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The aim of the work is to determine the effect of nitric acid intercalation of anthracite on the porous structure 

and adsorption properties of activated carbons (ACs) obtained by alkaline activation. 
Intercalation was carried out by blowing anthracite with vapor-phase HNO3 (57 %) at 140 °C. Activation with 

the AC formation was performed by thermoprogrammed heating (4 deg/min) of an alkali (KOH) impregnated sample 
to 800 °C with isothermal holding for 1 h, cooling, washing from alkali and drying. Based on low-temperature 
nitrogen adsorption-desorption isotherms, the integral and differential dependences of the specific surface area (S) 
and pore volume (V) on pore average diameter were calculated by the 2D-NLDFT-HS method (SAIEUS program). 
The volumes and specific surface areas of ultramicropores, supermicropores and micropores were determined. The 
kinetics and isotherms of adsorption of Pb(II), 4-chlorophenol and methylene blue dye from aqueous media were 
measured (25 °С). 

Intercalation of HNO3 into anthracite transforms it into anthracite nitrate (AN) with the formation of oxygen 
functional groups and intra-framework ion pairs with cationic and cation-radical graphene fragments. The most 
intact graphene structure remains undestroyed for up to 30 min, and increasing the intercalation time results in AN 
oxydestruction with the formation of aroxyl radicals and products of deep oxidation up to CO and CO2. Thermal 
shock (800 °C) destroys the AN with the release of nitrogen dioxide and the formation of a thermolyzed material with 
S = 60 m2/g and the high content of structural oxygen (10.4 %). Exfoliation of the AN, similar to that of graphite 
nitrate, is not observed. Alkaline activation (800 °C) converts the AN into AC with a yield of 41.6 % and 
S ~ 2000 m2/g, which consists of 91 % of the micropore surface including 28 % of the ultramicropore surface. 
Activation of AN thermolyzed by thermal shock gives AС (S ~ 1500 m2/g) with a dominant portion (54.8 %) of the 
ultramicropore surface. Activation of the starting anthracite poorly develops the surface (S ≤ 318 м2/г). The 
adsorption kinetics was found to obey a pseudo-second-order equation, and the isotherms are better approximated 
by the Langmuir model. For each AC, the adsorption capacities increase in the order Pb(II) < dye < chlorophenol 
and differ by 2.3–3.6 times. The most active adsorbent is AC from anthracite nitrate, which shows the largest 
capacities for Pb(II) (1.80 mmol/g), dye (2.34 mmol/g) and chlorophenol (4.90 mmol/g). The increase in the specific 
surface area upon activation is accompanied by a proportional increase in the number of adsorption centers, but 
their surface concentration almost does not change. This is caused by the leveling action of KOH on the structure of 
ACs formed upon activation. The preliminary nitric acid intercalation is shown to increase significantly the specific 
surface area of the final AC (by 6.3 times) and its adsorption capacities for Pb(II) (by 7.5 times), chlorophenol (by 
6.4 times), methylene blue (by 8.0 times). Thermal shock of anthracite nitrate results in a more inert carbon material, 
which forms AC with deteriorated (by 25–33 %) adsorption properties. The obtained anthracite carbons is 
concluded to be effective adsorbents for the purification of aqueous media from heavy metals, dyes and phenolic 
compounds. 

Keywords: anthracite, intercalation, alkaline activation, activated carbon, nanoporosity, adsorption, 
ecotoxicant 
 

INTRODUCTION 

Anthracites are promising precursors of 
activated carbons (ACs) with developed 
nanoporosity, narrow pore size distribution and 
large specific surface area (2260–4012 m2/g)  
[1–7]. They have a high carbon content, a high 
degree of aromaticity, high strength and abrasion 
resistance and consist of nanometer graphite-like 

domains - crystallites consisting of parallel 
oriented graphene layers spatially linked by    
Car-Car and Calk-Car bonds [8]. These properties 
are inherited (at least partially) by anthracite 
carbon materials. Anthracites are characterized 
by low chemical activity. Their conversion into 
AC requires severe activation conditions: 
elevated temperatures and long time of physical 



Anthracite nanoporous carbons obtained by nitric acid intercalation followed by alkaline activation 
______________________________________________________________________________________________ 

ISSN 2079-1704. ХФТП. 2025. Т. 16. № 2                           239 

activation or significant amounts of activators 
during alkaline activation (3–6 g of KOH per 1 g 
of anthracite) [1–3, 5–7, 9]. Increasing the 
reactivity of anthracites in activation processes 
can be achieved by preliminary chemical 
modification, in particular by intercalation in 
reactions with oxidants. 

The approach involves separating anthracite 
crystallites into individual graphene fragments, 
which facilitates further interaction with the 
activator at elevated temperatures. The prototype 
of this approach is the intercalation of graphite 
with Brønsted acids, in which graphene is 
spatially separated by intercalant particles. In 
more strong oxidizing systems (KClO3 or 
KMnO4 in acidic media), graphenes are 
transformed into graphene oxides with a high 
content of structural oxygen in various functional 
groups [10]. High speed heating (or thermal 
shock) of graphite intercalation compounds or 
graphene oxides leads to significant (up to 
300 times) expansion with the formation of 
exfoliated graphite, characterized by low density 
and a higher specific surface area than graphite 
(≤ 85 m2/g) [11]. The use of this approach for the 
conversion of anthracite into carbon materials 
with a developed surface area is known. The 
combination of intercalation with subsequent 
thermal shock was first implemented in [12] and 
involved the oxidation of anthracite in a system 
HClO4-HNO3-H2O (20 °С, 8 h) and subsequent 
thermal shock (700 °C, ≤ 5 s) with the formation 
of a material with SBET = 521 m2/g without any 
additional activation. The combination of 
intercalation by HClO4 or Mg(ClO4) [13, 14] 
with subsequent activation applied to anthracites 
revealed the main positive effect – a significantly 
greater development of the AC porous structure. 

An effective reagent is nitric acid being 
simultaneously a donor of oxide particles 
(nitronium cations NO2

+) and intercalant 
particles (NO3

–). Treatment of anthracite with 
liquid-phase HNO3 (71 %, 120 °C, 5 h) 
oxidatively degrades aliphatic bonds between 
crystallites and transforms graphene fragments 
into graphene oxides [8]. Preliminary 
intercalation of anthracite by nitric acid vapor at 
20–25 °C (98 %, 72 h) promotes the formation 
of subnanopores (≤ 0.4 nm) and increases the 
specific surface area of the final AC from 277 to 
597 m2/g while activated by carbon dioxide 
(850 °С, 8 h) or from 422 to 1139 m2/g during 
steam activation (850 °С, 2 h) [15]. The 

interaction of anthracite with vapor-phase nitric 
acid (57 %) at elevated temperature (140 °C), 
first studied in [16], reduces the duration of 
intercalation to ~ 30 min and leads to a complete 
structural reorganization of the anthracite spatial 
framework. It is possible to assume a high 
reactivity of such intercalated anthracite in the 
processes of AC preparations, but data on such 
studies are absent in the literature.  

The aim of this work is to determine the 
effect of nitric acid intercalation of anthracite on 
the porous structure and adsorption properties of 
carbon materials obtained by alkaline activation. 

EXPERIMENTAL 

The study was performed on an anthracite 
sample with moisture content Wa = 0.8 %, ash 
content Ad = 2.8 %, and volatile matter 
Vdaf = 3.2 % (particle size 1.0–1.6 mm, coal seam 
geological index k8). Elemental composition of 
organic matter (% daf): C 95.1; H 2.0; N 0.5; 
S 1.7; O 0.7 (by difference), where daf means 
calculation on dry ash-free basis of coal. 

The following three methods of 
thermochemical treatments were used. 
1. Intercalation was performed by blowing 
anthracite (A) with vapor-phase nitric acid 
(57 %) at 140 °C for a given time [16]. The solid 
carbon product was called anthracite nitrate 
(AN). 
2. Thermal shock was performed by rapid 
introducing the coal sample into a reactor zone 
preheated to 800 °C and isothermally holding for 
1 h [17]. The reactor was previously blown with 
argon (99.996 %). This method produced 
thermolyzed anthracite (AT) and thermolyzed 
anthracite nitrate (NAT). 
3. Alkaline activation to obtain ACs. Anthracite 
treatment with potassium hydroxide was 
performed by impregnation, which included 
mixing of dried coal (10 g) and aqueous KOH 
solution (30 %), holding for 24 h at room 
temperature and drying (120±10 °C, ≥ 2 h). The 
weight ratio of KOH/coal was taken as constant 
RKOH = 1 g/g for all samples. AC samples were 
prepared by heating (4 deg/min) impregnated 
coal in an argon atmosphere to 800 °C with 
isothermal holding for 1 h, cooling, washing off 
potassium compounds and drying (120±5 °C). 
The error in determining the AC yield (Y, %) is 
± 2 %. 
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The sequence of stages of thermolysis and 
activation, as well as the designation of anthracite 
samples is shown in the diagram below. 

Here A is anthracite; AN is anthracite 
nitrate; AT and ANT are anthracite and 

anthracite nitrate thermolyzed by thermal shock; 
AC(AN), AC(ANT), AC(AT), AC(A) are 
activated carbons from AN, ANT, AT and the 
original anthracite, respectively. 

 

 
 

The characteristics of the AC porous 
structure were determined by isotherms of     
low-temperature nitrogen adsorption–desorption 
using an adsorption analyzer Micromeritics 
ASAP 2020. Before measurements, AC samples 
were degassed for 20 h at 200 °C. The total pore 
volume Vt (cm3/g) was determined as the amount 
of N2 adsorbed at a relative pressure P/P0 ~ 1.0. 
The 2D-NLDFT-НС (2-Dimensional Non-local 
Density Functional Theory, Heterogeneous 
Surface) method (SAIEUS program) was used to 
calculate the integral and differential 
dependences of the specific surface area S (m2/g) 
and the pore volume V (cm3/g ) from the average 
pore diameter (D, nm). The volumes of 
ultramicropores (Vumi), supermicropores (Vsmi), 
subnanopores (V1nm), and micropores (Vmi) were 
determined from the integral dependences of 
“V – D” and “S – D”; Vmi = Vumi + Vsmi. The total 
volume of meso- and macropores was calculated 
as Vme+ma = Vt – Vmi. Similarly, the specific 
surface areas of ultramicropores (Sumi), 
supermicropores (Ssmi), subnanopores (S1nm), 
micropores (Smi), and the total surface of meso- 
and macropores (Sme+ma) were determined. The 
designation of pores and their average diameters 
were adopted in accordance with the IUPAC 
recommendation [19]: ultramicropores 
(D ≤ 0.7 nm), supermicropores (D = 0.7–2.0 nm), 
micropores (D ≤ 2.0 nm). The above categories 
of pores were united by the term “nanopores” 
with an upper limit of D ≤ 100 nm [19]. The 

volume portions P(V) (%) of different pores in 
the total volume (V) of pores and the surface 
portions P(S) (%) of different pores in the total 
specific surface area (S) of AC samples were 
also calculated. 

Adsorption capacities of selected adsorbates 
AAD (mmol/g), where AD is 4-chlorophenol 
(CPh), methylene blue (MB) or Pb(II) cations, 
was determined as follows. The AC sample 
(m = 0.100 g) dried at 120 ± 10 °С was placed in 
the adsorbate aqueous solution (VAD = 100 cm3) 
with a given initial concentration (CAD(0), 
mmol/L) and was shaken at 25 ± 0.5 °C 
(200 rpm, MAXTURDY-45 shaker bath, Daihan 
Scientific Co). In all experiments, the AC dosage 
in the adsorbate solution was constant – 1 g/L. 
After the specified time, the mixture was filtered 
and the current concentration CAD (during the 
adsorption kinetics measurment) or the 
equilibrium concentration CAD(e) (during the 
adsorption isotherms registration) was measured. 
The concentrations of CPh and MB were 
determined using calibration curves (absorbance 
vs concentration) measured by a Perkin-
Elmer Lambda 20 spectrophotometer at 280   
and 665 nm, respectively [20]. The concentration 
of Pb(II) cations was determined by titration 
with a trilon-B solution in the presence of 
xylenol orange indicator. The adsorption 
capacity AAD was calculated as AAD = (CAD(0) –
 CAD)×VAD/m. Adsorption kinetics data were 
approximated by pseudo-first-order model 

А 

АN 
HNO3, 140 °C KOН, 800°C 

АN ANТ 
HNO3, 140 °C KOН, 800 °C 

АТ 

Ar, 800 °C 

Ar, 800 °C KOН, 800 °C 

KOН, 800 °C 

АC(AN) 

АC(ANТ) 

АC(АТ) 

АC(А) 
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  τkexp1AA 1АD(e)АD  , pseudo-second-

order model τ)Ak(1τAkA АD(e)2
2
АD(e)2АD  , 

and intraparticle diffusion model 
ААD = kdτ0.5 + C, where k1, k2, kd – coefficients; τ 
– adsorption time. Adsorption isotherms were 
approximated by Langmuir model 

 АD(e)АD(L)АD(e)АD(L)АD(L)АD(е) Ck1CkAA   and 

Freundlich model n1
АD(е)АD(F)АD(e) Ck A  , where 

AAD(L) is the capacity of a adsorbate saturated 
monolayer; kAD(L) is the Langmuir constant, 
kAD(F) and n are the Freundlich constants [23]. It 
was also calculated the specific adsorption 

capacity AAD(S) = 1000×AAD(L)/S (μmol/m2), 
which is proportional to the surface 
concentration of adsorption centers (AC) of 
activated carbons. 

RESULTS AND DISCUSSION 

Intercalation of anthracite with nitric acid 
(140 °C) causes its swelling with an increase in 
the sample volume to a maximum value (35 %) 
after 30–35 min of the process [16]. The weight 
of anthracite changes extremely with a maximum 
(weight gain Δm = 20 %) at 30 min. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Changes in weight (1), concentration of unpaired electrons [e‾] (2) and intensity (3) of the absorption band 
of nitrate anions I1380 during intercalation of nitric acid into anthracite (140 °C) 

 
The process is accompanied by the release of 

nitrogen dioxide due to the transfer of electrons 
from the anthracite organic matter to nitronium 
cations with the formation of radical (Cn

•) or 
cation-radical (Cn

+•) structural fragments of the 
anthracite framework. This is evidenced by the 
appearance of new paramagnetic centers (PMCs) 
of anthracite (ΔН = 0.07 mT; g = 2.0025), which 
are not registered in the original sample. The 
value of the g-factor of these PMCs is close to 
the g-factor of a free electron (delocalized within 
the π-system), so they can be attributed to 
graphene fragments. The concentration of 
unpaired electrons also changes along a curve 
with a maximum ([e‾] = 1.25ꞏ1017 g–1) at 30 min 
of contact (Fig. 1, line 2). A decrease in the [e‾] 
value indicates the competition of two processes: 
the generation of radicals and their subsequent 
oxidative destruction. 

The molecular structure of the coal 
framework changes during intercalation. In the 
IR spectra of anthracite nitrate (Fig. 2), the 
absorption band of nitrate anions is recorded at 
1380 см–1 attributed to the NO3

– band in organic 
nitrates [24]. Its intensity increases 
synchronously with swelling and weight gain 
(Fig. 1, line 3). When interacting coal and HNO3, 
nitration of anthracite graphene also occurs, as 
evidenced by the appearance of absorption bands 
of nitro groups (1550 and 1340 сm–1), which are 
usually identified at νas=1570–1500 сm–1 and 
νsym=1379–1300 сm–1 [24]. Quinoid and carboxyl 
groups are additionally formed that results in the 
appearance of absorption bands at 1657 cm–1 
(two quinoid groups in two rings) and 1730 cm–1 
(carbonyl groups). In the IR spectrum of NA, the 
absorption bands of out-of-plane deformation 
vibrations of Сar-H bonds (900–650 cm–1) 
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practically disappear although they are present in 
the spectrum of the original anthracite. This 
indicates the reaction of aromatic substitution 
with the formation of oxygen functional groups. 
Structural fragments Car-ОН, Car-COОН and 
C=O together with intercalated NO3

– anions near 

graphene cationic and cation-radical fragments 
form a multitude of intra-framework non-
covalent bonds. As a result, in the IR spectra of 
NA, absorption is observed in a wide spectral 
region (4000–2000 cm–1) being uninformative 
due to the absence of distinct absorption bands. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. IR spectra of anthracite (1) and anthracite nitrate (2) 

 

Table 1. Elemental composition of organic matter of anthracite and anthracite nitrate 

Sample Δm, % 
Elemental composition, % daf 

C H S N O 
А 0 95.1 2.0 1.7 0.5 0.7 

AN 20 79.0 1.9 1.3 3.5 14.3 
AN(5 hours) 4 72.4 2.4 0.9 1.9 22.4 

 
 

Comparison of the elemental compositions 
(Table 1) of anthracite and NA formed before 
30 min of intercalation shows a very small loss 
of carbon (≤ 3 mg/g) due to oxidative 
destruction. According to the material balance, 
951 mg of carbon was introduced into the 
intercalation process with the starting anthracite, 
and 948 mg of carbon was removed from the 
reaction with anthracite nitrate, i.e. the condition 
m˟Cdaf(A) = m˟Cdaf(NA) is practically fulfilled. 

The increase in the nitrogen content relates 
to the intercalation of nitrate anions in the 
amount of 2.64 mmol/g, which corresponds to 
the formation of ion pairs of approximate 
composition C32

+ NO3
–. Based on this content of 

nitrate anions, the oxygen content should be 
11.2 % (including Odaf = 0.7 % of the original 
sample). The Odaf experimental value is higher 
(14.3 %) that indicates the incorporation of       
O-atoms into anthracite with the formation of 

functional groups. Increasing the intercalation 
time to 5 h gradually destroys the NA with 
forming products of deep oxydestruction. The 
parameter Δm decreases to ~ 4 %, the oxygen 
content increases to 22.4 % (Table 1). The 
carbon content decreases to 72.4 %, which 
corresponds to a carbon loss of 198 mg/g 
according to the material balance. The PMCs of 
graphene fragments are completely destroyed, 
and PMCs of other type are formed 
(ΔН = 0.21 mT; g = 2.0036), which are aroxyl 
radicals with the localization of the unpaired 
electrons on O-atoms. The data presented are 
fully consistent with the description of anthracite 
intercalation in [16]. The most intact graphene 
structure is characteristic of anthracite nitrate 
obtained at 30 min, so this AN was used for 
further studies. 

Thermal shock (800 °C) of anthracite forms 
carbon material AT (Table 2) being almost 
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indistinguishable from the initial sample in 
elemental composition (Table 1). The specific 
surface area of anthracite and AT is the same 
(S = 1.5 m2/g). Thermal shock destroyes 
anthracite nitrate with the release of nitrogen 
dioxide and forms a carbon product with 
S = 60 m2/g and a high content of structural 
oxygen (Table 2). Exfoliation of NA, similar to 
exfoliation of graphite nitrate, was not observed. 
Four ACs were prepared under the same 
conditions of alkaline activation. The yields from 
anthracite and AT are almost the same (Table 2). 
The lowest yield (Y = 41.6 %) was resulted by 
alkaline activation of NA. 

The isotherms of nitrogen low-temperature 
adsorption-desorption are presented in Fig. 3. 
The isotherm of the AС(A) sample practically 
coincides with the AС(AT) isotherm and is not 

shown in Fig. 3. At low values of relative 
pressures, a sharp increase in the amount of 
adsorbed nitrogen is observed for all samples, 
which indicates the dominance of microporosity. 
For AС(AT), low-pressure hysteresis is observed 
as the excess of the desorption branch over the 
adsorption branch in the region of small values 
of relative pressure. This is due to the presence 
of diffusion traps - subnano-sized cavities in the 
AС spatial framework, from which the rate of N2 
desorption is significantly lower than the rate of 
adsorption [19]. According to the IUPAC 
classification [19], the isotherms of the 
AС(ANT) and AC(AN) samples belong to type 
II with hysteresis of type H4 arising due to the 
presence of narrow slit-like pores and capillary 
condensation in the mesopores. 

 

Table 2. Yield and elemental composition of carbon materials from anthracite and anthracite nitrate 

Sample Y, % 
Elemental composition, % daf 

C H S N O 
AT 98.9 95.0 2.1 1.7 0.5 0.7 

ANT 88.1 84.0 2.1 1.5 2.0 10.4 
AC(A) 82.8 91.3 2.4 0.8 0.4 5.1 
АC(AT) 83.1 91.8 2.4 0.9 0.4 4.5 
АC(AN) 41.6 82.1 3.4 0.6 2.1 11.8 
АC(ANT) 53.4 84.9 2.9 0.5 1.5 10.2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Nitrogen adsorption isotherms of AC(AT) (1), AC(ANT) (2) and AC(AN) (3) 

 
The integral dependences of the pore volume 

on their average diameter are shown in Fig. 4. 
Alkaline activation forms the microporosity of 
activated carbon to the greatest extent, and the 
main portion of the pore volume falls on the pore 

interval with D ≤ 6 nm. Carbons from anthracite 
and thermolyzed anthracite have almost no pores 
with a diameter of D ≥ 6 nm (Fig. 4, line 1). As 
for AC(ANT) and AC(AN), this range of the 
mesoporosity (D ≥ 6 nm) develops noticeably 
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and this is a consequence of the restructuring of 
the anthracite spatial framework during 
intercalation of nitric acid. 

Fig. 5 shows the pore size distributions for 
the interval D ≤ 6 nm, and Fig. 6 – for the 
interval of larger diameters (D > 6 nm). 
Micropores are most noticeably formed in the 
region D ≤ 1.2 nm. The diameter values 

corresponding to the maxima of the pore size 
distribution vary for different samples and are 
0.93 for AC(A), 0.93 nm for AC(AT), 0.67 nm 
for AC(ANT), and 0.75 nm for AC(AN). Thus, 
the intercalation with subsequent thermal shock 
shifts the dominant pore formation to the 
ultramicroporous range. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Integral dependences of the total pore volume on pore diameter for AC(AT) (1), AC(ANT) (2) and AC(AN) (3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Pore size distribution of activated carbons from anthracite and anthracite nitrate 

 
The porous structure of the AC(AT) sample 

from thermolyzed anthracite is represented 
mainly by micropores and a small number of 
mesopores in the region D = 16–26 nm (Fig. 6). 
The AC(AN) sample is characterized by the 
most complex pore size distribution. A peak with 
a maximum at 1.58 nm is observed in addition to 
the peak at 0.75 nm within the microporous 
range. The mesoporous range shows three 
maxima at 3.51, 8.14, and 19.28 nm. Obviously, 
this is a consequence of structural changes in 

anthracite caused by intercalation and interaction 
of anthracite nitrate with KOH at the alkaline 
impregnation stage. As for the AC(ANT) from 
thermolyzed anthracite nitrate with completely 
destroyed structural fragments of intercalation 
compounds, pores of D = 1.3–2.1 nm are not 
formed, but mesoporosity with a wide 
distribution of pore sizes is formed (Fig. 6). 

The integral dependences of the specific 
surface area (Fig. 7) on the pore diameter are 
close in shape to the dependences of the total 
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volume in Fig. 5. Here, the dominant 
contribution of the surface of pores with 
diameters of D ≤ 6 nm to the total surface looks 
even more impressive. As for the samples AC(A) 

and AC(AT) from thermolyzed anthracite, their 
entire surface is the surface of micropores – 
pores with diameters of D ≤ 2 nm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Pore size distribution of activated carbons from anthracite and anthracite nitrate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Integral dependences of the specific surface area on pore diameter for AC(AT) (1), AC(ANT) (2) and 
AC(AN) (3) 

 
Table 3 shows the pore volumes and specific 

surface areas of ACs prepared. The thermal 
shock of the initial anthracite has almost no 
effect on the porosity of activated carbon: the 
porosity characteristics of AC(A) and AC(AT) 
are very close. Anthracite nitrate forms AC(AN) 
with significantly more developed porosity: the 
total pore volume is 1.418 cm3/g, the specific 
surface area is almost 2000 m2/g. The 
thermolyzed anthracite nitrate exhibits lower 
reactivity towards KOH and upon alkaline 
activation forms AC(NAT) with a smaller 
volume and specific surface area of pores 
(Table 3). 

Changes in the porosity characteristics of the 
AC caused by intercalation can be quantified by 
the ratio KAN = P(AC(AN)) / P(AC(A)), where P 
is the pore structure parameter in Table 3. It 
compares AC from anthracite nitrate and AC 
from the original anthracite. Similarly, the effect 
of the combined application of intercalation and 
thermal shock can be estimated by the ratio 
KANT = P(AC(ANT)) / P(AB(AT)), which 
compares the properties of thermolyzed 
anthracite nitrate with thermolyzed anthracite. 
The values of KAN and KANT are given in 
Table 4. 
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Table 3. Pore volumes and specific surface areas of AC(AT), AC(AN) and AC(ANT) 

Sample 
Porous structure parameter 

Pore volume, сm3/g 
Vt Vumi Vsmi V1nm Vmi Vmе+ma 

АC(А) 0.175 0.001 0.151 0.093 0.152 0.023 
АC(АТ) 0.166 0.001 0.146 0.090 0.147 0.019 
АC(AN) 1.418 0.174 0.597 0.560 0.771 0.647 
АC(ANТ) 0.960 0.236 0.228 0.450 0.464 0.496 

Sample 
Specific surface area, m2/g 

S Sumi Ssmi S1nm Smi Smе+ma 
АC(А) 318 3 312 205 315 3 
АC(АТ) 311 3 306 207 309 2 
АC(AN) 1995 556 1260 1503 1816 179 
АВ(ANТ) 1468 804 561 1341 1365 103 

 
 

Table 4. The ratios of KAN and KANT 

Ratio 
Porous structure parameter 

Pore volume, сm3/g 
Vt Vumi Vsmi V1nm Vmi Vmе+ma 

KAN 8.1 174 4.0 6.0 5.1 28 
KANT 5.8 236 1.6 5.0 3.2 26 

 
Specific surface area, m2/g 

S Sumi Ssmi S1nm Smi Smе+ma 
KAN 6.3 185 4.0 7.3 5.8 60 
KANT 4.7 268 1.8 6.5 4.4 52 

 
 

Comparison of the numerical values of KAN 
and KANT shows that the effect of intercalation 
on the formation of different pores is 
significantly different. The total pore volume 
increases from 0.166 to 1.418 сm3/g (KAN = 8.1). 
The greatest effect was found when forming 
ultramicropore volume (KAN = 174) and the total 
volume of meso- and macropores Vme+ma 
(KAN = 28). The volumes of other pores also 
increase, but the influence of intercalation on 
their formation is much smaller. (KAN = 4.0–6.0). 
A similar effect of intercalation is observed for 
the specific surface area of the AC(AN) sample 
from anthracite nitrate: it increases to 1995 м2/г 
(KAN = 6.3). The largest increase in surface area 
is observed for ultramicropores (КAN = 185) and 
meso- and macropores Sme+ma (КAN = 60), a 
moderate increase is observed for the parameters 
Ssmi, S1nm та Smi (KAN = 4.0–7.3). For AV(ANT) 
from anthracite nitrate thermolyzed by thermal 
shock, similar patterns were found: a significant 
increase in the volume (KANT = 236) and specific 
surface area of ultramicropores (KANT = 268), as 
well as the volume (KANT = 26) and specific 

surface area of meso- and macropores 
(KANT = 52). 

The enormous influence of intercalation and 
thermal shock on the formation of 
ultramicropores is noteworthy. When coal 
interacts with KOH, these pores are the first to 
form in a chain of pores with increasing 
diameters D during the sequence of 
transformations “ultramicropore → 
supermicropore → mesopore → macropore” 
[20]. However, ultramicropores do not 
accumulate in the AC(A) and AC(AT) materials 
(Table 3) due to the rapid increase in size caused 
by the removal of C-atoms from the pore walls 
in reactions with KOH and almost complete 
transformation into supermicropores. For this 
reason, the contribution of ultramicropores is 
close to zero and almost the entire surface of 
AC(A) and AC(AT) is represented by the surface 
of supermicropores (Table 3). 

Intercalation of anthracite dramatically 
changes the situation. It spatially disorderes the 
coal structural fragments, exfoliates the 
crystallites, promotes the penetration of KOH 



Anthracite nanoporous carbons obtained by nitric acid intercalation followed by alkaline activation 
______________________________________________________________________________________________ 

ISSN 2079-1704. ХФТП. 2025. Т. 16. № 2                           247 

molecules at the alkaline impregnation stage and 
their distribution at the molecular level in the AN 
spatial framework. During further activation 
(800 °C), a multitude of ultramicropores are 
simultaneously created due to thermoinitiated 
reactions with KOH and their volume remains 
quite large after 1 h of activation 
(Vumi = 0.174 сm3/g). In addition, during alkaline 
impregnation of anthracite nitrate, the reaction 
C32

+ NO3‾ + KOH → C32
+ OH‾ + KNO3 is possible 

with the formation of potassium nitrate, which 
can also be an activating agent at elevated 
temperatures [25]. 

The following thermal shock of anthracite 
nitrate further increases the volume of 
ultramicropores (from 0.174 to 0.236 сm3/g). 
This is due to the simultaneous formation of 
many low-molecular products of thermal 
destruction, which are obstacles to the formation 
of C-C bonds due to condensation reactions. 
When these products leave the coal framework 
due to diffusion being a much slower product 
formation, ultramicropores remain in their 
places. This is responsible for the additional 

development of the surface of ACs obtained by 
alkaline activation with thermal shock [26]. 

A significant increase in the volume of meso- 
and macropores during AN activation is caused 
by removing part of the coal organic matter 
restructured at the intercalation stage. This is the 
thermal destruction of functional groups and ion 
pairs C32

+ NO3‾ as well as thermally initiated 
reactions with KOH leading to the formation of 
volatile products [27]. Judging by the values of 
KAN and KANT (Table 4), thermal shock has a 
slight negative effect on the formation of meso 
and macropores. Calculations of the pore volume 
portions in the total volume (Table 5) show the 
following. The AC(A) from the original anthracite 
and the AC(AT) from the anthracite thermolyzed 
by thermal shock are microporous materials with 
a micropore volume portion ≥ 86.3 %, which 
provide ≥ 99.1 % of the total specific surface area. 
Almost all pores are located within the range of 
supermicropores (D = 0.7–2.0 nm), the portion of 
ultramicropores is small. But the total specific 
surface area is small (S ≤ 318 m2/g), i.e. the 
porosity of these materials is poorly developed. 

 

Table 5. Portions of pore volumes and pore specific surface areas of AC(AT), AC(AN) and AC(ANT) 

Sample 
Portion of pore volume, % 

P(Vumi) P(Vsmi) P(V1nm ) P(Vmi) P(Vme+ma) 
АВ(А) 0.6 86.3 53.1 86.9 13.1 
АВ(АТ) 0.6 88.0 54.2 88.6 11.4 
АВ(НА) 12.3 42.1 39.4 54.4 45.6 
АВ(НАТ) 24.6 23.7 47.0 48.3 51.7 

Sample 
Portion of pore specific surface area, % 

P(Sumi) P(Ssmi) P(S1nm ) P(Smi) P(Sme+ma) 
АВ(А) 1.0 98.1 64.5 99.1 0.9 
АВ(АТ) 0.9 98.5 66.6 99.4 0.6 
АВ(НА) 27.9 63.1 75.3 91.0 9.0 
АВ(НАТ) 54.8 38.2 91.3 93.0 7.0 

 
 

The AС(AN) has the most developed surface 
area (S = 1995 m2/g) and porosity 
(Vt = 1.418 сm3/g) with a large fraction of meso- 
and macropores volume P(Vme+ma) = 45.6 %. The 
portion of micropore surface is less than that of 
AC(A) and AC(AT), but is also high 
(P(Smi) = 91.0 %) due to the formation of 
ultramicropores. Since AB(NA) and AB(AT) 
were obtained under the same conditions, it can 
be concluded that the reactivity of anthracite 
nitrate upon alkaline activation is approximately 
an order of magnitude higher than the reactivity 
of anthracite. That is, intercalation with nitric 

acid significantly increases the capability of 
anthracite to form nanoporous materials. 
Thermal shock of anthracite nitrate deteriorates 
almost all characteristics of the porous structure 
of AС, except for the characteristics of 
ultramicropores (D ≤ 0.7 nm). Their volume and 
specific surface area additionally increase 
(Table 3), and the portion of the ultramicropore 
surface reaches 54.8 %. In general, the sequential 
stages of intercalation, thermal shock and 
alkaline activation transform anthracite into 
carbons with a developed surface and dominance 
of ultramicroporosity. 
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The adsorption properties of anthracite ACs 
were tested by the absorption of 4-chlorophenol, 
methylene blue, and Pb(II) cations, which are 
typical representatives of organic ecotoxicants 
and heavy metals and are most often used to 
characterize carbon materials [28–30]. Studies 
on the kinetics of adsorption by AB(NA) and 
AB(NAT), as well as kinetic data of previous 
work [20], have shown that adsorption 
equilibrium is reached for 2–4 h (25 °C) 
depending on the adsorbate nature. The data are 
poorly approximated by the pseudo-first-order 
model (R2 = 0.790–0.964). The adsorption 
kinetics are better described by the pseudo-
second-order model (R2 ≥ 0.996), which states 
that the adsorption rate is limited by the 
interaction of the adsorbate with surface centers 
[21], and not by diffusion into the porous 
structure of carbon. This is also confirmed by the 
approximation of the kinetic curves by the 
intraparticle diffusion model [22], since in the 
“AAD–time0.5” coordinates the lines do not pass 
through the origin. To unify the adsorption 
measurements, the same adsorption time of 4 h 
was adopted for all adsorbates and activated 
carbons. Adsorption isotherms have the form 
shown in Fig. 8 for AC(AN) material. Isotherms 
of other ACs have the same form and differ only 
quantitatively. They were approximated by the 
Langmuir and Freundlich models, which are 
most often used for the adsorption of selected 
adsorbates from aqueous media [28–30]. The 

coefficients of these models were calculated 
from the linearized forms of equations (Table 6). 

The Langmuir model states that the AC 
surface is chemically homogeneous and the 
maximum adsorption capacity corresponds to a 
saturated monolayer of the adsorbate AAD(L). The 
Freundlich model assumes multilayer adsorption 
on a chemically inhomogeneous surface 
containing adsorption centers of different 
activities. The coefficient 1/n takes into account 
the surface inhomogeneity: adsorption is 
favorable under the condition 0 < 1/n < 1, and 
the adsorption process is unfavorable under 
1/n > 1 [23]. Judging by the coefficients of 
determination (Table 6), the Langmuir model 
approximates the isotherms better. The only 
exception is the adsorption of lead cations by the 
AC(AT) sample. 

The highest capacities for all three 
adsorbates are shown by the AC(AN) material 
from intercalated anthracite nitrate. The 
AC(ANT) sample has smaller capacities, but 
also large ones. The AC(A) and AC(AT) 
samples exhibit the lowest adsorption capacity 
and differ little from each other (Table 6). The 
AAD(L) values for different adsorbates differ by 
2.3–3.6 times and for each AC sample increase 
in the order Pb(II) < MB < CPh. That is, the 
anthracite ACs are most active towards               
4-chlorophenol with the highest capacity 
(ACPh(L) = 4.90 mmol/g) for the AC(AN) from 
anthracite nitrate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Adsorption isotherms of 4-chlorophenol, methylene blue and Pb(II) for the AC(AN) sample 
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Table 6. Parameters of adsorption isotherm models for activated carbons prepared 

Sample Model Parameter 
Adsorbate 

CPh MB Pb(II) 

AС(A) 

Langmuir 

ААД(L), mmol/g 0.77 0.29 0.24 
ААД(S), μmol/m2 2.42 0.92 0.75 
kАД(L), L/mmol 3.07 2.68 2.50 
R2 0.965 0.986 0.989 

Freundlich 
kАД(F), (mmol/g)(L/mmol)1/n 0.54 0.21 0.17 
1/n 0.24 0.41 0.34 
R2 0.894 0.855 0.903 

AC(AT) 

Langmuir 

ААД(L), mmol/g 0.81 0.28 0.23 
ААД(S), μmol/m2 2.60 0.91 0.72 
kАД(L), L/mmol 2.81 2.96 2.97 
R2 0.987 0.994 0.991 

Freundlich 
kАД(F), (mmol/g)(L/mmol)1/n 0.56 0.21 0.16 
1/n 0.228 0.436 0.321 
R2 0.924 0.855 0.979 

AC(AN) 

Langmuir 

ААД(L), mmol/g 4.90 2.34 1.80 
ААД(S), μmol/m2 2.46 1.17 0.90 
kАД(L), L/mmol 27.63 3.72 2.76 
R2 0.995 0.998 0.991 

Freundlich 
kАД(F), (mmol/g)(L/mmol)1/n 5.88 1.17 1.19 
1/n 0.271 0.364 0.294 
R2 0.993 0.995 0.988 

AC(ANT) 

Langmuir 

ААД(L), mmol/g 3.68 1.83 1.19 
ААД(S), μmol/m2 2.50 1.25 0.81 
kАД(L), L/mmol 8.16 1.71 1.92 
R2 0.998 0.998 0.991 

Freundlich 
kАД(F), (mmol/g)(L/mmol)1/n 3.28 1.04 0.72 
1/n 0.267 0.433 0.309 
R2 0.919 0.931 0.979 

 
 
 

The measured values of AAD(e) are quite 
common. According to the literature, the 
chlorophenol capacity ACPh(L) of various carbon 
materials is most often in the range of           
0.33–2.52 mmol/g [28, 31], and the Pb(II) cation 
capacity is in the range of 0.029–1.42 mmol/g 
[29]. The methylene blue capacity AMB(L) of most 
carbon materials varies within the range of 
0.021–2.58 mmol/g [30, 32], but higher values 
are also reported: AMB(L) = 5.50–7.04 mmol/g 
[33] and even AMB(L) = 13.07 mmol/g for the 
biomass-based carbon prepared by alkaline 
activation (RKOH = 4 g/g) [34]. Comparison of 
the obtained and published data shows that only 
the AC(AN) and AC(ANT) samples have 
sufficiently high adsorption capacities for all 
adsorbates. The kAD(L) constants for the AC(A) 
and AC(AT) are close and do not depend much 
on the adsorbate. The values of kAD(L) for 
AC(AN) differ by a factor of 10 and the largest 
value (kAD(L) = 27.63 L/mmol) was measured 

for 4-chlorophenol. Thus, the adsorption activity 
of the carbon from anthracite nitrate is most 
sensitive to the nature of the adsorbate. As for 
the AC(ANT), this effect is weaker: the kAD(L) 
values for different compounds differ by a factor 
of 4.8. The specific adsorption capacities for 
chlorophenol ACPh(S) for all ACs are close and are 
within the range of ACPh(S) = 2.42–2.60 μmol/m2. 
Regardless of the carbon precursor, alkaline 
activation creates approximately the same 
concentration of surface adsorption centers being 
active with respect to CPh. A similar situation is 
observed for MB and lead cations (Table 6), but 
the values of AMB(S) and APb(S) are significantly 
lower and vary in the ranges of         
AMB(S) = 0.92–1.25 μmol/m2 and APb(S) = 0.72–
0.90 μmol/m2. Thus, an increase in the surface 
during activation is accompanied by an 
equivalent increase in the number of adsorption 
centers, but their surface concentration remains 
almost unchanged. This is most likely caused by 
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the leveling effect of potassium hydroxide during 
the formation of carbons under alkaline 
activation conditions. 

CONCLUSIONS 

For the first time, the porous structure and 
adsorption properties of anthracite nanoporous 
materials obtained by a combination of nitric 
acid intercalation, thermal shock, and alkaline 
activation at a small KOH/coal ratio (g/g) were 
examined. 

Intercalation of anthracite with vapor-phase 
HNO3 (57 %) at 140 °C forms anthracite nitrate 
– a carbon material with intercalated nitrate 
anions forming intra-framework ion pairs with 
cationic and cation-radical polyarene fragments. 

Alkaline activation (800 °C) converts 
anthracite nitrate into carbon with a developed 
surface (~ 2000 m2/g), which consists of 91 % 
micropore surface including 28 % 
ultramicropore one. 

Preliminary nitric acid intercalation 
significantly increases the specific surface area 
of the final carbons (by 6.3 times) and their 
adsorption capacities for 4-chlorophenol (by 
6.4 times), methylene blue dye (by 8.0 times) 

and lead cations (by 7.5 times). The adsorption 
kinetics and adsorption isotherms are best 
approximated by the pseudo-second-order 
equation and by the Langmuir equation, 
respectively. 

Thermal shock (800 °C) of anthracite nitrate 
forms a carbon material with a surface area of 
~ 60 m2/g. It is more inert upon alkaline 
activation and forms the activated carbon 
(~ 1500 m2/g) with a dominant portion (54.8 %) 
of the ultramicropore surface but with degraded 
(by 25–33 %) adsorption properties. 

Activated carbons prepared from anthracite 
nitrate are effective adsorbents for purifying 
aqueous environments from heavy metal cations, 
dyes, and phenolic compounds. 
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Мета роботи – визначення впливу азотнокислотного інтеркалювання антрациту на пористу 

структуру та адсорбційні властивості активованого вугілля (АВ), отриманого лужною активацією. 
Інтеркалювання здійснювали продуванням антрациту парофазною HNO3 (57 %) при 140 °С. Активацію з 

утворенням АВ виконували термопрограмованим нагріванням (4 град/хв) імпрегнованого лугом (KOH) зразка 
до 800 °С з ізотермічною витримкою 1 год, охолодженням, відмивкою від лугу та сушінням. За 
низькотемпературними ізотермами адсорбції-десорбції азоту методом 2D-NLDFT-НS розраховано 
(програма SAIEUS) інтегральні та диференційні залежності питомої площі поверхні (S) та об’єму пор (V) 
від їхнього середнього діаметра. Визначено об’єми та питомі площі поверхні ультрамікропор, 
супермікропор та мікропор. Виміряно кінетику та ізотерми адсорбції катіонів Pb(II), 4-хлорфенолу та 
барвника метиленового блакитного з водних середовищ (25 °С). 

Інтеркалювання HNO3 в антрацит трансформує його в нітрат антрациту (НА) з утворенням кисневих 
функціональних груп та внутрішньокаркасних іонних пар з катіонними і катіон-радикальними графеновими 
фрагментами. Найбільш неушкоджена графенова структура зберігається до 30 хв, а збільшення часу 
інтеркалювання окиснює НА з утворенням ароксильних радикалів та продуктів глибокої оксидеструкції аж 
до СО і СО2. Тепловий удар (800 °С) руйнує НА з виділенням діоксиду азоту та утворенням термолізованого 
матеріалу з S = 60 м2/г та великим вмістом структурного кисню (10.4 %). Спучування НА, аналогічне 
спучуванню нітрату графіту, не спостерігається. Лужна активація (800 °С) перетворює нітрат 
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антрацит на АВ з виходом 41.6 % та S ~ 2000 м2/г, яка на 91 % складається з поверхні мікропор, включаючи 
28% поверхні ультрамікропор. Активація НА, термолізованого тепловим ударом, дає АВ (S ~ 1500 м2/г) з 
домінуючою часткою (54.8 %) поверхні ультрамікропор. Активація вихідного антрациту погано розвиває 
поверхню (S ≤ 318 м2/г). 

Встановлено, що кінетика адсорбції підпорядковується рівнянню псевдо-другого порядку, а ізотерми 
краще апроксимуються моделлю Ленгмюра. Для кожного АВ адсорбційні ємності зростають в ряду 
Pb(II) < барвник < хлорфенол і різняться у 2.3–3.6 рази. Найактивнішим  адсорбентом є АВ з нітрату 
антрациту, який показує найбільші ємності за Pb(II) (1.80 ммоль/г), барвником (2.34 ммоль/г) та 
хлорфенолом (4.90 ммоль/г). Збільшення питомої поверхні при активації супроводжується пропорційним 
зростанням числа адсорбційних центрів, але їхня поверхнева концентрація майже не змінюється. Це 
викликано нівелюючою дією KОН на структуру АВ, яке утворюється при активації. 

Показано, що попереднє азотнокислотне інтеркалювання значно збільшує питому площу поверхні 
кінцевого АВ (в 6.3 рази) та його адсорбційні ємності за Pb(II) (у 7.5 рази), хлорфенолом (у 6.4 рази), 
метиленовим блакитним (у 8.0 разів). Тепловий удар нітрату антрациту формує більш інертний вуглецевий 
матеріал, який утворює АВ з погіршеними (на 25–33 %) адсорбційними властивостями. Зроблено висновок, 
що отримане антрацитове АВ є ефективним адсорбентом для очищення водних середовищ від катіонів 
важких металів, барвників та фенольних сполук. 

Ключові слова: антрацит, інтеркалювання, лужна активація, активоване вугілля, нанопористість, 
адсорбція, екотоксикант 
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