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08 as a novel adsorbent for toxic
metal removal from aqueous solutions†

Roxana Paz,a Herlys Viltres,*b Nishesh Kumar Gupta,cd Adolfo Romero-Galarzae

and Carolina Leyva *a

Mercury (Hg) in water is a global concern due to its high toxicity and bioaccumulation in the food chain,

which severely affects the environment and human health. In this work, a magnetic zirconium metal–

organic framework (Zr-MOF@Fe3O4) has been synthesized for Hg(II) removal. The Zr-MOF@Fe3O4

demonstrated the maximum adsorption capacity of 303 mg g�1 at pH 6. The possible mechanism was

confirmed by spectroscopic analysis, which indicated that free –COOH groups and Zr–OH were

responsible for adsorption. The adsorbent showed high uptake capacity for Hg(II), Pb(II), and Cd(II) ions in

a multi-element solution. The regeneration of the material was successfully carried out with NaOH

solution for five cycles. Thus, the study has reported a highly efficient adsorbent for the removal of toxic

heavy metals from aqueous solutions.
Environmental signicance

Researchers are concerned about water contamination with toxic heavy metals, especially, by lead, mercury, and cadmium poisoning, which is risking millions
of lives in rural and semi-urbanized regions of the world. Thus, the decontamination of water for its safe use in drinking and domestic applications needs to be
prioritized. Here, we have successfully developed a facile magnetic zirconium-based metal–organic framework composite for simultaneous removal of divalent
lead, mercury, and cadmium ions at a near-neutral pH for its application in the treatment of industrial wastewater and groundwater. Imparting magnetism into
the metal–organic framework made the phase separation process easy and efficient. The entire water decontamination process was found to be energy-efficient
and reversible with the use of affordable NaOH solution as a stripping agent.
Introduction

Heavy metals are considered one of the most hazardous
pollutants in water due to their high toxicity to humans and low
biodegradability.1 One of these metals is mercury, which is
a widespread global concern. This pollutant causes serious
environmental problems and dangers to human health due to
its high toxicity, bio-accumulation, and ability to cause memory
loss, Alzheimer's, nephrotic syndrome with high levels of
protein in the urine, paralysis coma, and congenital deformities
affecting foetuses.2 Themain chemical species of mercury in the
environment are the elemental Hg (Hg0), inorganic Hg (Hg(II)),
and organic forms, primarily methyl-Hg (MeHg). The inorganic
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Hg has poor degradability in natural water (or wastewater) and
long-range transport in the atmosphere. Also, the Hg(II) species
have become the main factor in giving rise to mercury pollution
worldwide. For that reason, the World Health Organization
(WHO) has set the maximum level of mercury contamination in
drinking water at 1 ppb.3 Therefore, it is a signicant challenge
for water safety to explore more efficient materials to remove the
ultra-low concentration of Hg(II) from contaminated water. The
traditional treatment technologies for the removal of mercury
include ion exchange,4 amalgamation,5 membrane separation,6

and chemical precipitation.7 Among these, the most studied
technique is adsorption due to its simplicity, high removal
efficiency, and affordability.8–10

Metal–organic frameworks (MOFs) are materials formed by
the coordination of metal ions or metal clusters with organic
ligands. MOFs are good candidates for wastewater adsorption
treatments, increasing their use in the past decades. Besides,
MOFs have important characteristics, such as large specic
surface area, designable frame structure, controllable pore size,
metal unsaturation sites, and ease of modication.11,12

These properties make these materials excellent candidates
for metal removal from contaminated water. Modied Zr-MOFs
have been showing promising results in the adsorption of
highly toxic chemical species such as heavy metal ions like
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Hg(II), Cd(II), and Pb(II). Liu et al. proved the adsorption capacity
of MOF-808 and amidoxime-functionalized MOF-808 in the
removal of Hg(II) with an adsorption capacity of 343.6 and
383.8 mg g�1, respectively.13 Also, the modication of MOF-808
with ethylenediaminetetraacetate made it possible to capture 22
metals, including so, hard, and edge metals ions.14 Efome
et al. prepared a PAN/MOF-808membrane with high carboxylate
density adsorbed Hg ions by electrostatic interaction.15 The
previous studies provide the possible mechanism, optimization
parameters, and adsorption capacity of those materials.
However, many studies lack detailed investigation on the
adsorption mechanism and the reusability of the materials.
Moreover, the most important aspect of magnetic phase sepa-
ration of spent adsorbents has not been reported in these
studies.

Herein, we report a novel magnetic Zr-MOF with a low-cost
synthesis procedure. The material has functional groups and
characteristics that allow the efficient adsorptive removal of
Hg(II) and other heavy metals, with easy separation aer the
removal process. The structure and functional characterization
of the Zr-MOF@Fe3O4 was carried out using multiple analytical
techniques. The adsorption kinetics, isotherms, thermody-
namics, and reusability of the Zr-MOF@Fe3O4 were also
studied. The mechanism of adsorption was determined. The
reusability of the adsorbent was evaluated over ve cycles with
NaOH and HCl as eluents. The study conrmed the develop-
ment of a novel magnetic MOF with high adsorption capacity,
good reusability, and an efficient separation process for waste-
water treatment.
Materials and methods
Chemicals and reagents

Zirconyl chloride octahydrate (ZrOCl2$8H2O, reagent grade
98%), trimesic acid (H3BTC, purity 95%), anhydrous dime-
thylformamide (DMF, purity 99.8%), iron chloride hexahydrate
(FeCl3$6H2O, ACS reagent $99%), iron sulfate heptahydrate
(FeSO4$7H2O, ACS reagent, $99.0%), sodium hydroxide pellets
(NaOH, purity $97.0%), nitric acid (HNO3 ACS reagent, 70%),
mercury(II) sulfate (HgSO4, ACS reagent $99%), ICP standards
of Hg(II), Cd(II), and Pb(II) cations (1000 � 2 mg L�1) were
supplied by Sigma-Aldrich, Germany. Methanol (ACS reagent
chemical, anhydrous, 99.8%) was purchased from Baker®. The
reagents were used without further purication.
Fabrication of the magnetic Zr-MOF

The MOF was synthesized by the solvothermal method. Exactly
2.57 g of ZrOCl2$8H2O and 1.68 g of trimesic acid (H3BTC) were
stirred and sonicated in 40 mL of DMF solvent. The solution
was transferred to a Teon-lined autoclave reactor and heated
in an oven at 180 �C for 24 h. The supernatant solid was sepa-
rated by centrifugation and washed three times with DMF and
three times with methanol. The solid product (Zr-MOF) was
dried at 50 �C for 24 h. Fe3O4 nanoparticles were synthesized
using the co-precipitation method reported in our previously
published work.16 The synthesis of the magnetic Zr-MOF was
© 2022 The Author(s). Published by the Royal Society of Chemistry
carried out by a simple mixing and stirring process. Firstly, 1.0 g
of Zr-MOF in 50mL of water and 0.5 g of Fe3O4 in 50mL of water
were separately sonicated. Then both suspensions were mixed
and stirred for 3 h. Aer that, the magnetic solid phase was
separated employing amagnet and then washed with water. The
solid obtained (magnetic Zr-MOF) was dried at 50 �C for 24 h.
Analytical instruments

The detailed information on the instrumental techniques is
available in Section S1.†
Adsorption methodology

The experiments to determine the optimized parameters (pH,
contact time, adsorbent dosage, initial Hg(II) concentration, and
reusability) were performed at room temperature by soaking
30 mg of the magnetic MOF in a 30 mL aqueous metal ion
solution (50 mg L�1) for 12 h at pH 5.5. For each experiment, the
conditions were changed accordingly to understand the effect of
experimental parameters on the Hg(II) adsorption capacity of
the magnetic MOF (Table S1†). The pH-dependent study was
carried out by adjusting the pH using NaOH/HNO3 solutions
(0.1 mol L�1) and soaking 30 mg of the magnetic MOF in
a 30 mL of Hg(II) solution (50 mg L�1) for 3 h. The pH
measurement was conducted on a Thermo Scientic pH meter.
Exactly 90 mg of magnetic MOF was soaked in 90 mL of Hg(II)
(50 mg L�1) solution for 0–24 h for the time-dependent study.
The regeneration of the Hg-loaded composite was done using
30 mL of 0.1 mol L�1 NaOH/HCl aqueous solution using 30 mg
of the magnetic MOF for 3 h. Aer 6 h of drying, the regenerated
composite was studied for the next cycle. The adsorption
capacity (qe, mg g�1) at equilibrium was calculated using eqn (1)
for each experiment.

qe ¼ ðC0 � CeÞ � V

m
(1)

where V, m, C0, and Ce are the volume of aqueous solution (L),
amount of the adsorbent (g), initial concentration (mg L�1), and
equilibrium concentration (mg L�1), respectively.
Results and discussion
Characterization of the adsorbents

To study the morphologies, topography, and the chemical
composition of the samples, the SEM micrograph analysis and
the corresponding EDAX mapping of Fe3O4, Zr-MOF, and Zr-
MOF@Fe3O4 were carried out (Fig. 1). As observed in the SEM
micrographs, the morphology of the material is not well dened
(Fig. 1b), however aer Fe3O4 incorporation it is possible to
observe small particle aggregates (morphology observed for
Fe3O4 nanoparticles, Fig. 1a) on the MOF surface. This
evidences that magnetite nanoparticles have been incorporated
onto the MOFmaterial (Fig. 1c). The elemental analysis of Fe3O4

shows peaks of O and Fe in the spectrum (Fig. 1a.1). For Zr-
MOF, peaks of Zr, O, and C could be observed in the EDAX
spectrum (Fig. 1b.1). The formation of the Zr-MOF@Fe3O4

composite and its purity were conrmed by the well-dened
Environ. Sci.: Adv., 2022, 1, 182–191 | 183
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Fig. 1 SEM micrographs and EDAX analysis of (a) Fe3O4; (b) Zr-MOF;
(c) Zr-MOF@Fe3O4.

Fig. 2 (a) PXRD patterns; (b) Raman spectra; (c) FTIR spectra; (d) TGA
profiles; (e) VSM curves of Zr-MOF, Fe3O4, and Zr-MOF@Fe3O4.
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peaks of C, O, Fe, and Zr in the spectrum (Fig. 1c.1). The 2D
elemental map of Zr-MOF and Zr-MOF@Fe3O4 is available in
Fig. S1.† A uniform distribution of O, C, and Zr was conrmed
in the Zr-MOF. In Zr-MOF@Fe3O4, a large fraction of the ‘Fe’
density could be observed over the ‘Zr’ density in the MOF,
which further conrmed the formation of the composite of
magnetite and the Zr-MOF.

The PXRD technique provides us with information about the
crystallinity and phase purity of the materials (Fig. 2a). The
PXRD pattern of the Zr-MOF has a high-intensity peak in the 5–
15� range centred at 2q¼ 8.2� (311 reection) as opposed to two
peaks observed at 2q ¼ 8.3� and 8.7� in the reported Zr-
trimesate MOF (MOF-808).17 The broadening of the diffraction
peaks was due to the low crystallinity or amorphous nature of
the synthesized MOF. In the present study, the use of ZrOCl2-
$8H2O as the Zr precursor was responsible for the low crystal-
linity of the MOF, which matched with the previously reported
work of Ardila-Suárez and co-workers.18 In the PXRD pattern of
Fe3O4, the peaks observed at 2q ¼ 30.2�, 35.5�, 43.2�, 53.3�, and
57.1� were assigned to the 220, 311, 400, 422, and 511 reec-
tions, respectively, of the cubic inverse spinel structure of the
Fe3O4 phase (JCPDS card#19-0629).19 The peak for Zr-MOF (2q¼
7.9�), the amorphous feature, and crystalline Bragg reections
of Fe3O4 is distinctly visible in the diffraction pattern of Zr-
MOF@Fe3O4, which further conrmed the formation of the
magnetic Zr-MOF composite.

The FTIR spectra of Zr-MOF, Fe3O4, and Zr-MOF@Fe3O4 are
shown in Fig. 2b. The spectrum of the Zr-MOF shows a broad
band at 3397 cm�1 for OH stretching vibrations of Zr–OH and
adsorbed water molecules. The band at 1707 cm�1 was due to
the unreacted –COOH groups in the MOF. The bands at 1619
184 | Environ. Sci.: Adv., 2022, 1, 182–191
and 1387 cm�1 were assigned to the asymmetric and symmetric
stretching vibrations of Zr-bound carboxylate groups aer the
coordination process. The band at 1658 cm�1 was attributed to
the O–H bending mode of adsorbed water molecules and
carbonyl stretching vibrations of guest DMF molecules. The
band at 1446 cm�1 was the characteristic band for C]C
stretching in the aromatic rings of the ligand.20,21 Bands
observed in the 1200–1000 and 1000–700 cm�1 range were
assigned to the in-plane and out-of-plane C–H bending modes,
respectively.22 The bands at 647 and 460 cm�1 were attributed to
the stretching modes of the Zr–(m3-O) bridges and Zr–O
(carboxylate) bonds in the MOF structural framework, respec-
tively.23 The intense band at 582 cm�1 in the FTIR spectrum of
Fe3O4 was assigned to the O–Fe stretching vibrations.24 These
characteristic bands of Zr-MOF and Fe3O4 were distinctly visible
in the composite, with a slight shi in the energy for carboxylate
bands probably due to the weak interaction between the
constituents, which conrmed the formation of the magnetic
composite.

The Raman spectra of the Zr-MOF, Fe3O4, and Zr-
MOF@Fe3O4 are shown in Fig. 2c. In the spectrum of the Zr-
MOF, the peak at 413 cm�1 was related to the Zr–O (carbox-
ylate) stretching modes. The peaks at 803 and 868 cm�1 were
assigned to the C–H bending modes, and the intense 1005 cm�1
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Survey spectra of Zr-MOF, Fe3O4, and Zr-MOF@Fe3O4;
high-resolution spectra of (b) C 1s; (c) O 1s; (d) Zr 3d; (e) Fe 2p for Zr-
MOF@Fe3O4.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
ap

ri
l 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

-1
-2

02
6 

19
:5

4:
35

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
peak was associated with the C]C stretching vibrations in the
aromatic rings. The peaks at 1589 and 1469 cm�1 were char-
acteristic of asymmetric and symmetric stretching modes of
carboxylate bridges, respectively.25,26 In Fe3O4, three bands were
observed, where the bands at 374 and 498 cm�1 were assigned
to the Eg and T2g(2) modes for the symmetric and asymmetric
bending of oxygen (concerning Fe) in the tetrahedral void,
respectively. The band at 675 cm�1 was due to the A1g mode for
the symmetric stretching of the oxygen atoms in the tetrahedral
FeO4 groups.16 The spectral features of Fe3O4 and Zr-MOF were
observed in the Raman spectrum of the Zr-MOF@Fe3O4

composite.
The TGA prole of materials was recorded in the range of 30–

600 �C (Fig. 2d). In the TGA prole of Zr-MOF, three stages of
mass loss were noticed in the studied temperature range. The
rst mass loss, recorded between 30 and 110 �C, was due to the
evaporation of physically adsorbed water molecules (9.4% of
mass loss). The second mass loss range (110–400 �C, 17.8% of
mass loss) was described as the loss of chemisorbed water and
physisorbed solvent (DMF/methanol) molecules. The third
stage of mass loss (>400 �C) was associated with the thermal
degradation of the MOF due to the breakdown of metal–
carboxylate coordination bonds.27,28 Thus, the Zr-MOF was
thermally stable up to 400 �C. In the TGA prole of Fe3O4, an
�1.5% mass loss below 100 �C was associated with the evapo-
ration of water molecules. In the entire temperature range, an
insignicant change in the mass loss conrmed the high
thermal stability of the magnetite.29 The TGA prole of Zr-
MOF@Fe3O4 showed a signicantly low mass loss in the entire
temperature range compared to the pristine Zr-MOF, which
conrmed that the composite was more stable than the Zr-
MOF.16

The VSM curves of Fe3O4 and Zr-MOF@Fe3O4 at 300 K are
shown in Fig. 2e. Both materials showed superparamagnetic
behaviour with a sigmoidal form, where the remanence was
close to zero. The magnetization saturation (ms) value of 69.29
emu g�1 for Fe3O4 decreased to 25.02 emu g�1 for Zr-
MOF@Fe3O4 (Table S2†). The decrease in the ms value of Fe3O4

aer Zr-MOF addition was due to the increased thickness of the
non-magnetic component.16 Though the ms value of Zr-
MOF@Fe3O4 was 25.02 emu g�1, it was sufficient for rapid
phase separation from large volumes of water by a strong
permanent magnet.

The surface elemental composition and the oxidation states
of constituent elements in the materials were conrmed by XPS
analysis. The XPS surveys conrmed Zr, C, O, and Fe in the
synthesized samples (Fig. 3a and Table S3†). The HRXPS C 1s
spectrum of Zr-MOF@Fe3O4 has four peaks at 284.7, 285.9,
288.6, and 290.7 eV, which were assigned to the sp2 C]C
(55.8%), C–O (23.4%), O–C]O (16.4), and p–p* bonding
moieties (4.4%) (Fig. 3b and Table S4†).30 The HRXPS O 1s
spectrum has three contributions at 530.2, 531.7, and 533.1 eV,
which were due to O–Zr/O–Fe (50.4%), O–C (37.7%), and Zr–OH
(11.9%), respectively (Fig. 3c and Table S5†).31,32 The HRXPS Zr
3d spectrum has two peaks at 182.9 and 185.6 eV for 3d5/2 and
3d3/2, respectively, which were assigned to the Zr4+ oxidation
state in the Zr-MOF structure (Fig. 3d).33 The Zr 3d5/2 peak in Zr
© 2022 The Author(s). Published by the Royal Society of Chemistry
salt observed at 183.2 eV shied to 182.6 eV in the Zr-MOF due
to an increase in the electron density around the Zr ions aer
coordination with the carboxylate groups. This peak in the Zr-
MOF shied to a higher value by 0.3 eV aer composite
formation, suggesting the possible interaction of Zr-sites with
the magnetite surface (Fig. S2 and Table S6†). The high-
resolution Fe 2p2/3 spectrum of the composite was tted using
the Gupta and Sen multiplets. The resulting t for Fe 2p3/2
conrmed the presence of Fe3O4 and FeOOH components. The
Fe3+/Fe2+ ratio of 2.2 : 1 in the Zr-MOF@Fe3O4 was close to the
expected ratio of 2.1 : 1 observed for the Fe3O4 phase (Fig. 3e
and Table S7†).33
Parameter optimization

The Hg(II) species adsorption was studied with each component
of the nal material to nd if the magnetic MOF has better
performance than each of its components. As observed in
Fig. S3,† Zr-MOF@Fe3O4 showed the best removal efficiency for
Hg(II), 97.01%, while Fe3O4 and Zr-MOF showed 39.35% and
69.71% removal efficiency, respectively. The effect of pH on the
Hg(II) adsorption capacity of the composite was studied in the
pH 2–6 range (Fig. 4a). The adsorption capacity of 42.1 mg g�1 at
pH 2 increased to 48.9 mg g�1 at pH 6. The zeta potential
measurements conducted in the pH 2–6 range showed that the
surface of the composite was negatively charged. The composite
surface becomes more negative with the increasing pH,
favouring the adsorption of positively charged Hg(II) ions,34 with
the involvement of physical forces. The adsorption capacity was
signicantly high in the entire pH range, which suggested its
Environ. Sci.: Adv., 2022, 1, 182–191 | 185
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Fig. 4 Effect of (a) pH; (b) contact time; (c) adsorbent dosage; (d) Hg(II)
concentration on the adsorption capacity of Zr-MOF@Fe3O4. Condi-
tions: mass of Zr-MOF@Fe3O4¼ 30mg, [Hg(II)]¼ 50mg L�1, volume¼
30 mL, time ¼ 12 h (change accordingly).

Fig. 5 Simultaneous removal of Hg(II), Cd(II), and Pb(II) from a ternary
metal solution. Conditions: mass of Zr-MOF@Fe3O4 ¼ 30 mg, [ion] ¼
50 mg L�1 each, volume ¼ 30 mL, time ¼ 12 h.
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wider applicability in the treatment of Hg-contaminated
wastewater under different acidic/basic conditions. The
adsorption capacity of the composite as a function of time is
reected in Fig. 4b. The results suggested that the Hg adsorp-
tion process occurred in two distinct steps. In the rst 4 h of
soaking, the adsorption capacity rapidly reached 38.4 mg g�1.
This phenomenon was due to the availability of abundant
binding sites for Hg(II) interaction on the adsorbent surface.
This fast step was followed by a slow step where the adsorption
capacity increased to 49.9 mg g�1 in the next 20 h of soaking,
where 12 h of soaking was sufficient for a near-complete
removal of Hg ions. The slow adsorption step was due to the
non-availability of surface binding sites, which prompted
diffusion of Hg(II) ions (and increased the mass transfer resis-
tance with time) through the MOF pores for accessibility of the
internal binding sites.35,36

The relationship between the adsorbent dosage and
adsorption efficiency was investigated by varying the adsorbent
mass (10–70 mg). As shown in Fig. 4c, the adsorption capacity of
143.1 mg g�1 for 10 mg adsorbent dropped to 21.5 mg g�1 for
70 mg of the adsorbent. The consistent fall in the adsorption
capacity with increasing adsorbent mass was due to the insuf-
cient number of Hg(II) ions for the saturation of binding sites
at a higher adsorbent mass. Though the increasing mass
provides more adsorption sites for high % removal, the limited
concentration of Hg(II) ions at a higher dosage results in
incomplete saturation of the adsorbent and low adsorption
capacity.37,38 The effect of Hg(II) concentration on the adsorption
capacity was studied in the range of 20–350 mg L�1 (Fig. 4d).
The adsorption capacity periodically increased from 19.4 mg
g�1 (20 mg L�1 solution) to 302.5 mg g�1 for an initial
concentration of 350 mg L�1. The increasing concentration of
Hg(II) ions in the aqueous phase for a limited number of
binding sites increased the Hg(II) concentration gradient near
the solid–liquid interface and improved the mass transfer
186 | Environ. Sci.: Adv., 2022, 1, 182–191
process. This large Hg(II) ion availability resulted in a rapid
mass transfer and improved adsorption capacity.39

Hg, Cd and Pb are known to be highly toxic to human health.
The co-adsorption of Hg(II), Cd(II), and Pb(II) from a ternary
metal solution was performed to evaluate the applicability of
the adsorbent in removing multiple toxic metals from waste
solutions. The adsorption capacity of these heavy metals in
a multi-elemental study with the optimized parameters is re-
ported in Fig. 5. The composite has a high adsorption capacity
of 45.1 (90.2%), 42.9 (85.8%), and 44.2 mg g�1 (88.4%) for Hg(II),
Cd(II), and Pb(II), respectively. Thus, the fabricated magnetic
MOF composite is efficient in the simultaneous removal of
multiple heavy metal ions.

The Hg(II) adsorption capacity of the Zr-MOF/Fe3O4

composite was compared with those of the reported Zr-based
MOFs42–46 (Table S8†). In the literature, the adsorption
capacity of 700–800 mg g�1 has been reported for thiol func-
tionalized MOFs.43 But, in the present study, we have adopted
a comparatively inexpensive ligand for the fabrication of a non-
functionalized MOF, which could adsorb 303 mg g�1 of Hg(II)
ions just upon soaking in Hg(II)-contaminated water. Moreover,
easy phase separation of the magnetic Zr-MOF was an addi-
tional advantage to the material andmethodology developed for
the Hg(II)-remediation process.
Kinetics and isotherms

Four different kinetic models, pseudo-rst (PFO), pseudo-
second (PSO), Elovich, and intra-particle diffusion (IPD)
models, were employed to study the kinetic mechanism and the
adsorption process of Hg(II) on the Zr-MOF@Fe3O4 composite.
The kinetic model equations are shown in Table S9.† Fig. 6
shows the kinetic tting curves, and the calculated kinetic
parameters are presented in Table S10.† The correlation coef-
cient (R2) for the Elovich model (R2 ¼ 0.96) was higher than
those for the PFO (R2 ¼ 0.72) and PSO (R2 ¼ 0.95) models.
Although the Elovich equation provided the best correlation for
the sorption process, the experimental data were also tted in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) PFO; (b) PSO; (c) Elovich; (d) IPD kinetic model, (e) Langmuir,
Freundlich, and Temkin isotherm fits; (f) Dubinin–Radushkevich
isotherm for Hg(II) adsorption onto Zr-MOF@Fe3O4.
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the PSO model. Thus, the adsorption kinetics could be
explained by both the Elovich and the PSO kinetic models.
Furthermore, the correlation with the PSO model indicated that
the adsorption process was mainly controlled by chemisorp-
tion, involving valency forces through sharing or exchange of
electrons between the metal ions and the adsorbent sites.40,47

Besides, the Elovich model gave a good correlation for the
adsorption on highly heterogeneous surfaces. Moreover, this
model showed that chemisorption was a dominant phenom-
enon along with surface adsorption. But, in a highly heteroge-
neous system with surface adsorption, chemisorption, ion
exchange, precipitation, and intra-particle diffusion processes
occur concurrently.47 Since the modied Zr-based MOF is
a porous material with a heterogeneous surface and various
active adsorption sites, the kinetic data were tted to the IPD
model to study the role of diffusion in the Hg(II) adsorption
process. It is well known that the intra-particle diffusion process
consists of three steps: mass transfer, adsorption, and diffu-
sion.16,44 The data were tted in two regions, which were
regarded as two adsorption processes (Fig. 6d). The calculated
rate constant (Kip) was in the order of Kip1 > Kip2 (Table S10†). In
the rst step (Kip1), the adsorption process started with Hg(II)
ions migrating from the bulk aqueous phase to the Zr-
MOF@Fe3O4 surface. The second step (Kip2) occurred aer the
saturation of the external surface. Aer saturation of external
sites, Hg(II) ions entered the MOF pores with increasing resis-
tance to diffusion. The Hg(II) diffusion into the pores of the Zr-
© 2022 The Author(s). Published by the Royal Society of Chemistry
MOF was limited or partially hindered due to Zr-MOF cavity
modication with Fe3O4 nanoparticles. In this study, the mass
transfer process was completed in a short time; thus, the ion
migration process (rst step) and adsorption process (second
step) were the main steps of intra-particle diffusion. The data
showed that the restrictive step of Hg ion removal by Zr-
MOF@Fe3O4 was the adsorption process, not the diffusion
process.

The trend between the adsorption amount and the metal ion
concentration and how the metal ions interact with the adsor-
bent were studied using adsorption isotherms. Langmuir,
Freundlich, Dubinin–Radushkevich and Temkin isotherm
models were applied to analyze the experimental adsorption
data. The non-linear adsorption isotherm equations are pre-
sented in Table S11.† The curves tted by the models are shown
in Fig. 6e and f. The calculated parameters from models are
summarized in Table S12.† The correlation coefficient (R2) of
the Freundlich model (0.99) was higher than those of the
Langmuir (0.97), D–R (0.95), and Temkin (0.88) models, indi-
cating that the adsorption process was multilayer adsorp-
tion.16,41 This suggested that the physicochemical forces over
the MOF surface play the primary role in the Hg(II) adsorption.
The separation factor (RL) computed from the Langmuir model
remained between 0 and 1, suggesting a favourable Hg(II)
adsorption process over Zr-MOF@Fe3O4. Moreover, the free
Gibbs energy value was negative, which conrmed the sponta-
neity of the adsorption process.48 Additionally, the nature of the
Hg(II) adsorption process, either physisorption or chemisorp-
tion, can be distinguished from the D–Rmodel's free energy (E).
For E < 8 kJ mol�1, the sorption proceeds by physisorption,
while for E � 8–16 kJ mol�1, the sorption process is driven by
chemical forces.49 The free energy from the D–R model was
9.2 kJ mol�1, which indicated that the Hg(II) adsorption process
over Zr-MOF@Fe3O4 was multilayer adsorption driven by
physicochemical forces.
Adsorption mechanism

The FTIR spectra of fresh and spent Zr-MOF@Fe3O4 are shown
in Fig. 7a. The intensity of the band at 1707 cm�1 for free
–COOH groups diminished aer Hg(II) adsorption. The
decreased intensity was due to Hg(II) ion binding with the free
carboxylic group. This Hg(II)-bound carboxylate group was
observed as a new band at 1653 cm�1. The band at 3397 cm�1

for OH stretching in adsorbed water molecules and Zr–OH
groups lost intensity in the Hg(II)-adsorbed MOF. The decreased
intensity was due to the interaction of Hg(II) ions with the Zr–
OH groups upon deprotonation at pH 6. Thus, the FTIR pre-
dicted the involvement of free –COOH and Zr–OH groups in the
adsorption of Hg(II) ions. The XPS analysis of the spent adsor-
bent conrmed the presence of 0.7% of Hg ions (Table S3†). The
HRXPS Hg 4f spectrum has a peak at 100.8 eV, which was
assigned to the Hg 4f7/2 for Hg(II) ions (Fig. 7b).50 The HRXPS Zr
3d spectrum of the spent adsorbent has two peaks at 183.2 and
185.6 eV, assigned to the 3d5/2 and 3d3/2 peaks, respectively. The
Zr 3d5/2 peak in the fresh adsorbent was observed at 182.9 eV.
The blue shi of 0.3 eV in the binding energy of the Zr 3d5/2
Environ. Sci.: Adv., 2022, 1, 182–191 | 187
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Fig. 7 (a) FTIR spectra; XPS Zr 3d high-resolution signals before (b) and
after (c) Hg(II) adsorption, (d) Hg 4f high-resolution signals before and
after Hg(II) adsorption.

Fig. 8 Regeneration and reusability tests of Zr-MOF@Fe3O4 for the
removal of Hg(II) with (a) NaOH eluent and (b) HCl eluent; (c) FTIR
spectra; (d) PXRD patterns of Zr-MOF@Fe3O4 after reusability tests.
Conditions: mass of Zr-MOF@Fe3O4 ¼ 30 mg, [Hg(II)] ¼ 50 mg L�1,
[NaOH]/[HCl] ¼ 0.1 mol L�1, volume ¼ 30 mL, time ¼ 12 h.
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peak was due to the change in the electron density around Zr
aer interaction of Hg(II) ions with the deprotonated Zr–OH
sites (Fig. 7c). Thus, free carboxylic acid groups and Zr–OH were
responsible for Hg(II) adsorption over the magnetic Zr-MOF.
This peak was absent in the pristine sample, which conrmed
the Hg(II) adsorption process over the magnetic MOF composite
(Fig. 7d).

Reusability

For practical applications, reusability is a crucial factor, which
profoundly impacts the sustainability and affordability of the
developed adsorbent. In the present study, we have adopted the
use of 0.1 mol L�1 NaOH (Fig. 8a) or HCl (Fig. 8b) solution for
stripping Hg(II) ions from the loaded composite. The sorbed
Hg(II) ions could be stripped using strong acidic solutions due
to the competitive nature of protons for the adsorption sites.51,52

In the rst cycle, the regeneration of the spent composite using
the HCl solution desorbed 72% of the adsorbed Hg(II) ions. The
desorption efficiency remained in the 63–71% range for the next
four cycles. The partial desorption using HCl was due to the
signicantly high adsorption capacity of the composite at pH 2,
which severely limited the desorption process at pH 1. Though
the desorption efficiency was less satisfactory, the adsorption
capacity of 49.2 mg g�1 in the rst cycle reached 44.7 mg g�1 in
the h cycle (�10% drop), suggesting appreciable reusability
of the composite. In the reported work on Hg(II) adsorption on
Zr-based MOFs, it has been observed that the adsorption
capacity tends to drop in a basic solution.40,44 Thus, the use of
a highly basic eluent solution could be effective in the regen-
eration of the spent adsorbent. The pH 13 solution was highly
effective in stripping sorbed Hg(II) ions, where the desorption
efficiency remained in the range of 94–97% for ve cycles.
188 | Environ. Sci.: Adv., 2022, 1, 182–191
Moreover, the adsorption capacity of 49.2 mg g�1 in the rst
cycle dropped by �1.8% in the h cycle. Thus, it was evident
that the NaOH solution was highly efficient for regeneration
purposes.

The material stability aer ve adsorption–desorption cycles
was assessed by FTIR (Fig. 8c) and PXRD (Fig. 8d) analysis. In
the FTIR spectra of regenerated samples, an insignicant
change in the band intensity was observed. Only the band at
�1620 cm�1 for asymmetric stretching of the Zr–COO linkage
showed a slight decrease in the intensity, probably due to the
breakage of some coordinative bonds. The PXRD diffraction
patterns of regenerated samples for ve cycles were identical to
those of the sample of the rst adsorption cycle. Thus, the
spectroscopic evidence further conrmed the stability of the
composite for multiple Hg(II) adsorption–desorption cycles.

Conclusions

In this work, we have synthesized a magnetic Zr-MOF to remove
toxic metal ions from water. The synthesis of Zr-MOF@Fe3O4

was conrmed through microscopic and spectroscopic tech-
niques such as SEM, FT-IR, Raman, DRX, TGA, and VSM. The
Zr-MOF@Fe3O4 showed the maximum Hg(II) uptake capacity of
303 mg g�1, which was higher than that of the reported Zr-MOF
in the literature, and with an easy phase separation process
aer adsorption. The Hg(II) adsorption process was driven by
physicochemical forces, which were inferred from the tting of
kinetic and adsorption data in the Elovich and Langmuir
model, respectively. The mechanism of adsorption was identi-
ed by FTIR and XPS analyses, which conrmed the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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involvement of –COOH and Zr–OH groups in the Hg(II)
adsorption process. Zr-MOF@Fe3O4 showed a simultaneous
high uptake capacity of 45.1, 42.9, and 44.2 mg g�1 for Hg(II),
Cd(II), and Pb(II), respectively in a multi-element study. The
spent MOF was successfully regenerated by 0.1 mol L�1 NaOH
solution with the retention of 90% of its initial adsorption
capacity aer 5 cycles. Thus, the study demonstrated a novel
magnetic Zr-MOF as a potential candidate for decontaminating
heavy metal-rich wastewater.
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