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ABSTRACT

Using solvothermal method to combine Amino-functionalized metal-organic frameworks (MOFs)
with magnetite (Fe,O, NPS), and the generated magnetic nanocomposite dispersed in MOFs precursor
in a row, generating two assembly cycles Fe,O,@UiO-66-NH, core/shell nanocomposite for efficient
removal of Pb* from aqueous solution. The nanocomposite was characterized by X-ray diffraction
(XRD), fourier transform infrared spectra (FI-IR), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), nitrogen adsorption-desorption and vibrating sample magnetometer
(VSM). Compare the adsorption performance of primary and secondary growth. Batch experiments
show that the secondary magnetization of Fe,O,@UiO-66-NH,-2 core/shell nanocomposite has a
good removal effect on Pb*. The prepared Fe,O,@UiO-66-NH,-2 core/shell nanocomposite showed
excellent efficient removal of Pb* with high adsorption capacity (: 19.8 mg-g™, ¢; 5 mg-L™") and
rapid separation from water by an external magnetic field because of the efficient combination of the
advantages of UiO-66-NH, and the Fe,O, NPS. The adsorption mechanism is mainly confirmed by the
coordination interaction between amino (-NH,) and Pb*. These results proved that the preparation
of Fe,0,@UiO-66-NH,-2 core/shell nanocomposite can be used as an efficient, separable adsorbent to

adsorb Pb* contaminants in water.
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1. Introduction

Environmental and human threats posed in the envi-
ronment by highly toxic heavy metal ions continue to be a
serious problem because they are not biodegradable and car-
cinogenic to humans [1]. Sources of heavy metals contami-
nated wastewater include battery manufacturing, mining,
petrochemicals, agrochemicals, fertilizers industries, leather
tanning, metal plating, fertilizers industries, ceramic, and
glass manufacturing, production of lead additives for gas-
oline and chemical manufacturing [2,3]. Among the differ-
ent harmful heavy metals, lead is recognized as one of the
most toxic elements, even at low concentrations. According
to the US Agency for disease registry and toxic substances,

* Corresponding authors.

lead is ranked second in the list of prioritized hazardous ele-
ments [4]. Lead ion, Pb*, is no biodegradable and can cause
acute and chronic poisoning effects and targets almost of the
organs in the human body (the central nervous system is
the most affected), heart disease, permanent brain damage,
cancer, and even death [5,6]. It is imperative to develop tech-
niques for trapping heavy metals from water [7-11].
Numerous methods have been used for the removal of
Pb*, mainly including adsorption, ion exchange, chemical pre-
cipitation, membrane filtration, coagulation—flocculation, and
biological method. Among them, the ion exchange method
has good selectivity, but the cycle is long. The chemical pre-
cipitation method is economical, but the operation is cum-
bersome. Membrane filtration is highly stable but expensive.
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The coagulation flocculation method has a high recovery rate,
but is prone to secondary pollution. The biological method is
environmental friendly and low in cost, but the treatment effect
isnot good [12,13]. At present, biological mediation has become
the most promising method for dealing with various pollut-
ants because of its low cost and low environmental pollution.
However, it is not very effective in removing Pb*, because Pb*
can only be adsorbed or adsorbed to biomass but not further
degraded by biomass [14,15]. Therefore, adsorption is still an
irreplaceable method in Pb*" removal, which is simple in oper-
ation, low in cost, and easy to recycle. Traditional adsorbents
such as activated carbons suffer from low adsorption capacities
[16], and the lack of functional tenability [17], there are urgent
needs for the development of new effective adsorbents.

Amino-functionalized =~ metal-organic =~ frameworks
(MOFs) are crystalline porous materials. They have attracted
much attention because of their characteristics such as
well-defined porosities, high surface areas, and chemical
stabilities [18,19]. MOFs are promising materials for various
technological applications, including gas storage [20], sep-
aration [21], drug delivery [22], and chemical sensing [22].
Moreover, MOFs can be functionalized, and this makes them
versatile adsorbents. [23,24] The removal of Pb* in water by
amino-functionalized Cr-MOF and the removal of Hg (II) by
thiol-functionalized Cu-MOF show the advantages of high
adsorption capacity of MOFs [25,26]. Magnetite (Fe,O, NPS)
has the advantage of small size and large surface area [27]. It
is widely used in immobilized enzyme carrier biochemical
products separation, catalysis and other fields [28].

Currently, nanocomposites are favored for their unique
application in the removal of water from pollution [15,29-31].
In particular, magnetic nanocomposites are used in wastewa-
ter treatment. Due to their unique advantages, polymers can
provide favorable functional groups, and the adsorbent can
be quickly separated by externally adding a magnetic field
[32-34]. Research on composite materials has become one of
the areas of best prospects and attractiveness.

As shown in Fig. 1, UiO-66-NH, was gradually grown on
the surface of Fe,O, NPS by cyclic preparation to generate
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magnetic Fe,O,@UiO-66-NH,n (n is the number of assem-
bly cycles) core/shell nanocomposite to removal efficiency
of Pb*. Due to the difficulty of magnetic separation after
three successive stages of growth, only one and two graded
growths have been studied. The novelty of this work is
formed using Fe,O, NPS as the core UiO-66-NH, shell in that
chemical property of UiO-66-NH, is very stable, the prepared
material not only avoid the influence of external factors on
the stability of the adsorbent, but also quickly and effectively,
separated under external magnetic field conditions to avoid
secondary pollution. Pb* can be adsorbed rapidly because
amino groups (-NH,) have lone pair electrons and act as the
Lewis base, they can form coordinate bonds with the heavy
metal ions (Lewis acids) [35]. The electron-accepting ability
of the Lewis acids can be controlled by pH adjustment [36].
After the secondary growth, the increase in the proportion
of UiO-66-NH, leads to an increase in the surface active sites
of the adsorbent, allowing Pb* to be adsorbed more rap-
idly. Temperature, pH, and initial ions concentration on the
adsorption of Pb* onto the Fe,0,@UiO-66-NH, core/shell
nanocomposite was carefully investigated. In addition, the
excellent removal performance and easy separation of mag-
netic Fe,O,@UiO-66-NH, core/shell nanocomposite in waste-
water further highlighted its huge potential in environmental
remediation applications. On this basis, an effective method
is developed to remove Pb?.

2. Experimental methods
2.1. Materials

All reagents were purchased from Sinopharm Chemical
ReagentCO., Ltd, Chinaand used without further purification.
They included zirconium chloride (ZrCl,), 2-amino-1,4-ben-
zenedicarboxylate (NH,-H,BDC), Iron chloride hexahydrate
(FeClL,-6H,0) ethylene glycol, N,N-dimethylformamide
(DME), sodium hydroxide (NaOH), hydrochloric acid (HCI),
anhydrous methanol and Lead nitrate. Deionized water was
used in the synthesis and all treatment processes.

Ui0-66-NH,

Magnetic separation

Fig. 1. Schematic illustration of the synthesis of the UiO-66-NH, (a), Fe,0,@UiO-66-NH, core/shell nanocomposite and magnetic

separations (b).
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2.2. Preparation of Fe,O,@UiO-66-NH, core/shell nanocomposite

Fe, O, NPSwas synthesized according to a literature method
with slight modifications [37]. 3.24 g of FeCl3-6H20 was added
to 120 mL of ethylene glycol to completely dissolve at room
temperature, and then added 1.152 g PAA, 9 ml of deionized
water and 7.2 g of urea, ultrasonic for 10 min, transferred to a
200 mL reaction kettle, and reacted at 200°C for 12 h. Magnetic
separation, liquid preservation in DMF. UiO-66-NH, was pre-
pared by solvating under conventional heating and modified
using the reported method [38]. ZrCl4 (0.0848 g, 0.363 mmol)
and NH,-H,BDC (0.0603 g, 0.363 mmol) in DMF (42 mL) with
ultrasonic vibration for 30 min. The as-obtained mixture was
transferred to a stainless steel Teflon-lined autoclave of 50 mL
capacity and then maintained at 393 K for 24 h. After this time,
the autoclave was cooled in air to room temperature and the
resulting solid was filtered, repeatedly washed with meth-
anol and dried at room temperature. The magnetic Fe,O,@
UiO-66-NH, core/shell nanocomposite was prepared by a
cyclic growth method. First, 0.25 g of Fe,O, NPS was dissolved
in 50 mL of DMF and was observed by ultrasonography for
30 min. Subsequently, 0.386 g (1.67 mmol) of ZrCl4 and 0.276 g
(1.67 mmol) of NH -H,BDC were added to 50 mL of DMF, and
ultrasonically dispersed for 30 min. The two were then mixed
and ultrasonication continued for 10 min. The mixed solution
was transferred to a 200 mL reaction kettle and heated at 393 K
for 24 h. The resulting solution was cooled to room temperature
and rapidly separated by external addition of a magnetic field.
In the next step, disperse the prepared material in precursors
in DMF solutions containing UiO-66-NH, precursor. After one
to two growth cycles, the samples were collected magnetically,
washed with methanol, and dried under vacuum at 100°C. The
nanocomposite results are expressed as Fe,O,@UiO-66-NH,n,
where n is the number of assembly cycles.

2.3. Analytical methods

The concentrations of Pb* were determined by atomic
absorption  spectroscopy  (AAS, Beijing Beifen-Ruili
Analytical Instrument Co., Ltd., WFX-130A) during the
adsorption process. 0.01 g of the adsorbent was added to a
50 mL initial concentration of Pb* solution, and the plate was
shaken at 200 rmin™ for 6 h using a constant-temperature
shaker. The adsorption temperature was 303 K, and the pH
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of the solution was adjusted to 2 to 6 with dilute hydrochlo-
ric acid or sodium hydroxide, respectively. The concentration
of adsorbed Pb* was measured after magnetic separation.
In order to obtain the adsorption isotherms of the Pb*, solu-
tions with varying initial concentration of Pb* were treated
with the same procedure as above at room temperature.
Adsorption calculation formula:

qezwxv )

m

where g, (mg-g™) is the amount adsorbed per gram of adsor-
bent, ¢, and c, are the initial and equilibrium concentrations
of Pb* in the solution (mg-L™), respectively, m is the mass of
the adsorbent used (g), and V (L) is the initial volume of the
Pb?* solution.

2.4. Characterization

The powder X-ray diffraction (XRD) measurements
were recorded on a Rigaku Dmax/Ultima IV diffractometer
(Rigaku, Japan) with monochromatized Cu Ke; radiation
(A = 0.15418 nm). Fourier transform infra-red (FTIR) spectra
were taken with a Spectrum One FTIR spectrophotometer
(Perkin-Elmer, USA) at room temperature. The morphology
was observed with a ZEISS Supra 55 microscope (SEM-EDS).
The microstructure of the sample was observed by transmis-
sion electron microscopy (TEM) (JEM-2100, JEOL, Japan) N,
adsorption isotherms were obtained using a Micromeritics
ASAP 2020 instrument (Micromeritics, USA). The samples were
outgassed at 120°C for 8 h before measurement, the specific
surface area was calculated by the Brunauere-Emmette-Teller
(BET) method. Magnetization measurements were carried
out using a vibrating sample magnetometer (VSM, 7404, Lake
Shore, an applied magnetic field of 300 Oe at room tempera-
ture) under applied magnetic field at room temperature.

3. Results and discussion

3.1. Characterization of Fe,0,@UiO-66-NH, core/shell
nanocomposite

The XRD patterns of the as prepared samples were ana-
lyzed by X-ray diffractometer as depicted Fig. 2(a). The Fe,O,
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Fig. 2. (a) X-ray diffraction patterns of Fe,O, NPS, UiO-66-NH,, Fe,O,@UiO-66-NH,-1 and Fe,O,@UiO-66-NH,-2 core/shell
nanocomposite; (b) FT-IR patterns of UiO-66-NH,, Fe,O,@UiO-66-NH,-1 and Fe,0,@UiO-66-NH,-2 core/shell nanocomposite.
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NPS pattern had intense reflections at 26 = 30.1°, 35.5°, 43.1°,
53.4°, and 57.0° these are typical of Fe,O, NPS respectively
[39,40]. Fe,0,@UiO-66-NH, core/shell nanocomposite was
prepared using one or two cycles had additional intense
reflections at 20 between 5° to 60°, which are typical of
UiO-66-NH, and confirm the formation of highly crystalline
UiO-66-NH, on the magnetic nanoparticles [41,42]. The cor-
responding peak has changed after the second growth, due
to the difference in the composition ratio of UiO-66-NH, and
Fe,O, NPS. The simultaneous existence of the characteristic
peaks of Fe,O, NPS and UiO-66 in the XRD pattern of Fe,O,@
UiO-66-NH, indicated the successful formation of a UiO-
66 shell on the surface of Fe,O, NPS without altering their
crystallinity [37].

The infrared spectrum data of the samples are given in
Fig. 2(b). There were some absorption peaks in the infrared
spectra of UiO-66-NH, which come from the aromatic rings
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and carboxyl groups. For example, the peak at 1,420 cm™
was attributed to the C-C vibrational mode, and the peak
at 1,580 cm™ was the stretching vibration of the C-O bond
in the carboxyl group [43]. For Fe,O,@UiO-66-NH,, the C-N
stretching band and N-H rocking vibration were present at
1,258 and 764 cm™!, the intensity of these bands indicates that
as the number of cycles increases, the concentration of -NH,
groups in the Fe,O,@UiO-66-NH, core/shell nanocomposite
also increases. These FTIR results confirm the presence of an
NH2 group in the adsorbents. Simultaneously, combining the
characteristic peaks of Fe,O, NPS at 1,651 and 595 cm™ indi-
cates successful synthesis of Fe,O,@UiO-66-NH, core/shell
nanocomposite [37].

In order to investigate the morphology of the products,
scanning electron microscopy (SEM) analysis and transmis-
sion electron microscopy (TEM) analysis were used. Fig. 3(a)
shows a typical morphology of the UiO-66-NH,. It can be
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Fig. 3. SEM images of the UiO-66-NH, (a), Fe,0,@UiO-66-NH,-1 (b) and Fe,0,@UiO-66-NH,-2 core/shell nanocomposite (c), TEM
images of the Fe,0,@UiO-66-NH,-1 (d) and Fe,0,@UiO-66-NH,-2 core/shell nanocomposite (e), adsorbed of Fe,0,@UiO-66-NH,-2
core/shell nanocomposite (f), FESEM-EDS of Fe,O,@UiO-66-NH,-2 core/shell nanocomposite (g), diameter distribution histograms of

Fe,0,@UiO-66-NH,-2 (h).
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seen that its surface is smooth and has a regular structure.
From Fig. 3(b) and (c), representative SEM images shows that
the prepared Fe,O,@UiO-66-NH,-2 core/shell nanocompos-
ite was spherical and had narrow size distributions in that
UiO-66-NH, is uniformly distributed on the surface of Fe O,
NPS. The chemical composition of the material can be clearly
observed by EDS analysis. The EDS image in Fig. 3(g) consis-
tently determine the presence of C, N, O, Zr, and Fe elements
in the Fe,0,@UiO-66-NH,-2 core/shell nanocomposite. As
shown in Fig. 3(f), the diameter of Fe,O, NPS in Fe O,@UiO-
66-NH,-2 core/shell nanocomposite was about 60 nm by mea-
suring at least 100 random nanoparticles in the SEM images
using software Image J 1.3s. Fe,O, NPS is evenly decorated
inside the UiO-66-NH, which can effectively protect the sta-
bility of the adsorbent. The TEM images of the nanocompos-
ite in Fig. 3(d) and (e) clearly show core-shell structures, with
Fe,O, NPS as the core and UiO-66-NH, as the shell.
Nitrogen adsorption-desorption isotherms were applied
to verify the porous structures of the materials and to cal-
culate their surface areas and pore volumes. From Fig. 4(a),
the UiO-66-NH, isotherm belongs to type I, indicating the
presence of micropores in the structure, and the process is
Langmuir monolayer adsorption [44]. Obviously, the Fe,O,@
UiO-66-NH, core/shell nanocomposite and Fe,O, NPS sam-
ples gave adsorption-desorption isotherms intermediate
between type I and type IV. The results shown the copres-
ence of micropores and mesopores in the materials [39,40].
The BET surface areas and pore volumes are summarized in
Table 1. From Table, the surface areas and pore volumes of
Fe,0,@UiO-66-NH,n increased with increasing number of
assembly cycles, this is due to the increase in the proportion
of UiO-66-NH,. After the second growth, the surface area
porosity is reduced compared with the original UiO-66-NH,.
Direct evidence for the formation of Fe,O,@UiO-66-NH,
core/shell nanocomposite was provided using a vibrating
sample magnetometer (VSM) at room temperature with
an applied magnetic field of 300 kOe [45]. As shown in
the Fig. 3(b), the saturation of Fe,O, NPS is 66.83 emu-g-1,
the saturation magnetization of Fe O,@UiO-66-NH,-1 is
39.21 emu-g-1, and the saturation magnetization of Fe,O,@
UiO-66-NH -2 is 27.73 emu-g-1. Although the magnetic
strength of Fe,O,@UiO-66-NH, core/shell nanocomposite
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is significantly lower than that of Fe,O, NPS, Fe O,@UiO-
66-NH, core/shell nanocomposite is easily collected by the
magnetic field. In Fig. 4(b), the value of remanence magne-
tization and coercivity of the Fe,O,@UiO-66-NH, core/shell
nanocomposite was very low, declared that they have super-
paramagnetic at room temperature. The superparamagnetic
performances that Fe,O,@UiO-66-NH, core/shell nanocom-
posite can be easily separated from water by an applied mag-
netic field as demonstrated. Meanwhile, after removing the
magnetic field, this magnetic nanocomposite can be well dis-
persed into reaction solution.

3.2. Effect of concentration

Fig. 5 shows the effect of initial concentration of Pb* on
the adsorption capacity of UiO-66-NH,, Fe,O,@UiO-66-NH,-1
and Fe,0,@UiO-66-NH,-2 core/shell nanocomposite. At
different initial concentrations, the adsorption capacity of
Fe,0,@UiO-66-NH,-2 core/shell nanocomposite is signifi-
cantly higher than that of Fe O,@UiO-66-NH,-1core/shell
nanocomposite. With the increase of Pb* concentration from
5 to 40 mg-L™, the adsorption capacity of Fe,O,@UiO-66-NH,
core/shell nanocomposite to Pb* increased rapidly. Due to
the low concentration, the adsorption did not reach satura-
tion. As the concentration increases, more power can be pro-
vided to overcome the mass transfer resistance of Pb* from
the liquid phase to the adsorbent surface, so that the adsorp-
tion capacity becomes larger. When adsorption reaches equi-
librium, the adsorption capacity tends to be constant.

Table 1
Parameters of porous structure for UiO-66-NH,, Fe,O,@UiO-
66-NH,-1 and Fe,0,@UiO-66-NH,-2 core/shell nanocomposite

Sample Sper v, Ve ViudV,
(m?/g)  (em’/g) (em’/g) (%)
Fe304 NPS 40 0.191 0.181 95
UiO-66-NH, 729 0.390 0.340 87
UiO-66-NH,/Fe,O-1 284 0351 0077 22
UiO-66-NH,/Fe,0,2 481 0496 0057 11
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Fig. 4. (a) N, adsorption/desorption isotherms of Fe,O, NPS, UiO-66-NH,, Fe,O,@UiO-66-NH,-1 a Fe,O,@UiO-66-NH,-2 core/

shell nanocomposite; (b) Magnetization hysteresis curves of Fe

nanocomposite.
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3.3. Effect of contact time

Fig. 6 illustrates the effect of contact time on adsorbent
removal Pb*. Adsorption is significantly faster in 60 min, the
Fe,0,@UiO-66-NH_-1 core/shell nanocomposite on Pb* was
13.2 mg-g™, the removal rate was 52.8%. The adsorption of
Fe,0,@UiO-66-NH_-2 core/shell nanocomposite on Pb* was
14.3 mg-g™ and the removal rate was 57.3%. Obviously, it can
be seen that the amount of adsorption of secondary growth is
significantly higher than that of primary growth which due
to the completely amino-functionalized structure resulting in
rapid migration of heavy metal ions into the adsorbent. The
amount of adsorption gradually increases with increasing of
time and adsorption equilibrium was established after 2 h. In
the end, the adsorption amount of both adsorbents reached
16.3and 18.6 mg-g™.

3.4. Effect of pH

As depicted in Fig. 7, the pH has a great effect on the
adsorption capacity of Pb** on the Fe,0,@UiO-66-NH, core/
shell nanocomposite. Insoluble matter that does not produce
Pb(OH), at pH < 6, respectively [46]. Moreover, the structure
of the MOFs in water is highly stable especially in acidic envi-
ronments [43]. Hence, the pH values in the range of 2 to 6 were
chosen. It can be seen from the figure that the pH value had

Il ¥ 30 4@Ui0-66-NH,-1

[l ¥ e30,@UiO-66-NH,-2

10 15 20 30

¢, (mg'L™)

Fig. 5 Effect of concentration for Pb* adsorption on Fe,O,@UiO-
66-NH,-1 and Fe,0,@UiO-66-NH,-2 core/shell nanocomposite.
(T=303 K; m=10 mg; V=50 mL; pH = 6).
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Fig. 6. Time profile of Pb* adsorption on the Fe,O,@UiO-
66-NH,-1 and Fe,O,@UiO-66-NH,-2 core/shell nanocomposite.
(T=303 K; m =10 mg; V-50 mL; pH =6).

a significant influence on the adsorption capacity of the NH,
functionalized adsorbent. When the pH is 2, the adsorption
amount of Fe,0,@UiO-66-NH,-1 core/shell nanocomposite to
Pb* is 3.1 mg-g™, and the adsorption of Fe,O,@UiO-66-NH -2
core/shell nanocomposite to Pb*" is 4.2 mg-g™. With the
increase of pH, the adsorption amount gradually increases,
when pH 6 was reached, the adsorption of Pb* on the two
adsorbents gradually reached 15.9 and 18.2 mg-g™, adsorption
capacity for secondary growth is always higher than primary
growth. Such a pH dependent sorption may be rationalized
based on the surface charge of the sorbents. When the pH
is low, the active sites on the sorbents are protonated and
positively charged, the positively charged Pb* ions are not
favored by the positively charged active sites due to the elec-
trostatic repulsive effect, leading to a lower sorption capacity.
At higher pH, the active site become deprotonated and the
electrostatic repulsion between the group and the Pb*" ion
decreases or even disappears. The coordination or hydrogen
bonds interaction incites an increase of the sorption capacity.
On the other hand, pH induced Pb* speciation may also be
responsible for the pH dependent sorption [47]. In consider-
ation of high adsorption capacity, the pH of 6 was a proper
value. On the contrary, lower pH is beneficial to desorption.

3.5. Adsorption kinetics

In this work, adsorbent Fe,O,@UiO-66-NH,-2 core/shell
nanocomposite was further studied in the Pb* adsorption
process to better explain the excellent adsorption perfor-
mance and adsorption mechanism of the adsorbent.

To better understand the adsorption mechanism and
kinetics, the pseudo-first-order, pseudo-second-order and
intra-particle diffusion kinetic models were used to inves-
tigate the kinetics of Pb* adsorption on the Fe,O,@UiO-
66-NH,-2 core/shell nanocomposite. The model is as follows
[48-50].

1n(qe - qt) = ln qe - kt (2)
Lo L.l ®)
9. ko
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Fig. 7. Effect of solution pH on the adsorption on the Fe,O,@UiO-
66-NH,-1 and Fe,O,@UiO-66-NH,-2 core/shell nanocomposite.
(c,=5mgL"; T=303K;t=6h;m=10mg; V=50 mL).
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q, =BIn(ap) +pInt (4)

where t is the adsorption time (min), g, is the amount of
adsorption at time t (mg-g™). g, and g, are the equilibrium
adsorption capacities (mg-g™) for the first-order kinetic model
and the quasi-second-order kinetic model. k, primary reac-
tion rate constant (min™), k, is the quasi-secondary reaction
rate constant, where a and 3 are the Elovich constants and
represent the initial adsorption rate (g'mg™” min™) and the
desorption constant (mg-g—"-min), respectively. The Elovich
constants can be obtained from the graphs of g, vs. Int.

Table 2 and Figs. 8(a), (b), and (c) shows the results
of quasi-first-order, quasi-second-order kinetic model,
and Elovich kinetic model for the adsorption of Pb*
by Fe0,@UiO-66-NH,-2 core/shell nanocomposite, the
quasi-second-order kinetic linear correlation coefficient, the
theoretical equilibrium adsorption capacity and the experi-
mental results. It can be seen that the pseudo-second-order
kinetic model is more suitable for the explanation of the Pb*"

Table 2
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adsorption mechanism because the relationship between
experimental data and kinetics is determined by applying
the correlation coefficient (R?), and the pseudo-second-order
kinetics R? value is higher than Pseudo-first-order kinetics
and Elovich models. In addition, the calculated g, value is
also consistent with the experimental data. In addition, the
calculated g, value is also consistent with the experimental
data. Therefore, the adsorption of Pb* by magnetic materials
conforms to the pseudo-second-order kinetic equation.

The adsorption kinetics of Pb* solid particles are con-
trolled by the following three steps: (1) boundary diffusion,
(2) Pb* adsorption on the surface of solid particles, (3) inter-
nal diffusion [51]. The internal diffusion model is as follows:

05
q,= kpt +B (5)

k,(mg-g"-min’’) is the particle diffusion rate constant. B is
the adsorption constant. If the multi-linearity is plotted with
g, — 1%, it indicates that the adsorption process is a complex

Fe,0,@UiO-66-NH,-2 core/shell nanocomposite adsorption of Pb* kinetic parameters

Pseudo-first-order kinetics Pseudo-second-order kinetics Elovich
T/K k, x 10> min? ¢, mgg’ R? k,x10* g:(mgmin)* g, mgg’ R? a B R?
293 1.400 14.89 0.975 12.063 18.09 0.999 0.082 3.779 0.982
303 1.080 8.83 0.974 17.794 19.83 0.999 0.264 3.385 0.916
313 1.090 9.36 0.975 19.438 18.85 0.999 0.189 3.373 0.931
(3) 20 (b) 20
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Y
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Fig. 8. Pseudo-first-order kinetic model (a), pseudo-second-order kinetic model (b), Elovich kinetic model (c) and intraparticle diffu-
sion kinetic model (d) for the adsorption of Pb*" on Fe,0,@UiO-66-NH,-2 core/shell nanocomposite with different temperature.
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process controlled by multiple velocity steps. If a straight line
is obtained, the entire adsorption process is controlled by the
diffusion inside the particles, and if it is straight and through
the origin, it is the only constant speed step. As shown in Fig.
7(d), the kinetic data were fitted with three-stage linearity by
intra—particle diffusion model, indicating that the adsorp-
tion process is complex, which is divided into three stages:
the adsorption of Pb* on the first stage adsorbent increases
with %% and significantly increased, which corresponds to
the diffusion of the boundary layer of Pb*. In the second
stage, the adsorption of Pb* on the adsorbent increases with
the increase of {*°, but the slope of the second line is smaller
and the adsorption capacity increases more slowly than the
first stage, because the second stage controlled by particle
diffusion. The third stage of adsorption tends to saturate,
which means that the adsorption reaches equilibrium stage.
Therefore, the process of adsorption Pb* was not only con-
trolled by the in-particle diffusion, but also by the membrane
diffusion.

3.6. Adsorption isotherm

The adsorption behavior of Fe,O,@UiO-66-NH,-2 core/
shell nanocomposite on Pb2+ was simulated by Langmuir,
Freundlich, and Tempkin adsorption models. The model is
as follows [52-54]:
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g, =BInK, + Blnc, )

where ¢, (mgL") is the equilibrium concentration of
Pb*. g, (mg-g™') for the amount of adsorbent adsorbed Pb*.
Q,, (mg-g') is the maximum adsorption capacity, K, (L-mg™)
is the balance constant. Where K, and 1/n represents the
Freundlich constant of adsorption capacity and adsorption
intensity, respectively. B and K, (L-g™') are the constant.
Isotherm studies can describe how the adsorbates inter-
act with adsorbents, affording the most important parameter
for designing a desired adsorption system. The adsorp-
tion isotherms of Pb* on the Fe,O,@UiO-66-NH,-2 core/
shell nanocomposite at different initial concentrations are
given in Fig. 9. As shown in Table 3, which summarizes
the Langmuir, Freundlich, and Temkin constants and the

Table 3

Langmuir, Freundlich and Temkin parameters for adsorption
of Pb* by Fe,0,@UiO-66-NH,-2 core/shell nanocomposite at
different temperature

Isothermal Parameter 293 K 303 K 313K
Langmuir Q, (mg-g™) 68.59 75.41 73.05
equation K, (L-mg™) 0.18 0.33 0.22
R? 0.996 0.997 0.995
Freundlich K, (mg-g™) 8.772 23.240 18.349
equation 1/n 0.428 0.359 0.400
R? 0.952 0.943 0.946
Temkin B (L-g™) 14.540 14.542 14.925
equation K, (L-g™) 1.928 4.421 2.592
R? 0.992 0.986 0.991
(b)4.4
a0t
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Fig. 9. Langmuir (a), Freundlich (b), and Temkin (c) isotherm model for Pb*" adsorption onto Fe,0,@UiO-66-NH,-2 core/shell

nanocomposite at different temperatures.
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calculated coefficients the Freundlich equation correlation
coefficient of Fe,O,@UiO-66-NH,-2 core/shell nanocompos-
ite adsorbed Pb* indicates that the adsorption of Pb* on
Fe,O0,@UiO-66-NH,-2 core/shell nanocomposite is in agree-
ment with Langmuir. The dsorption of Pb* on Fe O,@UiO-
66-NH,-2 core/shell nanocomposite is also in agreement with
Langmuir.

In order to determine whether an adsorption system is
“favorable” or “unfavorable” between the adsorbent and the
adsorbate, R, the separation factor or equilibrium parameter,
is also calculated using Eq. (9) [55].

1
R =
b 1+be, 9)

where b (L-mg™) is the Langmuir constant and ¢, (mg-L™) is
the initial Pb** concentration. The value of R, indicates the
shape of the isotherm to be either unfavorable (R, > 1), lin-
ear (R, = 1), favorable (0 < R, < 1) or irreversible (R =0) [56].
The R, values between 0 and 1 indicate favorable adsorption.
For Pb* adsorption on the Fe,0,@UiO-66-NH,-2 core/shell
nanocomposite, the R, values obtained are far less than one,
thereby confirming that the adsorption is a favorable process.

3.7. Adsorption thermodynamics

To study the inherent energy changes within the
adsorption process, the thermodynamic parameters of
the adsorption were investigated. The change in the Gibbs
free energy (AG), enthalpy (AH), and entropy (AS) were
calculated from the following equations [57]:

AG = 7RT11’1KD (10)
AS AH
h‘lKD Z?*ﬁ (11)

where R is the gas constant (8.314 J-mol™-K™), K is the dis-
tribution coefficient (K, = g /c ), AH and AS can be calculated
from the slope of the curve and intercept of the calculated
temperature of the adsorption of Pb* thermodynamic param-
eters shown in Fig. 10 and Table 4.

When T < 313 K, the negative AG can promote the
adsorption of Pb* on Fe,0,@UiO-66-NH,-2 core/shell nano-
composite was carried out spontaneously, the adsorption
value was 136.21 and 34.37 k]-mol~ which is greater than zero

Table 4

and indicates that the degree of confusion in the adsorption
process is increased because the adsorption of a large num-
ber of water molecules at the solid/liquid interface is greater
than zero. When T > 313 K, the negative values of AG confirm
the feasibility of the process and spontaneous nature of the
adsorption. When AH more than 40 kJ-mol™ illustrates that
the adsorption process is chemisorption, less than 40 kJ-mol™,
shows that the adsorption process is physical adsorption,
34.47, 14.29 kJ-mol! are less than 40 kJ-mol™, launches that
the adsorption process is physical adsorption [57]. In all tem-
peratures, the |AS| > |AHI, demonstrating that the adsorp-
tion is dominated by entropy effect rather than enthalpy
change.

3.8. Adsorbent stability

Further investigation of the adsorbent before and after
adsorption was conducted in order to elucidate the adsorbent
stability. In Fig. 11(a), the XRD comparison of the adsorbent
before and after adsorption shows that the peak position is
obviously the same, inference that there is no obvious change
in the crystal structure of the adsorbent after adsorption. The
comparison of FT-IR before and after adsorption was shown
in Fig. 11(b), the adsorbent peak position before and after
adsorption were the same, and it can be concluded that the
functional groups were the same before and after adsorption,

3.0F
s 293-308 K
e 313-328K
2.8F
a [ =
2 56l
E 2.6
24F
.
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Fig. 10. Plot of InK vs.1/T for Pb* dye adsorption by Fe,O,@
UiO-66-NH,-2 core/shell nanocomposite. (c, =5 mg-L™; t =6 h;
m =10 mg; V=50 mL).

Thermodynamic parameters of Pb*" in Fe,0,@UiO-66-NH,-2 core/shell nanocomposite adsorbed water

Temperature/K K D/L-mg’1 AG/kJ-mol™! AS/J-(mol-K)™! AH/kJ-mol™!
293 9.93 -5.592

303 14.52 -6.740 136.21 34.37

308 20.20 -7.696

313 11.32 -6.314

323 10.04 -6.194 -25.36 14.29

328 8.69 -5.896




260

~~
-]
e

I I I I After adsorption
I I l I Before adsorption

10 20 30 40 S0 60 70 80
20 /degree

Intensity /a.u.

S. Feng et al. / Desalination and Water Treatment 151 (2019) 251-263

(b)
&
=
e
@
2]
=
<
N
=
E
w0
=
x®
Lo
= Before adsorption
— After adsorption
L L L L L
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm)

Fig. 11. (a) XRD patterns of Fe,O,@UiO-66-NH -2 core/shell nanocomposite before (fresh) and after adsorption. (b) FTIR spectra of the
Fe,0,@UiO-66-NH,-2 core/shell nanocomposite before (fresh) and after adsorption.

after the adsorption, the earlier mentioned bands decreased
due to the coordination of N in the amino group (-NH,) with
Pb*, consistent with the literature [58] report. The above
results confirm that the adsorbent has better stability.

3.9. Comparison with other adsorbents

From Table 5, it can be seen that Fe,O,@UiO-66-NH,-2
core/shell nanocomposite has great potential for Pb*" adsorp-
tion. The reasons for this phenomenon is due to the -NH,
can form coordinate bonds with the heavy metal ions con-
tained in the Fe,O,@UiO-66-NH,-2 core/shell nanocompos-
ite. Compared with the material filtration and separation in
Table 5, the material can be quickly separated by an external
magnetic field to avoid secondary pollution, moreover, since
it is a core-shell structure, Fe,O, NPS is a core, which can
avoid corrosion of Fe,O, NPS by the external environment
and make the adsorbent more stable. This study provides an
easy way to prepare highly efficient magnetic nanomaterial
adsorbents to remove Pb* from water. These advantages are
not available in the other materials shown in Table 5.

3.10. Effect of background ions

Coexistent metal ions, such as Cu*, Cd*, Cs*, Mg*, Hg*,
and Al are ubiquitous in ambient water and can compete
with metal ions Pb* for the adsorption sites of adsorbents.
Therefore, it is important to study the effect on the adsorp-
tion behavior in the presence of metal ions. As shown in
Fig. 12, when the coexistence of Pb* and Cu?*, the adsorbent
adsorbed Pb* at a minimum of 13.8 mg-g™. In the coexistence
with Cd*, the Fe,O,@UiO-66-NH_-2 core/shell nanocompos-
ite amount of Pb* was up to 17.46 mg-g™ with almost no
effect. The results show that the presence of these competing
metal ions has little effect on the adsorption of Pb* by the
adsorbent, the good selective removal of Pb* may be due to
the functionalization of NH, [66]. Cu*, Cd*, Cs *, Mg*, Hg*,
and AI** did not significantly compete with Pb* as an adsorp-
tion site for Fe,O,@UiO-66-NH,-2 core/shell nanocomposite.

3.11. Application to real samples

In order to study the using in the actual environment,
the removal of Pb* from Fe,O,@UiO-66-NH,-2 core/shell
nanocomposite in actual wastewater was studied in Fig. 13.

Table 5
Compearison of g for different adsorbents

Serial Adsorbents q/(mg-g™) References

number

1 Fe,0,@UiO-66-NH -2 19.83 This study
core/shell nanocomposite

2 B-MnO, 13.57 [59]

3 CaAl layered double 20.79 [60]
hydroxides

4 Al O, nanoparticles 29.1 [61]

5 MgAI-LDHs 16.93 [62]

6 Commercial activated 5.95 [63]
carbon

7 Commercial granular 10.8 [64]
activated carbon

8 MnOx-loaded biochar 86.5 [65]
20
15F

qe (mg-g1)
2

Cll2+

ca® ot Mgt N

Ionic species

Hg2+

Fig. 12. Effect of coexisting ions on the removal of Pb* by Fe,O,@
UiO-66-NH,-2 core/shell nanocomposite. (c,= 5 mg-L™; t =6 h;
m =10 mg; V=50 mL).

Configure Pb* ion solution with a concentration of 5 mg-L™
(Deionized water, lake water, tap water, and purified water),
adsorption capacity for them can reach 18.43, 16.89, 17.43,and
19.47 mg-g™? respectively. The removal efficiency of Pb*
can reach more than 74%. These results show that Fe,O,@
UiO-66-NH_-2 core/shell nanocomposite has a significant
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Fig. 13. Adsorption of Pb*" to Fe,0,@UiO-66-NH,-2 core/shell
nanocomposite in actual water samples. (c,=5 mg-L"; t =6 h;
m =10 mg; V=50 mL).

effect on the removal of Pb* from complex wastewater.
Therefore, Fe,O,@UiO-66-NH,-2 core/shell nanocomposite is
a promising adsorbent for the removal of Pb*".

4. Conclusions

Fe,0,@UiO-66-NH,-2 core/shell nanocomposite was pre-
pared by two assembly cycles has a clear core-shell structure
and has a better adsorption effect on Pb*. The results showed
that the process accorded with quasi-second-order kinetic
equations and Freundlich adsorption model. In addition,
adsorption thermodynamic parameters indicated that this pro-
cess was divided into two processes. The magnetic composite
has a strong adsorption capacity for Pb* in water with a satu-
rated adsorption capacity of 19.83 mg g™'. Complementary, the
amino groups (-NH,) have lone pair electrons and act as the
Lewis base, they can form coordinate bonds with the heavy
metal ions. The electron-accepting ability of the Lewis acids
can be controlled by pH, which is the main reason for high
adsorption capacity of adsorbent. The stability of the adsor-
bent indicated that the crystal structure and morphology of the
Fe,0,@UiO-66-NH,-2 core/shell nanocomposite do not change
significantly after adsorption. The study demonstrated that
the prepared Fe,0,@UiO-66-NH,-2 core/shell nanocompos-
ite can be used as magnetically separable and highly efficient
adsorbents for removing Pb* from aqueous solutions.
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