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Abstract

The mutual solubility and polymerization in the furfural-hydroquinone-urotropin system were studied. Microporous
carbon was obtained by activating the carbonized polymer with potassium hydroxide. It has been found that, depending on the
mass ratio of KOH to carbonizing polymer, the specific surface area of the activated carbon varies from 2010
to 3307 m%/g, and the micropore volume varies from 0.941 to 1.124 cm’/g. The surface and porosity parameters of model
carbon structures with homogeneous square or hexagonal pores were calculated. It is assumed that the micropore volume of the
obtained activated carbons is approaching the theoretical limit. The resulting coals can be used as effective adsorbents.
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Introduction

Microporous carbon materials are widely used in
technology as adsorbents for air and water purification,
in medicine, in chemical current sources, for methane
storage, and in other fields of technology. Carbon
materials with the highest possible specific micropore
volume are required for the most efficient use.

The most common way to obtain activated carbons
is the activation of various carbon-containing raw
materials (carbonization products of plant materials,
organic polymers) with water vapor, carbon dioxide,
and various chemical reagents [1]. Thus, the adsorption
properties of AC-1 activated carbon obtained by vapor-
gas activation of a carbonized coconut shell were
studied in [2]. The specific micropore volume for this
coal was 0.62 cm’/g.

The adsorption properties of AC-5 activated
carbon obtained from furfural by thermochemical
synthesis of a carbon matrix were studied in [3].
The authors do not give details of the synthesis
procedure, however, it can be assumed that it involves
the synthesis of a furfural-based polymer, its
carbonization and gas-phase activation (usually the
activation of such materials is carried out with water

vapor, carbon dioxide or their mixture). The specific
micropore volume for this coal was 0.53 cm’/g.

The adsorption properties of activated carbons
obtained by various methods are described in [4].
In particular, the data on the specific micropore volume
for these coals are given. Coals AC-1, AC-2, AC-4,
AC-6, AC-7 were obtained by carbonization and
activation of plant materials (coconut shell, natural
coal). Coals AC-5 and PAH-10 are obtained by
carbonization and activation of polymers, furfural and
polyvinylidene chloride respectively. The structural and
energy characteristics of these adsorbents were
determined from the adsorption isotherms of standard
benzene vapor at temperatures of 293-298 K using the
Dubinin—Radushkevich equation. For these coals, the
specific micropore volume does not exceed 0.62 cm’/g.
A small micropore volume limits the use of activated
carbons, in particular, for methane storage, where the
maximum possible micropore volume per unit volume
of adsorbent is required.

Higher surface and porosity indicators are
achieved by chemical activation of carbon-containing
materials with potassium hydroxide at high temperature
[5-13]. This method is applicable to a wide variety of
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carbon-containing materials. If plant or polymer raw
materials are used, they are first subjected to heat
treatment (carbonization), usually at temperatures in the
range of 300-550 °C. Then the carbonized product is
mixed with solid potassium hydroxide or soaked in a
solution of potassium hydroxide and further dried.
Then the mixture is heated in an inert atmosphere
(nitrogen or argon) to a temperature of 600-900 °C.
After heat treatment and cooling, the reaction mixture
is poured with water, and the activated carbon material
is washed from water-soluble substances (excess alkali,
potassium carbonate) and dried. The post-treatment of
activated carbon material is often supplemented by
treatment with an acid solution and repeated washing
with water for more complete removal of mineral
impurities.

In a number of studies, potassium hydroxide
activation was used specifically for the synthesis of
microporous carbon adsorbents optimized for methane
adsorption and storage. Thus, in [12] methane
adsorption was studied on several microporous
materials, including Maxsorb activated carbon material
manufactured by the Japanese company Kansai Coke
and Chemicals. According to the available publications,
this material is obtained by high-temperature activation
of the carbon precursor material with a potassium
hydroxide melt. In general, various publications
mention different Maxsorb modifications with slightly
different parameters. In this paper, the specific surface
area of BET for the Maxsorb material is 3080 m?/g.

Several carbon materials obtained by high-
temperature activation of carbon precursor materials by
a potassium hydroxide melt were studied in [14].
The activated materials have a BET specific surface
area in the range of 3100-3380 m?/g.

In [15], for the active carbon Maxsorb III,
produced by the same Japanese company, the following
data are presented: specific surface area according to
BET — 2805 m?/g, specific pore volume — 1.58 cm’/g.
The pore width distribution was a complex curve in the
range of 0.6-3.5 nm (with a small tail in the region of
3.5-4.3 nm) with several maxima.

In [16], for the carbon material Maxsorb-III, the
BET specific surface area is 3140 m*/g and the specific
pore volume is 1.7 cm?/g.

In [17], the activated carbon Maxsorb III of the
same manufacturer, Kensi Coke and Chemicals Co.
Ltd., Osaka Japan, was studied as a methane adsorbent.
The article gives the following characteristics of this
carbon material: the specific surface area by BET is
3311 m*/g, the specific micropore volume according to
Dubinin—Astakhov is 1.870 cm’/g, the total pore
volume by NLDFT equals 1.743 cm’/g, and the pore
width by NLDFT is 2.2 nm or 1.82 nm according to
Dubinin—Astakhov.

The following characteristics of the same material
are given in [18]: the specific surface area by BET equals
3276 m*/g, the specific micropore volume is 1.79 cm®/g,
and the average pore diameter is 2.085 nm. As it can be
seen, the data for the same material from different
researchers are somewhat different from each other.

In [19], several carbon samples with a developed
surface were obtained by high-temperature activation
of anthracite by a potassium hydroxide melt
(in different modes) and were characterized by the
specific BET surface area from 1998 to 3790 m’/g
depending on the activation mode.

In [10], the active carbon was obtained with the
BET specific surface area of 3227 m?g, the pore
volume of 1.829 cm’/g and the pore size of 1.7-2.2 nm.
The synthesis of this carbon included the preliminary
carbonization of corn cobs at temperatures up to 450 °C
in an inert atmosphere. Depending on the activation
modes (mass ratio of potassium hydroxide and
carbonized raw materials, activation temperature), the
BET specific surface area for the obtained activated
carbon materials was 1967 — 3227 m*/g. A sample with
the highest specific surface area (3227 m¥g) was
obtained with the activation temperature of 850 °C and
the KOH mass ratio to carbonized at 450 °C raw
materials equal to 4:1. This sample was also
characterized by the highest total specific pore volume
(1.892 cm’/g). The average pore width was 1.17 nm.

In [9], the carbon material with the high specific
surface area was obtained by activating mesocarbon
beads from potassium hydroxide at 800°C. Under
optimal activation conditions, the specific surface area
by BET (nitrogen) was 2978 m®/g, and the specific
micropore volume was 1.48 cm3/g.

A common disadvantage of the known carbon
materials obtained by activation with potassium
hydroxide is that, as a rule, along with micropores,
a significant volume of mesopores is present. If the task
is to obtain the maximum micropore volume per
adsorbent volume, which is required, for example, for
methane storage systems, then the presence of
mesopores does not allow fulfilling this task.

The aim of this work is to develop a method for
the synthesis of carbon material with the maximum
possible specific volume of micropores.

Experimental

In the present work, the following source materials
were used.

Furfural, Ch brand, GOST 10930-74.

Hydroquinone premium, GOST 19627-74.

Urotropin, ChDA brand, TU 2478-037-00203803-
2012.
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Potassium hydroxide, ChDA brand, in the form of
granules with the KOH content of 85 % (the rest is
water).

To determine the areas of mutual solubility and
polymerization, calculated weighed fractions of
furfural, hydroquinone and urotropin were placed in the
test tubes and sealed with aluminum foil. The number
of components was taken so that the height of the
mixture layer in the tubes did not exceed 5 mm, which
allowed to do the experiment without mixing.
A thermostat with a temperature of 130 °C was placed
into the packet of filled tubes. After 1 hour, the
presence or absence of precipitate was visually
determined. If the color of the solution was too dark,
the presence of precipitate was determined by sampling
with a wire loop. Then, the temperature in the
thermostat was raised to 150 °C and the samples were
kept for another 1 hour, after which the consistency of
the mixture in hot form and after cooling to room
temperature was determined using a wire probe. Thus,
the polymerization rate, which was evaluated in points
according to the following features, was analyzed:

5 —solid polymer at 150 °C;

4 — viscous resin at 150 °C, solid resin at 20 °C;

3 —liquid at 150 °C, viscous resin at 20 °C

2 — not viscous liquid at 150 °C, viscous liquid at
20 °C;

1 — not viscous liquid at 150 °C, the same at 20 °C.

The range of compositions in which the
polymerization rate was 1 or 2 points was considered
technologically unacceptable.

For activation experiments, the selected mixtures
of furfural, hydroquinone, and urotropin mixtures were
prepared and heated in a heat-resistant glass for
30 minutes at 130°C. At the beginning the mixtures
were stirred until the solid components were dissolved,
then the glasses closed with aluminum foil were kept
for 8 hours at 150 °C, 8 hours at 300 °C and 8 hours
at 400 °C. The resulting solid polymers were ground
to pass them through a 0.5 mm sieve.

The activation was carried out as follows. After
heat treatment at 400 °C (5 g), a polymer portion was
placed in a steel glass with an inner diameter of 68 mm
and a height of 88 mm, and potassium hydroxide
granules were added. The glass was purged with argon
and closed with a lid with an annular lock through
which argon was passed during the activation to isolate
the reaction zone from the atmosphere. This assembly
was heated in a muffle furnace up to 750 °C and held
for 3 hours at this temperature. After cooling to room
temperature, the reaction mixture was poured with
water, the precipitate was washed from alkali to a
neutral pH, then it was kept for one day with
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hydrochloric acid to dissolve metal impurities, washed
again with water and dried at 110 °C to constant
weight. Further, the resulting activated microporous
carbon materials will be designated as MPC (2), MPC
(2.5), and MPC (4), where the figure indicates the mass
ratio of potassium hydroxide (85 %) to the source
polymer.

The surface and porosity parameters were
measured by nitrogen adsorption at 77K using an
Autosorb-iQ instrument (Quantachrome Instruments).
To calculate the surface and porosity parameters,
mathematical models integrated into the instrument
software were used. In this case, the best agreement
with the experiment was observed for the calculation
model “N, on carbon at 77 K, slit/cylindrical pore,
NLDFT equilibrium model”. Further in the text, the
designation DFT implies this calculation model.

Results and Discussion

In [20, 21], the authors describe a method for
producing active carbons from a furfural-based
polymer with the addition of epoxy resin (with a small
amount of sulfuric acid as a polymerization catalyst) by
carbonizing this polymer with subsequent gas-phase
activation with water vapor. Depending on the
activation mode (degree of burnout), the specific
micropore volume for the obtained activated carbons
is 0.293-0.80 cm’/g, and the mesopore volume
is 0.367-0.701 cm’/g.

In [22], mesoporous carbon materials with the
specific surface area by BET equal to 2600 and
2900 m*/g, with the total pore volume of 3.39 and
3.68 cm’/g and the micropore volume of 0.47—
0.31 cm’/g, respectively, were obtained from the
mixture of furfural with hydroquinone by its
carbonization and activation in a melt of sodium and
potassium hydroxides.

Thus, it can be concluded that furfural-based
polymers are promising for the synthesis of carbon
materials with a developed surface, due to the fact that
these polymers are characterized by a large coke
residue during carbonization.

Our experiments showed that upon heating binary
mixtures of furfural-hydroquinone or furfural-urotropin
at 130-150 °C, polymerization (or polycondensation)
in the absence of acidic or alkaline catalysts does not
occur, in any case, its rate is unacceptably low for
technological applications. However, in the ternary
system furfural-hydroquinone-urotropin, polymeri-
zation proceeds quite quickly. As far as we know, this
system has not been studied before. We investigated
this system using the techniques described above in the
experimental part.
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Fig. 1. Areas of complete mutual solubility
(to the right of the solid line) and polymerization
(to the left of the dashed line) in the diagram
of furfural-hydroquinone-urotropin compositions

Fig. 1 shows a triple diagram of the compositions
of furfural-hydroquinone-urotropin built on the basis
50 compounds which were studied experimentally.
The solid line limits the area of complete mutual
solubility of the components at 130 °C, and the dashed
line indicates the area in which polymerization at
150 °C proceeds at a technologically acceptable rate
(more than 2 points according to the above rating
scale). The intersection of these areas gives a range of
compositions that can be used to synthesize carbon
materials.

The data on the specific surface area and porosity
values for activated carbon material obtained from the
polymer composition of the range shown in Fig. 1 are
presented below.

Fig. 2 show nitrogen adsorption-desorption
isotherms and the differential and integral pore size
distributions according to the DFT model for samples
of activated materials MPC (2), MPC (2.5), and MPC
(4). The nitrogen vapor sorption-desorption isotherms
on samples MPC (2) and MPC (2.5) belong to the first
(D type according to the IUPAC classification, which is
characteristic of microporous materials with a small
proportion of mesopores. With an increase in the mass
ratio of potassium hydroxide to the source polymer to
4 :1 (MPC (4) material), the specific volume and size
of mesopores significantly increase, which affects the
shape of the adsorption-desorption isotherm.

Table 1 shows the parameters of the specific
surface and porosity of the synthesized materials.

The table shows that with an increase in the mass
ratio of potassium hydroxide to the source polymer, the
yield of activated material decreases due to greater
carbon burnout upon activation. In this case, the

specific surface area by BET and DFT and the specific
pore volume by DFT increase. Apparently, for those
applications where the maximum possible micropore
volume per unit volume of adsorbent is required, the
MPC (2) and MPC (2.5) samples are close to optimal.

To understand the maximum possible parameters
of the specific surface and porosity, one can consider
model honeycomb carbon structures built of identical
tightly laid parallel tubular pores of square or
hexagonal cross section with walls separating them
with a thickness of one graphene layer. In this case, the
effective pore width will be considered the distance
between the opposite walls of a square or hexagonal
pore. Suppose also that all pores are open and the pore
length is much larger than the width, so that the mass of
the “plugs” can be neglected. To estimate the effective
thickness and mass of graphene walls, we will proceed
from the crystallographic density of graphite
(2.260 g/cm’) and the interlayer distance of graphene
layers in graphite (0.3354 nm).

Obviously, these assumptions are not fulfilled in
practice, but they give the maximum possible
parameter values for ideal carbon materials. Under
these assumptions, the following expressions are
obtained for the parameters of model materials:

S =4a[2.2601(t +24)] (1)
v=a[2.2606(t/a+2)]"; )
d =2.2601(t +2a) (a+1)"%; 3)
vIiV=vd, 4)

where S — specific surface area, cm*/g; v — specific pore
volume, cm3/g; d — material density, g/cm3 vV -
fraction of pore volume in the total material volume,
cm’/em’; a — pore width, cm; ¢ — thickness of the walls
separating the pores, taken equal to one graphene layer,
0.3354-10 " cm; 2.260 — crystallographic density of
graphite (dimension g/cm’ is assumed).

Table 2 shows the numerical results of the
parameters calculation.

The same results for pores of square and
hexagonal sections are explained by the fact that,
according to the well-known geometric theorem, the
area of a polygon circumscribed around a circle is equal
to a quarter of the product of the polygon perimeter by
the inscribed circle diameter, regardless of the number
of the polygon sides. In our case, the circle diameter is
equal to the pore width, the perimeter multiplied by the
pore length is equal to the pore surface, and the
perimeter multiplied by the wall thickness, pore length
and density is equal to the mass of the material
regardless of the number of the polygon sides under the
condition of dense pore packing.
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Fig. 2. Nitrogen adsorption-desorption isotherms (77 K) (a, ¢, ¢) and differential and integral pore diameter
distributions (DFT) (b, d, f) for MPC sample:
a,b-2;c,d—25;e -4

Table 1
Surface and porosity parameters of activated carbon materials
Sample Y, % SBET,m%g SDFT,m%g VDFT,cm’/g V(<2nm)DFT,cm’/g VDR, cm’/g
MPC (2) 51.5 2010 2545 1.001 0.975 1.039
MPC (2.5) 474 2625 3035 1.307 1.124 1.263
MPC (4) 35.6 3307 3359 1.769 0.941 1.366

Node. Y = Yield of activated material, % from starting one; S = BET or DFT specific surface area;
V' DFT = DFT specific pore volume; V' (< 2 nm) DFT = DFT specific pore volume for pores with size <2 nm
(micropores); ¥ DR = specific micropore volume by Dubinin—Radushkevich.
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Table 2
Surface and porosity parameters
of ideal carbon materials, calculated on the basis
of the made assumptions, for a model
of tubular pores of square or hexagonal section,
with different pore widths (a, nm)

a,nm S,m*g v,em’/g d, glem’ vV, em’/em®
© 2638 0 0 1
5 2553 3.1911 0.2752 0.8782
4.5 2544 2.8617 0.3026 0.8660
4 2532 2.5323 0.3362 0.8513
35 2518 2.2031 0.3780 0.8328
3 2499 1.8741 0.4317 0,8090
2.5 2473 1,5454 0.5030 0.7773
2 2434 1,2172 0.6025 0.7334
1.5 2373 0.8899 0.7505 0.6679
1 2260 0.5649 0.9927 0.5608

All obtained values have a simple physical
meaning. With increasing pore size with a constant wall
thickness, the specific surface area, specific pore
volume and pore volume, referred to the volume of the
material, increase. The density of the material
decreases. It is useful to keep these data in mind for
assessing whether there are still reserves for improving
certain specific materials or methods of synthesis, or
whether the parameters are close to the theoretical limit
and further improvement is impossible. According to
the results of calculating the ideal structure (Table 1), at
a pore width of 2 nm, the specific pore volume is
1.2172 cm’/g, which is the upper limit for real
substances. The synthesized material MPC (2.5) with a
specific micropore volume of 1.124 ¢cm’/g approaches
the theoretically possible limit. Apparently, the
Dubinin—Radushkevich method for the MPC (4)
material gives an overestimated value of the specific
micropore volume (1.366 cm’/g).

Conclusion

Thus, a method for the synthesis of predominantly
microporous carbon materials with a high specific
micropore volume, based on carbonization and
activation of the polymer furfural-hydroquinone-
urotropin with potassium hydroxide, was developed.
These materials may find application, for example, in
methane storage systems.
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