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Bnepevie nposedeno uccnedosanue KuHemuKku HcUOKopaznoit 2udpozenusayuu 2-xaop-
A-HUMPOAHUNUHA HA HAHECEHHBLIX NAIAOUEEHIX U NIAMUHOGHIX KAMAIUIAMOPAX, OMAUYaio-
WUXCA HO RPUPOOE HOCUMENA U COOEPIHCARUIO AKMUBHO20 Memannd. IKCnepUMeHm nPoGoOUNCs
HpU NOBLILIEHHBIX 0a6leHUAX 6000po0a 6 unmepeane 9 - 12 amm u memnepamype 303 K 6 pac-
meopumenax 2-nponanon-¢oda u ymunayemam ¢ asmokxnase Buwmnesckozo. Onpeodenenwt oc-
HOGHble KUHEMUYeCcKue napamempsl peaKyuu, a maKxice yCmanoeiaeHo elusnue pasiuynslx na-
pamempos Ha 3aKOHOMEPHOCIU npomeKanus npoyecca. Ilokazano, umo nosvliuienue cooepirica-
HUA AKMUBHO20 MEMANNA 6 KAMAaau3amope npueooum K yeeaudeHuI0 CKOpocmu peakyuu 2uo-
pozenuzayuu 2-xnop-4-numpoanununa. Ilpu ucnonv3oeanuu HaneceHHbIX NAAMUHOGHIX Kama-
JAU3AMOPO8 CKOPOCHU PEAKUUU 2UOPOEHU3AUUY 2-X10P-4-HUMPOAHUIURA CYULECIMEEHHO 8bllie,
Yem npu UCnONb306AHUN HAHECEHHBIX NAIAOUEsHIX Kamaauzamopos. OOHAKO ¢ meueHuem pe-
AKyuu HA NAAMUHOBBIX KAMAIUIAMOPAX CKOPOCMYb nAdaem 00CMAaAmouno pe3Ko, a 3amem cma-
ounusupyemcs. /[na nannadus xapaKxmephuo meHee pe3Koe nadenue HauaibHovlx ckopocmeil. Ilpu
IMOM NANIAOUEsvle KAMAAU3IAnOopsl OMAUNAIONCA Donee 6blCOKUMU cKopocmamu Ha ''cma-
ounvuom'" yuacmke Kunemuueckoii Kpueoil. 3amena HcuodKoii (hazvl Kamaiumuueckoil cucme-
Mbl ¢ 2-RpORAHONA HA IMUIAUEMam HeZAMUGHO GAUAEM HA GeJUUUHbL CKOPOCHU DEaKuUu.
Kpome mozo, ucnonvzoganue pacmeopumens ¢ MeHbuiell NOJAPHOCMBIO HPUGOOUM K Cyuje-
CIMGEHHOMY CHUMNCEHUI0 CKOPOCHU PeaKyuu He3aeUCUMO Om NPUpoObl GKMUEHOZ0 Memand,
umo denaem NPUHYURUATILHO 603MOMICHLIM YRPAGICHUE NAPAMEMPAMU AKMUEGHOCHU U CEleK-
mueHocmu npoyecca Oeiicmeuem pacmeopumens. Onpeoenen xapaKmep GAUAHUA RPUPOOLL U
cocmasa Kamaaiumuyeckoil Cucmemvl HA CMENEHb 0e2aio2eHUPO8AHUs Uele6020 NPOOYKMmA.
Yemanoeneno, umo npu npogedenuu peakyuu npu novIUIEHHBIX 0AGIEHUAX 6000P00A NPEONO-
umumenvHee UCNO1b3064Mb HUSKONPOUCHNIHbIE NIAMUHOEbIE KAMAAU3AMOpPsl, a4 He naiiadue-
6ble, NOCKOILKY nepevle 00ecneuusalom MeHbUuile NOKA3amenu 0e2anozeHupoGanus ueieeozo
npooykma.

KiroueBnble ciioBa: 2-X.]'IOp-4-HI/ITpO.':1HI/IJ'H/IH, BOOOPOL, HaHCCCHHBIN HaJ'IJ'Ia,Z[PIeBLIﬁ KaTajim3aTop, HAaHCCCH-
HBIM IDIaTHHOBBIN KaTajmms3aTop, CKOPOCTh, TMAPOrCHU3a1U, 2-nponaHon, OTWJIALICTAT, aBTOKAJIaB BumneBckoro

HYDROGEN PRESSURE, SOLVENT AND CATALYST NATURE INFLUENCE
ON 2-CHLORO-4-NITROANILINE HYDROGENATION REGULARITIES

D.M. Klimushin, A.l. Krasnov, D.V. Filippov, N.Yu. Sharonov

Dmitriy M. Klimushin, Aleksandr 1. Krasnov, Dmitriy V. Filippov, Nikolay Yu. Sharonov*

Department of Physical and Colloidal Chemistry, Ivanovo State University of Chemistry and Technology,
Sheremetevsky ave., 10, Ivanovo, 153000, Russia
E-mail: physchem@isuct.ru, filippov@isuct.ru, sharonov@isuct.ru*

30 W3B. By30B. Xumus u xuM. TexHonorus. 2018. T. 61. Bem. 9-10


mailto:physchem@isuct.ru

JAM. KimmmymH, AWM. Kpacaos, [I.B. ®ununmos, H.1O. Illaponos

The 2-chloro-4-nitroaniline liquid-phase hydrogenation kinetics on supported palladium
and platinum catalysts differing in the nature of the carrier and the active metal content was
studied for the first time. The experiment was carried out at elevated hydrogen pressures in the
range of 9 - 12 atm and 303 K in solvents 2-propanol-water and ethyl acetate in the reactor such
as Vishnevsky autoclave. The main kinetic parameters of the reaction have been determined, and
the influence of various parameters on the regularities of the process has been established. It is
shown that an increase in the active metal content in the catalyst leads to an increase in the rate
of the hydrogenation reaction of 2-chloro-4-nitroaniline. When using platinum supported cata-
lysts, the rate of hydrogenation of 2-chloro-4-nitroaniline is significantly higher than when using
supported palladium catalysts. The replacement of the liquid phase of the catalyst system with 2-
propanol by ethyl acetate adversely affects the reaction rate. The influence of the catalytic system
nature and composition on the target product dehalogenation degree was determined. It was
found that when carrying out the reaction at elevated hydrogen pressures, it is preferable to use
low-percentage platinum catalysts, rather than palladium catalysts, since the former provide less
dehalogenation of the target product.

Key words: 2-chloro-4-nitroaniline, hydrogen, supported palladium catalyst, supported platinum cata-
lyst, rate, hydrogenation, 2-propanol, ethyl acetate, Vishnevsky autoclave
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INTRODUCTION

The liquid-phase hydrogenation processes
form the basis of many modern high technology of
fine organic synthesis [1-8]. An important element of
the scientific base of new technologies is information
on the kinetics of reactions occurring at certain stages
of the technological process. It is known that the lig-
uid-phase hydrogenation reactions stoichiometric
mechanisms and kinetic regularities for the various
classes of organic compounds have been fairly well
studied at atmospheric hydrogen pressures. At the
same time, the causes of the solvent and catalyst na-
ture influence on the rate and selectivity of hydro-
genation processes remain unclear, and information
on the kinetics of chemical transformations occurring
at elevated hydrogen pressures remains extremely
limited.

Halogenated amines find wide application in
various organic synthesis technologies, such as the
production of plastics, paint and varnish materials,
pharmaceuticals, additives to polymers, synthetic fi-
bers. Thus, for example, 2-chloro-1,4-phenylene-

diamine is used in the production of a new generation
of aramid fibers used in the manufacture of products
of various importance: starting from individual fire
and armor protection and finishing with aviation and
space technology components [2, 9].

The purpose of this study is to determine the
effect of hydrogen pressure, the catalyst and the sol-
vent nature on the 2-chloro-4-nitroaniline (2C4NA)
liquid-phase hydrogenation kinetic parameters.

EXPERIMENTAL PART

To achieve the set aims, the 2C4NA hydro-
genation kinetics study was made on low-percentage
deposited platinum and palladium catalysts at elevat-
ed hydrogen pressures in the range of 9 - 12 atm at
303 K in 2-propanol and ethyl acetate.

Palladium (1.2% Pd/C and 0.8% Pd/C) and
platinum catalysts (1% Pt/C, 0.5% Pt/C), produced by
the scientific and technical center of the FKP Plant
named Sverdlov were used in the work (Dzerzhinsk,
Nizhny Novgorod region). The dispersed active car-
bon AR-B GOST 8703-74 with a specific surface of
600-800 m?/g and a particle size of not more than
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85 nanometers was used as the carrier. The activa-
tion of the catalysts with hydrogen was carried out
before the kinetic experiment directly in the liquid-
phase hydrogenation reactor.

For the 2C4NA liquid-phase hydrogenation
Kinetics studying at elevated hydrogen pressures, the
special equipment was used, the scheme of which is
described in [2]. The plant is a Vishnevskiy autoclave
helium-free reactor connected to a gas supply system
and devices for measuring the amounts of absorbed
hydrogen and maintaining the temperature of the re-
action system. The design of the facility made it pos-
sible to measure the observed rates of hydrogen ab-
sorption in liquid-phase hydrogenation reactions at
excess pressures of 1-12 atm, the intensity of mixing
of the reaction media corresponding to the stirrer
speed of 320-330 s. The experimental errors in de-
termining the absolute values of pressure and temper-
ature in the reactor were £0.0099 atm and +0.5 K,
respectively.

During the experiment the required amounts
of the used catalyst together with the accurately
known solvent volume were placed to the reactor. The
autoclave was sealed, purged with hydrogen at a pres-
sure of 0.99-1.97 atm, the working pressure was set,
thermostated at the temperature of the experiment,
and the catalyst was activated with stirring for 15 min.
The amounts of hydrogen absorbed during the activa-
tion of palladium and platinum catalysts were close to
the values measured at atmospheric pressure. Then,
the mixing was turned off, the pressure was released,
a precisely known amount of the hydrogenated com-
pound was introduced through the input nozzle and
hydrogenation was started after purging and a set of
working hydrogen pressure. During the reaction, the
hydrogen pressure drop in the reaction system was
measured. If the pressure drop exceeded 0.3 atm, then
a rapid set of the current pressure in the reactor was
made before the working pressure. In this case, the
total change in pressure was found by summing the
changes in pressures in individual cycles. The meas-
urements were terminated in the absence of the hy-
drogen pressure drop through the manometer in the
gas phase. Each experiment was repeated 3-5 times,
and in the calculation of the hydrogenation reaction
kinetic parameters, the entire array of experimental
data was used.

Fig. 1 presents the results of kinetic studies of
2C4ANA hydrogenation on platinum catalysts support-
ed on coal with different contents of the active metal
in 2-propanol and ethyl acetate.

Fig. 2 presents the results of kinetic studies of
2C4ANA hydrogenation on supported palladium cata-
lysts with different active metal content in 2-propanol
and ethyl acetate.

The kinetic curves shown in Fig. 3 illustrate
the effect of the nature of the active metal on the
2C4NA hydrogenation in the ethyl acetate medium.
Fig. 4 shows the kinetic dependences of the 2C4NA
hydrogenation in 2-propanol on platinum and palladi-
um catalysts.
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Fig. 1. Kinetic dependences of the 2C4NA hydrogenation on sup-
ported platinum catalysts in 2-propanol (2P) and ethyl acetate
(EA) at T = 303 K and elevated hydrogen pressures: 1 —1 % Pt/C
inEA,2-05Pt/Cin2P,3-1%Pt/Cin 2P
Puc. 1. Kunerndeckre 3aBUCUMOCTH PEAKIMU THAPOT €HU3ALNN
2X4HA Ha HaHECEHHBIX TUIATHHOBBIX KaTallM3aToOpax B cpejie
2-niponarona u stunarerara mpu T = 303 K 1 MOBBIIICHHBIX JaBIECHN-
six Bogopoaa 1 —1 % PYCin EA, 2-05PY/C in 2P, 3—1 % Pt/C in 2P
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Fig. 2. Kinetic dependences of the 2C4NA hydrogenation on sup-
ported palladium catalysts in 2-propanol (2P) and ethyl acetate
(EA) at T = 303 K and elevated hydrogen pressures: 1 — 1.2 %

Pd/C in 2P, 2- 0.8 Pd/C in 2P, 3-1.2 % Pd/C in EA
Puc. 2. KuneTndeckue 3aBUCHMOCTH PEaKIMU THAPOT €HU3AIHN
2X4HA Ha HaHECEHHBIX MaJIaIueBBIX KaTaJIU3aTopax B cpele
2-nponanona u stunanerara npu T=303 K u noBIIIeHHBIX
nasienusix Bogopoxaa 1 — 1,2 % Pd/C in 2P, 2— 0,8 Pd/C in 2P,
3-1,2% Pd/Cin EA
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Fig. 3. Kinetic dependences of the 2C4NA hydrogenation on sup-
ported palladium and platinum catalysts in ethyl acetate at T = 303 K
and elevated hydrogen pressures: 1 — 1.0 Pt/C, 2 —1.2 % Pd/C
Puc. 3. Kunetnueckue 3aBUCHMOCTH pCaKu ruAporeHu3alnun
2X4HA Ha HaHECCHHBIX MAJUTAJMEBHIX U INIATHHOBBIX KaTaIN3a-
Topax B cpene stunanerara npu T = 303 K u MOBBIIEHHBIX 1aB-
nenusix Bogopoxa 1 — 1,0 Pt/C, 2 — 1,2 % Pd/C

THE RESULTS AND THE DISCUSSION

From Fig. 1 it follows that for platinum cata-
lysts deposited on coal, the rate increases with the
content of the active metal in the 2-propanol medium.
For ethyl acetate, the rate is lower by approximately
10 times.

The curves shown in Fig. 2 demonstrate that
with an increase in the active metal content in the cat-
alyst from 0.8 to 1.2%, an increase in the 2C4NA hy-
drogenation rate in the 2-propanol medium is ob-
served to be approximately 2 - 2.5 times. The process
speeds in ethyl acetate are lower than in alcohol,
which can be explained by the solvent liquid phase
stratification into the aqueous and organic parts when
water forms in the surface layer during hydrogenation
of the initial nitro compound and, as a result, by a de-
crease in the rate due to the absence of interfacial
transfer between the layers formed.

From the data shown in Fig. 3, it follows that
in the hydrogen pressure range 9.5 - 10.5 atm the hy-
drogenation rate on the palladium catalyst is higher
than on the platinum catalyst by approximately 10 times.
With an increase in the hydrogen pressure upon at-
tainment of ~ 11.2 atm, the hydrogenation rates tend
to a certain constant, the value of which for a deposit-
ed 1.2% palladium catalyst is greater than 1.0% of the
platinum catalyst. This may indicate the preservation
of the same process mechanism for the investigated
catalysts.

In general, it can be noted that the supported
palladium catalysts in the ethyl acetate environment
are distinguished by significantly higher catalytic ac-
tivity than platinum ones [10-13].
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Fig. 4. Kinetic dependencies of the 2C4NA hydrogenation on
supported palladium and platinum catalysts in 2-propanol medium
at T = 303 K and increased hydrogen pressures: 1 — 0.5 Pt/C,
2-0.8%Pd/C,3-1.2%Pd/C, 4-1.5Pd/C.

Puc. 4. Kunernueckue 3aBUCUMOCTH pCaKiu ruAporeHu3sanun
2X4HA Ha HaHEeCEHHBIX MMaJUIAJIMEBbIX U INTATHHOBBIX KaTau3aTropax
B cpente 2-nipontaHosia rpu T =303 K 1 NOBBIIEHHBIX TABICHHUSIX BO-
nopona 1 —05Pt/C, 2-0,8% Pd/C, 3—-1,2%Pd/C,4—1,5Pd/C

A comparison of the kinetic dependences
shown in Fig. 4, allows to locate the values of the ob-
served reaction rate in the medium of 2-propanol for
the catalysts used in the work in the following order:

1.0 % Pt/C >0.5 % Pt/C > 1.2 % Pd > 0.8 % Pd/C

The results of formal processing of the kinetic
curves of 2C4NA on supported catalysts in individual
solvents are presented in Table 1. The rate constant
values refer to the initial period of the reaction (the
conversion rates do not exceed 0.2), and the rate of
the hydrogenation reaction in all the systems consid-
ered is described by the first-order kinetic equation. It
should be noted that increasing the pressure does not
lead to a change in the reaction order for the hydro-
genated compound, the first order is realized at at-
mospheric pressure [14-17].

Table 1
Kinetic characteristics of 2C4NA hydrogenation on
supported catalysts at elevated hydrogen pressures in
various solvents
Tabnuua 1. KnHeTH4eckne XapaKTepUCTUKHU THApoOre-
Hu3annu 2X4HA Ha HaHecEéHHBIX KaTaJIu3aTopax npu
MOBBIIICHHBIX 1aBJCHUAX BOOpOoAa B pa3/iIMYHbIX pac-

TBOPHUTEJIAX
The rate Constant reactions
Catalyst Solvent K 10% stg!
1.2 % Pd/C | 2-propanol 1.8+0.2
0.8 % Pd/C | 2-propanol 0.8+0.1
1.0% Pt/C | 2-propanol 51+0.5
0.5% Pt/C | 2-propanol 47+04
1.2 % Pd/C | ethyl acetate 02+0.2
1.0 % Pt/C | ethyl acetate 1.8£0.2

The data presented in Table 1 show that the
solvent with a lower polarity using leads to a signifi-
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cant decrease in the reaction rate regardless of the
active metal nature. This makes it possible to control
the parameters of activity and the selectivity of the
process by the solvent action.

The initial 2C4NA hydrogenation rates for
supported platinum catalysts are higher than for pal-
ladium catalysts. However, for the reaction proceed-
ing on platinum catalysts, the rate falls quite sharply
and stabilizes in the pressure region of 10.2 atm. Pal-
ladium is characterized by a less sharp drop in initial
rates, and stabilization is observed at a pressure of
about 10.5 atm. In this case, the palladium catalysts
are characterized by higher rates at the "stable" sec-
tion of the kinetic curve.

The results of a hydrogenate samples quanti-
tative analysis during the 2C4NA reduction at elevat-
ed hydrogen pressures presents in Table 2. The yield
of the 2C4NA reduction products: 2-chlorophe-
nylenediamine (2CPhDA) — Wacehpa and phenylene-
diamine (PhDA) — Wenpa, and the degree of conver-
sion of 2C4NA (a2cana) Were determined spectropho-
tometrically using 2C4NA, 2CPhDA and PhDA
standard solutions. It should be noted that the PhDA
is an undesirable by-product, the amount of which in
the hydrogenate is estimated the desired product
dechlorination degree. In this regard, the quantities of
other by-products were not established.

The data presented in Table 2 indicate that
with increasing hydrogen pressure and using low-
percentage palladium and platinum supported cata-
lysts in 2-propanol, the yield of 2CPhDA remains
fairly high. The transition from 2-propanol to ethyl
acetate using 1% platinum supported catalyst does not
lead to an increase in the dehalogenation degree.
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Table 2
Yields of 2C4NA hydrogenation products for the differ-
ent supported platinum and palladium catalysts at ele-
vated hydrogen pressures
Tabnuya 2. Beixoabl NPOAYKTOB I'HAPOTreHH3 AN
2X4HA Ha HaHEeCEeHHBIX IVIATHHOBLIX M NAaJLIaJHEeBbIX
KaTaJau3aTopax Ipy MOBbIINICHHBLIX JABJCHUSX BOI0POaa

Catalyst Solvent | o2cana, % | Wacphpa, % |Wenpa, %
0.8 % Pd/C| 2-propanol 100 71.0 0.0
1.0 % PY/C| 2-propanol | 100 78.4 ”°7m0°re
0.5 % Pt/C| 2-propanol | 100 79.8 “°7m0°re
1.2 % Pd/Clethyl acetate| 33 13 ”Ongre
1.0 % Pt/Clethyl acetate| 100 718 | Gmoore

When the 2C4NA hydrogenation is carried
out on a 1.2% Pd/C in ethyl acetate, the conversion of
the original nitrochlorobenzene remains sufficiently
low. The results of the deposited platinum and palla-
dium catalysts nature action on the degree of dehalo-
genation of 2C4NA hydrogenation reaction product
obtained in this work are consistent with the data of
the authors [15, 18-20].

Thus, for the 2C4NA liquid-phase hydrogena-
tion at increased hydrogen pressure, it is preferable to
use low-percentage platinum catalysts, rather than
palladium catalysts, since the former provide higher
process rates and lower de-halogenation rates of the
target product. The use of a less polar organic solvent
as the process flow medium is impractical due to a
significant decrease in the reaction rate.
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