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of 0.4–0.6 cm3g-1 by varying the raw materials and techno-
logical parameters for the ACs synthesis [1]. Microporous 
ACs are highly efficient in the sorption processes and sepa-
ration of gas mixtures. Mesoporous ACs are appropriate for 
sorption processes in liquid-phase. Macropores are usually 
the transport channels, and their role in the sorption pro-
cesses of is insignificant.

ACs can be produced from various raw materials, such as 
wood [2], coal [3], polymers [4], and nutshells [5]. Heavy 
refining residues (petroleum coke, bitumen, asphalt) are 
also actively used to produce ACs due to the low cost and 
high carbon content [6, 7]. Low cost asphalt is produced in 
vast quantities, but it does not find a qualified application 
[8]. Since the carbon content of asphalt is more than 85%, it 
makes asphalt an excellent raw material to produce carbon 
materials with high yields. The asphaltenes included in the 
composition of asphalt form nanosized conjugated aromatic 
structures those form porous asphaltene aggregates [9, 10]. 

1 Introduction

Important advantages of carbon materials are stability in 
chemically aggressive environments, large specific surface 
area, and the ability to control parameters of their porous 
structures over a wide range. Commercial activated car-
bons (ACs) usually contain all kinds of pores. Charcoal and 
mineral coal are usually characterized by large volumes of 
micropores (up to 0.2–0.4 cm3g-1) and macropores (up to 
0.5-1.0 cm3g-1), whereas the volume of mesopores is usually 
low. It is possible to achieve even larger micropore volumes 
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Abstract
The carbonization temperature of carbon precursors before their activation is an important factor affecting the porous 
structure and properties of the resulting activated carbons. In this work сorrelation between the textural and adsorption 
properties of asphalt-based porous carbons and the carbonization temperature has been found. Additionally, the optimal 
carbonization temperature, and reasons why the carbonization temperature affects the main textural characteristics of the 
activated carbon were established. A series of porous carbons has been prepared from petroleum asphalt by a two-stage 
method, including carbonization of asphalt at different temperatures from 450 to 800 °C and KOH activation. To reveal 
the reasons of the correlation the carbonized samples were studied by TG-DTG, IR-Fourier, TEM methods. It is shown 
that the carbonization temperature effects on the structural defects, distance between the graphene layers, the reactivity 
and thermal stability of the carbonized asphalts. These specificities contribute to formation of porous structures of the 
activated carbons. The carbonization temperature 500–600 °С of the petroleum asphalt is found to be the optimal for 
further activation. The KOH activation of the petroleum asphalts carbonized at 500–600 °С provides microporous carbon 
with the high specific surface area (about 2000 m2g-1) and the CO2 uptake (3.3 mmolg-1). Additionally, the specific surface 
area of the activated carbons is shown can be predicted from the temperature of 50% (T50%) mass loss of the carbonized 
petroleum asphalt. The linear dependence of the T50% on BET surface area can be fitted by T50%=640–0.424SBET with 
determination coefficient R2 equal to 0.96.
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Activation of asphalts is a well-known way to obtain micro- 
and mesoporous carbon materials with a large surface area 
and excellent adsorption properties [11, 12]. For example, 
Liang et al. [12] prepared AC from petroleum asphalt by 
varying the KOH/asphalt ratio and activation temperature. It 
was shown that the obtained carbon material exhibits adsorp-
tion properties comparable to the commercial materials.

Industrial technologies for producing activated carbons 
usually consist of two stages: carbonization and activation 
of carbon-containing precursors [13]: (i) carbonization is a 
heat treatment of carbon-containing raw materials in inert 
atmosphere at temperatures of 600–800 ºС with a certain 
rate of temperature rise, and exposure; (ii) activation is a 
heat treatment of the carbonized product in an oxidizing 
atmosphere (H2O, CO2, O2, air) at temperatures of 600–900 
ºС for 5–120 min, or heat treatment of the carbonized raw 
material in an inert atmosphere in the presence of activating 
agents (ZnCl2, H3PO4, KOH, K2CO3, NaOH, Na2CO3).

Alkali metal hydroxides stand out among the many acti-
vating agents. Potassium and sodium hydroxides are one of 
the most effective activating agents for obtaining micropo-
rous carbon materials with high specific surface area and 
pore volume [13]. KOH is more effective than NaOH. 
Chemical reactions between hydroxides (KOH or NaOH) 
and carbonized asphalts occurring in the activation process 
determine the extension of porosity in ACs. In paper [14], 
the interaction of alkali metal hydroxides with carbon was 
studied. The authors had proposed the following mechanism 
of the activation process:

4KOH + = CH2 → K2CO3 + K2O + 3H2 (1)

K2O + C → 2K + CO  (2)

K2CO3 + 2C → 2K + 3CO  (3)

It can be seen that = CH2 groups react with KOH to form 
K2CO3 and K2O. Thus, alkyl groups on the surface of the 
carbon precursor play a key role in its activation. As a rule, 
the activation with potassium hydroxide leads to the forma-
tion of micropores predominantly. These pores are respon-
sible for the high specific surface area and pore volume [14].

The carbonization temperature is an important factor 
affecting the properties of the carbon precursor before its 
activation and, ultimately, the properties of the resulting 
activated porous carbons [7, 15, 16]. Heating promotes the 
removal of volatile substances. Therefore, the composi-
tion of the carbonaceous raw material after carbonization 
changes with the carbonization temperature. The size and 
orientation of crystallites in carbon precursors also depend 
on the carbonization temperature [17]. Thus, the textural 
and adsorption properties of the final carbon materials are 

determined not only by the activation conditions, but also by 
the characteristics of the carbon precursor. The properties of 
the heat-treated carbon precursor also might vary depending 
on the temperature and duration of carbonization.

In work [18], the duration and temperature of petroleum 
asphalt pre-carbonization were optimized to obtain ACs 
with the extended porous structure and high CO2 capac-
ity. Continuing that study, here we set a primary purpose to 
establish reasons why the carbonization temperature affects 
the main textural characteristics of the activated carbon. It 
was an additional aim of this work to establish the prepara-
tion conditions of activated carbons from petroleum asphalt, 
which can be a promising feedstock for cheaper activated 
carbons. We have synthesized carbon samples from petro-
leum asphalt by carbonization at various temperatures fol-
lowed by activation using KOH. Obtained carbon materials 
differ in terms of porous structure and ability to adsorb CO2.

2 Experimental

2.1 Materials

Petroleum asphalt provided by PJSC “Gaspromneft” has 
density of 1.05 g/cm3. According to AST D6560 the asphalt 
comprises 86.9 wt % of carbon, 9.1 wt % of hydrogen, 2.4 
wt % of sulfur, 0.8 wt % of oxygen, 0.7 wt % of nitrogen 
and 11.5% of asphaltenes. Potassium hydroxide (KOH, 
purity ≥ 86%) was purchased from Khimprom.

2.2 Carbonization of petroleum asphalt

Asphalt is used as raw material. It was carbonized in argon 
flow at various temperatures (450 °C, 500 °C, 550 °C, 
600 °C, 700 °C and 800 °C) for 1 h. The petroleum asphalt 
sample carbonized at 450 °C is denoted as PA450. Other 
samples are marked in the same way. Further, the obtained 
carbon precursors were activated.

2.3 Preparation of activated carbons

A 1.0 g of carbonized petroleum asphalt was mixed by dry 
milling with 4 g of KOH as the activating agent at room tem-
perature. The resulting mixtures were put into a horizontal 
pipe reactor for the activation. The samples were activated 
as follows: (i) temperature-programmed heating with the 
ramping rate of 5 °C/min in argon flow from room tempera-
ture to 800 °C, (ii) holding at 800 °C for 60 min and then 
(iii) cooling down to room temperature in argon flow. The 
activated samples were washed with distilled water until the 
filtrate appeared neutral. When discussing the results, the 
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activated samples are marked as APAx, where x represents 
the carbonization temperature.

2.4 Characterization

The nitrogen adsorption-desorption isotherms at 77.4 K were 
measured for the ACs on the ASAP-2020 M (Micromerit-
ics) analyzer using standard continuous procedures. ACs 
samples were degassed at 300 ºС for 8–10 h under reduced 
pressure prior to the adsorption-desorption experiments. We 
have calculated the following texture characteristics: BET 
specific surface area (SBET), specific pore volume (Vtotal 
at P/P0 = 0.99), specific volume of micropores (Vmicro) by 
αS-method. The pore size distribution (PSD) was estimated 
from the N2 adsorption isotherms with the non-local density 
functional theory for heterogeneous surfaces (2D-NLDFT) 
[19]. 2D-NLDFT model implemented in the SAIEUS soft-
ware (Micromeritics), free version.

CO2 adsorption isotherms at pressure up to 1 bar and 
temperature 25 °C were obtained for the ACs samples on the 
Sorptomatic 1900 (Carlo Erba Instruments). The samples 
were degassed at 300 °C for 3 h before the measurements.

Thermal stability of the carbonized petroleum asphalt 
was measured with the DTG-60 TG/DTA analyzer (Shi-
madzu) from 30 to 800 °C at the heating rate of 10 °C/min 
under air atmosphere.

The morphologies and microstructures of the carbonized 
asphalt samples were characterized by transmission elec-
tron microscopy JEM 2100 (JEOL) at accelerating voltage 
of 200 kV and resolution of 0.14 nm. Computer processing 
of the electron microscopy images and Fast Fourier trans-
formed (FFT) electron diffraction patterns was made with 
the Gatan Digital Micrograph software [20].

Surface functional groups of the carbonized carbons were 
identified using the Fourier transform infrared (FTIR) spec-
trometer IRPrestige-21 (Shimadzu). The defect level was 

determined by Raman spectroscopy DXR Smart Raman 
(Thermo Fisher Scientific).

3 Results and discussion

3.1 Characteristics of porous carbons derived from 
the petroleum asphalt

Figure 1 shows adsorption-desorption isotherms on APAx 
samples obtained by the activation of the carbonized 
asphalt. The APA450 sample has the smooth increase of 
the N2 adsorption at P/P0 = 0.1–0.5 (Fig. 1a). It indicates 
the presence of small mesopores in the porous structure of 
the sample [21, 22]. The nitrogen adsorption capacity of the 
activated carbons obtained from the asphalts decreases when 
the carbonization temperature rises from 500 to 700 ºС. The 
shapes of adsorption-desorption isotherms for the APA500 
- APA700 samples are the same and can be classified as the 
type I isotherm related to microporous solids according to 
the IUPAC [23]. As it is seen in Fig. 1a, the activation of 
carbon sample carbonized at 800ºС produces the carbon 
material with reduced porous structure (APA800).

The BET surface area and pore volume of the activated 
carbons calculated from the adsorption isotherms are sum-
marized in Table 1.

Table 1 shows that the carbonization of the petroleum 
asphalt at 450 ºС produces the carbon with the extended 

Table 1 Textural properties of the asphalt derived porous carbon
Sample SBET.,

m2g− 1
Vtotal,
cm3g− 1

Vmicro,
cm3g− 1

Vmeso,
cm3g− 1

APA450 2923 1.50 0.94 0.55
APA500 1997 0.88 0.73 0.15
APA550 2191 1.01 0.82 0.19
APA600 1734 0.80 0.65 0.15
APA700 1176 0.55 0.41 0.14
APA800 100 0.10 0.03 0.07

Fig. 1 Nitrogen adsorption 
isotherms at 77 K on the synthe-
sized activated carbons (a) and 
differential 2D-NLDFT pore size 
distributions (b)
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materials having both the high specific surface area (about 
2000 m2g− 1) and the highest CO2 uptake (3.3 mmolg− 1).

Since the carbonization temperature was shown to have 
the significant effect on the porous structure of the asphalt-
derived carbons, we also have studied the synthesized car-
bonized samples by TG-DTG, IR-Fourier, TEM methods to 
reveal the reasons.

3.2 Characteristics of the carbonized petroleum 
asphalt

Thermal stability of the carbonized petroleum asphalt sam-
ples was studied using the thermogravimetry and differen-
tial thermal analysis. The combustion of carbon materials 
is usually characterized by a 50% conversion temperature 
(T50%). This characteristic temperature is determined from 
the TG curve (Fig. 3a) [26]. As it can be seen, the T50% rises 
with increase of the asphalt carbonization temperature from 
450 to 800 ºC. This indicates an increase in the resistance 
of carbonized asphalt surface to oxidation. Additionally, the 
50% conversion temperature T50% was found to near lin-
early decrease with the BET surface area of obtained acti-
vated carbons (Fig. 3b). Thus, the BET surface area of the 
carbons after activation can be estimated preliminarily using 
the thermal analysis data for the carbonized asphalt precur-
sor. The linear dependence of the T50% on BET surface area 
can be fitted by T50%=640–0.424SBET with determination 
coefficient R2 equal to 0.96.

Structure of the carbon precursors is known to have a 
considerable effect on the chemical activation process [27]. 
Therefore, we have analyzed the morphology of carbon-
ized asphalt samples with transmission electron microscopy 
(TEM). Typical TEM images are demonstrated on the Fig. 4. 
The particles of PA450 sample have an arbitrary shape and 
consist of disordered graphene sheets (Fig. 4a, b). Conver-
sion of the TEM images to binary color (black and white) 
scheme allows us to emphasize details of the graphene lay-
ers morphology on sub-nanoscale (insert in Fig. 5a, d). In 

textural characteristics. Increase of the carbonization tem-
perature from 500 to 700 ºС leads to a decrease in the spe-
cific surface area and pore volume of the samples.

The PSD curves of these samples calculated with 
2D-NLDFT method are shown on the Fig. 1b. The sample 
APA800 is not included in this figure because of a negligible 
amount of N2 adsorption. The PSD curve for the APA450 
sample evaluated relying on the adsorption branch of the 
isotherm demonstrates the wide distribution between 0.4 
and 4 nm with a predominant impact of the supermicro- and 
mesopores. The supermicropores and small mesopores of 
the sample carbonized at 450 °C occur in the activation pro-
cess as evolution of new pores and expansion of existing 
pores of the carbonized asphalt [24]. Further increase of the 
asphalt carbonization temperature leads to a decrease of all 
the textural characteristics and shift of the PSD curves to the 
micropores region (Fig. 1b). This effect is explained by the 
formation of relatively stable carbon structures during car-
bonization at temperatures above 450 °C. If that stable car-
bon structures occur, the oxidative activation is hampered 
and the pores do not swell. The ACs samples carbonized at 
temperatures of 500–600 ºС have similar porous structures 
(Fig. 1a and b; Table 1), with 0.4–2.0 nm micropores.

A good CO2 adsorbent is known to have a hierarchically 
porous structure. Macropores and mesopores advantage 
the mass transport with minimal diffusion resistance, while 
micropores and especially ultramicropores favor high CO2 
loadings and adsorption selectivity [25]. These facts allow 
us to suggest the synthesized ACs as good candidates for 
CO2 adsorbents. Adsorption capacities of the petroleum 
asphalt-derived porous carbons for CO2 have been mea-
sured at 25 °C and pressures at 1 bar. Figure 2 shows the 
CO2 adsorption isotherms and CO2 uptake. As can be seen, 
the ACs samples obtained from the asphalt carbonized in 
the temperature range of 500–600 °C demonstrate the 
highest CO2 uptake. Thus, this carbonization temperature 
range is optimal for the preparation of microporous carbon 

Fig. 2 CO2 adsorption isotherms 
(a) and CO2 uptake (b) at 25 ºC
 

1 3

666



Adsorption (2024) 30:663–672

hampers the oxidation process and, therefore, the formation 
and expansion of pores during the activation of the porous 
carbon precursors.

The surface functional groups of the carbonized petro-
leum asphalts were identified using the FTIR spectroscopy. 
The obtained FTIR spectra are shown in Fig. 6. After car-
bonization at 450 °C there are absorption bands at 2820–
2950 cm− 1 and 1350–1450 cm− 1 on the spectra. These 
bands are assigned to stretching vibrations of С–Н bond 
in СН3– and –СН2– groups, respectively [28]. In addition, 
the FTIR spectra exhibit absorption bands at 3000–3050 и 
700–900 cm− 1, which are usually attributed to vibrations 
of C–H bonds in aromatic rings. The absorption bands at 
1500–1600 cm− 1 correspond to C = C bond vibrations rep-
resenting the aromatic rings [29, 30]. The FTIR spectra 
have wide absorption band at 3250–3500 cm− 1 which cor-
responds to stretching vibrations of O–H bonds in hydroxyl 
functional groups.

After carbonization of the asphalt at 600 °C the intensi-
ties of the FTIR absorption bands at 2820–2950 cm− 1 and 
1350–1450 cm− 1 decrease. When the carbonization tem-
perature is 600–700 ºC, the intensity of absorption bands 
at 3000–3050 cm− 1 and 700–900 cm− 1 also reduces. A new 
absorption band appears at 1200–1300 cm− 1 in the FTIR 
spectra of the asphalt samples carbonized at the tempera-
tures of 700–800 ºC. These bands correspond to stretching 
vibrations of C–O bonds in phenolic ethers and lactones 
[31].Thus, the increase of carbonization temperature up to 
700 and 800 ºС induces the condensation reactions of alco-
hols, phenols and aromatic structures. The disappearance of 
the above-mentioned IR bands at the carbonization temper-
atures above 600 °C indicates the thermal destruction of the 
surface functional groups. Thus, the surface of the carbon-
ized samples is “cleaned” and its reactivity decreases.

The C-O, C-O-C, C-O-H and some alkyl surface groups 
are known to affect the chemical activation process and 
promote an extension of the porosity of carbon materials. 

the PA450 sample randomly arranged graphene nanolayers 
are short (0.5–2 nm) and strongly curved. The interlayer 
distance is in the range of 0.4–1.3 nm with the distribution 
maximum of 0.71 nm. These distances were calculated from 
the analysis of the radial intensity profiles obtained after 
FFT analysis of the images (Fig. 5g).

TEM images of the PA600 sample demonstrates a more 
ordered structure compared to the PA450 carbon. The dis-
tance between graphene layers is 0.4–0.7 nm with the dis-
tribution maximum of 0.49 nm that is considerably smaller 
than the corresponding values of the PA450 sample. How-
ever, the length of the single graphene layer is longer (close 
to 3 nm) and the anisotropy of the structure becomes clearer 
(Figs. 4c and d and 5b and e).

The texture of the PA800 sample is evident (Fg. 4 e, f). 
The graphene layers in this sample are relatively extended 
and ordered. The length of graphene layers is 0.5–5 nm 
and distance between them is 0.4–0.6 nm with the distribu-
tion maximum of 0.44 nm (Figs. 4e and f and 5c, f and h). 
Thus, the petroleum asphalt carbonized at 450 ºС has the 
most defective and disorder structure. This is probably why 
the PA450 carbon precursor is more labile to the oxidation. 
These structural defects formed during asphalt carboniza-
tion are suggested to expand and collapsed to larger pores at 
thermal treatment with lower energy barriers. Moreover, the 
small size of crystallites and their disordered arrangement 
leads to a high specific surface area of carbon materials 
after the activation [27]. This is confirmed for the APA450 
sample.

The carbonization at 500–600 ºС produces the relatively 
stable carbon precursors. Its stabile structure further pro-
vides a mild activation of the material. Therefore, the pre-
carbonization procedure of petroleum asphalts at 500–600 
ºС promotes the formation of carbon materials with micro-
porous structure. The carbonization of the asphalt at 800 
ºС leads to the sharp reduction of the structural defects and 
decrease of the interlayer space. The latter significantly 

Fig. 3 (а) TG-curves of the car-
bonized asphalts. (b) BET surface 
area of activated asphalt-derived 
porous carbons versus tempera-
ture of 50% conversion of the 
carbonized asphalts
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size distribution can be controlled by optimizing the condi-
tions of the pre-carbonization process.

Figure 7 shows the Raman spectra of the carbonized 
asphalts after fluorescence correction. In the Raman spectra 
there are peaks: one is near 1345 cm− 1 assigned to a dis-
ordered graphitic lattice vibration mode with A1g symme-
try (D peak), and another is near 1595 cm− 1 attributed to a 

Firstly, thse functional groups react with KOH to form 
C–O–K intermediate species those act as active sites. The 
obtained particles further react with the carbon precursors. 
This process directs the formation of porous structure of the 
ACs samples [32, 33]. Thus, the textural properties of acti-
vated carbon materials such as BET surface area and pore 

Fig. 4 TEM images of the car-
bonized asphalt samples: PA450 
(a, b), PA600 (c, d) and PA800 
(e, f)
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effective way to control the porous structure of the porosity 
of activated carbons derived from petroleum asphalt.

4 Conclusion

In this work we consider how carbonization temperature 
of petroleum asphalt affects the further chemical activa-
tion process and porous structure of the activated carbons 
(ACs). It is found that the carbonization temperature mainly 
influences the structural defects and the graphene interlayer 
space in carbonized asphalts. It has a direct effect on the 
porous structure formed during the further chemical activa-
tion of the carbonized asphalts. The reactivity of the carbon 
precursor affects the formation of oxidation active sites on 
the surface of carbonized asphalts.

The specific surface area of the ACs is shown to be pre-
dicted from the temperature of 50% mass loss of the car-
bonized petroleum asphalt. The carbonization of petroleum 
asphalt at 500–600 ºС makes it possible to obtain a relatively 
stable carbon precursor providing mild activation. At such 
conditions the microporous carbon materials are produced. 

graphitic lattice vibration mode with E2g symmetry (G peak) 
[34]. In addition, low intensity peaks appear in the spectrum 
at 1447 and 1160 cm− 1. It indicates the presence of various 
defects in the graphite-like structures of the sample [34, 35]. 
The observed peak at 1251 cm− 1 corresponds to diamond-
like structures [36]. As it is seen in Fig. 7, the position of 
the bands recorded in the Raman spectra does not change 
significantly at the same time as the intensity of the peaks 
decreases by ~ 4 times when the carbonization temperature 
increases from 450 to 600 ºС. Further increase of the asphalt 
carbonization temperature leads to completely disappearing 
bands at 1447 and 1160 cm− 1, corresponding to various 
defects of disordered graphite-like structures. In this way, 
the structure is ordered. The results of Raman spectroscopy 
are consistent with TEM and IR spectroscopy data.

It can be concluded that the carbonization temperature 
of petroleum asphalt affect the structural defects, distance 
between the graphene layers, the reactivity and thermal sta-
bility of the carbon precursor. These specificities contribute 
in varying degrees to formation the porous structure of the 
activated carbon. Thus, we have proposed the simple and 

Fig. 5 TEM images and binary 
images following filtering and 
threshold selection of the asphalt 
carbonized samples: PA450 (a, 
d), PA600 (b, e) и PA800 (c, 
f). Graphs of the profile of the 
radial intensity of the contrast 
obtained after FFT of the images 
wich shown in the insets: sample 
PA450 (g), sample PA800 (h)
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Thus, it is relatively easy to obtain a carbon adsorbent 
with a high specific surface area and a CO2 capacity from 
inexpensive and non-recyclable petroleum asphalt by care-
ful tuning of the carbonization temperature. We believe that 
such carbon adsorbents will find wider applications beyond 
CO2 capture. This is the subject of our further research and 
developments.

The carbonization of the asphalt at higher temperatures (800 
ºС) decreases the structural inhomogeneity and the graphene 
interlayer space. Such ACs are more stable to the oxidation 
reactions occurring on the activation stage. The carboniza-
tion temperature of 500–600 °С is revealed to be optimal for 
the further activation of the carbonized petroleum asphalts. 
The KOH activation of the petroleum asphalts carbon-
ized at 500–600 °С provides microporous carbon with the 
high specific surface area (about 2000 m2g− 1) and the CO2 
uptake (3.3 mmolg− 1).

Fig. 6 FTIR spectra of the carbonized petroleum asphalt
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