DOI: 10.6060/ivkkt.20196206.6041
VK: 544.478.023.57

CUHTE3, CTPYKTYPA U KATAJIUTUYECKUE CBOMCTBA
HAHOCTPYKTYPHBIX Pd MATEPHAJIOB
B KATAJIMTUYECKOU I'NIPOI'EHAIIUU n-HUTPOAHUJIMHA

B.1O. Joayna, A.A. Cugopos, .M. Cyasman, A.P. Jlateinosa, /I.B. ®uaunmnos, O.B. JledgenoBa

BanenTtnn OpreBuu [lonyna, Anexcannp Meanosuu Cumopos, Dcdups MuxaitnosHa CyiapmMan

Kadenpa 6norexnonorun u xumun, TBepcKoil rocyaapcTBEHHBIN TeXHUYECKUH yHIBepeuTteT, Hab. A. HukurnHa 22,
TBeps, Poccuiickas @enepanus, 170023
E-mail: doludav@yandex.ru, sidorov_science@mail.ru, sulman@online.tver.ru

Anenp Pumarosna Jlateimosa, Jimutpuii BsiueciapoBuu @unumnmos, Onsra Banentunosna Jledenosa™

Kadenpa dusnyeckoir 1 KomwtongHoi xumuun, VIBaHOBCKHI TOCYJapCTBEHHBIN XUMUKO-TEXHOIOTHIECKHH
yHuBepcurer, lllepemereBckuii npocr., 7, UBanoso, Poccuiickas ®@enepauus, 153000
E-mail: LatAdel@yandex.ru, fillipov@isuct.ru, physchem.606@yandex.ru*

Cmampa noceauiena pazpadomee naniaduesylx KAamaau3amopos Ha HOCUMENAxX, uccie-
006aHUIO UX CIMPYKIMYDbL, KAMATUMUYECKUX C6OUCHE U UX KOPPENAYUU C AKMUGHOCHbIO KAMAIU-
3amopoé ¢ zudpuposeanuu n-numpoanununa. Cepua nannaouegvix HAHECEHHBIX KAMAIU3AMOPOE
Oviia cunmesuposana ¢ ucnonvsosanuem nocumeneu: Al,Os, SiOz u yens AP-/] ona cmabunuzauyuu
yacmuy Pd ¢ 3azpy3koii akmuenozo memanna 3, 4, 5 mac. ooneii (%). Oopasyvl Kamanuzamopos oviiu
CUHME3UPOBAHDL C UCNOJIb308AHUEM MEMOOA OCANCOCHUA U OXAPAKMEPU30B8AHBI CKAHUPYIOULell I/1eK-
MPOHHOU MUKDOCKORUEI, MeMREPAmypHO-nPOPAMMUPYEMbIM G0CCHMAHOGTIEHUEM, (UIUUECKOIL
copoyueii azoma, UHPPaKpacHoil cneKmpocKonueil U UCNBIMAHBL 8 npoyecce KamaaiumuiecKkozo
2UOpUPOBaAHUA N-HUMPOaHUIuna. B pabome nokazan r3¢ppexmugnviit n00xo0 noayueHus QyHKyuo-
HATbHBIX MAMEPUAN0s ¢ MOUYKU 3pPeHUA npumenenus xkamanuza. OCHOBHLIMU npeuMyuiecmeamu
MAaKo020 no0X00a AGAANMCA 0eUIeGU3HA U NPOCHIOMA GHEOPEHUA, KOMOPble OAIOMm 603MONCHOCHIb
nonyuame yHKUUOHAIbHBIE MAMEPUATBL RPAMO HA Mechie npumeHeHusA. Bee ucnons3yemoie xumu-
Kamul WiUpoOKo 00CMYnHbl, U OONOJIHUMENbHOE 000pydosanue He mpebdyemca. Akmuenocmsp 0o0pa3s-
106 Kamanu3amopoe 6 npouecce ZUOPUPOSAHUS N-HUMPOAHUIUHA UMEEm CUTIbHYI0 KOPPEAAUUIO CO
3HAUEHUAMU OUCHEPCHOCIU HAHECEHHO20 MEMAla U KUciomuocmulo nocumens. Oopazey c 5 mac.%
Pd/y-Al,Os noxasvieaem naubonvuiyio akmuenocms ~ 4,6 - 10° monw (Hy)/c., 20e nocumens kamanu-
3amopa XapaxKmepu3yemca 6blCOKOU KUCI0OMHOCHbIO, @ HAHECEeHHbLIL Memanjl yMepeHHoll oucnepc-
nocmoio. CpagHenue OGHHBIX AKMUEGHOCIMU KAMAAU3AMOPA U COOEPHCAHUS NOP PA3TUYHBIX DA3Me-
P06 nokazano onpeoenennylo Koppeaayuio. Ilocne peakyuu zuopuposanus 4-numpoanuiuna usme-
HeHue pamepos nop Kamaiu3amopog Mojcem 0amy KOC6EHHYI0 UHPOPMAYUIO 0 RPEONONAZACMBIX
dusuueckux npoyeccax, npoucxo0AWUX Ha noeepxXHocmu Kamanusamopa. B yenom, no nonyuen-
HbIM pe3y1bmamam 0vlia 00HApYIceHa KOPPeaayus meicoy CmpyKkmypou, pusuko-xumueil Kamaniu-
3amopa u e20 AKMUGHOCHbIO 8 ZUOPUPOSAHUU N-HUMPOAHUIUHA.
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The article is focused on development of palladium supported catalysts, investigation of
their structure and catalytic properties and correlations of catalysts activity in hydrogenation of p-
nitroaniline. A series of Pd supported catalysts were synthesized using Al.Os, SiO; and activated
carbon for Pd stabilization with active metal loading of 3, 4, 5 wt. %. Catalysts samples were syn-
thesized using modified precipitation method, characterized by scanning electron microscopy, tem-
perature programmed reduction, nitrogen physisorption, infrared spectroscopy and tested in p-ni-
troaniline catalytic hydrogenation process. The work shows efficient approach of functional mate-
rials obtainment in terms of catalysis application. Main advantages of such approach are cheapness
and ease of implementation, which give the possibility to obtain functional materials right on the
place of application. All chemicals used are of wide availability and no additional equipment is
necessary. The Pd based catalysts supported on alumina, silica and activated carbon were tested in
p-nitroaniline hydrogenation. Catalysts sample activity in p-nitroaniline hydrogenation process has
strong correlation with metal dispersion and support acidity. The sample 5 wt.% Pd/y-Al,O3 show
the highest activity 4.6:10°° mol(H.)/s characterized by highest acidity and moderate metal disper-
sion. The comparison of the data of catalyst activity and the content of pores of various sizes showed
the certain correlation. After the reaction of hydrogenation of 4-nitroaniline, the change in the
pore sizes of the catalysts can provide indirect information about the supposed physical processes
occurring on the surface of the catalyst. Strong correlation between catalyst structure and its ac-
tivity in p-nitroaniline hydrogenation was found.

Key words: catalysis, palladium, alumina, silica, carbon, hydrogenation
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INTRODUCTION

Development of catalytic active nanostruc-
tured materials presents a special interest for applica-
tion in fine organic synthesis of valuable substances [1-4].
Palladium nanoparticulate materials are widely used as
catalysts in hydrogenation reactions due to unique cat-
alytic properties including possibility to provide reac-
tion under mild conditions, compare to nanostructured
materials containing other transition state metals (Pt,
Ru, Ni, Fe etc.) [5-10]. Palladium nanoparticles are
ideal catalytic phase for hydrogenation reactions, as it
easily dissociates hydrogen molecules under ambient
conditions [11]. Typically Pd nanoparticles applicable
for catalytic hydrogenation processes are stabilized by
different supports including inorganic supports, mainly
alumina, silica, titanium dioxide, zeolites and different
polymers, including rigid polymer matrixes, polymer
micelles and polymer gels [12-18]. Polymers are supe-
rior in stabilization of metal nanoparticles compare to
inorganic supports, however, application of such sys-
tems for catalytic hydrogenation have several disad-
vantages, including rapid nanoparticles sintering in or-
ganic reaction media under high reaction pressure and
temperature [19, 20]. Therefore application of tradi-
tionally used inorganic supports can be also attractive

for synthesis of stable Pd nanoparticulate systems for
application in catalysis [21, 22]. However obtaining
high dispersion of active metal became an outstanding
problem for nanoparticles supported on inorganic ma-
trix [23]. Catalytic hydrogenation of nitro aromatic
compounds is one of the most important application of
Pd based catalysts, due to their high activity under mild
conditions compare to catalysts containing Ni, Fe or Pt
active species [10, 24]. Catalytic hydrogenation of p-
nitroaniline can be considered as an important reaction
in the group of nitroaromatic catalytic hydrogenation
reactions. Hydrogenation of p-nitroaniline is com-
monly used for synthesis of p- phenylenediamine an
intermediate for aramid polymers production including
Kevlar™, Twaron™ [25, 26]. Typically reaction
mechanism of p-nitroaniline hydrogenation contains
several intermediates (Scheme 1) therefor reaction se-
lectivity strongly depends on catalyst structure and op-
eration conditions [5, 6, 8, 24].

Additionally in case providing catalytic hydro-
genation of p-nitrobenzene in reactive solvents, espe-
cially in alcohols additional side reactions can take
place under high pressure and temperature in case of
catalyst low selectivity. Here the synthesis of Pd based
nanoparticulate catalysts over alumina, silica, activated
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carbon providing high active metal dispersion is re-
ported. Synthesized catalysts samples were character-
ized by different physicochemical methods including
scanning electron microscopy, temperature pro-
grammed reduction, nitrogen physisorption, infrared
spectroscopy and tested in p-nitroaniline catalytic hy-
drogenation process. Correlation of catalyst structure
and its activity in p-nitro aniline hydrogenation process
was found.

NH, NH, NH,
@ [Cat], H, @ [Cat], H, @
% %

NO, NO NH,

p-nitroaniline  p-nitrozoaniline

[Cat] lH 2

p- phenylenediamine

[Cat]IHg

diazodiaminebenzene
Scheme 1. Reaction scheme of p-nitroaniline catalytic hydrogenation
Cxema 1. PeakiimoHHast cxemMa KaTaTUTHIECKOTO THAPHPOBAHUS
II-HUTPOAHUIINHA

EXPERIMENTAL

Chemicals and materials

Palladium chloride (PdCl;-2H,0) (Vecton,
Russia), sodium carbonate (Vecton, Russia), 2-propa-
nol (99% Vecton, Russia). For the catalyst preparation
high-purity gases (Ar 99.998%; H, 99.999%) were
used. Chemical grade Al,Os, activated carbon ARD-2
were purchased from Reachim Ltd. Russia and were
used for catalyst synthesis as received.

Synthesis of silica

To synthesize spherical silica nanoparticles
700 ml of distilled water was added to 500 ml of 2-
propanol in a flat-bottomed flask and solution was
stirred for obtaining uniform solution. Then 200 ml of
tetraethoxysilane was added to solution. The whole
system was kept on mechanical stirrer for 30 min with
mixing rate1500 rpm. Subsequently, the 50 ml of aque-
ous ammonia solution (60 wt. %) was added drop-wise
to the reaction mixture during 30 min. The mixture was
retained to stand for 120 min under stirring rate 1000
rpm. Then, the precipitate was filtered, washed with
distilled water and dried at 473 K for 3 h on air.

Catalyst synthesis

Synthesis of Pd based catalysts was made by
precipitation of palladium hydroxide due to hydrolysis
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reaction by addition of 3 mM H,PdCl, solution in wa-
ter to a 1g of support (SiO2, y-Al>Os, or activated car-
bon) suspended in 40 ml aqueous solution of 0.1 M
Na.COs and 0.1M solution of sodium dodecyl sulfate
using ultrasonic bath (Bandelin, 10P, Germany). The
solution of H,PdCl, was prepared in 0.1M hydrochlo-
ric acid (HCI). The suspension was mixed for 3 h at
308 K in ultrasonic bath. The catalysts sample was fil-
tered, thoroughly washed with distilled water and dried
at 338 K under air. Prior to kinetic experiments cata-
lysts sample was reduced at 523 K for 60 min in the
hydrogen flow in tube furnace than cooled to ambient
temperature and flashed with nitrogen and immedi-
ately transferred to the catalytic reactor. Following
samples were synthesized and denoted as 5 wt. % Pd/y-
Al,O3, 4 wt. % Pd/y-Aly0s, 3 wt. % Pd/y-Al,O3, 5 wt.
% Pd/SiOz, 4 wt. % Pd/SiO2, 3 wt. % Pd/SiO2, 5 wt. %
Pd/C, 4 wt. % Pd/C, 3 wt. % Pd/C using this methodology.

Temperature programmed reduction (TPR)
study of catalysts

Temperature-programmed reduction (TPR)
experiments were performed at a heating rate of 5 K/min
from 25K to 573 K in a gas mixture consisting of 10%
Hz in Ar. Prior to reduction sample was flashed with
helium for one hour at 378 K. Calibration was done by
reduction of Ag,O powder. The gas flow rate was
maintained at 30 mI(STP)/min for all experiments. The
TPR curves were obtained using automatic chemisorp-
tion analyzer AutoChem HP 2950 (Micromeritics, USA).

Scanning electron microscopy (SEM)

The morphological characteristics of catalysts
samples were examined by scanning electron
microscopy (SEM, TESCAN, Vega-LSU) equipped
with X-ray microanalysis (OXFORD INCA PentaFETx3).
Scanning electron microscope images were collected
at a magnification of 66.1 kX at 20 kV with scaning
electrone detector.

Nitrogen physisorption

Nitrogen adsorption-desorption isotherms
were obtained at the normal boiling point of liquid ni-
trogen using a Beckman Coulter SA 3100 apparatus
(Coulter Corporation, USA). Studied materials were
preliminary degassed in a Beckman Coulter SA-PREP
apparatus for sample preparation at 423 K in flow of
inertial nitrogen.

Supports and catalysts study by Fourier
transformation infrared spectroscopy (FTIR)

Qualitative and quantitative composition of
studied materials surface was performed by diffuse re-
flectance IR spectroscopy using the IR-Fourier spec-
trometer IRPrestige-21 (Shimadzu, Japan) equipped
with a diffuse reflection attachment DRS-8000 (Si-
madzu, Japan). All spectra were obtained in the wave
number range 250-4000 cm* with a resolution of 4 cm™.
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Pulse hydrogen chemisorption

Pulse chemisorption analysis was carried out
in order to determine chemically-active metal’s surface
area and cumulative quantity of active metal by apply-
ing a pulse titration of the sample with the hydrogen.
The patterns were obtained by means of AutoChem HP
2950 automatic chemisorption analyzer (Micromeritics,
USA).

Catalysts activity experiments description

The activity of catalysts samples (5 wt. %
Pd/y-Al20s, 4 wt. % Pd/y-Al,0s, 3 wt. % Pd/y-AlOs,
5 wt. % Pd/SiO2, 4 wt. % Pd/SiO2, 3 wt. % Pd/SiOy, 5
wt. % Pd/C, 4 wt. % Pd/C, 3 wt. % Pd/C) was studied
in hydrogenation of p-nitroaniline to 1,4-phenylenedi-
amine in water solution of 2-propanol (0.68 mole frac-
tion). The process was performed in titanium reactor
(300 ml) equipped with two-blade stirrer and tempera-
ture-control. The catalytic activity was evaluated by
measuring hydrogen consumption rate using volumet-
ric method and gas chromatography [27, 28]. A hydro-
gen consumption rates were calculated as inclination
angle tangent of hydrogen consumption kinetic curves.
The Sheldon's filtration test was performed to insure
absence of homogeneous catalysis due to palladium
leaching from the catalyst surface [29, 30]. After reac-
tion finishing reactor was flashed with nitrogen, then
catalyst was filtered and washed with water solution of
2-propanol and dried in vacuum drier for one hour for
further physicochemical analysis.

RESULT AND DISCUSSION

The temperature-programmed reduction
study of catalysts

Temperature-programmed reduction (TPR)
profiles were obtained for 5 wt. % and 3 wt. % of cata-
lysts to clarify particularities of palladium oxide and hy-
droxide reduction during catalysts activation in a stream
of hydrogen. The TPR profiles collected for 5 wt. % Pd
catalysts supported on silica, alumina and activated
carbon are shown in figure 1. The deconvolution of re-
sulting broad peaks represents a view about quantity
and forms of Pd species during palladium transfor-
mation into metallic state (Fig. 1).

The physical meaning of a long plateau may be
corresponded to reduction Kinetics of different forms
of palladium oxide and hydroxide to metallic palla-
dium [31]. This process may be in a steady state for
some time until the recovery of these forms of metal
does not completely pass. According to the literature
data, this absorption of hydrogen is associated with the
reduction of palladium hydroxide and oxide films [31].
The absence of negative peaks also suggests that the
path of the palladium species reduction does not in-
clude the stage of palladium hydrides decomposition

[32-34]. Thus, it can be assumed that palladium oxide
and palladium hydroxide reduces in to metallic palla-
dium during catalysts treatment with hydrogen. The re-
duction process involves 4-6 reactions. According to
the obtained profiles, it can be concluded that sufficient
activation temperature should be higher than 373 -
393 K [35, 36].
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Fig. 1. The decomposition of TPR profile of a) 5 wt.% Pd/y-Al2Og;
1-101 °C, 2-103 °C, 3-106 °C, 4- 110 °C, 5-115 °C, 6-121 °C b) 5 wt.
% Pd/SiOz; 1-100 °C, 2-102 °C, 3-104 °C, 4- 109 °C, 5-114 °C ¢) 5 Wt.
% Pd/C; 1-101 °C, 2-103 °C, 3-105 °C, 4- 108 °C, 5-112 °C, 6-117 °C
Puc. 1. Pasnoxenue npodus TPR a) 5 mace.% Pd/y-Al20s; 1-101 °C,
2-103 °C, 3-106 °C, 4- 110 °C, 5-115 °C, 6-121 °C b) 5 macc. %
Pd/SiOz; 1-100 °C, 2-102 °C, 3-104 °C, 4- 109 °C, 5-114 °C c)
5 macc. % Pd/C; 1-101 °C, 2-103 °C, 3-105 °C, 4- 108 °C, 5-112 °C,
6-117°C
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Scanning electron microscopy (SEM)
The SEM images (Fig. 2) show catalists parti-
cles befor activation, after activaton and after reaction.

The surface of Pd catalist supported on alumina after

Before activation

After activation
5% Pd/y-Al,03
L=y

Fig. 2. The SE imaes f catalts

reaction became more defect. The surface of silica based
catalists remains stable during hydrogenation treate-
ment and reaction.

Catalyst samples after reaction

N

Puc. 2. SEM-n3o6paxxeHus KaTan3aTopoB

The average size of silica particles is 50-60 hm.
The silica nanospheres presents as aggregated in all
samples. The surface of acivated carbon change after
activation due to palladium reduction and became more
X-ray contrast. After p-nitrobenzene hydrogenation carbon
based catalists shows some agregation of surface.

Nitrogen physisorption

The structural characteristics of the initial cat-
alysts and after conducting 5 reaction cycles of 4-ni-
troaniline to 1,4-phenylenediamine hydrogenation are
presented in table 1 and 2, the distributions of pore vol-
umes are showed in tables 1s, 2s of supplementary ma-
terials.

According to the t-plot model, the presence of
an internal surface was observed only for catalysts on
activated carbon. But micro, meso and macropores pre-
sents on the surface of all samples. Due to the fact that
the alumina morphology is crystalline, the absence of
the internal pores and channels is the expected result.
And it is quite clear that the external surface of alumina
at the same time can have various defects and cracks.

64

The absence of the inner surface for silica is an inter-
esting detail, because usually the amorphous silica syn-
thesized by the sol-gel method is characterized by the
presence of a porous structure [37, 38].

Perhaps the catalytic phase of palladium
formed on the inner surface in the pores. This explains
the lack of internal surface in catalysts based on silica.
The specific surface area according to Langmuir and
BET for 5 wt. %, 4 wt. % Pd/SiO; catalysts after reac-
tion increased by 1.5 times while for 3 wt. % Pd/SiO»
sample specific surface area practically did not change.
Increasing of surface area after reaction can be the re-
sult of the particles abrasion, as well as the leaching of
soluble components remaining after synthesis in case
of insufficient washing of the synthesized catalysts.
The specific area of catalysts synthesized on y-Al,O3
practically didn’t changes. And in the case of palla-
dium catalysts synthesized on activated carbon, the
specific surface area decreased 1.5 - 2 times, probably,
due to activation carbon particles abrasion.
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Table 1

The values of specific surface area of catalysts 1) - spe-
cific surface area of mesopores; 2) - specific surface
area of micropores; 3) - specific surface area of
macropores
Tabnuya 1. 3naveHns yaeJbHOH MOBEPXHOCTH KATAIN-
3aTOpoOB 1) - yaeabHasi NOBEPXHOCTH Me30Mop; 2)-
yAeJbHasl NOBEPXHOCTh MHUKPONOP; 3) - yAeJbHas 110-
BEPXHOCTHh MaKpOIOp

Specific surface area
The Langmuir | The BET .
. .| t-plot adsorption
adsorption |adsorptio
Catalyst model
model n model
S , | Si ,
S., m?¥g  |Sger, m¥/g f;;;;g" r';;g;“;'
1129
0, -
5 ""t'AI/"OPd/V 95 103 | 1302 | -
2-3 1589
1129
0, -
4 ""tAI/"Opd/ v 97 105 | 1272 | -
2-3 1479
1179
0, -
3 M'AI/"OPd/ v 104 111 1342 -
2-3 166%
459
5wt. %
. 36 39 582 -
499
4 wt. %
. 31 36 682 -
499
3wt. %
. 32 36 712 -
418Y 3099
5 wt. % Pd/C 759 727 2502 4779
1479 5803
422Y 323
4 wt. % Pd/C| 777 745 2582 4889
1423 6033
3799 3139
3 wt. % Pd/C 712 679 2499 4439
1429 5509

FTIR of supports and catalysts

The FTIR spectra of initial catalysts samples,
samples after activation with hydrogen and catalysts
after 4-nitroaniline hydrogenation are presented on fig-
ures 2-4s. According to [39, 40] the large band between
1000 and 400 cm™ can be attributed to characteristic
absorption band of alumina and correspond to the
stretching vibration of the Al-O-Al bond. Presence of
carbon oxide and bicarbonate ions on catalysts surface
is confirmed by two peaks between 1500 and 1370 cm'™.
These bands are still observed after the reduction of
palladium by hydrogen, which indicates strong adsorp-
tion of these ions on the catalysts surface (3). However,

the FTIR spectra of the spent catalysts have very weak
bands at 1520 and 1386 cm™ (4). The wide band at
2100 cm™* for Pd/y-Al,O3 and y-Al,Os samples con-
firmed the presence of water. This band disappeared
after catalyst treatment in a stream of hydrogen at 573 K
(3). Superposition of hydroxyl groups vibration bands
and tensile vibrations of adsorbed water molecules led
to formation of a very large band centered near
3470 cm™ [40].
Table 2
The values of specific surface area of catalysts after re-
action 1) - specific surface area of mesopores; 2) - spe-
cific surface area of micropores; 3) - specific surface
area of macropores
Tabnuya 2. 3Havenns yaeJbHOi MOBEPXHOCTH KaTaIU-
3aTOPOB NOcJe peakuuu 1) - yieJbHasi IOBEPXHOCTh
Me301o0p; 2) - yAeJibHasi IOBEPXHOCTH MUKpoMop; 3) -
YaeJdbHasi IOBEPXHOCTH MAKPOIIop

Specific surface area
The Langmuir | The BET .
- - t-plot adsorption
adsorption | adsorption
Catalyst model
model model
S o | Sinternal,
SuAlg | Soe, el | St | S
106Y
5wt. %
1 1199 -
1109
4 wt. %
96 103 1252 -
Pd/’Y-A|203 1513)
1099
3wt %
96 101 1222 -
Pd/’Y-A|203 1463)
60%
5 wt. % N ]
Pd/SiO; 5 A L
529
4 wt. % 2 ]
PA/SIO; 8 R [
58
3wt % 2 )
Pd/SiO; 53 R
3599 2349
0,
A 508 503 | 2359 | 3572
1209 4729
363Y 2179
0,
a2 592 582 | 2209 | 3607
1219 459%)
3129 1609
0,
S 478 474 | 1912 | 2792
1239 350%

In case of catalysts synthesized on silica the vi-
brations of hydrogen bond molecules (OH) appeared
as bands centered at 3420-3468 cm™. The stretching
and deformation vibrations of adsorbed water mole-
cules give a signal at wavelength about 1640 cm™. The
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PdO/SiO; spectra has large peak centered around
2941 cm?, which is associated to the deformation of
the C-H group: >CH-, -CH,- and -CHjs (2). It means the
hydrolysis of tetraethoxysilane was incomplete carried
out. As result the surface methyl silica was formation.
This was certified by broad peak in the range 1338-
1500 cm? that can be assigned to the C-H deformation
vibrations of aliphatic bands [41]. The intense bands
appearing at 1059-1176 cm can be attributed to asym-
metric Si-O-Si stretching vibrations [41]. The spectra
of Pd on gamma-alumina and silica are comparable. In
the case of activated carbon and catalysts synthesized
on activated carbon the vibrations of carboxyl and hy-
droxyl groups and other oxygen-containing surface
groups appeared in the range from 500 to 2000 cm™
[42]. The deformation vibrations of the C=0 group can
be attributed to the peaks in the range of 1635-1600 cm™
and the formation vibrations of C-O-R group to the
peak at 1014 cm™ [42].

The deformational-symmetric and asymmetric
vibrations of the C-O group can be corresponded to the
weak peaks at 2360 cm*, 1030 cm™ [42, 43]. The sam-
ple of palladium on activated carbon 3 wt. % Pd/C has
some difference in spectrum. For this sample a broad
deformation vibrations lines of O-C=0, O-C-O pres-
ence in range 752-800 cm™ [43]. The bands in the
range of 1217-1085 cm can be associated with the re-
gion of C-C skeletal vibrations (4) [43].

The pulse chemisorption study

The Pd catalysts synthesized on silica are char-
acterized by largest specific surface area of active met-
als (0.8-1.3 m?g), while Pd catalysts synthesized on
alumina and carbon have lower specific surface of ac-
tive metal (0.6-0.7 m?/g).

Table 3
Catalysts surface characteristics
Tabnuya 3. XapaKkTepHCTHKH MOBEPXHOCTH KATAJIH3a-

TOpOB
catalyst Pd/y-Al,03 Pd/SiO, Pd/C
CO”t\Ae,;‘t(;)f PA. 506 | 49| 39| 59| 4% | 3% | 5% | 4% | 3%

Smetal, mzlgsample 07 07 07 11 08 13 07 06 07

Cumulative
quantity, 1514|1424 |16 |28 13|12 |14
mmol/g

Chemisphere ) glhq 5192 2121 7[26.4111.339.1(35.0[22.3

size, nm

This result can be attributed to stronger inter-
action of silica surface with palladium nanoparticle,
preventing it from aggregation.

The activity of synthesized catalysts

According to the UV-VIS spectroscopy data in
all cases the hydrogenation of p-nitroaniline to p-phe-
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nylenediamine was close to 100% conversion. The ex-
amples of absorption spectra are shown in Fig. 6s. The
kinetic curves of hydrogen consumption are shown in
Fig. 6-8s. Comparison of initial activity of synthesized
samples (Fig. 3) shows strong correlation of specific
hydrogen consumption rate on mean diameter of palla-
dium nanoparticles in catalysts. The increase of hydro-
gen consumption with decrease of average palladium
nanoparticles diameter can be attributed to better ac-
cessibility of small nanoparticles to hydrogen and sub-
strate that correlate to literature data [44, 45].

0,015+

sec.)

" 0,014 -

mol

= 0,013+

hydro,

5 0,012+
1S
= 0,011

0,010+

0,009 T T

10 15 20 b 25, 30 35 40

mean’

Fig. 3. Comparison of developed catalysts specific catalytic activity on
mean diameter of nanoparticles. e —Pd/SiO2; A —Pd/C;
m — Pd/y-Al2Os
Puc. 3. CpaBHeHUE yeNbHON KaTaTUTHYECKON aKTUBHOCTHU pa3-
pa60TaHHLIX KaTaJm3aToOpoOB I10 CPCAHEMY NUaMETPY HaHO4Ya-
crui. ® — Pd/SiO2; A —Pd/C; m — Pd/y-Al203

Catalytic activity of 5 wt. %, 4 wt. % and 3 wt. %
Pd/y-Al,O3 samples in 5 repeated cycles decreased by
~29.3%, ~32.6% and ~33.3% compare to initial activ-
ity. Evaluation catalytic activity changes of palladium
catalysts synthesized on activated carbon showed hy-
drogenation rate decrease for 27% - 34% after the 5 reac-
tion cycle. Catalytic activity of palladium catalysts syn-
thesized on silica showed hydrogenation rate decrease
for 10-30% after the 5 reaction cycle. Visible decrease
of catalytic activity in repeated cycles can be attributed
to product adsorption over active sites of palladium
species.

Conclusion

A series of palladium based catalysts were syn-
thesized using alumina, silica and activated carbon as
nanoparticles supports and characterized by different
physicochemical methods. Formation of metal palla-
dium nanoparticles with mean diameter 10-40 nm on
the support surface was observed during synthesis and
palladium reduction by hydrogen. Different forms of
palladium oxide and hydroxide were observed during
reduction of active metal species in initial catalysts to
metallic palladium. FTIR spectra of synthesized cata-
lysts show palladium interaction with catalysts matrix.
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Strong correlation of catalysts nanoparticles mean di-
ameter with hydrogen consumption specific activity
was noticed. The increase of active metal nanoparticles
diameter from 10 nm to 20 nm results in appropriate
decrease of hydrogen specific consumption from 0.015
mol(H2)/(mol(Pd)-s) down to 0.010 mol(Hz)/(mol(Pd)-s).
Further increase of active metal nanoparticle diameter
does not affect catalysts activity. The increase of hy-
drogen consumption rate with decrease of average pal-
ladium nanoparticles diameter can be attributed to bet-
ter accessibility of small nanoparticles to hydrogen and
substrate.
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