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In recent years, nanosensor technology has experienced a
rapid development because of the extensive scientific efforts
in understanding of nanoscale phenomena and achieving
innovative nanofabrication techniques. Carbon-based nano-
materials (CBNs), such as fullerenes, graphene, nanodi-
amonds, carbon nanotubes, and carbon nanodots, have
recently gained considerable attention among scientific com-
munities due to their unique chemical and physical prop-
erties. Thanks to intensive research efforts, the CBNs have
found their place in a wide range of applications.These CBNs
stand out as novel nanosensors due to their supreme per-
formance in detecting heavy metal ions, gas molecules, food
additives, antibodies, and toxic pesticides, as well as reporters
for bioimaging.

This special issue, to be published in 2017, addresses
recent progress in the synthesis, characterization, structure-
property relationships and applications of CBNs as novel
nanosensors. We are confident that the accrual of these
contributions will facilitate the applications of CBNs as inno-
vative nanosensors in meeting the urgent needs for environ-
mental monitoring, food safety control, healthcare, home-
land security, and so forth. We have selected five papers, rep-
resenting four different frontiers of this topic: graphene, silver
nanoparticles, carbon nanotubes, and carbon nanodots.

J. Wang et al. reported the preparation of graphene
oxide/cellulose nanofibril hybrid aerogel for adsorptive
removal of four kinds of antibiotics, achieving the removal

percentages of 81.5%, 79.5%, 79.1%, and 73.9% for doxy-
cycline, chlortetracycline, oxytetracycline, and tetracycline,
respectively. S. Xiong et al. reported the preparation of a leaf-
like BiVO

4
-reduced graphene oxide composite (BiVO

4
-rGO)

and demonstrated that the BiVO
4
-rGO exhibited higher pho-

tocatalytic capacity towards the degradation of rhodamine
B dye under visible-light irradiation compared with pure
BiVO

4
.

H. Younes et al. studied the effect of saline solution on
the electrical response of single wall carbon nanotubes-epoxy
nanocomposites and found that a drop of saline solution on
the surface of the nanocomposites film increases the resis-
tance by 50%.

L. Yumei et al. reported a rapid biosynthesis method of
silver nanoparticles based on flocculation and reduction of an
exopolysaccharide from Arthrobacter sp. B4 and investigated
its antimicrobial activity and phytotoxicity.

Finally, Q. Hu et al. presented a comprehensive review on
characterization and analytical separation of fluorescent car-
bon nanodots, which summarized the most commonly used
techniques for the characterization and analytical separation
of carbon nanodots and concludes with an outlook towards
the future development in this area.

As editors of this special issue, we would like to express
our gratitude to all the authors for their valuable high-quality
contributions. We hope that the readers will find interesting
information in the carefully selected and thoroughly
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reviewed articles. We look forward greatly to their future
success.

Qin Hu
Evan K. Wujcik

Antonios Kelarakis
Jobin Cyriac

Xiaojuan Gong
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Carbon nanodots (C-dots) are recently discovered fluorescent carbon nanoparticles with typical sizes of <10 nm. The C-dots have
been reported to have excellent photophysical and chemical characteristics. In recent years, the advances in the development
and improvement in C-dots synthesis, characterization, and applications are burgeoning. In this review, we introduce the
most commonly used techniques for the characterization of C-dots. The characterization techniques for C-dots are briefly
classified, described, and illustrated with applied examples. In addition, the analytical separation methods for C-dots (including
electrophoresis, chromatography, density gradient centrifugation, differential centrifugation, solvent extraction, and dialysis) are
included and discussed according to their analytical characteristics. The review concludes with an outlook towards the future
developments in the characterization and the analytical separation of C-dots. The comprehensive overview of the characterization
and the analytical separation techniques will safeguard people to use each technique more wisely.

1. Introduction

During the past few decades, the combination of nanotech-
nology with numerous disciplines of science have driven the
search of new advanced nanoscale materials as a particular
interest for scientists [1]. In particular, the functionalized
carbon nanodots (C-dots), as an emerging photoluminescent
(PL) nanomaterial, have gained considerable attention of the
scientific communities owing to their superior structural,
photophysical, and chemical properties over other materials.
In fact, they have been a multidisciplinary researched nano-
material in recent years.

The discovery of C-dots stretches back to 2004 when Xu
et al. [2] performed gel electrophoretic separation of single-
walled carbon nanotubes (SWCNT) synthesized by arc-
discharge methods. During the course of their investigation,
the suspension was separated into three classes of materials,
among which, they observed a fast moving band of nanoma-
terial that displayed fluorescence under the ultraviolet (UV)
light. The fluorescent nanomaterial was further analyzed

and fractionated into three components which displayed
different fluorescence colors under the UV light. Since this
serendipitous discovery, much research efforts have been
dedicated to the study of C-dots.

In general, the synthetic methods for C-dots include arc-
discharge [2], electrochemical oxidation [3–5], laser abla-
tion [6–9], hydrothermal synthesis [10–15], pyrolysis [16–
19], microwave-assisted heating [20–26], plasma treatment
[27], neutralization heating [28], and sonication treatment
[29] (Scheme 1). All these synthetic methods allow, up to
some extent, preparing moderately high-quality C-dots with
relatively highPLperformance and small size.However, some
of these synthetic methods suffer from limitations such as
time-consuming treatment process, requirement of strong
acids for catalysis, high energy consumption, and complex
equipment set-up. Recently, there is a considerable interest
in developing labor, material, and energy efficient synthetic
methods for C-dots such as carbonization of naturally avail-
able bioresources [15, 19, 24, 26, 27, 30–37], preparation with
low heating temperature [38], and synthesis without external
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Scheme 1: Schematic illustration of the synthetic methods for C-
dots.

heating [39, 40]. In addition, the flexibility in modification
and functionalization of the C-dots surface has opened many
possibilities in the incorporation of heteroatoms such as
nitrogen [15, 20, 21, 37–46], sulfur [33, 46–49], phosphorous
[39, 49], and silane [50] into C-dots framework to enhance
the PL properties of C-dots.

Many scientists have reported the unique properties of
C-dots that exceed those of any previously existed mate-
rials. They include diameters below 10 nm with discrete,
quasi-spherical, nanocrystalline, or amorphous carbon struc-
tures; broad excitation wavelengths (𝜆ex); tunable fluores-
cence emission; excellent photostability; high quantum yield
(QY); high sensitivity and selectivity targeting specific ana-
lytes; favorable biocompatibility; low cytotoxity (a promis-
ing nontoxic alternative to heavy-metal-based traditional
semiconductor quantum dots); and large Stokes shifts [51–
53]. Regarding their surface chemistry, it has been widely
described that the C-dots surface is typically attached with
many carboxylic acid moieties, which on one hand largely
enlarges their potential for further functionalization with
small (inorganic/organic) molecules, and on the other hand
ideally imparts them with excellent water solubility, facilitat-
ing their purification and characterization.

Concerning the applications of C-dots, significant
achievements have come up in a variety of scientific
fields. Followed by the first report by Cao et al. [54] who
demonstrated that C-dots can penetrate easily through
cell membrane and are used for conventional bioimaging, a
further development occurred at the hands of Yang et al. [55].
Yang et al. succeeded in using C-dots for the in vivo studies of
optical imaging with mice for animal test. Followed by these,
as a result of extensive and multidisciplinary efforts, C-dots
have found their place in a wide range of applications in
nanoprobes [56–66], drug delivery [67–71], therapy [72–76],
and optoelectronic devices [77–82].

Building upon the great interest in developing novel
synthetic methods and searching for new applications for
this newly found nanomaterial, one has to fully understand
the fundamental properties of C-dots products. Due to the
intensive research efforts carried out in the past decades, the
scientific community nowadays understands much better the
structural, photophysical, and chemical properties of C-dots;
however, the complete characterization of C-dots mixture
still remains unachieved and faces noteworthy challenge.This

is due to the fact that a C-dots product exists as a complex
mixture comprising components with various sizes and dif-
ferent surface functionalities, and a polydisperse C-dots sam-
ple only represents the summation or average properties of
all individual C-dots species [95, 100, 101]. In this sense, there
is an urgent need for the development of efficient analytical
separation methods to isolate high-purity C-dots fractions
for more precious investigation of their unique chemical and
photophysical properties. Since the first isolation of C-dots
from SWCNT by polyacrylamide gel electrophoresis (PAGE)
in 2004 [2], the reports associated with analytical separation
techniques of C-dots are emerging. Impressive successes in
this area include not only electrophoresis [94, 102–106], but
also chromatography [91, 95–97, 100, 101, 107–109], density
gradient centrifugation [29], differential centrifugation [98,
110], solvent extraction techniques [99, 111–113], and dialysis
[20, 21, 87, 98, 114, 115].

In this current review, without pretending to being
exhaustive, we for the first time provide a broad vision of
characterization and analytical separation techniques for C-
dots bymeans of 190 references published in 2004–2017, leav-
ing aside the synthesis and applications of C-dots which have
been comprehensively reviewed by a set of thorough reviews
[52, 116–118]. In addition, some of the merits and drawbacks
of the given separation and analytical techniques for C-dots
are also highlighted. The main objective of this review is
to arouse the interest of the nanoparticles (NP) community
in the significance and the importance of characterization
and analytical separation of NP so as to truly reveal the NP
identity.

2. Characterization Techniques

The chemical composition, size, shape, and structure are
important factors that determine the particular and unique
properties of C-dots; therefore, numerous efforts have
recently been made to explore the reliable and robust char-
acterization tools for C-dots. In this section, as indicated by
Scheme 2, all the past and updated characterization tech-
niques for C-dots are discussed in detail.

2.1. Microscopic and Diffraction Techniques. Different non-
destructive imaging and microscopic techniques have been
developed for the morphology and size characterization of
nanoparticles. For the particle sizemeasurement,microscopy
is the only method that can directly observe and measure the
individual nanoparticles. The microscopic techniques that
have been developed for measurements of C-dots include
electron microscopic and diffraction techniques such as
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), and X-
ray diffraction (XRD).

2.1.1. Scanning and Transmission Electron Microscopies. Both
SEM and TEM are useful electron microscopy techniques
that provide information about the particle size, size distri-
bution, andmorphology of C-dots [83, 84, 119–122].The SEM
and TEM images can also be used to investigate whether the
agglomeration of particles is present or whether the good
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Scheme 2: Schematic illustration of the characterization techniques for C-dots.

Figure 1: (A) SEM [83], (B) TEM [84], and (C) HRTEM [84] image of a bulk sample of C-dots.

dispersion of particles is achieved. SEM produces images
by scanning the surface of a C-dots sample with a focused
electron beam which interacts with the atoms of C-dots
during which the charges are accumulated to form an image.
Figure 1(A) shows an example of SEM image of C-dots [83].
In cases where the measurements exceed the resolution of
SEM (1–20 nm), TEM which affords a much higher resolving
power (about 0.2 nm) is favored [123, 124]. In TEM, a beam
of high-energy electrons is applied to obtain images of the
sample based on the electron transmission of C-dots. The
average diameter of C-dots can be estimated by randomly
counting the particle size on the TEM images. Recently, high-
resolution TEM (HRTEM) which uses both the transmitted
and the scattered beams to create an interference image has
been extensively and successfully used for analyzing C-dots
structures and lattice imperfections. Figures 1(B) and 1(C)
display an example of TEM and HRTEM image of C-dots
[84], which shows that the C-dots have crystalline structure
and the lattice spacing distance was about 0.21 nm, which is
close to that of the graphite (100) plane.

2.1.2. Scanning Probe Microscopies. AFM is a high-resolution
scanning probe microscopy which provides dimensional
surface images of C-dots at resolution lower than 1 nm [85,
125–128]. Compared to SEM and TEM techniques, AFM
not only produces two-dimensional (2D) images of C-dots
from which the C-dots dimension can be determined by
randomly counting the height of particles on the images but
also provides three-dimensional (3D) information about the
surface morphology of C-dots. Figures 2(A) and 2(B) show
that both 2D and 3D topographic AFM images of C-dots were
achieved through the interaction between theAFMcantilever
tip and the C-dots under investigation [85]. Figure 2(C)
depicts the height profiles along lines I, II, and III in the 2D
AFM image (Figure 2(A)) of C-dots.

Herein, it is important to emphasize that although
these microscopy-based techniques are highly accurate and
reliable, the electron microscopy requires elaborate sample
preparation and acquiring excellent images using these tech-
niques is really challenging.This is because of the fact that this
microscopy-based technique has large potential in leading to
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Figure 2: (A) AFM topography image of a bulk sample of C-dots on quartz substrate. (B) AFM 3D image of (A). (C) Height profiles along
lines I, II, and III in (A) [85].

Figure 3: (A) XRD pattern of C-dots-PEI derived from microwave-assisted pyrolysis of glycerol and branched PEI [86]. (B) XRD pattern of
C-dots from neutralization heating of glucose [28].

imaging artifacts due to previous sample preparation process
(agglomeration of the C-dots sample on the grid) and the
vacuum conditions in sample chamber [129].

2.1.3. X-Ray Diffraction. XRD is a rapid analytical technique
used for phase identification and characterization of crys-
talline materials based on their diffraction patterns. When
the X-rays interacts with a crystallite C-dots sample, the
constructive interference is produced, and these diffracted
X-rays are then detected, processed, and counted, reveal-
ing the average structure of C-dots [86, 87, 89, 130–136].
Figure 3(A) displays a typical XRD pattern of polyethylen-
imine (PEI) functionalizedC-dots (C-dots-PEI) derived from
microwave-assisted pyrolysis of glycerol in the presence of
branched PEI [86]. In addition, XRD also provides the

information about the purity of an as-synthesized C-dots
sample. A recent paper [28] reported that XRD can be applied
to estimate the purity of C-dots synthesized from glucose by
neutralization heating method. As indicated by Figure 3(B),
several impurity peaks were observed in the XRD pattern
of C-dots due to the incomplete carbonization of glucose.
Although the XRD is a valuable characterization tool for
obtaining the critical features of C-dots with a crystallite
structure, it is not applicable to characterizing amorphous C-
dots.

2.2. Spectroscopic Techniques. Diverse spectroscopic tech-
niques have been described for C-dots characterization,
including dynamic light scattering (DLS), ultraviolet-visible
(UV-vis), and photoluminescence (PL) spectroscopy,
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Figure 4: (A) UV-vis absorption spectra, (B) PL spectra at different 𝜆ex, and (C) time-resolved PL spectra of S-C-dots derived from waste
frying oil. Insets in (A): photographs of the aqueous solution of the C-dots under daylight (left) and UV light (right). Inset in (B): the
normalized PL spectra at different 𝜆ex of the S-C-dots [87].

Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy (RS), X-ray photoelectron spectroscopy (XPS),
energy dispersive spectroscopy (EDS), and nuclear magnetic
resonance (NMR) spectroscopy.

2.2.1. Dynamic Light Scattering. DLS technique has been used
to determine hydrodynamic particle size using liquid phase
analytical systems equipped with detectors that respond
to C-dots in solution. The average C-dots radius can be
determined by measuring the diffusion rate of C-dots in
liquids. Although there are several typical examples of using
DLS for particle size determination of C-dots [24, 69, 120, 127,
136], the application of DLS for the C-dots characterization
is not widely utilized. This is due to the fact that the size
determination of nanoparticle in a liquid phase using DLS is
not reliable since the DLS method provides only a qualitative
analysis of the size distribution from the observed photon
correlation function [137, 138].

2.2.2. Ultraviolet-Visible and Photoluminescence Spectroscopy.
UV-vis and PL spectroscopy are common and widely avail-
able spectroscopic techniques that have been used tomeasure
the optical properties of C-dots. Taking together all the
information from literatures which characterized C-dots by
UV-vis and PL spectroscopy [31, 37, 41, 85, 87, 103, 139],
all types of C-dots are active in the UV-vis region of the
electromagnetic spectrum, and the fluorescent emission of
C-dots shows 𝜆ex-dependent behavior. Recently, the time-
resolved PL spectroscopy has been reported to be useful in
measuring the photoluminescent lifetime of C-dots [37, 41,
87, 103, 139]. A typical example of UV-vis absorption spectra,
PL spectra at different 𝜆ex and time-resolved PL spectra of
waste frying oil-derived sulfur-doped carbon dots (S-C-dots)
[87], is depicted in Figure 4. In addition, it is important
to note that the UV-vis and PL spectroscopy can be used
together to determine the QY of C-dots. In detail, the QY of a
C-dots sample is determined by a comparative method with
quinine sulfate with known QY as the reference. Essentially,
the PL spectra of solutions of quinine sulfate and C-dots with
identical UV absorbance at the same 𝜆ex are recorded. Hence,

a simple ratio of integrated PL intensity of the two solutions
will yield the QY of the C-dots [87].

2.2.3. Infrared Spectroscopy. IR is a widely used characteri-
zation tool to identify functionalities of the solid materials.
In the case of IR analysis of C-dots samples, apart from the
evaluation of hydroxyl (-OH) and carbonyl (C=O) functional
groups on the C-dots surface [41, 49, 69, 127], IR is also
able to examine the doping of heteroatoms into the C-dots
framework. Important examples include the identification
of the presence of amide/amine (-CN/NH2) [15, 20, 21, 37–
46], alkyl sulfide (C-S) [33, 46–49], organosiloxane (Si-O-
Si/Si-O-C) [89, 127, 140, 141], phosphates (P=O and P-O-
R) [38, 49, 93], and boronic acid (B-O and B-N) [114, 142,
143] moieties attached on the surface of C-dots, providing
evidence for introduction of nitrogen (N), sulfur (S), silicon
(Si), phosphorus (P), and boron (B) heteroatoms into C-
dots. The merits of this technique for the characterization
of surface functionalization of C-dots are being low cost,
simple, rapid, and easy for sample preparation. However,
the IR cannot give the fine structure information of C-dots,
and doping with metal heteroatoms such as aluminum (Al),
magnesium (Mg), and nickel (Ni) into C-dots cannot be
revealed by IR. Fortunately, other techniques such as XPS
provide supplementary information in this aspect, which will
be covered in the later part of this review.

2.2.4. Raman Spectroscopy. RS is one of the commonly used
nondestructive and noninvasive spectroscopic techniques
that have been used for the identification of the state of carbon
of a given C-dots sample. Raman spectra of C-dots usually
present two main first-order bands [3, 27, 32, 41, 88, 129, 144–
149]. The D band represents the vibrations of carbon atoms
with dangling bonds in the termination plane of disordered
graphite or glassy carbon. The G band (graphitic band) is
associated with the vibration of sp2-bonded carbon atoms in
a 2D hexagonal lattice. A common way to estimate the purity
(degree of disorder or graphitization) of a C-dots sample is
the ratio of the intensities of the disordered D band and crys-
talline G band (D/G). The C-dots sample with amorphous
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Figure 5: (A) Raman spectrumof C-dots from thermal decomposition ofTrapa bispinosa peel [32]. (B) Raman spectra of C-dots and F-C-dots
[88].

nature has a high D/G ratio. High degree of graphitization of
the C-dots sample is indicated by a relatively lower D/G ratio.
A typical RS spectrumofC-dots from thermal decomposition
of Trapa bispinosa peel is shown in Figure 5(A) [32]. In this
case, the C-dots had both D (1331 cm−1) and G (1578 cm−1)
bands, and the resulting D/G ratio of 0.59 indicates the
nanocrystalline graphite structure of C-dots. An additional
D band located at 2654 cm−1 explains the sp2 hybridization
pattern. RS has also been used for size determination of C-
dots based on the inverse relationship between the grain
size and the D/G ratio. Khanam et al. [88] demonstrated
the possibility of using RS technique to determine the grain
size of C-dots and C-dots functionalized with hydroxyl and
methoxy (F-C-dots) (Figure 5(B)). The relationship between
the grain size and the intensity ratio is given by grain size =
44[𝐼(D)/𝐼(G)] (in Å). By using this equation, the grain sizes
of C-dots and F-C-dots were determined to be 11 nm and
7.3 nm, respectively. Herein, it should be noted that although
RS technique is powerful in the characterization of C-dots,
several reports stated the difficulty [150] or failures [52, 151,
152] in acquiring a high-quality RS of C-dots sample due to
the intense fluorescence of C-dots, resulting in covering the
characteristics of the Raman signal.

2.2.5. X-Ray Photoelectron Spectroscopy. XPS is a surface
chemical analysis technique that provides information on
surface properties, elemental composition, and electronic
state of the elements that exist within a material. A XPS
spectrum is obtained by irradiating the sample with a beam
of X-rays while simultaneously measuring the number of
electrons and kinetic energy. For the characterization of C-
dots, XPS has generally been used for the assessment of the

elemental composition and the chemical bonds of C-dots
in combination with IR. Doping of C-dots with nonmetallic
heteroatoms such as N [43, 49, 56, 99, 114, 121, 122, 134], S
[14, 24, 46, 49, 87], Si [50, 127, 140, 141], P [39, 49, 93], and B
[114, 142] has been characterized by XPS. A typical example
of XPS analysis employed to estimate the surface states and
chemical composition of nitrogen and sulfur-codopedC-dots
(SNCNs) was displayed in Figure 6 [46]. In addition, the
incorporation of C-dots with metal heteroatoms such as Al
[153], Mg [154], and Ni [155] that cannot be detected by IR
has also been demonstrated by XPS. Although XPS is very
valuable in the characterization of elemental composition and
functionalities of C-dots, it does not generally have the spatial
resolution to examine individual nanoparticles.

2.2.6. Energy Dispersive Spectroscopy. EDS, which is also
called energy dispersive X-ray analysis, is another commonly
used technique for the elemental analysis of a sample. In
EDS, a high-energy beam of X-rays is focused onto the
sample to be analyzed, and an X-ray spectrum is obtained
by measuring the number and energy of the X-rays emitted
from a specimen with an energy dispersive spectrometer. In
general, all of the chemical elements are active in EDS [from
beryllium (z = 4) to uranium (z = 92)], and qualitative (from
the peak energy) and quantitative (from the peak intensity)
analyses can be carried out on the basis of the lines present
in the simple X-ray spectra [156]. The main application of
EDS for C-dots characterization is to analyze the elemental
composition of C-dots, for example, the contents of carbon
(C), oxygen (O), and other doped elements such as Si [89,
137, 139]. In addition, EDS is able to provide information
about the purity of C-dots [32, 157, 158]. Figure 7 displays an
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Figure 6: Survey (A) and high-resolution C1s (B), N1s (C), and S2p (D) XPS spectra of SNCNs [46].

Figure 7: The EDS data of C-dots passivated with AEAPMS [89].

EDS spectra of C-dots passivated with N-(𝛽-aminoethyl)-𝛾-
aminopropylmethyldimethoxy silane (AEAPMS) [89]. Apart
from obtaining the C, O, and Si contents, small impurity
peaks of tungsten (W) were found to be coexisting in the as-
synthesized C-dots sample.

2.2.7. Nuclear Magnetic Resonance Spectroscopy. NMR spec-
troscopic technique has also been used to gain further

Figure 8: 13CNMR spectrum of C-dots in D2O, showing the
presence of sp2 carbon atoms [90].

structural insights into C-dots.Themain application of NMR
for the characterization of C-dots aims to precisely identify
the surface functionality of C-dots, to determine the element
states (e.g., C, N, and P) in C-dots, and to examine the nature
of their bonding onto the particle surface. Tian et al. [90]
firstly reported the utility of 13CNMR spectroscopy in liquid
state to identify the carbon states in a C-dots sample derived
from candle shoot (Figure 8). Followed by this, numerous
efforts have been contributed to using NMR spectroscopy in
both solid state and liquid state for C-dots characterization
[21, 38, 56, 85, 109, 115, 135, 143, 159–164]. In addition, NMR
has been proved to be powerful in the establishment of the
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Figure 9: Representative MS spectra fromMALDI-TOF MS analysis of fractions 1 and 4, respectively [91].

chemical alterations that happened to the surface modifiers
during carbonization. For instance, Khanam et al. [88]
applied 1H NMR characterization to follow the conversion
of methoxy group to hydroxyl group on the surface of F-
C-dots during the reaction process, and Nandi et al. [165]
applied 1HNMR to confirm the transformation of the glucose
residues into elemental carbon and the presence of coating
alkyl chains. Although the NMR technique has merits in
nondestructive nature and easy sample preparation, it is very
expensive, time-consuming, and less sensitive in comparison
to mass spectrometric techniques.

2.3. Mass Spectrometric Techniques. Mass spectrometry (MS)
has been reported to be powerfully useful in elucidat-
ing the chemical structures of smaller-sized nanoparticles
(<5 nm) [166]. The mass spectrometric techniques that
have been applied to characterize C-dots include induc-
tively coupled plasma-mass spectrometry (ICP-MS), matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS), and electrospray ionization
quadrupole time-of-flight tandem mass spectrometry (ESI-
Q-TOF-MS/MS).

2.3.1. Inductively Coupled Plasma-Mass Spectrometry. ICP-
MS is a type of mass spectrometry that has been widely used
for determination and quantification of inorganic nanopar-
ticles such as gold and nickel particles [167–169]. However,
ICP-MS is not widely used for the measurement of inorganic
nanoparticles. For the ICP-MS measurement of C-dots, only
Bourlinos et al. [114] reported the use of ICP-MS for the
characterization of B-doped C-dots so far. In their study, the
exact amount of the B-doped C-dots sample was determined
by ICP-MSusing boronic acid as the calibration standard.The
content of B (3%) was in accordance with the result obtained
by XPS.

2.3.2. Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry. MALDI is a soft ionization tech-
nique that has been widely used for the structural char-
acterization of NP [170–172]. TOF analysis is based on
accelerating a set of ions to a detector where all of the ions
are given the same amount of energy, and the determination
of the mass of ions is according to their different flight
times. MALDI-TOF MS analysis gives mass accuracy better
than 0.1. Based on this aspect, it has recently been used
to characterize C-dots. Khanam et al. [88] for the first
time applied MALDI-TOF MS to acquire the molecular
weight of rare C-dots and F-C-dots. The determination was
carried out by using three different matrix materials, namely,
sinapinic acid (SA), 2,5-dihydroxy benzoic acid (DHBA),
and 𝛼-cyano-4 hydroxycinnamic acid (HCCA) (Figure 9).
The molecular weight obtained with these matrices was the
same and the molecular weights for C-dots and F-C-dots
were 267𝑚/𝑧 and 392𝑚/𝑧, respectively. Soon afterward,
our group reported the utility of MALDI-TOF MS for the
characterization of the surface-attached functionalities on C-
dots by examining their fragmentation patterns [91, 96, 108].
One typical example is the structural elucidation of C-dots
obtained by microwave-assisted pyrolysis of citric acid and
1,2-ethylenediamine [91] (Figure 9). The C-dots mixture was
firstly separated by RP-HPLC, after which, the fractions were
collected and further characterized by MALDI-TOF MS in
positive ionization mode under a pulsed N2 laser (337 nm).
We demonstrated that each of the C-dots fractions shows
their unique fragmentation pattern, closely relating to their
surface-attached carboxylic acid and amide/amine moieties.
The MALDI-TOF MS technique is powerful in identifying
the functionalities of C-dots; however, this technique exhibits
lower sensitivity with increasing mass and is not capable of
capturing the larger ions in high mass range.
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Figure 10: Representative (A) MS and (B) MS/MS spectra from ESI-MS analysis of fraction 2. Shown in the insets are the MS spectra of the
same fraction in the higherm/z ranges [92].

2.3.3. Electrospray Ionization Quadrupole Time-of-Flight
Tandem Mass Spectrometry. The electrospray ionization
quadrupole time-of-flight tandem mass spectrometry (ESI-
Q-TOF-MS/MS) combines the use of soft ionization tech-
nique and sensitive MS detection. Till now, our group is the
only one that successfully applied ESI-Q-TOF-MS/MS to
characterize the chemical composition of C-dots [92, 173].
By coupling the ultraperformance liquid chromatography
(UPLC) with ESI-Q-TOF-MS/MS detection, the MS and
MS/MS spectra of each separated C-dots fraction were
simultaneously captured (Figure 10). Based on high-accuracy
MS and MS/MS analyses, we elucidated the chemical
structures and obtained the molecular formulas of each C-
dots species simultaneously. In particular, our study revealed
for the first time that the C-dots species exist as supra-
molecular clusters with their individual monomers units
linked together through noncovalent bonding forces.

2.4.Thermal Techniques. Thermogravimetric analysis (TGA)
is the only thermal technique that has been applied to
characterize C-dots [27, 32, 56, 69, 88, 93, 158, 174, 175].
In TGA measurement, the instrument continuously weighs
a C-dots sample by coupling with FTIR or MS for gas
analysis. A weight loss curve was plotted by measuring the
amount and the change rate of the weight loss of a C-dots
sample with respect to temperature, providing information
about the thermal stability of C-dots. For example, Bandosz
et al. [93] reported TGA/MS for the characterization of
surface functionality of three kinds of C-dots samples. They
acquired the TGA curves under the condition that the C-
dots samples were heated up to 1000∘C (10∘C/min) under
a constant helium flow (100mL/min) (Figure 11). The C-
dots derived from poly(4-ammonium styrene-sulfonic acid)
were determined to have the richest surface groups, especially
those decomposing as SO2 (m/z 64), CO2 (m/z 44), and
CO (m/z 28). Another interesting case is the employment of
thermal analysis coupled with FTIR (TGA/FTIR) to record
the formation of C-dots from plasma treatment of egg-white
[27]. The TGA method has advantages in fast load and low
sample amount; however, it only provides meaningful data to

certain types of C-dots which show changes in mass during
measurements.

3. Analytical Separation Techniques

Asmentioned previously, from the viewpoint of better under-
standing the fundamental properties of C-dots, numerous
analytical techniques have been developed for the separation
of C-dots obtained from various starting materials. A sum-
mary of the separation techniques described in this section is
presented in Scheme 3.

3.1. Electrophoretic Techniques. Electrophoretic methods are
valuable tools for the separation of water-soluble NP includ-
ing iron oxide particles [176–178], silver, and gold [179,
180] as well as silicon NP [181] based on particle size,
shape, and ionization of the surface functionality of NP.
For the electrophoretic separations of water-soluble C-dots,
gel electrophoresis (GE) [2, 102, 103] and capillary zone
electrophoresis (CZE) [94, 104–106] have been reported.

3.1.1. Gel Electrophoresis. GE is a fractionation technique
which allows the analytes to be separated according to the
differentmigration behavior of analytes by sieve effects under
the influence of an electric field. Xu et al. [2] firstly reported
the separation of C-dots by PAGE when they were purify-
ing SWCNT derived from arc-discharge soot. The oxidized
candle-soot mixture was separated in a 20% denaturing gel
(8M urea, 1x TBE running buffer) by applying 600V at 55∘C
in an electrophoresis unit. As indicated by Figure 12(A), when
observed underUV light, the candle-soot dispersionwas sep-
arated into three classes of nanomaterial, that is, agglomerates
which did not penetrate the gel, slow moving dark bands of
short tubular carbons, and fast moving multicolor bands of
fluorescent nanomaterials. The multicolor fluorescent bands
were further separated into three discrete bands, displaying
different colors in order of their elution and increasing size
(Figure 12(B)). After separation, the isolated C-dots fractions
were passed through a 0.45𝜇m PVDF filter and extensively
dialyzed against distilled water for purification and subjected
to further characterization by elemental analysis, FTIR, PL
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Figure 11: Characterization of the surface chemistry of three kinds of C-dots derived from different materials: (a) proton binding curves of
C-dots samples. (b) DTG curves of C-dots samples in helium. ((c)–(e)) SelectedMS patterns of C-dots samples (multiplication factor: MW-16
([O]) × 7; MW-28 (CO) × 1; MW-44 (CO2) × 5; MW-48 (SO) × 500; MW-64 (SO2) × 500) [93].

Separation 
methods

GE CZE

SECAE-HPLC RP-HPLC

Electrophoretic 
techniques

Chromatographic
techniques

Density gradient 
centrifugation

Solvent extraction 
techniques

Scheme 3: Schematic illustration of the separation techniques for C-dots.

spectroscopy, and AFM. Afterwards, Liu et al. [51] reported
the sodium dodecyl sulfate- (SDS-) PAGE method for the
separation of C-dots sample. Similar to the observations of
Xu et al. [2], the electrophoreticmobilities of C-dots fractions
were highly related to their fluorescence color, with the faster
migrating C-dots species emitted at shorter wavelengths.
Later, Li et al. [102] used the SDS-PAGE method to explore
the interaction between C-dots and tyrosinase (TYR) in the
C-dots/TYR hybrid catalysts. The mixture of C-dots and C-
dots/TYR hybrids was loaded onto SDS polyacrylamide gels

(20%) and electrophoresed at 50mA. Gel images obtained
under the visible light and UV illumination demonstrated
that C-dots were connected to the TYR by noncovalent
bonds and formed stable complexes. Sachdev et al. [103] also
applied SDS-PAGE method for the investigation of multi-
color fluorescence ofC-dots passivated by polyethylene glycol
(PEG) and polyethyleneimine (PEI). The C-dots samples
were separated in 12% denaturing gel under an electric field
of 120V. After electrophoresis, the fluorescent bands were
excised and visualized under different excitation filters. The



Journal of Nanomaterials 11

Figure 12: (A) Electrophoretic profile of C-dots in 1% agarose gel under 365 nmUV light. (Wells A–C are crude SWNTsuspension, fluorescent
carbon, and short tubular carbon, resp. Wells D and E are the further separation of fraction C. Well F is the cut SWNT). (B) Photographic
images of the 3 fractions of fluorescent C-dots species under 365 nm [2].

excised C-dots-PEI band displayed multicolor fluorescence
whereas no fluorescence was observed from excised piece of
gel in the C-dots-PEG lane. In addition, they also employed
agarose gel electrophoresis (AGE) to study the surface charge-
dependent mobility of C-dots. The C-dots samples were
loaded in 1.2% agarose gel and run in Tris acetate-EDTA
buffer under 85V. When the gel was visualized using a UV
transilluminator, the fluorescent bands of positively charged
C-dots-PEI and negatively charged C-dots-PEG migrated
towards negative and positive terminals, respectively. In these
cases, despite the fact that PAGE has virtue in identifying the
relationship between themobility and color of the fluorescent
C-dots, it does not have high separation efficiency since the
pore size of the polyacrylamide gel is typically ∼3–5 nm [182],
which limits its application in separation of C-dots with a
wide range of size.

3.1.2. Capillary Zone Electrophoresis. CZE, with remarkable
separation efficiency, has rapidly emerged as a useful sepa-
ration approach for NP [94, 104–106, 183, 184] according to
their different electrophoretic mobilities (on the basis of their
charge/size ratio) through an electrolyte solution contained
in a fused silica capillary under the influence of an electric
field. The utility of CZE in conjunction with a diode array
detector (230 nm) was firstly reported by Baker and Colón
[104] for the separation of C-dots obtained from the flame
of an oil lamp. In this study, they comprehensively examined
the influence of buffer composition on the electrophoretic
pattern of the mixture of negatively charged C-dots by
varying buffer type, pH, and concentration. Although CE is
a powerful technique that is simple to perform and achieves
satisfactory separation efficiency, the benefits provided by
the high number of theoretical plates obtained with CE for
C-dots separation are overshadowed by its low sensitivity
of the UV detection systems owning to the small injection
volumes of sample [185]. To overcome the limitation of the
low sensitivity and ensure the accuracy for C-dots analysis,
our research group separated C-dots by use of commer-
cial CZE apparatus coupled with a diode array detector

Figure 13: Capillary electrophoretic separation of C-dotsmonitored
at (a) absorption wavelength of 250 nm and (b) laser-induced
fluorescence at 𝜆ex/𝜆em of 488/550 nm. Peaks (1), (2), and (3)
are positively charged, neutral, and negatively charged C-dots,
respectively [94].

and a laser-induced fluorescence (LIF) detector [94]. The
absorption electropherograms of C-dots were acquired at
250 nm and the fluorescence was monitored at excitation
wavelengths/emission wavelength (𝜆ex/𝜆em) of 488/550 nm.
The separation was achieved using 40.0 cm capillary (50 𝜇m
i.d. and 325 𝜇m o.d.) with 30mM sodium acetate-acetic acid
(NaAc-HAc) at pH 3.6 as run buffer and an applied voltage of
15 kV. Figure 13 depicts that the combination of UV (curve
(a)) and LIF (curve (b)) detection reveals corroborating
as well as additional information of the complex C-dots
mixture. For example, the electrophoretic behaviors of the
positively charged, neutral, and negatively charged C-dots
obtained with two detection methods are the same. Peaks
(1) and (2) display strong UV and fluorescence signals while
peak (3) shows strong absorption but weak emission signals.
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This CE method was successfully used to study the reaction
time-associated kinetics of C-dots formation and identify
the functional groups-associated charge states. Afterwards,
our group applied CE coupled with UV detection (250 nm)
and LIF detection (𝜆ex/𝜆em 488/550 nm) for the separation
of hollow C-dots synthesized from glacial acetic acid and
diphosphorus pentoxide without external heating [106]. The
separation was achieved using 40.0 cm capillary (50𝜇m i.d.
and 325 𝜇mo.d.) with 10mMSDS and 30mMphosphate (pH
9.0) as run buffer at an applied voltage of 15 kV.The separated
fractions were also collected and further analyzed by UV-vis
and PL spectroscopy, MALDI-TOF MS, and TEM. We can
see that CZE is certainly useful in identifying the different
charge states of C-dots species present in a complex C-dots
mixture. However, due to the low sample injection volume
of CZE, the collection of enough amounts of individual CE-
fractionated C-dots fractions is extremely time-consuming.
Besides, CE can only separate the charged C-dots species
rather than neutral C-dots species which eluted out as one
single intense peak.

Isoelectric focusing (IEF) is commonly used for the
determination of the isoelectric point of macromolecules
and bioparticles. The colloidal NP of different sizes can be
size-selectively separated from their mixtures in a home-
made miniscale IEF unit [186]. This method is rapid, highly
sensitive, and inexpensive. However, so far, there is no report
on the separation of C-dots using IEF.

3.2. Chromatographic Techniques. The chromatographic
techniques, previously proven to be highly efficient in the
separation of metal-based quantum dots [92, 172, 173]
based on their sizes and chemical properties, have recently
been applied to separate and analyze C-dots. Currently,
chromatographic methods available for the separation of C-
dots are anion-exchange high performance liquid chromato-
graphy (AE-HPLC) [95, 100, 101, 107], reversed-phase- (RP-)
HPLC [91, 96, 108], and size exclusion chromatography
(SEC) [97, 109].

3.2.1. Anion-Exchange High Performance Liquid Chromatog-
raphy. AE-HPLC is a separation technique which allows the
separation of negatively charged ions or molecules according
to their affinity to the ion exchange resin containing positively
charged groups. Vinci and Colon [95] firstly used AE-HPLC
in conjunction with UV detection at 250 nm and laser-
induced photoluminescence detection (LIP) at 𝜆ex/𝜆em of
325/350 nm to separate C-dots products obtained starting
with the soot generated during combustion of paraffin oil
in a flame. Solutions of C-dots mixture was fractionated
using a strong anion-exchange column and ammonium
acetate (NH4Ac) as eluent (Figure 14(A)). The fractions of C-
dots were collected for further characterization by PL spec-
troscopy (Figure 14(B)) and TEM (Figure 14(C)). The C-dots
were demonstrated to be comprised of C-dots species with
different optical and electronic properties. Later, the same
group employed the previously well-established AE-HPLC
method for the high-resolution separation of another kind
of C-dots derived from the oxidation of graphite nanofibers
[100, 101]. Apart from TEM and spectroscopic studies [100],

the authors examined the surface composition of the C-
dots fractions that exhibit stronger PL by means of XPS and
FTIR [101] and identified that the luminescent NP with the
higher luminescence possesses less oxygen content. Similarly,
Liu et al. [107] applied AE-HPLC with UV detection at
250 nm to fractionate C-dots capped with PEI. Four fractions
were collected, characterized by TEM and FTIR, and finally
used for separation and preconcentration of Cr(VI). The C-
dots species in smaller size behavior served as promising
adsorbents for the separation and preconcentration of Cr(VI)
and worked more efficiently as signal-enhancing agents for
flame atomic absorption spectrometric determination of
Cr(VI) in real water samples.

3.2.2. Reversed-Phase High Performance Liquid Chromatog-
raphy. RP-HPLC is a separation technique with the polar-
ity of mobile phase higher than that of stationary phase.
Compared to CZE, in addition to the preparative scale
property of HPLC which allows for the collection of indi-
vidual fractions of C-dots for more precious study, HPLC
using a C18 column can efficiently retain and separate the
neutral C-dots species which migrate as one single peak
in CZE. Our group [96] firstly proposed the RP-HPLC
method for high-resolution separation of C-dots prepared by
hydrothermal carbonization of chitosan withUVdetection at
300 nm and fluorescence detection at 𝜆ex/𝜆em of 300/405 nm.
The separation was achieved by using C18 column with
methanol (MeOH) and Milli-Q water as the mobile phase
(Figure 15(A)). In both cases, the electronic and optical
properties of C-dots were measured by UV-vis and PL
spectroscopy (inset of Figure 15(A)) and TEM (Figure 15(B)).
Similar to the observations of Vinci et al. [95, 100, 101], the
as-synthesizedC-dots samples were demonstrated to be com-
prised of numerous C-dots species, displaying their unique
optical and electronic properties. Additionally, of particular
importance, the MALDI-TOF-MS was applied to elucidate
the surface-attached functionalities of C-dots fractions by
examining their fragmentation patterns (Figure 15(C)). Later,
we adopted RP-HPLC coupled with fluorescence detection
(340/440 nm) for the fractionation of C-dots prepared from
citric acid and 1,2-ethylenediamine using 10mM NH4Ac
(pH 4.5) and MeOH as the mobile phase [91]. Our group
further reported the separation of hollowC-dots by the above
established RP-HPLC method using UV detection (300 nm)
with a binary solvent mixture of MeOH and 10mM NH4Ac
buffer (pH 5.5) as the mobile phase [108]. The fractions col-
lected were found to be multicolor emissive, displaying red,
green, and blue fluorescence under UV irradiation (365 nm).
Selected fractions with strong PL were proved to be in low
cytotoxicity by MTT assay and, therefore, finally used for
living cell imaging. Recently, we employed RP-UPLC coupled
with either UV detection [187] or MS [92, 173] detection for
the separation and analyses of different types of C-dots. A
typical example is the utilization of ultraperformance liquid
chromatography (UPLC) coupled with ESI-Q-TOF-MS/MS
to separate and characterize C-dots derived frommicrowave-
assisted pyrolysis of citric acid and 1,2-ethylenediamine [173].
By using UPLC, the C-dots product was well separated
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Figure 14: (A) AE-HPLC chromatograms of the soot-derived C-dots sample monitored by UV detection at 250 nm and LIP detection at
𝜆ex/𝜆em of 325/350 nm. (B) Photographic images of the 29 separated C-dots fractions under a hand-held UV lamp. (C) TEM images and
electron diffraction patterns of selective C-dots fractions (images A–C are attributed to fractions 3, 9, and 28, resp.) [95].

into ten fractions within 4.0min. By using ESI-Q-TOF-
MS/MS, the characterization of the chemical structures and
the elucidation of the molecular formulas of C-dots species
were achieved simultaneously.

3.2.3. Size Exclusion Chromatography. SEC, also known as gel
filtration chromatography, is a size-based separation process
with a column with flow channels formed by packing with
porous materials. The separation of particles is achieved by

their differences in flow velocity. The particles with smaller
or equal size of pore in packing materials permeate deeply
into the column while larger particles that diffuse freely
through it are excluded, resulting in longer retention time
for the smaller particles. Recently, SEC has also been used
for the separation of C-dots based on their size differences.
For example, Wang et al. [109] simply fractionated C-dots
passivated with PEG1500N by an aqueous gel column packed
with commercially supplied Sephadex G-100 gel with water
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Figure 15: (A) Absorption chromatograms of (a) chitosan and acetic acid in MeOH/water (1 : 19 v/v) and (b) C-dots solution monitored at
300 nm. (c) Fluorescence chromatogram of C-dots solution monitored at 𝜆ex/𝜆em of 300/405 nm. The inset displays the absorption spectra
of the 12 separated C-dots fractions. (B) and (C) are the TEM image and MALDI-TOF MS spectrum of fraction 1, respectively [96].

as the eluent. The fractions were collected and further
characterized by TEM, AFM, 13CNMR, and FTIR analysis.
Jiang et al. [97] isolated fluorescent C-dots products from
Nescafe� Original instant coffee powder by Sephadex G-25
SEC (Figure 16). In this interesting case, the coffee powder
was dissolved in distilled water at 90∘C, vigorously stirred to
mix, and centrifuged at 14,000 rpm for 15min. The resulting
supernatant was filtered through a 0.22𝜇m-membrane to
remove the large or agglomerated particles and then loaded
onto the gel column with distilled water as eluent. The
fluorescent C-dots fractions were collected and applied for
cell imaging. As indicated by Figure 16, the obtained C-dots
fractions displaymultiple colors when excited at different 𝜆ex.

3.3. Density Gradient Centrifugation. The density gradient
centrifugation method which is a routine technique used to
separate biomacromolecules also exhibits great potential in
isolating NP [188]. Briefly, samples are added on the top of a
density gradient formed by sequentially layering solutions of
different densities. Upon centrifugation, the particles deposit
in the density gradient at different speeds on the basis of their
sizes, shapes, or densities and eventually form different hands
in the gradient. Usually, the density gradient is prepared
with sucrose, glycerol, cesium chloride, and other aqueous
solutions. The advantage of this technique is its nontoxicity.
However, for NP prepared in organic medium, transferring
from organic solvent to aqueous solution is challenging
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Figure 16: Schematic illustration of the preparation of fluorescent C-dots from Nescafe Original instant coffee by SEC technique and its
application for cell imaging [97].

Figure 17: (A) SDGC separation of C-dots from sonication of sugar
cane juice. (B) The images of the separated C-dots bands under
ambient and UV light [29].

due to the coagulation possibility of some particles [189].
Fortunately, this is not a big problem for C-dots sample which
is usually synthesized in aqueous medium and possesses
excellent water solubility. Pandey et al. [29] proposed the
sucrose density gradient centrifugation (SDGC) method to
separate C-dots from other carbonaceous materials. The
samplemixture was fractionated in a density gradient formed
by overlaying 50–100% of pure sucrose in test tube. Figure 17

shows that fine separation can be achieved based on the size
of C-dots species.The obtained fractions exhibited green and
blue fluorescence under UV light.

3.4. Differential Centrifugation. Differential centrifugation is
used to separate the multiple fractions within a NP sample
by size and density; the larger and denser NP precipitate
at lower centrifugal forces while the smaller and lighter
NP remain in the supernatant and require more force and
greater times to precipitate [98]. In a typical differential
centrifugation process, a NP mixture is centrifuged multiple
times, and after each run the precipitate is removed while the
supernatant is centrifuged at a higher centrifugal force. Sahu
et al. [98] for the first time reported the use of differential
centrifugation method to obtain different size-range C-dots
species synthesized by hydrothermal treatment of orange
juice (Figure 18). In the centrifugation procedure, the aqueous
brown solution containing C-dots was firstly centrifuged at
3000 rpm for 15min to get the less-fluorescent deposit coarse
nanoparticles (CP). Then, an excess amount of acetone was
added to the upper brown solution and centrifuged at a high
speed of 10,000 rpm for 15min. The supernatant containing
the highly fluorescent nanoparticles (CD) has an average size
of 1.5–4.5 nm. The deposit CP exhibiting weak fluorescence
have larger size in the range of 30–50 nm.

3.5. Solvent Extraction Process. Solvent extraction, also
known as liquid–liquid extraction or partitioning, is a
method used to separate a compound based on its solubility
in two liquids that do not mix (e.g., water and an organic
solvent). This method has been widely used in the isolation
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Figure 18: Schematic illustration of the formation and the differential centrifugation of C-dots from hydrothermal treatment of orange juice
[98].

Figure 19: Schematic illustration of the fabrication, gradient extraction, and surface polarity-dependent PL of C-dots [99].

of C-dots from the reaction mixtures. Typically, organic
solvents (e.g., ethyl acetate, acetone, chloroform, toluene,
and n-hexane) are used to extract the amphiphilic C-dots
and eliminate unreacted reagents in aqueous solution [111–
113]. Recently, Han et al. [99] proposed a novel “gradient
extraction” method to separate C-dots synthesized from

hydrothermal treatment of cow milk based on their surface
polarity of the C-dots species (Figure 19). Four organic sol-
vents with different polarities: hexane (polarity: 0.06), carbon
tetrachloride (polarity: 1.6), mixture of carbon tetrachloride
and dichloromethane (v/v = 3 : 2), and dichloromethane
(polarity: 3.4), were used to extract C-dots fractions. The
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four fractions obtained were determined to have different
surface polarities and show surface polarity-dependent pho-
toluminescence. The solvent extraction process is certainly
good in roughly isolating C-dots from the reaction mixtures;
however, it does not possess the ability to completely separate
and exactly examine the hidden properties of each individual
C-dots species.

3.6. Dialysis. Dialysis is a widely used purification method
to separate the C-dots from the potential small fluorescent
molecules that can be byproducts of the synthetic route
[20, 21, 87, 98, 114, 115]. The dialysis process works on the
principles of the diffusion of small fluorescent molecules
across a semipermeable membrane based on the principle
that the substances inwater tend tomove from an area of high
concentration to an area of low concentration. Usually, the
as-synthesized fluorescent product was dissolved in distilled
water and dialyzed against a semipermeable membrane
in purified water with stirring and recharging with fresh
distilled water at different time intervals over a certain time
period. The purification by dialysis is certainly very useful to
remove the potential small fluorescent species from C-dots
sample. However, similar to the solvent extraction process, it
is not capable of efficiently separating each individual C-dots
species.

4. Conclusion and Outlook

In this review, we outline the general approaches for the
characterization and analytical separation of C-dots. Given
the complexity of C-dots components and the inherent
drawbacks of each technique, only one technique is not
enough to capture the complete picture of the C-dots
properties. For most of time, multiple characterization and
analytical separation techniques described here are used in
complementary ways. Though significant progress has been
made in recent years, we are still far from achieving full
understanding of C-dots properties. Bearing this in mind,
much effort is required. On one hand, despite the size and
chemical structure of C-dots having been estimated by a
number of researchers, the exact molecular weight of C-
dots still remains debated, and, therefore, developing new
methods with improved resolution and sensitivity based
on new or original concepts is essential to progress the
characterization of C-dots. On the other hand, carefully
checking and refining the existing methods to overcome the
limitations and to further improve their working efficiency
is of equal importance. While any tiny improvement may
not significantly matter, the cumulative effects of a series of
such advances will make a substantial change. Furthermore,
among the numerous techniques applied to separate or to
characterize C-dots, efforts have been seldomused in coupled
ways. It is anticipated that the coupled techniques could be
further explored in the near future to achieve integrative
separation-characterization of C-dots in an efficient way.
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[113] H. M. R. Gonçalves, A. J. Duarte, and J. C. G. Esteves da
Silva, “Optical fiber sensor for Hg(II) based on carbon dots,”
Biosensors & Bioelectronics, vol. 26, no. 4, pp. 1302–1306, 2010.

[114] A. B. Bourlinos, G. Trivizas, M. A. Karakassides et al., “Green
and simple route toward boron doped carbon dots with signifi-
cantly enhanced non-linear optical properties,” Carbon, vol. 83,
pp. 173–179, 2015.

[115] L. Hu, Y. Sun, S. Li et al., “Multifunctional carbon dots with high
quantum yield for imaging and gene delivery,” Carbon, vol. 67,
pp. 508–513, 2014.

[116] H. Li, Z. Kang, Y. Liu, and S.-T. Lee, “Carbon nanodots: syn-
thesis, properties and applications,” Journal of Materials Chem-
istry, vol. 22, no. 46, pp. 24230–24253, 2012.

[117] C. Ding, A. Zhu, and Y. Tian, “Functional surface engineering
of C-dots for fluorescent biosensing and in vivo bioimaging,”
Accounts of Chemical Research, vol. 47, no. 1, pp. 20–30, 2014.

[118] A. Zhao, Z. Chen, C. Zhao, N. Gao, J. Ren, and X. Qu, “Recent
advances in bioapplications of C-dots,”Carbon, vol. 85, pp. 309–
327, 2015.

[119] S. Zhang, Q. Wang, G. Tian, and H. Ge, “A fluorescent turn-off/
on method for detection of Cu2+and oxalate using carbon dots
as fluorescent probes in aqueous solution,”Materials Letters, vol.
115, pp. 233–236, 2014.

[120] J. Liu, J. Yu, J. Chen, R. Yang, and K. Shih, “Signal-amplification
and real-time fluorescence anisotropy detection of apyrase by
carbon nanoparticle,”Materials Science and Engineering C, vol.
38, no. 1, pp. 206–211, 2014.

[121] C. Wang, Z. Xu, H. Cheng, H. Lin, M. G. Humphrey, and
C. Zhang, “A hydrothermal route to water-stable luminescent
carbon dots as nanosensors for pH and temperature,” Carbon,
vol. 82, no. C, pp. 87–95, 2015.

[122] X. Qin, W. Lu, A. M. Asiri, A. O. Al-Youbi, and X. Sun,
“Microwave-assisted rapid green synthesis of photoluminescent
carbon nanodots from flour and their applications for sensitive
and selective detection of mercury(II) ions,” Sensors and Actu-
ators, B: Chemical, vol. 184, pp. 156–162, 2013.

[123] C. Gommes, S. Blacher, K. Masenelli-Varlot et al., “Image
analysis characterization of multi-walled carbon nanotubes,”
Carbon, vol. 41, no. 13, pp. 2561–2572, 2003.
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[143] G. H. G. Ahmed, R. B. Láıño, J. A. G. Calzón, and M. E. D.
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Via a one-step ultrasonication method, cellulose nanofibril/graphene oxide hybrid (GO-CNF) aerogel was successfully prepared.
The as-prepared GO-CNF possessed interconnected 3D network microstructure based on GO nanosheets grown along CNF
through hydrogen bonds. The aerogel exhibited superior adsorption capacity toward four kinds of antibiotics. The removal
percentages (𝑅%) of these antibiotics were 81.5%, 79.5%, 79.1%, and 73.9% for Doxycycline (DXC), Chlortetracycline (CTC),
Oxytetracycline (OTC), and tetracycline (TC), respectively. Simultaneously, the adsorption isotherms were well fitted to Langmuir
model and kinetics study implied that the adsorption process was attributed to pseudo-second-order model. The maximum
theoretical adsorption capacities of GO-CNF were 469.7, 396.5, 386.5, and 343.8mg⋅g−1 for DXC, CTC, OTC, and TC, respectively,
calculated by the Langmuir isotherm models. After five cycles, importantly, the regenerated aerogels still could be used with little
degradation of adsorption property. Consequently, the as-synthesized GO-CNF was a successful application of effective removal of
antibiotics.

1. Introduction

With desirable antimicrobial activity, high quality, and low
cost, tetracyclines are of widespread use of human therapy
and livestock industry [1]. Unfortunately, tetracyclines have
been regularly detected in surface water, groundwater, and
even drinkingwater, resulting in harmfulness to environment
and our humanhealth [2, 3].Therefore, it has been urgent that
effective measures should be taken to remove tetracyclines
from contaminative water. Recently, a variety of meth-
ods have been explored to decontaminate antibiotic such
as adsorption [4], photocatalytic degradation [5], catalytic
degradation [6], advanced oxidation [7, 8], and biodegra-
dation [9]. Among these various methods, adsorption is a
superior and widely used method owing to its accessibility,
being environmentally benign, and high efficiency [10]. In
fact, a number of (chemical or physical) sorbent materi-
als, including various kinds of adsorbents, including HCl-
modified zeolite [11], alkali biochar [12], anaerobic granular

sludge [13], activated carbons [14, 15], multiwalled carbon
nanotubes [16, 17], bamboo charcoal [18], and graphene oxide
[19], have been applied for eliminating antibiotics from aque-
ous solutions. However, having suffered from low removal
capacities, difficult separation, secondary environmental pol-
lution, and unsatisfactory recycling ability, these adsorbents
have hampered greatly practical applications. Therefore, it is
an urgent demand to develop new adsorbents with reusability
and efficiency to remove antibiotics in water.

As porous nanostructured materials, aerogels have been
applied in considerable fields due to their superior properties
like low density, high specific surface area, and excellent
adsorption [20]. Specifically, aerogels are based on cellu-
lose nanofibers (CNF) networks with outstanding physical
properties such as high surface-to-volume area and high
aspect ratio; they show an attractive flexibility, ductility,
hierarchically porous structure, and many other excellent
features [21]. Therefore, materials based on CNF aerogels
with 3D structures are the current focus of a tremendous
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Table 1: The molecular structures of tetracyclines and their abbreviations.
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surge of interest in adsorption applications. On the other
hand, with extremely hydrophilicity, ultrahigh theoretical
surface area and abundant surface oxygen containing groups,
graphene oxide (GO) nanosheets have been applied to field
for adsorbing pollutants such as antibiotics [22], dyes (methy-
lene blue, Basic Red 12, and triphenylmethane), and heavy
metal ions (copper, zinc, cadmium, and lead) [23, 24] from
water. However, there exists certain defect in the use of
conventional powder GO-base materials, such as segregating
after the reaction. Hence, materials with ease of separation
operation as well as good hydrophilic properties are urgently
needed in antibiotics removal application.

In this paper, GO-CNF with ease of separation operation
as well as good hydrophilic properties was prepared by using
one-step ultrasonication method. The results demonstrated
the significance of the absorption properties within the GO-
CNF for application in removal of antibiotics. Moreover, the
GO-CNF could be regenerated several times using an alkali
washing procedure with little loss in multiple antibiotics
removal performance.

2. Materials and Methods

2.1. Materials. Four kinds of tetracyclines were shown in
Table 1 and were supplied by Aladdin Industrial Co., Ltd.
The moso bamboo (Phyllostachys heterocycla) was obtained
from Zhejiang Province in China. All other chemicals were
analytical grade and used as received.

2.2. Preparation of Cellulose Nanofibril/GrapheneOxideHybrid
(GO-CNF)Aerogel byOne-StepUltrasonicationMethod. Gra-
phene oxide (GO) and pure cellulose were prepared accord-
ing to the literaturesmethodologies [25, 26], respectively. In a
typical process, pure cellulose (80mg) and GO (100mg) were

put in distilledwater (100mL) under vigorous ultrasonication
for 30min. Ultrasonic treatment was performed at 60 kHz
with a 25mmdiameter titaniumhorn under a duty cycle with
an outpower of 1000W. During ultrasonication, the samples
were kept in an ice bath to avoid overheating. Afterward, the
specimenswere freeze-dried using a lyophilizer (Scientz-10N,
Ningbo Scientz Biotechnology Co., Ltd., China) for 48 h.

2.3. Characterizations. Themorphologies of the aerogels were
characterized by scanning electron microscopy (SEM, FEI,
Quanta 200, USA) and transmission electron microscope
(TEM, FEI, Tecnai G20, USA). Atomic force microscopic
(AFM) images were taken on a MultiMode Nanoscope III
scanning probe microscopy (SPM) system (Veeco, USA).
Crystalline structures were identified by X-ray diffraction
technique (XRD, Rigaku, D/MAX 2200, Japan), operating
with Cu K𝛼 radiation (𝜆 = 1.5418 Å) at a scan rate (2𝜃)
of 2∘min−1 and the accelerating voltage of 40 kV and the
applied current of 30mA.The surface elemental composition
analyses were conducted based on the X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific-K-Alpha 1063,
UK) with an Al Ka monochromatic X-ray source, in which
all of the binding energies were calibrated with reference to
the C 1s peak (284.8 eV).The Brunauer–Emmet–Teller (BET)
surface area (𝑆BET) and pore properties of the aerogels were
determined from N

2
adsorption-desorption experiments at

−196∘C using an accelerated surface area and porosimetry
system (ASAP 2020, Micromeritics instrument Ltd., USA).
Meanwhile, the pore volume and pore size distribution were
estimated by the Barrett–Joyner–Halenda (BJH) method.

2.4. The Adsorption Experiments

2.4.1. The Adsorption of Antibiotics Experiment. All batch ex-
periments of the antibiotics adsorption were carried out in
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50mL Erlenmeyer flask at a temperature controlled with
water bath shaker at 160 rpm, each containing 8mg GO-
CNF and 40mL of antibiotics solution. The mixed GO-
CNF solutions were incubated with antibiotics overnight
at 25∘C and covered by aluminum foil to refrain probable
photodegradation of antibiotics. The final supernatant was
regarded as the residual concentration of antibiotics and
determined by a UV–vis spectrophotometer (ERSEE TU-
1900, China). The removal percentage (𝑅%) and the amount
of antibiotics absorbed (𝑞

𝑒
, mg⋅g−1) were calculated using (1)

and (2), respectively:

𝑅% = [𝐶𝑜 − 𝐶𝑒𝐶
𝑜

] ∗ 100%, (1)

𝑞
𝑒
= [𝐶𝑜 − 𝐶𝑒𝑚 ] ∗ 𝑉, (2)

where 𝐶
𝑜
(mg⋅L−1) is the initial concentration of the antibi-

otics, 𝐶
𝑒
(mg⋅L−1) is the equilibrium concentration in solu-

tion of the antibiotics, 𝑉 (L) is the volume of solution, and𝑚
(g) is the weight of the GO-CNF.

2.4.2. AdsorptionKinetics Experiments andAdsorption Isotherms
Experiments. GO-CNF was added to antibiotic solutions
(40mL) with the aerogel: antibiotic aqueous solution ratio
of 1mg : 5mL. Specimens were shaken under agitation speed
of 160 rpm at 25∘C for different times; the supernatants
were separated from the solid phase and directly analyzed
by UV–vis spectrophotometer. Adsorption kinetics were
conducted in triplicate. Antibiotic adsorption isotherms of
GO-CNF were performed on in batches just like kinetics
experiments instead of different amount of adsorbent. In
a separate adsorption experiment, the exhausted aerogel
suspension with the remaining antibiotic solution after the
last adsorption cycle was used to test recycle of adsorbent as
described below.

2.4.3. The Recyclability Experiments of the GO-CNF. The
adsorbed GO-CNF was immerged into 5wt.% NaOH solu-
tion for 5 h. After desorption, the recovered aerogels were
separated and washed by distilled water. Afterward, the final
sample was freeze-dried under vacuum for the next run of
adsorption tests. The regenerated GO-CNF was reused for
five repeated cycles following the above steps.

3. Results and Discussion

Figure 1 depicted the typical SEM and AFM images of
CNF and GO-CNF, respectively. Both of aerogels exhib-
ited an interconnected porous structure with pore sizes
ranging from several hundreds of nanometers to a few
micrometers. Compared with fibrous structure of CNF (Fig-
ure 1(a)), the microstructure of GO-CNF exhibited a hierar-
chical structure with interconnected 2D sheetlike networks
(Figures 1(b) and 1(c)), which exhibited an interconnected
spongelike porous structure with pore sizes ranging from
several hundreds of nanometers to a few micrometers and

this could be proved in the data of pore size distribution
and specific area in Figure 3. For GO-CNF (Figure 1(f)),
the pores were obvious and more uniform and had smaller
diameters compared to those ofCNF.Thismight be attributed
to the hydrogen bonding between the CNF chains and the
formation of a 3D network structure which does not collapse
upon sublimation. Further learned from AFM images of
the specimens, the CNF which presented individual flexible
fibril was roughly 65 nm in diameter (Figure 1(d)). For GO-
CNF, GO existing in the sheet-like shapes was supported
by a skeleton of CNF to form an interconnected network
sheets (Figure 1(e)). The thickness, measured from the AFM
image, was about 4.7 nm, which was consistent with the
data reported in the literature, indicating the formation of
multilayered GO.

Figure 2 presented XRD patterns and XPS spectra of the
CNF and the GO-CNF. In Figure 2(a), the diffraction peaks
at about 22∘ and 16∘ were attributed to the typical reflection
planes (002) and (101) of cellulose I based on the JCPDS data
(03-0289) [27]. As for GO-CNF, differently, an intense peak
at 2𝜃 = 10.3∘ could be observed, corresponding to the (001)
diffraction planes of GO [28].

The surface chemistry of CNF and GO-CNF was charac-
terized by X-ray photoelectron spectroscopy (XPS).The fully
scanned spectra in Figure 2(b) illustrated that both the O and
C elements existed simultaneously of the CNF and the GO-
CNF. The variation of C/O ratio revealed the changes in the
elemental composition of the specimens. Compared with the
C/O ratio of 1.42 in the CNF, the C/O ratio for the GO-CNF
was 1.53, further indicating the highly efficient conjugation
during the one-step ultrasonication treatment.

Figure 2(c) exhibited the high resolution XPS C1s spectra
of specimens. The curves were fitted considering the fol-
lowing contributions: O–C=O (289.8 eV), C=O (287.8 eV),
C–O (286.5 eV), C=C or C–C, or C–H (284.4 eV) [29]. The
C=C/C–C peak intensity of GO-CNF increased obviously
compared with CNF, indicating that GO-CNF was consisted
of GO and CNF. In addition, there was still a large number
of oxygen containing functional groups, which mainly are
derived from CNF in the GO-CNF. The other peaks at 287.8
and 289.1 eV were attributed to C=O bonds and O–C=O
bonds, respectively, which were typical functional groups in
GO. In conclusion, GO were intimately combined with CNF
through hydrogen bonds.

Figure 2(d) showed the high resolution XPS spectra
of O1s of specimen. XPS energy spectrum of O1s could
be fitted considering the following contributions: C–OH
(533.0 eV) and C–OH⋅ ⋅ ⋅O (532.8 eV). Compared to CNF, the
C–OH⋅ ⋅ ⋅O peak intensity of GO-CNF increased obviously,
indicating that GO were effectively combined with CNF
through hydrogen bonds. In addition, there was a new peak
of at 531.4 eV, which could be assigned to O=C derived from
GO in GO-CNF.

Figure 3 presented the N
2
adsorption-desorption iso-

therms and pore diameter distributions of the aerogels. The
absorption isotherms of both the CNF and GO/CNF aerogel
(Figure 3(a)) were attributed to type-IV adsorption isotherm,
according to the IUPAC classification. GO-CNF was greatly
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Figure 1: SEM images and AFM images of the CNF (a and d) and GO-CNF (b, c, f, and e), respectively.

increased in terms of 𝑆BET and pore volume compared with
that of CNF. In detail, 𝑆BET and pore volume of GO-CNF
were 89.9m2⋅g−1 and 0.4 cm3⋅g−1, respectively, while CNF
were as low as 4.8m2⋅g−1 and 0.05 cm3⋅g−1, respectively.
Figure 3(b) exhibited growth ofmesoporous structure inGO-
CNF instead of CNF. These results indicated GO-CNF with
ultrahigh surface areas and adsorbing site might be effective
in removal of antibiotics.

Figure 4 showed synthesis of GO-CNF via one-step
ultrasonicationmethod.During the ultrasonic treatment, one

hand, CNF were formed springing from the pure cellulose by
cavitation effect [30]. In detail, 80mg of the purified cellulose
suspension was passed through an ultrasonic processor for
nanofibrillation, which is based on an ultrasonicationmecha-
nism: ultrasonication causes the natural fibres to disassemble
into nanofibers in water via cavitation, formation, growth,
and implosive collapse of bubbles in the solution. During
ultrasound, for example, small gas bubbles (cavities) will be
generated in a cellulose aqueous suspension. Such small gas
bubbles are able to absorb energy from the soundwaves and
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Figure 2: (a) XRD patterns, (b) survey scan, (c) C1s, and (d) O1s XPS spectra of CNF and GO-CNF.
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Figure 4: Schematic showing the synthesis of GO-CNF via one-step
ultrasonication method.

Table 2: Kinetic properties of antibiotics removal on GO-CNF by
pseudo-second-order model.

Pseudo-second-order
𝑘
2
(min−1) ℎ (mg⋅(g⋅min)−1) 𝑟2

DXC 0.1299 543.6589 0.994
CTC 0.1286 684.6815 0.993
OTC 0.1158 702.6432 0.994
TC 0.0995 714.2857 0.992

grow rapidly under high ultrasound intensities. However, the
cavity implodes when it has overgrown, and the surrounding
liquid rushes in. The implosion of the cavity creates an
unusual environment and introduces high pressure and
shock waves within a short time. This violent collapse causes
direct particle-shock wave interactions and is the primary
pathway to split cellulose fibres along the axial direction.
Thus, the sonification impact breaks the relatively weak
cellulose interfibrillar hydrogen bonding and the Van der
Waals force, gradually disintegrating the microscale cellulose
fibres into nanofibers. On the other hand, GO grew and
aggregated to transformed lager flakes based on a skeleton
of CNF, which was because GO with plentiful oxygen could
interact with the hydroxyl groups and oxygen atoms in CNF
through hydrogen bonds. Afterwards, during the freeze-
drying process, nucleation and growth of large ice crystals
can occur within the network that pushed out the GO-
CNF from its original location [31]. Subsequent sublimation
of these large crystals led to the formation of micrometer-
sized pores in the aerogel. Moreover, GO with hydrophilic
patterns (CNF) expected preferential bubble nucleation on
the GO areas whose architecture ensured high availability of
the adsorption sites for removal of antibiotics.

Figure 5 showed the removal percentage (𝑅%) of antibi-
otics. Four kinds of antibiotics could be inordinately absorbed

0

OTC

TCCTC

DXC

20

40

60

80

R
%

Figure 5: The𝑅%of the antibiotics (20mg/L) onGO-CNF (20mg/L);
temp. 25 ± 0.1.

on the GO-CNF. The valves of 𝑅% ranged from 73.9 to
81.5%. In detail, the sequence of absorption efficiency was
as follows: DXC (81.5%) > CTC (79.5%) > OTC (79.1%) >
TC (73.9%), which was attributed to the different groups on
the branched chain of their chemical construction. Hence,
these results exhibited that more conjugated structures and
hydroxyl groups could be a benefit of antibiotics adsorption.

In order to investigate the adsorption process of antibi-
otic by GO-CNF, the pseudo-second-order kinetics models
calculated by (3) were represented as follows [32]:

𝑡
𝑞
𝑡

= 1𝑘
2
𝑞2
2

+ 𝑡𝑞
2

,

ℎ = 𝑘
2
𝑞2
2
,

(3)

where 𝑞
𝑡
(mg⋅g−1) is the amount of antibiotic adsorbed on the

surface of the adsorbent at any time and 𝑘
2
(g⋅(mg⋅h)−1) is the

rate constant of adsorption in pseudo-second-order model,
respectively; 𝑞

2
(mg⋅g−1) is the amount of antibiotic adsorbed

at equilibrium.
Thepseudo-second-order kineticsmodel described relied

on the assumption that adsorption was a chemical reaction,
that is, chemisorption. The obtained kinetics parameters
of pseudo-second-order kinetics model for adsorption of
antibiotics on GO-CNF were listed in Table 2. The pseudo-
second-order model (𝑅2 > 0.99) fitted the adsorption data
well, which illustrated that there was chemical adsorption in
quick adsorption of antibiotics on the GO-CNF. Moreover,
the calculated adsorption capacity (𝑞

𝑒
) values estimated by
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Table 3: Langmuir and Freundlich adsorption isotherms fitting parameters of antibiotics.

Langmuir Freundlich
𝑞
𝑚
(mg⋅g−1) 𝐾

𝐿
(L⋅mg−1) 𝑟2 𝐾

𝐹
(L⋅mg−1) 𝑛 𝑟2

DXC 469.74 0.126 0.997 49.563 1.687 0.938
CTC 396.49 0.117 0.995 48.847 1.987 0.964
OTC 386.53 0.098 0.996 46.985 2.145 0.959
TC 343.84 0.086 0.998 43.572 2.257 0.957

the pseudo-second-order model were 96.3, 89.7, 87.9, and
84.8mg⋅g−1 for DXC, CTC, OTC, and TC, respectively,
which showed excellent consistency with the detected val-
ues in experiment (95.9, 87.6, 85.7, and 82.1mg⋅g−1). The
rate constant of sorption (𝑘) was 0.129, 0.128, 0.116, and
0.09 g⋅(mg⋅h)−1 for DXC, CTC, OTC, and TC, respectively.

As two classic adsorption models, the Langmuir and
Freundlich models were applied to describe the adsorption
equilibrium. The mathematical representations of the Lang-
muir Equation and Freundlich Equation models [33] were
given as follows:

1
𝑞
𝑒

= 1𝑞
𝑚

+ 1𝐾
𝐿
𝑞
𝑒
𝐶
𝑒

, (4)

ln 𝑞
𝑒
= ln𝐾

𝐹
+ 1𝑛 ln𝐶𝑒, (5)

where 𝑞
𝑚
(mg⋅g−1) is the theoretical maximum adsorption

capacity per unit weight of the adsorbent and 𝑛 is the Fre-
undlich linearity index. 𝐾

𝐿
and 𝐾

𝐹
are adsorption constants

of Langmuir and Freundlich models, respectively. As an
ideal model, Langmuir model was applied widely in perfect
adsorbent surface and monolayer molecule adsorption. On
the other hand, as an empirical model, Freundlich model
was applied in the field of chemistry. The results of fitting
parameters by these models were listed in Table 3. For the
four kinds of antibiotics, the Langmuir (𝑅2 > 0.99) fitted
the adsorption data well and the Freundlich model (𝑅2 >
0.93) fitted reasonably. Hence, at certain concentration levels
instead of high one, the Langmuir model globally fitted well,
which exhibited the limitation of the hypothesis about a
monolayer adsorption. Moreover, Freundlich model would
be more fitted at high concentration which exhibited that
it was chemistry adsorption progress. Simultaneously, from
Langmuir model, the ideal maximum adsorption capacity
(𝑞
𝑚
), a model fitting parameter, was determined to be 469.7,

396.5, 386.5, and 343.8mg⋅g−1 for DXC, CTC, OTC, and
TC, respectively. Using the Freundlich model, the obtained
Freundlich constant (𝐾

𝐹
was 49.6, 48.8, 46.9, and 43.6 L⋅mg−1

forDXC,CTC,OTC, andTC, resp.) was higher thanwhatwas
reported by Ghadim et al. [22].

The possible adsorption mechanisms of the antibiotics by
GO-CNF were based on the following properties in Figure 6.

Firstly, with primarily 𝜋-𝜋 stacking, GO-CNF could act as
electron acceptors and be advantageous for adsorbing the
antibiotics by unsaturated double bond or conjugate structure
(Figures 6(a) and 6(b)) [34]. In addition, a lot of hydroxyls
both in GO-CNF afforded formation of hydrogen bonds
with antibiotics molecules. Secondly, the interconnected
3D networks structure of GO-CNF possessed meso- and
macropores (Figure 6(c)), which facilitated the free diffusion
of antibiotics and guaranteed mass transport to the 3D cross-
linking internal structure, and fully exposing the active sites
would enhance the opportunity for antibiotics to contact with
the macrostructure of GO-CNF via electrostatic attraction.
In summary, the GO-CNF for antibiotics adsorption were
through 𝜋-𝜋 stacking, hydrogen bonds, and electrostatic
attraction.

In consideration of the importance of the recyclability
for adsorbents, the 𝑅% of antibiotics on GO-CNF during
five sequential cycles of adsorption-desorption was shown
in Figure 7. GO-CNF exhibited a potential cycling behavior
and lost 1.5–2.5% with around 2.0% in five cycles, which
had been reduced by 2.5%, 1.9%, 2.3%, and 1.5% for DXC,
CTC, OTC, and TC, respectively, compared with that in first
cycle. In other words, the valve of 𝑅% was 75.0%, 79.5%,
72.5%, and 66.1% for DXC, CTC, OTC, and TC, respectively.
These results illustrated that GO-CNF could be still efficiently
reused through five regeneration cycles, which could be an
efficient, economical, and potential adsorbent for antibiotics
removal.

4. Conclusions

In conclusion, cellulose nanofibril/graphene oxide hybrid
(GO-CNF) aerogel with interconnected 3D network struc-
ture had been successfully prepared through one-step ultra-
sonication method. GO-CNF exhibited superior adsorption
performance towards this four kinds of antibiotics (469.7,
396.5, 386.5, and 343.8mg⋅g−1 for DXC, CTC, OTC, and TC,
resp.), which was attributed to the effects such as chemical
reaction (𝜋-𝜋 stacking and hydrogen bonds) and their pore
network microstructure. Furthermore, the simulated equi-
librium data exhibited a Langmuir adsorption isotherm and
the pseudo-second-order model was well fitted in adsorption
kinetic. Importantly, with reusability, as well as ease of
separation operation, the GO-CNF might be an efficient and
economical adsorbent in antibiotics removal application.
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The effects of saline solution on the electrical resistance of single wall carbon nanotubes-epoxy nanocomposites have been
investigated experimentally. Ultrasonic assisted fabricated 1.0% and 0.5W/W% SWCNTs epoxy nanocomposites are integrated
into a Kelvin structure by smear cast the nanocomposites on a glass wafer. Four metal pads are deposited on the nanocomposites
using the beam evaporator and wires are tethered using soldering. The effect of saline solution on the electrical resistance of
the nanocomposites is studied by adding drop of saline solution to the surface of the fabricated nanocomposites and measuring
electrical resistance. Moreover, the nanocomposites are soaked completely into 3wt.% saline solution and real-time measurement
of the electrical resistance is conducted. It is found that a drop of saline solution on the surface of the nanocomposites film increases
the resistance by 50%. Furthermore, the real-timemeasurement reveals a 40% increase in the resistance of the nanocomposites film.
More importantly, the nanocomposites are successfully reset by soaking in DI water for four hours. This study may open the door
for using SWCNTs epoxy nanocomposites as scale sensors in oil and gas industry.

1. Introduction

Scale is caused by the creation of inorganic soluble salts origi-
nating from the use of saline solution during the processing in
oil and gas production, which deposits at the internal surface
of the pipelines under supersaturating conditions. Sodium
chloride (NaCl) Calcium Carbonate (CaCO

3
) and Barium

Sulphate (BaSO
4
) are considered as the most insoluble

inorganic scale that forms during the extraction of oil. The
deposition can be observed not only in the pipelines but also
in water handling equipment, that is, pumps, valves, and any
other parts that interact with water. The deposition of the
scale leads to unavoidable damage of equipment, resulting
in the suspension of oil operations in order to replace the
damaged parts. In the petroleum industry, such interruptions
are escorted by extremely high costs.

There have been multiple studies and research conducted
on scale monitoring, testing, and optimization of scale
inhibitors [1–3]. The current industry practice for managing

scale programs relies on the determination of scale inhibitor
concentration in the scaling brine and then relates this
concentration to program performance. In most cases, scale
inhibitors tailored to the specific oil well are used. Often,
monitoring and testing for scales require offline sample
testing which impacts safety and productivity. Additionally,
scale inhibitor residual tests are not ideal because the tests
themselves are often time consuming to run, subject to
interference from components in the produced water, and
specific to the inhibitor used. In general, most of the studies
focused on the development and deployment of new sensing
materials that enabled monitoring and offline testing [4–
7]. Carbon nanomaterials found to be ideal materials for a
new class of sensor systems, which were not possible before.
This is due to its 2-D nature (inert, conductive where the
conductivity can bemodulatedwhen exposed to various ions,
molecules, and gases),mechanically very strong yet flexible so
that it can be applied to various shapes and forms, in addition
to its tolerance to high temperatures (stable till 700∘C).
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SWCNTs show unique mechanical, chemical, and physical
properties [8–10] which led to a variety of applications, that
is, nanofluids [11, 12], scanning probes [13], nanocomposites
[14, 15], grease [15–17], electron magnetic shielding interface
[18, 19], and sensors [20–24]. CNT polymer nanocomposites
have demonstrated good sensing capability. An et al. [25] fab-
ricated SWCNT/PPY gas sensors for NO

2
detecting.The sen-

sitivity of the as-fabricated sensor was about ten times higher
than the performance of bare polypyrrole (about 6% relative
resistance change at 200 ppmNO

2
). Zhao and coworkers [26]

gave the theoretical analysis of utilizing CNT-metal cluster
nanocomposites as a sensing material. CNT-Al clusters were
considered in that work. It was shown that adsorption of
ammonia causes a charge accumulation in the region between
Al cluster and nanotube. This charge accumulation results in
changes in the ionic component of the bonding and shifting
the Fermi level of the CNT-Al system. According to these
results [26], CNT-metal cluster hybrids could be tailored for
detecting different chemical species with high selectivity and
sensitivity. Qi et al. [27] built SWCNT- FETs with CVD
nanotubes grown across prefabricated metal (Mo) elec-
trode arrays. Noncovalent functionalization of SWCNT with
polyethyleneimine (PEI) and Nafion (a polymeric perfluori-
nated sulfonic acid ionomer) improved sensitivity and selec-
tivity of sensors to NO

2
and NH

3
gases. PEI coated sensors

were capable of detecting less than 1 ppb NO
2
while being

insensitive to NH
3
. Nafion-coated devices, on a contrary,

showed good sensitivity towards NH
3
with no response to

NO
2
.
Single walled carbon nanotubes- (SWCNTs-) epoxy nano-

composites are superior for two reasons: (1) the SWCNTs
epoxy nanocomposites are very sensitive to any changes at
its surface due to the formation of either covalent or nonco-
valent bond in between adsorbed molecules and the carbon
nanomaterials; (2) epoxy is a very durable thermosetting
polymer that has unique physical and chemical stability in
corrosive and hostile environments, taken into consideration
the temperature in the pipelines and wells is more than
120∘C along with very high pressure so it is believed that the
SWCNTs epoxy nanocomposites will be stable at this hostile
conditions.

In this study, SWCNTs epoxy nanocomposites have
been successfully fabricated and characterized. In addition,
the effects of saline solution on the electrical resistance
of SWCNTs epoxy nanocomposites have been investigated
experimentally; moreover, the stability of the nanocompos-
ites was studied using thermogravimetric analysis (TGA).
Furthermore, the stability of the nanocomposites in the saline
solution has been studied by submerging the SWCNTs epoxy
nanocomposites in the saline solution for ten hours where
the changes of the electrical resistance over a period of time
have beenmonitored.This studymay open the door for using
SWCNTs epoxy nanocomposites in many applications such
as sensors.

2. Materials and Methods

Materials. Single wall carbon nanotubes (SWCNTs) were
purchased from Sigma-Aldrich, USA, Inc. The chemical

surfactant sodium dodecylbenzene sulfonate (NaDDBS) was
purchased from Sigma-Aldrich. Epoxy resins and hardener
were purchased from west system Inc., Zayed port, Abu
Dhabi. Releasing agents, Frekote, were purchased fromLogis-
tics Company Limited, Dubai, UAE.

Characterizations. Sonicationwas performedusing aBranson
Digital Sonifier, model 450. The electrical conductivity was
obtained using Elite 300 Semiautomatic Probe Station &
Keithley 4200-SCS Parameter Analyzer. The microstructures
of the samples were probed by Scanning Electron Micro-
scope, FEI quanta 250 ESEM and the FEI Nova NanoSEM
650. Atomic force microscopy data was obtained using
(AsylumMFP-3D) deflection 1.5 V, scan speed 0.7Hz, applied
voltage 500mV, in contact mode imaging. Metal contacts
were evaporated on the substrates using Temescal BJD-2000
Ebeam Evaporator.

Methods. The used epoxy is a prepolymer consisting of
Bisphenol A attached to an epoxide group. NaDDBS sur-
factant was added to epoxy with a weight ratio of 4 times
carbon nanotubes and mixed manually for five minutes. The
mixture was then sonicated until the surfactant was dissolved
completely and a clear solution was obtained. 0.5 w/w% of
carbon nanotubes were added to the mixture and sonicated
again. The mixture was then mixed manually for 5min with
hardener byweight ratio of 10 : 2.63.Theglass platewas coated
with a layer of releasing agent (Frekote) and the mixture
was cast on the glass plate. The sample was cured at room
temperature for 24 hours.

3. Results and Discussion

3.1. Structural Characterization of SWCNTs Epoxy Nanocom-
posites. To fabricate stable SWCNTs epoxy nanocomposites
with reproducible properties is to homogeneously disperse
the SWCNTs into the epoxy resin. Strong Van der Waals
forces and entanglements of the nanotubes, though, limit
homogeneous dispersion unless the tubes can be separated.
Ultrasonic dispersion of the SWCNTs into the epoxy resin,
along with surfactant, reduces the size of agglomerated
material in the epoxy resin and provides the good dispersion.
SWCNTs epoxy nanocompositeswere prepared by dispersing
0.5 w/w% and 1.0 w/w% of SWCNTs in Bisphenol A based
epoxy resin using ultrahigh tip sonicator.

Figure 1 summarizes the Raman spectra for SWCNTs,
SWCNTs epoxy nanocomposites, and epoxy. Raman spec-
troscopy is considered as one of the most powerful tools for
carbon nanotubes characterization. The four main Raman
features of CNTs are the radial breathing mode (RBM), the
disordered induced D-band, the tangential G band, and the
G band (disorder overtone of D-band). The radial breathing
modes (RBM) is found at 270 cm−1, which indicates the
presence of SWCNTs. the G band is located near 1600 cm−1;
it allows for the determination of the carbon nanotube type,
metallic or semiconducting, as the peak is narrow and the G
band contains a shoulder by broadening the bottom part; the
SWNTs that are used in this work havemore semiconducting
tubes.The D-band, which is found near 1315.5 cm−1, is due to
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Figure 1: Raman spectra of SWCNTs epoxy nanocomposites and
SWCNTs. For SWCNTs RBM peak appears at 270 cm−1 and for the
nanocomposites the intensity of RBM peak was suppressed.

the defects within the carbon nanotubes.This band illustrates
the differences between a perfect carbon nanotube (low
intensity) and an imperfect carbon nanotube (high intensity).
The D-band of the used SWNTs found to be of very low
intensity, which tells that SWCNTs that are used in this work
have fewer defects. The G band is in the range of 2620 cm−1.
From the Raman spectra of SWCNTs epoxy nanocomposites
(Figure 2), it is obvious that the number of Raman signals
is increased due to the combined effect of SWCNTs and
the epoxy polymer. The C–O–C stretching of the epoxy
group was found at 1260 cm−1. The C–O stretching (ether
groups) and C–C stretching are found at 1302 cm−1, and
the strong stretching of C=C bonds of the aromatic rings is
found at 1611 cm−1 [28]. The shift that is seen in the Raman
spectra peaks for the SWCNTs epoxy nanocomposites when
nanotubes are incorporated into the epoxy resin, particularly
the lower-frequency peaks, to higher frequencies, can be
attributed to the opening of the nanotube bundles produced
by the intercalation of the epoxy [29].

Figure 2 is the SEM images for the nanocomposites show-
ing top and cross-sectional view. It demonstrates the uniform

dispersion of SWCNTs in the epoxy polymer forming a net-
work structure which is essential for electrical conductivity.
Electrical conduction in such nanocomposites occurs either
through tube−tube interaction within the same bundle or
between neighboring bundles through their contacts. There-
fore, the electrical conductivity depends on the conductivity
of the nanotubes themselves and the ability of the electric
carriers to tunnel between adjacent nanotubes or adjacent
bundles.

Figure 3(a) shows the EDX analysis for the 0.5 wt%
SWCNTs epoxy nanocomposites. As it can be seen from
the spectrum, the sample has sodium and chlorine, which
indicates the presence of sodium chloride on the surface.The
SEM image inset showsmanywhite spots on the surface of the
sample, so we selected one big spot and performed the EDX
analyses. The red spot is marking one of these big spots.

In order to study the stability of the fabricated nanocom-
posites in the high temperatures thermogravimetric analysis
(TGA) was carried out. Figure 3(b) illustrates the ther-
mograms for pristine SWNTs. As it can be seen thermal
degradation of pristine SWCNTs begins at around 500∘C and
all the carbonaceous species are burned off at higher temper-
ature, leaving behind impurities in the SWNTs. However, for
SWCNTs epoxy nanocomposites, there was a gradual weight
loss as the temperature increased above 150∘C.Theweight loss
at lower temperatures can be attributed to the evaporation of
moisture and surfactant retained by SWCNTs. The rate of
differential weight loss is higher in the range of 500–700∘C
because of the burning of carbon species in the aforemen-
tioned temperature regime.

Kelvin structure Figure 4 was fabricated by smearing the
SWCNTs nanocomposites onto a 2 × 3 inches’ glass substrate
and then metal pads of 15 nm Ti and 250 nm of Al were
evaporated on the top of the nanocomposites with Ebeam
evaporator and using shadow mask to create four-probe
Kelvin structures.

3.2. Electrical Characteristic and Mechanical Properties of
CNT Epoxy Nanocomposite. The effect of SWCNTs wt.% of
the electrical resistance of SWCNTs epoxy nanocomposite
was studied by measuring IV characteristics of two samples,
prepared from 0.5 wt% (two samples have been prepared;
sample 0.5 A and sample 0.5 B) and 1 wt% CNT epoxy
mixture, respectively. As shown in Figure 5(a), an increase
in SWCNTs weight concentration from 0.5% to 1% leads to
decrease in the electrical resistance from 3.70𝐸+4 and 4.01𝐸+
4 to 7.80𝐸+3.TheCNTepoxy nanocomposite is a 3Dnetwork
of dispersed SWCNTs in the epoxy, and the electrical conduc-
tion occurs either (1) tube−tube within the structure if the
dispersion is highly achieved, (2) SWCNTs− SWCNTs within
bundles, or (3) between neighbor bundles through their con-
tacts. Therefore, the electrical conductivity (𝜎) depends on
the conductivity of the nanotubes themselves and the ability
of the electric carriers to tunnel between adjacent nanotubes
or adjacent bundles. In our case, increasing the wt.% of the
SWCNTs increases network density by decreasing the gap
between the tubes which creates better contacts and provides
more conductive pathways for the charge carriers, which
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Figure 2: SEM images for SWCNTs epoxy nanocomposites. (a) and (b) are top and cross-sectional view of the 0.5 wt.% of SWCNTs epoxy
and (c) and (d) are the top and cross-sectional view of the 1 w/w% of SWCNTs epoxy nanocomposites.

yields an increase in conduction and a decrease in the
resistance.

Tensile samples were cut from these large film sheets.
Using a razor blade and straight edge, the large films were
cut into strips of uniform width. The strips were cut into
widths of either 25.4mm or 12.7mm; the width was chosen
according to the ASTMDesignation: D 882-97 Standard Test
Method for Tensile Properties ofThin Plastic Sheeting which
states that the test specimen should be of width not less than
5mm and not greater than 25.4mm. Strips were as wide
as possible to minimize the effects of edge flaws. The strip
length was arbitrarily chosen to be at least 4, and the initial
grip separation was 2 less than the length of the test strip.
Figure 5(b) shows that the SWCNTs epoxy nanocomposites
have a tensile strength of 60Mpa; although the tensile
strength for neat epoxy is 69Mpa [30], the results prove that
the SWCNTs epoxy nanocomposites are mechanically strong
enough to tolerate the hostile environment inside the oil and
gas pipelines

3.3. Real-Time Electrical Resistance Measurements. Scale
sensing performance of SWCNTs films was characterized by
measuring electrical resistance of the sample under different

conditions in the following sequence: IV characteristics of the
sample were measured in ambient conditions to record the
baseline electrical resistance; the sample is then exposed to
3wt.% of saline solution to analyze the electrical response of
CNT epoxy based sensor; and ability to reset the sensor is
examined by applying different mechanisms, that is, rinsing
or complete immersion in DI water, and the resistance is
measured again to confirm sensor recovery.

The resistance of the prepared SWCNTs was measured
for the samples just after the preparation and is referred to
as resistance of virgin samples while the resistance measured
after adding saline is referred to as resistance with saline.
Figure 6(a) shows the resistance of the s samplewith sweeping
voltage from 0 to 1.0 V. The resistance of the sample seems to
be very consistent in the swept range. Figure 6(b) shows that
adding a drop of saline solution on the surface of the SWCNTs
epoxy nanocomposites increases the resistance from 4.50𝐸+4
to 6.50𝐸 + 4. Chemical doping can induce strong changes in
conductance. Such changes can be easily detected by electron
current signals, and these properties make SWCNTs based
sensors extremely sensitive to chemical changes.

The real-time sensing measurement in the liquid was
done by dipping the sample completely in a beaker with
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Figure 3: (a) Elemental characterization for saline detection. EDX for SWCNTs epoxy nanocomposites on a glass substrate that has saline
molecules at the top of the SWCNTs epoxy nanocomposites surface. (b)Thermogravimetric analysis of pristine SWCNTs and SWCNTs epoxy
nanocomposites and SWCNTs epoxy showing weight loss and differential curves at a heating rate of 10∘C/min in a nitrogen atmosphere.
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Figure 4: Kelvin structure for SWCNTs epoxy nanocomposites
based sensor prepared with smear casting technique with Ti/Al
metal contacts.

wires coming out of the sample. This approach requires
careful insulation of the electrodes in order to ensure that the
measured current is that of the CNT films rather than that of
the solution itself. The change in resistance is then measured
using the Keithley� four-probe setup.

It is very important to have a sensor that can be used for
many times. So the ability to reset the sensor is examined by
applying different mechanisms, that is, rinsing with DI water
or complete immersion in DI water for some time, and the
resistance is measured again to confirm the sensor resetting
capabilities.The real-time sensingmeasurement was done for
the 0.5 wt% of SWCNTs epoxy nanocomposites with 3wt%
of saline as it can be seen that the sample was soaked in
3wt.% of saline solution and an in situ measurement for

the electrical resistance was done. Figure 7 shows that the
sample was recycled almost four times. Soaking the sample
in DI water for 3 hours dissolves the saline and removes it
from the surface of the sample. The figure shows also the
percentage change in the resistance due to the saline or due
to the resetting by soaking in water.

Conductive atomic force microscopy C-AFMwas carried
out for the virgin sample and for the sample with saline
solution on the surface. Figure 8 shows that virgin sample (a)
has more nanotubes than the sample with saline molecules at
the surface (b), which means that C-AFM of SWCNTs epoxy
nanocomposites affirm that virgin sample is more conductive
than the one with saline and thismatches the resistance curve
in Figures 8(a) and 8(b).

3.4. Setting and Resetting Process. The setting and resetting
processes for 1.0 wt.% SWCNTs epoxy nanocomposites were
studied too. Figure 9 demonstrates one testing cycle for the
SWCNTs epoxy nanocomposites based sensor, including the
records of baseline resistance of the sample and the electrical
response to saline environment.

Figure 9 shows a strong response of the 1.0 wt.% SWCNTs
epoxy nanocomposites films to saline solution with the
resistance change by 43%. Sensing response can be calculated
with a simple formula:𝑅

0
is the resistance values of the virgin

state and 𝑅 is the resistance after exposure to the saline; the
response is as follows:

𝛿 =
Δ𝑅

𝑅
0

=
𝑅 − 𝑅

0

𝑅
0

. (1)
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Figure 5: Stress-Strength curves for 0.5 wt% SWCNTs epoxy nanocomposites. (b) Effect of the SWCNTs wt.% of the electrical resistance of
the SWCNTs epoxy nanocomposites.
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Figure 6: The electrical resistance measurement for (a): 0.5 wt.% of SWCNTs epoxy nanocomposites virgin sample and (b) 0.5 wt.% of
SWCNTs epoxy nanocomposites in 3wt.% saline solution.
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Figure 7: Real-time sensing measurement for 0.5 wt.% of SWCNTs
epoxy nanocomposites in 3wt.% saline solution.

According to formula (1), sensitivity of as-fabricated sensor of
the 1.0 wt. of the SWCNTs epoxy nanocomposites is 16%. In
order to check sensor recovery, the sample was washed in DI
water and the IV characteristicsweremeasured again. As seen
fromFigure 9 red curve, rinsingwithwater did not change the
electrical resistance of the sample. This can be attributed to

the roughness and the pores that the surface of the nanocom-
posites has, which trap the salt ions inside and prevent them
from being washed out from the surface. Soaking in DI
water allows resetting the resistance value by just removing
most of the salt ions from the pores and the surface of the
nanocomposites and well dissolving them in the DI water.

Multiple tests have been repeated to analyze the sensing
performance of the 1.0 wt% of SWCNTs epoxy nanocompos-
ites based sensor for scale detection. The set/reset perfor-
mance for 1.0 wt% of SWCNTs epoxy nanocomposites was
quite challenging after the second resetting cycle due to the
many pores that the nanocomposites have because of the high
concentration of the SWCNTs, but the sensing capability of
the SWCNTs nanocomposites along with their stability in
hostile environment may open the door for the SWCNTs
nanocomposites in many application where the resting of the
sensor is not a crucial process.

4. Conclusion

SWCNTs epoxy nanocomposites have been successfully fab-
ricated and characterized. The effect of saline solution on
the electrical resistance of the nanocomposites due to adding
a drop of saline solution to the surface of the fabricated
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Figure 8: C-AFM for current mapping of 0.5 wt.% SWCNTs epoxy nanocomposites. (a): virgin sample of SWCNTs epoxy nanocomposites.
(b): SWCNTs epoxy nanocomposites sample with saline on the top of the surface.
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Figure 9: Electrical resistance for 1.0 wt% of SWCNTs epoxy
nanocomposites. Blue curve for the virgin sample, purple curve after
adding brine solution, red curve after washing with water, and the
black one after soaking in water.

nanocomposites was discussed. SWCNTs epoxy nanocom-
posites were found to be stable at the oil pipelines tempera-
ture. It was found that a drop of saline solution on the surface
of the 0.5 wt% nanocomposites film increases the resistance
by 50%.Moreover, the real-timemeasurement showed a 40%
increase in the resistance of the nanocomposites film. More
importantly, the nanocomposites were successfully reset once
soaked in DI water. Soaking the sample in DI water for 3
hours dissolves the saline and removes it from the surface
and the pores of the nanocomposites films.The pores 1.0wt%
of SWCNTs epoxy nanocomposites have made the set/reset
performance for 1.0wt% of SWCNTs epoxy nanocomposites
quite challenging. This study may open the door for using

SWCNTs epoxy nanocomposites as scale sensors in oil and
gas industry
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We prepared a unique leaf-like BiVO4-reduced graphene oxide (BiVO4-rGO) composite with prominent adsorption performance
and photocatalytic ability by a single-step method. Multiple characterization results showed that the leaf-like BiVO4 with
average diameter of about 5 um was well dispersed on the reduced graphene oxide sheet, which enhanced the transportation of
photogenerated electrons into BiVO4, thereby leading to efficient separation of photogenerated carriers in the coupled graphene-
nanocomposite system. The characterization and experiment results also indicated that the outstanding adsorption ability of
such composite was closely associated with the rough surface of the leaf-like BiVO4 and doped rGO. The surface photocurrent
spectroscopy and transient photocurrent density measurement results demonstrated that the doped rGO enhanced separation
efficiency and transfer rate of photogenerated charges. As a result, the BiVO4-rGO exhibited higher photocatalytic capacity toward
the degradation of rhodamine B dye under visible-light irradiation compared with pure BiVO4 and P25.

1. Introduction

In the world where energy shortage and environment pollu-
tion have become worse, semiconductor-based photocataly-
sis has attracted great attention over the past decades because
of its potential applications in solar energy conversion and
environmental purification [1–3]. To prepare high-activity
photocatalysts, researchers have made numerous attempts to
prepare new ones such as TiO2, (BiO)2CO3, ZnO, and BiVO4
[4–7]. Considering that visible light accounts for the largest
proportion of the solar spectrum and artificial light, prepara-
tion of a high-activity visible-light-driven photocatalyst has
become a hot topic at present [8].

As a visible-light-driven photocatalyst, BiVO4 enjoys
advantageous properties such as nontoxicity, low cost, and
high stability against photocorrosion. The bandgap of mon-
oclinic BiVO4 is 2.4 eV, which means it can be successfully
activated by visible light. Recently, more and more attention

has been paid to the synthesis of BiVO4 of different sizes
and shapes. Since the morphology of BiVO4 will significantly
impact its photocatalytic performance, researchers have syn-
thesized BiVO4 in various morphological shapes such as
BiVO4 nanosheets [9, 10], peanut-like BiVO4 [11], spherical
BiVO4 [12], flower-like BiVO4 [13], three-dimensional aci-
cular sheaf BiVO4 [14], and tube-like BiVO4 [8], so as to
better tune the photocatalytic capacities of materials and thus
realize enhanced degradation of pollutants. However, pure
BiVO4 has limited efficiency in migration of photogenerated
electron-hole pairs, which restricts its application in practical
situations [15]. To solve this problem, great efforts have been
conducted, for instance, incorporating reduced graphene
oxide into the monoclinic BiVO4 [16, 17].

It is a reliable way to improve the photocatalytic activity
of pure BiVO4 by coupling with graphene-related mate-
rials (e.g., reduced graphene oxide (rGO)). With two-
dimensional conjugated structure and unique intrinsic
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properties, graphene (as well as rGO) can serve as a
supporting platform on which semiconductors can be dis-
persed and stabilized for being applied in catalysis [18].
rGO enjoys high electrical conductivity, high carrier mobility
(200000 cm2/V), high specific surface area (2630m2/g), and
a bandgap which is almost zero [19–21]. Therefore, it is a pre-
ferred material for loading catalysts, transporting electrons,
and stabilizing extraneous electrons. It is worth noting that
graphene has outstanding electronic conductivity because
of its high abundance of delocalized electrons in its 𝜋-
conjugated electronic structure. In the graphene-composite
coupled system, the high conductivity of graphene facilitates
an effective transfer of photogenerated charges in the attached
semiconductors, thus leading to efficient separation of photo-
generated charge carriers [12, 22, 23].

There have been few comparative researches on lamellar
BiVO4-graphene nanocomposite and microspherical silver-
rGO-BiVO4 composite [12, 22]. These researches revealed
that the morphology of the catalyst has great influence on its
photocatalytic activity. In this study, a single-stepmethodwas
adopted to synthesize a leaf-like BiVO4-rGO composite, of
which the photocatalytic activity was tested via degradation
of rhodamine B.

2. Experiments

2.1. Materials. In this experiment, we used analytically
pure chemicals including bismuth(III) nitrate pentahydrate
(Bi(NO3)3⋅5H2O, Chengdu Kelong Chemical Company),
ammonium metavanadate (NH4VO3, Chongqing Chuan-
dong Chemical Company), sodium hydroxide (NaOH,
Chongqing Chuandong Chemical Company), nitric acid
(HNO3, Chengdu Kelong Chemical Company), rhodamine
B (RhB) dye (Tianjin Guangfu Fine Chemical Research
Institute), and graphene oxide water solution (GO solution,
≥99.85%, with concentration of 2mg/mL, Hengqiu Tech
Company).

2.2. Synthesis of BiVO4-rGO Composite. Dissolve 0.01mol
Bi(NO3)3⋅5H2O in 50mL of 2mol/L HNO3 solution, and
then mark the solution as solution A. In contrast, dissolve
0.01mol NH4VO3 in 50mL of 2mol/L NaOH solution, and
then mark the solution as solution B. After that, add solution
B dropwise to solution A while stirring for 30min. Adjust
the pH of the mixed solution to 7 by adding 2mol/L NaOH
solution dropwise. In addition, add 8.2mL of 2.0mg/mL GO
solution to 20mL of DI water, and then conduct sonication
treatment in an ultrasonic bath for about 1 h. Subsequently,
add GO solution to the BiVO4 mixed solution followed
by sonication treatment for another 1 h. After the above
procedures, a homogeneous suspension is formed, and thus
the sample can be obtained. Place the sample in a 100mL
Teflon-sealed autoclave at 200∘C for 6 h before realizing the
crystallization of BiVO4 andGOcomposite and the reduction
of GO. Conduct centrifugation treatment for the precipitate,
wash it with deionized water several times, and then dry it in
the vacuum freeze drier at −60∘C for 24 h, finally obtaining
the synthesized composite known as BiVO4-rGO (wherein

the mass percentage of rGO is 0.5%). For comparison,
implement the same procedures to synthesize pure BiVO4.

2.3. Characterization. Scanning electron microscopy (SEM)
images were obtained using a JSM-7800F JEOL emis-
sion scanning electron microscope; energy dispersive X-
ray (EDX) images were obtained using an EDX-100A-4;
powder X-ray diffraction (XRD) spectra were obtained
using a Rigaku D/Max-rB diffractometer with Cu K𝛼 radi-
ation. The scanning angle 2𝜃 ranged between 10∘ and 70∘.
UV-visible diffuse-reflectance spectroscopy (UV-Vis DRS)
was performed using Hitachi U-3010 UV-Vis spectrometer.
Fourier transform infrared spectroscopy (FTIR, IRPrestige-
21, Shimadzu, Japan) analysis of the composite was conducted
using FTIR spectrophotometer by using KBr as a reference
sample. An Al Ka X-ray source (Thermo Fischer Scientific,
K-Alpha, UA) was adopted to conduct X-ray photoelectron
spectroscopy (XPS) characterization. Photoelectrochemical
properties were evaluated using a CHI Electrochemical
Workstation (CHI 760E, Shanghai Chenhua, China). The
sample for electron spin resonance (ESR) measurement
was prepared by mixing photocatalyst powder samples in
a 50mM DMPO solution tank (aqueous dispersion for
DMPO-∙OH and methanol dispersion for DMPO-O2

∙−).
The Brunauer-Emmett-Teller (BET) surface area measure-
ments and evaluation of the porosities of the samples were
conducted on the basis of nitrogen adsorption isotherms
measured at 400∘C using a gas adsorption apparatus (Gemini
VII 2390, Micromeritics Instrument Corp., Norcross, GA,
USA).

2.4. Evaluation of Photocatalytic Activity. The photocatalytic
activities of the samples were evaluated via photodegradation
of RhB using a 500W Xe lamp as visible-light irradiation
source at room temperature. In this experiment, first add
0.10 g catalyst to 100mL of a 5mg/L RhB aqueous solution,
and then keep magnetically stirring for 30min in the dark
to obtain good dispersion and reach adsorption-desorption
equilibriumbetween the dye and the catalyst. After that, place
the solution in a 250mL beaker, which is located 350mm
away from the 500W Xe lamp. Collect the solution once for
every 2 h of irradiation, and then subject it to centrifugation
at 10000 r/min for removing catalysts, and finally test the
absorbance of RhB in the solution. The concentration of
the remaining dye was spectrophotometrically monitored
according to the absorbance of the solutions at 552 nm.
For comparison, the control experiments were performed
with pure BiVO4, P25, and BiVO4-rGO (with different mass
percentages of rGO), or without any catalyst under the same
condition. To investigate the effect of rGO dosage on the
photocatalytic property of the photocatalyst, the BiVO4-
rGOs with rGO wt% of 0.25, 0.5, and 1 were synthesized,
respectively.

3. Results and Discussion

3.1. SEM-Based Morphology Analysis. Scanning electron
microscopy (SEM) was used to study the sizes and
morphologies of the prepared samples. As shown in
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Figure 1: SEM images of ((a), (b)) pure BiVO4 and ((c), (d)) BiVO4-rGO.

Figure 1, each sample has a unique leaf-like structure
consisting of BiVO4 crystal grains of which the average
diameter is about 5 um, and the rGO sheet within is easy
to be observed. According to Figures 1(c) and 1(d), it
can be seen that the two leaf-like BiVO4 structures are
loaded on the rGO sheets. Since BiVO4 and rGO sheets
are closely in contact with each other, transportation of
electrons photogenerated in BiVO4 can be enhanced, thereby
leading to efficient separation of photogenerated carriers
in the coupled rGO-composite system. In conclusion,
this material is expected to have enhanced photocatalytic
activity.

3.2. EDX-Based Composition Analysis. The chemical com-
position of BiVO4-rGO was measured by studying its EDX
spectrum. Figure 2 shows that BiVO4-rGO is mainly com-
posed of elements Bi, C, O, and V. Based on the elemental
mapping images, we can draw the following conclusion. First,
the leaf-like particles are bismuth vanadate, because their
distributions of Bi, O, and V are almost the same; second, the
surface of BiVO4 is covered with a layer of rGO film, because
the color of C element is determined by rGO film’s positon.
According to the SEM and EDX results, it can be known
that the leaf-like BiVO4 particles are successfully loaded on
the surface of the rGO film, which is consistent with XRD
results.

3.3. XRD Pattern Analysis. The phase structures of the
composites were characterized by X-ray diffraction (XRD)
measurement and the XRD patterns are shown in Figure 3.

The sharp XRD peaks indicate that the BiVO4 is in high
crystallinity. From this figure, we can see that almost all the
diffraction peaks (110, 010, 121, 040, 200, 211, 150, 240, 161,
etc.) of the pure BiVO4 and BiVO4-rGO could be ascribed
to the monoclinic BiVO4 (JCPDS 14-0688) [24] which is the
most active phase of three phases of BiVO4 under visible-
light irradiation [25]. This explains why the photocatalysts
remain in a monoclinic structure and why the phase of
BiVO4 remains unchanged after the addition of GO. An
insignificant peak (002, with blue color) of rGO at around
25∘ can be observed while no characteristic peak of GO at
around 12∘ can be found, which indicates that GO has been
well reduced to rGO through the photocatalytic reduction
process [18, 26]. The XRD analysis also shows that the
phase of BiVO4 remains unchanged after the addition of
GO.

3.4. Analysis of Optical Properties Based on UV-Vis DRS. The
optical absorption property of the semiconductor has been
regarded as a key influencing factor on its photocatalytic
performance. Figure 4 shows representative spectra of pure
BiVO4 and BiVO4-rGO, respectively, from which we can see
that the absorption spectrum of BiVO4-rGO is nearly the
same as that of pure BiVO4, and the spectrum of BiVO4-
rGO is above that of pure BiVO4. These results verify that
the incorporation of rGO can lead to significantly increased
absorption of visible light, therefore increasing the utilization
of visible light.

Moreover, the energy band structure of semiconductor
is also an important factor determining its photocatalytic
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Figure 2: (a) SEM image of composite BiVO4-rGO; (b) EDX spectrum of composite BiVO4-rGO; ((c)–(f)) SEM elemental distribution
mappings of Bi, O, V, and C.

activity. The relationship of absorbance and incident photon
energy ℎ𝜐 can be described by

𝐴ℎ𝜐 = 𝐶 (ℎ𝜐 − 𝐸𝑔)
1/2
. (1)

In this equation, 𝐴 represents the absorption coefficient,
𝐸𝑔 represents the bandgap energy, ℎ represents Planck’s
constant, 𝜐 represents the incident light frequency, and

𝐶 denotes a constant. The bandgap energy (𝐸𝑔) of the
photocatalyst can be estimated by a plot depicting (𝐴ℎ𝜐)2
versus ℎ𝜐 [27, 28]. The estimated bandgap energies of pure
BiVO4 and BiVO4-rGO were measured to be 2.375 eV and
2.29 eV, respectively.The absorption edges of BiVO4-rGOand
pure BiVO4 were measured to be 541.48 nm and 522.1 nm,
respectively.
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3.5. FTIR-Based Chemical States Analysis. In order to ensure
an efficient transfer of rGO and to characterize the carbon
species, FIIR was used to obtain further insights into the
reduction of GO. Figure 5 shows the FTIR spectra of GO,
GR, BiVO4, and BiVO4-rGO, respectively. We can observe
a strong absorption band of GO at 3410 cm−1 due to the O-
H stretching vibration.The characteristic peaks at 1736, 1628,
1406, and 1089 cm−1 can be ascribed to carboxyl or carbonyl
C=O stretching, carboxyl-OH stretching, C=C stretching,
phenolic C-OH stretching, and alkoxy C-O stretching,
respectively [29, 30]. In contrast to GO, the various oxygen-
containing groups (800–1900 cm−1) in BiVO4-rGO and GR
are significantly decreased or even disappeared, indicating
that the hydrothermal synthesis is an effective method for
reducing GO into rGO. In the case of the BiVO4-rGO, the

typical absorption peaks of GO are dramatically weakened
or even disappeared as compared with those of the pure
GO, which verifies the reduction action of GO. The broad
absorption cases at low frequency (below 1000 cm−1) are
associated with V1 (VO4) and V3 (VO4) [31]. All the results
show that, in our study work, we can successfully prepare a
composite catalyst which incorporates rGO as a platform.

3.6. XPS-Based Chemical States Analysis. XPS was used to
evaluate the chemical and bonding environments of loaded
BiVO4-rGO, and results are shown in Figure 6. As shown in
Figure 6(a), the scanned spectrum of BiVO4-rGO is within
the range between 0 and 800 eV, from which we can find
that this composite consists of elements Bi, O, V, and C.
Figure 6(b) shows the binding energies for Bi 4f7/2 and Bi
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4f5/2 to be 158.8 and 164.1 eV, respectively, which is closely
associated with the Bi3+ peak in the monoclinic BiVO4
[32]. Figure 6(c) shows the C1s XPS spectrum, in which
we can see two characteristic peaks that are caused by the
oxygenated ring C bonds (284.6 eV for C-C, C=C, and C-H
and 287.0 eV for the C-O bond) [33]. These results indicate
that some oxygen-containing functional groups are loaded
on the rGO surface. Due to the presence of these groups,
pollutants can be absorbed by catalysts more easily, and
the photocatalytic effect of the catalyst can be enhanced.
However, in the C1s XPS spectra of BiVO4-rGO, the relative
intensities of the three components associated with C-O/C-O
bonds decrease significantly, which indicates that some of the
oxygen functional groups were reduced during the reduction
process [34]. Although the GO makes no contribution to
the transfer of electron because of nonconductivity, the GO
after reduction (rGO) is significantly helpful. According to
Figure 6(e), it can be seen that the peaks at binding energies of
524.1 (V2p1/2) and 516.3 eV (V2p3/2) belong to the split signal
of V2p, and the V2p peak is ascribed to V5+ [31].

3.7. Charge Separation Based on SPS and TPD. The photo-
catalytic ability of composite is also largely dependent on
its capability of separating and transferring charges [35, 36].
The steady-state surface photocurrent spectroscopy is an
effective approach to reveal the charge transfer efficiency
of a semiconductor. In order to investigate the impact of
rGO on the charge separation of BiVO4, SPS was conducted
in air atmosphere, and the SPS results are shown in Fig-
ure 7(a), from which we can observe strong signals for both
samples. The deposited rGO on BiVO4 could enhance the
SPS response. Moreover, a stronger SPS response can lead
to a higher charge separation rate [37]; therefore, it can be
concluded that rGO can lead to enhanced charge separation
of BiVO4.

Photoelectrochemical measurements were conducted to
study the excitation, separation, transfer, and recombination

Table 1: The degradation efficiency after 8 h and adsorption effi-
ciency after 30min of different photocatalysts.

Sample Adsorption efficiency Degradation efficiency
P25 0.04% 13%
BiVO4 14% 37%
BiVO4-rGO 0.25% 17% 49%
BiVO4-rGO 1% 21% 59%
BiVO4-rGO 0.5% 29% 75%

of photogenerated charge carriers [38]. As shown in Fig-
ure 7(b), BiVO4-rGO electrode displays a prompt, steady,
and reproducible photocurrent response during repeatedly
switching on/off Vis irradiation, and lower photocurrent
density is observed in the case of BiVO4. The enhanced
photocurrent of the BiVO4-rGO electrode is associated with
high photogenerated charge separation efficiency and high
charge transfer rate in the composite. The rGO serves as
an acceptor and also a transporter for the electrons excited
by visible-light energy and generated from BiVO4, so as to
inhibit the recombination of photogenerated electron-hole
pairs effectively.

3.8. Photocatalytic Activity for Degradation of RhB. Figure 8
shows the photodegradation rates of RhB under visible-
light irradiation by using BiVO4-rGO (with rGO wt% of
0.25%, 0.5%, and 1%), pure BiVO4, and P25, respectively.
For comparison, the results of degradation of RhB without
involvement of catalysts are also shown. Prior to irradiation,
the mixture of the dye and catalyst was stirred in the
dark for 30min to attain adsorption-desorption equilibrium.
Moreover, the photostability test was also evaluated.

From Figure 8(a) and Table 1, we can see that the concen-
trations of RhB in the presence of photocatalysts gradually
decrease with the extending of visible-light irradiation time,
while the concentration of RhB without the involvement of
catalysts decreases insignificantly. This result indicates that
the degradation of the RhB solution is affected by photo-
catalytic reaction under visible-light irradiation. After 8 h of
irradiation, only about 3% of RhB was degraded without
catalyst, which is mainly due to the self-sensitization induced
photodegradation of RhB. In contrast, there were about 13%,
37%, 49%, 59%, and 75% of RhB photocatalytically degraded
with P25, pure BiVO4, BiVO4-rGO-0.25%, BiVO4-rGO-1%,
and BiVO4-rGO-0.5%, respectively. After stirring in the dark
for 30min, the adsorption percentages of P25, pure BiVO4,
BiVO4-rGO-0.25%, BiVO4-rGO-1%, and BiVO4-rGO-0.5%
were 0.04%, 14%, 17%, 21%, and 29%, respectively, which
indicates that the leaf-like BiVO4 photocatalyst is of excellent
adsorption performance.

As shown in Figure 8(a), the photocatalytic ability of
pure BiVO4 is much stronger than that of P25 under visible-
light irradiation. This is because the light response range
of BiVO4 is larger than that of P25 and the rough surface
of special leaf-like BiVO4 (in Figure 1, SEM pictures) can
increase the reaction interface. In addition, the degradation
rate of RhB when using the BiVO4-rGOs as a catalyst was
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Table 2: Characteristics obtained from nitrogen desorption isotherms.

Sample Mean pore size (nm) Pore volume (cm3g−1) Surface area (m2g−1)
BiVO4 0.558 0.006381 2.199
BiVO4-rGO 0.5% 3.5915 0.016921 8.0929

higher than that when using pure BiVO4 as a catalyst. This is
mainly due to the fact that BiVO4-rGOhas larger BET surface
area and pore volume (Table 2), which further enhances the
contact area between BiVO4-rGO and organic contaminants.
Moreover, the high electrical conductivity and high carrier
mobility from rGO enhance the transfer of photogenerated
electrons in the BiVO4, thereby leading to efficient sepa-
ration of photogenerated carriers in the coupled BiVO4-
rGO system and an increased photoconversion efficiency,
which is consistent with the results of UV-Vis DRS, SPS,
and TPD. We also studied the effect of the dosage of rGO
on the photocatalytic properties of the photocatalyst, which
can be ordered as BiVO4-rGO-0.5% > BiVO4-rGO-1% >
BiVO4-rGO-0.25%, indicating that the dosage of rGO indeed
has a significant effect on both adsorption and degrada-
tion. The optimal dosage of rGO was finally determined
as 0.5%. Although rGO can increase the surface area and
facilitate the transfer of photogenerated electrons in the
BiVO4, an excessive dosage of rGO may lead to the shielding
of the active sites of the photocatalysts, decreased contact
area between BiVO4 and light illumination, and lowered
efficiency of light passing through the reaction solution,
thereby reducing the photoactivity of BiVO4-rGO composite
[39].

Stability is another index greatly affecting the applica-
tion of the catalyst. The stability of BiVO4-rGO has been
investigated, and the results are shown in Figure 8(c), from

which we can see that there is no significant deactiva-
tion during the 4-cycle photodegradation process, and the
slight decrease of photocatalytic activity is probably due
to the mass loss during the centrifugation and washing
process.

In order to investigate the photocatalytic mechanism,
spin-trapping ESR technique was conducted to detect photo-
generated radicals in the photocatalytic process, and results
are shown in Figure 9. DMPO (5,5-dimethyl-1-pyrroline-
N-oxide) is usually used for trapping radicals because
of its capability of generating stable radicals such as the
DMPO-hydroxyl radical (∙OH) and DMPO-superoxide rad-
ical (O2

∙−). The ESR technique was adopted to monitor the
reactive species generated under the visible-light irradiation
in the presence of BiVO4-rGO and BiVO4 in aqueous disper-
sion for DMPO-∙OH and inmethanol dispersion for DMPO-
O2
∙−, and the results are shown in Figure 9. From the 4 pic-

tures, we can clearly observe the signals of superoxide (O2
∙−)

and hydroxyl (∙OH) radicals.The intensities of O2
∙− and ∙OH

signals of BiVO4-rGO increase significantly after 9min of
irradiation, as shown in Figures 9(a) and 9(b).Therefore,O2

∙−

and ∙OH are the main oxidative species for the BiVO4-rGO
system which can react with RhB. As shown in Figure 9(c),
the signal intensity of superoxide (O2

∙−) of BiVO4-rGO is
stronger than that of BiVO4, which can also be observed in
Figure 9(d).
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A possible reaction process is proposed in Figure 10.
Electron-hole pairs are first generated on the BiVO4 surface
under visible-light excitation, and then photogenerated elec-
trons are quickly transferred to rGO sheets via the percolation
mechanism. After that, the electrons on rGO sheets react
with O2, resulting in

∙O2
− radicals and ∙OH. Finally, the dye

molecules adsorbed on the active sites of BiVO4-rGO are
oxidized by the active species (h+, ∙OH, and O2

∙−). In the
whole process, the rGO sheet serves as an electron mediator,
which is of enhancing effect for the separation and transfer of
electrons.

4. Conclusions

In summary, a simple and low-cost method was proposed
for the controllable synthesis of leaf-like BiVO4-rGO under
gentle conditions.The as-synthesized composite BiVO4-rGO

exhibited excellent performances in adsorption and photo-
catalytic degradation of RhB in aqueous solution. After being
incorporated with rGO, the leaf-like BiVO4 displayed an
enhanced photocatalytic activity, enhanced light harvesting
efficiency, and reduced charge recombination rate due to its
uniquemorphological structure. In addition, the as-prepared
BiVO4-rGO showed good photocatalytic repeatability and
stability under irradiation for a prolonged time.This research,
in which a unique shaped semiconductor was combined
with rGO, provides reference for designing novel hybrid
photocatalysts that may effectively solve water-pollution
issues.
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Silver nanoparticles (AgNPs) were rapidly synthesized using an exopolysaccharide from Arthrobacter sp. B4 (B4-EPS). The
optimum condition for AgNPs synthesis was under the concentration of 5 g/L B4-EPS and 1mM AgNO

3
at 80∘C between pH

7.0 and 8.0. The resulting AgNPs displayed a face-centred-cubic structure with the size range from 9 nm to 72 nm. Further analysis
showed that flocculation and reduction of B4-EPS played a pivotal role in the formation ofAgNPs. Furthermore, these nanoparticles
exhibited great stability, excellent antimicrobial activity, and low phytotoxicity. The aforementioned data provide a feasible and
efficient approach for green synthesis of AgNPs using microbial polysaccharides with flocculation and reduction activity, which
will be promising in medical filed.

1. Introduction

Silver nanoparticles (AgNPs) have been widely used in
the field of medicine, food, cosmetics, clothing, chemical
conversion, and sensing due to their excellent antimicrobial,
catalytic, conductive, and optic properties [1, 2]. Synthesis
of AgNPs via chemical and physical methods has been
extensively developed in the last decade. Chemical reduction
of silver ions is one of the most common ways to produce
AgNPs, which was achieved by some chemical reducing
agents such as sodium borohydride, sodium citrate and N,N-
dimethyl formamide, and sodium dodecyl sulfate [3–5]. On
the other hand, some physical methods including sputter
deposition, laser ablation or cluster beam deposition, and
thin films have also been exploited to synthesize AgNPs [6–
8]. However, some chemical and physical methods are quite
expensive and hazardous, thus the resultingAgNPs have been
found to cause potent cytotoxicity [9]. Alternatively, biologi-
cal materials such as bacteria, fungus, yeasts, actinomycetes,
plant leaf or seed, and some biomolecules have been stated as
safe to synthesize metal nanoparticles on extra/intercellular
level [10–13].

Recently, some natural polysaccharides or their deriva-
tives such as cellulose, chitosan, starch, and sulfated chitosan
have been applied to produce nontoxic AgNPs [14–18]. By
contrast, microbial polysaccharides have higher reducibility
because of their diverse chemical constituents and complex
structures. AgNPs have been synthesized by several com-
mercial microbial polysaccharide gums, such as gellan gum
and pullulan, which exhibited a strong antimicrobial activity
[19, 20]. In addition, polysaccharide-based bioflocculants
from marine Bacillus subtilis MSBN17 and Streptomyces
sp. MBRC-91 were also able to contribute to the high-
performance production of AgNPs since they easily form
a variety of liquid crystals in aqueous solutions [21, 22].
However, the mechanism of AgNP synthesis mediated by
flocculated polysaccharide and the bioactivity and toxicity of
these nanoparticles were unknown yet.

In our previous study, we discovered that the exopolysac-
charide from Arthrobacter sp. B4 (B4-EPS) had high floc-
culation and reduction activity [23, 24]. Hence, B4-EPS
was used for synthesis of AgNPs in our present work. The
relative parameters and the plausible mechanism behind
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the formation of AgNPs were investigated, respectively. The
antimicrobial activity and phytotoxicity of these nanoparti-
cles were assayed by a series of experiments.

2. Materials and Methods

2.1. Biosynthesis of AgNPs. The cultivation of the strain
Arthrobacter sp. B4 and the preparation of B4-EPS were car-
ried out as our previous description [23]. Synthesis of AgNPs
was performed using different concentration of B4-EPS (1, 2,
3, 4, and 5 g/L), which was mixed with 1mM silver nitrate
(AgNO

3
) solution to produce AgNPs. Different amounts of

AgNO
3
(0.5, 1, 2, and 3mM) were added to 5 g/L of B4-

EPS solution. The reaction mixtures after homogeneity were
incubated at 70, 80, and 90∘C, respectively. The formation of
AgNPs was determined by color change and the oxidation
of silver ions was confirmed by UV-vis spectra, which was
observed in the range of 400–500 nm [25]. The changes
of zeta potential during the process of AgNPs synthesis
were measured by Zetasizer 3000HS (Malvern Instruments
Ltd., Company, England). The Fourier transform infrared
(FTIR) spectra were recorded with a Nicolet IR200FT-IR
spectrometer (Thermo Fisher Scientific).

2.2. Characterization of AgNPs. The morphological analysis
was performed by a high-resolution transmission electron
microscope (HrTEM, JEOL JSM 100CX, Japan) at an accel-
erating voltage of 200 kV. Selected area electron diffraction
(SAED) of AgNPs was also analyzed using HrTEM. The
energy dispersive X-ray diffraction (EDX) was carried out
using the same equipment asHrTEM to confirm the presence
of silver element in the NPs. Particle size distribution was
calculated for the synthesized nanoparticles using Image J
software (http://rsb.info.nih.gov/ij/). The phase composition
and crystal structure of the AgNPs were determined by X-ray
diffraction (XRD). XRD patterns were collected in the range
of 20–80∘C (2𝜃) operated at 40 kV and 30mA (EXPLORER,
GNR, Italy).

2.3. Antimicrobial Activity of AgNPs. The antibacterial and
antifungal activity of AgNPs were assayed using agar diffu-
sionmethod [26]. Two typical bacterial strains (Pseudomonas
aeruginosa PAO1 and Staphylococcus aureus ATCC25923)
and two fungal strains (Candida albicans ATCC 10231 and
Fusarium oxysporum ATCC 48112) were used as indicator
strains for this analysis. Luria-Bertani medium was used
for bacterial cultivation. The fungal strains were grown in
potato dextrose medium (F. oxysporum) and Sabouraud
Broth Medium (C. albicans), respectively. Different dosages
of AgNPs (20, 50, and 100 𝜇L) were added to these wells and
the zone of inhibition (mm) was measured. B4-EPS, silver
nitrate and antibiotics solutions were used as controls. All
experiments were performed in triplicate.

2.4. Phytotoxicity of AgNPs. The phytotoxicity assay was
performed using alfalfa (Medicago sativa L.) according to
a reported method [27]. Briefly, the sterile Whatman filter
papers (Φ90) were added to 1mL of the AgNPs suspension
(three different concentrations).Then the papers were placed

in sterile plates, and the alfalfa seedswere placed in each plate.
The plates were incubated at 23∘C for 5 d with a cycle of light
period/dark period (16 h/8 h). The root length, percentage
of seed germination, and content of chlorophyll content
were determined as Bettini et al.’s publication [28]. All the
experiments were carried out in triplicate.

3. Results and Discussion

3.1. Effects of B4-EPS and AgNO3 Concentration on AgNPs
Synthesis. The effect of B4-EPS concentration (1, 2, 3, 4,
and 5 g/L) on synthesis of AgNPs was investigated under
the condition of 1mM AgNO

3
at 70∘C until the reaction

solution turned into dark reddish brown color.The formation
of AgNPs was determined via observing the surface plasmon
resonance (SPR) bands using UV-vis spectrometer. It seemed
that the AgNPs absorbed radiation in the visible regions of
400–500 nm owing to the strong SPR transition [25]. As
shown in Figure 1(a), the increased absorption intensity was
enhanced with an increase in polysaccharide concentration;
the formation of AgNPs was accelerated in higher concentra-
tion of B4-EPS owing to the increase of reduction groups. In
this case, the blue shift occurred with an absorption shift to
lower wavelength at 410 nm, which inferred decrease in the
particle size. The said data meant that B4-EPS concentration
played an important role in the formation and stabilization of
AgNPs. Similarly, the gradual increase in absorption intensity
was observed in the AgNPs synthesis by chitosan, pullulan,
and 𝜅-carrageenan polysaccharides [15, 20, 29]. Considering
viscosity of B4-EPS, 5 g/L of B4-EPS was used to investigate
the effect of AgNO

3
concentration (0.5, 1, 2, and 3mM)

on the formation of AgNPs. The absorption intensity of
reaction solution reached the maximum value when 1mM
of AgNO

3
was used. The aggregation of AgNPs occurred

under the condition of high concentration of AgNO
3
(3mM)

due to charge attraction between Ag+ and B4-EPS/AgNO
3

(Figure 1(b)), which was different from other plant polysac-
charides in response to AgNO

3
concentration during the

process of AgNP synthesis [20].

3.2. Effect of pH on AgNP Synthesis. The effect of pH (4.0,
5.0, 6.0, 7.0, 8.0, 9.0, and 10.0) on synthesis of AgNPs was
investigated under the condition of 1mM AgNO3 and 5 g/L
B4-EPS at 70∘C until the reaction solution turned into dark
reddish brown color. As shown in Figure 2, no formation of
AgNPs was observed below pH 5.0, which might be due to
limit reduction of Ag+ which was caused by strong electric
repulsion between Ag+ ions and B4-EPS in acid condition;
AgNP synthesis was facilitated in a range of pH 7.0 to 8.0;
but no UV-vis absorption bands of AgNPs were observed at
a higher pH (>8.0), which was different from other reports
that alkaline condition was in favor of AgNP synthesis [30].
It can be explained that B4-EPS was endowed with high
electronegativity in alkaline condition, which was bad for
the reduction of Ag+ ion due to the existence of amounts of
–COO− groups.

3.3. Effects of Temperature and Heating Time on AgNP
Synthesis. 1mM of AgNO

3
and 2 g/L of B4-EPS were heated

http://rsb.info.nih.gov/ij/
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Figure 1: The effects of B4-EPS (a) and AgNO
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(b) concentration on AgNP synthesis.
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Figure 2: The effect of pH on AgNP synthesis.

at different temperature (70, 80, and 90∘C). Then the UV-
vis absorption spectra of the said reaction mixtures were
recorded at different reaction time. The results revealed
that the incubation temperature played an important role
in the formation of AgNPs. As shown in Figure 3(a), the
AgNPs synthesis was a rapid process when the incubated
temperature was over 70∘C. The formation of AgNPs was
observed within 10min at 70∘C.The time of AgNP formation

was shortened to 5min at 80∘C (Figure 3(b)). Less than two
minutes were required for AgNP synthesis when the reaction
temperature was increased to 90∘C (Figure 3(c)).

3.4. Flocculation andReduction-BasedAgNP Synthesis. Based
on the aforementioned experiments of AgNP synthesis, we
found that the flocculation of B4-EPS always appeared with
the addition of AgNO

3
solution and the flocs disappeared

until the reaction mixture was heated to above 70∘C, which
resulted in the formation of AgNPs. To explain this phe-
nomenon, zeta potential of B4-EPS solution before and after
the addition of AgNO

3
solution, the said mixtures after

heating at 80∘C for 5min, and the resulting AgNPs/B4-
EPS colloid solution stored at 4∘C for one month were
monitored within 10min (Figure 4(a)). Zeta potential is
closely related to the surface charge of colloidal particles,
and it also provides an indication of the stability of colloidal
systems, which was able to be used to investigate flocculation
process and nanoparticle stability [31]. The formation of
AgNPs was determined via color change of reaction solution
and nanoparticle images by HrTEM (Figure 4(b)). As shown
in Figure 4(a), a significant increase trend in the absolute
values of zeta potential revealed the flocculation of B4-EPS
after the addition of AgNO

3
. In fact, B4-EPS had capability

of flocculation and reduction under certain conditions due to
its large numbers of carboxyl and hydroxyl groups according
to our previous study [23, 24]. But the oxidation of silver
ions has not been observed below 60∘C until 72 h, which may
be due to lacking of activation energy of reduction reaction
or hindrance of aggregation structure or silver ion block
of carboxyl and hydroxyl groups. When the temperature
increased more than 70∘C, the disaggregation of flocs sug-
gested that the high activation energy and exposed carboxyl
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and hydroxyl groups endowed B4-EPS enough reduction
ability in favor of AgNP synthesis and the aggregation
of AgNPs was prevented owing to binding polysaccharide
chain with high electronegativity, whose good dispersion was
demonstrated by a stable zeta potential (>30mV) after one-
month storage at 4∘C (Figure 4(a)). Furthermore, the FTIR
spectral analysis revealed the presence of themain absorption
peaks at 3098, 1604, and 1078 cm−1 due to O–H stretching,
C–H stretching, and C=O stretching (Figure 4(c)). The shift
of –C=O and –OH absorption peaks before and after the
formation of AgNPs confirmed that B4-EPS was responsible
for reducing Ag+ ion and leading to high stabilization of
AgNPs as capping agents. Moreover, the absorption peaks
between 472 and 594 cm−1 indicated the presence of Ag–O

van der Waal interactions [32], which was not observed
at positions in the B4-EPS spectrum. In terms of the said
results, a tentative reaction model was proposed to describe
flocculation and reduction-based AgNPs synthesis by B4-
EPS. Firstly, the –COOH groups of B4-EPS were easily
ionized as –COO− in alkaline condition; the flocculation of
B4-EPSwas observed after addition toAgNO

3
solution due to

charge attraction between –COO− and Ag+ ions, which was
able to urge Ag+ ions close to the reduction groups (carboxyl
and hydroxyl groups) of B4-EPS. Secondly, the oxidation
of Ag+ ions occurred when the incubated temperature was
increased to 80∘C due to enough activation energy from
heating in favor of AgNPs synthesis.Then B4-EPS as capping
agents could keep good stability of the synthesized AgNPs.
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Figure 5: Characterization of AgNPs. Characterization of AgNPs by HrTEM (a); frequency of particle size distribution (b); SAED patterns
(c); XRD analysis of AgNPs (d); EDS profiles of AgNPs (e).

3.5. Characterization of AgNPs. The morphology of AgNPs
was determined by recording HrTEM images (Figure 5(a))
and particle size distribution was calculated by Image J
software (http://imagej.net/Welcome) according to HrTEM
images. As shown in Figure 5(a), the formed nanoparticles
were typically spherical with a particle diameter size in the

range of 9–72 nm (Figure 5(b)). Furthermore, SAED patterns
of the single particle revealed a characteristic polycrystalline
ring pattern for a face-centred-cubic structure (Figure 5(c)).
Also, XRD pattern of AgNPs revealed four distinctive diffrac-
tion peaks at 38.2, 44.3, 64.4, and 77.5 in the 2 theta region,
which corresponded to (111), (200), (220), and (311) planes

http://imagej.net/Welcome
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of silver (Figure 5(d)). The EDS spectrum confirmed the
presence of silver element (Figure 5(e)).

3.6. Antimicrobial Activity of AgNPs. The AgNPs showed
strong antimicrobial activity against the tested pathogen
strains. As shown in Figure 6, the zones of inhibition
for the aforementioned strains in the presence of different
concentration of AgNPs were found to be bigger than that of
positive control and the same concentration of AgNO

3
, while

the negative control (B4-EPS and distilled water) shows no
any antimicrobial activity.The antimicrobial ability of AgNPs
showed a dose-dependent manner.

3.7. Phytotoxicity of AgNPs. The AgNPs exhibited different
responses to seed germination, root length, and chlorophyll
content of the tested alfalfa (Figure 7). No significant effect on
seed germination was observed in the presence of different
dose of AgNPs. In the root length test, AgNP

3
made no

difference to root growth at a lower concentration, while it

promoted root growth at a middle concentration. An obvious
growth inhibition occurred at a higher concentration, which
was in agreement with previous study that a concentration
dependent growth inhibition was observed in other plants by
AgNPs [20]. In addition, the chlorophyll content of the tested
alfalfa was in accordance with the control.

4. Conclusions

In this study, a simple and rapid eco-friendly approach for the
synthesis of AgNPs was presented. The optimum conditions
for the formation of AgNPs were found to be 5 g/L B4-EPS
and 1mMAgNO

3
at a high temperature (70–90∘C) under low

alkaline conditions (pH 7.0–8.0). Subsequent zeta potential
and FTIR analysis revealed flocculation and reduction of B4-
EPS contributing to AgNPs synthesis. The resulting AgNPs
with size range of 9–72 nm were very stable due to the strong
electrostatic interaction between B4-EPS and AgNPs. Fur-
thermore, the said AgNPs exhibited excellent antimicrobial
ability and low phytotoxicity. These data suggested that these
AgNPs had a great application potential in many fields.
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