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ABSTRACT: Gold nanoparticle (AuNP) formation by applying pulsed discharge
plasma in the slug flow reactor system was demonstrated. Experiments were carried
out continuously at room temperature. The argon gas as a gas phase and the
hydrogen tetrachloroaurate(III) tetra hydrate solution containing lysine as a liquid
phase simultaneously flowed in the slug flow reactor system. The flow rates of the
feed solution and argon gas were kept at 1.5 and 0.2 mL/min, respectively. To
generate discharge plasma, the AC power supply with a bipolar pulsed output at 10
kV was applied. The purple color solution product was obtained, and the ultraviolet−
visible (UV−vis) spectrophotometer showed that this possessed the absorption light
from 510 to 550 nm associated with the existence of gold nanoparticles in each
collected sample. Transmission electron microscopy (TEM) revealed that the lysine-
capped AuNPs were produced in a spherical morphology and dispersed in aqueous
solution products with a diameter of less than 20 nm.

■ INTRODUCTION

There have been numerous studies about metal nanoparticles
for their unique physicochemical properties owing to the huge
surface-to-volume ratio.1−3 And, it was well known that there
are several techniques, such as chemical, physical, and
biological techniques, have been employed to generate metal
nanoparticles.4−6 Physical technique (top-down), generally,
focused on the size reduction of the bulk material as a starting
material to generate nanoparticles. Conversely, in the chemical
and biological techniques (bottom-up), nanoparticles were
generated by clustering molecules or assembling atoms. Self-
assembly of metal nanoparticles can be potentially used for
various purposes because their spatially ordered arrangements
facilitate to build complex, multifunctional, and hierarchical
structures.7,8 Among many synthetic routes for self-assembly of
metal nanoparticles, bottom-up approach in the liquid media is
known as realistic and cost-effective methods, wherein
molecules or particles associate into functional groups under
controllable thermodynamic conditions.7,9 In this synthetic
process, stabilizers are needed to control the spatial arrange-
ments of the nanoparticles in the system if any external fields
or templates as a scaffold were not given. Once ligands in
stabilizers are coordinated to the surface of nanoparticles, it is
considered that force balances between attractive and repulsive
interactions are key to assemble nanoparticles.10 Of course, in
many cases, the use of environmentally friendly and nontoxic
stabilizers is preferred.
Nonthermal plasmas in contact with the liquid media have

been prepared by the bottom-up synthetic method of metal
nanoparticles.11,12 In this method, it has been reported that the

metal salts in the liquid phase are reduced by electrons or
hydrogen radicals initiated by pulsed discharge plasma.
Therefore, advantageously, the hazardous chemicals as
reducing agents are unnecessary. As the plasma discharge can
be initiated more easily in a gas phase than directly in a
liquid,13 the different types of plasma generation methods at
the gas−liquid interface or bubble surface in the liquid media
have been reported.11,14−16 Especially, the pulsed discharge
plasma in the surface of bubbles is very effective in the radical
generations,13 so it is assumed that metal nanoparticles can be
produced effectively. However, as of now, the pulsed discharge
plasma in the surface of bubbles has been little considered for
nanoparticles synthesis because injected gas bubbles exhibit a
complex dynamic behavior in the liquid media, which made
interfacial interactions between the discharged plasma in the
surface of bubbles and liquid unstable.17,18

In this study, we developed a continuous nonthermal plasma
process in a gas−liquid slug flow reactor system, where the
behavior of the discharged plasma in the surface of bubbles was
stably controlled with their constant intervals and flow
velocity.4,19 Thus, in our latest research, we successfully
synthesized metal nanoparticles by the pulsed discharge plasma
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process in the slug flow reactor system.4 In this research, we
will focus on the synthesis of self-assembly of gold nano-
particles (AuNPs) in aqueous solution by the pulsed discharge
plasma process in the slug flow reactor system. Among metal
nanoparticles, AuNPs have many unique properties such as
easy surface modification, high electrical conductivity, and
controllable optical absorption spectra, which are affected by
their size and shape; therefore, this nanoparticle can be used in
various applications.1,20 To promote the AuNPs self-assembly,
lysine amino acid was added in the feed aqueous solution for
their surface modification. A lysine molecule has two amine
functional groups, which may possess the ability to bind the
surface of metal nanoparticles.7 The metal nanoparticles
functionalized with amino acids are reported to self-assemble
through hydrogen bond formation between carboxyl and
amine groups.21,22 As starting materials, a similar concentration
of the gold ion as a precursor was dissolved in the distilled
water at different pH values. The pH value of the solution is
known to affect the gold ion precursor evolution to form
particles.23−25 Next, this study represents the first approach to
synthesize the self-assembly of AuNPs using amino acids by
pulsed discharge plasma in the slug flow reactor system.

■ RESULTS AND DISCUSSION
When the pulsed discharge plasma was introduced in an
aqueous medium, various physical and chemical processes
might occur, resulting in the active species.4,19 These active
species, such as active molecules and radicals, originated from
water molecules via dissociation reaction. Also, it has been
known that the hydroxyl radical and hydrogen peroxide were
recognized as the major active species participating in the
chemical reaction including the AuNPs generation during
pulsed discharge plasma application. Hence, it could be said
that the major reactions during pulsed discharge plasma
applications in water are hydrogen peroxide generation and
water dissociation.19,26 Of course, a positive effect was also
obtained with the bubbles injection during the process where
the bubbles may help the discharge plasma generation with the
low energy yields.19,26,27 The formation of AuNPs was started
by the interaction between the Au3+ ions and the active species
produced from water dissociation.23−25 This reduction
reaction resulted in Au0 metal particles in aqueous solution.
At the same time, the active species also attack the lysine
molecule through hydrogen abstraction from the α-carbon of
the −CO−NH−peptide bonds, resulting in the lysine reactive
sites, and it was then followed by the interaction between these
active sites of lysine and the Au0 metal particles.6,28 Hence, by
applying the pulsed discharge plasma process in slug flow
reactor system as mentioned in the Material and Method-
Section, the aqueous solution containing AuNPs can be
continuously produced. Note that the AuNP amount in the
collected sample was not determined. Several parameters, i.e.,
solution conductivity, pulse width, pulse frequency, and
applied voltages, which can affect the AuNP formation process
during pulsed discharge plasma application, were also not
observed. The simple plausible reaction mechanism of AuNPs
was expressed in eqs 1−4, where reactions 3 and 4 occur in the
acid conditions (pH 3.5) and the base conditions (pH 9.5 and
11.5), respectively23−25

H O H OH2 → +• •
(1)

2H O H O H2 2 2 2→ + (2)

AuCl 3H 3HCl Au Cl4
0+ → + +− • −

(3)

Au(OH) 3H 3H O Au OH4 2
0+ → + +− • −

(4)

Figures 1 and 2 show typical photographs and ultraviolet−
visible (UV−vis) spectra of lysine-capped AuNPs liquid

products after pulsed discharge plasma treatment at different
pH values. The purple color of liquid products is due to the
AuNPs characteristics of surface plasmon resonance.20,29 This
implies that the AuNPs dispersed stably in aqueous solution
products. It is also known that the peak optical absorption in
AuNPs ranges from 510 to 550 nm in wavelength, and the
spectral intensity depends on the number, shape, and dispersity
of the particles.20,30,31

In this experiment, although the purple colors of the liquid
products were found at all pH conditions, the liquid product at
pH 9.5 possessed the stronger purple color and the higher
optical absorption than those produced at any other pH
conditions. This indicates that the difference in the pH value
resulted in a structural or organizational change in AuNPs.
When appearances of the liquid products were compared
between acid (pH 3.5) and base (pH 11.5) conditions, the
colors were slightly different: the purple color was found in an
acid condition, while the liquid product in base condition had
red-purple color. This difference was also found by the UV−vis
absorption peak spectra, where the strong absorption peak
intensity at 535 nm was found in acid condition, while in base
condition, the strong absorption peak intensity occurs at 511
nm. It is well known that the increase in gold nanoparticle size
may result in a red shift of peak absorption spectra.20

Figure 1. Typical photographs of AuNPs liquid products prepared at
various pH values from the slug flow reactor system.

Figure 2. UV−vis spectra of AuNP liquid products prepared at
various pH values from the slug flow reactor system.
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Therefore, in this experiment, it could be said that the larger
size of gold nanoparticles might be produced in acid conditions
compared to those in base conditions.
Next, the AuNP physical properties such as dispersity, shape,

and size were observed using a transmission electron
microscopy (TEM) device. Figure 3 shows the representative

TEM images of lysine-capped AuNPs produced by applying
pulsed discharge plasma in the slug flow reactor system at each
pH condition. At all pH conditions, spherical AuNPs were
observed and obviously dispersed in aqueous solution
products. This indicated that self-assembled AuNPs might
occur especially at pH 9.5 condition.32−34 As a result, the
strongest optical absorption was found at this pH condition.
Selvakannan et al.32 reported that AuNP assembly was
successfully synthesized with lysine at isoelectric point (pI)
in aqueous solution by gold ion reduction using sodium
borohydride, and they explained the mechanism of gold
nanoparticles assembly. At first, one amino group (−NH2) in
lysine bound to the surface of AuNPs. Next, the terminal
amino group and a carboxyl group (−COOH) formed a
hydrogen bond with functional groups of lysine molecules
bound to the surface of the neighboring AuNPs. Considering
this mechanism, the layer of lysine molecules might be formed
between the neighboring particles, which had an interparticle
distance of around 1.5−2.0 nm (see Figure 4).35,36 This image
(Figure 4) also confirmed that the self-assembly of AuNPs in
this study was successfully carried out mainly at pH 9.5, near
the pI of lysine amino acid. Note, the pI of lysine amino acid is
around 9.74. Next, according to the TEM images (Figure 3),
the particle size of lysine-capped AuNPs was determined using
ImageJ software. At least 300 diverse lysine-capped AuNPs
were randomly selected from each image in Figure 3.
As shown in Figure 5, different sizes of lysine-capped AuNPs

in each population were found in each condition. Probably,
this is attributed to the fact that the total electric charge of the
lysine is not equally balanced: the lysine molecules are
negatively charged at high pH conditions, while positively
charged at low pH. This might cause the electrostatic repulsion

among the charged functional groups of lysine bound to the
surface of AuNPs, resulting in the AuNPs simply dispersed
without forming the assembled structure. As a result, the
different sizes of particles were generated.32−34 At lower pH
(pH 3.5), although the dissociation of the carboxylic group
does not occur, and hence the interaction of the carboxyl
group could be suppressed, however, the amine group
interaction was still activated by the zwitterionic species.
This will promote the aggregation of lysine-capped AuNPs,
resulting in a larger diameter. At higher pH (pH 9.5 and 11.5),
the dissociation of the carboxyl group occurred, thus it was
expected to obstruct the cross-linking via the binding of the
gold particles and amine group.32−34 Accordingly, as shown in
Figure 5, the smaller diameter of lysine-capped AuNPs was
obtained when the experiments were performed at higher pH
values. In addition, in agreement with the result mentioned in
Figure 2, where the peak absorption spectra of a liquid product
containing gold nanoparticle at acid condition underwent a red
shift in absorption spectra, this also confirmed that the
relatively larger AuNPs were obtained when the pulsed
discharge plasma process in the slug flow reactor system was
performed at an acid condition.
Table 1 summarized the values of ζ-potentials and average

sizes of the AuNPs at different pH conditions. It is already
known that ζ-potentials of metal nanoparticles had a positive
value at low pH conditions due to a large amount of H+ ions in
aqueous media, but it became negative at high pH conditions.
Hence, as described in this table, the surface of AuNPs had
positive charges at an acid condition while they possessed
negative charges at a base condition.37,38 At acid conditions,
the electrostatic interactions between the lysine molecules and
the AuNPs via their surface might be suppressed because both
had a positive charge. As a result, the generation of lysine-
capped AuNPs might proceed slowly, while the growth of
AuNP was dominant.38 Figure 6 shows the thermogravimetric
analyzer (TGA) plots recorded from the lysine-capped AuNPs
powder and original lysine. Prior to TGA analysis, the liquid
products containing lysine-capped AuNPs were treated by
freeze-drying (Eyela FDU-1200, Rikakikai Co. Ltd., Tokyo,
Japan) to release water content. In this treatment, the water in

Figure 3. TEM images of lysine-capped AuNPs products from the
slug flow reactor system at various pH conditions.

Figure 4. Interparticle distance calculated from high-magnification
TEM image in assembly AuNPs at pH 9.5 condition.
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the collected products is released via the sublimation process.
Next, the lysine-capped AuNP powder was weighed (approx-
imately 10 mg) in a platinum open pan, and the weight loss
was monitored in the temperature ranging from 30 °C (room
temperature) to 1000 °C. As shown in Figure 6, the lysine-
capped AuNPs powder underwent weight losses in the
temperature range of 70−560 °C (about 40% weight loss)
and 760−930 °C (additional 30% weight loss). The thermal

degradation of the lysine-capped AuNPs powder seems to
complete at around 930 °C. Hence, there was no further
weight loss above this temperature. On the other hand, the
lysine raw material underwent a steep weight loss in the
temperature range of 250−580 °C, and it was continued to a
relatively constant weight period. It indicated that the major
loss of weight of lysine occurs in these range temperatures
(250−580 °C). The plot of the lysine-capped AuNPs powder
also seems to have a peculiar weight loss in the temperature
range of 70−560 °C. Considering the plot of lysine raw
material, it might be due to the evolution of water and volatile
matter from the lysine-capped AuNPs.
In addition, the decomposition of lysine molecules also

occurs in these ranges of temperature. With increasing
temperature, the other weight loss of the lysine-capped
AuNP powder was observed in the temperature range of
760−930 °C. It indicated that the strongly bound lysine
molecules on the AuNP surface were detached and
decomposed in these temperature ranges. This curve also
pointed out that the interaction of lysine molecule AuNPs
resulted in more stable lysine molecules.32,39,40

To prove the existence of the surface-bound lysine
molecules on the AuNPs, the lysine-capped AuNPs and the
original lysine powders were characterized by infrared
spectroscopy (Fourier transform infrared, FTIR) in the
4000−400 cm−1 wavenumber. The spectrum of the protein−
peptide group exhibits some different bands,41,42 such as amide
A (∼3300 cm−1), amide B (∼3100 cm−1), amide I (∼1650
cm−1), amide II (∼1550 cm−1), amide III (∼1300 cm−1),
amide IV (∼735 cm−1), amide V (∼635 cm−1), amide VI
(∼600 cm−1), and amide VII (∼200 cm−1). Figure 7 illustrates
the FTIR spectra of the original lysine and the lysine-capped
AuNPs powders. As informed before that the self-assembly of
metal nanoparticles with amino acids occurs via the formation
of the hydrogen bond between carboxyl and amine groups.21,22

Accordingly, as shown in Figure 7, the peaks intensity in the
1622 and 3122 cm−1 regions corresponding to CO
stretching (amide I group) and N−H stretching (amide A
group), which are found in original lysine spectra, disappeared
or became weaker after treatment by applying pulsed discharge
plasma to synthesize the self-assembly of AuNPs with lysine.
This indicated that the interaction between lysine molecules
and AuNPs occurs during the application of pulsed discharge
plasma in the slug flow reactor system. This result also may

Figure 5. Particle size distributions of lysine-capped AuNPs products
from the slug flow reactor system at various pH conditions.

Table 1. ζ-Potential and Average Size of AuNPs Produced
by This Method at Various pH Conditions

pH

parameter 3.5 9.5 11.5

ζ-potential (mV) +27.0 + 8.32 −31.1 + 8.01 −32.1 + 8.14
average particle size
(nm)

9.8 + 3.20 5.4 + 1.02 4.5 + 1.02

Figure 6. TGA curves of lysine raw material and lysine-capped AuNP
powder.
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confirm that the carboxyl group and the amine group of lysine
molecules attached and bound on the gold nanoparticles after
pulsed discharge plasma treatment.43,44

■ CONCLUSIONS
Self-assembly of AuNPs using lysine was successfully
performed by applying a pulsed discharge plasma in the slug
flow reactor system at room temperature. As a gas phase and a
liquid phase, the argon gas and the HAuCl4·4H2O solution
containing lysine flowed simultaneously in the slug flow reactor
system. After their flow was stable, the AC power supply with a
bipolar pulsed output (10 kV) was introduced to generate a
pulsed discharge plasma. The UV−vis spectrophotometer
showed that the solution products possessed the absorption
light from 510 to 550 nm associated with the gold nanoparticle
formation in each collected sample. The TEM images revealed
that the lysine-capped AuNPs had spherical morphology and
dispersed in solution products. Further analysis (FTIR)
indicated that the lysine molecules attached and bound on
the AuNPs through the formation of the hydrogen bond
between carboxyl and amine groups after pulsed discharge
plasma application. It could be said that the pulsed discharge
plasma in this slug flow reactor system could supply the active
species, which can promote the reduction reaction of the gold
ion into the neutral atom to form particles. Next, this
experimental result can be used to update the information
for the generation of metal nanoparticles from metal ion
precursors in the slug flow reactor system by applying pulsed
discharge plasma.

■ MATERIALS AND METHOD
Materials. The hydrogen tetrachloroaurate(III) tetra

hydrate (HAuCl4·4H2O), L(+)-lysine hydrochloride (H2N-
(CH2)4CH(NH2)COOH·HCl), and sodium hydroxide
(NaOH, pellet) as feed materials were bought from FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan. Distilled
water (CAS. No. 7732-18-5; Product No. 049-16787) as the
liquid media was also bought from FUJIFILM Wako Pure
Chemical Corporation. Note, all materials were used as
received. Argon (Ar) with a purity greater than 99.99% were
purchased from Tomoe Shokai Co, Ltd., Tokyo, Japan. The
feed solution was prepared with a mixture of HAuCl4·4H2O
(2.0 mmol/L) and lysine hydrochloride (5.0 mmol/L). They
were dissolved in distilled water. As the initial pH value of the
prepared solution was 3.5. The higher pH of the solutions was

adjusted by the addition of NaOH. The feed solutions were
then stored in a desiccator at room temperature.

Experimental Setup and Procedure. Figure 8 shows the
apparatus scheme of the nonthermal plasma with a pulsed

discharge in a slug flow reactor system. The apparatus
consisted of a glass capillary tube (2.0 mm i.d.), liquid pump
(HPLC, LC−10AD, Shimadzu Co., Japan), gas flow meter
(RK-1250, Kofloc Instruments Inc., Japan), and AC power
supply (TE-HVP1510K300−NP, Tamaoki Electronics Co.
Ltd., Japan). The feed solution was degassed for about 10 min
to remove the dissolved air, and the argon gas was flowed in
the slug flow reactor system to purge the air before starting the
experiments. To generate the gas−liquid slug flow in the glass
capillary, the feed solution and argon gas were flowed
simultaneously from different directions and mixed via union
Tee junction (SS-200-3, Swagelok). This union Tee junction
was connected to the upper part of the glass capillary. By
controlling their flow rates, the gas−liquid slug flow with the
equal interval of bubbles was formed in the glass capillary.
In this experiment, flow rates of the feed solution and argon

gas were kept at 1.5 and 0.2 mL/min, respectively, using a
HPLC pump and a gas flow meter device. The intervals of
bubbles in the glass capillary were around 10 ± 2 mm. As a
high-voltage electrode, a 1 cm wide copper sheet was prepared
and attached on the outside surface of the glass capillary. In the
same way, two ground electrodes were attached to the glass
capillary at the top and the bottom sides from the high-voltage
electrode. Therefore, there is no direct contact between the
argon gas or the aqueous solution and the copper sheet
electrodes during experiments, accordingly, the contamination
of the product can be avoided. Conversely, the contamination
on the final products may occur when metal rods, except a gold
rod, were employed as electrodes to generate discharge plasma
(arc discharge plasma).6,18 The distance between the copper
sheets as high-voltage electrodes and those as ground
electrodes was about 25 mm. After the flowing bubbles in
the glass capillary were stable, electrical discharge from a power
supply with a bipolar pulsed output was introduced into the
slug flow reactor system via copper sheets to generate plasma.
The 10 kV output voltage at 10 kHz repetition was transferred
to the moving bubbles in the slug flow reactor system. No
power variation was investigated in this experiment. A digital
oscilloscope (TDS2024C, Tektronix Inc.) that was equipped
and connected to a high-voltage probe and a current
transformer was used to monitor the applied voltage and

Figure 7. FTIR spectra of lysine raw material (a) and lysine-capped
AuNPs powder (b).

Figure 8. Apparatus scheme of discharge plasma in the slug flow
reactor system.
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current during the pulsed discharge plasma application. The
liquid products containing lysine-capped AuNPs were
collected directly from the glass capillary.
Analytical Methods. To understand the AuNP generation,

the liquid products were analyzed by ultraviolet−visible (UV−
vis) spectrophotometer (V-550, JASCO Corporation, Japan)
ranging from 400 to 800 nm. The ζ-potentials (effective
surface charge) of the AuNPs in aqueous solution were
measured with Zetasizer (Nano ZS, Malvern Panalytical Ltd.,
U.K.). Drops of lysine-capped AuNP liquid products were
placed on the carbon-coated copper grids and characterized by
transmission electron microscopy (TEM, JEM-2100Plus, Japan
Electronic Co., Ltd). The sizes of AuNPs were also measured
from the TEM images using image analysis of ImageJ software.
Before TEM analysis, the carbon-coated copper grids
containing AuNPs were placed and dried immediately in the
desiccator overnight at ambient conditions to minimize the
AuNP aggregation.45 The thermal behavior of lysine-capped
AuNP powders and a lysine raw material were characterized by
a thermogravimetric analyzer (TGA, Thermo Plus TG8120,
Rigaku Corporation, Japan) at a heating rate of 5 °C/min in a
nitrogen atmosphere. A lysine raw material and lysine-capped
AuNP powders were also characterized by a Fourier transform
infrared (FTIR) spectrophotometer (Spectrum Two, Perki-
nElmer Ltd., England).
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