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ach for the estimation of the SERS
enhancement factor through the enrichment and
separation of target molecules using magnetic
adsorbents†

Danhui Zhao,‡a Kui Lin,‡b Lanhui Wang,a Zhigang Qiu, c Xin Zhao,d Kunze Du,a

Lifeng Han,a Fei Tian *a and Yanxu Chang*a

The controllable synthesis of nanosized Fe3O4 (10–20 nm) encapsulated in different numbers of graphene

layers (1–5 layers) (Fe3O4@DGL NPs) was realized through a facile and green hydrothermal reaction at

a temperature as low as 200 �C. The competitive reduction–oxidation between reducing ethylene glycol

(EG) and oxidizing H2O under hydrothermal conditions resulted in the emergence of a magnetic Fe3O4

core. Then, the pyrolytic reaction of the polyvinyl alcohol (PVA) molecules attached to the surface of the

Fe3O4 core with different surface densities led to the formation of graphene with a controlled number of

layers. These Fe3O4@DGL NPs exhibited fast adsorption and sensitive SERS detection for rhodamine B

(RhB). A physical and mathematical model was proposed for the estimation of the enhancement factor

(EF) by combining the adsorption efficiency and SERS of RhB. This approach and model are applicable

for the adsorption, sensitive SERS detection and determination of SERS EF when using functional

magnetic nanoparticles as the adsorbent. The Fe3O4@1G NPs were also used as a novel nano-adsorbent

for the fast removal of Escherichia coli (E. coli) from an aqueous solution. The Fe3O4@1G NPs

regenerated after 3 cycles also showed high efficiency in the adsorption and separation of RhB and E. coli.
Introduction

Organic pollution and the microbial contamination of water are
some of the major challenges facing human society.1 There are
many kinds of organic substances and pathogens in the waste-
water, which are harmful to aquatic life and drinking water
sources.2,3 Meanwhile, strenuous efforts are under way to remove
these contaminants to obtain clean water or meet the discharge
standard requirements.4–6 The direct physical removal of patho-
gens from water through membrane ltration usually leads to
high costs and low production efficiency.7 Although the killing of
pathogens in water using chemical disinfectants cuts down the
costs, chemical residues increase the risk of cancer.8 Dyestuffs are
widely used in many elds, including dyeing, printing, plastic,
try and Analysis, Tianjin University of

617, P. R. China. E-mail: tianfei.louise@

9-6163; +86-22-5959-6162

University, Tianjin 300072, P. R. China

Tianjin Institute of Environmental and

. China

ional Chinese Medical Formulae, Tianjin

Tianjin, P. R. China

tion (ESI) available. See DOI:

qually to this work.

–20037
food, and cosmetics. It was estimated that 10–20% of dyes are
directly discharged into water bodies owing to the imperfect
treatment of wastewater in printing and dyeing industries. Most
dyestuffs are synthetic and have complex structures; thus, it is
difficult to decolorize the wastewater.9 Rhodamine B (RhB), as
a synthetic organic dye, is carcinogenic and widely used in various
industrial elds. The liquid phase adsorption, enrichment, and
separation of targeted pathogens and dyestuffs from water using
stable and recyclable magnetic nanoadsorbents are an effective
and efficient way for the low-cost and fast removal of targeted
pathogens and dyestuffs from wastewater.10

Fe3O4 nanoparticles (NPs) have been intensively investigated
as they possess a great deal of interesting magnetic properties,
have low cost, and exhibit facile preparation.11–13 Previous
reports suggested that Fe3O4 NPs with sizes in the range of 10–
100 nm are the most suitable for biomedical applications.14–16

Accordingly, they have been employed in a variety of biological
applications, including drug delivery,17,18 magnetic separation
and purication,19–21 targeted therapeutics,22–25 and clinical
diagnosis.26–28 Of particular note is that Fe3O4 NPs have
tendencies for oxidation or etching when exposed to the air or
in some specic environment,29,30 which greatly restricts their
practical applications both in vivo and in vitro.

For Fe3O4 NPs below the critical size (20 nm), super-
paramagnetic behaviors can be shown at room temperature
This journal is © The Royal Society of Chemistry 2020
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because of the higher thermal uctuation energy compared
with the anisotropic energy.31–34 Fe3O4 NPs with small sizes are
usually synthesized through a controlled coprecipitation of
Fe(II) and Fe(III) ions in a basic aqueous solution.35,36 However,
two disadvantages are oen mentioned in the Fe3O4 NPs
synthesized by this approach. One disadvantage is that such
small Fe3O4 NPs are difficult to be further modied or func-
tionalized; another is the agglomeration during synthesis and
subsequent applications. In addition, a conventional surface
modication or functionalization procedure is complicated and
requires drastic reaction conditions that may be highly toxic or
engender environmental impact. And the surface and crystal-
line structure of Fe3O4 NPs might be damaged aer chemical
treatment.14 Therefore, coating with a suitable layer is an
effective approach to make up for those abovementioned
disadvantages by providing the following benets: reducing the
tendency for aggregation, improving their dispersibility and
stability; protecting the magnetic core from oxidation or
etching; proving anchoring points for drug molecules or tar-
geting ligands; and improving the biocompatibility and mini-
mizing unexpected interactions.

Carbon is thought of as one of the most stable, environment-
friendly, and biocompatible elements for its chemical resis-
tance and low toxicity, as it has been applied in harsh and
complicated conditions. Carbon nanomaterials, including
carbon nanotubes, graphene, and carbon dots have attracted
much attention for a wide variety of promising applications in
biomedicine and bioimaging.37–39

Given the above, the carbon layers or few-layer graphene
encapsulated Fe3O4 NPs possess better prospects in real world
applications, as they combine the magnetic characteristics of
Fe3O4 with the advantages of carbon materials. The carbon coat-
ings or few-layer graphene may serve as barriers to protect the
inner active materials, and particularly as the reaction or selective
anchoring sites for the extrinsic chemical molecules.14–22 Thus, the
synthesis of Fe3O4 NPs with a carbon coating or few-layer gra-
phene is of great importance in materials chemistry due to the
bifunctional and controllable properties that these nano-
composites possess, as compared to their respective monofunc-
tional counterparts. Until now, the approach to achieving carbon
coated Fe3O4 NPs typically involved complex synthetic procedures,
such as the hydrothermal synthesis of Fe2O3 NPs, followed by
high temperature annealing or deposition of carbon layers using
reductive carbon precursors.40–44 The synthesis of Fe3O4 NPs
coated with carbon coating and their application as anodes in
lithium ion batteries have been widely reported in many reports,
but there are only a few reports on the synthesis of Fe3O4 NPs
encapsulated in graphene with a controlled number of layers and
their layer-dependent magnetic properties.

We have developed a one-pot hydrothermal approach for the
synthesis of nanosized spherical Fe3O4 (10–12 nm) coated with
a single graphene layer (Fe3O4@1G NPs).45 Although the
Fe3O4@1G NPs display a narrow size distribution and long-term
stability when exposed to air, the synthesis of Fe3O4 NPs with
controlled graphene layers remains a challenge. The develop-
ment of new protocols for the direct synthesis of Fe3O4 NPs
encapsulated in graphene with a controlled number of layers is
This journal is © The Royal Society of Chemistry 2020
quite important and interesting from a fundamental science
perspective, and for application in highly selective adsorption
and extraction, sensitive SERS detection, advanced drug
delivery and therapeutic systems.

In this work, we further developed a well-designed strategy for
the synthesis of Fe3O4 NPs encapsulated in few-layer graphene
through a hydrothermal reaction without the subsequent high
temperature annealing or coating treatment for the growth of
carbon or graphene layers. The formation of the layers was
attributed to the dehydration reaction of polyvinyl alcohol (PVA),
and the number of the layers was dependent on the quantity of
PVA molecules attached to the surface of the Fe3O4 NPs. The
number of layers can be changed from 1 to 5 by simply altering the
ratio of H2O/EG in the solution. The as-prepared Fe3O4@DGL
products were then readily separated using an external magnet
and puried in the laboratory by alternatively using water and
ethanol, which reduced environmental issues owing to the ease of
operation and high yield. The presence of the layers not only
endowed the Fe3O4@DGL NPs with stability, low toxicity, and
biocompatibility, but also empowered them with superior
adsorption capacity for specic molecules or bacteria. The as-
puried Fe3O4@1G NPs displayed excellent adsorption toward
rhodamine B (RhB) molecules, and could be easily separated from
solution for following SERS detection with sensitivity and speci-
city. A physicalmodel was established for a reasonable evaluation
on the SERS enhancement factor. Based on the model and litera-
ture, a simple formula was further deduced for the calculation of
EF. The calculation results show that EF is as high as 2.2� 105 for
RhB from the Fe3O4@1G NPs. The approach and model can be
extended to other functional magnetic nanoparticles as an adsor-
bent for the adsorption, separation, SERS detection and determi-
nation of EF.Moreover, the Fe3O4@1GNPs showed highly effective
adsorptive removal behavior in water solution. To the best of our
knowledge, this facile and scalable synthesis of Fe3O4@DGL with
a size-controllable Fe3O4 core (in the range of 10–20 nm) and
graphene with a controlled number of layers (1–5 layers) has not
been reported. The stable layers are suitable for further versatile
functionalization for constructing highly selective and sensitive
SERS-based molecular sensing arrays or developing an effective
nano-adsorbent for bacteria in the future.
Materials and methods
Chemicals and materials

Polyvinyl alcohol (PVA), iron(III) nitrate enneahydrate
(Fe(NO3)3$9H2O), ethylene glycol (EG), and rhodamine B (RhB)
were purchased from Sigma-Aldrich Co. All chemicals were of
analytical grade and used as received without further purica-
tion. Ultrapure fresh water prepared from a Millipore water
purication system was used throughout the experiments.
Preparation and purication of Fe3O4@DGL

Fe3O4@DGL was successfully synthesized based on the strategy
shown in Scheme 1. The synthesis process for Fe3O4@DGL
consists of two steps. The rst step involves the preparation of
the starting solution containing Fe(NO3)3$9H2O, H2O and EG.
RSC Adv., 2020, 10, 20028–20037 | 20029
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Scheme 1 Schematic illustration for the synthesis of Fe3O4@DGL
products.
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The second step is the hydrothermal treatment of the starting
solution at 200 �C for 12 h. Representative Fe3O4 NPs with
particle sizes in the range of 10–12 nm coated with a single layer
graphene (Fe3O4@1G) were synthesized and puried, as
described in our previous work.45

By applying the same precursors and maintaining the same
total volume of 80 mL, the size of the Fe3O4 core and number of
graphene layers was readily tuned by changing the volumetric
ratio of H2O and EG between 1 : 4 and 1 : 1. Generally, the 3
layers of graphene (Fe3O4@3G) and 5 layers (Fe3O4@5G)
encapsulated Fe3O4 NPs were successfully synthesized using
30 mL H2O/50 mL EG, 40 mL H2O/40 mL EG, respectively. The
as-synthesized Fe3O4@3G and Fe3O4@5G was separated and
puried following the same procedures for Fe3O4@1G. It should
be mentioned that the yield of the Fe3O4@DGL products grad-
ually decreased with increasing H2O/EG volume ratio.
SERS detection of RhB using Fe3O4@DGL as a substrate

As an effective and easily available bio-indicator, RhB was used as
a target molecule for the evaluation of SERS activity of Fe3O4@1G
NPs.45 In this work, the SERS activity of Fe3O4@DGL NPs was
further investigated using RhB as the probemolecule. The puried
and freeze-dried Fe3O4@DGL NPs were directly put into an
aqueous solution of RhBwith a concentration of 10�5mol L�1, and
followed by ultrasonic treatment for 10 min to realize RhB mole-
cule adsorption. Then, the Fe3O4@DGL NPs were extracted using
a strong magnet outside the bottom of the beaker. Finally, the
extracted Fe3O4@DGL NPs with RhB molecules were dried in the
open air at room temperature and used for SERS measurement.
Adsorption behaviors of RhB on Fe3O4@1G NPs

In order to investigate the adsorption capacity of Fe3O4@1GNPs
on RhB, the calibration curve of the RhB solution was obtained
by acquiring the absorbance value at 554 nm. In detail,
20030 | RSC Adv., 2020, 10, 20028–20037
15 mg L�1 RhB solution was prepared by adding 1.5 mg RhB
into 100 mL deionized water. Then, RhB working solutions with
different concentrations were freshly prepared by serial dilution
with deionized water, including 1, 2, 4, 4.8, 6, 8, 10, 12, and
15 mg L�1. The amount of RhB adsorbed was calculated from
the difference between its concentration before and aer
adsorption using Fe3O4@1G NPs as the adsorbent.

10�5 mol L�1 (�4.8 mg L�1) RhB working solution was used
to evaluate the adsorption capacities of Fe3O4@1G NPs. The
adsorption process was performed in a 5 mL container, which
contained 3 mL of RhB solution. Different amounts (5–200 mg)
of Fe3O4@1G NPs were added to the RhB solution, and agitated
at 240 rpm for 10 min at room temperature condition. Then, all
solutions were vortexed for 5 min in dark conditions and the
mixture were centrifuged at 900 rpm for 10 min. The concen-
trations of the remaining RhB solutions were determined by
monitoring the absorbance at the maximum wavelength (554
nm) with a UV-Vis spectrophotometer. The adsorption effi-
ciency was calculated according to eqn (1), as follows:

% Absorption ¼ C0 � Cq

C0

� 100 (1)

where C0 and Cq are the initial and remnant concentrations of
the RhB solution, respectively.
Removal of E. coli using Fe3O4@1G NPs as an adsorbent

The removal experiments of E. coliwere performed according to the
procedures and methods reported by Abdolmaleki et al.46 The
Gram-negative E. coli were inoculated into Luria–Bertani (LB)
media containing 5 g L�1 of yeast extract, 10 g L�1 of bacto tryp-
tone, and 5 g L�1 of NaCl, and grown at 37 �C overnight with
agitation. Then, the bacteria were harvested by centrifugation at
6000 rpm for 10 min, washed 2 times with phosphate buffered
solution (PBS, pH 7.4), and resuspended in PBS to derive a bacterial
stock solution with an OD600 value of about 0.1 at a density of 108

CFU mL�1. Then, different amounts of Fe3O4@1G NPs (0.05, 0.1,
0.2 g) were added to 10 mL of microbial suspension. All bacterial
suspensions were incubated and agitated at 240 rpm for 10 min.
Finally, the Fe3O4@1G NPs were separated from the suspension
using a strong magnet outside the bottom of the vial. The super-
natant containing residual bacteria was put way for further inves-
tigation. All microbial suspensions of E. coli were gradient-diluted
and the live bacteria numbers were determined by counting the
numbers of CFU on solid LB agar plates. Initial bacterial concen-
tration was determined to be 2.28� 108 CFU0 mL�1. The removal
efficiency for different amounts of the as-puried Fe3O4@1G NPs
was calculated by the following expression:

Removal efficiency ð100%Þ ¼ CFU0 � CFUt

CFU0

� 100%

where CFU0 and CFUt are the initial and residual numbers of
bacterial colonies in the samples.
Recyclability of the Fe3O4@1G NPs

To evaluate the recyclability of the Fe3O4@1G NPs, 200 mg of
used nano-adsorbent was repeatedly washed with methanol
This journal is © The Royal Society of Chemistry 2020
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solution (50%, v/v) 3 times, and then dried in a vacuum oven at
80 �C for 2 h. Then, the regenerated Fe3O4@1GNPs was used for
the next adsorption of RhB or removal of E. coli.
Characterizations

The phase of the Fe3O4@DGL products were investigated using
a Rigaku D/max 2500v/pc XRD. Transmission electron micros-
copy (TEM) was conducted on an FEI Tecnai G2 F20 with a eld
emission gun to examine the morphology and structure of the
Fe3O4@DGL products. The composition was analyzed using an
energy dispersive X-ray spectrometer (EDS) purchased from
EDXA, Inc. Raman spectroscopy was performed using
a Renishaw inVia Reex confocal Raman microscope with
a 633 nm laser with the power set to 20 mW. The magnetic
properties of the samples were recorded with a Squid-VSM
Magnetic Measuring System (Squid-VSM). UV-Vis absorption
was performed on an Agilent UV/Vis/NIR spectrophotometer.
The initial and residual numbers of the bacterial colonies in the
samples were roughly assessed aer 24 hours of incubation by
measuring the optical density (OD) value at 595 nm and 620 nm
using a TECAN Innite 200 PRO Nanoquant (Tecan Instru-
ments, Switzerland).
Results and discussion

The morphology, size and crystalline structure of all Fe3O4@-
DGL products were examined with TEM, XRD and Raman
Fig. 1 (a) Low magnification and (b) corresponding high-resolution
TEM images of the Fe3O4@1G NPs; (c) and (d) Fe3O4@3G NPs; (e) and
(f) Fe3O4@5G NPs.

This journal is © The Royal Society of Chemistry 2020
spectroscopy. Fig. 1 shows the TEM images of Fe3O4@DGL with
different sizes and graphene layers. All Fe3O4@DGL NPs display
a uniform spherical core–shell structure with ultrathin gra-
phene layers as marked by white arrows in Fig. 1b, d and f, and
the average size of the Fe3O4@DGL NPs was estimated to be in
the range of 10–20 nm (Fig. S1†).

A low-magnication TEM image in Fig. 1a shows that the
Fe3O4@1G NPs had uniform spherical with a very narrow size
distribution of 10–12 nm (Fig. S1a†), but appeared mostly
connected to each other. More detailed structural analysis of
Fe3O4@1G NPs by high resolution TEM (HRTEM) in Fig. 1b
reveals that the Fe3O4 core was coated with one single graphene
layer. The inner Fe3O4 core was an intact crystal grain with a size
in the range of 10–12 nm and coated with a single layer gra-
phene. As can be seen, the outer graphene layer was uniform
and continuous, which were believed to provide reliable and
effective protection for the Fe3O4 core from directly etching or
oxidized as served in harsh environments.

The size of the Fe3O4 core and number of graphene layers
were easily controlled by changing the ratio of H2O/EG for the
dissolution of the starting precursors. As shown in Fig. 1c and d,
the size of the Fe3O4 core in the Fe3O4@3G products was in the
range of 12–16 nm (Fig. S1b†) and encapsulated in 3 layers
graphene. The inner core also consisted of a single crystal Fe3O4

nanoparticle. For Fe3O4@5G, the size of the Fe3O4 core was in
the range of 16–20 nm (Fig. S1c†) and encapsulated in 5 layers
of graphene, as shown in Fig. 1e and f. However, the core was
not actually composed of a single nanocrystal. The basic
structures in the core are obscure and not easily identied.

In order to identify the crystalline structure and graphitic
quality of the graphene layer, all three Fe3O4@DGL products
were further evaluated by XRD and Raman spectroscopy. As
shown in Fig. 2a, the XRD patterns of all three products
exhibited typical (220), (311), (400), (422), (511) and (440)
diffraction peaks indexed to Fe3O4 (JCPDS le no. 75-1609).
Interestingly, all XRD patterns showed a weak diffraction peak
at around 2q ¼ 24� with an index of (002) resulting from the
ordered carbon atoms outside the Fe3O4 core. The average
single crystal size of the Fe3O4 NPs calculated by the Scherrer
equation was about 11 nm, 15 nm and 18 nm, respectively,
which agreed well with the sizes estimated from TEM.
Furthermore, the strong and broad diffraction peaks indicated
the well-crystallized characteristic of the Fe3O4 core. The inter-
planar distance was measured to be 0.252 nm or 0.492 nm
Fig. 2 (a) XRD patterns and (b) Raman spectra of the Fe3O4@DGL
products.

RSC Adv., 2020, 10, 20028–20037 | 20031
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(Fig. S2†), which corresponded to the (311) or (111) spacing of
Fe3O4. The corresponding selected area electron diffraction
(SAED) pattern in Fig. S3† implied the polycrystalline features of
the as-obtained Fe3O4@DGL products, and the diffraction ring
was ascribed to the {111}, {220}, {311}, {222}, {440}, {422} planes
of the cubic Fe3O4. In addition, the quantitative EDS result
shown in Fig. S4† revealed that Fe3O4@DGL was only composed
of C, Fe and O.

The Raman spectrum was collected in the range of 400–
2500 cm�1, corresponding to the spectral region that provides
the most valuable data on the lattice-vibration modes of Fe3O4

and structural properties of carbon materials. Three broad
bands were clearly identied in the Raman spectrum of three
Fe3O4@DGL products, as shown in Fig. 2b. The Raman bands at
698 cm�1 were designated as A1g mode, which refers to the
symmetric stretch of oxygen atoms along Fe–O bonds.47,48 The
other two bands centered at about 1390 cm�1 and 1580 cm�1

corresponded to the D band and G band of carbon materials,
respectively. The broadening and downshiing of the Raman
feature peak at 1390 cm�1 of the Fe3O4@DGL products also
indicated that the outer layer was nano-scale. The peak intensity
ratio between the D- and G-bands (ID/IG) correlates with the
degree of crystallinity of the carbon materials. The smaller ratio
of ID/IG, the higher the degree of crystallinity in the carbon
material.40,41 The ID/IG ratios for the Fe3O4@1G, Fe3O4@3G,
Fe3O4@5G samples were calculated to be 0.61, 0.60, and 0.64,
respectively, which were smaller than that of graphene49 and
other carbon coated Fe3O4 NPs,40,41 demonstrating a high
degree of crystallinity of carbon in all three samples. It is worth
noting that the relative intensity of the A1g mode with respect to
the D-band/G-band decreased with increasing size of the Fe3O4

core and number of graphene layers due to the shielding effect
from the outer layers. The chemically inert carbon coating or
graphene layers might be the ideal anchoring or attaching sites
for the target molecules. The variation of relative intensities in
the Raman spectra also suggests that Fe3O4 with different sizes
and graphene layers could lead to various interface polarization
and complex relaxations, which is quite important for the
ultrasensitive detection of trace quantities of target molecules
through surface-enhanced Raman spectroscopy (SERS).50–52

All of the above results indicated that the as-obtained prod-
ucts were pure Fe3O4@DGL NPs with a size-controllable Fe3O4

core and tunable graphene layers. The uniform spherical Fe3-
O4@DGL NPs were synthesized using the modied procedure
and recipe via a facile and green hydrothermal process.

The magnetization curves measured at 300 K are shown in
Fig. 3. The magnetic properties determined by SQUID-VSM at
300 K revealedmagnetization saturation values of 79.8, 60.3 and
30.7 emu g�1 for Fe3O4@1G, Fe3O4@3G, and Fe3O4@5G,
respectively, with no remanence and coercivity hysteresis,
indicating the superparamagnetic property of the as-obtained
Fe3O4@DGL NPs. The magnetic saturation values of all three
Fe3O4@DGL products were smaller than that of the bulk
material (92 emu g�1) and single-crystalline Fe3O4 with diame-
ters of 200 nm (81.9 emu g�1). The magnetization saturation
values showed a decrease with increasing Fe3O4 core size and
graphene layers, mainly attributed to the decrease in the degree
20032 | RSC Adv., 2020, 10, 20028–20037
of crystallinity of Fe3O4 and partly to the diamagnetic shielding
effect from the graphene layers. Similar to other magnetic core–
shell nanostructures, the magnetic saturation values also had
a large dependence on the size of the Fe3O4 core and thickness
of the carbon coating.53,54

PVA is a water-soluble synthetic polymer and has the ideal-
ized linear molecular structure. The PVA molecules have been
successfully used for the construction of a relative pure and
clean surface due to their stability at low temperatures and
abundant OH groups.55

Generally, the formation process of the Fe3O4@1G NPs can
be briey described as the following three sequential stages
(from our previous report).45 (1) Fe3O4 NPs with abundant –OH
groups were rst formed arising from the reaction between Fe3+

and reducing agent EG under hydrothermal conditions. (2) The
well-ordered alignment of the PVA molecular chains on the
surface of the Fe3O4 NPs was attributed to the combination
between the –OH groups from the PVA molecules and the
surfaces of the Fe3O4 NPs. (3) A subsequent dehydration reac-
tion resulted in the formation of the graphene layer grown on
the surface of the Fe3O4 NPs. It should be noted that a good
amount of PVA molecules conjugated with the –OH on the
surface of Fe3O4 would result in the formation of a relatively
pure and clean graphene layer from such simple dehydration
reaction, but more PVA molecules lead to the formation of
corrugated or stacked multiple layers of graphene due to more
intermolecular or intramolecular dehydration reactions in the
PVA molecules.

For the Fe3O4@DGL NPs with different core sizes and gra-
phene with a controlled number of layers, the formation
mechanism of Fe3O4@DGL was further proposed and described
as follows. EG is a widely used chemical for the preparation of
Fe3O4 NPs by virtue of its reducibility at high temperatures.56–58

The H2O molecule also has a strong oxidization at high
temperature.59 Under hydrothermal conditions, all precursors
and solvents endured high temperature and high pressure in an
autoclave with a conned space. Thus, not only the reduction of
Fe3+ into Fe2+ was tuned by the dynamic reduction–oxidation
between EG and H2O, but also the graphene layer could be
regulated due to the intermolecular and/or intramolecular
dehydration of PVA attached to the surface of the Fe3O4 NPs by
altering the ratio of EG/H2O. As many researchers have noted,
small magnetic Fe3O4 NPs with –OH groups were rst formed
resulting from the reduction of EG, but have a tendency to form
large agglomerates during the initial stage of the hydrothermal
reaction.44,45 With the increasing of the ratio between H2O and
EG, we believe that a larger Fe3O4 core could be formed due to
the intensive oxidation–reduction competition between the
oxidizing ionized –OH groups from H2O and reductant EG with
low concentration in the solution. Iron is a key limiting resource
in this reaction system. A greater amount of –OH groups from
H2O renders a larger size of Fe2O3 NPs, but the reductive EG is
responsible for the transformation of the Fe2O3 NPs into Fe3O4

NPs. This also explained why the higher H2O/EG ratio did not
produce the Fe3O4@C nanoparticles, but the formation of red
Fe2O3 NPs. The attached PVA molecules on the surface of the
Fe3O4 core underwent a dehydration reaction, leading to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Magnetization curves of the three Fe3O4@DGL products ob-
tained at 300 K.
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presence of graphene layers. What is different from the
formation of Fe3O4@1G in the second stage is that the density
of the hydrophilic –OH groups on the surface of the Fe3O4 core
also increased as a result of a great deal of ionized –OH from
H2O at high temperature. Therefore, the amount of PVA mole-
cules attached to the surface of the Fe3O4 core was signicantly
improved, which in turn determined the number of graphene
layers coated on the Fe3O4 core in the following dehydration
reaction, as illustrated in Fig. S5.† As more H2O was introduced
into the system, i.e., H2O/EG ratio of 60 : 20 mL, the color of the
starting solution changed from yellow to brown aer the iden-
tical hydrothermal treatment. The obtained product was iden-
tied as being a mixture of Fe2O3 and Fe3O4 NPs (Fig. S6†), and
the cores were coated with about 3 graphene layers, as
conrmed by TEM (Fig. S7†). The formation of the mixture of
Fe2O3 and Fe3O4 NPs might be ascribed to an oxidizing envi-
ronment arising in the autoclave.

PVA, rich in OH groups, was used as a precursor and was
responsible for the presence of different graphene layers
through a dehydration reaction under hydrothermal condi-
tions. The theoretical prediction and experimental results
demonstrated that atom-thick graphene layers effectively
improved the adsorption capacity on the organic molecules
with aromatic rings due to a structural similarity, and remark-
ably enhanced the Raman signal and minimized the back
action noise.60–63 The Raman spectra in Fig. 5 showed that the
Fig. 4 (a) SERS spectra of 10�3, 10�4 and 10�5 mol L�1 RhB adsorbed
on Fe3O4@1G NPs. (b) SERS spectra of 10�3 mol L�1 RhB adsorbed on
Fe3O4@1G, Fe3O4@3G, and Fe3O4@5G, respectively.

This journal is © The Royal Society of Chemistry 2020
Fe3O4@1G NPs displayed the strongest enhancement ability of
SERS toward RhB.

Fig. 4 shows the SERS spectrum of RhB with different
concentrations adsorbed on the Fe3O4@1G substrate and
10�3 mol L�1 RhB adsorbed on Fe3O4@DGL NPs. The typical
vibrational characteristic peaks of RhB were clearly identied
for all SERS spectra and agreed well with the published litera-
ture.64 As seen in Fig. 4a, the SERS spectrum of RhB adsorbed on
Fe3O4@1G exhibits both concentration-dependent properties
and six very sharp distinct characteristic peaks, indicating
a high signal-to-noise ratio. In detail, the peaks at 1280, 1355,
1507, and 1645 cm�1 are attributed to the C–C stretching
vibration in the aromatic ring. The peaks at 1192 cm�1 arise
from the C–H in-plane bending vibration. The peak at 627 cm�1

is ascribed to the in-plane C–C–C stretching vibration in the
aromatic ring. It should be noted that the visible characteristic
peak that appeared at 1280 cm�1 can be regarded as a dis-
tinguishing feature of RhB that differentiates it from rhoda-
mine 6G (R6G).63 Raman spectra of RhB adsorbed on Fe3O4@3G
and Fe3O4@5G substrates were also performed to investigate
the inuence of the size and graphene layers of Fe3O4@DGL.
The SERS spectra of RhB adsorbed on three Fe3O4@DGL
substrates shared the similar characteristic peaks as shown in
Fig. 4b, implying that all Fe3O4@DGL substrates are SERS
active, but the Fe3O4@1G substrates hadmore remarkable SERS
enhancement activities compared to the other two substrates.
With increasing size and number of graphene layers, the SERS
enhancement effect decreased.

The SERS enhancement factor (EF) is particularly important
for the practical application of the substrates. The SERS
enhancement factor, EF, is expressed as:64–67

EF ¼ (ISERS/IBulk) � (NBulk/NSurf) (2)

where ISERS and IBulk are the vibration intensities in the SERS
and normal Raman spectra of RhB, respectively. NBulk and NSurf

are the number of molecules under laser illumination for the
bulk sample, and the number of molecules adsorbed on the
surface of Fe3O4@1G NPs, respectively.

Fig. 5 illustrates the in situ SERS detection of RhB using
Fe3O4@1G NPs as the substrate and the ideal area and pene-
tration depth prole under laser illumination for the estimation
of the number of RhB molecules adsorbed on the Fe3O4@1G
NPs in the bulk sample.
Fig. 5 Schematic illustration of (a) in situ SERS detection of RhB
adsorbed on the Fe3O4@1G NPs, and (b) ideally illuminated area and
penetration depth profile of the laser spot for the estimation of the
number of RhB molecules in the bulk sample.

RSC Adv., 2020, 10, 20028–20037 | 20033
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Table 1 Removal rate for E. coli bacteria with a concentration of 108

CFU mL�1 by different weights of Fe3O4@1G NPs

Adsorbent Weight (g) Removal rate (%)

Fe3O4@1G NPs 0.05 16.01
0.1 70.39
0.2 91.78
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For the estimation of the illuminated volume of RhB mole-
cules or RhB molecules adsorbed on Fe3O4@1G NPs, a simpli-
ed circular column was introduced to describe the
corresponding sampling area and the penetration depth of the
RhB molecules under laser illumination.

The NSurf and NBulk values were calculated based on the
number density of the RhB molecules adsorbed on the
Fe3O4@1G NPs, the number density of the bulk RhB, respec-
tively. According to the measured adsorption capacity of the
Fe3O4@1G NPs, the approximate number density of the RhB
molecules adsorbed on the Fe3O4@1G NPs could be estimated
by

nSurf ¼
qe � V

m0

� �
�NA

�M1

r0

� (3)

where qe, V and m0 are the equilibrium adsorption capacity of
RhB on Fe3O4@1G NPs, volume of the solution, and molecular
weight of RhB, respectively. NA is the Avogadro constant, M1 is
the weight of the adsorbent Fe3O4@1G NPs in the solution, and
r0 is the estimated density of the Fe3O4@1G NPs.

The number density of the bulk RhB molecules can be
calculated by the following equation:

nBulk ¼ rR

m0

�NA (4)

where rR is the density of the bulk RhB, m0 is the molecular
weight of RhB, and NA is the Avogadro constant.

For taking the sampling area and penetration depth into
account, the number of RhB molecules adsorbed on the
Fe3O4@1G NPs under laser illumination could be determined
by:

NSurf ¼ nSurf � S � h (5)

where S is the area of the focused laser spot, and h is the
penetration depth of the focused laser beam.

For the bulk RhB, the number of RhB molecules under laser
illumination is expressed as:

NBulk ¼ nBulk � S � h (6)

Theoretically, the penetration depth of the focused laser
beam for the SERS sampling is smaller than that for the bulk
sampling due to the closely packed structure of Fe3O4.

Here, we assume that the SERS sampling and bulk sampling
share an identical area of laser spot and penetration depth.

Substituting the values of those variables into eqn (2), the EF
was calculated to be as high as 2.2 � 105 and 1.64 � 105 for RhB
with a concentration of 10�5 mol L�1 from the Fe3O4@1G NPs
for the bands at 1507 cm�1 and 1645 cm�1, respectively.

Therefore, we believe that the SERS enhancement of the
Fe3O4@1G substrates toward RhB molecules can be attributed
to the uniform and continuous single graphene layer on the
surface of the nanosized Fe3O4 NPs. The SERS enhancement in
the Fe3O4@1G substrates could be attributed to the chemical
and electromagnetic effects, as described by Chen et al.63 These
20034 | RSC Adv., 2020, 10, 20028–20037
core–shell magnetic Fe3O4@DGL NPs are expected to be used
for the in situ adsorption and detection of organic dye pollut-
ants in aqueous solution, separation and enrichment of active
ingredients from natural medicine and other elds.

The calibration curve of a series of RhB working solution is
shown in Fig. S8.† The effect of different amounts of Fe3O4@1G
NPs on the removal of RhB from water with a concentration of
4.8 mg L�1 was further investigated, and is shown in Fig. S9.†
The result showed that the percent removal of RhB increased
with increasing amount of nano-adsorbent Fe3O4@1G NPs, and
reached the maximum removal efficiency of 90% when the
concentration of Fe3O4@1G NPs reached about 72 mmol. This
tendency may be attributed to the fact that increasing the
Fe3O4@1G NPs led to an increase of more interaction sites for
the adsorption of RhB molecules, but nally stabilizes due to
the adsorption equilibrium of RhB molecules in the solution.

Because of their excellent adsorption capacity and separa-
tion performance on RhB, implying the possible interaction
between surface groups and with bacteria, Fe3O4@1G NPs were
also used to remove E. coli bacteria from an aqueous solution.

As shown in Table 1, increasing the amount of Fe3O4@1G
NPs led to an increase in the removal rate for E. coli. The
tendency could be attributed to the presence of more interac-
tion sites from adding more Fe3O4@1G NPs. For 0.2 g of
Fe3O4@1G NPs, the removal rate for the E. coli bacteria was as
high as 91%. This result showed that the Fe3O4@1G NPs could
be used for the removal of bacterial contamination. The exis-
tence of functional groups on the surface of Fe3O4@1G NPs
(including hydroxyl and carboxyl groups) renders the excellent
adsorption performance towards bacteria or dye molecules.

The regenerated Fe3O4@1G NPs still showed good adsorp-
tion efficiency for RhB and removal rate for E. coli from water
aer 3 cycles (Fig. S10†). The adsorption or removal perfor-
mance was almost unchanged in the rst 3 reuse cycles, which
could be attributed to the recovery of the surface groups and
super stability of the graphene layer. Because of its impressive
adsorption and separation performance, long-term stability in
the open air/operating environment, as well as excellent reus-
ability, the synthesized Fe3O4@1G NPs also have potential
applications in wastewater treatment.

This new ability to synthesize Fe3O4@DGL is not only
benecial in terms of the surface chemistry and understanding
the dehydration reaction under hydrothermal conditions, but
also provides new opportunities for the application of Fe3-
O4@DGL in SERS or the efficient extraction/loading of active
compounds. One possible application for Fe3O4@1G NPs is the
separation and SERS detection of targeted molecules due to the
This journal is © The Royal Society of Chemistry 2020
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narrow size distribution of the Fe3O4 core, and outer continuous
and uniform single layer graphene. Another potential applica-
tion of the Fe3O4@1G NPs is a novel magnetic nanoadsorbent
for the highly effective removal of bacteria from an aqueous
solution. Owing to the biocompatibility and chemically inert
property of the carbon layer, the further functionalization of
Fe3O4@DGL is expected to provide more versatility in the
future.
Conclusions

In summary, a facile and green synthesis approach has been
developed to prepare core–shell Fe3O4@DGL NPs with
a controllable diameter Fe3O4 core and graphene with
a controlled number of layers via a competitive oxidation–
reduction under hydrothermal conditions. Uniform and well-
dispersed Fe3O4@DGL NPs were separated and puried easily
from the as-synthesized mixture in the presence of an external
magnetic eld. The magnetization saturation values of the
Fe3O4@DGL NPs displayed size- and thickness-dependent
characteristics. The formation mechanism of the magnetic
Fe3O4@DGL NPs was described in detail at the molecular level.
This work provides one new perspective for the green synthesis
of Fe3O4@DGL NPs, which will minimize the use of harsh
chemicals and generation of chemical waste. The stable and
uniform Fe3O4@1G NPsmay be used as a SERS substrate for the
highly selective and sensitive detection of some compounds.
The interaction sites on the Fe3O4@1G NPs may also serve as
nano-adsorbents for the physical removal of bacteria during
water treatment.
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