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Abstract

In this study, the UiO-66/Fe;0,/GO composite was prepared by one step method for removal of cesium ions (Cs™) in water
and exhibited excellent adsorption capacity for Cs* (62.07 mg g~!), which can be attributed to the size compatibility of nano-
sized cavities and the addition of GO. As supporting matrix, GO decreased particle aggregation and increased the surface
area of the adsorbent. The composite had good acid and alkali resistance, thermal stability, rapid adsorption rate and can be

separated from water by magnetic separation rapidly.

Keywords UiO-66/Fe;0,/GO - Adsorption - Cesium ions

Introduction

With the increase of global energy demand and the strength-
ening of awareness of environmental protection, as a piv-
otal alternative energy source for fossil fuels, carbon-free
nuclear power plays an important role in the development
of human society [1]. However, the disposal of radioactive
waste in nuclear fission still restricts the development of
carbon-free nuclear power. Among them, radioactive cesium
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(137Cs) is a radioactive substance produced during fission,
accounting for 6.3% of fission products. It is the main cause
of radioactive contamination and the most abundant spe-
cies in nuclear power plant accidents and nuclear waste dis-
posal [2, 3]. Radioactive cesium is strong gamma radiation
source with long half-life (T, =30.17 years) and similar to
the biogeochemical behavior of potassium. It possesses out-
standing mobility and causes serious threat to environment
and human health via continuous flow in the food chain [4,
5]. Therefore, it is essential to eliminate radioactive ions to
reduce radioactivity below the allowable range before long-
term storage of nuclear waste. Among various processing
techniques have been used to remove radionuclides cesium
from aqueous solutions, adsorption is efficient, simple, flex-
ible and affordable [6, 7]. The adsorption process does not
use any toxic organic solvents [8]. But, many of these adsor-
bents are not provided with reproducibility and are often
accompanied by environmental hazards. Thence, the effec-
tive and low-cost materials should be sought to selectively
remove cesium-containing wastewater.

As porous materials composed of organic ligands linked
with metal ions or ion clusters by coordination bonds [9],
metal—organic frameworks (MOFs) have applications in
various fields including gas storage, optics, sensing, cataly-
sis, adsorption/separation, carbon dioxide capture and drug
delivery [10-17]. Among various MOFs, UiO-66 is a three-
dimensional porous zirconium-based MOF assembled from
a 1,4-benzenedicarboxylic linkers and a cationic Zr,O,(OH),
nodes, having octahedral and tetrahedral cavities [18], which
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is known for their superior thermal, aqueous and acid sta-
bility [19]. Because of the merits of outstanding chemical
stability and easy-to-synthesize, the potential application of
UiO-66 has received significant concern. However, UiO-66
is usually present in form of powder and not conducive to
be separated from solution. Magnetic separation can sepa-
rate solid materials from liquid quickly and easily. Fe;O,
magnetic nanoparticles have been widely studied because of
their low production cost, easy preparation and large-scale
production capabilities [20]. However, magnetic nanomateri-
als have magnetic and large active surfaces, and the strong
interparticle interactions between magnetic nanoparticles
make them difficult to apply further [21]. Immobilization of
magnetic nanoparticles on the substrate is a feasible method
to stabilize Fe;0, nanoparticles and reduce aggregation [22].
Graphene oxide (GO) is an ideal platform for the forma-
tion of new composites because of its hydrophilicity and
availability of hydroxyl groups, epoxy and carbocyclic acid
groups, which makes superior dispersibility in solution [23].
Moreover GO can also be used as an adsorbent. Fe;O, mag-
netic nanoparticles are anchored on GO. The magnetization
of the sorbent matrix promotes the recovery of the adsorbent
used and provides a simple and viable solution for removing
the target materials from the solution.

In this study, one step synthesis method was used to
obtain UiO-66/Fe;0,/GO composite by loading nanoparti-
cles composed of UiO-66 and Fe;0, on GO. The composite
was used to adsorb Cs* in water and compared with UiO-
66 and UiO-66/Fe;0, in terms of adsorption capacity. The
initial Cs* concentration, contact time, temperature, pH and
competing ions were studied about the effect on adsorption
of Cs*. Besides, the isotherm, kinetic, and thermodynamic
models of the materials were also studied in detail.

Experimental
Materials

All reagents mentioned herein were from Aladdin Indus-
trial Company, China and Sigma-Aldrich and used directly,
including iron chloride hexahydrate (FeCl;-6H,0), graphite
powder, anhydrous ethanol, potassium permanganate, sulfu-
ric acid, hydrogen peroxide (30%), zirconium tetrachloride
(ZrCly, 98%), p-Phthalic acid (PTA, 99%), N,N-dimethyl-
formamide (DMF, 99%), sodium hydroxide (NaOH, 97%),
hydrochloric acid (HCI, 36.5%). All water used in the syn-
thesis and treatment processes was deionized water.

Synthesis of Ui0-66/Fe;0, composite

Fe;0, (0.1 g) was immersed to DMF (40 mL) and ultra-
sonicated for 30 min. The ultrasonic preparation frequencies
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mentioned herein are all 40 kHz and the power is 80 W. In
addition, ZrCl, (0.15 g) and PTA (0.1062 g) were sequen-
tially added to DMF (30 mL) and ultrasonicated for 10 min
to obtain a MOF precursor solution. The Fe;0, suspension
was poured into the MOF precursor solution and ultrasoni-
cated until the solid particles were evenly dispersed in the
solution. The homogeneously mixed solution was poured
into an autoclave (100 mL), placed in an oven at 80 °C for
12 h and then at 100 °C for 24 h. The resulting light brown
solid was washed several times with ethanol and deionized
water and separated from solution via magnetic separation.
The purified UiO-66/Fe;0, composite solids were obtained
by freeze drying.

Synthesis of Ui0-66/Fe;0,/GO composites (Fig. 1)

GO (0.03 g) was dissolved in DMF (80 mL) by ultrasonica-
tion for 5-8 h. Fe;0, (0.075 g) was added to the mixture and
ultrasonicated for 10 min. Then, ZrCl, (0.1125 g) was mixed
in the above suspension and ultrasonicated for 30 min, fol-
lowed by mechanical stirring for 12 h. Finally, 0.0797 g of
PTA was added. After stirring in the mixture for 30 min, the
treated suspension was charged in an autoclave (100 mL)
and placed in an oven at 120 °C for 24 h. The synthesized
solid was washed several times with ethanol and deionized
water and separated from solution by magnetic separation.
Finally, the nanocrystals were lyophilized.

Characterization

The scanning electron microscope (SEM) image was obtained
by ZEISS Supra 55 microscope to analyze the appearance
of the materials. Transmission electron microscope (TEM)
(JEOL JEM-2100) can observe the microstructure of the
samples. The powder X-ray diffraction (XRD) pattern was
obtained using a Rigaku Dmax/Ultima IV diffractometer
(Rigaku Co., Japan) to analyze the crystal structure and
composition of materials. Fourier transform infrared spec-
troscopy (FTIR) was conducted at room temperature using
a Spectrum One FTIR spectrophotometer (Perkin-Elmer,
America). The materials were degassed at 395 K for 5 h
before measuring the N, adsorption isotherm of the materials
using the Micromeritics ASAP 2020 instrument (Micromerit-
ics, American). The Brunauer-Emmet-Teller (BET) method
estimated the surface area. Magnetization measurements used
a vibrating sample magnetometer (VSM, Lakeshore 7404).

Adsorption experiments

In this study, inactive cesium (3Cs) was used for the
adsorption studies, instead of radioactive cesium (*7Cs).
The Cs* solution (50.0 mL) was adsorbed by adsorbents
(0.01 g) in a 50 mL sealed conical flask at a rotation speed
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Fig. 1 Synthesis of UiO-66/Fe;0,/GO

of 200 rpm, and the temperature and rotation speed were
controlled by a water bath shaker. The Cs* concentration
was measured by an atomic absorption spectrophotometer
(nov AA 300). In order to reduce the error of the experiment,
three parallel tests were performed simultaneously in each
experiment. The mass of Cs* adsorbed per unit mass of the
adsorbent can be calculated by Eq. (1):

4. = (C=Cox 1)

where C, (mg LY is the initial Cs* concentration, C, (mg
L1 is the equilibrium Cs* concentration, m (g) is the mass
of the adsorbents, V (L) is the volume of the Cs* solution.

Results and discussion
Characterization

The appearance and internal structure of the material were
observed by SEM and TEM images. UiO-66/Fe;0, nano-
particles (Fig. 2a) were agglomerated together in a spherical
shape. Comparing Fig. 2a with Fig. 2b, it can be seen that
the presence of GO did not change the spherical structure of
the UiO-66/Fe;0, nanoparticles, but the agglomeration phe-
nomenon of the particles was reduced, and the small balls
were disorderly dispersed in the wrinkles of the GO sheet.
TEM images confirmed this statement.

The XRD patterns of Fe;0,, UiO-66, UiO-66/Fe;0,,
Ui0-66/Fe;0,/GO and GO were shown in Fig. 3. There were
7 diffraction peaks at 20°, 30°, 35°, 43°, 53°, 57° and 63°
corresponding to (202), (220), (311), (400), (422), (511) and

UiO-66/Fe3O4/GO

(440) diffracted planes of the pure cubic spinel crystal struc-
ture of Fe;O, [24-26]. It can be observed that the diffraction
peaks of Fe;0, and UiO-66 were simultaneously present in
the diffraction peaks of UiO-66/Fe;0, diffraction pattern,
indicating the successful synthesis of UiO-66/Fe;O, com-
posite. The diffraction pattern of UiO-66/Fe;0, was similar
to that of UiO-66/Fe;0,/GO, but the peak intensity of UiO-
66/Fe;0,/GO can be found to be lower than that of UiO-66/
Fe;0, at 5°-10°. This can be attributed to the presence of
very low levels of GO, and the diffraction peak of GO may
be covered by the strong diffraction peak of UiO-66.

FTIR spectra of UiO-66/Fe;0, in Fig. 4, characteristic
of Ui0-66 at 3423 cm™', 1577 cm™, and 1400 cm™', and
Fe;O, at 1654 ecm~! and 571 cm™!, these peaks proved the
formation of UiO-66/Fe;O, composite. Comparing the
peaks of UiO-66/Fe;0,, UiO-66/Fe;0,/GO was sharp at
1577-1654 cm™!, which was due to the vibration of C=C
skeleton in GO. And the presence of C-O stretching peak at
1095 cm™! [27] further demonstrated the successful synthe-
sis of Ui0-66/Fe;0,/GO composite.

As shown in Fig. 5, the porosities and surface areas of
all samples were measured by nitrogen adsorption—des-
orption at 77 K. The surface area of UiO-66 sample was
681.38 m? g~!, which was similar to some of the reported
results [28]. The curve of UiO-66 was a reversible type-I N,
adsorption isotherm, which proved that UiO-66 exhibited
permanent microporosity. The isotherms of the other two
composites exhibited type-IV shape with H1 hysteresis loop
by using the nitrogen adsorption—desorption measurements
and BET method analysis. The type-IV isotherms illustrated
that both materials had smaller mesoporous structures, and
the appearance of the H1 hysteresis loop indicated that the
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Fig.2 SEM images of UiO-66/
Fe;0, (a), UiO-66/Fe;0,/GO
(b), and TEM images of UiO-
66/Fe;0, (¢), UiO-66/Fe;0,/
GO (d)
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Fig.3 XRD patterns of Fe;0,, UiO-66, UiO-66/Fe;0,, UiO-66/
Fe;0,/GO and GO

Ui0-66/Fe;0, and UiO-66/Fe;0,/GO pores were highly
uniform in pore size and the pore connectivity was well.
Moreover the specific surface area of UiO-66/Fe;0,/GO was
171.79 m? g~!, which was larger than that of UiO-66/Fe;0,
(162.37 m? g~"), which were shown in Table 1. This was due
to the addition of GO, which facilitated the attachment of
the nanoparticles to the GO layer, reduced the agglomeration
of the UiO-66/Fe;0, nanoparticles, and the incorporation
of GO had a positive effect on the specific surface area of
the material consistent with previously reported results [24].

The VSM measurements were performed on UiO-
66/Fe;0, and UiO-66/Fe;0,/GO using a magnetic
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Fig.4 FTIR images of Ui0-66, UiO-66/Fe;0, and Ui0-66/Fe;0,/GO

measurement system. The saturation magnetization (M,)
values of the two materials were 48.06 emu g~! and
15.53 emu g~!, respectively, which can be obtained from
the magnetization curve shown in Fig. 6a. According to
previous reports, the M, value of Fe;O, nanoparticles is
69.69 emu g~! [15] and higher than that of Ui0-66/Fe;0,
and UiO-66/Fe;0,/GO, which may be due to the encapsu-
lation of Fe;O, by UiO-66 non-magnetic material and the
coverage of UiO-66/Fe;0, nanoparticles by GO. Although
the M value of the composites were lower compared to
that of Fe;0,, it was sufficient to separate solid materials
from solution by magnets. Besides, when the magnetic
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Fig.5 N, adsorption—desorption isotherms of UiO-66, UiO-66/Fe;0,
and UiO-66/Fe;0,/GO

Table 1 The porous structure parameters of adsorbents

Sample Sper (m? g7!)  Pore volume  Pore size (nm)
(em’g™h

Ui0-66 681.38 0.0546 5.4725

Ui0-66/Fe;0, 162.37 0.2485 15.2933

Ui0-66/Fe;0,/GO  171.79 0.11162 8.9332

field was applied, the particles dissolved in water were rap-
idly attracted by the magnet and accumulated on the bottle
wall within 15 s, as shown in Fig. 6b. The solution became
clear and transparent to achieve the purpose of separation.
After removing the magnetic field, the solid adsorbents
would be redispersed in water to form a mixed solution.

Adsorption experiments

At a temperature of 298 K and a pH of 7, add 0.01 g of
adsorbents to 50 mL of Cs* solution with different initial

(@) 60

40

— UiO-66/Fe;0,
— UiO-66/Fe;0,/GO

M emu g™

0
H (Oe)

- 0 1 1 1 1
-28000 -14000 14000 28000

(b)

concentration, and shake it at 200 rpm for 12 h with a con-
stant temperature oscillator to investigate the influence of
different initial Cs™ concentration on the adsorption and
shown in Fig. 7a. The adsorption amount g, increased with
the ascension of initial Cs™ concentration and obtained the
maximum capacity of 58 +2 mg g~!, 60+5 mg g~! and
63+2 mg g~! at an initial Cs* concentration of 80 mg L™},
respectively. UiO-66/Fe;0,/GO was higher than the other
two adsorbents on adsorption capacity, owing to the fact
that the addition of GO increased the surface area of the
material and the active sites reacted with Cs*t [24, 29]. At
low concentrations, Cs™ was relatively less competitive than
other positive ions. With Cs* concentration ascension, Cs*
occupied the adsorption sites until saturation. When equilib-
rium was reached, adsorption was accompanied by desorp-
tion, which was a reversible reaction [30], the adsorption
and desorption were in dynamic equilibrium resulting in the
adsorption capacity will no longer increase and may even
decrease with increasing concentration.

The change in adsorption capacity of the adsorbents at
different contact time was studied under the conditions of
temperature 298 K, pH 7, and initial Cs* concentration of
60 mg L~!. The experimental results were shown in Fig. 7b,
the adsorbent rapidly adsorbed Cs* in the first 10 min, on
account of sufficient active sites to react with Cs* in the
initial stage of the reaction [31]. After rapid adsorption
phase, the adsorption process slowly increased as the avail-
able adsorption sites and nanocavities gradually decrease,
reaching equilibrium until 2 h. At this time, the adsorption
and desorption amount of Cs* were in a dynamic equilib-
rium state [32]. The experimental results showed that the
adsorption rate of the adsorbents synthesized was fast and
the equilibrium time was 2 h.

In order to investigate the effect of temperature on adsorp-
tion performance, experiments were carried out at pH 7,
t=12 h, initial Cs* concentration of 60 mg L~! and dif-
ferent temperatures of 298 K, 308 K, 318 K and 328 K,

Magnetic separation

Fig.6 Magnetic hysteresis loops of UiO-66/Fe;0, and UiO-66/Fe;0,/GO (a); magnetic separation of UiO-66/Fe;0,/GO (b)
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Fig.7 Effect of initial Cs* concentration (a), contact time (b), temperature (¢) and pH (d) on Cs* adsorption

as shown in Fig. 7c. Overall, as the temperature increased
from 298 to 328 K, the Cs* adsorption trends of UiO-66,
Ui0-66/Fe;0, and UiO-66/Fe;0,/GO were consistent at
different temperatures and the capacity acquired maximum
56.99 mg g~!, 62.95 mg g~! and 65.28 mg g~! at 328 K,
respectively. The results indicated the endothermic reaction
properties of the adsorption process and the thermal stability
of these materials.

The different pH of the solution will change the surface
charge and stability of the adsorbent, and the presence
of Cs*. Therefore, this experiment studied the adsorption
in the wide pH range of 4-10 (Fig. 7d) and maintained
T=298 K, =12 h, initial Cs* concentration of 60 mg L.
These curves showed the tendency rising up at the begin-
ning and declining in late. The adsorption amount ¢,
reached a maximum at pH 7 or 8. The reasons for the trend
of change may be that the material partially dissolved and
the Cs* also competed with a large amount of H* under
strong acid conditions [26]. As the pH increased, the H*
of the solution was neutralized by OH™, thereby reducing
competition with Cs*, resulting in a rapid increase in the
adsorption capacity. Under neutral and alkaline conditions,
the materials deprotonation occurred, which increased the
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amount of negative charges on the surface to enhance the
electrostatic adsorption of Cs* [33]. Furthermore, the con-
centration of Na* increased rapidly, leading to competition
with Cs* again, which was not conducive to adsorption
[34].

Adsorption mechanism
Adsorption isotherms

The adsorption isotherms are the basic method to study the
interaction mode of adsorbent and adsorption, the degree of
action and the surface property of the adsorbent. And the
adsorption isotherms can be used to describe the adsorption
equilibrium, properties and evaluate the maximum adsorp-
tion capacity of UiO-66, UiO-66/Fe;0, and UiO-66/Fe;0,/
GO under equilibrium conditions. Therefore, the experimen-
tal results obtained by adding 0.01 g of adsorbent to 50 mL
of different initial concentrations of Cs™ solution under the
experimental conditions of T=298 K, pH 7 and =12 h was
used to plot the Langmuir and Freundlich isotherm models
[35, 36] to fit the adsorption results. The linear form of the
Langmuir model is Eq. (2):
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C, _ 1 N C,
9e QmaxKL Qmax

where g, (mg g™") is the adsorption amount of Cs* adsorbed
by per unit weight of adsorbents, C, (mg LY is the Cs*
concentration when the adsorption process reaches equilib-
rium, Q,, (mg g~!) is theoretical maximum single-layer
adsorption capacity that the adsorbents can achieve, and
K, (L mg™") is the Langmuir constant. Q, . and K, are
calculated from the intercept and slope of these curves fit-
ted the linear relationship between C,/q, and g, in Fig. 8a.
Table 2 gives the Langmuir adsorption isotherm parameters
values. The maximum ¢, of UiO-66, UiO-66/Fe;O, and
Ui0-66/Fe;0,/GO were 57.29 mg g~!, 59.93 mg g~! and
62.07 mg g~!, which were similar to the theoretically maxi-
mum capacity Q,,,. value of 59.84 mg g™, 65.19 mg g~!
and 67.39 mg g~' determined by Langmuir isotherm. The
experimental maximum adsorption capacity in this study
was compared with those obtained in previous studies of
Cs* adsorption and listed in Table 3. It can be seen that
the maximum adsorption amount of UiO-66/Fe;0,/GO was
higher than that of some known adsorbents, such as natural
attapulgite [37], Si0,—~AMP-Cal-Alg [38] and PB/Fe;0,/
GO [24]. Secondly, the magnetic properties of materials
make the absorbent of this study easier to separate from the
solution compared with other absorbents, such as Conjugate
uprobent [8], PB@pomelo peel [32], Amino-functionalized
multi-derivative carbon nanotubes [31]. Furthermore, the
addition of GO improves the hydrophilicity and dispersibil-
ity of the composites. UiO-66/Fe;0,/GO was suitable for
the removal of Cs*. The magnitude of the R? indicated the
correlation between the Langmuir isotherm and the adsorp-
tion properties. The R* value of UiO-66, UiO-66/Fe;0, and
UiO-66/Fe;0,/GO were 0.9890, 0.9936 and 0.9967 respec-
tively, indicating that the adsorption results fitted well with

(@)

Table2 Langmuir isotherm constants and their correlation coeffi-
cients

Adsorbents Qe (Mg g1 K, (Lmg™h) R?

UiO-66 59.84 0.1362 0.9890
UiO-66/Fe;0, 65.19 0.1590 0.9936
Ui0-66/Fe;0,/GO 67.39 0.1999 0.9967

Table 3 Comparison of maximum Cs adsorption capacity g, for dif-
ferent adsorbents

Adsorbents g, (mgg™h References
Conjugate adsorbent 77.70 [8]
PB/Fe;0,/GO 55.56 [24]
Hexacyanoferrate @polyacry- 260 [26]
lonitrile @magnetite
Amino-functionalized multi- 136.3 [31]
walled carbon nanotubes
PB @Pomelo peel 83.8 [32]
MOF/Fe;O0,/KNiFC 109.0 [33]
Natural attapulgite 2.16x1073 [37]
Si0,-AMP-Cal-Alg 37.52 [38]
UiO-66 57.29 This study
Ui0-66/Fe;0, 59.93 This study
Ui0-66/Fe;0,/GO 62.07 This study

the Langmuir isotherm. It also proved that the adsorption
position of the material was single-layered and uniform.
The dimensionless constant separation factor R; evalu-
ates the favorability of adsorption reaction in the Langmuir
isotherm model, which is calculated by the formula Eq. (3):

1
R=—1
LT1+K,C, @)
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where C; (mg L) is the highest initial concentration of
Cs™. If the value of R, is greater than 1, it means that the
adsorption reaction in the Langmuir isotherm model is unfa-
vorable; if R; is equal to 1, it represents that the reaction is
linear; if R; is less than 1 and greater than 0, the reaction is
favorable; If R, is equal to O, then the reaction is irreversible.
The R; values of UiO-66, UiO-66/Fe;0, and UiO-66/Fe;0,/
GO were 0.068, 0.059 and 0.047, respectively, all between 0
and 1, thus confirming that all three materials were favorable
for Cs* adsorption.

The Freundlich isotherm is used to describe heteroge-
neous systems. The linear form of Freundlich equation is
expressed as Eq. (4):

Ing,=InK, + llnCe 4)
n

where K. is Freundlich isotherm constant indicated adsorp-
tion capacity of adsorbents and 7 is also constant represented
the degree of dependence of sorption on the equilibrium
concentration when the equilibrium concentration equals to
1. The value of the exponent, 1/n, represents the type of
adsorption process to be favorable physical process (1/n> 1),
linear (1/n=1), and chemical (1/n < 1). Furthermore, the
value of 1/n closer to O illustrates the more heterogene-
ous the surface [39]. The Freundlich isotherm curves were
shown in Fig. 8b, and the relevant parameters were figured
according to the graph and listed in Table 4. The 1/n val-
ues of UiO-66, UiO-66/Fe;O, and UiO-66/Fe;0,/GO were

Table 4 Freundlich isotherm constants and their correlation coeffi-
cients

Adsorbents Ky (mgg™) 1/n R?
Ui0-66 10.80 0.4128 0.8892
Ui0-66/Fe;0, 12.89 0.3989 0.8067
Ui0-66/Fe;0,/GO 14.67 0.3846 0.8102
(a)
3 =
L)
2"
21 W-
- I
g 1L
o .
O 3
N [ ]
£ 0F =« Ui0-66
L+ UiO-66/Fe;0,
-1F & Ui0-66/Fe304/GO A
| [ 2
)

0 200 400 600 800 1000 1200 1400 1600
t (min)

observed to be between 0 and 1, and it was judged that the
adsorption of Cs™ by the three adsorbents was chemical
adsorption. Comparing the R* values of the Langmuir and
Freundlich isotherms of the three materials, it was found that
the Langmuir isotherm R* value was higher than Freundlich.
Consequently, the adsorption of Cs* by the three materials
was more consistent with the Langmuir model.

Kinetic sorption models

The pseudo-first-order and pseudo-second-order kinetic mod-
els were used to evaluate the adsorption mechanism in this
study [30, 40, 41] under the conditions of temperature 298 K,
pH 7, and initial Cs* concentration of 60 mg L~!. The pseudo-
first-order rate equation is described by Eq. (5):

In(q, —q,) =Ing, -k )
where g, (mg g™") is the adsorption amount of Cs* adsorbed
by per unit weight of adsorbents when the adsorption pro-
cess reaches equilibrium, g, (mg g~ 1) is the amount at time
t, and K, (min~Y) is the pseudo-first-order kinetic model
adsorption rate constant. The values of K| and theoretically
q, are determined by the slope and the intercept of the graph
in Fig. 9a.

The pseudo-second-order rate equation is described by
Eq. (6):

f_ 1,1
9 Kq  q ©
where g, (mg g™!) is the adsorption amount of Cs* adsorbed
by per unit weight of adsorbents at time ¢, ¢, (mg g~!) is the
amount at equilibrium theoretically, and K, (g mg™! min™)
is the pseudo-second-order rate constant. The magnitude of
q, and K, were figured by the slope and intercept of the
linear plot of #/g, versus ¢ curve in Fig. 9b. The value of g,
and K, were calculated and listed in Table 5. According to
Table 5, the R? values of pseudo-second-order kinetic were

b
() [
= UiO-66
25F o Ui0-66/Fe;0,
ool 4 UiO-66/Fe30,/GO
O 15t

0 200 400 600 800 1000 1200 1400 1600

t (min)

Fig.9 Pseudo-first-order kinetic (a) and Pseudo-second-order kinetic (b) of UiO-66, UiO-66/Fe;0, and UiO-66/Fe;0,/GO
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significantly larger than the pseudo-first-order kinetic for
Ui0-66, UiO-66/Fe;0, and UiO-66/Fe;0,/GO. Further-
more, the experimental measurement of g, ., was closer to
the theoretical g, ., value of the pseudo-second-order kinetic
model. The adsorption of Cs™ by UiO-66, UiO-66/Fe;O, and
Ui0-66/Fe;0,/GO followed pseudo-second-order kinetic
model, which demonstrated that chemisorption limited the
kinetic model and rate.

Thermodynamic of sorption

The thermodynamic parameters such as change in enthalpy
(AH), entropy (AS) [40] and Gibbs free energy (AG) are
determined by using Egs. (7) and (8):

AS AH
Ink,=22_4%
N80 = T RT )
AG = —-RTIn K, 8)

where K, (K,=¢,/C,) is equilibrium distribution constant,
and R (8.314 J K~! mol™") is universal gas constant. The val-
ues of AS (J K~ mol™") and AH (kJ mol™") were determined
by the curves in Fig. 10. The data in Fig. 10 was obtained
under the experiment conditions of pH 7, r=12 h, 60 mg
L~ Cs* solution and different temperature of 298 K, 308 K,
318 K and 328 K. The AG (kJ mol™') judges the spontane-
ousness of the adsorption process. The results were shown in
Table 6. At T=298, 308, 318 and 328 K, the AG of UiO-66,
Ui0-66/Fe;0, and UiO-66/Fe;0,/GO were all lower than
0, demonstrating that the adsorption of Cs* on materials
was spontaneous and feasible, and the energy required to
carry out the reaction. The negative AG value increased with
temperature addition to reveal that spontaneous adsorption
was proportional to temperature. The positive value of AH
indicated that the interaction between Cs* and the adsor-
bents were endothermic reaction that consumed energy, were
consistent with the results reported in the literature [42].
The enthalpy value shows the type of interaction between
solid and ion. If the enthalpy is below 40 kJ mol~!, the type
of adsorption is a physical process [37]. It can be seen from
Table 6 that the AH values of all three materials were below
40 kJ mol ™!, so the adsorption of Cs* were physical adsorp-
tion. The positive value of AS reflects the affinity of the

Table 5 Rate constants and correlation coefficients of the kinetic models

745
0.5
}éj \\
< 0.3
02| = UiO-66
« Ui0-66/Fe30,
+ Ui0-66/Fe;0,/GO
0.1 L L 1
0.0030 0.0031 0.0032 0.0033 0.0034
1T

Fig. 10 Thermodynamic of Cs* adsorption onto adsorbents

adsorbent for Cs™, which was owing to the release of water
molecules increased the randomness of the solid/solution
interface during adsorption when the Cs* was adsorbed on
the surface of the adsorbent [1]. Positive AH was not condu-
cive to the spontaneous adsorption process, while positive
AS was advantageous, and |AHI <1ASI. Thence, the driving
force for enthalpy adsorption on the material was controlled
by the entropy effect rather than the enthalpy change [42].

The effect of competing ions

Considering practical applications, most radioactive waste-
water contains coexisting non-radioactive ions, such as
sodium and potassium, which are chemicals similar to
cesium and have similar chemical behavior. Therefore, it is
necessary to select sodium ions (Na*) and potassium ions
(K*) as competitive ions to study the influence of com-
petitive ions on adsorption. In this experiment, 20, 40 and
60 mg L' of Na* or K* solution were added to 60 mg L~!
of Cs* solution. As shown in Fig. 11, in the presence of Na*
(Fig. 11a) and K* (Fig. 11b), the adsorption capacity of UiO-
66/Fe;0,/GO was more affected than the other two adsor-
bents, which decreased 55.25 mg g~' and 62.45 mg g~!,
respectively. Besides, the effect of K* on adsorption was
higher than that of Na™. This phenomenon can be explained
by the hydration radius of the ions, which played an impor-
tant role in the ion exchange and ion trapping of Cs™ [43].

Adsorbents Goexp (MG ) Pseudo-first-order kinetic Pseudo-second-order kinetic
Kl X 1072 qe,cal (mg gil) Rz KZ X 1072 qe,cal (I’l’lg gil) Rz
(min™") (g mg™! min~1)
UiO-66 57.29 0.07 12.87 0.4805 0.24 51.05 0.9999
UiO-66/Fe;0, 59.93 0.16 4.80 0.1967 1.19 58.34 0.9996
UiO-66/Fe;0,/GO 62.07 0.22 6.70 0.9126 0.18 61.80 0.9998
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Table 6 Thermodynamic Adsorbents AH(K mol™)  ASGmol™' KY)  —AG (K mol™)
parameters of Cs™ adsorption on
adsorbents 298 K 308 K 318K 328K
UiO-66 3.84 9.70 0.32 0.42 0.57 0.74
UiO-66/Fe;0, 2.02 9.47 0.79 0.91 0.99 1.08
Ui0-66/Fe;0,/GO 2.56 11.60 0.89 1.01 1.15 1.23
(a) (b)
0 I UiO-66 70 I UiO-66
60 [ UiO-66/Fe 0, 60 [ UiO-66/Fe;0,
I UiO-66/Fe;0,/GO I UiO-66/Fe;0,/GO
~ 50 ~ 50
t o
o 40 o 40
= S
~ 30 = 30
[}
o o
20 20
10 10
0
control 20 40 60 control 20 40 60
Na* (mg L") K" (mg L")
Fig. 11 Cs" selectivity in the presence of Na* (a) and K* (b)
The hydration radius of Cs*, K* and Na* are 3.29 A,331A 80 S0
and 3.58 A respectively, and that of Cs* and K* is closer, 70l =u:0:66/Fe o
which.i's consistent WiFh' pr?vious litera}tur'e reports .[44]. eol [ UiO-66 /Fejoj 1GO
In addition, the competitive ions had a significantly higher -
effect on the adsorption capacity of UiO-66/Fe;0,/GO than & Sof
the other two adsorbents. This may be due to the fact that g’ 40}
the —~OH of Fe;0, and the -COOH of GO react with Na* o 30}
and K™ to occupy the adsorption sites, inhibiting and hinder- ° 20l
ing the absorption of Cs* [30, 45]. However, preventing the
adsorption competition of K* with Cs* did not become an or
important problem in practical application because of the 0 1 9 3
low concentration of K* in natural water.
No. of cycle

The effect of recycled adsorbents on Cs* adsorption

The regenerative capacity of the adsorbent is an important
indicator for practical application. In order to evaluate the
regenerative and reusability of UiO-66, UiO-66/Fe;0,,
Ui0-66/Fe;0,/GO as adsorbents, desorption regeneration
experiments were carried out. 0.1 mol L™! HCI solution was
used as desorption agent and 0.1 mol L™! NaOH solution as
regeneration agent, and ethanol and deionized water were
used as detergent to complete desorption and regeneration of
adsorbents. The effect of continuous adsorption—desorption
cycle was studied using Cs* solution of 300 mg L', and the
results were shown in Fig. 12. It indicated that the adsorption
capacity of the adsorbent to Cs* decreased slowly with the
increase of the number of cycles. The adsorption capacity of
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Fig. 12 Reusability of adsorbents for the adsorptive removal of Cs*

Ui0-66/Fe;0,/GO for Cs* decreased significantly after three
cycles, but it was still higher than UiO-66, UiO-66/Fe;0,.
The composite materials prepared in this study are expected
to be applied in practice.

Conclusions

In this study, UiO-66/Fe;0, and UiO-66/Fe;0,/GO compos-
ites were successfully synthesized to remove Cs* from water,
and the maximum adsorption amount were 57.29 mg g~
and 62.07 mg g~ respectively. The adsorption behavior of
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these adsorbents fitted well with the Langmuir isotherm and
the pseudo-second-order kinetic model. They were sponta-
neous endothermic reaction. Compared with UiO-66/Fe;0,
nanoparticles, the UiO-66/Fe;O,/GO exhibited remarkably
enhanced material stability and Cs* removal efficiency. The
adsorption capacity can be achieved equilibrium in 2 h,
increased 4.07 mg g~! when the temperature increased from
298 to 328 K, and reached maximum at pH 8. The addition
of Na* and K led to the decrease on the adsorption of Cs™,
and the effect of K* was greater than that of Na*. In addi-
tion, Fe;O, made it can be quickly and easily recovered from
water by means of magnetic separation to avoid secondary
pollution and the preparation process is simple and economi-
cal. The prepared UiO-66/Fe;0,/GO composite is a promis-
ing method for removing Cs* from nuclear wastewater.
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