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The evacuated MO& surface has t,wo kinds of nct,ive sites with different degrees of coordina- 
tive unsaturattion named B-sites and C-sites. The hydrogenation of ethylene, t,he exchange 
between 112 and CaHa and the Hz-l), equilibration proceed on the CHP and CH-sites, however, 
t#he BH-sites promotes the hydrogen exchange between CBH4 and C2U4. The hydrogen addition 
OII the CH%-sites should maint,ain the hydrogen molecular identity, but facile reverse process 
of the ethyl intermediate on the CHe-sit)es lowers the conservation of the hydrogen molecularity 
in the ethane compared wilh I,he other olefins. By t#reating with H,S, the C-sites on the surface 
are diminished, but the specific sites remained in the layer of the MoS2 promote the H2-Dz 
equilibration. 

It is ltnown that molybdenum sulfidr is 
an &octiw compotwnt~ of indust,rial cat,a- 
lysts for coal hydrogt>nat’ion and t,hr hy- 
drodcsulfurization rclact,ions. III our wriw 
of works (l-4), it was confimwd t,hat sitw 
having diffcrcnt’ dqgws of the coordinative 
unsat8uration exhibit difftwnt cnt,alytic 
abilities as propowd by Sicpl (5). A 
t’ypical cxamplc was found in the partial 
hydrogrnation of acctyltw: and/or of tho 
dicws over sulfidcld nirlwl catalyst, \vhero 
t,hc sclrctive partial hydrognation ~~8s 
strictly controlled by the> roversiblc change 
of t’hc dcgrws of coordinat,iw unsaturation 
of niclwl. 

In a previous papw (4), it was dcmon- 
st8rat,cd that t,hcl cvacuatcd Most surface 
has two kinds of act,ivc! sit,w, CHIC is &cc- 

tivc for the hydrogenation rc>act,ion and the 
ot,hcr is only rffwt,iw for the is(JmcriZ~t,i011 
and/or thcl hydrogcln mixing bet,\\-wn olr- 
fins in the prwc~nw of hydrogcw. 

In order to malw clrar this fcat,ure of the 
MoSs catalyst, t,hcl hydrogw~tion of eth- 

1 To whom correspondencae should be mailed. 

ylcnc, the hydrugc~n mixing bct,wcn CzH4 
and CZL), us n-c41 as b&wwn D, and CzH.1, 
and the NY-D2 equilibration rclaction have 
been attcmptcd in t,his paper. 

EXPI~RIMENTAL RIl<THOl,S 

Th(b apparatus used in this cxpcrimwt 
\v:LS a CkJd Cirf!Ulat~iIlg S~stC1u -\vitmh a 

total volunw of about 300 ml. h commercial 
MoS2 pen-tr from &into Chemicals Co. 
\vas purifkd as follows; tlhc MO& po\vdor 
was boiled in HCl solution for several hours, 
and \vas filt,crcd off and washed wit,h dis- 
tillrd \vatw, nftw that, the powder \vas 
again boiled in IVaOH solut~ion (2076) for 
wwral hours:, and was filtcrcd off, w-ash(ld 
\vit,h dist,illed water as well as lvith hot 
water, and drkd in air. Thcb impuritiw in 
t’his purifkd R40Ss anulyzcd by atomic ab- 
sorption, \vwc (%) : FP, 0.02; Mg, 0.0015; 
Ca, 0.0077 ; Na, 0.012; Mn, 0.0003 ; Cr < 
0.0001; I< < 0.1. The structure of this 
RloS2 powdw was a typical 2H (hc~xngonal) 
layer structure as dctwmincd by X-ray 
diffract,ion. I3y evacuating thr MoS2 at 
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FIG. 1. Pressure dependences of the hydrogenation 
rate. P, is the factor of the pressure change and V, 
is the fartor of the velocity rhange at the corre- 
sponding P,. I)ependenc*e on hydrogen : (0-) 
0°C; ( l -) WC; dependence 011 et,hylene : (o- -) 
W’C; ( + -) 60°C. 

about 450°C for swcral hours, t#hc MoS2 
becomes active for t,hc hydrogcnat,ion of 
cthylcnc, the hydrogen cxchangc bct,w\-ccn 
C&H., and C2D.g as n-r11 as bet)wl-ren I), and 
C&H.,, and the Hz-D2 cquilibrat,ion. The 
surface area of t,hc evacuated Moss catsa- 
lyst was 15 m2/g by the BET method with 
nit#rogcn adsorbent. Auger clcctron spcc- 
troscopic analysis of the evacuat,cd MO& 
gave no peaks other than MO, S, C, and 
0, indicating no apprcciablc accumulation 
of the impurity metal on the surface by t,he 
activation procedure. 

The analysis of ethylene and ethane 
ww carrird out in an on-line gas chroma- 
t,ograph using a silica gel column for the 
separation. Hz, HD, and D, was separated 
by freezing t,hc hydrocarbons at liquid 
nit,rogen temperature, and was subjected 
to the mass spectromatric analysis. The 
frozen hydrocarbons were vaporized, and 
thr deutcroethylene in it was analyzed with 
a mass spectromet,cr with an ionization 
potential of 12.5 eV, at which no ionization 
of et,hane occurs. The analysis of the dcu- 
teroet,hane was carried out by using a gas- 
chro mass spectrometer with an ionization 
voltage of 70 eV. The distributions of 
deuterium in the ethanc were calculated 

by taking into account the isotope cffcict 
for fragmclntation (6). 

Pcrdeut’croc~thylcne used in this oxpwi- 
mcnt was pwparcd by deuteration of GD, 
011 a Pt/asbest’os catalyst, and was purified 
t’hrough a gas chromatographic separation, 
of which isotopic composition was CZDI, 
94.~27~ and CzD3H, 5.8%. Ordinary c%h- 
ylcnc n-as purified by freezing at liquid 
nitrogen tc>mpwature followed by vapor- 
izing at dry iw-methanol t’cmperaturc. Hz 
gas was purified by diffusion through a 
silver-palladium thimble, and Ds from a 
commercial cylinder was passed through a 
liquid nitrogcw trap bcforc USC. 

RESULTS 

I, Evacuated AloS~ Catalyst 

The prcssurc depcndonw of t,hc rcact,ion 
rate was dctcrmincd by raising tho hy- 
drogen pressure or the ethylene pressure 
abruptly during the course of the hydro- 
genation. As shown in Fig. 1, it is first 
order in hydrogen prcssurc at either 0 or 
GO’C, howvcr, the order in ct,hylcne prrs- 
sure depcndcd on the tcmparaturrs, zero 
order at 0°C and 0.36 order at 60°C. V, in 
Fig. 1 is thr: ratio of the rcact,ion rato aftor 
raising the pressure to that bcforc the 
pressure was changed, and I’, is t,he ratio 
of the prcssurcs after and before changing. 
Recognizing t’ho diff crcnt pressure do- 
prndencies of c$hylcnc at, 0 and 6O”C, the 
dcuteration of ethylene was carried out, at 
both temperatures, and no appreciable 
differences w(w found in bhc dcutcrium dis- 
tribut#ions at 0 and GO”C, as shown in 
Table 1. The deutcrium distribut8ions in 
cthane, in cthylcnc, and in hydrogen arc 
shown in Fig. 2. As shown in Fig. 2a, the 
dcuterium distribution in cthane is ob- 
viously not in accord with t,he random dis- 
tribution indicated by t,he broken lines, 
and t#he main species are d,- and dI-ethanes. 

On the other hand, the random distribu- 
tion is established in ethylene as shown 
in Fig. 2b, which is in accord with the ex- 
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FIG. 2. The deut,erium distributions in ethane (a), 
in ethylene (b), and in hydrogen (c) observed in the 

react,ion of CZH, and II, at 0°C on 1.0 g Most. 
((. . . ) The calculat,ed random distribution. 

trcmely rapid hydrogen cxchangcl bctwwn 
C2H4 and C,D, in the presence of hy- 
drogen (4). 

The H2-Ds equilibration during the hy- 

than t.hc hydrogc,n ~~x~~hang~~ twt,wcw C,H, 
and C21)4) but is ~nuch fastw t,han t,ho (‘x- 
changc~ waction t)c$n-wn I>, and &HA, as a 
rwult., the dwtcrium distribution in hy- 
drogc>n gives newly cquilibratcld distribu- 
Gon as shown in Fig, 2~. More ckar 
rwults rcvcaling the rapid hydrogen mixing 
of cthylcnc as ~~11 as the rather rapid 
Hz-D2 equilibration n-crc shown in the 
waction of a mixture of C2H4 and C&D, 
with a mixtuw of Hz and Dz at O”C, in 
\vhich the hydrog;cn oxchangc of cthylcnc 
arrivrd at, quilibrium within 2% con- 
wrsion of hydrogc>nation (3). 

Th(L isotopic cxchangcl b($wcn Ds and 
&HI occurs swcral times faskr than the 
hydrogenation reaction as is known from 
7.27, of thtl d(~utcroc~t,hyl(~n(~ in l.‘i)yO of the 
hJ.drogcnation at 0°C. Accordingly, the 
rclat,iw catalytic nct,ivitiw of th(t wacuatcd 
MO& for thwc wact,ions aw dcscribrld as; 
CzH4-C&D I clxchangct >> H2-De exchange 
> D,-CZH, c>xchangc > hgdrogonation at 
0°C. It should bc ctmphasizt>d t,hat the hy- 
drogc>n clxchangc: reaction bct,wwn CsH,4 
and C&D4 is markrdly cnhanwd by addition 
of hydrogcw as sho\vn in Fig. 3, but, the 
isot,opic mixing bctwwn hydrogcln and 
cthylcncl dots not, occur apprwiably during 
t,h(> isotopic mixing of cthylrnc. Thcso 

FIG. 3. Hydrogen promot,ing effect on the CzHd- 
CZT)~ exchange react.ion at room temperatue. 3 mm 
Hg of a mixture of CIH, and CID4 was admitted to 

0.2 g of MO& at time 0, and 6 mm Hg of Hz was 

drogcnat,ion of cthylcne is much slower added at 20 min. 
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findings rwcal that, t,hcl hgdrogc>n mixing 
of cthylcnc may procwd t,hrough t’he asso- 
ciative mechanism, and the hydrogen 

bonded to the active sites is scarwly rc- 
placed with ambirnt hydrogcw. 

2. N,S Treated MoS, Catalyst 

In a previous paper (4), it, has 1~cc~1~ con- 
firmed that the ovacuat,cd MoSz cat,alyst 
has two kinds of nctivc sites showing diffcr- 
ent catalytic abiliticls, on(’ is active for the 
hydrogenation and the other is only dfrc- 
tivc for the isomrrization reaction. If thw: 
diffcrcnt catalytic abilit’ies arp rrlatrd to 
the diffcrcnt degrws of coordinatiw un- 
saturation of t,hr artiw sitw as has been 
proposed (2, 3, 5), tho sites having tho 
higher dcgrws of coordinut!iw unsatura- 
tion, the active sites for t,he hydrogrnation, 
might, bc diminished prefcrc>nt,ially by the 
H&3 trt~atmcnt. Unless ot,hcrwisc stated, 
the MO& cvacuat,cd at 450°C for scwral 
hours was t,rc>atcld with 0.25 to 0.5 mm Hg 
of H,S for 1 to 2 min at ZOO%, and was 
followed by evacuation at’ the sanw t,cmpcra- 
turr for 15 to 20 min. By treating with 
HL3, the catalytic activit,icls of the MoSz 
decreased significantly for all the reactions, 
and the hydrogenation of cthylcw as well 

100 
eq (d,+d2+d3) 

eq 50 ___ 
HD 

oF---e-d” 
Time (hr) 

FIG. 4. The H*-nz equilibrat~ion and the hydrogen 
exchange between C2HI and C21)4 observed on the 
H&reat,ed MO& (0.5 g) at room temperature. A 
mixt’ure was composed of 42 mm Hg of Hz and DZ 
and 16 mm Hg of C,H, and C!z1>4. The cat,alyst was 
t,reated by 1 mm Hg of HZS at, room temperakue 
for 1 min and followed t,o 10 min evacuation. 
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Fro. 5. The hydrogen promoting efTert ON the 
hydrogen exchange bet,ween C2H4 and C,l), at room 
temperature on t,he HPS-treated MO& (0.5 g). 12.5 
mm Hg of a mixture of CZH, and Cnljr was ad- 
mif’ted at t’ime 0, and 20.5 mm Hg of a mixture of 
HZ and I):! was added at .i hr. 

as the D2-C2HI cxchangc> rclact8ion n-crc so 
slow as to be negligibIc at, room tcmpera- 
t’urr, O.(i(;yc of the hydrogcnat’ion in 51 hr. 

A typical result when a mixture of CzHJ, 
GDI, Hz, and Dz was admitt’cd to t,hc H,S- 
treated MOSS catalyst is shown in Fig. 4, 
where only the C,Hg-CrD, exchange and 
the Hz-D2 equilibrat,ion arc obscrvod. This 
result indicates that the activit,y sc~qwncc 
of the HzS-treated MO& differs from that 
of the evacuat’ed MO& ; Hz-D2 cquilibra- 
tion > CaDrCzH, exchange >> hydrogcna- 
t’ion, D&&H, exchange. It is interwt,ing 
that the C&H,l-C&Da exchange roact,ion on 
t#he HzS-t,rcated MOSS also rcquiws hy- 
drogen as is confirmed in Fig. 5 by n re- 
markabhl hydrogrn promoting cffrct. In 
Fig. 5, it is clear that thr addition of a 
mixture of Hz and D, brings about the HD 
format,ion by the equilibration in spit,n of 
th(l negligible D&&H4 exchange, that is, 
the C2H&X>, exchange rcact,ion and the 
HZ-D2 c>quilibration proceed indt:pcndcnt,ly 
with lit,tlr mut,ual isotopic mixing, bc>twwn 
hydrogc>n and et8hylcnc. 

Such unusual propertiw of the H2S- 
t,wat~cd MoS:! is pcrwivcd in Fig. 6, in 
\vhich c+llylrnc has a wry weak rc%ardation 
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FIG. 6. Less ret’ardation effect, of ethylene on the 

Hz-I), equilibration taking place on the H&treat,ed 
MO& at 90°C. 

c$fect on t,hc HZ-D2 equilibration ; this 
finding is in contrast with the striking 
retardation on the evacuated MO&, on 
which the contribution of the Hz-D2 
equilibration being similar to the HZS- 
trcatc%d surfaec is very little. 

DISCUSSION 

It is well known that the deutcration of 
cthylone on the metal cat,alysts accom- 
panirs the hydrogen exchange bctwcen Dz 
and ethylene, and so far, the dcutero- 
ct.hylcne formation has been explained by 
the reverse process from the c%hyl intcr- 
mediate, that is, both the dcutcrocthylene 
formation and the hydrogenation of et’hyl- 
cnc occur t.hrough t,hc same reaction route 
provided by the associative mechanism. 

In contrast with this, it was found on the 
sulfided nickel catalyst t,hat t#he hydrogen 
mixing of olrfins and/or the isomerizat,ion 
reaction of olefins, being promoted by hy- 
drogen, takes place on the active sites on 
which no hydrogenation of olefins can take 
place (9, 3). If t,his surface is contact,ed 
with acetylene, however, the active sites 
for the hydrogenation of acctylenc as w-cl1 as 
of olefins arise. These interesting phe- 

nomena havo bwn ~~~11 c~xplainc~d by the 
different coordinative unsaturntion of the: 
uctivc sites such as propowd by Sitbgcll (5). 
The sites on the sulfid(ls or on the oxides 
can bc described according to t>hc dttgrws 
of coordinative unsat,urat,ion as follons : 

S 
\A$ s\i/s “l&g 

s/$\s s/p s/$\H 

S S S 
\p \dp’ 

S/‘H S’d’H 

(C> (CH) W32) 

The MO& used in the cxpwimcknts has 
hexagonal structure characterized by sand- 
wich-like layer form. If the stoiehiomctric 
crystallite is clcawd along the c-axis, vari- 
ous molybdenum ions are exposed on the 
newly formed surfaces, among which ~-CO- 
ordinatcd molybdenum ions, the B-sitw, 
are one of the most feasible sites. Furt,hcr- 
more, the B-sit,o at the crgstallit’e corner 
has a sulfur atom being singly bonded to 
molybdenum ion, which may be easily ro- 
moved by high temperature evacuation 
and changt>s to the C-sit’r. 

In fact, t.hcrc arc t,\yo kinds of active 
sites on the evacuated MO& surface, which 
may correspond to the B- and the C-sites 
(4). In contrast with the sulfidcd nickel, 
the sulfur atoms in the MoS, are not so 
mobile that t,he C-sites as well as the B-sites 
formed by evacuation remain on the surface, 
and the populat,ion of these sites 011 the 
MO& might, be the B-sites >> thr C-sites, 
for the C-sites arc prcfcwntial at the 
crystallit,e corners. 

In our separate cxperimcW,, it was con- 
firmed that the hydrogen exchange reaction 
of propcnc on t,he MoS2 catalyst proceeds 
predominantly by the associative mccha- 
nism (7). 
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If the hydrogenation of cthylcnc and the 
hydrogen cxchangc of ct,hylrnc would pro- 
cccd through t,hc common ($hyl intcr- 
mediate, t#he cxtrcmcly rapid hydrogen 
mixing of ethylene (4) arriving at the 
equilibration wit,hin 2%; hydrogenation con- 
wrsion should make lower the dcutcrium 
content on the surface during t,ho reaction 
of ethylene with D2, and should give &- 
cthsnc predominantly. That was not t,hc 
case, but the main specks wcrc &-ct,hanc 
and d&hanc as shown in Fig. 2a. Since 
Burwell (9) rcportcd the sclectivc &-ad- 
ducts formation on the CrzOa, t#hc conwrvn- 
tion of the hydrogon molecular idcntit,y in 
the hydrogenation reaction have been rc- 
ported on the various oxides such ns ZnO 
(IO). TiOz (11), and ColOl (12). 

Ikccntly, it was found t,hat the evacu- 
atcld RIIoS, catalyst also has a similar 

-- 

property as the oxide cakdysts (1Y), t,hat 
is, t#he hydrogcw molwularity is maint8aincd 
nearly 100yO in the hydrogenation of bu- 
tadicnc and S5y0 in the hydrogenation of 
the olcfins cxccpt t,hc cspccially poor ran- 
scrvat,ion of c~thylc~nc as is known from 
Table 1 and Fig. ‘La. On thcw intcwsting 

catalysts, t,hc hydrogenation with a mix- 
t,urc of Hs and II2 vxs &cmptcd, and t,hc 

wlcct,ivc format8ion of the do- and t,he &-ad- 

ducts was confirnwd (12, 13). These rtsults 

suggest that t,hc hydrogenation of olcfins 

occurs c>xcIusivcly on the CHz-sit,cs and the 

hydrogen scrambling of cthylcnc proceeds 

on thcl BH-sitw, t,hat is, if the hydrogcna- 

t’ion procwds on t,hc CH-sit,cs the rll-ndduct 
should appear about, twiw of thcl do- and 

tha c/2-adduets according to thr following 

SCh~~lW : 

c< 

>C’ ‘D 
s \ II? \ 1 ,,,’ 

MO 
-S&H 

+ dl-adduct,, 

>c=c< + ‘I’ ‘\LGH + &-adduct 
--/J\H . 

T 

In contrast, w&h the surface during hydro- the olcfins, but is nwcssarily cst,ablishcd 
gcwation of olcfins, CR-sitcls may bc fornwd by the st,ructurc of the CHX-sitw bring 
during tho Hg-Da equilibration r(~action, isolatc>d from c>ach other on thr surface (13). 
because C- and CHL-sites arc inactive for And, tho diff (wnc(: in that conwrvation of 
t,ho equilibration (5). Thaw fnct,s may thcl hydrogcxn mol(~cu1arit.y obwrvc>d in t,hc 
suggest that the apparwt conservation of hydrogcwation of butadicw, butcnc, pro- 
t#ho hydrogw molccularit’y in the hydro- p~nc, and c>thylcnc on the cwacuatc>d h!toS2 
grnation of olcfins dots not mean mcrcly (13) might, wprcsc>nt the facility for tho 
the irrcw~rsiblo hydrogc~n atom addition to rworsibility of t h(x hLtlf-hydrogc~nat,c,d int,cr- 
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mediat’cs on t,hc C-type sites. Thoreforc, 
the ratio of the dwtcrium atoms cnt,cring 
ethylonc molcculc t,o the cthanc formed 
reveals thr eaw of t*h(t rwcrsc process by 
rcfcrcncc to the forward reaction, and the 
results shown in Table 1 indicate several 
times cast of the revcrsc process compared 
with the forward reaction. 

It is quite rcasonablc that thr C-sitchs 
may be reduced to the B-sites and/or t,o 
the A-sites by treating with H2S. In fact, 
the reactions promoted by t,hc C-type sites 
such as the hydrogenation of ethylene 
and/or the hydrogen exchange bct,wwn Da 
and CzH4 do not occur appreciably on t,hc 
H&3-treated MOE&. Howver, thr cquilibra- 
tion between Hz and Dz obwrwd in Figs. 4 
and 5 are curious rtwlts, bccausc the 
HZ-D2 equilibration is not, inhibit#c>d strictly. 
The retardation cffcct of ethylene is also 
different, that is, t,hc HZ-D2 cyuilibration 
taking place on the evacuated MO% is m- 

tircly inhibited by a small amount of 
cthylcnc, but t,hat on thr H&trcat,cd MO& 
takes littlc retardation cffrct of ot,hylenc as 
shown in Fig. 6. This result suggests t’hat 
the cquilibrat,ion between H, and D, may 
tako place on CH-sites to which ethylene 
can not adsorb. 

In a previous paper (4), it was shown 
that the HZ-D2 equilibration occurs inde- 
pcndcnt from t,he hydrogen mixing bctw’cen 
C2H, and C&D, on the H2S-treated MO&, 
which agrees yuitc well with the small rc- 
tardation effect of ethylane on the HZ-D, 
equilibration shown in Fig. 6. WC may 
arrive at a conclusion that the C-sites on 
the surface may bc diminished cffcctivcly 
by the H&3 t,reatmcnt, but thaw in the 

layc>r of thtl MoS, \vill surviw. The spacing 
bctwwn layws, 2.96 A, scwns t,o 1)~ suffi- 
ciwt for h~.drogw n~ol~~c~ul~~ pcnc$ration 
but not for c,thyl(w(b nwl~~1~~, as a rwult, 
the Hz-D2 c>quilibration procwds on the 
interior CH-sit,w with lit,tlc wtardation of 
ctthylcnc and the C2H4-C2D4 hydrogen 
mixing is catalyzed by thcl BH-sit’c>s on the 
surfaw. 

By assuming t#hc model of the active 
sites having diffcrc>nt dogrccs of coordina- 
tive unsaturation, the complicated dcutc- 
rium distributions as u-~11 as the peculiar 
catalytic prop(>rtiw of t)hc MO& arc’ well 
underst~ood. 
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