
Industrial
Chemistry
& Materials

PAPER

Cite this: Ind. Chem. Mater., 2025, 3,

57

Received 29th March 2024,
Accepted 26th July 2024

DOI: 10.1039/d4im00034j

rsc.li/icm

Toward a low-cost uranium-adsorbing material
based on nonwoven fabrics and photografting
technology†

Zhiwei Zhong, Yanbin Huang * and Wantai Yang*

Amidoxime-functionalized polymeric adsorbents have attracted great interest for uranium extraction from

seawater. However, the current graft polymerization method is time-consuming (2–6 h), wasteful in

reagent, and hence not economical. Here, amidoxime-functionalized adsorbents based on low-cost

polypropylene melt-blown nonwoven fabric (MBF) are produced by a simple, fast and also low-cost

surface photografting technology, by which more than 80% of reagents can be saved and grafting time

can be reduced to 3 min. The fabricated adsorbents retain their mechanical properties and exhibit excellent

uranium adsorption properties, with a maximum uranium adsorption capacity of 400 mg g−1 when the

monomer ratio of AN to AA is 8 : 2. Moreover, we showed that the adsorbents could be either reused or

simply incinerated for uranium recovery. The photografting technology has great potential for low-cost,

continuous industrial production of uranium-adsorbing material.
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1 Introduction

Nuclear power plays a crucial role in supplying clean energy,
characterized by its capacity to consistently generate
substantial electricity with minimal CO2 emissions.1 However,
the terrestrial uranium resource, which is the essential
material for nuclear power generation, is finite and projected
to be depleted in about a century.2 Fortunately, seawater
contains approximately 4.5 billion tons of uranium, roughly
1000 times more than that found on land, making uranium
extraction from seawater an appealing alternative.3 Over the
past decades, many approaches have been explored for
extracting uranium from seawater, including adsorption,3–12

membrane separation,13 ion exchange,14 electrochemical
deposition,15,16 etc. Among these, the adsorption method
stands out as the most promising for industrial applications,
given its cost-effectiveness, high efficiency, and
straightforward operational procedures.

The key aspect of the adsorption method lies in the
utilization of uranium adsorbent materials with high
selectivity and adsorption capacity. Research on uranium
extraction from seawater started in the 1950s, with early
efforts using inorganic adsorbents such as hydrous titanium
dioxide.17 In 1979, Egawa et al. reported the first amidoxime-

functionalized polymeric adsorbent.18 Subsequent studies
demonstrated that the amidoxime moiety exhibits
outstandingly strong affinity and high selectivity for
uranium.19,20 Since then, amidoxime-functionalized
polymeric adsorbents have gained widespread acceptance as
the most promising materials for large-scale uranium
extraction from seawater.21

Various methods for preparing amidoxime-
functionalized polymeric adsorbents have been developed,
and they can be broadly categorized into two types. One
approach is to first synthesize amidoxime-containing
polymers and then make the polymers into devices like
microspheres,22 fibers,23–26 membranes,27,28 etc. Adsorbents
prepared in this manner exhibit a high density of
amidoxime groups and impressive adsorption capacity,
but often suffer from poor mechanical properties and
alkali resistance due to the nature of the materials. The
other approach is to use pre-made, inexpensive polyolefin
fibers or membranes with robust mechanical properties
as a substrate, and introduce amidoxime groups only on
their surface.29–31 Currently, radiation-induced graft
polymerization (RIGP) is the most widely used method
for grafting amidoxime groups onto substrates. The RIGP
process encompasses three steps: (1) generating free
radicals on the substrate's surface through electron beams
or high-energy ray irradiation; (2) immersing the substrate
with surface free radicals in an acrylonitrile and co-
monomer solution for surface graft polymerization; and
(3) converting the cyano group to the amidoxime group
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through reaction with hydroxylamine. However, the RIGP
method has two significant limitations. Firstly, high-
energy rays require specialized equipment and can lead
to substantial degradation of the material's mechanical
properties.32 Secondly, the surface graft polymerization in
solution is reagent wasteful (only micron-thick monomers
are needed for surface grafting, the rest are mostly
wasted or homopolymerized) and time-consuming,
typically requiring 2–6 h for the degree of grafting to
exceed 100%.33,34

Compared with the radiation-induced surface grafting
approach, surface photografting polymerization is much
simpler, milder, and easier to operate. However, to the best
of our knowledge, there are few studies utilizing surface
photografting polymerization for the preparation of
amidoxime adsorbents. Na et al. reported the preparation of
amidoxime adsorbents by immersing polypropylene fabrics
in an acrylonitrile and benzophenone solution, initiating
polymerization through irradiation with a high-pressure
mercury lamp.35 However, surface photografting reactions in
solution also show low monomer utilization and
photografting rate, reaching a maximum grafting rate of less
than 80% even after 5 h of irradiation. Rather than
immersing the substrate in bulk solution, there is actually an
alternative photografting process, bulk surface photografting
polymerization (BSPP),36,37 where the reaction solution is
applied to the polymer surface in ultra-thin layers (in the
order of micrometers) through a sandwich structure setup.
This process offers several advantages: (1) it has high grafting
efficiency and fast reaction by maximizing the contact
between the surface and the photo-excited reagents; (2) the
required amount of reaction solution is very low, resulting in
higher reagent utilization.

In this study, we fabricated amidoxime adsorbents from
low-cost polypropylene melt-blown nonwoven fabric (MBF) by
a simple, fast and also low-cost bulk surface photografting
method, and evaluated their performance in uranium
adsorption. MBF is selected as the substrate owing to its
large specific surface area, low price, and outstanding
mechanical properties. The process of bulk surface
photografting polymerization facilitates the rapid
introduction of abundant cyano groups onto the polymer
fibers' surface using minimal reagents. After the
transformation into amidoxime-functionalized adsorbents,
we evaluated their adsorption kinetics, thermodynamics, and
metal ion selectivity along with the influence of amidoxime
groups and hydrophilic groups on the adsorption properties.
The findings demonstrated that bulk surface photografting

polymerization serves as a simple, swift and efficient method
to prepare uranium adsorbent materials.

2 Results and discussion

In order to improve the diffusion of uranyl ions in the
surface layer of the adsorbent and thus the uranium
adsorption capacity,38 a series of adsorbents containing
different amounts of hydrophilic carboxyl groups along with
amidoxime groups are prepared. The schematic diagram for
the synthesis of amidoxime-functionalized MBF adsorbents is
shown in Scheme 1. Firstly, acrylonitrile (AN) and acrylic acid
(AA) mixed solution (5 μL mg−1 MBF, about 4 mg reagent per
mg MBF) is added dropwise to the surface of the MBF, and
the cyano and carboxyl groups are introduced into the fiber
surface by bulk surface photografting polymerization. After
photografting, the MBF-g-P(AN-co-AA) is washed repeatedly
with DMF to remove the homopolymer until the sample
weight no longer changes. Later, by reacting with
hydroxylamine, the cyano groups are converted into
amidoxime groups.

2.1 Preparation of MBF-g-P(AN-co-AA) via bulk surface
photografting

The ATR-FTIR spectra of the MBF before and after bulk surface
photografting are shown in Fig. 1a. In all samples, the
characteristic peaks of the –CH3 (2957 cm−1, 2871 cm−1, 1378
cm−1) and –CH2– (2916 cm−1, 2843 cm−1, 1460 cm−1) of
polypropylene are evident. After bulk surface photografting, a
distinct peak at 2243 cm−1 corresponding to CN suggests the
successful grafting of AN onto the MBF. Furthermore, after the
photografting reaction with AA included in the reaction
solution, the appearance of characteristic peaks of CO (1726
cm−1) and C–O (1166–1241 cm−1) confirms the successful
grafting of AA onto the MBF. In order to further elucidate the
chemical structure of the MBF after photografting, the ratios of
CO to CN absorption peak intensity are calculated for
different monomer ratios. As the AA concentration increases,
the proportion of AA chain segments in the grafted polymer
chain also increases, as evidenced by the rise in the Abs(CO)/
Abs(CN) ratio in Fig. 1b.

The successful photografting of AA and AN is further
substantiated by XPS results. Fig. 1c compares the XPS survey
spectra of the MBF before and after photografting. The
untreated MBF exhibits only a characteristic XPS signal for
carbon, while after bulk surface photografting, new
characteristic peaks for nitrogen (N) and oxygen (O) are
evident in the spectra. Fig. 1d presents the result of the

Scheme 1 Schematic diagram for the synthesis of amidoxime MBF adsorbents.
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semiquantitative XPS analysis, including elemental
composition and O/N ratios. As the monomer ratio AN : AA
varies from 10 : 0 to 5 : 5 (v/v), the N and O atomic
percentages of the MBF-g-P(AN-co-AA) correspondingly
decrease and increase, respectively. Consistent with the FTIR
results, the O/N ratio gradually rises from zero. According to
the XPS findings, it can be inferred that when the feeding
monomer ratio is AN : AA = 8 : 2 (v/v), the molar ratio of CN

to –COOH on the MBF-g-P(AN-co-AA) approaches 2 : 1,
suggesting that AA has higher photografting polymerization
reactivity than AN.

2.2 Factors affecting the photografting reaction

The influence of the irradiation time, the BP concentration,
the monomer concentration and the composition on the

Fig. 1 (a) The FTIR spectra of the MBF before and after bulk surface photografting with different AN and AA monomer ratios; (b) the ratio of CO
to CN absorption peak intensity for different monomer ratios; (c) XPS survey spectra and (d) elemental composition for the MBF before and after
photografting.

Fig. 2 Effect of the irradiation time, (a) BP concentration, (b) monomer composition and (c) concentration on the DOG.

Industrial Chemistry & Materials Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

ag
ay

ya
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
6:

33
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00034j


60 | Ind. Chem. Mater., 2025, 3, 57–68 © 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

grafting polymerization is presented in Fig. 2. In the absence
of the photosensitizer BP, minimal photografting occurs, with
a degree of grafting (DOG) of only 33% even after 5 min, as
shown in Fig. 2a, while with the addition of 60 mg mL−1 BP,
which abstracts the hydrogen atom from the surface polymer
chain to form polymer radicals and initiate photografting,
the DOG reaches 110% within 3 min. However, higher
concentrations of BP hinder the photoreaction due to the
self-shielding effect of BP.39 Fig. 2b illustrates the effect of
monomer composition (the volume ratio of AN and AA) on
photografting. Given the higher reactivity of AA compared to
AN, the photografting polymerization rate increases with AA
content in the reaction solution. Monomer concentration is
also a crucial factor affecting photografting, as shown in
Fig. 2c. The fastest photografting reaction occurs at 100%
monomer concentration (i.e., under solvent-free conditions).
Dilution of the monomer with ethanol results in a significant
reduction in the reaction rate. Considering the time and cost
of the process, subsequent photografting experiments are
conducted with a BP concentration of 60 mg mL−1 and under
solvent-free conditions. Notably, utilizing bulk surface
photografting allows achieving a DOG exceeding 100% within
3 min, which may make continuous production feasible in
the future, whereas other solution graft polymerization
methods typically require several hours. In addition to saving
time and allowing continuous production, our method (4 kg
reagent per kg fabric) also saves about 80% of reagents
compared to the grafting of fabrics immersed in solution (25
kg reagent per kg fabric).40 Moreover, unlike RIGP, which
employs high-energy radiation and results in a significant
reduction of the substrate's mechanical properties, surface
photografting is a milder process that avoids this
degradation. In fact, the grafted polymer shell actually

increases the tensile strength of the nonwoven fabric from
7.4 MPa to 15.8 MPa (Fig. S1†). Thus, bulk surface
photografting is a faster, milder and cheaper approach
compared to RIGP.

2.3 Fiber morphology

Fig. 3 shows the SEM images of MBF-g-P(AN-co-AA) fibers
with different DOGs. The diameter of the MBF-g-P(AN-co-AA)
fibers is obviously larger with the increase of the DOG. The
DOG is related to the increase in the fiber volume before and
after grafting and should be approximately proportional to
the ratio of the square of the fiber diameter. For example,
when the DOG is 168%, the fiber diameter increases to 2.9
μm (fiber diameter mode counted in the SEM image). The
DOG calculated from this diameter is 133%, which is similar
to the experimental value. The error may come from the
density variation and fiber diameter distribution. The
increase in fiber diameter reduces the specific surface area of
the fabric from 1.4 m2 g−1 to 0.9 m2 g−1 after photografting.
The SEM images and experimental data confirm that the
grafting layer is formed primarily on the fiber surface (i.e.,
with little material in the fabric voids), making the MBF-g-
P(AN-co-AA) maintain the fiber morphology and the large
specific surface area for uranium adsorption.

2.4 Preparation of MBF-g-P(AO-co-AA)

The preparation of MBF-g-P(AO-co-AA) via the amidoximation
of MBF-g-P(AN-co-AA) is achieved through the nucleophilic
addition of NH2OH to the cyano groups. Fig. 4a shows the FTIR
spectra of the MBF-g-P(AN-co-AA) after reaction with
hydroxylamine at 60 °C for different durations. The CN peak
at 2242 cm−1 significantly weakens after 1 h of reaction and

Fig. 3 SEM images of (a) MBF, DOG = 11% (b), 54% (c), 120% (d), and 168% (e); (f) diameter of MBF and MBF-g-P(AN-co-AA) with different DOGs.

Industrial Chemistry & MaterialsPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

ag
ay

ya
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
6:

33
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00034j


Ind. Chem. Mater., 2025, 3, 57–68 | 61© 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

completely disappears after 2 h. Meanwhile, a strong
characteristic peak of CN and a characteristic peak of N–O
appears at 1649 cm−1 and 922 cm−1, respectively. The results
indicate that the CN is completely converted to the
amidoxime group (–C(NH2)N–OH) within 2 h. Additionally,
the characteristic peak at 1710 cm−1 disappears and a new peak
appears at 1558 cm−1, attributed to the conversion of the
–COOH to –COONa caused by NaOH in the NH2OH aqueous
solution. The SEM image of MBF-g-P(AO-co-AA) (Fig. 4b) shows
that the surface morphology has not significantly changed
compared to MBF-g-P(AN-co-AA). As shown in Fig. 4c, the
calculated AO density on fabrics gradually increases to 7
mmol g−1 as the DOGs increase to 140%. The amidoximation
reaction reduces the tensile strength of the fabric to 11.9 MPa,
which is still higher than the mechanical strength before
grafting (Fig. S1†). It remains to be tested whether or not the

material is strong and stable enough in actual seawater
environment. Fortunately, our method is applicable to most
polymer materials containing C–H bonds. Therefore, it is
possible to select substrates with better mechanical properties
to improve the stability and durability of the material.

2.5 Uranium adsorption performance

To assess the uranium adsorption capacity of the fabric, the
MBF-g-P(AO-co-AA) is immersed in a 20-ppm uranium solution
for adsorption experiments. In a typical example (Fig. 5a), the
colour of the MBF-g-P(AO-co-AA) fabrics changes from white to
yellow after the adsorption experiment. Furthermore, distinct
characteristic peaks of uranium emerge in the XPS spectrum
(Fig. 5b), indicating the successful adsorption of uranium onto
MBF-g-P(AO-co-AA). Uranium adsorption capacity increases and

Fig. 4 (a) The FTIR spectra, (b) SEM image and (c) AO density of the fabric after reaction with hydroxylamine.

Fig. 5 (a) Images and (b) XPS spectra of MBF-g-P(AO-co-AA) before and after adsorption experiments; (c) adsorption capacity and amidoxime
group utilization rate (η = 2q/238.03AO, where 2 represents the theoretical coordination where two amidoxime groups bind to one uranyl ion,
238.03 is the atomic mass of uranium (g mol−1), and q and AO represent the actual uranium adsorption capacity (mg g−1) and the amidoxime
densities (mmol g−1), respectively) of adsorbents with different DOGs.
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then levels off with increasing DOG, while the utilization
efficiency of the amidoxime groups decreases (Fig. 5c). This is
due to the fact that the internal amidoxime groups are less
accessible for uranium adsorption.

To investigate the effect of the chemical structure on
the uranium adsorption properties, the MBF-g-P(AO-co-AA)
prepared with different AN/AA monomer ratios (v/v) have
been tested. As mentioned earlier, the feeding monomer
ratio determines the CN-to-(–COOH) ratio in the graft
layer, that is, the ratio of the amidoxime group to the
carboxyl group. Fig. 6a shows that at AN : AA = 8 : 2,
which means that the ratio of CN to –COOH is close
to 2 : 1, the MBF-g-P(AN-co-AA) exhibits maximum
uranium adsorption performance (251 mg g−1). The
carboxyl group, as a hydrophilic group and a hard Lewis
base with the potential to coordinate with uranyl ions,
helps to improve the uranium adsorption performance of
the material. However, further increase of the –COOH
groups leads to a decrease in the amount of amidoxime
groups and is unfavourable for uranium adsorption.
Therefore, unless otherwise specified, the following
adsorption tests use the MBF-g-P(AO-co-AA) prepared with
a monomer ratio of AN : AA = 8 : 2.

The uranium adsorption kinetics of both MBF-g-P(AO-co-
AA) and MBF-g-PAO are shown in Fig. 6b. The amount of
uranium adsorption gradually increases over time until
reaching adsorption equilibrium at approximately 24 h. To
explore the adsorption mechanism, the data are fitted to
pseudo-first-order and pseudo-second-order kinetic models.
As presented in Table 1, the correlation coefficient of the
pseudo-second-order model (R2 = 0.992) is higher than that
of the pseudo-first-order model (R2 = 0.9796), suggesting that
the adsorption process is more consistent with the pseudo-
second-order adsorption kinetic model. Moreover, the fitted
equilibrium adsorption capacity of the pseudo-second-order
model is closer to the experimental values. These results
indicate that the main adsorption mode between uranyl ions
and MBF-g-P(AO-co-AA) is chemisorption.

To investigate the effect of initial uranium concentration on
the equilibrium adsorption capacity of the MBF-g-P(AO-co-AA),
uranium adsorption tests are performed at initial concentrations
(C0) of uranium from 0 to 45 ppm. As shown in Fig. 6c, with the
increase in C0, the quantity of uranium adsorbed on MBF-g-
P(AO-co-AA) gradually rises and eventually reaches a plateau,
indicating that the adsorption capacity of MBF-g-P(AO-co-AA)
reaches its maximum (∼400 mg g−1). To further understand the

Fig. 6 (a) Uranium adsorption capacity of the MBF-g-P(AO-co-AA) prepared with different monomer ratios; adsorption kinetics (b) and adsorption
isotherms (c) of the MBF-g-P(AO-co-AA); (d) adsorption selectivity in simulated seawater.

Industrial Chemistry & MaterialsPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
H

ag
ay

ya
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
02

5 
6:

33
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4im00034j


Ind. Chem. Mater., 2025, 3, 57–68 | 63© 2025 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

isothermal adsorption process of the adsorbent material, the
experimental results are fitted using the Langmuir and the
Freundlich models. Table 2 shows that the uranium adsorption
process of MBF-g-P(AN-co-AA) is more consistent with the
Langmuir model (R2 = 0.9512) compared to the Freundlich
model (R2 = 0.6214), with a fitted maximum uranium adsorption
capacity of 455 mg g−1. In other words, the adsorption of uranyl
ions on the MBF-g-P(AN-co-AA) is monolayer adsorption and the
adsorption sites are uniformly distributed.24

Adsorption selectivity is another vital performance indicator
for seawater uranium extraction adsorbents due to the low
concentration of uranium and the presence of abundant
coexisting metal ions in seawater. As shown in Fig. 6d, the
adsorption selectivity of MBF-g-P(AN-co-AA) in simulated
seawater containing multicomponent coexisting metal ions has
been investigated. The MBF-g-P(AN-co-AA) exhibits the highest
adsorption of uranium, surpassing Ni, Cu, and Fe by 2 to 9
times, with vanadium being the only exception. The competitive
adsorption of uranium and vanadium is a common challenge
for amidoxime adsorbents, which is affected by the ratio of
open-chain (preferentially adsorbing uranium) to cyclic
amidoxime groups (preferentially adsorbing vanadium) in the
adsorbent.20,41–43 In our study, the uranium adsorption capacity
(3.8 mg g−1) is slightly higher than vanadium adsorption
(3.2 mg g−1), suggesting the presence of both forms of
amidoxime groups in the MBF-g-P(AO-co-AA), with a slightly

higher proportion of the open-chain form. Compared to other
amidoxime adsorbents reported in the literature (Table S1†), our
adsorbent has a higher uranium adsorption capacity in spiked
uranium solutions, particularly in comparison to those prepared
by the grafting method. However, due to the competitive
adsorption of vanadium, the uranium adsorption capacity in
simulated seawater is relatively lower. Through strategies such
as adjusting the co-monomers and optimizing the alkaline
treatment process,22,44 it may be possible to further enhance the
uranium adsorption selectivity and capacity of the material.

After uranium is adsorbed on the adsorbent, the
regeneration ability of the MBF-g-P(AO-co-AA) is evaluated by
immersing the adsorbent in the elution solution (0.5 M HCl)
and monitoring the uranium concentration in the eluent. As
shown in Fig. 7a, the yellow color of the uranium-loaded
fabric rapidly faded after immersion in 0.5 M HCL. The
uranium elution percentage reaches 88% in only 2 min and
93% of uranium is eluted from the adsorbent within 25 min.
In contrast, the uranium elution rate is less than 4% after 25
min when the adsorbent is immersed in deionized water. To
evaluate the reusability of the adsorbent, five continuous
adsorption–desorption cycles are carried out. As shown in
Fig. 7b, the uranium adsorption capacity of the adsorbent
gradually decreases with the number of cycles. After 5 cycles,
the uranium adsorption capacity decreases by 50%.
Considering the degradation of the amidoxime group under

Table 1 Kinetic fitting results for uranium adsorption on MBF-g-P(AO-co-AA) and MBF-g-PAO

Qe,exp. Pseudo-first-order model Pseudo-second-order model

(mg g−1) Qe (mg g−1) k1 (h
−1) R2 Qe (mg g−1) k2 (g mg−1 h−1) R2

MBF-g-P(AO-co-AA) 251 190 0.1488 0.9796 270 0.3425 0.9992
MBF-g-PAO 72 42 0.0973 0.8212 76 0.3475 0.9973

Table 2 Isotherm fitting results for uranium adsorption on MBF-g-P(AO-co-AA)

Langmuir parameters Freundlich parameters

Qm (mg g−1) kL (L mg−1) R2 n kF (mg g−1 (L mg−1)1/n) R2

MBF-g-P(AO-co-AA) 455 0.4074 0.9512 2.330 138 0.6214

Fig. 7 (a) Elution efficiency of uranium in 0.5 M HCl and H2O; (b) uranium adsorption performance during 5 adsorption–desorption cycles; (c) the
FTIR spectra of MBF-g-P(AO-co-AA) initially and after five cycles of adsorption.
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acidic and alkaline conditions, the decrease of adsorption
performance in recycling is reasonable.44,45 After five cycles
of adsorption, the intensity of CN relative to that of –COO−

in the IR spectra (Fig. 7c) decreases significantly, suggesting
the conversion of the amidoxime group to a carboxyl group.

Alternative to conventional approaches using elution
solutions to extract the uranium, we propose direct
incineration of the adsorbent for uranium recovery, aiming
to minimize the use of chemical reagents. Fig. 8a shows that
the fabric with adsorbed uranium turns into a yellow powder
after being burned in oxygen. EDS spectroscopic analysis
(Fig. 8b and c) shows that prior to incineration, the fabric
consists of carbon (mass fraction 57%), oxygen (20%), and
uranium (12%). After incineration, the carbon is converted to
CO2 gas and leaves, and most of the remaining is uranium
(49%) and oxygen (26%). The sodium in the materials comes
from the conversion of the –COOH into –COONa during the
amidoxime reaction. Due to our lower cost of adsorbent
production, direct incineration of inexpensive sorbents to
recover high-value uranium may be a potentially more
convenient and feasible option.

3 Conclusions

In summary, we have evaluated the bulk photografting
technology to economically and rapidly produce amidoxime-
functionalized melt-blown nonwoven fabric. The cyano group
can be introduced to the surface of the fabric within 3 min by
photografting with a DOG of more than 100%, and the reagent
consumption is less than 1/5 of that used for traditional surface
graft polymerization in solution. These advantages are
important for feasible continuous production of the material,
potentially lowering the cost of the uranium adsorbent.

The fiber morphology and mechanical properties of the
nonwoven fabrics are retained after surface functionalization.

The uranium adsorption test proves that the fabrics have
good uranium adsorption capacity and selectivity of the
amidoxime adsorbents. The optimal equilibrium of the
adsorption sites and hydrophilic group composition is
reached when the feeding monomer ratio is AN : AA = 8 : 2,
resulting in the highest uranium adsorption performance of
the material (with a fitted maximum uranium adsorption of
455 mg g−1). Moreover, as an alternative method to recover
uranium, a powder containing 49% uranium mass fraction is
obtained by directly incinerating the uranium adsorbed
fabric. This rapid, efficient and economic bulk photografting
technology may be promising for the industrialized
production of amidoxime adsorbents for extraction of
uranium from seawater.

4 Experimental section
4.1 Materials

The melt-blown nonwoven fabric (MBF) (25 g m−2, BFE99)
was purchased from Mingyu Nonwoven Fabric Co., Ltd
(Hunan). Acrylonitrile (AN), acrylic acid (AA), ethanol
(EtOH), and dimethylformamide (DMF) were of analytical
grade and obtained from Sinopharm Chemical Reagent
Company (Beijing). Benzophenone (BP, 99%), hydroxylamine
hydrochloride (NH2OH·HCl, 98.5%) and 1000 ppm
vanadium (V), nickel (Ni), copper (Cu), and iron (Fe)
standard solutions were purchased from J&K Scientific Ltd
(Beijing). 1000 ppm uranium standard solution was
purchased from Macklin Inc (Shanghai). Sea salt was
purchased from Zancheng Technology Co. (Tianjin).
Fluorinated ethylene propylene (FEP) films was purchased
from Zhanyang Polymer Material Co., Ltd (Dongguan).
Acrylonitrile and acrylic acid were purified by distillation
under reduced pressure before use, and other reagents were
used without any further purification.

Fig. 8 (a) Photos and (b and c) SEM EDS spectra of fabric before and after incineration.
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4.2 Surface photografting polymerization of AN and AA

In the first step, AN and AA were photograft-polymerized onto
the commercial MBF to obtain MBF-g-P(AN-co-AA). BP
ranging from 0 to 270 mg mL−1 was added to the AN/AA
mixture (v/v ratios of 10 : 0, 9 : 1, 8 : 2, 7 : 3, and 5 : 5,
corresponding to molar ratios of 10 : 0, 9.4 : 1, 8.4 : 2, 7.3 : 3,
and 5.2 : 5, respectively) to prepare the photografting
solution. Subsequently, 150 μL of the above solution was
applied to a 30 mg MBF positioned on a FEP film. Then an
additional FEP film was placed on top to ensure uniform
solution spreading. The films were assembled between two
quartz plates to secure the setup and then exposed to
irradiation for 0 to 5 min using a 300 W high-pressure
mercury lamp (light intensity 72 mW cm−2 at λ = 365 nm).
The FEP films were placed in between the MBF and the
quartz plates only to prevent contamination of the latter by
the reaction mixture. Afterwards, the MBF-g-P(AN-co-AA)
underwent thorough rinsing with DMF and ethanol, dried
overnight at 45 °C under vacuum, and stored in a sealed
container before the subsequent treatment. The degree of
grafting (DOG) was calculated using eqn (1):

DOG = (w1 − w0)/w0 (1)

where w0 (mg) and w1 (mg) are the weight of MBF and MBF-
g-P(AN-co-AA), respectively.

4.3 Amidoximation of MBF-g-P(AN-co-AA)

The amidoximation of the cyano groups is carried out by the
reaction with hydroxylamine. The specific steps are as
follows: 5.0 g NH2OH·HCl was dissolved in 100 mL of
demineralized water, then the solution was neutralized by
the addition of NaOH (2.9 g). Subsequently, the MBF-g-P(AN-
co-AA) was immersed in the solution and stirred at 60 °C for
1 to 3 h. After that, the sample (designated as MBF-g-P(AO-co-
AA)) underwent thorough rinsing with water and ethanol and
was subsequently dried overnight at 40 °C in a vacuum oven.
The amidoxime densities (AO density, mmol g−1) was
estimated using eqn (2):

AO density = 1000(w2 − w1)/33w2 (2)

where w1 (mg) and w2 (mg) are the weight of MBF-g-P(AN-co-
AA) and MBF-g-P(AO-co-AA), respectively.

4.4 Characterization

The Fourier-transform infrared (FTIR) spectra of the material
were analyzed using a Thermo Fisher Nicolet iS50
spectrometer (USA) equipped with a diamond attenuated
total reflectance accessory. X-ray photoelectron spectroscopy
(XPS) measurements were conducted on a Thermo Fisher
ESCALB Xi+ instrument (USA). Scanning electron microscope
(SEM) images and energy-dispersive X-ray spectroscopy (EDS)
spectra were acquired using a Zeiss Merlin microscope
(Germany). The concentrations of uranium and other metal

ions were determined through inductively coupled plasma
optical emission spectrometry (ICP-OES, Spectro Arcos
FHX22, Germany) and inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7800, USA). Thermal
degradation of polymers was tested using a
thermogravimetric analysis (TGA) Instrument (Mettler TGA/
DSC1/1600HT, Switzerland) in an oxygen atmosphere. The
specific surface areas of the fabrics were determined from
the nitrogen adsorption–desorption isotherms obtained at 77
K using an Autosorb NOVA 2200e analyzer (Quantachrome,
USA). The specific surface areas were calculated by the
Brunauer–Emmett–Teller (BET) method. The mechanical
properties were investigated using a universal testing
machine (68TM-30, Instron, USA). The tensile test samples
are rectangular specimens with a test area of 20 mm × 20
mm × 0.038 mm (length × width × thickness). The running
speed of the tensile test is 20 mm min−1.

4.5 Uranium adsorption experiments

The uranium adsorption experiments of MBF-g-P(AO-co-AA)
were conducted in uranium-spiked water. Following the
protocols in the literature, all adsorbents underwent a 0.5-hour
treatment in a 2.5 wt% KOH aqueous solution at 60 °C to
facilitate the deprotonation of amidoxime (AO) groups,
enhancing their binding capacity toward uranyl ions.44,46

Uranium-spiked aqueous solutions with varying concentrations
were prepared by diluting the 1000 ppm uranium standard
solution with an appropriate amount of distilled water. The
solution's pH was adjusted to 6.0 ± 0.1 using either HCl or
NaOH aqueous solution. The thoroughly washed 12 mg of
MBF-g-P(AO-co-AA) was added into a 200 mL uranium-spiked
aqueous solution on a rotary shaker (120 rpm) at 25 °C for the
adsorption experiments. All adsorption tests were conducted
with a contact time of 36 h. The uranium concentrations in the
solution were measured using ICP-OES. The adsorption
capacity (Qt) was calculated using eqn (3):

Qt = (C0 − Ct)V/m (3)

where Qt (mg g−1) is the adsorption capacity of MBF-g-P(AO-
co-AA) at time t, C0 and Ct (mg L−1) are the initial and
instantaneous concentrations of uranium, respectively, V (L)
is the volume of the solution, and m (g) is the mass of MBF-
g-P(AO-co-AA).

4.6 Selective adsorption

A selective adsorption experiment was performed using
simulated seawater. In line with prior literature,23,34 a
simulated seawater solution was prepared with
concentrations of U, V, Fe, Ni, and Cu set at 100 times that of
natural seawater by adding standard solutions of metal ions
into the sea salt aqueous solution (providing sodium (Na),
potassium (K), and magnesium (Mg) ions), with the
concentration of Na ion being 1.3 × 104 mg L−1, which is
close to the concentration of Na ion in seawater.
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Subsequently, 12 mg of MBF-g-P(AO-co-AA) was added into
200 mL of the aforementioned simulated seawater and
shaken on a shaking bath for 36 h. The initial and final
concentrations of metal ions were determined using ICP-MS.

4.7 Desorption and reusability

Adsorption–desorption experiments were performed for 5
continuous cycles to evaluate the reusability of the MBF-g-
P(AO-co-AA). The adsorption experiments were carried out in
20 ppm uranium-spiked solution as mentioned above. After
the adsorption experiment, the U-adsorbed fabric was
immersed in 0.5 M HCl and stirred at room temperature for
25 min to accomplish the desorption experiment. The
uranium elution rate was calculated using eqn (4):

elution rate = CtV/m (4)

where Ct (mg L−1) is the instantaneous concentration of
uranium, V (L) is the volume of the eluent, and m (mg) is the
mass of adsorbed uranium. After the elution was completed,
the fabric was washed with deionized water three times and
then prepared for the next adsorption experiment.
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