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A B S T R A C T   

In this work, production and characterization of carbon spheres from resorcinol and formaldehyde, using a 
microwave assisted solvothermal reactor, is presented. The influence of different experimental conditions, e.g., 
reaction time, pressure, and power, on the structure of the obtained materials, and carbon dioxide adsorption 
properties, was studied. 

Using the method described in this work, it is possible to significantly reduce the reaction time, to as low as 10 
min, compared with widely described processes carried out in autoclaves, requiring several hours. Simulta
neously, it was discovered that the application of higher reactor pressures, over 3 MPa, resulted in the 
destruction of spherical shape and the formation of graphitic layers. 

The importance of micropores below 0.4 nm, for adsorption of carbon dioxide, was also shown in this work. 
Microporous carbon spheres with efficient CO2 adsorption properties (nearly 7 mmol/g at 1 bar and 0 ◦C) were 
synthesized using this process.   

1. Introduction 

Combustion of fossil fuels results in emission of carbon dioxide, the 
major anthropogenic factor related to climate change, affecting the 
healthy functioning of the biosphere [1,2]. The consequences of an in
crease in the Earth’s global temperature are, for example, species 
extinction, changes in the Earth’s hydrologic cycle, and climate anom
alies. Among the scientific community, there is significant interest in 
solid adsorbents that capture carbon dioxide, a promising means to 
address this problem. 

In recent years, a number of materials have been investigated as solid 
state adsorbents for CO2 and can be divided into non-carbonaceous: 
zeolites [3–6], silica [7–9], metal-organic frameworks and porous 
polymers [10,11], alkali metal [12–14], metal oxide carbonates [15,16] 
and carbonaceous materials: activated carbons [17,18], ordered porous 
carbons [19–21], activated carbon fibers [22,23], and graphene 
[24–26]. 

Carbon spheres (CSs) have attracted significant attention due to their 
unique chemical and physical properties: a high specific surface area, 
large porous volume, well defined pore size distribution, chemical sta
bility, low cost, possibility for modification with heteroatoms, and high 
affinity for carbon dioxide [27–30]. 

Carbon spheres are also effective in removing organic pollutants [31, 
32], heavy metal ions, phenol, dyes [33] and nanoparticles [34]. Their 
potential application in energy storage [35], biomedical application, 
catalysis, lithium batteries [36,37], catalyst support [38,39], and drug 
delivery [40] has been studied as well. 

There are two general approaches to the synthesis of carbon spheres. 
The first is based on the high-temperature decomposition of chemical 
substances containing carbon, including arc-discharge [41,42], laser 
ablation [43,44], and chemical vapor deposition methods. Synthesis of 
carbon spheres from a wide range of hydrocarbons, using CVD routes, 
both by catalytic [45] and non-catalytic [46] means, has been reported 
in the literature. Methane [47], and acetylene [48] have a major role as 
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carbon precursors in synthesizing carbon materials. 
The second approach consists of two steps. First, decomposition of 

organic compounds by heat treatment of solutions of materials with high 
carbon content, e.g. polymers, often in an autoclave, and second, py
rolysis of these materials at elevated temperatures. In this approach 
reactants are placed in various types of steel, Teflon lined autoclaves and 
usually heated to low temperatures. Compared to the methods 
mentioned above, hydrothermal or solvothermal treatment in an auto
clave requires much less energy. A variety of carbon sources can be 
processed using this method, e.g., sugars [49–53], polymers [54], wastes 
[55], etc. Very high adsorptive properties are observed for carbon 
spheres obtained from resorcinol – formaldehyde resin. As reported by 
Liu and coworkers, carbon spheres can also be derived from RF resin 
using the Stöber method [56], originally developed for producing silica 
spheres [57]. This method requires solvents, namely water, alcohol and 
a base catalyst. By controlling the reactant concentrations, the diameter 
of the spheres can be precisely tuned. After polycondensation of the 
resorcinol - formaldehyde resin is initialized, the mixture is stirred for 
24 h prior to hydrothermal treatment in the autoclave, where cross
linking occurs. 

Despite the fact that hydrothermal treatment is the most common 
way to produce carbon spheres, this method has several disadvantages. 
First, this method takes considerable time (several hours), and second, a 
heat gradient in the reaction volume is an unavoidable problem that 
hinders production of a uniform product. 

Recently, microwave irradiation has attracted more attention as a 
new efficient heating method [58]. This method is widely used for many 
applications, such as organic synthesis [59,60] or synthesis of magnetic 
nanoparticles [61]. This method is based on microwave irradiation 
affecting the particles. Compared to conventional heating in an auto
clave, microwave irradiation has numerous advantages. The working 
principle of microwave heating is based on dielectric heating. For 
effective microwave heating, the presence of ions and dipoles in solution 
is necessary. Dipoles in solution align under the induced magnetic field. 
The frequency range of the microwave field (0.3–30 GHz) is appropriate 
to excite the polar particles in solution [62]. Oscillations of the magnetic 
field cause rotations of the dipoles; simultaneously, ions oscillate back 
and forth under magnetic field, hence collisions are induced. These ro
tations and collisions are responsible for heat generation in the whole 
volume of the reactor. As a result, the microwave reactor can perform 
solvothermal synthesis with a low thermal gradient. 

In our previous paper [63], we reported a significant shortening of 
reaction time by the application of a microwave assisted reactor, 
compared to a conventional reaction in an autoclave. In that work, the 
influence of chemical activator (potassium oxalate) concentration, 
modification with ethylenediamine and carbonization temperature on 
the adsorption properties of carbon spheres was investigated. It was 
proved, that the optimal weight ratio of potassium to carbon is 7:1. 
Modification of carbon spheres with potassium oxalate and ethyl
enediamine simultaneously significantly enhanced carbon dioxide 
adsorptive properties (from 3.25 mmol/g for the unmodified sample to 
5.89 mmol/g for modified). It was also shown that the highest CO2 
adsorption efficiency for those materials occurred for samples carbon
ized at 700 ◦C. 

In this paper we investigated further the effect of varying reaction 
conditions in the production of carbon spheres from resorcinol - form
aldehyde resins using a microwave assisted solvothermal reactor. The 
goal was also to investigate how far the pressure and power of the sol
vothermal reactor could be increased without destroying the structure of 
the carbon spheres. Three key parameters were selected to establish the 
optimal conditions of the method: reaction pressure, reactor power set, 
and time (duration) of reaction. The influence of varied experimental 
conditions on the structure, surface area, and porosity of the carbon 
spheres, and the associated carbon dioxide adsorption properties of the 
produced materials, was studied. 

2. Materials preparation 

Sample preparation was performed as follows: First, 0.6 g of resor
cinol was dissolved in an aqueous alcohol solution composed of 60 ml 
distilled water and 24 ml of ethanol. Next, to adjust pH, 0.3 ml of 
ammonium hydroxide (25 wt%) was added into the solution. After that, 
4.95 g of potassium oxalate was added and the mixture was stirred until 
the potassium oxalate was completely dissolved. The weight ratio of 
potassium: carbon was 7:1. Finally, 0.9 ml of formaldehyde (37 wt %) 
was added to the solution, and mixed using a magnetic stirrer at ambient 
conditions to facilitate the polycondensation reaction. After 24 h, the 
mixture was transferred into a microwave assisted solvothermal reactor 
MSS2, designed and manufactured by the Institute of High Pressure 
Physics of Polish Academy of Science in cooperation with Łukasiewicz 
Research Network - The Institute for Sustainable Technologies [64,65]. 
The processes were conducted under different experimental conditions, 
e.g. reaction time (5, 10, 15 min), pressure (1; 1,5 2; 3; 4 MPa) and 
generated power (1000, 1500, 2000 W). In this paper the materials 
obtained were denoted as RF, for example RF_1/1000/5, where the first 
number means the value of pressure (1 MPa), second - reactor power set 
(1000 W) and third - the reaction time (5 min). After treatment in the 
reactor, the product obtained was dried for 48 h at 80 ◦C and next 
carbonized in a high-temperature furnace (HST 12/400 Carbolite) under 
argon atmosphere at the temperature rising from 20 ◦C to 350 ◦C with a 
heating rate of 1 

◦

C/min and holding time 2 h and from 350 ◦C to 700 ◦C 
with a heating rate of 1 

◦

C/min. When a temperature of 700 ◦C was 
reached, the carbonization continued for an additional 2 h. The 
carbonization temperature (700 ◦C) was chosen based on our previous 
research [28,63,66]. Afterwards, the sample was cooled to room tem
perature under argon atmosphere. The final product was washed two 
times with 200 ml of distilled water and dried for 48 h at 80 ◦C under 
atmosphere. 

3. Materials characterization 

In experiments described in our previous papers, an Ertec Magnum II 
Microwave reactor was used [28,63,66,67]. However, the maximum 
microwave power reached in that reactor was 600 W, and we were 
curious about the effect of increasing power on the structure of the 
carbon spheres. The experiments described in the present paper were 
carried out in another reactor, enabling better control of the reaction 
parameters – a microwave solvothermal reactor MSS2 developed at the 
Institute of High Pressure Physics, shown in Fig. 1 [64,65]. This reactor 
has several advantages [65]. The MSS2 reactor also permits a rapid, 
uniform heating and makes a synthesis under high purity in close vessel 
(batch) and stop-flow mode with precise control of the reaction time and 
pressure. The accuracy of the reaction time is 1 s and the pressure ob
tained inside the vessel can reach 10 MPa. Specifically, performing the 
thermal treatment in the MSS2 reactor allowed for higher microwave 
power to be applied, from 1000 to 3000 W. The higher power resulted in 
reaching the set pressure faster, resulting in a shortening of the reaction 
time. Furthermore, the larger volume reaction vessel (270 ml of the 
precursor) also increases the efficiency of the entire reaction process. 
The reliability of this reactor type was proven in many papers, for 
example for the synthesis of hydroxyapatite [68] or ZnO nanoparticle 
[69,70]. The MSS2 reactor can work in two different synthesis modes, in 
stop-flow and batch mode. In this paper, results of synthesis in the batch 
mode are presented. 

The structure of the samples was determined using a ZEISS Scanning 
Electron Microscope (SEM) and FEI Tecnai F20 High-Resolution Trans
mission Electron Microscope (HRTEM). The phase composition was 
investigated using X-Ray Diffraction (XRD) using Cu Kα radiation (λCu 
Kα = 0.1540 nm) on an Empyrean, Panalytical. Phase identification was 
performed using HighScore+ and the ICDD PDF-4+ 2015 database. The 
Raman spectra were recorded using the Renishaw InVia Raman Micro
scope spectrometer with excitation laser lines of 785 nm (1.58 eV). 
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Thermal stability of the materials was investigated with Thermal 
Gravimetric Analysis (TGA), using a STA 449C thermobalance (Netzsch 
Company, Germany). Approximately 10 mg of the sample was heated at 
10 ◦C/min to 950 ◦C under air atmosphere. 

Characterization of porosity of the materials was performed using 
the N2 adsorption/desorption Quadrasorb™ automatic system (Quan
tachrome Instruments) at − 196 ◦C. The Brunauer–Emmett–Teller (BET) 
equation was used to determine surface areas (SBET) in the relative 
pressure range of 0.05–0.2. The total pore volume, Vp, was calculated 
from the volume of nitrogen held at the highest relative pressure (p/p0 
= 0.99). The volume of micropore, Vmic, was estimated using the density 
functional theory (DFT) and the pore-size distribution (calculated from 
the adsorption branch of the isotherms) using the Bar
rett–Joyner–Halenda (BJH) method. 

Before each adsorption experiment, samples were outgassed at 
250 ◦C under a vacuum of 1 × 10− 5 mbar for 12 h to remove adsorbed 
species that could intervene in the adsorption processes, using a Mas
terPrep multi-zone flow/vacuum degasser from Quantachrome 
Instruments. 

Carbon dioxide sorption isotherms at 0 ◦C and 25 ◦C were deter
mined using the same Quadrasorb™ automatic system (Quantachrome 
Instruments) with a relative pressure range between 0 and 0.98. Pore 
Size Distribution (PSD) of the samples was calculated from CO2 sorption 
isotherms at 0 ◦C using NLDFT model. The density of the materials was 
investigated using a Micro-Ultrapyc 1200e helium pycnometer. 

4. Results and discussions 

Carbon spheres were prepared using a microwave assisted sol
vothermal reactor and the influence of varied experimental conditions: 
reaction time (5, 10 and 15 min), obtained pressure (1; 1.5; 2; 3 and 4 
MPa) and generated power (1000, 1500 and 2000 W) on the physical 
and gas adsorption properties of the materials was investigated. 

The phase composition of the samples was examined using XRD. 
Selected diffraction patterns are presented in Fig. 2. It was observed that 
synthesis conditions had no significant effect on the phase composition 
of the obtained materials. XRD patterns exhibited the presence of two 
peaks: the first at 25◦ and second at 43◦, which can be assigned to the 
stacking carbon layer structure (002) and ordered graphitic carbon 
structure (100) [71]. Broadening of the two peaks suggests a low degree 
of graphitization, and the possible presence of amorphous carbon [72]. 

Comparing XRD patterns of the samples obtained in the microwave 
reactor at a power set of 1000 W (Fig. 2a), a strong decrease of 002 peak 
intensity and increase of 100 peak intensity was observed, at a reaction 
pressure of 4 MPa. Additionally, a sharper 100 peak with greater in
tensity was detected for the sample RF_4/1000/15, which suggest the 
higher graphitization of carbon material. With the increase of the re
action pressure from 1 MPa to 2 MPa, the intensity of 002 peak slightly 
decreased. 

A similar effect was observed for samples obtained with a reactor 
power of 2000 W (Fig. 2b). There were no noticeable differences be
tween XRD patterns observed for the RF_1/2000/15 and RF_1.5/2000/ 
15 materials, whereas for samples RF_2/2000/15 and RF_3/2000/15, a 

Fig. 1. Presentation of the MSS2 reactor working in the batch mode.  

Fig. 2. Diffraction patterns of carbon materials obtained under different pressure and reactor power set 1000 W (Figs. 2a) and 2000 W (Fig. 2b).  
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decrease in intensity of 002 peaks was observed, which suggests a 
reduction of amorphous carbon and, simultaneously, an increase in 
degree of graphitization. It is worth noting that for material prepared 
under a pressure 3 MPa, the sharper peak with greater intensity was not 
detected. The sharpness of these peaks suggests the presence of a crys
talline carbon phase within the carbon spheres [73]. 

Structure of the samples was investigated using Field Emission 
Scanning Electron Microscopy (FE-SEM), with representative SEM im
ages presented in Fig. 3. Illustrated in Fig. 3a, 3b and 3c, are carbon 
materials obtained under pressures of 1 MPa, 1.5 MPa or 2 MPa and 
denoted as RF_1/1000/15, RF_1.5/1500/15, RF_2/2000/10, respec
tively, clearly showing the non-uniform size of spherical particles. Car
bon spheres with diameters in the range of 1200–1500 nm and smaller – 
with diameters of about 200 nm were observed. Jaroniec et al. claim that 

the presence of smaller particles can be explained by the formation of 
smaller emulsion droplets containing larger amounts of ethylenedi
amine as a source of nitrogen [74] or in the presence of cysteine as a 
particle stabilizer and a source of heteroatoms (nitrogen and sulphur 
[75]). These emulsion droplets are converted into spheres through 
polymerization of resorcinol and formaldehyde and the presence of e.g. 
cysteine can slow down the reaction rate between resorcinol and 
formaldehyde, resulting in reducing the size of the emulsion droplets 
and in the consequence reducing other size of carbon spheres [77]. It is 
worth to note that the same authors did not observe similar behaviour 
when carbon spheres were prepared only with the addition of potassium 
oxalate as activating agent [76]. Scherdel et al. [77] found that small 
particles appeared near the gelation limit for relatively high sodium 
carbonate concentration, added as the catalyst, and tend to agglomerate 

Fig. 3. SEM images of the materials obtained under different experimental conditions.  
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with each other. 
So, we can speculate, that the reason for the appearance of carbon 

spheres with reduced diameter is the presence of potassium oxalate or e. 
g. insufficient mixing of resorcinol-formaldehyde mixture. Further 
research in this direction will be conducted. 

Furthermore, the merging of carbon spheres was noticed. According 
to Ret-Raap et al. [78] the contact of the organic spheres (which have 
oxygenated groups on the surface) with CO2 at high temperatures can 
give rise to the merging effect. 

Together with the increase of reactor pressure up to 3 MPa, the 
spherical shape of the particles was preserved, and the structure of the 
carbon spheres did not change significantly (Fig. 3d), but probably some 
graphitic layers appeared, as shown in Fig. 3e. A higher pressure of 4 
MPa resulted in collapse of the spheres, with graphitic layers clearly 
observed (Fig. 3f). 

Structure of the samples was further investigated using High Reso
lution Transmission Electron Microscopy (HRTEM). HRTEM images 
presented in Fig. 4 confirm results obtained using Scanning Electron 
Microscopy (SEM). Under the pressure of 1 MPa and 2 MPa, spherical 
shapes with a smooth surface were observed, with diameters ranging 
from 1200 to 1500 nm (Fig. 4a). Under the same pressure, as reactor 
power increased, the surface texture becomes coarser, and flaws on the 
rough surface were observed (Fig. 4b). Similarly, as shown in the SEM 
images, for samples prepared under 4 MPa (Fig. 4c), instead of a purely 
spherical shape, graphitic layers are visible, indicating the process 
conducted at higher pressure resulted in collapse of spherical structure. 
As a consequence, a highly porous sponge-like carbon material with 
highly developed surface area was observed. 

Summarizing, the microscopic studies indicated that reaction time 
did not play an essential role in the structure of the carbon spheres. 
However, increase in reactor power caused the visible changes on sur
face of the carbon spheres. Differences were clearly evident for samples 
obtained at higher pressure, and correlate well with results obtained 

using X-ray diffraction. 
The samples were also characterized using Raman spectroscopy. The 

Raman spectra of the samples obtained in the microwave reactor at a 
power set of 1000 W for 15 min and under 10 or 40 MPa are presented in 
Fig. 5. The following bands were identified: G and D at ~1580 cm− 1 and 
~1310 cm− 1, respectively. The first peak is related to the vibration of 
the sp2-hybridized carbon atoms in the graphite layer, the second - is 
usually attributed to the presence of amorphous carbon or associated 
with the vibration of carbon atoms with dangling bonds in the plane 
with termination by disordered graphite. It is also known that the in
tensity ratio between the D and G peaks (ID/IG) gives useful information 

Fig. 4. High-resolution transmission electron microscopy (HRTEM) images of the samples prepared at lower (1 MPa) and higher (4 MPa) reaction pressure.  

Fig. 5. Raman spectra of the samples prepared at lower (1 MPa) and higher (4 
MPa) reaction pressure. 
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on the graphitization degree or the lattice distortion of carbon based 
materials. The intensity ratios of ID/IG for RF 10/1000/15 and RF 40/ 
1000/15 samples were calculated to be 1.35 and 1.26, respectively. The 
decrease of ID/IG together with the increase of the reaction pressure can 
indicate that the graphitization of the sample increased, implying the 
formation of more ordered structure. It is in accordance with the results 
obtained using X-ray diffraction method and transmission electron mi
croscopy presented above. 

Thermal stability of the samples was studied using thermogravi
metric analysis (TGA). The thermogravimetric curves are presented in 
Fig. 6 and confirm that the materials produced in this study are 
composed of multiple forms of carbon that undergo combustion at 
different temperatures. The first weight loss at a temperature of 
approximately 100 ◦C was associated with evaporation of water. The 
second step taking place between 100 ◦C and 350 ◦C can be assigned to 
the removal of functional groups. The last step occurs between 350 ◦C 
and 550 ◦C and is ascribed to oxidation of the carbon skeleton with a low 
degree of graphitization [79]. Due to numerous active centers, amor
phous carbon is already oxidized at temperatures in the range of 
400–500 ◦C [80,81]. The oxidation of these samples had already started 
at 350 ◦C, which may indicate the significant amount of amorphous 
carbon in the samples. 

In the case of the samples obtained where reactor power set was 
1000 W, the effect of reaction pressure on the thermal stability of ma
terials was negligible, while for processes with the reactor power of 
1500 W or 2000 W, together with the increase of the reaction pressure, a 

slight improvement in the thermal stability of the materials was 
observed. This is likely associated with a higher graphitic content in 
those samples, as suggested by both X-Ray Diffraction (XRD) and 
Scanning Electron Microscopy (SEM), as described above. Interestingly, 
an increase of microwave power from 1000 to 2000 W at constant 
pressure resulted in a decrease of the material’s thermal stability. 

As was stated above in case of HRTEM studies, for the samples ob
tained at higher reactor power the rough surface was observed. So we 
can deduce that the amount of non-graphitic carbon increased and 
simultaneously the decrease of thermal stability of the sample could be 
noticed. 

The specific surface area of the composites was measured by physical 
adsorption of N2 at − 196 ◦C using a Quadrasorb™ apparatus. Before 
each measurement, all samples were degassed under vacuum at 250 ◦C 
for 12 h. The specific surface area was determined by the adsorption 
isotherm over a relative pressure (P/P0) in the range of 0.05–0.20. The 
total pore volume, Vp, including both micropores and mesopores, was 
estimated by converting the amount of N2 gas adsorbed at a relative 
pressure of 0.99 to liquid volume of the adsorbate (N2). The results are 
shown in Table 1. 

Fig. 7 shows typical nitrogen adsorption isotherms of three typical 
samples. For the materials produced under different conditions, similar 
nitrogen isotherms were observed. A visible increase of the adsorption 
rate at the end of the isotherms can suggest that the macropores are 
present in materials, hence the adsorption isotherms are type II char
acteristic for the macroporous materials [82]. Compared to results from 

Fig. 6. Thermal stability of the tested samples.  
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our previous paper, where the adsorption isotherms were of the pure I 
type, a significant increase in macropores was noticed, and lower values 
of total pore volume were also observed [63]. The physicochemical 
properties of the samples were gathered in Table 1. For nearly all sam
ples produced under different reaction conditions, (pressure, power, 
reaction time) the specific surface area and total pore volume values 
were similar and no correlation to reaction conditions could be 
observed, except the samples RF_2/2000W/10 and RF_4/1000/15. In 
addition, we observed that the change in structure from spherical to 
spongy, did not affect the magnitude of the specific surface area, or the 
distribution of pores in the samples. In all the samples the contribution 
of micropores is dominant. Moreover, the density values of the samples 
were scattered and no correlation was detected depending on different 
reaction conditions. The influence of synthesis parameters was instead 
observed in the CO2 adsorption. 

The sample RF_2/2000/10 showed the highest CO2 uptake at 0 ◦C, 
what can be assigned to the highest content of supermicropores. On the 
other hand, the sample RF_1.5/1000/15, with the lowest content of 
supermicropores, adsorbed the lowest value of CO2 molecules at 0 ◦C. 
Then, the higher content of supermicropores, the higher CO2 adsorption 
at 0 ◦C. 

In our previous work, we produced samples in the ERTEC Magnum II 

microwave reactor [28,63,67], and proved in that work, that using a 
microwave reactor can significantly reduce the reaction time compared 
to reactions (carbon sphere synthesis) performed in an autoclave. 
Furthermore, by tuning the preparation conditions, materials with 
higher CO2 adsorption properties (6.21 mmol/g at 0 ◦C and 1 bar) could 
be obtained. However, the maximum microwave power that could be 
applied using this reactor was 600 W. In the present paper, use of the 
MSS2 microwave reactor enabled us to synthesise samples at different 
time, pressure and power conditions. Almost all samples in this work 
exhibited high CO2 adsorptive properties, above 6 mmol/g and 4 
mmol/g at 0 ◦C and 25 ◦C respectively. 

Comparison of gas adsorption data from samples obtained at 
different reaction pressures, showed that with an increase of reaction 
pressure, the CO2 adsorption values at 25 ◦C also increased (Fig. 8). For 
CO2 adsorption values at 0 ◦C, a reverse tendency could be observed. 
The differences were probably due to the influence of micropores and to 
the increasing contribution of chemisorption in relation to phys
isorption. With an increase of temperature the transition from phys
isorption to chemisorption is observed [83]. Then, the possible 
explanation of the observed phenomenon can be that at 25 ◦C the 
contribution of chemisorption in relation to physisorption is higher than 
at 0 ◦C. 

Table 1 
Physicochemical properties of the tested samples.  

Sample Density SBET TPV Vm Vu Vs CO2 adsorption at 0 ◦C CO2 adsorption at 25 ◦C 

(g/cm3) (m2/g) (cm3/g) (cm3/g) (cm3/g) (cm3/g) (mmol/g) (mmol/g) 

RF_1/1000/15 1.80 1244 0.58 0.483 0.188 0.295 6.45 3.52 
RF_1/1500/15 1.79 1096 0.48 0.444 0.150 0.294 6.47 3.32 
RF_1/2000/15 1.80 1172 0.51 0.462 0.155 0.307 6.72 3.65 
RF_1.5/1000/15 1.76 1188 0.50 0.466 0.202 0.264 5.57 3.65 
RF_1.5/1500/15 1.73 1167 0.50 0.458 0.181 0.277 6.14 4.06 
RF_1.5/2000/15 1.77 1207 0.56 0.468 0.161 0.307 6.61 3.85 
RF_2/1000/15 1.84 1177 0.54 0.469 0.193 0.276 5.53 3.93 
RF_2/1500/15 1.78 1164 0.53 0.460 0.154 0.306 6.65 4.18 
RF_2/2000/15 1.75 1148 0.50 0.452 0.162 0.290 6.30 4.07 
RF_3/2000/15 1.81 1216 0.51 0.476 0.174 0.302 6.51 3.94 
RF_4/1000/15 1.69 1376 0.58 0.522 0.250 0.272 5.65 4.33 
RF_1/2000/5 1.79 1124 0.50 0.461 0.177 0.284 6.26 4.13 
RF_1/2000/10 1.77 1151 0.48 0.455 0.144 0.311 6.81 4.27 
RF_1.5/2000/5 1.76 1234 0.47 0.452 0.179 0.273 6.17 4.30 
RF_1.5/2000/10 1.73 1232 0.50 0.467 0.161 0.306 6.66 4.28 
RF_2/2000/5 1.75 1202 0.49 0.473 0.168 0.305 6.65 4.23 
RF_2/2000/10 1.79 1464 0.62 0.591 0.277 0.314 6.99 4.13 

TPV – total pore volume; Vm – Micropore volume; Vu – Ultramicropore volume (0.7–2 nm); Vs – Supermicropore volume (<0.7 nm). 
The micropore, ultramicropore and supermicropore volume was calculated from N2 adsorption isotherms at − 196 ◦C and from CO2 adsorption isotherms at 0 ◦C. 

Fig. 7. Exemplary nitrogen adsorption isotherms for obtained materials.  

Fig. 8. Correlation between the reaction pressure and the CO2 adsorption.  
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In one of our previous papers [84] we described the CO2 adsorption 
studies on commercial activated carbon (pure and modified with KOH) 
performed using temperature-programmed desorption method 
(TPD-CO2) under atmospheric pressure at three different temperatures: 
− 30, 0 and 20 ◦C. At the temperature of − 30 ◦C the adsorption energy 
calculated was equal to 25.8 and 26.9 kJ/mol on the unmodified and 
modified with KOH activated carbon, respectively, which was ascribed 
to physisorption. With increasing temperature, adsorption at 0 ◦C and 
20 ◦C occurred with a bond strength of 46–58 and 54–75 kJ/mol, 
respectively. It allowed to state that at higher temperatures the 
adsorption of carbon dioxide on activated carbon had a mixed (phys
ical/chemical) character and that two types of adsorption sites are 
present at the surface. At 20 ◦C the contribution of chemisorption in 
relation to physisorption was higher than at 0 ◦C. 

As shown in Fig. 9, an increase in reaction power resulted in an in
crease in CO2 adsorption values at 0 ◦C. The lowest CO2 adsorption 
values at the temperature 0 ◦C were gathered for the materials obtained 
using 1000 W. For the adsorption at 25 ◦C the values are scattered. 
Increasing the reaction power, the reactor reached faster set tempera
ture, so the material was inside reactor for the shorter period of time. 
This could have an influence on the textural properties of the material, i. 
e. porosity and maybe on the presence of the functional groups on the 
surface of material. 

The effect of the reaction duration on gas adsorption was investi
gated, and as shown in Fig. 10, no obvious tendency can be noticed. 

Due to diffusional problems of the adsorptive molecules inside mi
cropores, low temperature N2 adsorption is not a suitable method for the 
investigation of microporosity of carbon materials. The higher kinetic 
energy of CO2 molecules at 0 ◦C allows the gas to penetrate the narrower 
pores [85]. In order to investigate the microporosity of materials, a 
NLDFT model based on the CO2 adsorption isotherms data at 0 ◦C was 
used. 

According to the literature, there is a strong correlation between 
microporosity of carbon materials and the efficiency of CO2 adsorption 
[86–88]. In a paper by Sevilla and Fuertes, high CO2 adsorption capacity 
of 4.8 mmol/g at 25 ◦C and 1 atm, was assigned to the presence of 
narrow micropores below 1 nm [89]. Lee and Park claimed that the 
efficient CO2 adsorption was related more to the presence of micropores 
of 0.7 nm diameter than to the surface area or total micropore volume 
[90]. 

The importance of narrow micropores in carbon materials derived 
from phenolic resins in gas adsorption was also discussed by Wickra
marante and coworkers who claimed the remarkable adsorption ca
pacity of their material (8.9 mmol/g at 0 ◦C and 1 atm) was related to the 
presence of very high contribution of micropores, below 0.8 nm [91,92]. 

An interesting investigation of cooperative CO2 adsorption was 
presented in the work by Chen and Watanabe [93]. A simulation showed 
that the highest adsorption density, at a pressure of 1 atm, was deter
mined for slit pores in a size from 0.4 nm to 1.2 nm. The kinetic diameter 
of CO2 molecule is 0.33 nm [94], thus pores below this size are not able 
to adsorb CO2 molecules. The highest adsorption density was calculated 
for the 0.4 nm slit pores. However, at ambient conditions the most 
efficient CO2 adsorption efficiency was observed in pores of size similar 
to the size of CO2 molecule [95]. The presence of narrow micropores is 
highly desirable due to the overlapping potential fields from both sides 
of the pores, which results in higher CO2 adsorption density. In our 
previous paper it was shown that the presence of micropores below 0.4 
nm had a crucial impact on CO2 adsorption [63]. Modification of the 
carbon material with potassium oxalate (to reach K:C ratio equal 7:1) 
resulted (in the case of the sample carbonized at 700 ◦C) in an increase of 
specific surface area of 45% and of the total porosity of 72%. Simulta
neously and surprisingly, density of the material increased as well, of 
10%. We explained that density increase by the content of remaining 
potassium, proved also by XPS measurements. What was the most 
important, the accompanying increase of carbon dioxide uptake reached 
58% at 0 ◦C and 51% at 25 ◦C. 

For materials produced in this work, almost all conditions produced 
three sizes of pores, and in almost all cases, a high proportion of 0.35 nm 
pores was observed. Given the kinetic diameter of CO2 molecule (0.33 
nm) this pore size plays a crucial role in CO2 adsorption at ambient 
conditions. 

All samples prepared in this study produced a high volumetric pro
portion of micropores below 0.7 nm, which led to high CO2 adsorption 
values. Nonetheless, the effect of narrow pores below 0.4 nm on CO2 
adsorption was also considered. Sample data presented in Fig. 11a 
correlate with high CO2 adsorption at 0 ◦C and very high content of 
micropores below 0.4 nm. The lowest CO2 adsorption at 0 ◦C was 
observed for sample RF_1/2000/5, which also exhibited the lowest 
content of micropores below 0.4 nm. The highest values of CO2 
adsorption at 0 and 25 ◦C were observed for the sample prepared with a 
reaction time of 10 min. As shown in Fig. 11b, sample RF_1.5/1000/15, 
with a lack of pores below 0.4 nm, expressed much lower CO2 adsorption 
at 0 ◦C. Also shown in Fig. 11c, there is a correlation between the 
presence of pores below 0.4 nm, and efficient CO2 adsorption. Sample 
RF_2/1000/15 expressed a very low content of pores below 0.4 nm, and 
the CO2 adsorption at 0 ◦C was lower - 5.53 mmol/g. Nevertheless, the 
adsorption at 25 ◦C was at an acceptable level, 3.93 mmol/g. It is worth 
noting that sample RF_4/1000/15 (Fig. 11d), which didn’t contain pores 
below 0.4 nm, had the highest surface area (1376 m2/g). Thus, the lack 
of micropores below 0.4 nm had an impact on the CO2 adsorption at 0 ◦C Fig. 9. Correlation between heating power and CO2 adsorption.  

Fig. 10. Correlation between the reaction time and the CO2 adsorption.  
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(where physisorption dominates). This sample expressed the highest 
content of pores in size 0.5 nm, and CO2 adsorption at 25 ◦C reached 
4.33 mmol/g, which was the highest value of all samples. Then, we can 
conclude that the presence of micropores with diameter comparable to 
the diameter of CO2 molecule (0.33–0.4 nm) is favourable for phys
isorption (more important at 0 ◦C, than at 25 ◦C), where the presence of 
micropores with size above 0.5 nm is favourable for chemisorption at 
25 ◦C. 

5. Conclusions 

Microporous carbon spheres with high CO2 adsorption properties 
were obtained using a high pressure variable power modified Stöber 
method in a microwave assisted solvothermal reactor. With an increase 
in reaction pressure, partial transformation of spherical to polyhedral 
shape can be noticed, associated with a more ordered graphitic struc
ture. No carbon spheres were produced if the reaction pressure was 
above 3 MPa. A significant correlation between efficient CO2 adsorption 
at 0 ◦C and presence of pores below 0.4 nm was observed. The most 
efficient CO2 carbon adsorbents were produced when the reaction time 
was 10 min, and reaction power was 2000 W. An increase in reaction 
pressure produced a higher content of graphitic structure in the material 
together with the collapse of the spherical shape. The accompanying 
changes in micropore structure were observed simultaneously for the 
sample prepared at 4 MPa – a disappearance of micropores below 0.4 
nm, having a negative effect for carbon dioxide physisorption, but an 
increase in contribution of micropores of about 0.5 nm, favourable for 
CO2 chemisorption occurring more intensively at 25 ◦C. 
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