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Abstract A novel amidoxime-based fibrous adsorbent,
denoted as PE/PP-g-(PAAc-co-PAQO), was prepared by pre-
irradiation grafting of acrylic acid and acrylonitrile onto
polyethylene-coated polypropylene skin—core (PE/PP)
fibers using ®°Co y-ray irradiation, followed by amidoxi-
mation. The original and modified PE/PP fibers were
characterized by a series of characterization methods to
demonstrate the attachment of amidoxime groups onto the
PE/PP fibers. Breaking strength tests confirmed that the
fibrous adsorbent could maintain good mechanical prop-
erties. The adsorption capacity of the PE/PP-g-(PAAc-co-
PAO) fibers was investigated in simulated seawater with an
initial uranium concentration of 330 pg/L. The uranium
adsorption capacity was 2.27 mg/g-adsorbent after 24 h in
simulated seawater, and the equilibrium data were well
described by the Freundlich isotherm model. The PE/PP-g-
(PAAc-co-PAO) adsorbent exhibited good regeneration
and recyclability during five adsorption—desorption cycles.
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The adsorption test was also performed in simulated
radioactive effluents with uranium concentrations of 10 and
100 pg/L. The effect of the pH value on the adsorption
capacity was also studied. At a very low initial concen-
tration 10 pg/L. solution, the PE/PP-g-(PAAc-co-PAO)
fiber could remove as much as 93.0% of the uranium, and
up to 71.2% of the uranium in the simulated radioactive
effluent. These results indicated that the PE/PP-g-(PAAc-
co-PAQ) adsorbent could be used in radioactive effluents
over a wide range of pH values. Therefore, the PE/PP-g-
(PAAc-co-PAO) fibers, with their high uranium selectivity,
good regeneration and recyclability, good mechanical
properties, and low cost, are promising adsorbents for
extracting uranium from aqueous solutions.

Keywords Amidoxime groups - Pre-irradiation - PE-
coated PP skin—core fiber - Adsorption - Uranium

1 Introduction

Uranium is the main source of fuel for nuclear power
generation, which is considered to be one of the most
environmentally friendly energy sources [1]. With the rapid
development of nuclear power, the demand for uranium
fuel continues to increase. Although terrestrial ores are still
usable, the content of uranium in the ore (i.e., the grade)
will decrease over time, requiring more adsorption mate-
rials to be processed to accomplish the necessary reserves
[2]. The amount of uranium in the oceans is thousands of
times greater than the amount in terrestrial ores [3].
Therefore, uranium in seawater will be a near-limitless
resource for nuclear fuel in the future, and its recovery will
avoid the deleterious effects of terrestrial mining on the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0543-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0543-0&amp;domain=pdf
https://doi.org/10.1007/s41365-019-0543-0

20 Page 2 of 13

X. Xu et al.

environment [4]. Although there is a large amount of
uranium in natural seawater, the concentration of uranium
is very low (3.3 pg/L), while the concentrations of other
metal ions in seawater are relatively high [5, 6], which
makes it a great challenge to economically extract uranium
from seawater. Therefore, the extraction of such low con-
centrations of uranium requires advanced adsorbents that
have high capacity and selectivity for uranium in seawater.

Additionally, with the rapid development of the nuclear
energy industry, a large amount of low-level radioactive
wastewater will be discharged from the nuclear industry,
especially from nuclear power plants. Because of its alpha
radiation, uranium is considered a toxic and radioactive ion
[7]. High contents of uranium in soil and water lead to its
transfer to the food chain and then to human tissues [8, 9].
Hence, the removal of uranium from radioactive effluents
has also attracted worldwide attention.

At present, there are a variety of methods for uranium
extraction [1, 10, 11], including ion exchange, flotation,
solvent extraction, and adsorption [12-16]. Since the
1960s, adsorption has drawn considerable attention for its
many potential advantages, such as moderate operation,
cost-effectiveness, and low emissions. Therefore, it is a
highly promising method for uranium extraction from
seawater [17-21]. Driven by ocean currents, fibrous
adsorbent is the only materials that can be deposited in the
ocean like kelp and seaweed, without additional driving
force for natural adsorption. With the advantages of easy
placement and salvage, fibrous adsorbents are the only
materials with practical applications [22].

Amidoxime-based fibrous adsorbents have been widely
studied in recent decades for the extraction of uranium
from seawater, which takes advantage of their high ura-
nium adsorption capacities [23-27]. Japanese researchers
have prepared adsorbents by the radiation-induced grafting
of acrylonitrile onto PE non-woven fabric and the con-
version of the cyano groups into amidoxime (AO) groups
for the extraction of uranium from seawater [28, 29].
Furthermore, adsorption by chelating polymers is the most
promising approach for uranium recovery from seawater,
compared to other separation methods such as coprecipi-
tation, coagulation, and membrane filtration [30-32], and
adsorbents containing AO functional groups are the most
promising adsorbents [28, 32].

Recently, American researchers have synthesized a class
of fibrous materials with a higher adsorption capacity by
increasing the specific surface area and grafting rate. The
optimum adsorption capacity could reach 3.3 mg/g after
adsorption in seawater for 43 days [33, 34]. Nevertheless,
the cost of extracting uranium from seawater using the best
adsorbents in the USA and Japan is still higher than that of
land-based uranium mining. Therefore, we need to focus
on the development of materials with better performances.
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In this work, aiming to meet the requirements of high
adsorption capacity, high wuranium selectivity, good
mechanical properties, and low cost, commercial PE-
coated PP skin—core fibers (PE/PP) were used as substrate
materials for the preparation of amidoxime-based polymer
fibrous adsorbents for the first time. The price of PE/PP
fibers is lower than that of our previous substrate material,
ultra-high molecular weight polyethylene (UHMWPE)
fibers. The mechanical properties of PE/PP fibers are
similar to those of commercial fibers available in the
market that can be used for adsorption in seawater and
radioactive effluents. The adsorbents were prepared by the
relatively low absorbed dose pre-irradiation-induced co-
graft polymerization of polyacrylonitrile (PAN) and poly-
acrylic acid (PAAc) followed by amidoximation. The
effects of the absorbed dose, monomer concentration,
grafting temperature, and grating time were investigated to
determine the optimal conditions for grafting. The modified
PE/PP fibers were characterized in detail by Fourier
transform infrared spectrometry (FT-IR), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy
(SEM), thermogravimetric analysis (TGA), and the single-
filament tensile test. The results from the FT-IR, XPS, and
SEM analyses indicated that the grafting of acrylonitrile
(AN) and acrylic acid (AAc) onto the PE/PP fibers was
successful. The TGA and breaking force tests showed that
the PE/PP-g-(PAAc-co-PAO) had good thermal stability
and mechanical properties. Then, the PE/PP-g-(PAAc-co-
PAO) adsorbent was used to extract uranium from aqueous
solution, and the effects of the pH value, initial concen-
tration, contact time, and coexisting ions of the solution
were discussed in detail. Batch experiments in simulated
seawater and simulated radioactive effluent were con-
ducted, and the results suggested that the PE/PP-g-(PAAc-
co-PAOQO) adsorbent could be used to extract uranium from
seawater and remove uranium from radioactive effluents.

2 Materials and experimental methods
2.1 Materials

PE-coated PP skin—core fiber (PE/PP) was supplied by
Haining Xin Gao Fibers Co., Ltd. Acrylonitrile (AN),
acrylic acid (AAc), N,N-dimethylformamide (DMF),
sodium carbonate (Na,CO3), hydroxylamine hydrochloride
(NH,OH-HCl), sodium hydroxide (NaOH), hydrochloric
acid (HCI), and dimethyl sulfoxide (DMSO) were pur-
chased from Sinopharm Chemical Reagent Company and
used as received. The 1000 ppm standard solutions of
uranium and competing ions were purchased from SPEX
Certi Prep, Inc. Nitrogen (99.99%) gas was obtained from
Shanghai Luoyang Gas Canned Co., Ltd.
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2.2 Manufacturing of the PE/PP fibrous adsorbent

The preparation scheme for the PE/PP-g-(PAAc-co-
PAO) fibers is outlined in detail in Fig. 1. (1) AAc and AN
were grafted onto the PE/PP fibers by pre-irradiation-in-
duced graft polymerization; (2) the amidoximation of the
PE/PP-g-(PAAc-co-PAN) fibers by reaction with hydrox-
ylamine hydrochloride was carried out to prepare the PE/
PP-g-(PAAc-co-PAO) fibers.

The PE/PP fibers were pre-irradiated with ®°Co y-rays at
room temperature in air over the range of 50-200 kGy.
Then, the irradiated fibers were immersed in a flask con-
taining an AAc/AN/DMF solution. Before the irradiated
fibers were placed into the AAc/AN/DMF solution in a
water bath at the specified temperature for the specified
grafting time, the solution was bubbled with nitrogen for
20 min. After grafting, the PE/PP-g-(PAAc-co-PAN) fibers
were washed with DMF to remove any remaining mono-
mers and homopolymers and dried. The degree of grafting
(Dg) was calculated as follows:

De(%) :MZT]M‘X 100, (1)
where M is the weight of the original PE/PP fiber and M,
is the weight of the PE/PP-g-(PAAc-co-PAN) fiber.

Finally, a 5 wt% solution of NH,OH HCI was prepared
with 50/50 (v/v)% deionized water/DMSO, and the pH of
the solution was adjusted to neutral with Na,CO5 The PE/
PP-g-(PAAc-co-PAN) fibers were reacted with the 5 wt%
solution of NH,OH-HCI at 70 °C for 4 h to convert the
nitrile groups into AO groups. After amidoximation, the
modified fiber PE/PP-g-(PAAc-co-PAO) was washed with
deionized water and then dried in a vacuum oven at 60 °C.
The AO group density of the PE/PP-g-(PAAc-co-PAO)
fiber was determined using the following equation:

Fig. 1 (Color online)
Schematic representation of the
preparation of the PE-coated PP
skin—core fiber (PE/PP)
adsorbent containing grafted
chains with amidoxime groups
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where W, and W; are the weights of the PE/PP-g-(PAAc-
co-PAN) and PE/PP-g-(PAAc-co-PAO) fibers; 33 is the
molecular weight of the AO group minus the molecular
weight of the nitrile group.

AO Density (mmol/g) =

2.3 Characterization of the modified fibers

The compositions and structures of the fiber samples
were characterized by FT-IR (Thermo Nicolet Company,
USA), XPS (Thermo SCIENTIFIC ESCALAB 250Xi
Instrument, USA), and thermogravimetric analysis (Perk-
inElmer, USA). A scanning electron microscope (JSM-
6700F, JEOL, Japan) was used to investigate the surface
morphology of the fiber samples. The BET surface area
was obtained through nitrogen absorption—desorption
measurements using a surface aperture adsorption instru-
ment (ASAP2010C, Micromeritics, USA). The breaking
strength of the fiber samples was tested using a tension
instrument (LLY-06E, Laizhou Electron Instrument Co.
Ltd. China). In addition, the concentrations of the metal
ions in the simulated seawater and the aqueous solution
were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES, PerkinElmer Optima
8000) and inductively coupled plasma mass spectrometry
(ICP-MS, PerkinElmer, NexION 300D), respectively.

2.4 Uranium sorption by the PE/PP-g-(PAAc-co-
PAO) fibers

2.4.1 Simulated seawater for the rapid adsorption test
For the simulated seawater adsorption experiment, the

initial concentrations of uranium and the competing metal
ions in the simulated seawater were about 100 times as

radicals

N

IOH-HO%HN
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high as those found in natural seawater (Table 1). The pH
value was adjusted to 8.0 by adding a small amount of
Na,COj. 0.1 g of PE/PP-g-(PAAc-co-PAO) fibers was
placed into 5 L of simulated seawater, and the adsorption
experiment was implemented on a rotary shaker at 25 °C
and 100 rpm for different contact times [35]. At the
specified time interval (1, 3, 6, 14, 24, 32, 45, and 50 h),
the sample was taken out, digested, and analyzed using
ICP-AES.

The adsorption capacity of the PE/PP-g-(PAAc-co-
PAO) fibers for metal ions can be determined by using the
following equation:

Q=CV/wW, (3)

where Q (mg/g) is the adsorption capacity of the PE/PP-g-
(PAAc-co-PAO) fibers for metal ions, C (mg/L) is the
concentration of the measured metal ion as determined by
ICP-AES, V (L) is the practical digested solution volume,
and W (g) is the weight of the dried PE/PP-g-(PAAc-co-
PAO) fiber used.

2.4.2 Adsorption isotherms

The adsorption isotherms were investigated by the batch
technique. About 10 mg of dried PE/PP-g-(PAAc-co-PAO)
fibers was placed into 100 mL of uranium solutions with
initial concentrations ranging from 2 to 25 mg/L [37]. The
adsorption solutions were shaken at 100 rpm at 25 °C for
12 h. The uranium concentrations in the solution were
determined by ICP-AES, and the uranium adsorption
capacity was calculated using Eq. (5).

C, — x 0.1
e @
where Cj and C, are the initial and equilibrium concen-

trations of uranium (mg/L) measured by ICP-MS, respec-
tively, and 0.1 (L) is the volume of the uranium solution.

Qe:

2.4.3 Simulated radioactive effluent adsorption

The adsorption capacity of PE/PP-g-(PAAc-co-PAO) in
simulated radioactive effluent was measured using low

Table 1 Concentration of ions in simulated seawater

initial concentrations of uranium in aqueous solutions
containing sodium fluoride (NaF). The adsorption experi-
ments were performed in 100-mL plastic bottles, which
were placed in a rotary shaker at 25 °C and 100 rpm for
24 h. More specifically, 20 mg of the PE/PP-g-(PAAc-co-
PAO) adsorbent, 30 g/l of NaF, and uranium solutions
with an initial concentration of 10 or 100 pg/L were added
to the plastic bottles, and then HNO3 and NaOH solutions
were used to adjust the pH value of the solution. Afterward,
the plastic bottles were placed in a rotary shaker at 25 °C
and 100 rpm for 24 h. The removal ratio (R) of uranium
was evaluated as follows:

R = = C o 100, 5)
Co

where Cy and C. are the initial and equilibrium concen-

trations of uranium (mg/L) measured by ICP-MS,

respectively.

3 Results and discussion

3.1 Radiation grafting of AAc and AN onto the PE/
PP fibers

The preparation of PE/PP-g-(PAAc-co-PAN) fibers
takes advantage of the different effects of radiation on the
shell PE layer and core PP layer of the fibers [36].
Adsorption applications require an adsorbent with a Dg of
100-150% and an appropriate density and utilization per-
centage of functional groups. Accordingly, the effects of
the absorbed dose, reaction time, reaction temperature, and
monomer concentration on the Dg of the PE/PP-g-(PAAc-
co-PAN) fibers were investigated, as shown in Fig. 2. The
PE/PP fibers were irradiated at different absorbed doses
from 0 to 200 kGy to investigate the effects of the absorbed
dose on the Dg of the PE/PP-g-(PAAc-co-PAN) fibers. The
Dg of AAc and AN increased linearly with the increase in
the absorbed dose and reached 107.5% at 80 kGy (with
60 vol% monomer concentration, and at 50 °C after
grafting for 5 h). As shown in Fig. 2a, the Dg of the PE/PP-
g-(PAAc-co-PAN) fibers increased slightly when the

Element U \Y Fe Co Ni Cu Zn Pb Mg Ca
Tons UO,(CO)3~  VO,OH)}~ F*+  co** N ot zZn®t  Pp*Y Mg** Ca*t
UO,(CO3)3~  VO;~
HVO,*~
H,VO,~
Concentration (ug/L) 330 152 141 53 101 65 408 34.6 12 x10° 0.6 x 10°

@ Springer



Preparation of amidoxime-based PE/PP fibers for extraction of uranium from aqueous solution

Page 5 of 13 20
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absorbed dose was higher than 80 kGy, which indicated
that 80 kGy was the optimal absorbed dose from the point
of view of energy consumption and the maintenance of
mechanical properties. The Dg of AAc and AN increased
linearly with the increase in reaction time and reached
saturation after 5 h (with 80 kGy absorbed dose and
60 vol% monomer concentration at 50 °C) as shown in
Fig. 2b. The effects of the reaction temperature on the
degree of grafting are shown in Fig. 2c (with 80 kGy
absorbed dose, and 60 vol% monomer concentration after
grafting for 5 h). The Dg of the PE/PP-g-(PAAc-co-PAN)
fibers increased as the reaction temperature increased up to
50 °C. At 0-60 vol% monomer concentration, the Dg of
AAc and AN increased linearly with the increase in the
monomer concentration (with 80 kGy absorbed dose, and
at 50 °C after grafting for 5 h) as shown in Fig. 2d. The
results showed that a great deal of homopolymers were
produced at higher absorbed dose, reaction temperature,
and monomer concentration, thus preventing the diffusion
of AAc and AN to the interface of the PE/PP fibers.
Taking into account the radiation damage, energy con-
sumption, and the mechanical properties of the fibers after
treatment, the absorbed dose of 80 kGy, a reaction time of
5 h, reaction temperature of 50 °C, and monomer con-
centration of 60 vol% were identified as the optimum
conditions and exploited for the preparation of the PE/PP-

Monomer concentration (vol.%)

g-(PAAc-co-PAN) fibers, which exhibited a D, of 107.5%
when prepared using these conditions. After the amidoxi-
mation modification, the AO group density of the PE/PP-g-
(PAAc-co-PAO) fibers was 6.8 mmol/g, which was suit-
able for applications in metal ion adsorption [18].

3.2 Characterization of the pristine and modified
PE/PP fibers

3.2.1 FT-IR characterization

The FT-IR spectra of the (a) PE/PP, (b) PE/PP-g-
(PAAc-co-PAN), and (c¢) PE/PP-g-(PAAc-co-PAO) fibers
are shown in Fig. 3. The characteristic adsorption bands at
2916 and 2848 cm ™' were attributed to the asymmetric and
symmetric stretching of the —CH,— groups, and also
appeared in the modified samples [37]. In the spectrum of
the PE/PP-g-(PAAc-co-PAN) fibers, new peaks were
observed at 1715 cm™', corresponding to the adsorption
peak of -COOH in PAAc. These new features revealed that
acrylic acid was successfully grafted onto the PE/PP fibers.
Additionally, a sharp peak at 2245 cm ™' was assigned as —
C=N- from the successful grafting of AN onto the PE/PP
fibers. In the spectrum of the PE/PP-g-(PAAc-co-PAO)
fibers, new characteristic peaks for N-H and O-H, -C=N-,
and -N-O- appeared at 3000 to 3600, 1649, and 920 cm ™',

@ Springer
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Fig. 3 (Color online) FT-IR spectra of the a PE/PP, b PE/PP-g-
(PAAc-co-PAN), and ¢ PE/PP-g-(PAAc-co-PAO) fibers

respectively. Meanwhile, the peak at 2245 cm™ ' related to
—C=N-disappeared and the —-C=N- peak increased shar-
ply, indicating that the nitrile group was transformed into
the AO group after reaction with hydroxylamine
hydrochloride [1].

3.2.2 XPS characterization

XPS analysis was carried out as shown in Fig. 4. As
shown in Fig. 4a, a strong peak attributed to C s
(284.7 eV) was observed in the XPS spectrum of the
pristine PE/PP. After graft modification, two new peaks
emerged at 399.6 (N 1s) and 531.7 eV (O 1s) in both PE/
PP-g-(PAAc-co-PAN) and PE/PP-g-(PAAc-co-PAO).
Characteristic peaks appeared at 381.2 eV (U 4f) after PE/
PP-g-(PAAc-co-PAO) adsorbed uranium. Further analysis
of the C 1s spectrum of the PE/PP-g-(PAAc-co-PAO)
fibers was performed as shown in Fig. 4b, and four peaks at
284.9, 285.7, 286.7, and 288.0 eV could be observed,
which could be assigned to C—C, C-O/N, C=N, and O=C-
O groups, respectively [38]. As for the N 1s spectrum of

the PE/PP-g-(PAAc-co-PAO) fibers, there were two peaks
at 399.5 and 400.4 eV in Fig. 4c, indicating that C=N and
C-N groups were introduced, which was consistent with
the C 1s region. In short, these results demonstrated that the
amidoxime and carboxylic acid functional groups can
coexist and revealed that PE/PP-g-(PAAc-co-PAQO) fibers
that might provide available binding sites for uranium
adsorption were successfully synthesized.

3.2.3 SEM and BET characterization

SEM images of the pristine and modified PE/PP fibers
were obtained to compare their physical appearance and to
explore whether any damage to the fibers occurred during
the grafting and modification processes, as shown in Fig. 5.
For the pristine PE/PP fibers, the surface was relatively
rough (Fig. 5SA and a). After grafting AAc and AN, the
morphology of the PE/PP-g-(PAAc-co-PAN) fibers was
relatively smooth, and additionally, the diameter of the
fiber increased significantly. The increased diameter should
be attributed to the grafted AAc and AN chains, indicating
that AAc and AN were successfully grafted onto the PE/PP
fibers (Fig. 5B and b). After amidoximation, the surface of
the PE/PP fibers was wrapped in amidoxime gel, and the
compatibility between the hydrophilic PAO chains and the
hydrophilic PAAc chains made the surface of the fiber
smoother (Fig. 5C and c) [39]. Additionally, the diameter
of the fibers enlarged gradually after each chemical reac-
tion, especially after the graft polymerization process.
Therefore, the diameter of the PE/PP-g-(PAAc-co-PAN)
fibers increased very obviously compared to that of the
pristine PE/PP fibers. The average values of the diameters
of the pristine PE/PP fibers, PE/PP-g-(PAAc-co-PAN)
fibers, and PE/PP-g-(PAAc-co-PAO) fibers were
12.4 + 0.08, 16.8 & 0.06, and 17.5 £ 0.08 um, respec-
tively. Due to the use of a low absorption dose in the
process of pre-irradiation graft polymerization, there was
no visible damage to the PE/PP fibers.
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Fig. 4 (Color online) The XPS survey spectra of PE/PP, PE/PP-g-(PAAc-co-PAN), PE/PP-g-(PAAc-co-PAO), and PE/PP-g-(PAAc-co-PAO)-U
fibers: a overall spectrum, b the C 1s spectrum of PE/PP-g-(PAAc-co-PAO), and ¢ the N 1s spectrum of PE/PP-g-(PAAc-co-PAO)
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Fig. 5 SEM images of PE/PP
(A and a), PE/PP-g-(PAAc-co-
PAN) (B and b), and PE/PP-g-
(PAAc-co-PAO) (C and c)
fibers

10 pm
|

54800 3.0kV 8. 4mm x1.00k SEJN
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The N, adsorption—desorption test (BET method)
revealed that the BET surface area of the PE/PP fiber
reached 4.3 mZ/g, and that of the PE/PP-g-(PAAc-co-PAN)
fiber reached 3.7 mZ/g, which implied that the PE/PP fibers
were relatively rough compared to the PE/PP-g-(PAAc-co-
PAN) fibers. Compared to the BET surface area of the PE/
PP fibers, that of the PE/PP-g-(PAAc-co-PAO) fibers
reached 6.4 m?/g, representing an increase of 48.8%, which
implied that increasing the specific surface area will
facilitate the extraction of uranium from aqueous solutions
[26].

Combining the FT-IR, XPS, and SEM analyses, it can be
concluded that a remarkable change took place in the
chemical composition and microstructure of the PE/PP-g-
(PAAc-co-PAO) fibers compared to those of the pristine
PE/PP fibers, which indicated that the PE/PP-g-(PAAc-co-
PAO) fibers were endowed with new properties.

3.2.4 Thermogravimetric analysis

The TGA and DTG curves of the original PE/PP, PE/PP-
g-(PAAc-co-PAN), and PE/PP-g-(PAAc-co-PAO) fibers
are shown in Fig. 6. The maximum thermal degradation
rate of the pure PE/PP fibers occurred at 465 °C, and no
residue remained at 496 °C. Meanwhile, four decomposi-
tion processes of the PE/PP-g-(PAAc-co-PAN) fibers
appeared with maximum decomposition rate temperatures
of about 240, 294, 374, and 498 °C [40]. The TGA curve
showed that the weight loss ratio of decarboxylation was
much lower than that of the carbonization of the PAN
chains. The results revealed that most of the grafted
copolymer molecular chains consisted of the AN molecular
chain. After amidoximation, the PE/PP-g-(PAAc-co-PAO)
fibers became less thermally stable compared to the PE/PP-
g-(PAAc-co-PAN) fibers and began to degrade at about
182 °C. In general, although the thermal stability of the

@ Springer
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Fig. 6 (Color online) TGA (a) and DTG (b) curves of PE/PP fibers, PE/PP-g-(PAAc-co-PAN) fibers, and PE/PP-g-(PAAc-co-PAO) fibers in an

N, atmosphere

fibers declined gradually during the modification process,
that of the PE/PP fiber remained unchanged after graft
modification. The chemical and thermal stability of the
main chain indicates that the modified fibers can be used
for adsorption in the natural environment.

3.2.5 Mechanical performance test

The breaking strength of the pristine and pre-irradiated
PE/PP, PE/PP-g-(PAAc-co-PAN), and PE/PP-g-(PAAc-co-
PAO) fibers is shown in Fig. 7. The breaking strength of
the pristine PE/PP fiber was more than 3.53 cN. After pre-
irradiation at an absorbed dose of 80 kGy, the breaking
strength was reduced to 1.96 cN, which may be attributed
to radiation-induced degradation and cross-linking of the
PE/PP molecular chain [18]. The PE/PP-g-(PAAc-co-PAN)
fiber exhibited a higher breaking strength of 2.03 cN than
the PE/PP fiber pre-irradiated with 80 kGy. A potential
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Sample number
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Fig. 7 (Color online) Plot of the breaking strength of the (1) PE/PP
fiber, (2) PE/PP fiber pre-irradiated with 80 kGy, (3) PE/PP-g-(PAAc-
co-PAN) fiber, and (4) PE/PP-g-(PAAc-co-PAO) fiber
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reason for the increase in the breaking strength of the PE/
PP-g-(PAAc-co-PAN) fiber might be that the thick grafted
layer on the surface of the PE/PP fiber shared part of the
stress. The breaking strength of the PE/PP-g-(PAAc-co-
PAO) fiber was about 2.11 cN, indicating that amidoxi-
mation had no influence on the breaking strength of the PE/
PP fiber pre-irradiated at 80 kGy. These results demon-
strated that radiation damage was the main reason for the
loss of the mechanical properties of the fiber, while the
chemical reactions had little effect. Generally, fibers with a
breaking strength of 2.11 cN can withstand ocean currents
and can be used for uranium extraction from seawater and
in other environmental remediation applications [39].

3.3 Uranium adsorption tests in simulated seawater

At the ultralow uranium concentration of 3.3 pg/L found
in seawater, it would take months to reach adsorption
equilibrium. In order to screen for excellent adsorbents,
simulated seawater with an initial concentration 100 times
higher than that of natural seawater was used in the
adsorption test. As can be seen from Fig. 8, the uranium
adsorption capacity of the PE/PP-g-(PAAc-co-PAO) fiber
reached 2.27 mg/g-adsorbent after 24 h, which was greater
than the reported amount of uranium adsorbed by AO-PAN
fibers (about 0.3 mg/g-adsorbent) [19] and a nano-adsor-
bent (1.6 mg/g-adsorbent) [20]. According to the results,
the selectivity of the PE/PP-g-(PAAc-co-PAO) fibers fol-
lowed the order Mg >Zn > Ca>U >Fe >V > Ni >
Cu > Pb > Co, which indicated that the PE/PP-g-(PAAc-
co-PAO) fibers showed good adsorption selectivity against
almost all of the ions except for the zinc, magnesium, and
calcium ions. A possible cause is that the concentrations of
zinc, magnesium, and calcium ions in simulated seawater
were much higher than that of uranium, and that the —



Preparation of amidoxime-based PE/PP fibers for extraction of uranium from aqueous solution

Page 9 of 13 20

e i Cu
Co-exsiting lons

Fig. 8 (Color online) Adsorption capacities of the PE/PP-g-(PAAc-
co-PAO) fibers for uranium and coexisting ions in simulated seawater

COOH group of the PE/PP-g-(PAAc-co-PAO) fibers had a
stronger affinity with zinc, magnesium, and calcium ions.
However, the recovery of uranium will be carried out by
elution, and zinc, magnesium, and calcium ions can be
easily eluted with a low concentration of hydrochloric acid
(HCI). When uranium is extracted, vanadium is deemed to
be the most important competitive ion, as the elution of
vanadium requires a very high concentration of acid, which
can damage the fibrous adsorbent [41]. The results showed
that the adsorption capacity for uranium was higher than
that for vanadium.

In order to determine the equilibrium time for maximum
uptake, the uranium adsorption kinetics were examined by
soaking 0.1 g of PE/PP-g-(PAAc-co-PAO) fibers in simu-
lated seawater (pH 8.0, 5 L). Figure 9 shows the capacities
of PE/PP-g-(PAAc-co-PAO) fibers for the metal ions as
functions of contact time. According to the results, the PE/
PP-g-(PAAc-co-PAO) fibers reached adsorption balance
after 50 h with a capacity of 2.94 mg/g-adsorbent, and
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Fig. 9 (Color online) The adsorption kinetics of the PE/PP-g-(PAAc-
co-PAO) fibers in simulated seawater

their Ni, Cu, and Pb adsorption capacities were 1.20, 0.56,
and 0.23 mg/g-adsorbent after 32 h in simulated seawater,
respectively, after which they remained almost unchanged
with further contact time. In addition, the PE/PP-g-(PAAc-
co-PAO) fibers had almost no adsorption capacity for Co.

3.4 Reusability of the PE/PP-g-(PAAc-co-PAO)
adsorbent

It is important for an effective and economical adsorbent
to be easily regenerable and reusable. The adsorption—
desorption experiment was carried out for five cycles in
simulated seawater. A 0.5 M HCI solution (at room tem-
perature for 2 h) was used as the eluent, and a 5 mM
sodium hydroxide (NaOH) solution (at room temperature
for 5 min) was used for regeneration [42].

The reusability of PE/PP-g-(PAAc-co-PAO) adsorbents
was investigated over five adsorption—desorption cycles,
and the adsorption capacities are shown in Fig. 10. The PE/
PP-g-(PAAc-co-PAO) adsorbent showed no loss of ura-
nium adsorption capacity after 3 consecutive cycles under
simulated seawater conditions. Compared to the first
adsorption, the recycled PE/PP-g-(PAAc-co-PAO) adsor-
bent exhibited a 3.5% and 5.3% loss of uranium adsorption
capacity in the fourth and fifth adsorption cycles, respec-
tively. These results implied that PE/PP-g-(PAAc-co-PAO)
adsorbent could be easily and effectively regenerated as an
efficient adsorbing material for the extraction of uranium
from seawater.

3.5 Adsorption isotherms

The adsorption isotherm is illustrated in Fig. 11. The
linearized Langmuir and Freundlich models are often

®

dn (RN
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Fig. 10 (Color online) Performance of PE/PP-g-(PAAc-co-PAO)
over five regeneration cycles in the adsorption of uranium with an
initial concentration of 330 pg/L and coexisting ions from simulated
seawater
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Fig. 11 Adsorption isotherm of the PE/PP-g-(PAAc-co-PAO) adsor-
bent for uranium (10 mg of PE/PP-g-(PAAc-co-PAO) fibers, reten-
tion time 12 h, pH 6.0, T = 25 °C, and V = 100 mL)

selected to describe equilibrium adsorption isotherms. The
Langmuir equation is given as:
G_ 1 G
Qe KL Qm Qm ’
where Q. (mg/g) is the uranium adsorption capacity at the
equilibrium concentration, Q,, is the maximum adsorption

capacity (mg/g), and Ki is the Langmuir constant. The
Freundlich equation is defined as:

(6)

1
lgQ. = IgKr + ;lgce, (7)

where Kr ((mg/g) (L/mg)l/") and n are the Freundlich
constants, which represent the adsorption capacity and the
adsorption intensity, respectively.

The values of O, and K, and of K¢ and n, can be
determined based on the intercept and slope of the plots of
Egs. (6) and (7), respectively, and are given in Table 2.
The linear plots of the Langmuir and the Freundlich
adsorption isotherms obtained at 25 °C are shown in
Fig. 12a, b.

The adsorption data were well fitted by the Freundlich
and Langmuir models (Table 2). However, the Freundlich
model seemed to be more suitable than the Langmuir
model, with an R? value of 0.9960. At the same time, the
value of 1/n between 0.1 and 0.5 indicated that the
adsorption of uranium by PE/PP-g-(PAAc-co-PAO) was a
favorable adsorption process.

3.6 Simulated radioactive effluent adsorption

The pH value of the initial solution is considered to be
an important parameter in the adsorption process [43, 44].
Since radioactive wastewater generally contains acid and
inorganic salts [45], the adsorption capacity of uranium in
simulated radioactive effluent was studied at pH values
from 1 to 10, to which 30 g/l NaF was added. Figure 13
shows the removal ratio of uranium for the low initial
concentrations of 10 and 100 pg/L, respectively, at various
pH values from 1 to 10. With a decrease in pH value, the
removal ratio of uranium decreased from 93.1 to 65.0%.
After adsorption, the equilibrium concentrations of ura-
nium were 0.7 and 3.5 pg/L. At lower pH values, the
protonation of the adsorbents led to the generation of
positive charge, which hindered the diffusion of uranium to
the adsorbents. In spite of this, the PE/PP-g-(PAAc-co-
PAQO) adsorbent could remove 65% of uranium in the
simulated radioactive effluent at pH 1.0. The adsorption
capacity was quite close to that for the lower initial con-
centration of 10 pg/L. With the decrease in the pH value,
the removal ratio of uranium also decreased from 93.0 to
71.2%. After adsorption, the equilibrium concentrations of
uranium were 0.7 and 2.9 pg/L. These results indicated that
the PE/PP-g-(PAAc-co-PAO) adsorbent can be used for
radioactive effluent over a wide pH range, especially in the
effluent polishing of uranium contaminants.

4 Conclusion

The commercially available and relatively inexpensive
PE/PP fiber served as a substrate material for the prepa-
ration of a new adsorbent for the adsorption of uranium
from aqueous solution. Poly-AAc and poly-AN chains
were grafted onto the PE-coated PP skin—core fiber (PE/PP)
by pre-irradiation-induced graft polymerization, followed
by amidoximation to obtain the low-cost PE/PP-g-(PAAc-
co-PAQ) adsorbent, as demonstrated by FT-IR spec-
troscopy, XPS data, and SEM images. The good affinity
and selectivity for uranium were achieved through the
complexation of metal ions by AO groups on the PE/PP-g-
(PAAc-co-PAO) fibers. The uranium adsorption capacity
was 2.27 mg/g-adsorbent after 24 h in simulated seawater,
and the equilibrium data were described well by the Fre-
undlich isotherm model. The adsorption—desorption results
indicated that the PE/PP-g-(PAAc-co-PAO) adsorbent can

Table 2 Isotherm parameters

. . Isotherm model Langmuir Freundlich
for the adsorption of uranium on
the PE/PP-g-(PAAc-co-PAO) T (°C) Om (mglg) K (Limg) R’ Ky (mg/g) (Limg)"™  1/n R
adsorbent
25 124.38 1.06 0.9626 54.62 0.302 0.9960
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be repeatedly used for at least five cycles with good 3. N. Seko, A. Katakai, S. Hasegawa et al., Aquaculture of uranium

adsorption performance. This study will reduce the pro-
duction costs of the PE/PP-g-(PAAc-co-PAO) fibrous
adsorbent at a large scale and of commercialized uranium
extraction in the future. The PE/PP-g-(PAAc-co-PAO)
adsorbent can be used over a wide range of pH values and
in low-concentration uranium solutions from radioactive
effluents. In 100 and 10 pg/L uranium solutions with pH
values in the range 1.0-10.0, it showed high adsorption
efficiency, with the maximum removal ratio reaching
93.1% and 93.0%, respectively. Therefore, the PE/PP-g-
(PAAc-co-PAO) adsorbent can be applied as a cost-effec-
tive and efficient material for extracting uranium from
aqueous solutions.
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