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STATISTICAL MECHANICAL RESEARCH ON
THE HETEROGENEOUS REACTION

(Abstruct) ” S

PART I HETEROGENEOUS REACTION IN GENERAL

By Juro HORIUTI
‘ Statlstlcal mechamcal theory presented in a prewous paper(*’ is now,' 3
further developed with spécial reference to heterogeneous reaction.

‘ In the first place heterogeneous elementary ‘reaction, which constitutes
“the heterogeneous reactlon and  the adsorption ‘which- conditions the - =~ -

' heterogeneous reaction-are 1nvest1gated -with follovvmg spec1ﬁcat1ons
“(A)" The elementary reaction proceeds on the surface of a metalhc_
'jcatalyst surlounded by a gas consisting of the reactant §¢ and resultant

. 3P of the heterogeneous . reaction.. (descr1m1nated from the 1n1t1al &t and
“ ?the ﬁnal complex &% of the 1nd1v1dual elementary reaction).’ s R .
(B) The boundary surface of the metalhc catalyst cons1sts 1n segments

“of pr1nc1pal lattice planes and . a certaln set o4 of a. .I.eW metal atoms on

‘-'I,'elther of them is taken to be the seat o4 of adsorbed System 84 Any -

" lattice. plane has sufﬁcxent number of. metal atoms so that geometrmally'
congruent o?’s may be taken as ‘physieally 1dentlcal :

() Seat o* of critical complex §*_is a ‘set of metal atoms of the
similar descrlptlon as 47 The o¥ and a4 -are not generally 1dentlcal_- g

‘but may partially or totally include. -each other. :
S Adserptlon equ111lor1um SA(a)—*BA(g) is eXpressed accordlng to (1),’
5 MSM as that e ‘ -~ :

- ' A A ,‘ L )
aA(aA)/@aA(o) _qt? (a)/p5 (g) TR (1)

‘Where BA(g) 1s the system in ‘gas Whlch may cons1st in general each' v
p1eces of Sa’s l.e. BA(g) ZVASA b

. (*) Homutl “A Method of Statlstmal Mechamcal Treatment of Equlhbrmm and w
',Chemlcal Reactions ', submitted to the Ins‘lg\tute for Physical and’ Chem1cal Research, Tokio-
- in Sept. 1944. " Its abstract which will be ‘printed i in thl!'d serles of the “ Catalyst” is -

o quoted here w1th the- abbrevxatlon MSM. " '_f R S Ty
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» The rate v and the reverse’ one . of the heterogeneous elementary :
o réaction which proceeds 1n G equwalent o*’s is glven by Eq (17) of S
‘ ’MSM as that . L _ , t R

s o ;;.='K"-asf_,é_d o {,:K@Fﬂ f(z.?;):, @rn
WHRTRL L “’?7,: qa,*@«»*co)r s ..—..(P-) e (“_'fK)’ 3.a)

. 'The QG* is a5 of the Crltlc&l complex 8* @0*(0) the probab1l1ty that o‘
clear and.a’ or ~re01procal p® is the activity.
-For our ‘purpose of mvestlgatlng the adsorption and the heterogeneous"_g ‘
elementary reaction p‘s‘g’ and ¢%? are developed as follows p*@ is ex-

- pressed as that p‘*‘g) —7 Q%[MSM Eq. (2.b)] where N 1s*~the eo ncentra- .

. tion of 8(g) and X the par’rItlon funetion (abbrev1ated to. PF) of 8(g)
‘moving_in  unit, ‘yolame. The latter is . the - product  of the constant '
statlstlcal We1ght of nuclear spm and electromc state, which ‘s a cons= .

= ‘stant, the translatlonal partition functwn QT proportmnal to 7% the',r‘ :

o rotatlonal PF KR proportlonal t:) T or TZ accordlng as S(g) is linear or
v o 55(g)+2hy5(g)/2 :

-non—hnear, v1brat10nal PF' and an Boltzmann factor e G -~ of -
: vthe mlnlmum potentlal energy gglo) plus the Zero pomt energy Z kvs(g’/z .

o '»Where “(0’ is' the frequency of J-th normal Vlbratlon Assumlng that,'v
* - the- v1brat1ons are ““hard” enough so that Vlbratlonal PF sufficiently. -
: approximates' unity, ithe' produyct of ﬁrst' four factors Qf is expressed as
. that Q°= constant x 7T where n(s) is 5/2 for a linear and 6/2 for a
““non-linear §(g) or half the number of translatlonal and rotational degree

of freedom Replacmg N¢ by P /lcT and T there as Well as in QO by,
" Ty,

L ‘Tme T Whlch is’ correct - in - its value and its first der1vat1ve at the B
. medlurn T of the temperature range in questlon, we Obtam, S B
ERRRE w |
: 106‘”’ = &p. QP p -Z—'IT S W
p® T DI S
where
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Q= ’GIT:m S(T )en(am 68(9)’-— Eg(g)_,,vk' 5‘9’/Z+{n(8)+1}kTm,, : Cen

. P,
| | e (5) (6
P5 is the pressure of S(g) in mmHg, I= 1333 the” convers1on factor from _
‘ mmHg into cig.s: unit, QO(T ) the value. of Q5 at T,. 1f 8(g) con51sts
» each Zi .plec;es of a(g)’s or S.g) ZZm&(g) we- have for Eq (4), : :
el "*p"s;- I"i'(iiéf)z Q5= 11(@6”)2 ea«g) = Z‘Za o 7._;P); (7‘;‘Q),’_(7". o =
- | qo 1s on the other hand approx1mately expressed 1n the form
:\/ et .’: , _. . " - L ; _‘a,ﬁ(a\s» . , \
- g = gilog KT
i’WhE?Ife ST é:a‘(a)‘;:,f'g(a)+z kuﬁ-(‘;j/Z R e : ':(LS) : U
: : and q"(“) is the v1brat10nal PF of S(a) movmg ‘in the average potentlal “
- ﬁeld of & Identlfymg qlle Wlth unity a]ong w1th the approx1matlon for

R pa‘g), we have, '

N s ‘ / c8(a) . : , ; R » 8
‘ B / - qa“_’f)~'e _kT , L S (9) \
Similarly for o% we have; | BT R
‘qii'———e»—: kT e e‘**+“>“ hu /2 7o), ay -
‘ It i is shovvn Wlth &%) and- e““’ that o -, f’\ : | PR R

N T XM——NA@@ and- Xﬂa)—NA'eé(a) (12 o (12 a) ;

' Where X X0 or X2 i is. the partlal molal enthalpy of 8(9) or S(a) respectlvely
and NA the Avogadro s number S0 that EUIEE 5

/
# T .

» X NA(&s(y)__EE(a)) ] y N )(13) /ﬂ v :'
“is the heat of adsorptlon at constant pressure S |

o sme



Ae(8A> ot 55 (g)-ea (a) = xaA/NA

‘g‘and in general 1n accordance W1th Eq (7)

P5A e H(PSA)!Ja H (QS Va and 66 (9) Z v Saf(g); e _"ir‘

(rs P), (5. Q), (15 e)

Therefrom 1t is deduced that (I) adsorptlon 1s perceptlble at ordlnary k

» ',temperature only when NAde(SA) amounts “to: the magnltude of 10 Keal .- =
[such. 545" only are - dealt “with. in’ this work] that (ID) if: SA is of- only\ S
“one kmd Osiy OF - @(,A(BA) tends to unity &t the - higher or’ the lower = -
- - temperatures respectlvely, [Greatest poss1ble value of @,fA(BA) attalned at '
“iothe -lower: extremlty of. temperature ‘1 not necegsarily exactly unity -
" beeause -of poss1ble overlappmg of 0"4 cf. (B)] and that (III) 1f several
 such §4's exist B0 tends to unity at the higher temperatures as’ “pefore
" but at lower temperatures 6 5a(5%y tends to’ ‘unity for that 84, for which :
. 0,4 aA)/@aA(O) 1s Very Iarge compared w1th umty and Wlth that of any

- cother, BA’s, S T .
""" On the other hand Eq. (2). for the rate assumes the form by 1ntr0-
Tducmg the expressmns for p‘s‘éﬁ and q"(“) B R R R

b =Ka3 - w@ IPB «75 Ka? ”—«yaFK'fPaF 5(16,;«7;), ('1'6:5;?
where' - ry6 = aa /cu?I(g) fy" ;-— aﬁF/aB (17 D), (17F)

. and SI(g) or’ &1 (g) 1s a gaseous system Wthh converts mutually W1th Stor . .. v
8 respectively, p5 » KT and pa ’ K,{"ﬂ bemg relevent to . 8’(9) and SF(q) \, L

respectlvely K I g glven by

b= Po Mopg o (8EK)

where ‘ "p:-—_-“kT”‘ eGand ; A*e: ef’* {;kTm—eér(g) (13.9); (185) ~
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‘ Heterogeneous elementary reactlon and adsorptmn thus belng 1n-
i.vestlgated the heterogeneous reactmn of. the followmg» spemﬁcatmn 1s"_';f

equstlon W1th numemcal coefﬁc1ents normahzed to least poss1b1e 1ntegers)yr~»f‘~;
1s completely transferred lnto the resultant SD by respectlve ﬁmte

‘CzHa(a)+fI(a) CZHG 5 satlsﬁes the cond1t10ns but the Nernst chaln Clg——>2Cl :
5 H2+Cl —HCI+H;. Cl+H— HCl+Cl’“for the reaction. H2+C]2 = ZHCl does;.' ’
/not Followmgs are deduced from the_ spec1ﬁcat10n

: l.where m(r) is 1/n(r) or the number of the reactlon completed per,one
e],ementary reactlon Yl at the steady state ' e :

| m(” 5G ’m(r) _—j;‘—‘—~
- U
<a5G> <p3D)
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Where suﬁix e denotes the partwular value of a3 (r)(pﬁl(r)) or aBF(r)(pﬁF(r))

assumed when v i) =1 or vo'0) =1 respectlvely prov1ded that™ g) or

BF(g) in Eq (17) respectlvely converts with &4r). or. SF (r) from eaclr other

via any - elementary reactwn but . ryB U‘) and 75 \7“) w1ll be used here- [

" “after in this restrlcted c‘ense Cpt o= RT log a’ = —RT log p 1s th_e chemlcal
7 potentlal of 8. (cf. MSIVI) :
L For the further deductlon followmg quantltles are deﬁned

i .ee) m(r)K<r><a5 0l "") T (22)- .
R @(r H) m(r)K(’r, H)(a‘? (1") a (7')) o ,(2‘3)& i
‘"e(qn, L, aA) = m(r)K(r,“L aA)(a" (’”> o (")) ' (24)' e - f

K(r, H ) is the Value of .@(r) obtalned by replacmg @6 © in Eq (18 K)
with unity and- R(r, , &%) that obtamed by substltutlng the- latter 6o* (o)
 from Eq. (19) and- putting. Osappay=1.. " =

‘ S%(r) thus’ deﬁned is accordmg to. Eqs (16), (17) andf(20) the rate of

(VI) K< Riel every .@(1") is an upper limit to &,

-~ the reaction which would be realized if all elementary reactions but » =~‘“

;ﬁ;happened to: sat1sfy the equlhbrlum condltlon p3 = pBF or a?’ = aa, and .
. R(r, H)or ﬂ(r, L; BA) that realized if Gu) or Gsa 54) further happened to
'~ be unity. Hence it is deduced ;f:‘urther ‘as follows ' : .

(VII) When one- of &(r)’s, K+’ ), becomes smaller compared w1th any R

o »others, R(r’) approx1mates f without limit and all » but /. tends to

. equlhbrlum The elementary reactlon of such small ,@(r) may be called

»the rate determmmg step e

. (VIII) R('r) K(r, H) @o*(O) = R(fr L 8A)(@,;A(5A))°‘(3 ) 1e .@(r, H ) and

s R, L, BA) are- upper 11m1ts to R(r) and hence to R smce @c*(0)< 1 and
: ) a A ® A) < 1

(IX) When J@,,A(,;A) : ,,A(O), .@w, H ) and R(r, SA) comcldes The .

temperature of the ‘coincidence is partlcular to 84 but 1ndependent of 7.
' X)) In the. case when the interaction between &* and 34's is small -

- - so.. that %% and q,,As are lndependent of @,,A(,;A) 8. and w(r)<1 or
L accordlng t0 (V) péD <.udG for all v’ s, T
' (a) log. K, H) and log: .@(r L, BA) are respectlvely lmear functlons i o

'v";fk 'Qf, 1/T at constant poim),

(b) K, L, SA) stralght lme 1ncl1nes agamst 1/T ax1s steeper than e

.@(r, H)s does, and R -

e me—
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(c) @(r) hne tends to- R(r, H ) or R(’r L SA) stra1ght hne at hlg’her L
-or lower temperatures respectlvely. The ratlo of .@(r H) or Q(r L 8 )
at the intersection over &(r) is 2. o
C(XD) If B,a04 /@aA(O) <1 for aH 7’8 [cf Eq (14 6)] the steady"d .
ostate i umque for which @ = 1. If @,;A@A)/@,,A(O)> 1 for several 84s, -
i one of them may have @,,A(,;A) unity. in accordance with ([11) and Wlthh
' equ111br1um relatlons determined by ‘the: prevalhng rate- determmmg step,. (.
: "whlch is recuorbcally condltloned by (),,A(;;A) 8. - The steady state- Whlch is. ';_(_ :
S _;;se]f-cons1stent in thls respect as it should be for belng reahzable, 1s in :
. general no more umque AR :
.~ ¢ .7 Assuming that ¢ and qu are mdependent of OGA(gA) s.as in (X) 1tj ’
-~ . isshown that such steady state among these as renderlng R(r) of certain .~ .
~* 7~ smallest has the greatest PF of the assembly or is most stable and\' SR
hence realizable. * : N R
The cons1stency of the theerem is assured by auxﬂlary one statmg
Tthat the order in magnitude of RKr) is the same for every . :
“On the bas1s of these theorems followmg rule for” graphycal con-‘
- struction of ‘R from ‘R(r, H) and K(r, ‘L, &%) is obtained,” which give, =~
,.ﬂ“general features of the ‘rate and the mechamsm of the reactlon varylng o
g Wlth temperature at constant pd® and pd”. Lot
k Plot log &(r, H) and log K, L, 54) for all 7's and SA’s agamst 1/T on- o
Ll one dlagram Straloht lines are obtained in the special case of (X). _
- temperatures above the ‘highest temperatare of commdenee [ef. (IX3] orf
s 1ntersect10n the lowest line glves simply. the ‘best upper limit to 8 of the S
- unique: realizable steady state, [‘cf (XD] Whlch is generally comc1dent with - S
but: deVIatmg from R in the nelghbourhood of intersection. [ef. (X e
. For the tempera,ture range below the hlghest mtersectlon followmg ';
‘ proc-edure is followed.- S : A ’ o
' Compare at any glven temperature 51‘3(7", H )s Wlth each other or s
L R0 L, SA)’S for each 54 with each other. Examme whether giving the -
- lowest Kr, H )-or: @(r, [ SA) for.a certaln 54 and. hence detexmmmg theg«
rate fits /accordlng to: (XI) ‘the’ steady: ‘state spomﬁed by 0,40, =1orby
, ,,A(BA =1, ~The Towest~line of the self-consistent sats: thus« selected _
- -gives the best upper 11m1t of the similar descrlptlon as that above [thls,\
TR (-2 _]U.Stlﬁvd in. the special - ‘case- of. (XI) Whereas in general ‘ease, the steady_“
" ~\.state -of greatest PF should be determmed by detalked calcu]atlon]
R Slmple example ‘of the construetlon is given’ showmg the: posmbﬂlty\ .
of sudden fall of the steady reactmn rate not experlmentally ‘observed -

B
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STATISTICAL MECHANICAL RESEARCH ON
THE HETEROGENEOUS REACTION

(Abstract)

ETHYLENE /IN THE PRESENCE OF ‘
e NICKEL CATALYST -

By‘ J~uro HORIUTI

The statlstlcal method eveloped in® Part I [equatlons and theorems'.,g : ST

- '/bthere"a ‘ "quoted Wlth addltlonal ﬁgure I] is; applled to ‘the enunciated

,:.reactlon' for - estabhshmg the . mechamsm or its structure with respect;v-‘,_.’ :
to 8(r)'s of the eonstltuent elementary reactlon '8, Experlmental results
; are first 1n\?est1ga/ced ﬁndmg zuriStrassen s res 1s® 'most rehable, anyfx L

& possﬂole transport process bemg practlcally in: equﬂ ;rmm
On the basm ‘of this' result as well as. {.those ‘on” the hydrogeney

*"»;electrode process. “and the hydrocrenatlon of carbonyl group approprlate .

- set of s is concluded as that

L

atom adsorbed on’ ghe catalyst respectlvely The ﬁrs’c vwo" are’ denoted'_’,fl,
ZI—L(a) and Csz(a) m What follows Th1s set of r’s Wlth step III as the:

»(1,) . Zm‘ $@rassen~ »z», nphy,s,lkv._Chem”. 169 :(1_934)~,- 8;."’
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20 rate-determlnmgu : the assomatlve'mechamsm due to Horlutl and Polany1(2)

Before deahng Wlth R(r) 8, 8% 1nvolved m the scheme 1e CzH4(a),;"
2H5(a) and H(a) are 1nvest1gated for thelr adeorptmn accordmg to Eq '

-",(I 140),

\‘,'szH4(g) < over t . of Zur Strass .’:srex'per. |
mental condltlon, sz f _: .03 mmH ',..10o ~ 125°C much less for'_

§ e ; n and hence that @aH(O)g -
- “th, ! ther experimental facts ‘are ‘ad :
il ;;counted for. y the plcture taklng the* repulswe potentlal betweenf

’ "-,H(a)’s, each ‘on"cne lattlce pomt into cons1derat10n.; Subst'tutlng @,,H("

- therefrtm 1nto Eq (2) aﬁd combmmg the relatlon between 0 (\H)’ PH, an‘d,,
( Wi 7 dence of -




Cataly.st f :

v I’-wh1ch is accounted for by takmg exceptlonally far reachmg exchange"
. \V;Vrepulsmn between H(a)’s 1nto cons1derat1on and is hence taken ratner'
exceptmnal ' e

Summamzmg‘ these results it lS concluded that the adsorptmn of

S 'CgH4(a) and CzH5(a) are negllg1ble over the rangé. of Zur Strassen’ 'S ex-}. .
3, fpemmental ‘condition, and that H(a)i is the only 84 which ‘affects Boxy and - o
'A*e(r) [ct ‘Eags. (I, 2) and (L. 3)], whereby such part played by saturated
R .fsystem H, and. CzHs loelng neglected Sy L : o
: -The theory of steady reaction developed in Part I is now SpGCIﬁed EER

; to the scheme (1). Noting m(r) -.1 for  every : elementary ‘teaction.  in

i " this case [ef. Eq.-(. 20)] Eqs . 21), (I 16) (I 17) (I 22) and (I 20) are‘

' "'wrltten in the forms, ,

02H4+/<(;H2 CH, o \(»’\_y G

(Ia,) -@(Ia) ’U(I ) R(Ib) - (41’@) (4. rb) .

i

R(II)

mmrwmw@m) , Mm—wmmgm&mn
X a;

) ='>'(C2H4) '@(I“) 'v(I ) W(H)"’ ‘@“”) (5 nEw

fmmw@mmn mn mmlf(mn@m)‘7

CH CH )
a, ) 4(a), 'Y(CZHS) _ aCHsa
aCsHy - (a,H2)0aCzH4 ~:

: (H)Z (aa(al) (C H4) —
| | (6 H, (. czHo 6. Czﬂsl, -

: e L 5
PC2H4

e(l)~p QCH | "T;“@;*m(l-—‘ajs),j SN '\ ~(7.'In L

ey

. R(Ib) =I.PQ le kT : c*(O)(l co) N " : o (7 Ib): o '

Ph PC H. A*e(II) RERRE : :,4 Ty ,’v i
2 (H) i ( . QGiH: e M. Qa*;o>(1+'g«i)'sf @I

(4 II) (4 III) |
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N

e III)

. S?(III) ng I(;C’H4 e }kT ,@’a*(n)((l_w)9 : M » (7 III)
e @“a’(l‘ﬂczﬂm @Gb)flw(H)Z) R(H)(V(H)'V(CzHa) W(CQHE»* e
- IH)(’Y(H)'}’(Csz)—w) ; »‘ e iv i SR
r L 1= co." 7 (8)
S ',‘ From Eq (8) we have further,, i V 7’ 7 |
-@(Ia,) + @(Ib) + R(H) _l @(IH) ,: e (9)

T 'I‘he o i3 calculated at Zur Strassen s experlmental condltion according tof‘"

- ' Eq- (3) and to’ that ,u :=M1 +RTlog P5 frem known data of peoas that

w1 .:; L dy

Eq (9) is-now compared with iue regard to “the state of adsorptlon“’ g

T concluded. above, with Zur Strassen’s: experlmental results, i.e. (1) & has

- -an -optimum temperature at ca 60°C (2) . is. strictly proportional to . -
- PH; over the whole range of experlmental condltlon (8) & is almost

independent .of PC:H: at lower’ temperatures below the ‘optimum and °
(4) at - the higher extremlty of temperature (1§0°) f is nearly proportlonal" '

" to PGH: TFollowings are concluded therefrom. (a) The first and the

thn'd term - on -the: r1ght of Eq. (9) is neghglble eompared w1th the Sum :

of the second and the fourth term, ie. . - : :

| : i 1, 1
R" R(Ib) .@(III)

2 (b) S%(III) = R(III I-I) over the Whole range (c) At the vlobwe'rﬁternperatures’ L

v(H) <1 and- R(Ib) & Q(III), Ip. belng rate- determlnmg -(d) At higher tem-

- peratures ’Y(H)*l and $(I,) > K1), III being the. rate- determining.. Tt

,; - - follows- further from- () that H(a) vanishes according to Eq. (6) at lower: e

- temperatures so that R(Ib) e R(Ib, H) there;- whereas ‘this can not be the.

: B ‘case at higher temperatures on account ¢f (d) and of the far-reachlngf e

repu1s1on and that aceordmg to (a), (b), (e) and (d) R 1s expressed by

B N SRS L
£ R H,)

(11 a‘)

2

,,—119—
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‘r"pu’ttlng Ooxy =1 in Eq. (7)'accordmg to Part I and neglectmg w; ‘_1 Tt
, Eq. (11.4) is ﬁtted ‘now numerlcally« to zur Strassens result for o
o general features of the structure on’ one'fihand while - Eg. 1. b) for:

. ‘aceurate structure in the transment reglon assummg" that log E‘D(Ib) Varles? :
f'fthere locally linearly, with-1/7.." = - S i
The - former procedure w1th spectroscopm data QH?,—I 09><1010 cc“l, /
:f'mmHg‘l CzH" =3.89 x 101 cc“1 mmHg‘]l ‘at PH2 P£§H4—O 03 mmHg glveﬁ
. NAA*€(Ib,H)— 12 Keal and: NAJ*e(II[ H)'— —12 Keal [NA —Avogadro

: ‘number] whereas the secondf';denotlng the ;coefﬁments of he i

P ”. J*E(Ib)'
KT

]og .eab) i log

w1th brime, that QH2 2 6 x 1018 NAJ*e(Ib)’ = 5Kcal and NAJ*e(III H)f :
e _"’—-7 Keal.: " 7o
- % For ®(l) and - R(II) 1t is concluded that g Q(Ia)<3Kcal and that..ji
S NA(A*e(II) —A*&(III)) = 7Kcal by v1rtue of ‘the: theoretlcal results, R(Ia) k
L .@(Ia, H) and R(II) = R1L, H) as 1nferred from (b) A*E(II) thus depends G
L ,of course on the alternative value of 4% (III H)-- E
" The results of the first procedure are shown in the Flg I and
»_J,'III alternatwely determines the rate there according to the constructmn
N ‘rule in.Part 1 at’ temperatdres respectlvely below or above the 1nter
: sect1on, at, thh the synthes1zed steady reaction rate ig: max1mum The.
“caletilated value according = to Eq (11 a) dev1ates consuderably from":
" the observed as expected, each bemg shown respectwely by the’t broken.‘
L-or. the full line -under the mtersectlon in the ﬁgure Flgure at lower,[\
,temperatures is: constructed assummg the absence of 1nteract10n between;_f L
8* and ,8*’5 and hence that A*e(r) - A*el \A* (r,, L BA) Vert1ca1f:"af.,

pEnee




i (IX)], superﬁx 1 to the latter denotmg,
2H(a)y CZH4(—-—‘ -

[cf 1.

11m1ted region is quantitatwely 1nvest1gated

“

r . The; conclusmn is. the same  in- the both: ‘cases as. regards the alter-'
' v i : nat1ve rate- determmmg step, Wthh dev1ates from the current theory®of .
' “the reactmn whlch attributes the optlmum ‘to the ethylene desorpt1on"f _
‘there.- The’ correctness of the present conclusmn 1s verlﬁed below and

" B S Part III

It is seen from the ﬁgure that the sumlar dlagram for nlckel catalyst,';"\.f*-x :
at - -any.:- other set -of values of PH: and . PC:H, g 1mmed1ately obtamed-_ '

by shlftmg the stralght lines parallel 1espect1vely by approprlate amounts,
It is thus shown - ‘in general that Ky H) straight’ lmes ‘become more close

= PH; outwelghs if both ‘PHy and. PC:H: are mcreaSed by~the same - factor,

de sorptlon temperature of H(a) is conventmnally calculated as-
(_sumlng Aé(?" H) at @O-H(H)J@(,H(O)'— 1 is: kept ‘constant throughout [ef.: I‘» :
'(IX) I Ry H) or R(r L, %) shown: in ‘the' figure-below: the. highest 1nter- s
- Section temperature 1s that belongmg to the self—cons1stent steady stateff i

The resugs of the second procedure is. used in Part lII Where the‘ .

-to each other in the nelghbourhood of I, IIT 1ntersect1on if PHs “alone
»lncreased .reverse ‘is: “the case if PC2H4 alone: 1ncreased and. the effect of .

_the intersection temperature being unshifted by l’Hz-lncrease Whereas‘;

shlfted toward h1gher temperature by PO.Hi-inerease.

Thbe conclusmn of the above procedure is compared with experlments ;

as follows. . Rideal® finds at PHs+PC;H, = 760 mmHg, PC:H: = ca. 30 mmHg

the rate is proportlonal to PCzH4 and ‘attains - max1mum at 137°C Whereasa o

ST at PHyGPGH, =760 mmHg, 'PH: =ca.’30 mmHg the - rat,e is proportional Vo

i, equilibrium éspecially in the former case.. The. dlagramm constructed for

_the experlmental cond1t1on reserves the structure of zur Strassen’s casef
quahtatlvely, T, I intersection shifting to 120°C for the* former or to.
180°C for the\latter case respectwely, the latter S rate galnlng upon the. "

former S Just at 180°C It is. shown that the approx1mat10n 1mp11ed m the

N O @ Sohwab; Z. physik. Chem. A171 as84), 421" B
3 - Lo D) Rldeal J Chem Soc London, 121 (1922), 309;

I Ltal T N Pt

, ,_‘_121__

to PH2,,attams no maxirmum- up to 190°C .and. gams upon the former s there: .~ = -~ o
ﬁrst Investlgatlon of the: experlment as in zur: Strassens case shows-
_the result quahtatlvely rehable,idlffusmn belng poss1bly not quite in: o

Y




~ - C’a,ta,fyst S ' g ,ﬁ/

'_ﬁrst procedure ‘makes the shift of the optlmum too small Whlch is. 11r1”E e
- accordance with- experlments EXperlmental ﬁndmgs» for the propor- o

*  tionality between & and PC:Hi 4t lower temperatures, which is the only =
dev1atlon from the tneory, is attributed to the’ diffusion for- controlhng i

the rate makmg the latter apparently proportlonal to PCoH, .

 The result obtamcd by Toyama(‘” at PHe = 45! mmHg and "PCZH4 =50
[kz, kaj const] Wl‘thf
.optlmum in the nelghbourhood of 140°C is proved quantltatlve]y reliable".

PH.PC,Hy

:mmHg between 99°C and 16500 that & = 1+ FPCH; " |

‘whereas that of the same author® at '—’FSOC to 0°C being - suspected. *

_of diffusion- through the liquid film formed by caplllary cofidensation for
_belng controlhng The constructed dlagram again ‘resérves quahtatlvely

. zur Strassen’s structure with an optimum at- 134°C and hence reproduces
' ’thc above dependency of & accordmg to Eqs (11 a) and (12).

“Farkas, Farkas- and Rideal’s result® at PH; = PC.H, = ca. 10 rang*

W1th ca.830% shifted hydrogen, proved similarly quantltatlve]y reliable,
- shows that the shift appreciably decreases.in the course of hydrogenation
“at 120°C and 150°C whereas slightly ‘increases at. 20°C. " Analysing their’

" datait is found at 20°C that & is- proportlonal to- PH: but 1ndependent E
of PC:H; .~ Theepproprlate diagram is again’ quahtatlve]y reserves zur -
Strassen s structure.with the optimum lying at 115°C. It follows fromk :
the latter that at 20°C Where I, is ‘rate-determining the kinetics must be®

“such as. observed and the. deuterlum content is practically- conditioned. by -

" the relatlve rate of consumptlon ¢f H and D by step Iy thus remaining
almost constant or rather slightly mcreasmg and that at.120° and 150°

current theory Whlch attrlbutes the optlmum to the ethylene desorptlon

B

~(6) Toyama; Rev. Phys. Chem. Japan, VII (1938), 115.
(7) Toyama; - Rev.. Phys. Chem; Japan, VI (1987), 353."

o

) ‘. R . - ..7;_122_‘

E - ‘where III is- rate-determmmg CzH; and H; are free t0 exchange hydrogen" s
. atoms as inferred from scheme (1), thus accountmg for the experlment
»The observed variation of the shift cannot however be explamed by the’

(8 Farkas Farkas & Rldeal Proc Roy Soc London A146 (1934), 63) wv s -
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Lo STATISTICAL MECHANICAL RESEARCH ON"V
ET THE HETEROGENEOUS REACTION JEne

(Abstract)

PART IIIL. ISOJL OPIC EXCHANGE EQUILIBRATION AND
s PARA HYDROGEN CONVERSION ACCOMPANIED
BRI LI BY THE HYDROGENATION OF ETHYLENE IN
S : THE PRESENCE OF \TICKEL CATALYST ’

By Juro HORIUTI
On the basis® of the structure of the hydrogenatl‘on ‘reaction
‘ determlncd in- Part-I1 (equation. and theorems in  Part: I and “IT are ™
\denoted by addltlonal figures I and IT respectlvely) expressions in. terms -
of @(r) s are derlved here for the rate of change. in isotopic: content, :
- para- -hydrogen conversion and- equhbratlon reactlon (accordlng to TW1ggw L
= -and Rldeal’s(l) termmology), I B S :

PZ+D2 = 2PD

.Where P or D- denote: protlum or deuterlum Whlle H represents them, e
the expressions are now, checked by experiments for a further confirma-’
tion . of the .“structure -In this treatment the 1sotop1c -shift of the
- rate and hence of the equhbr1um is neglected throughout and f(r)’s are -
referred to constants adjusted quantltatlvely for the limited region in
the neighbourhood of the optlmum temperature accordmg to the second S
procedure in Part IL. ~ s . - e S
_ With the notatxons, S , L - L.
2H(), 2C:Hya) ; —atomic fraction of D in H(a). and CzH4(a) SRR
DHo DC:Hs, DC:Hs; —total number of D atoms forming He, CZH4 and CZHS et
- REL, RGH,, NC:H ; — total number of molecules of - -, =, RO
. - ol oCH,, szHe,—atom1c fractlon of D'in. S 7
' the rate EH of change in deuterium content of H; and that EE of CHy,
_or_those of the ‘exchange reaction”  are defined and expressed with ~ T

' ‘-regard\'to 'the “structure” as that

@ Twige @Ridéal;.'Pro& Ror Soc. London, A171 (18%9), 55. . . . =

18—
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f— .EH2xH2-— (xﬂz——xH(a))v(Ia) ¢ (I H)

E E —%CszCZPh = (szH4(0&)—~occzH4)v(Ia) (I E)

;Statmg the v,teady state condlt on w1th respect to D 1n the form, v"_ " i
2 tz”(Ib) + *(ka“) + 2 x02H4(a))fu (II) + xC:szq; (IH)
= sz(“)W(Ib)+mH(a)v(II)+xH(a)q;(III) R (2 H)

4x02H4'v(Ia) + {2 9002H4(a) +~(2 xC2H4(a)+ xH(a))}v(II)

i 4szH4(a)v(Ia)+4m02H4(“)?)(H (2 E)

: (Whleh equals the tlme rate of supply of D to H(a) or CZH4(a) in accord- e
"i‘_’. ance with scheme (II, 1) ‘on the left: with- that of loss on the right,
o respectlve]y, 1t is obtalned ehmmatmg tz and szH4(a) from Eqs (1)
(2) and the overall steady state COndltlon ' X »
v(I )—v(I)—rv(Ib) v(I;,)—v(II) v(II —v(III) v(III) IS S
as, that : S R “ R BT
‘ S .‘ \'_ | MI—)—(%Hz (ECZHJ)+U(III)(${7H2~*%CZH6)) X :
mi-ie )4"’“””“” ' —  em
e T o 2U(I)+ 4:?7(:[0,)?)(11) —I—'U(II) ‘ TR :
6v(Ia)+v(II) Ere L R
. EE~ v(I) : v(II) } 2v(Ib)(tz—szH4)+v(III)(9¢Csz—szH4)’~,>, O
e 61)(1,1)+7)(II) 21)(1 )+ 4v(Iu)v(II) —H;(iII) -
A IR e 6v(Ia) + v(II)
The general eXpressmn 1s now snmphﬁed Wlth due regard to the spemal
s1tuatwn eommon to structure dlagrams in Part II that L e A
, : ‘\ . .Q(Ia)>> l@(’}"), ’i".—Ib, II 01‘ III (4 RI L ,,;j\
% Lor accordmg to Eqs (II 8 and a, 9), oy LT e
o ' 7(02H4)~1 o @

»l\‘ ' —124~ A




’ '/Statisticdl Mechanical Resedrch on The Heterbgeneo’us ’React’im (Absgfruct 194),
| and that w<10“8> in the"torrn, r o

FH = —9?H2xH2 == (tz—~xC H4)F v(Ib) . | (5H)
EE —” mczmxczm = ~(x1‘12—-szH4)Fv(Ib) ’ | _, . E)«

- “where

i«

?n‘(@) 3p(Ib)tz+w(H)mc2H4 e 02H4(¢)=mczﬁ4 6. 2H), (5.9E)
' 3v(1b)+v(II) R o A

ana , "‘?I(II)/31)(I,,)+7)(II) e , (5‘F) ‘

, Conclusmns are drawn from Egs. (o) as’ below
(1) With regard to.the change of D content accompamed by the:

hydrogenatmn, ‘we are not in general deahng with simple * exchange reac-

tlon” for Whlch 2He + xC:Hy is conserved; as generally accepted to-
-+ be. For mstance in the case when NH: = NC:H, and m§2>x02‘?‘4 (suffix

- 22CoH, o
0 denotes 1n1t1al values) we have x(f{?—tz = 2& ’ 4'y(H)Z’dmCzI‘I4 or wH-[—

M
N,

2x02H4<9¢H2+2m02H4 Where ry(H)2 m(Ib <1 [cf Eqs (II 4 I;) and (II -5.

' ‘ ?)(Ib) E

Il - In the further extreme case when g(;ng;, =1, szH4 0 and 'Y(H) << ,
cor Iy is the rate- determmmg step, tz+2szH4 Would be  conserved - if :

C.H, paid out just twice as much P for hydrogenation as H, did D~ .

. for the rate- determining - step; but since D(a) thus formed.readily mix
up with P’s of CoHy [cf (2. a) below] giving out P in its place for

\ hydrogenation P is consumed more than twice as. rnuch as D 1s and hence

- xH2+xczH4<xH2+xch4 S ‘ : ok i , E

o 2) In the case’ ‘when wH2 ——1 and %o E[‘-‘--0 Eqs 5) assume the -
) ,xforms accordlng to Eqs (II. 4 L), (II 5: Ib) neglectlng w, :

5t = Fv(Ib) - Fy(H)zﬁ(Ib), , Fv(Ib) = F@(Ib)y‘ 6, H), (6\E)
and = 'Y(CZH5) ) o / - (6. F)‘
o 3Q(Ib)+7(Csz)z@(ID : T ool

Eqs (6) When solved s1mu1taneously Wlth thé equatlons,

e
B
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| o @, ®-
demved from Eqgs. (IL. 8), (II 9) and (4)- determme EH and EE as well

cas R, ’Y(H), v (CeHs) . for a glven get of values of .S’%(Ib), A1) and QI). B

£ = 1=y HAKAL) = (E)—v(CHNKA

g Elg 1 shows values of EH and. EF thus Wcrked out at PH; = PC2H4 =10

mmHg EH increases with temperaturc, as shown in. Fig. 1 mich

- steeper at lower temperatu)res than R(I;) = & does while EF runs almost
parallel to the latter, the both tendm to run parallel to- K(II) at higher

: temperatures - T

, (2 a) At lower temperatures where Ib is the rate- determmlng or

.@ R(Ib [cf Part Ij it is deduced from Eq (7) and Flg 1 that,

fy(H) = 'Y(Cz Iy) = / RR}(III”I)) <« 1 and ”@(II) >> VF'R(I;,)@(III)

: and henceforth that v(Ib) = .@(Ib) )}v(Ib) and H(a) mix up with P’ of’
CoH, much more readdy ‘than is consumed by III. Taking the above:

relations into account we have from Eq (6) for the . case xHo =1 and B
DGy = 0 that . .

EoH = ’U(Ib) = (L /KAL), EQE = L;*;(Izs) = %@(Ib) o F=1
N | | = ©.H), 0.8, 0.F)
(2 b) At hlgher temperatures where, '

R(Ib)»R(II)»R(III), 0.8

g 1t is accordmg to Egs. (7), (8), (II 4) and (II 5) that,
L B =aCH) =1, )=o) = &0 (10 7, 10.5)

Il = 5(11)’ = Q(D), v(HI):fan) Co (10. n), (10. 1IT)

Takmg Egs. (10) into account Eqs (6) for the case aHz =1 and szIL =0
assumes: the form, - -
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the exchange reaction”’

*or 4*(HL, H) = —7 Keal [ef. TIJ.

~
—

:Stat;}sticat Méchanicdl Rese_owch on The 'Heterogeneous 'Reaetion (Abétrfuct 1~4p
B SR, EF= 80D, F=SADRRG)

) (11 H), (11 E), (11 F)
Conclusmns (2), (2 a) and (2 b) show that the * actlvatlon energy of

dT varles from 1ts constant value,

NA(ZA*E(Ib, H)— A*e(III H)) [ef. Egs. (9 H) and (II. 12)] at lower .

temperatures gradually through the region in the neighbourhood of the

‘optimum temperature to settle at another constant valne A*e(Il, H) at

hlgher temperatures “The constant value 1s 17 or zero Keal respectively

Whlch contrasts with RTzdlog &

ar at respectlve region A*e(Ib, H) = 5Kca1- '

‘Twigg and Rideal® observes with’ the hydrogenatlon of . ethylene

* with Dz at PHy = PCH = - ca’ 10 mmHg in the presence of nickel catalyst e
: that RTZ_d](;l.gTE is 19 Kcal»at 70°C which decreases as temperature« .

. rlses down to 4 Kcal at 200°C. Whereas RTZM‘)— —RT?2 5 diloﬁ £ 5 18- about- :

a1

" 4~5 Keal at hlgher temperatures but seems appreclably to increase at
" lower ‘temperatures.

The ‘results (certlﬁed for belng quantltatlvely rellable at’ least S0 far' '

4 'fas isotopic effect is concerned as in the'case of experimental materials
~.in Part 1) are compared with the theoretlcal results derrved from Fig.

T that RT"‘M»— 17 or 4 Keal at 70°C or 200°C respectlvely The‘. e

aT

satlsfaetory agreement thus Vertlﬁes the underlymg “structure of

the reaction.

The ‘steeper rlse of EH as compared with that of R, Whlch led, |
Tngg and Rideal to the conclusion of a higher energy barrier for the
exchange reaction ”’ compared with that for the hydrogenatlon proper is

" aecounted for by the following procedure-rather intuitive but assured by -

the present exact’ theory Notmg first. that EE = = NHgH, is glven at

CgHy =1, xC’H‘z =0 simply by v(Ib) when I, is the rate- determlnmg step

or by the rate of commg back. of P from H(a) for Whlch praetlcally
mH(a) =0, [ef. (2a)] EH is glven as ‘the product of v(Ib R(I;) and the -
fractlon of commg back of H(a) The first factor is proportional to

2
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__’A*e(i,;,.H) L o A*e(Ib,H) _A*s:m H)

e kT [ef. Part IT] whereas the second 1s e / '
2% (T, H) —4*¢(I1L, H)

=g kT or the Boltzmann factor of the relative helght

of the. energy barrior of I, aboveé that of III, which latter controlls the

consumptlon of H(a) as readily mferred from (2a). The result‘ is that_. .

‘ 24%e (Ib,H) d*e (111, H) - d] E
Efoco FT . or that. RTZ%«f—ZA (L, H)—4*(ITLH),

- in ’accorda‘n‘ce*with the' exa’et‘theO'rY The reason why RTZ@(_%’EL

>RT2 d;(;?f is that the helght of the. energy barrlor of I; is measur.ed“ ; SRS

twice from the both 31des, along with the s1tuat10n that the ¢ Xchange '
- reaction’’  consists' in the reverse step. of T, which sends back a small _

- ‘fractlon af H(a) poured from H; at a rate’ equal to ‘the forward rate

. o(Ib)— (Te) . of I,. It'is true in the case of an 1ndependent steady o
reattion that:.the height of the energy barrior of the rate- determmlng

- -step is simply measured by the temperature varlatlon but not Wlth a
- palastic phenomenon as the ‘‘exchange reaction’’. =

&

(3 The simultaneous dn‘ferentlal equatlon (5) is,now 1ntegrated thh

~ the initial condition, R, = NCH, = E)Qo, ﬂ'Hz =1 and x02H4 = 0. w1th the .
results, : ‘ : v

/ gp (—v(Ib)+v(Ib))——~dlogp Ll
EH == —‘—Toxﬂz = v(fb)Fe . ‘ . (12)

S SP (_v(l,,)+q;(1b))—dlog N
.1—-tz;=§ u(Ib)—e _, ' d]ogP s).

-

4Wh£§'l'e P- is" the part1a1 pressure of H and CZH4 correspondmg to C
SRE, = NCH,, EH, xH(a) ‘and zH: are calculated according to ‘Egs. (1. H), o
R *'(All) and (12) with various value of P ranging from 10 to 10~ *mmHg.

In the next place -the rate of equlhbratlon, accompanled by tbe, S

’hydrogenatlon, v == NHyy T:u NED | NED ‘ﬁ‘ :—NPP which would, be"

" realized ‘at the equ1hbrat10n equilibrium of the H. gas present] is ex-

- pressed with regard to the “structure ¥ ‘of the hydrogenatlon as that

¢ _ NHy, xH(a)(l—xH(a)) Ne ;, 11 ey
E "n, T ( oHA(1— o) “)’qf’), <tz 1—tz>” s,
R : R ,(14)

198 —
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Statistical Mechuns'sal Reéeu‘fch on The Heterogeneous: Reaclion (Abstruct 1~4)

assuming in accordance With the present neglection of ‘isotopic shift that.
/ gﬁ 02 — 4

~ Eq. (14) i _Specialiied‘to.the condition,‘x02H4=,u'=_‘0, on one hahd_**
as that, - R SR :
| - wH(w)(l—wH(a))" e
Eh T aH(l—al) ()) o ¢ ) o
. or is solved. sirnultaneouelry with Eq ‘(Al.’H), for the ‘initial conditions,
Ny = NGH, = Ro xyz =1 and 2GHi =0 on the other hand, with the
' result : ‘ S : S

[FE

1 dxf,

— 1 - T )gH, pHy gH(a) 51‘ 2H@)(1 —sH(a)) RIS wfm—“*ﬂza 2H(@ daFs
sz(l'-%Hﬂ) o, wHe—gH@) ! '
| | a9
L1m w = gl N oan

E‘o calculated accordmg to Eq. (15) and (5 wt) at aHs = —% approaches EH

at. lower temperatures as. seen: from Fig. 1. This. is however rather_
fortultous due to the partlcular Values of A*e (r, HY s as shown by the

expression, Eq = 3{@(16)}2/5@(11){R(III)} (l—tz) which'is derived specially
*. for the case similarly. as in the case of EF and E¥P. The expression
valid specially at higher temperaturee, E§ = S?(Iz,), on the other hand
'shows that K(I;) necessarily traces out, in accordance with F1g 1 ‘the
structure » hldden to the .observation. .of the steady rate R, just as EE
or EF does ‘there with KAII); apart f_rom ‘the respective constant factor. _
The quantity. v is’ calculated on the other hand as a function of mHv
varying in the course of hydrogenatlon by ‘Eq. (16) using data of xH(a)
and gH, calculated by Egs. (12), (18) and (1 H). Plot of ‘1—u thus

\ obtamed against’ xH. is shown in Fig. 2,in comparison with TWIgg and =
R1deal’s experimental results: The theoretieal curve at 207°C runs close

to a straight line. It runs higher and varies in form at temperatures
- between 156°C and 84°C but somewhat statlonarlly about another stralghtf
line lying higher than that at 207°C. - -
A This. reproduces at least. quahtatlvely the Tw1gg and Rldeal’s ex-
: v:‘/pgemmental ,conclusmn, not’ very accurate as the.,r state, that the line is
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: Statistical Mechanical Resedrch cn The—Heterogenbous Reaction (Abstruct 1~4)

stralght at any temperature Whlch gets hlgher as temperature 18 lowered

from 207° to 156°C, whence it remains stationary down to 80°C. The

theory predicts however that at 0°C the curve badly dev1ates from the
‘“stationary straight line ™ "y

Another ﬁndmg of TW1gg and Rideal that at #CHs = 4 = 0 the rate

~of equilibration is- much slower in .the existence of CzH4 than in the

. absence is ‘reprcduced directly in Fig. 1 at lower temperatures since 2

Eg =1(I;) in the absence, as derived from Eq. (15) with regard to the
partlcular condltlon, (Ib) = v(Ib)—— R(Ip) and .&H. = xH(@) prevailing there

[ef. @b)] In the presence Eg falls appreciably below £(I,) at lower -

temperatures as shown in Fig. 1. ThlS “holds true Whenever wH, 1s not

© - yery close to 1 according to (2 a), v(Ib) = 8(T) > v(Ib) and #H@ = 0 there.

1@m)] or in Words 1% is reduced below that 1n the absence due to the

consumptlon of H(a) Wh1ch makes v(L,) much less than (L) and to-the
- dilution of D(a) by P’s of CoH, rather than to the “p01son1ng” of C.Hy_
as stated by Twigg and R1deal The theory predicts that at higher,

temperatures the absence or the presence of CpHj makes no difference. -

.althoug’h the: consumptlon and dilution of H( a,), Whlch are respon51ble
_for ““poisoning’’ is still prevailing. =
- Finally the rate A® of para-hydrogen conversion defined by .

L P o
= —NH P” o [2F;. —RPH/RH, | - xﬂ; +—:rP at _equlhbrlu“?n],

s expreSSed with regard to the structure as that, E’p = v(Ib) Evecal- \

culated therefrom approximates Ef at lower temperatures whereas traces

out &(Ip) -at hlgher temperatures Just as KEj§ does as shown analytlcally

0 as well as in Fig. 1. No experlmental material . is found to check the .
) ‘theoretical conclusion.

' ‘Summarizing the above results 1t is: pomted out that four out of

five rates i.e. &, E®, EE, E° and E® provide so many 1ndependent func-*?

“tions of the fundamental quantities .&(rys [E® and EF may be indepen-
dent cf each other as shown above] and hencefortn that therein econsists
at least in prinziple a general method for determlnlng RerY's and hence

: exceedmg in- number that of these observable functlons

181 =

the ‘“structure’ from. experimental. data without -any approximations
- . provided that the scheme. like (I, 1) is settled. which implies *’s not
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STATISTICAL MECHANICAL RESEARCH ON
‘ THE I—IETEROGENEOUS REACTICN

(A]ostruct) ’ :

'PART 1V. RATE OF ETHYLENE HYDROGENATION
IN THE PRESENCE OF METALLIC CATALYSTS

By J uro- HORIUTI

The “*structure”’ theory of ethylene hydrogenatlon in- the presence
o -of nickel catalyst verified in Part II and I s extended hére to different.
- metallic catalysts semi- quantltatlvely for the general survey- of the re—
lative catalytic capacity of them. '
 The elements &(r, H) and R0, L, 54) for syntliesis of the “ structure
o= themy are glven accordmg to I and II as that :

’ Pa’f s*e(r, H)
@ KT

~

log .@(r, H) log P—=F (1: H)

5 pir Q"A>“(’”’ “’ A e(r; L, 8%) +ofr, SA)AE(BA)
logﬂ(r, , &4) logp (PBA T
Y , , ) (1. L‘)
Assunrung with our end in view that 4*e(r, H) - d*e(r, L 54) and that
alr, 84) [ef. Eq: (I. 19)] is independent of kind of -metals it follows that
K(r, H) and R(r, L, %) are fully determined by appropriate 4*e(r) and
4e(34). - Denoting- the excess of latters and other quantity relevant to a
catalyst Me over those of mckel by dd%e(r), Sde(SA) etc, the former is
. expressed as that :

, SJ*e('r) = ased (a)+(1—a)3e5F(a> S \(2)

U , Q ,

: where Sd*e(r) *8&5 CR accordmg to Eq, (I, 18. ¢).- Eq (2) expresses the -
frequently observed rule(l)(z) that 8™ is the fraction of 5¢d% 6?‘) or s5gd™r)

(1) Bronsted Chem. Rev. 5 (1928), 231 - ’ \
Horiuti & Polanyi; Acta. Physicochim. URSS. 2. (1935), 505
" Horiuti-& Okamoto; Sc. Pap. Inst. Phys. Chem. Res. Tokio ; 28 (1936), 231,
Okamioto, Horiuti & Hirota; S¢. Pap. I.P.C.R. Tokio; 29 (1936), 223 L
Evans & Polanyi; Trans. Faraday Soc.,: 33 (1937), 448 ‘
(2) Bowden & Agar Annual Report Chem. Soe. London, 35 (1939), 90
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if 81(7") or. SF(T') is subJect to the ‘same 1nﬂuence of varying conou’clon as o
C&(r) is. 8e? ‘o) or 8e"(r) is different from zero in our case only #hen -
o 8%r) or 8%(r) 1mp11es adsorbed system 84(a), which is subject to the same in-
. fluence as 8*(7") is of the varymg conchtlon, i.e. that of dlfferent adsorbent' ’
_ metals; it- vamshes of course when 8y or SF(/r) consists only of systems . T
© . in gas. Coefficients « and.1—a are thus respectlvely proper fractlon they = - S
bemg fitted to the plausible’ reqmrement that 853* = s ") = 8(;3 (7"), if
5ed (7')——856 ('r) e = i .
~ Since further SAE(BA) -—a’eM according to 'Eq’ (I 14. e) the 'present '
_ procedure is reduced to the evaluation 6f three. possible components of -
- 84(a) i.e. H(a), CHia) and CZH5(a), or: assummg the addltlwty of bond_

energy,’ to evaluate.

SD(MG H) = '*S‘H‘a" 'Bi)(Me‘—C):'.—la'eczm(a)e—Seczﬂs(a)‘(& H), @. é) .

&

Where D(Me H) or D(Me~C) is the bend energy between a metal atom, SR

Me and H or Me and C respectiveély and C.Hy(a) is taken as. 11nked to

“the metal by ‘two (Mé—C) bonds whereas C;Hs(a) by one.

D(Me——H) belng conbmed W1th the heat of adsorptlon, Xﬁe as. that

Hz——2D(Me H)— D~ H) B (5)

e

_the latter is gwen below as taken dxreetly from thermal or spectroscoplc 4_

data, Yo

o METAL ‘Zn Ag Pt N‘i' WAl Cu Ad

» 'D(Me C) in Eq (3 ¢) is determmed from D(C— Nl) estlmated in Part II ,
o and above data of D(Me— H) accordmg to a relatlon

D(C—~Me)_ D(H Me)
'!D(C——Ni) D(H Ni)

which follows from the Paullng ] rule of geometrlcal mean@) expressed

as that

S

(9 'Paulin’g; _“Nature of Cher’hiéal ‘Bor;ds'ii, New York 1940, 22 '
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@aH(H) = O as. extrapolated from Frylmg s data<5) over that at @aH(H )

7

- Catalyst " * :

D(C—Me) = {D(C—C)D(Me —Me},

Al B
o < . . g LY

: RS ) D(H*Me)'*{D(H H)D(Me Me)}%'

D(C——N1)— {D(C C)D(N1 Nl)}

D(H N1)~{D(H H)D(N1—~N1)}%

i .

- Assuming further that a = %— as s’upported"by clese agreefnent in- thek"

" case of hydrogen electrcde, R(r) br R(r, I, 54) and hence the “structure’
- of the reaction ‘is’ now determmed according to tne theory "developed in
R Part I by a. smgle parameter XMZe or 8 =1 +xMe /XNl Values of 4%e(r)
“of Ni used thereby is referred to the- second procedure of Part II for

‘the general features of K(r)’s.

N

k The * structure’” d1agram is first drawn for Pt at PHz = 40 mmHg :
~PC’H* =20 mmHg to _ecompare Wlth exper1mental results of Farkas and -

Farkas(4’ &t the same condition.” The diagram is quahtat1vely the same

as that of Fig. (II. 1) or (IIL. 1) for Ni except that RQI) is the lowest -
over a small range in the ne1ghb0urhood of the &(Iy), RUII) intersection,

. S(Ty) - is steeper here than in Fig. {1I. 1) referred to the first procedure

of Part II: & sysnthesized from K(r)’s according to Eq, (IL. 8) and (II 10)
has max1mum at 150°C and the -behavior of calculated Ex accordlng to

Eq. (III. 6. H) as referied to that of & are of much the same features

‘ag. that shown in Fig. (III. 1). Thege theoretlcal results are found in
,satlsfactory agreement with Farkas and Farkag’s experlmental results.

Th R structure i dlagram 1s now drawn at PH2 = PC2H4 = 10 mmHg
for cases When 8= —8

1

-as ‘in the case of Fig. (lI 1) for Ni by takmg NAJe(H) -7 Kcal
, where 7Kca1 is the excess in the case of N1 of NAde(H) Xﬁ“’e at
1

9

, —1/2, 0(Ni), 0.385(Pt), 1,2 and 3. The -
;desorptlon temperature of H(a) ls conventionally . calculated [cf Part 11

Cons1derat10n of repulswe potentlal between H(a) "to - which the .

‘ Qdif‘ference of 7 Kcal‘ is attr1buted shows that the latter- is too- large in the,

- L . e s

@) Farkas & Farkas; - J. Am Chem Soee. 60 (1988), 22
(5) Fryling; 3. Phys Chem: 30 (]926), 818 ’
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case of other metals 80 t}iat the “desorptlon temperature shows according
to Eq (I 14. 9) the lower limit of temperature at whlch @aH(H) '

a L - S
o~ .
13
~10] ' - — - -
, . Lo o AR
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1 ‘ \ i
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'q : Flg 3

The Relatlon between Synthesmed Rate, & .and the Heat of -
Adsorptlon of Hg, 1312 100 °C; PHa—P02H4——10mm Hg

The resulting “structur’e dlagram Iooks qulte dlﬂ"erent at dlfferent

. ",6 The optimiim point of f falls in the finite temperature ‘range first at

,8—1 as' @ decreases from 3, then shifts toward lower T and hlcrher
& until ﬂ becomes ‘zero (Nl) Whence back agaln toward hlgher T and

'smaller K.

,@ “ir, , :
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log & -at 1UU°C glven by respectlve dlagram plotted agamst XH?; ls",
shown in Fig.1. The curves ‘denoted by elther r shows log-&(r) at 100°C
which happend to be the lowest and hence to give log & Vertical dotted -
lines show real values of XMe of respective metals.. Fig. 1 is inter- -

preted. that as X2 increses from a smaller value-or B decreases from
greater value, 4*e(r)’s decreases as mferred from Eq (2)-and hence R ‘
, increases -but since Ae(BA) increases along with XMe even quicker than
A*e(r) decreases, the adsorptlon sooner or later sets in Whlch pmsons the
reaction more and more strongly. S
, Fig. 1 shows that a pure metallic catalyst better than Ni can hardly
be found at least so far as the present particular condition of 100°C
’and PHZ = pGHi =10 mmHg is concerned and the scheme (IL.1) is

llowed So that other scheme is practically followed, the ‘appropriate -

rate must exceed that of Fig. 1 or generally the latter gives the lower
: hmlt to the rate of hydrogenation. Theoretical and experimental grounds‘
_are.advanced however with Au, Ag, Cu, Fe and Pt [in the absence of .
H:0 or other polar ‘molecules], apart from the above evidence for Pt,
therefor that hydrogenatmn in their” presence actually proceeds accordmg
to the scheme. (IL. 1)-or that Flg 1 gives the: rate ‘within- the accuracy

- ~of the present method at least in these cases. Fig. 1-suggest further -

" that the hydrogenation proceeds with Al.or W according to the scheme .
" at least as good as with Cu. That they are rarely employed as catalysts

is p]aus1bly attrlbuted to the rlgld ox1de film eoating the surface

—186—
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