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Synthesis of magnetic hollow carbon nanospheres
with superior microporosity for efficient adsorption
of hexavalent chromium ions

Lu-Hua Zhang, Qiang Sun, Chao Yang and An-Hui Lu"

Microporous hollow carbon nanospheres were prepared through
the polymerization of 2,4-dihydroxybenzoic acid and formalde-
hyde in the presence of ammonia and tactfully using chelating
zinc species as dynamic porogens during the carbonization step
to create extra micropores. The Cr(VI) maximum adsorption
capacity of microporous hollow carbon spheres consequently
increase from 139.8 mg g™ of pristine hollow carbon spheres to
199.2 mg g '. Owing to the presence of the carboxyl groups in
the polymer matrix, Zn" ions can be easily introduced into the
hollow polymer spheres through complexation process. During
carbonization, high temperature treatment results in the re-
duction of Zn*" to metallic Zn and subsequent evaporation of
Zn, consequently forming nanospaces and nanopaths in the
carbon shell. As little as 8.6 wt.% Zn*' in the polymer matrix
can increase the micropore volume by 133% and the specific
surface area by 86%. The microporous hollow carbon spheres
can be made magnetic by anchoring them to 14.0 wt.% y-Fe;Os
nanoparticles, thus producing a highly efficient Cr(VI) adsor-
bent. The maximum adsorption capacity measured was 233.1
mg g, which is significantly higher than other reported car-
bon-based adsorbents. After adsorption, the magnetic microp-
orous hollow carbon spheres can be flexibly separated using an
external magnet.

INTRODUTION

Hexavalent chromium is of high global environmental con-
cern due to its high solubility in water, toxicity, non-bio-
degradation and its tendency to accumulate in living or-
ganisms. Various approaches have been developed for the
removal of Cr(VI), including ion exchange, chemical pre-
cipitation, solvent extraction, membrane filtration, elec-
trochemical treatment and adsorption. Among the various
removal processes, fundamental studies have shown that
adsorption is the most promising method for industrial
applications due to its easy and safe mode of operation,
low cost and wide availability of adsorptive materials [1].
A variety of materials including raw and modified ligno-

cellulosic materials [2-4], TiO, microspheres [5], iron ox-
ide [6-8], Fe@Fe,0, [9], y-Fe,0, [10-12], Fe,O, [13-17],
mixed maghemite-magnetite nanoparticles [18], ALO;
[19], polymer-based composites [20-23], a graphene oxide
(GO)-based composite adsorbent [24], and activated car-
bon [25-28] have been explored and used in the removal
of Cr(VI). Among these adsorbents, carbonaceous porous
materials have been successfully used in the removal of
Cr(VI) because of their acid and alkali corrosion resistance,
excellent thermal and chemical stability and high adsorp-
tion capacity for heavy metals [29].

In contrast to bulk materials, the high specific surface
area of nanoscale materials provides more surface active
sites, and good dispersability in solution to help facilitate
mass transfer [1,30]. In addition, micropores inherently
possess a strong adsorption potential, and can strongly trap
and adsorb guest species from the external environment
[31]. One can thus envisage that nanosized carbon mate-
rials with abundant micropores directly open to the envi-
ronment could provide fast kinetics and a high adsorption
capacity. Furthermore, to easily retrieve these nanosized
adsorbents from solution, a functionalized nanocarbon
with a magnetic response would be ideal. Although several
magnetic carbon adsorbents [12,31-36] have been report-
ed for the removal of chromium, there is still a need to im-
prove such adsorbents to have a high adsorption capacity.

It is worth mentioning that recent studies have shown
that zinc species is good dynamic molecular porogens to
create extra micropores [37-39]. These results show that
Zn ions turn into ZnO during pyrolysis process. Further
temperature increase can lead to the reduction of ZnO
nanoparticles in the presence of carbon materials (carbo-
thermal reduction), accompanied by the evaporation of
Zn, CO,, and CO. The evaporation of the Zn species would
create additional nanochannels that contribute to the ad-
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ditional micropore. Those methods not only removes zinc
species without the necessity of acid washing but also re-
sults in accessible nanoscale porosity. Compared to con-
ventional chemical activation, the method mentioned
above can significantly reduce the dosage of zinc salt.

Under these considerations, we report a simple and effi-
cient strategy for the synthesis of magnetic hollow carbon
spheres with superior microporosity by using zinc species
as dynamic molecular porogens, which show a superior
maximum adsorption capacity of 233.1 mg g™* for Cr(VI)
from water and fast kinetics compared to other previously
reported carbon-based adsorbents.

EXPERIMENTAL SECTION

Materials

2,4-Dihydroxybenzoic acid (DA) was obtained from Al-
drich. Oleic acid, formaldehyde, ammonia solution (25%),
zinc chloride, Fe(NO,);-9H,0, 1,5-diphenylcarbazide,
phosphoric acid (85%) and potassium dichromate were
obtained from the Sinopharm Chemical Reagent Co. All
chemicals were used as received without any further pu-
rification.

Synthesis of hollow polymer and carbon nanospheres
Hollow polymer nanospheres (HPSs) were synthesized
following the previously reported method [38]. An emul-
sion solution was prepared by mixing oleic acid/ammonia
(forming ammonium oleate) and DA/formaldehyde solu-
tion, and then transferred into an autoclave and hydrother-
mally aged for 4 h at 120°C. Hollow carbon nanospheres
(HCSs) were obtained by heating the HPSs to 910°C with
a heating rate of 5°C min™' and holding them at that tem-
perature for 3 h under an argon atmosphere.

Synthesis of microporous hollow carbon nanospheres

HPSs were impregnated in aqueous ZnCl, for 12 h to load
the Zn** to obtain HPSs-Zn. The resultant HPSs-Zn were
retrieved by centrifugation, washed with deionized wa-
ter and ethanol to remove the ZnCl, located outside the
spheres, with final drying at 50°C for 12 h. The obtained
polymeric spheres HPSs-Zn were heated at 5°C min™ to
910°C, where they were pyrolyzed for 3 h under an argon
atmosphere. Finally, microporous hollow carbon nano-
spheres were synthesized, and these are called HCSs-
Zn-910. For comparison, another sample, HCSs-Zn-750,
was produced by pyrolysis at 750°C, also for 3 h.

Synthesis of magnetic microporous hollow carbon spheres
The microporous hollow carbon spheres (HCSs-Zn-910)
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were immersed in aqueous Fe(NO,);-9H,0 (0.24 M) for 4
h at 30°C under vacuum. After centrifugation and wash-
ing with deionized water to remove Fe(NO;), on the exter-
nal surfaces of the spheres, the product was dried at 50°C
for 12 h. The freshly dried product was then pyrolyzed at
400°C for 2 h under an argon flow to obtain the final prod-
uct, denoted as Fe-HCSs-Zn-910.

Characterization

Thermogravimetric analysis was performed from room
temperature to 700°C in air with a heating rate of 10°C
min~' using a thermogravimetric analyzer, STA449 F3 Ju-
piter (NETZSCH). X-ray diffraction (XRD) measurements
were recorded with a Rigaku D/Max 2400 diffractometer
using Cu-Ka radiation (A = 0.15406 nm). Nitrogen adsorp-
tion isotherms were measured with a Micromeritics ASAP
3000 adsorption analyzer at 77.4 K. Before the measure-
ments, all the samples were degassed at 200°C for 4 h. The
total pore volume (V) was estimated from the amount
adsorbed at a relative pressure of 0.95. Scanning electron
microscopy (SEM) investigations were carried out with a
Hitachi S-4800 instrument at 3 kV. Transmission electron
microscopy (TEM) images were obtained with a FEI Tecnai
G?20S-Twin instrument operating at 200 kV. The samples
for TEM analysis were prepared by dipping carbon-coated
copper grids into the ethanol solutions of the products and
drying at room temperature. IR spectra were collected on a
Nicolet 6700 FTIR spectrometer.

Cr(VI) removal experiments

HCSs, HCSs-Zn-910 and Fe-HCSs-Zn-910 were used to
remove Cr(VI) from aqueous acid solutions according to
the method reported by Baikousi et al. [12]. Typically, 20
mg of the sample was added to a 100 mL aqueous solution
of K,Cr,0O, (different concentrations of Cr(VI): 5, 10, 15,
20 mg L) and stirred at room temperature for 24 h in a
closed vessel. The pH of the suspensions was adjusted to 3
by adding a HCI solution (0.1 M). During the adsorption
process ca. 0.3 mL of the Cr(VI) solution was extracted
with a needle tube equipped with a membrane filter after
different times (0, 0.15, 0.5, 1, 2, 3, 6, 9, 12, and 24 h), and
then diluted for colorimetric measurements. The Cr(VI)
concentrations in the obtained solutions were determined
using the 1,5-diphenylcarbazide method [12].

RESULTS AND DISCUSSION

The formation process of microporous hollow carbon
spheres and magnetic microporous hollow carbon spheres
is illustrated in Scheme 1. HPSs were prepared using a
weak acid-base interaction-induced assembly. The func-
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Scheme 1 Schematic illustration for the formation process of microporous hollow carbon spheres and magnetic microporous hollow carbon spheres.

tional shells were formed through the polymerization of
2,4-dihydroxybenzoic acid and formaldehyde in the pres-
ence of ammonia [40]. Due to the uniform distribution
of abundant carboxyl groups in such a polymer, Zn** ions
could be introduced into hollow polymer spheres through
complexation process [40-43]. As the FTIR spectrum of
HPSs-Zn in Fig. la shows, the new absorption at 1517
cm™ is attributed to the antisymmetric stretching vibra-
tion of the carboxylate group [v,(COO)], providing the
complexation between the carboxyl groups in the polymer
matrix and zinc ions [44]. During carbonization, Zn** was
carbothermically reduced metallic Zn and a much higher
temperature of 910°C (boiling point of Zn metal is 908°C)
results in the evaporation of Zn. The escape trajectories of
Zn consequently form the nanospaces and nanopaths in
the carbon shell [37-39]. When the obtained microporous
carbon spheres (HCSs-Zn-910) were immersed in aqueous
iron nitrate under vacuum conditions, the aqueous iron
nitrate entered the microporous carbon shell. The micro-
porous hollow carbon spheres (Fe-HCSs-Zn-910) can be
made magnetic by anchoring them to 14.0 wt.% y-Fe,O,
nanoparticles through further pyrolysis at 400°C under an
argon flow. In order to corroborate the pore-creating func-
tion of metallic Zn, two controlled samples were prepared.
One (HCSs) is the direct pyrolysis product of hollow poly-
mer nanospheres at 910°C and the other (HCSs-Zn-750) is
the pyrolysis product of Zn**-containing hollow polymer
nanospheres at 750°C of below Zn evaporation tempera-
ture.

Structural properties of microporous hollow carbon spheres
The porous structures of HCSs-Zn-910, HCSs-Zn-750 and
HCSs were analyzed by nitrogen adsorption at 77.4 K. Fig.
1b shows that their nitrogen adsorption-desorption iso-
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therms are type-I in shape, indicating their microporous
characteristics. The structural parameters are summarized
in Table 1. Remarkably, sample HCSs-Zn-910 shows a high
surface area of 1044 m* g™!, approximately 86 % and 50 %
higher than those of samples HCSs and HCSs-Zn-750, re-
spectively. It should be noted that only 8.6 wt.% Zn** in a
polymer matrix can significantly create 86% more specific
surface area and 133% more micropore volume. The ap-
preciable increases in specific surface area and micropore
volume of HCSs-Zn-910 are attributed to the nanopaths
by which the volatized Zn escaped. Specially, during car-
bonization, conventional micropores gradually emerged,
and highly dispersed Zn?* matrix embedded in the carbon
matrix was reduced to Zn. The vaporization of Zn subse-
quently led to the creation of nanopaths [37-39,45-47].
Meanwhile, the core-shell nanostructures of HCSs-Zn-910
are retained after pyrolysis at 910°C, and the sphere sizes
are ca. 200 nm (Figs 1c and d)

In order to detect changes in the Zn species at different
stages of the carbonization process, HPSs, HPSs-Zn, the
corresponding carbons HCSs, and HCSs-Zn-T (where T
is the pyrolysis temperature), were all subjected to treat-
ment in air at 700°C for 2 h and the final residues were then
collected. As a result, white residues (ZnO) were observed
in samples HPSs-Zn and HCSs-Zn-750, of which the mass
percentages of ZnO were respectively 10.7 % and 17.1 %.
No detectable residue was left after calcination of samples
HPSs, HCSs and HCSs-Zn-910. The initial reactants are
composed of C, H, O, N and Zn, and the boiling point of
Zn0 is 1800°C, so it could be deduced that the solid residue
of all samples after calcination at 700°C was ZnO. This con-
firmed that Zn can escape from the carbon matrix during
the high temperature (910°C) pyrolysis process.

In contrast to conventional zinc chloride activation [48—
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Figure 1 (a) FTIR spectra of HPS before and after complexation of zinc ions, (b) N, sorption

SEM image, and (d) TEM image of HCSs-Zn-910.

51], our method is more environmentally friendly due to
the use of less zinc chloride and the omission of the hydro-
chloric acid washing step for the removal of the ZnO em-
bedded in the carbon matrix. To prove this point, a series of
comparative experiments were conducted. The zinc chlo-
ride activation process was performed using three different
ZnCl, to HPSs mass ratios of 0.18, 0.74 and 1. To ensure
complete mixing of ZnCl, and HPSs, the HPSs were im-
mersed in aqueous ZnCl, for 0.5 h at 25°C. After that, the
samples were dried at 110°C for 24 h, and then pyrolyzed
at 910°C for 3 h under an argon flow to obtain the final
ZnCL/HPSs-n (where n is the ZnCl, to HPSs mass ratio).
As shown in Table 1, when the ZnCl, to HPSs mass ratio is
0.18 (8.6 wt.% of Zn?*), the Sy of sample ZnCl,/HPSs-0.18
is 701 m? g™t and V,,.is 0.30 cm® g™, which are much low-
er than the corresponding values of HCSs-Zn-910. Even
though the ZnCl, to HPSs mass ratio is 0.74, the specific
surface area and pore volume of sample ZnCl,/HPSs-0.74
are lower than those of HCSs-Zn-910. A literature survey
shows that the mass ratio of ZnCl, to raw material is gener-
ally in the range of 0.75~3 in order to achieve a high specif-
ic surface area using conventional zinc chloride activation
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methods [48-50].

Properties of the magnetic microporous hollow carbon
spheres
When HCSs-Zn-910 microporous spheres were immersed
in aqueous Fe(NO,),-9H,0 under vacuum conditions, the
aqueous iron nitrate not only entered the microporous car-
bon shell, but also attached to the external surface. Iron ni-
trate on the external surfaces of the hollow carbon spheres
was removed by subsequently washing with deionized wa-
ter. Fe-based magnetic nanoparticles were formed through
further pyrolysis of the above product at 400°C under an
argon flow.

A TEM image of Fe-HCSs-Zn-910 (Fig. 2a) shows that
a large number of iron oxide nanoparticles (dark spots) are
randomly dispersed throughout the entire sample. Mag-
netic properties were studied using a vibrating sample
magnetometer. Magnetization curves in Fig. 2b indicate
that Fe-HCSs-Zn-910 exhibits ferromagnetic behavior. The
saturation magnetization is 4.58 emu g/, indicating a mag-
netic separation capability [52]. Crystal phases of the iron
oxide nanoparticles were characterized by XRD. As shown
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Table 1 Structural parameters of HCSs, HCSs-Zn-T, and ZnCl./HPSs-n

Sample Seer* (m” g™') Smi’ (m*g™) View (cm’ g ™) Vi’ (cm® g ™) Yield
HCSs 561 451 0.30 0.21 42.5%
HCSs-Zn-750° 694 602 0.35 0.28 41.2%
HCSs-Zn-910 1044 933 0.66 0.49 33.2%
ZnCL/HPSs-0.18 701 657 0.33 0.30 40.6%
ZnCl,/HPSs-0.74 978 892 0.53 0.43 29.1%
ZnCl,/HPSs-1 1202 1063 0.57 0.49 26.5%
Fe-HCSs-Zn-910 910 885 0.44 0.40 /

a) Syt specific surface area calculated by the BET method. b) S,,: micropore surface areacalculated by the t-plot method. c) V,,,,;: total pore volume

at P/P, = 0.95. d) V. micropore volume calculated by the t-plot method. e) HCSs-Zn-750was washed with 3M HCI solution byheating at around 90°C
for 30 min to remove ZnO.
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Figure 2 (a) TEM image, (b) room temperature magnetization curve, (c) XRD pattern, and (d) TG curve of Fe-HCSs-Zn-910.

in Fig. 2¢, the XRD patterns of the Fe-HCSs-Zn-910 show  will be discussed in detail later). TG results in Fig. 2d show
a broad peak located at ca. 23.4° (20), which is the charac-  that the Fe,0O, content is 14.0 wt.% for Fe-HCSs-Zn-910.
teristic peak of amorphous carbons. The other diffraction

peaks are attributed to y-Fe,O,. A literature survey showed ~ Remediation experiments for Cr (VI) removal from aqueous
that using porous carbon as the host and Fe(NO,),-9H,0  solutions

as the iron oxide precursor, y-Fe,O, phase nanoparticles It is clear that at lower pH values (pH 1~4), the dominant
were usually obtained [12,53,54]. The magnetic y-Fe,0,  species of hexavalent chromium is HCrO,”, which grad-
nanoparticles not only provided a magnetic separation  ually changes to CrO,* as the pH increases. Important-
ability, but also an improved adsorption capacity (which  ly, HCrO, is more favorably adsorbed than CrO,/ due
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to its lower adsorption free energy [12,55]. Thus, intense
chromium adsorption occurred in the pH range where
HCrO, species were dominant. Therefore, the Cr(VI) re-
moval efficiency and kinetics for the HCSs, HCSs-Zn-910,
and Fe-HCSs-Zn-910 from acid aqueous solutions (pH
3) were investigated by conducting a series of kinetic ex-
periments. Fig. 3a shows the efficiency of Cr(VI) removal
with an initial Cr(VI) concentration of 5 mg L', an adsor-
bent mass of 20 mg, a solution volume of 100 mL, and an
adsorption temperature of 25°C. As the time progressed,
the final removal efficiencies of all three samples reached
100%. It was obvious that the performance of Fe-HCSs-
Zn-910 and HCSs-Zn-910 was better than that of HCSs.
Hence, the adsorption kinetics of all three samples were
studied in detail. Based on the experimental values at the
different initial concentrations listed in Table 2, it can be
seen that the adsorption kinetics of samples fit perfectly
to a pseudo-second-order model [56]. All the correlation
coefficients R?are >0.99. The adsorption rate of Fe-HCSs-
Zn-910 is 219.7x107 g mg™ min™ with an initial Cr(VI)
concentration of 5 mg L.

The fast adsorption kinetics of Fe-HCSs-Zn-910 and
HCSs-Zn-910 for Cr(VI) removal demonstrate that mi-
croporous carbon can effectively capture Cr(VI) from the
external environment due to the strong adsorption poten-
tial of micropores. Meanwhile, the high specific surface

area provides abundant active sites and can interact with
Cr(VI). Fe-HCSs-Zn-910 also shows a higher adsorption
rate than HCSs-Zn-910. This is possibly due to the fact that
y-Fe,O; nanoparticles increase electrostatic adsorption due
to the formation of more X-OH,* (X=Fe, C) groups. This
effect is further translated into an increased capacity for the
immobilization and reduction of Cr(VI) [13,14,18,57].

The adsorption isotherm experimental data obtained
for all samples gave a good fit to the Langmuir model
(Equations (1-2)) (R*>0.99), as shown in Figs 3b and c.
This indicates monolayer adsorption with a high adsorp-
tion affinity and excellent saturation capacities. The values
of the parameters from the Langmuir equation are summa-
rized in Table 3. Clearly, the maximum adsorption capacity
of Fe-HCSs-Zn-910 is 233.1 mg g, which is much larger
than values reported for other carbon-based adsorbents
[12,31-36,58,59]. The extraordinary adsorption capacity of
Fe-HCSs-Zn-910 is attributed to the large specific surface
area providing abundant surface active sites for the adsorp-
tion of Cr(VI) and the increased electrostatic adsorption of
the y-Fe,0,.

The Langmuir model:

bQ,C

:1+bCe ()

4.

Table 2 Kinetic constants for the adsorption of Cr(VI) on samples HCSs, HCSs-Zn-910, and Fe-HCSs-Zn-910

Samples [Cr(VD]o(mgL™) k2x107 (g mg ™' min™") R %E (24 h)
5 219.7 0.999 100
10 16.2 0.998 100
Fe-HCSs-Zn-910
15 43 0.998 100
20 1.1 0.997 100
5 149.8 0.997 100
10 13.3 0.996 100
HCSs-Zn-910
15 24 0.999 100
20 0.6 0.998 100
5 1.9 0.999 100
HCSs
10 1.1 0.996 84.2
Table 3 Langmuir isotherm parameters for the adsorption of Cr(VI) by all samples
Sample 1/Qm b Qn(mgg™) R
Fe-HCSs-Zn-910 0.00429 3.06 233.1 0.998
HCSs-Zn-910 0.00502 1.26 199.2 0.992
HCSs 0.00715 0.075 139.8 0.998
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Figure 3 (a) Relationship between the Cr(VI) removal percentage and time at initial Cr (VI) concentration of 5Smg L', (b) adsorption isotherms at
25°C, (c) CJq. vs. C. plot of sample HCSs, HCSs-Zn-910 and Fe-HCSs-Zn-910, and (d) FTIR spectra of Fe-HCSs-Zn-910 before and after adsorption

of Cr(VI).

C 1 C

9. :Q_mb+<2m @

where C, is the equilibrium concentration of Cr(VI) in the
supernatant (mg L), g, is the amount of Cr(VI) adsorbed
per mass of adsorbent (mg g™') after adsorption equilibri-
um, Q, refers to the maximum adsorption capacity corre-
sponding to the quantity of adsorbate required to form an
adsorbed monolayer per unit mass of adsorbent (mg g™),
and b is a Langmuir constant related to the binding energy
of the sorption system (L g™').

During the adsorption process, micropores can ef-
fectively capture guest Cr(VI) ions from the external en-
vironment due to the strong adsorption potential of the
micropores. Meanwhile, at a low pH value (pH 3), fast
protonation of the sample’s surface active sites X-OH
(X=Fe, C) form more X-OH,* groups and hence can ad-
sorb HCrO,~ through electrostatic adsorption [12,55]. As
known, the redox potential (E,) of the Cr(VI)/Cr(III) sys-
tem depends upon solution pH, 1.3 V at pH 1 and 0.68 V
at pH 5. Due to the high positive redox potential of Cr(VI)
in acidic solution, Cr(VI) is reduced and unstable in the
presence of electron donors. It has been accepted that ox-

August 2015 | Vol.58 No.8

ygen-containing functional groups on the carbon matrix
surfaces such as ketone, carboxylic and hydroxyl groups,
can play a role as electron donors [60]. Electron transfer
between the adsorbents and Cr(VI) leads to oxidation of
the carbon surface [55], forming new oxygen-containing
functional groups. This is confirmed by the FTIR spec-
trum of Fe-HCSs-Zn-910 after adsorbing Cr(VI) (Fig. 3d).
The peaks at 1632 and 1200 cm™" are assigned to carboxyl
and lactone group vibrations, respectively. Analysis of the
adsorption supernatant fluid using inductively coupled
plasma optical emission spectrometry after 24 h, shows
no detectable chromium and only 0.44 wt.% of the total
Fe content of this sample. Hence, the reduced Cr(III) can
further conduct complexation with the newly formed oxy-
gen functional groups on the carbon surface [55]. This hy-
pothesis is confirmed by the stronger bands at ca. 774 and
901 cm™ (Fig. 3d), which are from intrinsic vibrations of
the Cr-O and Cr=0 bonds [22]. It is noteworthy that little
of the y-Fe,O, embedded in the carbon matrix will dissolve
in the acidic solution, which further demonstrates that the
carbonaceous host matrix to some extent acts as a protec-
tive screen to save the guest iron-based nanoparticles from
being leached by the surrounding chemicals.
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Cr(VI) uptake onto these synthesized magnetic mi-
croporous hollow carbon nanospheres is identified as a
physicochemical process, including intense electrostatic
adsorption [12,55] due to the formation of more X-OH,*
(X=Fe, C) groups, followed by a redox process in which
some of the Cr(VI) is reduced into less toxic Cr(III)
[13,14,18,57,61,62]. Meanwhile, the reduced Cr(III) could
further conduct complexation with the newly formed oxy-
gen functional groups of the carbon surface.

CONCLUSION

Microporous hollow carbon nanospheres were obtained
by heating HPSs-Zn to 910°C. Owing to the presence of
carboxyl functional groups in the hollow polymer spheres,
zinc ions can be introduced. During carbonization, high
temperature treatment results in the reduction of Zn*
to metallic Zn and subsequent evaporation of Zn, conse-
quently forming nanospaces and nanopaths in the carbon
shell. These microporous hollow carbon spheres could
be further modified to fabricate a highly efficient Cr(VI)
adsorbent, as demonstrated by magnetic microporous
hollow carbon spheres with anchored magnetic y-Fe,O,
nanoparticles. When examined as an absorbent for Cr(VT)
removal, this material exhibited a high adsorption capac-
ity and fast adsorption kinetics. Its maximum adsorption
capacity of Cr(VI) per weight of adsorbent is 233.1 mg g™
FTIR analysis on the magnetic microporous hollow carbon
nanospheres before and after adsorbing Cr(VI), showed
Cr(VI) uptake to be a physicochemical process, including
intense electrostatic adsorption due to the formation of
X-OH,* (X=Fe, C) groups, followed by a redox process in
which some of the Cr(VI) is reduced to less toxic Cr(III).
The reduced Cr(III) can then further complexation with
the newly formed oxygen functional groups on the carbon
surfaces.
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