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Nanoarchitecturing of carbon nanospheres onto the surface of activated carbon (AC) gives birth to a new
composite carbon material that features a hierarchical structure with macro- and nanometer dimensions
of the respective carbon components and exhibits a remarkably enhanced adsorption capability for heavy-
metal ions (CrO,* and Fe®*) from aqueous solution as compared to AC. Thus, we first propose that
nanoarchitecturing of AC can be utilized not only as a flexible method for the synthesis of novel, hybrid,
nanostructured composite carbon materials but also as a new and “green-route” strategy for
functionalization of the surface of AC in an effective manner. Hence, there is scope for a possible new
concept in the functionalization of industrial AC for specific applications.

1. Introduction

Nanostructured carbon materials continue to attract considerable interest because of their unique
combination of chemical and physical properties, diverse morphology, and numerous potential
applications, such as nanoscale engineering and molecular electronics, microfilters, gas sensors,
hydrogen-storage devices, and catalysis.[1-3] We mainly focus on the assembly or synthesis of new
hybrid nanostructured carbon materials, understanding the characteristics of nanostructured carbon
materials at a microscopic level, and their potential applications.[4] Herein, we report a facile and green-
synthesis route of novel composite carbon material by nanoarchitecturing of activated carbon under mild
conditions. We show that the as-obtained composite carbon material features a hierarchical structure of
the respective carbon components on macro- and nanometer scales and, in particular, has a significantly
enhanced adsorption capability for heavy-metal ions in aqueous solution as compared to single-activated
carbon. The idea underlying this work is the presupposition that a proper combination of macro- and
nanometer dimensions in a controlled fashion would lead to novel, hybrid, hierarchically nanostructured
composite materials, thereby exhibiting improved or overall the best properties of each component. This
Full Paper will describe a simple and green strategy for synthesis of novel composite carbon materials for
target application. Thus, we propose for the first time that nanoarchitecturing of activated carbon can be
used as not only a flexible method for producing novel composite carbon materials but also a new and
green alternative to functionalizing the surface of activated carbon rather than conventional methods,[5]
such as the use of environmentally unfavorable reagents, such as strong acids, bases, or designed organic
ligands, for modification of the surface of activated carbon.

It is well-known that adsorption on the surface of activated carbon has great potential for the removal of
trace amounts of toxic heavy metals in waste water.[6] The adsorption of metal ions from solution on
activated carbon is usually dominated by the surface functional groups on the activated carbon, and,
consequently, a key aspect in designing suitable activated carbons for metal capture is the control of the
surface functionalization chemistry. However, the effective control of this surface chemical
functionalization has remained a challenging task when the usual activation techniques are used. This is
particularly true when the attainment of activated carbons shows a marked specificity for a particular
metal ion species,[5a] which is in great contrast to the well-established methods that are employed to
prepare carbon materials possessing optimal properties of surface area and specific pore size
distribution.[7,8] Furthermore, note that conventional methods for functionalization of the activated
carbon surface involve using environmentally unfavorable reagents, for example, ozone in the gas phase,
and strong acids or bases or harmful organic ligands in the solution phase.[5] Hence, there is an urgent
need for the development of new strategies or concepts to functionalize the surface of activated carbon

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Advanced Functional Matererials 18 (2008),3613-3619

in an effective manner. Toward this end, we report the nanoarchitecturing of activated carbon, which can
be employed as a new, facile, and green strategy for effective functionalization of the surface of activated
carbon. This opens the possibility of a new route for functionalization of the surface of activated carbon
for specific applications.
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Scheme 1. Nanoarchitecturing of activated carbon by anchoring nanostructured carbon spheres onto the AC host.

2. Results and Discussion

The production of this composite carbon material is outlined in Scheme 1. The bulk activated carbon
(AC) raw material is made from palm kernel shells, a waste product from palm oil production; this raw
material was also used in previous work on the synthesis of a hierarchically structured carbon system with
carbon nanofibers (CNFs) nested inside and immobilized onto modified activated carbon (Fe/AC) by a
high-temperature chemical vapor deposition (CVD) method.[9] Bulk AC was first calcined at 400 °C for
4h in air; this step selectively removes the soft parts of the biopolymer and boosts the AC pores, thus,
transforming bulk AC aggregates into a macroporous scaffold (see Supporting Information, Fig. S1). This
AC host is then utilized for growing nanostructured carbon spheres by means of a glucose solution as
precursor in an appropriately controlled hydrothermal treatment.

a)

Figure 1. SEM images of the as-synthesized NAC material.

Figure 1 shows the low- and medium-magnification field- emission scanning electron microscopy (SEM)
images of the as-synthesized composite carbon material (denoted as NAC). It is clear that the
nanostructured carbon spheres are well-dispersed on the surface and pores of the AC host. In addition, it
seems that the nanostructured carbon spheres grow from surface sites of the AC (see carbon spheres
denoted by arrows in panel ¢ of Fig. 1), indicating that the carbon nanospheres are sticking to the AC
substrate well. A control ultrasonication experiment reveals that most of the carbon nanospheres remain
on the AC host after ultrasonication treatment of NAC. This explicitly suggests that the as-synthesized
NAC material features excellent integration characteristics. Most of the carbon spheres are approximately
100 nm in diameter, although a few carbon spheres have diameters either greater or less than this value.
Figure 1d reveals the surface roughness of the nanostructured carbon spheres. Cross-sectional SEM
images of NAC, as displayed in Figure S2 (Supporting Information), demonstrate that few carbon spheres
are grown in the inner holes of the AC host, which can be attributed to the diffusion limitation of the
glucose solution. The specific Brunauer-Emmett—Teller (BET) surface area and pore volume of the as-
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synthesized NAC material are 222 m? g * and 0.147 cm® g%, respectively, which is much lower than the
AC host values of 1506 m? g* and 0.739 cm® g, respectively. The Barrett-Joyner—Halenda (BJH) pore
size distribution (as shown in Fig. S3, Supporting Information) shows that the volume of mesopores and
micropores in the as-synthesized NAC material is much lower than that of AC or the AC host. Titirici et
al. reported the replication and coating of silica templates by hydrothermal carbonization and found that
hydrothermal carbon with different morphologies can be obtained by simply altering the polarity of the
silica surface.[10] When the porous silica host achieves a suitable polarity, the hydrothermal carbon can
fill its pores. A similar mechanism may also be present in the current work.

Figure 2. TEM images of the as-synthesized NAC material.

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were used to further
characterize the microstructure of the as-synthesized composite carbon material. The TEM images, as
displayed in Figure 2, demonstrate that nanostructured carbon spheres with various morphologies were
generated under such autogenously high-pressure reaction conditions in the sealed autoclave. Carbon
nanospheres are anchored onto or embedded in the AC surface matrix. Furthermore, perfect round-,
elliptical-, or deformed-shaped carbon spheres were found, a finding that is distinctly different from the
case of homogeneous formation of regular and uniform-sized carbon spheres when only an aqueous sugar
solution was used.[11] This strongly indicates that the AC host plays an important role in the formation of
the nanostructured carbon spheres, probably by providing heterogeneous nucleation sites to induce
transformation of glucose molecules into carbon nanospheres with different kinds of morphologies. This
inference can be partly substantiated by panel d in Figure 2. The HRTEM image of the interface between
the carbon sphere and AC shows that the sphere has an amorphous structure (Fig. 3). This result suggests
that the formed carbon spheres should have no influence on the X-ray diffraction (XRD) patterns of the
AC host. This is consistent with the XRD results in Figure S4 of the Supporting Information; that is, no
significant difference in the XRD patterns of the AC and NAC material is observed. On the other hand,
note that short- range graphitic structure in the AC substrate is also clearly seen from the HRTEM image
in Figure 3.

The effective anchoring of carbon nanospheres onto the AC host will concomitantly increase the surface
functional groups of the newly structured activated carbon because the outer layer of carbon spheres is
rich in OH groups and C = O groups,[11] which are formed from non- or just partially dehydrated glucose
molecules. Furthermore, some polymerized glucose units binding tightly to the surface of the AC host can
also contribute to enhancing the oxygen-containing functional groups of the AC surface. In fact, the
significantly increased amount of oxygen-containing functional groups on the NAC material has been
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Figure 3. HRTEM image of the interface between a carbon sphere and the activated carbon substrate in the as-synthesized NAC
material.

clearly substantiated by comparing the temperature program desorption (TPD) profiles of NAC with those
of AC and AC-400, as shown in Figure 4a and b. Namely, the more remarkable intensities of the CO, and
H,O TPD profiles of NAC than those of AC and AC-400, performed under a helium atmosphere, clearly
suggest that the as-synthesized NAC material contains more oxygen- containing surface functional
groups. Further fitting the CO, TPD profile leads to the assignment of each deconvolved peak to a specific
type of surface oxygen group on the NAC material, as depicted in Figure 4c.[12] After the proper
hydrothermal treatment of the AC host, the total amount of oxygen-containing functional groups, such as
carbonyl, lactone, carboxylic, and anhydride groups, has been significantly increased.

Table 1. Quantitative XPS results of surface oxygen for the NAC material and the AC host. All values in at%.

Sample O C
NAC 22 78
AC-400 8.3 91.7

X-ray photoelectron spectroscopy (XPS) analysis also reinforces the observation of more oxygen-
containing functional groups on NAC than on the AC host. This is manifested by the greater O1s peak
intensity for the as-synthesized NAC material than that for the AC host, as depicted in Figure 5a. From
the areas of intensities in the Ol1s and C1s spectra, the quantification of surface composition for the NAC
and AC host materials can be calculated. Results, showing the difference in surface functionalization of
the materials, are summarized in Table 1 and suggest that the as-synthesized NAC material has a greater
number of oxygen-containing surface functional groups than the AC host. Fitting of the XPS O1s
spectrum gives us a detailed assignment of deconvolution peaks, as shown in Figure 5b. Four
contributions can be primarily assigned to the O1s spectra.[12,13] The peak at around 531.3 eV
corresponds to carbonyl/C = O species; the peaks at around 533.4 and 532.1 eV correspond to
hydroxyl/C-OH and C-O moieties, respectively. The small peak at around 535.8 eV is assigned to
adsorbed water. In addition, the presence of large amounts of residual OH groups on the NAC material is
also qualitatively reflected by the increased intensity of bands in the range 10001300 cm™ in the Fourier
transform IR spectra (Fig. S5). The intensity of the 1710 cm™ band is attributed to vibrations of the C = O
functional group in NAC; this band is also enhanced as compared to that in AC and the AC host. Thus
far, it has been clearly corroborated that the as- synthesized NAC material has a significantly increased
total amount of surface oxygen-containing functional groups as compared to that of the AC host.

As a result, the NAC material should have a notably enhanced adsorption capability for heavy metal ions
than single-activated carbon, as the uptake of heavy metal ions from aqueous solution is generally
assumed to be the main function of surface functional groups (mainly oxygen-containing functional
groups), although other factors such as coordination with defective sites and van der Waals interactions
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may also participate in the adsorption process.[5] This hypothesis has been confirmed by our preliminary
adsorption experiments of anionic CrO,* and cationic Fe 3 species, which are two heavy metal ions
typically found in waste water. Figures 6 and 7 display the adsorption isotherms of CrO,* and Fe ¥,

respectively. For example,

based on the adsorption capacity per unit mass, the estimated

maximumadsorption capacity of CrO,> for the NAC material is approximately 180 pmol g* , which is
much higher than the corresponding values of 32 and 60 pmol g* for AC and AC-400, respectively
(Table 2). According to the data per unit surface area, the enhancement of adsorption capacity of CrO,*
on NAC will become more significant as compared to that on AC and AC-400; the maximum adsorption
capacity of CrO,* for the NAC material is about 0.81 pmol m2, remarkably higher than 0.030 and 0.040
pmol m*%, which correspond to AC and AC-400, respectively. This significant improvement of adsorption
capability is mainly due to the increased total amount of surface functional groups (particularly OH
groups) on NAC as compared to single AC because the adsorption of CrO,* is mainly by means of ion
exchange with surface OH groups.[9] In this regard, we note that hierarchically structured carbon
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reported previously, consisting of carbon nanofibers nested and immobilized onto modified AC (AC-
supported Fe catalyst), does not have the capability for adsorbing CrO,* as well as other heavy-metal
ions.[9] This is due to the fact that, in such a high-temperature and reductive growth atmosphere as is
provided by the CVD method, the original functional groups on the AC surface are deprived and it is also
impossible to generate oxygen-containing functional groups during the growth of carbon fibers onto the
AC host.[9] Without further chemical modifications, the hierarchically structuredcarbon as reported
previously is not suitable for removing heavy-metal ions in aqueous solution.[9] In addition, it should be
pointed out that a good carbon material for adsorption of heavy-metal ions should have both good
adsorption capacity per unit mass and per unit surface area. Our NAC material shows considerably
improved adsorption capacity of heavy metal ions based on both types of adsorption data, as compared to
AC. Also, note that an analogous improvement of adsorption capability for cationic Fe** species has also
been observed for our NAC material as compared to that for AC and AC-400, as is clearly shown in
Figure 7. For instance, in aqueous 10 mm Fe ** solution, the adsorption capacity per unit surface area for
the as-synthesized NAC material is 6.76 umol m, which is about ten times the value of the AC host
(Table 2).
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In comparison to conventional methods for the surface modification of activated carbon,[5] it is clear that
our method is effective, facile, and totally green because no strong acid, base, or harmful organic reagent
is involved during the preparation of our hybrid NAC material. The increased oxygen-containing
functional groups (e.g., C = O and OH) would be beneficial for the application of AC in catalytic
reactions as the redox properties of AC are intimately related to the surface functional groups.[4a,14] On
the other hand, the abundant OH and C = O functional groups of the carbon spheres anchored on the AC
surface can easily be subject to further modifications with heteroatoms that would give AC with other
specific surface functionalities, as has been reported pre- viously.[10] In addition, the anchoring of carbon
spheres onto the AC host increases the hydrophilicity of AC, and the functionalities can act as active sites
to interact with metal particles.[15] In this respect, the as-obtained NAC material could also be used as an
effective carbon support to prepare supported metal catalysts in heterogeneous catalysis.
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3. Conclusions

In summary, we have prepared a hovel composite carbon material by anchoring carbon nanospheres onto
the surface of activated carbon under mild conditions. The as-synthesized composite carbon material
features a hierarchical structure, with a combination of macro- and nanometer-sized features, of the
respective carbon components. In particular, the as- obtained composite carbon material has a remarkably
enhanced capability to adsorb heavy metal ions from agqueous solution as compared to the single AC host.
We have showed for the first time that nanoarchitecturing of activated carbon can be used as a new,
facile, and green strategy for effective functionalization of the surface of activated carbon. Differing from
conventional methods, no strong acids, bases, acute oxidants, or designed organic ligands were used. In
addition to glucose, other kinds of polyhydric sugars, such as sucrose and fructose, can also be used for
nanoarchitecturing of AC under similar hydrothermal conditions. Thus, this method opens a doorway for
effective functionalization of the surface of activated carbon or other carbon materials.

Table 2. Adsorption of CrO,* and Fe*" in aqueous solution by AC, AC-400, and as-synthesized NAC (data extracted from Figs. 6 and 7).

Entry BET [m°g] CrO% [a] [umol g'] | CrO. [a] [umolm?] | Fe® [b] [umol g Fe** [b] [umol m?]

AC 1081 32 0.030 912 0.84
AC-400 1506 60 0.040 1105 0.73

NAC 222 180 0.81 1501 6.76

[a] The concentration of CrO,* is 2.5mm. [b] The concentration of Fe** is 10mm.

4. Experimental

The activated carbon was made from palm kernel shells, a waste product frompalmoil production.
Palmkernel shells were carbonized in N, at 350 °C and activated in steam at 600 °C.Elemental analysis
showed that the AC contained C (92.42 at%), O (0.82 at%), N (0.35 at%), H (0.46 at%), Si (0.71 at%),
and Fe (2.91 at%). The AC host was obtained by calcination of AC at 400 °C for 4 h in air. The obtained
composite carbon material (NAC) was synthesized as follows: the AC host (0.5 g) was added to a glucose
aqueous solution (30mL, 0.5mol L™) and stirred for 24 h. Then, the mixtures were transferred to a 40mL
Teflon-sealed autoclave and maintained at 180-190 °C for 3-6 h in the furnace. They were then cooled to
room temperature. The products were completely washed with alcohol and distilled water and then dried
in an oven for more than 8 h.

Temperature program desorption (TPD) tests were carried out in a quartz reactor connected to a
guadrupole mass spectrometer Prisma 200 M2). The sample (20 mg) was loaded between two quartz
wool plugs and placed in flowing helium at room temperature for 2 h. After that, the temperature was
raised to 830 °C with a ramp rate of 10 °C min™, and the helium flow rate was maintained at 15mL min™.

Powder XRD analysis was performed on an STOE STADI-P transmission diffractometer equipped with a
focusing primary Ge(111) monochromator and a position-sensitive detector, using Cu Kal radiation.
Specific surface areas were measured by the BET method (N, physisorption at 77 K) using an
AUTOSORB-1-C physisorption/ chemisorption analyzer (Quantchrome).

XPS spectra were measured on beamline U49/2-PGM1 at BESSY in Berlin. SEM analysis was performed
on a Hitachi S-4800 instrument at an acceleration electron voltage of 3 kV. TEM micrographs were taken
on a Philips CM 200 LaB6 at an acceleration electron voltage of 200 kV.

Adsorption isotherms of heavy-metal ions at room temperature were obtained by adding 10mg of AC, AC
host, or NAC to a 2mL Eppendorf cap, containing 1.5mL of the appropriate adsorbate solution with
different concentrations. The pH calculated for CrO,> (not adjusted with additional buffer) was around
8.0, which ensured that during the adsorption experiments the sole species adsorbed was bianionic CrO,2.
The pH for Fe** was around 1.8, adjusted with diluted HCI solution to prevent the hydrolysis of Fe** and
its effect on the adsorption process. The suspensions were kept for 5 days to allow the adsorption of
heavy-metal ions on the carbon reach the complete adsorption equilibrium. The concentration of CrO,* or
Fe** after adsorption was measured by a Perkin-Elmer Lambda 650 UV-vis spectrometer.
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