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Magnetic hollow carbon nanospheres for removal of
chromium ions

Lu-Hua Zhang, Qiang Sun, Dong-Hai Liu and An-Hui Lu*

Magnetically functionalized carbon materials as adsorbents have shown outstanding adsorption capacity

for Cr(VI) removal. Here, magnetic hollow carbon nanospheres (MHCSs) have been fabricated by simply

changing the pyrolysis temperature from 600 to 850 �C of the polymer counterparts, which were

denoted as MHCS-n, where n is 600, 700, or 850 �C. The MHCS composite displayed spherical

morphology with a hollow air core and crack-free carbon shell structure, which was homogenously and

controllably loaded with nanosized (ca. 10 nm) Fe-based nanoparticles (ca. 8.9 wt%). In principle, the

hollow structure would allow more exposed adsorption sites to adsorbate than a solid structure. When

evaluated as an absorbent for Cr(VI) ion removal, such highly engineered MHCSs exhibited excellent

adsorption capacity. The maximum adsorption capacity of Cr(VI) per weight of adsorbent was 200 mg

g�1, which was much higher than those of other carbon-based adsorbents reported in literature. The

extraordinary adsorption capacity of MHCS-700 may be attributed to two factors: (i) the large specific

surface area would provide abundant functional groups, (ii) the developed graphitic structures provide

electrostatic interactions between p electrons and Cr species. Furthermore, magnetic iron-based

nanoparticles allowed fast separation of the MHCSs from liquid suspension. Thus, the MHCSs may serve

as an ideal candidate for chromium removal in water treatment.
1 Introduction

With the population explosion, agricultural activities, indus-
trialization and other geological and environmental changes,
the quality of our water resources is unfortunately deteriorating
continuously. Thousands of organic, inorganic, and biological
pollutants have been reported as water contaminants. Heavy
metals, such as chromium, cadmium, arsenic, cobalt, copper,
selenium, miscellaneous metal ions, etc., are known as some of
the most familiar inorganic contaminants for their high
toxicity, carcinogenicity and bioaccumulation in the human
body through the food chain.1 Of these, the pollution of Cr(VI)
exists widely because they are prevailingly used in and gener-
ated by a large amount of industrial processes, including
leather tanning, electroplating, metal polishing, dye and
pigment manufacture.2,3 Besides, Cr(VI) ions are highly soluble
and mobile in aquatic systems, causing extremely negative
impacts on plants, animals and human health.4

Various approaches have been developed for the removal of
Cr(VI).5,6 Among them, adsorption technology is more and more
investigated in fundamental studies and industrial applications
because of its ease and safety of operation, versatility for
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different water streams,7 and the availability of a wide range of
adsorbents. In recent years, a number of carbonaceous adsor-
bents, namely activated carbons (ACs)8 and oxidized AC,9 have
been prepared and used for the removal of Cr(VI) ions owing to
their low cost, acid and alkali corrosion resistance, high specic
surface area and enhanced adsorption capacity for the heavy
metal. However, there is a big issue in the utilization of these
materials, for the reason that conventional separation methods,
including ltration and centrifugation, are time consuming and
likely to lose adsorbents. Therefore, it is very intriguing to
develop innovative adsorbents which can be easily and quickly
removed from aqueous systems. Magnetically functionalized
carbon materials have entered into our sight because of the
impact for improving adsorption capacity and easy separation
under an external magnetic eld.10–17 Despite the fact that a
variety of magnetic carbon-based adsorbents, as the most
promising ones given their high maximum adsorption capacity
(Qm) of removing chromium, have been reported, such as
magnetic graphene (0.95 mg g�1),10 g-Fe2O3/CMK-3 (30 mg
g�1),14 MWCNTs/Fe2O3 (90 mg g�1),15 chitosan modied Fe0

nanowires embedded in PAA (113.2 mg g�1)16 and magnetic
b-cyclodextrin/graphene oxide nanocomposite (120.19 mg
g�1),17 it is still an ongoing challenge to create highly efficient
Cr(VI) adsorbents that present easy separation and large
adsorption capacity.

Herein, we report the fabrication of magnetic hollow carbon
nanospheres via simply pyrolyzing the polymer counterparts,
J. Mater. Chem. A, 2013, 1, 9477–9483 | 9477
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which are prepared based on the weak acid–base interaction
induced assembly.18 The MHCS composites displayed spherical
morphology with a hollow air core and crack-free carbon shell
structure anchored with magnetic iron-based nanoparticles. To
our knowledge, nanosized hollow structures with large size
cavity possess intrinsic advantages of high external surface area
compared to their solid counterparts on the basis of unit mass,
and allow full utilization of the active sites.19,20 Additionally,
iron-based nanoparticles can be magnetically separated when
external magnetic elds are introduced.21,22 One thus can
envisage that the adsorbents with the advantages mentioned
above would show superior adsorption capacity. Importantly,
when used as the adsorbents in Cr(VI) removal, MHCSs indeed
exhibit superior adsorption capacity and easy magnetic sepa-
ration. The maximum adsorption capacity of Cr(VI) per weight
of adsorbent is 200 mg g�1, which is much higher than those
of other carbon-based adsorbents reported so far in
literature.8–10,14–17
2 Experimental
2.1 Chemicals

2,4-Dihydroxybenzoic acid (DA) was obtained from Aldrich.
Sodium oleate, formaldehyde, FeCl3$6H2O, and potassium
dichromate were obtained from the Sinopharm Chemical
Reagent Co. All chemicals were used as received without any
further purication.
2.2 Synthesis of hollow polymer nanospheres

Based on the previous synthesis18 but with a slight modication,
herein, we chose sodium oleate as the surfactant in order to
obtain hollow polymer nanospheres (HPSs) with large size
cavity which might be benecial for Cr(VI) adsorption. Firstly,
2.5 mmol of 2,4-dihydroxybenzoic acid, 7.5 mmol of formalde-
hyde and 180 mL of ammonia solution (25%) were dissolved in
95 mL of deionized water. A 5 mL volume of an aqueous solu-
tion containing 0.18 mmol of sodium oleate was added to the
above-prepared solution at 30 �C under slow stirring (100 rpm).
The mixture solution was stirred for 30 min to yield a stable
emulsion and then transferred into an autoclave hydrother-
mally aged for 4 h at the temperature of 120 �C. The resulting
HPSs were retrieved by centrifugation (8000–9000 rpm, 10 min),
then washed with deionized water and ethanol.
2.3 Synthesis of magnetic hollow carbon nanospheres

First, HPSs were immersed in aqueous FeCl3$6H2O (0.24 M) for
12 h to load Fe3+ to obtain HPS–Fe, and subsequently washed
with deionized water and ethanol, then dried at 50 �C for 6 h.
Subsequently, the obtained polymeric spheres HPSs–Fe were
pyrolyzed at the desired temperature (e.g. 600, 700, or 850 �C),
with a heating rate of 3 �C min�1 and kept at that temperature
for 4 h under nitrogen atmosphere. Finally, magnetic hollow
carbon nanospheres were synthesized, which were accordingly
named as MHCS-600, MHCS-700, MHCS-850.
9478 | J. Mater. Chem. A, 2013, 1, 9477–9483
2.4 Cr(VI) removal experiments

Typically, 20 mg of the sample was added to 100 mL solution of
K2Cr2O7 in distilled water (different concentrations of Cr(VI): 5,
10, 15 mg L�1) and stirred at room temperature for 24 h in a
closed vessel. The pH of the suspensions was adjusted to 3 by
adding HCl solution (0.1 M). During the adsorption process, at
different periods (0, 0.5, 2, 4, 6, 9, 12, and 24 h), about 0.3 mL of
the Cr(VI) solutionwas extracted with a needle tube equippedwith
a membrane lter and then diluted to be used for colorimetric
measurements. The obtained solutions were determined using
the 1,5-diphenylcarbazide method.23 In particular, 3 mL of the
ultimate Cr(VI) solution at different periods was mixed with
120 mL 1,5-diphenylcarbazide solution (0.025 g 1,5-diphe-
nylcarbazide in 10 mL of acetone) and 60 mL H3PO4 solution
(0.5 mL H3PO4 (85%) in 10 mL of H2O). The solution was le for
10 min to allow color development, and then the solution's
concentration was determined by UV-vis spectrophotometry at
540 nm.
2.5 Characterization

The X-ray diffraction (XRD) measurements were recorded with a
Rigaku D/Max 2400 diffractometer using Cu Ka radiation (l ¼
0.15406 nm). Transmission electron microscopy (TEM) analyses
were carried out with Tecnai G220S-Twin equipment operating
at 200 kV. The IR spectra were collected on a Nicolet 6700
Fourier transform infrared (FTIR) spectrometer. Nitrogen
adsorption isotherms were measured with an ASAP 2020
adsorption analyzer at 77 K. The Brunauer–Emmett–Teller
(BET) method was utilized to calculate the specic surface
areas. The total pore volumes were estimated from the amount
adsorbed at a relative pressure of 0.90. The micropore volumes
were calculated using the t-plot method. The thermal decom-
position behavior of the products was monitored using a
simultaneous thermal analyzer (Netzsch STA 449 F3), with a
heating rate of 10 �C min�1.
3 Results and discussion
3.1 Structure properties of the MHCSs

In our previous work,18 hollow polymer nanospheres (HPSs)
exhibiting controllable sizes and a functionalizable shell were
prepared through the weak acid–base (COO�/NH4

+/COO�)
interaction induced assembly under hydrothermal conditions.
In this paper, in order to prepare HPSs with larger size cavity,
sodium oleate was selected to serve as the surfactant to create
the suitable emulsion. Aer mixing the sodium oleate solution
and DA/formaldehyde solution, the emulsion was formed
immediately. Ammonium ions could bridge the emulsion
droplets and DA by weak acid–base interactions24 and guided
the assembly of DA and formaldehyde around the emulsion in
the following polymerization process to form the functional
shells. SEM and TEM images of the HPSs show spherical
morphology with a well-dened core–shell structure, with an
average diameter of 200 nm and core diameter of 100 nm
(Fig. 1a and b). Compared with the oleic acid/ammonia/DA/
formaldehyde system reported previously,18 the HPSs here
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 SEM image (a), TEM image (b), and FT-IR spectrum (c) of HPSs.

Fig. 2 N2 sorption isotherms (a), Raman spectra (b), TGA curves in air (c), and
room temperature magnetization curves (d) of MHCS-600, MHCS-700 andMHCS-
850. Note that the N2 sorption isotherm of MHCS-600 is offset vertically by 30 cm3

g�1 STP.
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possessed larger hollow interiors. This phenomenon might be
attributed to the difference in the emulsion formation process.
The surface functional groups of the HPSs were examined by FT-
IR spectroscopy (Fig. 1c). The broad absorption peaks at
3400 cm�1 and 1750 cm�1 observed are assigned to the
vibrating peaks of the hydroxyl (–OH) and carboxyl groups (–C]
O–), respectively. Owing to the abundant carboxyl groups, Fe3+

ions could be introduced into HPSs through an ion-exchange
process.26,27 The nal product MHCSs can be obtained by simply
changing the pyrolysis temperature of hollow polymeric spheres
containing Fe3+ ions (HPSs–Fe) from 600 to 850 �C .

As we all know, the pyrolysis temperature is a main factor
inuencing the structure and composition of a carbon product.
Consequently, the pyrolysis of HPSs–Fe was conducted at
different desired temperatures (e.g. 600, 700, or 850 �C). With an
increase in pyrolysis temperature, the carbon residues (experi-
mental data) for MHCS-600, MHCS-700 and MHCS-850 are
46 wt%, 41 wt% and 38 wt%, respectively. The development of
the specic surface areas and total pore volumes was detected
using the liquid nitrogen adsorption technique. The N2

adsorption isotherms of all MHCS samples are shown in Fig. 2a.
The specic surface areas (SBET) and total pore volumes (Vtotal)
of the samples decreased with increasing pyrolysis temperature
(Table 1). The SBET of MHCS-600, MHCS-700 samples are 490,
453 m2 g�1 and Vtotal are 0.26, 0.28 cm3 g�1, respectively. As the
pyrolysis temperature increased to 850 �C, the surface area
sharply decreased to 217 m2 g�1, meanwhile the total pore
volume decreased to 0.15 cm3 g�1. The reason for the sharp
decreases of SBET and Vtotal was that higher pyrolysis tempera-
ture resulted in higher graphitization degree of carbons, and
formation of graphitic carbon by sacricing the microporosity
and low density.28,29 The iron contents of MHCSs were evaluated
by thermogravimetric analysis. At the end, the iron compounds
are expected as Fe2O3 aer combustion in air. TG result in
Fig. 2c demonstrate that the contents of Fe2O3 are accordingly
10.3 wt% for MHCS-600, 11.7 wt% for MHCS-700 and 12.7 wt%
for MHCS-850. Thus the Fe contents are calculated to be 7.2 wt
%, 8.2 wt% and 8.9 wt% (Table 1). Magnetic properties were
studied using a vibrating sample magnetometer. Magnetization
curves in Fig. 2d show that MHCSs exhibit ferromagnetic
behavior. Their saturation magnetization values are in the
This journal is ª The Royal Society of Chemistry 2013
range of 2.9–4.3 emu g�1, indicating a magnetic separation
capability.30

To establish the crystal phases of the iron-based nano-
particles, the obtained MHCS samples were characterized by
XRD. As shown in Fig. 3a, the diffraction peaks of MHCS-600 are
well in accordance with the standard diffraction pattern of
Fe3O4 (magnetite, JCPDS, no. 85-1436). Along with the temper-
ature increase, the diffraction peak at 26.5� can be assigned to
the (002) planes of graphitic carbon, which is further conrmed
by the Raman spectrum (Fig. 2c). The new diffraction peaks at
44.8� and 65.1� indicate the presence of a-Fe (JCPDS no. 06-
0696). The rest of the diffraction peaks correspond to the crystal
planes of Fe3C species (JCPDS, no. 89-2867). To further deter-
mine the types of iron compounds, we measured the 57Fe
Mössbauer spectra of MHCS-700 at room temperature (Fig. 3b).
As the pyrolysis temperatures increased to 700 �C, Fe3O4 was
almost completely converted to Fe and Fe3C (Table 2).
Mössbauer analysis is in good agreement with the XRD result.
J. Mater. Chem. A, 2013, 1, 9477–9483 | 9479

https://doi.org/10.1039/c3ta10430c


Table 1 Structural and textural parameters of the magnetic hollow carbon nanospheres

Sample SBET
a (m2 g�1) Vmic

b (cm3 g�1) Vtotal
c (cm3 g�1) Iron (wt%) Fe2O3 (wt%) Ms

d

MHCS-600 490 0.18 0.26 7.2 10.3 2.9
MHCS-700 453 0.14 0.28 8.2 11.7 4.0
MHCS-850 217 0.05 0.15 8.9 12.7 4.3

a SBET: specic surface area calculated by the BET method at a P/P0 range of 0.05–0.3. b Vmic: micropore volume calculated by the t-plot method.
c Vtotal: total pore volume at P/P0 ¼ 0.90. d Ms: magnetic saturation value.

Fig. 3 XRD patterns of MHCS-600, MHCS-700 and MHCS-850 (a); room
temperature measured 57Fe Mössbauer spectra (b), SEM image (c) and TEM
image (d) of MHCS-700.
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The textural properties of obtained MHCS-700 were character-
ized by SEM and TEM. As shown in Fig. 3c and d, the hollow
core–shell nanostructures are retained aer pyrolysis, and the
sphere size and shell thickness of MHCS-700 are about 200 and
50 nm, respectively. The TEM image in Fig. 3d shows that the
hollow carbon spheres consist of well-developed nanosized
turbostratic graphite structures, and the growth of graphitic
carbons appeared strictly conned within the shell. This pseu-
domorphic transformation phenomenon has previously been
observed by us.25,26 The dark spots in Fig. 3c and d indicate the
in situ formed Fe/Fe3C nanoparticles. The graphitized nature
and crystallization of iron species in the MHCSs were also in
agreement with XRD (Fig. 3a) and Raman analyses (Fig. 2b).
Table 2 57Fe Mössbauer parameters of MHCS-700 at room temperature

Oxidation state
of iron ISa (mm s�1) QSb (mm s�1)

Fe0 �0.01 �0.01
Fe0 0.18 0.03
Fe2+, Fe3+ 0.33 �0.02
Fe0 �0.11 —

a IS: isomer shi. b QS: electric quadrupole splitting. c Uncertainty is �5%

9480 | J. Mater. Chem. A, 2013, 1, 9477–9483
3.2 Remediation experiments for Cr(VI) removal from
aqueous solutions

The adsorption capacities and kinetics of the MHCSs for
removing Cr(VI) from acid aqueous solutions (pH ¼ 3) were
investigated by conducting a series of kinetic experiments.
Fig. 4 shows the performance of MHCS-600, MHCS-700 and
MHCS-850 in Cr(VI) removal under the conditions of initial
solution concentrations (5, 10 and 15 mg L�1), the solution
volume of 100 mL, and adsorption temperature of 25 �C. In the
case of the starting solution with a concentration of 5 mg L�1,
all the samples show a nal removal efficiency of 100% (Fig. 4a).
Further increasing the concentration to 10 mg L�1, samples
MHCS-600 and MHCS-700 exhibit higher effectiveness in Cr(VI)
removal than sample MHCS-850 (Fig. 4b). This was attributed to
the large specic surface areas of MHCS-600 and MHCS-700
that provide abundant functional groups and can interact with
Cr(VI). Similarly, even though the concentration of Cr(VI) in the
inuent is 15 mg L�1, the adsorption capacity of sample MHCS-
700 can still reach 100% of the total chromium amount (Fig. 4c).
Sample MHCS-700 shows higher adsorption capacity and rate
than MHCS-600, which is possibly due to the developed
graphitic structures that provide electrostatic interaction
between p electrons and Cr species.31

Based on the data of the Cr(VI) adsorption equilibrium and
kinetics of MHCSs listed in Table 3, it can be seen that both the
adsorption capacity and rate of sample MHCS-700 are higher
than those of MHCS-600 and MHCS-850. On the other hand,
aer calculating the mass of chromium adsorbed per square
meter of adsorbent (based on the specic surface area) aer
adsorption equilibrium, we found that the values of MHCS-600,
MHCS-700 and MHCS-850 are accordingly 0.124, 0.185, 0.184
mgm�2. Interestingly, samples MHCS-700 andMHCS-850 show
similar surface utilization degrees, though the former has a
surface area twice that of the latter. Clearly, the samples having
developed graphitic structures (Fig. 3a) exhibit higher utiliza-
tion degrees of the surfaces. Therefore, the extraordinary
Bhf (T) Spectral areac (%) Component

33 40 a-Fe
21 41 Fe3C
50 12 Fe3O4

— 7 g-Fe

of reported value.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Relationship between the removal efficiency and time for the adsorption of Cr(VI) by MHCS at initial Cr(VI) concentrations of 5 mg L�1 (a), 10 mg L�1 (b),
15 mg L�1 (c).
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adsorption capacity of MHCS-700 may be attributed to two
factors: (i) the large specic surface area would provide abun-
dant functional groups, (ii) the developed graphitic structures
provide electrostatic interactions between p electrons and Cr
species.

Hence, the adsorption isotherms and kinetics of MHCS-700
were studied further in detail. The adsorption kinetics of
MHCS-700 could be perfectly tted by a pseudo-second-order
model expressed by eqn (1):

t

qt
¼ 1

k2qe2
þ t

qe
(1)

where, qe and qt (mg g�1) are the amounts of Cr(VI) adsorbed on
unit mass of the adsorbent when the concentration is equilib-
rium and at time t (min), respectively; k2 (g mg�1 min�1) is the
rate constant of the pseudo-second-order kinetic model.

Fig. 5a show the effectiveness of MHCS-700 in Cr(VI) removal
at three initial concentrations (5, 10 and 15 mg L�1) as a func-
tion of reaction time at 25 �C. Pictures A–C (inset Fig. 5a) show
that the original color of the Cr(VI) solution is yellow. Aer
dispersing MHCS-700 in the Cr(VI) solution, the colour of the
solution becomes black. As an external magnet is applied, the
black particles are attracted to the side, and the solution
becomes colorless. Additionally, it is necessary to note that the
MHCS composite nanospheres have good dispersity in Cr(VI)
solution (Picture B), which is helpful for the fast adsorption.
This directly demonstrates that the MHCSs possessed high
adsorption performance and magnetic separability. Fig. 5b
shows the plot of adsorption rate as a function of concentration
Table 3 The fitted parameters for equilibrium and kinetic adsorption of Cr(VI) by m

Samples
[Cr(VI)]0 (mg
L�1)

qe,exp (mg
g�1)

qe,cal
g�1)

MHCS-700 5 27.0 27.1
10 51.0 51.1
15 76.5 76.7

MHCS-600 5 26.5 27.4
10 50.0 50.2
15 61.0 63.0

MHCS-850 5 25.5 26.8
10 35.0 41.2

This journal is ª The Royal Society of Chemistry 2013
Cr(VI) (5, 10 and 15 mg L�1). It was observed that the adsorption
rate of Cr(VI) removal by MHCS-700 was dependent on its initial
concentration, and the lower the concentration, the faster the
adsorption rate. This could be explained by a mechanism that
involved specic metal ion adsorption at a limited number of
surface active sites. In other words, with the increase in the
Cr(VI) concentration, the high energy sites were rstly saturated
and adsorption started on low energy sites, resulting in the
decrease in the adsorption rate.32,33 Meanwhile, the adsorption
isotherms of Cr(VI) on MHCS-700 tted well with the Langmuir
model (R2 > 0.99), as shown in Fig. 5c. This indicated a mono-
layer adsorption behavior with high adsorption affinity and
excellent saturation capacities. The calculated value of Qm was
200 mg g�1, which was much higher than those of other carbon-
based adsorbents reported (Table 4).

The Langmuir model is given by:

qe ¼ bQmCe

1þ bCe

(2)

Ce

qe
¼ 1

Qmb
þ Ce

Qm

(3)

where Ce is the equilibrium concentration of Cr(VI) in the
supernatant (mg L�1); qe is the amount of Cr(VI) adsorbed per
mass of MHCS-700 composite microspheres (mg g�1) aer
adsorption equilibrium; Qm refers to the maximum adsorption
capacity corresponding to the quantity of adsorbate required
to form a monolayer adsorbed per unit mass of adsorbent
(mg g�1).
agnetic hollow carbon nanospheres

(mg k2 �
10�3 (g mg�1 min�1) R2

%E
(24 h)

8.0 0.999 100
4.1 0.999 100
1.0 0.999 100
1.0 0.992 100
0.9 0.998 100
0.3 0.994 87.8
0.7 0.985 100
0.5 0.995 81.6

J. Mater. Chem. A, 2013, 1, 9477–9483 | 9481
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Fig. 5 Effect of initial Cr(VI) concentration (5, 10 and 15 mg L�1) on the Cr(VI)
removal efficiency (a), pseudo-second-order linear plot for the removal of Cr(VI)
(b), adsorption isotherms at 25 �C (inset: Ce/qe versus Ce plot) for sample MHCS-
700 (c), FT-IR spectra of MHCS-700 before and after adsorption of Cr(VI) ions (d).

Table 4 Cr(VI) adsorption capacities of carbonaceous materials from literature

Materials
Cr(VI)
(mg g�1) Reference

MHCS-700 200 This work
Activated carbon (AC) 62.97 8
Oxidized AC 15.5 9
Magnetic graphene 0.95 10
g-Fe2O3/CMK-3 30 14
MWCNTs/Fe2O3 90 15
Magnetic b-cyclodextrin/graphene oxide 120.19 17
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At low pH value (pH ¼ 3), fast protonation of the MHCS
surface's active sites X–OH (X ¼ Fe, C) results in the formation
of more X–OH2

+ groups and hence they could adsorb Cr(VI),34–36

which mainly exists in the form of negatively charged HCrO4
�

ions at low pH (1 < pH < 4).13,24,37,38 The hollow structure would
allow higher exposure efficiency of adsorption site to the
adsorbate than a solid one. Hence, the as-obtained MHCSs are
capable of rapidly adsorbing Cr(VI) in solution. As the spectrum
of MHCS-700 aer adsorbing Cr(VI) in Fig. 5d shows, the new
absorption at 810 cm�1 could be attributed to Cr–O bond
vibration, conrming the hypothesis that Cr(VI) ions were
adsorbed on the sorbent surface. Meanwhile, the peaks at 1570
and 1120 cm�1 are assigned to carboxyl and lactone group
vibrations, respectively. There was the possibility that some of
the Cr(VI) ions were reduced to Cr(III).33,39–41 ICP-AES results
indicated that there is no detectable chromium, and a total Fe
content of 4.8 wt% of MHCS-700 in the solution aer the
removal of chromium. Hence, the reduced Cr(III) could further
conduct ion exchange with the newly formed oxygen function-
alities of the carbon surface.33,42 Such Fe content is about 9
times lower than dissolved Fe from g-Fe2O3/CMK-3 composite14
9482 | J. Mater. Chem. A, 2013, 1, 9477–9483
under identical adsorption conditions. This demonstrates that
our carbon shell builds up a reservoir that effectively restricts
the dissolution of Fe into a solution.
4 Conclusions

In this study, highly functionalized hollow polymer spheres
could be further engineered to fabricate highly efficient Cr(VI)
adsorbents, as demonstrated by MHCSs anchored with
magnetic iron-based nanoparticles. Nanosized hollow struc-
tures with the merits of high specic surface areas and abun-
dant surface functional groups X–OH (X ¼ Fe, C) can provide
more contact and electrostatic adsorption sites for Cr(VI)
removal. The iron-based nanoparticles could play a role in the
magnetic separation of the MHCSs. When tested as an absor-
bent for Cr(VI) ion removal, the MHCSs exhibited excellent
adsorption capacity. Compared to those samples pyrolyzed at
600 and 850 �C, the MHCS-700 sample showed the highest
efficiency for removal of Cr(VI). The extraordinary adsorption
capacity of MHCS-700 may be attributed to two factors: (i) the
large specic surface area would provide abundant functional
groups, (ii) the developed graphitic structures provide electro-
static interactions between p electrons and Cr species. The
estimated maximum adsorption capacity Qm is 200 mg g�1,
which is much higher than those of other carbon-based adsor-
bents in recent literature. Overall, such magnetic hollow carbon
spheres with ready magnetism and high surface area can serve
as ideal adsorbents for highly efficient removal of Cr(VI).
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