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Self-assembly of 2D-metal-organic framework/
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The potential toxicity and irreversibility of radionuclide Cs place severe pressure on the natural environment,
which has become one of the most forefront pollution problems in nuclear energy utilization. To solve this
problem, novel self-assembled membranes consisting of two-dimensional (2D) metal-organic frameworks
(MOFs) and graphene oxide (GO) were prepared by a facile filtration method, which can efficiently absorb
Cs* from aqueous solutions. The batch experimental results showed that the sorption of Cs* on the GO/
Co-MOF composite membrane was strongly dependent on the addition mass and the membrane
compositions. Thus, the dominant interaction mechanism was interface or surface complexation and
electrostatic interaction. The maximum sorption efficiency of Cs* on GO/Co-MOF was 88.4% with 8 mg
addition mass at pH = 7.0 and 299 K. Detailed FT-IR and XPS analyses suggested that the efficient
synergistic effects in the unique architectures of GO/Co-MOF play an important role in the high sorption
capacity of Cs*. The facile preparation method and the highly-efficient Cs* removal behaviour of GO/
Co-MOF make the novel membrane a promising candidate for the elimination of radionuclide
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1. Introduction

With the huge development of global nuclear energy industry
and projects, cesium (Cs) as a strategic resource plays an
increasingly important role, which attracts a wide range of
research interest.”” However, large amounts of Cs ions are
inevitably released into the natural environment.' Because of
the long half-life time (¢,,, = 30.17 years), strong y radiation,
high solubility and mobility of Cs" in the environment,

“School of Instrumentation Science and Opto-electronics Engineering, Beihang
University, No. 37 XueYuan Road, Beijing 100083, China. E-mail: gcshan@buaa.
edu.cn

*Guangdong Provincial Key Laboratory of Micro/Nano Optomechatronics Engineering,
College of Mechatronics and Control Engineering, Shenzhen University, Shenzhen
518060, China

°School of Space and Environment, Bethang University, No. 37 XueYuan Road, Beijing
100083, China. E-mail: whao@szu.edu.cn

“Graduate School at Shenzhen, Tsinghua University, Shenzhen 518055, China
School of Materials Science and Engineering, Qiqihar University, Qiqihar 161006,
China

/Department of Mechanical Engineering, Hong Kong Polytechnic University, Hung
Hom, Kowloon, Hong Kong. E-mail: mmzheng@polyu.edu.hk

T Electronic  supplementary information (ESI) available. See DOI:
10.1039/c8ra08410f

i These authors contributed equally.

This journal is © The Royal Society of Chemistry 2018

particular attention has been paid to its separation and removal
from aquatic environments especially after the disastrous
accident at the Fukushima Daiichi nuclear power station in
Japan.? Therefore, there is an urgent need to develop a highly
efficient method for the removal of Cs' from waste streams
before its intended long-term storage. A number of technologies
for the capture of Cs' from wastewater have been reported in the
past few decades, such as solvent extraction, ion exchange, co-
precipitation, and adsorption processes.*” Among the above-
mentioned technologies, the adsorption process is widely
applied in wastewater treatment owing to its simplicity,
economy, good selectivity, and high efficiency.>** In addition,
the adsorbents can be easily regenerated during reversible
adsorption. To achieve the rapid and efficient removal of Cs*
from aqueous solutions, it is crucial to search for a suitable
adsorbent with fast reaction rate and high sorption capacity,
which also avoid aggregation in the adsorption processes.
Recently, metal-organic frameworks (MOFs) built from
metal ions/clusters and organic linkers have drawn a lot of
attention. MOFs exhibit large pores and cavities in the range of
molecular dimensions. Their pore size, connectivity and
dynamic interaction with targeted guest molecules can be
regulated by the judicious selection of organic and inorganic
building blocks among a virtually unlimited number of
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possibilities.”®*® These properties endow MOFs a promising
candidate for efficient removal of Cs' from aqueous solutions.?”
Several MOFs, such as HKUST-1 and MIL-101, were employed as
adsorbents and their ability to remove Cs* from aqueous solu-
tion was studied.'?® Previous results indicated that the
untreated MOFs showed limited adsorption capacity for Cs®,
and therefore they have to be functionalized by functional
groups (Fe;04/KNiFC or -SO3;H) to improve their affinity toward
Cs'. The additional steps not only complicated the synthetic
procedure, but also increased the synthetic cost. In this work,
we report the fabrication of flexible two-dimensional (2D)
metal-organic framework (MOF)/graphene oxide (GO)
composite membranes (GO/Co-MOF) through suction filtration
of electrostatic self-assembly sheets consisting of intrinsically
electronegative GOs and electropositive MOFs. The free-
standing GO/Co-MOF membranes not only exhibit mechanical
flexibility, but also perform well under severe conditions, such
as immersing in strong acid/alkali aqueous solution. Herein, we
investigated the Cs' removal capabilities of the GO/Co-MOF
composite membranes in aqueous solutions. The Cs* removal
experiments are carried out at varying contact times, reaction
temperatures, concentrations, and different Co-MOF addition
amounts.

2. Experimental
2.1 Materials

Graphite powder (<40 microns, synthetic), potassium perman-
ganate (KMnOy, 99.3%), sulfuric acid (H,SO,, 95-98%), cobalt
nitrate hexahydrate (Co(NO;),-6H,0, 98%), nickel nitrate
hexahydrate (Ni(NOj3),-6H,0, 98%), polyvinylpyrrolidone (PVP,
average mol wt 40 000), 4,4’-bipyridine (BPY), and N,N-dime-
thylformamide (DMF, 99.8%) were purchased from Sigma-
Aldrich. Hydrochloric acid (HCl, 35.0-37.0%), hydrogen
peroxide (H,0,, 30.0-35.5%), sodium nitrates (NaNO;, 98.0%)
were purchased from SAMCHUN. 5,10,15,20-tetrakis(4-carboxyl-
phenyl)-porphyrin (TCPP, 97%) was purchased from Tokyo
Chemical Industry Co. Ltd. Ethanol was purchased from Merck.
An organic membrane filter (47 mm in diameter, Anodisc,
Whatman) with a pore size of 0.25 um was used for the prepa-
ration of the pristine and composite membranes through
vacuum filtration processes. The deionized water was obtained
from the Milli-Q System. All the chemicals were used as received
without further purification.

2.2 Preparation of GO

In a typical procedure, GO was chemical exfoliated from natural
graphite flakes via a modified Hummers method as reported in
our previous research.”* Typically, graphite flakes (5.0 g) and
sodium nitrates (2.5 g) were put into concentrated sulfuric acid
(115 mL) at room temperature. The mixture was under ice bath
for 25 min with mild agitation. Potassium permanganate (15.0
g) was added gradually and the temperature of suspension was
kept to below 10 °C for another 25 min. Then, the mixed
suspension was heated to 35 °C and kept for 45 min until a thick
paste was formed. Deionized water (140 mL) was added and the

40814 | RSC Adv., 2018, 8, 40813-40822

View Article Online

Paper

temperature of the solution was kept at 98 °C for 45 min. When
the brown mixture turned into yellow, the mixture solution was
diluted to 700 mL, followed by adding 30 mL H,0, (30%). The
mixture was then filtered and washed with 50 mL of HCI solu-
tion. Finally, the solution was centrifuged for several times at
11 000 rpm until the pH of the system was about 7. The
resulting sample was dried in vacuum at 60 °C for 72 hours.
1 mg mL~" of GO solution was prepared by the sonication of
1.1 g graphite oxide in 1 L DMF for about 2 hours, after which
the aggregates were removed by mild centrifugation (3000 rpm
for 10 min). The resulting dispersion was ready for further
application.

2.3 Preparation of Co-MOF nanosheets and assembled 2D
GO/Co-MOF composite membranes

Co(NO;),-6H,0 (4.4 mg), BPY (1.56 mg) and PVP (10.0 mg) were
dissolved in 6 mL of the mixture of DMF and ethanol (v/v =
3:1)in a 10 mL vial. Then the TCPP (4.0 mg) dissolved in 2 mL
of the mixture of DMF and ethanol (v/v = 3:1) was added
dropwise into the aforementioned solution, which was then
sonicated for 25 min. After that, the vial was capped and then
heated to 80 °C. After the reaction was kept for 24 h, the
resulting red product was washed twice with ethanol and
collected by centrifuging at 8000 rpm for 10 min. Finally, the 2D
Co-MOF sheets were obtained, which were re-dispersed in DMF.
The GO/Co-MOF composite membranes were prepared through
an electrostatic self-assembly process. Typically, the dispersed
GO suspension in DMF (1 mg mL™") was added into 20 mL of
MOF (Co-MOF) suspension (1 mg mL™") drop by drop under
stirring. Then the mixture was subjected to continuous
magnetic stirring for 1 h. In the next step, the uniformly mixed
GO and Co-MOF solution was filtered with organic membrane
filters under vacuum. After filtration, the samples was peeled off
from the organic membrane and dried for 24 hours in a vacuum
oven at 60 °C. The Co-MOF based membrane was denoted as
GO/2D-Co-MOF-x, where x was the mass percentage of Co-MOF
in the composite. For comparison, GO membrane was prepared
without the addition of MOF.

2.4 Adsorption experiments

The Cs' adsorption experiments for the GO/Co-MOF
membranes were performed by a batch technique. The adsor-
bents were equilibrated with 10 mL of Cs" aqueous solution in
stoppered glass tubes on a thermostat rotary shaker. The
mixture was mechanically agitated at 240 rpm. After the pre-
determined time, the sorbents were separated from aqueous
solution by filtering. And the concentration of cesium in the
solution was measured by ICP. A series of adsorbents with
different weights (2, 4, 6, 8 mg) were studied for the Cs" uptake.
The effect of temperature on the adsorption capacity was eval-
uated at 299, 303, 313 and 323 K, respectively. The kinetics of
adsorption process was investigated between 10 and 240 min at
299 K. Keeping other conditions unchanged, GO/Co-MOF
membranes with different concentrations were also compared
for the Cs" adsorption capacity. The cesium uptake quantity g.
(mg g7'), expressed as the amount of cesium removed per unit

This journal is © The Royal Society of Chemistry 2018
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mass of the adsorbent is calculated according to the following
equation:

=G o

m

where C, and C, are initial and final concentrations (mg L),
respectively, m is the amount of the adsorbent (g) and V is the
volume of the solution (L).

The removal efficiency, RE (%), was determined according to
the following equation:

C) — C

RE =~ ¢ % 100% )

2.5 Characterization

Structural and phase characterizations of the as-prepared solid
membranes were performed by XRD using a Bruker D2 Phaser
diffractometer with Cu Ko, irradiation (A = 1.54 A). The surface
morphology of those samples was characterized by an envi-
ronmental scanning electron microscope (ESEM, FEI/Philips
XL30). The morphology and microstructure of the samples
were revealed by a JEOL-2001F field-emission TEM. Tapping
mode atomic force microscopy (AFM) measurement was per-
formed with Nanoscope V controller (Veeco) equipped with an
E-type vertical engage scanner at room temperature. The X-ray
photon spectroscopy (XPS) examinations were carried out with
a Sigma Probe and monochromatic X-ray source (XPS, K-Alpha,
Thermo Scientific) to analyze the elemental compositions. The
Raman spectroscopy technique (Renishaw) was used to analyze
the structural information with 532 nm Nd:Yag laser.

3. Results and discussion

Single GO and Co-MOF nanosheets were presumably produced
and characterized. GO nanosheets with various sizes were
prepared by chemical exfoliation of graphite via a modified
Hummers method.*" Fig. 1a shows that the average size of GO
sheets was 8-9 pum. The height profile of GO sheets with
a thickness of ~1.1 nm verifies the exfoliation results in
monolayer graphene oxides (Fig. Slat). The complete exfolia-
tion of graphite is further evidenced by the XRD patterns of GO
with a sharp diffraction peak at 26 = 11.3° (Fig. S1b¥).>> Co-MOF
nanosheets were prepared by a solvent thermal method. As
shown in Fig. 1b, S2b and S2c,f the obtained Co-MOF present
square-like nanosheet structure with a lateral dimension of ~8
pum. The corresponding synthesis mechanism is schematically
shown in Fig. Sla.f Some overlapping parts among Co-MOF
nanosheets were observed as shown in Fig. S2bT and a sepa-
rated Co-MOF sheet is displayed in Fig. S2c.T It is noted that the
diffraction ring and weak spots are observed in the selected area
electron diffraction (SAED) pattern for Co-MOF nanosheet
(Fig. S2d+), which suggests that Co-MOF is likely amorphous or
weakly crystalline. Actually, even if the square-like Co-MOF
nanosheet is crystalline, it may easily decompose under the
highly powerful electron beam, and thus it is difficult to observe
some diffraction spots in the SAED patterns.* The XRD patterns

This journal is © The Royal Society of Chemistry 2018
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(Fig. S2et) indicate that the Co-MOF is crystalline and exhibits
a tetragonal structure. Energy-dispersive X-ray spectrometry
(EDX) was also applied to reveal the structure of Co-MOF
through the mapping analysis of elements C, N, and Co. As
clearly shown in Fig. 1c, unambiguously, a homogeneous
distribution of cobalt and nitrogen throughout the outer shell is
observed. More importantly, the size of Co-MOF sheets can be
tuned (Fig. S31) by changing the concentration of TCCP or
reaction temperature.

In the preparation of GO/Co-MOF membranes, the as-
exfoliated GO nanosheets and as-obtained Co-MOF nano-
sheets were dispersed in N,N-dimethylformamide (DMF) with
a respective concentration of 1 mg mL™" before vacuum filtra-
tion. Due to numerous residual oxygen-containing functional
groups, the GO nanosheets dispersed in DMF are intrinsically
electronegative, as confirmed by their measured zeta potential
of —52.0 mV (Fig. 1d). Oppositely, Co-MOF is intrinsically
electropositive with a zeta potential of +59.1 mV (Fig. 1d). When
electropositive Co-MOF is added into the electronegative GO
solution, GO nanosheets attach the surfaces of Co-MOF nano-
sheets. As shown in the vials (inset of Fig. 1d), the precipitates
are settled down to the bottom of the container after some time,
indicating the electrostatic self-assembly of GO and MOF.
Remarkably, unlike physical mixing, the electrostatic self-
assembly process can effectively prevent the self-restacking of
GO or Co-MOF nanosheets. The flexible freestanding GO/Co-
MOF hybrid membranes were obtained through vacuum-
assisted filtration of the solutions. For comparison, GO
membranes were first fabricated by vacuum filtration of the
chemically exfoliated GO nanosheets (Fig. S4t). Fig. 1e-g shows
the SEM and TEM images of GO/Co-MOF membrane. A dense
surface with some wrinkles can be observed (Fig. 1e). The cross-
sectional SEM image of the GO/Co-MOF membrane presents
distinct layered structures (Fig. 1f). TEM was employed for
further cross-sectional analysis. Fig. 1g shows the correspond-
ing TEM cross-sectional image of as-prepared GO/Co-MOF.
Compared to pure GO and MOF membranes (Fig. S5a and
bt), the composite membrane exhibits alternating layers of GO
and MOF sheets. The high-angle angular dark field scanning
TEM and elemental mapping images clearly confirm the alter-
nating layers of GO and Co-MOF sheets (Fig. 1h), demonstrating
the effective self-assembly of GO/Co-MOF membrane while the
restacking of MOF nanosheets should be restricted very much.
The Co-MOF based membrane was denoted as GO/2D-Co-MOF-
x, where x was the mass percentage of Co-MOF in the
composite. The XRD patterns for GO/Co-MOF are shown in
Fig. 1i. The (002) diffraction peak shifts from 11.3° for GO to
10.2° for GO/2D-Co-MOF-40 membrane, and to a lower 26 of
9.1° for GO/2D-Co-MOF-60, indicating the insertion of certain
amount of MOF between adjacent graphene nanosheets. For
high addition amount of GO/2D-Co-MOF-60, the strong
diffraction peaks (112), (004) and (006) for Co-MOF are still
retained, evidencing the completeness of the nanosheets.

To investigate the compositions of composite membranes,
Raman spectroscopy, Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) were per-
formed. The Raman spectra of the samples (Fig. 2a) exhibit two

RSC Adv., 2018, 8, 40813-40822 | 40815
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Fig. 1 (a) TEM image of as-exfoliated GO sheets; the inset presents statistical analysis of the diagonal sizes of GO sheets measured in SEM
images. (b and c) SEM image and dark-field TEM image of 2D Co-MOF and the corresponding EDX elemental mapping images. (d) Zeta
potentials; the inset is the photographs of Co-MOF (left), GO (middle) and GO/Co-MOF (right) solutions. (Panel d reproduced from ref. 16) (e)
Top-view SEM image of the GO/2D-Co-MOF-60 composite membrane; the insets show high-resolution top-view SEM image, and flexible,
freestanding GO/Co-MOF membranes. (f, g and h) Cross-sectional SEM, TEM and STEM image of the 2D GO/Co-MOF composite membrane
and the corresponding EDX elemental mapping images. (i) XRD patterns for as-prepared GO, Co-MOF, GO/2D-Co-MOF-40 and GO/2D-Co-

MOF-60 membranes.

remarkable peaks at about 1352 and 1590 cm ™', corresponding

to D and G bands, respectively. The G-band is related to the E,g-
vibration mode of sp® hybridized carbon-based materials,
whereas the D-band is assigned to the structural defects or
disordering of sp® carbon.? The calculated peak intensity ratio
(Ip/Ig) for hybrid membranes are 0.91 and 0.88, which corre-
spond to GO/2D-Co-MOF-60 and GO/2D-Co-MOF-40 before
reduction. The larger value for GO/2D-Co-MOF-60 (Ip/Ig = 0.91)
is ascribed to the gradually more defects caused by the more
additions in MOF sheets.”* In the FT-IR spectra (Fig. 2b), the
peaks located at 1721, 1566, 1430, 1231, and 1080 cm ' are
ascribed to C=0, carboxyl O=C-0O, epoxy C-O-C, C-O groups,
and C=C stretching, respectively.>® In Co-MOF, the broad band
centered at 3460 cm " and the band located at 2938 cm "
correspond to the O-H stretching vibrations of the physical

40816 | RSC Adv., 2018, 8, 40813-40822

adsorbed atmospheric moisture/H,0.>* More specifically, the
peak centered at 3460 cm ™' could be assigned to O-H stretching
in a water molecule which is adsorbed at the Co site. The peak at
2938 cm ™" can be traced to the O-H stretching, the hydrogen in
which is further H-bonded to the displaced oxygen connecting
to the linker.?” The bands located at 1676 and 1374 cm ™' are
ascribed to the symmetric and asymmetric stretching vibrations
of C-O bond in TCPP,”® which could form strong surface
complexes with Cs. The bands between the wavenumbers of 614
and 1243 cm ' are attributed to the fingerprint region of
terephthalate-based compound.”® In this region, the strong
bands located at 986 and 856 cm ™" are attributed to the out-of-
plane bending vibration modes of the C-H bond in the benzene
ring of the BPY, whereas the band centered at 614 cm ™' is due to
the stretching vibration of Co-O in the coordinated Co,(COO),

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a and b) Raman spectra and FT-IR spectra of GO, GO/2D-Co-MOF-40, GO/2D-Co-MOF-60, and Co-MOF. (c) Wide survey XPS

spectrum of GO/2D-Co-MOF-60. (d) C 1s spectra for GO/2D-Co-MOF-60.

cluster.” For GO/Co-MOF, the O-H stretching shifts from
3460 cm ™" of Co-MOF to 3601 cm™ ", and the stretching vibra-
tions of C-O at 1676 cm ™" shifts to 1640 cm ™. A newly appeared
strong peak at 1726 cm ™' indicates that the metal oxide clusters
are attached to the surface of graphene oxide through oxygen-
containing functional groups.”® Additionally, those functional
groups could provide abundant binding sites for the effective
removal of Cs'. A further XPS survey for GO/2D-Co-MOF-60 is
presented in Fig. 2c and d. In Fig. S6a,t the Co 2p spectrum
shows two characteristic peaks, corresponding to 2p;,, and 2p,,
».%° The high-resolution N 1s spectrum (Fig. S6bT) indicates that
the peak is attributed to pyrrolic-N (398 eV). The high-resolution
C 1s peaks as shown in Fig. 2d can be deconvoluted into four
peaks, attributing to the following functional groups: ~284.7 eV
(C=C/C~C), ~285.5 €V (C-N), ~285.0(C-0) and ~286.9 eV (C=
0/0-C=0). All the above-mentioned experiments evidenced
that two various oxygen-containing metal-free groups (C-O and
C=0) are generated in the composite, which could provide
sufficient reactive sites for the binding of Cs" during adsorption
experiments. We also tested the mechanical properties of the
composite membranes as reflected in Fig. S7.f For the
composite membranes, the mechanical strength is much
higher than that of bare GO. Here we note that the tensile
strength value is increased to 102.3 MPa for GO/Co-MOF-60,
and 83.4 MPa for GO/Co-MOF-40, compared to the bare GO
membrane with lower tensile strength value of 45.1 MPa.

This journal is © The Royal Society of Chemistry 2018

Moreover, a Video (S17) is recorded for the comparison between
the stability of GO and GO/Co-MOF in water under ultrasound,
which double confirms the excellent flexibility and stability of
GO/Co-MOF.

Given that GO/Co-MOF exhibits ultra-high stability and has
sufficient reactive sites for Cs’ binding, herein the sorption
mechanism of Cs™ on the GO/Co-MOF composite membrane
from aqueous solution is to be investigated. To maximum the
Cs' removal efficiency, different important parameters (e.g.
contact time, reaction temperature, concentrations) were
adjusted in detail as follows.

The variation of contact time is a significant parameter in
determining the adsorption potential of an adsorbent. Thus,
a preliminary study was done on the adsorption of Cs* within
a time period of 10-240 min at 299 K (Fig. 3a). The adsorbent
dose is 3 mg, and the volume of the solution is 10 mL with a Cs"
concentration of 78 pg mL ™', and pH = 7. The maximum Cs"
removal efficiency for GO/2D-Co-MOF-40 membranes is 45.6%
after 240 min. Surprisingly, when the GO/2D-Co-MOF-60
composite membranes are employed as adsorbents, the
uptake of Cs' increases significantly in the first 20 min and
reaches a plateau within 60 min. The best removal efficiency for
GO/2D-Co-MOF-60 membranes occurs at 240 min, with a value
of 65.02%. The uptake quantity of Cs* on GO/Co-MOF samples
is shown in Fig. S8a,t and the maximum sorption capacity g. of
Cs" on GO/Co-MOF is 168.79 mg g~ '. Although the value is

RSC Adv., 2018, 8, 40813-40822 | 40817
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kinetic plots (solid lines) of Cs* removal on GO, Co-MOF, GO/2D-Co-MOF-40 and GO/2D-Co-MOF-60. (c) Effect of adsorbent dosage on the
adsorption of Cs* on GO/Co-MOF membranes. (d) Effects of temperature on the adsorption of Cs* on GO/Co-MOF membranes.

lower than that of 3D uranyl organic framework (432 mg g™ ), it
is higher than that of MOF/KNiFC (153 mg g~ ').>** It is noted
that the Cs" removal efficiency of membranes changing from
GO/2D-Co-MOF-40 to GO/2D-Co-MOF-60, that is, the value
increases with increasing the concentration of surface-active
sites. For comparison, the influence of contact time on the
sorption of Cs* onto pure MOF and GO were also investigated
(Fig. 3a). For pure MOF, the removal of Cs" increases rapidly
within the first 10 min, and slowly increases afterwards till
240 min. The enhanced sorption suggests that the 2D Co-MOF
nanomaterial provides abundant active sites to bind Cs’. For
GO, the removal of Cs* become close to saturation within
150 min, and the growing tendency slows down with the
increasing of contact time. To extract the interaction mecha-
nism in details, the sorption kinetics is fitted by the pseudo-
first-order model and pseudo-second-order model,** which are
described as follows:

4= qe(1 — e 3)
kzlqe2

= -1 4

q: 1+ qothr ( )

where g. (mg g~ ") and ¢, (mg g~ ") are the amounts of absorbate
uptake per mass of adsorbent at equilibrium and at time ¢
(min), respectively; k; (1/min) and &, (g (mg min)~") are the rate
constant of the pseudo-first-order equation and the pseudo-
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second-order equation, respectively. The pseudo-second-order
model fitting calculation is presented in Fig. 3b and the rele-
vant kinetic parameters are tabulated in Table S1.} According to
the linearity of fitting R> and q. values, it is clear that the Cs*
sorption on Co-MOF or GO/2D-Co-MOF-60 can be better
described by the pseudo-second-order model, which demon-
strates that the Cs" removal behavior is dominated by a chem-
ical sorption process in the composite membranes, especially in
those with high contents of Co-MOF.

The effect of adsorbent dosage on the adsorption process is
also investigated, as shown in Fig. 3c and S8b.{ The dosage of
membranes is set at 2, 4, 6, and 8 mg. Other experimental
conditions are set as follows: temperature 299 K, contact time
240 min, volume of the solution 10 mL, initial Cs* solution 78
pg mL~' and pH = 7. For the GO/Co-MOF membranes, the
uptake of Cs" increases at low adsorbent weight and reaches
a plateau at high adsorbent weight, which could be attributed to
the exposure of accessible surface-active sites for adsorption. In
the very beginning of adsorption, sufficient active sites are
available for Cs* uptake. As the adsorbent mass increases, the
active sites gradually become saturated and achieve dynamic
equilibrium, suggesting that there is an optimal adsorbent
dosage for the Cs* removal from the aqueous solution. For the
GO/2D-Co-MOF-60 adsorbent, an adsorption percentage of
88.4% is achieved under a weight of 8 mg. It is noted that when
the adsorbent weight is 2 mg, the Cs* removal efficiency for GO/

This journal is © The Royal Society of Chemistry 2018
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2D-Co-MOF-60 membranes is almost 2 times higher than that of
GO/2D-Co-MOF-40 membranes. However, the value decreases
to 1.15 times when the adsorbent weight increases to 8 mg.
Thus, compared to GO/2D-Co-MOF-40, the GO/2D-Co-MOF-60
membrane is more advantageous at a lower adsorbent weight
for Cs' removal. Similarly, for pure GO and Co-MOF, the sorp-
tion percentage increases with increasing sample dosage, but
the overall adsorption capacities of pure GO and Co-MOF
samples are lower than that of composite membranes. It is
observed that the g, values decrease with the adsorbent weight
increasing from 4 mg to 8 mg (Fig. S8b¥). The decrease of ¢,
value might be caused by the competition between sorption
sites, which can reduce their complexation ability to heavy
metal ions of Cs" at high adsorbent dosage. Thus, one could
speculate that more sorption sites are available for binding Cs*
to enhance the Cs* removal efficiency at low adsorbent weight.
However, the competition between the active sites at high
adsorbent dosage may greatly reduce the free binding sites,
which thereby results in the slow increase of Cs* removal.

The effects of temperature on the removal of Cs* are inves-
tigated at 299, 303, 313, and 323 K (Fig. 3d). Other experimental
conditions are kept the same: contact time 240 min, adsorbent
dose 3 mg, volume of the solution 10 mL, initial Cs" solution 78
pug mL~' and pH 7. As shown in Fig. 3d and S8c,T the Cs"
removal efficiency and/or capacity for GO/2D-Co-MOF-60 is
always higher than that for GO/2D-Co-MOF-40 membranes. The
sorption of Cs" on Co-MOF significantly increases with
increasing temperature, indicating that a higher temperature is
beneficial for Cs* sorption on MOF samples. For GO samples,
however, an opposite result is found due to the partial reduction
occurred in the GO at elevated temperatures.* Interestingly, the
variation of adsorption efficiencies is similar for both
composite membranes, that is, it first decreases and then
increase. For the GO/2D-Co-MOF-40 members, the reduction of
GO leads to a reduced adsorption efficiency in the beginning,
while a higher temperature promotes the removal of Cs' by
MOF. The GO/2D-Co-MOF-60 exhibits a decrease in absorbance
efficiency from 299 to 303 K. The value rapidly increases from
303 to 323 K, evidencing that the high addition amount of Co-
MOF in GO/2D-Co-MOF-60 composite membrane plays
a crucial role in the adsorption efficiency. The g, of Cs™ on
GO/2D-Co-MOF-60 (192.14 mg g~ ) is much higher than those
of other materials, suggesting that the GO/2D-Co-MOF-60 is
a suitable and promising material for the efficient elimination
of Cs" (Fig. S8a-S8ct).

To evaluate the stability of spent GO/Co-MOF adsorbent,
SEM analysis is carried out on the fresh and used adsorbents
(Fig. S91). The rough surfaces (Fig. S9b¥) as well as their EDS
mapping (Fig. S107) further confirm the adsorption of Cs" on
the GO/Co-MOF adsorbent. Meanwhile, the region marked in
a green square in Fig. SOff indicates the structural integrity of
Co-MOF after Cs" adsorption. Fig. 4a shows the XPS spectra of
GO/2D-Co-MOF-60 before and after Cs® sorption. Two new
peaks attributed to Cs 3d appear after Cs* sorption, confirming
that Cs" is successfully absorbed on the GO/2D-Co-MOF-60
surfaces (also shown in Fig. S9bt). In the high-resolution Cs
3d spectrum (Fig. 4b), the peaks at the binding energies of 738.2
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and 724.1 eV correspond to Cs 3d3,, and Cs 3ds),, respectively.
Fig. 4c reveals the high-resolution C 1s spectrum of GO/2D-Co-
MOF-60 after Cs" uptake, which could be divided into four
components including C-C (284.7 eV), C-N (285.5 eV) C-O
(286.82) and C=0 (286.7 eV).*> Compared to the spectrum of C
1s before Cs' sorption (Fig. 2d), it is clear that the peak posi-
tions of C-0 and C=O0 shift significantly after Cs* sorption. For
C-0, the peak position shifts from 285.0 to 286.82 eV after Cs"
sorption. Moreover, for C=0, the peak position changes from
286.9 to 286.7 €V after Cs' sorption. And, the peak areas of C-O,
C=0 and C-C change significantly after Cs* sorption.? In
specific, the peak area of C-O decreases from 19.44% to 13.60%,
and that of C=0 decreases from 31.13% to 28.15%, while that
of C-C increases from 39.97% to 48.74%. The results indicate
that the chemical environment of those oxygen containing
functional groups (i.e., C=0 and C-0) change and Cs" might
form surface complexation with C=0 and C-O of GO/2D-Co-
MOF-60 during the reaction processes (Fig. 4d). Based on the
results (Fig. 3b), the dominant interaction mechanisms
between Cs" and the composite membranes could be chemical
adsorption and electrostatic interaction, as illustrated in Fig. 4e.
For the bare Co-MOF, physical sorption dominates in the
removal of Cs*. The large pores (diameter ~10 A) in the crystal
structure of Co-MOF nanosheets could effectively hold the Cs*
ions (ion radius ~1.67 A), and the stable connection between
oxygen-containing groups and Co in MOF hinder the chemical
adsorption of Cs* (Fig. 4f).** For the GO membranes, it has also
been reported that the in-plane oxygen functional groups limit
the diffusion of water molecules into the graphene nano-
channels due to hydrogen bonds,** which further rejects the
diffusion of Cs" in solutions into the GO channels, as illustrated
in Fig. 4g.?° Therefore, the poor Cs" adsorption is found in GO
membranes (Fig. 3a, ¢ and d). For the GO/Co-MOF membranes
with sandwiched composite structures, the interfaces between
Co-MOF and GO may effectively eliminate the hydrogen bond at
the GO surfaces, thus facilitating the permeation and adsorp-
tion of Cs” with oxygen-containing groups in GO. Besides, the
GO sheets also activate the outer surfaces of MOF. Thus, the
interaction mechanism of Cs" in Co-MOF is better described as
chemical adsorption instead of the aforementioned physical
sorption. The chemical adsorption is also demonstrated based
on the FT-IR spectra of GO/Co-MOF with new peaks marked in
brown circles (Fig. 2b). Thus, the synergistic effect between GO
and Co-MOF provides a high specific surface area and a facili-
tate ‘corridor’ for ion transfer and adsorption.

The cycle pattern of adsorption-desorption-drying-adsorp-
tion was used to investigate the reusing performance of
membrane materials. We used distilled water, 1 mol L™! HNO,
solution and 0.5 mol L™' NH,NO; solution to clean the
membranes successively which were used subsequently for
repeated absorption experiment after drying. Thus, a similar
study was done on the adsorption of Cs" within a time period of
240 min at 299 K. The adsorbent dose is 3 mg, and the volume of
the solution is 10 mL with a Cs* concentration of 78 pg mL™,
and pH = 7. The maximum Cs' removal efficiencies of the GO/
2D-Co-MOF-60 membranes are 65.02%, 60.1%, 57.4%, and
55.7% for the multiple regeneration cycle performance of four
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(a) The XPS spectra of GO/Co-MOF before and after Cs* sorption; (b) the Cs 3d XPS spectrum of GO/Co-MOF after Cs* sorption; (c) the C

1s XPS spectrum of GO/Co-MOF after Cs* sorption; (d) sorption mechanism of Cs* on GO/Co-MOF samples; (e) schematic of mechanisms of
sorption reaction in GO/Co-MOF composite membranes; (f) Schematic of mechanisms of sorption reaction in Co-MOF; (g) Schematic of

mechanisms of sorption reaction in GO membranes.

times adsorption from the first adsorption to the fourth
adsorption repeatedly. Obviously, the uptake of Cs’ on the
composite membranes doesn't decrease significantly in the
repeated cycle using and the value kept above 55%. For
comparison, the repeated sorption of Cs* onto pure MOF and
GO were also investigated. For pure MOF, the removal efficiency
of Cs* decreases rapidly from 36.4% to 17.4% within four times
sorption, which could be caused by the gradual saturation
physical sorption. The GO membranes have the most stable
removal-efficiency from 21.1% to 15.4% with the fourth-time
repeated absorption. The high efficient removal efficiency
might result from gradual consuming in-plane oxygen func-
tional groups, which promotes the diffusion of water molecules
into the graphene nano-channels.

4. Conclusions

We have successfully synthesized a novel self-assembled
membrane consisting of 2D-metal-organic frameworks and

40820 | RSC Adv., 2018, 8, 40813-40822

graphene oxides through a simple high-yield facile filtration
method. The synthesized GO/Co-MOF membranes have abun-
dant oxygen-containing functional groups (such as C-O, C=0),
which were confirmed by FT-IR and XPS analyses. Batch
experimental results suggested that the GO/2D-Co-MOF-60
adsorbent had an optimal removal capacity of Cs* (192.14 mg
g~ ") under a contact time of 4 hours and an adsorbent dose of
2 mg. Compared with GO/2D-Co-MOF-40 membrane, bare GO
and Co-MOF samples, the GO/2D-Co-MOF-60 membrane
exhibited a much better Cs* removal efficiency, which was more
obvious in the very beginning of Cs" adsorption and at a lower
adsorbent dosage. This work demonstrates that GO/Co-MOF
composite membranes are promising sorbent candidates for
nuclear waste remediation.
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