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AbstractThe use of biopolymers obtained from natural resources as a carbon source has attracted much attention.
In this study, we introduced a novel method for synthesis of hollow magnetic carbon microbeads (HMCMs) based on
core-shell alginate hydrogel microbeads consisting of a hydrophobic iron-oleate core encapsulated in a shell of ionically
cross-linked alginate hydrogel using the syringe pump with the fabricated double-layered syringe needle. This allows
in-situ formation of magnetic particles and carbon walls simultaneously during carbonization. After surface passiva-
tion with a silica coating followed by direct carbonization led to in-situ formation of iron oxide particles via the ther-
mal decomposition of the iron-oleate precursor in the core region and a carbon shell derived from the cross-linked
alginate polymer during carbonization. The subsequent removal of the silica shell resulted in the formation of HMCMs
with a unique surface wrinkle morphology and superparamagnetic property. HMCMs were applied to remove dye
from the contaminated wastewater, and the dye-adsorbed HMCMs could be easily removed by an external magnetic
field. The proposed synthesis of hollow carbon microbeads can be further optimized to control the size of core-shell
microbeads and the components encapsulated in the core and shell, and hence will be useful for preparing diverse
types of beads for various applications.
Keywords: Syringe Pump, Carbon Microbeads, Alginate, Carbonization, Organic Dye Separation

INTRODUCTION

Synthetic dyes are used in the paper, printing, textile, cosmet-
ics, food, and pharmaceutical industries, owing to their affordable
synthesis cost, stability, and availability in various colors [1]. How-
ever, during the colorizing process, these dyes are inevitably dis-
charged into water, not only destroying nature but also affecting
human health [2-5]. Diverse approaches have been studied to purify
the dye-contaminated water, such as chemical oxidation, biologi-
cal treatment and physical adsorption [6]. Among these, adsorp-
tion has drawn much attention owing to its low initial operation
cost and facile uses [7-10].

Carbon microbeads have received much attention due to their
widespread applications in various fields, such as supercapacitors
[11], lithium ion batteries [12] and adsorbents [13]. Carbon microbe-
ads are commonly prepared by using templates like using silica
template [14], zeolite [15], or block copolymers as soft templates
[16]. However, templating methods usually involve complicated
preparation steps and harsh environment for the synthesis, which
leads researchers to focus on synthesizing carbon microbeads with-
out using templates, such as hydrothermal method [17,18], suspen-

sion polymerization [19], microwave-assistant polycondensation
[20], chemical vapor deposition [21], or pyrolysis of carbonaceous
materials such as alginate hydrogel [22].

Alginate, a natural polysaccharide obtained from brown-algae,
consists of mannuronic acids (M block) and gluconic acids (G
block) repeating units [23]. As the G blocks in alginate can be easily
crosslinked by divalent cations, such as Ca2+, Ba2+, or Al3+ to from
hydrogel [24,25], alginate hydrogel has been intensively studied for
diverse biomedical applications including cell encapsulation [26],
drug delivery[27], and tissue engineering [28]. Recently, there have
been a few reports on the use of alginate as a carbon source. The
alginate, an oxygen-rich carbon precursor, was carbonized under
inert gas followed by surface activation with hydrochloric acid
treatment resulting a high concentration of functional groups in the
carbon for electrode material for supercapacitors [29]. Fe3+-cross-
linked sodium alginate was pre-oxidized at 200 oC, transforming
Fe(III) and alginate to Fe2O3 and carbon each, then material was
ground into powder and calcinated under nitrogen gas to 800 oC,
resulting in magnetic carbonaceous materials for removing chro-
mium from aqueous system by adsorption [30].

However, there has been no report on the synthesis of carbon
microbeads using ionically-crosslinked alginate hydrogels. As the
uniform Ca2+-crosslinked alginate hydrogel microbeads can be eas-
ily fabricated via electrostatic droplet generator and coaxial-needle,
the carbonization of the resulting alginate microbeads would lead
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to the preparation of uniform carbon microbeads. Furthermore,
the core-shell type alginate microbeads can be designed and fabri-
cated [26,31], which may allow functional carbon microbeads con-
sisting of functional core part.

In this study, we propose a method for the fabrication of hol-
low magnetic carbon microbeads (HMCMs) based on core-shell
alginate hydrogel microbeads synthesized by coaxial-needle and
electrostatic droplet generator. The HMCMs were prepared via the
carbonization of core-shell hydrogel microbeads consisting of
iron-oleate as the hydrophobic core and Ca2+-crosslinked alginate
hydrogel as the shell (Fig. 1). After densification of alginate shell by
solvent exchange and silica coating, the subsequent direct carbon-
ization of iron-oleate@alginate core-shell microbeads resulted in
hollow magnetic carbon microbeads (HMCMs) consisting of iron
oxide nanoparticles in hollow cores and surrounding mesoporous
carbon shell. The carbonization led to in-situ formation of iron oxide
nanoparticles from the thermal decomposition of the iron-oleate
complex and the carbon shell from the alginate layer. In general,
pre-prepared magnetic nanoparticles are required to fabricate mag-
netic composite materials. In our study, magnetic carbon compos-
ite microbeads were fabricated directly from iron-oleate@alginate
core-shell hydrogel via in-situ formation of iron oxide from decom-
position of iron-oleate precursor during carbonization. Therefore,
the separate preparation of magnetic nanoparticles was not neces-
sary. The resulting hollow magnetic carbon microbeads were used
for the removal of organic dyes and could be easily separated using
a magnet after dye adsorption.

EXPERIMENTAL

1. Materials
An alginate acid sodium salt from brown algae with medium

viscosity (Sigma), sodium chloride (Sigma-Aldrich), calcium chlo-

ride dihydrate (Sigma), poly-L-lysine (Sigma-Aldrich), tetraethyl
orthosilicate (TEOS, Sigma-Aldrich), ammonium hydroxide solu-
tion (Sigma-Aldrich), sodium hydroxide (Sigma-Aldrich), iron (III)
chloride hexahydrate (Sigma-Aldrich), sodium oleate (TCI), and
rhodamine B (TCI) were purchased and used without further puri-
fication.
2. Preparation of Iron-oleate

Iron-oleate was prepared following the previous report [32]. Typi-
cally, 10.8 g of iron (III) chloride hexahydrate and 36.5 g of sodium
oleate were dissolved in a mixture of 140 mL hexane, 80 mL etha-
nol, and 60 mL deionized (DI) water under stirring. The mixture
was heated to 60 oC while stirring and maintained at this tempera-
ture for 4 h. After the reaction, the upper organic layer containing
the iron-oleate complex was washed three times with 30 mL of DI
water and EtOH in a separatory funnel, which was left overnight
for the last washing step. Finally, hexane was evaporated from the
retrieved organic layer in a rotary evaporator for 4 h to obtain the
waxy iron-oleate complex.
3. Preparation of Core-shell Microbeads

The core-shell microbeads were prepared by co-extruding the
diluted iron-oleate complex (75 wt/v% in hexane) as the core and
the alginate solution (1.8wt% in deionized water) as the shell through
a specially designed blunt needle connected with a syringe pump
(Pump 11 Series, Harvard Apparatus) using an electrostatic drop-
let generator coupled with a high-voltage power supply (13 kV,
230-30R, Bertan) [25,33]. The iron-oleate@alginate droplets were
Ca2+-crosslinked alginate hydrogel-based core-shell microbeads.
The microbeads were spherical. The flow rates through both the
inner and outer needles were adjusted to control the core and shell
sizes. The core-shell microbeads were washed with 0.9wt/v% sodium
chloride (saline) solution and were then stored in for further use.
4. Preparation of the HMCMs

The core-shell microbeads were dispersed in a poly-L-lysine (PLL)

Fig. 1. Schematic of the fabrication process of hollow magnetic carbon microbeads (HMCMs) from iron-oleate@alginate core-shell microbeads.
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solution (0.05 wt/v% in deionized water) for 10 min and washed
with saline several times, which was repeated three times. The
resulting PLL-coated microbeads were dispersed in a 100 mM cal-
cium chloride solution for a few minutes. Then, the calcium chlo-
ride solution was gradually exchanged with ethanol, which resulted
in the formation of dense alginate shell via the shrinkage of hy-
drophilic alginate in ethanol. Subsequently, silica coating was car-
ried out using TEOS as the silica precursor and ammonium hydrox-
ide as the catalyst for 1 h under shaking. The resulting silica-coated
microbeads were washed with ethanol several times. The silica-
coated microbeads were carbonized at 900 oC for 3 h under a nitro-
gen atmosphere (at the heating speed of 10 oC/min). During this
process, the iron-oleate complex in the core part decomposed to
form iron oxide particles and the dense alginate shell converted into
amorphous carbon. The obtained silica-coated carbon microbeads
were incubated in a 4 M sodium hydroxide solution at 100 oC for
3 h and were then washed with excess water. The resulting HMCMs
were collected and stored at room temperature.
5. Adsorption Test of Rhodamine B with the HMCMs

The adsorption of rhodamine B was tested by incubating the
HMCMs (40 mg) in a 20 mL aqueous solution of rhodamine B
with different concentration for different immersion durations. The
adsorbed amount of rhodamine B was calculated by the following
method. After magnetic separation of HMCMs, the supernatant
was collected and analyzed to measure the concentration of the
remaining dye using ultraviolet-visible (UV-Vis) spectroscopy at
554 nm. All the experiments were conducted at 24 oC and pH 5.0
except for the temperature and pH control.

To investigate the effect of pH and temperature on adsorption
behavior, 2.5 mg of HMCMs was incubated in 0.5 mL of 5 mg/L
concentration rhodamine B solution for 27 h with designed condi-
tion of pH (2.0, 5.0, 6.2, 7.0 and 9.5) and temperature (5, 24, 30
and 48 oC). To verify rhodamine B adsorption behavior in long-

term adsorption, 5 mg of HMCMs was incubated at various con-
centrations (1.25, 2.5, 5, 10 and 20 mg/L) and at high concentra-
tion (200 mg/L) of rhodamine B solution for 7 days and 10 days,
respectively, at 24 oC and pH 5.0. Isothermal tests were carried out
with different concentrations (100, 50, 25, 12.5, and 6.25 mg/L) of
rhodamine B at 24 oC.

RESULTS AND DISCUSSION

To prepare the core-shell microbeads consisting of a hydropho-
bic iron-oleate core and an alginate hydrogel shell, a double-lay-
ered syringe needle was fabricated and connected to the syringe
pumps, which controlled the flow rate of the inner iron-oleate and
outer alginate solutions during the droplet formation using an elec-
trostatic droplet generator (Fig. 1). Electrostatic droplet generator
applies positive charges to calcium chloride bath solution and neg-
ative charges to the tip of the syringe needle, helping microbeads
to be comparably small-sized and uniform compared to syringe
pump without electrostatic generator [33]. First, the core-shell mi-
crobeads consisting of an iron-oleate core and Ca2+-crosslinked
alginate hydrogel shell were prepared by pumping out the core-
shell droplets and dropping into a calcium chloride solution, which
resulted in the Ca2+-crosslinking of the outer alginate shell [24,25].
The size of alginate microbeads depends on the flow rate of the
inner and outer solutions, height between the needle and the accu-
mulating pallet, and voltage of high-voltage supplier [25,33]. The
thickness of core-shell microbeads depends mainly on the flow
rate of the inner and outer materials (Fig. 2). When the inner flow
rate was increased while maintaining the outer flow rate constant,
both the core size and total size of the beads increased, but the
thickness of the shell decreased (Fig. 2(a)-(d)). On the other hand,
when the outer flow rate was increased while maintaining the inner
flow rate constant, the total bead size and the shell thickness in-

Fig. 2. Flow rate control for the double-layered microbeads. (a)-(d) Optical microscopic images (a)-(c) and the total diameter and core diam-
eter as functions of the inner flow rate (d). The outer flow rate was fixed at 0.03 mL/min. (e)-(h) Optical microscopic images (e)-(g)
and the total diameter and core diameter as functions of the outer flow rate (h). The inner flow rate was fixed at 0.01 mL/min. Scale
bars: 500m.



878 S. Y. Yun et al.

May, 2020

creased, but the core size decreased (Fig. 2(e)-(h)). We used the inner
and outer flow rates of 0.01 and 0.03 mL/min, respectively, to pre-
pare core-shell microbeads with thicker alginate shell to increase
the amount of the carbon source and encapsulate enough amount
of iron-oleate to have strong magnetism for separation.

The alginate hydrogel contains low polymer contents and high
water content. To densify the alginate shell, the core-shell microbe-
ads were gradually solvent-exchanged with ethanol after coating
with PLL to increase the feasibility to the silica coating. As ethanol
is less polar than water, the high ethanol content around the algi-
nate microbeads induced shrinkage of the alginate shell to form
dense alginate networks because of the less solubility of hydrophilic
alginate in ethanol (Fig. 3(a)). The optical microscopic images of
the core-shell microbeads in saline, 50% ethanol, and 100% etha-
nol show that the size of the microbeads decreased significantly from
1,495 to 857m when the saline-to-100% ethanol solvent exchange
occurred mainly due to the shrinkage of the alginate shell (Fig.
3(b)). In contrast, the size of the core did not change upon solvent

exchange because hydrophobic iron-oleate was not affected by the
ethanol environment. The gradual solvent exchange was import-
ant to maintain the spherical core-shell structure of the microbe-
ads. The rapid solvent exchange from saline to 100% ethanol resulted
in a distortion of the core-shell structure with the extrusion of the
core material (Fig. S1).

The shrunken core-shell microbeads were coated with silica for
the protection of the core-shell structure during the thermal de-
composition of iron-oleate and the carbonization of the alginate
shell (Fig. 3(c)). To investigate the protecting of the silica coating,
the prepared silica-coated core-shell microbeads were immersed
in hexane (Fig. 3(d)). The shrunken core-shell microbeads with-
out silica coating showed a release of iron-oleate from the core as
hydrophobic hexane could diffuse into the core through the algi-
nate layer and iron-oleate could also diffuse out through the algi-
nate shell. In contrast, the silica-coated core-shell microbeads showed
no leakage of iron-oleate. Indicating that the silica coating was
complete in this case and could protect the core-shell structure of

Fig. 3. Solvent exchange of the iron-oleate@alginate core-shell microbeads. (a) Schematic of the change in the distance between the alginate
chains before and after the solvent exchange with ethanol. (b) Optical microscopic images of the iron-oleate@alginate core-shell
microbeads over a gradual solvent exchange from saline to ethanol. Scale bars: 500m. (c) The representative optical microscopic
image of silica-coated iron-oleate@alginate microbeads. Scale bar: 500m. (d) Schematic and photograph of bare iron-oleate@algi-
nate microbeads (without silica coating) and silica-coated iron-oleate@alginate microbeads in hexane.
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the microbeads by acting as the barrier for the organic solvents.
The thermal decomposition of iron-oleate complex and carbon-

ization of alginate from the silica-coated core-shell microbeads can
be demonstrated by thermogravimetric analysis (TGA) under a
nitrogen atmosphere (Fig. 4(a)). The TGA graph of the silica-coated
core-shell iron-oleate@alginate microbeads has four steps of weight
loss upon heating. The first significant loss of weight until 80 oC is
attributed to the evaporation of the solvent (ethanol and hexane)
from the beads. The second weight loss at 80-200 oC is loss of water
molecules which were bound between the alginate chain. The
next weight loss at 200-500 oC is derived from the devolatilization
along with the fracture of glycosidic bonds in alginate [34] and the
decomposition of the iron-oleate complex to form iron oxide nano-
particles [32]. The last decrease of weight at 500-900 oC is from the
carbonization of alginate-intermediate compounds with slow deg-
radation [34-37].

After carbonization and the subsequent etching to remove the
silica coating, black microbeads were obtained without a signifi-
cant change in the morphology (Fig. 4(a) inset). The energy disper-

sive X-ray spectroscope (EDS) analysis of HMCMs revealed that
most silica was successfully removed by etching (Fig. S2). From
Fig. 4(b), it can be observed that the black microbeads were spher-
ical and had a densely wrinkled surface. This can be attributed to
the significant shrinkage of the alginate shell during the solvent
exchange. The scanning electron microscopy (SEM) image of the
broken microbeads shows a hollow space inside the carbon shell,
which perfectly retained its structure even after the carbonization
(Fig. 4(c)). The broken shell of the HMCMs was further analyzed
with EDS, showing that the outer shell of the HMCMs mainly
consisted of carbon while the inner surface of the microbead had
an enhanced iron content (Fig. 4(d)). The X-ray diffraction (XRD)
results showed that carbonization resulted in the formation of
magnetite, Fe3O4, in the HMCMs (Fig. 4(e)). From the XRD pat-
tern of the HMCMs, the size of the magnetite particles was esti-
mated using the Scherrer equation, Dhkl=K/(Bhkl∙cos), where Dhkl

is the crystallite size in the direction perpendicular to the lattice
planes, K is a numerical factor which is 0.94 for spherical crystal-
lites with cubic symmetry,  is the X-ray wavelength, Bhkl is the

Fig. 4. Characteristics of the hollow magnetic carbon microbeads (HMCMs). (a) TGA curve for the silica-coated iron-oleate@alginate
microbeads under nitrogen atmosphere (heating rate: 10 oC/min). Inset: an optical image of HMCMs after silica removal. (b) SEM
image of HMCMs with densely wrinkled surfaces. (c) SEM images of the broken HMCMs revealing its hollow interior. (d) SEM image
(left) and EDS mapping (C and Fe) of the broken HMCMs. (e) XRD pattern of the HMCMs with the representative diffraction peaks of
iron oxide (Fe3O4). (f) A photograph showing the magnetic property of HMCMs. (g) TGA curve for HMCMs under air atmosphere
(heating rate: 10 oC/min). (h) Isotherm sorption analysis with nitrogen gas. (i) Pore size distribution corresponding to desorption.
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full-width at half-maximum in the XRD pattern, and  is the Bragg
angle. The Scherrer equation, often known as the Debye-Scherrer
equation, explains the dependence of the crystallite size on the
width of the XRD peaks to measure crystallite sizes of 200 nm or
less [38]. The mean size of the magnetite particles was found to be
19.4 nm. The magnetic property of the HMCMs could be easily
confirmed by applying an external magnetic field using a solid mag-
net (Fig. 4(f)). The magnetite content of the HMCMs was 58 wt%,
as estimated from their TGA under air atmosphere in which oxy-
gen gets to react with the carbon to produce carbon oxide or car-
bon dioxide with remaining inorganic iron oxide (Fig. 4(g)). In
addition, porosity was investigated with nitrogen gas sorption analy-
sis (Fig. 4(h), (i)), showing the typical hysteresis loop for the meso-
porous materials. The corresponding pore size distribution showed
narrow peak at 4 nm and broad peak around 10 nm. Brunauer-
Emmett-Teller (BET) surface area was 157 m2/g and average pore
volume was 0.133 cm3/g, indicating the resulting hollow magnetic
carbon microbeads have meso-porosity. Taken together, the pyrol-
ysis process followed by silica removal successfully resulted in simul-
taneous formation of iron oxide nanoparticles in hollow core part
and carbon shell by maintaining hollow space inside the shell with
mesopores [35,37].

Finally, the removal of the organic dye from contaminated water
was investigated by incubating the HMCMs in an aqueous solu-
tion of rhodamine B and measuring the concentration of the
remaining dye using UV-Vis spectroscopy. For adsorption analysis,
rhodamine B as the organic dye material was chosen, as Rhodamine
B is one of the most widely used dyes which is equally harmful
towards human health like other synthetic dyes. After incubation
of rhodamine B solution with HMCMs, the color of the dye solu-

tion became significantly pale and the HMCMs could be easily
separated from the solution by applying an external magnetic field
(Fig. 5(a)). The adsorption behavior in long-term was investigated
for five different concentrations (Fig. 5(b)), showing the increase of
adsorption capacity as the contact time. increased Afterwards, the
adsorption became slower and reached equilibrium.

The effect of solution pH was also investigated by incubating
HMCMs for 27 h at five different pH, 2.0, 5.0, 6.2, 7.0 and 9.5 of
rhodamine B solution (Fig. 5(c)). There was no significant differ-
ence of dye adsorption capacity at different pH tested, suggesting
the ability to remove organic dye over a wide pH range. The effect
of temperature on adsorption capacity was also carried out at 5,
24, 30, and 48 oC for 27 h (Fig. 5(d)). The adsorption capacity was
higher at higher temperature and maximized at 30 oC with an ad-
sorption capacity of 0.97 mg/g. At very high temperature (48 oC)
the adsorption capacity became lower. This temperature depen-
dence was consistent with the previous reports [39,40]. Increase in
temperature may generate enough energy to overcome the activa-
tion barrier for rhodamine B adsorption on HMCMs [39]. There
might be an enhanced dissociation of interactions between dye
and adsorbent at high temperature, resulting in lower adsorption
capacity [40].

The initial organic dye concentration Ci (mg/L) versus adsorp-
tion capacity qe (mg/g) curve of the HMCMs was obtained to evalu-
ate their adsorption efficiency at the various initial dye concentrations
(Fig. 5(e)). An increase in the initial concentration of rhodamine B
led to an increase in the amount of adsorbed rhodamine B per
unit weight of HMCM at equilibrium. A higher concentration of
dye resulted in a higher driving force of the concentration gradi-
ent [41], which could accelerate the external diffusion of rhodamine

Fig. 5. Removal of rhodamine B from the aqueous solution using the HMCMs. (a) Magnetic separation of the dye-adsorbed HMCMs using
a magnet. (b) Adsorption of rhodamine B with different initial concentrations over time. (c) The adsorption capacity of HMCMs
depending on the initial concentration of rhodamine B. Adsorption capacity of organic dye at different (c) pH and (d) temperature.
(e) Adsorption capacity of HMCMs as a function of the initial concentration of rhodamine B.
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B molecules from the solution into the adsorbent and decrease the
resistance of the uptake of rhodamine B [20,42]. As the initial con-
centration increased from 1.7 to 88 mg/L, the amounts of dye ad-
sorbed on the adsorbent increased from 0.14 to 16.8 mg/g. The
equilibrium between adsorbents and adsorbates can be explained
by adsorption isotherms, which relate the equilibrium adsorbent
capacity qe to the equilibrium concentration of the solution Ce

according to the Langmuir and Freundlich adsorption models, the
most commonly used models for describing the adsorbent-adsor-
bate equilibrium (Fig. S3) [43-45]. The calculations revealed that
the HMCMs fitted well with the Langmuir isotherm model, indi-
cating that the HMCMs showed homogeneous sites within the
adsorbent and were composed of monolayer adsorbate on the sur-
face of the adsorbent.

CONCLUSIONS

We proposed a novel method to synthesize biomass-derived
HMCMs with a tunable bead size by formation of hollow carbon
microbeads and magnetite nanoparticles in hollow carbon via coax-
ial-needle with electrostatic droplet generator and the carboniza-
tion of core-shell microbeads consisting of an iron-oleate core and
alginate hydrogel shell. The iron-oleate complex was converted into
magnetite nanoparticles, and the densified alginate hydrogel shell
obtained by solvent exchange was converted into carbon. These
microbeads were used for the adsorption of rhodamine B in an
aqueous solution. It was found that the HMCMs could remove
around 80% of the dye from the aqueous solution. The dye ad-
sorbed HMCMs could be easily separated from the solution. As
the HMCMs followed the Langmuir isotherm model, they had a
monolayer adsorption onto the surface containing a finite num-
ber of identical sites. The synthesis method proposed in this study
can be used to prepare core-shell microbeads with various compo-
sitions, geometries, core sizes, shell thicknesses, and number of
cores for various applications like lithium ion battery, desalination
and energy storage system.
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Fig. S1. Shape maintenance of the HMCMs with radical solvent
exchange. Scale bar: 200m.

Fig. S2. EDS elemental analysis of HMCMs, revealing the success-
ful removal of silica after etching.

Fig. S3. (a) Parameters for the adsorption isothermal models. (b) Langmuir model: 1/qe vs. 1/Ce. (c) Freundlich model: ln(qe) vs. ln(Ce).
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