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Catalytic oxidation using nitrous oxide
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Abstract. Nitrous oxide is a very inert gas used generally as oxidant as it offers some advantage compared
with other oxidants such as O, but a considerably higher temperature (> 526 °C) is often required. For
particular cases such as the oxidation of sugar alcohols, especially for the oxidation of primary alcohols to
aldehydes, N,O has the advantage over O, of a higher reaction selectivity. In the present paper we present

the modelling of oxidation reaction of sugar alcohols using an oxidizing agent in low concentrations, which

is important to suppress subsequent oxidation reactions due to the very low residual concentrations of the
oxidizing agent. For orientation experiments we chose nitrous oxide generated by thermal decomposition of

ammonium nitrate. Kinetic modeling of the reaction was performed after determination of the differential

equations that describe the system under study.

1 Introduction

In heterogenous catalysis, several metal oxides have
been extensively used in chemical reactions. Among the
most effective catalysts are iron-containing acidic
zeolites which yield surface-activated iron-oxo species
(a-Oxygen). Ohtani reported that the oxidation of
organic compounds at room temperature can be
performed by the reductive decomposition of N,O to
produce hydroxyl radical (‘OH) selectively, however it is
observed only under limited reaction conditions, such as
y-radiolysis, photolisis or electrolisis [1]. N,O is used as
a trap for hydrated electron as well as hydroxyl radical
("OH) generated by y-radiolysis of water via reactions
(1) and (2)

Hy0 25 OH + e~y + H* (1)
N20+e_aq +H20—>N2 +0H+0H_ (2)

The oxidation kinetics is based on the idea of the
reaction mechanism, quantitative description of the
dependences of the reaction rates on the concentration of
the reacting components. The description is realized by
vector differential equation, the solutions of which are
time dependent of the concentrations of the oxidation
intermediate products. [2]-[6] Generally, chemical
reactions are accompanied by various relatively complex
simultaneous reactions resulting in a complicated blend
of intermediate products. As a general model, the
oxidation reaction of sugar alcohols (S) using nitrous
oxide (N) for the production of derivatives (A) and (B)
in isothermal conditions is discussed next. The diagram
of the system is presented in Fig. 1 having three inputs
(F, Cyyp, and Cgy), four state variables (4, N S and B) and
four output variables (4 N S and B).
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Fig. 1. Scheme of the oxidation of glycerol with NO,
describing the input, state variable and output

2. Mathematical model of oxidation with
NO,

The set of equations that describe the mass balance,
including of chemical reactions in which are supposed to
be of the first order mechanism, of the components is
presented in (3) to (6)

S =k S N—ky-AN—-A 3)
dN F F

S F F

dB F

E_kZIA'N_VB (6)

The described system is non-linear. The elements of
matrix A, B, are the following [7]-[9]:

af.° FO af°

a11=ﬁ= kN°—7,~a12=ﬁ=leo—
af° af,°

sz,a13=%=k1N ,a14=$— (7)
ag =22 = —kyNO; agy = 22 = S0 — A0 —
21 = 0 T TN G == Tk 2
FO afy° afy°
V,az3a_§0 =—kN ay ==1-=0 ®)

of: af: af:
azy =2 =0/a3, =~ = —k; S a3 = 2> =

FO afs°

—kN® — =, a34=%= 9)
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afa° 0 afs° After substitution of dimensionless dependencies
=—=Fk,N" = k,A° = ’
a1 BAa 40 z ,0a42 2003 = T equations (25) to (28) are obtained:
. _ 4 _ F 0
004 = 2= -= (10) DU (koNO +2) 2750 4 Uy 50 -

Considering the control variables, equations (11) to (14)
are obtained:

an® _ A% _an® 4., _9A° _
by = =—7 012 = =0,b;3 = =
JaF 4 dCsp dCno
(11)
PR A Y1) S ) Ay O S ) - Sy
217 yp % 22 7 3cgp 23 T acne Vv
(12)
fs° _ (Cs0=5°). an’ _Fo
by = ;b3 = =033 = =
aF 4 dCso 4 dCno
(13)
o’ B o’ _ ., _f°
by, = =—— by ="—=0by="—=
JoF 4 dCso dCyno
(14)
Therefore, the representation of the state vector is given
by:
d_A
df\
d_N
dt | _
E
ﬂ
dt R
= (kN0 + %) k180 — kpA° kyNO 0 \
0 0 0, F 0 AA
—koN = (k1S° + kpA” + ) kN 0 | an)
k. S0 _ 0, F AS
0 kS (kN0 +5) 00 by
k,NO k,A° 0 -
_£ 0 0
v
(Cno=N" 0 F AF
v 4
e o (ACSO) (15)
7 0 1\acy
0

14
0
o
v

The multiplication procedure leads to the next group of

equations:

dAA F

22 = — (kN + ) A4 + (kyS° — K AV)AN +

0

(kyN°)AS — = AF (16)

dAN _ 0 0 0 FQ

S = —(k,N)AA - (ks + A" + 7) AN +

(I NOAS + 00NV pp y Fope (17)

v v

das 0 0o, F 1

= ~Uashaa - (kiN° +2)AS + 3 (Cso —

SO)AF + = ACs, (18)
°© 0

488 — (kyNO)AA + (k,A°)AN — (V) AB — (37) AF

19)
For the purpose of control, it is necessary to introduce
the following dimensionless parameters

A =5 A=4-S (20)

N* = % N=N*-N° @21)

S'=5n5=5"5 22)

B* = 2 ~B=RB"-S° (23)
F*:FF—0 F=F"-FO

Cso” = 52+ Cso = Cso" - S° (24)

CNO*:CLO Cno = Cyo" *N°

k,A)AN® - NO + (k;N°)AS* - S°

* 70
R = —(kpNO)AA" - 50 — (K SO + kp A +

° _nO
L) AN NO + (kyNO)as* - 50 + 00D ppe o 4

0
—AF-FO(25)

L ACyy" N (26)
"’Af;so = —(k:59)A" - 50 — (ks N + )As* U
= (Cs0 — SOAF* - FO + F—QACSO* - S0 27)
% (kyNO)AA* - SO + (ky,A)AN* - N —
(7)aB s = (F)ar -0 (28)
Accordingly, multiplying either by

V/F°G% or by V/FON°, the next sets of equations are
obtained:

dAA* koNOV . VkiN®  Vk,4ONO .
W__( +1)AA +( FO o0 )AN +
V"l” AS* — —AF* (29)
dAN _ szs . Vk1S0  VkyA° .
? = AA ( 70 + 1) AN™ +
V"ls s ag 4 (CN;’V Y AF* + ACyy" (30)

dAG* _ Vle « _ (VkyN® « (€505 | s
= A = (B 4+ 1) AS" + S AR +

ACsy” 3D

0
o _V"Z” AA" + V"Z’* N ANT — AB' —Z5AF" (32)

where the term t* = (F° - t/V) implies a dimensionless
parameter (dimensionless time). As a result, the system
transforms into (33)

daA
dt*
dAN
dt*
das
dt*
dAB
dt*
Vk,N© N Vk;N®  Vk,A°N® Vk,N© 0
/ F FO FOS0 F \
| Vk,S? VEk;S® + Vk,A® + F° Vk, S° | AA*
F F F AN*
= 0 0 « |t
Vk,S Vk,N AS
- Fo - Fo +1 0 0 AB*
\ Vk,N° Vk,A'N? 0 1)
F F’s0
0
_A_ 0 0

_NO
I(CN?\ION) 0 1|<AF

) AC 33
k—“sgc’ 10 | ACZE) (33)
(%) o o/
Furthermore, as the transfer function G(s) is given by
G(s) = (s — A)™'B |, firstly it is necessary to calculate

(sI — A). Therefore, we need to define the next elements
of matrix A4:

_ szNO _ VkgN®  VipAONO _ VKN
ay = tl)jan =5~ "he 213 = "
(34)
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_ (VkzaNOY _ (Vk1SP+VkAO+FTY _ (VkyS©
dy1 = P ;dyp = —Fo ; dp3 = 7

(35)
VkqS0 Vk{N©
ag = (B25) a3 = (K25 +1) (36)
VkyNO Vk,AONO
an = (55 ) an = (F) (37)
s+ag; —ay —a3 0
(SI _ A) _ djpq s + dyo —dpj3 0 (38)
ds3q ds) S 0
_341 _342 0 S + 1

In order to simulate the process, the next input parameter
values are taken into account: F=0.1 mz's'l, Cy=1
mol-m”, Cy,=1 mol'-m™ k,=0.32 h™', £,=0.49 h'', k;=0.27
h', V=1 m’, N=0.2 mol'm”, $=0.3 mol-m>, 4=0.5
mol-m’3, B=02 mol'm>. As a result, the respective
transfer functions are given by the following set of
equations:

From input u,=F to output
—-1.6667s3—11.49s2-12.29195—2.4619

I 0 T
S ) I
N T
—0. s°+0.64s“+4. s+5.

y4=B:G(s) = s%+7.3953+15.850452+12.82885+3.3684 (42)
from input u,=Cj, to output

0.640052+2.5088 s+ 1.8688
S e e e
N
y3=5:G(s) = s4+7.39s3+1§..i3gg§lssi-?};%%g£88s+3.3684 (45)
y4=B:G(s) = s%+7.39s3+15.850452+12.82885+3.3684 (46)
from input u;=Cy, to output ,

—0.993352-2.04295—1.0496
PO " Empem s 7
y2=N:G(s) = 54+7.39i31-.+—61455.§503£.1953232152_.223.228983s6+3.3684 (48)
y3=S:G(s) = s4+7.39s3+15.2850452+12.82885+3.3684 (49)
y4=B :G(s) = 1.63335%+2.26055—0.0251 (50)

s4+7.39s3+15.850452+12.82885+3.3684
Finally, the inverse Laplace transformation leads to

equations (165) to (176)

input u,;=F
y1(t) = 0.723e 44235t — 3,0361e 14364t +
0.6464e0-5301t 51)
yo(t) = 2.4697e 44235t 4 1.3396e 14364t 4
0.1907e~0-5301t 52)
y3(t) = 1.0725e~+4235t—(0,4997¢ 14364t 4
1.7604¢ 705301t 53)
y4(t) = —1.3854e 4423t + 1.8044¢ 1436t —
3.0969e7t + 2.0111e053t (54)

input uz=Cso:
y1(t) = 0.0827e44235t _ (350714364t 4

0.4335¢ 705301t 55)
y2(t) = —0.2826e 4235t + 0.1548e 14364t 4
0.1278e 705301t (56)
y3(t) = —0.1227e 44235t-0,0577 14364t 4
1.1804¢70-5301t 57)

y4(t) = 0.1585e*423t + (0.2084e 1436t —
1.7154e™" + 1.3485e0-5301¢ (58)

input uz=Cno:
y1(t) = 0.28767 44235t _ (.1393¢ 14364t _

0.1482¢0-5301t 59)
y2(£) = 0.98226e7#4235t + 0,0615e 14364t —
0.0437e—0-5301t 60)
y3(t) = 0.4266e~44235t_(,0229e 14364t _
0.4036e0->301¢ (61)
ya(t) = —0.550e 4235t 4 0,082e 14364t 4
0.929e~t — 0.461 05301t (62)
The response to a step function for the input u; is

presented as an

example in Fig. 2,
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Fig. 2: Step response for the system of glycerol
oxidation with NO, Input u;=F to respective outputs
y1i=A 0; =N 0; y3=S 0; y,=B A

3 Conclusions

Today, special attention is paid to partial oxidation of
several sugar alcohols because it gives oxidation
intermediate products with high utility value. However, a
major problem of partial oxidation of these compounds
lies in its low reactivity and high oxidation reactivity of
intermediates, which is expressed by different values of
the rate constants of oxidation in the first step of the
reaction and in subsequent steps of the oxidation
reaction. The yield depends on the ratio of rate constants.
For simulation purposes, specified constants and initial
concentrations of nitrous oxide and reactant can be
specified.
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