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Activated carbon is often used as a carrier, in the manufacture of catalysts and as a sorbent in medicine and pharmaceuticals,
as well as in the purification of natural and waste water from various compounds and the concentration of metal ions in the
metallurgical industry. A variety of applications for activated carbon causes different requirements for it. The sorption,
structural and textural characteristics predetermine the main properties of activated carbon. Improvement of any
characteristics of activated carbons, in order to create materials with the required performance properties, is carried out by
surface modification with various agents. In this work, liquid-phase oxidation of commercial activated carbon of the brand
“BAU-A” with hydrochloric acid was carried out to improve its surface structure and morphology. The IR spectroscopy
established oxygen-containing hydroxyl and phenolic, as well as carboxylic, lactone and quinone groups after modification
with hydrochloric acid. This in turn affected the morphology of the coal material, which became relatively organized and
distinct. Pore volumes after modification with hydrochloric acid decreased to 4.264—5.778 um, macrocell sizes correspond
to 31.57-73.32 um. XRD analysis has established a decrease in the intensity of areas 20 — 29° and 43° after modification,

indicating the removal of certain minerals with a specific crystal structure, such as Na, Ca and Mg.
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1. INTRODUCTION

In recent years, porous activated commercial carbons
have been used in many studies and interest in them is
increasing. Due to the developed porosity, activated
carbon is of great practical importance as an applied
material [1].

Activated carbon is an amorphous carbon with a
highly developed porous structure, large specific surface,
various chemical characteristics and high surface activity
[2]. It is used as an adsorbent [3], catalyst carrier [4],
electrode material [5], as well as for separation,
concentration and decolorization [6]. The surface of
activated carbon reacts with strong oxidizing agents at
the appropriate temperature to improve the content of
oxygen-containing functional groups such as carboxyl,
phenolic hydroxyl, ether and carbonyl, to increase the
polarity and increase the hydrophilicity of the surface [7].
Commonly used basic oxidizing agents are HCI, H,SOs,
HNOs, HCIO3, H,0; etc. [8]. Various oxidizing agents
change the types and amount of oxygen functional groups
on the surface by interacting with activated carbon. The
higher the oxidation state, the greater the number of
oxygen functional groups [9].

An important step in the development of catalytic
systems is the search for a catalyst support, which has a
great influence on the structure and catalytic properties
of the systems. One of the most promising materials for
use in catalysis are carbon carriers, which is due to their
purity, developed porous structure, high specific surface
area and reactivity. Carbon materials are resistant to the

action of acidic and alkaline media, they compare favo-
rably in terms of technical, economic and environmental
aspects, as well as in terms of the technology for extrac-
ting components from spent catalysts [10-11].

Activated carbon (AC) is widely used as a carrier in
the production of catalysts for the disposal of persistent
organic pollutants [12—-13]. This is primarily due to the
high porosity and specific surface area (500-2.500 m?/g),
which is the optimal parameter for the adsorption of
pollutants. In addition, activated carbon can be obtained
from naturally occurring, easily renewable materials (e.g.
coconut, hardwood, bamboo, lignite, peanut husk, rice
husk, coconut heart, etc.) [14].

Therefore, the introduction of a certain functional
group and a change in the pore structure by physical and
chemical transformation of activated carbon will expand
the scope of its application and allow obtaining multi-
purpose, functional and high-quality activated carbon.

In this work, commercial charcoal of the brand
“BAU-A” was investigated, modified and the physical
and chemical properties were studied before and after
modification.

2. MATERIALS AND METHODS

2.1  Materials

For the study, commercial charcoal of the “BAU-A”
brand (STST 6217-74, Russia) was chosen: adsorption
activity for iodine is not less than 60%, ash mass fraction
and moisture mass fraction, are not more than 6%. The
hydrochloric acid was used as a modifier HCI 35%
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(STST 3118-77, Russia). The reagents were used without
further purification.

2.2 Activated carbon modification “BAU-A”

Activated carbon (AC) was modified with
hydrochloric acid, concentration 35% in ratios AC:acid —
1:3 (mass.) by continuous stirring at a temperature of
90 °C for two hours [15]. After cooling, the suspension
is washed with deionized water at a temperature of 25 °C
to pH=6 and placed in a desiccator for 24 hours. After the
time has elapsed, they are calcined in an oven at a
temperature of 130-150 °C for 4 hours. After the
modification, modified AC is desighated as ACnm.

2.3  FTIR spectroscopy

The chemical structure of AC and ACm was studied
by IR spectroscopy. FTIR analysis was performed on a
spectrometer FTIR FT-801 (Simex, Russia), with a
resolution of 1 cm™ and a wavelength 500-4000 cm™!
according to the standard procedure with the production
of a tablet with potassium bromide in a ratio of 1/10
substances, at a temperature of 25 °C and a number of
scans of 100. Before use, potassium bromide was crushed
and calcined at 200 °C for 3 hours.

2.4 Scanning electron microscopy

The morphology and structure of samples of the
original AC and modified ACm were studied on a Zeiss
Auriga Crossbeam 540 high-vacuum scanning electron
microscope (Germany). The elemental composition of
the carrier and catalysts was determined on an energy-
dispersive particle distribution analyzer “Thermo Fisher
Scientific” (USA).

2.5  Adsorption porosimetry

The textural characteristics of AC and ACm before
and after modification were determined using adsorption
porosimetry (low-temperature nitrogen adsorption) on
Autosorb 1 (Quantachrome Instruments, USA) and
ASAP-2020 (Micromeritics, USA) devices after prelimi-
nary evacuation for 20 hours at a temperature of 200—
220 °C for sample degassing, followed by experimental
data processing by BET and BJH methods (Barrett-
Joyner-Halenda). In order to determine the dependence
of V on P at a constant temperature (adsorption iso-
therm), the adsorbent (sample) is degassed in vacuum at
a temperature of 200-300 °C. The specific surface area
was measured using the Brunauer-Emmett-Teller (BET)
method. The error in measuring the specific surface area
(A) of standard samples on the above instrument is
+2.8 rel. %. The distribution of total volume and pore
size was determined by the Barrett-Joyner-Halend (BJH)
method from the desorption isotherm curve. The BJH
method is used to generate adsorption and desorption
isotherm curves and pore volume size distributions in
porous materials.

2.6 X-ray diffractometry

The crystal structures of substances studied by X-ray
diffraction on X'PertPRO diffractometer (Malvern
Panalytical Empyrean, Netherlands) using monochroma-
tized copper (CuKa) radiation with a scan step of 0.02°,

K-Alphal [A] 0.1542. The measurement angle was 10—
45°, the X-ray tube voltage was 45 kV, the current
intensity was 30 mA, and the measurement time at each
step was 0.5s and an aluminium rectangular multi-
purpose sample holder ((PW1172/01) was used for the
measurement in reflection mode.

2.7 TGA analysis

The thermal characteristics of the original and
modified activated carbon were studied on a differential
thermogravimetric analyzer STA449C (NETZSCH, Ger-
many) in an argon atmosphere within the temperature
range of 30+5-700+£5°C. The heating rate was
10£1 °C/minutes and mass of the samples was about
20+2 mg.

3. RESULTS AND DISCUSSION

3.1  Physical and chemical characteristics of

AC and ACm

The IR spectra of the initial activated carbon AC are
characterized by the presence of a weak line at 2904—
1053 cm™?, corresponding to the stretching vibration of
the C—H bond and a weak absorption of the stretching
vibration of 3500 cm™, characteristic of the OH group of
carboxylic acid, phenols and adsorbed water (Figure 1a).
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Figure 1. IR spectra: initial AC (a); activated carbon modified
by hydrochloric acid ACm (b)

After modification of AC with hydrochloric acid
(ACm) increases the phenolic hydroxyl group (Figure
1b). In spectrum of ACn there is a band in the region of
1713 cm™, related to the C=0 stretching vibrations of
carboxylic and lactone groups (Figures 1 and 2). The
band in the ACm spectrum at 1495 cm™! can be attributed
to strongly conjugated carbonyls (quinone group) and
v(C=C) vibrations in the aromatic ring. The results
obtained are in good agreement with previous studies.

The acid treatment of activated carbon removes ions
such as Ca, Mg, K and thus increases the carboxyl
groups, which contributes to an increasing in polarity. In
general, during acid modification, the nature of the
surface and the porosity of activated carbon undergoes a
certain change, while maintaining the original structure.
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Figure 2. A fragment of the structural formula of modified activated carbon ACnm

The results of SEM with energy dispersive analysis
are shown in Figures 3a—3b and in Table 1. The initial
AC is heterogeneous in its dispersed and morphological
composition and has a capillary-tubular structure.
Separate fragments are characterized by a sieve-like
structure with through cylindrical holes with small white
particles on the surface of the pores (Figure 3a).
The pores are characterized by relatively the same shape,
their sizes are in the range of 1.517-10.97 microns.

The modification of activated carbon with
hydrochloric acid resulted in a slight change in the
morphology of the carbon material (Figure 3b). A de-
crease in the number of various fragments is observed.
The cellular-porous structure became relatively organi-
zed and clear, the number of white particles on the
surface of the pores decreases. There is an increase in the
number of pores that have acquired the correct shape and
the same size. It has been established that hydrochloric
acid modification of “BAU-A” activated carbon leads to
the destruction of pore walls, contributing to the tran-
sition from micro- and mesopores to macropores, which
is consistent with previous studies [16-17]. Pore volumes
after modification with acid are in the range of 4.264—
5.778 pm, the partition between the pores has a size of
1.618-3.580 um (Figure 3b). In places, a macrocell is
observed, the dimensions of which correspond to 31.57—
73.32 microns (Figure 3b).

Comparative data of EDS analysis indicates the ab-
sence of elements such as calcium, magnesium, potas-
sium, sulfur and phosphorus after modification with
hydrochloric acid (Figure 3a and 3b, Table 1). This agrees
with the results of X-ray diffraction analysis, which are
presented below. There is also a decrease in the carbon
content, while the oxygen content increases (Table 1).

Textural characteristics of the initial and modified
activated carbon according to nitrogen adsorption
isotherms are presented in Table 2 and in Figures 4-5.
According to the obtained data, the initial activated
carbon can be classified as mesoporous (Table 2). As can
be seen from Table 2, when activated carbon is modified,
the specific surface area of the sample decreases from
280.8 to 233.8 m?/g, with a corresponding decrease in the
total pore volume from 0.22 to 0.19 ml/g and the pore
size from 141.19 up to 122.12 nm. The initial and modi-
fied activated carbon has a similar pore size distribution
(Figure 4). Both samples contain mesopores down to
19 nm with an additional peak at 26 nm indicating the
presence of some macropores.

Table 2. Characteristics of the porous structure of the initial
AC and hydrochloric acid-modified activated carbon ACm

SW (specific pore | Dv(r) (Pore Radiusc - | V, (total pore

Sample surface), m4g pore size), nm volume), mlig
AC 280,8 141,19 0,19
ACn 2338 122,12 0,22

The treatment of activated carbon with hydrochloric
acid increases its adsorption capacity, due to the
dissolution of inorganic constituents, and the oxidation of
precipitated carbon, as determined by an increase in the
oxygen content after AC modification by SEM with EDS
analyzes (Table 1). This, in turn, affects the porous struc-
ture of coal, being localized in the walls of the pores.
Liquid-phase modification of activated carbon with con-
centrated acid increases the number of oxygen functional
groups on the surface of carbon, which we have establi-
shed by IR spectroscopy, with a slight change in the poro-
us structure of activated carbon (Figures 1-2).

Table 1. Results of EDS analysis of the initial 4C and hydrochloric acid-modified activated carbon ACnm

Sample

Elements (mass., %)

c 0 K Mg Ca s P
AC 89,85£0,06 8,39£0,07 0,7120,01 0,2420,01 0,5720,01 0,05£0,00 0,1940,01
ACn 80,2140,03 19,7920,06 - - - - -
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Figure 3. SEM microphotographs with EDS analyses: initial AC (a);
hydrochloric acid modified activated carbon ACm (b)
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Figure 4. Distribution of pores by size of the initial and Figure 5. N2 adsorption-desorption isotherms of the initial
modified with hydrochloric acid activated carbon ACm and modified activated carbon
The nitrogen adsorption curve belongs to type IV and SEM data with energy dispersive analyzers and texture
confirms it as a mesoporous material with the possible characteristics are confirmed by the results of X-ray phase
presence of interparticle pores (Figure 5). The adsorption study. X-ray phase analysis of AC and ACwm are presented
and desorption isotherms for the original AC sample are in Figures 6a and 6b. The X-ray diffraction pattern of AC
slightly higher than for the modified ACm sample, which and ACm has a similar appearance (Figures 6a and 6b). The
indicates that the total pore volume of AC is greater than. activated charcoal is naturally amorphous. According to
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the obtained X-ray pattern of the original AC, the diffrac-
tion peaks, 20 — 23° (002), 29° ( 204 ), 43° (101) and 50°
(151) indicate a disordered amorphous structure of the
substance, which is in good agreement with previous
studies [18-20]. The initial AC is characterized by a
monoclinic carbon lattice C (002), C (101) and Miller
indices C—H-O ( 504) and C—H—O (151), the intensity of
which after modification decreases in the regions 26 — 29°
and 43°. This indicates a decrease in some minerals with a
certain crystal structure, such as Na, Ca and Mg. After
modification with hydrochloric acid, ACm retains its
original amorphous state (Figure 6b). This confirms the
broad peaks in the 20 region at 23.86° (d — 3.71), 44.08°
(d—2.00) and 51.45° (d — 1.77). It should be noted that the
peak in the region 26 —29° ( 204 ) disappeared, which indi-
cates the absence of phosphate and polyphosphate bonds
after modification. Perhaps this is due to the hydrochloric
acid decomposition of phosphates and polyphosphates
during the modification of activated carbon.
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Figure 6. XRD diffraction of: initial AC (a); activated
carbon modified with hydrochloric acid ACm (b)

Figure 7 shows the results of thermogravimetric
analysis of the initial and modified activated carbon of
the “BAU-A” brand. As shown in Figure 7, the decrease

in the bulk of the initial activated carbon occurs in the
temperature ranges of 40-150°C and 250-700 °C.
A sharp decrease in mass in the low-temperature zone,
i.e. between 40-120 °C, is due to the evaporation of moi-
sture, i.e. release of surface and adsorption water. In the
temperature range of 120-700 °C, there is a gradual
decrease in the mass of the initial “BAU-A”, which is due
to the combustion of organic compounds (Figure 7a).
After modification with hydrochloric acid, there is a
sharp decrease in the bulk in the temperature range of
220-250 °C compared to the initial AC (Figure 7b).
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Figure 7. TGA curves of initial AC (a) and hydrochloric
acid-modified activated carbon ACm (b)

This is possibly due to the decrease in mineral consti-
tuents and the presence of additional carboxylic, lactone
and quinone functional groups after modification, which
confirms the above results. In general, the degree of ther-
mal decomposition depends on the functional groups
located on the surface of activated carbon. Therefore, an
increase or decrease in the thermal decomposition of AC
indicates the presence of certain functional groups on its
surface. Carboxylic acids, carboxylic acid anhydrides
and lactone groups decompose at about 400 °C, while
other surface functional groups (phenolic, carbonyl, qui-
nones and pyrone structures) require more energy to
decompose (above 400 °C).

4. CONCLUSION

Thus, the “BAU-A” charcoal was studied before and
after modification with hydrochloric acid. The hydro-
chloric acid modification of activated carbon leads to an
increase in hydroxyl and phenolic groups, as well as the
appearance of additional carboxylic, lactone and quinone
groups. This, in turn, leads to the fact that activated
carbon after acid modification retains its amorphous
structure, and the cellular-porous structure becomes rela-
tively organized and clear, due to the washing out of
mineral components. This increases the adsorption capa-
city, polarity and thermal stability of activated carbon.
The N adsorption-desorption isotherm of the original
and modified activated carbon established mesoporous-
ness with the possible presence of interparticle pores in
the structure.
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BencenmipinreH keMip Keml »aFAaifa TachIMaJJAyIIbl PETiHIE KaTalu3aTop OHIIPICIHAC >KOHE MEIUIIMHAAa MEH
(apmanieBTHKa/1a canachbliHia COPOSHT peTiHAe, COHBIMEH KaTap TAOMFH )KOHE METAILTYPIrHsl OHEPKACiOiHIH KaJJIbIK CYbIH
OPTYpPJl KOCBUIBICTapJaH Ta3apTy >OHE [ MeTallll HMOHAApblH KOHIEHTpAalMsUlay YLIH KEHIHEH KOJIAaHBUIabI.
Bencenpipinren xeMipai op caiaga KOJIAaHy, OFaH KOMBUIATHIH TaJIATHIH J1a Op KHJIBI O0IyBIHA k0T amansl. CopOums-
JIBIK, KYPBUTBIM/BIK JKOHE TEKCTYPAJIBIK CHITATTaManap OeJICCHIIPINTeH KOMip/iH HeTi3ri KaCHeTTEePiH aHBIKTaHTHIHIBIFBI
oenrini. Kacueri anapiH ana OenriieHTeH MaTepuangap ajly YIIiH OeJCeHIIpiIreH KeMipiepAiH OeTTiK KYpHUIBIMBIH
IABIH ana TYPJi areHTTepMEH MOAM(UKALMANAY JKy3ere achlppuiansl. 3epTrey skyMmbichiHIa «BAY-A» Mapkaisl
TayapIbIK OeJNCeHAIPITeH KoMipl Ty3 KHIIIKBUIBIMEH CYHBIK-(a3aibl TOTBIKTHIPY apKBUTBI OHBIH OCTTiK —KYPBUIBIMBI
MeH MOP(DOJIOTHACHIH KaKCapTy >KYMBICH opbiHaaiasl. MK-crekTpockonus afici koMeriMeH Ty3 KBIIIKBUIBIMEH MOJH-
¢duKanusanran OeJICeHIIPIIreH KoMip KYPBUIBIMBIHAH OTTEKTI THAPOKCHI JKoHE (EHOJI, COHBIMEH Karap KapOOKCHII,
JIAKTOH JKOHE XWHOH ()YHKIIMOHAJIBI TONTApJbl aHBIKTAIABI. Moaupukaius ypaici e3 Keserinme KemipaiH mopdo-
JIOTHSICBIHA SCeP €Till, OHBIH KYPBUIBIMBIH YHBIMIACKAH TYPre aybICThIpaabl. Ty3 KbIIKBUIBIMEH MOAN(DHUKALUSIIAH KeHiH
keyek enemi 4,264-5,778 MM feiiin ToMeHzaen, Makpokeyek eamemaepi 31,57-73,32 mukponra coiikec kengi. XRD
Tanaaybl MoguduKanusaan kein 20 — 29° sxone 43° aifiMakTap/bIH KapKblHABUIBIFBIHBIH TOMEHJICYiH aHBIKTaIbI, Oyl
Oenrini Oip KpUCTAJIIBIK KYPBUILIMBI 0ap Keitbip MuHepanaapabiH, Mbicaibl, Na, Ca, Mg >KOWBUIFaHBIH KOPCETE/I].

Tyitin ce30ep: Monudukanms, Ty3 KeIIIKBUTBL, TEKCTYPAJIBIK CHIIATTaMa, MOP(OJIOTHs, OEICEHAIPIITeH KeMip.

BJIMAHUE XXKUJKOPAZHOT'O OKUCIEHUA AKTUBUPOBAHHOI'O YI'JVISI MAPKHU «BAY-A»
COJISHOM KUCJIOTOM HA EI'O TOBEPXHOCTHYIO CTPYKTYPY
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AKTHUBUPOBAHHBIA yrojb YacTO NMPUMEHSETCA B KaueCTBE HOCHUTENS, B M3TOTOBJICHUN KaTaJIM3aTOPOB M Kak COPOEHT B
MeIMIHE U (hapMaleBTHKE, a TAaKXKe IIPH OYHUCTKE MPUPOIHBIX M CTOUHBIX BOJ OT PA3IMYHBIX COCIUHEHUI M KOHIICHT-
PUPOBaHUSA HOHOB METAJUIOB B METAJUTYPrHYECKON MPOMBIIIIEHHOCTH. PazHOOOpasue obmacTeil NpUMeHEHHs aKTUBHPO-
BaHHOT'O YIJI 00YyCIIaBIMBAET U pa3InyHbIe TpeOoBaHuUs K HeMy. CopOLmMOHHas, CTPYKTYpHAs M TEKCTYpHAs XapaKTepH-
CTHKa TpefoNpeaesieT OCHOBHBIE CBOMCTBA aKTUBHPOBAHHOTO YIUIS. YIIy4IlleHHE KaKuX-TH00 XapaKTepUCTHK aKTHBH-
POBAHHBIX yIJIEH, C IETbI0 CO3IaHUS MaTepHAJIOB C TPeOYEMBIMHU SKCIUTyaTallHOHHBIMU CBOMCTBAMH, OCYIECTBIISACTCA
IyTeM MOAN(HUKAINH TOBEPXHOCTH PAa3IMYHBIMK areHTaMy. B paboTe npoBeeHo KuIKkopa3Hoe OKUCIICHHE KOMMepUe-
CKOTO aKTMBHPOBAHHOTO yrisi Mapku «bAY-Ay consHON KMCIOTON Ul yJIy4lIEHUs! €ro MOBEPXHOCTHOW CTPYKTYpPBI U
Mopdonorun. MK-crieKTpocKomnust yCTaHOBMIIA KHCIOPOICOAEPKAIME THAPOKCHIIbHBIE U (PeHOJIBHBIE, a TaKXkKe Kap0o-
HOBBIE, JAKTOHOBBIE ¥ XMHOHOBBIE TPYIIIBI TOCIIE MOIM(HUKAILIMN COJITHOM KUCIIOTOH. DTO B CBOIO OYepe b MOBIIHSJIO Ha
MOP(QOJIOTHIO YTOJIBHOTO MaTepHaa, KOTopas cTajla OTHOCHTEILHO OPraHU30BaHHOM U 4eTKoi. OOBEMBI Iop ocie Mo-
JU(UKAIMK COJSTHOM KHCIOTOM yMeHbHmmiach 10 4,264-5,778 MkM, pa3Mepsl Makposiueek COOTBETCTBYIOT 31,57—
73,32 mxkM. XRD-aHa/in3 yCTaHOBHJI YMEHbBIICHHE WHTEHCHBHOCTH B 00macTsx 20 — 29° u 43° mocie MoauduKammu,
YKa3bIBAIOILEH Ha yAAJIEHUE HEKOTOPhIX MUHEPAJIbHBIX BELLIECTB C ONPEIEICHHON KPUCTAININYECKON CTPYKTYPOH, TAKHX
kak Na, Ca, Mg.

Knrwouesvie cnoea: mooupurayus, conanas Kucioma, mexcmypHsie XapaKkmepucmuku, Mopgponozus, akmusuposanHboili
yeonb.
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