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Abstract: The graphene oxide (GO) membrane holds great promise in desalination and green energy
fields due to its naturally occurring nanochannels, which provide significant advantages in gas and
ion filtration. In this study, the sizes and distributions of nanopore/channels in GO membranes and
the relationship of GO flakes size and membrane thickness are explored by molecular dynamics
simulations. Our results demonstrate that the size of GO flakes influences the distribution of nanopore
sizes in GO membranes, while it almost has no influence on the total nanopore area in membranes
with the same thickness. Additionally, our findings confirm that the total nanopore area of the
GO membranes decreases exponentially as the membrane thickness increases, which is consistent
with experimental observations. To expand the range of nanopore size regulation, we developed a
columnar-array substrate model to create GO membranes customized for specific filtration functions,
such as virus filtration. Our findings provide physical insights into the rational design of functional
membranes for energy and environmental applications and offer theoretical guidance and technical
support for the practical application of GO membranes in separation and filtration.
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1. Introduction

Membrane-based separation technologies are widely used in industrial processes,
such as chemical and pharmaceutical separation, gas filtration, and water treatment. This
is due to their high energy efficiency, sustainable development, a small footprint, and
continuous operation, compared to traditional purification methods [1]. The membranes
commonly employed for separation, including those constructed using zeolite [2], silica [3],
carbon-based materials [4,5], and polymers [6,7], have exhibited a noteworthy separation
performance. Nevertheless, these membranes often encounter challenges in terms of limited
tolerance under varying conditions. Thus, membranes with better thermal or chemical
stability are needed to improve performance. Graphene and its related materials are
regarded as outstanding membrane materials for various purposes due to their single-atom
thickness, excellent mechanical properties, and stability [8,9].

GO membranes have been proven to possess favorable gas separation properties. In
the initial stages of research, submicron-thick GO membranes exhibited permeability exclu-
sively to water. However, subsequent developments led to the creation of nanometer-thick
GO membranes that could permeate gases. A recent study [10] has delved into additional
factors that impact the filtration and permeation of gases through GO membranes, broaden-
ing our understanding of this area. Nair et al. [11] initially found that these GO membranes
were impermeable to gases and liquids, but allowed for unhindered water evaporation. It
was later discovered that gas separation properties can be achieved through careful control
of the stacking structure. Kim et al. [12] demonstrated the ability to precisely control airflow
channels by stacking GO nanosheets in different ways. They found that by using two
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different stacking methods, the layered GO membranes behaved as nanopores membranes
(Method I) or molecular sieve membranes (Method 1II). Li et al. [13] produced ultrathin GO
membranes with a thickness of approximately 1.8 nm, which showed mixture separation
selectivity. They tested various gas molecules to determine pore size and discovered that at
a temperature of 293 K, hydrogen (with a kinetic diameter of 0.289 nm) passed through
the GO membrane 300 times faster than CO, (with a kinetic diameter of 0.33 nm). Inter-
estingly, they found that the primary factor affecting molecular penetration was not layer
spacing, but the selective structural defects inside the GO flakes. These results suggest that
few-layer GO membranes can provide excellent selectivity for various gas mixtures. The
molecular sieve performance of GO membranes depends on their nanostructures, such as
layer spacing, intrinsic defects, and functional groups [10].

GO membranes exhibit exceptional versatility. Subsequently, researchers have pre-
pared GO membranes with varying thicknesses to filtrate ions and organic dyes. Extensive
studies have been conducted to explore the ion filtration mechanism of GO membranes,
providing valuable insights into their filtration capabilities in these specific applications.
GO membranes have proven to be highly versatile and to possess exceptional selectivity
not only for gases but also for various ions and organic dyes in solution. Ultrathin filtration
membranes with nanometer thicknesses have been fabricated by Yang et al. [14] and Han
et al. [15], which exhibit exceptional filtration and sieving performances, and organic dye
retention exceeding 99.9%. Joshi et al. [16] fabricated micron-thick GO membranes that can
block all solutes with a hydration radius larger than 4.5 A. Through physical constraints,
Abraham [17] achieved precise and tunable ion sieving by controlling the layer spacing of
GO membranes. Sun et al. developed freestanding GO membranes and demonstrated their
selective ion permeation and water purification performance. They attributed the selective
ion permeation performance to the nanocapillaries in the layered structure and the different
chemical interactions between metal ions and oxygen-containing functional groups [18,19].
Aaron et al. [20] simulated the filtration of milk by GO membranes by molecular dynam-
ics for lactose separation, so that lactose could diffuse through nanochannels in the GO
membrane, while the fat and protein were preserved in the milk. GO membranes with a
thickness greater than 100 nm exhibit no detectable penetration [21,22].

Moreover, researchers have improved the filtration performance of GO membranes
by modifying the interlayer spacing. Huang et al. [23] introduced copper hydroxide
nanochains into the GO membrane, yielding a membrane with superior water flux and
rejection rate. This innovative approach highlights the potential for enhancing the filtra-
tion capabilities of GO membranes through strategic modifications. Additionally, Han
et al. [24] co-assembled graphene with multi-walled carbon nanotubes, and Hu et al. [25]
utilized crosslinking reagents to assemble GO membranes layer by layer, both of which
resulted in filter membranes with high retention of organic dyes and moderate retention
of salt ions. In recent years, some researchers have used substances other than GO for
modification treatment to obtain GO filtration membranes with better performance for dye
removal [26,27].

While previous studies have explored the filtration and separation capabilities of
GO membranes, there remains a research gap at a more microscopic level. For instance,
understanding the microstructure, functional groups, stacking order between adjacent
GO flakes, and interlayer spacing becomes crucial for regulating the permeability and
selectivity of various particle types [28,29]. However, the intricate nature of graphene’s
microstructure poses challenges in analyzing the membrane’s structural attributes through
experimental measurements [30,31]. Therefore, a comprehensive analysis of the factors
influencing filtration performance becomes necessary, offering valuable insights for the
design and manufacturing of GO membranes [32-35].

This study demonstrates that nanopore size, number, and distribution on the GO
membrane can be controlled by changing the size of the GO flakes and the thickness of
the membrane. These findings provide a theoretical reference for designing the filtration
performance of GO membranes in industrial applications.
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2. Materials and Methods

To avoid confusion, the abbreviations of the variables used in this paper are shown in
Table 1.

Table 1. The meaning of the abbreviations of the variables in the text.

Abbreviation of the Variable Means

box Box length

boxy, Box width
b GO block length
by GO block width
b GO block height
1y Number of GO block
g Number of the flake in the GO block
Iy Layer number of GO block
lg The number of layers in the GO block
Ibl The number of layer where the GO block is located
<h Interlayer spacing of GO flakes
o The average coverage of GO blocks in each layer
c Oxidation concentration of GO flakes

In this study, we employed a simulation approach to investigate the gas filtration
mechanism of GO membranes prepared using vacuum filtration. We constructed hydroxyl-
functionalized graphene with a concentration of ¢ = npop /nc = 20% on both sides of the flake
in the oxidation regions of GO, where npy is the number of densities of hydroxyl groups
and n¢ is the number of densities of the carbon atom. The distribution of hydroxyl groups
was randomly sampled in the oxidized region. The all-atom optimized potentials for
liquid simulations (OPLS-AA) [36] were used for GO. This potential can capture essential
many-body terms in interatomic interactions, including bond stretching, van der Waals,
and electrostatic interactions. This potential has been widely applied to the study of the
properties of GO [34,36]. We used periodic boundary conditions (PBC) in all three directions,
and isothermal-isobaric (NPT) ensemble relaxation was performed in the vertical plane
direction of the GO block material.

The deposition model was generated by randomly generating n;, GO blocks with the
dimensions of by, by, and by, in a periodic box with the dimensions of box; and box,,. GO
flakes with the same-sized ng flakes were stacked to form a GO block material. The number
of layers in the GO block is Ig. For simplicity and consistency, we used a square box and
square-shaped GO block materials with b = by, and box] = box,,. The GO blocks were then
allowed to settle freely, and the [bl is determined by two rules:

1.  If ablock is in contact with the base, we set Ibl to 1;
2. If anewly generated block overlaps with an existing one, we mark the block layer
where the overlapping block is present as Ibl — 1.

That is, each block is placed on either the first layer or on top of the coinciding block
layer. The resulting GO membrane material consists of I}, layers of GO blocks, where
each GO block contains I layers of GO flakes. The settling process is shown in Figure 1a.
Figure 1b depicts cross-sectional TEM images of ultrathin GO membranes [12]. Figure 1c
shows a side-view schematic of the GO membranes model in this paper. Figure 1d shows
the SEM images of GO membranes [12]. Figure le is a top-down schematic of the GO
membranes established in this paper. The marked red circles represent the structural defects
of the GO membrane prepared by the experiment, which act as channels for gas molecules
to pass through the GO membrane. The red squares represent the nanopores in the GO
membrane model, corresponding to the structural defects observed in the GO membrane
prepared by experiment. These nanopores are formed by the deposition of the GO flakes.
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Figure 1. (a) shows the intermediate process of GO membranes formation using the deposition
method, with the 15 value of 1 in each GO block; (b) is cross-sectional TEM images of ultrathin GO
membranes [12]; (c) is a side-view schematic diagram of a GO membrane model; (d) is the SEM
images of GO membranes [12]; (e) illustrates the top-view experimental diagram of GO membranes.
The red circles represent the structural defects of the GO membrane prepared by experiment. The
red squares represent the nanopores in the GO membrane model, which serve as channels for gas
transport. Reprinted with permission from Ref. [12]. Copyright, 2013, the American Association for
the Advancement of Science.

To guide the design and optimization of the GO membranes model, we introduce
dimensionless parameters to define the gas permeation state through the membranes. In
this context, the values of box; and b do not have any special meaning, as the deposition
model is dimensionless. The quantity of GO blocks depends on box;/b;. « is defined as the
average coverage of GO blocks in each layer. The relationship between « and box; /b is
shown in Figure 2a, and « is convergence on 0.15 when box; /by is over 20. The parameter of
the box;/b) was fixed at 30 in this study.

The variables used in this study include box; and b in addition to the ny,, with the I,
being a function of these three variables. To determine the I;,, we first investigated the «
for various Jj, values in the GO membranes model, as presented in Figure 2b. The average
coverage of each layer shows a decreasing trend when I}, is less than 50 or greater than
the max I, — 50 (“the max /,, — 50” means 50 layers less than the maximum layer number
Iy), whereas it fluctuates steadily around 0.15 between those values, which is taken as the
average coverage of each layer in this study. The I, for each model is represented by the
horizontal coordinate of the intersection of 0.075 and the image. To account for the random
depositing of GO flakes, we conducted multiple simulations to investigate the probability
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distribution of different [, formed in the GO membrane model for the same number of GO
blocks. The average value of the multiple simulations was then taken as the final value of
Iy, as depicted in Figure 2c. Furthermore, we varied the ny, and performed simulations to
assess the probability distribution changes in I,. The average value of multiple simulations
was used as the final value of .

(a) (b)03 (c) O
1.0te i ny
e ——5000
— 03 ——7000
087 o2l i > ——9000
o £ 11,000
L 3 13,000
06 s 202
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0.0 0.0 0.0 A, -
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Figure 2. (a) shows the relationship between the « and the box; /bj; (b) shows the relationship between
the a and the [,. The two green lines in the panel indicate the average coverage of 0.15 and 0.075
from top to bottom, respectively. The initial decrease of « is indicated by arrow and dashed squares.
The layer number of GO blocks in each model is represented by the horizontal coordinate of the
intersection of 0.075 and the image; (c) shows the probability distribution of the occurrence of the
Iy, of the GO membrane model for the same 7;,. The final number of I, is taken as the average of
multiple simulations.

The deposition model contains a significant number of interlayer channels, which
results in a model with a lower density compared to the experiment. The GO flake in the
upper layer collapses when the spanning width is greater than 7.0 nm and 100.0 nm for a
single layer and bilayer intercalation (Figure 3), respectively. This is evidenced by the steep
drop in the red and blue lines, indicating the collapse of GO flakes and abrupt changes in
gn- In this study, we calculated the density of the deposition model using Equation (1):

_4mc + 4c(mo + my)
3\/§C§0ndghNA

K @)

where mc, mo, and my are the relative atomic masses of a single carbon, oxygen, and
hydrogen atoms, respectively, Cpongq is the C-C bond length in GO, gy, is the interlayer
spacing of the GO flake, N4 is the Avogadro constant, c is the oxidation concentration of
the GO flake, and « is the average coverage of each layer. Equation (1) is a deformation of
the density formula p = Z'. Volume is calculated by multiplying the graphene lattice area
by layer g,. The whole is then multiplied by the a to obtain the density formula.
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Figure 3. The GO flake collapses in (a) the single-lap and (b) the bilayer-lap channels and the g,
changes abruptly, respectively.
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To calculate the density of the lap model, the g, and the oxide concentration need to
be known. The oxidation concentration affects the g, of the model, and the gy, affects the
density of the GO block material. In Figure 4a, the influence of the oxidation concentration
of the GO flake on g}, is depicted, and we regulated the GO flake oxidation concentration
to adjust gn. A linear relationship is used to fit the correlation between the two factors.
The closest match to the actual situation is observed when the oxidation concentration
was 20%. Figure 4b illustrates the impact of oxidation concentration on the density of GO
block material. As the oxidation concentration affects g, and gy, affects the density of GO
block material, a quadratic function is used to fit the relationship between the oxidation
concentration and the density of GO material. The decidable coefficients” R-square values
were 0.99394 and 1.0, respectively.
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Figure 4. The g}, (a) and density of the GO block material (b) as functions of oxidation concentrations.

The density of the deposition model was calculated using g, = 0.54 nm and an ox-
idation concentration of 20% for all hydroxyl groups; the density of the obtained GO
block material is 1.83 g/cm3. When « is 0.15, the density of the model is approximately
0.274 g/cm? according to Equation (1). It should be noted that the experimental density
of the GO membranes is approximately 1.1 g/cm?. We compressed the model so that the
GO membranes generated by the deposition model match the experimental density. A
folding factor n was obtained as a ratio to calculate the corresponding number of layers of
the relaxed model. (1 ~ 0.25) The compression process simulates the collapse of stacked
GO flakes. Considering the distribution of each GO flake, the number of layers in the
deposition model is computed using Equation (2):

I=n-ly-1g @)

where 1 is the coefficient used to convert density, /;, is the layer number of the GO block,
and lg is the layer number of GO flakes in each GO block. After compressing the model, its
density increases, indicating the removal of interlayer channels, while the distribution of
nanopores remains unaffected. Furthermore, the main conclusions drawn from the model
are not affected. To investigate the relationship between the sizes of GO flakes and the
porosity of the model, this study categorized the nanopores in the deposition model by size
and analyzed their distribution.

3. Results and Discussion
3.1. Porosity Calculate

Given that the GO flakes in each layer of the deposition model do not overlap, the
coverage of each layer of GO membranes can be determined by counting the number of
GO flakes in each layer. The coverage of the n-layer GO membranes can then be obtained.

This study compared and analyzed the total nanopore area of GO membranes formed
by different thicknesses of GO blocks through analytical and numerical simulations. In
the analytical approach, the a = 0.15 of each layer from the simulation results is used as
a known condition, and the theoretical values are shown in Figure 5a. It can be observed
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that the porosity of the total membranes of the deposition model decreases exponentially
as the [, increases. The exponential fitting formula used is y = exp (—0.16252 x x). The
area of the nanopores generated by the deposition model is then summed to obtain the
porosity values corresponding to different numbers of GO block layers, and the simulation
results are obtained as shown in Figure 5a. The good agreement between the simulated
and derived results further confirms the validity and reasonableness of our findings.

(a) . . : ‘ , (b) ———
10° o Theory =2 1 m Li Science
¢ Simulation ] 5 ® Yang Nat. Mater.
Exp.fit § —— This Work
10 =]
g 2 .
2 ~ 0.1} A
S0 g S
S S
=] S
10° dFI [ §
0.01F
10 8 s L L L L L L L
0 20 40 60 80 100 0 50 100 150 200
A h (nm)

Figure 5. (a) displays the exponential relationship between the }, and the porosity of the deposi-
tion model; (b) presents a comparison and verification of the gas permeation capacity of the GO
membranes as a function of the GO block layer thickness in this study, with the experimental results
reported in the literature [13,14].

In this study, we establish a proportional relationship between the area of the nanopore
and gas flux using the reduced unit. By combining Equation (2) with Figure 5a, we obtain
the relationship between the gas permeability of the deposition model and the membrane
thickness, as shown by the black line in Figure 5b. The exponential fitting formula is
y =1.03 x exp (—0.0908 x x). We observe that as the membrane thickness increases, the
gas permeability of the membrane decreases exponentially. Combining the results from
previous studies, it is evident that both the simulation and experimental results consistently
demonstrate an exponential decrease in gas flux with increasing membrane thickness, as
depicted in Figure 5b [13,14]. These findings indicate that our deposition model is both
scientific and reasonable. There is a discrepancy between the simulation and experimental
results due to the ideal model’s failure to account for the adsorption factor.

3.2. Effect of GO Flakes on the Formation of Holes

We further investigated the relationship between the size of the GO flakes and re-
sulting porosity by subdividing the nanopores in the deposition model and analyzing
the distribution of nanopores of different sizes. In Figure 6a, representative nanopores
generated by the deposition model are presented. The nanopores are formed based on the
in points and out points, and auxiliary add points are included for dividing the nanopores.
Additionally, we connect the lines of the shortest strings corresponding to each in point
along with the lines of the nanopore boundaries. To avoid intersecting strings, we truncate
the strings as required. Based on this, the size of each nanopore can be counted, where the
largest area nanopore determines the size of the particles that can be filtered.

Figure 6b illustrates that the total nanopore area of the deposition model decreases
with an increasing thickness of I,,. Figure 6¢ shows the distribution of nanopores with
different sizes after subdividing the nanopores in GO membranes at /;, = 35. By combining
the findings in Figure 6b,c, it can be concluded that the total nanopore area is independent of
the sizes of the GO flake, but the sizes of the flakes affect the distribution of nanopores with
different sizes. Specifically, under the same J;,, smaller flakes result in a higher number of
small nanopores and a lower number of large nanopores, decreasing the probability of large
molecules passing through. Conversely, larger flakes result in a higher number of large
nanopores, increasing the probability of both large and small molecules passing through.



Processes 2023, 11, 1520

8of 11

@ . ,

e In-point

e add-point . !

e out-point

L
¢
L ]
4
(b (c) 10° : . ; :
box/b,= 10
104 box,/b,= 15 |

box/b, =30

=

210°¢
E

Anso10d

=]
Z102E

101 L

10°
0

Figure 6. (a) shows the representative nanopores generated by the deposition model; (b) shows the
variation of porosity with different I, and box;/by; (c) exhibits the distribution of nanopores with
different sizes upon subdividing the nanopores at I, = 35.

From the properties mentioned above, we can infer that an increase in the thickness
of the GO film leads to a decrease in the porosity index. Additionally, with the same
membrane thickness, the probability of larger nanopores increases as the sizes of the GO
flakes used increases. Therefore, we can make more versatile filtration membranes by
adjusting the number of GO flakes and using larger GO flakes.

Based on the investigation of the contribution of different sizes of GO flakes to the
nanopore area during filtration, it can be concluded from the results presented in Figure 7
that the sizes of the GO flakes can be adjusted to control the sizes of the nanopores. For
instance, by setting the membrane thickness at 30 nm and the membrane area at 1 mm?,
the size of the GO flakes can be adjusted to 10 um to prevent the passage of particles larger
than 200 nm through the membranes. As illustrated in Table 2, the sizes of some particles
are provided.

35 T : :
- —— GO-size 5 pm
‘E 3 —— GO-size 10 um ]|
f:: 25 GO-size 20 pm
2
g 20+ i}
£ 15} .
o
S 10} ]
<
S5f ]
0 .
0 100 200 300 400

Particle size (nm)

Figure 7. When the thickness of the membranes is certain, the sizes of different GO flakes affect the
area contributed by the nanopores to the filtration of particles of different sizes.



Processes 2023, 11, 1520

9of11

Table 2. Sizes of some particles.

Particle Particle Size (um)
Viruses 0.005-0.2
Tobacco smoke 0.01-1
Dust 0.01-100
Bacteria 0.05-40
Fungus debris and spores 0.7-80
Human skin cells 1-25
Pollens 10-100
Hair 17-100
Sand 80-750

3.3. Promotional Applications

Here, we propose an ideal model for separating viruses using GO membranes. As
shown in Figure 8a,b, the GO membranes that feature columnar-array pores can be em-
ployed for separating viruses from the surrounding environment. By varying the diameter
size D of the cylinders, we can obtain GO membranes with adjustable sizes of nanopores,
which can be used to filter particles of different sizes, such as gas molecules, ions, viruses,
and macromolecules. Figure 8c,d depicts the top and side views of the proposed GO
membrane filtration process. Previous studies [37] have shown that GO films possess
remarkable local stability and self-healing properties, which enable them to maintain excel-
lent stability even in porous structures. Our results are in good agreement with previous
studies. It is helpful for further underscoring the potential of GO-derived materials for
various applications.

(@) (b)
Rkl pods
. \ l '\Ib‘, el ool ale
BRI RS

Figure 8. (a,b) show a schematic diagram of the preparation process of the GO membranes using
cylinders placed on a substrate to control the size of nanopores. D represents the diameter dimension
of the cylinder; (c,d) are the top view and side view schematic diagrams of the GO membranes
filtration process for large-size particles, respectively.

The application of GO membrane filtration holds great promise because not only can
it filter particles through its nanopores, but also its surface exhibits strong adsorption for
viruses, making it an effective barrier to their passage. For instance, oxygen-containing
functional groups on the surface of the GO membranes can form hydrogen bonds with
the protein shells of viruses, resulting in significant adsorption. This paper categorizes the
main filtration applications of GO membranes into three categories: gas molecules, ions,
and large-size particles, such as viruses. The conclusions drawn from this study can serve
as a guide for future experimental work.
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This paper offers valuable insights for the design and fabrication of GO filtration
membranes. Through the manipulation of the number and sizes of GO flakes, we can
customize the properties of the membranes to meet specific application requirements.
This opens up new potential applications for GO membranes, including the filtration of
larger particles, such as viruses, in addition to gas and ion filtration. However, practical
production is currently hindered by limitations in experimental technology.

4. Conclusions and Future Perspectives

This study reveals that strategic adjustments to the size and thickness of GO flakes
can regulate the size, quantity, and distribution of nanopores in resulting GO membranes,
facilitating the mass production of GO filtration membranes for various applications.
Consequently, the scope of GO membrane uses can be expanded. These findings provide
a theoretical reference for industrial GO membrane filtration performance design. By
achieving molecular-level control during the self-assembly stages of GO membranes, the
field of membrane filtration can enhance precision and efficiency, leading to improved
filtration processes.
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