
Sulphurous negative ions in a fuel-rich, CW4-O2 flame with OCS additive 
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Sull7Iiuro~1s ncgi~tivc ions S . SH . SO . SO. IS. . S o ,  . HSO; . SO., . ;111t1 HSO, \vcrc ~bscrvcd ~ I i c n  0.2% of 

c~~rbonyl sulpliitlc (OCS) was atltlctl to a conical. 1;uiiin;u.. ~prcmixctl. I'ucl-rich (ccl~~ivalcncc ratio (1) = 2. 15) CH,-0, flame 
burning at atmospheric ~>ress~~re .  Prol~ilcs \\,ere obt;~inetI of ion c~~icc~itl.i~tion vs. (lisI;~~~cc alo~;g the fli~~iic axis by si~~iipling the 
tlamc tliro~~gli ;I pinli~lc into ;I C I L I ; I C I ~ L I I ~ ~ I C  ~iii~ss s~~ec t r~~i ie tc r .  So~iic of the ion sign;lls ~bscrvcd i n  the I'Ii1111c rc;~ctio~i zone ;~rc 
very large. ~~articularly that for HSO., . None ot'tlic S L I I ~ I I L I ~ O L I S  ions dctcctctl conti~in cilrbon. Ol ' th~sc  li\tccI ; I ~ O V C .  011ly S , 
SH . SO . iuitl SO2 persist tlo\vnstrcnm tlirougli tlic burnt gas. Tlic S L I I ~ I ~ L I ~ O L I S  ions ;we I'or~llctI by clic~iiici~l io~iiz;~tio~i 
processes of neutral S L I I ~ I ~ L I ~ ~ L I S  intcr~iictlii~tcs rc;~cting \\fit11 the ~ l i ~ t ~ ~ l . i ~ l l y - ~ ~ ~ ~ ~ ~ i ~ i g  ions ~ ~ r e s e ~ i t  i n  ;~ny I~ycIr~c;~rbo~i fl;111ic. I'Iic 
ion chemistry is c l isc~~~scd,  ;IS is the ~~ndcrlying 1ic~1tr;11 clic~llistsy O ~ S U I P I I L I I .  rclcvi~nt to tlic tli~~iic c~iviro~l~iicnt. 'I'lic ion pr~l'ilcs 
slio\v the rapitlity with which OCS is oxitlizcd tliro~~gh SH anel SO to SO, even within the reaction zonc ofthis f~~el-rieli Ili~nic. 
N o  cvitlcncc was obtainctl li)r the presence of sulpli~~ric or S L I I ~ I ~ U ~ O L I S  i~cids, i~nd the presc~ice of S: W ; I  not c~~ifirnicd. 

JOHN M.  G ~ ~ I ) I N c ; s ,  KA~I,II-  ELC;L~INI)I ct DIE'I 'IIAII~) K. U ~ I I M E .  Can. J .  Clicm. 61. 1703 (1983). 
On o obscrvd dcs ions sulfurcux nCgatifs: S , SH . SO . SO, IS, . SO, . HSO: . SO, ct HSO, lorsqu'on qioutc 0.7'k 

tlc sulfurc tlc carbonylc (OCS) i~ la I'lammc dc CH,-02. coniquc. laminaire. 1pr61n6l:1ngdc ct cnrichic (rapport d'dcl~~iv;~lcncc 
(1) = 7.15) brlilant :I 121 prcssion ntmospliCsicl~~c. On n obtcnu Ics profils clc I;I concentration en ions en fonction dc la clistancc 
Ic long tlc I'axc dc la flamrnc en injectant tlcs Ccliantillons tlc I1;uiimc i travel. Lln t1-0~1 tl'Cpinglc dans un spcctromktrc tlc massc 
c~uadrupolairc. Quclqucs uns clcs signauu observes clans la zonc tlc rdnction tlc fl;lmmc sont trcs intcnscs. particulikrcmcnt ccux 
tlu HSO, . Lcs ions s~~lfurcuu dctcctcs nc conticnncnt pas dc carbonc. L-';irrni ccux mcntionnds. sculs S , SH . SO ct SO1 
existent cncosc clans Ic coLrr;lnt gazcux clu i  brlilc. Lcs ions S L I I I ' L I ~ C L I X  se li)r~iicnt par io~iisi~tion chi~iiitl~~c tlcs i1ltcr1ii6di;1ircs 
sulfurcux ncutrcs clui rC;~gisscnt avcc Ics ions C ~ L I C  1'011 ~ S O L I V C  liabitucllcmcnt cl;uis n'importc cl~lcllc flarnmc cl'liytlroc;~rburc. 
On discutc dc la cliimie clc I'ion en toit OLIC clii~iiic 11c~1trc s~us-~j;~centc du so~lfrc sc rapp~rt;~nt :I I ' c I ~ v ~ ~ o I ~ I ~ c I I I C I ~ ~  dc 1;) ~I;IIIIIIIC. 
Lcs profils dc I'ion rCvi.lcnt la rapiditd avcc laqucllc Ic OCS cst oxycld par I'intcrrnCclini~c tlu SH ct tlu SO en SO2 memc 3 
I'intCricur tlc la zonc tlc rCaction tlc ccttc flnrnmc riclic en combustible. On n'a pas tlc prcuvc clc la prdscncc tl'acitlcs S L I I I ' L I ~ ~ ~ L I C S  
on sulfurcux. ct on n 'o  pas ~ L I  confirmer la ~>rkscncc tlc S?. 

ITr;~cluit par Ic journal 1 

Illtroductioli 
The release of S L I I ~ I I L I ~  C O I I I ~ O L I I I ~ S  into the troposphere 

th ro~~gl i  the use of s~~lphur-bearing fc~ssil f~lcls I'or intlustrial ancl 
domestic heating. power generation. ant1 t r a n s p o r t ~ ~ t i o ~ ~  consti- 
tutes the rn21-jor man-made sources 01' air contiuninatnts. ?'he 
effects on human health and vegetation have long been recog- 
nized. Besicles being phytotoxic with the obvious clamage to 
plants through acid rain, high levcls of' S L I I ~ I I L I ~  c o n l p o ~ ~ n d s  
have been linked to a variety of environmental uncl health 
problems ( 1 ) .  For example. SO2 is a sevcrc irritant to the eyes. 
mucous membranes. and skin. the in-itant cfl'ects being caused 
by the rapidity with which SO2 forms S L I ~ ~ ~ L I ~ O L I S  i ~ ~ i d  011 con- 
tact with moist surfaces. Present measures to combat S O ,  cmis- 
sions from combustion operations through the selection o 1 ' I o ~ ~ -  
sulphur fuels or by s ~ ~ l p l l u r  r e ~ l l ~ v i ~ l  fro111 the e x h n ~ ~ s t  arc cost- 
ly. The inevitable need to use high-sulpli~u coal in tlie future 
points to the desirability of controlling sulph~lr  e~llissions at the 
source. 

This work attempts to truce the c~u-ly chemistry ot' fo r t~~a t ion  
of sulphur compounds in a hydrocarbon flame. S u l p l l ~ ~ r  ions 
resulting fronl the reaction of naturally-occurring flame ions 
with sulpl iuro~~s neutral species are dctcctccl by sampling the 

1 tl:ume at atmospheric pressure into a mass spectrometer. These 
I 
1 ions, produced from fast ion-moleculc reactions, can be ~ ~ s e c l  
1 as an in-situ probe of the underlying neutral chemistry of com- 

bustion. The objective of this phase of the study is to explore 
the formation and disappearance o i  nezntivc s u l p h u r o ~ ~ s  ions 
in, and downstream of. the reaction zone of u f~1cI-ricI1, 
CH,-O? flanle doped with 0.2r/r of carbonyl sulphidc (OCS).  
Pairs of ion concentration profiles arc meosurccl along the axis 
of conical flames with and without OCS additive to reveal the 

presence of S L I I ~ I I L I ~ O L I S  ions. Both the ncutral chemistry ant1 thc 
ion chemistry of s ~ l l p l i ~ ~ r  relcvant to the t'la~iic arc rliscussccl. 

All of the ion c011cc1itl.;1tion I I ~ C U S I I ~ C I ~ ~ C I ~ ~ S  \\.ere perfor~~~cd 011 the 
same CH,--0: tl;lmc ol' I'ucl-rich composition (cq~~ivalcncc ratio (0 = 
2.15) whose ion chemistry wc have st~~tlictl cutcnsivcly in tlie past (2. 
3).  I t  was of the laminar prcmixcd type with a conical luminous 
reaction zone (height = 5 mm. base tliamctcr = 3 mm. thickness = 
0.3 mm) to facilitate ionic s;tmpling along the flamc axis into n mass 
spcctromctcr. Tlic tlniic has an adiabatic fl;uiic temperature of 2460 
K and a burnt gas velocity ol'approximatcly I rn s ' .  I t  was stabilizccl 
at ntmosplicric pressure o n  a simple. tubul;~r. cluartz burncr (2.3 mrn 
id) surrounclcd by a flowing argon sliicltl to minimize the entrainment 
of atmospheric air. For this work. provision was matlc to acltl 0.22 
mol% of OCS to the prcmixcd gas: i t  coulcl be ntltlcci or rcmovctl 
without altering the I1;uiic. All gases wcrc ~lsctl straight from the 
cylinders without further purification (CH, > 99.0'k. 0 > 99.bf%. Ar 
> 99.9%. OCS > 97.5%). The burncr was mounted on a motor- 
driven carriage with accusatc axial alignment ancl c;~libratcd drive 
providing spatial resolution of 20.02 mm along the flame axis (dcsig- 
nntcd :) for ion p're)filc measurements. 

The Ilamc - ion mass spectrometer has been clcscribccl previously 
in tlctail ( 2 ) .  The flame burncti against a 60". conical. chromium, 
sampling nozzle of orifice tlin~nctcr ca. 0. I mm mounted in  a wntcr- 
coolctl flange of the type dcscribctl by Hnyliurst and l'clfortl (4 ) .  The 
sampled ions pass tlirougli two stages of dil'krcntial pumping into a 
quatlsupolc mass filter. Thc mass-analyzctl ions arc tletcctcd with a 
parallel-plate Farnday cage conncctctl to a vibrating reed clcctromctcr 
Iii~ving ;I grid-leak resistance of 10" ohms. -I'lic ion signal magnituclcs 
in the figures arc quoted in  volts based on tlic tlctcctctl ion current 
passing through 10" ohms. Wc hnvc ;~cloptcd a normalization tcch- 
niquc different from that ~lscd previously. The profiles shown in  tlic 
figurcs include ;I correction for mass tliscriminntion in the filter against 





T,\BI.E I .  Neutral scactions involving s u l p l i ~ ~ r o ~ ~ \  y~ccics relevant to the I'LIcI-sic11 Iiyd~.oc;~rhori 
t1;rrnc clopccl with OCS 

No. Kcactions Ihtc constant" 7' ( K ) "  Kcfcrcncc 

O -t OCS - SO i- CO "4.1 X I0 I '  

H + OCS - SH i- CO '2 .2  X I0 
S + OCS + S, t CO ' 1.0 x 10 
SH + O - SO + H 4.7 x I0 " 

+ S -t OH 1.4 X I0 I' 
SO + 0, + SO, + 0 '1 .5  X 10 
SO, + 0 - SO + 0, ' 3 . 3  x 10 I-' 
S O + O  t M + S O , +  M ' 1 . 8  x I0 " 
H -t SO, + M + HSO, + M " 1 . 4  X I0 l 2  

S + O H + S O + H  4.7 x I0 " 

+ S H + O  I ,7 x I0 I.' 

SO + H + S + OH 1 . 1  x I0 
SO + 0 + S + 0, -3.7 x I0 
S -t 0, + SO + 0 ' 2 . 3  x 10 I - '  

S H + H + S + H ,  ,I 7 - 
-.3 x I0 " 

S t H, -, SH + H 'l2.0 x I0 I '  

S + S H + S 2 + H  4.7 x 10 " 

S , + H + S + S H  9.0 x 10 ' I  

S i- S O +  S, + 0 1.5 X 10 " 

S , +  0's + SO 4.7 x 10 " 

SH + SH + H,S + S " 1  .3 x 10 I '  

H,S + H + SH + H, </2,1 X 10 
H,S + OH + SH + H,O ' 8 . 4  x 10 " 

H,S + CHI + SH t CH., 1 . 1  X 10 I - *  

"R;~te con5t;lnth ;Ire gi\,en in u n i r h  of cm' niolcculc ' \ I .  or em" rnolcculc ' 5 ' \rl~crc nppropri;lrc. 
"E. I rilte . consta~it  Iii15 bccri c;~lcul;~tcd ;I( ;I tc~ilpcr;~rurc a h  clot to 2 000 K a h  thc ;~v;~ilable ~ I ; I I ; I  pcrniit. 
' Approxi~ i i ;~ tc  ~~riccrtaility = 2 3 0 % .  
" ~ \ ~ ~ r o x i m a t c  ~rnccrtairity = 25OCk.  
' Approxiliiatc ~lnccl.ri~ility = -t70%. 

FIG. 1. Kcaction sclicmc for sulphus chemistry in a fucl-rich, liy- 
drocarbon flamc. 

electron affinity (EA) which can better withstand collisional 
electron detachment at the high temperature of the burnt gas. 

In the absence of OCS, a small single peak is observed at 33 
amu in the reaction zone due to H02- .  With OCS injection, the 

much larger double-pcakecl prol'ile shown in Fig. 3 arises due 
to SH-  with a small contribution from j's-. Iiccall that s i ~ l p h i ~ r  
has four stable isotopes: namely, -"S (nnti~~.al abunclance = 
95.0%). '3 (0.76%).  -"S (4.22%). ancl ""S (0.014%). Othcr 
isotopic species ot'si~t't'icient ll ;~tl~ri~l abunclancc to makc signifi- 
cant contributions to some of these profiles incluclc clcuterium 
D (0.015%). ''0 (0.037%). and '$0 (0.0204%).  For example, 
the double-peaked profile at 34 am11 can bc clcrived from 
"SD-. "S-, and j 3 S H  ; these S L I ~ ~ ~ L I I . O L I S  spccies will account 
for all of the downstream portion. whcrcas the upstrcam peak 
is further conlplicated by a small and ilnknown contribution 
from the 0 - . H , O  hyclrate. Similar consiclcrations will apply to 
the profile at 35 arnu, but in this case the profile magnitude 
indicates contributions from 0 H . H 2 0  and also '"1 present 
as an impurity. The mass assignments inclucling isotopic con- 
tributions for all of the negative sulphurous ion profiles mea- 
sured are summarized by groups in Table 2.  

Consitler now the small. double-pcaketl profiles at 48 an111 
shown in Fig. 4. In the absence of OCS, the upstream and 
downstream peaks :we attributed to O j  and C;., rcspcctivcly. 
With OCS injection, the dccrensc and shift of thc upstrekurn 
peak presumably indicates the involvement of O as a source 
of sulphurous negative ions. as notccl abovc for O2 . Thc in- 
crease in the downstream peak may bc intlicativc of SO-.. 
However, the clear evidence for S O  is thc tail of the profile 
which persists far downstream into the burnt gas. Corrobo- 
rative evidence from 3JSO- at 50  am11 is obscuretl by thc pres- 
ence of 02- .H,O.  

With reference to Fig. 5. in the absence of OCS. the signal 
detected at 6 4  arnu is negligible and that at 66 amu is very 
small. With OCS injection, the fairly large profile at 64 amu 
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FIG. 7. Total positive and negative ion protilcs with. and without. 0.2% OCS acldit~vc. 

0.0 
- I .  0 - 0 . 5  0 0 . 5  1.0 / .5 

-UPSTREAM DISTANCE Z (mml DOWNSTREAM- 

1 I I I I I 

- HxS- GROUP - 
- - 

- 

- 

- 

- M35- 

FIG. 3. Ncgntivc sulpliuso~~s ion profiles: isotopic spccics of S and SH . All profilcs arc taken with the addition of 0.2% of OCS cxccpt Ibr 
one profile at -32 nmu as inclicatorl. 

could be attributed to SO? or S? . However. the relative size 
and si~nil;~r shape of the profile at 66 am11 idcntil'ies both peaks 
as being al~nost entirely due to SO1- ant1 not S 1 :  this serves as 
an excellent ex:uiiple of the utility ol' isotopes lor species iden- 
tification. 

The H , S O 3  groi~p (.I- = 0. I )  of ions is shown in Fig. 6. 
When OCS is not present. the signals at 80-83 nnlu are all 
negligibly small. When 0.1% of OCS is ntltletl. large profiles 
are observed. The single-peaked pair at 80 and 82 amu are 
attributed to "SO3- and "SO;-. respectively: the latter contains 
minor contributions from other isotopic species as we1 I. The 
double-peaked pair of profiles at Y I and 83 amu are identified 
mainly as H3'S0,- and HXSO3-, respectively. although other 
isotopic species will contribute. As a clue to the ion chemistry 
dicussed in the next section. it is noteworthy that the ~ ro f i l e  
observed for 0- at 16 amu (not shown here) is single-peaked. 
while that for OH- at 17 am11 (also not shown) is double- 
peaked (15). Thus, it is credible that the ions observed in this 
group are the cluster ions 0- .SO? and OH.-.SO?. 

Similarly for the H,SO,- group (.Y = 0, I )  of ions shown in 
Fig. 7,  the signals at 96-99 amu with OCS absent were negli- 

gibly small. With OCS in-jection. sulphurous negative ion pro- 
files were observed. all single-peaked ant1 one of them very 
large. They derive, in order of increasing mass 96-99 amu, 
from "SO,-. H"S0,-, ',SO,-. and H"SO, with a number of 
other isotopic contributions indicated in Table 2. In fact, the 
peak for HS0,- at 97 an111 is the largest negative ion signal we 
have ever observecl. In the absence of OCS. the profile for 02- 
at 32 amu (Fig. 3) and the very small one for HO,. at 33 alnu 
(not shown) are both single-peaked (15). In keeping with the 
cluster ion interpretation mentioned in the previous paragraph. 
the H,SO,- ions might conceivably arise as 0 ? - . S 0 2  and 
H0,- .SO? clusters. 

In summary, the parent negative ions tbr which profiles were 
obtained include S- ,  SH-, SO-., SO,-(S?-) ,  SO3-. HSOI-. 
SO,-, and HS0,-. Somewhat surprisingly. we were unable to 
obtain any evidence for sulphurous negative ions containing 
carbon in the fuel-rich flame. 

Discussion of the sulphurous negative ion chemistry 
I t  remains to discuss the probable ion-molecule reactions 

whieh are relevant to the sulphurous negative ions observed. 
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FIG. 4. Ncgativc sulpliurous ion profilcs: SO 
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FIG. 5. Ncgativc sulphurous ion profilcs: isotopic spccics of SO2 (S2 ). Also shown is thc signal at -66 aniu in tho abscncc ol'OCS additive. 

- 

Those which have been studied previously by other workers, 
usually at room temperature, are listed in Table 3 .  Many 
are drawn from the compilation by Albritton (16). The dis- 
cussion of the ion chemistry reveals the sulphurous neutral 

- 

species expected to be present in the flame as intermediates and 
products. 

There is general agreement that the main primary source of 

- 

M66-(0.2 % OCSl - 

ions in a hydrocarbon flame is the chemi-ionization reaction 
(27, 28) 

body attachment of the electrons released in reaction 1171 to O2 
molecules (3 )  

1181 c + 0 2 +  M - 0 :  + M 

In this study, one might expect sulphurous negative ions to 
arise initially by dissociative electron attachment to OCS.  
There are five plausible reaction channels to form 0-. C-.  S - ,  
S O - ,  and CS-; for example 

1191 c + O C S + S  + C O  
117) CH + 0 - HCO+ + c-. 

Although some of them have been observed at relatively high 
The negative ion chemistry commences upstream with three- energies using electron beams (29 .30) ,  all will be endothermic 
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FIG: 6. Ncgativc sulphurous ion profilcs: isotopic spccics ot 'S0, 
and HSOz . All profilcs arc taken with the atldition of O.2Q of OCS 

at normal flame temperatures. Of the five. reaction 1191 is the 
most favourable with an endothermicity of approximately 25 
kcal mol- ' .  

However, several of the sulphurous neutrals invoked in Fig. 
i have electron affinities ( E A )  greater than that of 0:. i~nd  can 
give rise to some of the observed sulphurous ions by charge 
transfer reactions 

Reaction 1221 has a high rate constant measured at 300 K given 
in Table 3.  It is perhaps significant that SH-  (Fig. 3 )  and S O -  
(Fig. 4)  originate farther upstream than d o  SO: (Fig. 5 )  and S - ~  
(Fig. 6) in keeping with the sequence of neiltral reactions 
presented in Fig. 1. Also, SH- could logically be formed by 
proton transfer from H,S to a strong base such as O H - ~  

It is not possible to differentiate between SH-  formed by proton 
transfer from HIS or by charge transfer to SH. In addition, 
SO?- and S O -  could be formed by atom transfer reactions 

1251 0 ,  + OCS - SO, + CO 

1261 - SO + CO, 

Both are exothermic, although reaction 1261 involves a good 
deal of chemical rearrangement. 

I I I 
40 

H, SO4- GROUP 

30  

FIG. 7. Ncgativc s ~ ~ l p l i ~ ~ r o u s  ion 1)rofilcs: isotopic spccics of SO, 
and HSO, . All profilcs arc tokcn with the atldition of 0 . 2 8  of OCS. 

As was mentioned in presenting the Results for the H , S O j -  
and H ,SO,-- groups, some of the remaining sulphurous ions can 
be formed in clustering reactions with SO2 

1271 OH + SO2 + M -+ HSO; + M 

1281 HO? + SO, + M -  HSO, + M 
EA(HSO,) > 4.5 cV (21) 

Reaction 127) has the very high rate constant measured at 796 
K given in Table 3. Viggiano el rrl.'s determination (21)  of a 
lower limit for EA(HS0,) basecl on Benson's somewhat uncer- 
tain value (35) for the bond dissociation energy of sulphuric 
acid D(H-HSO,) = 4.5 eV means that clissociative electron 
attachment to H,SO, 

would be exothermic. certainly near room ternpel.ature. The 
fact that the H S O ,  profile (Fig. 7) does not persist downstream 
is strong evidence that sulphuric acid is not a major product in 
the burnt gas of the flame. The very large signals obtained for 
HSO,- in the reaction zone are not surprising in view of the 
very high values of EA(HS0,); once HSO,- forms by SOI 
clustering according to reaction 1281. i t  will be very stable 
against loss by charge transfer to SH. SO. SO2. etc. Also. if 
H S O ,  is formed in the reaction zone by proton abstraction 
from H?SO, by the strong base OH-  

the HSO,- profile ought to be double-peaked like that for O H -  
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'I'I\ULE 3. Ion-molcculc reactions involving sulphurous spccics relevant to thc fucl-rich Ilamc dopscl with OCS 

7 3 Ieniperaturc o r  
N o .  Reactions "Katc constant energy Kcl'crcncc 

0, + SO, + SO, i- 0, 

OH + SO, + 0, + HSO; + 0, 
co: + SO, ' SO: + CO, 

HCO, + SO, + HSO, + CO, 
0, + SO2 -, SO, + 0, 

0, .H,0 + SO, - SO, + H,O 
0 + H,SO, + HSO, + OH 
so, + 0, + 0 2  So, + 0 2  

SO, + H ' HO, - SO, + + HO, I 
S + co ' c + OCS 
S + 0, ' C + SO, 
S + H, + c + H,S 
SH + H + c + H,S 
0 + SO, ' c + SO, 
0 + SO. ' c 
' SO, + + 0 I 

"1.9 X I0 ' I  303 K 
3.9 x 10 " 0. 13 eV 

"1.0 x 10 "' 296 K 
"4.0 x 10 "' 0.04- I .9 c v  
"3.5 X 10 "' 185 - 605 K 
"1.7 x 10 " 296 K 
"1.7 X 10 " 0.04- 1 .8 cV 
"1.7 X 10 " 185-605 K 
"1.8 x 10 " 303-304 K 
"1.54 X 10 " 343 K 
"Obscrvcd 296 K 
' 1.6 x 10 I,' 296 K 
SO, was thc rna.ior product ion 

"3. 1 x 10 I" 300 K 
"3 x 10 300 K 

< I  x 10 Ii 300 K 
"1.3 X 10 " 296 K 
2.0-0.8 x 10 " 0.05-0.28 cV 
-. 7 I x I0 " 0.04-2.0 cV 
Major channcl at higher encrgics 

"Rate constants arc given in   nits of cn,' molcculc ' s '. or 
"The measurement uncertainty is +-30'2. 
'The measurement uncertainty is 240%.  
"The measurement uncertainty is + 100'Z. -5O'k. 
"SO, :': dehipnates the less \table isomer of  SO., . 

or HSO3-. Presumably HS0,- is lost near the end of the reac- 
tion zone because the flame attains maximum temperature and 
the H atom concentration rises (2, 36). both of which favour 
associative detachment of electrons by the reverse (endo- 
thermic) direction of reaction 1291. All things considered, the 
large signal detected for HS0,- does not provide evidence for 
the presence of sulphuric acid in the flame. I t  probably forms, 
however. in the cool, wet, gaseous envelope sul~ounding the 
flame proper. 

Other ion-molecule reactions listed in Table 3 have been 
measured which can form ions of the H , S 0 3  and H,SO,- 
groups. Some of these might be regarded as switching reactions 
or anion transfer 

(3 I ]  C0,-(0-.CO,) + SO, + SO, (0 .SO,) + CO, 

1321 HCO, (OH .COr) + SO, + HSO? (OH .SO,) + CO, 

(341 0, .H,O + SO, ' SO, (0, .SO,) + H20 

Certainly all of the reagent ions in reactions 1311-1341 have 
been observed in the fuel-rich flame with OCS absent (3. 15). 
In addition, a fast proton transfer reaction akin to [30] in- 
volving 0- as the proton acceptor has been measured (21) 

Also, SO,- can be produced by a clustering reaction of SO,- 
with O2 

although the less stable isomer of SO,- is formed, designated 
SO,-'"19). Its reaction with H atoms has been observed to 
produce two channels (22) 

cm" niolcculc ' s ' where appropriate 

(37111 3 SO2 + HO, millor channel at 296 K 

Many other reactions involving the H,SO,-- and H,SO,- ions 
undoubtedly exist, but have not been measured to date. 

Several examples involving the loss of sulphurous species by 
associative electron detachment have been measured 

(381 S + CO --. c + OCS 

1391 S + 0, ' c + SO, 

[410] + SO,  + 0 major channel at high cncrgy 

Reactions 1381-1401 have been measured at room temperature. 
The behaviour of reaction 1411 as a function of energy or 
temperature may by typical and significant for flames. Al- 
though associative detachment may dominate at room tem- 
perature, a different ion-molecule reaction channel may be- 
come the major one at high temperature; e.g. charge transfer in 
the case of reaction [41]. In general, most of the sulphurous 
negative ions observed are logical candidates for associative 
detachment reactions with prominent flame neutrals such as H, 
0, OH, H2, CO, etc. It is difficult to imagine that such reac- 
tions have large rate constants at flame temperatures in view of 
the large signals obtained for most of the sulphurous negative 
ions observed. 

With regard to the burnt gas region downstream, the HS03- 
profile (Fig. 6) persists to some extent in keeping with the 
interpretation of its formation as a cluster ion of O H  with SO? 
by reaction [27]. The similarity to the OH- profile was men- 
tioned near the end of the section on Results. However, four of 
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the ion profiles (S- and S H -  in Fig. 3, S O -  in Fig. 4 and SO2- 
in Fig. 5) persist far downstream through the burnt gas where 
no negative ions are detected in the same flame with OCS 
absent. Froni the electron affinities given beside reactions 
[20]-1231, a mechanisni can be envisaged involving formation 
by three-body electron attachment primarily to SO2,  with sub- 
sequent charge transfer to S H ,  S ,  and SO.  balanced by loss 
processes involving associative electron detachment with H,  0 ,  
and CO, and collisional detachment. Such a network of reac- 
tions is reasonable to account for the persistent steady-state 
profiles observed for these four ionic species. It is consistent 
with the presence throughout the burnt gas of the sulphurous 
neutral species, SH,  SO,  SO?,  and S .  

Conclusions 
A number of conclusions may be drawn from this work 

pertaining to both the ion chemistry and the neutral chemistry 
of sulphur in flames. 

lo11 chetnistr:\, 
( I )  Most of the sulphurous negative ion cheniistry seems to 

be understandable in terms of the relatively few ion-molecule 
reactions involving sulphurous species measured to date near 
room temperature. 

( 2 )  Negative ion clustering and switching (or anion transfer) 
reactions with SO? appear to be prominent. 

(3) None of the sulphurous negative ions detected contain 
carbon, even under fuel-rich conditions. 

( 4 )  For analytical purposes concerned with the mass- 
spectrometric monitoring of sulphur in flames, very large sig- 
nals of HS0,- were detected around the flame reaction zone. 
Persisting downstream through the burnt gas, SH-  and SO2- 
are the logical candidates. 

Neutrul c~kemistry 
( 5 )  The profiles show that all of the expected sulphur com- 

pounds - SH(H2S), SO,  SO?(S?), S - are present early it7 the 
j7ume reuctiorl zone. The rates of the cheniical reactions sum- 
marized in Fig. I which interconvert these species must be fast 
in the flame environment, since OCS is rapidly oxidized to SO2 
even under fuel-rich conditions. 

(6) The main-line neutral sulphur chemistry in the flame 
appears to follow the sequence OCS + (SH) -+ S O  + SO?. 
The species S ,  S2,  and H,S are involved in chemical side-lines. 
No direct evidence was obtained for S?,  however. 

( 7 )  No evidence was obtained for H2S0, or HZSOI in the 
flames proper, although they will undoubtedly form in the 
cooler, wet region adjacent to the combustion envelope. 
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