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ABSTRACT: In this study, the novel adsorbent UIO-66-IT was N R
synthesized to extract mercury and phosphate ions from o i
contaminated water. The synthetic strategy involved the

preparation of the metal—organic framework (UIO-66-NH,) *

followed by post-synthetic modification using the chelating ligand |t —"| ° 2™
2-imino-4-thiobiuret to form the UIO-66-IT adsorbent. The / \\\’ SO %{){ £ 50
. . XA Y L s 178.0 mg/g

structure and the morphology of the adsorbent were investigated I[_-- ‘L] 150 i
by a variety of analytical techniques including Fourier transform vio.sear )

infrared, X-ray diffraction, X-ray photoelectron spectroscopy,
scanning electron microscopy, transmission electron microscopy,
and Brunauer—Emmett—Teller surface area measurements. The
adsorption of mercury and phosphate was optimized by studying
the effect of pH, initial concentration, contact time, dose,
temperature, and competitive ions. The results revealed exceptionally high adsorption capacities toward mercury and phosphate
ions of 580 and 178 mg/g, respectively, at pH = 5.5 and an initial concentration of 1500 and 1000 mg/L. The adsorption isotherms
are in excellent agreement with the Langmuir isotherm model, indicating the formation of a monolayer on the surface of UIO-66-IT.
The kinetics of adsorption fit well with the pseudo-second-order kinetics model, which suggests the chemical adsorption of mercury
ions via the nitrogen and sulfur functional groups of the adsorbent and the physical adsorption of phosphate anions by protonated
functional groups on the surface of the UIO-66-IT adsorbent. Selectivity studies showed removal efficiencies of 98.9% Hg(II) from a
solution containing a mixture of metal ions at 25 mg/L. Regeneration studies showed that the adsorbent can be recycled several
times by using nitric acid for mercury removal and sodium chloride for phosphate removal. Removal efficiencies were higher than
99% for both regenerations. Due to the simple synthetic strategy via cost-effective starting materials, unique chemical structure, rapid
adsorption kinetics, and high surface area, which lead to excellent removal efficiency, stability, and excellent regeneration, UIO-66-IT
is introduced as a unique adsorbent for the selective removal of mercury and phosphate ions to remediate polluted water.
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1. INTRODUCTION both phosphate and mercury from industrial waste before the
contamination of drinking water sources has become a hot
topic for scientific research in recent years.

Different approaches have been used to purify water from
phosphate and mercury including chemical, physical, and
biological methods. The most efficient and cost-effective
approaches are chemical methods such as ion exchange,
membrane filtration, chemical precipitation, and adsorption.
The adsorption method has attractive advantages (such as ease
in operation and applications, low cost, and scalability) when
compared to other methods that are expensive or not efficient

Mercury is recognized as a top toxic heavy metal found in
different forms including organic and inorganic compounds.
This toxic element can contaminate drinking water sources
through industrial and chemical waste, which arises as a
consequence of the development of new technology.
According to the United States Environmental Protection
Agency (EPA) regulations, mercury concentration in drinking
water sources is limited to less than 2 pg/L due to various fatal
health issues such as organ dysfunction and chronic diseases,
which can occur when mercury concentrations exceed this
limit."” Similarly, phosphates are one of the most used
intermediates in the chemical industry to produce different
products including detergents, food products, and fertilizers. As
a result of using phosphate-containing chemicals, a large
quantity of phosphate products is released to drinking water
sources and can cause the rapid growth of algae and aquatic
plants in drinking water resources.” Therefore, the removal of
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in some cases.”* Therefore, many reported adsorbents have
been used to clean contaminated water sources. Most of the
adsorbents achieved high adsorption capacities in short periods
and high selectivity to specific metal ions in the solution. These
adsorbents include graphene oxide,” activated carbon,® carbon
nanotubes,’ nitrogen—doged carbon,® silica,’ chemically
modified bioadsorbents,"”"" polymers,'* covalent or%anic
frameworks,'”'* and metal organic frameworks (MOFs)."

MOFs are a class of porous nanomaterials composed of
inorganic clusters linked by organic linkers to form a porous
network. They exhibit tunable properties such as high surface
area, tunable porosity, and the ability to be synthesized and
functionalized in different ways. These properties make MOFs
exceptional materials to be used in different applications
including drug delivery, gas storage, heterogeneous catalysis,
sensors, and adsorption. In recent years, MOFs have been used
as adsorbents in water treatments and the results revealed that
some MOFs are stable in water and show promising
adsorption capacities for the removal of heavy metals and
different poisoning ions from water.'® The most commonly
reported MOFs in the literature for this purpose are MIL-
53(Al), AMOE-1, ZIE-8, ZIF-67, Chitosan MOF, MOE-808,
TMU-S, TMU-30, TMU-101, Cu-terephthalate-MOEF, UIO-
67, UIO-66, and UIO-66-NH,. All these MOFs were reported
in the literature for water purification from heavy metals.'”"®

The applications of zirconium-based MOFs (UiO-66-X,
where X can be SO;H, NH,, COOH, H, etc.) have attracted
great attention due to their exceptional water stability and high
adsorption capacities.'”~** UiO-66-NH, exhibits no significant
changes in the X-ray diffraction (XRD) pattern and the
crystalline structure after exposure to liquid water and other
solvents due to inorganic unit strength, where each
ZrO,(OH), unit is 12-coordinated to terephthalic acid
ligands.”"~** Therefore, in this study, UiO-66-NH, was
selected as an adsorbent for the removal of heavy metals
from wastewater because of its high stability in water and over
a wide pH range (1—14).”°"** Additionally, NH, groups in
UiO-666-NH, have free lone pairs of electrons and can act as a
Lewis base and form coordinate bonds with metal ions (Lewis
acids).”> Recently, there have been efforts to chemically
functionalize UiO-66-NH, with strong chelating ligands to
increase the adsorbent selectivity and capacity toward heavy
metals.'“**** For examples, UIO-66-thiol,* UI0-66-(SH),,*°
UIO-66-2,5-dimercapto-1,3,4-thiadiazol,”” UI0-66-Cys,*
UIO-66-NHC(S)NHME,* and UIO-66-Syst3o were utilized
to purify polluted water from mercury and the results showed
the maximum removal efficiencies of 171.5, 263.4, 670.5,
350.1, 769.0, and 110.5 mg/g, respectively. Moreover, Zr-
MOFs have been utilized to purify water from phosphate ions
due to the high affinity of Zr to interact with phosphate ions.
For illustrations, UIO-66,>" UIO-66-NH,,*' UIO-66-3PEL>**
UIO-NO,,** and UIO-66-Br’”> were applied to remediate
contaminated water from phosphate ions and the results
showed the maximum removal efficiencies of 85.0, 92.5, 73.1,
117.7, and 132.5 mg/g, respectively. Therefore, UIO-66 and its
modified derivatives have plenty of applications in water
purification from mercury and phosphate ions from aqueous
solutions.

In this work, the novel adsorbent UIO-66-IT was
synthesized from UIO-66-NH, by post-synthetic modification
to incorporate 2-imino-4-thiobiuret (IT) as a chelating ligand
for the removal of mercury and phosphate ions from
wastewater. The chelating ligand IT was chosen due to its

abundant nitrogen and sulfur functional groups, cost efficiency
compared to other ligands, and its practical applications in the
removal of heavy metals from wastewater.””" The synthetic
strategy has been accomplished in two main steps. First, UIO-
66-NH, was converted to UIO-66-NCS through the primary
amine functional groups using thiophosgene as a coupling
agent. Then, a nucleophilic addition reaction took place
between the isothiocyanate group of UIO-66-NCS and the
primary amine groups on the IT chelating ligand to yield UIO-
66-1T.””>% Fourier transform infrared (FTIR), XRD, X-ray
photoelectron spectroscopy (XPS), scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and
Brunauer—Emmett—Teller (BET) surface area measurements
were employed to prove the chemical attachment of the IT
chelating ligand on UIO-66-NH, and the morphology of the
prepared adsorbent. This adsorbent was utilized to adsorb
Hg(II) and (HPO,)*” ions from contaminated water. The
adsorption conditions were optimized by varying the following
factors: pH, initial concentration of phosphate and mercury
ions, adsorbent dosage, reaction contact time, and types of
interfering ions. The experimental results were explained by
the Langmuir adsorption isotherm and the pseudo-second-
order kinetic modules, while the adsorption mechanisms were
investigated by using XPS analyses. The UIO-66-IT adsorbent
was specifically chosen for the removal of Hg(II) and
(HPO,)*” ions due to its simple synthetic strategy via cost-
effective starting materials and a unique chemical structure that
contains a IT chelating ligand, with nitrogen and sulfur heavy
donor atoms acting as active adsorption sites within a high
surface area of 735 m?/g of the porous MOF structure.
Moreover, the adsorbent showed high removal efficiency with
fast adsorption kinetics, excellent regeneration, and reusability.
Therefore, UIO-66-IT is introduced as a unique adsorbent for
the selective removal of mercury and phosphate ions to
remediate polluted water.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were acquired commercially
from Sigma-Aldrich, and they were of analytical grade,
therefore, they were used without further purification. These
chemicals include 2-aminoterephthalic acid (99%), zirconyl
chloride (99.5%), tetrahydrofuran (THF) (99%), thiophos-
gene (99.5%), anhydrous dimethylformamide (99.9%),
acetonitrile (99%), IT (96%), sodium hydroxide (99%), nitric
acid (99%), and hydrochloric acid (99%). HgClL,, Pb(NO;),,
CuCl,-2H,0, Ni(NO;),-6H,0, FeCl,, and AICl; were used as
sources of Hg(II), Pb(II), Cu(II), Ni(II), Fe(II), and AI(III)
cations, respectively. Na,HPO,, NaCl, and NaNO; were used
as sources of (HPO,)*", Cl7, and (NO;)~ anions, respectively.
Deionized water (DI water) was used to prepare all studied
stock solutions.

2.2. Synthesis of UlO-66-IT. UIO-66-NH, was synthe-
sized from 2-aminoterephthalic acid and zirconyl chloride
using previously reported conditions.”* To prepare UIO-66-
NCS, 100 mg of UIO-66-NH, was suspended in 50 mL of
THE in a 100 mL round bottom flask followed by the addition
of 1 mL of thiophosgene. Then, the flask was connected to a
condenser with a magnetic stirrer at 55 °C for 18 h. The
product was washed five times with THF and dried for 24 h at
100 °C. To prepare UIO-66-1T, a mixture of 100 mg of UIO-
66-NCS and 300 mg of IT was placed in a 100 mL round
bottom flask. Then, 50 mL of acetonitrile was added to the
flask and the mixture was sonicated for 1 h. After that, the flask
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Scheme 1. General Synthetic Strategy to Prepare UIO-66-IT
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was connected to a condenser with a magnetic stirrer at 55 °C
for 18 h. The product was washed three times with acetonitrile
and dried for 24 h at 100 °C.*”**

2.3. Instrumentation. UIO-66-NH,, UIO-66-NCS, and
UIO-66-IT were characterized by the powder XRD patterns of
the adsorbents, which were measured at room temperature
using the PANalytical MPD X'Pert PRO diffractometer with
the voltage of 45 kV and current 40 mA via a Ni-filtered Cu
Ka, radiation. The XPS spectra of the materials were obtained
using a Thermo Fisher Scientific ESCALAB 250 spectrometer
with a microfocused monochromated Al Ka X-ray source (15
kV) and a double-focusing full 180° spherical sector electron
analyzer. FTIR spectroscopy was carried out using the Nicolet-
Nexus 670 FTIR spectrometer (4 cm™' resolution and 32
scans) diamond attenuated total reflectance. SEM images were
taken using the Hitachi SU-70 field-emission SEM with an
energy of 5.0 kV. TEM images were obtained at 100 kV by a
JEOL JEM-1400 transmission electron microscope. The
concentrations of heavy metals in the solutions before and
after removal experiments were quantified by either the Varian
Vista-MPX inductively coupled plasma optical emission
spectroscopy (ICP—OES) with Ar* ion plasma gas equipped
with a charged coupled detector for simultaneous detection at
parts per million (ppm) concentration levels or with the
Agilent 8900 triple quadrupole ICP—MS with Ar* ion plasma
gas and an electron multiple detector for the detection of toxic
metals at parts per billion (ppb) levels.

2.4. Adsorption and Desorption Experiments. Adsorp-
tion and desorption of heavy metals from contaminated water
were determined in the experiments by using S mL of toxic
metal solution and 5 mg of the adsorbent in 20 mL glass vials
at various pH, initial concentrations, and contact time. The
samples were acidified with 2% HNO; before analysis, and
either ICP—OES or ICP—MS was used to measure the
concentration of heavy metal ions in the solutions after
removal or desorption experiments at ppm or ppb levels,
respectively. The adsorption capacity, removal efficiency,

12677

desorption capacity, and desorption efficiency were calculated
from the following eqs 1—4, respectively.”"’

(G-
e m (1)
%R, = (G-6) X 100
Co ()
e
W= (3)

% D, = 45 100
q, (4)

where g, is the adsorption capacity (mg/g), C, is the initial
concentration of heavy metal ions in the solution (mg/L), C, is
the equilibrium concentration (mg/L) after adsorption, V is
the volume of the solution of metal ions (L) and m is the mass
of the adsorbent (g), % R, is the percentage of removal (%), q4
is the desorption capacity in (mg/g), Cq is the concentration of
heavy metal ions in the eluent in (mg/L) after the adsorption
experiment, and % D, is the desorption efficiency (%).

2.5. Toxic Metal Removal Experiments. The effect of
pH was investigated by changing the pH of the solutions
within the range of 3—6 by using 0.1 M NaOH and 0.1 M HCL
The effect of concentration was determined by adjusting the
concentration of the solutions between 10 and 1500 mg/L at
the ppm level or 10—500 ug/L at the ppb level for Hg(II).
Phosphate concentrations were adjusted between 10 and 1000
mg/L for the ppm level. The effect of contact time was studied
by measuring uptake of the toxic metals as a function of time at
initial concentrations of 100 mg/L. The effect of temperature
for Hg(II) and (HPO,)*>” was carried out by varying the
temperature between 20 and 50 °C. The effect of the amount
of UIO-66-IT was studied at 1000 mg/L for Hg(II) ions and
500 mg/L for (HPO,)*” ions. The selectivity of the adsorbents
toward specific metal ions was investigated using a mixture
containing six metal cations including Hg(II), Pb(II), Cu(II),
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Ni(II), Fe(II), and AI(IIT) at pH = 5.5 and concentrations of
300 and 10 mg/L. A mixture containing three anions-
(HPO,)*", CI", and (NO,;)™ was used to study the selectivity
of the adsorbents toward specific anions at concentrations of
0.5 and 100 mg/L. The desorption of Hg(II) ions from the
surface of UIO-66-IT was achieved by using different
concentrations of HCI and thiourea, while (HPO,)*” by
using sodium chloride to regenerate the adsorbent.

3. RESULTS AND DISCUSSION

3.1. Materials Design. The design strategy to prepare
UIO-66-IT is accomplished in three main steps, as they are
summarized in Scheme 1. The first step is the preparation of
UIO-66-NH, by using 2-aminoterephthalic acid and ZrCl, to
produce UIO-66-NH, through solvothermal synthesis. In this
step, the inorganic clusters [face-centered arrangement of cubic
Zrs0,(OH),] coordinate with the 2-aminoterephthalic acid
organic linkers through carboxylic acid functional groups,
resulting in the adsorbent functionalized with free primary
amines, UIO-66-NH,.” The second step is a post-synthetic
modification of UIO-66-NH, using thiophosgene to get UIO-
66-NCS. This step involves a reaction between the
nucleophilic primary amines on UIO-66-NH, and the
electrophilic carbon atoms from thiophosgene to yield UIO-
66-NCS by the elimination of HCI at 80 °C.*" The final step is
the attachment of the chelating ligand IT on the surface of
UIO-66-NCS. This reaction involves nucleophilic attack of the
electrophilic isothiocyanate groups on UIO-66-NCS, which
results in electron shifts, proton loss, and creation of a thiourea
linkage between the IT amine groups and isothiocyanate on
UIO-66-NCS with no leaving group involved.*®

3.2. Characterizations. The crystallinity of the prepared
adsorbents was studied using XRD analysis, and the results are
depicted in Figure 1 for UIO-66-NH, UIO-66-NCS, and UIO-
66-IT. It is clearly seen that all materials are crystalline and
have very similar XRD diffraction patterns at 20 = 7.4, 8.6, and
25.8° due to (111), (200), and (600) diffraction planes,
respectively. These results prove that the chemical modifica-
tions of UIO-66-NH, by both thiocyanate and IT chelating

(111) UIO-66-NH,
(200)
(600)
J UL A A A_A A A
= UIO-66-NCS
<
2
g
g L—A—A_.__._‘AJ
e A A A A A
UIO-66-1T

26 (degree)

Figure 1. XRD patterns of UIO-66-NH,, UIO-66-NCS, and UIO-66-
IT.

ligands did not affect the crystallinity of the UIO-66-NH,
MOE.>*!

The surface functional groups on UIO-66-NH,, UIO-66-
NCS, and UIO-66-IT were first analyzed by FTIR spectros-
copy, and the results are shown in Figure 2A,B. The results

(A)  UIO-66-NH, L 1moc-0) B
— \\ /J\ m 70,
/\[A ~—1253 (C-N) rl\/\l N
5 UI0-66-NCS 5 M~ 1570 (COO
; —~—_—— :>: \\ /\/\ (¢ )
5 2120 | 8 M‘w
= -N=C=S = 1040 [\ \
")
UIO-66-IT
_\w\/—n ™
3486 \/j\ f s \
-NH
s 1660 (N-H) 76"-]\f\ N
~— 1420 (0-C-0) 657 510

T T T T T T T T T
3500 3000 2500 2000 1500 1000 500 1800 1500 1200 900 600

Wavenumber (cm™) Wavenumber (cm™)

Figure 2. (A) FTIR spectra of UIO-66-NH,, UIO-66-NCS, and UIO-
66-IT and (B) specific region (600—1800 cm™).

showed that all materials have common peaks at 550, 670, and
760 cm™' due to Zr—O, vibrations. Also, there are three
characteristic peaks at 1770, 1570, and 1420 cm™!, which
belong to C=0, COO~, and O—C—O bond vibrations,
respectively. However, both UIO-66-NH, and UIO-66-IT have
common peaks at 3000—3500, 1660, and 1253 cm™ due to
N—-H stretching, N—H bending, and C—N bending,
respectively. Similarly, UIO-66-NCS and UIO-66-IT have
characteristic peaks, which are not present in UIO-66-NH,
that prove the successful post functionalization of the UIO-66-
NH, MOF. These peaks appeared at 2122, 1040, and 1073
cm ™' due to the stretching and bending modes of C=S and
C—S bonds.””*"*

XPS analysis was used to confirm FTIR results. The survey
spectra of UIO-66-NH,, UIO-66-NCS, and UIO-66-IT are
plotted in Figures SI1A, S2A, and 3A, respectively. The results
showed that all materials have Zr, C, N, and O, but UIO-66-
NCS and UIO-66-IT have S in addition to the previous
elements, which confirm the post-synthetic modification of
UIO-66-NH, by thiocyanate and IT chelating ligands.”*” The
high-resolution C 1s spectra of UIO-66-NH,, UIO-66-NCS,
and UIO-66-IT are depicted in Figures S1B, S2B, and 3B,
respectively. The results showed that both UIO-66-NH, have
three characteristic peaks at binding energy values of 284.6,
285.5, and 288.6 eV, which were attributed to C—C/C=C,
C—-0/C—N, and O—C=0, respectively. Similarly, C 1s in
UIO-66-NCS was deconvoluted into three peaks at 284.6,
285.7, and 288.6 eV due to C—C/C=C, C-0, and O—C=
0O/C=N/C==S, respectively. However, C 1s in UIO-66-IT
has four characteristic peaks at binding energy values of 284.6,
2852, 285.7, and 288.6 €V due to C—C/C=C, C—N, C—0/
C-S, and O—C=0/C=N/C=S, respectively.43 Further-
more, O 1Is in UIO-66-NH,, UIO-66-NCS, and UIO-66-IT is
depicted in Figures S1C, S2C, and 3C respectively. The results
showed that all materials have similar spectra at binding energy
values of 530.8 and 532.8 eV due to Zr—O, and O—C=0,
respectively. Similarly, Zr 3d shown in Figures S1D, S2D, and
3D for UIO-66-NH,, UIO-66-NCS, and UIO-66-IT, respec-
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Figure 3. XPS spectra of UIO-66-IT (A) and survey spectrum of (B)
C 1s, (C) O 1s, (D) Zr 3d, (E) N 1s, and (F) S 2p.

tively, was deconvoluted into Zr 3d;,, and Zr 3d, 42 at binding
energy values of 182.6 and 185.0, respectively.”””” From O Is
and Zr 3d XPS results, it is clearly seen that the post-synthetic
modification did not take place on O and Zr functional groups.

The successful incorporation of the IT chelating ligand on
UIO-66-NH, is also evident by the N 1s and S 2p spectra
shown in Figures S1E, S2E, and 3E for UIO-66-NH,, UIO-66-
NCS, and UIO-66-IT, respectively. The N 1s spectrum in
UIO-66-IT was deconvoluted into three peaks at binding
energies of 399.1 eV (N in N=C bonds), 399.6 eV (N in C—
N bonds), and 401.2 eV (N in C—N—C or C=N bonds),
while UIO-66-NCS has only one peak at 399.1 due to (C=N
bond), and UIO-66-NH, was deconvoluted into two peaks.
Similarly, the S 2p spectrum is shown in Figures 3F and S2F
for UIO-66-IT and UIO-66-NCS, respectively. The results
showed that both materials have S 2p;,, and S 2p, ,, but UIO-

66-1IT is fitted to three peaks at binding energies of 162.2 eV (S
in S—H bonds), 163.3 eV (S in C—S—C bonds), and 164.4 eV
(S in C=S bonds).”***” Therefore, the C 1s, N 1s, and S 2p
XPS spectra of IT-PRGO provide clear evidence for the
presence of C—S—C, and C-S, and C—N covalent bonds
within the surface of the UIO-66-IT nanosheets.

The porosity and the surface area of UIO-66-NH,, UIO-66-
NCS, and UIO-66-IT were determined using nitrogen
adsorption—desorption isotherms. The results of adsorption
isotherms and pore volume are depicted in Figure 4A,B, while
the calculated parameters are summarized in Table 1. The

Table 1. Surface Area and Pore Volume of UIO-66-NH,,
UIO-66-NCS, and UIO-66-1T

sample surface area (m2/g) pore volume (cm®/g-A)
UIO-66-NH2 1132 0.406
UIO-66-NCS 856 0.238
UIO-66-IT 73S 0.221

results revealed that all samples have a typical type 1
adsorption isotherm and are microporous. The BET surface
area of UIO-66-NH, was found to be 1132 m*/g, while after
post-synthetic modifications, this value reduced to be 856 m*/
g for UIO-66-NCS and 735 m?/g for UIO-66-IT. The
reduction in the surface area values is attributed to the degree
of post-synthetic modification and the size of the substituent,
in which both play huge roles in the adsorption of nitrogen
molecules on the surface. Therefore, UIO-66-IT has a less
surface area than UIO-66-NH,, which can be attributed to the
conversion of the amine groups to the bulkier imino-thiobiuret
groups.27’29

SEM images shown in Figure SA,B and TEM images shown
in Figure SC,D for UIO-66-IT show that the adsorbent has an
octahedral morphology with a particle size of less than 200 nm.
These images also resemble SEM and TEM images shown in
Figures S3 and S4 for UIO-66-NH, and UIO-66-NCS,
respectively. Therefore, the similarities in the crystallinity, as
well as the morphology, indicate the stability of UIO-66-NH,
under the post-synthetic modification to form isothiocyanate
or IT-functionalized UIO-66-MOFs.”>*’

The combination of the abovementioned characterization
results, particularly FTIR, and XPS spectra provide strong
evidence for the formation of UIO-66-IT from UIO-66-NH,
through two main steps. The first step is to convert UIO-66-
NH, amine groups into isothiocyanate, and the second step
involves chemical reactions between —NH, or —SH groups
from the IT chelating ligand and the isothiocyanate groups of
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%“3007 Y

2404 vaﬂ' 856 (m>/g

el
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Figure 4. (A) Adsorption—desorption isotherms and (B) estimated pore size of UIO-66-NH,, UIO-66-NCS, and UIO-66-IT.
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Figure 5. (A,B) SEM images and (C,D) TEM images of UIO-66-IT.

Scheme 2. Two Possible Pathways for the Reaction between Isothiocyanate and IT to Form UIO-66-1T
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UIO-66-NCS. Therefore, two possible structures of UIO-66-
IT can be suggested, as shown in Scheme 2.

3.3. Adsorption Studies. 3.3.1. Effect of pH. The effect of
pH on the removal of Hg(I) and (HPO,)*” on UIO-66-IT
was studied using a pH range of 3—6. The results plotted in
Figure 6A indicate that as the pH of the solutions increases
from 3 to 6, the adsorption capacity increased to the maximum
values at pH 4—6 for (HPO,)*” and pH 5—6 for Hg(II). The
low adsorption capacities for Hg at low pH were attributed to
the presence of hydrogen ions that would interfere with the
adsorption process via competition with mercury ions for the
sorbent surface binding sites. The low adsorption capacity for
phosphate ions at low pH was attributed to the presence of

phosphate ions as H;PO, which naturally decreases the
electrostatic interaction with adsorbent active sites.””*'

3.3.2. Effect of Concentration and Adsorption Isotherms.
The effect of the initial concentration on the removal of Hg(II)
and (HPO,)*” ions was studied using the following constant
conditions: T = 289 K, pH = 5.5, t = 6 h, and dose = 5 mg/L.
The concentrations for Hg(II) were varied within two ranges
(50—500 pg/L and S—1500 mg/L). Phosphate ion concen-
trations were varied between S and 500 mg/L. The results
plotted in Figure 6B for Hg(II) at the concentration range of
50—500 pg/L indicate a removal efficiency of 100%. This is
attributed to the low concentrations of Hg(1I) in the solution
and the abundant active sites on the adsorbent.”” To measure
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Figure 6. Removal of Hg(II) and (HPO,)*~ on UIO-66-IT. (A) Effect of pH [conditions; C, = 100 mg/L Hg(II), 50 mg/L (HPO,)*", pH = 3.0—
6.0], (B) effect of initial concentration on the removal of Hg(II) Cy = 5—500 ug/L, (C) effect of initial concentration on the removal of Hg(II) C,
= 10—1500 mg/L and (HPO,)*~ C, = 10—1000 mg/L, (conditions; pH = 5.5, T = 289 K, t = 6 h, and dose = 5 mg/5 mL), and (D) Langmuir

adsorption isotherm module.

the maximum adsorption capacities (g,.,), the concentrations
were increased to ppm, as shown in Figure 6C. The adsorption
capacities for both Hg(II) and (HPO,)*™ increased rapidly at
the beginning of the adsorption process. As the concentration
increased, the adsorption capacities reached saturation (gpay)-
The maximum adsorption capacity for Hg(II) of 580.0 mg/g
was achieved using an initial concentration of 1500 mg/L and
the maximum adsorption capacity for phosphate ions of 178.0
mg/g was achieved using an initial concentration of 1000 mg/
L.

The theoretical Langmuir adsorption isotherm module was
used to interpret the experimental data. The mathematical
relationship of this module is shown in the following eq 5,””**
where g, is the amount of the adsorbed gas per unit mass at
equilibrium in (mg/g), C, is the equilibrium concentration of
the adsorbate in (mg/L), b is the Langmuir constant in (L/
mg), and g, is the Langmuir monolayer adsorption capacity in

(mg/g).

C
L _ ice 1
q, 9, bq, (%)
1
R =—
1 + bC, (6)

The constant b can be used to calculate the R; value, as
shown in eq 6. This relation can be used to predict the shape of
the isotherm to be either linear (R; = 1), irreversible (R; = 0),
favorable (0 < R, < 1), or unfavorable (R > 1).**

The results are plotted in Figure 6D for Hg(1l) and
(HPO,)*™ and they showed that the data fitted well with the
Langmuir adsorption isotherm module due to the high values
of (R*). Moreover, the calculated theoretical data from the
module and the experimental data showed excellent agreement
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with this module and the R; values are between 0 and 1
indicate favorable adsorption, as summarized in Table 2.

Table 2. Langmuir Parameters for the Adsorption of Hg(II)
and (HPO,)*™ Ions on UIO-66-IT

metal ion R? b (L/mg) Qunaxfitted Qup R,
Hg(11) 0.994 0.026 587.5 $80.0  0.0041
(HPO,)> 0999 0.049 181.8 1780 00122

3.3.3. Effect of Contact Time and Adsorption Kinetics. The
effect of contact time on the removal of Hg(Il) and (HPO,)*"
on UIO-66-IT was studied using initial concentrations of 100
mg/L. The results are plotted in Figure 7A and they reveal that
the contact times needed to achieve the maximum adsorption
capacities were 30 and 45 min for Hg(II) and (HPO,)*,
respectively. The kinetics of the adsorption process indicates
that more than 70% of the adsorption capacities of
corresponding adsorbents occurred within 15 min for Hg(II)
and 30 min for (HPO,)*". This rapid initial increase in
adsorption is likely due to the abundance of void adsorption
sites on the surface of the UIO-66-IT adsorbent.

The pseudo-second-order module was used to explain heavy
metal adsorption kinetics. Equation 7 represents the linear
form of the pseudo-second-order kinetic module, which is used
to calculate the rate constant of adsorption by plotting t/q, on
the y-axis as a function of time on the x-axis. The slope of the
line is (1/q.), and the y-intercept is (1/K,q.”), and from the
data, it is possible to calculate the rate constant and g, and
compare it with experimental data.

t 1 1

—=—t+ >
qt qe I<2qe (7)
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Figure 7. (A) Effect of contact time on the removal of Hg(II) and (HPO,)*~ on UIO-66-IT (conditions; Cy = 100 mg/L, pH = 5.5, T = 298 K,

dose = S mg/S mL) and (B) pseudo-second-order kinetic module.

where k, (g/mol min) is the pseudo-second-order rate
constant of adsorption and g, and g; are the adsorbed amount
(mg/g) at equilibrium and at time ¢ (min), respectively.””****

The pseudo-second-order kinetic model was used to analyze
the experimental kinetic data, as shown in Figure 7B. The
model fits quite well with the experimental data (correlation
coefficient R* > 0.999). As shown in Table 3, the calculated

Table 3. Kinetic Parameters for the Adsorption of Hg(II)
and (HPO,)>™ on the UIO-66-IT Adsorbent

qe’exp Ge,calc

metal ion (mgg) (mgg™) k, (g mol™ min™") R?
Hg(11) 99.50 98.52 0.003241 0.998
(HPO,)* 7540 80.46 0.001931 0.997

maximum adsorption capacities of Hg(I) and (HPO,)*~ were
in good agreement with the experimental results. Therefore,
the adsorption occurs through the sharing or exchange of

electrons between UIO-66-IT and Hg(II) and (HPO,)*,
resulting in the removal of the ions from water.

3.3.4. Effect of Temperature and Adsorption Thermody-
namics. The effect of temperature on the adsorption capacities
of Hg(II) and (HPO,)* ions using UIO-66-IT was studied
using the following constant conditions (pH = S.5, t = 6 h,
dose = S mg/L, Hg(II) concentrations S—1800 and S—1000
mg/L for phosphate). The temperatures used for this study
were 25, 35, and S0 °C. The results are depicted in Figure
8AB for Hg(Il) and (HPO,)*", respectively. The results
indicated that the maximum adsorption capacities of Hg(II)
and (HPO,)*” using UIO-66-IT increased from 580 to 740
and 178.0 to 256.2 mg/g, respectively, when the temperature
increased from 25 to 5S °C. The mobility and kinetic energy of
ions in solution increase at high temperatures and are likely
responsible for the increase in the observed maximum
adsorption capacities.46

The thermodynamic functions (AG®°, AH®, and AS°) of the
adsorption were calculated using eqs 8 and 9, where AG® is the
free energy change, AH® is the enthalpy change, AS° is the
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Figure 8. Effect of temperature on the removal of (A) Hg(II) and (B) (HPO,)*™ using UIO-66-IT [conditions; Co = 5—1800 mg/L Hg(II), 5—
1000 mg/L (HPO,)*", pH = 5.5, T = 25, 35, and 50 °C, t = 6 h, dose = 5 mg/5 mL]. (C,D) Plots of In (K;) vs T~" for the estimation of the
thermodynamics parameters of the adsorption process for Hg and (HPO,)*", respectively.
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entropy change, R is the gas constant, T is the temperature,
and K_ is the equilibrium constant.””*®

AG° = —RT In K, (8)
= (A5) (481
R R JT )

The data were plotted in Figure 8C,D for Hg(II) and
(HPO,)*, respectively, and the thermodynamics parameters
are summarized in Table 4. The AG® values for both

Table 4. Thermodynamic Parameters for the Adsorption of
Hg(II) and (HPO,)*” on UIO-66-IT

metal ion AG (kJ/mol) AH (kJ/mol) AS (kJ/mol-K)
Hg(11) —402 25.4 021
(HPO,)*” -30.5 87.6 0.29

adsorbates are negative, indicating the spontaneous nature of
the adsorption process. The positive value of AH® confirms the
endothermic nature of the adsorption process, which is
consistent with the increase in maximum adsorption capacity
that occurs with the increasing temperature. The positive AS°®
values indicate an increase of disorder at the solid/solute
interface during the adsorption process resulting from the
liberation of water solvent molecules from the metal ion to the
solution.*®

3.3.5. Effect of Competitive lons and Selectivity. Selective
adsorption of Hg(II) by UIO-66-IT was studied using an ionic
solution containing a variety of metal ions (Hg(II), Cu(Il),
AI(II), Fe(1II), Zn(II), and Ni(II)) at 25 and 300 ppm. As
depicted in Figure 9A, the adsorbent has high selectivity
toward Hg among the mixture of metal ions at both
concentrations. This can be explained using the hard soft
acid base theory."” Because UIO-66-IT has S and N soft base
elements, the adsorbent has a high affinity for soft acids but
does not have an affinity for hard acids.*’”

Furthermore, the selectivity of UIO-66-IT on the removal of
phosphate was studied in the presence of various anions and
two sets of initial concentrations, as shown in Figure 9B. The
results indicate that UIO-66-IT is not selective toward
phosphate removal, but the removal efficiency is still high
(100% at S00 ppb) even with the existence of interfering
anions. Therefore, UIO-66-IT is considered to be an efficient
adsorbent for the highly efficient and selective removal of Hg
and the highly eflicient removal of phosphate ions.

3.3.6. Effect of Adsorbent Dosage. The effect of adsorbent
dosage on the removal of Hg(II) and (HPO,)*” ions on UIO-
66-1T was investigated at constant pH = 5, contact time = 6 h,
temperature = 298 K, and concentration = 1000 mg/L for
Hg(II) ions and 500 mg/L for (HPO,)*” ions, while the
amounts of the adsorbent were varied between 0.05 and 0.045
g. The results are plotted in Figure 10, and they showed that

1000
800 |
)
2 600
&
4001
—— Hg(ID)
200 —e— (HPO,)>
000 001 002 003 004
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Figure 10. Effect of adsorbent dose on the removal of Hg(II) and
(HPO,)* ions on UIO-66-IT [conditions: Cy = 1000 mg/L Hg(II)
and 500 mg/L (HPO,)*"; T = 298 K; pH = 5.5; adsorbent dose =
0.005—0.040 g/S mL].

the uptake of Hg(II) and (HPO,)” ions increases significantly
by increasing the dose of the adsorbent from 546 to 1000 mg/
g for Hg(II) and from 160 to 500 mg/g for (HPO,)*", by
increasing the dose of UIO-66-IT from 0.005 to 0.040 g/L.
This is attributed to the availability of more active sites at a
higher dosage of UIO-66-IT, which can be used to extract a
high amount of Hg(II) or (HPO,)* ions from the solutions.**

3.3.7. Proposed Mechanisms. The adsorption of mercury
on the surface of UIO-66-IT takes place through the chelation
mechanism, as depicted in Scheme 3A. However, the
adsorption of phosphate ions on UIO-66-IT takes place
through electrostatic interaction, as depicted in Scheme 3B. In
the chelation mechanism, a covalent coordination bond can be
generated between Lewis acids (heavy metals, which have
vacant d-orbitals) and Lewis bases (atoms with a lone pair of
electrons). Therefore, because UIO-66-1T has different active
sites such as S and N, it is possible to act as Lewis bases and
form stable coordination complexes with mercury ions in the
solution, which acts as Lewis acids. The possible structures to
chelate mercury are depicted in Scheme 4. However, the
removal of phosphate takes place by two types of electrostatic
interactions. The first one is between phosphate ions and
amine or sulfur functional groups on the IT chelating ligand.
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Figure 9. Effect of coexistence ions for the removal of (A) Hg(II) and (B) (HPO,)*” on UIO-66-IT [conditions; C, = 25,300 ppm for Hg and
interfering cations Cu(II), AI(III), Fe(III), Zn(II), and Ni(II), 500 and 100 ppm for (HPO,)*" and interfering anions Cl~ and (NO,)~, T = 298,

pH =S, dose = S mg/S mL].
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Scheme 3. Proposed Mechanisms for the Removal of (A) Hg(II) and (B) Phosphate Ions on UIO-66-IT
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The second electrostatic interaction is between negatively
charged phosphate ions and positively charged metal sites in
the UIO-66-IT MOF as was reported somewhere else in the
literature.”>*"*’

XPS was used to prove the chelation of Hg(II) on UIO-66-
IT. The survey spectrum of UIO-66-IT after Hg(II) removal is
depicted in Figure 11A, and it showed, in addition to the UIO-
66-IT peaks, a peak corresponding to the presence of mercury
on UIO-66-IT. To get more information about mercury
coordination from the solution, the high spectrum of Hg 4f was
plotted, as shown in Figure 11B, and it showed two peaks at
binding energy values of 100.9 and 104.8 eV for Hg 4f,,, and
Hg 4f;),, respectively.””” To confirm the chelation of Hg on
UIO-66-IT, the spectra of N 1s and S 2p before and after
Hg(II) chelation are plotted in Figure 11B,C. It can be clearly
seen that after Hg adsorption, some peaks shifted to different
binding energy values and some peaks have a significant
change in their intensities, which can be used to explain the
chelation mechanism. For example, N=C appeared at a
binding energy value of 399.1 eV, but after Hg removal, the
value shifted to 399.4 eV due to the formation of the (Hg—
N=C) complex. Similarly, the C—S bond has a binding energy
value of 162.2 eV, but after the removal of Hg(II), this peak
moved to 161.6 eV due to the formation of the (Hg—S—C)
bond.”**

3.3.8. Desorption and Reusability Studies. The reusability

of a new adsorbent is an important parameter that an efficient
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Figure 11. XPS spectra of UIO-66-IT after Hg removal (A) and
survey spectrum of (B) Hg 4f, (C) N 1s, and (D) S 2p.

adsorbent should have. The results of desorption studies of
both Hg(II) and —(HPO,)*" ions from the surface of UIO-66-
IT are summarized in Table S. The 100% desorption of UIO-
66-1T-Hg was accomplished by washing the adsorbent with
0.01 M hydrochloric acid, 1% thiourea, and DI water,
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Table 5. Desorption Studies of Hg(II), and (HPO,)>” from
UIO-66-1T Using Different Desorption Eluents

(mg/e) (mg/g) De (%)

adsorbate eluent

50 mg/L Hg(II) 0.01 M HCl Ny 20 40.00
0.01 M HCI + 0.05% 50 35 70.00

thiourea
0.01 M HCI + 1% 50 S50 100.00

thiourea
50 mg/L 0.5% NaCl 50 28 56.00

(HPO,)*~

1% NaCl 50 S50 100.00

respectively. However, the 100% desorption of UIO-66-1T-
(HPO,)*” was accomplished by washing the adsorbent with
1% sodium chloride and DI water. According to these results, it
is possible to use UIO-66-IT several times to adsorb and
desorb water contaminants because the desorption reaches
100% from the adsorbent surface. The recycling of the UIO-
66-IT adsorbent for both Hg(II), and (HPO,)* is depicted in
Figure 12. It is clearly seen that after six adsorption—
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Figure 12. Recycling of the UIO-66-IT composite for Hg(II)
(desorption condition: 0.01 M hydrochloric acid, 1% thiourea) and
(HPO,)*~ (desorption condition: 1% HCI) dose: 1 g/L, initial
concentration 50 mg/L.

desorption cycles, the adsorbent still has removal efficiency
higher than 95%. These results prove that the UIO-66-IT
adsorbent has tremendous reusability for both Hg(1l), and
(HPO,)*" from aqueous solutions.

3.3.9. Comparing UIO-66-IT for Hg(ll) Removal with Other
Adsorbents. To prove the tremendous ability of UIO-66-IT to
remove Hg(II) from aqueous solutions, Table 6 compares the
maximum adsorption capacities for different UIO-66-MOFs
and other reported adsorbents in the literature. The maximum
adsorption capacity for UIO-66-IT was 580 mg/g achieved at
pH 5.5 and 30 min contact time. This value was higher than all
unfunctionalized and functionalized UIO-66 MOFs shown in
Table 6 except for UIO-66-DMTD, which is 670 mg/g higher
than our adsorbent. However, the UIO-66-DMTD adsorbent
achieves this adsorbent capacity at a contact time of 180 min,
which is longer than our adsorbent UIO-66-1T. Moreover, by
looking at all UIO-66 MOFs shown in Table 6, it is clearly
seen that as UIO-66 has chelating ligands that have different
heteroatoms especially S and N, the adsorption capacity
increased significantly. Also, by comparing our adsorbent to
adsorbents, besides UIO-66 MOFs such as other MOFs,
activated carbons, and GO as given in Table 6, our adsorbent
has a higher adsorption capacity than all these adsorbents.
These results confirm the tremendous ability of UIO-66-IT to
remove Hg(II) ions from contaminated water.

Table 6. Comparison of the Adsorption Capacities of Hg(II)
Ions onto Various Adsorbents

conditions
adsorbent pH t(min) T (K) Q. (mg/g) refs
UIO-66 4 298 59.30 27
UIO-66-NH, 4 298 145.1 27
UI0-66-SO;H 4 298 1812 27
UIO-66-NCS S 30 298 250.00 this work
UIO-66-(SH), s 90 298 23640 26
UIO-66-L-cysteine S.0 180 303 350.14 28
UIO-66-IT S.5 30 293 580.00 this work
UIO-66-DMTD S.S 180 298 670.00 27
N-MPC-700-7/3 6.0 10 298 489.00 49
SH-MiL-68(In) 40 20 298 45000 S0
MNPC-T700-M3 4.0 20 298 429.00 S1
Fe;O,-polypyrrole-GO  S.5 90 298 400.00 52
thiol-Zr-MOF 6.0 10 298 171.50 25
cyst-PRGO 53 60 293 169.00 S3

3.3.10. Comparing UIO-66-IT for Phosphate Removal
with Other Adsorbents. To prove the excellent removal ability
of UIO-66-IT toward (HPO,)*", comparison to the most
reported adsorbent in the literature is made, as given in Table
7. The adsorption capacity of UIO-66-IT toward (HPO,)*™ is

Table 7. Comparison of the Adsorption Capacities of
(HPO,)> Ions onto Various Adsorbents

conditions
adsorbent pH t(min) T (K) Q. (mg/g) refs
UIO-66-IT S.5 45 298 187.00 this work
CeysZ19205 6.0 60 298 11223 54
Mg—Al-LDH 250 298 102.67 5SS
PAN-NH,—La,; 5.5 480 298 9609 56
GO-Fe,0;4 6.0 S 298 93.28 57
UIO-66-NH, 20 293 92.00 31
UIO-66 20 293 85.00 31
GO-La-composite 6.2 25 293 82.60 S8
Mg—Al-LDH 100 298 65.95 SS
lignin-NH,@Ce 5.0 60 298 27.86 59
Fe-HNT 4.0 480 298 5.46 60

187 mg/g, which is the highest value in the table compared to
all listed adsorbents given in Table 7. This could be attributed
to the presence of the IT chelating ligand, which has different S
and N functional groups in addition to Zr that can act as active
sites to capture phosphate ions from the solution. In addition
to UIO-66-IT, the highest adsorption capacity can be
accomplished at normal water pH and fast adsorption kinetics
compared to the most reported adsorbents given in Table 7.
This can reduce the cost and the time that are required to
remove the phosphate ions from the solution. Therefore, UIO-
66-IT is considered the best and efficient adsorbent to purify
water from phosphate contaminants.

4. CONCLUSIONS

This work investigates the post-functionalization of UiO-66-
NH, by a IT chelating ligand that was used to create a novel
adsorbent for the removal of Hg(II) and phosphate ions from
contaminated water. While the adsorbent removed Hg(II) and
phosphate ions with high efficiencies, the Hg(II) ions were also
removed with high selectivity. The maximum adsorption
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capacities of the UIO-66-IT adsorbent to Hg(II) and
phosphate were 580.0 and 187.0 mg/g, respectively, at 25
°C and pH = §.5, which was higher than UiO-66-SCN, UiO-
66-NH,, and other adsorbents reported in the literature. The
experimental isotherm data were in good agreement with the
Langmuir isotherm models, indicating that the monolayer
adsorption of mercury and phosphate ions on the surface of
the UIO-66-IT nanoadsorbent occurred on homogeneous
surfaces and the adsorption mode belonged to chemisorption
type. The adsorption kinetic results for both adsorbates
matched with the pseudo-second-order kinetic model, and
the removal rate was proportional to the square of the
concentration of Hg(Il) or (H3;PO,)*". The mechanism of
Hg(II) adsorption was the chelation mechanism between N
and S active sites on the UIO-66-IT or electrostatic interaction
mechanism between protonated functional groups and
phosphate ions. UIO-66-IT has excellent reusability results,
which make it a unique adsorbent to remediate polluted water
from mercury and phosphate ions.
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