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Preface

This thesis is the second in a series of theses which study the route
by which organo-nitrogen compounds ultimately form NOx pollutants. Since
petroleum based fuels are getting more scarce and expensive, fuels derived
from shale oil and coal look very promising. If the reaction mechanism for
the l‘IOx pollutant formation can be understood, the effects of the inherently
high nitrogen content of thesé alternate fuels may be reduced or eliminated.

The analysis of the pyrolytic decomposition of monomethylamine was
performed using infrared emission and shock tube techniques. The activation
energies and frequency factors for the decomposition of monomethylamine and
the formation of ammonia were determined. Several models for the reaction
have been proposed and a determination of a most probable mechanism was
possible. :

I feel very privileged to have worked in this particular area of re-
search. It has encompassed electronics, gas dynamics, engineering physics,
chemical kinetics, computers, and photography, and has contributed greatly
to the btroadening of my engineering background.,

I want to express my deep appreciation for my thesis advisor and
instructor, Dr. Ernest A, Dorko, without whose patience, knowledge, and
guidance this research would not have been completed. I wish to thank
the following people for their help on my thesis: John Parks and Leroy
Cannon of AFIT for their technical assistance in maintaining the shock tube
equipment; William Baker of AFIT who kept me well stocked with film and
other essential supplies; Carl Shortt of the AFIT shop for the excellent
machining and parts fabrication. I would also like to thank Lrs. George
John and William Elrod and Capt. Tom Rosford who served on my thesis com-

mittee and provided useful guidance and criticism.
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Abstract

The pyrolytic decomposition of monomethylamine was studied as a
first step toward modeling the route by which NOx pollutants are formed
from nitrogen rich compounds such as coal and shale oil., The decomposition
of dilute mixtures of monomethylamine in argon was accomplished using
shock tube techniques. Kinetlc measurements for the decomposition occur-
ring behind the reflected shock were made by means of infrared measurements.
Emissions at 3.375 /m due to monomethylamine and 2,886 /lm due to ammonia
were observed. The total gas concentration behind the reflected shock
ranged from 15.32 -to 114.7 miqromoles/cc. The temperature range was
1275 to 2400 °k and the total pressure ranged from 1 to 10 atmospheres.
The values for the Arrhenius parameters for the decomposition of monomethyl-
amine and the formation of ammonia were determined using a least squares
analysis. The high pressure Arrhenius expression for the decomposition is

£ 1010.81;8-48,1 50/RT.

It was discovered that the rate of ammonia formation
was one-half the rate of monomethylamine decomposition. The most probable
reaction mechanism was determined to be C-N bond scissure follcwed by a

radical chain to produce ammonia, _methane, hydrogen cyanide, and hydrogen.
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FURTHER SHOCK TUBE KINETIC STUDIES

OF MONOMETHYIAMINE

I. Introduction
Background

The continued depletion of petroleum-based fuels makes the consider-
ation of useable alternate fuels, such as those from coal and shale oil,
necessary. One of several problems encountered with these fuels is their
very high content of organo-nitrogen compounds, typically 0.3 to 2% by
weight (Ref 19:3) compared to less than 0.01% for petroleum-based fuels
(Ref 6:32). During combustion these compounds produce excessive amounts
of NOx pollutants, 140% more than petroleum-based fuels (Ref 11:5). The
symbol NOx is used to designate the three nitrogen oxides; NO, N02. and
N203, which are usually formed during combustion (Ref 2,3). These NOx
pollutants, when emitted from aircraft gas turbines, will eventually
participate in smog formation in the lower atmosphere and could possibly
have detrimental effects on the stratospheric ozone layer (Ref 3).

As a direct result of the Climatic Impact Assessment Program (CIAF),
the Department of Transportation has recommended that accelerated
combustion researéh efforts aimed at substantial reductions in aircraft
NOx emissions be undertaken. Since it is projected that JP4 and JET A
fuels wlll be obtained from coal and shale oil in the near future
(Ref 3), the Air Force is also interested in reducing the pollutants

formed by their combustion.

Because the thysical and chemical phenomena that govern the formation

and emission of aircraft gas turbine pollutants are complex and not well
understood, the scientific base from which firm conclusions and problem

approaches might be drawn is insufficient to support future efforts to

Sl Syt 2




e s

|
. {
k!
1

-‘

e St g

i

reduce such pollutants. It is therefore necessary to first understand
the reaction mechanisms by which organo-nitrogen compounds form Nox
pollutants, called fuel NOx. Then, once these reaction mechanisms are
determined, the pollutant-forming step(s) may be eliminated or slowed
down.

It has been known for some time that the fixation of atmospheric
nitrogen is the chief source of NOx pollutants from combustion of
petroleun-based fuels. This reaction is believed to proceed according
to the Zeldovich mechanism, which is as follows:

O, + M -20+ M

2

0+ N2 - NO + N

N+0O, «=NO+ O

2
It is also known that the formation of thermal NOx by this mechanism
can be suppressed by operating at low temperatures. However. the
reactions which lead to fuel NOx pollutants from organo-nitrogen
compounds occur much more readily at combustion temperatures. This
knowledge has prompted the study of the mechanistic route by which

a model organo-nitrogen compound ultimately forms NOx. The compound

chosen as asuitable model is monomethylamine (MMA) (Ref 14).

Research Objectives

This thesis presents a further shock tube kinetic study of the
decomposition of monomethylamine in argon, which is the first step
towards modeling the route by which organo-nitrogen compounds form NOx
pollutants. The reaction was studied through the use of infrared emission
detection and proven shock tube techniques (Ref 9). The Arrhenius
parameters for the decomposition of MMA and the formation of ammonia at

several different total gas concentrations were to be calculated. The




4 . nature of any other products and a dominant reaction pathway for the

decomposition of monomethylamine were to be determined.
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II. Theory

Kinetics and Mechanism

A unimolecular reactlon ean be represented by the elementary equation
A - Products (1)

and the rate of disappearance of A is

-afaZ= x[a] (2)
at

which is a 1St order reaction in A. Separation of variables and integra-

&—JT T 3)

o

tion yields

which means that in a lst order reaction the concentration of [A] decreases
exponentially with time.

Before a unimolecular reaction can take place, the reacting molecule
must acquire sufficient energy to cause the reaction to occur. For a
thermal reaction, the energy is acquired through molecular collisions.
Lindemann made the original suggestion that a unimolecular reaction couid
take place under the influence of collisions, and Hinshelwood showed that
the energy stored by a molecule was 5 function of the internal degrees of

freedom (Ref 16:20)., The basic Hinshelwood-Lindemann equations are

k

A+M-2ax 4+ ()
ka

A¥ + M — A + N (s5)
k

A* S B (%)

where A is the reactant, A* is the excited molecule, B is the product,
M is either reactant or an added inert gas, and ka’ 9 and ke are the
rate constants (Ref 21:119) for activation, deactivation, and reaction

respectively.

S izt




The Hinshelwood modification to the Lindemann theory showed that
there was a delay between activation and reaction to form products. The
energy must be redistributed among the vibrational degrees of freedom
before enough energy is placed into one or at most a few vitrational
modes to cause reaction. This time delay permits the deactivation of
the energized molecule to take place, Eq (5) (Ref 16:20).

By use of the steady sta..te aprroximation for A* (Ref 21:19), the rate

of disappearance of A becomes

g S )
at k 4 M|+ ke uni
AL ot
vwhere kuni! W. and is the experimental 1°° order rate constant.

These equations show that kuni is a function of [M] and will therefore be
a function of the total pressure. There are two limiting cases which

permit simpler expressions for kuni.'
In the high pressure linit, kd[M]» ke’ and

ka.ke
kuni = kd = ko (8)
and the rate equation then becomes
-a[A] = x[A] (9
dt
which is ISt order in A and independent of the total pressure. This rate

of reaction is so low compared with deactivation, that the equilibrium

. k
*
fractioa of H‘UJ = Tf’- is maintained. The rate constant, Ky + 1s there-~
d

fore the product of the rate for spontaneous decomposition and the fraction

of molecules which are activated.,
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In the low pressure limit, k Dk dCM]. and

king = ka[M] (10)
and the rate equation becomes
'%EA] = k [aT] (11)

which is ISt order in A and linearly dependent on the total pressure. The

above two limiting cases determine that the power dependence of kun on

i
[M] will be between O and 1.

Monomethylamine, CHBNHZ' was chosen for study because it and the
initilally assumed products have at least one distinct and non-overlapping
infrared spectral region. MMA is a stable, readily available, gaseous
amine, analogous to ethane, which is a hydrocarbon whose combustion has
been previously studied. :

Three distinct decomposition reaction mechanisms may be reasonably
postulated for the decomposition. It should be noted that'the first step
in the three different postulated reactions is a unimolecular decomposition,
however, the reaction pathway is significantly different in each case (Fig 1).
After the first step, there are substantial differences in the subsequent

reaction steps and in the products which are formed.

H H
iy
el PR R ——— cH + NH
| \ 3 2
H H
H H
[ 7.
CH3NH2 H-—?-~- -N —_— CH2=NH + H2
. SRR
H H
Ry
el e e,
" H

Fig 1« Unimolecular Decomposition Mechanisms
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In initial studies by Hidaka, Saito, and Yamamura (Ref 12), they
postulated scissure of the CN bond to form the methyl and amide radicals

followed by a radical chain reaction. The mechanism postulated is as

follows:
CHliH, = CH, + NH, (12)
L Cpllg + 1iH, 13
CH3 + GHBNﬁz < c§26+ i NH :le)
NH, + GH3NH2 - GHB +H, (14)
2CH, = C,Hg (15)

Application of the steady state approximation to the rate equations for

[CH3] and [NHZJ. yielded the following rate expression for the disappearance

of MMA
2k [cn mrzj
_[cn S, = 2}k + k -———f—— Lo, ] (16)
2k, [CcH.NH, ] :
If kl« kz(—lru—) » then the rate equation reduces to
L
2
-afcu.xm,] = 2x (—l) Con g, T2 (17)
R 2\ k, s

This expression indicates a 3/2 order power dependence of the reaction on
monomethylamine concentration.

The CN bond scissure may also be considered analogous to the uni-
molecular bond scissure of ethane followed by a radical chain mechanism.
A recent single-pulse shock tube study in conjunction with vapor rhase
chromatobraphy (Ref 4) details the decomposition of ethane. The data
of this report correlates well with the assumption of unimolecular
reaction kinetics for the initial step., A similar reaction sequence

for MA (Appendix A) would proceed as follows:
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c113NH2 -~ c}x3 + NH, (18)

0}{3 + cujnuz =~ G, + CH NI, (19)
CH,NH, = CH,=IH + H (20)

H+ -’JH3Nl{2 =~ H, + CH,NH, (21)
H+ ca3 ~ CH, (22)

By use of the steady state approximation the rate expression for the

disappearance of MA is
-dICHIH:]=3-‘ [cnrm]+£2—1&-’{cmm]2 (23)
3t Fitlpd = kLN, Fhaesie

which is a combination of ISt and an order reactions with respect to MIA.

The final CN bond scissure reaction (Appendix B) to be postulated is

as follows:

CHNH,, = CH, + NH, (24)
(!}!3 + m3m2 = CHy, + CH,NH, (25)
CHy + CHNH, - CHy + CH,=NH (26)
NH, + cx131m2 - NH3 + CH,MH, (27)
NH, + CH,NH, = NH, + CH,=IH (28)

CH,=NH = H, + HON (29)

Also by use of the steady state approximation, the rate expression for the
disappearance of IMMA is
-%Em{B:mz] = 2k1[m131m2] (30)
which is a lst order reaction in MMA.
The second reaction mechanism which can reasonably be postulated
involves the formation of a long-lived imine intermediate from which

HCN is then forned,

CH,NH, = CH,=NH + H, (1)

CH,=NH = HON + H, ] (32)
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This mechanism was proposed recently by Smith and Sawyer (Ref 17) to
explain the decomposition of 1A mixed with helium in a flow reactor.

They found methane, ammonia, nitrogen, traces of hydrogen cyanide, and

=
jof
solid hexamethylene-tetramine, &:;/:q/’ : y which they postulate

- N
is produced from the imine intermediate. At higher temperatures the

imine intermediate breaks down to form HCN as shown in Zq (32). The

experimentally determined rate expression is

2 wry 7028
-%Emgrmz] = Wi, ] (33)
The last reaction mechanism to be postulated is as follows:
GHHH, =~ CH, + NH, (34)
2CH, ~ CH,=CH, (35)

There is some evidence to show that this mechanism can reasonably be

expected to occur. A recent shock tube study by leyer and Wagner (Ref 13)

on hydrazine presents evidence for hydrogen transfer as in Eq (36). This
NH, - NH3 + NH (36)

reaction would lead to formation of a nitrene.




Shock Tube Studies of Reaction Rates

Shock tubes have been used extensively in chemical kinetics (Ref 1).

e ad 'n
< e DA

A technique used successfully in the past (Ref 9) combines the detection
;i of infrared emission with shock tube techniques to study the rates of

1 chemical changes in situ. This method consists of monitoring the
infrared emission at a very specific wavelength to determine if there

is a decrease of reactant or.an increase of product. Table I shows the

wavelength of infrared radiation characteristic of the reactant and

Products which could conceivably be present during the decomposition of
monomethylamine (Ref 15).

Table I

Reactant/Products and Infrared Wavelengths

; Molecule Wavelength (wm)
E: CHBNHZ 3.40
e | HCN ?2.25
§ CHZ= 6.0
: NH3 2.85
CHu 7-7
CH,=CH, _ 5.25

For example, if there 1s an increase with time in emission at

2.85,ﬁm. then ammonia, NHB' is forming. If no emission were detected
= at 5.25 pm, then no ethylene, CHz=GH2. is forming. Based upon the
¥ informatiocn thus obtained, a plausible mechanism can be postulated and

the reaction rate constants be determined (Ref 8).

10




g In addition to the in situ infrared emission technique, the reaction
: mechanism can be studied through the use of a < ingle-pulse shock followed
4 ‘ by product analysis by vapor phase chromatography (Ref 1,7).
P |

k& I

o

iy |

b |

3

|

3 t . 1




III. Experimental

The shock tube used in these experiments was fabricated from 3 inch i.d.
stainless steel (3S304) tubing with 3/8 inch walls, The tubing was shaped
on a mandrel to produce a cross section at the reaction end which had two
parallel, flat sides with a width of about 1 inch. The flat sides made it
convenient to attach instrumentation and the absence of corners minimized
boundary layer effects. The tube was 23 feet long with a 16 foot driver
and a 7 foot driven section. The tube has been described more fully else-r
where (Ref 14).

A 1% M¥A test gas mixture was prepared from MA (98,07 pure) and
argon (99.995% pure), both purchased from Matheson Gas Products., Shock
parameters were calculated for the specific gas mixtures from the initial

shock velocity assuming frozen chemistry. The heat capacities for M4

were obtained from the data contained in NASA Program 273 and from thermo-
dynamic tables (Ref 16). The total gas concentration behind the reflected
shock ranged from 15.32 to 114.7 micromoles/cc. The temperature range

was 1275 to 2400 %k and the total pressure ranged from 1 to 10 atmospheres.
A total of 200 gas samples were investigated in the shock tube and the
results were used in the analysis.

Kinetic measurements were obtained for the decomposition occurring
behind the reflected shock by detection of infrared (IR) emission through
two CaF2 windows placed in the opposing flat walls of the shock tube 12 mm
from the end flange of the driven section., These windows were falbricated
by the Industrial Lens Company and mounted in stainless steel adapters.
The window surfaces were made flat to one-half wavelength and parallel
to ten seconds of arc. Three distinet advantages were apparent when using

Can windows: Can is transparent in the visible region, permitting visual




focusing of the alignment coil (Ref 14) on the pinhole; it is not trans-

parent above 8 sm, thereby acting as a cutoff filter; and it trinsmits 157

4
i
§
A

more radiation than Irtran II, for example, in the region of interest.
The IR emission from the shock tube was simultaneously monitored by

two separate optical systems. A system employing an indium-antimonide

(InSb) detector was used to opserve emission in the range from 1-5 #m and

a system employing a mercury-cadmium-telluride (HgCdTe) detector was used

to observe emission in the range from 6-8 sm,

% | The InSb system consisted of the focusing lens, pinhole/filter

assembly, and detector (Fig 2). The lens was made from CaF, and had a

\ WINDOW LENS PINHOLE/
FILTER
A ASSEMBLY e

V DETECTOR ——/l

K
h

Fig 2. InSb Optical System

focal length of 25 cms The InSb detector was a Barnes Engineering type
J-10 (1iquid nitrogen cooled) used in conjunction with a Perry Associates
Preamplifier lModel Number 720,

. The HgCdTe system consisted of first-surface gold-coated mirrors,

{i pinhole/filter assembly, and detector (Fig 3). The gold-coated mirrors
were used to minimize absorption losses. The HgCdTe detector was a Santa
Barbara Research Center (SBRC) Model 127 (1liquid nitrogen cooled) and was

used in conjunction with a SBRC Model A120 Preamplifier.

13
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Fig 3. HgCdTe Optlcal System

The output signal from each detector was fed through its own pre-
amplifier and then into the upper beams of separate Tektronix Type 551
Dual~-Beam Oscilloscopes. These oscilloscopes were triggered by a time-
delayed signal from a Tektronix Type 549 Oscilloscope which was triggered
by.an output signal from the heat gauge at the last velocity station
(Ref 14). A signal originating from a Tektronix Type 180A Time Mark
Generator was fed into the lower beam of each 551 oscilloscope for use
as a calibtrated time base. Thotographs of the oscilloscope traces were
made with Tektronix Series 125 Cameras with Polaroid Series 40 Camera
Backs.

A series of experiments was run in which a 3.375 mm filter (FHY of
0.20 /nl). from Optical Coatings lLaboratory, was inserted in the pinhole/

14
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filter assembly of the InSbt detector system in order to monitor the

)

decomposition of IMA. A typical oscillogram of !1A decomposition 1s shown

in Fis le.

1678 %

P=L4,58 Atm

LK] = 33.2 /Hmoles/cc
Horizontal = 50,ﬁ:ec/¢m
Vertical = 5 mv/cm

Time Harks = lO/ﬂsec

T

Fig b, Oscillogranm for the Decomposition of IMMA.
(1¢ 1A in Argon

Numerical data was cbtained from each osciilogram by measuring the
relative intensity versus time. The procedure used was as follows. A
reference baseline, which was an extension of the zero intensity porticn
of the trace obtained prior to the arrival of the reflected shock, was
drawn on the oscillogram. Next a smooth curve was drawn through the
trace obtained after passage of the reflected shock wave. The initial
time was chosen as the time-mark coincident with the maximum intensity
of the oscillogram. The relative intensity was then measured with a
traveling microscope and digital volimeter as described in Ref 14, A
plot of the logarithm of the relative intensity versus time yielded
a stralght line, the negative slope of which was defined to be k..
Another serles of experiments was run in which a 2.886/em filter

(FWH! of C.ZZ,#m), from Optical Coatings Laboratory, wes inserted in the

R 7 T P L G b A T R

Lokl R apbioriiic it it cobbeoblast it




pinhole/filter assembly of the InSb detecter system to monitor the

formation of ammonia, IH A typical oscillogram is shown in Fig 5.

3.

-
o I

o of
o
H
[
N
e}
0 N FaO

' Fig 5. Oscillogram for the Formation of NI
(1% 1A in Argon)

3'

Inasmuch as the emission intensity is increasing with time, a slightly
different method of data reduction was used,

¥ The baseline was drawn through the zero intensity portion of the
oscillogram and a smooth curve was drawn through the remainder of the
trace. This curve was then extended towards infinity and a line tangent
to the curve at this "infinite” point was constructed back tc time equal
to zero. This line represented the maximum intensity (Imax) for each
oscilliogram. The relative intensity was then calculated by use of

the following formula (Appendix C)

I -1
1 - max measured (3?)
rel I
max
vhere I_ . is the trace intensity at any time between O and infinity.
measured

In addition to the two series of tests described, another series was

run with a 5.230/ﬁm filter (FYWHM of 0.36/#m), from Optical Coatings Labora-

(]
(8,8

:
{
3
»
1.
4
’%
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A typical oscillogram is shown in Pig 6, Because of the complexity of the
o = } 3 T ol o & L QT tiaN Sy S = PR R 3 od o 2 "
Processes which gave rise to the oscillogram, nco simple data reduction

1617 %k

L,33 Atnm

= 32.6 pn
orizontal
ertical =

s Ao T
ime rarLs

coan

M3 < T 43

N

Fig 6. Oscillogram for the Emission at 54230 pm.
(17 1A in Argon)

Attempts to obtain useable data with the HgCdTe detector system were
unsuccessful. While the detcctor system was able to detect a sisnal from
the alignment coil, the IR emission from the shock tube during the shock
was undetecctable apparently due to detector sensitivity. The filters

Fovrey

used were 7.597 am ({FUHl of 0.0é/ﬂm), 7.300 Am (FiIEM of C.21/ﬁm), and

5.230/ﬁm (FiEM of 0.36/4n), all purchased from Cptical Coatings laboratory.




;; : IV. Results
| To test the compatibility of the data reduction process performed i
rreviously (Ref %) and presently, a series of experiments in which the
total gas concentration was held at 53.04 micromcles/cc was performed., This i
data was numerically reduced as described previocusly and the activation
energy, Ea' and frequency factor, A, as calculated using & least squares
technique (Ref 14), were within one sigma between researchers. The
series of tests at [HJ = 83,73 micromoles/cc. as reported by Fchelkin

(Ref 14), was numerically reduced again from the oscillograms and the

Sl a

calculated values for Ea and A were within one sigma between rescarchers.

The data thus obtained is also included in this thesis.

bidis o matyaos

The Arrhenius plots (log Koy VS 1/T) for the decomposition at five

i
different total gas concentrations are shown in Fig 7. The curves were
obtained by a least squares analysis of the data (Ref 14)., It can be
noticed that there is somewhat of a fanning out of the curves. This
effect is expected if the system obeys the Hinshelwood-Lindemann theory.
The reason for this is that as the pressure is 1ncreaséd the activation
energy of the reaction (and therefore the slope of the Arrhenius ploi)
increases until the high pressure limit is reached. Notige that this fan
effect is most pronounced at low pressure and is hardly noticeable as the
system reaches its high pressure limit.

In addition to the change in slope, the separation between curves
decreases as the pressure is increased. This result is as expected with a
Hinshelwood-Lindemann reaction, At a temperature of 1667 °k the logarithmic

difference between the two lowest pressure surves 1s 0.197 while the 4

logarithmic difference between the two highest pressure curves is 0,044, ]

18
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A These differences correspond to a total concentration power dependence of

o

C.78 and 0,32 at the low and high pressure experimental extremes respec-

tively. The values of the Arrhenius parameters for ITA decomposition are

given in Table II,
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Table II

Arrhenlus Farameters for Monomethylamine Decomposition

(171 (micromoles/cc) E, (kecal/mole) Log A (cc/mole sec)

15.32 40.79 £ 0.61 9.27 £ 0.14
27.50 41,17 t 2,25 9.42 + 0,52
53.04 - bh.ee 1,62 10,20 *0.37
83.73 47,07 *1.46 10.62 *0.33
114.7 47.39 *0.71 10,70 *0.16
low pressure 35.14 13.50
high pressure 48,15 10,84

Figure 8 displays logarithmic plots of kuni vs P for various constant
temperatures. The data for these plots was obtained from the Arrhenius
parameters in Table II. As shown in Section II at the high pressure
limit in the Hinshelwood-Lindemann mechanism the theoretical variation of
kuni with concentration, or from the ideal gas law, pressure, is.equal to
zero, It is evident that the experimental variation of kuni with concen-
tration is approaching this zero limit. At the low pressure limit the
Hinshelwood-Lindemann mechanism predicts a linear dependence of kuni on
concentration. It can be seen from Fig 8, that as the temperature increases
the slopes of the lines approach, but do not reach, one. This indicates
that the expérimental observations were made in the intermediate to high
mressure regime. The low pressure regime was beyond conditions that
could be attained in the present experiment. By use of the data points
from this figure, the values of the Arrhenius parameters, shown in Table II,
for the high pressure regime and for the lowest experimental pressure were

calculated.
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The activation energy, Ea' at low pressure is 13.01 kcal/mole less
than Ea. at high pressure. This corresponds to a decrease of about 4RT in
the temperature range under consideration. This decrease is not as expected
from the simple Hinshelwood-Lindemann theory. According to this theory the
difference between high and low pressure activation energies is

E-E_ = (S-1)8T (37)
where S is a number usually taken to be 2/3 the number of vibtrational

fundamentals, which for MMA is %(15) or 10, Thus an activation energy
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difference of about 27 kcal is expected between the high and low pressure
regimes. The conclusion from this discussion is that the low pressure
regime has not been reached under the experimental conditions used, For
a molecule such as M'A with 7 atoms this is not an unexpected result. The
low pressure regime for such polyatomic molecules may not occur before the
rressure is well below atmospheric (Ref 21:138),

The Arrhenius plots for the formation of NHB at different total gas

concentrations are shown in Fig 9. The best fit lines obtained by a least

27.50 NICROMOL/CC
§3.04 MICRGMOL/CC

s iz
+ s
© N = 83.73 NICROMOL/CC

$ ¢78940°
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@
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Fig 9. Semi-Logarithmic Plots of kuni vs l/T for the Formation of NH3
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squares fit, are seen to fan out similarly to those of MVMA. The values

3

of the Arrhenius parameters for the formation of ammonia are presented in

Table III.
Table III
Arrhenius Parameters for Ammonia Formation
I:MI {micromoles/cc) Bz (keal/mole) Loz A (ce/mole sec)
27,50 40,75 * 1,49 9.28 2 0,2%
53404 4,55 * 2,09 9.87 ¥ 0,47
83.73 46,18 * 1,75 10.37 £ 0.39

The Arrhenius plots for both MMA decomposition and Nl-l3 formation for
: | different total gas concentrations are shown in Figures 10, 11, and 12,

o, l
- -

e i . “'
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V. Discussion

The experimental results need to be discussed in the light of the

reasonable mechanisms postulated in Section II. This discussion is an

attempt to decide if one of the mechanisms is dominant and if so, which one.

A relationship between !MA and ammonia, one of the preducts, needs to

be established.

From Appendix C

X = ]_1:0 (38)

where k is the rate constant for M'A decomposition and k' is the rate

constant for NH3 formation. When the values for k and k' from Tables II

and III for [M] = 27.05, 53.0%, and 83.73 micromoles/cc are substituted
into Eq (38), the values for « of 1.58, 2.13, and 1.78 respectively are
obtained. If the approximate value of « = 2 is substituted into Eq (39) ﬁ
(from Appendix C), then Eq (40) is obtained.

%ENHB:] = k'[agm,] = ,I—f['CHBNHZ:] (39) _4
%ENHBJ = slo ] (40) q
When this experimental result is compared with Eq (41) which was 3

obtained from Appendix D
%[éNH3] = k(o i, ] (1)

L | the similarity is readily apparent. In this case k = 2k1. which is the
result obtained for the derived rate constant for the postulated reaction
: % mechanism in Appendix B. The conclusion is that MMA dec&mposes at twice
? ; the rate at which NH3 is formed.

E:i In a prior report (Ref 14) it was established that the reaction 1s.
first order in MMA concentration. The present results show that the

power dependence on total gas concentration varies from 0.32 to 0,78,

These two results are strong evidence to eliminate two of the three
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postulated radical chain mechanisms, The model proposed by Hidaka, et al,
(Ref 12) which is a 3/2 order reaction, is not supported by the established
first order dependence although Ea and A are comparable., This first

order dependence alsc does not support the ethane analogous reaction

which is a combination of first and second orders. Additional evidence

to indicate the dominance of the third postulated radical chain mechanism,

if indeed a radical chain does occur, follows.

Table IV

Heats of Formation for Selected Compounds

Compound AHe (kcal/mole)
CH), -17.889
: CH3 34,0
3 . CH,~CH.5 -20.236

CH,=CH, 12.49

CH CH 54,194
CHNH 4504
f CH,,=H 9,02%
5 HC N 31.2
*Appendix E

(Ref 5)

The following heats of reaction were calculated for several of the

postulated reaction steps using the values in Table IV,
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() CHpNH = CH,=NH + H

2
AH, = 9.02 + 52,104 - (45.4)

+ 15,724 kecal/mole

The positive sign indicates endothermicity, which means that energy would

have to be added for the step to take place.

® CHH + CHy o~ G+ CH,=H

AHf -170889 + 9002 - (L"5.Ll' + 3“‘.0)

-88.269 kcal/mole
The negative sign indicates exothermicity, which means that energy is
€lven off and the reaction would occur spontaneocusly.
6) CHNH + NH, = NH; + CH=NH
AHg, = -11.4 + 9,02 - (45.4 + 47.2)

= -9%4,98 kecal/mole
Here again the negative sign indicates exothermicity and spontaneity.
Since reactions C) and (9 are highly exothermic and reaction CD is
endothermic, reactions (@) and (3 would be strongly favared over reaction
@ . This result would tend to eliminate the ethane analogous decompo-
sition of MMA from consideration.

At this point it should be noted that CHZNH2 and CHBNH have been used
interchangeably. This is due to the fact that the activation energies
for their formation are 8.7 and 5.7 kcal/mole respectively (Ref 10),
There would therefcrs be no noticeable preference for the formation of
one over the other. Another point in favor of the interchangeability is
that the bond strengths of C-H and N-H in CHBNHZ are 97 (Ref 12) and 92
(Ref 5) kcal/mole respectively.

Regarding the three-center and four-center pathways as shown in
Fig 1, the following information needs to be considered. The experi-

mentally determined rate of formation of ammonia
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1= - % %E’JHBIIHZJ (82)

would preclude the hydrogen transfer mechanism as in Eq (23), the three-
center pathway, since that mechanism would reqguire a rate of formation

of ammonia of g (43)

%EHHBJ = - %EMBNHZJ (:3)

Also, the odor of cyanide, which is not formed in the hydrogen transfer
reaction, was very noticeable when the shock tube diaphragms were changed
between shots.

The four-center mechanism in Fig 1 (Equations 20-21) involves the
formation of a long-lived imine and would give as products only hydrogen
and hydrogen cyanide. Since ammonia is formed in the present experiment as
evidenced by the IR emission at 2.886,ﬁm (Ref 15) and preliminary evidence
from gas chromatographic analysis indicates the presence of substantial
quantities of methane, this mechanism cannot be the dominant one for the
decomposition of IMA. The experimental rate expression (Ref 17)

-a[cu.nu,] = x[om.xm, 28 (22)
a > 2 e
differs substantially from the present results, since different experi-
mental conditions were employed and Eq (22) applies to the entire reaction
scheme. The present experiment deals with only the first few reaction
steps and no valid comparison can be made between the two rate expressions.

A final consideration is pertinent. Since the high pressure activation
energy in the present case is substantially lower than the estimated 79
kecal/mole C-N bond strength in MMA (Ref 5) and all other pathways having
been eliminated, then it must be taken that a radical chain mechanism is
operating. The first step in this radical chain is postulated to be N
bond scissure and the mechanism described by Equations 24 through 29 is

taken to be the dominant one for the decomposition of MA.
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Attempts were made to monitor the IR emission at 7.6, 7.3, and 523 pm

with the HgCdTe detector. Although satisfactory cptical alignment was made
on the HgCdTe optical system using a glowing coil (Ref %), no useable
oscillograms were obtained during a test. The signal to noise (%AI)

ratio for the HgldTe detector is 3x103 which compares favorably with the
3/¥ ratio for the InSb detector of bxlOB. The detectivity, D¥*, for the
HgCdTe detector is 8x109 cmHz%/watt, whereas D¥ for the InSb detector is
2‘+x109 cmHz%/watt. This means that the HgCdTe detector is 1/3 as sensitive
as the InSb detector. The maximum oscilloscope trace value was 3 mv for
any given shot when detected by the InSb detector. According to the
specifications supplied by SBRC, the noise level of the HgCdTe detector

is 6 mv. Therefore any expected signal from the HgCdTe detector during

a test would be completely masked by the noise. Until a more sensitive
detector system is obtained, IR observations of this particular reaction

will be severely limited at wavelengths longer than 5.5 microns.
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VI. Conclusicns
As a result of this study the following conclusions are drawn:
1. The high-pressure Arrherius equation was determined to be

_ 1n0.84 -48,150/RT
kuni(I‘-a' o) - 10 e

2., The decomposition of IIA is unimolecular and the Hinshelwood-
Lindemann model is an adequate representation.

3. Ammonia and methane are formed as products in the decomposition
of monomethylamine.

4, The rate of disappearance of MA is twice the rate of formatior

of ammonia

(v, ] = - 1 a[cH. K, ]
3E3 3§59

5. The dominant reaction pathway is taken to be CN bond scissure
followed by the radical chain mechanism as described by Equations 24

through 29.
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VII. Recommendations

The following recommendations are made to determine more precisely
the mechanism by which monomethylamine decomposes and also to present
further areas of interest which should be explored.

1. Single-pulse shock tube studies in conjunction with vapor
piase chromatography should be completed on MA decomposition to deter-
mine the product composition.

2. A detector/preamplifier system should be obtained to provide a
S/ﬁ ratio of 3x103 and D¥ of 24x109 or better for the study of the
decomposition of M'A in the IR region above 5.5 micronms.

3. Shock tube studies should be begun on the decomposition of MMA
in an oxygen/argon mixture with an appropriate product analysis to

determine the reaction mechanism by which NOx pollutants are formed.

3
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APPENDIX A

DERIVATICN OF THE RATE EQUATION
FOR THE ETHANE ANAICGOUS
DECOMPOSITION OF FONOMETHYLANINE
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The postulated reaction steps are
o013 00 A Y
*131:}12 G{B + A-uz

CH, + CH 13{2 - CHL; + 03{22.":‘1

2 3 2
CH,lH, = CH,=NH + H
il + CHNH, = Hy + GHli,

H + C’HB - CH),
The rate equations for this mechanism are

%Em3mzj & kl[cn32m23 + kz[cHBnrﬁzj[m33 + kbr[CHBIIHz][H]

%Ec}x3] = kl[cx3m{2:| - k2[cz{3;m2][cn3] - k5[c1{3][z1]

= - 17 = B
%EH] kLo, ] - kg, (HOCeHpH, ] -k Lony X
%ECHZNHZJ = kol Tciqim, ] - kLo tm, ] + i (H]{aH, ]
Assuming the steady state approximation for Eq (7) yields Eq (10)
kl[c}{31-mz] = k2[0H3][CH3HH2] + k5[f:1{3][}{]
Solving Eq (10) for CCHB] yields Eq (11)

o] - Iy [CHH, ]
k LCH,TH, T+ & [H]

Subtracting Eq (8) from Eq (7) yields Eq (12)
kIECHBNHZ:] - k3[cx{2m{2] - kz[c}xBIrmBmz] - ku[H][CHBNHZ:] =0
Solving Eq (12) for [jcuzmizj yields Eq (13)

-k [cH,] + x,[1]
[CHZHHZJ = [cHer,x 2](51_ 2 k33 L )

Assuning the steady state approximation for Eq (9) yields Eq (14)
k3[cn2m2] = kz[CHBIGHBNHZ:] + ku[HICHBNHZJ
Solving Eq (14) for [cxzrmzj yields Eq (15)

Lowpety] = Emf31m2](k2£°“32; “u[HJ)
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Equating Dq (13) and Zq (15) ylelds 5q (16)
) A . Mo e ) )/

ky kz[ChBJ + k [H] = Lzl:c:zB_J + ¥, [H]

Solving Bq (14) for ['JHB:} yields 2q (17)

k'l
Bquating Zq (11) and Bq (17) yields Fq (18)
;:lﬂm{ 13127 5

Solving Eq (18) for [H] yields Bq (19)
%
(] = -k—5[C}-13NH2]
Substituting Eq (19) and Eq (17) into Eq (6) yields Eq (20)

K
-%ECHBNHZJ = kLo ,] + kztcHBtnxz}:—lk—z + ku[mfmz]?i{c’%’mz]

Collecting like terms yields Eq (21)

? kzkl'" 2
Langn,] - 2, [ongim,] + -3(—5-[@131«}12]2

(16)

(17)

(1f)

(19)

(20)

(21)
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The proposed reaction steps are

”HBI:HZ

cm3 + ’J}{Bmiz = CH), + CH,IIL, (2)
':113 + CH,IH, = ), + CiL= (3)
1, + rxJBI"-xz -~ ::}{3 + Cil,lH, (D)
N, + CH,II, - Ty + CHy=E (5)
CH,=NH =~ H, + HCN (6)
The rate equations for this reaction are
-_g_gcn mz] ,:l[cujm + kz[ca ][cHBmxzj + [mz][cx3mz] (7)
g{éc}xBJ = kIECHBNHZ:] - kzl:CHBITHZICHB] - k3[cx{3][cx2mzj (8)
g[mxz] = k1[c1131m2] - kutxzazIm{anxz] - k5[1-m2][m{21m2] (9)
g[cn H,] = kz[cni3][cz13rm2] - kBECHBICHZI-IHZJ + I, Lo, }[ca3mxzj
- ksl:z\rnz]:crzz:mz] (10)
Assunming the steady state approximation for Eq (10) yields Eq (il)
[cnzxmzj(kBEcmB] + kSEI!HZJ) = [cu31m2](k2[ca'33 + k[, ]) (11)

Solving Eq (11) for [CH WH ] yields Bq (12)

kL, ] + X[, ]
Loy, ] = La i, (kBLCd T+ yL;Lr {2])

Assuming the steady state approximation for Eq (8) yields Eq (13)
= kplem Lo, ] = wkylon, o i, ] (13)
Solvino Eq (13) for [,:rz:'x{ ] and substituting into Bq (12) yields Bq (14)

L] + 1,0m,)
k1[c33.m2] kz[CZHBJLC}izl Hz:] kBEc}13][cz{3w2] ktcu3j - 5L*‘“ J) =0 (1)

Solving Bq (14) for ky yields Eq (15)

(o, + K, [1E,]
R CG{BJ{RZ ' kB(’;;mﬂ ) 15)

(12)

Lo




i 1

Assuning the steady state approximation for Bq (9) yields Fq (16)

(k, = ku[}IHZJ)[GHBKHZJ = :e.cﬁb:}xz][cazmzj

(16)

Solving Tq (18) for LCHZNI{ 7 and substltuting into By (12) yields Bq (17)

: . k,[0H,] + 1 [, ]
v ~n \344 e T, 4 (FJ b i o g =
xcl‘_J‘I3an] xcug_ChB! u.3“h2] ,LG‘:zB_,LCFBI'hZ_. - & e ‘“2-*)

Solving Bg (17) for & yields Eq (18)

1
: k. [CH.] + ﬂu[m )
ot U U’Hz]{ku i k5(!<2[ca§T m <5L11-’?—_])§

Setting Eq (15) equal to Eq (18) yields Eq (19)

{k LCH g I’@D‘.H ] . kztv 3] "' k}'u Hz]
Lo ]5"2 gl \RBLC;{j:[ TN Hz_]) [ros, 1, ( 5\k[CH, T+ zrsumz_,)

Expanding Bq (19) and cancelling like terms yields Eq (20)
1

ko ka\2

[NH2] = f[CHBJ; where A= (Elpﬁ%)
Substituting Eq (20) for urr 7 into Bq (15) and solving for [0}{3] ylelds

Eq (21)

o] = bt o i
2k kg + Kk op + kK p
Substituting Eq (21) into Eq (20) yields Eq (22)

+ k.k
L ] =(2k22k2 k;ljf kjkwa)/

Substituting Bq (21) and Eq (22) into Eq (7) yields Eq (23)

~afam,] . Ek'*ﬂ( Kk, + Kk p )”’( kky + kg \)
[Ex':,"g_z‘_!' 2\2kk, +,k5p+kkw4 Lu‘z'»KBﬂ»kjp KBPMB
Expanding %q (23) and collecting terms yields Eq (24)

-g[m3mz] = 2k, NH ]

b1

(17)

(1)

(19)

(20)

(21)

(22)

at (23)

(24)

i e e

T




AFPENDIX C

DERIVATION OF Irelative

AND THE

STOICHIOMETRIC FACTOR o€




The generalized rate equations are

CH.XH,] = k[ CH.H,)

dt 3 2 5 ey

alvi,] = x'louan,]

at - i

The concentration of 1A at any time t is given by Zg (3)

[m3:312] = [-:‘.}{3’.;1{2]1 - 4L1.53]

where « 1s a proportionality constant.

Substituting Zq (3) into Eq (2) yields Eq (&)
B = ' ey ) = T3

QL..'HB:] k ([uHBI.xIZ 1 a(LI.:{BJ)

Dividing both sides of Zq (&) by ECHB“ 2] vields Zq (5)

(s, ]
s Yerker = <1 - i)

Setting [CHB 231 = «[1\}13] ,» B (5) becomes Eq (6)

B0:0

ol
3f=k'(l-zt“_*‘§7§)

Rearranging Eq (6) yields Eq (7)

(vu.,]
g{ NH3 = o(k'(l - D‘_'{g];)

Since the intensity of emission is directly proportional to the

dl3“*3 <

concentration (Ref 8)

1 - [Nnjj =1 . Imax 3 Iggasured
HHB r rel I

max
Substituting Eq (3) into Eq (1) yields Eq (&)

-g,[ch}er] = z<([<',;{3:rnzj|i - e([l\'}{aj)

Dividing both sides of Eq (&) by (°H m,,]i yields Bq (9)

«[m. ]
BNHZJEH?TH_ZI = k(l - FQT;%{-Z-JI)

43

(1)
(2)

(3)

(&)

(5)

(6)

(7)

(8)




?A‘ |

g

. | : ] -

ﬂi Sedning LCHBLHZJi 5 “LLH3] » g (9) becomes Zq (10)
4 | Y e 1 «[m,]

i | Rearransina Eq (10) ylelds Zg (11)

2 im, ]
‘dCCHBI‘hZJL—BTE = k(l - ﬁ%ﬁ) (11)
Zquating I (11) and Tq (7) ylelds By (12)
k( 0w, ] ) ( Q]
< = ax'l1 - L_}T) 12
Cancelling like terms yields Eq (13)
k=ok' or =%
é |
. i
| i
44 |
|
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DERIVATION OF THE RATE EQUATION

FOR

FORNVATION OF AMONIA




s AT LS GTat G D <

.
AL, e
£

ELR i e

B

s',_;'.'#"

¥
E
3

Using the equations from Appendix B, the derivation of the rate
\J equation for the formation of NHB follows. The equatlons from Appendix 3
will be designated by an asterisk (¥).
The rate equatior for the formation of ﬁHB is
d[' n3_, = k [.‘.{2_[':;{3* o) & k5[miz]£mi21:}{2] (1)
Substituting Eg (12*) into Eg (1) yields Bg (2)

koL, + ku/[’ﬁ‘-—;])

d[_l :13] = ku[mzjtcmjmzj + k5LI'H ][jc}z3 q?]<k;[3}’,;} o 5/{_ ] (2)

Substituting BEq (20%) into EBq (2) yields Eq (3)

oL 5] + ypl -') (3)

%9;;{3] = kMEC}{BICHBn 2] + kﬂd[CII ]LJBIIHZJ( Jj+ i 5#'-*““‘3*

Collecting like terms yields Eq (4)

k, +k
g_[rm3] = [CHBICHBNHZJEI{M + ’&{5(%7%5%)} )

Substituting Eq (21*) into Zq (4) yields Eq (5)

%ENH3] g [mf‘dz](zk kikk ;5:1 }:51: Awd) 57‘1/ ! “y"(i : : lf:)g (5)

Expanding Eq (5) and cancelling like terms yields Eq (6)

dl_'m 7 = k[, é
at S (6)
Restating Bq (24*) yields Eq (7)

—% %Ecn3rm23 = kLo, ] (7)
Equating Bq (6) and Eq (7) yields Eq (&)

_[m J= -1 dlam,] (e)

2 dt

ué
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AFPENDIX E

CALCULATION OF THE HEAT CF FCRNMATION CF CH2=NH




An estimate of the heat of fomation of CH_=lH was determined in the
following manner. All values are in kcal/mole. The heat of formation

for Ch'2=Ch'2 lies btetwecen the heat of formation for CHB-CH and CilmCH,

3
+ A

2

An .
£(oH. -t oHmny)
Caleulated: An = £(H,-01) £(CHR3E) | yp e

£ (C.‘iz=3}22)

Actual: Ax, ( 12,496
“

o, cuz)

J(CH2=CH'2) = Aﬂf(calculated) -AHf(ac‘Lual) = 4,483

The heat of formation for CH,_=NH should lie between CHB-I-(H? and HC=l,

AH + A
Calculated: £(CH,-CH, ) £(HO=) _ 5,05

AHf(CH2=NH) B

The actual value is unknown, therefore the following approximation was

used to compute the difference between the calculated and "actual" value.

$ S AHf(C}I?=}€H)ca1culated
(CH,=NH) 2 O(CH,=CH, )| gr——" = 3.23
f(GH2=CH2)ca1cu1ated

" ", = - =
b, AHf(CH2=NH) AHf(CH2=NH)ca1cu1ated J(ca;m) Al

48
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1/T7 V3 K UINI
MMA DTCOMPOSITION

M = 15.32 MICROMOL/CC

TOTAL ROCT MFAM SCUARE RESIDUE=
BEST POLYM OF N7GREE {F0N2 , 16NATA PIS IS
COEFEICTEMT

+1502908€-01
POWFR OF X

LoG

CORRELATION CORFTICITNT

Y =

+3265158405F 401
-.8813122001F a0y

JEME

«1911090F+04
«1865N10F+NY
«138RCIGF+IL
«188407°05+04
«1883000F+9N
«18820705+0L
«1353000F+04
«134L48000F +0L
«18L5000F+04L
«1304000F 4NN
«1R838090F+0L
«18325000E+04
«182901C°+04
«1827010F + 04
«1315030F+0L
«1795000F+ 0%

= -.983

106 K UNI

«39350C00F+01
« 3666 00NE+01
«2/15000F+C1
« 34350905401
« 3515000401
«23069300F+01
«295900CF+C1
«2743000FE+01
«2735090F+C1
«2414000F+01
«2725000°+01
+2638000F+01
24430007 4+01
23300005401
«2335000F+C1
«20350007+01

0
i




177 vs

M4A 0T

B8F ST POLYN OF N7

LOG ¥ =

K !INI
COMPOSITION

M = 27,50 MICRNMOL/CC

TAITAL RNOT “F"MN SQUARE RFSINUF= «S5L74K549%-01
GREE {FOR 4 1B8NATA PTS IS
COEFFICTFNT POWEFR OF X
«94802053-.0F +01 0
=+B8396472972F ¢C4L 1
CORRTLATION ZOFFFIZITMNT = -.995
me 106 X UNT
«18A10N0F+04 « 24930005401
«18KR0N0E+004 «3738000Fsn4
« 185400 0F+04 «2585000F+01
«136L2000F+04 «L533000F¢01
«175A000F +7¢L « 2495 00CF+01
«1749CJ0E+L «251190GCE+01
«174H0CN0F 404 «1374000E+01
«1737090F ¢4 «2211000F¢N1
«170302CF+04 «13330C0E+C1
«1ART0I0F+OL «16150005+01
«1579000v+9N «6H453L 70005400
«15610J0F +9¢4 «ELBCIN0FeC0
«1633000F+0H «2877000%+90
«1LB8LNN0T+NY « 24790005470
«1LS5LOSOF eNG «15370005+00
«1L53070F+94 «15834LNNNESND
« 14450907 +0L «2907000E4+00
«1425000E+04 «1539000F+90




1/7T VS K UNIT
MMA NZCOMPISITION

TOT:L ROGT “WFLil SNUARE RESTINUE=
BEST POLY! NF NSGPEF 1FOR , 20NATA TS IS
COFFFYCIFNT
e LOG Y = «10201476327402
; -.08073%8156F + 04
| COPPELATION COFFFICTTNT =  =,995
!
i JEMP 10G K UNI
i
% «1759000F 404 L L229000F+01
i «17TR0ICF4NL «3L4T7000E401
i «1735000F 414 «31980095401
X ¢ 167400054 0L +1983000701
g LN «1663MI0F 404 +2283000F401
i 016€6000F 400 ¢ 23470205401
| - «1653070F ¢4 +17800007+01
3 ! «1HTINNNOF4NL «15710005+01
-3 i «1614010F+NL ¢1363)00F+C1
s, | «1569000F+9L +9USE0Q0F 420
By « 15670007+ +R9250005410
¢ e 15LANV0F+ 0L «6558000F+70
' «1524000F 404 5260205400
«1518000F+06 +5789000E+0¢
«151R8000F ¢9L «597090054C0
+15120N0E+nL «5A5CN00F+00
«15100007 405 SL61L 3005400
«1L05090F+0 4 cLuHL0I0F+00
¢1L710I0E+0L « 32560005400
«14DT0N0F 400G «1428000F40C

57 )

T T

M = 53,04 MICROMIL/CC

POWFR OF ¥

« 362783 0E-01




. <Sds

i i S

¥

1/7 VS K UNI
MMA NTCOMPOSITION

TOTAL ROOT MEAN SAUARE BESINUF= .30991707-01
BEST POLYN OF N-GRES 1FOR , 14IATA PTS IS
COESFICTENT POWER OF X
LoG ¥ = 1362105, QF 402 0
-.1028725975°405 1
CORELATION COFFFICIFMT =  =-,995
IEMP 10G K UNT
«1711090F+04 «¥834,00054+01 1
«1651000F 404 $2617 0005401
«1618070F+94 «13050005401
«161R0I0F+9L  ,19030005+01
«1577000F +04 «12330005401
«1569090F +04 «1055000E+01
«15LB0ICF+0L +10330C05 +01 !
«1534090F+0 4 ,B273000F+20
«1678070F ¢04 «L701900F 410
«1L7207CF+0L «36830005+30
e1L670N0F+0L <2921 000E400
«1N6T0I0F 40 L 25550007 +30
«1457070F 404 <3575 000F+00 :
«1425020F+06 «2784000% +00 i
4
53

4 M = 83.73 MICROMOL/CC




177 V3 K UNI
MMA DTCOMPOSITION

M = 114.7 MICROMOL/CC

THTAL PCOYT MFAM SAUARE RESINUE=
BEST POLYM OF N“GRFE 1FOR', 13NATA ©TS IS
COEFEICTFNT POWER OF X
«107042L0LA3F 402 0
=1 0355464107405 1
CORPELATION COEFFICTIFNT = =-+993

«1L57454E-01

LOG Y =

TEMP

«1578030F+0 4
«1515090E+7¢L
«16146090F+0 L
«1L9GNI0F 0L
«145700F+0L
«165L00E+0 Y
«1441090F 4N L
«1624070F+04
«16303CF4+0L
«161A0N0F 40 L
«1413000F¢0L
«1407000F+04
«1L0LOJCE+DL

10G K UNI

«12739000E+01
«7821000E+CC
«7558000F+00
«60809G0F+00
«2343000F+00
38720005430
«2270000%+00
«2135000F+00
«29550005+00
«2428000F+00
«23850r05+90
«2275000F430
«1997 0C0F+00
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1/7 V3 K 'INI M = 27.50 MICROMOL/CC
AMMONTA FORMATION

TOTAL ROOT MEAN SAUARE RESINUE= «?657182%-01
BEST POLYN NF NTGREE {FOR , 120ATA PTS IS

CCEFFICIFNT POWER OF X
LOG ¥ = «I275H52L.7GF 401 0
=+8905727910=¢0% 1

CORRELATION COEFTICIFNT = =.38Y

JEMP 10G K UNT

«1398030F404 <41AC 0207401
_ «1864090F 414 «222000CF+C1
A ; «1863030°404 «2140000F+01
b | «1925000F+04 « 25700007 +01
| | «183L0NOF+0L +273000054+01

| «1769070F 404 «18005CCE+C1
+17L9CICF+0L «1290900°4+01
«1722090F 490 «1430000F 401
«1719090F+0L «1060000F+01 |
«1703070F 404 «11200C0E+01 f
«1703000E474 «1100000F+01
«1696000F+04 «1070000F+01

“"‘




3
i
3 J
..j i
!
1 17T VS K NI M = 53.04 MICROMOL/CC
| AMMNTA FORMATION
TOTAL ROOT MEAN SQUARF PFSTOUE=  .4719035E-01
BEST DOLYN OF NTGRFF 1F02 , 18NATA PTS I3
; COEFFTCTTNT POWER OF X
3 LoG v = VA86R10107 35401 0
R | ~9737720725 404 1
| CORRELATION COEFFICITNT =  =,983
E <1770070F404 22060007401
2 (17220107404 16050705401
1 (1538090F404  L1130000F 401
! ¢1586000F+06 . 13500007 +03
: 1678070F 406 . 11000005401
: <1575070E494  ,1470000C+01
9 ¢1660000F414 1736 3C0CHCH
1 (15680706434 ,99200005400
4 <165R000Fe04 13300007401
a3 1535090F 404  .9400005+10
3 (1617030E434 8260000 +00
«1613070F+04 «7900000+00
«1502070%+04 «516007°0Z¢7¢C
1592000840 45709095400
(157E070E+36 L7 000C0F+I0
1554000F406 4550000 +10
<1551000F404 43720000 +00
1470030E404  .188000F+00
Bt
&
2

R N
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\J

—

K UNT

AMMINTA FORMATION

REST POLYN OF DTGRFF 1FCR ,
COEFEICTENT

M = 83,73 MICROMNL/CC

TOTAL RNOT MFAN SQUARE RFSIONUF=
17NATA PTS IS

«1037201050E¢02
=01015843519F +05

CORRELATION COFFFICTTNT

TEMP

« 16930305 +0%
«16380N0F+04
« 15620907 +0L
«1A590N0F 404
«1652000F + 00
«1647000F¢N Y
«1587000F+04
«31577000C 4004
«1573000F+04
«15650N0F+N4
«1557000E+0¢4
«15S4L000F+0 L
« 1545 090E+94
«15160905+04
«1501000F+ 004
«iLOBDOCE+DY
«1493000F+04

= =+ 990

10G K UNI

«2133000%+01
«21833C0F+01
«17200GG0%+01
1338 000E4C1
«1815000F+01
«1731000F+01
«63700CCE+00C
«8230900E+00
«77300C0%+00
«R2300005+2C
«A310090E¢90
«7470090E+00
«6980000%+C0
«L350000%¢CC
«3320000F+00
«3530000E+00
«4210000E+CC

57

«3752114F-01

POWFR OF X
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