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ABSTRACT

The kinetics of the gas phase reaction between
formic acid and nitrogen dioxide has been studied at 182°
and 214°C. The results confirm that the rate expression
contains the term k; [FA] [NO,], as suggested in earlier
papers (1), (3). The results also confirm the autocatalytic
nature of the reaction and the existence of induction periods
as suggested by D. Barton and Peter E. Yankwich (3). The
autocatalytic term is however much more complex than was

suggested. The results were fitted to the rate expression

2/
d[FA k' T[FAJ[NO 0]
. GEA k;[FAJINO,] + a LT L 1/2
1t k'y + k'_ [NOJ/[FA]

with the exclusion of an induction period when NO was added
initially. Although a mechanism has not yet been found which
_gives this rate expression, reasonable interpretations of the

role of NO2 and NO in the autocatalytic reaction have been

discussed.
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INTRODUCTION

In spite of work extended over decades, satisfactory
interpretations of the kinetics of oxidation of organic com=-
pounds by nitrogen dioxide are still scarce, For example, the
kinetics of the reaction between formic acid and nitrogen
dioxide has:: not been thoroughly investigated, Pollard and
Holbrook (1) have studied this reaction in packed and unpacked Pyrex
vessels. They found the major products to be carbon dioxide,
water and nitric oxide, and that the rate was increased by
packing the vessel, roughly in proportion to the increase in
the surface to volume ratio. The effect of nitric oxide on
the reaction rate was unusual, It had been known for over
twenty-five years that nitric oxide plays the role of inhibitor
in organic pyrolysis reactions (2). Pollard and Holbrook dis-
covered that nitric oxide behaves as a catalyst in the reaction
between formic acid and nitrogen dioxide. They attempted to
fit their results to the rate expression given below:

d [HCOOH]

[1] - at =k, [HCOOH] [NO,] + k' [HCOOH] [NOZJ {NO]

1
Their proposed mechanism 1is:

[2] HCOOH + NO, = (HCOZH.NOZ) -+ COOH + HNO2

2

(3] COOH + NO2 -+ CO2 + HNO,

[4] ZHNO2 > HZO + NO + NO2

L g defined by Pollard is equal to k5k7/k6.



[5.1 NO + NO2 -+ N203
[6 1 NZQ3 +> NO + NO2
[7.]1 HCOOH + N,0; » COOH + NO + HNO2

It is doubtful, however, if their rate expression
actually fits their observations. It can be seen from their
Table 4 that the value of k' obtained from plot 1 (their
7 2__.=1

Figure 3) is 3.40 x 10"’ mm Hg “sec”™ and from plot 3 is

7 mm Hg'zéec'l. In fact k' is not a constant,

7.87 x 10°
The results of further work were published by D.
Barton and Peter E. Yankwich (3), who measured the rate of
reaction of HCOOH, HCOOD, DCOOH and DCOOD with nitrogen
dioxide in a Vycor glass vessel at 191.3°C. The simple
stoichiometry and the non =autocatalytic term of the rate
expression were confirmed, but the rate could not be fitted
to eq. (1). Particularly, it is noticeable in the peculiar
shape of some of the pressure-time curves which remained
linear: "~ up to 75% of the reaction. The order with respect
to nitric oxide was found to be approximately 2/3. The
magnitudes of the kinetic isotope effects were difficult to
interpret clearly as either primary or secondary in origin.
However, they suggested that hydrogen abstraction from both

carbon and oxygen were kinetically important in both non-

autocatalytic and autocatalytic reactions.

Since they did not obtain sufficient kinetic data

to find the complete rate expression, it became apparent that



considerably more work would be necessary before the
mechanism of such a complex reaction could be clarified.
The work to be reported was undertaken in order

to determine the autocatalytic term of the rate expression.




EXPERIMENTAL DETAILS

(8 MATERIALS

Formic Acid

The formic acid, Baker and Adamson C,.P. Grade,
was reported to contain 98-100% HCOOH. It was treated as
follows (4): the sample was cooled to 0°C, at which temper-
ature both solid and liquid phases were present. It was
then pumped until 1/4 of it had evaporated, without allowing
the rest to melt. The sample was then distilled twice from
a trap at room temperature to a trap at 0°C. Each time the
remaining liquid in the trap at room temperature was pumped
away. The sample in the trap at 0°C was in the form of white
crystals. After this procedure, the sample was checked by
mass spectrometry up to m/e 100. Small amounts of the possible
impurities, CHSOH, HCHO, or H,0 would be difficult to detect
because of overlapping peaks of formic acid. A small peak,
1/200 of the height of that at m/e 46, appeared at m/e = 60
which could be acetic acid or the dimer of HCHO. The NMR
spectrum (See appendix) of the sample (liquid) was then taken
using a Varian A60 NMR spectrometer. The spectrum contained
two peaks (singlet, t = -0.07 0-H and t = 2.2 C~H. The average
height of the integrated O-H peak was about 6.5% larger than
than of the C~H peak., This indicated that no impurities other
than water were detected. In addition, the infrared spectrum
(Appendix 1) of this sample was taken using a grating infrared

spectrometer. This was done by evaporating the sample at room



temperature.. The pressure in the gas cell, with Can
windows, was about 40 mm Hg. The spectrum obtained was com=-
pared with a reportedly reliable spectrum of formic acid (5)
in the range 1300 cm-l to 4000 cmil. The spectra were
identical, By titration with 0.0985 N NaOH (standardized with
0.1193 N potassium hydrogen phthalate), using a pH meter,
the water content was found to be 1.5 mole %. The sample

was stored at ~78°C and degassed at -78°C before use in kinetic

runs.,

Nitrogen Dioxide

Liquid nitrogen tefrqxide, supplied by Matheson
Company, was distilled from the cylinder to a trap at =196°C.
Subsequently, it was distilled from 0°C to -196°C through a
drying column, packed with glass beads and powdered phosphorus
pentoxide. After the trap was warmed to OOC, dry air was
added, to convert nitric oxide to nitrogen dioxide. The hitrpgen
dioxide was condensed as a white solid in the storage bulb at
- =196°C and excess dry air was removed by pumping. The spectrum
(Appendix 1) obtained by infrared spectrometry was found to be
similar to that given in references (5) and (6). No other oxide '
of nitrogen or other impurity was detected. NO2 was stored at

- =196°C,

Nitric Oxide

Nitric oxide was purified by the technique described



by Ernest E. Hughes (7). The gas from the cylinder (Matheson
Company) was passed slowly through silica gel (BDH, for
chromatographic adsorption) in a trap at'é78°C, directly to

the storage bulb. The silica gel had been dried at 250°C.

This procedure is said to remove all impurities except nitrogen.
The gas was frozen in a side arm of the storage bulb at -196°C
and the nitrogen was pumped away. After such treatment, the
sample was checked on a Consolidated Model 21-614 mass spectro-
meter. A very small peak at m/e = 46 appeared. It could have
been due to nitrogen dioxide resulting from oxidation of nitric
oxide by air during the transfer process. The infrared spectrum
was taken. Two bands were observed, at,2.7-and,5.2nas reported

in references (5) and (6). No other bands were observed.
(B) APPARATUS

1. Vacuum System

The design of this system was conventional., It con= -
sisted of a fore-pump (Welch Duo~Seal Serial No. 8698=~3),
traps, pyrex tubing, high vacuum stopcocks, diffusion pump
(VEECO Model No. EP25W), thermocouple gauge (C.V.C. GTC=100),

McLeod gauge and a toepler pump (See Figure 1).

2. Reaction Vessel

A spherical reaction vessel (Figure 2) was fabricated
from pyrex glass; its volume was 527.9 cm3 and its surface to

volume ratio was 0.6 chfl} Before connecting to the vacuum line



w7 -

it was cleaned with detergent and subsequently rinsed many times
with deionized water. The reaction vessel was joined to the
sample introduction and the vacuum=-system by a short lgngth of

2 mm capillary tubing joined the neck of the reaction vessel to
the spoon gauge via a 2 mm two-way stopcock. ‘The volume of this
portion, the so called dead space of the reaction vessel, was
estimated to be 6 cms, approximately 1% of the total reactor
volume, The vessel also contained a thermocouple well, 70 mm

long and 4 mm inside diameter.

3. Furnace

The furnace used for heating the reaction vessel was
construdted by Paul Ke and used by him and Ted Huang. It
consisted of an aluminum cylinder wound with asbestos and several
heaters made of 20 gauge chromel«A wire. The furnace was kept
in a 25 gallon steel drum. The bottom of theosteel drum was ine
sulated by asbestos. The space between the cylinder and the steel
drum was insulated with vermiculite. The capillary between the

air furnace and the reaction vessel was wrapped with asbestos tape.

4, Recording Spoon Gauge

The design was slightly modified from that of

Zp V-shaped groove was ground at both ends of the bore of the plug.



J.G. Hooley (8). The main difference was that the trans~

former (Linear Variable Differential Transformer, LVDT,

1000 LS, serial No. 6489 Schaevitz Engineering) was contained

in the envelope, where the core (length 3.3 cm, 0.d. 0.64 cm
and weight 4 grams) was screwed firmly to a 1.5 cm long

teflon screw, It was suspended by means of a thin pyrex

- glass rod from the tip of the spoon gauge arm to reach the
center of the transformer. The transformer was covered by a
teflon adapter attached to an antimagnetic steel rod. The

rod was supported by the tip of the plug of an Ace O-ring
stopcock. An antimagnetic spring above the transformer

pressed it downward. Tungsten wires were sealed into the glass
for electrical connections with the "Carrier" (Schaevitz
Engineering Model CAS 25000) from which the amplified signal

was fed to the miilivolt recorder (Model YEW LER~12A). The
height of the transformer was adjusted by turning the plug of
the inverted teflon stopcock, so that the output voltage could
easily be set to zero with both sides of the spoon gauge:at the
same pressure. In order to measure the pressure the side arm of
the emmelope was connected to a two-way stopcock; one arm was
connected to a vacuum pump and the other end to a manometer and a
ground stopcock. The stopcock served as a leak to the atmosphere.

For details see Figures 3 and 4.

A Type K~3 L § N Universal Guarded Potentiometer was



used in conjunction with chromel-alumel thermocouples (TC #2,

TC #3, TC #4, and TC #6). The thermocouples, which were

placed at various points on the reaction vessel, were calibrated
by a procedure similar to that recommended by the National
Bureau Standards (9), using NBS standard tin with a reported
melting point of 231.88°C. TC #4 was located near the bottom
of the reaction vessel; TC #3 and TC #6 were in the well; and
TC #2 was near the connection between the 2 mm capillary tubing
and the reaction vessel (see Figure 2). The results o a series
of calibrations (Tables XII, XIII, XIV and XV) indicated that
the average deviation between the measured and tabulated values
(10) was + 0.02°C. 1In fact, it was less than the deviation
among various thermocouples around the reaction vessel. No
correction was requitred’ under these circumstances. The temper-
ature of the reference-junction was controlled by placing the
thermocouples, protected by a 10 cm pyrex glass tube, in an ice
bath. The bath consisted of crushed ice and water in a wide=~
mouthed Dewar flask. For standardizing, an Eppley Standard

Cell (Cat. No. 100, Serial No. 814799) of 1.01934 volts was

used.
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(C) EXPERIMENTAL PROCEDURE

1. Temperature Control and Measurement

The temperature of the furnace was controlled by
means of a platinum probe and electronic relay. The temper=-
ature of the air furnace was maintained at approximately
40.80C by means of a metallic strip regulator and relay placed
near the spoon gauge envelope.

As mentioned in the foregoing section, thermocouples
(TC #2, TC #3, TC #4, and TC #6) were used for measuring the
furnace temperature. Readings from two typical runs (93 and 13)
are given below., The individual readings are averages of four

readings taken before, after, and twice during a run,

Run # 93: TC #2 TC #3 TC #4 TC #6
8.6891 8.7027 8,7102 8.6944

Average = 8.6991 * 0.0073 or 213.98 * 0.18°C
Run # 13: TC #2 TC #3 TC #4 TC #6
7.4095 ©7.4231 7.4209 7.4108

Average = 7.4161 * 0,006 or 182.15 * 0.15°C

(In this temperature rangegl.OOOC is equivalent to 0.04 milli-

volts.)

2. Calibration of the Recofding Spoon Gauge

The calibration of the recording spoon gauge was
carried out by measuring the output voltage as a function of

pressure differential. Before calibrating, both sides of the



e 1] -
-4
gauge were evacuated below 10 mm HG with the diffusion pump.
)

The air furnace temperature was regulated at 40,8 C, The

height of the LVDT core was then adjusted by turning the in-
verted teflon stopcock, so that the output voltage was about
zero. This occurred when the recorder controls were set with
the pen near one side of the chart. This reading was the null
point, which was checked from time to time, and found to be
very stable. A known pressure of air could be leaked to the
gauge envelope by opening the stopcock. The displacement

on the recorder was found to vary linearly with the pressure
differential, as shown in Figure 5. The sensitivity was

found to be 13.62 + 0.24 mv per mm Hg. Actually the apparatus
was calibrated at the beginning of each run,using the first
gas to be introduced. The results from a great number of such
calibrations gave the average sensitivity as 13.47 + 0.31 mv

per mm Hg.

3. Introduction of Reactants

The order of addition of reactants into the reaction
vessel was, in most of the experiments, formic acid, nitric oxide
(if needed) and nitrogen dioxide. In runs 128, 129, and 131,
the order was nitrogen dioxide followed by formic aé¢id.

The formic acid was degassed in trap ST1 at =-78°C
at least once daily whenever kinetic runs were to be carried
out, Pressures of formic acid above the vapor pressure at room

temperature were obtained by distilling some of the acid from the

A
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storage bulb ST; to a small finger tube near the reaction vessel
inlet (Figure 1) where it was warmed up to 40.8°C. After

this procedure; a known pressure of air was leaked gradually
through stopcock 55 to the spoon gauge envelope. Subsequently
formic acid was introduced to the reaction vessel by carefully

opening stopcock Sy, The stopcock (S;) was then closed. A

similar procedure was followed for introduction of the other

§ gases, Nitric oxide (if needed) was introduced directly from
bulb Bz to the reaction vessel. Nitrogen dioxide was intro=-
duced from the 500 cm3 bulb B2 in which it was stored as a
gas for a few minutes preceeding each run,
For the measurement of pressure greater than 100

mm.Hg (runs 123; 124; and'125); this procedure was carried out

in at least two steps, to prevent the breakage of the spoon,

Dug to the noise level at the 100 MV setting of the
recorder, which was found to be about'4;5% of the full scale,
most of the experiments were performed at a setting of 200 MV,
The noise level at 200 MV was found to be less than 2% of full-
scale, In runs before 15 the experiments were started with the
recorder setting at about 200 MV, When the pressure change
caused the pen to go off scale, it was returned by switching the
recorder sensitivity to 500 MV, 1In run 15 and subsequent runs
the pen was returned to zero by leaking air into the envelope.
The recorder setting was retained at 200 MV throughout the course

of the reaction.
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5. Qualitative analysis of products volatile at -110°C

In three experiments (runs 114, 120 and 122) some
of the products were ‘collected after the reaction had proceeded
to completion. The contents of the reaction vessel were con~
densed into a trap ﬂ&)at'-196QC. The condensation was found
to be complete since the recorder pen returned to the starting
position, The trap was then warmed to-110 to ~115°C using an
ethanol slush bath., The toepler pump was started and the
nitric oxide and carbon dioxide were collected. (Some of the
nitric oxide is retained in the trap as NZO in an excess of

L

NQZ') A sample was removed from the line and examined quali-

tatively by means of a Consolidated 21=-614 mass spectrometer.
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RESULTS AND DISCUSSION

1. Characteristics of pressure-time curves

The maximum rate of many reactions is observed at
or near zero time. The rate then decreases throughout the
course of the reaction. However, in autocatalytic reactions,
concentration~-time curves are usually S-shaped, and the time
at which the maximum rate occurs 1is dependent upon the rate
expression., For example, in a reaction A » B in which B is a

catalyst, it would appear at < 30% reaction if the rate

expression is

[8] - LAl grag? (B, + BI
dt

where [BOJ is the initial concentration of [B] (11).

The pressure-time curves obtained from the reaction of
formic acid and nitrogen dioxide, observed by Pollard and
Holbrook (1), are combinations of two types of pressure=-time
curves, autocatalytic and non-autocatalytic. Naturally, the
pressure-time curves reported here, are of the same type.

The pressure~-time curves were obtained for the

following five arbitrary classifications of experiments:
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Type Ao mm Hg Bo mm Hg Co mm Hg
A 30 various 0
B various 30 0
C 32 23 various
D 32 various 33
E various 23 33

where Ao, B0 and Co are initial pressures of HCOOH, NO, and NO
respectively.

Type A pressure~time curves are shown in Figure 6. In
some cases, the pressure is rapidly changing initially; this can
be seen in runs 80 and 86 with high initial pressures of nitrogen
dioxide. These pressure~-time curves are slightly convex toward
the AP axis for approximately 200 seconds. No such behaviour is
detectable in runs 118, 119,and 121 with low initial pressures of
nitrogen dioxide, - In attempting to learn the cause of this
curvature, two experiments (129 and 131) were carried out in which
the usual order of introduction of reactants was reversed;
nitrogen dioxide was introduced first to the reaction vessel.

The order of introduction slightly affected the initial portion

of the pressure-~time curves. Instead of being slightly convex

!
i
i
1




toward the AP axis, they were linear, i.e., the rate was
constant; the difference can be seen in Figure 7 and Figure

8. Apparently the convex shape of the curves is not caused

by an instrumental problem. Also it is not caused by small
amounts of fast reacting impurities, such as formaldehyde (12);
otherwise the order of introduction would not change the shape.
It was found, in preparation for run 128, that the decomposition
reaction of NO, ;::E NO + % 0, at 214°C is discernible,

A pressure change of 1.5% in pure NO2 was observed
after 4028 seconds. However, the rate is not great eough to be
responsible for the convex shape of the curves. No satisfactory
explanation for the phenomenon has so far been obtained.

After this portion, the pressure~time curves were
linear, i.e. the rate was constant, up to 45% of the final
pressure change, when a gradua1 fall=off in rate occurred. The
reproducibility of this type of pressure~time curve is excellent,
as shown in Figure 9.

The shape of the type A pressure~time curves, which
were found at 182°C were similar to those found at 214°cC,

Pressure~-time curves from type B experiments can be
seen in Figure 10, In runs 114, 122 and 117, with high initial
pressures of formic acid, the rate was almost constant until 75%
reaction, with an indistinct maximum at about 50%. This behav-
iour is similar to that found in Pollard's run 17 (their Figure 2)
and run 25 of unpublished work of D. Barton and Peter E. Yankwich.

It can be seen in Figure 11 that a high degree of reproducibility

was achieved.
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In addition, the shapes of pressure=time curves at
182°C were similar.

In type C, O, and E experiments, in which nitric oxide
was added initially, the pressure-time curves (Figures 12, 13, 14
and 15) at both 182°C and 214°C were slightly sigmoidal. An in=-
duction period is present, varying from approximately one minute
at 214°C to two minutes at 182°C, The presence of an induction
period at 191.3°C had previously been suggested (3). The maximum
rate occurs at less than 20% reaction. The reproducibility is
excellent, as shown in Figure 16.

Some peculiar shapes of pressure-time curves were
observed when the initial nitric oxide pressures were high, such
as in runs 123, 124, and 125, After the maximum rate, at about
20% reaction, the rate decreases gradually with time until about
80% reaction, then the rate decreases sharply and reaction con=~
tinues very slowly. Moreover, it can be seen in Figure 12 that
the higher the initial pressure of nitric oxide, the lower is the
percent reaction at which the sharp decrease in rate is observed.

Similarly, peculiar shapes of pressure-time curves
(Figure 15) were observed when the initial formic acid pressures
were high, such as in runs 73, 72, 74, and 75. After the maximum
rate at about 20% reaction, the rate decreases slowly until 80%
reaction is reached, then the rate decreases sharply and reaction
continues very slowly. Apparently, there is no relationship
between the time of appearance of the sharp.decrease in rate

and the initial pressure of formic acid.
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2. Comments on the reaction between formic acid and nitric oxide

Blake and Hinshelwood (13) studied the decomposition

reactions of gaseous formic acid in carbon coated silica vessels

at 500°c. They observed a small increase in the rate of pressure
change when nitric oxide was added. They said that the small
increase in rate could be attributed to the reaction of NO

with the carbon surface, thus exposing the silica surface. The
rate of reaction in the uncoated vessel had been found to be
faster than in the coated vessels. No product analysis was
mentioned. This result was one of the results which were inter-
preted by Blake and Hinshelwood as making it very improbable

that radical-chain processes contribute significantly to the re~
action. However, Watson suggested that since the nitric oxide
was added in only modest amounts, i.e. NO:HCOOH ratio was 2:1, the
results probably indicate that only long chain processes are not
involved in the reaction, and that short chain process may not be
seriously affected by modest amounts of nitric oxide (14).

In this work at 214OC, a slow increase in pressure was
observed when nitric oxide and formic acid were mixed in the
reaction vessel. For example, in run 125, with an excess of nitric
oxide, the observed pressure change was 1.20 mm Hg after 1200 se-
conds and in run 73 with an excess of formic acid, the cbserved
pressure change was 0,52 mm Hg after 22§ seconds. (These pressure
changes were recorded before NO, was introduced.) ?

| In order to confirm this observation in a qualitative :
way a few experiments, runs’ 76, 77, and 78, were carried out, in

which HCOOH and NO were introduced into the reaction vessel. The




initial conditions and pressure changes are shown below.

Initial Pressure of. Initial Pressure of APobs t
Run formic acid (mm Hg) NO (mm Hg) (mm Hg) (sec)
76 - 72.27 32.39 3.34 . 7955
77 35.95 64,23 0.66 5645
78 21.46 20.93 0.29 105877

Runs: 76 and 77 were carried out with no mass spectro-
metric analysis. In run?78 HCOOH and NO were mixed and allowed to
stand overnight in the reaction vessel. The contents were passed
into a trap at -196°C and a fraction of the gas was collected by
means of a thpler pump and examined by means of the mass
spectrometer.,. The trap was then warmed to -78°C, and a second

fraction was collected. The results are tabulated on the

following page.

3 Although run- 78 was continued for 24 hours, the AP bs Was
recorded after 10587 'seconds. 0bs



TR TR R
Trap T, = -196°C
1 2 3 4 5 6 7 8
Mixture (before Mixture (after Al A2
m/e subtracting BG) BG subtracting BG) NO pattern (residual I) CO pattern (residual
12 675 T 675 T - 675.0 785.9 -
14 2950 6.6 2943.4 2210,.6 - 733 222.5 510.3
15 1450 . 1450 1520.4 - == -- -
16 600 5.4 594.6 356.4 238.4 269.2 " -
20 22,5 9 13.5 C - 13,5 - 13.5
28 26000 105 25895 - 759.8 25135.2 26835.8 T e
29 250 - 242,5 |- 242.5 82,82 -
30 32800 D 32800 32800 e S e -
31 118 - 118 121.3 Y Cme -
32 135 48 87 99.5 e -- -
40 102 3 99 e 99 - 99
44 55.5 9 46,5 26.9 19.6 " e 19.6 ¢

-OZ-
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Trap T = =78°C

m/e Output BG Mixture Output % based
. : on m/e = 30
12 28.5 6 22.5 0.08
14 3950 7.5 3942.5 13.4
15 2700 - 2700 9.2
16 630 - 630 2.1
22 15 S - 15 0.06
28 990 117 . 873 3.1
30 29500 - 29500 100
31 225 - 225 0.7
32 240 49,5 190.5 0.6
44 214.5 12 202,5 0.7

The NO pattern, as shown in column 5 of the first
table, was obtained from the height of m/e = 30 in the mixture
and the pure NO pattern. The CO pattern in column 7 is a pure
CO pattern. The values in column 6 were obtained by subtracting
the values in column 5 from the values in column 4. The values
for m/e = 12 and m/e = 28 in column 6 were compared with the
values for the same m/e values in column 7. Definitely, a
small amount of CO is produced. However, it should be noticed
that the value for m/e = 14, as shown in column 6 is relatively

large. This would indicate the presence of N,.
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Since the quantity of products and the observed
pressure change are small, this reaction can be ignored when
considering the reaction between formic acid and nitrogen
dioxide?

Although our work was carried out under different
conditions than was the work reported by Blake and Hinshelwood
(13), it is possible that the reaction observed here between
NO and HCOOH could be the same as observed by them at a higher

temperature. In any case, this reaction would be a good

project for a detailed study.

3. Stoichiometry

The simple stoichiometry proposed by Pollard and
Holbrook (1) is

HCOOH + NO, > H,0 + CO, + NO

This simple equation was confirmed by D. Barton and
Peter E., Yankwich (15). Their results at 191.3°C are tabulated
below.
(a) complete reactions, excess NO,; values are in moles x 104.

APf is final pressure change.

Run Initial formic acid €0,_found
12 2.12 2.11
13 2.13 2.09
14 2.12 2.11
15 2.11 2,11
b

“See appendix II.




(b) Complete reactions, excess formic acid

Initial COZ cal. COZ NO
Run Nozi from APg found found
18 1.35 1.37 1.33 1,33
26 2.13 2.12 2,13 2,09

(c) Incomplete reactions

Run COz2 cal. from APg CO, found
16 2.03 2.05
17 2.02 2.07
20 0.64 0.63
22 0.61 0.64

The simple stoichiometry appears to hold for incom-
plete as well as complete reaction, at least within 6%. No
doubt, one can assume that no large quantity of long lived
intermediates are produced.

In the present work further evidence for the simple
stoichiometry can be seen in experiments which were allowed
to go to completion. The observed final pressure change is
equal to the initial pressure for formic acid if NO, is in
excess, and equal to the initial pressure of NO, if formic

acid is in excess, The results are tabulated below.
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Complete reactions, excess NOZ’ T =

214°%C.,

- 24 -

Moles x 104

Formic acid reacted

Run Initial formic acid (calculated from APg)
127 2.62 2.52

80 5.40 5.43

86 5.13 5.00

87 5.27 5.07
108 S5.53 5.52
135 5.56 5.40
136 5.59 5.53
Complete reactions, excess NOp, T =;1829C. Moles x 104

Run

10
20
42 *
45 *

Initial formic

acid

Formic acid reacted
Calculated from APf

5.55
5.56
5.41
5.32

* indicates NO was added initially

5.48
5,39
5;26
5.07
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. . . 0
Complete reactions, excess formic acid, T = 214 C, Moles x 10

NO, reaction

Run Initial NO2 Calculated from APf
121 2.46 2.40
117 5.17 5,10
98 * 4,03 .-3.88
107 * 3.94 3,76
.74 % 4,18 4,04

70 * 3.86 3.69

Complete reaction, excess formic acid. T =.1829C. Moles x 104

Run Initial NO2 reacted
Caiculated from AP

- 33 5.47 5.37
31 5.38 5,04
30 S5.47 5.25
26 5.64 5.64
25 5458 5.58

- * indicates NO was added initially
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Since the simple stoichiometry has been well
established, no detailed analysis of products was undertaken,
However, in the three experiments 114, 120 and 122, which were
allowed to go to completion, the products which were not con-
densable at = =110°C were collected. They were examined
qualitatively by mass spectrometry up to m/e = 100, The
pattern indicated that NO and COszere present, but small
amounts of products such as NZO’ N2 and CO would not have been
detectable, due to overlapping of the peaks. In runs 114 and
122 with excess formic acid, it was observed that the total
number of moles of gases collected was about 7% and about 9%
less than twice the number of moles of the NO, introduced.

It is not known whether or not these results are reliable and
it was not possible to carry out further work om product
analysis. In any event, further work is suggested in which

a search for minor products is made. The discovery of these

might assist in understanding the mechanism.

4, Determination of the rate expression

I. Nom-autocatalytic term in the rate expression

The non-autocatalytic term in the rate expression was

assumed to be of the following form:

dx

- [81 = kA, - )0 (By - x)7

dt
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as was previously proposed (1), (3). Ao and Bo are the
initial pressures of HCOOH and NO2 respectively and x is

the pressure change. The procedure for obtaining the initial
rate4 of the reaction wasto use the least-squares treatment
for determining the slope of the observed linear portion of
the pressure-time curves. Some of the curves used are shown
in Figures 6 and 10. The data are displayed in Tables I
and II.

The double logarithmic plots of the initial rate of
pressure change against initial pressure of the reactants are
shown in Figures 17, 18, and 19. The slopes of these limes
were obtained by the least-squares method.

The orders were found to be:

Temperature (c® Order with respect Order with respect
to HCOOH (n) to NO2 (m)
182 1.02 + 0,12 1.03 + 0.05
214 1,08 + 0.07 0.99 * 0,05

The orders are consistent with those previously reported (1).
The average value of the rate constant k; at each
temperature was calculated from equation [8] using the initial

rates and pressures. The results are:

4 The initial rate was taken by omitting the initial convex
shaped portion of the curve in the type A experiments.
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k; = 0.402 + 0,024 x 10™° mm Hg"lsec™! or
0.114 2 mole*lsec™! at 182°C

_ -5 -1 -1
k1 = 1.034 + 0.084 x 10 mm Hg “sec or

0.314 3 molAe:.'lsevc'"1 at 214°c

The values of k1 at 182°C and 214°C were also calcu=

lated by using the Arrhenius equation for k1 as obtained by

Pollard and Holbrook, which is:

0.25 =16270 * 559 1,1

6.73 %
ec

k1 = 10 e RT 2 mole”

The results are:
k; = 0.085 2 mole™lsec™! at 182°
1 .t 214%

k 0.295 ¢ mole Ysec

1

¢

As mentioned in the introductory section, Pollard and
Holbrook found that the rate increase caused by packing the
vessel is roughly proportional to the increase in surface

to volume ratio. The S/V ratio of their umnpacked pyrex

1

— -
vessel was equal to 1 cm , while ours was 0.6 cm =, Apparently

our value of the rate constant k1 should decrease by a factor of
nearly two below theirs. As shown above, however, the values

of k1 are very close. Consequently, it seems that the non-
autocatalytic term is not affected by the surface to volume

ratio.. In order to further clarify this aspect of the problem

the spherical pyrex vessel (S/V = 0.6 cn™1) was replaced by the
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cylindrical pyrex vessel of S/V = 1.2 cm™1, However, the
time available did not allow further work to be done. We
hope that some other research workers will continue the study
of the kinetics using this reactiomn vessel.

The activation energy for the temperature raﬁge
182°C and 214°C was calculated using the Arrhenius equation,
The result is 13,92 # 1,39 Kcal mole™l, This is 2.36 Kcal
mole -1 less than the activation energy obtained by Pollard
and Holbrook (1). However, if one considers the errors in-
volved for both activation energies, the difference is not
significant.

II. Pollard's rate expression

In the introduction of this thesis, we have mentioned
that Pollard's rate expressiom may mot fit their observations,
This was discussed by D, Barton and Peter E. Yankwich (3).

An attempt was made to fit our data to equation (1)
by calculating k', This may be rewritten as
(13- k, (A - x) (B = x) + k' (A, = x) (B, = x) (Co * X)
where %% denotes the rate at any time; x is the corresponding
pressure change; k1 the rate comstant of the non-autrcatalytic
second order reaction; k' the rate constant of the autecatalytic
third order process; Agys Bo’ and C are initial reactant

o
pressures of HCOOH, NO, and NO respectively,

It is clear from Tables III &o VII that k' so calcu-

lated varies throughout the course of the reaction. Therefore,
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our results do not fit Pollard's rate expression.
In the next section the method of finding how the
autocatalytic term of the rate expression depends upon [HCOOHI],

[NOZJ and [NO] will be described.

ITII. Autocatalytic term in the rate expression

i, Dependence of rate upon the concentration of

nitric oxide

The type C runs were used to determine the dependence
of rate upon the concentration of nitric oxide. Due to the
existence of the induction period which is present in all of the
type C experiments (See figures 12 and 13), the initial rate of
the reaction could not be measured. An alternate differential
method of treating the data was adopted. If one assumes that
the simple stoichiometry is valid throughout the reaction, all
instantaneous partial pressures are simply a function of

initial pressures and AP. Then, the rate of reaction at any

time 1is
L9l R=M+X
where R = %%, X is the whole autocatalytic term, and the form

of M is assumed to be kl(AO-- x) (Bo'- x) throughout the
course of the reaction. The curves of R against PNO are plotted
in Figures 20 and 21 at AP = 4 mm Hg, 10 mm Hg, and 14 mm Hg.

. Fi¥%t, the data obtained at 214°C was treated. The
R values were obtained by measuring slopes from the recorder

charts of individual runs at the pressure changes, AP = 4 mm Hg,



10 mm Hg, and 14 mm Hg. (These were Type C runs with
constant initial pressures of formic acid and nitrogen
dioxide and with various initial pressures of nitric oxide.)
The M values were calculated using K1 = 1.034 x 10—5 mm Hg'lséc'L
at a particular AP. Hence, the X values were obtained from
equation [9]. X is expected to be a function of only PNO at a
certain AP, since the pressures of NO,, and HCOOH are fixed.

The resulting plot of X against PNO (Figure 22) at
the particular AP values shows in every case a curve which is
concave downward over a very wide range of nitric oxide
pressure. Instead of being first order, as originally proposed
(1), it is obvious that the order with respect to nitric oxide
is less than one as was later suggested (3). The curvature
is particularly noticable at AP = 10 mm Hg and 14 mm Hg.

In addition, the double logarithmic plot of X vs PNO
(Figure 23) is curved. Definitely, our experimental evidence
shows that the autocatalytic term is net simply a function which
is proportional to PNO raised to some power. Instead, it is
more complex.

The order was previously reported to be approximately
2/3 with respect to nitric oxide (3). This fractional value can
be obtained from the data shown in Figure 23, using the least-
squares methqd, taking the log-log plot to be linear., Because
this treatment is not adequate for treating our experimental
/3

2
facts, the simple relationship X = BLNO] , as suggested by

“,D. Barton and Peter E. Yankwich (3), is merely an approximation.



The trial expression [10] is the simplest which could show
a variation of order with respect to nitric oxide. The

expression would give a rate which varies linearly with PNO
at low PNO’ whereas at higher PNO’ this relationship no longer
would hold and the rate would become nearly independent of Pno-

a (C0 + X)

[101 X=
b+ c (C, + x)
This is consistent with the data in Figure 22, in a qalitative
way. The parameters a, b and c contain rate constants and
perhaps concentrations of formic acid and nitrogen dioxide.
The expression can be written as

(C + x) b c
_—L = -+ (Co + X)

X a a

The plot of (Co +x) Vs (CO + x) is shown in Figure 24. Although
the points sho% some scatter, the plot was treated as a straight
line. Both c/a (slope) and b/a (intercept) values were calcu~ :

lated by the least~squares method. They are 1listed below.

AP (mm Hg) _ c/a (slope) b/a (intercept)
4 11.04 * 0,58 1487 = 66
10 15.99 * 0,81 1830 * 95

14 25,47 £ 1,32 2641 %170



[

T = 33 -

Although the data (Figures 25 and 26) are relatively
few, the type C experiments at 182°C were similarly treated.

The results are given below,.

AP mm Hg c/a (slope) b/a (intercept)
4 39,19 + 1,88 2807 * 117
6 46.45 * 2,49 2853 * 160
8 57.59 * 3,92 3097 + 258
10 69.03 = 4,62 3770 = 313
12 90.34 * 6.10 4847 + 425

Apparently, equation [10] is an adequate description
of the dependence of rate upon the concentration of nitric

oxide.

ii. Dependence of rate upon the concentration of

nitrogen dioxide

In the type D experiments the initial nitric oxide
and formic acid pressures were fixed and the initial nitrogen
dioxide pressure was varied. The pressure-time curves were
treated by the method explained in the foregoing section. The
plots of X against PN02 (Figures 27, 28 and 29) show that
the kinetic order is less than one. There seems to be no
tendency for the reaction to become zero order at high NO;
pressure, indicating that the required expression is not

similar to expression [10]. Instead, a straight line was
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obtained from the plot of log X vs log PNO2 (Figures 30,

31 and 32). The orders obtained are given below,

AP mm Hg Order with respect to NO»y
4 0.36 * 0,02
10 0.41 £ 0,03
14 0.38 +# 0,02

The orders show no drift with the increase of AP and are

approximately 2/5. The X term can now be written as

a'-(co + X)
[11] X = — " (B, = x)

b+ ¢ (Cy *+ x)

2/5

where a', b' and c' may be functions of [HCOOH].

This unusually low order should be noted.

iii. Dependence of rate upon the concentration of formic acid

Type E experiments were obtained by keeping the

initial pressures of NO and NO, at a constant value and by

varying the initial pressure of formic acid. The results were

treated by the same method as explained in sections (i) and (ii).

The plot of X against Pp, at AP = 4 mm Hg (Figure 33) is more or

less a straight line. At AP = 10 mm Hg, the data are highly

scattered and the plot of X vs PFA (Figure 34) curves slightly

upward. A linear relationship was at first assumed. The X

term would then be
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K (Cy *+ x) (By - 020 (A - x)

E
; ' .
% kb + kC (Co + X)

where k', k,! and k_ are constants.
a b o

Consequently, the complete rate expression could

be written

Ky (G, + x) (B - )P, - )

dx . |
[13] at -_k1 (A0 - X) (B0 - X) +

kL + kc (Co + X)
An attempt was made, using equation [13]Jand calculated
values of ké, k% and kC to fit the curves of rates as a
function of pressure change, obtained from the type A and B
experiments. The fit is reasonable up to the maximum rate, but it
does not at all fit the curve after the maximum rate, The calcu-
lated values are much too low. It was proposed that equation [13]
could be modified by making k., a function of 1/ [NO,1Tor 1/[HCOOH]Y
It was shown in the preceeding section that the order with respect
to NO2 is approximately 2/5; one can exclude the possibility
of k_ being a function of 1/[N021r. Since the dependence of
rate upon [HCOOH] was not entirely clear, (see preceéding section)
it was proposed that the problem was connected with HCOOH, and
1/[HCOOH1 was suggested. The effect of 1/[HCOOHI? would be

~greatest at large concentrations of NO, i.e. later in the reaction,

because the second part of the denominator would be

CLNOJ

[HCoOH]4 ‘

[14]1 kg
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The plot of X vs PFA (Figure 35) at P = 14 mm Hg was then
examined and it could be definitely seen to curve upward.

The double logarithmic plot of X vs Pg, (Figure 36) is still
curved upwards, indicating that the dependence of rate upon
HCOOH is not of the form[HCOOH]P, but that the order increases
as [HCOOH] increases. The slope at low formic acid pressure
was measured roughly and found to be about 1, whereas at high
formic acid pressure it increased to about 3/2. The following

trial function for the autocatalytic term was then proposed:

. 2/5
ka (C0 + Xx) (BO'- X) (Ao'- x)
[15] X =
C =
ké + ké ( ) m)l/z
(A = %)

. . ' 1 ' '
iv. Evaluation of kc/ka and kb/ka

Both c/a and b/a which were measured using the type C
]

t
data, can be expressed as a function of [HCOOH], [N02], k,, kb

and k;:

]
k
[16] c . c

a . 3

K a, -0t @00

kl
L °
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Using the values of the initial pressures of

reactants (Ao, B_ and Co’ and AP = x), one can calculate

)
ké/k; and kg/k; from equations [16] and [17]. For example,

from run 105 (214°C) AO = 31.99 mm Hg, B0 = 23,20 mm Hg and

C, = 41.45 mm Hg.

At AP = 4 mm Hg, c/a = 11.04 and b/a = 1.49 x 103.
kE 1
Therefore 11,04 = p=
a 2/5

@, - 0¥ @ - x)

11.04 x (27.99)3/2  (19.02)%/5

ke/Ky

5332,05
and K /k, = 1.49 x 10° (27.99) (19.02) = 1.37 x 10°,

At AP = 10 mm Hg, c/a = 16, b/a = 1.83 x 10°,
16 x (21.99)3/2 (13.20)2/5

K /KL =
= 4629.27,
o P 2/5
and K /K, = 1.83 x 105 (21.99) (13.20)
= 1.13 x 10°,
At AP = 14 mm Hg, c/a = 25.5, b/a = 2.64 x 10°,
K/, = 25.5 (17.99) /2 (9.20)245
- 4665.60, .
103 2/5
and ki /K, = 2.64 x 103 (17.99) (9.20)
5

= 1,15 x 107,



Similarly from rumn 42 (182°C),

A, = 29.08 mm Hg,
B, = 30.83 mm Hg,
and C, = 39.49 mm Hg.

39.19, b/a = 2.81 x 10°,

At AP = 4 mm Hg, c/a

kL/k' = 39.19 x 25.08 x 5.01 x 3.72
= 0.193 x 10°
and k,/k, = 2.81 x 105 x 25.08 x 3.725
= 2.62 x 10°.
At AP = 6 mm Hg, c/a = 46.45, b/a = 2.85 x 10°

k./k, = 46.45 x 23.08 x 4.80 x 3.61

- 0.186 x 10°

and K /¥ = 2.85 x 10° x 23,08 x 3,61

= 2.38 x 10°.

At oP = 8 mm Hg, c/a = 57.59, b/a = 3.10 x 10°

K /K, = 57.59 x 21.08 x 4.59 x 3.49
= 0.194 x 10°

3.10 x 10° x 21.08 x 3.49

®
=]
[aT}
w_
o
~
e
[

2.28 x 10°.
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At AP = 10 mm Hg, c/a = 69.04, b/a = 3.77 x 10°

t 1

k./k

kg 69.04 x 19.08 x 4.37 x 3.37

3.37 x 10°

3,77 x 10° x 19.08 x 3.37

and ky/k,
2.424 x 10°.

At AP = 12 mm Hg, c/a = 90.34, b/a = 4.85 x 10°

\ \

k./k,

90.34 x 17.08 x 413 x 3.23
5

1 0.206 x 10

and ki /k, = 4.85 x 17.08 x 3.23

2.674 x 10°.

Hence, the average values of k;/k; and kL/k; obtained from

the above calculations are tabulated below.

Temperature °c k;/k; kL/k;
182 0.193 + 0.007 x 10° 2.48 * 0.14 x 10°
214 4.88 * 0.30 x 10° 1.17 * 0.09 x 105

Next, using these rate constant ratios in the rate expression
5

k' [HCOOH] [N02]2/ [NO]

a
. _[Nod -
K, * k. THCOOHIT/Z -/

[18] R =k [HCOOH] [NOz] +

1

The rate was calculated as a function of AP for forty-four
experiments and compared with the experimental rates. In order

to carry out a good test, the experimental results were tested
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over a variety of conditions., In some cases, calculations
were carried out at AP = 4, 10 and 14 mm Hg and in some cases
the whole curve was calculated. The results are shown in

Figures 37 to 51 and Tables VIII to XI.

v, Comments on curve~fitting

For experiments at 214°C with no nitric oxide added
initially, experimental and calculated rates were compared for
three cases:

(i) with high initial nitrogen dioxide pressure,

(ii) with moderate initial pressures of both formic

acid and nitrogen dioxide,
(iii) with high initial formic acid pressure.
The results are shown in Figures 37, 38, and 39. The calculated
and experimental rates differ by at most 5%. Since this is
within the rate measurement and instrumental errors, the fit was
considered to be perfect.

For experiments at 214OC with nitric oxide present
initially, experimental and calculated rates were compared for
nine cases:

(1) with high initial formic acid pressure,

(ii) with moderate initial formic acid pressure,
(iii) with low initial formic adic pressure,

(iv) with high initial NO2 pressure,

(v) with moderate initial NO2 pressure,

(vi) with low initial NO, pressure,
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(vii) with high initial NO pressure,
(viii) with low initial NO pressure, and

(ix) with moderate initial NO pressure.

The results are shown in Figures 40, 41, 42, 43,
44, 45, 46, 47, and 48. 1In all cases the experimental rate
is less than the calculated rate before the maximum rate.
The agreement between calculated and experimental results is
excellent after the maximum rate. In runs 123, 124, 73, 74,
72, 75 and 125 an interesting sharp decrease in rate occurs
at about 80% reaction, (See section 1 of the RESULTS AND
DISCUSSION SECTION) It is not clear whether or not the rate
expression fits this portion because of the large error caused
by the small (Ao'- x) and (Bo'- x) terms. It should also be
recalled that in these runs the maximum rate occurs at about
20% reaction but not at zero time. It is important to distin-
~guish between these experiments and the type B experiments with
high formic acid pressures without nitric oxide added initially:
the maximum rate occurs at about 50% reaction, but there 1is
perfect agreement between the calculated rate and the experimental
rate.

Similarly, in experiments at 182°C, with nitric oxide
present initially, experimental and calculated rates were com=
pared for three cases:

(i) with high initial NO pressure,

(ii) with moderate initial pressures of HCOOH, NO

and NOZ’. ~and ‘
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(iii) with low initial NO pressure.
The results are shown in Figures 49, 50 and 51. The
agreement between calculated and experimental results is also

excellent after the maximum, but not before the maximum rate.

In addition, the fitting of the calculated rate to
the experimental rate at 214°C with nitric oxide added

initially for three AP points, is excellent for thirty-one

experiments.

5. Concluding Remarks

Non=-autocatalytic reaction

The main points in the evidence presented by Pollard
and Holbrook (1), related to the non-autocatalytic reaction, are
listed below.

1. The order of the reaction with respect to formic

acid and nitrogen dioxide was approximately one.

2. The pre-exponential factor was found to be 106;73 i

0.25 1 mole lsec ™l and the activation energy was
found to be 16.276 * 0,559 kcal mole™l,

3. The major products were CO,, HZQ and NO.

The proposed mechanism is

[2] HCOOH + NO,  » [HCOOH.NO,1 + COOH + HNO,
[3] COOH + NO, > CO, + HNO,
[4] 2HNO, > NO + H,0 + NO,

The proposed rate~controlling step is formation of
[HCOOH.NO,] by reaction between adsorbed formic acid and NO,

in the gas phase. Such a reacion would be accompanied by a
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negative entroepy of activation, resulting in a low pre-
exponential factor as observed. This surface reaction might
also have a low activation energy. It is not clear whether
the intermediate [HCOOH.NO,] should decompose to COOH or to
HCOO radical although each could plausibly occur in this
system,

D. Barton and Peter E. Yankwich have suggested
hydrogen abstraction reactions such as
191 HCOOH + NO, -+ COOH + HONO
£201] HCOOH + NO, -+ HCOO + HONO
instead of Pollard's reaction [2]. The evidence for hydrogen
abstraction at both positions is that the hydrogen isotope
effects are kypp/kgp = 1.48 + 0.12-and khh/khd = 1,39 £ 0,99 in
the non-autocatalytic reaction which are nearly equal. Such
steps have also been postulated in reactions of NO2 with other
hydrogen containing compoundst For example, see references
(16) and (17).

It was mentioned in the RESULTS and DISCUSSION section
that the rate of the non-autocatalytic reaction might not be
affected by changing the s/v ratio. Our inference was that per-
haps the non-autocatalytic reaction does occur in the gas phase
rather than at the surface. In contradiction of this Pollard

reported that the initial rate, i.e. the non-autocatalytic rate,

was increased in packed vessels. However, no data was reported;

this aspect of the reaction clearly requires further study.
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Autocatalytic reaction

It is interesting to speculate on some of the
possible reactions which could be consistent with the rate
expression,

The study of the dependence of rate upon the concen-
tration of nitric oxide showed that the rate seems to reach a
maximum when a large amount of nitric oxide is added., This
definitely eliminates the mechanism

[5] NO + NO, -+ N0,
[6] N,0z =+ NO + NO2

L71 HCOOH + NZOS - COOH + NO + HNO2

proposed by Pollard. This is because the equilibrium constant

for the reaction N,0; == NO + NO, is so favourable to dissoci=- :
ation of N,0; that the relationship between N203 concentration and
NO concentration is a linear one, at this temperature. Therefore,
the reaction would be first order with respect to nitric oxide.

On the other hand, the mechanism could mrobably include
two extreme types of reaction, i.e. catalysis as well as inhibition
by nitric oxide.

The procedure for finding a suitable mechanism might
be to first consider the effect of NO on pyrolysis.reactions.

This subject has been reviewed by Szabo (18) who discussed the

following general mechanism.
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Propagation steps:

[21] R + NO -~ RNO
[22] A+ R + ' E + R
[23] A+ RNO = E + RNO

Termination steps:

[24] R + R - R = R
[25] R + RNO + R~R + NO (low NO concentration)
[261] RNO + RNO + R~R + 2NO (High NO concentration)

Catalysis by NO would result if the rate ratio of propagation
step [23]1 to termination step [25] (or [261) is greater than

the rate ratio of propagation step [221to termination step [24].
It is not yet known whether or not this principle could apply to
the reaction between HCOOH and NOZ' Nevertheless, the>dependence
of rate upon NO does suggest this type of mechanism.

The order with respect to NO2 is 2/5. It would be
difficult to find a mechanism for this strange order. However,
orders of this kind have been found in surface reactions. If
the rate is proportional to the coverage [Al, gs of the surface,
which in turn is proportional to some low power of the gas phase
concentration of reactants [A]n, the order with respectto A
would be n. Such a reaction, the catalyzed formation of NH3 from
N, and H2 has been discussed by Ashmore (19). The first
possibility is perhaps, that NO, is adsorbed and reacts on the
surface., Another possibility may be that an intermediate is

adsorbed and reacts at the surface, which could be reflected



in the 2/5 order with respect to NOZ' However, since the
degree of coverage is affected by temperature, one would expect
a change in order with a temperature change. No information

on the absorption of NO2 was obtained.

In conclusion, it can be said that a rate expression
has been determined for the reaction between formic acid and
nitrogen dioxide, which fits the experimental rate over a con~
siderable range of conditions. A suitable mechanism has not

yet been found because it is a very complex rate expression,
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TABLE I

Initial rate in type A and B reactions at 182°C

Run No. P(FA)i mm Hg. P(Noz)i mm Hg. (Sg)i x 103 mm Hg/sec
17 30.4700 7.67 0.75
21 28.48 21.46 2.49

9 29,65 32.45 3.63
12 30.11 39.45 4,27
13 30.30 42.10 5.94
14 29.92 48.26 5.16
10 29.83 48.51 5.84
20 29.91 | 59.43 7.01
15 28,53 71.17 7.28
22 28.75 94.73 10.14
24 18.87 29.49 2.52
27 39.10 30,21 4,55
25 48.62 29.99 5.81
33 56.86 29.44 6.76
30 57.45 29.43 7.05
26 68.21 30.31 9.64
31 79.96 28.96 9.95
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TABLE II

Initial rate in type A and B reactions at 214°C

Run No. P(FA)i mm Hg. P(Noz)i mm Hg. (g;)i x 102 mm Hg/sec
83 29.11 36.70 1.05
82 30.59 37.14 1.13
50 30.68 38.47 1.14
81 29.45 47.73 1.27
88 30.06 49,34 1.35
49 29.28 59.80 1.71
87 30.51 64.00 1.85

120 30.38 65.67 1.85
54 28.96 69.96 1.83
80 31.08 77.93 2.26
86 29.70 90.86 2,71

127 15.16 30.00 0.50

128 20.15 29.69 0.62

131 37.85 30.41 1.21

130 38.42 29.92 1.20

126 38.55 30.12 1.18

129 39,42 30.25 1,33

117 52.10 29,92 1.81

122 71.59 29.64 2.73

114 71.61 29.98 2,72




TABLE III

Data for run # 30

Temperature 214°C
Initial FA pressure 38.42 mm Hg

Initial NO2 pressure 29.92 mm Hg

kg = 1.034 x 107> mm Hg"lsec-1

49 -

No. Eﬁzﬁéepﬁﬁisﬁzf EE x 102 mm H 6 -2
: : it g/sec k'cal.x 10” mm Hg “sec”

1 2,23 1,24 0.91

2 2.78 1.24 0.90

3 10,17 1,28 1,24

4 17.39 1.05 1.69

5 19.56 0.89 1.80

6 21.30 0.74 1.88

7 22,74 0.66 2,12

8 23.90 0.54 2.15
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TABLE IV

Data for run # 125

Temperature 214°c

Initial FA pressure 32,06 mm Hg

Initial NO2 pressure 23,79 mm Hg
Initial NO pressure 297.98 mm Hg
k; = 1.034 x 10" °mm _I-Ig"lsec"1
Total pressure dp 2 6 2
No. change (mm Hg) 3 X 10° mm Hg/sec k! 41X 10"mm Hg “sec
1 0.76 5.51 0.22
2 1,56 6.23 0.27
3 2.70 6.93 0.33
4 4.00 7.13 0.39
5 6.31 6.43 0.43
6 7.56 5.94 0.45
7 10.00 4.95 0.49
8 11.28 : 4,15 0.48
9 14.00 3.03 0.52
10 16,05 2,23 0.53

11 17.09 1.98 0.59
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TABLE V

Data for run # 73

0
Temperature 214 C
Initial FA pressure 81.18 mm Hg
Initial NO, pressure 22.91 mm Hg

Initial NO pressure  33.21 mm Hg

k, = 1.034 x 10™° mm Hg 'sec™?
Total pressure dpP 9 6 _2
No. change (mm Hg) E; x 10 mm Hg/sec k'cal.x 10 mm Hg “/sec
1 0.45 5.44 0.58
2 1.67 6.36 0.78
3 2.71 6.53 0.85
4 4.00 7.13 1.03
5 7.25 7.11 1.26
6 10.00 6.93 1.50
7 14.00 5.94 1.88
8 16.22 4,94 2.09
9 18.45 3.96 2.53
10 19.83 © 3.56 3.36
11 20.67 1.86 2.35



TABLE VI

Data for run # 42

Temperature 182°C
Initial Pressure of FA 29,08 mm Hg
Initial pressure of NO, 30.83 mm Hg
Initial NO pressure 39.49 mm Hg

-1 -1

k, = 0.402 x 10> mm Hg “lsec

« 52 o

Total pressure dP 2 6 a2 -1

No. change (mm Hg) 7 X 10° mm Hg/sec k'cal.XIO mm Hg “sec
1 0.32 1.06 0.20

2 1.03 1.17 0.25

3 2.38 1.32 0.32

4 4.00 1.23 0.33

5 6.00 1.19 0.37

6 8.00 1.04 0.37

7 10,00 0.89 0.37

8 12.00 0.69 0.34

9 15.20 0.50 0.34

10 17.55 0.40 0.38

11 20.40 0.25 0.39
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TABLE VII

Data for run # 46

Temperature 182°C
Initial FA pressure 28.33 mm Hg
Initial NO2 pressure 29.85 mm Hg

Initial NO pressure 18.95 mm Hg

k; = 0.402 x 10° mm _I{g"lséc"1

Total pressure dp

— -2
No. change (mm Hg) 3; X 102 mm Hg/sec k'Cal x 10%mm Hg “sec

-1

1 0.61 0,74 0,26
2 1.56 0.85 0.35
3 2,39 0.89 0.40
4 4.00 0.85 0.41
5 6.00 0.81 0.45
6 8.00 0.74 0.47
7 10.00 0.63 0.46
8 12.00 0.50 0.42
9 13.26 0.46 0.44
10 16.50 0.30 0.42
11 18.82 0.20 0.41

12 20,12 0.16 0.42




TABLE VIII

Comparison of calculated and experimental rates at 214°C for Type C experiments

Initial pressure

Run {mm Hg) Ap = 4 (mm Hg) AP = 10 (mm Hg) AP = 14 (mm Hg)
a

FA Noz NO R;bs. Rcalc. Robs. Rdélc. Robs. Rcalc.
116 32.30 23,01 13.44 1.78 1.77 1.49 1,33 0.94 0.98
107 32,09 22.81 14.77 1.78 1,81 1.56 1.36 1.06 0.99
102 32.06 22,93 22,84 2.12 2.27 1.78 1.62 1.18 1.17
103 32,29 23,16 23.59 2,23 2,34 1.78 1.68 1,31 1.21
98 32,00 23,35 30.08 2.40 2.66 1.91 1.87 1,35 1.33
105 31.99 23,20 41.45 2.88 3.16 2.28 2.16 1.49 1.59
101 32,13 23,10 52,86 3.14 3.63 2.47 2,44 1,77 1,68
100 31,83 24,21 53,21 3,34 3.69 2.47 2,50 1.78 1.74
106 32,18 23,84 63,56 3.64 4,08 2.82 2,64 1.95 1.90
104 31.80 23,69 68,51 3.47 4,17 2,77 2,75 1,91 1.89
96 32.14 23,03 70.33 3.49 4,24 2,72 2,77 1.86 1.90
99 31.99 22,85 84.96 3.71 4,59 2.64 2.98 1.80 2,01
123 32.47 23,64 139,87 5.13 6.01 3.91 3.85 2,60 2,60
124 32.09 26.74 203.49 6.13 7.26 4,57 4,67 3.10 3.21
125 32,06 23.79 297.98 7.13 7.65 4,95 4.75 3.05 3.14

. 2
73 Units are mm Hg/sec x 10

--VS-



TABLE IX

Comparison of calculated and experimental rates

at 214°C for Type D

experiments

Initial pressure

Run (mm Hg) AP = 4 (mm Hg) AP = 10 (mm Hg) AP = 14 (mm Hg)
a

FA NO, NO Robs. Reaq, Robs. cal. Robs. Real,
112 32,10 15,99 32,67 2.04 2.19 1,32 1.33 0.68 0.57
133 31.82 23,41 33,71 2.48 2.81 1.88 1.95 1.35 1.38
111 32,07 32,16 32,61 3.17 3.40 2.69 2.52 1.96 1,91
113 32,00 41.34 32,59 3.56 3.97 2,74 2.99 2.19 2.35
109 31.89 41.60 33,20 3.67 4.00 3.18 3.03 2.50 2,36
110 32.22 60.81 32,91 4.64 5.13 4,05 4,00 3.43 3,21
136 32,30 75.27 32,92 5.23 5.88 4,83 4,65 4,05 3.77
108 31.94 83.74 32.86 5.44 6.21 4,98 4,92 4,22 3597
135 32.14 84,62 32.59 5.73 6.30 4,76 4,98 4,13 4,05

a2 Units are mm Hg sec"1 x 102

f

—SS-.



Run

91
95
69
70
66
67
90
85

68
92
93

64
73

72
75

74

TABLE X

Comparison of calculated and experimental rates at 214°C for Type E experiments

Initial pressure AP = 4 (mm Hg) AP = 10 (mm Hg) AP = 14 (mm Hg)
(mm Hg)
a

FA Noz NO R;bs. Rcal. Robs. Real, Robs. Rcal.
19,93 23.04 33.17 1.44 1.50 0.81 0.78 0.374
28,58 22,77 32,70 2,23 2,37 1.40 1.57 1.02 1,05
32,15 21,75 33,07 2.38 2.69 1.79 1.85 1.19 1.28
38,95 22,33 33,12 3,08 3,47 2.38 2,55 1,76 1,90
47,01 22,08 33,58 3.79 4,34 3.34 5,33 2,62 2,57
48,49 22,67 33.18 4,08 4,54 3.34 3.53 2.64 2,77
54,79 21,90 32,75 4,16 5.09 3.64 4,03 2,72 3.18
58,56 21.69 32.93 5.01 5.59 4,45 4,37 3.04 3.63
59.25 23,02 32,82 4,950 5.75 3,72 3.14

65.70 22,57 34.10 5.76 6.55 5.40 5.34 3.81 4,37
66/46 23,29 33,08 5.52 6.64 5.09 5.49 3.71 4,54
74,17 22,79 33.44 6.68 7.46 5.94 6.20 4,95 5.17
81.18 22,91 33.21 7.13 8.33 6.93 7.05 5.94 5.93
82,12 23,21 34,79 6.93 8.66 7.17 7.35 5.94 6.17
82.74 22,52 33,78 7.17 8.44 7.03 7.09 5.94 5.92
82.77 24,20 33.14 7.24 8.69 7.27 7.45 6.00 6.38

ngs-



TABLE XI

Comparison of calculated and experimental rates at 182°C for Type C experiments

Run 71pitial Pressure Ap (mm Hg)
(mm Hg)
4 6 8 10 12
a

Eﬁ Egg EE ' BB'bs. Real, Robs. Rcal. EQL;L _cal, Robs. Rcal. Robs. Rcal.
46 28.33 29.85 18,95 0.85 0,86 0.81 0.78 0.74 0,70 0.63 0,60 0.49 0.52
38 29,91 31,63 27.29 1.06 1.12 0.10 1.02 0.87 0.90 0.74 0.79 0.62 0.68
42 29,08 30,83 39,49 1.27 1,25 1.19 1.11 1.04 0.98 0.89 0.84 0.69 0.71
45 28,59 28.92 52.00 1.39 1.32 1.27 1,16 1,14 1,00 0.94 0,86 0.74 0,71
41 28,06 30.25 86.87 1.67 1.59 1.49 1,38 1.27 1.18 1,06 0.10 0.83 0,82
40 29,02 28,15 88,29 1.67 1,61 1,52 1.40 1.27 1,20 1,06 1.02 0.83 0.84

-LS-.




TABLE XII

Calibration of Thermocouples

Thermocouple # 6 (while freezing)

e.m,.f.

9.4116 m.
9.4122
9.4122
9.4124
9.4124
9.4130
9.4136
9.4136
9.4138
9.4138
9.4138
9.4138
9.4138
9.4138
9.4154
9.4154
9.4154
9.4154
9.4160
9.4160
9.4164
9.4164

time

volts

"
1"
"
14)
114
1)
"
"
1"t
1
"
"t
11
1"
"
"
1"
"
"

« 58 =

" for 1976 seconds

se o0 e contd'




TABLE XII (Contd.)

Calibration of Thermocouples

Thermocouple # 6 (while freezing)

e.m,f. time

9.4174 m, volts

9.4174 "
9.4190 "
9.4176 "
9.4196 "
9.4203 "
9.4215 "
9.4215 "
9.4160 "

Average = 9.415 millivolts




TABLE XIII

Calibration of Thermocouples

Thermocouple # 4 (while freezing)

e.n.f.
9.4104 m.,
9.4105
9.4100
9.4101
9.4112
9.4121
9.4121
9.4121
9.4129
9.4135
9.4141
9.4141
9.4143
9.4143
9.4148 .
9.4157
9.4159
9.4164
9,4171
9.4185

time

volts

11
"
"
"
"
"
"
"
"
"
"
"
1"
"
1"
"
"
"

for 2052 seconds
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. contd.



Thermocouple

e.m.f.

9.4200 m.
9.4205
9.4229
9.4246
9.4263
9.4241
9.4154

TABLE XIII (contd.)

Calibration of Thermocouples

# 4 (while freezing)

time

volts

"
"
1"
1"

T

" for 2052 seconds

Average = 9,4157 millivolts



TABLE XIV

Calibration of Thermocouples

Thermocouple # 3 (while freezing)

e.m.f. time

9.4126 m. volts

9.4139 "

9.4139 "

9.4140 "

9.4138 "

9.4138 "

9.4135 "

9.4131 "

9.4134 "

9.4134 "

9.4136 "

9.4136 "

9.4134 "
9.4134 "

9.4136 "

9.4136 "

9.4135 "

9.4135 "

9.4139 "

9.4133 "

9.4141 " - for 2038 seconds

Average = 9.4138 millivolts .... contd.
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TABLE XIV

Calibration of Thermocouples

Thermocouple # 3 (while freezing)

e.m.f, time

9.4142 m, volts

9.4149 "
9.4155 "
9.4133 " for 2038 seconds

Average = 9.4138 millivolts




TABLE XV
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Calibration of Thermocouples

Thermocouple # 2 (while freezing)

e.m.f.

time

9.4115 m. wolts

9.4115
9.4115
9.4115
9.4116
9.4115
9.4172
9.4146
9.4146
9.4116
9.4140
9.4130
9.4128
9.4128
9.4128
9.4128
9.4128
9.4134
9.4145

e eee contd.



TABLE XV

Calibration of Thermocouples

Thermocouple # 2 (while freezing)

e.m.f.

9.4139 m, volts

9.4141 "
9.4142 "
9.4150 "
9.4150 "
9.4151 "
9.4156 "
9.4156 "
9.4110 "
9.4107 "

Average = 9.4137 millivolts

time

for 1961 seconds



FIGURE 1

A schematic diagram of the apparatus used
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FIGURE 2

Reactor and Thermocouple Positions
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FIGURE 4

Diagram of Recording Spoon Gauge
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FIGURE 5

Calibration curve of recording spoon gauge
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FIGURE 6

Pressure~time data (Type A) for determination

of the order with respect to NO, (non-~autocatalytic

2
term) at 214°¢.
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Pressure~time curves (214°C)
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29,36 mm Hg

28.44 mm Hg

29.51 mm Hg
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FIGURE 8

. o)
Pressure-time curves (214 C)

Run 130:

PFA = 38.42 mm Hg PNO2 = 29.92 mm Hg APF = 29.29 mm Hg
Run 131:

PFA = 38.75 mm Hg PNO2 = 30,41 mm Hg APF = 30.40 mm Hg
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FIGURE 9

Pressure~-time curves (214°C)
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FIGURE 10

Pressure=-time data (type B) for determination
of the order with respect to formic acid

(non-autocatalytic term) at 214°c,
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FIGURE 11

Pressure~time curves (214°C)

71,61 mm Hg

71.59 mm Hg

NO

PNo,

29.98 mm Hg

= 29.64 mm Hg
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FIGURE 12

Pressure-time data (Type C at 214°C) for
determination of the dependence of rate upon

the concentration of nitric oxide.
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FIGURE 13

Pressure~-time data (Type C at 1820C) for
determination of the dependence of rate upon

the concentration of nitric oxide.
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FIGURE 14

Pressure~time data (Type D, at 214°C) for
determination of the dependence of rate upon

the concentration of nitrogen dioxide.
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FIGURE 15

Pressure~time data (Type E, at 214°C) for
determination of the dependence of rate upon

the concentration of formic acid.
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FIGURE 16

Pressure=time curves (214°C)

Run 100:

31.83 mm Hg PN02 = 24.21 mm Hg PNO = 53.21 mm Hg

Ppp =

Run 101:

Ppa = 33.13 mm Hg Pyog = 23-10 mm Hg Py = 52.86 mm Hg
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FIGURE 17

Initial rate, as a function of initial pressure

of NO, and HCOOH; Type A and B results at 214°C.
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FIGURE 18

Initial rate as a function of initial pressure

of NOz, Type A results at 182°C.
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FIGURE 19

Initial rate as a function of initial pressure

of HCOOH, Type B results at 182°cC.
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FIGURE 20

Total rate as a function of pressure of NO;
type C results at 182°C. 1Initial values:

PFA 2 30 mm Hg, PN02 2 30 mm Hg. The plots
are for rates measured at the following values
of AP: (1) AP = 4 mm Hg, (2) AP = 6 mm Hg,
(3) AP = 8 mm Hg, (4) AP = 10 mm Hg, (5) AP

12 mm Hg.
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FIGURE 21

Total rate, as a function of Pyg; type C

results (214°C) 1Initial values: Pp, ® 32 mm Hg
Pyo ® 23 mm Hg., The plots are for rates measured
at the following values of AP: AP = 4 mm Hg,

10 mm Hg and 14 mm Hg.
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FIGURE 22

Autocatalytic contribution to the total rate
as a function of PNO at 214°C. The rates were
measured at the following values of AP:

AP = 4 mm Hg, 10 mm Hg, and 14 nm Hg,
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FIGURE 23

Autocatalytic contribution to the total rate
o) .

at 214 C as a function of PNO as a log-log

plot. The rates were measured at the values

of AP: 4 mm Hg, 10 mm Hg, and 14 mm Hg.
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FIGURE 24

Pno
Plots of — Vs PNO at AP = 4 mm Hg,

X

10 mm Hg and 14 mm Hg at 214°C. Where X is

the whole autocatalytic term.
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FIGURE 25

Autocatalytic contribution to total rate
at 182°C as a function of PNO as a log=log
plot. The rates were measured at the

values of AP 4, 6, 8, 10, and 12 mm Hg.
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FIGURE 26

P
Plots of _Eg vs P

X

NO at AP =4, 6, 8, 10 and

12 mm Hg at 182°C.
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FIGURE 27

Autocatalytic contribution to the total rate
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as a function of Pno. 2t 214°C and AP = 4 mm Hg.
2
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FIGURE 28

Autocatalytic contribution to the total rate

as a function of Py, at 214°C and AP = 10 mm Hg.
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FIGURE 29

Autocatalytic contribution to the total rate

o
as a function of Prno. 2t 214 C and AP = 14 mm Hg.
2
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FIGURE 30

Autocatalytic contribution to the total rate

as a function of P at 214°C and AP = 4 mm Hg

NO,
as a log-log plot.
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FIGURE 31

Autocatalytic contribution to the total rate

as a function of PNO at 214°C and AP = 10 mm Hg
2

as a log~log plot.
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FIGURE 32

Autocatalytic contribution to the total rate

as a function of Py, at 214°C and AP = 14 mm Hg
2
as a log-log plot.
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FIGURE 33

Autocatalytic contribution to the total rate

as a function of PFA at 214°C and AP = 4 mm Hg.
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FIGURE 34

Autocatalytic contribution to the total rate

as a function of PFA at 214°C and 4P = 10 mm Hg.
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FIGURE 35

Autocatalytic contribution to the total rate as

a function of PFA at 214°C and AP = 14 mm Hg.




TYPE E(214°

NO—.X-!U@W wIEC(_ ‘ M

Pra



TYPE E(214°)

AP = 14mmHac

20 30 40 50 60 70 80 9O



- 101 =

FIGURE 36

Autocatalytic contribution to the total rate
as a function of PFA at 214°C and AP = 14 mm Hg

as a log=log plot.
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FIGURE 37

C .
omparison of Rcalc. and Robsd.’ xcalc. and
xobsd. as functions of pressure chagge in a

reaction without NO added initially at 214°C

(for run 86):

Ppa = 29.70 mm Hg

PNOZ = 90,86 mm Hg
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FIGURE 38

Comparison of Rcalc. and Robsd.’ Xcalc. and
Xopsd. S functions of pressure change in a

reaction without NO added initially at 214°C

(for run 130):

P 38.42 mm Hg

FA

PN02 29,92 mm Hg
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FIGURE 39

Comparison of Rcalc. and Robsd.’ Xcalc. and

Xobsd. as functions of pressure change in a
reaction without NO added initially at 214°¢

(for run 117):

PFA = 52,10 mm Hg

PN02= 29,92 mm Hg |
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FIGURE 40

Comparison of RC and R0 as functions

alc. bsd.

of pressure change (with high initial formic

acid pressure.
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FIGURE 41

Comparison of Rc and R

alc obsd, 3 functions

of pressure change with moderate initial formic

acid pressure.
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FIGURE 42

Comparison of Rcalc. and Robsd. as functions

of pressure change with low initial formic

acid pressure,
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RUN # 91

Fea = 19.93 mmHe
Pvo= 23.04 o
PNO= 3317 n

214°C

[l



- 108 =~

FIGURE 43

Comparison of R and Robsd. as functions

calce.

of pressure change with high initial NO2

pressure,
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FIGURE 44

Comparison of Rcalc. and Robsd. as functions

of pressure change with moderate initial NO,,

pressure.
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FIGURE 45

Comparison of Rcalc. and Robsd. as functions

of pressure change with low initial NO, pressure,



- 111 -

FIGURE 46

Comparison of R and Robsd. as functions of

calc,

pressure change with high initial NO pressure.



Rate, mmHe,secx102

N

RUN

1
S 10 15

AP mmHe



RUN # 112
Pea = 32.10 mmH

Pyoz 32.67
214°C
- ‘:}4"\
| i '
10 15 20



BHWW dv

oL .

4
” mN.muN .l..O

BHWWOO-ZE = 'd
dfig G2l NNY

" 86L6Z g
o

@
I
0

I
~

oL x,02S BHww 218

c



- 112 ~

FIGURE 47

Comparison of R and R as functions
calc. Obsd.

of pressure change with moderate initial NO

pressure,
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FIGURE 48

Comparison of R and Robsd. as functions

calc.

of pressure change with low initial NO pressure.
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FIGURE 49

Comparison of Rc and R0 as functions of

alc. bsd.

pressure change with high initial NO pressure at

182°c,
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FIGURE 50

Comparison of R and Robsd. as functions

calc.

of pressure change with moderate initial

pressures of HCOOH, NO,and NO, at 182°c.
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FIGURE 51

Comparison of RC 1

alc. and Robsd. as functions

of pressure change with low initial NO pressure

at 182°¢.
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