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KINETICS AND MECHANISM OF SELECTIVE OXIDATIVE DEHYDROGENATION
OF n-AMYL ALCOHOL INTO VALERALDEHYDE ON MODIFIED ZEOLITE
CATALYST CuZnPdCaA
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Catalytic activity of zeolite CaA synthesized from zeolite NaA and modified by cations of metals
Cu**, Zn** and Pd®* by the method of ion exchange in the reaction of partial oxidation of n-amyl
alcohol into valeraldehyd, has been studied. It revealed that metal-zeolite catalyst CaA synthesized
from zeolite NaA and containing 3.0 wt.% Cu **, 2.0 wt.% Zn°* and 0.1 wt.% Pd** displays the
highest activity and selectivity in the reaction. Also, kinetic regularities of the reaction on the said
catalyst have examined. On the basis of the experimental data, a probable phasic mechanism has
been suggested and a theoretically substantiated kinetic model of the reaction developed.
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INTRODUCTION

Valeraldehyde is a valuable raw material
for food and chemical industries. It is used for
the preparation of medicaments, food
supplements and essences. Besides, it is used
as an emulsifier, which is a part of synthetic
materials and  plasticizers. Note that
industrially aldehydes are obtained by catalytic
oxidation of aliphatic alcohols. Metals,
transition metal oxides, mixed oxides and
transition metal salts are used as the catalysts.
Process proceeds in a temperature range (350-
450°C) with a relatively low selectivity
conformably to the desired product [1-4]. In
the previous paper [5-10], we found that the

zeolites modified with metal cations by ion
exchange display relatively high catalytic
activity and selectivity in the oxidative
dehydrogenation of aliphatic alcohols at
relatively low temperatures (250-350°C).

The aim of this work is the synthesis of
zeolite CaA from zeolite of NaA through the
use of ion exchange method, its modification
with cations of Cu** Zn? * and Pd* * by ion
exchange, the definition of its catalytically
active  composition in  the oxidative
dehydrogenation of n-amyl alcohol
conformably to valeraldehyde and the analysis
of the kinetics and mechanism of the reaction.

EXPERIMENTAL RESULTS AND DISCUSSION

Catalysts were prepared on the basis of
synthetic CaA and zeolite CaA synthesized
from NaA by ion exchange method.
Inoculation of indicated zeolite with metal
cations; Cu, Zn, and Pd was established by ion
exchange in aqueous solutions of CuCl,, ZnCl,
and [Pd(NH3)4]Cl, followed by drying (80-
120°S, for 5 hours) and calcining in flowing
air at a temperature of 300°C with space
velocity of 2400 h™* for 30 min. The amount of
metal cations introduced into the zeolite was

established by mass spectrometry analysis on
ICP-MS Agilent 7700 instrument.

Experiments were carried out on a flow
unit directly connected with a gas-liquid
chromatograph Agilent 7820A and a column
DB-624 at the rate of carrier gas (He) 1,5
ml/min.

The test results in the catalytic activity of
some samples, and unmodified forms of
incorporation zeolites in the reaction of
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oxidative dehydrogenation of n-amyl alcohol
to valeraldehyde are shown in Table 1.

From the data shown in Table 1, it
follows that the unmodified forms of synthetic
CaA and CaA zeolite synthesized from NaA
show a lower catalytic activity in the reaction
of oxidative dehydrogenation of n-amyl
alcohol of the valeraldehyde. Over these
zeolites the reaction of n-amyl alcohol into
amylenes proceeded (exp. Nel,9) with
precedence dehydration reaction of n-amyl
alcohol into amylenes, and the yields of
amylenes over CaA zeolite synthesized from
NaA were relatively higher than over synthetic
CaA. For this reason, there is a relatively high
catalytic activity of CaAzeolite synthesized
from NaA and modified metal cations as
compared to the synthetic CaA (exp. Ne2-8 and
Nel0-16). Note that cation concentration
varied in a wide range of values (4.1 wt.%).
Table 1 shows the concentrations of those
cations which are of interest from industrial
practicability standpoint. It should also be

added that the yield of the products is
dependent on distribution of acid sites;
concentration and nature of the cation.

Incorporation of copper cations in CaA
(synthesized  from  NaA) raises the
concentration of dissociatively adsorbed

oxygen molecules, which leads to increased
catalytic activity of the zeolite in the reaction
(exp. Ne2, 10). As the concentration of copper
cations rises from 1.0 wt.% to 3.0 wt.%, the
yield of valeraldehyde increases from 53.3%
to 58.9% (exp. Ne2, 3) for synthetic CaA, and
from 56.6% to 61.1% for CaA zeolite
synthesized from NaA. Subsequent rise in the
concentration of copper cation (up to 4.0
wt.%) has an insignificant influence on the
yield of valeraldehyde (exp. Ne4,12). It might
be explained as being due to changes in the
distribution of acid centres over the catalyst
surface toward reducing the Bronsted acid
centres average force at relatively high
concentrations of copper cations.

Table 1.Test results of the catalytic activity of the synthetic CaA and zeolite CaA are
synthesized by ion exchange method from a zeolite NaA, modified metal cations Cu?*, Zn*" and
Pd* in the oxidative dehydrogenation of n — amyl alcohol in valeraldehyde at a temperature
320°C, a space velocity V = 1600 h™ and a molar ratio of reactants alcohol: O,: N, = 1: 0.75:2.9

Composition in _ Yield A%
Ne Zeolite L% CO”;eg/i lon,
v | gor | oooe ’ Valeraldehyde, | Amilenes, | CO,,
Cu™ | Pd™ | Zn A A, As
CaA
1 (synth)) - - - 45.9 39.6 5.1 1.2
2 - 1.0 - - 57.8 53.3 2.7 1.8
3 - 3.0 - - 64.8 58.9 35 2.4
4 - 4.0 - - 64.2 57.1 4.2 2.9
5 - 30 | 0.1 - 80.3 70.1 5.9 4.3
6 - 30 | 02 - 79.4 68.4 6.2 4.8
7 - 30 | 01 ] 20 85.7 76.8 5.3 3.6
8 - 30 | 0.1 | 3.0 83.5 72.3 6.9 4.3
CaA
9 | (synth-ed. - - - 50.4 43.2 5.6 1.6
from NaA)
10 - 1.0 - - 62.1 56.6 3.4 2.1
11 - 3.0 - - 67.7 61.1 3.9 2.7
12 - 4.0 - - 68.2 60.4 4.6 3.2
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13 - 30 | 01 - 85.1 73.8 6.4 4.9
14 - 3.0 | 0.2 - 84.4 2.4 6.7 5.3
15 - 30 ] 01 ] 20 92.7 82.7 5.8 4.2
16 - 30 101 ] 30 90.4 78.4 7.2 4.8

Incorporation of small amounts of
palladium cations (0.1 wt.%) and zinc (1.0-2
wt.%) contributes to favorable distribution of
acid centres on the surface of the catalyst in
the reaction (exp. Ne5-8 and Nel3-16) and,
moreover, the increased concentration of
cations  dissociatively adsorbed  oxygen
molecules.

As a result of data analysis as shown in
Table 1, it may be concluded that the catalyst,
CaA, synthesized by ion exchange on the basis
of zeolite NaA and containing 3.0 wt.% Cu?*,
2.0 wt% Zn* " and 0.1 wt.% Pd* * shows
relatively high activity in the reaction of
oxidative dehydrogenation of n-amyl alcohol
in valeraldehyde (exp. Ne9).

“H,0
25 CsHyp

+0.50,, -H,0

CsH1,0H

Kinetic regularities of the reaction were
investigated over metal-zeolite catalyst
CuZnPdCaA in the absence of diffusion
inhibition. The kinetics of the reaction was
carried out in a temperature range 280-340°C,
space velocities of 1600-2400 h*, partial
pressures of reactants P,_amy = 0,2-0,3 atm

and P02 = 0,1-0,20 atm under conditions that

allow the flow reaction in the kinetic area. The
purity of the n — amyl alcohol of the brand is
99.8%.

On the basis of the experimental data the
following kinetic scheme of reactions during
the partial oxidation of n — amyl alcoholover
catalyst CuZnPdCaA was suggested:

» C4,HyCHO 1)

\+—02> CO.+H,0

By means of the analysis of literary
materials [9] the following stepwise
mechanism of the formation of valeraldehyde
(2) may be suggested. Adsorbed molecules on
n-amyl alcohol were protonated with surface

Brensted acid sites to eliminate water and form
a surface alkoxide. Decomposition of surface
alkoxide into valeraldehyde proceeds with
nucleophilic oxygen. A simplified diagram of
the staging mechanism is as follows:

0, +22—K 5270 %
20+ C,H,,0H—K2 5 70(C.H,,0H) 1 o
Z0(C,H,,0H)—3 5 Z(C,H,CHO) + H,0 1
2(C,H,CHO)—*4 > C ,H,CHO + Z 1

All the stages are practically irreversible. Assuming their simplicity, we find the following

expressions for stage rates:

2. : .
. =k1Po, 0 o =KoPn_amyif2; 13 =k303:14 = k464 3)

where 6,,6,,63,0, are fractions of catalyst

surface; sites with the ability to adsorb atomic
oxygen; sites with adsorbed stoms oxygen;

[BBeguTe TekcT]

sites with adsorbed atom oxygen and
molecules of n-amyl alcohol; sites with
Ctpanuna 3
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adsorbed molecules of aldehyde; where ki, kp,  of the respective index components; ry, ra, I3,
ks, k4 are rate constants of the respective stages are rates corresponding to index steps.
of the index; Pp_amy P02 partial pressures

In stationary conditions itisas follows: r=nR=n =r3=14 4)

where the above is total rate of the process. Based on these equations and total permanence of
surface portions 6, + 6, + 63 + 6, =1, one can find the concentration of intermediates 6; and the

rate of formation valeraldehyde as shown below:

K46, K40, K40,
4% .9, - 4% .o _ T4%4 (5)

Fv.ald- &1 =
k1P02 k2 Pn—amyI k3

Designating 04 = y?, we get:

ke ke y2 + Ka y-1=0(6)
k2Pn—amyl K3 klP02

_ | ke + s +4 a +k—4+1
_ \kiPo,  \k2Po, KoPo—amyl K3 -

- k k
2l 4 4744
k2Pn—amyl k3

- 12
_ | ke + s +4 a + ks +1

~ kiPo, | k2Po, KoPn_amyl K3 -

2 ke + Ka +1
k2 IDn—amyl k3

Substituting 0,4 in the corresponding rate equation, we get:
- for the rate of formation of valeraldehyde

L + s +4 s + ks +1
k1'302 I(ZF)n—amyI k2 Pn—amyl k3
3 =Ta =Ky
2[k4 + ks + l]

k2 Pn—amyI k3

(9)

Carbon dioxide is formed through the cording to the Langmuir-Hinshelwood me-
reaction of weakly adsorbed molecules of n — chanism. Then the Kkinetic equation corres-
amyl alcohol adsorbed oxygen molecules ac- ponding to this mechanism is as follows:

keK1K2Po, Ph_amyi
lco, = : 2 Y (10)

1+ KqPo, +KaPp_amyl f
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where Kg - constant of forming reaction rate of
carbon dioxide; Kj, K, - constants of
adsorption of oxygen molecules and n — amyl
alcohol at the active centers of the catalyst
surface for reaction.

Note that amylenes are formed by
dehydration of n — amyl alcohol, which is a
reversible reaction. The observed rate of the
reaction is as follows:

1)
Where
— . P
1_2_1 CsHyo ""HL0 —y (12)
r KpPa_amyi
y - irreversibility criterion, then:
r=ry (13)
I -can be expressed by:
I =KPy_amyl (14)

Substituting (12) and (14) into (13) we have the following:

d KPpn—amyl

In considering the reaction rates of in-
hibition adsorbed molecules of alcohol and

I:)n—amyl - Kp

1

PcsHyo-PH,0
— et =k Pn—amyI_K_PPCSHlo-PHZO (15)

water, the observed rate of the reaction is as
follows:

1

CsHyg ° P 20 16)

fCsHy, = K7

K3Ph—amyl + K4PH,0

where K, is an equilibrium constant dehydration n —amyl alcohol
- _A+B
lgKp =-A+BL(17)

where A and B are empirical constants
identified from experimental data (A=2.39 and
B=2010.7); K; and K, are constants of
equilibrium adsorption of molecules of water
and alcohol in the active centers of the catalyst
for dehydration reaction of n — amyl alcohol,
respectively; k; - constant of dehydration
reaction rate. (To calculate the constants k and
K in equations (9), (10) and (15) we used a
_E o

formula k=xg-e RT, K=K, -eRT).

Note that equations (9) and (10) and (15)
form a kinetic model of the n — amyl
alcoholoxidation.

Statistically analyzed kinetic model of the
reaction was based on kinetic data. Calculation
of pre-exponential factors of reaction constants
Ink?(InK?), activation energies (E°)and heat
of adsorption (Qio) have been carried on by

methods of "rolling admission™ and with the help
of the Powell software system "Search".

A kinetic model of the reaction of
oxidation of n — amyl alcohol to valeraldehyde
provides an appropriate  description of
experimental data. Calculations showed that a
relative error in the experimental and calculated
data does not exceed 5%.
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MODIFIKASIYA OLUNMUS CuZnPdCaA SEOLIT KATALIZATORU UZORINDO AMIL
SPIRTININ VALERIAN ALDEHIDINO SELEKTIV OKSIDLOSDIRICI
DEHIDROGENLOSMOSININ KINETIKA VO MEXANIZMI

A.M.Oliyev, F.A.Agayev, V.S.Agayev, A.A.Saricanov

AMEA-mn akad. M.Nagiyev adina Kataliz va Qeyri-iizvi Kimya Institutu
AZ 1143, Baki, H.Cavid pr., 113; e-mail: itpcht@lan.ab.az

NaA seoliti asasinda sintez olunmus,ionmiibadilo Gsulu ilo mixtalif metal kationlar: ilo (Cu, Zn
Vo Pd) modifikasiya edilmis CaA seolitinin amil spirtinin valerian aldehidina oksidlasdirici
dehidrogenlasmasi reaksiyasinda katalitik aktiviiyi oyronilmisdir. Miiayyon olunmusdur ki, NaA
seolitindon sintez edilmis va tarkibinda 3.0% Cu®*, 2.0% Zn** va 0.1% Pd**ionlar saxlayan
CaA metal-seolit katalizatoru baxilan reaksiya tigiin yiiksak aktivlik va selektivliya malikdir. Bu
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katalizator Uzorindo reaksiyanin getmasinin kinetik qanunauygunlugu oyranilmisdir. Tacrubi
naticalor asasinda reaksiyanin getmasinin mumkun moarhalali mexanizmi verilmis va prosesin
Nozori asaslandirilmis kinetik modeli hazirlanmusdir.

Acar sozlar: amil spirti, valerian aldehidi, CaA seoliti, mexanizm, kinetik model, kinetik sabitlor.

KHHETHKA H MEXAHHU3M CEJIEKTHBHOI'O OKHC/IHTE/IBHOI'O
JAETH/IPHPOBAHHUA n-AMH/IOBOI'O CITUPTA B BAJIEPUAHOBBIHU AJIB/IET'H)T
HA MOJTH®UHI[HPOBAHHOM IIEO/IHTHOM KATA/IH3ATOPE CuZnPdCaA

A.M.Anues, @.A.Azaes, B.1ll.Acaee, A.A.Capuviorcanos

Hncmumym xamanusa u neopeanudeckou xumuu um. akao. M.Haeueea
Hayuonanvuoti AH Azepbaiioxcana
AZ 1143 Baxy, np.I" Iocasuoa, 113, e-mail:itpcht@lan.ab.az

Hccnedosana kamanumuuecxkas akmusnocms yeoauma CaA, cunmesuposanno2o uz yeoiuma
NaA u mooupuyuposannozo kamuonamu memannos (Cu, Zn, Pd) memooom uonnozo obmena,
8 peaxyuu NapyuaIbHO20 OKUCIeHUSL H-AMUL08020 CRUPMA 8 BAIEPUAHOBBLU AIbOe2UO.
Yemanosneno, umo memannyeonumuwiti kamanuzamop CaA,cunmesuposanHvlil U3 yeoiuma
NaA u cooepacawuii 3.0 mac.% Cu2+, 2.0 mac.% Zn** u 0.1 mac.% Pd2+, nposensiem Haudo-
Jlee BbICOKYI0 AKMUBHOCb U CeLeKMUBHOCHb 8 paccmampugaemott peakyuu. M3yuenvl KuHe-
muyecKkue 3aKOHOMEPHOCMU NPOMEKAHUSL peaKyuu Ha YKa3anHom kamanuzamope. Ha ocnose
IKCNEPUMEHMAILHBIX OAHHBIX NPEOSIONCEH GEPOSIMHBIIL CMAOUUHBIIL MEXAHUZM NPOMEKAHUS
peaxyuu u paspabomana meopemuiecku 000CHO8AHHASI KUHEMUYEeCKdst MOOelb Npoyecca.
Knrouesvie cnoea:. n-amunoswsiii cnupm, eanepuanosulii anvoe2uo, yeoaum CaA, mexanusm,
KUHemu4ecKkas Mooeib, KUHemuyeckue KOHCManmal.

Ilocmynuna 6 pedaxyuro 21.10.2016.

KiMYA PROBLEMLORI Ne 4 2016


mailto:itpcht@lan.ab.az

