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INTRODUCTION

Vthile the reacti: n between Nitrogen dioxide and alcohols was noted
as a "decolorization of the NO2" by Harris and Siegel (1), the stoichio-
metry of the reaction and the reaction products were not identified until
recently when this was done chemically by Treacy (2) and spectroscopically
by Yoffe and Gray (3). These investigations seem to indicate the stoich-
irietry to bet

2 no2 , ROH RONO 3 HNO

where ROO denotes the nitrite ester of the alcohol used.

Carberry (2) initiated the investigation of the kinetics of the
forward reaction (as written above), and found that the initial rates
were second order with respect to NO2and first order with respect to
I'ethanol. This reaction wias run in a cylindrical tube 4.5 cm 4n diam-
eter. Initial reaction rate constant was found to be 0.08 m '/min, and
a negative temperature coefficient was found to obtain. Since this ras
the pioneer work in the field, the best techniques and equipment were not
discovered until very near the end of the work and hence there vras consid-
ered to be a considerable lack of precision in the work finally reported.

Fairlie (2), working under Office of Naval Research Support, in
this laboratory, undertook to re-evaluate the work of Carberry and to extend
it to four other of the lower alcohols. The work was at 250C only arxi -,as
done in a large cylindrical reactor of diameter l4.Scm to elininate sur-
face effects if possible. The lta taken substantiated the work of Car-
berry inasmuch as it indicated initial reaction rate equations for treth-
anol, ethanol, n-propanol, i-propanol, and t-butanol to be second order
in partial pressure of N02 and first order in alcohol. Fairlie found in
addition that the reaction was evidently autocatalytic, for rate constants
computed from the initial rate lawt were found to increase with extent of
reaction and with time elapsed from the outset of reaction. Equilibrium
constants were established with substantiated the stoichiometry previous-
ly indicated. Initial rate constants varied from 0.03 to 0.05 -2 -1

I-eloche (3), (also under O1 sponsorship) investigated the in-
etics of the reverse reaction using the sa e apparatus used by Carberry:
11Te 3 was mixed with 'ethyl titrite and the rate of appearance of N()2 'Vas

noted. Considerable experimental difficulty was encountered in measuring
initial amounts of 111,03 used and the final indirect method was left a con-
siderable margin of error in the results. Ievertheless, the equilibrium
values attained checked those of Fairlie, and an intial mechanism that was
first order in both Nitrite and Nitric acid could be deduced. Results also
tiel into those of Fairlie inasmuch as rate constants for the reverse re-
action were found to decrease with extent of reaction as might be predict-
ed from the behavior of the forward "constants".

Bas d on these results, a mechanism vas postulated that involved a
gas phase reaction between ?120 4 (in equilibrium with 2 N02) and alcohol,
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with the autocatalytic effects being cuased by traces of a decomposition
product of H'O3 (such a N205, or NO, or N203). The fact that Pairlie

obtained a rate constant for the initial stages of the methanol reaction
whose value of 0.03 was much less than the 0.03 of Carberry was laid to
the inexactitude of the Carberry results.

Thus at the outset of the current year of 0ff sponsored Yrork, only
the rost meger indication as to temperature effects on the reaction was
known, and practically nothing was aimom as to the effect of other oxides
)' 'itrogen on the reaction, or their possible relation to the autocataly-
tic effect noted. Since cheap commercial sources of ,O2 would in all pro-
babi2ity contain large amounts of NO, it was of considerable interest to
nntc the effect of this variable. Atlso, t was thought to be of consider-
all, interest to test the often posti:lated role of 11203 in the fornation
of nitrites "ben !ixtures of "Nitrous gases" are used in redction with or-
ganic naterials, a postulation often J ound in the literature of organic
che' is try.

T'XFrR 3.rMTAL

TE 'MRATUR, FFECTS

In order to determine the effect of ter.perature on N!O2alcohol re-
actions a special cylindrical reaction cell vas obtained. This had pyrex
,lindoves sealed on the ends and .-tas jacketed for circulation of heated (or
cooled) water. The largest cell available commercially had an iternal
diameter of 2.5 cm and a volume of J17 cc.

This cell was precisely calibrated as to volume and was connected
thru ground glass fittings and stopcocks to two calibrated bUlbs fitted
Arth manometers for determination of initial amounts of alcohol and it'2
used.

The light absorbtion caused by the NO2 (the only colored material
present in the reaction) was used to follow the course of the reaction.
Light fror and unfrosted incandescent bulb ;aas filtered to renove lirht
photochcrically active on !'02, focuseu to a parrallel bean collimated
and passed into the reaction cell. In order to achieve better precision
the length of light path was doubled by reflecting light from the far end
of the cell from a plane mirror back tlrough the re ;ction mixture and
thence from a small inclined plane nirror placed in the initial light
path to a photronic photacel. 1Lside from the focusing effectthis doub-
ling of light path was achieved in much the same manner as the light
bean is removed frop a reflecting telescope. The output of the photocell
i-as used directly to activate a galvanometer (Gen El Cat 32C245). Tlru
use of shutters, light could be made to impinge on the cell directly fromi
the source, thus providing a method of starxiardizing and checking initial
intensity, which was done with sove frequency during each run made.

AL
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Light intensity was adjusted manually to full scale galvanometer
deflection at the outset of each run. An empirical calibration curve
was detormined relating partial pressure of NO2 to galvanometer deflection.
After it had been determined that other reactants and products had no
effect o' this deflection, the calibration curve could be used directly
to translate readings to partial pressure of NO2 present at any time dur-
in, a given run.

large insulated reservoir was used as a source of water which
was heated electrically or cooled with ice to the desired ternperature of
the run. This water was circulated with a small centrifugal pump thru
the water js ef the reaction cell, in order to provide the desired is-
othernal conditions for reaction. Tenperature variation throughout a
rin was at most 1c.

after the desired temperature condition had been set and circula-
tion established, the system was evacuated to 0.1 mHg (ircLeod gauge).
The desired partial pressures of 102 and alcohol were then a&iitted to
the separate measurement bulbs from a source of cp liquid alcohol from
which all air had been punped, and from a lecture bottle of No2 supplied

."atheson Co., Joliet Ill. Partial pressures were read from a mercury rnan-
oneter and were ccrputed from the desired values that were to finally ob-
tain in the reaction cell, the volumes involved and the temperatures lie
was found to react with NO2 over a period of several weeks of use but to

not effect results at all in the time taken to determine partial pressure
to be used for one run. it the even ninute indicated by a stonratch,
stopcocks leading from measurement bulbs to reaction system ere simultan-
eously opened and gases flowed a~z o3t instantaneously into the reaction
cell whn.ch was of much larger volume than the measurements bulbs. Galvan-
ometer readings were then taken at appropriate time intervals, transla-
ted into partial pressures of rio2 , plotted (as pp ITO 2 vs tiaae) and the
rate of reaction taken by differtiation of the curve obtained. Data was
taken at various initial partial pressures of reactants and at divers
temperatures, inorder that order at various temperatures, and temperature
coefficient could be evaluiated. Reactions were allowed to proceed until
no detectable change in galvanmeter reading could be detedted in 20 min-
utes. This was taken as the equilibrium conditions and values of the ,
were computed using the stoichiometry previously noted.

EMFECT OF INITIAL T'IRD COYFOUTMTS

The effect of itric oxide, etc on the reaction was evaluated in
similar manner,., The apparatus used was the sane as that of "airlie as
previously noted (see yearly wtabe* report, June, 1952 from M 392(00)
in which the reaction cell was cylindrical with diameter 14.5 cmi and vol-
ume 18,700 cc S/V a 0.3,ci -I. This apparatus was long enough so that one
pass of the light thru it was sufficient to give the desired precision.

The desired reactants were measured and placed in the reaction cell
as previously described, fjo.(Or other "third initial component") was mixed



with one of the two key reactants with which it did not react, partial
pressures of each being noted on an Hg manometer. Data were taken with
partial pressures of "02 and alcohol constant with variable partial
pressures of NO, HNO3 etc to determine the effect of the third variable

on initial rate. Later, data were taken in which partial pressure NO2
and alcohol were varied in order to determine any effects on the overall
order of the reaction.

Temperature was held at 250C ±t 1 by making the room into a
"thermo-room".

RESULTS

The reaction was studied in a bath system at partial pressures up
to ten mm. Hg for all components used. Rate was followed photometrically,
the F-O2 concentration being determined as a function of time.

It was found that:

(1) Addition of Nitric oxide did NOT affect initial rate. NO entered
the reaction only in the later stages thru reaction irith BI03, pro-
duced by the primary reaction. This secondary reaction was relatively
slow compared to the primary reaction. Initial rate constants re-
produced values given by Fairlie.

(2) Addition of divers Nitrite esters did not affect initial rate.

(3) Nitric acid addition in feed charge increased initial rate by 505.
And while the mode of addition of Nitric acid (either with alcohol or
with NO2), did not materially affect initial rate, it did affect eq-
uilibrium values observed, thereby suggesting that nitric acid reacts
with ethanol alone but is inhibited from doing so when produced from the
2NO 0 ROH reaction.

(4) Acetaldehyde had no effect on initial rate. Thus traces of this
material are not effective as an autocatalytic agent.

(5) The "negative temperature coefficient" previously reported by this
laboratory was substantiated.

(6)- !ork on temperature effects was carried on in an apparatus having a
smaller volume to surface ratio than that used previouslv (see 1952
annual report from this project). LIith the present apparatus, it was
found that reaction rate depended on the second power of NO2 par-
tial pressure, but on L'"S than the first power of the alcohol par-
tial pressure. Furthermore, the "order with respect to alcohol
changed with temperature used, from 0.3 to 0.8 as T varied from 0
to 75 degrees C. Since first order rate dependance on alcohol was
found in the larger apparatus (ONR annual report, 1952), and only
S/V ratio was changed, the effects was interpreted to signify that
a surface reaction of an order less than unity is present and thus
becomes relatively more important at high values of S/V.
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(7) Reaction rates at comparable pressures were observed to be
greater with higher S/V ratio. Because of the change in over-
all rate law no simple values of reaction rate constant could be
couputed. Hoever, values of (k are computed for the two
sirultaneous rates in the mechanism as postulated.

(8) Different rate effects were no-ed when alcohol or NO2 was ad-.
mitted first to the reactinn cell, tending to substantiate the
conclusion that surface effects are of some importance at higher
S/V ratios.

(9) Equilibrium value at 250 were substantially as noted in the larger
apparatus in previous work, thus indicating that the effects noted
were not simply caused by simple removal of appreciable amounts of
reaction material for the gas phase by simple abscrbtion. Like-
wise these results indicate that no basic undetected measurement
errors were made*

(10) Heat of i eaction value computed from equilibrium constants of
ethanol was in reasonable agreement with (6Kcal) val.ues computed
from standard heats of formation and combustion. H - -i,000
cal/gmol. Thus &SO was-25cal/Omole for the reaction 2"!02 1 C2

H5OH =C2H5ONO i HNO and the standard molal entropy of ethyl

Nitrite was '. 84. (Sand, State, 250, 1 Atm).

Quantitative Results arc Presented Graphically in the following
pages.

Discussion (temperature and surface effects)

Figure 1 indicates quantitatively the change in "order" with respect to
alcohol that was noted at the divers terneratures investigated and with
surface to volume ratio equal to 1.4 cm- . it all temperatures, it was
found that the reaction rate varied at the second power of the HO2 par-
tial pressure (first power of N204). It was thus thought to be expedient
to express the data writh the NO2 dependance already "corrected".

It was found that this data couild be also expressed without sig-
nificant error in the form....dptj 1%o.2

0'2 dt = k1 (alc) it k2,if the con-
stants kI and k2 were chosen of the correct order of magnitude, These val-

use as conputed are tabulated in Table 1.

Table 1 Temperature oC  k, (L2/moles2sec) k2(L/mole see)

0 6. xlo
25 3.6 53
5o 1.3 6.7
75 0.3 1.6

It is to be noted that values of k1 decrease with increasing temperature,
"activational energy" being 8.5 Kal/piol. Values of k2 fall off
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rapidly rith increasing teurerature. A plot of lnk2vs 1/T (figure 2)
indicates that activational energy for this constant is of the order
of -#kcal/Emol. Both constants exhibit a negative temperature coeff-
icient as noted by previous workers(2).

Values at 25 0 C seen to be someiw-t high compared ,with the other

value listee. If allowance be made for this, it is to be noted that the
value of k at 250 C for ethanol shorrs very rood agreement with the value
of 2.0 iO as reported by Tairlie (2) ihose work was done in an appara-

tu3 ith surface to volume ratio = 03 am-',

It is then tentitimly postulated that the reaction of 11) 2 (ori2 , .

with alcohols (data for t-butanol at 250 C showi much the same effects
as did the ethanol data) proceeds according to tro slrmltaneous reactions.

The first reaction is a vapor phase reaction and initially represents a
sinplc second order reaction betwmen N2OL and the alcohol. The second re-
action is surface catalyzed and is essentially zero order in alcohol. The
surface reaction process is tentitivek postulated to l e an adsorbtion of
ROH on the ralls to nale an adsorbed species hereafter denoted by "X".
T3's Tecics then reacts ith 1T20,i to £orr the products of the ovrall

reaction. Thus:

~X
cb

S -S -

Therefore; dx "-0 5 k* (ROI)(So-.') -k b X -1 c (x) (1204)

X = (P.OH)(So)
Ka( EOH) f K) f kc (17204)

ihich for ke ard kc snall with respect to ka reuces to:

X =So

and, e.ressinr" rat, in on a tioles ,,r unit volune bases;

d !;02 S 01 4

This is equivalent to assuming that equilibrium adsorption of
is the controlling stop of this reactioh.

Thus conbining the homoaenous and heterogenmous rates, overall

iate is Eivcn by:

d*T0 2 /dt g li20, (k1 alc t ka (S/V)

which is in agreeeent with the e.,erisental data*
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Data talen in this investiCation where W02 and alcohol wmre
adlted non-simltaneouuly to the reactor tend to substantiate this pos-
tulation. Y.hen TO2 Yos added first, little effect was noted on the
rate, Hovever, when alcohol was added first, rate was observed to be
alztost double that observed for sittultaneous addition of reactants.
This is interpreted to mean that with the separate addition, time was
allowed so that active centers reqniring a higher activation enerL7T for
alcohol adsorption were given a chance to adsorb alcohol, thus actually
adding to the catalytic activity of the vialls, Since NO2 does not show
a rate effect, it is inferred that it has little effect on the reaction
though Loans of adsorption.

i, further observation lends credence to the supposition that
alcohol adsorbs on prrex alls. At zero degrees, pure alcohol was ad-
ritted to the reaction cell for purposes of noting light absorbtion effects
if any• At higher temperatures, no effect eras noted on galvonotieter reacing
when alcohol vas admitted, but at zero, a steady slow drift of tie galvan-
ometer output %rds noted, indicatin that light was sonehor being adsorbed,
scattered or reflected. Since the pressrres vere considerably below the
vapor pressure of alcohol, this is interpreted to mean that a film of ad-
sorbed alcohol was beinr formed on the p;,Tex Andows leaxLi ".o reflection
according to Fresnel's lau. This effect thro'rs some doubt )n the validity
of reaiin s taken a zero degrc.s C, and for this reason equili.-riun data
tal:on at nero were discarded. Since the effect was only noticeable after
several inutes haA' elarse 1, initial rate data were included and are felt
to be reasonably valid.

It is interestin to note that since the heterogeneous part of
the rate equation is dejendant on the S/V ratio, the catalytic rate
would have been much less in evidence in the work of Fairlie (g). This
work was done in an apparatus with S/V approximately 1/5 of that used
in the present rork. Itaking the approriate correction for S/V, it nay
be tieternined that an ap,arent order of 0,9 ould obtain in the I~airlie
work (ith respect to alcohol). Such a slight deviation from unity was
t-asted in the experimental uncertainty of the points plotted for order
den ination. In fact certain of the Fairlie data did tend to indicate
slopes less than unity but at the time this !as attributed to experimen-
tal errors.

Lquilibrium data taken with the higher S/V indicated an average
equilibirmt constant of *ilr-l at 250 C uhich c Lpares very favorably
--ith the .value of 0,85 rppoited1 by :airlie et al. "his indicates that
there was no internal inconsistancies caused by experimental method er-
rors that night precbtde conparing the tiro sets of data. % plot of log
K vs l/T for ethanol was used to deternine the heat of reaction. This
value was -4.0 T,,cal/-oJ for t e reaction of 21!02 iith one alcohol.

TLis value enabled tie computation of heat of combustion of
Ethyl Nitrite within 6 Kcal of the value tabulated in "Handbook of Chen-
istry and If ysio". Standard molal entropy of Ithyl 111trite (25 0 C, 1 ata)
was estirated to be f cal/%ole, This last value ray be compared to a
rough statistical calculation assuziing free internal rotation about all
applicable bonds which g.ave a val,,e of ,.O Thus it nay be inferred that
free internal rotatian does rot occur within the EtONO molecule.
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4,n investCation of rute of re.actio,, in the later stages of reaction sub-
stantiated the results of P""irlie in tht reaction rates above those that
-crald be predicted fror the stoichiutr , an the initial rate law ob-
tamed. Thus the products are seer to be autocatalytic to the reactions
and this effect is believed to be in addition to the surface effects al.-
react noted.

the tenperature effects are by no means nrolous then the over-

all mecbanis is considered. The rate law evaluated is based on ,02 as

reactant. The improbability of terr'olecmlar collisiors wuld indicate
that iL all probability the reactive species in P204 rather than 2 !o,

Since 1'20 4 decreases in amount ith increased temperature (11204 = 170n2
I L.

), this effect counterbalances the increased valae of

specific rate constait at higher temperatures. Thus for KI, til sih1ls
vaor phase reaction constant, activation energy is approxkiately 4 kcal.
It is to be expected that adsorpti,,n on I.yrex would produce such bonding
as to reduce the activational ener(Z° of the reaction process. Tims the
catalytic surface rate niht be exj&cted to have a s"aller value of r, as
con-:ared to the gas ;hase rate. * 'i sraller value of E, combined with
the Lh,500 for the "0 2-P20 e.:uilibriun accounts for the negativre-a!c

of E indicated b the trend of the heterogene6us constants.

•)I$CUS3 I011
(T ffect of ,wotucts and divers third
Components on initial reaction)

The increase in rate over wfhat o- ld be predicted from the in-
itial lawi anc the Vtoichioretr7 aU obserwc by airlie in the later states
of the iO,-alcohol reaction su:;cesi:'J t:,e desirability of locating the

agent causing this autocatalysis.

ith "0 2 there is always the possibi ity of oxiuation reactions.

Thus thr roles of 1*0 ar ! of acetaldehyde were investigated. These imre
found to ,ave no effect on initial vlues of the reiction rate as is in-
dicate. in table 2. (I. Owo02, 2.9 ii ";tOl! Chargedi

,l/ 10 ko (Patet*2 r
0.0 o.0275

1.0 00029
2.0 0.029
6.0 0.027

12.0 t.0275

ri CH3 C!0

0.0 1.033
6,0 000335



With NO constants N02 and alcohol partial pressures were varied to deter-
mine the possible effect of NO on order of the reaction. It was found tat
rate constants computeu fro these data were without significant drift as
indicated ' Values of "ik" taken with W!02 *=p NO : zxm#, rith

Alcohol et 1.9,1.5,2.0 and 2.5 were respectively, .046s 1.033, 0.031,
0.036. This variation is within the errors involved in the Fairli. in.-
vestieaton, and it is felt that they do not indicate a variation iue to
!,O, but rather exhibit the effect of surface as indicated in the previous
sectione of this report.

it was observec to have an effect on the later stages of the re-
action is expected fron the reacttk of 'ID3 product -rith MO. This secon-

dary reaction (2FO 3 , NO = 302 , 110) was evidently much slower than
the prirmary reaction for 1.ressure-ti.* data with and without NO were iden-
tical until as much as l0% of the initial 1'O had reacted. Under such con-
ditions, the -rirary re- ction had al-ost come to its equilibrium value be-
fore 1'02 began to reappear due to the secondary reaction. This last is in

direct contradiction to the observations of the -riter tak-en on the sn e
ppparatus in 1049. Thn, as little as 1/2 r m of IP.)03 was observed to re-

act practically instantaneolisly with one to tr o rm 1O. Feaction rate '.Ms
so rapid as to defy taking data with the a;paratus. Thus it is inferred
that the presence of the divrs other species (Alcohol and I'itrito ester)
MS an inhibitarv r.ffect on the nitric acii-1'O reaction. Since this -,'as
not art of the primary investigation, the subject was not pursued farther.
It -Y' well be that itrite inhibition of 11itric acid reactions in general
may prove to be of considerable valte in explosive and nitric acid ox-
idation reactions generally.

Since 'eloche had found that the reverse reaction .roceeded
much rore rapidly initially than after sone reaction had taken r lace

(after due account had been taken of the stoichiometiy- it was consid-
ereed possible that the products of t. e forward reaction themselves
might have catalytic effects. To ov&luate this effect, ethyl 'Titrite was
ad ted to the feed charge
Computed rate constmn ts rith 6rm -,tOO and 0.0 mi E.T0,1O ivere 0.025 and
0.02b respectively.

Tue to the lot vapor presiure of 1"!O3 only small anounts of th.-s
material could be added in the feel charge. However an increase in rate
was noted. Initial rate constant changed from 0.02'8 to 0.038 on addition
of 0.5rr., of ""TO3 vapor. ;'bile this is a significant change an is in line
with the Fairlie postulation that HNO3 decomposition products are the cause
of the autocatalystic effect, the nagnitude of the effect is too eIll to
account for the results reported by l airlie. The 1103 used was talen dir-
ectly from stock fuming 11"03 and presumably contained the maxinmw amounts
of "120 etc.

Since the autocata3ytic effect is HOT caused by prohucte directys,
or by products due to rl:idation, or by divers 'itrogen oxides, there are
only a very few possible species that coild be postulated to cuase the rate
changes noted. Of these, All Nitrates are felt to have the best poss-
ibility of causing the noted effects. Presumably these nitrates iiijht be
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forned fron the products of the I1,2-alcohol reaction,. .. HN0 3
RONO r HOTIO / "'TO0. It has not been felt to be desirous to
evaluate this postulati±,n experlientally due to the danger in-
volved in use and storare of the lower parrafin nitrates.

The finding of this investigation that W does not affect
reaction rate for n.trite formation is of considerable interest
in organic chenistry. It .ras expected that N2 03 formed from
the divers nitrogen oxides wloulJ react directly and rapidly
with the Alcohol to give a series of reaction steps:

NO it '1)2 = (eq) N203

N203 ,Llc a RO-.O 2  H 2

1-2O 2  ic Al= ROnO I H20 

•,ith a rate given by . d. 2 /dt : k (n1O 2 ) (NO) (Alc). if arW
such nechanisr, had been con,,eting vrith the 2.1,1OL R OH reaction
in sifgificant anounts, an increase in j:0 concentration vtould
hAve incredse the inicate I reaction rate. Such w as not ob-
served, and hence it ray be conoluded that the only effect of
-m is the r(rnoval of 7[03 p-oduct, Then this secondary reaction
is consijered vrtl. the pr~ian" reaction, and the equations are
added, an overall stoichionetry exists that is indentical to
that obtained from the ,203 mechanism. rvidently 1T203 is fornred
in such snall anounts that is has no noticeable effect on the
It-oxide-alcohol reactions.
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