-

View metadata, citation and similar papers at core.ac.uk brought to you by ;i CORE

provided by Institutional repository of Tomas Bata University Library

WSEAS TRANSACTIONS on ENVIRONMENT and DEVELOPMENT Juan Carlos Beltran-Prieto, Karel Kolomaznik

Development of a catalytic model system using nitrous oxide

JUAN CARLOS BELTRAN-PRIETO, KAREL KOLOMAZNIK
Faculty of Applied Informatics
Tomas Bata University in Zlin
Nam. T. G. Masaryka 5555, 760 01 Zlin
CZECH REPUBLIC
prieto@fai.utb.cz

Abstract: - Currently, special attention is paid to partial oxidation of several sugar alcohols because it generates
oxidation intermediate products with high utility value. In the present paper, we study the modelling of
oxidation reaction of 1,2,3 propanotriol using an oxidizing agent in low concentrations. A major problem of
such oxidation system is its low reactivity and high oxidation reactivity of products, As a result, the yield to a
specific compound (i.e. dihydroxypropanal) depends on the ratio of rate constants of the consecutive reactions
and also on the initial concentration of oxidizing agent. In this case, as the input value for the model
calculations we chose a ratio of values of the specified rate constants and initial concentrations of nitrous oxide
and 1,2,3-propanotriol. Accordingly, an experimental setup was proposed to follow the variation of temperature
of the reaction blend after gradual addition of ammonium nitrate to a solution of 1,2,3 propanotriol, which can
provide insights for the control of the chemical reactor.
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1 Introduction alcohols to ketones. Some of them are soluble in
The process of alcohol oxidation is characterized by nonpolar solvents such as refluxing benzene or
the formation of a C-O bond and breaking of a C-H CH,Cl, avoiding the formation of the hydrate and
bond on the same carbon, causing a change of a thus, allowing the oxidation to be stopped at
bond between carbon and hydrogen, which is less the aldehyde. The use of an excess of alcohol and
electronegative, for an Oxygen atom, which is more separation 'of aldehydes from the reaction mixture
electronegative. When only one bond of C-O is by distillation are methods that are commonly used
formed and one bond of C-H is broken, the product to perform partial oxidation and avoid further
formed is an aldehyde or a ketone but in case strong oxidation steps [8]. _ _ _
oxidant is used, two oxidations can occur at the On the contrary, reagents like alkaline potassium
same carbon atom, and as a result, there is formation permanganate solution, hot concentrated HNO; and
of two new C-O bondsand two C-H bonds are chromic acid solutions (H,CrO, prepared in situ
broken [1]. If the strong oxidant is used in primary from CrO; with aqueous H,SO,, or Na,CrO; with
alcohols it leads to carboxilic acids formation, with aqueous H,SO,) are considered strong oxidizing
an increament in the oxidation state on carbon, agents that generally lead to overoxidation of
while oxidation of secondary alcohols leads to alcohols to carboxylic acids [9] unless they are used
ketones. As a result, no oxidation reaction occurs in in mild conditions, like ruthenium tetroxide, which
tertiary alcohols [2]. yields aldehydes with good selectivity. _
These types of reactions are widely used in Permanganate used in excess in acid
industry and laboratory. Additionally, they also (homogeneous reaction W|th_ acetic acid) or alkali
occur in biological systems. Oxidation of alcohols (heterogenous  reaction) yields aldehydes and
using several reagents has been discussed before ketones. The possible reaction mechanism occurs by
[3]-[7]. Some examples of these catalysts are hydride ion trgnsfer fr_om the alkoxide ion to
Collins reagent, Fétizon's reagent (Silver carbonate, permanganate ion. This has been proved by
Ag,CO; precipitated on Celite) the Swern oxidation, observing an isotope effect during the oxidation of
chromium trioxide-pyridine complex, DMSO-based benzyhydrol to benzophenqne_ln \_Nhlch the first step
oxidants, Dess-Martin Periodinane, 0- was suggested to be the ionization of the alcohol
lodoxybenzoic acid and Nitrous oxide. These followed by a number of rate-determining steps
reagents are able to perform the oxidation of [10]. From the thermodynamic point of view, the
primary alcohols to aldehydes and secondary oxidation of secondary alcohols is favored over

primary ones as the oxidation potential of aldehydes
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is normally higher than ketones [11]. The alkaline
solution of the silver-ammonia complex ion is a
mild oxidizing agent commonly used in qualitative
analysis of aldehydes to distinguish from ketones.
Other compound used in aldehyde identification is
Tollens reagent, which contains a copper (II)
complex ion and oxidize aliphatic aldehydes after
reduction to copper (1).

Nitrous oxide (Fig. 1) is a non-toxic compound
with broad applications in medicine due to its
anaesthetic and analgesic effects and after CO, and
CHy, is the third most abundant minor component of
the atmosphere and together with freon and ozone
plays an important role in providing earth's thermal
balance [10]. The natural production of N,O in
aerobic and anaerobic biological processes is by
means of denitrification. At industrial scale, is
produced by decomposition of ammonim nitrate at
high temperatures. Recently it has also been used as
oxidizer in propellant in rocket motors, as food
additive in aerosol spray propellant, as analgesic in
dentistry and surgery.
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Fig.1 Chemical structure of Nitrous oxide molecule
showing the solvent accessibility.

In heterogenous catalysis, several metal oxides
have been extensively used in chemical reactions.
Among the most effective catalysts are iron-
containing acidic zeolites which vyield 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 [12]. N,O is used as a trap
for hydrated electron as well as hydroxyl radical
(‘OH) generated by vy-radiolysis of water via
reactions (1) and (2)

Hy0 Z5 OH + e~y + H* (1)
N,O + e gq + H,0 » N, + OH + OH~ 2
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Generally, chemical reactions are accompanied
by wvarious 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.
2 having three inputs (F, Cyo, and Csp), four state
variables (A N S and B) and four output variables
(A N S and B) [13]-[17].

u, =F I, Xl:A:ﬁ .I > 4=4A=Y
U, = G S| Xe=N=f L EN=Ey
= C * X.=85=f; Xz3=8=y3
3= bwo S|/ x,=B=

\ X“:B:f‘i-/" 4 Yy

Fig.2 Scheme of the bxidation of 1,2,3 propanotriol
with N,O describing the input, state variable and
output.

2 Experimental

Experimentally, the oxidation reaction is
performed as described in Fig.3. Briefly, the
reactant is heated at 202 °C and ammonium nitrate
is added while monitoring the reaction temperature.
The minimum and maximum temperature registered
after the addition. This information is described in
Table 1 and Fig.4. Accordingly, to understand the
thermodynamics of the reaction, it is important to
use the values of the enthalpy of formation to
calculate the reaction enthalpy, adiabatic heat,
specific heat of reaction mixture and finally
adiabatic heat temperature of the reaction for safety
purposes.

1,2,3 propanotriol /—\ ’/TEHQNOE

The products of reaction are:
dihydrozypropanal, HoO and 1y

Fig.3 Reaction procedure for oxidation of 1,2,3
propanotriol with (NH;)NOs;.
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Table 1. Record of temperature variation
after addition of NH4;NO3

m[g] tmin 1:max

[°C1 | [°C]
0,62 206 218
0,52 210 215
0,53 203 213
0,55 206 214
0,53 208 220
0,51 212 223
0,51 211 221
0,49 203 216
0,50 210 220
0,51 213 223
0,48 211 225
0,51 211 226
0,48 212 223
0,53 208 218
0,50 200 214
0,52 206 220

- ~
220 N\
g 15 ) ‘\ — e
B 440 A

time [s]

Fig.4 Temperature profile versus time of
addition for the oxidation of 1,2,3 propanotriol
in ammonium nitrate.

3 Mathematical model of oxidation

reaction with N,O
The consecutive irreversible reaction carried out
in a reactor can be described by the next equations

k1
S+N-A 3)

ky
A+N->B (@)
The simple mole balances for sugar alcohol (S)
and product derivative (A) are:

as

(%)
dA

(6)
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Dividing dA/dtby dS/dt

dA  kpA _
= rs o1 (7)
If we change A/S for v, then:
A=vS (8)
dA ds dv dv
3—1734'5‘%—17-}‘53 (9)

Proceeding to substitute the new variables into
the differential equation

ky _
v+ SE - EU =-1 (10)
dv ds
—1—1;(1—%) s (1)

The previous equation is integrated, rearranged
and after substitution of v for A/S, we obtain

575 = (- 13- 1)e

k1
A= (cSkz_kl + 1)

(12)

(13)

k2
kq 1

The value of ¢ (integration constant) is obtained
after application of boundary conditions A=Ay=0,
S=SO=1

k1
c= [% - 1] /S (14)
k1
1
c=—-—x (15)
1k2—-k1

Hence, the number of moles of A in terms of S is

1 s
A=(——F—Se+ 1) (16)
1k2=k1 k!
Foraratioof k,/ky = 2
A=(-S+1)S (17)

The mole balance for product B in terms of S and
Ais calculated as described next:
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While the mole balance for N in terms of S and A
is

Then, the total mole balance (M) is
M=S+N+A+B (20)

As an example, of these modeling, if we consider
that we add double amount of oxidant (No) to the
initial amount of alcohol (Se=1 mol), when the
alcohol concentration has decreased to S=0.5, then
the concentration of alcohol and products can be
calculated as:

A= (-05+1)(0.5) = 0.25 (21)
B=0+1+40-05—0.25=0.25 (22)
N=2-(1-05)—[1—0.5+0-0.25] =
1.25 (23)
M =05+ 1.25 + 0.25 + 0.25 = 2.25 (24)

Accordingly, from the parameters described in
Fig.2, 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 (25) to (28)

—A=k1-S-N—k2-A-N—£A (25)
(::=—k1 S-N-— kz A-N+Cyo— N (26)
jf:—kl S-N+-= cso——s (27)

The described system is non-linear. The elements
of matrix A, B, are the following [18]-[20]:

F a
ay = ==~k N® — a1, =~ =k S° -
d a
szO,a13 —af—;=k1N0;a14 =;—;_0 (29)
af,° af,°
az1 = (')f_A = —kzN azy = afN k SO
0
sz %;a23 % = —klNO Ay = afz =0 (30)
A af3° .
az = —-=0jaz, = 2= _k15 Jaz3 =
d FO d
af—;——klNO—V;aM—af—;—O (31)
afs° afs°
06141 = af—: = koNOay, = ;—;, = ko A% ay3 =
Ofa” _ . 5f4 Fo
s = 00u =7 =—75 (32)
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Considering the control variables, equations (11)
to (14) are obtained:

af,° A, " )
byy=—-=-7bp= aclso =0;bi3 =
% _
v (33)
f,° _ (Cwo—N"). 2’ _ Q.
bZl:%:(Nov : baz =507 = 0
_R’ _F
by3 = 3y V (34)
fs° _ (Cs0-5°) Doy = s _F. b
317 "5F v T2 T e, v 38T
fs° _
aCno (35)
a BO a
by =;—;=—7, by, =a£ﬁ_0?b43 =
" _
T (36)

Therefore, the representation of the state vector
is given by:

d_A
dt
d_N
de | _
ds =
dt
d_B
dt

~ (kN0 +5) ey SO — ky A ey N© 0 \l
. A
—koN® = (kSO + kpd? + ) k,N° 0 | an
0 —ky S° (kN°+Z) 0 2159
k,NO ke, A° 0 -z
_A 0 0\
/4
Exo=N? F_°| AF
"4 v
s F (2550) (37)
v v NO
0

The multiplication procedure leads to the next
group of equations:

S = = (kN + )AA + (kyS° —

k,A°)AN + (k;N®)AS — 7AF (38)
T8 = —(koN*)AA — (kiSO + kA + ) AN +

_NO °

(U NO)AS + 0 pp 4 o pcy, (39)
dAS 0 0o, F
I = — (kS )AOA — (kN0 +3)AS +

= (Cs — SO)AF + 2 ACsq (40)
288 — (kyN)AA + (k, A®)AN — (V) AB —

(7) AF (41)
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For the purpose of control, it is necessary to
introduce the following dimensionless parameters

A=50a=4-8 (42)
N'=-5:N=N""-N° (43)
S*=5a5=5"5" (44)
B'=2:B=B""5" (45)
F'=—:F=F"F°
Coo' =50 Co = Coo" -0 (46)
Cno = C;\[/V_OO # Cyg = Cyo" " N°
After substitution of dimensionless

dependencies, equations (25) to (28) are obtained:

daa*s® 0o, F «. 0
2 = — (kN0 +7)AA" - S0+
(k1 S° — ky ADAN* - NO + (kyN?)AS* - SO —
0
4 AF* - FO (47)
v 0
S = —(kpNO)AA" - SO = (kiSO + kp A° +

° _nO0
%) AN* - N® + (k;N°)AS* - SO + (CNOV—N)AF* :

FO+ = ACyo" - N° (48)
das*-s® 0NA A% . <O 04 *
= ~Uasadr s — (kN + )AS
SO+ (Cso — SOAF* - FO + A" - S° (49)
dAB*-S0

= (k,NO)AA* - SO + (k,A°)AN* - NO —

dt
F x *
(%) a8 -s° - (7) AF* - FO (50)
Accordingly, multiplying either by

V/F°G%orby V/FONO, the next sets of equations
are obtained:

dad* kzNOV X VkiN°
() (1

Vad )JAN® + V""l” AS* — 2 AR (51)
dAN* szs N Vklso Vk,A°
de* A4 ( FO FO +

1) AN + V’”S AS* + (CN" il )AF*+ACN0 (52)
dAGT Vle . VklN .
- = AA ( +1)as
_co

o) g 4 ACSO (53)
dAB* szzv N VkZAONO ARt _

s A4+ T2 ANT - AB

B,

S AF (54)
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where the term t* = (F -¢/V) implies a
dimensionless parameter (dimensionless time). As a
result, the system transforms into (55)

daa*
()
|dAN |
dt*
| aas |
dt*
dAB
dt*
Vk2N°+1 VigN®  Vk,A°NC ViegyN° 0
/ F° FO FOS0 F° \
Vk,S° Vi SO + Vi, A + F° Vk,S° 0 AA*
B F° F° F° AN*
- Vk,.S° Vk,N° AS*
= =1 0 0 [\ap
\ Vi,N° Vk,A°N° 0 1}
F° F°S0

(55)

—& 000
(CNOZNO) 0 1 AF*
N ACs,

ACyq

Furthermore, as the transfer function G(s) is
given by (s) = (sI — A)~'B , firstly it is necessary
to calculate (sI — A). Therefore, we need to define
the next elements of matrix A:

Vk,NO VkiN®  Vk,AONO
an = (- + 1) 0 = 25— SEG
Vk{NO®
a3 = Fl'o (56)
_ (VkaNOY, Vk1SO04Vk, AP +F° _
az1 —( P ) Az = (—F ) a3 =
Vk150)
= O (57)
k.S k
asz, = (V F1° ) it asp; = (V 1N + 1) (58)
Vk,NO Vk,AONO
an = (FF)ian = (FEg-) 69
S+ aiq —daqy —aq3 O
_ _ azq S+ az» —das3 0
(sI—A) = sy s S 0 (60)
—ay —Ayy 0 s+1

In order to simulate the process, the next input
parameter values are taken into account: F=0.1 m®s’
1 Ce=1 mol‘m?® Cy=1 mol-m® k;=0.32 h?,
k,=0.49 h™, ks=0.27 h™, V=1 m®, N=0.2 mol-m",
$=0.3 mol-m*, A=0.5 mol-m=, B=0.2 mol-m™. As a
result, the respective transfer functions are given by
the following set of equations:

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

yLG(s) = s4+7.3gs3+15.8520452+12.82885+3.3684 (61)
. _ 4534+ 16.61s24+18.84365+6.2336
y2:G(s) = s447.3953415.850452+12.82885+3.3684 (62)
) 2.333353412.283352420.78075+10.8307
y3:G(s) = s4+7.39s3+135.8504522+12.82885+3.3684 (63)
. _ —0.666753+0.6452+4.6565+5.2533
ya:G(s) = s4+7.39s3+15.850452+12.82885+3.3684 (64)
from input u,=Cs, to output
. 0.6400s%+2.5088s+ 1.8688
yLG(s) = s447.3953415.850452+12.82885+3.3684 (65)
. 0.9600s2+1.9200s+0.96
y2:G(s) = s4+7.39353+15.82504sz+12.82885+3.3684 (66)
. . 1s347.39s%2+13.66165+7.2716
y3:G(s) = s4+7.39s3+15.850452+12.82885+3.3684 (67)
. . 2.1952543.3994
ya:G(s) = s4+7.39534+15.850452+12.82885+3.3684 (68)
from input uz=Cy, to output
. —0.9933s2-2.04295—1.0496
yLG(s) = s4+7.39353+15.82504sz+12.82885+3.3684 (69)
s342.985242.5944540.6144
2:G(s) = 70
y2:G(s) s447.39534+15.850452+12.82885+3.3684 (70)
—1.64s2-3.93365—-2.2936
3:G(s) = 71
y3:G(s) s4+7.39s3+15.§504s2+12.82885+3.3684 (71)
1.63335%+42.26055—0.0251
4:G(s) = 72
y4:G(s) s4+7.39s3+15.850452+12.82885+3.3684 (72)
4 Algorithm design

As an example, we describe next how to
determine the respective transfer function for two
inputs using the next algorithm developed in Matlab

symssV Fklk2k3CARGKcg0
A=[s+((V*k2*R/F)+1) -((V*k1*G/F)-

(V*k2*CA/F)) -(V*k1*R/F) 0; (V*k2*R/F)

s+((V*k1*G+V*k2*CA+F)/F) -(V*k1*R/F)

0;(V*k1*G/F)((V*k1*R/F)+1) s 0;-(V*k2*R/F) -

(V*k2*CA/F) 0 s+1];

inv(A)

B=[CA/G 0;-R/G 0;-(cg0-G)/G 1/G;-K/G 0];

G=inv(A)*B

F=0.1; %m3 s-1
ca0=1; %mol m-3
k1=0.032; %h-1
k2=0.49; %h-1
k3=.27; %h-1
V=1; %m3
ca=0.6;

ch=0.3;

cc=0.05;

cd=0.05;
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A=[-((V*k1/F)+1) 0 0 0; (V*KL1/F) -((V*k2/F)+1)
00; 0 (V*k2/F) -((V*k3/F)+1) 0; 0 0 (V*k3/F) -1];
B=[(ca0-ca)/ca 1/ca0; -cb/V 0;-cc/V 0;-cd/V 0];

C=[1000;0100;0010;0001];
D=[0 0;0 0;0 0;0 0];
[num1,denl]=ss2tf(A,B,C,D,1) % iu =1
[num2,den2]=ss2tf(A,B,C,D,2) % iu = 2

where iu corresponds to the input we are
analyzing (i.e. when we have 2 inputs, first we
consider iu=1 (first input), this allow us to obtain
the transfer functions from input 1 to output 1 and
from input 1 to output 2. Then we proceed with iu =
2, which give the transfer functions from input 2 to
output 1 and input 2 to output 2.

The response to a unit step input (F and Cgg
respectively) for the transfer functions described in
previous equations is presented in Fig. 5 and Fig. 6.

£ ot 4
al ace

1] 1 2 3 ] 5 3 7 8 9 0

||||||

effect on the respective outputs (—AC,; —ACsg;
—ACc; —ACp)

25
ACa

concentration difference

ACE ACs”

o 1 2 3 a4 5 6 7 8 o
time
Fig.6 Response to a unit step input of Csg and the
effect on the respective outputs (—AC,; —ACkg;
—ACc¢; —ACp)

5 Conclusions

Extensive research is performed currently in the
area of partial oxidation of several sugar alcohols
because it gives oxidation intermediate products
with high utility value. However, a major problem
of these reaction lies in its low reactivity and high
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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
mainly depends on the ratio of rate constants. In this
paper we have covered the mathematical model of
partial oxidation of 1,2,3 propanotriol to
dihydroxypropanal using N,O considering 3 input
values, two are related to the oxidant (flow and
concentration) and one to the reactant
(concentration). We analyze the use of an oxidizing
agent in low concentrations, which is able to
suppress subsequent over oxidation steps due to the
very low residual concentrations of the oxidizing
agent. For simulation purposes, specified constants
and initial concentrations of nitrous oxide and
reactant can be specified to obtain the transfer
function equations. Experimental procedure was
followed to perform the oxidation reaction
determining the minimum and maximum values of
temperature after addition of ammonium nitrate to
avoid risk of explosion. Further research will be
performed to use the transfer function equations that
were determined for purposes of controlling the
reaction.

This work was supported by the Ministry of Education,
Youth and Sports of the Czech Republic within the National
Sustainability Programme project No. LO1303 (MSMT-
7778/2014).
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