. First,
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Fig. 16  Performance of the UiO-66-GMA for Pb(II) and Cd(II)
removal in five consecutive cycles.
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Fig. 17 FT-IR spectra of UiO-66-GMA MOF before and after
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the adsorbed and saturated UiO-66-GMA was added to
0.1 mol/L (100 mL) of NaOH and agitated for 6 h at room
temperature. The desorbed samples were then collected using
the suction filtering technique and rinsed with distilled water.
In order to reuse the samples in the next round of adsorption
studies, they were finally dried in an oven at 70 °C. Five cycles
of adsorption regeneration were performed. UiO-66-GMA At
low pH levels, there was an increase in Pb(II) and Cd(II) des-
orption. Using adsorption/desorption cycles, a small decrease
in adsorption efficiencies for the synthesized UiO-66-GMA
MOF was observed starting with the third cycle, indicating
the adsorbent’s good reusability. It shows that the regenera-
tion process was completed and that UiO-66-GMA’s exhibited
high reusability cycling performance and maintained 80.53 %,
83.67% removal efficiency after undergoing five consecutive
cycles for Pb(I) and Cd(II) respectively. Monolayer surface
adsorption and intraparticle diffusion play a significant role
in the removal of Pb(IT) and Cd(IT) based on an analysis of
adsorption kinetics and isotherms.

To further understand the adsorptive processes, the MOFs
were studied before and after adsorption. The fresh Ui0-66-
GMA MOFs, as shown in Fig. 17, showed similar infrared
spectroscopy, and the results are consistent with previous liter-
ature (Ramezanzadeh et al., 2021b). In the FTIR spectra, the
peak at 3383 cm™! corresponds to the NH, stretching vibra-
tion. Observed peaks at 1377 and 1257 cm™! correspond to
the stretching vibration of C—N. The peak at 1563 cm™! is
caused by C—O bonding with Zr (IV). After adsorption of
Pb(II) and Cd(II) ions, the stretching vibration of the NH,
peak was displaced to 3381 cm ™! and 3382 cm ™!, respectively,
and the intensity of C—0O, C—N was reduced, indicating that
the amino functional group may play a significant role in react-
ing with Pb(II) and Cd(II) during the adsorption process.
Upon adsorption, a drop in band intensity was observed for
all of the aforementioned bands, as Pb(II) and Cd(II) coordi-
nated with N in the amine group. Cationic heavy metals can
be more effectively removed from MOFs that have been mod-
ified to include amino groups in their pores, which results in
increased negative zeta potential.

In addition, the XRD patterns of UiO-66-GMA before and
after adsorption of Pb(II) and Cd(II) as shown in Fig. 18(a)
and (b) verified that no significant decomposition occurred in
the framework structure. The structural stability and crys-

g
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Fig. 18 X-rD spectra of the UiO-66-GMA MOFs before and after adsorption of (a) Pb(Il) and (b) Cd II).
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Table 7 Comparison of maximum adsorption capacity and synthesis methods for the adsorption of metal ions with the literature.

Sr.No  Adsorbents Metal ions  Adsorption capacity  Synthesis method/ conditions  References
Amax(Mg/g)
1. NH,-Zr-MOF Pb(II) 166.74 Microwave (Wang et al., 2015)
5 min
10 h at 80 °C
2. UiO-66-EDA Pb (II) 243.90 Solvothermal (Ahmadijokani et al., 2021)
36 h 55 °C
3. NH,-functionalized Zr-MOFs  Pb (II) 50.28 Solvothermal (Wang et al., 2017)
36 h 55 °C
4. Ui0-66-GMA Pb(II) 227.80 Microwave This study
S min
50 °C
S. UiO-66-EDA Cd(IT1) 217.39 Solvothermal (Ahmadijokani et al., 2021)
36 h 55 °C
6. NH,-functionalized Zr-MOFs  Cd(II) 177.35 Solvothermal (Wang et al., 2015)
36 h 55 °C
7. NH,-TMU-16 Cd(I1) 126.6 Solvothermal (Roushani et al., 2017)
36 h 55 °C
8. NH,-functionalized Zr-MOFs  Cd(II) 42.63 Microwave (Wang et al., 2017)
9. Ui0-66-GMA Cd(11) 236.45 Microwave This study
S min
50 °C

tallinity of MOF before and after adsorption remained unaf-
fected and stable.

3.9. Comparison with previous literature

In the literature, Zr- based MOF has been reported for the
adsorption of metals. Table 7 summarizes the maximum
adsorption capacity, and synthesis method conditions of Zr-
based MOFs towards Pb(I) and Cd(IT) metal ions were com-
pared that have been reported in previous studies. The results
revealed that MOF were shown to be effective in reducing
metal ions levels in aqueous solutions. Previous studies have
reported MOF for metal ion adsorption from wastewater;
however, limited literature has been found for the Ui0-66-
GMA for water treatment. As a result, it is possible to con-
clude that UiO-66-GMA MOF can effectively adsorb metal
ions and probably other contaminants from water.

4. Conclusion

In this study, using microwave heating method, Ui0-66-GMA was syn-
thesized and shows a large surface area, excellent porosity, thermal sta-
bility, and reusability. Consequently, the UiO-66-GMA was used as an
efficient adsorbent with an adsorption capacity of 238.80 mg/g Pb(II)
and 208.45 mg/g Cd(II). The pseudo-second-order kinetic model and
the Temkin isotherm model accurately predicted the chemisorption
and monolayer adsorption of these metal ions onto UiO-66-GMA.
Due to differences in the hydrated radius, electronegativity, and
acid-base characteristics of the metals, the UiO-66-GMA selectivity
towards them follows the sequence Cd(II) > Pb(Il). Furthermore,
high temperatures improved UiO-6 6-GMA removal effectiveness.
The removal efficiency of UiO-66-GMA for the metal ions studied
was significantly influenced by the initial pH of the ion solution. The
high removal efficiency of UiO-66-GMA, as well as its excellent struc-
tural stability in both neutral and acidic solutions, suggest that this
adsorbent might be employed for wastewater treatment. Furthermore,
the reusability for both the Pb(II) and Cd(II) metal ions showed that
the adsorption efficiency of UiO-66-GMA MOF maintained 80-90

percent even after five cycles. The greater adsorption capacities, des-
orption efficiencies, and strong structural stability for the removal of
metal ions, boost its economic significance.
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