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a b s t r a c t
The reduction of graphene oxide (GO) to graphene (rGO) was achieved by using 20 kHz ultrasound in
L-ascorbic acid (L-AA, reducing agent) aqueous solutions under various experimental conditions. The
effects of ultrasound power, ultrasound pulse mode, reaction temperature, pH value and L-AA amount
on the rates of rGO formation from GO reduction were investigated. The rates of rGO formation were
found to be enhanced under the following conditions: high ultrasound power, long pulse mode, high temperature, high pH value and large amount of L-AA. It was also found that the rGO formation under ultrasound treatment was accelerated in comparison with a conventional mechanical mixing treatment. The
pseudo rate and pseudo activation energy (Ea) of rGO formation were determined to discuss the reaction
kinetics under both treatment. The Ea value of rGO formation under ultrasound treatment was clearly
lower than that obtained under mechanical mixing treatment at the same condition. We proposed that
physical effects such as shear forces, microjets and shock waves during acoustic cavitation enhanced
the mass transfer and reaction of L-AA with GO to form rGO as well as the change in the surface morphology of GO. In addition, the rates of rGO formation were suggested to be affected by local high temperatures of cavitation bubbles.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Graphene (rGO), a two-dimensional carbon material, has shown
great potential for application in various technological ﬁelds due to
its high surface area, high thermal conductivity, and excellent
mechanical strength [1–4]. Since its discovery in 2004, several approaches such as micromechanical exfoliation of graphite [1],
chemical vapor deposition [5,6], and solution-based chemical
reduction of graphene oxide (GO) to rGO [7,8] have been developed. Since these methods have some disadvantages in the synthesis processes such as use of toxic chemicals and longer reaction
time, new synthesis processes and appropriate reductants for GO
reduction have been studied actively [9–14].
In recent years, ultrasound has become an important tool for
the synthesis of various nanomaterials including metal and metal
oxide nanoparticles [15–19]. Ultrasound irradiation can provide
localized hot spots with temperatures of more than 5000 K and
pressures of more than 20 MPa which are generated by acoustic
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cavitation [20]. In addition to this, unique physical effects based
on the mechanical effects such as shear forces, microjets and shock
waves are also generated [21–24]. Thus, these extreme reaction
conditions would result in the acceleration of chemical reactions
for the synthesis of various nanomaterials.
Zhang et al. [25] have used hydrazine as a reductant for the synthesis of a stable rGO dispersion with a high concentration by using
an ultrasound cleaning bath at 65 °C. Krishnamoorthy et al. [26]
have characterized rGO nanosheets which are formed from the
reduction of GO by using a horn-type sonicator in the presence
of hydrazine at 60 ± 5 °C. Although an ultrasound assisted synthesis of rGO with hydrazine has been investigated, the effect of ultrasound on the acceleration of GO reduction is not discussed
sufﬁciently. In addition, since hydrazine is highly poisonous and
explosive [27], the precautions must be taken when large quantities of hydrazine are used.
In this study, we present a green approach for the synthesis of
rGO in an L-ascorbic acid (L-AA) aqueous solution at 25 and 60 °C
by using a horn-type 20 kHz sonicator. L-AA is known as vitamin
C, a natural antioxidant, and many reactive oxygen species can
be reduced by L-AA [28,29]. By using L-AA as a reductant, the
synthesis of rGO from GO has been reported in the absence of
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ultrasound [13,30,31]. To understand the effects of ultrasound on
the reduction of GO to rGO, we investigate the effects of ultrasound
power, ultrasound pulse mode, reaction temperature, pH value and
amount of L-AA on the rates of rGO formation. For comparison, a
conventional mechanical mixing method instead of ultrasound
irradiation method is used to synthesize rGO at the same condition. The pseudo rate and pseudo activation energy of rGO formation are also estimated to discuss the reaction kinetics and the
effects of ultrasound.

2. Experimental
2.1. Materials
L-AA was purchased from Sigma Aldrich. Sulfuric acid (H2SO4)
and sodium hydroxide (NaOH) were obtained from Wako Pure
Chemical Industries. All the chemicals used in this study were of
analytical grade and were used without further puriﬁcation.
Milli-Q water was used throughout the experiments. GO used here
was synthesized from puriﬁed natural graphite according to the
Hummers method [32].

2.2. Ultrasound assisted synthesis of rGO
The reduction of GO to rGO was carried out using ultrasound
treatment and the used setup was shown in Fig. S1 (in supplementary data). In a typical synthesis, 5 mg of GO was dispersed in
50 mL of water and it was sonicated for 10 min by using an ultrasound cleaning bath (Honda electronics, W-113, frequency:
28 kHz, nominal power: 100 W) to form a uniform dispersion. After
that L-AA was added to the dispersion and pH of the dispersion was
adjusted to 11 by using 1 M NaOH. Ultrasound irradiation was performed by a high power horn-type ultrasound sonicator (Branson
Soniﬁer 450, frequency: 20 kHz, nominal maximum power:
400 W, diameter of Ti-horn: 1.1 cm) which was directly immersed
in the reaction system of the dispersion. The pulse mode of ‘‘0.3 s
on/0.7 s off’’, ‘‘0.5 s on/0.5 s off’’ and ‘‘0.7 s on/0.3 s off’’ was used,
respectively. The temperature of the irradiated solution was tried
to be controlled by using water bath with a temperature controller
(Thermal Robo TR-2A, As One). When continuous sonication was
performed, the temperature of the irradiated solution increased
rapidly even in the temperature controlled water bath. Therefore,
the pulse mode sonication was performed to cool the solution during the time of OFF. The obtained sample was centrifuged, washed
with Milli-Q water and absolute ethanol in sequence, ﬁnally vacuum dried at 50 °C.
For comparison, rGO was synthesized by conventional mechanical mixing treatment with a magnetic stirrer (REXIM RSH-1DR, As
One, mixing speed: 500 rpm) instead of ultrasound treatment at
the same condition. These treatment are hereafter abbreviated as
ultrasound treatment and mixing treatment, respectively.
2.3. Power of ultrasound
To understand the power of ultrasound used here, the calorimetric power was measured from the analysis of the temperature
change in the irradiated solution by using a thermocouple (0.5 mm
diameter, K type, Toho (ITH-05K, As One)). The volume of solution
was 50 mL. When the temperature was measured, the temperature
control for the water bath was not done by a temperature controller. The results are shown in Figs. S2 and S3 (in supplementary
data). Fig. S2A indicates that at the same initial temperature, higher ultrasound power produces higher temperature increment.
Fig. S3 indicates that at the same initial temperature, the
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temperature increment increases with increasing time of pulse
mode of ultrasound.
2.4. Characterization
The crystal structure was determined by an X-ray diffractometer (XRD, Rigaku Ultima IV) operated at 40 kV and 40 mA with Cu
Ka radiation in the range of 10°–80°. Fourier transformed infrared
(FT-IR) spectra were recorded between 500 and 4000 cm1 from
KBr pellets by an FT-IR spectrophotometer (JASCO, FT/IR-6100).
The morphology of GO and rGO was observed by using a scanning
electron microscope (SEM, Hitachi S-4800). For SEM measurement,
the dried samples were ultrasonically dispersed in water and
casted onto ITO glass. Ultraviolet–visible (UV–vis) absorption spectra were recorded using a 1 cm path length quartz cuvette with a
UV–vis spectrophotometer (UV-2550, Shimadzu).
2.5. Analysis of kinetics
Based on the Lambert Beer’s law, the absorbance (A) is generally
related to the concentration (C) of a solute as follows,

A¼ eCl¼eC

ð1Þ

where e is the molar extinction coefﬁcient of the solute, and l is the
optical path length (1 cm). Eq. (1) is generally adopted to the analysis for homogeneous solutions. Khan et al. reported that the solvent exfoliation of rGO from graphite proceeded by a bath
sonicator and the solutions including rGO obeyed the Lambert
Beer’s law [33]. In our paper, a similar idea was used: the change
in the absorbance during reaction was analyzed to discuss the rate
of rGO formation. We assumed that the molar extinction coefﬁcient
for rGO (erGO) is the constant during rGO formation. Based on
Fig. 4A, we deﬁned at 600 nm for the sake of convenience that
e(rGO) was a times larger than the molar extinction coefﬁcient for
GO (eGO) as follows:

erGO ¼ a  eGO :

ð2Þ

When A0 and At are the absorbance of dispersions at 600 nm before and after reaction of t min, respectively, At can be shown with
Eq. (1):

At ¼ A0 þ erGO 

d½rGO
d½GO
 t  eGO 
t
dt
dt

ð3Þ

where we assumed that the rate of rGO formation and of GO reduction kept constant within 30 min and the rate of rGO formation and
of GO reduction was the same. From this assumption and Eqs. (2)
and (3), Eqs. (4) and (5) can be obtained:

d½rGO
At  A0
¼
dt
t  ða  1ÞeGO

ð4Þ

d½rGO
At  A0
 ða  1ÞeGO ¼
¼r
dt
t

ð5Þ

where we deﬁne r as the pseudo rate of rGO formation (min1). In
our paper, r obtained from Eq. (5) was used for the kinetics analysis.
In addition, we also assumed that the change in the size of rGO
and GO was not occurred within 30 min, although the light scattering property of rGO and GO may affect the spectrum analysis, if the
aggregation or change in the size of rGO and GO occurred. This
assumption is based on some reports: one is that L-AA or oxidized
products of L-AA has a possibility to act as a stabilizer for rGO
[34,35] and the other is that the increase in the concentration of
rGO during ultrasound assisted exfoliation of graphite can be analyzed quantitatively from 0.5 to 270 h irradiation time where the
analysis of the change in absorbance at 660 nm is performed for
several hundred hours [33].
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3. Results and discussion
3.1. Reduction of GO to rGO and its characterization
A dispersed GO aqueous solution was prepared by exfoliation of
GO via an ultrasound cleaning bath, and then the reduction of GO
was performed with L-AA by using ultrasound treatment with a
high power horn-type ultrasound sonicator. For comparison, the
effect of mixing treatment was also investigated instead of ultrasound treatment.
Fig. 1A shows the XRD patterns of GO (a) and samples formed
under mixing treatment (b) and ultrasound treatment (c) at 25 °C
for 6 h, where Fig. 1A(a) shows that GO has the diffraction peak
at 10.4°(0 0 2). Fig. 1A(c) clearly demonstrates that after ultrasound
treatment, the diffraction peak attributed to GO disappears and a
new broad peak at around 24° (0 0 2) attributed to rGO appears
[36,37]. This result shows that GO is reduced to rGO under ultrasound treatment. However, in the case of the sample formed under
mixing treatment at 25 °C for 6 h, the diffraction peak of GO still
remains at 10.4°(Fig. 1A(b)).
Fig. 1B shows the XRD patterns of GO (a) and samples formed
under mixing treatment (b) and ultrasound treatment (c) at 60 °C
for 2 h. Compared with Fig. 1A, the sample formed under mixing
treatment at 60 °C for 2 h shows that the peak at 10.4° (0 0 2) of
GO disappears and a new broad peak at around 24° (0 0 2) of rGO
is formed. This indicates that the reduction of GO is completed
within 2 h at 60 °C. From these results, it was conﬁrmed that GO
could be rapidly reduced under ultrasound treatment compared
with mixing treatment and the elevated temperature could efﬁciently accelerate the rate of GO reduction to rGO.
The reduction of oxygenated functional groups in GO was investigated by analyzing FT-IR spectra. Fig. 2A shows the FT-IR spectra
of GO (a) and samples formed under mixing treatment (b) and
ultrasound treatment (c) at 25 °C for 6 h. The FT-IR spectrum of
GO shows the presence of carboxyl, hydroxyl, epoxyl and carbonyl
groups at 1720, 1400, 1217 and 1050 cm1, respectively
(Fig. 2A(a)) [36,38]. The peak at 1588 cm1 is attributed to C@C
stretching [39]. The broad peak at around 3400 cm1 is due to
water adsorbed on the surface of GO [40]. After ultrasound treatment for 6 h (Fig. 2A(c)), all the peaks due to oxygenated functional
groups decreased in intensity, suggesting that GO was reduced to
rGO. The FT-IR spectrum of the sample formed under mixing treatment showed that oxygenated functional groups in GO still remained (Fig. 2A(b)). Fig. 2B shows the FT-IR spectra of GO (a)
and samples formed under mixing treatment (b) and ultrasound
treatment (c) at 60 °C for 2 h. It was found that the peaks due to
the oxygenated functional groups were not observed, suggesting
that GO was reduced perfectly to rGO at 60 °C under both ultrasound and mixing treatment.

Fig. 3 shows the SEM images of GO and rGO synthesized under
ultrasound and mixing treatment. As seen in Fig. 3(a) and (c), the
similar morphology between them was conﬁrmed. From Fig. 3(a)
and (b), it was suggested that ultrasound treatment would pick
rGO sheets apart by physical effects of ultrasound. This would be
important for its industrial application. In addition, the change in
the morphology by ultrasound treatment can be a reason for the
enhancement of the reaction rate through the improved accessibility of L-AA onto the surface of GO. The kinetics for rGO formation is
discussed in the later section.
The analysis of UV–vis spectrum is effective to monitor the
property of GO and rGO. In the case of GO, a typical peak appears
at around 230 nm in the spectrum [7,14]. Fig. 4 shows the representative absorption spectra of the GO dispersions before and after
treatment of ultrasound and mixing. Since L-AA has strong absorption at less than 350 nm (see Figs. S4 and S5 in supplementary
data), centrifugation at 13,000 rpm for 10 min is performed to remove L-AA before the UV–vis measurements in Fig. 4. As shown
in Fig. 4A, after ultrasound treatment, the absorption peak at
230 nm clearly red-shifts to 268 nm. Furthermore, the color of
the GO aqueous dispersion changed from light brown to black for
6 h ultrasound treatment (Inset Fig. 4A). No peak shift at 230 nm
and no color change occurred under mixing treatment at the same
condition as seen in Fig. 4B, where the spectrum 2 in Fig. 4B was
translated to the upper side to compare the position of the peak
wavelength easily. As seen in Fig. 4, the color change in the GO dispersions after treatment is evidenced that GO is reduced to rGO. In
particular, as seen in Fig. S4, the absorption in the whole spectral
region increases with increasing irradiation time, indicating that
GO is reduced to rGO and the electronic conjugation is restored
as same as previous paper [14].
As described in the experimental section, the change in absorbance (At  A0) at 600 nm under ultrasound and mixing treatment
indicates the information of the rate of rGO formation. Therefore,
the change in absorbance (At  A0) was monitored as a function
of reaction time.
Fig. 5 shows the changes in At  A0 under ultrasound treatment
for GO reduction at 25 °C, where GO dispersions without L-AA or
NaOH were also treated by ultrasound to discuss the role of L-AA
and NaOH on the rate of rGO formation. It was conﬁrmed that
rGO was slowly formed only in the presence of NaOH without LAA while keeping other conditions unchanged. This is due to that
NaOH can do deoxygenation of GO slowly [41]. In addition, in
the presence of L-AA without NaOH, the rate of rGO formation
was slow. Therefore, it was found that L-AA and NaOH are both
important additives to enhance the rate of rGO formation.
Based on the obtained results, it is found that ultrasound treatment is an excellent technique compared with mixing treatment.
The effect of ultrasound treatment is due to acoustic cavitation

Fig. 1. XRD patterns of GO (a) and samples formed under mixing treatment (b) and ultrasound treatment (c) in the presence of 0.2 g L-AA at pH 11 at 25 °C for 6 h (A) and at
60 °C for 2 h (B). Condition of ultrasound treatment: ultrasound power 50%, pulse mode 0.5 s on/0.5 s off.
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Fig. 2. FT-IR spectra of GO (a) and samples formed under mixing treatment (b) and ultrasound treatment (c) in the presence of 0.2 g L-AA at pH 11at 25 °C for 6 h (A) and at
60 °C for 2 h (B). Condition of ultrasound treatment: ultrasound power 50%, pulse mode 0.5 s on/0.5 s off.

b

a

1 m

c

1 m

1 m

Fig. 3. SEM images of (a) GO, (b) rGO (ultrasound treatment, 25 °C, 6 h) and (c) mixture of GO and rGO (mixing treatment, 25 °C, 6 h) synthesized in the presence of 0.2 g L-AA
at pH 11. Condition of ultrasound treatment: ultrasound power 50%, pulse mode 0.5 s on/0.5 s off. The scale bar in SEM images corresponds to 1 lm.

Fig. 4. Absorption spectra of a GO dispersion and the sample solutions formed under ultrasound treatment (A) and mixing treatment (B) in the presence of 0.2 g L-AA at pH
11. Insets are the photographs of aqueous dispersions (0.1 mg/mL) of GO before (1) and after (2) ultrasound and mixing treatment at 25 °C for 6 h. Condition of ultrasound
treatment: ultrasound power 50%, pulse mode 0.5 s on/0.5 s off.

Fig. 5. Changes in At  A0 under ultrasound treatment as a function of reaction
time. Condition for ultrasound with L-AA and NaOH: ultrasound power 50%,
pH = 11, 25 °C, 0.2 g L-AA, pulse mode 0.5 s on/0.5 s off.

and it consists of chemical and physical effects as described in the
introduction section. The former is based on the chemical reactions
due to high temperature cavitation bubbles. On the other hand,

physical effects are based on the mechanical effects such as shear
forces, microjets and shock waves.
In this study, since the reductant of L-AA in an alkaline solution
is used for rGO formation, the effect of reducing species which may
be formed by the sonolysis of L-AA in high temperature cavitation
bubbles would be negligible. The following two reasons can be
considered. Firstly, it is reported that the amount of the sonochemically formed reducing species tends to decrease when the solution
temperature become higher than the optimum temperature [42].
This is due to that the temperature generated in the collapsing cavitation bubbles does not elevate when the temperature of the solution increased over the optimum temperature, because a cushion
effect which is caused by the incorporation of an excess amount
of water and/or volatile molecules into the bubbles is induced at
high solution temperature, resulting in the suppression of temperature increase in the collapsing cavitation bubbles. Based on the results in the next section, the rate of rGO formation increases
exponentially with increasing solution temperature up to 66.4 °C
under ultrasound treatment. This behavior is not in agreement
with the formation behavior of reducing species as a function of
solution temperature.
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Secondly, ultrasound irradiation is performed under air atmosphere in this study. Nagata et al. reported [43] that the rate of gold
ion reduction with the sonochemically formed reducing species
under air atmosphere decreased to about one half compared with
under Ar atmosphere. In addition, the amount of the formed reducing species from 1-propnaol sonolysis with a 20 kHz horn type
sonicator is suggested to be less compared with higher frequencies
[44]. Therefore, in the presence of L-AA with a 20 kHz horn type
sonicator under air atmosphere, the amount of the sonochemically
formed reducing species would be not large compared with the
amount of added L-AA (reductant).
Therefore, we considered that physical effects enhance the mass
transfer of a solute in a solution as well as the change in the surface
morphology of GO. In addition to this, ultrasound treatment provides some amounts of energy in a reaction system due to the formation of high temperature cavitation bubbles etc., resulting in the
temperature increase in the reaction system. Therefore, the provided energy and physical effects under ultrasound treatment
may accelerate the rates of rGO formation compared with those
under mixing treatment.

Fig. 7. Changes in At  A0 under different pulse mode as a function of irradiation
time. Condition: ultrasound power 50%, 0.2 g L-AA, pH = 11, 25 °C.

3.2. Effect of various factors on the rates of ultrasound assisted
formation of rGO
3.2.1. Effect of ultrasound power and ultrasound pulse mode
The effects of ultrasound power and ultrasound pulse mode on
the rates of rGO formation were investigated. Fig. 6 shows the
changes in At  A0 under different ultrasound power for rGO formation as a function of irradiation time, where the deﬁnition for
the irradiation time is as follows: the irradiation time of 30 min
with pulse mode 0.5 s on/0.5 s off means the net irradiation time
of 15 min. The result shows that At  A0 increases with increasing
ultrasound power. Taking into account calorimetry data, it was
clear that high power ultrasound is one of the important factors
to accelerate the rate of rGO formation.
Fig. 7 shows the changes in At  A0 under different pulse mode
for rGO formation. It was observed that At  A0 increases with
increasing time of pulse mode. From calorimetry data, the longer
the pulse mode, the larger amount of ultrasound power is injected
in the solution, resulting in the higher rate of rGO formation. Based
on previous papers [45,46], the pulse length and on/off ratios may
affect cavitation activities. To clear the effects of the pulse length
and on/off ratios on rGO formation, further investigations would
be needed.
3.2.2. Effect of pH and amount of L-AA
The effect of the pH value on the rate of rGO formation was
investigated in the presence of L-AA. Fig. 8 shows that the rate of
rGO formation becomes higher at higher pH value. This result is
in good agreement with the results obtained by the conventional

Fig. 8. Effect of pH on the changes in At  A0. Condition: ultrasound power 50%,
0.2 g L-AA, 25 °C, pulse mode 0.5 s on/0.5 s off.

Fig. 9. Effect of amount of L-AA on the changes in At  A0. Condition: ultrasound
power 50%, pH = 11, 25 °C, pulse mode 0.5 s on/0.5 s off.

mixing treatment [13,30]. This reason is considered as follows: in
a low pH solution, L-AA is not easily oxidized, because it is a dehydrogenation process. On the other hand, the higher the pH value of
an L-AA solution, the more L-AA degrades to form dehydroascorbic
acid which has a high reducing potential [47]. Therefore, the reduction with L-AA will increase with increasing pH of the solution.
Furthermore, the effect of the amount of L-AA on the rate of rGO
formation was investigated. The result is shown in Fig. 9. As expected, the increasing ratio of L-AA to GO can speed up the rate
of rGO formation.

Fig. 6. Changes in At  A0 under different ultrasound power as a function of
irradiation time. Condition: 0.2 g L-AA, pH = 11, 25 °C, pulse mode 0.5 s on/0.5 s off.

3.2.3. Kinetics for ultrasound assisted reduction of GO to rGO: effect of
solution temperature on the rate of rGO formation
It has been reported that the reduction of GO to rGO is accelerated by ultrasound treatment [25,26]. However, the reason why
the rate of the reduction is accelerated is not discussed sufﬁciently.
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Fig. 10. Changes in AtA0 under ultrasound and mixing treatment as a function of
reaction time. Condition for ultrasound treatment: ultrasound power 50%, 0.2 g LAA, pH = 11, 25 °C, pulse mode 0.5 s on/0.5 s off.

ultrasound treatment. In the case of 0.5 s on/0.5 s off pulse mode,
the temperature in the irradiated solution increased and reached
a steady state temperature within 5 min for all experiments. Taking into account the measured temperatures in Fig. 11, we corrected the reaction temperatures during the reduction of GO to
rGO
as
25.3 ? 37.8 °C,
40.4 ? 50.7 °C,
50.3 ? 57.7 °C,
60.3 ? 66.4 °C for the kinetics analysis, where the temperature
increments at 30 min (DT) were used for the temperature correction. As supplementary data, the temperature changes under various experimental conditions are shown in Fig. S6.
Fig. S7 (in supplementary data) shows the pseudo rate of rGO
formation (r, min1) for initial 30 min of GO reduction as a function
of temperature under both treatment and Fig. 12 shows the relationship of T1 and ln r. The pseudo activation energy (Ea, J mol1)
for the formation of rGO could be estimated from Arrhenius Eq. (6):

ln k ¼ Ea =RT þ ln A
Here, we tried to analyze the kinetics based on the analysis of UV–
vis spectra collected under ultrasound and mixing treatment for
GO dispersions in the presence of 0.2 g L-AA at pH 11 at different
temperatures. Figs. S4 and S5 (in supplementary data) show the
changes in UV–vis absorption spectra of GO dispersions at 25 °C
under ultrasound and mixing treatment. To investigate the rate
of rGO formation under both treatment, the changes in the absorbance at 600 nm were analyzed as described in the experimental
section. The changes in At  A0 of GO dispersions as a function of
reaction time are presented in Fig. 10. The result clearly indicated
that the rate of rGO formation under ultrasound treatment was
higher than that under mixing treatment.
In general, when ultrasound irradiation is performed in a solution, the temperature increase of the solution occurs. In fact,
although our irradiation system was controlled by a temperature
controller, it was conﬁrmed that the temperature increase occurred. Fig. 11 shows the changes in temperature in the irradiated
solution as a function of time under ultrasound treatment, where
the water bath is controlled at the same temperature as the initial
temperature to understand the reaction temperature under

ð6Þ
a

b

where k is the rate constant (d[rGO]/dt = k[GO] [L-AA] = r/{(a1)eGO}, see Eq. (5)), R is the gas constant (8.314 J mol1 K1) and A
is the pre-exponential factor. In this paper, since we did not obtained the value of k, we assumed that r is proportional to k at
the constant GO and L-AA concentrations. Therefore, the following
equation was used to get pseudo activation energy:

ln r ¼ Ea =RT þ ln A0

ð7Þ

where A0 is the constant related to the value of A and some proportional factors.
Using the slope (Ea/R) obtained from Arrhenius plots of Fig. 12,
the Ea values for the formation of rGO were measured to be
99 kJ mol1 under mixing treatment and 74 kJ mol1 under ultrasound treatment after temperature correction. The Ea value under
mixing treatment was about 1.3 times higher than that under
ultrasound treatment. It should be noted that the Ea value under
ultrasound treatment is obtained with 0.5 s on/0.5 s off pulse
mode, indicating that half time is only used for the activation of
the reaction. Therefore, if we irradiated the solution with continuous mode, the Ea value would decrease to less than 74 kJ mol1.

Fig. 11. Changes in temperature in the irradiated solution (system) at different initial temperature under the temperature controlled water bath. Condition: ultrasound
power 50%, pulse mode 0.5 s on/0.5 s off. In Figure, the time of pulse mode and the temperature increment at 30 min (DT) are indicated.
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proposed that physical effects of acoustic cavitation could enhance
the mass transfer and reaction of L-AA with GO to form rGO as well
as the change in the surface morphology of GO. In addition, local
high temperatures formed at the interface of cavitation bubbles
could also affect the acceleration of the reduction of GO to rGO.
The ultrasound assisted method for the synthesis of rGO could be
considered to be a relatively fast and green method compared with
a conventional mixing method with respect to no usage of harmful
reductants.

0
-1
-2
-3
-4
-5
-6

Acknowledgments

-7
-8
0.0029

0.003

0.0031

0.0032

0.0033

0.0034

T-1 / K-1
Fig. 12. Relationship between T1and ln r under ultrasound and mixing treatment.
(d): mixing treatment, ( ): ultrasound treatment before temperature correction,
( ): ultrasound treatment after temperature correction. Condition for ultrasound
treatment: ultrasound power 50%, pulse mode 0.5 s on/0.5 s off, 0.2 g L-AA, pH = 11,
reaction time 30 min.

The reason why the Ea value under ultrasound treatment becomes smaller compared to that under mixing treatment would
be due to that physical effects such as shear forces, microjets and
shock waves during acoustic cavitation enhanced the mass transfer
and reaction of L-AA with GO to form rGO as well as the change in
the surface morphology of GO. In addition, since the rate of GO to
rGO is strongly affected by the solution temperature, local high
temperatures formed at the interface of cavitation bubbles could
also affect the acceleration of the reduction of GO.
If the temperature correction was not performed with the real
reaction temperature, the Ea value before temperature correction
was measured to be 57 kJ mol1 under ultrasound treatment. In
the case of the kinetics analysis under ultrasound treatment, it
should be noted that the real temperatures during ultrasound assisted reactions must be conﬁrmed carefully to get the precise
kinetics results.
In this paper, we tried to analyze the pseudo rate and pseudo
activation energy with some assumptions under the limited reaction condition. To analyze the data more correctly, further investigations concerning the real rate as well as the real rate constant
must be done in the future. In particular, the effects of the light
scattering may have to be considered more correctly, if the light
scattering occurs strongly in the UV–vis spectrum measurement.
4. Conclusion
We demonstrated that the reduction of GO to rGO with L-AA under various experimental conditions in the presence of ultrasound
and compared the results with those obtained under the conventional mixing conditions. The results showed that the reduction
of oxygenated functional groups in GO was achieved via ultrasound assisted reduction of GO with L-AA under alkaline conditions
and ultrasound treatment accelerated the rate of reduction of GO
to rGO. The effects of ultrasound power, ultrasound pulse mode,
reaction temperature, pH value and amount of L-AA on the rates
of rGO formation became clear: high ultrasound power, long pulse
mode, high temperature, high pH value and large amount of L-AA
enhanced the rates of rGO formation. We also measured the pseudo rate and pseudo activation energy based on the changes in
absorption spectra during the reduction of GO to rGO, where some
assumptions and limited conditions were used to analyze the data.
The pseudo activation energy under ultrasound treatment was
found to be smaller than that under mixing treatment. We
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Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.ultsonch.2013.10.019.
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