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Synthesis of porous carbon nanotubes foam composites
with a high accessible surface area and tunable porosity

Yuefeng Liu,*® Housseinou Ba,® Dinh-Lam Nguyen,® Ovidiu Ersen,® Thierry Romero,?
Spyridon Zafeiratos,® Dominique Begin,? Izabela Janowska® and Cuong Pham-Huu™*?

The macroscopic shaping of carbon nanostructure materials with tunable porosity, morphologies, and
functions, such as carbon nanotubes (CNT) or carbon nanofibers (CNF), into integrated structures is of
great interest, as it allows the development of novel nanosystems with high performances in filter
applications and catalysis. In the present work, we report on a low temperature chemical fusion (LTCF)
method to synthesize a self-macronized carbon nanotubes foam (CNT-foam) with controlled size and
shape by using CNT as a skeleton, dextrose as a carbon source, and citric acid as a carboxyl group donor
reacting with the hydroxyl group present in dextrose. The obtained composite has a 3D pore structure
with a high accessible surface area (>350 m? g~') and tunable meso- and macro-porosity formed by the
addition of a variable amount of ammonium carbonate into the starting mixture followed by a direct
thermal decomposition. The as-synthesized CNT-foam also exhibits a relatively high mechanical strength
which facilitates its handling and transport, while the nanoscopic morphology of the CNT significantly
reduces the problem of diffusion and contributes to an improvement of the effective surface area for
subsequent applications. These CNT-foams are successfully employed as selective and recyclable organic
absorbers with high efficiency in the field of waste water treatment.

1 Introduction

Carbon nanotubes (CNT) possess a nanoscopic dimension with a
high specific surface area (>100 m*> g~ "), high thermal conduc-
tivity and high thermal resistance under an inert atmosphere,
and high chemical and environmental stability."” The surface
character of these materials can also be fine-tuned, i.e. hydro-
philic or hydrophobic character, depending on the downstream
application.>* Due to the exceptional physical and chemical
properties cited above, CNT have been a subject of ever increasing
scientific and industrial interest during the last few decades,?
especially in the field of catalysis,*® electrochemical energy
storage''"* and waste water treatment."*'® For these applications,
a nanoscopic size of carbon nanotubes significantly reduces the
problem linked with mass transfer limitations while the high
specific surface area provides a large number of anchorage sites
either to adsorb pollutants (waste water treatment) or to host
active nanoparticles (catalysis). As a consequence, the overall
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adsorption capacity or catalytic activity per unit of volume of
such materials is significantly improved. The nanoscopic size,
however, is a main drawback, as it renders the handling and
transport of the materials and the recovery of used materials
difficult, especially in a liquid medium, due to the problem of
filter plugging.'” The development of hybrid materials that can
efficiently combine the nanoscopic properties with a macroscopic
shape is therefore of great interest.””** According to the literature
reports, CNT can be efficiently deposited on several macroscopic
supports such as alumina® or carbon,* allowing their direct use
in conventional systems. However, it is worth noting that up to
now works dedicated to self-macronization of CNT are relatively
scarce.'”* It is expected that such self-macronization of CNT can
additionally open new application fields for this material.

Here we report on a facile and simple approach to synthesize
a macroscopic 3D interconnected carbon nanotubes foam
(CNT-foam) with a high accessible surface area and relatively
high mechanical strength for subsequent use in the field of
waste water treatment. In the case of waste water treatment the
foam is pre-treated under appropriate conditions in order to
obtain a hydrophobic-type surface which can selectively adsorb
organic compounds present in a water medium. The pore size of
the foam can also be fine-tuned by changing the content of a
pore-forming agent or by adding a removable template, ie.
alumina or silica powder. The synthesis method is easy for up-
scaling and the final size and shape of the composite can be
tailored at will depending on the downstream applications.

This journal is © The Royal Society of Chemistry 2013



Published on 11 April 2013. Downloaded by Université de Strasbourg, Service Commun de la Documentation on 06/08/2013 08:41:08.

2 Experimental
2.1 Synthesis of porous CNT-foam composites

Multi-walled carbon nanotubes (CNT) are selected as a raw
material for the foam synthesis. The carbon nanotubes were
synthesized by a Chemical Vapour Deposition (CVD) process
using Fe/y-Al,O3 as a growth catalyst and a mixture of C,Hg and
H, as a carbon source.*** The synthesis was carried out at
750 °C for 2 h and the black product containing CNT and the
residual growth catalyst was collected from the ceramic boat.
The product was submitted to a basic and acid treatment at
110 °C in order to remove as much of the residual growth
catalyst as possible before further processing. The specific
surface area of purified CNT, measured by the BET method, was
around 190 m” g~ '. Such a value is in good agreement with
those reported nowadays in the literature for multi-walled
carbon nanotubes synthesized by a CVD technique.”*
Self-macronized carbon nanotubes foam (CNT-foam)
composites with controlled size and shape were synthesised by
the low temperature chemical fusion (LTCF) method. In the
synthesis procedure, 1 g of CNTs was mixed with 4 g of dextrose
and 6 g of citric acid by mechanical crushing at room tempera-
ture. Then, a known amount of ammonium carbonate (i.e. 2 g)
was added via mechanical mixing to obtain a homogeneous solid
mixture. Dextrose and citric acid were employed to generate a
porous CNT-foam composite by the low temperature chemical
fusion (LTCF) method as illustrated in Scheme 1. In the proce-
dure dextrose is used as a carbon source while citric acid offers
carboxyl groups to react with hydroxyl groups present in
dextrose. The ammonium carbonate is used as a pore forming
agent during the LTCF treatment which, during the thermal
treatment, undergoes decomposition into gaseous products
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leaving behind a porous material. However, it is worth noting
that part of the dextrose and citric acid also undergo decompo-
sition during the thermal treatment, and thus, also significantly
contribute to the pore size generation in the final composite.

According to the LTCF method, the mixture was reacted in
an oven at 130 °C for 5 h, and then, the carbon nanotubes foam
precursor was decomposed by heating up to 450 °C under air
flow for 3 h. After the calcination step, the CNT-foam was
annealed in helium at 900 °C for 2 h in order to obtain the final
hydrophobic composite employed further in the waste water
treatment.

2.2 Characterization techniques

The crystallinity of the sample was evaluated by means of the
powder X-ray diffraction (XRD) technique in a /26 mode on a
Bruker D-8 Advance diffractometer. Thermal gravimetry analysis
(TGA) was performed on a Setaram apparatus at an air flow rate of
25 mL min~' and a heating rate of 10 °C min~"', from room
temperature to 1000 °C. The specific surface area of the different
samples was measured by a BET method using N, as an adsor-
bentatliquid nitrogen temperature (TriStar sorptometer). Before
measurements, the samples were outgassed at 250 °C overnight
in order to desorb moisture and impurities from their surfaces.
The XPS measurements of the support were performed on a
MULTILAB 2000 (THERMO VG) spectrometer equipped with an
Al Ko anode (hv = 1486.6 eV) with 10 min of acquisition. Peak
deconvolution was made with the “Avantage” program from
Thermoelectron Company. The C 1s peak at 284.6 eV was used to
correct charging effects. Shirley backgrounds were subtracted
from the raw data to obtain the areas of the C 1s peak. The gross
morphology of the carbon and ceramic materials was observed

Macropore

— CNT
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Calcination CO, + H,0

Porous CNT-foam

Scheme 1 Illustration of a low temperature chemical fusion (LTCF) method for the synthesis of porous CNT-foam composites.

This journal is © The Royal Society of Chemistry 2013
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by scanning electron microscopy (SEM) on a JEOL F-6700 FEG
with a lattice resolution of 5 nm, at an accelerating voltage of 10
kv. The sample was covered by a thin layer of gold in order to
decrease the problem of charging during the analysis. Trans-
mission electron microscopy (TEM) observations were made on a
JEOL 2100F microscope working at an accelerated voltage of
200 kV with a point-to-point resolution of 0.17 nm. The sample
was ultrasonicated in ethanol solution and a drop was deposited
onto a copper grid covered with a holey carbon membrane for
observation.

3 Results and discussion
3.1 Characteristics of porous CNT-foam composites

The representative SEM micrographs of the as-synthesized
foam-structured carbon composite are presented in Fig. 1. The
SEM micrograph (Fig. 1a) shows a complete embedding of CNT
by a thick layer of carbon species, which were generated from
the thermal decomposition of dextrose after the low tempera-
ture chemical fusion (LTCF) process. Further heat treatment in
air at 450 °C leads to the decomposition of gaseous products
within a solid layer and to the formation of the CNT-foam
precursor (Fig. 1c). The low magnification SEM image of
the CNT-foam (Fig. 1c) confirms the open microstructure of the
sample with fully accessible porosity. For comparison, the

Fig. 1 (a) SEM micrographs of the CNT-foam precursor after the low tempera-
ture chemical fusion method. (b) SEM micrographs of the CNT-foam obtained
from calcination in air flow at 350 °C for 3 h. (c and d) SEM micrographs of the
CNT-foam obtained from calcination in air flow at 450 °C for 3 h showing the
presence of large voids within the foam and CNT entanglement. (e) Optical
photos of representative CNT-foams with different shapes for various applica-
tions. (f) Optical photo that shows three CNT-foam cylinders supporting 500 g
weight without any changes.
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foam-structure carbon composite precursor is also calcined in
air at lower temperature, i.e. 350 °C (Fig. 1b). The SEM micro-
graph shows the formation of a poorly porous structure, which
indicates that the carbon source precursor was incompletely
decomposed at lower temperature and indicates that the air
calcination treatment at around 450 °C is the most appropriate
to form a well opened porous foam. Indeed, higher thermal
treatment temperature shows almost no influence on the
porosity of the final composite. The developed synthesis
method also allows us to synthesize CNT-foams with different
sizes, ranging from a few millimetres to several centimetres,
and shapes (Fig. 1e), depending on downstream applications,
i.e. waste water treatment or catalytic processes. As shown in
Fig. 1f, CNT-foams can withstand a relative weight load without
any changes and the stress tests show that the CNT-foams can
withstand a stress pressure of about 1.39 MPa.

Thermal analysis results for a purified CNT precursor and the
corresponding foam-structured nano-carbon materials after
different thermal treatments are displayed in Fig. 2. The purified
CNT sample is stable below 500 °C and a complete weight loss
was observed at a temperature of around 650 °C due to the
oxidation of CNT by oxygen.”® The corresponding TGA/DTG
curves recorded on the sample after heat treatment at 130 °C in
air contain several peaks which indicate the presence of several
carbon-based species within the sample. As can be seen in
Fig. 2b, three weight loss areas located at 200-300 °C, 512 °C and
654 °C, respectively, are found in a DTG curve. The weight loss
area between 200 and 300 °C is attributed to the reaction between
the functional groups from citric acid (-COOH) and dextrose
(-OH), which is responsible for the formation of the foam-
structured nano-carbon composite. The two weight loss areas
appearing at 512 and 654 °C are ascribed to the oxidation of non-
graphitic and graphitic carbon in the composite, respectively.
The TGA/DTG curves of samples after calcination in air at 350
and 450 °C are presented in Fig. 1c and d and indicate that a large
part of the disordered carbon species, formed during the low
temperature treatment of the foam precursor, were removed
during the calcination step at 450 °C. For the sample calcined at
350 °Ctwo peaks are observed in a DTG which could be attributed
to the oxidation of disordered carbon (low temperature peak)
and CNT (high temperature peak) (Fig. 2c). The sample after
calcination at 450 °C exhibits only a single peak with a shoulder
(Fig. 2d). It is worth noting that for both samples the high
temperature peaks are shifted to a higher temperature region, i.e.
674 °Cand 654 °C instead of 611 °C for the pristine CNT (Fig. 2a).
Such a change could be attributed to a homogeneous coating of
CNT by a layer of carbon with different crystallinity which could
hinder the oxidation process, leading to higher combustion
temperature. The high oxidative resistance observed in the
sample could also be attributed to the large diameter of the CNT
coated with a layer of carbon which results in higher combustion
temperature.

TGA analysis also indicates the presence of unburnt
compounds which amount to about 5 to 8 wt% in the sample.
Such species could be attributed to the residual iron catalyst
which was buried under graphitic layers (2-3 wt%) and was not
removed from the CNT during the purification process, and also

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Thermogravimetric analysis (TGA) curves. (a) The initial CNT after removal of the growth catalyst. (b) The mixed CNT, dextrose and ammonium carbonate
powder after heat treatment at 130 °C overnight in the oven. (c and d) The CNT-foam precursor from (b) after calcination in air at 350 °C and 450 °C for 3 h.

to the SiO, phase, originating from the impurities that were
present in the starting raw materials and were further converted
into SiO, during the calcination process (see also XPS results
below). It is worth noting that for the waste water treatment
these unburnt residues are just playing the role of spectator
species and are not involved in any way in the adsorption
process.

The CNT content in weight percent in the final composite,
determined by the difference between the starting weight of the
CNT and the final weight of the composite, amounts to 50-70%
while that of the disordered carbon is about 50-30%. According
to the results, about 10-30% of the dextrose and citric acid
mixture was converted into solid carbon after the thermal
treatment. According to the results one can state that part of the
dextrose and citric acid also contributes to the pore size
generation in the final composite along with the ammonium
carbonate compounds.

The pore size distribution and specific surface area of the
pristine CNT and CNT-foam, after calcination at 450 °C in air,
are measured by means of the N, adsorption using the BET
method. Typical nitrogen adsorption-desorption isotherms for
both samples are shown in Fig. 3a and could be classified as
Langmuir IV type isotherms.*” The adsorption line demon-
strates an ascending trend without observable inflexion or
flatness in the relative pressure P/P, up to 0.85 and 0.50 for CNT
and CNT-foam, respectively. When the relative pressure
increases, the adsorption isotherm lines grow faster, and an
obvious abruption of adsorption and desorption lines
appears.”® The CNT-foam exhibits a significant pore size
distribution change compared to the pristine CNT (Fig. 3b).
Indeed, the introduction of a carbon phase from dextrose

This journal is © The Royal Society of Chemistry 2013

leads to a significant shift of pore size from a large macropore
network (CNT precursor) to a mesoporous region. The final
foam-structured composite after thermal treatment in air at
450 °C exhibits a specific surface area of 357 m”> g~ ' compared
to 190 m> g~ ! for the pristine carbon nanotubes, based on N,
adsorption-desorption. The specific surface area mostly
consists of meso- and macropores and no micropores (<5 nm)
are observed in the sample.

Such results are of high potential for waste water treatment
or catalytic applications, where the presence of micropores is
detrimental to the access of reactants and product desorption.
The abruption point of the isotherm curves confirms that the
CNT-foam has a lower condensation at a given relative pressure
compared with CNT, resulting in a lower specific surface area of
the CNT.”® According to the results presented in Fig. 3b, the
increase in the specific surface area, from CNT to CNT-foam, is
attributed to a partial carbonization of the dextrose compound
on the external surface of carbon nanotubes leading to the
formation of a new meso- and macro-porous carbon network
with a high effective surface area.

The existence of mesopores is also confirmed by the location
of the inflection point at the relative pressure (P/P,) of the N,
adsorption and desorption branching which started between
0.4 and 0.6." The XRD spectra of CNTs and foam-structured
composites revealed that the main crystalline phase at 26° and
43° is graphite-2H (Fig. 3c).*®

The pore size of the composite can be tuned by changing the
composition of the reactant mixture followed by the same
thermal treatment as shown in Fig. 4. According to the results
one can see that by changing the reactant concentrations,
macroscopic composites with different pore size distributions

J. Mater. Chem. A, 2013, 1, 9508-9516 | 9511
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Fig. 3 (a) N, adsorption isotherms of the pristine CNT and the final foam. (b)
Pore size distribution of the pristine CNT and after foam shaping, determined
from a desorption branch of the isotherm showing a large change in the micro-
and meso-pores contribution after shaping. (c) XRD patterns of carbon nanotubes
and carbon nanotubes foam.

and specific surface areas can be obtained for different down-
stream applications, i.e. absorber or catalyst support.

The microstructure of the as-synthesized foam-structured
composite was investigated by TEM and the corresponding
results are presented in Fig. 5. A low resolution TEM micro-
graph clearly shows the presence of disordered carbon species
within the mixture, which bridges CNT leading to the formation
of a new porous network. According to the TEM results one
could state that in the CNT-foam composite CNT play the role of
a network allowing the anchorage of disordered carbon species
formed from dextrose and citric acid transformation. The high
resolution TEM image (Fig. 5b) indicates that the disordered

9512 | J. Mater. Chem. A, 2013, 1, 9508-9516
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Fig.4 Pore size distribution derived from N, desorption isotherms using the BJH
method for CNT-foams prepared under different preparation conditions.

Fig. 5 Representative TEM micrographs of the CNT-foam showing the presence
of a thin coating layer of disordered carbon, issued from dextrose decomposition,
on the CNT surface.

carbon species are well anchored on the CNT wall and link the
CNT like solid glue, which explains a relatively high mechanical
strength of the final composite. It is worth noting that the HR-
TEM analysis also confirms the complete retention of the CNT
microstructure during the synthesis.’>**

3.2 CNT-foam for an absorption application

3.2.1 XPS spectroscopy. An X-ray photoelectron spectros-
copy (XPS) technique was utilized to get access to the contents
of carbon species and oxygen groups in both CNTs and the
hydrophobic phase porous CNT-foam. This provides useful
information on the nature of functional groups and the pres-
ence of structural defects on the nanotube surface and the
corresponding spectra are presented in Fig. 6.

To be efficiently used as a selective absorbent for organic
phases (species) dispersed in water, the foam structured
composite was annealed in helium at 900 °C (CNT-foam-900) in
order to eliminate the oxygen functional groups on its surface
and to obtain a solid with a hydrophobic character. Indeed,
previous works have shown that an annealing step at a relatively
high temperature leads to a selective removal of oxygen func-
tional groups from a CNT surface and confers to the material a
hydrophobic surface character.’® As can be seen in Fig. 6a,
survey scan spectra of prepared materials show C 1s and O 1s

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 XPS spectra of CNT and CNT-foam. (a) XPS survey scan, (b) calculated atomic concentration, (c) O 1s high-resolution XPS spectra and C 1s high-resolution XPS
spectra of (d) CNT, (e) CNT annealed in helium at 900 °C (CNT-900) and (f) CNT-foam annealed in helium at 900 °C (CNT-foam-900).

photoelectron peaks at around 285 eV and 533 eV, respectively.
The contribution of Si 2p and 2s peaks at about 102 and 153 eV,
respectively, indicates the presence of Si-based species (Fig. 6a).
Such silicon species could originate from traces of residual
silicon oxide impurities in the raw materials used for the
synthesis. As shown before, these impurities are thermally
stable and therefore difficult to remove by the annealing treat-
ment.*> The XPS analysis also evidences the presence of
nitrogen species on the composite surface at around 400 eV
(Fig. 6a). Such nitrogen species could be generated from the
ammonium carbonate and the detailed investigation of its
origin is underway.

The carbon and oxygen atomic ratios calculated by the high
resolution C 1s and O 1s core level spectra are presented in
Fig. 6b. It should be noted that reference SiO, samples were
measured in order to subtract the contribution of SiO, impu-
rities from the overall O 1s spectrum. Therefore the oxygen

This journal is © The Royal Society of Chemistry 2013

atomic ratio presented in Fig. 6b is exclusively due to oxygen
species attached to carbon. The oxygen content in the CNT
sample is calculated to be about 10 at.%. Such high oxygen
content was attributed to the post-synthesis acid treatment of
the sample. After an annealing treatment under a helium
atmosphere at 900 °C (CNT-900), the oxygen content in the CNT
material slightly decreases, from 10 to 8 at.%. On the other
hand, the oxygen content in the CNT-foam-900, after a similar
annealing treatment, is about 4 at.%, which is the lowest
amount among the analyzed samples. The observed results
indicate that oxygen desorption is easier from the foam-struc-
tured composite compared to the pristine CNT material. This
phenomenon is attributed to the presence of a porous disor-
dered carbon structure on the topmost surface of CNT which
binds oxygen in a loose manner.

The XPS O 1s peaks of the CNT, CNT-900 and CNT-foam-900
composite presented in Fig. 6¢ evidence a remarkable decrease

J. Mater. Chem. A, 2013, 1, 9508-9516 | 9513
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in the oxygen content at the low binding energy side (about
530 eV) when compared to that of CNT before the annealing
process. The oxygen component at about 533 eV, which is
practically unaffected by the annealing treatment, is linked to
the SiO, impurities in accordance with previous studies.*

Fig. 6d-f shows the C 1s XPS spectra of purified and annealed
CNT and CNT-foam-900 composites. Deconvolution of the C 1s
peak of purified and annealed CNT and CNT-foam-900 reveals
five peaks. One main peak (C1) of sp> hybridized C=C (284.5-
284.6 eV) is attributed to the graphitic structure, a secondary
peak (C2) of sp® hybridized C-C (285.4-285.8 V) corresponds to
defects in the nanotube structure and carbon nanoparticles in
the CNT-foam,* and the other three accompanying peaks result
from C-O or C=0 (C3) at around 286.4-286.9 eV, -COO (C4) at
287.8-288.5 eV, and the shake-up m-m* transition of carbon
(C5) at 290-290.2 eV.*>*® The C 1s peak of the foam-structured
composite shows higher intensity of sp> C-C compared to that
of the annealed CNT (CNT-900) which could be directly linked
with the disordered carbon species introduced by dextrose
transformation in the composite.

3.2.2 Morphological characteristics of the hydrophobic
CNT-foam composite. Representative SEM micrographs of the
CNT-foam composite material after annealing under helium at
900 °C (CNT-foam-900) are presented in Fig. 7a and b. Even after
annealing under helium at 900 °C, the formed CNT-foam
maintains its general morphology which confirms a high
thermal resistance of this carbon-carbon composite. The low
magnification SEM micrograph (Fig. 7a) shows a homogeneous
dispersion of CNT within the composite along with the clear
presence of both meso- and macroporous networks. High-
magnification observation indicates that the foam-structured
composite is constituted by highly entangled CNT well covered
by disordered carbon species (see grey arrows (red online) in
Fig. 7b) forming a dense network with a large connected
porosity. The corresponding TEM images (Fig. 7c and d)
confirm the facts observed from the SEM analysis and clearly
show the presence of disordered carbon species around the

Fig. 7 (a and b) SEM micrographs and (c and d) TEM images of the carbon
nanotubes foam composite after annealing in helium at 900 °C.

9514 | J. Mater. Chem. A, 2013, 1, 9508-9516
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CNT network. It is also worth noting that annealing under
helium also slightly decreases the overall specific surface area of
the composite, from 357 m*> g~ ' to about 293 m* g~ ', which is
still high enough for the targeted downstream applications in
the field of waste water treatment or heterogeneous catalysis.
Such specific surface area decrease could be attributed to the
partial re-organization of a disordered carbon phase into a more
graphitic one in the composite during the high temperature
annealing.

3.2.3 Absorption ability of CNT-foam-900 for waste water
treatment. The CNT-foam-900 with a hydrophobic surface char-
acter was further employed as a selective adsorbent for the waste
water treatment. The high thermal resistance of the material also
allows it to be easily regenerated by a simple thermal treatment.
The last advantage relies on a controlled macroscopic shaping
and high mechanical strength of the material which facilitates its
manipulation and transport. The absorption capacities of the
CNT-foam are expressed in terms of kilogram of organic
compounds adsorbed per cubic meter of absorber materials (kg
m ). The higher absorption capacity was obtained on a CNT-
foam for lighter-density liquids (i.e. toluene) and higher-density
liquids (i.e. chloroform) (Fig. 8a). For comparison, we also tested
macroscopic CNT-beads which were earlier shaped from CNT by
our group.'” For the waste water treatment the CNT-foam-900 was
dropped into a mixture containing toluene (labelled with a
ferrocene compound) and water. As soon as the CNT-foam-900
was put in contact with the mixture, the mixture became col-
ourless which indicates that the organic solvent was steadily and
completely adsorbed on the CNT-foam-900 (Fig. 8c and d). The
efficient adsorption was attributed to the hydrophobic character
and to the porous structure of the composite which significantly
improve the contact surface between an organic phase and the
CNT-foam-900.

The maximum organic solvent weight adsorbed by the CNT-
foam-900, when toluene was used, is about 650 kg m ™ (Fig. 8a).
Organic solvents trapped by the CNT-foam-900 were further
removed by dipping the foam into a solution containing ethanol

N CNT-beads
I CNT-foam

2
3
3

Absorption capacity (kg/m®)
N
8
8

N
3
3

Toluene Chloroform

3 4
Recycle number

Fig. 8 (a) Adsorption capacity of the annealed CNT-foam and annealed CNT-
beads of toluene and chloroform. (b) Regeneration capacity of the CNT-foam-900
for toluene adsorption. (c and d) Photographs showing adsorption of toluene by
the CNT-foam-900. The toluene was colored with ferrocene for the sake of clarity.
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followed by drying in an oven before re-using. The CNT-foam-
900 exhibits an extremely high regeneration capacity as
shown in Fig. 8b, as almost 100% of the adsorption capacity was
maintained after several adsorption-regeneration cycles. The
adsorption capacity varies with the density of adsorbed solvents
as shown in Fig. 8a. In any case, the adsorption capacity was
retained up to several adsorption-regeneration cycles regard-
less of the nature of the adsorbed organic solvent which high-
lighted the advantage of using these composites in the field of
oil spills recovery where long-term stabilization is a prerequi-
site. The advantage of using such CNT-foam-900 for waste water
treatment or oil spill recovery is the relatively high density of
the material which significantly reduces the volume of the
composite for a given weight. In the case of ultralight mate-
rials®” which can absorb organic compounds several hundred
times their own weight, the main problem is linked to the
apparent volume of the composite. Indeed, for an ultralight
composite with a density of 2.1 mg ecm® and a capacity of
adsorption of about 20 000%, the total weight adsorbed is about
420 kg m~>, lower than the one obtained with the CNT-foam-
900 in the present work, i.e. 650 kg m >,

4 Conclusions

In summary, a new macroscopic shaping method has been
developed to make CNT-foams with a high accessible surface
area (>350 m> ¢~ ') and tunable meso- and macroporosity. The
porosity can be tuned by adding ammonium carbonate (pore
former) in various amounts into the starting mixture, followed
by a direct thermal decomposition. The CNT-foam exhibits a
relatively high mechanical strength which facilitates its
handling and transport, while the nanoscopic morphology of
the carbon nanotubes significantly reduces the problem of
diffusion and contributes to an improvement of the effective
surface area for adsorption. These high effective surface area and
open porosity CNT-foams can also be synthesized with controlled
shape, i.e. extrudates, discs, spheres, and size depending on the
downstream applications. These CNT-foams can be successfully
employed as selective and recyclable organic absorbers in the
field of waste water treatment. The low temperature chemical
fusion (LTCF) method developed in the present work will be
applied to the preparation of hybrid composites containing a
mixture of CNTs and a few-layer graphene which can show
improved efficiency in the field of waste water treatment. Work
is under way to use such hierarchical foams, made from either
CNT or nitrogen-doped CNT with enhanced basic sites, as
absorbers for removing the trace amounts of metals present in
waste water, and also as a structured catalyst support for reac-
tions with high mass and heat transfer such as the Fischer-
Tropsch synthesis.*
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