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Carbonaceous nanofibers (CNFs) were synthesized by a hydrothermal carbonization method and characterized by
microstructure characterization methods (SEM, TEM, XPS, FTIR) and potentiometric titration. The effect of the envi-
ronmental facts on the adsorption of Eu(Ill) on CNFs were examined by the batch experiments. The maximum ad-
sorption capacity of Eu(Ill) on CNFs was calculated to be 62.6 mg-g~ " at pH 4.5 and 288 K. The thermodynamic
parameters from Eu(lIl) adsorption isotherms at three temperatures suggested that this adsorption process was
both spontaneous and endothermic. The CNFs/Eu(IIl) interactions were investigated by using diffuse layer modeling.
The combination of a predominated =XOEu(OH) " complex at pH < 3.5 and =XOEu(OH) " and =SOEu(OH), com-
plex at pH > 3.5 was consistent with the experiment data. CNFs can be regarded as a promising environmental func-

tional nanomaterial for the removal of lanthanides from radionuclide contaminated water.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Radioactive pollution in water is a serious environmental problem
all over the world, therefore, the safe treatment of radionuclide contam-
inated water is very important to environmental treatment. Europium
(Eu(III)) is a typical trivalent lanthanide with comparable physicochem-
ical properties and similar environmental migration characters as other
lanthanides [1]. The Eu(Ill) adsorption on alumina [2,3], TiO; [4,5], clay
minerals [6,7], MWCNTs [8-10] and graphene oxide [11,12] have been
widely investigated. However, most adsorbents presented low adsorp-
tion capacities, which significantly impede the Eu(Ill) removal from ra-
dionuclide contaminated water. Many high effective carbonaceous
materials have been proposed as adsorbents to remove radionuclide
Eu(Ill)from contaminated water recently.

Carbonaceous nanofibers (CNFs) produced from glucose hydrother-
mally have drawn extensive attentions recently. Its synthetic material
(glucose) is environmental benign and easy to obtain from the nature
[13]. The membrane made from CNFs are also regarded as suitable ma-
terials to remove organic dyes, metal ions (such as Pb(Il) and Cr(VI)) via
adsorption by electrostatics, complexation, or hydrogen-bonding [14].
The membrane of the CNFs has been used to remove heavy metal ions
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in water transmembrane treatment [15]. Zhang et al. [16] reported
U(VI) adsorbed behavior on CNFs and the interactions between U(VI)
and CNFs. However, few reports on the interactions and mechanism
study between Eu(Ill) with CNFs has been researched. The removal of
Eu(Ill) on the CNFs from contaminated water is necessary to be
investigated.

In this paper, we will (1) fabricate CNFs and carry out their micro-
scopic and macroscopic characterizations; (2) apply the as-prepared
CNFs for Eu(Ill) concentration by considering the influencing factors;
(3) reveal the adsorption mechanism with the aid of complexation
modeling. This novel material provided potential applications to re-
move radionuclide from wastewater pollutants.

2. Experimental section
2.1. Materials

Eu,03 (Purity, 99.99%) was used to prepare Eu(IIl) stock solutions
(300 mg-L~ 1) via being dissolved by concentrated HNOs, evaporated,
and diluted by 0.003 mol-L~! HNOj; solution. The main components
of HA (from Gansu province, China) were C, N, O, S and the percentages
of these components are respectively 60%, 4.21%, 31% and 0.52%. The
other reagents were analytical grade from Sinopharm, China and not
purified before using.
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2.2. Synthesis of CNFs

CNFs were synthesized as the literature reported [16]. Te nanowire
templates were firstly synthesized. Specifically, 1.0 g polyvinylpyrroli-
done (PVP) was added in 35 mL ultrapure water at room temperature,
followed by adding Na,TeOs; (95 mg), N,H4-H,O (1.8 mL) and
NH3-H,0 (3.5 mL). The above mixture was transferred in a Teflon-
lined stainless autoclave, and maintained at 180 °C for 6 h, then cooled
to room temperature. The precipitation of the product was obtained by
adding acetone (30 mL) into a 10 mL above prepared solution. By cen-
trifugation and filtration, the obtained precipitate was dispersed in a
glucose solution (80 mL, 64 g-L~!) in an autoclave. The mixture was
kept on 160 °C for 28 h before cooling to room temperature. By immers-
ing into a mixed solution (Vino3:Vh20:VH202 = 2:3:5), Te templates can
be removed. The desired brown suspension was left, then further
washed by ultrapure water and ethanol.

2.3. Characterization of CNFs

The characterization of CNFs included scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray photo-
electron spectroscopy (XPS), and potentiometric acid-base titration.
The SEM images were taken from FEI-JSM 6320F scanning electron mi-
croscope. The FT-IR spectra were obtained from a Nicolet 8700 FT-IR
spectrometer. The XPS spectra were characterized by the thermo
ESCALAB 250 electron spectrometer. The C 1s peak at 284.4 eV was
used as a reference to correct surface charging effects. The XPSPEAK41
program was used to resolve the C 1s and O 1s spectra. The potentio-
metric acid-base titration was performed by DL50 Automatic Titrator.
Specifically, CNFs (0.05 g) were spiked into a NaClO4 electrolyte
(0.01 mol-L™") at 288 K under argon atmosphere. HCIO,4
(0.01 mol-L™1) was used to adjust the initial pH value to be 3.0, follow-
ed by slow titration with NaOH (0.04959 mol-L™!) to pH 10.0.

2.4. Batch adsorption experiments

Batch technique was used to investigate Eu(Ill) adsorption on CNFs
at 15 + 1 °C under N, protection. A mixed solution of CNFs and
NaClO,4 was pre-equilibrated for 24 h, followed by adding the desired
Eu(IIl) solutions to initiate the adsorption process. Negligible amount
(0-20 pL) of HCIO4 or NaOH solution (0.01 or 0.1 mol/L) were added
to reach the desired pH values from 2.0 to 10.0 for pH effect investiga-
tion. The pH of the adsorption isotherm was adjusted to be 4.5 + 0.1.
After the mixtures were shaken for 24 h, the CNFs were separated
from the liquid phase by centrifugation (15,000 rpm, 20 min).

The concentration of Eu(Ill) in supernatant was determined by a
Packard 3100 TR/AB liquid scintillation analyzer. All of the experimental

data were averages of triplicate analysis results and the relative errors
were within 4 2%. The adsorption percentage (R %) and distribution co-
efficients (Ky) of Eu(Ill) on the CNFs could be expressed as Egs. (1) and
(2).

R% = (Co—C.)/Cy x 100% (1)

Kg=(Co—C) V/Cem (2)

3. Results and discussion
3.1. Characterization

CNF microscopic characterization and potentiometric acid-base ti-
tration were collected in Figs. 1 and 2. The SEM and TEM images (Fig.
1A) showed that the as-prepared CNFs presented as flexible nanofibers
of ca. 100 nm in diameter without the formation of any carbon spheres
[17]. The deconvolution of O 1s and C 1s XPS spectra peaks of CNFs were
shown in Fig. 2A and B. Three oxygen-containing functional groups
were observed from the high resolved O 1s XPS spectrum (Fig. 2B),
i.e., C—0at 533.5eV, 0—H at 532.5 eV, and (=0 at 531.2 eV [18,19],
indicating high oxidation degrees. From Fig. 2A, the high resolved C 1s
spectrum can be divided into peaks of C—C, C—O—H, and C==0 at
284.5, 285.2 and 287.7 eV, respectively [16,20]. FT-IR spectrum (Fig.
2C) further confirmed the existence of different oxygen containing
functional groups, such as the 0—H groups at 3438 cm ™!, C—O groups
at1290 cm~'and 1213 cm™ ', and (=0 groups at 1658 cm™ !, etc [21].
The acid-base titration data of the CNFs was presented in Fig. 2D, based
on the reports [22,23]. It was shown that the point of zero charge
(pHpzc) of CNFs surface was about 3.96 from potentiometric acid-base
titration (Fig. 2D). The surface charge of CNTs is positive at pH < pHpyc,
due to an excess of protons. At pH > pHpyc the surface charge of CNTs
is negative.

3.2. Effect of contact time

The effect of contact time on the Eu(IIl) adsorption efficiency on
CNFs was presented in Fig. 3A. A fast initial adsorption was observed
within the first 5 h, followed with a slow adsorption and reached the
maximum value within 15 h. The fast adsorption within the first 5 h
can be attributed to the rapid diffusion of Eu(Ill) from the solution to
the active site of CNFs surfaces. It can be seen that slower increase in
the adsorption curve at later stages, which may be caused by the longer
diffusion range of Eu(lll) into the pores of CNFs [24]. Chemical adsorp-
tion can be used to explain such fast adsorption of Eu(Ill) on CNFs sur-
faces [25]. The adsorption time will be set as 24 h to ensure the

EHT= 500KY

Fig. 1. Characterization of CNFs: (A) SEM image; (B) TEM image.
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Fig. 2. (A) and (B): High resolved XPS spectra for C 1s and O 1s, respectively. The red and black line show overall spectra and test spectra; (C) FT-IR spectrum; (D) acid-base titration curve.

adsorption equilibrium in the following experiments. Two kinetic
models are adopted to predict the characteristics and mechanisms of
the Eu(Ill) adsorption on CNFs. The pseudo-first and pseudo-second
order kinetic equations are presented as Eqs. (3) [26] and (4) [27], re-
spectively:

In(q,

—q;)=Inq, —kst 3)

t/q=1/ksqe’+t/q. (4)
where g, (mg-g~!) is the amount of Eu(Ill) adsorbed on CNFs at time
t (h); ge (mg-g~— ) is the equilibrium adsorption capacity; ks (h™ 1) is the
pseudo-first rate constant of adsorption, and k, (g-(mg-h)~1) is the
pseudo-second-order rate constant of adsorption.

Table 1 collected the calculated parameters from both kinetic
models, which indicated a preferred pseudo-second-order kinetic ad-
sorption process over the pseudo-first-order kinetic model by compar-
ing the correlation coefficients (R?) of 0.997 and 0.880, respectively.

3.3. Effect of adsorbent concentration

The effect of adsorbent concentration on the Eu(IIl) adsorption on
CNFs is given in Fig. 3C. The adsorption of Eu(Ill) on CNFs increased dra-
matically from 2.4-77.7% with increasing adsorbent concentration from
0.021-0.25 g-L~ . At a fixed initial Eu(lll) concentration, more reactive
sites on CNFs surfaces were available to combine with Eu(lII) ions with
increasing amount of CNFs, resulting in the increased adsorption effi-
ciencies. The distribution coefficient (Ky) as a function of CNFs concen-
tration was also presented in Fig. 3C. Slightly increased K, values were
observed with increasing adsorbent concentration under the experi-
mental conditions. This trend is in consistent with the physicochemical
properties of distribution coefficient, i.e., at very low adsorbent concen-
tration, there is independence between the K, values and the adsorbent
concentration such as the adsorption of U(VI) on Na-attapulgite [28],

the adsorption of U(VI) on iron oxyhydroxides [29]. The difference
may be related with the characters of different adsorbents, the range
of adsorbent concentration and the initial concentration of adsorbate.

3.4. Effect of pH and ionic strength

The effect of pH was carried out in a NaClO,4 solution (0.01 mol-L™1),
as depicted in Fig. 3D. The adsorption increased quickly with the pH
value ranging from 2.0 to 6.0, and the high adsorption percent was
maintained at pH > 6.0. Based on the calculated solubility product con-
stant of Eu(OH)s(s) (Ksp, = 3.4 x 10 22) [30], the precipitation of
Eu(OH);(s) starts at pH = 8.2 and Cg3 . = 6.58 x 10~ mol/L. Howev-
er, most Eu(Ill) ions (>90%) were observed to be adsorbed on CNFs at
pH 6.0, indicating a minor factor of Eu(Ill) precipitation for the high ef-
ficient adsorption of Eu(Ill) on CNFs. The ionic strength effect was also
investigated and carried out in different NaClO4 solutions (0.001, 0.01
and 0.1 M) in Fig. 3D. An independent ionic strength effect was observed
within the whole pH values. Based on the previous report that inner-
sphere surface complexation was not sensitive to ionic strength varia-
tion as compared to outer-sphere surface complexation and cation ex-
change [31], the inner-sphere surface complexation is a dominant
mechanism in the adsorption process. As observed from FTIR and XPS
spectra, the presences of oxygen-containing functional groups on CNFs
surfaces provided enough active sites for the complexation of CNFs sur-
faces with Eu(III), which were further corroborated by the surface com-
plexation modeling studies.

3.5. Surface complexation modeling

The Visual MINTEQL software is used for fitting the adsorption of
Eu(III) on CNFs surface [32-34]. The 2-pK model is selected to simulate
the test data. 2-pK model is used to be one type of adsorbent's surface
sites models, on which site both dissociation and protonation reactions
can happen. =SOH and =XOH were used to represent the strong acidic
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Fig. 3. (A): adsorption kinetics of Eu(IIl) on CNFs surfaces, C, = 10mgL ™', pH = 4.5,] = 0.01 mol'L~ ! NaClO4, m/V = 0.125 gL~ !, T = 288 K,(B): pseudo-second order kinetic model; (C):
Effect of adsorbent content on Eu(lll) adsorption onto CNFs. (D): Effect of pH on Eu(Ill) adsorption onto CNFs in presence of 0.01,0.1 and 1 mol/L NaClO,4 solutions. (E): Distribution of
Eu(lll) species as a function of pH, C, = 10 mgL~", I = 0.01 mol'L~! NaClO,4, and T = 288 K. (F): Effect of pH, C, = 10 mg-L~', m/V = 0.125 g-L~ !, I = 0.01 mol-L~ ! NaClO,, T =
288 K, the solid line and dash lines are model fitting curves and Eu(Ill) surface complexes respectively.

groups (carboxyl group) and the weak ones (hydroxyl group). Based on
the Eu(Ill) distribution chart (Fig. 3E), Eu®> " is the main Eu(Ill) form at
pH < 5.5, and three forms (Eu(OH)? ", Eu(OH)3 and Eu(OH)3) coexist
between 5.5 and 10.0. To simplify the adsorption process, at pH < 10,
Eu?™, Eu(OH)?* and Eu(OH)3 species were used to optimize the ad-
sorption data. The surface complexation reactions between Eu(IIl) and
CNFs are presumed by Egs. (5)-(13):

=SOH + H" —)=SOH;r (5)

Table 1

The calculated parameters of pseudo-first and pseudo-second order kinetic models.
Kinetic models qe (mg-g~ 1) Ke(h™1) Ks(g-(mgh)™") R?
Pseudo-first order 19.1 0.438 - 0.880
Pseudo-second order 47.2 - 0.035 0.997

=SOH->=S0~ + H*

=XOH->=XO~ +H"

=SOH + Eu’* >=SOEw>* + H"

=SOH + Ev*" 4+ H,0>=SOEu(OH)" + 2H"

=SOH + Eu*" + 2H,0>=SOFEu(OH), + 3H"

=XOH + Eu’*>=XOEu’* + H"

=XOH + Eu’* + H,0>=XOEu(OH)" + 2H*

=XOH + Ev’" + 2H,0>=XOEu(OH), + 3H"

The values of logK of Eqgs. (5)-(7) are achieved from the results
fitting the potentiometric titration of CNFs. The log K values of Egs.
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Table 2
Surface complexation reactions of Eu(Ill) adsorption on CNFs.
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Table 3
Parameters for the Langmuir and Freundlich Models of Eu(III) adsorption on CNFs.

Surface complexation reactions Equilibrium adsorption

constants (logK)

=SOH + H* - =SOH?" —3.98
=SOH > =SS0~ + H™ -5.0
=XOH - =X0" + H* —58
=SOH + Eu>* > =SOEu?>" + H*" —54
=SOH + Eu>* + H,0 - =SOEu(OH)™* + 2H™ —0.65
=SOH + Eu** + 2H,0 - =SOEu (OH), + 3H* —48
=XOH + Eu** > = XOEu?* + H* —25
=XOH + Eu*" + H,0 > = XOEu(OH) " + 2H* -18
=XOH + Eu** + 2H,0 - = XOEu (OH), + 3H* —45

(8)-(13) are achieved by best fitting of the adsorption of Eu(Ill) on CNFs
(Table 2). As compared with the experimental data, similar curves can
be obtained over the studied pH ranges (Fig. 3F), indicating the suffi-
ciency of the above adsorption reactions and the reliability of this
model to the experimental adsorption data.

As seen from Fig. 3F, the predominate Eu(IIl) species on CNFs existed
as =XOEu(OH)™* complex at pH < 3.5 and a mixture of =XOEu(OH)™"
and =SOEu(OH), complexes at pH > 3.5, further confirming the domi-
nant inner-sphere surface complexation.

3.6. Effect of humic acid (HA)

HA is a natural organic matter that was applied for the effect of nat-
ural organic matters towards the adsorption of many heavy metals |35,
36]. The HA effect was also considered as a function of pH (Fig. 4A). Fig.
4A showed the effect of no HA and 10 mg-L™ ! HA on the Eu(Ill) adsorp-
tion. The 10 mg-L ™! HA facilitated the adsorption kinetics of Eu(IIl) on
the CNFs below pH 6.0, while decreased kinetics were observed at
pH > 7.0. The electrostatic attraction forces were attributed for the

Langmuir model Freundlich model

T(K)  Quax Ke R? kr n R?
(mg-g~") (L-mg™") (mg' ~™Lg™")

288 62.6 0.657 0968 304 0212 0.880

303 74.4 1.035 0.983 404 0.187  0.820

318 84.5 1.171 0980 458 0.193  0.862

high adsorption kinetics at low pH values. As a macromolecule, HA
can also interact and form complexes with Eu(IIl) ions with lower for-
mation energies and stronger complexation interactions than CNFs.
Thus, the adsorbed HA on CNFs surfaces would also interact with
Eu(Ill), resulting in an increased adsorption kinetics. However, the
adsorbed HA on CNFs surfaces can be dissolved at higher pH values. In
this case, HA and CNFs will competitively complex with Eu(IlI),
resulting in lower adsorption kinetics.

3.7. Adsorption isotherms and thermodynamic parameters

Fig. 4B shows the adsorption batch test results of Eu(III) on CNFs sur-
faces at 288, 303 and 318 K. Higher adsorption capacities are observed
at higher temperatures. Both Langmuir and Freundlich models were ap-
plied to fit the experimental data. While the Langmuir model empha-
sized identical active sites on the surface of the adsorbent and a
monolayer adsorption process [37], the Freundlich model focused on
the heterogeneous solid surface with different binding energies [38].
The corresponding models are presented as Egs. (14) and (15).

Qe = Qumax x K x Ce/(1+ K, Ce) (14)

Q = K¢ C” (15)
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Fig. 4. (A) The effect of HA on Eu(Ill) adsorption onto CNFs, Cyjs = 10mg-L~!, m/V = 0.125g-L™!,I = 0.01 mol-L~! NaClO,, T = 288 K. (B) adsorption isotherms at different temperatures,
m/V=0.125g-L~ ', pH = 4.5,] = 0.01 mol-L~! NaClO,. The solid lines are the Langmuir model, and the dashed lines are the Freundlich model simulation.
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Table 4
Comparison of maximum adsorption capacity of Eu(IIl) adsorption on various adsorbents.

Experimental Adsorption capacity

Adsorbents conditions (mg-g~ 1) Ref.
Bare TiO, pH=45T=298K 1.50 4
Na-montmorillonite pH =5.0,T=298 K 1.02 6
MW(CNTs pH=43,T=298K 7.33x10°° 8
Activated carbon pH=45T=298K 20.06 12
Graphene oxides pH=45T=298K 161.08 12
CNFs pH=45T=288K 62.6 This
study

where Q. (mg-g~!) is the adsorbed Eu(lll), C, (mg-L™ 1) is the equil-
ibrated Eu(Ill) concentration. Kr ((mg/g)-(mg/L)~ /") and K; (L-mg~!)
are the corresponding constants. Qmax (mg-g~ ') is the theoretical satu-
ration capacity. The value of n indicates the degree of adsorption capac-
ity with equilibrium concentration in aqueous solutions. The simulated
data of two models are collected in Table 3, which clearly indicated a
better fitting line by the Langmuir model (R? > 0.96), indicating a dom-
inant monolayer adsorption between Eu(Ill) and the CNFs. The Qp,ax cal-
culated from the Langmuir model at 288, 303 and 318 K are 62.6, 74.4
and 84.5 mg-g~ !, respectively, indicating promoted adsorption capaci-
ties at higher temperatures and an endothermic adsorption process.
Various materials have been used as adsorbents to Eu(IIl), shown in
Table 4. the values of Qmax of commercial titanium dioxide, Na-mont-
morillonite, MWCNTSs, activated carbon, graphene oxide were 1.50,
1.02,7.33 x 1075,20.06 and 161.29 mg-g~ ', respectively. The adsorp-
tion capacity of CNFs is higher than other materials except graphene
oxide (GO). Due to high surface area and many oxygen-containing func-
tional groups, there are high adsorption capacity of GO to heavy metal
ion and radionuclides adsorption [39,40]. Meanwhile, due to the good
hydrophilicity, GO is not easy to be separated from water phase. Howev-
er, CNFs is a promising material in the construction of 2D macroscopic
membranes for water filtration.

Thermodynamic parameters, including AH®, AS®, and AG° can be cal-
culated from the adsorption isotherms at different temperatures with
the aid of the following Eqgs. (16) and (17).

AG°=RTInK4=AH° —TAS® (16)
INK°=AS° /R— AH° /RT 17)

where R (8.314 ] mol~' K™ !) is the universal gas constant and T (K)
is temperature. By plotting InKj versus Ce, the adsorption equilibrium
constant, K’, can be calculated (Fig. 4C and D), while the values of AH®
and AS° can be calculated by plotting InK® vs. 1/T. The related thermody-
namic data are collected in Table 5. Negative AG’ values
(—9.59 kJ-mol~! at 288 K, —10.37 kJ-mol™' at 303 K, and
—11.15 kJ-mol~ ! at 318 K) indicated a spontaneous process, and
higher temperatures were more favorable as decreased values of AG’
were observed with increasing temperatures. Positive value of AH® indi-
cated an endothermic adsorption process, which can be attributed to
the dehydration/recombination phenomenon. While the dehydration
from hydrous Eu(Ill) is an endothermic process, the recombination of
dehydrated Eu(Ill) on CNFs is an exothermic process. In this case, higher
dehydration process exceeded the recombination process, resulted in
an endothermic adsorption. Moreover, a slightly increased degree of
randomness was observed from the calculated positive AS® value

Table 5
Thermodynamic parameters for Eu(Ill) adsorption on CNFs.

AH° AS° AG® (kJ-mol~")
(kJ-mol~ 1) (kJ-mol~'-K~1) T= 288K T=303K T=318K
5.39 0.052 —9.59 —10.37 —11.15

(0.052 kJ-(mol-K)~ ). Overall, the thermodynamic results revealed
that the adsorption of Eu(IIl) on CNFs surfaces is a spontaneous and en-
dothermic process.

4. Conclusions

In this paper, CNFs were successfully fabricated and characterized by
microscopic techniques and potentiometric acid-base titration. The ad-
sorption of Eu(Ill) on CNFs surfaces was influenced by pH values, but in-
dependent of ionic strengths. The interactions between Eu(Ill) and CNFs
were simulated from surface complexation modeling and determined
to form =XOEu(OH)*™ and =SOEu(OH), complexes. This paper
highlighted the potential applications of CNFs to remove radionuclides
from wastewater pollutants.
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