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Abstract
Their high porosity, high surface area, and low density render resorcinol-formaldehyde (RF) aerogels attractive precursors to
their carbon analogs which have interesting applications, for instance in adsorption, catalysis, or electrochemical energy
storage. While they are conventionally produced by pyrolysis as monoliths in a laboratory scale, a large-scale production
would be more facile if they were produced in the form of microbeads. The direct bead formation of RF solution by the
dropping method is limited because of their inability to preserve the spherical shape until gelation due to the low viscosity of
RF solution. Therefore, within this work, we aimed to improve the viscosity by adding the polysaccharide-based thickener
xanthan gum (XG) to the RF solution and pre-gelling them, followed by dropping into an acid bath for rapid gelation. We
were thus able to produce RF aerogel beads (RFB) and subsequently carbon aerogel beads (CB) with diameters ranging from
2.0–2.6 mm. Here, we investigated the physicochemical properties of the resulting RF and CB using various
physicochemical techniques by varying the XG concentration and the type of acid gelation bath. N2 physisorption analysis
showed that CBs developed with high surface areas up to 1205 m2/g, micropore volumes up to 0.43 cm3/g and, bulk (tap)
density of 0.31 g/cm3. In order to evaluate the use of these CBs for applications such as carbon capture and electrode
material, we furthermore investigated their CO2 sorption capacity, electrical conductivity, and mechanical properties. These
findings presented in this work demonstrate the promising potential of the carbon aerogel microbeads for such applications.
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Highlights
● The addition of xanthan gum facilitated the synthesis of RF aerogel microbeads via a dropping method.
● Pyrolysis of RF aerogel microbeads led to ultra-microporous carbon aerogel microbeads.
● Carbon aerogel microbeads exhibit surface areas up to 1206 m2/g and micropore volumes up to 0.43 cm3/g.
● CO2 adsorption capacity of carbon aerogel microbeads is found to be 5.10 mmol/g at 1 bar and 273 K.
● Carbon aerogel microbeads have electrical conductivity up to 1740 S/m at 64MPa.

1 Introduction

Over the last decades, various kinds of carbon nanomater-
ials such as activated carbon, carbon black, carbon nano-
tube, carbon microbeads, fullerene, graphene, natural
graphite, and porous carbon (micro- and meso-) have
received attention among researchers all over the world
[1, 2]. Among these carbonaceous materials, carbon
microbeads show interesting properties such as high thermal
and chemical stability, high surface area, high porosity
mainly comprised of meso- and micro-pores, high tap
density, high thermal and electrical conductivity, etc. [3, 4].
These unique characteristics make them ideal candidate for
many applications in adsorption and separation (air and
water purification), CO2 capture, catalysis, electrochemical
energy storage (batteries and super capacitors), medicine
(blood-cleansing), etc. [5–7]. Moreover, the production of
carbon microbeads or microspheres will provide a broad use
of these materials and also reduce the processing time,
energy and equipment costs [8]. Several physical and che-
mical methods have been reported over the years for the
preparation of carbon microbeads: physical methods for
producing micrometer-sized carbon beads, such as decom-
position of composite carbon rods from coal and nickel
particles through arc-discharge or laser ablation technique,
often resulting in low carbonization yield and requiring
much energy [9, 10]. In contrast, chemical methods such as
templating, chemical vapor deposition (CVD), and hydro-
or solvo-thermal methods result in high carbonization yields
and are less energy-intensive [10]. However, chemical
methods still suffer from high costs and complexity in terms
of the synthetic procedure involved. Nevertheless, both
physical and chemical methodologies have been applied
with low cost, and abundant polycyclic aromatic hydro-
carbons, including coal tar, heavy oil, and pitch have been
converted into carbon microbeads with high carbon content
[10]. The most common procedure involves heating petro-
leum pitch or coal tar at 350–500 °C to produce mesophase
spheres followed by quenching of carbonization, extraction,
and separation of the spheres as solids with a suitable sol-
vent. After an extensive growth and aggregation of the
spheres, the carbonization yield is typically 5–10%. Besides
the tedious extraction and the low carbonization yield of
beads, a main drawback of this process is the uncontrollable
bead size [11]. Carbon spheres were also prepared from

different forms of pitches through sequential suspension
procedures followed by solvent removal, filtration, and
oxidative stabilization. Lü et al. [12] used coal tars with
different primary pyridine insoluble fractions through heat
treatment at 430–480 °C to form mesocarbon microbeads.
Flame pyrolysis was also employed to form pyrolytic gra-
phitic shells under elevated temperatures. The harsh con-
ditions employed offer little to no control over the structure
(bead composition, pore size, and diameter) [13, 14]. Car-
bon microbeads or microspheres have also been synthesized
by an inverse-emulsion gelation method. In this method,
micron-sized resorcinol-formaldehyde (RF) particles were
produced in an oil-water emulsion followed by separation
of wet particles, cleaning from residual oil, super-critical
drying, and carbonization to achieve carbon microbeads or
microspheres. This method involves large amounts of
energy and long times during the washing and drying pro-
cess because of the removal of the oil phase [15, 16].
Established methods for the synthesis of aerogel beads
(mainly biopolymers such as cellulose, alginate, chitosan,
and chitin) involve conventional dropping, vibrating nozzle,
electrostatic forces, jet (mechanical) cutting, or spraying
atomization [17]. A direct production of RF microbeads is
difficult because of the low viscosity of the sol ( ~ 0.5 Pa·s)
and fast gelation near to the gel point. However, several
attempts were made to prepare spherical RF resin
microbeads: Dwivedi et al. [18–20] produced spherical RF
beads by the assistance of spherical divinylbenzene cross-
linked polystyrene microspheres (XAD-4) and sodium
alginate for the removal of cesium ions from radioactive
wastes. Furthermore, RF foam shells with low density have
been developed by microencapsulation techniques [21, 22].
However, all of these methods have to face the challenges
of high costs and process complexity for large-scale pro-
duction. Hence, it is essential to find an easy, direct and
low-cost method to produce RF microbeads and their car-
bon counterparts.

Here, we report for the first time the direct shaping of RF
solutions into microbeads by dropping them into an acid
gelation bath and further carbonization to obtain carbon
microbeads. The viscosity of the RF solution is improved
by the addition of a polysaccharide-based thickener, xan-
than gum (XG) to achieve sphericity. The properties of the
RF and carbon beads were varied by changing the con-
centration of the thickener and the type of the acid gelation
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bath (HCl & HNO3). The produced RF microbeads (RFB)
and carbon microbeads (CB) were characterized using dif-
ferent techniques such as pycnometry, attenuated total
reflectance—Fourier transform infrared spectroscopy
(ATR-FTIR), N2-physisorption, TGA, WAXS, Raman
spectroscopy, SEM, TEM, and uniaxial compression. Very
importantly, the carbon microbeads were tested for their
CO2 sorption capacity and electrical conductivity in-order to
demonstrate potential applications.

2 Experimental section

2.1 Chemicals and materials

Resorcinol (Sigma Aldrich, Germany), sodium carbonate
(Sigma Aldrich, Germany), aqueous formaldehyde (23.5% w/
w, Carl Roth, Germany), xanthan gum (XG, VT930, Deu-
teron GmbH, Germany), HCl solution (37%, PanReac
AppliChem ITW Reagents, Germany) and aqueous HNO3

solution (2M, PanReac AppliChem ITW Reagents, Ger-
many) were used without further purification. Deionized
water was used throughout the experiments and obtained by
passing tap water through an Enki Green-Line DIA 6000MB
purification cartridge (EnviroFALK, Westerburg, Germany).

2.2 Preparation of RFB

RFB was prepared as follows [23, 24]: Deionized water (W,
50.3 mL) was added to a 100 mL polypropylene screw-lid
container pre-charged with resorcinol (R, 20.0 g), and the
resulting solution was stirred with a magnetic stirring bar at
250 rpm for 10 min. After the addition of aqueous for-
maldehyde (F, 29.3 mL) solution (23.5%) and additional
stirring at 250 rpm for 10 min, the solutions were thickened
via addition of XG (0.2–1.0 w/v %). The catalyst Na2CO3

(C, 0.0128 g) was added in one portion, and stirring con-
tinued for another 40 min after homogeneous dispersion of
XG. The pH values of the resulting solutions were typically
ranging between 5.8 and 6.1. In some cases, pH values were
adjusted to 5.4–5.6 (measured after additional stirring for
30 min) via addition of diluted 2M HNO3. The initial pH-
values of RF solutions were measured using a SevenEasy
pH-meter (Mettler-Toledo GmbH, Germany). Finally, the
reaction containers were closed airtight and placed into a
pre-heated drying cabinet at 60 °C for pre-gelation until the
solutions were close to their gel points (determined by
visual inspection of the appearance of turbidity). As the pre-
gelation time was influenced by the position of the container
inside the drying cabinet (Fig. S1), care was taken to place
the reaction containers in the middle of the drying cabinet
for the entire experiments. After pre-gelation, the containers

were allowed to cool to ambient temperature by placing
them in a water bath, and the pre-gelled RF solutions were
subsequently transferred into a syringe or a pressurized
container (Fig. S2), to which blunt-tip Sterican cannulas (B.
Braun Melsungen, Germany) with a length of 22 mm and a
diameter of 0.8 mm were attached. The RF solutions were
added drop-wise into the acidic (2 M HCl or 0.5 M HNO3)
gelation bath from such syringe or pressurized container,
and the resulting RF-gel microbeads were filtered after their
color changed to pink (Fig. S3) and placed in a closed
container in the drying cabinet at 60 °C for 1 d for curing.
The cured beads were washed with deionized water until the
pH of the washing liquid was neutral and subsequently
dried in a drying cabinet at 60 °C. Throughout all the
experiments, reagent stoichiometric ratios were set to R/
C= 1500, R/F= 0.74, and R/W= 0.044, resulting in a total
mass concentration (MRF) of 27% [25]. Generally, samples
were labeled as follows: in case of samples resulting from
applying initial pH adjustment with 2M HNO3, “a” is
added after “RFB” and “CB”. The employed amount of XG
is noted with “XG” together with the used concentration in
wt% as prefix. The gelation baths were referred to as “H”
for 2M HCl and “N” for 0.5 M HNO3. For instance, RFB
synthesized without pH-adjustment using 0.2 wt% XG and
2M HCl as gelation bath is referred to as “RFB-0.2XG-H”
and the same sample with pH-adjustments is referred as
“RFBa-0.2XG-H”.

2.3 Preparation of CB

The carbonization of RFB was carried out in ceramic cru-
cibles in a tube furnace (⌀= 150 mm, l= 500 mm, Gero
Hochtemperaturöfen GmbH, Germany) by heating to
1000 °C with a heating rate of 400 K/h at 50 mbar after
purging with Ar three times, followed by holding the tem-
perature for 1 h and letting the furnace cool down to tem-
peratures between 30 and 50 °C. The carbonization yields
were calculated as percentage ratios of masses before and
after the carbonization.

2.4 Methods

2.4.1 Drying cabinets for gelation, curing and drying

The gelation, curing, and drying of RFB was performed at
60 °C in UF30 or UF110 drying cabinets (Memmert GmbH
+ Co. KG, Germany).

2.4.2 Determination of bead diameter

The average diameter of RFB and CB was measured for 100
beads of each batch using a digital sliding calliper.
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2.4.3 Density

The tapped densities were measured by weighing 2 cm3 of
RFB or CB in a measuring flask after forming a close
packing by tapping. The skeletal densities were measured
using an AccuPyc II 1340 helium pycnometer (Micro-
meritics GmbH, Germany). The purge- and cycle fill pres-
sure was set to 19.500 psig, and a pressure change rate of
<0.0050 psig/min was set as an equilibrium condition. The
samples were purged 10 times in case of RFB and 30 times
in case of CB and measured 10 times in both cases.

2.4.4 Porosity

The porosities (P) of RFB and CB were calculated using the
following equation, where ρt and ρS represent the tapped
density and skeletal density, respectively.

Pð%Þ ¼ 1� ρt
ρs

� �
� 100

2.4.5 Physisorption experiments (N2, Kr and CO2)

The Brunauer-Emmett-Teller (BET) surface area and
micropore volume of the microbeads were derived from the
N2 physisorption isotherms, measured using a 3Flex phy-
sisorption analyser (Micromeritics GmbH, Germany) at a
temperature of 77.3 K. In case of RFB, the isotherms were
measured by increasing the relative pressure in Δp/
p0= 0.025 steps until a final relative pressure of p/
p0= 0.300. In case of CB, the isotherms were measured by
first increasing the relative pressure with N2 dose amount
increments of 0.35692 mmol/g until a relative pressure of p/
p0= 0.010 was reached. Afterward, the relative pressure
was increased in Δp/p0= 0.025 steps until a final relative
pressure of p/p0= 0.400. The micropore volume of the CB
was calculated from t-plots using carbon black statistical
thickness surface area (STSA) as reference data (from
Micromeritics GmbH, Germany). The micropore size dis-
tributions of CB were calculated using the HS-2D-NLDFT
model (slit pore geometry). In some cases, BET surface
areas of RFB were additionally investigated with Kr-
physisorption at 77.1 K by increasing the relative pressure
to p/p0= 0.060 in the first step followed by an increase in
Δp/p0= 0.020 increments until a final relative pressure of p/
p0= 0.200. All the measurements were analyzed with
MicroActive Version 6.00 (Micromeritics GmbH, Ger-
many). CO2 adsorption capacities of CB were derived from
CO2 sorption isotherms that were measured using a TriStar
II 3020 physisorption analyzer (Micromeritics GmbH,
Germany) at 273 and 298 K. The relative pressure was
increased in Δp/p0= 0.00050 steps until a final relative
pressure of p/p0= 0.030 for measurements at 273 K and in

Δp/p0= 0.00025 steps until a final relative pressure of p/
p0= 0.016 for measurements at 298 K. Prior to the mea-
surements, RFB and CB were outgassed under vacuum
conditions (2.67·10−3 kPa) at 120 °C for 12 h and 200 °C
for 12 h, respectively, using a Smart VacPrep 067 HIVAC
device (Micromeritics GmbH, Germany). The IUPAC
recommendations for the application of the BET method to
microporous materials have been taken in consideration for
all measurements [26].

2.4.6 ATR-FTIR

Attenuated total reflectance—Fourier transform infrared
spectroscopy (ATR-FTIR) spectroscopy was performed on
a Tensor 27 spectrometer (Bruker Optics GmbH & Co. KG,
Germany) measuring a total of 150 scans over a spectral
range of 4000–400 cm−1 with a resolution of 4 cm−1, for
each sample. Prior to each measurement the background
was measured. For each measurement, the baseline was
corrected (concave rubberband method, 5 iterations) using
OPUS 7.0 Software (Bruker Optics GmbH & Co. KG,
Germany).

2.4.7 Raman spectroscopy

Raman spectroscopy was performed on a XploRA Plus
Raman microscope (HORIBA Europe GmbH, Germany)
using a laser wavelength of 532 nm.

2.4.8 Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) measurements were
performed on a D8 Advance diffractometer (Bruker Cor-
poration, USA) using Cu Kα radiation (λ= 0.15406 nm)
operating the X-Ray tube at 35 kV and 30 mA. The
microbeads were ground with an agate mortar, and the
powder was placed on a Si single crystal with a pit of 5 mm
diameter and 0.8 mm depth. The processing of raw data was
done with the EVA-program and compared with the data-
bases of ICDD-PDF2 (2019) and BRUKER COD (2020).
The crystallite size D was calculated using Scherrer equa-
tion (D ¼ K�λ

β�cos θ). A value of 0.90 was used for the shape
factor K. The full width at half maximum of the peak (β)
was determined using Origin software by performing
manual base line correction and using the peak
analysis tool.

2.4.9 Scanning electron microscopy

The microstructures of the samples were analyzed using an
ULTRA55 scanning electron microscope (Carl Zeiss AG,
Germany) at an operating voltage of 2 kV. A thin platinum
layer was sputtered with a SCD 500 Sputter Coater (BalTec
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AG, Switzerland) on all samples from the top for 60 s with a
current of 21 mA. RFBs were additionally sputtered from
two opposite sites for 45 s with a current of 21 mA before
the measurements. The particle size was estimated with
linear intercept method.

2.4.10 Transmission electron microscopy

For the nanostructure analysis of CBs, a Tecnai F30
transmission electron microscope (Philips, Netherlands)
was used with an acceleration voltage of 300 keV. To
provide thin enough samples, 80 nm slices were produced
with a Powertome ultramicrotome (RMC Boekeler, USA)
and collected on copper R2/1 omniprobe TEM grids. To
stabilize the material for the ultramicrotome preparation,
CBs were embedded beforehand in EMbed812 epoxy resin
(Electron Microscopy Science, USA) [27]. Since this is a
new sample preparation approach for aerogels, a conven-
tional powder preparation was done for one sample serving
as a control. The TEM images were processed using Gatan
Digital Micrograph in-order to obtain the Fourier Transform
(FT) images.

2.4.11 Determination of electrical conductivity

The electrical conductivity of CB microbeads was investi-
gated using a resistivity measurement system (PD-51,
Loresta GX, Mitsubishi Chemical Europe). The system is
based on the 4-pin measuring method of surface resistance
at constant pressures between 1 and 10 kN [28]. The device
was filled with a bed of CB microbeads for each
measurement.

2.4.12 Mechanical testing

The quasi-static compression tests of the carbon microbeads
(diameter of ~2.0 mm) were performed using a universal
testing machine (Instron GmbH, Germany) with a 50 N load
cell at a displacement rate of 1.0 mm/min. The tests aimed
at finding out the maximum compressive force at which the
CBs break. Each set of compressive tests was carried out
using at least four different CBs.

3 Results and discussion

3.1 Development of dropping process

RFB and CB were synthesized according to the procedure
described in the experimental section, using XG con-
centrations ranging between 0.0–1.0 wt%. The pre-gelation
time decreased with an increasing concentration of XG, and
the pH-modified RF solutions (RFBa) required longer pre-

gelation time, corresponding to a report by Job (Table S1)
[29]. For dropwise addition to the gelation bath, the distance
between the tips of the cannulas and the surface of the
gelation bath was adjusted between 5–10 cm in order to
achieve spherical beads with minimal deformation. The
average diameter of RFB and CB and the respective grav-
imetrical carbon yields after carbonization are summarized
in Table 1.

The average diameter of thus obtained beads was
2.2–2.6 mm for RFB-XG-H samples and 2.2–2.4 mm for
RFB-XG-N samples. After carbonization, the diameters
shrunk to 1.8–2.0 mm for CB-XG-H and 1.7–1.9 mm for
CB-XG-N. The gravimetrical carbon yields after carboni-
zation were ranging between 35.3 and 43.2 mass% for
RFB-XG-H and 43.3–44.3 mass% for RFB-XG-N. The
trend in the diameters of the RFB and CB are quite similar
for the pH-modified system. However, gravimetrical carbon
yields after carbonization were higher in case of the pH-
modified system (Table S2). The pre-gelled RF solutions
prepared without XG resulted in irregularly shaped solids
instead of spherical beads (Fig. S4). RFB appear slightly
more dented with increasing XG concentration and gen-
erally kept their shape upon carbonization (Fig. 1).

3.2 Density

The tapped density, skeletal density, and porosity of the
RFB and CB samples are summarized in Table S3. The
skeletal densities of RFB without XG ranged between
1.42–1.48 g/cm3, which is in accordance with values typi-
cally reported for RF aerogels [30–32]. In the case of RFB-
XG-H, skeletal densities were, with the exception of RFB-
0.6XG-H (1.32 g/cm3), ranging between 1.39–1.43 g/cm3.
The skeletal densities of CB derived from RFB-XG-H
samples (CB-XG-H) were ranging between 2.03–2.36 g/
cm3 which is in good agreement with the values reported for
carbon monolithic aerogels [25]. The tapped densities of
RFB-XG-H and CB-XG-H were ranging between
0.17–0.29 and 0.21–0.28 g/cm3, respectively. The XG
concentration did not influence the tapped densities.

Table 1 Average bead diameter of RFB-XG-H, RFB-XG-N, CB-XG-
H, and CB-XG-N and their respective carbonization yields

XG conc. Acid Average diameter (mm) Carbon yield

(w/v%) RFB CB (mass%)

0.2 H 2.2 ± 0.2 1.8 ± 0.1 42.8

0.6 H 2.3 ± 0.1 1.75 ± 0.08 35.3

1.0 H 2.6 ± 0.3 2.0 ± 0.2 43.2

0.2 N 2.4 ± 0.2 1.9 ± 0.1 44.2

0.6 N 2.4 ± 0.2 1.8 ± 0.2 43.3

1.0 N 2.2 ± 0.2 1.7 ± 0.2 44.3
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According to reported literature [30, 33], the bulk densities
of monolithic RF aerogels produced with base-acid catalysis
and its monolithic carbon aerogels typically vary between
0.24 g/cm3 and 0.34 g/cm3. In the case of using aqueous
HNO3 solution instead of HCl solution as gelation bath, the
skeletal densities of RFB-XG-N and CB-XG-N were in the
range of 1.39–1.42 g/cm3 and 2.19–2.30 g/cm3, respec-
tively, which are typical values for RF and their carbon
aerogels [25, 31]. The tapped densities of RFB-XG-N and
CB-XG-N were ranging between 0.22–0.31 and
0.19–0.26 g/cm3, respectively. The density values are
similar to the values for samples dropped in HCl and, again,
do not correlate with the XG concentration. The trend and
values for RFB and CB produced with HCl and HNO3 after
pH modification showed similar behavior as discussed
above (Table S3). Therefore, neither XG concentration, nor
pH adjustment before pre-gelation significantly influenced
skeletal density and tapped density.

3.3 Porosity

The porosities of RFB-XG-H and CB-XG-H ranged
between 78–88 and 86–92%, respectively. The XG con-
centration has no influence on the porosity. However, CB-
XG-H samples have a higher porosity than their RFB-XG-H
precursors. The porosities of RFB-XG-N and CB-XG-N
ranged between 78–84 and 89–92%, respectively. Again,
CB-XG-N samples have a higher porosity than their cor-
responding RFB-XG-N precursors. The porosities are also
in the same region as for all RFB-XG-H and CB-XG-H
samples. The trend and values for RFB and CB produced
with HCl and HNO3 after pH modification showed similar
behavior as discussed above (Table S3). Therefore, neither
XG concentration, nor pH adjustment before pre-gelation
significantly influenced porosity.

3.4 Chemical structure

The chemical structure of RFB and CB was investigated
with ATR-FTIR spectroscopy (Figs. S5–S8). The spectra of

RFB samples are in good agreement with the literature
[28, 34], and the disappearance of the majority of the bands
in case of CB samples confirms the successful carbonization
and also the removal of oxygen containing functional
groups. ATR-FTIR spectra of all RFB have the same
absorption bands regardless of pH adjustment or the acid
used. The band at 3382 cm−1 has been assigned to the
phenolic -OH stretching vibration, bands at 2942, 2874, and
1479 cm−1 have been assigned to the -CH2 stretching and
scissoring vibrations of methylene bridges, respectively,
and the bands at 1222 and 1092 cm−1 have been assigned to
the -C-O-C- stretching vibrations of methylene ether
bridges. The reference spectrum of XG shows absorption
bands at 3309, 1606, 1400, 1370, 1238, and 1016 cm−1,
which is in accordance with the reported values [35]. The
overlapping of the characteristic bands of RF and XG are
expected as both contain methylene and alcohol groups.
However, XG has a band at 1016 cm−1 (deformation of
primary alcohol C-O) which doesn’t overlap with the RF
spectrum and doesn’t appear in the RFB-XG-H spectra. It is
therefore concluded from ATR-FTIR spectra that the addi-
tion of XG additive does not influence or hinder the poly-
condensation of the precursors and thus the formation of RF
aerogel. CB-XG-H samples show only a general low
transmittance without sharp absorption bands. This con-
firms that CB samples do not contain any significant
amount of residual functional groups from RF or XG. The
spectra of all samples exhibit the same bands, irrespective
of XG concentration, gelation bath, and pH adjustment
(Figs. S5-S8). The WAXS measurements on CB are pre-
sented in Figs. 2a and S9. The WAXS pattern of CB-
0.6XG-H (Fig. 2a) is in accordance with carbon aerogel
diffractograms reported in the literature [25, 36]. The
intensity maxima in the pattern are related to scattering of
short range structures rather than to diffraction in ordered
graphite. The broadness of the observed intensity maxima
between 10 and 60° is typical for partly graphitized carbon
[37]. The diffractogram shows three different maxima at
22.4°, 43.7°, and 79.9°. The maximum at 22.4° results from
interlayer scattering between parallel-stacked graphenic

Fig. 1 Influence of XG
concentration on the shape of the
resulting RFB-XG-H and CB-
XG-H samples
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nanoregions, and the other two maxima result from scat-
tering at the atoms of the first and second coordination
sphere of graphenic nanoregions. The WAXS patterns are
quite similar for all types of CBs produced irrespective of
the initial pH and acid used (Fig. S9). The crystallite size
was calculated with Scherrer’s equation using the peak at
79.9° for each sample. The domain size was 2–3 nm for CB-
06XG-H, CBa-0.6XG-H, CB-0.6XG-N and CBa-0.6XG-N.
The very small domain size indicates a mainly amorphous
carbon structure with graphenic nanocrystallites.

The structural evolution of CB from RFB was analyzed
using Raman spectroscopy (Fig. 2b). RF beads exhibit two
bands at 1354 and 1583 cm−1 with relatively different
strengths. The D-band (A1g symmetry) of the RF beads at
1354 cm−1 resulted from the sp3-hybridized carbon system
that gives rise to flaws in the graphene crystal structure. The
sp2-hybridized carbon or graphene structure related to the
G-band (E2g symmetry) of the system appeared at 1583 cm
−1 [38, 39]. CBs have analogous bands at 1334 and
1591 cm−1 related to D- and G-bands, respectively. The
D-band is assigned to the defects present in the carbon
structure of carbon beads. These defects present in the
carbon structure determine the active sites responsible for

the adsorption of gases, especially CO2. The G-band was
assigned to the sp2 hybridized carbon present in the struc-
ture. The degree of graphitization (ID/IG) as a measure of
disorder is calculated using the intensity ratios of D- and
G-bands. The ID/IG values for the RFB and CB are found to
be 1.03 and 1.35, respectively. It is clearly evident from the
increase of ID/IG value that the ordered carbon arrangement
of RF network starts to break, thereby increasing the content
of disordered carbon. This distortion creates defects in the
structure of the carbon beads, as well as micropores. Such
defects and micropores could enhance CO2 adsorption
capacity of the carbon materials [39, 40].

3.5 Surface area, pore size distribution and
pore volume

The representative N2 adsorption/desorption isotherms of
RFB and CB are depicted in Fig. 3a. According to IUPAC
classifications, the isotherm of RFB exhibits characteristics
of type II and type IV(a) isotherms, indicating the presence
of macro- and mesopores (see SEM images) and the
absence of micropores [26, 31]. The isotherm of CB exhi-
bits pronounced characteristics of type I(a) isotherms,

Fig. 2 a WAXS pattern of CB-
0.6XG-H and b Raman spectra
of RFB-0.6XG-H and the
respective CB-0.6XG-H

Fig. 3 a Representative N2 sorption isotherms of RFB-0.1XG-H and
CB-0.1XG-H measured at 77.3 K. Filled circles refer to the adsorption
branches of the isotherms and empty circles refer to the desorption

branches of the isotherms. b HS-2D-NLDFT micropore size dis-
tribution of CB-XG-H and c HS-2D-NLDFT micropore size dis-
tribution CB-XG-N with varying XG concentrations
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revealing the highly microporous nature of CBs and narrow
width of micropores ( < 1 nm), as well as some type IV
isotherm characteristics which are typical for mesoporous
materials [25, 26].

BET analysis of the N2 and Kr isotherms of RFB
revealed specific surface areas below 35 m2/g, in some
cases even as low as 7 m2/g (Table S4), which is in good
agreement with RFB-H and other base-acid catalyzed
monolithic RF aerogels [30]. However, CB-XG-H sam-
ples have specific surface areas ranging between 785 and
978 m2/g which is on par with the values reported for
monolithic carbon aerogels (Table 2) [25, 41]. The addi-
tion and increase of XG concentration do not have any
significant influence on the surface area of either RFB and
CB. As evidenced from ATR-FTIR, XG apparently only
acts as a viscosity modifier and is not involved in any
chemical reaction or bonding. CB samples have much
higher surface area compared to their parent RFB as the
carbonization process induces micropore formation [41].
The extent of micropore contribution is dominating the
total surface area as indicated by the ratio of external- and
micropore surface area for CB-XG-H samples irrespective
of their XG concentrations. In case of CB-XG-H samples,
735–901 m2/g of the total surface area are contributed by
micropores whereas only 50–95 m2/g resulted from the
external surface of the carbon beads. The micropore
volume ranges from 0.28–0.35 cm3/g without any corre-
lation to the XG-concentration which is in good agreement
with the micropore volume reported for similar kinds of
carbon aerogels in the range between 0.20 and 0.22 g/cm3

(Table 2) [25]. In the case of RFB produced using HNO3,
BET surface areas ranged between 14 and 26 m2/g, similar
to beads produced using HCl (Table S2). Upon carboni-
zation, the BET surface area of CB-XG-N is increased to
856–1206 m2/g, which is significantly higher than that of
HCl samples (Table 2). As expected, the XG concentra-
tion does not influence surface area. Again, micropore
surface area (825–1122 m2/g) contributes most to total
surface area, irrespective of the XG concentration.

Generally, CB-XG-N samples have larger BET surface
areas and pore volumes than CB-XG-H samples. As dis-
cussed in the experimental section, 0.5M HNO3 was used
as the regeneration medium for the bead formation. We
washed the RF beads after regeneration and curing at 60 °C
using distilled water until neutral pH was apparent. How-
ever, there might be possibilities of some residual acids
present in the pores of the RFB. During the carbonization
process, HNO3 can activate the carbon and enhance its
surface area, porosity and other properties which was
reported earlier [42, 43]. The use of elevated temperature
(1000 °C) during the pyrolysis of RFB along with HNO3

might have caused oxidation and nitration of the carbon
surface in a similar way [43, 44]. The diffusion of HNO3,
which may act as an oxidant, into the pores of the carbon
formed during the pyrolysis may increase the amount of
micropores. This greatly enhances the gas-adsorbing capa-
city of CB adsorbent by improving its ion-exchanging
capacity [44]. The micropore volume of CB-XG-N ranged
between 0.31–0.43 cm3/g which is also independent of the
XG concentration. As similar to surface area, micropore
volume is higher for HNO3 samples compared to HCl
samples. The HS-2D-NLDFT pore size distributions of CB-
XG-H with different XG concentration are displayed in
Fig. 3b. According to IUPAC guidelines for type I(a)
materials, CB-XG-H samples have narrow pore size dis-
tributions (ultra-micropores) of widths ranging between 0.5
and 0.7 nm with a negligible amount of additional pores of
1.2 and 1.5 nm width in the case of CB-0.2XG-H. The
concentrations of XG doesn’t influence the micropore
width. Figure 3c shows the HS-2D-NLDFT pore size dis-
tribution of CB-XG-N samples with varying XG con-
centrations. The micropore size is quite similar to other
carbon aerogels ranging between 0.5 and 2.0 nm [25]. All
samples show a high amount of ultra-micropores with
widths ranging between 0.5–0.8 nm and a small contribu-
tion of pores with a width of 1.2 and 1.5 nm. The pore size
distributions are similar to the distributions found for HCl
samples and again, are not influenced by XG concentration.

Table 2 BET surface area,
micropore surface area and t-plot
micropore volume for CB-XG-H
and CB-XG-N synthesized with
varying XG concentrations

Sample BET surface area (m2/g) micropore surface area (m2/g) t-plot micropore volume (cm3/g)

CB-0.2XG-H 977 ± 3 900 0.35

CB-0.4XG-H 867 ± 2 783 0.30

CB-0.6XG-H 956 ± 1 861 0.33

CB-0.8XG-H 909 ± 2 846 0.33

CB-1.0XG-H 784 ± 3 734 0.28

CB-0.2XG-N 1176 ± 4 1098 0.42

CB-0.4XG-N 912 ± 1 848 0.32

CB-0.6XG-N 1206 ± 1 1121 0.43

CB-0.8XG-N 1041 ± 3 967 0.37

CB-1.0XG-N 858 ± 1 824 0.31
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Furthermore, the pH-adjustment resulted in similar pore-
size distributions and micropore volumes (Fig. S10,
Table S4).

3.6 Micro- and nanostructure morphology

The morphology and microstructure of RFB-XG-H and
CB-XG-H samples were investigated by means of SEM on
surfaces which were generated by splitting the beads with a
sharp blade. Both RFB-XG-H and CB-XG-H display a
dense skin on the external surface of the beads (Fig. 4a–b).
The inner microstructures of RFB-XG-H with varying XG
concentration and the respective CB-XG-H samples are
generally composed of nearly spherical particles with a size
of few hundred nanometers that are connected to each other
via broad necks, creating a 3-dimensional open network
with macro-pores in the size range of few micrometers
(Fig. 4c). The size of the nanoparticles has been estimated
manually by linear intercepts of particle contours for CB
samples (Table S5). This subjective method has been used
since the particles are agglomerated and interconnected and
therefore hardly discernible by automated image analysis.
The most significant alteration of the microstructure was
related to the concentration of XG. Without addition of XG
the nanoparticles were much smaller than with XG addition
(compare Fig. S11 and Figs. 4, S12–S14). With increasing
XG content, fibrous appendices to the nanoparticles
formed. With increasing XG content, the number of fibrous
appendices increases, forming connections between nano-
particles, especially in the case of high XG contents of
1.0 wt%. This might furthermore indicate that the trend of
shortened periods required for pre-gelation was related to a
quicker percolation process as the XG concentration

increased. Comparing RF and CB samples, the nanoparticle
size was slightly smaller and the number and length of
fibrous appendices was less in CB samples. In the case of
the RFBa-H and CBa-H samples with 0.6 wt% the nano-
particles in the CBa sample were slightly larger. The
microstructures of CB samples which were synthesized
with initial pH adjustment were quite similar to those
without pH adjustment, but for lower XG concentrations of
0.2 wt% the nanoparticles in pH adjusted samples were
larger, (Fig. 4, S12–S14, Table S5). The increase of particle
size with adjusting pH is in good agreement with the par-
ticle morphology reported for a base-acid catalyzed route
by Laskowski et al. [30]. Laskowski et al. [30] observed
that the addition of acid (1.5 h after the start of the sol-gel
reaction) to the base catalyzed solution induces fast con-
densation of the existing RF particles, leading to them
being covered by an RF layer produced in the acid cata-
lyzed step which increased the average particle size to
2.2 µm.

For TEM analysis, in order to prevent overlapping of
particles, samples were prepared by embedding in EMbed
812 and slicing using an ultramicrotome [27]. A com-
parison with a sample prepared by a conventional powder
method (Fig. S15a–d) demonstrated the suitability of the
ultramicrotome method (Fig. S15e–h) for the preparation
of aerogels. With this preparation method, particle over-
lap is less pronounced so that a comparison of the por-
osity and morphology between different samples is easier.
On the other hand, the contrast provided by the embed-
ding material makes it sometimes difficult to discern
between embedding material and particles. However, all
analyzed samples were prepared with the embedding and
ultramicrotome slicing method. TEM micrographs of a)

Fig. 4 SEM micrographs of the cross-section of a RFB-0.6XG-H and b CB-0.6XG-H and c the inner microstructure of RFB-XG-H samples with
varying XG content and the respective CB-XG-H samples
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CB-0.2XG-H, b) CB-0.2XG-N, c) CB-0.6XG-N, and d)
CB-0.6XG-H are shown in Fig. 5. The pixel size of the
images taken at the highest magnification is 57 pm, which
allows long range graphitic layer structures to be dis-
cerned with typical spacing of 340 pm. As such patterns
are not observed in TEM images and Fourier transform
(FT) showed no significant reflections (exemplary inset in
Fig. 5c), it can be concluded that the samples have mainly
an amorphous structure along with short-range ordered
graphitic structure, as reported for similar carbon mate-
rials [45, 46]. Such amorphous structure with some gra-
phitized micro regions is in line with the WAXS patterns
discussed before (Fig. 2a). Additional TEM images at
different magnifications are shown in Figs. S15–S17.
TEM analyses reveal similar morphology and micro-
porosity for all analyzed CB samples, irrespective of XG
concentration and type of acid used for the gelation bath.
At low magnification all samples display partly inter-
connected submicron sized particles of about 200–300 nm
as shown for typical samples in Fig. S15a, b, e, and f.

3.7 CO2 sorption capacity

The CO2 sorption capacity of the carbon microbeads have
been investigated using CO2 adsorption/desorption isotherm
at 273 and 298 K as the CBs have significant micro-porosity

(Fig. 6). All the carbon microbeads have micropores below
1 nm which are responsible for their CO2 capacities at
ambient pressure [47]. As seen from HS-2D-NLDFT pore
size distribution graphs (Fig. 3b, c), some carbon microbead
samples have additional pores in the size above 1 nm.
Table S6 provides the CO2 sorption capacity of carbon
microbead samples at two different temperatures (273 and
298 K) and different pressures of 1 bar and 0.1 bar. CB-XG-
H samples are found to have CO2 capture capacities ranging
from 3.87–4.57 cm3/g at 273 K and 2.77–2.97 cm3/g at
298 K at 1 bar. The CO2 adsorption capacity at low pres-
sures of 0.1–0.15 bar is crucial as it indicates the real CO2

partial pressure in the flue gas [48]. The carbon microbeads
produced using HCl are found to have CO2 capture capa-
cities ranging from 1.43–1.49 cm3/g at 273 K and
0.66–0.80 cm3/g at 298 K under 0.1 bar. Among all the CB
samples from HCl, CB-0.2XG-H has the highest CO2

uptake of 4.57 and 1.46 mmol/g at 273 and 298 K at 1 bar,
respectively, which is attributed to it having the highest
micropore volume of 0.35 cm3/g. The good CO2 adsorption
capacity is mainly because of the developed ultra-
micropores below 1 nm. The CO2 adsorption capacity of
pH-modified CB samples (CBa-XG-H) was found to be in
the range of 3.98–4.55 mmol/g at 273 K and
2.76–3.04 mmol/g at 298 K at 1 bar. whereas the CO2

sorption capacity at 0.1 bar is in the range of

Fig. 5 TEM micrographs of
a CB-0.2XG-H, b CB-0.2XG-N,
c CB-0.6XG-N, and d CB-
0.6XG-H. The inset in c displays
an image of Fourier transform
(FT) analysis of the respective
TEM image. All TEM
micrographs show 80 nm thick
slices of overlapping carbonized
particles. A pore within the slice
of a is marked with yellow
arrows. Pixel size of the
micrographs is 57 pm
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1.46–1.61 mmol/g at 273 K and 0.78–0.84 mmol/g at 298 K
(Fig. S18, Table S6).

The change of regeneration bath from aqueous HCl
solution to aqueous HNO3 solution for the production of RF
and its carbon microbeads greatly increased its micropore
volume to a value of 0.43 cm3/g for the sample CB-0.6XG-
N. As already mentioned, the presence of HNO3 might
cause nitration, oxidation and activation of the carbon

microbead samples at elevated temperatures and thereby
increase micro-porosity [44]. CBs prepared using HNO3

have CO2 sorption capacity in the range of 4.41–4.81 mmol/
g at 273 K and 2.98–3.09 mmol/g at 298 K under 1 bar. In
the case of lower pressure of 0.1 bar, the CO2 sorption
capacity is found to be 1.44–1.53 mmol/g at 273 K and
0.70–0.76 mmol/g at 298 K. The sample, CB-0.6XG-N has
the highest CO2 sorption capacity of 4.81 mmol/g which is

Fig. 6 CO2 sorption isotherms of a CB-XG-H measured at 273 K,
b CB-XG-H measured at 298 K, c CB-XG-N measured 273 K and
d CB-XG-N measured at 298 K with XG concentrations of 0.2%
(black), 0.4% (gray), 0.6% (blue), 0.8% (red) and 1.0% (green). Filled

symbols denote measurement points of the adsorption branches and
empty symbols denote measurement points of desorption branches of
the isotherms
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in good correlation with the higher amounts of micro-
porosity (0.43 cm3/g). The pH-modified beads (CBa-XG-N)
produced with HNO3 have CO2 sorption capacity of
3.76–5.12 mmol/g at 273 K and 2.73–2.94 mmol/g at 298 K
under 1 bar. In the case of a lower pressure of 0.1 bar, the
CO2 sorption capacity is found to be 1.31–1.80 mmol/g at
273 K and 0.05–0.81 mmol/g at 298 K (Fig. S18, Table S6).
Overall, the CO2 sorption capacity is independent of XG
concentration and greatly dependent on the micropore
amount. The CO2 sorption capacity of the carbon beads is in
good agreement with the values reported for phenolic resin
derived carbons [46, 49]. The overall performance of the
adsorbents is mainly characterized by their surface area,
micro-porosity, and bulk density. We have developed car-
bon bead adsorbent with high surface areas up to 1205 m2/g
and micropore volume of 0.43 cm3/g with bulk (tapped)
density up to 0.31 g/cm3 and achieved a highest CO2

adsorption capacity of 4.81 mmol/g at 273 K at 1 bar.

3.8 Electrical conductivity

The electrical conductivity of selected carbon microbeads
was analyzed using a 4-point measurement technique under
different pressures. All the carbon aerogel microbead sam-
ples exhibit an electrical conductivity in the range of
1200–1700 S/m at higher pressure. It can be seen from
Fig. 7 that the electrical conductivity is increased with
increasing pressure as the packing density of the samples is
increased. The increase in packing density results in good
compaction of the microbeads whereby more paths for
transport of electrons are available, which in turn results in
good electrical conductivity. The dependence of electrical
conductivity with respect to envelope density was pre-
viously reported by our group [28]. The electrical con-
ductivities of pH adjusted samples are in the same range
(Fig. S19). There is no correlation with the reported con-
ductivity values of the CBs with respect to XG and/or type
of gelation bath.

3.9 Mechanical properties

The carbon microbeads were mechanically tested under
compressive load. A photograph of the experimental set-up
is presented in Fig. S20. The load and the displacement of
the test machine pressure punch were monitored. For
comparison of the different microbead batches, at least four
beads of each batch were tested, and the respective nominal
stresses and strains were calculated. Figure 8a shows typical
nominal stress-strain curves for CB-1.0XG-H microbeads.
The complete set of nominal stress-strain curves for all
types of carbon microbeads are presented in Figs. S21–S24.
The beads exhibit brittle fracture behavior. During the
experiment, the nominal stress-strain curves display several
stress drops. The load at the first major stress drop is
regarded as nominal fracture stress or strength, respectively.
Smaller stress drops are associated with chipping of flakes
from the beads. During further displacement of the pressure
punch, the bead material is compressed, entailing stress

Fig. 7 The 4-point-measurement electrical conductivities of CB-XG-H
and CB-XG-N with varying XG concentrations at varying pressures

Fig. 8 a Nominal stress-strain
curves of CB-1.0XG-H (Five
beads were tested). b Nominal
fracture stress derived from
median value of load at first
fracture (see Table S7) for CB-
XG-H and CB-XG-N with and
without pH-adjustment
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increase until further cracking and associated stress drops.
The stress-strain curves of individual beads differ in max-
imum stress, fracture stress at first major load drop, and
strain at fracture stress. For CB-XG-H and CB-XG-N
samples with and without pH adjustment, average and
median fracture load values as well as average bead dia-
meter and nominal fracture stress are summarized in
Table S7. In order to reduce the effect of outliers, which can
be huge for data sets with a small number of experiments,
the nominal fracture stress for each batch was calculated
with the median value of the respective fracture loads. The
median values of the fracture load were related to the
respective average cross section areas, calculated from the
average bead diameter of 100 beads measured for each
batch by means of a digital calliper. The nominal fracture
stress data of the four batches is presented in Fig. 8b as a
function of the wt% of xanthan gum used for preparing the
microbeads.

An addition of XG in the range from 0.6 wt% to 1.0 wt%
resulted in an increase in nominal fracture stress while XG
amounts between 0.2 wt% to 0.6 wt% did not show a clear
trend regarding the nominal fracture stress. This finding may
be attributed to microstructural changes (compare Section
“Micro- and Nanostructure Morphology”), especially to the
generation of fibrous appendices which start to form con-
nections between nanoparticles at XG contents of about
0.6 wt%. Such connections may promote the strength of the
bead material. Further, the size of the beads is increasing with
XG content in non pH adjusted samples but decreasing with
XG content in pH adjusted samples. Due to these different
trends, the initial pH adjustment may result in no clear trend
concerning its effect on the fracture stress. In the case of nitric
acid-regenerated batches of beads, the nominal fracture stress
is found to be lower in comparison to hydrochloric acid-
regenerated batches. This difference is attributed to the dif-
ferent acid concentration used for gelation, which was as low
as 0.5M HNO3 compared to 2M HCl as a gelation bath. The
HNO3 concentration had to be that low, since otherwise the
pristine RF microbeads were destroyed due to dissolution,
nitration, and oxidation by nitric acid during the regeneration
process [50]. Although the HNO3 concentration was kept
low, visible cracks and stronger coloration of the beads
occurred after drying of the RF microbeads regenerated using
HNO3. Hence, the produced carbon microbeads also show
some visible cracks on their surface, which are likely to
reduce the fracture stress of the respective beads.

4 Conclusion

Resorcinol-Formaldehyde (RF) and carbon aerogel
microbeads were successfully prepared via a dropping
method and subsequent pyrolysis. We demonstrated that

increasing the viscosity of the RF solutions with the
thickening agent, xanthan gum (XG), was crucial in order to
preserve the spherical shape of the droplets until gelation
solidified the droplets. Increasing the concentration of XG
resulted in increasingly fibrous microstructures and thus,
increased fracture strength of the beads. XG concentration
did not influence the properties of RFB and CB apart from
mechanical properties. HS-2D-NLDFT pore size distribu-
tions derived from N2 physisorption revealed the ultra-
microporous nature of CB, which was readily reflected in
the CO2 adsorption capacities at 273 and 298 K. Generally,
CB produced using HNO3 as gelation bath, were more
microporous than CB produced using HCl as gelation bath.
The high CO2 adsorption capacity (up to 4.57 mmol/g),
high electrical conductivity (up to 1700 S/m), and good
fracture strength of beads produced with high XG con-
centration for HCl render CB as a versatile and promising
material for multiple applications such as carbon capture
technology, or in moving bed or fluidized bed column
reactors, electrode materials, etc. The promising potential
for scalability with e.g., JetCutter technology further
increases the potential and attractiveness of these materials.
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