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A bstract. The reaction of iron sulfide (FeS) with H 2S in water, in  presence o f C O 2 under anaerobic 
conditions was found to yield H 2 and a variety of organic sulfur com pounds, mainly thiols and 
small amounts of CS2 and dimethyldisulfide. T he same com pounds were produced when H 2 S was 
replaced by HC1, in the H2S-generating system FeS/H Cl/CO í. T he identification of the products 
was confirmed by GC-MS analyses and the incorporation o f H 2 in  the organic sulfur compounds 
was demonstrated by experiments in which all hydrogen com pounds were replaced by deuterium  
compounds. Generation of H 2 and the synthesis of thiols were both dependent upon the relative 
abundance of FeS and HC1 or H 2 S, i.e. the FeS/HCl- or FeS/I-hS-proportions. W hether thiols or CS2 

were formed as the main products depended also on the FeS/H Cl-ratio: A ll conditions which create 
a H2 deficiency were found to initiate a proportional increase in the am ount o f  CS2 . T he quantities o f 
H2 and thiols generated depended on temperature: the production o f H2 was significantly accelerated 
from 50 °C onward and thiol synthesis above 75 °C. The yield o f  thiols increased w ith the am ount of 
FeS and HC1 (H2S), given a certain FeS/H Cl-ratio and a surplus o f CO 2 , A  deficiency of CO2 results 
in lower thiol systhesis. The end product, pyrite (FeSa), was found to appear as a silvery granular 
layer floating on the aqueous surface. T he identity of the thiols was confirm ed by m ass spectrometry, 
and the reduction of CO 2 dem onstrated by the determ ination o f deuterium  incorporation w ith DC1 
and D 2O. The described reactions can principally proceed under the conditions comparable to those 
obtaining around submarine hydrotherm al vents, or the global situation about 4  billion years ago, 
before the dawn of life, and could replace the need for a reducing atm osphere on the primitive earth.

1 . I n t r o d u c t i o n

The perspective tha t the ad v en t o f  o rgan ic  co m p o u n d s on  earth  m ay  have o ccu rred  

in iron- and sulfur-rich en v iro n m en ts  such  as su b m arin e  h o t sp rin g s, ha3 certa in ly  

grown in recen t years. T he  p resen ce  o f  organic co m p o u n d s , iro n , sulfides and  

pyrite in subm arine hot sp rin g s (C airns-S m ith  et al., 1992; H o lm , 1992; L a rte r  et 

al., 1981; R ussell et a l ,  1988) have  b een  trea ted  ex tensive ly , as has th e  link  b e tw een  

the iron- and sulfur-cycles (Z h u an g  et al., 1992). In te re s t in  iro n -su lfu r  com pounds 

has also included their in v o lv em en t in  p ro cesses p o ss ib ly  co n trib u tin g  to the o rig ins 

o f life (Ferris, 1992; H o lm , 1992, H o lm  and H ennet, 1992; P o p p er, 1990; R u sse ll 

e ta l ,  1988; R ussell et al., 1990; W illiam s, 1990; Y an ag aw a an d  K obayash i, 1989), 

especially the abiotic sy n th esis  o f  am in o  acids (H en n e t et a l , 1992; H o lm  an d  

A ndersson, 1994). C o n cern in g  th e  th eo re tica l b ack g ro u n d , tw o  m odels w ere  o f
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s p e c ia l  in te r e s t  w ith in  th is  r ea lm : d e  D u v e ’s  th io e s te r  w o r ld  a n d  W a c h te r s h a u s e r ’s 

s u r fa c e  m e ta b o lis m . T h e  th io e s te r  m o d e l, w h ic h  r e a lly  is  a  th io e s te r - ir o n  w o r ld  (d e  

D u v e , 1 9 9 1 , 1 9 9 2 ) ,  i s  b a s e d  o n  “ th e  p r e s e n c e  o f  t h io ls  a n d  c a r b o x y lic  a c id s ” (d e  

D u v e , 1 9 9 1 ) , b u t d o e s  n o t  a n s w e r  th e  q u e s t io n , h o w  th e  r e q u ir e d  r e d u c e d  c a r b o n  

c o m p o u n d s  h a v e  b e e n  s y n th e s iz e d . A lte r n a t iv e ly , W a c h te r s h a u s e r  h a s  p r o p a g a te d  

h is  th e o r y  o f  s u r fa c e  m e ta b o lis m  ( 1 9 8 8 ,  1 9 9 0 a ,b , 1 9 9 2 , 1 9 9 4 ) , w h ic h  p o s tu la te d  

th e  fo r m a tio n  o f  o r g a n ic  m a te r ia l f r o m  th e  r e a c t io n  o f  ir o n  s u lf id e  w ith  h y d r o g e n  

s u lf id e  a n d  c a r b o n  d io x id e . In  th is  c o n te x t  D r o b n e r  et al. ( 1 9 9 0 ) ,  h a v e  s h o w n  

th a t th e  h y d r o g e n  r e q u ir e d  fo r  C O 2 r e d u c t io n  is  e v o lv e d  fr o m  t h e s e  r e a c t io n s , 

a lth o u g h  a t v e r y  h ig h  c o n c e n tr a t io n s  o f  H 2 S , a n d  th a t t h e s e  c a n  a ls o  e l i c i t  th e  

fo r m a tio n  o f  a m m o n ia , e th a n e , e t h e n e , a n d  a c e t ic  a c id , th e  la tte r  f r o m  t h io g ly c o l ic  

a c id  ( B lo c h l  et al., 1 9 9 2 ) . K a s c h k e  et al. ( 1 9 9 4 )  h a v e  fu r th e r m o r e  d e m o n s tr a te d  

th e  r e d u c in g  c a p a b ility  o f  th e  F e S /F e S 2 - s y s t e m  w ith  c y c lo h e x a n o n e  a s  a  m o d e l  

c o m p o u n d . A g a in s t  th is  b a c k g r o u n d  a n d  in  v ie w  o f  W a c h te r s h a u s e r ’s  p o s tu la t io n s , 

w e  h a v e  e x a m in e d  th e  a q u e o u s  a n o x ic  s y s t e m s  F e S /H 2 S /C 0 2  a n d  F e S /H C l/C 0 2  

a n d  r e p o r t h e r e  o n  th e  fo r m a tio n  o f  h y d r o g e n  a n d  th e  t im e -  a n d  te m p e r a tu r e -  

d e p e n d e n t  s y n t h e s is  o f  th io ls  a n d  o th e r  s u lfu r  c o m p o u n d s .

2 . E x p e r im e n ta l P r o c e d u r e s

6 0 -m l se r u m  b o t t le s , s e a le d  w ith  A l- c a p p e d  s i l i c o n e  s to p p e r s , c o n t a in in g  1 0 -  

1 5 0  m g  ( 0 .1 1 4 - 1 .7 1  m m o l)  F e S  in  1 0  m l H 2 O  w e r e  s u p p lie d  w ith  a n  N 2 /C O 2  

a tm o s p h e r e  ( 8 0 : 2 0 ,1 3 0  k P a ) o r  a  1 0 0 %  C O 2 g a s  p h a s e  b y  r e p e a te d ly  d e g a s s in g  a n d  

f lu s h in g  w ith  th e  d e s ir e d  g a s . T h e  F e S  r o u t in e ly  u s e d  w a s  fr o m  A ld r ic h  (9 9 .9 %  p u r i ­

t y ) , b u t a s  c o n tr o l e x p e r im e n ts  F e S  fr o m  o th e r  s o u r c e s  ( A lf a  a n d  J o h n s o n  M a tth e y , 

b o th  9 9 .9 %  p u r e ) w a s  a p p lie d . T h e  b o t t le s  w e r e  c h a r g e d  w ith  a  1 - 1 0  m l ( 2 0 - 2 0 0  

/ jm o l)  H 2 S - in je c t io n , p r e p a r e d  b y  a d d in g  5 0 %  H 2 S O 4  to  e v a c u a te d  s e r u m  b o t t le s  

w ith  N a 2 S  x 9H2O. T h e  p H  o f  th is  s y s t e m  w a s  a b o u t 4 .6 .  W h e n  th e  H 2 S  -generating 

s y s t e m  w a s  u s e d  in s te a d  o f  H ^ S , th e  v o lu m e  w a s  r e d u c e d  to  9  m l a n d  1 m l H C 1 o f  a  

g iv e n  c o n c e n tr a t io n  w a s  a d d e d  t o  sta r t th e  r e a c t io n . In  th is  s y s t e m  th e  f in a l p H  w a s  

a p p r o x im a te ly  3 .6 .  T h e  r e a c ta n ts  w e r e  k e p t  a t a  g iv e n  te m p e r a tu r e  ( m o s t ly  9 0  ° C )  

fo r  a  g iv e n  t im e  (d a y s ) .  H e a d s p a c e  s a m p le s  w e r e  ta k e n  w ith  a  M o n o je c t  s y r in g e  

e q u ip p e d  w ith  a  T e f lo n  p is to n  a n d  p a s s e d  th r o u g h  a n  8 0  m m -le n g th , 4 -m m  in n e r  

d ia m e te r  tu b e  c o n ta in in g  2 0 0  m g  o f  T e n a x  G C  ( 8 0 /1 0 0  m e s h )  a n d  f lu s h e d  w ith  a  

f ix e d  v o lu m e  N 2 g a s  to  e x p e l  e x c e s s iv e  H 2 S , w h ic h  w o u ld  o th e r w is e  in te r fe r e  w ith  

th e  f ir s t  p e a k ( s ) . T h e  s p e c ia l  d e s ig n  o f  th e  in le t  s y s t e m  (D e r ik x  et al., 1 9 9 0 )  o f  

th e  P a c k a r d  4 3 8  A  g a s  c h r o m a to g r a p h  (w ith  a  f la m e  p h o to m e tr ic  d e te c to r )  a l lo w e d  

r e p la c e m e n t  o f  a  T e n a x  tu b e  w ith in  s e c o n d s ,  a n d  a n a ly s is  w e r e  c a r r ie d  o u t  ( s y s t e m  

I )  o n  a  C a r b o p a c k  B  H T  ( 4 0 /6 0  m e s h )  2 .0  m  g la s s  c o lu m n  ( 6 .0  m m  o u te r  a n d  4 .0  

m m  in n e r  d ia m e te r )  w ith  9 0  m l/m in  N 2  f lo w ;  d e te c to r  a n d  in je c to r  te m p e r a tu r e  w a s  

1 9 0  ° C , te m p e r a tu r e  p r o g r a m  1 m in  in it ia l te m p e r a tu r e  ( 8 0  ° C ) , th e n  3 0  ° C /m in  

r is e  to  1 4 0  ° C . T o  c o n f ir m  th e  id e n t if ic a t io n  o f  th e  c o m p o u n d s , a n a ly s e s  w e r e  a ls o
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done (system  II) w ith 20%  SE-30 on a C hrom osorb P N A W  (60/80 m esh) 1.50 m  

glass co lum n (6.0 m m  outer and 4.0 m m  inner d iam eter) w ith  90 m l/m in N 2 flow; 

detector and in jecto r tem perature was 190 °C, tem p era tu re  program  3 min initial 

tem perature (50  CC) then 35 °C/m in rise to 190 °C . A ll da ta  were calculated for 

a  50 m l headspace, and the partial rem oval of m eth an e th io l by flushing with N2, 

w hich had been  previously determ ined, was taken in to  account. T he  thiols and 

o ther su lfur com pounds used as standards and fo r ca lib ra tio n  w ere from  Aldrich,

9 7 -9 9 %  purity.

In addition  to the G C  determ inations, headspace sam p les  w ere analysed with a  

G C -M S-installation  equipped with an inlet system  fo r T en ax  tubes: M ass spectrom ­

e ter F inn igan  M AT T SQ -70 (triple-quad) E l (electron im p ac t) m ode, scan  mass 30

100 1 sec/scan. G LC H ew lett-Packard model 5890 , co lu m n  HP5 50 m , 0.32 m m  

inner diam eter, carrier gas Helium , colum n tem perature  iso therm  50 °C . A nalyses 

w ere carried out by Mr. N. B outer at the A nalytical re sea rch  departm ent o f Q uest 

In ternational at N aarden, w ith headspace samples co n ta in in g  about 2 5 0 -3 0 0  ng thi ­

ols. To determ ine the  identity of the com pound w ith  th e  m olecular w eigh t 62, the 

isom ers ethaneth io l and dim ethyl-sulfide were separate ly  co-chrom atographed w ith 

o therw ise identical sam ples. The com pound was th is  w ay  identified as ethanethiol.

In o rder to  dem onstrate the incorporation o f  h y d ro g en  into the organic com ­

pounds, experim ents w ere done with D2O (A ldrich, 9 9 .9% ) D2O) as the w ater 

phase and DC1 (A ldrich, 37%  DC1 in D2O) rep lacing  H C I. All o ther conditions 

w ere no t altered  and sam ples were analyzed on the  G C -M S  installation described 

above. A dditional analyses were done with a Varian S a tu rn  GC/M S, colum n DB 

5 30 m , 0.25 m m  inner diam eter, tem perature p rogram  8 0 -1 4 0  °C, at the Dept, o f 

O rganic C hem istry  at the University of N ijm egen,

D eterm ination  o f  H 2S was done with system  I at 8 0  °C . H ydrogen was deter ­

m ined on a  H ew lett Packard 5890 A  GC, equipped w ith  a  therm al conductivity  

detecto r and a  colum n packed with Poropack Q (8 0 -1 0 0  m esh), oven tem perature 

40  °C. W hen H 2S w as replaced by HCI, the other co n d itio n s  w ere no t altered.

3 . R e s u lt s

T he p ro jec t w as in itiated by follow ing the generation  o f  H 2 w hile F eS , H2S and 

C O 2 w ere allow ed to react together at 75 °C  (under an aero b ic  conditions) for at 

least one w eek. G as-chrom atographic analysis o f  the  o rg an ic  m aterial resulting at 

the end o f  th is tim e revealed the presence o f o rgan ic  su lfu r com pounds (OSC). 

It w as then dem onstrated  that they could be detected  a fte r  m uch shorter reaction 

tim es (Table I), It was found that about 50 nm oles O S C  are form ed after ca. 2  

days, consisting  o f a m ixture o f 7 identified and 2 un iden tified  thiols, CS2 and 

d im ethyldisulfide (D M D S). The main product w as show n to be m ethanethiol, 

together w ith  ethanethiol and much sm aller am ounts o f  propane-, butane- and 

pen tane-th io ls . C arbon disulfide (CS2) and d im ethy ld isu lfide  (D M D S) accounted
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Figure 1. Effect o f H 2 S variations on the synthesis of thiols (nmol, squares), and the occurrence of 
CS2 (percent of total OSC, triangles) from 570 ¡j,mo\ FeS. (Values for H2 were below 0.5 /Ltmol).

f o r  2 .3 %  o f  th e  t o t a l  o f  O S C . C o n t r o l  e x p e r im e n t s  s h o w e d  th a t  o n l y  n e g l i g ib l e  

a m o u n t s  o f  O S C  a r e  d e t e c t a b le  i f  H 2S  i s  o m it t e d  f r o m  th e  s y s t e m . I n  th e  a b s e n c e  

o f  F e S  ( “ o n ly  H 2S ” )  g e n e r a t io n  o f  H 2 d id  n o t  o c c u r , a n d  th e  q u a n t ity  o f  O S C  w a s  

a ls o  a g a in  v e r y  lo w . In  b o th  c o n tr o l  e x p e r im e n t s  th e  v e r y  lo w  y ie ld  d id  n o t  in c r e a s e  

w it h  p r o lo n g e d  r e a c t io n  t im e s  o f  u p  to  2  w e e k s .

T h io l  s y n t h e s is  w a s  fo u n d  t o  in c r e a s e  l in e a r ly  w ith  th e  a m o u n t  o f  F e S  a n d  

t im e  w ith in  c e r ta in  l im it s .  T h e  o p t im u m  a m o u n t  o f  H 2 S  h a s  b e e n  d e te r m in e d  w ith  

v a r io u s  F e S  c o n c e n tr a t io n s , a n d  a  m o la r  r a tio  F e S  : H 2 S  o f  ±  4 :1  w a s  fo u n d  to  

g iv e  m a x im u m  y ie ld s  o f  th io ls  (F ig u r e  1 ) . B e lo w  a n d  a b o v e  th is  o p t im u m , th e  

d im in is h e d  t h io l  s y n th e s is  w a s  a c c o m p a n ie d  b y  a n  in c r e a s e d  C S 2 fo r m a t io n .

F r o m  s e v e r a l o th e r  p a r a m e te r s  e x a m in e d , it  w a s  d e m o n s tr a te d  th a t lo w e r in g  o f  

t h e  p r e s s u r e  r e s u lte d  in  an  in c r e a s e  o f  O S C  in  th e  h e a d s p a c e  w ith  a  c o r r e s p o n d in g  

d e c r e a s e  in  th e  a q u e o u s  p h a s e . T h is  s u g g e s t e d  th a t  th e  r e a c t io n s  w o u ld  a ls o  p r o c e e d  

u n d e r  n o r m a l p r e s s u r e . A lte r in g  th e  p H  in  th e  r e a c t io n  b o t t le s  le d  to  a n  in c r e a s e  

o f  t h io l  fo r m a t io n  in  th e  a c id  r e g io n  a n d  a  d e c r e a s e  b e y o n d  p H  8 , m o s t  p r o b a b ly  

d u e  to  th e  fo r m a t io n  o f  in c r e a s in g ly  m o r e  w a te r  s o lu b le  R S  a n d  th io la te s . W e  

o b s e r v e d  fu r th e r m o r e  th e  a p p e a r a n c e  o f  a  s i lv e r y  g r a n u la r  la y e r  w h ic h  f lo a te d  

o n  th e  a q u e o u s  p h a s e . I t  w a s  id e n t if ie d  (X -r a y  d if fr a c t io n )  a s  F e S 2 , c o n s is t in g  

m a in ly  o f  ( c u b ic )  p y r ite  to g e th e r  w ith  s m a lle r  a m o u n ts  o f  (r h o m b ic )  m a r c a s ite  

(F ig u r e  2 ) .  T h e  d e v e lo p m e n t  o f  th e  “ f lo a t in g ”  F e S 2  w a s  v is ib ly  a f f e c te d  b y  t im e , 

te m p e r a tu r e  a n d  th e  a v a ila b ility  o f  b o th  F e S  a n d  H 2 S . I t  w a s  n o t  fo r m e d  in  a b s e n c e  

o f  in je c te d  H 2 S , a  c o n d it io n  w h e r e  H 2  g e n e r a t io n  o c c u r s , b u t O S C  a re  p r o d u c e d
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Figure 2. X-ray powder diffraction pattern of the material developing as a ‘'floating” surface layer 
on the aqueous phase during the FeS/H2S (HCl)/C0 2  reaction (solid line). Analyses were performed 
on a Philips PW  1710 diffractometer with a Cu LFF monochromator and compared with authentic 
spectra from data files (vertical lines).

only in insignificant am ounts. The occurrence, developm en t and  properties o f  th e  

“floating” F eS 2~layer, w hich precipitates im m ediately u p o n  th e  add ition  of o rgan ic  

solvents, w ere determ ined by several other param eters (unpub lished  data), w h ich  

suggested  a b ind ing  o f organic m aterial to the m in era l su rface  (e.g. C H ^S- ), 

as p roposed  by W achtershauser (1990b) and observed  w ith  several iron -su lfu r 

m inerals (H olm  et al., 1993) and the self-assem bly o f  th io ls on A u  surfaces (F en te r 

et a /., 1994).

T he FeS /H 2S/C 02-system  can be varied by rep lacing  H 2S b y  HC1, thus chang ing  

to the H 2S generating  system  F eS /H C l/C 02 . The sam e co m p o u n d s as listed  in T ab le  

I w ere ob tained  w ith this system  (Figure 3).

Form ation  o f H 2 and OSC with the F eS /H C l/C 0 2 -sy stem  w as found  to  be  

affected by th e  FeS /H C l ratio and reaction time. In c reasin g  am ounts o f  F eS + H C l 

(in a constan t ratio) w ere found to prolong the reac tion  tim e (F igure  4): W ith 50  

m g FeS (0.57 m m ol) and 0.65 m m ol HC1, m ax im um  p ro d u c tio n  o f  thiols w as 

reached  after 5 days, w ith 100 m g FeS (1.14 m m ol) and  1.3 m m o l HC1 m ax im um  

production w as observed after 9 -1 0  days. In all cases H ^S, fo rm ed  prim arily f ro m  

FeS+H C l, w as found to decrease with time.
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Retention time (min)

Figure 3. Representative GC trace o f 1 ml headspace from a bottle with 50 mg FeS (0.517 mmol) and 
0.65 mmol HC1. The HaS peak (off-scale, r.t. 0.45) is followed by (1) methanethiol, (2) ethanethiol, 
(3) carbon disulfide, (4) isopropanethiol, (5) propanethiol, (6 ) DMDS and (7) butanethiol. One minute 
after start begins the temperature rise from 80 °C to 140 °C.

W h e n  p r o d u c t  fo r m a t io n  w a s  f o l lo w e d  d u r in g  t h e  fir st 1 2  h  ( F ig u r e  5 ) ,  i t  w a s  

fo u n d  th a t  H 2S  fo r m a t io n  in c r e a s e d  f ir s t  s h a r p ly , th e n  m o r e  s lo w ly  u p  t o  1 0  h , 

w h e r e a f t e r  i t  b e g a n  to  d e c r e a s e . P r o d u c t io n  o f  t h io l s  b e g a n  to  in c r e a s e  a f t e r  2  h , 

a n d  H 2 f o r m a t io n  s ta r te d  s im u lta n e o u s ly  b u t s t a y e d  b e lo w  2  ¿¿m ol, m o s t  p r o b a b ly  

b e c a u s e  i t  i s  im m e d ia t e ly  c o n s u m e d  fo r  C O 2 r e d u c t io n  in  th is  e a r ly  s t a g e  o f  th io l  

s y n t h e s i s .

T h e  r a t io  o f  F e S  to  H C 1 w a s  a ls o  f o u n d  to  d e te r m in e  th e  p r o p o r t io n a l a m o u n ts  

o f  th e  e n d  p r o d u c ts . W ith  ( r e la t iv e ly )  h ig h  a m o u n ts  o f  F e S  a n d  lo w  a m o u n ts  o f  H 2S  

(a n d  vice versa) th e  p r o p o r t io n  o f  C S 2 in c r e a s e d  d r a s t ic a lly  w h ile  i t  n e v e r  m a d e  u p
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Table I

Organic sulfur compounds resulting from the reaction of FeS with H 2S and 
CO2 at 75 °C after 2  days (headspace samples, GC-system  I).

Retention 

time (min)

Compound (accor­

ding to standards) nmol

% o f

total

Controls (nmol)

FeS only H2 S only

1.15 methanethiol 31.17 63.6 0 .0 2 0.29

2.65a ethanethiol 13.53 27.6 0 0 . 0 2

3.12 carbon disulfide 0.93 1.9 0 .1 1 0.43

4.45 isopropanethiol 0 .1 2 0 . 2 0

5.25 propanethiol 2.04 4.2 0

7.18 dimethyldisulfide 0.18 0.4 0 .0 1 0.06

8.45 sec. butanethiol 0 .1 1 0 . 2 0

1 0 .0 2 butanethiol 0.63 1.3 0

22.31 pentanethiol 0.28 0 ,6 0

Total (nmol) 48,98 0.14b 0.80b

a The retention times of ethanethiol and dimethylsulfide (DMS) were too close 
to be discernable, but upon addition of KOH the peak of RT 2,65 vanished 
(together with the other thiol peaks), due to the formation of water soluble 
thiolates, which thus disappear from the headspace. In contrast, the DMS (and 
DMDS) -peaks were not altered by this treatment in control experiments with 
the pure compounds.
b The value remained unaltered with prolonged reaction times. The compounds 
in the controls (mainly CS2) did not originate from the silicone stoppers used 
throughout these experiments.

Table II

Formation of CS2 (in % of total OSC) with various combi­
nations of FeS and HC1 at 90 ° C (left part) and at different 
times and temperatures (right part, with 0.855 nmol FeS and
1.0 mmol HC1)

HC1

mmol

FeS (mmol) Time

(h)

CS2 (%)

0.57 1.14 1.71

O0

V
O 0
0 O

0 .1 0 2 2 .0 — 52.7 3 49.3 1 2 .0

0.15 4.2 22.7 37.0 5 17.2 7.6

0.25 2.5 7.3 1 0 .0 7 — 5.8

0.30 1.9 3.2 5.0 2 2 9.8 2 .1

0.50 2.4 2.5 3.0 30 3.2 2 .6

1 .1 0 3.8 2.7 2.3 72 3.5 2.7

1.60 14.0 10.7 1.8 1 2 0 4.9 2 .8

2.30 35.5 — 3.5

3.00 58.3 24.8 12.7
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Days

Figure 4. Effect of reaction time on the formation of (a) thiols (squares) and H2S (triangles) with 
0.57 mmol FeS and 0.65 mmol HCl, and (b) with 114 mmol FeS (diamonds = thiols, circles = H2S) 
and 1.3 mmol HC1 at 90 °C. Here and in all following graphs H2S (and/or H2) in pmol, thiols in 
nmol.

Table HI

Thiol synthesis (all values in nmol) with various combinations of FeS and HCl with an 
N 2/CO2 (=2 0 % C 0 2) gas phase (upper part) and with a 1 0 0 % CO2 gas phase (lower 
part)

Gas

phase

FeS 

(fx mol) day

HCL (¿¿mol)

165.2 325 650 1 0 0 0 1300 2 0 0 0

n 2/ c o 2 285 3 77.3 129,3 108.6

= 2 0 % C 0 2 570 5 170.2 220.4 260.0 214.5 173.1

855 7 150.2 195.2 223.2 218.1 130.2

1140 1 0 235.7 252.0 258.1 195.5

1 0 0 % c o 2 285 3 78.2 128.4 103.6

570 5 167.8 218.7 263.1 213.8 176.2

855 7 170.7 316.6 358.1 258.7 147.1

1140 1 0 325.4 395.3 436,2 227.1

m o r e  th a n  2 - 3 %  o f  th e  to ta l O S C  w it h  b e t te r  b a la n c e d  F e S /H C l r a t io s  (T a b le  II,
♦

l e f t  p a r t) . T h e  r e a c t io n  t im e  a n d  te m p e r a tu r e  ( s e e  b e lo w )  a ls o  h a d  a n  e f f e c t  o n  C S 2 

fo r m a t io n  (T a b le  II ): H ig h  p r o p o r t io n s  o f  C S 2 w e r e  o b s e r v e d  a s  w e l l  a t  t h e  v e r y  

s ta r t  o f  th e  r e a c t io n , a n d  a t lo w  te m p e r a tu r e s . 

C o m b in a t io n  o f  v a r io u s  a m o u n ts  o f  H C l a n d  F e S  r e v e a le d  o p t im u m  F e S /H C l  

r a t io s  f o r  b o th  H 2 a n d  t h io l  fo r m a t io n  (F ig u r e  6 a  a n d  b , a n d  T a b le  D I ) . B a s e d  o n
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Figure 5. Generation of H2S (triangles) and thiols (squares) with 0.855 mmol FeS and 1.0 m mol 
HC1 and 90 °C during the first 12 hours. (H2 formation stayed below 2 ¿zmol and is not given in the 
graph).
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Figure 6a.
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HCI (mmol)

Figure 6(a)-(b). F o r m a tio n  o f  H j  (a )  an d  th io ls  (b )  w it h  0 .2 8 5  ( c ir c le s ) ,  0 .5 7 0  (d ia m o n d s ) , 0 .8 5 5  

( s q u a r e s )  an d  1 .1 4  ( tr ia n g le s )  m m o l F e S  a n d  v a r io u s  a m o u n ts  o f  H C I a fte r  ( r e s p e c t iv e ly )  3 ,  5 , 7 ,  or 
1 0  d a y s  a t  9 0  ° C .

t h e s e  d a ta  w e  c o n c lu d e ,  th a t o p t im a l t h io l  s y n t h e s i s  i s  e n s u r e d , i f  th e r e  i s  1 5 %  m o r e  

H C I  th a n  F e S .  T h e  d u r a tio n  o f  th e  r e a c t io n  t im e  in c r e a s e d  w ith  t h e  a m o u n t  o f  F e S  

a n d  c a n  b e  d e f in e d  a s  a p p r o x im a te ly  th e  g iv e n  a m o u n t  o f  F e S  in  m g  d iv id e d  b y  te n , 

w ith  a  m a r g in  o f  1 /1 0  ( e .g .  0 .5 7  m m o l F e S  =  5 0  m g  F e S  =  5  ±  0 .5  d a y s ,  a t  9 0  ° C ) .

T h e  r a n g e  o f  o p t im a l c o n d it io n s  f o r  H 2 a n d  t h io l  fo r m a t io n  w e r e  f o u n d  to  b e  

q u ite  d if fe r e n t:  T h e  o p t im a  f o r  H 2 p r o d u c t io n  w e r e  q u ite  sh a r p  (F ig u r e  6a ) , t h o s e  

fo r  t h io l  s y n t h e s is  in  c o n tr a s t  v e r y  b r o a d  (F ig u r e  6b ) .  A lt e r a t io n s  o f  th e  F e S -  a n d  

H C I  c o n c e n t r a t io n s  h a d  a  c r u c ia lly  d if fe r e n t  e f f e c t  o n  H 2 a n d  t h io l  g e n e r a t io n :  w h i le  

H 2 f o r m a t io n  in c r e a s e d  s ig n if ic a n t ly , th e  y i e ld  o f  th io ls  w a s  h a r d ly  a lte r e d . T h e  

o b s e r v e d  in c r e a s e  o f  H 2 w ith o u t  a  c o r r e s p o n d in g  in c r e a s e  o f  t h io ls ,  u p o n  d o u b l in g  

o f  th e  q u a n t it ie s  o f  F e S  a n d  H C I , w a s  fo u n d  t o  b e  d u e  to  th e  l im ita t io n  o f  C O 2 in  

th e  N 2/C O 2 ( 8 0 : 2 0 )  g a s  m ix tu r e  r o u t in e ly  u s e d .  W h e n  th is  m ix tu r e  w a s  r e p la c e d  

b y  a  100% C O 2 g a s  p h a s e , th io l  p r o d u c t io n  w a s  fo u n d  to  in c r e a s e  s ig n i f ic a n t ly  

(T a b le  H I )  a n d  w a s  m o s t  p r o n o u n c e d  a t  t h e  o p t im u m  F e S /H C l-r a t io s .

T h e  e x p e r im e n ts  d e m o n s tr a te d  th a t o p t im u m  c o n d it io n s  fo r  t h io l  s y n t h e s i s  a r e  

d e t e r m in e d  b y  a  p a r tic u la r  c o m b in a t io n  o f  r e a c t io n  t im e  a n d  F e S /H C l  r a t io , a n d  a  

s u f f i c ie n t  s u p p ly  o f  C 0 2 , w h ic h  c h a n g e s  w it h  t h e  a m o u n ts  o f  F e S  a n d  H C I  p r e s e n t  

in  t h e  s y s t e m .  W ith  u p  to  0 .5 7  m m o l F e S  w it h  0 .6 5  m m o l H C I, m a x im u m  y ie ld s  

o f  t h io l s  c o u ld  b e  o b ta in e d  w ith  th e  8 0 : 2 0  N 2/C O 2 g a s  p h a s e , b u t  b e y o n d  0 .8 5  

m m o l  F e S  (w ith  th e  c o r r e s p o n d in g  a m o u n t  o f  H C I )  th e  1 0 0 %  C O 2 g a s  p h a s e  w a s  

n e c e s s a r y  t o  a c h ie v e  o p t im u m  c o n d it io n s  f o r  t h io l  s y n t h e s is  (F ig u r e  7 ) .  B e c a u s e
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FeS (mmol)

Figure 7. Thiol synthesis with 0.114,0.285,0.570,0.855 and 1.140 m m ol FeS with the corresponding 
amounts o f HCI, after 1 , 3, 5, 7 or 10  days respectively, with (squares) a 2 0 % C O 2 (N2/CO2) gas 
phase, or (triangles) a 100% CO2 atmosphere, all at 90 °C.

CC>2- d e f i c ie n c y  h a s  th is  r e s tr ic t iv e  e f f e c t  a ll  fu r th e r  e x p e r im e n t s  w e r e  c a r r ie d  o u t  

w ith  a  100% C O 2 g a s  p h a s e .

T h e  r e a c t io n  te m p e r a tu r e  w a s  fo u n d  to  b e  a n o th e r  m a jo r  p a r a m e te r  c o n t r o l l in g  

th e  r e a c t io n  s e q u e n c e  (F ig u r e  8a  a n d  b ) , e s p e c ia l ly  th e  f o r m a t io n  o f  t h io ls  a n d  

th e  g e n e r a t io n  o f  H 2 (F ig u r e  8a ). T h e  p r o d u c t io n  o f  H 2 w h ic h  w a s  n e g l ig ib le  

b e lo w  2 5  ° C , in c r e a s e d  s lo w ly  fr o m  2 5  ° C  o n w a r d , th e n  in c r e a s e d  l in e a r ly  w ith  

te m p e r a tu r e  b e t w e e n  5 0  a n d  7 5  ° C , an d  f in a lly  d e c r e a s e d  b e y o n d  th a t  te m p e r a tu r e . 

T h io l  s y n t h e s i s  w a s  f o u n d  to  p r o c e e d  a lm o s t  l in e a r ly  b u t  s l o w l y  u p  t o  5 0  ° C , th e n  

fa s te r  b e t w e e n  5 0  a n d  7 5  ° C , a n d  fa s te r  b e y o n d  7 5  ° C . T h e s e  d a ta  s h o w , th a t  b o th  

r e a c t io n s  a re  te m p e r a tu r e  d e p e n d e n t , b u t n o t  a t th e  s a m e  l e v e l :  T h e  c o in c id e n c e  o f  

th e  r e v e r s a l o f  H 2 a c c u m u la t io n  a n d  th e  b e g in n in g  o f  th e  a c c e le r a t e d  t h io l  s y n t h e s is  

a t 7 5  ° C  s u g g e s t ,  th a t  a t th is  p o in t  th io l  fo r m a t io n  is  a p p r o a c h in g  its  o p t im u m  

te m p e r a tu r e  a n d  th u s  c o n s u m e s  in c r e a s in g  a m o u n ts  o f  H 2 f o r  C O 2 r e d u c t io n . W e  

th u s  a s s u m e , th a t  th e  o p t im u m  te m p e r a tu r e  r a n g e  f o r  H 2 g e n e r a t io n  is  lo w e r  th a n  

th e  o n e  f o r  t h io l  s y n t h e s is .

D e t e r m in a t io n s  o f  th e  p r im a r y  r e a c t io n , th e  g e n e r a t io n  o f  H 2S  f r o m  F e S  a n d  

H C I  (F ig u r e  8b ) ,  c o n f ir m e d  th a t H 2S -fo r m a t io n  is  s c a r c e ly  t e m p e r a t u r e -d e p e n d e n t ,  

b u t th e  c o n s u m p t io n  o f  H 2S  fo r  H 2 p r o d u c t io n  a n d  t h io l  s y n t h e s i s  a c c e le r a t e d  w ith  

in c r e a s in g  te m p e r a tu r e s . T w o  o th e r  o b s e r v a t io n s  s h o u ld  b e  n o t i c e d  in  th is  c o n te x t:  

A t  te m p e r a tu r e s  b e lo w  2 5  ° C , th io l  fo r m a tio n  n e v e r  p r o c e e d e d  f o r  m o r e  th a n  7  

d a y s  a t lo w  l e v e l ,  a f te r  th is  i t  c o l la p s e d  to ta lly . S im u l t a n e o u s ly  th e  p r o p o r t io n  o f
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Figure 8(a)-(b). (a )  E ffe c t  o f  tem p era tu re  o n  th e  fo r m a tio n  o f  H 2 ( tr ia n g le s )  a n d  th e  s y n th e s is  o f  

t h io ls  (s q u a r e s ) , w ith  0 .8 5 5  m m o l F e S  an d  1 .0  m m o l H C1 a fte r  6  d a y s . N o te  th e  d if f e r e n t  s c a le s  for 

H 2 a n d  th io ls ,  (b ) F o r m a tio n  an d  c o n su m p tio n  o f  H 2S  u n d er  th e  sa m e  c o n d it io n s  a t 2 3  ° C  (c ir c le s ) , 
5 0  ° C  (s q u a r e s ) , 7 5  ° C  (d ia m o n d s)  and 9 0  ° C  (tr ia n g le s ) .
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T a b le  IV

C o n tr o ls  w ith  5 7 0  / i in o l  F e S  a n d  v a r ia tio n s  o f  g a s  p h a se , a d d it io n s  a n d  r e a c t io n  t im e . E n tr ie s  1 a n d  
2  r e p r e s e n t  s ta n d a r d  c o n d it io n s  fo r  th e  F e S /H a S /C C h - an d  th e  F e S /H C I /C C h -s y s te m .

N o . T im e  at 

9 0  ° C A d d it io n

G a s

p h a se

T h io ls

(n m o l)

C S 2

(n m o l) %

h 2s

(fimoY)

M in e r a l

p r o d u c t

1 5 d a y s 1 5 0  ¿¿m ol H 2S 100% C 0 2 1 2 8 .7 2 6 .1 1 6 .9 6 6 .7 F eS 2

2 5  d a y s 0 .6 5  m m o l H C 1 100% C 0 2 2 7 0 .9 5 .5 1 .9 4 2 .8 F e S 2

3 3 0  m in 0 .6 5  m m o l H C 1 1 0 0 %  C 0 2 2.6 — 7 5 .4 n o n e

4 5  d a y s n o n e 100% C 0 2 0 5 0 .4 100.0 1 7 .6 F e O

5 3 0  m in n o n e 100% C 0 2 0 0 — 0.22 n o n e

6 5  d a y s 0 .6 5  m m o l D C la 100% n 2 0 .5 b 4 .4 8 9 .6 1 5 5 .5 (F e O )

7 d ry  h e a t in g  a t 9 0 - 1 2 0  ° C 0 0 — 0 —

* W a te r  p h a s e  r e p la c e d  b y  D 2O . 
b M e th a n e th io l  o n ly , b u t a t th e  d e te c t io n  lim it .

C S 2 in c r e a s e d  d r a s t ic a l ly  ( s e e  T a b le  II )  a n d  o fte n  r e p r e s e n te d  th e  m a in  p r o d u c t  o f  

th e  r e a c t io n s .

S e v e r a l  c o n t r o ls  w e r e  d o n e  to  c h e c k  fo r  p o s s ib le  s o u r c e s  o f  c o n ta m in a t io n  ( T a b le  

I V ) .  C o m p a r is o n  o f  th e  s ta n d a r d  a n d  a  v e r y  sh o r t  r e a c t io n  t im e  (e n tr ie s  2  a n d  3 , s e e  

a l s o  F ig u r e  4 )  s h o w e d  th a t  H 2S  p r o d u c t io n  sta r ts  im m e d ia t e ly ,  w h i le  th e r e  is  l i t t l e  

t h io l  fo r m a t io n . I f  n e ith e r  H 2S  n o r  H C 1 w e r e  a d d e d  ( N o  4 ) ,  s o m e  H 2S  w a s  f o r m e d  

a n d  F e O  w a s  p r o d u c e d  a s  m in e r a l p r o d u c t  (a c c o r d in g  to  F e S  +  H 2O  =  F e O  +  

H 2S ) .  T h e  a m o u n t  o f  H 2S  p r o d u c e d  w a s  n o t  s u f f ic ie n t  to  g e t  t h io l  s y n t h e s i s  s ta r te d , 

b u t  p r o d u c e d  o n ly  C S 2. T h e  F e O  a p p e a r e d  (a ls o  in  N o .  6) a s  a  s m a ll  r in g  o n  t h e  

g la s s  s u r fa c e  a t  th e  l iq u id /g a s  in te r p h a s e . A f te r  a  v e r y  s h o r t  r e a c t io n  t im e , w it h o u t  

a d d it io n s  ( N o .  5 ) ,  H 2S  w a s  th e  o n ly  p r o d u c t  d e te c ta b le , s u g g e s t in g  th a t  tr a c e s  a r e  

p r e s e n t  f r o m  sta r t. F in a lly ,  th e  1 0 0 %  C O 2 g a s  p h a s e  o f  th e  F e S /H C l- s y s t e m  w a s  

r e p la c e d  b y  1 0 0 %  N 2. D C 1  a n d  D 2O  fr o m  a  s e a le d  v ia l /b o t t l e  w e r e  u s e d  to  a v o id  

a n y  C O 2- c o n t a m in a t io n  o f  H C 1 a n d  H 2O  s to r e d  a t u s u a l  la b o r a to r y  c o n d it io n s .  T h e  

tr a c e  o f  C O 2 w h ic h  n e v e r t h e le s s  g o t  in  b y  h a n d lin g , w a s  e n t ir e ly  c o n v e r te d  to  C S 2 

d u e  to  th e  h ig h  a m o u n ts  o f  H 2S  ( D 2S )  p r e s e n t , w h i le  t h io l s  w e r e  a c t u a l ly  b e l o w  

d e t e c t io n  l im it .  In  a  fu r th e r  a p p r o a c h , d ry  F e S  w a s  h e a t e d  to  9 0 - 1 2 0  ° C  f o r  3  to  7 2  

h  (e n tr y  7 ) ,  a n d  s a m p le s  fo r  G C  w e r e  ta k e n  a t th e  g iv e n  te m p e r a tu r e , b u t  n e i t h e r  

t h io l s  n o r  C S 2 c o u ld  b e  d e te c te d . T h e s e  r e su lts  e x c lu d e  a  c o n t a m in a t io n  w it h  t h io l s ,  

b e c a u s e  w e  h a v e  o b s e r v e d  th a t m o n o la y e r s  o f  lo w  m o le c u la r  w e ig h t  t h io ls ,  b o u n d  

to  a  m in e r a l s u r fa c e , a r e  r e le a s e d  fr o m  th e  s u r fa c e  in to  t h e  g a s  p h a s e  a lr e a d y  a t  

m u c h  lo w e r  te m p e r a tu r e s  (u n p u b lis h e d  d a ta ).

S in c e  th e  F e S  fr o m  th e  d if fe r e n t  s o u r c e s  a re  a ll  n o t  1 0 0 %  p u r e , s m a l l  a m o u n ts  

o f  m e t a l l ic  ir o n  c o u ld  b e  p r e s e n t  a n d  c a u s e  H 2 p r o d u c t io n . W e  h a v e  d o n e  m a n y  

e x p e r im e n t s  w it h  F e °  (u n p u b lis h e d  d a ta ) , w h ic h  s h o w e d  th a t  H 2 f o r m a t io n  in c r e a s ­

e s  l in e a r ly  w it h  th e  a m o u n t  o f  m e t a l l ic  ir o n . B a s e d  o n  t h e s e  d a ta , 1 0 0  m g  F e S  ( 1 . 1 4  

m m o l)  s h o u ld  y ie ld  3  /¿ m o l H 2 i f  th e  0 .1 %  im p u r ity  w o u ld  b e  e n t ir e ly  F e ° .  F o r
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Table V

Identification o f methanethiol and ethanethiol by mass spectroscopy. The main peak of 
each run was set as 100%. Row “H” = standard conditions, “D” = reaction system with 
D2O and DC1. According to the data base used for comparison, methanethiol appears 
as mass 47 and 48 with a ratio of 100.0 : 90.3, and ethanethiol as mass 61 and 62 with 
a 13.6 :100 .0  ratio.

Mass

Methanethiol

Mass

Ethanethiol (set as 1 0 0 %)

% Base % B ase Mass % Base

(MW) “H” “D” (MW) “H” “D ” (MW) “H ” “D”

47 1 0 0 .0 0 1 0 .2 1 61 18.98 1.40 82 0.27 0.17

48 80.48 38.74 62 1 0 0 .0 0 7.51 83 — 0.93

50 2.90 1 0 0 .0 0 64 9.74 17.82 84 0 .1 2 0.87

51 1.60 55.66 6 6 0.62 36.54 89 1.23 0.31

52 — 51.65 67 0.38 1 0 0 .0 0 90 12.18 0 .1 1

53 0 .1 0 8 ,1 1 6 8 0.37 93.19 92 — 0.31

54 0.80 3.00 69 0 .2 0 10.81 98 0 .1 0 0.81

56 0.70 0.62 76a 14.03 15.27 99 — 6 .2 2

58 1.30 0.90 766 3.72 0.18 1 0 2 6.31

60 0.14 0.51 78 0 .2 2 0.18 1 0 2 — 0.40

c o n t r o ls ,  e x c e s s  a m o u n ts  o f  th e  ir o n  s u lf id e s  o f  u p  t o  5 .7  m m o l in  H 2O  u n d e r  1 0 0 %  

C O 2 a t  9 0  ° C  w e r e  u s e d , b u t fo r m a t io n  o f  H 2 c o u ld  n o t  b e  d e t e c t e d .  A g a in ,  F e O  

w a s  th e  o n ly  m in e r a l e n d  p ro d u c t.

C o n c e r n in g  th e  a m o u n ts  o f  t h io ls  g iv e n  in  th is  p a p e r , o n e  s h o u ld  r e a l iz e  th a t  th e y  

r e p r e s e n t  o n ly  t h e  th io ls  p r e se n t  in  t h e  g a s  p h a s e  a t  r o o m  te m p e r a tu r e , w h e r e a s  th e  

a m o u n t  in  th e  l iq u id  p h a s e  is  n o t  in c lu d e d  in  t h e s e  d a ta . T h e  d is tr ib u t io n  c o e f f ic ie n t  

h a s  b e e n  e x p e r im e n ta l ly  d e te r m in e d  a s  b e in g  1 0 .0  fo r  m e th a n e th io l  (D r . A . P o l , 

p e r s . c o m m .) ,  w h ic h  is  v e r y  c lo s e  to  th e  9 .8 8  g i v e n  in  th e  lite r a tu r e  (P r z y ja z n i  et 

al., 1 9 8 3 ) .  B a s e d  o n  th e s e  v a lu e s , 4 0 0  n m o l  t h io l s  in  5 0  m l h e a d s p a c e  g iv e  8 0 0  

n m o l  in  10 m l  H 2O , th u s  a  to ta l o f  1200 n m o l.

T o  c o n f ir m  th e  g a s  c h r o m a to g r a p h ic  id e n t i f ic a t io n  o f  th e  s u lf u r  c o m p o u n d s ,  

s a m p le s  f r o m  a  1 0  d a y s  r e a c t io n  w ith  1 .1 4  m m o l  F e S  a n d  1 .3  m m o l  H C 1 w e r e  

a n a ly s e d  b y  m a s s  sp e c tr o m e tr y . U n d e r  n o r m a l c o n d it io n s  (T a b le  V , l e f t  a n d  r ig h t  

p a r t r o w  “ H ” ) m e th a n e th io l w a s  fo u n d  to  b e  p r e s e n t  a s  C H ^ S -  ( m a s s  4 7 )  a n d  

C H 3S H  ( 4 8 )  in  a  1 .0  : 0 .8  r a tio , w h i le  e t h a n e t h io l  w a s  s o le ly  p r e s e n t  a s  C 2H 5S H  

( 6 2 ) .  T h e  c o m p o u n d  w ith  m a s s  7 6  a n d  a  r e te n t io n  t im e  o f  3 .1  m in u t e s  ( 7 6 “ )  

w a s  id e n t i f ie d  a s  C S 2, w h e r e a s  m a s s  7 6  w ith  a  r e te n t io n  t im e  o f  5 .3  m in  (76b =  

p r o p a n e th io l)  w a s  p r e s e n t  in  to o  lo w  a m o u n ts  t o  g iv e  r e l ia b le  d a ta . B u t a n e t h io l  

( 9 0 )  w a s  fo u n d  to  b e  p r e s e n t  a s  C 4H 9S H  o n ly .

M a s s  s p e c tr o m e tr y  w a s  fu r th er  u s e d  to  d e m o n s tr a te  th a t  th e  t h io ls  a r e  s y n th e ­

s i z e d  f r o m  th e  in o r g a n ic  s ta r tin g  c o m p o u n d s . F o r  th a t  p u r p o s e , e x p e r im e n t s  u n d e r  

th e  s a m e  c o n d it io n s  a s  a b o v e , w e r e  c a r r ie d  o u t  w it h  D 2 0  in s te a d  o f  H 2O  a n d  D C 1  

r e p la c in g  H C 1 . T h e  s h if t  to  th e  c o r r e s p o n d in g  d e u te r iu m  c o m p o u n d s ,  d u e  to  th e



Table VI

Comparison of normal (“H ”) and deuterated (“D”) 

methanethiol and ethanethiol (and fragments) by 

mass spectroscopy

O R G A N IC  SU L FU R  CO M PO U N D S FR O M  FeS, H 2S O R  HC1> A N D  C 0 2 1 4 5

Compound

“H” “D”

Mass (%) Mass (%)

CH3S " 47 1 0 0 .0

CH3SH 48 80.5

CD3S - 50 1 0 0 .0

CD3SH 51 55.70

CD3SD 52 51.7

c 2h 5s~ 61 19.0

c 2h 5s h 62 1 0 0 .0

C2D5S - 6 6 36.5

C2D5SH 67 1 0 0 .0

c 2d 5s d 6 8 93.2

in c o r p o r a t io n  o f  d e u te r iu m  fr o m  D C 1 , th e  s o le  s o u r c e  f o r  th e  r e d u c t io n  o f  C O 2 

a n d  th e  r e s u lt in g  fo r m a t io n  o f  th io ls  ( s e e  e q u a t io n s  ( 1 - 4 ) )  is  g iv e n  in  T a b le  V  ( l e f t  

a n d  r ig h t , r o w  “ D ” ). M e th a n e th io l ,  p r e s e n t  a s  C H 3S ”  a n d  C H 3S H  a p p e a r e d  in  i t s  

d e u te r a te d  f o r m  (T a b le  V I )  a ls o  a s C D 3S “ (m a s s  5 0 )  a n d  C D 3S D  ( 5 2 ) .  A lm o s t  th e  

s a m e  a m o u n t  i s  p r e s e n t  a s  C D 3S H  (m a s s  5 1 ) ,  d u e  to  th e  v e r y  h ig h  a f f in ity  o f  t h e  

s u lfu r  g r o u p  to  h y d r o g e n , a  c le a r  p r e fe r e n c e  fo r  S -H . C o n s e q u e n t ly ,  th e  d e u te r iu m  

o f  th e  S D - g r o u p  is  e x c h a n g e d  fo r  h y d r o g e n  i f  e v e n  th e  s l i g h t e s t  t r a c e  is  a v a i la b le ,  

b e  it  a s  H 2O  o f  h y d r a t io n  o r  H 2S  in  F e S ,  o r  s im p ly  H 2O  in t r o d u c e d  b y  h a n d lin g . 

T h e  s a m e  h o ld s  fo r  e th a n e th io l ,  w ith  a lm o s t  e v e n  a m o u n ts  o f  C 2D 5S H  (m a s s  6 7 )  

a n d  C 2D 5S D  ( 68) , w h e r e a s  C 2D 5S -  ( 66, 3 6 .5 % ) is  p r e s e n t  in  s o m e w h a t  h ig h e r  

a m o u n ts  th a n  th e  c o r r e s p o n d in g  C 2H 5S “' ( 6 1 )  u n d e r  s ta n d a r d  c o n d i t io n s  ( 1 9 .0 % ) .  

T h e  lo w  a m o u n ts  o f  m a s s  8 3  a n d  8 4  (C 3D 7S H  a n d  C s D v S D ,  T a b le  V )  w e r e  n o t  

r e l ia b le ,  b u t b u t a n e th io l  w a s  p r e s e n t  a s  C 4D 9S H  ( 9 9 )  a n d  C 4D 9S D  ( 1 0 0 ) .  T h e s e  

r e s u lt s  r e v e a l  t h e  in c o r p o r a t io n  o f  d e u te r iu m  in to  t h e  t h io ls ,  i . e .  t h e  r e d u c t io n  o f  

C O 2 b y  th e  d e u te r iu m  in tr o d u c e d  w ith  D C 1  ( s e e  e q u a t io n s  ( 1 - 4 ) .  A  c o n t r o l  ru n  w it h  

1 .1 4  m m o l  F e S  in  1 0  m l D 2 0 , u n d e r  th e  s a m e  c o n d i t io n s  a s  b e f o i 'e ,  b u t w it h o u t  

H 2S  o r  H C 1 ( to  p r e v e n t  th e  fo r m a tio n  o f  a c t iv e  H 2 a n d  t h e  s y n t h e s i s  o f  t h io ls ) ,  w it h  

a p p r o x im a t e ly  1 .4  /¿ m o l m e th a n e th io l  ( ± 3 5 0  n m o l in  th e  h e a d s p a c e ) ,  w a s  c a r r ie d  

o u t  to  d e t e r m in e , w h e th e r  a  d e u te r iu m  e x c h a n g e  w ith  th e  h y d r o g e n  o f  th e  m e t h y l-  

g r o u p  w o u ld  o c c u r . T h e  G C /M S  a n a ly s e s  g a v e  n o  e v id e n c e  fo r  s u c h  a  s u b s t itu t io n . 

T h e  o n ly  p e a k s  f o r  m e t h a n e th io l  p r e s e n t  w e r e  m a s s  4 7  a n d  4 8 .

A  c o m p a r is o n  o f  th e  F e S / t ^ S / C C V  a n d  F e S /H C l /C 0 2 - s y s t e m  to g e th e r  w it h  

s e v e r a l  c o n t r o ls  i s  g iv e n  in  T a b le  V II . E n tr ie s  N o .  1 a n d  2  c o n f ir m , th a t  n e g l ig ib le  

t r a c e s  o f  C S 2 a n d  D M D S  o r ig in a te  f r o m  im p u r it ie s  o f  ( th e  9 9 .9 %  p u r e ) F e S ,  

a n d  th a t t h io ls  a r e  t o t a l ly  a b s e n t . T h e  f o l lo w in g  e n t r ie s  ( N o .  3 - 5 )  r e p r e s e n t  t h e
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Table VII

Formation of organic sulfur compounds (nmol thiols, CS2 and DMDS) from variations and 
combinations of FeS, H2S, H2 and HC1 (1 0 0 % CO2 gas phase, 90 °C).

No. FeSa H2b

mmol

1 .0

HC1

0,13 h 2s c

Total (all values 

OSC thiols

= nmol)

CS2

f

DMDS

Percent

valued

1 + — — 1 .0 0 0.5 0.5 0

2 + + — — — 1 .2 0 0 .8 0,4 0

3 + — + — — 59.7 30.5 26.1 3.1 42.5

4 + H- + — — 64.3 32.9 30.4 1 .0 45.8

5 + — — + — 81,7 71.0 7.0 3.8 98.9

6 + - — — + 84.4 71.8 1 0 .2 2.5 1 0 0 .0

7 — + + + 33.2 15.5 17.2 0 .6 2 1 .6

8 — + — — + 30.1 19.6 1 0 .1 0.4 27.4

a 1 1 4 ^  mol. 
b 240 mol. 
c 1 2 0  fjL m ol
d Thiol formation of all combinations related to no. 6  (F e S  + H 2S )  as 100%.

F e S / H C l / C 0 2- s y s t e m . C o m p a r is o n  o f  N o .  3  a n d  4  r e v e a l th a t  a d d it io n a l  H 2 h a d  n o  

e f f e c t  o n  t h io l  s y n t h e s is .  C o m p a r is o n  o f  e n tr ie s  N o* 3  a n d  5  a g a in  e m p h a s iz e  th e  

im p o r ta n c e  o f  a  p a r t ic u la r  p r o p o r t io n  o f  F e S  a n d H C l;  w ith  a n  e x c e s s  o f  H C 1 ( N o . 3 )  

th io l  fo r m a t io n  w a s  r e la t iv e ly  lo w  a n d  p a r t ia lly  r e p la c e d  b y  p r o d u c t io n  o f  C S 2. T h e  

la s t  tw o  e n t r ie s  ( N o .  7  a n d  8) s h o w  th a t  t h e s e  c o m p o u n d s  c a n  a ls o  b e  f o r m e d  fr o m  

H 2, H 2S  a n d  C O 2 in  th e  a b s e n c e  o f  F e S ,  b o th  u n d e r  a c id  a n d  n e u tr a l c o n d it io n s ,  

a lth o u g h  w ith  lo w e r  y ie ld s .  T h e  lo w e r  t h io l  fo r m a t io n  in  a c id ic  e n v ir o n m e n t  w a s  

a g a in  d u e  to  e n h a n c e d  C S 2 p r o d u c t io n  (5 1 .6 %  in  N o .  7  v s .  3 3 .7 %  in  N o .  8) . T h e  

d a ta  s h o w , th a t  t h io ls  c a n  b e  f o r m e d  u n d e r  th e  g iv e n  c o n d it io n s  ( w h ic h  in c lu d e  a  

s u f f ic ie n t  s u p p ly  w it h  C O 2) in  th r e e  w a y s :  F r o m  F e S  a n d  H C 1, g e n e r a t in g  p r im a r ily  

H 2S  a n d  s e c o n d a r i ly  H 2, fr o m  F e S  a n d  H 2S  w ith  th e  g e n e r a t io n  o f  H 2, a n d  fr o m  

H 2 a n d  H 2S ; th e  la t te r  i s ,  h o w e v e r ,  m u c h  l e s s  e f f e c t iv e  a n d  p r o d u c e s  r e la t iv e ly  h ig h  

q u a n t it ie s  o f  C S 2 .

4 . D is c u s s io n

In  s u m m a r iz in g  t h e  r e s u lt s , w e  p r o p o s e  t h e  f o l lo w in g  s c h e m e  f o r  th e  fo r m a t io n  

o f  t h io l s  via t h e  F e S /H C l/C C > 2-  a n d  t h e  F e S /H 2S /C 02 - s y s t e m  ( w h ic h  s ta r ts  w ith  

r e a c t io n  ( 2 ) ) .  W e  th e r e b y  s u g g e s t  a n  e x p e r im e n t a l ly  c o r r o b o r a te d  a lte r n a t iv e  to  th e  

M il le r  e le c t r ic  d is c h a r g e  r e a c t io n s  (M il le r ,  1 9 5 3 , 1 9 5 5 , 1 9 5 7 ) .

(1 )  4  F e S  +  8 H C 1 4  F e C l2 +  4  H 2S

( 2 )  3 F e S  +  3 H 2 S  - *  3 F e S 2 +  3 H 2

( 3 )  C 0 2 +  H 2S  +  3  H 2 C H 3S H  +  2  H 2 0

( 4 )  7  F e S  +  8 H C 1  +  C 0 2 4  F e C l2 +  3  F e S 2 +  C H 3S H  +  2  H 20
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S e v e r a l  c o n c lu s io n s  c a n  b e  r e a c h e d  fr o m  th e  e x p e r im e n t a l  r e s u l t s  a n d  t h e s e  e q u a ­

t io n s :

( 1 )  R e a c t io n  ( 1 )  s h o w s  l it t le  t im e  a n d  te m p e r a tu r e  d e p e n d e n c e ,  b u t v a r ie s  s i g ­

n i f ic a n t ly  w ith  th e  r e la t iv e  a b u n d a n c e s  o f  F e S  a n d  H C 1 .

(2) R e a c t io n  ( 2 )  d e p e n d s  o n  te m p e r a tu r e  a n d  a c c e l e r a t e s  a t  5 0  ° C .

(3 )  W ith  th e  F e S /H C l /C 02 - s y s t e m  r e a c t io n s  ( 1 )  a n d  ( 2 )  a r e  s t r o n g ly  in f lu e n c e d  

b y  th e  F e S /H C l  r a tio .

(4 )  T h e  la tte r  h o ld s  a ls o  fo r  r e a c t io n  (3 ) ,  w h ic h , h o w e v e r ,  i s  s ig n i f i c a n t ly  a f f e c te d  

b y  b o th  t im e  (F ig u r e  4 )  a n d  te m p e r a tu r e  (F ig u r e  8) ,  a n d  i t  d e p e n d s  o n  h a v in g  a  

s u f f ic ie n t  s u p p ly  w ith  C O 2. T h is  r e a c t io n  c a n  p r o c e e d  in d e p e n d e n t ly  o f  th e  tw o  

o th e r s , in  a b s e n c e  o f  F e S ,  h o w e v e r  w ith  q u ite  h ig h  y i e l d s  o f  C S 2 a s  b y p r o d u c t .

(5 )  W h e t h e r  th io ls  o r  C S 2 (a n d  o th e r  S - c o m p o u n d s )  a r e  th e  m a in  p r o d u c ts  

o f  th e  r e a c t io n  s e q u e n c e s ,  d e p e n d s  m a in ly  o n  t h e  p r o p o r t io n  o f  F e S  a n d  H C 1, 

d u e  to  th e  c o m p e t i t io n  o f  r e a c t io n  ( 1 )  a n d  (2 )  f o r  F e S .  W it h  h ig h  a m o u n ts  o f  

F e S  a n d  lo w  a m o u n ts  o f  H C 1 (a n d  vice versa)  th e  b u lk  o f  t h e  F e S  is  c o n s u m e d  

a c c o r d in g  to  r e a c t io n  ( 1) ,  y ie ld in g  h ig h  q u a n t it ie s  o f  H 2S ,  a n d  l e a v i n g  in s u f f ic ie n t  

a m o u n ts  o f  F e S  fo r  th e  s e c o n d  r e a c t io n  a n d  th u s  a  d e f i c i t  o f  H 2 . A s s u m in g  C O S  

a s  an  in te r m e d ia te  ( r e a c t io n  5 ) ,  a n  e x c e s s i v e  p r o d u c t io n  o f  H 2S  a c c o m p a n ie d  b y  

a  s c a r c it y  o f  H 2 w o u ld  in te r fe r e  w ith  th e  f o r m a t io n  o f  t h i o l s  u n d e r  fa v o r a b le  

c o n d it io n s  ( r e a c t io n  6) ,  a n d  r e n d e r  in s te a d  C S 2 a s  t h e  m a in  p r o d u c t  (r e a c t io n  7  

a n d  8) .  R e a c t io n  ( 8) i s  c o n f ir m e d  b y  e x p e r im e n ta l  e v id e n c e :  W it h  lo w  q u a n tit ie s  

o f  H 2 a v a i la b le ,  w e  h a v e  fr e q u e n t ly  o b s e r v e d  th e  a p p e a r a n c e  o f  l o w  a m o u n ts  o f  

t h io ls ,  w h ic h  d is a p p e a r e d  w h e n  th e  H 2 w a s  c o n s u m e d ;  in s t e a d  o f  th io ls  w e  th e n  

o b ta in e d  C S 2 a s  th e  s o l e  p r o d u c t . F u r th e r m o r e  it  w a s  o b s e r v e d  th a t  m e th a n e th io l , 

in  an  a q u e o u s  e n v ir o n m e n t  a t 9 0  ° C  w ith o u t  H 2, d e c r e a s e d  w i t h  t im e ,  w h i le  s m a ll  

a m o u n ts  o f  C O S , a n d  in c r e a s in g  q u a n t it ie s  o f  C S 2 a p p e a r e d .  I n c r e a s in g  y ie ld s  

o f  C S 2 a r e  a lw a y s  in d ic a t iv e  o f  s u b o p t im a l c o n d i t io n s  f o r  C 0 2 r e d u c t io n  ( th io l  

fo r m a t io n ) :  a  l im it a t io n  o f  H 2, r e s u lt in g  e ith e r  f r o m  a n  u n f a v o r a b le  F e S /H C l  (H 2S )  

r a t io  o r  a  lo w  r e a c t io n  te m p e r a tu r e . A  fu r th e r  in d ic a t o r  o f  u n s a t i s f a c t o r y  c o n d it io n s  

i s  th e  o c c u r r e n c e  o f  D M D S  in  m o r e  th a n  tr a c e  a m o u n t s : i t  i s  p r e s u m a b ly  p r o d u c e d  

b y  c o n d e n s a t io n  o f  t w o  m o le c u le s  m e th a n e th io l ,  i f  th e  f o r m a t io n  o f  lo n g e r  th io ls  

c a n n o t  b e  a c h ie v e d  d u e  to  th e  la c k  o f  H 2.

( 5 )  C O 2 +  H 2S  C O S  +  H 2O

( 6) C O S  +  3 H 2 -4  C H 3S H  +  H 2O

(7 )  2  C O S  - +  C S 2 +  C O 2

( 8) 2 C H 3S H  +  2  H 2 0  - 4  2  C O S  +  6 H 2

2  C O S  - »  C S 2 +  C 0 2

2 C H 3S H  +  2  H 2 0  -¥  C S 2 +  C 0 2 +  6 H 2

(6)  T h e  o c c u r r e n c e  o f  C O S  a s an  in te r m e d ia te , a s  p o s t u la t e d  in  r e a c t io n  (5 ) ,  c a n

s o  fa r  n o t  b e  d e m o n s tr a te d  q u a n t ita t iv e ly , b e c a u s e  o n l y  u n d e r  c e r t a in  c o n d it io n s ,
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w h e n  th e  H 2S  p e a k  d id  n o t  in te r fe r e , w a s  i t  p o s s ib l e  t o  id e n t i f y  a n d  d e t e r m in e  th e  

C O S - p e a k . T h e s e  f e w  d a ta , h o w e v e r , a r e  n o t  s u f f ic ie n t  to  r e n d e r  a n y  c o n c lu s io n s  

o n  th e  c h a n g in g  q u a n t it ie s  o f  th is  c o m p o u n d .

( 7 )  D e p e n d in g  o n  th e  a m o u n ts  o f  F e S  a n d  H C 1 p r e s e n t  in  th e  s y s t e m , th e  

a v a ila b i l i ty  o f  C O 2 c a n  b e c o m e  a  d e c i s iv e  p a r a m e te r :  A b o v e  0 .8 5  m m o l  F e S  (a n d  

th e  c o r r e s p o n d in g  a m o u n t  o f  H C 1 ) a n  8 0 : 2 0  N 2/C O 2 g a s  p h a s e  is  n o t  s u f f ic ie n t  

t o  g u a r a n te e  m a x im u m  y ie ld s  o f  t h io ls  a n d  h a s  t o  b e  r e p la c e d  b y  a  1 0 0 %  C O 2 

a tm o s p h e r e . T h e  C O 2 s u p p ly  i s ,  h o w e v e r , n o t  a  r e a l p r o b le m , b e c a u s e  i t  a r is e s  o n ly  

w it h  o u r  e x p e r im e n ta l  (=  c lo s e d  !) s y s t e m ;  in  a n  o p e n  s y s t e m  i t  w o u ld  b e  o f  n o  

r e le v a n c e .

(8 )  T h e  r e a c t io n  p r o d u c t  F e S 2 a p p e a r s  -  a t l e a s t  in  p a rt -  a s  a  s i lv e r y  f lo a t in g  

la y e r  o n  th e  a q u e o u s  s u r fa c e , m o s t  p r o b a b ly  b e c a u s e  a  c o a t in g  w ith  t h io l s  ren d ers  

a  h y d r o p h o b ic  s u r fa c e .

( 9 )  T h e  d e u te r iu m  e x p e r im e n ts  d e m o n s tr a te  th e  g e n u in e  r e d u c t io n  o f  C O 2 

(T a b le s  V  a n d  V I )  b y  th e  r e d u c ta n ts  D 2S  a n d  D 2. In  th is  c a s e ,  th e  p r im a r y  h y d r o g e n  

s o u r c e  H C 1 h a s  to  b e  r e p la c e d  in  r e a c t io n  ( 1 )  b y  D C 1 .

( 1 0 )  T h e  o r g a n ic  s u lf iir  c o m p o u n d s  a r e  p r e s u m a b ly  n e it h e r  t h e  o n ly ,  n o r  th e  f in a l 

p r o d u c t s ,  i f  s u c h  r e a c t io n s  o c c u r r e d  in  h y d r o th e r m a l s y s t e m s  w h e r e  “ n u m e r o u s  

m e t a s t a b le  e q u il ib r ia  a l lo w  fo r  a  w id e  v a r ie ty  o f  c h e m ic a l  s p e c i e s  to  c o e x is t ” 

( H e n n e t  et a i,  1 9 9 2 ;  S h o c k , 1 9 9 2 ) ,  b u t  c o u ld  r a th e r  s e r v e  a s  p r e c u r s o r s  f o r  th e  

s y n t h e s i s  o f  n o n - s u lfu r  o r g a n ic  c o m p o u n d s ,  e .g .  a m in o  a c id s  ( H e n n e t  et a i ,  1 9 9 2 , 

Y a n a g a w a  a n d  K o b a y a s h i , 1 9 8 9 ;  R u s s e l l  et al., 1 9 9 4 ) .  F u r th e r m o r e  o n e  o f  th e  

p a r t ic ip a n ts  r e q u ir e d  to  o p e n  th e  w a y  to  th e  t h io e s t e r  w o r ld  (d e  D u v e ,  1 9 9 1 ,1 9 9 2 )  

b e c o m e s  a b u n d a n t ly  a v a ila b le  b y  th e  a p p e a r a n c e  o f  t h io ls  o n  th e  p r e b io t ic  s ta g e .

( 1 1 )  A  r e d u c in g  a tm o s p h e r e , a  p r e r e q u is it e  fo r  th e  e m e r g e n c e  o f  th e  p r im o r d ia l 

s o u p  via e le c t r ic  d is c h a r g e  r e a c t io n s , i s  n o t  r e q u ir e d  f o r  th e  s y n t h e s i s  o f  t h io ls  b y  

b o th  s y s t e m s ,  s in c e  th e y  c o u ld  j u s t  a s  w e l l  b e  f o r m e d  in  a  C O 2+ C O  d o m in a te d  

a tm o s p h e r e ,  o r  a  C O 2+ N 2 a tm o s p h e r e  c o n t a in in g  t r a c e s  o f  C O , H 2 a n d  r e d u c e d  

s u lf u r  g a s e s ,  d u r in g  o r  a fte r  th e  “ h e a v y  b o m b a r d m e n t” p e r io d  ( K a s t in g ,  1 9 9 3 ) . 

T h e n  a s  n o w  th e  s y s t e m  c o u ld  o p e r a te  in  s u b m a r in e  h y d r o th e r m a l v e n t s ,  e i th e r  in  

p r e s e n c e  o f  F e S ,  H 2S  a n d  C O 2, o r  ( in  a b s e n c e  o f  H 2S )  w ith  F e S  a n d  C O 2 a lo n e  in 

a  m o d e r a te  a c id  e n v ir o n m e n t  ( M a c le o d  et a i ,  1 9 9 4 ;  S h o c k  et a i ,  1 9 9 5 ) .

( 1 2 )  W a c h te r s h a u s e r  h a s  p o s t u la t e d  t h e  fo r m a t io n  o f  c a r b o n ic  a c id s  a s  p r im a ry  

p r o d u c t s  o f  th e  p y r ite -d r iv e n  r e a c t io n . T h is  c o u ld  b e  th e  c a s e  in  th e  r e a c t io n  o f  H 2 

w it h  F e S  (e n tr y  2 , T a b le  V I I ) , b u t  w e  h a v e  n o t  lo o k e d  f o r  n o n - s u lfu r  c o m p o u n d s .  

B u t  e n tr y  5  o f  T a b le  V I I  s h o w s ,  th a t o r g a n ic  s u lfu r  c o m p o u n d s  a r e  th e  p r im a ry  

p r o d u c t s ,  i f  e v e n  th e  s l ig h t e s t  a c id it y  is  g iv e n  in  th e  e n v ir o n m e n t . A  m o d if ic a t io n  

o f  W a c h t e r s h a u s e r ’s  p r o p o s a ls  in  th a t  r e s p e c t , th a t  t h e  p r im a r y  p r o d u c ts  o f  th e  

p y r i t e - p u l le d  r e a c t io n  a r e  o r g a n ic  s u lfu r  c o m p o u n d s ,  c o u ld  p r o b a b ly  p a v e  th e  w a y  

to  d e  D u v e ’s  th io e s t e r  w o r ld  u n f o ld in g  o n  a  m in e r a l s u r fa c e .
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