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Fractal structure of porous carbon materials (PСMs) obtained by thermal modification under different regimes 
was investigated using the method of low-temperatureporometry. It was set that at modification temperatures of 

300 and 600°C, materials with a developed microporous structure are formed, the surface fractal dimension of 

which is 2.64. When the modification temperatures are 400 and 500°C, the value of the fractal dimension of the 

surface decreases to a value of 2.22 with an increase in the duration of modification, which indicates the formation 

of an almost smooth surface as a result of the intensive removal of carbon atoms from the surface layers and a 

decrease in the number of micropores due to their transition into mesopores. 
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Introduction 

The developed specific surface area of PCMs is one 

of the important parameters that makes their attractive for 

use in lithium power sources [1-3] and electrochemical 

capacitors [4-6] as an electrode material. During the 

carbonization of raw materials, it is quite difficult to obtain 

PCMs with a specific surface area more than 500 m2/g and 

a total pore volume more than 0.2 cm3/g. This determines 

the need for additional modification and treatment of such 

materials. 

The main methods of PCMs modification and 

treatment include thermochemical methods [7-9], 

ultrasonic and laser treatment methods [10, 11], as well as 

the use of exo- and endotemplates [12-14]. When using 

the specified treatment methods, both the parameters of 

the porous structure of carbon materials (specific surface 

area, pore volume and their size distribution) change, and 

their fractal structure changes. Earlier, we have 

investigated the features of the fractal structure of PCMs 

obtained by hydrothermal carbonization of plant raw 

materials and determined how the value of the surface 

fractal dimension Ds changes as the carbonization 

temperature of the raw material increases [15]. The aim of 

this work is to study the effect of thermal modification 

regimes (temperature and time) of PCMs on their fractal 

structure using the method of low-temperature porometry. 

I. Materials and methods 

PCM obtained by hydrothermal carbonization of plant 

raw materials at a temperature of 750°С was the initial 

material for thermal modification [15]. To increase the 

specific surface due to the removal from the carbon matrix 

of the most reactive carbon atoms that interact with 

gasifying agents, PCM was placed in a chamber where it 

was kept for a given time in a gas flow (a mixture of hot 

air and argon). The main parameters of the process were 

the temperature tmod and the modification time τmod. 

Thermal modification was carried out at temperatures of 

300, 400, and 500°C for a duration of 0.5 ÷ 3 h and 600°C 

for a duration of 0.25 ÷ 1 h. In the latter case, shorter 

modification times of PCM are due to the fact that further 

heat treatment leads to complete burnout of the material at 
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a given temperature. 

Quantachrome Autosorb (Nova 2200e) automatic 

sorbtometer was used to obtain sorption isotherms of 

PCMs at the boiling temperature of nitrogen (T = 77 K). 

Before measurements, the samples were degassed in a 

vacuum at 180°C for 20 hours. The Brunauer-Emmett-

Teller (BET) method was used to determine the total 

specific surface area of pores SBET, the specific surface 

area of micropores Smicro was determined by the t-method, 

the surface area of mesopores Smeso was calculated as the 

difference between the total surface area of pores and 

micropores [16]. 

The surface fractal dimension Ds of PCMs was 

determined by rearranging the nitrogen adsorption 

isotherm according to the equation [17]: 

 

 ln (
𝑉

𝑉𝑚𝑜𝑛𝑜
) = 𝑐𝑜𝑛𝑠𝑡 + 𝐴 [ln (ln (

𝑝0

𝑝
))], (1) 

 

where V is the volume of adsorbed gas; Vmono is the volume 

of adsorbed gas that covers the surface of the sample with 

a monolayer; A is a degree indicator that depends on the 

surface fractal dimension Ds; р0/р is the relative pressure. 

The volume of the monolayer coating Vmono was calculated 

according to the BET method [16]: 

 

 
1

𝑊[(𝑝0/𝑝)−1]
=

1

𝑊𝑚𝑜𝑛𝑜𝐶
+

𝐶−1

𝑊𝑚𝑜𝑛𝑜𝐶
∙
𝑝

𝑝0
, (2) 

 

where W is the mass of gas adsorbed at the relative 

pressure p/р0; Wmono is the mass of adsorbed matter which 

forms a monolayer that covers the entire surface; С is the 

BET-constant, which characterizes the adsorption energy 

in the first adsorption layer and is an indicator of the 

magnitude of the adsorbent/adsorbate interaction. 

According to [18], van der Waals forces prevail at the 

interaction of PCMs and gas at the initial stage of nitrogen 

adsorption. Surface tension forces on the liquid-gas 

interface can be neglected. The relation between A and Ds 

parameters is given by the equality: 

 

 𝐷𝑠 = 3𝐴 + 3. (3) 

 

During further adsorption, the forces of surface 

tension between gas and liquid begin to dominate. In this 

case, the ratio is fulfilled: 

 

 𝐷𝑠 = 𝐴 + 3. (4) 

 

It follows from equations (3) and (4) that the surface 

fractal dimension Ds of PCM can be determined based on 

the equation required for a specific case. The limit that 

determines the dominance of surface tension forces or van 

der Waals ones is given by the equation [18]: 

 

 𝛼 = 3𝐴 + 1. (5) 

 

Van der Waals forces prevail if α ≥ 0. When α < 0, 

surface tension forces dominate. 

II. Results and discussion 

According to low-temperature porometry data 

(Fig. 1), the sorption isotherms for PCMs obtained by 

modification at 300°C at all modification times are the 

same in shape and belong to the I type of isotherms, which 

is typical for microporous materials (Fig. 1, curve 2). 

There is a low-pressure hysteresis on these isotherms, 

which is less expressed compared to the initial material. 

The most probablу reason for this behavior may be a 

decrease in the irreversible retention of nitrogen molecules 

in pores, the size of which is proportional to the size of 

nitrogen molecules, due to the appearance of oxygen-

containing functional groups on the surface of carbon 

particles. For these materials, the amount of adsorbed gas 

is somewhat greater than for the initial sample. 

 

 
Fig. 1. Nitrogen sorption isotherms for initial (1) and 

modified at temperatures of 300°С (2), 400°С (3), 500°С 

(4), and 600°С (5) PCMs. 

 

For PCM modified at 400°C for 0.5 h the isotherm is 

a similar kind. However, at τmod = 1 3 h and tmod = 500°C 

for all modification times, the form of the isotherms 

changes sharply. In the range of relative pressures 

p/p0 = 0.42 ÷ 1, high pressure hysteresis is present on the 

isotherms. According to the IUPAC classification, this 

hysteresis belongs to the H4 type [16] and is associated 

with capillary condensation in mesopores (Fig 1, curves 3 

and 4). When the duration of modification increases, the 

value of hysteresis increases and is ΔV = 3÷43 cm3/g for 

tmod = 400°С and ΔV = 8 ÷ 31 cm3/g for tmod = 500°С. 

There is no low-pressure hysteresis in these samples. 

For PCMs obtained at a modification temperature of 

600°C, the sorption isotherm (Fig. 1, curve 5) is similar to 

curves 3 and 4. However, due to shorter modification 

times, the high-pressure hysteresis is less expressed and is 

ΔV = 3 cm3/g at p/p0 = 0.7. There is no hysteresis at 

τmod = 1 h, which indicates the formation of a microporous 

material.  

Presenting the adsorption isotherms in the coordinates 

ln(V/Vmono) = f{ln[ln(p0/p) (Fig. 2) and using formulas (3)-

(5) to calculate the surface fractal dimension Ds, it is 

possible to set how the value Ds changes during thermal 

modification of PCMs. 

As can be seen from Fig. 2, linear regions with 

different inclination angles are observed on the obtained 

dependences, which indicate the large-scale properties of 
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the surface of the materials. When the relative pressure 

increases, the number of nitrogen molecules adsorbed in 

the pores increases. As a result, the interface between the 

adsorbent and the adsorbate becomes smoother. In this 

case, the Ds parameter no longer describes the solid-gas 

interface, but characterizes the interaction of the material 

surface with polyatomic layers of adsorbed nitrogen 

molecules. Therefore, the first linear region was chosen to 

correctly determine the surface fractal dimension of the 

PCMs. 

According to the calculations (Table 1), the parameter 

α has a positive value for all PCMs, which indicates the 

dominance of van der Waals forces in the adsorbent-

adsorbate system and the need to use equality (3) to find 

the fractal dimension of the surface Ds. 

As follows from the Table 1, the fractal dimension of 

the surface increases at a modification temperature of 

300°C. The main reason for this growth is an increase in 

the portion of micropores in relation to the initial material 

(according to Table 2, the portion of the micropore surface 

increases to 95%). However, this temperature is 

insufficient for the formation of a developed mesoporous 

structure, for which the value of the surface fractal 

dimension is smaller. Similarly, shorter modification 

times of the initial material at 600°С almost do not change 

the dimension of the surface, although the number of 

micropores, as in the previous case, increases to 96 % 

(Table 2). This is due to the compaction of the structure of 

carbon particles due to the compaction of microregions 

formed by graphene layers. 

 

 
Fig. 2. Dependences ln(V/Vmono) = f{ln[ln(p0/p)]} for PCMs obtained at different modification temperatures  

at τmod = 1 h. 

 

Table 1. 

Parameters of the fractal structure of thermally modified PCMs 

τmod, 

h 

tmod = 300°С tmod = 400°С tmod = 500°С tmod = 600°С 

A α Ds A α Ds A α Ds A α Ds 

0.25          -0.14 0.58 2.58 

0.5 -0.26 0.22 2.22 -0.09 0.73 2.73 -0.16 0.52 2.52 -0.13 0.61 2.61 

0.75          -0.13 0.61 2.61 

1 -0.21 0.37 2.37 -0.11 0.67 2.67 -0.18 0.46 2.46 -0.12 0.64 2.64 

1.5 -0.13 0.61 2.61 -0.18 0.46 2.46 -0.20 0.40 2.40    

2 -0.12 0.64 2.64 -0.19 0.43 2.43 -0.22 0.34 2.34    

2.5 -0.12 0.64 2.64 -0.22 0.34 2.34 -0.24 0.28 2.28    

3 -0.11 0.67 2.67 -0.26 0.22 2.22 -0.26 0.22 2.22    

for the initial materialA = –0.45; α = –0.35; Ds = 2.55.  

the absolute error in determining the parameters is ± 0.02. 
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Table 2. 

Parameters of the porous structure  

of thermally modified PCMs 

tmod, 

°С 

τmod, 

h 

SBET, 

m2/g 

Smicro, 

m2/g 

Smeso, 

m2/g 

Smicro/SBET,  

% 

initial – 343 292 51 86 

300 

0.5 361 339 51 94 

1 443 425 18 96 

1.5 434 410 24 95 

2 439 418 21 95 

2.5 451 424 27 94 

3 450 423 27 94 

400 

0.5 433 380 53 88 

1 513 453 60 88 

1.5 542 478 74 88 

2 573 500 73 87 

2.5 614 504 110 82 

3 652 535 117 82 

500 

0.5 526 463 63 88 

1 623 522 101 84 

1.5 616 519 97 84 

2 653 550 103 84 

2.5 586 492 94 84 

3 479 404 75 84 

600 

0.25 465 411 54 88 

0.5 497 464 33 93 

0.75 464 441 23 95 

1 457 439 18 96 

 

For modification temperatures of 400 and 500°C, 

there is a tendency for the Ds parameter to decrease with 

increasing duration of modification, which indicates the 

formation of an almost smooth surface. A similar situation 

for the given temperatures was observed when studying 

these materials by the method of small-angle X-ray 

scattering (SAXS) (Table 3), the use of which made it 

possible to determine the value of the surface fractal 

dimension of both open and closed pores [19]. 

Comparing the data of SAXS and low-temperature 

porometry (Table 4), it is also possible to estimate the 

portion of the specific surface of open pores k in PCM 

relative to the entire surface of the material. In this case, 

open pores include pores on the surface of which nitrogen 

molecules are adsorbed. 

As follows from the data in the Table 4, the most 

significant development of the open porous structure is 

observed as a result of thermal modification at 

temperatures of 400 and 500°С. Thermal modification at 

300°C is insufficiently effective for the formation of a 

mesoporous structure. It is possible that the micropores are 

closed by reaction products at this temperature, which also 

limits the access of nitrogen molecules to this part of the 

PCM. For the samples modified at 600°С, the main reason 

for the decrease in the parameter k is probably the 

compaction of the PCM structure. This, in turn, leads not 

only to an increase in microporosity, but also to the 

formation of ultra-micropores and the closing of some 

open pores. 

Thus, adjusting the temperature and time of 

modification of the initial material, it is possible to obtain 

PCMs with a controlled porous structure and fractal 

dimension, which is an effective tool in the synthesis of 

materials with predetermined properties. 

Table 3. 

Ds value according to SAXS and low-temperature porometry 

τmod, h 
tmod = 300°С tmod = 400°С tmod = 500°С tmod = 600°С 

Ds
* Ds

** Ds
* Ds

** Ds
* Ds

** Ds
* Ds

** 

0.25       2.6 2.58 

0.5 2.2 2.22 2.8 2.73 2.5 2.52 2.55 2.61 

0.75       2.6 2.61 

1 – 2.37 2.7 2.67 2.4 2.46 2.6 2.64 

1.5 2.3 2.61 2.4 2.46 2.2 2.40   

2 2.3 2.64 2.2 2.43 2.0 2.34   

2.5 2.7 2.64 2.1 2.34 2.0 2.28   

3 2.7 2.67 2.0 2.22 2.0 2.22   
* SAXS data [19]; **low-temperature porometry data. 

for the initial material Ds
* = 2.6; Ds

** = 2.55. 

Table 4. 

Specific surface area of PCMs according to SAXS [19] and BЕТ-method 

τmod, h 
tmod = 300°С tmod = 400°С tmod = 500°С tmod = 600°С 

SSAXS SBЕТ k SSAXS SBЕТ k SSAXS SBЕТ k SSAXS SBЕТ k 

0.25          777 465 60 

0.5 785 361 46 634 433 68 665 526 79 788 497 63 

0.75          853 464 54 

1 729 443 61 657 513 78 774 623 80 847 457 54 

1.5 805 434 54 694 542 78 767 616 80    

2 773 439 57 734 573 78 806 653 81    

2.5 755 451 60 832 614 79 915 586 64    

3 768 450 59 795 652 82 912 479 53    

specific surface area in m2/g; 

k in % (for the initial material k = 73 %). 
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Conclusions 

The possibility of using the low-temperature 

porometry method for studying the fractal structure of 

PCMs obtained under different conditions of thermal 

modification is shown. The surface fractal dimension of 

PCMs is greater than that of the initial material at 

modification temperatures of 300 and 600°C due to an 

increase in the proportion of the specific surface area of 

micropores relative to the total specific surface area of 

pores. When modification temperarure are 400 and 500°C 

and the duration of modification increases, there is the 

redistribution between micro- and mesopores in the 

direction of an increase in the number of mesopores, 

which leads to the formation of an almost smooth surface 

of materials with a surface fractal dimension close to 2. A 

comparative analysis was carried out between the data of 

low-temperature porometry and small-angle X-ray 

scattering, which indicates a correlation in the change in 

the value Ds. 
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