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Abstract

The modified polyacrylonitrile fibers (ACPAN fibers) was synthesized by oximation reaction and alkaline hydrolysis. ACPAN
fibers was characterized by means of SEM, FTIR, XPS and elementary analysis. The effects of contact time, solid—liquid
ratio, pH, ionic strength, initial concentration and temperature on U(VI) adsorption onto ACPAN fibers was studied and
the adsorption mechanism was also discussed. The experimental data fitted well pseudo-second-order kinetics model and
Freundlich and D-R models, and thermodynamic process was an endothermic and spontaneous reaction. The maximum
adsorption capacity was 163 mg/g, and U(VI) and ACPAN fibers possible formed more stable penta-coordination com-
plexation. This paper highlighted ACPAN fibers as a good adsorbent to remove efficiently and economically uranyl from

radioactive wastewater.
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Introduction

Uranium is an important radioactive element, which has
been widely used in the nuclear industry [1]. Uranium sub-
sists in the environment due to leaching from mine tailings,
natural deposits, use of uranium-containing phosphate fer-
tilizers, emissions from the nuclear industry [2]. Further-
more, the chemical toxicity and radiotoxicity of uranium has
tremendously aggravated health concerns with the increase
of human activities with uranium [3]. In order to protect
people’s health and ecosystem environment, the effectively
removal of U(VI) ions from the waste aqueous solutions has
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become crucial issues. Therefore, efficient technology for
the removal or recovery of uranium from waste solution has
become strongly demanded.

It is well known, the adsorption has been considered
to be a remarkably efficient approach in these methods.
At the moment, the types of adsorbents have been widely
researched, such as inorganic materials and organic mate-
rials, including natural and synthetic materials [4—6]. By
comparing, synthetic functionalized materials, which has
high adsorption capacity and good selectivity for U(VI),
have caused considerable concern. German researchers have
found that the material with amidoxime (AQO) functional
group for recovery uranium was the most potential adsorbent
[7, 8]. Japan researcher also has found the AO group is cova-
lently bonded on PE-based fibers, which have a high adsorp-
tion capacity for uranium and have good mechanical strength
[9]. Recently, there has been a new development about AO-
based adsorbents that amidoximation of polyacrylonitrile
(PAN) fibers reacts with hydroxylamine. The results show
the fibers are an excellent adsorbent for uranium extraction
[10]. Therefore, adsorbents contain the amidoxime group
at least, which are the most potential adsorbents for uranyl
recovery.

Polyacrylonitrile fibers, which have cheaper price and
excellent tensile strength, have been widely used. But
PAN fibers are hydrophobic, and could not adsorb metal
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ions effectively, which limit further applications in waste
solution [11]. After the alkaline treatments, the cyano func-
tional groups of the PAN fibers could be converted to the
carboxylates, meanwhile the fibers have good water retention
behavior, and make them superabsorbent materials [12]. But
few studies have been done about modified polyacrylonitrile
fibers (ACPAN fibers) for sorption metals, especially the
adsorption mechanism for metal ions is not very clear.
Based on previous studies, this work is to synthesize
ACPAN fibers with high selectivity for uranium and hydro-
philicity by modifying polyacrylonitrile fibers. The various
influence factors were studied in detail. Besides, desorption
experiments and the reusability of adsorbent was investi-
gated as well. As far as we know, this is the first time to spec-
ulated the mechanism between UO,** ion and ACPAN fibers
by FTIR and XPS spectrum. The material was expected to
be used for the recovery of uranyl from aqueous solution.

Experimental
Materials

All chemical reagents used are analytical grade. PAN fibers
purchased were degreased by acetone, and then were dried
at 40 °C. UO,(NO3), solution was prepared by dissolving
U;04 in HNOj; solution, then diluted with deionized water.

Preparation of ACPAN fibers

According to the preliminary experiment, ACPAN fibers
of synthesis reaction can be divided into two major steps.
(1) Synthesis of AOPAN fibers: PAN fibers was soaked in
methanol, and sodium carbonate and hydroxylamine hydro-
chloride was dissolved in deionized water at pH 7, then the
above two solution was placed in three flasks and refluxed
for 3 h at 70 °C under the protection of N,. Finally, the
resultant was washed with deionized water and methanol
alternately repeatedly, and dried in a vacuum oven for 24 h
at 40 °C [10]. (2) Synthesis of ACPAN fibers: according to
the preliminary experiment (Fig. SI1), AOPAN fibers was
hydrolyzed in 0.2 M sodium hydroxide at 75+ 1 °C, then
the resultant was washed with deionized water and dried in
a vacuum oven at 40 °C for 24 h. The resultant was ACPAN
fibers.

Characterization of ACPAN fibers

The ACPAN fibers was characterized by scanning electron
microscopy (SEM), elemental analysis, Fourier transform
infrared spectroscopy(FTIR), and X-ray photoelectron spec-
troscopy (XPS). The hydrophilicity of fibers was character-
ized by water absorption. Namely, the fibers was immersed
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in deionized water at 25 °C for 24 h, then the fibers was
taken out, finally the surface water of fibers was absorbed
by filter paper and weighed again.

Water absorption = (mq — m;)/mg X 100% (1)

where m,, and m, (g) are the quality of fibers before and after
water absorption respectively [13].

Sorption experiment

The sorption experiments of U(VI) onto fibers were car-
ried out by a batch technique. Namely, the fibers, NaNO,
solution, and U(VI) solution was added in the polyethylene
tubes. The pH of the solution was adjusted with negligi-
ble volume of HNO; or NaOH solution. The mixture was
shaken in water bath, and then solid and liquid phases was
separated by centrifugation. The concentration of U(VI) in
the supernatant was analyzed by using a spectrophotometer
at 650 nm with Arsenazo III. The adsorption percentage (%)
and adsorption capacity (g,) of U(VI) was calculated by the
following equations:

Sorption% = (C; — C;)/C; X 100% )

q. = (C; = C)xXV/m 3)
where C; and C; (mmol/L) is the initial and final concentra-
tion of U(VI) in the solution, respectively. m is the mass (g)
of fibers, and V (L) is the volume of the solution.

Desorption experiment

The uranyl-loaded ACPAN fibers was washed with distilled
water, and transferred into the solution and shocked for
24 h, then centrifuged. The amount of U(VI) released into
the solution was monitored by the previous method in the
adsorption experiment. The U(VI) recovery percent (%) was
calculated using the following equation:

Recovered% = ny./n,y X 100% 4)
where n,4 and n4, (mmol) was initially adsorbed and des-
orbed U(VI) amount on the ACPAN fibers, respectively. The
adsorption/desorption cycles were repeated five times using
the same batch method.

Results and discussion
Characterization of fibers

Figure SI2a, b showed SEM images of PAN fibers and
ACPAN fibers in different magnification. The surface of
PAN fiber was rather smooth and compact. After oxima-
tion reaction and hydrolysis under alkaline conditions, the
surface of ACPAN fibers became looser and rougher [14].
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For PAN fibers, AOPAN fibers, and ACPAN fibers,
elemental percentage of N, C and H by elemental analysis
method was shown in Table 1. The C/N value of AOPAC
fibers was lower than that of PAN fibers, which proved that
the part of cyano groups on PAN fibers was converted into
amidoxime group, while the C/N value of ACPAN was
higher than that of AOPAN fibers, indicating that the part of
oxime groups of AOPAN fibers was hydrolyzed to carboxyl
groups of the ACPAN fibers. The conclusion was explained
by FTIR (Fig. 1). Fig. SI3 showed the full survey XPS scan
of the ACPAN fibers, and Fig. SI4 showed EDS spectrum
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Fig.1 FTIR spectra of PAN fibers (a); AOPAN fibers (b); ACPAN
fibers (c); and uranyl-loaded ACPAN fibers at pH 3, 5, 8 (d—f)
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of the ACPAN fibers, which demonstrated ACPAN fibers
were mainly composed of C, N and O. Water adsorption on
PAN fibers and AOPAN fibers was 37%, 53%, while water
adsorption on ACPAN fibers was 97% and showed in Fig.
SI5. The result illustrated the ACPAN fibers is a good hydro-
phobic material.

The FTIR spectra of PAN fibers, AOPAN fibers and
ACPAN fibers were shown in Fig. 1. Figure la exhibited
the absorption peaks of a stretching vibration at 2241 cm™!
(C=N), which suggested that the PAN was a copolymer
of acrylonitrile [14]. In Fig. 1b, compared with Fig. 1a,
C=N stretching vibrations peaks weaken in intensity and
new bands at 1652 cm™! and 912 cm™! corresponding to
stretching vibration of C=N and N-O appeared, indicating
the conversion of C=N to C=N [12], and additional peak
at 1590 cm™! was due to the bending vibration of -NH
in amidoxime fibers [15]. The broad absorption peaks at
3000-3700 cm™! was observed —OH overlapped with -NH
stretching bands, and can be attributed to H-bonding of NH
and —OH in the amidoxime structure. After the hydrolysis
reaction under alkaline condition (in Fig. 1c), appearance
of the new peak at 1550 cm™" ascribed to carboxylate group
[16], which probably came from the hydrolysis of the partial
amidoxime group under NaOH conditioning [17].

Effect of contact time

Contact time is a very important factor for adsorption,
which depends on the metal ions and adsorbent. Figure 2a
showed the effect of the contact time on U(VI) adsorption
on ACPAN fibers. At first, the speed of U(VI) adsorption

Fig. 2 Effect of contact
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Table 1 The elements of composite for PAN fibers, AOPAN fibers
and ACPAN fibers

Samples Nitrogen% Carbon% Hydrogen% Oxygen% C/N
PAN fibers 23.02 68.34 5.93 2.71 297
AOPAN fibers 20.11 44.46 7.16 28.27 2.21
ACPAN fibers 16.41 41.69 5.98 35.92 2.54

on the ACPAN fibers was very rapid, then slowed down
with increasing contact time. This was attributed to the fact
that vacant adsorption sites of ACPAN fibers were suffi-
cient at the beginning. With the adsorption proceeding, the
nonbonding functional groups existing on the ACPAN fib-
ers decreased, which could not easily be occupied due to
the repulsive forces between the UO,** and ACPAN fibers.
Therefore, the interactions with the UO,?" and ACPAN fib-
ers became more difficult.

In order to clearly describe the kinetic mechanism of
U(VI) on ACPAN fibers, pseudo-first-order model, pseudo-
second-order model, intra-particle diffusion model, and
Elovich model were used to fit the experimental data. The
details of the models were attached in SI2. The fitting param-
eters of the four models were listed in Table 2. It can be
seen that pseudo-second-order model fit better than pseudo-
first order rate model (related Fig. 2 was not involved) with
higher correlative coefficients (R?), which explained that
adsorption of U(VI) ions on ACPAN fibers followed well
pseudo-second-order kinetics. The result also suggested that
adsorption process belonged to chemical adsorption, and
chemical adsorption played a dominant role, which involved
binding forces through chelation or electron transfer between
uranyl, carboxyl and amidoxime group on ACPAN fibers
[18]. Figure 2c showed the adsorption of U(VI) on ACPAN
fibers of intra-particle diffusion model. According to SI
Eq. (3), the plot of q, versus t'? should be a straight line
through origin of coordinates [19]. However, the plot of
Fig. 2c showed that adsorption pattern did not go through the
origin, but it occurred in three stages. The first stage was fast
kinetics of the external surface or instantaneous adsorption,

100 -
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g 7,
T
§ 60 -
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o
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Fig. 3 Effect of solid content on the adsorption of U(VI) on three fib-
ers, /=0.1 mol/L, pH=5.0+0.1, Cy= 4x107* mol/L, T=298+1 K,
t=48h

and the second stage was the gradual adsorption stage, there-
fore intraparticle diffusion was rate-controlled, and the third
stage was the final adsorption equilibrium [20]. Meanwhile,
the slope of line in the second stage was called intraparticle
diffusion rate constant(k;,) [21], which displayed in Table 2.
From Table 2, R? illustrated that the intraparticle diffusion
model followed well the experimental data. Therefore, the
mechanism of U(VI) adsorption on the ACPAN fibers was
complex, and intraparticle diffusion contributes to the actual
adsorption process. Similar adsorption process has already
been reported [21].

Effect of solid-liquid ratio

The effect of solid-liquid ratio of kinds of fibers and the
solution on the adsorption of U(VI) ions was carried out
from 0.1 to 2.0 g/L in Fig. 3. The removal efficiency of the
U(VI) ions increased with increasing the amount of adsor-
bent, and attained the maximum adsorption at 1.0 g/L of
solid-liquid. Figure 3 also showed the adsorption capacity

Table 2 Kinetic parameters for uranyl obtained from models on the ACPAN fibers

Pseudo first-order kinetic equation

Pseudo second-order kinetic equation

q, (mg/g) 150.08 q. (mg/g) 163.98
K, (h7™h 1.0244 K, (g h/mg) 0.0052
R? 0.6615 R? 0.9992
The intraparticle diffusion model The Elovich equation

K, (mg/g min'?) 1.8209 a (mg min/g) 9.7593
c 89.3699 S (g/mg) 0.0412
R? 0.9909 R? 0.9556
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on the ACPAN fibers was the largest, while the adsorption
capacity on PAN fibers was the smallest. The removal effi-
ciency (%) of U(VI) ions increased from 1.3% to 8.9%, 7.8%
to 52% and 18% to 99% with increasing the dosage of PAN
fibers, AOPAN fibers and ACPAN fibers from 0.1 to 2.0 g/L,
respectively. Therefore, the increase of U(VI) adsorption
percent on the fibers with solid-liquid ratio increasing was
attributed to the increase surface of active site on the fibers.
Meanwhile, the total available adsorption sites of the PAN
fibers, AOPAN fibers and ACPAN fibers were increased for
the metal chelate and/or ion-exchange.

Effect of pH

The effect of pH on the U(VI) adsorption onto fibers was
investigated in pH 2-9, and the results were shown in
Fig. 4a. As can be seen from the Fig. 4a, the adsorption
percent of U(VI) on three kinds of fibers increased and then
decreased with pH increasing.

To further properly explain the U(VI) adsorption behav-
ior, the surface charge of the fibers and the species of ura-
nium is important at different pH. The surface charge of
fibers can be known by measuring the zeta potential of fib-
ers, and was shown Fig. 4b. Uranyl species in the absence
of adsorbent at different pH was calculated using Visual
MINTEQ 3.1 software and presented in Fig. 4c. The promi-
nent U(VI) species are UO,**, UO,0H*, (UO,),(OH)?,
(UO,)4(OH) at pH 2.0-6.5. As shown in Fig. 4b, the sur-
face of the fibers is positively charged prior to zero poten-
tial, while the surface of the fibers is negatively charged
after zero potential. The adsorption of U(VI) on fibers was
different due to the electrostatic repulsion and or attraction
(positively charged species and protonation or deprotona-
tion of fibers). The strong interaction between the positively
charged species and deprotonation enhanced the adsorption
of U(VI) with increasing pH; then the decrease of U(VI)
adsorption on fibers with pH increasing can be attrib-
uted to repulsion of negative charge U(VI) species [i.e.,
(UO,),CO;(OH)3, UO,(CO5)3~, UO,(CO,)3™ in Fig. 4c]
and deprotonation. To be specific, at lower pH, ACPAN fib-
ers of carboxyl and amphiprotic AO groups was protonated
and bacome positively charged, and UO,** dominated at
lower pH (in Fig. 4c), therefore the repulsive force between
protonated AO, COOH and U022+ acted as an unfavorable
factor for the coordination. At this moment, H" in the solu-
tion would compete with the UO,* ions for the adsorption
sites on the surface of the adsorbent. Hence, the adsorp-
tion amount of uranyl was lower. With pH increasing, AO
and COOH groups became to deprotonated to generate
—COO™ and AO™ and the electrostatic attraction between
UO,?* and AO~ (or COO™) favored the binding of uranyl
and the adsorbent. As pH continued to increase (pH > 5.2),
(see Fig. 4c), UO,** ions began to hydrolyze. Especially,
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Fig.4 Effect of pH on the adsorption of U(VI) on three fibers (a),
I=0.1 mol/L, C0=4><10’4 mol/L, T=298+1 K, =48 h; Zeta potential
of ACPAN fibers (b); distributions of U(VI) species in 4 X 10~ mol/L,
I1=0.1 mol/L solutions with atmospheric CO, are plotted versus pH by the
Visual MINTEQ 3.1 software simulation of the uranium (c¢)
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CO32_ can form strong carbonate uranyl complex in the pres-
ence of CO, in the air. Therefore, pH > 7, the main species
of UO,(CO5)3~ and UO,(CO5)3™ led to weaker adsorption
between U(VI) and ACPAN fibers. Until pH increased to 9,
the adsorption capacity increased again, probably because
of the precipitation of uranyl under alkaline conditions [22],
which was verified through blank uranyl precipitation exper-
iment at the same condition without fibers added.

By comparison, ACPAN fibers was much more effective
to remove U(VI) than the other fibers. The maximum per-
centage of U(VI) removed was 8.9%, 52%, 99% on three
fibers, respectively(in Fig. 4a). On one hand, because car-
boxyl is a hydrophilic group, which made ACPAN fibers
be more hydrophilic than PAN and AOPAN fibers and the
results showed in Fig. SIS; On the other hand, the surface
of PAN fibers had little active sites adsorbed, and AOPAN
fibers had the ability to chelate with UO,?* by using the
lone pair electrons of oxime group O atom and amino N
atom [23], while ACPAN fibers had carboxyl and ami-
doximate groups, and carboxyl groups on ACPAN fibers
was conducive to dissociate uranyl hydrolyzed and uranyl
carbonate ion [8], which promoted U(VI) and ACPAN fib-
ers formed more stable complexes.

Effect of the initial concentration

The initial concentration of U(VI) directly affects the
capacity and efficiency of the adsorbent. The relationship
between adsorption amount (or adsorption percent) and
the initial U(VI) concentration was displayed in Fig. 5.
The adsorption amount increased rapidly with the increase
of the initial concentration of U(VI) within the range of
0—4 x 10™* mol/L, because the higher concentration of

q(mg/g)
Adsorption (%)

0 T T T T T T T T 50
0 2 4 6 8

C,., (x10*molL)

()

Fig.5 Effect of the initial concentration of U(VI) on adsorption
capacity and adsorption (%) onto ACPAN fibers, error bars represent
standard deviation about the average. /=0.1 mol/L, pH=5.0+0.1,
T=298+1K,r=48h
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U(VI) accelerated the diffusion of U(VI) ions from solu-
tion to the adsorbent surface [24]. In addition, when more
U(VI) ions was present in the solution, a higher frac-
tion of available active sites took part in the adsorption
process [25]. This could be attributed to the hydration
of the exposed hydrophilic groups on the fiber surface.
Meanwhile, the adsorption approached the saturation
plateau with initial uranyl concentration increasing from
4% 10~ mol/L to 8 x 10~ mol/L, because the surface
active sites were fully covered or the extent of adsorption
reached the limit in saturated adsorption. Therefore, fur-
ther increase of U(VI) ion concentrations did not change
the equilibrium adsorbed amount. Similar phenomenon
was also observed in the uranium sorption by synthesis of
amidoximated polyacrylonitrile fibers and amidoximated
poly(AN/N-vinylimidazole) copolymeric hydrogels [25,
26].

Effect of ionic strength

Ionic strength is an important factor for adsorption. In
most adsorption systems, the increase of ionic strength
will decrease the adsorption capacity, because cations of
electrolyte (Na*) will compete with radionuclides for the
sorption sites on the sorbent surface [27]. On the contrary,
cations of electrolyte (Nat) could increase the zeta potential
value of adsorbents, resulting in increasing the electrostatic
attraction. Therefore, the adsorption will increase with the
increase of ionic strength [28, 29]. However, the adsorption
of U(VI) on the ACPAN fibers had no significant influence
on with NaNO; concentration increasing under the experi-
mental conditions (0—1.0 mol/L), which was shown in Fig. 6.
It may be the addition of Na™ suppressed the electrostatic
attraction between the positively-charged U(VI) species and
deprotonated carboxyl or amidoxime groups of the ACPAN
fibers by electrostatic screening effect [30]. This result has
also reported in previous literature [31]. Therefore, it was
deduced that the effect of NaNO; on U(VI) adsorption was
the synergistic effect of the promotive salting-out effect and
the inhibitive electrostatic screening effect [30]. From this
point of view, the electrostatic forces should be considered
only a minor reason for U(VI) adsorption on ACPAN fib-
ers. The similar result was also reported [32]. Since ionic
strength had no obvious impact on the adsorption capacity
of UO,2* on the ACPAN fibers, suggesting that the sorption
mechanism of U(VI) and ACPAN fibers was inner-sphere
surface complexation under experimental conditions [32].
Therefore, the ACPAN fibers is a promising material of
adsorption especially from high saline aqueous media. This
also indicated that ACPAN fibers could be more suitable for
recovery of U(VI) ions from sea water.
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Effect of the temperature

It is necessary to study the adsorption of the radionuclides
on the material at different temperatures. The adsorption
experiment of U(VI) on ACPAN fibers at 25, 45, and 65 °C
was carried out and the results were shown in Fig. 7a. The
adsorption capacity of uranyl on ACPAN fibers increased
with raising the temperature. A possible explanation is that
elevated temperature increases the activity of functional
groups of adsorbent, and promotes the diffusion of uranyl
ions. [33].

In order to further explain the nature of the adsorp-
tion process and the adsorption mechanism, The data of
adsorption for U(VI) ions on ACPAN fibers was simu-
lated by three adsorption models: Freundlich, Langmuir,
and Dubinin—Radushkevich. The equations of the adsorp-
tion models were represented in SI2 in detail. Meanwhile,
Langmuir, Freundlich and D-R parameters of adsorption
with their standard errors were completed by a commercial
software program (SPSS10.0). Mean weighted square errors
(MWSE) are calculated by Eq. (5):

(qexp ~ YGcal )2

2
nqexp

MWSE = (5)

where g, and g, (mmol/g) is the experimental data and
the calculated value according to corresponding isotherm
model, respectively. n refers to the degrees of freedom
(n=N-2), N is the number of experimental point [34].
The Freundlich isotherm constants K and n were deter-
mined (shown in Table 3). K} increased with elevating

Table 4 Thermodynamic parameters of U(VI) adsorption on ACPAN
fibers

T (K) AG (kJ/mol) AS [J/(K mol)] AH (kJ/mol)
298.15 —21.84

318.15 —24.41 128.01 16.32
338.15 -26.97

temperature, which indicated that the adsorption process
was endothermic. n> 1 reflected a high affinity between
ACPAN fibers and U(VI) ions [8]. The Freundlich isotherm
well fitted experimental data as referred from R” in Table 4.
Gmax Value obtained from Freundlich model was close to that
experimentally obtained. For Langmuir model, g, and K,
calculated by Fig. 7c and showed in Table 3. Langmuir iso-
therm model cannot well fit the experimental data of U(VI)
adsorption on ACPAN fibers from R? values(in Table 3).
For D-R model, g,, values were consistent with g, values
previously determined from Freundich model. The correla-
tion coefficients (R?) of D-R model was better as compared
to Langmuir isotherm model (Fig. 7d, Table 3). E value is
very useful for estimating the type of sorption reaction in
D-R model. If E <8 kJ/mol, the sorption may be affected
by physical forces; when E is 8—16 kJ/mol, chemical ion-
exchange governs the adsorption process; while £> 16 kJ/
mol, the adsorption may be dominated by particle diffusion
[35]. E values obtained by SI [Eq. (9)] were 21.74, 21.33 and
20.82 kJ/mol. Therefore, the adsorption process of U(VI) onto
ACPAN fibers is controlled adsorption processes by diffusion
as reported by Glasstone et al. [36]. The result is consistent
with the previous research of intraparticle diffusion model.

Table 3 Adsorption parameters

: ; Model T (K) 298 318 338
of Langmuir, Freundlich and
i&%ﬁ;ﬁeﬂ? U(VD on Langmuir K; (L/mol) 0.4392 0.4541 0.4398
G (MMOL/g) 0.6114 0.6740 0.7174
MWSE 0.0634 0.0592 0.0249
N 6 6 6
R? 0.8456 0.8734 0.9756
Freundlich n 1.1423 1.4092 2.0531
K (mol' ™ L"/g) 9.3274 8.0114 8.0421
G (MMOL/g) 0.6301 0.6301 0.6301
MWSE 0.0223 0.0235 0.0241
N 6 6 6
R? 0.9848 0.9577 0.9331
D-R S (mol%/kJ?) 1.057x1077 1.098x 1077 1.153x1077
Gmax (MMOL/g) 0.5109 0.6246 0.71
MWSE 0.0228 0.0226 0.0302
N 6 6 6
E (kJ/mol) 21.74 21.33 20.82
R? 0.9853 0.9864 0.9585
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In order to further understanding of the adsorption pro-
cess, the thermodynamic data(AGO, AHC and ASO) calcu-
lated by SI (Egs. (10-11)) and Fig. SI6 were reported in
Table 4. The negative value of AG® confirmed the spontane-
ity of the adsorption process. The value of AG® became more
negative with the increase of temperature, which explained
more efficient adsorption at higher temperature [37]. This
was because U(VI) ions were readily dehydrated at higher
temperatures, which led to adsorption to be more favorable
[27]. Meanwhile, the positive value of AH" suggested that
adsorption of U(VI) ions on ACPAN fibers was endothermic
reaction. This was because the desolvation process requires
more energy than that released in the adsorption process [38,
39]. In addition, it was a strong bond between the adsorb-
ate and adsorbent from the magnitude of AH?, as reported
by Gupta [16]. The result was consistent with the previous
result analyzed by Frendlich model. The values of AS® were
far greater than zero, which showed the entropy to increase
during the adsorption process. Meanwhile, positive values of
AS" suggested there was the strong sorption between U(VI)
sorption and ACPAN fibers by inner-sphere surface com-
plexation [29]. The result was consistent with the previous
results on the influence of ionic strength.

Adsorption selectivity of ACPAN fibers

The adsorption of other metal ions on ACPAN fibers was
also studied and the results were shown in Fig. 8. The
ACPAN fibers exhibited higher adsorption efficiency
and good adsorption selectivity for U(VI) rather than
other elements by distribution coefficient D (L/g) [D=gq,
(mmol/g)/C, (mmol/L)]. Figure 8 illustrated the affin-
ity of ACPAN fibers with the metals was in the order:
UO,** » Ba*t > Zn’* > Sr** > Fe* > Cr’* > Cu?* > Ca?* >

2500
2000 -
—~ 1500 -
:'
o
o
1000 A
N ﬂ ﬂ H
i iy ﬂﬂ 1
uo,” ¢ cu® NI zn® e ca¥ Ba” s Mg”

elements

Fig.8 adsorption of uranium and other metal ions on ACPAN fib-
ers. /=0.1 mol/L, pH=5.0+0.1, C0=4><10’4 mol/L, T=298+1 K,
t=48h

Ni?*>Mg?*. This also showed that uranium formed a more
stable complex with ACPAN fibers.

The above results suggested that metal ions have certain
effect on uranium extraction by ACPAN fibers, but their
effect was not as significant as the solution pH, which indi-
cated that ACPAN fibers had a strong affinity with U(VI)
ions in aqueous solutions and ACPAN fibers had very high
selectivity for the recovery of uranium. The results dem-
onstrated that ACPAN fibers can be used as a promising
adsorbent to selectively extract uranium.

Desorption and reusability studies

Desorption experiments were conducted to study the elut-
ing performance of ACPAN fibers and the possibility of
regeneration. The desorption of UO,>* from the ACPAN
fibers was studied by using 0.1M citric acid, 1M citric acid,
0.5M Na,COj3, IM Na,COs;, 2M Na,CO;. The regents were
chosen based on the literature related to uranyl elution [3,
33, 40], and the results were shown in Fig. 9. It showed that
most of the regents cannot elute uranyl with a considerable
amount, except Na,CO;. Moreover, with Na,CO; concentra-
tion increasing, uranyl eluted increases until the concentra-
tion reached 2M.

The reuse of adsorbent is very important in wastewater
treatment. Desorption cycles are crucial to illustrate the
stability and potential recovery of the adsorbents. Namely,
the adsorbents are further used for adsorption of U(VI) ions
after desorption. The adsorption/desorption cycles were
tested five times in this work and the results were shown in
Fig. 10. A slight and progressive decrease of the adsorption
capacity was observed. The percentage removal of U(VI)

100

7

desoption percent (%)

Fig.9 desorption of U(VI) ions from ACPAN fibers using various
types of eluents
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a

Nls

Peak Position(eV)
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Peak Position(eV)
1 404.68
2 397.88
3

Intensity (a.u.)

408 406 404 402 400 398 396 394
Binding energy (eV)

ion was 88% for ACPAN fibers at 5rd cycle. Desorption by
2M Na,COj; solution easily occurring might be related to the
intensive competition between CO5>~ ions and metal ions
on the active sites. These results indicated that the ACPAN
fibers have the potential of regeneration and reuse.

Adsorption mechanisms

In order to further speculate the U(VI) adsorption mecha-
nism on ACPAN fibers, FTIR and XPS of samples were
studied. Figure 1d displayed FT-IR spectra of uranyl loaded
on ACPAN fibers at pH 5. After U(VI) adsorbed, some new
peaks appeared at 1038, 948, 826 cm™!, and other peaks have
shifted or weakened. The FT-IR peaks of U(VI) adsorbed on
ACPAN fibers were markedly red shifted as compared to the
FT-IR peak for aqueous U(VI) at ~963 cm™!, and peak at
826 cm™! assigned to U=0 symmetry stretching vibration
of U(VI) [21, 41, 42]. The characteristic absorption peak of
ACPAN fibers at 1590 cm™" (in Fig. 1c) which was due to the

b Ols

Peak Position(eV)
1 531.18
2 530.34
529.54

Intensity (a.u.)

534 533 532 531 530 529 528 527
Binding energy (eV)

O1s

Peak Position(eV)
1 531.97

531.18
530.62

Intensity (a.u.)

534 533 532 531 530 529 528 527
Binding energy (eV)

Fig. 11 XPS spectra of ACPAN fibers and uranyl-loaded ACPAN fibers, ACPAN fibers of N1s and Ols of XPS spectra (a, b); uranyl-loaded

ACPAN fibers of N1s and Ols of XPS spectra (c, d)
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Table 5 XPS parameters (N1s and Ols) of ACPAN fibers and loaded U(VI)-ACPAN fibers
Nls -NH, (eV) -NO (eV) New peak (eV)
Before adsorption U(VI) 397.27 397.88
After adsorption U(VI) 397.17 397.88 404.68
Ols —OH (eV) -NO (eV) —CO (eV) New peak (eV)
Before adsorption U(VI) 531.18 530.34 529.54
After adsorption U(VI) 531.18 530.62 529.87 531.97
R, N-O (E=530.34 eV) and C-O (E=529.54 eV), respec-
o tively. After the adsorption of U(VI), the Ols peak cor-
S responding to N-O shifted 0.32 eV, and corresponding to
/’ the C-O also shifted 0.33 eV, meanwhile a new Ols peak
H (E=531.97 eV) appeared. It can be concluded that O on
R / o amidoxime group and the carboxyl oxygen atom of ACPAN
1 N (o) fibers were involved in the complexation of U(VI). XPS
\ H/O\N parameters (N1s and Ols) of ACPAN fibers and loaded
I U U(VI)-ACPAN fibers were shown in Table 5. Probable com-

N Il >y |
O H

R;
Scheme 1 Coordination modes of uranium with ACPAN fibers

bending vibration of -NH,, disappeared and meanwhile gave
rise to a new strong absorption band (in Fig. 1d) at 1038 cm™,
which can be attributed to the complexed uranyl ions with
N-H. Comparing the Fig. 1d to c, the N-O peak of Fig. 1c in
915 cm™! shifted to the low wave number of 902 cm™!, which
also indicated that O atom in N-O were also coordinated with
U(VI). The stretching vibration peak of —OH shifted to the
high wave number and the bending vibration peak shifted
to the low wave number, which indicated that UO,** coor-
dinated with O atom of —OH. Therefore, U(VI) may not
only coordinate with Amidoxime’s = N-OH/=N-O- and
—NH,/~NH- but also with carboxyl group, as can be seen
from N-H, C=N, C-N and —-N-O peaks of peaks shift
(Fig. 1d) and carboxyl peak of intensity became weaker. The
result was consistent with previous reports [14].

This adsorption mechanism was further explained by
XPS spectra of U(VI) sorption on the ACPAN (in Fig. 11).
From Fig. 11, it can be seen that there were two peaks of
N1s in non-adsorbed U(VI) fibers, corresponding to —-NH,
(E=397.27 eV) and —-NOH (E=397.88 eV). After adsorb-
ing U(VI), the N1s peak corresponding to —-NH, shifted to
0.10 eV, and a new Nls peak (E=404.68 eV) appeared,
which can be considered as the result of the complexation
of amino N with U(VI). However, the N1s peak correspond-
ing to —-NOH was not shifted. It was concluded that N in
the -NH, of ACPAN participated in the coordination, while
N in the NOH may not. On the non-adsorbed U(V]) fibers,
Ols has three peaks, corresponding to —-OH (E=531.18 eV),

plexation model of uranium with ACPAN fibers showed in
Scheme 1. The result was in line with that of Wang et al. by
FTIR and DFT calculation [14].

Conclusion

This work showed that ACPAN fibers have a high adsorption
capacity for U(VI) and can be effectively used for the rapid
removal of uranyl ions from aqueous solutions. The adsorp-
tion of uranyl depended on the U(VI) concentration, con-
tact time, pH and temperature. The adsorption of uranyl on
ACPAN fibers was well described by pseudo-second-order
model and the adsorption equilibrium conformed to Freun-
dlich isotherm and D-R model. Adsorption of uranyl ions
on ACPAN fibers occurred as a spontaneous and endother-
mic process. The adsorption/desorption experimental results
displayed that ACPAN fibers had exceptional reusability.
The maximum adsorption capacity was 163 mg/g. In sum-
mary, ACPAN fibers is an effective adsorbent for removal
of uranium(VI) from industrial wastewater.
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