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Currently, nanomaterials are an important class of materials in the field of synthesis of efficient and selective catalysts
with desired properties due to their unique physical and chemical properties. The presence of nanosized particles of
transition metals undoubtedly improves the course of the hydrodechlorination of polychlorinated biphenyls (PCBs) and
makes it possible to reduce the content of the noble metal in the catalyst. In order to obtain active and stable heterogeneous
catalysts for the neutralization of persistent organic pollutants (POPs), the correct choice of carrier and method of catalyst
synthesis is required. In this work, the synthesis of a nickel nanocatalyst was carried out using the wet impregnation
method for the hydrodechlorination of PCBs. Commercial activated carbon grade BAU-A was pre-modified with
hydrochloric acid and used as a carrier (ACn) of the catalyst. Using modern physical and chemical methods, the main
properties of the synthesized nanocatalyst were investigated. The IR spectroscopy has established that the carboxyl and
carbonyl groups of ACr, are the main functional groups that fix nickel in the bulk of the carrier. The nickel nanocatalyst
has a developed surface, where nickel nanoparticles are deposited in micro- and mesopores of the carrier. The degree of
conversion of 2,2',3,3',4-pentachlorobiphenyl is 84.21%, which indicates the catalytic activity of nickel nanocatalysts
with respect to POPs.
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1. INTRODUCTION

The halogen-containing organic compounds are
widely used in many industries as target and intermediate
products. Due to its high toxicity and chemical stability,
a lot of halogenated organic compounds are recognized
as persistent organic pollutants (POPs) and banned from
usage by the World Health Organization. Also, on May
22,2001, the Convention on persistent organic pollutants
was signed in Stockholm, which aims to reduce and
completely eliminate the production, usage, emissions
and storage of existing stocks of POPs [1]. Kazakhstan
ratified this convention by the law of the Republic of
Kazakhstan dated June 7, 2007.

The stocks of surplus halogenated by-products and
POPs that have been accumulated up to these days need
to be disposed of in an environmentally sound manner,
which necessitates the development of methods for
utilizing halogenated organic substances and converting
them into less hazardous compounds.

Kazakhstan ranks second after Russia in terms of the
amount of POPs waste. Due to the heterogeneity of the
composition of polychlorinated biphenyls (PCBs) related
to POPs and the variety of methods for its disposal, it is
extremely important to select, improve existing ones and
develop new effective and environmentally friendly
methods for the disposal of POPs in order to turn it into
useful products. A large number of POPs neutralization
methods have been studied [2-6], the choice of which
depends on the state of aggregation of the material to be
disposed of, the concentration of POPs, technological

and environmental features of the ongoing processes.
The possibility of formation of dioxin-like by-products
during the disposal of POPs necessitates the implemen-
tation of strict control of the technological process.

There is an increased share of studies on the processes
of reductive dechlorination of PCBs due to the possibility
of use new types of catalysts obtained using nano-
materials and nanotechnologies and the tightening of
requirements for analytical control over the formation of
by-products of polychlorinated dibenzofurans (PCDF)
and dibenzodioxins (PCDD). The development of a
reductive method for dechlorination of PCBs is
facilitated by the search for active, selective and efficient
catalysts. The monitoring of literature sources has shown
that palladium-containing catalysts obtained using
nanomaterials and nanotechnologies on inert carriers
show the highest activity and selectivity in the reductive
transformations of chlorine-containing compounds [7—
11]. Selectivity depends on the type of catalyst, carrier
and operating temperature. Palladium content in
catalysts, in many cases >10% (by mass) [12]. The high
cost of palladium contributed to the search for methods
to reduce the cost of catalysts at the expense of metals
with low cost characteristics.

A comparative study of the catalytic properties of
palladium, platinum, and nickel deposited on a “Sibunit”
carbon carrier was inserted in reductive hydrodechlorina-
tion of PCB, DDT, and triclosan under mild conditions at
room temperature and a hydrogen pressure of 1 atm [13].
Hydrodechlorination of POPs with hydrogen using
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various catalysts, including based on copper and nickel
nanoparticles inserted on activated carbon showed good
catalytic activity [14-16]. Therefore, nickel-based cata-
lysts are no less attractive objects for PCB nanocatalysis.
In addition, it should be noted that nickel-based catalysts
for PCB hydrodechlorination are poorly studied.

This work is devoted to the synthesis of a nickel
catalyst inserted on activated carbon modified with
hydrochloric acid, also to the study of the physical,
chemical properties and catalytic activity with respect to
PCBs.

2. EXPERIMENTAL SECTION

2.1 Materials and methods

2.1.1 Materials

The following reagents were used in the work: nickel
nitrate, Ni(NO3)2+6H.0 (99,9%, Sigma Aldrich), sodium
tetrahydroborate, NaBHs (99,9%, Sigma Aldrich),
sodium hydroxide NaOH (Sigma-Aldrich), Arochlor
1254 (2,2°,3,3°,4 — pentachlorobiphenyl) (certified solu-
tion of arochlor in hexane, concentration 100 pg/ml, to
work in accordance to MG 4.1.1023-01). These reagents
were used without further purification. The commercial
charcoal of the BAU-A brand, modified according to the
method [17], was used as a carrier. Hydrochloric acid,
HCI (ST 11125-84, LLC MK “Magna”, Russia) was used
in order to modify activated carbon.

2.1.2 Preparation of catalysts

The impregnation method was used to obtain a
Ni/activated carbonmediies (ACm) (hereinafter, Ni/ACn)
catalyst based on BAU-A grade carbon material modified
according to the procedure [12-13]. In the obtained
catalysts, the content of the active phase of nickel was
10wt. % by weight of the catalyst (10Ni/ACn).
The preparation of the catalyst was relied on the
procedure [18].

2.2 FTIR spectroscopy

The chemical structure of the catalyst was
studied by IR spectroscopy. FTIR analysis was perfor-
med 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.

2.3 Scanning electron microscopy

The morphology and structure of the 10Ni/ACn
catalyst were studied using a high-vacuum scanning
electron microscope (Zeiss Auriga Crossbeam 540,
Germany). The elemental composition of the carrier and
catalysts was determined on an energy-dispersive particle
distribution analyzer (Thermo Fisher Scientific, USA).

2.4 Transmission electron microscope

The sizes of nickel nanoparticles were obtained using
transmission electron microscopy (TEM) (JEM 1400
JEOL, Japan) with a resolution of 0.38 nm, an
accelerating voltage of 120 kV, with a high-resolution

digital camera (CCD Morada, OLYMPUS). Before TEM
studies, the samples were crushed in an agate mortar,
then the suspension of the alcohol solution of the samples
was subjected to ultrasonic dispersion at a frequency of
44 kHz on an USDN-2T instrument (Electron, Russia),
followed by fixing on a perforated carbon film deposited
on a copper grid. Further, after drying measurements
were taken. By statistical calculation of the particle sizes
in the TEM image, the distribution and average particle
size of the synthesized catalysts were determined.

2.5 TGA analysis

The thermal characteristic of the 10Ni/ACr, catalyst
was studied on a differential thermogravimetric analyzer
STA449C (NETZSCH, Germany) in an argon atmosphe-
re within the temperature range of 30+5-700+5 °C.
The heating rate was 10+l °C/min. The mass of the
samples was about 20£2 mg.

2.6 Adsorption porosimetry

The textural characteristic of the synthesized catalyst
was determined using adsorption porosimetry (low-
temperature nitrogen adsorption) on Autosorb 1 (Quanta-
chrome Instruments, USA) and ASAP-2020 (Micromeri-
tics, USA) devices, after preliminary vacuum for 3 hours,
at a temperature of 220-250 °C for degassing samples,
followed by mathematical processing of experimental
data by BET and BJH.

2.7 Catalytic activity

The catalytic activity of the catalyst was studied in a
flow reactor (Buchiglasuster, Switzerland) according to
the procedure [15, 19].

2.8 Chromato-mass spectrometer

In order to identify the catalyst products an Agilent
(GC 7890A, MS 5975C) chromato-mass spectrometer
with a quadrupole mass spectrometric detector (GC-
MSD) at an electron energy of 70 eV was used, using an
HP-5MS quartz capillary column (30 um x 0.25 pm x
0.25 pm); carrier was helium gas, division ratio 1:50,
flow rate 1.0 cm3/min. Temperature: initial 40 °C (hol-
ding 3 min), 290 °C at 10 °C/min (holding 20 min) and
inlet temperature 250 °C.

3. RESULTS AND DISCUSSION

3.1 Physical and chemical properties

of the 10Ni/ACm catalyst

Comparative IR spectra of the BAU-A carrier
modified with hydrochloric acid and the 10Ni/ACn
catalyst are shown in Figure 1. Shifts in the absorption
bands of functional groups in the IR spectra indicate the
interaction of the catalyst components. Thus, the
appearance of an intense absorption band of the
stretching vibration, 872 cm™ in the spectrum of the
10Ni/AC, catalyst, associated with O—Ni— and the shift
of the absorption band from 1713 cm™ to 1558 cm™?,
indicates the fixation of nickel into the carrier through the
carboxyl group ACn (Figure 1). Also, the shift of the
absorption bands from 1166 cm™ to 995 cm™ indicates
the formation of the Ni/ACn catalyst through the C=0
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carbonyl functional group. Thus, according to the result
of IR spectroscopy, it can be assumed that nickel ions
interact with the carboxyl and carbonyl groups of the
AC carrier.
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Figure 1. IR spectra of the 10Ni/ACn catalyst and activated
carbon modified with hydrochloric acid ACm
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Figure 2. SEM image of: (a) modified activated carbon grade
BAU-A — 4Cn; (b) Energy dispersive analysis of the distribu-
tion of carrier particles

The presence of nickel in the catalyst was confirmed
by using SEM with an energy-dispersive particle
distribution analyzer, as well as TEM research methods.
SEM images of the original ACn carrier and the

10Ni/AC, catalyst obtained on its basis are shown in
Figures 2 and 3. The morphology of the 10Ni/ACn
catalyst is close to the morphology of the carrier BAU-A
activated carbon modified with hydrochloric acid (Figure
2a). The carrier contains 83.89% carbon and 16.11%
oxygen (Figure 2b and Table 1). Energy dispersive
analysis indicates the presence of carbon 87.1%, oxygen
12.3% and nickel 0.5% (Figure 3b). The size of nickel
nanoparticles varies within 28.53-48.02 nm. The decrea-
se in the oxygen content is possibly associated with the
interaction of nickel with the carboxyl and carbonyl
functional groups of the carrier, which was confirmed by
IR spectroscopy.

Table 1. Elemental composition of modified activated
carbon grade BAU-A

Ne Element Line Mass% Atom%

1 C K 83.89+0.09 87.40+0.09

2 0 K 16.11£0.14 12.60+0.11
TOTAL 100.00 100.00

Figure 3. SEM image of: (a) 10Ni/ACn catalyst; (b) energy

dispersive analysis of the distribution of catalyst particles
The formation of nickel nanoparticles on a carbon
carrier was confirmed by transmission electron
microscopy (Figure 4). Most of the nickel particles in the
obtained 10Ni/ACn, catalyst are spherical and small in
size (30.33-34.77 nm). Spherical clusters of nickel
nanoparticles in the form of agglomerates are distributed
in the carrier volume (Figure 4). From the micrograph of
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the nanoparticles, one can see the presence of light
channels that appear during the migration of nickel
particles. This is confirmed by previous studies [20].

Figure 4. TEM image of the 10Ni/ACm nanocatalyst

Figure 5 shows the results of thermogravimetric
analysis of the ACn, carrier and 10Ni/ACy, catalyst.

The main decrease in the weight of the catalyst occurs
in the temperature range of 30-150°C and 400-700°C.
The weight reduction in the low temperature zone, i.e.
between 30-150 °C, due to the release of surface and
adsorption water (Figure 5). Also, weight reduction
within the temperature range of 400700 °C is associated
with the destruction of hydrocarbon compounds. The
establishment of an equilibrium state is between 150—
400 °C relative to the slow decrease in the mass of the
carrier ACm, shows some thermal stability of the
functional groups, with fixed nickel nanoparticles
(Figure 5).

The specific surface area of the 10Ni/ACm catalyst
increases two times to that of the ACn support and is
541.518 m?/g (Table 2). The pore size increases by
almost 20 times, which is in good agreement with the
data obtained from TEM analysis, which established
additional channels as a result of the migration of nickel
nanoparticles. The total pore volume of the catalyst is
reduced by 1.4 times. This is due to the fixation of nickel
nanoparticles in the pores of the carrier (Table 2).

Table 2. Textural characteristics of the 10Ni/ACm catalyst

Specific pore Pore size Total pore
Sample surface Dv(r)pore Radius, volume
SW, m2lg nm Viicro, mllg
ACnm 2338 0.19 122.12
Ni/ACn 541.518 19172 87.984

The Ny adsorption isotherm for the 10Ni-ACy, cata-
lyst is characterized by type 1V, typical for porous mate-
rials (Figure 6) [21]. The P/P, hysteresis loop is associa-
ted with capillary condensation in mesopores, which
establishes the presence of both micro- and mesopores.

The pore distribution of the 10Ni/AC, catalyst and
the ACn carrier has a similar character (Figure 7).

Modified carrier and catalyst contain mesopores up to
19 nm and macropores 26 nm in size.
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Figure 5. TGA of the 10Ni/ACm catalyst and activated carbon
modified with hydrochloric acid ACm
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Figure 6. Adsorption-desorption isotherm of N2 catalyst
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Figure 7. Pore size distribution for 10Ni/ACm catalyst and
ACnm activated carbon modified with hydrochloric acid
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3.2. Catalytic activity

The obtained catalyst was tested in the reaction of
PCB hydrodechlorination in a flow system with a fixed
catalyst bed using methanol and hydrogen at a
temperature of 25 °C and stirring for 5 hours. At the end
of the hydrodechlorination reaction, magnesium sulfate
was added to separate the organic part, then the catalysis
product was obtained by centrifugation. The aliquot
taken from the filtrate was diluted with hexane and
analyzed to determine the reaction product. The
chromatogram obtained as a result of identification is
shown in Figure 8. The 10Ni/ACn nanocatalyst was
found to be effective with respect to Arochlor 1254, with
a biphenyl yield of 84.21% (Table 3).
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Figure 8. Chromatogram of the products of PCB hydro-
dechlorination — Arochlor 1254 catalyst 10Ni/ACm (10 mg)
at a temperature of 25 °C

The relatively good vyield of biphenyl indicates the
catalytic activity of the catalyst based on nickel
nanoparticles inserted on a carbon carrier. It can be
assumed that a carbon carrier with a high specific surface
area equal to 541.518 m?/g allows the maximum increase
in catalytic activity and possibly enhances the process of
reduction of organochlorine compounds along with
hydrogen, which is in good agreement with previous
studies [15].

Table 3. Hydrodechlorination of PCB — Arochlor 1254 with
a 10Ni/ACn catalyst (0.2 g), in a methanol medium (10 ml),
at T=25°C and P(H2) = 1 atm

PCB (Arochlor 1254)
Ne Catalyst - -
Product of catalysis Conversion, %
1 10Ni/ACm Bipheny! 84,21
CONCLUSION

Thus, a 10Ni/ACn, catalyst was synthesized with
nanosized nickel particles (30.33-34.77 nm) inserted on
a carrier, modified with hydrochloric acid activated
carbon and exhibiting catalytic activity in the hydro-
dechlorination of Arochlor 1254 — 2,2',3,3',4-pentachlo-
robiphenyl under mild conditions, that is at a temperature
of 25 °C and a pressure of 1 atm in methanol. Using IR
spectroscopy, it was found that nickel ions in the bulk of

the carrier interact with the carboxyl and carbonyl
functional groups of the ACy, of the carrier. The nickel
nanoparticles in the 10Ni/ACy, catalyst have a spherical
shape and are distributed in the form of agglomerates in
the volume of the carrier. It has been established that the
migration of nickel nanoparticles in the bulk of the carrier
forms additional channels in the form of pores, which are
confirmed by the results of BET and TEM. The fixation
of nickel nanoparticles in the carrier pores reduces the
pore volume and increases the specific surface area of the
catalyst by a factor of two compared to the ACy, carrier.
The developed nanocatalyst showed catalytic activity on
2,2',3,3',4-pentachlorobiphenyl. This allows to conclude
that nickel nanoparticles deposited on modified highly
dispersed activated carbon of the BAU-A brand have
good prospects for the manufacture of highly efficient
catalysts with high chemical activity with respect to
persistent organic pollutants.
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Kasipri yakpITTa HaHOMaTepHaIIap epeKine (pU3uKaIbIK-XIMHSIIBIK KaCHeTTepiHe OaiiyIaHbICTHI THIM/II )KOHE CEJICKTUBTI
KaTaJu3aTopiaapAbl CHHTE3JICY CalachlHOAarbl MaHBI3IBl MaTepHajap KiacklHa aiHanapl. KarammsaTop KypambIHIa
aypICTIajbl MeTaul HaHOOemmeKkTepiHiH 0oysl, momuxmopoudenmnaig (I1XB) ruaponexnopiany YpAiCiH KakcapThII
KaHa Ko¥MaH, KaTaJau3aTopIarbl achll METaJI MeJNIICpiH a3aiTyra MYMKIHIIIK Oepemi. TypakThl OpraHMKAaBIK
mactaymrsl 3artapasl (TOJD) 3amancei3maHabIpyFa apHaIFaH OCJICeHIi KoHE TYPaKThl TeTepOTeH I KaTaJn3aTopiap ary
YIITiH TaChIMAJIAAFGIII TICH CHHTE3 9/IiCiH AYPBIC TaHaay KaxeT. 3eprreyae [1Xb-ni ruapoaexnopiayra apHaaFaH HUKEIh
HAaHOKATaJIM3aTOPBIHBIH CHHTE31 BUIFAIIBI CiHIpY omiciMeH Xyprizinai. BAY-A TexHHKambIK OeJCeHIIpiIreH Kemip
aNJIBIH alla TY3 KBIIIKbUIBIMEH MOJM(UKALMSIIAHBII, HUKEIbh KaTaln3aTOPbIH alyAa TackiMaiiaymbl (AYm) petinae
naijananeuIbl. 3aMaHayn (pU3NKO-XUMHSIIBIK SJiCTep Il KOJIJaHa OTHIPBII, CHHTE3/Ie/IreH HAHOKATATU3aTOP/IbIH HETi3r1
KacuerTepi 3eprrenai. Moanpukanusuianran OeiceHaipiired xemipaeri AYm KapOOKCHI KoHE KapOOHMI TONTAaphl
TachIMaJayIbl OOMbIHA HUKEIIB/Ii YCTall TYPAThIH Heri3ri GyHKIoHa ! TonTap ekenairi MK-cnekrpockonus sgiciMen
aHbBIKTaJbl. HuKellb HaHOKATaJIM3aTOPBIHBIH OETTIK KYpPBUIBICHI KAaKChl JaMBIFaH jKOHE OHJAFrbl HUKEJIh HAaHOOeIIeri
TachIMaJIJayIIBIHBIH MUKPO- )KoHE Me30KeyekTepine Oeknai. Hukens HaHOKaTaIM3aTophl KOMEriMeH THAPOAeXIIopiayFa
yusiparan 2,2',3,3'4-nienTaxsnopoonudeHnnin TypiieHy aapexeci 84,21% Kypaiinsl, OyJ1 CHHTE3/IeNTeH KaTalu3aTopAbIH
TOJI-ra kaTaJIUTHKAJIBIK O€JICEHIIIITIH aKbIH 1A IbI.

Tyiiin co30ep: HaHOKAMAIU3AMOp, MYPAKMbL OPLAHUKATLIK IACMAYWbLIAD, NOIUXAOPOUDEHU, HUKeNb HAHODOIULEeK-
mepi, bencendipineen KoOMip.
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B Hacrosmiee BpeMsi HaHOMaTepHabl SBISIOTCS Ba)KHBIM KJIACCOM MaTEpPHAJIOB B 00JlacTH cHHTE3a d((GEKTUBHBIX U
CEJICKTHBHBIX KaTaJIM3aTOpPOB C 3a/JlaHHBIMH CBOWCTBaMH OJylarofjapsi CBOMM YHHKAJIBHBIM (DPU3NKO-XMMHUYECKHM
cBoiictBaM. Hannuue HaHOpa3MEpHBIX 4YacTHIl MEPEXOJHBIX METAJIOB, HECOMHEHHO, YIIydllaeT IPOTEKaHUe
ruapozexyiopupoBanus noiuxiaopoudenmnos (IIXB) u mo3BoiseT CHU3UTH cCopepXKaHWE OJIaropojHOr0 MeTaula B
Katanuzarope. sl MoydeHUsl akTUBHBIX M CTaOWJIBHBIX T'€TEPOTCHHBIX KaTalM3aTOpPOB O0E3BPEKMBAHUS CTOMKHX
opraamuecknx 3arpszHuTeneit (CO3) HeoOXoamM MpaBMIIBHBINA BBEIOOp HOCHTENS W METOJa CHHTE3a KaTalu3aropa.
B nanHOM pab®oTe CHHTE3 HMKEIEBOTO HAHOKATaNIM3aTOpa OCYMIECTBIUICS METOJOM BIAXHOW MPONUTKH A
ruapoaexiaopuposanus [1Xb. Texaudecknii ak THBHPOBaHHBIN yTosib Mapku BAY -A npenBapurensHo MoaudunmnpoBaim
COJITHOM KHCJIOTOM M MCIONb30BalM B KadecTBe HocuTens (AVYm) kartanmsatopa. C MCIONB30BaHHEM COBPEMEHHBIX
(M3UKO-XMMHUYECKHX METOJIOB UCCIIEJOBaHbI OCHOBHBIE CBOMCTBA CHHTE3UPOBAHHOI O HaHOKaTanu3aropa. Meronom K-
CHEKTPOCKOIIMM yCTaHOBJICHO, YTO KapOOKCHJbHbIE W KapOOHWJBbHBIE TIpynnbl AYy SBISIOTCS OCHOBHBIMHU
(YHKIMOHAIBHBIMHU TPYyNIaMy, (GUKCHPYIOIIMMHU HUKENb B 00beMe Hocurens. HukeneBblil HaHOKaTanu3aTop MMeeT
Pa3BUTYIO MOBEPXHOCTh, HA KOTOPOM HAHOYACTHIIBI HHUKEISl OCaXKJAIOTCA B MUKPO- U Me3onopax Hocurensd. CTeneHb
npespamenus  2,2',3,3',4-nenaraxnopoudennna cocraisier 84,21%, 4YTO CBHIAETENBCTBYET O KaTAIUTHYECKOH
aKTUBHOCTH HUKENEBBIX HAHOKATAIN3aTOPOB 1o oTHomeHuto k CO3.

Knroueevie cnoea: Haxnokamaauzamop, cmotixue opeanuyeckue 3acpAsHumen, nOﬂwmop6uqbeHuﬂ, HaHovyacmuybvl
HUKeJA, aKmueuposaHHbzﬁ yeoie.
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