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Three-dimensional hierarchical flower-like graphene oxide—hydroxyapatite (GO-HAp) nanocomposites
were synthesized by a simple biomimetic method in a modified simulated body fluid (mSBF). The obtained
GO-HAp nanocomposites were characterized by field-emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transformed infrared (FTIR) spec-
troscopy, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and N, adsorption—desorption
analysis. The formation mechanism was proposed and the prepared GO-HAp was applied as an adsor-
bent to remove strontium from large volumes of aqueous solutions. A maximum adsorption capacity of
702.18 mg g~ was achieved on GO-HAp, almost two fold higher than that of bare HAp and nine fold
higher than that of GO. The effects of pH, adsorbent content, contact time and Sr** initial concentrations
on Sr?* removal from solution by GO-HAp were systematically investigated, and the results indicated that
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the removal of Sr2* by GO—HAp was weakly dependent on solution pH. The results herein reveal that the
GO-HAp nanocomposites had exceptional potential as a suitable material for preconcentration and soli-
dification of radiostrontium from large volumes of aqueous solutions in nuclear waste management and

www.rsc.org/dalton radiostrontium pollution cleanup.

most important releases of artificial radioactivity to the
environment.' Recently, high levels of radiostrontium (90-Sr**)

1. Introduction

The removal of long-lived radionuclides from aqueous solu-
tions has become a serious environmental problem all around
the world. Leaking of radionuclides such as 90-Sr**, 137-Cs",
UO,>", and 129-1" has aroused serious public concern because
these fission products could make their way into the food
chain when they are present in freshwater systems. Such radio-
nuclides in contaminated water with high mobility will move
into soils and finally end up in plant materials, ultimately
becoming a part of animals and human beings. As a result of
the earthquake and tsunami in the east coast of Japan on 11
March 2011, water as high as 15 m inundated the Fukushima
Dai-ichi Nuclear Power Plant (NPP) that resulted in one of the
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have been found in groundwater at the devastated Fukushima
nuclear power plant in Japan.” The radioisotope 90-Sr is one of
the most critical radionuclides which can cause detrimental
effects to animals and human beings because 90-Sr>* can sub-
stitute for calcium in bones, leading to an increased risk of
leukemia and other diseases.® Consequently, attenuation of
strontium migration has been an actively pursued goal in
water treatment. With the growing concern and better aware-
ness of such environmental problems, a variety of technologies
and materials have been investigated as means of attenuating
strontium concentrations, such as adsorption, adsorption/ion-
exchange, and biochemical reductive precipitation. The
adsorption decontamination technique is regarded as the
most promising process owing to it being inexpensive,
effective, swift and environmentally friendly. Compared with
traditional materials, nanomaterials possess faster rates and
much higher efficiencies for contaminated water treatment
due to their high surface areas, enhanced active sites, and
abundant functional groups on the surfaces. Various advanced
materials have been extensively adopted for the uptake of
90-Sr** ions from nuclear wastewater, such as graphene-
based nanomaterials,”” clay minerals,® zeolites,” titanate
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nanotubes,® and layered sulfide frameworks.” Despite the fact
that some outstanding results have been achieved, however,
the inconvenience and complicated procedures in the prepa-
ration of nanomaterials have obviously restricted their practi-
cal applications. Thus, to design and to fabricate highly
efficient nanoadsorbents in a low cost, simple and environ-
mentally friendly way is a significant challenge for environ-
mental pollution cleanup in real applications.

During the last decade, in situ growth of nanocomposites,
an important bottom-up process, has been intensively develo-
ped as an effective and controllable strategy for the preparation
of nanocomposites. Recently, Ariga et al.'® reviewed the recent
research of self-assembly, and concluded that self-assembly
offered great possibilities for fabricating tailored multifunc-
tional nanocomposites, attracting considerable attention for
biomedicine,'! energy science,'> materials chemistry,"* and
environmental-related applications."*"> For example, in our
previous study,'® water-swellable LDHs-GO nanocomposites
were in situ synthesized and used as adsorbents to effectively
remove arsenic. Gong et al.'* fabricated anisotropic layered
double hydroxide nanocrystals@carbon nanospheres for
efficient removal of heavy metal ions. Liu et al.'” reported a
novel process for the self-assembly of Fe;0, nanoparticles onto
titanate nanotubes, nanofibers, and nanosheets for water treat-
ment. Herein we employed a biomimetic synthetic method to
develop a simple and controllable self-assembly process to
anchor hydroxyapatite (HAp) on the functional groups of gra-
phene oxide (GO) nanosheets for the preparation of GO-HAp
nanocomposites, in which strong interactions between the
HAp tiny flakes and the GO nanosheets existed. The as-pre-
pared HAp and GO-HAp nanocomposites were evaluated for
the removal of Sr** from simulated wastewater. Graphene and
graphene-based materials have been well-studied and demon-
strated to be non-toxic and biodegradable, which make them a
suitable adsorbent for environmental pollution management.
The surface of GO is functionalized with many polar moieties
such as carboxyl, epoxy and hydroxyl groups, which are essen-
tial for the capture of radionuclides. In general, hydroxyapatite
(Cayo(PO4)s(OH),, HAp) represents the main mineral com-
ponent of biological hard tissues such as human bones and
teeth. HAp has served as an inorganic exchanger in the reme-
diation of soil and water from industrial and nuclear wastes
due to its ability to retain a variety of ionic species, especially
actinides and heavy metals.'® To the best of our knowledge, no
report is available on the elimination of Sr** by utilizing self-
assembled GO-HAp nanostructures by a biomimetic synthetic
route. Furthermore, the high potential of GO-HAp has been
demonstrated by its excellent performance as a Sr** scavenger
from contaminated water.

2. Experimental section
2.1 Chemicals

Graphite (99.999%, 325 mesh) was obtained from Alfa Aesar
(Ward Hill, MA). 98% H,SO,, KMnO,, 30% H,0,, Sr(NO,),,

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

NaCl, NaHCO;, Na,SO,, NaOH, CaCl,, KCl, K,HPO,-3H,O,
MgCl,-6H,0 and HNO; were purchased from Sinopharm
Chemical Reagent Company (China). The chemicals were
obtained commercially and used directly without any further
purification. Deionized water was used throughout the exper-
iments. A stock solution of Sr*" with a concentration of 1.0 g
L' was prepared by dissolving strontium nitrate (Sr(NO;),)
into deionized water.

2.2 Synthesis of GO-HAp hybrid nanomaterials

Graphene oxide (GO) was synthesized via a modified
Hummers method. Briefly, 0.3 g of GO powder was dispersed
in 100 mL of water under ultrasonication for 1 hour, and the
remaining unexfoliated GO was removed by centrifugation at
3000 rpm for 10 minutes. For the synthesis of GO-HAp, the
above exfoliated GO (~0.282 g) was immersed in 1.5 x simu-
lated body fluid (SBF) solution for 7 days of incubation. In
order to ensure adequate ion concentrations for mineral
growth, the mSBF solution was replaced daily. The 1.5 x simu-
lated body fluid (1.5 x SBF) aqueous solution that had an ionic
concentration 1.5 times higher than that of an SBF solution
with an ion concentration close to human blood plasma, was
prepared by dissolving 205.2 mM of NaCl, 6.3 mM of NaHCOj3,
0.75 mM of Na,SO,, 4.5 mM of KCl, 2.3 mM of MgCl,, 3.8 mM
of CaCl,, and 1.5 mM of K,HPO, in water, followed by
buffering to pH 6.8 with Tris(hydroxymethyl) aminomethane
((CH,OH);CNH,, Tris) at 37 °C in an incubator. After appropri-
ate reaction time intervals, the precipitates were removed from
the fluid, washed with deionized water three times and then
dried at room temperature. For comparison, bare HAp was
also synthesized by the aforementioned procedure without any
GO addition.

2.3 The as-prepared GO-HAp for Sr** removal

The as-prepared HAp and GO-HAp stock suspension (3.0 g
L") were prepared by dissolution of HAp and GO-HAp into
deionized water. The pH values of the suspensions were
adjusted by adding small amounts of 0.01 or 0.1 M NaOH or
HNO; solutions.

Batch adsorption experiments of Sr** onto HAp and GO-
HAp were carried out in a polyethylene centrifuge tube at 7' =
25 + 2 °C in the presence of 0.01 M NaNOj. To evaluate the
Sr** adsorption capacities, the stock solutions of HAp and GO-
HAp, simulated wastewater with different Sr** concentrations
ranging from 10 mg L™ to 300 mg L™, and NaNO; were added
to polyethylene tubes. For the kinetic studies, the dosages of
the GO-HAp nanocomposites were maintained at 0.5 g L™" at
different Sr** concentrations (20, 60 and 100 mg L™'). The
solution mixtures were ultrasonicated at room temperature for
5 min and transferred to a rotary shaker for adsorption exper-
iments. After appropriate time intervals, the solid phase was
separated from the solution by centrifugation at 10 000 rpm
for 10 min. The concentration of Sr*" in the supernatant was
determined by inductively coupled plasma (ICP) spectroscopy.
The kinetic adsorption results indicated that the adsorption of
Sr** on GO-HAp reached equilibration in several hours. To

Dalton Trans., 2014, 43, 7464-7472 | 7465


http://dx.doi.org/10.1039/c3dt53591f

Published on 27 January 2014. Downloaded by Hefel Institutes of Physical Science, Chinese Academy of Sciences on 16/10/2015 02:35:25.

Paper

investigate the effect of pH and GO-HAp content on Sr**
adsorption, the Sr** solution was added to a 10 mL polyethyl-
ene centrifuge tube with different pH (2-11) and GO-HAp
dosage (0.125-1.5 g L™"). All experiments were carried out in
triplicate.

2.4 Characterization

The morphologies and sizes of the as-synthesized HAp and
GO-HAp were characterized by using field emission scanning
electron microscopy (FE-SEM) (JEOL JSM-6330F) with a beam
energy of 15.0 kV. Transmission electron microscopy (TEM)
and high-resolution TEM (HR-TEM) (JEOL-2010) were applied
to study the microstructures via dropping a small amount of
sample onto a formbar-coated copper grid, followed by drying
in air. The X-ray diffraction (XRD) measurements were per-
formed on a Philips X’Pert Pro Super X-ray diffractometer with
Cu Ka radiation (4 = 1.54178 A). Fourier transformed infrared
(FT-IR) spectroscopy was obtained by using a Nicolet Magana-
IR 750 spectrometer over a range from 400 to 4000 cm™'. More-
over, the surface states of the samples were characterized by
X-ray photoelectron spectroscopy (XPS) using a VG Scientific
ESCALAB Mark II spectrometer equipped with two ultrahigh
vacuum (UHV) chambers. Raman spectra were obtained by
using an InVia microscopic confocal Raman spectrometer
(Renishaw, England) using a 514.5 nm laser beam. The N,-BET
(Barrett-Emmett-Teller) surface area was measured with a
Micromeritics ASAP 2010 system at 77 K. The zeta potential
values were measured using a ZETASIZER 3000 HSA system.

3. Results and discussion
3.1 Characterization of GO-HAp hybrid nanostructures

The morphological features of the as-prepared HAp and GO-
HAp hybrid nanostructures were measured via FE-SEM and
TEM. The pure HAp (Fig. 1a) appeared as typical stone-like
aggregate features, containing a large number of tiny flakes,
similar to the morphology observed in native bone tissue and
in previous bioinspired mineral growth studies.'® Fig. 1b and ¢
display the SEM images at different magnifications of the as-
prepared GO-HAp. Distinct from the conventional stone-like
aggregates, three-dimensional (3D) flower-like hydroxyapatite
crystals are wrapped with stretched GO nanosheets. 3D HAp
crystals have extensively formed on the surface of the GO
nanosheets and the GO sheets are incorporated in HAp crys-
tals. This structure was also confirmed by the TEM image
(Fig. 1d). The HR-TEM image shows the clear lattice fringes of
GO and indistinct lattice fringes of HAp (Fig. S17), indicating
low crystallinity of the HAp deposited on the GO surfaces. The
transparent and wrinkled GO nanosheets were attached on the
HAp surfaces, which indicates the formation of the GO-HAp
hybrid nanostructures. In addition, time-dependent SEM
observations of GO incubated in modified simulated body
fluid (mSBF) were carried out to gain an insight into the mech-
anism of nucleation and growth of hydroxyapatite on the 2D
GO nanosheets (Fig. 2). At the early stages, we directly
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Fig. 1 Representative SEM image of (a) HAp, (b) low-magnification and
(c) high-magnification images of GO-HAp, and (d) TEM image of GO-
HAp.

Fig. 2 Time-resolved process of mineral nucleation and growth on GO.
SEM images of GO after (a) 12 h of immersion in 1.5 x SBF, (b) 1 day, (c) 3
days, and (d) 7 days.

observed the coagulation of GO in the mSBF solution on the
macroscopic scale. During the 12 h of incubation in mSBF
(Fig. 2a), the nucleation process began and small nanocrystals
formed on the GO surface. Aggregation was a prerequisite for
mineral nucleation and growth owing to the electrostatic inter-
actions between the cations and the carboxyl-functionalized
GO nanosheets. When the mineral crystallization time was
extended to 1 day, 3D hierarchical structures assembled with
nanoplate hydroxyapatite crystals appeared (Fig. 2b). On
further prolonging the reaction time to 3 days, the collected
sample displayed well-defined 3D flower-like nanostructures
(Fig. 2c), ultimately growing into a continuous coating after 7
days (Fig. 2d). The morphological evolution with time of flower-
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Ca’*bimling to GO

Fig. 3 Schematic illustration of the morphological evolution process of
the flower-like hierarchical GO—HAp nanocomposites.

like HAp, which were wrapped with GO nanosheets, clearly
demonstrated that the GO-HAp nanostructures were formed
via a stepwise growth mechanism.>® Based on the above results
of the SEM images, a plausible formation mechanism of
the hierarchical flower-like GO-HAp is illustrated in Fig. 3.
Graphene oxide with residing functional groups provided
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binding sites to coordinate the major calcium cations, which
suggested that mineral formation can be facilitated by aggrega-
tion. Therefore, these aggregates served as nucleation sites that
allowed the subsequent adsorption of Ca** and the hydroxy-
apatite crystal growth on GO. After the prolonged incubation in
mSBF solution, the precursors would further crystallize into
lath-like nanostructures, generating a complete 3D hierarchical
GO-HAp nanostructure.

The phase and composition of the GO-HAp sample after 7
days of incubation in 1.5 x SBF solution were characterized by
XRD and FTIR spectroscopy. XRD can be used to identify the
crystallographic structure and the results are shown in Fig. 4a.
The XRD pattern of GO-HAp shows characteristic diffraction
peaks (denoted by “H”) at 26 = 26.02°, 28.96°, 32.2°, and 39.8°,
consistent with the XRD pattern of pure HAp. The broadness
of the diffraction peaks may be due to the low crystallinity or
the ultrafine nano-crystallinity of HAp deposited on the GO
surfaces, which is consistent with HR-TEM analysis.>" In
addition, a broad and relatively weak diffraction peak at 20 =
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10.03° was attributed to the (002) plane, which corresponded
to the typical diffraction peak of GO nanosheets.””> No peaks
from impurities were detected by XRD analysis. The FTIR
spectra of the HAp and GO-HAp samples are displayed in
Fig. 4b. The absorption peaks appearing at 563, 601, 963,
1037, and 1103 cm™" were ascribed to phosphate, and the
peaks at 873 cm™" and 1452 cm™' were attributed to the car-
bonate group.?® Therefore, the HAp nanocrystal, which formed
on the surfaces of GO, was carbonate-containing hydroxyapa-
tite. Moreover, the relatively weak intensity peak at 963 cm ™,
which can be assigned to protonated phosphate ions (HPO,>"),
was due to the incubation in a modified simulated body fluid
buffered to pH 6.8 with Tris.>® The strong peak at 3447 cm™"
was attributed to the stretching modes of the OH groups
associated with the structure of HAp (Ca;0(PO4)s(OH),) and
GO. XPS analysis further confirmed the presence of phos-
phorus and calcium in the GO-HAp sample (Fig. 4c). The Ca/P
molar ratio of GO-HAp (1.84) after mineral coating was higher
than that of HAp (1.58), which was not in agreement with the
structural formula of hydroxyapatite. This difference was
mainly attributed to the residing functional groups of GO,
such as carboxylic acid, hydroxyl, epoxy, and other carbonyl
groups,>* which can favorably interact with Ca** in mSBF solu-
tion, leading to the higher Ca/P molar ratio in GO-HAp
sample. In addition, the intensity of C 1s in GO-HAp was
much higher than that of C 1s in pure HAp (Fig. 4c), indicating
that the graphene was incorporated with hydroxyapatite.
Further structural characterization by Raman spectroscopy
demonstrated the coexistence of HAp and GO in the sample
(Fig. 4d). The Raman spectrum of GO-HAp showed the charac-
teristic peaks of HAp (denoted by “H”) at 420, 580, and
962 cm™', which are associated with the P-O vibration, O-P-O
vibration, and P-O stretching, respectively.”>” As is clear from
the Raman spectrum of the GO-HAp sample, the exclusive
characteristic D and G bands at 1354 and 1592 cm™" can be
found and match with the first-order spectra of graphene
nanosheets. The intensity ratio of the D peak to G peak usually
reflects the order of defects in GO and the calculated Ip/I; value
is about 0.96, implying that the chemical oxidation has intro-
duced considerable structural disorders in the graphene lattice.

The N, adsorption-desorption isotherms of HAp and GO-
HAp were measured utilizing the BET method for specific
surface area calculation. As shown in Fig. 4e and f, type IV iso-
therms with obvious type H3 hysteresis loops were observed for
the as-prepared samples, indicating the presence of meso-
porous architecture and tiny nanoflake aggregates. This result
was in good agreement with the results of SEM and TEM
images. The corresponding pore size distribution curves are
shown in the inset of Fig. 4e and f, it can be seen that the cen-
tered pore size distribution of GO-HAp derived from the deso-
rption branch, by the BJH model, increased slightly from the
pure HAp (17.4 nm) to the as-prepared GO-HAp (22.1 nm). The
specific surface areas of GO-HAp and pure HAp were about
91.85 and 17.25 m” g, respectively, suggesting that the specific
surface area of GO-HAp was largely increased through the
graphene-incorporated HAp as compared with that of bare HAp.
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3.2 Kinetic study of Sr** adsorption on GO-HAp

To evaluate the adsorption ability of GO-HAp, batch adsorp-
tion experiments were performed. Sr>* adsorption by GO-HAp
at different Sr** concentrations is shown in Fig. 5a. It was
evident that the Sr** adsorption rate was considerably quick
within the initial contact time of 1 h at initial concentrations
of 20, 60 and 100 mg L™". At the initial concentration of 20 mg
L™, the adsorption of Sr** on GO-HAp quickly reached equili-
brium in 2 h and more than 80% of the Sr** ions was removed
from aqueous solution. In comparison, for the concentrations
of 60 and 100 mg L', the adsorption of Sr** on GO-HAp took
place in two distinct stages: a relatively fast removal stage fol-
lowed by a slow increase stage until the state of equilibrium
was reached. The fast removal stage indicated that strong che-
misorption or surface complexation dominated the adsorption
of Sr** on GO-HAp. Meanwhile, the unique HAp selectivity
towards divalent metal cations was a result of the ion-exchange
process with Ca*>* ions.?® Thus, as the contact time increased,
the Ca®" ions in the interlayers of the HAp were gradually
replaced by Sr** ions, which were immobilized in the inter-
layers. When the surface adsorption sites became exhausted,
the rate of adsorption was controlled by the rate of intraparti-
cle diffusion from the exterior to the interior sites of the adsor-
bent, which resulted in the relative slower removal stage.'”*®
Finally, the adsorption equilibrium was reached slowly with
increasing contact time. Meanwhile, the influence of incu-
bation time of GO-HAp on the removal of Sr** was also investi-
gated. As shown in Fig. S2,7 the percentage of Sr** removal on
GO-HAp with 12 h of incubation was about 60%, which was
very close to the removal percentage of GO. Then, the adsorp-
tion percentage of Sr** increased gradually with increasing
mineral time. Finally, the adsorption percentage maintained a
relatively high value (~95.0%) using the GO-HAp with further
prolonging incubation time to 5 and 7 days.

A pseudo-second-order rate model was applied to simulate
the experimental data in order to determine the adsorption
rate constant at room temperature. The pseudo-second-order
rate expression was defined by eqn (1):

t 1 t
Lo Lyt (1
k 2
Qt 2 Qe qe
@),,] (b) 18
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Fig. 5 (a) The influence of contact time on the removal of Sr>* and (b)
linear fit of experimental data obtained using a pseudo-second-order
kinetic model at different initial Sr* concentrations, pH = 7.0 + 0.1,
m/V=05gL" and/=0.01 M NaNOs.
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where g; (mg g”") and g. (mg g~') were the amounts of Sr**
adsorbed at contact time ¢ (h) and equilibrium, respectively;
k, (g (mg h)™") was the equilibrium rate constant of pseudo-
second-order. The kinetic adsorption is shown in Fig. 5b. As
can be seen from the removal time profile, the total amount of
Sr** adsorbed increased with increasing Sr** concentrations.
The kinetics parameters obtained in fitting the experimental
data are summarized in Table 1. The high correlation coeffi-
cient and the agreement of calculated and experimental g,
values at different Sr** concentrations both suggested that the
removal kinetics followed the pseudo-second-order model. It
was emphasized that at a low concentration of 20 mg L™, the
adsorption of Sr** on GO-HAp reached equilibrium swiftly
with a rate constant k, of 1.15 g (mg h)™, which was higher
than that of Sr*" at high Sr** concentrations.

3.3 Effect of solution pH on Sr** adsorption

The effect of pH on the removal of Sr** by GO-HAp was also
investigated in the pH range of 2-11. Fig. 6a showed that the
percentage of Sr** removal remained very high (90%) in a wide
pH range (5-11), and more than 76% Sr** was adsorbed on
GO-HAp even at low pH (pH 2-4). Our GO-HAp sample
showed better performance under acidic conditions as com-
pared with the traditional ion exchangers.”® From the results
of the zeta-potential values (Fig. 6b), the electrostatic point of
GO-HAp was negative in the pH range of 2-11. This was
mainly due to the unique physicochemical properties of the
HAp interface. As mentioned in a previous report, the as-pre-
pared HAp exhibited excellent buffering properties.>® The fol-
lowing acid-base reactions could be responsible for the

Table 1 Experimental and calculated g, values, pseudo-second-order
rate constants, k,, and correlation coefficient values, R?

Initial Experimental
concentration values g. Calculated &, (g
of st (mgL™")  (mgg™) ge(mgg™) (mgh)™) &
20 27.59 27.60 1.1514 0.9993
60 53.39 53.42 0.8316 0.9996
100 111.61 111.61 0.6456 0.9999
(@) )’
80 -10
3 2
FR) = 20
:
£ :
g 40 g'-w'
H N
& 20 40
0 T T T T T -50 T T T T
: 4 6 8 10 1 : 4 6 8 10 1
pH pH

Fig. 6 (a) Effect of solution pH on the adsorption of Sr>* on GO—HAp.
(b) Zeta-potential of GO—HAp as a function of pH. All batch adsorptions
were conducted in CISr**]iiia = 20 mg L™, m/V=05g L% and / = 0.01
M NaNOs in a polyethylene test tube.
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surface protonation and deprotonation reactions of GO-HAp
in aqueous solutions:

=PO™ +H'" < =POH’ (2)
=CaOH," & =CaOH’ +H" (3)

Generally, the positively charged =CaOH," and neutral
=POH" are predominant species on the surface of GO-HAp at
low pH because of the protonation reaction. However, with an
increase of the initial pH, the surface charges of GO-HAp
become negative because of OH™ consumption via the depro-
tonation reaction, indicating that =CaOH°® and =POH™ are
the main sites on the surface of GO-HAp in alkaline solu-
tions.”® However, the electrostatic point of GO-HAp in our
experiments was negative on the surface of GO-HAp through-
out the pH region (2-11). The GO incorporated HAp should be
taken into account for the decrease of pH,,., which shifted to
lower pH. The zeta-potential value of GO-HAp could explain
the high capture of Sr*>" at low pH values. This result was con-
sistent with a recent study about the capture of uranium on
layered metal sulfides from seawater.” The results highlighted
that GO-HAp nanocomposites could preconcentrate the Sr**
ions from aqueous solutions without adjusting the initial pH
values.

3.4. Effect of coexisting cations and GO-HAp content on Sr**
adsorption

The effect of coexisting cations on Sr** adsorption is shown in
Fig. $3.1 All batch adsorptions of Sr** on GO-HAp were carried
out in the presence of various inorganic cations (I = 0.01 M). It
can be seen that the removal percent of Sr** was slightly influ-
enced by the cations of Cd*>" and Pb**, whereas in the presence
of Mg”*, AI** and Na*, one can see that they had no obvious
effect on Sr>* adsorption onto GO-HAp. In previous studies,
two ionic species may only exchange if their ionic radius
cannot differ in size by more than 15%.*" The little inhibiting
effect of Sr** could be due to the competition in adsorption of
Cd** and Pb** with Sr**. Adsorbent dosage is an important
parameter which determines the capacity of an adsorbent for a
given initial concentration of the adsorbate. The amounts of
uptake as a function of the adsorbent content are shown in
Fig. 7a. A significant relationship was observed that the
adsorption percentage of Sr** increased swiftly with increasing
GO-HAp content. The tendency may be explained that upon
increasing adsorbent amount, the number of surface active
sites on the GO-HAp increased, which are favorable for the
binding of Sr**. Fig. 7a also shows that the distribution coeffi-
cient (Kq) of S©*" on GO-HAp decreased gradually with the
increase of solid content. The decrease of Ky value was
ascribed to the fact that the surface active sites were entirely
exposed for sorption and the Sr** ions can easily access the
adsorption sites with high ¢. at a low adsorbent amount,
whereas at higher adsorbent amounts, the amount adsorbed
per unit mass of adsorbent decreased considerably owing to
particle aggregation, which led to a decrease in the total
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Fig. 7 (a) Removal of Sr?* from solution onto GO—HAp as a function of
GO-HAp content, pH =7.0 + 0.1, CISr* linitiat = 20 mg L™, and / = 0.01
M NaNOs. (b) Adsorption isotherms of Sr2* on GO, HAp and GO-HAp
samples. Symbols denote experimental data, the solid lines represent
the Langmuir model simulation, the dashed lines represent the Freun-
dlich model. All adsorption isotherms were conducted at pH = 7.0 + 0.1,
m/V=05gL™ and / = 0.01 M NaNOs polyethylene test tube.

surface area and an increase in diffusional path length,*? thus
resulting in the decrease of distribution coefficient.

3.5 Adsorption isotherms

To evaluate the Sr** removal performance of the adsorbents,
the adsorption capacity of GO-HAp for Sr** was compared
with those of bare GO and HAp. Both the Langmuir and Freun-
dlich isotherms were used to describe the adsorption behavior
of Sr**. In general, the Langmuir model is applicable to a
homogeneous adsorption surface with all the adsorption sites
having the same sorption energy independent of surface cover-
age, whereas the Freundlich isotherm model assumes a het-
erogeneous adsorption surface.'”> The two adsorption models
can be expressed by the following equations:

b Gmax Ce

Langmuir model : g. =
& 4 =1 e,

(4)

Freundlich model : ¢, = kC.'/" (5)

where C, (mg L") is the Sr** equilibrium solute concentration
and g. (mg g') is the amount of Sr>" adsorbed per weight of
adsorbent after adsorption equilibrium. gn.. (mg g™") is the
maximum adsorption capacity at complete monolayer coverage
and b (L mg™") is a Langmuir constant. The k value is corre-
lated to the relative adsorption capacity of the adsorbent (mg
g7"), and n is related to the energetic heterogeneity. Table 2
summarizes the corresponding maximum adsorption capacity,
gmax, relating to the constants and correlation coefficients
involved in the two isotherm models, clearly indicating that
both the Langmuir and Freundlich models fitted the Sr**
adsorption isotherm well. The Langmuir model fitted the sorp-
tion isotherms better than the Freundlich model, which may
be attributed to the homogeneous distribution of active sites
on the GO-HAp surface. From the Langmuir adsorption
model, the highest adsorption capacity of the as-prepared GO-
HAp was calculated to be 702.18 mg g~ ', almost two fold
higher than that of bare HAp. The highest adsorption capacity
of Sr”" on GO (78.19 mg g~ ') was higher than that of GO

reported previously (23.83 mg g '), which was mainly

7470 | Dalton Trans., 2014, 43, 7464-7472

View Article Online

Dalton Transactions

Table 2 Summary of the Langmuir and Freundlich isotherm model
parameters for Sr?* uptake capacity on GO, HAp and GO—HAp

Langmuir Freundlich
Samples  gmax (Mgg™) b (Lmg™) R k n R
GO 78.19 0.0931 0.993 17.20 3.10 0.952
HAp 354.60 0.0101 0.994 14.44 190 0.952
GO-HAp 702.18 0.0139 0.968 41.13 2.13 0.889

attributed to the pre-oxidization process and the residing func-
tional groups of GO. According to the BET surface area
measured above, the as-prepared GO-HAp possessed a con-
siderably higher specific surface area (91.85 m* g~') compared
with bare HAp (17.25 m? g~ "). Therefore, the high surface area
of the GO-HAp nanocomposite was one factor to afford the
high-performance in water treatment. Table 3 shows the com-
parison of Sr** adsorption capacities for various adsorbents,
such as natural clinoptilolite (9.80 mg g™*),** graphene oxide
(23.83 mg g~ "), titanate nanofibers (55.20 mg g~ *),>* carboxy-
methylated cellulose (108.7 mg g™ *),*> pecan shells (180 mg
¢7"),*® and biogenic hydroxyapatite (34.17 mg g').*” One can
see that the prepared GO-HAp nanocomposite exhibited a
highly efficient sorption capacity toward Sr** ions and has
potential applications for practical water treatment in real
applications.

3.6 Adsorption mechanism

To further investigate the interaction mechanism between Sr**
and the GO-HAp composite, the high resolution XPS scans for
Ca 2p, P 2p, O 1s and Sr 3d before and after Sr** adsorption
were measured. As shown in Fig. 8a, the Sr** peak was
observed in Sr**-adsorbed GO-HAp and the doublet peak
characteristic of Sr 3d appeared at 133.98 eV and 135.68 eV,
which can be assigned to Sr 3ds,, and Sr 3ds,,, respectively.
Fig. 8b shows the relative intensity of Ca 2p peaks at 347.4 eV
and 350.9 eV after Sr** adsorption were much lower than those
of the Ca 2p peaks of GO-HAp before Sr** adsorption,
suggesting the partial replacement of Ca** by Sr*>*. Furthermore,
there were some calcium cations which were not completely
exchanged by Sr** bound on graphene oxide by the residing
functional groups. Meanwhile, the high resolution P 2p and O
1s spectra were also investigated (Fig. 8c and d). An apparent

Table 3 Comparison of the maximum adsorption capacities of Sr>* on
GO-HAp with other different adsorbents

Adsorption

Adsorbents pH  capacity (mgg™')  References
Natural clinoptilolite 7.0 9.80 34
Graphene oxide 6.5 23.83 4

Titanate nanofibers 7.0 55.20 35
Carboxymethylated cellulose 4.0  108.7 36

Pecan shells 8.5 180 37
Biogenic hydroxyapatite 7.0 34.17 38

Hap 7.0  354.60 This study
GO-HAp 7.0 702.18 This study

This journal is © The Royal Society of Chemistry 2014
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sample; (b) Ca 2p, (c) P 2p, and (d) O 1s before and after Sr** adsorption.

shift could be observed after Sr** adsorption, which indicated
the alteration of the local bonding environments.

According to the above discussion, we suppose that there
are two possible mechanisms of Sr** adsorption: ion-exchange
and the formation of complex compounds with HAp active
surface sites.*® The solution ionic radius of Sr** (0.125 nm) is
similar in size to the Ca** ion (0.103 nm).** The ion-exchange
of these two metals is thought to be the mechanism of
removal in aqueous water. What’s more, H'" ions could be lib-
erated from the solid surface into the aqueous phase as a
result of the exchange with ions, contributing to the formation
of surface complexes:

HAp-Ca®" + Srpg®" & HAp-O-Sr*' + Ca,g®* (6)
HAp-OH + Sr,q>" & HAp-O-Sr*" + Hpq " (7)
2HAp-OH + Sr** < (HAp-0),Sr+ 2H" (8)

4. Conclusions

In conclusion, we have developed graphene oxide-hydroxyapa-
tite nanocomposites for highly efficient removal of Sr** by a
simple biomimetic synthetic method in mSBF, and a for-
mation mechanism for the hierarchical flower-like GO-HAp
nanostructures was proposed. Batch adsorption experiments
showed that GO-HAp can completely remove Sr*>* from simu-
lated wastewater within 2 h for various initial Sr** concen-
trations. The results demonstrated that Sr** ion adsorption on
GO-HAp was weakly dependent on solution pH, which can be
explained by the zeta-potential values of the surface of GO-
HAp. With relatively high specific surface areas, the 3D hier-
archical flower-like GO-HAp nanostructures showed a remark-
ably high exchange capacity and affinity for Sr** ions. A
maximum adsorption capacity of 702.18 mg g~ was achieved
over GO-HAp, which was the highest value reported for todays’
materials. The biomineral based GO-HAp nanocomposites

This journal is © The Royal Society of Chemistry 2014
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could be a suitable material for the preconcentration and soli-
dification of radiostrontium from large volumes of aqueous
solutions in radionuclide environmental pollution purification
in the near future.
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