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A novel copper-based MOFs adsorbent (Cu-BTC-Th) was prepared using an one-step method by intro-
ducing a new organic ligand of 4-thioureidobenzoicacid (Th) with active groups for selectively adsorbing
Pb(Il) from aqueous solutions. The chemical composition and structure of the prepared MOFs materi-
als were characterized by scanning electron microscope (SEM), X-ray diffraction (XRD), fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS ), Brunner—Emmet—Teller (BET) anal-
ysis, and zeta potential measurements. The adsorption capability of the prepared Cu-MOFs was signifi-
cantly enhanced by introducing the new organic ligand of Th in the materials. The maximum adsorp-
tion capacity of the Cu-BTC-Th for Pb(Il) attains 732.86 mg/g under the optimal conditions. In addition,
the adsorption kinetics and adsorption isotherm analysis showed that the adsorption process followed
the pseudo-second-order kinetic model and Langmuir adsorption model, indicating that the adsorption of
Pb(II) by Cu-BTC-Th was a monolayer chemisorption. The adsorption mechanism of Cu-BTC-Th for Pb(II)
was discussed and revealed. On one hand, the adsorption of Pb(II) is mainly through ion exchange with
the Cu(Il). On the other hand, the —NH; and —C=S functional groups introduced in the Cu-BTC-Th mate-

rials have stronger coordination ability with the Pb(II) ions to enhance the adsorption capability.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lead is one of the earliest metals used by human beings, which
has good flexibility and ductility. It plays a vital role in numer-
ous industrial production and daily routine, such as storage bat-
tery, medical apparatus and instruments, building materials, dyes,
alloys. However, in the process of industrial application, a consid-
erable amount of lead-containing wastewater is produced, causing
environmental pollution [1,2]. Lead mainly exists in water in the
form of Pb(Il), which can poison the nervous system and cardio-
vascular system after entering the human body, and 95% of lead is
deposited in the skeletal system in the form of phosphate. Accord-
ing to the research reports, entering the human body to 5 mg/kg
can lead to death [3,4]. Hence, it is particularly important to re-
move lead ions from the industrial wastewater.

Treatment methods for lead-containing wastewater include ad-
sorption, chemical precipitation, electrolytic, membrane separation,
ion exchange, and biological methods [5]. The adsorption method
has always attracted much attention due to its wide range of ma-
terial sources, simple operation and low cost. The commonly used
adsorbents include the activated carbon [6,7], mineral materials
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[8,9], chitosan [10,11], lignin [12,13], fly ash [14,15], carbon-based
materials [16,17] and silica [18,19]. However, the common prob-
lems of small pore size, low specific surface area, and incom-
plete pore arrangement restrict their application. As a novel ad-
sorbent, metal organic frameworks (MOFs) has progressed quickly
in late years. MOFs is an organic-inorganic hybrid porous material
with three-dimensional periodic grid configuration shaping by self-
assembly of metal ions or metal clusters with organic ligands. It
has the advantages of high porosity and specific surface area, regu-
lar spatial network structure and strong controllability of pore size
[20]. Therefore, compared with the common adsorbents mentioned
above, MOFs usually has higher adsorption capacity for metal ions.
For example, Hasankola et al. synthesized Cu-based and Zn-based
MOFs using the trimesic acid (BTC) linker. The adsorption capaci-
ties of the prepared Cu-BTC and Zn-BTC for Pb(Il) ions reached 333
mg/g and 312 mg/g, respectively [21]. Bakhtiari and Azizian pre-
pared a nanoporous metal organic framework (MOF-5), which was
employed to adsorb the copper ions with an adsorption capacity
about 290 mg/g [22].

However, considerable MOFs adsorbents have low selectivity
and adsorption capacity by reason of lacking active functional
groups, which limits their wide application. Therefore, besides
of the material porosity and specific surface area, the functional
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Fig. 1. Schematic presentation of the preparation of Cu-BTC-Th composite and the SEM image of the prepared MOFs.

groups contained in MOFs must be considered to enhance the ad-
sorption performance of the materials. Post-modification method
is often used to introduce active functional groups to improve
the adsorption capacity and selectivity of the adsorbents. For in-
stance, a Cr-based MOFs (MIL-101) was converted with ethylenedi-
amine (ED) to form amino-functionalized adsorbent (ED-MIL-101).
The result revealed that the adsorption capacity of ED-MIL-101
for Pb(Il) ions was greatly improved, which was more than five
times that of MIL-101 (81.09 mg/g) [23]. Although such a modifi-
cation is effective, the modification process is too complex. Abdel-
hameed [24] et al. prepared a new type of absorbent (MIL-125-HQ)
by modifying the Ti-based metal organic framework (NH,-MIL-
125) with bis-quinoline Mannich base, and its maximum adsorp-
tion capacity for Pb(I) is 262.1 mg/g. Zhao [25] et al. used ZrCly,
2-aminoterephthalate and 1,8-dihydroxyanthraquinone to prepare
a functionalized adsorbent (MOFs-DHAQ), which has an adsorption
capacity of 213.3 mg/g for Pb(II).

As discussed above, we believe that it is a direct and effective
way to prepare MOFs by introducing ligands with active functional
groups during the preparation process, which can not only simplify
the preparation process, but also enhance the adsorption ability
and selectivity. On the basis of the theory of hard and soft acid-
base (HSAB) [26], sulfur-containing ligands can form stable com-
plexes with Pb(II). 4-Thioureidobenzoicacid (Th) is rich in thionic
groups and has not been used in the preparation of MOFs. In this
study, using copper nitrate trihydrate as the metal source, and
trimesic acid and Th as the organic ligands, a novel MOFs adsor-
bent (Cu-BTC-Th) was synthesized by a one-step method for se-
lectively adsorbing Pb(Il) from aqueous solutions. Effect of the Th
introduction on the adsorption performance of the Cu-BTC-Th ma-
terial was systematically studied. The adsorption conditions were
optimized. In addition, the adsorption kinetics and isotherm were
studied to reveal the adsorption mechanism.

The preparation process of the copper-based MOFs (Cu-BTC and
Cu-BTC-Th) is illustrated in Fig. 1. The preparation details was
given in Supporting information. The crystallization of the pre-
pared Cu-BTC and Cu-BTC-Th materials was characterized by the
XRD analysis and the consequences are shown in Fig. S1a (Sup-
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porting information). It can be seen that several diffraction peaks
in the range of 260 = 5°~40° are appeared for the Cu-BTC, which
are consistent with those reported in the literature [27,28], indicat-
ing that Cu-BTC with crystalline phase has been successfully syn-
thesized. Compared with the Cu-BTC, the intensity of correspond-
ing diffraction peaks for the Cu-BTC-Th is obviously reduced, re-
flecting that the addition of Th makes the crystallinity of Cu-BTC-
Th slightly reduced. Nevertheless, the position of diffraction peaks
does not change, indicating that the crystal structure of the Cu-
BTC-Th remains unchanged.

In order to confirm whether the new ligand of Th has been in-
troduced in the prepared MOFs, infrared characterization was per-
formed and the results are shown in Fig. S1b (Supporting infor-
mation). The peak at 1567 cm~! is attribute to the stretching vi-
bration of benzene ring skeleton C=C bond in BTC [29]. Peaks at
1618.98 and 1620.18 cm~! are related to the asymmetric stretch-
ing vibration of the 0=C-0, while the peaks at 1443 and 1373
cm~! was assigned to the symmetrical stretching vibration of the
0=C-0 [29,30]. As to the spectrum of Cu-BTC-Th, new peaks at
1249, 1263 and 3415 cm~! appeared, which are designated to the
C—N stretching vibration, C=S stretching vibration, and the anti-
symmetric stretching vibration of the benzene ring, respectively
[31,32]. These findings manifest that the ligand of Th has been suc-
cessfully introduced in the Cu-BTC-Th composites.

Scanning electron microscope (SEM) is an important tool to
analyze the surface morphology in the field of materials science.
In order to observe the influence of the introduction of new
monomers on the morphology of the prepared MOF materials, SEM
characterization was performed. As shown in Fig. 1 and Fig. S2a
(Supporting information), the Cu-BTC material has a regular octa-
hedral structure, which is consistent with that reported in the lit-
erature [33]. In contrast, the microstructure of Cu-BTC-Th changed
slightly and the crystallinity decreased (Fig. S2b in Supporting in-
formation). Such a finding is consistent with that of the X-ray
diffraction (XRD) characterization (Fig. S1a). It has been clear that
the Cu-BTC is formed by the connection of the dimeric copper and
the H3BTC, in which the Cu(Il) are connected by bond force, and
the axial direction is very weak water molecular force, thus form-
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ing the primary unit of Cu-BTC. The organic ligands combine these
primary units to form an open three-dimensional octahedral struc-
ture system [34,35]. Introduction of new monomer of the Th par-
tially destroys the crystal structure and changes the crystal shape
to a certain extent. The EDS spectrum (Figs. S2c and d in Support-
ing information) demonstated the existence of C, N, O, S and Cu
in the Cu-BTC-Th composite, and the atomic percents are 47.74%,
6.32%, 36.44%, 1.12% and 8.38%, respectively. The existence of N and
S further confirmed that the ligand of Th has been introduced in
the prepared Cu-BTC-Th composite.

The specific surface area and pore structure parameters of Cu-
BTC and Cu-BTC-Th were characterized by BET analysis. The N,
adsorption-desorption isotherms is shown in Fig. S3a (Supporting
information). According to the IUPAC classification, the isotherms
of Cu-BTC and Cu-BTC-Th can be categorized as type IV isotherm
with a type H4 hysteresis loop appearing in the range of 0.45 to
1.0, implying that the prepared MOF material has a representative
mesoporous structure [36,37]. Table S1 (Supporting information)
shows the specific surface area and pore structure parameters of
Cu-BTC and Cu-BTC-Th materials. Compared with Cu-BTC, the Cu-
BTC-Th composite shows a relative lower specific surface area and
pore volume, which is due to the change of the porous structure
by introducing the Th monomer.

The surface charge of the adsorbent often plays an important
role on the interaction behavior with the adsorbate. Fig. S3b (Sup-
porting information) shows the surface zeta potential of Cu-BTC
and Cu-BTC-Th in regard to the solution pH values. It is shown
that the zeta potentials of both materials decrease as the increase
of the solution pH, which is attributed to the enhanced ionization
of carboxyl groups at high pH. In addition, the result shows that
the surface charge of Cu-BTC-Th becomes slightly more negative.
Such finding seems to be inconsistent with the fact that the in-
troduced Th monomer contains amino groups, which usually leads
to an increase in zeta potential. It can be understood considering
that on the one hand, the content of the Th monomer in the pre-
pared Cu-BTC-Th composite is very low and less than 5%. On the
other hand, the introduction of Th ligand destroys the crystallinity
of the Cu-BTC, which might result in more free carboxyl groups
exposed on the solid surface. As a result, the zeta potential of the
Cu-BTC-Th composite slightly decreased than that of the Cu-BTC
material.

Effects of the Th ligand introduction and various factors includ-
ing the pH, adsorbent dosage and temperature on the adsorption
performance of the prepared Cu-BTC-Th materials for Pb(Il) were
systematically studied. For the preparation of Cu-BTC-Th compos-
ite, a certain proportion of Th was added into the BTC precursor
solution during the preparation process. To study the effect of Th
addition amount on the adsorption performance of Cu-BTC-Th for
Pb(II) ions, the molar ratios of Th to H3BTC were set at 1:50, 1:35,
1:25, and 1:20, respectively. As shown in Fig. 23, the adsorption ca-
pacity of Cu-BTC for Pb(Il) is about 643.09 mg/g. With the addition
and increase of the Th amount, the adsorption capacity increases
gradually. As the molar ratio increases to 1:25, the adsorption ca-
pacity of Cu-BTC-Th reaches the maximum value of 732.86 mg/g,
which is larger than that reported in the most literatures (Table
S2 in Supporting information). Such result, on the one hand, is at-
tributed to the enhanced electrostatic attraction between the ma-
terials and Pb(II) ions. And more importantly, the introduction of
—NH, and =S groups enhances the coordination of the Cu-MOFs
with the Pb(Il) ions. However, when the amount of Th exceeds a
certain value, the adsorption capacity decreases greatly. This may
be due to the fact that too much of Th destroys the material struc-
ture and greatly reduces the specific surface area of the materials.
Therefore, the Cu-BTC-Th composites used for the rest of adsorp-
tion experiments were prepared according to the molar ratio of
1:25 (Th/BTC).
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The pH of the Pb(II) solution is an significant factor influenc-
ing the adsorption behavior. The effect of the solution pH in the
range of 3~6 on the adsorption of Pb(Il) was inspected. As shown
in Fig. 2b, the adsorption capacities of both Cu-BTC and Cu-BTC-Th
for Pb(Il) are enhanced with the growth of the initial solution pH.
This is attributed to that on the one hand, the increase of pH leads
to the increase of electronegativity of the adsorbents, which is con-
ducive to the adsorption of Pb(II). On the other hand, at lower
pH conditions, the carboxyl and amino groups are easily proto-
nated and exist in the form of —COOH and —NH3*. An increase in
pH will promote the hydrolysis of them turning into —COO~ and
—NH,;, which will enhance their coordination with Pb(II). It should
be noted that the adsorption capacity is particularly low at pH 3,
which is probably due to the fact that the adsorbent is partially
dissolved in water at a very low pH. When the pH is too high (>6),
Pb(II) begins to hydrolyze to form Pb(OH)*, Pb(OH),, Pb(OH)3~ and
other species, which will interfere with the accuracy of the adsorp-
tion capacity. Therefore, the adsorption process will be controlled
at pH less than 6.

Fig. 2c shows the effect of the adsorbent dosage on the adsorp-
tion capacity of Cu-BTC and Cu-BTC-Th for Pb(II). It can be seen
that the adsorption capacity decreased gradually with the increase
of the adsorbent dosage. This will be well understood considering
that with the increase of adsorbent dosage, the quantity of Pb(II)
ions is relatively reduced, which makes the adsorption process dif-
ficult to reach a saturated adsorption state.

The effect of temperature on the adsorption of Pb(Il) was in-
vestigated in the range of 25~45 °C, and the result was shown in
Fig. 2d. It is found that the adsorption capacities of the two ad-
sorbents are gradually increased with the growth of temperature
from 25 °C to 45 °C, indicating that the increase of temperature is
conducive to the adsorption of Pb(Il). This is because the growth
of temperature accelerates the activity of Pb(Il) ions and promotes
their diffusion from the liquid phase to the surface of adsorbent,
and enhances the probability of collision between the Pb(Il) ions
and the adsorption sites on the adsorbent surface. In addition,
such a result reflects that the adsorption is an endothermic pro-
cess and the increase of temperature promotes the adsorption of
Pb(II) ions.

Adsorption isotherm is an important way to understand the ad-
sorption behavior. The adsorption isotherms of Cu-BTC and Cu-
BTC-Th for Pb(II) was studied by using the Langmuir model and
Freundlich model, and the results were shown in Fig. S4a (Sup-
porting information) and Table S3 (Supporting information). It was
shown that the correlation coefficients value (R* = 0.9769) for the
Langmuir isotherm model is much higher than that (R? = 0.7654)
for the Freundlich isotherm model, indicating that the adsorption
process mainly follows the Langmuir adsorption isotherm and the
adsorption of Pb(Il) on Cu-BTC and Cu-BTC-Th is a monolayer ad-
sorption. On account of the Langmuir model, the theoretical max-
imum adsorption capacity of Pb(Il) on Cu-BTC-Th is determined to
be 838.166 mg/g at temperature of 303 K.

The time for adsorption to reach equilibrium is a key parame-
ter for evaluating the adsorption efficiency of materials. Fig. S4b1
(Supporting information) shows the adsorption capacity variation
with respect to the adsorption time. The results show that the ad-
sorption rate is fast in the initial stage of adsorption, then gradu-
ally increases, and finally reaches equilibrium at 2 h. The variation
of adsorption rate with respect to the time are often described by
the pseudo-first-order and pseudo-second-order kinetic models to
reveal the adsorption mechanism. The fitting results are shown in
Figs. S4b2 and b3 and Table S3 (Supporting information). It was
found that the fitting correlation coefficient of R? for the pseudo-
second-order kinetic model is 0.99997, while it is only 0.8764 for
the first-order kinetic model. Therefore, the second-order kinetic
model is more matching to depict the kinetics of the Pb(Il) ad-
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Fig. 2. Effects of Th addition (a) and various factors including the pH (b), adsorbent dosage (c) and temperature (d) on the adsorption performance of the prepared Cu-BTC-Th

materials for Pb(II).

sorption, indicating that the adsorption of Pb(Il) by Cu-BTC-Th is
mainly through chemical adsorption [38].

Selectivity is a crucial factor for the performance of adsorption
materials. Heavy metal wastewater generally contains other coex-
isting metal ions, which may compete with the Pb(Il) for the ad-
sorption sites on the adsorbent. Consequently, the adsorption se-
lectivity of Cu-BTC-Th for Pb(Il) was studied using Co(II), Cd(II)
and Ca(Il) as coexisting ions, which have the same concentration
as the Pb(II) in the solution. The absorption capacity of Cu-BTC-Th
for Pb(Il) and the coexisting metal ions were determined as shown
in Fig. S5 (Supporting information). It was observed that the exis-
tence of calcium ions has a certain competition for the adsorption
of Pb(Il) ions, which reduces the adsorption capacity of Cu-BTC-Th
for Pb(Il) ions to a certain extent. In contrast, the effect of Co(II),
Cd(II) ions on the adsorption of Pb(Il) is very slight. These results
indicate that the adsorption of the prepared Cu-BTC-Th for Pb(II)
ions has a very good selectivity.

It is believed that the adsorption of Pb(Il) by the prepared Cu-
BTC-Th is closely correlated with the organic functional groups in
the adsorbent materials. The binding behavior between the Pb(II)
and various functional groups is the key to the high adsorption
performance of the Cu-BTC-Th. To explore the interaction between
Cu-BTC-Th and Pb(Il), X-ray photoelectron spectroscopy (XPS) was
performed. In high-resolution spectrum of Pb 4f (Fig. 3a), the bind-
ing energies for Pb 4f;, and 4fs;, are appeared at 139.03 eV and
143.9 eV, respectively. For the spectra of O 1s (Fig. 3b), peak at
531.85eV corresponds to the O element in the —COO...Cu group
[39]. After adsorbing the Pb(Il) ions, the peak position shifts to
a low binding energy at 531.42 eV, which is assigned to the
—CO0O-.--Pb, implying that ions exchange was occurred between
Cu(Il) and Pb(Il) during the adsorption process. Because the elec-
tronegativity of Pb(II) is lower than that of Cu(Il), the substitution
of Pb(Il) for Cu(ll) relatively increases the electron cloud density
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of oxygen atoms, so the binding energy shifts to a lower position.
To further prove the exchange of Pb(II) with Cu(ll), the content of
Cu(I) and Pb(II) ions in the solution were measured before and af-
ter the adsorption. As shown in Table S4 (Supporting information),
the content of Cu(ll) in the solution increased from zero to 0.25
mmol/L, which is about 67.6% of the reduction of the Pb(Il) ions
due to adsorption. These results demonstrated that the adsorption
of Pb(Il) ions by the Cu-BTC-Th materials is partially through ion
exchange.

The N 1s high-resolution XPS spectra are shown in Figs. c1 and
c2. Before adsorbing the Pb(II), the N 1s peak is appeared at
399.88 eV representing the HyN—C(S)—NH— group [40,41]. After
adsorbing the Pb(Il), the N 1s spectrum is divided into two peaks
(Fig. 3¢2), in which the peak at 407.02 eV is attributed to the for-
mation of coordination bond of —N..-Pb. The coordination of —NH,
groups with Pb(Il) induces a ~7.14eV shift toward high binding
energy, which was due to the electron donor effect of the lone
electron pair of nitrogen atom [42]. In high-resolution spectrum
of S 2p (Fig. 3d1-2), to simplify the analysis, only the S 2p;p,
peak was analyzed [43,44], the S 2p;;, peak at around 164.3 eV
[45] is related to the S atoms in C=S group. After adsorbing the
Pb(II), the spectrum of S 2p changed obviously, demonstrating that
the chemical enviorement of S atoms in Cu-BTC-Th-Pb composite
changed. The new peak appeared at 167.24 eV is likely derived
from S-Pb groups, which has an aout 3 eV shift to the high bind-
ing energy due to the coordination with Pb(Il). In addition, the
peak at 169.94 eV indicates that a very small amount of C=S may
be oxidized during the adsorption process. The O 1s, N 1s and S
2p results confirmed that the adsorption process of Cu-BTC-Th for
the Pb(Il) ions involves the complexation of nitrogen, oxygen and
sulfur-containing functional groups with the lead ions.

As discussed above, the adsorption mechanism of the Cu-BTC-
Th materials for Pb(Il) ions was proposed and illustrated in Fig. 4.
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Fig. 4. Schematic of the adsorption mechanism of Pb(Il) on Cu-BTC-Th.

At one hand, through ion exchange with the Cu(ll) ions, the Pb(II)
ions enter into the adsorbent materials to coordinate with carboxyl
groups. At the other hand, the —NH, and —C=S functional groups
introduced in the Cu-BTC-Th materials have stronger coordination
ability with Pb(Il) ions. Therefore, the adsorption performance of
the prepared Cu-MOFs for Pb(Il) ions was significantly enhanced
by introducing the new organic ligand of Th in the materials.

The reusability of Cu-BTC-Th material and its preliminary ap-
plication in processing a real heavy metal ions wastewater were
carried out and the results were shown in Fig. S6 and Table S5
(Supporting information).

In summary, a novel copper-based MOFs adsorbent (Cu-BTC-Th)
was synthesized by a one-step method using trimesic acid (BTC)
and 4-Thioureidobenzoicacid (Th) as the organic ligands for selec-
tively adsorbing Pb(II) from aqueous solutions. It was found that by
introducing the new organic ligand of Th in the materials, the ad-
sorption capability of the prepared Cu-MOFs was significantly en-
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hanced. The maximum adsorption capacity of the Cu-BTC-Th for
Pb(II) attains 732.86 mg/g under the optimal conditions. More im-
portantly, the materials have high selectivity for the adsorption
of Pb(Il) ions. The adsorption kinetics and adsorption isotherm
analysis showed that the adsorption process followed the pseudo-
second-order kinetic model and Langmuir adsorption model, indi-
cating that the adsorption of Pb(Il) by Cu-BTC-Th was a monolayer
chemisorption. The adsorption mechanism of Cu-BTC-Th for Pb(II)
was explored. It was revealed that ion exchange with Cu(ll) ions
is an important way for the Pb(Il) adsorption. Moreover, the —NH,
and —C=S functional groups introduced in the Cu-BTC-Th materi-
als have stronger coordination ability with the Pb(Il) ions to en-
hance the adsorption capability. These findings indicate that the
prepared Cu-BTC-Th material has potential application value in the
treatment of Pb(Il) heavy metal wastewater.
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