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FeS  can  be  stabilized  by  sodium  car-
boxymethyl  cellulose  and  gelatin.
Gelatin–FeS  show  best performance
in U(VI)  removal.
Adsorption–reduction  immobi-
lization  of  U(VI)  is the major
mechanism.
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a  b  s  t r  a  c  t

Iron  sulfide  (FeS)  nanoparticles  have  been  recognized  as  effective  scavengers  for  multi-valent  metal
ions.  However,  the aggregation  of  FeS  nanoparticles  in  aqueous  solution  greatly  restricts  their  appli-
cation  in  real  work.  Herein,  different  biomaterial-FeS  nanoparticles  were  developed  for  the  in-situ
immobilization  of  uranium(VI)  in radioactive  waste  management.  TEM  images  suggested  that  sodium
carboxymethyl  cellulose  (CMC)  and  gelatin  can  effectively  suppress  the  aggregation  of  FeS nanoparti-
cles  in  aqueous  solutions.  The  resulting  CMC–FeS  and  gelatin–FeS  were  stable  in aqueous  solutions  and
showed  high  adsorption  capacity  for  U(VI).  Specially,  gelatin–FeS  showed  the  best  performance  in U(VI)
adsorption–reduction  immobilization  under  experimental  conditions.  The  maximum  enrichment  capac-

◦

ranium
iomaterial
adioactive wastewater

ity of  U(VI)  on  CMC–FeS  and  gelatin–FeS  at pH  5.0  and  20 C achieved  to  ∼430  and  ∼556  mg/g,  respectively.
Additionally,  gelatin–FeS  and  CMC–FeS  nanoparticles  presented  excellent  tolerance  to  environmental
salinity.  The  immobilized  U(VI)  on the surfaces  of CMC–FeS  and  gelatin–FeS  remained  stable  more  than
one  year.  These  findings  highlight  the possibility  of  using  ggelatin–FeS  for efficient  immobilization  of
U(VI)  from  radioactive  wastewater.

©  2015  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

With the fast development of nuclear technique during the

past decades, large quantities of radioactive wastewater were pro-
duced [1–3]. Uranium, a fundamental and essential material of
nuclear technique, is widely considered as one of the most impor-
tant contaminates in radioactive wastewater [4]. Its release into
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ig. 1. UV–vis spectra of 50 mg/L biomaterials, 5.7 mmol/L Fe(II), 5.7 mmol/L Na2S,
eS,  and 50 mg/L biomaterial-FeS nanoparticles (50 mg/L biomaterials and 50 mg/L 

nvironment can cause serious pollution. The effective enrich-
ent and separation of uranium from radioactive wastewater is an

mportant science issue for the sustainable development of nuclear
nergy. The environmental risk of uranium is dependent on its
edox state: soluble U(VI) species dominate under oxidizing condi-
ions and sparingly soluble U(IV) species dominate under reducing
onditions [1,5–7]. Researchers widely believe that the reductive
mmbolization of U(VI) is as an effective method for comprehensive

anagement of U(VI) contaminants [7,8]. Naturally occurring FeS
inerals and synthetic bulk FeS materials have been widely used

s an effective abiotic reducing agent for uranium management
6,7,9–11].

Because of their larger specific surface area and potentially
ore active reaction sites, nanoscale FeS materials are expected

o present much higher immbolization capacity as compared to
eS minerals or bulk FeS materials. However, due to van der Waals
nteraction [12–14], bare FeS nanoparticles have a strong tendency
o form large aggregates [15]. In order to reduce the aggrega-
ion of FeS nanoparticles, significant advances have focused on the
xploration of stabilizer with effective stabilization capacity for
eS nanoparticles. Using biomaterials as stabilizer have attracted
onsiderable attention because of their specific properties, such as
iodegradability, abundant functional groups and low production
ost. The application of CMC  as pre-agglomeration stabilizer was

roved to be a feasible approach to synthesize FeS nanoparticles
ith highly stable and soildeliverable [12,15]. The present CMC
olecules are believed to complex Fe(II) and thereby disperse Fe(II)

hroughout CMC  network before the formation of FeS nanoparticles
terial-Fe(II) complexes (50 mg/L biomaterials and 5.7 mmol/L Fe(II)), 50 mg/L bare

[16–18]. Moreover, CMC  molecules form a bulky and negatively
charged layer on nanoparticle surfaces [17], which provide strong
steric repulsions and/or interparticle electrostatic repulsions to
limit the growth of FeS nanoparticles. Meanwhile, starch [19,20]
and cyclodextrin (CD) [21] can also effectively stabilize nanoparti-
cles, such as FeS, zero valent iron, Fe3O4, etc. The stabilized particles
displayed excellent stability and reactivity as compared with bare
FeS nanoparticles. However, to our best knowledge, the compre-
hensive investigation of the common biomaterials as stabilizer of
FeS are still fragmented and limited. Herein, CMC, CD, starch, glu-
cose, beef extract, gelatin, peptone, and yeast extract were selected
as the representative of plant and animal derived biomaterials and
used as the stabilizer of FeS nanoparticles. Stabilized FeS nanopar-
ticles were synthesized by chemical coprecipitation technique in
the presence of biomaterials and applied as adsorbent to effectively
immbolize U(VI) from aqueous solutions under a variety of solution
conditions.

The overall goal of this paper was  to explore new biomaterial
with excellent stabilization capacity for FeS nanoparticles, and to
investigate the performance of stabilized and modified FeS in U(VI)
immobilization. The specific objectives are to: (1) prepare vari-
ous biomaterial-FeS nanoparticles and compare the effectiveness
of stabilization capacity of different biomaterials; (2) examine the
effect of operation conditions on the enrichment of U(VI) by sta-

bilized biomaterial-FeS nanoparticles in detail; (3) elucidate the
immbolization mechanism of U(VI) on stabilized biomaterial-FeS
nanoparticles; and (4) examine long-term stability of U(VI) immo-
bilized by stabilized biomaterial-FeS nanoparticles.
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ig. 2. TEM images of FeS without stabilizer (A) and with different biomaterials as 

eef  extract (G), peptone (H) and gelatin (I). The scale bars represent 100 nm.

. Experimental

.1. Materials

Biomaterial-FeS nanoparticles (70 mL)  were synthesized based
n the reaction of Na2S with FeCl2 in the presence of biomateri-
ls [15]. Briefly, under continuous magnetic stirring condition, the
ertain amounts of biomaterial solution (1.0 g/L), Milli-Q water, and
0.0 mL  FeCl2 (0.040 mol/L) solution were added into three-necked
asks to yield the desired concentrations of Fe(II) and stabilizers.
fter purged with high purity argon for 1 h, stoichiometric amounts
f Na2S solution (0.040 mol/L) were added dropwise to produce
eS nanoparticles. The resulted suspensions containing 0.50 g/L FeS
nd desired amount of stabilizers were sealed and aged for 24 h to
nsure the full growth of biomaterial-FeS nanoparticles. For com-
arison, bare FeS nanoparticles were also prepared following the
ame procedure except no stabilizer was used.

.2. Characterization

The physiochemical properties of biomaterial-FeS nanoparticles

ere measured and evaluated by a high-resolution transmission

lectron microscope (HR-TEM), viscosity measurements, UV–vis
pectroscopy, and X-ray photoelectron spectroscopy (XPS) in
etail. The TEM images were performed on a Hitachi HT-7700
izer (500 mg/L), including glucose (B), CD (C), starch (D), CMC  (E), yeast extract (F),

TEM microscope. The viscosity of biomaterial-FeS solution was
measured with a Brookfield viscometer model DV-III. UV–vis
spectrophotometer analysis was  mounted on a Shimadzu 2550
UV–vis spectrophotometer. XPS measurements were performed
with an ESCALab220i-XL surface microanalysis system (VG Scien-
tific) equipped with an Al Ka (h�  = 1486.6 eV) source at a chamber
pressure of 3 × 10−9 mbar. The surface charging effects were cor-
rected with C 1s peak at 284.4 eV as a reference. For XPS analysis,
FeS nanoparticles were collected by centrifugation the suspensions
at 18,000 rpm for 30 min  (BECKMAN COULTER 64R) at 20 ◦C, and
subsequently freeze dried under vacuum.

2.3. Batch experiment

In order to evaluate the effect of different biomaterials on FeS
adsorption capacity, the enrichment of U(VI) from aqueous solution
on biomaterial-FeS were studied at 20 ± 1 ◦C by using batch tech-
nique under nitrogen conditions. The bulk suspensions of adsorbent
and NaCl solution were added into polyethylene test tubes and pre-
equilibrated for 24 h, then U(VI) solution and Milli-Q water was
added to achieve the desired concentrations of different compo-

nents, and the pH of suspensions were adjusted to the desired
values by adding negligible volumes of 0.1 or 0.01 mol/L HCl or
NaOH. It is noteworthy that several hours were enough to achieve
the adsorption equilibration in kinetic experiments. In order to
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Fig. 3. Photographs of CMC  and gelatin concentrations (0–2000 mg/L) effects on the

F
4

 D. Shao et al. / Journal of Ha

chieve the adsorption equilibrium, the suspensions were shaken
or 48 h to achieve the adsorption equilibration. The solid and liquid
hases were separated by centrifugation at 18,000 rpm for 30 min
BECKMAN COULTER 64R) at 20 ◦C. The final concentration (Ce,

g/L) of U(VI) in supernatant was analyzed by arsenazo III spec-
rophotometric method at 650 nm.  The adsorption percents of U(VI)
ere calculated from the difference between the initial concentra-

ion (C0, mg/L) and Ce (mg/L). All of the experimental data were the
verages of triplicate determinations. The relative errors of data
ere <5%.

. Results and discussions

.1. Effects of biomaterial type and concentration on FeS stability

UV–vis spectra in Fig. 1 provide a convenient evidence of the
ormation of biomaterial-FeS nanoparticles. The individual solu-
ions of Fe(II), Na2S, biomaterials, and biomaterial-Fe(II) complexes
ppeared clear and colorless, and no absorbance peak was observed
t wavelength >250 nm.  After the additional of Na2S, the solutions
f Fe(II) and biomaterial-Fe(II) complexes turned black and tur-
id, resulting in strong absorbance profile in the broad wavelength
ange of 200–800 nm.  Due to a change in the local refractive index
round the particles caused by the bound biomaterials surrounding
he nanoparticles, the shifts in absorbance peaks of biomaterial-FeS
uspensions were observed as compared to naked FeS suspensions
22]. The UV–vis spectra of biomaterial-FeS suspensions in sealed
uartz micro-plates were monitored for 24 h. No notable change

n the UV–vis spectra of CMC–FeS and gelatin–FeS was detected,
ndicating the excellent physically and chemically stabilization of
MC–FeS and gelatin–FeS nanoparticles in aqueous solutions [23].

Fig. 2 shows the TEM images of FeS nanoparticles (0.5 g/L)
ithout stabilizer (A) and with different biomaterials as stabi-

izer (0.5 g/L), including glucose (B), CD (C), starch (D), CMC  (E),
east extract (F), beef extract (G), peptone (H) and gelatin (I). All
eS nanoparticles were sonicated for 10 min  before TEM imag-
ng. Due to van der Waals interactions [12], bare FeS nanoparticles
ggregated into large agglomerates and appeared like a large flocs.
vidently, the present of CMC  and gelatin in aqueous solution can
ffectively suppress the growth and aggregation of FeS nanopar-
icles in aqueous solutions under experimental conditions. And

he CMC–FeS and gelatin–FeS nanoparticles appeared clearly dis-
rete. A lot of researchers [12,15,23] reported similar results, which
howed that the co-existing CMC  can prevent the agglomeration of
eS nanoparticles. The previous Fourier transform infrared spec-

ig. 4. U(VI) uptake by biomaterial-FeS nanoparticles prepared at various biomaterial c
8  h, C[U(VI)](initial) = 50.0 mg/L, C[FeS] = 100.0 mg/L, pH 5.0 ± 0.1, C[NaCl] = 0.10 mol/L.
dispersion and stabilization of FeS particles. FeS particles were prepared in aqueous
solutions at FeS = 500 mg/L in both cases, and were stood for 24 h.

troscopy study of CMC-stabilized FeS nanoparticles [15] suggested
that negatively charged CMC  stabilized the FeS nanoparticles by
the concurrence of electrostatic repulsion and steric hindrance, and
the attachment of CMC  molecules to the FeS nanoparticles through
carboxylate and hydroxyl groups in forms of bidentate bridg-
ing facilitated the stabilization of the FeS nanoparticles. Similarly,
the FeS nanoparticles attached to the gelatin chain via electro-
static interaction and the special interaction between hydroxyl
( OH) groups of FeS and amino ( NH2) and carboxyl ( COOH)
groups of gelatin, and electrostatic repulsion and polymeric chain
of gelatin protected the FeS nanoparticles from aggregation [24].
In our case, other studied biomaterials as stabilizer did not present
superior stabilization capacity. Additionally, the viscosities were
measured to be 1.04, 1.07, 1.07, 1.13, 1.42, 1.15, 1.13, 1.11, and
1.45 mPa  s for bare FeS, glucose–FeS, CD–FeS, starch–FeS, CMC–FeS,
yeast extract–FeS, beef extract–FeS, peptone–FeS, and gelatin–FeS,
respectively. Based on the report of Sakulchaicharoen et al. [16], the
increased suspension viscosity also contributed to the enhanced
nanoparticle stability by slowing down the Brownian motion that
leads to the agglomeration.

Fig. 3 straightly demonstrates the effects of CMC  and gelatin
concentrations on the dispersion of FeS nanoparticles in aqueous
solutions. After standing for 24 h, bare FeS nanoparticles precipi-
tated at the bottom of bottle by gravity, while the precipitation of
FeS nanoparticles decreased with increasing CMC  and gelatin con-

centrations. The fully stabilized FeS nanoparticles can be achieved
when CMC  and gelatin concentrations attained to 0.1 and 0.05 g/L
(i.e. the weight ratios were 0.2 for CMC-to-FeS and 0.01 for gelatin-
to-FeS), respectively. Thus, 0.1 and 0.05 g/L were regarded as the

oncentrations derived from plants (A) and animals (B). T = 20 ± 1 ◦C, contact time:
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F latin–FeS nanoparticles. (B) The enrichment performance of naked FeS, CMC–FeS, and
g  0.1, C[NaCl] = 0.10 mol/L. (A) C[U(VI)](initial) = 50.0 mg/L. (B) Contact time: 48 h.
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Table 1
Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models.

Pseudo–first–order model Pseudo–second–order model

qe (mg/g) k1 (1/h) R2 qe (mg/g) k2 (mg/g h) R2

FeS 266 0.706 0.967 269 4860 0.999
CMC–FeS 338 0.744 0.991 340 4800 0.999
ig. 5. (A) Effect of contact time on U(VI) uptake by naked FeS, CMC–FeS, and ge
elatin–FeS nanoparticles in U(VI) uptake. T = 20 ± 1 ◦C, C[FeS] = 100.0 mg/L, pH 5.0 ±

inimum concentrations of CMC  and gelatin that needed to fully
tabilize FeS nanoparticles, respectively. In our case, the stabilizing
bility of gelatin was higher than that of CMC, which indicated that
he amino ( NH2) groups in gelatin may  play an important role in
tabilizing FeS nanoparticles. This needed to be further elucidated
n future. Almeida et al. [25] and Gaihre et al. [26] also found that
he chemisorbed polymeric chain of gelatin on NiMn2O4 and Fe3O4
anoparticles can protect the nanoparticles from aggregation. It

s worth noting that Gong et al. [15] reported that after standing
or 24 h, ∼97% bare FeS nanoparticles were precipitated by grav-
ty, while all CMC–FeS nanoparticles were remained in supernatant

hen CMC  concentration is 0.3 g/L or higher. The potential reasons
or different results between Gong et al. [15] and our work are the
reparation method and the properties of used CMC  and FeS.

.2. Effect of biomaterial type and concentration on U(VI)
mmobilization capability

Fig. 4 shows effect of biomaterial type and concentration on
he enrichment capability of biomaterial-FeS nanoparticles for
(VI). Evidently, U(VI) adsorption on biomaterial-FeS nanoparticles

ncreased with increasing biomaterial concentrations to ∼0.5 g/L,
nd then slightly decreased with further increasing biomaterial
oncentrations. The related biomaterial-to-FeS weight ratios were
etermined to be ∼1.0:1, which was used in the subsequent tests.
ong et al. [15] also reported similar changing trends, and the opti-
um adsorption capacity of CMC–FeS for Hg(II) was achieved at

MC-to-FeS weight ratio of ∼1.0:1. Increasing biomaterial concen-
ration not only can reduce the average size of FeS aggregation,
hich would improve the specific surface area and sorption sites of

eS, but also can provide more functional groups from biomaterial
or binding contaminants, and consequently facilitate contaminant
emoval. However, with further increasing biomaterial concen-
ration, the excessive amount of biomaterials surrounding FeS
urface can inhibit the accessing of contaminants to the surface
f FeS nanoparticles. In our case, gelatin–FeS nanoparticles present
ighest enrichment capability for U(VI) under same experimen-
al conditions, followed by CMC–FeS nanoparticles. It indicated
hat besides CMC, gelatin can also be used as an effective stabi-
izer for FeS nanoparticles. Furthermore, gelatin–FeS nanoparticles
howed better performance in enrichment capability for U(VI).
ince the abundant NH2 and COOH groups in gelatin, an impor-

ant natural macromolecule derived from animal proteins, [27] can
ffectively improve the adsorption capacity of nano-materials for
etal ions, [28] drags, [29] and organic contaminants [30]. It is clear

hat FeS nanoparticle stabilization technique not only reduces its
Gelatin–FeS 428 0.831 0.886 431 3130 0.999

aggregation in aqueous solutions, but also increases its enrichment
capacity. In the following part, we chose CMC–FeS and gelatin–FeS
nanoparticles as examples for studying the immobilization of U(VI)
on biomaterial-FeS nanoparticles in detail.

3.3. Adsorption kinetics, isotherms, and mechanisms of U(VI) on
CMC–FeS and gelatin–FeS

3.3.1. Adsorption kinetics
Equilibrium time is one of the important operational parameters

for an economical wastewater treatment plant. The effects of con-
tact time on U(VI) adsorption onto FeS, CMC–FeS, and gelatin–FeS
nanoparticles are shown in Fig. 5A. The adsorption of U(VI) on FeS,
CMC–FeS and gelatin–FeS were rapid in the initial 1 h of contact
time, and then maintained level with further increasing contact
time. And ∼6 h were enough to achieve the adsorption equilibrium.
Gong et al. [15] also reported that the immobilization of Hg(II) by
CMC–FeS achieved the equilibrium at ∼6.7 h. The initial fast adsorp-
tion of U(VI) on FeS might be due to its nanoscale particle size,
since fine particles are favorable for the diffusion of U(VI) from
bulk solution onto the active sites of the adsorbents [31]. Addi-
tionally, the abundant functional groups like COOH groups from
CMC  and NH2 and COOH groups from gelatin attributed to the
quick adsorption of U(VI) on CMC–FeS and gelatin–FeS.

To investigate the mechanism of adsorption kinetics, the
pseudo-first-order kinetic model (ln(qe − qt) = lnqe–k1 t, where k1
is the rate constant of pseudo-first-order model, qe and qt are
the amount of U(VI) adsorbed onto adsorbents at equilibrium and
at any time t (h), respectively) and pseudo-second-order kinetic
model (t/qt = 1/(2k2 × qe2) + t/qe, where k2 is the pseudo-second-
order rate constant of adsorption) have been used to model the
kinetic adsorption. According to the correlation coefficient (R2)
in Table 1, the experimental data can be described very well by

the pseudo-second-order model than by pseudo-first-order model,
implying chemical adsorption as the rate-limiting step of the
immobilization mechanism.
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Fig. 6. XPS U 4f (A), Fe 2p (B) and S 2p (C) spectra of bare FeS, CMC–FeS and
C[U(VI)](initial) = 50.0 mg/L, C[FeS] = 100.0 mg/L, pH 5.0 ± 0.1, C[NaCl] = 0.10 mol/L.

Table 2
Parameters of Langmuir and Freundlich models.

Langmuir model Freundlich model

qsmax (mg/g) b (L/mg) R2 K (mg/g) 1/n R2

FeS 314.1 0.264 0.993 119.2 0.235 0.926
CMC–FeS 430.3 0.253 0.999 153.8 0.250 0.911
Gelatin–FeS 555.9 0.532 0.995 246.2 0.213 0.892
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ing U3O8/U4O9/UO2 on FeS surfaces [6]. The abundant NH2
and COOH groups in gelatin provided rich active sites not only
.3.2. Adsorption isotherms
The enrichment capabilities of CMC–FeS and gelatin–FeS

anoparticles are critical for its potential application. As shown in
ig. 5B, the adsorption isotherm of U(VI) on gelatin–FeS was high-
st, followed by that of U(VI) on CMC–FeS nanoparticles, which
as much higher than that on bare FeS. The NH2 and COOH

roups from gelatin can act as efficient anchor for U(VI), which
ay  attribute to the highest adsorption capacity of gelatin–FeS for
(VI) [32]. The experimental data were fitted with the common
sed Langmuir model (qs = b × qsmax × Ce/(1 + b × Ce), qsmax is the
aximum enrichment capacity, b is Langmuir constant) and Fre-

ndlich model (qs = K × Ce
1/n, K and 1/n  are the constants indicative

f enrichment capacity and enrichment intensity), respectively.
ccording to the correlation coefficients (R2) in Table 2, the experi-
ental data could be better described by the Langmuir model than

y the Freundlich model. The applicability of the Langmuir model
ndicated that FeS, CMC–FeS and gelatin–FeS nanoparticles sur-
aces are uniform and homogeneous for U(VI) removal. Based on
he Langmuir model, the maximum enrichment capacity (qsmax)
f U(VI) on FeS, CMC–FeS, and gelatin–FeS at pH 5.0 were calcu-
ated to be ∼314, ∼430, and ∼556 mg/g, respectively, which were
omparable to today’s nano-materials under similar experimental
onditions. This observation highlighted the potential application

f gelatin–FeS and CMC–FeS as adsorbents for the uptake of U(VI)
rom aqueous solutions in radioactive pollution cleanup.
 gelatin–FeS samples after U(VI) adsorption. T = 20 ± 1 ◦C, contact time: 48 h,

3.3.3. Proposed mechanisms
In order to get a better understanding the effect of stabilizer

on U(VI) enrichment on FeS nanoparticles, the bare FeS, CMC–FeS
and gelatin–FeS samples after U(VI) adsorption were character-
ized by XPS technique. The XPS U 4f of U-laden FeS (Fig. 6A) was
sound determined and can be quantitatively deconvoluted into
U(IV) (centered at 380.7 ± 0.1 eV and 391.7 ± 0.1 eV) and U(VI) (cen-
tered at 381.9 ± 0.1 and 392.8 ± 0.1 eV) [6,9,32,33]. The ratios of
U(IV):U(VI) were determined from the U 4f peaks at 380.7 ± 0.1 eV
and 381.9 ± 0.1 eV (Table 3). It is noteworthy that the ratios of
U(IV):U(VI) for U-laden bare FeS, CMC–FeS and gelatin–FeS sam-
ples were 0.54, 0.81 and 1.07, respectively. The results indicated
that U(VI) was  partly reduced to U(IV) followed the adsorption pro-
cess, and the immobilized uranium on FeS nanoparticles existed as
U(IV)/U(VI) mixture species. Meanwhile, the XPS Fe 2p of U-laden
FeS (Fig. 6B) can be quantitatively deconvoluted into FeS (centered
at 707.8 ± 0.1 eV and 710.4 ± 0.1 eV), Fe(III)-S/Fe(II)-S (centered at
710.8 ± 0.1 eV), and Fe(III)-O (centered at 713.1 ± 0.1 eV) (Table 4)
[6,9]. It is noteworthy that FeS is the important species on the
surface of U-laden gelatin–FeS, and is the negative species on the
surfaces of U-laden bare FeS and CMC–FeS, which is further con-
firmed by XPS S 2p spectra. Only the XPS S 2p of U-laden gelatin–FeS
(Fig. 6C) can be detected and can be deconvoluted into FeS (centered
at 161.48 eV) and polysulfide (centered at 162.62 eV), and SO4

2−

(centered at 164.40 eV) [6,9].
The adsorption–reduction immobilization of U(VI) was  reported

as the major reaction mechanism for the enrichment of U(VI) by
reductive materials, such as sulfate reducing biofilms [4], iron
sulfide materials [9], and zero valent iron [34]. In the anoxic
environment, immobilization process of U(VI) by FeS consisted
of two  stages: (1) adsorption of U(VI) by FeS, together with the
release of Fe(II); (2) reduction of U(VI) by S2− and Fe(II), form-
for anchoring U(VI) and binding S2− and Fe(II), which were the
reductant for adsorption–reduction immobilization of U(VI), but
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Table  3
Curve-fitting results of XPS U 4f spectra.

Peak BEa (eV) FWHMb (eV) Relative fraction (%) R(U(IV)/U(VI))

FeS U(IV) 380.78 1.54 35.2 0.54
U(VI) 381.94 2.43 64.8

CMC–FeS U(IV) 380.60 1.54 44.9 0.81
U(VI) 381.94 1.87 55.1

Gelatin–FeS U(IV) 380.80 1.19 51.6 1.07
U(VI) 381.80 1.31 48.4

a Binding energy.
b Full width at half-maximum.

Table 4
Curve-fitting results of XPS Fe 2f spectra.

Peak BE (eV) FWHM (eV) Relative fraction (%)

FeS Fe(II) 707.70 3.86 1.41
Fe(II) 710.50 3.22 0.00
Fe(III)-S/Fe(II)-S 710.90 2.58 75.4
Fe(III)-O 713.10 2.24 23.2

CMC–FeS Fe(II)  707.82 3.60 0.00
Fe(II) 710.30 0.74 1.75
Fe(III)-S/Fe(II)-S 710.78 2.60 68.9
Fe(III)-O 713.10 2.61 29.3

Gelatin–FeS Fe(II)  707.75 0.17 0.37
Fe(II)  710.30 2.11 40.1
Fe(III)-S/Fe(II)-S 710.90 3.79 51.9
Fe(III)-O 713.00 2.25 7.65

F e com
U , pH 5.

a
t
g

3
g

o

ig. 7. Effects of salinity (A, B) on U(VI) uptake by CMC–FeS and gelatin–FeS, and th
(VI)  and heavy metal ions (C). T = 20 ± 1 ◦C, contact time: 48 h, C[FeS] = 100.0 mg/L

lso for binding FeS nanoparticles, which can inhibit U(IV) reoxida-
ion by oxygen [10]. Thereby, the ratio of U(IV):U(VI) for U-laden
elatin–FeS samples was highest.

.4. Effect of salinity on immobilization capacity of CMC–FeS and

elatin–FeS for U(VI)

Due to the competitive effect of coexisting ions and a wide range
f salinity in aqueous solutions, salinity is an important environ-
parison of the enrichment performance of CMC–FeS and gelatin–FeS for 50.0 mg/L
0 ± 0.1. (A and B) C[U(VI)](initial) = 50.0 mg/L. (C) C[NaCl] = 0.10 mol/L.

mental factor that affects the uptake and separation of U(VI) from
aqueous solution. We selected the concentration of NaCl in range
of 0.001–0.5 mol/L to investigate the effect of cation concentration
on U(VI), which is about 4–2380 times higher than that of U(VI) in
this paper. As depicted in Fig. 7A, no notable effect of ionic strength

on U(VI) uptake by CMC–FeS and gelatin–FeS was  observed at the
NaCl concentration of ≥0.1 mol/L, indicating that CMC–FeS and
gelatin–FeS nanoparticles presented excellent tolerance to salinity.
Moreover, 0.1 mol/L NaCl, KCl, CaCl2, and MgCl2 were also selected
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F n Fe c
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e
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c
c
s
i
∼

ig. 8. Effects of aging time on U(VI) uptake by CMC–FeS and gelatin–FeS (A) and o
esorption of U(VI) by eluting 10 mg  U-laden gelatin–FeS and CMC–FeS with 0.1
.0  ± 0.1, C[NaCl] = 0.10 mol/L.

o study the effect of different cations on U(VI) adsorption because
a(I), K(I), Ca(II) and Mg(II) are widely exist in aqueous solutions

35,36]. As can be seen from Fig. 7B, ∼61% and ∼78% of U(VI) was
xtracted by CMC–FeS and gelatin–FeS in the presence of 0.1 mol/L
g(II), respectively. The reduced adsorption efficiency Ca(II) and
g(II) can be due to the ternary complexes formed by U(VI), CO3

2−,
nd Ca(II)/Mg(II) [35,36]. Furthermore, CMC–FeS and gelatin–FeS
lso present excellent selectivity for U(VI) against other coexisting
eavy metal ions (such as Pb(II), Cu(II), and Ni(II)) from aqueous
olutions under the experimental conditions (Fig. 7C). Thereby,
MC–FeS and gelatin–FeS nanoparticles can be used as promising
aterials to uptake trace U(VI) from large volume of real aqueous

olutions.

.5. Long-term stability of U(VI) immobilized by CMC–FeS and
elatin–FeS

For engineered remediation applications, the long term sta-
ility of immobilized U(VI) is critical for the real application of
MC–FeS and gelatin–FeS as candidate materials for the uptake of
(IV) from aqueous solutions. It is widely believed that besides

urface adsorption, partial reduction of U(VI)–U(IV) and/or the
recipitation of U(IV)/U(VI) are important mechanisms of U(VI)

mmobilization on FeS surface [7,9]. The long-term effective immo-
ilization of U(VI) is fairly depends on the stability of U(IV)/U(VI)
aterials [1]. However, partial reoxidation of U(IV) can be occurred

ven under sustained reducing conditions [37]. Fig. 8A depicts the
ffects of aging time on U(VI) adsorption. After 400 d of aging at
oom temperature, U(VI) adsorption percent was slightly decreased
y ∼2–3%, e.g. from ∼67% to ∼65% and from ∼85% to ∼82% on
he surface of CMC–FeS and gelatin–FeS, respectively. The slightly
ecreased U(VI) adsorption can be due to the reoxidation of U(IV) by
xidants such as dissolved oxygen even under sustained reducing
onditions [1,10,37,38]. The enrichment of U(VI) by FeS nanoparti-

les was accompanied by the release of ferric ions into aqueous
olutions [6]. Our observation (Fig. 8B) supports this. As shown
n Fig. 8B, the total Fe concentrations were sound increased by
5 × 10−6 mol/L after aging for 400 days.
oncentrations released from U-laden gelatin–FeS and CMC–FeS (B), and the kinetic
 Na2CO3 (C). (A, B) T = 20 ± 1 ◦C, C[U(VI)](initial) = 50.0 mg/L, C[FeS] = 100.0 mg/L, pH

3.6. Desorption and recovery of uranium ions

The kinetic desorption and recovery of U(VI) was also measured
by eluting 10 mg  U-laden gelatin–FeS and CMC–FeS with 0.1 mol/L
Na2CO3, which can form complexes with U(VI). The desorption effi-
ciency vs the volume of Na2CO3 is shown in Fig. 8C, which clearly
illustrates that 0.1 mol/L Na2CO3 was  enough for the quantitative
desorption of uranium ions from the surfaces of gelatin–FeS and
CMC–FeS in for potential applications.

4. Conclusions

In summary, gelatin not only can effectively prevent agglomera-
tion of FeS nanoparticles, but also can provide abundant functional
groups, and thereby facilitate preparation of highly stable and soil
deliverable FeS nanoparticles with highest immobilization capac-
ity for U(VI). This paper highlighted the applicability of gelatin–FeS
in aqueous solutions in radioactive uranium contaminant cleanup.
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