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Macrokinetics of initial stages of liquid-phase oxidation 
of hydrocarbons by nitric acid 
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The influence of mass transfer on the rate of initial stages of liquid-phase oxidation of 
hydrocarbons by nitric acid was analyzed. The parameters of the diffusion-controlled near- 
surface regime were determined. 
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This work is devoted  to  the theoret ical  analysis o f  the 
inf luence o f  mass transfer  processes on the  regularities 
o f  l iquid-phase  oxidat ion in the hydrocarbon- -n i t r i c  
acid system.  This react ion accompanying  impor tan t  
technological  processes  t is character ized by a great  ther-  
mal effect and a high tempera ture  sensitivity and can 
become  uncont ro l lab le  under  certain condi t ions .  The 
specific feature o f  the system is that nitric acid and 
hydrocarbons  form immiscib le  phases with a restricted 
solubility o f  the acid in the organic phase. 

C a l c u l a t i o n  p r o c e d u r e  

The simplest mathematical model of two layers of station- 
ary liquid phases is considered. The changes in concentrations 
of reagents in these phases are described by equations of 
the form 

oc, _ o ( o  oc, l _ . ,  ' 
at Oz ~. ~z ) 

where t is time, z is the distance from the contact surface to a 
given point (z > 0 is the organic phase, z < 0 is the acidic 
phase), C i are the concentrations of reagents, * i  are the overall 
rates of their consumption, q~v are the rates of individual 
reactions, ~ are the stoichiometric coefficients of the corre- 
sponding reagents, and D i are the diffusion coefficients. In 
different phases, the parameters and properties of the sub- 
stance differ. Changes in volumes are not taken into account. 

According to the data of thermokinetic studies, z this is not 
nitric acid itself that participates directly in hydrocarbon oxi- 
dation, but nitrogen dioxide (NO 2) that is formed slowly from 
the acid and reacts with hydrocarbon to be transformed into 
nitrogen monoxide NO. The total amount of nitrogen oxides 
remains unchanged, because NO reacts rapidly with nitric acid 
according to the overall stoichiometric equation 

2 HNO 3 + NO = 3 NO 2 + H20 ,  

and the oxidation kinetics gains, as a result, the characteristic 
features inherent in autocatalytic processes. 

According to the aforesaid, the overall rates of consump- 
tion of reagents can be expressed as follows: 

~HNO3 = ~~ + 2q)A, 

r = (POx -- q~l --  3~OA + tPN, 

~NO = q~A -- q~Ox, 

where (Pox is the oxidation rate, ~t is the initiation rate, ~0 A is 
the rate of NO consumption in the reaction with HNO 3, and 
tp N is the nitration rate. 

According to the published data, 2 the following equations 
are accepted for oxidation and initiation rates 

(POx = kOxCNO2( 1 - rl), ~0[ = kICHNo3(I -- rl), 

where kox and k I are the temperature-dependent rate constants 
of the corresponding reactions, and q is the conversion t,?.king 
into account a change in the hydrocarbon concentration dur- 
ing oxidation. Restricting our consideration by the initial 
stages of the process, we can assume that r I = 0 and the 
temperature is constant. 

As for the reaction of nitrogen monoxide with the acid, 
this reaction is assumed to proceed so rapidly that the oxide 
formed is immediately consumed in the presence of the acid 
and, hence, tp A = q~ox' Then 

ONO 2 = ~PN -- 2~POx -- ~~ 

The scheme also includes the nitration reaction, and the 
expression for its rate (~N) was accepted similar to that for the 
oxidation rate, but with the corresponding constant k N. The 
autocatalytic character of the oxidation process is manifested 
at ~0N/q~cx ~ ku/kox < 2, and when I mole of NO 2 reacts with 
hydrocarbon, the total number of moles of NO x increases by 
the value g = (2kox - kN)/(kox + kN). 

Equilibrium correlations between concentrations of re- 
agents should be specified at both sides from the interface, in 
particular, for the acid and nitrogen dioxide. However, the 
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value of the equilibrium ratio for the acid remains, in essence, 
unknown. This difficulty can be avoided as follows. Taking 
into account the poor solubility of HNO 3 in the organic phase, 
we can assume that the amount of the acid in the organic 
phase is insufficient for achievement of a noticeable conver- 
sion of hydrocarbons, which could affect the reaction rate. 

R e s u l t s  and D i s c u s s i o n  

If  the organic  phase contained acid in the initial 
moment ,  assuming its initial concentra t ion equal to the 
equi l ibr ium value C'~HNO3 near the interface surface, we 
have the fol lowing equat ion  for a t ime change in the 
concent ra t ion  o f  N O  2 in the absence o f  spatial distribu- 
tion: 

where 

C" = C~rlNOf 4 k l / i ( g k - k t )  2 -4kNk I , k = ko, + k N. 

According to this equat ion ,  at low k~, the amount  o f  
nitrogen dioxide increases almost exponential ly with the 
increment  f/o ~ 2/Co ~ _ k. N = gk. Then,  as the acid is 
consumed,  the amoun t  o f  NO~ accumula ted  previously 
decreases exponent ia l ly  down to zero. In both stages, 
the initial concen t ra t ion  o f  the acid acts as the normal-  
izing factor and determines  the ampli tude only rather 
than the dynamics  o f  the process and. hence,  the spe- 
cific value o f  H N O  3 concent ra t ion  is insignificant in this 
case. 

Diffusional transfer provides the presence of  the acid 
near the interface, and the formation o f  nitrogen dioxide 
cont inuing near the interface results again in an increase 
in its total amoun t  (Fig. I, curve 2). Note  that since the 
increase in the total amoun t  o f  NO 2 is related to pro- 
cesses in the organic  phase layers adjacent  to the inter- 
face, and the first stage described above is associated 
with bulk reactions,  the  broader the width o f  the organic 
phase layer (h), the deeper  the well on the curve of  total 
amount  of  ni trogen dioxide (see Fig. 1). 

If at first the organic  phase contains no acid, the 
accumula t ion  o f  N O  2 occurs monotonica l ly  (see Fig. I, 
curve 1). When the acid penetrates into the organic 
phase, N O  2 begins to accumulate ,  and NO formed 
during oxidat ion o f  hydrocarbon is immediate ly  con-  
sumed along with the  acid, and an increase in the NO 2 
concent ra t ion  is accelerated in the presence o f  the acid. 
However ,  the increase in the oxidation rate and related 
increase in the rate o f  acid consumpt ion  during the 
reaction with N O  result in the appearance (at some 
distance from the interface surface) o f  a region in which 
the rate q)A = 0 due to the comple te  consumpt ion  of  the 
acid. The NO accumula ted  there then diffuses to the 
boundary of  the region where it reacts with the acid. 
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Fig. I. Changes in integral amounts of nitrogen dioxide 
(a = ~CNo:d~C~HI~o~h) in the hydrocarbon--HNO 3 system in 
the case where in the initial moment the acid is absent (/) or 
present (2) in the organic phase (h/h ~ = 50, k.z/k = 0.01, g = 2). 
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Fig. 2. Typical distributions of dimensionless concentrations 
(c = C/C~ of reagents (tk = 45, k~/k = 0.01, g = 2). 

The typical distributions of  dimensionless concentra-  
t ions referred to the equi l ibr ium value of  acid concen-  
tration (C~HNO3) near the interface surface are presented 
in Fig. 2. The  formation o f  NO 2 is possible only near  the 
interface where  the acid exists, and the consumpt ion  of  
NO 2 occurs in a wider  region, and NO before reacting 
should diffuse to the near-surface layers conta ining the 
acid. Since the total amount  of  NO increases, the 
diffusion flow also increases, the region occupied  by the 
acid is more and more localized near the interface, and 
it can be considered in the limit that NO and acid 
interact at the interface. 

The parameters of  the establishing regime of  the 
oxidation process can be determined assuming exponen-  
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tial time dependences of  NO 2 and NO concentrations: C 
- exp(~t).  Then we have the following equations for 
their spatial distributions: 

ko~ 
Cso(t'z) ~ (k + f2)(DNo/Dr4oz) - f2 • 

x[CNo2 ( t , O ) e x ~ - Z ~ o  ) - CNo2 (t,Z)] �9 

For the ratio of  integral amounts of  the components in 
the organic phase, we can write 

and taking into account that the NO 2 flow from the 
interface is threefold higher than the NO flow to the 
interface, we obtain an equation that allows one to 
determine the value of  increment of  increasing the NO 2 
amount (~):  

where D~o ~ is the value of  diffusion coefficient of  NO~ 
in the acidic phase, and b is the value of  equilibrium 
ratio of its concentrations near the contact surface, q'he 
b values are low, 2 and assuming b = 0 and neglecting the 
differences between the diffusion coefficients, we find 
n = k~/~+ l). 

Checking the calculations, we assumed that the thick- 
ness of  the organic phase layer exceeds  considerably the 
characteris t ic  size h ~ = D4~"~-. According  to the 
published data, 2 this size for d e e a n e  at, e.g., 70 ~ is 
equal to 0.1 cm at the values usua l  for liquids D = 
3" 10 4 cm 2 s - l .  

It should be noted in conclus ion  that the exponential 
increase in the amount of  NO z wil l  be finally stopped 
due to the complete consumpt ion of  hydrocarbon. But 
earlier, due to the high volatility o f  nitrogen dioxide, its 
concentration in the layer ad jacen t  to the interface 
achieves the value to which the equi l ibr ium pressure of 
NO 2 vapor equal to the a tmospher ic  pressure corre- 
sponds. This fact gives impor tan t  supplements to the 
picture described above for the diffusion-control led near- 
surface regime of the reactions by changing the mecha- 
nism of the spatial distribution o f  1'40 2, "Excess" amounts 
of  NO 2 appearing near the surface of  phase contact  do 
not go out directly to the gas phase ,  but move up to 
enrich the layers that they pass th rough  to the corre- 
sponding limiting concentration. A s  a result, a sharply 
pronounced layer uniform in N O  2 concentrat ion is 
formed (its external boundary is b lur red  by slower diffu- 
sion proce.sses). The thickness of  th is  layer determines 
the current value of  the overall oxida t ion  rate. 
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