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BOCCTAHOBJIEHUE COEJUHEHUI, COIEPYKAILMX CBSI3b «A30T-KUCJIOPO Iy,
HA CKEJIETHOM HUKEJIE B BOJHBIX PACTBOPAX 2-ITIPOMAHOJIA

JKcnepumeHmanvbHo yCmMaHO8/1eHO, UMO KOMUUECME0 8000p00a, HOZNOUIEHHOZ0 npU
60CCMAHO6ICHUU HUMPOOEH301a U HUMPO300EH30/1a HA CKeIeMHOM HUKe/le 8 600HbIX PACHEO-
pax 2-nponanona, 6 omaudue om a3okcudenzona, He omeeyaem cmexuomempuu peaxyuu. Ilpu
66e0eHUU 6 600HDLIL PACHEODP 2-NPONAHOIA 00DABOK KUCIOMbL UIU OCHOBAHUA CKOPOCHU 80C-
CMAHO6ICHUA HUMPO-, HUMPO30- U A30KCUOEH3071a USMEHAIOMCA 6 PA3IUYHOU cmeneHu. B xooe
PeaKyuu 803MONCHO 0Opamumoe Uiy Heodpamumoe OKUCIAeHUue NOGEPXHOCMU Kamanuzamopa.
Aocopbyus anununa Ha OKUCIeHHOU NOGEPXHOCHU Kamanuzamopa He npomekaem. Kak cneoy-
em u3 npueedeHHbIX OAHHbBIX, 60 8CEX CAYUAAX KOIUYECH B0 00Pa3yIouie2oca AHUNUHA NPesblula-
em KoJiuuecmeo 6000pooa, no2iouieHHo20 u3 2a3o6oil gasvl. Pacxoicoenue ¢ Konuvecmeax 0o-
PaA306a6uLezoca AHUIUHA U NO2IOUWEHHO20 6000poda (0=0,5) ona Humpo- u Humpo3obenzona
Oonvuwe, uem npu 2udpozeHu3ayuu a3oKcubden3ona. Imo ceudemenvcmayem o pocme ougdysu-
OHHO20 MOPMOMCEHUA NO 60CCHAHOGUMENI0 NPU nepexode Om HUMPO300eH301a K HUMpPO- U
azokcuben3ony. Aocopouuonnan u peakyuoHHas CROCOOHOCHIL 6000P00A, HUMPOOEH30NaA U
RPOMENCYMOUHDBIX COCOUHCHUTI MOXHCEM UMEHAMBCA OO GUAHUEM pacmeopumeinsn. Peakyuu
2UOPOeHU3AUUU HUMPO- U HUMPO300EH30]14 HA CKENeMHOM HUKe/le 8 800HbIX PACMEopax 2-
HpPONAHONA CONPOBONHCOAIOMCA NPOMEKAHUEM NAPAINENAbHO20 NPOUECCA OKUCTAEHUA NOBEPXHO-
cmu Kamanuzamopa, Ymo npueooOum K HapywieHul0 cCmexuomMempuu peakyuu 60 6cex u3zyueH-
HbIX pacmeopumensx. B npucymcmeuu zudpoxcuda nampusn cnedyem odxcudams 00.1e€ 8blCOKUX
cmeneHell OKUC/IeHUsL AKMUGHBIX YEeHMPO8, Uem 8 pacmeopumeiie ¢ 000a6Koll YKCYCHOU KUCNO-
mot. Heobpamumoe oxucieHue CcKenemmnoz0 HUKeNd OMCYMCHMEYem Hpu 2UOpPOeHU3auuu
aszokcubenzona. Ilpu nposedenuu oannoii peakyuu He UCKIAIOUEHO 00pamumoe OKUC/IEHUE aK-
MUBHOU NOGEPXHOCMU KAMAIU3AMOPA C COXPAHEHUEM CHEXUOMEMPUU 0N 6ceX COCMABO8
pacmeopumerneil, NpU OMCYMCMEUU HEOOPAMUMO20 OKUCIEHUA NOGEPXHOCHU KAMAIU3AmMopa
snauenun k°, ModNCHO cuumams 06veKMUGHOIU XaPAKMEPUCMUKOU O NPO6eOeHUA CPAGHU-
MeNbHO20 AHANU3A PEaKUYUOHHOU CHOCOOHOCIU PA3IUUHBIX ZDYRN. YMenbvuienue Koauuecmea
QHUNUHA HPU NOTHOU KOHBEPCUU ZUOPUPYEMO20 COCOUHEHUA CEUOCMEbCEYem 0 KOHKYpUpy-
ouem xapaxkmepe aocopovyuu.

KiroueBble cjioBa: HUTPOOCH30J1, HUTPO300EH30I1, a30KCHOEH30J1, aHUJIMH, BOJOPO/I, CKEJICTHBIN HH-
KeJib, BOCCTAHOBJICHUE, a/ICOPOIIHS, CKOPOCTh I'MIPOr€HU3AIIMH, BOJHBIE PACTBOPHI 2-IIPOIIaHOJIa, YKCYCHAs
KHCJIOTa, TUAPOKCHU]T HATPHUS
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A STUDY ON THE REDUCTION OF COMPOUNDS CONTAINING NITROGEN-OXYGEN BOND
ON SKELETAL NICKEL IN AQUEOUS SOLUTIONS OF 2-PROPANOL

It was experimentally established that the amounts of hydrogen absorbed from gaseous
phase at the hydrogenation of nitrobenzene and nitrosobenzene on skeletal nickel in aqueous 2-
propanol do not correspond to the stoichiometry of the reaction. Acetic acid or sodium hydroxide
additions into the agqueous solutions of 2-propanol act differently on the rate of the nitro-, nitro-
so- and azoxybenzene hydrogenation. During the reaction the reversible or irreversible oxidation
of the catalyst surface can take place. The adsorption of aniline does not take place on oxidized

catalyst surface.

Key words: nitrobenzene, nitrosobenzene, azoxybenzene, aniline, skeletal nickel, adsorption, hydro-
genation rate, 2-propanol aqueous solutions, acetic acid, sodium hydroxide

INTRODUCTION

The catalytic hydrogenation of nitrobenzene
has been of both theoretical and practical interest for
many Yyears. Changing the reaction conditions may
lead to the formation of various compounds. It is
known that the reduction of nitro group may proceed
by steps [1, 2]. Sequential addition of hydrogen to
nitro group leads to the formation of nitrosobenzene,
aniline and phenylhydroxylamine. The associative
interactions on the catalyst surface between nitroben-
zene and hydrogen, resulting in the formation of
semi-hydrogenated form R-NOH are not excluded.
Under hydrogen deficient conditions R-NOH particles
may combine to form azoxybenzene [3]. It is noted
that particles such as R-NOH have high reactivity and
actively interact among themselves at pH > 9 [4, 5].

The adsorption and reactivity properties of
hydrogen, nitrobenzene, nitrosobenzene and interme-
diate compounds may be changed under the influence
of solvents. Therefore, studying of the reaction kinet-
ics of the reduction of nitrobenzene and its hydrogen-
ated intermediates is of interest for the informed
choices of solvents.

The purpose of the present work is to study
the reaction kinetics of hydrogenations of nitroben-
zene (NB), nitrosobenzene (NZ) and azoxybenzene
(AZOB) on skeletal nickel in aqueous solutions of

propanol, including solutions with acetic acid or sodi-
um hydroxide additions.

MATERIALS AND METHODS

Skeletal nickel, which was used in this work,
had been prepared from nickel — aluminum alloy with
composition Ni:Al:Fe = 47.5:50.2:0.3 wt%. The
mother alloy was firstly pulverized into a disperser
and followed by fractionated in the Gonell air separa-
tor. The particle-size distribution of the obtained
powders was determined by conductometric method
on «Coultronics» counter. The particle radius of used
alloyis4.5- 4.8 um.

The active catalyst was prepared by treating
the initial alloy with 7.5 M aqueous solution of sodi-
um hydroxide, followed by washing with distilled
water until pH = 7 [6]. The specific surface area and
porosity of the obtained catalyst were 90+2 m? /g u
0.5+0.06 cm*/cm? Ni, respectively [6].

The hydrogenations of nitrobenzene, nitro-
sobenzene and azoxybenzene were carried out in a
closed vessel with vigorous agitation of the liquid
phase at atmospheric pressure of hydrogen [6]. The
azeotropic aqueous solutions of 2-propanol (x, = 0.68
mole fraction) with the addition of acetic acid or so-
dium hydroxide (0.01 M) were used.

During the experiment, the amount of ab-
sorbed hydrogen was measured by volumetric meth-
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od. The concentrations of reactants and products were
controlled by HPLC and spectrophotometric methods.

Sample analysis was performed on liquid
chromatograph «Shimadzu» under the following con-
ditions: Column filler — «Lichrosorb RP-18", eluent —
acetonitrile — water (30 vol % acetonitrile.), eluent
flow-rate — 0.9 cm*/min, the column thermostat tem-
perature 30.8 °C. The wavelengths of detector were
250 nm (for nitrobenzene and aniline) and 280 nm
(for nitrosobenzene). The retention times were
690+10s; 800+20s; 310+£10s for nitrobenzene, nitro-
sobenzene, and aniline, respectively.

Concentrations of azoxybenzene were deter-
mined using spectrophotometer «CARY 50 scan UV-Vi-
sible Spectrophotometers». The thickness of the ab-
sorbing layer was 1 cm, the wavelength — 323 nm.

RESULTS AND DISCUSSIONS

The obtained kinetics curves during the hy-
drogenations of nitrobenzene, azoxybenzene and ni-
trosobenzene on skeletal nickel in agueous solutions
of 2-propanol (x, = 0.68) are presented in Fig. 1-3.
Similar relationships were also obtained for solutions
with acetic acid (0.01 M) or sodium hydroxide (0.01 M).
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Fig. 1. The kinetic curves of hydrogenation reaction of nitroben-
zene on skeletal nickel in aqueous solutions of 2-propanol: x; =
0.68; My = 0.500 £ 0.001 g, Ry =4.5 , T=303 K; n%nop =
(1.6 = 0.1) mmol, Veperor = 100 cm®: 1 — reaction rate, 2 — hydro-
gen, 3 - nitrobenzene, 4 — phenylhydroxylamine, 5 — aniline
Puc. 1. Kunernueckue KpPHUBBIE€ pEaKIIMU THAPOHEHU3ALIMNA HUTPO-
O€eH30J1a Ha CKEJIETHOM HHUKEJIE B BOJHOM pPaCcTBOpE 2-Hp0HaHOJIaZ
X, =0,68; M, = 0,500 £ 0,001 1, Reyr =4,5 Mmxm, T=303 K;
nORNO2 = (1.6 £ 0.1) MMOTIB, V peqierop =100 cm®: 1 — nabmonaemas
CKOPOCTh, 2 — BOJIOPO/, 3 - HUTPOOEH3011, 4 — DEeHHUITHAPOKCHIT-
aMUH, 5 — aHWJIMH

As can be seen from the data, for all cases, the
amount of formed aniline exceeds the amount of hy-
drogen absorbed from the gas phase.
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Fig. 2. The kinetic curves of hydrogenation reaction of nitro-
sobenzene on skeletal nickel in aqueous solutions of 2-propanol:
x,=0.68; Mx=0.500+0.001 g, Ry, =4.5 p, T=303 K; C%no =
0.85+0.01 mmol, Veaetor=100 cm®: 1— reaction rate, 2—hydrogen,
3-nitrosobenzene, 4-azoxybenzene, 5-aniline
Puc. 2. Kunetnueckue KpyuBble peakIuy THAPOHCHN3AIMN HAT-
po300€eH3011a HA CKEIETHOM HUKEIIE B BOXHOM pacTBOpe 2-Tpo-
na”oja: x, = 0,68; my,, = 0,500 = 0,001 r, R,,r = 4,5 MKM,

T =303K; n%rno = (0,85 £ 0,01) MMOIB, V pearop =100 Cm:

1 — naGmoaemast CKOPOCTh, 2 — BOJOPO/, 3 - HUTPO300CH30T,
4 — a30KkcUOEH30II, 5 — AHWINH
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Fig. 3. The kinetic curves of hydrogenation reaction of azoxyben-
zene on skeletal nickel in aqueous solvents of 2-propanol: x, =
0.68; Mgt = 0.500 + 0.001 g, Ry =4.5 , T =303 K; Co:nion =
(1.6 £ 0.1) mmol, Vieacror = 100 cm®; 1 — reaction rate, 2 — hydro-
gen, 3 - azoxybenzene, 4 — aniline
Puc. 3. Kunetnueckue KpuBble peakuuy IHIpOHEHU3aUN
a30KCHMOEH30J1a HA CKEJIETHOM HUKEJIE B BOIHOM pacTBOpPE
2-nipomanona: X, = 0,68; my,, = 0,500 £ 0,001 r, Ry, = 4,5 MM,
T = 303K; nuorensemons = (1,6 = 0,1) MMOIB, V peaerop = 100 cm:
1 — HaGxroraeMasi CKOpOCTh, 2 — BOJIOPO/I, 3 - a30KCHOEH3011,

4 —aHWIMH

In Table 1, we present the values of the ob-
served reaction rate constant — Ky, Calculated after
treatment with Cr = f(t) in the linear coordinates of
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the first-order reaction. The values of An were calcu-
lated at the moment that the initial reactant converted
50%, by the formula: An = ng — ny,, where ng — the
equivalent amount of the hydrogenated compound
(mol), ny, — the equivalent amount of the hydrogen
absorbed from the gas phase (mol). The adsorptions
of nitro-, nitroso- and azoxybenzene — gr were calcu-
lated from the material balance conditions. The stoi-
chiometry coefficient of the reaction — y (H,
mmol/mmol of reactant) was calculated from the total
quantity of hydrogen absorbed during the reaction.

Table 1
Characteristics of hydrogenation reactions of nitro-,
nitroso- and azoxybenzene on skeletal nickel in aqueous
solutions of 2-propanol with different composition
Taobnuya 1. XapakTepuCTHKHU peaKkyii rTHAporeHu3anmm
HUTPO-, HUTPO30- U A30KCHOEH30/10B HA CKEJIETHOM HHKeJIe

B BOJHBIX pacTBOpax Z-HPOHaHOHa PA3JIMYIHOr0 COCTaBa
. -1 ng Y’
Solutions | ky, s™ | An, mmol mmol/kg | mmol/mmol
nitrobenzene
2-propanol- 110+5]030+0.03] 400+30 | 2.75+0.05
water
2-propanol-| » 5 1910+ 0.02| 300+20 | 2.85+ 0.05
water-H
2-propanol-| o, , 516 34 0.03| 200430 | 2.60 +0.03
water-OH
nitrosobenzene
2-propanol-| \s\ 5 16354 0.04| 30020 | 1.65+0.02
water
2-propanol-| s¢ 310 164 0.02| 200430 | 170 + 0.02
water-H
2-propanol-| 41, 1 40+ 0.05| 1400 £ 50 | 1.60 + 0.02
water-OH
azoxybenzene
2-propanol-| 1 . 5 1010+ 0.02| 500<30 | 3.00=0.02
water
2-propanol- o\ | _ 01 | 100410 |3.00+0.03
water-H
2-propanol-| ¢y , 310 134 0,01| 1200+ 30 | 2.95 +0.03
water-OH

The difference between the amounts of ab-
sorbed hydrogen and aniline in the cases of nitro- and
nitrosobenzene hydrogenation is higher than that in
azoxybenzene hydrogenation. It shows the growth of
inhibited diffusion from the nitrosobenzene to the ni-
tro- and azoxybenzene.

An characterizes the active participation of
adsorbed hydrogen in the initial reaction phase and
demonstrates the high reactivity of the hydrogenated
compounds. In all the solutions the values of An are
in the order:

Nitrobenzene ~ nitrosobenzene > azoxybenzene

The observed initial rates of hydrogenation
reactions (ry,) and the effective charge on the reac-
tion sites of studied compounds (gef) vary in the same
order.

i, NB>NS>AZOB; gerr: NB > NS > AZOB

The values of ger and the LUMO energy of
NB, NS and AZOB are showed in the Table 2.

Table 2
The atom charge on nitrogen (ges;) and energy of
LUMO (E_umo) calculated at PM3 level for the adducts
of nitro-, nitroso- and azoxybenzene with one 2-propanol
molecule [7]
Tabauuya 2. IdpdekTUBHBIE 3aps/IbI HA ATOMAX a30Ta
(Clef) M 3HAYEHUSI FHEPTHH HU3IIMX CBOOOIHBIX MOJIe-
KyJspHbIX opouTtaieii (E_ypo), paccuuTaHHbIE METO-
nom PM3 st aiiyKTOB HUTPO-, HUTPO30- WJIH
a30Kkcu0eH30J1a ¢ OIHOI MOJIeKYJ10ii 2-nponaHoJa [7]

Compound | nitrobenzene |nitrosobenzenelazoxybenzene
Oett 0.105 0.037 -0.029
ELumo, €V -1.24 -0.98 -1.09

The LUMO energies of nitro, nitroso and
azoxybenzene correspond to the followed sequence:
NS > AZOB > NB. Thus, we can conclude that the
hydrogenation reactions of the studied compounds
were affected by the atomic charges more than by the
orbital energy [8].

It is known that nitroso- and nitrobenzenes
have higher oxidation potentials compared to these of
the azoxy compounds [9]. This can lead to the reac-
tion stoichiometry violation due to the surface oxida-
tion of skeletal nickel. Indeed, according to Table 1,
reaction stoichiometry and the amount of absorbed
hydrogen only coincide in the case of azoxybenzene
hydrogenation. By hydrogenation of nitrosobenzene
and nitrobenzene on Raney nickel in aqueous solution
of 2-propanol added sodium hydroxide, the amounts
of absorbed hydrogen from gaseous phase are 45%
and 13% less than stoichiometry, respectively. For all
compounds, the stoichiometric coefficient of hydro-
gen decreases in transition from an aqueous solution
of 2-propanol consisting of acetic acid to neutral solu-
tion and solution consisting sodium hydroxide.

The adsorption capacities of hydrogenated
compound increase in the order: neutral solution <
solution consisting acid < solution consisting base.
Increasing the concentration of reactive oxygen-
containing compounds in the surface layer promotes
the catalyst oxidation.

The data shown in Fig. 3 indicate that the
concentration of aniline initially increases, reaches a
maximum and then decreases. For the nitro- and ni-
trosobenzene hydrogenation in the aqueous solution
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of 2-propanol or solution added sodium hydroxide,
the noticeable decreasing of aniline concentration af-
ter complete conversion of the hydrogenated com-
pound was not observed. It is known that the oxida-
tion of active site of skeletal nickel leads to the sharp
decreasing or complete elimination of aniline adsorp-
tion on the catalyst surface [10].

Probably, the absence of the maximum on the
Kinetic curves, that characterizes the accumulation of
aniline, associates with the irreversible oxidation of
the catalyst active surface. The presence of maximum
was mathematically justified in the work [11]. Ac-
cording to the obtained results [11], the maximum on
the Kkinetic curves associates with the different absorp-
tion capacity of the initial compound and the reaction
product. As specified by Belonogov and co-authors
[10], the adsorption coefficients of nitrophenolate and
sodium aminophenolate differ by more than an order
of magnitude.

Based on the data, presented in the Fig. 1 and
Fig. 2, the hydrogenations of nitrobenzene and nitro-
sobenzene on skeletal nickel lead to the formation of
different intermediates: phenylhydroxylamine and
azoxybenzene, respectively. This fact may indicate
the various type of interactions between the hydro-
genated compounds and the catalyst active site.

In Fig. 4 and Fig. 5 we present the probable
mechanisms of active adsorption and transformation
of nitrobenzene and nitrosobenzene on skeletal nickel
catalyst surface, saturated by hydrogen.

The nitro group has three reactive sites, in-
cluding two oxygen atoms, and nitrogen atom. The
attacks of hydrogen on adsorbed oxygen and nitrogen
atoms result in the formation of associative complex-
es (1) u (1). Followed by the cleavage of water mole-
cule from complexes may form nitrosobenzene. Ni-
trosobenzene is chemically adsorbed on the active
sites (111) and oriented parallel to the catalyst surface.

* B-
0
5 & o~ H,0
Ph—N =0 —» Ph—NH-OH _ £
|
H HO* "O'Sr \ 6+ &
(D —» Ph—N=0
5- 6+
+ B+ /.H 0 (]ID H H
Ph—N :---=-Q0 —» Ph—N QH 2
LB [
05 O Ph—NH—£0H
H + HEH— % *
m H oM
(IV)
l - H,0
Ph—NH,

Fig. 4. The mechanism of nitrobenzene activated adsorption process and the steps of transformation of nitro group on the catalyst surface
Puc. 4. MexaHu3M akTHBHPOBAaHHOH aJcOpOIIMU HUTPOOCH30JIA B CTaIMHHOCTD MIPEBPAIICHI HUTPOTPYIITEI HA TIOBEPXHOCTH KaTaJH-

3aTopa
NN szo PhN=NPh
PhN  NPh =
s s — Phhll NPh = —_—
"9 H OH &
PR L : H
H,O
PhN=NPh _/ PhN=NPh Ph—H—H—Ph —» 2Ph—NH
—) * * —} * * 2
OH H H H H
H
Fig. 5. The mechanism of nitrobenzene activated adsorption process and the steps of transformation of nitroso group on the catalyst
surface
Puc. 5. MexaHu3M aKTUBHPOBAHHOI! aIcOpOLUK HUTPO300SH30J1a M CTaANHHOCTD MPEBPAIIEHNI HUTPO30TPYIIIBI HA TOBEPXHOCTH Ka-
Tanu3aropa
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The subsequent attachment of hydrogen at-
oms on nitrogen and oxygen may be accompanied by
the formation of phenylhydroxylamine (IV). In the
presence of adsorbed hydrogen on the surface, phe-
nylhydroxylamine is exclusively reduced to the ani-
line. Simultaneous hydrogen attack on all reaction
centers of the nitro group is less probably, so the for-
mation of intermediate products may be preceded by
the stepwise addition of hydrogen to form associative
semi-hydrogenated forms.

Characteristically, during the hydrogenation
of nitrobenzene, the presence of nitrosobenzene in the
liquid phase has not been recorded. This may be due
to the higher adsorption capacity of nitrosobenzene
compared to nitrobenzene [12, 13].

Chemisorption of nitrosobenzene molecules
will be determined by the distribution of n-electron
density along the N=O bond. This bond is strongly
polarized, resulting in a high electron density on the
oxygen atom, in contrast to the oxygen atoms of the
nitro group. In this regard, nitrosobenzene is expected
to orient vertically rather than parallel to the catalyst
surface, saturated with hydrogen. It is known that ox-
ygen atom in the N=0 bond is out of the plane, which
greatly reduces the probability of interaction between
n-electrons of the benzene ring with the vacant orbit-
als of the catalyst. In this case, the attack on the nitro-
gen atom becomes unlikely (Fig. 5). In Fig. 5 the
PhNOH particle is a semi-hydrogenated form of nitro-
sobenzene. The interaction of two neighboring PANOH
particles, as mentioned above, is accompanied by the
formation of azoxybenzene. Thus, it is believed that the
main reasons of the formation of phenylhydroxylamine
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and azoxybenzene from nitrobenzene and nitrosoben-
zene hydrogenation, respectively, are different orienta-
tions and different mechanisms of activation of reac-
tive groups on the catalyst surface.

CONCLUSION

It can be noted that:

— the hydrogenation reactions of nitro- and ni-
trosobenzene on skeletal nickel in aqueous solutions
of 2-propanol are accompanied by the occurrence of
the parallel oxidation processes on the catalyst sur-
face, resulting in the violation of reaction stoichiome-
try. The presence of sodium hydroxide may lead to
the sharper oxidation of active sites compared to the
solutions consisting acetic acid. The irreversible oxi-
dation of skeletal nickel during the azoxybenzene hy-
drogenation is not observed;

- during the azoxybenzene hydrogenation the
reversible oxidation of the catalyst active surface is
not excluded while maintaining the reaction stoichi-
ometry in all studied solutions;

- in the absence of irreversible catalyst sur-
face oxidation the values of k% can be regarded as an
objective characteristic for the comparative analysis
of the reactivity of the different groups.

— on the oxidized catalyst surface the adsorp-
tion of aniline does not occur, due to the absence of
the maximum on the kinetic curves;

— the decreasing of aniline concentration after
complete conversion of hydrogenated compounds
indicates the competitive adsorption of the reactant
and the reaction product.
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