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ABSTRACT

Adsorption is an effective method for separating radioactive cesium (Cs'’) from solutions. Herein,
polydopamine (PDA) film was fabricated on porous polyacrylonitrile (PAN) membranes, and then
Prussian blue film was in-situ prepared on PDA. It was found for the first time that the PDA/PAN
membrane showed good adsorption capacity for Cs* (0.074 mmol g, 25°C) in mixed alkali metal ions
solution with Cs*/Li* selectivity of 7.5. The PB/PDA/PAN membranes displayed excellent adsorption
performance for Cs* (0.498 mmol g, 25°C) in mixed alkali metal ions solution with high selectivity
(Cs*/Li* = 42.3, Cs*/Na* = 31.4, and Cs*/K* = 18.4), as well as excellent stability even under ultrasonic

conditions.
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1. Introduction

The treatment of radioactive wastes from nuclear plants
is one of the challenging problems for mankind [1]. Cesium
(Cs') is a fission product of nuclear fuels, and its removal
from wastewater has attracted attentions due to its long
half-life (30 years) [2]. Adsorption is an effective for sepa-
rating cesium [3]. Grafted catechol resin, and resorcinol
formaldehyde polycondensate resin are cheap adsorbents
with relatively low Cs*/Na* selectivity [4,5]. Zirconium tung-
state, iron(IIl) hexacyanoferrate (Prussian blue, PB), etc. are
ion-exchangers with high adsorption capacity and selectiv-
ity [6,7]. In our previous work [8], Prussian blue was in-situ
prepared on porous polyacrylonitrile (PAN) membranes, and
the membranes display high adsorption capacity due to the
direct contact of PB layer with the solution. Nevertheless, the
stability of PB layer on PAN membranes was not satisfactory.

Dopamine (DA) can self-polymerize and forms poly-
dopamine (PDA) coating on most of materials [9-12], and
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can be applied for adhesion and surface immobilization
[13]. As DA possessing catechol and amino groups, herein,
we fabricated PDA on porous PAN membranes, and found
good selectivity for cesium for the first time. Then, PB was
prepared on the PDA film to further enhance the adsorp-
tion capacity and selectivity. PDA provided a platform for
the growth of PB layer, resulting in excellent stability even
under ultrasonic conditions.

2. Experimental
2.1. Materials

Analytical grade reagents of K Fe(CN), FeCl, CsCl,
RbCl, KCI, NaCl, LiCl, NH,Cl and H,SO, were employed.
Dopamine (DA) and tris(thydroxymethyl)aminomethane
(Tris) were provided by J&K Co. Ltd. PAN ultrafiltration
membrane (MWCO 50,000) was bought from SEPRO Co. Ltd.
The working solutions of alkali metal ions were prepared by
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stepwise dilution. DA solution (0.0105 mol L™) was prepared
by dissolving DA (0.2 g) in Tris—-HCl buffer solution (100 mL).

2.2. Methods

PAN membranes were put in 0.0105 mol L™ of DA Tris-
HCl solution (pH 8.5) at room temperature for a certain time,
rinsed and then immersed in freshly prepared potassium
ferrocyanide solution (0.025 mol L) for 24 h. Then the
membrane was rinsed and put in FeCl, solutions (0.005
and 0.025 mol L7, containing 0.01 mol L™ hydrochloric acid)
for 24 h [8,14].

2.3. Adsorption

The static adsorption was carried out in 50 mL of alkali
metal solution under shaking at 25°C for 24 h. The adsorption
capacity (Q, mmol g™') was expressed as:

_ (Co —CE)XZJO
w
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0

where C, and C, are the initial and equilibrium metal ion con-
centration (mmol L) respectively, v, is the solution volume
(L), w, is the adsorbent mass (g). In the dynamic adsorption,
the membranes (P50 mm) were first preconditioned with
3 x 5 mL of water, and then 100 mL of aqueous solution
flowed through the membranes at a rate of 3.33 mL min,
and the filtrate was collected at a certain interval. In the
dynamic desorption, a certain volume of eluting agent
flowed through the membranes at a rate of 0.2 mL min™
(0.03 MPa), and the eluent concentration was measured.

2.4. Characterization

The morphologies of membranes were observed with a
field emission scanning electron microscope (FESEM, Hitachi
5-4800, Japan). The IR spectra were measured by Fourier
transform infrared spectrophotometer (FTIR, Affinity-1,
Shimadzu, Japan). Powder XRD pattern was analyzed with
monochromatized Cu Ka incident radiation (Shimadzu
XRD-6000). The alkali metal concentrations were determined
by inductively coupled plasma mass spectrometry (ICP-MS,
NexION300x, PerkinElmer Instruments Co. Ltd.).

3. Results and discussion
3.1. PDA/PAN membranes

In the preparation of PDA/PAN membranes, the PAN
membrane was immersed in DA Tris-HCI solution (pH 8.5)
at room temperature for a certain time. The polymerization
of DA includes two mechanisms [15]: oxidation of catechol
to dopaquinone, followed by reverse dismutation reaction
of DA with dopaquinone, and cross-linking polymeriza-
tion; Intramolecular cyclization of DA, and then oxida-
tion, rearrangement and cross-linking. With the increased
polymerization time (1, 3, 6, 9 and 12 h), the color of PAN
membranes changed from white to yellow and brown, and
the PDA mass fraction (in term of PAN membranes) rose
from 0.28% to 0.36%, 0.45%, 0.52% and 0.57%, and the PDA

thickness increased from 0.1 (6 h) to 0.4 um (9 h) and 2.0 pm
(12 h) while the membrane pores size decreased (Fig. 1).
Meanwhile, the adsorption capacity for Cs*in 1 mmol L™ of
CsCl solution (25 mL, 25°C) rose (Fig. 2a), while the perme-
ation fluxes in vacuum filtration declined (8.22, 7.89, 7.10,
6.15, 5.45 and 3.10 mL min™) (Fig. 2b). Considering the per-
meation fluxes and adsorption capacity, 9 h was employed
for DA polymerization.

The effects of pH values of Cs* solution on the adsorp-
tion performance of PDA/PAN membranes were given in
Fig. 2c. The adsorption capacity increased with pH values
(4, 5, 6, 7 and 8) due to the competition of H" with Cs* for the
adsorption sites at acidic conditions. Hereafter, pH 7 was
employed for the adsorption. Fig. 2d gives the adsorption
capacity of PDA layer for mixed alkali metal ions solution
(1 mmol L™ for Li*, Na*, K*, Ru* and Cs" respectively, 50 mL,
pH 7, and 25°C). It could be seen that the adsorption capac-
ity was in the order of Cs* > Rb* > K" > Na* > Li*, and the
adsorption capacity for Rb* and Cs" attained to 0.067 and
0.074 mmol g™ respectively. The selectivity factor of Cs* vs.
Li*, Na* and K" was 7.5, 3.61 and 2.54 respectively, demon-
strating the high selectivity of PDA for Cs* and Rb*. To our
best knowledge, this is the first report about the selective
adsorption of Cs* and Rb*by PDA. The static adsorption
isotherm of PDA/PAN membranes for single CsCl solution
was measured in 50 mL of Cs* solution (0.0075, 0.015, 0.038,
0.075, 0.15, 0.6 and 0.75 mmol L) at pH 7 and 25°C. Fig. 2e
shows that the adsorption capacity of PDA layer increased
and then approached a maximum value (0.082 mmol g7,
i.e. 10.9 mg g™). The Langmuir adsorption model provided
a more satisfactory fitting (R? = 0.999) than the Freundlich
model (Figs. 2f and g), demonstrating a chemical adsorption
mechanism.

PDA possesses catechol groups, and the extraction of
Cs' involves the cation exchange with a phenolic proton,
R-OH + Cs* — R-OCs + H". Fig. 2h shows the pH evolution in
adsorption of 100 mL of Cs* solutions (0.1 and 0.5 mmol L™).
For 0.1 mmol L7 of Cs* solution, the pH reduced from 6.48
to 6.29 after adsorption, and for 0.5 mmol L Cs* solution
the pH decreased from 6.48 to 6.25. The H' released was
1.82 x 10 mol and 2.3 x 10 mol respectively, which were
comparable with that of Cs*adsorbed on PDA/PAN mem-
branes (3.4 x 10 mol, 4.8 x 10® mol), confirming the cation
exchange mechanism.

In IR spectra of PDA/PAN membranes (Fig. 3a),
2,242 cm™! was ascribed to the C-N vibration of PAN mem-
branes, and N-H vibration (1,510 cm™) and C=C (benzene
ring) vibration (1,610 cm™) appeared after polymerization
of DA, confirming the formation of PDA [16]. After adsorp-
tion of Cs*, the -OH absorption (at 3,346 cm™) of PDA/
PAN membranes significantly weakened. In the XPS full
spectra of PDA/PAN membranes (Fig. 3b), the Cs 3d peak
(734.1 eV) appeared after adsorption of Cs*. The XPS peak
fitting analysis of the Ols was shown in Figs. 3c and d. After
adsorption of Cs*, the peak area of C=0O (531.2 eV) remained
almost unchanged, while the peak area of OH (531.5 eV)
decreased from 50.9% to 40.0%, and O—Cs peak appeared at
529.7 eV [17]. In EDS and mapping analyses of PDA/PAN
membranes (Figs. 3e and f), the Cs elements appeared after
adsorption of Cs*. The selective adsorption of Cs" by PDA/
PAN membranes is attributed to two reasons: The small
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Fig. 1. SEM images of surface and cross-section of pristine PAN membranes (a, b), and PDA/PAN membranes grown for 6 h (¢, d), 9 h

(e, f),and 12 h (g, h).

hydration energy which needs to overcome when hydrated
Cs*interacts with the hydroxyl groups of PDA [18]; the
high stabilization of Cs*-phenolate complex because of
the strong interaction of weakly hydrated Cs*ions with the
phenolate [19]. Therefore, the adsorption is dominated by
hydration effects in solution, following the lyotropic series
of Cs*>Rb*> K*> Na*> Li*.

3.2. PB/PDA/PAN membranes

To further enhance the adsorption capacity and selectivity
of membranes, Prussian blue layer was in-situ prepared on
PDA/PAN membranes. The process includes the nucleation
of PB on PDA/PAN in potassium ferrocyanide solution [20],
and then growth in FeCl, solutions (0.005 and 0.025 mol L),
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Fig. 2. PDA/PAN membranes. (a) Effects of polymerization time on adsorption capacity for Cs*. (b) Effects of polymerization time
on permeation fluxes. (c) Effects of pH on adsorption capacity of Cs*. (d) Adsorption capacity for alkali metal ions. (e) Adsorption
isotherm of Cs. (f) Linear fitted curve of Langmuir model. (g) Linear fitted curve of Freundlich model. (h) pH evolution in adsorption

of Cs".

and the membrane color changed from brown to blue. The
mass fraction of PB layer was found to be 0.23% and 0.49%
of PAN membranes, and the thickness of PB layer was 0.5
and 1 um, and the PB nanoparticles size was 100 and 60 nm

(Fig. 4). The FTIR spectra (Fig. 3a) and XRD patterns of PB
layer (Fig. 5) were consistent with the literature [21,22],
confirming the formation of PB (fcc phase, space group
of Fm3m).
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Fig. 3. Characterization of membranes. (a) FTIR spectra. (b) XPS spectra of PDA/PAN membranes before and after adsorption of Cs™.
(c) O1s XPS spectra before adsorption. (d) Ols XPS spectra after adsorption of Cs". (e) EDS spectra before and after adsorption of Cs".

(f) Mapping after adsorption of Cs".

The adsorption of PB/PDA/PAN membranes for mixed
alkali metal ions (50 mL, 1 mmol L™ for every metal ion) was
evaluated at pH 7 and 25°C. Fig. 6a shows that the adsorp-
tion capacity of PB/PDA layer for Cs" and Rb* were 0.498 and
0.421 mmol g, and the ideal selectivity of Cs* vs. Li*, Na",
and K* was 42.3, 31.4, and 18.4 respectively. PB possesses a lot
of lattice defect sites (vacant sites of Fe(CN)¢"), in which coor-
dination and crystal H,O molecules occupy. The hydrophilic
spaces prefer to adsorb hydrated alkali metal ions. The radii
of hydrated Cs* (0.329 nm) and Rb* (0.329 nm) are smaller
than that of K* (0.331 nm), Na* (0.358 nm), and Li* (0.382 nm)

[23]. The smaller radius of Cs" probably fits in PB lattice,
and thus the PB/PDA/PAN membranes display size-sieving
effects. It should be noted that, some literature discussed the
ions radii using the Stokes radii [24]. As the Stokes radius is
usually applied to gas bubbles and colloidal particles that are
much larger than the solvent molecules, the concept of Stokes
radius for ions is devoid of physical meaning [25]. When a
Cs* ion occupies these hydrophilic spaces, a proton can be
eliminated from the coordination water of Fe(III).

Fe" —OH, +Cs* —Fe" ~OH Cs* +H' )
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Fig. 4. SEM images of surface and cross-section of PB/PDA/PAN membranes. (a, b) 0.005 mol L™ of FeCl, solution. (c, d) 0.025 mol L™

of FeCl, solution.

Fig. 6b shows the pH evolution in the adsorption of
100 mL Cs* solutions (0.1 and 0.5 mmol L™). The pH reduces
from 6.24 to 5.1 for 0.1 mmol L™ Cs* solution and from 6.26
to 4.86 for 0.5 mmol L Cs* solution, and the H* released is
7.36 x 107 mol and 1.33 x 10° mol respectively. These values
were comparable with those of Cs* adsorbed on membranes
(1.1 x10°mol and 2.4 x 10°mol), partially demonstrating the
proton-elimination mechanism. The static adsorption iso-
therm of PB/PDA/PAN membranes for single CsCl solution
at 25°C was given in Fig. 6¢. The maximum adsorption capac-
ity of PB/PDA layer reached 0.514 mmol g (68.4 mg g™),
which was comparable with that of PB powder [26].

Fig. 6f gives the breakthrough curve in dynamic adsorp-
tion of CsCl solution (0.06 mmol L7, flow rate of 3.33 mL
min™, 0.03 MPa). C/C, = 0.1 is defined as the breakthrough
point, and C/C, = 0.8 as the saturation point, and the corre-
sponding volume is defined as v, and v, respectively. For PB/
PDA/PAN membranes, v, was 2.7 mL and v, was 29.1 mL, and
the saturation dynamic adsorption capacity is 0.143 mmol g
[14]. The saturated membranes was eluted with 10 mL of
0.1 mol L™ NH,CI solution (containing 0.01 mol L™ HCI) at
a flow rate of 0.5 mL min™, and then reused in adsorption.
Fig. 6e shows that there was no apparent decrease in adsorp-
tion capacity in the four adsorption/elution cycles, indicating
the good reusability of membranes.
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Fig. 5. Powder XRD of PB layer.

The stability of the PB/PDA/PAN membranes was
evaluated under ultrasonic conditions. The PB/PDA/PAN
membranes were ultrasonicated in an ultrasonic cleaner
(100 w) for various times, and the mass loss was measured.
For comparison, the mass loss of the PB/PAN membranes
(i.e., growing PB directly on PAN membranes) was also
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Fig. 6. PB/PDA/PAN membranes. (a) Adsorption capacity. (b) pH evolution in adsorption of Cs*. (c) Adsorption isotherm of Cs*. (d)
Linear fitted curve of Langmuir model. (e) Reuse of PB/PDA/PAN membranes. (f) Membranes stability under ultrasonication.

determined. With the increased ultrasonic time (0.5, 1.0, 1.5
and 2.0 min), the mass loss of PB/PDA/PAN and PB/PAN
membranes rose (Fig. 6f). At the same ultrasonic time, the
mass loss of PB/PDA/PAN membranes was only about
20%-30% of that of the PB/PAN membranes, demonstrat-
ing the excellent stability of PB/PDA/PAN membranes even
under extreme conditions.

4. Conclusions

PDA layer was facilely fabricated on PAN membranes, and
displayed high adsorption capacity for Cs* (0.074 mmol g™)
and selectivity (Cs*/Li*= 7.5, Cs"/Na*= 3.61) in mixed alkali
metal jon solution. The adsorption capacity of PB/PDA
layer for Cs* in the mixed metal ions solution attained to
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0.498 mmol g™, and the selectivity of Cs* vs. Li, Na*, and K*
was 42.3, 31.4, and 18.4 respectively. The adsorption isotherm
could be well described by the Langmuir adsorption model.
The PB/PDA/PAN membranes displayed excellent stability
even under ultrasonic conditions, indicating practical per-
spective for cesium adsorption.
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