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Analysis of porous structure of a variety of activated carbons, ACs, produced from natural raw 
materials or polymers has been carried out using SEM, AFM, TEM, adsorption, DSC and TG/DTA 
methods. Despite great porosity and high specific surface area, ACs poorly adsorb water from air. 
However, larger amounts of water fill a major portion (but incompletely) of the pore volume of ACs 
immersed in liquid water or wetted by liquid water but the heat of immersion in water is much smaller 
than that for decane. The pore size distributions (PSD) calculated from the adsorption and DSC data are 
in agreement with the PSD based on the analysis of HRTEM images.  
 

INTRODUCTION 

Structural features of activated carbons and 
related materials have been analysed in detail by 
many authors [1–14]. However, new experimental 
or calculations methods can stimulate deeper insight 
into the problem of adequate structural 
characterisation of ACs. For instance, the 
appearance of different versions of density 
functional theory (DFT) [15–20], progress in 
Monte-Carlo simulations of carbons [21–25] as well 
as high-resolution transmission electron microscopy 
(HRTEM), scanning electron microscopy (SEM), 
small angle X-ray scattering (SAXS) and other 
methods applied to different ACs stimulated new 
investigations of structural features of a variety of 
the materials [5, 14].  

It should be noted that IUPAC recommended 
term ‘micropores’ is rather incompatible with term 
‘nanoparticles’ (which can possess ‘micropores’) 
since ‘micro’ corresponds to 106 but ‘nano’ is 109. 
In other words, smaller scale nano (~109) particles 
include larger scale micro (106) pores; however, 
pore sizes should be really smaller than particle 
sizes. Therefore, in this paper, obsolete term 
‘micropores’ (recommended by IUPAC) 
corresponding to pores with half-width x < 1 nm has 
been replaced by term ‘nanopores’. 

According to HRTEM and SEM images [14], 
the pore structure of ACs is more complex than that 
of highly oriented graphitic materials comprising 
stacks of ideal or nearly ideal flat carbon sheets with 
narrow slit-shaped pores (nanopores) between them. 
Therefore, modern gas adsorption instruments 
include firm software with DFT methods with 
complex models of pores for carbons, e.g. slit-
shaped/cylindrical pores [26]. Monte Carlo models 
developed for ACs [14, 21–25] and HRTEM images 
of carbons [14, 27–32] suggest that there are 
significant deviations in the AC pore structure from 
a simple model of slit-shaped pores between planar 
carbon sheets because these sheets can be non-
planar, especially for mesopores (1 < x < 25 nm) and 
macropores (x > 25 nm).  

HRTEM can give useful information on the 
structure of nanoporous nanoparticles (NPNP) 
[14, 27–32]. However, frequently these images have 
been used to obtain only qualitative information 
which could be difficult to be compared with the 
pore size distributions (PSDs) based on the 
adsorption methods or other quantitative 
characteristics of carbons. Some authors used 
HRTEM to obtain the PSDs of nanopores [31] using 
two-dimensional fast Fourier transform (FFT) that 
can result in the PSDs with certain errors. As a 
whole, the problem of quantitative comparison of 
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the PSDs based on the adsorption (with respect to 
very narrow nanopores) and HRTEM (with respect 
to accurate quantitative analysis of images of pores 
in the nanoscale range) methods needs additional 
investigations. Therefore, the aim of this paper is to 
compare the PSDs of a carbonisate (of a phenol 
formaldehyde resin precursor) and the 
corresponding AC (50 % burn-off degree) based on 
the nitrogen adsorption data (treated using several 
methods: DFT, NLDFT, QSDFT, MND) and 
quantitative analysis of HRTEM images (using 
ImageJ and Fiji software developed for direct 
qualitative analysis of images), as well as the burn-
off degree effects on the PSDs of nanopores, DSC 
and TG/DTA data for a set of AC samples.  

EXPERIMENTAL 

Materials 
Several sets of ACs were analysed here: (i) two 

series of ACs produced from plum stones (PSO 
MASKPOL and HPSD, Hajnowka, Poland) [33–
38], (ii) ACs from coconut shells (A.U.G. 
Aktivekohle, Germany) [33], (iii) AC Norit R 0.8 
Extra (Norit NV, The Netherlands; granules have a 
regular cylindrical form at d = 0.8 mm) [39], (iv) 
porous phenol formaldehyde resin beads carbonised 
by heating in a CO2 flow to 1073 K at a ramp of 
3 K/min (sample labelled as C-0), then sieving 
samples of 250–500 μm in size have been 
additionally activated in CO2 flow at 1183 K with 
different residence times producing ACs with 
different burn-off degree 25–86 % (MAST Carbon 
International Ltd, UK) [40–45]; (v) ACs prepared 
with the C-0 sample as initial one activated by water 
vapour in a fixed bed reactor, similar to activation by 
CO2 (labelled Wf-x, x = 24–77 % burn-off degree) 
and in a fluidised bed reactor at 1020–1050 K 
(labelled W-x, x = 42.5–88.3 % burn-off degree at 
bulk density of 0.18–0.10 g/cm3, respectively) [44]. 

Methods 
The textural characteristics of ACs calculated 

with the DFT (slit-shaped, S, and slit-shaped-
cylindrical (SC) pore models) and MND (SC pores 
and voids between nanoparticles, SCV-model, with 
a self-consistent regularisation procedure, SCR) are 
shown in Table 1. 

The structural characteristics of carbonisates 
and AC samples have been determined from the 
nitrogen adsorption-desorption isotherms recorded 
at 77.4 K using a Micromeritics ASAP 2010 (or 
2405N) adsorption analyser or a Quantachrome 
Autosorb adsorption analyser. The pore size 

distributions (differential ~dV/dx) have been 
calculated with the quenched solid density 
functional theory (QSDFT) method with the S-
model and nonlocal DFT (NLDFT) with the SC-
model (Quantachrome software, version 2.02) [26]. 
Additionally, to show a complex pore shape of 
activated carbons, the SC-model with voids between 
nanoparticles (SCV-model) with the SCR procedure 
was applied [46] with the modified Nguyen-Do [47] 
(MND) method [46]. The DFT method [48] with the 
S-model was also used. The SCV/SCR method 
allows us to estimate the contributions of different 
types of pores into the total porosity. The differential 
PSD functions with respect to the pore volume 
(PSDV, fV(x) ~ dV/dx, fV(x)dx ~ Vp) and the specific 
surface area (PSDS, fS(x) ~ dS/dx, fS(x)dx ~ S) were 
applied to estimate the contribution of nano- 
(x < 1 nm), meso- (1 < x < 25 nm) and macropores 
(x > 25 nm), as well as the deviation (w) of the 
pore shape from the S- or SCV-models of pores [49] 
(Table 1).  

HRTEM images have been obtained with a 
JEOL 2010FX TEM apparatus operated at 
200 kV (at Centre for Advanced Microscopy, 
University of Reading, UK) [27, 28]. HRTEM 
images have been analysed using the Fiji (local 
thickness plugin) [50] and ImageJ (granulometry 
plugin) [51] software to calculate the PSDs of 
nanopores [52].  

Scanning electron microscopy (SEM) 
images were recorded using a Tesla BS-301 
(Tesla, Czech Republic) SEM apparatus. 

Atomic Force Microscopic (AFM) images of a 
set of ACs were obtained by means of a NanoScope 
III (Digital Instruments, USA) apparatus using a 
tapping mode AFM measurement technique. 

A study of a set of AC samples was carried out 
by means of a DAC 1.1A (EPSE, Chernogolovka, 
Russia) differential automatic calorimeter. Before 
measurements of the heat of immersion (Him) in 
water or decane, a sample (~ 50 mg) was degassed 
at 393 K and 0.01 Pa for 2 h. Used amount of 
sample was 50 mg per 3 cm3 of distilled water or 
decane exposed for several hours. The average 
errors of the Him measurements repeated several 
times were smaller than 10 %. Differential 
scanning calorimetry (DSC) measurements were 
carried out with a PerkinElmer DSC apparatus.  

Water or other liquids can be frozen in narrower 
pores at lower temperatures that can be described by 
the Gibbs-Thomson relation for the freezing point 
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depression for liquids located in cylindrical pore of 
radius Rp [53, 54]  
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10 K/min. Typically water adsorption 
(< 10 wt. %) on samples before TG measurement 
occurred in air, but certain samples were in a 
dessicator with saturated water vapour for 72 h 
that resulted in 50–60 wt. % adsorption of water. 
This difference in the water adsorption by ACs 
studied is due to textural features of carbons 
(nano/meso/macroporous), a relatively low 
content of O-containing functionalities, and low 
partial pressure of water in air [34–49]. 

where Tm and Tm0 are the melting temperatures 
of confined and bulk water, respectively. The 
pore size distribution, dV/dR can be calculated 
from the water melting thermograms [53, 54]  
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where dq/dt, , , m and H(T) are the DSC heat 
flow, the water density, the heating rate, the 
sample mass and the melting enthalpy of water, 
respectively. The H value as a function of 
temperature can be estimated as follows [54]  
 
Table 1.   Textural characteristics of carbonisates and activated carbons 

AC 
SBET, 
m2/g 

Snano, 
m2/g 

Smeso, 
m2/g 

Smacro, 
m2/g 

Vp, 
cm3/g 

Vnano, 
cm3/g 

Vmeso, 
cm3/g 

Vmacro, 
cm3/g 

w 

C-0 590 550 33 7 0.950 0.326 0.235 0.389 -0.171c 

C-50 1664 1460 84 10 1.486 0.745 0.328 0.413 0.143c 
C-0* 534 498 28 8 0.902 0.284 0.188 0.430 -0.169c 
C-29 1042 991 43 8 1.310 0.542 0.241 0.527 -0.111c 
C-47 1433 1348 73 11 1.675 0.720 0.351 0.604 -0.057c 
C-65 2019 1872 134 13 1.857 0.812 0.543 0.502 0.261c 
C-0** 549 493 45 11 0.981 0.259 0.253 0.469 0.007 
C-25 1082 1011 65 6 1.011 0.511 0.314 0.187 0.061 
C-45 1615 1510 101 4 1.319 0.751 0.406 0.162 0.132 
C-62 2270 2090 175 4 1.683 1.004 0.505 0.175 0.240 
C-75 3047 2626 413 6 2.349 1.223 0.904 0.222 0.334 
C-86 3463 2181 1279 3 2.320 1.314 0.887 0.119 0.304 
C-86b 3463 1490 1969 4 2.320 0.606 1.567 0.148 0.626 
C-30a 1145 1052 88 5 1.187 0.554 0.469 0.164 0.157 
C-60 1999 1729 250 19 1.969 0.663 0.638 0.669 0.561 
Wf-24 963 894 67 3 0.908 0.460 0.352 0.095 0.084 
Wf-45 1194 1199 91 5 1.208 0.620 0.427 0.162 0.098 
Wf-66 1780 1606 171 5 1.606 0.806 0.627 0.173 0.206 
Wf-77 2080 1826 253 3 1.826 0.894 0.563 0.122 0.268 
W-43 1189 1118 62 9 1.235 0.579 0.270 0.386 0.157 
W-59 1677 1553 118 5 1.442 0.785 0.446 0.211 0.222 
W-73 2069 1855 208 6 1.825 0.918 0.671 0.236 0.265 
W-88 2793 2288 500 6 2.350 1.105 1.105 0.230 0.329 
W-88b 2793 786 1989 19 2.350 0.544 1.458 0.348 0.588 

Note. C-0, C-0* and C-0** are different carbonisates prepared with the same precursor. Contribution of nanopores 
(Snano, Vnano) at half-width x < 1 nm, mesopores (Smeso, Vmeso) at 1 < x < 25 nm, and macropores (Smacro, Vmacro) at 
x > 25 nm; ∆w is the relative deviation of the pore shape from the slitshaped or cslitshaped-cylindrical models. aC-30 
was catalytically activated. bModel with a mixture of slitshaped (relative contribution 0.533 and 0.534 for C-86 and 
W-88, respectively) and cylindrical (0.335 and 0.363) pores and voids between spherical nanoparticles (0.132 and 
0.103) was used with the SCR procedure. 
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Results and discussion 
Typically spherical AC particles have a certain, 

frequently narrow distribution in size (Fig. 1). All 
the AC samples studied have particle sizes between 
1 and 500 m [33–45]. Therefore, the external 
surface area of carbon particles is not higher than 
several m2/g. The surface of particles is not smooth 
(Figs. 1 and 2) that can slightly add the external 
surface area, which however remains much smaller 
than the internal specific surface area, e.g. 
superactivated ACs have SBET = 2000–3500 m2/g 
(Table 1). Consequently, the adsorption properties of 
ACs are mainly determined by the inner texture of 
AC nanoparticles (with nanopores, i.e. NPNP) and 
their aggregates (voids between NPNPs correspond 
to meso- and macropores). ACs can be divided into 
pure nanoporous (I), nano/mesoporous (II), and 
nano/meso/macroporous (III) ACs.  

 

 
 

 
Fig. 1. SEM image of activated carbons C-65 

 
 
 

 
а б 

 
c d 

 

Fig. 2. AFM images of activated carbons: C-0 (a), C-29 (b), C-47 (c) and C-65 (d) 
 

For each AC group, the nitrogen adsorption 
isotherms have certain features. For instance, 
ACs I have the isotherms which reach the 
plateau adsorption at low pressures p/p0 < 0.1 
(Fig. 3). For ACs II, a certain increase in the 
adsorption is observed at p/p0 > 0.1; however, 

there is no strong increase in the adsorption at 
p/p0 > 0.8. If this increase is observed, ACs 
correspond to the materials of the group III 
(Fig. 3, Table 1). Some of ACs III have a larger 
contribution of macropores into the pore volume 
than mesopores (Fig. 4, Table 1). 
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Fig. 3. Nitrogen adsorption isotherms (a) and 
corresponding derivatives for 28 samples of 
carbonisates and activated carbons at the SBET 
value from 500 to 3463 m2/g (b) 

The derivatives of the nitrogen adsorption 
isotherms (Fig. 3, б) as well as the PSDs (Figs. 4 
and 5) show that contribution of middle 
mesopores at 2 < x < 10 nm is relatively low. 
This structural feature is caused by the origin of 
pores over different ranges. Nanopores 
(x < 1 nm) and narrow mesopores (1 < x < 2–
3 nm) are inner pores in nanoparticles (NPNPs) 
of 20–40 nm in size [52]. Middle mesopores are 
absent in these NPNPs due to their sizes in the 
same range corresponding to the mentioned 
mesopores. Larger mesopores and macropores 
correspond to voids between the NPNPs in their 
aggregates. Large macropores are voids between 
the aggregates forming AC granules (Fig. 1).  

The main advantages of ACs as adsorbents are 
linked to a large number of nanopores in NPNPs 
with a high adsorption potential for molecules and 
ions of non-polymeric compounds. Therefore, the 
exact characterisation of nanopores is of importance 
from both practical and theoretical points of view. 
HRTEM gives a detailed picture of nanopores but 
this picture per se gives only qualitative information. 

To obtain quantitative information from HRTEM 
images, special software should be used [52]. 
Calculations of the PSDs based on HRTEM images 
give results similar to the QSDFT PSDs (Fig. 6). 
HRTEM/Fiji PSDs having a shape of narrow peaks 
correspond to thin stacks with removed one-three 
inner carbon sheets. 

 
Fig. 4. Incremental PSDs (DFT, slitshaped model) 

for three sets of ACs activated by CO2 and 
water vapour 

 

Fig. 5. IPSDs of a set of ACs activated by CO2 
 

It should be noted that agreement between 
HRTEM PSDs and NLDFT or DFT PSDs is 
worse than that with QSDFT PSDs because of 
more correct potentials of the pore walls derived 
in the QSDFT [20]. 

A complex texture of ACs and the presence of 
O-containing sites mainly at the edges of carbon 
sheets can cause a complex behaviour of adsorbed 
compounds, especially water [55]. The adsorption of 
water onto ACs from air (at low partial pressure of 
water vapour) occurs mainly onto hydrophilic O-
containing sites (whose number is rather small). 
Therefore, the amounts of water adsorbed onto ACs 
from air at room temperature is low (< 10 wt. %) 
(Figs. 7 and 8) despite the large pore volume and 
specific surface area (Table 1). Water poorly adsorbs 
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in hydrophobic slit-shaped nanopores (adsorption 
energy is 15–20 kJ/mol [55]). Main portion of this 
water can be removed at T < 373 K. However, when 
ACs are being in saturated water vapour during a 
long period (72 h), the water adsorption strongly 
increases (Fig. 8). This water desorbs at higher 
temperatures at T < 423 K because it penetrates into 

narrow pores and desorption from which is slower 
than from broad meso- and macropores. For water it 
is characteristic clustered adsorption therefore water 
tend to form large structures in large pores. 
However, these structures cannot be formed at low 
pressures before capillary condensation.  

 
 

 
а б 

Fig. 6. Pore size distributions for carbonisate C-0 (a) and activated carbon C-50 (б) at 50 % burn-off degree from 
HRTEM [52] and QSDFT 

 
а б 

Fig. 7. TG and DTG (a) and DTA (b) curves for carbonisate C-0* and activated carbons 

 
Adsorption/desorption of water depends 

relatively weakly on the specific surface area of 
ACs (Figs. 7 and 8) because water does not form 
a continuous layer but adsorbs in the form of 
clusters (low coverage) from air or nanodrops 
and nanodomains (larger coverage, capillary 
condensation) from saturated water vapour.  

The heat of immersion of ACs in water 
(Him,w) changes nonlinearly with increasing 

burn-off degree (i.e. SBET value) as well as Him,d 
of immersion of ACs in decane (Table 2). 
Therefore, the hydrophilicity of ACs estimated 
as the ratio Kh = Him,w/Him,d tends to decrease 
with increasing burn-off degree (or SBET). This 
result is in agreement with the TG data (Fig. 8) 
showing the minimal amounts of desorbed water 
for C-65. ACs are rather hydrophobic materials 
since Kh < 1 (Table 2). Therefore, the water 
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adsorption from air is low (Fig. 8) despite a large 
nano/mesoporosity of ACs (Table 1, Figs. 4–6). 

 

 
Fig. 8. TG curves for ACs various SBET values; maximum 

water desorption (> 0.4 g/g) corresponds to samples 
hydrated in saturated water vapour during 72 h 

 
According to calculations with the DSC 

cryoporometry with Eq. (2), water added to ACs 
(hydration h = 0.32–2.13 g of water per gram of 
AC) fills only narrow pores (Fig. 9). The size of 
pores filled by water increases with increasing 
burn-off degree that is well seen for C-86. This 
result is due to an increase in contribution of 
narrow mesopores with increasing burn-off 
degree (Fig. 5) and a parallel decrease in the 
hydrophilicity of ACs (Fig. 8). 
 

 
 
Fig. 9. Pore size distributions calculated from the 

DSC curves (heating of samples frozen from 
293 to  374 K at a rate of 50 °/min and then 
heated) for hydrated carbons (h = 0.32–
2.13 g/g) at different burn-off degree 

Table 2. Heat of immersion of carbons in water and 
decane and hydrophilicity coefficient 

 
Carbon-
burn-off, 

% 
Liquid Him , J/g 

Kh = 
Him,w/Him,d 

C-0 water 24.1 
C-0 decane 73.2 

0.33 

C-30 water 42.9 
C-30 decane 160.4 

0.27 

C-40 water 58.5 
C-40 decane 134.9 

0.43 

C-44 water 49.6 
C-44 decane 169.9 

0.29 

C-47 water 46.5 
C-47 decane 158.3 

0.29 

 
CONCLUSIONS 

Practically all ACs studied have slit-shaped 
nanopores (pore half-width x < 1 nm) and 
narrow mesopores (1 < x < 2–3 nm) in 
nanoparticles. If nanoparticles are densely 
packed in granules, ACs do not practically have 
broad meso- and macropores. If this packing is 
less dense, the textural porosity (voids between 
nanoparticles in their aggregates) is observed. 
However, the contribution of middle mesopores 
(x = 3–10 nm) to the total porosity is typically 
lower in these ACs than that of broad mesopores 
(10 < x < 25 nm) and macropores (x > 25 nm).  

Despite certain hydrophobicity of ACs 
studied, they can adsorb great amounts of water 
from saturated water vapour in contrast to the 
adsorption from air. Water adsorbed from air 
forms clusters filling mainly narrow pores.  

The pore size distributions calculated from 
HRTEM images (Fiji software), DSC data 
(cryoporometry), and nitrogen adsorption 
(QSDFT) are similar for narrow pores.  
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Аналіз пористої структури різного активованого вугілля, виготовленого з натуральної 
сировини і полімерів, проводився з використанням СЕМ, АСМ, ПЕМ, адсорбції, ДСК і ТГ / ДТА 
методів. Незважаючи на велику пористість і високу питому поверхню, активоване вугілля погано 
адсорбує воду з повітря. Хоча велика кількість води заповнює значну (але не всю) частину пор при 
змочуванні водою, теплота змочування у воді значно менша ніж у декані. Розподіл пор за 
розміром, розрахований за адсорбцією і ДСК даними, узгоджується з результатами на основі 
аналізу HRTEM зображень. 
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Анализ пористой структуры разных активированных углей, изготовленных из натурального 
сырья и полимеров, проводился с использованием СЭМ, АСМ, ПЭМ, адсорбции, ДСК и ТГ / ДТА 
методов. Несмотря на большую пористость и высокую удельную поверхность, активированные 
угли плохо адсорбируют воду из воздуха. Хотя большое количество воды заполняет значительную 
(но не всю) часть пор при смачивании водой, теплота смачивания в воде оказывается значительно 
меньше, чем в декане. Распределения пор по размерам, рассчитанные по адсорбции и ДСК данным, 
согласуются с результатами на основе анализа HRTEM изображений. 
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