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Water-soluble nonionic polymers of polyethylene glycol (PEG), poly(vinyl alcohol) (PVA), and polyvinylpyrrolidone
(PVP) were examined to develop the dispersion of graphene in an aqueous surfactant solution.  Sodium
dodecylbenzenesulfonate was used as an anionic surfactant to disperse graphene in an aqueous solution and to give
negative charge on it. The dispersion of graphene was monitored through the electropherograms in affinity capillary
electrophoresis; a broad peak for the dispersed graphene and shot signals for the aggregated one. When PEG was added
in the separation buffer as an affinity reagent, the number of the shot signals in the electropherogram was reduced; PEG
can develop the dispersion of graphene in an aqueous surfactant solution. The dispersion was also developed with PVP
or PVA. The effective electrophoretic mobility of the dispersed graphene was reduced by using the polymer as an affinity
reagent. The result suggested that the anionic surfactant on the graphene surface was competitively substituted with
the nonionic polymer. The degree of the decrease in the effective electrophoretic mobility was larger with PEG with a
high-molecular mass. The broad peak of the dispersed graphene got narrower by the addition of PEG, and the number of
theoretical plates was improved.
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Introduction

Carbon-based nanomaterials including carbon nanotubes (CNT)
and graphenes are promptly interesting owing to their unique
thermal, mechanical, and electronic properties. Carbon
nanomaterials have also been utilized as separation modifiers on
liquid chromatography (LC) and capillary -electrophoresis
(CE)."* Graphene nanoparticles were used as a stationary phase
for the electrokinetic separation of nonsteroidal anti-
inflammatory drugs.* A silica capillary was coated with
graphene oxide for the chiral separation of ephedrine and
pseudoephedrine without any chiral selector.’> The stationary
phase of grafted glycidyl methacrylate for capillary
electrochromatography was covalently modified with graphene
oxide, and the capillary column was used for chiral separations
of naproxen, warfarin, and pranoprofen with methyl-f3-
cyclodextrin as a chiral selector.®

In addition to using carbon-based nanomaterials as separation
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modifiers, carbon nanotubes and graphenes are also separation
targets. Carbon nanotubes were firstly resolved by capillary
electrophoresis with sodium dodecyl sulfate (SDS).” Some
sharp peaks were detected by the CE, and the peaks were firstly
attributed to dispersed CNT.” However, sharp peaks were found
to be bundled CNT.® Ionic liquids were found to be useful for
the CE separation of single-walled CNTs.® The combination of
hydroxypropyl methyl cellulose with SDS surfactant was found
to be useful to disperse CNT in an aqueous solution.'® Individual
single-walled CNT was resolved and collected by CE, and it
was analyzed by Raman spectroscopy, where an anionic
triphenylene was used as a dispersant of single-walled CNT, and
the eluted solution from the outlet end of the capillary was
collected as the fractions.!!

As for graphenes, the open tubular format of CE is desirable
for sub-um size graphenes passing through the capillary tube,
and the first studies of the CE separation of graphene were
reported on graphene oxide.'>!* It has been found that a low
concentration of the buffer components or the salts is favorable
to reduce the shot noise, the aggregates of the graphene oxide.!?
When the aggregates were well suppressed, a single broad peak
was detected, corresponding to the distributed charge and size of
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the graphene.'? Fractions of the eluate after CE separation of
graphene oxide were collected for Raman spectroscopy and
atomic force microscopy.’® It was found that stacked graphene
oxide migrated toward the anode, while the thin-layer graphene
oxide sheet migrated toward the cathode.’> When less charged
graphene was examined by CE, an anionic surfactant of sodium
dodecylbenzenesulfonate (SDBS) was found to be useful to
disperse the graphene in an aqueous solution.'* It was shown
through electropherograms that the graphene was less aggregated
in an aqueous surfactant solution with a single broad peak and
few shot signals.'* Several approaches have been proposed to
disperse carbon-based nanomaterials in an aqueous solution.
Anionic surfactant of sodium dodecylbenzenesulfonate,'
anionic tripheneyele,'® and photo-reactive dispersant'’” were
examined to disperse CNT in an aqueous solution. Combinations
of an anionic surfactant of SDS and nonionic polymers were
also investigated for dispersing the CNT.'"®  Conjugated
polyelectrolyte was developed for the dispersion of graphene in
an aqueous solution.!” Polyaromatic anions of small molecule
were utilized to exfoliate and solubilize graphene sheets from
natural graphite.?? Polyvinylpyrrolidone (PVP) was found to
stabilize graphene solubilization in an aqueous solution.?'?
The PVP-stabilized graphene was used as a separation modifier
of tanshiones by micellar electrokinetic chromatography
(MEKC).?

In this way, CE analysis is useful to examine the dispersion of
carbon-based nanomaterials in an aqueous solution through the
number of the shot signal of the graphene aggregates. In this
study, the present authors aimed to develop the dispersion of
graphene in an aqueous solution with water soluble nonionic
polymers, in addition to the anionic surfactant of SDBS. The
water soluble polymers examined were polyethylene glycol
(PEG), poly(vinyl alcohol) (PVA), and PVP with their different
molecular masses. The number of shot signals corresponding to
the graphene aggregates was reduced with the nonionic
polymers. Changes in the effective electrophoretic mobility of
graphene was also examined to evaluate the effective charge of
the dispersed graphene on the basis of the affinity interaction in
the separation buffer. The effective electrophoretic mobility of
graphene decreased with increasing concentrations of the
nonionic polymer, and the results suggested that anionic DBS-
was competitively substituted with the nonionic polymer.

Experimental

Reagents and chemicals

Graphene Nanoplatelets was purchased from XG Sciences
(xGnP, grade C, 750 m? g-!, Lansing, MI, USA). It was used by
dissolving/dispersing in the separation buffer containing sodium
tetraborate (borax) and SDBS under ultrasonic radiation. The
separation buffer components of borax and SDBS were from
Kanto Chemical (Tokyo, Japan). Polyethylene glycols (average
molecular masses of 1000, 4000, 6000 and 20000) were from
Kishida Chemical (Osaka, Japan). Polyethylene glycol (average
molecular mass of 10000) and poly(vinyl alcohol) (average
molecular mass of 10000, 80% hydrolyzed) were from Sigma-
Aldrich Japan (Tokyo, Japan). Polyvinylpyrrolidones (average
molecular masses of 3500, 8000 and 24500) were from Acros
Organics (NJ, USA), Alfa Aesar (MA, USA), and Nacalai
Tesque (Kyoto, Japan), respectively. Other reagents used were
of analytical grade. Water used was purified by Milli-Q Gradient
A10 (Merck Millipore Japan, Tokyo, Japan) throughout.
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Apparatus

An Agilent Technologies 3PCE (Agilent Technologies,
Waldbronn, Germany) was used as a CE system equipped with
a photodiode array detector. A fused-silica capillary was
purchased from GL Sciences (Tokyo, Japan), and it was attached
to the CE system after being cut to the required length. The
dimensions of the capillary were 375 um o.d., 50 um i.d.,
64.5 cm in total length, and 56 cm in the effective length from
the injection end to the detection point. A photometric detection
window was made to the capillary by burning a small portion of
the polyimide coating. The capillary was held in a cassette
cartridge and the cartridge was set in the CE system. The
capillary was flushed daily with 0.1 mol dm= NaOH for 2 min
and with purified water for 2 min to refresh the inner wall of the
capillary.

An Elma-Hans Schmidbauer Transsonic T310 was used for
ultrasonic radiation (35 kHz, 45 W, Singen, Germany). A TOA
DKK (Tokyo, Japan) pH meter, HM-25G, was used for pH
measurements with a combined glass electrode. The pH meter
was calibrated daily with standard pH solutions and used.

Procedure

An aliquot of 0.02 g of the graphene was dissolved in a
20 mmol dm= SDBS solution in a 10-mL volumetric flask;
the concentration of graphene was thus 2 mg/mL. Ethanol was
added to the graphene solution at an amount of 1% (v/v) to
monitor the electroosmotic flow (EOF). The solution was
ultrasonicated for 5 min, and then the solution was stood for
12 h. A small portion of the graphene solution was filled in a
sample vial, and the vial was used for the CE measurements.
Separation buffers of the CE were prepared with 5 mmol dm™
borax (pH 9.2) and 20 mmol dm= SDBS. An adequate amount
of a water-soluble nonionic polymer was added to the separation
buffer as an affinity reagent. The separation buffer thus prepared
was filled in both a cathodic and an anodic reservoir vials, and
the vials were set in a vial tray of the CE system.

After flushing the capillary with a separation buffer for 2 min,
the graphene solution was introduced into the capillary from its
anodic end by applying a pressure of 50 mbar for 5 s. Each end
of the capillary was dipped in the cathodic and anodic buffer
vials, and a DC voltage of 20 kV was applied to the capillary
for CE separation. An analyte of graphene was photometrically
detected at 420 nm to obtain a sufficiently high CE peak of
graphene and stable baseline, although the baseline was
somewhat noisy. Photometric detection at 200 nm was also
made to monitor the electroosmotic flow with the ethanol. The
capillary cassette was a thermostat at 25°C by circulating
temperature-controlled air. Electropherograms were recorded
and analyzed by a ChemStation software (Agilent Technologies,
Ver. B04.02).

Results and Discussion

Development of dispersion of graphene in the surfactant solution
with polyethylene glycol

We have reported that SDBS is effective for the dispersion of
graphene in an aqueous surfactant solution."* By adding SDBS
in the separation buffer, shot signals of the graphene aggregates
were suppressed, and the dispersed graphenes in an aqueous
solution were detected as a broad peak on the basis of the wide
variety of the graphene structure.!*  Shot signals were
simultaneously detected in the electropherograms with less-
reproducible, and the shot signals were attributed to the
aggregated graphenes.'* In CE separation, the graphene
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Electropherograms of Graphene Nanoplatelets with varying concentrations of PEG. Average

molecular mass of PEG: A, 1000; B, 4000; C, 6000; D, 10000; E, 20000. Concentration of the graphene
in the sample solution, 2 mg/mL. Separation buffer: 5 mmol dm= borax + 20 mmol dm= SDBS + PEG.
Concentration of PEG in the separation buffer (% (w/v)): (a), 0.0; (b), 1.0; (c), 2.0; (d), 4.0; and (e), 6.0.
CE conditions: 250 mbar-s sample injection, 20 kV separation voltage, 420 nm detection wavelength,

and 25°C capillary temperature. S: Solvent (EOF).

electrophoretically migrated toward the anode in the presence of
SDBS, and electrophoretic separation was also made between
graphene and graphene oxide.'*

In this study, some water-soluble nonionic polymers have
been examined to develop the dispersion of graphene in an
aqueous surfactant solution. Electropherograms of Graphene
Nanoplatelets are shown in Fig. 1, when the PEG has been

added in the separation buffer. Five kinds of PEGs were
examined with respect to the average molecular-mass ranging
from 1000 to 20000. It is noted from the electropherograms (a)
that some shot signals are still detected in the presence of SDBS.
Therefore, it is difficult to disperse graphene homogeneously in
the surfactant solution only with SDBS. The problems on the
shot signals are: they are not reproducible on the number,
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the migration time, and the signal height. Thus, the shot signals
would be suppressed. It would be necessary to establish the
quantitative evaluation of the shot signals, alternative to the
direct presentation of the electropherograms. Concerning the
repeatability of the broad peak in the electropherograms of five
(a), the peak height or the peak area were not reproducible,
while its migration time agreed well with each other. Less
reproducibility of the peak height of the broad peak comes from
the dispersed amount of graphene. Therefore, the shot signals
should be suppressed to obtain a reproducible broad peak.

When the PEG was added in the separation buffer, the number
of shot signals was well reduced, as is noted from the
electropherograms in Fig. 1, especially (d) and (e). The results
suggest that the dispersion of graphene is developed with the
PEG. The signal shape of the broad peak, representing the
dispersed graphenes, is preferable typically in B (e) and C (d)
from the view point of the peak height to be high and the peak
width to be narrow. Signal shape of the broad peak will be
discussed in the latter section.

Changes in the effective electrophoretic mobility of graphene
with polyethylene glycol

It is also noted from the electropherograms in Fig. 1 that the
migration time of the broad peak is changed by the addition of
PEG; the migration time of the broad peak got closer to the
migration time of the electroosmotic flow (EOF). The result is
similar to the CE separation of CNT with SDS and nonionic
polymer.'® In Fig. 1A, the migration time of graphene became
longer upon the addition of the PEG 1000; all details will be
discussed on the basis of the effective electrophoretic mobility
as in the following paragraphs.

Although a surfactant of SDBS was used as a retention
modifier of the non-charged graphenes, electrophoretic
migration would not be the partition to the anionic micelle.
Thus, an effective electrophoretic mobility of the dispersed
graphenes, the broad peak, was used to examine the migration
behavior of the graphene quantitatively.  The effective
electrophoretic mobility of the dispersed graphene, L., was
calculated in an ordinary manner, as follows:

LpXLy| 1 1
q=prLtr) L1 1
Heit " (tG tsoyj (D

where Lp, Lr, V, tg, and tgor are the effective length of the
capillary from the injection point to the detection point (cm), the
total length of the capillary (cm), the applied voltage (V), the
migration time of the broad peak (s), and the migration time of
the EOF (s), respectively. Changes in the . value are shown
in Fig. 2. Since the graphene and PEG are not of fixed molecular
size or molecular weight, as well as the wide variety of the
existence forms of the solutes, the .« value is just the averaged
one calculated from the peak top of the broad peak. The s
value decreased with increasing concentrations of the PEG in
the separation buffer. This result suggested that the apparent
anionic charge of graphene decreased by the addition of the
PEG. The change in the U value is based on the affinity
interactions in the separation buffer between graphene and
DBS-, as well as between graphene and PEG, while the graphene
migrating in the separation buffer. Since the anionic charge on
the graphene is introduced with DBS-, the decrease in the [y
value suggests that the net charge of the dispersed graphene is
decreased by the addition of PEG in the separation buffer. By
the migration of the graphene from the sample solution zone to
the separation buffer zone, the DBS- adsorbed on the graphene
would be substituted with the PEG molecule competitively.
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Fig. 2 Changes in the effective electrophoretic mobility of graphene
with increasing concentrations of PEG. The CE conditions are the
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Fig. 3 Changes in the number of theoretical plates of the broad peak
of graphene. The CE conditions are the same as in Fig. 1. Symbols:
@, PEG 1000; O, PEG 4000; A, PEG 6000; m, PEG 10000; [J, PEG
20000.

In other words, an equilibrium between graphene and DBS- in
the sample zone changed to another equilibrium among
graphene, DBS- and PEG in the separation buffer. The degree
of the decrease in the [l value is more significant with high-
molecular-mass PEG; such a large PEG would have interacted
with graphene more strongly at many interaction points, and it
substituted DBS- effectively. The variation of the changes in the
electrophoretic mobility also suggests that the dispersion
equilibrium in the sample solution quickly shifts to another
dispersion equilibrium in the separation buffer solution; affinity
with PEG is involved to change the effective electrophoretic
mobility of graphene.
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Water-soluble polymers may increase the viscosity of the
separation buffer and, as a result, the electrophoretic mobility
may be affected. However, the migration time or the mobility
of the EOF is less affected by the PEG, and therefore the
decrease in the effective electrophoretic mobility would be
attributed to the decrease in the anionic charge by the substitution
of the anionic DBS- with nonionic PEG.

Changes in the number of theoretical plate with polyethylene
glycol

It is also noted from the electropherograms in Fig. 1 that the
signal shape of the broad peak became sharper upon the addition
of the PEG in the separation buffer. The peak shape is popularly
evaluated through the number of theoretical plates. Since the
graphenes are not of uniform shape or size, band broadening is
not only the diffusion in the separation buffer, but the continuity
of the graphene forms. Thus, the number of theoretical plates
calculated from the signal shape is an apparent one. Changes in
the number of theoretical plates are shown in Fig. 3. The
number of theoretical plates increased with increasing
concentrations of PEGs. Although the increase in the number of
theoretical plates was also observed on CNT with nonionic
polymers,'® the effect of nonionic PEG on sharpening the CE
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signal is still difficult to understand. From the view point of the
signal shape, the peak height of the broad peak became smaller
with high-molecular-mass PEGs, and the average molecular
mass of 4000 or 6000 is favorable.

Comparison of water-soluble nonionic polymers

Nonionic polymers of PVP and PVA were also examined to
develop the dispersion of graphene. The electropherograms are
shown in Fig. 4. When PVA was added in the separation buffer,
buffer components of 5 mmol dm=> N-cyclohexyl-2-amino-
ethanesulfonic acid (CHES) + 2 mmol dm= NaOH (pH 9.2) were
used instead of the borate buffer to prevent the gel formation.
The shot signals of the graphene aggregates were also reduced
with PVP and PVA. The broad peak was also developed with
PVP 3500 and PVP 8000, although it was difficult to recognize
the broad peak with PVP 24500 and PVA 10000. It has been
reported that PVP (MW = 10000) is useful for the solubilization
of graphene in an aqueous solution.??? This study also verified
the dispersion of graphene with PVP even in the presence of the
SDBS surfactant. The dispersion of graphene with PEG is
found to be as effective as PVP from the comparison of the
electropherograms in Figs. 1B, 1C, and 4B.

Changes in the electrophoretic mobility of the broad peak
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Fig. 4 Electropherograms of Graphene Nanoplatelets with varying concentrations of PVP or PVA.
Average molecular mass of the polymer: A, PVP 3500; B, PVP 8000; C, PVP 24500; D, PVA 10000.
Concentration of the graphene in the sample solution, 2 mg/mL. Separation buffer: A - C, 5 mmol dm
borax + 20 mmol dm= SDBS + PVP; D, 5 mmol dm= CHES + 2 mmmol dm= NaOH + 20 mmol dm
SDBS + PVA. Concentration of PVP or PVA in the separation buffer (% (w/v)): (a), 0.0; (b), 1.0; (c),
2.0; (d), 4.0; and (e), 6.0. The CE conditions are the same as in Fig. 1. S: Solvent (EOF).
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Fig. 5 Changes in the effective electrophoretic mobility of graphene
with increasing concentrations of nonionic polymer. The CE
conditions are the same as in Fig. 1. Symbols: @, PVA 10000; A, PEG
10000; m, PVP 8000.

were similarly examined with PVP and PVA. The average
molecular mass of around 10000 was adopted for a comparison.
The result is shown in Fig. 5. The degree of the decrease in s
was of the order of PVP 8000 < PEG 10000 < PVA 10000. The
decrease in U corresponded to the competitive substitution of
DBS-. Nonionic polymers of PVP and PEG would moderately
substitute the DBS-, and the solvation/dispersion of graphene
would be developed synergistically.

The number of the theoretical plates on the broad peak was
also compared among three kinds of the nonionic polymers with
their average molecular mass of around 10000. The result is
shown in Fig. 6. The broad peak was not so much sharpened by
the addition of PVP or PVA, as in the case of PEG. Since the
peak broadening of the dispersed graphene is introduced by the
wide variety of its shape and size, the sharpening of the broad
peak would be introduced by the relatively tight variation of the
effective shape and size of the polymer-surrounded graphenes.

Conclusions

In this study, the addition of water-soluble nonionic polymers
was examined to develop the dispersion of the graphene in the
SDBS surfactant solution. Polyethylene glycol was found to be
effective for the dispersion of graphene in an aqueous surfactant
solution, as well as PVP previously reported. Shot signals
coresponding to the graphene aggregates were suppressed with
PEG, and only a broad peak corresponding to a series of the
dispersed graphene was detected in the electropherograms.
Therefore, DBS- and PEG synergistically worked on the
dispersion of graphene in an aqueous surfactant solution. On
the other hand, the effective electrophoretic mobility of the
broad peak decreased with increasing concentrations of the
PEG, which suggested the competitive substitition of DBS- on
the graphene. Polyethylene glycol was also found to sharpen
the broad peak with an increased number of the theoretical
plates.
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@, PVA 10000; A, PEG 10000; B, PVP 8000.
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