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The exchange reaction of CH, with D2 was carried out over I3 kinds of metal oxide catalysts. 
Among them, a serie of alkaline earth metal oxides (MgO, GO, SrO, and UaO) and IAn203 
exhibited activity at 300°C. The variations of the activities of these catalysts ~3 a function of 
the pretrea(.ment temperature of the ca~alyts were meuured. The pret.rcatmcnt tcmperat llres 
t.o give maximum activity were 700°C for MgO and CaO prepared from Cs(OH)2, YOO”C for 
CaO prepared from CaCOz and for UaO, 1000°C for SrO, and 650°C for T,a#3~. The reaction 
rate of CH, + II2 ws higher than that of CrHa + I):: and equal to that of CII, + Cl), over 
alkaline earth metal oxides. In the exchange reaction of iso-C4Hlo with 112, a met.hyl II ex- 
changed faster than a methyne II. It is suggested that. the reaction of CH, + I)?, a.+ well as 
(‘l?tIB + D2 and i~o-C41110 + I),, is initiated by the :it)sirac~lic~n of an II+ by basic: riles on I he 

Cat alyt,ic exchange rcaci ions of ulkanrs 
with Dz have been extensively investigated 
in connection with isomerizntion, hydroge- 
nation, and hydrocracking. Most cata- 
lysts used for exchange rcnct.ions arc m&l 
catalysts, while only a few kinds of oxide 
cat.alysts have been studied. Among oxide 
catalyst.s, N203 shows rxt.remely high XC- 
tivity for exchange of alkancs with 1:)2. 
Larson and Hall (I) rcportcd t,hat, the 
CIl,-l-I2 cxchangc procccdcd ewn at room 
tcmpcrat,urc and showctd that the active 
sites involved only a small fraction of the 
011 groups on A1203. On thr other hand, 
Flockhurt et al. (2) measured surface prop- 
crtirs of illzO~ and found that the amount 
of oxidizing sites correlated hcst with the 
activity for I hc C3H6-I& eschnngc, though 
poisoning of reducing sites also rcsultcd in 
d~w2t.iv:~t ion of t hc catalyst. 

Uobcartson et (11. (3) show4 that the 
wnction intermediates in t hc cxchangcl of 
alkanrs with I>, over .\1203 were carban- 
ionic in characicr. This conclusion was 
based on n comparison of rwctivitics of 
diffcrcwt nlkancs and on thr cnsy exchange- 
ability of merhyl 11 compawd with methyrw 
I I in is0-C ,Hlo. ‘l’hck carbanion inicrmcdi- 
ntcs have been also postulatcad by 13urwcll 
et al. (4) in cxchangc! of alknncs with 112 
over Cr203 on the basis of the difTcrenws 
in react ivitits of different kinds of alkancs. 

Since alkaline cart11 metal asides exhibit 
basic propcrtics and possc?ss an ability to 
abst.r:ict, an II+ from olcfins when they arc 
properly pretrcatcd (5), it is cspcctcd that 
they arc also active for c~xchange of nlkancs 
wit.h Dz if an abstraction of an IT+ from 
alkanes is an important stclp. :tctuully 
Flockhart et trl. (2) rrportpd t,hat MgO and 
CaO prctrcatcd at 57O’C catalyzed the 
cxchangc of propane with I>, at. 300°C. 
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Only one prefrcatmcnl tctnpcrat urc was 
used in t.his study, but the nxt.uro of the 
active sit,cs on alkaline earth metal oxides 
are quite dependent on pretreat.mcnt con- 
diGon. For instance, Ha0 exhibits the ac- 
tivity for the isomerization of butenes by 
t.hc evacuation at, temperatures above 
400°C but dors not show any activity for 
the exchange ma&ion of butrne with Jj2 
until evacuated at the temperatures above 
550°C (6). For the hydrogenation of olefins, 
a much higher evacuat,ion temperature is 
required (7, 8). 

In this paper, the activities of various 
kinds of metal oxides for the CHrDr ex- 
change were tested. For a series of alkaline 
earth metal oxides and La203 which cx- 
hibitcd relatively high activity, the depen- 
dencies of the activities on pretreatment 
temperature were measured and the reac- 
t.ion mechanisms are discussed. 

EXI’EKIMISSTAL METIIODS 

The magnesium oxide, CaO(I), CaO(II), 
SO, and BaO catalysts were prepared from 
hlg(OH)t (Kant,0 Chcm. Co.), Ca(OH)* 
(Kant0 Chem. Co.), CaC03 (Kant0 Chem. 
Co.), &CO3 (E. hferk Co.), and from 
granular Us0 (E. Merk Co.) by evacuation 
at different temperatures for about 3 hr. 
Lanthanum oxide, CeOs, TiO,, and ZrOz 
were obtained by hydrolysis of aqueous 
solutions of T,a(S03)3 (Sakarai Chem. 
Ltd.), Ce(SOs)s (xakarai Chcm. Ltd.), 
TiCl., (Wako l’ure Chem. Ind.), and ZrOCls 
(Wako Pure Chem. Ind.), respectively, fol- 
lowed by evacuation at various tcmpcra- 
tures. Thorium oxide and WCS were prc- 
pared by pyrolysis of Th(NOI)., (Wake 
Pure Chetn. Ind.) and (SH4)iOWi&d, 
(Wako Pure Chem. Ind.) at 500°C in air 
followed by evacuation. Praseodymium 
oxide and Tb203, which were kindly sup- 
plied by Professor ‘I‘. Sato of Yamagata 
University, were prepared by pyrolysis of 
the oxnlatc forms and evacuat,ed before use. 

Methane, CzHj, and iso-CrH,,, were puri- 
find by passago through 4h molecular siovcs 

at. -7S”C after a vacuutn distillation. 
I’erdcutcrio methane (CD,) was purchased 
from CKS-Saclay-Dry in a glass ampule 
and used without further purification. Deu- 
terium and Oz were purified by passage 
through 13X molecular sicvts at, - 1% and 
-78”C, raspectively, and they were stored 
over a well-dcgassed mixture of 13X mo- 
lecular sieves and JlgO. 

All reactions were carried out in a closed 
recirculation reactor that had a total vol- 
ume of ca. 400 ml. For the CH,-D, ex- 
change, a mixt.urc of 5 Torr of CH, and 45 
Torr of 112 was used. In the experiments to 
dct.erminc the rcact.ion order, pressures of 
CH., and D, wcrc varied bct.ween 5 and 90 
Torr. For t.hc C2Hs-D2 exchange and the 
iso-C iH,o-11, exchange, a mixture of 5 ‘l’orr 
of C:2IIe and 45 ‘I‘orr of D2 and 40 Torr of 
iso-CJI10 and 200 Torr of D2 was used, re- 
spcct,ivcly, For the CH&D.r scrambling, 
about 25 Torr of a mixture containing 1: 4 
ratio of CH, to CD, was reacted. In the 
poisoning experiment.s, RaO evacuated at 
800°C was exposed to lOi molecules cm-* 
of O2 at. 300°C or at rootn temperature for 
10 min and, then, evacuated to 2 X 10-j 
Torr ail: each poisoning tcmpcrat,urc. 

TABLE 1 

Specific Surface Areas of Catalysts (m*/g) 

Catalyst Ihwuution temperature (“C) 

500 Onn 700 8no 900 1000 

argo 146 1% 117 93 - - 
Cd(I) 71 72 $2 :30 32 - 
CuO(I1) 5 2’2 17 17 - 17 
PrO - 9 - 10 - 10 
I3a0 0.1 0.1 0.2 0.2 0.2 - 
Ida?03 43 39 27 21 15 - 
CeO2 11 - - - 
Pr?O3 - - I() - -- .- 
Tt)?or _ 2(j - - - 
TiO? gj - -- - - - 
ZrO? - 30 - - - - 
TllOn - 59 - - - - 
ZIlO ;< - - - - - 

wo, - 31 ---- 
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‘I%> reaction was ttionitorcd by sampling 
:I stti:lIl quantil,y of :I rtbaction ttiistur(b for 
ttiass spectrographic analysis. SF\..4 S..\C;- 
51 .i >Iass E’iltcr was oporalc~cl wit 11 the 
ionization vaIl:tgc~ of !).5 PY. ‘I’h(> isotopic 
ttict.hatics were followed by scanning m ‘c 
peaks 1” to 20. ‘1%~ isotopic composition 
w:is c:~lcul:itrd by using t hc cracking pat- 
terns inferred frotn 1 h(a :~vail:lhle &I a (9). 
l<cl:~t ive strnsit.ivit its of isotopic et hams 
were followed by sc:mtting tn.‘c X to X :tnd 
the cracking pat,lcrtts w&l cittld from the 
reported dnla (10). (Inrrcctiotts of the ob- 
served spectra to background w’crc tnadr. 

‘I’wo different rate conslants, &+ and k,, 
were dct crntinrd from (>:Lch c>spct-imcnt, by 
using the following equ:tt ion (II), 

rl.c .r - .I-, 
- = 
(11 

-/(,. 11’. _- ) 
( > .(‘I, - .L‘ 

where C#I rrprtaents the xvcragc~ number of 
II atotns in 100 alk:mc molcculcs at time 
1, 60 for t = 0 and 4, for f = r, I is the 
prrccnt.agc of nondcut trio alkane at titne 
1, JO for t = 0 and .c, for I = 2 , and W is 
the weight of catalyst.. ‘l’hca rat.c constant 
kQ is the number of I> atoms that enter 100 
alkanc tt~olcculcs per unit wcbight of catalyst 
in unit time at. the start of t hc re:ictiotq and 
X-, is the dccrc,nsing nuttther of 1 ht* non- 
drutcrio nlkane per 100 molcculcs per unit 
weight of catalyst in unit titnr. ‘1%~ value 
of liQ,;kr, multiplicity of thr cxchangc reac- 
tion (XI), means the average number of I) 
atoms that, cnt.crctI one exchanged alkane 
tnolccule at the initial stage of the reaction. 
‘I’hc values of 4, and 2, were calculat.c~d 
by neglecting an isot.ope ef’fect on the 
equilibrium. 

Specific surf:lccb arcas of catalysts :trr 
given in l’ablr 1. 

‘I’hc activities of various oxidrs for the 
Cl1 , + 112 reaction are includrd in T:~blr 2. 
A srricls of alkaline earth metal oxides and 
1~~0~ showed cat.alytic act,ivities at 300°C 
when they were properly pro1 rca ted, t bough 
thr activities w(hrc not so high as that. of 
.41r( J3 which cat alyzrs the reaction at room 
tetriperaturc~. Zirconium oxidr, ‘1’h02, and 
ZnC) did not, show ttteasurablc :tct.ivities at 
300°C f)ut l~rcattie acCive at 400°C. C’eriutti 
oxide :md I’r20:; show4 act ivit irs only itt 
;iOO”C, and l’iOl, I‘b?On, and \F’Os hardly 
showrd any aclivitics even at 500°C. 

For all catalysts, I he AI v;tlura wcrc close 
lo rtnily and the distributions of I> atoms 
wcr(l bitiottiinl. l‘hr rract ion orders w(‘re 
1.0 and 0.2 with rcqcact to (,‘II, and I&, 
respcWivrly, for IlgO ev:icu:bted at iOO"C, 
and 1.1 and -0.1 with respect t.o Cli., and 
I&, rrspectivrlyj for C’:LO(I) rvacuatrd at. 
iOO”C. 

?‘he variations of the activilics as a 
function of rvacuation lrmpcmture are 
plotted in Fig. 1 for MgO and BaO, in 
Fig. 2 for two kinds of CaO, and in Fig. 3 
for Sr() and 1~~0~. l’he activity is exprrsscd 
hy the rat.cl cottsf~ant, lo,, on thr unit weight 
IXIW. The trt:~sitnutn activilirs were ab- 
t:Cnrd when evacuated at 050°C for I,t~03, 
at ‘700°C for SIgO and CaO(I), :tt SOO”C 
for C:LC)(II) and fki0, and over 1000°C for 
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FIG. 1. Variations of activities of MgO (A) and FIG. 3. Variations of act.ivities of SO(O) and 
BaO (0) for the CIII-I>2 exchange at 300°C as a LanOs (A) for the CH,-DZ exchange at 300°C as 
function of evacuation temperature. a furiction of evacuation temperature. 

SrO. On comparing the maximum activities 
among alkaline earth metal oxides on unit 
surface area base, the act.ivities are in the 
following order: BaO > SrO > CaO(II) > 
CaO(1) > MgO. 

The poisoning effects by 0, adsorption 
on RaO are listed in Table 3. The act,ivity 
was completely lost by t.he adsorption of 
02 at 3OO”C, and it was reduced to & of 
its original act,ivity when 02 was adsorbed 
at room temperature. 

The rate constants for the C&-D2 ex- 
change are compared with those for the 
CHrDz exchange in Table 4. With all 

-2 

catalysts, CII4 exchanged its II atoms 
more readily than CzIEg. 

The reaction rates of t.hc CIII-CD, cx- 
change over MgO, GO(I), and SrO arc 
also compared with those of the CH4-L)e 
exchange in Table 4. ‘J’he rat.cs of t,he two 
kinds of reactions on an oxide were within 
a fact,or of two of each other. When a mix- 
t.ure of CH4, Hz, and 112 was rcacted at 
300°C over CaO that had been evacuated 
at 7OO”C, the LIZ-D, equilibrium was vir- 
t.ually instantanrous. 

The iso-C.,HiO-l& eschange over CaO(I) 
and La& that had been evacuated at 
700°C was followed by recording the SMR 
spectrum of the sampled isobutnne in the 
course of reaction. In Fig. 4 the intensity 
rat,& of the met.hyl hydrogen to methyne 
hydrogen against reaction time are plot,tcd. 
The ratio decreased with reaction t.itne. 

TAHLI~; 3 

Poisoning Effect with 02 on the Activity of 
BaO Kvacuated at 800°C 

O 500 600 700 sue 900 1000 

Evacuamn temperature ‘C 

Treatment Activity 
W ke, 

%s-’ g-1) 

FIG. 2. Variations of activities of CaO (I) (0) and 
CaO(I1) (A) for the CH,-I& exchange at 300°C as 
a function of evacuation temperature. 

Unpoisoncd 
Poisoned at room temperature 
Poisoned at 300°C 

1.76 
0.27 
0.00 



This intliwtes that the IJWI hyl hydrogcns 
arc Jnorc labile than t hc methync hydrogen 
to the cschnnpc with Ij2. 

In the previous p:ipclr (IQ, it is suggested 
Ihat two difftbrcnt types of sites exist on 
CaO(I) :mtl 1hO rind that the nppcwancc 
of tlwse sites is depcndrnt on the c’v:J~‘u:t- 
lion tcmpcrnturcs. One of ihcm (Site I) is 
active only for tlic isornerization of butencs 
xnd the other (Site II) is active both for 
the isorncrizattion and t hct casclJ:mgc of 
1Jutcncs with 13,. ‘I’litt gcncr:ltion of Site II 
nwtls higher cv:wu:ttion tcmpcraturc tlJ:Jn 
I hat of Site I. Site II is poisoned tJy OZ, 
while Sit0 I is not. ‘l’wo types of nctivc 
sites Jiiay also exist. on hIg0 and SrO. 

‘Uie nJ~~sini:i in the activity for the 
<‘II,-11, cschnnpe with wncuation tpm- 
pcr:tturc arc in :I higher wncu:ltion tcrii- 
p~~rntrrrc rnngc I hnn those for tlw isonicrixn- 
tion of I-butcnc ((7). In addition, the 
CII:-11, c!xcli:ingc~ ov(‘r I<:10 wis nlriiosl 
ontiroly poisonc~d by the ndsorpl ion of OZ. 
‘I’hcwforc, it is sugg~~stc~d that tlw active 
sites for the err ,-b2 clxclinngc arc Site 11 
I ypc. 

‘I’hc (:-II bond crwrgy for ur., is grcbatclr 
I ban for C2TT,. If t tic waction intermcdiatcs 
were r:~dicnl and tlic slow skp involws n 
1loJJJolytic clc:~v:Jgc of the C-IT twnd, C1,TTs 
would undergo cschnngc fnstcr than (‘III. 
‘I’lw observed scqucncc was just the in- 
wrsc. ()n the ot her h:ind, I hc pK, v:lluct of 
Cl I ,, 10, is lowr than tlJ:Jt of (‘sI r6, 42 
(1-i). ShoUld I he rc~:lc!tion lx: init iilt (‘(1 by 

- ” 

0 SO 160 -zir-Y 

R.?a:t~on time ml" 

dt 
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FIG. 4. Chnngcs of the rrttios of met.hyl H to 
mcthyne II of iso-C4FIlo with rewtion time in the 
iso-C~IIlo-I)2 exchange over C:tO(I) (0) and La& 
(A). The C&(I) nnd L3203 were pretreated at 
700 and GfiO”C, respectively. 

tlic nbst~raction of :in jr+ to fonii the 
wrlxlnion, CIT, wor~ld rcnct- faster than 
C,lTc. l‘his is the obswvcd result. ‘l’he 
grwtcr exch:mgc:lbility of n Jnet hyl hydro- 
gcw than n Jrlc~thynt! hydrogen in the iso- 
CATI, nlso suggests that the intcrmr:diatcs 
are cnrlxinionic chnr:wtt:r. 

..\ similar rat,c co&ant for the CIT,-CD, 
scrambling to that. for tht: c’II,-I& es- 
cha ngc? :tnd n fast equilibrntion of t hc 
IIs-- imply that t 1~ slow step is cithtar 
the :lbst.r:lction of :lrJ II ‘- from (x1 to form 

3 

L 

5; 

'E : 
'"l 
.-' 6 

1 
c 7 

L- 
C6 OS 10 I2 I 

lomc radius. A 
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a carbanion or tho addition of an Hf to t,he 
carbanion to form CU.,. Since the multi- 
plicity (M value) is close to unity, the 
dcsorption step of the adsorbed CII, must 
be fast. 

have a basic property on their surfaces and 
an abi1it.y to abstract II+ from olefins, the 
st.rcngths of t,heir basic sit.cs seem not to be 
sufficient to be acting as act.ive sites for 
t.he Cl14-D2 exchange at 300°C. 

In Fig. 5, logarithms of the maximum 
activities of each alkaline earth metal 
oxide per unit surface area are plotted 
against ionic radii of metal cations of the 
oxides. A linear relation was obtained. The 
basic strength is expected to increase as 
the ionic radius increases within a certain 
group. Although the numbers of active 
sites per unit surface area may be different 
for each oxide, the correlation suggest.s 
that the reaction rate increases with in- 
crease in the basic strength of t.he sit,es, 
which coincides with the idea that a slow 
step involves t,he abstraction of an Hf. 
The same relation between the act,ivities 
and the ionic radii also holds for a series of 
the lanthanide oxides. In this figure, the 
ionic radius of Ce3+ is plotted instead of 
that of Ce4+, because Cc& was reduced to 
Cc203 on evacuation at. 700°C (14). Lan- 
thanum oxide t,hat had been properly pre- 
treated exhibits high activity for the isom- 
erization of butenes, and the react.ion pro- 
ceeds via carbanion (Is’). The reaction 
mechanism for the CH,-D4 exchange and 
the nature of active sit,cs on LaZ03 are con- 
sidered to be same as those of alkaline 
earth metal oxides. 
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