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Graphene oxide (GO) exhibits size-dependent properties that enable its use in a range of applications. Current
techniques for size-based separation of GO face several notable limitations and challenges. The gravity stop-flow
electrophoresis (GSFE) technique is introduced here, for the first time, which addresses a large part of the stated
limitations. Characterization methods were applied to each collected fractions for further correlation between
size of each fraction and their corresponding properties. Characterization experiments including, a) the UV-Vis
spectroscopy (Stokes shift from 195.4 nm for the smallest particle to 200.7 nm for the largest particle), b)
capillary electrophoresis (migration time changed from 6.8 min for the smallest particle to 5 min for the largest
particle), c) zeta potential measurement (changed from 23.3 mV for the largest particle to 37.7 mV for the
smallest particle), d) electrophoretic mobility (determined by dynamic light scattering, changed from 2.9 x 10-8
m2V-1s-1 for the smallest particle to 1.8 x 10-8 m2V-1s-1 for the largest particle) and e) transmission electron
microscopy for the smallest and the largest particles were performed. Furthermore, the results demonstrated that
this technique has a high resolution with less limitations when compared to most classical separation methods.
Finally, the most important limitation of capillary electrophoresis was resolved by significantly improving the

throughput of separation.

1. Introduction

Nanomaterials (NMs) exhibit distinct chemical, physical, and bio-
logical properties that differ from those of bulk materials [1]. As size
decreases, the surface-to-volume ratio of NMs increases, resulting in a
larger fraction of atoms being exposed on the surface. This alteration
significantly impacts their reactivity and physical properties [2,3].

Graphene oxide (GO) is a prominent example of NMs with size-
dependent properties that enable its application across various fields.
For instance, in membrane separation processes, and the size of gra-
phene oxide (GO) sheets significantly influence enantioseparation effi-
ciency [4]. Additionally, studies have shown that the toxicity and blood
compatibility of GO are closely related to factors such as dosage, degree
of exfoliation, and sheet dimensions [5]. In the context of electro-
chemical biosensors, the size of GO sheets plays a critical role in
determining the performance of label-free systems, as it can either
enhance or hinder the sensitivity of graphene-based electrochemical
sensors. Furthermore, precise control over GO sheet size may have
substantial implications for optimizing specific biosensing applications
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[6]. The classification of graphene oxide (GO) nanosheets based on
lateral dimensions is not universally standardized and may vary across
studies. However, a general categorization include large GO nanosheets
with lateral dimensions typically greater than 1000 nm, intermediate
GO nanosheets ranging from 100 to 1000 nm, and small GO nanosheets
with lateral dimensions <100 nm [7]. Larger GO sheets are often uti-
lized in supercapacitor technology due to their high surface area, which
enhances energy storage capabilities through greater electrochemical
interactions. For instance, the critical ratio of graphene oxide (GO) to
multi-walled carbon nanotubes (Wgo/Wwmwcent) needed to achieve a
stable MWCNT dispersion is directly influenced by the size of the GO
sheets. As the GO sheet size decreases from 2060 nm to 170 nm, the
minimum Wgo/WMmwenT ratio required to fabricate a conductive
GO-MWCNT film dropped significantly from 0.1 to 0.025 [8-10].
Intermediate-sized GO finds its application in biomedical fields, such
as drug delivery and biosensing, where a balance between surface area
and dispersibility is crucial for effective interaction with biological
systems. This size allows for functionalization with biomolecules,
making it suitable for targeted drug delivery and as a platform for
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Table 1

Comparison of GSFE with Other Methods for the Separation of GO Nanosheets.

Ref.

Advantages

Limitations

Theory

Throughput

Main Applications

Preparative
Capacity

Cost

Speed

Resolution

Technique

Complexity

[25,34,
35]

Simplicity, low cost

Limited resolution for very

small particles

Low

Medium

Separation of large particles,

pre-concentration

High

Low

High

Low to

Centrifugation

Medium

[36,37]

Suitable for large volumes

Membrane fouling, frequent

Low
replacement

Low

Size-based separation,

purification

High High

Medium

Medium

Ultrafiltration

High precision [38-40]

Very low preparative

capacity

Medium

Low for

High-resolution analysis,

Low

Low Medium

Very High

Capillary

commercial CE

High

charge-based separation

Electrophoresis (CE)

Free-Flow

[41-43]

High preparative capacity

Requires complex and
expensive equipment

High

High-volume separation of

biomolecules

High High

Medium

High

Electrophoresis

(FFE)
HPLC

[44,45]

Very high precision,

versatility

High cost, expensive columns

High

Low

Separation of small and medium

molecules

High Medium

Low

High

[27,28,
46]

High precision, no

Requires specialized

High

High

Separation of nanoparticles,

polymers, biomolecules

Medium

High

Medium

High

Field-Flow

stationary phase required

equipment, time-consuming
Requires parameter

optimization

Fractionation (FFF)

GSFE

This

Simplicity, high precision,

low cost

Medium

High

Size- and charge-based

Medium

Low

Medium

High

work

separation of nanoparticles
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biosensors [2,11,12].

Small-sized GO is particularly effective in environmental applica-
tions, such as the adsorption of heavy metal ions and organic pollutants.
For instance, ultrasonicated GO demonstrates significant improvements
in adsorption capacity due to increased availability of active sites [8,9,
13-19].

The versatility of GO is underscored by the critical role that size plays
in determining its suitability for various technological advancements.
Effective separation of GO nanosheets based on size can enhance the
performance of each fraction for specific applications. Classical size-
based separation techniques, including centrifugation, membrane
filtration, liquid exfoliation, sedimentation, and field-flow fractionation,
are employed to achieve desired size distributions [20-23].

However, current techniques for size-based separation of NMs, such
as GO, face notable limitations. For example, centrifugation is labor-
intensive and time-consuming, often lacking sufficient resolution for
particles with small size differences [24,25]. Membrane filtration en-
counters challenges due to fouling, leading to decreased efficiency and
maintenance needs [20,26]. Field-flow fractionation, while advanced, is
complex and costly, with limited throughput, hindering scalability for
industrial applications [22,26-30]. Some electrophoresis techniques
such as single capillary electrophoresis, despite its high resolution,
struggles with fraction collection capability. The Free Flow Electro-
phoresis (FFE) technique, however, overcomes this limitation, as its
separation capacity can be enhanced simply by increasing the di-
mensions of the chamber. Despite several advantages, this method does
require specialized equipment, such as a the thermostated flow-through
chamber with membrane separated electrode compartments and frac-
tion collector, which may pose a challenge in some settings [31-33].
GSFE has the potential for scale up, and therefore, to overcome the
limitation of poor capacity and fraction collection of a single capillary
CE instrument. Also the GSFE with the dimensions reported here, has
also lower capacity compared to FFE, but has the potential of higher
loading capacity if the dimensions of the chamber is scaled up. Particles
with different sizes and/or different charges migrate at different rates,
allowing for size-based separation. Table 1 provides a comparison be-
tween GSFE and other separation techniques for nanomaterials.

To address these challenges, there is an urgent need for improved
separation techniques that enhance efficiency, scalability, and precision.
This research introduces the gravity stop-flow electrophoresis (GSFE)
technique, which aims to resolve many of the stated limitations for size-
based separation of material such as macro molecules and NMs. Char-
acterization methods, including UV-Vis spectroscopy, capillary elec-
trophoresis, zeta potential, and transmission electron microscopy, were
applied to the collected fractions to correlate their sizes with corre-
sponding properties, validating the separation efficiency of the proposed
technique.

2. Methods and materials
2.1. Materials

Only analytical grade reagents were used in this study. Sodium hy-
droxide (>97 %), silver nitrate (99 %), barium chloride (99 %), hy-
drochloric acid (37 %), sodium nitrate (99 %) and sodium chloride (99.5
%) from Merck Co (Germany), graphite powder (>95 %) from Fluka,
sulfuric acid (95 %) from Riedel, KMnO4 (99 %) from BDH and H,O, (30
%) from Fakhre Razi (Iran) were purchased. Tris(hydroxymethyl) ami-
nomethane (99 %), glycine (gly) (99 %) and dimethy! sulfoxide (DMSO)
(99.7 %) were purchased from Aldrich Co (USA). The buffer solutions of
tris-gly (pH 10.5) were employed as electrolytes for electrophoresis.
Deionized water was prepared (with 0.6 puS conductivity) by a “Hastaran
teb, Iran” purification system.
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)

Fig. 1. Experimental setup for gravity stop-flow electrophoresis, the arrows
show electrical force F, gravitational force Fg, the combination of F,) and Fg
(vectors R), channel angle 6 and GO deviation angle a.

2.2. Preparation of GO nanosheets

GO was synthesized using a modified Hummers’ method. Briefly, 2 g
of graphite powder and 75 ml of concentrated sulfuric acid were mixed
in an ice bath. After cooling to 0 °C, sodium nitrate powder (2 g) was
gradually added over 15 min while stirring at 300 rpm. Subsequently,
potassium permanganate powder (6 g) was slowly introduced into the
mixture by continuous stirring in a controlled temperature, resulting in a
green color due to the oxidizing agent. Stirring (300 rpm) was continued
at room temperature for 2 days. Next, 125 ml of deionized water (DI
water) was added, followed by further dilution with water at 32 °C.
Finally, hydrogen peroxide (70 ml, 30 %) was added within 40 min.
Then, the product underwent centrifugation (10 000 rpm or approxi-
mately 11 173 G, 5 min), washing several times with hydrochloric acid
(5 wt %), and then deionized water. Classical silver nitrate and barium
chloride precipitation tests qualitatively confirmed the removal of Cl°
and SOZ ions, respectively. Using a vacuum oven at 60 °C for 48 h, the
final product was dried.

2.3. Fabrication of GO in separation channels

The channel was made from plexiglass, which was cut with a laser
cutting machine (Fig. 1). The dimensions of channels were 9 x 5.5 cm.
The depth of each channel was divided into two parts. The depth of the
isolation chamber was 500 pm and that of electrode chamber was 8 mm.
This was necessary to have high enough volume of the buffer to prevent
the pH change due to the water electrolysis at the electrodes [47]. Two
electrodes made of stainless steel with 6 cm long and 300 pm outer
diameter (OD) were used to apply voltage on the electrolyte. For elec-
trophoresis the distance between the electrodes was 80 mm. In the lower
part of the channel, there were four outlets, which connected the
channel to the glass vials through a glass tube with an OD of 1.1 mm and
internal diameter, ID, of 1 mm that provided the possibility of fraction
collection.

2.4. Size-based separation of GO nanosheets

The separation process was performed in tris-glycine buffer (20
mmol 1! tris and the pH was adjusted to 8.2 by adding glycine to tris).
The buffer was degassed in an ultrasonic bath for 10 min. Subsequently,
a 5 ml syringe was used to fill the channels and vials with the buffer, and
the glass tubes were ventilated prior to each experiment to eliminate the
possibility of run-to-run cross contamination.

Six mg of GO nanosheets were dispersed in 2 ml of tris-glycine buffer
in an ultrasonic bath at 20 kHz for 30 min. The bulk GO suspension was
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then injected into the channel with a 1 ml syringe, using a syringe pump
at a speed of 200 pl per minute from the top of the channel, near the
cathode. Simultaneously with the injection, 130 V was applied to the
channel. The separated fractions of the nanosheets were collected in
glass vials. For the capillary electrophoresis experiment, a different
buffer, tris base-NaCl (tris base 50 mmol 1'1, sodium chloride 93 mmol I
1, pH= 10.5), was used and the glass vials were filled with the same
buffer.

In the channel of GSFE, it was essential to maintain a static (non-
flowing) buffer. Initially, the use of tris-NaCl buffer in the channel led to
the formation of air bubbles on the surfaces of both the cathode and
anode. As these air bubbles moved upward to escape, they created tur-
bulence and disrupted the buffer flow within the channel, as well as
inducing current irregularities in electrophoresis. To address this issue,
tris-glycine buffer was introduced as an alternative, effectively pre-
venting the formation of air bubbles and ensuring stable current for
electrophoresis.

The channel of GSFE, shown in Fig. 1, was filled with tris-glycine
buffer before sample loading and applying the voltage. As illustrated
in Fig. 1, Upon injection of GO suspension into the channel, GO nano-
sheets are subjected to three primary forces: (1) the electric force (F¢))
generated by the applied voltage through the electrodes, (2) the gravi-
tational force (Fg) due to the mass of the nanosheets, and (3) the fric-
tional force arising from the interaction of the GO nanosheets with the
channel walls as well as the frictions between the GO nanosheets and the
buffer molecules that GO are suspended (referred to as the friction wall).
GO nanosheets, while moving inside the channel, experience both fluid
friction and wall interactions. The fluid friction, governed by Stokes’
law, arises from contact of GO nanosheets with solvent molecules and
opposes both electrophoretic and gravitational motions. Simulta-
neously, GO nanosheets interact with channel walls through van der
Waals forces, electrostatic interactions, and surface roughness effects.
While macroscopic friction typically describes solid-solid contact, at
micro/nanoscales, friction emerges from the complex interplay of these
surface forces and differs fundamentally from classical behavior. When
these interactions are high enough that electrical and/or gravitational
forces are not adequate to overcome it, then adsorption happens. This
distinction is particularly important for 2D materials like GO, where
high surface area increase wall interactions [48-50]. The separation
channel is inclined at an angle 6, which plays a critical role in the sep-
aration process. If 6 = 90°, the GO nanosheets rapidly descend the
channel without sufficient time for size-based separation. Conversely, at
very low values of 6, the nanosheets tend to deposit on the friction wall,
either remaining stationary or moving at such a slow rate that they are
predominantly influenced by the F¢j. Only this results in high deflection
angles () and causes the nanosheets to enter the anode electrode
chamber rather than being collected in the designated glass vials. Under
optimized conditions, the GO nanosheets are effectively separated based
on their sizes due to the interplay of the three forces: electric, gravita-
tional, and frictional forces. The nanosheets are deflected at an angle a,
which is determined by the balance of these forces, and are subsequently
collected in glass vials. Importantly, this method is not limited to the
specific GO nanosheets used in this study. By adjusting the parameters
(e.g., electric field strength, channel angle, and buffer composition), the
GSFE technique can be applied to separate other GO nanosheets with
varying sizes and oxidation degrees. The fundamental principle of
size-dependent separation driven by the balance of Fe, Fg, and frictional
forces ensures the broad applicability of this approach to a wide range of
GO samples.

In a colloidal suspension, the settlement of GO nanosheets depends
on a several parameters including but not limited to size, mass, charge,
and shape of nanosheets.

The theoretical calculation considers Stokes’ law (Eq. (1)) which is
well developed for spherical particles.
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where v denotes the terminal velocity of a spherical particle settling in a
viscous fluid, pp represents the particle density, pr the fluid density, g the
gravitational acceleration (9.81 m/s?), r the particle radius, and n the
fluid viscosity [51]. Considering the shape of GO this calculation de-
viates from experimental observations, but provides a general conclu-
sion that mass of >10722 g and size greater than 50 nm will cause settling
by gravity. This is in line with observation that vial F1 shows the size
distribution of 75 nm.

The minimum voltage to have an acceptable resolution in electro-
phoresis, the second dimension of GSFE, is in the V range based on the
limitation on power supply that was used for the setup. This imposes a
practical limitation on the setup that was used for GSFE.

Furthermore, previous studies have demonstrated that similar ap-
proaches can be effectively applied to a wide range of GO samples. For
example, successfully separated GO sheets with different oxidation
levels and sizes using analogous methods [52-54]. Based on these
findings and the fundamental principles of this technique, GSFE can be
extended to other GO samples.

2.5. Capillary electrophoresis analysis

The fractions collected from the GSFE separation channels were
further evaluated using an Agilent G1600AX capillary electrophoresis
system. A capillary column with an inner diameter (ID) of 50 pm and
outer diameter (OD) of 360 pm with 48.5 cm total long, and 40 cm
lengths to the detection window was used for electrophoresis. Tris base-
NaCl buffer (pH 10.5) served as the background electrolyte and a voltage
of 15 kV (resulting in 68 pA current) with positive polarity was applied
for electrophoretic separation of each fractions. The injection was per-
formed by applying 50 mbar pressure for 15 s. Column conditioning
involved flushing with 0.1 mol 1! NaOH for 10 min, followed by
deionized water for 10 min. The buffer was then flushed through the
column for 8 min, with a 10 min buffer flush between runs. The tem-
perature of the cassette was set at 24 ° C, and the run time was set to 10
min. Additionally, the detector was configured to record three wave-
lengths: 200, 273, and 337 nm and the response time of detector was 0.1
s.

2.6. Characterization of GO fractions

The GSFE fractions were collected for further characterization. The
UV-Vis spectrophotometer (Photonix, Iran) was used to record the
spectra in the range of 190 to 800 nm. The electropherograms of the
fractions were obtained using a G1600AX (Agilent, Germany) capillary
electrophoresis instrument. For each collected fraction, the zeta poten-
tial measurements were performed using a Zeta compact (CAD, France).
The Transmission Electron Microscopy (TEM) analysis of the fractions
was performed using a Leo 912AB (ZEISS, Germany) instrument.

2.7. Buffer compatibility

The collected fractions should undergo different tests under specific
conditions, and GO must be dispersed in an appropriate solvent for that
particular characterization. For instance, to test zeta potential, GO was
dispersed in tris-glycine buffer. For capillary electrophoresis experiment
and TEM imaging, GO was dispersed in tris base-NaCl buffer and water,
respectively. However, this process of changing the buffer to an appro-
priate one may lead to the loss of small particles due to washing and
centrifugation. However, in the GSFE technique, changing the buffer, in
which GO should be dispersed for a specific experiment, is
straightforward.

Separation by GSFE and by CE may require two different buffers for
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Fig. 2. UV-Vis absorption spectra (190-350 nm) of GO bulk and collected
fractions after 1:5 dilution with deionized water. A deionized water blank used
for background subtraction.

optimized performance of each technique. For GSFE separation, the
optimized buffer was chosen as tris-glycine buffer, whereas for CE the
best resolution was obtained in tris-NaCl buffer, pH 10.5. Changing the
buffer from tris-glycine to tris-NaCl requires the complete removal of
initial buffer, and suspending GO sheets in tris-NaCl for CE analysis. This
step is time consuming and will cause the loss of GO nanosheets.
Therefore, GO nanosheets were collected directly in tris-NaCl buffer to
avoid the change of buffer. During this process, a minute amount of tris-
glycine (1.3 pl) will enter into the collecting vials containing 1 ml of tris-
NacCl. This will cause no significant change in CE buffer capacity (about
0.13 percent dilution).

3. Results and discussion
3.1. Optical properties

A UV-Vis spectrophotometer (190 to 350 nm) was used to investi-
gate the optical properties of bulk GO and each collected fraction. The
results are depicted in Fig. 2.

In GO nanosheets, Ayax changes with particle size due to factors such
as quantum effects, surface effects, and light scattering. These factors
cause the optical properties of nanoparticles to change, resulting in
different Ayax values for each fraction.

When particle size decreases, quantum effects can affect the elec-
tronic structure and thus the optical properties of the material. For small
nanoparticles, the energy gap between electron levels is described by Eq.
(2) [55].

C

Eg = Eg + ﬁ (2)

(c0)

In this equation Eg, E, _ , r and C are the energy gap for a nanoparticle

(o)
of size r, energy gap in the bulk state, the radius of the nanoparticle and a
proportionality constant that depends on the properties of the material,
respectively. For non-circular and for non-spherical GO nanosheets, the r
can be estimated through various methods including dynamic light
scattering, atomic force microscopy, or TEM. In this study, the nano-
sheet dimensions was quantified via TEM (see Section 3.4 for details),
which provides direct measurements of lateral sizes.

Smaller nanoparticles have a higher surface-to-volume ratio, and
show dominant surface effects. These surface effects can significantly
influence the optical properties of nanoparticles, as the presence of
oxygen-containing functional groups (such as carboxyl and hydroxyl
group) on their surfaces plays a critical role in modifying their behavior.
The interaction of these functional groups with light or other external
stimuli such as Au atoms can lead to changes in absorption, scattering, or
emission characteristics, thereby impacting the overall optical perfor-
mance of the nanoparticles [56,57]. As the surface-to-volume ratio
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Fig. 3. Electropherograms of collected fractions using UV detection at 200 nm.
F1, F2. F3 and F4 (from smallest to biggest) are the fractions 1, 2, 3 and 4
collected from vials shown in Fig. 1. A 50 um ID capillary (48.5 cm total length,
40 cm to detector) was used. The background electrolyte was tris-NaCl buffer
(50 mmol 17 tris, 93 mmol 1" NaCl, pH 10.5). Separation was performed at 15
kV and 68 pA with positive polarity. Samples were injected at 50 mbar for 15 s.
The column was conditioned with 0.1 M NaOH (10 min), DI water (10 min),
and buffer (8 min pre-run, 10 min between runs). The cassette temperature was
maintained at 24 °C, and runs lasted for 10 min. Detection was performed at
200 nm with a 0.1 s detector response time. Detection was performed using
indirect absorption. The absolute value of absorption [mAu| is shown in Y axis
for visual purpose.

increases in smaller particles, the number density of surface functional
groups increases. These functional groups lead to the formation of
chemical bonds and the creation of more areas with high surface charge
density, which shifts the absorption wavelength to shorter wavelengths
(Blue shift). Consequently, F1 fraction has the lowest Apax (195.4 nm),
while F4 fraction has the highest Apax (200.7 nm) value.

To calculate the energy gap (E;) from the A,y for each fraction, the
Planck relation (Eq. (3)) might be used.

e

E, 7

3

In this equation h, ¢, and ) are Planck’s constant (6.626 x 107347J5s),
the speed of light (3 x 108 m per second) and the wavelength (in me-
ters), respectively.

The energy gap for each fraction was calculated using Eq. (3), and
the values for F1 and F4 are 1.02 x 107'® and 0.98 x 107'%;, respec-
tively. From Egs. (2) and (3), it can be concluded that decreasing the size
of the particles will cause an increase in the energy gap and the
maximum wavelength will shift to lower wavelengths. By decreasing
size of each collected fraction, a distend blue shift was observed (see
Fig. 2). This result has been confirmed elsewhere [52]. Based on liter-
atures, red shift might be due to longer drying time and, therefore,
coagulation of nanoparticles. The blue shift observation by decreasing in
size confirms both the efficiency of preparing nanoparticles, as well as
the quantum conferment effect [58].

3.2. Results of capillary electrophoresis

Capillary electrophoresis (CE) is a powerful and high-resolution
technique for size-based separation of nanomaterials and biomaterials
[40,59-63]. However, its main limitation lies in the small amount of
sample loading and the minute fractions collected after each separation.
Under counter-EOF conditions (where |pEOF| > |pep|), the apparent
mobility is calculated as the difference between the absolute values of
EOF mobility and effective electrophoretic mobility.
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Fig. 4. UV-Vis absorption spectra (190-350 nm) of bulk GO (diluted 1:5 with
deionized water), tris-NaCl buffer (50 mmol 1! tris), and tris-gly buffer (20
mmol 17 tris and 20 mmol 1! glycine), using deionized water as the blank.

|ﬂupp| = |pgor| — |.uep} (€]

where figpp, Hep and pe, are apparent mobility, electrophoretic mobility
and electroosmotic mobility, respectively. The CE instrument settings
were configured as described in Section 2.4. In positive polarity, anode
is the positive electrode, while the cathode is negative. Applying a
voltage creates an electroosmotic flow. Typically, the electroosmotic
flow exceeds the electrophoretic mobility, resulting in the movement of
all particles towards the cathode. Considering the positive polarity of the
device and the greater mobility of smaller particles, the migration times
of smaller particles will be longer.

DMSO was used as the neutral marker. The migration time of DMSO
was 4.4 min. That was used to calculate electroosmotic flow (EOF)
mobility. As it could be observed in Fig. 3, Fraction 1 which contains the
smallest nanosheets, has the highest effective electrophoretic mobility
and lowest apparent electrophoretic mobility and longest migration
time when compared to those of other fractions.

As shown in Fig. 3, the peaks associated with fractions 1, 2, and 3
exhibit splitting, indicating that the GO nanosheets within each fraction
are not completely uniform in size and the resolution of GSFE is not
ideal, and span a range of dimensions. To achieve greater size unifor-
mity, these fractions can be further separated into sub-fractions with
narrower size ranges using capillary electrophoresis. By optimizing the
experimental conditions of capillary electrophoresis, each fraction ob-
tained from GSFE can be subdivided into multiple fractions, resulting in
a more precise size distribution of the GO nanosheets.

Before running the CE experiments, in order to choose the best
wavelength for DAD, the UV-Vis absorbance of the tris-NaCl buffer (50
mmol 1! tris), tris-gly buffer (20 mmol 1! tris and 20 mmol 1" glycine),
and diluted suspension of the bulk GO (at a 1:5 ratio with deionized
water) was recorded using a spectrophotometer, with deionized water as
the blank. The results are presented in Fig. 4. As shown in this figure, the
absorbance of GO at 200 nm is lower than that of the tris-NaCl buffer
used as run buffer in the CE experiment. As a result, automatic back-
ground correction of the peaks obtained during the CE analysis subtracts
the absorbance of tris-NaCl from that of GO suspension in deionized
water, injected as a plug on the CE column, that are collected from the
vials of GSFE. This will result in negative peaks. By switching the Agilent
ChemStation software to an indirect UV detection mode, these peaks
was recorded positive.

3.3. Zeta potential
The Smoluchowski equation (Eq. (5)) is one of the key equations for

calculating the electrophoretic mobility (ue) in colloidal systems,
relating the zeta potential ({) to (uep).
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where ¢, 5, & and ¢, are zeta potential (in V or mV), electrophoretic
mobility (in 10‘Sm2V'ls'1), viscosity of the medium (in Pa.s), the solu-
tion relative permittivity and the permittivity of the vacuum, respec-
tively [64].

The electrophoretic mobility depends on the surface charge of the
particle and the distribution of ions around it. For particles of different
sizes, zeta potential changes, which in turn alters the electrophoretic
mobility. Therefore, if r (particle radius) decreases while the ionic
strength medium remains constant, zeta potential increases.

Fig. 5 demonstrates the changes in zeta potential and mobility with
variations in particle size. As the particles become smaller, the number
of functional groups on the surface and edges of the GO nanosheets
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increases in proportion to the surface area. As a result, the zeta potential
and mobility also increase.

The results obtained from the zeta potential test cross validates the
findings from UV-Vis spectroscopy and capillary electrophoresis. These
results also indicate the separation of particles based on size in the GSFE
technique.

3.4. Morphology of fractions

To confirm the results of zeta potential, optical spectroscopy, and
capillary electrophoresis, the morphology and the average particle size
of collected fractions were examined by recording TEM image for frac-
tions 1, 4 and bulk (Fig. 6). The TEM image of fraction 1 shows the
graphene oxide particles with the smallest size among the examined
fractions. The particles in this image are very small and well-dispersed,
indicating the success of separating small particles. The average particle
size in this fraction was about 75 nm.

Fraction 4 contains the largest GO nanosheets among the four
collected fractions. The TEM image shows large and less dispersed
particles compared to other fractions. The TEM images validate the
experiments on particle size separation. The size distribution of the
particles in this fraction is around 450 nm. This image confirms that the
larger particles are also well separated. Finally, the results of the analysis
of TEM images show the success of the separation process of graphene
oxide particles based on size. Fraction 1 contained the smallest particles,
and Fraction 4 contained the largest particles. The bulk was also used as
a reference for comparison and showed a wider distribution of particle
sizes.

4. Conclusions

The GSFE technique is presented here, for the first time, as a novel
approach for size-based fractionation of graphene oxide. The results
demonstrated that this technique has a high separation ability without
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Fig. 6. The TEM image of Fractions 1,4 and bulk of GO and their histograms (a, b and c respectively).
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the limitations and issues of classical techniques. The advantages of this
new technique include automation capability, high-throughput frac-
tionation, scalability, good resolution, high speed, continues separation
and low cost.

The GSFE technique introduced here, addresses a large part of the
limitations in preparative capillary electrophoresis. Characterization
methods applied to each collected fractions were well correlated with
the size of each fraction and their corresponding properties. The UV-Vis
spectroscopy (Stokes shift from 195.4 nm to 200.7 nm), capillary elec-
trophoresis (migration time between 5 min to 6.8 min), zeta potential
(23.3 mV for the largest particle changed to 37.7 mV for the smallest
particle), mobility (2.9 x 10® m?®v'!s! for the smallest particle changed
t0 1.8 x 108 m2vs! for the largest particle), and TEM for each fraction
showed distinct differences among the bulk and each fraction. The
effective radius (r) of GO nanosheets was determined directly from TEM
measurements, eliminating the need for spherical approximations. For
fraction 1 (smallest nanosheets), the average radius was ~37 nm,
whereas fraction 4 (largest nanosheets) exhibited an average radius of
~225 nm.

Given their anisotropic shape and surface charge effects, the actual
sedimentation behavior of these 2D nanosheets may deviate signifi-
cantly from spherical model predictions. Nevertheless, the TEM-derived
dimensions represent the most accurate empirical basis for analysis.
Furthermore, the results demonstrated that this technique has a high
separation power without some of the limitations of classical separation
methods. Finally, the most important limitation of capillary electro-
phoresis was resolved by significantly improving the throughput of
separation.
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