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The instability of graphene oxide (GO) membranes in aqueous solutions restricts their application in
wastewater treatment through the membrane separation technology. In this work, a nanocomposite
membrane (Sm-MOF/GO) composed of samarium metal-organic frameworks (Sm-MOFs) and GO
nanosheets was successfully fabricated via the filtration of the corresponding Sm-MOF/GO dispersions.
The in situ growth of Sm-MOF with aqueous stability on the GO sheets prevented the adjacent GO
layers from expanding in aqueous solutions, thus endowing the prepared Sm-MOF/GO membrane with
a stable membrane skeleton structure. Besides, the successful loading of Sm-MOF enlarged the layer
space of the composite membrane, which was beneficial for higher permeance. The optimization of the
Sm-MOF loading contents was also investigated to prepare M-X (where X represents the mass ratio of

the MOF raw material to the total mass of the reactants). Subsequently, the fabricated M-0.31 possessed
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Accepted 12th February 2020 a high permeance of 26 L m=? h~" bar™

, which was 3 times higher than that of a pure GO membrane;

moreover, high rejections (>91%) to rhodamine B and methylene blue were obtained. After continuous

DOI: 10.1039/d0ra01110j 5.5 h filtration, the excellent rejection was still maintained as expected, indicating the long-term stability
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1. Introduction

Organic dyes are widely used in various fields, such as textile,
paint, leather and paper industries, and produce large quanti-
ties of wastewater containing dyes."” Most organic dyes are
highly toxic, resistant to biodegradation and even carcino-
genic;®>® thus, it is urgent to remove dyes from water. The
conventional methods of the separation of pollutant dyes from
water, such as distillation®” crystallization and condensation,
cannot achieve high separation efficiency. In recent decades,
the membrane separation technology has been proven to be
a promising approach to address the issue of environmental
contaminants.*'* Compared to the traditional separation
technology, membrane separation is more energy saving, easier
to operate, and does not produce secondary pollution during
the efficient separation of pollutant emissions; thus, it has great
potential in the separation of water contaminants and water
purification.****

As a two-dimensional nanomaterial researched widely in
membrane separation, graphene oxide (GO) has been consid-
ered a strong competitor for liquid separation owing to its
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monoatomic thickness, lamellar structure, good membrane-
forming ability, excellent mechanical strength and flexibility,
and easy mass production characteristics.'**® However, there is
no strong interaction between adjacent GO layers, thus leading
to an expanded GO membrane when dispersed in an aqueous
solution, which seriously affects the performance of the GO
membrane. In this case, combining GO with other nano-
materials to build nanocomposites, purposefully adjusting the
properties of the composites to reach the final separation target,
becomes an effective approach to improve membrane
performance."”

Thus, researchers focused on GO and metal-organic frame-
work (MOF) nanocomposites.'®*>* As a network-like compound
with the advantages of an adjustable structure, high porosity
and large specific surface area,” MOF is constructed by
combining a metal center and organic linkers via coordination
bonds. The ultra-high specific surface area provides MOF with
excellent adsorption properties for gas separation and storage,
but weak dispersion forces attract small molecules, limiting the
practical applications.”® In addition, the instability of most
MOFs dispersed in water solutions creates restrictions on water
treatment. Interestingly, after the hybridization of GO and MOF,
the forces between the GO layers are reinforced, and the
dispersion of MOF in water is improved.> For example, Yang
et al. prepared MOF@GO on cellulose acetate (CA) ultrafiltra-
tion membranes and found that the obtained CA/MOF@GO
membranes exhibited higher hydrophilicity and pure water

This journal is © The Royal Society of Chemistry 2020
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flux.>* Yang et al. fabricated a UiO-67/GO adsorbent and
confirmed its enhanced adsorption capacity for an organo-
phosphorus pesticide.”® Although several MOF/GO nano-
composites have been explored, the research on MOF/GO
membranes for water purification is very limited. Therefore, it is
desirable to prepare diverse MOF/GO nanocomposites for
applications in water purification.

In this work, a water-stable samarium MOF (Sm-MOF) was
grown in situ on a GO layer to prepare a Sm-MOF/GO membrane
through simple vacuum filtration. The optimization of the mass
ratio (Sm-MOF to GO) was investigated, and the water flux and
organic dye removal rates were immediately determined. As
expected, the obtained Sm-MOF/GO membrane possessed
larger interlayer space due to the in situ growth process. More-
over, the organic dye molecules were adsorbed by Sm-MOF with
a three-dimensional network structure and then transferred to
GO, which helped the fast and efficient removal of organic dyes
from wastewater.

2. Experimental section

2.1. Materials

Concentrated  sulfuric  acid  (H,SO,,  98%), 4,4’
bis(chloromethyl)-diphenyl, 1,3-benzene dicarboxylic acid (1,3-
H,bdc), samarium oxide (Sm,03), phosphorus pentoxide (P,Os),
potassium persulfate (K,S,0g), potassium permanganate
(KMnO,), potassium nitrate (KNO3), isonicotinic acid, hydrogen
peroxide (H,O,, aq.), hydrochloric acid (HCIl), rhodamine B
(RhB), methylene blue (MB), bovine serum albumin (BSA), and
dimethylformamide (DMF) were purchased from Aladdin
(Shanghai, China). Graphite was purchased from BoYu material
Company. Deionized water was produced by the Milli-Q refer-
ence system (18 MQ cm ™, Billerica, MA, USA). All chemicals
were used directly without further purification.

2.2. Preparation of GO nanosheet suspensions

GO was fabricated through the modified Hummers' method.*”
Briefly, graphite powder (5 g) was added to a solution of H,SO,
(60 mL), K,S,05 (4.2 g) and P,0s5 (4.2 g) at 80 °C and stirred for
4.5 h. After cooling naturally to room temperature followed by
filtration, the solid expanded graphite was obtained; it was then
was washed with a large amount of deionized water until it
reached neutral pH. Then, the dried fluffy product (5 g) was
added to concentrated H,SO, (120 mL, 0 °C) and maintained at
10 °C. Afterwards, KNO; (2.5 g) and KMnO, (16 g) were added to
the mixture and reacted at 35 °C for 2 h. Then, deionized water
(250 mL) was added and continued for a further 2 h. Subse-
quently, deionized water (600 mL) and H,O, (30 wt%, 30 mL)
were added to the solution, and a gelatinous solid was obtained
through standing overnight and filtration. Finally, the mixture
was washed with HCl (1 M) solution and deionized water to
remove metal ions and redundant acid, respectively; then, the
GO powder was obtained after drying at 60 °C for 2 d. The GO
suspension (2 mg mL ™) used in this study was prepared via
sonication of the GO powder in deionized water.

This journal is © The Royal Society of Chemistry 2020
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2.3. Preparation of the samarium-organic framework (Sm-
MOF)

The samarium-organic framework (Sm-MOF) was prepared
according to the method reported in literature.?®*° The first step
was the preparation of the ligand: 4,4’-bis(chloromethyl)-
diphenyl (2.491 g) and isonicotinic acid (3.693 g) were dis-
solved in DMF (40 mL) and stirred for 8 h at 110 °C. After
cooling down to room temperature, the precipitate was ob-
tained by filtration. After washing with DMF and subsequent
vacuum drying, white 1,4-bis(4-carboxylatopyridinium-1-
methylene) benzene dichloride (H,LCl,) powder was obtained
and it acted as a ligand. H,LCl, (42 mg), 1,3-H,bdc (32 mg), and
Sm,0; (35 mg) were added into a Teflon-lined stainless-steel
container (20 mL), followed with deionized water (6 mL) addi-
tion and heating at 140 °C for 96 h. After cooling to room
temperature, colorless crystals were obtained with further
filtration and denoted as Sm-MOF.

2.4. The preparation of the Sm-MOF/GO nanocomposite

GO dispersion (12 mL), H,LCl, (2.1 mg), 1,3-H,bdc (1.6 mg),
and Sm,0; (1.7 mg) were added into a Teflon-lined stainless-
steel container (20 mL) and then heated at 140 °C for 96 h.
After cooling to room temperature, the reaction mixture was
filtrated, followed by washing with deionized water. After drying
at 60 °C, the Sm-MOF/GO nanocomposite was finally obtained.
Sm-MOF/GO nanocomposite materials with different Sm-MOF
loadings were prepared via an approach parallel to the above-
mentioned approach with different amounts of GO. The
prepared nanocomposite materials were named as M-X; X is the
mass ratio of the MOF raw material with respect to the total
mass of reactants. They were calculated as 0.18, 0.31, 0.41, 0.58
and 0.61.

2.5. Adsorption experiments

The adsorption performance of the materials was measured in
RhB solutions (40 mL, 10 mg L™ "). Briefly, Sm-MOF/GO powders
(10 mg) were added into the RhB solution under continuous
stirring. Then, a small amount of the RhB solution was taken
out at regular time intervals and was centrifuged to wipe Sm-
MOF/GO powders out. Finally, the obtained RhB supernatant
was detected by a UV-Vis spectrometer to acquire the concen-
tration of the remaining RhB.

2.6. The preparation of Sm-MOF/GO nanocomposite
membrane

The Sm-MOF/GO nanocomposite (15 mg) was dispersed in
deionized water (30 mL) and sonicated for 12 h to obtain
a suspension; then, the composite membrane was prepared on
a PVDF polymer membrane through the vacuum filtration of the
above suspension. On increasing the Sm-MOF loading, the
prepared membranes were denoted as membrane-X (M-X),
where X is the theoretical mass ratio of the MOF raw material in
relation to the total mass of the reactants. The values were
calculated as 0.18, 0.31, 0.41, 0.58 and 0.61, and the experi-
mental values were 0.15, 0.20, 0.24, 0.36, and 0.59 (Table S1+).
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2.7. Filtration experiments

The prepared M-X membranes were used to remove the organic
dye RhB (30 mL, 10 mg L") from water by vacuum filtration
with a vacuum degree of 1 bar. The filtered liquor was collected
and detected by UV-Vis spectroscopy. Subsequently, the rejec-
tion to RhB of the prepared M-X was calculated using the
following formula: n = (Co — C) x Co™ " = (Ao — 4) X Ay~ " X
100%; here, 7 is the rejection of the M-X membrane, C, and C
are the concentrations of the RhB solutions before and after
filtration, and A, and A are the ultraviolet curve absorbances of
RhB before and after filtration, respectively. The permeance of
M-X was calculated by the following formula: J =V x §* x T
x P~%; here, J is the permeance of M-X, V is the volume of RhB
solution, S is the area of M-X, T'is the filtration time, and P is the
vacuum degree.

2.8. Characterization

The morphologies of the as-prepared nanocomposite
membranes were characterized via a Scanning Electron Micro-
scope (SEM, Hitachi SU8020, 10 kV) and Transmission Electron
Microscope (TEM, JEOL JEM 1200EX, 120 kV). The thickness of
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the samples was measured via an Atomic Force Microscope
(AFM). The crystal structure of the samples was investigated by
X-Ray Diffraction (XRD) using a Bruker D8 advance diffrac-
tometer with Cu-Ka source. The bonding of the samples was
obtained through Fourier Transform Infrared Spectroscopy
(FTIR, Thermo Electron Antaris II). The concentration of the
organic dyes was measured using UV-Vis spectroscopy (Thermo
Fisher Scientific, NanoDrop 2000c). The actual content of Sm-
MOF on GO was measured by Inductively Coupled Plasma
(ICP, Agilent ICPOES730). The water contact angles of the Sm-
MOF/GO composite membrane were measured through an
interfacial tension-meter (DCAT21).

3. Results and discussion

3.1. Characterization and mechanism

The mechanism of dye removal from water through the Sm-
MOF/GO composite membrane is shown in Fig. 1. Sm-MOF,
with good stability in water, was grown in situ on the GO
layer, which connected the adjacent GO layers and thus pre-
vented the GO membrane expansion in aqueous solutions.
Meanwhile, the layer spacing of the GO membrane increased
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Fig. 1 Schematic illustration of (A) Sm-MOF/GO nanocomposite membranes. (B) A possible route for dye removal from water through the

membrane.
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due to the introduction of Sm-MOF, which improved membrane

permeance. Moreover, Sm-MOF exhibited a three-dimensional

network structure, which facilitated the interception of

pollutant molecules when the pollutants were transported into
the
performance.

GO sheets, thereby achieving better separation

SEM and TEM were performed to observe the structure and
morphology of the prepared materials; the results are shown in
Fig. 2. It can be seen that the prepared GO nanosheets are
papery with a lateral dimension of 500-1000 nm (Fig. 2A and B).
Sm-MOF is shaped like a slender bar, as observed from the SEM

and TEM images (Fig. 2C and D), and it can grow further to

Fig.2 (A) SEM and (B) TEM images of GO; (C) SEM and (D) TEM images of
membrane; optical images of (G) GO and (H) Sm-MOF/GO membranes.

This journal is © The Royal Society of Chemistry 2020
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obtain a block crystal. After the in situ growth of Sm-MOF on the
GO sheets, the Sm-MOF/GO nanocomposite was obtained, and
it could be seen that Sm-MOF was successfully loaded onto the
GO sheets (Fig. 2E and F). The obtained GO and Sm-MOF/GO
membrane morphologies are shown in Fig. 2G and H, respec-
tively. Compared to the GO membrane, the Sm-MOF/GO
membrane performed strongly due to its network structure
mentioned above. It should be mentioned that the membrane
was flexible and stable in water.

XRD patterns of the prepared GO, Sm-MOF, and Sm-MOF/
GO nanocomposites were recorded, as shown in Fig. 3A and
B. The diffraction peaks of GO and Sm-MOF were the same as

Sm-MOF; (E) SEM and (F) TEM images of Sm-MOF/GO nanocomposite

RSC Adv, 2020, 10, 8540-8547 | 8543
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those reported in literature*®** and appeared in the XRD
patterns of the Sm-MOF/GO composites. As shown in Fig. 3A,
the diffraction peak of the pristine GO membrane is located at
12.2°, and it shifts to the left on embedding Sm-MOF, which
indicates the enlarged GO layer space. Besides, with the
increase in the Sm-MOF loading capacity, more left-shifted
peaks are observed (Fig. 3B), which means that a more Sm-
MOF loading content contributes to the more enlarged GO
layer space. In order to confirm the successful growth of Sm-
MOF on the GO nanosheets, the binding interactions of the
prepared materials were measured through FTIR spectroscopy
(Fig. 2B). The absorption peaks for GO are seen at 3403 cm ™,
1729 cm ™, and 1620 cm ™', which correspond to the O-H, C=
O, and C=C stretching vibrations, indicating that thin GO
nanosheets have been successfully synthesized with graphite as
a precursor. In addition, the diffraction peaks of the Sm-MOF/
GO composites overlap with that of GO and Sm-MOF, further
confirming the successful synthesis of the Sm-MOF/GO
composites.

The performance of the prepared GO and Sm-MOF/GO for
the adsorption of RhB was measured, as shown in Fig. 4.
Although the adsorption rate of Sm-MOF/GO was significantly
inferior to that of GO, similar saturated adsorption amounts
were obtained and were calculated to be 32 and 36 mg g,
respectively, indicating that certain adsorption abilities of the
prepared GO and Sm-MOF/GO materials were achieved.

8544 | RSC Adv, 2020, 10, 8540-8547

1

(A) XRD pattern, (B) amplified XRD view, and (C) FTIR spectra of prepared GO, Sm-MOF, and Sm-MOF/GO.

The cross-sectional images of the prepared composite
membranes are shown in Fig. 5. GO and Sm-MOF are clearly
observed on M-0.31 with a thickness of 2.2 um (Fig. 5A). The
membrane skeleton was constructed through the stacking of
GO sheets, and the interlayer space of the GO membrane
increased after the Sm-MOF loading, which contributed to an
increase in the Sm-MOF/GO membrane permeance (Fig. 5B). On
increasing the mass of Sm-MOF, the GO layer stacking was
inhibited with the gradual growth of the Sm-MOF crystals,
which prevented the construction of the membrane skeleton
(Fig. 5C and D). This may lead to a sharp decrease in the dye

100

90 4
80-’

—e—GO

—s=— MOF/GO

Adsorption effeciency (%)
()]
o
L

T
400
Time (min)

]
0 200 600 800

Fig. 4 The static adsorption of GO and Sm-MOF/GO nanocomposite
to RhB.

This journal is © The Royal Society of Chemistry 2020
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Fig.5

rejection rate in the presence of M-0.41. The uniform growth of
Sm-MOF between the GO layers can be clearly seen from the
TEM image of M-0.31 (Fig. 5E), which is consistent with the SEM
result (Fig. 5A and B).

3.2. Membrane performances

The filtration performances of the prepared GO and M-X
membranes were investigated by filtering RhB solutions (10 mg

(A and B) Cross-section images of the prepared M-0.31; (C and D) cross-section images of the prepared M-0.41; (E) TEM image of M-0.31.

mL ™", 30 mL). As shown in Fig. 6A, the maximum absorbance of
RhB at 554 nm decreases when filtered by the GO membrane
and different M-X membranes, indicating the successful
removal of RhB molecules in solution. Besides, with the
increased mass contents of Sm-MOF in the nanocomposite
membranes, the maximum absorbance of RhB at 554 nm
increased gradually, demonstrating reduced removal efficiency.
Therefore, it is necessary to explore M-X possessing excellent

—RnB

Absorbance (a.u.)

500
Wavelength (nm)

Fig. 6
membrane and M-X.
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(A) UV-Vis absorption of initial RhB solution and the filtrate filtrated by GO membrane and M-X; (B) filtration performance of GO
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Fig. 7 The rejection effectiveness and water permeance versus time
of M-0.31.
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Fig. 8 UV-Vis absorption of initial MB solution and filtrate filtrated by
the M-0.31.

permeance and rejection, as concluded in Fig. 6B. On
increasing the Sm-MOF loading, the permeance of the prepared
composite membrane increased mainly due to the increased
interlayer spacing caused by increasing Sm-MOF. The water
contact angles decreased by increasing the Sm-MOF loading, it
may be another reason for the increased permeance of the
prepared composite membrane (Fig. S17).>' The rejection to the
dyes decreased gradually with the increase in MOF due to the
irregular membrane skeleton caused by the inhibited stacking
of the GO layers. Besides, the comparable pure water permeance
recovery rate (65.54%) indicated that the prepared M-0.31
possessed a certain antifouling property for BSA (Table S27).
Therefore, the composite membrane M-0.31, possessing the
highest permeance and rejection and comparable antifouling
property, is an excellent candidate for further applications in
wastewater treatment.

Fig. 7 shows the rejection effectiveness and water permeance
versus time of M-0.31. The M-0.31 rejection to RhB was as high
as 95%, and this result was comparable to previous

8546 | RSC Adv, 2020, 10, 8540-8547
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reports.'®*>* In addition, the permeance of M-0.31 was stable at
26 L m > h™! bar™', which was 3 times higher than that of the
pure GO membrane and also comparable to other works.***
After 5.5 h filtration, the rejection was highly contained without
a significant decrease in some time, indicating the good
stability of M-0.31. The water permeance and rejection were
significantly reduced in 100 h. The reduced water permeance
may be attributed mainly to the aggregation of more RhB
molecules on the membrane surface and between the inter-
layers of the GO sheets, leading to crowded channels and
a longer time for water circulation. The reduced rejection may
be mainly attributed to the affected membrane skeleton due to
the longer time of immersion in the water solution.

The performance of M-0.31 for the removal of MB (5 mg L™,
90 mL) from water was also analyzed; the UV-visible absorption
spectrum of the MB filtrate is shown in Fig. 8. It can be clearly
seen that the maximum absorbance of the MB filtrate is reduced
drastically, indicating the effective MB removal from water
through the as-prepared M-0.31. Overall, it can be concluded
that the prepared composite M-0.31 may be a potential candi-
date for efficient wastewater treatment.

4. Conclusion

In short, Sm-MOF/GO dispersions were prepared by the in situ
growth of Sm-MOF on the GO nanosheets, followed by the
fabrication of a series of Sm-MOF/GO nanocomposite
membranes, i.e., M-X via facile vacuum filtration of the corre-
sponding Sm-MOF/GO dispersions. The optimization of the Sm-
MOF loading contents was investigated and the M-0.31
composite possessed stable permeance (26 L m~> h™" bar™)
and rejection (>91%) to the organic dye RhB due to the
combination of the Sm-MOF framework structure and the GO
lamellar structure. After continuous 5.5 h filtration, the rejec-
tion was highly contained without a significant decrease, indi-
cating the long-term stability of M-0.31. Therefore, the
fabricated M-0.31 may be a potential candidate for actual
wastewater treatment.
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