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GRAPHICAL ABSTRACT

ABSTRACT

This paper reports on the efficient adsorption for uranium by metal-organic frameworks (MOFs) HKUST-
1 from aqueous solution. The structure of the prepared HKUST-1 was characterized by X-ray diffraction
(XRD), Scanning electron microscope (SEM), Transmission electron microscope (TEM), Fourier transform
infrared spectroscopy (FTIR) and nitrogen adsorption/desorption analysis. The influences of different
experimental parameters were studied, such as initial solution pH, adsorbent dosage, adsorption time,
temperature and various concentrations of uranium uptake. The thermodynamic parameters including
Gibbs free energy (AG?), standard enthalpy change (AH) and standard entropy change (AS°) for the
process were calculated using the Langmuir constants. The results showed that the equilibrium data
fitted well to Langmuir model in the studied range of uranium concentration (10 mg/L-800 mg/L) and
temperature (298 K-318 K), and the HKUST-1 exhibited the highest uptake for uranium at 318K, at the
initial solution pH value of 6 and at the initial uranium concentration of 800 mg/L. The thermodynamics
of uranium/HKUST-1 system indicated the spontaneous and endothermic nature of the process. And the
kinetics of the adsorption process followed the pseudo-second-order kinetics model.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

recovering uranium from water commonly include chemical pre-
cipitation, electrochemical treatments, membrane separation, ion

Uranium is a naturally radioactive element and harmful to
health. Its existence in water is often the most significant way
of exposure to humans [1]. Thus, it is very important to real-
ize efficient removal of uranium from water. The methods of
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exchange, intracellular sequestration and adsorption [2]. Among
these methods, adsorption is the most attractive and effective way
to remove uranium from aqueous solution, owing to its low cost,
flexible design and insensitivity to toxic pollutants. Hence, vari-
ous materials have been developed for uranium adsorption, such
as metal oxides, carbon, zeolite, and biomaterials [3].

As promising adsorption materials, metal-organic frameworks
(MOFs) consisting of clusters or chains of metal ions connected by


dx.doi.org/10.1016/j.colsurfa.2013.04.032
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.colsurfa.2013.04.032&domain=pdf
mailto:yurenwang@imech.ac.cn
dx.doi.org/10.1016/j.colsurfa.2013.04.032

88 Y. Feng et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 431 (2013) 87-92

organic ligands have attracted enormous research interest in recent
decade. Many reports on gas adsorption properties of MOFs have
been given to date, such as H,, Ny, O,, CO, CO,, N,0O, CHy, ethyl-
ene, ethane, n-dodecane and n-butane [4,5]. More recently, studies
on liquid phase adsorption of highly water-stable MOFs have been
paid more attention [6-8]. For example, Alaerts et al. have studied a
batch of liquid phase adsorption experiments on MOFs and pointed
out that MOFs can be served as high-efficiency adsorbents for some
aromatic compounds and organic contaminants [9]. Moreover, the
adsorption and removal of pharmaceuticals, dyes and sulfur com-
pounds from liquid phase by MOFs have also beenreported [10-12].
All the studies have strongly proved that MOFs can be as supe-
rior candidate materials either in gas adsorption or in liquid phase
adsorption. Compared to conventional adsorbent, MOFs have pos-
sessed several advantages, such as rich topological structure, mild
synthetical conditions and avoidable post-synthetic calcinations
steps [13]. However, to the best of our knowledge, rarely studies
on the adsorption of uranium on MOFs have been done so far. The
purpose of this paper is two-fold. The first purpose aims to explore
the application of MOFs materials in liquid-phase adsorption. The
second purpose is to develop an efficient adsorbent of uranium.

In this paper, HKUST-1 (Cus (BTC), ) with mesoporous structure
was prepared by solvothermal technique. In the framework of this
material, two octahedrally coordinated Cu atoms are connected to
eight oxygen atoms of tetra-carboxylate units to form a dimeric
Cu paddle wheel. Each BTC ligand holds three dimeric Cu paddle
wheels to form an open framework with face-centered cubic sym-
metry [14]. We investigated the influence of various experimental
parameters on uranyl adsorption and to determine the optimum
procedure for the separation of uranyl from solution by adsorp-
tion on HKUST-1 with mesoporous structure. Adsorption isotherms
were analyzed by Langmuir and Freundlich. The thermodynamic
parameters, such as AG?, AH® and ASY, were calculated and inter-
preted. The kinetics was studied by the pseudo-first-order and
the pseudo-second-order models. And the adsorption mechanisms
were attempted to explain.

2. Materials and methods
2.1. Preparation

The as-prepared HKUST-1 was synthesized by taking the
method reported by Cao as a reference [15]. Details of the prepa-
ration procedure are: Cu(NOs3),-3H,0 (5g, 0.021 mol) and H3BTC
(2.5g,0.012 mol) were dissolved in 300 ml of solvent consisting of
equal amounts of DMF, ethanol and deionized water by ultraso-
nication. The solution was placed in an oven and heated to 358 K
for 20 h. The blue product was isolated, rinsed with 50 ml DMF for
three times and immersed in absolute ethanol every 24 h for 72 h.
Finally, the blue product was heated to 393K for 24 h in vacuum.

2.2. Characterization

The HKUST-1 powders were analyzed by using a Rigaku Ultima
IV X-ray powder diffractometer with a Cu Ka1 radiation source
(k=1.54056 A) operated at 40kV and 40 mA at a scanning step of
0.01° in the 26 range 5°-50°. Fourier-transform infrared (FT-IR)
spectra were recorded with an AVATAR 360 FT-IR spectrophotome-
ter using a standard KBr pellet technique and morphologies were
characterized using a JEOL JSM-6480A Scanning electron micro-
scope and a PHILIPS CM 200 FEG Transmission electron microscope.
Thermogravimetric analysis (TGA) data were obtained on a TATGA
Q5000IR under N, stream with a heating rate of 5°Cmin~! from
room temperature to 400 °C. The porosity was measured with a
Micromeritics ASAP 2020 gas sorption and porosimetry apparatus

using nitrogen gas at 77 K. Before the measurements, the sample
(0.1 g) was heated at 110°C under vacuum for 10 h.

2.3. Adsorption experiments

All adsorption studies were carried out in a series of 100 ml coni-
cal flasks containing a given dose of adsorbents together with 50 ml
water solution of uranium in a thermostatic water shaker. Batch
equilibrium isotherms experiments on HKUST-1 were conducted
with a range (10-800 mg/L, details were shown in related captions)
of different concentrations of uranium solutions by contacting a
constant mass (0.03 g) of HKUST-1 for a period of 2h at 25, 35,
45 4 1 °C, using the maximum shaking rate of 200 rpm. After equil-
ibration, HKUST-1 was separated from the solution by filtration and
the effluent was analyzed using a Trace Uranium Analyzer.

The amount of the uranium loading (mg) per unit mass of
HKUST-1, ge, and the % removal of uranium were obtained by Eqgs.
(1) and (2), respectively:

de=(Co—C% (1)

Removal(%) = 100 x (2)

CO — Ce
Go

where Cy and Ce are initial and equilibrium concentrations in mg/L,
m is the mass of adsorbent in grams, and V is the volume of solution
in liters.

2.4. Desorption experiments

Desorption studies were carried out by using different eluants,
such as NaHCO3;, NH4HCO3, Na,;CO3, NaOH, NaCl, NaNO3, HNOs,
H,S04, HCl and distilled water. Desorption process was divided
into two parts. Firstly, the adsorption of uranium on HKUST-1 was
carried out with the adsorbent dosage of 0.03 g in a 50 ml uranium
solution of 500 mg/L for 2 h of contact at 25 °C. When the adsorption
equilibrium was reached, the supernatants were separated for ana-
lyzing the residual uranium. Secondly, the filtered solid residue was
dried at 80°C. And then 10 ml of the selected eluant was used for
desorption of uranium from the uranium-loaded HKUST-1(0.035 g).
The mixture was stirred for 2 h before subsequent analyses were
performed.

3. Results and discussion
3.1. Characterization of the prepared HKUST-1

Fig. 1(a) shows the XRD patterns of the resulting products. All
of the diffraction peaks can be indexed to crystalline HKUST-1 [16],
and no obvious peaks of impurities can be detected in the XRD pat-
terns. Small variations in intensity can be ascribed to a different
degree of hydration [14]. Moreover, sharpness and high intensity
of peaks indicate high crystallinity of the prepared bulk materials,
whichis in accordance with the SEM image of the prepared HKUST-
1. The typical morphology of HKUST-1 can be seen in Fig. 1(c),
these crystals have well-shaped octahedra. The TEM image of the
prepared HKUST-1 reveals the porous structure (Fig. 1(d)). The
existence of mesoporous can be further demonstrated by the pres-
ence of a hysteresis loop at relative high pressure in the nitrogen
adsorption/desorption analysis. The calculated average mesopore
diameter by BJH method is about 13.5nm and mesopore distri-
bution is in a wide range (Fig. 1(b) and its inset). The TGA curve
is reported in Fig. S1. This first weight loss is due to the loss of
ethanol and water. After a plateau, a second step of weight loss
takes place after 298 °C and corresponds to the structural decom-
position [14,17]. The TGA data reveal that the HKUST-1 is stable
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Fig. 1. Characterization of as-prepared HKUST-1 (a) XRD patterns of as-prepared HKUST-1, (b) N, adsorption/desorption isotherms of as-prepared HKUST-1. Inset shows
pore size distribution of the as-prepared HKUST-1 calculated by BJH method, (c) SEM image of as-prepared HKUST-1, (d) TEM image of as-prepared HKUST-1.

up to 298°C. The FT-IR patterns of as-prepared HKUST-1 before
and after adsorption are shown in Fig. S2. And the presence of a
broad and strong peak at 3210-3630cm™! is assigned to v (H,0).
The peak of 2970cm~! is associated with v (C-H) of the DMF
molecules [18]. The peak of 1650 cm~! is assigned to v (C=0) of the
deprotonated benzene tricarboxylic acid [19]. And the IR absorp-
tion bands in the 1300-1500 and 1500-1700 cm~! ranges are due
to Vsym (C-03) and vasym (C-O7) stretching modes, respectively. IR
bands around 700 cm~! and 1450 cm~! are due to v(C-H) bending
mode and a combination of benzene ring stretching and deforma-
tion modes. The absorption bands around 500 cm~! are assigned to
Cu-O0 stretching modes [20].

3.2. Influence of initial pH values

The effect of initial pH values on the adsorption of uranium on
HKUST-1 was studied by using 50 ml of uranium solutions 200 mg/L
and 0.05g HKUST-1 at pH 2.0-10.0 at 25°C for 120 min (Fig. 2)
and the influence of the initial pH on the adsorption of uranium
from water was shown in Table 1. As shown in Fig. 2, with the
increase of pH value, the removal rate of uranium gradually reached
the maximum (99.6%, pH=6) and decreased to 99.1% at pH 8, and
then steeply decreased to 68.9% at pH 10. On the basis of an elec-
trostatic interaction model [21] and uranium species in uranium

Table 1
Effect of initial pH on the adsorption of uranium by HKUST-1.
pH initial % Adsorbed
2 99.05
4 99.53
6 99.62
8 99.07
10 68.88

solutions with different pH values [22], the influence of pH on ura-
nium removal was attempted to explain. At low pH values, the
predominant species was uranyl (UO,2"). Under near-neutral con-
dition, UO,2*, UO, (OH)* and UO, (OH),%* dominated. As the pH
increased, the adsorbent surface became more negatively charged
and therefore the adsorption of positively charged uranium species
was more favorable. In addition, the reduction of H* ions also facil-
itated preferential adsorption of uranium species. At alkaline pH
values, the removal rate decreased probably due to the presence of
[UO, (CO3),]?~ and [UO, (CO3)3]%~. Hence, the optimum pH 6 was
used for further experiments.
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Fig. 2. Effect of initial pH on adsorption of uranium by HKUST-1 (Adsorption dosage
0.05¢g, Cp =200 mg/L, agitation time 2 h, T=25°C and pH=2-10).
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Fig. 3. Effect of solid/liquid ratio on adsorption of uranium by HKUST-1 (Adsorption
dosage 0.01-0.1g, Co =200 mg/L, agitation time 2 h, T=25°C and pH=6).

3.3. Influence of dosage of HKUST-1

The effect of different dosage of HKUST-1 on the uranium
removal was studied by using 50 ml solution (pH=6) with initial
uranium concentration of 200 mg/L. As shown in Fig. 3, the removal
rate of uranium steeply increased with the increasing dosage of
HKUST-1 and reached the maxium (99.7%) at the dosage of HKUST-
1 0.03 g. It was due to enhanced active sites with the increasing
amount of HKUST-1. When the dosage of HKUST-1 exceeded 0.04 g,
the removal rate of uranium gradually decreased to 98.7%. And the
decrease was likely due to the agglomeration of the HKUST-1 parti-
cles, resulting in hindering the adsorption of ions in solution on the
surface of adsorbents. Hence, an adsorption dosage of 0.03 g was
selected for the following studies.

3.4. Adsorption isotherms

Adsorption isotherms were used to describe adsorption mecha-
nism of adsorbent for adsorbate [23,24]. The adsorption isotherms
of uranium on HKUST-1 at the temperature of 25°C, 35°C, 45°C
were shown in Fig. 4. The equilibrium adsorption of uranium
on HKUST-1 increased from 744 mg/g to 810mg/g when tem-
perature increased from 298 to 318 K. The result suggested that
uranium removal by adsorption on HKUST-1 obviously favored
a higher temperature when the initial uranium concentration
exceeded 200 mg/g. Freundlich and Langmuir isotherm equations
were commonly adopted to fit the isothermal adsorption processes
of adsorbent for adsorbate. Freundlich and Langmuir equations and
isotherm parameters displayed in Table 2. The fitting curves of all
the adsorption data to both isotherm models were depicted in Figs.
S3 and S4. And the constants of isotherms and correlation coef-
ficient values of Freudnlich and Langmuir were given in Table 3.
It was clearly shown that the correlation coefficients of Langmuir
isotherm model (R% =0.998, 0.998, 0.999) were higher than those
of Freundlich (R? =0.884, 0.837, 0.855). Hence, Langmuir isotherm
yielded better fit to the experimental data within the studied
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Fig. 4. Effect of uranium concentration on the adsorption of uranium by HKUST-
1 (Adsorption dosage 0.03 g, Co =10, 20, 30, 50, 100, 200, 300, 400, 500, 600, 700,
800 mg/L, agitation time 2 h, T=25-45°C and pH=6).

Table 2
Isotherm models, equations and parameters of adsorption.

Isotherm
model

I[sotherm equation I[sotherm parameter

Freundlich Ig qe=IgK;+1/nlg Ce Ce (mg/L): the equilibrium
concentration in the solution

ge (mg/g):the amount adsorbed on
the adsorbent at equilibrium

K¢ [(mg/g)(L/mg)"]: the Freundlich
constant denoting as the adsorption
capacity of the adsorbent

Langmuir 1/ge=(qo b Ce)'+1/qo  n: the adsorption intensity
parameter

qo (mg/g): the maximum adsorption
capacity

b (L/mg): a constant related to the
adsorption energy

temperature range (25-45 °C). The result suggested that adsorption
mechanism was monolayer coverage on the surface of the adsor-
bent [24]. In addition, the values of q¢ evaluated from Langmuir
model were close to the experimental values of ge at the initial ura-
nium concentration of 800 mg/g. The K; indicating the adsorption
capacity of the adsorbent increased with an increase temperature,
which was consistent with the results of Langmuir model. And the
values of 1<n<10 showed favorable adsorption of uranium onto
adsorbents.

3.5. Adsorption thermodynamics

In environmental engineering practice, both the energy and
entropy factors must be considered in order to determine which
process will occur spontaneously. Variety of the Gibbs free energy
(AGY) is the fundamental criterion of spontaneity. The equations
used to calculate AGY, AS®, AHO and the parameters of adsorp-
tion thermodynamics displayed in Table 4. AS? and AHY were
calculated from Van't Hoff’s plot (Fig. 5) and the calculated ther-

Table 3
Isotherm parameters for adsorption of uranium on HKUST-1.
Temp(°C) Langmuir Freundlich
qo (mg/g) b (L/mg) R? K. (L/mol) In (K.) SD K¢ n R? SD
25 787.4 0.056 0.998 13,328 9.498 0.007 50.22 1.834 0.884 0.206
35 826.4 0.069 0.998 16422 9.706 0.006 60.54 1.884 0.837 0.246
45 840.3 0.104 0.999 24752 10.117 0.004 77.21 1.996 0.855 0.234
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Table 4
Equations and parameters of adsorption thermodynamics.

Table 6
Kinetic models, equations and parameters of adsorption.

Equation Thermodynamics parameter

Kinetic model Kinetic equation Kinetic parameter

AG®=—RTInK, R: the gas constant (8.314]/mol K)

T: the temperature in K

Ky : the Langmuir equilibrium constant
AGO: Gibbs free energy (k]/mol)

AH°: standard enthalpy change
(kJ/mol)

AS?: standard entropy change

(J/mol/K)

InK, = AS®/R — AH°RT

10.2
1014 ™
10.04
9.9
9.8

InKL

9.7 u
9.6 1
9.5 u
9.4

0.00315 0.00320 0.00325 0.00330 0.00335
1T (K"

Fig. 5. Van't Hoff plot for removal of uranium by HKUST-1.

modynamics parameters were represented in Table 5. The positive
value of standard enthalpy (AH?) of adsorption suggested the
endothermic nature of the adsorption of uranium on HKUST-1. The
negative standard free energy (AG?) indicated that the adsorp-
tion reaction was a spontaneous process. And the positive standard
entropy (AS?) implied that the driving force for the adsorption of
uranium on HKUST-1 was controlled by an entropy effect rather
than an enthalpy change.

3.6. Effect of reaction time

The effect of agitation time on uranium adsorption experiments
was shown in Fig. S5. The amount of adsorbed uranium increased
with an increase of agitation time and reached equilibrium after
60 min. The kinetic process of uranium adsorption consisted of an
initial rapid phase and a plateau region. Initial rapid phase was
interpreted to be the instantaneous adsorption stage or external
surface adsorption. The plateau region was the gradual adsorption
stage where intraparticle diffusion controlled the adsorption rate
until finally the uptake reached equilibrium [1].

3.7. Adsorption kinetics

Adsorption kinetics was mainly used to investigate diffusion
mechanism, adsorbed control step and influencing factors of
adsorbed velocity [25,26]. The adsorption data were fitted to the
pseudo-first-order kinetic model and the pseudo-second-order

Table 5
Calculated thermodynamics parameters for adsorption of uranium on HKUST-1.

Temp (°C) AG° (k]/mol) AHO (k]/mol) AS? (J/mol/K)
25 —23.5 24.3 160.3

35 -249

45 —26.7

qe (Mg/g): the amount
of uranium adsorbed at
equilibrium

g (mg/g): the amount
of uranium adsorbed at
time t

k1 (min~1): the
pseudo-first-order rate
constant

ky (gmg'min~1): the
pseudo-second-order
rate constant

t (min):reaction time

pseudo-first-order In(ge — qt)=Inqe — k1t

pseudo-second-order t/qe=(kaqe?) ' +t/qe

kinetic model, respectively. And the kinetic equations of the two
models were listed in Table 6. The kinetic parameters of ura-
nium adsorption by HKUST-1 were calculated from Figs. S6 and
S7, and were shown in Table 7. The results showed that the cor-
relation coefficients for the pseudo-second-order kinetic model
were equal to 1 for all the temperatures and the theoretical val-
ues of ge also agreed very well with the experimental ones. This
suggested that the pseudo-second-order gave a satisfactory fit to
all of the experimental data. And the results indicated that the
rate-controlling step might be chemical sorption or chemisorption
involving valency forces through sharing or exchange of elec-
trons between adsorbent and adsorbate [27]. Moreover, the fitting
curves of the pseudo-second-order model had the same slope under
the studied temperatures, which indicated temperature within
the studied range had no obvious influence on the equilibrium
adsorption capacity of the HKUST-1 when the initial uranium con-
centration was low.

3.8. Mechanism

As stated above, HKUST-1 consisted of Cu?* ions connected by
BTC ligand. And each BTC ligand contained three carboxyl groups.
Hence, a great number of oxygen atoms in these carboxyl groups
provided coordination sites for uranium species [28]. As shown
in Fig. S2, the presence of a strong band at 940cm~! displayed
v(U=0) stretch and the IR bands of functional groups containing
oxygen shifted [29]. In addition, although the framework was elec-
trical neutral, partial negative charges localized on the carboxylate
units [30]. And uranium was always present in the form of pos-
itive ions under near-neutral condition, such as U0, (OH)* and
U0,2*, All these suggested that the adsorption properties of HKUST-
1 were supposed to be determined not only by coordination, but
also by Coulomb electrostatic interactions. Meanwhile, the Cu2*
sites had high affinity for water [31], resulting in high dispersity
of HKUST-1 in water, which was beneficial to uranium adsorp-
tion. Moreover, owing to efficient mass transport, the mesoporous

Table 7

Kinetic parameters of uranium adsorption by HKUST-1.
Parameters
Temperature (°C) 25 35 45
ge (mg/g) (Ce =200 mg/L) 332.0 3322 3325
pseudo-first-order
ki (min—1) 0.07315 0.06014 0.15404
R? 0.83 0.57 0.94
SD 1.012 1312 0.531
ge (cal) (mg/g) 1.97 1.32 467
pseudo-second-order
ko (gmg! min—') 0.17462 0.15245 0.19679
R? 1 1 1
SD 0.000059 0.000036 0.000043

e (cal) (mg/g) 332.2 332.2 332.2
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structure in HKUST-1 played a significant role in enhancing the
adsorption capacity of HKUST-1 [32-35].

3.9. Desorption

In order to estimate the reversibility, desorption of uranium
from HKUST-1 using different eluants was investigated. After
adsorption of uranium onto HKUST-1, HKUST-1 was treated with
different desorptive solutions to recover the adsorbed uranium
from HKUST-1 (Table S1). But HKUST-1 showed the lower desorp-
tion yield, owing to chemical adsorption.

4. Conclusions

In summary, HKUST-1 with mesoporous exhibited high adsorp-
tion capacity for uranium from aqueous solution. The optimal
adsorption conditions were confirmed, including the solution pH
(at 6), dosage (0.03 g) of adsorbents and the agitation time (2 h).
And temperature had no obvious effect on the adsorption process
when the initial uranium concentration was below 200 mg/g, but
the adsorption obviously favored a higher temperature when the
initial uranium concentration exceeded 200 mg/g. The HKUST-1
exhibited the highest uptake capacity for uranium at 318K, at the
initial solution pH value of 6 and at the initial uranium concentra-
tion of 800 mg/L. Langmuir adsorption isotherm was found to be
more suitable to explain the adsorption of uranium onto HKUST-1
and the adsorption kinetics data matched with the pseudo-second-
order model. The thermodynamics of uranium/HKUST-1 system
indicated the spontaneous and endothermic nature of the process.
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