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The i n i t i a l  r a t e s  of t h e  thermal. decomposition of pure biphenyl  in 

0 t h e  l i q u i d  phasci were determi.ned f o r  t h e  temperature range of 422 to 446 (2. 

The. product,s of py ro lys i s  wcrc separated i n t o  t h r e e  hydrocarbon f r a c t i o n s  

procedures.  The amount of biphenyl  which had decomposcd was found by 

fo:rmed, p e r  mo1.e of biphenyl,  are:  (1) hydrogen: 0.58 x IO-' moles/hr a t  

4:i:3"C, 1.9 x 
- 14. 0 1.0 

te rphenyls :  0.71 x 10 

10 

0.77 x IO 

a t  4 5 8 O C ,  arid 2.7 x 1.0°-5 at 446OC; (2) benzene: 1..1. x 

moles/hr a t  4-22 C, 3.1 x 1.0-' a t  438OC, and 4.8 x a t  4 4 6 O C ;  (3) 
-4  - IC moles/hr a t  422OC, 2.0 x 10 a t  1+38°C and 2.8 x 

- -4  a t  lC46OC; and (4) quaterphenyls:  0.25 x 10 rnoleslhr a t  4 : Z o C ,  
- l+ -4  a t  438OC, and 1.3 x 10 at  446°C. 

The presence of' water  vapor in t h e  biphenyl  during py ro lys i s  had no 

not  i ceab le  eff'ect upon t h e  r a t e s ,  whereas t h e  presence of oxygen increased 

t h e  r a t e s  by R f a c t o r  of about two t o  four .  

Resul t s  obtained by increas ing  t h e  sur face  t o  volume r a t i o  as much 

as a f a c t o r  of  ZOO0 f o r  Pjrex and quar tz  sur faces  ind ica ted  t h a t  t h e  

benzene y i e l d  reached a minbum val.ue. I ron  and s t a i n l e s s  s t e e l  sur faces  

increased t h e  r a t e  or" hydrogen formation t e n f o l d .  

A p l a u s i b l e  mechanism i s  discussed f o r  t h e  uncatalyzed thermal  

decomposition, and suggest ions art:' made f o r  f u r t h e r  work which would 

shed l i g h t  on t h e  d e t a i l e d  mechanism. 
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1. IlTJ1HODlJCTION 

Since the t ime of t h e  Manhattan P ro jec t ,  r e a c t o r  engineers have 

considered the p o s s i b i l i t i e s  of usi.ng organic hydrocarbons a3 a modclator, 

o r  a coolant,  o r  a combination moderztor-coolant i n  nucleer  r e a c t o r s .  

I n t e r e s t  along these l.j.nes incrcased i n  t h e  e a r l y  1950's when enriched 

uranium became a v a i l a b l e .  The probabi.l i t y  of Yinding a, compound wiLk al.1 

t h e  advantegcs o f  m t e r ,  bu t  'niiving lower corrosioin r a t e  and vapor pressure,  

appcarcd good. This meant, t h e  r e a c t o r  might be operztcd a t  a higher  

t e q e r a t u r e ,  for t h e  same pressure,  w i th  :in accompaLiyiiig inc rease  i n  

thermodynamic e f f i c i e n c y .  Thus began an  exieiisive r e sea rch  e f f o r t  devoted 

t o  the select i -on of s a t i s f a c t o r y  organic compounds f o r  p r a c t i c a l  r e r c t o r  

ope ra t  ion.  

The p rospec t ive  moderator-cool-ants werc cxpose6 t o  r e l a t i v e l y  high 

Lenigcratul-es and radiaLion, simultaneously.  Many cl-asses of organic  

compo~J.ilds, hydrocarbons and otherwise, w e r c -  examined but  on1.y t h e  aromatic 

hydrocarbons showed s u f f i  ci-ent promise u-nder t h e s e  condi t ions to warrant 

f u r t h e r  consid.era,tion f o r  r e a c t o r  development. O f  t h i s  group, merely t h e  

pol.ypheny1 coriipounds Eppear t o  be of p o t e n t i a l  value a t  t h i s  t ime.  

Rather d e t a i l e d  da'cz have been obtained by 7-n-pile experiments on R 

a mix-ture of t e rpheny l  isomers and biphenyl. (Santowax R )  , pr j -nc ipa l ly  by 

workers a t  Cel i f  o r n i a  Research Corporation"), A t o m i c s  Tnternational") , and 

KERF:, Harwell, 8i~gland(3).Thc A I  group has a l so  conducted t h e  Organic 

Modcrated Reactor Experiment (ONE3S) i n  Idaho. It i.s evident t h a t  both 

p y r o l y t i c  and r a d i o l y t i c  decomposition of t h e  organic mixtures remain 

serious problems. Along with tlic d e s t r u c t i o n  of t h e  moder~utor-coolant  at an 

a A product of Monsanto Chemical Company. 
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undes i r ab le  rate t h e r e  i s  t h e  accumulation of polymerized material which, 

through degradation, f i n a l l y  l e a d s  t o  f o u l i n g  of' t h e  f u e l  elements. 

If the chemical k i n e t i c s  of' the decomposition r e a c t i o n s  were known, 

it i s  conccivable t h a t  methods might be found t o  retard or prevent the 

p r o l y t i c  and r a d i o l y t i c  d e s t r u c t i o n  of, t h e  organic  moderator-coolant. 

Since those  organic  P1ui.ds of maJor i n t e r e s t  a t  t h i s  t i m e  are a l l  mixtures 

of compounds, i n t e r a c t i o n s  between t h e  va r ious  intcrmediatcs  and products 

present an extremely compl ex k i n e t i c  p i c t u r e .  Therefore, a s h p l e r  

approach t o  t h e  problem i s  t o  s tudy t h e  i n d i v i d u a l  comporients ot' a 

pro:;pective mixture.  

D e  lIalas(4) w a s  one of t h e  f i r a t  inTrestigators t o  undertzike a s tudy 

of this na tu re .  

under the in f luence  of h e a t  or r a d i a t i o n ,  polymerize according t o  :i first 

I k  r epor t ed  t h a t  several  individua.1 poly-phcirzyl compourlds, 

order r a t e  l a w .  The extent of r e a c t i o n  was determined f r o m  the mount of 

-tar formation.  H a l l  and presented G w.Lues and rei-ative yiel-ds 

of products  formed during t h e  radiolysis of pure biphenyl a t  7)-1- t o  82 C. 0 

A paper  by Ga.mann and Reyroux(') and a r e p o r t  by K ~ ~ p e r ( ~ ~ )  p re sen t  

t h e  r e s u l t s  of r e c e n t  s t u d i e s  of the p y r o l y t i c  chemistry of biphenyl and 

t h e  t e rpheny l  isomers. 

s i n c e  they g e n e r a l l y  r ep resen t  I.ezis than 5% of t h e  decomposition procluc-t;s. 

The temperature range studfed was 14-00 t o  ~ C k j 0 C  w i t h  the thermal. 

Kuper doe:; not p r e s e n t  d a t a  on the gaseous products  

decomposition ranging from about (I.::? t o  20$. 

Rayroux covers t h i s  same yangc of d-ecomposition f o r  biphenyl a t  438, b58, 

and. ~ + ' Y P  c , 

%he work of Gauniann and 

0 

The s t u d i e s  at ORFSL have been devoted to thermal  degradat ion of biphenyl 

a t  4222, 21-38 and W c 6 O c .  

t h e n  1.5% i n  o r d e r  t o  simpl.ify f u r t h e r  t he  k i n e t i c s  of decomposition and 

The amount of b ipheny l  decomposed was held  t o  l e s s  
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t o  enable t h e  i d e n t i f i c a t i o n  o f  the pr inc ipa l  i n i t i a l  products.  The 

r e s u l t s  reported a r e  i n  b e t t e r  agreerneiit w i th  those of Gaiirnann end Hzyroux 

than  w i t h  those  of Kuper. The e f f e c t s  ol" added surfaces ,  oxygen, and 

moisture  upon t h e  t h e m i d  decomposiiion are considered here  also. These 

e f f e c i s  were not i nves t iga t ed  i n  t h e  previous work c i t e d  above. 

2. EXPERIMBWYAL PROCEIILJRE; 

Sample P r  epa.ra;t ......... __ i.0 il -. .. .. . 

C h r omat ogr ap h i c a1 ly pur e b i p  h e  ny 1 was 1.4 e i ghe d i n t  o he avy - w a l l  e d Pyre :: 

g l a s s  ampoules which were  closed a t  one end wi th  a, Siibble brcakseal. The 

ampoules were mr-de from 5/8" O.D. (3/8" 1 . D . )  tuhing,  were 7.5 ern long  when 

scaled,  and had E. volulie of 7 ml cnd a. slJrfnce a r e a  of 25 em-. 

ampoules were t r e a t e d  overnigh-t i n  a vacum furiiace a t  500 C Lo remove 

adsorbed a i r  a.nd water Vapoi- and cool-ed i n  a helium atmosphere before  use. 

The anGoules were  loaded :li_th tile des i r ed  yuailtitji of biphenyl-, a t t ached  

t o  t h e  vacixm l i n e ,  and evacuated. The bi-uhenyl was melted twice and 

evzcuatcd each t i m e  t o  remove adsorbed ai~r end n o i s t u r e  froin i t .  Af te r  

closing -the stopcock t o  the vzcum l i n e ,  z hea t  g i x  was used t o  melt  t h e  

biphenyl vhich  Ir,ed coll.ec-l;ed on t h e  cooled wal ls  of t h e  'Lube. Liquid 

n i t rogen  wzs emp?.oyzd t o  condeme t h e  biphenyl bzck i n t o  t h z  amooule. 

The anpoul-es ijere then  scaled with  the aid ol' :- blowpipe.  

, 
The 

0 

Pyrolysis .._ 

Thin-walled s-Laidess s teel-  bombs, containing th,- sealea mpoulea  of' 

biphenyl, were preheated in a furnace f'or 11.2 'nr e t  a controlled 

tem~peret .ne,  i . .e.,  b o o  f o r  t h e  b2'C exgerirncnts and 420 

and 446 C experiments. 

during preheaLing 'vjzs n e g l i g i b l e .  (?'.' 

0 for the 458 
0 Under t h e s e  condi t ions the decomposition of bj-phenyl 

'The boxbs w e r ?  t hen  t r ansye r rcd  for 
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py ro lys i s  t o  a second furnace,  .rcgulcttecJ a t  a pre-set temperature.  U s e  

of t h e  p rehea te r  made it poss ib l e  t o  detwmirie zero time more accura te ly ,  

s ince  the time l a g  i n  rcaching t h e  tcmpersture  01' pyro lys i s  was reduccd 

considerably.  Aluminum blocks,  d r i l l e d  t o  f i t  the  s t e e l  bombs c lose ly ,  

were used i n  bo th  furnace:; t o  increase  t h e  heaL capac i ty  of t h e  furnaces  

and t h e  r a t e  of heat transfer, r e s u l t i n g  i n  f a s t e r  hea t ing  and more s t a b l e  

temperatures.  The Chromel-Alumel thermocouple f 01' furnace c o n t r o l  w a s  

calibrti?,ed with a NBS cal ibrated.  thermocouple. 

f o r  temperature c o n t r o l  (-i- - 0.5 C )  of t h e  p y r o l y t i c  furnace.  

des-ired tirne i n t e r v a l ,  t h e  bombs were removed frvm t h e  furnace and. 

quenched i n  a i r  t o  h a l t  t h e  decomposition of t h e  biphenyl .  The time lag 

f o r  quenching t h c  r eac t ion  was nenr ly  t hz t  found. for hea t ing  t h e  sample 

A Speedomax H u n i t  was used 

0 Afte r  t h e  

froin t h e  prc-hc.at temperature up t o  t h e  temperature desired for pyro lys i s .  

Product Setxirat i on  

I n  preparz-tion for rpmuval of t h P  products,  2n extension tube with a 

s i d e  x r m  holding t h e  nickel--breaker w a s  sea led  i n  pl.ace above t h e  bubble 

brcak-sea l .  The assembly w z s  connected t o  t h e  vacum system (Fig.  I), 

eva.cuated, and the  breakseal broken. The ampoule, containing biphenyl and 

minute q u a n t i t i e s  of p y r o l y t i c  products ,  w a s  heated wi th  b o i l i n g  wcter  

while the extvns ion  tubp war, cooled with  i c e  water .  The biphenyl and 

some of t h e  polyphcnyl products  were vaporized from thc  artpoule J,rd 

recondensed on t h e  wall; of t h e  cooled extension tube .  Thc benzene f r a c t i o n  

(,7a:; condensed upon pass ing  those  products  more volati l ta than biplirnyl 

through the U-tube t r a p s  jrrrmcrsed i n  l i q u i d  n i t rogen .  A n  automatic T'oepler 

pump co l l ec t ed  t h e  gas f r a c t i o n  i n  a sample tube Cor ana lys i s .  When t h e  

gas c o l l e c t i o n  was complete, t h c  U-tube traps were cl-osed oyf from the 
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f 

‘1 

Fig. 1. Fractionation S for Products f r o m  B 
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Toepler pump a t  one end and t h e  ampoule a t  t h e  o t h e r  end, and t h e  l i q u i d  

n i t rogen  w a s  removed from around t h e s e  t r a p s .  

vaporized and co l l ec t ed  i n  a s m a l l  tube,  containing an appropr ia te  volume 

The benzene f r a c t i o n  was 

of  acetone, which w a s  immersed i n  l i q u i d  n i t rogen .  The t i g h t l y  stoppered 

g l a s s  tubes  were s to red  i n  a r e f r i g e r a t o r  u n t i l  t h e  s o l u t i o n  w a s  analyzed. 

The biphenyl  and polyphenyl products  were recovered by removing t h e  

ampoule from t h e  vacuum system and adding a known volume of benzene t o  

se rve  as so lven t .  Af te r  t h e  tube  was stoppered, it w a s  gen t ly  heated wi th  

hea t ing  t ape  so  t h a t  most of t h e  melted material r an  i n t o  t h e  benzene. 

The benzene s o l u t i o n  w a s  heated i n  a b o i l i n g  water ba th  and g e n t l y  shaken 

t o  d i s so lve  t h e  e n t i r e  conten ts  of t h e  tube  and ampoule. When t h e  benzene 

s o l u t i o n  cooled t o  room temperature,  an a l i q u o t  was removed and s to red  f o r  

a n a l y s i s  i n  t i g h t l y  stoppered g l a s s  tubes  i n  a r e f r i g e r a t o r .  

G a s  Analysis 

The gas chromatograph used f o r  t h e  ana lys i s  of t h e  gases  w a s  designed 

and assembled by t h e  Instrument Department of t h e  Instrumentat ion and 

Controls  Div is ion  a t  Oak Ridge Nat ional  Laboratory.  A schematic diagram 

of t h e  apparatus  i s  shown i n  Fig.  2.  

supp l i e s  (Model 9999) were used wi th  t h e  thermal  conduct iv i ty  c e l l s .  

Gow-Macb constant  cur ren t  power 

The 

l a t t e r  were d e t e c t o r s  which employed matched the rmis to r s  wi th  approximately 

8000 ohms r e s i s t a n c e .  

of 4 ma; d e t e c t o r  No. 2 a t  6 ma.  

Detector  No. 1 was operated with a br idge  cu r ren t  

The br idge  s i g n a l  w a s  received,  

a t tenuated ,  if  necessary,  and p l o t t e d  by a 1 m v  recorder  w i t h  a 2-see 

f u l l - s c a l e  response.  A l l  of t h e  e l e c t r o n i c  equipment w a s  connected t o  a 

cons tan t  vo l t age  t ransformer .  

b G ~ ~ - M ~ ~  Instrument Company, Madison, New Je r sey .  
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UNCLASSIFIED 
ORNL-LR-OWG 73832R2 

THERMISTOR CELLS 
SILICA GEL 

WITH 3% SQUALANE 

MOL. SIEVE TRAP 

Fig. 2 .  Gas Chromatograph f o r  Analysis of Gaseous Products from 
Pyrolysis of Biphenyl. 



I 
I 
I hou.r:; be fo re  it 

1 were couipl-etely 
I 

0 0 
~ 21 c 4- 0.02 . 

I 

Tank helium w a s  passed. through a ]..-in. x 12-in. s taLnless  steel U-tube 

f j . l l e d  with molecul-ar s i e v e  (Linde 5A) f o r  clean-up before  entering t h e  

chroma,tograph. The c a r r i e r  gas flowed through the r e fe rence  s i d e  of t h e  

the-rmistor d.etec't;or blocks i.n s e r i e s  before it reached -the gas samjpl.i.ng 

sec t ion .  This s e c t i o n  bras by-passed by means of an ei-ght-way valve while 

a t t a c h i n g  a gas  sampling bulb. The eigh-t-way and four-way valves used i n  

t h e  system were s t a i n l e s s  s teel .  p r e c i s i o n  valves wi th  O-ring s e a l s  .d  

soap-bubble fl.owme.tcr was a t t ached  when needed Lo t h e  e x i t  side of 

de- tector  No. 2 i n  o rde r  t o  maintain t h e  c a r r i e r  gas f l o w  r a t e  a t  

with a helium back-pressure of 20 p s i  on the f i r s t  column. 

A 

ml/min 

The permanent gases and methane passed thyough t h e  f irst  col.uunn 

unsepawated and were resolved and de te rmked  by the molecular si.eve 

column and d e t e c t o r  No. 2. The l o w  molecular weight hydrocarbons were 

resolved on t h e  s i l i c a  gel column and detec-Led i n  d e t e c t o r  No. 1. Since 

Lhese l a t t e r  gases  passed i n t o  t h e  mol.ecular sicve column and were L 

C B u r r e l l  Corporation, P i t t sbu rgh ,  Pennsylvania,  

dCi rc l e  S e a l  P r e c i s i o n  Valves, Pasadena, C a l i f o r n i a .  
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i r r e v e r s i b l y  adsorbed there ,  t h i s  colwnn eventual1 y bccasne loaded and w a s  

replaced.  

Tne r e t e n t i o n  t i m e s  f o r  t h e  permanent gases  and low molecular weight 

hydroca-rbons resolved by t h i s  system are given i n  Table 1. 

Table 1. Retent ion Times for t h e  Permanent Gases a n d  Low Molecular Weight 
Hydrocarb ons 

Gas S i l i c a  Gel Molecular Sieve 
Retent ion Time Retent ion Time* 

(min) (min) 

4.5 

6 . 1. 
6.9 

7.8 

11.2 

11.5 

18.4 

C H  35.9 
3 6  

++Time from i n j e c t i o n  to de tec t ion .  

Typical chromatograms produced by t h e s e  gases a r e  shown i n  Fig.  3. 

'The unresolved mixture of permaaent gases and methane w a s  e lu t ed  from t h e  

s i l i c a  gel. column f i r s t  and appeared as a s i n g l e  l a r g e  peak on t h e  

chromatogram. The presence of carbon dioxide j n  a sample was indicated 

by t h e  shoul-der on t h e  propane peak. The unresolved mixture from t h i s  

. 

column w a s  t hen  separated on t h e  molecular s i eve  column. The presence of 
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UNCLASSIFIEO 
ORNL-LR-DWG 77992R2 

I I I I I I I 

3/rf3 in. x l o f t  COLUMN, MOL. S I E V E  5 A ,  30-60 MESH, He FLOW= 40 ml/rnin 
THERMISTOR 

( 1 )  HYDROGEN 
( 2 )  OXYGEN 
( 3 )  NITROGEN 
(4 )  CARBON MONOXIDE 
( 5 )  M E T H A N E  

C U R R E N T =  6 ma, TEMPERATURE= 2 I 0 C  

I 
(4) 

3 )  

1 I I I I ( t ’  
3/r6 in. x 10 f t  C O L U M N  3 w t  To S Q U A L A N E  ON SILICA GEL, 
He FLOW = 4 0 m l / m i n  

THERMISTOR CURRENT = 4  ma,  TEMPERATURE = 21 C 

( 1  ) UNRESOLVED MIXTURE 
( 2 )  E T H A N E  
( 3 )  E T H Y L E N E  
( 4 )  CARBON DIOXIDE 
( 5 )  PROPANE 
( 6 )  ACETYLENE 
( 7 )  B U T A N E  
( 8  ) PROPYLENE 

(6) 

40 35 30 25 20 15 10 5 

T I M E  ( m i n )  

l 

a 
0 

Fig. 3 .  Chromatograms of Gaseous Products from Biphenyl. Pyrolysis. 



carbon monoxide and carbon dioxide imp1 Jed t h e  presence of  some oxygen 

dui-ing t h e  py ro lys i s  of biphenyl o r  d i f f u s i o n  of gases from t h e  ampoule 

walls. Although t h e  resol-ut ion of oxygen and n i t rogen  w a s  incomplete, 

it w a s  s u f f i c i e n t  t o  i nd ica t e  q u a l i t a t i v e l y  t h e  amount of 1-eakage i n  t h e  

vacuum system during product f r a c t i o n a t  ion.  This  1-eakage w a s  decreased 

considerzbbly as t h e  research  progressed. 

The peek he ight  riieasurernents were used for t h e  quantlitakive 

determinat ion of t h e  gaseous products  s ince  t h e y  proved t o  be mm-e 

reproducible  than  peak errea measurements. it w z s  found t h a t  a s t r a i g h t  

l i n e  r e l a t i o n s h i p  exis ted between peak he ight  and volume f o r  each of t hese  

gases .  The s e n s i t i v i t i e s ,  defined 2s t h e  recorder  response i n  s c a l e  

d iv i s ions  pe r  u n i t  volwne of gas, are l i s t e d  i n  Table 2. Analyses of 

t h e  two gases of major i n t e r e s t  i n  t h i s  work, hydrogen and methane, 

showed a p rec i s ion  of - + 2$ and - + 3$, respec t ive ly ,  for a, stand.ard sample. 
I_ --_I 

Table 2.  S e n s i t i v i t i e s  of  t h e  Low Molecular Weight Hydrocarbons, Hydrogen, 
and Carbon Monoxide 

Gzs CH4 co c?H6 C2H4 ‘3’8 c l€ 3 6  
S e n s i t i v i t y  
(d iv /p l )  I..T2 24.6 28.4 25.8 14.7 1.8.0 5.58 

Benzene Analysis 

e An F and M Model gas chromatograph was employed i n  the ana lys i s  of 

benzene. The f i l anent - type  thermal conduct iv i ty  c e l l s  were used. with a 

e. 
b’ and M Sc ien t i f i - c  Corporation, Avoiiclale, Pennsylvania. 



bi-idge cu r ren t  of 100 m a .  The s i g n a l  wi th  proper  a t t enua t ion  was 

suppl ied t o  a 1 mv, 2 s ec  f u l l - s c a l e  response recorder .  

Cleaned copper tubing, 1./4 in .  O.D. x 6 f t  i n  length,  was packed 

w i t h  35-60 mesh Chrornosorb Z' containing 30 w t  % Apiezon L and 2 w t  '$ 

Carbowax 20M as t h e  s t a t i o n a r y  phases. The coliunn packing 'was prepared 

by mixing t h e  solid suppor-t with a n  ethanol. so lu t ion  of t h e  Carbowax ;)OM, 

drying t h e  mixture under a hea t  I.mp, s t i r r i n g  ?It wi th  a benzene s o l u t i o n  

of Apiezon L, and drying t h e  product wi th  tile hea t  lamp. The tubing was 

tapped only l i g h t l y  while  it w a s  betng packed t o  e l imina te  t h e  need f o r  

using a high back-pressure durin-g column operat ion.  

The flow raLe of t h e  hel.ium c a r r i e r  ga.s was 30 ml/min through t h e  

measuring s i d e  of t h e  de t ec to r  and approxi.mately 15 ml/min -Lhrough t h e  

re ference  s i d e .  The i n j e c t i o n  p o r t  and detec-Lor block temperatures were 

about 250 C while  t he  column temperature w a s  increased from 125 i o  250OC 

at  a rate of 11OC/min. 

0 

Standard so lu t ions  of benzene i n  acetone were used f o r  c a l i b r a t i o n  

and were s to red  s a t i s f a c t o r i l y  f o r  weeks i n  a 25 m l  graduate  t o  which a 

Teflon bore stopcock was sea led .  A s i l i cone- rubber  septum covered t h e  

short; e n t r y  a r m  of t h e  stopcock, which w a s  opened only during sample 

removal. A d e t a i l e d  desc r ip t ion  of t h e  s torage  vessel has been 

p~ub l . i shed (~) .  

graph by syringe i n j e c t i o n .  The r e p r o d u c i b i l i t y  of sample i n j e c t i o n  w a s  

Samples of t h e  so lu t ions  were introduced i n t o  t h e  chromato- 
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b e s t  when a gas syr inge was used,and t h e  volume of s o l u t i o n  was measured 

wi th  a l l  of t h e  l i q u i d  i n  t h e  b a r r e l .  A pocket of a i r  between t h e  

sol.ution and t h e  plunger permit ted complete expulsion of t h e  contents  of 

t h e  syr inge iri-Lo t h e  i n j e c t i o n  p o r t .  If t h i s  was not  done, s o l u t i o n  

remaining i n  t h e  needle a f te r  i n j e c t i o n  w a s  p a r t i a l - l y  vaporized i n  t h e  

hot  i n j e c t i o n  po r t ;  t h e  f r a c t i o n  vaporized was v a r i a b l e  and not measurable. 

A s  a resid-t ,  p r e c i s i o n  would be  poor. 

Detai led procedures and d a t a  on a n a l y s i s  of benzene i n  mixtures 

. Benzene, wi-Lh a (10, 11) with r e l a t e d  compounds have been published 

re-Lention time of 4.0 min, was t h e  only compound de tec t ed  i n  t h e  f r a c t i o n  

c o l . l e c t d ,  as descr ibed e a r l i e r ,  i n  t h e  l i q u i d  n i t rogen  t r a p s .  For t h e  

q u a n t i t a t i v e  d e t e m i n a t i  ons, peak a r e a  measurements were found io be more 

accu ra t e  and p r e c i s e  than  peak height  iiieasurements. A p l o t  of benzpne 

weight versus  peak a r e a  produced a s t r a i g h t  l i n e  from which t h e  s e n s i t i v i t y  

w a s  found t o  be 12.6 (+ - P$) counts/pg. 

Model. 1-91] measured +,he peak a r e a s  of the components. 

A Perkin-Elmer p r i n t i n g  i n t p g r a t o r  

Polyphenyl Analysis 

The F and M Mode1 500 gas chromatograph used f o r  benzene analyses  

w a s  used a l s o  f o r  a n a l y s i s  of t h e  polypiienyl f r a c t i o n .  

as t h e  c a r r i e r  gas a t  a flow r a t e  of 100 ml/rnin through the measuring 

s i d e  of t h e  d e t e c t o r  block and zipproximately l 5  ml./rnin through t h e  r e fe rence  

Helium was used 

. 
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s i d . e .  The i n j e c t i o n  p o r t  and d e t e c t o r  block temperatures were about 

350 C; t h e  colwnn temperature Vas increased from 150 t o  375; C a t  a r a t e  of 

15'C/min. 

0 0 

The br idge  cu r ren t  was s e t  a t  1.00 ma. 

Tne chromatographic column W ~ S  a f r e s h l y  cleaned 12-f't l ength  of  

L/4-in. O.D. s t a i n l e s s  s t e e l  tubing, packed crith 55-80 mesh Chmmosorb P 

containing 20 wt 

d i s so lv ing  t h e  dcs i r ed  quan t i ty  of l i t h ium chlor ide  i n  hater, i n t ima te ly  

$ l i th i lun  ch lo r ide .  The, packing w a s  prepared by 

mixing the  so lu t ion  with t h e  s o l i d  support ,  drying t h e  mixture under a 

hea t  lamp, and f i n a l l y  hea t ing  it i n  a muff1.e furnace a t  750°C for about 

(12) one hour t o  fuse  t h e  s a l t  onto t h e  support  . 
Standard solut ion&, of t h e  polyphenyl compounds i n  benzene were 

prepared and s to red  i n  t h e  same type  of container. described i n  t h e  previou, 

s ec t ion .  Samples were i n j e c t e d  i n t o  t h e  chrornatograph, : L ~ S O ,  as descr ibed 

e a r l i e r .  Peak he ight  measurements of t hese  compounds were used f o r  the 

q u a n t i t a t i v e  determinat ions.  The s e n s i t i v i t y  das found t o  vary 60 widtly 

during t h e  course of' a day t h a t  a, standard sample wa,, in jec ted  preceding 

and fol lowing t h e  ana lys i s  of each unknown sample. The average s e n s i t i v i t y  

of t h e s e  two analyses  vas use13 i n  t h e  computations. The standard s o l u t i o n  

contained o-terphenyl,  m - t  erphenyl, p- t erphenyl, and 1,4,5- t r iphenyl -  

benzene d isso lved  i n  benzene. Only one quhterphenyl was present i n  t h e  

s tandard s o l u t i o n  because it was learned c?xpe~imental ly  t h a t  t h e r e  were 

only s l i g h t  d i f f e rences  between t h e  s e n s i t i v i t i e s  of t h e  quaterphenyl 

isomers. The r e t e n t i o n  t imes f o r  the polyphenyl compounds ava i l ab le  as 

stand,wds are presented  i n  Table 3 .  (13) 
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Table 3. Polyphenyl fietelltion Times on a T A C l  Column 

C omp ouriii Formula Retent ion Time 
.... . (mi n) l.__.l___.. - ._... . . . . .. . . ... .-. . 

C 11 -C H 3 - 7 Biphenyl 

0- Terphenyl. c ~ I . 1 ~  ._ c ~ H 4 -  C6H5 6 .8  

9.2 6 5  6 4 2  0- Quat erphenyl 

6 5  6 5  

C H - ( C  H ) -C61S5 

m- Terp hriiyl C I I  6 5- C H  6 4-CGH5 9.2 

p - Te rp henyl C6H5-C6Hlc-C6H5 9.9 

1,3,5-Triphenylbenzene 14- 1 

m- Quat erphenyl C6H5 - ( C G " ~ )  2- C6H5 14.2 

m,p-Quat erphenyl. C6"5- (C6Hb) 2-C6H5 14.8 

p-Quat erphenyl CGH5- (C6H4) ,-c;frg 16.4 

A chromatogram of t h e  pol-yphenyl fractrion of t h e  pyrci1.yti.c products 

i s  shown i n  Fig.  4. 

o-quaterphenyl. by anal-ysis of s m a l l  samples a t  a l o w  hea t ing  r a t e  and a 

low flow r a t e .  AI-though t h e  d i f f e r e n c e  between t h e  r e t e n t i o n  t imes of 

m- and p-terphenyl  was r e l a t i v e l y  smal.l., t h e r e  was s u f f i c i e n t  time f o r  

cornpl-ete r e s o l u t i o n  of these  peaks under t h e  opera'cing cori.iiiti.ons used. 

On t h e  o t h e r  hand, i t  was not  possihl-e t o  r e so lve  m-quaterphenyl. aiid 

l,j, 5-triphcnylbenzene on t h i s  column. Iience, f . t  cennot be s t a t e d  

unequivocally a t  this t ime t h a t  peak (8) wes due t o  t h e  preserice of m- 

quaterplienyl. From r e l a t i v e  r e t e n t i o n  t ime data.('<! peaks (6) and (7) 

n ~ e  thought t o  be o,m-qimterphenyl and z i t h e r  o,p-quaterphenyl o r  1,2,4- 

tr iphenylbenzene, bu t  the l a c k  o f  t h e s c  con1pound.s i.n pure f o m  prevented 

positive i d e n t i f i c a t i o n .  

Peak (1;) was proven t o  be m-tei-phenyl r a t h e r  t h a n  

n 



( 1  ) BENZENE SOLVENT 

375 QC - 
( 2 )  BIPHENYL 
(3) O-TERPHENYL 
(4) m-TERPHENYL 
( 51 p - TERPHENYL 
( 6 ,  71 UNKNOWN 
( 8 )  m - QUATERPHENYL 
(9) m, p - QUATERPHENYL 
(10) p - QUATERPHENYL 

I (4) n/ 
50 "C 

UNCLASSIFIED 

He FLOW = 400 ml/rnin 

ORNL-DWG 63-6973R 

(2 - f t  COLUMN, 20 wt 90 L iC l  ON CHROMOSORB P; 
BRIDGE CURRENT = 100 ma ; TEMP PROGRAMMED AT 15 OC/min FROM 150-375 "C 
I- ___._ -7.- ( 2 )  

300 "C 
I 

10 5 0 20 15 
TIME (min)  

Fig. 4. Chromatogram of the Polyphenyl Products from Pyrolysis. 
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Chromatographical ly pure bil)hcnyl was obtained from t h e  C;1 i f o r n i a  

Hesearch Corporation through t h e  cooperaLiun of K. 0. Bolt. F. L. Howard, 

Pure Subsianccz Sect ion or' tlrLc Nation81 Bureau of Standards, kindly 

suppl i cd several  pol yphenyl cofipounds which h'N'trt: used as  a n a l y t i c a l  

standards. 

A detailed r ev iev  of ihc a n a l y t i c a l  procedures used i n  t h i s  p r o j e c t  

(10) was published previ ousiy i n  a mernoravdum. 

r n .  FZSUT,TS A ~ D  DISCUSSION 

Net Reactions - and Maierial Balance -- 

On the b a s i s  of t h e  a n a l y t i c a l  r e s u l i c ; ,  t h e r e  are four  major prodxcts 

forma., i. e .  hydrogen gas, beaier-e, t e rpheny l  isomers, m d  quaierphcnyl 

isomers. The major ne'i o r  overa.11 r e a c i i o n s  which were assumed t o  occur 

upon pyrolyzing bipiienyl t o  produce t h e s e  materials 3i-e: 

2C H --f C2$I18 -t H2 (1) 

jCliHIO -+ 2 C  H + H (2) 

12 1.0 

18 1 4  r' 

! H2 -z 2C H (3) C12H10 G S  
These assumptions were t e s t e d  by using r e a c t i o n s  (1) and (2)  t o  calcuI.atc 

t h e  amount of hydrogen a n t i c i p a t e d  from t h e  amounts of ierphenyls  and 

quaterphenyls prodiiced. This value shou1.d equal the mount of t h e  hydrogen 

g s s  determined plus one-halL' t h e  amount found i n  t h e  combined form as 

beruene. It fol-lows from t h i s  - that  

C6H6 z moles H, + 1/2 moles 1BHli4 c 
moles c H -t l/p mo1.e~ c 

21t 18 
A s  seen i n  Table 4) good agreement was observed, i n d i c a t i n g  that the above 

equations were i.ndeed the p r i n c i p a l  n e t  r e a c t i o n s .  'Yhe r e s u l t s  which 

show a m a t e r i a l  imbalance wil.1. be discussed bel-ow. 
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The percentage of biphenyl which w a s  pyi*olyzed can a l s o  be calcul-ated 

for each experiment from thP n e t  reacti-ons above. The degree of 

decomposition was I.imi.ted t o  c low value i n  an ei'fort t o  iderit ify the 

i n i t i a l  products .  

L iq i i j d  ant3 vapor phase pyrolyses of equzl arnoiints o f  biphenyl were 

pe-rformi-d under i d e n t i c a l  condi t ions of tine (1-7 h.r) and temperature 

(422OC) t o  Q s c e r t a i n  i h e  e f f e c t  of phys i ca l  state upon the r a t e  of 

deconiposi-ti on. The y i e ld  of bcnzei;?, thc p r i n c i p a l  product,  xms twice 

as g r e a t  f o r  t h e  vapor p h a o  decomgosition as f o r  t h e  l i q u i d  p h a s c  

p y r o l y s i s .  That th<.s wz.s not a surfacc efi'2c-k will be shoim be1.o~.  A s  

a consequznce of t h e s e  resul-t., the f ' o l l m ~ i n g  l i q u i d  phase s t u d i e s  were 

made with a vapor s p i c e  of I.css than 5% at the pyrolytic temperaturc.  

The s t r a i g h t  1-ine relationship that  e x i s t s  bctwecn the avei-age 

hydrogzn y i c l d  and t ime a t  t h r e c  cli-fferent ttiniperatures i s  shown i n  

Fig.  5. Table 5 l i s t s  the  i n i t i a l  rates of hyd.rogeli L"orrfl~tion. 
..... ...... . ....... . ........... 

Table 5. I n i t i a l  Rates of P roduc t  k'ormztion 

.- I.. - 1- 
(moles h r  mole Riphenyl..) 

Product, Temperature R e  l a t  ivc 
____ ........... 4 Z°C 438°C 446OC .... ._ ........ Rates 

I-iyarogcn (x IO-') 0.58 1.9 2.7 

Terphenyl s (x 1 Om") 0. (1 2.0 2.8 

Beiiz:,ilP (x lo-'') 1.1 3 . 1  4.8 

-4 Quaterphenyls (x 10 ) 0.25 1. . 3 

0.06 

1.0 

0.6 

0.2-5 
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Fig. 5. Variation of Hydrogen Yield w i t h  Time. 
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The amouni of mcthhne formed during p y r o l y s i s  was roughly one-tenth 

t h e  m ~ o u n t  of 1iyilrogt.ri ( s ee  AppeLiclix A ) .  There appears to  be no c l e a r  

rc la i ioi ivhip between t h e  methane produced and time. Thc o ther  a l i p h a t i c  

hydrocarbons were pre:;ent i n  amou~its t o o  s r n s l l  for p r e c i s e  quanti'ia-Live 

determitmtions (l./l-O t o  lfl.00 x CR ) .  

be "cracked" and hydrogen ii1 some form acqJired to produce -tile l o w  

Obvious'l~y, a benzene r i n g  must 4- 

molecular weight hydrocarbons. Traces of oxygen might be expected t o  

inc rease  r-dpture of t h e  r i n g  s t r u c t u r e .  However, an experiment i n  which 

oxygen gas was prescn t  during pyrol-ysis showed l i t t l e  c i f f e r e n c e  i n  t h e  

r a t e  or' m z t k n e  product ion (see Appendix A ) .  

t h e  su r face  a t  t h e  biphenyl-Pyrex glass i n t e r f z c e  accounts f o r  t h i s  

Possibly,  th.e na tu re  of 

degradation p z t h  of l e s s e r  s i g n i f  icancc.  

The v a r i a t i o n  of t h e  zveregc benzene y i e l d  wi th  time a i  t h r e e  

d i f f e r e n t  tcmFeratures during t h e  Sow percenta.ge conversion of biphenyl 

i s  pl.otted i n  F i g .  6 .  Again ,  a s t r e i g l i t  l i n e  re1.ationshi.p e x i s t s .  The 

i n i t i a l  r a t e s  of benzene formation a r e  presented i n  Table 5 .  The value 

a t  438'~, 3.1 x 10 
- j-1 

agreement with a value of 5.9 x 10 moles per hour obtained by Gaumann 

-4 moles p e r  hour p e r  mole of biphenyl,  i s  i n  fa i r  

and Ray~oux.  (6) 

The v a r i a t i o n s  of y i e l d s  ol" t e rpheny l s  and qudterphcnyls w i th  Lime 

a t  t,iiree d . i f fe ren t  temperatures ~ r e  shown g r a p h i c a l l y  i n  E'igs. 7 and 8, 

and the r e s u l t i n g  rates of formation a r e  given i n  Table 5. Tne i n i t i a l  

r a t c  of te rphcnyl  fomaLion ,  2.0 x 10 molcs p c r  mole of biphenyl per 

hour. a t  438 C, agrees  f e i r l y  w e l l  i ~ i i i . 1  ilic Gawnaiin and Kayroux value of 

- 1  

0 

- 4 3.9 x 1.0 f o r  the saxme temperature.  The7.r data. yie1.d 2 valiie of 2.9 x 

10 -4 moles of quzterphenyl p e r  mole of biphenyl pe r  hour a t  1+18OC 
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compared t o  7.7 x LOp5 found i n  t h i s  yesearch. The dependence of t h e  

average polyphenyl y i e l d s  upon t i m ?  i s  prescnted i n  Fig.  9. The poly- 

phenyl y i e l d  i s  cquel t o  t h e  sum of the  isomeric ierphcnyls  and t h e  

isomeric quaterphenyls found as products (see Appendices). The i n i t i a l  

rates at which t h e  polyp1ienyl.s were formed (per  mole of biphenyl) a r e  

9.3 x 

moles/hr a t  446 C .  

-4 moles/hr zt j k W o C ,  2.8 x IO-'' rnoles/hi- a t  4 3 8 O C ,  and 4.0 x 10 
0 

Note t h a t  t h e  i n i t i a l  r a t e s  a t  which ben7ene and 

polypheny1.s a r e  formed al; t h e s e  teiiiperatures are n e z r l y  i d e n t i c a l .  

The graph i n  F i g .  10 shows that t h e  r a t e  a t  which biphenyl thermally 

decomposes i s  e s s e n t i a l l y  f i r s t  o rde r  a t  t h e s e  temperature; f o r  a low 

percentage dpcomposition. Thi. dgrees with t h e  f i n d i n g s  of o t h e r s  (6, 7) 

who continued t h e  deconposit ion t o  20 mole pe rcen t .  

Applying the Arrlienius equation t o  the d a t a  from t h e  4?? and 446OC 

experiments, tilt. value of t h e  a c t i v a t i o n  energy for hydrogen formation i s  

about 65 kcal/mole; f o r  benzene formation, about 61 kcal/mole; €or 

terplienyl formation, about 56 kcal/mole; and f o r  qimterphenyl f ormatiom, 

about 6( kcal/rnole. The s p e c i f i c  r a t e  constant  Yor t h e  o v e r a l l  
~ _ - - _ _ _ _ _ _ _ _  
0 

~ decorrqosition of biplienyl b c , i w e e n  422 and 44- C, as,;imi.iig 2 F ' i  rsl ,  orrjpr- 

ra te ,  is k = 1.2 x exp (-G2,000 'RT)hr. -1 . GaIJm*inn  and  Hayroux (6) 

r e p o r t  a value f o r  t hp  a c t i v a t i o n  energy of approximately 66 kcal/mole 

f o r  t h e  'chemal decomposition OP 'oiphenyl. compared w i t h  values  of 33 

kcal/mole found by Eiuper'") and 74 kcsl/molc by de :€GI 2:; ('+) f o r  t h e  same 

reac t ion .  

E f f e c t  of Water and Oxygen Upon t h e  T n i t i a l  Rateti; 

To i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  the presence of t races  of oxygen, 

i n  -the form of water vapor o r  a i r ,  during p y r o l y s i s  might have a marked 
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Fig. LO. Var ia t ion  i n  Decomposition o f  Biphenyl w i th  Time. 



e f f e c t  upon t h e  i n i t i a l  r a t e  of decomposition of biphenyl, t h e  last  t w o  

experiments presented  i n  Table )+ were performed. 

t h e s e  d a t a  and i n  Figs .  5 through 9 t h a t  the a d d i t i o n  of 5 x 10 moles 

of -water be fo re  p y r o l y s i s  had L i t t l e  o r  no e f f e c t  upon t h e  r a t e  of 

fo-rmation of hydrogen, benzene, or polyphenyls during a 12 h r  per iod a t  

422 C. The f a c t  t h a t  a s a t i s f a c t o r y  m a t e r i a l  balance was obtained 

indicate:;  l i t t l e  l i k e l i h o o d  of t h e  onset  of any a d d i t i o n a l  s i g n i f i c a n t  

rate processes .  

It can be seen from 

-4 

0 

However, t h e  a d d i t i o n  of 2 x moles of pure 0 be fo re  p y r o l y s i s  
2 

under t h e  same condi t ions caused a marked increase  i n  t h e  r a t e s  of 

formation of a l l  products .  T h a t  t h i s  i s  pa r t i cu l . a r ly  t r u e  i n  t h e  case 

of t h e  quaterphenyls can be seen i n  Figs .  5 through 9. A s  might be 

a n t i c i p a t e d ,  th .e  y i e l d  of carbon monoxide w a s  g r e a t  (see Appendix A ) .  

However, it was not h igh  enough t o  account f o r  a l l  of t h e  oxygen i n i t i a l l y  

added. The lack of a m a t e r i a l  balance (Table 4) f o r  th i . s  experiment can 

be a t t r i b u t e d  t o  t h e  f a i l u r e  t o  determine eqe r imen ta l . l y  a l l  of t h e  

hydrogen produced i n  a combjned form. 

t h a t  t h e  oxygen and hydrogen which were not  accounted for were i n  t h e  form 

of water and organic  oxygen compounds which would be undetected by our 

It seems reasonable t o  be l i eve  

a n a l y t i c a l  procedures.  

E f f e c t  of Added Surfaces Upon t h e  Rate 

TO study the e f f e c t  of high sur face  a r e a  and t h e  typt. of sur face  upon 

t h e  r < t t e  of product formation, t h e  d a t a  shown i n  Table 6 were obtained. 

The i n i t i a l  rate s t u d i e s  were performed using Pyres  ampoules wi th  a 

sur face  area of 25 em . These r e s u l t s  were used for t h e  r e fe rence  

experiment and have been presented  i n  Table 5. These values  were corrected 

2 



a, 
0
 

i
n
 

I 0
 

r
!
 

X
 

L
n

 
I 0
 

r
l 

~x ln
 I 0
 
4
 

X
 

tn I o
 

t--1 

X 

L
n

 
I 0
 

c--i 

X
 

co 
d
 

0
 

d
 

r
i
 

0
 

r
l 

. r-f 
m

 
0
 

r
l 

M
 

d
 

a
 

ri 

0
 

rc\ 

0
 

5 k P
I 

I I I 

I 

I 

cu 
t- 

0
 

cu 
cu 

I I 

I 

1 

I 

r-i 
t- o
 

r
i 

cu 
0
 



for t h e  d i f f e rence  i n  t h c  amount of biphenyl used, s ince  the  added 

materials occupied a p a r t  of t h e  mipoule volume. The sur face  t o  volume 

r a t i o  w8s va r i ed  from 3.6 i n  the fi.rst ease t o  as high as 1.000. 

w a s  done by adding t h ~  materia,l.s in the f0.m of " T ~ J O O ~ "  t o  t h e  pyrolysi:; 

tithes, which were then  baked out as descr ibed e a r l i e r .  The presence of 

T h i s  

Pyrcx and qua r t z  surface; had. an zppreciable  r f f ec t  only  on 1;he benzene 

yie1d.x Further ,  i.t appeiir:; from t h e  d a t a  i n  Tzbk 6 t h a t  t h e  y i e l d  of 

increases ,  bu t  t h e  value i s  independent of -the na-ture of t h e  surface. 

Although t h e  d a t a  i s  not  as conclusive f o r  the yields of te rphenyls  and 

quatwphenyls ,  t h e r e  seem -to 'ne a trend. i n  the scme d i r e c t i o n  for them 

a l s o .  

T 'he  y i e l d s  or" hydrugen and methane ( s e e  Appendix R) i n  the presence 

of ri.ron sur facw were increase? by f a c t o r s  of about 10 above t h e  normal 

yi.el.d., wherezs the amounts of benzene, terphenyl-s, and. quaterphenyls 

rem.ai.ned unchmged , These par-1;icula.r r e s u l t s  were obtained from t h e  

py ro lys i s  or" a singl-e sa.mp1.e i n  each ins tance .  Therefore, d i f f2rences  

l e s s  than  a n  order  of magnitude are proba-bly 'best  assigned to experimental  

error at t h i s  time. 

The cases  i n  which the  y i e l d  of hydrogen gas was high a l s o  exhib i ted  

a m a t e r i a l  imhal.ance i n  hydrogen ind ica t ing  t h a t  importznt u;-t r eax t ions  

o the r  t han  those  i n i t i a l l y  asswried, i . e .  (l), ( 2 ) ,  and (3) had come i n t o  

play. The func t ion  of i r o n  surf'aces as "cracking" c a t a l y s t s  for benzene 

-3f 
'~"iese resul . ts  1.t.d t o  t h e  e a r l i e r  statement (p. 20) t h a t  it wtls not a. 

sur face  e f f e c t  bu t  a phase d i f f e rence  i ~ h i c h  was respons ib le  f o r  t h e  two- 
f o l d  increase  i.n benzene formation, i n  s p i t e  of a four-r"0l.d increase  -in 
su r face  area during vapor phase py ro lys i s .  
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a,nd o t h e r  a m m a t  i c  compou.nds i s  wel.1. kno~7n (I4). 

t h e s e  me’cal.1.i~ “wools ‘ I  were examined a , f tc r  pyroI.ysis by X-ray and e l e c t r o n  

d i f f r a c t i o n  techniques f o r  t h e  presence of i r o n  ca rb ides .  ‘The r e s u l t s  i n  

each in s t ance  were nega,tive. It is poss ib l e ,  however, t h a t  t h e  amount of 

carbon being sought w a s  ’coo sma211 t o  be  de t ec t ed  by t h e s e  techniques.  

Another possib1.e explanat ion €or Lhis zpparent excess of cxperimental.ly 

determined hydrogen i s  t h e  formation of po1yphenyl.s of higher  molecular 

weight  t han  quaterphenyl, accompanl.ed by t h e  rel_e%se of hydrogen. These 

compounds were not detected,  even tlo.ough t h e  coliunn w a s  operated 

Hence, tile su r faces  of 

occas iona l ly  a t  a iemperaturc high enough t o  el-ute t h c s e  polyphenyls (a . 
Higher column tcriiperaturcs were not  uL i l i zed  due t o  t h e  p o s s i b i l i t y  of 

decomposing Lhe polyphenyl compounds. 

For those experiments i n  which i r o n  su-rfaces were present ,  t h e  moles 

of biphenyl pyrolyzed were ca l cu la t ed  by consider ing t h i s  addi. t iona1 n e t  

r eac t ion :  

The d i f f e r e n c e  between .the hydrogen y i e l d s  i n  t h e  maberial balance column 

(Table 6) divided by f i v e  w a s  considered t o  be the mount  of biphenyl 

decomposed by r e a c t i o n  ( 4 ) .  

mount  decomposed by r e a c t i o n s  (l), (2), and (3 ) .  

This amount of biphciiyl w a s  added t u  t h e  

Vi.ews on t h e  Decomnosition Mechanism 

The high-temperature thermal  decornposition of organic compounds of 

marly types,  including hydrocarbons, i s  considered ‘LO proceed by chain 

mechanisms involving f r e e  r a d i c a l s .  From t h e  l i t e r a t u r e  (6.1’.r) and from 

the presen t  work t h e r e  i s  no evidence t h a t  t h e  decomposition of biphenyl- 

i s  a t  var iance with t h i s ,  although conclusive stateirienis concerning t h e  
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d e t a i l s  of t h e  mechnnism cannot ye t  be made. 

uscfi.~l- cons idera t ions  snd e:cperimental ap-proaches were used t o  pr0vid.e 

information which .bears on t h e  mecl.iunism of biphenyl d-ecom-position. 

I n i t i a l  Reaction €3-oducts 

1! number of po.tentia1-1.y 

A primary purpostii of the presen t  research was the c o l l e c t i o n  m d  

i d e n t i f i c a t i o n  of  t h e  in i t ia l .  products of the r eac t ion .  Accordingly, the  

c?xtrnt of t h e  b ipheny l  decomposition ' w a s  kept  b e 1 . o ~  1.5% i n  a l l  of t h e  

experiments, ar_d g r e a t  cadre w a s  t,a.ken t o  c o l l e c t  and idi-irltify t h e  r e a c t i o n  

product:,. 

were benzene, ter--henyl.s, and quaterphefijil..:; and these were found i n  t h e  

appsoximate mole r a t i o  of )-I: 2.5:1. 

present ,  were beloci t h e  limits of d e t e c t i o n .  IIydrogen gas wa3 a product,  

bu t  i n  amounts, on a rriolar bas i s ,  w h i c h  were o f  the order  of 5% o r  1 

of t h e  benzene; the mxxm.ts of th . e  i n d i v i d u d  low mol.eciiLar weight 

hydrocarbons wliicli were de tec ted  wcre, a t  the  most, one-tenth of t h e  

hydrogen y i e l d .  Deta i led  analyses  of t h e  products  were a l so  reported. by 

Kuper") and Ga,uflann nnd. Rayroux . 
tcrphenyl.i;, and quaterphenyls ca l cu la t ed  from Kuper 's r e s u l t s  is 6:  3.5 : 1, 

showirig more benzene and. terplienyls and/or less  quaterpheny2.s than wzs 

obtained i n  t h e  p re sen t  work. The e2xperimental detal.1.s repor ted  by K u p e ~ ,  

such as t h e  weight of biplienyl and t h e  s i z e  of t h e  ampoinl.es, i n d i c a t e  

that a su-bstantial .  f r a c t i o n  of the mater ia l .  i n  sone ex7ei:iments might 

hzve been i n  t h e  vapor phase a t  ?;lie rea.ction tempc~rature,  whei-eas we kept  

t h e  vapor volume to a minimum, as ind.icated on p.  20. Kuper a l s o  suggested 

t h a t  b e t t e r  temperature c o n t r o l  .v~ould have been h e l p f u l  i n  h i s  experiment- 

stLon.  Fbrthermore, no data were reporteed on the y i e l d s  of hydrogen o r  

As i nd ica t ed  by %he results i n  Tz,bI..e lk, the pr i . nc ipa l  products: 

iTigher molecular weight products,  if 

(6) The inole r a t i o  fo r  benzene, 



o t h e r  gases.  Ampoule pretreatment ,  which 

f s c t o r  i n  obtsinii ig rcproduciblc  r e s u l t s ,  

we have found t o  be a s i g n i f i c a n t  

w a s  not mentioned. The p resen t  

(6) results are i n  b e t t e r  agreement wi th  .those of Gaumann and Kzyroux , 

Consequently, we bel ipve t h a t  t h e  d a t a  which were obtained i n  t h e  p re sen t  

r e sea rch  are v a l i d  f o r  t h e  thermal decomposition of piire biphenyl i n  ilie 

l i q u i d  phase. 

Sincc t h e  y i e l d s  of benzene were l a rge ,  it seems reasonable t o  assume 

that. one i n i t i a l  s t e p  i n  t h e  mechanism of decomposition i s  t h e  formation 

of  a p a i r  of phenyl rad i -ca ls :  

These phenyl r a i i c a l s  could be converttd e i t h e r  t o  benzene by the 

a b s t r a c t i o n  of hydrogen o r  t o  subsi i t ,u ted cyclohexadienyl rad? ca1.s 

(C 18 14 
15) H H-) by a d d i t i o n  t o  biphenyl.‘  ’ 

Another i n i t i a l  s t e p  i n  the decomposition might bc t h e  r e a c t i o n  

between two biphenyl mol-ecules : 

t o  form a biphenylyl  r a d i c a l  and a s u b s t i t u t e d  cycl ohexaclienyl r a d i c a l .  

This r e a c t i o n  i s ,  i n  e f f e c t ,  t h e  d i s s o c i a t i o n  of a C-H bond i n  biphenyl.  

Scavenging o f  t h e  bipheliylyl r a d i c a l s  by biphenyl molecules would l ead  

t o  tile formation of even h ighe r  molecular weight s u b s t i t u t e d  cyclohexa- 

dienyl r a d i c a l s .  The various molecular spec ie s  i d e n t i f i e d  i n  t h e  produ-ct 

mixture appear t o  be formed from t h e  r a d i c a l s  by t w o  paths:  (1) t h c  

z b s t r a c t i o n  of hydrogen from neighboring species  o r  (P) t h e  disproport ion-  

a t i o n  of the r a d i c a l  i n t o  product moleciile and smeller  Erne r a d i c a l .  The 

l a t t e r  p a t h  may explain t h e  formation of molecular hydrogen, whj.ch other- 

wise must be explained by r a d i c a l - r a d i c a l  r e a c t i o n s  o r  bimolecular 

r e a c t i o n s .  
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Analysis of t h e  te rphenyl  isomers revealed t h a t  they  were most1.y 

rneta and para  o r i en ted  while  t h e  o r tho  form w a s  almost e n t i r e l y  absent,  

even though t h e  method of prod-uct s epa ra t ion  w 8 s  modified t o  :prevent 

l o s s  of t h e  more vol.atii-e o r tho  i.somer. Tlne predominance of meta and 

para isomers i.s cons i s t en t  with the b e l i e f  that a t t a c k  by phenyl rad.ri.cals 

occurs more r e a d i l y  a t  ey.posed p o s i t i o n s  of t h e  biphenyl. mol.ecules; t h e  

o r tho  p o s i t i o n  i s  sh ie lded  by the adjacent phenyl- group. Furtinerrnore, 

si.nce t h e  meta and para isoxiers .were found i n  s,pproxima,tely equal mount s  

an6. t h e  number of nieta p o s i t i o m  i n  biphenyl. is twi.ce t h e  number of pa ra  

pos i t i ons ,  it appear:; t h a t  t h e  p a r a  p o s i t i o n  has twice t h e  r e e c t i v i t y  of' 

t h e  m e t a  p o s i t  ions . The o r i e n t a t i o n s  of' t h e  quaterphenyl isomers werci  

:i"ou.nd. t o  'oe mainly meta-meta and meta-para,, and such o r i e n t a t i o n s  art3 

zlso reasonable .  

K~per '~ ' )  reporteti  polyphc:ny-I. products  of higher  molecular weight 

t han  quat erphenyl only ai't er the h ipiienyl clz compos it i o n  had exceeded 

20% at  426°C. U z t a  from engineer ing t e s t s  of organic  coolan ts  indicate? 

t h a t  -Lhe average mol-ecul.ar weigl-ic of the polyphtxyl  products  increased. 

w i th  k i rne .  Yrom t h i s ,  it seems reasonztble t o  assume t h a t  t h c  r a d i c a l s  

formed by primary proccssc; ?-rid t o  product molecules a t  rates which are 

func t ions  of t h e  produ-ct concentrat ions.  These r e a c t i o n s  result; i n  a 

gradual  increase  i n  the average niolecul.ar weigl-it of the product :nixtun:.  

Thrrmocherniatry and Bond Energies 

A p l a u s i b l e  mt::cii:inism for t h e  decomposition r e a c t i o n  inus-t; meet the 

energy requirements of tine processes  t ak ing  pl.ace. The t h r e e  d i s t i n c t  

typrL- of bonds t o  be found in biphenyl  ari-. t n e  C-H bond, t h e  C-C bond 
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beiween phenyl groups, ana t h e  C - Z C  bond w i t h i n  t h e  r i n g  s t r u c t u r e .  The 

bond d i s s o c i a t i o n  energy f o r  C H -H i s  about 103 kcal./mole ( l 6 > ' T ) ,  and 
6 5  

we assume, as d i d  Gaumami a n d  Rayroux"), t h a t  1 j t t l e  d i f f e r e n c e  e x i s t s  

bptween t h e  s t r e n g t h  of t h i s  bond i n  benzene a n d  i n  biphenyl.  

necessary f o r :  

The energy 

i s  c a l c u l a t c d  

bond rup tu re .  

(4 C H + 2CgH ' 
1.2 7.0 5 

x- 
t o  be  about 107 kea1 , nea.rly i d e n t i c a l  w i th  t h a t  f o r  C-H 

Therefore, t h e  p r o b a b i l i t y  of havFng one of t h e s e  bonds 

break t o  t h e  exclusion of the o the r  cannot be g r e a t .  

d i s s o c i a t i o n  bond energ) of 124 kcal-/mole (I9) f o r  C -S C bonds i.n t h e  r i n g  

The re1ctivel.y high 

accouiits f o r  t h e  formation of only small  mounts of t h e  1.0rq moleculzr 

weight hydrocarbons which were foumd. 

Since our observed a c t i v a t i o n  energy f o r  biphenyl decem I-oosit ion i s  

only 6? kcal/mole, considerably lower ihan  the C-C and C-H bond energies ,  

f u r t h e r  support  i s  thereby provided f o r  t h e  suggest ion t h a i  e chain 

mechanism invol-ving f r e e  r a d i c a l s  i s  t h e  p r i i i c i p a l  decomposition path.  

'This implies t h a t  s t e p s  of l o w  a c t i v a t i o n  energy f o r  r a d i c a l  regenerat ion 

arc involved, bu t  t h e s e  s t e p s  have no t  ye t  been i d e n t i f i e d .  
.-I__ ...i.._.._l .- 

.._._.._..._I___ __I_ 

CI2HL0 + 2CTH.. - = 102 kcal./mole C12H10 
b >  



Rate S tudies  

It vas not  a purpose of t h i s  i n v e s t i g a t i o n  t o  detemiinc t h e  r a t e  of 

biphenyl  decomposition over a b7id.e range of percenta.ge decomposition. 

The py ro lys i s  o f  t h e  biphenyl  w a s  s o  l imi t ed  that no e f f e c t i v e  change i n  

t h e  mount  of biphenyl  was achieved. Other. workers (4, 7, have reported 

t h a t  t h e  decomposition i s  fi.rst order  with respec t  t o  biphenyl.. There- 

fore, 0u.1' d a t a  are presented i n  t h i s  form i n  Fig. 10. With the s m a l l  

ex ten t  of d.ecomposition, it i s  impossible f o r  OUT d a t a  t o  confirm o r  

deny a, f i rs t  order  r a t e  l a w .  Indeed, l inear -  pl.ots of y i e l d s  of products  

versus  t ime w e r e  used in order  t o  f i r i d  t h e  ra tes  given i n  Ta-ble 5. 

Tracer  Study 

A d e l i b e r a t e  add i t ion  of deuterium gas, equal i n  amoun-t; to t h e  

hydrogen gas nome1.l.y produced, t o  biphenyl rAms made psi.oz- to pyrolysi3 

f o r  12 hour.:; a t  422'C. 

by K~per"~) t h a t  hydrogen molt..ci~l.e:; r e a c t  w i t h  an act-ivated complex t o  

f o m  benzene. Subsequent mas:; spectrometr ic  ana lys i s  f a i l e d  t o  r evea l  the 

presence of ?any benzene enriched i n  deu.teriiun. Hence, i t  appears t h a t  

molecular hydrogen doe!; not p l ay  an  important r o l e  i n  t h e  formation of 

benzene during t'ne thermal  decompositri.on of biphenyl.  

This was done t o  t e s t  t h e  hypothesis  advanced 

point:; out t h a t  t h e r c  i s  negat ive czvidence 

f o r  t h e  f'orniztion of f ree  hydrogen atoms during t h e  course 0.f r e a c t i o n  

between a r y l  r a d i c a l s  and aromatic molecules. It seems more l i k e l y  t h a t  

t h e  hydrogen i s  abstrac-Led by other r a d i c a l s  or molecu.les 8s suggested Ln 

t h e  last  sec t ion .  

biphenyl  decomposition i s  not  cons i s t en t  wi th  t h i s  view. 

(20) Fur.tl-le.more, Sykes 

%ne mechanism presented by Gaumann a i d .  X a y r o u ~ ( ~ )  for 



E f f e c t  of Added Substances 
I- 

The decomposition mechanism appears t o  be obscured. by t h e  presence of 

oxygen o r  c a t a l y t i c a l l y  active surfaces  during p p - o l y s i s  . The a d d i t i o n  of 

0 . 1  mole $ oxygen caused t h e  product ion of l a r g e  quank i t i e s  of carbon 

monoxide, doubled t h e  y i e l d s  of hydrogen, benzelre, m d .  terpiie~iyl., and  gave 

a five-fo1.d increase i n  t h e  yie1.d of qiiaterpheiiyl. The r m t e r i a l  bal-aace 

f o r  t h e  reacti-on ( see  Table  4) was a l s o  upse t .  

berore t h e  pretreatment  of e:mpoiiles was &opted, la,rge m o u n t s  of carbon 

monoxide were obtained ;I.l.ong wj.th e r r a t i - c  y i e l d s  of benzene. It i s  

b el-ieved t h a t  oxygen r e k a s e d  f r o m  t h e  glass was resporisible for -iht.se 

e a r l y  r e s u l t s .  Both i r o n  wool and s t a i n l e s s  s tce l .  wool, c a t a l y t i c a l . l ~ y  

a c t i v e  suryaces f o r  hydrocarbons, increased “ie y5FiS.d~ of iiydrogeti. by a 

f a c t o r  of 10. The funct:ion of i n e r t  sur.€‘a.ces i n  rs.dica,l- chain reacti-ons 

i s  f r e q u e n t l y  one of c1mi.n brea.king throu.gh radical. recombination a t  

t h e  surface.  This may account f o r  t h e  s i g n i f i c a n t  reduct ion of t h e  benzenc 

y i e l d  i n  t h e  presence of either Pyrex wool or qi.iartz wool. The addri.tlon 

of a s m a l l  amount of water be fo re  p y r o l y s i s  d id  not appear t o  a f f e c t  

t h e  course of t h e  decomposition r e :x t ion ,  al-though it i.s kiiown t o  be 

importa.nt i n  t h e  presence of r a d i a t i o n .  

I n  e a r l y  experiments, 

Unfortunately, it i s  not  possib1.e t o  p re sen t  a compI.ete mechanTsm 

f o r  t h e  thermal decomposition of bi.phenyl. 

energy rel.at,i.onships and of t h e  r e a c t i o n  r a t e s  f o r  t h e  indi.vidua1 s t e p s  

i n  t h e  r e a c t i o n  scquencc would a l l o w  more accu ra t e  es-t imation of t he  

p r o b a b i l i t i e s  of t h e  suggested r e a c t i o n  pa’ilhs. A study of t h e  

r c a c t i v i t i e s  of the var ious aromatic hydrocarbons toward f r2e r a d i c a l s ,  

generated by methods o t h e r  t han  high temperature, would assis t  i n  deciding 

A b e t t e r  understanding o f  t h e  
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VI. Appencix A. Yie3 of Naior P r o a c t s  from aiphenyl FyrolysLs 

(2.86 x moles $*) 

Tgmp. Time E2 CH4 co 6H 0-63 ~ 4 3  P-63 *@'4 *@+" m-04 m , p - @ +  p-b+ 
( C) (hrj (moles) (moles) (moles) (moles) (moles) (moles) (moles) (moles) (moles) (moles) (moles) (moles) 

J 

10-7 10-7 - LO -5  x - 10 -5  10-5 10-5 d x x x 1 8  x 10-O 

422 12 

Average 

2L 

Average 

48 
438 13 

Average 

12 

Average 

16 

Average 

xlYb 

2.2 
2.9 
2.; 

2.Lr 

3.8 
3.9 
3.7 

3.8 
7.6%-* 

4.7 
4.7 

4.7 
7.2 
6.6 
7.3 
7.0 

8.0 
7.2 
7.2 
13.5 
7.7 

4.8 

0.8 1k.8 
1.4 6.6 
1.0 6.0 

1.1 5.8 
1.6 2.2 
1.6 2.2 
1.2 1.6 
L.5  2.3 

6.3 ea 1-5 
2.3 9.0 
1.6 6.0 
1.6 9.0 

1.8 8.7 
2.9 10.2 
1.1 1.9 
2.9 6.4 
2.3 6.2 
4.8 11.0 
2.6 8.2 
2.6 8.4 
2.4 7.6 
3.2 8.8 

3.7 
4.8 
3.6 

4.0 

7.3 
7.8 
6.5 
7-2 

:5. L** 

6.3 
7.1  
6.9 

6.7 
10.5 
11.3 
11.2 

11.0 

15.4 
13.6 
13.4 
14.. a 
14.3 

0 .@O 1.53 
0 .00 1,91 
0 .e0 1.h3 

0 .oo 1.62 

0.35 3.34 
0.35 2.53 
0.30 3.26 
0.33 3.04 
3 .?3 5.1 

0.30 2.72 
0.26 2.76 
fi.16 2.68 

0.24 2.72 
0.63 3.39 
0.69 3.88 
0.62 3.62 

0.65 3.63 
- 4.74 
0.87 4.86 

0.76 4.74 
0.80 4.67 

0.76 4.31 

0.98 0.9 
:.G 1.1 
2 A .  2 i L  1.2 

1.23 1.1 

1.73 2.3 
1.70 2.2 
1.79 2.5 

1.7k 2.3 
3.3 6.0 
1.60 2.2 
1.89 2.1 
1.96 2.4 

1.82 2.2 

2.66 5.1- 
2.90 5.'. 
2.b6 4.9 
2.81 5.1 

3.76 4.6 
3.57 4.9 
3.37 3.5 
3.53 5.7 
3.56 4.7 

0.46 2.8 2.2 
c.46 5.1 3 . 4 
0.46 5 .5  2 . 2  

0.46 L - 5  2.8 
0.98 5.0 3.6 
1.3 5.4 3.9 
L . 3  5.3 3.6 
1.2 5.2 3.7 
3.7 12.6 11.2 

1.7 5.2 5.5 
1 . 4  5 .5  5 .5  
1.' 6 .o 6.1 

1.6 5.5 5.7 
2.L 10.2 9.0 
2.7 11.3 13.2 
2.7 11.0 10.2 

2.6 10.8 9.8 
2.5 12.6 11.4 
2.6 11.7 10.6 
2.2 11.8 10.8 
2.9 12.3 12.8 
2.6 12.3 1 1 . 4  

0.00 
0 .OO 
0.00 

0 .oo 
0.07 
0 .O@ 
0 .00 

0.02 

1.6 
1.0 
0.6 
0.9 

;s- 

0.8 

1.1 
1 . 5  
1.3 

1e3 
1.1 
1.4 
1.2 
- 

1.3 

* Unidentified protiGcts. 
+* Confinxed by earlier experiTen-ts for which tkiere are no polyphenyl r e s u i t s .  



Apperitlis A, corit imed 

. J  446 8 5.9 1.7 2.G 10.1 0.2: 3.46 2.21 5.4 1.9 8.7 8.8 L . 0  
6.2 1.6 2.0 10.5 - 3.513 2.42 3.6 2.1 9.5 9.9 1.9 
6.3 1.2 1.8 10.6 0.m 3.66 2.37 3.8 2.3 9.2 9.7 1.7 

ilverege 6 .i 1.5  1.9 10.4 0.21 3.57 2.33 3.6 2.1 9.1 9.5 1.7 

12 10.2 3.1- 4.0 17.6 e.9: 4.92 LC.07 8.0 &,& 16.7 1.5.9 2.7 

9.2 1.8 2 .0 15.9 0.93 4.79 4.03 8.0 4.5 1'6.9 15.4 2.i 

Amrage  9.5 2.2 2.7 16.S 0.39 &.&I L.04 8.0 4.4 16.7 15.6 2.5 

9.1- 1.7 2 .0 16.9 0.83 4.70 4.07 7.9 4.4 16.6 15.5 2.5 

r j x 10 molc-s 3 0 Edded b 

422 l2 2.1 1.3 1.2 3.2 0 .ce 2.62 1.33 1.5 i. L 3.1 - - 

-L: 

2 - 
2.2 0.6 1.5 3 .e 0.11 1.82 1.28 1.1 1.0 2.3 2.3 0.20 

3 .i ',. 1 . '3 3.1 0.11 1.72 1.03 1.1 0.9 2.3 1.9 0.20 
1.0 1.2 3 .0 0.00 - 2.7 2 .0 0.23 

2.0 
1.9 

A-rerags 2.1 0.8 1*2 3.1 0.06 1.85 1.21 1.2 1.0 2.6 2.1 0.21 

- - - 

-5 
2 x 1s noles C2 aided 

2.5 
5.1 2.6 cz 50 7.1 0.41 3.09 2.19 8.5 5.7 14.5 15.1 3.2 
5.3 2-8 cz  65 7.4 0.43 2.82 1.83 8.7 5.4 1L-.9 16.0 3 00 
4.6 2.8 ca 65 6.4 0.37 2.63 1.6I 8,1 5.1 14.1 11.7 2.6 

Averzge 5.1  2.6 ca 60 7.2 0.33 2.91 1.96 8.8 5.6 '14.7 15.3 2.9 

c a  60 8.0 0.51 2.92 2.00 9.5 6.2 15.1 15.2 422 12 5.2 3.9 

* Ijrrideatir'ied products. 
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