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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(Il), 4-chlorophenol and methylene blue dye from aqueous media were
measured (25 °C).

Intercalation of HNOs into anthracite transforms it into anthracite nitrate (AN) with the formation of oxygen
Sfunctional 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 CO.. Thermal
shock (800 °C) destroys the AN with the release of nitrogen dioxide and the formation of a thermolyzed material with
S = 60 m*/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 m?/g, which consists of 91 % of the micropore surface including 28 % of the ultramicropore surface.
Activation of AN thermolyzed by thermal shock gives AC (S~ 1500 m?/g) with a dominant portion (54.8 %) of the
ultramicropore surface. Activation of the starting anthracite poorly develops the surface (S <318 m?/2). 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(Il) < 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(Il) (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(Il) (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 domains - crystallites consisting of parallel
oriented graphene layers spatially linked by
Car-Cyr and Cux-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

Anthracites are promising precursors of
activated carbons (ACs) with developed
nanoporosity, narrow pore size distribution and
large specific surface area (2260—4012 m*/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
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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 Brensted acids, in which graphene is
spatially separated by intercalant particles. In
more strong oxidizing systems (KClOs; 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 m?/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
HCIO04-HNO3-H>O (20 °C, 8 h) and subsequent
thermal shock (700 °C, <5 s) with the formation
of a material with Sggr = 521 m?%/g without any
additional activation. The combination of
intercalation by HCIOs or Mg(ClOs) [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
simultanecously a donor of oxide particles
(nitronium cations NO,") and intercalant
particles (NOj3"). Treatment of anthracite with
liquid-phase  HNO; (71 %, 120°C, 5h)
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 m*/g while activated by carbon dioxide
(850 °C, 8 h) or from 422 to 1139 m%g during
steam activation (850°C, 2h) [15]. The
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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 W*=0.8 %, ash
content A49=2.8%, and volatile matter
phaf =3 2 o (particle size 1.0—1.6 mm, coal seam
geological index kg). Elemental composition of
organic matter (% daf): C95.1; H2.0; NO.5;
S 1.7, 00.7 (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
Rxon =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

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.

nitrate; AT and ANT are anthracite and
HNOs, 140 ° KOH, 800°C
03, 140°C AN » AC(AN)
HNOs, 140 °C Ar, 800 °C KOH, 800 °C
> AN >  ANT » AC(ANT)
A
Ar, 800 °C °
I, o AT KOH, 800 °C > AC(AT)
KOH, 800 °C o ACA)

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 V; (cm?/g) was determined as the amount
of N, adsorbed at a relative pressure P/Py~ 1.0.
The 2D-NLDFT-HC (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 (m?%/g)
and the pore volume ¥ (cm?/g ) from the average
pore diameter (D, nm). The volumes of
ultramicropores (Vumi), supermicropores (Vimi),
subnanopores (Vinm), and micropores (Vmi) were
determined from the integral dependences of
“V—D”and “S—D”; Vi = Vumi T Vemi. The total
volume of meso- and macropores was calculated

as  Vmerma = Vi— Vmi. Similarly, the specific
surface areas of ultramicropores  (Sumi),
supermicropores (Ssmi), subnanopores (Sinm),

micropores (Smi), and the total surface of meso-
and macropores (Smetma) 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
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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
Aap (mmol/g), where AD is 4-chlorophenol
(CPh), methylene blue (MB) or Pb(Il) cations,
was determined as follows. The AC sample
(m=0.100 g) dried at 120 + 10 °C was placed in
the adsorbate aqueous solution (Vap = 100 cm®)
with a given initial concentration (Cap(y),
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 Cap (during the
adsorption  kinetics measurment) or the
equilibrium concentration Cape) (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(Il) cations was determined by titration
with a trilon-B solution in the presence of
xylenol orange indicator. The adsorption
capacity Aap was calculated as Aap = (Cap)—
Cap)*Vap/m. Adsorption kinetics data were
approximated by pseudo-first-order model
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A=A [1 - exp(— klt)]’
A= kZAzAD(e)T/(l + kZAAD(e)T) >
and intraparticle diffusion model
Aap = kqt®? + C, where ki, ko, kq — coefficients; ©

— adsorption time. Adsorption isotherms were
approximated by Langmuir model

pseudo-second-

order model

AAD(e) = AAD(L)kAD(L)CAD(e) / (1 + kAD(L)CAD(e) ) and
Freundlich model A, =k,pp Chbe» Where

Aap) is the capacity of a adsorbate saturated
monolayer; kapw) is the Langmuir constant,
kapr) and n are the Freundlich constants [23]. It
was also calculated the specific adsorption

capacity  Aapes) = 1000x4apry/S  (umol/m?),
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 Am = 20 %) at 30 min.
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Fig. 1.

Changes in weight (/), concentration of unpaired electrons [¢7] (2) and intensity (3) of the absorption band

of nitrate anions I;330 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 (C,") or
cation-radical (C,") structural fragments of the
anthracite framework. This is evidenced by the
appearance of new paramagnetic centers (PMCs)
of anthracite (AH = 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 z-system), so they can be attributed to
graphene fragments. The concentration of
unpaired electrons also changes along a curve
with a maximum ([¢7] = 1.25-10"7 g') at 30 min
of contact (Fig. 1, line 2). A decrease in the [¢7]
value indicates the competition of two processes:
the generation of radicals and their subsequent
oxidative destruction.
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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 cm ! attributed to the NO5~ band in organic
nitrates  [24]. Its  intensity  increases
synchronously with swelling and weight gain
(Fig. 1, line 3). When interacting coal and HNO;3,
nitration of anthracite graphene also occurs, as
evidenced by the appearance of absorption bands
of nitro groups (1550 and 1340 cm™), which are
usually identified at v,=1570-1500cm™ and
Vom=1379-1300 cm™ [24]. Quinoid and carboxyl
groups are additionally formed that results in the
appearance of absorption bands at 1657 cm™
(two quinoid groups in two rings) and 1730 cm™
(carbonyl groups). In the IR spectrum of NA, the
absorption bands of out-of-plane deformation
vibrations of C,-H bonds (900650 cm™)
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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 C,-OH, C,~COOH and
C=0 together with intercalated NO;™ 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 (40002000 cm™') being uninformative
due to the absence of distinct absorption bands.

0.25

Absorbance, a.u.
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Fig. 2.

IR spectra of anthracite (/) and anthracite nitrate (2)

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

Elemental composition, % daf

()
Sample Am, % C H S N o
A 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 24 0.9 1.9 224

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
mxC¥(A) = mxC¥(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 C3;" NOs™. Based on this content of
nitrate anions, the oxygen content should be
11.2 % (including O% =0.7 % of the original
sample). The O%" experimental value is higher
(14.3 %) that indicates the incorporation of
O-atoms into anthracite with the formation of
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functional groups. Increasing the intercalation
time to 5h gradually destroys the NA with
forming products of deep oxydestruction. The
parameter Am decreases to ~4 %, the oxygen
content increases to 22.4 % (Table1). 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
(AH=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
(§=1.5m?%g). Thermal shock destroyes
anthracite nitrate with the release of nitrogen
dioxide and forms a carbon product with
S=60m?*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 AC(A) sample practically
coincides with the AC(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 AC(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
AC spatial framework, from which the rate of N»
desorption is significantly lower than the rate of
adsorption [19]. According to the IUPAC
classification [19], the isotherms of the
AC(ANT) and AC(AN) samples belong to type
IT 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

Elemental composition, % daf

0,

Sample Y, % 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

AC(AT) 83.1 91.8 2.4 0.9 0.4 4.5

AC(AN) 41.6 82.1 3.4 0.6 2.1 11.8

AC(ANT) 53.4 84.9 2.9 0.5 1.5 10.2
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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
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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 >6nm) 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<6nm, and Fig.6 — for the

interval of larger diameters (D> 6 nm).
Micropores are most noticeably formed in the
region D<12nm. 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.

V, cm?’lg

0 5 10

Fig. 4.

15

20 25 30

D, HMm

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

D,nm

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
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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.
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—a—AC(ANT)
£
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Fig. 6. Pore size distribution of activated carbons from anthracite and anthracite nitrate
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Fig. 7.
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 cm’/g, the specific
surface area is almost 2000 m?%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).
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Integral dependences of the specific surface area on pore diameter for AC(AT) (/), AC(ANT) (2) and

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 Kanr 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)
Porous structure parameter
Sample Pore volume, cm®/g
I/t Vumi Vsmi Vlnm Vmi Vme+ma
AC(A) 0.175 0.001 0.151 0.093 0.152 0.023
AC(AT) 0.166 0.001 0.146 0.090 0.147 0.019
AC(AN) 1.418 0.174 0.597 0.560 0.771 0.647
AC(ANT) 0.960 0.236 0.228 0.450 0.464 0.496
Specific surface area, m%*/g
Sample S Sumi Ssmi Slnm Smi Sme+ma
AC(A) 318 3 312 205 315 3
AC(AT) 311 3 306 207 309 2
AC(AN) 1995 556 1260 1503 1816 179
AB(ANT) 1468 804 561 1341 1365 103
Table4.  The ratios of Kan and Kanr
Porous structure parameter
Ratio Pore volume, cm®/g
Vt Vumi V;mi Vlnm Vmi Vme+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, m*/g
S Sumi Ssmi Slnm Smi Sme+ma
Kan 6.3 185 4.0 7.3 5.8 60
KaNT 4.7 268 1.8 6.5 44 52
Comparison of the numerical values of Kan surface area of meso- and macropores
and Kant shows that the effect of intercalation (Kant = 52).
on the formation of different pores is The enormous influence of intercalation and
significantly different. The total pore volume thermal shock on the formation of
increases from 0.166 to 1.418 cm®/g (Kan = 8.1). ultramicropores is noteworthy. When coal

The greatest effect was found when forming
ultramicropore volume (Kan = 174) and the total
volume of meso- and macropores Vmerma
(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 mM*/r
(Kan = 6.3). The largest increase in surface area
is observed for ultramicropores (Kax = 185) and
meso- and macropores Smerma (Kan=60), a
moderate increase is observed for the parameters
Ssmi, Stnm Ta 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
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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
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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 1h of activation
(Vumi = 0.174 cm®/g). In addition, during alkaline
impregnation of anthracite nitrate, the reaction
C3,"NO;+ KOH — C3"OH™ + KNOs 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 cm?/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 C3,"NO;~ as well as thermally initiated
reactions with KOH leading to the formation of
volatile products [27]. Judging by the values of
Kan and Kanr (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<318m%g), ie. 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)

Portion of pore volume, %

Sample P(Vam) P(Vom) P(Viom ) P(Va) P(Vinerma)
AB(A) 0.6 86.3 53.1 86.9 13.1
AB(AT) 0.6 88.0 54.2 88.6 11.4
AB(HA) 12.3 42.1 39.4 54.4 45.6
AB(HAT) 24.6 23.7 47.0 48.3 51.7

Sample Portion of pore specific surface area, %

P(Sumi) P(Ssmi) P(Slnm ) P(Sml) P(Sme+ma)
AB(A) 1.0 98.1 64.5 99.1 0.9
AB(AT) 0.9 98.5 66.6 99.4 0.6
AB(HA) 27.9 63.1 75.3 91.0 9.0
AB(HAT) 54.8 38.2 91.3 93.0 7.0

The AC(AN) has the most developed surface
area (S = 1995 m%/g) and porosity
(Vi =1.418 cm’/g) with a large fraction of meso-
and macropores volume P(Vmeima) = 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
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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 AC, 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(Il) 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 2-4h (25°C)
depending on the adsorbate nature. The data are
poorly approximated by the pseudo-first-order
model (R*=0.790-0.964). The adsorption
kinetics are better described by the pseudo-
second-order model (R*>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
“Aap—time’>” 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

5.0

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 Aap). 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
I/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
Aapw) values for different adsorbates differ by
2.3-3.6 times and for each AC sample increase
in the order Pb(Il) <MB < CPh. That is, the
anthracite ACs are most active towards
4-chlorophenol with the highest capacity
(Acrnr) = 4.90 mmol/g) for the AC(AN) from
anthracite nitrate.

4.5
4.0
3.5
3.0

2.5

2.0 ;

Aap(e), mmol/g

1.5

1.0

0.5

0.0 ¥

ACPh OMB
A Pb(ll)

00 05 10 15

Cap(e), mmol/L

20 25

3.0 35 4.0

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 CPh Adson;)laBte Pb(Il)
Aanq), mmol/g 0.77 0.29 0.24
Langmuir AAL[(S), },LII]OI/H‘I2 2.42 0.92 0.75
kanw), L/mmol 3.07 2.68 2.50
AC(A) R? 0.965 0.986 0.989
kasr), (mmol/g)(L/mmol)'/ 0.54 0.21 0.17
Freundlich I/n 0.24 0.41 0.34
R 0.894 0.855 0.903
AA};[(L), mmol/g 0.81 0.28 0.23
Langmuir AA};[(S), ].JVII’IOI/III2 2.60 0.91 0.72
kAﬂ(L), L/mmol 2.81 2.96 2.97
AC(AT) R? 0.987 0.994 0.991
Kanm), (mmol/g)(L/mmol)'™ 0.56 0.21 0.16
Freundlich I/n 0.228 0.436 0.321
R 0.924 0.855 0.979
AA[[(L), rnrnol/g 4.90 2.34 1.80
. Anjs), pmol/m? 2.46 1.17 0.90
Langmuir Kaxw, L/mmol 27.63 3.72 2.76
AC(AN) R? 0.995 0.998 0.991
kana), (mmol/g)(L/mmol) 5.88 1.17 1.19
Freundlich I/n 0.271 0.364 0.294
R? 0.993 0.995 0.988
Aan), mmol/g 3.68 1.83 1.19
. AA};[(S), ].JVII’IOI/III2 2.50 1.25 0.81
Langmuir kaxw, L/mmol 8.16 171 1.92
AC(ANT) R? 0.998 0.998 0.991
kanr), (mmol/g)(L/mmol)'/ 3.28 1.04 0.72
Freundlich I/n 0.267 0.433 0.309
R 0.919 0.931 0.979

The measured values of Aape) are quite
common. According to the literature, the
chlorophenol capacity Acpnry of various carbon
materials is most often in the range of
0.33-2.52 mmol/g [28, 31], and the Pb(Il) cation
capacity is in the range of 0.029-1.42 mmol/g
[29]. The methylene blue capacity Ampw) 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 Awmpr)= 13.07 mmol/g for the
biomass-based carbon prepared by alkaline
activation (Rxou =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 kapw) constants for the AC(A)
and AC(AT) are close and do not depend much
on the adsorbate. The values of kapa) for
AC(AN) differ by a factor of 10 and the largest
value (kAD(L)=27.63 L/mmol) was measured
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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 kapw)
values for different compounds differ by a factor
of 4.8. The specific adsorption capacities for
chlorophenol Acpus) for all ACs are close and are
within the range of Acpns) = 2.42-2.60 umol/m?.
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 Amgs) and Apys) are significantly
lower and vary in the ranges of
Amps) = 0.92—-1.25 pmol/m? and  Apys) = 0.72—
0.90 pmol/m®. 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 wunder 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
HNO; (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 m?*/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
~60m?%g. It is more inert upon alkaline
activation and forms the activated carbon
(~ 1500 m?/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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AHTPanUTOBI HAHOMOPHUCTI MaTepia/In, OTPUMAHI A30THOKHUCJIOTHUM iHTEPKAJIOBAHHAM 3
HACTYNHOK) JIY?KHOK) aKTHBAILi€10

B.O. Kyuepenko, }0.B. Tamapkina, B.O. Cadepoa, M.M. HeuuraiisioB

Incmumym ghizuxo-opeaniunoi ximii' i gyeneximii im. JL.M.Jlumeunenka Hayionanvnoi akademii nayk Ykpainu
eyn. Xapxiecvke woce, 50, Kuis, 02155, Yxpaina, Tamarkina@nas.gov.ua

Mema pobomu — 6usHaueHHs 6NAUEY AZ0MHOKUCIOMHO20 [HMEPKANIOBAHH AHMPAYUMy HA NOPUCMY
CMpYKmypy ma aocopOyitini 61acmueocmi akmugogano2o gy2inna (AB), ompumanozo nyscnoio akmusayiero.

Iumepkantosanus 30itcH08anu npodyeannam anmpayumy napogasnoro HNOs (57 %) npu 140 °C. Akmusayiro 3
ymeopeHHAM AB euxonysanu mepmonpocpamosanum Hazpieannam (4 epad/xe) imnpeerosanozo ryeom (KOH) spaska
0o 800 °C 3 izomepmiunoro eumpumxor 1200, 0XON00NCEeHHAM, GIOMUBKOW 8I0 ayey ma cyulinHam. 3a
HU3bKOMeMNepamypHumy  isomepmamu  aocopoyii-oecopoyii  azomy memooom 2D-NLDFT-HS pospaxosaro
(npoepama SAIEUS) inmezpanvui ma oughepenyitini 3anexcHocmi numomoi niowi nogepxui (S) ma o6 ’emy nop (V)
8i0 ixHbo2O cepeonboco Oiamempa. Buszmnaueno o06’emu ma numMomi NAOWi NOBEPXHI  YIbMPAMIKPONOP,
CynepmiKponop ma Mikponop. Bumipsno xinemuxy ma izomepmu aocopbyii kamionie Pb(Il), 4-xnopgenony ma
Oap8HUKA MEMULEHO0B8020 DIAKUMHO020 3 600HUX cepedoguuy (25 °C).

Inmepkanosanns HNO3 ¢ anmpayum mpancgopmye tioco 6 nimpam anmpayumy (HA) 3 ymeopennsim xucnesux
dyHKyionanbHux epyn ma GHYmpiuHbOKAPKACHUX [OHHUX NAP 3 KAMIOHHUMU | KAMIOH-PAOUKATIbHUMU 2padeHosumMu
@paemenmanu. Hauibinow ueywixoosicena epagenosa cmpykmypa 36epicacmoca 0o 30x6, a 36invuienHs wacy
inmepkantoganns oxkucHwe HA 3 ymeopenusm apokcunvHux paoukanie ma npooykmis enubokoi oKcuoecmpykyii aic
0o CO i CO;. Tennosuii yoap (800 °C) pyurnye HA 3 udinenusam 0iokcudy azomy ma ymeopeHHIM mepMOoNi308aH020
mamepiany 3 S = 60Mm/2 ma senuxum emicmom cmpykmyprozo kuckio (10.4 %). Cnyuyeamnna HA, ananoziume
cnyuyeauHio Himpamy epagimy, He cnocmepicacmoca. Jlyosicna axmusayia (800 °C) nepemeoproe Himpam
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anmpayum na AB 3 euxooom 41.6 % ma S ~ 2000 m?/2, sixa na 91 % ckradacmocs 3 NO6ePXHi MIKpONOp, 6KIIOUAIOYU
28% noeepxui ynompamixponop. Axmueayis HA, mepmonizoéanozo mennosum yoapom, oac AB (S~ 1500 m’/2) 3
dominyouoio wacmkoio (54.8 %) noeepxmi ynompamixponop. Axkmugayia 6uxionozo anmpayumy no2amo po3eusac
nosepxuio (S < 318 m/2).

Bemanosneno, wo kinemuxa adcopbyii nionopsokogyemuvcs PiBHIAHHIO NCe800-0py2020 NOPsOKy, a i3omepmu
Kpauje anpoxcumytomocs mooennio Jlenemropa. [[na koscnoco AB aocopbuyiiini emHocmi 3pocmaroms 6 pady
Pb(1l) < bapenuk < xnopghenon i pisnamoca y 2.3-3.6 pasu. Hatlakmuguiwum aocopbenmom € AB 3 uwimpamy
anmpayumy, Akul noxazye Haubinowi emuocmi 3a Pb(Il) (1.80 mmonv/e), 6apenuxom (2.34 mmonv/e) ma
xnopgenonom (4.90 mmonv/2). 36invuiennss nUMOMOI NOBEPXHI NPU AKMUBAYIT CYNPOBOOICYEMbCSL NPONOPYIUHUM
3DOCMAHHAM YUCTA A0COPOYILIHUX YeHmpis, alle iXHs NogepxHesa KOWYeHmpayis maidice He smiHoembvces. Lle
suxIuKano Higenoroyoio diero KOH na cmpyxmypy AB, sike ymeoproemubca npu akmugayii.

Ioxazano, wo nonepeone a30MHOKUCTIOMHE ITHMEPKANIOBAHHS 3HAYHO 30LIbUWYE NUMOMY NIOWY HOBEPXHI
kinyesoeo AB (8 6.3 pasu) ma tioeo aocopbyiuni emnocmi 3a Pb(Il) (v 7.5 paszu), xnopgpenonom (y 6.4 pasu),
memunenosum onaxumuum (y 8.0 paszie). Tennosuil yoap nimpamy awmpayumy Gopmye b6inoul iHepmHuil gyeieyesutl
mamepian, sakut ymeopioe AB 3 nozipwenumu (ha 25-33 %) aocopoyiiinumu enacmugocmsamu. 3poOaeHO UCHOBOK,
wo ompumare anmpayumose AB € epexmuenum adcopbeHmom 0ns OUUWeHH B00HUX Cepedosully IO KAMIOHI8
BAICKUX MEMANi8, OAPEHUKIE MA (PEHONbHUX CHOTIVK.

Knwowuosi cnosa: awmpayum, iHmepranio8anHs, JYJHCHA AKMUBAYIS, AKMUBOSAHE GV, HAHONOPUCMICHb,
aocopdOyisl, eKOMOKCUKAHM
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