
rI A D—A03 9 001 PURDUE UNIV LAFAYETTE IND PROJECT SQUID HEADQUARTERS F/G irn
HTFFR kIN ETICS STUDIES OF AL + C02 YIELDS AIM + CO FROM 300 TO —fleW)
APR 77 A FO ITIJN’ W FELDER N0001* 75 C 1fl3

UNCLASSIFIED 5QU1D AC 16 PU Nt.

_ U 
_ _I _

UI ___
__  

__  

I

I I



______ 

~ 2 8

~ II~L 3 5  
—

111111 •1 ~

~III1~
~fllllh25 ~~~~~~

NATIONAL BUREAU OF STANDARDS
M~GROCOPY RESOI UTION TEST CHART



V -,

PROJECT SQUID
TECHNICAL REPORT AC-16 PU

HTFFR KINETICS STUDIES OF?
Al + CO2 —~AlO + CO
FROM 300 to 1800 K,

A NON-ARRHENIUS REACTION -

BY

A RTHU R FONTIJN AND WILLIAM FE LDER
AE ROCHE M RES EARCH LABOR ATORIES, INC.

PRI NCETO N, NEW JE RSEY 08540

PROJECT SQUID HEADQUARTERS
CHAFFEE HALL

PURDUE UNIVERSITY D D C
WEST LAFAYETTE. INDIANA 47907

MAY 3 197~APRIL 1977 
LbU
B

Project SQUID is a cooperative program of basic research relating to Jet Propul-
sion. It is sponsored by the Office of Naval Research and is administered by
Purdue University through Contract N00014-75-C1143, NR-098-038.

I

/ This document has been approved for public release and sale; VLà its distribution is unlimited
• —

_ _-  ~~~~~~~~~ V~~~~~V~~~V~~~~ V~~~~~~~~~~ ~~~~~~



:~
~~~~~~Technica~~~~~~~~~AC - 1 6-PU __

LRQ~JI~. I S O~UJ~

A COOPERATIVE PROGRAM OF FUNDAMENTAL RESEARCH
AS RELATED TO JET PROPULSION

OFF ICE OF NAVAL RESEARCH, DEPARTMENT OF ThE NAVY
C-

V / :~
I
,

HTFFR KINETICS STUDIES OF Al + ~ Al~ +

FROM 300 to 1800 K , A NON-ARRHENIUS REACTION w

by

•~
V •
~AVérôCh~em Research La borator i es , Inc .

Pr inceton , New Jersey 08540
~~C~~E~ VSEI ~ bt

-— ~~~~~~~~~~~~~ ~TI$ ~~?t c Se~~ufl

/ 
j  J (/ 3  V~~I ‘~~3

Apr~~~1~77 
— _____

This  document has been a pp roved for ~ub Ji c release and sale ;
its distribution is unl imited .

/
/ / 1 V~~

1/ .
~~~~~~ 

/ /~ (?



—— — ~ V ~~~~~ V ~~~~~~~~ ~~~~~ - — V —~~ -— - V —

TP—353 March 1977

HTFFR kinetics studies of Al + CO2 MO ÷ CO

V from 300 to 1800 K, a non- Arrhenius reaction*

Arthur Fontijn and William Felder

AeroChem Research Laboratories , Inc.
P.O. Box 12, Princeton , NJ 08540

High—temperature fast—flow reactors (FITFFR) were used to obta n the

rate coefficients , k1 (and their accuracies), for the reaction Al + CO2 -
~

AlO + CO. At 310, 480, 730, 1470 , and 1830 K , kL is found to be (1.5 ±
0.6) x ~~~~~~ (6.9 ± 2.7) x icr ’3 , (1.6 ± 0.7) x lO~~~2 , (9.0 ± 3.8) x l0~~~2

and (3.8 ± 1.5) x 10 ’’, respectively (all in nil molecule ’ s~~ units).

For this temperature range k,(T) may be expressed by the curve fitting

equation

k,(T) 2.5 x i~~
’
~ T h / 2  exp(—1O3O/T) + 1.4 x 10~ ° T

h/2 exp(—14,000/T)

The data also indicate a wall—oxidation process of zeroth order in [CO2 I
with a 1A1 of i0~

3 to 1O_ 2
, not measurabl y dependent on T. Factors affect-

ing the accuracy of the measurements are discussed. Over the 310—730 K

range k 1 (T) obeys an Arrhenius expression , with an activation energy of

2.6*1.3 kcai mole ’, which implies D(Al—O) — 122 kcal mole ’. Above

730 K, k,(T) increases much more rapidly with T. This behavior cannot be

described on the basis of simple transition state theory alone; the most

probable additional factors involved are the opening of a second reaction

channel leading to AlO(A2fl) and preferential reaction of Al with CO2 in

bending modes.

* Prepared for submission to the Journal of Chemical Physics
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INTRO DU CT ION

—We-4tev’e previously described metal atom oxidation studies using a high-.

temperature fast—flow reactor (HTFFR) which , in its various modifications ,

allows the measurement of rate coefficients of reactions over roughly the
ifiT

300—2000 K temperature range. ~~*t” earlier HTFFR measurements covered most

of this range for the Ai/O~~V’ and A1O/O~~~~ reactions. The rate coefficients

of bo th these reac t ions were fo und to be , wi thin exper imen tal error , tempera-

ture independent .~ In the present work we have studied the reaction

Al + CO2 ~ AlO + CO (1)

This reaction was selected since , on the basis of the most commonly accepted

bond energy of AlO, it is endothermic ~~ —about~ 5~~to 6~kcal mole ’)’” and

hence has an activation energy , i.e., a temperature—dependent rate coeffi-

cient. Th~ reaction has indeed been found here to have a positive activation

energy,  thoug h evidence is discussed suggestin g i t may be somewhat more

energe tic than usually assumed.

II. TECHNIQUE

The HTFFR used in the experiments at T - - - 730 K was the 95 cm long

single furnace unit previously descr ibed 2
’
3
’
6 and hereaf ter referred to as

“Reactor 1”. Lower temperature experiments with Al necessitated a somewhat

d i f f e r e n t design , since the heat generated by the source at the required

Al fluxes is sufficient to generate a reaction zone temperature of 700 K

even when no additional heat is supp lied to this zone by the furnace resis-

tance wire. The 300 K modification “Reactor 2”, consisting of a high—

temperature Al—atom source section and a water—cooled reaction zone, has

recentl y been descr ibed .’ The present work includes experiments at 480 K

for which another modification of the HTFFR , showi~ schematically in Fig. 1 ,

V 2
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had to he dcvclopcd (“ Reac to r  3” ) .  (Thi s  new r eac to r  was a l s o  used fo r  a

few consistency checks at 730 K.) The first section of this modular HTFFR

consists of a 27 Cni long heated (to about 1700 K) source tube in which  L h e

Al in Ar “source gas ” is generated . As in  R eac to r  2 , th is  sec t ion  is fol-

lowed by a short (~~ 5 cm) non—insulated copper section where additional

room—temperature Ar (“main gas”) may be introduced. The Al /Ar  f low emanates

from this section at T - 400 K and f lows  in to  the  independently hcatecl i~~

tion tube section. In this section , constructed similar]y to the sourc~-

sect i o n , t h e oxidant CO2 is introduced through an ~ x all v t r ; I v o r e V d ’ l  c inlet

and the  r el a t i v e  Al c o n c e n t r a t i o n  f A l ] rei is measu red  at t h e  observat  ~~V I l

plane ( c o n t a i n i n g  f o u r  windows  each  a t  90 ° f rom the  a d j a c e n t  windows) , u~ - i nc ~

the  same a r r angemen ts  as in the  HTFFR ve r s ions  prev iou s ly  d e s c r i b e d .  ~~~~~ ~

T h e  20 cc l en g t h  of the alumina react i ~n tube to  t he  o b s e r v a t i o n  window s  ( V ; j ~~V~

he t r ov er s e d  w i t h  the  CO2 in le t..

The source , main  and sweeper gas , F ig .  1, was Ar o b t a i ne d  f rom hi gh

V p u r i t y  (99 .998 % r u i n . )  l i quid Ar c o n t a i n e r s .  Al was evap ora t~~d f r e m  A l — w e t t e d

t u n g s ten  w i r e  sources • 2 Two sources of CO2 were used:  fo r  the  slower r a t e s

and shor ter  r e a c t i o n  t ime s , p r e d o m i n a n t l y a “lO0~ ” CO2 L v i i I l d c r  ( a n a ]v z e 1 to

contain 79 ppm 02 and 80 ppm N 2 ) , 7 and (espec ia l l y needed because  of the

increased ra te c o e f f i c ient , at the highest temperatures) a 9.%~ CO 2 in Ar

cy l i n d e r , c o n t a i n i n g  - - : 2 ppm 02 and 4 ppm N 2 .  ~

Excep t at 1830 K , the measurements  were made under  pseudo f i r s t — o r d e r

conditions , tCo2J >~~~
- [Al.], the basic measurement being that of [Al] r i  =

[A l }/EAI.J. as a function of [1 O 7)~ [ N] ,  t and T. h ere [Al]. denotes initial

Al c o n c e nt r a t i o n  in the absence of (
V
~~ ) 2 and [Al], the Al concentration aI

3

V -
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the observation por t  after CO2 addition . • 
2 

~ I thor I luc re ence or  ai~. - o r p —

t ion was used L i ’  measure rAil r&d usin~, the line r a d i a t i o n  m a  an .~l lid li.:

ca thode  laap , c l e g g d a t  140 h 1:~. AcldiLi ~itwi ’ lv  , p r i or  to  (. 1 4 m t  mcd ii t i - n  in

each I 1 L R I C SC C i R cV  e i e r i r ~en t  , fA 1]~ ci-: : I V ured in ab s o r p t i o n ; t h in -; ahsorp—

t i s i  ; ,C tV C I ;  t o  d~ t & V V t .1 I 1  t b -  d~- i ; r o i - of v a r i a t  loll in [ V \ l~~ O y cV I ~fl

i t s .  Al absorgt i on  f i r  I luereei - tnc e mica i i  V , it ~~ ~arie d fion about to

20~ ‘~which is in the linear por’~i~ n o f  t he  et a  V e — O t - - g r o \ - V t l )  ; w i d e r  v , l r t a t V  j~ fl

obta inc ~ l ~ h i o t c -  i •i- .ib l b in’li l ing t ltioi i . H ( • L Vf l ~~
V

t V 0011 111 11.1 ) 1  c r 1  (~~~V : p~~ . r j _

cost s  in t i~c Set  i f  m C i I 1 iu r c V lI ie f l t l i  at  a g i v e n  t V .  
g~~ V r ; i t ( l l _ ( . ;  f o r  ( I i i  la tt or  an

i ni ti a l am . r p t  ion  on th e  order of 50 . \ V 0 S  us~d. A1~~o to ~ I c c  ma I V ; t r e m i .V n t

of as l a l b L  a v ar  i ; t i e n  in [Al ]~ as po~~~i i ] c - . thr ee Al 11nc- ~’ of d i f fe r e n t

o sc i l l a to r  st r en g t h  ( b l ~~. 3 nm , g f 0. 7u ; 3 9 4 . 4 :~r; , gt  Q •  ~) V ~ and i~~h . 2 urn ,

= Q~ !,fl 
8 , 0  

~ c r -  u s e d  In I ho ahl1s ~r 1 t  i on  :sw r i t n e n t  s. I r s  ¶ h o n e  g f valuc S

a l ii:;p t irm-ma t 111- . of 600 K ’ and ~ 15 l i r  and , os-an in g  11 0 1 1 1 c r  .111.1 p r 0 0 0 u I c -

h i  - :  b - l I d  J ~th0or~~t ion u n - a , j A l  ) is ~ t i ; ’ ;j t  i d  o be 0 .9 , 1.9 and 1.0 -: 10 12 iul ’ at

1 ~ it )  K an d 1 .0 , ] 4 and 1 .2  x 10 ’ 2 
a ~~ . 1) K f o r  Si )  n i l : :  i o n  a t  tic se

i~ - Y~~~~]~~~. i 1 .  1 I i i - . ,  r es : c ( - t  i v e lv  I n  , i i i c w ~ 
V j o f l  e - p  n T - c! t o  t i -  Ii - )  i-et r cou~~~~ t c c 1

of  m , l I 1 V l - l V r ( i , l t i 1  ( l b !  ( i l : : bj f l ; l (  i ons . w i t i  l e  1 o r  he  f l u o r o o c - n e  m e n s k l r - ! . n t  s

~he 109 - 3 urn I In c  v n - i  u s e d  w i  l b  ;i I~~ c q !  I p t i cd  ci ti a )( tj  • 1 us (11 n::~ I c l i i ; : )

I Ti! 0 r f e r en c e  f i l t e r  as d ot  c t  or .  V-d O V I -  -
~~ ~ ~~ b iI1)s~~r l ) t  i on  cc: I c u j i ! to  I

1 —  nJ  v p r ae t lea  I t ( ( l i i i  (~ ~~V h V (  V 
~ 9 hi cl ii h i  V ’ I I V 1 i ] m u  i at - ion morn

in rc : te t  iOn t t ibo ’.-; i s . an  100 0 I\’ f I s c n c - s - e l c e  ( V o L l d  b~ 1I : I c (I O l 1 ~~~~0

L i i  s o u r ce  V il; , I h f  I on  r i g l i l l  - ni l i i i  1 m g ’ EM 1 . ~~ . ih .c r~~l i on  t X j t 1 1 1 V i i lt O

1 -
, an  i i ~ r olui c’ In bc m ii i 1 ‘;i t u h & V  I r n ; v i a t  i i i  c ab ov e  t h a t  usc  1 i n  t h e

f 1 i:n r. - - • I V  1 :-~pc’ ni r:’ I -

V ~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~ V ~~~~~~~~~~~~~~~
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As before 2
’
3 data were obtained using either the traversing oxidant

inlet mode (where measured pseudo first—order rate coefficients k~5, give

the reaction rate coefficient k, from the slope of p lo ts of 
~~~~ 

vs. [C02])

V 
or the s t a t ionary  CO2 inlet mode , which is more fac i le  especially at the

hi gher t empera tu res .  In the l a t t e r  mode k, is obtained directly from plots

of [Al j rel vs. [CO2 ] for  a given inlet  posi t ion and the measurements  are

typ ica l ly repeated at one or two addi t ional  positions (including e.g., 20 ,

12 and 7 cm upstream f rom the observation p o r t s ) ;  the  results reported from

the se  s t a t i o n a r y  inlet  measurements  are the averages of two or , more commonl y,

three such experiments. The individual k, measurement  p lots obta ined  are of

similar quality as those of the Al/O 2 work ’’
2 

(standard deviations of 10 to 20~~).

For the k, measurements at 1830 K the full bimolecular rate equation

had to be used rather than its pseudo first—order approximation ,’2 since at

the lower part of the [C02] range used , [Al ] [CO2]. This is due to

(i) the large value of k, (1830 K) which requires low [C021 in order to main-

tain reasonable reaction rates and (ii) the high [Al] inherent in the use of

absorp tion relative to fluorescence measurements.

III. RESULTS

A. l:,(T) measurements

The Ic , measurements made are summarized in Table I. It may be seen

that the data at each of the five nominal temperatures used cover a wide

range in pressure , P. average gas velocity, v. and [Al ]1 and are independent

of these nu a n t i t i e s .  In F i g .  2 the mean k ,  and s tandard  deviat ion for  each

of these temperatures are p lotted in the standard Arrhenius fashion , show—

ing a strong departure from linearity above 730 K with an activation energy

5

~ 
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~1 !o r e a s i n g  with T. To establish an analy t i c a l  descr i p t i o n  of t h i s  tempera-

ture dependence least squares fits to several functional cx p r c s s i on s  f o r

k,(T) were tried. Tile procedure followed was similar to that followed by

Bernand , Clyne and Watson ’3 and con sis ted of ass ign ing eq ual we ights to all of

the 62 data points of Table I and fitting these to expressions (A~—(D) bel ow.

Th e pol ynomials (A)—(C) were fit to successively higher degrees from 1 up to

p = 4, q = 4 , and r = 3 , r e spec t ive ly ,  us ing  l inear mull i p le regress ion  tech—

~~~~~~~~~~~~~~~~~~~~~ while  expression (D) was f i t  u s i n g  M a r q u ar d t ’s met hod ’4 f o r  s = 0

and 1 /2:

in k,(T) = in A0 + A /T~ “1 (A)p Arrhenius form

in k,(T) = ln At!, + O.5 ( ln  T) + A , /T~ ( A ’)

in k,(T) = ln B0 + Bq (lfl  T)~ Tn form (B)

in k, u:f 1 = lii C0 f C 1 ( in  Tl + C r / T T Transition S t : t c -  theory fo rm (C)

k , ( T )  = ~ Vf ~~ e x p ( — E / T )  + F T S exp (—G/T) Double  e xp o n e n t i a l  fo rm (D)

At each increase of p .  q ,  and r above zero , the computed f i t  was examined

u s i n g  the F — t e s t  for significance . ’4 Comparisons among the  var ious  f i t s

were made u s i nr  the  computed value of . 2 such t h a t  the  bes t  f i t  was de ter -

mined as t ha t  func tion-i l fo rm which y ielded the smal lest X
2 value. The bc-st

overa l l  fit (m(niTrnIs value) was obtained from expression (D) with s 1/2 ,

w h i l e  f o r  each of t h e  pol yn ar : ta ls , ( A ) — ( C ) ,  the maximum significant degree

(F- test) was p = q = r = 1, Standard deviations , based on random err ors onl y

(see Sec. T I l . C  for discussion of svstcmntlc errors) were then  d e t e r m i n e d

for  l i i i  computed  f i t t i n g  &- ‘ V r c s s i n s .  The f o l l o w i n g  r e s u l t s  were ob ta ined

f r ’  1 (A) t h r o u g h  ( I ) )  , respectively , for the temperature dependence of k,

- - 

(fitting error u n i t 1 ;  = 2 1 ) :

6 
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in k,(T) = ( — 2 4 . 0 3  ± 0.39) — (1830 ± l70/)T (E)

x 2 = 0 . 3 7 3

in k,(T) = (—27 .88  ± 0 .34)  + 0.5 in T — (IL’OO ± l50)/T (l~’)

= 0.309

in k ,(T) = (— 45.31 ± 1.48) + (2.76 ± 0.16) in T (F)

= 0.162

in k ,( T )  = ( — 4 7 . 5 5  ± 7 . 10 )  + (3.05 ± 0 .69)  in T + (204 ± 4 7 4 0 ) / T  (C)

= 0.163

k,(T) = ( 2 . 4 8  ± 1.71) x lO ’
~ T

u I’2exp [(_iO32 ± 410)/TI

+ (1.41 ± 0. 72 )  x i0~~ T
h /2 exp [(—13989 ± 1800)/TI (H)

= 0.08

Figure 3 shows a p lot of the f i t t i ng  f u n c t i o n s  computed compared to the

data obtained . Expressions (F) and (Ci give essentiall y identical curves.

All of the forms tested , except the double e x p o n e n t i a l , (H) , fail to attain

the large value for k, observed at 1830 K. Expression (H), which is a con-

venient form for use in kinetic modeling studies , represents the best fit to

the  da ta  obta ined  and is the recommended exp ress ion  f o r  k , ( T ) ;  h i g h e r  degree

polynomia ls  t h a n  those  given above in expressions (E)—(C) result in osc i h l a—

tions in k,(T) which cause the  fitting expressions to exhibit phys ica l ly

unrealistic local maxima and minima in regions of the 310—1830 K range where

no data were obtained. This latter fact , as well as the statistical signifi-

cance tests applied are reasonable grounds for rejecting polynomials  of

degree greater than unity.

7
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B. Wall oxidation coefficient

As in the ~- a r l i e r  HTFF’R measurements , the plots from which the horn

neous ~- ite coefficients arc obtained have positive intercepts. In a ii: Vd

number of experiments the k
~ .,ii values are less than the calculated diffusion

limi t e d va ius - s allo;-.ing c a l cu l a t i on  of a wall oxidation coefficient ,

T h e  
~Al thus ohtn 1110 (1 (and t h e i r  s t a n d a r d  devi at ions) are in units of 10 ’;

1.9 ± 1.412] , 5.8 ± 1 .8[4], 6 .2  ~ 4.2(4], 12.7 ± 8.3[5], and 4.5 ± 4.0(8] at

31U , 4-SO , 730 , 147 (1 , and  1830 K , r espco ti vclv ; here  tile numbers  in b racke t s

si gnify t h u  i i u r n h e m  of o x p e r  I lle flt s from which 
~Al was obtained at each tempera—

tn - e - U I  t h i n  t i :  :101 1 ter of theSo data no definite tnm p Lmnt ur e dependence is

t v  cc ;t . Combining all  1Al m e a s u r e m e n t s  leads to a value 
~Al = ( 7 . 7  ± 6 . 8 )  x

10~~~, i. e . ,  y~~ can be t aken  to be in t h e  1 x i0 ’ to 1 x l0~
’ range . This ~

p e r t a i n s  t i  o x i d a t i o n  on oxide coated wails on an alumina (470—1830 K) or

copper (300 K) substrate. This continuous formation of non—volatile Al oxide

coacir gs on the wai l s  in the course of tile experiments is in itself pr obabl y

the  f a c t o r  r e s p o n s i b l e  f o r  t he  large s c a t t e r  in the 
~Al 

measure-cents , i .e , is

responsib ]e for variation in wall reactivity .

C. A C c u r n c \ V  of  t he  k , (T) I T I I V S O d I  n i n i i e nt  S

1. C:’ncentrations and t ime

The u n c e r t a i n t y  in k , due to inaccuracy  in the volume flow rate , pres-

sure and temperature (discussed in Sec. III.C.2) measurements is estimated

to be ± 2O~1. A d d i t i o n a l l y ,  at the flow conditions used , selected to give

(1) adequate Al transport and (ii) a c ce p t a b le  t e m p e r a t u r e  accuracy  (see

Sec . III.C.2), the flow p r o f i l e s  are  c a l c u l a t e d  to  be intermediate between

p lug  and p a r a b o l i c  f l o w .  I f  t h c  f o r m e r  c o n d i t i o n  had preva i led  ( t h e  c r i t e r i a

fo r  which have  bc-en deve l oped b~’ W n l k e r 1 6 ,~~
l ) fl In  the expr ess ion t = x/nV

8
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would have been 1.0. If the latter had prevailed , for the develo;ment of

which inadequate distance is avatlabie ,~~~’
’9 ri = 1.6. For this rc ason we

have again ’ 3 ’’5 taken r~ = 1.3 (k 0.3 23%) for the k, calculations.

The question arises whether higher accuracy would be achievable if n

- : were calculated for each individual experiment. However , in the intermediate

flow reg ime of the experimen ts no analytical solution apparently is poss ible ,

nor does it seem likely that a numerical treatment (similar in kind to that

of Ref. 18) would be help ful since inspection of Table I shows that the scat-

ter in the k, values obtained under nearly identical flow conditions is

comparable to that which pertains at widely different conditions. The reasons

for this are probably related to the high somewhat variablVe wall reactivity

and the (thin) metal oxide deposits along the reactor walls. In this light ,

taking a separa te error fac tor of ± 23% for  rj may lead to an overest imate in

the combin ed uncer tain ty fac tor , since the same fac tor mus t to some degr ee be

reflected in the data scatter , However , it can readi ly  be seen (by estimatinc

the a ccuracy of k , usi~ g the usual procedure of taking the square root of the

sum of the  squares  of the individual error estitnates) ’3 ’  ‘~~ that the con-

tribution of this 23% factor on top of the discussed 20% systematic error and the

25 to 30% standard deviation (cf. Table 1) is minor. (Slight overestimation of

errors is probably the most forgivable of sins.)

It  is in teres ting to no te that , in flow tube studies of non—refractory

spec ies such as 0, N, 1-I, or halogen atoms , rate coefficient accuracies in the

range of 10—20% are readily obtainable , especially at room temperature (see

e.g. , Refs. 20—23). The major differences between those studies and the pres-

ent flow tube work with refractory species are that in the former p lug flow

conditions are readily o b tained (n = 1 wi th in 5% )~~7,2 4 ,2 5  and y can be kept

9
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~ma1l (on the order of l0~~ at 300 K) 2 5  and constant. 2 6  However , some of

the tcmpe:ature inaccuracies discussed below are also present at temperatures

other than room temperature in those (and other) kinetic studies , thoug h they

of ten appe ar to go unrecognized .

2. f c n ~u: n : I ~~ur c

tecause of the  s t rong  and i n t e res t ing  tempera ture  dependence of k ,, a

:.rt~~~ul reexaminat ion  of the accuracy of the temperature determinations has

been mode . T e m per a t u r e  is measured with a P t / P t — l O %  Rh thermocouple (TC),

a t t s H i e d  to  t h e  CO 2 d i s t r i b u t o r  r i n g 6 and s i t u a t e d  0.5 cm f rom the reactor

wall. The leads  to  the TC lunction are fed through a two—hole alumina “thermo-

coup le tube” and the junction itself is covered with alumina paste. For the

conditions of this work (Mach number~~~ O.2; Reynolds number with respect to

the T~ i tion tuh: diame te r -~ 2300 a~ 310 K , .~~~ 1000 at the other temperatures;

}tE- --nolds numbers with respect to the coated thermocouple diameter 0.13

times those f o r  t i i c  reaction tube) radiative heat transfer between the  TC

junction and the  reactor walls is the potential major source of systematic

uncertainty .
2 1  \s a first step in evaluating the significance of this factor

calc u la tions ~c- nc- r ide of axial and radial temperature distributions for

unobstr cted laminar flow of Ar in a uniformly hea ted HTFFR by solving the

Crat-L’ equation. 2 8
’29 Th e f l ow condi tions used , Table I , are found to

satisfy the criteria that the calculated mean gas temperature at the upstream

boundary of the reaction zone he within 5% of the nominal wail temperature

and th at the e x t r c ~:s-s of radial temperature variation be within 5% of this

PV sfl t r1:~t - r 1 1 t l ( I ( .  The ac tua l  va r i a t ions  are undoubted l y smaller  fo r  the

following ruasons: (I) laminar , unobstructed flow is assumed in the calcula-

t ion , whereas t h e  .-\! so u r~~’- and i ts support tube (Fig. 1 and Ref. 6) leave

10
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onl y a small flow path in the source area , which increases thermal contact

wi th the walls , (ii) flow development with reaction time aids the establish—

Inent of thermal equilibrium between the gas and walls , and (iii) the simpli-

f ied model do es no t take in to accoun t the capabili ty of the three hea ting

zones 6 of Reactor 1 to produce an upstream zone at a higher tempera ture tha n

the reac tion zone , i.e., to allow preheating of the Al/Ar flow . Thus on this

oasis , the temperature measurement error would be considerably less than 5~~.

Indeed, measurements  were made comparing centerline and offset (to the posit ion

used in the experiment) TCs showing that radial temperature gradients are

negl i g ib le  (center l ine  and o f f s e t  t empera tu res  agree to 0.1% of T ) .  ( I n t e r —

esting lv , when the source tube was removed radial tempera ture gradi ent s

increased to as much as 5% of T.)

Direct evidence that radiative ti~~ is not causing an overestimate of

T is the consistent observation that when the bath Ar flow is turned off at

the end of an experiment the indica ed reaction zone temperature decreases ,

which shows t h a t  t h e  gas is hotter than the walls. As an add i t iona l  check ,

experiments were carried out in which the HTFFR centerl ine temperatures were

obtained s~ iru1taneou sl y from two TCs: one similar to those used in t i c  rate

coefficient measurements and the other , 5 cm ups tream , an identical TC sh i e ld e d 2 ’

b y p l a c in g  i t  in the  cen ter of a 6 cm long , 1.8 cm o.d., 1.2 cm i.d. alumina

(open-ended) cylind er. Comparisons were performed for typ ical exper imental

conditions near 730 and 1470 K. In all cases the shielded TC tended to

indicate sli gh tly h igher t emp era tures , thus some radiative coolini~ of the TCs

used in the rate coefficient measurements occurred. However , in all cases

the ogre-ori ent between tile two TCs was within 5% and was best at low pressure

(3 Torr) and at 1470 K.

11
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Addi tionally ,  for measurements obtained with modular Reactor 2

significant falsification of the TC readings can be ruled out since varying

the f r ac tion of ba th gas (Ar) which flowed into the reactor through the

source , Fig. 1 (temperature near 1700 K) between 1.0 and 0.03 had no apparent

effect on the measured k1 values ( the remainder , i.e., the “main gas” en tered

the reactor at room temperature). Because of the temperature dependence of

k1 some e f f e c t  of these flow variations would have been observed if the

reaction zone temperature had varied significantly. Thus T was essentially

the same in all the “310 K” measuremen ts and mus t have been close to thi s

tenpi ra ttire s i nc e  the gas mix tu r e  in the case where 97% of the Ar entered

t I n  reactor at room temperature could not have achieved a significantly

higher  T. Similarl y ,  no influence of varying the main to source gas flow

ratio on the k1 measurements with Reactor 3 could be observed .

In addItion to these considerations indicating systematic errors tt be

-.-- 52~, the precision of the ~ measurements has to be considered. T values

of th e individual experiments of Table I are the averages of the T measure-

ments over the useful length of the reaction zone.~~ The standard deviation ,

of the T at the various CO2 inlet pos it ions , from T was 2 to 3%. Thus the

uncertainty of the T measurements of the individual experiments is

~~~ [( 5 . 0 ) 2 + ( 2 . 5 ) 2 1 1/ 2  = 5 . 6 % .  To determine the accuracy of the T fo r  the

set of experiments at a given nominal tempera ture , the standard deviation

of t h 0  set of T measurements should be taken into account. Inspection of

Table I shows that this factor varies from 1 to 4% and thus contributes only

slightly t o  the cumulative uncertainty; <6% may be taken as the approximate

unc ertainty f i gure for general T considerations.

12
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3. The 1830 K rate coefficient measurements

At equilibrium at 1830 K,C02 is apprec iably dissocia ted at the par tial

pressures of interest. We have calcu ]  ated the effect such dissociation

could have had on t u e  k 1 (1830 K) measurements by using an AeroChem thermo-

dynamic equilibrium compu ter code and JANAF 4 log K~ data. The princip al

dissociation products are CO and 02, with only minor amounts ( < 0.05 [021 )

of 0 atoms and no other products (C20 and C,02 were considered) present.

Because of its strong bond (D(c—O ) 260 kcal mole~~ ) CO could react with

Al onl y in a three—body process , of which there is no evidence in the data

(k 1 (1830 K) does not increase with P) . However the  02 from the e q u i l ib r i u m

CO2 ~ CO + 0.5 02 (2)

will react with Al. For the reaction

Al + 02 ~ AlO + 0 (3)

we pr eviously determined 1
’
2 (in the same apparatus) a rate coefficient of

( 3 . 4  ± 2 . 2 )  x l0 ’’ ml molecule ’ s ’ . Thus if CO2 would have been c c e c n l e t e - l v

dissocia ted , an apparent k1 = 0.5 k3 would have been observed , lower t h a n

the ac tual k 1 measurements. The calculated fractional equilibrium dissocia—

t i on  a = 1 — [C02]/[C02J0 (where [CO2 10 is the  [CO2 I before dissociation or

reaction) varies over the range of [CO2]0 used in the cxperimentc , f r om  0.57

at [CO 2]0 = 1 x 10 ’
~ ml 1 to 0.07 at [CO 2]0 = 1 x iO ’~ mr’. Using the~-

numbers the actual observations were t hen c oe r - ted by obtaining k 1 v a lu s

from plots of the following equations (compare h - f .  2):

Stationary : —ln [AlJ~~~~ —ln [A1]~~~ 
-- k,[02 J r = k~~[Ct l 2) t + k 11t

Traver sing : kcorr k
ohs 

— k,[02) k1 [C(l,] + k
psi ps~ wal l

13
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l b nieal of the k1 thus obtained was found to be 6% hIgher than that of

Table I. ‘rbus whi le  CO2 dissociation could contribute somewhat to t u e

uncertainl y in k1(l830 K) this effect appears minor compared to the standard

deviatian ( T - b l e  1) and error factors alread y di scussed (Sec. llI.C.I).

There i s  lior over no evidence that equilibrium dissociation was achieved.

Such is in fact un ’ikely on the basis of the observations that (i) there

a re  nt trends i 1 i  the  m div  i du a l  [Al 1rcl (IF k1)5 ,
‘
~ pl ot s versus CO2 which

indicate ecncistent de~- i a t  ions  f r a n  line -i n t v  and ( i i  a few s t a t  i o u ar v

inlet m e a s l l r t - nt  n t s  c - ad o it  it r n e i i s u r t d T of —~~ lti h~ K (It - I  r -  n t in g  the

i; pco :~ Ui it e r i t~ riu r - f e opt mat in g t -r ~~c I t  u l e  of t UT F F g) m d  ic a ted  a

soru ewhia t  1 -..er k t ~~ n t ( j  o b t a i n e d  at  i K , wit ich m o r e -o v e r  dcc rt-ost- d

w i t h  i n c r e a s i n g  r t ot ion t ime . in di c t i v .  f CO~ d i s s o c i a t i o n  at  t h a t

t o  ; e r a t - v - - and  n e g l i g i b l e  d i s e o c  at  ~~~ a t  lS~ () K.

4. Recumr~ -~id ed k v i i  t i C S

T~or k at each of ~a- f i  Vt non i n i  I t oript- I ittuCoS of ‘table I the uncer-

t a i n t y  can now he oit a iue 1 by tak ing c se- ir e  r a t  of t i le sum of t h e

s q u ar e —  c i the individual error as000n: n ’ s , w h i c h  t h u s  consist of the

— tan dard d e v i a t i o n s  and the 20;~ and 73% factors of Sec. III.C.l. Taking

t hit - t e m p e r a t u r e  a - c t i r a c y  as -i i , ci . Sec .  I ll .  g~ 2, we t hus  o b t a i n  f r om

Table  I :

k1(310 ± 20 K) = (1.5 ± 0.6) x io— ’~ ml molecu l e 1 s~~
1

k1(480 ± 30 K) = (6.9 ± 2.7) x lO_ i3 nil molecule ’ s~~
1

k1(730 -f 40 K) = (1.6 ± 0.7) x lO_ 12  ml molecule 1 s ’

k 1( 14 7 O  ± 90 K ) (9 . 0  ± 3.8)  x lO_ 12 ml molecule ’ s~~

k1(1830 ± 110 K) = (3.8 ± 1.5) x 1O_ 1 1 ml molec u1e~~ s~~

- obtain k 1 -it Ole other I cope rature , Equation (II) of Sec. III. A should he

used  to oht t i n  t b ’  m a n  v a l ue  and e xp e r i m e n t a l  e r r o r .  The accuracy can then

14 
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be obtained by combining this error with the 20% and 23% factors , as above .

0. The lower limit to D(A1—O)

While Reaction (1) has a strong ly curved Arrhenius plot , Figs. 2 and 3

show that , over the 310 to 730 K range , k 1(T) adheres quite well to Arrhen ius

behavior  with an activation energy E
r (l) = 2.6 ± 1.3 kcal mole~~~; t h e - s e

error limits reflect the discussed precision and possible systematic

inaccuracy sources in both k1 and T. Since t~H ( l )  
~~ 

Eact ( l )
~ 

Reac tion (1) can

at most be 3.9 kcal endothermic; if the classical T°5  factor in the pre—

exponent ia l  had been incl uded in the calculation (which procedure may not

h~ justifiable in view of e.g., the T°—dependence of the rate coefficients

of the A1/02 and AlO/02 reactions)’ an even smaller endothermicity would

have resulted . Using JANAF L~H (individual species) values
4 a i~}1(1) of t ’ .O

and 5.8 kcal mole ’ is calcula ted a t 300 and 800 K , res pec tively. The JANAF

data are based on D(A1—O) = 120 ± 2 kcal mole~~
’ and only this upper limit

would thus be within the range allowed by the measured Eact ( l )  val ues.

Since endothermic reactions usually have an activation energy at least some-

what higher than their ~H this finding thus casts some doubt on the JANAF

D(A1--O) value . Dagdi gian , Cruse and Zare’ have recently determ ined a l oise- r

limit to D(Al—O) and combining their value with an evaluation of the litera-

ture for the upper limit , they recommend D(Al—O) = 121.5 ± 1 kcal mole~~~,

accepting essentially the same upper limit as JANAF . However , improved

laser f l u orescence experimen ts by Dag d igian and Pas ternack ,’° now in pro-

cress , using a veloc ity sele ct ed Al beam~~ lead them to recommend D(Al—O) =

123.0 ± 1 kcal mo1e~~~. Flame photometric data , notably Ref . 32 , also tend

to indicate hi ;her D(Al—O) values. Those determinations are dependent on

the f—number of the A10(B—X) transition , which has been de te rm ined accu ra te ly

in the same work of Dagdigian , Cruse and Zare .5 Using thi s f number the
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data of~~ e1. 32 reduce ’’ to fl (Al--O ) = 132 ± 6 kcal mole t . On h i t  basis of

alt t -e data we con - i n k ’  t h at  D ( A l —O) , and henc e M-i of Ne ;~ t ion (1) , may

net “CL be t - :~~r .~t~- 1 y known and c o n s i d e r  it peobahie that D(Al—O) is a few

kcal m i t ~~ larger than 122. Wc , 1re p r e s e n t ly  m e a s u r i n g  t h e  activation

energy ot 1 - - a ct i o n  o~ Al with an oxidizer having an 0 atom more strongly

bonded r h i a  in O—C O , i.e. , 0--SO , in an attempt to help c l a r i fy  thi s problem.

I’.. DISCt~~S1g\

The present work represents the first time that a reaction having a

deti nit- a~c t i v a t ic a  energy has been measured from near room temperature to

a ‘ h L - i i  t e m a c - v a t u r e  such as 1800 K , by a sing le techniq ue. Over such a

w i d e  T-rar -~a emt’ deviation from Arrhen ius  behavior may be anticipated ,

s i n c e ’ t h e  simpli fy Ing approximations on which the Arrhenius law is based

become q- ite t n - n a  r a t e . 3t ’ ’ ’5 Such devia t ion  can be especia l ly  s t rong  fo r

react ici -a h i i . ing low activation energies, such as Reaction (1) where the

ter er~~tn r —dependence of the entropy of activation can become the dominating

factar in the k,—T dependence. The strong deviation from Arrhenius behavior

iie r.~ observed thus is remarkable but certainly not unprecedented; for examp le ,

s n ~- reac tions of OH’° ’’6 ’8 and O’~ show somewhat similar behavior and

t,o~ - been t h o r o u g h ly  discussed . In fact , ’° in the sense that  Al may be con-

sidered an H substitute , Reaction (1) is the reverse of what is now a

classi cal case of such behav ior , viz, the reaction OH + CO -
~~ CO, +

Transition stile theory (TST) probably o f f e r s  the most general promise

to describe non-Arrhentus behavior . However , as in the case of the Al/O,

and A 1O/ O , r e a c t i o n s , ’ TST is c - f  l i t t l e  p red ic t ive  help at present  for

simple metathesis reac t ions of metallic species. Figure 3 shows that the

best fit to a TST form (curve G) is inadequate to describe the high

16
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temperature behavior  of k1. It is certainly possible to a posteriori

assemble a set of assumptions to rationalize the T’’5 depend ence of k 1

indicated by the curve C equation (Sec. III.A). From TST the pre—

exponentials A for the linear and bent intermediate comp lexes ar e:

A ( l i n e a r )  = C~T °5  .fl (l - exP (_hVj±/kT)) /.ll (i 
- exP(_hv~

02
/kT))

A (ben t )  = Cb . ll~(l 
_
exP (h~ jt/kT)) 

‘/.
~ 

(i _ e xP ( _ I 1 v ~
02 /k T) )  

1

where C~, and Cb are the  lumped , t e m p e r a t u r e — i n d e p e n d e n t  cons t an t s  a r i s i n g

I r o n  t r a n s l a t i o n a l, r o t a t i o n a l, and v ibra t i o n a l  p a r t i t i o n  f u n c t i o n s  of the

r e a c t a n t s  and the t r a n s i t i o n  s t at e .  At 1830 K o n ly  the  V2 mode of CO~ i n

in the  high te ;ii ju-ratti re limit (hv2 << kT) under  which condi t ion A ( 1in ~-a r )  a

T 2 ~ and A (ben t)  a T 2 if t h e  t r a n s i t i o n  s t a te  v ib ra t i ons  were also at t h e i r

hi gh t e m per a t u r e  l imi t s .  h owever , it appears l i k e l y  t h a t  t h i s  St ate w i l l

have big ht energy s t r e t c h i n g  modes tha t  do not f u l f i l l  the  hv 1* - -~~< kT c o c c i t —

tion at  this temperature which would r esu l t  in a decreased T—depend i - n -~~.

Since no i n f o r m a t i o n  is ava i l ab l e  on the v i b r a t i o n a l  l eve l s  of t h e  po stulii tcd

i n t e r m e d i a t e s  f u r t h e r  specula t  ion does not ap p e ar  p r o d u c t i v e . As Ben son ” 2 ’ t’~~

has po in ted  out  ac t  ivation energies for metathesis reactions are not vet

well understood and a large e x p e r i m e n t a l  da ta  base on se ts  of s im i l a r  F e O c —

t ions  is required  to  p r e d i c t  a c t i v a t i o n  ene rg ie s  f r o n i  TST—bas ed emp i r i c i s m .

For me ta l  ox i d a t i o n  r eac t ions  such a data base is no t vet ava i lab le ;  the

p r e s e n t  work and t h a t  of R e f .  ~ hop ef u l l y  represen t one of t he  f i r s t  pieces

of information from which it may eventually be constructed.

17
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Thus add i t i ona l  I a c t o r : ;  need be considered to “ e-: p lain ” th e  obse rved

k,—T behavior. Expression (11) of Sec. III.A and Fi g. 3 , wh ich  g ives  the best

f i t  to the da ta , is t h e  t ype  of expression which  a r i s e- s  f r o m  complex  Pt~~~~~~SeS ,

e . g . ,  the open ing of a second p roduc t  channel  at high t e m p e r a t u r e - , or the

increased p a r t i c i p a t i o n  of excited reagent  s t a t e s  as the p o p u l a t i o n  of t h en -

s ta tes  increa :-e : -; w i t h  T. The f i r s t  ten;: of Equa t ion  (H) de s c r ib e - -c ; t h e

discussed ( St c .  I I I  .D)  low t empera tu re  Ar rh en ius  b e h a v i o r  q u i t e  w e l l ;  ho w- - v t - r ,

the  p re— expon ent  hal of the second t er n  is unrea l  i s ti  c a l lv  h i g h and  S n l p e s f  a

t h a t  t h i s  t e r n  is u se f u l  me rely as a c u r v e — f i t t i n g  e x p r e a s l o n  ‘id - p - n c - : i r s  to

r e s ult  I ron mi re t han  one SUChI add i t i ona l r o ce Ss  T a c t i c  ip at  imp at l i ~i plc

t e - ; : T e I J t  l i r e - .

A l ’ ~-~ i h i .  se ’( o i ie l  p roduc t channel  would  ho the 0! -i t i n  of AlP (A 2 fl)

w h i c h  l i ’s t’ t’ l k , :; I n e t  -~~ ab O V e - A lP X~ l~) and thus would n - s u re an activa—

t ion ene rg - - 15. 1 kc a l  cal - — 
, c f .  Equ a t  ion (H)  . With regard  to  In ceased

p a r t i c i pa t i o n  of ~- - : - i t e d  ia - p e n t s t a t e s , i t  is now w e ll e~~I~~b 1 sh e d  t h a t

v i b r a t i o n a l  c x c i  t a t :  i o u  can lead to ma jo r  inc rea ses  in r a t ;  cr5, I f  i c i e I ; t c - c  and

make a d d i t i o na l  r e a c t  ion  c h a n n e l s  a cce s s ib l e , e • . R e f s .  4 5 , 4 6 .  l - k - n n i n c - r

et al ’7 ’ t’~~~ hn v ~. - showi th at cr1- sn sections of son~’ m etal at c’n  l-~~O C : -  lions

are enhanced by v i b r a t i o n a l  c x c i  t a t  i en e;f N 2 () and h : i v e  ma ch e  i t  P 1 - in s  l b ] .  t - - i t

the  bending mod e V2 is r e s p o n s i b l e  fo r  these  observat  i eon .  T h e  h r ’ • ‘

p o s t u l a t e d  mechanism is i n i t i a l  electron t r a n s f e r  I n . : :  t i n -  m et a l  a tom to  ~ .O

forming an Ion pair , i.e., a ha rpoon ing  type mechan i sm , wh ich p r o ce ss e s

of ten have h igh (on the order of 3 x lO—~ )
’
~ pre—exponent ials. Since gr . iiei d

state linear ‘2 0 has a n e g a t i v e  c i c s - t r o n  a f f i n i t y  bu t  f b i : ;  a f f i n i t y  i n c r e - :I n e -:

as the  m o l d c u l l c -  i s  he-nt (N~ V has a ben t  ground ~t a t e ~ , the  observed  c ross

sect i n n  i n c re a se s  w i t h  ~P 2 o , ‘u 2 )  . For t h e  iso— c 1 ec t r o n i  c s a c - C  icc ; CO2
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which has similar configurations for the neutral and negative ion ground

states ,5° increased [CO,, V 2] could s imilar ly increase the observed k~~.

In fac t , while formation of CO, by electron attachment to ground state CO 2

Is prevented by the difference In structure , the work of Cooper and Compton 5’

on gas p ha se reac tions be tween Cs atoms and organ ic molecules con taining

bent CO2 supplies evidence for the ready formation of C02 ’ in reactions

involviup such CO2. The total population of CO2 bent states can be shown ,

using da ta from Herzberg,’2 to increase by a factor of 10 over the 310 to

1830 K. Thus it appears likely that excitation of specific vibrational

states of CO2 can contribute to the rapid increase in k1, but this factor

cannot quantitatively be evaluated in the absence of information on the

reactivity of CO2 in such states. Finally , exci ted elec troni c states of

Al are no t si gn i f i can t ly pop ulated at the temperatures covered in this work ,

while the two low—lying spin—orbit states ‘P i / 2  and 2P3/2 are both signifi-

cantly popula ted at all temperatures covered (at 300 K Al vapor is 45.4%

‘P,/2 and 53.6% ‘P,,1, while at 1800 K Al is 35.1% 
2P,/2 and 64.9% 2P,/2)

so that no major effect on the reaction rate can arise from them.

V. CONCLUSIONS

One of the major objectives in the development of the HTFFR technique

was to allow kinetic measurements from near 300 K to near 2000 K by a sing le

exper imen tal techni que , thereby overlapp ing the temperature domain of tradi—

tional near room temperature techniques with that of traditional high temper-

ature techniques such as flames and shock tubes. The p’ sent work represents

the first tine that this objective has been attained f~- - i reac t ion having

a defi u,te activation energy . Over the low temperature (310—730 K) part of

the In  k1 vs. T 1 plot Arrhenius behavior is found to be followed. The
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activa tion energy derived from this straight part of the plot (i~f 4 kcal tnole ’)

has been shown (Sec. II I .D )  to be onl y barel y compatible  wi th  the upper  l imi t

(122 kcal mole 1 ) to D(A],—O) o f t e n  assumed. At T > 7 3 0  K , k~ is found  to

increase much more r ap id ly  than  the Arrhenius  law would i n d i c a t e ;  t h i s  is

probably (Sec.  IV ) due to a combination of factors including, in addition to

the entropy of ac t iva t ion  f a ct o r  inherent  in t r a n s i t i o n  s ta te  c o n s i d e r a t i o n s ,

the like ly p a r t i c i p a t i o n  of a second reac tion channel lead ing to A lO (A 2P) and!

or p r e f e r e n t i a l  reac tion of Al wi th CO2 in bending m o des .  A d e f i n i t i v e

quant i ta t ive  explanat ion  of the T—dependence of k 1 cou ld  pr obat ;lv onl y be

made if s t a t e — t o — s t a t e  experiments on the A l / C O 2  r e a c t i o n  at the  rig ht inter-

action energies were available. Since k1 canno t r;-;isou; ;it I y be expected to

rise by more than an order of magnitude with further increases in T, it would

be in teres ting to see an extension of the  p r e sen t  m e a s u r e m e n t s  t o  even h~~p hc r

temperatures (under conditions where [CO2} is accuratel y known ) by tr itional

high temperature techniques. The overlapp ing temperatures for such ~-n n i :  pro-

vided here can he used as check points for those measurements.
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TABLE I. Summary of Al + CO2 ~ AlO + CO measurements

P v [Al ]1 [CO2] T k 1
Mod ea (Torr) h (ms~~ ) (~ ahs.)

C ( lU ’5 nü ’) 
~~

) (l0 ’~~~nl molecu le ’~~~~~ )

Reactor 2 , 310 K nomina l

TF309.3 3.0 10 6 0.25 — 1.0 300 2.0

TF309. 3  3.3 27 18 1. 6 -- 4 .6 310 l.~
TF309.3 3 .5 44 20 2 . 5  — 7.8 320 2.0

TF309.3 10 11 14 0.18 — 1.9 300 1 . 6

TF309.3 11 29 4 1.0 — 3. 2 310 1. 4

TF309 .3 11 47 13 1.1 — 5.0 310 1. 6

TF309.3 20 10 4 0.9 — 1.6 310 1.0

TF309.3 21 29 4 0.8 — 6.1 310 1.0

TF309.3 21 48 ii 0 .7  -- n . 4 320 1.1

Avg.d 31u ± ir 1.5 ± 0.4

[GO2]
(10 14 m1 1) (iO

_ 1 3  
ml niolecule s ’)

Reactor 3, 480 K nominal

TF309 .3 3.1 19 5 2 .2  — 14 4~ O 5 .3

TF309.3 3.1 21 18 3.6 — ~5 4;) 6.9

TF309.3 3.2 47 4 3.2 -. 15 48Lm 6.8

TF309 .3  3 .2  48 15 2. ;; -- 10 430 10.2

TA309.3 5 .8  48 2 .0 — 12 490 9 .9

TF309 .3  10 11 6 3 . /  — 9 .O~ 460 5.2

TF309.3 10 21 20 0.8 — 4 .l~ 480 6,6

TF3 09 .3  11 53 6 3.9 — 14 460 6.1

TA30’L~3 17 22 1.3 — 26 490 h .0

TF309.3  20 i i  8 2 .0  — 7.0 490 6.8

TF309.3 20 21 18 4.6 — 11 470 5.1

TF309.3 21 43 16 4.7 — 10 460 7.7

480 *10 6.9 ± 1.7
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TABLE I (Continued)

[A l ]
1 [C 02]

Mode a (Torr ) b (m s ’) ~ abs.)C (10’ ’ m1~~~) (K) ( 10 _ 12  ml  moloc-itle ’ s~~~)

Reactor 1 (except as noted by f), 730 K nominal

TF309.3~ 3.8 32 3 1.9 — 10 720 1.4

TF309.3 4.3 56 5 1.0 — 6.6 800 1.9

SF309.3 3.8 78 6 0.5 — 22 710 1.9

TF309.3 3.8 80 6 0.5 — 12 720 1.5

TF309.3 11 20 3 0.5 — 2.0 780 1.8

TA309.3 1 10 42 2.9 — 18 710 0.8

SF309.3 11 52 4 0.1 — 7 . 2  730 2 . 2

SF309.3 11 98 3 0.6 — 21 710 1.3

SA309.3 11 101 0.5 — 19 740 1.6

TA309 .3~ 19 20 0.6 — 3.3 730 2.6

SA309.3 22 35 0.1 — 10 740 1.3

SF309.3 29 25 4 0.1 — 6.8 710 1.5

TF309.3 30 52 5 2.0 — 9.0 720 1.4

Avg.d 730 ± 30 1.6 ± 0.5

26 

~~~~~~~~~~~~~~~~~~~~~- -



~ 
~~~~

-
~~~~~~~~~

-- - --

T P- 3 5 3

TABLE I (Cont inued)

[Al].
p [C0 2] I k 1

Modea (Torr) b (m s ’) (7.abs.)C ~iO ’~ m1~~ ) i K )  (10 12 ml mo1ecule ’ s~~~)

~~~~~~~~~~ 1470 K n o m i n a l

TA309.3 3.2 26 8.3 — 16° 1430 8.1

SA396.2 3.5 43 2.4 — 11 1480 11

TA396.2 3.5 49 11 — 41 1470 9 .6
TA309.3 3. 4 88 8 .2  — 28 1470 8.8

TA30 9.3  8.6 26 2 . 3  — I l  1480 7 . 8

SA396.2 8.6 49 1.1 — 23 1500 9.1

SF309.2 8.6 93 9 3.8 — 65 1450 4.4

SA396 . 2 8.6 95 4 .6 — 72 1500 5 .4

TA309 .3 16 25 3.8 — 15 1480 6 . 3

SA309.3  16 25 0. 4 — 26° 1480 7 . 3

SA396.2  16 48 1.3 — 94e 1430 12

SA396 .2  16 97 1. 7 — 47 1440 I i

SF309.3 16 99 5 1.8 — 15 1460 8. 5

TA396.2  31 50 4 .0 — 45e 1430 7 . 2

SA396.2 31 50 1.5 — 38 1450 14
TA39 6 .2  31 51 4 .7 — 19 1470 11
SA396.2 31 52 1.7 — 16 1500 14

SF309.3 32 100 5 1.7 — 10 1460

Avg.d 1470 ±20 9.0 ± 2 . 7
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TABLE I (continued)

[Al]1 T
Modea (Torr) b ( s 1

) ~.% abs . ) C (10 12 mV1) (K) (l0~~~ ml molec u1e~~’ s ’)

Reactor 1, 1830 K nominal

SA309.3 4.1 93 8.0 — 122 1850 3.6

SA394.4 12 10 1.4 — 12e 1840 6.2

SA309.3 13 15 2.5 — 1840 2.7

SA394.4 12 25 1.6 — 34e 1810 3.8

SA394.4 14 90 1.0 — 570 1830 3.5

SA394.4 30 10 1.3 — 8.1 1830 3.5

TA394.4 30 10 4.7 — l3~ 1820 5.5

SA309.3 31 14 2.3 — 34e 1820 3.2

SA394.4 31 25 1.0 — 14e 1820 2.4

SA309.3 32 47 — 56e 1830 3.4

Avg .d 1830 ± 10 3.8 ± 1.2

a The first letter , T or S, indicates whether the CO2 inlet noz,zle was traversed or
kept stationary; the second letter F or A , whether [Al]rei was measured in fluo-

rescence or absorption ; the number indicates the wavelength (in ntn) of the Al line

used .

b 1 Torr = 133.3 Pa

c % Initial Al absorption Is shown for the experiments in which [Ali rel was monitored

by fluorescence ; for the 310 and 1470 K experiments the 396.3 mm line was used for

this absorption measurement while in the 480 and 730 K work the 309.3 nm line was

used . In experiments In which [Al]rei was obtained by absorption the initial absorp-

tion was on the order of 50%.

d Mean and standard deviation

e In these experiments 9.56% CO2 in Ar was used , in all other experiments undiluted

CO2.

f These experiments were carried out in Reactor 3.

28 

- - - ---------- - -~~ - - 



FIGURE CAPTIONS

FiG. 1 Schematic of modular HTFFR (Reactor 3) used for 480 and some 730 K

experiments

FIG. 2 Arrhenius plot of the measured rate coefficients grouped by

temperature .

FIG. 3 Comparison of fitting functions k1(T) with the individual data points

Curve (E): Arrhenius form with T—independent pre—exponential;

Curve (E’): Arrhenius form with T u / 2  dependence of pre—exponential ;

Curve (F): T~ form ; Curv e (C) : Transition state theory form;

Curve (H) : Double exponential form .
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The data also indicate a wall—oxidation process of zeroth order in [CO2~I with
a TA1 of 10” to 10_a , not measurably dependent on T. Factors affecting the
accuracy of the measurements are discussed . Over the 310-730 K range k1(T)
obeys an Arrhenius expression , with an activation energy of 2.6 ± 1.3 kcal
mole ’1 , which implies D(A1—O) ~ 122 kcal mole ”'1 . Above 730 K, k1(T) increases
much more rapidly with T. This behavor cannot be described on the basis of
simple transition state theory alone ; the most probable additional factors
involved are the opening of a second reaction channel leading to A1O(A ’fl) and
preferential reaction of Al with CO, in bending modes.
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