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Modeling for Vapor-Phase Nitration of Ethane and Propane
with Nitrogen Dioxide at Lower Temperatures ‘

Masamitsu TAMURA®*, Yasuaki KAI**, Masao AKITA*
Tadao YOSHIDA* and Shoji NAKAHARA***

Modeling for the vapor-phase nitrations of C3Hg and CsHg with NOQOg at 140-220C -

‘has been studied. Two reaction models which might describe our previous experim-
ental results have been presented and then their validity has been estimated by comp-
aring the concentration behavior of the significant compounds calculated from these
models with that obtained experimentally. The results showed that these two models
could elucidate the behavior of the main compounds almost quantitatively in spite of
the fact that the nitrations should be very complicated systems containing a great many
elementary reactions. .

Some trials for quantitative interpretation on the nitration mechanism by using these
models suggested that NO; radical should be the most important species for hydrogen
abstraction from the paraffins and that in the nitration of C4Hg, CHj radical should be

mainly produced from C;H,O radical through CH3CHO, CH3COONO and CH3COO ra-
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1. Introduction

The vapor-phase nitration of paraffins is a most
mterestmg one from both a thcorenca] and an en-
gineering standpoint, and hence a number of in-
vestigations have been carried out since about
19300,
s on itV

We also presented previously some pape-
Although the mechanistic  aspects
of the vapor-phase nitration seem to be well und-
erstood qualitatively, there are many important
details that still need to be investigated before a
complete quantitative understanding of the. nitrat-
ion is possible. Some important mechanistic pro-
blems such as radicals involving hydrogen abstr-
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action from paraffins, one of the most significant
reactions, main reaction paths to give nitroparaf-
fins and other products, and a possibility of pro-
ducing nitroparaffins due to chain reactions have
been suggested and discussed by many investiga-
torsPINMN-O However, it is very difficult to
explain such problems quantitatively because the
nitration in a very complicated system containing
a great many elementary reactions, and therefore
any available procedures for analyiing such a co-
mplicated system and reliable information on the-
ir rate parameters have not yet obtained.

Several numerical techniques used to integrate
the system of differential equations have recently
been found to be very useful for expressing the
concentration behavior of all the species in such
a complicated system as air pollution'®. Many
but not so sufficient rate constants of the eleme-
ntary reactions involving the nitration have also
been published!®,

esent reaction models which might be able to de-

We would therefore try to pr-
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scribe the concentration behavior of the main co-
mpounds in the nitration, based on some react-
ion schemes previously suggested? and current
In addition, we would try to
explain some problems described above quantita-

rate constants!®,

tively by using these models.

In this work we restrict ourselves to modeling
for the nitrations of C;Hg and C3Hg with NOy at
lower temperatures such as 140—200C. Although
modeling for the nitrations of the paraffins with
HNO; at higher temperatures such as about 400
°C is very interesting from both an industrial and
a mechanistic standpoint, it might be difficult to
estimate the validity of the models without having
some stepwise investigations due to following re-
asons ;

1. It might be difficult to obtain the concentra-
tion behavior of the main products experim-
entally because of very fast reactions,

2, The reaction system might become much mo-
re complicated.

On the other hand, it may be more casy to carry
out the modeling for the nitration at lower temp-
eratures because the models include much few
reactions and because it will be possible to esti-
mate their validity sufficiently by comparing the
concentration behavior of the main products cal-
culated from these models with that obtained ex-
perimentally®,

2, Reaction Model

From our previous experiments on the vapor-
phase nitrations of C3Hg and C3Hy with NO, at
lower temperature®, the concentration behavior
of the significant intermediates and products in
the systems has already been obtained. Thus we
presented two reaction models which might eluc-
idate our previous experimental results for the
nitrations of C3H; and CsHg¥, referring to some
previous informations on the nitration mechanism?,
selecting the necessary reactions, and adopting
their reliable rate parameters.

Tablel and 2 show the reaction models for the
nitrations of CgHg and CaHg with NOg, respecti-
vely., The validity of these two models was est-
imated by comparing the time variations of the
significant compounds calculated by the models
with those obtained in our experiments. AKITAC
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SYSTEM!?, one of the methods of quasi-steady
state approximations, was used for the calculati-
ons. All the calculations were performed on a
HITAC 8800/8700 computer at the Computer Ce-
ntre, the University of Tokyo.

3. Results and Discussion

3.1. Validity of Reaction Models

3.1.1. Nitration Model of C3Hq

Fig. 1shows the concentration behavior of the
significant compounds calculated from the model
in Tablel and that observed experimentally in

Table 1 Reaction model for the nitration of
C3aHg with NO; at lower temperature
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Table 2 Reaction model for the nitration of
CsHg with NO; at lower temperature
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the nitration of CaHg with NO3 under typical co-
nditions®. As can be seen from Fig.1, the be-

havior of CgHsNO; and CH3NO; as main final

products and that of C;HsONO; as a main inter-
mediate obtained experimentally can be well expl-
ained by this model.

Fig. 2 shows variations of the concentration be-
havior of C;HyNO; with temperature under the
same conditions as in Fig.1 except for tempera-
ture. At 170—200C the behavior of C;H3NO,
calculated can also explain experimental data we-
1, while at 220°C it can explain the data until
the middle of the reaction period but it can not
explain after that. These results suggest that at
higher temperature some reactions which are not
included in this model might be involved after
the middle of the reaction period. However, on
the whole this model might describe experimental
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Fig.1 Concentration behavior of significant
compounds in the nitration of CsHg
with NO; at 185TC
{CqHg)o : 5x1072mol/}

OAQ : experimental, === : calculated

>
3
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Fig.2 Variations of concentration behavior of
C;HaNO; with temperature in the nitra-
tion of CaHg with NO;

(C3HeJo : 5x102mol/L, [NOg]p : 2x1072mol/1
AOOO : experimental, — : calculated

results well in spite of the complicated system co-
ntaining a great many reactions.

3.1.2. Nitration Model of CiHg

Fig. 3 shows the concentration behavior of the
significant compounds calculated from the model
in Table 2 and that observed experimentally in
the nitration of CsHg with NO; under typical co-
nditions®. The behavior of i-C3gH7NO;, n-CyH,;
NQOj; and CH3COCHg, the main products, obse-
rved experimentally in this system can be well
explained by this model.
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Fig.3 Concentration behavior of significant
compounds in the nitration of C3Hg
with NO; at 159

{CsHglo : 5x102mol/I
OAQ : experimental, ==== : calculated

3.2 Rolative Importance for Each Reaction
Path

It has become clear that the bchavior of the
main products in the nitrations of C;Hg and C;
Hg with NO; at lower temperatures could be well
elucidated by these two models presented.

Therefore, the active species involving hydro-
gen abstraction from the paraffins and the main
paths to give rise to the significant products have
been discussed by comparing the rates of the co-
mpeting reactions calculated from these models.

3.2.1 Active Species Involving Hydrogen

Abstraction from Paraffins

NO; radical is well known to serve as a main

species for hydrogen abstraction from paraffinsin

the nitrations of paraffins with NOy». There is a
possibility that, in addition to this NO; radical,
alkoxyl radicals produced in the reaction of alkyl
radical with NO; radical might also take part in
hydrogen abstraction as the nitration proceeds to
some extent. Therefore, in order to clarify the
relative contribution of these species to hydrogen
abstraction, their rates have been calculated from
these models.

Table3 and 4 show variations of the concentra-
tions of NO; and alkoxyl radicals and those of the
abstraction rates by these radicals with time under
typical nitration conditions of C3Hg and C;3H,,
respectively. As can be seen from Table3 and 4,
in the both nitrations the abstraction ratesby NO,
radical are much greater than those by alkoxyl
radicals during all the course of reaction because
of much lower concentrations of alkoxyl radicals
in spite of their larger rate constants, These re-
sults suggest that NO; radical should be the most
important species for hydrogen abstraction from
the paraffins.

Then, the effects of the hydrogen abstraction
rate from the paraffins by NO; radical on overall
reactions have been examined. Fig. 4 shows var-
iations of the concentration bchavior of the main
products with kg..),the rate constant of hydrogen
abstraction from C;Hg by NO; radical, in the ni-
tration of CsHg with NO; under typical conditions.
It can be seen that the hydrogen abstraction rate
has a remarkable influence on the behavior of the
main products, especially CsHsNO; and C;HsONO.
These facts suggest that hydrogen abstraction sho
uld be a most important step which influences

Table 3 Hydrogen abstraction rate from C;Hg by
various radicals in the nitration of CgHg

with NO; at 185C

[C3Hedp : 5x102mol/1, [NO3Jp : 2x103mol/I
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Table 4 Hydrogen abstraction rate from C3Hg by -
various radicals in the nitration of C3Hg
with NO, at 159°C

[CsHglo :5% 10-2mol/1, [NO,] : 2x10-2mol/l

Tire (hra.) o 05 1.0 20 40 60 8.0
Concentration (:01/1)
o, 07} 20 17 18 1 5.7 29 L6
ncjipr (1076) - 26 23 20 21 23 2.2
o — 22 19 L7 LT 29 23
oy 00h S.0 47 &6 43 40 33 38
Reaction rate(rol/l-sec)
formation of n-C,H.,'s -
K lepgiy) 0% 18 W 9.8 59 2.6 15 0.5
KpogligiglinCgigatao™  — 20 17 a4 12 LS 13
Ko glCtal o071 - w7 e 12 2 s
formation of :-C }I.,'t -
gm0y 00T 15 n 8.2 49 22 12 0%
Ic ) in=C. 1107 - 6.0 S.1 4l 4.0 4“4 5.0
KA 10°19, ) 33 34 37 42
'H~e'°)"a' u-LJlI,O'll ] - 5. 4. N o o .

- -3
"P-;"'”‘"’. o Ry mLoSx :o
Koot 6x10°, ko =4.9x10® (141 s00)

X103

Reaction product (mol/l)

0 2

4
Time(hrs.)
Fig.4 Variations of concentration behavior

of significant compounds with k va-
lue in the nitration of C3Hg with NO;
at 185C

[C2HeDp : 5%1072mol /1, [NO;]p : 2x10~*mol/1

the overall reaction.
3.2.2 Paths to Main Products in Nitration of
CqHg
C3HsNO, is mainly produced in reactions(E-1)
and (E-4). CyHsONOQ; and C;HsONO are pro-
duced from recombination of CqHsO radical for-
med from reactions (E-1) and (E-5)with NO; and
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setdo®, ke god.9m0%,

NO radicals, respectively (reactions (E-7)and(E-
).
to give again CaHsO radical according to reactions
(E-12) and (E-13), respectively. Consequently
C3HsONO; and C;H50NO could behave as inter-
mediates and their concentration behavior might

These compounds subsequently decompose

depend on both the rates of their formation and
decomposition. Therefore, the earlier increase
of CoHAONO; that C;HsONO may be mainly due
to the higher concentration of NO; radical, while
the carlier decrease of the former than the latter
may be due to its lower activation energy of de-
composition?!),

As the fate of CoH50 radical,
some other paths as shown in Tablel. Namely
CHj radical, CH;CHO and C3;H,OH are initially
formed from C3HsO radical by its thermal decom—
position (reaction (E-11)), by its disproportiona-'
tion with NO; and NO radicals (reactions (E-8)
and (E-10)) and by its hydrogen abstraction from
C;Hg (reaction (E-2)), respectively, Then, the
rates of these three reactions have been examined
in order to know the relative contribution of the
individual paths. Fig.5 shows some reaction paths
from C3HsO radical to CH; radical and the rates
of the elementary reactions involved in these paths,
As can be seen from Fig.5, the decrease of C,

there are also

HsO radical mostly depends ondisproportionation
of C3HsO radical with NO3 and NO radicals (re-
actions (E-8) and (E-10)7). At the initial period
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Fig.5 Some reaction paths from C;Hs0* 10
CHg* and rates of elementary reacti-
ons involved in the nitration of C;Hg
with NO; at 185C

[C3Helo : 5x10"mol/l ,[NO3)o : 2x1072mol/1

NO; radical and after that NO radical may mainly
contribute to the above decrease of C:HsO radical
due to its disproportionation. CH3CHO thus pro-
duced reacts with NO; radical to give CH3CO ra-
dical (reaction (E-17)). CHgCO radical subseq-
uently gives rise 1o CHj radical through two pat-
hways. One of them is a direct pathway to CHg
radical by thermal decompesition of CHsCO radi-
cal (reaction (E-18)), and the other is a pathway
through three reactions to CHj radical. That is,
at first step CH3CO radical reacts with NO; radi-
cal to give CHyCOONO (reaction (E-19)), which
«then decomposes to provide CH3COO radical (re-
action (E-21)) and finally (CHj radical is produ-
ced from subsequent decomposition of CH;COO
radical (reaction (E-23)). In this case each rate
of reactions (E-19), (E-21) and (E-23)(1.8-20 x
108, 2.2-10x10-® and 2. 2-10x10"® mo)/]-sec, res-
pectively) is much larger than that of reaction
(E-18) (6.7-7.6x107!! mol/l-sec). These results
suggest that CHg radical should be mainly prod-
uced from CH3CO radical through reactions (E-
19), (E-21) and (E-23).
CHj radical thus produced may then give rise
to CH3NO; in the reaction with NO; radical (reac-
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tion (E-24)). CHj radical may also give rise to
CH30 radical in the reaction with NO; radical
(reaction (E-25)). Morecover CH3yO radical may
provide CH3ONO;, CH3sONO, CH;OH and HCHO
in the reactions of recombination with NO; and
NO radicals (reactions (E-27) and (E-29)), hy-
drogen abstraction from C;Hg (reaction (E-3))
and disproportionation with NO; and NO radicals
(reactions (E-28) and (E-30)), respectively. Ho-
wever, these products are not so significant be-
cause of the lower concentration of CH3O radical.

3.2.3 Paths to Main Products in Nitration of

CsHg

As discussed above, NO; radical is an impor-
tant active species for hydrogen abstraction from
CsHs. n-C3H; and i-CsHy radicals initially pro-
duced by hydrogen abstraction from CyHg invol-
ving NO; radical (reactions (P-1) and (P-2)) re-
act with NO; radical to give n-CsH;NOg and i-C3
H;NO, respectively (reactions (P-7) and (P-9)).
The formation ratio of n-CgH;NO; to i-C3H;NO,
is about 0.12 at 159°C. This ratio, depending on
the rates of the rate-determining hydrogen abst-
raction step involving NO;z radical, shows that
NOj radical may have much higher selectivity for
hydrogen abstraction than alkoxyl!®3® and alkyl
radicals?,

n-CgH; and i-C3H; radicals may also react wi-
th NO; radical to give n-C3H;O and i-C3H7O ra-
dicals, respectively (reactions (P-8) and (P-10)).
Morcover these alkoxyl radicals may give rise to
their nitrate and nitrite by recombination with NO,;
radical (reactions (P-13), (P-15), (P-17) and(P-
19)), and to their carbonyl compounds such as
C3HsCHO and CH3COCHS by disproportionation
with NO; and NO radicals (reactions (P-14),(P-
18), (P-16) and (P-20)) and they may also give
the corresponding alcohol compounds by their
hydrogen abstraction from CgHg (reactions (P-3)
and (P-6)). Among these products thus formed
from i-C3H-O radical, CHsCOCHj is an import-
ant final product and i-CgH;ONO; and i-C3H;0
NO are important intermediates, but i-C;H,OH is
not so significant because of its lower formation
rate. The products from n-C3H7O radical may
also be not so important because of its small con-
centration,
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4. Conclusions

The validity of the two models presented for
the vapor-phase nitrations of C3Hg and CsHg wi-
th NO; at lower temperatures has been examined
by comparisons of the calculated and experimen-
tally obtained concentration behavior of the sign-
ificant compounds. These results showed that
the above two models could elucidate almost qua-
ntitatively the behavior of the main products in
our previous experiments, in spite of the fact that
the nitrations are very complicated systems conta-
ining a great many clementary reactions.

In addition, some trials for quantitative interp-
retation on their reaction mechanism by using
these models suggested that NO; radical shouid
be the most important species for hydrogen abst-
raction from the paraffins, a significant reaction.
which may have a remarkable influence on the
overall reactions, and that in the nitration of C,
Hg, CHj radical, which might react with NOg ra-
dical to produce CHyNO;, should be mainly pro-
duced from C;H3O radical through CH3;CHO,CH;
COONQ and CHCOO radical.
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