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Magnetic hollow carbon microspheres as
a reusable adsorbent for rhodamine B removalt

@*a

Feifei Lu,® Ci Huang,? Lijun You, {2*? Jiabing Wang® and Qiging Zhang*®

Magnetic hollow carbon microspheres (MHCMs) were fabricated with a dual alternative constitution of
cavities and porous carbon shells by a combination of microwave-assistant polycondensation and
surfactant-free emulsion polymerization. The MHCM was characterized by transmission electron
microscopy, X-ray diffraction, thermogravimetric analysis, vibrating sample magnetometry and N
adsorption/desorption isotherms. The MHCMs possessed features of uniform morphologies, high surface
area (680 m? g%, large pore volume (0.61 cm® g~%) and magnetic responsiveness. The MHCMs were
used as an adsorbent to remove rhodamine B (RB). The removal efficiency of RB reached 99.5% and the
adsorption capacity of the MHCMs reached as high as 300 mg g~1. The adsorption process followed the
Langmuir isotherm very well. The enthalpy change was 28.35 kJ mol™!. The negative free energy change
indicated that the adsorption process was feasible and spontaneous. The positive entropy change
showed that there was an increase in disorder in the adsorption system. The removal process was
endothermic and interaction controlled. The adsorption kinetics fitted well with the pseudo-second-
order kinetics model. The removal efficiency of RB remained over 90% after six consecutive cycles,
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1. Introduction

Synthetic dyes with complex molecular structures are highly
stable and difficult to undergo biodegradation in aqueous
solutions.™” If these highly coloured and undesirable compo-
nents are discharged in waterways without appropriate treat-
ment, the reoxygenation capacity of the water could be damaged
and the biological activity in the aquatic environment would be
destroyed.* Moreover, some of these dyes are toxic, mutagenic
and carcinogenic in nature and may result in serious health
problems to human.* In recent years, the components of dyes in
wastewater have become more and more intricate due to the
increasing diversity of industrial products,® which makes dyes
removal one of the most difficult tasks. Rhodamine B (RB), one
of the most widely used dyes, is extensively used in the textile,
leather, cosmetics, food and biomedical laboratories.® It is
harmful towards the skin, eyes and respiratory tract. It can also
cause carcinogenicity, neurotoxicity and chronic toxicity to
humans and animals.” Therefore, it is of significant practical
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which demonstrated the high adsorption performance and favourable reusability of the MHCMs.

importance to ensure the complete removal of RB from aqueous
solutions to protect human health and the environment.

Methods for processing dyes in aqueous solution involve
physical, chemical and biological approaches. Techniques such
as adsorption, flocculation, chemical oxidation, electrolysis,
and biological treatments have been extensively applied in dye
wastewater treatment.®*" Among these techniques, the
adsorption process is regarded as an attractive alternative,
especially when the adsorbent is inexpensive and readily avail-
able.”»"® Many adsorbents, such as activated carbon, peat, clay,
silica, algae, fungi, etc., have been investigated to remove dyes
in aqueous solutions.’*” Nevertheless, most of them possess
limitations, such as hazardous by-products, high cost or
intensive energy requirements. Moreover, it is difficult to
remove many dyes from effluents, because many dyes are not
easily degradable and are generally not removed from waste-
water by conventional wastewater systems.'®*®

Porous activated carbon materials are highly appealing because
of their controllable pore architecture, high surface area, large pore
volume and specific physical and chemical properties.”*>* These
features contribute to their excellent performance as adsorbents.
The adsorption capability of dyes onto porous carbon surfaces
depends on the type of pore texture of the adsorbent and on the
interactions between the adsorbent and the adsorbate.”** In spite
of their already distinctive advantages, the improvement of porous
carbon has been continuously acquired for specific applications.
Many porous carbons have been successfully prepared through
templating methods using mesoporous silica, zeolites and
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polymer microspheres as hard templates, or using copolymer
surfactants as soft templates.*?® Nevertheless, the preparation
processes by these templating approaches are usually complicated,
tedious and cost and/or time-consuming, which limit their prac-
tical applications.”*** Moreover, a slow adsorption rate or separa-
tion inconvenience are other challenges preventing them from
wider application in water treatment.” Thus, porous carbon
materials with properties of a fast adsorption rate and facile
separation have become more and more attractive. In this work,
magnetic Fe;O, nanoclusters were incorporated to make porous
carbon microspheres with a facile magnetic separation property.*
A porous multilayers structure was designed to provide the
adsorbent with an enhanced high surface area, large pore volume
and specific mechanical and chemical properties. Thus, the design
of the magnetic porous carbon microsphere should be able to
achieve the purpose of developing an adsorbent with the desired
characteristics of superior adsorption capability, a fast adsorption
rate and facile separation.

Herein, we developed a combination approach of microwave-
assistant polycondensation and surfactant-free emulsion poly-
merization to fabricate porous magnetic carbon microspheres
(MHCMSs) consisting of an Fe;O, core and porous carbon shells.
The designed structure provided distinctive characteristics,
including a high surface area, large pore volume, appropriate pore
sizes and magnetic responsiveness. Phenol-formaldehyde (PF)
resin was used as the carbon source to afford a high carbon-
forming yield. Polystyrene (PS) was used as the template to form
hollow cavities. In addition, the alternative constitution of PS and
PF layers provided a controllable approach to develop the structure
of multiple porous carbon shells and isolated inner space. The
BET surface area of the MHCM was determined to be 680 m* g~ *
with a total pore volume of 0.61 cm® g~ ". The MHCM micro-
spheres showed an enhanced high capacity for RB removal in
aqueous solutions. The effects of the dosage of MHCM, the contact
time, temperature, initial pH and initial RB concentration on the
adsorption of RB were studied. The thermodynamics and kinetics
of the adsorption process were investigated. After six consecutive
cycles, the removal efficiency of RB still retained over 90%, indi-
cating that the MHCM is a favourable reusable adsorbent.

2. Experimental section
2.1 Materials

Phenol, aqueous ammonia solution (25%), ferric chloride hexa-
hydrate (FeCl;-6H,0), sodium acetate (NaOAc), ethylene glycol,
anhydrous ethanol, trisodium citrate dehydrate (Na,Cit), aqueous
formaldehyde solution (37%) and cetyltrimethyl ammonium
bromide were purchased from Shanghai Chemical Reagents
Company.  Potassium  persulfate  (KPS) and  cetyl-
trimethylammonium bromide were purchased from Shanghai
Aijian Reagent Company. Deionized water was used in all the
experiments.

2.2 Preparation of the Fe;0,/PS/PF microspheres

The Fe;0,/polystyrene (Fe;0,/PS) composite microspheres were
synthesized  using  surfactantfree = seeded  emulsion
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polymerization with Fe;O, magnetite colloidal nanocrystal clus-
ters as the seeds, as reported in our earlier work.” Preparation of
Fe;0,/PS/phenol-formaldehyde-resin (Fe;0,/PS/PF) microspheres
was realized through a microwave-assistant hydrothermal
method.” The coating of a phenol-formaldehyde-resin (PF) shell
on the Fe;0,/PS microspheres was carried out in a CEM Discover
microwave machine using the single mode and continuous power
at 2.45 GHz. In a typical experiment, 50 mg phenol, 2 mg cetyl
trimethyl ammonium bromide, 0.15 mL ammonia aqueous
solution and 30 mL deionized water were mixed to form
a mixture. Then, 10 mg Fe;O,/PS microspheres was added into the
mixture, which was then treated by ultrasonication for 5 min to
obtain a homogenous dispersion. Then, 0.2 mL formaldehyde
solution was injected into the dispersion. Subsequently, the
dispersion was transferred into a microwave reaction vessel and
placed in the vessel holder. The reaction was started at 160 °C and
lasted for 30 min. After the reaction was completed, the as-
prepared Fe;O,/PS/PF microspheres were collected by magnetic
separation, washed with deionized water and ethanol three times
and finally dried in vacuum at 45 °C for 4 h.

2.3 Fabrication of the Fe;0,/PS/PF/PS/PF microspheres

First, the Fe;0,/PS/PF/polystyrene (Fe;0,/PS/PF/PS) micro-
spheres were synthesized as follows: 100 mg of the Fe;0,/PS/PF
spheres was dispersed in 125 mL deionized water and stirred to
form a homogeneous medium, and then N, was bubbled
through for 30 min. After the injection of 4.5 mL styrene, the
temperature was raised to 73 °C and the reaction was initiated
by adding 8 mL KPS solution (10 mg mL™") and lasted for 6 h.
The obtained Fe;0,/PS/PF/PS product was collected by
magnetic separation and washed with deionized water and
ethanol, respectively. The Fe;0,/PS/PF/PS/phenol-formalde-
hyde-resin (Fe;O,/PS/PF/PS/PF) microspheres were fabricated
by coating PF shells on Fe;O,/PS/PF/PS microspheres using the
microwave-assistant hydrothermal method. Specificity, 10 mg
Fe;0,/PS/PF/PS microspheres was added in to a solution con-
taining 40 mg phenol, 2 mg cetyl trimethyl ammonium bromide
and 0.15 mL ammonia aqueous solution. The mixture was
treated by ultrasonication for 2 min to obtain a homogenous
dispersion. Then, 0.2 mL formaldehyde was added and the
reaction was carried on at 160 °C for 30 min. The as-prepared
Fe;0,4/PS/PF/PS/PF microspheres were collected by a magnet
and dried in vacuum at 45 °C for 4 h.

2.4 Preparation of the MHCMs

The as-prepared Fe;O,/PS/PF/PS/PF microspheres were
carbonized at 650 °C under a nitrogen flow, and the carbon-
ization process lasted for 2 h. The formation of porous carbon
shells and the elimination of the PS shell occurred synchro-
nously during the carbonization process. The resulting carbon
composites were washed with deionized water and ethanol,
respectively, and collected by a magnet. Then, they were dried in
vacuum at 45 °C for 4 h and the MHCM microspheres were
obtained. Porous PF carbon was fabricated using the same
method for comparison.

This journal is © The Royal Society of Chemistry 2017
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2.5 Characterization methods and instruments

Transmission electron microscopy (TEM) images were taken on
a JEM-2100F transmission electron microscope at an acceler-
ating voltage of 200 kV. Fourier transform infrared spectra (FT-
IR) were determined on a NEXUS-470 FT-IR spectrometer and
the spectra were scanned over the range of 400-4000 cm™ . All
of the dried samples were mixed with KBr and then compressed
to form pellets. Magnetic characterization was carried out with
a vibrating sample magnetometer on a Model 6000 physical
property measurement system (Quantum, USA) at 300 K. Ther-
mogravimetric analysis (TGA) measurements were performed
on a Pyris 1 TGA instrument and taken under a constant flow of
nitrogen of 40 mL min~'. The N, adsorption/desorption
isotherms was carried out using a surface area analyzer (Quanta
Chrome Nova1200). The specific surface area was determined
by Brunauer-Emmett-Teller equation (BET) and the total pore
volume (VT) was defined as the maximum amount of nitrogen
adsorbed at a relative pressure of P/P, = 0.99.

2.6 Adsorption of RB by the MHCM microspheres

Stock solutions were prepared by dissolving RB in deionized
water to concentrations of 20 mg L%, 50 mg L™ ", 100 mg L™,
150 mg L™, 200 mg L' and 400 mg L, respectively. The
amount of the MHCMs was fixed at 0.6 ¢ L™". Decolourization
experiments were carried out in a constant temperature shaker.
The concentration of RB was measured by a spectrophotometer
at 554 nm (the maximum absorbency wavelength). The solution
without the adsorbent served as the control.

The adsorption capacity g. (mg g ') was determined from
the following equation:

(Ci—Ce) x V

e = I (1)

The removal efficiency of RB was calculated by the following
equation:

Removal efficiency = % x 100% 2
1
where C; is the initial concentration (mg L") of RB, C. is the
final or equilibrium concentration (mg L") of RB, V is the total
volume of the solution (L), m is the dosage of MHCM (g) and g.
is the amount of RB adsorbed per unit weight of MHCM (mg
g )

The effects of the initial pH, dosage of MHCM, initial dye
concentration and adsorption time on the decolourization
ability were studied. The pH in these experiments was the
original pH of the dye solutions unless mentioned specifically.

3. Results and discussion
3.1 Synthesis of the MHCMs

The synthesis procedure of the MHCMs is presented in
Scheme 1. The Fe;0,/PS microspheres were fabricated through
a surfactant-free emulsion polymerization, as reported in our
previous work.”® A PF shell was coated on the Fe;0,/PS via

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthetic procedure of the MHCMs and their magnetic
separation from aqueous solution.

a microwave-assisted condensation polymerization, resulting in
double PS/PF shells. The Fe;0,/PS/PF was coated by another PS
shell through a surfactant-free seeded emulsion polymerization
and Fe;0,/PS/PF/PS microspheres were obtained. Subsequently,
the Fe;O,/PS/PF/PS microspheres were coated by a PF shell
using a microwave-assisted approach and Fe;0,/PS/PF/PS/PF
microspheres with an alternate multilayer structure of PS and
PF shells were formed. The as-fabricated Fe;O,/PS/PF/PS/PF
microspheres were carbonized at 650 °C under a nitrogen flow.
In the carbonization process, the PS shells were eliminated and
the PF layers become porous carbon shells by thermolysis.
Thus, a hollow space was formed between the porous carbon
shells and the magnetic Fe;O, core.

The TEM images of the Fe;0,/PS microspheres are displayed
in Fig. 1. It can be seen that the Fe;O, nanoparticles were
encapsulated by a PS shell with an average size of 580 nm. The
TEM images of the Fe;0,/PS/PF, Fe;0,/PS/PF/PS, Fe;0,/PS/PF/
PS/PF and MHCM composites microspheres are shown in Fig. 2.
From the images, it could be found that all the microspheres
were monodispersed, spherical in shape and uniform in size.
The size of Fe;0,/PS/PF, Fe;0,/PS/PF/PS and Fe;0,/PS/PF/PS/PF
was 890 nm, 1092 nm and 1323 nm, respectively. The increase
in size proved the successful coating of the PF and PS shells. It
could be clearly observed that the MHCM was of a multilayer

Fig.1 TEM image of the Fes04/PS microspheres.

RSC Adv., 2017, 7, 23255-23264 | 23257
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Fig. 2 TEM images of the (a) FesO4/PS/PF, (b) FesO4/PS/PF/PS, (
FesO4/PS/PF/PS/PF and (d) MHCM microspheres.

hollow structure with a Fe;O, core and alternating cavities and
porous carbon shells. The size of the MHCM was 1180 nm. Its
inner carbon shell was 130 nm and the outer carbon shell was
100 nm. The uniform core/shell structure and well-defined
multilayer hollow structure of the microspheres indicated the
microwave-assisted polycondensation for the PF coating, and
showed that the approach to conversion of the product to
hollow microspheres was facile and efficient for controlling the
construction of a multilevel microstructure.

3.2 Characterization of the MHCMs

To confirm the coating of PF and PS shells, the samples Fe;Oy,,
PF particles, Fe;0,/PS, Fe;0,/PS/PF, Fe;0,/PS/PF/PS and Fe;0,/
PS/PF/PS/PF were characterized by FT-IR spectroscopy (Fig. 3).
The FT-IR spectroscopy results of the Fe;O, nanoparticles and
PF particles were characterized as the controls (Fig. 31 and II). It
was observed that the Fe;O,/PS spectra (Fig. 3III) showed
characteristic adsorption peaks in the ranges of 3009-3092
cm ™! and 1640-1495 cm™!, which were attributed to the C-H

o T \p
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(V)
(V)
)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber( cm™)

Transmittance (%)

Fig. 3 FT-IR spectra of (I) FesO4 nanoparticles, (ll) PF particles, (Ill)
Fes04/PS microspheres, (IV) Fes04/PS/PF microspheres, (V) FesO4/PS/
PF/PS and (VI) FesO4/PS/PF/PS/PF.
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bonds of the benzene ring. The stretching of the C-H bonds of
the saturated alkane from the PS shell could be identified at
2848 cm ™" and 2918 cm™ . The three adsorption peaks at 1600,
1496 and 1447 cm ™" were due to the vibration of C-C bonds in
the benzene ring. The strong rocking modes of CH, found at
757 em™ ' and 701 cm ' were from the single substituted
benzene ring.’***" These indicated the existence of PS shells.
Compared with the spectrum of Fe;0, (Fig. 3I), the adsorption
peak at 582 cm ' was the characteristic absorption of Fe-O
bonds, which confirmed the presence of Fe;O, nanoparticles.*
The FT-IR spectrum of Fe;O0,/PS/PF microspheres (Fig. 3IV) had
additional characteristic absorption of phenolic O-H at 1385
em™ ', and C-O stretching at 1275 em ™' and 1140 cm ™', which
originated from the PF shells (compared with the spectrum of
PF in Fig. 311).*> Compared with the spectra of Fe;0,/PS/PF, the
characteristic peaks of PS shells were obviously enhanced in the
spectra of Fe;0,/PS/PF/PS (Fig. 3V), thus this suggested that the
PS shells were coated onto the Fe;0,/PS/PF microspheres. The
characteristic peaks of Fe;O,4, PS and PF shells were found in the
spectrum of the Fe;O,/PS/PF/PS/PF microspheres (Fig. 3VI).
Moreover, the characteristic absorption of PS shells was
reduced, but the characteristic peak absorption of PF shells was
enhanced, implying the formation of a second layer of PF shells.
The results confirmed that Fe;O,, PS and PF are components of
the Fe;0,/PS/PF/PS/PF microspheres and suggested the forma-
tion of a multilayer structure.

The thermal stability and the composition of the Fe;0,
nanoparticles, PF, Fe;0,/PS and Fe;0,/PS/PF/PS/PF micro-
spheres were characterized by TGA in a nitrogen atmosphere
(Fig. 4). A 21% weight loss for Fe;O, nanoparticles was found
due to the thermolysis of the citrate stabilizer on the nano-
clusters (Fig. 4a).*® Fig. 4b shows that the PS was completely
decomposed at 530 °C. The TGA curve presents the existence of
two thermal degradation ranges in pyrogenation of the PF
particles (Fig. 4c), which can be explained by water removal
during condensation and by the carbonization of PF. This was
similar to the reported cases in the literature.?*** Compared
with the TGA curves of Fe;0,, PS and PF, the decomposing of
the Fe;0,/PS/PF/PS/PF microspheres included elimination of
the PS shells and carbonization of the PF shells (Fig. 4d). A 3.7%
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Fig. 4 TGA curves of (a) FezO,, (b) PS, (c) PF particles and (d) FezO,4/
PS/PF/PS/PF microspheres.
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Fig. 5 XRD patterns of (I) FezO,4 particles, (Il) porous PF carbon
nanospheres and (Ill) MHCMs.

weight loss occurred between 100 °C and 345 °C. This involved
water condensation and volatilization of the unreacted oligo-
mers. When the temperature rose from 345 °C to 669 °C,
a 49.2% weight loss occurred, this was caused by the elimina-
tion of various volatiles derivatives.”®*® This progress included
thermal decomposition of the PS shells and carbonization of
the PF shells. The third weight loss stage was above 669 °C due
to continuing carbonization of the PF shells.

The crystalline structure of MHCMs was characterized by
powder X-ray diffraction (XRD), as shown in Fig. 5. The Fe;0,
and porous PF carbon were applied as controls. It was obvious
the typical diffraction peaks at 220, 311, 400, 511 and 440 of the
Fe;0, particles appeared in the XRD pattern of the MHCMs.
This suggested that the crystalline structure of Fe;O, particles
was well retained under the whole fabrication process. In
addition, a broad peak presented at 20 = 16-28°, which was
derived from the amorphous phase of the PF carbon shells
(compared with Fig. 5II). The above results confirmed that
magnetic Fe;O, particles were coated onto the carbon shells.

The magnetic hysteresis curves are shown in Fig. 6. The
magnetic Fe;O, clusters are a typical superparamagnetic
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Fig. 6 Magnetic hysteresis curves of (I) magnetic FesO,4 clusters; (ll)
MHCMs.
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Fig. 7 Nitrogen adsorption/desorption isotherms of MHCM micro-
spheres. The inserted was the pore-size distribution.

material and present a high saturation magnetization (M) of
62.9 emu g '. As seen in Fig. 6II, the as-synthesized MHCM
microspheres presented good superparamagnetic properties
(Ms = 10.3 emu g~ ). Compared with the magnetic hysteresis
curve of Fe;0,, it showed that the MHCM was a super-
paramagnetic material. The MHCMs could rapidly respond to
the magnetic field and could easily be separated from the
aqueous solution within 1 min (Scheme 1).

Nitrogen adsorption/desorption isotherms of the MHCM
carbon microspheres are shown in Fig. 7. The sorption isotherm
plot of the MHCMs was a combination of types I and IV, corre-
sponding to micro-mesoporous materials according to the IUPAC
classification. This showed the existence of different pore sizes in
the hybrid spheres. The steep increase and high adsorbed volume
(200 cm® g7 ") at low relative pressure was related to the presence
of micropores, which were formed during the carbonization. The
BET surface area of the MHMCs was 680 m” g~ . The adsorption
average pore width was 3.5 nm and the single point adsorption
total pore volume at P/P, = 0.99 was 0.61 cm® g~ '. The ¢-plot
micropore volume was 0.31 cm® g~ and the Barrett-Joyner-
Halenda desorption cumulative volume of pores was 0.33 cm®
g~ '. Moreover, the almost vertical tails near to P/P, = 0.99 sug-
gested the presence of macroporosity generated by removal of the
PS template and carbonization of the PF shells. The pore-size
distribution was evaluated using the BJH model. The MHCMs
possessed dual narrow mesoporous size distributions near 2.9 nm
and 4.0 nm, respectively (the inset in Fig. 7). The unique pore
properties and multilayer hollow structure of the MHCMs can be
expected to be advantageous for applications in adsorption,
separation and bioenrichment.

3.3 Removal of rhodamine B (RB) in aqueous solution

3.3.1 Effect of MHCM dosage on RB removal. The removal
of RB by different dosages of MHCMs was studied. Fe;O, nano-
particles and single-carbon-layer mesoporous carbon micro-
spheres (SLCM) were studied as controls. The results (Fig. 8a)
showed that the removal efficiency of RB increased sharply as the
dosage of MHCMs increased, due to the increase in porous active
bonding sites, and reached a peak value of 99.5% when the

RSC Adv., 2017, 7, 23255-23264 | 23259
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Fig. 8 (a) Effect of the dosage of MHCMs on the removal efficiency
(RB concentration 100 mg L™, temperature 25 °C, pH = 7 and
adsorption time 120 min); (b) effect of contact time on the decolou-
rization efficiency (RB concentration 100 mg L™, dosage of MHCMs
0.6 g L% pH = 7 and temperature 25 °C).

dosage was over 2.0 g L™". The adsorption capacity (g.) of the
MHCMs reached as high as 300 mg g~ " when the dosage was 0.1 g
L% It was found the RB could hardly be removed by Fe;O,
nanoparticles (Fig. S1 in the ESIT). At the same condition, the
single-carbon-layer mesoporous carbon microspheres (SLCMs),
which possessed a BET surface area of 331.5 m”> ¢~ and narrow
mesoporous size distributions at 4.0 nm (Fig. S27), removed 71%
of the RB with a dosage over 2.0 g L™ ", albeit the removal effi-
ciency was much lower than the MHCMs. Moreover, ¢. of the
SLCM was 177.4 mg g~ ' when the dosage was 0.1 g L™ (Fig. S3at),
which was much lower than the MHCMs. The higher RB removal
performance was caused by the larger BET surface area, unique
pore properties and sandwich-like hollow structure (double
porous carbon layers) of the MHCMs.

3.3.2 Effect of contact time on the removal efficiency. As
the results show in Fig. 8b, the adsorption capacity initially
increased with the increase in time and then kept at a constant
value thereafter. More than 94% of the dye was removed within
60 min and the reaction reached equilibrium in 80 min.
According to the slope of the curve, the sample exhibited a fast
removal rate for RB in the initial stage, and the removal of RB
could reach 70% in the first 15 min. When further prolonging
the reaction time, the adsorption rate became obviously slower
and equilibrium was reached in 80 min. The rapid uptake of RB
by MHCMs indicated a fast binding kinetics occurring in this
process.
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Fig. 9 (a) Effect of initial pH on the removal efficiency (RB concen-
tration 100 mg L™, dosage of MHCMs 0.6 g L%, temperature 25 °C
and adsorption time 120 min); (b) effect of the initial dye concentration
(temperature 25 °C, adsorption time 120 min, dosage of MHCMs 0.6 g
LY pH =7).

3.3.3 Effect of initial pH on the removal efficiency. Gener-
ally, the impact of pH is very important because it has
tremendous effects on the surface properties of adsorbates and
adsorbents.**** To investigate the effect of the initial pH on the
removal of RB, a series of experiments with different initial
solution pHs in range of 2-11 was carried out. As shown in
Fig. 9a, the MHCMSs removed over 90.2% of RB at pH 2-10 and
86% at pH = 11, which suggested that the MHCMs could
remove organic dyes efficiently over a wide pH range. When the
pH was over 8, the removal efficiency slightly decreased as the
pH increased, which may be caused by the existence of excess
OH™ ions competing with RB for the adsorption sites. The
efficient elimination of RB over a wide pH range shows the
MHCMs are beneficial for use in practical applications.

3.3.4 Effect of initial RB concentration. The adsorption
capacity versus the initial RB concentration is presented in
Fig. 9b. The SLCM was used to remove various initial concen-
trations of RB as comparisons. It was observed that an increase
in the initial RB concentration led to an increase in the amount
of RB adsorbed per unit weight of MHCM. A higher concen-
tration resulted in a higher driving force of the concentration
gradient.”*® This driving force accelerated the diffusion of RB
molecules from the solution into the adsorbent and decreased
the resistance to the uptake of the RB.? As the initial concen-
tration increased from 20 to 400 mg L', the amounts of RB
adsorbed on the adsorbent increased from 32.2 t0 295.9 mg g~ .
The same phenomenon was observed in the case of SLCM, but
the amounts of RB adsorbed on the SLCM increased from 13.0
to 152.6 mg g~ * (Fig. $3bt), which was much lower than with the

This journal is © The Royal Society of Chemistry 2017
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MHCMs. The results indicated that the design of double porous
carbon layers and a sandwich-like hollow structure made the
MHCMs possess enhanced high adsorption efficiency.

3.4 Evaluation of adsorption isotherm models

The adsorption isotherms of RB at various temperatures are
shown in Fig. 10. The Langmuir, Freundlich and Dubinin-
Radushkevich isotherms were tested for the equilibrium
description.*>*® The Langmuir isotherm is represented by the
following equation:*”

11 I\ 1 X
g O * (QLKL) Ce )
where g. (mg g~ ") is the amount of RB adsorbed by per unit
weight of MHCM, C, (mg L") is the equilibrium concentration
of the RB, Qp (mg L") is the maximum monolayer adsorption
capability and Ky (L mg™') is a constant related to the free
energy of adsorption.
The well-known Freundlich isotherm is often used for
heterogeneous surface energy systems.*® The Freundlich equa-
tion is presented as:

Ing.=1In KF—Q—% In C, (4)

3501
3004
2504
@ 2004 —
%D ;
\;D 150-. —a—15°C
100- ——2s'C
——30"C
50 —v—40°C
O I v 1 v 1 v I v I v 1 v
0 50 100 150 200 250 300
Ce (mg/L)

Fig. 10 Adsorption isotherms of RB at various temperatures by
MHCMs (dosage of MHCMs 0.6 g L™, pH = 7, adsorption time 120 min,
RB concentration 20, 50, 100, 150, 200 and 400 mg L%, respectively.).
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The Dubinin-Radushkevich (D-R) isotherm is a more general
isotherm because it does not assume a homogeneous surface or
constant adsorption potential.** The D-R isotherm equation is
as follows:

In g = In Op — B¢ (5)

where § (mg® k] %) is a constant related to the mean free energy
of adsorption per mole of the adsorbate. Qp (mg g™ ') is the
theoretical saturation capacity and ¢ is the Polanyi potential,
which is equal to ¢ = —RT In(1 + 1/C,) where R (R = 8.314 Jmol *
K™ ") is the gas constant and T (K) is the absolute temperature.

The normalized standard deviation of g. (Ag.) derived from
each isotherm is calculated as:

Ag. (%) = 100\/ >[4 = decn) /4] ©)

N -1

where N is the number of data, g, (mg g ") is the experimental
value and g ¢, (mg g ") is the calculated value by the isotherm
equations.

The isotherm parameters calculated from plots of these
isotherm equations are given in Table 1. The Langmuir
isotherm model fitted best when the R* values were compared.
The value of Q; was almost equal to the experimental equilib-
rium adsorption capacity (Fig. 10). The correlation coefficients
of the Langmuir isotherm were in the range of 0.9961-0.9992.
Moreover, the Ag. (%) values calculated by the Langmuir
isotherm were lowest and narrowest distributed (4.83-9.77%),
which also showed that the adsorption process followed the
Langmuir isotherm very well. This indicated that adsorption
took place at specific homogenous sites within the adsorbent
and that the adsorbed RB molecules were not vertically oriented
or strong competition did not exist from the solvent.*® It was
found that the Freundlich isotherm equation also described the
experimental data well with moderate coefficients (0.9084-
0.9824) at various temperatures, but with relatively high Ag.
(10.46-17.54%) values. Application of the Freundlich model
confirmed that RB adsorption capacity by the MHCMs
increased with the temperature, because the value of Kg
increased with the temperature. It was observed that the D-R
isotherm (0.84 < R* < 0.94) did not adequately fit the experi-
mental values. The low coefficients indicated that the removal
of RB could not be described by the D-R isotherm. The high and
wide distributed Ag. values also showed the removal process
did not follow the D-R isotherm.

Table 1 Isotherms parameters of RB adsorption by MHCMs at various temperatures
Langmuir Freundlich D-R isotherm

T QL Ky, Age Ky Age Qb B Age
(K) mgg") (Lmgh) R %) (@Lmg) n R (%)  (mgg) (@l R (%)
288.15 212.7 0.2999 0.9974 9.77 10.547 1.479 0.9287 10.46 196.4 87.42 0.9152 30.95
298.15 277.8 0.2081 0.9992 4.83 47.12 1.684 0.9084 13.50 218.4 1.081 0.9404 12.95
303.15 312.5 0.5000 0.9987 9.06 85.56 1.801 0.9172 17.54 248.1 0.2022 0.8857 19.23
313.15 344.8 0.5918 0.9961 7.46 113.82 1.508 0.9824 11.19 221.6 0.0842 0.8411 22.28

This journal is © The Royal Society of Chemistry 2017
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Table 2 Thermodynamic parameters of RB removal by MHCMs

T K, AG AH AS

(K) (Leg™ (kJ mol™") (kJ mol™) (J (mol ' K1)
288.15 79.69 —10.49 28.35 134.35

298.15 103.86 —-11.51

303.15 134.83 —12.36

313.15 202.82 —13.83

3.5 Thermodynamic parameters

The thermodynamic equilibrium parameters, such as free
energy change (AG), enthalpy change (AH) and entropy change
(AS), can be determined by the following equations:

AG=—-RThK, (7)
AS AH
In K, = R RT (8)

The plot of In K, as a function of 1/T yields a straight line
from which AH and AS were calculated from the slope and
intercept, respectively. T'is the absolute temperature (in Kelvin);
Ris the universal gas constant (8.314 ] mol ™' K™ *). The constant
K, was determined by plotting In(g./Ce) versus g. and extrapo-
lating zero g..** The results are given in Table 2.

The AG of the adsorption process was negative. This indi-
cated that the adsorption was a spontaneous process.® The
absolute value of AG increased as the temperature increased,
suggesting that higher temperature was favourable for RB
removal. The positive value of AH (28.35 k] mol ") showed that
the RB removal process by MHCMs was endothermic and was
favoured at higher temperature.*® The AS in the adsorption
process was 134.35 J (mol ' K™ ). The positive entropy change
(AS) value for adsorption corresponded to an increase in the
degree of randomness of the adsorbed species.*®

3.6 Adsorption kinetics

Information on the kinetics of pollutant uptake is required for
an insight into the adsorption mechanism and for selecting the
optimum operating conditions. According to Fig. 11, a higher
temperature led to a faster rate and all the curves finally reached
equilibrium in 80 min. The adsorption kinetics of uptake of RB
onto MHCMs was studied by fitting the pseudo-first-equation
and the pseudo-second-order equation. The pseudo-first-order
rate model is described as:*

In(ge — q) = In g. — kit ©)

where ¢, is the amount of solute adsorbed at equilibrium per
unit weight of adsorbent (mg g™, g, is the amount of solute
adsorbed at any time (mg ¢~ ') and k, is the adsorption constant.

The pseudo-second-order equation can be represented as:**

—_— +2 (10)
4 kgl qe
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Fig. 11 Kinetic curves for RB removal by MHCMs (RB concentration
100 mg L%, dosage of MHCMs 0.6 g L™, pH = 7).

where k, (g mg~" min~") is the second-order rate constant and
q: is the amount adsorbed at time ¢. The pseudo-first-order
kinetic plots and pseudo-second-order kinetic plots are pre-
sented in Fig. S4 and S5 in the ESL{ The values of k4, k, and the
corresponding correlation coefficients (R*) are summarized in
Table 3.

The R? values (0.8523 < R* < 0.9496) showed that the pseudo-
first-order kinetics did not adequately fit the experimental
values. The pseudo-second-order kinetic model described all
the adsorption processes very well according to the correlation
coefficients, of which the correlation coefficients were above
0.9853. Moreover, the equilibrium g, obtained from this model
was closely in line with the experimental value. The well-fitting
of the pseudo-second-order equation suggested that the
adsorption process was interaction controlled.***

The insight of activation energy may give an idea about the
type of adsorption. The activation energy of RB absorption by
MHCMs was determined using the Arrhenius equation:***

(11)

where E, is activation energy, R is the gas constant (8.314 ]
(mol™" K1), Tis the temperature in Kelvin, k is the adsorption
rate constant and 4 is the frequency factor. The value of E, can
be determined from the slope of Ink versus 1/T plot (the plot of
Ink vs. 1/T is shown in Fig. S6 in the ESIT).

The adsorption rate constants according to the pseudo-
second-order kinetic model at various temperatures were used
to calculate the activation energy value. Generally, the activation

-E,

Ink = In 4
nk RT+n

energy in a physical adsorption is below 4.2 k] mol™" and
chemical adsorption involves forces much stronger than that of
physical adsorption.*” The activation energy (E,) of the adsorp-
tion process was 5.04 k] mol !, which indicated the dominant
physical adsorption mechanism accompanied by the existence
of chemisorption.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Kinetic parameters for RB adsorption by MHCMs
Pseudo-first-order equation Pseudo-second-order equation

TK k, min™" gemgg ' R k, g (mg™ " min™") gemgg " R
288.15 0.0384 156.28 0.8523 0.353 142.86 0.9853
298.15 0.0402 111.90 0.9034 0.377 161.29 0.9957
303.15 0.0698 270.20 0.9496 0.386 175.44 0.9928
313.15 0.0786 468.15 0.9145 0.418 200.00 0.9939

1004

Removal efficiency (%)
B [N e}
: . ¢ . g

553
(=}
1

1 2 3 4 5 6
Number of cycles

Fig. 12 Recycling of MHCMs for the removal of RB from actual
solutions (RB concentration 100 mg L™, dosage of MHCMs 2.0 g L™%,
temperature 25 °C and contact time 60 min).

3.7 Reusability of MHCMs for RB removal

The regeneration and reusability of adsorbents are very
important in their industrial applicability. In order to study the
reusability of the MHCMs as an adsorbent, recycling experi-
ments were conducted with each cycle of 60 min contact time
using 2 g L™" MHCMs dosage. After each cycle, the MHCMs
were separated by a magnet and regenerated by treatment with
1.0 mol L * sodium hydroxide and heated at 400 °C for 1.0 h in
nitrogen. As shown in Fig. 12, after six consecutive cycles, the
removal efficiency of RB still remained over 90%. This demon-
strated the high regeneration capability of MHCMs and their
good reusability for RB removal. The results revealed that the
MHCMs were a favourable reusable adsorbent for the removal
of RB from aqueous solutions.

4. Conclusions

Porous magnetic hollow carbon microspheres (MHCMs) were
fabricated by a combination of microwave-assistant poly-
condensation and surfactant-free emulsion polymerization. The
MHCMs possessed uniform morphologies, high surface areas,
large pore volume and magnetic responsiveness. The BET
surface area of the MHMCs was as high as 680 m? g~ with
a total pore volume of 0.61 cm® g~'. The adsorption of RB by
MHCMs was studied in aqueous solution. With a dosage of 2.0 g
L™, the removal efficiency of RB (100 mg L") reached 99.5%.
The adsorption capacity of the MHCMs reached as high as 300
mg ¢~ when the dosage was 0.1 g L™". The adsorption process

This journal is © The Royal Society of Chemistry 2017

followed the Langmuir isotherm very well with very high
correlation coefficient values (0.9961-0.9992) and low normal-
ized standard deviation Agq. values (4.83-9.77%). The adsorp-
tion kinetics fitted well with a pseudo-second-order kinetics
model. The activation energy (E,) of the adsorption process was
5.04 k] mol~'. After six consecutive cycles, the removal effi-
ciency of RB still remained over 90%. These results indicated
the promising application of MHCMs as a high performance
reusable adsorbent.
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