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Well-structured 3D channels within GO-based membranes enable
ultrafast wastewater treatment
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ABSTRACT

Graphene oxide (GO)-based membranes have been widely studied for realizing efficient wastewater treatment, due to their
easily functionalizeable surfaces and tunable interlayer structures. However, the irregular structure of water channels within GO-
based membrane has largely confined water permeance and prevented the simultaneously improvement of purification
performance. Herein, we purposely construct the well-structured three-dimensional (3D) water channels featuring regular and
negatively-charged properties in the GO/SiO, composite membrane via in situ close-packing assembly of SiO, nanoparticles
onto GO nanosheets. Such regular 3D channels can improve the water permeance to a record-high value of 33,431.5 %
559.9 L-m?-h™' (LMH) bar™', which is several-fold higher than those of current state-of-the-art GO-based membranes. We further
demonstrate that benefiting from negative charges on both GO and SiO,, these negatively-charged 3D channels enable the
charge selectivity well toward dye in wastewater where the rejection for positive-charged and negative-charged dye molecules is
99.6% vs. 7.2%, respectively. The 3D channels can also accelerate oil/water (O/W) separation process, in which the O/W
permeance and oil rejection can reach 19,589.2 + 1,189.7 LMH bar" and 98.2%, respectively. The present work unveils the
positive role of well-structured 3D channels on synchronizing the remarkable improvement of both water permeance and
purification performance for highly efficient wastewater treatment.
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interlaminar water channels [11]. For example, water channels
were improved by introducing zero-dimensional carbon dots
inside GO membranes, several-fold increasing the water
permeance from 53 to 439 L-m>h" (LMH) bar* [12]. Water
channels of one-dimension established with nanotubes at
interlayers of GO membranes can enhance the water permeance

1 Introduction

The ever-growing global water scarcity and effluent discharge have
made efficient and economic wastewater treatment an urgent
task [1, 2]. The expected demands of wastewater (e.g., organic dye
solutions and oil emulsions) for pollution-free emission or

recycling utilization, have necessitated purification treatments that
achieve pollutant elimination or retention of reusable
solutes [3-5]. Many wastewater treatment processes have been
developed, among which pressure driven membrane-based
purification technology has attracted enormous attention due to
its simplicity and low environmental impact [6]. However, both
the inadequate water permeance and purification performance are
hindering large scale application of existing membranes [7, 8].
Graphene oxide (GO)-based membranes with functionalizeable
surfaces and adjustable interlayer structures have been
demonstrated with great potential to realize high water permeance
and good purification performance, thus capturing lots of interest
in recent years [9,10]. Specially, the water permeance of GO-
based membranes was significantly enhanced by optimizing

to about 700 LMH bar" [13,14]. Furthermore, the water
permeance of GO membranes with interlaminar two-dimensional
water channels can be dramatically promoted to 4,536 LMH bar™
[15]. Unfortunately, the generation rate of wastewater in one
ordinary factory is still far beyond the processing efficiency
provided by current GO-based membranes [16,17]. The
improvement bottleneck of water permeance in the GO-based
membrane mainly derives from irregular water channels inside,
which are randomly distributed and produced around three-
dimensional (3D) voids of GO matrix [18]. Such irregular water
channels can result in vast reservation of pristine confinements of
GO interlayers [19,20], where plugging can take place during
water transport due to strong capillary force and the narrow
nanochannels [13]. The well-structured 3D water channels are
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therefore highly desired to elevate the water permeance to a largest
level, but their construction within GO membranes remains a
crucial challenging.

Although promising in improving water permeability by
constructing 3D water channels [21, 22], how to tradeoff the high
water permeance and purification performance is another
challenge [23,24]. Theoretically, the purification mechanisms of
the GO membrane include physical size sieving and electrostatic
adsorbing toward specific solutes [25,26]. The sieving is
accomplished by microporous defects derived from imperfect
stacking [27] and interlaminar confinement of GO nanosheets
[28]. The 3D water channels will inevitably expand the pore
diameters, resulting in a serious degradation on the purification
capacity of GO membranes [29, 30]. Therefore, improving water
permeance without sacrificing purification performance has
become nearly impossible in conventionally designed membranes
with 3D water channels.

In this work, we report the construction of regular and
negatively-charged 3D water channels within GO membranes by
in situ and close-packing growing of SiO, nanoparticles onto
stacked GO nanosheets for synchronizing ultrahigh water
permeance and purification performance. The water permeance of
membrane with such well-structured 3D water channels can reach
334315 + 5599 LMH bar”, which is a record-high value
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compared with the state-of-the-art membranes. Simultaneously,
the negatively-charged 3D water channels are demonstrated to
promote the charge selectivity of membranes toward dye
molecules, in which the optimum rejections for positive-charged
and negative-charged dye molecules are 99.6% and 7.2%,
respectively. Besides, the 3D water channels can facilitate the
oil/water (O/W) separation process, in which the O/W permeance
and oil rejection can be boosted to 19,589.2 + 1,189.7 LMH bar™
and 98.2%, respectively.

2 Results and discussion

The regular and negatively-charged 3D water channels were
constructed by assembling close-packing SiO, nanoparticles on
stacked GO nanosheets, based on in situ hydrolysis strategy of
tetraethyl orthosilicate (TEOS) (Fig. 1(a)) [31,32]. Such well-
structured SiO, nanoparticles can expand the micropores, and
broaden the interlayer spacing to improve water permeability of
the GO membrane. Moreover, the hydrophilic close-packing SiO,
nanoparticles can facilitate water transport [33,34]. Thus, we
speculate that they can serve as 3D water channels. In contrast,
water can hardly penetrate through pure GO membranes with
tiny microporous and narrow interlayer spacing [35,36], as
depicted in Fig. 1(b), illustrating the crucial role of 3D water
channels.
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Figure1 Design diagram of 3D water channels within GO membranes. (a) A schematic showing the constructed strategy of 3D water channels in GO/SiO,
membranes, inserted with proposal models of surface and cross-sectional structures. (b) Schematic diagrams of surface and cross-sectional structures of GO

membranes.
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To obtain close-packing structure of SiO, nanoparticles on GO
nanosheets, the growth behaviors were firstly investigated. We
denote the dispersions and the as-prepared membranes as
GO/SiO,-x, where x (0, 0.1, 0.3, 0.5, 1.0, 2.0, and 3.0) represents
the additive volume (mL) of TEOS. By tuning the value of x, the
growth behavior of SiO, nanoparticles displays as two stages:
irregular distribution and close-packing (Fig. 2(a)). Transmission
electron microscopy (TEM) images of GO/SiO, dispersions
confirm that the particle size (PS) and coverage rate (CR) of SiO,
nanoparticles vary when altering the value of x (Fig.S1 in the
Electronic Supplementary Material (ESM)). For x = 0, the pristine
GO surface without any nanoparticles is set as the comparison
template (Fig.2(b)). Irregular distribution stage occurs when x
values are below 0.5, featured by CR of SiO, nanoparticles beneath
100%, and slightly fluctuated PS (Figs. 2(c) and 2(d)). Notably,
with x value exceeding 0.5, the CR reaches 100%, verifying the
close-packing stage (Figs. 2(e)-2(g)). Further, the average PS
dramatically increases from 1544 to 60.86 nm, implying the
controllable and optimizable structure in close-packing stage.

The abundant functional groups on GO nanosheets were
confirmed by the intense O 1s peak in the X-ray photoelectron
spectroscopy spectra of GO membranes (Fig. S2 in the ESM) and
the equally distributed elemental mapping of O on the GO
membrane surface (Fig.S3 in the ESM), which serve as the
nucleation sites for in situ growth of SiO, nanoparticles [31, 32].
With the addition of TEOS dosage, the nucleation sites are
gradually occupied by SiO, nanoparticles until completely filled to
form close-packing structure (Figs. 2(b)-2(g) and Fig.S4 in the
ESM). At the close-packing stage, these SiO, nanoparticles grow
up rapidly due to lack of extra nucleation sites, conforming to the
growth kinetics of colloid in sol-gel method [33].

(a)

Pure GO
TEOS addition (x mL})

Figure2 Growth behavior of SiO, nanoparticles on GO nanosheets. (a) Proposal models of in situ growth behavior of SiO, nanoparticles on GO nanosheets. (b)—(g)
TEM images of GO/SiO,-x dispersions (x = 0, 0.1, 0.3, 0.5, 1.0, and 2.0 corresponding (b), (c), (d), (), (f), and (g)) showing the average PS and CR of SiO,
nanoparticles.

3

GO/SiO,-x membranes were fabricated on the mixed cellulose
(MCE) substrates in vacuum-assisted self-assembly method, by
using 0.5 mL GO/SiO,-x dispersions (Fig.S5 in the ESM).
Apparently, the in situ grown SiO, nanoparticles cannot
deteriorate the membrane-forming ability (Figs. 3(a) and 3(b)),
mainly resulted from the cross-linking of functional groups under
hydrogen bond [34,37]. When without SiO, nanoparticles, the
pure GO membrane presents a dense and continuous surface (Fig.
3(c)). On the contrary, the surface becomes cracked gradually with
the increasing contents of SiO, nanoparticles, especially at the
close-packing process (Fig. S6 in the ESM). The fluffiest and most
porous surface was obtained in the GO/SiO,-2.0 membrane (Fig.
3(d)). In the cross-sectional scanning electron microscopy (SEM)
image, GO/SiOy-x membranes prepared by using 0.5 mL
dispersions exhibit unquantifiable thickness and indistinguishable
structure (Fig. S7 in the ESM). We thus increased the addition of
GO/SiO,-x dispersions to assemble thicker membranes. As
depicted in Fig. 3(e), the pure GO membrane acquires the most
compact stacking layers, producing narrow interlaminar water
pathways. While the stacked structure of GO/SiO,-2.0 membrane
becomes remarkably fluffy (Fig. 3(f)), confirming the broadening
of interlayer spacing. Moreover, the evenly distributed Si element
certifies the interlinked SiO, nanoparticles on GO matrix (Fig. 3(g)
and Fig. S8 in the ESM), which is consistent to our proposed
scheme. The X-ray diffraction (XRD) patterns of GO/SiO,-x
membranes verify the crucial role of close-packing SiO,
nanoparticles in constructing 3D water channels (Fig. 3(h)). The
interlayer spacing is calculated to has a positive correlation with
the addition volume of TEOS, and widens from 0.752 to 0.782 nm
which is identified as the regular distribution stage (x < 0.5). The
characteristic peak disappears at the close-packing stage (x = 0.5),

Irregular distribution

i(0,-2.0
rage PS = 60.86 nm|

L=

100%

100 nm

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Cross=section

S pum

Nano Res.

)

(h) GO/Si0,-2.0 (i) ’g
~|GO/Si0,-1.0 g
g J6o5si0.05 £

£ 60/8i0,-03 |d = 0.782 nm ; )

5 |GOSi0-01 | d=0775 mm 2 2

= lGgo Id = 0.752 nm %ﬁ i:

2 13 12 15 & 05

8 9 10 Il
26 (°, CuKa)

GO/SiO,-x membranes

@ "
404
=2
230
g
& g 204,
o = [
o 3 10
= ol —_— N\
0 Super hydrophilicity =1

1.0 20 03 05 10 20

0 0l
GO/Si0,-x membranes

Figure3 Structural characterizations of 3D water channels within GO membranes. Photos of (a) typical GO membrane and (b) GO/SiO,-2.0 membrane. Surface
SEM images of (c) typical GO membrane and (d) GO/SiO,-2.0 membrane. Cross-sectional SEM images of (e) typical GO membrane and (f) GO/SiO,-2.0 membrane.
(g) Elemental mapping images of GO/SiO,-2.0 membrane cross-section. (h) XRD patterns of GO/SiO,-x (x = 0, 0.1, 0.3, 0.5, 1.0, and 2.0) membranes. (i) Average pore
widths of GO/SiO,-x membranes (x = 0.5, 1.0, and 2.0) with 3D water channels. (j) Contact angles of DI water on GO/SiO,-x (x =0,0.1,0.3,0.5, 1.0, and 2.0).

which indicates complete elimination of periodic stacked lattice of
GO nanosheets, affirming the construction of interlinked 3D
water channels at this stage.

The average pore widths of GO/SiO,-0.5, 1.0, and 2.0
membranes are 4.89, 11.86, and 13.40 nm, respectively (Fig. 3(i)
and Fig. S9 in the ESM), verifying the controllable structure of 3D
water channels by tuning the TEOS addition. Depending on
TEOS dosage, the composite membrane also illustrates adjustable
hydrophilicity as shown in Fig. 3(j). The variance of contact angle
on membrane also matches well with the structure evolution of
SiO, nanoparticles within membrane. At the irregular distribution
stage (x < 0.5), the increase of contact angles mainly originates
from reduction in the exposure level of hydrophilic functional
groups. For the close-packing stage (x > 0.5), the contact angle
declines dramatically, confirming predominant correlation
between structure of 3D water channels and hydrophilicity of
membranes, supporting the crucial role of 3D water channels. We
infer that the increased pore width of 3D water channels can
afford improved capillary action to optimize hydrophilicity.
Notably, the GO/SiO,-2.0 membrane exhibits super hydrophilicity
(Movie ESM1), in which the contact angle plunges from 15.4° to
less than 3° within 1 s, which is conductive to high water
permeability [38].

To explore the positive effect of 3D water channels on water
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permeable performance, water flux test was carried out under
—-0.08 MPa (Fig.4(a)). As water channels are irregularly
distributed (x < 0.5), the water permeance slightly increases
beneath the order of 10° LMH bar’. With regular 3D water
channels, the water permeance increases dramatically to 33,431.5
+ 559.9 LMH bar™ in the GO/SiO,-2.0 membrane (the extremely
rapid water penetrant process can be seen in Movie ESM2), which
is approximately three orders of magnitude improvement
compared to pure GO membrane (40.6 LMH bar™). With further
increasing x value to 3.0, the water permeance slightly declines to
32,464.2 LMH bar™, probably resulted from saturated growth of
SiO, nanoparticles on GO nanosheets.

The GO/SiO,-2.0 membrane with optimal 3D water channels
was used for permeance stability test (Fig. 4(b)). During
continuous filtering operation for 400 min, the water permeance
stabilizes at an average of 33,332.7 LMH bar”, of which the
variance is only 337.3. The outstanding stability of water
permeance is originated from solid 3D water channels in the
GO/SiO,-2.0 membrane [39, 40]. As confirmed by zeta potential
measurement (inset in Fig. 4(b)), the negative potentials SiO,
nanoparticles help maintain the mesoporous structure of 3D water
channels under pressure. Meanwhile the SiO, nanoparticles with
multiple functional groups can crosslink with each other [31, 32],
and immobilize on GO nanosheets [33,34] for robust
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Figure4 Water permeable performance measurements. (a) Water permeance of GO/SiO,-x (x = 0, 0.1, 0.3, 0.5, 1.0, 2.0, and 3.0) membrane under —0.08 MPa. (b)
Water permeance stability of the GO/SiO,-2.0 membrane during continuous filtering operation for 400 min under —0.08 MPa, inserted with zeta potentials of GO
dispersions, SiO,-2.0 colloids, and GO/SiO,-2.0 dispersions. (c) Water permeance and water flux of the GO/SiO,-2.0 membrane under different pressures. (d) Water

permeance of GO/SiO,-2.0 membranes with multiplied thicknesses under —0.08 MPa.

construction of 3D water channels. With increasing filtering
pressure, the stable water permeance and linearly augmented
water flux confirm the solid structure of 3D water channels (Fig.
4(c)). Moreover, the fitting goodness between water permeance
and membrane thickness reaches 0.995 (Fig. 4(d) and Fig. S10 in
the ESM), also demonstrating the superiority and structure
stability of regular 3D water channels.

For comparison, water permeance stability test of GO + SiO,-
2.0 membranes prepared by mechanical mixing of GO nanosheets
and SiO,-2.0 colloids was carried out (Fig.S11 in the ESM). To
exclude the size effect, the close size and same content of SiO,
nanoparticles in the preparation of both GO + SiO,-2.0 and
GO/SiO,-2.0 membranes are applied (Fig. S12 in the ESM). The
GO + SiO,-2.0 membrane acquires a maximum water permeance
of 4,269.5 LMH bar (Fig.S13 in the ESM), which reaches the
peak value of reported membranes prepared by mechanical
mixing of GO and SiO, nanoparticles, confirming the data
reliability in our work [41, 42]. But the permeance value promptly
descends to 1,946.7 LMH bar™ within 10 min. The characteristic
XRD peak of GO demonstrates still existed GO interlayer spacing
within GO + SiO,-2.0 membrane (Fig. S14 in the ESM), leading to
relatively low water permeance compared with GO/SiO,-2.0
membranes (Fig.S15 in the ESM). Moreover, TEM images
confirm the irregular distributed water channels within GO + SiO,-
2.0 membranes (Fig. S16 in the ESM), reflecting the crucial role of
3D water channels in improving membrane reliability.

Purification performance is another key index for membrane
evaluation. In this work, we use three kinds of common industrial
dye solutions to test [43], including methylene blue (MB), butyl
rhodamine B (BRB), and methyl orange (MO). The membrane
with 3D water channels can sustain significant charge-selectivity
toward dye molecules (Fig.5(a)). Specially, the rejections of
GO/SiO,-2.0 membranes toward positive-charged and negative-
charged dye molecules are 99.6% and 7.2%, respectively. Besides,
the GO/SiO,-2.0 membrane with optimum 3D water channels
exhibits unchanged MB rejections when dye volume is below
100 mL, verifying its reliability (Fig. 5(b)). Due to ultrahigh water
permeability and excellent charge-selectivity toward dye

molecules, the GO/SiO,-2.0 membrane with optimal 3D water
channels can be applied to highly efficient wastewater treatment,
such as elimination of pollutants (Figs. 5(c) and 5(d)) or selective
reservation of reusable solutes (Figs. 5(e) and 5(f)). In addition, the
GO/SiO,-2.0 membrane also displays excellent O/W separation
performance. As shown in Fig. 5(g), diesel and soybean oil were
prepared as oil emulsions to simulate emulsified oil in industrial
wastewater. By using GO/SiO,-20 membranes, the O/W
permeance achieves 19,589.2 + 1,189.7 LMH bar”’, and the
rejections of diesel and soybean oil emulsions exceed 99.0% and
98.2%, respectively (Fig. 5(h)).

Compared with representative GO-based membranes in the
literature (Table S1 in the ESM), the GO/SiO,-2.0 membrane with
optimal 3D water channels exhibits a historically high water
permeance, which is several-fold higher than the reported value
(Fig. 5(i)). Synchronously, the optimal membrane reported in this
work can maintain outstanding purification performance,
validating the strategy feasibility and practicability of constructing
3D water channels within GO membranes.

The pore diameters of GO/SiO,-2.0 membranes mainly
distribute at the range from 30 to 100 nm (Fig. S9 in the ESM),
which is extremely larger than the size of dye molecules [43].
Owing to expansion of the pore width, the MO rejection of
GO/SiO,-2.0 membranes deduces by half compared to pure GO
membrane (Fig. 5(a)). Therefore, synchronizing high water
permeance and excellent purification performance by constructing
of 3D water channels in GO-based membranes is counterintuitive.
The retention of excellent purification performance mainly results
from enhanced negative surface potential by 3D water channels
(inset in Fig. 4(b)). As shown in Fig. 6, the enhanced negative
surface potential can promote electrostatic adsorption toward
positive-charged dye molecules and repulsion to negative-charged
dye molecules, respectively [44,45]. Thus, the GO/SiO,-2.0
membrane exhibits excellent dye separation performance under
ultrahigh water flux. Moreover, the MB rejection of the GO/SiO,-
2.0 membrane plunges fastly when MB volume exceeds 100 mL
(Fig. 5(b)), mainly resulted from electrostatic saturation [41],
further confirming that the dye removal mechanism is based on

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



6 Nano Res.
- 04 - 04
(aLIOO- . ©z —MB (e) 3 —MO + MB
£ % 3034 After filtering S 03 After filtering
§ 601 . BRB (+) § o > | §oq & SO :
. = e e !
g0 MO (-) 2 0.1 | S o |
o o | o N )
%201 r < | < i I
o 0 * : I I 1 1 0+ T of T
0 01 03 05 10 20 500 600 660 700 463 500 600 660 700
GO/Si0,-x membranes Wavelength (nm) Wavelength (nm)
0.7 0.7
(®) 100 -7 —BRB () = o MO + BRB
X 3T After filtering 7 After filtering
- = 0.54 . & 0.5 ;
g 801 Electrostatic B 04 g ‘ g 04 ] - :
5 791 saturation L= > =1 g 03 > !
2,60 S . | = - e
5 - | e 0.2 . !
501 ) ! .
82 | GO/Si0,-2.0 membrane 1 | < O ! :
E 404 04 | 01 I |
0 20 40 60 80 100 120 400 500525 600 400 463 500525 600
MB volume (mL) Wavelength (nm) Wavelength (nm)
(h)+ 30.000 (i) T 40.000
2 s e 1100 M F 35.000] GO-based membranes
£ 25,000 1 Diesel 98
§ 20.000 1 Soybean oil 9 ~— g 20000
= o i 8‘21 g 25,000 This study
= 15,000 5 520,000
Diesel 8 <—| 20 g 215 -
s £ 10,000 88 -5 FIS000p - :
g 86 © 10,000{ . one=- -
E 5,000 mom 4= £ 5000 Reference
5} g2 © .
= o] B 20 5 '
z 05 10 20 2 0 10 20 30 40 50 60 70 80 90 100
S GO/Si0,-x membranes = Rejection (%)

Soybean oil .

Figure5 Purification performance measurement. (a) Dyes rejections of GO/SiO,-x (x = 0, 0.1, 0.3, 0.5, 1.0, and 2.0) membranes toward MB, BRB, and MO. (b) MB
rejections of the GO/SiO,-2.0 membrane using increasing volumes of MB solutions under —0.08 MPa. UV spectrum and photographs of (c) MB and (d) BRB solution
before and after filtering using the GO/SiO,-2.0 membrane under —0.08 MPa. UV spectrum and photographs of mixing dyes solution containing (e) MO and MB and
(f) MO and BRB before and after filtering using GO/SiO,-2.0 membranes under —0.08 MPa. (g) Photographs of diesel, soybean oil, and their corresponding oil
emulsions before and after filtering using the GO/SiO,-2.0 membrane under —0.08 MPa. (h) O/W permeances and oil rejections of diesel and soybean oil using the
GO/SiOyx (x = 0.5, 1.0, and 2.0) membrane under —0.08 MPa. (i) Comparison of water permeance and purification performance between the GO/SiO,-2.0 membrane

and the reported membranes in the literature (Table S1 in the ESM).

electrostatic reaction. In addition, benefiting from oil adsorbing of
porous structure [46] and underwater oleophobic interface of SiO,
nanoparticles [41,47], the 3D water channels therefore improve
the O/W separation efficiency.

3 Conclusions

In conclusion, we successfully addressed the challenge that
achieving synchronous ultrahigh water permeance and
purification ~performance in GO-based membranes, by
constructing regular and negatively-charged 3D water channels
through close-packing assembling of SiO, nanoparticles onto
stacked GO nanosheets. The water permeance reaches a record-
high value of 33,431.5 + 559.9 LMH bar™, which is several-fold
exceeding that of reported GO-based membranes. The ultrahigh
water permeance can be maintained during continuous filtering
operation for over 400 min, demonstrating the structural stability
of such 3D water channels. Synchronously, the membrane with
optimal 3D water channels can maintain outstanding charge
selectivity toward dye molecules, in which the rejection of positive-
charged and negative-charged dye molecules can achieve 99.6%
and 7.2%, respectively. In addition, the 3D water channels can
improve O/W separation efficiency, in which the O/W permeance
and oil rejection can reach 19,5892 + 1,189.7 LMH bar” and
98.2%, respectively. These results validate the strategy feasibility of
constructed regular and charged 3D water channels within GO
membranes, offering great potential in the fields of highly efficient
wastewater treatment.

4 Methods

4.1 Materials

GO (4.5 wt.%) was purchased from Wuhan Hanene Technology
Co., Ltd. MCE substrates (diameter: 50 mm, pore size: 0.45 pm)
were bought from Haining Guodian Taoyuan Medical Chemical
Instrument Factory. TEOS and ammonium hydroxide (NH,-H,0)
solution were obtained from Shanghai Macklin Biochemical Co.,
Ltd. All the other chemicals (alcohol, dyes, sodium dodecyl sulfate
(SDS), etc.) used in this study were all purchased from Aladdin
Industrial Co., Ltd.

42 Construction process of water channels in GO
membranes

The construction of water channels was operated as follows.
Firstly, deionized (DI) water and alcohol were mixed at the ratio
of 1:19. Secondly, GO nanosheets were added into mixtures at a
mass ratio of 2 mg-mL™, and the obtained dispersions were mixed
and degassed in the mixing homogenizer of SK-300S11 (Shashin
Kagaku Co., Ltd.). Thirdly, TEOS solution of x mL (x = 0, 0.1, 0.3,
0.5, 1.0, 2.0, and 3.0) was added into GO dispersions (50 mL) after
adjusting the pH value to about 10 by NH;H,O. Then, the
GO/TEOS-x dispersions were ultrasonically treated for 3 h (at this
stage SiO, nanoparticles in situ grew up on GO surface) to get
GO/SiO,-x dispersions. Finally, the GO/SiO,-x membranes (Fig.
S5 in the ESM) were obtained through vacuum-assisted self-
assembly using 0.5 mL GO/SiO,-x dispersions and 10 mL DI
water.
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Figure 6 Mechanism diagram of well-structured 3D water channels synchronizing high water permeance and purification performance within GO membranes.

The GO + SiO,-2.0 membrane was prepared based on
mechanical mixing strategy. At first, SiO,-2.0 colloid was prepared
by ultrasonically hydrolyzing of 2.0 mL TEOS in mixture of 45 mL
DI water and 5 mL alcohol for 3 h, of which the pH was adjusted
to 10 by NH;-H,O. Then GO was added into SiO,-2.0 colloid at a
mass ratio of 2 mg-mL™ by ultrasonic mixing for 3 h to obtain GO
+ Si0,-2.0 dispersions. Finally GO + SiO,-2.0 membranes were
prepared by vacuum-assisted self-assembly process using 0.5 mL
GO + Si0,-2.0 dispersion and 10 mL DI water. The prepared
process can guarantee same contents of GO and SiO, particles in
both GO + SiO,-2.0 membrane and GO/SiO,-2.0 membrane.

4.3 Characterization

Morphology and microstructure of GO/SiO,-x membranes were
characterized by SEM (JSM-7610F Plus), TEM (JEM-1400 Plus),
and XRD (Rigaku Smartlab, Cu Ka). Element mapping was
conducted using energy dispersive X-ray spectroscopy (EDS).
Surface area and pore width of membranes were measured by
Brunauer-Emmett-Teller (BET) surface area method using
analyzing nitrogen sorption in a tristar-3020 instrument. Wet
angles of water droplets on different membranes were measured
in the automatic contact angle measuring instrument (OCA35).
Ultraviolet/visible (UV) spectrophotometer (Shimadzu UV-1800)
was utilized to collect UV spectra of different filtrates before and
after filtering,

44 Concentration measurement of dye solutions and
O/W emulsions

The dyes (MB, BRB, and MO) were all prepared with the
concentration of 10 ppm, and O/W emulsions were prepared at
the volume fraction of 0.5% by ultrasonically mixing SDS
(0.1 g), oil (2.5 mL, diesel and soybean oil), and DI water
(497.5 mL) for 6 h. Due to samples of dyes solutions or O/W

emulsions with different concentrations show positive correlation
to spectral intensity of UV absorption at their characteristic
wavelength, the concentration of samples can be detected using
UV spectrophotometer [38, 48]. As displayed in Figs. S17 and S18
in the ESM, the concentration and UV absorption intensity
exhibit a good linear relationship with R-squared (R’) value over
0.999. Hence, the concentration of dyes and oils can be
determined according to the UV absorption intensity at their
characteristic wavelengths.

4.5 Measurements of wastewater treatment performance

The water permeance, dye rejection, and oil removal performance
were carried out on a home-made dead-end vacuum filtration
device with the effective area of 12.56 cm?” at room temperature. At
first, all the membranes were rinsed by DI water for 3 min at
—0.08 MPa to obtain stable flux value, then the water permeance
(J) was calculated, as shown in Eq. (1). During measuring, all the
collected data are averages of three samples during parallel tests.
AV

]:m (1)

where AV (L) is the volume of penetrant water, S (m?) is the
effective area of membranes, T (h) is the penetrant time, and P
(bar) is the operating pressure.

Purification capacity is evaluated by rejection ratios of various
dyes and O/W emulsions. The rejection ratios (R) can be
computed according to Eq. (2)

R— (p%) « 100% @)

where G, is the original concentration of filtrates before filtering,
and C, represents the concentration of filtrates after filtering.
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