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ABSTRACT: Conventional synthetic strategies do not allow one to impart structural
anisotropy into porous carbons, thus leading to limited control over their textural
properties. While structural anisotropy alters the mechanical properties of materials, it
also introduces an additional degree of directionality to increase the pore connectivity
and thus the flux in the designed direction. Accordingly, in this work the structure of
porous carbons prepared from resorcinol−formaldehyde gels has been rendered
anisotropic by integrating superparamagnetic colloids to the sol−gel precursor solution
and by applying a uniform magnetic field during the sol−gel transition, which enables
the self-assembly of magnetic colloids into chainlike structures to template the growth
of the gel phase. Notably, the anisotropic pore structure is maintained upon pyrolysis of
the gel, leading to hierarchically porous carbon monoliths with tunable structure and
porosities. With an advantage granted to anisotropic materials, these porous carbons
showed higher porosity, a higher CO2 uptake capacity of 3.45 mmol g−1 at 273 K at 1.1
bar, and faster adsorption kinetics compared to the ones synthesized in the absence of
magnetic field. Moreover, these materials were also used as magnetic sorbents with fast adsorption kinetics for efficient oil-spill
cleanup and retrieved easily by using an external magnetic field.
KEYWORDS: Anisotropic materials, superparamagnetic iron oxide nanocrystals, carbon xerogels, porous carbon, oil capture, gas capture

1. INTRODUCTION
Porous carbons have been investigated extensively in
numerous applications, such as gas separation, water
remediation, heterogeneous catalysis, and energy storage,
because of their good physical and chemical stability, high
surface areas, hierarchical porosity, electrical conductivity, and
easy functionalization for the incorporation of various
heteroatoms.1−7 Porous carbons are amorphous networks
with rather complex structures, and they can be simply
produced via pyrolysis of either biomass or porous organic gels
formed through chemical synthesis.4,8−10 These synthetic
strategies, however, provide limited control over the structure
and porosity of the synthetic carbons, thus leading to a
significant variation in terms of structure, heteroatom content,
and porosity. The incorporation of various templates has also
been investigated to control the textural properties of porous
carbons.11 Whereas metal−organic framework (MOF)-derived
porous carbons have drawn great interest because they inherit
the high surface area and structural tunability of MOFs, they
still present significant drawbacks such as micropore-
dominated structures, irreversible agglomeration of metal
nanoparticles, and limited control over structure evolution
during carbonization.12 Furthermore, MOFs are currently still
very expensive.
Sol−gel-processed organic gels can be tuned in situ to

control the onset of phase separation against gelation of the

sol.13−18 In this direction, resorcinol−formaldehyde (RF) gels,
originally produced by Pekala,19 became the first organic
aerogels prepared by sol−gel polycondensation.20−23 The
tunability of the sol−gel process to control the properties of
the resulting gels offers a promising strategy to produce gel-
derived porous carbon materials. In the sol−gel process, the
liquid precursor typically undergoes two types of reactions:
hydrolysis and condensation. All changes in the relative rates of
these two steps have a profound influence on the final porous
structure of the RF gel.8,24,25 The porosity is maintained when
the organic gels are carbonized into carbon. The introduction
of structural anisotropy into porous carbons offers several
advantages,26−30 which are (1) hierarchical porosity for
efficient mass transport, in particular, for catalytic applications,
(2) directionality of the pore scaffold and improved pore
connectivity, and (3) increased mechanical resistance.31−33 In
the case of aligned pores, for example, an increased flux control
or enhanced uptake of liquid or gas in the direction of pores
can be achieved.34 Anisotropic structures and high structural
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control can be found abundantly in natural systems, such as in
mollusk shells, in arthropods such as crabs, or in teeth and
bones, to increase the mechanical resistance.35−37 While nature
has perfected its control over the structure of complex natural
materials, precise control over the architecture of artificial or
synthetic materials is still highly limited yet highly desired.
While many templating routes exist to tune the porosity of

porous carbons, it is much harder to introduce directionality or
anisotropy into these materials.38−42 In many cases, while the
use of templates provides control over the pore structure of
porous carbons, removal of the template poses problems due
to possible pore or structure collapse or changes in the surface
properties of the material. Putz and co-workers27 have
achieved anisotropy in the morphology of their carbon
material by using nanocasting together with a hard template
or using a soft-templating approach by compressing a flexible
gel during the carbonization process.27 In these examples, the
morphology of the carbon was altered, but the directionality
could not have been introduced in the porous carbons. The
use of magnetic particles to introduce anisotropy in the
structure of a material has been investigated and has the
additional advantage of making the material magnetically
responsive.43−46 In this direction, Lattuada et al.47 and Studart
et al.43,48 have used superparamagnetic colloids as a hard
template to introduce a fiber-like or platelet structures into
sol−gel-processed silica monoliths.29,47,49,50 The development
of anisotropic porous carbons with direction-dependent
properties, on the other hand, has yet to be realized. In this
direction, herein, we demonstrate, for the first time (Scheme
1), a single-step approach to produce magnetically guided

anisotropic RF xerogels, which are pyrolyzed to yield porous
carbons, showing not only anisotropic morphology with a
combination of micro- and macropores but also good pore
directionality and connectivity. The application of anisotropic
porous carbons for both CO2 capture and oil recovery,
followed by magnetic recuperation, showcases the presence of
direction-dependent properties arising from anisotropic
structure.

2. EXPERIMENTAL SECTION
Materials. FeCl3 hexahydrate, FeCl2 dihydrate, 2,2′-azobis(2-

methylpropionitrile) (AIBN), dibenzoyl peroxide, styrene, divinyl-
benzene (DVB), n-hexadecane, 3-(methoxysilyl)propyl methacrylate
(98%), butyl acrylate, methyl methacrylate, polybutadiene (Mw =
1500), ammonia (25%), acetone, ethanol, diethyl ether (Et2O),
sodium dodecyl sulfate (SDS), and acetic acid were purchased from
Sigma-Aldrich. Poly(ethylene glycol) (Mw = 10000) and N,N′-
dimethylaniline were obtained from Merck, while ricinoleic acid (RA)
and tetramethyl orthosilicate (98%) were purchased from ABCR
GmbH.
Resorcinol (99%) and formaldehyde (37 wt % in water, stabilized

by 10−12 wt % methanol) were purchased from Sigma-Aldrich, and
NaOH for pH adaptation was obtained from Merck. Pump oil, N-
methyl-2-pyrrolidone (NMP), ethylene glycol (EG), toluene, chloro-
form, and tetrahydrofuran (THF) were purchased from Sigma-
Aldrich. All chemicals were used directly without any further
purification.
Magnetite Synthesis. A total of 3.90 g of FeCl2 dihydrate and

10.70 g of FeCl3 hexahydrate were added to 180 mL of stripped water
(stripping was achieved by bubbling N2 in water for 30 min). The
solution was stirred at 700 rpm until complete dissolution of the iron
salts.
A total of 8.54 g of RA and 4.87 g of acetone were mixed and added

to the reaction mixture. The mixture was stirred at 1000 rpm and
heated to 80 °C. Finally, 27 mL of NH3 (25%) was added quickly,
and the solution was stirred and heated for another 30 min. The
mixture was cooled at room temperature at 500 rpm.
The obtained black precipitates were emptied into crystallizers of

150 mL and washed via magnetic decantation. The first washing step
was performed with 100 mL of a solution prepared of 500 mL of
acetone and 5 mL of RA. Then, the precipitates were further washed
three times using 50 mL of deionized water and 100 mL of the same
previously prepared RA/acetone solution. Finally, one last washing
step was performed with 100 mL of the acetone/RA washing solution,
and the precipitates were sonicated for a few minutes before magnetic
decantation. After the solvent was removed, the crystallizer was closed
with parafilm, and the black precipitates were dried at room
temperature for 24 h.
The magnetite nanoparticles were magnetically filtered to get rid of

large clusters. A small plastic or glass column was filled with steel wool
and placed between the poles of two magnets. The wool was washed
twice with Et2O. Magnetite nanocrystals were dispersed in Et2O, and
the solution was run through the column. Large clusters were retained
due to their higher magnetization, while single-crystal particles were
able to pass through the column. Finally, Et2O was removed under
high vacuum.
Miniemulsion Polymerization. Magnetic colloids were prepared

by miniemulsion polymerization. The oily phase was prepared by
mixing 0.147 g of AIBN, 0.12 g of n-hexadecane, 0.60 g of DVB, and
5.50 g of styrene. A total of 3 g of magnetite nanocrystals, prepared as
previously described, was added to the oil phase, which was then
placed in a refrigerator at 4 °C. The water phase was prepared with
0.25 g of SDS and 48 g of water (stripped with N2). After SDS was
dissolved in the aqueous phase, 2 mL of the aqueous phase was
removed. The oil phase was then mixed with the water phase under
magnetic stirring. The bottle was placed in an ice bath. The mixture
was sonicated with a horn sonicator for 30 min (0.5 s, 70%
amplitude). The remaining 2 mL of the water phase was added, and
the mixture was transferred to a three-neck round-bottomed flask,
equipped with a condenser, a mechanical stirrer at 500 rpm, and a
septum. The flask was flushed for 5 min with N2. Finally, the reaction
mixture was heated to 70 °C, and the polymerization reaction was
carried out for 3−4 h, until monomer conversion reached at least
98%.
Preparation of the RF Xerogel. First, resorcinol was dissolved in

the right amount of deionized water. Then, formaldehyde was added
to the mixture with respect to a fixed molar ratio of R/F = 0.5. The
dilution ratio (D = total solvent/reactant molar ratio) was varied

Scheme 1. Preparation of Magnetically Responsive
Anisotropic (RFCa) and Isotropic (RFCi) Porous Carbons
through Pyrolysis of the Magnetically Responsive Rf
Xerogels, Which Were Synthesized with (RFa) or without
(RFi) a Magnetic Fielda

aDue to magnetic template alignment, the pore structure and
morphology can be tuned.
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between D = 2 and 10 to study its influence on the morphology of the
xerogel. It is important to mention that the dilution ratio refers to the
amount of added deionized water as well as the water and methanol
contained in the formaldehyde when considering the “total solvent”.
“Reactants” refers to the amount of resorcinol and formaldehyde. The
pH was adjusted to 5.8 for low pH and 6.5 for high pH by adding
proper quantities of a 1 M NaOH solution. For a typical D = 10
precursor solution, 17.34 g of resorcinol was dissolved in 67.8 g of
deionized water and 23.63 g of formaldehyde solution at 37 wt % was
added. Once the pH was adjusted, the reaction mixture was added to
a glass vial and put in an oven at 80 °C for at least 4 h until gelation
was visually completed. The wet gel was allowed to age for 48 h,
followed by solvent exchange with ethanol for 24 h. The ethanol was
allowed to evaporate, and the gel was dried at room temperature for 4
days. Finally, the gel was dried under vacuum for 12 h at 60 °C. When
magnetic nanoparticles were added to the precursor solution in the
form of a miniemulsion, the amount of added water needed to be
adjusted by considering the amount of water added with the particles.
If a volume percentage of miniemulsion equal to 45 vol % with a 13
wt % solid content was added, corresponding to a concentration of
5.86 wt % of magnetic colloids, the amount of deionized water for a D
= 10 precursor solution was lowered to 33.5 g. The procedure
followed for the formation of a gel was the same as that for the gels
prepared without magnetic particles, except that the reaction mixture
was placed between two strong permanent magnets during gelation.
The application of a uniform field with an electromagnet could not be
performed inside an oven. Therefore, a special mold was designed and
connected to a thermostatic bath with a pump. Oil was heated at 75
°C and pumped through a tubular system, which heated the mold
containing the vial with the RF gel precursor solution. The mold was
fixed between the poles of the electromagnet, and the magnetic field
could be applied until gelation was completed.
Pyrolysis. Carbonization of the dried xerogels was performed in a

Carbolite tube furnace (capable of a maximal temperature of 1200 °C
and equiped with a glass tube), under an inert atmosphere using argon
at temperatures ranging from 800 °C to 1200 °C, for 1 h, with a
heating rate of 10 °C/min.
Oil Capture Test. A mixture of 0.5 mL of all solvents and 5 mL of

water was prepared. A pellet-shaped magnetic responsive isotropic
porous carbon (RFCi) [or responsive anisotropic porous carbon
(RFCa), 13.65 mm × 5.58 mm] was added. The adsorption efficiency
was calculated with the following equation: adsorption efficiency (%)
= (ga − gb)/gb, wherein ga and gb are the weights of RFCs before and
after oil absorption, respectively. For kinetic study, 50 mg of RFCi (or
RFCa) was placed in a graduated cylinder filled with 4 mL of toluene,
and then the absorption amount was measured at each required time.
Characterization. Scanning electron microscopy (SEM) images

were recorded with the help of a TESCAN Mira 3 LM field emission
machine, and transmission electron microscopy (TEM) was
performed on a FEI Tecnai Spirit field-emission microscope. A
Mettler Toledo TGA 2 sample robot was used to determine the
weight percentage of iron particles contained in a carbon xerogel. The
crystallinity of the carbon gels was measured with the help of a
STADIP powder diffractometer (Cu Ka1 radiation), combined with a
focused Cu Ka1 incident beam from a germanium monochromator
with a Mythen1K detector (CCD). The Diamond software database
was used for peak fitting. Raman measurements were performed on a
WITec alpha300 R microscope at a wavelength of 523 nm. For
mechanical compression tests, stress−strain curves were recorded
using a Zwick/Roell Z010 testing machine equipped with a
compression cell of 10 kN.
Brunauer−Emmett−Teller (BET) analysis was conducted using N2

adsorption and desorption isotherms, which were measured at 77 K
on a Micrometrics 3Flex surface characterization analyzer. All samples
were degassed at 100 °C for 16 h prior to the analysis. The specific
surface areas of the samples were calculated using the BET and
Langmuir models in the pressure range where the term V (1 − P/P0)
continuously increases with P/P0 in the Rouquerol plot. The pore-size
distributions of the samples were calculated from N2 isotherms
according to nonlocal density functional theory (NLDFT) with a

nitrogen-based heterogeneous surface mode and the Barrett−Joyner−
Halenda (BJH) method with a Harkins and Jura thickness curve. The
low-pressure CO2 adsorption isotherms and CO2 adsorption kinetic
study of the samples were taken on a Micrometrics 3Flex instrument
at three different temperatures of 273, 298, and 323 K. The circulator
was used to keep the temperature constant during adsorption/
desorption analysis. Isosteric heat of absorption (Qst) values were
calculated using the standard calculation routine, that is, the
Clausius−Clapeyron equation, in Mathematica.
CO2 Adsorption Kinetic Study of RFCi and RFCa. The CO2

adsorption amount versus time data was collected using a 3Flex
(Micromeritics) instrument during CO2 adsorption measurement up
to 1.1 bar at 298 K. The CO2 adsorption data of RFCi and RFCa were
fitted with the first-order model. The assumption is that the
adsorption rate is proportional to the amount of CO2 adsorption at
the same limited time. The rate expression equation is

Q kx aad = + (1)

where Qad (mmol g−1) is the CO2 adsorption amount, k (mmol g g−1

min−1) is the first-order rate constant, x is the time (min), and a is the
y intercept.

3. RESULTS AND DISCUSSION
In order to promote the formation of anisotropic structures, a
superparamagnetic template in the form of magnetic colloids,
which were prepared by a miniemulsion polymerization, was
used. The superparamagnetic iron oxide nanocrystals were
prepared via a modified coprecipitation method, originally
proposed by Massart.51 This method leads to nanocrystals with
a relatively large polydispersity and an average diameter of
about 10 nm.52 A miniemulsion polymerization step was
performed to trap these magnetic nanocrystals inside
polystyrene beads with a final size of 150 nm (Figure
S1A).52 This procedure allowed one to conserve the
superparamagnetic properties of the single magnetite nano-
crystals, but being enclosed inside larger particles increased
their overall magnetic moment and their response to magnetic
fields. This process also facilitated their handling because these
colloids have much better colloidal stability than the original
nanocrystals. Magnetic colloids were homogeneously mixed
with a liquid precursor solution prior to the application of a
uniform external magnetic field during the condensation
reaction. These structurally controlled gels showed long
fiber-like structures aligned in the direction of the applied
field, with loose lateral connections, as opposed to a random
fractal structure obtained in the absence of a field.49 After
gelation, the template stays well dispersed throughout the
material. The porosity of RF gels and xerogels can be
controlled via the pH (quantity of added catalyst), the type
of catalyst, and the dilution factor (water-to-resorcinol
ratio).24,53−56 The ideal conditions were chosen to be a pH
of 5.8, a R/C (resorcinol-to-catalyst molar ratio) of 1000,
achieved using NaOH, and a high dilution ratio of 10 to yield
highly mesoporous-to-macroporous RF xerogels (Figures S1−
S3). A 2-day aging step and solvent exchange were performed
on the gels before they were dried in an ambient atmosphere to
give the final xerogels. Due to the capillary forces generated by
the evaporation of water during the drying step, a proper
solvent exchange for optimized drying conditions is crucial to
avoid extensive shrinkage and collapse of the porous
structure.14,17,53 Accordingly, water was first exchanged with
ethanol, followed by a second solvent exchange with Et2O with
a lower surface tension, before the gels were dried at room
temperature.
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Superparamagnetic nanoparticles develop dipole−dipole
interactions when exposed to a magnetic field.50 These
directional dipole−dipole interactions are the strongest when
the dipoles are aligned along the direction of the applied field.
This promotes self-assembly of the particles into linear chains
aligned in the direction of the applied field. Strong magnetic
fields of at least 0.5 T were found to be necessary to guarantee
a uniform field over the entire length of the RF specimen and
to ensure structural control via superparamagnetic templates.
At low magnetic fields, field gradients will cause concentration
gradients of the template inside the sample up to the point that
structural control will fail. In addition to a uniform field,
stabilization of the magnetic template is also crucial, so that the
templates stay well dispersed inside the precursor solution in
order to control the structure of the RF gels. In this direction,
SDS was found to be the ideal surfactant to form negatively
charged particles and to guarantee good colloidal stability and
dispersion of the magnetic particles (Figure S1A) at the low
pH values of the RF sol−gel synthesis. Using SDS-stabilized
magnetic colloids (6 wt %) and by applying an external
magnetic field during gelation, it was possible to obtain RF
monoliths with fiber-like, permanently fixed structures, which
was verified by the SEM analysis (Figure 1D). The

morphology of the gels in the absence of an external magnetic
field remained random and isotropic (Figure 1A).15 Notably,
the chemical structure of the RF gels is not altered by the
presence of the magnetic template, which was verified by the
preparation of monoliths outside a magnetic field with or
without added magnetic colloids in the RF precursor solution
(Figure S4). RF xerogels containing a magnetic template were
referred to as RFi when they had an isotropic structure and RFa
when they had an anisotropic structure. The successful
preparation of RF xerogels containing magnetic colloids was
followed by a pyrolysis step (parts B,C and E,F of Figure 1).
Pyrolysis of the RF gels was performed at temperatures ranging
from 800 to 1200 °C for 2 h at a 10 °C/min heating rate under
an argon atmosphere.

The resulting porous carbons were named RFCa and RFCi
for the anisotropic and isotropic samples, respectively. With
the help of powder X-ray diffraction (XRD) analysis (Figures
S5 and S6A), we observed not only a broad band at 2θ = 25°,
which is attributed to π−π stacking between the graphitic
layers, but also a reduction in the d spacing (development of
the microstructure) of the carbon structure with increasing
temperature from 800 to 1000 °C. Above 1000 °C, the
magnetic template was completely reduced to metallic iron,
and at 1200 °C, the oxide peaks of iron oxide had completely
disappeared and the metallic iron peak was clearly visible. The
iron content inside the porous carbons, RFCa and RFCi, was
determined by thermogravimetric analysis (TGA). When no
magnetic template was added during the gel synthesis, the
weight loss was 100%. The precursor solution with 6 wt %
magnetic template, on the other hand, showed 14 wt %
metallic iron after carbonization (Figures S7 and S8). In order
to maximize development of the microstructure while
preserving the presence of magnetite for its superparamagnetic
properties, a pyrolysis temperature of 1000 °C was chosen as
the optimum. All further characterizations were performed
using porous carbons pyrolyzed at 1000 °C. We performed
Raman spectroscopy analysis, and the obtained spectra show
two vibrational peaks characteristic of the graphitic structure
(Figure S6B). The D peak at 1350 cm−1 (A1g) showed the
disordered graphitic carbon structure, while the peak at 1562
cm−1 was assigned to the graphitic vibrational mode of the sp2-
hybridized carbons, which is the G peak (E2g). The multilayer
graphitic structure was confirmed by the ID/IG ratio of 0.86.

57

Notably, the rod-like structure of the RF gels was preserved
during pyrolysis (Figure 1E,F). We also performed energy-
dispersive X-ray (EDX) mapping analysis of porous carbons to
characterize their structure and dispersion of the template in
the material. The elemental mapping results confirmed the
anisotropic structure of the material and with homogeneous
dispersion of iron in RFCa (Figure 2, bottom), whereas an
isotropic structure was observed for RFCi (Figure 2, top).
To analyze the impact of the anisotropic carbon structure on

the mechanical properties of the material, the stress−strain
curve of a set of fiber-structured porous carbons was measured
and the results were compared to Young’s modulus (Ec)
measured for the isotropic porous carbons (Figures S9 and
S10). In the case of isotropic porous carbons, Young’s modulus
was independent of the orientation and varied therefore only
very little from the parallel to perpendicular orientation. The
isotropic porous carbon samples showed the average Young’s
modulus varying between 11.5 MPa (parallel) and 14 MPa
(perpendicular). Notably, porous carbons with anisotropic
structure presented exceptional mechanical strength when
compressed in the direction of the controlled structure
(parallel) with 17.3 MPa, while they were found to be
mechanically weaker in the perpendicular direction (perpen-
dicular) with an average Young’s modulus of 7.6 MPa.
In order to investigate the textural properties of RFCi and

RFCa, we measured N2 adsorption and desorption isotherms
at 77 K (Figure 3A,D). RFCi and RFCa showed type IV
isotherms with a H4 hysteresis loop. It is known that
evaporation of the capillary condensate from the network
was limited by the ink-bottle effect. Thus, desorption from the
pore body depends on the size of the neck and the pore
connectivity. The fact that RFCa showed a smaller hysteresis
loop compared to that of RFCi indicates a much improved
pore connectivity in the case of an anisotropic structure. The

Figure 1. SEM images of isotropic and anisotropic RF xerogels
containing magnetic colloids and their pyrolyzed counterparts. (A)
RFi with a dilution ratio of 10 and pH 5.8. (B and C) RFCi pyrolyzed
at 1000 °C. The porous structure was preserved but isotropic. (D)
RFa xerogel with an anisotropic structure at a dilution ratio of 10 and
pH 5.8. The fiber-like structure was obtained by the application of an
external magnetic field during the condensation reaction to obtain the
gel. (E and F) RFCa pyrolyzed at 1000 °C. The anisotropic structure
was preserved upon pyrolysis.
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surface areas of RFCa and RFCi were calculated based on the
BET model with valid pressure ranges obtained from the
Rouquerol plots (Figures S11 and S12). RFCi and RFCa
exhibited (Table 1) surface areas of 628 and 550 m2 g−1 and
total pore volumes of 0.81 and 0.63 cm3 g−1, respectively.
Whereas RFCa showed higher micropore surface area and
micropore volume, RFCi was found be to predominantly
mesoporous, an effect that can only be explained by
magnetically guided structure and porosity control because
both RFCi and RFCa have otherwise identical chemical
composition.
These results suggest that the self-assembly of the magnetic

template into linear chains clearly improves the pore
connectivity and pore accessibility for RFCa. The NLDFT

and BJH models were used to determine the pore size and
pore-size distribution of RFCi and RFCa. The NLDFT pore-
size distribution of RFCa showed three pore maxima of 0.44,
0.59, and 0.99 nm, whereas RFCi showed two maxima of 0.53
and 0.9 nm (Figures S12 and S13). In the BJH analysis, RFCa
and RFCi showed mesoporous structure (up to 20 nm; Figure
S14).
In order probe the effect of magnetically guided structure

control on the gas uptake properties of RFCa and RFCi, we
measured CO2 adsorption isotherms at 273, 298, and 323 K up
to 1.1 bar (Figure 3B,E). Whereas RFCi showed a CO2 uptake
capacity of 2.67 mmol g−1 at 1.1 bar, RFCa showed 3.45 mmol
g−1 of CO2 uptake at 1.1 bar. The higher CO2 uptake capacity
of RFCa was attributed to the higher micropore surface area of
RFCa compared to RFCi. The Qst value calculated by the
Clausius−Clapeyron equation showed 35.88 and 31.64 kJ
mol−1 for RFCa and RFCi at zero coverage, respectively (Table
1 and Figure 3C). This significant difference is attributed to
the combined effect of the high micropore surface area, the
presence of ultramicropores, and the improved accessibility of
these pores in the case of RFCa.58 In order to probe the impact
of the anisotropic structure of RFCa with aligned pores on the
mass-transport kinetics, we compared the CO2 adsorption
kinetics of RFCa and RFCi (Figure 3F) at 273 K. To
investigate CO2 adsorption kinetics, we used the interpolation
method to fit the adsorption graphs. Notably, CO2 molecules
were adsorbed much faster in RFCa (0.02418 mmol g−1

min−1) compared to RFCi (0.0134 mmol g−1 min−1), which
was attributed to the improved pore connectivity in RFCa
enabling efficient mass transport. These findings clearly
demonstrate the profound impact of porosity control with a

Figure 2. EDX elemental mapping images of iron, carbon, and oxygen for isotropic RFCi (top) and structurally controlled anisotropic RFCa
(bottom) samples. The iron mapping images clearly show that iron was well dispersed within the carbon materials. The element mappings of
carbon and oxygen, on the other hand, verified the anisotropic structure of RFCa.

Figure 3. N2 adsorption−desorption isotherms of (A) RFCa and (D)
RFCi recorded at 77 K. CO2 uptake isotherms of (B) RFCa and (E)
RFCi measured at 273, 298, and 323 K up to 1.1 bar. (C) Plots of Qst
of CO2 versus CO2 amount for RFCa (blue) and RFCi (red). (F)
Kinetics of CO2 adsorption in RFCa and RFCi.

Table 1. Surface Area Analysis of RFCi and RFCa with CO2 Capture

CO2 uptake

sample name SBET
a [m2 g−1] Langmuir [m2 g−1] Smicro

b [m2 g−1] Sext [m2 g−1] Vtotal
c [cm3 g−1] Vmicro

d [cm3 g−1] 273 K 298 K 322 K kJ mol−1

RFCi 628 776 244 384 0.81 0.10 3.45 2.46 1.68 35.88
RFCa 550 628 397 153 0.63 0.16 2.67 1.90 1.36 31.64

aBET surface area calculated over the pressure range (P/P0).
bMicropore surface area calculated from the adsorption isotherm using the t-plot

method. cTotal pore volume obtained at P/P0 = 0.99.
dMicropore volume calculated using the t-plot method.
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magnetic template on the surface area, CO2 uptake capacity,
and adsorption kinetics.
We also investigated the performance of RFCs in oil capture

due to their high porosity, hydrophobic character, and
magnetic responsiveness, which enables easy retrieval using
an extremal magnetic field. Oil spills in the ocean or fresh
water sources have major, long-lasting impacts on the marine
ecosystem and coastal environment.59,60 Therefore, it is
essential to develop environmentally friendly and low-cost
solid sorbents that can be easily recovered following oil
uptake.60−67 The incorporation of magnetic nanoparticles in
porous materials has been actively investigated for environ-
mental remediation.4,63−65,67 However, most of these ap-
proaches involve rather elaborate, multistep syntheses to
render the materials magnetic. In this sense, our approach to
preparing RFCs presents significant advantages due to the ease
of their synthesis, efficient mass transport, and improved
kinetics, along with a high and well-dispersed iron content.
In order to probe the hydrophilicity/hydrophobicity of the

polymer and porous carbons, we added RFi and RFCi to water
(Figure 4A). Whereas the RFi gel sank into the water due to
the hydrophilicity of the surface hydroxyl groups, RFCi floated
due to its hydrophobic surface. To further test the RFCi oil
capture ability, pump oil and organic solvents (NMP, EG,
toluene, chloroform, and THF) were also tested (Figure 4B).
RFCi showed 85.5−100% absorption efficiency (calculated by
the weight change of RFCi before and after the absorption test,

as shown in the experimental part). Depending on the solvent
density, the RFCi absorption capacity (oil and organic
solvents) was determined and showed a linear relationship
between the adsorption capacity and solvent density (Figure
4C). In order to investigate the oil capture performance of
RFCs, a mixture of toluene and water was prepared in a vial.
To visually distinguish toluene from water, a dark-blue organic
ink was added to the toluene phase (Figure 4D). The colored
toluene phase was completely absorbed by RFCi with vigorous
bubbling (Figure 4E). A permanent magnet was then used to
easily recover RFCi from the liquid (Figure 4F). Moreover, we
also measured the RFCa oil absorption capacity and compared
it to that of RFCi (Figure 4G). RFCi showed higher
absorption capacities than RFCa due to its higher external
surface area (Figure 4H). A comparison of the absorption
kinetics using toluene (Figure 4I), on the other hand, revealed
much faster absorption kinetics for RFCa compared to RFCi,
thus proving the critical role of an anisotropic structure and
aligned pores for enhanced mass-transport kinetics (Figure
3F). Recovery of the organic liquid from RFCs was possible
with distillation rather than by squeezing of the sample due to
its rigidity.63,67 RFCs can be reused after vacuum evaporation
of the solvent.4,64 From an industrial perspective, one can
easily produce RFCs in pellet form, with varying shape and
thickness, depending on the mold used for the sol−gel
precursor.

Figure 4. Selective oil capture from the oil/water mixture. (A) Physical property changes of RF xerogels before and after pyrolysis. (B) Oil and
organic solvent capture test of RFCi. (C) Relationship between the solvent density and absorption capacity of RFCi. (D) RFCi absorption of dark-
blue toluene from water. (E) After absorption of RFCi. (F) Magnetic separation of RFCi. (G) Absorption capacity comparison of RFCi and RFCa.
(H) Surface area composition of RFCa and RFCi. A higher external surface area shows a higher absorption capacity. (I) Absorption kinetics study
of RFCi and RFCa using toluene. The diameter of the glass vials shown in parts A and D−F is roughly 2 cm.
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4. CONCLUSIONS
In this work, we showed for the first time a magnetically guided
synthesis of anisotropic porous carbons with fiber-like
structures through the pyrolysis of RF xerogels containing
superparamagnetic colloids. In addition to an enhanced
mechanical resistance, the impact of the pore alignment of
the anisotropic porous carbons was clearly demonstrated by oil
and CO2 capture experiments, showing substantially improved
mass-transport kinetics. As an added advantage, the magnetite
nanocrystals remaining inside the carbon materials rendered
them highly magnetically responsive. Control of the direction-
ality (anisotropy) of the pores and structure in porous carbons
as well as the presence of well-dispersed iron species make
these materials very promising for heterogeneous catalysis and
energy storage applications. It should be noted that the
porosity and CO2 adsorption capacity of the materials obtained
in our work are smaller than those of some of the carbon-based
materials reported in the literature, typically by a factor or 2 or
3.68,69 This is not surprising because the objective of this work
was to optimize the synthesis conditions for optimal magnetic
control of the structure, thus tuning their macroporosity so
that the formation of RF rods could be optimized. Control of
the microporosity was not a primary objective of the work,
which explains the smaller porosity compared to those of other
works in the literature. 68,69 It should be noted that the
composition of the sol−solution can be tuned so as to increase
the meso- and microporosity of the resulting gels and carbon
materials, which would however render more difficult the
assessment of the pore alignment looked for in this work.
Furthermore, some of the methods used in the literature to
increase the porosity of the carbon-based materials, such as
activation using bases, could be applied to our system as well,
leaving space for further improvement in the porosity and
adsorption capacity.
There are other methods in the literature that can be used to

induce anisotropy in porous materials. Perhaps the most
commonly used strategies is directional freeze casting.70 This
consists of letting ice crystals grow inside an aqueous
suspension of a solid precursor. The growth of ice crystals
leads to well-aligned macropores, which have been used, for
example, to align carbon nanotubes and cellulose nanocrystals,
leading to the formation of aerogels upon ice removal. The
pores obtained by directional freeze casting possess primarily
honeycomb structures, while the pores obtained in our work
are the empty spaces left by fibers. Compared to directional
freeze casting, our approach has the advantage of directly
providing materials with magnetic properties that are ideal for
magnetic recovery applications. Control of the magnetic field
configuration can furthermore be used to change the structure
of the materials completely, as shown in a previous work for
the case of silica, where rotating fields were used to create a
lamellar structure.29
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