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Abstract

Effective recovery of uranium from wastewater has positive significance to environmental treatment and the development
of the nuclear industry. Through electrospinning technology, the ternary layered double hydroxide (NiFeAl-LDHs), poly-
vinyl alcohol (PVA) and polyacrylic acid (PAA) was used as the precursor solution to produce NiFeAl-LDHs/PVA/PAA
composite nanofibers, and it can adsorb uranium under weak acid conditions. The material structure and character of the
prepared fiber were analyzed by SEM, FT-IR, XRD and XPS, besides the various factors on the adsorption of uranium by
the fiber under static adsorption were studied. The adsorption process of NiFeAl-LDHs/PVA/PAA to U(VI) conformed to
the pseudo-second-order model (R*>>0.998). The maximum theoretical adsorption capacity of U(VI) on NiFeAl-LDHs/
PVA/PAA was 203.32 mg/g at pH 6.0 calculated by the Langmuir model. The value of thermodynamic parameters showed
that the adsorption process of uranium on NiFeAl-LDHs/PVA/PAA was endothermic and spontaneous. NiFeAl-LDHs/PVA/
PAA can still effectively adsorb uranium after passing five adsorption—desorption cycle tests. Therefore, NiFeAl-LDHs/PVA/
PAA was expected to be used in practical applications to treat uranium-containing wastewater.
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Introduction

Uranium is a naturally occurring radioactive element and is
the basic fuel material for the production of nuclear fuel. It
generally enters environment thru mines and industry. But its
chemical and radiotoxicity is of concern to human health [1].
Uranium can indirectly damage the cell membrane inhibit
the respiratory chain reaction, induce the expression of apop-
totic factors, and lead to cell apoptosis by affecting the nor-
mal operation of cells [2]. After being inhaled or ingested,
uranium mainly affects the liver and kidneys of the human
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body, and can cause uremia and toxic parenchymal hepati-
tis in severe cases [3-5]. However, with the exploitation of
uranium mining [6], utilization and post-treatment [7, 8], an
increasing number of uranium-containing wastewater will
be produced. The arbitrary discharge of uranium-containing
wastewater would have a devastating blow to the whole bio-
sphere of the earth [9]. The WHO have set drinking water
standards for uranium in drinking water as 30 ug/L. There-
fore, the effective removal of uranium in wastewater and the
control of uranium mobility are of tremendous significance
to protecting the environment and human health.
Adsorption [10, 11], ion exchange [12], chemical pre-
cipitation [13], electrochemistry [14] and photocatalysis
[15, 16] are the most common methods to remove uranium
from aqueous solution. The adsorption with low cost, high
efficiency, simple operation and environmental protection is
currently one of the most effective methods. At present, car-
bon-based materials [17, 18], titanium dioxide-based materi-
als [19], metal-organic frameworks [20, 21], layered double
hydroxide materials [22, 23], biomass materials [24, 25], and
magnetic materials [26, 27] can effectively remove uranium
in aqueous solutions. However, these powdered traditional

@ Springer


http://orcid.org/0000-0001-7514-3581
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-021-07860-3&domain=pdf

1104

Journal of Radioanalytical and Nuclear Chemistry (2021) 329:1103-1117

adsorbents are challenging to recycle in practical applica-
tions. Electrospinning nanofibers with excellent mechanical
properties can avoid the above problem perfectly [28].

Electrospinning is a technology that stretches high-molec-
ular polymers into tiny jets under high voltage of several
thousand volts, which can stably and continuously produce
polymer fibers with diameters ranging from tens of nanom-
eters to several microns. The prepared nanofiber has uni-
form pores, good flexibility, and was excellent supporting
material. Polyacrylonitrile [29], chitosan [30, 31], cellulose
[32, 33], polyvinyl alcohol [34, 35] and polyacrylic acid [36,
37] are widely used as adsorption matrix. Both PVA with
hydroxyl groups and PAA with carboxyl groups have excel-
lent hydrophilicity. The PVA and PAA can form ester group
after crosslinking at 145 °C, they can not only maintain the
hydrophilicity of the PVA/PAA, but also avoid the dissolu-
tion of the fiber in aqueous solutions. It has been reported
to be used to adsorb Cu(II) [38], Ca(II) [39], Pb(II) [40] and
other metal ions in wastewater.

Although PVA/PAA has excellent hydrophilicity and
stability in aqueous media, it was low affinity and poor
selectivity for uranium adsorption due to the absence of
specific coordination atoms. To improve the performance
of adsorbents, surface functionalization or modification of
polymer, and mixing the polymer with inorganic or organic
adsorbents can be used to prepare highly selective and effi-
cient nanofiber composite adsorbents. Recently, Kim et al.
[41] doped sulfhydryl-modified nano-silica nanoparticles
into PVA/PAA hybrid nanofibers, while Xiao et al. [42]
doped multi-walled carbon nanotubes (MWCNTs) and zero-
valent iron nanoparticles (ZVI NPs), above two composite
nanofiber had excellent adsorption capacity for copper (II),
and reaching 125.47 and 107.8 mg/g, respectively.

Layered double hydroxides (LDHs) are metal hydroxides
composed of two or more metal elements. The LDHs with
unique nanostructure is simple to prepare and can selec-
tively adsorb uranium under neutral conditions. Recently,
Song et al. [43] prepared two ternary layered metal hydrox-
ides (MgFeAl-LDHs and NiFeAl-LDHs), the maximum
adsorption capacity for uranium was 188.52 and 61.16 mg/g,
respectively. Meanwhile, the theoretical uranium adsorption
capacity of L-cysteine intercalated Mg/al layered double
hydroxides (Cys-LDHs) prepared by Wang et al. [44] was
211.58 mg/g. However, the diameters of LDHs particles are
between tens to hundreds of nanometers, LDHs will be dif-
ficult to recycle and separate after adsorption. Therefore,
combining the LDHs with selectively adsorbing uranium
and the PVA/PAA with excellent mechanical properties will
hopefully obtain an adsorbent that has the advantages of
both.

@ Springer

In this paper, NiFeAl-LDHs was prepared and co-spun
with PVA/PAA to prepare NiFeAl-LDHs/PVA/PAA,
respectively. Scanning electron microscopy (SEM), Fou-
rier transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS),
water contact angle (WCA) and universal tensile testing
machine were used to characterize the properties and
structure of the nanofiber. The optimum conditions of
adsorption of uranium on the two fibers were studied with
different factor. The adsorption isotherm model was fitted
with Langmuir, Freundlich and Duninin—Radushkevich
isotherm models. The kinetic and thermodynamic values
of the adsorption process were calculated, and the adsorp-
tion mechanism was discussed.

Materials and instruments
Reagents

Polyvinyl alcohol (PVA, 87 ~89% hydrolyzed), Poly-
acrylic acid (PAA, average Mw = 100,000, 35% in water),
AI(NO;);-9H,0, Ni(NO3),-6H,0, Fe(NO3);-9H,0 and
urea were purchased from Sigma-Aldrich. The chemical
reagents above were used directly without further purifica-
tion. Deionized water was used throughout. U(VI) stock
solution (1000 mg/L) was prepared in our lab [36].

Instruments

The surface appearance of NiFeAl-LDHs/PVA/PAA was
observed by scanning electron microscope (SEM) (Nova
NanoSEM450, FEI Corporation). The Fourier transform
infrared spectroscopy (FT-IR) (Nicolet380, Thermo
Nicolet Corporation) was used to identify intermolecular
chemical bonds. The crystal structure of NiFeAl-LDHs
sample was investigated using X-ray diffraction (XRD)
(SMART preeze). The elemental composition and chemi-
cal state of the studied compounds in the research were
determined by X-ray photoelectron spectroscopy (XPS).
The wettability performance of the electrospinning mat
surface was assessed by surveying the water contact angle.
The mechanical properties were tested utilizing a universal
mechanical testing machine (WDT-5, Shenzhen Kaiqiangli
Experimental Instrument Company, China).
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The fabrication process of materials
fabrication

Preparation of LDHs and LDHs/PVA/PAA
Preparation of LDHs

NiFeAl-LDHs were prepared through hydrothermal tac-
tics [43]. In detail a mixture of 3.0 mmol Ni(NO;),-6H,0,
0.5 mmol AI(NO;);-9H,0, 0.5 mmol Fe(NO;);-9H,0 and
10 mmol urea was dissolved in 30 mL distilled water. Fol-
lowing vigorous stir for 30 min the mixture was transferred
into a 50 mL Teflon lined reactor. The reactor was kept at
120 °C for 12 h. After cooling down the crude product was
obtained with centrifugation, followed by washing three
times with ethanol and deionized water, and drying at 60 °C
for 12 h.

Preparation of LDHs/PVA/PAA using electrospinning
and thermo-crosslink

The suspension of 3 wt% NiFeAl-LDHs and 10 mL H,O
was placed under ultrasonification for 30 min, followed by
addition of 1.5 g PVA. The consequent mixture was mag-
netically stirred at 80 °C for 4 h for complete dissolution.
After cooling down to room temperature 0.36 g PAA was
added. The electrospinning stock solution was obtained after
additional 5 h stir.

The nanofiber mat was electrospun using a horizontal
electrospinning equipment (SPLab02-E, Baoding Shenchen
Pump Industry Co., Ltd., China). The electrospinning
parameters were set as temperature 25 °C, humidity 40%,
feed rate 0.9 mL/h, the needle internal diameter 0.90 mm,
the reception distance 15 cm, and the applied voltage 25 kV.
The collected nanofiber converted to the final product,
NiFeAl-LDHs/PVA/PAA, through heating at 150 °C for
5 h to make crosslinking reaction between PVA and PAA.
The NiFeAl-LDHs free PVA/PAA used as the reference was
electrospun with the similar electrospinning parameters.

Separation performance study procedure
Adsorption

The adsorption experiment was adopted to illustrate effects
of various factors such as initial pH, ionic strength, ini-
tial uranium concentration, adsorption time and tem-
perature on the adsorption performance. Prior to mixing
with solid nanofibers the uranium-containing solution
was treated to desired pH of 4.5-6.5 using HNO;-NaOH

solution of negligible volume and to pH of 6.5-8.0 using
HNO;-Na,CO;. 10 mg nanofiber (NiFeAl-LDHs/PVA/PAA
or PVA/PAA) and 50 mL uranium-containing solution of
specific pH were placed into a 250 mL conical flask. The
uranium concentration in most experiments were controlled
at 50 mg/L except the experiment of initial uranium concen-
tration. The flask was shaken in a constant temperature water
tank for a desired time, followed by solid—liquid separation
through centrifugal technique. The adsorption experiment
was conducted three times to increase the credibility. The
uranium concentration in the solution was measured using
inductively coupled plasma-optical emission spectrometry.
The separation performance was assessed using the adsorp-
tion capacity (q,., mg/g), which was calculated out using
Eq. (1).

L _la-c)y "

m

where C,, (mg/L) is the initial uranium concentration, C;
(mg/L) is the final uranium concentration, V (L) is the vol-
ume of the uranium-containing solution, and m (g) is the
adsorbent dosage.

Results and discussion
Characterization

The surface morphology of uranium-adsorbing and uranium
free PVA/PAA and NiFeAl-LDHs/PVA/PAA were observed
using SEM. The results are shown in Fig. 1. Prior to adsorp-
tion, both PVA/PAA and NiFeAl-LDHs/PVA/PAA consisted
of randomly oriented smooth fibers without beads. The aver-
age diameters of PVA/PAA fibers and NiFeAl-LDHs/PVA/
PAA were 333.53 and 235.27 nm, respectively. The evident
particles of LDHs were observed on the nanofiber surface
of NiFeAl-LDHs/PVA/PAA. The deposit on the nanofiber
surface increased the adsorption sites.

Hydrophilicity performance of an adsorbent material
is significant in view of mass diffusion on the interface of
solid—liquid phase. The hydrophilicity of PVA/PAA and
NiFeAl-LDHs/PVA/PAA was verified using water contact
angle. Figure 2a showed the contact angle change with time.
The contact angle for PVA/PAA decreased from 23.5° to 12°
from 0.4 to 2 s. During the same time, the contact angle for
NiFeAl-LDHs/PVA/PAA decreased from 37° to 21.5°. The
change in hydrophilicity performance illustrated the success-
ful introduction of NiFeAl-LDHs composite.

The FT-IR spectrum of NiFeAl-LDHs, PVA/PAA and
NiFeAl-LDHs/PVA/PAA are shown in Fig. 2b. One can see
that the FT-IR spectrum of NiFeAl-LDHs/PVA/PAA was
a superposition of that of NiFeAl-LDHs and PVA/PAA. In
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Fig.1 SEM images of PVA/PAA (a) and NiFeAl-LDHs/PVA/PAA (b)
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Fig. 2 a the water contact angle of PVA/PAA and NiFeAl-LDHs/PVA/PAA; b FT-IR spectra; ¢ XRD patterns of NiFeAl-LDHs

detail, 3350, 2926, 839, 1247 and 1723 cm™! were assigned ~ and C=O stretching vibration peak of the ester group pro-
as stretching vibration of hydroxy group, C-H bond in the =~ duced by thermal crosslinking, respectively. PVA/PAA and
alkyl, C-H bending vibration, C—O-C stretching vibration = NiFeAl-LDHs/PVA/PAA have different chemical functional
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groups at 1601 cm™!. The peak should be the interlayer H,0
in the doped NiFeAl-LDHs, indicating that NiFeAl-LDHs
have been doped into PVA/PAA [45]. The peaks at 546 to
664 cm™! in the low wavenumbers of the spectrum were
attributed to the bending and tensile vibration of M—O/M-
OH (M =Ni, Fe and Al) bonds [46].

The material composition and crystal form of the synthe-
sized LDHs were determined by XRD. Figure 2¢ showed the
XRD spectrum of NiFeAl-LDHs. As shown in the figure, the
spectrum line’s trend was consistent with that reported in the
previous literature, indicating that the synthesized substance
was NiFeAl-LDHs with a layered structure [43]. As it was
shown, the characteristic peak was consistent with reevesite
NigFe,(CO;5)(OH),4-4H,0 (PDF NO.26-1286) and takovite
NigAl,(CO;) (OH),4-4H,0 (PDF NO.15-0087) [47].

The chemical composition and state of the NiFeAl-LDHs/
PVA/PAA before and after the adsorption were studied by
XPS (Fig. 3). Obviously, NiFeAl-LDHs/PVA/PAA have the
main elements C, O, Ni, Fe, and Al, but also the emergence
of a new peak U after the adsorption. As shown in Fig. 3b,
the peaks at 381.3 and 392.1 eV belonged to U 4f,, and U
4f5,, respectively, and the binding energy difference between
the two peaks is 10.8 eV, which was consistent with the
characteristics of uranium peak. In addition, Fig. 3c, d and
e showed the C 1's, O 1 s and Ni 2p spectra, respectively. It
can be seen from the figure that the peak at 531.51 eV in the
O1ls spectrum of NiFeAl-LDHs/PVA/PAA before adsorption
was considered to be Fe—O, Ni**~O in the metal hydroxide
and C=0 bond of the carboxyl group on PAA. And the peak
at 533.20 eV belonged to the O—H bond on the hydroxide.
After uranium is adsorbed, the binding energy of the two
peaks were reduced, indicating that a stable O-U chemical
bond has been formed between the hydroxide and the uranyl
ion, and the uranium has been successfully separated from
the solution. The binding energy of the three peaksin C 1 s
after adsorption were increased compared with that before
adsorption. It is possible that the O—H bond on the organic
fiber substrate was also bound to uranyl ion to form O-U
bond, the charge density on the O—H bond was transferred
to the organic carbon chain, which resulted in the increase
of the bond energy on the carbon chain, indicating that PAA
and PVA are also involved in the adsorption of uranium. Ni
2p;,, had three peaks after deconvolution in the Ni 2p spec-
trum. The two peaks at 855.6 and 857.1 eV were considered
to be Ni>*-O and Ni**-O bonds respectively, while the peak
at 861.9 eV was the shake-up satellite peak. After adsorp-
tion of uranium, the binding energies of the three peaks at
Ni 2p;/, were only slightly reduced, which indicated that
adsorption of uranium has no effect on the charge density of
Ni. The chemical composition of LDHs can be represented
by the general formula [M", M™ (OH),]**[A""],,-mH,O0,
where M and M™ represent divalent (Ni’*, Mg?*, Co**
and Zn’")and trivalent (Fe** and AI’*) metal cations,

A" represents interlayer anions (NO;™, CO32_ and Cl7), x
is the molar ratio of M"/(M"+M"), and m is the molar of
water [48]. U(VI) not only be combined with hydroxyl and
carboxyl groups on the nanofibers, but also with hydroxyl in
the interlayer of LDHs during the adsorption process. The
possible adsorption mechanism was shown in Fig. 4.

The stress—strain curve shown in Fig. 5 displayed that
30% strain for PVA/PAA yielded 13.67 MPa stress, while
115% strain of NiFeAl-LDHs/PVA/PAA corresponded
16.22 MPa stress. And the corresponding Young’s Modu-
lus were 182.49 and 47.77 MPa respectively, the Young’s
Modulus of PVA/PAA decreased by more than 380% after
adding NiFeAl-LDHs. It was an unexpected result that the
additional inorganic particle substance of LDHs actually
intensified, not weakened the mechanical strength of the
final product.

pH at different ionic strength

Since the pH of most uranium-containing wastewater and
seawater located in the pH range of 4.5-8.0, effect of the pH
on the adsorption was studied. The result is shown in Fig. 6a.
It is obvious that g, of NiFeAl-LDHs/PVA/PAA, NiFeAl-
LDHs and PVA/PAA increased as pH increased from 4.5 to
6.0 and subsequently decreased as pH increased from 6.0
to 8.0. The turning point occurred at pH 6.0 yielded the
maximum adsorption capacity 35.68 mg/g for PVA/PAA,
77.25 mg/g for NiFeAl-LDHs and 122 mg/g for NiFeAl-
LDHs/PVA/PAA. The distribution of U(VI) species and the
surface charge of adsorbent in solution are affected by the
change of pH. Figure 6b showed the distribution of U(VI)
species at pH 1-10. U(VI) species dominating existence
forms of positive charge ((UO,);(OH);s* and (UO,),(OH),")
at pH 6.0, while (UO,);(OH),~ and UO,(OH);~ were domi-
nating existence forms under alkaline condition. Figure 6¢
showed the zeta potentials of PVA/PAA, NiFeAl-LDHs and
NiFeAl-LDHs/PVA/PAA in different pH. It can be seen that
the surface of PVA/PAA, NiFeAl-LDHs and NiFeAl-LDHs/
PVA/PAA were all negative charges at pH 6.0. Therefore,
the maximum adsorption capacity at pH 6.0 ascribes to the
electrostatic attraction to U(VI).

The significantly synergistic effect was found that g, of
NiFeAl-LDHs/PVA/PAA was evidently higher than sin-
gle NiFeAl-LDHs and PVA/PAA. The effect was resulted
from (1) the hydrophilicity structure of PVA/PAA provided
numerous diffusion channel for uranium species; (2) the
nanofiber structure ensured sufficient contact between ura-
nium species and adsorption site; (3) NiFeAl-LDHs particles
totally spread out nanofibers rather than conglomeration; (4)
NiFeAl-LDHs/PVA/PAA has more electrostatic attraction to
U(VI) ascribes to more negative surface charges at pH 6.0.

In addition, g, of NiFeAl-LDHs/PVA/PAA varied slightly
with the change in NaClO, concentration of 0.1-0.5 mol/L at
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Fig.3 The XPS spectraa, U4fb, C 1s¢, O 1 s d and Ni 2p e of NiFeAl-LDHs/PVA/PAA before and after uranium adsorption
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After Adsorption

NiFeAl-LDHs/PVA/PAA

Fig.4 Adsorption mechanism of uranyl ion on NiFeAl-LDHs/PVA/
PAA

——PVA/PAA
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=
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Fig.5 The stress—strain curve of PVA/PAA and NiFeAl-LDHs/PVA/
PAA

6.0. The consequence indicated ionic strength showed little
influence on NiFeAl-LDHs/PVA/PAA. It was displayed that
uranium adsorbed on NiFeAl-LDHs/PVA/PAA at pH 6.0
adopted the way of inner-sphere surface complex.

Isotherms

As shown in the Fig. 7a, with the initial uranium concentra-
tion increasing from 10 to 200 mg/L, the adsorption capac-
ity of both fibers for uranium from enhanced to then gradu-
ally reaches the equilibrium state. The maximum adsorption

capacity of PVA/PAA and NiFeAl-LDHs/PVA/PAA were
48.51 and 174.30 mg/g, respectively. The mass transfer resist-
ance decreased with the increase of the initial concentration
of uranium, and many adsorption sites on the fiber gradually
combine with uranium until the adsorption capacity of the
fiber remains unchanged after saturation.

To study the adsorption mechanism of uranium on NiFeAl-
LDHs/PVA/PAA, Langmuir, Freundlich and Duninin—Radu-
shkevich isotherm models were used to present the relationship
between equilibrium concentration and equilibrium adsorption
capacity. The Langmuir model assumes that the molecules are
monolayer adsorbed on the solid surface, and estimates the
maximum monolayer adsorption capacity of the adsorbent.
The nonlinear Langmuir model can be expressed by Eq. (2):

KLqu

e

1= 1+k,C, )

where ¢,, (mg/g) is the maximum monolayer adsorp-
tion capacity, K; (L/mg) is the Langmuir isotherm model
constant, and C, (mg/L) is the equilibrium uranium
concentration.

The dimensionless factor R; value in the Langmuir iso-
therm model can determine the advantage of the adsorption
process, which can be divided into four situations: irreversible
adsorption (R; =0), favorable adsorption (0 <R} < 1), linear
adsorption (R} =1) and unfavorable adsorption (R; > 1). The
R, value can be calculated by Eq. 3:

1
Rj=—
LT 1FK,.C, )

The Freundlich isotherm model considers that the solid
surface is multilayer adsorption and heterogeneous, and there
are different adsorption sites on the surface. The non-linear
Freundlich model was shown in Eq. (4):

q. = KC/" 4)

where K [(mg'g_l) (L~mg_1)1/“] Freundlich isotherm model
constant and 7 is a characteristic constant associated with the
intensity of adsorption.

The Duninin—Radushkevich isotherm model can be used
to estimate the average free energy (E (kJ/mol)) of adsorp-
tion on heterogeneous surfaces. When the value of E was
between 1-8 kJ/mol, the adsorption mechanism was physical
adsorption, and in the range of 8—16 kJ/mol, the adsorption
mechanism was chemical adsorption. The non-linear D-R
mathematical expressions, related parameters and the aver-
age free energy formulas are shown in Egs. (5), (6) and. (7),
respectively:

_ 2
e = qe Frxe o)
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Fig.6 a Effect of pH on uranium adsorption capacity of PVA/PAA,
NiFeAl-LDHs and NiFeAl-LDHs/PVA/PAA; b The distribution of
aqueous U(VI) species in the U(VI)-NO;™ system; ¢ The zeta poten-

1
e =RTIn(1 + F) (6)

e

E=—— @)
vV —2Kpr

where ¢, (mg/g) and g, (mg/g) are the adsorption capac-
ity at equilibrium and the maximum adsorption capacity,
respectively, and Kpp ((mol/kJ)?) and & (kJ/mol) are the
Duninin—-Radushkevich isotherm model constants.

Figure 7a and b showed the Langmuir, Freundlich and
Duninin-Radushkevich isotherm model curves, respectively.
The calculation results of the relevant parameters of all

@ Springer

tial of PVA/PAA, NiFeAl-LDHs and NiFeAl-LDHs/PVA/PAA; d
Effect of ion strength on uranium adsorption capacity of PVA/PAA
and NiFeAl-LDHs/PVA/PAA

isotherm models were shown in Table 1. From the table data,
the adsorption process of PVA/PAA and NiFeAl-LDHs/
PVA/PAA for uranium were most consistent with the Lang-
muir model, and the correlation coefficients R? are 0.995
and 0.997 respectively, which are higher than Freundlich
model and Duninin-Radushkevich model. The theoretical
maximum adsorption capacities of PVA/PAA and NiFeAl-
LDHs/PVA/PAA calculated by the Langmuir model are
55.64 mg/g and 203.32 mg/g, respectively. The above results
indicated that the adsorption mechanism of PVA/PAA and
NiFeAl-LDHs/PVA/PAA accords with the Langmuir model.
Therefore, the adsorption of uranium above both fibers were
belong to chemical monolayer adsorption. The R; values
calculated in Table 2 were between 0 and 1, which indicated
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Table 1 Adsorption isotherms parameters of U(VI) adsorption onto PVA/PAA and NiFeAl-LDHs/PVA/PAA

Adsorbent Langmuir isotherm

K, (L/mg) q,, (mg/g) R?
PVA/PAA 0.069 55.64 0.995
NiFeAl-LDHs/PVA/PAA 0.041 203.32 0.997
Adsorbent Freundlich isotherm

n K (mg-g™) (L-amg™)" R?
PVA/PAA 3.3537 12.808 0.910
NiFeAl-LDHs/PVA/PAA 2.756 30.270 0.945
Adsorbent Duninin—Radushkevich isotherm

Gy, (Mglg) Kpgr (mol/kD?) x 10° E (kJ/mol) R?
PVA/PAA 36.62 2.95 13.019 0.952
NiFeAl-LDHs/PVA/PAA 184.30 4.02 11.152 0.991

that PVA/PAA and NiFeAl-LDHs/PVA/PAA were favora-
ble for adsorption of uranium from wastewater. In addition,
the average free energy E values calculated by the Duninin-
Radushkevich model were in the range of 816 kJ/mol, which
can also prove that the adsorption mechanism of both fib-
ers on uranium were chemical adsorption. The adsorption
performance of NiFeAl-LDHs/PVA/PAA to uranium was
compared with other adsorbents as shown in Table 3.

Kinetics
The influence of contact time on uranium adsorption

capacity of PVA/PAA and NiFeAl-LDHs/PVA/PAA were
shown in Fig. 8a. With contact time gradually increasing

from 10 to 210 min, the adsorption capacity of PVA/PAA
and NiFeAl-LDHs/PVA/PAA gradually increased until
equilibrium, and the maximum adsorption capacity was
44.01 mg/g and 84.13 mg/g, respectively. The adsorp-
tion sites on the fiber surface combine with uranyl ion
at the beginning of adsorption and quicken the adsorp-
tion speed. When the adsorption sites on the surface of
the fiber were gradually occupied, uranyl ions permeated
into the inner layer of the fiber, the adsorption was gradu-
ally blocked. Finally, the adsorption capacity of the fiber
reached saturation.

To further understand the adsorption mechanism, the
adsorption processes of uranyl ions on PVA/PAA and
NiFeAl-LDHs/PVA/PAA were studied by pseudo-first-order
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Table 2 Langmuir isotherm model parameters, R; (T =298 K)

Uranium concentration Ry
(mg/L) .
NiFeAl-LDHs/PVA/PAA  PVA/PAA

10 0.709 0.592
20 0.549 0.420
30 0.448 0.326
40 0.379 0.266
50 0.328 0.225
60 0.289 0.195
80 0.234 0.153
100 0.196 0.127
120 0.169 0.108
140 0.148 -

160 0.132 -

200 0.109 -

Table 3 Comparison of uranium

adsorption capacity between

NiFeAl-LDHs/PVA/PAA and
other adsorbents

q(mg/g)

o
-

model, pseudo-second-order model and intra-particle diffu-
sion model.

The mathematical expression of the non-linear pseudo-
first-order model was shown in Eq. (8):

4, =q,(1—e™") 8)

The mathematical expression of the non-linear pseudo-
second-order model was shown in Eq. (9):

Clgkzt

=< 9
1+ q,kyt ©)

4q;

The mathematical expression of the intra-particle diffu-
sion model was shown in Eq. (10):

g, =kt'* +C (10)

where ¢, (mg/g) and g, (mg/g) are the adsorption capaci-
ties of uranium on PVA/PAA and NiFeAl-LDHs/PVA/PAA

Adsorbents

pH T/K g, (mg/g) References

Graphene oxide nanoribbons aerogel

Active carbon/polyacrylonitrile
Phosphate group-functionalized biochars 4.0 298 2292 [51]

Mg-Fe layered double hydroxides

2-phosphonobutane-1,2,4-tricarboxylic acid-decorated chitosan- 4.0 298 83.16 [53]
coated magnetic silica nanoparticles

45 298 430.6 [49]
4.0 303 16.41 [50]

50 298 710.0 [52]

Phytic acid functionalized microwave-assisted hydrothermal carbon 6.0 298  382.2 [54]
Three-dimensional fiber-network chitosan films 50 298 196.74 [55]
Flower-like greigite Fe;S, microcrystal 5.0 298 423.0 [56]
Magnetized HNO;-treated activated carbon 50 298 688.03 [57]

NiFeAl-LDHs/PVA/PAA

6.0 298 203.32 This work
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Fig.8 a Non-linear the pseudo-first-order (full line) and pseudo-second-order (dotted line) kinetics model; b intra-particle diffusion model
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at time t and equilibrium, respectively, and k; (min™"), k,
(g/(mg-min)) and k; (mg/g-min'’?) are the adsorption rate
parameters of the pseudo-first-order, pseudo-second-order
and intra-particle diffusion kinetics model, respectively.

The pseudo-first-order model and the pseudo-second-
order model were shown in Fig. 8a, and the calculation
results were listed in Table 4. As the chart shows, the
experimental data accorded closely with the pseudo-sec-
ond-order model, the correlation coefficients R? of PVA/
PAA and NiFeAl-LDHs/PVA/PAA lived up to 0.994 and
0.998 respectively, which were higher than the correlation
coefficient R? of the pseudo-first-order model. The uranium
adsorption capacity of PVA/PAA and NiFeAl-LDHs/PVA/
PAA calculated by the pseudo-second-order simulation is
60.26 and 105.63 mg/g, which are close to the experimen-
tally detected uranium adsorption capacity of 44.01 and
84.13 mg/g. Therefore, the adsorption mechanism of ura-
nyl ion on NiFeAl-LDHs/PVA/PAA was more in line with
the pseudo-second-order kinetic model, which belonged to
chemisorption.

The intra-particle diffusion model was shown in Fig. 8b.
It can be seen from the figure that the process of uranium
adsorption by fiber can be divided into three stages: fiber
surface adsorption stage, adsorbate intra-particle diffusion
stage and adsorption equilibrium stage [48]. In the first stage,
the adsorption rate was the fastest, and uranyl ions were
quickly adsorbed by the adsorption sites on the fiber surface;
in the second stage, the adsorption rate slowed down, and
the adsorption sites on the fiber surface decreased, and the
uranyl ions penetrated the fiber and were gradually absorbed;
in the third stage, the adsorption rate was almost zero, the
adsorption was close to equilibrium, and the adsorption
capacity remained almost unchanged. Besides, the straight
line fitted in the second stage did not match the origin of
coordinates, indicating that the adsorption process was

not only controlled by the intra-particle diffusion, but also
affected by other adsorption mechanisms.

Thermodynamics

Figure 9a showed the effect of temperature on the ura-
nium adsorption capacity of PVA/PAA and NiFeAl-LDHs/
PVA/PAA. As can be seen from the diagram, the adsorp-
tion capacity of uranium by both fibers increased with the
increase of temperature, indicating that the adsorption pro-
cess of uranium by the PVA/PAA and NiFeAl-LDHs/PVA/
PAA were endothermic. The effect of temperature on the
adsorption process can be studied by calculating the stand-
ard enthalpy (AH°®), standard entropy (AS°) and standard
free energy (AG°). These thermodynamic parameters can
be calculated by Eq. (11) and Eq. (12):

AS°  AH®
InkK, = -

k==~ = (11)
AG® = AH® — TAS® (12)

where K is the thermodynamic adsorption equilibrium con-
stant, R (8.314 J/(mol-K)) is the gas constant, and T (K) is
the thermodynamic temperature.

Figure 9b showed a linear plot of the fitted thermody-
namic parameters In K, and 1/T, and the calculation results
of the relevant parameters were listed in Table 5. From
the data in Table 3, the adsorption thermodynamics of the
PVA/PAA and NiFeAl-LDHs/PVA/PAA had higher fit-
ting degrees, and the correlation coefficient R* were 0.963
and 0.985, respectively. The negative value of standard
enthalpy change was considered proof of that the fiber
adsorption was endothermic reaction; The positive values
of standard entropy change was deemed that the degree of

Table 4 The parameters of the pseudo-first-order, pseudo-second-order kinetics and intra-particle diffusion model

Adsorbent Pseudo-first-order kinetics

q. (mg/g) k, (min~!) R?
PVA/PAA 45.47 0.014 0.987
NiFeAl-LDHs/PVA/PAA 83.06 0.019 0.989
Adsorbent Pseudo-second-order kinetics

q. (mg/g) k, (g/(mg-min)) R?
PVA/PAA 60.26 2.164x 107 0.994
NiFeAl-LDHs/PVA/PAA 105.63 1.730x 107 0.998
Adsorbent Intra-particle diffusion

k, (mg/g-min'?) C R?
PVA/PAA 4.053 —5.840 0.994
NiFeAl-LDHs/PVA/PAA 5.916 9.183 0.990
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Table 5 Thermodynamic parameters of U(VI) adsorption on PVA/

PAA and NiFeAl-LDHs/PVA/PAA

Adsorbent  Tem-  AG°(kJ/  AH°(K)/  AS° R2
perature mol) mol) (J/mol)
(K)
PVA/PAA 288 —-38.0173 —17.4195 71.5202 0.963
293 —38.3749
298 -38.7325
303 ~39.0901
308 —39.4477
313 —39.8053 -
318 —40.1629
323 —40.5205
NiFeAl- 288 —-350934 —18.0809 59.0711 0.985
LDHs/ 293 —35.3887
PVAPAA 198 —35.6841
303 —35.9795
308 —36.2748
313 —36.5702
318 —36.8655
323 —37.1609

disorder in the adsorption process increases and the reac-
tion was easy to proceed. The positive values of standard
free energy were regarded as the adsorption process was
spontaneous and feasible. The absolute value of standard
free energy increased with the increase of temperature,
indicating that the higher the temperature, the better the
adsorption effect.
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Fig. 10 The ion selectivity of PVA/PAA, NiFeAl-LDHs and NiFeAl-
LDHs/PVA/PAA to the co-existing ions U, Zn, Sr, Mn

Co-existing cations

The ion selectivity of PVA/PAA, NiFeAl-LDHs and NiFeAl-
LDHs/PVA/PAA to 4 co-existing ions of U, Zn, Sr and Mn
was measured. It can be seen from Fig. 10 that the adsorp-
tion percent of U by PVA/PAA was the similarity with other
ions, while the adsorption percent of U (greater than 50%)
by NiFeAl-LDHs and NiFeAl-LDHs/PVA/PAA were sig-
nificantly higher than other ions (less than 10%). NiFeAl-
LDHs has good selectivity to uranium, which may be due
to the matching of the interlayer spacing of NiFeAl-LDHs
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with the diameter of uranyl ions, which can keep uranyl
ions between the layers. Although the adsorption percent of
uranium on NiFeAl-LDHs/PVA/PAA (52.4%) is lower than
that of NiFeAl-LDHs (80.8%), but much higher than that
of PVA/PAA (12.8%), indicating that the doped of NiFeAl-
LDHs in PVA/PAA can significantly enhance the adsorption
selectivity of composite nanofibers for uranium.

Regeneration and reusability

Different eluents were used to evaluate the uranium elution
performance of PVA/PAA and NiFeAl-LDHs/PVA/PAA. As
shown in Fig. 11a, 1 mol/L HCI, H,SO,, HNO;, NaCO; and
EDTA were used to elute uranium adsorbed on the PVA/
PAA and NiFeAl-LDHs/PVA/PAA. Among them, 1 mol/L
HCI had the best elution effect on the fiber, reaching 98.23
and 99.34% respectively. The abundant free H* in the strong
acid can not only combine with the oxygen in the carboxyl
groups and hydroxyl groups on the fiber, but also inhibit
the activity of layered double hydroxides, which will be
constrained to the adsorption of uranium and increase the
elution rate. However, the anions in the H,SO, and HNO;
solutions were easily complexed with uranyl ions, which
will reduce the elution rate, hence best results for the elution
effect with HCI.

Figure 11b showed the effect of five adsorption—des-
orption cycles on the adsorption capacity and desorption
efficiency of NiFeAl-LDHs/PVA/PAA. It can be seen from
the figure that after five adsorption desorption cycles, the
adsorption capacity of NiFeAl-LDHs/PVA/PAA decreased
from 119.45 to 71.15 mg/g, which decreased by nearly 40%.
The strong acid solution will destroy the structure of the

layered double hydroxide after multiple elutions, thereby
affecting the adsorption and desorption performance of
the nanofibers. However, the desorption rate dropped from
99.36% to 86.76% and still maintained high desorption
efficiency, shedding light on that NiFeAl-LDHs/PVA/PAA
could be an efficient sorbent to uptake U(VI) repeatedly.

Conclusion

In summary, NiFeAl-LDHs, PVA and PAA were used as raw
materials to prepare super-hydrophilic and flexible NiFeAl-
LDHs/PVA/PAA composite nanofiber through electrospin-
ning and thermal crosslinking. The added NiFeAl-LDHs
significantly improved the uranium adsorption performance
and mechanical properties of PVA/PAA. The structure and
textural properties of NiFeAl-LDHs/PVA/PAA were char-
acterized by SEM, FT-IR, XPS and universal tensile test-
ing machine, and various factors on the adsorption behav-
iour of the adsorbent was studied from static and dynamic
adsorption. The results show that the kinetics of the adsorp-
tion process conforms to the pseudo-second-order model
(R%>0.998), and the adsorption isotherm data was in accord
with the Langmuir model. The adsorption mechanism of the
amorphous and uniform NiFeAl-LDHs/PVA/PAA nanofiber
for U(VI) is chemisorption. XPS spectroscopy showed that
U(VI) not only be combined with hydroxyl and carboxyl
groups on the nanofibers, but also with hydroxyl in the inter-
layer of LDHs during the adsorption process. The theoretical
maximum adsorption capacity for U(VI) was 203.32 mg/g
at pH 6.0. Thermodynamics showed that the adsorption of
uranium by NiFeAl-LDHs/PVA/PAA was endothermic and

120
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— - 80 é
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Fig. 11 a Elution of U(VI) on the nanofibers by 1 mol/L HCI, H,SO,, HNO;, NaCO; and EDTA; b the effect of five adsorption—desorption
cycles on the adsorption capacity and desorption efficiency of NiFeAl-LDHs/PVA/PAA
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spontaneous. After five adsorption—desorption cycles, the
NiFeAl-LDHs/PVA/PAA can still maintain a high adsorp-
tion capacity for U(VI). Therefore, NiFeAl-LDHs/PVA/PAA
can be an ideal choice for uranium adsorption in practical
applications.
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