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Structural and morphological changes
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The work describes the three-step modification process including 1) impregnation of the car-
bon-containing precursor with FeCl; 2) heat treatment in an argon atmosphere at 700 C; 3)
washing with distilled water and drying of samples to remove the residual activating agents
and by-products of the reaction. The characteristics of carbon such as porosity, the chemical
composition of the surface, and sorption properties have been thoroughly analyzed. The features
of the formation of inclusions on the surface of the original carbon material CSTR-08 have been
investigated using scanning electron microscopy, and their nature has been established. The
main parameters of the specific surface, namely the total surface area, the total volume, and the
average pore radius were determined by the methods of adsorption porosimetry and small-angle
X-ray scattering. It has been found that the FeCl, modification of the carbon material leads to a
three-fold increase in the material density and an increase in the number of pores with a radius
of 25-50 A. The high specific surface area (S =1875 m?g) allows the FeCl,-modified material to
be used as a favorable adsorbent in the aqueous phase, and the presence of stable and well-dis-
persed iron species on the carbon surface makes it a promising catalyst.
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CrpyxrypHO-Mopdosoriuni sminn Byrienesoro marepiany, mogudikosanoro FeCl,.
B.M. Bawuncoxkuti, I.B. Cemxis, M.B. Conosiios, I"A. Inbuyk

Omnmcyerbest coci6 Mmoaudikariii, SKUi CKIIAIAaeThCs 3 TPHOX PISHUX eTalriB: 1) IpocouyBaHHS
ByreneBoBMicHOi cuposurm FeCly; 2) Tepmiuma o6pobra B armocdepi apromy mpu 700 °C; 3)
IPOMUBAHHS JUCTUIILOBAHOI0 BOIOK Ta CYIIHHS 3PA3KIB JJIS BUAAJIEHHS PEINTH AKTUBYIOUUX
areHTIB 1 IT00IYHUX ITPOAYKTIB peakIii. JleTampHo mpoaHasi3aoBaHO XapaKTePUCTUKY BYTJIEITIO III0JT0
TIOPHCTOCTI, XIMIYHOIO CKJIAy ITOBEPXHI Ta COPOIMIMHMUX BJIACTUBOCTEH. 3a JI0IIOMOrol pacTpoBOl
€JIEKTPOHHOI MIKPOCKOIII1 JOCIIIZKEHO 0COOJIMBOCT] YTBOPEHHS BKJIIOUEHb Ha ITIOBEPXHI BUX1THOTO
ByryereBoro marepiairy CSTR-08 ta BcraHoBieHo ixHIO mpupomy. Meromamu aiacTopOIiitHOI
mopomeTpii Ta MAaJIOKYyTOBOIO PEHTIeHIBCHKOIO PO3CISTHHS BH3HAYEHI OCHOBHI IapameTrpu
muToMoOl IIOBEPXHI, a4 caMe 3arajibHa ILJIONIA IIOBEPXHI, CyMapHMA o0’eM Ta cepemHiil pajiiyc
mop. Beranosieno, mo mogudikamia FeCl, Byrieresoro Marepiazy IPH3BOAUTE 10 301MbIIEHHS
TYCTHHHU MaTeplajy BTpUdYl Ta 30LIBbIIeHHSA KIIbKOCTI mop pazmiycom 25-50 A. Besmka muroma
mroma moBepxHi (S=1875 M%) 103B0JIAE€ BUKOPHCTOBYBATH MaTepias, monudiropanuii FeCl, ax
TEePCIIEKTUBHUI aJICOPOEHT ¥ BOAHIHN (asi, a HAABHICTD CTA0LIILHUX 1 T00pe Po3IoaiieHnx hopm
3aJ1i3a HA TOBEPXHI BYTJIEITI0 POOUTH MOTO IMEPCIIEKTUBHUM KATAJ13aTOPOM.

© 2023 — STC “Institute for Single Crystals”

1. Introduction

Porous carbon materials (PCMs), character-
ized by a large specific surface area [1], high
porosity [2], physicochemical stability [3], and
excellent surface reactivity [4], are widely used
as functional materials for various applica-
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tions, related to human and environmental
safety, as well as in the energy industry [5],
process and chemical manufacturing [6]. They
are of great practical importance when applied
in adsorption processes [7] and when serving
as an electrode component for electrical energy
storage systems [8]. In this regard, most PCMs
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Fig. 1. Stages of PCM synthesis

have heterogeneous, predominantly micropo-
rous structures, which is sufficient for their use
as sorbents in various industrial, medical, or
analytical chemistry fields. At the same time,
electrodes are manufactured with the help of
PCM in electrochemical capacitors for electri-
cal energy storage systems and fuel cells. It is
characteristic that a developed mesoporous car-
bon surface, wide pore size distribution, and a
sufficient number of transport pores are impor-
tant to be used for this industry [9]. Therefore,
the study of the process of PCM synthesis is of
crucial scientific and practical significance.
There are two different methods of PCM
obtaining, specifically physical activation and
chemical activation (Fig. 1) [10, 11]. The first
one is the pyrolysis or carbonization of a car-
bonaceous precursor at high temperatures,
typically in the range of 700-900° C, in an inert
atmosphere to avoid combustion of the carbo-
naceous material. At this stage, heteroatoms
are removed and volatile substances are re-
leased, resulting in carbon matter with a high
carbon content (the increase of the carboniza-
tion temperature increases the carbon content)
but with a low-developed porous surface. This
drawback then can be eliminated at the gasifi-
cation stage. The most reactive carbon atoms,
which generate the characteristic porosity of
the material, are selectively removed with the
help of controlled gasification reactions.
Another procedure for synthesizing PCM
is chemical activation. This method is multi-
stage, involving one thermal stage and two
chemical treatment stages of carbon-containing
feedstock. During the first stage, the precur-
sor is impregnated with an activator. Various
activating agents are traditionally explored in
the literature, such as ZnCl,, H,PO,, NaOH, or
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KOH. Among them, FeCl, has gained significant
interest in recent years. The use of FeCl, offers
certain advantages compared to other more
conventional chemical reagents. For instance,
it is cost-effective and more environmentally
friendly. Other traditional activators like KOH,
NaOH, or H,PO, are strong bases and acids. The
application of these materials requires strict
safety measures and more corrosion-resistant
materials, thus increasing the cost of the syn-
thesis process. In the case of ZnCl,, Zn ions and
derived oxides are toxic [12, 13], necessitating
stringent operational guidelines. All these fac-
tors indicate that FeCl, activation can be con-
sidered cost-effective and environmentally saf-
er compared to traditional activating agents.
The procedure of impregnating carbon ma-
terials with FeCl, can be carried out using vari-
ous methods. For instance, some researchers
[14] employ an aqueous solution of the activat-
ing agent that comes into contact with the car-
bonaceous precursor. However, other studies
perform a direct and simpler physical mixing of
the activating agent and the precursor. One of
the most crucial parameters with regard to its
impact on the final PCM texture is the impreg-
nation ratio or the mass ratio between the ac-
tivating agent and the carbonaceous precursor.
Impregnation ratios ranging from 0.5 to 5 are
commonly encountered in the literature. After
impregnation, the second step of the chemical
activation process involves heat treatment in
an inert atmosphere at different temperatures
depending on the chosen activator. As shown
in Fig. 1, the choice of temperature depends
on the activating agent. During this stage,
depolymerization, dehydration, and condensa-
tion reactions occur, leading to a higher car-
bon yield compared to physical activation due
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to the limited formation of resins and volatile
compounds. Eventually, the last stage involves
washing and drying the samples to remove any
remaining activating agents and by-products of
the reaction that may block the newly formed
porous surface. During NaOH or KOH activation
of carbon precursors, such as biomass waste, an
initial carbonization stage is usually required;
as otherwise, these strong alkalis may dissolve
the organic material of the precursor, prevent-
ing further activation [15].

Considering the variety of methods of ther-
mal and chemical modification and other im-
portant nuances in obtaining carbon materials,
there is a need for a detailed investigation of
the aforementioned stages. Thus, the main ob-
jective of this work is to study the structural
and morphological properties of porous carbon
material and to assess the influence of iron
chloride as a chemical activator on the porous
structure and size distribution of carbon pores.

2. Experimental

The initial carbon material used for the ex-
amination has been manufactured at the Na-
tional Institute of Coal (Oviedo, Spain) and des-
ignated CSTR-08. The modification of the in-
vestigated carbon matter has been conducted in
several stages. In the first stage, optimal condi-
tions for chemical activation have been selected
based on the literature data [16]. The studied
carbon material has been mechanically ground
to a fraction of 200-250 yum, soaked in an aque-
ous solution of ferric chloride in a weight ratio
of X,=2:3, where X ,=m(C)/m(FeCl,), and left
for 24 hours. Subsequently, it has been dried
in a thermostat to a constant weight at 100°C.
The next stage has involved thermal activation
of the modified matter in an inert atmosphere
at 700°C for 90 minutes by introducing a water
aerosol with argon into the reactor.

The resulting carbon was subjected to three
rounds of washing by boiling in distilled water.
The solid products of thermolysis were washed
in distilled water for 30 minutes until a neutral
pH to remove mineral impurities and ash. Sub-
sequently, they were dried in a drying oven to a
constant weight.

The surface morphology and elemental com-
position of the samples were investigated using
a scanning electron microscope (SEM) model
REMMA-102-02 (Selmi, Ukraine) equipped with
an energy-dispersive microanalyzer. Small-an-
gle X-ray scattering spectra were measured us-
ing a DRON-3 X-ray diffractometer with CuKa
radiation (A =1.5418 A) monochromatized by
reflection from the (200) plane of a LiF single
crystal. The measurements were performed in
the transmission mode, with X-ray radiation
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passing through the sample. The output signals
of the detector were analyzed using the UEVU-
3M electronic computing complex connected to
a computer. Collimators for the primary and
scattered beams were used to reduce parasitic
scattering from the single crystal monochroma-
tor and entrance slits, as well as to decrease
the intensity of background scattering. The col-
limation system makes it possible to measure
small-angle scattering spectra starting from s =
0.1 nm™, where .. is the wave vector and 20 is
the scattering angle. The width of the receiving
slit of the detector was 0.1 mm providing an an-
gular resolution of A20 = 0.03. Scattered radia-
tion was registered in a scanning mode with a
step of 0.05° and an exposure time of T = 125 s.
In the area of the smallest scattering angles,
the scattered radiation overlays the primary
beam, attenuated by absorption in the sample.
To determine the actual material density, the
following formulas were used:

1n[II°]
n S (1)
w=1-Lr @)
px

Here I — is the intensity of the primary beam
without a sample; [ is the intensity of the pri-
mary beam with a sample; p, ~ 1.9 g/lcm?is
the structural density of the sample.

The structural and adsorption characteris-
tics of porous materials were studied by nitro-
gen sorption at a temperature of T =77 Kon an
automated Quantachrome Autosorb sorptom-
eter (Nova 2200e). The samples have been pre-
degassed under vacuum at 453 K for 20 hours.
The pore size distribution has been determined
using the Density Functional Theory (DFT)
method.

3. Results and discussion

Microphotographs of carbon sample CSTR-
08 at different magnifications of the surface,
grains, and micro-pores located within the
grains are shown in Fig. 2. At low magnifica-
tions (X100 and x200), surface inhomogeneity
is observed. A mixture of grains with irregular
geometric shapes and varying sizes is visible,
ranging from fractures smaller than 0.5 pm.
Isolated, close to flat formations with a length
of 100 microns are found. Grains with irregu-
lar shapes, characterized by sizes of 40—60 pm,
have pores randomly distributed on their sur-
faces. Smaller grains with pore fragments of
regular geometric shapes on the surface could
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Fig. 2. Microphotographs of surface of porous carbon material CSTR-08 at different magnifications

have formed as a result of the mechanical
breakdown of larger fragments.

The pores exhibit a regular geometric shape
similar to etching pits in the isotropic material.
Their uneven distribution becomes evident at
higher magnifications. Two groups of pores with
average diameters of 1.5+0.4 pm and 10+3 pm
are observed in the CSTR-08 samples. Defects
resulting from the merging of several pores
have dimensions exceeding 30 pum and serve as
grain shape components.

Before the chemical activation of carbon
material CSTR-08, an integral analysis of the
elemental composition has been conducted
(Fig. 3). The applied accelerating voltage al-

lowed analysis to a depth of up to 1 um. The fol-
lowing chemical elements have been identified:
O in bound form, Si, S, Cl, and Cr. The grains
with inclusions of the Cr,0,compound were also
found within the pores (Fig. 2). The Cr content
was 0.12+0.03 wt%. The total content of all im-
purities was 9 wt% (Table 1).

The influence of the chemical activator
FeCl, on the porous structure and density of
the carbon material were studied using the
small-angle (X-ray or Neutron) scattering
method (SAS). The intensity curves are pre-
sented in Fig. 4a (carbon material CSTR-08)
and Fig. 4b (CSTR-08 modified with FeCl,). A
common feature of both samples is the presence

Table 1. Spectral dependence of characteristic X-ray emission (c) integrally collected from represented

sample area (a)

Element Peak intensity Error, % Content, wt % Content, atom %

O 985 3.15 8.33 8.6965
Si 280 10.09 0.18 0.1049
S 150 17.31 0.1 0.0543
Cl 161 16.3 0.09 0.0408
Ca 284 8.74 0.21 0.0857
Cr 92 19.17 0.12 0.038

Sum 9.02
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Fig. 3. Surface morphology in secondary electron mode at magnifications of X80 (a) and x1500 (b)
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Fig. 4. Scattering intensity curve of
PCM: a) CSTR-08; b) CSTR-08+FeCl,
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Fig. 6. Pore radius distribution functions of carbon material: a) CSTR-08; b) CSTR-08+FeCl,

of a linear decrease in the scattering intensity
curve within the range of wave vector values
$=1.2—- 3.5 nm™, corresponding to the average
pore sizes from 0.9 to 2.6 nm. This is confirmed
by pore radius distribution functions. The de-
pendence slope indicator n = 4.3 falls into the
interval of n = 4-6, indicating the formation of
a diffusive (blurred) surface between the pores
and the carbon matrix. This is likely caused by
the adsorption of impurity elements at the in-
terface.

Analysis of the intensity curves, plotted
in Porod coordinates (Fig. 5) reveals that this
carbon feedstock is characterized by a smooth
interface between the pores and the carbon
matrix. From the scattering intensity graphs, the
density of the CSTR-08 carbon material was de-
termined as p_= 0.12 g/cm?®, and p_ = 0.43 g/cm®
for the FeCl,-modified CSTR-08 material. It
can be observed that the modification with iron
chloride leads to an increase in the density of
the carbon sample CSTR-08 compared to the
chemically pure material, due to a higher pore
quantity with radii of 25-50 A and consequent-
ly, a larger nano-pore area.

It is evident from the dependence graph of
the radius distribution function (Fig. 6a), that
pores with a radius of 18 A predominate in the
CSTR-08 sample. There is an increase in the
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pore radius, and two peaks in the pore distribu-
tion curve are observed with radii of 13.7 A and
35.75 A for the FeCl,-modified CSTR-08 sample
(Fig. 6b). Moreover, the mesopore contribu-
tion is almost imperceptible for both samples,
as confirmed by results of the complementary
DFT method of adsorption porosimetry.

Fig. 7 shows the pore size distribution deter-
mined by the DFT method for the CSTR-08 car-
bon material and the CSTR-08 sample chemi-
cally modified with FeCl,. It is interesting to
note that the DFT method allows one to calcu-
late the specific surface area, the total pore vol-
ume, as well as their size and volumetric distri-
bution. From the obtained data, it is noticeable
that the CSTR-08 nanopores and micropores in
the size range of 1.1 — 5 nm contribute to the
specific surface area and total pore volume.

The SAS results made it possible to calcu-
late the main parameters of the porous struc-
ture of the studied materials. For instance,
from s'I(s)=f(s") curves it is possible to cal-
culate the Porod constant K [17]. By highlight-
ing the linear sections at s — oo on the graphs,
you can determine the parameter R'p using the
least squares method. Once the Porod constant
is determined, the Porod invariant can be cal-
culated using formula (3):

Functional materials, 30, 4, 2023
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Fig. 7. Pore size distribution of CSTR-08 carbon material: a) before chemical modification b) after chemical
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For both the original CSTR-08 and the FeCl,-
modified sample, this parameter is in the range
of 465 to 470 A=, It is worth noting that the
value of the integral Porod invariant allows for
a qualitative assessment of the total pore vol-
ume of the carbon samples. For both samples,
the value ofR is the same and equals 28.0 A+,
and this 1s a pr1n01pal result, since the Porod
constant K is proportional to the total surface
area of the ) pores according to formula (4):

S K
2 1— P
m — o) (4)

where w is the volume fraction of pores, and p_
is the real density of the material.

The chemical modification of the CSTR-08
with FeCl, leads to an increase in the specific
surface area (S = 1875 m?/g) compared to the
original sample (S =742 m?/g). This is likely
associated with the development of narrow
pores, an increase in the proportion of pores
with diameters of 2.5-4 nm, and the enhance-
ment of porosity. This is evidenced by the in-
creased pore volume fraction for the chemically
modified carbon material w = 0.95, compared
to the original CSTR-08 carbon material where
w =0.81.

4. Conclusions

The study revealed that the chemical modi-
fication of the original carbon material with
FeCl,, followed by thermal activation at 700°C
in an argon atmosphere, leads to the forma-
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tion of highly porous carbon material. The re-
sults of scanning electron microscopy revealed
the presence of carbon grains ranging from 40
to 100 nm with predominantly micro-porous
structure. Moreover, an integral analysis of the el-
emental composition has identified the following
chemical elements on the surface of the carbon
sample: O in bound form, Si, S, Cl, and Cr.

The analysis of the porous structure of car-
bon material using complementary methods
of adsorption porosimetry and small-angle X-
ray scattering has made it possible to estab-
lish optimal conditions for synthesizing PCM
with well-developed micro-porous structures
and the pore size distribution in the range of
1 to 5 nm. The contribution of mesopores to the
total pore volume is insignificant for both types
of samples. It has been determined that during
the FeCl, modification of the carbon material,
the dehydrogenation of fixed carbon structures
occurs, leading to the development of internal
material porosity. This modification results in
an increased volume fraction of pores and an
augmented specific surface area for the chemi-
cally modified porous carbon material.
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