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m i he  l a s t  t en  years have witnassed ray is  s t r ides  i n  o w  knowlzdge of th? corrpla  
The recent contributions from tn:: phys icd  teci.mi- nature q.d constitution o f  coal. 

ques C.G. infra-red, nuclear mgce t i c  resonance, X-ray: ana van iirsvelen e t  a ' s  
s t a t i s b i c d  a9croaches hzve given a ner.r inpetus to the stuciy of coa l  science a s  a 
r z s u l t  of;.:iiich vmious mciels1,2 o f  t i-e stractu&i. 'un i t '  of coal iiave been sqges t -d  
lron time t o  time. tiowever, L&a proolan o f  cod, const i tut ion i s  d t i n a t z l y  a c h e ~ c d  
ono and i n  tile long run sanction of  chemicd zpp-oaches have to  Lx sougint for any 
swuct iue  pmposea for . c o d ,  i r respect ivs  o f  thc t e c h i q u e  enpioyed. in f o m d a t i n g  
t h e  .mdel. in the pas t ,  extensive s tudies  on the oxidation, reduction, hdogenation, 
p p o b - s i s  etc. o f  cod. had been carriexi out iKlt tns deta, Ynrou@ informt ive ,  f a i l ed  
to unravel i n t r i ca t e  chemicd s t ructure  o f  coa l  in the o:,thodox &mica1  sense, 
nor did they yielu any significilnt in fomat ion  on the s t ruc tura i  parrneters  ux c a d ,  
zn esse i i< iu  ,reres.id.site for hypthcs iz ing  a mciel sLructure. Ho:.:ever, as a r e su l t  
of recent studios 2.n attempt m y  no'rc possiuly be mde to make t sn ta t ive  p m ~ s  
based on . the  information on the s ta ta  of c u ' b n ,  hydrogen and oxygen i n  c o d $  3. 

Lkypen i n  ! '  UO al 
' ~nou& there  i s  s t i i i  aivergance or" opinion r e g d i n g  the ac tua i  v d u e s  of 

ilyclroxyl, ciiroonyl ami ccrookyl oxygen grouos in c o d ,  a f a i r  order of es t imak 
par t icu lar ly  for  hyuroxyl i s  now availabl&. 5G-60 pzr cent of th5 t o t a l  oxygen 
i n  coal, at  l e a s t  in lower ranks (C <8>S&) is found to be in th3 form o f  h p r o x y l  
goups ,  ani the rest appears t o  be present in sr~all amunts as car'mnyl, carboxyl 
a m  e ther  mu/or heterocjrciic &y$n groups. 
of t he  functional oxygen groups are 'kl ievsd to be present, but the major part o f  
oxygen reinahs unaccountea for ,  

s t a t e  of Carbn and H.@rogen i n  Coal.: 

- h i d a t i o n  e( Uehydmgenation Studies: . 

of cads incroased with increase of  the rank. 
a r o m t i c i t y  ob'iiousu a metimu oi' controueii oxidation was nseded which vnula seiec- 
ti-;ilu axiapde tile nobc.rcuGLic pa r t  o f  tne wd. structure; 
wag recer,tly dvancedk by the pressnt m i t o r s .  
of C O ~  i n  air a t  17002 was chief ly  r e s t r i c t ed  to the non-aromtic s t ructures  o f  c o d ,  
lezving the a-romatic ca-'-bon skeleton p rac t i ca l ly  in t ac t ,  
by fur ther  work5~17 led to a number o f  deductiocs regarding aromaticity, form of 
iifirogen, tk size of the  aromatic.nucleus, a n i  an assessment of the dimensions oi' 
tile d i p l a t i c  s i d e c h a i n s  i n  a coa l  unit. 
1 and 2. 

f? 

I n  higher rank coals (C ) a b )  fed 

The r.iork of  done , :;:heeler a d  the i r  collabora- 
torg5 in t h e  e x l y  tvienties anu of Sorton16 WG others  established that  m m t i c i t y  

au t ,  for  precise deterinination o l  

duch a aethoci of oxidation 
It '~13s shown t h a t  prolonged oxid&ion 

Such an approach , sup?orteu 

Tnese deductions are presented in 'Tables 

'Lhe recent. s tudies  on d e h y d r o g e n a t i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of  coals have thrown some frssh 
ii&t on the problem. 
assusd t o  be o n l y  a l ipha t ic  in nature. 
technique' and with nalogens18, appzar to indicate t h a t  t h e  non-&omatic par t  may ke 
large)y constituted of  a l icyc l ic  car'wn. 
obtained by 3yn19 from x-ray studies. 

The non-aromatic carbon s t ruc ture  of c o d  has so far been 
Dchydrogsnation studies by Vesterkrg '  s 

Similar indicat ions have sicce been 

The presence o f  hydroaronatic o r  d i c y c l i c  s t ruc ture  \:as, however, f i r s t  
s u a e s t e a  by . ie i lerm on the score o f  the dehjdrohalogenation phenomenon (which 
he cal led l'spit%ing't).' 
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iuant i ta t ive  neasurment o f  a l icyc l ic  carbon ana hyarogzn from dehyirogenatior, 
. studies stmw t ha t  a considerable proportion o f  .carbon.in bitminous coal  i s  i n  
a l icyc l ic  form (lCL23) and also %ha2 the a l i cyc l i c i ty  progressively djxinishes ;dGn 
increase Fn t h e  rank of coal. 
nor M e s  it unbergo any dehprorogenation. 

=&tkacite.does not  contain any alicyclic c a r b n  

. .  
21 The ch ie l  objection to tnis technique ('Jesterberg's) for q u a a i t a t i v e  reasur- 

n e n t  of a l i cyc l i c i ty  o f  coals  has been that the rnetnod i . ~  not seiectiv.2i;r deh3uro- 
gsnate a l icyc l ic  carbon alone ana hat aromatic carbon may also 'c;e affected. t o  
seine degree. Further studies1? nave, hoyiever, 510-m that on ly  a Anor  par t  o f  
denydrogenation i::ay De due to  m e '  side-reactions (possibly cm ss-linking) with 
aromatic .positions a n d  there  a e s  m t  appear to be any doubt, t ha t  the nethoa i s  
f a i r l y  r e l i ab le  (as  far as coal  i s  concerned)., ;Gorrections have MVI besn made. 
€or such possible s t ray  side-reactions and the new se t  of values for alic:iclici-iy 
of coa l  derived, are  presented in  'Table 3 .  

It nay a o ~ e a r  s t r ame ,  but s t a t i s t i c a l  and emerimental fac ts  sesn toindicate 
tha't the sum of aro,matic and a l icyc i ic  carbon percents= i s  v i r tua l ly  cons-lant 
(0.87 k0.03) a s  w i i L  be seen from .?abie 4. 

If t h i s  -be t rue,  then ouviously the  value for  the percentag? of z l ipnat ic  
carbon can i;e aeauced f rom eeerime7tal2.y deternineii vaiues ul arom't ic i ty  d 
a l icyc l io i ty ,  a m  natural ly  the  value r'ur nlip;:aLic 2:swn 2=rcdnL.;Jje a coais 
w i i l  d s o  be nearly constant. This value i s  between 1C-1% : it w i ,  nowever, 
be somewnat on the higher side, as it i s  l i k e l y  tna t  the values f o r . a l i c F l i c i t y  
$resented here is l i k e l y  to err on the 
constant nature oi tile aliphatic carbon in coal ( i f  this be the case) woould 
appear to 'E a remiirkable f ac t ,  for  whicn no explanation can be offered a t  this 
stage. 

shouid be small anu wen as s11idiL as in :ethyl ,group, ,and cer ta in ly  ,not longzr 
than  in etn 1 group. The estircation of ,Gnetkjl contant oy ~LUUI ana iiotkis' 

group i n  coal. 
a roa . t i ca l l j  l in lcd  mstnyl group may not be estimated quuultitatively oy t h i s  
technique25. 
of L:nzhhyl content Le. ,  & % . o f  the carbon. 
mental values and tiosi:  theore t ica l ly  aeiiucea as i'ar gs the order .is concerrm 
rnay o r  ziay not be significant. 
t ion  o f  a l ipha t i c i ty  in coals  should pmve ho fi of  great value. 

side. ije t ha t  ss it may, t he  

Zt was s u ~ g e s t a c i ~  earlier knat the al iphat ic  side-chains present in coal  

yislaed a vduz  of 2 t o  4;; oi' the c a r b n  present as  LEthyl 
'it i s  possible Lh& t h i s  value is also on the lower side, a s  tha 

kihaustivz Chlorinatior?6 on the other hand gzve a hikiier es t inate  
'The agreeinent '=tween The experi- 

Further ref inmen% the techniques of determina- 

i he  Alicyclic Structure i n  (Coals 

'The formt ion  of tar i s  c o q l e t e l y ' i n h i b i t e d  when a dehydi-ogenateci coa l  is 
carbonized. i'here is ,  also, a proFr t iona te  increase in the yield oi' cqm. 
The addi t ional  cabon 'fixed' i n  the  char i s  a?xa-ently proportional and m s t  
ecual in vdlue to th? a l icyc l ic  c a r b n  estimated d i r e ~ t l y l O , ~ , ~ 3 .  
it nay m t  'oj i l l o p c a l  t o  conclude tha t  tar has its or ig in  i n  the a l icyc l ic  
s t ructurcs  05 coai 2: The c o q l e t e  inhibi t ion .of- car formation by any m t h d  o f  
dehydrogenation (even by airjoxygenj27 i s  also significant. 

' 

Therefore, 

van ?kevsi,en an~~Fi tzgera ld . recent ly  concluded2'.'that " t k t  Fri  o f  coa i  
,structure tvinich yields  tk must be l i e a m  l inkad 3r not a t  a d  bnaed ta the 
remaincier'l. A, study on the  extent of the inh ib i t ion  of t a r  forrat ion viith 
varying .E+ees o f  aehyirogenation (sig.1) a i s 0  leacis t o  a similar conclusionl3. 
The cowlete..inhibition o f  t a r  for;lation, iiowevel., rioes not appear t o  crpond on 
Lhe mmleteness  o f  tne  denjurogejznation ut a .ainimun quantity of  t h e  dshjdro-' 
gena t ing  aj;;nt f3ulphur) i s  ap.;arently needed !or the iiizcjm~un i r a io i t i on  (7ig.l). 

ears  probable LiZt s b i u l L  v u  -?aously wi th  dehyirogxation,. 3 conainsation 
on ( y s s i b u  by cycb-ddiydrogenation) 'etvieen ~ 1 2  al icycl ic  part and the 

r z ~ :  o f  ?ne c9a.L s t r u c h - e  i s  nossi0I.y irAtiztitpd. 'The action o f  sulphuric and 
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pnosphoric . . = ~ i d s ~ ~ ,  phosphoryl oxychloride 33 , , even Schol l ls  reagent?' also appear 
to nave similar e f f e c t s  on inhibi t ion of t a r  formation and pmbahly through a 
s h i l a r  mechanism o f  condensation reaction, leading t o  . f ixat ion of  the al icycl ic  
carbon in the char. 

mther s i g i f i c a n t  f a c t  is  t h a t  on dehydrogenation o r  even in condensation 
r-actions mentioned a b v e ,  nearly 92;; of the t o t a l  carcan in coa l  i s  found to be 
retained i n  t h e  char (6oOod) on czroonization, i r resoect ive oi ths rank of coal 
so t reated from l i g n i t e  upto the h i& renk bituminous coals. XormaUy, i n  carbo- 
nization o w  7 ~ ~ 8 6  of tile carbon is  i:iued i n  tna coks or  cna- a t  600Oc. 
thz 'extra '  csrbon retained in char i s ' o f  the, order of lG2B o f  the t o t a l  carbon 
in c o d ,  which corresponis t o  the values of d i c y c l i c i t y  o f  c o d s  uetemineci Lirezt iy  
bq. chr;;.&rpgsndLian reactions. LLe proportion of taxon normLily fixeu coke 
CILX on cawnizci t ion at &O3G comeseoncis i;O ths a-omtic:  czrsson i n  cos.@* 
The adcii t iond ca-bon i'i;ced on t r s a t m n t s  xnt ioned  a b v i  and t h e  consr;angy 09 tiis 
value a t  a b u t  92 $,again, anFears t o  correspond to t h e  suol of aromatic md aiicy- 
c i i c  ca-bon, i r resaect ivo of the rmk o f  coal. 

'rhus, 

This  would indicate  t h a t  in course of c o d i f i c a t i o n  enrichment o f  aromatic 
carborr- ta!css placc at the expense of d i c y c l i c  carbon (and ~ s s i b l y  asrivzd from 
i t ) ,  t he  s m  t a t d  02  ti?^ two being constant. 

Ltages i n  ' Jodi f ica t ion  : 

.Yhe progessive increase in aromaticity in coal  (& the expense or '  al icycl ic  
clirconj during coEllification nust be a very slow process ami a graciud one. 
xi?, tnercfo:,e, znvisage ;i 'parent '  c o d  unit  a t  any ~ r t i c u i a r  stage of evolution 
wi;ici1 $ r i l l  v a y  
evolution of c o d  y i t h  increasing rank nay be h n o t h e t i c a l i y  i l l u s t r a t e d  i n  te rms  
of the s t ructurd.  maels s h o m  in r'ig. 2. 

On2 

i 'n is  corcepc or' the aroimticity,  d i c j - c u c i b y  anir r ing sizs. 
r 
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' lhe m u e l  I, 2 = 62 5 ,  ~ i a y  te s b i t z i l g  assumed to k the  ' p r e n t '  s t ruc tura l  
unit O X  coal,  e:ds;ing i r . t i i e  f igxi t ic  scage ( taere  nay bz other  s t ruc tura l  uni ts ,  
but the model I !nay be conceived t o  ix as t h e  preaorninant species a t  t h i s  lsvol) .  
Uecxcoxyllation 4 p a r t i a l  dehydrowlation (vhich are beiieved to be ths major 
reactions in tne evolution of coal in t h e  I.OVJES ranlcs) of m a e l  I can ,lead. to -he 
stags of m a e l  II, i; = 79 ;4. The model UL, C = 91 
transitional. stage marked by -&e completion of the uecarboxylation, dehyJroxylation 
ana denyirogenation of the a l icyc l ic  r i n g  ana its fusion w i t h  t h e  aromatic nucleus. 
rzrtial amethylation may ais, occur 'between the s t a e  I1 ahd IIW. 

is  envbagcd t o  "be t k  

ihe t ransisory nature of these s t ructurcs  i s  to D e  emphasised a t  any par t icu lar  
stage of the rark evolution of coal. 
o r  near amut  
is  reachsd. 
& 2 j  ,d carcan c o d .  
cyclodehydrocenation ( m d e l  1.L Zr ITU) raay const i tute  the aajor  s teps  i n  the  
bituminous coal range. 

J e c w b x y l a t i o n  may be l a rge ly  completd at 
oarbon coal  but the r o c e s s  r n ~  continue VJeU a l t e r  t n i s  &a& 

small aimunts of carboxylic oxygen can s t i l l  b= detectsd even i n  
~ m y d r o g a s c i ~ n  of sne a2j 'cU.c r u g  dxi ring-closure dj .  

:ne properties of the three  h y p t h e t i c a  s t ructures  desigwd t o  portray the  
t:h.ree M o r t a n c  t rans i t ion  s teps  in ram-evoiution xriy oe depictsd as i n  i'aole 5. 

'the andlysis o f  s t ruc twe I L I A  (L'able 5 )  broadly reprcsencs a q p i c d l  high 
r w  'oituninous coal  (J = 91 ;,) naving 912 aromatic caroon. i 'nis 'un i t '  given i n  
the mael i s  prosued  t o  be t h e  most predominant one present at 91;. c a m n  ievel.  

any in te rmdia te  stage of coal i f icat ion between iignibe  AI t h i s  hi& rank 
bituminous c o d ,  a cer ta in  f ract ion o f  the 'unie' of r.mdel I may under@ metamr- 
prlosis into the 'uni t '  of m d e l  II. i h i c h  in i t s  turn ,  unaer the prevailing 
geo-&cmical condition may underg furtfim progressive transformation into t h e  
m d e l  ~ I A .  
deca 'cawlat ion,  dehgdroxylation, dehydrogenation and p rtial demethylation of  the 
fpment,' unit (rmdel I). the incipient  i n i t i a t i o n  of stage LI to iiL reaction in 

The f i n d  &a@ ( m d e l  IIU) is, thus,  a r e s u l t  of the sum totdl o f  
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t h e  e a r l i e r  stages is &so not precluaed. xs a r e s f i t ,  any t ransi tory stage in 
rankevolution may contain a mixture o f  one o r  two o r  a l l  of  the above types of  
units, thou& one o r  the other  m d e l  species may predodnate , depending upon L&e 
leve l  of geochemica metamrptlosism atLained in the natural  s ta te ,  

1\10 c o a l  can, therefore, bc hoimgeneous ib respect o f  t h e i r  hit structures. 
A s  an e x a q l e ,  a ' p r b g r t i o n  of  10:70:20 of ' the ' three structures may represent the 
typ ica l  analysis, 'mth ch&ical and structurdL, of a 8@ carbon c o a l  (Table 5) .  
Such a plausible s t ructural  analysis of .  a 80;; carbon mdt wouia inciicate that  it 

 has undergone s u b s t a t i d  d e c a r w l a t i o n .  It ri;ould also indicate  tha t  dehydro- 
x y h t i o n ,  dehydrogenation, (including -cyclo-deh@rogenation) ana demthylation 
processes.had beell i n i t i a t c d  in vzrrying degrees. 
consistsnt witi the  known properties of  coal  o f  such a rank. 
of mdel Ii t o  IlIh (say t o  t h e  d e n t  o f  22;': as su&estea in %he proportion o f  tile, 
units) w i l l  l e d  to an increase in aromaticity ard a l s o  to the gmrith o f  t i 4  .aromatic 
nucleus a t  t h e  apense of  a l icyc i ic  cexsbon. . . .  

All the t r a n s f o m t i o n s  ire 
x ?&ti& conversion 

"he poss ib i l i ty  of 'a nu;dcer of mdel spacies (un iks )  occurring together at any 
stage of coalification (though one or the other may be the  donixant one) q,r  as0 
explain some o f  the following observations: (1) the assortaent of r ing s izes  i n  
any c o d ,  ( 2 )  tile c o n ~ t m t '  trenci of t h e  sum of aro-saticity and a l i c y c l i c i t y  in  any 
rank of  coal . ( l igni tes  and biturninom coal) ,  (3) thc- constancy of carton per cent  
retained in the char of dehydmgenated,coal sam9les of any rank, as well as 
several  other apparently perplexing fac ts  observed i? course of our studies on 
dehydrogenation and cyclo-condensations. 

bhereas the t r v l s i t i o n  of stage I to stage IIIk depicts the evolution of I l o r A m l .  

coa ls  upto the  highest rank i n  t h e  bituminous range occurring under a s e t  of  g ~ o -  
chemical conditions, the t rans i t ion  of 'stage I I I ' t o  stage If (anthracite stagej 
must, Qy all accounts, be an dorapt Ur;i drast ic  one, involvhg a congletely new s e t  
of geochemical conditions. 
as shown in  ?ig. 3. 

The evolution of a typ ica l  m t m a c i t e  may.& conceived 

The s t ruc tura l  mdels given nere are- not intended b ac tua l ly  represent &y 
coal  out  has merely Deen used to i l lus t rGte  the comept of theiheterogeneit?,of 
the coal  s t ructure  at any par t icular  stage, and t o  em?hasise the preaoininant 
chemical transiautation t h a t  raay take pl2ce i n  response to geochemical forces i n  
nature a t  any given love1 of  mtanorphic h is tory  of  coal. 

Studies in rank c lass i f ica t ion  of c o d  nave ' led to  tne f o w t i o n  oi the 
i7eLlcnow0 coa l  band, which by i t s e l f ,  emphasises the t rans i tory  naturs of the 
metamorphic changes in caal. 
zones of chemical reactions in.course of rank-evolution i s  yet  to be establisiied, 
though tk predo-ance oi one . je t  of  r e a c t b n s  over another a t  any stage can 
not be disputed.. 

iiihether these a re  d i s t i n c t  a d  d iscre te ly  separata 

Admittedly, tha m a e i s ,  the reactions,  and t h e  concept 01 co-existence of 
several  m d e l s  m y  explain m a y  experin=nt&y deteenained properties of coal, -but 
we so not su'anit tnan here as pure "wdcls" o f  any 'uni t '  coal; t h a t  s tag nay 
yet  be f a r  off.  'The num:er o f  rings assumed or other  s t ruc tura l  feature shorn .in 
the  &aels-(e.g. t h e  t i i q o s i t i o n  of unaccounted oxygen) may he different.and still  
f i t  into the  gznera l  picture  of evolution of rank, but what is erqhasissd i s  that 
r a r e l y  any reaction in nature i s  ever conipiete,, thou& the ideal is always 
to~:mrd s per fe  c t  ion. 
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Molecular Weights of Humic Acids in Sulfolane 

J. C. Wood, S.E. Moschopedis, and R.M. Elofson 

Research Council of Alberta 
Edmonton, Alberta, Canada 

INTRODUCTION 

Recent viscosimetric studies by Mukherjee and Lahiri (1) and by Rajalakshmi et.al. (2) 
offer convincing evidence that humic acids behave a s  polyelectrolytes. Since th is  behaviour 
is fundamentally inconsistent wit& previously reported molecular weights - which range from 
160 to 700 when measured cryoscopically in catechol or acetamide (3, 4) - re-examination of 
the molecular weight of humic acids appears to be fully warranted. 

The difficulties inherent in such a study are formidable and have been discussed by several 
investigators (1, 2, 3, 5 ,  6 ,  7). -For example, Yokokawa (7) notes that molecular weight deter- 
minations on solutions of humic acids in acetamide amount to little more than an estimate of 
the proportion of functional groups. From conductivity measurements and parallel cryoscopic 
determinations on potassium humates in aqueous solutions, he concluded that some of his 
preparations had molecular weights in the thousands rather than in the hundreds. Osmotic 
pressure techniques (8) have likewise yielded m o l e c u k  weights estimated in the range of 1200- 
2200. And Dryden (9) ,  using semi-quantitative di€Eusion measurements, concluded that some 
90% of the ethylene diamine extract of coal* has a molecular weight in excess of 6000. 

Some of the specific problems associated wirh cryoscopic measurements on humic acids 
emerge from an analysis of published data, e.g. those of Polansky and Kinney (4). A partic- 
ularly noteworthy feature of these data is the variation of the cryoscopic constant K with solute 
concentration, which suggests some form of molecular association, dissociation or solvation in 
acetamide. Fig. 1, which reproduces typical results obtained in this laboratory with 1, 2, 4, 
5 - benzene tetracarboxylic acid in acetamide, may serve to illustrate the general effect: the 
curvilinear shape of the graph suggests complex behaviour including probable ionization at  low 
molalky and solvation at higher molalities (10). A second difficulty to be overcome in molecular 
weight determinations by cryoscopic means relates to the removal of water without simultaneous 
chemical change and loss of solubility. Finally, it should be recognized that humic acid prep- 
arations, particularly those obtained by oxidative degradation of coal, may show a wide distri- 
bution of molecular weights. In order to attach real significance to a number-average molecular 
weight of such materials, and permit a meaningful comparison of Mn with weight-average 
molecular weights obtained by other methods, it is, therefore, important to undertake appro- 
priate fractionation of the sample. 

To a considerable degree, however, it appears that most of these difficulties cil~l now be 
eliminated. W e l l  and Langford (11) recently suggested that teaamethylene sulfone (sulfolane) 
because of its low latent heat of fusion and resulting high cryoscopic constant (K) might represent 
a good medium for the cryoscopic determination of molecular weights, and this suggestion seems 
to have red merit. It has been found that sulfolane is not ody a reasonably good solvent for humic 
acids, but that it behaves 88 an essentially ideal solvent for a variety of solids with normally 
quite distinct associative and dissociative tendencies. The detailed findings are reported below. 

* 
While humic acids need not necessarily have similar molecular weights, some preparations or 
fractions of humic acids prepared from coal might be expected to lie in such a range. 



EXPERIMENTAL 

Materials 

and stored in a desiccator over phosphorous pentoxide until used. 
Acetamide used was Fisher certified reagent dried in an oven at  60"C/20 mm. for 24 hours 

Sulfolane was the product of Shell Development Co., Emeryville, California. This material 
was d i s a e d  from powdered sodium hydroxide under reduced pressure and the portion boiling 
at about 100°C/O .01 m. retained for use. 

1, 2, 4, 5 - Benzene tetracarboxylic acid (mp. 177-8°C) was obtained from Aldrich Chemical 
Co., dried and stored in the same manner a s  the acetamide. 

13-Naphthalene sulfonic acid was recrystallized from an alcohol-benzene mixture as the 
hydrate, but no attempt was made to dry it as this was accomplished in the course of its use 
(see below). 

Humic acids were derived from two sources. One was commercially available Baroid 
Carbonox, a naturally oxidized (i. e. weathered) North Dakota Lignite, and the other a weathered 
sub-bituminous coal from the upper seam a t  Sheerness, Alberta. Each was extracted with 
sodium hydroxide solution, filtered, precipitated with hydrochloric acid, washed until nearly 
free of salts, and finally electrodialyzed until the c m e n t  had fallen to a minimum. 

Crvoscopic Procedure 

Smith and Howard (3) and Polansky and Kinney (4) and flooded with purified nitrogen to exclude 
moisture. Measurements in acetamide were  performed following the procedure of Polansky and 
h e y  (4). When sulfolane (mp. 28.2"C) was used, the bath was slightly cooled by a cold water- 
coil in order to permit operation of the heater-controller . 

Cryoscopic measurements were carried out in an apparatus similar to that employed by 

1, Materials such as  biphenyl and benzoic acid, which did not present a sigiuficant drying 
problem, were weighed out  and directly dissolved in sulfolane for cryoscopic constant determin- 
ations. In the case of 13-naphthalene sulfonic acid, it was found more convenient to dissolve a 
roughly weighed sample in more sulfolane than actually required and subsequently to distil off 
part of the solvent (and all water) a t  1OOoC/0.O1 nun. The acid concentration was then deter- . 
mined by titrating an aliquot of the solution with standard alkali. 

Molecular Weight Determinations 

use a drying technique on the resultant solution, it was found most convenient to dissolve the 
sample (300-500 mg.) in 20-30 ml. of a 3:l acetone-water mixture, add this to 55-60 ml. sulfa- 
lane, filter the mixture repeatedly (5-8 times) through a Seitz bacterial (sterilizing) filter 
(previously found adequate to render the filtrates optically void) and remove the acetone, water 

Since humic acids did not dissolve rapidly in sulfolane, and since it was also necessary to 

l 

and some sulfolane under reduced pressure (with the final conditions not exceeding 100°C/O.O1 mm .). 
After determination of the freezing point depression, the weighed sulfolane solution w a s  diluted 
with sufficient benzene to precipitate the humic acid, which was then removed by centrifugation, 
washed h e e  of sulfolane with more benzene, dried and weighed. In the case of lower molecular 
weight humic acids, a sigruficant amount of material remained in solution in the mother Liquor 
after the first precipitation; this was recovered by concentrating the solution to a very small 

' 

I 
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volume under reduced pressure and further dilution with benzene. The precipitate w a s  then 
treated like the first  one and added to it. 

The techniques described above for sample drying eliminate the water problem entirely. 
Because of the large difference in the boiling points of sulfolane (278OC/700 ram.; 100°C/O. 01 ram. ), 
and water it was possible to remove water entirely by vacuum distillation prior to the freezing 
point determination. Caution is ,  however, necessary in the case of humic acid solutions, whose 
exposure to temperatures much in excess of 100°C results Fn the formation of anhydrides wit$ 
consequent changes in solubility. This aspect w i l l  be discussed in another paper. 

The Crvoscopic Constant af Sulfolane 
The average cryoscopic constant of sulfolane (K = 65.5OC/mole/kg.), which agreed well 

with the figure of 66.2 ? 0.6°C/mole/kg. quoted by Burwell and Langford (ll), was established 
by measuring the freezing point depression ( A T )  for various concentrations of benzoic acid, 
biphenyl and P-naphthalene sulfonic acid. The results are shown in Fig. 2 and indicate that 
the constant is valid for use with materials af vastly differing dissociative and associative potent- 
ialities. 

Fractionation 
Humic acids were prepared for molecular weight determination by two fractionation 

techniques, one involving successive extractions with an alcohol-benzene mixlure and the other 
precipitation from sulfolane solution with benzene as the non-solvent. In the former case, 
14.18 g. of Carbonox humic acid (average m.w. 1570) was extracted in a soxhlet apparatus with 
the azeotrope of alcohol and benzene for 25 days; the results are set out in Table I. Infrared 
spectra were obtained for each fraction, typical ones being shown in Fig. 3. Apart from small 
variations in the carbonyl band, which are listed in Table I, all spectra were similar. 

In the second method, a 10 g. sample of Sheerness, Alberta, humic acid (average m.w. 4600) 
was dissolved in 200 ml. of sulfolane by the acetone-water technique described above, filtered 
through a Seitz (sterilizing) filter until optically void and then diluted with 130 ml. of benzene. 
The resultant precipitate was removed in the centrifuge, washed with benzene and dried at 
6OoC/20 mm. 

The remaining solution was treated with more benzene to produce a second precipitate and 
so on. The general procedure is summarized in Table II. 

DISCUSSION 

A number of factors combine to make sulfolane a peculiarly attractive solvent for cryoscopic 
measurements. Its cryoscopic constant (65.5 degrees per mole) is very much higher than those 
of other readily available solvents (thus permitting accurate measurements of freezing point 
depressions at low solute concentrations). It has good solvent properties for humic acids and a 
wide variety of simpler materials. It permits effective drying of hygroscopic materials and also 
allows their concentration to be determined quantitatively after drying. And most important, 
sulfolane appears to eliminate disturbing effects arising from association or  dissociation of 
solute molecules. 

Fig. 2 supports this last contention by showing that sulfolane exhibits ideal cryoscopic 
khaviour - cf. Spauschus (10) - with Kvalues independent of concenhation for benzoic acid, 

~3 -naphthalene sulfonic acid and biphenyl. It should be emphasized that this constancy of K 
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Table I 
Fractionation of Carbonox Humic Acid with Alcohol-Benzene 

(Averape molecular weight of starting material 1570) 
Incremental Extract (% of 

Time sample) 
Molecular Weight \ Eo. 4%** 

0.09 cm. Fraction Extraction origmal %C* %H 

1 2 hours 8.21 19.4 600 
2 3 hours 6.77 56.98 4.39 23.9 970 
3 12 hours 24.75 57.46 4.26 21.0 1546 
4 48 hours 6.19 58.30 4.30 18.2 
5 12 hours 1.61 57.84 3.95 
6 24 hours 1.01 57.32 4.40 18.3 

8 4 days 5.39 58.40 4.02 18.3 5370 

> 
\. 

7 24 hours 0.95 57.76 4.19 19.9 \ 

9 7 days 1.07 58.96 4.04 19.1 '- 
10 7 days 1.01 58.78 4.15 19.3 

Residue 45.46 57.91 3.19 13.4 

Total 102.42 

* 
Carbon and hydrogen analyses were performed by Micro-Tech Laboratories, 8000 Lincoln 

Avenue, Skokie, Illinois. 

** 
Eo 4% = extinction coefficient of carbonyl band (1720 an.-') 

(determined in KEr) 0.09 cm. 

Table 11 
Fractionation of Sheerness Humic Acids by Precipitation from Sulfolane (200 ml.) 

(Average molecular weight of starting material 4600) 
Incremental Precipitate 

Benzene added sample) 
Fraction Volume of (% of original %C !?@ Molecular Weight 

1 130 66.13 See note A 
2 100 9.98 56.8 4.58 
3 100 3.77 58.6 4.43 1, 260 
4 400 0.64 57.95 4.90 
5 material remaining 2.21 59.37 4.66 460 

in solution 

Total 82.72* 
* 
A material balance shows that some 17% of this hitial sample were lost during fractionation. 
W e  are inclined to the view that this loss accrues from partial peptization of this humic acid 
and elimination of the peptized material with the washings. 

Note A 
Fraction 1 was dissolved in 200 ml. of sulfolane and 100 ml. benzene added. The fraction 
which precipitated (3.55 g. ) had molecular weight 8,500, and contained 52.1% C ,  4.00% H. 
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would not be observed if the carboxylic or sulfonic acid groups were to ionize or associate in 
sulfolane solution. 
sulfolane solution, the most interesting from the standpoint of the present study being acetic 
acid, which they describe a s  behaving as  a monomer when dissolved in sulfolane. 

wlrwell and Langford (11) cite three other examples of this ideality in 

That sulfolane solutions of humic acid also yield concentration-independent results is 
illustrated by the fact that the observed molecular weights of a humic acid preparation over 
the 0.01-0.005 molal range vaned only between 1520 and 1560. 
to lie within the normal experimental error  incurred in the measurement. 

This variation is considered 

On the assumption that association would be a t  a maximum in the solid state and at  a minimum 
in dilute solution, further evidence for the absence of association in suLfolane solution can be 
derived from infrared data, in  particular from analysis of the carbonyl stretching frequency 
between 1733 and 1695 cm. -' and from the -OH stretching frequency between 3700 and 2500 cm. -'. 

When benzoic acid is examined in a Nujol mull, the carbonyl absorption band appears at 
1695 cm.", while a 0.5% solution in sulfolane shows this band at 1733 crn.'l. 
SW is laown to be associated with a change from the dimeric to the monomeric form of the acid 
(12), molecular association in sulfolane solution would imply a progressive shift of the carbonyl 
band towards 1695 cm. o r  the appearance of a, second band there (12) a s  the solute concentra- 
tion increases. 
carbonyl absorption was found to remain at 1733 cm. 

Since such a 

This does not occur: even for a 5% solution of benzoic acid in sulfolane, the 

The same conclusion can be derived from the position of the -OH stretching band. According 
to Bellamy (13) and Flett (12) absorption between 2700 and 2500 cm. 
evidence for the existence of dimeric carboxyhacid groups. This is observed in the solid state 
spectrum of benzoic acid, but is absent in spectraof sulfolane solutions. 
appear occurred a t  3226 cm. -l. 
but is in the region of weak hydrogen bonding. Since the cryoscopic results showed no variation 
with concentration, and since the carbonyl absorption showed no indication of dimerization of the 
benzoic acid molecules, this shift does not appear to be caused by inter-action between the acid 
molecules. 
sulfolane, cf. Jones (14). 
and make them in effect part of the solute. 
th is  has been calculated to exert a negligible influence on the effective concentration. 

is commonly taken as 

The -OH band which did 
This is too low for completely free -OH (3700-3500 an.-') 

It is possible that the -OH group is hydrogen-bonded to an oxygen atom of the 
This would remove some of the solvent molecules from that role 

However, over the concentration range here studied 

The unsuitability of acetamide as a cryoscopic solvent is borne out by the variation of its 
cryoscopic constant (determined with 1, 2, 4, 5 - benzene tetracarboxylic acid solute) with 
solute concentration (Fig. 1). Spauschus (10) reported similar behaviour for high molecular 
weight esters in benzene and discussed the large departure from ideality in the region of low 
concentration. 
acid wadd be exhibited by humic acids in acetamide solution, it is likely that previously reported 
measurements were carried out in the region of large deviations from idealiy (below 0.03 molal), 
since the materials used probably had number average molecular weights in excess of 1000. 

Assuming that a similar behaviour to that seen here for benzene tetracarboxylic 

Further evidence for the unsuitability of acetamide for cryoscopic work is offered by Magne 

They suggest that differing degrees of dissociation of the molar complexes of these 
and Slcau (15) who note that the molar depressions of closely related fatty adds in acetamide vary 
widely. 
materials with acetamide may explain this phenomenon. 
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Considerable enors would also be introduced if insufficiently dried humic acids were used. 
For example, 1% water in a material of m.w. 1500 would double A T. The same impurity 
would result in a 3-fold increase in- A 'T if the molecular weight were 5000. 

In order to show that the humic acids here studied were also subject to these uncertainties 
in acetamide, a sample of molecular weight 970 (determined in sulfolane) was found to give a 
value of 230 in acetamide (using K = 3.58). 

The fractionation procedures described above provided samples which, from several stand- 
points,. are more appropriate for molecular weight studies than an aggregate, unfractionated 
sample. For example, in order to compare values obtained by number and weight average 
techniques, as small a range of molecular sizes a s  possible is desirable. 

There is reason to believe that further fractionation is possible and that the molecular 
weights of humic acids may extend well beyond the upper limit reported here. The method 
adopted in this study is limited by the fact that acids of high equivalent weight and/or very high 
molecular weight are difficultly soluble in sulfolane. 

In the case of fractionation by extraction with a n  alcohol-benzene mixture, attempts to 
determine the molecular weight of the residue encountered difficulties. The sample would only 
incompletely dissolve in either acetone-water or in this mixture plus sulfolane, and each 
attempted molecular weight determination accordingly resulted in different A T's with calcu- 
lated molecular weights ranging from 985 to 1510. We venture to suggest that this behaviour 
is intimately connected with particular properties of the residue. While a residue fraction 
with an apparent molecular weight of 985 was shown by sodium aminoethoxide titration to have 
an equivalent weight of 240, previously separated alcohol-benzene soluble fractions, 
irrespective of their molecular weights, had equivalent weights of about 140. it is, therefore, 
reasoned that the residual material includes both high and low molecular weight hct ions character- 
ized by a relative lzck of polarity. This view is consistant with the low carbonyl extinction 
coefficient of E ~ ; ~ ~ c m .  = 13.4 for the whole residue a s  compared with an average of 

= 19.6 for the soluble fractions. 0.09 cm. 

It has thus been shown that the molecular weights of humic acids dissolved in sulfolane, and 
thoroughly freed from water, can be determined satisfactorily by the cryoscopic method. The 
resultant measurements appear to have resolved the apparent inconsistencies between previously 
determined cryoscopic values and those obtained by other methods. 
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THE ELIMINATION OF SULFUFi FROM COAL BY MICROBIAL ACTION 

M. H. Rogoff, M. P. Silverman, and I. Wender 

Bureau of Mines 
U. S. Department of the Inter ior  

Pittsburgh, Pa. 

I F I R ~ I E T I O I I  

The sulfur present i n  coals i n  the forn of iron pyrites i s  of interest  f o r  
a t  l s a s t  three reasons: 
n&XLlir$cal coke, (2) as c cont.-ninnnt i n  coal used for power purposes, and ( 3 )  as 
the u l t h t e  source of the s u l f u r  appearing as sulfur ic  acid i n  the effluents of mines 
yod.xc2ng ncid Inters.  Ccrtzin bccteria pro h o l m  vbich, vhen gown i n  the presence 
of g r i f o s ,  co??er sulfides, or nolyWenun sult ides,  catalyze the formation of sulfur ic  
acid id th  concurrent release of the metsll ic cation i n  a soluble form (1-3). Nicro- 
b io logicd  studies have thus far shown tha t  one of these organisms, Ferrobzcillus 
fermoxidans, catalyzes the reaction: 

(1) ES a contnnimnt i n  coals used f o r  the p e w a t i o n  of 

%-rimentally, it has been demonstrated that iron- and/or sulfur-oxidiaing 
organism catalyze the ,production of acid end soluble i ron fron coal sulfur ball 
n z t e r i d  (1) or fron the s u l f u r i t i c  constituents of f ine ly  p o u n d  c o d  (2). 
therefore believed t h a t  a thorough microbiological study of the oxidation of pyrites 
110ul3 m t  onl:; clarFfy the ro ls  microorganisms pla3 i n  the pocess  but conceivably, 
t b m $  s t ra in  selection, detsmination of nutr i t ionel  requirements, and control of 
the ?hysicd environment, 9 method for the removal of pyri t ic  s u l f u r  from coal by a 
n i c r o b i d  prociss d g h t  b devised. 
zdcroor;aniYms i n  the formation of zcid nine wxters. A re lated poblen,the treatment 
of acid nrrters by- a nicrobial  pocass  u t i l i z ing  the unique a b i l i t i e s  of the bacteriun 
--- DesuEovibrio desulfuricans t o  reduce sulfates  t o  elenental sulfur and/or sulfid'e, 
night possibly be carried out bj extension of the aforementioned line of attack. 

It i s  

Such a s t d y  would a l so  c l a r i f y  the ro le  of 

There i s  very l i t t l e  h o m  concerning the a c t i v i t i e s  and a b i l i t i e s  of 
microhs which may at tack o r p n i c  sulfur-containing compounds other than the naturally- 
occurring anino i c ids  and vitanins. 
conpunds by microorganisms has been in i t ia ted  i n  the hope of finding a way of 
e l i d m t i n g  organic s u l f u r  f ron  coal.. 

A study of the oxidation of aronatic sulfur 

zxF2.RE !,!TAL 
A. bhteridl6 and >leth&s ' 

1. Stock Cultures. 
bacteria ha= been obtained f ron  the Syracuse University CriLture Collection. 
Fmrok.cil.lus ferrooxidans - Culture capable of oxidizing ferrous i r o n  t o  f e r r i c  
s ta te .  
Ttl iohcil lus thiooxidans - Culture capable of o x i d i z i q  elemental sulfur to sulfate. 
ILaintained on nedim 9Eo and ThS. 
asrudnosa were those reported prePbously (4). 

Stock cultures of the follouing autotrophic strains of 
(a) 

1hin';ained 3n nedim 9K (see below) containing FeSOr, as energy somce. (b) 

S t r a b s  of the heterotrophic Pserdomonas 
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2. k d i a  Used. The following media are used for  the routine culture 
of the above k c t e r i a  and/or ?ere used i n  the screening studies with the acid mino 
water sanples : 

(a)  Medium 9K (5) f o r  i r o n  bzcteria: Solution A - Basal Salts - (lZh),SO,, 
3.00 g.; IGl, 0.10 g.; K$PO4, .50 g.; bkS04*m 0, .50 g.; Ca(N+)Z, .01 g.; 
10N"2S04, .10 ml.; d i s t i l l ed  water, 700 m l .  Sofution E - Enera Source - FeSO4*m20: 
300 ml. of a 14.7&% (u/v) solution i s  added t o  700 ml. of the basal salts solution 
to  d e  one liter of nedium. 

(b) &&dim 9 s  0 - For sulfur oxidizers. As in (a) with 1-2% elemntal  suLTur 
(s ter i l ized separate1;- by autoclaving a t  looo C. for  3 hours) replacing the i r o n  szlt 
as s o a c e  of energ ;  pX adjusted to 3.5. 

(c)  %dim YirS - For s u l f u r  oxldizers. As in (a) with l.C$ Xa2S as Ra2S*9H2) 
as source of ener,y. 

(a) Medium 9KP - Fcr i r o n  or sul fur  oxidizers. 
(Sam l e  No. E-344303 obtained i n  a pulverized form fron Bitminous C o a l  Resezrch, 
Inc.7 as source of energy. This medium rms prepared a t  two pH levels:  3.5 and 7.0. 

(e)  Medium ThS - For s u l f u r  oxidizers (6). 
( f )  Pbdiun SS-1 - For su l fa te  reducers (6). 

3. Ebcterioloaical Iiethods 

The pH is 3.0 to  3.6 without further adjustment. 

As in (a) with 55 pgrite 

Standarrf plate count mthods for nunbers of heterotrophs gsre used 7dnth 
nutr ient  agar (Difco) or Czapek's medim in Petri  plates. 
deternillation of aubt rophs  were e d n e d  visua2l.y o r  subjected to  dcroscopic 
e d n a t i o n .  
i n  V i r t i s  anaerobic tubes. 
lengths of I!+ m. 03 ppex  tubing. 
rmx. 
precipitate of i r o n  sulfide. 

Tubes of md ie  for  

Liquid aedia for  isolat ion of sulfate-reducing bzcteria were prer-arecl 

The ends o f  the l a t t e r  irere sealed with p a r d f i n  
Agar nedia were mepared 2s deep tllbes o r  iram iiito f o s t  

Growth i n  these Woes i s  reco,dztd visuall:i by ths -jrodluction of a hlnck 

4. C d t u r e s  f a r  lhnonetric h e r b c e n t s  
Preparations of res t ing ce l l s  of iron and s u l r U r  3:cidizers vere mde 

according t o  the nethods of S i l v e m n  a d  Lundgren (5,7); heterotrophs were po'm- 
as previously mted ( L ) .  
t o  mensure orjgeo uptdce (5). 
excerizent i s  found i n  the fi6gme leg3nd. 

The Xtr5urg appra tus  72s used i n  the conventional =mer 
ksc r ip t ion  of the flask cmtents  for any y t i c u l a r  

5 .  Determinations of i ron  ,rere m&e by the colorizekric c-?'ncrxi1=t!rcli:.-e 
oethod, as described in .GEi zethocls. 
20 
Spectronic 20 s ? e c t r ~ - h o t o n s t e r - c o l ~ r ~ ~ e t e r .  

A stznd;ird curve f3r conce?.+,rations &Y .JE 

24C ;Y of i r o n  ;ES -mewred, r e a d i q  o?ticai  5ensi5y a t  5CG m p  i n  3. Bec-kzn 

6 .  Eie 3ou~ce, lescription, arid a d q - s e s  of the :qTitic x i t e r i d s  is 5hom 
The rateri-al vas usad as ori_l imlly received (;assin? 65 inesh) o r   cud 

The cr-;stiriline f c r .  of ?he s .dfci ; iz  
i n  Table I. 
i n  an agate norcar t o  p.ss 3 325-..sdi scyeen. 
mterial i n  tiiess sanples KES verified es pyr i t e  by 12227 diffraczicn.  
saz>les of nusem-gde ?.;rite and mrcas i te  ,srou?d t o  -325 :?.ea5 x e x  X C ~ .  

In zddi;ics, 
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l’ahle I. Analyses of pyr i t ic  material 

Sanple Percent 
No. Description and somce mite 

29 kste material-pyrite concentrate Prom coal Prom Tab0 bed, 7’7.0 

30 Woo? m a t e r i a l - p i t e  concentrate *am Illinois if6 coal, 60.0 

34 Pyrite concretion (sulfur b a l l )  from Pittsburgh bed, Osage 54.4* 

35 

P o w  Mine, Montrose, Henry County, Missouri. 

Peabody #lo Mine; Christian County, I l l ino is .  

#3 Mne,  bbrtongalia county, West V i r g i n i a .  

Bradford 4. Mine, Harrison County, Ohio. 
pSrite c o m e t i o n  (sulfur ball) &am Meigs Creek #9 coal, 74.5 

a Contained 15.S; C a C 5  i n  the form of &cite. 

B. Proceduresand Results 

near Irwin, E., and waters a& bottommuds from the point of ex i t  of the mine waters, 
e& the acid svanp these waters f m  (liarchznd Pool). The pool empties i n t o  Sewickley 
Creek, fron which smples  were obtained upstream from the pool entry. 
collected are  Usted  in %ble 11. 

Sm-ples of acid mine muds were obtained from shafts  of the Hutchiason bEne 

The sanples 

Table 11. Sanples of acid mine waters and re lated materials 

PH 
Sm$e 

110. Source Description 

1 
2 
3 
r, 
5 
6 
7 
8 :  
9 

13 
11 
12 

l.4 
15 

€iuA~hinson Nine 
SutcMnson :line 
Sewicliley Creek, Surface water 

Ikchard Pool Green a lga l  streamer 
.&it point of Surface water (clear) 
acid waters Botton water (clear) 
from nine Bottom mud (orange) 

Junction of nine water 
and >larchand P o d  Eotton wter (clear) 

:>rck2d. ?ool Top s c m  (oily) 
1 ‘zrch?-$ Pool Sur%ce mter (o;.s.ye) 
prcb& E301 Bottom mud  (o raqe )  
I -  d: 0 . d  ?3 3 1  
&Iarchaad Pool Bottom water (green) 
Pool spi l l -my t o  SewicUey 
Creek Bottom water (green) 

Acid gob (yellow d) 
Jdkaline gob (orange mid) 

upstrean from Bottom ma 

Botton water (green-brown) .. 

2.9 
6.3 
3.8 
4.1 
too s d  
5.3 
5.5 
4.9 

5.7 
4.6 
5 .‘i 
5.8 
4.9 
5.0 

5.0 



- 28 - 

After collection, the samples, were examined microscopically. The ppesence 
SmAde 5 contained not only of vizble bacteria vas noted i n  sainfles 1, 2, 4,  d 12. 

bacteria but green streaLiers recognizable as  a l e e ;  numerous protozoa and San2ria.m 
;rere present. The smfles $rere used to  inoculate duplicate tubes of cul tme Eedia. 

The various media were incubated a t  roon temperature -..:th the e:aeption of 
L E. OD g r e x  tubes of egar nediun SS-1, ti’hich rrere incubated a t  39%. 
nediun 9T.V ;wre incubeted on the shke r .  Tha subcultures t o  th3 various mdia wsre 
observscl daily and e&& n i c r o s c o p i c a y  as required. 

Tubes of 

Observations made on the vzrious media a f t e r  om wee’s o f  incubation a t  roon 
temperature a r e  sunnarized i n  %ble 111. 
p i t e  a d  i ron aeclia (9KP and YL), &though io so= cases, sirople visual exvnination 
m s  sufficient to recognize the deep red-oraqe jrecipit i l te formd by iron oxidation. 

Pficroscopic obsermtions were =de on the 

l h b l e  111. k o w t h  in m r i o u s  culture media one weeka after 
inoculation with acid ni;le tmter samples 

Crowth i n  media containing the energy sources designated - 
so4- so4= 

(anaerobic ( capUary  
S= Pyrite Pyrite Fe++ tubes ) tubes) S 

Samula Y - 
1 -  + + 
2 -  
3 -  
4 -  + + 
5 +  
6 -  - - 
7 -  + + 
8 +  + + 

- - + 
+ + + 

+ 
+ + + - - + 

+ 
+ 

+ + + - - - - 9 -  
10 - 
l l -  + + 
l 2 +  + + + + + + 
13 - 
14 - 
15 - 

+ - 
- - - - - - - - - + - - - + 

a PIedium 9KS0 examined a f t e r  10 days of shakinp. 

The cultures were carried through s e r i a l  transfer on the appropriete sledia; 
detemimtion of growth vas =de bj a c o n b b t i o n  of microscopic e a n i t i o r ,  a d  
visual  tcspct ion.  

\ 

I 

i 

, 
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The ac t iv i ty  of res t ing  ce l l s  of Ferrobacillus ferrocaddans on pyrites 
was tes ted by mans of the '&kg technique. This technique is excellent for the  
d e t e d n a t i o n  of: 
differences i n  the suscept ibi l i ty  of the various pyrites t o  oxidation, and ( 3 )  the 
phpsiology of pyrite oddat ion by bacteria i n  short-tern experinents. 
snnples (65 ilesh) were weighed and placed in tho Xarburg vessel with suff ic ient  
c e l l  suspension (pH 3.5) and water (pH 3.5) t o  bring the volume t o  a predetermined 
value. C e l l  suspensions f o r  the experbents  were zdjusted to 0.4 mg. bcteridl-lT/nil.. 
Bcygen uptake x s  measured in the conventional manner. 
ner ta  with concentration of p p i t e s  and ce l l s  as variables are shown in Figures 1 
axl 2. The r a t e  of p i t e  oxidatian w s  increased o n l y  ho-fold by a twenty-fold 
increase i n  pyri te  concentration with these 65 mesh sanples. 

t i c l e  size 
of the substrate on oxidation rates. The results (shorn i n  TablemEemonstrate 
thzt reduction in part ic le  s ize  enhanced bac ter ia l  action six-fold i n  the case of the 
pyri te  concretion ard 35- to 70-fold vhen the pyrite concentrates were used as 
substrates. 
3 of the 4 p p i t e s  tested. 

(1) the a b i l i t y  of selected cultures t o  axidize vpite, (2) 

Pgrite 

Results of two such experi- 

A ser ies  of Varburg experbents  demonstrated a e  ro le  o f  

Qxidation rdth the bac%ria was 20 t o  40 times t h a t  of the controls f o r  

Tau3 Iv. k i d a t i o n  of  p y r i t i  terial of two p r t i c l e  s izes  i n  'the 
presence of Ferrobacillus ferrooxidans 

s a n a e  Jwmoxhztelu 65 nesh hssiw t h o w h  325 nesh 
?To. ?To, c e l l s  Cells I?o ce l l s  Cells 
29 28+ 40 60 13L:2 
30 12 16 51' u37+ 
34 23; ll+ 91 29 
35 24 336 & 2040 

a 
+ Ap-ent evoluA5.0n of gas. 

Uqgen uptakeb.2 mg. hacterial-nitrogen/three hours. 

In sepzrate shaken-flzsk expr inents  the release of hydrochloric acid- 
soluble iron ms dc tcmhed  instead of o-vgen uptake, as a mans of demonstrating 
o;id.-tion of the p-pites. 
sho7.m i n  the f o 3 . l o . a  k b l s  (Table a). Tie 25 nl. conical f l a sk  used contained 
100 9'. of pyri t ic  m t e r i a l ,  a n  aliouot of cell suspension containing 0.84 ng. 
bacter ia l  nitroZen a113 suff ic ient  P S04-acidified water, pE 3.5, t o  bring the t o t a l  
polme t o  4.0 nl. Bfter 24 hours, 3.0 id. of 2.3N E 1  was added a d  the mixture 
heated 30 ninutes on a steam bath. 
diquats was deternined as given i n  the section on Nethods. 

Xesults of iron d e t e d m t i o n s  i n  one such experiment are  

The HClsoluble iron content of suitable f i l t e r ed  
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TBBLF V. Production of hydrochloric ac idso luble  iron from 
pyritic material in the presence of 

FerrobaciZlus ferrooixidms 
L 

Hi.cronms HCl-soluble i r o n  releaseda ?? E Cells Initial 2L hours Xe t &rite oddized. :'o 
+ 1G2Ab .!+.&a 3376 9.42 

808 1330 272 0.76 
29 

30 + 1250 !+c.coc 2750 9.24 t - 1034 13 76 342 1.22 
35 + 3040 72cO W60 u.99 

2 a 4  3140 316 0.91 \? 

b 216 /ug.. Pe were carried over with the c e l l  suspension. '7 

- 

- 
a %Production of iron from 100 ng. pyri t ic  zmterizl in the Fesence of 0.84 zg. 

bacter i d - € T o  

The a b i l i t y  of ThLobacillus thiooxidans t o  zccelerate the oxidation of the 
It uas found that this pyrite sanplss was also tested in %rburg e p r i m e n t s .  

o rsn isn  vas m b l e  to  accelerate oxidation rates over those of control vessels. 

gr;rede smples  (large c r y s t a l s  free of  inclusions end contaaiaating m t e r i z l s )  of 
pyrite 2x33 mrcasite was tested. 
F e r r o k c i l l u s  being more effect ive;  neither c d t u r e  acceler-ted the z d i a t i o n  of 
rxsem grade pyr l te .  

Tzble VI.  Effect  of T c h b - c 2 l ~ s  thioo:-i,dxx o r  F'errobcil lus fer;.ooxi&.ns on thc 

The a b i l i t y  of T. thico:d&ns and F. ferr9ozAd-m to ecceler2te oxidaticn of LuSem \[ 

It was f o u d  that both strains attacked the zarcasite, 
\ 

S e s d t s  of Ynese e - q r b n t s  i r e  see2 i z ~  E h l e  VI. 

a+ . ~ ~ n t i o c  - of mseur? grade x l f i d c  m i m a l s  
i%croliters oqgen +&ken up in 3 hours per mg. 

hacterieJ-nitso;ren 
S a w l e  Cells T. thioozddans F. ferrooxidans 
Pyrite - 15 35 

+ 7oa 1 9  

Marcasite - 82 209 
+ 128 734 

a Apparent :as emliltion. 3 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Zfficacy of use of a izb:ture or' the two s t re ins  was also tested. In these 
iJarburg e q r h e n t s  a res t ing c e l l  susposion of Ferrobzcillus w s  placed in the 
vessel and oqgen  uptake was neasured for  one hour. A t  the end of this t b e  ths  
sulfvr-oxidizhg fi iobzcil lus was tipped iccU3 the reaction nixbure. 
oxidation of  sanples 29, 33, 35, and nuseun grade m r c a s i t e  was determined. The 
effect  of addition of Thio'oaoillus i s  seen i n  Figure 3. 

'The effect  on 

The rate of oxidation of ferrous iron and elemental sulfur b;. the s t rz ins  
of F e r r o k c i l l w  ferrooxidzns and ' i ' i i o ~ c i l l u s  tlzioozidans i n  use i n  the experiments 
h s  keen calculated from the data  obtained -lp theprecediag e x p e r h n t s .  
prosented i n  Table V I I .  

mese are 
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Table YII. Rntes of oxidation of ferrous i ron and elemental. sulfur 
by Ferrobacillus ferrooxidans and Thiokacillus thiocoridans 

/ 

I 

T. thioo.ddans 0 
F. ferrooxidans 3672 

a Q~ (IT) r e p r e s e n t s r n t e r s  oxygen uptake/%. cell-nitrogedhour. 

%her rvnonetric experiments u i th  polycyclic aromatic hydrocarbon-gown 
c e l l s  of a s t r a i n  of Pseudomonas eerwinosz were c m i e d  out t o  study the a c t i v i t y  
of kicter ia  regarding sulfur-containi 
grown With phenanthrene as source of 
grown on mpRthalene when benzthiophe 
thiophene Uas chosen as a Eodel s a w  contaising a r o m t i c  of the tspe thought t o  be 

ganic conpounds. 
n would kke up =ore oqgen  than c s l l s  
s provided then as a substrate. aenz- 

It was found that c e l l s  

ps with naphthalene as substrate i s  
benzthioghene were : naphthalene- 

oncentration of 3.3/zrcloles/nl. A t  
n up th.1 a t  the lower concentration. 
the flask conter?ts served to lower 
ene 2nd 2-nsthylnaphthdene (Figme 4) .  
or perhaps shple t o x i d t y  of the 

A t  

of c e l l s  grown on o r  ~ t a b o l i z i q  

Resolts obtained on exaniination of the microflora of acid nine drainage 

Tce best sowces of nicroorganisms are the nuds, which are a p p e n t l y  r i c h  

:,here inter flow i s  

showed that top waters and rapidly runtxiq imters (green) trere almost s t e r i l e  i n  all 
cases. 
in all f m  tested for.  
only where the water is not turbulent or flowLng too ra?idlg. 
rapid, b o t t a  nu3 does not accmulate, the mange color of oxidized i ron  goducts  
i s  absent, and the number of dcroorp-dsns prssent is  q d t e  small. 
sanples of such moving c lear  water dter ti eks of incubztion give evidence of 
i ron  oxidation ( o r a q e  precipitate,  h e w )  e reason for the i r  c l a r i t y  is  
mobably that they are s h p l y  flea too dly for oxidation of i ron to occur. 
*mu, c l a r i t y  of mtm is no cr i te r ion  of i t s  potential  yield of ferrugineous n7d 
under nm-agitated cmdit ibrr .  

the  saTples U u s t r z t e s  t h a t  those chenicals Fresent ii 2n enviromsnt are usually 
accompanied by bacteria capable of u t i l i z ing  then. 
partic- t p s  fourrd, i n  regzrd t o  the Foblens of s u l f u r  removal f ron coal axid 
t r e a F e n t  of acid nine sraters, i s  zs follovs: 

l'ne botton nuds (mange) collected a t  the pool acc-mulate 

In  the labornt3ry, 

The finding that all tspes of bacteria tes ted f o r  appear t o  be present in  

The inporknce of these 
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(1) The same organism -which play a role i n  the arcduction of acid -e 
waters, and in vhose pesence oxidation of large su l fur i t ic  concretions, p i t e ,  
and narcasite hzs been demnstrated a re  precisely those forns whose ab i l i t i e s  must 
Ee exploited i n  any a t tenpt  t o  desulfurize coal by microbiological m e w .  

(2) Ln any plan f o r  dis,wsal  of sulfur ic  acid nicrobiologically, the use 
of anaerobic sulfate-reducing 'bacteria t o  convert sulfuric acid t o  elementd sulfur 
nd/o,- hydrogen sulfide nust be considered. 
the bottom nud s a ~ p h s  collected gives hope that stxtreins of these organism able Lm 
tolerate  the acid eoviroment necessi+ated by the use intended can be found o r  
developed. Acid collditions are known not t o  be opthuin for t he i r  growth, but, their  
presence in samples 4 and 5 a t  $is of 4.1 uhd 4.9, respectively, indicate they may 
be nore tolerant  of acid than previously aesmed. 

i n  a given enrizoment (ferrugineous mxi) m c a t s s  tht E.U Ymee form nay 
par t ic ipate  in a cyclical  process for  sulfur. 
of pyrite o.pidation with pure cultures of bacteria m q  no3 provide the best mans 
possible f o r  carrying out the process. 
f o r  most e f f i c i en t  actiTLty, ,although n i m d  ce l l s  of Fer rohc i l lus  a i i  Thio'~acillus 
did not k v s  the desired a f f ec t  on pyri te  (Figure 3).  

The isolat ion of such bacteria from 

(3)  The presence o f  sulfur oxidizers, i ron  oxidizers, and sulfate reducers 

Thus, i t  appears that previolls testing 

It, m ; ~  -.!ell be better t o  try the mturd f l o r a  

The mnonetric studies (Figures 1 and 2 )  with 65 mesh sm?le #35 denon- 
s t ra ted  t h a t  oxggen u?f&e i s  significantly greater than tha t  required soiely f o r  the 
oxidation of ferrous i r o n  ini t ia l ly  present i n  the ? r i t e  saLlple as deternined 
our extraction proce&Jre. 

Significantly higher oxidation ra tes  were obained when the s U u r i t i c  
materials were gourd t o  pass 325 mesh (Tgble IV), The ab i l i t y  of Ferrobacillus 
t o  accelerate the orddation of the pyrite in samples 29 and 33 i s  encowaging as 
regards microbial coal desulfurization. 
coal. These contain ninute c r y s t i l s  of pyrite eabdded i n  the coal with perhaps 
on ly  one face exposed f o r  oxidation, 
proceeds a t  a rapid r a t e  as c m p r e d  t o  the ra tes  i n  the absence of the organism. 

These s a p l e s  are pTyrite concentrates fron 

Yet in the pesezce of the 'mcteria o:ckkr;ion 

k s e d  on the resu l t s  f o i d  i n  these studies (Ebles  III-VII, Figures 1-5) 
ce r ta in  generalimtions regarding microbial processes f o r  coal desulfurization may 
be dravn. These m e  that :  1. The r a t e  of  pyrite oxidation depends upon availzble, 
tha t  is ,  exposed , v i t e .  As a corollary to t h i s ,  :hc c o i l  mst be i n  B f inely di:ilcd 
s t a t e  ir, order t o  e: ; -xe 5 xcxiz i~~i  of the eiibeddsd 2yrite. 
of = r i t e  deipnds upon the :'ttfie" of pyrite present. 
of a b e t t e r  description, s i m e  X-ray di,ffrection patterns are izisntical lor t he  
p y r i w  or" saqples 23, 33,  34, 3 5 ,  and nuem-grade p p i t e .  

M y  san?le #34 2nd nuserrm-grade ,pyrite res is ted oyddation i n  t h e  presence 
of F. f e r r o w 5 . i . .  Sanple ,$34 contained considera3le calcite.  Fre lMnary  experi- 
nents after Cne calci te  had been renoved (neutralizixg effact  of C a C 9 )  gave 
indication of oxidative eckivity. 

2. 'I%e race o f  o~ddscion 
ihe vord s - ~ e  is used f a r  -rznt 
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The ubiquitous ,mesence of TniobzciUus thiooxidais i n  a c i d a s  mtcrs 
is as xet  une-ined. 
present i n  acid--producing areas, can be attacked by this orgmisn, raising the  
question of a possihle energy source for the organisn. Tlie Toduction 3f f ree  
sulflp. during the cxcidation of p y r i t e  is  one e x a t i o n .  
the iron-xidizing F. ferrooxidsns t o  oxidize elemental sulfur suggests another 
explanation. 

w i t h  their proposed energy sources. 

Cur r e su l t s  shov that snly iizrcasize, a s - & s k ~ e  rzzely 

Hswever, the a b i l i t y  of 

'&e three organisms found fa acid mine waters are l i s t e d  below together 

QWaI3iSEl.S 
Thiobacillus thiooxidans Klemenkl S 
Tbiobci l lus  ferrocnddsns Ferrous iron; thiosuLfate 
Ferrobacillus ferrocnd3ans Ferrous iron 

The three are zlorphologically iridistingsisbable; the chief criteria fo r  
the i r  description being energy source. 
possible that F. fe r roaxikns  xiU, pow i n  an i ron  nediun and be identified as  
F. ferrooxihns ana also be isolated in a elenelltnl S nedium a d  be identified as  
T. thiooxidans. 
axd e x i s t s  in ac ida ine  waters by vir tue of i ts  i ron  oxidizing capacity. 
i nab i l i t y  of Thiokci l lus  t h i w x i d ~ x v  to oxidize i ron may be due t o  tp loss of 
adaptive fron-oxidizing enzyaes up& growth in elerienixl sulfur. 

During i s o h t i o n  pocedures, it i s  en t i re ly  

Thus, F. f e r r o d d a n s  wy rea l ly  be a var iant  of T. thiooxidans 
The 

'" 

has been 
Virginia 
iron. SUI 

The a b i l i t y  of bacteria t o  accelerate the oddat ion  of suUur i t ic  material 
studied primarily by investigators at the Mellon I n s t i t u b  (1) and West 
University (9). Their studi13s involved tes t ing fo r  the poduc t im o f  f ree  
f e t e ,  o r  increased ac id i ty  fron insoluble pyrite Jaterials in the presence 

Ttze developent of methods or a6sence of bacteria in experiments of long duration. 
rtad mdia far tho propagation i n  high yield of the relevant bacteria (5 ,  7) has 
embled us t o  u t i l i ze  the roncmetric 
the o.xi&tion of pyrites, thus enablbg us to  accmuhte  conparable ?ak i n  a short 
t b e .  
and liest V i r g i n i a  Univ3rsity I s  given i n  'Clble V I I I .  
most closely v i th  those of the I-Iellon h t i t u t e .  

nethod for exmining the ro le  of bacteria in 

A conparison of the results obtained wi th  those of the bkllon Ins t i tu te  
In general, our findings agree 

Table VIII. Acceleration of the ' r a t e  of oxidation of  d i f fe ren t  pyr i t ic  material8 
by iron- aui sulfur-oxidiaing bacteria 

Ferrobacillus Thiobaciyus Thiobacillus 
f errooxidans f errooxidnns t h i o o ~ d e n s  

M.1. W.V.U. B.EL 14.1. V.V.U. B.M. M.I. W.V.U. LL 
+ N.!La .t N.T. + B.T. - + - 

)wem+gads ==Site + N.T. + E.T. N.T. N.T. + + + 
tbem-grade pyrite - r.T. - M.T. + N.T. - 61. T. - 

- SumIr  bay 
Waste material N.T. N.T. + M.T. N.T. I?.?. H.T. N.T. 

a N.T. = not tested. 
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CONSTITUTION OF HYDROCA!!II-J-LTiE ~ ~ E ? ~  DZRDED FR?M 
lEP&E?i OXIDt\TIOX PRODUCTS 

!Y. E. Robinson and D. L. Wulor 

9 Laramie Petroleum Ftesearch Center 
U. S. Depntnent of the In te r ior  

3 r e a u  of ?tines 
Laranie, i'Qoming w 

$ 
Oxidation is one nethod of converting +he insoluble organic Ioaterial (comonl;r 

The anount of degradation and the m l e c u l a r  weight of the products 
cal led kerogen) present i n  o i l  shale t o  soluble degradation prcducts f o r  conctitu- 
t i o n a l  studies. 
depend upon the extent of o-xidation and sever i ty  o f  the wact ion conditiocs. 
v a r i e t y  of oxidants caz? be used t o  accorcplish this degradation, out sone are more 
s i l i t a b l e  than others. 

ir A 

In a previous s t u e  (i), organic mater ia l  from Colorado o i l  shale yms oxidized 
t o  high-iioleculzr-rreight acids by a boiling solution of a lkal ine potassi'm pennan- 
ganate under controlled conditions, and to carbon dioxide and oxalic acid by exhaus- 
t i v e  oxidation f o r  130 holirs. 
large o r  s d 1  amounts of intermediate acids ::ere octaiqed. 
possiole  to obtain conplete conversion t o  in temedia te  acids vcitnout s h l t a x e o u s l y  
prcducing carbon dioxide and oxalic acid. I n  general, s!raU yields  of f i n a l  o.uda- 
t ion  prudu-,ts were associated ycith large yields of high-molecular-vreight intermediate 
acids and vice versa. 

Sy choosing difzerent  r a t i o s  of  ;cslO& to kerogen, 
Hoxever, it xas not 

In another report  (s), the nature of the organic acids that xere obtained by 
o N d i z i 3 ~  rax o i l  shale f r o 3  the Ziahogariy-zone beds of the Green Fiver fomation 
ne= Efk, I ~ G ~ c . ,  $.{as studied. The oil shale assayeyed appro-ximatcw 55 gallons of 
o i l  Per ton of shale and containad about 3& kerozen. An oxidation pro&& ;vas pre- 
aared by t r s a t i r g  each p a r t  of organic carbon present i n  t!!e kerogen n5th eight, par t s  
of ;r?inOb. The organic acids obtained were converted to n-butyl es ters ,  fractionated 
by d i s t i l l a t i o n ,  and ident i f ied,  where possible, bj mass and inf ra red  spectra of the 
e s t e r s  and by X-ray dSTraction o f  selected deri-Jatives. 
organic acids i n  the oxidation product vas ident i f ied  as C2 t o  Cg difunctional acids 
of zhe aUa.ne series.  The renaininz 41% of the orzanic acids were not  ident i f ied by 
t h i s  mthocl -=cause o f  tkir conrplex nature. Ident i f icat ion or  c lass i f ica t ion  of 
this na ter ia l  xould contri'sute 'uo the !awrlec&e of the s%zr;cture o f  kerogen and might 
sug;ast nex comercia1 ilses f o r  o i l  shale. 

A t o t a l  of 59% of the 

I n  this ski@ bjr the Federal Bureau of :15nss,  c;?arasterizatior, of the reiiai-Lng 
of the organic acids i n  this 0-xidatim pro&.xt ~ i a s  accsnpplished by reduzi?g the 

carbo:c:rl groups of the acids throidgh a s e r i e s  of reactions. 
carbon-like raterrfs ls  vere menable t o  f r a c t i o n a t i m  and cnarscterization. Sone of 
t h ~  usuai m t n o d s  of decarbo-yrlation nere *zier?, hut extensive t;nemal debgradation 
rcsxlted.  

The resul t ing hydro- 

I\ The o-kidation product a l so  contgned n-paraffinic, isopazaflinic,  aronztic, 
naphthenic, and heterocyclic acids. The naphtheric and heterocyclic acids ;;redoxi- 
nated, h i c h  sidggested t h a t  the s t ruc ture  of Colorad3 kerogen i s  nainly al icp2i .c  
and hetemcrcl ic ,  with smaller amounts of straight-chain and axomtic  o t r u c t m s .  

XCP3RILEWAL PKCE 3URE 
i 1 

i, 
3 

preparation of Orxaiic Acids. 
oil sha ls  using a method described i n  e a r l i e r  ry330z-5~ (2,i). 
oxidized in two steps by an aqueous s o l u t i m  o f  al!<aline ICaOh. 

Kerogen oxidation products -;rere prepzred Iron raz 
The rax o i l  shala xas 

The f i r s t  s tep ;vas 
> t r e a b e n t  of 1 p a r t  of organic carbon of the kerogen wit:? 6 parts  of g!no~, 1.6 
\ 
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par t s  of KOH and 3h parts  of water at  70' t o  90' C. until the  Ian04 was reduced. 
The t r e a t n e ~ t  w a s  repeacad in the second step except t h a t  only 2 par t s  of 'X?.Sn@q 
w e r e  used. 
with 1 t o  1 sulfuric ac id  2nd evaporated t o  dryness. Nonvolatile organic acids 
were extracted from this dr ied p r o d x t  using m e t h y l  e thy l  ketone. 
t o t a l  carbon, the kerogen a a s  oxidized t o  58% nonvolatile acids,  15% carbon dioxide, 
a t race of v c l a t i l e  acids, and 27% remained moxidized. 

The alkaline solut ion was separated from the shale residue, ac id i f ied  

Eased upon 

Preparation of n-5utyl Esters. 
n - h t y l  es te rs  bj reacting 250 gram (0.8 mole) of the acids with 1275 d. (Ur mole) 
of n-butyl alcohol and 25 ml. (0.5 mole) of concentrated sulfur ic  acid under reflux 
cordi t ions for  abcut 100 horns. 
tcbe mounted above the reaction f lask.  
alcohol was removed by d i s t i l l a t i o n o  
-ias washed f ree  of ac id ; r i th  a solut ion o f  Sodium carbonate, and f i n a l l y  Bas dried 
Over anhydrous sodim sul fa te  and recovered. 

preparation of tUcohols. 
i n  the follovring manner (1): 
mole) of I,iAl.Hb i n  2500 d. (23.6 mole) o f  anhydrous e ther  in f i v e  d i f fe ren t  batches. 
&I ether  solution of the es te rs  was added slowly t o  an e t h e r  solution of UAlH4, 
then refluxed 
w a t e r  t o  the reaction rcixture. 
mith 1% su l fur ic  acid and the reduced product was recovered from the ethereal  
layer. 

Preparation of Iodides. 
alcohols with U5 grams (0.8 m o l e )  of P205, 216 ml. (3.2 mole) o f  85% Hap04 and 530 
grams (3.2 mole) of KI ( 7 ) .  After the reaction mixture was heated at 160" t o  120" C. 
f o r  3 t o  5 hours, the io?hdes were extracted with ether. 
washed w i t h  sodium thiosulfate  and sodium chloride solutions, dried over anhydrous 
sodium sulfate ,  and the e ther  was d i s t i l l e d  from the iodides. 

Reduction of Iodides. 
chloride gas ( 2 ) .  
ace t ic  ac id  soiution of the iodides, *ich vias constantlJ s t i r red ,  
mixture was s t i r r e d  and heated a t  90" t o  95' C. f o r  an additional 2b hours and was 
saturated with dry HC1 gas every h hours. 
bath, w a s  connected t o  the e x i t  gas tube t o  condense any hydrocarbons with low boil- 
ing points formed during the reduction, After conipletion of the reaction, the nix- 
ture  m a s  di luted x t t h  ;rater, and the product was extracted with ether.  
ether solut ion was washed f r e e  of acid, it was dried over anhydrous sodim sulfate,  
and the  e ther  was par t ly  d i s t i l l e d  from the product. 

Fractionation of the  €?,educed Product. 
placed i n  a spinning band d i s t i U a t i o n  coliunn and d i s t i l l e d  a t  atmospheric pressure 
(5'80 wo mercury) up to a head temperature o f  70" C. (pot  temperature o f  175' c.). 
After the r e d x e d  product cooled t o  r o o m  tenperature, the d i s t i l l a t i o n  vizs continued 
a t  1 m. mercury Pressure with a head tenperature up t o  130" C. and a pot tenperature 
of  2oQ0 c. 

The nonvolatile organic acids  were converted to 

Y a k r  was removed by using an enlarged Eeul-Stark 

The result ing product vias dissolved i n  ether, 
After completion o f  the reaction, the n - k t y l  

W thus recovered n-butyl es te rs  were reduced t o  alcohols 
The e s t e r s  were t rea ted  w i t h  a t o t a l  of 61 gram (1.6 

to  5 hours. Excess hydride was decomposed by cautiously ad&? 
After gas stopped evolving, the complex was t feated 

The alcohols inre comerted t o  iodides by reacting the 

The ether  solution was 

The resu l t ing  iodides were reduced with zinc and hydrogen 

The reaction 
Zinc &st was added over a period of 2 hours t o  a warm glac ia l  

A trap,  subnerged i n  a dry i c e  and acetone 

After the 

The prodwt and a smll quantity of ether were 

A flw diagram of the fract ionat ion o f t h e  d i s t i l l a t e  .ad d i s t i l l a t i o n  residue 
is shorn in figure 1. The d i j t i l l a t e  and residue fract ions xere dissolved in a h0 
t o  1 volune r a t i o  of pentane, allowed t o  stand overnight a t  0" C., and then fi l tered.  
The insoluble material  ivas washed inth a small quant i ty  of cold pentane, freed cf 
solvent, and weighed. The pentane-soluble m t e r i a l  was fractionated on prewetted 
columns of alumina (25 t o  1 weight r a t i o  of tllcoa XF-21 almina) using pentane, 
benzece and a 10% methanol-YO% benzene mixture as elut ing solvents. The benzene- 
e luted m t e r i a l ,  referred t o  as nonpolar resins,  ,and the  benzene-mthanol eluted 
resins ,  referred t o  as polar resins, were freed o f  solvent and weighed. 



7% ms separated by ciisscdving *%.e pentane-eimed fraction ( o i l  31~s xax) i n  
a h0 to 1 vG.une r a t i o  of methyl e thyl  ketone ( I S X ) ,  allw&ig it t o  stand a t  -5" S. 
f o r  1 hour. The w a x  'xas filt.i.ed from the ?E3K--soluble o i l ,  ,freed o f  s o l ~ e m ,  and 
-ceighed. 
saturated solution of urea i n  nethm-ol. 
a d  6 or 7 d r o p  of benzene, were added. 
ture for 211 hows. 
tke adduct w a g  then decoqosed witt  hot, water and extracted - ~ t h  ether. 
t ions were freed of solvent by d i s t i l l a t i o n .  
t i l l a t e  fraction. 

ikea adducts xere  prepared by reactbag each gran  o f  wax x i t h  21. d.. of a 
access urea, 1.5 grass per  g r m  of 'NZC, 

The adduct and nonadduct waxes were separated by f i l t r a t i o n ;  
T'his mixture was s t i r r e d  a t  r o o m  tsssra- 

30th -frac- 
Xax was not  separated from the dis- 

The d i s t i l l a t e  o i l ,  the wax fraction, and t i e  d i s t i l l a t i o n  residue o i l  ivere 
fractionated by a method similar to  t h a t  reported by M a i r ,  Uarculzrtis  a i d  Xossini (2). 
Zach f rac t ion  was placed on a prewetted colum o f  s i l i c a  ge l  (25 grms of Davidson 
analyt ical  grade S i l i c a  ge l  t o  1 gram of saxple) and eluted successively W i t h  2,2,1- 
t r ixe thyl  pentane, benzene, and 2-propanol. The f rac t ions  were freed of solvent, 
weighed and identified as p a r a f f i r  o i l ,  aromatic oi l ,  and p o l a r  o i l  respectively. 
The paraffin o i l  from the  d i s t i l l a t i o n  residue was adducted with urea oy the sazz 
technique used for  waxes. 
t h e r  fractiocated on a prewetted c o l m  of alumina us ing  a 25-ta-1 r a t i o  of a ldn . ?  
t o  sample. Eluting materials were a m u r e  of iso-octe?es, benzene, a d  2-pmpanol. 

Feduction x i t h  Hydriodic Acid. The wax and paraf f in  o i l  f rac t ions  were corzple+aly 
rechcea by concentrated hydriodic aci2. 
sea l ing  t h m  i n  glass anpoules x i t h  15 ml. of concentrated hydriodic ac id  (sp. gr. 
1.9) and heating a t  175" C. f o r  2 h  holirs. 
benzsle ana washed O e e  of  iodine ivith a solution of sodim thiosulfate.  The bmzene 
solution was washed with water ana f ina l ly  dried over anhydrous sodium carbonate. 
Cenzene xas d i s t i l l e d  from t;ne reduced product a t  reduced pressure. 

P m i c a l  ar,d Ckmical Properties. 
of  t h e  f ract ions viere detelmined by macro methods a t  the Bweaufs laboratory arrd 'q 
micro metnocis a t  a commercial laboratory, using conventional methods. 
hydrogen were determined by combustion, nitrogen by the  Qeldahl  or 
s u l f u r  by igni t ion i n  a Parr oxygen bomb, oxygen by difference o r  by the Unterzaucher 
d i rec t  method, saponification equivalents by hydrolysis and hydroxyl groups by acetyla- 
t ion.  
p i n t  method using benzene as solvent. 
dif&?action, were used t o  characterize the various ,fractions. 

The a-omatic o i l  f ron tqe d i s t i l l a t i o n  residue was fur- 

Sanples of 0.1 t o  0.5 gas m e  redcced by 

The t rea ted  saiiples were dissolved in 

The elemental ccicposition and functional. gmcps 

Carbon and 
xethods, 

I.Iolecular weights were detemkqed f r o n  mss spectra a i d  b.. the rise-in-boiling- 
Irf-ared and nass spectra, as w e l l  as  X-ray 

RESULTS AND DISCUSSIOB 

The total yield of reduced product from 250 g r n s  of kerogen acids amounted 
t o  36 gram a f t e r  removal of a l l  solvents, o r  approxinately 15 -might percent. 
t h o r e t i c a l  yield,  based on data from a previous s tcdy (s), was 196 gams o r  79 
weight percent. 
3ii.mctiomd acids containing 2 to L carbon atoms per  molecule. 
method used i n  this studg. converted these acids t o  gases that were not rscovmed 
i n  the reduced product. 
was 365 of the theoretical .  e s t e r s  - 95%, alcohols - 752, 
iociices - 95$, and hydrocarbons 50%. 
than to w e a c t i v i t y  of t h e  components. 
occurring did exist and some unreactive parts  of the oxidation prodwt  my hava been 
eliininated from the reduced material. 
resul ted iii a yield of 8.5% d i s t i l l a t e  a i d  91.5$ d i s t i l l a t i o n  resi&Je. 

The 

However, qpr0xinatel.y 5@ of the oxidation p r o h c t  consisted of 
The r e d c t i o n  

Because of this l o s s ,  t h e  overal l  y ie ld  of reduced product 
Typical f ie lds  were :  

Losses were probably due to  handling rather  
However, the p o s s i b i l i t y  o f  fractionation 

Vacum d i s t i l l a t i o n  of t h e  reduced prochct 

Comosition of the Distillate Fraction. 
& s t i l l a t e  obtained by atmosoheric d i s t i l l a t i o n  contained t race amounts of -,enta.iizs, 

I n  addition t o  the  solvents used, the 

hexanes, hexenes, and cyclohexanes. 
(8.5% of the total reduced product) was fract ionated by the nethod described ear l ie r  

The d i s t i l l a t e  obtained Q v a c u  d i s t i l l a t i o n  
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a d  shown in f igure 1. 
p ~ a f f b ~  o i l ,  aronatic oil, polar  o i l ,  nonpolar resins,  and polar resins. 

isoparaffins and cycloparaffins, x i t h  the l a t t e r  predominating. 
conckined 1 t o  5 rings per  molecule vrith dinuclear material const i tut ing the la rges t  
s ingle  
incianes/tetrzlins and naphthaler,es 

Yearly equal amom.tS of five fract ions were obtained, namely 

 ass spectra analysis of the paraf f in  o i l  f rac t ion  showed t h a t  it consisted of 
The c j ~ c l i c  p a r t  

.material. The mjor coaponents Of the aromatic f rac t ion  were benzenes, 

Infrared analysis of the nonpolar res ins ,  po la r  resins, and po la r  o i l  indicated 
t h a t  these fract ions were predominantly cyclic becaxse a'asowtion in the 13.7 and 
13.9 iaicron region vas very 7.Teak. They a l s o  appeared highly saturated as shown by 
strong absorption i n  the 3.b5 and 6.8& micmn r e g i o x .  
teminal (E3 groups was suggested by inediun to strong absorption i n  t h e  7.3 micron 
region, Absorption ii t i e  aromatic -region was weak. 
presence of OH groups and other oxygen fmctionals ;  however, the strong aoso-3ti.m 
i n  t k e  5.70, 5.73, and 5-95 micron region may be due t o  C=O groups of unreduced 
e s t e r s  . 
%mposition of tne Dis t i l l a t ion  _Residue. 
from t h e  d i s t i l l a t i o n  residue, which represented 91.5% of the reduced product, i s  
shmn i n  i a b l e  1. 
wax, c o r n t i c  oil, polar o i l ,  and pentane-insoluble material  were present i n  srraUer 
anounts. 

The presence of considerable 

There was indication of t b  

The amount of each of the various fractions 

The major f ract ions consisted of resins and paraffin o i l ,  iqhile 

Xolecular weights ranged from about 300 . t o  1200. 

Table 1. Distribution and XolecJlar &eights of the Dis t i l l a t ion  Residue Fractions 

Percentage Percentage 
Df Total  of Total  

M s t i l l a t i o n  2edmed Molecular 
3eskiue Product ';;eights 

Pentane-ixjoiuble material 3 .D 2-7 3220 

?&?sins 
Xionpolar res ins  
? o h -  Tesixi 

:;fa.. 
Urea adduct 
Urea nonadduct 

11.9 
25 -9 

3 *Q 
l0.L 

10 -9 530 
23 07 a00 

O i l  
Pazaffin o i l  adduct 1 S 1.b 310 
Paraff in  o i l  nonadduct 30 e 5  27 -9 WO 
Aronatic o i l  (iso-octene eluted) 9.5 8 -7 270 
Aro.mtic o i l  (benzene eluted) 0.3 0 -3 3hO 
Arcxitic o i l  (2-propanol eluted) 0 03 0 e3 3k5 

3 .!I - Polar o i l  - 3.7 - 
Total  100 .o 91Sa 

9 h e  remainin g 8.5% consisted of t h e  '~acu*m d i s t i l l a t e  fraction. 

Ultimate analyses shown in tab le  2 indicated t h a t  the  recovered fract ions con- 
t a ined  appreciable amounts o f  o m e n .  It m s  necessary to  detensine t he  nsta- of 
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this oxygen and t o  eliminate the cnrygen from portions of tne fract ions by HI reduc- 
t ion,  so that  mass spectra  data f o r  r i n g  analysis and carbon chain length would have 
meaning. 

Table 2. Elemental Analyses of Dis t i l l a t ion  Residue Fractions 

A t  oai c 
C H 0 N S H/C 

wax 
U r e a  adduct 83.6 4.2 1.P 0.2 0.2 2.94 
Urea nonadctuct 82.9 ll.1 5 0 -2 0 .rc 1.61 

O i l  
Adduct paraffin 84.2 u.3 1.2a 0 e 2  0.1 2 *ob 
No-dduct paraff in  81.1 11.1 7 .6b 0 00 0 e2 1064 
Mono/di4mmt i c  86.2 ll.2 - 2.6' - 1.54 

1 04 1.2 1.511 
. .o 0.1 1.64 

%ired  oxygen (mterzaucher) . 
b-en was determined by difference. 
W o t a l  oxygen, nitrogen, and sulfur determined by difference. 

An estimate of the type and amount of oxygen functional groups f o r  various frac- 

As this difference 
t ions  was obtained by analyse$ f o r  hydrowl, ester ,  and alkaxy oxygen. Other ether,  
carbonyl and unaccounted f o r  ovgen  was determined by difference. 
value was large in all cases, infrared analyses xas used t o  indicate  the  nost likely 
type oxygen present. 

Mass spectra data reported f o r  the o i l  and wax f ract ions we= obtained from the  
HI-reduced material. By contrast ,  infrared spectra was determined on the oil, wax, 
and resin fractions before reduction with hydriodic acid; a l s o  the aroinatic o i l  was  
not  reduced with H I .  

Adduct Wax.  Based on mass spectra data, this fraction, which represented 2.7% 
of tse t o t a l  reduced product, contained mostly isoparaff ins  and normal pazaffins with 
smaller  amounts of cycloparaffins ( t a b l e  3).  
over normal paraffins; the  normal paraff ins  r q e d  from C18 t o  c36 carbon chains with 
an average chain length of q . (Average carbon chain length of t h i s  wax, detenrcined 
by X-ray diffraction, was 28.9 These d a t a  showed the presence of long carbon chains, 
which suggested tha t  the  or ig ina l  oxidation product contained a smal l  amount of fatty 
acids 

Isoparaff in;  appeared t o  predominate 

ultimate analyses ( t a b l e  2) showed t h a t  the adduct w a x  was highly saturated with 
Infrared analyses of the f rac t ion  before reduc- 

The average molecular  weight of the addact wax befom reduction with &XI 

hydrogen and contained 1.9% w g e n .  
t i o n  with a, s h m  in table 4, confinned the presence of a predominance of chain 
S t N C t m S .  
was  405. 

of the t o t a l  reduced product, contained predominantly cycl ic  s t ructures  and only a 
smal l  amount of normal paraffins and i s o p a a f f i n s  ( t a b l e  3) .  The cycl ic  portion 

Nonadduct Wax. 9s contrast ,  the nonadduct wax i h c t i o n ,  which represented 9.5% 
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consisted of ammtic and naphthenic rings n i t h  a padomj-mnce of the raphthecc 
rings.  
3 rings p e r  molecule. 

The number of rings per  no1ac.de ranged from 1 to 6 with an average of 2 t o  

Table 3. Constitution of the %-reduced ylax and Parafx- Oil Fractions 
Obtained f r o m  Lbe DLstiUation Resi6ue 

n-T.waf'fiii 

.lverage Coxposition, mole $a 
Tiax Paraffin O i l  

Nonadduc t Adduct h'onadduc t Adduct 

27 Irb 

Napkthenes 
Mono and noncondensed 

Condensed naphthenes 
naphthenes 

2 r',?gs 
3 rings 
h rings 
5 rings 
6 rings 

3 

1 
1 
i 
1 

u 
19 
Ilr 
5 

19 
4 

18 

22 
13 

3 
7 
6 

25 

Total  100 100 100 100 

- 3 - - 22 - - Aronatics 

alktennined from mass spectra. 
T o t a l  normal and isoparaffins. 

~ 

W g e n  functional p u p s  viere determined by the methods described e a r l i e r  and 
the  r e s u l t s  a r e  sham i n  table  5. The fract ion contaiced 5.u oxygen ( table  2 ) ,  
which appeared t o  be mostly in the forn of e ther  o r  carbonyl o r E e n  with smaller 
amounts of es te r ,  but no hydrox3l oxygen. 
XI, shcm i n  tab le  h, indicated nedium to weak absorption f o r  es ter ,  ketone, alcohol, 
and aniq-c&de oxygen suggesting a predominance of ether w e n .  The presence of only 
mall mcrunts of long carbon c h d n s  was also confirmed Sjr infrared analyses; hmrever, 
strong absorption in the 7.3 plicron region indicated ths presenca of considerable 
terminal CH3 groups. T h i s  f r a c t i o n  had an average molacular vieight of &OO before 
reduction n t h  HI and 360 a f t e r  reduction. 

Infrared spectra before redxction with 

Adduct Paraffin O i l .  The adduct paraffin o i l ,  one of the smaller &actions 
representikg o n l j  1.h$ of the reduced product, v i a s  ccnposed largely of no& 
paraff ins  wit,h smaller amounts of cycloparaffins and isoparaff ins  ( tab le  3). The 
n o d  pazaffins ranged from cl6 t o  C 0 carbon cha ins  with an average chain length 
of C23. (The average c b i n  length deze-ed by X-ray diffract ion was C22.) The 
naphtnenic xlaterial contamed 2 t o  6 rings per molemle. 

with hydrogen and contained 1.2% orEen,  
oxygen functional groups i7e1-e not datemined by chemical methods. 
of  ti is  fraction, s . m  i n  ta'ole h, indicated the presence of vw-y li%tlf? oxygen 
functicnal groups. ThLs suggssted tha t  most of the  oxygen sas ether  oxygen. Strong 
absorption in the 13.7 and 13.9 micron region confirned the presence of considerable 

Ul t imte  anal-vses ( tab le  2 )  snared tnat t h i s  f ract ion was high* saturxted 
Becaiise of l i n i t e d  s ize  of tre fraction, 

Infrared spectra 
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Ba?d 
Locations, 
Microns - 

2 -9 
3 -15 
5.73 
5.78 
5 095 

6-25> 6.35 

6.94 
7 e 3 0  
7 055 

8 015 
9 .s5 

l l .25 
u.5 
12.7 
13 A.5 

a .io 

13-79 13.9 

Table h. 11rfrarea Spectra of Tax and O i l .  F?acticns Obc&ned 
From tke  Dis t i l l a t ian  Eeziam 

Intensitya 
Ad& c t  Xona dduct 

S S 
M-x s 
W M 
w M 
W Y 
w M 
W M-7 
.n M 
EI ?4 

None :$one 
S a 

aW - weak, Ll- mediu  and ' s  - strong. 

S 
I4 
i7 

None 
None 
v 

X-TI 
w 
M 

bone 
S 

S 
S 
-ti 

Wone 
Xone 
None 

%i 
2-J 
y2,v 
None 

i? 

c'o (es te r )  
C';o, aromatic 
c;c (aromatic) , 

carbor j la te  i m  
cfI23 cH3 crI3 

Ester,  
ketone , alcohol, i anhyckide 

AroIoatic 

Aromatic 
Alkyl chains 

- 

Table 5. Oxygen Functional Groups of Various Fractions 

Percent of Total  O q y g e i i  

WdrOxYl Ester U O K Y  and Othersa 
%her, Carbonyl 

Nonadduct wax 0 36 - 6L 
Nonaaduct paraff in  o i l  2 27 3 68 
N o q o l a r  rasins 0 Irs 15 40 
Polar resins 6 27 3 61r 

aDetermined by difference . 
n o d  paraffins. 
groups. 

There was a l s o  some evidence for the presence of tenninal a3 
The molecular weight of this f rac t ion  was  310 before reduction Prith E. 

Nonadduct Paraffin Oil, T h i s  fraction, which was  the la rges t  s ing le  f rac t ion  

The ;la#- 

The noma1 paraff inic  and isoparaff inic  const i tuents  representtd ~ 2 2 ~ -  a 

and amounted to 27.92 of the or ig ina l  reduce2 product, was predominantly xpkthenic  
with smaller amounts of  a r o m t i c  and paraff inic  cors t i tuents  ( table  3 ) .  
thenic material  had 1 to 6 r ings per  molecule with an average of 2 t o  3 r i n g s  per 
molecule, 
s d l  portion of the total f r sc t ion ;  however, about 25$ of the  mater ia l  was Gf 
aromatic composition. 
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m - g m  f l ; r ,c t iond g r c u p s  m r o  dezemined by the mtiiods &scr!oed e a r i i e r  and 
the E s u l t s  arc shown i;l table  5. 
( t a o l e  21, the r l a j o r i t y  appearea t o  be present i n  E% ?om of etner  c r  carcony1 
o:qzsn wi th  s m l l e r  azoums of  es te r ,  hydroxyl and a l k o x y  functional emup.  
predcninaice af etner c;;-gen xas h a c a t a d  by infrared analyses ( tacle  i t )  sLme 
+,:?e abvcrption f o r  carbcy/l an2 other o.yy,oen v:as -ireaka iuso, weak absorption i n  
t h e  13.7 ana 13-9 lIlicron aegicn indicate6 'he absence or' long a l e 1  chains; h m -  
e-Ter, strong absorpticn k the 7.3 region iri6icated 'the presence cf ccxiideracle 
ternir.al Cd2 groqx.  T h i s  ??action con+&ned very l i t t l e  nitrogen and. su l fur  s?d 
had ap. averdge n o l e c d c  reight  of 410 before reduction x i t h  i i7  and 353 after re- 
duction,, 

O f  the ?& ox-jgen preser t  in this fract ion 

Momxic O i l .  The zroruat ic  fraction, ~ h i c h  represerrted 9.3% o f  'As to%al  
reduced pmauct, w a s  separated i n t o  3 addi t ional  f ract ions;  nmely, iso-cctenes, 
benz..ne, and 2-propanol e luted mater ia l  ( f i b w e  1). 
t o  2s nonojrx, txi, m.d t e t r a  inc lear  aromtics ,  respectively, 
colcr t e s t s  indicated &&at the  iso-octene eluted nater ia l ,  vhich was tke major 
a r m a t i c  f rac t icn  ( tab le  1) , m s  predorninaitl,jr mono/& nuclear zronatics. 
vas confinned by rsass spectra  data shovin i n  table 6, Tihich ix?icatea that tine 
material  i'ias nost ly  indanes ar.d t e t r a l i n s  v;itk s c a l l e r  amounts of  the o t h e r  series 
of aroa&ic compounds. T'ne benzene s e r i e s  had large ce&s 8t tn/e 268 and m/e 259. 
The YJe 258 peak xas a parent peak tii,at l o s t  an e t b - 1  radical  t o  f o L m  r /e  259 ar.d 
rzj' rep-resent +he nolecular ,iei&t of  I cczpvxid or several  isomeric coq,our.ds. 
2. aoiecular  -.veelgnt ol" 258 i r -d iczf~d  c l l t  15 carbon atcns in a l ~ l  groups l a r g s r  
than n-2ropyl *:#ere ateached t o  the bencena m g .  
tut ions and el iminat~ng sone ty inl rared analyses, 3etnylpropjrl  subst i ta t ion 
appeued ncst  l ikely,  In &&cion t o  t r i -subst i tuted benzezes (201. wt. S8) 
there  was evidence of di-substituted 'cenzenes (Xol, .rt. 21s), di-substituted indanes 
(1:oL. rt. 258)/di-substituted tetralins (hiol. Kt. 272), and di- a d  tr i-substi tuted 
indenes (ilol. x-t. 256, 326). 
r'igcre 2 .  The location of the s u b s t i h t e d  grocps is  not lmmn; hoirever, there i s  
some evicbnce f o r  the presence cf s p e t r i c a l  tr i-substi tuted benzenes. u s o ,  it 
is  no2 meait t o  k ? l y  L i t  ot-her s e n e s  o f  aromatics with the sane tlX-nuircerfl are 
not pmsent, but the ones indicated appeared t o  be the best poss ib i l i t i es .  It 
was a s s u e d  t h a t  the aromatic coqounds i so la ted  were degraded from kercgen and 
viere not formed d c r i ~ g  the oxidation o r  reduction prccedures. Therefore, each 
subst i tuted group may represent a ruptured rirg o r  r ing system and suggests the 
p r e s e x e  of carbon skeleton s t r u c t w s s  i n  !terogen similar t o  that present i n  these 
coorpow-ds. 
subst i tut ion on arciratic nuclei  a f t e r  reductian 2re cyclopentancne, cyclopenfanol, 
cyclopmtene or otkers. 

Tnese fract ions are referred 
Piperonal c j lor ide 

T:?is 

Considering a l l  possible substi- 

These substi tutions are  shorn. diagranmatically in 

Ring s y s t e m  tiat would be readi ly  n q t u r e d  bj :3;"04 t o  produce s a k r  

Table 6. Constitution of Aromatic Oil FTactions .Won %!e Dis t i l l a t ion  fksidue 

?ioime, za 
1s o -o ct cEe e lu te  do 3eEzene eicted' 

Eenzenes 
Indanes and t e t r a l i n s  
Indenes 2nd dihydronapktkalenes 
:Iag:it:?alel! es 
Xcer.a?hthmes 
.k.cPr.+iti:yleixs 
.Uit:rzcCile 3 and phenanthrenes 

Total  
$%C,smired f r o n  mass snectra. 

12 
L1 u 
10 
8 
5 
10 m 

;mi. ~ r a t i o  of calculate? t o  cbse,yed tokl iordzaticn vas 0;6j. 
C T t s  r a t i o  of calculated to observed total ionization xas 1.09. 
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&sins. The resinous r a t e r i a l  obtained from the or ig ina l  product consisted of 

Elemental analyses ( tab le  2) of each f rac t ion  
n o n p o m ! o l .  x t .  530)  and ~01ar res ins  (901. wt. 800) and represented 12  and 26% 
of the t o t a l  material, respectively. 
showed that they contained large amounts of oxygen and smaller amounts of nitrogen 
and suLrUr. 
( tab le  5 )  and appeared to be present as e s t e r  and ether  or carbonyl oxygen viith 
smaller mounts of alkoxy oxygen. The polar res ins  contained some hydroml and 
l i t t l e  a l h x y  oxygen. 
table  7. 
region, indicating few carbon chains with more than four methy1w.e grol~ps. 
absorption i n  the 7.3 ,zicron region indicated the  presence of considerable teniihal 
CH3 gmups. 
t e r i a l s  appeared to te composed predominantly of saturated cycl ic  structures.  
Infrared spectra showed evidence f o r  hydroxyl, carbonyl and other oxygen functional 
groups, some of wEch was due t o  unreduced ester groups. 

Oxygen functional groups vrere determined by the previous methods 

Infrared analyses of the two r e s i n  f ract ions a r e  shown i n  
30th f ract ions showed we& or no absorption i n  The 13.7 and 13.9 micron 

S b o n -  

Absorption in the aromatic region vias weak; consequently, these Fa- 

Table 7. Infrared Spectra of %sin Fractions Obtained 
Fron the  Dis t i l l a t ion  Residue 

Band In  tensi  t9 
Location, Nonpolar Polar 
Xicrons ileSinS F s s i n s  

2.9 
3 .L5 
5 075 
5 095 

6.25, 6.35 
6.8h 
7 e 3 0  
8.1C 
8 -9 

ll.4 
11.5 
13 e& 

13-77 13.9 

II-R 
s 
s 

None 
7r 
S 

s-r 
s-;: 
;rone 
Xone 
w 

?lone 
:{one 

Possible Interpretat ion 

03 (bonded) 

C?3, aromatic 
C=C (aronatic),  carboxylate ion 

c"' alcohols, ankydrides 
Aronatic 
Arorratic 
&omtic  
Alkyl chains 

cF2, CH3 

Esters, ketones, 

Polar C i i  and Pentane-insoluble Uater ia l .  No analyt ical  data were obtained f o r  
these fractions.  

Conposition of the O r i g i n a l  Acids. 
t i o n  was ident i f ied by a previous study (4). 
was characterized as shown i n  table  8. These conplex acids, -hose molecular weights 
have a w i m m  of more than 1200, consisted o f  small amounts of straight-chain and 
aromatic acids, hut were predoninantly saturated cyclic and heterocyclic acids. 

A p p r o W t e l y  59% o f  the original acid frac- 
In  the  present study, the remirib?.& a 

T P E ~  was evidence t h a t  the oxidation product contained appreciable amounts of 
e ther  o x j ~ e n .  Fractions of the m t e r i a l  obtained by the  reduction of the oxidatior? 
product contained 7 to 19% oxygen, of which b0 to 70% may be ether  oxygen. A quan- 
t i tat ive estimate was obtained f r c n  the remainder of the reduced product and a com- 
F&son of the oxygen present i n  the or ig ina l  kerogen from which these prochcts w e r e  
obtained. The total owgen accounted f o r  i n  the  reduced product equaled 22% of the 
oxygen present in the or ig ina l  kerogen, which indicated that at least 10 t o  15% of 
the  oxygen present i n  kerogen m y  be e ther  oxygen. 
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Table 8. Composition of Acid Fraction Obtained P a m  Kerogen 
by Alkaline Permanganate Oxidation 

Percentage 
of Reduced 
Product= 

Percentage 
of T O M  
Acidsb 

Cycloparaffin acids 
( 1  t o  6 r ings)  

(1 t o  2 rbgs) 

3etwocycli.c acids 

Aromtic acids 

59 

2 

2 

34 

15 
h7 - 

1 

1 

6 

19 - 
To= 100 103 

aCetaArrzined from m a s s  spectra. 
b a s e d  on analyses obtained f r o m  data 'presented i n  this report  and a previous 

report  ( k ) .  

By ckoosing other oAdation conditions different  yields of c o q l e x  acids could 
have been obtained. For example an 8-step-oxidation procedure produced @ oxalic 
acid, 17% 0 2 ,  2% vola t i le  acids and 7% complex organic acids. About 50% of the 
organic acids had molecular weights frcm 1200 to a00 and did not undergo the re- 
act ions used i n  this study. Consequectly, the oxidation used i n  the present study 
appeared to be a ccnprozise betvreen the wo extremes and no attempt vras made to ob- 
tain naxirmun yield of any one type of constituent. 

SLX+fWIY XJD COi~CLUSIC3S 

The oxidation woduct obtained fro-, Colorado oil-skale kerogen consisted of 2- 
paraff inic ,  isoparaffinic,  a r o m t i c ,  naphthenic and heterocyclic structures;  the 
naphthenic ana heterocyclic types predominated. 

1 to 6 rhgs per molecule irith di- and tri-nuclear raaterial being s o s t  prevalent. 
&c, cono/di-nuclear aronatics appeared t o  predoniirate over compounds having pore 
rings. The aromatic f rac t ion  contained nuclei %xith 3-ethylpropyl substi tuticr,  a t  
two and three points. The presence of t h i s  ty-pe of compound in the degradation 
products suggested t h a t  the permanganate oxiddatior. cleaved +mubered  ring systems 
such as cyclopentaqe, cyclopentanone, o r  cjclopentanol that were substi tuted on 
benzene, tetralin, iiidane or indene nuclei. This s t ructure  has not been ident i f ied 
preoiously in kerogen degradaticn products. 

,D-idence was found for  the presence of e t i e r  oxygen in the or ig ina l  kerogen. 
The fmr  major fractions obtained by the reduction of the oxidation product s t i l l  
contained appreciaole w u n t s  cf orjgen, nost of ahich was unreduced es te r  and ether 

The n-paraffins ranged frCn C2 t o  c38 conpounds. The cycloparaffins contxked 
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owgen. 
oxyper?. 
any of the treatnent procedures. 

This indicated t h a t  Colorado kerogen contains some cycl ic  or bridge ether  
It s e w s  unlikely that s tab le  e ther  g r o q s  would have 'been f o n d  during 

In  general, these data s h w  tha t  Colorado oil-shale kerogen is pre6oainantl.y 
a cyclic material, h ighly  saturated with hydrogen and c o n c h s  oxygen, nitrogen and 
sulfur a t o m  associated with r ing structures.  There i s  evidence f o r  the  presence of 
sor,e arorat ic  and long-ckiain s tmctures ,  each representing srnall portions of the 
kerogen. The nature of the oxidation products suggests t h a t  the kerogen i s  coqosed 
nostly of r ing system connected through short carbon chains, bridges or hetero 
ato,m and is  not composed of highly condensed r i n g  s t r u c t n w s  ( 2  t o  3 rings predoni- 
nate). These conclusions are in agreenent x i t h  those obtained f r o m  prev',ous s tudies  
(4,5,$) 
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F 1  
l 3 O ' C . . l m m  Ha.  , .  , 

1 

Residue 

Urea I 
Alumina 
column Paraffin o i l  

nomdducl 

Arornolic o i l  Aromal ic  oil 

P o r o i l t n  oil 
OddUCI 

FIGURE 1.- FRACTIONATION OF REDUCED PRODUCT 

di- and fri- substifuted di- subst i tuted 
benzene tefrai in 

di- subsliluled d i -  and l r i -  w b r l i l u l e d  
indone  indrrr 

FIGURE z.-?cssieLE STRUCTURES PRESENT IN THE M,INC/DI- 
NUCLEAR AROYPTIC CIL. 
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COMPRESSIBILITY FACTOR OF mATuRAL GASES 
AT 6 0 0 ~  AKD ONE ATMOSPHERF: 

D. McA. Mason and B. E. =in 

Ins t i tu te  of Gas Technology 
Chicago, Illinois 

INTRODUCTION 

w i t h  which t h e  composition of a gas can be measured. For many years  
f u e l  gases were analyzed by volumetric techniques, such a s  the Orsat 
o r  Podbielniak. Heating values and spec i f i c  g r a v i t i e s  were a l s o  
determined a t  atmospheric conditions f o r  pure components and f u e l  gas 
mixtures, thus r e su l t i ng  i n  r e a l  gas values. However, because of low 
accuracy i n  the a n a l y t i c a l  methods, p a r t i c u l a r l y  w i t h  respec t  t o  
determination of t h e  heavier hydrocarbons, d i f fe rences  between calcu- 
l a t ed  and observed hea t ing  values were general ly  ascr ibed t o  experi- 
mental techniques, and not in te rpre ted  on the basis of gas law 
deviat ions.  

complete analyses o f  gas mixtures may be obtained. 
a r e  on a t r u e  mole f r a c t i o n ,  OP i d e a l  gas ,  basis. Also, accurate  
i d e a l  gas heat of combustton values can now be derived from the  work 
of Rossini et s., API project  44'. However, f u l l  u t i l i z a t i o n  o f  
t h i s  improvz  accuracy can not present ly  be obtained i n  the calcu- 
l a t i o n  of r e a l  gas heat ing values and spec i f t c  gravit-Les. The l a c k  
of su f f i c i en t  data t o  permit accurate  pred ic t ion  of the compressibi l i ty  
f a c t o r  f o r  r e a l  gas mixtures mag r e s u l t  i n  s ign i f i can t  differences 
between measured values and those calculated from the gas ana lys i s .  
Largest devtat ions occur i n  f u e l  gases containing appreciable  quan- 
t i t ies  of h e a d e r  cons t i tuents .  

A n  experlmental program was therefore  planned t o  obta in  
compressibi l i ty  f a c t o r  data a t  60°F and one atmosphere on f u e l  gas 
components and mixtures. It was an t ic ipa ted  that these data would 
provide the bas i s  f o r  development o f  generalized procedures f o r  
pred ic t ion  of compressibi l i ty  f a c t o r s  of gas mixtures. 
was undertaken a s  p a r t  of the continuing basic  research  program of 
the  I n s t i t u t e  of Gas Technology, and was sponsored by The Peoples 
Natural Gas Company. 
and mixtures a r e  reported here. 

f a l l  i n t o  two groups: 
volume measurement. I n  the ffrst group of methods, gas densi ty  is  
measured by gas balance o r  by d i r e c t  weighing i n  a bulb. 
compressibi l i ty  f a c t o r  i s  calculated from the expression: 

Modern ana ly t i ca l  techniques Pave markedly improved r;he accuracy 

With the  advent of the mass spectrometer, more accura te  and 
These analyses 

T h i s  project  

The r e s u l t s  obtained f o r  n a t u r a l  gas components 

Methods used f o r  determination of gas compressibi l i ty  f a c t o r  
1) gas dens i ty ,  and 2 )  pressure- re la t ive  

The 



- 50 - 

where V i s  the volume of one mole calculated from t h e  dens i ty  and 
molecular weight of the gas. The accuracy of t h i s  method depends 
on absolute  values of pressure,  volume and temperature. 

I n  che second group of methods, measurements of pressure and 
r e l a t i v e  volume a r e  made over a range of pressure,  and pV o r  a 
re la ted  parameter i s  extrapolated t o  zero pressure,  a s  i n  che 
Wlrnett A method of t h i s  kind f o r  use a t  pressures  near 
atmospheric was described by Jessen and Lightfoot .6 Data are 
obtained a t  two o r  three different pressures  by confining the  
sample of gas i n  progressively l a r g e r  volumes over mercury. 
compressibi l i ty  f a c t o r  i s  calculated by f i t t ing the pV measure- 
ments (V is the measured volum here)  with a n  equation such as:  

The 

Here the accuracy depends primarily on r e l a t i v e  volime and pressure 
measurements, and constancy of temperature, r a the r  than on absolute  
values of these q u a n t i t i e s .  
perature  a f f e c t  the r e s u l t  i n  a much less c r i t i c a l  way; that i s ,  
by t h e  dependence of z on pressure and temperature, and not by the 
dependence of pV and RT. S i a i l a r l y  the  accuracy of z f o r  mixtures 
i s  not a f fec ted  by the dependence of gas dens i ty  on composition, 
Hwever, the method i s  dependent on the l i n e a r i t y  of z w i t h  pressure.  

coe f f i c i en t s  i n  the  equat ion 

Absolute values of pressure and t e m -  

According to  the s t a t i s t i c a l  mechanical expressions f o r  vLria1 

p-J = RT ( 1 + Bp + Cp2 + ...) ( 3 )  

the  second v i r i a l  c o e f f i c i e n t ,  B, represents  the deviat ion from idea l  
behavior involving c o l l i s i o n s  between two molecules .' 
theory i t  a l s o  follows that the  second v i r i a l  coef f ic ien t  f o r  mixtures 
involves o n l y  binary i n t e r a c t i o n  terms, and i s  of t h e  form: 

Frorn t h i s  

B, = x12& + xz2B2 + ~ 3 ~ B 3  + ... 
+ 2 ~ 1 ~ 2 B ~ 2  + 2 ~ 1 ~ 3 B 1 3  + 2X2x3B23 + - . a  (4) 

where B1, B2, &, ... a r e  second v i r i a l  coe f f i c i en t s  of the  pure 
componenT;s, and B12, B13, B23, .. . a r e  in t e rac t ion  coeff ic iencs .  

on binary mixtures, together  wtth knowledge of the B f s  f o r  pur %Is 

The l a t t e r  can be evaluated by experimental determination of 

components. The e f f e c t  of the  th i rd  a r i a 1  coef f ic ien t  a t  one 
atmosphere i s  very small and i s  consldered l ace r .  

of 5% o r  more: 
Minor amoimts of isobutane,  _n-butane, isopentane and 2-pentane a l s o  
occur, together  v i t h  t r a c e s  of heavier hydrocarbons. A review of 
the l i t e r a t u r e  indicated that s u f f l c i e n t l y  r e l i a b l e  values of 
atmospheric pre ssum compres s i b i l i t y  f a c t  ors  a r e  ava i lab le  f o r  the 
major components, 1'4 but not f o r  Ghe minor components. 
only very l imited data  were ava i lab le  on mixtures of these components, 
the data  Indicated that composition had a very s izeable  e f fec t  O L ~  
compressibi l i ty  f a c t o r .  

Five components usua l ly  occur i n  na tu ra l  gases i n  concentrations 
methane, ethane, propane, carbon dioxide and nitrogen. 

Also, although 
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Therefore, compressibi l i ty  f a c t o r  measurements were made on the 
pure butanes and pentanes, and on a series of selected mixtures. The 
InteracLion coe f f i c i en t s  among the f i v e  major components, and of 
methane v i t h  the four  minor components, were determined. I n  addi t ion ,  
the in t e rac t ion  coe f f i c i en t s  of n-butane v izh  a l l  tm j o r  couponents 
vas measured t o  provide a bas i s  Tor pred ic t ion  of those not determined 
experinental ly .  

APPARATUS 

The apparatus i s  shorrn i n  Fig.  1. The mixture preparat ion system, 
gas e:qxnsion system, mercury reservoi r  and the lower p a r t  of the 
mercury mnorilezer a r e  mounted i n  a v a t e r  bath wi th  a p la te -g lass  
f r o n t .  The temperature of the bath vas maintained wi th in  0.05' of 
15.55OC ( G O O F ) ,  and d i d  not vary more than O.0loC during any one run. 

A and B a r e  Hoke s t a i n l e s s  s teel  cam-closing valves.  Connection 
t o  g l a s s  parts i s  made through s t a i n l e s s  steel  Swagelok fittings and 
1/8-in. s t a i n l e s s  steel tubing sealed t o  the g l a s s  w i t h  Cekhotinsky 
cement. Other valves a r e  3oke toggle o r  needle valves.  The upper 
part o f  t h e  long manometer arm extends out of the bath and i s  equipped 
with a jacket for water c i r cu la t ion .  F!anometer arms and jacket a r e  
constructed of prec is ion  bore tubing; arms 1 and 2 ,  1 2  m ID;  arm 
3 ,  13.8 mm I D .  Vacuum i s  maintained a t  0.02 mm o r  less with a 
mechanical vacuun pump and dry i c e  cold t r ap ,  and i s  read w i t h  a 
t l l t ing IkLeod gage sens i t i ve  t o  0.01 mm Hg. Mercury l eve l s  a r e  
read to 0.05 mm w i t h  a Gaertner 100 em cathetometer. 

The mixture preparat ion bulbs, gas expansion bulbs ,  and manometer 
arm 1 were caltbraced i;j 1-eight o f  mercury de l ivered .  The volume 
of valve 3 and t h e  cap i l l a ry  manifold i n  the  expansion system, and the  
volume betireen valves A and ,B and the  top  of t n e  upper bulb i n  t h e  
mixture p r e p r a t i o n  system, were determlned with a 1 0  cc gas bu re t t e .  
Tine volume betveen the top and bottom menisci of t h e  manometer arm 1, 
and correct ions f o r  c a p i l l a r y  depression, were taken from K i ~ t e m a k e r ~ ' ~ .  

P N r n A L S  

T'ne hydrocarbons used were P h i l l i p s  research grade.  According 
t o  the suppl ie r ,  pu r i ty  of the  methane vas 99.68 mole $, with i m -  
p u r i t i e s  of ethane and ni t rogen.  
was 99.9s o r  better. The carbon dioxide was PIatheson, bone d r y  grade; 
the  ni t rogen vas Matheson prepur i f ied .  Components o the r  than ni t rogen 
and methane were condensed i n  the freezeout t r a p  t o  remove a i r .  
The pa r t  of the  apparatus being f i l l e d  was f lushed wi th  the  component 
before f i l l i n g  . 

PRO CEDURZ 

Pur i ty  of t he  o the r  hydrocarbons 

In making binary mixtures the first component was measured i n  
the  gas expansion system. The second component was measured i n  the 
mixture preparat ion system by means of manometer arms 2 and 3 .  
Thsn valve 4 was closed and the  gases were mixed by being forced 
from one bure t  t o  t h e  o ther  several  t i m e s .  A s imi l a r  procedure was 
folloved i n  maldng multicomponent mixtures, except t h a t  the  i n t e r -  
mediate components vere,measured one a t  a t i m e  i n  the mixture prep- 
a r a t i o n  buret and t ransfer red  t o  the gas expansion bure t .  Cas 
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F i g .  l.-SCHEMATIC DIAGRAM O F  LOW PRESSURE P- V APPARATUS 
WITH INTEGRAL VOLUMETRIC MIXTURE PREPARATION SYSTEiM 
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r e m i n i n g  i n  the sec t ion  betiieen valves A and B a fce r  the  t r ans fe r  
vas discarded. 

I n  mos;'cases, the two upper bulbs  of the %as expansion buret 
riere f i l l e d  t o  a pressure of about 950 mn Hg. 
of the top  aDd bottom of t h e  mercury menisci i n  the tuo zms of the  
mnoueter ,  and of a reference point  on manometer a m  1 riere caken. 
The pos i t ion  of the mercury vas changed a m i l l i m e t e r  o r  so  f o r  each 
readins ,  to  minimize the  e f f e c t  of l o c a l  imperfections of the 
nanomezer cubing and place g l a s s  irindow . 
taken a fze r  :he gas rras expanded t o  f i l l  a l l  ?;hree bulbs. Heasure- 
mencs on C5 hyd~ocarbons had GO be taken a t  lower pressures;  a 
maximum of about 80% of sa tu ra t ion  pressure was used. 

Tke a p p r a t u s  vas conszructed v i t h  th ree  bulbs t o  alloir measure- 
ments a t  shree d i f f e ren t  pressures  on the  same c'harge of gas i n  order 
t o  d e t e c t  vayiation of t h e  slope p i n  equation ( 2 )  v i t h  pi-essure. 
EoTiever, from variances o f  t h e  pV measurements a t  d i f f e ren t  pressures ,  
i t  vas concluded thas  betcer  accuracy might be obtained i f  o n l y  t he  
l a rge r  volumes rrere used s ince volume measurement a s  well a s  pressure 
measurement contributed to ?;he e r r o r .  Accordingly , data  a t  loiier 
pressures  Tvas obtained by relnoval of pa r t  of che sample and repeat ing 
tzeasurements on t h e  same two combinations of bulbs .  

on an  Alrrac I11 d i g i t a l  compucer. 

Three t o  f i v e  readings 

Similar  readings were 

B t a  riere f i t t e d  t o  equation ( 2 )  by l e a s t  squares computation 

COtFiESSII3IUTf FACTORS OF PUR3 COEIPONENTS 

Fiesulzs f o r  the coef f ic ien t  / equation ( 2 )  obtained cn C 4  
and C5 paraf f in  hydrocarbons a r e  presented i n  Table 1. Determina- 
t i ons  a t  lover pressures were made a s  a par t  of Runs 2 and 6 on 
- n-bucane, and of Runs 3 and 4 on isobutane, t o  de tec t  the change 
of coeff ic ient  \ r ich  pressure.  A trend i n  the d i r ec t ion  of smaller 
numerical values of t he  coef f ic ien t  a t  lover  pressures  i s  evident.  
Such tes5s  Irere conf'ined t o  the C4 hydrocarbons, since the e f f ec t  
i s  barely detectable  with them and i s  l i k e l y  t o  be less w i t h  l i g h t e r  
hydrocarbons and w i t h  mixtures. Determination on the  C5 hydro- 
carbons a t  necessar i ly  lower pressures  would not yield s ign i f icant  
r e s u l t s  on t n i s  question. 

v i r i a l  coeff ic ient  was introduced t o  account f o  ne observed 
trend of 2 with pressure:  

I n  order t o  obta in  the best value of 1-2  (1 atm,  GOOF), the t h i r d  

KIv z = 1 + B p + c p 2  m,= (5) 

An approximation formula vas derived from which values of B and C/B 
could be evaluated from tiT0 measured values of p and the average 
5 n i t i a l  and f i n a l  pressures ,  p1 and p2 of each run 

c 1 

( 6 )  

Tae ratio C/B was evaluated by appl ica t ion  of formula (6)  t o  the eats 
from p a i r s  of runs on t h e  same sample, one made a t  normal pressures 

1 
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Table 1. 

Rcn No. 

n- Bu t a ne - 
1 
2a 
2b 
2c 
3 
4 
5 '  
6a 
6b 
5c 

I so bu t a ne 

1 
2 
3a 
3'0 
4a 
4b 

-0.03413 1 .901 0.0336l 
-0.03466 1.826 0.03417 
-0.03433 1.437 0.03410 
-0 -03422 1 .044  0.03419 
-0 .03423 1.849 0.07374 
-0 .034 53 1.830 0. o j 4 o h  
-0.03411 1.845 o .03362 
-0.03437 1.852 0.03387 
-0 03397 1.458 0 A3370 
-0.03416 1.027 0.03414 

Yeighted Avc 0.03394 
u20.00008 ( a )  

-0.03022 1.894 o .02982 
LO.  02993 1 .a91 0.02953 
-0.03013 1 .a89 0.02973 
-0.02973 0 -937 0.02970 
-0.03022 1.881 0.02982 
-0.02942 0 -895 0.02947 

ifelghted Av&O ,02971 
-0.00010 ( a )  

- n-Pentane 

1 -0.05504 0 578 0.05570 
2 -0 .05632 0 525 0.05703 

Veighted Avg+O .0565 
-0.0007 ( b )  

Isopentane 

Y 

i I 

-0.05199 
-0.05076 

0 -723 0.05236 
0.766 0.05107 

ireighted Ave: 0.0518 
20.0005 (b) A 

(a  ) 

(b) 

From pooled variance or' b values f o r  both butanes. 

From variance of the p'r measurements. 



- 55 - 

and the o ther  a t  about half  the normal pressures .  Runs 2a with 
2c, and 6a with 6c, on q-butane, and Runs 3a wi th  70, and 4a rri th 
4b, on isobutane, give C/B r a t i o s  of 0.016, 0.007, 0.014 and 0.026, 
respect ively.  The average of the four ,  weighted according t o  the 
variance of t h e  pV measurements, was 0.016; i t s  standard deviation, 
a l s o  calculated from t he  variance of t h e  pV measurements, vas 0.006. 

It was d e s i r a b l e  t o  apply s imi la r  cor rec t ions  t o  our r e s u l t s  
for C5 hydrocarbon and mixtures. However, the C/B r a t i o  f o r  
l i g n t e r  gases a t  60°F i s  smaller than those observed f o r  the 
butanes, e .g . ,  et'hane, 0.0061'3, v h i l e  higher r a t i o s  a r e  theo re t i ca l ly  
expected f o r  heavier hydrocarbons3. The observed r a t i o  of C/B f o r  
the  butanes iras approximately equal t o  B/2. 
our  r e s u l t s  on a consis tent  bas i s  over the complete range of 
deviat ions,  we adopted a C/B r a t i o  of B/2 for a l l  the hydrocarbons 
and mixtures. 

Gas law deviat ions of the C4 and Cs hydrocarbons, i n  the  form 
of 1-2 
a r e  shorrn i n  Table 1. blaximum e r r o r  of the compressibi l i ty  f a c t o r s  
of t h e  butanes i s  estimated t o  be 0.03$, and f o r  t h e  pentanes, 0.1s. 

ca lcu la t ion  of data on mixtux%s a r e  col lected i n  T a b l e  3 .  

I n  order  t o  correct  

f o r  easy comparison v i t h  the uncorrected p values, 

Vzlues of gas law deviat ions f o r  pure components used i n  the 

BINARY IDTI?ERACTIOl'? COE?FICIETlTS 

In t e rac t ion  coe f f i c i en t s  determined by neasurernent of r;he 
compressibil i ty f a c t o r s  of binary mixtures of na tu ra l  gas components 
a r e  presented i n  Table 2.  
the mixture r u l e  o f  equation ( 4 )  b u t  using the gas lair deviat ion 
(1-z) r a t h e r  than ac tua l  second v i r i a l  coe f f i c i en t s .  Since 
t h e  t h i r d  and higher v i r i a l  coe f f i c i en t s  m&e on ly  a small con- 
t r i b u t i o n  (mxinilm about l$) t o  the devia t ion ,e r ror  from t h i s  
approximation should not be s ign i f i can t .  

methane - n-pentane averages a r e  0.00034 and 0.000455 respect ively.  
The estimated standard deviat ion of o ther  average i n t e r a c t i o n  
coe f f i c i en t s  i s  0.00022. 

r u l e  vas  tested by determinations of i n t e rac t ion  coe f f i c i en t s  on 
1:3 and 3:1 mixtures of  methane with ;-butane, and of carbon 
dioxide Tritn ;-butane. On the  carbon diox'ide - n-butane system, 
agreement i s  within experimental e r r o r  and no wend i s  apparent. 
On t h e  nethane - n-butane system, a trend of increasing i n t e r a c t i o n  
coefficien; i r i t h  Tncreasing mer;hane content i s  noGiceable; hovever , 
the  difference between j:1 and 1 : 3  coe f f i c i en t s  i s  not s ign i f icant  
a t  the 905 confideme l e v e l .  Compressibility I'acLors of the  nethane - 
- n-butane mixtures calculated from t h e  average in t e rac t ion  coefficLenz 
reporGed i n  Table 2 agree v i t h  t h e  detemnlned values v i t h i n  O.OE:', 
maximum deviat ion,  and agree t o  0.035 on the average. 

These have been calculated by means of 

Estimated standard deviat ions of the methane - n-butane and 

Agreement of experimental gas law deviat ions with the  mixture 
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I n  she %nedict-i*lebb-Rilbin equation the  l i n e a r  square root  
coa'Jination i s  used  t o  pred ic t  constants  f o r  mixtures from con- 
stants for t h e  pure components f o r  the second v i r i a l  terms. 
t o  c u r  parameter t h i s  y ie lds :  

Applied 

Comparison i r i th  eqiacion 4 ind ica tes  that in t e rac t ion  Coeff ic ients  
f o r  a given component 7 s h o u l d  l i e  on a s t r a i g h t  line of slope bll" 
i f  p lo t ted  against  bZ1 .. T h i s  p lo t  i s  s h o 1 m i n F i g .  2. Ekperi- 
mencal points  f a l l  TeasoEably c lose  t o  the  predicr,ed value,  except 
f o r  carbon dioxide mixtures. I n  order  t o  r e t a i n  the advantages of 
the l i n e a r  square rooc combination f o r  ca lcu la t ing  the comgressi- 
b i l i t y  f a c t o r  of complex mixtures, a gseudo b value f o r  carbon 
dioxide :has Seen calcula2ed (Table 3 ) .  

?,TO .four-component mixtures were p? epared and their  gas law 
deviations measured t o  test Eethods of pred ic t ing  the c o z p e s s i -  
b i l l c g  f ac to r s  of complex mixtures. The measured values a r e  
presented i n  Table 4 ,  toger;her v i t h  values calculated ,by: 

Linear combination of gas lair deviat ions of compone~%s, 

Linear sauare root  combination of gas law deviat ions of p"-lre 
idixture r u l e  with binary in t e rac t ion  coef f ic ien ts ,  eqgat ion !", acd 

components equation, ( 7 ) ,  w i t h  t h e  pseudo deviat ion for carbon 
dioxide. 

T'nese results ind ica t e  that the conpres s ib i l j t  f a c t o r  of complex 
mixtures can be calculated by e i t h e r  2 )  o r  3 7  with an  accuracy 
of 0.035 o r  better. This  represents  a d i s t i n c t  improvement over 
the  l i n e a r  combination. 

a sumling of terms of t h e  form x %i, where i s  t h e  r e a l  gas 
heating value of the pure componknt. T h i s  fik?l l a  y i e l d s  values 
f o r  the tvo mixtures i n  Table 4 which are about 3 Btu per  SCF, o r  
almost 0.3$, too high. A s  a r e s u l t  of this study i t  is  recomended 
t'hat the heating value be calculated on the bas i s  of the i d e a l  gas 
heating values, and be corrected f o r  nonideal i ty  by the  mixture 
compressibil i ty f a c t o r ,  calculated by e i t h e r  of t he  recomended 
combining rules, methods 2 )  o r  3 ) .  E5y t h i s  procedure the  e r r o r  
of ca lcu la t ion  f o r  the  mixtures i n  Table 4 i s  reduced t o  only 
0.3 Btu/SCF, o r  0.03%. 

Heating values of gas midxtures a r e  sometimes calculated by 

A C I I N O ? k m m  

This papar summarizes the results of a continuing study of 
"14easurement of Physical and Thermochemical Propert ies  of Fuel 
Gases," sponsored by The Peoples Natural  Gas Company s ince  January, 
1959. The authors r a s h  t o  expess their  apprec ia t ion  t o  the sponsor 
f o r  permission t o  publ ish t h i s  da ta .  IQ. B. X. Tike performed 
most of the expr imen ta l  measurements agd ca lcu la t ions .  
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Table 3.  GAS L A W  DEVIATIONS OF NATURAL GAS COMPONENTS AT 6 0 O ~  

AND ONE ATMOSPKECRE 

Gas Law 
D e d a t i o n  

Hydrocarbon b Z l - 2  Source 
Methane 0.0019 MI1 
Ethane 0.0084 API = 
Propane 0.0180 MI1 
Isobutane 0.0297 - IGT 
- n-Putane 0.0339 IGT 
I sopentane 0.0518 IGT 
- n-Pentane 0.0565 IGT 
Nitrogen 
Carbon Dioxide 

o .0003 
0.0057* 

NBS4 
NEB4 

* For ca lcu la t ion  by l i n e a r  square root  combination, use the 
pseudo value, b = 0.0041. 

Table 4.  GAS LAW DEVIATIONS OF FOUR-COMPONENT NIXTURES AT 
6 0 O ~  AND ONE ATMOSPIIERE 

Nixture 1 Mixture 2 
Methane , mole % 67.44 64.14 

Propane, mole % 5.30 5.02 

Carbon Dioxide, mole $ 0 .oo 10.16 

Ethane, mole $ 16.37 20.68 

Mitrogen, mole $ 10 .a9 0 -00 

bm measured 0.00274 0.00331 

bm calculated* (1) 0.00364 0.00444 
(2) 0.00292 0 - 00357 
(3) 0.00285 o .00362 

* bm calculated from (1) bm = zxibi 

(2) bm = Cxi2bi+C2xixjblj 

(3)  bm = ( Xibi J 2 ) 2  
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