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The sorption removal of radionuclides Sr?* using a freestanding functional membrane is an interesting
and significant research area in the remediation of radioactive wastes. Herein, a novel self-assembled
membrane consisting of metal—organic framework (MOF) nanobelts and graphene oxides (GOs) are
synthesized through a simple and facile filtration method. The membrane possesses a unique interwove
morphology as evidenced from SEM images. Batch experiments suggest that the GO/Ni-MOF composite
membrane could remove Sr?* jons from aqueous solutions and the Sr** adsorption capacity and effi-
ciency of the GO/Ni-MOF composite membrane is relevant to the MOF content in the composite. Thus,
the dominant interaction mechanism was interface or surface complexation, electrostatic interaction as
well as ion substitution. The maximum effective sorption of Sr** over GO/Ni-MOF membrane is 32.99%
with 2 mg composite membrane containing a high content of Ni-MOF at 299 K in 100 mg/L Sr>* aqueous
solution. The FT-IR and XPS results suggest that the synergistic effect between GO and Ni-MOF is
determinant in the sorption Sr?* process. The GO/Ni-MOF composite membrane is demonstrated to have
the advantages of efficient removal of Sr?*, low cost and simple synthesis route, which is promising in
the elimination of radionuclide contamination.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the development of industry and the shortage of fossil fuel,

an efficient method [4,5], In the past decades, numerous technol-
ogies have been reported on this purpose, such as ion-exchange,
adsorption, solvent extraction, and co-precipitation [5—10].

nuclear energy advances rapidly and has attracted intense atten-
tion. However, the rapid development of nuclear power plants re-
sults in safety and environmental issues, particularly the removal
and recovery of radionuclides from aqueous wastes [1,2]. Strontium
(Sr) is one of the most hazardous radioactive contaminants that
threaten the environment and human being. In particular, the 39Sr
isotope (t1)2 = 28 years) tend to deposited into human bones and
result in bone sarcoma and leukemia, owing to its similar chemical
property to calcium [3]. At this point, it is highly urgent to separate
and recover the radioactive strontium ions from wastewaters with

* Corresponding author.
** Corresponding author.
E-mail addresses: jieliang@buaa.edu.cn (J. Liang), gcshan@buaa.edu.cn (G. Shan).

https://doi.org/10.1016/j.ese.2020.100035

Among these available technologies, the adsorption over porous
materials stands out as a simple and economical method owing to
its none subsequent treatment request after the removal of stron-
tium from the matrix [10]. Furthermore, the adsorption is also
advantageous in its recyclability wherein the adsorbents can be
regenerated easily [7,11]. In regard to adsorbents, the zeolites,
polyacrylonitrile, and crystalline silicotitanate have been widely
investigated in the removal of strontium ion (Sr**) from ground-
water, seawater, and/or nuclear waste solutions [6—9]. However,
because of their high cost, low affinity towards strontium, and
secondary contamination risk, the large-scale application of these
adsorbents in Sr?* removal is still far away [12]. Therefore, the
seeking of an adsorbent with a high adsorption capacity and a fast
adsorption rate is of the utmost importance for the removal of Sr**
from aqueous solutions.
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Recently, the metal-organic frameworks (MOFs) with attractive
characteristics of high surface area, tunable pores, and accessible
coordinative unsaturated sites have drawn extensive multidisci-
plinary attention [13—21]. As an inorganic-organic hybrid porous
material, MOFs have been applied in various research fields [19],
such as heterogeneous catalysis [20,21], selective adsorption and/or
separation [22,27—35], energy storage [23,26], gas storage [24] and
biomedical applications [25,26]. Although several untreated MOF
have been tested in Sr** adsorption, the results suggested that they
exhibited limited adsorption capacity for Sr>* and functional groups
such as —COOH, —NH; and —X (halogen) are required for the linker
functionalization to raise their affinity with Sr’>* ions. It should be
noted that the post-functional steps not only complicated the syn-
thesis routes of MOFs, it also significantly increased their synthesis
cost. As a matter of fact, owing to their exceptional porosity and high
surface area, water-stable MOFs could be used as effective adsor-
bents for the captures of metal ions [11,27—34,40—50].

In the present work, we reported the synthesis of MOF/gra-
phene oxide (GO) composite membranes by suction filtration of
electrostatic self-assembly Ni-MOF and GO sheets. The membranes
not only possess interwove structures but also exhibit free-
standing forms, which is greatly helpful for large-scale and
repeated applications. Their strontium adsorption capacity is tested
with the variation of contact time and initial concentrations,
respectively, and the adsorption mechanisms towards Sr®*are
discussed.

2. Experimental
2.1. Synthesis of GO

GO nanosheets were synthesized via a modified Hummers’
method by chemically exfoliating natural graphite flakes [11,36,41].
In a typical procedure, graphite flakes and sodium nitrates (NaNO3)
were slowly added into concentrated sulfuric acid (H,SO4) at room
temperature. The mixture was then kept under ice bath at 0 °C with
mild agitation. Potassium permanganate (KMnOg4) was gradually
added in to the mixture while keeping the suspension temperature.
Afterwards, the temperature of the mixed suspension was
increased and kept until a thick paste was generated. After the
brown mixture was turned into yellow, the mixture solution was
diluted and added with H,0; (30%). The final solution was centri-
fuged at 11,000 rpm till the pH of the system reached 7. The ob-
tained sample was dried for further treatment.

2.2. Preparation of Ni-MOF nanobelts

44 mg of Ni(NO3);-6H0 (0.15mmol) was dissolved in a 60 mL
DMF/ethanol mixture (Vpmr: Vethanol = 3:1), which was then
treated by sonication to make it uniformly distributed. 1.56 mg of
BPY (0.01 mmol) and 10.0 mg PVP were added to a vial with 6mL of
solution. 4.0 mg of TCPP was dissolved in a 2 mL DMF/ethanol
mixture (Vpme: Vethanol = 3:1) and the dispersant was added into
the above-mentioned mixture dropwise. The 8mL mixture per vial
was then treated by sonication for 10 min. Afterwards, the resulted
mixture in vial was capped and transferred into an oven at 80 °C for
24 h. The final red product was washed by ethanol twice and
separated by centrifugation (7500 rpm) for 20 min. Finally, 1D
NiMOF nanobelts were obtained and re-dispersed in DMF.

2.3. Preparation of assembled Ni-MOF/GO composite membrane
The Ni-MOF/rGO electrode films were synthesized via an elec-

trostatic self-assembly process. In a typical procedure, the GO
dispersant in DMF (1 mg mL~!) was slowly added into 20 mL of Ni-

MOF suspension (1 mg mL~!) dropwise under stirring. The mixture
was then subjected to continuous stirring for 1 h. Subsequently, the
uniformly distributed GO/Ni-MOF dispersant was treated by vac-
uum filtration with organic membrane filters. Finally, the com-
posite membrane was obtained after peeling off the filters and
heated at 60 °C for 24 h in vacuum.

2.4. Characterization

The sample morphology was carried out on a field-emission
scanning electron microscopy (SEM, Hitachi S-3400). Phase iden-
tification was measured by a powder X-ray diffractometer (PXRD,
Bruker D8) with a Cu-K,, radiation. The X-ray photoelectron spectra
(XPS) was performed on an ESCALAB250Xi spectrometer (Ther-
mofisher Co. Ld). The concentration of Sr>* was measured on an
ESCALAB2000 analyzer by using the ICP method. IR spectra were
measured on a Fourier transform infrared spectrometer (FTIR,
Nicolet IS10) in the region of 4000~500 cm™ .

2.5. Batch test

The experiments of Sr*t adsorption over GO/Ni-MOF mem-
branes were performed by batch tests. SrCl,-6H,0 was used as the
source of Sr?*. The tests were carried out under a constant oscil-
lating speed of 250 rpm with 2 mg of GO/Ni-MOF membrane and
5 mL of Sr%* aqueous solution. After the preset contact time, the
membrane adsorbents were separated by centrifugation and dried
at 60 °C in an oven. Subsequently, the concentration of strontium in
the left solution was analyzed by ICP, and based on which the Sr**
adsorption capacity and efficiency of GO/Ni-MOF membranes were
calculated.

A series of adsorbents with various masses of Ni-MOF were
studied for Sr>* removal. The adsorption kinetics have been studied
with the contact time of 30, 60, 120, 240, 480, 960 and 1440 min at
room temperature (298 K). g. (mg/g), the equilibrium Sr**
adsorption capacity of GO/Ni-MOF membranes and the removal
amount of Sr** per unit mass of membrane are calculated as
follows:

(G- CV 1)

m
where Cyp and C, are initial and equilibrium concentrations in the
supernatant (mg/L), respectively; m is the mass of the adsorbent (g)
and V is the volume of the applied Sr** solution (L). The removal
efficiency, RE (%), was given by:

RE

:COC‘CE « 100% @)

0

A series of Sr** aqueous solutions with concentrations of 25, 50
and 100 mg/L were further studied for the Sr** removal over GO/
Ni-MOF membranes. To fit the experimental adsorption data,
Langmuir and Freundlich isotherm models were applied, respec-
tively, based on the linear and non-linear regression [42]. The
equation of Langmuir is given by:

_ QoiKiCe o
de=1 K, * 100% (3)

where ¢, (mg/g) is the adsorption amount of Sr>* per unit mass of
membrane, Qg indicated the maximum adsorption amount at a
monolayer, C. (mg/L) referred to the Sr>* concentration at equi-
librium, and K; (L/mg) denoted the Langmuir constant that was
related to the affinity of binding sites. The K; and Qg values of can
be obtained by fitting 1/C vs. 1/q. following with the equation:
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Fig. 1. (a) The TEM image of as-exfoliated GO nanosheets; (b) The statistical distri-
bution of the sizes of GO nanosheets measured in the SEM images.

1 1 1
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The equation of Freundlich isotherm model is given as follows:

logCe
nF1 ()

logqe = logkg +

where kg; and 1/ng; are measures of adsorption capacity and
adsorption intensity, respectively.

3. Results and discussion

The GO and GO/Ni-MOF membranes were synthesized and
thoroughly characterized, wherein GO was synthesized by chemi-
cally exfoliating the graphite via a modified Hummers’ method [11].
Herein, the membrane consisting of GO was denoted as sample G,
and the GO/Ni-MOF composite membranes with a low content
(15 wt%) and a high content (35 wt%) of Ni-MOF were denoted as
samples G/N-15% and G/N-35%, respectively. Similarly, the samples
1, L2, H3 after adsorption for 8, 24 and 24 h are denoted as samples
G-8hr, G/N-15%-24hr and G/N-35%-24hr, respectively.

Fig. 1 shows that the as-exfoliated GO sheets have an average
size of 8~9 um. Fig. 2a shows the SEM image of Ni-MOF nanobelts,
which is approximately 5~10 um in length and ~300 nm in width.
Parts of the nanobelts exhibit large thickness because of the

a

aggregation with each other. The XRD patterns in Fig. 2b manifests
that the Ni-MOF particles are crystalline and exhibits a tetragonal
crystal structure (inset of Fig. 2b). The simulated XRD pattern of the
1D Ni-MOF crystal based on the crystal structure ref. no. # 46-1623
in the JCPDS is also shown at the bottom of the plot. For the com-
posite membrane G/N-35% containing a higher doping amount of
Ni-MOF, the existence of the characteristic diffraction peaks of
(112), (004) and (006) demonstrates that the Ni-MOF nanobelts
maintain in the membranes. Furthermore, our previous work had
confirmed that the XRD peak at 11.31° observed for GO could
correspond to an interlayer spacing of d = 7.81 A for the graphene
nanosheets [35]. Hence it is suggested the diffraction peak of (002)
shifting from 11.3° for GO to 9.8° for G/N-35% membrane could be
attributed to the insertion of MOF between neighboring graphene
nanosheets.

The surface and cross-sectional morphology of samples in
Fig. 3a indicates the interwove structure. On the other hand, it is
observed that the Ni-MOF nanobelts uniformly penetrated GO
layers structures (Fig. 3a and b), which can be attributed to the
effective electrostatic self-assemble from intrinsically electroneg-
ative GO with oxygen-containing functional groups and intrinsi-
cally electropositive Ni-MOF with functional groups of metal ions
[35]. The photographic image in a set of Fig. 3b demonstrates the
flexibility and durability of composite membranes. Fig. 4a, b, and ¢
show the morphology of samples G, G/N-15%, G/N-35% before
adsorption, respectively. The membranes with a higher content of
Ni-MOF can be observed to show gradually exposed Ni-MOF
nanobelts, and the sample surface becomes extremely rough in
sample G/N-35%. Fig. 4d, e, and f show the morphology of samples
G, G/N-15%, G/N-35% after adsorption, respectively. Compared to
those of samples before adsorption, the surface morphology of
samples G, G/N-15%, G/N-35% after adsorption changes substan-
tially, which seems to adhere with some Sr aggregations. Energy-
dispersive X-ray spectrometry (EDX) mapping reveals successful
Sr** adsorption over the GO/Ni-MOF membranes with different
contents of Ni-MOF. As clearly shown in Fig. 4g and h, there are
compositional distributions of C, Ni and Sr in samples G/N-15% and
G/N-35%, respectively, suggesting that large amounts of Sr ions are
immobilized in the composite membranes.

FTIR was performed to investigate the composition changes of
composite membranes before and after Sr>* absorption. In Fig. 5,
the peaks located at 1720, 1640, 1380, 1230, and 1040 cm ™' are
ascribed to the vibration of C=0, carboxyl 0=C—0, epoxy C—0—C,
C—0, and C=C stretching, respectively [36]. In the spectrum of GO,
the two broad bands centered at 3780 and 3060 cm~! can be
assigned to the O—H stretching originated from the physically
adsorbed water vapor in the air. Although the peak located at

b =

(200)

intensity(a.u.)

Pure Ni-MOF

2 Theta(degree)

Fig. 2. (a) The SEM image of 1D Ni-MOF nanobelts; (b) The XRD patterns of 1D Ni-MOF nanobelts and the G/N-35% membrane.
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Fig. 3. (a, b and c) SEM image of samples G, G/N-15%, G/N-35% before adsorption; the inset shows their high-resolution SEM images before adsorption. (d, e and f) SEM image of
samples G, G/N-15%, G/N-35% after adsorption; the inset shows their high-resolution SEM images after adsorption. (g) EDX elemental mapping images for sample G/N-15%. (h) EDX

elemental mapping images for sample G/N-35%.

Before sorption

After sorption

EDS Mapping

G/N-15%

GIN-35%

Fig. 4. (a) Surficial SEM image of composite membrane G/N-35%. (b) Cross-sectional SEM image of composite membrane G/N-35%. Inset is photographic image of flexible and

freestanding GO/Ni-MOF membrane.

3460 cm™! is also assigned to the O—H stretching in H,0, such a
water molecule is adsorbed at the MOF sites. In comparison, the
peak centered at 3060 cm ™! is traced to the O—H stretching of H,0,
wherein the hydrogen is bonded to the displaced oxygen con-
necting to the linker. For the GO/Ni-MOF membrane, the broad

band appeared at 1630 cm~! confirmed that the NiOy clusters are
attached to the surface of GO membrane via O-containing func-
tional groups. After adsorption, the band at around 1630 cm™!
attributing to the vibration of carboxyl O=C—O is shifted to
1590 cm ™! for sample G whereas its transmittance (%) is decreased
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Fig. 5. FT-IR spectra of samples G, G-8, G/N-15%, G/N-15%-24hr, G/N-35% and G/N-35%-
24hr.
Table 1

Kinetic parameters and linearity of fitting of pseudo-first-order and pseudo-second-
order models for Sr** adsorption over samples G, G/N-15% and G/N-35%.

Samples Pseudo-first-order model

Pseudo-second-order model

ky qe (mg/g) R? ko (g e (mgjg)  R?
(min~1) mg 'min~!)
G 0.00399 59.92293 0.95794 5.49018E-05 72.6744186 0.99023
G/N- 0.02149 53.58634 0.92398 2.11E-04 65.35947712 0.99285
35%
G/N- 0.00249 59.84533 0.81717 4.19608E-05 71.8907261 0.87983
15%
Table 2

Comparison of the maximum adsorption capacity of strontium on Ni-MOF/GO
membrane with other adsorbents.

for samples G, G/N-15%-24hr and G/N-35%-24hr. This indicates that
the O-containing functional groups in GO/Ni-MOF provide suffi-
cient binding sites for strontium ions [37]. Take the sorption ca-
pacity into account, we make a comparison of the maximum
adsorption capacity of strontium on Ni-MOF/GO membrane with
other adsorbents in Table 2. The Ni-MOF/GO membrane exhibited a
maximum sorption capacity of 72 mg/g for Sr** ions. Although the
value is lower than those of benchmark zeolite A (271 mg/g) and
Crystalline SilicoTitanates (174 mg/g), it is similar with those of CHA
zeolite (66 mg/g), titanate nanotube (66 mg/g) and a titanate
nanofiber (55 mg/g). In addition, compared to traditional adsor-
bents in the form of powder, the prepared Ni-MOF/GO in a mem-
brane form would solve the problem of separation and recovery for
fine particles, which is a major hurdle for industrial process.
Therefore, the prepared Ni-MOF/GO membrane appeared as a
promising strontium adsorbent candidate with a comparable
adsorption capacity.

In order to reveal the adsorption mechanisms in the composite
membranes, the adsorption kinetics is studied by fitting with the
pseudo-first-order and pseudo-second-order models [32], respec-
tively. These models are described by the following equations,
respectively,

In(ge — qt) =Inqe — kqt (6)

1 1 t

= -|-—
. kg2 qe

(7)

where . (mg g~!) and q; (mg g~!) are the adsorption amounts of
Sr** jons per mass of membrane at equilibrium and at a certain
time t (min), respectively; k; (min~!) and k» (g (mg min)~ ') refers to
the rate constant in the pseudo-first-order and the pseudo-second-
order models, respectively. Fig. 6 b-d depicted the fitting of Eq. (7)
based on the pseudo-second-order model, while the related kinetic
parameters are listed in Table 1. Compared with the linearity of
fitting R? and the ge values of the pseudo-first-order, it is obvious
that the Sr** sorption kinetics over Ni-MOF or GO/Ni-MOF are

Adsorbents pH  Adsorption capacity (mg/g)  Reference better fitted with the pseudo-second-order model. Therefore, it is
CHA zeolite 70 97 43 suggested that the rate of adsorption reaction is controlled by
Natural clinoptilolite - 70 98 44 chemisorption. The Langmuir and Freundlich isotherms are further
Biogenic hydroxyapatite 7.0 342 45 utilized to describe the Sr>*adsorption behavior (Fig. 7). In general,
Titanate nanofibers 7.0 55 46 he La . del i licabl h d .
Titanate nanotube 70 66 a7 the Langmuir model is applicable to a homogeneous a sorption
Ni-MOF/GO membrane 70 72 This study surface where all adsorption sites have the same sorption energy
Crystalline SilicoTitanates 7.0 174 48 independent of surface coverage, whereas the Freundlich isotherm
zeolite A 70 271 49 model suggests a heterogeneous adsorption surface. Table S1
GO-HAP 70 7022 50 . O .
summarizes the relevant equilibrium adsorption amount Qg
a at b —=—qt C —a—qt
4 —=— - i i -
60 Linear fit of qt 60 - Linear fit of qt /' 60 Linear fit of qt
50 50 50 -
40 40 40 - a
S g 20 /. B
3 30- 2 30 yd 2 301
B 20 =3 20- =3l =2 -
- —=—tigt
10 4 :‘L/icrltearﬁloluqi 10 0 e ftof gt 10 — Linserfitof tqt
6
04 ) 500 = 1000 1500 0 [ 500 1000 1500 04 500 1000 1500
time (min) time (min) time (min)
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 2000
time (min) time (min) time (min)

Fig. 6. (a) The related variation of Sr>* uptake quantity on sample G. The inset shows the time-dependent sorption pseudo-second-order kinetic plots of Sr>* removal over sample
G. (b) The related variation of Sr?* uptake quantity on G/N-35%. The inset shows the time-dependent sorption pseudo-second-order kinetic plots of Sr** removal over sample G/N-
35%. () The related variation of Sr>* uptake quantity on G/N-15%. The inset shows the time-dependent sorption pseudo-second-order kinetic plots of Sr>* removal over sample G/

N-15%.
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Fig. 7. (a) The sorption Langmuir kinetic plots for Sr>* removal over sample G. (b) The sorption Freundlich kinetic plots for Sr>* removal over sample G. (c) The sorption Langmuir
kinetic plots for Sr>* removal over sample G/N-35%. (d) The sorption Freundlich kinetic plots for Sr>* removal over sample G/N-35%. (e) The sorption Langmuir kinetic plots for Sr**
removal over sample G/N-15%. (f) The sorption Freundlich kinetic plots for Sr>* removal over sample G/N-15%.

correlation coefficients, and related constants of the Langmuir and
Freundlich isotherm models. Although both models well describe
the Sr?* adsorption isotherm, the Freundlich model is better fitted
compared to the Langmuir model. This can be explained by the
different adsorption energies raised from the adsorption sites
located on the GO/Ni-MOF surface.

The contact time is a significant parameter that can be varied to
determine the adsorption potential of an adsorbent. The adsorption
of Sr?* in a time period of 1~24 h at 299 K over samples are
quantitatively measured (Fig. 8 a-c). The adsorbent dose is 2 mg;

The volume of solution is 5 mL, which has a Sr** concentration of
100 mg/L and 50 mg/L. As shown in Fig. 8a, the maximum Sr?*
removal efficiency for sample G/N-35% is 25.49% after adsorption
for 24 h, which is close to those of samples G and G/N-15%. When
samples G or G/N-35% are tested as adsorbents, the Sr** uptake
increases significantly in the primary1 h and is close to a saturation
value after the adsorption for 4 h. As shown in Fig. 8b, the
maximum Sr?* removal efficiency of sample G/N-35% is 32.99%
after the adsorption for 24 h, which is higher than those of samples
G (26.67%) and G/N-15% (30.49%). From Fig. 8c, a huge change in
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Fig. 8. (a) The effects of contact time on Sr?* adsorption over samples G, G/N-15%, G/N-35% in the 100 mg/L Sr*>* solution; (b) Effects of contact time on Sr’* adsorption over
samples G, G/N-15%, G/N-35% in the 50 mg/L Sr** solution. (c) Effects of contact concentration on Sr>* adsorption over samples G, G/N-15%, G/N-35%.

Sr®* adsorption occurs for sample G/N-15% when the initial Sr**
concentration was varied from 25 mg/L to 100 mg/L. The Sr2*
adsorption is 25.5% in the 100 mg/L Sr** solution while it is 30.6% in
the 25 mg/L Sr** solution, suggesting that the composite mem-
branes could exhibit different immobilization capacities when the
Sr2* ion concentration is varied in the solution.

High-resolution XPS scans for the overall C 1s and Sr 3d
spectra were measured for the membranes before and after Sr**
adsorption, with the aim to investigate the adsorption mecha-
nisms of Sr>* ions over the GO/Ni-MOF composites. An XPS
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survey for sample G/N-35% after absorption is presented in
Fig. 9a—c. In Fig. 9b, the Sr?>* peak is observed in Sr?* adsorbed
GO/Ni-MOF, and the characteristic doublet peak of Sr 3d
(133.98 eV, 135.68 eV) which are attributed to Sr 3ds; and Sr 3d3,
2, respectively, is evident. In the high-resolution C 1s spectra
(Fig. 9c), the peaks can be deconvoluted into four peaks, which
are assigned to the functional groups of C=C/C—C (284.7 eV),
C—N (285.5 eV), 0—C (286.5 eV), and C=0 (288.2 eV), respec-
tively. The presence of oxygen-containing metal-free groups (e.g.,
0—C=0, C=0) confirmed that abundant reactive sites existed in
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Fig. 9. (a) The XPS spectra of sample G/N-35%-24hr after Sr>* sorption for 24 h. (b) The Sr 3d XPS spectrum of sample G/N-35%-24hr after Sr>* sorption for 24 h. (c) The C1s XPS
spectrum of sample G/N-35%-24hr after Sr?* sorption for 24 h. (d) The XPS spectra of sample G/N-35%-24hr before Sr>* sorption.
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the composites for the binding of Sr?>* during the chemisorption
processes. Additionally, the large surface area of porous MOF also
provides sufficient spaces for the physical absorption of Sr*.
These two kinds of sorption mechanisms had been confirmed by
our previous work on the Cs' adsorption in the GO/Co-MOF
composites [11]. Compared to that before Sr’*t sorption
(Fig. 9d), no peak ascribed to nickel can be found in the overall
spectrum after Sr** adsorption (Fig. 9a). This suggests that the
Sr’* jons may substitute Ni** ions in the Ni-MOF nanobelts,
especially after considering the similar charge affinity for Sr**
and Ni%* ions. Therefore, except from the mechanisms of physical
adsorption and chemisorption in the composites, it is envisaged
that the substitutional effects of Sr>* on the MOF structures are
also responsible for the removal of Sr’>* ions from aqueous so-
lution. Such a mechanism is further confirmed by morphology
changes of the composite samples with plenty of exposed MOF
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structures, as shown in Fig. 10a. That is, compared to the ordered
rod-like morphology of Ni-MOF before adsorption, the MOFs in
the composite after Sr>* adsorption displays a rough surface. The
newly generated pores in the MOF structure could be caused by
the lattice deformation when Ni** is substituted by Sr*" with a
much larger ionic radius (Sr>*: 0.125 nm; Ni**: 0.069 nm) [38].
More evidently, the EDS mapping also shows that there are large
amounts of Sr>* ions whereas very little Ni can be observed in
the samples after adsorption (Fig. 10b). Furthermore, as shown in
Fig. 10c, PXRD patterns of the samples after adsorption exhibited
a new peak located at 20 = 22°, and the intensity of which in-
creases with increasing Sr?* absorption. This indicates that the
strontium substitutional slightly modified the crystal structure of
MOF.

Based on the discussions above, it is suggested that there are
three main mechanisms of Sr** adsorption in the GO/Ni-MOF
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Fig. 10. (a) SEM images of the exposed Ni-MOF nanobelts in GO/Ni-MOF composite membranes before and after Sr>* absorption. (b) EDS mapping of GO/Ni-MOF composite
membrane with exposed Ni-MOF nanobelts after Sr** absorption. (c) XRD patterns of GO/Ni-MOF composite membranes with the highlighted peak whose intensity increases with
increasing Sr?* absorption time. (d) Schematic illustration of the immobilization of Sr** in the GO/Ni-MOF composite membranes.
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composites, i.e., the electrostatic interaction between Sr>* with the
oxygen-containing groups (O—C=0) and (C=0) in GO nanosheets,
the physical absorption through the porous MOF structures and the
GO-MOF interwove channels, and the substitution of Ni>* with Sr?*
in the MOF structures, as shown schematically in Fig. 10d [39].
These mechanisms are considered to play individual roles in the
removal of Sr*" in aqueous solution. As a result of the Sr**
adsorption in GO/Ni-MOF, H* ions are liberated from the solid
surface and diffuse into the aqueous solution, which results in the
formation of surface complexes, as follows:

GO-OH + SrZj <> GO-O-Sr*" + Hiq (8)
GO-COOH + Sr3¢ <> GO—CO0—Sr** + Hig 9)
MOEF-Ni** + Sr3g <> MOF-Sr** + Nig (10)

On the other hand, the effective synergetic effect between MOF
and GO also plays a pivotal role. It has also been reported that their
in-plane oxygen functional groups can limit the water transport in
graphene nano-channels because water could form hydrogen
bonds with them, thereby rejecting Sr** in water into the GO
channels, as illustrated in Fig. S1. Therefore, the GO membranes
presented the worst Sr?* absorption. For the GO/Ni-MOF mem-
branes with sandwiched composite structures, however, the for-
mation of interfaces between Ni-MOF and GO effectively
eliminates hydrogen bonds at the GO surfaces, thus facilitating the
permeation and absorption of Sr’* with oxygen-containing
groups in GO. On the other hand, the GO sheets also activate the
surfaces of MOF structures, leading to the effective absorption of
Sr’* in Ni-MOF. Therefore, the synergistic effect of the unique
architectures of GO and Ni-MOF can provide high specific surface
area and facilitate the facile ion transfer and absorption in the GO/
Ni-MOF membranes.

4. Conclusions

In summary, the self-assembled membranes consisting of
MOFs and graphene oxides have been synthesized through a
simple and facile high-yield filtration method. The existence of
abundant oxygen-containing functional groups (e.g., C-O, C=0)
in the GO/Ni-MOF membranes is confirmed by FT-IR and XPS
spectra. Batch experiments demonstrated that with a mass dose
of 2 mg, the membrane with a high content of Ni-MOF has an
optimal Sr?* removal capacity after an adsorption time of 24 h,
which is more efficient than bare GO and the membrane with a
lower content of Ni-MOF. This work has demonstrated that the
GO/Ni-MOF membranes presented here are a promising adsor-
bent candidate that can be used in the efficient removal of
radioactive strontium from aqueous wastes.
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