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MECHANISM AND KINETICS OF THE NITRATION OF METHANOL. 

COMMUNICATION I. KINETICS OF THE NITRATION REACTION 

A. I. Kazakov, Yu. I. Rubtsov, 
L. V. Zabelin, G. B. Manelis, 
and G. N. Marchenko 

UDC 541.127:542.958.!:547.261 

The nitration of alcohols in acid media has been studied by many workers [i-3]. However, 
our understanding of the mechanism of this reaction and role of the different species present 
is not yet complete. In the present work, we studied the kinetics of the nitration of alco~ 
hols in a broad nitric acid concentration range in order to elucidate the nature of the in- 
dividual reaction steps~ 

EXPERIMENTAL 

The kinetics of the nitration of methanol by aqueous nitric acid with HNOs concentration 
(C~n~Q) from 65.86 to 79.01 mass % and .~NOs--H~SO~ with CHNOs from 5.31 to 23,71 mass % was 
stu~dl~d on a calorimetric device analogous to that described by Eremenko et al. [4]~ A sam- 
ple of 100% HNOs was prepared and analyzed according to Karyakin and Angelov [5]. A sample 
of 100% H2SO~ was prepared and analyzed according to Bass et al. [6]. The applicability of 
the calorimetric method for the study of the kinetics of methanol nitration was justified by 
Eremenko et al. [4]. The selection of the upper limit for CHNOa in aqueous nitric acid was 
determined by the time constant of the measurement scheme (4 sec). For the HNOs--H2SO~ system, 
the rates could not be measured (fast reaction). The initial alcohol concentration CCH30 H 
was about 0.037 mole/liter The HNO, concentration in the systems used was about 400 times 
greater than the CHsOH concentration and hardly changed during the nitration. Bimolecular 
nitration under these condigions follows first-order kinetics. The rate constant retains 
its yalue to conversions of about 0.85 (Table I)~ 

We also studied the kinetics of the nitration of CHaOH by HNOa-BaSO~--H~O with C ~HNOs = 
64~47 mass % (Table 2). This reaction is also described by first-order kinetics. 

RESULTS AND DISCUSSION 

The major protolytic equilibria in nitric acid solu=ions are: 

2HN03 ~ NOz + + NO~- + H~O 

NQ + + NO8- ~ N~O~ 

HNO~ + HzO ~ NO-~ + Ha0 + 

HNOa "+" H2SO 4 ~t N02 + + Ha0 + -t-2HS0t- 

( i )  

(2) 

(3) 
(4) 
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TABLE i. Rate Constants for the Nitration kef of Methanol by 
HNO~--H=0 and HNO~-II~SO~ 

Composition mass,. % 

I-INQ I~I~O 

65.86 34.14 
66,55 33.45 
66,65 33.35 
69,t8 30,82 
69A3 30,57 
69,6 36,4 
69.9t 30.09 
7t,6 28.4 
71,93 28.07 
73A 9 26181 

ke f �9 10 s, 

S~C -I 

1,86 
2,60 
5.t2 
3,09 
3,90 
7.95 
9,t2 
9,03 
7,38 

iO,O 

[ Composition mass, % 

" ltNOa lifO 

74,23 25.77 
75~23 24,77 
75198 24,02 
76,5 23,5 
76.9~ 23,09 
7&02 2t,98 
7SAg 2t,54 
78,79 2t,2i 

5,34-23,71 * 0 

kef" I0 ~ 

S~C" ~ 

44,7 
48,4 
33,9 
58,9 

i02 
t00 
70.7 

t54 
>>170 

*For the HNO~-~=SO~, system. 

TABLE 2. The Nitration of Methanol by HNOe--H20-~2SO~ Mixtures 

Composition mass, % . kef. 103 

HNOs H20 I{~SO4 sec'l 

Composition mass, % l kef" 103 

ItNO3 tI20 It~SO4 I SeC'l 

59,1 
59,1 
53,3 
47,6 

33,4 
33,4 
30,1 
26,9 

7~5 
7,5 

t6,6 
25,6 

0,59 
0,63 
4,3 

t6 

39,2 I 22.2 
33,6 . i910 
27(I '15,4 

38,6 
47,4 
57,5 

22 
t5 
t7 

CH30H + HA~CH~0H2 + +A- (5) 

The equilibrium concentrations of the corresponding species may Be obtained from data 
on the acidity, composition and thermal d~composition of nitric acid relative to its ~naly- 
ideal concentration [7-].6]. 

In principle, a nitroester may be formed upon the reaction of any pair of species given 

CH~OH + HN03 -+  CHsON02 ~- H20 ( 5 )  

CH~Ott2 + -~ HNO~-+  CH3ONQ -t- H+(H20) (7). 

CH3OH + NO3- -+ CH3ONQ + OH- (8~ 

CH3OH2 + @ NO3- --~ CHsON Q + H20 (9)  

CH3OH @ NO2 + ~ CHaON Q + H + ( i 0 )  

CHaOH2 + + N Q  + - *  CHaONO~ + 2H + (11~ 

CH~0H + N20~ -+ CHsONQ @ HN03 (!2) 

CH~OH~ + + N~O~-~ CH~ONQ + HNO~ + H + (13~ 

Under certain conditions, the formation of nitrating agents along with the formation of 
a nitrate may be the rate-llmiting step. On the basis of the strong dependence of the nitra~ 
tion rate on CHN O_ and the existence of concentration ranges, in which the nitration rate is 

, + first- or zeroZor~er relative to Cc~ OH" Ingo!d etal. i~ concluded that NO2 is the active 
species and the nitroester is forme~Sby reaction according to Eq. (10). When zero~order is 
found~ the mechanism is the same but the rate-limit• step is the formation of the nltronium 
cation. Genich and Kustova 12] came to an analogous conclusion upon observing a transition 
of the zero-order reaction realized in less concentrated m~Os solution with h• C~N_ON to a 
reaction first-order relative to CCHsO H. gremenko f33 noted the protonization of alcohols in 
acids and the low pr0bability of reaction (ll) and proposed reaction (7) as rate-l~miting. 
However~ takLng account of reactions (6) and (7) does not explain the strong dependence of 
the reaction rate on CHN O and the acidity of the medium as well as boundary transitions, Re- 
actions (8) and (9) are not in accord with the observations, which should give maximum rate 
and maximum concentration of the nitrate ion~ with a strong drop ~n the rate upon going to 
100% HNO~. 
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Figure la gives the dependence of log k=~ on log CN~O~ in the range of HNO~ solutions 
studied. The CN.O. value at 25~ in HNOa solutions ~7] :'J~CHNO./dt = kCN~O~, where k ls the 
rate constant fo~ ~he decomposition of N20, in the gas or inert~solvents [8] and CN.O. is the 
equilibrium concentration of N~05 in i5N03 solution. Beginning at 70 mass %~ the re~c~io~ rate 
is proportional to C N 0 �9 The rate constant of the reaction step of CF~OHa ~ with N~O~ found 
from the l!near dependence Is 6.3-i0 llters/mole*sec. The data on the aetlvitles of the free 
hLN03* and H;O ~ molecules found from the experimental vapor tensions of HNOs and HaO above the 
solutions may also be used for calculating the change in C~ n in the range of R~Os so!utio~s 
studied [9]. Pure HNOs and HaO liquids were taken as the standard state. Activity coeffi- 
cients equal to unity may be taken for the free HNOs* and SsO* molecules. In accord with 
equilibria (1) and (2), C N O. is proportional to C~O~,/C H O*. The difference in the slope 

2 ~ 2 

of the dependences for kef for methanol nitration on ~N~Oa and C~NOs,/CHso, is about 5%~ which 

may be related to the necessity of extrapolating the temperature dependences over a large temp- 
erature range in the case of finding CN2Os. When the nitric acid eoncent=ation is less than 
70 mass %~ kef falls less sharply with increasing dilution than would be expected for a first- 
order mechanism relative to CN~O . Such a dependence may be explained by a shift in the mech- 
anism for the nitration reaction[ The C~u/Cn~= + ratio increases with increasing dilution 
of HNO~ by water and decreaszng acldity. In the entire eoncentratlon range, C~O ̂  ~ n , 
and CNO2+/CN=os also increases wlth increasing dilution. Thus, descending fro~ ?0 mas~ we 

initially encounter reaction (i0). In this concentration range, kef is linearlydependent on 
C..~ + (see Fig. Ib). Kargin et al. [I0] have determined C~ + in ~he range of HNOs conc~tra~ 
~o~s from I00 to 85 mass %. Using these data and the values for C~ 0 - [!l], CBI~O.* and C~ a*, 
we found that the constant for equilibrium (11K~ in this range remains invarxant and close to 
the value found for 100% HNOs [12]. When CHNO_ Is l.~ss than 70 mass %, C~O + was found assum- 
ing the invariance of K:. The rate constant for the reaction step of NO= with CH~OH deter- 
mined using this dependence is equal to l.l,10 s liters/mole,see. A shift in ~he reaction mech~ 
anisms is also indicated by the finding that kef when CHNO~ is less than 70 mass % is p~opor- 

~ S S  �9 tional to (CHNo */CH~O ~) / ~ which~ in turn, in accord with Eqs. (1) and (3), is proportional 

to CNO+. 

Figure 2 gives the dependence of log kef on the analytical concentration of HN0~ i~ He0 
and H~SO~o In addition, this figure gives the values for log k f calculated for equilibria 
(7)~ (i0) and (13) using equations 

C~.~o~ dt 
log' ~ef~ log ~ 2 [~o~+K~C~xo~/(i + ho/i 0 ) C~o*C~o~-I (15) 

2 , log k~f--~-- log [kN~o,K~K~CHNo,*/(I + {O~/ho)CK,o*] (16) 

where h~ is the acidity of the medium [15, 16], I0 ~ is the ionization constant of CH~OR~ + [13] 
and K= is the constant for equilibrium (2). Since the true rate constan~ for the reaction step 
involving HNOs is unknown, the calculated curve for HNOs was "linked in" to the experiment at 
the point of shift of the mechanism. The curves calculated for equilibria (6) and (].2) are 
notgiven. They apparently lie below the curves for equilibria (7) and (13), respectively, 
due to the strong drop in CCHaO H with increasing acidity of the medium. 

In strongly acidic media, the calculations carried out on the assumption of a predominant 
role for reaction (13) with N=Os as the nitrating agent are in good accord with the experimen- 
tal results. This is also indicated by the finding that the nitration rate in HNOa--H~SO~ is 
greater than would be expected from calculations for HNO~ and NO~ +. When CHNOs is less than 
70 ~0~$ %, the experimental points lie near the calculated curve for the rates of the reaction 
of wi~h CH~OH. 

Figure 3 shows the dependence of log C,~ O in l{NOs--ll~SO~i{$O. The reaction rate was pro- 
portional to CN~O.. The rate constant of t~ ~itration step in the ternary mixture is 1.5. 
I0 !~ers/mole*sec, which is about four times less than the analogous value in the HNO~--H=O 
system. We may consider that within the error for the determination of C N 0 using the temp- 
erature dependences for the rate constants for the thermal decomposition o~ ~NOs solutlons~ 
the ra~e constants for nitration by N=Os in both media are similar. If the nitration in this 
system proceeded by an additional reaction, for example~ by the action of acid nitronium sul- 
fate which exists in equilibrium wihh the protonated 
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Fig. i. The dependence of log kef on log CN205 (a) and log 

~ 02+ (b) in the nitration of methanol by aqueous HNOs solu- 
ions, 
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Fig. 2. Dependence of log k ~ on the composition of the nitrat- 
ing mixture. The experiment~ data are given by the points and 
the calculated results are given by the lines: i) Eq. (7)~ 2) 
Eq. (i0), 3) Eq. (13). The dashed line gives the upper limit of 
the rate constants which could be measured, 
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Fig. 3. Dependence of log kef on log CNm05 in the 
nitration of methanol by HNO~--H=SO~--H~O mixtures. 
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NO2 + q- HSOj ~_ NO2HSO 4 (17) 

form of the alcohol, the rate constants for the ternary system would be enhanced. In fact, 
some decrease in the rate constant is found. Apparently, N02HS04 Which is present in the sys- 
tem does not participate in the nitration of methanol. 

CONCLUSIONS 

i. The rate of formation of ~ethyl nitrate in the CHsOH--H20~HNOs system is a function 
of the reaction of N~Os w~th CH~OH 2 in solutions with HNOs concentration greater than 70 mass 
% and the reaction of NO~ with methanol at lower concentrations. The rate constants for 
these reactions were determined. 

2, The nitration mechanism is retained in the HNOs--H2S04 mixture; NO=HSO~ virtually 
does not participate in the nitration reaction in the concentration range studied. 
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