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The structural-adsorption characteristics of nanoporous carbon materials (NCMs), obtained by thermo-
chemical activation of vegetable raw materials by orthophosphoric acid with different mass ratio, are in-
vestigated in the article using the method of low temperature nitrogen sorption and scanning electron mi-
croscopy. Calculations of the specific surface area and pore size distribution allowed to determine the opti-
mal parameters of the mass ratio of the activator and the raw materials, in which the obtained material
has the highest parameters of the porous structure. The optimum conditions for NCMs obtaining are estab-
lished, which can be used as electrodes of electric energy storage devices.
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1. INTRODUCTION

Nanoporous carbon materials (NCMs) have a wide
range of applications in science and production, thanks
to the combination of unique physical and chemical
properties [1, 2]. A special role is played by their sorption
ability, which determines the high efficiency of NCMs in
clinical detoxification, poisoning, purification of drinking
and sewage waters from technological contamination,
soil remedy, as well as electrodes of electrochemical
capacitors [3, 4]. Given the wide range of applications
and despite the long history of their study, carbon mate-
rials are an extremely interesting subject of research,
because the variety of raw materials, methods of activa-
tion and chemical treatment of the surface is quite large.

Providing the carbon material of the necessary sorp-
tion properties, depending on the scope of its application,
is carried out both in the process of its receipt, and by
the chemical and thermal treatment of the finished ma-
terial [5, 6]. It should be noted that the sorption proper-
ties of carbon material will depend to a large extent on
the structure and composition of the raw material.
Therefore, its choice in many cases may be decisive,
depending on the areas of NCM application [7].

The most common methods of porous carbon material
obtaining is physical or chemical activation of carbona-
ceous raw materials. Chemical activation usually occurs
at temperatures 400-800 °C and is accompanied by the
use of dehydrating agents (phosphoric acid, zinc chlo-
ride, potassium hydroxide).

Thus, finding out the effect of the obtaining condi-
tions (carbonization temperature and chemical activa-
tion regimes) on the surface area value and the pore size
distribution and, consequently, its morphology is an
important scientific problem.

2. EXPERIMENT

The products of vegetable origin (hemp shive) were
subjected to chemical activation were used as a raw
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material (RM). The weight of the final product and its
structure depend on the concentration and ratio of the
initial components, temperature and activation time. A
prerequisite for chemical activation is the removal of
residual activation reagents and inorganic residues
contained in the original carbonaceous material. When
treating vegetable raw materials by orthophosphoric
acid, the latter acts as a dehydrating agent that inhibits
the resin formation, which leads to an increase in the
mass yield of porous carbon and a decrease in tempera-
ture and activation time compared with physical activa-
tion methods. When obtaining activated carbon by chem-
ical activation of plant material by orthophosphoric acid,
the ratio between the amount of acid and precursor is
important for the development of the porous structure of
the product obtained:

Y= (m(H3POy4)) / (m(RM)), that was equal 0.25:1;
0.5:1; 0.75:1; 1.25:1; 1.5:1; 1.75:1; 2.00:1.

The sample mass was measured before experiment
with accuracy 10-3 g using analytical weights.

The next activation steps were performed according
to the methodology of obtaining of acid-activated carbon
materials. For this, the hemp shive was dried and
ground to a fraction of 0.25-1 mm. The resulting materi-
al was divided into portions and mixed with orthophos-
phoric acid at concentrations of 4-32 % with a step of
4 %. The mixture was thoroughly stirred for 1-2 hours,
then the samples were dried at 100°C for 24 hours to
constant mass. The carbonized material was placed in a
vertical cylindrical furnace and heated to 450, 500 and
550 °C at a heating rate 10 °C/min in an argon atmos-
phere at gas flow rate 30 ml/min. When the desired
temperature was reached, the isothermal exposure was
carried out for 60 min. After cooling the material to room
temperature, it was washed by hot distilled water to a
neutral pH and dried at 80 °C until constant mass was
obtained.

The resulting carbon materials were denoted accord-
ing to the ratio of the mass of orthophosphoric acid and
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the raw material and the isothermal exposure time. For
example, BK-025-450 is a material obtained by mixing
the acid with RM at a ratio Y=0.25:1 and activated at
450°C.

The determination of adsorption characteristics of
NCMs was carried out use nitrogen adsorption at tem-
perature (— 196 °C) by surface area analyzer Quanta-
chrome Autosorb (Nova 2200e). The samples were previ-
ously degassed in a vacuum at 180 °C for 20 hours. The
specific surface area (Sper, m?/g) was determined by
multipoint BET method in limited range of relative
pressure P/Py=0.050- 0.035. The total pore volume
(Viotal, cm3/g) was calculated by the number of adsorbed
nitrogen at P/Po ~ 1.0.

The morphology studies were realized using JSM-
6700F scanning electron microscope with JED-2300
energy-dispersive system for microanalysis.

3. RESULTS AND DISCUSSION

Parameters of the porous structure (surface area,
pore size distribution and total pore volume) were de-
termined on the basis of nitrogen adsorption / desorption
isotherms analysis. The amount of absorbed gas is pro-
portional to the mass of the sample at adsorption of
nitrogen by carbon material. This dependence, called the
sorption isotherm equation, is described as:

V=f(PIPy), where P and Py denote the equilibrium
and saturation pressure of nitrogen at — 196 °C, res-
pectively. Quantitative analysis of adsorption isotherms
makes it possible to conclude about the value of the
specific surface, the porosity of the adsorbent, and the
nature of the interaction between the adsorbent and the
adsorbate.

Nitrogen adsorption / desorption isotherms for inves-
tigated carbon materials obtained at different Y values
and different temperatures of activation heat treatment
are presented in Figs. 1-6. Curves shown in Figs. 1, 2
belong to the isotherms that are characteristic of multi-
layer adsorption of micro-and mesoporous materials of
organic origin. There is a hysteresis loop at all isoterms
(H4 type classified by IUPAC), which is associated with
sorption processes in the narrow pores. The adsorption
isoterms for a series of samples BK-025-450 — BK-075-
550 (Fig. 1, a) are classified as type I. This type of iso-
therm is characteristic of microporous solids.

The same is observed for nitrogen adsorption iso-
therms of BK-100-450 — VK-100-550 (Fig. 2). Hovewer, it
can be stated in this case about the growth of the rela-
tive amount of mesopores as follows from the increase of
the hysteresis loop width.

This tendency develops when Y grows, in particular
for samples BK-125-450 — BK-125-550 (Fig. 3). There is
a type H4 hysteresis loop at the adsorption isotherms for
these samples, which is associated with the presence of
mesopores in a microporous carbon material. The
amount of sorbed nitrogen by carbon material is in-
creased when the relative pressure P/Po~1, as evi-
denced by the deviation of the adsorption curve from the
horizontal position. This phenomenon can be explained
by the morphology of activated carbon particles, in which
the meso- and macropores inside the carbon particle are
connected by micropores with its surface.

The micropore is filled and further adsorption is
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practically stopped at relatively low pressures (Fig. 3).
Further uplift of the adsorption branch of the isotherm
at high pressures is probably due to capillary condensa-
tion in the meso- and macropores when steam is availa-
ble on the mechanism of multiple condensation-
evaporation processes. Adsorbate after filling all pores
remains in them blocked by micropores. Nitrogen,
sorbed in large pores, cannot desorb at low pressure,
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Fig. 1 - Nitrogen adsorption isotherms for samples BK-025-
450 (o), BK-025-500 (o), BK-025-550 (A) (a), BK-050-450 — BK-
050-550 (b), BK-075-450 — BK-075-550 (c)
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except for a small part, which is in unblocked pores. It
corresponds to a decrease in the desorption curve close
to P/Po~1. The hysteresis width, obviously, corre-
sponds to amount of adsorbate in the blocked meso-
and macro-pores. Given this, you can calculate the pore
volume.
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Fig. 2 — Nitrogen adsorption isotherms for samples BK-100-
450 (0), BK-100-500 (o), BK-100-550 (A)
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Fig. 3 — Nitrogen adsorption isotherms for samples BK-125-
450 (o), BK-125-500 (o), BK-125-550 (A)
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Fig. 4 — Nitrogen adsorption isotherms for samples BK-150-
450 (o), BK-150-500 (o), BK-150-550 (A)

The sorption isotherms (Figs. 4-6) obtained for
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samples with a ratio of 1.5 < Y<2.00, are typical for
mesoporous materials. For materials obtained at high
concentrations of orthophosphoric acid (samples BK-
150-450 — BK-200-550), sorption isotherms are charac-
teristic for type II, in which there is a H3 type hystere-
sis loop according to the IUPAC classification.

A characteristic feature of this type isotherms is the
lack of a horizontal section of the sorption curves and the
fact that the adsorption curve of hysteresis has a type for
type II (according to the Brunauer classification) the
isothermal form, that is, it indicates the presence of only
polymolecular adsorption. Isotherms in this case have a
slope, that is, the amount of adsorption increases with
increasing pressure. This type of isotherm is associated
with sorption processes in micropores and capillary con-
densation in meso- and macropores of materials of orga-
nic origin and adsorption on outer surface of particles.

1000 -
900
800
700 -
600 -
500 -
400
300
200
100 e

o

.

Vk,cm7g

Fig. 5 - Nitrogen adsorption isotherms for samples BK-175-
450 (o), BK-175-500 (o), BK-175-550 (A)
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Fig. 6 — Nitrogen adsorption isotherms for samples BK-200-
450 (5), BK-200-500 (0), BK-200-550 (A)

The growth of the Y ratio probably causes the degra-
dation of the smooth surface of a carbon particle. The
carbon material is characterized by microporous struc-
ture and developed surface area at low concentrations of
orthophosphoric acid (Fig. 7, a, b).

The surface of carbon particles at high concentra-
tions of acid undergoes significant corrosion (Fig. 7, ¢, d),
resulting in increased micro- and mesoporousity of the
NCM obtained.
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Thus, it is possible to obtain a material with a regu-
lated pore system, controlling the carbonization temper-
ature and the Y ratio. Carbon material is characterized
by microporous structure and developed area of the
surface at low concentrations of orthophosphoric acid.
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Fig. 7 - Microstructure of material surface BK-050-500 (a),
BK-100-500 (b), BK-150-500 (c), BK-200-500 (d)

Increasing the Y ratio leads to the formation of mesopo-
rous carbon material.

The pore size distribution of NCMs was obtained us-
ing the DFT (density functional theory) method. This
method uses quantum-mechanical calculations to de-
scribe the adsorption isotherms and pore size distribu-
tion. The essence of the approach is to construct theoret-
ical isotherms for various adsorbent-adsorbate pairs and
their comparison with experimentally obtained ones.
The calculations are carried out using the Density Func-
tional Theory (DFT) theory. To obtain pore size distribu-
tion a slit-shaped pore model was used (Figs. 8-10).

Carbon materials are microporous with specific sur-
face area (Ser=750-1500 m%/g) and pore volume
(Viotar = 0.32-0.61 cm?/g) at low ratios (Y <0.5). The mes-
opore volume is in the range 15-30% of the total pore
volume. When Y=0.75 there is increasing in surface
area of NCM to 2000 m?%/g; total pore volume to 1.1 cm?3/g
due to the appearance of 45 % mesopore and the pres-
ence of 5% macropores irrespective of the activation
temperature.

Further growth Y to 1.5 during activation leads to a
decrease in surface area (Sper =~ 1200 m?%/g), but there is
a sharp growth of mesopore volume to 85 % from the to-
tal pore volume. The contribution of micro- and mesopo-
res to the total volume is approximately the same. It is
set that samples obtained at Y= 1.5 and 550 °C have the
maximum relative content of pores from 5 nm in size.
However, it should be noted that the micropore area
contributes most to the total surface area of the pores
when 0.75 < Y< 1.5.

NCMs obtained at activation temperature of 500-
550 °C and Y=1.75 are characterized by a maximum
pore size distribution less 5 nm with a constant contri-
bution of mesopores to total pore volume.

It was found that there is a tendency to decrease spe-
cific surface area of NCMs at Y>1.75. As a result, the
total number of micro-, meso- and macropores decreases
too. However, it should be noted that the macropore
contribution of more than 5 nm in size in this Y-range is
maximal, reaching its maximum for the sample BK-175-
500 and reaching up to 55 % of the total pore volume.
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Fig. 8 — Pore volume (a) and specific surface area (b) for
NCMs with different Y ratio (temperature of isothermal
exposure 450 °C)
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Fig. 9 — Pore volume (a) and specific surface area (b) for
NCMs with different Y ratio (temperature of isothermal expo-
sure 500 °C)
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Fig. 10 — Pore volume (a) and specific surface area (b) for
NCMs with different Y ratio (temperature of isothermal
exposure 550°C)

Thus, the maximum value of the specific surface area
(SBer= 2000 m?/g) is achieved for Y=0.75 at 550°C due
to the high contribution of micropore surface to the total
area. The total pore volume reaches a maximum
(Viotar= 1.6 em?/g) for samples BK-175-200.

4. CONCLUSIONS

1. Porous carbon material was obtained by chemical
activation of the hemp shive by orthophosphoric acid
with simultaneous heat treatment at various tempera-
tures (450, 500 and 550 °C).

2. It is set that, the carbon material is characterized
by a microporous structure and has a total pore volume
of 0.9-1.1 cm?/g at Y<0.5. When Y grows, meso- and
macropores are formed, which make up 75-90 % of the
total pore volume at Y < 1.75.

3. It is found out that the change in the mass ratio
of the activator (orthophosphoric acid) and the raw
material (hemp shive) allows controlling of the materi-
al surface area (in the range 750-2000 m2%/g) and the
pore size distribution in different percentages of their
values.
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CTpyKTypHO-aCOPOIIIfHI XapaKTepUCTUKA HAHOMOPUCTUX ByrieneBux marepianis (HBM), orpumanux
TEePMOXIMIYHOIO AKTHBAIIIEI0 POCIUMHHOI CHUPOBUHU 0pTOG0CHOPHOI0 KUCIOTOK 3 PISHUM MACOBHUM CIIIBBIIHO-
IIEHHAM, JOCJIKEeHO METOJJaMHA HU3bKOTEMIIEPATyPHOI COPOITii a30Ty TAa CKaHYOUOl €JIEKTPOHHOI MIKPOCKO-
mii. PospaxyHku muToMol IToBepXHi 1 pO3IIOAij po3Mipy HOP J03BOJIMIA BUSHAYUTHU ONTHMAJIbHI ITapaMeTPr
MAacOBOTO CITIBBIIHOIIIEHHS aKTUBATOPA 1 CAPOBUHHY, B AKMX OTPUMAHHWHA MaTepiaj Mae HaUBUII IapaMeTpu
TIOPUCTOI CTPYKTYpH. BeraHoBIIeHI orrTuMasibhi yMoBY it orpuManas HBM, aki MosyTh OyTy BUKOpUCTAHL

STK eJIEKTPOIY HAKOIIMYYBAYIB eJICKTPUYHOI €HepPrii.

Knrouori ciioBa: Hanonopucti ByrirerieBl marepiasnu, [lmoma nmosepxai, Tepmoximvivaa akTuBariis.
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