
Synthesis of Ammonium Cyanate and Urea from NO over Pt, 
OS, Ru, and Cu-Ni Catalysts 

l<ewivcd Sovernber 7, 1077; revised lTet)ru:lry IL, 1978 

The synthesis of IKII,OCS and urw, recently reported to occur in p;ood yields (>90’;;) nvel 
Pt, and Rh catalysts, hrs been studied further over IV, Cu -Xi, 1111, and OS wblysts. The 
synthesis starts from SO, which is reduced to SII,OCIS with (XI and 112 diluted with Ile. 
hlaximwn yields of !IX’;~ at X0-1OO”C, itl~,;~ at 300”(:, 28’;; at 25O”C, and IO’;: nt 250°C 
(based on 2 SO converted to NH,(.)(:N) were obt.:iined for 1’1, Cu -Ni, OS, nrtd RII catalysts, 
respectively. The efTccts of temperature, flow rate, react :mt cc~ncent ratiorls, and prct rest merit 
of the ctlt.alysl were studied for Pt uit:dysts. The mechanism of the formation of SH,C)CK and 
other nitrogen products is cwnsidercd. Adsc~rhed SC0 entities appear to pl:~y :L cut ml role :IS 
irlt rrmediat ea. 

Recently, it was reporkd that tht isomers 
of S,IT ,CO, viz., ammonium cyannt c 
(SH,OCS) and urchn [(YH,),COJ, wcrc 
formed when NO in concc~ntmtions of 0.3 to 
2C/C in inert. gas nt, at mosplit~ric prcssurc was 
reduced with CO and Ilz over IV, Rh, and 
Ru catalysts (I). That report :Aso con- 
tained n review of I hct rclcv:int carlicr litera- 
ture. Condens:it.ion of S,H ,CO at low tern- 
pcraturct (<GOT) produced SII,OCS, 
whereas, at higher tcmpcr:itures (-SO- 
lZO”c‘), urc:i was collcctc~d, :kpp:krc!nlly hc- 
c:~use of rapid conversion of the primary 
product SII ,OCS into uro:L after condcnsa- 
tion in the collector. The study of the 
primary process [ISq. (1 )] on various c:iln- 
lyst surfxes, 

2SO + 2Hr + :JCO -+ 

NHdC)CS + 2(Y),, (1) 

undrr a v:trkty of conditions is licrca pursued 
for two re:Lsons. First, it may yield informn- 
t,ion on the surface* chemistry of the inter- 

action of X0, CO, and IT, on mctnls and, 
in particulxr, about. t tic role of SC0 
intcrmcdintcs :&orbcd on t hr surface [SW 
rc>fcrtnccs to infrared absorption st,udics of 
SC0 in Ikf. (I)]. Gcond, the process of 
converting SO with CO anti Jr2 or I-r,0 to 
SrH4C0 at at mospheric prossure and at 
3O&W”C might br an t>conomic:il :dt crna- 
tive route to the t.wo isomers, SH,OC.U 
and (S11g)2C0. It mny 1x1 notc4 that 
cconomic:tl :dt carnativcs to the convcn- 
I ional liquid-pfulsct high-prclssurca c:lrbam:\te 
urcx process :x(1 not now :iv:iil:ihlc (2). 
.\lthough I hc cost of SO as :t raw makri:d 
is rclstivoly high! this might in fact. ho 
overcome by the simplicity and high yield 
of the new proctbss and by its :lhilit y to 
employ the dilute streams of NC.) produced 
by radiative! proccsscs (Q, by high-tcrn- 
pcmturc combustion as in the “\Visconsin 
process” (/t), or as tail gas from the mnnu- 
facturc of nitric acid. Application of the 
new process in conjunction with IISOs 
m:tnuf:lcturo might allow the latter to he 
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(:h:Iractcrization of Catalysb Used 

Code Composition Preparation Surface 
area0 
h*/d 

Ref.* 

Pt sponge 
Ru 
Cu-Ni 

OS I 

OS II 

Pt, W.l)Wjl, Engelhard sponge 0.12 (f,ll, 18) 
1l.u 99.999% Engelherd powder I .28 (7) 
Cu:Ni = O&4:1 (at/at); Fillings of commercial monel 0.12 (10) 

Cu + Iii = 97 wtrjoC alloy 
OS (99.99$c) Powder (Engelhard) in reactor 

reduced in Hz at 100°C for 
IO hr, then at 200°C for 
I 4 h and at 350°C for 4.5 . > 
min 

OS (9!).99c/‘c) OS I, further reduced in the 
reactor at. 450°C for 16 h in 
90:; Hz in IIe 

-, 
a 1)etcrmincd by Nt chemisorption in a Perkin-Elmer sorpt.ion meter. 
* References to earlier work in this laboratory on the same catalyst. 
c Analysis by Fairfield Testing Labs, Fairfield, S..J. 

operated wit.h much higher NO levels in 
t.he t.ail gas. 

In the present report., the process as 
catalyzed by I’t, OS, llu, and Cu-Ki is 
described, with emphasis on the most 
effective of these catalysts, Pt. It is shown 
that. t.he yields of KH,OCS correspond 
with the published concentrations of XC0 
(isocynnatc) surface species produced by 
interaction of SO and CO on support,ed Pt 
and Ilu catalysts and measured by infrared 
absorption by Solymosi et al. (5, 6). The 
mechanism of the formation of K~H,CO 
from SO, CO, and Hx is considered. 

KXI’ERIMENTAL MI~:TIIOI)S 

Since all expcrimrntnl methods used have 
bren described elsewhere, only a brief dc- 
scription will bc given hcrc. All cxpcri- 
merits were carried out, with a quartz fixed- 
bed reactor. The catalysts (l-5 g, Table 1) 
wcrc supported on a fritted quartz disk. 
The react.ant gases were obtained premixed 
in He from Scicnt.ific Gas Products, Free- 
hold, S. J., and were blended in line with 
t.he aid of I3rooks Co. flow controllers to 
obtain a feed-gas mixture of 0.3-2.06A X0, 

f&2.0(;/‘, HZ, 0.45.0% CO, and O-2.2% O2 
in He. Water was added as appropriate. 
The effluent from t.he reactor was split for 
on-line gas chromat.ographic and colori- 
metric analysis. Gas chromatographic anal- 
ysis was used for SO, Nz, CO, and II, (7). 
The conversion of SO to SHLXN was 
tncasurrd cont.inuously by quantitative ab- 
sorption of NH&XX from t.hc efllucnt, 
conversion into urea, and colorimet.ric 
determination of urea (8) as its yellow 
complex with diacetyl monoxime (9). Con- 
densed crystalline products trapped from 
the effluent, were analyzed by ir absorption 
and identified as ?c:H ,OCS and (SHr)&O 
(I). So qunntitat.ive analysis was dono for 
SI13, N20, and HCS. Earlier data on the 
satnc cat,alyst,s showed that the formation 
of HCS accounts for less than 1% of con- 
verted SO in the temperature range cm- 
ployed in t.he present work (10). It was 
also shown previously t.hat quantitative 
analysis for XII3 accounts for t.hc balance 
of the S derived from NO at t.emperatures 
above 400°C (10, 11). Deficits in the S 
balance Mow a.bout 350°C are assumed to 
bc due to formation of I.&. 
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FIG. 1. Conversion of NO over I’tLsponge. (a) l’erwntngc of S in inlet SO rwovwed as NlI,CWS, 
KIIS, xnd K;? is plotted. I’rcreduwd cnt.alyst. Flwv rate s, nornutlized per squrwc mcttsr of Pt in the 
wmple, are 1.1.5 X 10’ (- -- and symbols), 2.3 X IO [. . . ., from rctf. (I)], mid -1.0 X 10’ (- -- 
snd filled symbols) ml/h/m*. St:mdnrtI c:ollccnt.r:ltic,rl~ of SO (0.3’ ; ), II, (O.:i”;), rind CO (5”; ). 
(1)) Isocyanate jqwul,s on the surf:ice of Sf,j;: PI/Al203 me:~uretl by ir :ibs~Jrl)lion at 2267 VII~-~: 
(0) reduced srmple; (A) oxidized sample, :tfter Solymosi cl (II. (5) ; (c) SII, formed irl the rcducx- 
tion of 0.1 ‘;i, NO wibh 1.4”;- 112:md l.;i’,; CO over R Pt/‘Al,O, wt:dyrt, after Shclcf and (Gandhi (I(i). 

I< F:SUI,TS O.:ic;/, IIn, and 5::. (X) in 11~) owr :I 1% 

I'bfltr'n~~r~~ sponge c:lt:llyst is given in Fig:. 1 3s :I func- 
t iori of the tcIlipw;\t ur(: of th c::il:tlyst. 

‘I& forniation of SF-I IO(:.V, S I I:(, :tnd ‘l‘hrw wluw of I tic, flew r:ittb wcrc’ us(v1, 
Kz froul :I “st:indnrd niist ure” (0.3’;/; SO, viz., 1 .l.i X 104, 2.:i X IO*, and 4.0 X IO4 
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FIG. 2. Conversion of NO over Pt. sponge at 
430°C. Catalyst &s in Fig. 1. Flow rates normalized 
per square meter of Pt in t,he sample. Standard gas 
mixture. 

mlihl:rn? of I’t in the sample, respectively. 
This corresponds to GHSV values of (3800 
lo 23,500 h-l. The data for 2.3 x 104 ml/ 
h/m2 are from Ref. (I). Prior to use, the 
catalysts were reduced in 20/c H, in He at 
47.5-500°C for 11 h or longer. Without 
prcreduction, the resu1t.s are similar to 
those in Fig. 1, except that the yields of 
NJ2 are somewhat higher and the yields of 
NH&CS arc correspondingly lower. The 
effect of increasing flow rate is primarily 
to shift t.hc yield curves, including t.he op- 
timum yield of XH.,OCS, t.o higher tcm- 
perature. This optimum, which is close t.o 
lOO%, is in all cases reached at the tcm- 
perature at which SO is just completely 

e 
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converted (SO is not shown for clarity). 
Figure 2 shows the effect of reciprocal flow 
rate on t.hc conversion of NO into X2, SH3, 
and XHrOCS over the same catalyst. (I’t 
sponge) at 430°C. IKH,OCS appears to be 
a primary product, followed by formation 
of hH1. 

The composition of the feed gas has been 
varied t,o st,udy the cffect.s on t,he yield of 
NH rOCS. At constant levels of SO and H, 
(O.:3u/c each), t,he concentration of CO has 
been varied from 0.4~5.0%. Figure 3 shows 
t,hc resu1t.s of two series of experiments: one 
with a freshly reduced I’t sponge and the 
other with t.hc same l’t sponge nft.er it had 
been stored under He for 4 days without 
regeneration and apparently had lost some 
of it.s selectivity. The temperature for bot.h 
series was 404”C, and t.hc flow rate wa.s 
4.0 X lo4 ml:!‘h;m’. The va.riations of the 
yield with t.he concentrat.ion of CO are 
similar in both series ; a substantial drop in 
selcct.ivity occurs only below 2% CO. For 
the reaction of ISq. (I), this corresponds to 
a fourfold excess of CO. For the less sclec- 
t.ivc, used catalyst, the effect of increasing 
the concentrations of NO and H, (at 
SOjHn = 1.0) at a constant CO concen- 
t.rat.ion (5%) is given in Fig. 4. A significant 
dcclinc in selectivity occurs here when the 
amount, of CO is less than 2.5 times the 
stoichiometric amount. 

Industrial streams cont.aining SO often 

;:“I , , , , , 
F cl 1 2 3 4 5 

PERCENT CO IN FEED GAS 

FIG. 3. Lffect of CO concentration on the yield of NH,OCN over I’t sponge at, 404°C. Flow rate: 
4.0 X 10’ mllh,‘m2. Conccnt rat ions of NO and Hz are 0.3(,&. Open symbols: freshly redured Pt; 
filled symbols: same cat,alyst, after extended llse wit.hout regeneration. 
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PERCENT NO AND H2 IN FEED 

FIG. 4. I:ffec:t of NO mid IT? conrent rations cm 
the yield of NII~OCN over I’t slxmgc at -If?O”(:. 
Flow IWO : 4.0X IO’ tnl~l1.‘nl’. (:onwt~l r:1tion of (10 : 
:i’ ;. I:setl c.:il.:dyst iw in Pig. :;. 

T.U3LI: 2 

Format iOn of SHdKX from Nlfa over Pt Sponges 
---- 
I~kpcri- (ias composit.iori Conver- 

mctnt (’ h in Ilr) (G) sion of 
so. .-. -- - -.-.. - - Nil, to 

NfIa co CO:: 02 Nll,O(‘S 
(‘I) 

-- -----------. .- -. .- .-. _ 
I 1.3 0.67 450 I.6 
2 1.3:; 0.07 O.&i 450 2.0 
:; o.:i 1.7 450 3.2 
4 1.:::; OAi7 450 0 
5 0.3 1.7 0.15 3so 0.3 
ti 0.:; 1.7 0.3 x30 0.7 

-.. - -. - .- -- .-.. -.---. -- 
(1 Flow rate: 1. I5 x IO’ ml/h;!nP. 

13cyond the addition of I.!$; CL, the yield 
of SII,OClS is dinlinishtd with rtqwt. to 
1 he O,-fwct react ion mist uw. ‘I’hc dTrct of 
w:itcxr on tlw yield of XII ,C)CS has bwn 
rc~porttd prwiously (1). \Y:I t cr could lx! 
used instd of Ii, 10 supply 11 for SsH4(10 
in the tcnipc~txturt~ r:mgc nwr 1OO.)“C (1). 
.\t. lower t c~nlpmxt urw, near those where 
NO is first cornplrtcly conwrtd, hydroly- 
sis of cy:m:ttct t 0 9 II, was obwrvcd to 
occur at wl:ltivrly high r:ltw (13). 

Pinto t hcrc h:~vc lmn reports (I-5, 15) 
that S I I, IIM~ rwd with (10 or CO2 ac- 
cording to 

(‘O:! + 2SIlo -+ s,1r,co + trzo, (3) 

\v(’ h:iw at tcamptcd t htw react ions ovw 
1 hc fresh, pwrcduccd IV spongsc fxtalyst to 
aswrtain mhcthcr SH, formed in the rc- 
cluct ion of SO could bc :in intcrrncdi:~te in 
t hc fornmtion of t hc cy:mutt: group. \Vith 
gas mixturcs containing NII, (0.3-I .35&), 
CO (O.O-l.‘if~;.), xnd O2 (O-0.05C~) in Hc 
or SH, (O.S-1.3’3 1, CO2 (O.Gl?j/,), antI 
O2 (O.l.i-0.3’,‘/, ) in Hc, :it a flow rnttt of 
1.15 x 104 nll:h;‘rn’ :ind in the terripcr~- 
turc r:ingr of 2~Xb55O”C, :I mmirrium yield 
of SIIIO(:S (c:ilcul:itcd on KilTj inI of 
;<(‘(L, was oljt :iincd. ‘I’hc “lwst” yicllds ww 
ol)t:lincd wit.11 :1 misturt: of 0.3?; SI la :kncl 
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FIG. 6. Conversion of NO over OS catalyst. Pcr- c 0.2 
\ 

ccntagerof K in inlet NO recovered as NO, N?, and 
NA,OCN is plotted. Flow rate: 4.6X10J ml/h/m* 
of OS in the sample. Standard concentrations of SO 
(OJrAj), II2 (0.5$~), and CO (;j.O?J,) in He. Heavy 
lines and filled symbols: OS I catalyst.. Light. lines 
and open symbols : OS II catalyst. 

I I 

80 

1.7yc CO. Small additions of 0, increased r 

the yield (Table 2). g 60- 
I- 

Osmium rind Ruthenium 
9 
I 
0" 40- 

A very gradual prercduct.ion of the OS 
metal powder was used to prevent t,he i 

evolution of highly volatile 0~04 (Table 1). 
8 zo- 

The results in the reduction of SO were 
found to be susceptible to the oxidation OL 

state of the catalyst to a stronger degree 
t,han was t.he case for Pt. Figure 6 shows 
t.h:tt x2 is t.hc predominant product of the 
reduction. The standard mixture of SO, 
Hz, and CO in He was used at. a rat.r of 
flow of 4.6 X lo” ml/h:nP. :I n1oderat.e 
prereduction of the cat.alyst gave a higher 
yield of l\‘li.IOCS (2Syc at 230°C) t,h:tn 
a more thorough prcreduction procedure 
(which yielded 13yS at 250°C). 

FIG. 7. Ru in the interact.ion of NO, CO, rind He. 
(a) Present work. Percentage of N in inlet X0 
recovered as KIIJXN and NO versus cntalyst 
temperature. Prewuluced unsupported cat.alyst. 
Standard gas mixture of NO (O.:Jc/c), Hz (0.5%), 
and CO (5y0) in He at a flow rnte of 1.2~10’ 
ml/h/m*, corresponding t.o a GHSV of 90,000 h-1. 
(b) Concentration of SC0 surface spcciea on a re- 
duced EI~~ Iiu/.41003 catalyst after 30 min of con- 
tact. wit.h 10 Torr of a mixture of 5’;; NO, 10rh 
CO and SST0 NY at the tempernt.urc indicated. 
hlc~~urcd by ir sbwrption (2X5 cm-l) at room 
t.emper:ct,ure by Solymosi and Rasko (6). (c) Yield 
of NH3 in t,he reduction of NO with FI? and CO (0) 
IMa on unsupported Ku sponge, with mixture W 
of ?KO (o.l:S~c), H? (0.47:), CO (l.:F;I,,, Hz0 (S’x), 
and CO2 (3’:;) in He at GHSV = 38,000 h--l, after 
Voclrhocvc and TrimI& (7) ; (A) data on a reduced 
0.8’,‘/, l~u/.41203 catalyst with the same mixt.urr W 
at (~11SV=18,000 h-* (7); ( n ) data on a 0.57, 
llt~/Al~O~ catalyst with a mixture of NO (O.lTh), 
FI, (1..1%:), and CO (1.5’;‘0) in N?:tt (~HSV=20,000 
II-*, after Shclef and Gandhi (f/j). 

=1 study of the reduct,ion of I%;0 with CO 
and 111 over Ru was published bcforc (7). 
‘l’hc yield of ST13 showed two peaks, cen- 
tered at approximately 250 and 330°C. 
The snmc catalyst was used in the prcscnt 
experiments. Figure: 7:1 shows t,he yitld of 
SH1OCiK, with a maximum near ?4O”C, 
observed with t.he standard mixturo of 
gcases used at. a flow rate: of 1.2 X lo4 ml/ 
h/‘m’. ‘I’ht: peak value of 10.5% decreased 
t.o GO/, when the flow rate was cut in half. 
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‘I’110 c:ihtyst iv:‘:15 prc~rducctl in flowing 
pure Iln :tt 4.iO”C. Figure s shows the cm- 

vrrsion of KC-1 into x2 rind SIE,OCS in 
dqwndwcc of the tompcr:lt urc of t hc C:LI:L- 
tyst,. ‘I’hc st:~ntl:lrct gas mist urc W:IS used nt 
a flow r:Il(‘ of 1.6 X 10’ ml, h,‘m’. ‘I‘hc 
m:Griun1 yiclld of SIIIO(‘S wxs iOf;,;. In 
an intcrwil of 10°C’ this &wt~:iws to OL;;. 
This twh:lvior W:LS rt~proctucil~l~~, :ml tlw 
stwp wclion of lhc yicttt-tc.lnpc‘r:i1,~ir(~ 
curw coulcl bc trawrwd in t)ol h react ions 
with no hystcwsis. ‘I’twrc WIS no corw- 
spending fwturca in thcl yield of S,. 

In the d:il.:i colt~~ctcd for 1’1, it is slriking 
that :i wry high yield of SIIJK‘N w:LS 
obt:lincd over :i witl(> IXI1gC of otwrnt ing 
conditions (Figs. l-13). It is p:lrticul:irly 
c~vidrnt that SIIiO(‘S :d PC2 arc thcb 
only products owr :in :~pprwial~l~~ r:ingtl of 
tow-tc~1111)(‘r:tturc (,<-tOO”(:) conditions. So 
isocyanic acid (I I SC’{ )) w:e drt cd cd. This 
st rongty suggwts 1 ti:it NC?) int ermcdi:11(3 
on t hc surf:wc can only tlworb as S I I ,( )( IS, 
i.o., that :I sicbp like 

or 

S(X) + s-11 ,+ -+ stt ,o(:s (hj 

HSCO(:1ds) + NIT, + St1 ,ocs, (41) 

tluc to the lack of St-In, is the r:Ltwtct(~r- 
mining stop in th(l conversion of SO to 
cys~xltc in the gas ph:w. It has indwd 
twcn found that the :lttdit.ion of Slta to 
t hc feed strongly cnh:lnct~s th(l conwrsion 
of SO IO cy:ln:itc over a l’t-lOCj{, Rh cat a- 
tyst (IS). At tcnipcr;ituws of 400°C and 
bdO\V, surface ISCO groups arc rat her 
st:itdc on 1% in the presc:ncc of NO :ind CO. 
‘I’lic amount of SC10 found by ir absorpt ion 
aftclr cont:icting (at, tcnipcar:Lturc: T) :i 
1’1 .1A1403 cnlnlyst with NO,‘(.‘O niixturw 
wit.11 an (w:ws of CC> shows :i dcpc~nttcnw 
on ?’ which is rather strikingly similar to 
t hc t cmpc~raturc protile of SII IONS forma- 

t ion in Fig. 1, clscrpt that the SC0 pc:tk 
mwsurcd by ir extends to towr t cmpcra- 
turr (5). Ik~r~owl of SC’0 from t hc surface 
is, at low tcmpclr:it urc (,~4OOY’), propowtt 
to tw timitctt by t htb prcrcctuisitc hydrolysis 
of 5CO to form SIIa. :I rwction first pro- 
posd hy I’nt:ind (IT, 18) : 

S(‘O- + 2 IIJ) * str:i + Ott- $ (‘O?. 

(VJ) 

On osidic surf:ws such as provided t)y the 
oxictc support [to which NC10 groups may 
migrate (19)], Ij;q. (,?j may w:ison:~bly lx 
t3twctcd to ttomimit~c owr lq:q. (41) or 
(-lb), in :Igrwmc~nt with t tie csprric~nw (/) 
that Stt, r:Lltier thtn SIt,O(IS is the 
m:iin product for tlict rcduct ion of SO wit Ii 
(‘0 :~rid I-i, (or II,()) over l’t,.1.\t203 cat:\- 
lysts. ;\t. low tompcr:itur~, S(K) is reta- 
tiwly unrc:lct ivc to II?, on 110th l’1~,‘M,03 
:111d I’d ‘.\I,( )3 (18, 20) sugpwt ing again 
that hydrolysis, r:t.thw t h:ln hydrogcn:1t ion, 
is t ht. pwfcrwtl route tn Sit, at T 5 400"('. 
‘1’11~ hydrolysis is stow on unsupportd 1’1, 
liowwr, :d high yields of SII ,OCS 
were ot)t:iincd cwn in 111~ prcsc~nw of 
O’;,; lI,O at -100°C (I). IIow(w~r, at higher 
tc~mpt~raturcs tiydrogcrxltion of the SW or 
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NT,OCS species is possible, as shown by 
the increase of SH3 formation at the ex- 
pense of NII~OCS when the concent.ration 
of Hz is increased (1, 1s). A consecutive 
reaction, 

NHdOCN + Hz -+ 2 KH3 + CO, (6) 

is in agreement wit.h the data for 430°C in 
Fig. 2 which show that SH&CN is a 
primary product, whereas free KH3 is only 
formed at much longer residence times. 
Finally, t,he data in Fig. 5 show that prcfcr- 
ential removal of Hz with O2 increases the 
yield of NH,OCN and decreases the yield 
of NH, at :iOO”C, in agreement, with the 
react,ion scheme of Eqs. (4)-(c). Com- 
parison of Fig. lc with Figs. la and b 
suggests that the formation of XII, on 
Pt/A1203 may very well be accounted for 
by hydrolysis and hydrogenation of cya- 
nate intermediates. Naturally, such a cross 
correlat,ion of data from different sources 
cannot be definitive. 

The mechanisms of t.he formation of 
SH,OCr\’ and SIIs over Rh (I), Cu-Si, 
Ru, and OS arc expected to be similar, but, 
of course, the relative yields of the various 
products will be different due to different 
oxidation states of the surfaces and differ- 
ent relative rates of the various processes. 
Isocyanate or cyanate surface species have 
been reported in studies of the interaction 
of CO and SO with Ru;‘AI&~ (6, 17) and 
CuO/‘SiOs (21), as well as with Rh/A1203 
(17, 22). 

Figure 7 shows that (for Ru) the three 
phcnomcna (KII,OCN formation, detec- 
tion of NC0 at the surface by ir, and pro- 
duction of KHz by reduction of KO) appear 
to be relat.cd in a similar way as in the 
case of Pt. It should be noted that the 
formation of XII, over Ru catalysts was 
report.ed to be promoted by CO in t.he 
range of the low-temperature peaks in Fig. 
7c (7, 16, ?A!?), whereas the high-tempera- 
ture XII3 peak was promoted by Hz (7). 
The correlat.ion extends t,o the relative 
stabi1it.y of SC0 and t.he yield of SH,lOCS : 

Stability (ii) and yirld arc much lower for 
Ru than for l’t catalysts. Finally, it is noted 
that t.hc rates of formation of SIIJXS 
and of SHs arc comparable in the t,em- 
perature range in which the cyanat,c is 
proposed to be an intermediate for the 
formation of KH3 (200-300°C). There is 
no evidence for cyanat.c as an intrrmediate 
or product over Ru at higher temperatures. 

CONCLUSIOXS 

Reduction of SO wit.h CO and Hz over un- 
supported I’t cat,alysts is an efficient, high- 
yield process for the formation of a.mmo- 
nium cyannte and urea. Yields of 9.Sci;, have 
been obtained at ttmpcruturcs of 400°C and 
below, wit.h complete conversion of SO. 
There is mounting evidence for t,hc impor- 
tant role of (is0)cyanai.c surface species as 
crucial int.ermcdiatcs in the formation of 
SII&C~ and SHI. The reactions of the 
SC0 intermediate are likely t.o include hy- 
drolysis to XII,, dcsorption as SH.IOCN 
after reaction with KH3, and hydrogenation 
to KI13. At low temperature (<400X), de- 
sorption and hydrolysis dominale, whereas, 
at higher temporat.ure (> 4OO”C), hydroge- 
nation becomes important. 
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